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ABSTRACT: Three-dimensional (3D) printing has been an
emerging technique to fabricate precise scaffolds for biomedical
applications. Cellulose nanofibril (CNF) hydrogels have attracted
considerable attention as a material for 3D printing because of their
shear-thinning properties. Combining cellulose nanofibril hydrogels
with alginate is an effective method to enable cross-linking of the
printed scaffolds in the presence of Ca2+ ions. In this work, spherical
colloidal lignin particles (CLPs, also known as spherical lignin
nanoparticles) were used to prepare CNF-alginate-CLP nano-
composite scaffolds. High-resolution images obtained by atomic
force microscopy (AFM) showed that CLPs were homogeneously
mixed with the CNF hydrogel. CLPs brought antioxidant properties
to the CNF-alginate-CLP scaffolds in a concentration-dependent manner and increased the viscosity of the hydrogels at a low shear
rate, which correspondingly provide better shape fidelity and printing resolution to the scaffolds. Interestingly, the CLPs did not
affect the viscosity at high shear rates, showing that the shear thinning behavior typical for CNF hydrogels was retained, enabling
easy printing. The CNF-alginate-CLP scaffolds demonstrated shape stability after printing, cross-linking, and storage in Dulbecco’s
phosphate buffer solution (DPBS +) containing Ca2+ and Mg2+ ions, up to 7 days. The 3D-printed scaffolds showed relative
rehydration ratio values above 80% after freeze-drying, demonstrating a high water-retaining capability. Cell viability tests using
hepatocellular carcinoma cell line HepG2 showed no negative effect of CLPs on cell proliferation. Fluorescence microscopy
indicated that HepG2 cells grew not only on the surfaces but also inside the porous scaffolds. Overall, our results demonstrate that
nanocomposite CNF-alginate-CLP scaffolds have high potential in soft-tissue engineering and regenerative-medicine applications.

■ INTRODUCTION

There is a growing interest to manufacture three-dimensional
(3D) cell culture models.1 The reasons behind this interest are
the many advantages of 3D cell culture over conventional two-
dimensional culture. The 3D cell culture models have
physicochemical properties resembling the native micro-
environment of the cells, leading to more natural cell shape,
possibility of cell−cell interaction, and cell behavior more
similar to the ones in a physiological condition.2,3 All of the
above properties are advantageous for studies of disease
mechanisms, the development of drug therapeutics, and tissue
reconstruction. Hydrogels have attracted interest as materials
for producing 3D cell culture models.4,5 The physical
properties of the hydrogels, such as mechanical properties,
dimensional stability, and rehydration degree play vital roles in
the potential applications.4 Mechanical properties, particularly
stiffness, regulate cellular processes such as proliferation, cell
spreading, and cell differentiation via different mechanotrans-
duction mechanisms.6 A variety of materials have been used for
the preparation of hydrogels, such as synthetic polymers like

poly(ethylene glycol), poly(vinyl alcohol), and poly(2-hydroxy
ethyl methacrylate) and natural polymers like collagen, fibrin,
hyaluronic acid, chitosan, alginate, and cellulose nanofibrils
(CNFs).4,7 CNF is a nanomaterial derived from wood (and
other plants) by mechanical disintegration. It has micrometer-
long flexible fibrils with a thickness in the nanometer range.8

CNF hydrogels are attractive materials for biomedical
applications because they are nontoxic, xeno-free, biocompat-
ible, and abundant.9,10 The high water-binding ability and
structural resemblance to the natural extracellular matrix make
CNF an interesting material for 3D cell cultures.7,11,12

As an emerging additive manufacturing technique, 3D
printing enables various architectures which makes it an
attractive method for tissue engineering.13,14 High printability

Special Issue: Anselme Payen Award Special Issue

Received: December 18, 2019
Revised: January 24, 2020
Published: January 29, 2020

Articlepubs.acs.org/Biomac

© 2020 American Chemical Society
1875

https://dx.doi.org/10.1021/acs.biomac.9b01745
Biomacromolecules 2020, 21, 1875−1885

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

Dow
nloa

ded
 via

 AA
LTO

 UN
IV o

n Ju
ne 1

, 20
20 a

t 18
:24:

33 (
UTC

).
See

 http
s://p

ubs
.acs

.org
/sha

ring
guid

elin
es f

or o
ptio

ns o
n ho

w to
 leg

itim
atel

y sh
are 

pub
lish

ed a
rticl

es.



and mechanical stability of the scaffolds are essential properties
for the biomaterial inks to be used. The inherent shear-
thinning properties and biocompatibility make CNF hydrogels
well-suited for 3D printing. However, CNF hydrogels possess
poor mechanical properties, and pure CNF scaffolds tend to
collapse upon drying.15 There are different approaches for the
post-treatment in order to tune the mechanical properties of
CNF-based scaffolds, the most common one being cross-
linking. In order to enable cross-linking of CNF-based
scaffolds, their composition can be supplemented by physically
cross-linkable components like collagen I,16 copolymers of
dimethylacrylamide17 and alginate,18 or chemically cross-
linkable components like starch, isocyanates, and xylan−
tyramine.19,20 However, it has to be pointed out that chemical
cross-linking can have a negative impact on cellular viability.
The stability of CNF-based scaffolds can be further improved
by the preparation of emulsion gel inks using polylactide.21

There are two approaches to 3D print scaffolds for tissue
engineering: 3D bioprinting refers to 3D printing of cell-laden
inks requiring cell-compatible conditions of printing and
tuning the mechanical properties of printed scaffolds while
another common method is the printing of scaffolds using
biomaterial inks (i.e., natural biocompatible hydrogels and
then seeding the scaffolds with cells after printing).22 Alginate-
containing bioinks have recently received considerable
attention in the field of 3D bioprinting.23 A major advantage
of alginate solutions, along with their biocompatibility,
biodegradability, nonimmunogenicity, abundance, and sustain-
ability,24 is the fast cross-linking by chelation in the presence of
multivalent cations such as Ca2+ and Mg2+. CNF-alginate gels
have proven to be suitable formulations for the preparation of
both biomaterial inks and bioinks.18 It has been demonstrated
that Ca2+ ions can effectively cross-link printed scaffolds made
of CNF and alginate18 because of the negatively charged
carboxyl groups of alginate that provide abundant cross-linking
sites for multivalent cations.25 Equally important, the CNF-
alginate scaffold demonstrated biocompatibility and suitability
for cell culture.18 However, there remains room for improve-
ment in the functionalities of this composition as explained
below.
New components with novel properties can be added to

enrich the properties of CNF-alginate biomaterial inks. For
biomedical applications, the new components should fulfill the
requirements of biocompatibility, sustainability, and preferably
low cost. Lignin, a complex phenolic polymer, stands out
among a variety of plant-based materials because of its
combination of antioxidant and antimicrobial activities and
UV-shielding properties, besides its abundance and low
cost.26,27 Annually, 50−70 million tons of lignin is produced
as a byproduct from pulping and lignocellulosic bioethanol
industries.26 It has been shown that the antioxidant and
antimicrobial activities of lignin can prevent wound inflamma-
tion; lignin nanofibers, in particular, enable moisture retention
and promote wound-healing capability of wound-dressing
hydrogels.28 In addition, the various different functional groups
of lignin, like hydroxyl, methoxyl, carbonyl, and carboxylic
groups, offer multiple sites for chemical modifications and thus
broaden its potential applications.29,30 All these advantages
make lignin interesting as a component of tissue scaffolds.27,31

Nevertheless, lignin-based materials have not received
sufficient attention as materials for 3D cell culture. Earlier
related research deals with hydrogels,32 aerogels,31 and
electrospinning of microfibers,33 while lignin has rarely been

studied as a component of a printable polymer system for melt-
extrusion 3D printing in biomedical applications.34 The lack of
reports using lignin for cell culturing materials may be due to
the low water-solubility and chemical heterogeneity of
common technical lignins that are predominantly available
from the kraft pulping process.
Among the different lignin-based materials, colloidal lignin

particles, also termed as lignin nanoparticles (LNPs), over-
come the problems of low water-solubility and heterogeneity of
kraft lignins.35−37 CLPs have been studied extensively in recent
years.36−38 In the biomedical field, CLPs demonstrated great
potential as gene- and drug-carrier systems,39 antimicrobial40

and wound-sealing materials,41 adhesives, and hydrogels.42 For
instance, hydrogels containing silver-lignin nanoparticles
showed good cell affinity and tissue adhesiveness; therefore,
they are a promising material for wound healing.42 We expect
that CLPs hold untapped benefits for 3D bioprinting because
of their antimicrobial and antioxidant properties, for example.
These properties are especially useful in wound-healing
applications and in general for storage of the material (with
or without drugs incorporated). Their well-defined surface
chemistry is, furthermore, suitable for a variety of surface
modifications enabling optimization of cell adhesion. CLPs can
be coated with proteins that are used in cell culture such as
gelatin and poly-L-lysine,43 and CLPs can also carry entrapped
bioactive molecules such as pharmaceuticals.44,35

The goal of the current work was to explore the feasibility of
using CLPs as a functional ingredient of biomaterial inks for
3D printing and further seeding with cells. A series of
homogeneous CNF−alginate−CLP biomaterial inks were
prepared and characterized for applications in 3D printing.
Characterization included rheological properties, morphology
by atomic force microscopy (AFM), and antioxidant activity of
biomaterial inks. To demonstrate the positive effect of CLPs
on printing resolution and shape fidelity, we designed a 2 cm
high 3D model of a scaffold with thin grids. Scaffolds of various
compositions were fabricated using a 3D printer. Aiming for
biomedical application, the mechanical properties and water
retaining capability of the scaffolds as well as their shape
stability under different conditions including storage in
Dulbecco’s phosphate buffer solution (DPBS+) buffer solution
were studied. To demonstrate the biocompatibility of the
materials in the body, the viability of hepatocellular carcinoma
cell line HepG2 cells was shown. To our knowledge, this is the
first report on the advantages of CLPs for 3D-printing and
tissue engineering.

■ MATERIALS AND METHODS
Materials. Softwood Kraft Lignin powder (UPM BioPivaTM 100)

purified by the LignoBoost process was used in the present research.
For detailed characterization of the lignin, see Sipponen et al.45

Never-dried, bleached kraft birch pulp was used to prepare CNF.
Unless otherwise stated, all other chemicals and solvents were
purchased from Sigma-Aldrich, Gibco, or Corning and were used
without any further purification.

Preparation and Characterization of Colloidal Lignin
Particles (CLPs). Kraft lignin powder (5 g) was dissolved in 90 g
of acetone/water 3:1 (w/w) mixture and stirred for 3 h at room
temperature. The lignin solution was then filtered using a glass fiber
(GF/F Whatman, pore size 0.7 μm) to discard the undissolved
aggregates. Then 270 g of water was poured rapidly into the filtered
solution. The resulting CLPs dispersion was placed in dialysis tubes
(Spectra/Por dialysis membrane, pore size 6−8 kDa) and dialyzed
against water for 2 days to remove acetone and low-molecular-weight
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impurities. Afterward, the dispersion was concentrated under reduced
pressure at 45 °C, followed by filtration using VWR qualitative filter
paper, 415 (particle retention 12−15 μm). The final concentration of
CLPs dispersion was 3.83 wt %. The particle size distribution and zeta
potential of CLPs dispersion was measured by a Zetasizer NanoZS90
instrument (Malvern Instruments Ltd. U.K). The average size of
CLPs was 244 ± 4 nm, and the average zeta potential was −37 ± 3
mV.
Preparation of Cellulose Nanofibril (CNF) Hydrogel. CNF

was prepared by the procedure described previously by Eronen et al.46

Briefly, never-dried, bleached kraft birch pulp was fibrillated by
applying a type M-110P microfluidizer (Microfluidics, Newton, MA),
with 6 passes through the microfluidizer (Microfluidics, Newton,
MA). No further treatments were done prior to fibrillation. The final
dry matter of the CNF solution was 2.71 wt %. The CNF hydrogel
was kept at +4 °C until use.
Preparation of 3D Printing Biomaterial Inks. Biomaterial inks

for 3D printing were prepared from CNF and sodium alginate
(Sigma-Aldrich) with a different content of CLPs. The procedure is
shown in Scheme 1. A CLP dispersion was first mixed with alginate
powder and stirred overnight. CNF was then mixed with the CLP−
alginate dispersion by extrusion and vortex mixing. Five formulations
of biomaterial inks were prepared (Table 1). Dry contents of CNF

and alginate were kept at 2 and 0.5 wt %, respectively, for the five
formulations. The weight ratio of CLP to CNF varied from 0 to 25 wt
%. To remove air bubbles, the biomaterial inks were centrifuged at
2000 rpm for 2 min.
Atomic Force Microscopy. A MultiMode 8AFM connected to a

Nanoscope V controller (Bruker, Santa Barbara, CA) was utilized to
obtain high-resolution images of CNF-alginate-CLP dry film top-
ography. Biomaterial inks of all formulations were spread on a mica
surface and air-dried. Films were imaged in ScanAsyst mode in air
with a J scanner using ScanAsyst-air probes (Bruker AFM probes,
Camarillo, CA) to check the homogeneity of CNF-alginate-CLP
biomaterial inks. The obtained images were analyzed by NanoScope
Analysis 1.5 software (Bruker). Flattening was the only image
correction applied.
Antioxidant Activity of Biomaterial Inks. 2,2′-Azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) cation radical (ABTS•+) was
used to measure the antioxidant activity of biomaterial inks. The
adapted procedure was described previously by Farooq et al.47 Briefly,

ABTS (Sigma-Aldrich) was dissolved in water to a 10 mM
concentration. ABTS radical cation (ABTS•+) was produced by
reacting ABTS (7 mM final concentration) with sodium persulfate
(Sigma-Aldrich 2.45 mM final concentration). The mixture was stored
in the dark at RT for 12−16 h before use. A freshly prepared 7 mM
ABTS•+ stock solution was diluted with water until reaching an
absorbance of 0.71 at a wavelength of 734 nm, at 25 °C. Biomaterial
ink films were made by casting 3 times diluted biomaterial ink in Petri
dishes and drying at 23 °C with 50% relative humidity for 4 days.
Each film was placed in 2 mL of ABTS•+ solution. Samples were
protected from light and were stirred using a Stuart tube rotator SB2
for 1 h. For calibration, 20 μL aliquots of tannic acid (Sigma-Aldrich)
in the range of 0.01−0.25 mg/mL in water, was mixed with 2 mL of
ABTS•+. The absorbance of solutions was measured at 734 nm
exactly 1 h after mixing. To calculate the reduction of absorbance, the
absorbance of ABTS•+ solution was measured after 1 h of
preparation as standard. Composite films were measured in triplicates
and tannic acid standards in duplicates. Mean values were reported as
tannic acid equivalents (TAE) relative to the dry weight of the film
sample, in mg/g. The absorbance of solutions was recorded on a UV−
vis spectrophotometer (Shimadzu UV-2550).

Rheology. The rheological properties of the biomaterial inks were
measured by a Physica MCR 301 rheometer (Anton-Paar) with a
cone−plate geometry (Ø 50 mm and 1°). Shear viscosity data was
recorded with a shear rate ranging from 0.01 to 100 s−1. To evaluate
the strength of the hydrogels, oscillation strain sweeps from 0.01% to
100% at a frequency of 1 Hz were performed to define the linear
viscoelastic region (LVR). A strain of 0.1% was found to be within the
LVR of all tested hydrogels. The oscillation frequency measurements
were conducted between 0.01 and 650 rad/s, while the strain was kept
constant at 0.1%.

3D Printing. The biomaterial inks were printed with a BIOX 3D
printer (Cellink, Sweden). A pneumatic head connected to a 3 mL
cartridge (CSC010311101) equipped with a standard blunt 22 needle
tip (NZ5220505001) was used for printing all scaffolds. All scaffolds
were printed at a speed of 11.5 mm/min with an infill density of 28%,
unless stated otherwise. G-code files for printing were designed by
either OpenSCAD or Thinkercad software.

For the shape-fidelity study, cylindrical scaffolds of each
formulation with a diameter of 1.5 cm and a height of 2 cm were
printed on polypropylene Petri dishes. The scaffolds were cross-linked
by dipping in 90 mM of aqueous calcium chloride (CaCl2),
whereupon the scaffolds were stored at ambient conditions for 2 h
or in 1× DPBS+ solution for 1 week at 4 °C. The non-cross-linked
scaffolds were stored at ambient conditions for 2 h after printing.

For rehydration experiments, scaffolds with a diameter of 1.5 cm
and height of 3 mm were printed and stored in 1× DPBS+ for 24 h
(in this case, no additional CaCl2 was used for cross-linking). For
unconfined compression tests, constructs with a diameter of 1.5 cm
and a height of 3 mm were printed with an infill density of 100%.
Biocompatibility tests were performed on scaffolds printed directly
into 12-well plate with a diameter of 8 mm and a height of 3 mm.
Samples were incubated in 1× DPBS+ and stored at 4 °C overnight
before testing.

Shape Fidelity and Rehydration Tests on Printed Scaffolds.
The dimensional changes of printed scaffolds were measured under

Scheme 1. Schematic Illustration of Biomaterial Ink Preparation and 3D Printinga

aNote: not drawn to scale.

Table 1. Summary of Biomaterial Inks Formulations Used
in This Work

biomaterial ink
formulations

CLPs/CNF
ratio concentration in final ink (wt %)

sample % (w/w) CLPs CNF Na-alginate
water
content

CNFCLP0 0 0 2 0.5 97.50
CNFCLP1 1 0.02 2 0.5 97.48
CNFCLP5 5 0.10 2 0.5 97.40
CNFCLP10 10 0.20 2 0.5 97.30
CNFCLP25 25 0.50 2 0.5 97.00
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three conditions, which include the storage of non-cross-linked
samples, the storage of cross-linked samples at ambient conditions for
2 h, and the storage of cross-linked samples in 1× DPBS+ solution for
1 week at 4 °C. For the determination of dimensional changes of
scaffolds, the height and cross-section of samples were measured
before and after storage. In the case of non-cross-linked scaffolds, the
height and cross-section measured immediately after 3D printing were
used as reference (0% change), and in the case of cross-linked
samples, the height and cross-section measured immediately after
taking the samples out from the cross-linking bath containing 90 mM
of aqueous CaCl2 were used as reference. A minimum of two scaffolds
for each formulation were tested for each condition.
The swelling properties were checked by conducting freeze-drying

and rewetting. Scaffolds were freeze-dried at −46 °C, followed by
soaking in Milli-Q water for 2 h until a swelling saturation state was
reached. The dry weight and wet weight were measured. The swelling
ratio and the rehydration ratio were calculated according to the
following equations:

W
W

swelling ratio 1

2
=

W
W

relative rehydration ratio 3

1
=

where W1 is the initial wet weight of the printed scaffolds, W2 is the
dry weight after freeze-drying, and W3 is the wet weight after soaking
in water for 2 h.
Unconfined Compression. Compression tests were performed

on printed scaffolds with a diameter of 1.5 cm and a height of 3 mm
which had been stored in 1× DPBS+ for 24 h at 4 °C. Initial
dimensions of the cross-linked scaffolds were measured with a digital
caliper. A universal testing machine (Instron 5944) equipped with a
50 N load cell was utilized for the unconfined compression test. The
compression speed was set to 1 mm/min. Compressive stress and
compressive strain were calculated with Bluehill software (Instron).
Biocompatibility. The scaffolds for biocompatibility tests were

printed into 12-well plates. After the scaffolds were incubated
overnight in 1× DPBS+ at 4 °C, they were put into a laminar flow
cabinet (KOJAIR Biowizard Silver SL-130 Blue Series) and sterilized
under UV light for 25 min. HepG2 cells were obtained from
Biohybrid Materials Research Group, Aalto University. Two milliliters
of HepG2 cells with a density of 3 × 105 cells/ml cultured in cell
culture medium (Gibco, 41966−029) supplemented with 10% fetal
bovine serum (Gibco, 10270−106) and 1% of penicillin and
streptomycin (Sigma-Aldrich, 329820056) was seeded on each
scaffold.
In vitro cytotoxicity testing and proliferation testing were

performed using a WST-1 kit (Sigma-Aldrich, 11644807001)
according to the supplier’s manual. Cells were cultured for 1, 2, 3,

and 5 days, after which the scaffolds were washed with PBS (Corning,
21-040-CV). Two milliliters of cell medium and 200 μL of WST-1
reagent were added to each scaffold-containing well. After 2 h of
incubation, the assay solution (containing the formazan solution) was
transferred into a new 96-well plate with a volume of 100 μL for each
well, and the optical density (OD) was read at 460 nm using a
Synergy H1 multimode microplate reader (Biotek, Bad Friedrichshall,
Germany). To subtract the background, the same amount of cell
medium and scaffolds for each formulation without cells was tested in
the same way.

The initial cell viability before seeding the cells on the scaffolds was
determined by trypan-blue (Gibco, 15250-061) staining (1:1
volumetric ratio). The viability was read by an automatic cell counter
(Countess, Invitrogen). Cell viability was also tested on all the
formulated scaffolds by fluorescence microscopy using a cell-
permeable green fluorescent dye, calcein AM (148504-34-1, Sigma-
Aldrich), and a cell-impermeable red fluorescent dye, propidium
iodide (PI, Molecular Probes, 1159296, Thermo Fisher Scientific), to
differentiate between dead and living cells. Scaffolds incubated with
cells for 1, 3, and 5 days were washed with PBS once and incubated
with 0.5 v/v% calcein AM and 0.25 v/v% PI in PBS for 20 min in a
cell incubator. Both phase contrast and fluorescent images were
acquired with an Axio Observer Z1 microscope (Carl Zeiss, Jena,
Germany), equipped with an iXon Ultra 888 EMCCD camera (Andor
Technology, Belfast, United Kingdom) and automated stage. Images
were captured with a 10× 0.3 Ph1 objective, using a 1.6 optovar. The
green fluorescent signal from calcein AM was obtained by an
excitation window of 475−495 nm and collection of emission of 515−
535 nm. The red fluorescent signal from PI was obtained by an
excitation window of 502−517 nm and collection of emission of >615
nm (long pass filter). Images were further processed with Zen2 blue
and ImageJ.

■ RESULTS AND DISCUSSION
Morphology of Biomaterial Inks. A high degree of

homogeneity of biomaterial ink is crucial for 3D printing.
Therefore, effort was made to develop an efficient method to
mix thick CNF hydrogel and highly concentrated CLPs
dispersion. A combined extruding and shaking technique was
optimized to prepare homogeneous biomaterial inks. As shown
in Scheme 1, biomaterial inks were extruded from one syringe
to another with a connector in between and then shaken on a
vortex. The whole procedure was repeated 3 to 5 times.
Extruding the ink through the syringe adaptor decreased the
viscosity of the CNF, enabling efficient mixing with alginate
and CLPs. The continuous vortexing-induced shaking further
increased the mixing of the three components in the hydrogel,
assisting in the homogeneous dispersion of CLPs and alginate

Figure 1. AFM height images of dry films of (a) CNF-CLP0, (b) CNF-CLP1, (c) CNF-CLP5, (d) CNF-CLP10, (e) CNF-CLP25, and the
corresponding cross-section profiles (f−j). The cross-sectional profiles correspond to the white lines in (a−e) respectively. Scale bar, 2 μm.
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in the CNF hydrogel. The fibrillar network structure observed
in the AFM height image (Figure 1a) of CNF-alginate
biomaterial ink complies with the reported morphology of
CNF.48 The thickness of a single alginate strand is 1.41−4.65
nm;49 thus, it is difficult to distinguish alginate from CNF. The
added CLPs were observed as spheres evenly distributed
within the fibril network, revealing that the CLPs were
sufficiently well-dispersed in the CNF-alginate hydrogel
(Figure 1b−e).
Rheological Properties of the Biomaterial Inks. The

shear-thinning behavior is an essential property of biomaterial
inks. Dynamic viscosity measurements revealed that all
formulated series of CNF-alginate-CLPs bioinks demonstrated
shear-thinning behavior well in accordance with previously
reported behavior of CNF-alginate hydrogels without lignin.18

The addition of CLPs did not alter the shear-thinning
behavior, indicating that the series of CNF-alginate-CLPs
biomaterial inks are suitable for bioprinting (Figure 2a). The

most striking effect of the CLPs on the viscosity was an
increase in zero shear rate viscosity as a function of CLP
concentration. The only exception was CNF-CLP1, which may
have exhibited lower viscosity due to the sliding effects with
the low concentration of CLPs.47 This increase in zero shear
rate viscosity may have a positive effect on the printing
resolution and shape fidelity of printed scaffolds. In a very
recent publication on multifunctional membranes, Cusola et al.
indicated indirectly that addition of lignin nanoparticles to
CNF increased the viscosity of CNF gels.50 However, the
viscosity of the mixtures was not shown. In general, the
viscosity of CNF-containing hydrogels with solid contents
lower than 4% have been found to depend on the CNF
concentration and not so much on soluble compounds like
pectin51 or alginate.52 Tan (δ), which refers to the ratio
between the loss modulus (G′′) and the storage modulus (G′),
is depicted in Figure 2d, as a function of angular frequency.
The obtained tan (δ) values of less than 1 indicate that all the
biomaterial inks had a gel-like nature, suggesting high

stability.18 The storage modulus G′ and the loss modulus
G′′ of CNF-alginate presented in Figure 2b,c were similar to
previously published results.18 In addition, CLPs did not
change the loss or storage modulus for any of the formulated
CNF-CLP biomaterial inks, except for CNF-CLP1. The
storage modulus of the biomaterial inks were a few times
higher than their loss modulus, which is expected to enable the
biomaterial inks to recover their gel-like structure after
cessation of shear and to maintain filament structure while
printing.21,53

Antioxidant Properties of Biomaterial Inks. It is well-
known that lignin has radical-scavenging ability,54 which can be
very useful for cell viability in wound-healing applications of
the hydrogels as well as in general for the storage of the
material. Figure 3 shows the antioxidant activity of model films

prepared from the biomaterial ink hydrogels used in this work.
The results are presented as milligrams of tannic acid
equivalent per gram of dry sample film. We applied the
method recently described by Farooq et al.47 instead of the
more commonly applied DPPH method to avoid solublization
of lignin and to further illustrate the activity in a more natural
environment. The DPPH method involves the use of ethanol
or methanol as solvent. These solvents are rather good solvents
for lignin, especially for the smaller molecules, and thus show
the antioxidative activity of migrating molecules rather than
that of the solid material. As expected, the antioxidant activity
(AA) increased as the CLP concentration of the hydrogel
increased. The antioxidant activity increased from 0.48 mg
TAE g−1 for reference sample (CNF-alginate film without any
lignin) to 6.53 mg TAE g−1 for the sample containing 16.7 wt
% of CLPs. These values are 5 times higher than the AA
previously measured in CNF-CLP nanocomposite membranes,
but the shapes of the curves appear similar.47 One reason for
the increased AA values could be the difference in the film
preparation methods. CNF-CLP suspensions were filtrated and
then pressed to prepare CNF-CLP nanocomposite membranes
in the previously reported work, leading to denser CNF-CLP
nanocomposite membranes and possible loss of material
during filtration. In contrast, the present model films, made
from CNF-alginate-CLP, were dried at 23 °C without pressing
or filtration. The observed nonlinear correlation could result
from the increased diffusion barrier47 caused by incremental
changes of film microstructure with increasing content of
CLPs. In most previous works, the activity is due to soluble
lignin,33,55 while in the present work, the lignin is in the form

Figure 2. Rheology data of CNF-CLP0 (■ black), CNFCLP1 (●
red), CNF-CLP5 (▲ blue), CNF-CLP10 (▼ green), and CNF-
CLP25 (◆ purple): (a) Dynamic viscosity curves of all the
biomaterial ink formulations with shearing rate ranging from 0 to
100 1/s; (b) storage modulus G′ and (c) loss modulus G′′ of all the
biomaterial inks formulations; (d) Tan δ (G′′/G′).

Figure 3. Antioxidant activity test of films produced from all CNF-
alginate-CLP formulations with varying concentration of CLPs.
Theoretical concentrations of CLPs in dry films were taken as X
axis values.
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of water-stable particles that are entrapped in the solid CNF-
alginate matrix. This makes direct comparisons difficult. When
we divided the highest antioxidant activity by the lignin
concentration in that sample (6.53 mg/g divided by 16.7%),
we obtained a value of 39 mg TAE g−1 for the antioxidant
activity per gram lignin. A reference sample of CLPs’ water
dispersion possessed antioxidant activity around 75 mg TAE
g−1, which is roughly double the value in the dried samples.
This confirms our hypothesis of diffusion effect on antioxidant
properties of films containing CLPs. The observed nonzero
antioxidant activity of CNF-alginate film (around 0.48 mg TAE
g−1) is due to the weak antioxidant activity of the alginate. The
antioxidant ability of alignate is explained by the scavenging
effect of hydroxyl radicals.56

Characterization of 3D-Printed Scaffolds. Printability
and Shape Fidelity. The resolution and precision of scaffold
structures, namely printability, is critical to consider when
selecting suitable scaffold materials. More distinctly visible grid
lines were observed in the printed scaffolds with an increasing
concentration of CLPs. This indicates that the inclusion of the
submicrometer-sized lignin particles had a positive effect on
the printing resolution (Figure 4a,b). The results are well in
line with the rheological properties of the biomaterial inks. The
viscosity at zero shear rate of the biomaterial inks increased
with increasing concentration of CLPs (Figure 2a,d), and
accordingly, scaffolds could be printed with biomaterial inks
containing larger amounts of CLPs. We can only hypothesize
on the reason for the better printing resolution. One reason
may be the ability of CLPs to form hydrogen bonds with
CNF,47,52 enabling the spherical particles to physically stabilize
the CNF network and possibly also to avoid the aggregation of
CNF fibrils that could occur due to extrusion forces during
printing.
Shape fidelity is another important aspect to take into

account when considering suitable applications for hydrogels.
The more stable the structure, the easier its storage is. In the
present work, the shape stability of non-cross-linked scaffolds
(Figure S1a,c) and scaffolds cross-linked in CaCl2 (Figure
S1b,d and Figure 4a,b) were tested. No significant differences
were found between the scaffolds that were not cross-linked.
All samples showed some dimensional changes after 2 h, which
are not apparent from the photos (Figure S1a,c). In this case,
drying of the samples had a major effect on the dimensional
changes. The relative dimensional changes of cross-linked
samples which were stored at ambient conditions (Figure S1b)

did not show sufficient improvement of shape stability in
comparison with non-cross-linked samples. In contrast, the
cross-linked scaffolds stored in 1× DPBS+ buffer solution for 1
week showed very minor changes. There was a clear
improvement in shape fidelity caused by the addition of
CLPs, particularly in the width. We can speculate that cross-
linking had the largest effect on the shape stability of scaffolds
containing CLPs because of the formation of ionic bonds not
only between Ca2+ ions and the carboxyl groups of alginate but
also between Ca2+ and the carboxyl groups of CLPs.
Comparing the zeta potentials of CLPs (−37 mV) with the
reported zeta potential of CNF at similar conditions and
prepared from similar pulp (−3 mV)57 suggests that CLPs
have more carboxylic groups on the surface available for cross-
linking with Ca2+ than CNF. Compared with previously
reported results using CNF and alginate, we note that not all
authors study the shape fidelity in buffer solution.52,58,59

However, in general, our results are very good in comparison,
and the printing resolution is very high.

Unconfined Compression. The mechanical properties of
the materials have pronounced effects on the cell behavior in
cell cultures. For instance, different mechanical stiffnesses may
induce different phenotypes of cells or lead to a varied growth
rate.60,61 The compression test shown in Figure S3 revealed
that the compression moduli did not show pronounced
dependence on the concentration of CLPs. One possible
explanation is that Ca2+ and Mg2+ from 1× DPBS+ buffer
solution cross-linked the carboxyl groups from both alginate
and CLPs, weakening the influence of CLPs. It is also assumed
that hydrogen bonds between CLPs and CNF replace part of
the interfibrillar hydrogen bonds of CNF. It was demonstrated
by Aarstad et al. that the Young’s modulus varies with the
origins and relative amounts of CNF and alginate.52,62 Alginate
with more α-L-guluronic acid (G-block) and TEMPO-oxidized
CNF improved the stiffness more than alginate with a higher
amount of β-D-mannuronic acid (M block) or mechanically
disintegrated CNF with lower charge. The reason was the
increased amount of carboxylic groups providing more cross-
linking sites for Ca2+. A tunable Young’s modulus of CNF-
alginate scaffolds between 30 and 150 kPa was reported.62 The
results are much higher than 1.3−1.5 kPa observed here. A
possible reason for this is the lower amount of alginate used in
our biomaterial inks (0.5 wt % compared with around 1 wt %)
and the use of unmodified, low charged CNF that contained
fewer cross-linking sites. It is important to note that the moduli

Figure 4. (a) The printed scaffolds immediately after cross-linking (0 h) and after storage in DPBS+ (1 week). Scale bars are 0.5 cm. (b) The
corresponding dimensional change ratio in height (■ black) and cross-section (● red) of printed scaffolds were measured immediately after cross-
linking and after 1 week of storage in DPBS+. The dimension changes were calculated for two scaffolds, and the error bars represent the average of
the absolute deviations relative to the mean value (N = 2). All the scaffolds were printed into a cylinder shape with a diameter of 1.5 cm and a
height of 2 cm.
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that we found ranging from 1.3 ± 0.21 kPa to 1.5 ± 0.14 kPa
are suitable for the growth of liver cells.63 The increase in
viscosity induced by CLPs (and the associated enhancement of
printability) without significantly changing the compression
strength of the hydrogels is an important advantage for the use
of CNF-alginate-CLP scaffolds in 3D cell cultures.
Rehydration Behavior of Scaffolds. Swelling properties

were investigated to evaluate the ability of the hydrogels to
adsorb water or aqueous buffer after drying. The swelling
ability usually correlates with hydrophilicity, pore sizes, and
density of scaffolds.4 The hydroxyl, carboxyl groups, and other
polar groups present on polysaccharides are capable of forming
hydrogen bonds with water, which affect the water uptake
degree.64 In addition, the polysaccharide chains may form fibril
networks which can entrap water in the voids.59,65 Swelling
properties affect cell behavior in the printed scaffold. It is
known that CNF forms very strong hydrogen bonds upon
drying, efficiently reducing the ability to rehydrate CNF
hydrogels that have been dried. However, because of the
presence of alginate and cross-linking, all hydrogels were
efficiently rewetted. The dried CNF-alginate scaffolds were
capable to take up around 30 times their own weight of water
(Figure S2). The results are lower compared with the reported
water uptake capacity of TEMPO-oxidized CNF aerogel (90
times of its dry weight),66,67 likely because the interconnection
of alginate with CNF and cross-linking will lead to a denser
structure with a lower water uptake capacity.68 The different
CLP concentrations did not influence the rewetting properties
of the hydrogels (Figure S2). All the scaffolds were capable of
rehydrating to more than 80% of their starting weight (Figure
5). A slight reduction in the rehydration capability of CLP

containing scaffolds was observed. It is postulated that due to
the presence of considerable amount of carboxyl, aliphatic and
phenolic hydroxyl groups at the surface of CLPs, they can
efficiently form hydrogen bonds with CNF.47,50 This reduces
the number of the hydrogen bonds between CNF and water,
correspondingly reducing swelling and producing more dense
structures.64 The high relative rehydration ratio will benefit not
only storage and transportation of scaffolds but also

sterilization, enabling tuning of the moisture content and
further cell culture applications.69

Biocompatibility of 3D-Printed Scaffolds. Biocompatibility
is essential for biomaterials. Trypan blue staining assay, where
dead cells take up the dye and show blue color, indicated that
the initial HepG2 viability prior to seeding was above 90%.
HepG2 cells seeded on CNF-CLP0, CNF-CLP1, CNF-CLP5,
CNF-CLP10, and CNF-CLP25 scaffolds were assessed by
WST-1 assay for 5 days to monitor the cell viability and
proliferation. Liver cells are sensitive to toxins; hence, we chose
those to demonstrate biocompatibility of the material.70

Fibroblast or myoblast cell lines are more commonly used,
but they are actually very robust and do not show how well the
material would work inside the body.69,71 CNF-alginate-based
biomaterial inks have been tested previously and displayed
good biocompatibility with living human nasoseptal chon-
drocytes cells (hNC) and human bone-marrow-derived
mesenchymal stem cells (hBM-MSC).20,72,73 Hence, the cell
viability of CNF-CLP0 was regarded as a reference in this
work, and the effect of CLPs was compared to the biomaterial
ink without CLPs. The proliferation data shown in Figure 6

indicates that all the formulated scaffolds exhibited good
biocompatibility and favored extensive cell proliferation. The
following trend was obtained from the optical density (OD460)
values shown in Figure 6, indicating the proliferation rate. On
day 1, HepG2 attached on the surface of scaffolds. On day 2,
cells started spreading and growing, and a double number of
cells were obtained for all the formulated scaffold except for
CNF-CLP25 well in line with the observed HepG2
proliferation time in complete cell medium.74 Cell attachment
and spreading are prerequisites for cell growth. Sufficiently
high porosity is essential for cell spreading and nutrient
transport to the cells. The dense structures of CNF-CLP25
demonstrated lower cell proliferation rate than the other
biomaterial inks.
While the proliferation data obtained by WST-1 assay clearly

showed the overall increase in proliferation rate quantitatively
as a function of time, it does not provide evidence of the spatial
location of cellular proliferation inside the scaffolds. For this
reason, fluorescence microscopy was used to qualitatively study
the growth of HepG2 cells inside the scaffolds. Because of the
dense network of CNF and large height of the scaffolds, phase
contrast and bright field imaging did not allow observations of
cell growth inside the scaffold (Figure 7a). For this reason, we

Figure 5. Relative rehydration ratios of freeze-dried scaffolds from
different formulations, obtained through dividing the weight of
rewetted scaffolds by the weight of the initial printed wet scaffolds.
For each formulation, four scaffolds were measured, and the mean
values were plotted. All the scaffolds were printed into a cylinder
shape with a diameter of 8 mm and a height of 3 mm.

Figure 6. Biocompatibility test and HepG2 proliferation on scaffolds
on day 1, day 2, day 3, and day 5.
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used fluorescence staining with calcein-AM and propidium
iodide (PI), which enabled the monitoring of HepG2 cells over
longer periods of time inside the scaffolds. The overlaid images
indicated the specificity of the stains for HepG2 cells, since the
CNF-alginate-CLP scaffolds did not display any detectable
interfering fluorescence signal. A 3D reconstruction of Z-stack
images in Figure 7b,c shows that the analysis of cellular growth
and viability is possible until at least 800 μm (Z-direction).
This enabled us to monitor the growth inside the scaffolds.
The 3D reconstruction of HepG2 cells inside a CNF-CLP25

scaffold 1 day after printing shows that cells attached to the
scaffold (Figure 7b). Although some cells clearly penetrated
into the scaffolding structure, the majority of cells were found
at the surface. In a similar 3D reconstruction after 5 days
(Figure 7c), a significantly increased fluorescence signal was
detected. We also observed an increase of cells present at
different heights (Z-directions). This indicates that prolifer-
ation of cells occurs not only on the surfaces but also inside the
scaffolding structure. It must be further noted that those
images were taken for the scaffolds with the highest CLPs
content.
We then studied the effects of increasing concentrations of

CLPs in the scaffolds on HepG2 cellular growth over a period
of up to 5 days. The increasing density of live cells (in green)
indicate that the scaffolds are biocompatible and enable cellular
proliferation (Figure 8). We did not detect any decrease in cell
compatibility associated with the CLP concentrations. The cell
density increased from day 1 to day 2 and day 5 in all the
scaffolds.
As observed above in Figure 8, the cell growth was not

hampered by CLPs. This agreed with the previous finding by

Gan et al., who found that lignin particles do not cause adverse
effects on the biocompatibility of LNP-pectin-poly(acrylic
acid) hydrogel.42 Interestingly, an increase in red PI
fluorescence signal, associated with dead cells, was detected
in all samples at day 1, most prominently in sample CNF-
CLP1. The seeding, handling, and loading of HepG2 cells on
scaffolds results in physical forces that are known to induce
cellular stress and, in some cases, cell death.75,76 This could
partially explain the presence of small amounts of PI-stained
cells after the first day. On day 2, however, the PI signal is
absent in all samples, and an overall increase in cell density was
observed in all scaffold samples, indicating that the scaffolds
have a positive effect on cell attachment and proliferation.

Figure 7. HepG2 cells inside CNF-alginate-CLPs based printed scaffolds. (a) Microscopy images of CNF-CLP25 scaffolds after 1 day of
incubation. Phase-contrast image, focused on the edge of the scaffold, displays the poor light permeability of the scaffolds. However, Calcein AM
and PI staining enabled monitoring of cellular growth inside the scaffolds. Scale bar is 200 μm. (b) 3D reconstruction from Calcein AM and PI
staining Z-stacks (5 μm spacing) of a CNF-CLP25 scaffold after 1 day of incubation, which displays the attachment of HepG2 cells mostly in a
horizontal direction. (c) 3D reconstruction from Calcein AM and PI staining Z-stacks (5 μm spacing) of a CNF-CLP25 scaffold after 5 days of
incubation, which displays the growth of HepG2 cells in a horizontal and vertical direction.

Figure 8. Fluorescence microscopy images of HepG2 cells, seeded on
the formulated scaffolds, after 1 day, 2 days, and 5 days of incubation,
with increasing relative concentrations of lignin to dry CNF (from 0
to 25%). Scale bar, 100 μm.
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These phenomena imply that CLP-containing porous,
hydrophilic, and mesh-like scaffolds with large surface area
have great potential for biomedical applications requiring
tailorable 3D cell culture scaffolds.

■ CONCLUSIONS
In the current work, CLPs have been used for the first time to
tune the properties of hydrogels for 3D printing. The novel
CLP-containing biomaterial inks, consisting of CNF, alginate,
and CLPs, demonstrated excellent properties for 3D printing.
A relative concentration of CLPs to dry CNF up to 25% did
not alter the shear-thinning behavior, an essential property for
3D printing of biomaterial inks, whereas it did result in an
improved printing resolution. The addition of CLPs
furthermore brought beneficial antioxidant properties to the
biomaterial inks and improved the shape fidelity of the printed
scaffolds, since CLPs provide additional cross-linking sites for
divalent ions which are also present in cell culture media. It
was found that all the formulated scaffolds had high swelling
ratios, indicating a good capability to retain and adsorb water.
In addition, the consistent growth of HepG2 in all the
formulated scaffolds demonstrated their good biocompatibility,
regardless of the CLP content. Overall, the findings indicated
that CLP-containing scaffolds are good candidates in soft tissue
engineering applications and hold potential for use in
regenerative medicine.
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Österberg, M. Colloidal Lignin Particles as Adhesives for Soft
Materials. Nanomaterials 2018, 8 (12), 1001.
(39) Zou, T.; Sipponen, M. H.; Österberg, M. Natural Shape-
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