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Lignin particles (LPs) have gained prominence due to their biodegradability and bioactive properties. LP produc-
tion at nano andmicro scale produced fromorganosolv lignin and the understanding of size's effect on their prop-
erties is unexplored. Thiswork aimed to produce and characterize lignin nanoparticles andmicroparticles using a
green synthesis process, based on ethanol-solubilized lignin and water. Spherical shape LPs, with a mean size of
75 nm and 215 nm andwith a low polydispersity were produced, as confirmed by transmission electronmicros-
copy and dynamic light scattering. LPs thermal stability improved over raw lignin, and the chemical structure of
lignin was not affected by the production method. The antimicrobial tests proved that LPs presented a bacterio-
static effect on Escherichiacoli and Salmonella enterica. Regarding the antioxidant potential, LPs had a good anti-
oxidant activity that increased with the reaction time and LPs concentration. LPs also presented an antioxidant
effect against intracellular ROS, reducing the intracellular ROS levels significantly. Furthermore, the LPs showed
a low cytotoxic effect in Caco-2 cell line. These results showed that LPs at different scales (nano andmicro) pres-
ent biological properties and are safe to be used in different high value industrial sectors, such as biomedical,
pharmaceutical and food.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Lignin is a natural aromatic biopolymer and a renewable resource
obtained from lignocellulosic biomass, representing 10–15% of these
materials [1]. Currently, it has been used as additive, binder, dispersant,
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adsorbent or surfactant [2,3]. However, the very limited solubility of the
native material and the complexity of the lignin structure with very
broad molecular weight distributions and a random microstructure
have limited its use [4]. The functional groups, both phenolic and ali-
phatic hydroxyls, make it susceptible to chemical modification or poly-
merization, enabling the development of new materials [5–7]. Besides
that, lignin presents some eco-friendly properties, such as biodegrad-
ability, biocompatibility and low toxicity, whichmake it an ideal precur-
sor for the development of LNPs [8].

Nowadays, the development of NPs from lignin has gained interest,
given its nature, for drug delivery systems [9–11], delivery of hydropho-
bic molecules [12], improvement of UV barrier [13,14], as reinforcing
agent in nanocomposites [15], sorbents for heavy metal ions and other
environmental pollutants, and antibacterial and antioxidant applica-
tions [16–19]. They have also been used as an alternative to inorganic
NPs due to some safety issues raised in recent years [8]. Thus, different
sources of lignin have been used, being most works focused on alkali
and kraft lignin [2,8,9,20–23]. For instance, Frangville et al. [8] produced
nanosized lignin particles through acid precipitation using ethylene gly-
col as a solvent and kraft lignin. Qian et al. [2] and Lievonen et al. [21]
prepared spherical NPs from acetylated alkali lignin and kraft lignin, re-
spectively, using THF as a solvent and the solvent displacementmethod.
Myint et al. [24] produced LNPs using kraft lignin through compressed
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CO2 antisolvent method. LPs based on organosolv lignin were produced
by Richter et al. [25] and Liu et al. [26], using acetone and tetrahydrofu-
ran as a solvent, respectively, through the solvent displacementmethod.
Most of these published productionmethods have some drawbacks, in-
cluding extensive use of organic solvents that poses a potential hazard
to the environment, irregular shapes and difficulty to control the parti-
cle size and size distribution.

In the current work, lignin particles were produced from organosolv
lignin, using ethanol as solvent through the solvent displacement
method by dripping the lignin solution in an antisolvent (water).
Matsakas et al. [27,28] also reported the production of LNPs from
organosolv lignin solubilized in ethanol by the solvent displacement
method through the solvent evaporation or by adding an antisolvent
via dialysis or dilution. This approach is interesting since it avoid some
of the drawbacks described above, such as toxic and expensive solvents
and particles with irregular shapes. Ethanol is considered a green, safer
and cost-effective solvent and is completely miscible with water.

In 2011, the EC adopted a new definition for nanomaterial [29], re-
ferred in this work as ‘EC NM definition’, which refers ‘Nanomaterial’
as a natural, incidental or manufactured material containing particles,
in an unbound state or as an aggregate or agglomerate, where 50% or
more particles (number size distribution) have one ormore external di-
mensions in the size range of 1 nm–100 nm. In specific cases andwhere
warranted by concerns for the environment, health, safety or competi-
tiveness the number size distribution threshold of 50%may be replaced
by a threshold between 1 and 50%. By other side, the FDAmentions that
in some cases material with sizes up to 1000 nm should also be consid-
ered nanomaterial, justified by the fact “at the present time, available
scientific information does not establish a uniform upper boundary
above 100 nm where novel properties and phenomena similar to
those seen in materials with dimensions in the nanoscale range cease
for all potential materials or end products” [30]. Based on this, materials
with sizes higher than 100 nm should be evaluated in terms of their
properties and safety, such as micro and nanostructures based on
biomacromolecules, that due to their complexity should be evaluated
case-by-case. In the case of lignin, this has never been addressed and
the advantages and challenges of using lignin as a nanomaterial when
compared with micro size are not fully understood.

Thus, this study reports the production of lignin particles (LPs) with
different size scales (nano and micro), according to the EC NM defini-
tion, using a green synthesis process and correlates their main proper-
ties, including the possible cytotoxicity. LPs were characterized by
dynamic light scattering and transmission electron microscopy. Their
chemical structure and thermal stability were evaluated by FTIR, TGA
and DSC. Moreover, bioactive properties of LPs were evaluated through
antioxidant and antimicrobial tests. Finally, the in vitro cytotoxicity and
the cellular antioxidant activity of LPs were assessed using a Caco-2 cell
line.
2. Materials and methods

2.1. Materials

Organosolv lignin (OL) of high purity (98.73± 0.36%) was extracted
from corncob through two sequential pretreatments, involving liquid
hot water at 200 °C for 30 min and organosolv at 140 °C for 40 min,
using 60% (v/v) ethanol solution, according toMichelin el al. [31]. Etha-
nol was obtained from Panreac Química SLU (Spain). The chemicals
ABTS, Trolox, BHT andBHA, ascorbic acid and gallic acidwere purchased
from Sigma-Aldrich. MEM and PBS 10× were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Trypsin-EDTA (0.25% trypsin-
0.1% EDTA), penicillin/streptomycin 100×, FBS, NEAA and HBSS were
purchased from Merck Millipore (Burlington, MA, USA). Sodium pyru-
vate solution 100mM, resazurin sodium salt and thiazolyl blue tetrazo-
lium bromide, DCFH-DA and H2O2 solution 30% (w/w) were obtained
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from Sigma-Aldrich (St. Louis, MO, USA). Isopropanol was purchased
from Riedel-de-Haen.

2.2. Production of lignin particles

LPswere produced according to Fessi et al. [32] using the solvent dis-
placement method. Three parameters were evaluated in the LPs pro-
duction: flow rate (mL·min−1), lignin concentration (mg·mL−1) and
ethanol/water ratio. Initially, different concentrations of the crude lignin
were solubilized into ethanol (100%). From this organic phase, LPs were
produced by dripping it at a controlled flow rate into distilled water
(aqueous phase) up to a final volume of 50 mL and constant stirring of
300 rpm. The drip of the organic phase was done dropwise with a poly-
propylene syringe of 10 mL and a needle of 0.60 × 25 mm, using a sy-
ringe pump (NE-1000 Multiphaser™ Programmable Syringe Pump,
NewEra PumpSystems Inc.) to control the drip rate. The organic solvent
was completely removed by vacuum evaporation at a constant temper-
ature of 40 °C to recover the LPs. The experimental conditions
(5.82 mg·mL−1 lignin and 0.071 ethanol/water ratio, and
14.18 mg·mL−1 lignin and 0.305 ethanol/water ratio, at a flow rate of
0.17 mL·min−1 for both conditions) were chosen in order to obtain
LPs around 100 nm (LNPs) and 300 nm (LMPs), respectively (data not
shown). The water dispersed LPs obtained from this process were also
freeze dried (CHRIST - Alpha 1–4 LD plus, Germany) to obtain dried LPs.

2.3. Dynamic light scattering

LPs were characterized for their mean size, PDI and zeta potential
through DLS using a Malvern Zetasizer Nano ZS instrument [33]. To de-
termine the size and PDI, 14 mm square polystyrene cuvettes
(DTS0014) were used, while for the zeta potential, disposable capillary
cell (DTS1070) was used. All measurements were performed at 25 °C.
Each measurement of size distribution (by intensity and number) and
PDI were performed with a detection angle of 173° and zeta potential
measurements with an angle of 17°, and the zeta potential values
were calculated using Smoluchowski's model. Measurements were per-
formed at least three times.

2.4. Transmission electron microscopy

The surface morphology of the LPs was evaluated through a TEM –
JEM-2100 (JEOL, Japan) operated at a 200 kV accelerating voltage. Be-
fore loading the samples into the microscope (direct deposition), the
samples were drop-cast onto a carbon coated copper grid (Lacey carbon
support film, 400 mesh, Copper, Ted Pella Inc., USA), and dried at room
temperature.

2.5. Attenuated total reflectance Fourier transform infrared spectroscopy

The chemical structure of lignin and LPs was evaluated by ATR-FTIR.
The ATR-FTIR spectra were recorded on a spectrophotometer model
Alpha II (Bruker, Germany) of direct transmittance on the dried solid
samples. Dried samples were analyzed from 4000 to 500 cm−1 at a res-
olution of 4 cm−1 and 16 scans were recorded. Analyses were per-
formed in triplicate.

2.6. Thermal analysis

Thermo degradation of lignin and LPs was carried out under a nitro-
gen atmosphere of 20 mL·min−1, using a TGA 4000 (Perkin Elmer,
Instrumentos de Laboratório e Científicos, Lda, Portugal). Approxi-
mately, 10 mg of dried sample was loaded into a ceramic pan. TG anal-
yses were conducted in a temperature range from 20 °C to 800 °C, at a
heating rate of 10 °C·min−1, in duplicate. Tg of lignin and LPs was per-
formed in a DSC analyzer 6000 (Perkin Elmer, Instrumentos de
Laboratório e Científicos, Lda, Portugal). Approximately 5 mg of dried



F.M.C. Freitas, M.A. Cerqueira, C. Gonçalves et al. International Journal of Biological Macromolecules 163 (2020) 1798–1809
sample was placed into a hermetic and sealed pan. The samples were
first heated from 0 °C to 120 °C at a rate of 10 °C·min−1, then cooled
to 0 °C at a rate of 10 °C·min−1, and finally heated from 0 °C to 200 °C
at a rate of 10 °C·min−1 under nitrogen atmosphere of 20 mL·min−1.
Tg of each sample was determined with the second heating scanning.
Analyses were performed in triplicate.
2.7. Antioxidant activity

Lignin and LPs antioxidant capacity was studied by evaluating free
RSA through ABTS. The RSA was performed according to the method
of Re et al. [34], which is based on the ability of antioxidants to neutral-
ize the ABTS radical, decreasing its absorbance at 734 nm. Commercial
antioxidants such as Trolox, BHT, BHA, ascorbic acid and gallic acid, as
well as raw lignin were used as references. Firstly, ABTS solution was
prepared by mixing 7 mM ABTS ammonium with 2.45 mM potassium
persulfate, and then incubated at room temperature for 12–16 h in the
dark. After that, ABTS solution was diluted with Milli-Q water to get
an absorbance of 0.70 ± 0.02 at 734 nm. Then, 100 μL of ABTS solution
was added to 100 μL of antioxidant sample (LPs were dispersed in
water, while the reference antioxidants, including lignin, were dis-
persed in 60% (v/v) of ethanol), at concentrations between 0.005 and
0.1 mg·mL−1. After 6 min, the percentage of inhibition at 734 nm was
calculated for each concentration relative to the control absorbance.
The percentage of RSA was calculated using the equation:

RSA %ð Þ ¼ Acontrol−AsampleÞ
Acontrol

� �
� 100

�

where Acontrol is the absorbance of the control sample and Asample is the
absorbance of the commercial antioxidants, lignin or LPs samples.

The IC50 valuewas calculated as the concentration of the compounds
that causes 50% reduction in the ABTS. All experiments were carried out
in triplicate.
2.8. Antimicrobial activity

The antimicrobial activity of LPs was tested against Escherichia coli
O157:H7 (WDCM00014) and Salmonella enterica serovar Typhimurium
(WDCM 00031). The culture turbidity as a qualitative measure of cell
growth was performed in 96-wells plates. A fresh colony of each strain,
maintained on TSA medium at 4 °C, was picked up and suspended
evenly in separate glass tubes containing 4 mL LB medium. The tubes
were incubated aerobically at 37 °C for 24 h. LPs were added into each
well with LB medium at a final concentration of 1 mg·mL−1. Each
well was inoculated with 2 μL of an overnight culture diluted to a final
concentration of approximately 102 CFU·mL−1 (total well volume of
200 μL). Following inoculation, the OD at 600 nm of the cultures was
monitored every half hour during 24 h (under constant stirring) using
a Microplate Reader (Synergy, BioteK H 1, USA). As a positive control,
culture medium containing only bacteria without LPs was used. To
avoid potential optical interference during measurements of the grow-
ing cultures caused by the light-scattering properties of the LPs, the
same liquid medium without microorganisms, but containing the
same concentration of NPs was cultured under the same conditions as
blank controls. The growth rate of microbial cells interacting with the
LPs was determined from a plot of the optical density at 600 nm versus
time. All measurements were performed in triplicate. The data obtained
were analyzed with the mathematical model presented by Garrido-
Maestu et al. [35]. From this model, the maximal growth, the duration
of the lag phase and the slope of the curve were calculated to evaluate
the effect of the LPs in the bacteria.
1800
2.9. Cell culture

Caco-2 cells, clone HTB-37™, from human colon carcinoma, were
obtained from the ATCC®. Caco-2 cells (passage 25–40) were cultured
in MEM, supplemented with 20% FBS, 1% NEAA, 1% sodium pyruvate
and 1% penicillin/streptomycin. The cells were kept at 37 °C and 5%
CO2 in 75 cm2 flasks. For the in vitro assays, confluent cells were de-
tached using 0.25% trypsin-EDTA solution, then precipitated by centri-
fugation at 1080 rpm for 5 min and resuspended in fresh MEM at a
concentration of 1 × 105 cells·mL−1. Cells were seeded onto 96-wells
plates at a density of 1 × 104 cells (100 μL of cellular suspension) per
well and left adhering overnight in a humidified atmosphere of 5%
CO2 in air at 37 °C.

2.10. Cytotoxicity

The cytotoxicity of LPs was determined indirectly by resazurin or
MTT assays. After adhesion, the culture medium was removed and re-
placed by 200 μL of samples: LNPs or LMPs diluted (10%, v/v) in the cul-
ture medium and incubated for 4 or 24 h. LNPs or LMPs were prepared
in distilled water and tested at different final concentrations: 0.005,
0.01, 0.05, 0.1 or 0.2 mg·mL−1. A negative control was performed
using cells growing in MEM with 10% (v/v) of distilled water (consid-
ered as 100% cell viability).

Resazurin assay: At each time-point (4 or 24 h), 20 μL of resazurin
solution (0.1 mg·mL−1 in PBS) were added to each well (final concen-
tration 0.01 mg·mL−1). The fluorescence intensity that is proportional
to the number of viable cells was measured, after 5 h of incubation,
using a Microplate Fluorescence Reader (Synergy, BioteK H 1, USA) at
an excitation wavelength of 560 nm and an emission wavelength of
590 nm. The % cell viability was expressed as fluorescence of treated
cells compared to the fluorescence of cells growing in the culture me-
dium as follows:

%cell viability ¼ FTC−FSð Þ
FC−FCMð Þ

� �
� 100

where FTC is the fluorescence of treated cells, FS is the fluorescence of
sample in the culture medium (without cells), FC is the fluorescence of
cells growing in the culture medium with 10% (v/v) of distilled water
(considered as 100% cell viability), FCM is thefluorescence of cultureme-
dium with 10% (v/v) of distilled water (without cells).

MTT assay: After the incubation time, samples were removed and
100 μL of MTT solution (1.0 mg·mL−1 in distilled water) were added
to each well and incubated at 37 °C. After 3 h, MTT solution was re-
moved and MTT-formazan crystals were dissolved with 100 μL
isopropanol. Absorbance was measured at 570 nm and 690 nm (refer-
ence wavelength) using a Microplate Reader (Synergy, BioteK H1,
USA). The cell viability was expressed in percentage of absorbance in
treated cells in relation to the absorbance of cells growing in MEM
with 10% (v/v) of distilled water.

2.11. Cellular antioxidant activity

In vitro assays are widely used to evaluate the antioxidant potential
of compounds, however they cannot accurately predict antioxidant be-
havior in living systems. Thus, cell-based assays are gaining importance
as they provide a biological perspective. Caco-2 cells have been used to
assess the effectiveness of dietary antioxidants since they are of similar
morphology, enzymes, microvillar structure, tight junction and perme-
ability as small intestinal epithelial cells [36]. The generation of intracel-
lular ROS was evaluated by using oxidation sensitive DCFH-DA. The
DCFH-DA is a non-fluorescent cell permeant reagent that measures hy-
droxyl, peroxyl and other ROS activity within the cell. After diffusion
into the cell, DCFH-DA is deacetylated by cellular esterases to a non-
fluorescent compound, which is later oxidized by ROS into DCF allowing



Table 1
Particle size (by intensity and number), polydispersity index (PDI) and zeta potential of
LNPs and LMPs.

Particle size (nm) PDI Zeta potential (mV)

Intensity Number

LNPs 149.22 ± 5.16a 75.74 ± 6.27a 0.15 ± 0.02a −31.94 ± 4.61a

LMPs 323.67 ± 36.91b 215.06 ± 31.48b 0.20 ± 0.04b −18.80 ± 3.18b

Values reported aremeans± sd. Different letters (a–b) in the same column indicate a sta-
tistically significant difference (p < 0.05).
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the assessment of ROS activity. When ROS production is not compen-
sated by the cellular antioxidant defense system, oxidative stress occurs
[37]. Bioactive compounds can quench this reaction and prevent the
generation of DCF. This can be accomplished on the cell membrane sur-
face or within the cell following uptake of the antioxidant compounds
[38].

After cell adhesion, the culture medium was removed and 100 μL of
10 μM DCFH-DA solution was added to each well and incubated for 1 h
at 37 °C. Afterwards, the reagent was removed and 100 μL of LNPs or
LMPs, in HBSS, were added to each well, at a final concentration of
0.005, 0.01, 0.05 or 0.1 mg·mL−1, and incubated for 4 or 24 h. At each
time point, the fluorescence intensity wasmeasured using a Microplate
Fluorescence Reader (Synergy, BioteK H1, USA) at an excitation wave-
length of 495 nm and an emission wavelength of 525 nm. The intracel-
lular ROS was expressed in percentage of fluorescence of cells treated
with samples in relation to the fluorescence of cells treated with
0.25 mM H2O2, as a positive control.

In order to investigate theprotective effect of LNPs or LMPs, 0.25mM
H2O2-stimulated Caco-2 cells [39] were exposed to different particles'
concentrations (0.005, 0.01, 0.05 or 0.1 mg·mL−1). 1 × 104 cells
(100 μL of cellular suspension) were seeded in 96-wells plates and left
adhering overnight in a humidified atmosphere of 5% CO2 in air at
37 °C. Then, the medium was removed and 100 μL of 10 μM DCFH-DA
solution was added to each well and incubated for 1 h at 37 °C. After-
wards, DCFH-DA solution was removed and 100 μL of LPs, in HBSS,
were added to each well, at a final concentration of 0.005, 0.01, 0.05
or 0.1 mg·mL−1, and incubated for 4 or 24 h. After each time point,
LPs were removed, cells were washed with 100 μL of PBS and exposed
to 100 μL of 0.25mMH2O2 for 1 h to induce oxidative stress. Thefluores-
cence intensity was measured using a Microplate Fluorescence Reader
(Synergy, BioteK H1, USA) at an excitation wavelength of 495 nm and
an emissionwavelength of 525nm. The intracellular ROSwas expressed
in percentage of fluorescence of cells treated with LPs in relation to the
fluorescence of cells treated with HBSS after stimulation with 0.25 mM
H2O2.

2.12. Statistical analysis

Data analyses were performed using Microsoft Excel 2016. All data
were reported as mean standard deviation (sd) from at least three
values. Statistical analyses were performed using GraphPad Prism soft-
ware (version 8.3.0). Results were subjected to analysis of variance
(two-way ANOVA) and the differences betweenmeans were calculated
usingHolm-Sidak or Tukey'smultiple comparison tests. Theywere con-
sidered significant when p-values were below 0.05 (p < 0.05).

3. Results and discussion

3.1. Size, polydispersity index and zeta potential of LPs

The size, PDI and zeta potential are essential parameters to evaluate
the stability and homogeneity of particles in solution, and were consid-
ered, in this case, themost important parameters during the production
of LPs. In order to obtain particles with the desired characteristics, such
as lower PDI and defined size, two production conditions were chosen:
one with the lowest concentration of lignin and ethanol and another
with the highest concentration of lignin and ethanol, since these were
the two variables influencing the size of LPs (results not shown). The
flow rate was kept low, for both conditions, in order to obtain low PDI
values. In this way, the LPs production conditions were:
i) 5.82 mg·mL−1 lignin, 0.071 ethanol/water ratio and 0.17 mL·min−1

flow rate in order to obtain LNPs around 100 nm; and ii)
14.18 mg·mL−1 of lignin, 0.305 ethanol/water ratio and a flow rate of
0.17 mL·min−1 to obtain LMPs around 300 nm. The water dispersed
LPs produced in these conditions were characterized by measuring the
size (by intensity and number), PDI and zeta potential values
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(Table 1). The LPs presented different size depending on whether they
are presented by the intensity or by the number distribution, being in
both cases the particle size by intensity higher than by number. Differ-
ent factors can explain the difference between these measurements as
explained elsewhere [40] and therefore the sizes were confirmed by
TEM. TEM (see Section 3.2 Morphology of LPs) confirmed the mean
sizes by number, 75.74 nm (149.22 nm by intensity) and 215 nm
(323.67 nm) (215 nm by intensity) for the LPs produced, and therefore
they were named lignin nanoparticles (LNPs) and lignin microparticles
(LMPs), respectively. This denomination was based on the number dis-
tribution once LNPs presented around 95% of NPs with sizes ≤100 nm,
fitting in the nanomaterial definition according to EC regulation. On
the other, hand, LMPs presented less than 5% of particles with size ≤
100 nm, and then they were considered microparticles. The larger size
of LMPs, relative to LNPs, can be explained by the high concentration
of lignin and ethanol used for LMPs production. Due to the high concen-
tration of lignin, more lignin macromolecules participate in the forma-
tion of each particle, resulting in larger diameter particles [14].

Similar behavior was observed by other authors that also observed
that the lignin particles size increased with an increase of the lignin's
concentration. Liu et al. [26] produced LPs with sizes ranging from
52.6 nm to 210.8 nm, when the lignin concentration was increased
from 5 mg·mL−1 to 20mg·mL−1. Xiong et al. [41] obtained particles
sizes ranging from approx. 325 nm to 600 nm (by intensity) with lignin
concentrations from 0.5 to 2 mg·mL−1 and flow rate of 4 mL·min−1.
Wang et al. [14] observed that the LPs size increased from 100 nm to
800 nm, with the increase of the lignin concentration from
1.0mg·mL−1 to 4.0mg·mL−1. Chen et al. [22] observed that the particle
size increased proportionatelywith the increase in the initial concentra-
tion of lignin until a concentration of 80mg·mL−1, where LPs of 210 nm
were obtained, above this concentration, the size of the LPs remained
practically unchanged.

Particle size influences many properties of particulatematerials (e.g.
stability and reactivity)while the PDI is indicative of the homogeneity of
the samples. In general, PDI below 0.2 indicates that the sample exhibit
a good homogeneity [42]. LNPs presented a PDI of 0.15 ± 0.02, and
therefore the sample can be considered monodisperse. For LMPs the
PDI value was 0.20 ± 0.04 confirming that also LMPs have a homoge-
neous distribution. These results are in agreement with other works
using different types of lignin, with PDI values ranging between 0.1
and 0.5 [21–23,43].

On the other hand, the zeta potential is indicative of the surface
charge of the particles that can be related to the chemical and surface
composition of the particles. Besides influencing their reactivity, the
zeta potential also influences their colloidal stability being particles
with zeta potentials more positive than +30 mV or more negative
than −30 mV normally considered stable [33,42]. High zeta-potential
values (positive or negative) also indicate an adequate double layer
electrical repulsion between the particles, which avoids their aggrega-
tion [27,28]. The value obtained for LNPs was −31.94 ± 4.61 mV. On
the other hand, the value obtained for LMPs was −18.80 ± 3.18 mV.
The negative zeta potential of LPs can be related to the negatively
charged phenols and, to some extent, the adsorption of hydroxyl ions
[27,28].
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3.2. Morphology of LPs

The morphology of LPs was analyzed by TEM. Fig. 1 shows the im-
ages of LNPs and LMPs. Both LNPs and LMPs presented sizes in the
range of the values determined by DLS (when determined by number).
LPs also presented symmetric and spherical shape, that is resultant of
the methodology used for production. This is in good agreement with
the results obtained byQian et al. [2] and Xiong et al. [41] that produced
LNPs with uniform spherical shape via solvent displacement method
using other solvents. On the other hand, some authors have used
other production methods to obtain lignin-based NPs, but usually an ir-
regular shape is obtained [8,20,44]. The good solubility of organosolv
lignin in ethanol and their high purity [31] allowed the self-assembly
process of lignin during the solvent exchange process resulting in spher-
ical nano- and micro-particles.

3.3. Chemical structure

The infrared spectra of LNPs and LMPs, as well as of the raw lignin,
are presented in Fig. 2. All samples (lignin and LPs) showed a strong
wide absorption band around 3400 cm−1, originated from the O\\H
stretch. This band is related to the presence of alcoholic and phenolic
Fig. 1. TEM images of LNPs (A, C) and LMPs (B, D) at a m
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hydroxyl groups involved in hydrogen bonds. The absorption bands lo-
cated at 2930 and 2850 cm−1 arising from the symmetrical and asym-
metrical C\\H stretching of the methyl and methylene groups were
also founded in the three samples (lignin and LPs) [45–47].

The absorption band at 1695 cm−1 identified in lignin and both LPs
samples is due to the C_H stretch in conjugated aldehydes and car-
boxyl groups [45]. Additionally, the absorption band observed around
1655 cm−1 for lignin and LPs was assigned to stretching vibrations of
conjugated carbonyl groups [48]. The bands at around 1603, 1513, and
1427 cm−1, correspond to the aromatic skeletal vibrations [49,50]. The
band at around 1458 cm−1 is related to the vibration in –CH3 and –
CH2– groups caused by asymmetric C\\H deformations [47]. An ali-
phatic C\\H stretch in CH3 groupswas observed at 1360 cm−1. Phenolic
OH groups were also shown by absorption bands at 1360 cm−1,
1328 cm−1 and 1207 cm−1 [51].

Several bands were attributed to S and G structures of lignin.
Syringyl ring breathing with C\\O stretching are presented at around
1328 cm−1. In addition to this, another signal characteristic of C\\H
bonds in the aromatic rings (S units) was presented at 1119 cm−1

[52]. A typical G bands was detected at around 1260 cm−1 [45]. A
band related to in-plane deformations of C\\H bonds in the aromatic
rings and deformation vibrations of C\\O bonds in primary alcohols
agnification of 100,000× (A, B) and 200,000× (C, D).



Fig. 2. ATR-FTIR spectra of LNPs (grey lines), LMPs (black lines) and lignin (blue lines).

Fig. 3. TG (solid lines) and DTG (dotted lines) curves of LNPs (grey lines); LMPs (black
lines) and lignin (blue lines).
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appeared at 1030 cm−1 [53]. In addition, another important spectral
around 835 cm−1 corresponded to C\\H deformations ring vibrations
and C–OH out-of-plane bending (C\\H out-of-plane in positions 2 and
6 of S units, and in all position of H units). The presence of the band at
1168 cm−1 was assigned to H unit, which is typical to the HGS type
[54]. Thus, this band confirmed that the lignin used for producing LPs
in this study is of the HGS type. In addition, the band at around
1168 cm−1 indicated C\\O vibrations in conjugated ester groups. In
this work, both LPs and lignin showed similar spectral features, reveal-
ing no chemical changes during the formation of the nano- and micro-
particles. A similar behavior was observed by Xiong et al. [41] for LPs
produced by the solvent displacement method through adding an
antisolvent (water).
Table 2
IC50 values of LNPs, LMPs, lignin and commercial antioxidants
(Trolox, BHT, BHA, AA and GA) obtained by the ABTS assay.

Compounds IC50 (mg·mL−1)

Trolox 0.013
BHT 0.024
BHA 0.010
Lignin 0.027
AA 0.013
GA 0.003
LNPs 0.088
LMPs 0.101
3.4. Thermal properties

Thermogravimetric analysis was performed to evaluate the thermal
degradation behavior of LPs. Normally, the thermal degradation of lig-
nin takes place from 185 °C to 500 °C; this fact is due to the complex
structure of ligninwith phenolic hydroxyl, carbonyl groups andbenzylic
hydroxyl, which are connected by straight links [55]. TG and DTG pro-
files are shown in Fig. 3. The first peak of DTG curve occurred around
70 °C (<3% of weight loss) and correspond to the evaporation of resid-
ual moisture present in the samples. Regarding the lignin degradation,
three main weight loss stages were observed on LPs. The first one ap-
pears at 139 °C (peak 1), the second one at 295 °C (peak 2) and the
third on at 366 °C (peak 3) for the LNPs; and at 144 °C (peak 1),
295 °C (peak 2) and 373 °C (peak 3) for the LMPs. Regarding lignin,
the first degradation peak was less evident, while the other two oc-
curred at 293 °C and 377 °C. In general, the thermal degradation behav-
ior of LPs was similar to the one of raw lignin.

Some studies have reported that the decomposition of the lignin
structure starts at relatively low temperatures (150–290 °C), as ob-
served in this work. It is thought that the first decomposition step is
due to the dehydration of the hydroxyl groups located in the benzyl
group. It was reported that the cleavage of α- and β-aryl-alkyl ether
linkages occur around 150 and 300 °C [6,56]. Aliphatic side chains
start splitting off from the aromatic ring at around 300 °C, while at
370–400 °C occurs the carbon‑carbon cleavage between lignin struc-
tural units [57,58]. Finally, at temperatures higher than 500 °C, the typ-
ical weight losses in TG curves flatten out, with a slow release of the
volatile products (such as CO, CO2, CH4, H2 formed during lignin
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pyrolysis), before the formation of (30–50%) char [6,59]. In this work,
around 40% unvolatilized lignin at 800 °C (char residue) was observed,
due to the formation of highly condensed aromatic structures.

Another thermal property evaluated was the glass transition (Tg). Tg
values of LPs were investigated and compared with the raw lignin. Re-
sults revealed that the Tg values are influenced by conformation of the
materials and by the particle size. LPs presented a higher Tg than lignin.
Besides, the Tg of LNPs was higher than the Tg of LMPs. For lignin the Tg
value was 81.5 °C, while for LMPs and LNPs the Tg values were 103.9 °C
and 124.3 °C, respectively, showing that a smaller particle size leads to
higher Tg values.

Tg is directly related to the mobility of the macromolecular chains,
which may be affected by a complex interplay between several factors
including themolecularweight of thematerial, the presence of chemical
or physical crosslinks, and the presence of strong intermolecular inter-
actions between themacromolecular chains such as intermolecular hy-
drogen bonds [15]. Gupta et al. [60] reported similar results for LPs
produced from low sulfonated lignin (lignin protobind-1000) using
acid precipitation method, where the Tg value of LNPs (153.7 °C) was
higher than the Tg of lignin (151.5 °C). Overney et al. [61] also showed
that smaller particle sizes lead to an increase of Tg values. They ex-
plained this behavior by the mechanical confinement of polymers,
which result in the increased amount of thermal energy needed to
cause the transition.

3.5. Antioxidant activity

Lignin, due to their phenolic hydroxyl groups, is an effective free rad-
ical scavenger, which can reduce oxygen radicals and stabilize oxidation
reactions [31,62–64]. Table 2 presents the results of the ABTS assay, in
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terms of IC50. Results showed that lignin presented an IC50 of
0.027 mg·mL−1. The commercial antioxidants Trolox, BHA, AA and GA
presented values of 0.013 mg·mL−1, 0.010 mg·mL−1, 0.013 mg·mL−1

and 0.003 mg·mL−1, respectively, showing a higher antioxidant poten-
tial. However, the IC50 value obtained for lignin was very close to that
obtained for BHT (commercial antioxidant) that was 0.024 mg·mL−1,
confirming that lignin presents a remarkable radical scavenging capac-
ity. The LNPs and LMPs presented similar (p > 0.05) IC50 values
(0.088 mg·mL−1 and 0.101 mg·mL−1, respectively) showing a lower
antioxidant potential (in terms of IC50) when compared to commercial
antioxidants and raw lignin.

However, it is important to highlight that LPs were dispersed in
water (to avoid their disintegration), while the reference antioxidants,
including lignin, were dispersed in 60% (v/v) of ethanol before analysis,
which may influenced the results. For example, Lu et al. [17] compared
the RSA of nanoscale lignin and lignin using DPPH method. The results
showed an improvement of RSA for LNPs when compared to the lignin.
However, these results can be related to the way of preparation of the
raw lignin in the assay since all samplesweredispersed inwater, includ-
ing organosolv lignin, and filtered through a 0.45 μm membrane.

On the other hand, since other factors could influence the antioxi-
dant activity of LPs, such as the arrangement of the phenolic groups in
lignin during particle formation, RSA of LPs was evaluated under higher
reaction times for different concentrations (Fig. 4). Similar antioxidant
potential was observed for LNPs and LMPs. The ABTS inhibitory effect
increased for higher reaction time and LPs' concentration. The antioxi-
dant activity in terms of percentage of inhibition of the ABTS radicals
at 0.2 mg·mL−1 for 60 min of reaction achieved values of 96.11 ±
0.17% and 93.8 ± 0.29% for the LNPs and LMPs, respectively. At
0.1 mg·mL−1 for 60 min of reaction, the percentage of inhibition of
ABTS radicals achieved values of 84.63 ± 1.63% and 82.83 ± 0.68% for
the LNPs and LMPs, respectively. Thus, the IC50 values of LNPs and
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Fig. 4. Radical scavenging activity (RSA) of LNPs and LMPs after 6
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LMPs varied from 0.088 to 0.030 mg·mL−1 and 0.101 to
0.020 mg·mL−1, for 6 and 60 min of reaction, respectively (data not
shown). Therefore, the results showed the potential of using LPs as a
natural antioxidant compound, however no major differences are ob-
served when LNPs are compared with LMPs. Yearla and Padmasree
[18] and Zhang et al. [43] have compared the effectiveness of RSA of
LPs in relation to the raw lignin. In the work of Zhang et al. [43], they
showed an increase in the IC50 as the size of the LNPs increased for
two tested sources (corncob lignin from enzymatic mild acidolysis –
CC and steam explosion lignin – SE); however, for SE lignin it was ob-
served that raw lignin presented a lower IC50 than larger LNPs, with
140 and 160 nm in size.

3.6. Antimicrobial activity

A comparative study of the growth of bacteria (Escherichia coliO157:
H7 and Salmonella enterica serovar Typhimurium) under normal condi-
tions (control) and under the presence of LNPs and LMPs was per-
formed. Fig. 5 presents the growth curve of E. coli and S. Typhimurium
under these conditions. In general, the results showed that LPs have
an inhibitory effect on microbial growth, which was more prominent
to LMPs.

Fig. 5A and B shows the results obtained for E. coli O157:H7 and S.
Typhimurium, respectively, incubated with 1.0 mg·mL−1 LNPs. First, it
was observed an increase of 2 h in the lag phase for E. coli O157:H7
grown in the presence of the LNPs, in relation to the control. In the
case of S. Typhimurium, the increase was of 3 h. It was also observed a
reduction in the maximum increment of the bacteria, which is related
to the proliferation of the bacteria. For E. coli O157:H7 incubated with
1 mg·mL−1 LNPs (Fig. 5A), a maximum growth (measured through
the OD of the bacterial culture) of 0.61 ± 0.11 was observed, while in
the control conditions the OD was 1.14 ± 0.07, therefore, an inhibition
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Fig. 5. Antimicrobial activity of LNPs (A, B) and LMPs (C, D). Growth curve of E. coli O157:H7 (A, C) and Salmonella Typhimurium (B, D) under the presence of LNPs and LMPs at the
concentration of 1.0 mg·mL−1 (grey lines). Bacteria growth curve without LPs was used as positive control (black lines).
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of 46.5% in the cellular proliferation. Similar behavior was observed for
Salmonella growth at the same conditions (Fig. 5B). In this case, the
log phase achieved a maximum OD of 1.26 ± 0.02 under control condi-
tions, while in the presence of the 1 mg·mL−1 LNPs the maximum OD
was 0.82 ± 0.06, i.e. an inhibitory effect of 34.9%.

LMPs presented a higher inhibitory effect in the bacterial growth
than LNPs. E. coliO157:H7 growth curve incubatedwith LMPs presented
a shorter log phase when compared with growth curve of E. coli O157:
H7 under control conditions (Fig. 5C). Control bacterial culture reached
amaximumgrowthof 1.20±0.06 compared to 0.29±0.01 for bacterial
cells treated with 1 mg·mL−1 LMPs, respectively. In addition, the E. coli
O157:H7 growth curve showed a significant increase of the duration of
the lag phase, as the control presented a lag phase of 4.8 h, while the
LMP-treated bacteria were 11.5 h, indicating that in the presence of
LMPs, E. coli O157:H7 started its proliferation later than the control cul-
ture. These results suggest that the concentration of particles has an in-
fluence on this effect.

The same behavior was observed for Salmonella growth at the same
conditions (Fig. 5D). Under the influence of LMPs, S. Typhimurium pre-
sented a shortening log phase when compared with the control growth
curve, which indicates a bacteriostatic effect. Control bacterial culture
reached a maximum growth of 1.29 ± 0.02 compared to 0.23 ± 0.01,
for bacterial cells treated with 1 mg·mL−1 LMPs, respectively. The lag
phase in Salmonella control growth curve has a duration of 5 h, while
it extended until 11 h for 1 mg·mL−1 LMPs.

The antimicrobial effect of LPs can be explained by the fact that lig-
nin is an important source of antibacterial compounds, such as phenolic
monomer fragments (high content of p-coumaric and ferulic acids).
Phenolic fragments containing a double bond in α, β positions of the
side chain and a methyl group in the γ position that show, in general,
the inhibitory effect [65]. This antimicrobial effect has been reported
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to be more effective against gram-positive bacteria than gram-
negative, such as E. coli and Salmonella, and filamentous fungi [66].
Other studies using LPs incorporated in polymer-based films also
showed their antimicrobial activity [67,68]. Yang et al. [68] also verified
an antimicrobial effect of LNPs in the CH, PVA and CH/PVA films against
two bacterial plant pathogens (Xanthomonas arboricola pv. pruni and
Pectobacterium carotovorum subsp. odoriferum). In another work, Yang
et al. [69] evaluated the antimicrobial effect of LNPs in PVA/CH
hydrogels and verified that CH hydrogels, as well as CH/PVA/LNPs
hydrogels had an antimicrobial effect against E. coli, but for Staphylococ-
cus aureus LNPs showed an additional antimicrobial effect. On the other
hand, only hydrogels containing LNPs showed a slight antimicrobial ef-
fect against S. epidermidis (a gram-negative bacteria able to form bio-
film) in planktonic conditions, but no effect was observed in biofilm
formation.

The particle size and specific surface influence the antimicrobial ac-
tivity of NPs [70]. The size of the LPs showed to influence the antimicro-
bial effect on the studied bacteria, being the LMPs the ones with more
effect. Both, LMPs and LNPs present a huge surface area and, therefore,
a great amount of functional and polyphenolic side chains on their sur-
face, however smaller particles (LNPs) would be expected to have
higher antimicrobial activity than larger particles (LMPs), since the
larger surface area from LNPs increases the contact area and therefore
their antimicrobial effect. However, in this case, the opposite behavior
was observed, that can be justified by the surface charge closer to zero
of LMPs (−18.80 mV) when compared with LNPs (−31.94 mV). It is
known that bacteria (cell membrane negatively charged) havemore af-
finity with materials with positive or near zero surface charges than
negatively charged materials. Arakha et al. [71] showed that negatively
charged NPs presented insignificant antimicrobial activity. But, when
these NPs were coated with positively charged chitosan, the
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antimicrobial activity significantly increased, which is related to the no
adherence of bacteria to the negatively charged ones. So, the surface
charge may have influenced the way the particles are interacting with
the cell membrane and thus influencing the effect of the phenolic
groups of lignin on bacterial damage and lysis [70,72].

3.7. Cytotoxicity

The cytotoxicity of lignin particles was indirectly determined,
through the resazurin or MTT assays, measuring fluorescence or absor-
bance, respectively. The cellular viability of Caco-2 cells was measured
after 4 or 24 h of incubation at different concentrations. Although LPs
were made of the same startingmaterial, they can present different be-
havior due to the differences observed in their charge and size, resulting
in potential changes in the cell-NP interactions [73,74].

After 4 h of contact, all tested concentrations of LNPs and LMPs dem-
onstrated cellular compatibility, i.e. more than 70% of cell viability, in
both assays (Fig. 6A and B). However, after 24 h of contact, a
concentration-responsive effect is observed, in both assays (Fig. 6B
and D), on the cell viability. At the concentration of 0.2 mg·mL−1 (the
highest concentration tested), both LPs presented a value of cell viability
below 70% that is considered toxic [75]. In general, the results showed
that LPs are not cytotoxic after 4 h of contact with cells, but for longer
contact times, such as 24 h, concentrations below 0.1 mg·mL−1 must
be used. Moreover, it was demonstrated that the size of lignin particles
does not present a significant effect on their cytotoxic behavior, for the
majority of tested conditions. When significant results are observed,
LMPs are generally more toxic than LNPs, which can be explained by
the surface charge of the LMPs, as verified by the zeta potential. This is
in agreement with other works that showed that surface charge is one
Fig. 6. Effect of LNPs or LMPs at different concentrations (0.005, 0.01, 0.05, 0.1 or 0.2 mg·mL−1)
Distilled water (10% v/v) was used as negative control (100% cell viability). The cell viability w
560 nm/emission 590 nm). Values showmeans± sd (n= 8 from 2 independent assays). The c
(absorbance 570 nm). Values show means ± sd (n = 3). Statistical significance determined u
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of the major factors affecting the toxicity of particles, in some cases
with a higher effect when compared with size [76]. Figueiredo et al.
[9] studied the in vitro cytocompatibility of LNPs, at different concentra-
tions for 6 and 24 h of incubation, using different cancer cell lines. They
verified that in general pure LNPs caused no cytotoxicity in the cell lines,
with exception of the human umbilical vein cell line (EA.hy926), upon
24 h of incubationwith 250 μg.mL-1 of pure LNPswhere the cell viability
decreased to around 70%. Chen et al. [22] used NIH-3 T3 cell, a standard
mouse fibroblast, to assess the cytotoxicity of LNPs and observed that
the particles induced some cytotoxicity in a concentration-dependent
manner. Overall, the results of the present work suggested that LPs in-
duce some cytotoxicity in Caco-2 cell line in a time-dependent and
concentration-dependent manner. Based on these results, concentra-
tions of LPs ≤ 0.1 mg·mL−1 were chosen for treating cells in further
experiments.

3.8. Cellular antioxidant activity

The physicochemical properties of the nano- or micro-particles can
interferewith the biological activities, such as the production of ROS, in-
ducing particles-associated toxicity. This oxidative stress can be due to
acellular factors, including particle size, surface, composition and pres-
ence ofmetals, and/or cellular responses, such asmitochondrial respira-
tion, which lead to ROS-induced damage [77–79].

The effect of LPs on the intracellular ROS content was evaluated in
Caco-2 cells without inducing exogenous oxidative stress. The cells
were incubated with different concentrations of LPs for 4 or 24 h. In
Fig. 7, the effect of particles´ size on intracellular ROS production is not
clear. Among all conditions tested, only at a concentration of
0.01 mg·mL−1 after 24 h of incubation the difference between LNPs
on the viability of Caco-2 cells after incubation for 4 h (A and B) or 24 h (C and D) at 37 °C.
as determined by measuring fluorescence (A and C) using the resazurin assay (excitation
ell viability was also determined bymeasuring absorbance (B and D) using the MTT assay
sing the Holm-Sidak method; * for p < 0.05 and ** for p < 0.01.



Fig. 7. Effect of LNPs or LMPs on basal level of ROS at different concentrations (0.005, 0.01, 0.05 or 0.1 mg·mL−1) after incubation for 4 h (A) or 24 h (B) at 37 °C. Data are represented as
means± sd (n=4). Small and capital letterswere used to compare LNPs and LMPs, respectively. Different letters differ significantly for two-way ANOVA (alpha=0.05)with Bonferroni's
multiple comparisons test, **** for p < 0.0001.
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and LMPs is clear (Fig. 7B). LPs decreased the basal level of ROS, compar-
ing with the control (cells treated with HBSS), in a concentration and
time-dependent manner. This result suggests that at higher concentra-
tions, the LPs are able to neutralize the ROS produced naturally by the
cells demonstrating a possible antioxidant effect (intracellular) of LPs
against ROS. This corroborates the antioxidant capacity of the LPs dem-
onstrated in the ABTS assay.

To evaluate the protective effect of LPs, Caco-2 cells were pre-treated
with LPs at different concentrations for 4 or 24 h and then incubated
with 0.25 mM H2O2, an intracellular oxidizing agent. The H2O2 was se-
lected according to literature using the same cell line [39]. Cells treated
with HBSS and stressed with H2O2 were used as the positive control. As
can be observed in Fig. 8, cells pre-treated with non-toxic concentra-
tions of LPs significantly reduced ROS level in a concentration-
dependent manner, compared with cells pre-treated with HBSS (con-
trol). Moreover, 4 h of pre-treatment appear as sufficient time to inhibit
ROS production (Fig. 8A). As previously observed, the particles size does
not play a significant role in the antioxidant activity since overall no sig-
nificant differenceswere observed between LNPs and LMPs for the same
condition. When significant results are obtained (0.005 and
0.01 mg·mL−1, for 4 h of incubation), LMPs tend to be more effective
than LNPs on the ROS inhibition. These results reinforce the results ob-
tained for antimicrobial activity and cytotoxicity, where the LMPs
showed to be more reactive than LNPs, which can be explained by the
surface charge of the particles. In this study, the antioxidant activity
(protective effect) of LPs in H2O2-stimulated Caco-2 cells was clearly
demonstrated.
Fig. 8. Protective effect of LNPs or LMPs on ROS generation induced by 0.25 mM H2O2 at differ
(B) at 37 °C. Data are represented as means ± sd (n = 4). Small and capital letters were used
ANOVA (alpha = 0.05) with Bonferroni's multiple comparisons test; ** for p < 0.01 and *** fo
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4. Conclusions

In the present study, it was demonstrated that organosolv lignin ex-
tracted fromcorncob can be successfully employed for theproduction of
LPs using a green synthesis method. This process allowed the produc-
tion of LPs with different sizes (75 nm and 215 nm), round shape and
low polydispersity that were optimized and further characterized. The
size's effect of LPswas observed in someproperties. In general, nodiffer-
ences in the bonding pattern and functional group of LPs were observed
through FTIR analysis, proving that the lignin structure did not change
with the development of particles. However, thermal analyses showed
that smaller particle size led to higher Tg values. Both LPs presented sim-
ilar antioxidant potential and the bacteriostatic effect against E. coli
O157:H7 and Salmonella was more pronounced in the LMPs than
LNPs. The cytotoxicity was assessed due to the lack of cytotoxicity
tests of LPs toward human cells and results showed that LPs are non-
toxic, at concentrations below 0.1 mg·mL−1, after 24 h of incubation
with Caco-2 cells. Moreover, the particle size does not play a significant
effect on its cytotoxic behavior of LPs for the majority of tested condi-
tions, but when statistically significant results were observed, LMPs
were more toxic than LNPs. LPs also showed an antioxidant effect in
the cells by reducing the natural ROS level of cells or protecting them,
in a concentration-dependent manner. When significant results were
obtained, LMPs tend to be more effective than LNPs on the ROS inhibi-
tion. These behavior can be related to the surface charge of LPs. There-
fore, LPs with different sizes can have different behaviors in terms of
their bioactive potential, and cannot be affirmed that smaller particles
ent concentrations (0.005, 0.01, 0.05 or 0.1 mg·mL−1) after incubation for 4 h (A) or 24 h
to compare LNPs and LMPs, respectively. Different letters differ significantly for two-way
r p < 0.001.
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(at the nanoscale) could be considered more reactive. In fact, the ob-
tained results showed a trend of LMPs being more reactive than LNPs.
This is in agreementwith the guidelines presented by FDAwheremate-
rials up to 1000 nm should also be assessed.
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