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The natural polymer, lignin, possesses unique biodegradable and biocompatible
properties, making it highly attractive for the generation of nanoparticles for targeted
cancer therapy. In this study, we investigated spruce and eucalyptus lignin nanoparticles
(designated as S-and E-LNPs, respectively). Both LNP types were generated from high-
molecular-weight (Mw) kraft lignin obtained as insoluble residues after a five-step solvent
fractionation approach, which included ethyl acetate, ethanol, methanol, and acetone. The
resulting S-and E-LNPs ranged in size from 16 to 60 nm with uniform spherical shape
regardless of the type of lignin. The preparation of LNPs from an acetone-insoluble lignin
fraction is attractive because of the use of high-Mw lignin that is otherwise not suitable for
most polymeric applications, its potential scalability, and the consistent size of the LNPs,
which was independent of increased lignin concentrations. Due to the potential of LNPs to
serve as delivery platforms in liver cancer treatment, we tested, for the first time, the efficacy
of newly generated E-LNPs and S-LNPs in two types of primary liver cancer, hepatocellular
carcinoma (HCC) and cholangiocarcinoma (CCA), in vitro. Both S-LNPs and E-LNPs
inhibited the proliferation of HCC cells in a dose-dependent manner and did not affect CCA
cell line growth. The inhibitory effect toward HCC was more pronounced in the E-LNP-
treated group and was comparable to the standard therapy, sorafenib. Also, E-LNPs
induced late apoptosis and necroptosis while inhibiting the HCC cell line. This study
demonstrated that an elevated number of carbohydrates on the surface of the LNPs, as
shown by NMR, seem to play an important role in mediating the interaction between LNPs
and eukaryotic cells. The latter effect was most pronounced in E-LNPs. The novel S- and
E-LNPs generated in this work are promising materials for biomedicine with advantageous
properties such as small particle size and tailored surface functionality, making them an

Edited by:
Patrícia Figueiredo,

University of Helsinki, Finland

Reviewed by:
Nemany A. N. Hanafy,

Kafrelsheikh University, Egypt
Siavash Iravani,

Isfahan University of Medical
Sciences, Iran

*Correspondence:
Olena Sevastyanova

olena@kth.se
Tetyana Yevsa

yevsa.tetyana@mh-hannover.de

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Nanobiotechnology,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 18 November 2021
Accepted: 23 December 2021
Published: 07 February 2022

Citation:
Pylypchuk IV, Suo H,

Chucheepchuenkamol C, Jedicke N,
Lindén PA, Lindström ME, Manns MP,
Sevastyanova O and Yevsa T (2022)
High-Molecular-Weight Fractions of
Spruce and Eucalyptus Lignin as a

Perspective Nanoparticle-Based
Platform for a Therapy Delivery in

Liver Cancer.
Front. Bioeng. Biotechnol. 9:817768.

doi: 10.3389/fbioe.2021.817768

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 9 | Article 8177681

ORIGINAL RESEARCH
published: 07 February 2022

doi: 10.3389/fbioe.2021.817768

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.817768&domain=pdf&date_stamp=2022-02-07
https://www.frontiersin.org/articles/10.3389/fbioe.2021.817768/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.817768/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.817768/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.817768/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.817768/full
http://creativecommons.org/licenses/by/4.0/
mailto:olena@kth.se
mailto:yevsa.tetyana@mh-hannover.de
https://doi.org/10.3389/fbioe.2021.817768
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.817768


attractive and potentially biodegradable delivery tool for combination therapy in liver
cancer, which still has to be verified in vivo using HCC and CCA models.

Keywords: lignin nanoparticles (LNPs), cancer treatment, eucalyptus lignin, spruce lignin, primary liver cancer (PLC),
hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), apoptosis

INTRODUCTION

Primary liver cancer represents the third leading cause of cancer-
related death worldwide (Craig et al., 2020). Primary liver
carcinomas with either hepatocytic or cholangiocytic
differentiation are referred to hepatocellular carcinoma (HCC)
and cholangiocarcinoma (CCA), respectively (Brunt et al., 2018).
HCC represents the most common form of primary liver cancer and
typically develops on a background of chronic liver disease, with
Hepatitis B (HBV) and Hepatitis C (HCV) virus infection, alcohol
abuse, and nonalcoholic fatty liver disease being the major etiologies
(Craig et al., 2020). Sorafenib has been used as standard therapy for
HCC since 2007 (Llovet et al., 2008), and recently immunotherapy
was introduced as first-line therapy in HCC patients (Nenu et al.,
2018; Johnston and Khakoo, 2019; Xu et al., 2019). CCA is the
second most common primary hepatic malignancy after HCC
(Nakeeb et al., 1996; DeOliveira et al., 2007; Banales et al., 2016;
Banales et al., 2020) and includes a cluster of highly heterogeneous
biliary malignant tumors, arising at any point of the biliary tree
(Banales et al., 2020). Case–control studies and meta-analyses
defined several risk factors to CCA, including HBV and HCV
infections, biliary tract diseases like cholangitis, choledochal cyst,
cholelithiasis, cirrhosis, and environmental toxins (Clements et al.,

2020). Current standard first-line systemic therapy for patients with
advanced CCA comprises a combination of gemcitabine and
cisplatin; however, immunotherapy has started to play a more
important role (Hochnadel et al., 2017; Guo and Shen, 2020;
Walcher et al., 2020).

Yet, for both HCC and CCA the development of new therapies
is in high need. Special importance is given to combination
therapies. The development of platforms capable of targeted
delivery of therapeutics locally to the liver tumors are of high
clinical relevance, as recently reviewed (Hochnadel et al., 2017;
Walcher et al., 2020).

Nanoparticles (NPs), nanoliposomes, and other nanomedicine
objects are advantageous in targeting malignant solid tumors
because they have small sizes (<1,000 nm) and have unique
structures that can amplify the anticancer activity of
conventional drugs (Tang et al., 2007; Lee et al., 2008; Towata
et al., 2010; Helio et al., 2011; Chung et al., 2012; Hwang et al.,
2013; Kwak et al., 2015). However, current nanotechnology in
liver cancer is represented mainly by NPs of inorganic origin
(calcium carbonate (CaCO3), iron oxide (Fe3O4), gold (Au),
silver, platinum, and others) in both cancer diagnosis and
treatment (Bhattacharya and Mukherjee, 2008; Hanafy et al.,
2016; Hanafy, 2017; Moghadam, 2017; Taghizadeh et al., 2019;

GRAPHICAL ABSTRACT | The differences in the surface chemistry of the LNPs influence their interaction with cancerous cells and might mediate increased
biotoxicity of the E-LNPs. Shown are (A) the elevated content of the carbohydrates on the E-LNP surface, favoring their interaction with cells; (B) the elevated abundance
of the hydroxypropenyl units on the surface of S-LNP seems to hamper their ability to interact with cancerous cells.
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Figueiredo et al., 2021) with limitations in terms of
biodegradability and biocompatibility.

In this view, lignin, as the most abundant natural aromatic
polymer on Earth, has been shown to be an efficient platform for
drug loading through the preparation of lignin nanoparticles
(LNPs) (Sipponen et al., 2019; Osterberg et al., 2020; Figueiredo
et al., 2021). LNPs, often referred to as colloidal lignin particles
(CLPs) (Sipponen et al., 2018), have unique and different features
compared to a large number of other materials at the same source
(De Jong and Borm, 2008; Gao and Fatehi, 2019). For instance,
they have a high surface area and a much larger surface-to-mass
ratio than other types of particles that are prepared from natural
polymers (De Jong and Borm, 2008). Additionally, it is worth
mentioning that the utilization of lignin contributes to United
Nations (UN) sustainable development goals, such as CO2

reduction and the usage of non-fossil resources for the
development of the bio-based circular economy (Korhonen
et al., 2018). As a natural polyphenol material, lignin is
biodegradable and has shown high antioxidant (Pan et al.,
2006) and antibacterial properties (Kaur et al., 2017).
Moreover, LNPs prepared from kraft lignin have been
investigated as a treatment of prostate, mammary, lung, and
breast cancer, in works by Figueiredo et al. (2017a), Figueiredo
et al. (2017b), Figueiredo et al. (2019), and Figueiredo et al.
(2020), Siddiqui et al. (2020), and others. Furthermore,
eucalyptus kraft lignin has been recently shown to possess
inhibitory properties in mouse hepatoma and melanoma
(Gordobil et al., 2019) and some components extracted from
grass lignin were active against breast cancer (Zhen et al., 2020).
LNPs loaded with active substances have been hypothesized to be
efficient in colon cancer suppression (Siddiqui et al., 2018).

Taking into consideration the strong potential of LNPs to
serve as drug delivery systems, in the present work we aimed to
study the efficacy of LNPs originating from the high-molecular
weight (Mw) fractions of eucalyptus (E-LNPs) and spruce
(S-LNPs) in aggressive liver cancer. The novel S- and E-LPNs
generated in this study not only showed efficacy toward liver
cancer but additionally showed a set of advantageous parameters
that would be further useful in biomedicine.

EXPERIMENTAL PROCEDURES

Materials
Kraft lignin from hardwood (Rose Gum Eucalyptus grandis) and
softwood (Norway spruce, Picea abies) was isolated from
corresponding black liquors according to the LignoBoost
process (Tomani, 2010). Ultrapure water (18.2 MΩ-cm) was
obtained from the Milli-Q system. Tetrahydrofuran (THF),
DMSO (dimethyl sulfoxide, anhydrous, ≥99.9%), deuterated
DMSO (DMSO-d6), and deuterated water (D2O) were
purchased from Sigma-Aldrich (Stockholm, Sweden). Acetone
(GPR RECTAPUR®, ≥99.5%) was purchased from VWR
International AB (Stockholm, Sweden), and 0.45-µm
membrane filters (Fisherbrand, PTFE, Fisher Scientific,
Hampton, NH, United States) were used for the isolation
procedure.

Lignin Fractionation
For lignin fractionation, we used a solvent fractionation approach
of kraft lignin described elsewhere (Duval et al., 2016). The
solvent order used for the fractionation was as follows: ethyl
acetate (EtOAc) (N1 solvent), ethanol (EtOH) (N2 solvent),
methanol (MeOH) (N3 solvent), and acetone (N4 solvent).
The full characteristics of the lignin fractions have been
reported previously (Gioia et al., 2020). Briefly, 20 g of lignin
powder was extracted with 200 ml of solvent N1 for 2 h at room
temperature. The soluble fraction was decanted, the solvent was
evaporated, and lignin materials were freeze-dried for 3 days. The
remained insoluble fraction was suspended in the next solvent
N2, and the next extraction step was performed similarly. The
procedure was repeated with all remaining solvents described
above. The residual lignin fraction, not soluble in
abovementioned organic solvents, was numbered as a fraction
N5. The fraction N5 was used in this work to synthesize the LNPs.

Characterization of Lignin
Nuclear Magnetic Resonance (31P NMR and 2D NMR)
The numbers of aliphatic hydroxyls (Aliph-OH), total phenolic
hydroxyls (Ph-OH), and guaiacyl and syringyl units in the initial
lignin samples were measured and calculated using quantitative
31P NMR (Argyropoulos, 1994; Granata and Argyropoulos,
1995). For this, the lignin sample (about 30 mg) was dissolved
in 100 µl of DMF and 100 µl of pyridine. Endo-N-hydroxy-5-
norbornene-2,3-dicarboximide (e-HNDI) (Sigma-Aldrich,
40 mg/ml) and chromium(III) acetylacetonate (Aldrich, St.
Louis, MO, United States, 5 mg/ml) were used as an internal
standard and relaxation reagent, respectively. 2-Chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane was used as a
phosphorylating reagent. The derivatized sample was dissolved
in deuterochloroform (CDCl3) prior to analysis. The 31P NMR
experiment was performed with a 90° pulse angle, inverse-gated
proton decoupling, and a delay time of 10 s. For analysis, 256
scans with a time delay of 5 s were collected for a total runtime of
29 min.

To estimate the number of ß-O-4 bonds, 2D NMR analysis
was performed as previously described (Giummarella et al., 2020;
Jawerth et al., 2020). For this, approximately 80 mg of lignin
solution was dissolved in deuterated DMSO-d6. Distortionless
enhancement by polarization transfer (DEPT)-edited
heteronuclear single quantum correlation (HSQC) and HSQC
experiments were carried out with the Bruker pulse programs
“hsqcedetgp” and “hsqcetgpsi,” respectively. The spectra were
acquired with the following parameters: an acquisition time of
0.06 s, a relaxation delay 1.5 s, and 120 scans using 1,024 × 256
increments, with an additional 16 dummy scans. The F2 direction
spectral window was 16 ppm, and the F1 direction was 166 ppm.
The analysis lasted 14 h. Data were processed in MestreNova
(version 9.0.0, Mestrelab Research, Santiago de Compostela,
Spain) with 1,024 × 1,024 data points using a 90°-shifted
square sine-bell apodization window.

Mw Determination
Determination of Mw of the lignin samples was performed after
the acetobromination reaction by size-exclusion chromatography
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(SEC), according to the protocols reported by Guerra et al. (2006)
and Tagami et al. (2019). A Waters instrument system (Waters
Sverige AB, Sollentuna, Sweden) consisting of a 515 high-
performance liquid chromatography (HPLC) pump, 2707
autosampler, and 2998 photodiode array detector (operated at
254 and 280 nm) was used. Lignin samples (about 5 mg) were
stirred for 2 h at room temperature in 900 μl of glacial acetic acid
and 100 μl of acetyl bromide. Thereafter, a mixture of glacial
acetic acid and acetyl bromide was removed under nitrogen (N2).
The residue was dissolved in 1 ml of HPLC-grade THF (Sigma,
Sweden), and the resulting solution was filtered through a 5-μm
syringe filter. HPLC-grade THF was used as a mobile phase. The
flow rate of the mobile phase was 0.3 ml/min. The Waters
Ultrastyragel HR4, HR2, and HR0.5 4.6 × 300 mm columns
connected in series and operated at 35°C were used for the
separation. A sample volume was 20 μl, and the ultraviolet
(UV) signal was recorded at 254 and 280 nm. Calibration was
performed at 254 nm using polystyrene standards with nominal
MW values ranging from 480 to 176,000 Da. The final analysis was
performed using the intensity of the UV signal at 280 nm using
Waters Empower 3 build 3471 software.

Analytical Pyrolysis (Py-GC/MS/FID)
Analytical pyrolysis-gas chromatography/mass spectrometry/
flame ionization detector (Py-GC/MS/FID) was performed
according to Ponomarenko et al. (2015) using a Frontier Lab
(Fukushima, Japan) Micro Double-Shot Pyrolyzer Py-2020iD.
Approximately 1–2 mg of dry sample was used for analysis. The
oven program was as follows: held at 60°C for 1 min, ramped at
6°C/min−1–270°C, and held at 270°C for 10 min. The individual
compounds were identified based on the GC/MS data in the NIST
147.LI13 MS library (Frontier Lab, Fukushima, Japan). The
relative areas of the peaks of individual compounds were
calculated from the GC/FID data using Shimadzu software.
The areas of the relevant peaks were summed and normalized
to 100%; the data for five repetitive pyrolysis experiments were
averaged (Tagami et al., 2019).

Preparation of Lignin Nanoparticles
The LNPs from fraction N5 of eucalyptus lignin were designated
as E-LNPs (eucalyptus NPs), and the LNPs from spruce lignin
fraction N5 were designated as S-LNPs (spruce NPs) in this
work. A dialysis bag (Sigma-Aldrich) was used to synthesize the
LNPs by the solvent exchange method (DeOliveira et al., 2007).
The Mw cutoff of the dialysis bag was 1,000 Da. Spruce or
eucalyptus acetone-insoluble fractions were dissolved in
DMSO/Milli-Q water solution with the ratio 9:1 (v/v) and a
concentration of 10 mg/ml. The resulting lignin solution was
filtered using a 0.45-μm filter. After filtration, 10 ml of the lignin
solution with a concentration of 1–6 mg/ml was prepared by
dilution with a corresponding solvent mixture from the lignin
stock solution. To obtain the LNPs, the resulting lignin solution
was placed into the dialysis bag and soaked in Milli-Q water for
36 h. The experiment was performed at room temperature. The
volume of the lignin solution before and after placing it into the
dialysis bag was measured to estimate the final lignin
concentration in the resulting LNP solution.

Characterization of Lignin Nanoparticles
Nuclear Magnetic Resonance (1H NMR)
The surface chemistry of LNPs in aqueous suspension was
elucidated using an 1H NMR approach as described in our
previous work (Pylypchuk et al., 2020). After centrifugation,
ca. 0.75 mg of LNPs was dispersed in a mix of 0.2 ml of D2O
(Sigma-Aldrich, Sweden) and 0.5 ml of H2O and analyzed on a
Bruker DMX instrument (Bruker Corporation, Billerica, MA,
United States) equipped with a 5-mm Bruker Double Resonance
Broadband Probe (BBI) probe (Bruker Corporation, Billerica,
MA, United States). Optimal 90° pulse lengths were obtained for
each sample, after which the same pulse program as described in
(Pylypchuk et al., 2020) was applied. 512 scans with 20,030 FID
data points were obtained per sample, with an acquisition time of
2.5 s and a relaxation delay time of 4.5 s. The data were processed
in TopSpin (version 1.3, patch level 10, Bruker BioSpin) with
32,768 data points using a 0.3-Hz exponential multiplication
apodization window before being transferred to MestreNova
(version 9.0.0, Mestrelab Research), where the final processing
was performed.

Dynamic Light Scattering
The zeta ζ-potential, average size, size distribution, and
polydispersity indices (PDI) of the synthesized LNPs were
determined using a Zetasizer Nano ZS instrument (Malvern
Panalytical, Malvern, United Kingdom) at 25°C and at 37°C.

Transmission Electron Microscopy
For TEM, the samples were prepared as follows: 5 µl of lignin LNP
suspension (0.2 mg/ml) was drop-cast onto a 200-mesh copper grid
(Ted Pella Inc., Redding, CA, United States; prod no. 01800-F) and
dried on air for 30 min. To perform TEM studies, a Hitachi HT7700
series instrument (Hitachi, Japan) was used with an accelerating
voltage of 100.0 kV and an emission current of 80.0 µA.

Scanning Electron Microscopy
The LNP solution was drop-cast on a silicon wafer for 30 min and
sputter-coated with a 2-nm layer of Pt–Pd. An S-4800microscope
was used (S-4800 Hitachi, Japan) in SEM studies.

Establishment of HCC and CCA Cell Lines
HCC and CCA cell lines were isolated from murine primary liver
tumors. HCC was induced using the intrahepatic overexpression
of oncogenic NRASG12V stably delivered into the liver of mice in
which tumor-suppressor Arf is disabled (p19Arf−/− mice) via
hydrodynamic tail vein injection, as previously described
(Carlson et al., 2005; Kang et al., 2011). CCA was induced
using a stable intrahepatic integration of mixture with
transposons encoding KRASG12V and Akt2 oncogenes, as well
as short hairpins against p53 (shp53), using the electroporation
technique as established (Gürlevik et al., 2013; Gürlevik et al.,
2016). Obtained HCC and CCA cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Grand
Island, NY, United States) supplemented with 10% fetal bovine
serum (FBS; Gibco, United States), 5% penicillin/streptomycin/
glutamine (Gibco, United States), and 5% Minimum Essential
Medium Non-Essential Amino Acids (MEM NEAA, Gibco,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 9 | Article 8177684

Pylypchuk et al. Lignin Nanoparticles in Liver Cancer

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


United States). The cells were incubated at 37°C in a humidified
incubator supplied with 5% carbon dioxide.

Treatment of HCC and CCA Cell Lines With Lignin
Nanoparticles
HCC and CCA cells were seeded in 96-well plates (Corning, Inc.,
Tewksbury, MA, United States) at a density of 1 × 104 cells per
well. Two LNP types—spruce (S-LNPs) or eucalyptus

(E-LNPs)—as well as the standard therapeutics (sorafenib for
HCC and gemcitabine for CCA) were added to the wells 16 h later
in triplicates. Several concentrations of the therapeutics were
tested in parallel. The concentrations of LNPs comprised 0.5, 1, 3,
4, 8, and 13.8 µM or 0.03, 0.06, 0.19, 0.21, 0.50, and 0.86 μg/ml,
corresponding to 4.77 × 1011, 9.55 × 1011, 2.86 × 1012, 3.29 × 1012,
7.64 × 1012, and 1.32 × 1013 NPs/ml and Supplementary Table
S1). Thereafter, different readouts were conducted at 24 and 48 h
of post-incubation with LNPs and therapeutics.

Crystal Violet Staining Assay
Crystal violet staining assay (CVSA) was performed as reported
(Rudalska et al., 2014; Śliwka et al., 2016). Briefly, cells were
washed with 100 µl 1× PBS and fixed in 100 µl of 4%
paraformaldehyde for 5 min. Thereafter, cells were stained
with 100 µl of 0.5% crystal violet (Sigma-Aldrich Corp., St.
Louis, MO, United States) in 30% EtOH for 20–30 min at
room temperature. Finally, wells were washed in tap water and
dried overnight. The pictures were captured using an
ImmunoSpot® S6 Ultimate Analyzer (Cellular Technology
Limited, Shaker Heights, OH, United States). The obtained
images were analyzed using ImageJ software (https://imagej.
nih.gov/ij/index.html).

Cell proliferation assay/Cell Counting Kit-8
Cell Counting Kit-8 (CCK-8) assay (Sigma-Aldrich,
United States) was used to examine cell division and was
conducted using a manufacturer protocol. Cell proliferation
was checked after 24 and 48 h of treatment with LNPs. On
each day, 10 µl of CCK-8 solution was added to each well.
After 2 h of incubation, the absorbance of each well was
measured using an Infinite 200 PRO Nano Quant Tecan
Microplate Readers and analyzed using i-control™ software
(Zhou et al., 2018) (Tecan, CH-8708, Mannedorf, Switzerland).

Analysis of Early- and Late Apoptosis, and
Necroptosis, Using Flow Cytometry (FACS)
After the treatment with LNPs, cells were harvested, washed with
ice-cold PBS, and resuspended in 100 µl of Annexin V binding
buffer (10 mM HEPES [pH 7.4], 140 mM NaCl, 2.5 mM CaCl2),
provided by a manufacturer (BioLegend®, San Diego, CA,
United States), as described (Yang et al., 2016). Next, cells
were stained with 5 µl of Annexin V-PE (BioLegend®,
United States) and 5 μg/ml of 7-AAD (BioLegend®,
United States) in 100 µl of Annexin V binding buffer at 4°C.
After 20 min, 400 µl of binding buffer was added to each tube.
The samples were pooled within each group and analyzed using a
flow cytometer (BD™ LSR II, San Jose, CA, United States). FACS
analysis was performed using the FlowJo 9.9.6 software (BD™,
Franklin Lakes, NJ, United States).

Statistical Analysis
The unpaired Student’s t-test was used for all statistical analyses
to calculate significant differences among experimental and
control groups. The tests were generally performed in
duplicates or triplicates. If not stated otherwise, data are
shown as mean ± standard error of the mean (S.E.M.) with

FIGURE 1 | The highest Mw lignin fractions were used in this study to
synthesize the LNPs. (A–C) The properties of kraft lignins and isolated fractions
thereof used in this work. (A) Scheme of kraft lignin separation by Mw using
sequential 5-step solvent fractionation. The residual fraction with the highest
Mw obtained at the last fractionation step (insoluble fraction N5) was used for LNP
preparation. (B)AverageMw and polydispersity indices (PDI) of the residual fraction
of spruce and eucalyptus lignin, as determined by size-exclusion chromatography
(SEC). The functional group content, determined by 31P NMR, demonstrating that
both lignin types have relatively high aliphatic-hydroxyls (Aliph-OH) and low
aromatic-OH content, as was determined (Tagami et al., 2019). (C) Depicted are
themost commonchemical groups like aliphatic-OH, aromatic-OH, carbohydrates
and carboxylic acids, and linkages (ß-O-4) in the natural lignin molecule.
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p < 0.05 considered statistically significant. Significance levels
were depicted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. Data on particle size and ζ-potential are shown as mean ±
standard deviation (SD), which were extracted from the original
software.

RESULTS AND DISCUSSION

Solvent Fractionation Approach Gave Rise
to High-Mw- andCarbohydrate-Rich Lignins
Lignin is a heterogeneous substance, and it is not always possible
to establish a relationship between the structure and properties of
materials derived from lignin (Gioia et al., 2020). To cope with
lignin heterogeneity, the solvent fractionation approach was
proposed (Duval et al., 2016) and has been successfully
applied to tailor the properties of lignin and its materials on

the molecular level (Gioia et al., 2018; Giummarella et al., 2020).
Nevertheless, the so-called insoluble fractions remaining after
solvent fractionation have yet to be sufficiently studied and are
therefore underutilized as materials because of their poor
solubility in most organic solvents (Gioia et al., 2018;
Giummarella et al., 2020). However, the high-Mw and
chemical structure of acetone-insoluble fractions makes it the
closest in structure to native lignin in wood, bearing more β-O-4
bonds (Olsen et al., 2019). Moreover, a relatively high
carbohydrate content makes acetone-insoluble fractions
potentially more biocompatible.

In the present work, the high-Mw lignin fractions were
obtained by separating lignin using a 5-step multi-solvent
fractionation approach (Figure 1A). This approach leads to
higher yields and more efficient separation of lignin molecules
by Mw, as has been shown in the work of Tagami et al. (2019).
The structure and Mw of the obtained acetone-insoluble
fractions have been investigated using 31P NMR and
analytical pyrolysis (Py-GC-MS-FID), as reported previously
(Tagami et al., 2019). The acetone-insoluble lignin fraction
obtained from spruce (softwood) demonstrated higher Mw

than the one obtained from eucalyptus (hardwood), as
presented in Figure 1B. Moreover, initial spruce lignin (not
the S-LNPs) contained a higher amount of carbohydrates
(15.4% for spruce and 11.7% for eucalyptus, respectively)
(Figure 1B). Except for the polydispersity indices (PDI), all
other tested parameters remained similar between these lignins
(Figure 1B). Also, the high-Mw fractions of spruce and
eucalyptus lignins contained a high amount of aliphatic side
chains, probably due to a higher number of interunit linkages
(Figure 1C), where the aromatic rings were not connected
directly to each other, resulting in lower aromatic density as
it was shown by Olsen et al. (2019).

The LNPs Resulting from High-Mw Lignin
Fractions Demonstrated a Size Below
100nm which was Independent of Initial
Pre-Dialysis Lignin Concentrations
Following fractionation, LNPs were obtained from spruce
(S-LNPs) and eucalyptus (E-LNPs) using dialysis. Different
pre-dialysis concentrations of lignins (1, 2, 4, and 6 mg/ml)
were tested to identify their possible effect on the LNP size
(Figure 2). In contrast to S-LNPs, the Zeta (Z)-average size of
E-LNPs measured by dynamic light scattering (DLS) appeared to
be larger, or close to 100 nm (Figure 2A). At the same time, using
number distribution (sorting by numbers) gave rise to particle
sizes of roughly 20 and 30 nm for S- and E-LNPs, respectively
(Figure 2B). However, the TEM results showed that the real
particle size of E-LNPs was ca 50 nm (Figure 3). The large LNP
size determined by DLS was likely caused by a high sample PDI,
which has been reported by several other laboratories to disrupt
DLS measurements (Souza et al., 2016). TEM results correlated
closest to the number distribution from light scattering.1

FIGURE 2 | E-LNPsizewas larger than that of S-LNPs, and the sizewas not
dependent on LNP concentration. Shown are (A) Z-average sizes (d, nm) and ζ-
potential (mV) and (B)LNPsizes sortedby numbers (nm) and ζ-potential (mV) of the
S- and E-LNPs obtained from the corresponding lignin fractions at the initial
lignin concentrations between 1 and 6 mg/ml. Despite small variations of ζ-
potential for S-LNPs, their surface charge was lower than that for E-LNPs.

1https://www.malvernpanalytical.com/en
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FIGURE 3 | LNPs demonstrated a spherical form and a size of 48–60 nm as shown by TEM. The LNPs were synthesized at an initial lignin concentration of 1 mg/
ml. Shown are TEM results for S- and E-LNPs.

FIGURE 4 | E-LNPs demonstrate the presence of higher numbers of carbohydrates on their surfaces as measured by liquid-state 1H NMR in aqueous
suspensions. NMR revealed particular differences in chemical structures present on the surface of S- and E-LNPs: signals corresponding to carbohydrates and aromatic
units were more pronounced in E-LNPs, whereas S-LNPs demonstrated more intense signal for nonpolar aliphatic side chains of lignin.
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As it has been already shown in previous studies (Lievonen
et al., 2016; Pylypchuk et al., 2021), the size of LNPs is usually
proportional to the pre-dialysis lignin concentrations. However,
using the acetone-insoluble fraction of lignin (fraction N5), the
LNP size was shown to be independent of initial pre-dialysis
lignin concentrations (Figure 2B). Following the number
distribution of S- and E-LNP diameters shown in Figure 2B,
we could see that despite the increase in concentration from 1 to
6 mg/ml, the LNP size remained relatively constant. This is most
probably due to strong intramolecular π–π sandwich stacking
interactions in the lignin macromolecule (Jawerth et al., 2020). In
addition, acetone-insoluble spruce and eucalyptus lignin fractions
demonstrated ~4× times higher carbohydrate content
(Figure 1B), than reported in other lignin fractions with lower
Mw (Tagami et al., 2019), which could have an impact on the LNP
self-assembly (designated as a carbohydrate-mediated LNP size
growth inhibitor). The elevated carbohydrate content could
hinder the ability of aromatic rings from other lignin
molecules to interact with each other and thus prevent the
growth of particles with increased lignin concentrations for

both spruce and eucalyptus lignin. This carbohydrate-mediated
size growth inhibitor can be considered as a hallmark feature of
acetone-insoluble lignin fraction N5.

We further investigated the LNP electrophoretic mobility in
aqueous solution, usually referred to as particle surface charge.
Surface charge is one of the main parameters that influence the
surface properties of NPs and can affect the phagocytosis of NPs
in the blood circulation (Honary and Zahir, 2013). It was reported
that NPs with higher surface charge bound more strongly to the
cell membrane and show a higher cellular uptake (Honary and
Zahir, 2013). Moreover, Levchenko et al. (2012) reported that the
clearance rate of NPs from the blood is higher for negatively
charged particles. In our study, we tested the ζ-potential, which is
associated with the LNP surface charge and found that the ζ-
potential of S-LNPs slightly decreased in absolute terms when the
concentration of the initial lignin increased (Figure 2). In
contrast, for E-LNPs the ζ-potential remained almost constant
following an increase in lignin concentration (Figure 2, green and
orange lines for S- and E-LNPs, respectively), making E-LNPs
more stable, in accordance with the general interpretation of ζ-
potential measurements (Shnoudeh et al., 2019).

We further performed SEM analysis of S- and E-LNPs and
distinguished small particles with diameters between approx. 20
and 30 nm (Supplementary Figures S1, S2), which was in line
with DLS measurements (Figures 2A,B). SEM further revealed
that under the experimental conditions used, the LNPs from both
lignin fractions tended to form sub-100-nm aggregates, which in
turn assembled in larger conglomerates (Supplementary Figures
S1, S2). According to the obtained TEM micrographs (Figure 3;
Supplementary Figures S3, S4), the LNPs from both spruce and
eucalyptus demonstrated a spherical shape with a diameter of
about 50 nm. Notably, E-LNPs showed more interconnections
between particles, whereas S-LNPs were more separated, as
depicted in the SEM/TEM micrographs (Figure 3;
Supplementary Figures S1–S4). This can potentially be due to
a difference in surface properties of LNPs, as discussed in the
NMR section below.

NMRAnalysis Showed the Presence of High
Amounts of Carbohydrates on the Surface
of Lignin Nanoparticles in Aqueous
Suspensions
The investigation of LNP surface composition was performed by
using the recently developed 1H NMR protocol (Pylypchuk et al.,
2020). Briefly, the application of several NMR water suppression
techniques in sequence on suspensions of LNPs made it possible
to gain a clear insight into the surface composition of LNPs, since
only the structures which interact with the solvent give a signal in
the liquid-state NMR analysis (Figure 4). This NMR approach
allowed for the direct investigation of the chemical groups present
on the NP surface in aqueous suspensions (Zhou et al., 2008).

The aliphatic and carbohydrate contents for the original kraft
lignin fractions as shown in Figures 1B,C correlated with the 1H
NMR spectra in the aqueous suspension for the corresponding
NPs, with a varying signal intensity among S- and E-LNPs
(Figure 4).

FIGURE 5 | Surface of E-LNPs is covered mostly by S/G-units and
carbohydrates, whereas surface of S-LNPs has three times lower
carbohydrate content and G-units but is rich in aliphatic side chains.
Schematic representation of the surface composition of LNPs from high-
Mw lignin fractions. The ratio between aliphatic- and G-units was shown higher
for S-LNPs, while the surface of E-LNPs contained an almost 1:1 ratio
between carbohydrates and S/G aromatic units and was almost free of
aliphatic side units of lignin.
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When analyzing the 1HNMR spectra of LNPs, three regions of
particular interest were selected: 1) the 3.15–3.5-ppm region,
attributed to the presence of carbohydrates, such as xylan and
glucomannan structures in lignin (Constant et al., 2016); 2) the
3.6–3.8-ppm region, attributed to methoxy groups of aromatic
units; and 3) the 6.5–7.5-ppm region, attributed to aromatic
protons.

The signal peak area in the 3.15–3.5-ppm range was observed
to increase in E-LNPs, meaning that the surface of E-LNPs
contains more carbohydrates than that of S-LNPs (Figure 4).
This observation, however, is only valid for the lignin NPs. For
the initial lignin fraction, the total carbohydrate content was
instead determined to be higher for the spruce lignin-insoluble

fraction (Figure 1B). Based on these results, we can conclude that
the lower Mw of E-LNPs facilitated the lignin molecules’ self-
assembly into LNPs and the re-distribution of
lignin–carbohydrate complexes (LCCs) directly toward the
E-LNP surface (Figure 5). Additionally, the signal intensity in
the aromatic region (6.5–7.5 ppm) was higher in E-LNPs than in
S-LNPs, allowing us to conclude that more aromatic protons were
located on the E-LNP surface (Figure 4). For S-LNPs, however,
more protons were detected in the non-polar aliphatic side-chain
regions of lignin (0.0–2.0 ppm) as compared to E-LNPs
(Figure 4). Finally, the intensity of signals originating from
methoxy groups in S/G units (3.6–3.8 ppm) and aliphatic side
chains (0.0–2.0 ppm) strongly indicated that the surface of

FIGURE 6 | LNPs inhibited the growth of HCC in a dose-dependent manner. CVSA was performed in HCC cells after the treatment with S-LNPs and E-LNPs at
different concentrations: 0.5, 1, 3, 4, 8, and 13.8 µM. Standard medicine sorafenib was used as a positive control. Further controls are shown inSupplementary Figure
S7A. CVSA readouts were performed (A) 24 h and (B) 48 h post-incubation, respectively. For the direct comparison to a standard therapy, the sorafenib dose of
13.8 µm [plasma concentration, as reported for clinic (Fucile et al., 2015)] has been used as a positive control.
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E-LNPs was almost free from non-polar aliphatic residues,
whereas on the surface of S-LNPs the hydrophobic non-polar
aliphatic residues (e.g., hydroxypropenyl units) were dominating
(Figure 5).

The ratio between aromatic/methoxy/non-oxygenated
aliphatic protons is 0.48/1/4.46 for S-LNPs and 0.90/1/0.01 for
E-LNPs (the full-range integrated 1H NMR spectra of the LNPs
are presented in Supplementary Figures S5, S6). In this view, the
surface of S-LNPs seems to possess more hydrophobic units than
the surface of E-LNPs. A higher Mw of spruce lignin (≈20 kDa)
and a higher content of aliphatic units, as compared to eucalyptus
lignin, mediate the properties of S-LNPs, making their surfaces
less polar. This higher content of aliphatic units also corresponds
to the S-LNPs’ lower absolute values of surface charge in solution

(ζ-potential, Figure 2). The visual representation of the most
common chemical group on the LNP surface is presented in the
scheme (Figure 5).

Evaluation of the Lignin Nanoparticles
Activity In-Vitro
After the characterization of LNPs, we tested the inhibitory
capacity of LNP nanocompositions in cell culture experiments.
S-LNPs and E-LNPs were incubated with two types of
cancerous cells isolated either from primary HCC or from
CCA tumors. Sorafenib for HCC and gemcitabine for CCA, as
the standard therapeutics which are used for the treatment of
these malignancies in the clinic, were added as a positive

FIGURE 7 |Microscopy showed a dose-dependent inhibition of HCC cells and accumulation of yellowish conglomerates in LNP-treated groups. HCC cells were
treated with S-LNPs, E-LNPs, and standard therapy sorafenib. Bright-field microscopy (magnification ×40) was performed (A) 24 h and (B) 48 h post-incubation.
Yellowish conglomerates are depicted with the white arrows. Details on all control groups are shown in Supplementary Figure S10.
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control. After the incubation with LNPs and therapeutics,
several different tests, described below, were performed to
define the inhibitory properties of LNPs in two types of liver
cancer.

Lignin Nanoparticles Demonstrated an
Inhibitory Effect on the HCC Cell Line
Shown in CVSA Experiments
We first performed a CVSA that enables visualization of the
inhibitory capacity of tested nanocomposites and therapeutics.
S-LNPs did not significantly affect the growth of the HCC cell
line (Figures 6A,B; Supplementary Figure S7A), and the
growth inhibition was detected only at high doses of S-LNPs,
in comparison to the sorafenib-treated group. In cells treated
with E-LNPs, we detected a significant and dose-dependent
decrease in cellular growth after 24 h of incubation (Figure 6A;
Supplementary Figure S7A). The effect was even more
pronounced after 48 h of incubation (Figure 6B;
Supplementary Figure S7A). Interestingly, the inhibitory
effect of S-LNPs and E-LNPs was observed exclusively in
HCC and not in CCA cell lines (Supplementary Figures
S7A,B). We further performed an analysis of CVSA
microphotographs using ImageJ, which confirmed the
inhibitory properties of E-LNPs in HCC, but not in CCA
(Supplementary Figures S8, S9; Supplementary Table S2).
Both controls, sorafenib and gemcitabine, showed a strong dose-
dependent inhibitory effect on HCC and CCA cell lines,
respectively, as expected (Figures 6A,B; Supplementary
Figures S7–S9 and described in Fotopoulou et al. (2010),
Kazim et al. (2015), Toyota et al. (2015), Kim et al. (2018),
Wang et al. (2018), Zhang et al. (2018), and Iyer et al. (2019)). A
lack of inhibition in the CCA cell line was probably associated
with a more aggressive type of malignancy, due to the presence
of two oncogenes and high metastatic potential of CCA. The
latter still remains to be elucidated and/or verified in follow-up
in vivo studies.

Microscopy Showed the Presence of
Yellowish Conglomerates in LNP-Treated
Groups
The results obtained in CVSA correlated with the performed
microscopy analysis. While performing a microscopical
examination, we observed morphological changes in HCC cells
after 24 h of incubation with S-LNP and E-LNP fractions
(Figure 7A). Notably, in the E-LNP-treated group we detected
yellowish conglomerates which occurred when high
concentrations (ranging from 8 to 13.8 µM) of LNPs were
added to the cells (conglomerates depicted with white arrows
in Figures 7A,B). The sorafenib-treated group demonstrated no
such conglomerates independent on the dose (Figures 7A,B;
Supplementary Figure S10).

The decrease in cell counts in CCAmicroscopy correlated with
CVSA results in gemcitabine-treated groups (Supplementary
Figures S7, S11). The cell morphology and growth of the
CCA cell line did not change significantly after treatment with

LNPs, despite the formation of yellowish conglomerates
(Supplementary Figure S11). None of the standard
therapeutics induced the development of yellowish
conglomerates (Figure 7; Supplementary Figures S10, S11).
Therefore, the development of these conglomerates was
considered a further hallmark of LNPs.

To check the hypothesis that the formation of the yellowish
aggregates could be caused by the LNP aggregation due to the
incubation at the elevated temperatures (37°C), a control
experiment using DLS analysis was performed for 96 h in
water (Supplementary Figure S12A). This analysis clearly
demonstrated that conglomerates appeared mostly at the later
time points (24–48 h, Figure 7; Supplementary Figures
S10–S12). Aggregation was expected for both types of LNPs
due to the increased Brownian motion at elevated temperatures.
DLS analysis demonstrated heating at 37°C led to a significant
increase in aggregate size, correlating with bright-field
microscopy data (Figure 7; Supplementary Figures S10, S11,
S12A). The capacity to form aggregates under increased
temperatures could potentially be associated with the elevated
carbohydrate content on the E-LNP surface. Moreover, the PDI
of the suspensions slightly decreased while being incubated for
longer time periods (Supplementary Figure S12B). From the
TEM images, one can observe the unreacted lignin in form of
aggregates (Figure 3; Supplementary Figures S3, S4, gray
amorphous structures next to E-LNPs). These lignin
aggregates cause a large PDI for E-LNP suspensions in the
DLS experiment (Supplementary Figure S12B). In our
opinion, the heating of LNP suspensions led to the decrease in
the PDIs due to the consumption of unreacted lignin aggregates
into the LNPs, leading to a slight increase in particle size.

Thus, considering the temperature tests, we propose that the
presence of yellowish aggregates indicates that the LNPs are
interacting with the cells. Since this effect manifested mostly
in E-LNP-treated cell lines, which are more polar than S-LNPs,
we suggest that E-LNPs are more likely to interact with cells in
aqueous media resulting in LNPs transforming to yellowish
aggregates.

E-LNPs Demonstrated an Inhibitory Effect
on the HCC Cell Line in CCK-8 Analysis
The results of CVSA and microscopy were further verified in
CCK-8 assay and showed that E-LNPs inhibited the proliferation
of HCC cells in comparison to the carrier (DMSO and water). The
inhibitory effect in the E-LNP group was comparable to the
sorafenib group at the 4-µM treatment dose (Supplementary
Figure S13).

E-LNPs Induced Late Apoptosis and
Necroptosis While Inhibiting the HCC Cell
Line as Detected via FACS Analysis
We further investigated the mechanism underlying the
inhibition of the HCC cell line by the LNPs. To define the
mechanism, we performed FACS analysis aiming to detect early
and late apoptosis, as well as necroptosis (gating strategy is
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shown in Supplementary Figures S1, S2). After 48 h of
incubation (Figures 8A–C), we observed a dose-dependent
early apoptosis development in the sorafenib-treated group
(Figure 8A). S- and E-LNP-treated cells showed varying
numbers or early apoptosis, which were still higher than in
the carrier-treated group (Figure 8A). However, late apoptosis
was clearly shown upregulated in all three treatment groups. In
particular, all high doses of S-LNPs and E-LNPs resulted in
induction of late apoptosis (Figure 8B). Furthermore, the
E-LNP-treated group showed the highest rate of late
apoptosis, which was comparable to the sorafenib-treated
group at concentrations 8 and 13.8 µM (Figure 8B).

Interestingly, in E-LNP-treated cells we also detected elevated
levels of necroptosis (a six times increase in comparison to the
carrier at the 13.8-µM dose was observed), whereas the S-LNP-
treated group did not show the presence of necroptosis at these
treatment doses (Figure 8C). The sorafenib-treated group
showed the highest necroptosis at 48 h of incubation
(Figure 8C, 2.5 times increase detected at the 13.8-µM dose
in comparison to DMSO as the carrier of sorafenib), and the
result fully correlated with CVSA and microscopy,
described above.

In the CCA cell line at 48 h post-incubation, gemcitabine clearly
induced early as well as late apoptosis, whereas S-LNPs and E-LNPs

FIGURE 8 | FACS analysis performed 48 h after the incubation with E-LNPs confirmed the induction of late apoptosis and necroptosis in the E-LNP-treated group.
FACS analysis to detect (A) early and (B) late apoptosis and (C) necroptosis was performed in groups treated with S-LNP and E-LNP fractions and standard therapeutic
sorafenib using the gating strategy depicted in Supplementary Figure S14. Shown are frequencies of (A) early and (B) late apoptotic and (C) necroptotic cells in
percent. The gray line represents the values for the control group DMEM.
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induced mostly necroptosis (Supplementary Figures S15A–C
demonstrates an 8 and 2 times increase for the gemcitabine 50-
µM group in early and late apoptosis in comparison to the carrier
(NaCl) and a 2.6 and 4.6 times increase for the S-LNP- and E-LNP-
treated groups in necroptosis for the 13.8-µM dose in comparison to
the respective carrier dose).

It is important to mention that our data on sorafenib
standard therapy on HCC (induction of late apoptosis and
necroptosis) is fully in line with previous reports (Lin et al.,
2017). The same was also true for gemcitabine which induced
early and late apoptosis in our and other studies (Pauwels et al.,
2009; Li et al., 2020). Similar to sorafenib, both LNP types
induced late apoptosis, whereas sorafenib and E-LNPs also
additionally induced necroptosis in the HCC cell line. In
CCA, LNPs in contrast to gemcitabine were able to induce
mostly necroptosis. Gemcitabine induced early and late
apoptosis and was herewith more efficient in inhibition of
CCA growth than the LNPs. The results obtained in the first
in vitro cytotoxicity experiments still have to be verified using
follow-up IC50 and thorough toxicity studies in vivo in
autochthonous/orthotopic HCC and CCA murine models.

Lignin Nanoparticles in Comparison to
Other Nanocomposites Used in Diagnostic
and Treatment of Liver Cancer
The LNPs obtained in this study possess particular properties, which
distinguish them from inorganic NPs that have been investigated
previously for the treatment of liver cancer. In a previous research
performed in HCC (Huh7 cell line), Kozenkova et al. investigated
magnetite/Au hybrid nanostructures, such as Fe3O4-Au, and
reported good magnetic, optical, and biocompatible properties
and also possessed a low level of liver cancer cell cytotoxicity
(Kozenkova et al., 2020). The average sizes of the Fe3O4-Au NPs
were 12 ± 4 nm and 6 ± 1 nm for magnetite and Au counterparts,
respectively (Kozenkova et al., 2020). Fe3O4-Au NPs were suggested
as good candidates for theranostics of liver cancer and for the use as a
magnetic resonance imaging (MRI)-contrast agent due to the high
relaxometric efficiency and non-significant hepatotoxicity
(Kozenkova et al., 2020). Due to the organic origin of LNPs, we,
however, expect higher biocompatibility in vivo, than particles
obtained using magnetite/Au hybrid nanostructures.

The shape, size, and surface charge of NPs are recognized as
the most important parameters that play a role in particle
interaction and surface-to-volume ratio changes, as recently
reviewed for liver cancer (Taghizadeh et al., 2019). Au NPs have
been shown to have homogeneous and heterogeneous catalytic
activity and have attracted much attention, owing to their
biocompatibility; specific bio-inertness, low cytotoxicity, ability to
chemically modify their surface, and high surface-loading ability of
drugs and genes and their superior imaging properties in positron
emission tomography (PET),MRI, and computed tomography (CT)
(Taghizadeh et al., 2019). Due to a high number of accessible
functional groups on the surface of LNPs, as shown also in this
study, LNPs can be easily modified to carry small and large
molecules (proteins, chemotherapy, genotherapy, etc.). For
instance, the hydration barrier and the ability for acid and

base-catalyzed surface modifications of lignin oleate NPs have
been recently described in a study by Moreno et al. (2021).

In a very interesting recent study, Liu et al. (2020) showed in a
preclinical woodchuck model of hepatitis-induced HCC that the
liver and spleen were the primary organs that sequester 60-nm Au
NPs. In addition, AuNPs were shown to accumulate mostly in HCC
periphery and less in the tumor core (Liu et al., 2020). The latter
finding was concluded to be due to the lower abundance of
macrophages penetrating into the tumor and the ability of
macrophages to sequester injected NPs (Liu et al., 2020). Due to
the high concentration of carbohydrates on the surface of LNPs in
our study, we expect that they will efficiently attract macrophages
toward the tumor core and activate T cells, which will be a key point
in future HCC therapy design; however, the latter remains to be
experimentally confirmed (Liu et al., 2020). In contrast to the study
of Liu et al. (2020), our study shows that cancerous hepatocytes
themselves appeared to take up 16–60-nm LNPs and we also
observed an extracellular conglomerate formation.

In terms of CCA, a study by Kwak et al. reported a poly(D,L-
lactide-co-glycolide) nanocomposite, consisting of a drug
vorinostat and near-infrared dye-incorporated NPs (NIR-NPs).
These nanocomposites exhibited spherical shapes with sizes
<100 nm and represented a promising vehicle for targeted
chemotherapy in HuCC-T1 CCA cells (Kwak et al., 2015).
Interestingly, and in line with our data, empty NIR-NPs had
no effect on tumor growth (Kwak et al., 2015). NIR-dye-
incorporated NPs were intensively accumulated in the tumor
region rather than in healthy tissue (Kwak et al., 2015).
Vorinostat-NIR-NPs showed improved antitumor activity due
to NIR-NPs which remained in the tumor tissue longer (low
clearance capacity) than did free NIR dye (Kwak et al., 2015).
Also, magnetic NPs were reported to be a useful device for the
diagnosis and effective treatment of CCA, thereby using NPs as
delivery platforms of chemotherapeutic agents (Tang et al., 2007;
Lee et al., 2008; Helio et al., 2011).

Potential Mechanism of the LNP Interaction
With Liver Cancer Cells—Comparison of
Our Results to the Recent Achievements in
the Treatment of Liver Cancer With Other
Polymeric NPs
Very few publications relate the biological behavior of lignin to
certain biological processes (Gordobil et al., 2019). The biological
activity and emerging role of lignin have been summarized in a
review of Shu et al. (2021). Antitumor properties of eucalyptus-
derived phytochemicals were related to the phenolic constituents
and were summarized in a review (Abiri et al., 2021). Thá et al.
(2021) demonstrated that eucalyptus kraft lignin, despite its
strong antioxidant effect, can be responsible for the generation
of significant levels of intracellular reactive oxygen species and
cause oxidative damage to DNA of HepG2 cells.

The activity of lignin in cancer suppression can be linked to the
presence of carbohydrates. In general, the hydrophilic nature of
the polymer and the presence of sugar-like molecules in its
structure promote the adhesion of the particles to the mucus
(Mythri et al., 2011). The mucoadhesive properties of
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curcumin-cross-linked cellulose were investigated in the work of
Hanafy et al. (2020), wherein it was found that strong
mucoadhesive properties inhibit the growth of cancer cell lines
at both programmed and non-programmed stages (Huh7 and
HepG2 human liver cancer cell lines). Additionally, in a work by
Wang et al. (2015) two high-Mw, carbohydrate-rich (~20% of
carbohydrates) lignin polymers were investigated for their anti-
proliferative properties. Similar to our study, the investigated
lignin polymers induced cell death in a concentration-dependent
manner, while apoptosis induction was largely cell-cycle
independent. The authors also demonstrated that their lignin
inhibited the activation of the nuclear transcription factor (NF-
κB) in cancer cells. In a work of Rai et al. (2021), kraft lignin was
combined with dextran polysaccharide in treatment of the colon
cancer cells. It was concluded that the combination of the lignin
with other biopolymers can become an alternative
chemotherapeutic approach for malignant tumor treatments.
Huang et al. (2018) reported that LCCs from bamboo
inhibited the growth of MCF-7 breast cancer.

It must be said that our results are complimentary with this
theory. The surface of the E-LNPs turned out to be more
carbohydrate-rich and polar than that of S-LNPs, thus
exhibiting better interaction with HCC cells. In addition to
the influence of carbohydrates, we believe that the higher
content of aliphatic side chains on the surface of S-LNPs
hinders their interaction with cells. This finding agrees with
studies by Moradipour (2021), who investigated the
penetration of lignin compounds into model cell
membranes. It was shown that hydroxypropenyl units in
the lignin structure may present a barrier for penetration of
the lignin molecules into the cell.

Considering the discussion above, we can relate the difference in
the cytotoxic activity of the LNPs to the differences in the chemical
structures presented on their surface. On the one hand, we can assign
the enhanced activity of E-LNPs to the elevated content of the
carbohydrates on their surface, favoring their interaction with cells.
On the other hand, the elevated abundance of the hydroxypropenyl
units on the surface of S-LNP hampers their ability to interact with
cells. This conclusion is reflected in Graphical Abstract which
summarizes the differences in the surface chemistry of the LNPs.
These differences influence the LNPs’ interaction with cancerous
cells and overall biotoxicity of the LNPs.

However, other mechanisms that can be both complementary
and/or competitive can be considered for HCC. For instance,
chitosan-grafted oleic acid was successfully used as a platform to
deliver bromopyruvate, inhibiting glycolysis in HCC cells, thus
causing their death (Hanafy et al., 2018). In another work, Hanafy
et al. have shown that inhibition of HCC cells can be achieved
through targeting DNA and RNA inside of the polymer-protein
carrier (Hanafy et al., 2017). Glycol chitosan NPs incorporating
all-trans retinoic acid were demonstrated to be effective in
inhibiting the invasion, migration, and proliferation of human
CCA cells, while empty glycol chitosan vehicles did not affect the
viability of HuCC-T1 CCA cells (Chung et al., 2012), similar to
our LNPs.

Towata et al. reported that hybrid liposomes were specifically
accumulating in human CCA cells and induced G1 phase cell

cycle arrest in CCA, which is known to be highly resistant to
apoptosis (Towata et al., 2010). We, however, showed that LNPs
could induce necroptosis in CCA, which was not sufficient to
inhibit CCA growth.

CONCLUSION

Lignin self-assembly and the formation of LNPs depend on
the initial lignin chemical structure, namely, the Mw, the
number of methoxy groups, and the degree of cross-linking
(Mishra and Ekielski, 2019). The lower Mw and different
chemical structures (presence of S/G units with a higher
number of methoxy groups) of lignin in eucalyptus wood
as compared to lignin in spruce wood result in a less
condensed structure of the lignin molecule. After the kraft
pulping process, eucalyptus lignin molecules possess less
carbon–carbon bonds between aromatic units and a higher
number of aliphatic side chains (Ratnaweera et al., 2015;
Tagami et al., 2019). The composition of carbohydrates is
also different for hardwood (eucalyptus) and softwood
(spruce), while the xylan content is much higher in
eucalyptus. As a result, an elevated xylan content present
in the high-Mw fraction of kraft lignin may have enhanced the
cytotoxic properties of E-LNPs. Several factors, namely, the
number of methoxy groups, carbohydrate content, cross-
linking degree, shape, and surface structure, all impact the
interactions of LNP with biological fluids and eukaryotic cells
(Graphical Abstract). Our data on LNP surface properties,
analyzed by NMR, DLS, and TEM, clearly demonstrated that
hydrophilic E-LNPs more efficiently inhibited the growth of
aggressive HCC cells, causing apoptosis of cancerous cells,
than less polar S-LNPs. The differences in the surface
chemistry of the LNPs influence their interaction with
cancerous cells and mediate the increased biotoxicity of the
E-LNPs. The enhanced activity of E-LNPs can be assigned to
the elevated carbohydrate content on their surface, favoring
their interaction with cells. The elevated abundance of the
hydroxypropenyl units on the surface of S-LNP seems to
hamper their ability to interact with cells. However, despite
the higher polarity of E-LNPs, they did not induce apoptosis
in CCA. Both LNP types were unable to inhibit CCA and
induced only necroptosis. Despite the disability of LNPs to kill
CCA cell lines, we do not exclude that a combination of LNPs
and targeted therapeutics will be highly successful. Moreover,
the complex structure of LNPs allows them to serve as delivery
platforms or vehicles: LNPs can interact and incorporate
molecules of interest and provide a controlled release of
the molecules toward target cancerous cells (Sipponen
et al., 2019). Due to a controlled dose-dependent
cytotoxicity in HCC and no cytotoxicity in CCA, both
types of LNPs represent ideal carrier platforms for
therapeutics and combination thereof in aggressive liver
malignancies. However, the latter remains to be thoroughly
elucidated in the follow-up studies performing IC50 and
toxicity studies in vivo and defining the most efficient
therapeutic doses/regimes using HCC and CCA models.
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