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In this study we explore the extent to which we can tune lignin nanoparticles produced in a biorefinery that
couples a microbial electrolysis cell to lignin depolymerization. We vary the salt type and pH and monitor
the size and shape of the nanoparticles, as well as the antioxidant capacity of the mixture. We found that
the salt type influences the shape of the lignin nanoparticles — ranging from spherical (phosphate) to rod-

like (nitrate and chloride) and flower-like (carbonate). Additionally, the shape and the size influence the

Received 19th October 2023 antioxidant capacity due to changes in the surface area to volume ratio. The flower-like nanoparticles have
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a high surface area to volume ratio and the highest antioxidant capacity, which is similar to that of the

DOI: 10.1039/d35u00380a industrial benchmark antioxidant, Trolox. The antioxidant capacity of the lignin nanoparticles illustrates their

rsc.li/rscsus high potential value in the pharmaceutical, nutraceutical, personal care, and agricultural industries.

Sustainability spotlight

Lignin is the only source of renewable aromatic carbon on the planet. However, its efficient conversion into valuable products is still being explored, specifically
as a natural alternative source of antioxidants. This work aims to explore how the shape and antioxidant capacity of nanoparticles derived from lignin vary as
a function of salt type and pH. The depolymerization performed in our biorefinery utilizes the high salt caustic effluent produced via a microbial electrolysis cell;
therefore, it is important to understand how the salt and pH parameters can tune depolymerized products. Nanoparticles with high antioxidant capacity have
high commercial value in various industries including in pharmaceuticals, nutraceuticals, and cosmetics. Our work emphasizes the importance of the following
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UN sustainable development goals: responsible consumption and production (SDG 12).

Introduction

The Hofmeister series (Fig. 1), first reported over 100 years ago,
systematically and empirically describes the specific ion effects
of salts in relation to protein stability.*” At one end of the scale,
are the kosmotropic ions which are responsible for decreasing
the solubility of proteins (i.e. salting out) and are often used to
induce protein aggregation in pharmaceutical preparation at
various stages of protein extraction and purification.® At the
other end of the scale are the chaotropic ions, which denature
and dissolve proteins (i.e. salting in). However, the Hofmeister
series is not absolute. In fact, since the Hofmeister series is
based on colloidal interactions with negatively charged hydro-
phobic surfaces, it may not apply to interactions with hydro-
philic surfaces, at high salt concentrations, or at non-neutral
pH.” Despite empirical knowledge about specific ion effects
across various industries, a general predictive theory explaining
these effects has yet to be developed. This is likely due to the
complexity of interactions influenced by the properties of salts
and colloidal surfaces, including ionic size, charge density and
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distribution, polarizability, hydrophobicity and charge shield-
ing, ion-pairing, solvation, permeability, complexation, sticki-
ness, and interfacial disruption.®

We have previously reported work detailing a biorefinery that
uses a cathodic effluent from a microbial electrolysis cell (MEC)
to depolymerize lignin into phenolics, flavonoids, and lignin
nanoparticles at ambient temperature and pressure.® Lignin
depolymerized with the caustic (pH 10.8) and high salt (220 mM
phosphate) MEC effluent was found to produce up to 50%
phenolics, 20% flavonoids, and close mass balance with LNPs
that were spherical, less than 500 nm in size, and stable.?
Additionally, the product mixture had a high antioxidant
capacity (ICso = 34 mg L ').? Lignin nanoparticles are non-toxic,
biodegradable, inexpensive, and stable. These characteristics
make LNPs favorable alternatives to carbon-based nano-
particles for a variety of uses such as drug delivery, hydrogels,
sunscreen, food additives, and tissue repair.'>** Figuring out

€Oz > SO,2 > S,04% > H,PO, > F-> CF > Br > NO; > I > CIO, > SCN

@—f

N(CH,),* > NH,* > Cs* > Rb* > K* > Na* > Li* > Ca?* > Mg2* > Zn?* > Ba?*

Fig. 1 The Hofmeister series adapted from Kang et al.* Anions are
shown on the top of the scale and cations are shown on the bottom.
The highlighted ions are the ones used in this study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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how to tune the shape and size of LNPs is an important step in
increasing their commercial potential.

Following the success of these initial studies, we now aim to
tune the size, shape, and antioxidant capacity of the lignin
nanoparticles by modifying the salt type in accordance to the
Hofmeister series, as well as varying the pH. Although the
Hofmeister series has been primarily used to study the stability
of proteins in solution, we hypothesize that the series may hold
true for lignin as well. Lignin, like proteins, is a biopolymer with
hydrophobic and hydrophilic regions and our biorefinery
preserves these attributes in its depolymerization products. We
hypothesize that it is possible to tune the products of lignin
depolymerization to specifically favor the stabilization of lignin
nanoparticles (LNPs) using kosmotropic salts (carbonate &
phosphate) and favor the stabilization of phenolics and flavo-
noids with chaotropic salts (nitrate & chloride).

Materials and methods

Materials

Lignin was donated by Archer Daniels Midland (ADM), Decatur
IL. ADM extracts lignin from corn stover by the acetosolv
(organosolv using acetic acid) process. We used the following
chemicals for depolymerization - sodium phosphate dibasic
(Fischer), potassium phosphate monobasic (USP analytical test,
JT Baker), sodium hydroxide (certified ACS, Fischer), phos-
phoric acid, sodium chloride (certified ACS, Fischer), sodium
nitrate (certified ACS, Fischer), sodium carbonate (certified ACS,
BDH), sodium bicarbonate (certified ACS, BDH). For flavonoid
content we used: aluminum chloride hexahydrate (Alfa Aesar),
sodium nitrite (98%, Alfa Aesar), methanol (HPLC grade,
Fisher). For phenolic content we used: Folin-Ciolcalteu reagent
(Sigma Aldrich), sodium carbonate (ACS, VWR), gallic acid
(97.5%, Sigma Aldrich). For antioxidant assay we used: rutin
(>94%, TCI), Trolox (Abcam), ABTS (TCI), potassium persulfate
(certified ACS, Fischer). Hexadecyltrimethylammonium
bromide (CTAB) (>98%, Sigma Aldrich) was used in microscopy.

Lignin solubilization

Lignin depolymerization was carried out as described in Obrzut
et al.® Synthetic MEC catholyte (depolymerization media) was
used for the experiments and prepared with different salts to
a total molarity of 227 mM. Four different salts were used for the
depolymerization media: sodium chloride (13 g L"), sodium
nitrate (19 g L"), sodium carbonate/sodium bicarbonate (21 g
per L Na,CO; and 2 g per L NaHCO3;), and sodium phosphate
dibasic/potassium phosphate monobasic (32 g per L Na,HPO,
and 0.2 g per L KH,PO,-H,0). The four depolymerization media
were adjusted to pH 10.8 for initial depolymerization. Chloride,
nitrate, and phosphate were adjusted with sodium hydroxide to
increase the pH, carbonate was adjusted with phosphoric acid
to decrease the pH. The amounts of sodium hydroxide and
phosphoric acid had negligible effect on the ionic strength.
Lignin depolymerization was conducted in a lab bench scale
reactor (beaker) over 60 minutes. Lignin and depolymerization
media were combined for a total concentration of 1 g L™". Over
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the course of 60 minutes the pH was monitored and adjusted to
+0.2 of pH 10.8 with sodium hydroxide, this amounted to 50-
100 pL of sodium hydroxide for the chloride and nitrate based
media. After the 60 minutes, basic experiments (b) were left as
is, neutral samples (n) were neutralized with phosphoric acid to
PH 7, and acidic samples (a) were acidified to pH 3.8.

The experiments were conducted at room temperature and
observed for a total of one week at which point nearly all the lignin
was in solution (Table S1 in the ESIT). Measurements for solubi-
lization, phenolic content, flavonoid content, antioxidant
capacity, LNP concentration, size, polydispersity index (PDI), and
zeta potential were taken at day 0 and at day 7. The LNPs were
observed under the SEM at day 7. Table S2 in the ESIf summarizes
the type of salt used, concentration, pH and ionic strength.

Measurement of bulk properties

The following properties were measured with UV-vis spectros-
copy (Eppendorf BioSpectrometer): soluble lignin, total
phenolic content, total flavonoid content, antioxidant capacity.
These methods were previously described in Obrzut et al.®®
Total phenolic content and total flavonoid content were also
measured after a series of filtrations for select experiments
using PTFE filters with pore sizes 400 nm, 200 nm, and 100 nm.

Soluble lignin was determined through a calibration curve of
lignin dissolved completely in pH 13 NaOH solution. The
maximum absorbance occurred at 280 nm. Solubilization was
measured on centrifuged samples to remove any residual solids or
large LNPs that induce scattering in the spectroscopic readings.
The total amount of phenolics was determined with the colori-
metric Folin-Ciolcalteu method.” The Folin-Ciolcalteu method
combines 100 pL of solubilized lignin with 2 mL of a 2% sodium
carbonate solution. The mixture was incubated at room temper-
ature for 5 minutes and then 100 uL of Folin-Ciolcalteu reagent
was added and the mixture was incubated further for 30 minutes.
The absorbance was measured at 750 nm. A calibration was per-
formed with a solution of gallic acid (3,4,5-trihydroxybenzoic acid)
every time the experiment was performed.” The total amount of
flavonoids was determined via the method by Zhishen et al.** For
this method, 300 uL of solubilized lignin was combined with
3.4 mL of a 30% methanol solution, 150 pL of a 0.5 mmol per L
sodium nitrate solution and 150 pL of a 0.3 mmol per L aluminum
chloride hexahydrate solution at room temperature. 1 mL of 1 mol
per L sodium hydroxide was added after 5 minutes and the
absorbance was immediately measured at 510 nm. The calibration
curve was made using the flavonoid rutin, (3',4',5,7-tetrahydroxy-3-
[e-.-thamnopyranosyl-(1 — 6)-B-p-glucopyranosyloxy|flavone). A
100 mg L' sample of rutin was made with each set of experi-
ments to test the accuracy of the calibration curve.

The antioxidant capacity was also determined by measuring
absorbance. We followed a modified version of the ABTS
method first described by Cano et al.** The ABTS" radical solu-
tion was prepared from 10 mL of 7 mM ABTS" [2,2/-azino-bis(3-
ethyl-benzothiazoline-6-sulfonic acid)] solution in water and
10 mL of 2 mM potassium persulfate solution in water. The
mixture was incubated in the dark at room temperature over-
night. The ABTS' solution was diluted with water to an
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absorbance of 0.70 4+ 0.1 at 734 nm. Then 1 mL of different
concentrations of lignin (0, 2, 6, 10, 14, 16, 18, 20, 40, 60, 80,
100, 140, 160, 200, 300, 400, 600, 800 mg L) were added to
2.0 mL of ABTS" diluted solution. The mixture was incubated in
the dark for 6 minutes and were measured at 734 nm. The
scavenging was calculated with the following equation:

A.— A, — CF

100
A. — CF

Scavenging effect (%) =
where A, is the absorbance of the ABTS' diluted solution
without any antioxidants added, 4, is the absorbance of the test,
and CF is the correction factor due to pH. The correction factor
for neutral samples of all salts, and basic samples of nitrate and
chloride based depolymerization media is 0, the correction
factor for pH 10.8 for phosphate and carbonate based depoly-
merization media varies as a function of concentration, these
values are shown in Table S3 in the ESL{ The concentration
required to inhibit the ABTS" by 50% (ICs,) was determined by
linear regression analysis. Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) was used as a standard
to verify the method. The ICs, of Trolox was found to be
21.5 mg L™, consistent with literature reports.*®

Measurement of nanoparticles

LNP concentration, size, PDI, and zeta potential were determined
with Nanoparticle Tracking Analysis (NTA) and Zetasizer. The NTA
(Malvern Panalytical NanoSight NS300) was used according to
Obrzut et al. to estimate both the LNP concentration and size
distribution.® The concentration of LNPs according to this method
is reported in Table S1 in the ESL.{ The lignin solutions were
diluted 50 times in water to be measured via NTA. The Zetasizer
(Malvern Panalytical Zetasizer Nano ZS) also has dynamic light
scattering (DLS) capabilities to measure size and polydispersity
index. The lignin solutions were diluted 10x for size and PDI and
50x for zeta potential measurements. Then, 1 mL of sample was
placed in a DTS1070 disposable zeta potential cuvette or a plastic
cuvette for DLS. Three measurements were taken for each sample
with up to 100 zeta runs per sample. For these runs the refractive
index of lignin was set at 1.61.°

The SEM micrographs were obtained using a JEOL JSM-
7900FLV microscope equipped with an Oxford Ultimax 65
energy-dispersive X-ray spectroscopy (EDS) accessory. The
voltage was set to 5 kV and the current to 8 mA. The SEM was
run using the lower electron detector (LED). The software
AZtecLive was used for live elemental mapping. SEM samples
were prepared by diluting the suspensions 10-fold with
a surfactant (5% CTAB solution) and sonicating them.

Results and discussion
The effect of salt type on shape

The biggest impact of salt type on LNP formation is revealed in
the SEM images illustrated in Fig. 2 showing three different
LNP shapes (flower-like, spheres, and rods). The simple salt
mixtures (NO;~ & Cl7) generate small spheres under basic
conditions (Fig. 2e-g) that become larger and rod-shaped at pH
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7 (Fig. 2f-h). LNP mixtures in phosphate buffer at both pHs but
higher ionic strength than the simple salt mixtures, are large
spheres (Fig. 2c and d). In a carbonate buffered mixture (basic
pH, I = 0.5 M), LNPs form a distinct, flower-like structure large
in size (Fig. 2a), which collapse to oblong spheres at pH 7 and
I = 0.2 M (Fig. 2b). For a particular salt type, the shape of the
LNP typically depends on pH, except in the case of phosphate,
where both in neutral and basic conditions spherical LNPs are
observed (Fig. 2¢ and d).

In Table 1, possible hydrophilic (blue)/hydrophobic (orange)
LNP structures are proposed to explain the shapes observed in the
SEM images. Briefly, a spherical micelle is typically formed when
the polymer has a long hydrophilic head and a short hydrophobic
tail, the opposite is true for rod-like micelles (short hydrophilic
head and long hydrophilic tail). Flower-like micelles are charac-
terized by three sections, a long hydrophilic head and two short
hydrophobic tails. Table 2 presents the EDS data of the LNPs and
shows that spherical and flower-like micelles have a greater
oxygen content than the rod-like micelles, indicating that the
hydrophilic heads may, in fact, be longer. We also show that the
salts do not react with the LNPs as they are not present in the EDS
data of the LNPs (EDS spectra are shown in Fig. S1 in the ESIY).
Furthermore, an additional experiment was conducted by dia-
lyzing the LNPs to remove the salt and an SEM image of the
resulting flower-like LNP can be found in Fig. S2 in the ESL.T LNP
shape, then, is determined by a complex set of interactions
between size/structure of soluble lignin oligomeric subunits,
specific chemical interactions between salt ions and lignin
subunits, attractive/repulsive electrostatic interactions,
hydrophobic/hydrophilic interactions, pH, ionic strength, etc.

The different LNP shapes shown in Fig. 2 may have an
influence on the antioxidant capacity due to differences in the
surface area to volume ratio (SA: V). Fig. 3 compares the anti-
oxidant capacity corresponding to LNPs in Fig. 2a, c, f and h,
and shows that the flower-like micelle (carbonate) has the
highest antioxidant capacity (lowest ICs), likely due to the fact
that it has the higher surface area. Hydrophilic phenolic groups
on the external surface of the LNP micelle are responsible for
the free radical scavenging. Hence, the greater the LNP surface
area, the greater the amount of exposed phenolic groups and
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Fig. 2 SEM images of select LNPs, all taken at t = 7 d. (a) carbonate,
basic, I = 0.529; (b) carbonate, neutral, / = 0.185; (c) phosphate, basic,
| = 0.694; (d)phosphate, neutral, | = 0.526; (e) nitrate, basic, | = 0.227;
(f) nitrate, neutral, / = 0.227; (g) chloride, basic, | = 0.227; (h) chloride,
neutral, | = 0.227.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00380a

Open Access Article. Published on 06 February 2024. Downloaded on 1/12/2026 2:51:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Sustainability

Table 1 The different micelle shapes assumed by lignin LNPs.*? Orange indicates the hydrophobic tail and blue indicated the hydrophilic head

Diagram Shape Description
Spherical Long hydrophilic head, short hydrophobic tail
Rod-like Short hydrophilic head, long hydrophobic tail

Flower-like

the greater the antioxidant capacity.>'”*® It is worth noting that
the antioxidant capacity of the carbonate based LNP is consis-
tent with the antioxidant capacity of the industrial standard,
Trolox. The spherical LNPs formed by phosphate salts have the
second highest antioxidant capacity. From the SEM image in
Fig. 2c, we observe three differently sized spherical LNPs at
a radius of around 300, 160, and 40 nm, corresponding to an
average surface area to volume ratio of around 0.4. The rod-like
LNPs have the lowest SA:V ratio and the lowest antioxidant
capacity. In Fig. 2f, we observe a rod-like LNP with a radius
corresponding to 110 nm, and a length of 550 nm, which gives
a SA: Vratio of 0.2 nm, half the SA: V of the mixture of spherical
LNPs. Shape is not the only factor that controls the SA: V ratio,
the size (i.e. the radius) also has an effect. Typically, the smaller
the radius, the larger the SA:V ratio, and specifically, we
observe that under basic conditions the LNPs are smaller and
tend to show greater the antioxidant capacity. We may also note
here that the antioxidant capacity is measured on the entire
depolymerized lignin mixture, which includes both LNPs and
discrete phenolics/flavonoids, which have different antioxidant
properties. Further discussion on these differences follow in the
next section.

Long hydrophilic section, two short hydrophobic sections

pH and the Hofmeister effect on the stability of products

As mentioned in the introduction, the Hofmeister series is an
empirical series that is used to explain the stability of proteins
due to salt effects. In this paper we aimed to test whether we can
apply the Hofmeister series to tune LNP properties. Fig. 1 in the
introduction shows the Hofmeister series, highlighting the
anions and cations we chose to use for our experiments. When
the Hofmeister series is used in reference to proteins, salting
out indicates that the proteins are stabilized and their folding is
intact. Salting in indicates that proteins are denatured and
unfolded (Fig. 4a). In regard to depolymerized lignin stabiliza-
tion, salting out would promote the self-assembly of depoly-
merized lignin oligomers in the form of LNPs, whereas salting
in would favor depolymerized lignin as discrete phenolics and
flavonoids and hinder LNP formation (Fig. 4b). Although we
should not expect strict adherence to the Hofmeister series, we
do see similar trends between salts at opposite ends of the scale.

We typically conduct all our measurements, except solubili-
zation, on uncentrifuged samples.*® Our aim is to characterize
the mixture as a whole and demonstrate its potential in
industrial applications without separation or purification.
Given differences in LNP characteristics and antioxidant

Table 2 EDS for select LNP samples. All values are in percentages (%). All samples indicate that the LNPs are made almost exclusively (=90%) of
carbon and oxygen. Carbon is denoted in orange to correspond to the orange, hydrophobic block in Table 1 and oxygen is denoted in blue to

correspond to the blue, hydrophilic block in Table 1

Element/Anion- o] N cl P Na K Br
pH

Cl-n 6.44 0 1.92 0 4.23 0 4.68

NOs3 -n 10.90 0 0 0 2.39 0 0

COs-b 16.40 0 0.012 0 0.52 0.02 5.25

POs-n 16.23 0 0.19 1.11 0.19 0 4.74

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Antioxidant capacity of select LNPs
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Fig. 3 The antioxidant capacity corresponding to the LNPs in Fig. 2a,
c, fand h. Allat t = 7 days. COz and PO, are at pH 10.8 and | = 0.529
and | = 0.694, respectively. NOz and Cl are at pH 7.0 and | = 0.227.

a. Protein Stabilization

N c - Native Denatured
’ » — T
2 A Salting Out Salting In
b. Lignin Depolymerization Stabilization
/\.g.—/ LNPs Discrete Aromatics
‘P.’\ Salting Out Salting In
Fig. 4 (a) The Hofmeister series effect on protein stabilization. (b) The

hypothesized stability of depolymerized lignin with respect to ion type
is illustrated.

capacity among conditions, however, it is likely that some
fraction of bulk phenolic and flavonoid content is associated
with the colloidal fraction of lignin depolymerization mixtures.

Here, we characterize product yields and properties in the
lignin depolymerization mixtures of various salts as a function of
colloidal size based on differential filtration and compare centri-
fugation to filtration through 400 nm, 200 nm, 100 nm pore size
membranes. These data are shown in Fig. 5 for the two salts,
carbonate and nitrate, at the extremes of the Hofmeister series.

The filtration results presented in Fig. 5 illustrate that the
phenolic and flavonoid fraction display a greater degree of
association with the colloidal or LNP fraction under neutral
conditions (p > 0.05) compared to basic pH. In previous work, we
showed that the predominant flavonoid present in depoly-
merized organosolv lignin from corn stover in our biorefinery is
tricin, at 2.8%.® The pK, of tricin is 6.57, indicating that at a basic
PH, the pH is much greater than the pK,, and the tricin and other
phenolic groups are deprotonated. Therefore, phenolics and
flavonoids are stabilized by electrostatic interactions at basic pH
and do not associate with other flavonoids and LNPs. At neutral
conditions, however, the pH is about the same as the pK, and not
all of the phenolic groups are deprotonated. This suggests less
electrostatic repulsion, and flavonoids and phenolic may be
associated with the LNPs. When the flavonoids and phenolics
associate or partition with the LNPs, we are able to filter them
out, which then explains the decrease in phenolic and flavonoids
at neutral pH but not in basic conditions.
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Fig. 5 The phenolic (blue) and flavonoid (orange) content for
carbonate based lignin depolymerization in (a) basic and (b) neutral
conditions and nitrate based lignin depolymerization (c) basic and (d)
neutral conditions across different filtrations. *Indicates a significant
difference (p < 0.05) relative to the uncentrifuged sample.

The filtration results in Fig. 5 also reveal a salt effect. When
we compare the amount of phenolics and flavonoids present in
lignin depolymerized with carbonate at 100 nm, we witness
a 60% decrease in phenolics and 70% decrease in phenolics at
neutral pH. In contrast, with nitrate based depolymerization
only an 11% decrease for flavonoids and 31% decrease for
phenolics occur. This trend is consistent with the Hofmeister
series. Carbonate, which is on the far left side of the series,
favors salting out, which in this case would favor the stabiliza-
tion of LNPs and partitioning of phenolics and flavonoids in the
colloidal fractions. Nitrate is on the far right side, which would
indicate salting in, suggesting more favorable conditions to
stabilize phenolics/flavonoids. This observation is summarized
in Fig. 4b which illustrates the correspondence of the Hof-
meister series to depolymerized lignin products.

The effect of pH on the mechanism of LNP formation

It is well known that there are generally two accepted mecha-
nisms of formation for lignin nanoparticles - acid precipitation
and solvent/antisolvent. We show a schematic of both in Fig. 6.

Generally, the formation of LNPs relies first on dissolving
lignin.* The lignin can generally be dissolved in two ways: (1)
high pH or (2) an organic solvent. High pH is not a very common
way of dissolving lignin for LNP production, and most
researchers opt for organic solvents. For acid precipitation, the
second step is to then decrease the solubility of lignin with the
addition of an acid. LNP formation is initiated by the molecular
weight dependent precipitation of the dissolved subunits of
lignin, where large molecules precipitate first to form a critical
nuclei (40-70 nm).”” This is followed by collision-driven particle
growth and adsorption.

The solvent/antisolvent mechanism is initiated in the same
way, the first step is to dissolve the lignin with an organic
solvent such as DMSO or acetone. Then micellization is induced
through the addition of an antisolvent, typically water. Micel-
lization involves alignment of the hydrophobic and hydrophilic
parts of the lignin depending on the solvent characteristics.”®
Lignin subunits aggregate in the water phase to form

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00380a

Open Access Article. Published on 06 February 2024. Downloaded on 1/12/2026 2:51:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a. Acid Precipitation

(3 L2
2 Dissolution @ L 2]
> 6 o0,
} o %o
T, o e

o
! % *
Precipitation O.f‘.,, & & Kinetic collision 2 Adsorption
® el g M
.

—
"o [ 74
b. Micellization (Solvent/Antisolvent)
® ® 03e
= Dissolution [ Y Micellization @) Self-assembly
1 . — e ® — o® .

Fig. 6 (a) Acid precipitation and (b) micellization mechanisms of
formation for lignin nanoparticles adapted from Obrzut and Gray.®

a hydrophobic micellar core. The hydrophilic components of
the lignin form the micelle shell. The LNPs grow spherically
through either molecular aggregation of polymer chains or by
self-assembly via aromatic stacking.****

Although our method of lignin depolymerization and LNP
formation involves a basic depolymerization media, not an
organic solvent, and the pH is sometimes adjusted to neutral, the
mechanism of formation has been shown to be micellization.? We
further demonstrated that this is indeed the mechanism by doing
an additional experiment of adjusting the pH of depolymerized
lignin to pH 3.8. We show the SEM image of phosphate depoly-
merized lignin at three different pH values in Fig. 7.

In Fig. 7a and b the shape of the LNPs is spherical and they
are on average between 400 and 500 nm. The shape of the LNP
formed in acidic conditions is amorphous and much larger
(~6x). The mechanism of formation most likely switches from
micellization to acid precipitation, as seen by the drastic change
in shape and size. We also see that the antioxidant capacity
decreases. The ICs, increases from 30 mg L™ to 390 mg L™"
with the change from basic to acidic LNPs. This indicates that
for most commercial purposes LNPs formed in basic to neutral
conditions are more favorable due to their spherical shape,
small size, and high antioxidant capacity. It may be worth
noting that LNP formation and growth in basic and neutral
conditions is gradual (7 days to reach max concentration under
our experimental condition, ambient 7 & P), but maximum
concentration is achieved instantly in acidic conditions.

One additional observation is that ionic strength effects were
probed by modifying the concentration of the salt and found
not to be a driving force in determining differences in LNP
properties. These results are presented in Fig. S3 in the ESLf
This further supports the finding that LNP properties can be
tuned by salt type and pH.

b. Neutral

-~

1000 nm 1000 nm =

Size: 427 +/- 15 nm
1C50: 30 +/- 1 mg/L

Size: 502 +/- 28 nm
1C50: 49 +/- 2 mg/L

Size: 2870 +/- 118 nm

PO,>, pH = 10.8,1=0.694,t=7d
1C50: 390 +/- 62 mg/L

PO>, pH=7.0,1=0.526,t=7d ‘ ’ PO, pH=3.8,1=0.222, t=7d ‘

Fig. 7 The SEM image of LNPs formed through phosphate based
depolymerization (220 mM,, initial pH 10.8). The pH after 1 hour was (a)
unadjusted, (b) neutralized, and (c) acidified. The size and antioxidant
capacity is also reported.
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Conclusions

The goal of this research was to determine whether LNPs can be
tuned in accordance with the Hofmeister series and pH
adjustment. We found that the use of different salts (kosmo-
tropic versus chaotropic) in the depolymerization of lignin
allows us to tune the shape and antioxidant capacity of the
resulting LNPs. Furthermore, we found that carbonate-based
depolymerization yields flower-like LNPs that have an antioxi-
dant capacity comparable to that of Trolox, a water-soluble
analog of vitamin E used industrially in biological and
biomedical applications. Phosphate-based LNPs are spherical,
with a slightly lower antioxidant capacity. Nitrate- and chloride-
based depolymerization produces rod-like LNPs with an anti-
oxidant capacity 2-3 times lower than that of carbonate and
phosphate. These results indicate that high antioxidant LNPs
are promoted by the use of a carbonate buffered, caustic cath-
olyte for lignin depolymerization in a MEC-based biorefinery.

We also found that the salts stabilize LNPs or phenolics/
flavonoids in accordance with the Hofmeister series.
Carbonate-based depolymerization favors the association of
phenolics and flavonoids to LNPs with neutralization, whereas
nitrate favors the stabilization of phenolics/flavonoids in
solution.

The mechanism of LNP formation and therefore their char-
acteristics are influenced by pH. In a phosphate buffer at
neutral and basic pH, small and spherical LNPs form through
micellization. At basic pH the LNPs are around 430 nm with an
ICso of 30 mg L' and the neutral LNPs are slightly larger at
around 500 nm with a slightly higher ICs, (50 g L"), indicating
a lower antioxidant capacity than the basic LNPs. LNPs formed
in acidic conditions are formed via the acid precipitation
mechanism and differ significantly in shape, size, and antioxi-
dant capacity (amorphous, 2900 nm, 390 mg L™ ", respectively).

This study allows us to better understand how salt and pH
can be used to tune the properties of LNPs and expand potential
industrial uses, particularly for nutraceutical applications
where there is a recent rejection of synthetic antioxidants.*
Although the synthesis time is lengthy, we see a high conversion
of lignin into LNPs (Table S1t). Preliminary experiments
demonstrate that our biorefinery produces proportional
amounts of LNPs when doubled, indicating a potential for
scaling. It is valuable to conduct future work investigating the
limits of scalability to determine the conditions of
commercialization.
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