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Breathable Lignin Nanoparticles as Reversible Gas

Swellable Nanoreactors

Adrian Moreno,* Javier Delgado-Lijarcio, Juan C. Ronda, Virginia Cddiz, Marina Galia,

Mika H. Sipponen,* and Gerard Lligadas*

The design of stimuli-responsive lignin nanoparticles (LNPs) for advanced
applications has hitherto been limited to the preparation of lignin-grafted poly-
mers in which usually the lignin content is low (<25 wt.%) and its role is debat-
able. Here, the preparation of O,-responsive LNPs exceeding 75 wt.% in lignin
content is shown. Softwood Kraft lignin (SKL) is coprecipitated with a modified
SKL fluorinated oleic acid ester (SKL-OIF) to form colloidal stable hybrid LNPs
(hy-LNPs). The hy-LNPs with a SKL-OIF content ranging from 10 to 50 wt.%
demonstrated a reversible swelling behavior upon O,/N, bubbling, increasing
their size — =35% by volume — and changing their morphology from spherical
to core-shell. Exposition of hy-LNPs to O, bubbling promotes a polarity change
on lignin-fluorinated oleic chains, and consequently their migration from the
inner part to the surface of the particle, which not only increases the particle
size but also endows hy-LNPs with enhanced stability under harsh conditions
(pH < 2.5) by the hydration barrier effect. Furthermore, it is also demonstrated
that these new stimuli-responsive particles as gas tunable nanoreactors for the
synthesis of gold nanoparticles. Combining a straightforward preparation with
their enhanced stability and responsiveness to O, gas these new LNPs pave the
way for the next generation of smart lignin-based nanomaterials.

1. Introduction

Stimuli-responsive nanomaterials possess the ability to sense
and translate external stimuli into an observable response
based on physicochemical changes.' Among them, stimuli-
responsive synthetic polymeric nanoparticles have received
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a tremendous attention owing the pos-
sibility for “on demand” engineering
employing functional groups able to sense
external stimuli such as pH,> light,[10-12]
enzymes!3 and gases.'>1¥] Among the
advantages of these advanced materials,
the most remarkable ones are the possi-
bility to precisely control their disassembly
processes in a spatiotemporal fashion,!!?
and the ability to promote morphological
transformations.l”18l These features have
made them a thriving research field in
recent years, and attractive materials for
important applications such as catalysis,
biomedicine, or food technology have
been developed.>?! However, most of
these materials are derived from fossil
resources and often are poorly biodegrad-
able,?2l which together with the concerns
about associated greenhouse gas emis-
sions suggest that renewable polymers
should play a crucial role in the develop-
ment of the next generation of polymeric
nanoparticles. In fact, macromolecules
from renewable and abundant plant biomass are gaining a
major role in the efforts to transition to a sustainable materials
economy.?>2l Among them, the aromatic plant polymer lignin
is one of the most promising bio-based raw materials.26-31

In this sense, lignin nanoparticles (LNPs) are postulated as
prime platform for the development of stimuli-responsive nan-
oparticles.?234 In recent years the classical disdain on lignin —
basically viewed as a byproduct from the pulp and paper
industry and destined to be combusted — has given way to a par-
adigm shift towards the development of lignin-based advanced
materials, supported by the inherent properties such as biodeg-
radability, antioxidant activity, and absorbance of UV radiation
which are preserved in LNPs.’>3% In contrast to bulk lignin,
LNPs resist aggregation in aqueous dispersions (pH 3-9) owing
to their spherical shape and colloidal stability generated by the
electrostatic repulsion forces mainly stemming from carboxylic
acid and phenolic hydroxyl groups located on the surface of the
particle.*# This anionic surface charge has been exploited
for physical modification of LNPs via adsorption of positively
charged polyelectrolytes such as enzymes and polymers for a
wide range of applications ranging from biocatalysts to com-
posites among others.'®#] Here, it is important to note that
even one of the main limitations of LNPs, which arises from
their dissolution in basic conditions (pH > 9) and aggregation

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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in acidic conditions (pH < 2.5) have been overcome with robust
methodologies based on covalent internal cross-linking or the
presence of a hydration barrier on the surface of LNPs modified
with oleic acid.*8-5%

In spite of the rapid implementation of LNPs in a wide
range of applications, when it comes to stimuli-responsive
LNPs there are only a few reported systems, most of which rely
on pH-responsive or at the minor extent to temperature- and
gas-responsive LNPs.P'™* These systems are mainly based
on lignin-based polymers obtained through the copolym-
erization or grafting of stimuli-responsive monomers or poly-
mers.[1535556 While these strategies have proved to be suit-
able options to deliver lignin-based materials with the ability to
assemble into stimuli-responsible LNPs, the amount of lignin
incorporated in the final material is often low (<25 wt.%) which
obviously falls short in taking advantage of the inherent benefi-
cial properties of lignin. Indeed, in addition to increasing the
bio-based content of stimuli-responsive lignin materials there is
also a need to expand and offer alternative routes to introduce
stimuli such as abundant gases that are easy to apply, do not
generate byproducts, and are not limited to the sample volume
in operation.

Here, we show a robust and simple preparation of oxygen
(O,) and nitrogen (N,) gas -responsive hybrid LNPs (hy-LNPs)
exceeding 75 wt.% of lignin mass content, and decorated with
a fluorinated lignin oleic acid ester. We find that the swelling
of the particles after exposure to oxygen can be controlled by
varying the composition of the hybrid particles. In addition to
the reversible swelling/shrinking of the hy-LNPs upon alterna-
tive O,/N, bubbling, we also demonstrate that in the swelling
state there is an accumulation of fluorine oleate chains close to
the particle surface, rendering them with a hydration barrier
that enhances their stability under harsh conditions (pH < 2.5)
by delaying the protonation of the carboxylic acids on the particle
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surface. Finally, we also demonstrate a proof of concept of these
particles as tunable gas-sensitive nanoreactors for the prepara-
tion of gold nanoparticles in aqueous dispersion.

2. Results and Discussions

Our approach to gas-responsive hybrid LNPs starts with the
preparation of lignin-fluorinated oleic acid ester (SKL-OIF) in
a three-step reaction involving; (I) base-catalyzed esterifica-
tion of SKL with oleoyl chloride, (II) epoxidation of the double
bond and (III) acid-catalyzed ring-opening of the epoxide with
trifluoethanol (TFE) (Figure 1a). The degree of esterification
(DE) was set to 80% using a 110% molar ratio of oleoyl chlo-
ride relative to the initial amount of hydroxyl groups present
in SKL, as reported in our previous work (Table S1, Supporting
Information).[*!

The successful preparation of SKL-OIF was verified by 'H
and PF NMR spectroscopy (Figure 2a and Figure S1, Sup-
porting Information). The evolution of 'H NMR spectra during
the chemical modification of SKL clearly shows the appearance
of the signals corresponding to the double bond after esterifica-
tion (Figure 2a, red spectrum), and their chemical shifts after
the epoxidation (Figure 2a, green spectrum). Ultimately, the
appearance of the signal corresponding to methylene protons
adjacent to the fluorine-carbon bond (—CFj3), together with the
vanishing signal of the oxirane ring confirms the efficient ring-
opening reaction and the new fluorine functionality (Figure 2a,
blue spectrum). The preparation of hybrid SKL-OIF-SKL NPs,
thereafter named hy-LNPs was performed via solvent-exchange
coprecipitation of SKL-OIF with softwood Kraft Lignin (SKL)
(Figure 1b). A binary solvent mixture of tetrahydrofuran-water
at a mass ratio of 9:1 was selected to ensure a complete dissolu-
tion of the starting materials, and the particles were formed by

(1) Pyridine, THF/Polarclean
(2) HCOOH, H,0,, DCM

(3) p-TSA, TFE

Lignin- fluorinated oleic
acid ester (SKL-OIF)
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Figure 1. a) Schematic representation of the preparation of lignin-fluorinated oleic acid ester (SKL-OIF): 1) base-catalyzed esterification of SKL with
oleoyl chloride. 2) Epoxidation of oleic esterified SKL. 3) Acid-catalyzed ring-opening of epoxidated oleic lignin with trifluoroethanol (TFE). b) Schematic
illustration of the preparation of SKL-OIF-SKL hy-NPs and their gas-responsive behavior: 1) codissolution of SKL-OIF and SKL in tetrahydrofuran-water
(9:1, w/w). 2) Gradually coprecipitation of SKL-OIF and SKL against water to form SKL-OIF-SKL NPs (hy-LNPs).
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Figure 2. Characterization of lignin-fluorinated oleic acid ester (SKL-OIF) and SKL-OIF-SKL hy-NPs: a) '"H NMR spectrum of oleic esterified lignin (red
traces), epoxidized oleic lignin (green traces) and fluorinated oleic lignin (blue traces). b) Size distribution of lignin particles (LNPs and hy-LNPs) pre-
pared in this work, before and after exposure to O, obtained by DLS analysis. The error bars in b represent +/- standard deviation (SD) from the mean
values (n = 2). c) Influence of SKL-OIF mass content (wt.%) on the hydrodynamic diameter (Dh) of hy-LNPs after exposure to O,. d) Transmission
electron microscopy (TEM) images of hy-LNPs3, before (d) and after (e) the exposure to O,. f) Histograms of the particle size distribution obtained by
TEM analysis (n = 50) for hy-LNPs3, before and after O, exposure (line is a Gaussian fit showing size distribution). g) Size distribution of hy-LNPs,, and
hy-LNPs;, before and after exposure to O, obtained by TEM analysis. The error bars in g represent +/- standard deviation (SD) from the mean values
(n =50) and asterisk (*) indicates statistically significant differences (p < 0.05, one-way ANOVA). h) AFM height images of hy-LNPs;, after exposure
to O,. White marked sections in (h) shows the high tendency of the particles to agglomerate after O, exposure.

gradually adding water to the initial binary solvent mixture. Five
hy-LNPs colloidal dispersions with SKL-OIF contents between
10 to 50 wt.% were prepared, and regular LNPs (0 wt.% of SKL-
OlF) was prepared as a control. In all cases, colloidally stable
hy-LNPs dispersions could be obtained regardless of the SKL-
OIF content (Figure S2 and Table S2, Supporting Information).
These particles contained a bio-based content as high as 96%
and a lignin content ranging from 90 to 75%. Here it is also
important to mention that esterification of lignin with fatty
acids is already implemented in industry,””! while also greener
esterification routes have been reported,’®* thus ensuring the
potential scalability of these particles for future applications.
Dynamic light scattering (DLS) analysis of the colloidal dis-
persions pointed out that the mass content of SKL-OIF dictates
the particle size, which increased with increasing mass con-
tent of the SKL-OIF (Figure 2b). These facts, together with the

Small 2023, 19, 2205672 2205672 (3 of 8)

elevated hydrophobicity of the fluorine oleate chains, suggest
that the hydrophobic chains are located in the inner part of the
particle, which is reasonable due to their tendency to evacuate
from water during the coprecipitation process (Figure 1). The
responsivity of the colloidal dispersions towards O,, the major
interest of this work, — owing to the potential synergy with
advanced and biological systems such as enzymes (e.g., oxidore-
ductases or oxidases) — was investigated by DLS and transmis-
sion electron microscopy (TEM). DLS measurements of regular
LNPs after bubbling the dispersion with O, for 15 min did not
reveal significant changes in their average hydrodynamic diam-
eter (Dh), while in the case of hy-LNPs with a different mass
content of SKL-OIF an increase in the hydrodynamic diameter
was observed in all cases after the O, exposure (Figure 2b).
Remarkably, above 30 wt.% of SKL-OIF we found that par-
ticle size increased up to 30% with respect to the original size,
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which highlights that only moderate amounts of SKL-OIF are
needed to obtain significant physical changes in the particles
(Figure 2c). Here it is important to mention that the particles
with up to 30% SKL-OIF content are colloidally stable over sev-
eral days unlike hy-LNPs with the highest amount of SKL-OIF
(40-50 wt.%) that tend to precipitate =5 h after their exposure
to O, (Figure S3, Supporting Information). These results sup-
port unequivocally the O,-responsiveness, and the swelling
behavior of the particles after direct contact with O,. This
swelling behavior can be ascribed to the effective interactions of
0, with C-F bonds,[®-62 which decrease the hydrophobicity of
the fluorine oleate chains, presumably decreasing the effective
hydrophobic interactions between the fluorinated oleate chains.

Owing to their supramolecular assembly, a significant reor-
ganization of the hydrophobic oleate chains located in the core
of the particle follows from the modulation of the intermo-
lecular forces. Consequently, the concentration and effective
packing of fluorine oleate chains in the core of the particles
would decrease, thus allowing an increase in the hydrody-
namic diameter (Figure 1b). To further test this postulation,
transmission electron microscopy (TEM) was used to visu-
alize the morphology changes in hy-LNPs,, (20 wt.% of SKL-
OIF) and hy-LNPs;, (30 wt.% of SKL-OIF) before and after O,
exposure. TEM images before O, exposure revealed uniform
and well-defined spherical particles (Figure 2d and Figure S4,
Supporting Information), while after O, exposure, aside the
increased particle size, the hy-LNPs appeared to have a core-
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shell structure with sticky shells and a tendency to agglomerate
upon drying (Figure 2e and Figure S4, Supporting Informa-
tion). Nanoparticle size distribution histograms corresponding
to TEM images further confirm that the exposure to O, induced
a statistically significant increase in the particle diameter for
hy-LNPs,, and hy-LNPs;, (Figure 1f and g and Figure S5, Sup-
porting Information), which is in agreement with our find-
ings based on particle size analysis conducted by DLS (Com-
pare Figure 1g with Figure 1b). In addition, SEM analysis of
hy-LNPs3, also supports the increase in particle size and the
tendency of the particle to agglomerate upon bubbling with O,
(Figure S6, Supporting Information). Aligned with this finding,
AFM micrograph corresponding to hy-LNPs;, after O, exposure
also demonstrated that particles appear to have sticky shells
and a high tendency to agglomerate upon drying (Figure 2h).
This agglomeration behavior together with the change in par-
ticle morphology is ascribed to the migration of the fluorine
oleate chains to the surface of the particle due to the polarity
change after O, bubbling (vide infra).

Reversibility of the volume expansion after treatment with
O, was also evaluated in order to determine if hy-LNPs respond
to a pattern of dual gas switchable triggers known from biolog-
ical respiration and artificial systems (Figure 3a,b). Figure 3a,b,
shows very clearly that hy-LNPs3, undergo swelling/shrinking
upon alternating O,/N, bubbling demonstrating an excellent
switchability by O, and N,. TEM images from these particles
are also consistent with DLS observations, as the reversibility
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Figure 3. Characterization of the gas-switchable behavior and stability in acidic conditions of hy-LNPs: a) reversible changes in the hydrodynamic
diameter (Dh) of hy-LNPs;, upon repeated cycles of alternating O,/N, bubbling. b,c) DLS traces and TEM images of hy-LNPs3, before and after the
application of a O,/N; bubbling cycle. Note that in each cycle dispersions were exposed to 15 min of bubbling with the corresponding gas. Scale bars:
100 nm (d) evolution of zeta potential for LNPs, hy-LNPs,, and hy-LNPs3, (before and after O, exposure) at pH = 2.0. e) Evolution of”F NMR spectra

of hy-LNPs; after the application of O, bubbling at different times.
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in the change of size and morphology is clearly appreciated
(Figure 3c). We envision that the possibility to reversible tune
the size by simply bubbling O, and N, not only would allow a
fine tuning of surface/mass ratio properties of the particles, 34
but also would be useful for advanced applications such as
active loading and release of cargo molecules in addition with
the design of tunable spatially confined environments for cata-
lytic reactions.[®’]

We recently reported that oleic esterified lignin nanoparticles
present an unexpectedly long stability under acidic and basic
conditions driven by the accumulation of oleate chains on the
surface of the particles, which act as a hydration barrier pre-
venting immediate protonation/ionization of lignin carboxylic
acid and phenolic groups, respectively.*’] Based on the core-
shell structure observed after exposure to O,, we were intrigued
by the possibility that the lignin chains bearing fluorine oleate
chains could also rest on the surface of the particle, and thus
provide some enhanced stability under harsh conditions
through the hydration barrier effect. Kinetic experiments under
acidic conditions (pH < 2.5) were conducted with LNPs, hy-
LNPs,, and hy-LNPs;, (Figure 3d). Time-dependent zeta poten-
tial measurements under acidic conditions revealed that LNPs
aggregated within 30 min due to a rapid charge-neutralization
as expected, because of a complete protonation of carboxylic
acid groups (Figure 3d, black squares and Figure S7, Supporting
Information). In contrast, hy-LNPs,, and hy-LNPs;, remained
stable for two and nine hours, respectively, which would allow
for their chemical modification (Figure 3d, blue circles and
green triangles). These findings suggest a moderately increased
stability in comparison to regular LNPs that could be attributed
to the presence of a minor extent of fluorine oleate chains on
the surface of the particles. More interestingly, we observed
markedly enhanced stability (120 h, Figure 3d, red inverse trian-
gles) of hy-LNPs;, after O, exposure, which would be related to
an increased accumulation of fluorine oleate chains on the sur-
face of the particle after contact with O,. The presence of these
fluorine oleate chains would act as an external hydration barrier
(membrane) hindering the access and thus protonation of car-
boxylic acid groups. To support our findings and validate our
hypothesis ’F NMR spectroscopy of hy-LNPs;, in dispersion
state was also conducted (Figure 3e).’F NMR spectrum of the
initial dispersion of hy-LNPs;, shows a weak signal, revealing
the existence of some fluorine oleate chains close to the sur-
face of the particles after coprecipitation (Figure 3e, red spec-
trum) which would explain the observed extended stability (9 h)
under acidic conditions. Last but not least, after bubbling with
O, the original dispersion (hy-LNP3) at different times (5 and
15 min) the intensity of the signal clearly increased (Figure 3e,
green and purple spectra), which confirms a progressive accu-
mulation of the fluorine oleate chains on the surface of the par-
ticle. Therefore, the mechanism behind the O,-responsiveness
of hy-LNPs, i.e., the change in the hydrophobicity of the fluo-
rine oleate chain, not only provides particles with the ability to
swell/shrink but also with enhanced stability under harsh con-
ditions, which is crucial for their potential chemical modifica-
tion in dispersion state.’"

Having demonstrated the reversible O,/N,-responsiveness
of hy-LNPs, we also explored the possibility to use them as
gas tunable nanoreactors for the production of gold hy-LNPs

Small 2023, 19, 2205672 2205672 (5 of 8)

www.small-journal.com

(Au-hy-LNPs). While it is well known that LNPs can be used
as reduction and nucleation sites for metallic particles (e.g.,
silver and gold),[*%] there are no reports on the preparation of
such inorganic-organic hybrid particles controlled by external
stimuli. Addition of AuHCI, solution to hy-LNPss, dispersion
resulted in an evident color change towards a darker red tone
as a consequence of the reduction of gold ions (Figure 4a). The
formation of Au-hy-LNPs;, was monitored also by recording the
absorption spectra, and the observation of the time-dependent
increase in the surface plasmon resonance peak (SPR) of gold
nanoparticles (AuNPs, 530 nm) (Figure 4b,c). Kinetic experi-
ments before and after oxygen exposure already pointed out
that bubbling O, into the hy-LNPs;, dispersion accelerates
the formation of Au-hy-LNPs;, (Figure 4b,c). This was further
confirmed by plotting the absorption of formed Au-hy-LNPs;,
(530 nm), as a function of reaction time (Figure 4d). Evidently,
O, bubbling increases the reaction rate by twice with respect
to the sample dispersion without external bubbling (Figure 4d,
compare red circles with black squares). The morphology and
structure of freeze-dried Au-hy-LNPs;, was also investigated
by TEM imaging which revealed uniform and spherical hy-
LNPs covered by AuNPs on the surface, where Au nanoparti-
cles appear to be formed as distinct clusters of 1-8 individual
particles, thereby avoiding extensive aggregation and con-
firming that phenolic groups present on the surfaces of hy-
LNPs are efficient to reduce and stabilize the nascent AuNPs
(Figure 4e). In addition, XRD analysis was also used to eluci-
date the metallic form of Au in hy-LNPs (Figure S8, Supporting
Information). The XDR pattern showed unambiguous diffrac-
tion peaks at 2@ = 38.3°, 44.6°, 64.7°, 777 °, and 82.1°, which
were assigned to diffractions from (111), (200), (220), (311), and
(222) of the typical face-centered cubic (fcc) structure of Au
(Figure S8, Supporting Information)./%®!

Interestingly, compared to the behavior of hy-LNPs;, dis-
cussed above we found that hy-LNPs with elevated content of
SKL-OIF such as hy-LNPs, (40 wt.% of SKL-OIF) exhibited
an opposite response to the oxygen bubbling, slowing down
the formation of Au-hy-LNPs,, (Figure 4d, blue triangles and
Figure S9, Supporting Information). The higher rate of Au-hy-
LNPs formation in hy-LNPs;, is postulated to occur due the
O,-induced swelling of the particles that may provide an easier
access of AuCl,~ counterions to the phenolic groups of lignin,
the main responsible for the reduction process. While the case
of hy-LNPs,, appears to be the threshold in which this effect
is no longer beneficial, probably due to the combination of
reduction of free phenolic groups (increased wt.% of SKL-OIF)
together with an increased concentration of the fluorine oleate
chain on the surface of the particle that affects the accessibility
and stability of Au’' ions.

Finally, we evaluated the potential of tuning the rate of for-
mation of Au-hy-LNPs in a spatiotemporal fashion by bubbling
0O, and N, (Figure 4f and Figure S10, Supporting Information).
In this case, the reaction originally started after 1 min of O,
bubbling following a similar reaction rate as that of hy-LNPs3,
(compare Figure 4d, red circles and Figure 4f, blue dashed sec-
tion). In contrast, after 1 min of bubbling with N, at the time
point of 5 min the reaction rate markedly decreased (Figure 4d,
red dashed region), while applying an additional 1 min O, bub-
bling at a time point of 15 min speed up the reaction rate. This
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Figure 4. Application of hy-LNPs3; as gas tunable nanoreactors for the production of AuNPs: a) digital images of three reaction solutions for Au-hy-
LNPs3 at different times with hy-LNPs3,. b,c) Absorption spectra for the formation of Au-hy-LNPs3, before and after O, exposure (15 min bubbling)
at different times. d) Absorbance of Au-hy-LNPs at 530 nm versus reaction time for hy-LNPs;, (before and after O, exposure) and hy-LNPs, (after O,
exposure). €) TEM image of AuNPs formed on the surface of hy-LNPs3,. f) Absorbance of Au-hy-LNPs;, at 530 nm versus reaction time for a solution
bubbled with O, for 1 min at the beginning and then subject to an alternating N,/O, exposure. Color lines correspond to the period of time in which
each gas was bubbled for 1 min (O,, blue and N, red), and dashed regions (blue for O, and red for N;) correspond to the gas present in the disper-

sion at different periods of time.

unprecedented on/off switching of the Au-hy-LNPs forma-
tion stems from the reversible swelling/shrinking of hy-LNPs,
which ultimately demonstrates that these hy-LNPs are worth
exploring for creating advanced systems based on a program-
mable series of stimuli.

3. Conclusions

We have reported the preparation of O,/N,-responsive hybrid
lignin nanoparticles (hy-LNPs) via facile coprecipitation of a
fluorinated lignin oleic acid ester with softwood kraft lignin.
These particles demonstrated a reproducible and reversible
swelling behavior upon contact with O,, which not only allows
tuning of particle morphology from spherical to core-shell but
also increase their stability under harsh acidic conditions (pH <
2.5) due to the hydration barrier effect produced by the revers-
ible orientation of fluorine oleate chains close to the particle
surface. The combination of swelling behavior together with an
external hydration barrier are important factors that could be
crucial to use such particles as catalytic vessels for asymmetric
chemical reactions, which are under investigation in our labo-
ratory. Here it is important to note that this constitutes the first
report on the preparation of stimuli-responsive LNPs exceeding
75 wt.% of lignin content and an overall bio-based content
as high as 96%. In addition, we also showed the potential of

Small 2023, 19, 2205672 2205672 (6 of 8)

hy-LNPs as tunable gas nanoreactors for the preparation of
gold-lignin hybrid nanoparticles in a spatiotemporally restricted
fashion. Finally, we anticipate that our straightforward synthetic
methodology will open new avenues for the development of
stimuli-responsive lignin-based functional nanomaterials and
facilitate their extension application in advanced materials.

4. Experimental Section

Preparation of Lignin Oleic Acid Ester (SKL-O): 5.0 g of SKL (containing
5.94 mmol g™' of total phenolic and aliphatic hydroxyl groups measured
by quantitative 3P NMR analysis) was dissolved for 30 min in a binary
mixture of anhydrous tetrahydrofuran/methyl 5-(dimethylamino)-2-
methyl-5-oxopentanoate (Rhodiasolv PolarClean) (15 mL/3.75 mL, v, v)
containing 3.8 mL of anhydrous pyridine at 40 °C under nitrogen
atmosphere. After that, 13.9 mL of oleoyl chloride (1.1 equiv. vs total
aliphatic and phenolic hydroxyl groups) were added with a syringe
within 10 min. The reaction mixture was purged with nitrogen and kept
for 48 h at 45 °C. After that, the reaction mixture was concentrated,
dissolved in dichloromethane (75 mL) and washed with brine
(50 mL x 3 times). The organic fractions were collected, dried with MgSO,,
concentrated under vacuum and redissolved in 5 mL of tetrahydrofuran.
Finally, SKL-Ol was obtained as a dark viscous oil with a 84% of yield.
The yield was calculated according to the following mass balance (SKL-
Olyeight/SKLyeight + oleoyl chloride,eign)*100. It was noted that allowing
the stabilization (>6 h) of the emulsion formed during the liquid-
liquid extraction improved the yield of the overall process. The degree
of esterification (DE, 80%) was calculated by direct comparison of the
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total amount of hydroxyl groups determined by>'P NMR spectroscopy
between the esterified SKL and pristine SKL.

Preparation of Epoxidized Oleic Lignin (SKL-EP-Ol): 5.0 g of SKL-OI
(containing 4.75 mmol g™ of oxirane groups) was dissolved for 30 min
in 20 mL of dichloromethane containing 2.3 mL of formic acid (FA,
12.64 mmol g7 of oxirane ring). Next, 46 mL of hydrogen peroxide
(H204, 30% v,v, 9.48 mmol g' of oxirane ring) were added dropwise with
a syringe, and the reaction mixture flask was equipped with a condenser
and heated up to 50 °C for 5 h. After that, the reaction mixture was washed
three times with an aqueous solution of potassium carbonate (K,COs3, 5
wt.%, 50 mL) and brine (25 mL). The organic fractions were collected,
dried with MgSO, and concentrated under vacuum to afford Lig-EP-Ol as
a red viscous oil with a 67% of yield. The yield was calculated according
to the following mass balance (SKL-EP-Ol,,¢ight/ SKL-Ol,eight) ¥100. We note
that allowing the stabilization (>6 h) of the emulsion formed during the
liquid-liquid extraction improves the yield of the overall process.

Preparation of Fluorinated Oleic Lignin (SKL-OIF): 1.0 g of SKL-EP-OI
was dissolved in 10 mL of trifluoroethanol for 30 min. Next, 150 mg of
p-toluenesulfonic acid monohydrate (p-TSA, 15 wt.%) were added to the
reaction mixture, a condenser was equipped to the reaction flask and the
temperature was increased to 80 °C for 6 h. After that, the reaction mixture
was washed with brine (50 mL x 3 times). The organic fractions were collected,
dried with MgSO, and concentrated under vacuum to afford SKL-OIF as a
black viscous oil with a 90% of yield. The yield was calculated according to
the following mass balance (SKL-OIF,¢ight/SKL-EP — Olyyeight) *100.

Preparation of Lignin Nanoparticles (LNPs and SKL-OIF-SKL NPs
(hy-LNPs): SKL-OIF-SKL NPs (hy-LNPs) were prepared by replacing
SKL with the corresponding wt.% of SKL-OIF, but otherwise following
the same procedure for the preparation of LNPs described previously.[*’]
Briefly, SKL-OIF and SKL were dissolved separately in THF /water mixture
(mass ratio 9:1), insoluble impurities were removed by filtration and
soluble fraction were combined at a predetermined ratio. Hy-LNPs
were produced by slow addition of deionized water (30 min) to SKL-OIF
and SKL solution. After that, dispersions were concentrated by rotary
evaporation and dialyzed against water for 24 h to ensure complete
removal of organic solvent. The final aqueous dispersion of hy-LNPs
(1 g L") was obtained with a lignin mass yield of 85%.

Acid Stability of LNPs and hy-LNPs: LNPs and hy-LNPs dispersions
(10 mL, 1 g L™") were adjusted to pH 2.0 by the addition of 0.7 mL of HCI
(0.1 M). Samples were incubated under stirring at room temperature.
For kinetic experiments, small aliquots were withdrawn at different
intervals of time to monitor de-evolution of zeta potential. During the
kinetic experiments, pH increased from 2.0 to 2.3.

Preparation of Gold Nanoparticles (AuNPs) Using O,-Resposnive
hy-LNPs as Nanoreactors: Au-hy-LNPs3, were prepared by fast addition
of 1.5 mL of HAuCl, water solution (10 mg mL™) to a 10 mL hy-LNPss,
colloidal dispersion (1 g L™") under vigorous stirring for 120 min. For
kinetic experiments, the reduction reaction was monitored by UV-vis
spectroscopy, and samples were bubbled for T min with O, and N,. The
generated Au-hy-LNPs;y were purified by repeated steps of centrifugation
and redispersion in deionized water.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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