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Thin �lm coating of charged nanoparticles with oppositely charged polymers is an ef�cient
and straightforward way for surface modi�cation, but synthetic polyelectrolytes should
be replaced by abundant biopolymers. In this study a thin �lm of chitosan was adsorbed
onto colloidal lignin particles (CLPs) that were then systematically studied for olive oil
stabilization with an objective to develop shape-retaining microcapsules that comprised
of only renewable biomaterials. Full surface coverage was achieved with merely 5 wt%
of chitosan relative to the dry weight of CLPs, reversing their surface charge from
negative to positive. Such modi�cation rendered the chitosan-coated particles excellent
stabilizers for forming Pickering emulsions with olive oil. The emulsion droplets could
be further stabilized by sodium triphosphate that provided ionic intra- and inter-particle
cross-linking of the chitosan corona on the CLPs. Following the optimum conditions,
the non-cross-linked microcapsules exhibited a strong stability against coalescence and
the electrostatically stabilized ones additionally retained their shape upon drying and
rewetting. Non-cross-linked microcapsules were used to demonstrate encapsulation
and rapid release of cipro�oxacin as a model lipophilic drug in aqueous media.
Overall, the combination of antimicrobial chitosan and antioxidative lignin nanoparticles
hold unprecedented opportunities as biocompatible and biodegradable materials for
controlled drug delivery.
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INTRODUCTION

Lignin is the second most abundant natural biopolymer and the most abundant aromatic
polymer in nature (Ragauskas et al., 2014). Annually over 70 million tons of industrial lignin is
produced as a by-product in the pulp/paper industry. However, only 5% of industrial lignin is
commercialized as value-added products, such as additives, dispersants, adhesives, or surfactants
(Laurichesse and AvØrous, 2014). The rest 95% is used as low value energy source or simply
treated as waste. The low extent of commercialization of lignin is mainly due to its complex and
inhomogeneous structure resulting from di�erent sources and extraction processes (Li et al., 2015).
However, recent studies have shown that fabricating spherical micro- or nanoparticles from lignin
not only enables the large scale utilization of lignin (Ago et al., 2016; Leskinen et al., 2017a; Ashok
et al., 2018; Lintinen et al., 2018), but also improves properties such as surface activity, antioxidative,
UV shielding, and antimicrobial activity for potential high-value applications (Beisl et al., 2017).
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FIGURE 1 | General scheme of this work. (A) Preparation of colloidal lignin particles (CLPs). (B) Coating of CLPs with chitosan for forming Pickering emulsion with
olive oil, and demonstration of the emulsion capsules for drug delivery. Note: not drawn to scale.

particle diameter distribution and not high enough positive
surface charge of chi-CLP20 (Figure S3).

At the mass ratio of 35 mg/g chitosan to CLP, the chi-CLP35
exhibited a higher surface charge density (24.6 mV) than that
of chi-CLP20 (17.6 mV), and the resulting particle diameter
distribution of chi-CLP35 (PDI 0.25) was also much narrower
than that of chi-CLP20 (PDI 0.43) (Figure 2B and Figure S3).
Those values indicated that, at 35 mg/g, the CLPs were e�ciently
covered by chitosan, and thus the chi-CLP dispersion became
stable. Higher mass ratios of chitosan to CLP resulted in
similar particle diameter distributions (Figure S3) compared to
that obtained at 35 mg/g, but a slight increase in the particle
diameter as well as zeta potential was observed (Figure 2B). Such
observation resulted from the presence of excess chitosan in the
aqueous phase. With excess chitosan relative to the CLP surfaces,
large chitosan molecules were more prone to adsorb than the
smaller ones due to lower solubility/stability of large chitosan
molecules in solution. This phenomenon has been described
in detail elsewhere (Fu and Santore, 1998; Terada et al., 2004;
Kronberg et al., 2014). The adsorption of chitosan to lignin
surface was also studied by using QCM-D. It was shown in
Figure 2C that, the adsorption of chitosan on lignin �lm was
rather slow, probably due to the low negative charge of lignin.
Comparing to CLPs that formed via self-assembly, lignin �lm
that was prepared by spin-coating probably had a lower density of
charged groups oriented toward the aqueous phase. In addition,
the low value of sensed mass 1m and negligible change in
dissipation factor 1D detected by QCM-D indicated that the
adsorbed chitosan layer on lignin surface was very thin (Rodahl
and Kasemo, 1996; Naderi and Claesson, 2006).

The excess of chitosan in the aqueous phase was indicated
by DLS measurement. As shown in Figure 2D, the increase of
chitosan/CLP mass ratio from 75 to 200 mg/g resulted in a
stronger dependency of the particle diameter as the function
of chi-CLP concentration. The particle diameter of chi-CLP75

increased slightly with increased concentration, yet it increased
signi�cantly more in the case of chi-CLP200. Such phenomena
can be explained by the increased viscosity of the aqueous media
in the presence of excess chitosan. The more excess chitosan
in the aqueous phase, the larger the overestimation of particle
diameter determined by DLS. The swelling/deswelling of chi-
CLPs could be neglected in this case, as the dispersions were
diluted with pH 4.5 acetic acid and thus the pH and ionic strength
remained constant throughout the experiments. As another
evidence, the zeta potential remained essentially unchanged as a
function of chi-CLP concentration (Figure 2E). The unchanged
zeta potential also indicated that no detectable desorption of
chitosan occurred upon dilution.

Effect of Chitosan to CLP Mass Ratio on
Emulsion Formation
Olive oil-based Pickering emulsions were formed using 0.2 wt%
chi-CLP dispersions, in which the mass ratio of chitosan to CLP
varied from 0 to 200 mg/g. The volume ratio of olive oil to chi-
CLP dispersion was �xed at 1:1. The emulsions were formed by
ultrasonication and hand-shaking. It was found that, the mass
ratio of chitosan to CLP had a strong e�ect on the properties
of the emulsions that formed by ultrasonication. At low mass
ratio of chitosan to CLP (�20 mg/g), the formed emulsions were
poor that showed broad biphasic diameter distributions of the
oil droplets (Figure 3B and Figure S4). However, with a higher
mass ratio of chitosan to CLP at 35 mg/g, a strong increase of
the fraction of small oil droplets with diameter between ca. 10
to 100 mm and reduction in droplets between 100 to 1,000 mm
occurred (Figure S4). E�ectively, optical microscopic images
showed that oil droplets from around 10 to 100 mm dominated
the diameter distribution (Figure 3B). This transition happened
in accordance with the partial to e�cient coverage of CLPs by
chitosan from 20 to 35 mg/g mass ratios. We can therefore
conclude that a su�cient coverage of CLPs by chitosan is essential

Frontiers in Chemistry | www.frontiersin.org 5 May 2019 | Volume 7 | Article 370
















	Natural Shape-Retaining Microcapsules With Shells Made of Chitosan-Coated Colloidal Lignin Particles

