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Abstract This paper aims at a better understanding
of the systematic production of the ethyl cellulose
(EC) particles by using an emulsification-solvent
evaporation method in the presence of different
polysaccharide derivatives. In particular, the role of
different surface active polymers i.e. one ionic—
carboxymethyl cellulose, one nonionic—hydrox-
yethyl cellulose, and two amphiphilic—high molecu-
lar weight methyl cellulose and low molecular weight
methyl cellulose on EC particle formation was inves-
tigated. We have established how individual surface
active polysaccharides with varying concentration
from 0.1 to 3.0 wt% affect particle size and its
distribution, particle shape, surface charge, and
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particle surface morphology. The interdependencies
between surfactant nature and concentration at con-
stant processing parameters and the subsequent nano-
to micro-particle characteristics are discussed. It was
determined that the particle size, surface morphology,
supramolecular structure and surface properties of EC
particles, prepared by an emulsion evaporation
method can be effectively controlled by the type and
concentration of used polysaccharide surfactant yield-
ing spherical particles sizes from 170 nm to the
micrometer level with smooth particle surfaces or
remarkably a wrinkled surface morphology or “par-
ticle on particle” structures.
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Introduction

Ethyl cellulose (EC) is derived from a nearly inex-
haustible natural polymeric material, cellulose, and
possesses properties such as nontoxicity, chemical
stability, compressibility, hydrophobicity, and low
cost. The polymer has been widely used in various
applications such as drug delivery systems (Katika-
neni et al. 1995; Crowley et al. 2004), personal care
products (Veeger et al. 2013; Bizmark and Ioannidis
2017), sensing systems (Generalova et al. 2009), etc.
(Khan et al. 2006; Kosak et al. 2015). Despite its wide
usages in different pharmaceutical areas as a binder, as
a bulk polymer for preparation of microcapsules and
microspheres, as film-forming and matrix-forming
material for sustained release dosage forms, etc. there
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is still significant research going on in regards to the
EC exploitation for new pharmaceutical commercial
applications (Rajabi-Siahboomi et al. 2017; Kulterer
et al. 2012). In the recent years special attention was
paid to design new methods for producing polysac-
charide nanostructured assemblies that can possess
properties that are significantly different from the bulk
material (Christine and Ponchel 2017). Especially
cellulosic based nanostructures, most often nanopar-
ticles, exhibit a great potential as holders for imaging
and drug agents because of their intrinsic physico-
chemical properties being biocompatible and
biodegradable (Saravanakumar et al. 2012; Won-
draczek et al. 2013).

Among the different processes, emulsification with
subsequent solvent evaporation was the first method
proposed (Vanderhoff et al. 1978) for the preparation
of polymer nanoparticles and is today well established
(Desgouilles et al. 2003; Wondraczek et al. 2013;
Coombs Obrien et al. 2017). It is based on the nano-
emulsification of an organic solution of a polymer in
an aqueous phase followed by the evaporation of the
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organic solvent, leading to the precipitation of the
polymer as nanoparticles of a few hundred nanometers
in diameter. Most often the precipitated nanoparticles
aggregate during and after their formation, therefore,
liquid polymer droplets need surface active polymers
i.e. surfactants, which covers the droplet with dense
layers that provide steric hindrance to droplet coales-
cence. The kinetics of surfactant adsorption are
governed by the interactions between dispersed
droplets and the more or less covered interface, where
the ultimate coverage of the organic solvent—water
interface at steady state is controlled by the interac-
tions among already adsorbed surfactants. Surfactant
amount and nature have a substantial influence on the
particle properties including size, size distribution,
particle shape, surface charge, and particle surface
morphology. For stabilizing the emulsion droplets
during evaporation stage, different surfactants can be
applied in order to enable the formation of nanopar-
ticles from single emulsion droplet. Surfactants are
usually incorporated in the aqueous phase and they are
hydrophilic polymers, anionic or cationic surfactants.
The most commonly reported surface active polymers
for producing EC nanoparticles are: (1) low molecular
weight surfactants: sodium dodecyl sulfate (Des-
gouilles et al. 2003; Urban-Morlan et al. 2015)
sorbitan monolaurate—Span 20 (Spernarth and Mag-
dassi 2007), decaglycerol monolaurate (Spernarth and
Magdassi 2007), lauryl ether (Wachsmann and Lam-
precht 2015), cetyltrimethylammonium bromide
(Wachsmann and Lamprecht 2015) and (2) polymer
based surfactants: polyvinyl alcohol (PVA) (Nava-
Arzaluz et al. 2012), polyethylene glycol sorbitan
monolaurate—Tween 20 (Gunduz et al. 2012), (Won-
draczek et al. 2013), polyoxyethylene (23) (Wachs-
mann and Lamprecht 2015), polysorbate 20
(Wachsmann and Lamprecht 2015), poloxamer 188
(El-Habashy et al. 2016), cremophor A25 (El-Habashy
et al. 2016). Although already various different
surfactants were tested in the EC nanoparticle prepa-
ration, to the best of our knowledge, the potential of
ionic, nonionic and amphiphilic polysaccharide sur-
factants to design differently shaped EC nanoparticles
were not investigated yet.

Polysaccharides present several advantages com-
pared to the small molecules of surfactants: the
viscosity of the medium is increased, and the thickness
of the adsorbed layer at the interface is larger (as well
as the van der Waals interactions), depending on the

polysaccharides polymer structure and surface char-
acteristics (Nasatto et al. 2014). Furthermore, the
increasing interest for biocompatible and biodegrad-
able materials makes polysaccharides even more
attractive to be used as surfactants in medical appli-
cations, since a part of the surfactant remains on the
particle surface even after extensive washing and
alters biological activity of the final nanoparticles.

In this study, we applied a nano-emulsification-
evaporation method to manufacture the EC nano to
micro sized particles. EC was used as base polymer
due to its high quantity accessibility in different
qualities and its broad use in peroral and dermal
applications. Ethyl acetate was used as water immis-
cible, volatile organic solvent with relatively low
toxicity and as a stabilizing surfactant in water
nonionic-amphiphilic polyvinyl alcohol (PVA) and
different surface active polysaccharides; one ionic,
one nonionic and two amphiphilic (i.e. carboxymethyl
cellulose (CMC), hydroxyethyl cellulose (HEC), high
molecular weight methyl cellulose and low molecular
weight methyl cellulose (MC-HMw and MC-LMw,
respectively) were examined. To control particle
properties, the nano-emulsion template was regulated
by adapting the concentration of the surface active
polysaccharides. Newly produced EC nano to micro
sized particles were characterized by dynamic light
scattering (hydrodynamic radius and zeta potential for
stability). Particle surface morphology was evaluated
by field emission scanning electron microscopy (FE-
SEM). Our findings contribute to the fundamental
understanding of colloidal systems and inform about
the control of EC nano- to micro-particle morpholo-
gies and composition, in particular by using different
surface active polysaccharides as stabilizing
surfactants.

Materials and methods
Materials

Following polysaccharides were used: Ethyl cellulose
(EC) with molecular weight (Mw) of 26,700 Da and
average degree of substitution (DS) of 2.47; Sodium
carboxymethyl cellulose (CMC) with Mw of
90,000 Da and DS of 0.7; Hydroxyethyl cellulose
(HEC) with Mw of 380,000 Da and DS of 1.0; Methyl
cellulose (MC-HMw) with Mw of 310,000 Da and DS
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of 1.8 and Methyl cellulose (MC-LMw) with Mw of
17,000 Da and DS of 1.8. Polyvinyl alcohol (PVA)
with Mw between 85,000-124,000 was used. All
polymers were purchased from Sigma Aldrich Slove-
nia and used without further purification. Other
reagents used were of analytical grade.

Viscosity measurements

All aqueous solution of the surface active polymer (i.e.
CMC, HEC, PVA, MC-HMw and MC-LMw) at
varying concentrations of 0.1, 1.0, and 3.0 wt% prior
to particle synthesis were characterized in terms of
their viscosity by means of a rotational viscometer
(Fungilab) at room temperature i.e. 23 £ 2 °C. Each
experiment was repeated three times and a standard
deviation was calculated.

Surface tension measurements

Surface tension of the aqueous solution of the surface
active polymer (i.e. CMC, HEC, PVA, MC-HMw and
MC-LMw) at varying concentrations of 0.1, 0.5, 1.0,
2.0 and 3.0 wt%. was measured with a surface
tensiometer (Kruss GmbH, Hamburg Germany), at a
room temperature of 23 &+ 2 °C. The tensiometer,
which is equipped with a Wilhelmy plate
(10 x 20 mmz) of roughened platinum, was cali-
brated with distilled water (¢ = 72.8 mN/m). Mea-
surements were repeated three times for every sample
and in one repeat ten measurements were made.

Preparation of ethyl cellulose particle
by emulsification-evaporation preparation method

A modified emulsification-evaporation method, as
described previously in literature (Wondraczek et al.
2013), was used to manufacture the EC particles
(Fig. 1). Briefly, 25 mg of EC in 3 mL of ethyl acetate
was slowly added to 6 mL of an aqueous solution of
the surface active polymer (i.e. PVA, CMC, HEC,
MC-HMw and MC-LMw) at varying concentrations
of 0.1, 1.0, and 3.0 wt% and stirred at 200 rpm until a
homogeneous solution was obtained (between 2 and
5 h depending on used surface active polymer). The
mixture was further emulsified by pulse ultra-sonica-
tion (1 s on/2 s pause) using a Sonics VCX750
ultrasonic processor at 80% amplitude for 30 s at
room temperature. The obtained emulsion was diluted
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Fig. 1 Flow diagram of the preparation of EC particles

with 21 mL of the individual aqueous surface active
polymer solution. The final particle solution was
obtained by continuous stirring at 23 + 2 °C over-
night or until the ethyl acetate was completely
removed through evaporation. The excess of the
surface active polymer was removed by centrifugation
and re-dispersion in 40 mL of water at 60 °C. The final
rinsing step was repeated 4 times.

Field emission scanning electron microscopy (FE-
SEM) measurements

The FE-SEM images of the particles were recorded
with a Carl Zeiss FE-SEM SUPRA 35 VP electron
microscope. For all samples, imaging was performed
in high vacuum at 1 kV accelerating voltage. The
particle dispersions were placed on a conductive
carbon adhesive tape, mounted on an aluminum
sample holder, and air dried. In order to get high
contrast images, the particles were coated with a
sputtered layer of palladium. This of course can lead to
some systematic error in the size measurements.
According to the Eaton et al. (2017), the thickness of
this layer would not be the same all over the sample,
and will depend on the angle between the target and
the part of the sample to be imaged. In particular, in the
case of spherical particles, where the diameter of the
observed particles is measured, a thinner layer deposit
on a horizontally oriented surface, would be expected.
Fourteen nanometers would be the maximum dilation
of a measured particle that could possibly occur, if the
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sample was completely covered even on vertical
surfaces. In this case the diameter measurement would
measure the thickness of the layer twice, once on each
side of the particle. Thus, there was likely an error of
somewhere between 1 and 14 nm in these measure-
ments due to coating.

Dynamic light scattering (DLS) and zeta potential

The pH dependent (-potential and hydrodynamic
diameter of the particle dispersions (ca. 0.1 wt%)
were determined by means of dynamic light scattering
using a Zetasizer Nano ZS device (Malvern Instru-
ments Ltd, United Kingdom, wavelength: 633 nm,
scattering angle: 173°). A field of 40 V was applied
across the nominal electrode spacing of 16 mm. Prior
to the measurements, particle dispersions were soni-
cated for 60 s by pulse sonication (1 s on/2 s off) with
an amplitude of 30%. The dynamic light scattering and
zeta potential measurements were conducted at 22 °C.
Mean particle diameters were approximated as the
effective (Z-average) diameters from the bimodal size
distribution. The pH dependent measurements were
conducted in a pH range from 10 < pH < 2 by using
0.1 M NaOH and 0.1 M HCL

A spherical particle’s size was determined by
relating the translational diffusion coefficient, D, to
particle diameter, and dy with the Stokes—Einstein
relationship:

kT
© 3andy

‘ (1)
where k is the Boltzmann’s constant, 7 is the absolute
temperature, and m is the viscosity of the suspending
medium. The Stokes—Einstein equation is applied for
non-interacting spherically shaped particles.(Bozi¢
et al. 2015)

Attenuated total reflectance fourier transform
infrared spectroscopy (ATR-FTIR) measurements

Before ATR-FTIR measurements the EC particle
samples were freeze-dried to remove bound water.
ATR-FTIR spectra were recorded using a Perkin-
Elmer Spectrum One FTIR spectrometer with a
Golden Gate ATR attachment and a diamond crystal
at room temperature i.e. 23 £ 2 °C. The absorbance
measurements were carried out within the
3100-3700 cm ™!, with 16 scans and a resolution of

4 cm™ . The resolution of the spectra was improved by
their deconvolution from a background scattering
using a Gaussian function curve-fitting analysis in
order to quantify the intensities and the band positions.
All the data analyses were performed using the
PeakFit software version 4.12.

The energy of hydrogen bonds (Ey, kJ) was
calculated with following equation:

1 [vo—v
Ey=— 2
=z (") @)
where vy is the frequency corresponding to the free OH
groups (cm™ '), v is frequency of the bonded OH
groups (cm '), and K is constant 1.68 x 10~2 kcal ™'
(Petreus et al. 2003; Ciolacu et al. 2011).

The intra- and intermolecular hydrogen bonds bond
distance (R) was calculated with following equation:

Av =443 x 10°(2.84 — R) (3)

where Av is the frequency shift of the OH absorption
band caused by hydrogen bonding (Pimentel and
Sederholm 1956).

Results and discussion

Viscosity measurements of the surface active
polymer solutions

The utilization of surface active polysaccharides to
form liquid polymer droplets may be influenced by the
viscosity of their solutions. If the viscosity is too high,
it can lead to a less favorable mixing efficiency and
thus, to particle size increase. For these reasons, we
measured the impact of the polymer nature and its
concentration on the viscosity of aqueous solution.
Following polymers have been studied: PVA, CMC,
HEC, MC-LMw, and MC-HMw (Fig. 2). As the
concentration increases, the random coils begin to
overlap and a considerable increase in viscosity is
observed as the chains interact with each other. A very
sharp increase in viscosity up to 31,261.0 cP and
15,265.5 cP at concentrations of 3 wt% is observed for
nonionic HEC and amphiphilic MC-HMw, respec-
tively. HEC and MC-HMw are high molecular weight
cellulose ethers of 380,000 and 310,000 g/mol,
respectively, where at higher concentrations the
interaction between chains with hydrophobic moieties
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Fig. 2 Viscosity of aqueous PVA, CMC, HEC, MC-LMw, and
MC-HMw solutions at weight concentrations of 0.1, 1.0 and
3.0 wt%

i.e.—CH,CH,OH and —CH3, respectively, are ampli-
fied. On the other hand, anionic CMC with relatively
high molecular weight of 90 000 g/mol at concentra-
tions of 3 wt% reaches a viscosity of only 25.6 cP. In
the CMC the OH groups are substituted by CH,.
COONa, (carboxymethyl groups), which gives the
CMC the polyelectrolyte character. The main cause of
lower values of the viscosity is ascribed to the
conformational change of the main chain due to the
electrostatic repulsive forces between the charged
groups. The viscosity of the aqueous solution of MC-
LMw with molecular weight of 7000 g/mol was 51.7
cP at 3 wt%, which is 295 times lower compared to
MC-HMc with a molecular weight of 310 000 g/mol.
Because of their conformation in solution, polysac-
charides in the aqueous solvent take up more space i.e.
the larger the molecules, the larger is the hydrody-
namic volume. Therefore, higher molecular weight
polysaccharide based solutions have a higher viscosity
at the same concentration. PVA, a water soluble
synthetic polymer, is one the most commonly used
emulsifier in the formulation of EC particles since it
forms particles of relatively small size and uniform
size distribution. PVA viscosity at 3 wt% was 17.9 cP,
the lowest compared to all measured polysaccharides.

Surface tension (o) measurements of the surface
active polymer solutions

One of the most useful properties of surface active
polysaccharides is their capacity to lower the interfa-
cial tension of their solvents, which results in a
significant reduction in the energy required during
emulsification. The amphiphilic character, due to the
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presence of hydroxyethyl (hydrophobic part) and
hydroxyl groups or carboxyl (hydrophilic part) in the
chains, means that polysaccharides can be adsorbed
and oriented at liquid-liquid interfaces to reduce
efficiently the interfacial tension and to promote the
formation of a nanoparticle dispersion system. In order
to investigate the surface activity of polysaccharides
and PVA, the surface tension of the aqueous phases
used in the emulsification-evaporation method was
measured. Figure 3 shows the surface tension (o) of
aqueous PVA, CMC, HEC, MC L-Mw, and MC
H-Mw solutions at weight concentrations of 0.1, 0.5,
1.0, 2.0 and 3.0 wt%. The o of water at the air
interface is 72.87 mN/m. With the progressive addi-
tion of MC-LMw, MC-HMw and PVA, o starts to
decrease over 0.1 to 1.0 wt% up to the critical
aggregation concentration (CAC), being 0.5 wt% for
PVA and 1.0 wt% for MC-LMw and MC-HMw.
Decrease of o is related to the progressive loading of
surfactant molecules at the interface with the orienta-
tion of hydrophobic blocks. Above a concentration of
1.0 wt% surface tension started to increase for all three
surfactants. At concentration of 0.5 wt% of PVA and
1.0 wt% of MC-LMw and MC-HMw the energy of the
water surface is the lowest and, thus it is expected that
these concentrations will provide optimal emulsifica-
tion between formed EC particles and water.

Particle size, distribution and particle surface
morphology comparing FE-SEM and DLS results

Representative FE-SEM micrographs of EC particles
prepared without and in the presence of surface active

73 _|Water: 72.87 mN/m

7

Surface tension (mN/m)

45 T T

T
0 0.5 1 1.5 2 25 3
Concentration (%)

Fig. 3 Surface tension of aqueous PVA, CMC, HEC, MC-
LMw, and MC-HMw solutions at weight concentrations of 0.1,
0.5, 1.0, 2.0 and 3.0 wt%



Cellulose (2018) 25:6901-6922

6907

polymers at different concentrations are presented in
Figs. 4, 5, 6, 7, 8 and 9 along with results of size
distribution analysis in wet and dry state. Dry particles
size was derived by processing SEM images with
Image] program, whereas wet particle size was
measured by DLS. Detailed analysis of reference EC
particles using FE-SEM revealed that when only EC
was used without the presence of surface active
polymers, near-spherical, polydisperse particles with a
smooth outer surface ranging from 200 to 1800 nm
diameter in the dry state were produced (Fig. 4).
During evaporation, emulsion droplet coalescence
occurred prior to obtaining stable and solvent-free
particles, making the particles stick together in a
polymer matrix as shown in Fig. 4. The wet-state
hydrodynamic diameter detected with DLS ranges
from 288 to 2288 nm, which deviates from the

diameter of the dried particles. This can be attributed
to the fact that EC can take up water, although is water
insoluble polymer. EC in water medium swells
depending on the number of ethyl groups in the
cellulose chain and on the hydrogen bonding potential
with water attributable to the polarity difference
between the oxygen atom and the ethyl group of EC.
Swelling of EC particles is a process, which is
accompanied by increase of diameter due to solvent
i.e. water molecules penetration into particles. The
fact that light scattering is actually measuring the
hydrodynamic radii of the particles, which includes
not just the particle itself, but the ionic and solvent
layers associated with it in solution, under the
particular measurement conditions, we can estimate
that the EC particle diameter increases from 27 to 40%
after exposure to water.

Reference ethyl cellulose particles (without the presence of surfactant)
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Fig. 4 FE-SEM images of reference EC particles without the presence of surface active polymer along with their particle size

distribution and hydrodynamic particle diameter in water
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Fig. 5 FE-SEM images of EC particles prepared by emulsion evaporation method in the presence of PVA at weight concentrations of
0.1, 1.0 and 3.0 wt% along with their particle size distribution and hydrodynamic particle diameter in water

EC particles, stabilized by the PVA

Figure 5 shows FE-SEM images of EC particles
prepared in the presence of PVA at weight concentra-
tions of 0.1, 1.0 and 3.0 wt% along with their particle
size distribution analysis and hydrodynamic particle
diameter in water. It is shown that EC prepared in the
presence of PVA at weight concentrations of 0.1 and
1.0 wt% are spherical with a smooth surface in the
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dried-state, whereas the EC particles in the presence of
3.0 wt% PVA are random ranging from nano to micro
sizes and spherical to non-spherical shapes i.e. non-
particle matter. Results are in good agreement with the
surface tension measurements on aqueous PVA solu-
tions where the energy of water surface was the lowest
between 0.1 and 1.0 wt% of PVA. The amphiphilic
character, due to the presence of methylene groups
(hydrophobic part) and hydroxyl groups (hydrophilic
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Fig. 6 FE-SEM images of EC particles prepared by emulsion evaporation method in the presence of CMC at weight concentrations of
0.1, 1.0 and 3.0 wt% along with their particle size distribution and hydrodynamic particle diameter, in water

part) in the chains, means that PVA can be adsorbed
and oriented at liquid-liquid interfaces to reduce
efficiently the interfacial tension and to promote the
formation of a dispersed system. On the other hand,
with increasing the PVA concentration to 3.0 wt%
surface tension increased above the water surface
tension (i.e. 72.87 mN/m), thus, the interfacial energy
between formed EC was too high and emulsion droplet
coalescence occurred. The average sizes of the dried

EC particles produced at 0.1, 1.0 and 3.0 wt% of PVA
are 540 & 17, 357 £ 5 and 8846 =+ 53,538 nm. The
average size and size distribution decreases from 0.1
to 1.0 wt% and increases at 1.0 wt% PVA. Based on
the visual analysis of the SEM images, it is possible to
form spherical dried EC with average sizes of
approximately from 350 to 540 nm by adjusting the
PVA concentration. Particles still seem to be attached
to each other after drying with thin PVA or ethyl
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Ethyl cellulose particles stabilized by Hydroxyethyl cellulose (HEC)
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Fig. 7 FE-SEM images of EC particles prepared by emulsion evaporation method in the presence of HEC at weight concentrations of
0.1, 1.0 and 3.0 wt% along with their particle size distribution and hydrodynamic particle diameter in water

cellulose bridge. Taking into account the swelling
degree, the particle sizes obtained at 0.1 and 1.0 wt%
PVA are fairly similar to those detected by DLS. The
average swelling degree for EC particles produced at
0.1 and 1.0 wt% PV A were 19 and 58%, respectively.
On the other hand, the DLS sizes of EC particles
produced at 3.0 wt% PVA cannot be directly com-
pared to dried sizes. DLS is a dynamic measurement,
extremely sensitive to the dispersion/aggregation
behavior of the particles in solution and because
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larger particles sediment faster than smaller under the
influence of gravitation during the measurement itself,
the larger sizes are excluded from results. Results
confirm that this technique is not useful for character-
ization of samples with large particle size distribution.

EC particles, stabilized by the CMC

Based on the visual analysis of the FE-SEM images
(Fig. 6), it is possible to form spherical dried EC
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Fig. 8 FE-SEM images of EC particles prepared in the presence of MC-HMw at weight concentrations of 0.1, 1.0 and 3.0 wt% along
with their particle size distribution and hydrodynamic particle diameter in in water

particles in the presence of CMC with average sizes of
approximately 360 and 3500 nm by adjusting the
CMC concentration from 0.1 to 3.0 wt%, respectively.
As expected from surface tension results, the best
formulated EC particles were obtained at the used
concentration of 0.1 wt%. By increasing the concen-
tration of CMC, surface tension increased, resulting in
increased interfacial tension and poor formation of EC
particles. CMC differs from other tested

polysaccharide derivatives with hydrophobic moieties
in surface charge i.e. OH groups are substituted with
carboxymethyl groups, transforming polymer into an
anionic polyelectrolyte (Kargl et al. 2012). The —
CH,COONa group causes a loss of the possibility of
parallel association of CMC chains in sheet-like
structures (a characteristic of the cellulose structure
leading to supramolecular organization in microfib-
rils) because of both steric hindrance and electrostatic
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Fig. 9 FE-SEM images of EC particles prepared in the presence of MC-LMw at weight concentrations of 0.1, 1.0 and 3.0 wt% along
with their particle size distribution and hydrodynamic particle diameter in water

repulsion. In aqueous systems at low CMC concen-
tration, polymer chain adopts an expanded conforma-
tion in order to minimize the electrostatic repulsion
between the carboxylated groups carried by the
polymer segments (Mohan et al. 2015). However, as
the polymer concentration increases, the excluded
volume effect of a chain becomes progressively
screened and the expansion of the chains decreases
to give an ideal dimension. In the range of
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1.0-3.0 wt% the intermolecular interactions of CMC
are significantly increased and have negative effect of
the formation of EC particles. At 1.0 and 3.0 wt%
CMC also, some non-particle matter is detected that
may be dried CMC.

The average swelling degree for EC particles
produced at 0.1 and 1.0 wt% of CMC were 1 and
66%, respectively. On the other hand, the DLS sizes of
EC particles produced at 3.0 wt% of CMC are not
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comparable in the case of larger particles as already
explained.

EC particles, stabilized by the HEC

The ability of nonionic hydroxyethyl cellulose (HEC)
to promote formation of EC particles is shown on FE-
SEM images in Fig. 7. Images show that EC particles
formed during emulsification evaporation method in
the presence of 0.1 wt% of HEC have similar sizes as
the reference EC particles without the presence of any
surfactant. This was expected regarding to surface
tension measurements, where HEC did not lower the
surface tension of aqueous solutions. Spherical entities
with a size ranging between 800 and 860 nm of
diameter were produced. A difference is found in the
formation of separated particles in the presence of
HEC compared to reference EC particles with excess
of free polymer matrix as shown in Fig. 4. Also the
particle swelling is decreased from 65 to 3% indicating
a fairly packed structure. It is assumed that the
compact packing of chains resulting from interpene-
tration leads to formation of a rigid film at the droplet
interface which resists shear and imparts mechanical
stability to the emulsion droplets during emulsifica-
tion. By increasing the HEC concentration to 3.0 wt%
particle size diameter and particle distribution
increased gradually (from 830 nm to 7.81 pm). Par-
ticles from spherical to non-spherical shapes with
different surface morphology were formulated i.e.
large amorphous polymer aggregates in addition to the
particles. The used HEC is a high molecular weight
polysaccharide of 380 000 g/mol. At higher concen-
trations the interaction between chains with hydropho-
bic moieties i.e. -CH,CH,OH are amplified to
viscosity up to 31,261.0 cP at 3.0 wt% of HEC. When
using high concentrations of surfactant there are two
competitive effects; an enhanced interfacial stabiliza-
tion that causes a particle size decrease and an
increased viscosity of the aqueous phase, which can
lead to a less favorable mixing efficiency and thus, to
particle size increase. Usually, the concentration of
used surfactant at which one effect starts dominating
over the other depends on the system and processing
parameters.

EC particles, stabilized by the MC-HMw

Figure 8 presents FE-SEM images of EC particles
prepared in the presence of MC-HMw at weight
concentrations of 0.1, 1.0 and 3.0 wt% along with
their particle size distribution and hydrodynamic
particle diameter in water. Methyl cellulose (MC)
with a medium degree of substitution (DS) is a water-
soluble polymer that can lower the surface tension due
to its intrinsic amphiphilic properties. These abilities
strongly depend on the molecular weight as can be
seen from Figs. 8 and 9, where effects of low and high
molecular weight MC on the formation of EC particles
are compared. By using high molecular weight—MC-
HMw (310,000 g/mol), the formation of spherical
particles was hindered even at low concentration.
Obtained EC particles at 0.1 wt% MC-HMw were
spherical to plate like shape with average size of
500 nm. Particles were bridged between themselves
by free MC-HMw or EC polymer. With increasing the
concentration to 1.0 wt% the particles size increased
to average of 20 um. The remarkable wrinkled surface
morphology of the spherical particles was obtained
only with EC-HMw at concentration of 1.0 wt%. With
increasing the concentration of MC-HMw, inter-
molecular aggregation occurred at a critical overlap
concentration of MC-HMw, which led to the associ-
ation of hydrophobic groups between different MC-
HMw molecules, and a transient three-dimensional
network was formed. Hence the viscosity of the
solution drastically increased. Unexpectedly, the EC
particle size decreased to an average of 380 nm when
MC-HMw concentration was increased to 3.0 wt%.
Although the extensive washing, a lot of MC-HMw
polymer stayed firmly attached to EC particles. The
DLS sizes of EC particles produced in the presence of
MC-HMw are not comparable due to dual mixture of
nano to micro sized particles and large extent of free
polymers.

EC particles, stabilized by the MC-LMw

Representative FE-SEM images of EC particles
obtained in the presence of low molecular weight—
MC-LMw at weight concentrations of 0.1, 1.0 and
3.0 wt% along with their particle size distribution and
hydrodynamic diameter in in water are presented in
Fig. 9. In the presence of 0.1 wt% of MC-LMw,
average diameter of spherical particles varied from 4.9
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to 5.4 pm, while at 1.0 wt% it ranged from 257 to
262 nm and at 3.0 wt% from 167 to 170 nm. Particles
prepared in the presence of 0.1 to 3.0 wt% MC-LMw
are spherical particles without any visible inter
bonding. A very interesting surface morphology—
nanoparticles attached onto the micro particles—were
obtained only at 0.1 wt% MC-LMw. At this concen-
tration, particles in the nanometer and micrometer
ranges coexist, where nanometer particles are stuck on
the surface of micrometer range particles. A reason-
able assumption about the low concentration of MC-
LMw leading to the formation of large and small
droplets and broad size distribution is that the low MC-
LMw concentration cannot produce higher viscosity
or stabilize more interfaces. By increasing MC-LMw
concentration in the aqueous phase results in more
MC-LMw molecules being available for sterically
stabilizing the more extended surfaces generated from
the smaller emulsion droplets. In general, the higher
MC-LMw concentration in the external aqueous
phase, the smaller the mean particles size. We can
conclude that at 3.0 wt% of MC-LMw the MC-LMw
completely covered the EC-ethyl acetate droplets and
firmly anchored at the interface, forming a thick film
with optimal conformation of polymer chains in the
external phase. It is recognized that the efficiency of
the steric stabilization depends on the conformation
adopted by the polymer chains at the interface which is
governed by the number and the type of functional
groups that constitute the polymer. For MCs, methyl
groups are responsible for the conformation of the
polymer at the organic solvent/water interface. These
groups are anchored to the droplet surface and thus
they determine the number and the length of loops and
tails that will form during adsorption of the MC
polymer chains. Consequently, the hydrated chain
segments that extend into the continuous phase adopt a
definite conformation to induce steric stabilization
during emulsification. DLS was also used to charac-
terize the dispersions from which the samples for FE-
SEM were made. This technique is very different to
imaging of dried samples, and is sensitive to dynamic
aggregation, aggregation, agglomeration, etc. In the
case of EC particles in the presence of 0.1 wt% of MC-
LMw, the DLS data are not comparable to the
microscopic data due to sedimentation of larger
particles, whereas in the case of 1.0 and 3.0 wt%
MC-LMw the nanoparticles agglomerate according to
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the zeta potential measurements (Fig. 9) and swelling
degree could not be estimated.

C-potential of EC particles

The pH dependent zeta potential curves for particles
prepared with and without the presence of PVA, CMC,
HEC, MC-HMw and MC-LMw at weight concentra-
tions of 0.1 wt%, 1.0 wt%, and 3.0 wt% are depicted
in Fig. 10. The absolute value of (-potential for
reference EC particles (without the presence of any
surfactant) increased gradually from pH 2 to pH 6
(= I mV to — 50 mV) and remain constant pH 6 to
pH 10 (ca. — 50 mV). Dispersions possess good
stability between pH 3 and pH 10. A negative (-
potential around — 50 mV indicates the presence of a
strong negative charge on the EC particle interface.
There are two possibilities to explain the origin of this
charge: it is either intrinsic, i.e. EC particles have a
native negative charge stemming from the dissociation
of ionic bonds, or it is apparent, i.e. induced by the
solvent or dissolved ions bound to the interface.(Jin
et al. 2012) Looking at the molecular structure of EC,
it is difficult to foresee the origin of a native negative
charge. Although, the cellulose starting material can
be partially oxidized and some carboxylic groups can
be present, the part of negative {-potential can be due
to an apparent negative charge, induced by the water
molecules or the specific adsorption of OH™ ions,
which concentration increased by increasing the pH
leading to more negative zeta potential. OH™ ions
adsorption is well known to occur on many hydropho-
bic surfaces like the surface of hydrophobic latex
particles in water, or the surface of oil droplets
stabilized with a non-ionic surfactant or no surfactant
at all (Marinova et al. 1996).

In the presence of PVA surfactant, {-potential of
EC particles changed i.e. absolute value of {-potential
increased gradually from pH 2 to pH 4 and slowly
from pH 4 to pH 10 depending in the used PVA
concentration. Still, at pH 5 for all three samples — 30
mV was reached, which further increased with
increasing the pH. Changed (-potential profile indi-
cates the presence of PVA residues on the surface of
the EC particles. From the {-potential profile for all
three formulations we can conclude that the higher
amount of the surface trapped PVA occurred at the
lowest concentration of 0.1 wt%. By increasing the
PVA concentration, the (-potential profile become
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became comparable with the EC particles reference
profile. As already discussed and proved by FE-SEM
images in Fig. 5, the surface tension of PVA at
3.0 wt% was above the surface tension of water and
thus, the interfacial energy between formed EC was
too high and emulsion droplet coalescence occurred.

In the case of CMC, the (-potential profile was
similar to the EC reference particles. The absolute
value of C-potential for EC particles increased grad-
ually from pH 2 to pH 6 (— 1 mV to — 50 mV) and
remained constant at pH 6 to pH 10 (between
— 47 mV and — 50 mV). Some small deviation
between the CMC concentrations can be observed.
For polysaccharides and PVA, various stabilization
mechanisms may be involved in their actions as
surfactants in the emulsion system. On the one hand,
when the polymer chains interact at the droplet
interface, they can induce reduction in the interfacial
tension and steric stabilization. On the other hand, the

pH

non-adsorbed chains contained in the bulk solution
can have an influence on the continuous phase
viscosity that controls the disruption kinetics and
promotes hydrodynamic stabilization.(Galindo-ro-
driguez et al. 2004) It can be concluded that CMC
does not adsorb to the surface of the EC-organic phase
droplets to a large extent because of the dominating
anionic repulsion over ethyl hydrophobic attraction,
but the possibility of intra- and intermolecular inter-
action by hydrogen bonds between the unsubstituted —
OH groups cannot be excluded. In addition, CMC
influences the continuous phase viscosity and, thus,
promotes hydrodynamic stabilization.

The presence of HEC surfactant, depending on the
used concentration, influenced the {-potential of EC
particles to a large extent. At 0.1 and 1.0 wt% of the
HEC, the absolute value of C-potential slowly
increased from pH 2 to pH 8 and remain constant
between pH 8 to pH 10 (between — 24 mV and
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— 28 mV). In the case of 3.0 wt% of HEC, {-potential
was positive, decreasing from pH 2 to pH 9, from 8.9
to 1.1 mV and negative below pH 9, reaching
— 3.6 mV at pH 10. There are several reasons for
positive {-potential, which is not expected in accor-
dance with EC and HEC molecular structure; DLS is
sensitive to dynamic aggregation, aggregation,
agglomeration, etc. Results presented in Fig. 7 con-
firmed the presence of large aggregates, which sedi-
ment out during the DLS measurements. Measured -
potential values correspond to the smaller particles
that continuously undergo dynamic aggregation and
sediment. In regards to this continuous sedimentation,
the net charge is continuously changing. The other
reason can be due to the hydroxyl and the carboxyl
groups being protonated (-OH," and -COOH, ™) at
very low pH. With increasing the pH values, hydroxyl
and carboxyl groups become deprotonated (-O~, —
COQ") and particles becomes negatively charged as
indicated by the measured (-potential values. In
addition, a changed C-potential profile indicates that
HEC polymers chains strongly cover or interpenetrate
the EC matrix, and cannot be removed during the
extensive washing steps.

In the presence of methyl cellulose MC-HMw and
MC-LMw, (-potential of EC particles drastically
changed at all used concentrations. In all cases the
absolute value of {-potential decreased to zero, due the
adsorbed layer of both amphiphilic methyl cellulose’s,
which displaced the slipping plane and reduced the
measured negative (-potential. Two important con-
clusions can be drawn from methyl cellulose exper-
iments: (1) interpenetration is the mechanism
proposed to explain MC-HMw and MC-LMw binding
at the emulsion droplet interface, and (2) the strong
interaction of both methyl celluloses at the interface
leading to an irreversible adsorption of methyl cellu-
lose at the EC particle surface. Removing the excess
polymer in the final rinsing step has shown to be
difficult in the case of both methyl cellulose as
revealed by zeta potential measurements.

The influence of the aqueous pH medium was used
to examine an effect on the mean hydrodynamic
diameter i.e. dispersion stability and polydispersity
index (PDI) for reference EC particles and EC
particles dispersions, prepared in the presence of
PVA (0.1 wt%), CMC (0.1 wt%), HEC (0.1 wt%),
MC-HMw (0.1 wt%) and MC-LMw (3.0 wt%)
(Fig. 11). The negative (-potential for reference EC
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particles decreased gradually from pH 2 to pH 6
(— 1 mV to — 50 mV) and remained constant from
pH 6 to pH 10 (ca. — 50 mV) (Fig. 10). Accordingly,
the hydrodynamic diameter slowly decreased from pH
2 to pH 6 (from 1335 to 1288 nm) and remained
constant from pH 8 to pH 10 (ca. 950 nm). One can
suppose that the negative EC particle surface net
charge origins from adsorbed OH ™ ions at higher pHs,
whereas at lower pHs the concentration of OH™ is low
and, thus, the increase of the hydrodynamic EC
particles diameter at pH 2 displays a hydrophobic
EC particles stabilization mechanism. In addition, the
PDI is increased from 0.26 at pH 6-0.62 at pH 2. The
PDI is a dimensionless parameter that is a measure of
the broadness of the size distribution. Thus, values
below 0.1 can be defined as “monodisperse”, i.e., they
have a narrow dispersion of sizes. Values above 0.7
are considered too polydisperse for the DLS analysis
(Eaton et al. 2017). From presented data we can
conclude, that reference EC particles undergo rela-
tively little dynamic aggregation in solution and are
stable and monodisperse from pH 4 to pH 10, where
PDI is below 0.3.

In the presence of PVA the pH depended hydrody-
namic diameter is changed. At pH 2 was to 8§97 nm
with a decrease to 643 nm at pH 6 and again an
increase to 832 nm at pH 10. Nevertheless, EC
particles are considered as stable with a relative
narrow size distribution (PDI from 0.1 to maximum
0.25).

The lowest hydrodynamic diameter was detected
for particles made in the presence of CMC i.e. from
1039 nm at pH 2, decreasing to 397 nm at pH 4 and
remaining more or less constant to pH 10 (317 nm).
Although the zeta potential (Fig. 10) did not drasti-
cally change, we can assume that a small amount of
surface trapped CMC can influence the aggregation
mechanisms. The carboxylic acid groups in aqueous
medium start to dissociate above pH 4, which means
that particles in suspension tend to repel each other and
the suspension is stable. Accordingly, the PDI values
decreased from 0.25 to 0.19 with increasing the pH
from 2 to 10.

The hydrodynamic diameter of particles produced
in the presence of HEC slowly decreased from pH 2 to
pH 6 (from 1784 to 890 nm) and increased with
increasing pH from pH 6 to pH 10 (from 890 to
1222 nm). HEC 1is a nonionic surfactant and
stable over a pH range between 2 and 12. The



Cellulose (2018) 25:6901-6922

6917

Fig. 11 Correlation 1400 ~ 1784
between pH value, ;
hydrodynamic diameter and 1200 1 v
polydispersity index (PDI) f
of reference EC and EC = /
particles prepared in the % 1000 +
presence of PVA (0.1 wt%), %
CMC (0.1 wt%), HEC £ 800 1
(0.1 wt%), MC-LMw 8 B
(0.1 wt%), and MC-HMw ) f
(3.0 wt%) E 600 - %
c 5
S ﬁ;
9 :
£ 400 | g
T 7
200 - g
o/ ¥
2
0,7 4 [
0,6 - l
0,5 1 |
04 1
)
o 0,3
3
0,2 1 [ '
0,1 1 e
?EEE:
. | INWE
2

EC ref particle

# EC HEC particle

increased hydrodynamic diameter compared to EC
particles stabilized with other polymers can be
explained by its high water retention capacity i.e. is
twice as that of methyl cellulose. PDI values are fairly
low, from 0.25 at pH 2-0.19 at pH 10, indicating
particles with a narrow size distribution over the whole
tested pH range.

From Fig. 10 it can be observed that the {-potential
of all samples prepared with both methyl celluloses at
different concentrations is close to zero. This values of
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zeta potentials indicate that the MC-HMw and MC-
LMw were not removed from the EC particles and that
high particle aggregation is expected. However, from
the stability test, presented in Fig. 11, we can observe
that for MC-HMw the hydrodynamic diameter was
between 789 nm at pH 2, 600 nm at pH 6 and 709 nm
at pH 10, demonstrating a low level of aggregation.
The PDI values of EC particles, produced in the
presence of MC-HMw were between 0.49 and 0.60
between pH 2 and pH 10. The lowest PDI values were
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obtained for EC particles, produced in the presence of
MC-LMw i.e. between 0.11 and 0.03 for pH between 2
and pH 10, respectively. It is possible that in solution
the EC particles dynamically aggregate and de-
aggregate, given the average hydrodynamic diameter
is 740 nm, which is larger than any individual particles
according to the microscopy data (i.e. 169 nm).

ATR-FTIR measurement

ATR-FTIR was performed to investigate the differ-
ences of hydrogen bonding patterns in EC particles.
Before ATR-FTIR spectra deconvolution, the water
content was traced by the absorbance band at
1635 cm™'. For all particles samples the height of
the 1635 cm™' band was reduced to zero after freeze-
drying, except for EC-CMC particles, where small
1635 cm ™! was still present (data not shown). There-
fore, the influence of water on the intensities and
positions of the bands in deconvoluted spectra of
differently prepared EC particles was excluded. Fur-
ther, a detailed ATR-FTIR analysis was done by band
deconvolution from the background scattering, using a
Gaussian function curve-fitting analysis, performed on
PeakFit® v4.12 software. For confirmation of the
results, the second derivative was inspected and local
minima were used for the determination of the bands’
positions within the region from 3700 to 3100 cm™".
Calculations were repeated until a best-fit was
obtained with R? > 0.999. In Fig. 12, deconvoluted
spectra are shown for reference EC and particles
prepared in the presence of PVA (0.1 wt%), CMC
(0.1 wt%), HEC (0.1 wt%), MC-LMw (0.1 wt%), and
MC-HMw (3.0 wt%). The assignments for
intramolecular hydrogen bonds of O(2)H---O(6) and
O@3)H:--O(5), and intermolecular hydrogen bonding
of O(6)H---O(5) in the cellulose crystalline structure
are  generally shown at  3410-3460 cm™',
3340-3375 cm™ ', and 3230-3310 cm ™', respectively
(Ciolacu et al. 2010). Newly introduced functional
groups i.e. -CH,CH3;, -CH,COONa, —-CH,CH,OH, —
CHj; etc. modify the initial system of hydrogen bonds,
distorts the regular arrangement of cellulose chains,
and changes the supramolecular structure of the
polymer towards a decrease in the macro-chain
ordering. In order to study the changed supramolecular
structure, the ATR-FTIR absorption bands in the OH
stretching region for each sample were deconvoluted
into four IR bands with peaks between 3700 and
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3500 cm™ ' assigned to hydroxyl groups, between
3600-3350 and 3450-3250 cm~' assigned to
intramolecular hydrogen bonding and between
3350-3100 cm ™" assigned to intermolecular hydro-
gen bonding. EC reference particles showed a sym-
metric OH absorption band, which was attributed to
two intramolecular hydrogen bonds: one between the
hydroxyl/ethyl at the C(3) position and its neighboring
ring oxygen (O(5)) and the second between the
hydroxyl/ethyl at the C(2) position and the ether
oxygen of OCH,CHj; at the C(6) position. There are
very few intermolecular hydrogen bonds and more
free hydroxyl groups identified, suggesting that reg-
ular distribution of the ethyl substituents on the C(6)
and C(3) positons hindered hydrogen bonding. In the
case of EC particles produced in the presence of CMC,
HEC, MC-HMw and MC-LMw, the peak between
3700 and 3100 cm ™' becomes broader, indicating on
an increased number of hydroxyl groups and a
rearrangement of the hydrogen bonding occurring
with a change of the composition. All in all, present
‘free’ hydroxyl groups give rise to disordered regions,
where many of the OH and functional groups on
neighboring chains are not close enough to each other
to enter into a hydrogen bonding arrangement. On the
other hand, the intermolecular bonding increased in
the presence of surface active components, indicating
an increased level of amorphous domains partly
interacting by intermolecular hydrogen bonds (Kondo
and Sawatari 1996).

Hydrogen bonding i.e. length and energy of the
intra- and intermolecular hydrogen bonds in highly
ordered regions of the cellulose structure with parallel
arrangement of the cellulose chains were actively
studied by Zhbankov and coworkers.(Zhbankov
1995a, b) They considered the most stable conforma-
tions of the native cellulose chains, where the bond
length and hydrogen bonding energy of O(3)H---O(5)
is reported to be between 1.81 and 1.86 A, and 11.5
and 13.2 kJ mol™', respectively; bond length and
hydrogen bonding energy of O(2)H---O(6) between
1.74 and 1.91 A and 10.0 and 14.9 kJ mol ™', respec-
tively; and bond length and hydrogen bonding energy
of O(6)H---O(3) between 1.82 and 1.96 A, and 8.6 and
12.8 kJ mol ', respectively. In Table 1 the hydrogen-
bond (R) and hydrogen bonding energy (kJ mol™")
values obtained for reference EC particles and EC
particles prepared in the presence of PVA (0.1 wt%),
CMC (0.1 wt%), HEC (0.1 wt%), MC-LMw



Cellulose (2018) 25:6901-6922

6919

0.025 ! Intramolcular |
i H-bond

0.02

EC ref particles

i Intermolcular
i H-bond

3400 3300 3200 3100

Wavenumber cm !

3
< 0.015
©
o)
2
2
2 o001
<
0.005
0 !
3700 3600 3500
0.025 i Intramolcular
! H-bond EC CMC
0.02 ; particles
3 :
c 0.015 i
By 1
2 :
S ;
2 001 i Intermolcular
< . H-bond
0.005
0

3700 3600 3500 3400 3300 3200 3100

Wavenumber cm !

0.025 ! Intramolcular |
! Hbond EC MC-HMw
002 particles
3
c 0.015
(3]
o)
=
2
2 o001
P, Intermolcular
0.005
0

3700 3600 3500 3400 3300 3200 3100

Wavenumber cm !

Fig. 12 Fourier self-deconvolution and the curve fitted ATR-
FTIR absorbance spectra in the range of 3700 and 3100 cm ™'
for reference and EC particles prepared in the presence of PVA

(0.1 wt%), and MC-HMw (3.0 wt%) are compared.
Initial reference EC particles with increased hydrogen
bond length of 2.796-2.820 A compared to native
cellulose structure indicate on poorly ordered struc-
ture. By using surface active polysaccharides i.e.
CMC, HEC, MC-HMw and MC-LMw, the hydrogen
bond length decreased and new supramolecular struc-
tures of EC particles were formed, being non-
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(0.1 wt%), CMC (0.1 wt%), HEC (0.1 wt%), MC-LMw
(0.1 wt%), and MC-HMw (3.0 wt%)

crystalline but containing more ordered cellulose
chains. Of all tested surface active polysaccharides,
MC-LMw yielded the shorter hydrogen bonds, which
are generally the stronger, and thus the highest ordered
supramolecular structure. Energy of the hydrogen
bonds is correlated with the number of hydrogen
bonds i.e. with increased number of hydrogen bonds,
the energy is increased. This consequently influences
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Table 1 The length and energy of the intra- and intermolecular hydrogen bonds of reference EC and particles prepared in the

presence of PVA (0.1 wt%), CMC (0.1 wt%), HEC (0.1 wt%), MC-LMw (0.1 wt%), and MC-HMw (3.0 wt%)

Sample Intramolecular H-bond of Intramolecular H-bond of Intermolecular H-bond of
O(2)H:--O(6) O(3)H:--0(5) O(6)H---0O(3)
RR (A) Ey (kJ mol™h) R (A) Ey (kJ mol™h) R (A) Ey (kJ mol™h)

EC particles 2.820 1.467 2.808 2.367 2.796 3.267

EC CMC particles 2.819 1.632 2.797 3.198 2.773 4.980

EC HEC particles 2.819 1.501 2.802 2.784 2.775 4.769

EC MC-HMw particles 2.819 1.663 2.800 3.060 2.779 4.355

EC MC-LMw particles 2.818 1.663 2.799 3.016 2.769 4.499

the supramolecular structure. The lowest energy of the
hydrogen bonds (Ey) was recorded for reference EC,
and this value increased after producing EC particles
in the presence of surface active polysaccharides,
indicating an increase of the number of hydrogen
bonds and consequently changes in the supramolec-
ular structure, that is, an increase in the degree of
ordered domains.

Conclusion

The process emulsion solvent evaporation was cur-
rently used for the manufacture of ethyl cellulose
nano-micro particles in the presence of surface active
compounds. The impact of the molecular characteris-
tics of four different surface active polysaccharides i.e.
ionic—CMC, nonionic—HEC and two amphiphilic—
MC-HMw and MC-LMw on their ability to increase
viscosity and promote depletion flocculation in aque-
ous EC-ethyl acetate emulsions was studied.

It was found that at the constant conditions in which
the nano to micro sized particles were formed were
greatly influenced by the type and the concentration of
the used surface active polysaccharides. Taken
together, the data obtained show the importance of
the used surface active polysaccharides at defined
concentration on the final nanoparticle architecture
and mechanism of formation. High molecular weight
polysaccharides HEC and MC-HMw at 3 wt%
increased viscosity of the studied emulsions from
600 to 1200 times compared to the CMC and MC-
LMw, leading to the less favorable mixing efficiency
with outcome in semi-spherical microscale particle
sizes. Lower molecular CMC and MC-LMw took less

@ Springer

space in the aqueous solvent, their hydrodynamic
volume was smaller, leading to the favorable mixing
efficiency with outcome of smooth spherical nano
sized particles. {-potential values of the measured EC
particles prepared in the presence of different surface
active polysaccharide revealed that all polysaccha-
rides at all tested concentrations were more or less
integrated into EC surface structure and changed
surface properties of formed EC particles. Especially
surface active were MCs, where formed EC particles
were completely surface covered with MC polymers
and new surface properties of the particles were
designed. Surface active polysaccharide polymers
interacted with EC at the molecular level and that
new supramolecular structures were formed, being
non-crystalline but containing some ordered cellulose
chains.

Newly design nanoparticles have great potential to
be used as mucosal drug delivery system. In order for
nanoparticle carrier system to permeate the mucus gel
layer and to be taken up by the epithelium, require
controlled surface properties and surface topography.
Protecting mucus gel layer has a net negative charge,
thus, negative nanoparticle carrier can avoid ionic
interactions with mucus and are able to permeate the
mucus layer. For cell membrane adherence and
subsequent effective cellular uptake rough or wrin-
kled surface are preferred over smooth surfaces. It was
proved that cells adherent to non-smooth surfaces
more firmly and durable compared to those on smooth
surfaces (Liu and Tang 2017).
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