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ABSTRACT: Three-dimensional (3D) printing has been an
emerging technique to fabricate precise sca�olds for biomedical
applications. Cellulose nano�bril (CNF) hydrogels have attracted
considerable attention as a material for 3D printing because of their
shear-thinning properties. Combining cellulose nano�bril hydrogels
with alginate is an e�ective method to enable cross-linking of the
printed sca�olds 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 sca�olds. 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 sca�olds in a concentration-dependent manner and increased the viscosity of the hydrogels at a low shear
rate, which correspondingly provide better shape �delity and printing resolution to the sca�olds. Interestingly, the CLPs did not
a�ect 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 sca�olds demonstrated shape stability after printing, cross-linking, and storage in Dulbecco’s
phosphate bu�er solution (DPBS +) containing Ca2+ and Mg2+ ions, up to 7 days. The 3D-printed sca�olds 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 e�ect of CLPs on cell proliferation. Fluorescence microscopy
indicated that HepG2 cells grew not only on the surfaces but also inside the porous sca�olds. Overall, our results demonstrate that
nanocomposite CNF-alginate-CLP sca�olds 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
sti�ness, regulate cellular processes such as proliferation, cell
spreading, and cell di�erentiation via di�erent 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, �brin,
hyaluronic acid, chitosan, alginate, and cellulose nano�brils
(CNFs).4,7 CNF is a nanomaterial derived from wood (and
other plants) by mechanical disintegration. It has micrometer-
long �exible �brils 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
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and mechanical stability of the sca�olds 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 sca�olds tend to
collapse upon drying.15 There are di�erent approaches for the
post-treatment in order to tune the mechanical properties of
CNF-based sca�olds, the most common one being cross-
linking. In order to enable cross-linking of CNF-based
sca�olds, 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 sca�olds can be further improved
by the preparation of emulsion gel inks using polylactide.21

There are two approaches to 3D print sca�olds 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 sca�olds while
another common method is the printing of sca�olds using
biomaterial inks (i.e., natural biocompatible hydrogels and
then seeding the sca�olds with cells after printing).22 Alginate-
containing bioinks have recently received considerable
attention in the �eld 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 e�ectively cross-link printed sca�olds 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 sca�old 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 ful�ll 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 in�amma-
tion; lignin nano�bers, in particular, enable moisture retention
and promote wound-healing capability of wound-dressing
hydrogels.28 In addition, the various di�erent functional groups
of lignin, like hydroxyl, methoxyl, carbonyl, and carboxylic
groups, o�er multiple sites for chemical modi�cations and thus
broaden its potential applications.29,30 All these advantages
make lignin interesting as a component of tissue sca�olds.27,31

Nevertheless, lignin-based materials have not received
su�cient attention as materials for 3D cell culture. Earlier
related research deals with hydrogels,32 aerogels,31 and
electrospinning of micro�bers,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 di�erent 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 �eld, 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 a�nity and tissue adhesiveness; therefore,
they are a promising material for wound healing.42 We expect
that CLPs hold untapped bene�ts 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-de�ned surface
chemistry is, furthermore, suitable for a variety of surface
modi�cations 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 e�ect of CLPs
on printing resolution and shape �delity, we designed a 2 cm
high 3D model of a sca�old with thin grids. Sca�olds of various
compositions were fabricated using a 3D printer. Aiming for
biomedical application, the mechanical properties and water
retaining capability of the sca�olds as well as their shape
stability under di�erent conditions including storage in
Dulbecco’s phosphate bu�er solution (DPBS+) bu�er 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
�rst report on the advantages of CLPs for 3D-printing and
tissue engineering.

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

puri�ed 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 puri�cation.

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 �ltered using a glass �ber
(GF/F Whatman, pore size 0.7 �m) to discard the undissolved
aggregates. Then 270 g of water was poured rapidly into the �ltered
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 �ltration using VWR qualitative �lter
paper, 415 (particle retention 12�15 �m). The �nal 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 Nano�bril (CNF) Hydrogel. CNF
was prepared by the procedure described previously by Eronen et al.46

Brie�y, never-dried, bleached kraft birch pulp was �brillated by
applying a type M-110P micro�uidizer (Micro�uidics, Newton, MA),
with 6 passes through the micro�uidizer (Micro�uidics, Newton,
MA). No further treatments were done prior to �brillation. The �nal
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 di�erent content of CLPs. The procedure is
shown in Scheme 1. A CLP dispersion was �rst 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 �ve
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 �lm 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 Brie�y,

ABTS (Sigma-Aldrich) was dissolved in water to a 10 mM
concentration. ABTS radical cation (ABTS�+) was produced by
reacting ABTS (7 mM �nal concentration) with sodium persulfate
(Sigma-Aldrich 2.45 mM �nal 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 �lms 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 �lm 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 �L 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 �lms 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 �lm
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 de�ne 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 sca�olds. All sca�olds
were printed at a speed of 11.5 mm/min with an in�ll density of 28%,
unless stated otherwise. G-code �les for printing were designed by
either OpenSCAD or Thinkercad software.

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

For rehydration experiments, sca�olds 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
uncon�ned compression tests, constructs with a diameter of 1.5 cm
and a height of 3 mm were printed with an in�ll density of 100%.
Biocompatibility tests were performed on sca�olds 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 Sca�olds.
The dimensional changes of printed sca�olds 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 �nal 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

Biomacromolecules pubs.acs.org/Biomac Article

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

1877


















