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Abstract: Hydrogels are water-based polymeric three-dimensional network with advantageous properties
for the delivery of bioactive components, ranging from small therapeutic agents to therapeutic cells. Natural-
based hydrogels have a great potential as delivery vehicles for the local controlled release of the therapeutic
agents at the target site. Injectable hydrogels are designed to load therapeutic agents by simple mixing
within the polymer solutions, as well as use nanoparticles able to respond to specific external conditions,
such as temperature and pH. Herein, we present an overview of the properties of natural injectable
hydrogels and recent developments for their use to control the local release of therapeutic agents; as well as
strategies to crosslink in-situ multifunctional injectable hydrogels that acts as therapeutical depot system.
The mini review focuses on alginate-based injectable hydrogels as controlled drug delivery systems,
presenting advantages and challenges on their application in cancer therapy.
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1. Introduction

Among the active compounds developed as therapeutic agents, a recurrent issue for their use clinically
resides on the poor control over the body distribution and the limited dose at the site of action, hence their
efficacy. Different strategies, such as route of administration and dosing, have been used to better control the
delivery of newly developed therapeutic agents; however, the dose at the target tissue and the plasma
concentration remain often below the required efficacy levels. As an example, a typical strategy used to increase
the concentration of a therapeutic agent at the site of action is to increase the frequency of administration;
leading to known effects such as reduced patient compliance and increases possibilities of overdose [1].

To overcome these issues, newly developed therapeutic agents have been formulated as controlled drug
delivery systems (DDS) and using alternative routes of administration. In this case, DDS are designed to
release single or multiple therapeutic agents at a constant and known rate and at a known site (control in time
and space), with the ultimate scope to maintain a constant concentration of the therapeutic agent in the blood
and at the site of action. Reported DDS are formulated as tumour-targeting nanoparticles, microsphere-
depots, transdermal patches, functionalized implants and antibody-drug conjugates [2]. Main drawbacks of
such DDS are poor material biocompatibility, possible systemic toxicity, surgical removal when too large, and
high associated manufacturing costs. A new strategy, investigated over the past decade, foresees the inclusion
of the therapeutic agents within a polymeric hydrogel network to be easily injected at the target site and that
uses different release mechanisms (e.g. diffusion, swelling) to control their release [3].

Injectable hydrogels loaded with therapeutic agents (Figure 1) is a rather new class of DDS, used to
overcome some of the above-mentioned issues with conventional DDS. Hydrogels are water-swollen and cross-
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Figure 1. Schematic illustration of injectable hydrogel as drug delivery systems. Composite and/or multifunctional
hydrogels are easily injected and gelled in-situ (e.g. intra-tumoral), crosslinks allow the formation of a stable hydrogel
that containing a known dose of therapeutic agents. As sketched, these could be soluble free drug, drug-loaded
nanoparticles and/or immunotherapeutic agents. Injected hydrogels enable the precise dosing in space (depot system)
and time (controlled drug release) of therapeutic agents, and represents promising alternative to conventional therapies
used for the treatment of solid tumours (Created with BioRender.com).

linked networks, typically composed of synthetic or natural polymers, and their blends [4]. Natural polymers,
such as alginate, collagen, chitosan and hyaluronic acid (HA) form hydrogels with properties similar to the ones
of the extracellular matrix (ECM), as well as being inherently biodegradable and often having integrin binding
motifs allowing cell adhesion [S]. Synthetic polymers can also mimic certain properties of ECM, as well as
include other active motifs to better control the release of therapeutic agents in space and time. Both natural and
synthetic polymers can be selectively modified and formulated in hydrogel-precursor low viscous solution,
which can be easily injected with standard needles (ideal needle gauge ranges between 22 and 25) and
crosslinked at the site of action (in sifu) using several strategies to form covalent or reversible crosslinks with
non-toxic crosslinking reactions, or by-product [6,7]. Therapeutic agents and traditional controlled DDS can be
mixed at a known concentration in hydrogel precursors, injected with minimally invasive techniques and form
hydrogel-depot adhering to the surrounding tissues, allowing precise control over the loading, diffusion and
release of the therapeutic agents [8].

The increased number of publications over the past 5-year on injectable hydrogels as DDS reflects how
the next generation of biomaterials and new formulation strategies for the effective delivery of therapeutics
(Figure 2), and the advancements required to improve bioavailability of therapeutic agents, hence efficacy [9].
Scope of this mini review is to summarize the key properties of natural polymers used as injectable hydrogels
for the controlled drug release, and in particular to highlight advantages and limitations on the use of
composite alginate hydrogels for the intra-tumoral (IT) delivery of therapeutic agents.

2. Injectable Hydrogels Using Natural Biomaterials

Hydrogels are generally classified as natural and synthetic, based on the materials used in their
formulation. Natural polymer-based hydrogels offer more advantages to the synthetic counterpart, being
biodegradable, biocompatible, sustainable and low cost (e.g. derived from food industry by-products), and
typically they limit inflammatory processes and/or immune responses in host tissues [10,11]. The more
common natural polymers used to formulate injectable hydrogels in healthcare and pharmaceutical
application are summarized in Table 1.

Another classification of hydrogels relies on the type of crosslinks formed within the network: covalent
crosslinks (non-reversible) form a stable hydrogel network, whereas hydrogels with physical crosslinks have
the possibility to change their state thanks to the reversible nature of crosslinks. Important characteristics of
injectable hydrogels is their stability in physiological conditions upon injection and prolonged until
degradation. Hydrogel stability can be controlled tuning the type of crosslinks, the composition of the
hydrogel and the functionality of polymers (e. g. enzymatic-degradable motifs). Examples of covalently
crosslinked hydrogels are glutaraldehyde cross-linked chitosan and photo-crosslinked methacrylated
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Figure 2. Use of injectable hydrogels in the past 20-year: a Web of Science search with the terms “search in: all
database, “all collections™/“topic: injectable hydrogels”/“Year: 2002—2022” conducted on 04/11/2002. The number of
publications published on the topic “injectable hydrogel” since 2002 returned a total of 7767 results. Results grouped
per year of publication, showing an increase in publication over the past 5-year (A). Refinement of research within the
primary search on the biomaterials used: results mentioning in the title and/or abstract the on the type of biomaterial
used to prepare injectable hydrogel was assessed: “Alginate”, “Chitosan”, “Collagen”, “Gelatin”, “Hyaluronic acid”,
“Cellulose”, and “Silk fibroin” (B). The pie chart shows the proportion of articles mentioning the type of biomaterial,
and each category is colour coded as follows: Alginate (blue), Chitosan (red), Collagen (green), Gelatin (violet),
Hyaluronic acid (orange), Cellulose (black), Silk fibroin (yellow) and Others (grey).

gelatin [21].

3. Hydrogels for Intra-Tumoral Cancer Therapy
3.1. Advantages of Intra-Tumoral Cancer Therapy

As discussed above, the repeated administration of therapeutic agents (such as anticancer drugs) does
not guarantee the required therapeutic agent concentration at the tumour site. For example, in the case of solid
tumours, IT delivery is used as alternative route of administration to increase the concentration within the
tumour mass and enhance efficacy of the treatment [22]. Many are the advantages of IT delivery, improving
efficacy and reducing patient morbidity via: (1) controlled drug distribution in space and time, ensuring
adequate targeting to cancer cells; (2) dose reduction and reduced dose frequency, ensuring required drug
concentration levels at the tumour site as IT delivery bypass the bloodstream; and (3) reduced off-target
delivery, thereby minimizing systemic toxicity [22,23].

The main disadvantage in using IT delivery occurs when the delivered formulation is liquid or has low
viscosity. In this case, the loaded therapeutic agent can diffuse quickly out of the injected site, causing similar
adverse effects to IV delivery. Increasing the viscosity of injections may not be advantageous, with more
associated risks due to poor syringeability and discomfort to the patient. In this context, in-situ forming
hydrogels with low viscosity precursor solution represent a valid alternative, and offer a great advantage in
terms of local delivery and efficacy. The use of multifunctional polymers enables ease injectability, rapid
gelation (e.g. photo-crosslink) able to retain therapeutic agents and control their release in time and space in
the tumour mass [22].

3.2. Natural Hydrogels as Depot Systems for Intra-Tumoral Delivery. In-Situ Crosslinking Methods

Injectable natural polymers forming hydrogel in-situ are shown to be less invasive and more effective in
the treatment of many confined pathologies, such as solid tumours. Several gelation strategies can be used to
form covalent and physical crosslinks and obtain hydrogels with controlled physico-chemical properties and
prolonged stability in vivo, such as photo-polymerization, chemical, enzymatic, and physical crosslinking (e.g.
pH-sensitive, thermo-sensitive) [22]. Additionally, and to control the release of therapeutic agents, it is
important to well-design into hydrogels polymers crosslinking type and density, therapeutic agent/polymer
affinity, and/or polymer degradation rates. Of note, therapeutic agents can be covalently linked to the polymer
with their release controlled by hydrolysable bonds or exposure to external triggers (e.g. UV-vis light,
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Table 1. Natural biomaterials used for the formulation of injectable hydrogels and pharmaceutical applications,
summarizing the main advantages and disadvantages for their use as DDS.

Polymer Origin Advantages Disadvantages Refs.

Low cost, low toxicity, non-
’ . Inadequate strength, low

Llnear polysaccharide '1mmunoige.n}c1ty, hlgh cell adhesion, limited
obtained from brown algae (a ~ biocompatibility, physical e . .
. . . : stability in physiological
Alginate co-polymer -D- gelation using divalent L . [12,13]
. 2 conditions for ionically
mannuronate and o-L- cations (e.g. Ca’"), good . .
S . . cross-linked alginate
guluronate) stability in physiological
. hydrogels
conditions
Single-chain protein derived .GOOd blocqmp atl.blhty anfi .
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from collagen degradation. . . .
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Yp yp temperature)
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from connective tissues (e.g. . . . . .
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skin, bones, cartilage, > . .
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. physiological conditions
glucosamine)
A linear polysaccharide
found in the ECM of adult .
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structural component of the hydroxyl groups in each lack of antimicrobial
primary cell wall of green glucose unit copertics
plants, various forms of algae prop
and oomycetes
Natural protein synthesized };gﬁi‘:rt;?if)}:r}zrrﬁsirrfe
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alanine, and serine synthesized peptides)

ultrasound, magnetic fields) [24].

Photo-polymerization. Photo-sensitive motifs can be linked to polymers, enabling precisely
crosslinking formation in space and time upon exposure to a known light source (wavelength, energy) [22].
Methacrylation of natural polymers is a common strategy used to add photo-sensitive motifs to polymers [11]; and
recently being used in combination with gelation strategies (e.g. thermal gelation) [25] to better control the
release of therapeutic agents. Obara et al. reported on the use of a photo-sensitive chitosan-derived
formulation (UV-sensitive by azide and lactose groups) to obtain paclitaxel-loaded insoluble hydrogels [26].
The system release 35—-40% of the paclitaxel within 1 day, followed by a gradual release within 3 days in-
vitro; showing that photo-crosslinked chitosan hydrogels are stable in-vivo for more than 1-month and that
paclitaxel-incorporated hydrogel prevented tumour expansion more effectively than the free paclitaxel in-vivo [6].

Chemical crosslinking. Natural polymers possess many terminal groups such as primary amines and
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carboxylic acid functional groups, or can be functionalized with additional specific functional groups, which
can be used to control the gelation and the resultant hydrogels’ properties [22]. Emoto et al. reported on the
use of a modified HA (HA-oxidized and HA-adipic dihydrazide) to formulate injectable systems for the
sustained release of cisplatin. Obtained HA-based hydrogels are able to crosslink rapidly in-vivo (20—100 s)
without forming any toxic by-product and release cisplatin within 4 days, reducing the weight of peritoneal
nodules [27].

Physical crosslinking. Many natural polymers are able to form physical hydrogels by changing the
temperature, pH, ions concentration, or by mixing polyanion and polycation solutions [28,29]. Gelatin is
possibly the most used thermo-sensitive natural polymer in biomedical applications, with the main drawback
of being unstable at physiological temperatures. Poly(N-isopropyl acrylamide) (PNIPAAM) is instead the
most used synthetic thermos-sensitive polymer, able to switch from liquid to solid network at physiological
temperature; thanks to its property, natural-based polymers are grafted to PNIPAAM, but reported to have
lower stability in-vivo compare to the synthetic hydrogel. Chitosan-derived thermo-sensitive hydrogels have
been used over the past decades, with examples of paclitaxel loaded hydrogels designed for IT delivery. In a
study from Ruel-Gariépy et al., chitosan neutralized with 3 -glycerophosphate was formulated as liquid
precursor at room temperature (easy to inject), being able to form stable hydrogels at physiological temperatures
able to release loaded paclitaxel up to 1-month, showing reduced tumour mass growth in-vivo [30].

pH-mediated crosslinking is also widely used, mainly for the treatment of skin conditions and wound
healing applications. Functionalization of polymers is required to enable precise control over interactions
between therapeutic and polymers in pH range of 5.5—8.5. Blends of natural and synthetic polymers, for
example N-carboxyethyl chitosan and dibenzaldehyde-terminated poly(ethylene glycol) (PEGDA) precursor,
were reported to be injected in-situ via 22G needle and form hydrogels loading doxorubicin with a controlled
release (over a week) at rates proportional to the pH value (lower pH promote higher degradation, hence
faster release) [31]. In another study by Zhao et al., glycol chitosan/benzaldehyde capped with poly(ethylene
glycol) -block-poly(propylene glycol) -block-poly(ethylene glycol) were formulated as pH-sensitive
amphiphilic hydrogels for the co-delivery of doxorubicin (hydrophilic) and paclitaxel (hydrophobic).
Hydrogels formed rapidly (50-500 s), loaded the required dose of both drugs, and showed a pH-dependent
release: in-vivo studies showed that hydrogels with high doxorubicin and moderate paclitaxel dose were well
tolerated and able to inhibit tumour growth [32].

3.3. Alginate-Based Injectable Systems for Local and Controlled Drug Release: Intra-Tumoral Cancer Therapy

Alginates are linear polysaccharides widely used in biomedical applications, such as regenerative
medicine, wound healing, and drug delivery. When used in combination with other biomaterials, for example
nanoparticles or solid drugs, alginate-based hydrogels offer peculiar properties, advantageous for the
controlled delivery of therapeutic agents to solid tumours, as recently reviewed by Iravani and Varma [33].
Many studies used alginate-based injectable systems for the controlled delivery of different therapeutic agents
(Table 1, Figure 2). Zhao et al. used methacrylated alginate-based hydrogel for the controlled delivery of
water-soluble macromolecules and protein, with prolonged (over 2-weeks) localized release at physiological
pH [25]. Chao et al. developed alginate-based systems for localised chemoimmunotherapy. Unmodified
alginate mixed with chemotherapeutic drug and an immune adjuvant rapidly formed physical hydrogels upon
IT injection due to the presence of calcium ions (Ca*") within the tumour. After the in-situ gelation, alginate-
based hydrogels were reported to slowly released the therapeutic agents to the tumour mass, with proven
tumour growth inhibition and immune memory effect in several orthotopic tumour models (e.g. breast, brain)
[34]. Ferreira et al. reported on alginate-based injectable hydrogels to reduce angiogenesis in tumours
delivering the monoclonal antibody bevacizumab [35]. Alamzadeh et al. used alginate hydrogels co-loaded
with cisplatin and gold nanoparticles as multifunctional system to combine photothermal therapy,
chemotherapy, and radiation therapy [36]. Xiao et al. formulated even more sophisticated smart alginate-
based multifunctional hydrogels: alginate with glucose oxidase-conjugated polyacrylic acid-stabilized iron
oxide nanoparticles and Toll-like receptor 7/8 agonist resiquimod (R848) was injected and hydrogels formed
by ionic cross-linking with physiological Ca>" level within the tumour mass. This system promoted starvation
strategy (catalyzed conversion of glucose into gluconic acid and hydrogen peroxide), chemodynamic therapy
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(as result of the first conversion) and tumor-associated macrophages repolarization (increased M1/M2 ratio),
with observed tumour growth inhibition in-vivo [37]. All these (and many other studies) claim that alginate-
based injectable systems have the potential to lower the administered dosage of each individual therapy,
reducing adverse side effects and increased patient compliance to therapy.

4. Conclusions

The past decades have seen increased research on the use of natural polymers and their formulation as
injectable systems for controlled drug release (Figure 2). Within these, alginate is the natural polymer with
peculiar properties, such as rapid gelation (ionic cross-linking with physiological Ca*" lions) and stability in
physiological condition (non-degradable by mammalian enzymes), and tuneable crosslink type and density
(inclusion of functional motifs on alginate chain). Alginate-based injectable systems can deliver different
therapeutic agents within solid tumours, reducing systemic side-effect often reported in traditional drug
delivery systems.

There are currently more than 30 injectable hydrogel products approved by the FDA and/or EMA for the
treatment of various diseases, and a greater number is currently investigated pre-clinically [38]. Although
physically crosslinked injectable hydrogels (such as alginate) have some known limitations (e. g. stability,
rapid release of hydrophilic drugs) not evidenced in chemical crosslinked hydrogels, the latter have often
toxic by-products and have poor biocompatibility [22].

As discussed in this mini-review, the possibility to co-delivery multiple therapeutic agents and combine
therapies offers a new dimension to this field of research. Not only hydrophilic/hydrophobic agents can be
delivered at known concentration in time and space to reduce cancer cell growth, or angiogenesis [22]; also
immunotherapies delivered by alginate-based hydrogels is an effective way to move forward and have more
effective treatments [36,37]. Precision multi-functional alginate-based hydrogels could offer new strategies
for the treatment of pathologies such as solid tumours, interdisciplinary research is required for a rapid
clinical translation of the next generation alginate-based injectable systems.
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