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A B S T R A C T   

The morphology control of lignin through particle size reduction to nanoscale seems to be a suitable conversion 
technology to overcome the intrinsic limitations of its native form to develop a wide range of biomaterials with 
high performance. Colloidal lignin particles (CLPs) in the range of 150–200 nm were synthesised from hardwood 
and softwood kraft lignins by the solvent shifting method. The initial molecular features of kraft lignins were 
evaluated in terms of purity, molecular weight distribution, and chemical functionalities. The impact of the 
lignin source and structure on the morphology, size distribution, and surface chemistry of CLPs was evaluated by 
particle size analyser, SEM, TEM and 1H NMR. The results evidenced the influence of the botanical origin on the 
morphology and surface chemistry of particles. Furthermore, the antioxidant properties and cytotoxicity of 
lignins and corresponding CLPs, towards lung fibroblast cells were compared. CLPs from hardwood kraft lignins 
exhibited higher antioxidant power against DPPH free radical and a higher cytotoxic effect (IC30 = 67–70 μg/mL) 
against lung fibroblast when compared to CLPs from softwood kraft lignin (IC30 = ~91 μg/mL). However, the 
cytotoxicity of these biomaterials was dose-dependent, suggesting their potential application as active in-
gredients in cosmetic and pharmaceutic products at low concentrations.   

1. Introduction 

The growing interest in lignin polymer in the recent years lies in its 
unique versatility and abundance both in nature and at the industrial 
level. In the last two decades kraft lignin, a by-product from the pulp and 
paper industry which is generated in large quantities annually world-
wide (approximately 50 million tons), has revealed an enormous po-
tential for valorisation into a wide range of chemicals and biomaterials 
[1]. However, lignin in its original state presents some technical limi-
tations such as high heterogeneity, dark colour, low solubility in water 
and poor compatibility with polymers, therefore, it usually needs a 
conversion process to provide high-performance when is used in specific 
applications. 

In the recent years, lignin-based nanomaterials such as 

nanoparticles, nanotubes, and nanofibres have received a great deal of 
attention because of their extraordinary characteristics and functional-
ities which offer additional advantages for lignin valorisation in the field 
of materials and healthcare [2]. Morphology control through particle 
size reduction to the nanoscale seems to be one of the most suitable 
strategies to overcome the limitations of irregular lignin powder for the 
development of lignin-based products with high-performance. 

Spherical lignin nanoparticles (LNPs) have been produced by 
different approaches and a combination of chemical and physical 
methods [3,4]. Solvent sifting method is one of the most explored to 
produce nanosized particles from lignin. The process consist of dis-
solving lignin in a water miscible organic solvent and precipitating in a 
non-solvent (typically water), where lignin is not soluble and tends to 
assembly into spherical-like shape particles (solid or hollow) [5,6]. The 
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major disadvantage of this process is the low concentration of particles 
in the colloidal suspension. 

Nowadays, the production of homogeneous and nanoparticles from 
lignin polymer aimed at partially or totally substituting the fossil com-
ponents in a wide variety of products and formulations, such as com-
posites [7], coatings [8], and sunscreens [9] to obtain new or desirable 
properties of the base products providing antimicrobial and antioxidant 
properties, thermal resistance, and UV filtering ability. Moreover, lignin 
nanoparticles have been used for the stabilisation of immiscible liquids 
by the formation of Pickering emulsions, opening new opportunities for 
their use in the food, cosmetic, and biomedical sectors where non-toxic 
emulsifiers are desired [10]. There is a focus on the design and devel-
opment of smart lignin-based carriers for loading active substances 
through entrapment or encapsulation for drug delivery systems in fer-
tilizers [11], pesticides [12], and biomedicine [13]. Additionally, one of 
the great advantages of LNPs is the possibility to manipulate their sur-
face characteristics through functionalisation or chemical modification, 
increasing their range of applications, especially in the field of health-
care, such as the enhancement of cellular interactions with specific cells 
for medical diagnostic or therapeutic applications [13–17] as well as 
stabilisation against extreme pH or solvent conditions [18]. 

Therefore, considering the increasing trend of the cosmetic, phar-
maceutical, and biomedical sectors that demand bio-based alternatives, 
lignin nanoparticles represent a revolutionary opportunity in healthcare 
applications. However, compounds from renewable sources like lignin 
cannot be classified as safe or biocompatible based on their natural 
origin, and therefore, cytotoxic analyses are essential, not only to ensure 
the biocompatibility of this aromatic compound, but also to provide 
further insight into the biological profile of the lignin polymer at 
nanoscale, since the toxicological aspects related to nanomaterials is 
usually a topic of great concern [19]. Although numerous advances have 
been made in the field of lignin-based nanomaterials, lignin complexity 
and the lack of fundamental comprehension of the behavior of this 
natural polymer at nanoscale makes it difficult to understand the rela-
tionship between the structure-properties-performance of nanoparticles. 

In this research, colloidal lignin particles (CLPs) from hardwood and 
softwood kraft lignins were synthesised by wet methodology. The mo-
lecular structure of lignins was analysed in terms of molecular weight 
and functional groups, to study the influence of the lignin source on the 
morphology and size distribution, and surface chemistry of colloidal 
particles. Furthermore, this research includes the comparison of the 
antioxidant properties and in vitro cytotoxicity towards lung fibroblasts 
of irregular powder lignins with their corresponding nanoparticles, in 
order to demonstrate if they are biocompatible with human cells and if 
they can be safely applied to human skin. 

2. Experimental procedure 

2.1. Materials 

For this study, 3 lignins from kraft pulping operations were selected. 
Softwood kraft lignin (SKL) was obtained from the Lignoboost process, 
while hardwood kraft lignins, differing by drying temperature (HKL25 
and HKL50), were isolated in a laboratory by acid precipitation, with 
sulfuric acid, of industrial black liquor as previously described [20]. 
Klason lignin, acid-soluble lignin (ASL), and ash content were deter-
mined to evaluate the purity of industrial lignins. Other solvents and 
reagents for lignin characterisation including acetone (99.5 %), meth-
anol (99.8 %), dimethyl sulphoxide (99.9 %), D2O, Folin-Ciocalteau 
reagent, sodium carbonate (99.5 %), 2,2-Diphenyl-1-picrylhydrazyl, 
and ascorbic acid were purchased from Sigma Aldrich, Fisher, and 
Honeywell. 

2.2. Methods 

2.2.1. Colloidal lignin particles production by wet methodology 
The colloidal lignin particles (CLPs) were prepared by the nano-

precipitation method. Lignin samples (1 mg/mL) were dissolved in 
acetone/water (9:1, v/v). The solution was stirred (300 rpm) for 30 min 
at room temperature and filtered with a 0.22 μm syringe filter to remove 
undissolved material and impurities. Then, 3 volumes of cold distilled 
water (10 ◦C) were added drop by drop to the lignin solution under the 
effect of ultrasonic treatment (37 kHz) (Elmasonic S) to promote the 
formation of homogeneous and smaller sized particles. The acetone was 
evaporated using a rotavapor and the suspension was centrifuged at 
6000 rpm for 10 min. The supernatant was used for further analysis. 

2.3. Analysis 

2.3.1. Characterisation of technical lignins 

2.3.1.1. SEC. Molecular weight of lignin samples were determined by 
size-exclusion chromatography (SEC) according to the protocol reported 
by Tagami et al. [21]. 

2.3.1.2. FT-IR. Infrared spectral measurements of crude lignins were 
performed in an Alpha II compact FT-IR spectrophotometer (Bruker 
Optik GmbH, Germany) equipped with a diamond crystal. IR spectrum 
of investigated samples was recorded on attenuated total reflectance 
mode from an average of 64 scans in the range 4000–400 cm− 1 at a 
spectral resolution of 4 cm− 1. Three measurements were performed on 
each lignin sample. Band assignments were based on literature [22,23]. 

2.3.1.3. 31P NMR. Phosphorous Nuclear Magnetic Resonance 
(31PNMR) was used for the quantification of functional groups according 
to Granata and Argyropolous, 1995 [24]. 30 mg of lignin samples 
(previously dried) were weighed and dissolved in100 μL DMF and 100 
μL pyridine under rotation for 30 min at 50 ◦C until complete dissolu-
tion. 50 μL of Endo-N-Hydroxy-5-norbornene-2,3-dicarboximide (e- 
HNDI) at a concentration of 60 mg/mL in pyridine was added as an 
internal standard and chromium (Ш) acetylacetonate (5 mg/mL) was 
used as a relaxation reagent. Then, 100 μL of phosphorous-containing 
reagent (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) was 
used as a derivatization agent and the derivatized sample was dissolved 
in 450 μL CDCl3 prior to analysis. The NMR experiment was performed 
with a 90◦ pulse angle, inverse gated proton decoupling, and a delay of 
10 s. For analysis, 256 scans with a delay of 5 s were collected for a total 
runtime of 29 min. 

2.3.1.4. Thermal analysis. Thermogravimetric analyses were performed 
using a thermogravimetric analyser Discovery TGA-5500 (Waters TA 
Instruments, USA). A high-resolution dynamic method at a heating rate 
of 20 ◦C/min, final temperature of 800 ◦C, resolution of 4, and sensi-
tivity value of 1, was used for all samples. For the thermal analysis of 
lignin fractions, 5–10 mg of lignin was tested under a nitrogen atmo-
sphere from 25 to 800 ◦C. Then, the samples were maintained under 
oxygen atmosphere at 800 ◦C for 15 min to determine the ash content. 
Three replicates were run for each lignin sample. The electro-balance 
was purged with nitrogen at a flow rate of 10 mL/min and the furnace 
at a flow rate of 25 mL/min. Thermogravimetric (TG) and derivative 
thermogravimetric (DTG) data generated by the instruments were 
decoded using TA Instruments TRIOS software. DSC analyses were 
carried out using a dynamic calorimetry system Discovery DSC-25 
(Waters TA Instruments, USA). About 5–10 mg of lignin samples were 
sealed in hermetic aluminium pans and tested under nitrogen atmo-
sphere at a heating rate of 10 ◦C/min. Samples were first jumped to 
105 ◦C to eliminate interferences due to moisture and to erase the 
thermal history. Then the samples were cooled to 25 ◦C and reheated to 
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200 ◦C, for determining glass transition temperature (Tg). 

2.3.2. Characterisation of colloidal lignin particles 

2.3.2.1. Dynamic Light Scattering (DLS). A Zetasizer Nano ZS instru-
ment (Malvern-Pananalytical, Malvern, UK) was used for analysis of the 
zeta potential, average size, and size distribution of the elaborated lignin 
particles. All measurements were performed in at least triplicates, 15 s of 
equilibrium time, and 30 runs of analysis for each repetition at 25 ◦C. 
The measurements were performed at 173◦ in the backscattering mode. 

2.3.2.2. SEM and TEM. The morphology of elaborated CLPs was 
examined under scanning electron microscope (SEM) and transmission 
electron microscope (TEM). An S-4800 microscope was used (S-4800 
Hitachi, Japan) to investigate the morphology of the lignin particles. 
Samples were first diluted and then drop-cast on a silicon wafer, dried 
for at least 30 min, and sputter-coated with a 3–3.2 nm layer of Pt–Pd 
alloy. For the TEM studies, a Hitachi HT7700 series instrument (Hitachi, 
Japan) was used with an accelerating voltage of 100.0 kV and an 
emission current of 8.0 μA. Samples were prepared as follows: 5 μL of an 
CLPs suspension was drop cast onto a 200-mesh copper grid (Ted Pella 
Inc., USA; prod No 01800-F) and air dried for at least 30 min. 

2.3.2.3. 1H NMR. The surface chemistry of elaborated CLPs was ana-
lysed by 1H NMR. NMR experiments of CLPs were carried out according 
to the methodology developed by Pylypchuk et al., 2020 [25] on a 
Bruker 400 DMX instrument (Bruker Corporation, Billerica, MA) 
equipped with a 5 mm Bruker BBI probe (Bruker Corporation, Billerica, 
MA). Various mL of CLPs suspension were centrifuged using a tabletop 
centrifuge (Eppendorf, model “mini spin plus”) for 15 min at 14,200 rpm 
to concentrate CLPs in a pellet. The supernatant was removed in a 
decanted position using a Pasteur pipette, and the CLPs were redispersed 
in 0.6 mL of D2O. For each experiment, a user-defined pulse sequence 
applied presaturation followed by excitation sculpting through two 
consecutive 3-9-19 Watergate blocks. The Watergate segments used 
gradient ratios of 40:7 for the respective blocks and a binomial delay 
time (d19) of 200 μs. Optimal 90◦ pulse lengths were obtained for each 
sample by halving the pulse length corresponding to the 180◦ pulse for 
which the proton free induction decay (FID) signal was the lowest. A 
total of 1024 scans with 4004 FID data points were obtained per sample, 
with an acquisition time of 0.5 s and a relaxation delay time of 5.5 s. The 
resulting data were first processed in TopSpin (version 1.3, patch level 
10, Bruker BioSpin) with 64 k data points using a 0.3 Hz exponential 
multiplication apodization window, and after Fourier transformation 
and phase correction, the spectra were transferred to MestreNova 
(version 14.2.2, Mestrelab Research), where a baseline correction was 
applied. 

2.3.3. DPPH assay 
The DPPH scavenging activity was assessed according to the method 

described by Brand-Williams et al., 1995 [26] with some modifications. 
Dimethyl sulfoxide (DMSO) was used to dissolve industrially derived 
lignin samples at different concentrations. Different concentrations of 
colloidal lignin particles were also prepared by redispersing them in 
distilled water. Then, an appropriate volume of prepared dilution/dis-
persions were added to DPPH (25 mg/L in methanol) and the absor-
bance was measured at 517 nm after 30 min of incubation in the dark at 
room temperature (Mettler Toledo UV7). Ascorbic acid in DMSO was 
used as a positive control. Each test was carried out in triplicate. The 
inhibition percentage of the DPPH radical was calculated according to 
Eq. (1): 

Inhibition (%) =
AbsS − AbsB

AbsB
× 100 (1)  

where the AbsS is the absorbance of DPPH at 517 nm in the presence of 

lignin sample and AbsB is the absorbance of DPPH at 517 nm containing 
DMSO in the case of raw lignins and distilled water in the case of CLPs. 
The radical scavenging activity of the lignin was expressed using the 
term “efficient concentration” or IC50, which is the concentration 
required for 50 % inhibition of the free radical. 

2.3.4. Cell culture and methyl thiazolyl tetrazolium (MTT) assay 
Human lung MRC-5 (ATCC CCL-171) cells were purchased from 

American Type Culture Collection (LGC Standards) and cultivated 
following their indications. MRC-5 were suspended in Eagle's MEM 
(EMEM; Sigma Aldrich) supplemented with 10 % (v/v) foetal bovine 
serum and antibiotics (100 units/mL penicillin, and 100 μg/mL strep-
tomycin), and incubated at 37 ◦C under a humidified atmosphere with 5 
% CO2 and 95 % air. When cells proliferated in the culture flask to 
confluence, cells were trypsinised and subcultured. For the assay 
described in this report, MRC-5 cells were used at 10,000 cells/well into 
96-well plate. Cells were incubated for at least 24 h before treatment to 
allow cell adhesion. Then, the culture medium was removed, and cells 
were treated with 100 μL of prepared lignin solutions and CLPs disper-
sions. For raw lignins, 20 mg of sample were dissolved in 1 mL of 
dimethyl sulfoxide (DMSO). To obtain lignin solutions at different 
concentrations, serial dilutions using a dilution factor of 2 were per-
formed. Then, 5 μL of each solution were transferred to 995 μL of culture 
medium. For CLPs, 400 μL of CLPs suspension were mixed with 600 μL of 
water. Then, serial dilutions using a dilution factor of 2 was also carried 
out. The methyl thiazolyl tetrazolium (MTT) assay was carried out ac-
cording to the international standard ISO 10993-5 (ISO 10993 Biological 
evaluation of medical devices. Part 5: Tests for in vitro cytotoxicity) to 
evaluate the in vitro cytotoxicity of raw lignins and CLPs in MRC-5 cells. 
After 24 h of treatment, the supernatant was removed. After that, the 
cells were rinsed with phosphate-buffered saline (PBS) (pH = 7.4) and 
treated with MTT solution (100 μL, 1 mg/mL) at 37 ◦C and 5 % CO2 to 
allow MTT metabolisation for 4 h. Then, the MTT solution was removed 
and 100 mL of DMSO was added into each well to solubilize formazan 
(metabolic product of MTT). The number of surviving cells correlates to 
the colour intensity which is determined by photometric measurements 
at 570 nm of each well is measured using a microplate reader (Synergy 
H1 microplate reader, Biotek). For the data analysis, a calculation of cell 
viability is made for each concentration of the test sample by using the 
mean of the replicate values per test concentration. This value is 
compared with the mean of all blank values. Relative cell viability is 
then expressed as a percentage of untreated blank. ISO 10993-5 states 
that if the relative cell viability is higher than 70 % of the control group, 
the material shall be considered non-cytotoxic. Cells treated with DMSO 
and water were used as a negative control. After a 24 h treatment, each 
plate was examined under a phase contrast microscope (TS100, Nikon) 
to identify the morphology of control and treated cells. 

2.3.5. Statistical analysis 
The means and standard deviations of all the experimental data of 

the three independent experiments were calculated using Microsoft 
Excel software. A value of p < 0.05 was considered statistically 
significant. 

3. Results and discussion 

3.1. Technical specifications and molecular features of raw lignins 

Lignin chemistry is mostly related to the origin and processing 
methods; however, properties such us colour, density, and thermal 
properties, among others have great importance on the final application. 
The most important technical specifications of the kraft lignins used in 
this work are presented in Table 1. As expected, softwood lignin from the 
LignoBoost process presented higher purity than hardwood kraft lignins 
isolated by acid precipitation in the laboratory. The results were in 
accordance with previously published studies [27,28]. Additionally, a 
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high content of acid-soluble lignin was determined in both kraft lignins 
for eucalyptus. Other authors also observed higher content of acid- 
soluble lignin for hardwood kraft lignins [27,29]. Sevastyanova et al., 
2006 [30] showed that due to thermal degradation, sugars present in 
hardwood lignins could form furoic-type structures that can re-condense 
into aromatic compounds and absorb UV light which affects the mea-
surement of the acid-soluble lignin content and contributes to the dark 
colour of the lignin sample. Fig. 1 shows the physical appearance of kraft 
lignins from hardwood and softwood sources. Significant colour differ-
ence can be observed between both kraft lignins isolated from an in-
dustrial black liquor obtained from Eucalyptus chips. Evidently, the 
drying temperature greatly affected not only the colour but also the 
density of lignin powder. Regarding the molecular weight properties, 
SKL showed the highest average molecular weight and polydispersity in 
comparison to HKL lignins. Kraft lignins from hardwood showed similar 
elution profile (Fig. S1 in Supporting information). Other authors also 
found higher molecular weight properties and less ash content for kraft 
lignin obtained from softwood compared to hardwood [23,31]. As was 
expected, SKL showed higher glass transition temperature than lignins 
from Eucalyptus, due to its higher molecular weight, condensed sub-
structures, and high content of phenolic hydroxyls, which restricts the 
mobility of the molecule by strong intermolecular hydrogen bonding 
interactions [32]. Softwood kraft lignin also presented the highest 
thermal stability compared to hardwood kraft lignin, which is in 
agreement with literature [33]. 

Structural differences between lignin samples were analysed by FTIR 
and 31P NMR analytical techniques. FT-IR spectra of lignin samples 
clearly reflected the main differences related to monomeric composition 
and functional groups in their chemical structure. Fig. 2 shows vibra-
tions of the fingerprint region in the range of 1800–800 cm− 1 and 
Table S1 (Supporting information) summarizes the band assignment cor-
responding to the identification of 19 peaks observed in the investigated 
lignin samples. Signals between 1400 and 1800 cm− 1 associated to the 
carbonyl/carboxyl region (#1), aromatic skeletal vibrations (#2 an #3), 
and C–H deformation in -CH3 and stretching in aromatic ring vibration 
(#4 an #5) were common for all lignins. The main structural differences 

were found in the spectral region between 1400 and 900 cm− 1, which 
shows vibrations that are specific to the different elemental units in 
lignin structure. The weak signal around 1370 cm− 1 (#6) originating 
from phenolic -OH and aliphatic C–H in methyl groups appeared as a 
clear broad band in SKL while in HKL lignins it was barely perceptible. 
Peak #7 which correspond to 1325 cm− 1 and is characteristic of syringyl 
units was only visible in hardwood kraft lignins, while peak #8 (1265 
cm− 1) associated with guaiacyl units was notably observed only for SKL. 
The structural differences between samples were also evidenced by the 
vibration intensities in the spectral region below 1200 cm− 1, which is 
more complex to analyse due to contributions and vibration modes of 
both lignin and carbohydrates. 

The functional groups of lignins were quantified by 31P NMR using 
the spectral integration limits and assignments previously reported by 
other authors [34,35]. The amount of aliphatic hydroxyl groups 
(aliphatic-OH), carboxylic groups (COOH), guaiacyl condensed groups 
(G-cond-OH), syringyl hydroxyls (S-OH), guaiacyl non-condensed 
groups (G-non-cond-OH), and p-hydroxyphenyl groups (p-H-OH) are 
presented in Table 2. The 31P NMR spectra of the phosphitylated lignin 
samples are shown in Fig. S2. As can be observed, softwood kraft lignin 
(SKL) presented a higher content of aliphatic hydroxyl groups and more 
condensed guaiacyl units in its chemical structure than hardwood kraft 
lignins. However, kraft eucalyptus lignins also presented high content of 
condensed guaiacyl units and phenolic hydroxyls groups because of the 
reactions that occurred during kraft pulping. Wei et al. [36] also 
observed higher G-cond units content in kraft eucalyptus lignin than in 
lignin that was isolated using mild conditions. Higher content of 

Table 1 
Technical specifications, molecular weight, and thermal properties of kraft 
lignins.  

Sample SKL HKL25 HKL50 

Lignin type G-type SG-type SG-type 
Colour Light brown Light brown Dark brown 
Klason lignin % 89.7 ± 0.3 73.0 ± 2.1 74.5 ± 0.3 
Acid-soluble lignin % 3.5 ± 0.1 10.5 ± 0.2 14.0 ± 0.9 
Ash % 0.4 ± 0.0 2.3 ± 0.2 0.9 ± 0.1 
Density (kg/m3) 466.4 376.3 714.3 
Mn 564.9 393.0 375.1 
Mw 6760.3 2258.9 2157.2 
IP 12.0 5.8 5.8 
Tg (◦C) 151.3 133.2 115.0 
Tmax (◦C) 363.3 328.5 342.8 
Char at 800 ◦C (%) 36.6 36.4 35.8  

Fig. 1. Appearance of kraft lignin samples.  

Fig. 2. FT-IR spectra of lignin samples.  
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carboxylic groups was observed in both HKL. The colour properties of 
lignin are widely related to its chemical structure. Zhang et al. [37] 
confirmed that there are some substructures responsible of the dark 
colour of lignin polymer such as conjugated carbonyl and carboxyl 
groups, and methoxyls, which have auxochromic effects making the 
electron transition easier in the lignin chromophores and thus creating a 
darker colour. According to our results from 31P NMR, the colour dif-
ference of lignin samples could be related to the content of S-units and 
carboxylic groups in their chemical structure. 

3.2. Size and morphological properties of CLPs 

In this study, water-based colloidal systems from industrial lignins 
were produced by solvent shifting method using acetone as a recyclable 
and non-toxic organic solvent. The main drawback of this process was 
the low concentration and yield of particles in the colloidal system due 
to the addition of various volumes of water for the precipitation of lignin 
in the form of nanoparticles. The yield of the CLPs production was <1 % 
in all cases, 0.76 % for SKL NPs, 0.70 % for HKL25 NPs, and 0.86 % for 
HKL50 NPs. The concentration of each colloidal system was 0.23 mg/mL 
for SKL NPs, 0.21 mg/mL for HKL25 NPs, and 0.26 mg/mL for HKL50 
NPs. 

Average size, polydispersity, and surface charge values of elaborated 
lignin particles are presented in Table 3. The lowest particle size values 
were found for particles fabricated from softwood kraft lignin, probably 
due to its high molecular weight as was previously evidenced by 
Pylypchuk et al., 2021 [4]. Hardwood kraft lignins, differentiated only 
by the drying temperature, showed similar particle size average values 
but different physical properties in terms of surface charge, while par-
ticles from HKL dried at 50 ◦C were more homogeneous than HKL dried 
at 25 ◦C. Moreover, the colloidal dispersions showed moderate/good 
stability according to the zeta-potential results, especially in the case of 
particles from HKL50. The colloidal particles were eventually measured 
to assess their stability regarding the size distribution and zeta potential, 
and the authors did not evidence significant changes during >8 months 
of evaluation (data not shown). 

The morphological characterisation (Fig. 3) was performed by 

various imaging tests, including TEM and SEM, in order to assess the 
structure, shape, size, and uniformity of fabricated particles from both 
softwood and hardwood industrial kraft lignins. Since TEM can help in 
obtaining information on the inner structures, it revealed that only 
softwood kraft lignin and hardwood kraft lignin precipitated and dried 
at 50 ◦C generated nanoparticles that were solid and spherical in shape. 
However, we could observe the lesser uniformity in shape of HKL50 NPs 
compared to SKL NPs, the presence of an external layer with lower 
density covering the core and particles aggregates, indicating that the 
raw starting material has a significant effect on the obtained lignin 
particles. Nanoparticles from hardwood kraft lignin dried at 25 ◦C 
(HKL25 NPs), presented a totally different appearance and morphology 
compared to nanoparticles from HKL50. In the TEM images, non- 
uniformity and hollow structure of HKL25 NPs can be highlighted. In 
contrast to other studies where lignin nanoparticles with hollow struc-
ture were produced [38], in this work, HKL25 NPs presented quite a 
thick shell. SEM images allowed for the observation of not only size and 
shape, but also the surface topology of particles. NPs from SKL showed 
regular round shape with a smooth surface, while NPs from HKL50 
presented a rough surface apparently with a layer covering the nano-
particles. In addition, for HKL25 NPs, SEM images showed the presence 
of spherical shaped particles with a single and irregular hole in the 
middle, which is in accordance with the TEM results. Smaller particles 
presented doughnut-like structures, while larger particles presented a 
cavity, which in some cases had smaller particles inside. The 
morphology of this kind of nanoparticle was less regular than the other 
two studied samples and showed a rough surface as in the case of NPs 
from HKL50. Results show that morphology control of lignin nano-
particles can be achieved by simply adjusting drying temperatures 
during lignin recovery. 

3.3. Surface chemistry of CLPs 

In this work, a recently developed method for liquid-state 1H NMR 
using a combination of presaturation and excitation sculpting water 
suppression was applied to the analysis of fabricated particles [25]. This 
new method is suitable for qualitatively evaluating the surface chemis-
try of the particles from lignin polymer since the use of an aqueous 
suspension (D2O) instead of common organic solvents for the analysis 
keeps intact the original structure of the particles without destroying or 
deteriorating them. 1H NMR results are presented in the Fig. 4 and the 
resonances were assigned according to literature [25,39–41]. As can be 
observed, in contrast to common 1H NMR spectra of lignin, the spectra of 
CLPs showed only a very weak peak at ~6.8 ppm in the aromatic region 
(8–6 ppm) which corresponded to protons in aromatic S and G units 
[41]. The low signal intensity in this region can be related to the low 
concentration of the sample or to the conformation of the polymer 
forming the nanoparticle [25]. According to previously reported 
mechanism for lignin nano-sized particle formation, when dissolved 
lignin is precipitated in water (antisolvent), it is assembled forming a 
core-shell structure with a similar behavior to those amphiphilic mole-
cules, where hydrophobic regions, consisting of high Mw aromatic 
structures are assembled first forming the core of the particle. On the 
access of water followed by acetone removal, most polar lignin mole-
cules, having a lower Mw and higher content of charged groups, are 
adsorbed on the surface of particle core, forming a low-density layer. 
This layer can be observed by TEM and can be detected by 1H NMR 
[25,42]. For SKL, weak signals were detected at 5.60 ppm and 4.13 ppm, 
which were attributed to Hα in β-5 of phenylcoumaran structure and Hγ 
in β-O-4́structure [39,41,43], respectively. Moreover, clear differences 
were found in the spectral region between 4 and 3 ppm of studied par-
ticles. In CLPs from hardwood lignins, signals corresponding to protons 
of methoxyl groups from S and G units were evidenced at 3.7–3.6 ppm. 
These signals were significantly less intense in HKL25 compared to 
HKL50. It can be related to the less total phenolic content (S and G units) 
of the original chemical structure detected by 31P NMR. In SKL, signals 

Table 2 
Contents of functional groups (mmol/g) determined by 31P NMR.  

Functional groups (mmol/g) Assignments (ppm) SKL HKL25 HKL50 

Aliphatic-OH 149.0–146.0  2.2  0.8  0.8 
5-substituted-OHa 144.5-140.5  2.1  3.3  3.6 
G-cond-OHb –  2.0  1.4  1.3 
S-OH 143.0–142.0  0.1  1.9  2.3 
G-non-cond-OH 140.2–138.5  2.1  0.6  0.7 
p-H-OH 138.2–137.3  0.2  0.0  0.0 
COOH 135.5–134.0  0.5  0.6  0.7 
Total Ph-OH 144.0–137.5  4.4  3.9  4.4 
Total-OHc –  6.6  4.7  5.1 
N/C ratiod –  1.0  2.5  2.3  

a Sum of S-OH and G-cond− OH. 
b Area between 144.5 and 140.5 ppm minus area of syringyl phenolic 

(143–142 ppm). 
c Sum of aliphatic and phenolic hydroxyl groups. 
d The ratio of the contents of non-condensed (S-OH + G-non-cond− OH) to 

condensed (G-cond− OH) phenolic. 

Table 3 
Average size, polydispersity and surface charge of lignin particles.  

Sample Lignin 
type 

Particle size 
average (nm) 

Polydispersity Zeta potential 
(mV) 

SKL NPs G 151.2 ± 1.9  0.14  − 29.3 
HKL25 

NPs 
SG 185.1 ± 1.5  0.17  − 32.5 

HKL50 
NPs 

SG 180.9 ± 0.3  0.09  − 51.8  
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between 3.85 and 3.62 ppm with a sharp peak at 3.73 ppm were 
attributed to methoxyls in G units. In addition, the presence of Hβ in 
phenylcoumaran and γ-hydroxylated β-O-4′ structures, associated with 
signals at 3.58–3.36 ppm, were seen only in SKL lignin [25]. The 
detection of protons related to phenylcoumaran substructure (β-5 link-
age) only in the surface of CLPs from softwood kraft lignin can be related 
to the initial chemical structure where a higher abundance of condensed 
linkages, such as β-5 due to the free C5 position of guaiacyl units 
[44–46], is commonly found. Furthermore, we could observe a sharp 
peak at 3.26 ppm for HKL NPs, which was less intense for SKL NPs, 
associated with Hβ in β− β′ resinol or protons in xylan substructures. 
These results are in agreement with literature since xylan is the main 
hemicellulosic component of hardwoods and is usually found as an 
impurity related to carbohydrates in hardwood kraft lignins [47]. β− β′

linkages are commonly more abundant in hardwood than softwood 
lignins [44] and the presence of this kind of substructure in both hard-
wood NPs was confirmed also by the weak peak detected at 2.66 ppm 
which was attributed to benzylic protons in β-β́ structures [25,48]. 
Furthermore, at 2.35 ppm a weak peak related to aromatic acetates was 
detected only in SKL NPs surface [43]. This is in agreement with a 
previously published study where this band was only detected in par-
ticles from softwood kraft lignin fractions [25]. According to previous 
works, signals between 0 and 1.6 ppm corresponded to non‑oxygenated 
aliphatic protons of the aliphatic side chain (-CH2- and -CH3) and hy-
drocarbon contaminant [25,41]. 

3.4. Antioxidant and cytotoxic properties of kraft lignins and CLPs 

The capacity of lignin polymer to neutralise the radical species 
originating from atmospheric oxygen (ROS) as well as to inhibit the 
oxidation of vegetable oils [49,50], make it a promising natural alter-
native to synthetic antioxidants in the cosmetic, pharmaceutical, and 
food processing industries, among others [50–52]. As was previously 

reported, the radical scavenging activity of lignin is mainly related to the 
phenolic hydroxyl groups which can form phenoxy radicals stabilising 
the radical species [53]. However, substituents like methoxyls and other 
functional groups like conjugated double bonds play a crucial role in 
stabilising the formed phenoxy radicals favouring extensive electronic 
delocalisation and in increasing its antioxidant properties [50,54–56]. 
Nevertheless, lignin is soluble under alkaline conditions and partially 
soluble in organic solvents in its raw form, which is usually not appli-
cable in skin cosmetics. Therefore, lignin particles dispersed in water 
seems to be the best strategy to incorporate this natural compound as an 
ingredient in several products and materials. 

The inhibitory effect of industrially derived softwood and hardwood 
kraft lignins and their corresponding lignin particles were evaluated by 
DPPH spectrophotometric method, which is considered as an accurate 
and economic method to assess antiradical activity of natural com-
pounds like plant extracts and lignin polymer. Fig. 5 displays the IC50 
values of lignin in raw, in nanosized form, and ascorbic acid, a common 
commercial antioxidant widely used in several fields. Regarding raw 
lignins, SKL and HKL50 showed similar antioxidant power with IC50 
values around 12 μg/mL, while HKL25 showed higher IC50 value 
(around 17 μg/mL) probably due to the lower content of phenolic hy-
droxyls groups in its chemical structure. 

Several authors reported that the particle size reduction of lignin 
results in an improvement of its antioxidant properties [2,5,50,57]. 
However, in this research, an enhancement in the antioxidant power 
against DPPH radical (increase of 30 % of the IC50 value) was only 
observed for those particles elaborated from hardwood kraft lignins, 
while a reduction of 35 % was noticed in particles obtained from soft-
wood. Therefore, there is a clear dependence on the surface chemistry 
and not simply on the particle size. Bertolo et al. [58] isolated lignin 
from sugarcane bagasse using alkaline and organosolv processes and 
prepared nanoparticles by solvent shifting and direct dialysis methods. 
The antioxidant power tested by DPPH showed that CLPs produced from 

Fig. 3. TEM (top) and SEM (bottom) images of lignin colloidal particles prepared by solvent shifting method from industrially derived lignins SKL, HKL25 
and HKL50. 
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organosolv process, which had less syringyl units in its monomeric 
composition compared to alkali lignin, was also reduced. Other authors 
also evidenced slightly lower antioxidant capacity of lignin in the 
nanoparticle state than in the raw form with lignins from different 

sources, suggesting that the preparation of nanoparticles does not ensure 
an improvement in antioxidant properties [59], since it is dependent on 
the lignin source, isolation treatment, and nanoparticle production 
method. 

Therefore, due to the molecular complexity of lignin polymer, and 
the lack of knowledge about the relationship of nanostructured lignin- 
properties, it is difficult to provide an explanation regarding the oppo-
site antioxidant behavior of nanoparticles from softwood and hardwood 
sources in this work. However, according to literature, kraft lignin 
contains large amounts of condensed structures that are formed in the 
final stage of the pulping process, and especially those coming from 
softwood that consist mostly of guaiacyl-type units with a vacant C5 
position in the aromatic ring [46]. N/C ratio calculated from 31PNMR 
evidenced the higher degree of condensation of SKL compared to 
hardwood lignin. Moreover, higher Mw lignins usually contains higher 
β-O-4 linkages in the chemical structure [60]. In this study, 1HNMR 
analysis of particles revealed that the main differences in the surface 
chemistry between nanoparticles of different biological origin was based 
on the presence of β-5, β-O-4 substructures, and aromatic acetates, 
which were only detected in SKL NPs. These substructures in the surface 
of nanoparticles from SKL, associated with condensed structures and 
etherified/esterified phenolic hydroxyls, could be responsible for the 
reduced antioxidant power compared to the nanoparticles from hard-
wood which did not show these substructures on the surface [61]. 

The literature on nanotoxicology associates the toxic effect of 
nanosized materials mainly to their shape, surface chemistry, and 
charge [62]; however, the interaction mechanism of lignin nanoparticles 
with different culture systems is still not fully understood. In this study, 
the cytotoxic activity of industrially derived softwood (SKL) and 

Fig. 4. 1H NMR spectra for lignin NPs from softwood and hardwood kraft lignins (*signal of residual acetone at 2.14 ppm).  

Fig. 5. Efficient concentration value (IC50) from DPPH test. (Solid bar and 
striped bar correspond to raw lignins and CLPs, respectively). The population 
means are significantly different at the 0.05 level according to a one-way 
analysis of variance (ANOVA). *The difference between the means is signifi-
cant at the 0.05 level when comparing raw lignin samples, according to Bon-
ferroni and Tukey tests. **The difference between the means is significant at the 
0.05 level when comparing colloidal lignin particles (CLPs), according to 
Bonferroni and Tukey tests. 
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hardwood kraft lignins (HKL25 and HKL50) and their corresponding 
CLPs towards lung fibroblast cells at different concentrations (0–100 μg/ 
mL) was evaluated. The solubility of lignin samples in DMSO as well as 
the resulting concentration of particles in the colloidal suspension from 
the solvent shifting method limited the evaluation of higher concen-
trations. The cell viability results and IC30 value of raw lignins and their 
corresponding nanoparticles are summarized in Table 4. After 24 h 
contact with raw lignin solutions, the cell survival rate at 100 μg/mL of 
concentration was higher than 85 % for SKL, lower than 60 % for HKL25 
and around 20 % for HKL50, indicating that both hardwood kraft lignins 
showed higher cytotoxic effect than softwood kraft lignin on the studied 
cells at high concentrations. Other authors suggest that the low molec-
ular weight of lignins contributes to their cytotoxic properties in the 
powder form [63,64]. In this work, SKL with Mw of 6760.3 g/mol 
showed no cytotoxic effect compared to both HKL25 and HKL50 with 
Mw of 2258.9 g/mol and 2157.2 g/mol, respectively. 

In addition, when cells were exposed for 24 h to CLPs at the highest 
concentrations (100 μg/mL), the cell viability was below 70 %, which is 
considered toxic. However, also in the form of nanoparticles SKL showed 
lower cytotoxic effect than nanoparticles from hardwood. Lower con-
centrations of lignin and CLPs did not decrease the cell viability, indi-
cating that the cells were substantially not affected. Previous studies 
reported that the cytotoxic activity of lignin and lignin particles is 
exposure-dose and time dependent. Freitas et al., 2020 [65] studied the 
cytotoxic effect of organosolv lignin micro- and nanoparticles against 
Caco-2 cells and showed a cellular compatibility of particles after 4 h of 
contact at high concentrations of 200 μg/mL, while after 24 h of expo-
sure the cell viability was reduced below 70 %. Figueiredo et al. [66] 
also found an in vitro cytocompatibility of the CLPs after incubation for 6 
h using different cancer cell lines. 

Figs. S3 and S4 presents the effect of lignin samples on the cellular 
morphology of lung fibroblast cells (MRC-5) treated with dissolved raw 
lignins and CLPs. The micrographs evidenced morphological features of 
apoptosis after 24 h in contact with dissolved hardwood lignins but no 
cellular stress was evidenced at high concentration of SKL. In the case of 
CLPs the images confirmed that cells vacuolated or collapsed after 24 h 
of exposure with all synthesised CLPs. 

4. Conclusions 

Colloidal lignin particles (CLPs) in the range of 150–200 nm were 
produced from hardwood and softwood kraft lignins by solvent shifting 
method using a recyclable and non-toxic organic solvent. Concerning 
the lignin source, softwood kraft lignin (SKL) presented higher purity, 
higher average molecular weight and polydispersity, higher content of 
aliphatic hydroxyl groups, more condensed substructures and less car-
boxylic groups than hardwood kraft lignins (HKL25 and HKL50). 
Microscopic observations of CLPs revealed different appearance and 
morphology in terms of shape, size, inner structures, and surface 
roughness of produced particles. Moreover, based on the botanical 
origin of the lignin, clear differences in the surface chemistry of colloidal 
particles were noticed in the 1HNMR analysis. An opposite behavior 
against DPPH radical was observed after particle size reduction of kraft 
lignins based on their botanical origin. It is challenging to compare the 
results from this study with previously reported ones, due to the dif-
ferences in the lignin origin, CLPs production process conditions, and 
resulting physico-chemical characteristics as well as different cellular 
systems studied. However, we can conclude that CLPs, in general pre-
sented higher toxicity than irregular kraft lignin powders towards lung 
fibroblast cells. Furthermore, in both forms (powder and nanoparticles), 
softwood kraft lignin showed lower cytotoxic effect than hardwood kraft 
lignins. Additionally, the toxicity of kraft lignins and corresponding 
CLPs was dose-dependent; therefore, determined concentrations of these 
materials that are not toxic for cell systems might be used as an active 
ingredient in the cosmetic and pharmaceutical sectors. 
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Table 4 
Cell viability (%) of lung fibroblast cell line at different concentrations of lignin 
and CLPs at 24 h and IC30.   

Cell viability (%) IC30 (μg/mL) 

100 μg/mL 50 μg/mL 25 μg/mL 

SKL 86.2 ± 7.9* 88.4 ± 5.8 88.9 ± 12.0  >100* 
HKL25 58.5 ± 8.7* 84.2 ± 6.6 101.6 ± 2.1  77.6* 
HKL50 19.4 ± 0.9* 76.9 ± 10.0 89.7 ± 6.3  56.0* 
SKL NPs 65.0 ± 4.7* 93.1 ± 6.9* 98.9 ± 0.2  91.1* 
HKL25 NPs 48.3 ± 5.8 84.1 ± 8.1 101.3 ± 6.2  69.6 
HKL50 NPs 53.2 ± 9.7 78.7 ± 6.7 91.5 ± 7.3  67.1 

Data represents mean and standard error from three independent measurements. 
The population means are significantly different at the 0.05 level according to a 
one-way analysis of variance (ANOVA). 

* The difference between the means is significant at the 0.05 level when 
comparing cell viability of lignin and colloidal lignin particles (CLPs), according 
to Bonferroni and Tukey tests. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2022.09.111. 
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Araujo de Medeiros, L.F. Fraceto, Lignin nanoparticles: new insights for a 
sustainable agriculture, J. Clean. Prod. 345 (2022), 131145, https://doi.org/ 
10.1016/J.JCLEPRO.2022.131145. 

[13] M.H. Sipponen, H. Lange, C. Crestini, A. Henn, M. Österberg, Lignin for nano- and 
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