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Abstract

Hydrogel delivery systems can leverage therapeutically beneficial outcomes of drug delivery and
have found clinical use. Hydrogels can provide spatial and temporal control over the release of
various therapeutic agents, including small-molecule drugs, macromolecular drugs and cells.
Owing to their tunable physical properties, controllable degradability and capability to protect
labile drugs from degradation, hydrogels serve as a platform in which various physiochemical
interactions with the encapsulated drugs control their release. In this Review, we cover multiscale
mechanisms underlying the design of hydrogel drug delivery systems, focusing on physical and
chemical properties of the hydrogel network and the hydrogel-drug interactions across the
network, mesh, and molecular (or atomistic) scales. We discuss how different mechanisms interact
and can be integrated to exert fine control in time and space over the drug presentation. We also
collect experimental release data from the literature, review clinical translation to date of these
systems, and present quantitative comparisons between different systems to provide guidelines for
the rational design of hydrogel delivery systems.

Conventional drug administration often requires high dosages or repeated administration to
stimulate a therapeutic effect, which can lower overall efficacy and patient compliance, and
result in severe side effects and even toxicityl 3. For example, intravenously administered
Interleukin-12 (1L-12) resulted in systematic toxicities, including deaths in a clinical trial*.
Oral administration, which is the most common approach for delivering pharmaceuticals, is
frequently limited by poor targeting and short circulation times (<12 hours)®. Peptide and
protein drugs often have short serum half-lives of only minutes to hours8. To address these
issues, controlled drug delivery systems, including membranes, nanoparticles, liposomes and
hydrogels have been focused on in recent decades’-8. These drug delivery systems can
control how the drugs are available to cells and tissues over time and in space. They can, in
principle, leverage beneficial outcomes of therapeutics by enhancing their efficacy, and
reducing their toxicity and required dosage. The clinical use of drug delivery systems is
appreciable’, with a global market of over $150 US billion in 2013.

Hydrogels are a particularly appealing type of drug delivery system, and have been used in
many branches of medicine, including cardiology, oncology, immunology, wound healing,
and pain management. Hydrogels are composed of a large amount of water and a cross-
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linked polymer network. The high water content (typically 70-99%) provides physical
similarity to tissues, and can give the hydrogels excellent biocompatibility and the capability
to easily encapsulate hydrophilic drugs. Moreover, because they are typically formed in
aqueous solutions, the risk of drug denaturation and aggregation upon exposure to organic
solvents is minimized. The cross-linked polymer network makes hydrogels solid-like, and
they can possess a wide range of mechanical properties. For example, their stiffness can be
tuneable® from 0.5 kPa to 5 MPa, allowing their physical properties to be matched with
different soft tissues in the human body9-12. The cross-linked network can impede
penetration of various proteins!, and thus is believed to protect bioactive therapeutics from
premature degradation by inwardly diffusing enzymes. This feature is particularly critical for
highly labile macromolecular drugs (for example, recombinant proteins and monoclonal
antibodies), which comprise an increasing percentage of new drugs approved, with many
others under development4. Since the introduction of human insulin, more than 130 protein
therapeutics have been approved by the Food and Drug Administration (FDA)°. The
attributes mentioned above make hydrogels attractive material systems for the delivery of a
large range of therapeutics.

Hydrogels differ in size, architecture and function, and together these features dictate how
they are utilized for drug delivery. In hydrogels, there are features with length scales
spanning from centimetres to sub-nanometres (FIG. 1). The macroscopic design largely
determines the routes by which hydrogels can be delivered into the human body (FIG. 1a).
Hydrogels can be formed into almost any overall size and shape. Micropores, if present, will
dramatically affect the overall physical properties (for example, the deformability), while
allowing for convective drug transport. On the several-nanometre scale, a cross-linked
polymeric network surrounds the water contained in the hydrogel network. Such networks
contain open spaces, the size of which is referred to as the mesh size of the network.
Importantly, the mesh size governs how drugs diffuse inside the hydrogel network (FIG. 1b).
Finally, at the molecular and atomistic scale, various chemical interactions may occur
between the drugs and the polymer chains (FIG. 1c). The polymer chains can possess
numerous sites for binding interactions with the drugs, and these can be pre-designed using a
diversity of physical and chemical strategies. The features at the mesh scale and the
molecular and atomistic scale are essential for controlled drug release. Because they are
decoupled from the macroscopic properties of the hydrogel, desirable features at each length
scale can often be designed independently of the other. This multiscale nature enables the
modular design of hydrogels, which can serve as a versatile platform to meet specific
application-based requirements.

Although some design requirements are common to all hydrogel delivery systems, others are
specific to the desired therapeutic application. In general, the fabrication of hydrogel
delivery systems needs to maintain the drug bioactivity, and through packaging, transport
and storage, both the drug and hydrogel must be chemically and physically stable.
Hydrogels can be delivered in a variety of manners, such as surgical implantation, local
needle injection or systemic delivery via intravenous infusion. The choice of delivery
method for a given application is based on maximizing the overall efficacy and patient
compliance. How the hydrogel releases the drug is often essential to achieve desirable
therapeutic outcomes, and the required duration of drug availability (short term versus long
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term) and its release profile (continuous versus pulsatile) depend on the specific application.
When the drug is exhausted, the hydrogel should be designed to either degrade to avoid
surgical removal, or to be re-used by drug refilling. The degradation of the hydrogel may
also need to be tailored to coordinate with tissue regeneration. Besides the general
requirements, there exist other application-based requirements. For example, in the treatment
of skin wounds, hydrogels are placed on dynamic surfaces to which they need to be adhesive
and conform, while being tough enough to tolerate the surface movement (for example,
strain of knee bending up to 50%) and deformation derived from the environment (for
example, compression and scratching).16-18

The multiscale properties of hydrogels are essential for their functions to protect, target and
locally deliver drugs in a controllable manner. This Review will first illustrate the multiscale
structural properties of hydrogels, and how they affect encapsulation, delivery and release of
therapeutic agents. The discussion will start from the macroscopic scale, in which the key
design parameters include architectural factors (such as hydrogel size and porous structure).
The Review will proceed to the mesh scale, in which drug diffusion is regulated by the mesh
size and its temporal or stimuli-responsive evolution. The Review will then focus on the
molecular and atomistic scale. Any affinity or binding between the drugs and the polymer
chains will have a crucial role in the sustained or on-demand release of the drugs. Various
mechanisms to bind drugs with the polymer network, ranging from covalent conjugation to
secondary bonds such as electrostatic interactions and hydrophobic associations, will be
discussed. After a detailed discussion of the three length scales, this Review will provide
quantitative comparisons of the release kinetics between systems utilizing one or a
hybridization of different mechanisms. The use of hydrogels for the delivery of cells that
secrete therapeutic agents will also be discussed. The goal of this Review is to link a
fundamental understanding of hydrogels and their interactions with drugs to the rational and
practical design of hydrogel drug delivery systems.

Macroscopic design and delivery routes

The size of a hydrogel matters. Hydrogels can be cast or formed into practically any shape
and size, according to the requirements of the delivery route into the human body. Hydrogel
delivery systems can be classified into three main categories based on their size:
macroscopic hydrogels, microgels and nanogels (FIG. 2). Microgels and nanogels are
particulate hydrogels with dimensions on the order of micrometres and nanometres,
respectively.

Macroscopic hydrogels

The size of macroscopic hydrogels is typically on the order of millimetres to centimetres.
Correspondingly, they are usually either implanted surgically into the body or are placed in
contact with the body for transepithelial drug delivery (FIG. 2a). Success has been achieved
with surgically implanted hydrogels for drug delivery in the clinic, as exemplified by
INFUSE, a type | collagen gel that releases recombinant human bone morphogenetic
protein-2 (BMP-2), which is implanted surgically into the body for the treatment of long
bone fracture and spinal fusionl®.
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Epithelial barriers that have been exploited for drug delivery include the skin, intestinal
epithelium and mucosa. Although these are impenetrable to macroscopic hydrogels, they can
be permeable to drugs released from the hydrogels. Hydrogels, including those fabricated
from synthetic polymers such as poly(vinyl alcohol) and poly(hydroxyl alkyl
methacrylate)20, and biopolymers such as alginate?!, collagen?? and chitosan?3, are widely
used as wound dressings. Adaptation of these materials for transdermal drug delivery is
highly appealing, and these hydrogels have been used to deliver proteins such as insulin and
calcitonin’. Alginate hydrogels, similar to those in use for decades to treat wounds24, have
been shown to controllably deliver potential therapeutics like substance P to promote wound
healing?®. Some of these materials are currently being evaluated in clinical trials. Indeed, a
recent clinical trial showed the efficacy and safety of a hydrogel delivering recombinant
human granulocyte-macrophage colony-stimulating factor (rhGMC-SF) for the healing of
deep, second-degree burn wounds26.

Placement of the hydrogel in the body may be necessary when the target site for drug
delivery is located deep within the tissue or when the biological barriers have low
permeability to the drug of interests. Placement of hydrogels within the body directly
bypasses the epithelial barriers and concentrates drug release at the target site2’+28, However,
surgical implantation is invasive and potentially leads to patient discomfort and the risks
associated with surgery2°. To address this issue, there has been great emphasis placed on the
development of injectable macroscopic hydrogels. These are largely designed on the
principles of gelation in the body (/n siti~gelling hydrogels), gelation outside of the body but
with a transition to a flowable state upon application of sufficient shear stress (shear-thinning
hydrogels) to allow injection, or gelation outside of the body to a physical form that can be
readily collapsed for minimally invasive delivery followed by shape recovery /n vivo (shape-
memory hydrogels).

In situ-gelling hydrogels—These systems can be injected in liquid form, followed by a
sol-gel transition inside the human body. The resulting hydrogels will take the shape of the
available space at the injection site and the sol—gel transition can be achieved with different
strategies. The simplest strategy is to use slow-gelling systems that allow gelation to be
initiated outside the body. Because this process occurs so slowly, the solution can be injected
before solidification occurs. Ideal kinetics are slow enough to prevent needle clotting, but
fast enough to prevent dilution of the pre-gel solution by body fluids once in the body. This
strategy has been applied with numerous gelation mechanisms, including charge
interaction39:31, stereocomplexation32 and Michael addition33. As an example of a system
exploiting charge interactions, elastin-like polypeptides have been cross-linked via
electrostatic interactions between their cationic lysine residues and anionic
organophosphorus cross-linkers34. Non-covalent interactions between heparin and heparin-
binding peptides and proteins can be used to form hydrogels for growth factor delivery3°:36,
Another /in situ~gelling hydrogel was formed with a polyelectrolyte complex, which showed
a sustained release of proteins (for example, insulin and Avidin) over two weeks3’. Certain
pre-gel solutions may require monomers or catalysts that are harmful to cells and tissues,
which provides a strong impetus to develop bio-orthogonal cross-linking reactions such as
copper-free click reactions for gelation (FIG. 2b)38-40, Click chemistry provides high
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specificity, quantitative conversion and modest gelation Kinetics that are tuneable from a few
minutes to one hour, with no side reactions with biomolecules in the body.

Temperature-responsive systems that gel at body temperature have also been explored for /n
situ gelation. Most natural polymers like gelatin form a gel upon lowering of temperature,
which would require their introduction to the body at supraphysiologic temperatures. By
contrast, certain synthetic polymers such as poly(N-isopropylacrylamide) (PNIPAm) and
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEQ) undergo
reverse thermogelation (that is, gelation at elevated temperature)#1:42:43 and remain in a
flowable state at room temperature, thus providing a significant practical advantage.
Temperature-responsive polymers often contain hydrophobic domains that allow for the
inclusion of hydrophobic drugs (for example, doxorubicin)*3. However, challenges exist for
these systems, such as their relatively low mechanical strength, poor physical stability, and
synthetic polymers such as PNIPAm may be non-biodegradable®4. The stability of
temperature-responsive systems may be improved by adding additional covalent cross-links
after initial gelation#>46.

Shear-thinning hydrogels—Certain hydrogels can be pre-gelled outside of the body, and
then injected by application of shear stress. These shear-thinning hydrogels flow like low-
viscosity fluids under shear stress during injection, but quickly recover their initial stiffness
after removal of shear stress in the body. The shear-thinning behaviour is a result of
reversible physical cross-links (FIG. 2c). In contrast to covalent bonding, physical cross-
links are reversible, resulting from a dynamic competition between pro-assembly forces (for
example, hydrophobic interactions, electrostatic interactions and hydrogen bonding) and
anti-assembly forces (for example, solvation and electrostatic repulsion)*’. Self-assembling
peptides have been extensively explored to make shear-thinning hydrogels owing to the
diversity of amino acids and the ease of sequence-specific peptide modification*8-50, A
family of p-hairpin peptides (namely, MAX peptides) has been developed to make injectable
hydrogels for drug delivery®1:52, These peptides contain two blocks of alternating
hydrophobic and charged amino acids in the form of long fibrils (up to 200 nm) that can
undergo a sol—gel transition. Peptide self-assembly can also be realized by taking advantage
of interactions between metal cations and amino acid residues of the peptides. This was
demonstrated with gelation of a B-sheet-rich fibrillar hydrogel with zinc ions®3. Alginate
hydrogels are also shear-thinning and have been studied extensively. These hydrogels are
formed via electrostatic interactions between alginate and multivalent cations (for example,
calcium and zinc) (FIG. 2¢); they can be readily injected via a needle after gelation in a
syringe and have been used to achieve sustained local delivery of bioactive vascular
endothelial growth factor (VEGF) in ischemic murine hindlimbs for 15 days, in contrast to
complete VEGF deprivation after 72 hours with bolus injection30:31,

Another approach to make shear-thinning hydrogels is to use dynamic covalent bonds®#5°
Such bonds are reversible and the hydrogels can behave similarly to self-assembling
peptides. The most widely used reactions are the dynamic exchange of C=N bonds in
imines, hydrazones and oximes. Other dynamic covalent reactions include reversible Diels—
Alder reactions (for example, furan and maleimide), boronic acid condensations and
disulfide exchange®®. For example, complexation of boronic acids and diol compounds was
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used to form a shear-thinning hydrogel®’. Although the variety of dynamic covalent
reactions is rapidly expanding, many dynamic covalent reactions suffer from harsh reaction
conditions (for example, elevated temperature), and it would be of great interest to develop
dynamic reactions and catalysts that are biocompatible and suitable for aqueous solutions
and biomedical applications.

Macroporous hydrogels—An alternative strategy for making injectable hydrogels is to
preform large hydrogels with interconnected pores that can mechanically collapse and
recover reversibly (FIG. 2d). Such hydrogels can be fabricated with cryogelation®8, gas
foaming®®, microemulsion formation®, freeze drying®?, and porogen leaching®2. When the
hydrogel is delivered via injection with a needle and syringe, water is squeezed out from the
pores, which causes the hydrogel to collapse, allowing it to pass through the needle. Once
the hydrogel has left the needle and the mechanical constraint imposed by the needle walls is
removed, the hydrogel can recover its original shape almost immediately in the body. These
hydrogels behave like a foam and can be reversibly compressed at up to 90% strain without
any permanent damage to the network83. Compared with slow-gelling and shear-thinning
systems, macroporous systems allow researchers to create pre-defined geometries and highly
defined volumes for drug delivery vehicles. The macropores can allow cell infiltration and
incorporation of payloads after gelation. The potential for this approach has been
demonstrated with alginate and gelatin cryogels that were injected subcutaneously into mice
to deliver immunomodulatory factors in a controlled manner4, which led to regression of
established tumors. Despite having many advantages, interconnected pores may significantly
reduce the diffusion length for drug release and the volume fraction of polymer, potentially
leading to release that is too rapid and limited drug loading capacity.

Microgels and Nanogels

An alternative solution for minimally invasive delivery of hydrogels is to use small hydrogel
particles. Nanogels and microgels have some advantages over their macroscopic analogs.
First, their size is much smaller than the inner diameter of most needles (~1 mm). The small
size not only makes them needle-injectable, but also leads to a large surface area for
bioconjugation, facile natural clearance and can enhance penetration through tissue barriers.

The size of hydrogels determines how they transport and adhere if introduced into blood
vessels, airways or the gastro-intestinal tract. In addition to transepithelial and local injection
(such as intraperitoneal and intrabony injection), microgels and nanogels also enable other
routes for drug delivery. Microgels smaller than 5 um are used in oral or pulmonary delivery,
but are generally not considered suitable for intravascular injection owing to their rapid
circulation clearance (FIG. 2e). Nanogels of size 10-100 nm are suitable for systemic drug
administration, because they can leave small blood vessels through fenestrations in the
endothelial lining, allowing for extravasation into tissues (FIG. 2f). Hydrogels below 10 nm
in diameter can be cleared by kidney filtration, while those of 0.5-10 um can be
phagocytized by macrophages®®. Along with the size and size distribution, deformability,
shape and surface chemistry are other factors to consider in designing drug delivery
systems®6.67_ 1t has been revealed that cellular internalization is faster for nanogels of
positive zeta potential or with high aspect ratios (for example, those with a rod-like shape)®8,
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and that size and deformability determine the biodistribution and circulation persistence of
microgels in mice®.

Nanogels are particularly appealing for delivery of nucleotide-based drugs such as plasmid
DNA, which is used for gene therapy. Gene therapy holds promise for the treatment of
cancers, hemophilia and viral infections’®. DNA delivery using nanogels can improve
cellular uptake and prolong circulation time, as compared to non-encapsulated DNA. They
are particularly useful to target drugs to tumours, as the leaky tumour vasculature enhances
nanoparticle accumulation, while ineffective lymphatic drainage limits nanoparticle
clearance (that is, the enhanced permeability and retention effect)’1. Cationic nanogels
consisting of PEO and poly(ethylenimine) were found to increase the transport of
oligonucleotides across the gastrointestinal epithelium and even the blood-brain barrier’2.
Nanogels consisting of polymer—protein conjugates were shown to prolong the plasma half-
life and enhance protein stability’3. DNA nanogels can integrate multiple modular elements,
including oligonucleotides for inhibiting cell proliferation, DNAzymes for inhibiting cell
migration and aptamers for targeting specific cancer cells’®.

Many fabrication techniques have been developed to produce hydrogel particles of different
sizes. The dimensions can be controlled through the gelation conditions, such as the polymer
and surfactant concentrations, or the fabrication parameters, such as the nozzle size and flow
rate (the reader is referred to a previous review for further details’®). Microgels can be
produced with microfluidics and micromolding methods, and nanogels can be produced with
emulsion and nanomolding techniques’®. As an example, a molding technique consisting of
particle replication in nonwetting templates (PRINT) produced monodisperse hydrogel
particles’6-78 ranging from below 200 nm to 10 um.

Bioadhesion and toughness

In addition to overall size, the bioadhesive properties of hydrogels are important factors in
the selection of their delivery routes. Biological barriers such as intestinal epithelium and
mucosa are often wet, dynamic and slippery, limiting the ability of many hydrogels to
adhere. A hydrogel that can adhere well to the epithelium can prolong the retention of the
system at a target site, and thus provide sufficient drug dose for the desired therapeutic
effect; this is particularly important for nasal and oral delivery’®. For example, nasal mucosa
was found to limit the residence time of nanogels, which caused dose loss into other parts of
the respiratory tract80.

Extensive efforts have been made to develop bioadhesive hydrogels to enable improved drug
delivery’981, Some polymers such as chitosan and poly(acrylic acid) are found to be
mucoadhesive82-84. Poly(acrylic acid) is capable of forming hydrogen bonds with the
mucosa, whereas positively charged chitosan can form electrostatic interactions with
negatively charged surfaces of tissues and cells84. Hydrogels consisting of these
mucoadhesive polymers were shown to have prolonged retention for oral, nasal and vaginal
drug delivery85-88_ Another strategy is inspired by marine mussels, incorporating a catechol
moiety (3,4-dihydroxy-L-phenylalanine, DOPA) in hydrogels to promote bioadhesion. Its
high efficacy is exemplified with a poly(ethylene glycol) hydrogel (PEG) containing a
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DOPA moiety that was shown to adhere on epididymal fat pad and external liver surfaces for
up to one year89.90.91,

The toughness of a hydrogel is key to its ability to maintain its structure and avoid fracture
during use and after tissue adhesion. Especially when using hydrogels as immunoisolating
membranes, one needs to ensure the hydrogel matrix is tough enough to resist rupture and to
prevent cell escape and the associated risks®2. To increase the resistance to rupture (that is,
the toughness), one can modulate the cross-link density3 or use interpenetrating networks to
form hydrogels.94 For example, an alginate—polyacrylamide interpenetrating network
hydrogel achieved extremely high toughness®>:%, and mechanically resembled soft tissues
such as cartilage and tendon?1.

Mesh size controls diffusion and release

Hydrogels consist of a cross-linked polymer network, and open spaces (that is, meshes)
between polymer chains; the meshes allow for liquid and small solute diffusion. Typical
mesh sizes®’ reported for hydrogels range from 5 to 100 nm, and a number of approaches
exist to determine the mesh size (BOX 1). To put these mesh sizes into context, the widely
used model proteins lysozyme and immunoglobulin G (IgG) have hydrodynamic diameters
of 4.1 and 10.7 nm, respectively%8. The mesh size depends on polymer and cross-linker
concentrations, as well as external stimuli such as temperature and pH. Because of network
heterogeneity and polymer polydispersity, most hydrogels have a wide distribution of mesh
sizes. This is particularly common when the hydrogels possess non-ideal network structures
(for example, dangling chains, and closed loops) resulted from certain gelation mechanisms
like free radical polymerization®. Notably, a network with homogeneous mesh size can be
obtained with gelation of symmetrical tetrahedron-like macromeres of the same sizel%, The
cross-linking principles and basic material characteristics of hydrogel materials are reviewed
elsewhere101.102

The mesh size determines how drugs diffuse through a hydrogel, as it will control steric
interactions between the drugs and the polymer network. When the mesh is larger than the
drug (/mesh/7arug >1) (FIG. 3a), the drug release process is dominated by diffusion. Small
drug molecules migrate freely through the network, and diffusion is largely independent of
the mesh size. The diffusivity, D, in this situation depends on the radius of the drug molecule
(arug) and the viscosity of the solution (1) via the Stokes—Einstein equation'0%:

RT
b= 6nr

drug

where Ris the gas constant and 7 is the absolute temperature. The radius of the drug
molecule typically scales with its molecular weight. Macromolecular drugs have large radii
and thus slower diffusion. For proteins, the measured diffusivity193 is typically between
10711 and 1079 m2s7L,

The time required for a drug to diffuse through the hydrogel (diffusion time, &) also
depends on the diffusion length (for example, the hydrogel thickness, A), and can be
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estimated104 by H2/D. For a hydrogel of thickness A= 1 mm, the diffusion time of a protein
out of the hydrogel is typically around 0.3-30 hours. This approximation is consistent with
many experimental observations; for example, the release of bovine serum albumin (BSA)
from alginate/chitosan beads of 3 mm diameter was completed within 6 hours19%. In general,
diffusion-dominated drug release cannot achieve extended release beyond hours to a day.

When the mesh size approaches the drug size (/mesh//drug ~ 1), the effect of steric hindrance
on drug diffusion becomes prominent. One can reduce the mesh size of a hydrogel by
increasing the concentrations of the polymer or the cross-linker. In this situation, the
polymer chains induce significant frictional drag on diffusing drugs, and because the meshes
in some parts of the network are smaller than the drugs, the path length for drug transport
increases106. This complex scenario calls for sophisticated theoretical approaches to
estimate the diffusivity1%8. The overall effect is slow drug diffusion, which allows for slow
and extended release (FIG. 3b). The potential utility of this situation is exemplified with a
triblock copolymer hydrogel, in which the release of proteins (BSA or 1gG) was prolonged
from 6 to 14 days as the polymer concentration was increased from 20-35%%°.

The upper bound of the mesh distribution defines the molecular weight cut-off for drugs that
can diffuse inside the hydrogel. For an extremely small mesh size and/or a very large drug
molecules (that is, for /mesh//grug <1), strong steric hindrance effectively immobilizes the
drugs (FIG. 3c). Drugs remain physically entrapped inside the network, unless the network
degrades or the mesh size is otherwise enlarged. A number of strategies have been developed
to change the mesh size over time or in response to external stimuli, as reviewed in the
following sections, to regulate the kinetics of drug release from these types of systems.

Controlled release through network degradation

One strategy to control the release of drug molecules initially entrapped in a hydrogel is to
regulate network degradation. The mesh size increases as the network degrades (FIG. 3d),
allowing drugs to diffuse out of the hydrogel. Degradation can occur in the polymer
backbone or at the cross-links, and is typically mediated by hydrolysis197-109 or enzyme
activity19-112 Ester bonds that can hydrolyse slowly have been used to form a family of
biodegradable PEG hydrogels that can achieve extremely slow protein release with half-lives
up to 17 days99, Oligo-peptide bonds are cleavable with matrix metalloproteinases
(MMPs)111, One example of the use of this is the incorporation of an MMP-cleavable
peptide (GGRMSMPV) into a hyaluronic acid hydrogel that was used to deliver a
recombinant tissue inhibitor of MMPs in a porcine model of myocardial infarction113. In
addition to MMP-responsive hydrogels, there exist other cleavage systems that respond to
biomolecules present in the body, such as glucose-responsive hydrogels for insulin
delivery114:115 and thrombin-responsive hydrogels to regulate blood coagulation116:117,
Degradation can also be triggered in real time with externally provided cues. For example,
acidic conditions typically accelerate hydrolysis18. High-energy ultra-violet (UV) light can
trigger degradation of microgels containing o-nitrobenzyl ether moieties (NBE) due to
cleavage of the NBE, accompanied by release of encapsulated transforming growth factor
beta 1 (TGF-p1)!19. Even low-energy near-infrared (NIR) light can trigger degradation of a
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hydrogel by using upconversion nanoparticles to convert two or more NIR photons into a
UV photon.120

The loss of polymer mass through hydrogel degradation, also known as erosion, can proceed
simultaneously in the bulk or preferentially on the surface of the hydrogel; bulk and surface
erosion can be used to differentially control drug release. Many hydrogels undergo bulk
erosion, as the network is permeable to water or enzymes that mediate degradation; if the
rate of diffusion of these agents is rapid compared to the rate of bond degradation,
degradation will occur simultaneously throughout the bulk of the gel'?1. Hydrogels
consisting of oxidized polysaccharides (for example, alginate and chitosan that are oxidized
with sodium periodate) typically undergo bulk erosion, and the degradation rate can be
mediated by the degree of oxidation198.122, Hydrophobic polyesters such as
poly(caprolactone) (PCL) and poly(lactide) (PLA) that degrade via hydrolysis are often
copolymerized with hydrophilic polyethylene glycol (PEG), leading to bulk eroding
hydrogels23, These copolymers are often used in high polymer contents (20-30 wt.%),
which allows degradation-controlled release; for example, a triblock copolymer of PCL-
PEG-PCL led to the extended release of BSA for two weeks124,

Surface erosion, in contrast, results when the rate of bond breakage is more rapid than the
rate of enzyme or water diffusion from the exterior into the bulk of the gel*21. Cross-linking
hydrogels using hydrophobic associations (for example, between B-cyclodextrin and
cholesterol) can inhibit water entry, leading to a largely surface eroding hydrogel. Mass loss
can be fairly linear with respect to time for surface-eroding gels, leading to near zero-order
release of encapsulated drugs'2®. For a variety of hydrogels, one can tune the degradation
reaction and erosion mechanism to obtain desirable release kinetics ranging from weeks to
months, thereby allowing for long-term release. However, one must consider that
degradation products should be nontoxic and small enough for natural clearance.

Controlled release through swelling

A second strategy to release entrapped drugs is the controlled swelling of hydrogels. As a
hydrogel swells, the mesh size increases (FIG. 3e). The extent of swelling of a hydrogel is a
balance between forces that constrain network deformation and the osmosis that leads to
water absorption126:127 The swelling behaviour can be sensitive to various external
conditions, including temperaturel28, glucose129130 pH131 jonic strength!32, light120, and
electric fields133. These cues have been widely exploited in drug delivery.

pH-responsive swelling is particularly important for oral and cancer delivery systems. In this
application, the swelling of the hydrogels in the acidic stomach is typically minimal, and
thus the drug is protected and entrapped physically. As the hydrogels pass down the
intestinal tract where the pH is neutral, the network can be designed to swell dramatically,
allowing for rapid drug diffusion. Such hydrogels have been developed using a variety of
polymers with acidic or basic groups; among them, alginate is one of the more commonly
used. In acidic conditions, the alginate hydrogel is so condensed that it holds the drugs
tightly; as the pH becomes neutral, the carboxylic acid groups on the alginate deprotonate
and generate large osmosis, leading to network swelling and drug release!34. The pH-
triggered release can also target drug release in solid tumours where the extra- and intra-
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cellular environments are more acidic than in normal tissues!35. Other stimuli-responsive

swelling mechanisms have also been exploited for on-demand drug release. For example, a
temperature responsive nanogel was used to deliver a chemotherapy drug cisplatin to breast
cancer cells in which the temperature was slightly higher than normal body temperature36,

A limitation of swelling-controlled systems is that the response is relatively slow for
macroscopic hydrogels owing to the slow diffusion of water. For hydrogels of 1 mm,
changes in swelling and drug release would be expected to require tens of minutes. To
achieve a faster response, one can reduce the diffusion length by reducing the hydrogel size,
or by constructing interconnected macropores inside the hydrogel. As an alternative to
altering the bulk structure of a hydrogel, superficial layers that can quickly swell to control
drug diffusion have been explored37. For example, temperature-sensitive PNIPAm has been
grafted as a thin layer to the surface of a hydrogel, in essence serving as a valve to control
the diffusion of drug molecules out of the hydrogel.

Controlled release through mechanical deformation

A final approach to release entrapped drug molecules is to mechanically deform the
network, as this can both increase the mesh size by changing the network structure and
trigger convective flow within the network (FIG. 3f)138, This strategy can generate pulsatile
release patterns with fine control over the magnitude of the instantaneous release ratel38,
Pulsatile release may mimic some natural patterns of biological signalling, for example, in
the delivery of insulin following eating®3°. Deformation of the network can be achieved with
various approaches, including purely mechanical deformation, or using ultrasound and
magnetic field-induced deformations. Direct mechanical deformation has been demonstrated
to upregulate the release of a growth factor to enhance tissue vascularizationl0, A magnetic
field can deform a hydrogel network containing magnetic nanoparticles41142 and the
inclusion of macropores results in large and rapid deformation of the scaffold that
dramatically enhances the release of drug molecules43. Ultrasound can transiently disrupt
the hydrogel structure, and is potentially advantageous owing to its high spatiotemporal
resolution and deep penetration within tissues'4. The efficacy of ultrasound to provide
pulsatile drug delivery has been demonstrated with a number of drugs, including insulin and
interferon gamma“®. In all of these approaches, a potential concern with mechanical
deformation is cumulative damage of the hydrogels, which ultimately results in mechanical
failure. This problem can potentially be addressed with self-healing hydrogels. For example,
alginate hydrogels that are reversibly cross-linked with divalent cations can heal under
physiological conditions following ultrasound disruption, enabling repeated, near digital
release of small molecules, proteins and condensed oligonucleotides!38.

Drug—polymer interactions

Another approach to control drug release from hydrogels is to design chemical bonds
between the drug and the polymer chains. In this strategy, moderate-to-high-affinity
interactions effectively slow down, and in some cases, terminate drug diffusion through the
network. This strategy is particularly important when small drugs (that is, below the tuneable
range of the mesh size) are to be delivered, because they would otherwise be released within
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a very short period (FIG. 3a). To achieve high-affinity interactions, there exist a variety of
chemical and physical interactions from which one can choose, ranging from covalent
conjugation to secondary interactions, such as electrostatics and hydrophobic associations.

Covalent conjugation

Covalent linkages between the drug and polymer immobilize the drug, and can be either
highly stable or cleavable. Highly stable covalent linkages retain the drug until the network
degrades. Cleavable covalent linkages, much like cleavable cross-links in degradable
networks, can be programmed to cleave over time, or in response to environmental cues. The
drugs are released at a rate dictated by the cleavage of linkers.

A variety of covalent linkages have been explored. Those of high stability over time include
amide bonds formed through carbodiimide chemistry, thiol-ene bonds and other covalent
bonds formed through metal-free click chemistry (FIG. 4a). Amide bonds have been used to
conjugate TGF-B1 to a PEG hydrogel via an amine—hydroxysuccinimide reaction146, A
long-chain linkage like a heterobifunctional PEG was proposed to reduce steric hindrance on
the tethered drugs by the hydrogel matrix146:147_ Covalent conjugation was applied to bind
an engineered variant of VEGF, a,Pl1_g-VEGF151 to a fibrin hydrogel, which was shown to
protect the growth factor from rapid clearance, and induce local and controlled blood vessel
growth148.149

Cleavable covalent linkages range from small-molecule linkages including ester bonds,
disulfide bonds, and B-elimination cleavable linkages to macromolecular linkages like
peptide sequences (FIG. 4b). Peptide-based drugs flanked by enzymatically degradable
peptides have also be used to form a hydrogel and release the drug upon degradation
mediated by proteases like matrix metalloproteinases (MMPs)1%0. A family of covalent
linkages that are cleavable via p-elimination reaction has been developed to achieve a wide
range of degradation rates'®1.152, These linkages have been used to tether a 39-amino-acid
peptide, exenatide, to a PEG hydrogel and provide extended release (about 7 days) in
rodents®152,

Electrostatic interactions

This mechanism has been widely exploited to form a strong affinity between drugs and the
polymer chains. Because the charge-based interaction is nonspecific, it can enable controlled
and simultaneously delivery of multiple drugs from a single system153154 The drugs are
released when the hydrogel is degraded or when the electrostatic interaction is screened by
mobile ions from the environment. This strategy is applicable to many drugs and polymers
that carry charges (FIG. 4c). Alginate hydrogels, which carry negative charges, have been
used to deliver cationic, heparin-binding growth factors like VEGF to promote tissue
regeneration!®5156_ |f direct polymer—drug electrostatic interactions do not exist or are not
sufficiently strong to control release, one can incorporate a third agent that will provide the
desired interactions.157 Heparin, for example, has been incorporated into hydrogels to
controllably deliver heparin-binding proteins such as VEGF and basic fibroblast growth
factor (bFGF)1%8. Another example is sulfonate functional groups, which are used to
increase electrostatic interactions between alginate and protein drugs to extend the release
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duration?®. In recent approaches, the sulfation pattern of heparin has been tailored to further
adjust the affinity of heparin to growth factors and thus control their release kinetics!16:160,

Hydrophobic association

Hydrogels by definition possess a large amount of water, and their hydrophilic nature
renders the encapsulation and release of hydrophobic drugs problematic. Phase separation
between encapsulated hydrophobic drugs and the hydrogel may also deteriorate the stability
and strength of the hydrogel. These issues have motivated the development of hydrogels that
contain hydrophobic polymers or components to serve as binding sites for hydrophobic
drugs16l,

Typical approaches to provide hydrophobic domains in hydrogels include copolymerizing
hydrophobic monomers and the incorporation of hydrophobic molecules (for example,
cyclodextrin and cholesterol) (FIG. 4d). Hydrophaobic aliphatic chains were incorporated
into peptides that self-assembled to form a hydrogel for the delivery of hydrophobic
anticancer drugs62.163, Thiocholesterol was incorporated into polyvinyl alcohol hydrogels
for delivery of hydrophobic drugs'64. However, the incorporation of hydrophobic domains
may reduce the water content of the hydrogels significantly, and potentially alter their
biochemical and physical properties. To this end, inclusion of cyclodextrins into hydrogels is
advantageous because it does not change the overall hydrophilicity of the hydrogels. These
macrocyclic oligosaccharides comprise both an external hydrophilic character and internal
hydrophobic pockets to which hydrophobic drugs can associate. In such systems, the drug
release is primarily controlled by the relative partitioning of solubilized drugs between the
hydrogel and the release medium, and is independent of the mesh size of the hydrogel65.

It is important to recognize that hydrogels often provide numerous sites for constructing
interactions with drugs, which also potentially allows one to hybridize multiple interactions
into a single hydrogel®6. Manipulating drug release via chemical interactions often will
provide one more degree of freedom in design, but this potential advantage must be weighed
against potential concerns related to the impact of chemical modifications on the drug or
hydrogel biocompatibility. Chemical modifications of a drug near an active site or a region
of a protein that cause a conformation change can reduce drug activity167:168_ For example,
some enzymes lose bioactivity when PEGylated via the e-amino group of lysine resides6°.

Designing across length scales

Each of the strategies discussed above has pros and cons, and combining mechanisms across
different length scales may allow one to optimally orchestrate the drug presentation.
Combining drug-hydrogel interactions with tailored mesh size is one attractive approach.
For example, one can use tethered drugs as cross-links in a hydrogel, with the network
degradation itself facilitating the drug release. This approach can also minimize the use of
excipients like cross-linkers and thus increase the drug loading’. A hetero-bifunctional
PEG chain was tethered via the primary amines on BSA, forming a macromer cross-linked
PEG hydrogel; by tuning the hydrolysis rate of ester bonds in the network via adjacent
charged amino acids, the BSA was released over weeks1’1,
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Composite hydrogels, in which particles are included within the hydrogel network, can also
provide multiple mechanisms for controlled drug release. The particles are often used to
tether drugs, with a particle size sufficiently large to allow entrapment in hydrogels. Particles
used to date include microgels, clay, gold nanoparticles, polymeric particles, liposomes, and
micro- and nanocapsules. The drugs are released either by dissociation from the entrapped
particles followed by diffusion through the hydrogel, or by release of the particles from the
hydrogel. One type of widely used polymeric particle is poly(lactic-co-glycolic acid)
(PLGA), which releases the encapsulated drug via hydrolysis. Drug-laden PLGA particles
have been incorporated into various hydrogels (for example, alginate and PEO-PPO-PEQ)
for sustained protein release over several weeks72173, Clay particles are particularly
appealing for binding with drugs, because they typically possess distinct types of drug-
binding sites; for example, Laponite, a synthetic smectite, consists of disk-shaped particles
of around 25-nm diameter and 1-nm thickness, and possesses a permanent negative surface
charge and a pH-dependent edge charge (which is positive if pH < 9)174. In addition, as the
clay particles form aggregates in physiological solutions, there exist intra-particle spaces that
can retain hydrophobic drugs via van der Waals’ interactions1’®. Slow release of charged
proteins and hydrophobic molecules with incorporation of clay particles into hydrogels has
been demonstrated.1’6 Despite the potential utility of clay nanoparticles, their
biodegradation and biological impacts remain largely unexplored.

Interactions between entrapped particles and polymer chains, in addition to allowing control
over drug release, can improve the stability of hydrogels by increasing the cross-link density.
177,178 This has been shown in the design of hybrid nanogels for the delivery of small
interfering RNA; the nanogels contain a rigid silica core to stabilize the pH-responsive
hydrogel matrix, which would otherwise be fragile when undergoing a pH transition.17®

Release kinetics of hydrogel systems

Since the first description of hydrogel drug delivery systems in the 1950s (REF. 180), a
variety of material systems and design principles have been developed to provide different
drug release kinetics, such as extended or pulsatile release. Because drug release from
hydrogels can involve various chemical, physical and biological interactions, this
complicates the theoretical prediction of the drug release profiles. Many systems were
originally developed in a trial-and-error manner. However, as substantial experimental data
has been collected, a more fundamental understanding of drug release mechanisms has
emerged.

Experimental data on the release kinetics is typically presented as the amount of drug
released as a function of time (inset of FIG. 5). The general release profiles can be described
with an empirical Ritger-Peppas equation181.182;

M
M
o0

= k"

where M;is the mass of drug released at time ¢, Mo is the total mass of released drug, kis a
kinetic constant and 7 is the diffusional exponent. In this equation, the mass fraction of drug
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released with time follows a power-law relationship. The power 1 depends on the type of
transport, hydrogel geometry and polymer polydispersity: 7= 0.5 if the drug is released by
Fickian diffusion; n= 1 when surface erosion dominates the release. In many systems, the
value of nis between 0.5 and 1, because more than one mechanism controls the release in a
given system. More details about this model have been reviewed elsewhere®7121,

Equation 2 allows us to reanalyse a wide range of experimental data that exists in the
literature. To solve the Ritger—Peppas equation, one needs to determine a pair of parameters:
(1) The value of & which is determined by measuring the release fraction over one unit of
time (for example, 1 day) and provides an indication of the initial kinetics of drug release
(also known as burst release); (2) the half-life time of the release (#,), which is defined as
the time at which the mass fraction of drug released (M{/ M) is equal to 50% and provides
an indication of extended drug release in a particular system. These two parameters allow us
to compare the drug release properties of different systems.

In FIG. 5, we present a drug release property chart of various hydrogel systems, illustrating
the general release behaviour resulting from the differing strategies used to control drug
delivery. The overall distribution follows equation (2), because the burst release decreases
with increasing half-life, and the experimental data is distributed in the region between the
two curves that are calculated by this equation with 7=10.5 and 1.0. As discussed above, the
diffusion-controlled mechanism typically yields a relatively short release duration (o ~ 1
day) and a large burst release (k> 50%). The release can be slowed via several mechanisms.
Electrostatic interactions and hydrophobic association typically lead to a half-life of around
2-3 days, owing to the relatively weak bond strength between the drug and polymer. Slower
release rates (up to a week) can be obtained by using cleavable covalent bonds or
degradation-controlled mechanisms. A very extended release can be achieved by combining
hydrophobic interactions and degradation-controlled mechanisms, as exemplified by a PEO-
PPO-PEO hydrogel (Pluronic F127) encapsulating drug-laden PLGA nanoparticles’2,
There remain many opportunities in developing hydrogel systems for extremely sustained
release (with half-lives beyond 20 days). Although FIG. 5 includes only a few representative
data, we hope it provides useful insight into the different release mechanisms and can aid in
the design of hydrogel delivery systems to meet application-based requirements.

Using hydrogels for cell delivery

Many therapies under development harness the ability of cells (for example, islet cells, stem
cells progenitor cells) to actively secrete therapeutic biomolecules such as growth factors
and insulin183, Cells are most often delivered while suspended in a solution and typically
have very low retention rates in the tissue of interest, rapidly losing viability in the human
body within the first few days after delivery1®4-187_The problem is exemplified with long-
term retention rates of mesenchymal stem cells of less than 3% in many injury models (for
example, heart, kidney and liver)!88. This is attributed to many factors, including exposure
of cells to ischemia and inflammation, mechanical washout of cells, and leakage of the cell
suspension from the injection site.
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Compared to simply delivering cells in solution, hydrogel systems may offer a number of
significant advantages. First, hydrogels can be designed to protect the cells from attack by
the immune system, while remaining permeable for therapeutic, signalling and metabolic
biomolecules. Owing to these features, hydrogels are widely used as semipermeable
membranes for immunoisolating cells (for example, islet cells) in the treatment of many
diseases (for example, diabetes and liver failure)®2:18%. Numerous successes have been
reported in relation to tailoring the permeability and immunoisolation characteristics of
hydrogel membranes, such as those made from alginate hydrogels®. The critical design
parameters for these applications range from physical properties to geometric factors, such
as the thickness and surface/volume ratio®2. However, the practical application of
immunoisolation techniques has been historically limited by the availability of therapeutic
cells. Fortunately, this obstacle can potentially be overcome with advances in embryonic
stem cell and induced pluripotent stem cell research and development191:192_ A second
advantage of hydrogel-based cell delivery is that this approach can concentrate the cell
payloads at the target sites, and provide necessary biological or physicochemical cues for
cell growth and function193.194, For example, hydrogels used to deliver human mesenchymal
stem cells were shown to provide a marked increase in the number of viable cells over time
and allow cells to exert therapeutic benefits for extended periods in an infarcted heart or
other anatomic sites195:196,

Considerations for cell therapies delivered with hydrogels are often different from those for
small and macromolecular drugs. First, because cells are micrometre-sized, they are
typically entrapped inside a hydrogel, unless the hydrogel is macro-porous or degradable.
Macro-porous hydrogels possess interconnected porous spaces in which cells can adhere and
differentiate before and after implantation®3:197. Microgels are particularly appealing for cell
delivery, owing to a greater inward diffusion of oxygen and the nutrients required to
maintain cell viability, rapid release of cell-excreted biomolecules and the capability for
sorting193. Second, cell compatibility is crucial, especially during gelation and degradation
processes; mild gelation conditions facilitate cell viability after encapsulation31:°152.198 The
use of click chemistry to crosslink hydrogels has attracted much attention in recent years,
because it is bio-orthogonal, which enables high cell survivall®. Third, tailoring hydrogel-
cell interactions may further improve the outcomes of cell therapeutics, in part by tuning the
secretions of the cells. Adhesion of cells to the matrix is crucial for their viability, retention
and function. Synthetic hydrogels and some natural hydrogels that lack biological
recognition sites for supporting cellular activity can be modified with biological moieties to
yield bioactive hydrogels, such as a tri-peptide of arginine— glycine—aspartic acid
(RGD)82:200-202 and small-molecule functional groups (for example, t-butyl and phosphate
groups)293, Physical properties of hydrogels (for example, stiffness294 and stress
relaxation20%) also play an important role in controlling the fate and behaviour of
encapsulated cells and their secretion188:206,

This field is still in its infancy, with a number of issues remaining to be explored. There has
been little effort to date to determine or control whether the rate of release of cell-secreted
agents is dictated by the release rate from the cells, diffusion through the encapsulating
hydrogel, or both. The appropriate degradation rate of the hydrogels (or even if they should
degrade at all) is unclear. Coupling the degradation rate of hydrogels with the growth rate of
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the developing tissue has been shown to improve both the quantity and quality of tissue
regeneration with cell transplantation207-209: however, the relevance of these observations to
cell bioactivity that is derived from products secreted from the cells needs further
investigation.

Clinical translation

Although clinical translation is the main objective of this field, and despite the creation of
many new material chemistries and hydrogels, the number of hydrogel drug delivery
systems that have entered into the clinic is still limited (TABLE 1). Notably, the most
impactful in terms of sales revenue (about US $750 US million) is Medtronic’s INFUSE,
which is a collagen gel that releases BMP-2 for bone regeneration. A number of other
systems have entered the clinic (for example, VANTAS hydrogel implants for continuous
delivery of histrelin for the treatment of prostate cancer)?10 and hold great promise in the
years to come?11,

Researchers need to overcome many challenges during the translation process, including
those related to hydrogel fabrication and storage, regulatory complexity and cost. The high
water content can pose challenges, in contrast to dry biodegradable polymers (for example,
PLGA microspheres). The hydrated nature of hydrogels can make terminal sterilization
difficult, and sterility must therefore be typically validated for all source materials and
fabrication processes. If a hydrogel degrades or drug—polymer linkages cleave via
hydrolysis, the hydrogel must be dehydrated after fabrication to prevent premature
degradation during storage, and such treatment must not change the hydrogel structure or the
drug bioactivity. If hydrogels are instead maintained during storage in a hydrated state, the
storage conditions (for example, a closed container and temperature-controlled supply chain)
should minimize water evaporation and preclude pre-exposure to any medium that causes
unwanted drug loss. The effects of the storage conditions (for example, temperature and
time) must be carefully examined?12, Regulatory concerns and the cost of commercialization
often present significant challenges in the development of hydrogel delivery systems. A
hydrogel releasing a drug or encapsulating drug-secreting cells is regulated as a combination
product, and therefore its regulatory approval process is often longer than a scaffold without
any payload. As the duration of patent protection is limited, a longer approval time can limit
commercial viability?13. The cost to develop hydrogel drug delivery systems from the bench
to bedside, as for all drugs, is estimated to be quite high; drug development costs are
generally estimated to run between US $50-800 million, which provides a significant
impediment to commercialization?14.

Conclusions and outlook

For the past several decades, the development of hydrogel drug delivery systems has been
aided by advances in material chemistry, polymer physics, fabrication techniques and our
fundamental understanding of tissue and cell biology. There exist over 3500 published
papers on hydrogel drug delivery systems (according to a search for “hydrogel drug
delivery” in PubMed). However, despite the successes, many challenges and unmet clinical
needs remain.

Nat Rev Mater. Author manuscript; available in PMC 2018 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Mooney

Page 18

Current research focuses in this field are the delivery of multiple drugs from a single system,
and on-demand release with a high level of control. Although the release of multiple drugs
has been demonstrated, obtaining release of distinct molecules at different rates remains a
challenge that is currently met through trial and error. The potential importance of this topic
is exemplified by the fact that tissue repair and regeneration involves the sequential
signalling of multiple growth factors?15-217_ Achieving a high level of control with on-
demand drug release is also a challenge. An ideal system for on-demand release would have
a precisely predictable response of drug release with respect to stimuli, with this response
being maintained throughout the lifetime of the system. Many systems to date that
demonstrate on-demand release are proofs of concept, with only a few demonstrating low
baseline release and the ability to exhibit triggered release repeatedly?18. The development
of broadly useful systems that provide reliable, robust stimuli responses will likely
necessitate new chemical strategies and control principles.

Drug delivery depots will eventually become exhausted of drug and approaches to reload the
depot with the same or different drugs could be useful in a number of settings (for example,
when it is difficult or impractical to access the anatomic site for replacement of the depot).
Although drug—polymer interactions are typically exploited to allow for drug loading and
controlled release, they may also be used to reload drug delivery depots that are already
present in the body. This concept is dependent on a very high specificity of the drug—
polymer bond, which ensures that the drug does not bind indiscriminately to other molecules
in the body. Although still at an early stage, both complementary base pairing using DNA
molecules and bio-orthogonal click chemistries have been used to reload hydrogels many
times /in vivo, differentially load two or more hydrogels present in the body with distinct
drugs and slow tumour growth219.220,

Theoretical modelling of drug release profiles remains a challenge in the field. Many studies
have revealed the basic mechanisms of drug release in different hydrogel systems. However,
many parameters in existing models are unknown and remain to be quantified. In particular,
modelling of /n vivodrug release has been explored to a very limited extent?21.222 despite its
significance. Integrated understanding of drug release and transport through the local tissue
will facilitate the development of drugs and drug delivery systems.

Progress in bioelectronics and emerging areas such as gene editing highlight new
opportunities for controlled drug delivery. There have been limited attempts to date using
microelectronics and membrane reservoirs for remote-controlled drug delivery?23-225_ Those
devices could be integrated with hydrogel drug delivery systems to create next-generation
bioelectronics with therapeutic function. The hybridized systems may someday monitor the
body continuously, respond with active control, and regulate the release of therapeutics
accordingly. As hydrogels possess attractive features for new bioelectronics, including high
stretchability, transparency, and conductivity to ionic currents, they are beginning to allow
for the integration of stretchable conductors and drug-delivery channels and reservoirs225.
The emergence of gene editing technologies such as CRISPR-Cas9 and zinc-finger
nucleases also call for new materials that efficiently target gene modification to diseased
cells; hydrogels are likely to be useful systems for the delivery of these molecules.
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conclusion, advances in biomaterials have broadened the repertoire of hydrogels designed
r controlled drug delivery. With an expanding arsenal of material systems, target

applications, and increasing fundamental understanding, the impact of hydrogel drug
delivery systems is expected to increase in importance for years to come. Hydrogel drug
delivery systems are likely to further change the scale, efficacy and cost of therapeutics, and

to

Supplement

continue to improve human healthcare.
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Box 1
Experimental characterization of hydrogel mesh sizes

The mesh size of a hydrogel can be determined with various mechanical tests and
characterization techniques. First, theoretical and experimental methods have been
developed to calculate mesh size with mechanical tests. The classical theory of rubber
elasticity relates the shear modulus G to the mesh size ryesn by227:228:

6rT 1\/3

r ===
mesh ”NAv G

where R is the gas constant, T is the absolute temperature, and N, is Avogadro’s
number. Experimentally, this relation allows one to estimate the mesh size based on the
measurement of shear modulus of a hydrogel?2°. Relevant mechanical tests include
rheology?28, swelling tests230, indentation?31, compression and tensile tests232, From the
data from these tests, additional structural properties can also be extracted?2°. For
instance, along with the mesh size, force-relaxation indentation can be used to determine
diffusivity and permeability of water and solute in a hydrogel, as the relaxation rate is
closely related to liquid migration inside the network231, The mechanical tests are widely
used due to ease of application, but they provide indirect characterization of the hydrogel
network.

To directly characterize the mesh size, there exist techniques such as confocal
microscopy233, electron microscopy’2, atomic force microscopy234, small-angle X-ray
scattering (SAXS)23®, and small-angle neutron scattering (SANS)Z3. Electron
microscopy enables extremely high spatial resolution, but specimen preparation may alter
the morphology of hydrogels. The application of confocal microscopy is typically limited
by the spatial resolution (>1 um), but by combining this technique with measurements of
the transport of molecular probes (for example, fluorescently labeled proteins, fluorescent
beads) across the hydrogels, one can determine the mesh size of hydrogels237.238,
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One-Sentence Summary

Hydrogels can provide spatial and temporal control over the release of various
therapeutic agents and have found clinical use. This Review presents multiscale
mechanisms underlying hydrogel delivery systems and quantitative comparison between
them, whilst discussing clinical translation and future opportunities.
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Macroscopic scale Mesh zcale Molecular and atomistic scale

Macroscopic hydrogel Non-porous structure Meshes Polymer—drug interactions

Figure 1. Multiscale properties of hydrogels
a| The macroscopic design of hydrogels includes the size and porous structure. Hydrogels

can be either non-porous or contain macroscopic pores of 10-500 um. b| The spacing
between polymer molecules in the network (that is, the mesh size) is tuneable from around 5
to around 100 nm. c| At the molecular (or atomistic) scale, drugs can interact with the
polymer chains via a range of mechanisms; shown here is a covalent linkage to a polymer
chain.
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Macroscopic hydrogels
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Figure 2. M acroscopic design determinesthe delivery route
al Macroscopic hydrogels are used for transepithelial delivery and placement inside the

body. Injectable macroscopic hydrogels that can be delivered via syringe-needle injection
include (b) /n situ-gelling hydrogels such as a hydrogel formed with tetrazine-norbornene
chemistry, (c) shear-thinning hydrogels such as alginate hydrogels cross-linked with
multivalent ions and (d) macroporous hydrogels that can undergo reversible dramatic
volumetric change. In addition to transepithelial and local injection, microgels (€) are
suitable for oral, pulmonary and intrabony delivery and nanogels (f) are suitable for systemic
administration of drugs.

i

Nat Rev Mater. Author manuscript; available in PMC 2018 April 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Li and Mooney

Mesh size/drug size

>1

<1

Page 34

::g Mesh size
@ Drug size

Slow diffusion
—_—

s

%Immobilization % Degradation
ﬁ ﬁ

Deformation Swelling

Figure 3. Mesh size mediates drug diffusion
al A small drug relative to the mesh size diffuses rapidly through the hydrogel, resulting in a

short release duration. b| When the size of drug approaches the mesh size (/mesh//grug ~ 1),
drug release is dramatically slowed. c| When the drug is larger than the mesh size (fmesh/
Tdrug <1), drugs are physically entrapped inside the network. To release the originally
immobilized drugs, the mesh size can be enlarged through network degradation (d), swelling
(e), or via applying deformation to disrupt the network (f). The gray dashed lines refer to the
diffusion pathway of drugs.
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Figure 4. Chemical interactions mediate drug release
Representative chemical interactions between a drug and polymer chains. a| Highly stable

covalent linkages immobilize the drugs inside the hydrogel. Strategies include the formation
of amide bonds and the use of long-chain poly(ethylene glycol) (PEG) linkages. b| Cleavable
covalent linkages release the drug as a result of hydrolysis or the activity of enzymes like
proteases. c| Electrostatic interactions between a charged drug and the polymer chain can
slow release. This can be exploited using polymers carrying charges, such as carboxylate
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groups and those mimicking heparin-binding groups. d| Hydrophobic drugs associate with
hydrophobic domains such as aliphatic chains and cyclodextrin.
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Figure5. Drug release property chart of hydrogels
Each dot represents the burst release and half-life of release taken from the literature (see the

Supplementary information for the particular reference corresponding to each dot). The inset
shows a representative release profile, for which the half-life (£,) is determined by the time
when the fraction of released drug reaches 50% and the burst release parameter (X) is
determined by the drug release fraction at 24 hours. The coloured circles refer to different
drug release mechanisms: diffusion-controlled mechanism (red), degradation-controlled
mechanism (purple), affinity-controlled mechanisms based on cleavable covalent
conjugation (orange), electrostatic interactions (blue), and hydrophobic association (green),
as well as a combination of degradation-controlled and hydrophobic association-controlled
mechanisms (brown). The two dashed lines were calculated using equation (2) with 7= 0.5
and 1.0.
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TABLES
Product Type of hydrogel Drug Therapeutic application
INFUSE Collagen Recombinant human « Bone fracture
BMP2 « Oral maxillofacial reconstruction

« Spinal fusion
MASTERGRAFT Calcium phosphate and collagen BMP2 Spinal fusion
OP-1, Collagen BMP7 « Long bone fracture
OP-1 Putty « Spinal fusion
VANTAS Poly(2-hydroxyethyl methacrylate),  Histrelin acetate Subdermal implant for the treatment of

poly(2-hydroxypropyl methacrylate)

prostate cancer

SUPPRELIN LA

Poly(2-hydroxyethyl methacrylate)

Histrelin acetate

Subcutaneous implant for the treatment of
children’s central precocious puberty

AzaSite Poly(acrylic acid) Azithromycin Bacterial conjunctivitis

Besivance Poly(acrylic acid) Besifloxacin Bacterial conjunctivitis

Cervidil PEC or urethane polymer Dinoprostone Vaginal insert for cervical ripening to induce
labour

Differin Carbomer 940 Adapalene Topical treatment of acne vulgaris

AndroGel Carbomer 980 Testosterone Topical gel for hypogonadism treatment

Calamine-zinc gelatin Gelatin Calamine zinc oxide Wound dressing to lessen pain and it ching

ALGICELL Ag, Alginate Silver Wound dressing with antimicrobial silver

Suprasorb A+Ag

Prontosan Hydroxyethylcellulose Polyhexanide Antiseptic wound dressing

REGRANEX Carboxymethylcellulose Becaplermin, a Topical gel for the treatment of diabetic foot

recombinant human

platelet-derived growth

factor

ulcers

BMP. bone morphogenetic protein: PEG. poly(ethylene glycol).
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