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Nanogels have come out as a great potential drug delivery platform due to its prominently
high colloidal stability, high drug loading, core-shell structure, good permeation property
and can be responsive to environmental stimuli. Such nanoscopic drug carriers have more
excellent abilities over conventional nanomaterials for permeating to brain parenchyma
in vitro and in vivo. Nanogel-based system can be nanoengineered to bypass physiological
barriers via non-invasive treatment, rendering it a most suitable platform for the
management of neurological conditions such as neurodegenerative disorders, brain
tumors, epilepsy and ischemic stroke, etc. Therapeutics of central nervous system
(CNS) diseases have shown marked limited site-specific delivery of CNS by the poor
access of various drugs into the brain, due to the presences of the blood-brain barrier
(BBB) and blood-cerebrospinal fluid barrier (BCSFB). Hence, the availability of therapeutics
delivery strategies is considered as one of the most major challenges facing the treatment
of CNS diseases. The primary objective of this review is to elaborate the newer advances of
nanogel for CNS drugs delivery, discuss the early preclinical success in the field of nanogel
technology and highlight different insights on its potential neurotoxicity.
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INTRODUCTION

Neurological diseases and disorders are considered significant challenges to the human health.
According to global statistics, more than 1.5 billion people, arguably a quarter of the world’s
population suffer from CNS diseases (Palmer, 2010; Srikanth and Kessler, 2012; Soni et al., 2016a). A
wide spectrum of therapeutic agents, e.g., nucleic acids, polypeptides, proteins and antisense drugs,
have been promoted to alleviate CNS diseases, but the majority of these agents are unable to enter the
brain parenchyma noninvasively due to a series of challenges. Site-specific delivery of the drugs is one
of the most significant challenges due to restrictions imposed by two biochemical barriers, primarily
by BBB. To treat CNS diseases, the most lethal and disabling diseases in the world, researchers have
attempted to explore the novel treatment strategies using multiple perspectives ranging from more
established efforts, such as the disruption of the BBB, the alteration of BBB permeability, and
lipidization of water-soluble drugs, to the newer methods such as the development of nanoenabled
drug delivery systems.

Nanotechnology is one of the strategies that provide a greater possibility to meet the requirements
associated with high doses of the CNS drugs. Nanocarriers for the management of CNS diseases
mainly include polymeric nanoparticles, solid lipid nanoparticles (SLNs), lipid nanocapsules,
albumin nanoparticles, liposomes, dendrimers, nanoemulsions, hydrogels and nanogels, etc.
(Date et al, 2007; Sun et al, 2012; Cojocaru et al, 2020; Bhia et al, 2021) However, these

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1

July 2022 | Volume 10 | Article 954470


http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.954470&domain=pdf&date_stamp=2022-07-19
https://www.frontiersin.org/articles/10.3389/fbioe.2022.954470/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.954470/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.954470/full
http://creativecommons.org/licenses/by/4.0/
mailto:haiyan@jlu.edu.cn
https://doi.org/10.3389/fbioe.2022.954470
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.954470

Zhang et al.

TABLE 1 | A brief list of properties for nanocarriers used in the field of CNS therapeutics.

Nanogels: Novel System for CNS

Nanocarriers Type of Advantages/limitations Drug/agent delivered References
materials
Polymer NPs PACA BBB penetration increased, less immunogenic reaction/  Methotrexate Tian et al. (2011)
PLA High potential toxicity risk Temozolomide Javed et al. (2021)
PLGA Piperine Guo et al. (2017)
Dendrimers PAMAM Easy functionalization/Ligand-targeted conjugation, o-phenylene (Medina and El-Sayed, 2009;
suitable for drug entrapment/ limited synthetic route, Zain-ul-Abdin et al., 2017)
PPI hematological toxicity Diamine
poly(lysine) Lamivudine (Dutta and Jain, 2007; Pargoo et al.,
2021)
Doxorubicin Zhang et al. (2014)
Solid lipid NPs Sphingomyelin High BBB permeability, increased drug release, drug SiRNA (Jin et al., 2011; Bae et al., 2013;
(SLNs) levels rise in the brain/Rapid clearance, neurotoxicity from Buyukkoroglu et al., 2016)
Stearic acid surfactant Doxorubicin (Tangpong et al., 2007; Battaglia
et al.,, 2014)
Cholesterol Insulin Kuo and Shih-Huang, (2013)
PC Azidothymidine Pottoo et al. (2020)
Micelles Block Drug permeability increased, enhanced oral Pilocarpine Meng et al. (2020)
copolymeric bioavailability/Low encapsulation efficiency of drugs
Micelles Paclitaxel Zhang et al. (2012)
Core-shell Vinblastine Wong et al. (2012)
micelles
Emulsion Edible oil High biocompatibility, drugs uptake increased/Heat Saquinavir Mahajan et al. (2014)
PUFA decomposition, uncontrollable release, storage instability ~ Coenzyme Q10 Pastor-Maldonado et al. (2020)
Flaxseed Oil Cyclosporin A Francischi et al. (1997)
Liposome PC/cholesterol Large drug loading capacity, extended half-life of the Daunorubicin Fassas and Anagnostopoulos, (2005)
PC/PG drug/Low distribution in tumor tissue, poor stability Cisplatin Huo et al. (2012)
Phospholipid/ Amikacin Khan and Chaudary, (2020)
cholesterol
Nanogel PEG-PLA Facile synthesis, extended systemic exposure, enhanced  Methotrexate (Pourtalebi Jahromi et al., 2018;
bioavailability, respond to external stimuli, high Pourtalebi Jahromi et al., 2019)
CHP distributed in lesion tissue Nano-NRTI (Vinogradov et al., 2010; Gerson et al.,
2014; Warren et al., 2015)
PEG-PEI 5-fluorouracil Zhou et al. (2013)
PEG-PLA Antisenseoligonucleotides (Vinogradov et al., 2004; Wang and
Wu, 2017)
{\ Hydrogel
1 nm 10 nm 100 nm 1 um 2 um
10-50 nm 100-200 nm
>0
(-
Micelles Nanogels Micorogels

FIGURE 1 | General schematization of the network construction of hydrogels and derivatives of different sizes.
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FIGURE 2 | Schematic representation of the synthesis and the release behavior of nanogels.

agents have the following inherent limitations in preclinical
applications: 1) liposomes have poor stability and
dispersibility; 2) polylactic acid-glycolic acid copolymer NPs
but suffer from burst release problems; 3) chitosan
nanoparticles have poor dispersibility when used in humans
and potential biotoxicity; 5) inorganic-based carriers still
cannot achieve biocompatibility; and 6) superparamagnetic
iron oxide that contain choline has been mainly been
fabricated for in vivo imaging studies. These limitations may
render drugs unable to treat CNS diseases with ideal effects.
Table 1 summarizes several classes of the drug nanocarriers and
their limitations for CNS therapy.

Among these nanotechnologies, the transition from hydrogels
to nanogels offers new opportunities to achieve a systemic
controlled-release drug delivery platform at the cellular level.
Traditional hydrogels exhibit limited BBB penetration ability due
to their microstructure, but this obstacle can be overcome by
designing nanogels as nanosized colloidal particles (Figure 1).
(Chen et al., 2021) Nanogels are the nanoscale hydrogel materials
consisting of crosslinked polymer networks, which can be easily
synthesized by chemical or physical routes (Figure 2). (Yin et al.,
2008; Merino et al., 2015; Neamtu et al., 2017) Such nanocarrier
systems are characterized by excellent ability to cross the BBB and
accomplish site-specific delivery of drugs due to high water
retention capacity of the hydrogels, their tunable shape,
amphiphilic behavior, surface modifiability, and especially to
their biodegradability and safety. Currently, nanogel
technologies are mainly manifested in the fields of disease
diagnosis (medical imaging) and drug delivery. The latter

application faces more challenges, especially for therapeutic
drug delivery for brain diseases, due to complex physiological
responses in vivo (Debele et al., 2016; Ma et al., 2017; Neamtu
et al,, 2017; Ali et al., 2021).

The present review provides insights into nanogels as an
effective carrier system for CNS delivery in preclinical
applications, the strategies to improve the BBB penetration,
and the approaches that are close to clinical applications. The
present article considers the major challenges for the nanogels,
which remain despite certain advances in the design of CNS
nanocarrier, to provide ideal plans for the clinical therapies of
CNS diseases.

BIOLOGICAL BARRIERS FOR CNS DRUG
DELIVERY

The Blood-Brain Barrier

CNS homeostasis is strictly protected by two peripheral barriers,
termed blood-brain barrier (BBB) and blood-cerebrospinal fluid
barrier (BCSFB), which strictly regulate a series of the transport
and metabolic processes to protect the brain from the periphery
(Erickson and Banks, 2018; Ghersi-Egea et al., 2018; Kadry et al.,
2020). These biological barriers, particularly the BBB pose the
largest obstacle to nanocarriers for the delivery of various drugs
into the CNS. In the absence of effective drug carriers, most
macromolecules, such as proteins, oligonucleotides, nucleoside
analogs, macromolecular drugs and more than 90% of small-
molecule drugs cannot enter the brain through the BBB, which is
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the key bottleneck in CNS disease treatment (Pardridge, 2005;
Wohlfart et al., 2012). These issues are the key bottleneck in the
treatment of CNS diseases. Additionally, rapid drug clearance and
the failure to achieve a steady release of the drugs in the brain
tissue remain among the challenges for the treatment of this
group of diseases (Misra et al., 2003; Furtado et al., 2018; Jain,
2020).

The BBB was defined for the first time by Paul Ehrlich in
1885 and is composed of unique CNS microvasculature,
including tight junctions (TJs) and adherent junctions, which
strictly regulate the metabolism of immune surveillance cells and
the entry process of xenobiotics/endogenous materials (Hawkins
and Davis, 2005; Engelhardt and Sorokin, 2009; Tietz and
Engelhardt, 2015). The functional unit of the BBB is not only
constituted by brain capillary endothelial cells (ECs), but also has
close interactions with pericytes, perivascular astrocytes and
nerve cells. In particular, the tight junction proteins claudins
and occludin, which are expressed in brain microvascular cells,
account for extremely high transendothelial electrical resistance
(TEER, approximately 1,500-2,000 Q c¢m?) of the BBB thus
limiting the entry of the neurotherapeutic agents (Baeten and
Akassoglou, 2011; Sa-Pereira et al., 2012; Molino et al., 2014;
Girolamo et al., 2021).

In addition to impermeable cell barrier, there is a selective
membrane-bound barrier regulated by ion channels, receptors,
and transporters specifically expressed at the BBB. These
molecules include ATP-binding cassette (ABC) transporters
expressed in brain ECs, such as multiple drug resistance
protein 1 (MDR1), permeability glycoprotein (P-gp), multiple
resistance-associated protein 4 (MRP4), and breast cancer
resistance protein (BCRP); these protein largely limit the
permeability of the neurotherapeutic agents (e.g., anticancer
drugs or kinins) through the BBB (Ueno et al, 2010;
Alyautdin et al., 2014; Aday et al., 2016; Begicevic and Falasca,
2017; Gil-Martins et al., 2020). The transport of the polypeptides
and proteins across the BBB requires the assistance of a series of
receptor-binding molecules, such as insulin, insulin-like growth
factors (IGF-I and IGF-II), angiotensin, and transferrin (Tf),
which undergo receptor-mediated endocytosis (Wang et al,
2009; Soni et al,, 2010). Another metabolic barrier is driven
jointly by the complex and widely expressed influx/efflux
transporters in the BBB. It is well known that P-glycoprotein
(P-gp) and selective multidrug resistance protein-1 (MRP-1) are
expressed at the high levels in the BBB and act as the efflux
channels to confine the therapeutic drugs in combination with
metabolic enzymes expressed by ECs (Lee et al, 2001; T.
Ronaldson and P. Davis, 2012). Thus, the efficiency of the
transport of most cargos from the blood circulation into the
brain through the BBB is regulated by various transport systems.

Mounting evidence indicates that the permeability of the BBB
is pathologically altered in several CNS diseases, such as
neurodegenerative  diseases, resulting in the aberrant
expression of pivotal carrier/receptor-mediated transporters
(e.g., P-gp and neuropeptides) and BBB efflux proteins (Zatta
et al., 2009; Meairs, 2015; Logan et al., 2019; Bonsack et al., 2020).
Therefore, insight into the pathophysiological characteristics of
CNS barriers is essential for the development of a safe and

Nanogels: Novel System for CNS

efficient carrier system. The regulation of these transporter
proteins and CNS barriers may provide new strategies for
targeting of the brain by for neuroprotection and therapy.

Blood-Cerebrospinal Fluid Barrier (BCSFB)

The BCSFB is formed by a rich vascular network surrounding
choroid plexus epithelial cells, located in the choroid plexus
and meninges, which secrete cerebrospinal fluid into the
ventricular system. where it is secreted into the ventricular
system by choroid plexus epithelial cells. Similar to many other
secretory epithelial cells, but unlike the endothelial cells of the
brain capillaries that form the BBB, the endothelial cells of the
choroid plexus capillaries are fenestrated. The barrier is
composed of choroid plexus epithelial cells and their TJs
and restricts the movement of small polar molecules. Thus,
the BCSFB also regulates the permeability to nutrients or
xenobiotics.

Notably, similar to the BBB, the BCSFB not only acts as both
a physical barriers and an enzymatic barrier via endothelial or
epithelial cells. These cells express not only a series of
cytoplasmic and membrane-related enzymes that can
effectively metabolize biologically active drugs, but also
express many transport proteins and ion channels. These
characteristic enzymatic reactions and polarized expression
of proteins are clearly of considerable concern for the design of
drug carriers targeting the brain.

Strategies Across the Brain Barriers

A variety of strategies have been developed to overcome the
challenge of transporting the drugs across the BBB; however, the
discoveries of most of strategies have not resulted in significant
advances. Table 2 describes the strategies to improve the BBB
penetration of active drugs/agents. New advances in
nanotechnology have produced various opportunities in the
field of CNS disorders because nanocarrier systems have been
shown to load poorly distributed drugs in the brain, traverse the
cellular/metabolic barrier regions of the BBB, and efficiently
deliver the drugs into the brain parenchyma (Poovaiah et al,
2018; Prasanna and Upadhyay, 2021; Wang et al.,, 2021). For
example, Harbi et al. designed sertraline (Ser-HCl)-loaded
pegylated and glycosylated liposomes. The results of analysis
of the transport in endothelial polyoma cells of the mouse
brain showed that glycosylated liposomes have a greater ability
to target the cerebellum than PEGylated liposomes (Harbi et al.,
2016).

The transport of drug nanocarrier systems across the BBB
mainly involves the following mechanisms: 1) receptor-
mediated endocytosis; 2) adsorptive-mediated endocytosis;
3) carrier-mediated transport; 4) passive diffusion; 5) efflux
pump inhibition; and 6) the transient opening of the TJs of
BBB. Surface functionalization of nanocarriers is a potential
strategy to facilitate crossing of the BBB, enabling their entry
into the brain via a transcellular pathway due to their specific
targeting. Thus, the development of optimal drug delivery
systems for CNS diseases should consider not only the ability
to cross the BBB but also the ability to target and accumulate
the drugs. Nanoscale particles can traverse the smallest
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TABLE 2 | Strategies for drug delivery to access the brain.

Type Advantages

Bypass BBB

ICV High drug concentration, no metabolic intervention
Intrathecal Less invasive

Intranasal Rapid absorption, no first pass effect on, non-invasive

Intraparenchymal More clinical prospects

Across the BBB

Drug lipidation Increased BBB permeability

Prodrug Drug solubility improvement/absorption

Analog-based drug

design injury, small side effects

Nanocarriers system

capillaries, previous studies have demonstrated that after
intravenous administration, the particles in the range of
5-10 nm are rapidly removed by the kidney, whereas the
particles ranging from 10 to 50 nm are small enough to
traverse the capillaries. Additionally, the particles ranging
from 50 to 100 nm in size have the longest cycle lifetime, and
the particles with a diameter larger than 100 nm are usually
blocked by the spleen and removed by phagocytosis, resulting
in a short blood circulation time (Vinogradov et al., 2002; De
Jong et al., 2008; Kreyling et al., 2014).

Modifying the carrier system with targeting ligands showed
better trans-BBB efficiency. The surface of polyamidoamine
(PAMAM) dendrimers was conjugated to transferrin (Tf) for
improved drug delivery to the brain. The results demonstrated
that surface-modified dendrimers show better BBB transport
ability in physiological environments.

Suitable for free drug Good stability, good bioavailability, no invasive  Drug

Nanogels: Novel System for CNS

Limitation References

Invasive injury,
infection,
elevated
intracranial
pressure
Infection,
dose-
dependent
drug
resistance
Poor (Dowling et al., 2008; Grassin-Delyle et al., 2012)
bioavailability,
low drug
concentration
Invasive
infection,
tissue injury,
obvious side
effects

(Pappu et al., 2016; Heldt et al., 2019; Kazkayasi et al.,
2022)

(Falagas et al., 2007; Jain et al., 2019; Nau et al., 2021;
Sari et al., 2021)

(McAteer and Evan, 2008; Tedford et al., 2015)

Increased
drug efflux,
nonspecific
systemic
administration
Poor stability,
significant
toxicity

(Pardridge, 2003; He et al., 2018)

Jafari et al. (2019)

Baroud et al. (2021)
molecule/
capacity size is
limited, CNS
complications,
endogenous
nutrient
transport
interference
Potential
toxicity
depends on
the material
used

(Bajracharya et al., 2019; de Souza et al., 2020; Wang
et al., 2020)

EMERGENCE OF THE NANOGEL AS A
NANOCARRIER SYSTEM

Recently developed available drug nanocarriers for the
management of CNS diseases, range from more conventional
formulations (e.g., liposomes, solid lipid nanoparticles, polymeric
nanoparticles) to advanced formulations (e.g., nanocapsules,
albumin, dendrimers (Vigani et al., 2020), and nanogels).
Among them, nanogels have been shown to achieve a suitable
drug pharmacokinetic profile and higher efficacy and safety
compared with other drug nanocarriers.

Properties of the Nanogel

Vinogradov et al. initially introduced the term “NanoGel” in
1999 to describe the particles of a hydrophilic polymer network
(PEG-PEI) obtained by crosslinking polyethylene glycol (PEG)
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Limitations of other nanocarriers Potentials of nanogel carriers

FIGURE 3 | Potentials of nanogels for CNS drug delivery compared with other available nanocarriers.

[ Stable physical/chemical properties

O High drug loading efficiency and efficacy
for targeted delivery

O Tunable size for crossing BBB

O Easy surface modification/functionalization
for stimuli-responsive release and
site-specific drug delivery

O Biocompatible nano-sized drug carriers
and safe for use in brains

and polyethyleneimine (PEI) that were able to deliver antisense
oligonucleotides (Zhao et al., 2015). These hydrogel nanoparticles
are generally defined as three-dimensional colloidal hydrogel
nanoparticles obtained by physical or chemical crosslinking of
the polymers with a diameter < 200 nm, thus possessing both the
advantages of a hydrogel and characteristics of a nanocarrier
system (Goldberg et al., 2007; Zhang et al., 2021a). Traditionally,
nanogels have been classified as physically or chemically
covalently cross-linked according to the synthesis method.
Nanogels can also be classified based on the network structure
including hollow, core-shell, hairy, multilayered, and core-shell
core cross-linking. In addition, according to their responses to
environmental stimuli, they can also be divided into response and
nonresponse types.

Similar to the hydrogels, the hydrophilic groups in the
polymeric structure of nanogels provide for a high water
retention capacity (Amoli-Diva et al., 2017; Mauri et al,
2021; Stawicki et al, 2021). Nanogels have unique
advantages in CNS drug delivery, especially in increasing
the penetration of the drugs through the BBB, enhancing
the stability of the bioactive molecules against enzymatic
degradation, and reducing the cytotoxic side effects.
Compared with other nanocarriers, nanogels have the
following unique characteristics (Figure 3):1) Tunable
nanosize: nanogels have a large specific surface area and,
more importantly, can be engineered with an adapted
nanosize based on the target tissue/organ, enabling them to
efficiently cross cellular and biological barriers. 2) Colloidal
stability: nanogels possess higher stability in physiological
environments. 3) Swelling behavior: swelling/deswelling is
one of the most important properties of nanogels and can
be controlled by their design with suitable parameters (such as
polymers, cross-linking forms, and functional structures).
Furthermore, these behavior properties can be altered by
responding to external stimuli. 4) Drug loading and easy

surface modification: the diversity of polymeric materials
and simple modification of their physical or chemical
characteristics enables the creation of nanogels with
versatile formulations. Depending on the crosslinked
polymer network, such as the hydrophilic/lipophilic groups
of the monomers, surfactants, surface charge, and crosslinking
agents, various types of nanogels can deliver almost all types of
therapeutic agents, including active biomacromolecules (DNA
and SiRNA), hydrophobic/hydrophilic drugs, proteins,
vaccines and even immunetherapeutics (Coviello et al,
2007; Lombardo et al., 2020; Chander et al.,, 2021; Tang
et al., 2022). 5) Active targeting and controlled release:
nanogels can be synthesized by crosslinking natural (e.g.,
alginate, dextran, and hyaluronic acid) or artificial polymers
(e.g., methylcellulose, chitosan, and cyclodextrin). These
polymers are nontoxic and stable and ensure high cell
viability in the studies, demonstrating that nanogels are
inherently biocompatible and biodegradable, which can
avoid excessive accumulation in the tissues (Soni et al,
2016b; Mathew et al., 2018). 6) Non immune response: due
to their high water-holding capacity a which enables them to
absorb large amounts of nonimmunoreactive liquids, usually
nanogel formulations do not produce any immune response; 7)
Biodegradability: nanogels are synthesized from natural
materials or polymers, which can be degraded in a nontoxic
manner in living organisms and thus avoid organ
accumulation.

Progress of Nanogel Drug Carrier Systems
Nanogels can be accurately modified with respect to their shape,
charge, and surface function in response to various internal
stimuli (changes in pH, redox conditions, or enzymes), which
are usually associated with the majority of physiological
conditions in vivo because most pathological processes
generally induce certain changes in pH, redox levels, or
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FIGURE 4 | (A) Synthetic pathway for mPEG-P (LG-co-LC) nanogel, illustration of DOX encapsulation by nanogel, and its circulation, intratumoral accumulation,
endocytosis, and targeted intracellular DOX release after intravenous injection (Huang et al., 2015). (B) Typical TEM micrographs and Rh NG/DOX. Copyright
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specific complementary ligand expression levels. A continuous
increase in the availability of the functional and macromolecular
monomers can expand the response range of these nanogels
(Stuart et al., 2010; Sun et al., 2014). Furthermore, comparison
with traditional nanomaterial-based controlled release systems
indicates that stimulus-responsive nanogels can react to external
stimuli, such as light, electricity, and magnetism, which can
control drug release by reversible expansion or contraction of
the gels (Zhang et al, 2020). Zhang et al. formed ultra-pH-
sensitive nanogels through the self-assembly of an ultra-pH-
sensitive hydrogel from the chiral peptide derivative ferrocene-
diphenylalanine (FC-FF). The material precisely responds to the
changes in pH over a very narrow range (pH 5.7-5.9) (Liu et al.,
2020a). Polypeptide, a promising biomedical polymer with
biodegradability and biocompatibility, was approved in
1906 a- Ring opening polymerization (ROP) of amino acid
n-carboxylic anhydride (NCA) was synthesized for the first
time. At present, peptide based nano gel has been applied to
the targeted delivery of therapeutic drugs for various diseases (Shi
et al., 2017). Previously, our team synthesized the dual-response
nanogels, NG/DOX, which respond simultaneously to a low
pH level and a high GSH level. After intravenous injection of
NG/DOX into tumor-bearing mice, the drug release from
nanogel is triggered at a low pH level and a high GSH level.
The antitumor effect of NG/DOX is far superior to that of free
DOX hydrochloride, and nanogel has extremely low cytotoxicity
(Figure 4).. (Huang et al.,, 2015; Suhail et al., 2019)
Ion-induced gelation has attracted considerable attention due
to environmentally friendly and time-controlled properties (Lee
et al, 2021). Recently, researchers have developed stimuli-
responsive. DNA noncationic nanogels that can be used for
targeted delivery of combination cancer therapeutics with high

biocompatibility (Oh et al., 2007). Degradable nanogels loaded
with rhodamine B isothiocyanate dextran (RITC DX) were shown
to be degraded into a polymeric sol in a reducing environment,
thus releasing the encapsulated carbohydrate drugs (Vinogradov,
2010). Based on nanogel technology, many therapeutic strategies
for the delivery/release of therapeutic drugs to the brain have been
explored to achieve active targeting: 1) by attaching
functionalized ligands that recognize homologous receptors on
the target organs or tissues, 2) due to noninvasive responsiveness
to magnetic field or ultrasound to disrupt the BBB, and 3) due to
shutter peptide-mediated BBB crossing (Figure 5). (Ganguly
et al, 2014; Chaurasiya et al, 2016; Wei et al, 2021)
Furthermore, nanogels with encapsulated drugs can be
delivered by a variety of methods, such as intravenous or
intraperitoneal injection, oral administration, and nasal and
intraocular drug delivery (Verma et al, 2011; Zhao et al,
2021). Reports have suggested that PEGylation renders
nanogel surface more hydrophilic, shields the drugs, and
provides steric hindrance to avoid the interactions with serum
proteins, endowing nanogels with a “stealth” feature (Kamaly
et al.,, 2012; Sun et al., 2014).

The modulation of nanogels (e.g., ligands complementary to
receptors) can direct them to the affected tissues with lesions,
which differentially express the corresponding receptors,
thereby facilitating the uptake and retention of the drugs at a
target site (Saha et al., 2021). Vinogradov et al. synthesized a
new system based on a nanogel network of crosslinked PEG and
PEI which is capable of efficiently delivery of ODNss to the brain
across the BBB. The transport efficiency was further improved
when the surface of nanogels was modified with Tf or insulin.
The results of distribution studies in a mouse model showed that
the accumulation of ODN in the brain was increased by more
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FIGURE 5 | Schematic illustration of the various potential mechanisms for crossing the BBB: (A) receptor-mediated endocytosis; (B) functionalized ligands that
recognize cognate receptors on target organs or tissues; (C-D) magnetic field or ultrasound mediated delivery.
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than 15-fold after 1h of intravenous injection compared with
the accumulation of unincorporated ODN, and the
accumulation of free ODN in the liver and spleen was
reduced by 2-fold, implying that clearance of ODN from the
blood was not accelerated (Vinogradov et al, 2004).
Zwitterionic-based nanogels have greatly broadened the
applications of nanogels in drug delivery by virtue of their
characteristics such as superhydrophilicity (Peng et al., 2020).
In this context, zwitterionic polysulfamide nanogels
(PMEDAPA) modified with transferrin (Tf) were synthesized
as drug carriers that effectively respond to hyperthermia. These
nanogels have their tumor-targeting features shielded at normal
temperature; at high temperature, tumor targeting is achieved to
enhance the accumulation of chemotherapeutic drugs in the
tumor. These finding provides an exciting rationale to achieve
tumor targeting of nanogels and to enable on-demand drug
release in microwave heating-assisted cancer therapy in a
clinical setting (Muresanu et al., 2019).

Opverall, nanogels are more novel and advanced nanocarrier
that are characterized by superior efficacy, bioavailability, and

favorable drug pharmacokinetics, render their the potential side
effects are greatly reduced.

APPLICATIONS OF THE NANOGELS FOR
CNS DRUG DELIVERY

The advantages of simple and stable synthetic routes, controllable
drug release, and high targeting efficiency make nanogel drug
carriers one of the preferred options for the treatment of various
CNS diseases, such as stroke, neurodegenerative disorders,
epilepsy, traumatic brain injury, and brain tumors. Table 3
summarizes several major studies related to the design of
nanogels used for CNS drug delivery.

Ischemic Stroke

Ischemic stroke occurs when a blood clot or embolus locally
blocks the middle brain artery, which accounts for 85% of all
types of stroke (Houng et al., 2014). Currently, the thrombus-
dissolving agents, such as tissue plasminogen activator (tPA), are
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TABLE 3 | Summary of representative studies on nanogels for CNS drug delivery.

Formulations

Nanogel/ODN

PEG-PEI

HCFU

Dex-FFFKE-
ss-EE

Hollow
nanogels (NUK)
PCgels

Nano-NRTls

PEG-PVA/micelle

Function

Transferrin/insulin-
targeting

Controlled release

Sustained release

Redox-responsive

Ultrasound-

responsive

Immunotherapy

Anti-viral

pH/redox-
responsive

Drugs/Agents

ODN

Antisense
oligonucleotide
5-fluorouracil

Taxol/HCPT

uPA

T lymphocyte

NRTIs

TMD/CF

Outcomes

Nano-ODN accumulation increased 15 fold in the brain,
whereas free ODN accumulated in a large amount in liver and
spleen

Increased in vitro uptake, controlled and sustained
oligonucleotide release, higher uptake in the brain tissue
Nanogel coating with polysorbate increased the
accumulation from 0.18 to 0.52%, largely enhanced uptake
in the brain tissue

Co-delivery nanogel system cantained two complementary
anti-cancer drugs, extended drug realse and improved the
stability of drugs.

nUK has controlled released of uPA taget the clot site under
ultrasound, not only enhanced the circulation of the drug, but
also increased the safety.

PCgels had suitable pore size to possess the cellular
compatible with T lymphocytes, which retained their localized
anti-glioblastoma activity in the PCgels

Nano-NRTls exhibited high efficacy against HIV-1 in
macrophages at a drug level as low as 1 umol/L and
decreased cytotoxicity compared to NRTIs

Dual drugs of PEG-PVA/micelle were released significantly
increased in alkaline environment
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Mechanism
Across
BBB

Ligand- mediated

Charge adsorption-
mediated
Carrier-mediated

Endocytosis

Ultrasound

stimulation

T lymphocyte-
mediated

Macrophage
phagocytosis

PH stimulation
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(2010)
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available for the treatment of ischemic stroke; however, a narrow
time window for the use of these agents and cerebral ischemia/
reperfusion injury often cause serious pathological reactions,
which produce unsatisfactory results of these conventional
treatment approached for ischemic stroke (Mihalko et al,
2022). Nanogels are expected to expand the arsenal of
ischemic stroke treatment strategies by achieving brain
targeting of the drugs and local controlled release.

Mihalko et al. designed a fibrin-specific nanogel (FSN) that can be
used for the targeted delivery of tPA. In vivo experiments confirmed
that tPA-FSNs can modulate fibrin/fibrinogen and platelets in
thrombi. The distribution of both FSN and tPA-FSNs showed
potential clearance and very low toxicity after 24h. (Cui et al,
2016) A recent study suggested that a new form of urokinase
(United Kingdom)-containing PEG-conjugated nanogel with pH-
sensitive properties (PEG-UK) was designed to release the payload at
a certain pH value. PEG-UKs were detected at the regions of
microcirculation with low pH in a rat model of ischemic stroke.
Wei Cui at el. demonstrated that the administration of PEG-UKs
reduces the infarct volume of ischemic stroke, and this effect protects
the BBB, inhibits apoptosis, and decreases neurotoxicity (Kleindorfer
et al,, 2005). However, high incidence of hemorrhagic events and
failure to hospitalize in time usually limit the application of
thrombolytic drugs. Statistical data show that very few patients
receive thrombolytic therapy within 3 h after ischemic stroke (He
et al,, 2021). Multiple findings have shown that the generation of
reactive oxygen species (ROS) or reactive nitrogen species (RONS)
associated with cerebral ischemia and reperfusion worsen the
conditions in patients. To reduce ischemic injury caused by
oxidative stress, Zhang et al. developed artificial nanogel-zymes
with multiple enzyme activities, which were able to provide
neuroprotection against ischemic stroke by scavenging RONS. In

a rat model of ischemic stroke, RONS levels were significantly
reduced, and side effects were minimal (Liu et al., 2021).

The latest studies have shown that administration of
microRNAs (miRNAs) can promote blood vessel growth and
help restore the function of damaged tissues. Liu et al
encapsulated miRNAs in a nanocapsule platform, which
systematically and effectively delivered miRNAs (Davis, 2016).
However, the delivery of miRNA by nanogel delivery platform
against cerebral ischemia has yet to be investigated. Moreover,
future work should assess in detail the ability of these
nanoformulations to be translated to the clinic.

Brain Tumors

Specific targeted drug delivery is the future of brain tumor
therapy. Gliomas are the most prevalent and malignant CNS
tumors, with a median patient survival of less than 15 months
despite aggressive use of surgery combined with radiotherapy
and chemotherapy (Kim et al., 2018). The blood-brain tumor
barrier (BBTB) forms with tumor progression, which blocks
almost  all  small-molecule  chemotherapeutics  and
biomacromolecules. In addition to the limitations of the
barriers, most therapeutic agents for glioma are the
substrates of biological barrier efflux transporters, and a
combination of these obstacles contribute to a high rate of
treatment failure (Agarwal et al,, 2011; Feng et al., 2019).
Gliomas, similar to other solid tumors, have a special tumor
microenvironment (TME) characterized by hypoxia, low pH,
and chronic inflammation. Intriguingly, the extracellular
glutathione concentrations of gliomas are up to 1,000-fold
higher than the extracellular glutathione concentrations in the
normal tissues, and the pH values in the vicinity of tumor cells
are significantly lower (Mari et al., 2009; Wen et al., 2019).
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Based on specific characteristics of the tumor tissue, various
stimulus-responsive nanogel drug delivery networks have been
developed for antitumor drug delivery. Methotrexate,
doxorubicin, rituximab, and temozolomide are routine
chemotherapeutic agents toxic for glioma cells, which have
been formulated as nanomedicines to significantly improve the
efficiency of the BBB crossing. The membrane protein connexin
43 (Cx43) and brain-specific anion transporter (BSATI) are
characteristically expressed in gliomas and the adjacent tissues.
Recently, cisplatin was loaded into nanogels conjugated to
Cx43 and BSAT1 monoclonal antibodies. MRI analysis of
tumor-bearing rats showed that the nanoformulation achieved
targeted antitumor effects (Gadhave et al., 2021). A recent study
demonstrated successful loading of teriflunomide into a
nanolipid-based  (NLC) carbopol-gellan gum  nanogel
(TNLCGHG) for the treatment of brain glioma via intranasal
administration. These gels were demonstrated to prolong blood
circulation and showed significant tumor-suppressive effects
(Zhang et al, 2021b). Nanogel formulations have been
developed as promising contrast agents. Jiang et al. developed
Cy5.5-Lf-MPNA nanogels by labeling lactoferrin (Lf) with Cy5.5.
This preparation can target tumor tissue and achieve MR/
fluorescence imaging with high sensitivity and specificity in
the acidic environment of glioma tissue (Cui et al, 2016).
Similarly, Lf/phenylboronic acid (PBA)-reduction-sensitive
dual-target nanogels (Lf-DOX/PBNG) were developed for the
delivery to deliver doxorubicin (DOX) for glioma therapy. The
effective accumulation of Lf-DOX/PBNG was 12.37 times greater
than that of free DOX solution (Rizzi et al., 2014).

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of dementia,
with more than 50 million people worldwide currently living with
dementia (DeTure and Dickson, 2019). Clinical therapeutic
approaches for AD focus on lowering the levels of the toxic
forms of the amyloid beta (AP) peptide and T protein to effectively
delay the progression of the disease (Giacobini and Gold, 2013;
Yang et al., 2021). A range of limitations account for poor efficacy
of most therapeutic drugs, such as hydrophobicity, poor BBB
permeability, rapid metabolism, and strong tissue toxicity.
Various nanogel technologies have enabled the treatment of
neurodegenerative diseases (Jiang et al., 2018).

The development of the dual inhibitor nanosystems is
expected to effectively target the inhibition of AP aggregation
and cytotoxicity induced by drug delivery systems. The
biocompatible nanogels of cholesterol-bearing pullulan (CHP)
were shown to be able to significantly inhibit the formation of A
fibrils. Epigallocatechin-3-gallate (EGCG) and curcumin are able
to effectively inhibit AP aggregation. These two inhibitors were
linked via a modification of hyaluronic acid (HA). The results
showed that the EGCG and curcumin dual-modified nanogels
(CEHA), which were synthesized by self-assembly, induced
69 and 55% higher inhibition than EGCG- or EHA-loaded
single-modified nanogels, respectively. The results of an
in vitro toxicity assay showed that CEHA significantly
improved the viability of SH-SY5Y cells (Zhang et al., 2021c¢).
Another approach to AD therapy involves scavenging of excess
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ROS induced by mitochondrial dysfunction and inflammatory
factor that are overactivated in the brain (McNaught et al., 2002).
Oxytocin-loaded angiopep-2-modified AOC NGs
developed to cross the BBB via the transcytosis of a surface-
loaded ligand (ANG) for enrichment in the AD lesions. AOC
NGs can block the ERK/p38 MAPK and COX-2/iNOS NF-«B
signaling pathways, showing the ability to effectively inhibit
microglial activation and reduce inflammatory cytokine levels.
Advances in nanotechnology have enabled new prospects for
clinical therapeutic strategies for AD; however, the field of AD
nanotherapeutics faces several challenges. AD may lead to a
variety of clinical complications; hence, the design of the
nanogel drugs with multiple drug candidates to achieve a
synergistic effect may enhance the benefits of AD treatment.

were

Parkinson’s Disease

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder characterized by the death of
dopaminergic neurons in the substantia nigra and the
formation of Lewy bodies (Hawthorne et al., 2016). Dopamine
therapy is the primary treatment option for PD; however, the
disease is currently considered incurable. The demands for
nanomedical studies of PD are mainly focused on achieving a
stable concentration of dopamine in the brain (Jiang et al., 2018;
Khan et al., 2018).

PEGylated nanogels were engineered to load dopamine
and modified ligands of the transferrin receptor. The results
of in vivo experiments demonstrated that the concentration of
dopamine in the brain obtained using this nanogel was nine
times higher than that obtained in a rat model treated with
free dopamine. The removal of Lewy bodies is another
effective strategy for the treatment of PD (Liu et al,
2020b). A study developed the Lewy body antagonist
NanoCA using a self-assembly reaction. NanoCA targets
the brain, releases its cargo in a controlled manner, and
protects the neurons from the neurotoxicity of PD
inducers in the animal models. In PD animal models, the
nanomaterials are administered by local injection or
transdermal absorption. Ropinirole nanogels were proved
to enhance the efficacy of transdermal absorption, thus
increasing the bioavailability up to two-fold compared with
transdermal methods of delivery of the unincorporated free
drug (Jafarieh et al., 2015). Jafarieh et al. prepared ropinirole
hydrochloride (RH)-loaded chitosan nanoparticles (RH-
CSNPs) by the ionic gel method. RH-CSNPs with nasal
mucosal absorbability continuously released their cargo for
18 h, and the RH concentration in the brain was significantly
increased after intranasal administration (Leoni and Caccia,
2014). The first-line treatment for patients with Parkinson’s
disease is natural oral levodopa, which has shown higher
efficiency than synthetic levodopa. C Chittasupho et al.
encapsulated native levodopa from M. pruriens seed extract
into nanogels for incorporated into a jelly as a functional food
for patients with Parkinson’s disease.

Finally, although the prospects of using nanogel technology to
treat neurodegenerative diseases are very attractive, the actual
studies performed to date remain only experimental.
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Huntington’s Disease
Huntington’s disease (HD) is an autosomal dominant

neurodegenerative disorder (Arrasate and Finkbeiner, 2012).
The known molecular mechanism of HD involves a single
mutation of the huntingtin (HTT) gene exon 1, which leads to
polyQ expansion, resulting in the misfolding and aggregation of
the huntingtin protein in the brain (Li et al., 2020). However, the
molecular mechanism by which HTT mutation causes neuronal
death remains unclear. At present, many studies have
demonstrated that short interfering RNAs (siRNAs) can
silence the expression of the mutant proteins, and this
application is one of the most recent and promising
therapeutic strategies (Godinho et al., 2013).

Godinho et al. developed modified amphiphilic -cyclodextrin
(CD) oligosaccharide molecules as novel neuronal siRNA vectors.
The results showed that CD nanoparticles are stable in artificial
cerebrospinal fluid. The nanocarrier complex reduces HTT gene
expression in ST14A-Htt120q rat striatum cells and primary
human HD fibroblasts. A single injection of the CD-siRNA
nanoparticles significantly reduces HTT expression in the
striatum in a mouse HD model, and multiple injections can
alleviate the motor dysfunction in HD mice. In addition, low
toxicity of CD-siRNA nanoparticles has been observed in vitro
toxicity experiments (Loscher et al., 2020). Numerous efforts have
demonstrated the potential efficacy of the nanogel drug delivery
systems; however, limited data on in vivo toxicity suggest a need
to determine potential long-term systemic toxicity.

Epilepsy

Epilepsy is the second most frequent chronic disease of the CNS.
Approximately 30% of patients with epilepsy are characterized by
poorly controlled drug release and drug resistance during clinical
treatment (Hanada, 2014; Shringarpure et al,, 2021). Nanogel
technology promises to revolutionize the treatment strategies for
epilepsy using unique advantages due to the ability to cross the
BBB without toxic effects to the brain and other tissues.

Lamotrigine is a broad-spectrum antiepileptic. Only a small
amount of potent lamotrigine can exert its antiepileptic effects
through the BBB after oral absorption (Xu et al., 2022). The group
of Xu designed a polymer hydrogel that specifically responded to
electromagnetic radiation. The results of intravital imaging of rats
showed that fluorescently labeled lamotrigine nanogels are
enriched in the rat brain 3h after intravenous injection,
indicating that lamotrigine nanogels are characterized by
enhanced BBB penetration. Comparison with free lamotrigine
indicated that the seizures of rats in the lamotrigine nanogel
group were continuously and significantly decreased (Wang et al.,
2016).

Recently, Wang et al. designed electroresponsive hydrogel
nanoparticles (eRHNPs) modified with brain-targeting
angiopep-2 (ANG) to facilitate the delivery of the antiepileptic
drug phenytoin (PHT) and subsequently developed PHT-loaded
ANG-eRHNPs. These formulations achieved a high distribution
in the brain and an electrical response in a rat epilepsy model,
resulting in a strong release of PHT from nanogels during seizures
and achieving better antiepileptic effects (Ying et al., 2014). Brain-
targeted ANG peptide-modified electro-responsive nanogels have
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been confirmed to achieve high-efficiency BBB penetration and
enhance the efficacy of alleviating epilepsy (Wilson et al., 2017).

These studies will enable the generation of safe and
effective seizure therapeutics. Future attention should also
be paid to human clinical trials to evaluate and select precise
nanodosage forms and concentrations for subsequent clinical
applications.

Traumatic Brain Injury

Traumatic brain injury (TBI) is the main cause of death and
disability in young individuals under 45 years of age and a known
risk factor for chronic neurodegenerative diseases, such as AD
and PD. To date, effective clinical treatments for TBI are lacking
(McKee and Robinson, 2014; Gong et al., 2022).

The application of the bioactive scaffold materials is a
promising method for tissue regeneration and repair (Margal
et al., 2012). Bladder stroma extracted from the porcine bladder
tissue (UBM) showed good performance in promoting and
supporting neural cell growth in vitro experiments (Zhang
et al.,, 2013). To improve the biocompatibility of UBM in the
brain and the effect of UBM on the function after TBI, a hydrogel-
based form of UBM was developed. The results showed that the
UBM-hydrogel had weak toxic effects on the healthy brain. After
TBI, the application of the nanoscale UBM-hydrogel reduced the
volume of the lesions and alleviated myelin sheath breakage
induced by traumatic injury (Xu et al, 2019). Unexpectedly,
the treatment of TBI using the UBM-hydrogel significantly
improved neurobehavioral and vestibulomotor functions. The
application of nanogels not only greatly improved the
biocompatibility of UBM but also revealed a protective effect
on the injured brain tissue. These observations provide valuable
insight into the potential efficacy of nanogels in structurally
damaged brain tissue.

Recently, Xu et al. successfully demonstrated that
nanocapsules loaded with nerve growth factor (NGF) enabled
nerve recovery and tissue remodeling in mice with spinal cord
injury (Teng et al., 2018). It is suggested that nanogel technology
may provide a better approach for TBI and CNS tissue
regeneration engineering, which needs to be more explored in
the future.

POTENTIAL NEUROTOXICITY

The CNS strongly protects itself from any xenobiotics
(pathogens, toxins, and foreign bodies) through strict barrier
structures (Nance et al, 2014). Nanocarriers can effectively
circumvent the BBB and deliver unevenly distributed drugs to
the brain parenchyma (Xiao et al., 2015); however, this delivery
also leads to overexposure to the nanomaterials, making the
application of the nanomaterials for CNS therapy regarded as
a dual-edged sword. Therefore, it is crucial to systematically
investigate the potential toxicity of the nanomaterials, which is
one of the biggest challenges for the clinical translation of the
nanodrug delivery systems.

Existing neurotoxicity studies have shown that the
nanocarriers have neurotoxic effects both in vitro and in vivo
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induced by the nanoparticles composed mostly of inorganic
materials, whereas complete assessment of potential toxicity of
nanogels in humans has not been reported (Wong et al., 2012).
The present review analyzed the main reasons associated with
neurotoxicity of nanogels. Chemically crosslinked nanogels may
release toxic monomers from the matrix during their expected
chemical degradation (Lee et al., 2021). Inflammation is one of
the main mechanisms of neurotoxicity caused by the
nanomaterials. Inflammation is known to eliminate foreign
substances from the body and is a protective response;
however, overactivation of the inflammatory response will
induce substantial damage. Exposure of the brain to nanogels
may stimulate glial cells, causing a strong inflammatory response
of neuronal mitochondria or other organelles (Trompetero et al.,
2018; Wu and Tang, 2018). The mechanism of brain
inflammation induced by nanogels needs additional research,
and only a few relevant studies of this subject have been
performed.

In addition, neuronal exposure to the nanomaterials may
induce neurodegenerative diseases. The accumulation of some
fibrin aggregates or misfolded proteins is the pathological
mechanism of some neurodegenerative diseases (AD, PD, and
HD). Plausible interactions between the CNS and nanomaterials
may exacerbate the accumulation or misfolding of these protein
aggregates (Pichla et al., 2020). The results reported by Alvarez
et al. suggest that the induction of a neurodegenerative disease
may depend on the size and concentration of the nanoparticles
and on their biocompatibility (Oberdérster, 2010). Current data
of the assessments of the toxicity of the nanomaterials suggest
that rigorous in vitro, in vivo, and clinical toxicity studies are
needed before the clinical transformation of the nanomaterials
can be achieved (Wang et al., 2022). Emphasis on detailed toxicity
studies of nanogels is needed to provide evolutionary insight into
the risks associated with efficient applications of these promising
targeting approaches.

DISCUSSION

Overall, nanogel technology can provide the possibilities for
advanced treatment in the field of CNS diseases (Sarkar et al.,
2017). The BBB is the major anatomical and physiological
dynamic barrier, representing one of the narrowest bottlenecks
for successful treatment of CNS diseases; hence, the development
of safer and more effective targeted nanomedicines has become a
major research direction for numerous nanoformulation studies.
Continuous development of new nanogel technologies, such as
surface modification of the receptors/ligands and magnetic
structures, enables various nanogel-based approaches to
overcome the BBB to achieve targeted drug delivery. Nanogel-
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