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Abstract: Gels are attractive candidates for drug delivery because they are easily producible while
offering sustained and/or controlled drug release through various mechanisms by releasing the
therapeutic agent at the site of action or absorption. Gels can be classified based on various character-
istics including the nature of solvents used during preparation and the method of cross-linking. The
development of novel gel systems for local or systemic drug delivery in a sustained, controlled, and
targetable manner has been at the epitome of recent advances in drug delivery systems. Cross-linked
gels can be modified by altering their polymer composition and content for pharmaceutical and
biomedical applications. These modifications have resulted in the development of stimuli-responsive
and functionalized dosage forms that offer many advantages for effective dosing of drugs for Central
Nervous System (CNS) conditions. In this review, the literature concerning recent advances in cross-
linked gels for drug delivery to the CNS are explored. Injectable and non-injectable formulations
intended for the treatment of diseases of the CNS together with the impact of recent advances in
cross-linked gels on studies involving CNS drug delivery are discussed.

Keywords: cross-linked gels; central nervous system; spatial drug delivery; injectable cross-linked
gels; non-injectable cross-linked gels

1. Introduction

Central nervous system (CNS) disorders represent an area of major unmet medical
need [1]. They are highly prevalent, devastating, and yet poorly treated illnesses [2]. Com-
mon neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis (ALS) are associated with increasing age and genetic
predisposition [3]. The prevalence of neurodegenerative diseases presents a major threat
to the health of the elderly population. Parkinson’s disease, for example, causes disabling
symptoms such as tremors, muscle stiffness, and postural instability, which can cause
falls resulting in further debilitation [4,5]. Alzheimer’s disease, on the other hand, causes
memory and cognitive impairments, while ALS affects basic motor neuron functions such
as speaking, swallowing, and breathing [3,6]. Chronic CNS disorders such as epilepsy and
schizophrenia require long-term drug therapy to control symptoms [5,7].

The treatment of these neurological disorders is mainly hindered by the blood-brain
barrier (BBB), whose physiological function is to regulate the transport of substances to
the brain and prevent the entry of foreign substances that could damage it [8], resulting
in inadequate drug concentrations reaching neuronal tissues [5]. In the clinical setting,
attempts to circumvent BBB effects on CNS drugs often include elevation of doses or
frequent dosing intervals. However, this may result in high plasma levels of these drugs
increasing their potential to cause serious adverse drug events. As such the development of
novel drug delivery systems for local or systemic drug delivery of CNS drugs in a sustained,
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controlled, and targetable manner have been at the epitome of recent advances in drug
delivery systems. In recent years, advances in drug delivery systems have been focused on
effective, easily produced, and reproducible techniques. Gels have attracted the attention
of researchers in innovative drug delivery techniques owing to their ease of production,
tampering, and their ability to elicit controlled or sustained drug release patterns locally at
sites of absorption or action.

Gels can be classified based on various characteristics including the type of solvent
used during preparation and its physical nature [9]. Cross-linked gels are a class of gels that
are based on cross-linked polymeric systems. They are formed by physical or chemical cross-
linking of polymeric chains, generating swellable polymer networks [10]. The polymer
used can be either natural, synthetic, or in some cases, a combination of both. The wide
variety of polymer choices and versatile architecture of cross-linked gels allow them to
incorporate a plethora of both hydrophilic and lipophilic molecules, ranging from inorganic
molecules to biomolecules such as nucleic acids, amino acids, and proteins without losing
their gel-like behavior [11,12].

Cross-linked gels can be modified by altering their polymer composition and content
for pharmaceutical and biomedical applications. These modifications have resulted in the
development of stimuli-responsive dosage forms that offer many advantages with regards
to the effective dosing of CNS-acting drugs.

In this review, applications of cross-linked gels as drug delivery systems are discussed
while also highlighting their application as both injectable and non-injectable formulations
intended for the treatment of diseases of the CNS.

2. Challenges in CNS Drug Delivery

Over the years, advances in CNS drug delivery have led to increased research output
concerning safe and effective drug delivery systems that could improve drug penetration
into the CNS. The CNS parenchyma is a highly specialized tissue protected by a blood-brain
barrier (BBB). The BBB is a highly selective membrane located between the blood and brain
interstitium [13]. It regulates molecular exchange pathways that transport molecules from
blood to brain and brain to blood [13]. It separates peripheral circulation from the CNS,
thereby protecting the brain from unwanted molecules and foreign substances allowing
only the exchange of small molecules that are permeable to the BBB into the brain by
diffusion [5,14]. Unfortunately, the BBB along with the presence of the blood-cerebrospinal
fluid barrier and efflux transporters presents a huge challenge for the effective delivery
of therapeutics to the CNS [14,15]. Many effective therapeutics have failed to cross these
barriers and have been discarded during their development for clinical use due to a failure
to reach the CNS in sufficient quantity [14].

2.1. The Blood-Brain Barrier (BBB)

The blood-brain barrier (BBB) is a complex and unique semi-permeable membrane that
protects the brain to maintain homeostasis within it [16]. It inhibits the entry of molecules
greater than 400 Daltons from the bloodstream into the brain, thereby protecting the brain
microenvironment from potentially harmful exogenous molecules [16]. The BBB selectively
permeates passive transport of substances such as water, nutrients, and hydrophobic, while
its protective mechanism involves active efflux of lipid-soluble toxins and bacteria and is
mediated by P-glycoprotein (P-gp) [5]. As depicted in Figure 1, the BBB cerebrovasculature
is composed of a specialized endothelial cell monolayer supported by pericytes and astro-
cytes creating tight interconnectivity and a unique barrier. Vascular pericytes surround 30%
of the endothelial layer, controlling the vessels’ diameter and regulating endothelial cell
BBB-specific gene expression [16]. Perivascular astrocytic end-feet, attached to the external
wall of the endothelium, is critical for the proper functioning of the BBB and strengthens the
tight junctions [5]. The tight junctions between adjacent vascular endothelial cells restricts
paracellular movement of molecules, favoring the transcellular pathway which involves
transporter proteins and the BCSFB.
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Figure 1. The blood-brain barrier and drug transporters in the capillary endothelial cells. (Blue arrows:
Flow of molecules through influx transporters into the brain parenchyma from the blood vessel; Red
arrows: Outward flow of molecules through efflux transporters from the brain parenchyma to the
blood vessel) [Adapted from [17] in terms of the Creative Commons Attribution License (CC BY 3.0)].

2.2. The Blood-Brain Cerebrospinal Fluid Barrier (BCSFB)

While the BBB is considered to be localized within CNS microvessels at the endothelial
cells level, the BCSFB is formed by epithelial cells of the choroid plexuses (CPs) located in
the four ventricles of the brain and the subarachnoid epithelial structures facing the CSF
spaces in the intracranial and spinal areas [18]. The CP inhibits paracellular diffusion of
polar molecules across the barrier in addition to producing and secreting cerebrospinal fluid
(CSF) [19]. The BCSFB is strengthened by the expression of active organic acid transport
systems which allow for the direct transport of CSF-borne organic molecules into the blood,
subsequently removing several drugs out of the CSF, inhibiting them from crossing into
the brain parenchyma [5].

2.3. Efflux Transporters

In addition to shielding the brain parenchyma, the BBB also serves as a transport
regulator for passage of molecules to and from the brain. Transport into the brain occurs by
either paracellular transport or transcellular transport [14]. Paracellular transport involves
passage between endothelial cells, while transcellular transport involves passage through
the cell from the luminal to the abluminal surface of the endothelial cell into the parenchyma
of the brain [14]. Multi-specific efflux transporters belonging to the ATP-binding cassette
(ABC) transporter superfamily are differentially localized between the two main blood-
brain interfaces, the BBB and BCSFB [20]. The two prominent efflux transporters are
P-glycoprotein (Pgp) and breast cancer resistance protein (BCRP) [5,20,21]. They use ATP
hydrolysis to translocate both endogenous and exogenous compounds, including drugs,
from the brain into the blood against their concentration gradient [5,13].

P-glycoproteins (Pgp) is highly expressed at the BBB [20]. It is encoded by the mul-
tidrug resistance gene MDR1 and is the main drug efflux transporter of the BBB. It is
responsible for many drug-resistant CNS disorders including brain tumors. This was
first reported in 1995 by Tishler et al., who linked increased Pgp expression to medically
intractable epilepsy [22,23]. Similarly to Pgp, BCRP is expressed at the BBB. Studies have
demonstrated the role of BCRP in cancers as stem cell differentiation, protection against
xenobiotics, and cancer cell survival under hypoxic conditions as there is increased expres-
sion of the transporter in tumor stem cells. However, in brain tumors, this is not always
the case. For example, in primary CNS lymphoma, there is down-regulated expression
of the BCRP transporter [24], while it is highly up-regulated in neuroepithelial tumors
such as ependymomas, causing multidrug resistance [21,25]. Drugs and other substances
that escape the ABC transporters are pumped out of the brain parenchyma via a second
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mechanism, called phase I and II metabolism [5]. The phase I and II metabolism reduces
the lipid solubility of drug molecules by (I) either uncovering or adding reactive polar
groups to the surface of a drug molecule with enzymes such as cytochrome p450, or by (II)
conjugation of anionic groups onto the drug molecule by transferases such as glutathione
S-transferase, rendering the molecule ready for expulsion and ineligible for re-entry [5].

2.4. Effects of CNS Diseases on the BBB and Drug Delivery

Drug penetration through the BBB and distribution within the brain CSF is governed
by many factors, including physicochemical and pharmacokinetics properties of the drug,
blood perfusion in the brain capillaries and BBB integrity [26]. All of these factors may
be affected by different CNS diseases. For example, a study conducted on patients with
Huntington’s disease (HD) demonstrated a reduction in the integrity of the BBB and
considerable disruption of the cerebral vasculature following magnetic resonance imaging
as well as post-mortem tissue analyses [27]. In brain tumors, the BBB may be disrupted by
the dramatic vasculature changes during tumor progression; the proliferating cancer cells
have nutritional demands that may require co-opting existing vessels and/or creating new
ones via angiogenesis [28]. The angiogenesis process is in part mediated by the expression
of angiogenic factors such as vascular endothelial growth factor (VEGF) [28], which is also
increased during brain injury [29]. However, VEGF increases the permeability of the BBB
via the synthesis and release of nitric oxide, which causes dilatation of arteriolar vessels and
increases vascular permeability to enhance increased tumor blood flow [30]. The disruption
of the BBB may result in higher drug accumulation within brain tumors [28,30].

In various CNS diseases, the expression of efflux transporters is enhanced, leading to
a reduction in drug uptake by the brain. One example of drugs affected is riluzole. Riluzole
is a drug used in ALS treatment but is not very efficacious as it is a substrate for P-gp and
BCRP [31]. The efflux transporters P-gp and BCRP are both upregulated in ALS, making
it more difficult for therapeutic agents to cross the BBB [32]. Several strategies targeting
efflux transporters, angiogenesis factors, and other factors threatening the integrity of
the BBB have been explored to improve the delivery of drugs into the brain [32]. Other
degenerative CNS disorders such as AD, PD cause BBB dysfunction with simultaneous
increase in gliosis, neurovascular dysfunction, neuroinflammation and progressive loss of
nerve function [33]. Chronic psychiatric disorders including schizophrenia also compromise
neurovascular health [33].

3. Classifications of Cross-Linked Gels

Cross-linked gels can be classified into various categories based on the source, struc-
ture, cross-linking method, charge, and biodegradability. One of the most commonly used
classifications is based in the nature of solvent in the continuous phase and is depicted
in Figure 2.

3.1. Emulgels

Emulgels, a portmanteau of emulsions and gels, are an integration of gels and emul-
sions. Their use has emerged both in cosmetic and pharmaceutical preparations [34].
Emulgels offer enhanced stability as they possesses characteristics of both gels and emul-
sions [35]. They operate as dual-control drug release systems [34]. They are also emerging
as a drug delivery system for hydrophobic drugs. With the aid of a gelling agent, two types
of emulgels can be formed viz., oil in water (o/w) and water in oil (w/o) [36]. There are
various properties of emulgels that enable them to provide better control of drug release in
topical application such as thixotropicity, ease of spreadability, long shelf-life, improved
loading efficiency, and enhanced stability [36,37]. Some of the limitations associated with
emulgels are that they pose a challenge with absorption of macromolecules and during
formulation as they are prone to entrap air bubbles [38]. O/W emulgels are widely used
in general cosmetic preparations because of their washable nature while for skin ailments
water-in-oil emulgels which are emollient are used [37]. Constituents that are used in the
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formulation of an emulgel include a vehicle, aqueous material, oil, emulsifiers, gelling
agent, penetration enhancers, pH adjusting agent, and an active pharmaceutical ingredient
(API) [39]. The three general steps involved in the preparation of an emulgel are, firstly,
the formulation of o/w or w/o emulsion followed by the formulation of a gel base, and
then the emulsion is incorporated into a gel base with continuous stirring [40]. Lampp et al.
prepared emulgels that remained stable in-vivo for up to 3 months following subcutaneous
injection with no accompanying irritation or toxicity [41]. The emulgel was based on
isopropyl myristate and 12-hydroxystearic acid as gelling agent to deliver molecular probes
for prolonged, localized measurements of molecular oxygen [41]. The stability reported
indicates that encapsulation of drugs within the emulgel matrix could achieve prolonged
drug residence time at the site of injection. This is a particularly impressive feature for
potential applications of emulgels in the CNS.
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3.2. Organogels

An organogel is a class of semi-solid preparation that is composed of an organic liquid
phase in an immobilized three-dimensional cross-linked network. Despite its liquid compo-
sition, this viscoelastic system takes on the same characteristics as a solid [42]. Organogels
have an external apolar phase that gets immobilized within the three-dimensional structure
formed due to the physical interactions amongst gelators which are the self-assembled
structures of compounds [43]. Organogels can be used for drug delivery via routes such
as transdermal, oral, and parenteral. The use of organogels as drug delivery systems is
limited by the lack of biocompatibility for these formulations. However, the development
of biodegradable and biocompatible organic solvents and organogelators has made them
more pharmaceutically friendly [44]. According to the nature of the gelator, organogels
are classified as low molecular weight gelators and polymeric gelators. Depending on
the nature of intermolecular interactions, low molecular weight gelators can be physically
categorized as solid-fiber matrix and fluid-fiber matrix. Polymeric gelators can be phys-
ically classified as entangled-chain matrices and chemically classified as a cross-linked
matrices [45]. Wang et al. prepared and characterized a biodegradable in- situ forming
organogel, obtained through the self-assembly of long chain fatty acid in pharmaceutical
oil [46]. Generally, organogels are easily formulated by dissolving an organogelator into
a hot, apolar phase followed by a cooling step which results in gelation [44]. Organogels
have a good list of merits that make them ideal drug delivery systems including controlled
release of drugs, good stability, prolonged action, reduced dosing frequency, and enhanced
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drug penetration through the skin [43]. While the history of organic solvent toxicity limits
the application of organogels in biomedical applications, more recent studies synthesize
organogels with better biocompatibility.

3.3. Cryogels

Cryogels are formed by the subsequent melting of ice crystals, leaving behind a
polymeric material with an interconnected macroporous network surrounded by dense
polymer walls [47]. At subzero temperatures (typically between −5 and −20 ◦C), cryogels
are formed via a process called cryogelation [48]. Cryogels possess a unique set of proper-
ties including substantial pore size and porosity, high water content, great pore connectivity,
and consistency. These properties contribute to physical resilience, bio-adaptability and
facilitates cellular migration, tissue-ingrowth, and diffusion of solutes, including nano- and
micro-particle trafficking, into its supermacropores. The sponge-like microporous system
allows for a more rapid swelling kinetic profile and improved viscoelastic properties pre-
venting physical deformation [49]. Similarly to conventional gels, cryogels can be divided
into three categories based on the type of interchain linkages present in the network’s
junction knots: covalent (cross-linked chemically), non-covalent (physical), and ionically
cross-linked matrices [50]. Their merits include the flexibility of their preparation and
operating mostly with water as a solvent, making them more economical and environmen-
tally friendly [47]. Cryogel scaffolds can be readily formed through physical cross-linking,
including ionic interactions and hydrogen bonding. Poly (vinyl alcohol) (PVA) is one of the
most studied synthetic polymers that can be physically crosslinked to form cryogels [51].
Chemical cross-linking can provide satisfactory tailored mechanical properties, but toxic
compounds are used as cross-linkers, are difficult to extract, and can affect biocompatibility.

Stimuli-responsive properties are frequently desirable for biomaterials employed in
drug delivery applications. A temperature-responsive polymer experiences phase shifts,
which physically alter its shape and/or characteristics at certain and distinct temperatures.
As the solubility of a polymer in a solvent, or solvation state, changes with temperature
in thermally responsive cryogels, it is frequently described in terms of swelling [52]. Dual
shape memory behavior in thermoresponsive cryogels containing oligoethylene glycol has
been developed [53]. A number of dendronized IPN hydrogels utilizing the cryogelation
approach were created using covalently crosslinked polyacrylamide for one network and
reversible Schiff-base crosslinked oligoethylene glycol (OEG)-based dendronized poly-
mers for another network. Along with having an interconnected porous architecture and
excellent mechanical strength, these cryogels also inherit OEG-based dendronized poly-
mers’ distinctive thermoresponsive properties and display thermally induced deswelling
behavior when heated over their phase transition temperatures [53]. The cryogel’s chem-
ical makeup and the characteristics of the medium, such as its pH, ionic strength, and
medium composition, all influence the degree of swelling [54]. This has an impact on
the interactions of pH-sensitive polymers (both polymer-solvent and polymer-polymer
interactions), as functional groups on the polymer chains might exhibit weak acidic or
basic properties depending on how protons react to pH variations [55]. Cryogels made of
poly(acrylic acid) have been studied as prospective soft materials for energy production as
a pH oscillator in oscillatory bromate-sulphite-ferrocyanide processes [56]. By combining
acrylic acid monomer and N,N′-methylenebis(acrylamide) crosslinker at 18 ◦C in water,
macroporous poly(acrylic acid) (PAAc) cryogels were created. The reactions were run at
several initial monomer concentrations to determine the ideal setting for the synthesis
of quickly responsive PAAc gels, with the help of the bromate oscillator, PAAc cryogels
oscillate between swollen and collapsed states, with each cycle resulting in a three-fold
increase in the gel volume [56].

3.4. Aerogels

The quick rise of aerogels in the field of drug administration is attributed to their
composition diversity, modularity, and viability of industrial scale fabrication [57]. By
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definition, an aerogel is created when a gel’s liquid content is swapped out for gas. Aerogels
as drug delivery matrices for a variety of administration routes (e.g., oral, pulmonary, nasal,
topical) are able to enhance the therapeutic result with changed drug release profiles in
pharmaceutical applications. Aerogel-based therapeutic systems can manage the delivery
of bioactive molecules and greatly increase medication bioavailability [58]. In a nutshell,
the construction of aerogels starts with the preparation of either ahydrogels or organogel. A
“sol” of precursors, water, and a catalyst is used to create the gel. Typically, this is achieved
by adding a chemical cross-linker or by altering the physical conditions of the reaction
(e.g., pH, temperature). Washing and/or solvent exchange with a suitable solvent are the
next stages [59]. In general, aerogels’ physical characteristics include their solid state’s
exceptionally low density (0.0001 to 0.2 g/cm3), high specific surface area (>200 m2/g),
and porosity of at least 90% with a majority of open pores in the mesoscale (2–50 nm).
Additionally, this unique class combines exceptional textural features, and, in most cases,
tunable surface chemistry [60].

A number of parenteral and particularly mucosal administration routes for drug
delivery seem to benefit greatly from several physical features of aerogels. Aerogels’
strong capacity to absorb liquids may make it easier to precisely control the absorption
of exudates from skin wounds and maintain moisture levels that aid in wound healing
while the aerogel still controls medication release [57]. Aerogels face difficulties such as
low mechanical strength in some instances and the economic and environmental costs
of the supercritical drying technique used to complete the synthesis process. Aerogels
can generally be divided into three categories: organic, inorganic, or hybrid (based on
their composition), and microporous, mesoporous, or mixed (based on the size of their
pores) [61]. The ability of alginate aerogels to encapsulate tiny pharmaceuticals with
improved controlled release was demonstrated by the incorporation of medications such
as niacin/nicotinic acid and ibuprofen into the aerogel’s architecture at various stages of
the production process [61].

3.5. Hydrogels

Hydrogels are three-dimensional, cross-linked networks of water-soluble polymers
that undergo physical transformation in the presence of water while maintaining structural
integrity [62]. They are commonly classified as either physically cross-linked or chemically
cross-linked gels [63]. Physically cross-linked hydrogels are reversible gels, less complex to
produce as opposed to chemically cross-linked hydrogels, and do not involve the use of
cross-linking agents during their production. The dissolution of reversible gels is inhibited
by the presence of interactions that exist between polymer chains. Several methods exist
that are used to bring forth physically cross-linked hydrogels viz., freeze-thawing, stereo-
complex formation, ionic interaction, hydrogen bonding, and maturation [64]. Chemically
cross-linked hydrogels are stable and do not dissolve in any solvent due to the presence of
covalent bonds between different polymer chains [64]. They are relatively more complex
to develop as opposed to physically cross-linked gels, as the existing variables such as
gelation time, internal network pore size, and degradation time are not easy to decouple.
Chemically cross-linked hydrogels exhibit great mechanical strength and can elicit a pro-
longed decomposition time. Several methods exist that are used to bring forth chemically
cross-linked hydrogels, such as chemical cross-linking, grafting, radical polymerization,
condensation reaction, enzymatic reaction, and high-energy radiation [63].

Hydrogels are capable of retaining a high amount of water or biological fluids there-
fore they can simulate natural living tissue, more effectively than any other synthetic
biomaterials. Hydrogels can be considered as reversible/physical gels when in forming the
linkages, forces such as ionic, hydrogen bonding, or hydrophobic forces play a role [65].
Polymerization and parallel cross-linking of multifunctional monomers are procedures that
can be used to synthesize hydrogels. In addition, the formulation of polymer molecules
that have reactive groups is a multi-step method that can be used [66]. Some of the merits
of hydrogels include hydrophilicity, biocompatibility potential, controlled drug release,
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and smart drug delivery [67]. Hydrogels can be classified based on their physical state as
solid, semi-solid, and liquids [45]. They are classified as either non-crystalline (amorphous),
semi-crystalline, or crystalline [68]. Hydrogels may be categorized into four groups based
on the presence or absence of electrical charge located on the cross-linked chains: anionic,
cationic, amphoteric, and non-ionic. Based on durability, hydrogels can be classified as
either biodegradable or non-biodegradable [43].

The setbacks that are associated with the drug delivery of hydrogels include the fact
that hydrogels have a water-loving or hydrophilic polymeric core which is a challenge to
delivering hydrophobic drugs. Furthermore, the weak tensile strength of hydrogels could
cause the premature release of drugs [69].

Jalalvandi et al., reported on the fabrication of an injectable and biocompatible hydro-
gel system formulated for the delivery of a hydrophobic drug. The hydrogel contained a
cyclodextrin moiety with a degradable polymer [70]. Low aqueous solubility of delivery
of the insoluble drug for hepatocellular carcinoma A glycyrrhetinic acid (GA) molecule-
modified curcumin-based hydrogel was developed to address the challenges [71].

Akiyoshi et al., reported a physically cross-linked glutaraldehyde for biomedical appli-
cations which was produced using the polymer pullulan bearing cholesterol. The ani-cancer
drug, Adriamycin, was loaded by combining pullulan suspension with adriamycin [72].
A dual physically cross-linked hydrogel was prepared by simple two-step methods of
copolymerization and freezing/thawing and consisted of poly(acrylamide-co-acrylic acid)
(PAM-co-PAA) and poly(vinyl alcohol) (PVA) [73].

In a study, the preparation, characterization, and cytocompatibility of chitosan and
poly(vinyl alcohol) (PVA) blends which were chemically cross-linked by glutaraldehyde
for biomedical applications was reported [74]. In another study, a chemically cross-linked
PVA–H2SO4 hydrogel film was synthesized by combining the covalent cross-linking of
PVA chains and a film-casting process. It showed good elasticity, excellent mechanical
strength, and ionic conductivity [75]. Contrary to other gels, in-situ, hydrogels are non-
toxic, biocompatible, and degradable. Their mechanical properties and swelling behavior
are some of their distinguishing features. Water-expanding materials called hydrogels have
the ability to contain a lot of water inside their structure without dissolving. The tensile
strength, % elongation to break, toughness, and Young modulus of hydrogels are among
its mechanical characteristics [76].

The advantages, disadvantages, and applications of the discussed classes of cross-
linked gels are summarized in Table 1.

Table 1. Summary of cross-linked gels and applications.

Class of
Cross-Linked Gel Advantages Disadvantages Applications Ref

Emulgel

Thixotropic
Easily spreadable

Long shelf life
Improved loading efficiency

Great stability

Allergic reactions
Poor permeability
Contact dermatitis

Not easily absorbed

Topical emulgel of mefenamic acid.
Topical emulgel microemulsion [34,36,37,39,40]

Organogel

Ease of preparation
May be used for transdermal,

oral, and parenteral.
Non-irritating

Good resistance to
microbial contamination.

Lack of biocompatibility
formulations.

Poor stability to temperature
Greasy in nature

Intraocular flunarizine
hydrochloride-loaded organogel

Biodegradables in-situ
forming organogel.

[42–45]

Hydrogel

Capable of retaining a
high amount of water

Hydrophilicity Biocompatibility potential
Controlled drug release

Smart drug delivery

It may be difficult to handle
It may be difficult to sterilize
Usually mechanically weak.

Chemically cross-linked
by glutaraldehyde for

biomedical applications.
Physically cross-linked

hydrogel consisting of poly
(acrylamide-co-acrylic acid)

(PAM-co-PAA) and
poly(vinyl alcohol) (PVA).

[43,45,62–69]
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Table 1. Cont.

Class of
Cross-Linked Gel Advantages Disadvantages Applications Ref

Aerogel
High porosity

Low bulk density
Exceptional textural features

Low mechanical strength
High environmental and

economic costs of operation

Incorporation of niacin/nicotinic
acid and ibuprofen in an aerogel [73,74]

Cryogels

Substantial pore size and porosity
High water content

Great pore connectivity and consistency
Flexibility of preparation

Economically and
environmentally friendly

Insufficient retention at
injection site.

Injectable cryogels may cause
serios side effects.

Need for repeated injections
Increased costs

Thermoresponsive cryogels
containing oligoehylene glycol
Polyacrylic acid cryogels as PH

oscillatory bromate-sulphite
ferrocynide processes.

[63,66,69]

4. Polymers and Cross-Linking Agents

Cross-linked gels contain cross-linked polymer chains whose properties govern the
properties of the resulting gel [77]. Various polymers and crosslinkers have been utilized to
formulate cross-linked gels of impeccable properties.

4.1. Natural Polymers

Natural polymers are materials that generally occur in nature, or are extracted from
plants or animals [78]. Natural polymers include proteins such as collagen, gelatin, and fib-
rin and polysaccharides such as chitosan, alginate, cellulose, and starch +. These polymers
are more biocompatible in comparison to synthetic polymers since their biodegradation
is regulated by human enzymes such as lysozyme. Their advantage lies in that they are
eco-friendly, have minimal and production costs [79]. Conversely, their limitations are that
they have inadequate mechanical strength, immunogenicity, batch-to-batch variations, and
transfer of pathogens from animal material [80]. These limits the use of natural polymers
in medical applications and thus requires that they are combined with organic/inorganic
molecules [81]. The chemical structures of some of the naturally occurring polymers utilized
in gel formation are depicted in Figure 3.
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4.1.1. Chitosan

Chitosan is a highly applicable polysaccharide due to its biodegradability, biocompat-
ibility, non-toxicity, antioxidant, anti-inflammatory, antifungal, and antibacterial proper-
ties [79,82]. The ability to respond to various environmental stimuli such as different pH
and temperature conditions of physiological fluids has gained much attention to chitosan
hydrogel worldwide [79]. Chitosan polymer is made of β (1–4)-linked 2-amino-2-deoxy-D-
glucose (D-glucosamine) and 2-acetamido-2-deoxy-D-glucose (N-acetyl-D-glucosamine)
units. Chitosan is insoluble at a pH greater than 6 and soluble at a pH below 6 due to the
protonation of amine groups [83]. Chitosan is derived from partial or full deacetylation
of N-acetylglucosamine copolymer from chitin residues, the degree of acetylation and
the molecular weight of chitosan, determines its solubility, hydrophobic, and electrostatic
properties [84]. The hydroxyl (-OH) and amine (-NH2) groups in chitosan’s chemical
structure allow it to develop cross-linked hydrogen bonds with other polymers such as
polyethylene glycol [84].

4.1.2. Gelatin

Gelatin is a derivative of moderately hydrolysed indigenous collagens of animal
skin, bones, and tendons. Gelatin is vastly used in biomedical applications [84]. It is a
biocompatible, non-immunogenic, and non-toxic polymer, with high water solubility at
body temperature and amphoteric nature [83]. These make it suitable for different appli-
cations such as in the manufacturing of contact lenses, improving mechanical properties
of other polymers such as alginate, wound healing, tissue engineering, and drug deliv-
ery [83,85]. The structural alignment of gelatin-based materials is alike to the extracellular
matrix and permits activation of platelet aggregation hence its suitability in hemostatic
applications [86].

4.1.3. Sodium Alginate

Sodium (Na) alginate is a hydrophilic, cationic polysaccharide consisting of (1–4)-
linked β-d-man urinate (M) and its C-5 epimer α-l-guluronate (G) residues [87]. It is derived
from extracts of varied bacteria and algae, it is well biodegradable, non-immunogenic,
and non-toxic [84]. This extensively biocompatible polymer is used to make stable cross-
linked gels for drug delivery systems. Bulut et al. developed polyvinyl alcohol grafted
polyacrylamide/Na alginate/NaCMC microspheres by the emulsification cross-linking
method that are used for the delivery of donepezil hydrochloride. [88,89]. The gel matrix
formed in the presence of divalent cations, mostly Ca2+, making alginate widely usable in
the encapsulation and controlled release of pharmaceutical materials, however, the porosity,
permeability, and degradability of the gel matrix make it difficult to regulate the release of
the encapsulated material [83,84]. Additional drawbacks include weak mechanical strength,
and difficulties in sterilization, handling, and storage of solutions [81].

4.1.4. Collagen

The biocompatible and biodegradable attributes of collagen polymer make it an
excellent polymer for use in areas such as controlled drug delivery, inducing cell growth,
preparation of plants, and pharmaceutical industries [67]. Collagen is one of the major
structural elements of extracellular matrix (ECM) in bones, connective, and nerve tissues
which are responsible for elastic strength, regulating cell adhesion, chemotaxis, migration,
and tissue development. This polymer is the most abundant fibrous protein in the human
body [90,91]. Collagen has challenges such as inconsistency, and ethical and cultural issues
as they are derived from animal sources. To overcome these limitations, collagen type I
scaffold was engineered in-vitro; this is biocompatible, biodegradable, extremely versatile,
easy to use, and can make stable cross-linked networks [92].
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4.1.5. Cellulose

Cellulose is one of the most abundant natural polymers derived from wood, algae,
and bacteria [93,94]. Cellulose is composed of a β -1,4-linked anhydro-D-glucose chain
with abundant hydroxyl groups that offer versatile prospects. Cellulose does not dissolve
in the mild aqueous solvent system and common organic solvents [93]. Characteristics of
cellulose include high biocompatibility, low immunogenicity, in-situ flexibility and tensile
strength, less porous structure, and toxicity. Additionally, it has high water retention
>95%, ion exchange capacity, transparency, and permeability to liquids and gases mak-
ing it appropriate for laxative effects, contact lenses, and wound drug delivery amongst
others [95,96]. The design and synthesis of cellulose-based gels can be achieved by both
chemical linking and/or physical cross-linking such as hydrogen bonding, hydrophobic
interaction, and ionic complexations [93]. Zhang et al. designed a cross-linked gel polymer
electrolyte by modifying cellulose with ally groups and reacted it with polyethylene gly-
col methyl ether methacrylate (PEGMA) to obtain PEG-grafted cellulose, pentaerythritol
tetra(3-mercaptoproponate) (PETMP) that was used as a cross-linking agent to form the
cross-linked network polyethylene-propylene copolymers which showed good mechanical
properties, structure strength, and stability [94].

4.1.6. Hyaluronic Acid

Hyaluronic acid (HA) is a water-soluble, bio-derived, and biodegradable polymer [81].
It is commonly excreted by fibroblasts and chondrocytes. Hyaluronic acid is an important
part of the extracellular matrix and also functions in cell signaling and wound repair [97].
HA is inherently biocompatible and non-immunogenic and degrades in the presence of
hyaluronidase, hindering its usefulness in certain applications [87]. HA can be modified
with thiols, haloacetates, dihydrazides, aldehydes, or carbodiimide moieties to facilitate
cross-linking into a gel [87]. HA-based hydrogels have been used in various biomedical
applications including controlled drug delivery [98]. A recent study assessed the feasibility
of HA hydrogels as carriers for controlled pulmonary drug delivery of inhalation powders
and their finding showed that HA hydrogels could successfully be used as drug carriers
for sustained pulmonary delivery [98].

4.1.7. Fibrin

The formation of cross-linked gels from fibrin is based on its biological polymerization
process with thrombin following vascular injury [99]. It forms cross-linked networks by
enzymatic polymerization of its precursor, fibrinogen, via thrombin-catalyzed cleavage
of fibrinopeptide A in the presence of factor XIII [87]. Fibrin-based cross-linked gels have
been used in biomedical applications such as for wound healing [100], controlled drug
delivery [101], and tissue engineering [102,103]. Murphy et al. engineered a fibrin-based
hydrogel to simultaneously enhance the wound-healing properties and anti-inflammatory
potential of entrapped human mesenchymal stem cell spheroids [100].

4.2. Synthetic Polymers

Synthetic polymers such as polyethylene glycol, polyacrylic acid, polyethylene oxide,
and polyvinyl alcohol are used in their organic and inorganic forms [104,105]. Synthetic
polymers are more hydrophobic and mechanically stronger than natural polymers, with
an inactive cellular environment that forbids active cell binding resulting in low stem cell
viability [106]. Additionally, synthetic polymers possess more reproducible physical and
chemical properties compared to natural polymers [107]. However, due to their association
with high immunogenicity [107], synthetic polymers are commonly used for short-term
applications [108]. A summary of some of the synthetic polymers used in gel development
are provided in Figure 4.
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4.2.1. Polyethylene Glycol (PEG)

Polyethylene glycol makes a good candidate for hydrogel formulation due to its high-
water solubility and swelling index, biocompatibility, good gelation properties, and low
immunogenicity [109,110]. These properties are essential in the central nervous system
for use of nerve repair in spinal cord injury and inhibition of axon degeneration [104].
The limitations of PEG include poor cell affinity, reduced cellular response, and low cell
adhesion [81]. PEG networks can be prepared by chemical cross-linking of reactions of
difunctional PEGs and multifunctional cross-linking agents, radiation cross-linking of PEG
chains to each other, which do not require toxic cross-linking agents but are difficult to
control, and physical cross-linking of hydrophobic blocks of triblock copolymers carrying
hydrophobic and PEG blocks [68].

4.2.2. Polyvinyl Alcohol

Polyvinyl alcohol (PVA) is a widely used polymer with good thermal stability, biocom-
patibility, biodegradability, mechanical strength, viscoelasticity, and hydrophilicity [67,111].
It is non-toxic, pH stable, and has coagulating ability; it is thus suitable for cell growth
but limited by its inability to control fast-flowing haemorrhages [86]. High molecular
weight PVA forms strong, elongated, rigid, and highly crystalline film structures. However,
PVA does not support cell proliferation and attachment, hydrophilicity and elasticity are
limited, and, thus for wound healing, it requires a combination with an antimicrobial
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agent to achieve antibacterial activity [81,112]. PVA shows viability as a biological drug
delivery matrix and can be cross-linked using various methods to improve its properties.
The methods include cross-linking of linear PVA chains with glyoxal, glutaraldehyde, or
borate and preparation of semicrystalline gels by freezing and thawing of aqueous PVA
solutions that allows for network structures cross-linked with pseudo-permanent crystal-
lites. The freezing method is regarded as pure as it does not require a crosslinker and thus
is most preferred [68].

4.2.3. Polyvinyl Pyrrolidone (PVP)

Polyvinyl pyrrolidone is one of the most popular water-soluble, biodegradable, bio-
compatible, and extremely low cytotoxic synthetic polymers [113]. It has been mainly
used to enhance the solubility of drugs and has been reported to have enhanced the
solubility of curcumin by 880-fold in solid dispersion prepared by the coevaporation of
curcumin and PVP ethanol [114,115]. Although its biodegradability is a desired attribute,
PVP rapidly dissolves in water, significantly hindering its use in sustained release formu-
lations [114]. To circumvent this drawback Contardi and colleagues’ fabricated fibrous
PVP-based hydrogels as skin dressing loaded with p-coumaric and ferulic acid in skin
damages and disorders [114]. Other studies found that blending PVP and carboxymethyl
cellulose (CMC) yielded a hydrogel with enhanced mechanical properties and enhanced
biodegradability [116].

4.2.4. Carboxymethyl Cellulose (CMC)

CMC is a cellulose derivative derived from the partial substitution of the cellulose
hydroxyl group by the carboxymethyl group [117]. CMC is used in cross-linked gels
in fields such as wound healing, drug delivery, plant breeding, and tissue engineering
attributed of its biocompatibility, biodegradability, water solubility, abundance, low cost,
and environmental friendliness [67,74]. The insufficient amount of hydroxyl group in the
CMC chain results in difficulty in gelation of cellulose solutions and reduced mechanical
strength, thus chemical cross-linking agents are necessary to improve these properties [118].
CMC has been cross-linked with metal ions whereby Liu et al. manufactured a self-
recoverable, anti-fatigued, and self-healing poly (N-acryloyl glycinamide) (PNAGA)/CMC
hydrogel using Fe3+ ions cross-linked CMC and hydrogen bonds cross-linked PNAGA as
the first and second network, respectively [117].

4.2.5. Poly (N-isopropyl acrylamide)

Poly (N-isopropyl acrylamide) (pNIPAAM) is a thermosensitive polymer that un-
dergoes polymer phase separation at increased temperature and reaches a lower critical
solution temperature (LCST) at about 33 ◦C [119]. pNIPAAM has been useful for pulsatile
drug release in response to temperature for drug delivery systems [120]. At 32 ◦C linear
pNIPAAM produces unstable hydrogels that substantially collapse with increasing tem-
perature above the LCST. This thermo-responsive nature is due to the strong hydrogen
bonds between the polymer and water molecules and the specific structural molecular
alignments of these bonds [121,122]. Specific molecular alignment is required for the hy-
drogen bonds between the water and amide group due to the hydrophobic N-isopropyl
residues in pNIPAAM [122].

4.2.6. Pluronics®

Pluronics®, also called poloxamers, are a group of synthetic triblock copolymers com-
posed of hydrophobic polypropylene oxide (PPO) and hydrophilic polyethylene oxide
(PEO) set in a manner of PEO-PPO-PEO. Pluronics® have outstanding biocompatibility
and amphiphilic properties widely used in drug delivery, disease diagnosis, and treat-
ment [123,124]. Hydrophilic Pluronic® can be used as stabilizers and retention agents due
to their good biocompatibility while hydrophobic Pluronic® are compatible and essential
for drug loading [123]. Pluronics® are thermosensitive polymers that exist in aqueous solu-
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tions at LCST without any phase separation, and undergo sol-gel transition at increased
temperature once in contact with the body [125,126]. The challenge with Pluronic® lies
in the weak mechanical strength at low concentrations, lack of mucoadhesion, and lower
gelation temperature at high concentrations [125,127]. A study by Boonlai et al., has devel-
oped a promising injectable in-situ gelling matrix for periodontal therapy drug delivery by
mixing Pluronics® 407 with polyacrylic acid held by hydrogen bonds, which was able to
achieve desired mucoadhesive properties and gelation at body temperature [127].

4.3. Crosslinkers

Crosslinkers are molecules with at least two reactive functional groups (e.g., primary
amines, sulfhydryls, carbonyls, carbohydrates, and carboxylic acids) that allow for the
formation of bridges between polymeric chains [128]. The crosslinker agent controls the
structure of the polymer matrix. It leads to the aggregation and connection of functional
monomers to each other. Crosslinkers cause polymerization and molecular template
separation, without displacement of functional monomers [129]. Selecting the appropriate
cross-linking agent enables the polymerization to be carried out as desired and may result
in cross-linked gels of desired attributes.

4.3.1. Natural Crosslinkers

Genipin, enzymes, and citric acid are some of the frequently used natural crosslinkers
due to their low toxicity [130]. These cross-linking agents have improved biodegradability,
biocompatibility, and water solubility compared to synthetic crosslinkers and have recently
gained much attention to form biocompatible materials, inclusive of other crosslinkers
such as gallic acid, ferulic acid, vanillin, flavonoids (catechins, pro-anthocyanidins) and
desmosine analogs [131]. The chemical structures and molecular weights of some of
the naturally occurring crosslinkers utilized in cross-linked gel preparation are depicted
in Figure 5.
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Citric Acid

Citric acid (CA) is a non-toxic metabolic product of the body from the Krebs cycle that
has been approved by the food and drug administration for use in food products [132].
CA has been used as a cross-linking agent for cross-linking polymers such as starch and
xanthan gum. CA can also be used as a hydrolytic and plasticizer [133]. CA with a hydroxyl
group and 3 carboxyl group is a safe, non-toxic, and biologically friendly crosslinker used
for cross-linked gels such as aerogels [134]. The multi-carboxylic structure of CA allows
for interactions with hydroxyl groups from other polymers which reduce water resistance
due to unavailable OH groups. From this interaction, strong hydrogen bonds could also
be formed and prevent recrystallization and retrogradation, hence their wide use with
starch [132]. Kuenzel et al. reported that CA carboxylic groups can also interact with
amines groups in a temperature-induced condensation to form a chitosan/CA binder for
LiNi0.5Mn1.5O4 (LNMO)-based positive electrodes [135].

Vanillin

Vanillin is the main product of vanilla bean extract. The structure of vanillin has
an aldehyde group that forms a Schiff base with primary amines which are responsible
for hydrogen bonds with hydroxyl or amine groups. Thus, this offers the formation of
reversible cross-linked networks and self-healing hydrogels with low-temperature stability
that is altered with increased temperature due to breaking hydrogen bonds [130]. Vanillin
is a popular flavouring agent widely used in areas such as food, beverages, perfumery, and
pharmaceutical industries. Vanillin also has antioxidant properties that are used to improve
the antioxidant properties of polymers and have less harmful health effects compared to
synthetic antioxidants [136]. A study by Brito et al. demonstrated that vanillin structured
stronger and more mechanically stable chitosan-based oleo-gels at low concentration,
thus vanillin appears to be a promising candidate as saturated or trans-fat replacers in
processed foods and was effectively used in a proof-of-application set of experiments
with cookies [137].

Gallic Acid

Gallic acid (GA) also known as 3,4,5-trihydroxybenzoic acid is tannin and is the major
phenolic compound in plants, fruits such as grapes, berries, mango, areca nut, walnut,
and green tea. GA has advanced anti-carcinogenic, anti-viral, antibacterial, antifungal,
anti-inflammatory, and anti-malarial properties [138,139]. Additionally, GA possesses
antioxidant activities equal to a well-established antioxidant vitamin C [140]. Xie et al.
suggest that it is a valuable approach to graft GA onto chitosan to reduce the intra- and
intermolecular hydrogen bond networks and increase the antioxidant ability of CS [138].
Chemical or enzyme-modified GA-chitosan conjugate presented improved bioactivities
such as antioxidant, antibacterial, anticancer, and inhibitory effects on digestive enzymes
when compared to free GA or biopolymer [139].

Ferulic Acid

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a secondary metabolite of the
biosynthesis of lignin, originating from phenylalanine and tyrosine through the Shikimate
pathway. Ferulic acid (FA) can be found in cereal, fruits, vegetables, and plant tissues
in its natural free from either monomers, dimers, or polymers as well as esters through
condensation with hydroxyl acids, alcohols or saccharides or as amides condensed with
amines [141]. The cross-linking of FA with polysaccharides and proteins during cell wall
synthesis takes place when FA deposits are incorporated utilizing an ester bond to primary
alcohol or arabinose side chains in the arabinoxylan polysaccharides cell wall [142]. FA
has been merged into a biodegradable polymer as a pendant group to enhance antioxidant
properties, specifically for tissue engineering applications [141]. FA is a phenolic compound
that has anti-inflammatory, antimicrobial, and anticancer properties; it also acts as a photo-
protective and antioxidant agent in biomedical and cosmetic applications. It is an ultraviolet
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absorber and free radical scavenger that can prevent harmful radiation effects. However,
its limitations are that it endures thermal, air, and light-induced decomposition through
the anticipated decarboxylation mechanism, thus reducing its efficiency [143].

Genipin

Genipin has replaced glutaraldehyde and other carbodiimide crosslinkers due to the
expanded biochemical significance of genipin-cross-linked gels [144]. It is produced from
the hydrolysis of geniposide extracted from the fruits of Gardenia jasminoides Ellis [145].
Genipin is a natural and biodegradable alternative to synthetic cross-linking agents. Its
non-toxicity and good biocompatibility allow for numerous applications in the biomedical
and food fields. It is more eco-friendly and less biohazardous than glutaraldehyde [145]. It
forms stable crosslinks following a spontaneous reaction with primary amino groups of
polymers [145]. An example of such cross-linking is seen when genipin is allowed to react
with primary amine groups of chitosan, resulting in crosslinks between chitosan molecules.

4.3.2. Synthetic Crosslinkers

Synthetic crosslinkers are widely acceptable for applications such as tissue engineering
and regenerative medicine due to their fast effect on modifying the polymeric backbone
and high degree of cross-linking. Some of the crosslinkers include glutaraldehyde (GA),
1,4-butanediol di glycidyl ether (BDDGE), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) [146]. Other synthetic cross-linking agents include di-hydrazides, epoxy-
based compounds, carbodiimide, boric acid, sodium TriMet phosphate, N, N′-methylene
bis-acrylamide, and poly-carboxylic acids. These crosslinkers present moderate or low toxicity
except for glutaraldehyde [130]. Common limitations of these crosslinkers include toxicity, low
biodegradability, biocompatibility, and aqueous solubility as compared to natural crosslink-
ers [131]. The chemical structures and molecular weights of some of the synthetic crosslinkers
utilized in cross-linked gel preparation are depicted in Figure 6.
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Glutaraldehyde

Glutaraldehyde (GA) is a crosslinker for biomedical applications such as enzymes and
hydrogel synthesis [147]. It is a dialdehyde whose aldehydic groups are highly reactive
and can form covalent bonds with amine, thiol, phenol, hydroxyl, and imidazole functional
groups [147]. It reacts with the primary amine groups of CS to form Schiff bases [148]. The
cross-linking of hydroxyl groups with GA is often carried out in an acidic environment
as the presence of acid catalyzes the reaction between the hydroxyl and aldehyde func-
tionalities. On the contrary, the cross-linking reaction between amines and glutaraldehyde
is slower in acidic conditions compared to neutral and basic conditions [147]. For many
years, glutaraldehyde was the most used cross-linking agent due to its ease of access and
cost-effectiveness [145]. However, the main drawback of using glutaraldehyde is its toxicity.
Cytotoxicity studies in rats and mice from as early as 1993 found that glutaraldehyde
resulted in a spectrum of necrotic, inflammatory, and regenerative lesions confined to
the upper respiratory tract following exposure to glutaraldehyde by inhalation for up to
13 weeks [149]. Therefore, its use has been replaced by other crosslinkers as it is desirable
to use a nontoxic cross-linking agent.

Methylene-bis-acrylamide

The N,N′-methylene-bis-acrylamide (MBA) is a common crosslinker in water-soluble
polymers, which can integrate amide groups in hydrogels [150], and has two terminal
vinyl groups that can react with radicals [151]. MBA is a bifunctional molecule popular
for producing hydrogels based on acrylic acid (AAc) and acrylamide (ACL), however,
the synthesis of hybrid materials based on polysaccharides, proteins, and monomers
such as soy protein/Aac, alginate,/chitosan/ACL and gel/dextrin/ACL through cross-
linking with MBA has also occurred [130]. Although commonly used for the formation of
methacrylate networks, MBA’s use as crosslinkers is limited due to their poorly aqueous-
soluble nature [131]. Mohana et al. synthesized a novel superabsorbent in an aqueous
solution by copolymerization of the respective monomers using MBA as a crosslinker
and ammonium persulfate (APS) as the initiator [152]. While Alavarse et al. states that
good compatibility and non-toxic effects on some cells were observed in hybrid hydrogels
produced with MBA cross-linking. Additionally, these MBA-based hydrogels demonstrated
suitability for biomedical applications such as tissue engineering and the release of co-
enzyme A, verapamil, amoxicillin, quercetin, and cephalexin [130].

Polymerizable Polyphosphate

Polymerizable polyphosphate (PIOP) crosslinker is produced by ring-opening polymer-
ization of 2-i-propyl-2-oxo-1,3,2-dioxaphospholane with 2-(2-oxo-1,3,2-dioxaphosphoroyl-
oxyethylmethacrylate). PIOP shows degradation that has a direct proportionality to the pH of
the media in an aqueous medium, whereby a complete degradation was observed at pH 11
within 6 days. Iwasaki et al. prepared a non-cytotoxic hydrogel by radical polymerization of
poly (2-methacryloyloxyethyl phosphorylcholine) using PIOP as a crosslinker when evaluated
with v79 cells [131].

1,2,3,4-butanetetracarboxylic Dianhydride (BTCA)

1,2,3,4-butanetetracarboxylicdianhydride (BTCA) is a synthetic crosslinker with two
acid anhydride groups that are easily cross-linked with functional groups such as iso-
cyanate and hydroxyl [153]. BCTA appears to have potential in replacing traditional
aldehydes. BTCA can crosslink with functional groups such as amine and hydroxyl to
form amide or ester linkages that reduce water resistance [154]. The limitations of BTCA
use in the textile industry include high cost, hazardous effect of phosphorus-containing
catalyst, and loss of mechanical strength in the presence of poly-carboxylic acid, hence
the requirement of a co-catalyst in the finishing system [155]. Kono et al. states that
biodegradable hydrogels were prepared by homogenous solution phase cross-linking of
polysaccharides such as cellulose and chitosan, cotton, and paper using BTCA as a cross-
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linking agent and 4-dimethylaminopyridine as a reaction catalyst where BTCA showed to
be an exceptional crosslinker for polysaccharides that requires no derivatization procedures
under mild conditions [153], thus improving the mechanical and barrier properties of
polysaccharides [154].

N-(3-Dimethylaminopropyl)-N′-ethyl Carbodiimide Hydrochloride

N-(3-Dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC) is a compe-
tent cross-linking agent which has been utilized for cross-linking aqueous-soluble polymers
through the formation of amide bonds [131]. EDC is zero-length which means the agent
itself is not fused in the macromolecule. An amine-reactive O-acylsourea intermediate is es-
tablished by joining the amine to the carboxylic acid group of glutamic and aspartic amino
acid of the protein molecule using protonated carbodiimide. Additionally, the O-acylisourea
intermediate can be used to enhance the cross-linking competence of EDC by reacting with
N-hydroxy-sulfo-succinimide (NHS) to develop NHS-reactive NHS-ester coupled with
the release of 1-ethyl-3(3-aminopropyl) urea which can be eliminated by rinsing [156].
Although non-toxic, highly compatible, and water-soluble, 2-chloro-1-methylpyrinium
iodide is preferred over EDC in hyaluronic acid films since the use of EDC introduced
N-acylurea groups [131].

2-chloro-1-methylpyrinium Iodide

Additionally, 2-chloro-1-methylpyrinium iodide (CMPI) also known as Mukaiyama
reagent is a room-temperature stable connector reagent used in the synthesis of peptides
of biological products. CMPI’s benefits include low toxicity, water solubility, simple
reaction conditions, short reaction time, high yields, and cost-effectiveness [157]. Zafar et al.
states that CMPI facilitates the intra and intermolecular ester bond arrangement among
carboxyl and hydroxyl groups of hyaluronic acid chains, whereby improved hydrolytic
degradation resistance and higher cross-linked density are revealed by CPMI cross-linked
hyaluronic acid films in comparison with 1-ethyl-(3,3 dimethylaminopropyl) carbodiimide
hydrochloride (EDC) cross-linked films [131]. Yeh et al. discovered that CMPI is an efficient
zero-length cross-linker of gelatin that can activate carboxylic acid sodium salt under
heterogeneous reaction [157].

The advantages, disadvantages and effects of the natural and synthetic polymers
discussed herein are summarized in Tables 2 and 3, respectively, together with cross-linking
agents or factors used for gelation.
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Table 2. A summary of natural polymers, advantages, disadvantages, crosslinkers cross-linking agents or factors used and their effect.

Polymer Advantages Disadvantages Cross-Linking Agent or Factor Effect Ref

Chitosan

Antioxidant, Antifungal,
Anti-inflammatory, Antibacterial

Non-toxic
Cost-effective

Easy structure modification
Thermal and chemical stability
Responsive to external stimuli

A polycationic character that promotes
fast gelling in the basic
pH of normal tissues

Relatively poor mechanical
and barrier properties

Naturally brittle
Low lipophilicity for emulsions

Vanillin

N,N/-methylene
bis-acrylamide (MBA)

Poly (N-isopropyl acrylamide

Improves the balance of chitosan between
affinity and insolubility in oil due to the
hydrophobic methoxyphenyl group in

the vanillin aromatic ring.

Assisted in the adsorption of Cr6+ ions
from its water solution.

High antibacterial activity cotton fabrics

[80,82,136,158,159]

Gelatin

Non-immunogenic
Non-toxic

Amphoteric
Non-carcinogenic

Good cell adhesion, proliferation, and
differentiation due to many binding sites

Thermosensitive 2-chloro-1-methylpyridinium
iodide (CMPI)

Activation of carboxylic acid
sodium salt under heterogeneous

reaction with high water uptake ability,
reasonable biodegradability,

and excellent cytocompatibility

[83,85,157]

Alginate

Non-toxic
Non-immunogenic

Good adhesion
Thickening and stabilizing

Gel-forming and film-forming
Fiber spinning

Hydrophilic
Cost-effective

Acidic environment neutralizer
Excellent hemostatic properties

Weak mechanical strength
Scarcity of efficient sites for cell

adhesion, thus, poor cell
attachment and proliferation.

Alginate gels shrink at low pH
Difficulties in sterilization,

handling, and storage
Difficult to control the

release of alginate encapsulated
material due to its porosity,

permeability, and degradation

Calcium ions

Sodium ions

Alginate hydrogel changed
weight by 10% in pure water and

90% in an isotonic solution
Selective binding to G sequences of

alginate and form heat-stable
three-dimensional gel networks

High quantity water
absorption due to ion exchange

[81,83,84,89,160,161]

Collagen High antigenicity

Ethical and cultural issues
Inconsistency

Low mechanical strength
Fast degradation rate

Potential toxicity due to residual
catalysts or initiators

Polypropyleneimine-octa-amine
dendrimers

Supports adhesion and proliferation of
human corneal epithelial cells without

encouraging cellular toxicity
[92,146,157,162]
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Table 2. Cont.

Polymer Advantages Disadvantages Cross-Linking Agent or Factor Effect Ref

Cellulose

Pure
A high degree of porosity

Good tensile strength
Low immunogenicity

High relative permeability to
gases and liquids

High retention and ion exchange capacity

Insoluble in most solvents Citric acid

Formation of carboxylic bridges between
cellulose fibril chains, thus preventing
cellulose condensation during drying
Improved rehydration ability, porosity,

wettability, and water swelling rate

[95,96,163]

Hyaluronic acid Non-immunogenic Usefulness degraded by hyaluronidase

N-(3-Dimethylaminopropyl)-N’-
ethyl carbodiimide

hydrochloride (EDC)
2-chloro-1-methylpyrinium

iodide (CMPI)

Faster degradation rate and smoother
surfaces, lower cytotoxicity for corneal

endothelial cells, and minimal
inflammatory cell infiltration or foreign

body reaction after implantation
Facilitates intra- and inter-molecular ester
bond formation between the carboxyl and

hydroxyl groups of hyaluronic and
exhibits better resistance against

hydrolytic degradation

[131]

Fibrin

Abundant and simple
Resistance to degradation

Fast isolation from the patient’s blood.
Promotes expression of proinflammatory
cytokines, cell migration, cell adhesion,

and phagocytosis in monocytes,
macrophages, and neutrophils.

Risk of infection transmission Transglutaminase 2 (TG2) Enhances proinflammatory activity to
surface adhered fibrinogen [164,165]

Table 3. A summary of synthetic polymers, advantages, disadvantages, cross-linking agents or factors used and their effect.

Polymer Advantages Disadvantages Cross-Linking Agent or Factor Effect Ref

PEG

Amphiphilic
High swelling index

Good gelation properties
Low immunogenicity

Low cell adhesion
Poor cell affinity

Reduced cellular response
Glutaraldehyde

Improved water flux and porosity
Decreased swelling and

solute diffusion through membranes
Enhance water permeability
due to hydroxyl hydrophilic

functional group in GLA

[81,112,113,166]
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Table 3. Cont.

Polymer Advantages Disadvantages Cross-Linking Agent or Factor Effect Ref

PVA

Good thermal stability
Good mechanical strength

Excellent film membrane properties
Viscoelastic
hydrophilic

non-toxic
pH stable

Does not support cell
proliferation and adhesion

Limited elasticity
and hydrophilicity

Citric acid

Uniformly distributed membrane
roughness, homogeneous films,

enhanced adhesion, and strength
properties with good stability.

[112,116,117,167]

PVP

Low cytotoxicity
Hydrophilic

Excellent adsorption and adhesion
Good thermal stability and miscibility

Excellent wetting properties
Rapid swelling
Excellent film;

Weak mechanical properties
Thermal instability N,N′-methylene-bisacrylamide Improved drug, vaccine,

and peptides encapsulation [74,168,169]

CMC

Hydrophilic
Abundant

Cost-effective
Environmentally friendly

Low mechanical strength
Low gelation properties Glutaraldehyde

Improved mechanical properties
due to covalent bonds formed using

acidic catalysis. Improved tensile
strength and elastic modulus.

[67,122,124,170]

pNIPAAM
Hydrophilic

Good mechanical properties
Temperature-responsive

Thermal instability
Potential phase separation

Monomers and crosslinkers use
are mostly non-biodegradability
and not biocompatibility, which
may lead to toxic, carcinogenic,

and teratogenic effects.

N,N′-methylene-bisacrylamide
The surface morphology of
silicon wafers became thick,

rough and thermo-responsive
[123,168,171]

Pluronic®

Amphiphilic
High biocompatibility

Stabilizer
Retention agent

Thermosensitive
Weak mechanical strength at low

concentrations
Lack of mucoadhesion

Lower gelation temperature at
high concentrations

N,N′-methylene-bisacrylamide

Improved hydrophilic properties
for the solubility of poorly soluble

drug olanzapine
Improved drug release in
both acidic and basic pH

Improved safety and biocompatibility

[127,128,130,172]
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5. Mechanisms of Gelation

There are various mechanisms of gel formation from the initial solution state de-
pending on the type of crosslinking, as depicted in Figure 7. Chemical cross-linking is
an irreversible process that produces stable and strong gels [173], whereas physical cross-
linking produces gels that are less stable, with relatively poor mechanical properties, and
undergo a reversible swelling process in response to the environmental conditions [87].
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Physically cross-linked gels are created by changes in environmental conditions
whereby gelation often occurs under the influence of pH, temperature and other stim-
uli that could influence interactions between polymers [174]. Ionic interactions, hydrogen
bonding, crystallization, and hydrophobic association are physical techniques utilized to
crosslink polymers into reversible gels [175]. Ionic cross-linking usually occurs between
two molecules or polymers of opposite charges [176]. On exposure to counter ions [177],
a gel with potential for biodegradability is formed [87]. Hydrophobicity-driven gelation
occurs in thermo-responsive hydrogels. Polymers with both hydrophilic and hydrophobic
domains, referred to as amphiphiles, exhibit hydrophobic interactions [128]. Cross-linked
gels can also be prepared by the formation of crystallites, which act as physical crosslinks
for network formation [87]. In this mechanism, an aqueous polymer solution is frozen and
then thawed at room temperature. This process is often referred to as freezing-thawing
cycling and forms crystallites and hydrogen bonding between polymer chains, resulting in
a gel with enhanced mechanical properties such as gel strength [178].

Chemically cross-linked gels comprise covalent bonds among polymer chains are
formed via radical polymerization, Click reactions, Schiff base cross-linking reactions and
enzymatic cross-linking of complementary groups [175]. Free radical polymerization is
the most commonly used mechanism of hydrogelation [179]. The mechanism is mainly
utilized to synthesize polymers from monomers containing carbon double bonds. The
method consists of three main steps; (1) initiation, (2) propagation, and (3) termination to
end the polymer chain propagation [180]. Click reactions are a class of chemical reactions
that are fast, versatile, regiospecific, and highly efficient [87,181]. Click reactions are
attractive tools for synthesizing cell-compatible gels due to the high regiospecificity and
chemo-selectivity, mild reaction conditions, and simple modification of structural and
mechanical properties using stoichiometry, attributed to their versatility [87]. The various
click reactions that have been used to crosslink polymers include (1) copper-catalyzed
azide-alkyne cycloaddition (Cu-AAC) reactions; (2) copper-free click reactions (Diels–Alder
(DA) reactions, Strain-promoted azide-alkyne cycloaddition (SPAAC) reactions, radical
mediated thiol-ene reactions, and oxime-forming reactions) [181]. Schiff base cross-linking
reactions are reactions between molecules containing amine, alcohol, or hydrazide moieties
and an aldehyde molecule [87]. The reactions involve a dynamic covalent amine bond
formation via the cross-linking of amine groups and aldehyde groups and depend on
the pH, temperature, and type of aldehydes/amines involved in the reaction [182,183].
Enzymes form covalent bonds between polymers, they are significantly sensitive and
specific in chemical reactions [80]. The majority of enzymes involved in polymer cross-
linking are common enzymes that catalyze reactions in the body [175]. Plasma Amine
Oxidase and Lysyl Oxidase are examples of human enzymes that have been used as
crosslinkers to develop biocompatible, in-situ gelling hydrogels [175].

6. Opportunities for Cross-Linked Gels in CNS Drug Delivery

The review highlights the opportunities in non-conventional approaches as the stan-
dard routes are currently heavily explored and reported for challenges faced with delivering
the drug across BBB.

6.1. Non-Standard Routes of Administration for CNS Drug Delivery

Drug delivery strategies to the CNS can be implemented by several administration
routes including systemic delivery, invasive local delivery (intrathecal and intraparenchy-
mal delivery) as well as non-invasive administration routes (intranasal, oral, and peripheral
delivery). Fortunately, cross-linked gels possess properties and characteristics that make
them attractive candidates for application in direct drug delivery to the brain. They have
been subjects of scrutiny in specialized drug delivery techniques such as intraparenchymal,
intrathecal, and intranasal drug delivery.
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6.1.1. Intraparenchymal Drug Delivery

Intraparenchymal drug delivery is also referred to as intracranial or intracerebral
injection. It is achievable by using natural or synthetic polymer-based systems, which
provide controlled, timed and long-lasting drug delivery as the system degrades [33].
Cross-linked polymer systems, especially hydrogels, have been studied extensively for
intraparenchymal delivery of drugs. Both natural and synthetic polymers have been
used in the form of wafers, injectable hydrogels, and implantable hydrogel scaffolds to
encapsulate drugs [33]. Sellers et al. demonstrated the application of cross-linked gels
as candidates for intraparenchymal drug delivery by formulating an injectable F-127 hy-
drogel depot containing poly(lactic-co-glycolic acid) microspheres loaded with hirudin,
a thrombin inhibitor, for traumatic brain injuries [184]. The hydrogel system resulted in
a prolonged drug release of the drug, improving overall CNS recovery [184]. Similarly,
hydrogel scaffolds have also been studied for controlled CNS drug delivery. Hydrogel
scaffolds are designed to mimic target tissue environments. Nguyen et al. formulated an
implantable hydrogel-based scaffold comprised of collagen hydrogel loaded with aligned
poly (ε-caprolactone-co-ethyl ethylene phosphate) electrospun nanofibers in a 3-D configu-
ration [185]. The nanofibers-hydrogel scaffolds showed great biocompatibility, it supported
functional neuronal reconnections, remyelination, and functional recovery following spinal
cord injury [185]. Although intraparenchymal implants may be challenging to implement
in humans in clinical scenarios, they remain a field for exploration.

6.1.2. Intrathecal Drug Delivery

In intrathecal drug delivery, drugs can also be administered directly to the CSF by
intrathecal injection, potentially evading the shortfalls of systemic drug delivery to treat
CNS diseases [33]. Although substances injected directly into the CSF bypass the BBB, they
are still subjected to ependymal cells of the choroid plexus forming the BCSFB [33]. This
limits the tissue penetration despite their widespread distribution in the CSF [186,187]. One
of the earliest reports of successful intrathecal drug delivery was by LeBel et al. in 1999,
when they injected leptin directly into the CSF in the lumbar regions of animal models [188].
Although this drug delivery technique is extremely invasive, it is a promising candidate for
direct-to-brain delivery of drugs in CNS emergencies. Cross-linked polymer systems can be
utilized and manipulated to cause in-situ gelation triggered by the CSF microenvironment
to deliver drugs in a sustained, controlled manner.

6.1.3. Nose-to-Brain Drug Delivery

Nasal drug delivery is a non-intrusive technique of delivering drugs to the respiratory
system, the central nervous system (CNS), and/or systemic circulation [189]. Intranasal
delivery offers direct to brain drug delivery via intracellular and extracellular pathways,
involving transcellular, paracellular, and extracellular transport mechanisms alongside the
olfactory and trigeminal nerve fibers [190]. It has many advantages over other systemic
delivery routes, such as its non-invasive attribute, fast onset of action, and in most cases,
reduced side effects due to reduced systemic exposure [190]. Despite the potential en-
hancement of clinical efficacy with intranasal administration, drug delivery is often limited
by the nasal properties of the nasal mucosa such as mucociliary clearance and surface
charge. Mucociliary clearance of drugs is an important challenge when drugs are delivered
intranasally [189,191]. Nasal absorption is critical for intranasally administered drugs to
exhibit their action [191]. A drug’s lipophilicity, molecular weight, and charge are critical
in their absorption intranasally. Nanotechnology has been explored to increase the delivery
of drugs to the CNS [190].

Drugs that cannot cross the naso-mucosal membrane are subject to mucociliary clear-
ance [189,191]. This drawback can be overcome by the development of a mucoadhesive
system [191]. As such, polymers such as chitosan and alginate have been impregnated with
drugs to produce sustained drug delivery while also preventing efflux of said drugs by BBB
efflux transporters such as Pgp as well as preventing enzymatic degradation of the active
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pharmaceutical ingredients outside the CNS [190]. Melamane and colleagues developed a
thermosetting hydrogel loaded with lamotrigine for intranasal administration to manage
and treat generalized epilepsy [192]. The hydrogel was prepared by physically cross-linking
Pluronics® 407 (L127), Pluronics® 188 (L68), and Carbopol® 974P NF(C974) [192]. Liu et al.
took it a step further by using carboxymethyl chitosan nanoparticles as carriers to success-
fully deliver carbamazepine intranasally to bypass the blood-brain barrier [191]. Their use
of carboxymethyl chitosan, whose parent compound is a polymer that can be cross-linked
with other polymers to form gels, indicates that cross-linked gels may provide a plethora
of drug delivery platforms with different polymer compositions and particulate sizes.

6.1.4. Eye-to-Brain Drug Delivery

The retina of the eye shares the same embryological origin and vasculature as the
CNS [193]. The inner blood-retinal barrier (BRB) and BBB are quite similar; so are the
aqueous humor of the eye and the brain’s CSF [193]. Hence, drug delivery to the CNS
via ocular administration is considered crucial. However, the conventional ophthalmic
formulations exhibit short pre-corneal residence time and poor bioavailability due to non-
productive absorption, impermeability of drugs through the cornea, drainage, induced
lachrymation, and tear turnover [194]. To circumvent these challenges, cross-linked gels
have been studied in an attempt to develop stable formulations capable of delivering drugs
in a sustained manner [194].

Solution-based ophthalmic formulations such as eyedrops demonstrate low bioavail-
ability because of rapid lacrimal drainage in the eye. Common interventions involve
frequent instillation of concentrated solutions to reach the desired therapeutic drug level
within the eye. However, the drainage of drugs through the nasolacrimal duct may result
in systemic absorption causing some undesirable side effects. In-situ gelling solutions
have been prepared to overcome this challenge. Through careful selection of polymers,
smart drug delivery systems have been shown to improve bioavailability in ocular drug
delivery. For instance, Gupta et al. prepared an in-situ gelling solution with a combina-
tion of carbopol and chitosan polymers. Both polymers exhibit sol-to-gel transitioning in
response to increasing pH. In-vivo findings of the in-situ gelling system displayed a slow
onset of action followed by an intense biological response over a prolonged period, i.e.,
controlled ocular delivery [195]. A novel flunarizine hydrochloride-loaded organogel for
intraocular drug delivery in-situ was developed by Dai and colleagues [196]. The organogel
was prepared using soybean oil, stearic acid, and N-methyl-2-pyrrolidinone (NMP) and
resulted in prolonged drug residence time in the plasma and brain tissues of the in-vivo
models following intraocular delivery [196].

6.2. Nanotechnological Interventions
6.2.1. Nanocomposite Cross-Linked Gels

These are simply cross-linked 3-D networks formed in the presence of nanostructures
by either physical or chemical cross-linking [197]. They can be formed by the addition
of nanomaterials to a cross-linked gel matrix, which either absorbs the nanoparticles into
the matrix or disperses them homogeneously inside the matrix and also by entrapping
nanoparticles inside the gel matrix as depicted in Figure 8. These nanomaterials act as
nanofillers within the matrix and enhance the intrinsic and extrinsic properties of the
gel matrix such as mechanical and swelling/deswelling properties [197]. Many known
carbon-based nanomaterials, polymeric nanoparticles, and metallic nanoparticles have been
incorporated as nanofillers in hydrogel matrices to obtain nanocomposite gels [198]. The
addition of nanofiller to the gel matrix contributes to the unique properties of cross-linked
gels and broadens their applications in DDS as they allow for nanocomposite gels design
in various forms, such as membranes, and sheets, hollow tubes, and bellows [197].
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Nanofillers such as nanoclays [199], polymeric nanoparticles [200], and nano-silicates [201]
have been investigated in various studies for their incorporation into nanocomposite cross-linked
gels for drug delivery and other biomedical applications. Nanofillers have been widely used to
improve drug dissolution rate, and drug stability while simultaneously modifying the DDS [197].
They have also been associated with high retention capacities, and colloidal, and swelling
properties, showing their applicability in drug delivery [197]. Prolonged and slow drug release
has also been reported in-vitro and in-vivo translating into improved bioavailability [202,203].
For example, Tao et al. prepared a nanocomposite hydrogel loaded with paclitaxel (PTX)
nanoparticles to inhibit the recurrence of glioma. The hydrogel demonstrated sustained release
of PTX and had a uniform distribution of the nanoparticles [204]. The slow and efficient drug
release indicated an improvement in drug bioavailability in-vitro [204].

6.2.2. Nano-Sized Cross-Linked Gels

Nanogels are essentially nanosized hydrogels, typically spherical within the 20–200 nm
size range [205–208]. They possess characteristics of hydrogels, including the ability to
swell, holding considerably large amounts of water without dissolving in the aqueous
media, and are composed of cross-linked polymers. Additional characteristics including
size, charge, porosity, hydrophilicity, softness, and degradability are modifiable by varying
the chemical composition of nanogels to attain desired characteristics [10,11].

Nanogels offer a better advantage in target specificity and reachability over macro-
sized cross-linked gels due to their size and soft nature [11]. Their nano-scaled size enables
them to readily reach alternative tissues compared to larger hydrogels [209], while their
softness enables them to behave differently from solid and self-assembled drug delivery
systems such as polymer-based nanoparticles, micelles, and liposomes [11]. Nanogels can
be classified based on their responsive behavior, which can be either stimuli-responsive
or non-responsive. Non-responsive nanogels swell when in contact with water, while
stimuli-responsive nanogels are activated by contact with environmental conditions, such
as temperature, pH, magnetic field, and ionic strength, which act as stimuli [206]. Any
changes in any of these environmental factors, which act as stimuli, will lead to an alter-
ation in the behavior of the nanogels as a response to causing drug release, as depicted
in Figure 9 [206].
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Figure 9. Schematic of drug release from nanogels in response to various stimuli [Obtained and
reproduced without any changes from [183] and Gels MDPI in accordance with Creative Commons
Attribution License (CC BY 4.0)].

Nanogels which are responsive to a combination of various stimuli are termed multi-
responsive nanogels, which can be designed with multi-drug release systems to control
the release behavior of each drug separately [210]. The group of researchers 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 3 h after intravenous injection, indicating that lamotrigine nanogels
are characterized by enhanced BBB penetration.

Polarized monolayers of bovine brain microvessel endothelial cells for use in the
delivery of oligonucleotides (ODN) to the brain using nano-PEG-cross-PEI nanogels were
evaluated by Vinogradov and co-workers [211]. This was the first-ever reported nanogel.
According to the results, ODN encapsulated in nanogel was successfully transmitted from
the apical to the basolateral side of the BBMEC monolayers. Furthermore, the study
indicates nanogel’s ability to shield ODN from enzymatic cellular breakdown. Last but not
least, the in-vivo biodistribution study in mice shows that significant volumes of nanogel
and ODN accumulate in the brain following intravenous (iv) infusion of ODN synthesized
in nanogel [211].

7. Applications of Cross-Linked Gels in CNS Drug Delivery

The central nervous system (CNS) controls the collection and analysis of peripheral
information to manage the behavior of an organism. CNS conditions, such as brain tumors,
neurodegenerative illnesses, and CNS injuries, are traumatic and can result in life-long
disabilities [212].

Low CNS concentrations are frequently the outcome of medication delivery via sys-
temic routes of administration. One of the most common techniques to bypass the limi-
tations posed by the BBB on CNS delivery is convection-enhanced delivery (CED). CED
is a method that involves injecting active substances directly into the parenchyma while
maintaining a positive gradient. This dilates the extracellular space and increases the
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volume of distribution [213]. Cross-linked gels are generally regarded as promising drug
delivery systems for the central nervous system as they can be tailored to modify the release
of API allowing for improved dosing intervals as well as having the ability for spatial drug
delivery and extended routes of administration, as depicted in Figure 10 [214].
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Injuries to the CNS can be caused by traumatic brain injury (TBI), neurodegenerative
diseases, neurodevelopmental disorders, transient ischaemic attack/stroke, and brain
tumors. The poor regeneration of the CNS parenchyma and scar formation at the lesion site
make brain damage irreversible, resulting in long-term disability [215]. Consequently, the
application of biomaterial scaffolds to fill brain lesions has grown into a field of focus. Cross-
linked gels, particularly hydrogels have been proven to be ideal biomaterials for brain tissue
regeneration [215]. Their admirable 3-D cross-linked polymer network with over 90% water
content, in addition to their adjustable physical and chemical properties, enables hydrogels
to provide a favorable microenvironment for nerve cells’ growth and proliferation. The
hydrogels applied to repair CNS injuries can be administered via injectable or non-injectable
routes. Depending on the site damage whether it’s the spinal area or the brain parenchyma,
either injectable or non-injectable cross-linked gels may be administered [215].

7.1. Injectable Cross-Linked Gels

Injectable drug delivery routes for CNS delivery include the development of long-
acting injectable (LAI) antipsychotics also known as depot antipsychotics. The goal of
developing LAI was to maintain steady plasma drug concentrations and so lower the risk
of relapse and side effects. This was following oral antipsychotic discontinuation rates of
26 to 44% and two-thirds of patients being partially non-adherent [216]. Another potentially
effective injectable method of medicine delivery is intrathecal (IT) administration, which
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involves injecting drugs directly into the thecal sac that houses cerebrospinal fluid (CSF).
This mode of administration can minimize off-target exposure and associated toxicity while
achieving a high concentration of the therapeutic substance within the CNS [187].

Perispinal injection is a new technique for administering medication to the CNS. Fol-
lowing systemic injection, physiological obstacles prevent macromolecules from effectively
entering the CNS. Perispinal injection is intended to improve drug delivery to the CNS by
utilizing the cerebrospinal venous system (CSVS). The external vertebral venous plexus
(EVVP), a section of the CSVS, drains the anatomic region posterior to the ligamentum
flavum, where it distributes substances. The deeper venous plexuses of the CSVS can
communicate with the blood in the EVVP [217].

Shatsberg et al. developed polymeric nanogels for intratumoral injection based on a
polyglycerol scaffold as a new method of delivering miRNA for Glioblastoma Multiforme
(GBM). Emphasis was placed on miR-34a due to its essential function key in oncogenic
pathways and its capacity to limit tumor growth in GBM and other cancers. The tumor
growth in the xenograft mice was remarkably inhibited as a result of the microRNA-
carrying nanogels’ assistance in restoring miR-34a’s tumor suppressor function [218].

A magnetic pH and temperature-sensitive nanogel were developed for intratumoral
injection. The novel magnetic pH and temperature-sensitive nanogels were linked with
Cyanine-5.5 (Cy5.5)-labeled lactoferrin as a potential contrast agent for the treatment of
glioma. The nanogels were intended for the pre-operative MRI diagnostic of the glioma,
in which case the nanogels were found to accumulate specifically in the tumor tissues. It
was observed that only the area of the rat’s brain tumor that received nanogels showed a
detectable fluorescence signal, proving the biocompatibility of the nanogels. In addition,
no significant harmful effects were seen in key biological processes or major organs in the
rat models [219].

It was demonstrated that the biocompatibility of nanogels that mimics the cellular
membrane is the key factor for effective drug delivery across the BBB. Jiang et al. for-
mulated a cross-linked gel using azobenzene as a crosslinker and a phosphorylcholine
polymer loaded with doxorubicin. They synthesized nanogels for delivery of doxorubicin
to the brains of mice and indicated the superior therapeutic behaviors in the treatment
of glioblastoma. They found that nanogels can pass through the BBB and exhibited a
high accumulation of the payload in glioblastoma tissue due to the phosphorylcholine
mimicking cellular membrane [220].

Cross-linked gels have been used to target tumor microenvironments. Some of the
polymers used in cross-linking may possess tumor microenvironment targeting, scavenging,
and/or altering properties [221]. Examples of such polymers include N-(2-hydroxypropyl)-
methacrylamide (HPMA) [221] and poly (propylene sulfide)120 [222]. Qian et al., developed
an injectable reactive oxygen species (ROS) depletion hydrogel loaded with curcumin for
TBI to promote the regeneration and recovery of neurons. Triglycerol monostearate was
utilized as a crosslinker with poly (propylene sulfide) 120 (PPS 120), which is inherently
a ROS quencher [222]. The hydrogel was directly injected into the wound cavity of the
area of brain injury to bypass the BBB, thus enhancing drug accumulation. The DDS
gelates in response to hydrogen peroxide exposure in the brain trauma microenvironment.
The biodegradation of the crosslinker exposed PPS 120 to ROS, further decreasing ROS-
mediated neurodegeneration [222]. Not only does the polymer enhance the PK properties
of the API to improve its therapeutic efficacy, but it also elicits pharmacological effects that
augment the effects of the API.

Nazemi et al. developed a dual-delivery system that delivers paclitaxel (PTX) and
minocycline hydrochloride (MH), two drugs that promote tissue regeneration in a rat
hemisection model of spinal cord injury. Histological evaluations revealed that the com-
bined drug therapy reduced inflammation after seven days. In addition, after 28 days, rats
given the dual-drug delivery system showed a reduction in scar tissue and an increase in
neuronal regeneration. Compared to other experimental groups, animals treated with two
drugs over time showed a rapid and durable improvement in their functional state [223].
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The thermosensitive injectable hydrogel was developed by Li et al. for the sustained,
gradual release of activin B into the striatum of mouse models with Parkinson’s disease.
The hydrogel method and the intended drug release kinetics of activin B were found to be
largely responsible for the significant cellular protection and clinical recovery in Parkinson’s
disease mice [224]. Zhang et al. developed and prepared an injectable hydrogel made
of hyaluronic acid (HA) and sodium alginate (SA) to use as the tissue scaffold for the
potential treatment of traumatic brain injury [225]. According to in-vivo studies conducted,
HA/SA hydrogels have shown to be the ideal scaffold for human umbilical cord-derived
mesenchymal stem cells (hUC-MSC) survival and the regeneration of endogenous nerve
cells, which helps TBI patients recover their neuronal functioning [225].

Donepezil (DNP) is a hydrophilic small molecule with limited BBB permeability and
is associated with increased dosing frequencies and subsequent severe cholinergic side
effects [5]. To mitigate this, Kang et al. formulated a hyaluronic acid hydrogel loaded with
donepezil for subcutaneous injection. The hydrogel was hybridized with microstructured
lipid carriers (MLCs) and human serum albumin (HSA), which was utilized to assist in the
reduction in the initial burst release and sustained release of the API. The hybridization
of MLCs and HSA in the hyaluronic acid hydrogel resulted in lower maximum plasma
concentration (Cmax) and a longer time to reach maximum plasma concentration (Tmax).
The HSA contributed to the delay in the release of DNP, leading to a significantly higher
Tmax and reduced Cmax values, while the MLCs significantly extended the Tmax, terminal
half-life (T1/2), and mean residence time (MRT). In addition, the hydrogel’s structural
integrity remained intact after the subcutaneous injection, resulting in a prolonged lifespan
of the hydrogel, as evident in the sustained donepezil release over seven days [226]. The
nucleoside reverse transcriptase inhibitors (NRTIs) used in antiviral therapy are neurotoxic
and ineffective in eliminating HIV-1 from the central nervous system (CNS). To combat this,
Gerson et al. previously developed cationic nanogel formulations with bioactive nucleoside
analogues in the active triphosphorylated form to improve targeted drug delivery and
efficacy. These formulations of phosphorylated nucleoside reverse transcriptase inhibitors
(NRTIs), also known as nano-NRTIs, showed rapid absorption by macrophages and efficient
reduction in HIV-1 activity in the CNS, without side effects related to NTRIs mitochondrial
toxicity over extended treatment periods. They went on to further test the nano-NRTIs in
humanized mouse models and evaluate their neurotoxicity. Low neurotoxicity and up to
10-fold suppression of antiviral activity were reported [227].

Although it passes through BBB very poorly, methotrexate (MTX) is a crucial thera-
peutic in the treatment of various central nervous system malignancies. Therefore, it is
anticipated that IN delivery combined with a mucoadhesive chitosan-based nanoformula-
tion will be able to solve this issue. Ionic gelation was used to form a nanogel that contained
MTX. The nanoformulation was characterized following formulation and it displayed an
average particle size close to 100 nm with a zeta potential of approximately 20 mV. Ac-
cording to calculations, the loading efficiency and loading capacity were approximately
70 and 3, respectively. In-vivo studies showed that drug targeting efficiency and direct
transport percentage for nanogel (test) and free drug solution (control) were approximately
425% and 76% and 34,842% and 99%, respectively. Therefore, as compared to the free
drug solution, in-vivo experiments showed that nanogel produced considerably larger
concentrations of MTX in the brain but not in plasma. Additionally, it was found that
intranasal injection of the same nanogel considerably enhances the brain concentration of
MTX when compared to intravenous administration [228].

To specifically treat integrin overexpressed human glioblastoma, cyclo(Arg-Gly-Asp)
peptide (cRGD) decorated disulfide (SS) containing poly(vinyl alcohol) (PVA) nanogels
(cRGD-SS-NGs) were developed. The PVA nanogels were developed using inverse nanopre-
cipitation, “click” reaction, and cRGD conjugation and their average diameter was 142 nm.
Effective targeting is possible because doxorubicin (DOX) released from cRGD-SS-NGs is
significantly suppressed under physiological conditions but enhanced at endosomal pH
and in response to the cytoplasmic concentration of glutathione. According to in-vivo imag-
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ing and biodistribution investigations, DOX-loaded cRGD-SS-NGs are substantially more
effective at targeting human U87-MG glioblastoma xenografts in nude mice. Treatment
of mice with nondecorated nanogels and free DOX results in continued tumor growth;
however, treatment with DOX-loaded cRGD-SS-NGs successfully inhibits tumor growth.
Furthermore, due to the nanogels’ modified surface, the DOX-loaded cRGD-SS-NGs ther-
apy also showed significantly fewer side effects [154].

Baklaushev et al. developed cisplatin-loaded nanogels for the treatment of brain cancer
that was coupled with monoclonal antibodies to connexin 43 (Cx43) and brain-specific
anion transporter (BSAT1) [229]. A significant reduction was observed in rats when treated
with the drug-loaded targeted with nanogel system as compared with formulations [229].

Amyloid β-protein (Aβ) production of fibrils is regarded as a crucial stage in the
pathogenesis of Alzheimer’s disease (AD). A promising strategy for treating AD is to
prevent Aβ aggregation. Biocompatible nanogels having hydrophobic cholesterol moieties
attached to a polysaccharide pullulan backbone (cholesterol-bearing pullulan, CHP) were
composed. This was achieved using the self–association in the aqueous solution approach,
the nanogels had a diameter of 20–30 nm. The CHP nanogels assimilated up to 6–8 Aβ -(1–42)
molecules per particle and caused Aβ to shift in conformation from a random coil to α-helix-
or β-sheet-rich structure, the structure caused suppression of Aβ -(1–42) aggregation [230].

On the other hand, Wang et al. developed phenytoin sodium (PHT)-loaded angiopep-2
electro responsive hydrogel nanoparticle (ANG-ERHNPs) and (PHT) -loaded non-electro-
responsive hydrogel nanoparticles (ANG-PHTHNPs) to change the content of sodium
4-vinylbenzene sulfonate in the preparation formulae. The in-vivo microdialysis analysis
has shown that ANG-PHT-ERHNPs not only has the characteristics of a higher distribution
in the central nervous system but also have electroresponsive ability, which resulted in a
strong release of nonprotein-bound PHT during seizures. The findings show that ANG-
ERHNPs may transport PHT into the brain effectively and release it when epileptiform
activity occurs due to sodium 4-vinylbenzene sulfonate present in the formula [231].

A summary of the aforementioned injectable cross-linked gels and their applications
in CNS disorders are provided in Table 4.
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Table 4. Summary of injectable cross-linked gels in CNS disorders.

ROA Polymer Crosslinker API Disease In-Vivo/In-Vitro
Model In-Vivo/In-Vitro Findings Ref

IV PEG and PEI Carbonyldiimidazole Oligonucleotides Neurodegenerative
disorders Mice

Better brain targeting with a
15-fold increase in accumulation

of the drug in the brain and a
2-fold decrease in liver and

spleen accumulation

[211]

IT Polyglycerols Disulfide MicroRNA
therapeutics

Glioblastoma
Multiforme Mice

Significantly inhibited
tumor growth.

Downregulation of miR-34a
target genes, which plays key

roles in the regulation of
apoptosis and cell cycle arrest

[218]

IV Phosphorylcholine Azobenzene-contained
crosslinker Doxorubicin Glioblastoma Mice

Favorable biocompatibility
and long-circulating

property in blood
Significantly stronger

glioblastoma inhibition effect.

[219]

IV
Poly(N-isopropyl

acrylamide-
co-acrylic acid)

carbodiimide
hydrochloride and

N-hydroxysulfosuccinimide
Lactoferrin Glioma Rats Highly sensitive and specific

MR/fluorescence imaging [220]

IT Poly (propylene
sulfide) 120 Triglycerol monostearate Curcumin TBI Mice

Enhanced brain drug
accumulation resulting in

improved regeneration and
recovery of neurons

[222]

IS Alginate Calcium D-gluconate
monohydrate

Paclitaxel (PTX) and
Minocycline

hydrochloride (MH)

Spinal cord
injury (SCI) Wistar rats

Increased neuronal
regeneration after 28 days.

Reduced inflammation
after 7 days

[223]

IC PNIPAAm poly (amidoamine) Activin B PD Male C57BL/6J mice Prolonged release of
activin B of around 5 weeks [224]
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Table 4. Cont.

ROA Polymer Crosslinker API Disease In-Vivo/In-Vitro
Model In-Vivo/In-Vitro Findings Ref

IC
Sodium

alginate and
hyaluronic acid

Calcium carbonate (CaCO3)

Human umbilical
cord mesenchymal

stem cells
(hUC-MSCs)

Traumatic brain
injury and stem cell
tissue engineering

Sprague Dawley Rats

Enhanced regeneration of
endogenous nerve cells.
Protected the injected

hUC-MSCs

[225]

SC Hyaluronic acid - Donepezil AD Rats
Increased drug T1/2, reduced

Cmax value, and sustained
drug release over 7 days

[226]

IC PEG and
Polyethyleneimine (PEI) 1,1′-carbonyldiimidazole Zidovudine (AZT) HIV-1 Mice Low neurotoxicity and

improved antiviral suppression [227]

IC
Poly(ethylene glycol)-b-
poly(methacrylic acid)

deblock copolymer

1,2-ethylenedia-mine,
1-(3-dimethylaminopropyl)-

3-ethylcarbodiimide
hydrochloride

Cisplatin Intracranial gliomas Wistar rats
Enhanced inhibition of tumor
growth and increased the life

span of the animals
[229]

IV 2-Dimethylamino
ethyl methacrylate

N,N′-methylene
bisacrylamide Phenytoin sodium Epilepsy Male

Sprague-Dawley rats
Higher distribution in the

central nervous system [231]

IP Pluronics® 407 (P 407),
Pluronics® 188 (P 188)

- Genipin Depression Male ICR mice
High drug release
rate and improved

antidepressant-like activities
[232]

IV PVA Carbodiimide Doxorubicin
Integrin

overexpressed
human glioblastoma

Nude mice
Improved tumor targeting,

tumor growth inhibition, and
reduced side effects

[233]

IN Chitosan Polyanionic
pentasodium triphosphate Methotrexate Brain tumor Sprague Dawley Rats

Up to a 10-fold increase in brain
concentrations of methotrexate

compared to free drug.

[234]

Key: ROA = Route of Administration; IN = Intranasal injection; IT = Intratumoral; IC = Intracranial; IP = intraperitoneal, SC = Subcutaneous Injection, IV = Intravenous and
IS = Intraspinal.
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7.2. Non-Injectable Cross-Linked Gels

Nose-to-brain drug delivery has been achieved in various studies and has resulted
in multiple pharmacokinetic improvements in drug delivered to the CNS. Such an im-
provement was reported by Galgatte et al., [235] when they designed and optimized a
mucoadhesive ion-activated in-situ gel of sumatriptan succinate in gellan gum, for the treat-
ment of migraines. In-vitro drug release studies of the optimized in-situ gel revealed that
98.57% of the drug is released after 5 h [235]. In-vivo studies showed improved absolute
bioavailability in plasma and an increased concentration of drug reaching brain tissue [235].
Similarly, Qian et al. developed an in-situ gelling thermosensitive drug delivery system
using Pluronic® F-127 (PF127) loaded with tacrine for the treatment of AD. The pharmacoki-
netic (PK) properties of the intranasal in-situ gel were compared with tacrine oral solutions
in rats, and prolonged retention within the nasal cavity in comparison with the oral solution
was noted. The peak plasma concentration (Cmax) and AUC in plasma and brain tissue
were increased 3-fold, translating to enhanced nasal residence time, bioavailability, and
brain uptake [236]. Another thermosensitive injectable hydrogel was developed by Li et al.
for the sustained, gradual release of activin B into the striatum of mouse models with
Parkinson’s disease (PD). The hydrogelation method and the intended drug release kinetics
of activin B were found to be largely responsible for the significant cellular protection and
clinical recovery in Parkinson’s disease mice [224].

Another study conducted by Qi et al. demonstrated significant antidepressant ac-
tivities with low dose treatment of behavioral despair and reserpine-induced depression
with genipin-thermoresponsive hydrogel system in mouse models [232]. The hydrogel
was prepared using Pluronics® 407 (P 407) and Pluronics® 188 (P 188), with PEG 8000 as
a permeation enhancer. The relative bioavailability of genipin-THS following intranasal
administration increased by ~2.13-fold compared to a genipin solution administered in-
traperitoneally in the hippocampus [232].

Abdulla et al. [237] developed a nanoemulsion-based in-situ gel, also called emulgel,
of clozapine for intranasal administration as an approach for bioavailability enhancement.
Clozapine is an antipsychotic agent used in the treatment of schizophrenia [238]. It dis-
plays limited solubility and is subject to hepatic first-pass metabolism when administered
orally [237,238]. In this study, clozapine-loaded nanoemulsion was dispersed in an aque-
ous PF127 mobile phase. The optimized formulation demonstrated a high release profile,
small average globule size (<100 nm), and low viscosity [237]. Particles with small sizes
(<100 nm) are a critical factor for nose-to-brain drug delivery as they produce a larger
surface area, enhancing the rate of drug absorption through olfactory and trigeminal nerve
terminations [237].

McCrorie et al. developed a novel drug delivery system that uses spray technol-
ogy to deliver highly drug-loaded polymeric nanocrystals coated with polylactic acid-
polyethylene glycol (NCPPs); viz. Etoposide and Olaparib, directly to the brain parenchyma
close to the surgical resection cavity. They used pectin-based hydrogel which showed the
potential to adhere to brain tissues due to the bioadhesives forces [239]. Within the brain,
pectin slowly degraded over 14 days, the mice showed no signs of neurotoxicity [239].
Similarly, a poly(N-vinyl pyrrolidone)-co-acrylic acid nanogel conjugated with insulin
for intranasal delivery of insulin, was developed to evaluate the biocompatibility of the
nanocarrier using blood, immunogenic, and tissue testing [240]. The nanogels significantly
increased the levels of insulin in the cerebral cortex, hippocampus, and olfactory bulb at
30 min and 60 min after intranasal delivery [240]. According to these findings, nanogels’
mucoadhesive properties prolonged insulin’s duration in the mucosa and hence made it
easier for insulin to penetrate the mucosa.

A pregabalin-loaded emulgel was developed using a novel biofunctional agent isolated
from the fruit pulp of Musa acuminata and with sodium alginate as a standard polymer
using different ratios by Madhav et al. [241]. The authors studied the mechanism of drugs
released from the emulgels by fitting the release data in different kinetic models such as
zero order, first order, Higuchi model, Korsmeyer-Peppas, and Hixon Crowell and by also



Gels 2022, 8, 563 35 of 46

determining the R2 values of the release profile corresponding to each kinetic model. The
Peppas Korsmeyer with Fickian diffusion were found to be the best fit models according to
the release kinetics [241].

Salem et al., developed nasal nano-emulgel considered to be a well-designed system
for resveratrol (RES) delivery to the brain that exhibited a significant permeation. The
intranasal safety and permeation and bioavailability enhancement were established by
the optimized nasal nano-emulgel. As a result, a nasal nano-emulgel is considered an
ideal choice for brain targeting. According to the results obtained, this was a significant
enhancement in RES absorption by the developed nasal nano emulgel. The intranasal
delivery of RES-nano emulgel to rats achieved higher plasma concentration and faster
absorption rate than that by oral route, according to the pharmacokinetic investigation [242].

Liposomal DNP HCl was dispersed into thiolated chitosan hydrogel and adminis-
tered via the intranasal route. The in-vivo pharmacokinetic studies showed higher drug
concentration in the brain for the hydrogel, compared to the tablet administered orally [243].

A summary of the aforementioned non-injectable cross-linked gels and their applica-
tions in CNS disorders are summarized in Table 5.
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Table 5. Summary of non-injectable cross-linked gels in CNS disorder.

ROA Polymer Used Cross-Linking
Agent/Factor Used API/Agent Delivered Human Disease In-Vivo/In-Vitro

Model In-Vivo/In-Vitro Findings Ref

IN Gellan gum Heat Sumatriptan succinate Headaches Sprague-Dawley rats Improved brain targeting
and bioavailability [235]

IN PF-127 Heat Tacrine AD Rats
Increased nasal residence time,
improved bioavailability, and

enhanced brain uptake
[236]

IN PF-127 and PF-68 Heat Clozapine Schizophrenia Dialysis bag technique Enhanced in-vitro drug release [237]

IC
Pectin and poly(ethylene
glycol)-block-polylactic

acid (PEG-b-PLA)
Ca2+ Olaparib Brain tumor Mice

High drug loading, improved
in-vitro stability, and drug release

over prolonged periods
[239]

IN Poly(N-vinyl
pyrrolidone)-co-acrylic acid

1-ethyl-3-[3-
dimethylaminopropyl]

carbodiimide hydrochloride
Insulin AD Male C57BL/6J

(B6) mice

Non-immunogenic
response of the nasal mucosa.

Enhanced distribution of insulin to
different brain areas.

[240]

TC Sodium Alginate Aqueous solvent Pregabalin Epilepsy Dialysis membrane

Faster drug release,
biodegradable, biocompatible,

non-toxic, non-irritant, and no reaction
on the skin were observed.

[241]

IN Carbopol 934 and
Pluronics® 407 Potassium persulfate Resveratrol Brain tumors Wistar albino rats Good drug release properties. Safe and

tolerable to the nasal mucosa [242]

IN Chitosan Glutaraldehyde Liposomal
donepezil HCl AD New Zealand

white rabbits

Significant increase in blood
concentration and brain content of the

API, compared to the oral tablets
[243]

Key: ROA = Route of Administration; IN = Intranasal and TC = Transcranial.
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8. Conclusions and Future Perspectives

CNS disorders have long been a challenge to treat because of the selectivity and com-
plexity of the protective anatomical and physiological barriers. In addition, the disorders
themselves may limit the treatment opportunities as some disorders such as AD compro-
mise the integrity of the CNS barriers. At present, CNS drug delivery is focused on the
non-invasive routes of administration that can impart sustainable and tunable drug expul-
sion, with predictable release patterns, minimal systemic side effects as well as prolonged
drug residence time in the CNS. Therefore, the use of cross-linked gels is impeccable for
CNS drug delivery, as they provide minimal invasiveness and are capable of delivering
therapeutic drug concentrations to the CNS, even when low doses are administered. Cross-
linked gels offer various advantages that make them desirable molecule carriers for drugs
and biomolecules to the CNS.

Despite the in-vivo and in-vitro successes of cross-linked gels for CNS drug delivery
over the years, there are no marketed cross-linked gels for CNS drug delivery applications.
The strict regulatory guidelines in ensuring a reproducible quality, safety and efficacy
profiles are one of the major roadblocks in the way to successful clinical translation. There
is a need for further studies to understand the interaction of polymers and cross-linkers
with cellular and tissue systems, as well as their biocompatibility and biodegradability that
would raise safety issues such as cytotoxic, immunological and inflammatory responses.
From a large-scale manufacturing point of view, methods need to be well optimized to
address robustness and batch-to-batch consistency, which impacts the quality and efficacy
profiles. Moreover, the translation of manufacturing cross-linked gels from lab-scale to
large-scale is expensive process as the manufacturing and storage of these systems would
need specialized conditions such as cold chain conditions, sterilization etc. In additions to
these, the lack of long-term stability studies would impact their commercial success.

Over the years, the use of nanotechnology in the development and optimization of
pharmaceutical formulations has been pivotal in the enhancement of formulation stability
and cytocompatibility. The authors anticipate a widespread use of nanotechnological
strategies that will improve the shortcomings and broaden the spectrum of cross-linked
gels for treating various CNS disorders in both research and clinical settings.
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