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Hydrogels, three-dimensional (3D) polymer networks, present unique properties, like biocompatibility, biodegradability,
tunable mechanical properties, sensitivity to various stimuli, the capacity to encapsulate different therapeutic agents, and
the ability of controlled release of the drugs.
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| 1. Introduction

The pharmaceutical field has experienced progressive development in the treatment of human diseases, the most recent
achievement being the administration of biomolecules (drugs, proteins, etc.) by biomaterial carriers. The development of
these carriers made the drugs release possible in certain places of the human body inaccessible by classical
administration methods, allowing them to reach the target organs safely, without causing any harm [,

It is crucial to control the release of drugs, as the pharmacological purpose is not achieved in the case of a rapid release.
An “ideal” drug carrier system should deliver an exact amount of drug, at a certain preplanned rate, in order to provide the
required drug level for treatment [&. Thus, by using these systems, the bioavailability of the drugs is improved, the drug
concentration is maintained relatively constant during the treatment and, last but not least, undesired side effects are
considerably reduced by avoiding some issues such as the absorption in the gastrointestinal tract (GIT) and the hepatic
first-pass metabolism ],

| 2. Hydrogels as Potential Drug Delivery Systems

Hydrogels make an important contribution to the evolution of controlled drug delivery systems. In recent years, hydrogels
have increasingly attracted the attention of researchers regarding the design and preparation of controlled drug-delivery
systems, due to their special properties which certifies them for biomedical applications WEIEI, Their high swelling
degree with the capacity to retain a high amount of liquid and soft consistency, make them similar to living tissues .
Hydrogels have a number of advantages which make them suitable for drug-delivery applications, such as (i)
biocompatibility, (ii) the ability to design and control their properties, (iii) the capacity to encapsulate water-soluble
compounds, and (iv) the possibility of sustained and local release of active ingredients 2.

Usually, the initial step is realized outside the body and consists of the incorporation of the drugs within hydrogels, and
afterwards the hydrogel-drug complex is introduced into the body, directly at the affected site. However, the principal
drawback of this type of polymeric system is represented by the implantation of the voluminous material within body,
through surgery. Therefore, in recent years, there has been increasing interest in the preparation of formulations that are
in a solution state outside the body, but which, once injected inside the body, turn into a gel .

2.1. Properties of Hydrogels

Hydrogels have gained special interest for applications such as drug administration due to their unique physical
properties. Their potential to work as a drug delivery system is a combination of various factors, such as (Figure 1) [2I19I:
volume fraction of polymer—influences the amount of absorbed fluid by the hydrogel, and the crosslinking degree—have
influence on the pore dimensions, thus directly on the structure of the hydrogel network, which can be correlated with the
mechanical properties of the hydrogel, with its biodegradability, or with the processes of encapsulation/release of the
drugs. Three of the most important parameters that characterize the structure of hydrogels are: morphology—their porous
structure; swelling degree—which has a major influence on the mechanism of drug release from the polymer network; and
elasticity—influence the mechanical properties of the network 14,
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Figure 1. Characteristics which influence the effectiveness of controlled drug-delivery process.

The drugs are released from the polymer network only through a diffusion mechanism and in this sense the type of porous
structure of hydrogels is particularly important 2. Depending on the pore size within the three-dimensional network of
hydrogels, they can be classified as follows 13

macroporous — average pore size: 0.1-1 ym—drug release: mechanism that depends on the matrix porosity and
diffusion coefficient of the drug;

microporous — average pore size: 100-1000 A—drug release: molecular diffusion and convection;

non-porous — average pore size: 10-100 A—drug release: diffusion mechanism.Researchers have designed and

optimized the physical and chemical
properties of the hydrogels for specific applications, such as sustained-release applications (permeability), pulsatile-
release applications (environmental responsive nature), bioresorbable applications (biodegradability), and targeted
release and bioadhesion applications (surface biorecognition sites) 241,

Hydrogels intended for use in medicinal products must be non-toxic and have properties such as biocompatibility,
biodegradability and adequate physical and mechanical integrity L1251,

Biocompatibility is sustained both by the high content of water within the hydrogel and by the similarities between the
properties of hydrogels and those of the extracellular matrix [&. The toxicity of hydrogels is mainly related to the toxicity of
the unreacted components of hydrogels, such as monomers, oligomers, initiators, etc. To reduce the toxic effects of the
hydrogels, the following must be taken into account: (i) to avoid the use of initiators, (ii) to remove the impurities by a
powerful washing, or (jii) to use reactions with high rates of conversion, in order to eliminate the unreacted monomers and
by-products (L. Biodegradability is not always necessary for hydrogel formulations. This depends on the location where
the drug delivery device is used. Therefore, it is not necessary for oral and transdermal drug administration, while it is
absolutely necessary when hydrogels are used to various parts inside the body, in order to avoid unpleasant reactions of
the human body to foreign bodies in the organism and even their surgical removal 2817, The hydrogels’ biodegradability
can be achieved by different ways: as chemical and enzymatic oxidation, hydrolytic degradation, enzymatic degradation
or thermal and mechanical degradation &.

In the applications where biodegradability is not absolutely necessary, it is even more important to keep the integrity of the
hydrogel, due to situations where the drugs need to be protected from the severe conditions within the body, until the
drugs can be delivered to the target site . The hydrogel strength can be improved either by incorporating of
nanoparticles, or through raising the cross-linking degree. Nevertheless, the degree of cross-linking cannot be increased
too much, due to the fact that a higher cross-linking degree induces a loss of elasticity, with the hydrogel becoming brittle.
In addition, the elasticity is an important property of the gel because it gives flexibility to the 3D network, contributing to the
circulation of the incorporated therapeutic agent within the polymeric network. That is why it is necessary to achieve a
compromise between the mechanical strength and the elasticity of the hydrogels for a proper application of these [£81129],

2.2. Hydrogels Delivery Systems

The delivery systems based on hydrogels used for controlled drug release can be classified into reservoir and matrix
devices [291[20][21][22][23]

2.2.1. Reservoir System



Currently, the reservoir-based system is the most widely used for controlled drug delivery. In these types of system, the
drug core is covered all around by a hydrogel membrane (Figure 2). The membrane thickness and the properties of the
entrapped drug, like solubility, molecular weight and size of particle, control the release rate of the drug 2223, Upon
contact with water, it diffuses through the hydrogel membrane and dissolves the drug until it reaches saturation solubility
(Cs). As the drug diffuses through the membrane to the external medium, the drug concentration in the reservoir
decreases below Cs, so that new amounts of the solid drug present in the core dissolve and the concentration Cs are
restored. This ensures a constant rate of the release of the drug from a reservoir-based system that follows zero-order
kinetics if the solid drug is still present in the core 1<,
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Figure 2. Drug delivery from reservoir device.
2.2.2. Matrix System

A similar system to the reservoir-based system is the matrix-type delivery system, with the observation that in this case,
the drug is uniformly distributed as a solid into a hydrogel matrix (Eigure 3) 2921 A matrix is composed of one or more
drugs along with a hydrophilic polymer, as a gelling agent 24, In both types of delivery system, drugs are retained within
the polymer matrices, but are non-covalent (22,
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Figure 3. Drug delivery from a matrix system.

The drug release strongly depends on the matrix’s properties. When the system is placed into agueous medium, water
diffuses into the matrix hydrating it from the surface to the core. Three important processes control the release of drugs,
these being: (i) the process of diffusion of water into the matrix, (ii) the process of dissolution of the drug, and (iii) the
process of diffusion of the drug from the system. The polymer—drug interactions have an important role in the release
process of the drug, in this case. Furthermore, the thickness of the hydrated matrix is included as the diffusional path
length of the drug 9. A sustained-release matrix-type drug-delivery system has an important role in increasing the
therapeutic effectiveness of the drugs by controlled and sustained release, and by selecting the desired site. For a specific
period of time, a constant released level of the drug is maintained, so that the adverse effects are avoided &,

2.3. Hydrogel Drug-Release Mechanisms

The main criterion for classifying the controlled drug-release processes is the mechanism which leads the release of the
active pharmaceutical ingredient (API). The release mechanism is a result of three main processes: (i) drug diffusion, (ii)
matrix swelling, and (jii) chemical reactivity of the drug/matrix 28], Various mathematical models were developed in order
to estimate the drug release as a function of time, which are based on the limiting rate of the release process 112511101

The mechanisms for the drug release and the corresponding hydrogel-type delivery systems can be classified as following
[26][271[28][29][30].



In Figure 4 are presented the schematic view of the drug release

diffusion-controlled — matrix and reservoir systems;mechanism from hydrogels 11,
swelling-controlled — systems that are osmotically controlled and are activated with different solvents;
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Figure 4. Hydrogels drug-release mechanisms and their respective kinetic profiles: (a) the case when the governing
mechanism is given by the drug diffusion; (b) when it is imposed by the degradation of the polymeric matrix; (¢) when the
hydrogel swelling governs the process 21,

Passive diffusion is the most common release mechanism. In this mechanism, depending on the mesh size of the matrix,
the biotherapeutic molecules entrapped within the matrix can diffuse freely. In the case of systems in which the release of
active principles is based on an erosion-controlled mechanism, there is a close dependence between the rate of drug
release and the rate of erosion. In the latter case of mechanism, chemically controlled release is based on a series of
chemical reactions that produce either the degradation of the polymer in the hydrogel matrix by hydrolytic or enzymatic
reactions or reactions of cleavage of the polymer—drug bonds 2.

2.3.1. Diffusion-Controlled Drug Mechanism

As shown above, the diffusion-controlled release is the most common mechanism of drug release from hydrogels and it is
used by reservoir or matrix devices 22, Reservoir-type delivery systems offers a constant and time-independent release
of the drug, while the matrix system is one time-dependent drug release system and its working depends on the size of
the open space or macromolecular mesh. For a time-dependent system, the initial release rate is variable and is
proportional to the square root of time 23!,

Hydrogels are in fact cross-linked polymer networks with open spaces between polymer chains, called meshes, which
permit the diffusion for liquids and small solutes. The most important feature is the mesh size because it influences the
steric interactions between the network and the drug, and ultimately determines how the drug is released from the
hydrogel. Depending on the ratio in which the mesh sizes (Rmesh) and the size of the drug molecules (Rdrug) are found,
the following three situations can be identified (Eigure 5) 24
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Figure 5. Mesh size mediates drug diffusion 24,

- Rmesh/Rdrug > 1, mesh size is larger than the drug molecules: the whole release process is controlled by diffusion. It is
the case of small drug molecules which diffuse freely through the network, and their migration is not dependent on the
mesh size;

- Rmesh/Rdrug ~ 1, mesh size reaches the drug size: the steric hindrance dominates the drug diffusion. The resulting
effect is a slow drug diffusion, which is reflected by a slow and extended-release;

- Rmesh/Rdrug < 1, mesh size is very small and/or drug molecules are too large. The effect of steric hindrance causes a
blockage of the drug within the network, until there is a degradation of the network or an increase in mesh size by swelling
or deformation.

2.3.2. Swelling-Controlled Drug-Release Mechanism

Another possibility to release enclosed drugs is to control the swelling process of hydrogels. Swelling-controlled drug
release could occur when the rate of drug diffusion is faster than the rate of hydrogel swelling, the higher the rate of
hydrogel swelling, the higher the rate of drug release. Thus, the rate and ability of hydrogels to absorb water and the
thickness of polymeric gels are important factors in swelling-controlled delivery systems [23,

A shortcoming of controlled swelling systems is the too slow response of macroscopic hydrogels due to the slow diffusion
of water. To obtain a faster reaction, the diffusion length can be reduced either by decreasing the size of the hydrogel or
by designing a system of interconnected macropores into the volume of the hydrogel 24,

2.3.3. Chemically-Controlled Drug-Release Mechanism

Chemically controlled delivery systems can release the encapsulated drug by breaking the polymer chains as an effect of
surface or bulk erosion 2. In erodible drug delivery systems, drug release is controlled by either the dissolution or
degradation process. Depending on the limiting process, the drug is released through a different mechanism: if erosion is
the slower process then the rate of release will be controlled by diffusion; and if drug diffusion is a slow process, then
degradation or erosion controls the drug release 11,

Erosion processes of hydrogels can take place in bulk or on the surface. Bulk erosion is the most common in the case of
hydrogels because their network is permeable to the main actors of the degradation process, water and enzymes.
Conversely, if the rate of cleavage of the bonds is higher than the rate of diffusion of water inside the hydrogel then
erosion occurs at the surface 1241,



| 3. Cellulose-Based Hydrogels in Drug Delivery

Cellulose is the most known biodegradable polymer, being the main component of all vegetable fibers, with properties
ranging from low cost and biocompatibility to high mechanical and thermal stability, which makes it a very promising and
attractive polymer for various applications 33383728l Cellulose-based hydrogels have properties that recommend them
for various applications, such as targeted delivery of drugs and smart sensors, or hydrogels multi-receptive, injectable and
self-healing B4 Hydrogels based on cellulose derivatives have important applications as drug delivery systems (DDS)
and are used in order to improve the controlled release of drugs, as a function of external stimuli, such as body
temperature and variable pH ranges in different parts of the body I,
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