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Abstract

Infection is a crucial and generally unsolved issue in tissue engineering applications such as in wound
healing and bone regeneration. In this study, we have prepared different antibacterial platforms
containing hyaluronic acid and silver nanoparticles. Silver nanoparticles (Ag NPs) were biosynthesized
by a microwave-assisted green technique using corn silk extract in an organic solvent-free medium.
The thermosensitive and injectable hydrogels were prepared and their potential use as wound care
materials and bone regeneration were investigated. Rheological analysis demonstrated that the
nanocomposites have good mechanical properties with gelation temperature close to the body
temperature; hence, they can be easily administrated locally on wounded skins and bone defect. The
samples exhibited antibacterial activity toward gram-positive and gram-negative bacteria. Cytotoxicity
assay showed that the hydrogels have good biocompatibility. Interestingly, an in-vitro model of wound
healing revealed that the nanocomposites allow faster wound closure and repair, compared to the
control. Regarding the bone tissue engineering applications, mesenchymal stem cells seeded in the
nanocomposite exhibited high bone differentiation which indicate that they could be a good candidate
as a potential scaffold for bone tissue regeneration.

In another study, we exploited the advantages of local drug delivery by developing a platform with
improved efficacy. Having this in mind, we prepared hyaluronic acid-based device containing
diclofenac sodium-encapsulated (2-Hydroxypropyl)-p-cyclodextrin (CD) that possess high drug
loading along with prolonged release. The platform showed high mechanical properties along with low
friction indications high lubricity of the platform. L929 cell morphology and viability assay showed a

over the 100 % (approximately 110%) for the injectable device.
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Chapter 1

Introduction on thermosensitive hydrogels

containing hyaluronic acid




1.1. Hydrogels

Hydrogels are extremely suitable for a variety of applications in the pharmaceutical and medical
industry. Because they are capable of retaining large amounts of water and because of their soft
and rubbery consistence, they closely resemble living tissues. Hydrogels offer many advantages
as they are composed of hydrophilic polymer chains which can be synthetic or natural in origin
[1]. A hydrogel is a three-dimensional structure that can absorb and contain a high amount of water
or biological fluid. Its polymer network structure can be formed by chemical cross-linking,
physical cross-linking or both simultaneously [2]. Hydrogels have attracted research attention as
wound dressings since they are an excellent source for providing moisture to a dry lesion,
monitoring fluid exchange from within the wound surface, and helping to cool down a wound [3].
The wound closure after physical injury or surgery is of significant clinical and research
importance. Hydrogel dressing can protect the body from wound infection and promote efficient

healing [4].

Smart hydrogels are hydrogels that change their network structures, mechanical strengths,
permeability, and swelling behavior in response to environmental stimuli. Intelligent hydrogels are

an interesting class of materials that could be programmed to react to specific stimuli such as pH,
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temperature, light, electric, and magnetic field. Smart hydrogel materials will call for a
comprehensive understanding of the materials, bioprinting systems, and bioprinting processes [5,

6].
1.2. Thermosensitive hydrogels

Hydrogels that show a sol-gel transition near body temperature have attracted interest for their
potential biomedical application since no organic solvents or toxic crosslinkers are involved during
gelation [7]. Among the different types of hydrogels, thermosensitive based hydrogels have
attracted significant attention in pharmaceutical industries [8]. Thermosensitive hydrogels, such as
those based on poly(N-isopropylacrylamide) (PNIPAM) and its copolymers as well as amphiphilic
block copolymers, such as polyethylene oxide-polypropylene oxide copolymers (Pluronic, PPO-
PEO-PPO), could be applied as drug/biomolecule carrier to protect them from a hostile
environment and modulating delivery in response to temperature change. PNIPAM polymer or its
derivatives demonstrate coil-to-globule transition behavior in aqueous media. In fact, under lower
critical solution temperature (LCST), the polymer expands and swells in water while above the
LCST, the polymer chains shrink and collapse repealing some water molecules [5, 9]. This
transition behavior is caused by the change of the macromolecules from an expanded coil state to
a collapsed globule state. PNIPAAmM can connect with a hydrophilic acrylic acid (AAc) group or
hydrophobic butyl methacrylate (BMA) group to generate negative or positive temperature-
responding hydrogels, respectively. When the temperature is raised above the LCST, the shrinking
behavior of the hydrogel indicates negative feedback, whereas swelling indicates a positive
response. It has been found that when PNIPPAmM, as the LCST monomer, was cross-linked with
bis-vinyl-terminated polydimethylsiloxane (VTPDMS), as the more hydrophobic macromer, a

heterogeneous thermal- sensitive hydrogel was formed [10].
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In contrary, Pluronic concentrated aqueous solutions undergo a sol-to-gel phase transition at a
critical temperature, namely, lower critical gelation temperature (LCGT). Below LCGT and in a
suitable concentration range, aqueous solutions of Pluronics exist as low-viscosity liquids, while,
above LCGT, their viscosity sharply increases for a slight increase in temperature and gelification
occurs [11]. In fact, the aqueous solution of this triblock copolymer exhibited both sol-to-gel and
gel to sol phase transitions when heated from a low to a high temperature. The gel-state region in
the sol—gel transition diagram can be adjusted according to the concentration or composition of
the polymer. When the consistency of the polymer in an aqueous solution is higher than a particular

critical value, aggregation and bridges of micelles can induce the gelation of the whole solution

[2].

In these PEO-PPO-PEO triblock copolymers, the amphiphilic characteristics are critically
dependent on the molecular architecture, such as total molecular weight, relative block size and
block sequence as well as thermodynamic parameters, such as temperature and pressure. Pluronic
triblock copolymer crosslinkers self-assemble into a wide variety of structures including spherical
rods, pancake-shaped micelles, as well as complex-structured fluids like bicontinuous
microemulsions. The self-assembling process occurs through a micellization characterized by two
key parameters; the critical micellization concentration (CMC) and critical micellization
temperature (CMT). These parameters depend on the PEO-PPO-PEO chemical-physical
parameters such as block composition (PEO/PPO ratio) and molecular weight as well as the
respective PEO and PPO block length. Therefore, CMC and CMT can be tailored to obtain

materials with final properties suitable for a wide range of applications [12].
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Fig. X1 Schematic mechanism of gelation driven by shifting of hydrophobic interaction under the

change of temperature.

The pluronic consist of more than 30 different non-ionic surface-active agents. These polymers
are ABA-type triblock copolymers composed of PEO (A) and PPO units (B). The pluronic series
covers a range of liquids, pastes, and solids, with molecular weights and ethylene oxide-propylene
oxide weight ratios varying from 1100 to 14,000 kDa and 1:9 to 8:2, respectively. Concentrated

aqueous solutions of pluronic form thermoreversible gels [9].

The gelation mechanism of pluronic solutions has been investigated extensively. Micelle
formation occurs at the critical micellization temperature as a result of PPO block dehydration.
With increasing temperature, micellization becomes more important, and at a definite point,
micelles come into contact and no longer move. In addition, the formation of highly ordered
structures, such as cubic crystalline phase, has been proposed as the driving force for gel formation,
but this hypothesis has been questioned recently. Thus, packing of micelles and micelle
entanglements may be possible mechanisms of poloxamer solution gelation with increased of

temperature [13, 14].
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Fig. X2 Self-assembly of pluronic in presence of a biomolecules.

The thermosensitive hydrogels could be applied as drug/biomolecule carrier to protect them from
a hostile environment and modulating delivery in response to temperature change. This enhances
the bioavailability of drugs. Amphiphilic Pluronic molecules self-assemble in aqueous media in
presence of a drug. Then, gradually they release their contents (Fig. X2) [12, 15, 16]. Due to their
properties, Pluronic based hydrogels have been used in wound healing applications because as
pomade or injectable fluid they can be easily applied, fill the cavities of wounds and become gel

in situ at body temperature (Tp) [17, 18].
1.3. Hyaluronic acid
Thermosensitive hydrogels containing hyaluronic acid (HA) have been exploited in biomedicine

for sustained drug delivery and tissue engineering. HA (Fig. X3) is naturally occurring
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glycosaminoglycan and a main macromolecular component of the intercellular matrix of most

connective tissues e.g. cartilage, vitreous of the human eye, and synovial fluid [19].

Hyaluronan, an extracellular matrix component, is a high molecular weight glycosaminoglycan
composed of disaccharide repeats of N-acetylglucosamine and glucuronic acid. Specifically, HA
consists of repeating polyanionic disaccharide units of glucuronic acids and N-acetyl-glucosamine
connected by alternating b 1-3 and b 1-4 bonds. This relatively simple structure is conserved
throughout all mammals, suggesting that HA is a biomolecule of considerable importance. In the
body, HA occurs in the salt form, hyaluronate, and is found in high concentrations in several soft
connective tissues, including skin, umbilical cord, synovial fluid, and vitreous humor. Significant
amounts of HA are also found in lung, kidney, brain, and muscle tissues. Solutions of hyaluronan
manifest very unusual rheological properties and are exceedingly lubricious and very hydrophilic

[20].

OH OH |
O.. _OH O.. _OH
o o) o o)
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OH \W/ OH \W/
B O O In

Fig. X3 Chemical structure of hyaluronic acid.

In contrast to collagen, HA is extremely hydrated and thus fundamental for biology and a

functional determinant in cellular water homeostasis. Since highly hydrated matrices facilitate cell
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migration and proliferation, HA is also an acknowledged major compound controlling and

regulating cell behavior and cell-cell interaction, especially in the course of tissue healing [21].

HA offers many advantages as a tissue scaffold which include [1, 22]:

a) Biodegradability, biocompatibility and bioresorbability;

b) HA is a major intracellular component of connective tissues where it plays an important role in

lubrication, cell differentiation and cell growth. These functions can be transferred to the scaffold,;

¢) HA contains functional groups (carboxylic acids and alcohols) along its backbone that can be

used to introduce functional domains or to form a hydrogel by crosslinking;

d) Since HA is part of every step in the wound healing process exogenous HA has the potential to

provide faster healing;

e) Due to its ability to maintain a hydrated environment conducive for cell infiltration, HA based
hydrogels are ideal as wound grafts to treat chronic wounds or wounds in patients with impaired

healing such as diabetic patients;

f) HA can be part of a new kind of tissue engineering scaffold that is bioactive both in its full
length and in the degraded form. It exhibits low non-specific adsorption of proteins and specific
interactions between the scaffold and growing cells can be tailored using cell receptors (CD44,

RHAMM, ICAM-1) to enhance tissue growth and repair.

The presence of HA in thermoresponsive hydrogels leads to the improvement of gels viscoelastic
and mucoadhesive properties that allow an increased adhesion to injured tissues and it leads to an
enhancement of the biological activity [11, 13]. Hyaluronic acid or hyaluronan (HA) represents

one biopolymer that can be modified and processed to form hydrogels for biomedical applications.
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Owing to their biocompatibility, tunable properties, and native biofunctionality, hydrogels built
from HA are increasingly versatile for a myriad of applications. HA has inherent biological
importance HA hydrogels are now evolving in their design to be responsive to a range of cues, to
present dynamic environments, and to possess multiple functionalities such as sophisticated
structures and biochemical signals [23, 24]. HA promotes dermal regeneration and, hence, it is
widely utilized in various therapeutic field such as dermal fillers, wound dressings, and substrates

for dermal engineering applications [25].

Currently there are two production processes employed to obtain HA polymer in commercial
quantities: extraction from animal tissues, typically rooster combs, or more recently though the
application of bacterial expression systems in Streptococcus. Both approaches have faced
considerable concerns over the safety of using biomedical products derived either from animal

products or Streptococcus, a known pathogen that produces several endotoxins [26].
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Chapter 2

Antibacterial injectable hydrogels based on
hyaluronic acid/Ag Nanoparticles for

wound healing applications
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Abstract

The wounds closure after physical injury or surgery is of significant clinical and research
importance. In this study, thermosensitive and injectable hydrogels based on hyaluronic acid (HA),
corn silk extract (CSE) and nanosilver were prepared and their potential use as a wound care
material was investigated. Silver nanoparticles (Ag NPs) were biosynthesized by a microwave-
assisted green technique using corn silk extract in an organic solvent-free medium. Rheological
analysis demonstrated that the nanocomposites have good mechanical properties with gelation
temperature close to the body temperature; hence, they can be easily administrated locally on
wounded skins. The samples exhibited antibacterial activity toward gram-positive and gram-
negative bacteria. Cytotoxicity assay showed that the hydrogels have good biocompatibility.
Interestingly, an in-vitro model of wound healing revealed that the nanocomposites allow faster
wound closure and repair, compared to the control. The obtained results highlight the potential

application of these novel injectable hydrogels as wound dressing.

Keywords: Hyaluronic acid, antibacterial properties, corn silk extract, thermosensitive hydrogels,

wound healing, green synthesis
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2.1. Introduction

2.1.1 Wounds

Once a proper dermal bed has been well developed, wound closure is facilitated spontaneously or
by applying a skin graft. Nevertheless, immediate coverage with autologous skin is not always
available or possible. In these cases, alternative solutions may be taken into considerations to favor

an adequate repair and effective functional recovery of the burned area [1].

Dermal wound repair is a very dynamic process, consisting of four overlying stages (Fig. 1). The
first immediate response to the injury is hemostasis, the process in which the blood loss held at the
wound site. The second stage occurs right after the injury and includes inflammation that takes
from 24 h to 4-6 days. This stage is called the inflammatory phase and starts with the emitting of
proteolytic enzymes and pro-inflammatory cytokines over invaded immune cells to the wound
zone. These inflammatory cells generate reactive oxygen species (ROS). The quantity of ROS
correlated with the kind of wound, but it is usually higher in burns and chronic wounds. Indeed,
ROS preserve the organism from bacteria and infection [2]. In spite of having a positive impact on
wound healing in low concentrations, ROS in high concentrations could be destructive for wound
healing through its contribution to the chronic pathogenesis, and chronic wounds, which increases

oxidative stress, lipid peroxidation, and severe cell damage [3].

Skin wounds that destroy the epidermis and part of the dermis have functional impacts as well,
such as the impairment of skin oxygenation and effects on the tissue healing ability. Consequences
can be very severe in terms of fluid management with the possibility of leading to dehydration and
shock. Protein loss can also be serious, as well as the risk of contracting infections. To avoid all

these dramatic consequences, prompt wound covering is an essential measure to be taken [4].
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Fig. 1 Wound healing process.

Standard clinical procedure comprises early escharotomy, followed by immediate tissue
reconstruction with a skin graft [5]. This protocol represents the optimal solution for decreasing
the risks related to wound infection, scar formation and excessive fluid loss and also allows the
reduction of patient hospitalization time. In this light, the gold standard is represented by the use
of autologous skin to cover the injury; nevertheless an immediate coverage with autologous skin
in deep and extensive burns is not always possible. In these cases, alternative solutions have to be
taken into considerations. For example, the grafting of cryopreserved, whole cadaver skin is a
possible option to consider when autograft is not feasible, but problems related to availability and

risk of viral transmission represent limitations for this technique [1].
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Therefore, synthetic alternatives like dermal substitutes and advanced wound dressings have been
designed and proposed for specific clinical use. Dermal substitutes are generally preferred in full-
thickness lesions (such as traumas, surgical wounds, chronic ulcers, etc.) and have been shown to

minimize hypertrophic scarring, contractures and increase scar elasticity in wounds [6, 7].

A variety of biomaterials for medical applications has been designed and developed in recent years
and large efforts have been dedicated to the development of new biocompatible and biodegradable
polymers which should release safe degradation products that enter into the normal metabolic
pathway. Many advanced wound dressings consist of biomaterials made from various components
of the extracellular matrix (ECM) and are theorized to favor healing by providing a structural
scaffold and the signals important to complex cellular interactions during the healing phases.
Among a series of possible materials, HA chemistry represents an interesting and valuable option

for the development of medical devices for epidermal and dermal wound treatment [1, 8].

2.1.2.Hyaluronic acid-based wound dresses

The scientific rationale for the development of biomaterials based on HA relies on the
characteristics of the material, which is a structural component of the ECM architecture and has
an important role in water homeostasis that could favor tissue hydration, which is conducive to

wound healing [1].

Depending on the different molecular weights of the HA molecule, HA has been observed to play
different roles in the body. Considering exogenous HA, the high molecular weight properties are
related to angiogenesis inhibition and to a mostly physical role, while low molecular weight HA
has been associated with a modulating effect on the inflammatory process due to its action on free

radicals [9, 10].
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2.1.3. Infection

It has to be highlighted that infection is a crucial and generally unsolved issue in wound healing.
The most common type of wound infection is Skin and Soft Tissue Infections (SSTIs) and up to
the kind of microbial invasion can be even life-threatening [11]. Indeed, gram-positive bacteria
such as Staphylococcus aureus (S. aureus) and Streptococcus pyogenes (S. pyogenes) play the
principal role in the first stage of the infection, and gram-negative bacteria such as Escherichia
coli (E.coli) and Pseudomonas aeruginosa (P. aeruginosa) can be found when the wound is
already developed [12]. In addition, fibroblasts and myofibroblasts are stimulated by the release
of cytokines and enzymes, this phase, all foreign particles and tissue debris are removed from the
wound bed by neutrophils and macrophages, thus preventing infections. In and the moisture

essential for the healing is guaranteed by wound exudate [13, 14].

Therefore, materials containing antimicrobial compounds, such as quaternary ammonium salts
[15-17], TiO2[18], and, Ag nanoparticles [19] have been utilized. Among these compounds, Ag
NPs have shown the capability to inhibit or decline infections [20]. Various techniques, including
chemical and physical approaches, have been developed to synthesise Ag NPs [19]. Unfortunately,
in the aforementioned approaches, organic passivators, toxic both for the environment and human

body, are used [21].

Biosynthesis of NPs, by using microorganisms and plants, has received considerable attention due
to the growing need to develop environmentally and non-toxic technologies. Biosynthesis of NPs
by using renewable materials to avoid utilization of toxic chemicals and non-environmentally

benign solvents make them more suitable for the biomedical applications [22].

23



Corn silk extract (CSE), a waste material of the crop, has been used for the biosynthesis of Ag NPs
as both a bioreducing and biostabilizing/capping agent, thus eliminating the use of any other toxic
organic solvents and chemicals as reducing and stabilizing agents [23]. In addition, CSE possesses
excellent antioxidant capacity [24], antiproliferative effects on human cancer cell lines [25] and
antidiabetic activity [26]. In this frame, we formulated thermosensitive nanocomposites hydrogels
based on Pluronics and HA and containing CSE and Ag NPs to be potentially used as a wound
care material. To this aim, we produced Ag NPs using CSE via a microwave-assisted green
approach in an organic solvent-free medium that is completely biocompatible and nontoxic.
Subsequently, the Ag NPs were included in Pluronic/HA/CSE hydrogels to formulate the

antibacterial thermosensitive nanocomposites that were further characterized.

2.2. Experimental section

2.2.1. Chemicals

Hyaluronic acid (HA), with average molecular weight (Mw) of 112 kDa, was kindly provided by
Altergon Italia. Pluronics F127 [(PPO)100(PEO)es(PPO)100, Mw= 12500 g/mol] and F68
[(PPO)76(PEO)29(PPO)76, Mw= 8350 g/mol], silver nitrate (AgNOs3), and NaOH were purchased

from Sigma-Aldrich.
2.2.2. Plant materials and preparation of corn silk extract

Corn silk was purchased from a local farm in Egypt. Corn silks were collected, washed several
times and dried in an oven at 40 °C before use. The dried corn silk fibers were grinded into a fine
powder (mesh size 60 um). Then, pulverized in a knife mill and sieved into a particle size of 0.4

um, and kept refrigerated in glass containers before further processing.
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CSE was obtained as reported in the literature [23]. Briefly, 5 g of the dried powder of corn silk
was added to 50 ml of deionized water. The mixture was heated at 80 °C for three hours. Then, the
corn silk mixture was filtered through Whatman No. 42 filter paper to remove the fibers and get

CSE. Finally, CSE was stored at 4 “C until it was used for the experiments.

2.2.3. Biosynthesis of Ag NPs

The synthesis of Ag NPs was conducted by a microwave-assisted green chemistry approach as
follows. 10 g of CSE was mixed with 1 ml of AgNO3 aqueous solution (3.4 pg/ml) in Erlenmeyer
flask and then were treated by microwave (700 w) for 180 s. A pulsed mode of on 5 s, off 5 s was
applied to prevent intense boiling and aggregation of Ag NPs. The biosynthesized NPs in CSE

were stored at 4 °C for further characterization.

2.2.4. Preparation of thermosensitive hydrogels

The hydrogels were prepared by dissolving different amounts of Pluronics F127 and F68 in CSE
with and without Ag NPs (1.7 4 pug/ml) by mixing under continuous stirring at 4 °C. Subsequently,
HA-containing formulations were prepared by adding HA to Pluronics blends, at room temperature
to obtain concentration 1% w/w. The composition of the hydrogels was optimized by rheological
analysis to obtain a gelation temperature (Tgel) around body temperature. The compositions and
the acronyms of the optimized formulations containing CSE, HA and Pluronics are summarized
in table 1. The nanocomposite hydrogels prepared in CSE containing Ag NPs, with and without
HA were named AgSPHA and AgSP, respectively.

Table 1 Formulations of the thermosensitive hydrogels containing CSE, HA and Pluronics. Elastic (G”)

and viscous moduli (G”) values at 1 Hz and 40 °C. Bound and free water in percentage for the formulations

as calculated by DSC analysis.
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CSE F68 F127 HA

Acronyms
(Wt.%)

SP 70 15 15 -
AgSP 70* 15 15 -
SPHA 69 15 15 1

AgSPHA 69* 15 15 1

*CSE containing Ag NPs

2.3. Measurements

2.3.1. Characterization of Ag NPs

To assess the formation of Ag NPs, Surface Plasmon band measurements were performed and
UV-Vis spectrophotometer (JASCO, V-530), from 350 to 800 nm at a resolution of 64 nm, was
used. The size distributions of the silver NPs were evaluated by DLS using a Nano-ZS Zetasizer
apparatus (Malvern Instruments, United Kingdom). The morphologies and sizes of the Ag NPs
were investigated by HR-TEM. JEM 2010 (Michigan, USA) instrument was used at an
accelerating voltage of 200 kV equipped with selected area electron diffraction facility (SAED).
The samples were prepared by placing a drop of NPs solutions onto a carbon film supported on a
copper grid and by following evaporation of water in air at room temperature. Ag NPs, in the
aqueous medium, were also visualized by hyperspectral microscopy using an enhanced resolution
dark—field microscope system (BX51, Olympus, USA) equipped with CytoViva Hyperspectral

Imaging System (HSI, Auburn, AL) [27]. 20 uL of each sample was deposited on a clean glass
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slide and covered with a coverslip for imaging. Hyperspectral images were acquired using 100%
light source intensity and 0.6 s acquisition time per line. Each pixel of the hyperspectral image
contains a light reflectance spectrum, ranging from 400 to 1000 nm with a spectral step of 1.5 nm.

Each pixel thus has a spectral signature modulated by the nature of the material it contains.
2.3.2. Characterization of hydrogels

DLS was used to assess the micelles formation of hydrogels and their size distribution [28]. For
the DLS analysis, all solutions were prepared in deionized water (mean, n=3) with the
concentration of 5 mg/ml at 40 °C. In order to perform qualitative elemental analysis, scanning
electron microscopy (Quanta 200 FEG, FEI Company, Hillsboro, OR, USA) coupled with energy

dispersive X-ray spectrometry (EDX; Inca Energy System 250, Oxford, UK) was used.

The thermal behavior of the hydrogel samples was determined using a differential scanning
calorimeter (DSC). DSC measurements were performed using a TA Instruments (Discovery series,
New Castle, DE, USA) under N2 flow of 20 ml min~* and a heating rate of 2.5 'C min™* from -30

to 20 °C.

Small amplitude oscillatory shear tests were performed to evaluate the time-dependent response
of the thermosensitive hydrogels and their linear viscoelastic properties i.e. G’ and G’. The
frequency was in the range from 0.01 to 10 Hz. The measurements were carried out through a
rotational rheometer (Mars I1l, HAAKE Rheometer, Waltham, MA, USA), using a parallel plate
geometry. The tests were performed at the controlled temperatures of 20 and 40 °C using a
thermostatic bath. In order to identify the linear viscoelastic response range of the materials,
preliminary strain sweep tests were performed on the samples, at the oscillation frequency of 1 Hz.

The tests were repeated at least three times on each sample. The gelation temperature of the
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formulation was evaluated by monitoring the viscoelastic parameters (G and G”) as a function of
the temperature ranging from 25 to 40 °C at a fixed oscillation frequency of 0.01 Hz. During all
the tests, the samples were placed into a chamber properly designed to avoid solvent evaporation.
For the viscosity analysis, steady state shear test in terms of flow curves was performed to evaluate

the dependence of viscosity upon the shear rate.

The injectability of the thermosensitive hydrogels was evaluated by their ability to be injected
through a 26-gauge (26-G) needle. This was based on the consideration for future in vivo injection,
where needles as small as 26-G are used. To this aim 1 ml syringe (Basik, Denmark) fitted with a
26-G needle (0.4 x 13 mm) was used. The inner syringe diameter and the inner tip diameter were
15.4+0.2 and 1.75 £ 0.1 mm, respectively. The samples were filled into the syringe equipped with

the needle and they were manually injected (Himmelein, Lewe, Stuart, & Ravoo, 2014).

2.4.  Antibacterial activity

Bacterial cell suspensions were prepared, for each tested Gram-positive and Gram-negative
bacteria (Bacillus Subtilis, Staphylococcus Aureus, Pseudomonas Aeruginosa, Escherichia Coli),
using sterile normal saline solution (0.9 % w/v NaOH) to obtain a final concentrations of 10’
CFU/ml by comparison with a 0.5 Mc Farland turbidity standard. Equal weights of each Ag NPs
solution were individually inserted in test tubes, each containing 10 ml of sterile Mueller—Hinton
(MH) broth (composed of g/l: beef extract, 2.0; casein hydrolysate, 17.5 and starch 1.5; pH 7.3 £
0.2). The medium was sterilized by autoclaving for 20 min at 120 °C and 1.5 atmospheric pressure.
After sterilization, each test tube was inoculated with 100 ul of one of the previously prepared
bacterial suspensions and 100 ul of Ag at different concentrations (3.4, 1.7, 0.85 pg/ml) and then

incubated under moderate shaking of 100 rpm at 35 °C for 24 h (treated microorganisms).
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Controlled test tubes, containing the same volume of MH medium without Ag, were inoculated by
using the same inoculum size of the tested strains (untreated microorganisms). The cell growth of
the tested bacteria was determined at the end of the incubation period, based on the optical density
measurements at a wavelength of 620 nm. Results were expressed in terms of their cell dry weight

(CDW) using the relation between the optical density of the cell and their cell CDW [29].

2.5. Cell cultures

In order to test the biological response to our biomaterials, L929 cells originating from Mouse
C34/An connective tissue were obtained from the European Collection of cell cultures (Sigma-
Aldrich, USA) and primary human dermal fibroblasts (HDF, provided by Lonza) were used. L929
cells were grown in T-75 cell culture flask (Falcon, Italy), in cell culture medium Dulbecco’s
Modified Eagle’s Medium (DMEM, Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (penicillin G sodium 100 U/mL, streptomycin 100 pug/mL) at 37°C and 5%
COz. HDF cells were cultured, at passage 5-6, with a complete medium, composed of Eagle’s
minimal essential medium (EMEM) supplemented with 20% FBS, 100 U/ml penicillin, 100 U/mi
streptomycin and 2X non-essential amino-acids. HDF cells were maintained in 100 mm diameter
cell culture dishes in a humidified and controlled atmosphere at 37°C and 5% CO». The medium

was changed every 3-4 days.

2.5.  Cell viability and morphology assay

In order to understand the cells viability, L929 cells were seeded at a density of 6x102 cells/ml on
96-wells (World Precision Instruments, Inc). The thermosensitive hydrogels were sterilized by
steam autoclaving at 121 °C for 20 min. The cells were incubated with 5ul of the formulations SP,

AgSP, SPHA, AgSPHA for each well in triplicate up to 72 h and then Alamar blue assay (AB)
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was performed by adding AB reagent to the samples (at 10% v/v with respect to the medium) and
incubated at 37°C for 4 hours. The absorbance of the samples was measured using a
spectrophotometer plate reader (Multilabel Counter, 1420 Victor, Perkin Elmer) at 570 nm and
600 nm. AB is an indicator dye that incorporates an oxidation-reduction indicator that changes
color in response to the chemical reduction in the growth medium, resulting from cell viability.
L929 seeded wells were used as control. Data are expressed as the percentage difference between
treated and control to evaluate the percentage of reduction (Reduction %), which was calculated

with the following formula:

Reduction (%) = (0x4)~(0142) o 1) (@))

(02%P1)—(01%XPy)

where 01 is the molar extinction coefficient (E) of oxidized AB at 570 nm; 02 is the E of oxidized
AB at 600 nm; Az is the absorbance of test wells at 570 nm; A is the absorbance of test wells at
600 nm; P is the absorbance of control well at 570 nm; P; is the absorbance of control well at 600
nm. The percentage of reduction for each sample was normalized to the percentage of reduction

for the control to obtain the cell viability percentage. [30]

For cell morphology assay, cells were seeded at a density of 1x10* cells/ml on fluorodish-35 mm
(World Precision Instruments, Inc) and 5ul of the formulations SP, AgSP, SPHA, AgSPHA were
incubated for 24 h. Then, samples were washed two times with PBS and fixed with 10%
formaldehyde for 1 hour at 4° C. The fixed cells were permeabilized with Triton X-100 0.1% in
Phosphate-buffered saline (PBS) for 3-5 min. The actin filaments were stained with TRITC
phalloidin (Cayman Chemical Company) in PBS for 30 minutes at room temperature. Finally, after
two washes with PBS to remove unbound phalloidin conjugate, cell nuclei were stained with 4°,6-

diamidino-2-phenylindole, DAPI, (SIGMA-ALDRICH). The samples were observed by confocal
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microscope system (Leica TCS SP8) with a 63X oil immersion objective. Images were acquired

with a resolution of 1024x1024 pixel.
2.6. Wound Healing Assay

The wound healing potential of the realized formulations was assessed by wound healing assay
[31, 32]. To this aim HDF cells were seeded at a density of 5x10* cells/ml on 48-wells (World
Precision Instruments, Inc) to obtain a monolayer of cells. Wound healing assay was performed
by scraping the cell monolayer in a straight line to create a ‘‘scratch’” with a p200 pipet tip. The
debris were removed by washing the cells once with 1 ml of the growth medium and then replaced
with 500 pl of culture medium, which is specific for this in vitro assay. This assay medium is
composed by a lower percentage of FBS (2%) than that used in the growth media, to minimize cell
proliferation but just sufficient to prevent apoptosis and/or cell detachment. After the scraping, 10
ul of the thermosensitive hydrogels prepared in the assay medium were incubated in each well and
placed at 37 °C for 24 and 48 h, and at each time point wells where the thermosensitive hydrogels
were not incubated, were used as control. To study the HDF cells migration, crucial to obtain the
wound closure, images were acquired at time zero, immediately after the scratch, and after 24 and
48 h for each sample in triplicate, using bright-field microscopy. At the different times, wound
area was calculated using the Image J public domain software. The percentage of wound area

reduction or wound closure, expression of the cell migration rate, can be expressed as:

Wound Closure % = (AtA:"—_At) x 100 (2)

t=0

Where A= is the area of the wound measured immediately after scratching and At is the area of
the wound measured h after the scratch is performed. The closure percentage increases as cells
migrate into the scratch over time.
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2.7. Results and discussion

2.7.1. Synthesis and characterization of Ag NPs

The UV absorption spectra of the CSE before and after microwave treatment are presented in Fig.
1A. The monotonic decrease of the UV—-Vis spectrum of CSE before microwave treatment clearly
indicates the absence of Ag NPs while, after microwave treatment, the peak of the Plasmon
absorption at 440 nm reflects the presence of the colloidal dispersion of Ag® NPs. The peak
appearance of the Plasmon absorption represents that Ag* ions were reduced to Ag® NPs. The

absorption band is caused by 4d—5s, p interband transitions as reported in other studies [19, 33].
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Fig. 1 (A) UV absorbance of CSE before and after microwave treatment. Size distribution measurements
by DLS (B) and TEM image (C) of Ag NPs in CSE solution after microwave treatment. The bar for TEM
image represents 20 nm. (D) Visualization of nanoparticles in CSE medium. Hyperspectral images of Ag
NPs by using Dark-field microscopy in visible and near-infrared wavelengths. Hyperspectral images were
acquired using 100% light source intensity and 0.6 s acquisition time per line. Each pixel of the
hyperspectral image contains a light reflectance spectrum, ranging from 400 to 1000 nm with a spectral

step of 1.5 nm.

The particle size of NPs was analyzed with DLS (Fig. 1B), the particles have a narrow size
distribution with a volume mean diameter (VDM) of 49+2 nm. TEM image (Fig. 1C) shows well-
dispersed silver NPs which are spherical in shape with an average size of 131 nm, recorded by
measuring about 100 NPs. The selected area electron diffraction (SAED) patterns obtained for a
representative silver NPs have face-centered cubic (fcc) crystallographic structure. In agreement
with other literature studies [34, 35], there is a difference between DLS and TEM sizes
measurements which is normally attributed to the fundamental difference between intensity and
number-weighted particle size distributions and the differences between the dry and hydrodynamic
radius of particles. Even, if Ag NPs are synthesized by green-methods, the particles size is
comparable with the results of Tamiyakul et al.[36] that used toxic chemicals such as sodium
borohydride (NaBH.) as a reducing agent. The presence of Ag NPs in CSE medium was also
visualised by means of dark field hyperspectral spectroscopy as shown in Fig. 1D. One major
advantage of dark field hyperspectral imaging is to localize Ag NPs at relatively low magnification

(400-1000x) and it is compatible with simpler sample preparations than electron microscopy.

2.7.2. Synthesis and characterization of hydrogels

More than 80% of the world’s population still depends upon traditional medicines for various skin

diseases [37]. Therefore, the aim of this study was to formulate thermosensitive platforms based
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on a plant extract (CSE), Pluronic blends (F68 and F127) and HA with suitable viscoelastic

properties that also possess antibacterial activity with potential application in wound healing.

Here, we report about the preparation of antibacterial thermosensitive HA-based nanocomposite
hydrogels, which offers the advantages of green synthesis of silver NPs in aqueous medium. We
used Pluronic blends, which gel close to body temperature as well as HA to enhance the
biocompatibility of the formulations. Pluronic based hydrogels have attracted the attention for their
potential biomedical application since no organic solvents or toxic crosslinking agents are involved
during gelation. A possible mechanism of Pluronic gelation is driven by the self-assembling
process occuring through a micellization in solution due to polymer-polymer interactions, which

trigger the formation of a semi-solid phase [38].

Micelle formation and size distribution were examined using dynamic light scattering in very
diluted samples and the measurements are presented in Fig. 2A. This analysis evidenced the
presence of a population of micelles and that the presence of Ag NPs leads to a size increase (right
panel vs left panel). Moreover, the presence of HA does not significantly alter the micelle size of
samples. The elemental analysis by EDX of AgSPHA is reported in Fig. 2B. As expected, the
presence of C and O as well as the presence of N, which comes from HA, are highlighted. The
chemical map of carbon (C, red color) presents the appropriate distribution of carbon in the
nanocomposite platform. Therefore, since the carbon comes mostly from HA, the EDX images

confirmed that HA was uniformly dispersed in the hydrogel matrix.
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Fig. 2 (A) Dynamic light scattering (DLS) measurements of the final hydrogels. All solutions were prepared
in deionized water (mean, n=3) with the concentration of 5 mg/ml at 40 °C. (B) Energy dispersive X-ray
(EDX) image to assess the elemental analysis of the AgSPHA thermosensitive nanocomposite hydrogel.
The presence of carbon, oxygen, and nitrogen are depicted (left panel). Carbon map is also presented (right

panel) which confirms appropriate carbon distribution in the nanocomposite system.

The DSC thermogram of the samples are shown in Fig. 3. As it can be seen, two distinct
endothermic peaks (around -10 and 0 °C) were observed for the thermosensitive hydrogels which
are related to the fusion of H>O in the samples. The first peak is associated with the fraction of
water interacting with the Pluronic and HA network, e.g. bound H20, while the second one (around
0 °C) is related to the free water fraction. By integrating each peak, the total heat evolved during

the fusion of H,O as AHi: was calculated, whereas the amount of bound and free water was
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calculated as the ratio between the enthalpies associated to the first (AH1) and the second peak

(AH>), and AH ot as presented in table 1 (Mayol et al., 2011).

Table 2 Bound and free water in percentage for the formulations as calculated by DSC analysis.

Bound water Free water
Acronyms
(%) (%)

SP 35 65
AgSP 40 60
SPHA 34 66

AgSPHA 15 85

For the platforms without Ag NPs, the ratio associated to bound water (in percentage) slightly
reduced upon the addition of HA while the ratio related to free water slightly increased. When Ag
NPs are included in the platforms, the respective reduction and increase of bonded and free water
are higher. These results suggest that the addition of HA into Pluronics platforms hinders the
interactions between water and Pluronics molecules thus favoring Pluronic-Pluronic interactions,
in agreement with literature data (Mayol et al., 2011). Such polymeric interactions are further

promoted by Ag NPs presence (Table 2).

36



A C 0.0 —— SPHA
B g o2
= )
g E
= =
T T 04+
ke T
-0.6
-20 -10 0 10 20
Temperature [°C] Temperature [°C]
B oo _ Do
= 4l —— AgSP] -
(=2} (=]
= = -0.24
=) =
2 044 z
= 2
T T 04
5] [}
T 084 T
0.8 0.6+
-20 -10 0 10 20 20 0 0 10 20
Temperature [*C] Temperature [*C]

Fig. 3 DCS thermogram of the hydrogel samples at 2.5 *C/min: SP (A), AgSP (B), SPHA (C), AgSPHA
(D).

Rheological measurements provide an excellent opportunity to monitor gelation of solutions.
Gelation temperature (Tqe) Was identified as the temperature at which the sample exhibited a
switch from a prevalently viscous behavior (G”>G’) to a prevalently elastic one (G’>G”). The
gelation process of the formulations was evaluated by monitoring the variation of the viscoelastic
parameters upon temperature increase from 20 to 40 °C. The crossover point of elastic (G’) and
viscous moduli (G”) was considered to be the gelation point [39]. The elastic and viscous moduli
of samples, as a function of temperature, at a frequency value of 0.1 Hz are shown in Fig. 4. The
Tger Were approximately 37, 34.5, 33, and 32.5 °C for SP, AgSP, SPHA, and AgSPHA,
respectively. Separate Pluronic solutions, i.e. F127 or F68, do not show a Tge close to the body
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temperature in the concentration range from 10 to 30 wt.% either in water or in CSE. However, by
formulating the blends of Pluronic F127/F68 at specific ratio and concentrations (table 1) it was
possible to obtain platforms with a Tgel close to Tp. These systems are so able to become gel once

in contact with the body and not when stored in shelf and hence they can be easily applied.
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Fig. 4 The sol-gel phase transition by rheological experiments. The increase in G’ over G” represents an
increase in solid over liquid characteristics of the tested sample, which reflects a phase transition into a
“gel” structure. A crossover between the elastic and loss moduli curves (G’ vs G”, respectively) indicates
the gelation temperature. Elastic and viscous moduli as a function of the temperature of SP (A), AgSP (B),
SPHA (C), AgSPHA (D) at a frequency value of 0.01 Hz. Results are the means of three measurements.

SD was always lower than 10%. Error bars were omitted for clarity purpose.
Pluronic blends, thanks to their good tolerability and low irritancy/toxicity, have been utilized in

the biomedical field such as for tissue engineering and drug delivery applications [40, 41]. The
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mechanism of gelation for the Pluronic hydrogels is driven by the self-assembly of Pluronic chains
in solution due to polymer-polymer interactions, which trigger the formation of a semisolid phase.
In particular, with increasing temperature, PPO blocks undergo dehydration, and this in turn
promotes unimer-to-micelle aggregation (Fusco et al., 2006). In addition, HA presence into
Pluronic thermosensitive hydrogels hinders the interaction between water and Pluronic
macromolecules and, hence, enhancing the interactions among macromolecular species resulting
in a Tgel reduction (Mayol et al., 2011). Indeed, the Tqe decreased from 37 (SP) to 33 °C (SPHA)
and from 34.5 (AgSP) to 32.5 °C (AgSPHA) for the systems without and with Ag NPs,
respectively. However, very interestingly, the presence of HA improved significantly the
viscoelastic properties of the final gel as determined through rheological measurements which will
be discussed in the following paragraphs. Moreover, the presence of Ag NPs slightly altered the
rheological properties of the hydrogels and their Tgel (from 37 (SP) to 34.5 °C (AgSP) and from 33
(SPHA) to 32.5 °C (AgSPHA) for the systems without and with HA, respectively). The results
demonstrated that the hydrogels undergo gelation with a Tge close to Ty. The use of CSE as
medium to prepare thermosensitive hydrogels based on HA/Pluronic does not alter gelation

temperature.

The mechanical properties of the formulations were studied through small amplitude shear tests at
temperature both below (20 °C) and above Tgel (40 °C). The mechanical spectra, that is G” and G”
as a function of frequency, as an example for SP and AgSPHA at 20 and 40 °C, are shown in Fig.
5. At20 °C (Fig. 5A and C), G” is always higher than G’ in all the frequency range analyzed which
indicates that the rheological behavior of the formulations is typical of a viscous fluid. On the

contrary, at 40 °C (Fig. 5B and D), the elastic modulus is higher than the viscous one and the
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viscoelastic moduli are quite a frequency-independent showing a rheological behavior

characteristic of a “gel-like material”.
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Fig. 5 Mechanical spectra of SP at 20 °C (A) and 40 °C (B). Mechanical spectra of AgSPHA at 20 °C (C)
and 40 °C (D). (E) Comparison of elastic modulus as a function of frequency of all samples at 40 °C. Results

are the means of three measurements.

Comparison of the elastic moduli of all samples as a function of frequency at 40 °C are presented
in Fig. 5C whereas in table 1 the values of the elastic modulus at 1 Hz are reported. Interestingly,
the addition of HA to the formulations resulted in an increase of G’ from 1284 Pa (SP) to 1593 Pa
(SPHA) and from 1475 Pa (AgSP) to 1900 Pa (AgSPHA). The presence of low molecular weight
HA into CSE and Pluronics blends leads to an improvement of gel mechanical properties with an
increase of elastic modulus in agreement with other literature studies [Mayol et al., 2008, Mayol
et al., 2011]. This indicates that some interactions between Pluronics and HA could occur during
Pluronic gelation process leading to microstructural changes of the sample due to HA presence
[39]. Moreover, further enhancement of gel mechanical properties was achieved by the addition
of Ag NPs. The addition of inorganic silver NPs to these Pluronics based materials lead a further
reinforcement of systems [42]. The presence of HA leads to an improvement of the visocolaestic
moduli and as reported in literature an increase of the mucoadhesive force thus resulting in an
increase of formulations residence time and shearing resistance (Mayol et al., 2008). The hydrogel
containing both HA and Ag (AgSPHA) has the highest mechanical properties associated with Tgel
close to body temperature and, therefore, represents a good candidate for wound healing

applications.

Fig. 6A shows the effect of storage time on the viscosity of AGSPHA hydrogel at 25°C. The sample
that was stored at 4°C for 7 days shows just a slighlty viscosity reduction compared to the samples
at 0 day; but the samples, both before and after the storage, show the same shear thinning behavior.
Indeed, the viscosity decreases upon shearing and reaches a peseudo-newtonian plateau at higher
shear rates. This behaviour is typical of polymeric solutions and physical crosslinked gels and is
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due to the breakage of physical bonds and topological interactions among the polymers chain upon
the shearing. This leads to higher chain mobility and reduction of friction among polymer segments
and the solvent within the hydrogel matrix. The reduction of viscosity at high shear rate and upon
the storage is a preferred characteristic of materials that have to be injected through needles since

it allows an easier injection (Gloria, Borzacchiello, Causa, & Ambrosio, 2012).
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Fig. 6 (A) Shear rate-dependent viscosity changes of AgSPHA composites at 25 °C before and after 7 days

of storage at 4°C. (B) Injectability test using 1 ml syringe fitted with a 26-G needle.

The formulations prepared with phase-sensitive polymers were tested to see if they were injectable

through a 26-G needle (Fig. 6B). The hydrogels that can be injected through the needle were
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considered as being injectable. This injectability criterion was based on the consideration that
many clinical applications employ needles as small as 26-G (Himmelein, Lewe, Stuart, & Ravoo,
2014). The results showed that all thermosensitive hydrogels were injectable through a 26-G

needle.

2.7.3. Antibacterial properties

Antibacterial activities of Ag NPs against several types of gram-positive and gram-negative
bacteria are shown in Fig. 7. The antibacterial capability of the samples is expressed as bacterial
reduction percentage in comparison with the control one. The control samples showed no growth
inhibition. The results revealed that samples containing Ag NPs > 1.7 pg/ml have an excellent
growth inhibitory effect (approximately 100%) against all the tested microorganisms. However, at
low concentration (0.85 pg/ml), the samples did not show antibacterial activity toward E. coli and
B. subtilis. The antibacterial assay confirmed the capability of the samples in reducing bacterial
growth in comparison with the control, and, as expected, improved antimicrobial properties were

obtained upon increasing the Ag content.
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Fig. 7 Antibacterial activity of different concentration of Ag NPs against Gram-positive (B. subtilis, S.
aureus) and Gram-negative (P. aeruginosa, E. coli) bacteria after 24 h The data are representative of 3

experiments in triplicate.

2.7.4. Cell viability and morphology

In order to investigate the biocompatibility of the thermosensitive hydrogels, L929 cells viability
was evaluated by Alamar blue assay. It is clear from the results in Fig. 8A that the thermosensitive
hydrogels samples (SP, Ag SP, SPHA, AgSPHA) showed good safety (cytocompatibility) against

L929 cell lines after 24 and 72 h compared to the untreated control. After 24 h of incubation with
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all formulations, L929 cells viability is around 100%, noting a cellular viability over 100% for the
SP sample. At 72 h for SP sample, which does not contain HA and Ag NPs, the viability had a
further increase. Conversely, for the other formulations, the viability decreased slightly at 72 h. In
particular, the viability percentage decreases from 100 to 80 for AgSP, and from 101 to 85 for
SPHA, as well as from 110 to 70 for AgSPHA. The collected results indicated that no prepared
formulations are cytotoxic for the cells, proving good in vitro biocompatibility. According to
previous studies in the literature, it has been demonstrated that HA/Pluronic hydrogels do also
possess in-vivo biocompatibility. For instance, Lee et al. [43] developed dopamine-modified
HA/Pluronic hydrogels and injected into 6-week-old mice. Inflammatory response and fibrosis
were hardly visible after three weeks indicating that the hydrogels were biocompatible and non-

immunogenic.

The biocompatibility of the realized thermosensitive hydrogels was also confirmed by cells
morphology. Actin filaments, a constituent of the cytoskeleton, were stained with TRIC phalloidin
after 24 h. of incubation with SP, Ag SP, SPHA, AgSPHA hydrogels. L929 cells, indeed, exhibited
a no cytotoxicity and typical mouse fibroblast-like cellular morphology after incubation with the
formulations (Fig. 8B). Their morphology was alike to the characteristic in vitro L929 cells
morphology that is spread or spindle-shaped, often characterized by several extending processes,

showing cells protrusion adhering at the flat surface.
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Fig.8 (A) Cytotoxicity of samples at 24 and 72 h. p-value < 0.05 for the same symbol as compared to SP.
All results are presented as mean + standard deviation. The data are representatives of three repeated. (B)
Cell morphology for the control and thermosensitive hydrogels after 24 h. In Green Actin filaments stained
by phalloidin-TRIC and in Blue DAPI stained nuclei cells. The typical cellular morphology of L929 cell
lines was used. All bars represent 50 um, except control which is 100 pm (up left).

2.7.5. Wound Healing Assay
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Wound healing on the skin is an evolutionarily conserved, highly coordinated, spatiotemporally
regulated process. It occurs over the sequential yet overlapping phases of hemostasis,
inflammation, proliferation, and remodeling, and involving multiple cell types including
keratinocytes, fibroblasts, and immune, endothelial, and progenitor cells. These steps involve
multiple cellular and molecular events tightly controlled by numerous growth factors, chemokines,
cytokines, and interleukins, are required to coordinate cell-cell and cell-extracellular matrix (ECM)
interactions essential to fully heal a wound [44]. It has been reported in several works the potential
of nanomaterials to improve the wound healing process, indeed, nanoscale particles provide for a
high probability of interaction with the biological target and an enhanced penetration into the
wound sites. Moreover, nanomaterials could exhibit intrinsic properties beneficial for wound
treatment and are employed as delivery vehicles for therapeutic agents [45]. For this purpose, the
in vitro wound healing assay of the realized thermosensitive corn silk extract-nanosilver hydrogels
was performed on HDF cells. Representative bright-field images (Fig. 9A) show HDF cells,
immediately after reproducing the scratch area (time 0) and after 24 and 48 h of incubation with
CSE, SPHA, and AgSPHA formulations compared with the control without biomaterials. As it can
be seen from Fig. 9B, the wound surface area decreases with the time increase (from 24 to 48 h)
for all tested formulations and control but at 48 h for the formulations the wound area decreases
from about 70 um? to about 20 um? while for the control the area decreases only to 40 pm?.
Interestingly we can observe that already at 24 h the wound area for the AQSPHA sample decreased
at about 30 pm?. Accordingly, the wound closure percentage (Fig. 9C) increases with the time
increase after exposure to biomaterials and in particular at 48 h the wound closure of tested
formulations (80%) increases up to twice compared to the control (40%). Similarly, to the wound

area results, already at 24 h the wound closure is about 60% for AGSPHA.. These results point out
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the effect of the realized nanomaterials in speeding up the wound healing process. The individual
biomaterials used in this assay could affect positively the wound healing process. The intrinsic
antibacterial properties of silver nanoparticles may be able to mitigate inflammation through
cytokine modulation and induce wound healing. Pluronics and more in particular HA, a
physiological constituent of human tissues, mimicking the ECM properties, are able to improve
cell migration speed, division, ECM production, and proliferation rate, highlighting the importance
of the cell microenvironment to enhance wound healing process. However, the innovative
component and the common denominator in these tested formulations is represented by CSE. The
wound healing assay results show that CSE alone has a positive effect on wound repair. Taken all
together the results highlight that CSE has dual function, it acts as medium for green synthesis of

Ag nanoparticles along with improving the wound healing ability of the formulations.
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Fig. 9 A) Representative bright-field images show HDF cells migration after the scratch at time 0 and after
24 and 48 h of CSE, SPHA, AgSPHA incubation compared with controls. (B) Wound area expressed as the
remaining area uncovered by the cells. The scratch area at time point 0 hours, and after 24 and 48 h of CSE,

51



SPHA, AgSPHA incubation. (C) Wound closure expressed as the percentage of the closure of the scratched
gap after 24 and48 h of CSE, SPHA, AgSPHA incubation. Results are the means of three measurements.
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Abstract

Injectable hydrogels have revealed the great potential for use as scaffolds in cartilage and bone
tissue engineering. Here, thermosensitive and injectable hydrogels containing B-tricalcium
phosphate, hyaluronic acid, and corn silk extract-nanosilver (CSE-Ag NPs) were synthesized
for their potential use in bone tissue regeneration applications. Spherical nanoparticles of silver
were biosynthesized through microwave-assisted green approach using CSE in organic
solvent-free  medium. Rheological experiments demonstrated that the thermosensitive
hydrogels have gelification temperature (Tge) close to body temperature. The samples
containing Ag NPs showed antibacterial activity toward gram-positive (Bacillus Subtilis,
Staphylococcus Aureus) and gram-negative (Pseudomonas Aeruginosa, Escherichia Coli)
bacteria along without cytotoxicity after 24 h. Mesenchymal stem cells seeded in the
nanocomposite exhibited high bone differentiation which indicate that they could be a good

candidate as a potential scaffold for bone tissue regeneration.

Keywords: Thermosensitive hydrogels, bone tissue engineering, green synthesis, antibacterial

properties, corn silk extract
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3.1. Introduction

3.1.1. Scaffolds

Evidences of clinical needs related to bone reconstruction date back to ancient Egypt and made
their ways up-to-date. A more rigorous scientific method has been followed since 1889, when
“modern” researchers began to focus their efforts on what can be defined as the early bone
tissue regeneration [1]. Even if nowadays we are talking about several hundred millions of
surgical intervention per year, worldwide, the current clinical gold standard for the treatment
of critical sized and non-union bone defects still remains autograft bone. Being advantageous
for immunocompatibility, autografts nevertheless carry a wide spectrum of risks such as
general anaesthesia, complex surgical manoeuvres, secondary infections, secondary fractures,
pain, site morbidity, etc.; since they lead to high percentage of failure (more the 10%) and that
are also followed by important costs increases [2-4]. Furthermore, it is generally accepted that
not all the defects can be addressed, particularly the bigger ones, as far as few healthy sites can
be harvested without loss of function [4].

The need of adequate bone substitutes for the remodeling of native bone tissue is hence evident
and sees a wide spectrum of proposed solutions, belonging to academia, clinics and industry
[5].

In this framework, surgeons can choose from substitutes that can be divided into three main
categories, a part from autografts:

1) allografts, i.e. bone segments taken from cadavers and duly sterilized;

2) xenografts, i.e. bone segments taken from animal bones (bovine, equine, porcine, etc.),
duly acellularized and sterilized;

3) synthetic scaffolds.
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Allografts derived from cadavers bone have been an accepted alternative, but concerns related
to diseases transmission, toxicity associated with sterilization needed methods, immunologic
rejection risks and very high sample variability are progressively leading to other alternatives,
when these are available; the challenge still remains an open scientific and clinical topic but
current focus remains on autografting versus xenografts and synthetic ones [1].

Cartilage and subchondral bone damage can be caused by a variety of conditions, such as
trauma, arthritis, and sports-related injuries. Bone defects are one of the leading causes of
morbidity and disability in elderly patients.18 Medical restoration of the damaged cartilage and
bone tissue remains to be achieved. Therefore, developing a method to perfectly and
permanently repair the damaged cartilage and bone tissue is of significant clinical interest for
patients with cartilage lesions and bone defects. To fully reconstruct the damaged cartilage and
bone tissue, it is important to synthesize biocompatible and biodegradable scaffolds that mimic
the native features of the specific tissue, successfully transport cells and growth factors to the

damaged tissue, and provide support to the newly formed tissue until it matures [6-10].

The scaffold, by definition, is a temporary supporting structure for growing cells and tissues.
It is also called synthetic extracellular matrix (ECM) and plays a critical role in supporting
cells. These cells then undergo proliferation, migration, and differentiation in three dimensions,
which leads to the formation of a specific tissue with appropriate functions as would be found
in the human body. To facilitate these measures, the scaffold should possess a few basic

characteristics.

Synthetic bone graft materials available as alternatives to autogenous bone for repair,
substitution or augmentation include: metals; resorbable and non-resorbable polymers; inert
ceramics (e.g., alumina, zirconia); special glass ceramics described as bioactive glasses;
calcium sulfates, calcium carbonates and calcium phosphates (CaP). These inorganic materials

differ in composition and physical properties from each other and from bone. Since bone
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mineral is made of non-stoichiometric and polysubstituted CaP apatite, CaP materials were
rapidly preferred as they can be part of the bone remodeling process. Based on composition,
synthetic calcium phosphates presently used as biomaterials are classified as calcium
hydroxyapatite (HA), Ca10(PO4)s(OH)2; and alpha- or beta-tricalcium phosphate (a- or b-TCP),
Cas(PO4)2 [11]. In fact, in bone tissue engineering, biomimetic scaffolds comprising calcium
phosphate bioceramics, e.g. B-tricalcium phosphate (B-TCP) and hydroxyapatite, are aimed to
serve as an artificial temporary extracellular matrix in order to support cell adhesion and guide

new bone tissue formation [12-14].

The following section highlights the general characteristics of a scaffold that are desirable for
most tissue engineering applications [15]. Biomedical scaffolds for tissue engineering should

meet several design criteria [7, 16, 17]:

e The surface should permit cell adhesion, promote cell growth, and allow the retention
of differentiated cell functions;

e The scaffolds should be biocompatible, neither the polymer nor its degradation by-
products should provoke inflammation or toxicity in vivo;

e The scaffold should be biodegradable and eventually eliminated;

e The implanted scaffold must have sufficient mechanical integrity to function from the
time of implantation to the completion of the remodeling process. A balance between
mechanical properties and sufficient porous architecture to allow cell infiltration and
vascularization is key to the success of any scaffold;

e The porosity should be high enough to provide sufficient space for cell adhesion,
extracellular matrix (ECM) regeneration and minimal diffusional constraints during
culture, and the pore structure should be interconnected to allow even spatial

homogeneous tissue formation. Cells primarily interact with scaffolds via chemical
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groups (ligands) on the material surface. Scaffolds synthesized from natural
extracellular materials (e.g. collagen) naturally possess these ligands in the form of Arg-
Gly-Asp (RGD) binding sequences, whereas scaffolds made from synthetic materials
may require deliberate incorporation of these ligands through, for example, protein
adsorption. The ligand density is influenced by the specific surface area of pores to
which cells can adhere. Pores thus need to be large enough to allow cells to migrate
into the structure, where they eventually become bound to the ligands within the
scaffold, but small enough to establish a sufficiently high specific surface, leading to a
minimal ligand density to allow efficient binding of a critical number of cells to the
scaffold. Therefore, for any scaffold, a critical range of pore sizes exists which may
vary depending on the cell type used and tissue being engineered;

e The material should be reproducible and processable into three-dimensional structures
with properties or design variables tailored for the intended scaffold application and
environment into which the scaffold will be placed.

For tissue scaffold applications the following key properties can be analyzed:

e Physical properties (compressive stress and modulus, storage and loss modulus,
porosity, density and swelling ratios)

e Degradation properties (enzymatic degradation, swelling studies)

e Biological properties (in vitro and in vivo studies, cell culture, histology,
immunology)

3.1.2. Injectable hydrogels

Recently, injectable hydrogel scaffolds have attracted the attention of biomaterials scientists
for cartilage- and bone tissue-engineering applications, because they can replace implantation

surgery with a minimally invasive injection method and can form any desired shape, to match
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irregular defects [18-20]. The schematic describing injectable hydrogels for cartilage- and bone
tissue-engineering applications is illustrated in Fig. P1. Excellent biomaterials and appropriate
fabrication methods play crucial roles in developing ideal injectable hydrogels that can function
as scaffolds for cartilage and bone tissue-engineering applications. A variety of biomaterials,
both natural and synthetic, have been exploited to prepare injectable hydrogels; these
biomaterials include chitosan [18], collagen or gelatin[20, 21], alginate [22], hyaluronic acid
[23, 24], heparin [25], chondroitin sulfate [26], poly (ethylene glycol) (PEG) [27], and

poly(vinyl alcohol) [28].

Smart injectable hydrogels that are sensitive to temperature changes have recently attracted
substantial attention for applications in cartilage tissue engineering, because of their gelation
ability at physiological temperature. These injectable hydrogels are present in aqueous form at
room temperature, but they rapidly gel at physiological temperature before solidifying in the
desired tissue [29, 30]. The threshold temperature at which hydrogels transform from a solution
to a hydrogel state is defined as the lower critical solution temperature. The most useful
characteristic of temperature-sensitive hydrogels is that they can undergo a phase transition
without any chemical stimulus. To date, the most common explanation of the phase transition
mechanism of temperature-sensitive injectable hydrogels is that when the temperature changes,
there is a change in the hydration state favoring intra- and intermolecular hydrogen bonding,

thus eventually changing the hydrogel solubility [31, 32].
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Fig P1. Schematic illustration of approaches to make injectable hydrogels for cartilage- and bone tissue-

engineering applications [10].

Various biomaterials have been exploited for the fabrication of injectable hydrogel scaffolds
for cartilage tissue engineering applications, including natural biomaterials and synthetic
biomaterials. Natural biomaterial-based injectable hydrogels have been widely investigated

because of their perfect biocompatibility, biodegradability, and similarity to the ECM [10].

Hyaluronic acid, which interacts with chondrocytes through surface receptors such as CD44
and RHAMM [33], is a linear polysaccharide in the adult cartilage ECM and is composed of
disaccharide units of glucuronic acid and N-acetylglucosamine [34]. Hyaluronic acid plays

very important roles in cartilage and limb bud formation, mesenchymal cell condensation,
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chondrocyte matrix deposition, and chondrogenic differentiation [35]. Therefore, hyaluronic
acid is regarded as an ideal biomaterial for cartilage tissue repair. Yu et al. [36] have fabricated
an injectable hyaluronic acid/PEG hydrogel with excellent mechanical properties for cartilage
tissue engineering. Cells encapsulated in the hydrogel in situ demonstrate high metabolic
viability and proliferation. In addition, taking advantage of its biocompatibility, structural
similarity to glycosaminoglycan, and ready formation of ionic complexes of chitosan, Park et
al. [37] have successfully fabricated an injectable chitosan—hyaluronic acid hydrogel utilizing
hyaluronic acid and methacrylated glycol chitosan. Chondrocytes encapsulated in the hydrogel
show excellent proliferation and increased deposition of cartilaginous ECM; considering these
results, this hydrogel has great potential for cartilage tissue repair. The physical and
degradation properties of HA based scaffolds largely depend on the molecular weight of HA,
whether HA is composited with another polymer, degree of grafting, crosslinker type and
crosslink densities. Biological properties are largely influenced by interactions with cell surface

receptors [8].

However, infections during or post scaffold transplantation are still challenging as they reduce
the efficacy of bone healing [38]. After the transplantation, infections may also be distributed
to the scaffold from other sources of inflammation through bloodstream [39]. In fact, the ideal
tactic for bone regeneration is that tissue integration occurs prior to bacterial adhesion, thereby
preventing material colonization for bacterial species. The growth of antibiotic-resistant
bacterial strains has encouraged the researchers to develop novel antibacterial strategies [40].
Besides, the administration of antibiotic only possesses an initial burst followed by short
antibiotic release and efficiency [41]. Hence, materials containing antimicrobial compounds,
such as quaternary ammonium salts [42-44], TiO2[45], and silver nanoparticles (Ag NPs) [46]

have been utilized to overcome infection. Between these compounds, Ag NPs have shown a
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strong capability to inhibit or decline infections and have been also utilized for bone

regeneration applications [47].

Methodologies of NPs synthesis

There are two approaches for synthesizing nanomaterials: top-down and bottom-up approaches
(Table M1). “Top down” and “bottom up” are the two unique methodologies for the
amalgamation of NPs. In top-to-bottom approach, suitable bulk material is broken down into
smaller fine particles by size reduction using various techniques like grinding, milling,
sputtering, thermal/laser ablation, etc. while in bottom-to-top approach, NPs are synthesized
using chemical and biological methods by self-assembly of atoms to new nuclei, which grow
into nanosize particles while the “bottom-up” methods include chemical reduction,

electrochemical methods and sonodecomposition [1, 48, 49].

Physical approach

Physical approach for synthesizing NPs is mainly “top-down” approach in which the material
is reduced in size by various physical approaches like ultra-sonication, microwave (MW)
irradiation, electrochemical method etc. In this approach, a tube heater is utilized at
barometrical weight for integrating NPs by evaporation condensation. Evaporation
condensation and laser removal are the most essential physical methodologies. The source
material inside a pontoon focused at the heater is vaporized into a bearer gas. Utilizing this
dissipation build-up procedure different NPs of Ag, Au, PbS and Cd have been synthesized
and reported already [48]. It should be noted that the materials employed for synthesis of
nanostructures determine toxicity. For example, conversion of metal ions to metal
nanoparticles using a plant extract with microwave-assisted approach is classified as a green

method because the reducing- and stabilizing-agents are derived from non-toxic plant extracts.
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Table M1. Techniques for synthesis of metal nanomaterials. The “assisted-methods” may be used for both green synthesis and chemical synthesis.

The materials employed for synthesis of nanostructures determine toxicity.
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Chemical approach

In the chemical approach, the main components are the metallic precursors, stabilizing agents and
reducing agents (inorganic and organic both). Reducing agents such as sodium citrate, ascorbate,
sodium borohydride (NaBH4), elemental hydrogen, polyol process, tollens reagent, N,N-
dimethylformamide (DMF) and poly(ethylene glycol)- block copolymers are used [50]. Solvents
and reducing operators utilized for the reduction of the NPs have great effect on morphology of
incorporated particles like their size, physicochemical properties, shape and this morphology

impacts on the utilization of NPs [51].

Green synthesis

Traditional methods are used from past many years but researches have proved that the green
methods are more effective for the generation of NPs with the advantage of less chances of failure,
low cost and ease of characterization. Physical and chemical approaches of synthesizing NPs have
posed several stresses on environment due to their toxic metabolites. Plant-based synthesis of NPs
is certainly not a troublesome procedure, a metal salt is synthesized with plant extract and the
response is completed in minutes to couple of hours at typical room temperature. This strategy has
attracted much more attention amid the most recent decade particularly for silver (Ag) and gold
(Au) NPs, which are more secure as contrasted with other metallic NPs. Generation of NPs from
green techniques can be scaled up effortlessly and they are fiscally smart too. In light of their
exceptional properties the greenly orchestrated NPs are currently favored over the traditionally
delivered NPs. Use of more chemicals, which are harmful and toxic for human health and
environment, could increase the particle reactivity and toxicity and might cause unwanted adverse

effects on health because of their lack of assurance and uncertainty of composition [50]. Green
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methods of synthesis are significantly attractive because of their potential to reduce the toxicity of
NPs. Accordingly, the use of vitamins, amino acids, plants extracts is being greatly popularized

nowadays [51].

Green chemistry may be used for obtaining new metal nanoarchitectures with controlled
shape and size. These nanomaterials are less toxic when compared to nanoarchitectures synthetized
by conventional methods using sodium citrate, ascorbate, sodium borohydride, CTAB or Tollens
reagent. Green chemistry is a low cost and efficient approach for synthesis of metal NPs. However,
there are several concerns including acute and chronic toxicity, immunogenicity, biodegradability,
bioaccumulation, disease-targeting ability, as well as scalable industrial production that are yet to

be addressed before green synthesis can be scaled up for industrial applications [50, 52].

The use of green chemistry for synthesizing new metal nanoarchitectures has been a target of
intense research over the last decade. Plant-based materials, e.g. plant extract, have been used in
this capacity as stabilizing agents and for reduction of metal ions, such as conversion of Ag* to
Ag® (Ag NPs) or from Au* to Au® (Au NPs)®. There are five routes for synthesizing metal
nanostructures using Plant-based materials: a. ambient condition such as mixing at room
temperature; b. temperature-assisted method such as hydrothermal and regular heating using
thermal stirrer; c. microwave-assisted technique; d. sonochemistry by means of ultrasonics; e.
photochemistry by means of UV-visible light irradiation. The methods for green synthesis of

metallic and metal oxide nanostructures via the use of various gums are summarized in Fig. 2.
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Fig. 2. Different methods for green synthesis of metallic and metal oxide nanostructures using various

gums.

Corn silk extract (CSE), which is a waste material of the crop, has been used for the green synthesis
of silver NPs as both bioreducing and capping agent, thus, allowing the elimination of any other
toxic organic solvents and chemical agents [53]. In vivo study revealed that CSE is also effective
to repair the histological profile of ovariectomized rat bone [54].Considering the properties of 3-
TCP, HA, and Ag NPs, our work aimed to fabricate thermosensitive biocomposite hydrogels for
bone tissue repair to be easily injected which possess antimicrobial functions to prevent infection.
Therefore, here, we produced silver nanoparticles by using CSE in an aqueous medium via
microwave-assisted approach in an organic solvent-free process that is completely biocompatible

and nontoxic. Subsequently, the Ag NPs were included in Pluronic/HA/B-TCP/CSE hydrogels to
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formulate thermosensitive nanocomposites with sol/gel transition at body temperature for potential

use in bone regeneration (Figure M3).

©
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Figure M3 Schematic representation of injection of the thermosensitive nanocomposite containing [-
tricalcium phosphate for bone tissue regeneration.

Materials and methods

Materials

Hyaluronic acid (HA) with a weight-average molecular weight (Mw) of 112 kDa was kindly
provided by Altergon Italia. Pluronic F68 and F127, B-tricalcium phosphate (B -TCP) silver nitrate

(AgNO3), and NaOH were purchased from Sigma-Aldrich.
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1.1.Plant materials and preparation of corn silk extract

High quality of corn silk was purchased from a local farm in Egypt. Corn silk was collected,
washed several times and dried in an oven at 40 °C before use. The dried corn silk fibers were
grinded into a fine powder (mesh size 60 um). Afterward, pulverized in a knife mill and sieved
into a particle size of 0.4 um and, then, kept refrigerated in glass containers before further

processing.

The corn silk powder was then processed to obtain CSE as reported in the literature [53]. Briefly,
5 g of the dried powder of corn silk was added to 50 ml of deionized water. The mixture was heated
at 80 °C for three h. Then, the corn silk mixture was filtered through Whatman No. 42 filter paper
to remove the fibers and get the corn silk extract (CSE). Finally, the CSE was stored at 4 °C until

it was used for the experiments.

Biosynthesis of Ag NPs

The biosynthesis of silver NPs was conducted by microwave irradiation of silver nitrate employing
green chemistry approach in an organic solvent-free medium (Figure 2A). Briefly, 10 g of CSE
was mixed with 1 ml of silver nitrate aqueous solution (3.4 pg/ml) in Erlenmeyer flask and then
were treated by microwave (700 w) for 180 s. A pulsed mode of on 5 s, off 5 s was applied to
prevent intense boiling and aggregation of Ag NPs. The biosynthesized NPs in CSE were stored

at 4 °C for further characterization.

Preparation of thermosensitive hydrogels

The hydrogels were prepared by adding of B-TCP (2% wt.), Pluronics F127 (15% wt.), and F68

(15% wt.) in silk extract with and without Ag NPs by mixing under continuous stirring at 4 °C.

71



Subsequently, HA was added to the previous mixture at room temperature to obtain the
concentration of 1% wt. of HA. The hydrogels with and without Ag NPs are termed as HCPAg
and HCP, respectively. The composition of the hydrogels was previously optimized by rheological
analysis to obtain a gelification temperature (Tge1) around body temperature. To clarify the effect
of corn silk extract (CSE) on gelation temperature, another sample without CSE and Ag was
prepared and termed as “HWP” and its rheological characterizations were followed and presented

in Figure S1 and S2.

Measurements

Characterization of Ag NPs
To assess the formation of Ag NPs, surface Plasmon band measurements were performed using
UV-Vis spectrophotometer (JASCO, V-530), from 350 to 800 nm at a resolution of 64 nm. The
size distributions of the silver NPs were evaluated by dynamic light scattering (DLS) using a Nano-
ZS Zetasizer apparatus (Malvern Instruments, United Kingdom). The morphologies and sizes of
the Ag NPs were investigated by HR-TEM. JEM 2010 (Michigan, USA) instrument at an
accelerating voltage of 200 kV. The samples were prepared by placing a drop of NPs solutions
onto a carbon film supported on a copper grid and following evaporation of water in the air at

room temperature.

Characterization of hydrogels
DLS was also used to determine the micelles formation of hydrogels and their size distribution.
For the DLS analysis, all solutions were prepared in deionized water (mean, n=3) with a
concentration of 5 mg/ml and were heated to 40 °C. In order to perform qualitative elemental

analysis, scanning electron microscopy (Quanta 200 FEG, FEI Company, Hillsboro, OR, USA)
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coupled with energy dispersive X-ray spectrometry (EDX; Inca Energy System 250, Oxford, UK)

was used.

Thermal analysis
The thermal behavior of the samples was determined using a differential scanning calorimeter
(DSC). DSC measurements were performed using a TA Instruments (Discovery series, New
Castle, DE, USA) under N flow of 20 ml min™t and the heating rate of 2.5 'C min~* from -30 to

20 °C.

Thermal stability of the formulations was examined by thermogravimetric/differential
thermogravimetric analysis (TGA/DTG) using TGA Q500 (TA instrument, New Castle, DE,
USA). The weight change of each sample was evaluated by TGA as a function of the temperature
from ambient temperature to 500 °C at 10 °C/min! in a nitrogen atmosphere (flow of 20 mL/min).

In DTG, the onset, endset, peak temperature of each peak were recorded.

Rheological experiment
Small amplitude oscillatory shear tests were performed to evaluate the time-dependent response
of the thermosensitive hydrogels and their linear viscoelastic properties i.e. elastic (G’) and viscus
(G’’) modulus. The frequency was in the range from 0.01 to 10 Hz. The measurements were carried
out through a rotational rheometer (Mars 111, HAAKE Rheometer, Waltham, MA, USA), using a
parallel plate geometry at 20 and 40 °C. In order to identify the linear viscoelastic response range
of the materials, preliminary strain sweep tests were performed on the samples, at the oscillation
frequency of 1 Hz. The tests were repeated at least three times on each sample. To evaluate the
gelation temperatures and to optimize the composition preliminary, the viscoelastic parameters

were monitored as a function of the temperature from 25 to 40 °C at a fixed oscillation frequency
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of 0.01 Hz. During all the tests, the samples were placed into a chamber properly designed to avoid
solvent evaporation. Steady-state shear test in term of flow curves was performed to evaluate the

dependence of viscosity upon the shear rate.
Antibacterial assay

Bacterial cell suspensions were prepared, for each of the four tested gram-positive and gram-
negative bacteria (Bacillus Subtilis, Staphylococcus Aureus, Pseudomonas Aeruginosa,
Escherichia Coli), using sterile normal saline solution (NaCl 0.9% w/v) to obtain a final
concentration of 10’ CFU/ml by comparison with a 0.5 Mc Farland turbidity standard. Equal
weights of each film were individually inserted in test tubes, each containing 10 ml of sterile
Mueller—Hinton (MH) broth (composed of g/l: beef extract, 2.0; casein hydrolysate, 17.5 and
starch 1.5; pH 7.3 £ 0.2). The medium was sterilized by autoclaving for 20 min at 120 °C and 1.5
atmospheric pressure. After sterilization, each test tube was inoculated with 100 ul of one of the
previously prepared bacterial suspensions and 100 pl of samples containing different
concentrations of Ag (3.4, 1.7, 0.85 pg/ml) and then incubated under moderate shaking of 100 rpm
at 35 °C for 24 h (treated microorganisms). Controlled test tubes, containing the same volume of
MH medium without Ag, were inoculated by using the same inoculum size of the tested strains
(untreated microorganisms). The cell growth of the tested bacteria was determined at the end of
the incubation period, based on the optical density measurements at a wavelength of 620 nm.
Results were expressed in terms of their cell dry weight (CDW) using the relation between the

optical density of the cell and their cell CDW [14, 55].

Cell cultures
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In order to test the biological response to our injectable hydrogels, L929 cells originating from
Mouse C34/An connective tissues were obtained from the European Collection of cell cultures
(Sigma-Aldrich, USA) and Human Mesenchymal Stem Cells, extracted from umbilical tissue, and
in particular from Wharthon Jelly (hUCMSCs) were used. L929 cells were grown in T-75 cell
culture flask (Falcon, Italy), in cell culture medium Dulbecco’s Modified Eagle’s Medium
(DMEM, Hyclone, USA) supplemented with 10% fetal bovine serum (FBS) and antibiotics
(penicillin G sodium 100 U/mL, streptomycin 100 pg/mL) at 37°C and 5% CO2. hUCMSCs cells
were cultured, at passage 1-6, with a complete medium, composed of DMEM supplemented with
10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin and. hUCMSCs cells were maintained in
100 mm diameter cell culture dishes in a humidified and controlled atmosphere at 37°C and 5%

CO2. The medium was changed every 3-4 days.
Cell viability and morphology assay

In order to understand the cells viability, L929 cells were seeded at a density of 6x10° cells/ml on
96-wells (World Precision Instruments, Inc). The thermosensitive hydrogels were sterilized by
steam autoclaving at 121 °C for 20 min. The cells were incubated with 5pl of the formulations H,
HCPAg for each well in triplicate up for 1, 3, 7 and 10 days of cells culture and then Alamar blue
assay (AB) was performed by adding AB reagent to the samples (at 10% v/v with respect to the
medium) and incubated at 37°C for 4 hours. The absorbance of the samples was measured using a
spectrophotometer plate reader (Multilabel Counter, 1420 Victor, Perkin Elmer) at 570 nm and
600 nm. AB is an indicator dye that incorporates an oxidation-reduction indicator that changes
color in response to the chemical reduction in the growth medium, resulting from cell viability.

L929 seeded wells were used as a control. Data are expressed as the percentage difference between
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treated and control to evaluate the percentage of reduction (Reduction %), which is calculated with

the following formula:

Reduction (%) = (02x4)~(0:1x43) 10 (1)

(02XP1)—(01%XPy)

where 01 is the molar extinction coefficient (E) of oxidized AB at 570 nm; Oz is the E of oxidized
AB at 600 nm; A: is the absorbance of test wells at 570 nm; A is the absorbance of test wells at
600 nm; Py is the absorbance of control well at 570 nm; and P; is the absorbance of control well
at 600 nm. The percentage of reduction for each sample was normalized to the percentage of

reduction for the control to obtain the cell viability percentage [56].

For cell morphology assay, cells were seeded at a density of 1x10* cells/mL on fluorodish-35 mm
(World Precision Instruments, Inc) and 5ul of the formulations HCP and HCPAg were incubated
for 24 h Then, the samples were washed two times with PBS and fixed with 10% formaldehyde
for 1 hour at 4 °C. The fixed cells were permeabilized with Triton X-100 0.1% in Phosphate-
buffered saline (PBS) for 3-5 min. The actin filaments were stained with FITC phalloidin (Cayman
Chemical Company) in PBS for 30 minutes at room temperature. Finally, after two washes with
PBS in order to remove unbound phalloidin conjugate, cell nuclei were stained with 4°,6-
diamidino-2-phenylindole, DAPI, (SIGMA-ALDRICH). The samples were observed by confocal
microscope system (Leica TCS SP8) with a 63X oil immersion objective. Images were acquired

with a resolution of 1024x1024 pixel.
Bone tissue regeneration

DNAV/alkaline phosphatase activity (ALP) measurement, Alzarin Red S (ARS) and human

osteocalcin protein (Ocn/B.G.P.) expression analysis were used to evaluate the osteogenic
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expression of hUCMSCs incubated with 5 pl of the injectable hyaluronic acid/corn silk extract-
Ag based nanocomposite dissolved in Basal media, and Osteogenic media. Osteogenic media were
obtained by addition of 10% FBS, 8mM L-glutamine, 100 U/ml penicillin, 100 mg/ml
streptomycin, 20 mM B-glycerol phosphate, 50 mM ascorbic acid, 100 nM dexamethasone to the
basal media, DMEM. hUCMSCs were incubated at a density of 50 000 cells/mL in a 24-wells and
the osteogenic and basal medium was changed every 3 days. For the DNA/ALP test,

the samples were washed gently with ice-cold PBS, followed by washing with cold 1x assay buffer
(BD Biosciences, Milano, Italy). The ALP activity was evaluated onto the cell lysates (50 ul) and,
accordingly, the cultures were treated with 1x lysis buffer with 0.2% of Triton X-100. To correct
the ALP values for the number of cells present on each scaffold, double-stranded DNA (dsDNA),
as a marker for the cell number, was measured using a PicoGreen_dsDNA quantification Kit
(Invitrogen). To this aim, first, 100 ul of diluted Picogreen dsDNA quantification reagent was
added to 100 pl of cell lysates in a flat-bottomed 96-well plate. After 10 min of incubation, the
fluorescence of Picogreen was determined at a wavelength of 520 nm after excitation at 585 nm
using a spectrophotometer (Victor X3, Perkin-Elmer, Italy). dsSDNA was quantified according to a
calibration curve of I-dsDNA standard in 10 mM Tris, 1 mM EDTA at pH 7.5 (buffer). Each
experiment was performed three times in triplicate. The results of ALP activity were reported as
nanograms (ng) of ALP normalized to the micrograms (ug) of total DNA content. Finally, the
alkaline phosphatase activity of hMSC seeded with HPC and HPCAg was determined. Mineralized
matrix synthesis was evaluated by osteogenesis ARS assay (Sigma-Aldrich). After 14 days of
culture, the samples were fixed with 10% formaldehyde solution at 4°C for 1 h., rinsed three times
with PBS and incubated with the dye at 1% for 30 min. The samples were then washed three times

with dH20, incubated with 10% acetic acid for 30 min and sonicated. After heating at 85°C for 10
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min, the acidic supernatant pH was neutralized with 10% ammonium hydroxide. The optical
density of the solution was analyzed by a spectrophotometer working at 405 nm. All of the analyses
were performed in triplicates.

To determine the expression of human Ocn/B.G.P. the supernatants for analysis were collected at
days 21 and 28 of incubation, and then analyzed using Human Osteocalcin Instant ELISA Kits

(Elabscience) according to manufacturer protocol.

Statistical analysis

All statistical measurements were performed with SPSS 22 software package. The outcomes are
presented as means * standard error using Oneway ANOVA and Tukey test with importance

reported when p < + 0.05.

Results and discussion

Synthesis and characterization of Ag NPs

Figure 2A shows the schematic illustration for the synthesis and stabilization of Ag NPs by CSE.
The reduction of silver ions within CSE is mainly due to the antioxidant activity of flavonoid
compounds in CSE and they also act as a biostabilizer to prevent agglomeration of Ag NPs [57,
58]. Flavonoids are plant phenolic compounds that are widely distributed in the CSE, which are
effective antioxidants as well. The absorption spectra of samples before and after microwave
treatment are presented in Figure 2B. After microwave irradiation, the appearance of the Plasmon
absorption peak (~ 450 nm) in the UV-Vis spectrum of the CSE solution containing Ag NPs

reflects the nano-sized character of the colloidal dispersion of Ag© particles [46].
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Figure 2 (A) Hllustration of the synthesis of silver nanoparticles in corn silk extract via microwave-assisted
green approach. The darker color of the solution indicates that Ag ions were converted to Ag NPs which
are stabilized by flavonoid compounds of corn silk. (B) The UV absorbance of Ag NPs in corn silk extract
before and after microwave treatment. Size distribution measurements by DLS (C) and TEM image (D) of
Ag NPs in corn silk extract solution. The bar for TEM image represents 100 nm.

Figure 2C shows the results of DLS analysis of silver NPs and it can be seen that the prepared
NPs have a narrow size distribution with a mean diameter of 49+2 nm. TEM image (Figure 2D)
shows well-dispersed silver nanoparticles which are spherical in shape with an average size of
27+1 nm. In agreement with other literature studies [59, 60], there is a difference between DLS
and TEM sizes measurements which are normally attributed to the fundamental difference between
intensity and number-weighted particle size distributions and the differences between the dry and
hydrodynamic radius of particles. Green synthesis of silver NPs has been reported by several
studies using plant extract. For instance, Patra et al. biosynthesized Ag NPs by using corn silk
extract; however, the bioreduction process was carried out up to 24 h where the particles size

ranged from 100 to 450 nm [61]. In contrary, our synthesized silver NPs using a faster process of
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5 min possess smaller size ranging from 30 to 90 nm by means of the microwave-assisted

approach.

Intensity [%]
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Element Weight% Atomic%
CK 47 55.36
NK 1333 12.99
0K 3638 31.05
PK 0.56 0.25
CaK 103 035
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Figure 3 Scanning electron microscopy (SEM) images of HCP (A) and HCPAg (B) thermosensitive
hydrogels at 40 °C. Bars represent 20 um. (C) Dynamic light scattering (DLS) measurements of the diluted
samples. All solutions were prepared in deionized water (mean, n=3) with concentration of 5 mg/ml at 40
°C. (D) SEM coupled with energy dispersive X-ray spectrometry (EDX) to assess the elemental analysis of
the HCPAg thermosensitive nanocomposite hydrogel. Element distribution from EDX mapping of HCPAg
nanocomposite hydrogels is shown on the top of the image. Chemical maps of P (red color, left side up)
and Ca (green color, right side up) display the distribution of P and Ca in the nanocomposite, respectively.
Maps bars represent 300 um. The presence of carbon, oxygen, phosphorus, calcium, and nitrogen was
depicted.

Preparation and characterization of the hydrogels

Figure 3A-B show the SEM images of the neat hydrogel without Ag NPs and the nanocomposite
containing silver NPs at 40 °C. As can be seen, the nanocomposite containing Ag has more rough

surface in comparison with the neat hydrogel which is essential for the cells adhesion and
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spreading [62]. Nanomicellation was examined using DLS in very diluted samples as presented in
Figure 3C. It can be seen the presence of Ag NPs slightly enlarged the nanomicelle size from 35

(for HCP sample) to 50 nm (for HCPAQ).

The elemental analysis of HCPAg by EDX is demonstrated in Figure 3D. The chemical maps of
phosphorus (P, red color) and calcium (Ca, green color) present the appropriate distribution of P
and Ca in the nanocomposite platform, respectively. Therefore, the EDX images confirmed the
uniform dispersion 3-TCP within the hydrogel matrix. As expected, besides of P and Ca, the

presence of C, O, and N, which come from HA, were detected.

The DSC thermograms of both samples are shown in Figure 4A. Two distinct endothermic peaks
around -10 and 0 °C are detectable. The first one is associated with the fraction of water which
interacts with the Pluronic and HA network as bound water; while the second one (around 0 °C) is
related to the free water fraction. By integrating the peaks, the total heat involved during the fusion
of H20 as AHiot can be obtained. Moreover, the amount of bound and free H.O was calculated as
the ratio between the enthalpies associated with the first (AH1) and the second peak (AH2), and AH
tot [31]. The results revealed that the presence of silver lead to decrease the first peak (from 70 to
52%) and increase the second one (from 30 to 48%), respectively which is directly related to the

percentage of bonded and free water.

Figure 4B shows the TGA (left panel) and differential thermogravimetric analysis (DTG, right
panel) curves of the thermosensitive hydrogels. The TGA curves of both samples show two weight
loss stages. The first peak, which begins before 100 °C, is due to the water loss. The second peak,
which is from 350 to 440 °C, may be due to the degradation of polymeric materials, e.g. Pluronic,

HA, and other polysaccharides and compounds from CSE; the onset degradation temperature for
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both formulations are equal. As can be seen from the DTG curve, the presences of Ag NPs slightly

promoted the degradation rate of the 2"%-second peak.
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Figure 4 (A) DSC thermograms of HCP and HCPAg samples at 2.5 «C/min. (B) TGA (left panel) and DTG
(right panel) curves of HCP and HCPAg hydrogels.

The elastic and viscous moduli of samples, as a function of temperature, at a frequency value of
0.1 Hz are presented in Figure 5. The transition from liquid-like behavior to elastic gel-like
behavior occurs which was observed as Tgel [63]. Separate Pluronic F127 and F68 solutions did
not display a Tqel close to the body one (data are not shown) in the concentration range from 10 to
30% wi/w but by formulating Pluronic F127/F68 blends at specific concentrations, it was possible
to obtain a medium with a Tgel close to Ty, For the formulated hydrogels, T4 were approximately
36 and 37 °C for HCP and HCPAQg, respectively. Furthermore, the absence of CSE and Ag NPs in
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the systems (hydrogels with distilled water) led to a platform to become gel at a lower temperature

(Figure S1).

At room temperature, the systems are liquid and could be injectable whereas, at the body
temperature, they become a gel. This fast sol-to-gel phase transition behavior is beneficial for cell
entrapment to give a uniform distribution of cells within the gelled matrix [64]. Moreover, the
presence of spherical nanoparticles of silver did not considerably affect the gelation temperature
but introduce the antibacterial activity to the hydrogels as a disinfectant agent for using in bone

repair applications.
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Figure 5 The sol-gel phase transition by rheological experiments. Elastic and viscous moduli as a function
of the temperature of HCP (A) and HCPAg (B) at a frequency value of 0.01 Hz. The increase in G’ over
G” represents an increase in solid over liquid characteristics of the tested sample, which reflects a phase
transition into a “gel” structure. A crossover of elastic with loss moduli (G” vs G”, respectively) indicates
the gelation temperature. Results are the means of three measurements. SD was always lower than 10%.
Error bars were omitted for clarity purpose.

The mechanical properties of formulations were studied through small amplitude shear tests at
temperature both below and above Tge at 20 and 40 °C, respectively. The mechanical spectra, G’
and G”’ as a function of frequency, at 20 and 40 °C are shown in Figure 6. At 20 °C (upside
panel), G’ is always higher than G’ in all the frequency range analyzed which means the
rheological behavior of the formulations is that typical of a viscous fluid. On the contrary, at 40
°C (downside panel), the elastic modulus is always higher than the viscous one and both the
viscoelastic moduli are quite frequency-independent showing a rheological behavior characteristic

of a gel-like material.
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Figure 6 Mechanical spectra of the thermosensitive hydrogels at 20 °C and 40 °C. Results are the means of
three measurements. Each error bar represents 1 standard deviation and serves as the estimate of standard

uncertainty.

Figure 7 shows the viscosity of the injectable hydrogels at 20 and 37 °C. Due to the thermal
gelation at body temperature, both formulations have more viscosity values at 37 °C compared to
25 °C. It is worth noting that, at 37 °C, the presence of silver particles significantly enhanced the
viscosity from 0.8 to 3.5 Pas at shear rate of 10 s™. At low temperature (20 °C), the viscosity of
both formulations is almost constant with shear rate showing pseudo-Newtonian behavior. The
viscosity values are similar for both samples (0.1 Pas at shear rate of 10 s). Below Tg, the
formulations behave as viscous fluids as is in agreement with the oscillation frequency sweep test

(Figure 6). While, at 37 °C, the samples show shear-thinning behavior and the viscosities decline
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with the increase of shear rate. In fact, the viscosity endured a reduction upon the shearing reached
a plateau at higher shear rates. This shearing thinning behavior is due to the breakage of physical
crosslink and topological interaction among the macromolecules leading higher mobility of
segments within the hydrogel matrix. Low viscosity upon the storage at room temperature along
with reduction of viscosity at high shear rate is a preferred characteristic of materials that have to

be injected through needles since it allows an easier injection [31].
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Figure 7 Shear rate-dependent viscosity changes of HCP and HCPAg samples at 20 and 37 °C. The standard
deviation data were omitted for clarity.

Thermosensitive hydrogels, which possess good retention at the application site, have appealed a
great deal in biomedical and clinical fields. These materials respond intelligently to temperature

variations, remaining in liquid form at room temperature and become a solid gel at body
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temperature [65]. Pluronics, as amphiphilic compounds, are able to become gel via micellization
above their critical temperature or concentration [66]. The prepared formulations are injectable
systems which can form a hydrogel at 37 °C in the body before solidifying within the targeted
tissue. Researchers have developed scaffolds based on hyaluronic acid and Pluronic in the form of
environmentally-sensitive hydrogels. HA offers many advantages as a tissue scaffold including
biodegradability, biocompatibility, and bioresorbability as have been shown in many studies [67].
Hyaluronic acid could activate cell surface receptors, influencing intracellular signaling cascades
for cell growth, migration, proliferation, and differentiation [68]. Moreover, B-TCP, a source of
calcium which has a similar chemical structure with that of the bone mineral phase, facilitates bone

regeneration capability of the injectable device [69].

Antibacterial properties

The antibacterial capability of the prepared samples against E. coli, S. aureus, B. subtilis, and P.
aeruginosa is expressed as bacterial reduction percentage in comparison with the control sample
(Figure 8). The control samples did not demonstrate growth inhibition against the gram-negative
and -positive bacteria whereas all other samples containing Ag NPs exhibited significant effects
on the growth inhibition. As can be seen, for the concentration of >1.17 pg/ml, the samples
containing Ag NPs possess an excellent growth inhibitory effect against all the tested

microorganisms.

One of the main reasons for scaffold failures is due to implant-associated bacterial infections.
Hence, using antibacterial scaffolds could help to prevent infections that are detrimental for bone

tissue formation which is of clinical importance [70]. In this study, we used spherical nanoparticles
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of Ag to impart antibacterial activity to the thermosensitive hydrogels to avoid bacterial

contamination.

Silver NPs can be converted to their ion form in the physiochemical environment. The antibacterial
effect of Ag NPs-embedded samples is not only due to the released Ag* ions but also to the
nanoparticle itself. Apparently, Ag ions interact with the peptidoglycan cell wall of bacteria,
causing structural changes that increase membrane permeability and subsequently cell death.
Antimicrobial agents are reported to disrupt the outer membrane of target cells, as shown in the
case of silver ions This effect is observed at concentrations with a 10-fold higher magnitude than
those used for silver nanoparticles. Taken together, silver ion is important in the antibacterial
activity of silver nanoparticle. Silver nanoparticles physically interact with the cell surface of
various microorganisms. In detail, they interact with the exposed sulfhydryl groups of bacterial
proteins to prevent DNA replication. Ag NPs can attach to the bacterial cell membrane, and also
penetrate inside the bacteria causing damage by interacting with phosphorous- and sulfur-
containing compounds like DNA and, finally, leading to cell death [49, 71]. Radzig et al. studied
the silver nanoparticles MIC values for isogenic E. coli wild type strains and mutant strains
deficient in different repair systems and found that E. coli strains with mutations in genes
responsible for the repair of oxidative lesions in the DNA were less resistant to the silver
nanoparticles than the wild-type strains were. These genes may be involved in the repair of DNA
damage caused by the silver nanoparticles. Similar results were found with silver ions, and the
data suggested that the oxidative DNA damage plays an important role in the antibacterial effects

of silver nanoparticle/silver ion [40].
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Figure 8 Antibacterial activity of samples containing different concentrations of Ag NPs against Gram-
positive (B. subtilis and S. aureus) and Gram-negative (P. aeruginosa and E. coli) bacteria after 24 h. The
data are representative of 3 repeated experiments.

Cell viability and morphology

In order to investigate the biocompatibility of the injectable nanocomposite, L929 cells viability
was evaluated by Alamar Blue assay. It is clear from the results in Figure 9A that the
thermosensitive hydrogels (HCP, HCPAg) showed good safety after 1, 3, 7 and 10 days of
incubation with L929 cells, compared to the untreated controls. In particular, after one day of
incubation with both formulations, L929 cells viability is around 100%, noting cellular viability
over 100% for the HCPAg sample. On the third day, for HCPAg sample containing silver NPs,
the viability had a 78% of viability percentage, conversely, for the HCP formulation, the viability
decreased slightly around 70% viability percentage. After 7 days of incubation, the viability is

around 73 and 78% for HCP and HCPAg, respectively; in addition, after 10 days, the viability for
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both samples is around 75%. The results here collectively indicated that none of the prepared
formulations are cytotoxic for the cells, exhibiting good in vitro biocompatibility. The
biocompatibility of the realized hyaluronic acid/corn silk extract-Ag based nanocomposite was
also confirmed by cells morphology. Actin filaments, a constituent of the cytoskeleton, were
stained with TRIC phalloidin after 24 h of incubation with HCP and HCPAg hydrogels. L929 cells,
indeed, exhibited a noncytotoxic and typical mouse fibroblast-like cellular morphology after the
incubation with the formulations (Fig 9B). Their morphology was alike to the characteristic in
vitro L929 cells morphology that is spread or spindle-shaped, often characterized by several
extending processes, which consists of cells protrusion adhering at the flat surface. These results
indicate that these materials have a good biocompatibility and the most important evidence is that
the HAg, containing Ag NPs, maintain a good biocompatibility, which is comparable to the
material without Ag, HCP, suggesting that biosynthesis, and combination with molecules, such as

HA, Pluronics and silk extract, are able to enhance the compatibility of silver [72].

90



A 120

100
—_ I Control
X, 80+ HCP
£ 60 HCPAg
=
S 40-

20

0_
B Control

Figure 9 (A) Viability of the samples at 1, 3, 7, and 10 days. All results were presented as mean + standard
deviation. Each error bar represents 1 standard deviation and serves as the estimate of standard uncertainty.
The data are representative of 3 repeated experiments in triplicate. (B) Cell morphology for the control and
thermosensitive hydrogels after 24 h. The typical cellular morphology of L929 cell lines was used.

Bone tissue regeneration

ALP activity, ARS and Ocn/B.G.P assay were used as osteogenic markers to assess the bone
regeneration potential of the injectable hyaluronic acid/corn silk extract-Ag based nanocomposite.
The results of the ARS assay performed on the injectable scaffolds after 14 days of culture (Figure
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10A) show differentiated osteoblasts after the incubation with HCP and HCPAg, in contrast to
undifferentiated MSCs (CTR -OM), which accumulate extracellular calcium deposits
(mineralization) in red. This process is associated with the formation of bone nodules and the
osteoblast-mediated mineralization indicating the bone mass formation [73]. Moreover, Figure
10B shows a similar amount of calcium deposited expressed as OD*°"™ by the cells cultured within
the HCP and HCPAg injectable nanocomposite scaffolds compared with the control in the
presence of Osteogenic Medium. As shown in Figure 10C, at day 7, the ALP activity of the
osteogenically induced hUCMSC cells cultured within the HCP and HCPAg was equal to 3.7+0.8
and 4.1£1.0, respectively. After 14 days of incubation, the ALP activity was decreased to 1.7+0.1
and 1.6+0.4 for HCP and HCPAg, respectively. ALP is an early marker for the osteogenic
differentiation of cells. The observed differences in ALP activity between the injectable
nanocomposites and the control sample suggest that these hydrogels induce faster osteogenic
differentiation of the hUCMSC cells after 7 days of incubation. While after 14 days, the ALP
activity of hUCMSC cells decreased according to the expression of later-stage osteogenic markers
and to the begin of calcium deposition.

Ocn/B.G.P, the most abundant non-collagenous bone matrix protein, is synthesized almost
exclusively by highly differentiated osteoblasts and, hence, is a specific marker of bone formation
[74]. Thus, also the levels of Ocn/B.G.P in the nanocomposite treated hUCMSC cells was
evaluated using ELISA Kit assay (Figure 10D). Resulting data revealed that Ocn/B.G.P
expression was lowest in the control group compared to treated groups at days 21and 28; this
suggests the fundamental role of B-TCP to promote osteogenic differentiation, both for the samples
incubated with -OM media and +OM media, highlighting an additive effect when the materials are

dissolved in the OM media.
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Comparative analysis of the expression levels of Ocn/B.G.P, between HCP and HCPAg
formulations dissolved in OM media at 21 day, indicated that the levels of Ocn/B.G.P were similar
for HCP and HCPAg dissolved in OM media (24,3 and 25,1 ng/mL respectively). While after 28
days of culture, an increase of the expression levels of Ocn/B.G.P from 24,7 ng/ml in HCP to 28,4
ng/ml in HCPAg. These findings suggest that Ocn/B.G.P is majorly expressed during late stages
of differentiation and, thus, could promote the formation of mineralized nodules in hUCMSCs
cells after the incubation with injectable hyaluronic acid/corn silk extract-Ag based
nanocomposite. The presence of Ag nanoparticles showed a positive impact on the osteogenic
differentiation of hUCMSCs, which has also been reported in other studies. Indeed, it has been
demonstrated that Ag NPs could promote osteogenic differentiation of mammalian cells, aiding
the proliferation and the osteogenic differentiation of MSCs in vitro, and improving bone fracture
healing in vivo [75]. Additionally, it was found that Ag NPs also enhance the osteogenesis of

human urine-derived stem cells by triggering the RhoA signaling pathway [76].
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Figure 10: (A) Representative bright-field images show mineralized matrix synthesis (red) by hUCMSCs
cells incubated with HCP and HCPAg hydrogel at 14 days of culture measured by ARS analysis. CTR
cultures have been performed under standard (-OM) and osteogenic medium (+OM) for comparison. (B)
Amount of calcium deposited expressed as OD*°"™ by the cells cultured within the HCP and HCPAg
injectable bionanocomposite scaffolds. (C) ALP/DNA assay at day 7 and 14 of culture. (D) Ocn/B.G.P
expression in injectable HCP and HCPAg bionanocomposite treated hUCMSC cells. Asterisks denote
significant differences (p<0.05).

Conclusion
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Silver NPs were biosynthesized in an aqueous medium of corn silk extract without using toxic
chemical reagents. The green synthesis of NPs employing renewable materials and avoiding
hazardous compounds and non-environmentally benign solvents makes them more suitable for the
clinical and biomedical applications. The new thermosensitive HA-based nanocomposite
hydrogels demonstrated good mechanical properties with Tge close to body temperature. The
samples revealed desirable antibacterial activity against several gram-positive and gram-negative
bacterial strains which can prevent bacterial infection. In addition, from the biological point of
view, the nanocomposites revealed appropriate biocompatibility in comparison with the control
samples. Moreover, the nanocomposites promoted high bone differentiation of MSC cells that they

could be a good candidate as a potential scaffold for bone tissue regeneration.
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Chapter 4

Hyaluronic acid-based devices for delivery of drugs

and viscosupplementation applications
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Abstract

Osteoarthritis (OA), a destructive joint disease, causes extracellular matrix (ECM) degradation,
deterioration of cartilage and alters the subchondral bone and synovium. Here, we aim to
exploit the advantages of local drug delivery by developing a platform with improved efficacy.
The hyaluronic acid-based device containing diclofenac sodium-encapsulated (2-
Hydroxypropyl)-B-cyclodextrin (CD) possessed high drug loading along with prolonged
release. The platform showed high mechanical properties along with low friction indications
high lubricity of the platform. L929 cell morphology and viability assay showed a over the 100

% (approximately 110%) for the injectable device.

Keywords:  Osteoarthritis,  non-steroidal  anti-inflammatory  drugs  (NSAIDs),

viscosupplementation.
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4.1. Introduction

4.1.1. Osteoarthritis

Osteoarthritis (OA), a destructive joint disease, causes extracellular matrix (ECM)
degradation, deterioration of cartilage and alters the subchondral bone and synovium [1].
Patients are suffered from bone damage and morphological changes following by inflammation
[2]. Knee osteoarthritis is responsible for a large burden of care and cost within health care.
Osteoarthritis results from an imbalance between the breakdown and repair of articular
cartilage in any joint and occurs as a result of multiple risk factors including mechanical
overload (obesity, heavy lifting), trauma, overuse (repetitive knee bending), and genetic
predisposition [3]. The incidence of new knee osteoarthritis in the U.S. is estimated at 240
persons per 100,000 per year [4]. The prevalence of the condition increases with age, especially
in women. In adults over fifty years of age, it is estimated that the incidence of knee
osteoarthritis in women is 45% higher than in men [5]. The prevalence of symptomatic knee
osteoarthritis in patients at least forty-five years of age has been estimated to be 5.9% to 13.5%
in men and 7.2% to 18.7% in women. Physician visits for knee pain in patients over the age of
sixty-one years in the U.S. increased from 4.48 million in 2002 to 6.11 million in 2006 [3]. The
economic impact of the treatment of osteoarthritis in the U.S. was estimated to be $185.5 billion

in a 2009 study, with a large portion of those dollars being spent for knee osteoarthritis [6].

The pathogenesis of osteoarthritis is perhaps best understood as excessive mechanical stress
applied in the context of systemic susceptibility. Susceptibility may be increased in part by
genetic factors (a family history increases risk), older age, ethnic background (e.g., hip
osteoarthritis is more common among white Americans than among Chinese people),
nutritional factors (vitamin D or K deficiency), and female sex [7, 8]. In persons vulnerable to

the development of knee osteoarthritis, local mechanical factors such as abnormal joint
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congruity, joint malalignment, muscle weakness, or alterations in the structural integrity of the
joint environment, such as meniscal damage or ligament rupture, can increase susceptibility to
and progression of osteoarthritis. Loading can also be affected by obesity or joint injury (either
acute, as in a sporting injury, or after repetitive overuse, such as in occupational exposure). The
pathogenesis of osteoarthritis is characterized by progressive cartilage loss, subchondral bone

remodeling, osteophyte formation, and synovial inflammation (Fig. 1) [9].
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Fig. 1 Schematic of the Knee Joint, Showing the Synovial Joint Tissues Affected in Osteoarthritis. This
schematic shows the way in which each structural part of the knee is affected by osteoarthritis, an

observation that is consistent with the theory that osteoarthritis is a disease of the entire synovial joint
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4.1.2. Hyaluronic acid-based viscosupplementation materials

Hyaluronate is a naturally occurring component of the cartilage and the synovial fluid. It is a

polysaccharide composed of continuously repeating molecular sequences of B-D-glucuronic

acid and B-D-N-acetylglucosamine, with a molecular mass in normal synovial fluid ranging
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from 6500 to 10,900 kDa. It can be either synthesized by means of bacterial fermentation or

extracted from animal tissues (e.g., rooster comb). [9].

About one half of the overall HA content of the adult human body is located within the skin.
The synovial fluid is also rich in HA. With advancing age, the HA content largely decreases in
the epidermis and synovial fluid. The decline is more pronounced in the latter when
osteoarthritic alterations emerge as well. Late in life, the human body contains about one half

to two thirds less HA [10].

Within the normal adult knee, there is approximately 2 ml of synovial fluid, with a hyaluronate
concentration of 2.5 to 4.0 mg per milliliter [11]. Hyaluronate is responsible for the rheologic
properties of synovial fluid, enabling it to act as a lubricant or shock absorber, depending on
the forces exerted on it [12]. In osteoarthritis, synovial hyaluronate is depolymerized
(molecular mass, 2700 to 4500 kDa) and cleared at higher rates than normal [13]. In a normal
joint, the average intrasynovial half-life of hyaluronate is approximately 20 hours [11]. In an
inflamed joint, this half-life is decreased to 11 to 12 hours. These changes reduce the

viscoelasticity of the synovial fluid.

The current therapeutic approaches for OA consists of intra-articular injection of hyaluronic
acid (HA) and its derivatives to joints offering viscoelastic properties to the synovial fluid (Fig.
2) [14]. HA is a naturally occurring carbohydrate polymer which is the major component of
the extracellular matrix (ECM) in mammalian connective tissues. HA also controls viscoelastic
properties, cell growth, proliferation, and tissue remodeling where to fulfill both

physiochemical and biological functions [15].
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Fig. 2 Injection Sites. Panel A shows the superomedial and superolateral injection sites. These injections
are performed with the knee extended. Panel B shows the lateral joint line injection site, with the right
knee flexed 90 degrees.

The injected polymers range in size from 100 to 10,000 kDa. The therapeutic goal of
administration of intraarticular hyaluronate is to provide and maintain intraarticular lubrication,
which increases the viscoelastic properties of synovial fluid [16]; this form of therapy is
therefore sometimes termed “viscosupplementation”. It is also claimed that hyaluronate exerts
anti-inflammatory, analgesic, and possibly chondroprotective effects on the articular cartilage
and joint synovium [11]. The clinical benefits of treatment with intraarticular hyaluronate,
which may persist well beyond the intraarticular residence time of the product, have been
suggested to be caused by the reestablishment of joint homeostasis as a result of an increase in
the endogenous production of hyaluronate that persists long after the exogenous injected

material has left the joint [13].

4.1.3. Delivery of anti-inflammatory drugs
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In addition, non-steroidal anti-inflammatory drugs (NSAIDs), e.g. diclofenac sodium, are
employed for reducing the pain and inflammation [17]. Local administration of diclofenac
sodium can minimize the amount of orally administrated drug along with maximizing the
concentration of diclofenac sodium at the joint. Nevertheless, diclofenac sodium possesses a
half-life of approximately 5 h and is eliminated from the synovial fluid. Accordingly, frequent
intra-articular injections are not welcome by patients [18, 19]. Moreover, conventional dosage
forms do not provide a prolonged release of the drug, hence, leading to the necessity of frequent
injections which can cause inflammations and raise patient suffering. However, since the
current devices for intra-articular injection are targeted to be used in human body, they are
mainly water-based systems and, hence, the loading of diclofenac sodium (as a lipophilic drug)
in these systems is low [20]. In order to conquer the problem and improve drug loading, (2-
Hydroxypropyl)-B-cyclodextrin (CD) has been employed for aqueous-based carriers [21, 22].
CD is chemically and physically stable in physiochemical condition which is water-soluble,

biocompatible in nature with hydrophilic outer surface and lipophilic inner cavity [22].

Therefore, the aim of this study is to design a delivery system able to prolong the release of an
anti-inflammatory drug into the joint cavity and, at the same time, able to restore the
viscoelastic features of pathologic synovial fluid. Hence, we formulated a hyaluronic acid-
based device for delivery of non-steroidal anti-inflammatory drugs. Vitamin E is used for two
purposes including enhancing the loading of diclofenac sodium and improving the thermal
stability of the formulations due to its antioxidant activity. The physical properties, e.g.
rheological and tribological behaviors, and drug release study as well as in vitro and in vivo
biological activity, such as cytotoxicity, cell morphology, intra-articular injection on mice,

were evaluated.
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4.2. Materials and methods

4.2.1. Materials

Hyaluronic acid (HA) with a weight-average molecular weight (Mw) of 1490 kDa and
diclofenac sodium were kindly provided by Altergon Italia. (2-Hydroxypropyl)-B-cyclodextrin

(CD), and vitamin E acetate (Tocopherol acetate) were purchase from Sigma-Aldrich.

4.2.2. Formulation and preparation

CD and VE and HA were mixed and PBS solution was added to the mixture with maintaining
stirring for at least 8 hours at room temperature. Many formulations were prepared and
investigated by means of rheological properties and thermal stability and, finally, the optimized
formulations are reported in table 1.

Table 1. Formulations of the prepared samples. The values of G” and G” at 1 Hz for formulations of at

37 °C. Friction data for sliding velocity of 1 mm/s at 37 °C.

HA CD VE G’ G” Friction
Entry
wiw % Pa Il
HA 2 0 0 72 68 0.165
HC 2 2 0 62 56 0.085
HV 2 0 2 57 50 0.126
HCV 2 2 2 172 121 0.050

4.3.Rheological properties

Small amplitude oscillatory shear tests were performed to evaluate the time-dependent
response of the thermosensitive hydrogels and their linear viscoelastic properties. The
frequency was in the range from 0.01 to 15 Hz. The measurements were carried out through a
strain controlled rotational rheometer (Mars 11l, HAAKE Rheometer, Waltham, MA, USA),
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using a parallel plate geometry. The tests were carried out at the controlled temperatures of 20
and 37 °C using a thermostatic bath. In order to identify the linear viscoelastic response range
of the materials, preliminary strain sweep tests were performed on the samples, at the

oscillation frequency of 1 Hz. The tests were repeated at least three times on each sample.

4.4 Rotational tribometry

The tribology measurements were performed using a Physica molecular compact rheometer
(MCR 302, Anton Paar, Graz, Austria) equipped with a tribology measuring ball (BC12.7) and
sample pin (polydimethylsiloxane, PDMS 155994). The test procedure was described in detail
elsewhere [23]. In brief, a glass sphere with a diameter of 1.27 cm (0.5 inch) was lowered on
to three osteochondral cylinders (three PDMS pins) fixed inside a sample holder, and the
samples were fully submersed by adding 1 ml of the lubricant. During the measurements, a
normal force of 6N was applied resulting in a contact pressure of approximately 0.1 MPa. Each

sample was subjected to three friction tests at rotational velocities from 0.1 to 2000 mm/s.

4.5.Drug solubility

Different amounts of DF including 2.5, 5.7, and 20 mg/ml were added to the formulation of
HCV, the formulations were stirred until being completely homogenized. Once prepared they
were kept for 24 h and after centrifuged (6000 rpm for 15 min). Finally, the supernatant was
analyzed by means of UV spectrophotometer. The tests were performed in triplicate and the
wavelengths used for the detection of diclofenac sodium was 276 nm. Moreover, a calibration
curve was constructed by plotting absorbance against predetermined concentration of DF in
PBS. Then, linear regression was used to determine the regression equation representing the

calibration curve. Solubilized fraction (SF) expressed by:

o/ — solubilized DF
SF% = =————x 100 1)
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4.6.Drug release

To perform the release test, 1 gr of the formulation containing DF at 1% w/w was inserted in a
dialysis membrane (cut off 500 to 1000 Da) and then it was immersed in PBS medium (18 ml)
at the temperature of 37 “C. At predetermined time intervals, 50 pL aliquots of the medium
was withdrawn and the same volume of fresh medium was replaced. The drug concentration

released into the PBS buffer was detected by UV spectrophotometer as a function of time.

4.7 Release kinetic

Data obtained from the release studies were fitted to the following kinetic equations, which
adapted from methods reported in literature and describing drug release from HA-based
systems as the result of a dissolutive and a Fickian diffusional mechanisms [24, 25]. The

dissolutive contribution is given by the following equation:
Fyiss = Fdiss,ookdisst()'5 2
here Fdiss and Fiss, ~ are the drug fractions released by dissolution at time t and after an infinite

time, respectively, Kqiss IS the kinetic dissolution parameter. The diffusional contribution to drug

release is expresse by:

Fairf = (1 = Faifro0)(1 — exp[—kaifrt]) (3)

where Fgirs is the drug fraction released due to diffusion at time t and kaitr is the kinetic
diffusional parameter. Therefore, the overall released fraction (Fwt) is obtained by the sum of

diffusion and dissolution contributions, as given by the following equation:

Frot = Faisst Fairr = Faiss wkaisst®® + (1 = Faif.00) (1 — exp[—kairst]) (4)

The drug released data were fitted also to Korsmeyer—Peppas equation (eq. 5)
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Qt/Qoo = kktn (5)

Where Q¢ and Q. are the amounts of drug released at the time (t) and at equilibrium,
respectively. kg is the release rate constant that considers the geometric and structural features of the

carrier, and n is the release or diffusional exponent which demonstrate the drug release mechanism [26,

27].
4.8.Cell culture

In order to evaluate the biological response to our injectable hydrogels, L929 cells deriving
from Mouse C34/An connective tissues were obtained from the European Collection of cell
cultures (Sigma-Aldrich, USA), were used. L929 cells were grown in T-75 cell culture flask
(Falcon, Italy), in cell culture medium Dulbecco’s Modified Eagle’s Medium (DMEM,
Hyclone, USA) supplemented with 10% fetal bovine serum (FBS) and antibiotics (penicillin
G sodium 100 U/mL, streptomycin 100 [Jg/mL) at 37°C and 5% CO2. The medium was

changed every 3-4 days.

4.9. Cell viability and morphology assay

In order to understand the cells viability, L929 cells were seeded at a density of 8x10* cells/ml
on 96-wells (World Precision Instruments, Inc). The hydrogels were sterilized by steam
autoclaving at 121 °C for 20 min. The cells were incubated with 5ul of the formulations HA,
HCV for each well in triplicate up to 72 h and then Alamar blue assay (AB) was performed by
adding AB reagent to the samples (at 10% v/v with respect to the medium) and incubated at
37°C for 4 hours. The absorbance of the samples was measured using a spectrophotometer
plate reader (Multilabel Counter, 1420 Victor, Perkin Elmer) at 570 nm and 600 nm. AB is an
indicator dye that incorporates an oxidation-reduction indicator that changes color in response
to the chemical reduction in the growth medium, resulting from cell viability. L929 seeded

wells were used as a control. Data are expressed as the percentage difference between treated
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and control to evaluate the percentage of reduction (Reduction %), which is calculated with the

following formula:

_ (0;xA1)—(01XA3)
(02XP1)—(01%XPy)

Reduction (%) x 100 (6)

where 01 is the molar extinction coefficient (E) of oxidized AB at 570 nm; 02 is the E of
oxidized AB at 600 nm; A1l is the absorbance of test wells at 570 nm; A2 is the absorbance of
test wells at 600 nm; P1 is the absorbance of control well at 570 nm; and P2 is the absorbance
of control well at 600 nm. The percentage of reduction for each sample was normalized to the

percentage of reduction for the control to obtain the cell viability percentage [28].

For cell morphology assay, cells were seeded at a density of 1x10* cells/ml on fluorodish-35
mm (World Precision Instruments, Inc) and 5ul of the formulations HC, HCV were incubated
for 24 h. Then, the samples were washed two times with PBS and fixed with 10% formaldehyde
for 1 hour at 4 °C. The fixed cells were permeabilized with Triton X-100 0.1% in Phosphate-
buffered saline (PBS) for 3-5 min. The actin filaments were stained with TRITC phalloidin
(Cayman Chemical Company) in PBS for 30 minutes at room temperature. Finally, after two
washes with PBS in order to remove unbound phalloidin conjugate, cell nuclei were stained
with 4°,6-diamidino-2-phenylindole, DAPI, (SIGMA-ALDRICH). The samples were observed
by confocal microscope system (Leica TCS SP8) with a 63X oil immersion objective. Images

were acquired with a resolution of 1024x1024 pixel.
5. Results
3.1. Rheological and tribological properties

Fig. 3A and B show the mechanical spectra of samples at 37 °C. As can be seen, HCV
formulation has better mechanical properties (both G’ and G’”) in comparison with other

samples including HA, HC, and HV. Accordingly, as the viscoelastic parameters at f = 1 Hz
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are reported in Table 2, HCV has higher elastic and viscos moduli. These results indicate that
the addition of CD and VE to a solution of HA has an important role in creating a network that

stabilizes the solution and lead to an improvement of the viscoelastic parameter.

The results of tribology test are shown in Fig. 3C. Pure HA sample has the highest friction
following by HV and HC ones and, finally, the lowest friction was achieved for HCV platform.
In detail, HCV had friction factor 0.5 p whereas the other systems showed higher values of

friction factor. In fact, for the all range of sliding velocity, the HCV sample showed the highest

lubricity.
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Fig. 3 Mechanical spectra (A and B) and friction factor (C) of HC, HA, HV, and HCV formulations.
Elastic (G’) and viscus (G’’) modulus of the formulations at 37 °C. (C) Tribology test (at 37 °C) to
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define the lubricity of the formulations. Higher mechanical properties along with better lubricity were

achieved for HCV samples.

The rheological synergy can be quantified by the interaction parameter that is, the difference

between the dynamic modulus values of the mixture evaluated by rheological test and the

theoretical one given by adding the dynamic modulus values of the primary components.

The results of the calculation of synergistic parameters for HCV are reported in Table 3. In all

conditions, including with and without AC treatment as well as different temperatures, the

system shows synergistic effect.

Table 2. Effect of VE on the viscoelastic parameters. The values of G” and G” at 1 Hz for formulations
of HC and HCV before and after autoclaving (AC) at 20 and 37 °C.

Before ACat20 | After ACat20 | Before ACat37 | After AC at 37
=N G’ [Pa] | G” [Pa] | G’[Pa] | G” [Pa] | G’[Pa] |G” [Pa]| G’[Pa] | G” [Pa]
HC 66 57 17 24 53 49 15 20
HCV 166 119 78 98 126 98 43 67

Table 3. Synergistic effect of formulation viscoelastic parameters at 1 Hz.

Condition G’ nev [Pa] G’na+ve [Pa] G’cop [Pa] AG’synergistic [Pa]
20°C 166 78 0.013 88
20 °C After AC 78 13 0.011 65
37°C 130 53 0.013 77
37 °C After AC 48 8 0.013 40

3.2. Drug solubility and release kinetic
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The results of the dissolution tests are reported in Fig. 4A as calculated the ratio of DF which
was found into the supernatant of the solution and total dissolved DF. The solubilized fraction

of DF declined by increasing the DF concentration.
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Fig. 4 Diclofenac sodium solubility (A) and its release (B) from the HCV. Drug release kinetic were
fitted the kinetic equations. It can be seen that after 10 hours only 48% of the drug was released in the
medium and after 24 h there is the complete release of the drug which shows the controlled release of
the composition.

Experimental and simulated in vitro fractional release profiles of DF in phosphate buffer are
shown in Fig. 4B. It can be seen that after 10 h only 48% of the drug was released in the
medium and after 24 h there is the complete release of the drug which shows the controlled
release of the composition. There was very good reproducibility between the triplicates.
Prominently, no significant differences between samples was observed which indicate a
homogenous diffusion in the prepared composition. The analysis of release profiles shows that,
in all cases, dissolution is faster in comparison with diffusion; for example, at least initial
release is governed by diffusion. However, the results displayed that the Korsmeyer—Peppas
equation gave better fit with high correlation coefficient (R?=0.96) for the composition. The

value of n=0.5 demonstrates Fickian diffusion (Higuchi matrix), 0.5<n<1.0 indicates
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anomalous (non-Fickian) diffusion, n=1.0 indicates case Il transport (zero-order release) and

n>1.0 indicates super case Il transport [26, 27].

3.3.Cell viability and morphology

In order to assess the biocompatibility of the injectable hydrogels, L929 cells viability was
evaluated by Alamar Blue assay. It is clear from the results in Fig. 5A that the hydrogels (HA,
HCV) showed good safety after 24 and 72 h of incubation in L929 cells, compared to the
untreated controls. In particular, after 24 h of incubation with both formulations, L929 cells
viability is around 80%, noting, that, at 72 h, the viability increases around 100% and in
particular over the 100 % (about 110%) for the sample with HCV. The results collectively
indicated that the prepared formulations exhibit good in vitro biocompatibility. This
biocompatibility data was also confirmed by cells morphology. Actin filaments, a constituent
of the cytoskeleton, were stained with TRIC phalloidin after 24 h of incubation with HA and
HCV hydrogels. L929 cells, indeed, exhibited a noncytotoxic and typical mouse fibroblast-like
cellular morphology after the incubation with the two formulations (Fig. 5B). Their
morphology was alike to the characteristic in vitro L929 cells morphology that is spread or
spindle-shaped, often characterized by several extending processes, which consists of cells
protrusion adhering at the flat surface. These results indicate that these devices have a good
biocompatibility and the most important confirmation appears to be that the HCV, containing
both HA, CD and VE, maintain a good biocompatibility, which is increased after 72 h of
incubation, suggesting that the combination of these three materials could be positively affect

the viability of cells.
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Fig. 5 (A) Cytotoxicity of samples at 24 and 72 h. p-value<0.05 for the same symbol as compared to
SP. All results are presented as mean + standard deviation. The data are representatives of three
repeated. (B) Cell morphology for the control and thermosensitive hydrogels after 24 h. In Green Actin
filaments stained by phalloidin-TRIC and in Blue DAPI stained nuclei cells. The typical cellular
morphology of L.929 cell lines was used. All bars represent 50 pm).

4. Discussion
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OA is one of the main sources of disability of the adult population. HA-based
viscosupplementation platforms not only offers in the pain relief but also improves the structure
of the diseased joint declining the progression rate of OA specially in the early stages [29, 30].
As OA progresses, the concentration, distribution and molecular weight of HA within the joint
diminish which cause the declining of viscoelastic features of the endogenous synovial fluid
[31]. The primary goals for clinical management of OA of the knee are to minimize pain,

maintain or improve joint mobility, and to minimize functional impairment [32].

Both CD and VE interact with HA through secondary bonds cooperating in the formation of
complexes among the molecules that stabilize the network. These cooperating complexes are
further stabilized when the formulations are thermally processed by heating at a temperature
120°C for a processing time between 10 and 30 min and then cooled at 20/37°C. After the
thermal treatment (autoclaving), there is an increase of the elastic modulus that up to 4 times

due to the presence of CD/VE in the formulations.

The synovial joint is a perfect tribological system with low friction and high wear resistance
[33]. The use of tribology test is a simplified model of the joint movement in mammalian. The
decrease of friction coefficient of aluminum with the increase of sliding speed may be due to
the change in the shear rate which can influence the mechanical properties of the mating
materials [34].

Topical administration to the site of action is preferred to the available oral drugs for
pharmacologic therapy which has shortcomings, such as first-pass metabolism of oral drugs
[20]. In addition, parenteral administration of diclofenac sodium does not offer sustained
release, thus leading to the necessity of frequent injections which may suffer patients. On
contrary, locally injected devices containing DF possess more favorable tolerability profile and
sustained release [17, 35]. In this work, diclofenac sodium was encapsulated into B-CD to

improve the drug loading and enhanced release time. Regarding the other sorts of CD, the
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cavity size of a-CD is small for a number of drugs/biomolecules and y-CD is expensive. B-CD
has been broadly used in pharmaceutical sector due to its availability and cavity size is

appropriate for the extensive range of drugs/biomolecules [21].

The practical applications of intra-articular injectable devices require significant tribological
properties. Friction can be defined as the resistance to motion which exists when one solid body
slides over another. The friction force is a tangential force which acts in a direction directly
opposite to the direction of motion [36]. The lowest friction of HCV device is equal to higher
lubricity which is an important factor for viscosupplementation devices aimed to be injected to

human joint.
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General Conclusion

We have prepared different antibacterial platforms containing hyaluronic acid and silver
nanoparticles. Silver nanoparticles (Ag NPs) were biosynthesized by a microwave-assisted green
technique using corn silk extract in an organic solvent-free medium. The thermosensitive and
injectable hydrogels were prepared and their potential use as wound care materials and bone
regeneration were investigated. Rheological analysis demonstrated that the nanocomposites have
good mechanical properties with gelation temperature close to the body temperature; hence, they
can be easily administrated locally on wounded skins and bone defect. The samples exhibited
antibacterial activity toward gram-positive and gram-negative bacteria. Cytotoxicity assay showed
that the hydrogels have good biocompatibility. Interestingly, an in-vitro model of wound healing
revealed that the nanocomposites allow faster wound closure and repair, compared to the control.
Regarding the bone tissue engineering applications, mesenchymal stem cells seeded in the
nanocomposite exhibited high bone differentiation which indicate that they could be a good
candidate as a potential scaffold for bone tissue regeneration.

In another study, we exploited the advantages of local drug delivery by developing a platform with
improved efficacy. Having this in mind, we prepared hyaluronic acid-based device containing
diclofenac sodium-encapsulated (2-Hydroxypropyl)-p-cyclodextrin (CD) that possess high drug
loading along with prolonged release. The platform showed high mechanical properties along with
low friction indications high lubricity of the platform. L929 cell morphology and viability assay

showed a over the 100 % (approximately 110%) for the injectable device.
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