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Abstract: Polymeric multilayer capsules formed by the Layer-by-Layer (LbL) technique are interest-
ing candidates for the purposes of storage, encapsulation, and release of drugs and biomolecules for
pharmaceutical and biomedical applications. In the current study, cellulose-based core-shell particles
were developed via the LbL technique alternating two cellulose derivatives, anionic carboxymethyl-
cellulose (CMC), and cationic quaternized hydroxyethylcellulose ethoxylate (QHECE), onto a cationic
vesicular template made of didodecyldimethylammonium bromide (DDAB). The obtained capsules
were characterized by dynamic light scattering (DLS), ¢ potential measurements, and high-resolution
scanning electron microscopy (HR-SEM). DLS measurements reveal that the size of the particles can
be tuned from a hundred nanometers with a low polydispersity index (deposition of 2 layers) up to
micrometer scale (deposition of 6 layers). Upon the deposition of each cellulose derivative, the parti-
cle charge is reversed, and pH is observed to considerably affect the process thus demonstrating the
electrostatic driving force for LbL deposition. The HR-SEM characterization suggests that the shape
of the core-shell particles formed is reminiscent of the spherical vesicle template. The development
of biobased nano- and micro-containers by the alternating deposition of oppositely charged cellulose
derivatives onto a vesicle template offers several advantages, such as simplicity, reproducibility,
biocompatibility, low-cost, mild reaction conditions, and high controllability over particle size and
composition of the shell.

Keywords: didodecyldimethylammonium bromide; vesicle template; Layer-by-Layer (LbL); car-
boxymethylcellulose; quaternized hydroxyethylcellulose ethoxylate; cellulose capsules

1. Introduction

The development of nanostructured materials (i.e., inorganic, organic, polymeric,
and biological) with different composition, morphology, and sizes is of great scientific
and technological interest due to their huge potential in many areas ranging from the
encapsulation and controlled release of drugs, protection of biologically active species,
and removal of pollutants, to the development of advanced materials suitable for cosmetics,
inks, or catalysis [1-5]. These systems can be synthesized with well-defined structural
features conferring control over different properties, such as mechanical, optical, electrical,
and biological, among others [6]. In this respect, the Layer-by-Layer (LbL) assembly is,
most likely, the most versatile approach to assemble multifunctional nanoscale materials
with precise control regarding composition and structure [7-13]. Thus, through alternating
adsorption of cationic and anionic macromolecules, well-defined surface layers with vari-
able thickness (from a few to hundreds of A) can be created. Both films on solid surfaces,
free-standing films, and hollow capsules can be prepared. Gero Decher was the first to
present the LbL principle [14-19]. Earlier, Iler had presented an approach of alternating
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adsorption of cationic and anionic colloidal particles (e.g., silica, alumina, etc.) on a glass
surface [20]. Iler’s approach is conceptually interesting, but of limited use since the layers
are not very stable and do not have molecular dimensions.

Among principles for preparation of well-defined surface layers, the LbL technique
continues to have a very strong position. The original studies regarding LbL concerned
macroscopic surfaces and this has continued to be the main line in research and applica-
tions. Excellent reviews on the LbL as well as their different applications can be found
elsewhere [9,21-34].

Polyelectrolyte-based systems are the most commonly used, but the LbL technique is
also applicable to almost any other type of charged systems, including inorganic molecular
clusters, nanoparticles [35], nanotubes [36,37], nanoplates [38], micelles [39,40], block
copolymers [41], polysaccharides [42], polypeptides [43], DNA [44], and viruses [45]. These
can be successfully incorporated as components to prepare LbL films [46]. Moreover,
beyond the typical use of polymers in the LbL assembly, even hybrid LbL materials
can be developed intercalating in the layered films of other structures, such as carbon
nanotubes [47], or even biomolecules [48].

The LbL concept was extended in a very interesting way by Mohwald and coworkers,
who started research on deposition onto colloidal particles (nanoparticles), for example in-
organic particles (like silica and CaCO3) and polymer particles, but also emulsion droplets
and biological particles like virus and cells [5,27,49-52]. By dissolution of the particle,
not only can core-shell particles, but also hollow capsules, be prepared (with sizes from a
few hundreds of nanometer). For the preparation of hollow capsules, a critical step is the
removal of the core particle and, in most studies, this required rather harsh conditions (like
concentrated hydrofluoric acid). As a way of circumventing this problem, Cuomo et al.
have introduced surfactant vesicles as a template; by a simple variation in the solvency
conditions, for example by adding a non-ionic surfactant, the vesicle-forming surfactant
can be easily removed [53]. Thus, Cuomo et al. have developed a mild method to obtain
hollow nano-sized structures via the alternating deposition of oppositely charged alginate
and chitosan on a dimethyldioctadecylammonium bromide (DDAB)-based vesicular tem-
plate [53,54]. With such an approach, the use of strong acids or other harsh conditions can
be avoided, ensuring the capsule integrity. Successful biopolymer systems include mix-
tures, such as chitosan and fucoidan [55] or chitosan and lignosulfonate [56]. Biocompatible
and thermo-responsive nanocapsule templating, using DDAB-based vesicles, has also been
reported [57]

The use of synthetic polyelectrolyte complexes has been described in detail and
reviewed [58]. The use of natural polysaccharides represents an attractive alternative
for practical and biomedical applications due to their sustainability, biocompatibility,
and biodegradability properties [1,59,60]. In this respect, biopolymers such as alginate and
chitosan have been widely investigated for many applications including the development of
LbL nanocapsules [53,59,61,62]. Cellulose, as the most available biopolymer on the planet,
deserves to be highlighted. The formation of LbL self-assemblies using combinations of
nanocelluloses (both anionic and cationic) and polyelectrolytes looks very appealing and
has been recently reviewed [63].

Oppositely charged cellulose derivatives, such as anionic carboxymethylcellulose
(CMC), and cationic quaternized hydroxyethylcellulose ethoxylate (QHECE), have been
successfully deposited on silicon or inorganic quartz substrates forming thin films [64].
To our knowledge, the use of cellulose derivatives in vesicular templates has never been
reported before. In this work, the feasibility of LbL particle formation, using two oppositely
charged cellulose derivatives, CMC and QHECE, is demonstrated on a DDAB vesicle
template. The obtained nanospheres are characterized by dynamic light scattering (DLS),
the ¢ potential, and high-resolution scanning electron microscopy (HR-SEM).
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2. Materials and Methods
2.1. Materials

The cellulose derivatives carboxymethylcellulose, CMC (degree of substitution of
0.65-0.90; viscosity of a 1% aqueous solution is 1500-3000 cps), and quaternized hydrox-
yethylcellulose ethoxylate, QHECE, (viscosity of a 1% aqueous solution is 300-500 cps),
the cationic surfactant didodecyldimethylammonium bromide, DDAB (purity of 98%),
NaOH (>98%), and HCI (30%) were purchased from Sigma-Aldrich. Deionized water was
used in the preparation of all solutions.

2.2. Stock Solutions of Vesicles and Cellulose Derivatives

DDAB spontaneously forms vesicles in very dilute solutions as reported elsewhere [65,66].
To produce the vesicle template, a stock solution of DDAB was prepared by dissolving
0.23 g of DDAB in 50 mL of deionized water (50 mL vial). The solution was then carefully
stirred at room temperature with a magnetic stirrer (200 rpm) until the surfactant was
fully dissolved (ca. 4 h), and freshly used in the experiments. The stock solutions of CMC
and QHECE were prepared by dissolving 50 mg of each cellulose derivative in 50 mL
deionized water. The solutions were vigorously stirred (300 rpm) at room temperature
until the dissolution was achieved (ca. 24 h). Regarding the pH effect, NaOH and HCl
were used to adjust the pH with a Mettler Toledo pH meter (Model MP 225) calibrated for
the studied pH range.

2.3. Layer-by-Layer Deposition

The DDARB cationic vesicles were coated with alternating layers of negatively charged
CMC and positively charged QHECE, following the procedure described by Cuomo et al. [53]
and schematically represented in Figure 1. Briefly, the amount of each cellulose deriva-
tive for the formation of the individual shells was established through titration, adding
each polyelectrolyte solution until the isoelectric point was exceeded; this corresponds
to a higher instability of the aggregates due to the overall low charge density. Samples
were visually checked for turbidity changes, and the achievement of the isoelectric point
was followed by measuring the ¢ potential of the surface that results close to the neutral-
ity. A minor increment of the added volume of the polyelectrolyte results in the reverse
surface charge. Beyond the isoelectric point, the surface was completely covered with a
certain cellulose derivative and the electrostatic repulsive forces between the aggregates
ensured the stability of the complexes. After the deposition of each layer, the suspensions
were centrifuged at 25 °C in two steps; 1500 rpm for 15 min, and 2000 rpm for 15 min.
With this sequential centrifugation approach, the recovery of the supernatant containing
more monodisperse and electrostatically stable coated vesicles (without unstable aggre-
gates, which may form during deposition of each layer of studied cellulose derivatives) is
more efficient. Thereafter, the collected suspension was fully characterized and used for
further layer deposition.

Anionic Cellulose Cationic Cellulose
(CMC) deposition 2 (QHECE) deposition

= ]
= 4
d
g
o

DDAB Cationic Vesicle Core-shell nanoparticles

Figure 1. Schematic representation of the alternating LbL deposition of anionic carboxymethylcellulose (CMC) and

cationic quaternized hydroxyethylcellulose ethoxylate (QHECE) unto a cationic dimethyldioctadecylammonium bromide

(DDAB) vesicle.
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2.4. Characterization Methods

The average hydrodynamic diameter and the (-potential values of the aggregates
were determined by means of dynamic light scattering measurements and electrophoretic
mobilities by laser Doppler velocimetry, respectively, using a Malvern UK Zetasizer-Nano
7590 commercial instrument operating with a 4 mW He-Ne laser (633 nm wavelength).
The average aggregate size was estimated with a fixed detector angle of 90° by a cumulant
analysis of the autocorrelation function using the software provided by the manufacturer.
(-potential measurements were performed by checking the electrophoretic mobilities of
the aggregates as determined by laser Doppler velocimetry. The detection angle was 17°.
Samples were injected into dedicated disposable capillary cells. All measurements were
performed at 25 °C, and each sample was measured in triplicate. The mean values are
reported with a relative standard deviation lower than 10%.

Particles were imaged with a high-resolution scanning electron microscope (HR-SEM),
TESCAN MAIA3 model 2016. Briefly, the samples were deposited on a silica surface and,
after air-dried, they were coated with ca. 2 nm thick layer of iridium (Q150 T ES; Quorum
Technologies, Lewes, UK) to obtain an electrically conductive surface. Secondary electron
images (SEI) were generated using 5 kV accelerating voltage and an in-lens detector.

3. Results

Cationic DDAB vesicles were used as the soft colloidal template for the LbL deposition
of negatively charged CMC and positively charged QHECE. The average diameter and the
surface charge of the bare vesicles were 355 nm and +70.9 mV, respectively. As described in
the experimental section, the cationic vesicles were first covered with increasing amounts
of the anionic CMC (keeping constant the vesicle concentration) until the isoelectric point
was reached. As can be seen in Figure 2, such progressive titration gradually decreases
the surface charge density of the particles. Near the isoelectric point, samples are visually
more turbid (photos inserted in Figure 2) and the average size and polydispersity index
increased considerably. Following this instability region, the charge density of the particles
is reversed, and the deposition was considered completed when the average size and PDI
stabilized. After the first layer of CMC, the particles presented an average size of 306 nm
(i.e., 303, 305, and 310 nm) and a surface charge of —45 mV (i.e., —43, —44, and —48 mV).

The same procedure was followed for the second layer deposition (i.e., the cationic
QHECE). As can be seen in Figure 3, the addition of increasing amounts of QHECE progres-
sively increases the (-potential. Similarly to the CMC first layer deposition, upon reaching
the isoelectric point, the samples become more unstable, and particles of larger size are
formed. Finally, further additions of the positively charged polyelectrolyte reverse again
the surface charge and particles with an average size of 266 nm (i.e., 268, 257, and 273 nm)
and a net surface charge of +32.5 mV (i.e., +32, +32, and +33.5 mV), are formed.
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Figure 2. Changes of the average size, PDI, and (-potential of the DDAB vesicles upon the progressive

addition of CMC. The average values are reported with a relative standard deviation lower than 3%.

The inserted photos show the evolution of turbidity of the samples with CMC addition. Lines are
just guides for the eyes.
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Figure 3. Changes of the average size, PDI, and (-potential of the DDAB/CMC vesicles upon the
progressive addition of QHECE. The average values are found to have a relative standard deviation
lower than 3%. Lines are just guides for the eyes.
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The procedure described above was sequentially applied for the following deposition
of CMC and QHECE layers, and in Figure 4 the surface charge and size of the formed
particles are shown as a function of the number of adsorbed layers.

80
60 -
40 -
20

Z-potential (mV)
o

~60- (a)

100 1

Diameter (nm)

(b)

10— T T T T T T
0 1 2 3 4 5 6

Number of layers
Figure 4. The dependence of the (-potential (a) and particle size (b) on the cellulose derivative
type and number of layers deposited. The first values in both panels refer to the bare DDAB
vesicle. The average standard deviation is lower than 5% for the first 3 layers and below 10% for the
subsequent four to six layers.

Depending on the deposited polyelectrolyte the particles formed display either a
positive or a negative surface net charge with values ranging between —45 mV and +33 mV.
Furthermore, the mean size of the aggregates progressively increases with the addition of
the polyelectrolyte layers, from 306 nm (1st layer) up to 1600 nm (6th layer).

The aggregates formed were further analyzed by SEM and a typical example is dis-
played in Figure 5 for two different magnifications. Overall, the shape of the formed
core-shell particles is reminiscent of the spherical DDAB vesicle template [53]. The ob-
served deformations are a consequence of the pre-treatment drying procedure required
for SEM analysis; since the water inside the vesicle templates is eliminated during drying,
the structure is expected to partially collapse, but mainly retaining its spherical features.

Figure 5. HR-SEM images of cellulose core-shell particles formed after the first deposition of the anionic cellulose derivative
CMC onto the DDAB vesicles at 69 and 200 kx, respectively.
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The adsorption of a charged cellulose derivative onto an oppositely charged vesicular
template is expected to be caused by electrostatic interactions and mainly driven by the
entropic gain due to release of counterions. This is exemplified in Figure 6 where the
deposition of CMC onto the DDAB vesicle can be seen to strongly depend on pH. At the
lowest pH value tested (i.e., 4.9), CMC is expected to be only partially ionized (pKa is 4.3)
and therefore the interaction with DDAB vesicles is weaker than at higher pHs (i.e., 6.75 and
8.7) where the carboxylic groups are expected to be fully deprotonated. Since the same
CMC concentration was used in all cases, the system with the lowest pH (and low degree
of ionization of CMC) only slightly adsorbs and moderately decreases the net charge of the
DDAB vesicles (from the neat +70.9 mV to +20 mV). This charge reduction of the vesicles is
sufficient to make them less stable and prone to aggregate as demonstrated by the large
size of the particles obtained. On the other hand, when the pH of the CMC solutions is far
above the pKa, the cellulose derivative is expected to be fully deprotonated being capable
to efficiently absorb onto the DDAB vesicles and reverse the charge. The electrostatic
repulsion among the now negatively charged DDAB-CMC particles makes the system
quite stable with a low PDI and mean size. The same electrostatically driven adsorption
mechanism is expected for QHECE deposition.

F30
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‘o0 ©°
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Figure 6. Evolution of the DDAB vesicles surface charge, PDI, and mean size with the deposition of
CMC (1 g/L) at different pHs (i.e., 4.9, 6.75, and 8.7) at 25 °C. The average values are found to have a
relative standard deviation lower than 3%. Lines are just guides for the eyes.

4. Conclusions

In this work, novel biobased particles were successfully formed via a LbL approach;
two cellulose derivatives, anionic CMC, and cationic QHECE, were alternatively deposited
onto a soft cationic DDAB vesicle template. With the developed approach it was possible
to tune the size and net charge of the all-cellulose core-shell particles. The driving force
for adsorption is essentially electrostatic and, thus strongly pH dependent. The electron
microscopy shows core-shell particles with a shape reminiscent of the spherical vesicle
template. This simple and reliable approach can be expanded and consider chemical
functionalization or the inclusion of other compounds for specific and target properties.



Polymers 2021, 13, 589 8 of 10

Therefore, the development of nano and micro cellulose-based multilayer containers, using
a simple and inexpensive LbL approach, paves the way to novel advanced cellulose-based
materials and/or hybrid systems of superior features. Besides the opportunity to tune the
charge of the particles and their dimensions, the importance of this work lies in the fact
that the developed vesicle-template strategy can be readily extended to other liposome-
based systems.
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