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ARTICLE INFO ABSTRACT

Keywords: Alginate and nanocellulose are potential biomaterials to be employed as bioinks for three-dimensional (3D)
Alginate printing. Alginate-cellulose nanofibers (A-CNF) formulations with CNF amounts up to 5 wt% were developed and
N.E“,loceuumse rheologically characterized to evaluate their printability. Results showed that formulations with less than 3 wt%
l;II;JISrkinting CNF did not present suitable characteristics to ensure shape fidelity after printing. Selected A-CNF bioinks were
Curcumin 3D printed and freeze-dried to obtain porous scaffolds. Morphological and mechanical analysis were performed,

showing that CNF contributed to the reinforcement of the scaffolds and modulated their porosity. The appli-
cability for drug delivery was evaluated by the addition of curcumin to printable A-CNF formulations. The
curcumin loaded bioinks were successfully 3D printed in patches and the in vitro release tests showed that
alginate and CNF played an important role in curcumin stabilization, whereas the CNF content and the disin-
tegration of the scaffold were essential in the release kinetics.

Drug release

1. Introduction

Additive manufacturing technology, most commonly known as 3D
printing, is nowadays intensively being invested as it presents multiple
interests for biomedical applications (Gao et al., 2016). Among them,
these techniques represent an opportunity to develop safer and more
efficient drug dosage customized delivery systems. Syringe extrusion
printing is the most common 3D printing technique used for pharma-
ceutical purposes (Jose et al., 2016; Placone & Engler, 2018). Materials
for pharmaceutical uses in syringe extrusion 3D printing such as algi-
nate, chitosan, gelatin or collagen are known as bioinks (Jose et al.,
2016; Tappa & Jammalamadaka, 2018), whose application for human
uses as food additive, drug excipient or wound dressing has to be
approved by the Food and Drug Administration (FDA).

The suitability of any developed formulation to be used as bioink for
3D printing has to be thoroughly assessed, since they should present
specific viscoelastic properties guaranteeing printability and shape fi-
delity, avoiding collapse of the printed samples (Gao et al., 2018; Holzl
et al., 2016; Schwab et al., 2020). Thus, the complete rheological
characterization of the bioink results are crucial in order to predict how
the material will perform during 3D printing, and the final printed
shape. Firstly, bioinks must show shear-thinning behavior, which
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involves solid-like structure at zero shear rates and yet enough fluid
behavior from a value of shear stress or high shear rates, when the
material is extruded through the nozzle. In addition, the material must
be able to recover the initial gel-like structure after the printing process
when the shear stress is removed (Abouzeid et al., 2018; Holzl et al.,
2016).

In the last years, high molecular weight natural polymers such as
alginate, collagen, hyaluronic acid or chitosan, have been widely
investigated in 3D printing as bioinks because of their printability,
biocompatibility and biodegradability, and they are approved by FDA
(Jia et al., 2014; Kyle et al., 2017). Sodium alginate (SA) is a linear
polysaccharide extracted from brown algae that is composed of
1-4-linked p-D-mannuronate (M) and a-L-guluronate (G) units arranged
in MM and GG repeating or MG alternating blocks, varying depending
on the source (Khouri & Buss, 2011). SA solutions are non-Newtonian
fluids with suitable rheological properties to be extruded through a
nozzle (Li et al., 2016). Nevertheless, SA solutions do not have appro-
priate viscoelastic characteristics and solid-like behavior to overcome
shape fidelity and mechanical strength problems after 3D printing
(Heggset et al., 2019; Markstedt et al., 2015). Ma et al. (2014) reported
that increasing of the SA content in the solution contributed to rise
viscosity requirements, but not enough elastic behavior. Therefore, SA
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based formulations require rheological modifiers to achieve optimal
viscoelastic characteristics for syringe extrusion 3D printing and over-
come the limitations related to shape fidelity and collapse (Heggset
et al,, 2019). One of the rheological modifiers that most interest is
arousing in recent times is nanocellulose, both as cellulose nanofibers
(CNF) and cellulose nanocrystals (CNC), due to its low density, sus-
tainability and biocompatibility (Leppiniemi et al., 2017; Siqueira et al.,
2017). Moreover, the high content of hydroxyls groups at their surface
results in numerous effective interactions with many natural polymers,
is efficiently integrated into the polymeric matrix (Abouzeid et al.,
2018). In addition, the high length/diameter (L/D) aspect ratio and
elevated specific mechanical properties of nanocellulose lead to
increasing strength and resistance of the resulting material (Pei et al.,
2011). Several investigations have been reported focusing on SA-CNF
formulations with the aim of fabricate porous structures for tissue en-
gineering use 3D printing technology (Abouzeid et al., 2018; Markstedt
et al., 2015; Miiller et al., 2017). Freeze-drying technique is widely used
after 3D printing of water based bioinks, which allows maintaining the
designed shape and the formation of nanoporous structures, also known
as aerogels (Abdelwahed et al., 2006; Naseri et al., 2016). These 3D
printed porous scaffolds show great swelling capacity, which can facil-
itate the release of many drugs and molecules of interest, being suitable
to be used as drug delivery systems (Jia et al., 2014).

Customized localized drug delivery systems with patient drug re-
quirements and particular drug dosages could be fabricated by 3D
printing technology (Lee et al., 2019; Sultan et al., 2019). The devel-
opment of drug delivery new devices is currently focused on cancer
treatment due to the enormous impact of this disease in society (Hossen
et al., 2019). The different drug delivery systems used for tumor treat-
ment can be classified depending on the route of administration as
systemic or localized (Ordikhani et al., 2016). Systemic drug delivery
systems are focused on targeting applications while localized systems
are used for in situ drug administration, avoiding systemic circulation
and drug waste (Ordikhani et al., 2016).

Along with the delivery systems, numerous investigations are
focused on the use of natural drugs for cancer therapies. However, in
some cases, these natural bioactives present solubility limitations in
physiological conditions, which directly implies bioavailability and
pharmacodynamics issues to overcome. Curcumin, extracted from Cur-
cuma longa, is a good example of a natural drug, broadly known because
of its application in food industry and more recently in pharmaceutical
field (Maheshwari et al., 2006; Mohanty & Sahoo, 2010). Biomedical
uses of curcumin has been studied, proposing this molecule as a strong
candidate for treating diseases such as Alzheimer, cystic fibrosis and
multiple inflammatory diseases, as well as cancer prevention and
treatment (Maheshwari et al., 2006; Yallapu et al., 2012), due to its
ability to suppress the expression of some associated grown factors
(Kunnumakkara et al., 2008). Curcumin is also known for its antimi-
crobial activity, which implies an advantage for biomedical purposes
(Anagha et al., 2019). This drug is usually administrated in oral dosages,
but its poor bioavailability is delimiting the treatment efficiency
(Mohanty & Sahoo, 2010). In situ curcumin stabilization and release
would improve its bioavailability and pharmacodynamics in targeted
tumor. Dey and Sreenivasan (2014) proved that curcumin could be
stabilized by an alginate solution. Moreover, cellulose nanoentities can
also help to curcumin stabilization and release (Buffiere et al., 2017;
Gomez et al., 2016; Li et al., 2013).

Therefore, the aim of this work was the design of a 3D printed patch
loaded with curcumin to be used as drug delivery system in local disease
treatment. For that purpose, firstly, alginate-cellulose nanofibers (A-
CNF) formulations were developed as suitable bioinks for 3D printing
technology and complete rheological characterization was performed in
order to assess their printability and shape fidelity. Finally, curcumin
was loaded in the selected A-CNF formulations and drug release from 3D
printed patches was in vitro assessed. In this way, developed bioinks
from biomaterials such as alginate and CNF for 3D printing technology
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are suitable not only to create specific designed scaffolds with high ac-
curacy by this technique, but also could be employed as a carrier for
hydrophobic drugs like curcumin; as well as for the design many other
customized scaffolds for potential biomedical applications.

2. Experimental
2.1. Materials

Medium viscosity alginic acid sodium salt from brown algae
(A2033); My = 2.4 x 10°> g mol™! (calculated at 25°C in NaCl 0.1 M
from viscosity measurements) and M/G ratio of 1.56, was purchased
from Sigma-Aldrich. Cellulose nanofibers (CNF, Lot. 9004-34-6) were
bought from Maine University (USA). Commercial PBS (Phosphate
Buffer Saline, pH = 7.4) tablets were purchased from PanReac. Dulbec-
co’s Modified Eagle Medium (DMEM) was obtained from Gibco, Paisley
(UK). DAPI (4',6-diamidino-2-phenylindole) was purchased from Ther-
mofisher. Curcumin from Curcuma longa (Turmeric, >65 %) was ac-
quired from Sigma-Aldrich.

2.2. Methods and characterization

2.2.1. Preparation of A-CNF based bioinks

Five bioink formulations were prepared from alginate and CNF.
Dispersions with different CNF content were prepared by mixing the
required amount of CNF at concentrations of 1, 2, 3, 4 and 5wt% in
60 mL of distilled water, blended using an Ultraturrax for 15 min at
12000 rpm and then ultrasonicated for 2 h. Alginate powder was added
to the CNF dispersions at 4 wt% and mixed with an Ultraturrax until
complete homogenization. Samples were maintained refrigerated along
the whole procedure keeping them in an ice-bath to avoid heating and
water evaporation during the sonication and mixing processes. The
prepared formulations were denoted as A-CNFX, being X the CNF con-
tent (wt %) in the bioink. Drug delivery system formulations were pre-
pared in the most suitable bioink formulations based on the rheological
analyses, by adding 15 wt% of curcumin concentration in respect to the
total A-CNF amount, following similar procedures found in the literature
(Yakub et al., 2016). Formulations containing curcumin were designed
as A-CNFX-cur.

2.2.2. 3D Printing of A-CNF based bioinks

A-CNF and A-CNF-cur bioinks were printed with a Voladora 3D
printer (Tumaker, S.L. Spain) adapted for layer-by-layer syringe extru-
sion 3D printing. 3D structures with different shapes and sizes were
printed (dog bone tensile test samples, cylinders of 15 mm in diameter
and 10 or 5mm in height and prisms of 25 x 25 x 4mm®
(length x width x height)). All structures were printed at room tem-
perature with a needle of 0.8 mm in diameter and speed of 4mm s ..
Resulted printed structures were freeze-dried at -80 °C and 0.1 mbar for
48 to obtain porous scaffolds.

2.2.3. Fourier transform infrared spectroscopy (FTIR)

The characteristic functional groups of the CNF, alginate matrix,
curcumin and A-CNF and A-CNF-cur freeze-dried scaffolds were
analyzed by FTIR using a Nicolet Nexus spectrophotometer with a
Specac MKII Golden Gate accessory with a diamond crystal at a nominal
incidence angle of 45° and ZnSe lens. Spectra were recorded between
4000 and 650 cm ™! and 32 scans, with a resolution of 4 cm™".

2.2.4. X-Ray powder diffraction (XRD)

CNF crystallinity was determined by XRD using a Philips X’pert PRO
automatic diffractometer performing at 40 kV and 40 mA, in theta-theta
configuration, a secondary monochromator with Cu-Ka radiation (A
=1.5418 10\) and a PIXcel solid state detector (active length in 20 3.347°).
Data were obtained from 20 = 5 to 75° (step size 0.026 and time per step
80s) at room temperature. A fixed divergence and antiscattering slit
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were used to provide a constant volume of sample illumination. In order
to calculate crystallinity index, Segal equation (Segal et al., 1959) was
used:

Crystallinity index (%) = ((I200 - Iam) / Io00) x 100 (€8]

where I corresponds to the intensity of crystalline peak and Iy is
referred to the intensity of the amorphous peak.

2.2.5. Atomic force microscopy (AFM)

AFM in tapping mode was used to characterize the morphology of the
cellulose nanofibers, using a Nanoscope III scanning probe microscope
(Multimode TM Digital instruments) with an integrated force generated
by cantilever/silicon probes, applying a resonance frequency of about
180 kHz. The cantilever had a tip radius of 5-10 nm and was 125 nm
long. CNF samples were prepared by spin-coating technique using Spin-
coater P6700 at 2000 rpm for 120 s. A droplet from a CNF suspension of
0.01 wt% was deposited on mica substrates.

2.2.6. Rheological measurements

Rheological behavior of the prepared A-CNF and A-CNF-cur bioinks
formulations was analyzed by flow viscosity, oscillatory shear stress
sweep and structure recovery tests, using a Haake Viscotester Rheom-
eter. Plate-plate geometry (35mm) was used with a gap of 1 mm at
25 °C. Viscosity measurements were performed under steady shear rate
from 0.2-100 s~ 1. All samples were equilibrated for 40 s at 0.2 s~ * before
each measurement. Experimental results of viscosity test were adjusted
to Power-law model described with the following equation:

n=K()"" 2

where 1 is the viscosity of the bioink measured in Pa-s, K is the consis-
tency coefficient (Pa-s), y is the shear rate measured in s~ ! and n is the
Power-law index.

Oscillatory stress sweep tests (in the Linear Viscoelastic Range
(LVR)) were performed at 1Hz in a shear stress range from 10 to
1000 Pa. For structure recovery tests, samples were subjected to a test
consisting on the application of three consecutive shear rates of 0.2, 100
and 0.2 s™! for 100 s each one. The recovery percentage was calculated
from the ratio of viscosity values measured at 0.2 s * at the end and at
the beginning of the assay, respectively. Oscillatory shear strain and
frequency sweep measurements were performed using a TA Instruments
ARES rheometer. Plate-plate geometry (25 mm) was used with a gap of
1.5mm. Both assays were performed between 25-28°C. For LVR
determination, strain sweep tests were performed at 1 Hz from 0.01 to
100% of strain. Frequency sweep tests were performed at 1% of strain
from 0.1 to 200 Hz. All experiments were performed in triplicate.

2.2.7. Scanning electron microscopy (SEM)

Morphology of freeze-dried scaffolds was analyzed by SEM, using a
FEI ESEM Quanta 200 microscope operating at 5—20kV. Surface and
cross-section, perpendicular to layer deposition of the A-CNF freeze-
dried scaffolds, were analyzed by irradiation with a high-energy elec-
tron beam. Samples were cut with a scalpel and then fixed on a carbon
tape.

2.2.8. Compressive mechanical tests

The mechanical properties of the A-CNF scaffolds were evaluated by
compressive tests. Five freeze-dried printed cylinders of 15mm in
diameter and 10 mm in height prepared from each bioink were com-
pressed using an INSTRON 5967 with a load cell of 30kN at a rate of
5mm min !, All tests were performed up to 80 % of strain. The
compressive modulus, calculated from the slope of the stress-strain
curve in the elastic region, compressive strength, as the stress value at
the compressive yield point, and densification strain, as the strain value
at the intersection point between the lines of stress plateau and densi-
fication were collected from stress-stain curves and reported as mean
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value and standard deviations.

2.2.9. Swelling behavior

Swelling degree was studied by a general gravimetric method.
Eighteen freeze-dried cylindrical scaffolds from each formulation A-
CNF3, A-CNF4 and A-CNF5 (15mm in diameter and 5mm in height)
were introduced in PBS solution (pH 7.4) at 37 °C with a constant stir-
ring of 130rpm. After that, swelling behavior was evaluated by
weighting swollen samples at different time intervals of 30 min, 1, 2, 4,
6, and 24 h. Three samples from each time interval were tested to check
the repeatability of the analysis. Swelling degree (SD) was calculated as
follows:

SD (%) = (Ws — Wi) / Wi) x 100 3

where Ws represents the weight of swollen samples and Wi represents
the weight of initial freeze-dried scaffold. Equilibrium was considered at
24 h.

The swollen samples were then freeze-dried and weighted again in
order to calculate the disintegration rate of the scaffolds along the
experiment, following the next equation:

Disintegration rate (%) = 100 — (Wd / Wi) x 100) 4)

where Wd is the weight of the freeze-dried samples at different times and
Wi is the initial weight.

2.2.10. Preliminary cellular behavior

HEK293 T cells were a kind gift of Dra. Maria Munoz Caffarel. Cells at
passage 4 were defrosted and expanded by trypsinization, counting and
replacement the culture medium composed by DMEM + 10 % FBS me-
dium supplemented with 1% (w/v) L-glutamine and pen-
icillin-streptomycin (100 IU mL’l), every three days. A-CNF3 (n=3),
A-CNF4 (n = 3) and A-CNF5 (n = 3) freeze-dried cylindrical scaffolds of
15 mm diameter and 10 mm height were employed for this experiment.
Scaffolds sterilization was carried out by UV light inside a laminar flow
hood for 3 h, with no evidence of scaffold damage after the procedure.
Fischbach et al. (2001) reported that the use of UV is appropriate for
biomaterial sterilization for no longer than 5 h. Sterilized scaffolds were
transferred in 24 well plate afterwards and then, 20000 cells at passage
15 were seeded in each well containing the scaffolds and the cell culture
medium. Furthermore, 20000 cells were seeded in an empty well
(without scaffold) as a control. The well plate with the seeded scaffolds
and the control were stored for one week in the incubator at 37 °C in 5%
CO;, for cell growth, replacing the culture medium every 3 days and
monitoring their presence by optical microscopy. After 7 days of incu-
bation, cells were dyed with DAPI solution (5 mg mL™) diluted in PBS
(1:2000) after washing each scaffold with PBS three times. DAPI-stained
cells were observed after 5min of incubation using a Zeiss LSM 710
confocal laser scanning microscope. The presence of cells were evalu-
ated in fluorescence at the range of blue and green light spectra
(A =400-550 nm), performing a multilayer analysis from the base to the
surface of the seeded scaffolds.

2.2.11. Invitro curcumin release test and scaffold disintegration
Freeze-dried printed patches of A-CNF-cr (n=3) with
25 x 25 x 4mm° (length x width x height) were weighted and then
soaked in 40 mL of PBS solution (pH 7.4) at 37 °C with constant stirring
for 24 h. The released curcumin was evaluated based on proposed pro-
tocol by Sanoj Rejinold et al. (2011). In brief, at predetermined times,
PBS was completely withdrawn and centrifuged for 30min at
14000 rpm. PBS was dismissed whereas the pellet containing
biopolymer and curcumin was resuspended in 15 mL of ethanol. The
amount of released curcumin was determined at room temperature by
UV-vis-NIR (Shimadzu 3600), comparing the absorbance at A=426 nm
(maximum absorbance of curcumin), with a standard curve previously
prepared with known concentrations of curcumin (from 0 to
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0.025 mg mL™Y) dissolved in ethanol, calculated as follows (Guaresti
et al., 2017):

Drug release (%) = (Mr / Mt) x 100 5)

where Mr is the amount of curcumin released at different times and Mt is
the total amount of curcumin loaded in the printed scaffold.

Considering that curcumin is completely soluble in ethanol whereas
A-CNF tend to precipitate, curcumin-biopolymer-ethanol solutions of
each sample were stored to quantify the amount of disintegrated A-CNF
from the printed part. With that purpose, the solution was centrifuged
for 30 min at 14000 rpm in order to collect them separately (precipi-
tated), which were dried and weighted, and then compared to the initial
weight of the scaffold, following Eq. (4) previously described.

3. Results and discussion
3.1. Materials characterization

The chemical and crystalline structures as well as the morphology of
the employed CNF were analyzed by FTIR, XRD and AFM (Supplemen-
tary Fig. S1). FTIR spectrum showed the typical absorption bands of
cellulose I pattern (Abidi et al., 2014) (Fig. S1A). Bands at 3375 and
3333cm ™! corresponded to the stretching vibration of the hydrogen
bonded hydroxyl groups, the bands in the 2900-2800 cm ™! interval were
assigned to the C-H stretching vibration and the band around 1428 cm ™!
to the CH, bending vibration. The band at 1641 cm™! was associated to
the absorbed water. The bands located at 1160 and 1031 cm™! were
attributed to C—0—C and C—O stretching vibrations of the glycosidic
bonds, respectively. Finally, the band at 897 cm ™! was also attributed to
the B-glycosidic linkage of cellulose structure (Li et al., 2014; Thiripura
Sundari & Ramesh, 2012).

The XRD pattern of CNF showed strong diffraction peaks at
20 =14.5°, 16.5° and 23°, and a small peak at 26 =34° (Fig. S1B),

assigned respectively to <1T0>, (110), (200) and (004) crystallographic

planes, associated to the cellulose I crystalline structure (Gong et al.,
2017). A crystallinity index of 71 % was estimated following the equa-
tion proposed by Segal et al. Morphological characteristics and di-
mensions of CNF were studied by AFM (Fig. S1C). As it could be
observed, height and phase images showed nanofibers with several
micrometers in length and diameters between 50—200 nm.

The chemical structure of SA, curcumin, and A-CNF and A-CNF-cur
bioinks were also analyzed by FTIR (Fig. S2). SA spectrum showed in the
3400-3200 cm ™! interval the stretching vibration of hydrogen bonded
O—H groups, and at 2924 cm™! the stretching vibration of C-H. The
bands located at 1600 and 1410 cm ™! corresponded to O=C—O- ion salt
symmetric and asymmetric stretching vibrations and the band at
1043cm™! to the C—O stretching vibration. Finally, the bands at
950 cm ™! and 887 cm ™! correspond to C-H stretching vibrations from
mannuronic and guluronic groups, respectively (Daemi & Barikani,
2012; Sarmento et al., 2006). Curcumin spectrum revealed a narrow
band at 3510 cm ™, corresponding to the phenolic O—H stretching vi-
bration. The bands at 1626 cm™! and 1600 cm™! belonged to C=C
groups and benzene rings vibrations. The bands located at 1510, 1435
and 1285 cm ! were related to G=0 and C=C characteristics vibra-
tions, olefinic C-H bending vibrations and C—O stretching vibrations of
aromatic rings, respectively. Finally, bands at 1027 and 840 cm™!
attributed to C—O—C stretching vibrations were found (Chen et al.,
2015; Yallapu et al., 2010).

A-CNF spectrum presented typical bands of SA and cellulose,
demonstrating the presence of both materials in the bioink formulations.
Spectra of A-CNF and A-CNF-cur were compared, and small peaks at
1626 cm ™! and at 1510 cm ™! also observed in curcumin spectrum, were
found in A-CNF-cur. Other bands were found in this bioink at 1285 cm™*
and 840 cm™! corresponding to C—O stretching vibrations from aro-
matic rings of curcumin and C—O—C stretching vibrations, respectively;
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and thus demonstrating that curcumin was successfully integrated in the
A-CNF biopolymer matrix.

3.2. Rheological characterization of A-CNF bioinks

With the aim of determining both the printability and shape fidelity
of the prepared bioinks, rheological characterization was performed. As
it could be observed in the flow viscosity curves (Fig. 1A), bioinks pre-
sented shear-thinning behavior in all cases, being the viscosity value at
zero shear rate as well as the shear-thinning behavior, higher with
increasing CNF content (Table 1). Shear-thinning is a typical behavior
from non-Newtonian fluids and this could be demonstrated adjusting the
experimental flow viscosity values to a Power-law model (Chen et al.,
2019; Li et al., 2016). Power-law equation described in experimental
section was used to calculate Power-law index (n), consistency coeffi-
cient (K) and Pearson correlation coefficient (R?) for all bioink formu-
lations, and then data were collected in Table 1. It was shown that n
values approached to zero and K values raised as the CNF content
increased, indicating non-Newtonian fluid characteristics and rise of
shear-thinning behavior (Chen et al., 2019; Li et al., 2016; Liu et al.,
2018). R? values close to 1 showed a strong correlation among experi-
mental data of viscosity versus shear rate and the Power-law model. All
this information also demonstrates that an increase in CNF content in the
formulations produced an enhancement of shear-thinning behavior and
non-Newtonian fluid characteristics in the developed bioinks.

The linear viscoelastic region (LVR) of the material was determined
by means of strain sweep test (Fig. 1B). At strains values between 0.1 and
1%, the storage (G’) and loss modulus (G’’) were found to be indepen-
dent of the strain amplitude, and G’ was higher than G’ indicating a
highly structured gel network in the LVR domain. At higher strain
values, a drop in G” and G’ indicated permanent deformation and gel
structure loss, resulting G’” higher than G’. Furthermore, it is known that
G’ defined the resistance of a material to be elastically deformed, and,
thus, elastic solid-like behavior and mechanical strength (Chen et al.,
2019; Liu et al., 2018). G’ values at a strain of 0.1 % were collected in
Table 1, showing a significant increment as the CNF content increased,
and consequently indicating a rise of elasticity and strength properties of
the bioinks.

Fig. 1Cshowed G’ and G’ as a function of the applied shear stress. As
it could be observed, for A-CNF1, G’ was always above G’ indicating a
liquid-like behavior of the material in the entire studied interval. For the
rest of the bioinks G’ was higher than G*’ indicating solid-like behavior.
The crossover of G’ and G’’ (when G’=G’’), was denominated as yield
stress (Feilden et al., 2016; Wilson et al., 2017), and it was reported by
Chen et al. (2019) that is the minimum force needed for the extrusion of
the material through the nozzle. The obtained yield stress values were
summarized in Table 1. As it could be appreciated, the yield stress was
higher as CNF content increased revealing that the higher CNF content
was presented in the formulation the higher force will be needed to
extrude the material.

Structure recovery test were performed to measure the recovery
degree of the prepared bioinks, simulating printing conditions (Fig. 1D).
For ideal bioinks, when shear rate increases, viscosity should drop and
when it decreases or is completely removed, initial viscosity should be
rapidly recovered (Abouzeid et al., 2018). Recovery percentage was
calculated and it was also summarized in Table 1.

The obtained results indicated that, in general, recovery ability
increased with the amount of CNF. In the case of the highest CNF con-
tent, the unexpected slightly lower recovery value could be caused by
the partial loss of material during the assay at the maximum shear rate.
Nevertheless, the viscosity reached when the shear rate application
stopped was enough to support the shape of printed scaffolds.

In Fig. 1E, frequency sweep tests for the different bioinks were pre-
sented. In general, G’ and G”’ presented marked frequency dependency
and the two modulus increased notably as the oscillation frequency did.
The non-covalent character of the hydrogen bonding interactions
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Fig. 1. Rheological data from the different bioink formulations: A) Steady-state viscosity as a function of shear rate. B) G’ (solid symbols) and G’’ (open symbols) as a
function of shear strain. C) G’ (solid symbols) and G’ (open symbols) as a function of shear stress. D) Structure recovery test. E) G’ (solid symbols) and G** (open
symbols) as a function of frequency. F) Tan § values as a function of frequency.

Table 1
Viscosity at zero shear rate, G’ at strain of 0.1 %, yield stress and recovery percentage of the five bioinks.

Bioink Viscosity (Pa-s) n K R? G’ (Pa) Yield stress (Pa) Recovery (%)

A-CNF1 290 + 32 0.4386 149.15 0.994 277 +£51 - 7242

A-CNF2 518 +£59 0.3617 234.8 0.995 463 +55 90+12 72+1

A-CNF3 850+ 93 0.3081 333.44 0.998 123376 284 + 46 75+3

A-CNF4 1418 +71 0.2566 481.37 0.997 2177 + 68 365+ 16 65+6

A-CNF5 2266 + 99 0.1453 697.53 0.993 5583 +76 600 + 21 66+ 3
existing between the alginate and the nanocelullose led to this rheo- difference between G’ and G’’ values indicates highly organized gel-like
logical pattern, as reported by Liu et al. (2019). As it could also be structure whereas similar values indicates poor elastic behavior and
observed, bioinks with higher modulus values corresponded to those weakly organized network structure of the material (Abouzeid et al.,

with larger CNF content. Furthermore, it was known that the larger 2018; Liu et al., 2019), as could be observed for the A-CNF1 bioink. As it
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could be noticed, the existing gap between the two dynamic modulus
increased with the applied frequency, reaching its maximum value at the
highest frequency, where the solid character of the viscoelastic bioink
predominated.

Ideal bioink formulations also needs good solid-liquid balance to be
successfully printed, with good interconnection between layers and
correct structure fidelity. As it is well known, the ratio between G’ and
G’ (G”’/G’) can be correlated with shape strength and internal network
structure, which is determined as tan § (Gao et al., 2018; Liu et al.,
2018). Values close to 0 indicates solid and elastic behavior, and values
close to 1 indicates more liquid-like behavior (Abouzeid et al., 2018; Gao
etal., 2018). Gao et al. (2018) reported that alginate-based bioinks with
tan & values between 0.25 and 0.45 presented good smoothness and
structural integrity. Tan & results from frequency sweep test of the
developed bioinks are shown in Fig. 1F and the obtained results revealed
adequate tan § values for the bioinks with higher CNF content, whereas
undesirable values higher than 0.5 where obtained for the two formu-
lations with lower CNF content, A-CNF1 and A-CNF2.

3.3. 3D printing of A-CNF bioinks

All prepared A-CNF bioinks were 3D printed in several forms (Fig. 2)
in order to correlate the measured rheological parameters and printing
performance. All developed bioinks presented suitable extrudability
through the nozzle, filament formation and correct layer deposition, but,
as it could be observed, printed samples from A-CNF1 and A-CNF2
bioinks did not present accurate reproduction of the dog-bone shape,
provided in the computer-aided design (CAD) model. A-CNF3, A-CNF4
and A-CNF5 showed shape fidelity and accuracy, structural integrity,
smooth uniformity and good connection between layers after printing.

Viscoelastic capacity of the bioinks is crucial to overcome shape fi-
delity issues, as it has been mentioned before. High G’ values at low
shear strains were related to the presence of a highly structured network,
but after the application of a shear force as happens during 3D printing,
materials must be able to recover almost the initial G’ values, demon-
strating that the physical network was restored (Chen et al., 2019).
Printed samples of A-CNF formulations with lower CNF content did not
show suitable shape retention (Fig. 2) and the initial G’ values up to
463 Pa (Table 1), demonstrating that 1 and 2 % of CNF content into a SA
solution were not enough to guarantee shape fidelity and suitable

A-CNF1
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viscoelastic characteristics for 3D printing. For A-CNF3, A-CNF4 and
A-CNF5 bioinks initial G’ values beyond 1200 Pa denoted the presence
of a highly strength network that ensured shape fidelity after printing.
Bendtsen et al. (2017) reported values of G’ among 600 and 1200 Pa for
high accuracy and shape fidelity of alginate-based bioinks, whereas
Chen et al. (2019) reported initial G’ values among 1150 and 6909 Pa for
correct shape retention and resolution in starch-based bioinks. The
deficient shape strength and structural fidelity of the A-CNF1 and
A-CNF2 bioinks were also closely related to the measured low viscosity
values at zero shear rate and yield stress, as well as fluidity and
liquid-like behavior above discussed.

In view of the results, it might be concluded that formulations with
CNF content of at least 3 wt% presented suitable viscoelastic charac-
teristics to be successfully printed. The printed samples reproduced
more accurately the CAD model as the CNF content increased in the A-
CNF bioink formulations. The CNF acted as effective rheological modi-
fier rising shape fidelity, structural integrity and avoiding collapse of
printed samples, also in agreement with that reported by Leppiniemi
et al. (2017) and Heggset et al. (2019). Therefore, formulations of
A-CNF3, A-CNF4 and A-CNF5 were selected for 3D printing of cylin-
drical samples and preparation of porous scaffolds after convenient
freeze-drying, whereas A-CNF1 and A-CNF2 formulations were dis-
carded for the next experiments.

3.4. Morphological and mechanical characterization of A-CNF scaffolds

The morphology of printed scaffolds was analyzed by SEM. Images of
freeze-dried scaffolds of A-CNF3, A-CNF4 and A-CNF5 were obtained in
both surface and in the cross-section perpendicular to the deposition of
the layers. As can be observed, surface morphology of A-CNF3 scaffold
presented larger porosity (upper Fig. 3A) than A-CNF4 and A-CNF5,
where non-homogeneous surfaces were observed, with compact and
porous regions appearing together (upper Fig. 3B and C, respectively). In
cross-section images (Fig. 3, down images), decreased porosity and
higher compactness were observed as the CNF content increased. As it
could be noticed in the images, the different layers were correctly
merged during the printing process and no separated threads delimiting
each layer were observed. Indeed, the scaffolds appeared as a single
block, demonstrating extrusion uniformity of the material and correct
deposition and support of the different layers.

pEEe
e

|’¢‘:‘d,f4,'o, N
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Fig. 2. Computer-aided design (CAD) models and digital images of 3D printed dog-bone and cylindrical samples of developed A-CNF bioinks.
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Fig. 3. Scanning electron microscopy (SEM) images of A-CNF freeze-dried scaffolds. Composition: A) A-CNF3, B) A-CNF4 and C) A-CNF5. Upper images represent

surface and down images represent cross-section.

Freeze-drying consists on removing water from the printed scaffolds
by sublimation, obtaining a porous matrix. Consequently, the ratio of
solid content and the amount of water in the bioink formulations control
the final porosity, increasing as the solid content decreases (Wu et al.,
2010). Thus, the higher solid content of the formulations with larger
amount of CNF led to reduced porosity both in the surface and within the
inner part of the scaffolds. It is worthy to note that varying the CNF
content only in 1wt% was enough to clearly observe changes in
morphology, porosity and compactness between the three different
printed scaffolds.

Compressive mechanical stress-strain curves of the freeze-dried cy-
lindrical printed scaffolds from A-CNF3, A-CNF4 and A-CNF5 were
shown in Fig. 4. Compressive modulus, compressive stress and densifi-
cation strain values obtained from the curves were summarized in
Table 2. All samples followed the typical compression behavior of

4,0

eesese A-CNF3
3,54 ==~ A-CNF4
— A-CNF5

3,0 1
2,54
2,04
1,54
1,04

oo / ...-.....-""...

0,0 — 1T - T - 1 T T T T T T T T
0 10 20 30 40 50 60 70 80

Compressive strain (%)

Compressive stress (MPa)

Fig. 4. Compressive stress-strain curves of A-CNF3, A-CNF4 and A-CNF5
freeze-dried scaffolds.

Table 2
Compressive properties of freeze-dried A-CNF scaffolds.

Scaffold ~ Young’s modulus Compressive strength Densification strain
(MPa) (MPa) (%)

A-CNF3  12.0+5.7 1.5+0.4 66.6 +2.1

A-CNF4  228+123 2.7+0.8 65.6+1.3

A-CNF5 28.1+13.4 3.2+0.8 63.0+1.2

porous materials, showing the linear elastic behavior at low stress
values, followed by an extended plateau and a final densification region,
where the stress dramatically increased.

Scaffolds with higher CNF content showed higher mechanical
strength and stiffness, attributed to the reinforcing effect of CNF in good
agreement with the previous rheological results. In fact, results showed
increasing Young’s modulus and compressive stress values as CNF
content of scaffolds increased, while the densification strain decreased
due to the reduction in the porosity of the scaffold. A-CNF3 showed
significantly lower modulus and compressive strength than A-CNF4 and
A-CNF5, whereas the latter reached non-porous behavior faster than A-
CNF3 and A-CNF4.

3.5. Swelling degree of A-CNF scaffolds

Swelling degree and disintegration rate of A-CNF freeze-dried scaf-
folds was evaluated for 24 h and the obtained results were shown in
Fig. 5. Swelling capacity was higher in A-CNF3 scaffolds than A-CNF4
and A-CNF5 (Fig. 5A). This could be attributed to the previously
observed higher porosity in the A-CNF3 that enabled faster water
penetration into the scaffolds, compared to those with higher CNF
content. Guaresti et al. (2017) and Mirzaei et al. (2013) reported similar
swelling degree values for natural polymer based freeze-dried hydrogels.
In this experiment, it should be taken into account that both the mass
gain due to the water uptake and the mass loss were competing, espe-
cially from the 4™ hour due to the progressive disintegration of the
scaffolds in the PBS solution. The faster water uptake into the scaffolds
with higher porosity and less CNF content resulted in higher percentage
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Fig. 5. A) Swelling degree and B) disintegration rate of A-CNF freeze-dried scaffolds.

of scaffold disintegration over time, as it was observed in Fig. 5B.

3.6. Preliminary cellular behavior in A-CNF scaffolds

Preliminary qualitative analysis of cell presence was performed to
test the biocompatible character of the developed A-CNF scaffolds.
HEK293 T cell line was seeded in freeze-dried A-CNF3, A-CNF4 and A-
CNF?5 scaffolds, and then they were stored for one week in the incubator,
at 37 °C. After that time soaked in culture media, it was observed that
none of the scaffolds lost totally the structure integrity. The nucleus of
the cells were dyed with DAPI before the qualitative analysis and then,
seeded scaffolds were evaluated through a multilayer analysis by
confocal laser scanning microscopy, taking images of the scaffolds layer
by layer throughout the z-axis at different heights, from the base to the
surface, as it has been indicated in Fig. 6. As could be observed in the
control image, seeded cells appeared as fluorescence stained circles

Confocal laser
microscopy analysis

Seeded A-CNF scaffolds

e

Base of A-CNF3

Control scaffold

whereas in the images from the seeded A-CNF3 scaffold, both the cells
and the CNF were detected. Khalid et al. (2019) reported that cellulose
nanofibers can be detected in the confocal laser microscope in blue and
green fluorescence emission spectra, and consequently they were
observed as fibers shape in the images, especially in those referred to the
middle part and the surface of the scaffold. Comparing the images taken
from the scaffold to that obtained for the control, it could be appreciated
that both cells and CNF were observed in the A-CNF3 scaffold, revealing

that these cells could integrate throughout the porous matrix of the
A-CNF scaffolds.

3.7. Preparation and 3D printing of A-CNF-cur bioinks

The suitability of the prepared A-CNF scaffolds as platforms for local
drug administration was evaluated. Curcumin was chosen due to its
recent interest in the treatment of cancer and inflammatory diseases

Analysis of a seeded A-CNF3
scaffold layer by layer

Middle part of
A-CNF3 scaffold

Surface of A-CNF3
scaffold

Fig. 6. Preliminary cellular behavior in A-CNF scaffolds. Images of the upper part represent the seeded A-CNF scaffolds in a well plate after one week of growth and
subsequent multilayer analysis by confocal laser microscopy. Down images represent the control and a seeded A-CNF3 scaffold taken layer by layer from the base to
the surface by confocal laser microscopy in green fluorescence emission spectrum. Scale bars represent 100 pm.
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(Doello et al., 2018; Farhood et al., 2019). Hydrophobic curcumin
showed low solubility in water or in PBS (Fig. 7A) but it could be sta-
bilized in alginate aqueous solutions (Fig. 7B). When curcumin is added
to the alginate solution, hydrophobic particles are trapped and stabilized
by polymeric chains and they stay homogeneously distributed
throughout the aqueous alginate matrix despite their low solubility.
Moreover, CNF could even improve this stabilization, as it was reported
by Li et al. (2013).

Thus, curcumin was added to A-CNF3, A-CNF4 and A-CNF5 bioinks
and then they were successfully 3D printed in a patch shape configured
by CAD (Fig. 7C), showing that printed samples were able to remain the
shape previously designed. It was also shown that curcumin was ho-
mogeneously integrated and stabilized in the A-CNF bioinks, as was
already demonstrated by FTIR analysis. As it could be observed, the
addition of curcumin did not change the properties of the A-CNF bioinks
during printing process, showing good printability, shape fidelity and
stiffness of the printed patches, as those without drug. Finally, printed
patches were freeze-dried.

3.8. In vitro curcumin release from A-CNF-cur patches

3D printed A-CNF-cur patches were evaluated as drug delivery sys-
tems. Freeze-dried patches were assessed in vitro conditions (PBS, 37 °C)
for 24h, and the amount of released curcumin was determined by
UV-vis spectroscopy.

As it could be observed in Fig. 8A, A-CNF3-cur and A-CNF4-cur
patches showed shortest time of total curcumin release, which was
estimated to be around 6 h. Curcumin release in A-CNF5-cur patches was
measured for 24 h, and the results showed that only 50 % of the total
amount of curcumin was released at that time. Due to the low solubility
of this molecule in PBS, the release of curcumin will be triggered by the
water entry into the porous scaffold and its progressive disintegration.
Thus, curcumin release was dependent on the previous stabilization of
this hydrophobic molecule in A-CNF biopolymer matrix, the swelling
capacity of A-CNF-cur scaffolds and its progressive disintegration. For
that reason, A-CNF-cur scaffold disintegration rate was also simulta-
neously monitored (Fig. 8B), collecting the residual A-CNF biopolymer
at predetermined times (Fig. 8C). A-CNF3-cur and A-CNF4-cur showed
faster scaffold disintegration than A-CNF5-cur, in correlation with cur-
cumin release curves. Regarding the effect of the CNF amount in the
different A-CNF-cur printed patches, it has already been demonstrated in

A) PBS-cur H20-cur

{0, g0

C)

CAD

3D printing
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those without drug that higher content of CNF reduced porosity and
increased stiffness of the printed scaffolds, giving rise to a slower water
entry into the scaffold and, consequently, lower disintegration rate. For
that reason, curcumin release and scaffold disintegration of A-CNF5-cur
patches was slower than in A-CNF3-cur and A-CNF4-cur.

4. Conclusions

In this study, different formulations of alginate-cellulose nanofibers
(A-CNF) were developed to be used as bioinks for 3D printing. Rheo-
logical tests were performed to give an overview of their printability. All
bioink formulations showed shear thinning behavior, but only A-CNF3,
A-CNF4 and A-CNF5 presented suitable conditions, shape fidelity and
high accuracy after printing, that is, good solid-liquid balance which
involves good interconnection between layers and correct structure
retention. The increment of CNF content in the formulations provided
viscoelastic capacity to the bioinks, which was translated into good
printability and shape fidelity after 3D printing of A-CNF3, A-CNF4 and
A-CNF5 formulations. The scaffolds prepared by freeze-drying showed
an increment of compressive modulus and structure compactness as the
CNF amount increased, while the swelling capacity and disintegration
rate of the scaffolds were found to decrease due to the reduction of the
porosity. In order to evaluate the capacity of the 3D printed scaffolds as
drug delivery systems, curcumin was added to A-CNF selected formu-
lations, obtaining bioinks suitable for 3D printing technology that
guaranteed its structure stabilization and maintained shape fidelity after
printing. A-CNF-cur bioinks were 3D printed in patch shape and freeze-
dried. Curcumin release from scaffolds was evaluated in vitro conditions
and results showed that the release was driven by the A-CNF-cur scaffold
disintegration instead of by the dissolution of curcumin in PBS, due to
the hydrophobicity of this molecule. Porous structure of freeze-dried
patches allowed water entry due to its swelling capacity, triggering A-
CNF-cur disintegration and curcumin release. An increment of CNF
amount in 1 wt% between the suitable A-CNF3-cur, A-CNF4-cur and A-
CNF5-cur bioink formulations was enough to guarantee a slower drug
release due to the decreased porosity of the scaffold which finally
involved a slower water uptake and slower disintegration rate of the
scaffolds. These differences in the drug release kinetics can be used as a
way to customize the drug delivery system, which could be adapted
according to the patient necessities. Therefore, the three suitable A-CNF
formulations for 3D printing technology could be employed as tailor-

B) Alginate-cur

Freeze-dried

Printed sample scaffold

AR

Fig. 7. A) Curcumin in PBS and water solutions. B) Curcumin stabilization in alginate aqueous solution (4 wt%). C) Process for obtaining an A-CNF4-cur patch.
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Fig. 8. A) Curcumin release curves from A-CNF-cur patches. B) Disintegration rate of A-CNF-cur patches. C) Images taken from A-CNF4-cur during release and

disintegration process at times of 30 min, 1, 2, 3, 4, 5, and 6 h.

made drug delivery systems, adjusting specific patient drug dosage and
requirements in the release form.
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