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Abstract. Site specific drug delivery systems (DDS) are usually developed to overcome the side
effects of conventional ones (e.g. injections or oral ingestions). Creating site specific DDS means
creating smart drug delivery vehicles characterized by greater efficiency, safety, predictable
therapeutic response as well as controlled and prolonged drug release periods. DDS made of
hyaluronic acid (HA) and poly-L-lysine (PLL) are promising candidates in the field of local drug
delivery due to their high biocompatibility. Moreover, electrostatic attractions between negatively
charged HA and positively charged PLL can be used to fabricate multilayer films, bilayer films, and
hydrogels, avoiding the application of toxic crosslinking agents. In this review, we report the
preparation of HA/PLL composites exploiting their intrinsic properties, as well as application
possibilities of the developed composite as controlled drug delivery systems in bone tissue, central
nervous system, and gene engineering.

Introduction

HA is one of the most often used biopolymers due to its non-immunogenicity, versatility,
biocompatibility, and biofunctionality. HA is a linear anionic polysaccharide; it is a major
component of an extracellular matrix and plays an important role to maintain the viscoelasticity of
tissues, its mechanical integrity, homeostasis, and lubrication [1, 2]. In the human body HA is
widely found in epithelial tissues, synovial fluid, umbilical cord, joints, pleura, tendons, and sheaths
[3]. Recent investigations of HA applications in the biomedical field include tissue engineering, cell
therapy, drug delivery, and regenerative medicine [1].

Since HA is not able to form gels without modification, several strategies have been applied to
modify HA-based composites for biomedical purposes, in particular, for drug delivery [1]. Recent
studies have shown a high biocompatibility of systems made combining HA and PLL [4]. PLL is
polycationic polyamino acid with a wide range of antimicrobial spectrum and has been used as a
scaffold for drug/gene delivery due to its cationic properties [5]. The electrostatic attractions
between negatively charged carboxyl group of HA (pKa=2.9) and positively charged primary
amine groups of PLL (pKa = 10.5) can be utilized to fabricate films, polyelectrolyte complexes, and
hydrogels with potential for drug delivery (see Fig. 1) [6, 7].

HA/PLL Multilayer Films for Drug Delivery

Combination of HA/PLL biopolymers has been successfully assembled into (HA/PLL),
polyelectrolyte multilayer films by the layer-by-layer (LbL) electrostatic technique. The basic
principle of preparation of such film is that the repeated electrostatic adsorption of positively and
negatively charged polymer onto a charged substrate [8]. The LbL technique allows to coat
biomaterial surfaces with a thin polymeric layer [4]. For example, LbL multilayer film could be
constructed on medical implants with drug delivery function to increase local drug concentration,
control local drug release, and prevent bacterial colonization around the device [9,10]. Important
advantage of HA/PLL multilayer coatings is their antibacterial properties — inhibiting the growth of
gram-positive bacteria Staphylococcus aureus and gram-negative bacteria Pseudomonas aeruginosa
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and Escherichia coli [11]. Moreover, HA/PLL multilayer films can be loaded with drugs and other
molecules either through chemical attachment of drugs to HA or PLL [9] or by loading drugs
directly onto the fabricated multilayer [12]. This makes HA/PLL multilayer films attractive for local
drug delivery applications [4].
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Fig.1. HA/PLL composites as drug delivery systems.

HA/PLL are exponentially growing films, which are thicker compared to the linearly growing
ones [8,13-15]. Multilayer films can reach micrometer dimensions and act as reservoirs for
biomolecules [6]. Therefore, HA/PLL films have enough capacity for small drug molecules and
have been loaded with: an antibiotic — gentamicin, anticancer drugs — paclitaxel and doxorubicin,
and an anti-inflammatory drug — diclofenac [6, 12]. Furthermore, DNA, peptides, larger colloidal
structures, and various biomolecule containing carriers such as microcapsules, liposomes [10, 16],
and nanoparticles [15] can be entrapped in such films and released by external stimulation [13-15].

HA and PLL have been classified as weak polyelectrolytes; their physicochemical properties can
be affected by pH and ionic strength of the surrounding medium [17]. Recent work of Hellwig et al.
[4] showed the differences between native films (made by electrostatic attractions) and fully
crosslinked films (crosslinked using 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC)) in
response to external stimuli. Native HA/PLL films behave like physical gels, and any
environmental changes decrease their mechanical stability, making them viable for local drug
delivery systems. Fully crosslinked HA/PLL films behave like stiff chemical gels, and can be used
as resistant coatings for medical devices [4].

Many new strategies have been developed to improve HA/PLL multilayer films for drug
delivery. Recently, Schmidt ef al. [15] and Kohler ef al. [18] suggested to coat a HA/PLL film with
5 nm thin gold nanoparticle layer to increase their stiffness and improve the cell adhesion. Based on
the previous studies, Prokpovic ef al. [14] investigated gold coated HA/PLL films for drug delivery
applications. The obtained results indicated that gold layer acts as a semipermeable membrane,
which allows small molecules diffuse freely out of the coated film. These gold coated films allow to
control the release of film-loaded biomolecules [14].

Another strategy to achieve controlled drug delivery is to load HA/PLL films with drug
containing carriers, such as liposomes. Liposomes are unstable in contact with solid surfaces like
polyelectrolyte films. Therefore, Volodkin ef al. reported that liposomes can be stabilized and
protected by PLL coating and then loaded in HA/PLL films [10, 16]. Some studies have reported
the interactions between cationic protein lysozyme (Lys) and HA/PLL films. High Lys loading
capacity was observed, which allowed to make HA/PLL films with high internal Lys concentration
[13].

Furthermore, HA/PLL multilayer films have a potential use in bone tissue regeneration
approaches. HA/PLL films have shown efficient properties for delivery of growth factors, such as
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bone morphogenetic protein 2 (BMP-2). BMP-2 loaded HA/PLL multilayer films can retain tunable
quantities of BMP-2, delivering protein in different concentration levels and inducing the cell
differentiation to osteoblasts [17, 19].

pH-sensitive drug release from HA/PLL multilayers is another drug delivery strategy. By
attaching doxorubicin to HA/PLL multilayers with a covalent hydrazone bond, it is possible to
release the drug in a controlled way by bond breakdown in the acidic environment of tumor tissue
(pH =5.2-7.2) [9].

HA/PLL Polyelectrolyte Bilayer Films for Drug Delivery

Polyelectrolyte complex (PECs) bilayer systems (HA/PLL); are composed of two polymer layers
on a charged surface. PECs have a potential in gene/drug carrier development and tissue
engineering applications.

In gene engineering HA and PLL biopolymer complexes can be used as vehicles for magnetic
hyperthermia-based cancer therapy. Superparamagnetic iron oxide nanoparticles can be
encapsulated in modified HA micelles, followed by their coating with positively charged PLL as
DNA-carrier. Afterwards, PLL can be complexed with negatively charged DNA, which then can be
delivered exactly into cells [20]. Furthermore, HA/PLL multilayer films have a potential in bone
tissue regeneration approaches. Recent work of Amorim et al. showed that a HA/PLL multilayer
coating onto charged surfaces of SiO; can induce osteogenic differentiation of human bone marrow
stem cells at low concentrations [7], while Dreaden ef al. [21] described responsive bilayers in
tumor environment. HA/PLL drug carriers actively target tumors through their interactions with
target cancer stem cell receptor CD44 at hypoxic tumor pH

PECs phenomenon can also be used to control drug delivery from HA microgels loaded with
hydrophilic drug through building an impermeable PLL shell around the gel. This property allows
both to protect the HA microgel from enzymatic degradation and to encapsulate proteins and
peptides with non-affinity to the matrix, like insulin and dextran. Herein the concept of drug
delivery is to lock hydrophilic drugs inside a HA/PLL core [22]. Recently, Pan et al. developed
HA/PLL complexes forming a tunable core-corona structure, where HA/PLL served as a core and
HA chains were used as corona. Possible modifications of such structures make these complexes
potential candidates for the development of controlled drug or gene delivery vehicles [23].

HA/PLL Hydrogels for Drug Delivery

Polymeric hydrogels are commonly used for local drug delivery; however, little attention has
been paid to HA/PLL hydrogel systems. The application of HA/PLL hydrogels have been generally
studied in context of central nervous system (CNS) and bone/brain tissue engineering.

Hydrogel-like particles called nanogels are composed of peptide-polysaccharide composites and
represent a new class of bioresponsive carriers with tunable swelling and drug release profiles.
Recently Lawanprasert et al. developed non-covalently crosslinked HA/PLL nanogels loaded with
small molecules vancomycin hydrochloride and doxorubicin hydrochloride [24].

HA/PLL hydrogels containing curcumin and BMP-2 can be used as biomaterial scaffolds for
bone tissue regeneration. Scaffolds of HA/PLL hydrogels are formed by amide bonds via
condensation reaction between biopolymers using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl
morpholinium chloride (DMT-MM) as a condensation agent [25]. Another approach is to modify
HA hydrogels with PLL and specific growth factor receptors. HA is crosslinked by complexation of
carboxyl groups with PLL using adipic dihydrazide (ADH) or EDC as crosslinkers [26-29].
Hydrogel antibody delivering systems have a potential in CNS injury treatment for a prolonged
period of time [27, 28]. For spinal cord injury such hydrogel modifications stimulate the formation
of glial scar, supporting angiogenesis and promoting axonal extensions.

HA/PLL copolymer hydrogels have a potential as scaffolds for brain tissue deffect repair in brain
tissue engineering. For this purpose HA and PLL are chemically crosslinked with EDC, obtaining
hydrogels with porous structure and viscoelastic properties similar to the neural tissues [30].
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A number of strategies have been developed for HA modification mainly through chemical
modifications using crosslinkers. Synthesis of HA based hydrogels requires highly alkaline or
acidic environments, making difficult to incorporate sensitive drug molecules and living cells into
the hydrogels [31]. In biomedicine, preference is given to physically crosslinked hydrogels, thus
avoiding potential toxicity of unreacted chemical crosslinkers, organic solvents, and chemical
reagents [32, 33].

Conclusions

Systems composed of hyaluronic acid and poly-L-lysine are promising biomaterials. They can be
modified with drugs, nanoparticles, and microcapsules to serve as local and controlled drug delivery
tools. Such systems could be used for bone regeneration, cell/gene transport, tissue engineering,
surface modifications, and cancer treatment (see Table 1). In contrast to multilayer films and
polyelectrolyte complexes, little attention has been paid to hyaluronic acid and poly-L-lysine
hydrogels and their potential as drug delivery vehicles. As multilayer films and polyelectrolyte
complexes composed of hyaluronic acid and poly-L-lysine can be formed without chemical
crosslinkers, similar approaches also could be applied to hyaluronic acid and poly-L-lysine
hydrogel development, focusing on “green” (using nontoxic crosslinkers) hyaluronic acid and poly-
L-lysine hydrogel synthesis methods, intended for the local drug delivery in various biomedical
applications.

Table 1. Hyaluronic acid and poly-L-lysine composite for biomedical application

Hyaluronic acid and

poly-L-lysine Biomedical application Active substances References
composites
Controlled drug delivery Gold nanoparticles [14, 15, 18]
Biocompatible coatings with
effective local drug delivery Liposomes [10,16]
for biomedical devices
Multilayer films Bone tissue regeneration Bone morphogenetic protein 2 [17,19]
pH-sensitive drug release for Doxorubicin [9]
tumor treatment
Surface coatings with drug Paclitaxel [12]

delivery ability

Superparamagnetic iron oxide

- o Gene engineering nanoparticles [20]

tayer 1ims Bone tissue regeneration Silicon dioxide [7]

Controlled drug delivery Insulin and dextran [22]

Drug resistant and sensitive Vancomycin hydrochloride and [24]

cancer cell treatment doxorubicin hydrochloride

Hydrogels Bone tissue regeneration Bone morphogenetic protein 2 [25]

Central nervous system Nogo-66 receptor antibody [27,28]
engineering
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