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haracterization of 3D printable
nanocellulose-based hydrogels for tissue
engineering†
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and Ki-Taek Lim *

Cellulose nanocrystal (CNC)-based hydrogels are considered attractive biomaterials for tissue engineering

due to their excellent physicochemical properties. Hydrogels of alginate and gelatin were prepared with or

without CNCs and printed using a CELLINK® BIOX 3D bio-printer. The 3D-printed scaffolds were

characterized by Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, transmission

electron microscopy (TEM), and scanning electron microscopy (SEM). Improved mechanical strength was

observed in the composite scaffolds compared to the pure polymer scaffolds. Fabricated scaffolds

exhibited superior swelling potential; this property is profoundly affected by the CNC content of

hydrogels. Biocompatibility of the fabricated scaffolds was monitored in the presence of human bone

marrow-derived mesenchymal stem cells (hBMSCs) using the WST-1 assay. Notably, better cell viability

was observed in the composite scaffolds than in the control, indicating improved biocompatibility of

composites. Cells were healthy and adhered appropriately to the surface of the scaffolds. Mineralization

potential of the prepared scaffolds was evaluated by the alizarin red S (ARS) staining technique in the

presence of hBMSCs after 7 and 14 days of treatment. Enhanced mineral deposition was observed in the

composite scaffolds compared to the control, indicating superior composite mineralization potential.

Upregulation of osteogenic-associated genes was observed in the scaffold-treated groups relative to the

control, showing superior scaffold osteogenic potential. These results demonstrate that 3D-printed

scaffolds are potential candidates for bone tissue engineering applications.
1. Introduction

Reconstruction of injured bone is one of the most signicant
challenges in medical science.1,2 Allogras and autogras are
applied to treat injured bone. However, this process has some
drawbacks. Bone tissue engineering is considered a promising
alternative technique and is being explored as a replacement for
conventional therapies. Naturally derived polymers such as
collagen, silk broin, glucan, cellulose, alginate, gelatin, chi-
tosan, and hyaluronic acid have been extensively used as
biomaterials for tissue engineering.2–6 Hydrogels based on
naturally derived biomaterials can be used for biomedical
applications,7–9 and their properties resemble the native extra-
cellular matrix (ECM) that provides appropriate support for
enhanced cellular activity.10 Alginate and gelatin are considered
attractive materials for tissue regeneration due to their excellent
biocompatibility and favorable chemical structure.2,4,11,12
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Alginate is a block copolymer containing b-D-mannuronic acid
and a-L-glucuronic acid units, and it is easily cross-linked with
divalent cations.12,13 However, alginate-based hydrogels exhibit
low viscosity, which restricts their applications in 3D
printing.14,15 Alginate has low cellular activity, and therefore it
must be blended with other biocompatible polymers such as
gelatin to make 3D printable bio-ink for tissue engineering.
Gelatin is derived from collagen, and gelatin-incorporated
alginate matrix exhibits superior cellular activity. Alginate/
gelatin-based hydrogels have attracted signicant interest in
tissue engineering because of their superior physicochemical
properties and enhanced bioactivity.4,16 In conventional hydro-
gel scaffolds, a lack of controlled inner structure and
morphology characterizes their 3D space. A 3D printing
approach can generate scaffolds with precise structure and
morphology, and printing cultured cells with the materials
provides a fascinating pathway that can be applied as tissue-
engineered constructs for different applications.17

Different nanomaterials such as metals and their oxides,
carbon nanotubes (CNTs), graphene, zeolite, and nanocellulose
are oen utilized to improve the properties of pure poly-
mers.18–20 Cellulose is one of the most abundant natural poly-
mers on Earth, occurring in the cell walls of plants and in some
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The details of the chemical compositions of the fabricated
hydrogels

Composition
Alginate%
(w/v)

Gelatin%
(w/v)

CNCs%
(w/w)

Alg–Gel 2 3 0
Alg–Gel-0.5 2 3 0.5
Alg–Gel-1 2 3 1
Alg–Gel-2 2 3 2
Alg–Gel-4 2 3 4
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bacteria. It has an amorphous, crystalline structure. Nano-
cellulose is considered a promising material in tissue engi-
neering owing to its unique physicochemical properties.21 The
acid hydrolysis of cellulose generates highly crystalline nano-
materials known as cellulose nanocrystals (CNCs).4,21–24 Rice
husk, bamboo, potato tuber, sugar beet, wheat straw, cotton,
wood, bacteria, and algae are frequently used to obtain CNCs by
acidic hydrolysis.25–27 An enhancement in the gelation of algi-
nate–gelatin hydrogel occurs in the presence of CNCs through
the increased interaction.4,16,28 Improved mechanical strength
has been noted in CNC-based composites compared to pure
polymers.23 For 3D printing, CNC-based bio-inks have the
advantage of a higher solid content due to their lower aspect
ratio relative to cellulose nanobrils (CNFs), as well as an easier
surface functionalization.29

In this work, alginate/gelatin/CNC hydrogels were prepared
through the physical cross-linking process as a 3D printable bio-
ink for tissue engineering. Interaction between the components
was analyzed by FTIR spectroscopy. The mechanical strength of
the printed scaffolds was evaluated using a universal tensile
machine (UTM). Biocompatibility of the scaffolds was deter-
mined by the WST-1 assay in human bone-marrow-derived
mesenchymal stem cells (hBMSCs). Enhanced mineral deposi-
tion occurred in the composite scaffolds compared to the
control, indicating better composite mineralization potential.
Thus, printed scaffolds can be explored for stem cell differen-
tiation in tissue engineering. The applicability of alginate-based
hydrogels has been previously reported. The advantages of the
developed material were its stability without cross-linking
agents and its improved osteogenic potential.
2. Experimental section
2.1. Materials

The cotton pulps-derived CNCs (10–20 nm width and 50–
400 nm length) were received from Cellulose Laboratories,
Canada. Sodium alginate and gelatin were purchased from
Sigma-Aldrich (purity $ 98%). All chemicals were used without
further purication. The CELLINK® BIOX 3D bio-printer was
purchased from CELLINK Corporation, Sweden.
2.2. Hydrogel preparation

The hydrogels were prepared as previously described some-
where else with some modications.16 The Alg–Gel hydrogels
were prepared by blending the calculated amounts of sodium
alginate (2% w/v) and gelatin (3% w/v) in an aqueous condition.
For this, the aqueous solution of sodium alginate was prepared
and stirred at 70 �C for 30min. The solution was cooled to 45 �C,
and the addition of the required amounts of gelatin was
accomplished in the solution with continuous mechanical
stirring for 30 min. The Alg–Gel–CNCs hydrogels were fabri-
cated similarly by adding different amounts of CNCs (1, 2, and
4%) into the blend solution. The prepared samples were kept in
a refrigerator at 4 �C for 12 h to initiate gelation. The hydrogel
compositions are given in Table 1. The pure polymer and
composite scaffolds were denoted by Alg–Gel, and Alg–Gel-x,
© 2021 The Author(s). Published by the Royal Society of Chemistry
respectively. Where x is the percentage weight of CNCs in the
polymer matrix.
2.3. Printing of hydrogel

The prepared hydrogels were lled into plastic printing
cartridges (CELLINK Corporation, Sweden). The printing was
performed with CELLINK BIO-X (CELLINK Corporation, Swe-
den). The Solidworks soware (http://www.solidworks.com,
Dassault Biosystems, France) was utilized to design the printing
structure. The pre-designed structures with four perpendicular
layers were printed, and the printing parameters are given in
Table 2. A few seconds to minutes led to gel curing. The printed
scaffolds were freeze-dried and kept in a vacuum desiccator for
further experiments.
2.4. Morphological and composition analysis

The surface morphologies of the fabricated scaffolds were
examined by scanning electron microscopy (SEM) (S-4800,
Hitachi, Tokyo, Japan). For this, the scaffolds were sputter-
coated with platinum for 250 s at 15 mA, and morphologies
were captured with an accelerating voltage of 5.0 kV cm�1. The
interaction between Alg–Gel with CNCs was monitored with the
FTIR spectroscopy (Perkin Elmer, UK) in the transmitted mode
in the wavenumber range of 500–4000 cm�1 at a resolution of
4 cm�1. The solid printed scaffolds were taken for the FTIR
measurement. Raman spectra of the developed scaffolds were
recorded on Horiba Jobin Yvon using laser light of wavelength
532 nm.
2.5. Mechanical strength

The mechanical strength of the printed scaffolds was evaluated
using a universal tensile machine (UTM) (MCT-1150, Japan) in
the elongation mode with the elongation rate of 10 mm min�1.
All experiments were performed in triplicate (n ¼ 3).
2.6. Rheological analysis

The rheological analysis of the developed hydrogels and the 3D-
printed scaffolds was performed with an ARES-G2 rheometer
(TA Instruments, New Castle, Delaware, USA), with a 6 mm
parallel plate at different temperatures (25, 30, and 35 �C). The
developed materials were characterized by ow and tempera-
ture sweep.
RSC Adv., 2021, 11, 7466–7478 | 7467
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Table 2 The parameters used in the 3D printing of the different hydrogels

Condition Alg–Gel Alg–Gel-0.5 Alg–Gel-1 Alg–Gel-2 Alg–Gel-4

Cartridge needle (G) (mm) 27 G (0.2) 27 G (0.2) 27 G (0.2) 27 G (0.2) 27 G (0.2)
Printing pressure (kPa) 80 100 400 600 600
Printing speed (mm s�1) 8 8 8 8 8
Printing temperature (�C) 30 30 30 30 30
Print bed temperature (�C) 6 6 6 6 6
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2.7. Swelling test

The swelling efficiency of the printed scaffolds was determined
in distilled water and phosphate-buffered saline (PBS) solution
at room temperature aer different periods of soaking. For this,
a predetermined weight of the dry scaffolds was dipped into
water and removed aer a xed time period. The excess water
from the surface of the scaffolds was removed with tissue paper,
and the weight of hydrated scaffolds was taken. The samples
were again immersed in water, and the process was repeated for
the desired periods. The swelling efficiency was calculated with
the following equation,

Swelling ratio ð%Þ ¼ Wwet �Wdry

Wdry

� 100

where, Wdry and Wwet are the weight of the printed scaffolds
under dry and hydrated conditions, respectively. The swelling
efficiency of the 3D-printed scaffolds in PBS solution was eval-
uated in a similar method to water.
2.8. Cell culture

The hBMSCs were received from the Korean Cell Line Bank
(KCLB) (Seoul National University), Republic of Korea. The cells
were cultured as previously reported somewhere else.23 In brief,
the cells were cultured in Dulbecco's Modied Eagle Medium
(DMEM; Welgene Inc., Republic of Korea) having 10% fetal
bovine serum (FBS) (Welgene Inc., Republic of Korea), and 1%
antibiotic (Anti–Anti; 100�, Gibco-BRL, USA) at 37 �C in
a humidied atmosphere containing 5% CO2 (Steri-Cycle 370
Incubator; Thermo-Fischer Scientic, USA). The old media were
replaced with fresh media aer three days. At �70–80% of
conuency, the cells were detached, counted, and passaged
with 1 mL of 0.25% trypsin–ethylenediaminetetraacetic acid
(EDTA) (Gibco, USA) solution. Passage three were used for the
primary cell culture.
2.9. Cell viability

The biocompatibility of the printed scaffolds was evaluated by
WST-1 assay technique in the presence of hBMSCs aer
different periods of treatment. The cells (1� 104) were placed in
a 96-well plate and incubated in the 5% CO2 environment at
37 �C for 1, 3, and 5 days. Aer the treatment, the cells were
washed with PBS and treated with WST-1 reagent. The WST-1
treated cells were further incubated for 2 h, and the concen-
trations of the formed formazan were assessed by a spectro-
photometer (Innite® M Nano 200 Pro; TECAN, Switzerland) at
7468 | RSC Adv., 2021, 11, 7466–7478
450 nm of absorbance. All measurements were performed in
triplicate (n ¼ 3), and data are presented at mean ODs � stan-
dard deviations. Statistical signicance was considered at *p <
0.05. The samples were sterilized by the UV light treatment.
2.10. Cell morphology

The cell morphologies were examined by uorescence micros-
copy (DMi8 Series, Leica Microsystems, Germany) aer 5 days of
treatment. The cells (2 � 104) were cultured in the 35 � 15 mm
dish for the required periods, followed by PBS washing. The
cells were xed using 4% paraformaldehyde (PFA) (Sigma-
Aldrich, USA). The xed cells were washed with PBS and per-
meabilized through 0.1% Triton-X 100 for 10 min, followed by
blocking with 1% bovine serum albumin (BSA) (Sigma-Aldrich,
USA) for 60 min. Aer this, the cells were stained with 200 mL of
Alexa Fluor 488-conjugated phalloidin (F-Actin Probe; Invi-
trogen, Thermo-Fischer Scientic, USA) for 20 min, and the
nucleus was counterstained by 40,6-diamino-2-phenylindole
dihydrochloride (DAPI) (Sigma-Aldrich, USA) for 5 min. The
excess stains were removed by washing with PBS, followed by
mounting with 1 drop of Prolong® Antifade (Invitrogen,
Thermo-Fischer Scientic, USA), and images were captured
using an inverted uorescence microscope. The uorescence
intensity was measured with Leica Microsystems Suite X so-
ware (Leica Microsystems, Germany).
2.11. Mineralization study

The mineralization potential of the printed scaffolds was eval-
uated with the alizarin red-S (ARS) staining technique in the
presence of hBMSCs aer 7 and 14 days of treatment, as
previously reported somewhere else.30 In brief, the cells (4 �
106) were placed into the cultured media and incubated for the
desired periods. The media without any scaffolds were consid-
ered as control. The old media were replaced with fresh media
aer three days. Aer incubation, the treated cells were washed
with PBS and xed by 70% ethanol solution for 15 min at room
temperature. The xed cells were treated with 40 mM ARS (pH
4.2, Sigma-Aldrich, USA) solution for 10 min. The excess stain
was removed by washing with distilled water. The nodule
formation was examined by an optical microscope (Zeiss
Optical Microscope, Germany). The quantitative values of the
mineralized nodule were measured by taking an absorbance
with a spectrophotometer at 562 nm aer de-staining the
cultured media with 500 mL of de-staining solution (pH 7.0)
having 10% of cetylpyridinium chloride (Sigma-Aldrich, USA)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and 10 nM of sodium phosphate (Sigma-Aldrich, USA). All
measurements were performed in triplicate (n¼ 3), and data are
presented at mean ODs � standard deviations. Statistical
signicance was considered at *p < 0.05.

2.12. Alkaline phosphatase activity

For ALP staining, the cells (4 � 104) were incubated with Alg–
Gel-1 scaffolds in a 24-well plate for 14 days. Cultured media
without scaffold were considered as controls. Aer that, the
plate was washed with PBS and xed with 10% para-
formaldehyde solution for 30 s. The xed cells were incubated
with 0.1% Triton X-100 for 5 min and stained with Leukocyte
Alkaline Phosphatase Kit (Sigma-Aldrich, USA) as per manu-
facturer's instructions. The stain cells were washed with water,
and images of ALP positive cells were capture by a light
microscope. The ALP activity was quantied by measuring the
intensity of positive cells with ImageJ soware (ImageJ v1.8,
NIH, Bethesda, USA).
2.13. Gene expression analysis

The expression of the osteogenic associated gene markers in
hBMSCs was evaluated by the real-time polymerase chain
reaction (qPCR) technique aer 7 and 14 days of incubation as
earlier reported.31 For this, the cells (4� 104) were cultured with
or without scaffolds for the desired periods. The RNA was
extracted by TRIzol® reagent (Thermo-Fischer Scientic, USA)
as per the manufacturer's guidelines. The purity and concen-
trations of the extracted RNA were monitored by a spectropho-
tometer (Innite® M Nano 200 Pro; TECAN, Switzerland). The
cDNA was synthesized using the extracted RNA with reverse
transcriptase (Superscript II RTase; Invitrogen, Gaithersburg,
MD) and SYBR Green Master Mix (Bio-Rad, USA). The Bio-Rad
Real-Time PCR (CFX96™ Maestro Real-Time System, Bio-Rad,
USA) was utilized to quantify the mRNA expression. All experi-
ments were performed in triplicate and normalized with
housekeeping gene beta-actin (b-actin). The primer sets used
here are listed in Table 3.

2.14. Statistical analysis

Statistical analysis was performed with one-way ANOVA to
determine the signicant difference between different groups
using Origin Pro 9.0 soware (Origin Pro v9.0, USA). Data were
shown as mean � standard deviations. All experiments were
Table 3 List of the primer sets were used herea

Genes GenBank accession no.

HPRT NM_000194
Runx2 NM_001146038
ALP NM_007431
BSP L09555
OPN J04765

a HPRT, hypoxanthine guanine phosphoribosyl transferase; Runx2, runt
sialoprotein; OPN, osteopontin.

© 2021 The Author(s). Published by the Royal Society of Chemistry
accomplished in triplicate (n ¼ 3), and statistical signicance
was considered as *p < 0.05.
3. Results and discussion
3.1. Interaction and morphological analysis

A schematic illustration of the preparation of the hydrogels is
shown in Fig. 1a. We examined gelation in the hydrogel in the
reverse mode of the reaction vial. Photographs of the reaction
vials before and aer gelation are shown in Fig. 1b. No motion
was observed in the solution aer 12 h of incubation at 4 �C,
indicating complete gelation. The different parts of the 3D
printing machine with printed scaffolds are shown in Fig. 1c.
The interaction between the Alg–Gel matrix and CNCs was
monitored by FTIR spectroscopy, and the spectra are presented
in Fig. 2a. The appearance of the broad FTIR absorption peak in
the Alg–Gel at 3265 cm�1 suggests the presence of intermolec-
ular hydrogen-bonded hydroxyl (–OH) and amino (–NH2)
groups in the matrix, which shied towards a higher wave-
number in the composite hydrogels.32,33 This shi (3265 /

3284 cm�1) is due to the strong interaction between the polymer
matrix and the incorporated CNCs. The FTIR absorption peak at
1611 cm�1 indicates the presence of carbonyl (pC]O) groups in
the Alg–Gel. This peak was further shied towards higher
wavenumbers in the composite hydrogels. This can be attrib-
uted to increased interaction between the polymer matrix and
CNCs. The absorption peak at 1537 cm�1 shows the C–N
stretching vibration mode of amide groups, in which absorp-
tion is shied in the high wavenumber region in the composite
hydrogel compared to the pure polymer hydrogel. Based on
FTIR results, we assumed that hydrogen bonding was the major
interaction between the polymer matrix and incorporated
CNCs. Raman spectra of the 3D-printed scaffolds are shown in
Fig. 2b. The Raman spectrum was also done for qualitative
examination to assess how the components interacted in the
composite. The Raman spectrum of polymer (Alg–Gel) scaffolds
can be separated into two sections: the vibrations of the poly-
mer backbone (<1300 cm�1) and carboxylate groups'
$1300 cm�1. A signicant Raman shi (1598 / 1590) was
observed in the composite scaffolds compared to the polymer
scaffold. The interaction of CNCs with the functional groups
(prominently in the COO� groups) of the polymer chains is
responsible for this peak shiing in the composite scaffolds. A
Raman shi in the alginate polymer's carboxylate groups has
Sequences (50 to 30)

GGCTATAAGTTCTTTGCTGACCTG CCACAGGGACTAGAACACCTGCTA
CGCACGACAACCGCACCAT CAGCACGGAGCACAGGAAGTT
CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
AACTTTTATGTCCCCCGTTGA TGGACTGGAAACCGTTTCAGA
TGAAACGAGTCAGCTGGATG TGAAATTCATGGCTGTGGAA

-related transcription factor x2; ALP, alkaline phosphatase; BSP, bone

RSC Adv., 2021, 11, 7466–7478 | 7469
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Fig. 1 (a) Schematic presentation for the fabrication of hydrogels, (b) the fabricated hydrogels before and after the incubation at 4 �C for 12 h, and
(c) demonstration of the different parts of the printing machine with 3D-printed construct.
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also been previously reported due to the components' interac-
tion.34,35 Signicant Raman shi of the polymer backbone was
also observed in the composite scaffolds, showing that the
developed hydrogels are highly interactive.

Freeze-dried images of the indicated 3D-printed scaffolds are
shown in Fig. 2c. No signicant collapse in the printed scaf-
folds' cell wall occurred in the dry condition, indicating that
freeze-dried scaffolds have retained their morphology. Top-view
SEM images of the freeze-dried 3D-printed scaffold surfaces are
shown in Fig. 2d. The bridge and junction regions were easily
identied in the printed scaffolds. The printing direction and
layered morphology can be observed in the bridge region of the
printed scaffolds. The composite scaffolds exhibited a rough
surface morphology compared to the pure polymer scaffold;
this roughness is believed to be a favorable structure for
improved cellular activity by enhancing the diffusion rates of
nutrients and other metabolic products in and out of the scaf-
folds. Magnied SEM morphologies of the corresponding
composite scaffolds at the junction are shown in Fig. 2e. The
CNC network can be observed in the printed scaffolds, which
are embedded in the polymer matrix, indicating the effective
dispersion of CNCs. Magnied SEM image indicates that the
developed scaffolds were highly porous (�85%) with a varying
pore size of �20–42 mm. The orientation of nanomaterials has
signicant effects on cellular activity. Optical microscopy
images of the saturated, swelled scaffolds are shown in ESI
Fig. 1.† The fabricated scaffolds maintained their printed
structure in the swelling condition, and the composite scaffolds
exhibited a rougher morphology compared to the pure polymer
scaffolds.
3.2. Mechanical strength

The mechanical strength of the 3D-printed scaffolds was eval-
uated by a UTM in the tensile mode, and the obtained stress–
7470 | RSC Adv., 2021, 11, 7466–7478
strain curves are shown in Fig. 3a. The mechanical strength of
the materials provides important information associated with
their utility ranges. Improved mechanical strength was
observed in the composite scaffolds compared to the pure
polymer scaffold, indicating the positive effects of incorporated
CNCs. The mechanical behavior of the scaffolds is strongly
affected by their physicochemical properties, dispersion of the
incorporated nanomaterials, and interactions with the polymer
matrix.36 An enhancement in the modulus values (obtained
from the slope of the curve's initial linear region) was observed
in the composite scaffolds relative to the pure polymer scaffold.
Composite scaffolds exhibited higher toughness values (calcu-
lated from the area of the curve) compared to pure polymer
scaffolds. The quantitative values of the modulus and tough-
ness of the printed scaffolds are shown in Fig. 3b. The higher
modulus value of the composite scaffolds is due to the greater
interaction between the Alg–Gel matrix and CNCs, which facil-
itates the effective load transfer from the polymer matrix to the
CNCs during measurement.37 The modulus values increased
with increasing CNC content in the Alg–Gel matrix, indicating
better interfacial interaction. The yield point was 0.18, 0.25,
0.47, 3.33, and 4.32 MPa for Alg–Gel, Alg–Gel-0.5, Alg–Gel-1,
Alg–Gel-2, and Alg–Gel-4, respectively. It is believed that
formation of an interconnected network structure occurred by
ionic interaction of carboxylate (–COONa) groups of sodium
alginate and amino (–NH2) groups of gelatin, restricting motion
of the polymer chains. Furthermore, the addition of CNCs
facilitated the formation of a more interconnected network
structure due to their superior physicochemical properties.
Formation of a greater interconnected network structure is ex-
pected to enhance the mechanical strength of the composite
scaffolds.38 The orientation of CNCs in the Alg–Gel matrix
towards the applied force is responsible for the enhanced
toughness values, which restricts the crack propagation process
during measurement. Incorporation of CNCs demonstrated
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectroscopic characterizations of the printed scaffolds, (a) the FTIR spectra, (b) Raman spectra of the 3D-printed pure polymer and its
indicated composite scaffolds, (c) the photographs of the 3D-printed scaffolds under dry conditions, (d) SEMmorphologies of the corresponding
printed scaffolds, and (e) SEM morphologies of composite scaffolds at higher magnification at the junction of the scaffolds.
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positive effects of the mechanical strength of the printed scaf-
folds. It is possible to tune the mechanical properties of the
printed scaffolds by incorporating an appropriate amount of
CNCs into the polymer matrix.

The mechanical strength of the swelled scaffolds was eval-
uated using a rotational rheometer in the angular frequency (u)
range of 0.1–100 rad s�1 at 25 �C. Changes in the storage
modulus (G0) and loss modulus (G00) are given in Fig. 3c. An
enhancement in G0 was observed in the composite scaffolds
© 2021 The Author(s). Published by the Royal Society of Chemistry
compared to the pure polymer scaffold throughout the
measurement range, and composite scaffolds having 4% CNCs
exhibited a greater G0 value in the higher region of u than other
scaffolds, indicating the positive inuence of incorporated
CNCs on the mechanical strength of the printed scaffolds. This
enhancement in the mechanical strength of the composite
scaffolds is attributed to the formation of a more inter-
connected polymeric network structure, which restricts the
motion of the polymer chains, and consequently increases G0
RSC Adv., 2021, 11, 7466–7478 | 7471
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Fig. 3 Evaluation of the mechanical strength of the 3D-printed scaffolds, (a) stress–strain curve of the printed scaffolds (tensile mode), (b) the
quantitative values of the modulus (MPa) and toughness (MJ m�3) of the printed scaffolds, (c) storage (G0, solid lines) and loss modulus (G00,
without lines) of the saturated swelled 3D-printed scaffolds, and (d) corresponding complex viscosity (h*) of the saturated swelled 3D-printed
scaffolds at 25 �C.
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values in the composite scaffolds relative to the pure polymer
scaffolds.39 Nearly four-fold enhancement in G0 values occurred
in the composite scaffolds compared to the pure polymer scaf-
folds. An enhancement in G00 was also seen in the composite
scaffolds compared to the pure polymer scaffold throughout the
measurement range, and this value was further enhanced by
increasing the amount of CNCs. However, G00 values were less
than the G0 values throughout the measurement range, showing
the elasticity of the prepared hydrogel. Enhancement in the G0,
G00 values was also demonstrated earlier in CNC-based
composite scaffolds relative to pure polymer scaffolds due to
formation of a highly interconnected polymeric network struc-
ture in the composites.40 The viscosity complex (h*) value of the
printed scaffolds within the measured u ranges is given in
Fig. 3d. The composite scaffolds exhibited greater h* values
compared to pure polymer scaffolds in the lower regions of u,
and this property was further improved by increasing the
amount of CNCs in the polymer matrix, indicating the shear
thickening potential of the prepared hydrogel. A decrease in the
h* values was noted in the higher region of measured u, sug-
gesting the shear-thinning potential of the prepared hydrogel.
Shear thickening and thinning are essential properties for the
printing of hydrogels.

Additionally, we measured the mechanical strength of the
developed hydrogels at different temperatures (25 and 30 �C) in
7472 | RSC Adv., 2021, 11, 7466–7478
the angular frequency (u) ranges of 0.1–100 with a rotational
rheometer; the changes in the G0, G00 values at 25 �C are shown
in Fig. 4a, and the corresponding h* values are shown in Fig. 4b.
The developed hydrogels exhibited similar changing patterns of
G0, G00 and h* to the printed scaffolds, as mentioned above.
However, the magnitudes of G0, G00 and h* were higher in the
hydrogels compared to the corresponding printed structures,
showing more elasticity due to the interconnected polymeric
network structure. Changes in the G0, G00 values of the developed
hydrogels in the measured u regions at 30 �C are shown in
Fig. 4c, and the corresponding h* changes are shown in Fig. 4d.
Changes in G0, G00 and h* patterns of the hydrogels at 30 �C were
similar to those at 25 �C. However, their magnitudes were
higher at 30 �C than at 25 �C. This might be due to the relaxa-
tion and motion of the polymer chains at a higher temperature,
which facilitated a more cross-linked structure and increased
the elasticity of the hydrogel. Improvement in the storage
modulus of alginate/nanocellulose hydrogels was also previ-
ously reported with increasing temperatures.41 Changes in G0,
G00 and h* patterns of the hydrogels were also evaluated at 35 �C;
these results are given in ESI Fig. 2.† Changes in G0, G00 and h*

were similar to the changes at 30 �C, indicating the formation of
cross-linked polymeric network structures within the developed
hydrogels.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evaluation of the mechanical strength of the prepared hydrogels at different temperatures, (a) storage (G0, solid lines) and loss modulus
(G00, without lines), (b) corresponding complex viscosity (h*) of the hydrogels at 25 �C, (c) storage (G0, solid lines) and loss modulus (G00, without
lines), and (d) corresponding complex viscosity (h*) of the hydrogels at 30 �C.
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3.3. Swelling efficiency

The swelling potential of 3D-printed scaffolds was evaluated in
distilled water at room temperature, and the results are shown
in Fig. 5a. Swelling and mechanical stability are important
features of scaffolds that determine their possible tissue engi-
neering applications. The composite scaffolds exhibited better
swelling efficiency than the pure polymer scaffolds, indicating
the positive effects of CNCs on swelling behavior. Amorphous
zones, availability of hydroxyl groups, crosslinking density, and
crystallinity play crucial roles in swelling. The high swelling
Fig. 5 The swelling potential of the 3D-printed scaffolds in, (a) water, a

© 2021 The Author(s). Published by the Royal Society of Chemistry
efficiency of the composite scaffolds is attributed to the pres-
ence of hydrophilic CNCs in the polymer matrix, which act as
connecting agents between polymer chains, and consequently
enhance their strength by effective stress transfer to absorb and
maintain more water in their structure than in that of the pure
polymer scaffold.42 The swelling efficiency of the 3D-printed
scaffolds was also measured in PBS solution at room tempera-
ture, and the results are given in Fig. 5b. The swelling behavior
of 3D-printed scaffolds in PBS was similar to that observed in
aqueous medium. However, the swelling efficiency of the 3D-
nd (b) PBS conditions at room temperature at indicated periods.

RSC Adv., 2021, 11, 7466–7478 | 7473
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printed scaffolds was higher in the PBS solution than in the
water medium. The printed scaffolds retained their structure in
the PBS solution. These data indicate that it is possible to tune
the scaffolds' swelling efficiency by incorporating a suitable
amount of CNCs into the polymer matrix for the desired
applications. However, no further enhancement in the swelling
efficiency was observed in any scaffolds aer 2 h of soaking,
indicating that they had reached their equilibrium swelling
state.
3.4. Biocompatibility and cell morphology

Biocompatibility is an important criterion for the materials,
given their possible application as implants in tissue engi-
neering and regenerative medicine.43 The biocompatibility of
3D-printed scaffolds was evaluated by WST-1 assay in the
presence of hBMSCs aer 1, 3, and 5 days of incubation, and the
results are shown in Fig. 6a. Media without any scaffolds were
used as controls. Notably, better cell viability occurred in the
presence of the printed scaffold compared to the control, indi-
cating biocompatibility. Moreover, the composite scaffolds
demonstrated enhanced cell viability compared to the pure
polymer scaffolds, indicating favorable effects of the
Fig. 6 Evaluation of the biocompatibility of the 3D-printed scaffolds, (a)
after different periods of treatment, (b) fluorescencemicroscopic images
the indicated scaffolds after 5 days of treatment.

7474 | RSC Adv., 2021, 11, 7466–7478
incorporated CNCs. Cell viability is profoundly affected by the
content of CNCs in the Alg–Gel matrix. Improved cell viability
has occurred in the composite scaffold media compared to the
pure polymer scaffold due to favorable topographical proper-
ties. It is well known that cell viability is strongly affected by
topographical properties such as roughness, surface chemistry,
and texture. Composite scaffolds showed a rougher surface
morphology than the pure polymer scaffold; this roughness
facilitated cellular activity by improving the exchange of nutri-
ents and metabolic products. An enhancement in the cell
proliferation of Saos2 cells was observed in wood-based CNFs
incorporated with Alg–Gel scaffolds.16 Cell viability results of
hBMSCs in the presence of different concentrations of CNCs
(0.5, 1, 2, and 4%) at the indicated time points are given in ESI
Fig. 3.† Media without CNC treatment were used as controls.
Enhanced cell viability occurred in the presence of CNCs
compared to the control, indicating CNC biocompatibility. Cell
viability was signicantly affected by CNC concentrations in the
cultured media, and 1% CNCs showed greater cell viability than
others, indicating that 1% CNCs is an optimum concentration
for enhanced cellular activity. This decrease in cell viability at
higher CNC levels may be attributed to the stiffness of the
material and surface charge. Hosseinidoust et al. evaluated the
cell viability data of hBMSCs in the presence of the indicated scaffolds
of hBMSCs, and (c) fluorescence intensity of hBMSCs in the presence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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effects of CNCs on the viability of different cell lines. They
observed that cell viability was profoundly inuenced by the
surface charge of CNCs.44 Moreover, cell viability was further
increased with increased culture time, indicating improved
biocompatibility.

The morphology of hBMSCs in the presence of the indicated
scaffolds aer 5 days of treatment was examined using a uo-
rescence microscope, and morphologies are shown in Fig. 6b.
Media with pure polymer scaffolds were considered as controls.
Here, we used 1% CNC-incorporated composite scaffolds as the
experimental groups because of their improved cell viability.
The cells were healthy and adequately adhered to the scaffolds,
exhibiting an elongated, attened morphology and spreading
across the entire surface of the scaffolds. Fluorescence intensity
values are shown in Fig. 6c. The 1% CNC-incorporated scaffolds
displayed greater values compared to the pure polymer
Fig. 7 Evaluation of the mineralization potential of the 3D-printed scaffo
the alizarin red-S staining process along with corresponding optical ima
indicates the formed nodules), and (b) the quantitative values of the forme

© 2021 The Author(s). Published by the Royal Society of Chemistry
scaffolds. Higher uorescence intensity of hBMSCs in the
presence of 1% CNC-incorporated scaffolds indicates better
cellular activity.
3.5. Mineralization study

The mineralization potential of the 3D-printed scaffolds was
evaluated by the ARS staining process in the presence of
hBMSCs aer 7 and 14 days of treatment. Images of the formed
minerals are shown in Fig. 7a. Cultured media without any
scaffolds were chosen as controls. Here, we used 1% CNC-
incorporated composite scaffolds as the experimental groups
because of their superior cellular activity. Composite scaffolds
exhibited an intense red color compared to the control, indi-
cating enhanced mineralization potential. Differentiation of
stem cells into bone cells is the primary criterion for tissue
ld in the presence of hBMSCs, (a) the mineralized nodule formation by
ges for nodule formation after indicated periods of treatment (arrow
dmineral. The media without any samples were considered as control.
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Fig. 8 Evaluation of the alkaline phosphatase (ALP) activity and osteogenic genes expression potential in BMSCs with or without Alg–Gel-1
scaffolds, (a) the photographs of the ALP stained plates (white arrows indicate the presence of ALP +ve cells), (b) the corresponding quantitative
values of ALP activity at indicated time intervals with or without scaffolds, and (c) osteogenic genes expression potential of the printed Alg–Gel-1
composite scaffolds at indicated time intervals. The media without any scaffolds were taken as control.
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engineering applications. Bone regeneration is a complicated
biological process, with expression of various osteogenic-related
gene markers occurring during differentiation.45 The quantita-
tive values of the formed mineral in the presence of fabricated
scaffolds or control aer 7 and 14 days of treatment are shown
in Fig. 7b. The 1% CNC-incorporated composite scaffolds
exhibited greater mineralization potential than the control aer
7 days of treatment, which further increased aer 14 days of
treatment, showing improved composite mineralization effi-
ciency. For bone tissue repair and regeneration applications,
the scaffolds should adequately adhere to the implanted tissue
and facilitate mineralization. The mineralization potential of
the scaffolds is profoundly affected by their surface topography,
availability of active functional groups, and interaction with
tissue.46 The mineralization potential of CNCs was also evalu-
ated by the ARS technique in the presence of hBMSCs aer 7
and 14 days of treatment; images of the formed minerals are
shown in ESI Fig. 4.† Media without CNCs were used as
controls. A more intense color was observed in the CNC-treated
media than in the control, indicating improved CNC minerali-
zation potential. Among these CNC concentrations (0.5, 1, 2,
and 4%), 1% CNCs exhibited a more intense color, suggesting
that 1% is the optimum concentration for enhanced
7476 | RSC Adv., 2021, 11, 7466–7478
mineralization. The availability of active hydroxyl (–OH) groups
and the rough surface morphology of the composite scaffolds
facilitated the enhanced cellular activity and consequently
improved mineralization compared to the control. This nding
indicates that the fabricated scaffolds could be used as
a biomaterial in bone tissue engineering.
3.6. ALP activity and gene expression

Alkaline phosphatase (ALP) is one of the most important oste-
ogenic gene markers and is expressed during early osteo-
genesis. ALP expression in hBMSCs in the presence of the
fabricated scaffolds aer 7 and 14 days of treatment is shown in
Fig. 8a. Here, we chose 1% CNC-incorporated composite scaf-
fold as an experimental material because of its better mineral-
ization potential. Untreated media were used as controls.
Notably, better ALP activity was observed in Alg–Gel-1 treated
media compared to the control, showing osteogenic potential in
the treatment group. Improved ALP activity was previously re-
ported in wood-based CNFs and bioactive glass-modied
gelatin–alginate printed scaffolds.16 Quantitative values of ALP
are shown in Fig. 8b. Various genes such as runt-related tran-
scription factor (Runx2), ALP, bone sialoprotein (BSP), and
osteopontin (OPN) are expressed during osteogenesis. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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expression of these gene markers in hBMSCs in the presence of
the fabricated scaffolds was measured by qPCR aer 7 and 14
days of treatment, and the results are shown in Fig. 8c.
Enhanced expression of these genes was observed in the
scaffold-treated media relative to the control. Runx2 is consid-
ered an early gene marker in osteogenesis, and osteoblast
differentiation does not occur without Runx2. Runx2 expression
was higher in the scaffold-treated media than in the control.
Upregulation of the OPN gene occurred in the scaffolds treated
with media compared to control, suggesting the scaffolds'
osteogenic potential. These results indicate that Alg–Gel-1
scaffolds have the potential to stimulate osteogenic differenti-
ation by elevating the expression of differentiation-specic gene
markers.45
4. Conclusions

In this study, we fabricated and characterized a 3D-printable
cellulose nanocrystals-based hydrogel for tissue engineering
applications. The interaction between the polymer matrix and
incorporated CNCs was monitored by FTIR spectroscopy. A
greater interaction was observed between the polymer chains
and CNCs than in controls. No signicant change in the cell
morphology was observed for the printed scaffolds aer freeze-
drying. Composite scaffolds exhibited a rough surface
morphology compared to pure polymer scaffolds. Notably,
better cell viability was observed in hBMSCs in the presence of
the composite scaffolds. Moreover, cellular activity was
profoundly affected by CNC content in the prepared hydrogels.
The cells showed an elongated and attened morphology, and
the uorescence intensity was higher in the composite
scaffolds-treated media than in the control. Furthermore,
enhanced mineralization was observed in the presence of the
composite scaffolds-treated media compared to the control,
indicating better composite mineralization potential. Enhanced
expression of osteogenic related genes occurred in the scaffold-
treated media compared to the control, showing improved
osteogenic potential in the presence of scaffolds. Based on these
results, we conclude that the fabricated composite scaffold is an
attractive biomaterial for tissue engineering applications,
especially bone tissue. However, more detailed experiments are
needed to explore the potential of the prepared biomaterial for
tissue engineering.
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