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Abstract: Modern drug delivery systems demand the development of targeted polymer-carriers
with the set of obligatory requirements. Thus, such capsules must have total biocompatibility,
biodegradability, and possess non-allergenic, and non-tumorigenic properties. Hyaluronic acid (HA),
as a natural linear polysaccharide that is included in the pericellular and extracellular matrixes,
satisfies all these demands in the best possible way. In this study, the biopolymer nanoparticles
with an average diameter of 300 nm were successfully obtained from aqueous HA solutions by
electrospraying technique and characterized. Due to the presence of active functional groups in the
structure of HA, such polymer particles can incorporate various pharmaceutical agents. This finding
expands the investigation and subsequent application of drug-loaded nanoparticles based on HA as
challenging and advanced targeted delivery systems.

Keywords: biopolymer; drug delivery; electrical conductivity; electrospinning; electrospraying;
hyaluronic acid; nanoparticles; spraying solutions; surface tension; viscosity

1. Introduction

Hyaluronic acid (HA) is a linear glycosaminoglycan that consists of regularly alternating residues
of D-glucuronic acid and N-acetyl-D-glucosamine with a molecular weight of 5-20,000 kDa [1]. It can be
found in various tissues and fluids, and in the greatest quantities, it is present in skin, articular cartilage,
and synovial fluid [2]. Hyaluronic acid has various functions ubiquitous in the body. Its ability to
trap water allows hyaluronic acid to act as a barrier to control changes in water content. HA acts
as a space-filler and considering the rheological properties it also performs as a joint lubricator [3,4].
Hyaluronic acid performs not only structural functions but also plays an important role in the processes
of inflammation, tissue regeneration, and immunosuppression [5]. Due to its unique biological and
physicochemical properties, HA is actively investigated as a promising biomaterial for various medical,
pharmaceutical, food, and cosmetic applications. One of the important areas of application of HA is
its use as a drug carrier in individualized targeted drug and vaccines [6] delivery systems and drug
screening systems for personalized medicine [7]. Interestingly that apart from drugs the transplanted
cells could be encapsulated by HA-hydrogels [6] that increase the topicality of studies in the area of
HA and cross-linked HA.

HA binds to various receptors, mediating various biological effects (Figure 1).
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Figure 1. Hyaluronic acid cell surface receptors and their functions [5].

The use of hyaluronic acid as a drug carrier for the treatment of tumors is based on the fact that,
by binding to specific receptors, it is involved in the activation of intracellular signaling cascades
associated with tumor growth and tumor cell adhesion [8]. It was previously established that an
overexpression of CD44 receptor correlates with an enhanced metastasis formation [9]. The mechanism
of action of drug-loaded HA was proposed by P. Gibbs et al. [10], and the effectiveness of HA as a drug
carrier of irinotecan for the treatment of colorectal cancer was confirmed.

There are many types of drug delivery vehicles, such as liposomes, dendrimers, hydrogels,
magnetic nanoparticles, quantum dots, and polymer nanoparticles [11]. Polymer nanoparticles are
particles prepared from a natural or synthetic polymer with a size range from 10 to 1000 nm [12].
Nanosized molecules allow better uptake of the particles by cells (at a size less than 1 pm) and provide
the prolonged mode of action in the bloodstream [13] which combined with such characteristics as
biodegradability, non-toxicity, the biocompatibility of natural polymers became an effective and safe
drug delivery carrier with significantly fewer side effects.

Polymer nanoparticles can be obtained by an efficient and versatile method called
electrohydrodynamic jetting, which is driven by adjustable constant high electric voltage. Polymer
solution flows out through an injecting capillary nozzle with a predetermined volumetric flow rate.
Under the influence of electric forces an initial continuous, stationary, accelerated, and thinning free
stream forms, the axis of which coincides with the general direction of the electric field. As a result,
the jet is formed in the form of a cone, which is called Taylor Cone [14]. Depending on the parameters
of the process and the properties of the solution, the jet can split into many smaller jets, leading
to the formation of fibers (electrospinning), or the formation of drops of the polymer solution can
occur, which will lead to the formation of particles, the so-called electrospraying process [15]. Thereat,
electrosprayed nanoparticles based on polysaccharides such as chitosan, hyaluronic acid, alginic acid,
etc., are in demand in modern medicine.

Among the advantages of electrospinning technology, one can single out the simplicity of the
hardware execution of the method, ease of materials combination, variety of obtained nanostructures,
and ability to scale up to mass production [16]. Recently we published data about the successful
obtaining of nanofibers based on hyaluronic acid with integrated natural biologically active compounds
curcumin and usnic acid [17]. This fact was the basis for the current work that is aimed to investigate
the possibility for the obtaining of nanoparticles containing drug molecules for cancer and other
diseases treatment. Keeping in mind this main direction, we have first investigated the possibility for
nanoparticles obtaining based on pure native hyaluronic acid from aqueous solutions by electrospraying
technique. Results are demonstrated in this paper. Moreover, apart from SEM and statistical analysis the
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physical parameters of polymer solutions have been carefully evaluated. Advanced and biodegradable
materials for drug delivery systems have been developed.

2. Materials and Methods

2.1. Materials

Sodium hyaluronate HA-T with molecular weight equal to 1.29 MDa (glucuronic acid content
45%) was purchased from (Bloomage Freda Biopharm CO., LTD. Jinan, China). Biopolymer was used
without any purification. Distilled water was used as a solvent.

2.2. Electrospraying Polymer Solutions and Evaluation of Their Properties

Hyaluronic acid sodium salt was dissolved in distilled water to obtain solutions with a
concentration from 2.5 to 15.0 mg/mL at a pitch of 2.5 mg/mL. Solutions were stirred on the magnetic
mixer at 50 °C for 24 h. Obtained solutions were kept for 60 min at room conditions for the stabilization
and deaeration process.

Mettler Toledo Densito 30PX (USA) density meter was used for density analysis of hyaluronic
acid solutions. Surface tension was determined by drop shape analyzer KRUSS DSA 100 (KRUSS,
Hamburg, Germany). Electrical conductivity was measured by InoLab Cond 720 (Houston, Texas,
USA) with four-electrode-conductivity cell TetraCon 325. Rheological properties were determined
by Anton Paar Physica MCR-502 rheometer (Anton Paar, Graz, Austria) with cylindrical measuring
system CC27/T200/SS.

2.3. Electrospraying Technique

Nanoparticles were obtained using the electrospinning system NANON-01A (MECC CO,,
LTD., Tokyo, Japan). The basic scheme of the electrospraying process (as a particular case of
electrohydrodynamic jetting) is shown in Figure 2 and was described in detail previously [18].

High voltage ‘

Spraying
polymer solution

Steel needle 27G

150 mm . Spray
30 kV ‘
05-0.7 mL/h

i : y -7 Coating
_j_
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Figure 2. Principal scheme of the electrospraying process and technological parameters.

Electrospraying was carried out at room temperature (23.0 + 2 °C) and a relative humidity equal
to 30%. Process conditions were set as follows: electric potential 30 kV; feed velocity 0.5-0.7 mL/h;
traverse rate 10 mm/s, stainless steel needles 27 G; plate steel collecting electrode 150 x 200 mm (L X B);
distance between collecting electrode and needle equal to 150 mm. Electrospraying process was carried
out at the silicone plates 10 X 10 x 0.25 mm (L x B x H) for 10 min with subsequent dehumidification
in the NANON chamber for 5 min.
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2.4. Morphology and Diameters of Nanoparticles. Statistical Analysis

The scanning electronic microscope (SEM) MERLIN Carl Zeiss was used for morphology analysis
and diameters measurement. The accelerating voltage (EHT) of 1 kV, 2 kV, and 5 kV were applied to
gain better image contrast, signal A = InLens or SE2, and the working distance was from 2.5 to 4.6 mm.
The samples were measured without conductive coating.

Image] (National Institutes of Health, New York, NY, USA) was used for fiber diameter
measurement [19].

Statistical analysis of the obtained nanoparticles was done by OriginPro 2019b (OriginLab
Corporation, Northampton, MA, USA). Several images were used for diameter distribution analysis.

3. Results and Discussion

3.1. Properties of Polymer Solutions

It is known that the specific conditions and maintenance of the main parameters of
polymer solutions at certain levels (ranges) are necessary to provide electrohydrodynamic jetting.
Such parameters include rheological characteristics (dynamic viscosity), density, electrical conductivity,
and surface tension. For instance, low solution viscosity may cause destabilizing action on the polymer
jet. By contrast, solutions with high viscosity are liable to obstruct the feeding tube of equipment
utilized [15]. At the same time, the high value of surface tension, low electrical resistance, and low
potential rate of solvent evaporation common to hyaluronic acid aqueous solutions could hinder its
electrospinning and electrospraying. For this reason, it is necessary to evaluate the key parameters of
polymer solutions. The main measured parameters are summarized in Table 1.

Table 1. Key parameters of the electrospraying polymer solutions.

HA Concentration Electrical Conductivity Density Surface Tension
mg/mL puS/em g/cm? mN/m
2.5 470 + 29 0.9987 + 0.0003 72.50 + 1.05
5.0 834 + 23 0.9998 + 0.0003 71.54 + 0.45
7.5 1219 £ 22 1.0008 + 0.0003 71.22 +0.83
10.0 1603 + 38 1.0019 + 0.0002 70.84 + 0.38
12.5 1946 + 50 1.0025 + 0.0002 69.99 + 0.89
15.0 2363 + 40 1.0037 + 0.0003 68.95 +0.29

3.1.1. Electrical Conductivity

Electrical conductivity is one of the main parameters of the polymer solutions for electrospraying
and electrospinning techniques. Hyaluronic acid is a natural polysaccharide with a polyelectrolyte
nature. It has been established that the charged polymer solutions could have electrolytic
conductivity [20]. Moreover, hyaluronic acid is considered as the electroactive polymer [21]. Thus,
aqueous solutions based on HA demonstrate high electrical conductivity levels which can inhibit the
electrospraying process [18].

The established in our solutions relationship between the electrical conductivity of the solution
and hyaluronic acid concentration at 25.0 + 1.0 °C is demonstrated in Figure 3.

The increasing of hyaluronic acid content increases ion quantity and solution conductivity,
consequently. On the one side, the polymer solutions have to possess a definite electrical conductivity
level to promote the charge transport from the needle to the solution. On the other side, high electrical
conductivity values along with the low evaporative capacity of aqueous hyaluronic acid solutions
could lead to the voltage breakdown between the spinneret and collecting electrode. Thereby, electrical
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conductivity is considered as a unique required parameter for electrospinning and electrospraying
techniques and biomaterials obtained by these methods.
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Figure 3. Electrical conductivity as a function of hyaluronic acid concentration at 25.0 + 1.0 °C.

3.1.2. Density

Density is an important parameter for the measurement of surface tension. Figure 4 demonstrates
the dependence of density from hyaluronic acid concentration at 25.0 + 1.0 °C. Evidently, density
increases with polymer concentration increases and dependence has a linear character. Note, that the
density of deionized water at 25.0 °C is equal to 0.9970 g/cm?® [22]. The results obtained correlate to the
previous studies [23,24].
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Figure 4. Dependence of the solution density from hyaluronic acid concentration at 25.0 + 1.0 °C.

3.1.3. Surface Tension

Surface tension has an important role in electrohydrodynamic jetting. Initially, after supplementation
of the high electric voltage, electrical like charges are prompted on the surface of the drop of the
polymer solution. This charge leads to the overcome of the surface tension forces and the alteration of
drop shape from spherical to conical. After the excess of the electric field degree over the specified
critical value, the electrostatic forces surpass the polymer solution surface tension and the dispersion
of polymer solution is started [25].

Figure 5 shows the dependence of the surface tension from hyaluronic acid concentration at
20.0 £ 1.0 °C. A slight decline in the surface tension is observable with an increase in polymer
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concentration. Note, that the surface tension of distilled water at 20.0 °C is equal to 72.74 mN/m [22].
Our results correlate with the data published in the article [26]. Rapid changes in the surface tension
are not identified because of the shorting of the concentration in which the entanglement process of
polymer chains is started.
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Figure 5. Dependence of the surface tension from hyaluronic acid concentration at 25.0 + 1.0 °C.

3.1.4. Rheological Characteristics

Dynamic viscosity of electrospraying solution is one of the key technological parameters showing
the possibility of its transporting through the feeding system and thin needles (nozzles). Hyaluronic
acid is known to organize the tertiary helicoid structure [27-31]. Furthermore, hyaluronic acid
polymer chains tend to intertwine each other if the polymer concentration in water solution more than
1.0 wt.% [32,33] which leads to a rapid viscosity increase. High viscosity level results in hindering or
even clotting of the feeding system of equipment utilized.

The viscosity of hyaluronic acid aqueous solutions, regardless of the concentration, directly
depends on the shear rate and follows the non-linear law, which is typical for non-Newtonian
solutions [34]. As demonstrated in Figure 6, the dynamic viscosity of hyaluronic acid aqueous solutions
with a concentration from 2.5 to 15.0 mg/mL at 25.0 + 0.2 °C is decreasing with the shear rate increase.

——2.5mg/mL ——10.0 mg/mL
—0O—5.0mg/mL —C—12.5 mg/mL
——7.5mg/mL ——15.0 mg/mL
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Figure 6. Dynamic viscosity of hyaluronic acid solutions as a function of shear rate and polymer
concentration at 25.0 + 0.2 °C.
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3.1.5. Solutions Electrosprayability

In this study, hyaluronic acid nanoparticles were obtained by electrospraying with a biopolymer
concentration in an aqueous solution from 2.5 to 15.0 mg/mL. The electrospraying process could
be characterized as stable and non-fluctuating across the entire concentration range except for the
last. Interestingly, the electrospraying process had several special aspects. Firstly, a visual contour
of the envelope cone was unusually wide. Secondly, a straight segment of a polymer jet was absent:
the whipping section begins with the steel needlepoint. Note, that further increase in hyaluronic
acid concentration led to an increase of jet splashes, large drops, and a significant deterioration in
electrospraying up to its total shutdown.

3.1.6. SEM Analysis

SEM photomicrographs of the nanoparticles obtained from hyaluronic acid solutions having
various concentrations under 30 kV are demonstrated in Figures 7-12. SEM images were taken at
several magnifications.

!
(b)

(@)

Figure 7. SEM photomicrographs of nanoparticles electrosprayed from the hyaluronic acid solutions
with concentration 2.5 mg/mL under 30 kV: (a) magnification 4000x%; (b) magnification 25,000%.

Figure 8. SEM photomicrographs of nanoparticles electrosprayed from the hyaluronic acid solutions

with concentration 5.0 mg/mL under 30 kV: (a) magnification 4000x%; (b) magnification 25,000%.
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Figure 9. SEM photomicrographs of nanoparticles electrosprayed from the hyaluronic acid solutions
with concentration 7.5 mg/mL under 30 kV: (a) magnification 4000x%; (b) magnification 25,000%.

-
(a) (b)
Figure 10. SEM photomicrographs of nanoparticles electrosprayed from the hyaluronic acid solutions
with concentration 10.0 mg/mL under 30 kV: (a) magnification 4000x; (b) magnification 42,000x.

(@)

Figure 11. SEM photomicrographs of nanoparticles electrosprayed from the hyaluronic acid solutions

with concentration 12.5 mg/mL under 30 kV: (a) magnification 4000x%; (b) magnification 25,000%.
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Figure 12. SEM photomicrographs of nanoparticles electrosprayed from the hyaluronic acid solutions
with concentration 15.0 mg/mL under 30 kV: (a) magnification 4000x; (b) magnification 25,000x.

Hyaluronic acid solution even at concentration 2.5 mg/mL allows to form polymer nanoparticles
(see Figure 7a,b). However, in comparison with the next samples obtained from the solutions with
higher concentrations, this one does not produce the samples with high coverage density. Thus,
such solutions do not have a high product yield, which should be taken into consideration during
further investigation.

As shown in Figures 8a,b and 9a,b the samples obtained have high coverage density by the
polymer nanoparticles. Interestingly, some nanoparticles demonstrated in Figure 9a,b have a comet-like
form. This fact could be related to the conversion process from electrospraying to electrospinning
when polymer jet from spinning needle starts to form fibers apart from particles. It is confirmed by the
following microphotographs (Figure 10a,b).

When the concentration rises from 7.5 mg/mL to 10.0 mg/mL, an increase in the diameter of
particles and the formation of thin threads are observed which confirms the above-mentioned theory
of the formation of fibers between the particles (Figure 10b). Unlike the previous nanoparticle samples
with a lower concentration, nanoparticles obtained from solutions with a concentration equal to
10.0 mg/mL have a distinct sphere shape. At the same time, nanoparticles have the fibers around
them looking like “spiderweb”. Moreover, several nanoparticles have the form of “beads on a string”,
which confirms the conversion process from electrospraying to electrospinning.

With further increase in the concentration, the aggregation of the particles is observed (Figure 11a,
top left). Particles revert to droplet shape and fibers become more visible.

Although the particles obtained from the solutions with the highest concentration have the largest
diameter, coverage density is very low (Figure 12a). Bigger particles are surrounded by fibers with
larger diameters (Figure 12b); thus, this solution would not give a high product yield.

3.1.7. Statistical Analysis

As shown in Figure 13a nanoparticles obtained from the solutions with a concentration equal
to 2.5 mg/mL have a mean diameter of 0.297 um and diameter distribution from 0.105 to 0.897 um.
As the concentration rises from 2.5 mg/mL to 5.0 mg/mL, a minor increase in the mean diameter
of particles and a widening of diameter distribution are observed: 0.322 pm and 0.116-0.938 um,
respectively (Figure 13b). However, with a further increase in polymer concentration to 7.5 mg/mL,
the mean diameter of nanoparticles decreases to 0.315 pm with simultaneous narrowing of diameter
distribution to a range of 0.0975-0.787 pum (Figure 13c). Further raise in polymer concentration to
10.0 mg/mL results in an increase of mean particle diameter to 0.383 um with a rapid increase of
diameter distribution (0.122-1.466 pm, Figure 13d). As shown in Figure 13e nanoparticles obtained
from the polymer solution with HA concentration 12.5 mg/mL have nearly the same mean diameter
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and diameter distribution: 0.387 um and 0.128-1.495 pum, respectively. A further raise in polymer
concentration to 15.0 mg/mL results in rapid increase of mean particle diameter to 0.584 pm with an

increase of diameter distribution (0.097-1.797 um, Figure 13f).

220 220
200 Mean: 0.297 200 S Mean: 0.322
180 Min: 0.105 180 Min: 0.116
= 160 N Max: 0.897 = 160 Max: 0.938
S 140 {‘ S 140
o Q
O 120 O 120
g 100 §*1oo
§ 80 S 80 {
g 60 g o0 ]
% a0 % 40
: o ||
0 . : + + 0 } + %
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Particle diameter, um Particle diameter, um
(@) (b)
220 140 i :
200 Mean: 0.315 M&an: 0,963
. 120 Min: 0.122
180 Min: 0.0975 Max: 1.466
< 160 Max: 0.787 g 100 L
S 140 3
2 © 80
O 120 z
§ 100 § 60
2 80
4 g 40
“ 40 ¢ 20
0 } i } i ' 00 02 04 06 08 10 12 14
00 01 02 03 04 05 06 07 08 09 2 :
_ Particle diameter, um
Particle diameter, um
(c) (d)
50
0 - Mean: 0.387 . Mean: 0.584
120 Min: 0.128 4 N Min: 0.097
=406 Max: 1.495 - Max: 1.797
e [
3 3 30
S 80 S
3
g ao] g
20{ |
T \ R
00 02 04 06 08 10 12 14 v : , : : :

Particle diameter, um

(e)

Particle diameter, um

()

Figure 13. Diameter distribution of nanoparticles based on HA from solutions with polymer
concentration equal to: (a) 2.5 mg/mL; (b) 5.0 mg/mL; (c) 7.5 mg/mL; (d) 10.0 mg/mL; (e) 12.5 mg/mL;

(f) 15.0 mg/mL.
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The information about biopolymer nanoparticle morphology is summarized in Table 2.
The diameter distributions were obtained by ImageJ analysis of SEM photomicrographs.

Table 2. Diameter distribution of nanoparticles obtained from hyaluronic acid solutions.

HA Concentration, mg/mL Diameter of Nanoparticles Obtained, um

Mean Max Min
2.5 0.297 + 0.145 0.897 0.105
5.0 0.322 + 0.151 0.938 0.116
7.5 0.315 +0.125 0.787 0.0975
10.0 0.383 + 0.247 1.466 0.122
12.5 0.387 +0.223 1.495 0.128
15.0 0.584 + 0.398 1.797 0.097

4. Conclusions and Future Perspectives

In this research, biopolymer nanoparticles based on native hyaluronic acid, for the first
time, were successfully obtained by electrohydrodynamic jetting from distilled water solutions
at ambient conditions. Nanoparticles morphology, solution electrosprayability, as well as the physical
characteristics of the spraying solutions as functions of hyaluronic acid concentration, were analyzed
in detail. The conclusions mentioned below could be highlighted in our study:

e  Utilizing HA solutions with an optimal concentration range from 2.5 to 7.5 mg/mL provides the
obtaining of polymer nanoparticles with a mean diameter equal to 300 nm.

e Dimensions of nanoparticles combined with the negative charge of hyaluronic acid ensure the
possibility of use of such nanoparticles as modern drug delivery systems, including the intravenous
route of the administration.

e  Physical properties of the solutions such as electrical conductivity, surface tension, and viscosity
should be taken into consideration to define the optimal parameters of polymer solutions for the
obtaining of nanoparticles with required structural and exploitative property packages.

e A further investigation should be aimed at in several important ways. Firstly, narrowing of
diameter distributions driven by varying technological parameters results in raising the potential
utilization of hyaluronic acid nanoparticles in medicine. Secondly, loading biologically active
substances into the polymer nanoparticles is a challenging issue, which results in fewer side-effects
of drug molecules and enhanced bioavailability and thus less dose regime. The latter opens a new
direction in the field of targeted drug delivery.
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