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ABSTRACT: This study aims to utilize the natural composition of brown
seaweed by deriving alginate and cellulose concurrently from the stipe
(stem-like) and blade (leaf-like) structures of the seaweed; further, this is
followed by fibrillation for the direct and resource-efficient preparation of
alginate/cellulose nanofiber (CNF) hybrid inks for three-dimensional
(3D) printing of hydrogels. The efficiency of the fibrillation process was
evaluated, and the obtained gels were further studied with regard to their
rheological behavior. As a proof of concept, the inks were 3D printed into
discs, followed by cross-linking with CaCl2 to form biomimetic hydrogels.
It was shown that the nanofibrillation process from both seaweed
structures is very energy-efficient, with an energy demand lower than 1.5
kW h/kg, and with CNF dimensions below 15 nm. The inks displayed
excellent shear-thinning behavior and cytocompatibility and were
successfully printed into 3D discs that, after cross-linking, exhibited an interconnected network structure with favorable mechanical
properties, and a cell viability of 71%. The designed 3D biomimetic hydrogels offers an environmentally benign, cost-efficient, and
biocompatible material platform with a favorable structure for the development of biomedical devices, such as 3D bio printing of soft
tissues.
KEYWORDS: alginate, cellulose nanofibers, 3D printing, biomimetic hydrogels, biomedical application, tissue engineering

■ INTRODUCTION

Brown seaweed is an encouraging and fascinating natural
resource with increasing commercial and ecological impor-
tance.1 Laminaria digitata is one type of fast-growing and large
brown seaweed, which consists of a holdfast (root-like), a stipe
(stem-like), and a blade (leaf-like) structure that can grow up
to 4 m in length.2 It grows along the coasts in the relatively
cold Northern hemisphere, and its carbohydrate composition
varies with season, geographic location, and age,3 as well as
between the different parts of the seaweed (stipe and blade).4

The polysaccharides in brown seaweed differ considerably
from those found in terrestrial plants; although cellulose is
present in smaller amounts, alginate is the major structural
component of the cell wall. Thus, the most common source of
alginate for commercial extraction is brown seaweed,2 which
has further industrial uses such as in dental impression and
wound dressing materials and as a stabilizer and thickener in
ice cream and food.5

Alginate consists of 1,4-glycosidically linked α-L guluronic
acid (G) and β-D-mannuronic acid (M). The linear chains are
made up of different blocks of guluronic and mannuronic acids,
referred to as MM or GG blocks (MG or GM blocks), where
the linkage in the block structure results in varying degrees of
flexibility or stiffness in the alginates. In the presence of Ca2+,
the GG blocks form ionic complexes to generate a stacked

(cross-linked) structure known as the “egg-box model”, which
is responsible for strong gel formation.6 Combined with its
biodegradability, biocompatibility, nonantigenicity, and chelat-
ing ability,5 alginate has been widely utilized in the assembly of
hydrogels for biomedical applications such as tissue engineer-
ing of soft7,8- and bone9-tissue, in addition to wound healing8

and drug delivery.10 Three-dimensional (3D) printing of
alginate has triggered increased attention to the assembly of
hydrogels for biomedical purposes, where one of the main
challenges lies in achieving shape fidelity of the 3D structure.
Although the viscosity of alginate can be adjusted through its
concentration and molecular weight,11 its rheological behavior
is not sufficient for structural integrity while printing. Several
researchers have solved this problem by introducing cellulose
nanofibers (CNFs) as a second component to tailor
commercial alginate as ink suitable for 3D printing.7,12

CNFs are attractive for biomedical applications owing to
their good mechanical properties and biocompatibility,13
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where a reinforcing effect by significantly enhancing the
compressive properties of alginate hydrogels has been
reported.9 In another study,14 CNFs were shown to be
beneficial for the dimension stability and mechanical properties
of alginate-based hydrogels, and the presence of an entangled
nanofiber network was observed to affect the pore structures,
enhancing their size and thus making them more suitable for
cell growth.
For 3D printing, the introduction of CNFs has contributed

with a shear-thinning behavior that have enabled the printing
of 3D shapes.7 However, the 3D printing process requires
optimization of the alginate/CNF ratio. Their synergistic
behavior and essential relative proportion is further dictated by
the characteristics of both the alginates and CNFs, which in
turn is connected to how the different components have been
isolated.5,12 The ratio must therefore be optimized for each
material formulation to achieve printability. From a sustain-
ability and efficiency perspective, extensive separation process-
ing steps are required to derive these two components from
biomass;13,15,16 in contrast, both alginate and cellulose are
naturally found in brown seaweed.6

Although there are previous reports on the printability of
alginate/CNF combinations from biomass,7,9,17,18 the use of
seaweed’s natural composition to achieve a multifunctional gel
suitable for 3D printing has not been in focus.
Inspired by a biomimetic approachthe natural design of

the cell wall structurewe aim to utilize the natural
composition of alginate and cellulose found in brown seaweed
by deriving them together from both the stipe (stem-like) and
blade (leaf-like) parts. Followed by fibrillation, this is a
resource-efficient preparation of alginate/CNF-based hybrid
inks. In the preparation of the hybrid inks from the stipe and
blade, the energy demand, degree of fibrillation, obtained
nanostructures, and natural composition were evaluated and
compared. The cross-linking ability of alginate and the shear-
thinning behavior of CNF was assessed through rheology
measurements, before printing into 3D discs, followed by
cross-linking with CaCl2 to form biomimetic hydrogels. The
3D structure, compressive properties, and cytocompatibility of
the hydrogels were finally studied to evaluate their suitability
for biomedical applications.

■ EXPERIMENTAL SECTION
Materials. Brown seaweed (L. digitata) was kindly provided by

The Northern Company Co. (Træna, Norway) and used as the raw
material in this study. The contents of the raw material are reported in
Supporting Information (Table S1). The seaweed was harvested on
the west coast of the North Atlantic Ocean in May 2017. The fresh
samples were stored in closed bags in the freezer before use. The stipe
and blade of the seaweed were prepared in separate batches for
comparison and utilization of the entire structure. Both materials were
purified and nanofibrillated using equivalent processing conditions.
Sodium chlorite (NaClO2), sodium hydroxide (pure pellets,

NaOH), and acetic acid (96% CH3COOH) were purchased from
Merck KGaA, Darmstadt, Germany. For ionic cross-linking, calcium
chloride of laboratory grade was used (CaCl2·2H2O, 90 mM; from
Sigma-Aldrich Sweden AB, Stockholm, Sweden). All chemicals were
used as received. Deionized water was used for all experiments.
Direct Preparation of Hybrid Inks. The stipe and blade of the

seaweed were left in room temperature (22 ± 1 °C) for about 24 h to
defrost; subsequently these were cut into smaller pieces prior to
purification by bleaching with NaClO2 (1.7%) in an acetate buffer
(pH 4.5) at 80 °C for 2 h. After purification, all color was removed
and the material was washed until a neutral pH was reached. The solid
recovery was calculated as a yield according to the following equation

= ×W Wyield (%) / 1001 0 (1)

where W1 indicates the dry weight of the sample after the purification
and W0 denotes the initial dry weight of the seaweed. The presented
yields are based on the average of three different batches of each
material.

The materials (at a concentration of 2 wt %) were nanofibrillated
using an MKZA6-3 ultrafine friction grinder, Masuko Sangyo Co.,
Ltd. (Kawaguchi, Japan) with coarse silica carbide (SiC) grinding
stones. The structures were mostly intact after the purification, so the
first pass through the Masuko grinder was performed with an open
gap (20 μm) to predisperse the materials, given that no other
dispersing equipment was used. The nanofibrillation was conducted in
contact mode, with the gap of the two discs set to −90 μm, at 1500
rpm. The prepared hybrid inks were denoted S-A-CNF (stipe-
alginate-CNFs) and B-A-CNF (blade-alginate-CNFs).

The energy consumption of the fibrillation process was established
by the direct measurement of the power with an energy analyzer,
EM24 DIN, Carlo Gavazzi (Belluno, Italy) and from the monitored
processing time. The energy demand was calculated from the product
of the power and the time, and the energy consumption is expressed
as kilowatt-hour per kilogram of dry weight of nanofiber. The first
sample was collected after the first pass through the Masuko grinder
with an open gap. Samples were subsequently collected at regular
intervals to assess the degree of fibrillation. The process was finalized
when a plateau was reached in the viscosity and no larger structures
could be observed by microscope. The prepared inks were degassed
and kept in a refrigerator at 6 °C prior to the 3D printing of the
hydrogels. To further study the nanofibers and their network
formation, films were prepared for tensile testing using the solvent
casting method, where the dispersions were diluted to 1 wt %
concentration by adding water under magnetic stirring, degassed, and
subsequently left to dry in Petri dishes for about 3 day at room
temperature (22.6 ± 2 °C).

3D Printing of Biomimetic Hydrogels. Cylindrical discs of S-A-
CNF and B-A-CNF were 3D printed using an INKREDIBLE 3D
bioprinter, CELLINK AB, (Gothenburg, Sweden), which is a
pneumatic-based extrusion bioprinter. The solid discs (10 mm
diameter, 4 mm height, 10 layers) were designed using the CAD
software 123D Design (Autodesk) and the created STL files were
subsequently converted into g-code using Repetier-Host (Repetier
Server) software. A nozzle diameter of 0.5 mm was used at a pressure
of 5 kPa and a dosing distance of 0.05 mm. The printing parameters
were determined from visual printing resolution of grid structures (15
× 15 mm2, three layers). The two ink formulations were 3D printed
directly onto a glass Petri dish, then cross-linked in a bath of a 90 mM
aqueous solution of CaCl2 for 30 min directly on the Petri dish, and
finally washed with deionized water.

Chemical Composition. The compositions of the purified stipe
and blade were studied in terms of alginate and cellulose content,
starting with a dry weight of 10 g. For the isolation of the alginate, the
procedure of Zubia et al. was followed using the formaldehyde alkali
treatment method.19 The precipitate was washed with absolute
ethanol followed by acetone, prior to drying for 24 h at 40 °C. The
alginate fraction was expressed as a percentage of dry weight.

The cellulose content was extracted following a modified method
described by Siddhanta et al., 2009.20 The samples were defatted
repeatedly with methanol, placed in a 600 mL NaOH (0.5 M)
solution at 60 °C overnight, washed and, dried in room temperature.
For the removal of any remaining minerals, the dried material was re-
suspended in a 200 mL solution of hydrochloric acid (5% v/v),
washed, and dried for 24 h at 40 °C. The cellulose fraction was
expressed as a percentage on a dry-weight basis.

Optical Microscopy. An optical microscope, Nikon Eclipse
LV100N POL (Kanagawa, Japan), and the imaging software NIS-
Elements D 4.30 were used to study how the fibrillation process
affected the material structure and its micrometer-scale size. Polarized
optical microscopy (POM) reference images with a polarization filter
were also captured.
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Rheological Properties. Viscosity measurements were performed
during the nanofibrillation process to evaluate the degree of
fibrillation, and the process was stopped once a viscosity plateau
was reached. A Vibro Viscometer SV-10 from A&D Company, Ltd.
(Tokyo, Japan) was used at a constant shear rate and with periodical
circulation of the sensor plates from zero to peak (sine-wave
vibration) at a frequency of 30 Hz. Because the temperature increased
during the nanofibrillation owing to the compression and abrasive
shearing forces, the viscosity measurements were repeated at a
stabilized temperature of 22.3 ± 1.0 °C to confirm that a viscosity
plateau had been reached during the process. The presented values
are an average of three measurements for each sample.
The rheological behavior of the hybrid inks, S-A-CNF and B-A-

CNF, was further analyzed using a Discovery HR-2 rheometer from
TA Instruments (Elstree, UK) at 25 °C. A cone-plate (20 mm)
configuration was used and the shear viscosity was measured at shear
rates of 0.01−1000 s−1. Furthermore, the change in moduli while
cross-linking the ink was measured with a plate−plate configuration
(8 mm, gap 500 μm). Oscillation frequency measurements were
conducted at 0.1% strain and a frequency of 1 Hz for 10 min, using
oscillation amplitude sweeps to establish the linear viscoelastic region.
50 s after the start of the measurement, a 1 mL drop of a 90 mM
CaCl2 solution was added around the inks, causing gelling while the
storage and loss moduli were measured simultaneously.
Atomic Force Microscopy. The S-A-CNF and B-A-CNF inks

were studied using atomic force microscopy (AFM). The fibrillated
sample suspension (0.01 wt %) was dispersed and deposited by spin
coating onto a clean mica surface for imaging. The measurements
were performed with a Veeco Multimode Scanning Probe (Santa
Barbara, USA) in tapping mode, with a TESPA tip [antimony- (n-)
doped silicon], Bruker (Camarillo, USA). The nanofiber size (width)
was measured from the height images using the Nanoscope V
software, and the average values and deviations presented here are
based on 50 different measurements. All measurements were
conducted in air at room temperature.
Mechanical Properties. The prepared films were tested using

conventional tensile testing to provide an indication of the degree of
fibrillation. Prior to mechanical testing, the density was calculated
using a gravimetric method: an analytic balance was used to
determine the weight and a micrometer gauge was used to measure
the thickness based on an average of 10 different measurements per
material. The sample preparation and the tensile testing procedure
have been reported in our previous study.21 A tensile testing system
(AG X; Shimadzu, Japan) equipped with a 1 kN load cell was used at
an extension rate of 2 mm/min and with a gauge length of 20 mm. All
samples were conditioned at 50 ± 2.0% relative humidity at 22.1 ±
1.0 °C for at least 48 h. The results are averages of at least 10 sets of
measurements for each material.
Scanning Electron Microscopy. The cross-sections of the stipe

and blade raw material were observed using a scanning electron
microscopy (SEM) system (JSM-IT300LV, Tokyo, Japan) at an
acceleration voltage of 15 kV to study their microstructures. In
addition, the cross-sections of the films were observed. All samples
were coated using a sputter-coater (EM ACE200, Leica, Wetzlar,
Germany) with a gold target to prevent electron charging. The
coating was performed in a vacuum of approximately 6 × 10−5 mbar
under a current of 100 mA for 20 s to obtain a coating thickness of 10
nm.
Compression Properties. Uniaxial unconfined compression tests

of the 3D printed and cross-linked hydrogels were carried out using a
dynamic mechanical analyzer (DMA Q800, TA Instruments, New
Castle, USA) at 25 °C. The hydrogels were preloaded using a load of
0.05 N and subsequently compressed up to a strain of 100% and at a
strain rate of 10% min−1. The materials were compared according to
the stress and tangent modulus at compressive strain levels of 30 and
60%, respectively. The discs were tested six times for each material;
the average results are reported.
Stability in Aqueous Media. The mechanical stability of the

cross-linked hydrogels was evaluated in aqueous media. Prior to
immersion, the samples were frozen at a temperature of approximately

−20 °C for at least 24 h; then, they were freeze-dried for 48 h at a
temperature of −40 °C using a freeze-dryer (Alpha 1-2 LD plus,
Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany). The swelling ratio was recorded at equilibrium swelling
and after 1 week of immersion in 5 wt % phosphate buffered saline
(PBS) solution at 37 °C, according to

= [ − ]− W W Wswelling ratio (g g ) ( )/1
1 0 0 (2)

where W0 and W1 denote the mass of the sample in dried state and
the swollen hydrogel state, respectively. The average results are
reported based on measurements of three samples.

X-ray Microtomography. The 3D internal architecture of the
natural structures after purification, as well as the reassembled
nanostructures after fibrillation, 3D printing, and cross-linking, were
reconstructed from the stipe and blade, respectively, after freeze
drying of the samples using the conditions described above. Samples
of approximate size 64 mm3 were scanned using a Zeiss Xradia 510
Versa (Carl Zeiss, Pleasanton, CA, USA) with a 20× objective, which
performed interior tomography with a field of view of 0.56 mm and
voxel size of 0.56 μm. The scanned region of interest was positioned
at the exact center of each aerogel sample. The scanning was carried
out with an X-ray tube voltage of 50 kV, an output power of 4 W, and
without any X-ray filters. A total of 2401 projections were acquired
with an exposure time of 6 s, which resulted in a total scan time of 6 h.
The tomographic reconstruction was carried out using filtered back-
projection with Zeiss Scout-and-Scan Reconstructor software (version
11.1). The 3D visualization and analysis of the microstructure in the
aerogels were obtained using Dragonfly Pro Software (ORS).

Cytotoxicity Testing of Ink. The impact on cell proliferation of
S-A-CNF was tested by culturing fibroblasts in the presence of S-A-
CNF ink. Human primary dermal fibroblasts were isolated according
to previously described protocols.22 Skin was obtained from healthy
patients undergoing routine plastic surgery (Swedish Ethical Review
Authority no. 2018/97-31). The dermal layer was dissected, cut into 3
mm square pieces, and incubated at 37 °C overnight in Dulbecco’s
modified Eagle’s medium (DMEM) containing 2% fetal calf serum
(FCS), 165 U/mL collagenase (type 1; Worthington, Lakewood, N.J.,
USA) and 2.5 U/mLdispase (Gibco BRL, Life Technologies,
Eggenstein, Germany). Cells were expanded by incubation in
DMEM with 10% FCS in 25 cm2 culture flasks at 37 °C, 5% CO2
and 95% humidity. Following establishment of primary cultures, cells
were subjected to a solution containing 5% (w/v) S-A-CNF or PBS.
Daily, cells were detached using ethylene-diamine-tetraacetic acid
(0.01%)/trypsin (0.125%) solution at 37 °C for approximately 10
min, stained with trypan blue to distinguish viable cells, and counted
using an EVE Automated Cell Counter (NanoEnTek, Waltham, MA).
All experiments were performed in biological triplicates (separate cell
cultures) and methodological duplicates (staining and cell counting).

Staining of Proliferative Cells. Cells cultured for two days in the
presence of S-A-CNF or PBS were stained using antibodies directed
toward the proliferation marker Ki-67.23 Briefly, cells were fixated
using 4% neutral buffered paraformaldehyde, rinsed in PBS and
incubated with blocking serum (5% bovine serum albumin) for 1 h.
Cells were incubated for 1 h with 1 μg/mL polyclonal antibodies
specific for Ki-67 (ab15580, Abcam Cambridge, UK). After being
rinsed in PBS, cells were incubated for 1 h with Alexa546-conjugated
secondary antibodies (dilution 1:500; Molecular Probes, OR), and
phalloidin conjugated with Alexa488 (dilution 1:500, ThermoFisher,
UK). Finally, cells were rinsed in PBS, stained with 4′,6-diamidino-2-
phenylindole (dilution 1:1000, Sigma-Aldrich) and mounted using
Prolong Gold (ThermoFisher, UK). Negative controls included
omission of primary antibodies. Stained cells were visualized using
laser scanning confocal microscopy (LSM 800, Carl Zeiss AG,
Oberkochen, Germany). Ki-67 positive cells were counted and
expressed as percent of total number of cells.

Cytotoxicity Testing of Cross-linked Hydrogel. The CaCl2
cross-linked hydrogel from S-A-CNF was also evaluated for in vitro
cytotoxicity, performed according to ISO 10993-5:2009, annex C (3-
(4,5-dimethylthiazol-2-yl)-2−5-diphenyltetrazolium bromide (MTT)
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cytotoxicity test). The test system used was a subconfluent monolayer
of L929 mouse fibroblast cells (NCTC clone 929: CCL-1 American
Type Culture Collection). Positive (Latex rubber, Gammex 91-325,
AccuTech Ansell) and negative (Thermanox Plastic Coverslips, Art
no 174934, Thermo Scientific NUNC) controls were run in parallel.
The data are expressed as the mean ± standard deviation of six
replicates for each material.
The extraction of the test item was performed using culture

medium with serum as extraction vehicle: Eagle’s minimum essential
medium 1× with nonessential amino acids and sodium pyruvate,
supplemented with 5% (v/v) fetal bovine serum, 4 mM L-glutamine,
100 IU/mL penicillin and 100 μg/mL streptomycin. After extraction
completion, the extract was checked for changes in pH and visual
signs of particles, before subsequent dilution and addition to cells.
Extracts from test item, positive and negative controls as well as
blanks (extraction vehicle not containing the test item but subjected
to conditions identical to those to which the test item was subjected
to during extraction) were added to a subconfluent monolayer of
L929 mouse fibroblast cells and incubated for 24 h at 37 ± 1 °C in 5%
CO2. After incubation, the extracts were removed and MTT solution
was added to the cells that were incubated for additional 2 h at 37 ± 1
°C in 5% CO2. Following incubation, the MTT solution was removed,
2-propanol was added, and the plates were shaken rapidly. Finally, the
absorbance was measured at 570 nm (reference wavelength 650 nm)
and the viability of cells was calculated. Cell viability was normalized
to cells exposed to blank medium and a value above 70% was
considered having noncytotoxic potential.

■ RESULTS AND DISCUSSION

Purification and Characterization of Raw Material.
The yield and chemical composition after the purification of
the raw materials is presented in Table 1.
The objective of the purification of the seaweed was to

remove the pigment and other impurities while maintaining as
much of the inherently high alginate content in brown
seaweed, together with the cellulose content. Indeed, the
yield of the stipe and blade were as high as 71 and 74%,
respectively, after the bleaching procedure (Table 1); these
yields are comparable to that of wood after direct bleaching
(namely, about 70%), which is mainly composed of
holocellulose.
An alginate content of 25−30 wt % and cellulose content of

10−15 wt % have previously been reported for raw L. digitata
seaweed harvested in Scotland during May.24 From Table 1,
after the purification, the alginate and cellulose contents were
higher, but their relative percentages were maintained. The
stipe had a higher cellulose content, although both structures
showed similar alginate content. However, the standard
deviations were high, which might reflect the heterogeneity
of the raw material even within a species.25

Nanofibrillation Process and Characterization of
Hybrid Inks. Viscosity measurements and OM were used to
study the degree of fibrillation throughout the process. A
plateau in the viscosity curve indicated strong gel formation by
the separated nanofibers with a high aspect ratio, and the
microscopy measurements confirmed the absence of intact
larger structures at the end of the process. The viscosity
measured at room temperature as a function of the energy

demand is shown in Figure 1 and the route from the raw
materials to the hybrid inks is shown in Figure 2.

An increased viscosity and a plateau are clearly observed for
both S-A-CNF and B-A-CNF, as shown in Figure 1. For
comparison, commercially bleached kraft wood pulp nano-
fibrillated with an equivalent technique has a significantly lower
viscosity plateau at 1565 mPa s.26 In a previous work on the
nanofibrillation process for wood pulp, the viscosity was used
as an indication of the degree of fibrillation during the process,
where the viscosity plateau signified the formation of a strong
network of separated nanofibers.26,27 Remarkably, the for-
mation of this network of separated cellulosic nanofibers was
possible to detect throughout the nanofibrillation process,
despite the high amount of noncellulosic components, such as
alginate.
A more organized structure was observed for the stipe

(Figure 2a) compared with the more layer-like structure of the
blade (Figure 2b), which displayed a wide range of cell sizes.
The brownish/greenish color of the raw materials (inset Figure
2a,b), was removed from the mainly intact structures after the
purification process, which are displayed as translucent white
hydrogel structures (inset Figure 2c,d). After purification,
thinner layers of the intact structures were visualized under
OM (Figure 2c,d). After the nanofibrillation process, no visible
larger structures appeared intact from neither OM, nor POM
(Figure S1). The nanofibrillation of the stipe reached a
maximum viscosity at an energy demand of 1.5 kW h/kg
(Figure 1). In comparison, the blade had a slightly lower
energy demand throughout the process, and the maximum
viscosity was measured at an energy demand of 1.0 kW h/kg.
The slightly higher energy demand of the stipe could be
explained by its higher cellulose content (Table 1), which
might require more energy to be separated. In addition, the
arrangement of cellulose and alginate in the different parts and
cell wall structures likely influence the ease of separation.
Figure 2e,f shows that nanofibers were successfully separated
from both the stipe and the blade, appearing as gels after the
separation (inset), and their dimensions were on average 7 ± 3
and 6 ± 3 nm, respectively. Their size distribution is provided
in Figure S2. The measured energy consumptions were
remarkably low for the nanofibrillation of both seaweed

Table 1. Corresponding Sample Code of Raw Materials and Their Yields, As Well As Their Cellulose and Alginate Content
after the Purification

raw materials initial weight [g] bleached weight [g] total yield [%] cellulose [wt %] alginate [wt %] sample code

stipe 70 50 71 ± 8 33 ± 6 45 ± 13 S-A-CNF
blade 70 52 74 ± 7 23 ± 3 46 ± 11 B-A-CNF

Figure 1. Measured viscosity as a function of the energy consumption
during the nanofibrillation process for the preparation of S-A-CNF
and B-A-CNF.
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structures and comparable to that of carrot residue21 (namely,
0.9 kW h/kg); meanwhile, commercially bleached wood kraft
pulp reached a maximum viscosity at 8.4 kW h/kg for a similar
processing approach.26 The importance of the presence of
hemicellulose on the nanofibrillation process of wood pulp
have previously been studied using ultrafine grinding.28 The
low energy demand suggests that the presence of alginate
during nanofibrillation may also be beneficial for the separation
of nanofibers.
The nanofiber suspensions were further solvent-casted for

the preparation of films to evaluate the mechanical properties
of the network and to provide an indication of the degree of
fibrillation. Photographs and microscopy images of the films
are shown in Figure 3.
The films were further characterized in terms of density and

mechanical properties, which are listed in Table 2.

Figure 3 shows transparent films (a) with an even surface,
where no intact structures or agglomeration could be observed
(b,c,g,h). The cross-sections of both films displayed a structure
of distinct layers (d,f). A layered structure is typically found in
nanofiber networks;26 however, the nanofibers appeared
embedded in the alginate and no stacked fibers were visible.
The representative stress−strain curves from the uniaxial

tension tests of the films after the nanofibrillation process are
provided in the Supporting Information (Figure S3). Both
films showed a high modulus and strength, but low strain to
break, indicating a successful nanofibrillation, allowing a strong
network formation. It has been reported that the addition of
CNFs increases the strength and modulus but decreases the
strain and flexibility of CaCl2-cross-linked alginate films.29

Furthermore, by increasing the CNF content in the films from
1 to 15%, the strength was further increased by 35%. Another
study that combined CNF (at 90%) and alginate (at 10%)
films with CaCl2 cross-linking, reported the formation of an
interpenetrating network, which was further locked by ionic
cross-linking into a tough material both in the wet and the dry
states.30 S-A-CNF displayed about 15% higher E-modulus and
16% higher strength than B-A-CNF. This could be attributed

Figure 2. Microstructure of (a) stipe and (b) blade raw material (scale bar: 100 μm); OM after purification of (c) stipe and (d) blade, inset:
photographs of the purified stipe and blade, respectively (scale bar: 200 μm); AFM height images of (e) S-A-CNF and (f) B-A-CNF (scale bar: 600
nm), inset: photographs of the hybrid inks from stipe and blade, respectively.

Figure 3. S-A-CNF film: (a) photograph, (b) OM image of surface, (c) POM image of surface, (d) SEM image of cross-section. B-A-CNF film: (e)
photograph, (f) SEM image of cross-section, (g) OM image of surface, (h) POM image of surface.

Table 2. Properties of the S-A-CNF and B-A-CNF Films

films
E-modulus
[GPa]

strength
[MPa]

strain at break
[%]

density
[g/cm3]

S-A-CNF 11.2 ± 1.2 167.5 ± 9.1 2.3 ± 0.6 1.3 ± 0.4
B-A-CNF 9.6 ± 0.9 143.1 ± 10.0 1.7 ± 0.3 1.2 ± 0.3
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to the higher cellulose content of S-A-CNF, thus rendering a
higher CNF loading.
The mechanical properties of the s films shown in Table 2

are comparable to those of commercially extracted alginate
with added CNF, which has a strength of 100 MPa, and a
strain of about 1.5%, although with a higher modulus of 17−18
GPa.29 It should be noted that these films were cross-linked
with CaCl2, which has been previously shown to significantly
enhance the mechanical properties of the films.31

3D Printability and Characterization of Biomimetic
Hydrogels. The rheological behavior of the hybrid inks was
studied to evaluate their suitability for 3D printing and the
results are shown in Figure 4.
In Figure 4a a shear-thinning behavior is observed for both

the S-A-CNF and B-A-CNF inks, similar to that seen in
viscosity graphs previously reported for commercial alginate
mixed with CNF9 and for pure CNF.7 For S-A-CNF, the initial
viscosity was 1224 Pa s and it decreased to 0.3 Pa s upon
increasing the shear rate to 1000 s−1. In comparison, the
viscosity of B-A-CNF was initially lower at 578 Pa s and
dropped to 0.2 Pa s at a shear rate of 1000 s−1. In addition, the
higher viscosity of S-A-CNF can be seen in Figure 4b, which
displays a more stable gel formation than that of B-A-CNF,
shown in (c). These results are in agreement with the viscosity
measurements performed to indicate the degree of fibrillation.
The high viscosity at low shear rates and the shear-thinning

behavior with increasing shear rate provide shape fidelity
during printing; however, to maintain structural integrity after
printing, cross-linking of the alginate is required. Hence, the
gelling behavior of the hybrid inks was studied by measuring
the loss and storage moduli as a function of time while cross-

linking with CaCl2 (Figure 4d,e). Both the storage modulus
(d) and the loss modulus (e) displayed an instant increase
upon the addition of a CaCl2 solution at 50 s and became
gradually linear after an additional 50 s. The time was
measured for an additional 5 min to confirm this plateau. The
higher storage modulus of S-A-CNF reflects a higher degree of
cross-linking and results in an increased strength or rigidity.
3D printability and cross-linking enable the use of inks in a

wide range of applications that, for example, require specific
shapes for wound dressing32 or even for 3D printing of living
tissues and organs.7 The printability and stability of 3D discs of
S-A-CNF and B-A-CNF inks prepared at 2 wt % solid content
were studied, and the printing parameters were tuned through
a trial-and-error method according to the visual resolution of
the grid structure (Figure S4). The S-A-CNF ink displayed the
highest visual resolution and stability upon 3D printing, yet
both hybrid inks could be printed without collapse of the
structure (Figure S4). However, a minor shrinkage and some
swelling at the center, appearing as a slightly convex surface,
were observed after cross-linking of the discs. These tendencies
of shape deformation after CaCl2 cross-linking have previously
been reported for 3D printed alginate/CNF hydrogels.7,32 This
behavior might reflect inadequate homogeneity of the
diffusion-based CaCl2 cross-linking approach. Ionic cross-
linking of alginate using CaCl2 has been widely studied. By
varying parameters such as the cross-linking ratio33 and the
cross-linking time,34 the mechanical properties of printed
hydrogels can be tuned. Other factors such as the molecular
weight and the M/G ratio are related to the raw material and
its alginate extraction process. These factors have a large
influence both on the cross-linking behavior and the

Figure 4. Rheological data of the hybrid inks: (a) viscosity as a function of shear rate, (b,c) photographs of the hybrid inks gels at 2 wt %, (d)
storage modulus G′, and (e) loss modulus G″ measured over time, where the CaCl2 solution was added 50 s after the measurement was started.
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fundamental mechanical behavior of the hydrogels.5 The 3D
printed S-A-CNF and B-A-CNF hydrogels were evaluated
under compression to determine their mechanical properties
after cross-linking, as shown in Figure 5.
Because the compressive stress and strain curves revealed a

viscoelastic nonlinear stress−strain behavior, the compressive
modulus and strength at 30 and 60% strain were used for
mechanical characterization (Figure 5a) of the 3D printed
hydrogels (b). In Figure 5c,d, S-A-CNF shows generally better
compressive properties than B-A-CNF. This is in good
agreement with the rheological behavior of the gels and
could be explained by the higher amount of CNF in S-A-CNF
reinforcing the structure. However, the stiffness of alginate
hydrogels is directly related to their cross-linking, and S-A-
CNF with a relatively lower amount of alginate than B-A-CNF;
displayed a higher stiffness, as seen In Figure 5d.
In L. digitata, a higher amount of alginate rich in guluronic

acid (G), instead of mannuronic acid (M), was previously
shown for the stipe than that of the blade of the seaweed;6

therefore, the stipe has a lower M/G ratio. Alginates with lower
M/G ratio are known to display a higher affinity to cross-
linking (mechanical rigidity), and the gel strength of the
alginate is mainly dependent on the content and length of G.35

A lower M/G ratio of the alginate in the S-A-CNF hydrogel
than that of B-A-CNF may further contribute to the higher
compressive properties of the former, in particular, its stiffness.
It is also notable that the maximum compressive strength

was measured at around 80% strain for the B-A-CNF hydrogel
(175.2 ± 3 kPa), shown in the compressive graphs (Figure
S5a). At this strain, the B-A-CNF hydrogel fractured while the
S-A-CNF hydrogel was only compressed, without any visual
fractures (Figure S5b). The natural composition of S-A-CNF

assembled into a biomimetic hydrogel with high compressive
stiffness and strength, but highly flexible, displaying the
contribution from increased CNF content and its favorable
contribution on the structural stability. The utilization of the
natural composition in this study limits the tuning of the
mechanical properties of the hydrogels by altering the ratio of
the two components, alginate and CNF, and establishing their
separate contributions.
However, the influence of factors such as the concentration

of the solid content and CaCl2 has previously been shown to
be highly effective for tailoring the mechanical behavior of the
hydrogels,36 as well as its long-term stability and perform-
ance.37 Commercial alginate with a dry content of 2 wt %,
cross-linked with a 50 mM CaCl2 solution for hydrogel
formation (compared to 90 mM used in this study), displayed
a compressive strength and modulus of 25 and 32 kPa,
respectively, at 60% strain.36 Moreover, it was shown that these
values could be improved to some extent by increasing the
solid content and CaCl2 concentration. In Figure 5c,d, the
strength and modulus of the S-A-CNF hydrogel are 61 and
345, respectively, at the same strain, signifying a contribution
from entangled CNF network. At 30% strain, the S-A-CNF
hydrogel displayed mechanical properties (Figure 5c,d),
comparable to those of commercial alginate with the addition
of 90 wt % CNF, and at 2.5 wt % solid content, namely a
strength of about 24 kPa, and modulus of 65 kPa.7 The long-
term mechanical stability of ionically cross-linked alginate in
aqueous media is a challenge that can limit their application in
tissue engineering.37 Therefore, the hydrogels were immersed
in PBS solution at 37 °C and monitored until the equilibrium
swelling ratio was reached. The measurement was then
repeated after 1 week of immersion to evaluate the structural

Figure 5. (a) Representative compressive stress−strain curves for a strain up to 60%, (b) photographs of the hydrogels after cross-linking, (c)
compressive strength, and (d) compressive modulus at 30 and 60% strain.
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integrity of the cross-linked hydrogels, and the results are
shown in Table S2. After 1 week, there was no weight loss
observed for the hydrogels (Table S2), signifying their
structural integrity and stability. Furthermore, their swelling
ratios are comparable to values reported for Ca2+ cross-linked
alginate/CNF hydrogel combinations in PBS.14

Long-term stability of alginate cross-linking with Ca2+ was
reported to be highly dependent of calcium content and cross-
linking of G-blocks that upon forming the “egg-box”
conformation, are less susceptible to decross-linking. Also,
TEMPO-oxidized CNF have shown to play a crucial role in
improving the dimensional stability of the samples when
compared to pure alginate gels.14

Altogether, the compressive properties imply that the natural
composition of the hybrid inks has an inherently favorable

mechanical behavior and cross-linking ability, which could be
further explored and utilized to adjust its mechanical
properties, where the presence of nanofiber further contribute
to its long-term performance.
To study the morphology of the natural seaweed structure

after purification in comparison with the nanofibrillated and
reassembled biomimetic hydrogel structure after cross-linking,
the samples were imaged using X-ray microtomography, as
shown in Figure 6.
The addition of CNFs has been reported to contribute to

the formation of a more favorable structure for cell growth by
favoring a web-like structure with larger pores ranging from 40
to 150 μm.14 As observed in the 3D reconstruction of Figure
6a, as well as in the 2D slices (Figure 6b,c), the nanofibrillation
of the cellulosic part of the seaweed into CNFs promoted the

Figure 6. (a) X-ray microtomography 3D reconstruction of the structure of natural seaweed after purification and of the nanofibrillated, 3D printed,
and cross-linked structures derived from the seaweed stipe and blade. (b) Horizontal slice of the 3D reconstruction (circular) and (c) longitudinal
slice of the 3D reconstruction (square). The scale bars correspond to 100 μm.

Figure 7. (a) Cytotoxicity tests of S-A-CNF (b) quantification of the number of proliferative cells following exposure to S-A-CNF or PBS, the
presence of Ki-67 (red) in the cell nuclei (blue) visualized using immunohistochemistry. F-actin was stained to assess the general cell morphology
(green). Scale bar equals 20 μm. (c) Percentage of cells identified to be in a proliferative phase when cultured in the presence of S-A-CNF
compared to PBS control. (d) L929-fibroblast cell viability of the S-A-CNF 3D-printed and cross-linked hydrogel, the negative control sample (Ctrl
safe), and the positive control sample (Ctrl toxic).
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formation of an interconnected network structure upon
reassembling, compared to that of the natural structure.
The natural structures were intact in the form of natural

hydrogels after the purification, as shown in Figure 2e,f. After
freeze-drying, both the stipe and the blade displayed a porous
structure, where the layered structure of the raw blade material
observed by SEM (Figure 2b) was apparent also after the
purification (Figure 6a−c). The 3D printed hydrogels
displayed open interconnected pores with a wide range of
pore diameters of 10−150 and 20−200 μm for the stipe and
the blade, respectively.
To evaluate the potential use of the developed hybrid inks

for biomedical applications such as tissue engineering, the S-A-
CNF ink having the most promising rheological behavior, was
investigated for any potentially harmful effects of the cell
viability, both as an ink and after printing and cross-linking into
a hydrogel shown in Figure 7.
To assess the cytocompatibility of S-A-CNF ink, its impact

on the proliferation of human dermal fibroblasts was tested.
Cells were cultured in the presence of 5% S-A-CNF (weight/
volume) for three days (Figure 7a−c).
The cytotoxicity tests (Figure 7a) revealed no negative or

deleterious effect on human fibroblasts in regard to
proliferation when compared to control (PBS). Moreover,
cells subjected to S-A-CNF or PBS control were stained for the
proliferative marker Ki-67, to determine the number of
proliferative cells (Figure 7b). Culture with S-A-CNF resulted
in 22.5% Ki-67 positive cells, compared to 13.2% for the
control (Figure 7c). Thus, a higher percentage of cells were
identified to be in a proliferative phase when cultured in the
presence of S-A-CNF compared to PBS control, signifying the
potential of the ink to be used for 3D printing of hydrogels for
biomedical uses.
The cytotoxicity of the S-A-CNF ink was also evaluated after

3D printing and CaCl2 cross-linking into a hydrogel (Figure
7d). The cytotoxicity test of the hydrogel on L929 mouse
fibroblast cells showed a cell viability of 71 ± 2%, classified as
noncytotoxic, where the extract has a cytotoxic potential given
that the viability is reduced to <70%. However, there was a
notable difference between the negative control (98 ± 3%) and
S-A-CNF ink. Moreover, the positive control resulted in
complete cell death (1 ± 0%). For indirect assays, the extracts
are used to evaluate the effects of possible cytotoxic
contaminants that may readily be extracted from the
biomaterials. Previous indirect assessment on the cell viability
of gel formulations of commercial alginate and CNF, isolated
with different processes, have reported values of about 75%14

and 106%,7 for addition of 50, and 90 wt % CNFs, respectively.
It therefore seems reasonable to suggest that the cellulose and
alginate source, preparation procedures, sterility and chemicals
used have direct influence on the physicochemical properties
of the final products, thus affecting their cytotoxicity.
For S-A-CNF hydrogels, the principal contaminants present

in the raw material; brown seaweed consist of proteins,
endotoxins and polyphenols.38 Despite extensive purification
of alginates it was shown that relatively high residual amounts
of protein contaminants still were present,38 which could
plausibly affect cell viability. Altogether, the potential for future
development and use of the hybrid inks in 3D printing of, for
example, soft tissue has been demonstrated.

■ CONCLUSIONS
This paper reports on the utilization of the natural composition
of brown seaweed to prepare alginate/CNF hybrid inks with
an excellent shear-thinning behavior suitable for 3D printing.
It was found that the natural composition of alginate was

beneficial for an energy-efficient nanofibrillation process,
resulting in very fine nanofibers on average measured to 6
and 7 (±3) nm for S-A-CNF and B-A-CNF, respectively. The
S-A-CNF ink had a higher CNF/alginate ratio than B-A-CNF
and demonstrated a higher viscosity and better compressive
properties of the hydrogels after CaCl2 cross-linking.
Our results demonstrate the potential use of a direct,

resource-efficient, and upscalable approach for the preparation
of alginate/CNF hybrid inks instead of employing separate
methods to extract and combine the cross-linking ability of the
alginate with the shear-thinning behavior of the CNF. We
conclude that the hybrid inks are suitable for the 3D printing
of hydrogels with a favorable mechanical behavior and stability
after cross-linking and an open interconnected network
structure. Cytotoxicity testing of S-A-CNF ink revealed no
deleterious effects on cell proliferation of human cells, and the
cross-linked hydrogels displayed a cell viability of 71%,
suggesting potential for future development and use of the
inks in 3D printing of hydrogels for soft tissue engineering.
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