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Abstract: Composite hydrogels have gained great attention as three-dimensional (3D) printing biomaterials because of their 
enhanced intrinsic mechanical strength and bioactivity compared to pure hydrogels. In most conventional printing methods for 
composite hydrogels, particles are preloaded in ink before printing, which often reduces the printability of composite ink with 
little mechanical improvement due to poor particle-hydrogel interaction of physical mixing. In contrast, the in situ incorporation 
of nanoparticles into a hydrogel during 3D printing achieves uniform distribution of particles with remarkable mechanical 
reinforcement, while precursors dissolved in inks do not influence the printing process. Herein, we introduced a “printing 
in liquid” technique coupled with a hybridization process, which allows 3D freeform printing of nanoparticle-reinforced 
composite hydrogels. A viscoplastic matrix for this printing system provides not only support for printed hydrogel filaments 
but also chemical reactants to induce various reactions in printed objects for in situ modification. Nanocomposite hydrogel 
scaffolds were successfully fabricated through this 3D freeform printing of hyaluronic acid (HAc)-alginate (Alg) hydrogel inks 
through a two-step crosslinking strategy. The first ionic crosslinking of Alg provided structural stability during printing, while 
the secondary crosslinking of photo-curable HAc improved the mechanical and physiological stability of the nanocomposite 
hydrogels. For in situ precipitation during 3D printing, phosphate ions were dissolved in the hydrogel ink and calcium ions were 
added to the viscoplastic matrix. The composite hydrogels demonstrated a significant improvement in mechanical strength, 
biostability, as well as biological performance compared to pure HAc. Moreover, the multi-material printing of composites with 
different calcium phosphate contents was achieved by adjusting the ionic concentration of inks. Our method greatly accelerates 
the 3D printing of various functional or hybridized materials with complex geometries through the design and modification of 
printing materials coupled with in situ post-printing functionalization and hybridization in reactive viscoplastic matrices.
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1 Introduction

Recent advances in three dimensional (3D) 
printing technologies have facilitated the 
development of composite biomaterials through 

the ability to fabricate structurally, functionally, 
and compositionally intricate constructs[1-4]. 
Particularly, composite hydrogels have gained 
a great attention as 3D printing biomaterials 
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because of their materiality, micro-  and macro-
structures and functions are comparable to 
those of biological tissues, with their enhanced 
intrinsic mechanical strength and bioactivity 
compared to pure hydrogel systems[5-8] Among 
various hydrogel systems, hyaluronic acid (HAc)-
based composite hydrogels have been applied 
for tissue scaffolds due to non-immunogenic, 
biocompatible, and enzymatically biodegradable 
natures of HAc[9-11]. By incorporating calcium 
phosphate (CaP), HAc composites exhibited 
significantly improved mechanical, biochemical, 
and biological properties, which could be used 
for dermal fillers or spacers[6,12,13]. Most inorganic-
hydrogel composites are printed using composite 
inks consisting of inorganic particles dispersed in a 
hydrogel-forming ink before 3D printing[6,7]. This 
simple mixing approach to prepare composites 
not only allows easy control over the loading 
of inorganic particles but is also cell-friendly to 
enable bioprinting with cells. However, optimizing 
the printability of the composite inks and print 
quality often becomes more challenging with 
increased particle loading. The previous studies 
have demonstrated that composite inks with only 
up to 10% nanoparticle loading show suitable 
printability and structural accuracy. Moreover, 
the mechanical properties of composite hydrogels 
depend on the particle-hydrogel interactions and 
often require an additional modification of either 
the particles or hydrogels for enhancement of 
mechanical properties[6].

To overcome these limitations, in situ 
incorporation of nanoparticles has been proposed, 
whereby permeated ions within the hydrogel 
structures are reacted by drastically increasing 
the pH, and nanocrystals are nucleated on the 
functional groups of the polymer chains within 
the hydrogels. This in situ precipitation method 
achieves uniform distribution of the nanoparticles, 
strong particle–polymer bonding, and remarkable 
mechanical reinforcement in the hydrogel[5,13,14]. 
One of the possible printing methods to enable 
in situ precipitation-coupled 3D printing is 
freeform printing in viscous fluid matrices. 
Freeform 3D printing allows an omnidirectional 
printing path using mechanically unstable 

hydrogels with a relatively slow solidification 
rate[15-19]. Compared with conventional 3D printing 
in air, embedded freeform 3D printing requires 
the two shear thinning materials to have matching 
properties, particularly their shear moduli and 
shear thinning yield stresses[19,20]. How material 
parameters influence printability and print quality 
has been extensively studied[15,20]. Shear thinning of 
viscous matrices has been achieved by fabricating 
polymer–nanoparticle composites or dispersing 
the hydrogel particles in water[15,17,19,20]. Moreover, 
in addition to the mechanical support provided by 
the printed soft filaments, a crosslinking agent that 
induces the solidification of the printed material is 
often included in the matrix. Alginate (Alg) or silk 
fibroin-based inks have been successfully printed 
and crosslinked within hydrogel-based beds for 
biomedical applications[17,19]. One of the greatest 
advantages of printing in the liquid is the unique 
flexibility of the chemical environment. However, 
despite the revolutionary achievements in freeform 
printing, viscous fluid matrices have not been 
used for the functionalization or hybridization of 
printed materials.

Here, we present a hybridization process 
for a 3D freeform printing system to fabricate 
composite hydrogel scaffolds in conjunction with 
in situ precipitation of a mineral phase. By varying 
the concentration of CaP in a HAc-Alg hydrogel, 
we developed HAc-Alg/CaP nanocomposite 
scaffolds with a two-step crosslinking strategy, 
including physical crosslinking of Alg and 
photo-crosslinking of glycidyl methacrylate 
HAc (GM-HAc). To review the effectiveness 
of our method, we compared the structural 
compositions, mechanical, physiological, and 
biological properties between our printed HAc-
CaP nanocomposite scaffolds and pure hydrogels 
or composite hydrogels generated through ex situ 
CaP incorporation. Furthermore, by varying the 
concentrations of calcium or phosphate ions, 
multi-material printing of HAc-Alg/CaP with the 
differing extent of mineralization was achieved 
with high precision. Taken together, we envisage 
that our method can accelerate 3D printing 
using various functional or hybridized materials 
with complex geometries through the design 
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and modification of printing materials coupled 
with in situ post-printing functionalization and 
hybridization in reactive viscoplastic matrices.

2 Materials and methods

2.1 Materials

HAc sodium salt from Streptococcus equi 
(molecular weight ≈ 1.5~1.8 MDa), phosphate-
buffered saline (PBS), dimethylformamide 
(DMF), GM, tetrabutylammonium bromide, 
triethylamine, acetone, alginic acid sodium salt 
from brown algae, N-vinylpyrrolidinone (NVP), 
Irgacure 2959  (2-Hydroxy-4′-(2-hydroxyethoxy) 
-2-methylpropiophenone), calcium chloride (CaCl2), 
ammonium phosphate dibasic ((NH4)2HPO4), and 
gelatin from bovine skin (Type B) was purchased 
from Sigma-Aldrich and used without further 
purification.

2.2 Preparation of GM-HAc

GM-HAc was synthesized using a previously 
developed protocol[9]. HAc (1% wt/v) was dissolved 
in a mixture of PBS and DMF at the volume 
ratio of 1:1. Then, triethylamine (4.4% v/v), GM 
(4.4%  v/v), and tetrabutylammonium bromide 
(4.4% wt/v) were added in sequence. After stirring 
overnight at room temperature, GM-HAc was 
precipitated with acetone and dissolved in distilled 
water to remove excess reactants. The solution was 
dialyzed in distilled water for 2 days, lyophilized, 
and stored at 4°C. Through the characterization 
of GM-HAc using nuclear magnetic resonance 
(Bruker Avance II 300 MHz, Bruker, Germany), 
the degree of methacrylation was found to be 
~15% (Supplementary Figure 12).

2.3 Preparation of bulk hydrogel specimens 
through molding

For the fabrication of HAc-Alg and HAc-Alg/CaP 
bulk specimens, GM-HAc (1% wt/v) was mixed 
with Alg (0.125% wt/v), NVP (NVP; 5%  v/v), 
and Irgacure 2959  (1% wt/v) with or without 
(NH4)2HPO4, varying the amount of (NH4)2HPO4 
from 0.046 M up to 0.092 M, to yield CaP content 
ranging from 15 to 30 wt%. Then, 1  mL of the 

resulting solution was transferred to a plastic mold 
and exposed to ultraviolet (UV) light for 5 min. The 
gel piece was subsequently physically crosslinked 
in a 0.153 M CaCl2 solution for 3 h and dialyzed 
in distilled water for 24 h. To compare composite 
hydrogels through in situ precipitation with those 
through physically mixing with CaP nanoparticles, 
CaP nanoparticles were prepared by mixing CaCl2 
solution (0.153 M) and (NH4)2HPO4  (0.092 M). 
The CaP precipitate was then centrifuged and 
lyophilized. GM-HAc (1% wt/v) was mixed 
with Alg (0.125% wt/v), CaP (0.34% wt/v), NVP 
(5%  v/v), and Irgacure 2959  (1% wt/v). Then, 
1  mL of the resulting solution was transferred 
to a plastic mold and exposed to UV light for 
5 min. The gel piece was subsequently physically 
crosslinked in a 0.153 M CaCl2 solution for 3 h 
and dialyzed in distilled water for 24 h.

2.4 Preparation of 3D printed hydrogel scaffolds

The gelatin bath was prepared using a previously 
developed protocol[17]. In brief, gelatin (5% wt/v) 
was dissolved in a 0.153 M CaCl2 solution at 40°C. 
The solution was then gelled at 4°C. Subsequently, 
5 mL of the gelatin gel and 15 mL of the 0.153 M 
CaCl2 solution was homogenized at 10,000 rpm for 
1 min. The mixture was centrifuged at 4000 rpm 
for 2  min, and the supernatant was removed to 
obtain a gelatin slurry support bath.

For 3D printing of HAc-Alg scaffolds, GM-
HAc (4% wt/v) was mixed with Alg (0.5% wt/v), 
NVP (10% v/v), and Irgacure 2959 (2% wt/v) to 
prepare the ink for 3D printing. The HAc-Alg pure 
hydrogel scaffold was then printed in the gelatin 
slurry support bath at a feed rate of 5 mm/s and air 
pressure of 2.5 bar using a regenHU 3D discovery 
printer. The scaffold was then exposed to UV 
light for 5 min and incubated at 37°C to melt and 
remove the support bath.

For HAc-Alg/CaP composite hydrogel 
scaffolds, the hydrogel inks were prepared by 
mixing GM-HAc (4% wt/v) with Alg (0.5% wt/v), 
NVP (10% v/v), and Irgacure 2959 (2% wt/v) with 
(NH4)2HPO4  (0.092 M) and then printed in the 
gelatin slurry support bath at a feed rate of 5 mm/s 
and air pressure of 2.5 bar using the regenHU 3D 
discovery printer. The scaffold was then exposed 
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to UV light for 5  min and incubated at 37°C to 
melt and remove the support bath.

2.5 Characterization of the HAc-Alg and HAc-
Alg/CaP hydrogels

HAc-Alg and HAc-Alg/CaP hydrogels were 
observed using a field emission scanning 
electron microscope (FE-SEM; Quanta 200F, 
FEI Company, USA) equipped with energy-
dispersive X-ray spectroscopy (EDS). All 
hydrogel specimens were carefully dried in a 
three-step process. First, the hydrogels were 
immersed in a 2.5% glutaraldehyde solution 
overnight. Subsequently, they were dehydrated 
using a series of ethanol solutions with the 
following concentrations: 30%, 50%, 70%, 
80%, 90%, 95%, and 100%. Finally, the samples 
were dried using a critical point dryer (K850, 
Quorum Technologies, UK). The morphology 
and chemical composition of precipitated CaP 
were examined using a transmission electron 
microscope (TEM; TECHNI G2 ST-F20, FEI, 
USA) operated at 200  kV acceleration voltage, 
equipped with EDS. For this analysis, the 
nanocomposite hydrogels were loaded onto mesh 
copper grids during the fabrication process and 
dried in air for 12 h.

The mineral phases of the fabricated hydrogels 
were analyzed using an X-ray diffractometer 
(XRD; D/MAX-2500/PC, Rigaku Co., Japan). 
Three types of the specimen (HAc-Alg and two 
HAc-Alg/CaP composite hydrogels prepared 
by physical mixing and in situ precipitation) 
were scanned over a 2θ range of 10 – 70° with 
a scanning rate of 0.1°/min. The chemical 
structures of the HAc-Alg and HAc-Alg/CaP 
scaffolds after degradation were characterized by 
Fourier-transform infrared (FTIR) spectroscopy 
(FT-IR; Spectrum One FTIR, PerkinElmer, 
USA). The amount of CaP incorporated into 
the nanocomposite hydrogels was measured by 
thermogravimetric analysis (TGA; STA 409 PC, 
NETZESCH, Germany). HAc-Alg and HAc-
Alg/CaP hydrogels (in situ precipitation) were 
lyophilized and heated at 1000°C at a rate of 5 K/
min in nitrogen (N2) flow.

2.6 Mechanical properties of the HAc-Alg and 
HAc-Alg/CaP scaffolds

Pieces of HAc-Alg and HAc-Alg/CaP hydrogel 
fabricated both by mixing and in situ precipitation 
were subjected to rheological tests. All the gel 
pieces were prepared with a diameter of 25 mm 
and a thickness of 2  mm. Frequency sweeps 
were carried out in the angular frequency range 
of 0.1 – 100 rad/s at 1% strain. Compressive tests 
of the 3D-printed HAc-Alg and HAc-Alg/CaP 
porous scaffolds were performed at a strain rate of 
10 μm/s up to a predefined strain of 80% using a 
MicroTester (MTS C42, USA). All of the scaffolds 
were prepared on a 10 mm × 10 mm × 5 mm scale 
by 3D printing with or without in situ precipitation. 
The slope of the linear fit for 20 – 30% strain of 
the stress-strain plot was used as a measurement 
of the compressive modulus.

2.7 Physiological tests of the HAc-Alg and HAc-
Alg/CaP hydrogels

The swelling ratios of HAc-Alg and HAc-Alg/CaP 
composite hydrogel pieces fabricated with both 
mixing and mineralization were determined. All 
of the gel pieces were prepared with a diameter of 
25 mm and a thickness of 2 mm. The swelling ratio 
was evaluated in a PBS solution at 37°C. The gel 
pieces were lyophilized and weighed to record the 
initial weight of the dry gel (Wi). They were then 
immersed in PBS for 24 h and reweighed to record 
the weight of hydrated gel (Wh). The swelling ratio 
was calculated according to the equation,

	 Swelling ratio (g/g) = (Wh−Wi)/Wi� (1)

HAc-Alg and HAc-Alg/CaP hydrogel scaffolds 
were prepared by 3D printing and used for degradation 
tests. All of the scaffolds were prepared with 
dimensions of 10 mm × 10 mm × 5 mm. The scaffolds 
were immersed in a PBS solution at 37°C with 
hyaluronidase at a concentration of 100 – 250 UI/ml. 
The degradation rates were investigated by measuring 
the weight changes as follows:

Remaining weight (%) = (Wr/Wi) × 100	 (2)
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where Wr is the remaining weight and Wi is the 
initial weight.

2.8 In vitro cytotoxicity test

HAc-Alg and HAc-Alg/CaP hydrogel pieces cast 
in plastic molds were used for the cell viability 
tests. All of the gel pieces were prepared in 12-well 
plates. The fibroblast cell line L929 (a derivative 
of Mus musculus strain L) was used to assess the 
cellular responses to the hydrogels. Before seeding, 
the samples were washed with Dulbecco’s PBS and 
then sterilized under UV irradiation for 1 h. The 
cells were seeded at a density of 5 × 104 cells/mL. 
They were cultured in minimum essential medium 
(MEM)-alpha medium with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin in an 
incubator with 5% CO2 at 37°C. Cell viability was 
tested via the AlamarBlue assay after 3 and 5 days 
of culturing. Cellular morphology on the surfaces 
of both hydrogel specimens was observed using 
FE-SEM (FE-SEM; Quanta 200F, FEI Company, 
USA) after 5 days of culturing. All of the samples 
were washed 3 times using PBS. They were then 
fixed in 2.5% glutaraldehyde solution and were 
gradually dehydrated with a series of ethanol 
solutions with the following concentrations: 30%, 
50%, 70%, 80%, 90%, 95%, and 100%.

For cell attachment tests of 3D-printed composite 
hydrogels, fluorescence microparticles (FluoSpheres 
carboxylate-modified microspheres, 1.0  µm, blue 
fluorescent [350/440], Invitrogen, Thermo Fisher 
Scientific, USA) were incorporated into the inks 
to stain the printed scaffolds for imaging. The cells 
were seeded at a density of 5 × 105  cells/ml and 
cultured for 7  days. The cells were stained with 
nucleic acid stain (Hoechst 33342, trihydrochloride, 
trihydrate, Invitrogen, Thermo Fisher Scientific, 
USA) and plasma membrane stain (CellMask, deep 
red plasma membrane stain, Invitrogen, Thermo 
Fisher Scientific, USA). Cell adhesion was observed 
using a confocal laser scanning microscope (CLSM, 
LSM 800, ZEISS, Germany).

For the cell viability test of cell-laden HA-Alg 
porous scaffolds, pure hydrogel inks consisting of 
4%  w/v GMHA, 0.5%  w/v Alg, 0.5%  v/v NVP, 
0.9%  w/v NaCl, and 0.5%  w/v Irgacure 2959 
were prepared for 3D printing. Cell-laden Alg 

microparticles with a cell density of 6 × 106 cells/ml 
were prepared as previously described Pan et al.[21] 
The cell-laden microparticles were mixed with the 
HA-Alg ink at a mass ratio of 1:3. The cell-laden 
inks were printed in the gelatin slurry support bath 
at a feed rate of 5 mm/s and air pressure of 0.5 bar 
using the 3D printer with a 0.51 mm nozzle. The 
printed scaffolds were then exposed to UV light for 
2.5 min and incubated at 37°C to melt and remove 
the support bath. All of the cell-laden scaffolds 
were the washed 3  times with PBS to remove 
any remaining gelatin and were then incubated 
with live/dead staining solution containing 2 μM 
calcein-AM and 4 μM ethidium homodimer-I 
stains for 30  min at 37 °C. The stained cells 
were observed using CLSM (LSM 800, ZEISS, 
Germany).

2.9 In vitro differentiation test

Osteogenic differentiation was evaluated using 
MC3T3-E1 pre-osteoblast cells cultured in MEM-
alpha medium (no ascorbic acid, Gibco, Thermo 
Fisher Scientific, USA) with 10% FBS and 1% 
penicillin and streptomycin in an incubator with 
5% CO2 at 37°C. The cells were seeded at a 
density of 2 × 105  cells/well on a 12-well plate 
for the control and 1 × 106  cells/scaffold for the 
HAc-Alg/CaP composite hydrogel scaffolds. 
They were cultured in either cell maintenance 
medium or osteogenic medium (cell maintenance 
medium supplemented with 0.05 mg/mL ascorbic 
acid and 10 mM β-glycerophosphate) for 2 weeks. 
Gene expression was evaluated by quantitative 
real-time polymerase chain reaction (qPCR) after 
14  days of culturing. RNA was extracted from 
the cells by TRIzol (Invitrogen, Thermo Fisher 
Scientific, USA) and then converted to cDNA 
through reverse transcription by Moloney Murine 
Leukemia Virus reverse transcriptase (Promega, 
USA). To test in vitro cell differentiation, the 
following four markers, Runx2, Collagen type 1 
(COL1), osteopontin (OPN), and osteocalcin 
(OCN), were chosen, while actin was used as a 
reference gene [ref]. The sequences of each gene 
are shown in Table 1. The qPCR was conducted 
using a CFX Connect real-time system (Bio-Rad, 
USA) with SsoAdvanced Universal SYBR Green 
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Supermix (Bio-Rad, USA). For analysis, the gene 
expression values were first normalized to the 
reference gene (Actin) and then normalized to the 
control group in cell maintenance medium.

2.10  3D printing of multiphase HAc-CaP 
scaffolds

HAc-Alg/10wt% CaP and HAc-Alg/30 wt% 
CaP composite hydrogel inks were prepared, as 
described in the previous section. Both hydrogel 
inks were preloaded into the cartridge before 3D 
printing. For the vertical stacking scaffold, six 
layers of HAc-Alg/30 wt% CaP ink were first 
extruded into the gelatin bath. Then, the cartridge 
was changed and six layers of HAc-Alg/10 wt% 
CaP ink were printed on top of the printed structure. 
For horizontal stacking, six layers of HAc-Alg/10 
wt% CaP were first printed to form an inner core 
structure. Subsequently, the HAc-Alg/30 wt% CaP 
ink was extruded, surrounding the inner structure 
to create the outer shell part. Subsequently, post-
curing with UV irradiation was performed to 
stabilize the multi-material scaffolds.

2.11 Statistical analysis

All experimental results were presented as mean ± 
standard deviation (SD) for n≥3. One-way analysis 
of variance was used to determine the difference 
between groups, and P < 0.05 was considered 
statistically significant.

3 Results and discussion

3.1 3D freeform printing of composite hydrogels

To enable in situ precipitation of CaP during 3D 
printing of HAc filaments, we considered two 
key issues. First, for in situ precipitation, it is 
necessary to incorporate calcium and phosphate 

ions into the hydrogel ink and the supportive 
viscous fluid matrix, respectively. Second, 
in situ precipitation should not inhibit either the 
crosslinking of the printed hydrogel filaments or 
interlayer bonding between the printed layers. 
To resolve these two issues, HAc-Alg hydrogels 
were used for dual crosslinking in conjunction 
with in situ CaP precipitation (Figure 1). The first 
physical crosslinking of Alg was induced within 
a gelatin-based viscoplastic matrix containing 
excess calcium ions, while the in situ precipitation 
occurred throughout the printed filaments. The 
crosslinked Alg maintained the structural integrity 
of the printed filaments within the fluid during the 
reaction. Pure HAc hydrogels were also printed 
to compare with HAc-Alg hydrogels. The printed 
structure of HAc hydrogels could not be well-
maintained inside the gelatin slurry since the inks 
remained unsolidified. As a result, the printing 
quality of pure HAc scaffolds is significantly lower 
than that of HAc-Alg. Moreover, the printed HAc 
scaffolds were mechanically weak. The storage 
modulus of HAc hydrogels was one order of 
magnitude smaller than that of HAc-Alg hydrogels 
(Supplementary Figure 7-A). Thus, we clearly 
confirmed that the physical crosslinking process 
with Alg significantly improves the mechanical 
stability of printed HAc hydrogels during printing 
and even after UV crosslinking.

After the completion of 3D printing, the 
mineralized scaffold was irradiated with UV for 
10 min. The photocrosslinking of GM-HAc caused 
complete solidification of the entire scaffold, which 
increased the mechanical and chemical stability of 
the hydrogel. The Alg/HAc ratio was optimized 
to moderate the onset of the sol-gel transition of 
HAc-Alg after the physical crosslinking of the Alg. 
The printability of hydrogel-forming inks and the 

Table 1. Sequence of primers for the RT-qPCR.
Gene Forward primer sequence Reverse primer sequence
Actin 5’-GTGCTATGTTGCCCTAGACTTCG-3’ 5’-GATGCCACAGGATTCCATACCC-3’
Col 1 5’-CAAGATGTGCCACTCTGACT-3’ 5’-TCTGACCTGTCTCCATGTTG-3’
RunX2 5’-GCATGGCCAAGAAGACATCC-3’ 5’-CCTCGGGTTTCCACGTCTC-3’
OCN 5’-CTTTCTGCTCACTCTGCTG-3’ 5’-TATTGCCCTCCTGCTTGG-3’
OPN 5’-CACTTTCACTCCAATCGTCCCTAC-3’ 5’-ACTCCTTAGACTCACCGCTCTTC-3’

RT-qPCR: Quantitative real-time polymerase chain reaction, OCN: Osteocalcin, OPN: Osteopontin
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interlayer bonding of mineralized filaments were 
markedly influenced by the amount of crosslinked 
Alg within the HAc-Alg during 3D printing. The 
optimal Alg/HAc ratio was found to be 1:8.

The ink composed of GM-HAc and Alg with 
(NH4)2HPO4 is extruded into a gelatin supporting 
bath with CaCl2. Physical crosslinking of Alg 
and in situ precipitation of CaP take place 
simultaneously during the 3D printing process. 
The printed construct is post-treated with 
photocrosslinking by UV irradiation. The amount 
of precipitated CaP is controlled by varying the 
concentration of (NH4)2HPO4 in ink.

The 3D hydrogel structures were fabricated 
within a supportive viscous fluid matrix composed 
of gelatin microparticles and calcium chloride[17]. 
As the rheological behavior of gelatin is affected 
by pH, HAc-Alg solutions with phosphate 
(PO4

3−) ions are required to be at pH  7 – 8 to 
achieve good print quality. We used diammonium 
hydrogen phosphate (diammonium phosphate 
[DAP]) instead of phosphoric acid to facilitate the 
reaction described by Eq. (3), aiming to obtain 
dicalcium phosphate dehydrate (CaHPO4∙2H2O, 
dicyclopentadiene [DCPD]), which is known to be 
a common precursor of hydroxyapatite[13,22].

(NH4)2 HPO4+CaCl2→CaHPO4∙2H2O+2NH4+2Cl− 

 at pH 8, 25°C� (3)

It is noteworthy that the rheological properties 
of inks for both HAc-Alg and HAc-Alg/CaP 
hydrogels are almost identical regardless of the 
existence of phosphate ions. Thus, the printing 

parameters for both inks were exactly the same, 
without additional optimization depending on 
mineral contents of inks since the particles post-
loaded into the hydrogel should not hinder the 
printing process.

Figure  2 shows both pure and composite 
hydrogels printed with ten layers. The transparency 
of the printed scaffolds was used as an indicator 
of mineral incorporation (Supplementary 
Videos 1 and 2). The lateral view optical images 
of the printed porous scaffolds exhibited an almost 
circular cross-sectional area regardless of the 
material composition. During the UV treatment, 
gelatin microgels became fully fluidized due to 
the heat generated from the crosslinking reactions, 
thereby releasing the solidified printed objects 
(Supplementary Videos 3 and 4). Moreover, 
we printed composite hydrogels on a glass slide 
without any supporting matrix (Supplementary 
Figure 1). The printed structure of the hydrogels 
was almost collapsed due to lack of self-
supportability. Therefore, printing in liquid clearly 
improved printability of soft materials with good 
printing quality in addition to functionalization of 
printed materials.

3.2 Structural characterization of the printed 
scaffolds

After critical point drying, the surface and cross-
sectional morphologies of the printed scaffolds 
were observed using SEM (Figure 3). While pure 
hydrogel scaffolds exhibited macroscopically 
rough and porous surfaces, mineralized composite 

Figure 1. Schematic of three-dimensional freeform printing system of nanocomposite hydrogels through 
a two-step crosslinking process coupled with in situ precipitation.
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Figure 2. Schematics and optical images of three-dimensional-printed scaffolds. (A) Hyaluronic acid-
alginate (HAc-Alg) hydrogel scaffolds (perspective view, top view, and side view). (B) HAc-Alg/30 wt% 
calcium phosphate composite hydrogel scaffolds (perspective view, top view, and side view).

A

B

Figure  3. Surface and cross-sectional morphologies of dehydrated 3D-printed scaffolds. (A-C) Surface 
morphology of hyaluronic acid-alginate (HAc-Alg) hydrogel scaffolds. (D-F) Surface morphology of 
HAc-Alg/30 wt% calcium phosphate (CaP) composite hydrogel scaffolds. (G) Cross-sectional morphology of 
a printed HAc-Alg filament. (H and I) Cross-sectional morphology of a printed HAc-Alg/30 wt% CaP filament.
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scaffolds exhibited smooth and dense surfaces 
(Figure  3A-F). The high-resolution SEM image 
of HAc-Alg indicated the presence of spherical 
nanoparticles with sizes ranging from five to 
a few tens of nanometers on the nanoporous 
polymeric network (Figure  3C). In contrast, 
the HAc-Alg/CaP hydrogel exhibited densely 
packed nanoparticles that formed a continuous 
mineral network throughout the printed scaffold 
(Figure 3D).

The increased CaP content (from 10 wt% to 30 
wt%) was caused by the increased number of CaP 
particles and not the crystal growth of nanoparticles 
(Supplementary Figure 2 and Supplementary 
Table 1). The nucleation rate of nanoparticle 
formation is often experimentally described in 
terms of supersaturation of the solution (S), free 
surface energy (γ) of particles and temperature (T) 
as follows, where A and C are constants[23]:

	

dN
dt

Aexp C
T lnS

�
� �

( )�
� 3

3 2

� (4)

According to Eq. (4), the total number of CaP 
nuclei should be significantly larger for 30 wt% CaP 
compared with 10 wt% CaP at room temperature, 
due to the higher level of supersaturation induced 
by increased phosphate ions in the presence 
of excess calcium ions (assuming that the 
CaP of both systems has the same free surface 
energy)[23]. Meanwhile, the total reaction time was 
limited to 20 min, which constrained the growth 
of nanoparticles. As a result, CaP nanoparticles 
for HAc-Alg/30 wt% CaP formed the continuous 
inorganic phase through the aggregation of densely 
packed nano-precipitates, which uniformly coated 
the surface of the polymer matrix, reducing the 
surface roughness (Figure 3E and F).

We presumed that the obtained mineral phase 
was mainly DCPD based on the chemical reaction, 
as shown in Eq. (3). To analyze the mineral phase 
of the composite hydrogels, the nanocrystals 
were characterized using TEM, X-ray diffraction, 
and EDS. The XRD pattern of HAc-Alg revealed 
the existence of calcium carbonate nanocrystals 
(Figure  4A). These nanoparticles were either 

vaterite or calcite. In a Ca2+-gelatin bath, HAc-
Alg undergoes ionic crosslinking, whereby 
calcium carbonate is formed through the reaction 
between calcium and carbonate ions. Carbonate 
ions are known to exist in aqueous solution due 
to the dissolved carbon dioxide[24]. Hosoda and 
Kato previously demonstrated the formation of 
a thin calcium carbonate crystalline layer in a 
reactive Ca2+-containing solution in the presence 
of insoluble and soluble acidic polymers with 
carboxyl groups[25]. The HAc-Alg units inside 
the gelatin bath should act as insoluble acidic 
polymers and soluble acidic biomacromolecules, 
allowing calcium carbonate crystals to grow 
on the polymer matrix. Due to the interactions 
between the calcium ions and carboxyl groups, 
the localized calcium concentration around 
the HAc-Alg matrix is likely to induce crystal 
growth.

Figure  4. Mineral phases of hyaluronic acid-
alginate (HAc-Alg)/calcium phosphate (CaP) 
hydrogels. (A) X-ray diffractometer patterns of 
(a) HAc-Alg hydrogels, (b) HAc-Alg/30 wt% CaP 
composite hydrogels prepared by mixing, and 
(c) HAc-Alg/30 wt% CaP composite hydrogels 
prepared by in situ precipitation. (B) Transmission 
electron microscope images of CaP nanoparticles 
in HAc-Alg/CaP composite hydrogels (prepared 
by in situ precipitation) and corresponding 
selected-area electron diffraction patterns of CaP 
nanoparticles.

A

B
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The XRD patterns of two HAc-Alg/CaP 
composite specimens prepared by ex situ 
incorporation and in situ precipitation were 
almost identical, implying that the existence of 
the polymer template did not alter the CaP phases. 
The dominant CaP nano-precipitates were DCPD 
crystals. We also identified other CaP precipitates 
such as octacalcium phosphate (OCP) and CaP 
hydrate with a small amount of calcite. For a 
clearer observation of the CaP nanoparticles 
formed on HAc-Alg, a ten-fold diluted HAc-Alg 
ink with DAP solution (to maintain the ionic 
concentrations) was used. The increased pore 
size due to the lower polymer concentration 
prevented cohesive agglomeration of the CaP 
precipitates. The TEM revealed uniform spherical 
nanoparticles of ~60  nm, which was consistent 
with the morphology of CaP on HAc-Alg obtained 
using SEM. The selected area electron diffraction 
(SAED) pattern of the CaP nanoparticles indicated 
a characteristic polycrystalline ring, which 
correlated with the multiple characteristic peaks in 
the XRD pattern. EDS mapping of the composite 
hydrogels confirmed that these nanoparticles were 
composed of calcium, phosphorus, and oxygen 
(Supplementary Figures 3-5). As expected, 
the quantitative EDS analyses indicated that the 
nanocrystals contained 10 at.% Ca, 17 at.% P, 
and 73 at.% O (a Ca/P ratio of ~0.6). As the Ca/P 
ratios of OCP, DCPD, and CaP hydrate were 1.33, 
1, and 0.5, respectively, the quantified Ca/P ratio 
indicated that the CaP nanocrystals were a mixture 
of OCP, DCPD, and CaP hydrate.

The weight fraction of inorganic nanoparticles 
in the printed hydrogels was determined using 
TGA (Supplementary Figure 6). The TGA 
result for the HAc-Alg scaffold indicated that the 
weight fraction of calcium carbonate was ~5 wt% 
before the decomposition of calcium carbonate 
to calcium oxide above 600°C[26]. In contrast, the 
weight fractions of calcium carbonate and CaP for 
HAc-Alg/CaP scaffolds were estimated to be ~4 
and ~32 wt%, respectively. The desired mineral 
content could be achieved solely through in situ 
precipitation during 3D printing. The size of the 
mineral particles observed in this study (~60 nm) 
was much smaller than that observed in our previous 

study (200~350  nm), where the CaP content of 
the HAc-CaP bulk hydrogels fabricated by in situ 
precipitation was influenced by the size of the CaP 
nanoparticles[5]. Instead, the increased phosphate 
concentration in the presence of excess calcium 
ions is likely to have accelerated the nucleation 
rate of CaP nanoparticles (Supplementary 
Table 2)[23]. As the total precipitation time of our 
system was limited to 20 min, the average sizes of 
nanoparticles were almost identical regardless of 
the mineral contents in the HAc-Alg/CaP hydrogels 
(Supplementary Figure 2 and Supplementary 
Table 2). Taken together, our results indicate that 
the mineral content of HAc-Alg/CaP hydrogels 
can be effectively modulated by varying the 
phosphate concentration in the inks.

3.3 Mechanical behavior of the composite gels 
and scaffolds

Hydrogels are often regarded as soft materials 
that are not suitable for various load-bearing 
conditions. Thus, nanocomposite biomaterials 
are more suitable to be used as various tissue 
scaffolds or fillers that require structural integrity 
and mechanical stability during cell proliferation 
and differentiation[5,7,14,27]. To compare the 
mechanical properties of the different composite 
hydrogels and pure hydrogels, various mechanical 
tests were performed (Table  2). Rheological 
tests on bulk hydrogels revealed that the storage 
moduli of the HAc-Alg/CaP nanocomposite 
hydrogels were 4  times higher than those of the 
HAc-Alg hydrogels (Supplementary Figure 
7-B). Furthermore, significant differences were 
found in all pair-wise comparisons conducted 
between the HAc-Alg/30 wt% CaP generated by 
in-situ precipitation and HAc-Alg/30 wt% CaP 
generated by ex situ incorporation, indicating that 
the HAc-Alg/30 wt% CaP generated by in situ 
precipitation exhibited a remarkable improvement 
in mechanical and swelling behaviors compared 
with the HAc-Alg/30 wt% CaP generated by 
ex situ incorporation. We also fabricated HAc-Alg 
and HAc-Alg/CaP scaffolds using a 3D printer 
and measured their local and global mechanical 
properties. In fact, the composite HAc-Alg/30 
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wt% CaP inks prepared by ex situ incorporation 
could not be printed due to severe clogging 
issues associated with high viscosity and particle 
agglomeration. Thus, only HAc-Alg/CaP scaffolds 
prepared by in situ precipitation were used in our 
mechanical tests.

Next, we performed unconfined, uniaxial 
compression test to assess the mechanical 
characteristics of the printed scaffolds under 
significant deformation conditions using fully 
hydrated HAc-Alg and HAc-Alg/CaP scaffolds 
(Table  2 and Supplementary Figure 7-C). 
Under a predefined deformation (ε = 80%), the 
rods and struts of both HAc-Alg and HAc-Alg/
CaP hydrogels were crushed, and the porous 
scaffolds subsequently densified. Both scaffolds 
did not collapse until the predefined deformation 
point (ε = 80%) with significant densification. All 
specimens maintained their structural integrity 
after unloading. The incorporation of 30 wt% 
CaP precipitates in the hydrogels resulted in 
a two-fold enhancement of the compressive 
modulus and strength (Table 2). The precipitated 
CaP minerals improve the chain stiffness of 
the polymer networks due to (i) the strong 
electrostatic interactions between the minerals and 
carboxyl groups of the polysaccharide chains and 
(ii) homogeneous distribution of the minerals as 
opposed to the case of simple mixing[5,28]. Notably, 
the enhancements of compressive stiffness and 
strength in composite hydrogel scaffolds were not 
as striking as the enhancements in storage moduli 
of bulk gels and local stiffness of individual struts 
in the scaffolds. We speculated that this was due 
to the high porosity and structural instability 
associated with irregular, inhomogeneous pore 

structures of porous scaffolds, which counteracted 
mechanical enhancement[29]. In this study, we 
clearly demonstrated that in situ precipitation of 
CaP better enhanced the mechanical properties 
of the hydrogel composites compared with using 
ex situ CaP incorporation.

One of the advantages of our approach is that 
the printed hydrogels were not deformed in water 
due to the pre-swelling condition associated with 
3D freeform printing in an aqueous medium. 
The swelling ratios of the printed hydrogels 
were studied within 24  h of the printing and 
subsequent post-UV curing processes (Table  2 
and Supplementary Figure 7-D). In all cases, the 
equilibrium swelling ratios were almost reached, 
indicating that the HAc-Alg/CaP nanocomposite 
hydrogels exhibited reduced swelling ratios due 
to the increased chain stiffness and crosslinking 
density of the mineralized hydrogels[5,30]. During 
the printing of multiphase hydrogel composites 
with gradient compositions, one of the key 
concerns is the mismatch of swelling ratios 
among various gradient hydrogel materials after 
printing, as this can lead to significant structural 
distortion and structural instability of the printed 
constructs. Printing in a water-based slurry system 
can minimize any such issues associated with the 
swelling behavior of multiphase hydrogel systems.

3.4 In vitro biostability of the composite 
scaffolds

Enzymatic degradation of HAc often results in 
low biostability of the HAc-based scaffolds and 
requires physical or chemical crosslinking of the 
functionalized HAc. The in vitro biostability of the 
3D printed hydrogels was evaluated in the presence 

Table 2. Mechanical behavior of fully hydrated HAc-Alg hydrogels, and HAc-Alg/ 30wt% CaP 
composite hydrogels prepared by mixing and in situ precipitation (n>3).
Specimen Swelling ratio (g/g) Bulk gela 3D printed porous scaffold

G’ (Pa)b E (kPa) σc (kPa)c

HAc-Alg 31±2 298±58 3.3±0.6 18.9±2.1
HAc-Alg/30wt% CaP (mixing)d 28±1 502±62 N.A. N.A.
HAc-Alg/30wt% CaP (in situ precipitation) 25±1 1397±194 6.4±1.2 35.9±2.9

ahydrogel specimens fabricated by direct casting using a cylindrical mold and assessed by a rheometer, bstorage modulus at frequency of 1 Hz, cmaximum stress at compressive 
strain, ε=0.8, dHAc-Alg/ 30wt% CaP ink prepared by mixing CaP with HAc-Alg has very low printability due to high viscosity and inconsistent extrusion behavior; thus, its 3D 
printed scaffolds could not be fabricated for mechanical tests. HAc-Alg: Hyaluronic acid-alginate, CaP: Calcium phosphate, 3D: Three-dimensional



� 3D freeform printing of nanocomposite hydrogels

40	 International Journal of Bioprinting (2020)–Volume 6, Issue 2�

of hyaluronidase through a 7-day immersion 
study (Figure 5A). We found that approximately 
85% of HAc in the HAc-Alg scaffolds was 
rapidly degraded after 2 days, whereas >50% of 
HAc remained in HAc-Alg/CaP, indicating that 
the nanocomposite hydrogels exhibited higher 
resistance against enzymatic degradation. The 
complete degradation of HAc in HAc-Alg and 
HAc-Alg/CaP took 6 and 12  days, respectively 
(Supplementary Figure 8). The optical images of 
the remnant hydrogels after degradation confirmed 
the outstanding biostability of the HAc-Alg/CaP 
hydrogels. The precipitation of nanocrystals on 
the HAc chains effectively blocked the access 
of enzyme molecules to HAc and enhanced its 
resistance to enzymatic degradation[5,31].

Our results indicate that Alg and minerals were 
the main components of the remaining scaffolds 
after hyaluronidase-mediated degradation, as 
confirmed by the FT-IR spectra (Figure  5B). 
The FT-IR spectra of GM–crosslinked HAc and 
Alg hydrogels had the following characteristic 
peaks: For GM–crosslinked HAc, amide N-H 
stretch from 3200 to 3600 cm−1, C=O stretching 
and N–H bending in the 1595 – 1710 cm−1 range, 
C–H bending peak between 1350 and 1480 cm−1, 
and C–O stretch of the proteoglycan sugar ring 
from 985 to 1140 cm−1; and for Alg, stretching 
vibrations of the hydroxyl groups at 3430 cm−1 
and stretching vibrations of the asymmetric and 
symmetric bands of carboxylate anions at 1619 
and 1416 cm−1, respectively[32,33]. The FT-IR 

Figure 5. In vitro enzymatic degradation behavior of three-dimensional-printed scaffolds. (A) Remaining 
weight over incubation time after the hydrogel scaffolds were immersed in hyaluronidase solution, 
and optical images of the scaffolds before and after enzymatic degradation. (B) Fourier-transform 
infrared spectra of (a) glycidyl methacrylate-hyaluronic acid (HAc) hydrogel, (b) alginate hydrogel, 
(c) HAc-alginate (HAc-Alg) after degradation, and (d) HAc-Alg/30 wt% calcium phosphate (CaP) after 
degradation. (C) X-ray diffractometer pattern of HAc-Alg/30 wt% CaP scaffolds after degradation.

A
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spectrum of degraded HAc-Alg was in line with 
that of Alg. In contrast, characteristic peaks of 
CaP were observed in addition to those of Alg for 
the HAc-Alg/CaP hydrogels: The FT-IR spectrum 
exhibited strong peaks at 1000 – 1100 cm−1 (ν3 
bending) and 560 – 600 cm−1 (ν4 bending) for the 
PO4

3− groups in addition to the bands of adsorbed 
water from 3600 to 2600 cm-1[34]. We also observed 
significant discrepancies between the remaining 
weight obtained from the TGA analysis and 
enzymatic degradation tests. While the remaining 
weight of TGA analysis accounted for residual 
organic ashes and inorganic components, the 
remaining weight after enzymatic degradation 
was mainly due to swollen Alg (Alg + water) and 
inorganic components such as calcium carbonate 
and CaP. Moreover, the swelling behavior of the 
remaining Alg hydrogels varied depending on 
the mineral contents of the composite hydrogels 
(Table  2)[5]. The remaining weight difference 
between degraded HAc-Alg and HAc-Alg/CaP 
scaffolds was ~20 wt%, which was <30 wt% 
obtained from the TGA analysis.

HAc-Alg/CaP hydrogels after 2  weeks of 
immersed degradation were also analyzed using 
XRD and SEM to determine the mineral phases 
of CaP. A broad peak at 32−35° indicating apatite 
with low crystallinity was observed in the XRD 
pattern, while the characteristic peaks of DCPD 
or OCP crystallites had completely disappeared 
(Figure 5C). Furthermore, the morphology of the 
CaP precipitates changed from spherical to needle-
like (Supplementary Figure 9). It is known that 
DCPD, one of the CaP crystalline phases found 
in HAc-Alg/CaP scaffolds, can be hydrolyzed in 
water or a buffer solution to form hydroxyapatite 
or anhydrous dicalcium phosphate[22].

5CaHPO4+H2OHaH5 (PO4)3 OH+2H3 PO4	 (5)

In this hydrolytic reaction, the acidic by-
product decreases the pH of the aqueous medium. 
We, therefore, used a PBS buffer solution in our 
degradation test to minimize the pH change of the 
system. The final pH of the enzymatic solution 
was around 7, which was slightly lower than 
the initial pH (pH  7.4). Through heat treatment, 

pure ceramic porous scaffolds could be obtained 
after the removal of the Alg remnants, with the 
crystallization of amorphous apatite phases.

In addition to confirming the improved 
biostability of HAc-Alg/CaP, two promising 
findings were discovered from our degradation 
tests. First, the precipitated minerals were 
well-connected with the polymer template and 
maintained their 3D structure after template 
removal. Thus, by developing an in situ 
precipitation method for nanoparticles, various 
minerals can be incorporated in the 3D printing 
process to obtain porous 3D foams of metals 
or ceramics. For example, gold nanoparticles 
can be nucleated and grown on a polymer 
matrix through the in situ reaction of its metal 
precursor (e.g.,  HAuCl4) and a reducing agent 
(e.g.,  HCOONa)[35,36]. Second, by employing 
additional post-treatment processes, 3D printed 
materials can be further modified (e.g.,  by 
reduction of metal oxides)[37]. Importantly, this 
freeform 3D printing allows polymer templates to 
be chosen based on their functional roles instead 
of their 3D printability as the gelation of the 
polymer templates is carried out after 3D printing.

3.5 Biological performance of composite 
hydrogels

The biocompatibility and bioactivity of HAc-
Alg/CaP were carefully evaluated and compared 
to that of HAc-Alg to confirm its potential as a 
biomaterial for various medical applications. The 
in vitro cellular responses of fibroblast cells on 
the bulk and 3D-printed hydrogels are shown in 
Figure  6. None of the hydrogels displayed any 
signs of cytotoxicity. The cells attached to the 
surface of HAc-Alg/CaP bulk hydrogels appeared 
stretched and flattened, similar to what is usually 
observed in two-dimensional cell cultures. In 
contrast, the cells attached to the surface of 
HAc-Alg hydrogels clustered to form spheroids 
(Figure 6A). The cell densities were remarkably 
higher on HAc-Alg/CaP surfaces than on HAc-
Alg surfaces. After a 3-day culture, 80 – 90% of 
the HAc-Alg/CaP surface area was covered by the 
cells, whereas only ~20% of the HAc-Alg surface 
area was occupied by the cells (Supplementary 
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Figure 10). This observation agreed well with 
the quantitative cell proliferation data obtained 
using the AlamarBlue assay (Figure  6B). The 
levels of fibroblast proliferation on the HAc-Alg/
CaP hydrogels after 3 and 5 days of culture were, 

respectively, ~6 and 8 times higher than those on 
HAc-Alg. The relatively high SD in HAc-Alg on 
day 5 was due to the weak cell attachment on the 
hydrogel surface, whereas the higher SD for the 
HAc-Alg/CaP hydrogels was attributed to errors 

Figure  6. Cytocompatibility of hyaluronic acid-alginate (HAc-Alg) and HAc-Alg/30 wt% calcium 
phosphate (CaP) hydrogels using L929 fibroblasts. (A) Scanning electron microscope images of cells 
attached to the surfaces of HAc-Alg and HAc-Alg/30 wt% CaP hydrogels. (B) Cell viability of HAc-
Alg and HAc-Alg/30 wt% CaP hydrogels measured by AlamarBlue assay after 3 and 5 days (n > 3, 
**P < 0.01). (C) Confocal laser scanning microscope (CLSM) z-stack images of L929 fibroblasts adhered 
to HAc-Alg/30wt% CaP three-dimensional (3D) scaffolds after 7 days, indicating the selected parts for 
imaging. The two layers from the bottom and center regions were imaged to confirm the cell distribution 
throughout the scaffold. (D) CLSM z-stacked confocal images of L929 fibroblasts within the 3D printed 
scaffold after a 14-day incubation period.

A B

C D



Chen, et al.�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 2� 43

in cell seeding. When the cell densities reached 
saturation on day 5 (almost covering the entire 
surface of the composite hydrogel), the errors were 
<5%. In most cases, CaP-containing biomaterial 
scaffolds promote cell growth[5,38,39]. DCPD-based 
brushite cements are non-inflammatory and 
biocompatible with both bone and soft tissues[40]. 
Moreover, the nanosized surface topography 
and improved matrix stiffness associated with 
the incorporated CaP precipitates may provide 
physical binding sites and stable mechanical 
support for the seeded cells[14,39].

Based on the observations of HAc-Alg and 
HAc-Alg/CaP bulk hydrogels, we found that 
different types of hydrogel scaffolds required 
different cell seeding strategies. In the case of 
3D printed HAc-Alg/CaP scaffolds that exhibited 
excellent cell attachment performance, cells were 
directly seeded on the scaffolds after all of the 
processing steps were completed. The cell growth 
on 3D printed HAc-Alg/CaP was examined using 
CLSM. We found that cells migrated inside the 
pore channels of the hydrogel scaffold and almost 
fully covered the 3D surface (Figure 6C). As cells 
seeded on HAc-Alg attached and proliferated 
poorly, cell-laden HAc-Alg scaffolds were 
prepared and incubated for 14 days (Figure 6D). 
The encapsulated cells observed using CLSM 
were highly viable. For printing with cell-laden 
photocurable hydrogel inks, cell viability should 
be carefully considered due to UV irradiation 
during photo-crosslinking. Shorter UV irradiation 
often leads to reasonably high cell viability even 
though the mechanical stability of photocurable 
hydrogels is compromised[21,41]. Indeed, there is 
a significant trade-off between the mechanical 
performance and cell viability of cell-laden 
hydrogel scaffolds due to a cytotoxic crosslinking 
process. Thus, approaches for improving cell 
viability through a cell protection strategy through 
the incorporation of plant-derived polyphenols, 
such as pyrogallol (PG)[21] or improved crosslinking 
efficiency with dual-photoinitiators,[41] have been 
proposed. Particularly, using cell-encapsulated 
Alg microparticles with or without PG treatment, 
cell-laden hydrogel scaffolds were successfully 
prepared with minimal death of embedded cells 

during the whole biofabrication process regardless 
of UV irradiation time, in our previous study[21]. 
Thus, this two-step cell seeding approach can be 
used for gradient hydrogel systems to maximize 
cell viability during the long and complicated 
fabrication process.

As DCPD has been widely used for various 
biomedical applications, particularly in brushite 
bone cements composed of β-tricalcium phosphate 
and monocalcium phosphate monohydrate, we 
postulated that this material system could be 
utilized to augment bone tissues or soft/hard 
tissue interfaces in various forms[40]. We assessed 
the bioactivity of 3D printed HAc-Alg/CaP 
scaffolds by measuring the expression levels of 
four representative osteoblastic genes, Runx2, 
COL1, OPN, and OCN, using directly seeded 
MC3T3-E1 pre-osteoblasts[42]. As HAc-Alg did 
not exhibit good cell attachment performance, we 
were not able to obtain sufficient pre-osteoblasts 
for phenotypic assessments using the same setup. 
To overcome this, we set up a cell culture system 
as a negative control for this in vitro differentiation 
test using commercial cell culture plates. Two 
types of cell culture media were used in this assay: 
Cell maintenance medium (negative) and standard 
osteogenic medium (positive) containing ascorbic 
acid and Na-β-glycerophosphate (Figure  7). Pre-
osteoblasts are known to express high levels of 
COL1 and RunX2 (key markers of early osteogenic 
differentiation)[42]. Our results indicated that the 
expression levels of COL1 and RunX2 remained 
almost the same regardless of the presence of 
osteogenic reagents or bioactive components 
such as CaP (Figure  7A and B). In contrast, 
osteogenic medium induced the upregulation of 
OPN and OCN expressions in pre-osteoblasts 
cultured in both HAc-Alg/CaP scaffolds and 
culture plates (Figure  7C and D). Although the 
pre-osteoblasts cultured in composite hydrogel 
scaffolds (in the presence of osteogenic reagents) 
exhibited significantly higher gene expression 
levels of RUX2 and OCN that those grown using 
culture plates, we could not conclude whether 
this composite hydrogel system was sufficiently 
osteoinductive. We have previously implemented 
HAc-30 wt% CaP hydrogels within subcutaneous 
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sites in rats and found no significant mineralization 
or calcification (despite the strong promotion of 
soft-tissue regeneration)[5]. Moreover, the cell/
matrix interaction is intricate, and numerous 
factors influence cell differentiation. For instance, 
the elastic modulus of hydrogels (11 – 30 kPa) 
was found to lead to osteogenic differentiation of 
primary human mesenchymal stem cells (hMSCs), 
whereas softer hydrogels with elastic modulus <5 
kPa induce adipogenic lineage of hMSCs[43,44]. The 
elastic modulus of HAc-30 wt% CaP hydrogel 
scaffolds was ~ 6 kPa, thus might fail to induce 
osteogenic lineage of pre-osteoblasts due to 
insufficient matrix stiffness (Table  2). Thus, to 
enhance the osteoconductive and osteoinductive 
properties of HAc-Alg/CaP scaffolds, incorporation 
of additional bioactive additives (e.g.,  osteogenic 
reagents and bone growth factors) or mechanical 

reinforcement agents (e.g.,  increased mineral or 
Alg contents) to the hydrogel inks may be essential. 
In fact, DCPD/OCP has been reported to show 
lower bioactivity than DCPD with bioglass silica or 
magnesium[45]. Our follow-up research will expand 
the applicability of this system with extensive in 
vitro and in vivo assessments.

3.6  3D freeform printing for multiphase 
composite scaffolds

Multi-material 3D printing with nanocomposite 
hydrogels is challenging because the nanoparticle 
additives may change the rheological behavior of the 
composite hydrogel inks depending on the loading 
amount of the additives[6]. Furthermore, the uniform 
distribution of nanoparticles requires considerable 
care when the composite inks are prepared. 

Figure 7. Quantitative gene expression of four markers for in vitro cell differentiation. (A) Collagen 
type 1, (B) RunX2, (C) osteocalcin, and (D) osteopontin of MC3T3-E1 cells after 14 days of culturing 
on well plate (Control) or three-dimensional printed hyaluronic acid-alginate/30 wt% calcium phosphate 
composite hydrogel scaffolds with cell maintenance medium or osteogenic medium (n > 3, *P < 0.05 
and **P < 0.01).
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Finally, different swelling ratios of nanocomposite 
hydrogels containing various inorganic contents 
may lead to the deformation of the multi-material 

system in water[5]. To show that our method could 
overcome these problems, in situ precipitation of 
inorganic nanoparticles was carried out directly on 

Figure  8. Multiphase material printing with composite hydrogel inks. (A) Three-dimensional (3D) 
printing strategy of multiphase materials for gradient biomaterials. (B) Schematics of proposed bi-
material scaffolds varying mineral contents. (C) Optical images of 3D printed multiphase composite 
scaffolds composed of hyaluronic acid-alginate (HAc-Alg)/10 wt% calcium phosphate (CaP) and HAc-
Alg/30wt% CaP.
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a printed hydrogel using their precursors. As proof-
of-concept, two multi-material structural designs 
were created and printed with two nanocomposite 
hydrogels, HAc-Alg/15 wt% CaP and HAc-Alg/30 
wt% CaP (Figure 8).

The mineral contents of HAc-Alg/CaP 
were varied by altering the phosphate ion 
concentration in the HAc-Alg hydrogel inks, 
as illustrated in Figure  8A. As the precursors 
of CaP nanoparticles were ions, different 
concentrations of these precursors did not 
change the viscosity of the printing inks or 
gelatin-containing viscous medium. Two types 
of HAc-Alg inks with different phosphate ion 
concentrations were printed in a gelatin bath 
with excess CaCl2 using the same printing 
parameters. We had already confirmed that 
the precipitated CaP nanocrystals distributed 
uniformly within the hydrogel matrix regardless 
of the precursor concentrations. During 3D 
printing, the printed inks contained the non-
crosslinked GM-HAc liquid phase. Therefore, 
sequential 3D printing of two different hydrogel 
inks using only one printer head was feasible. 
This avoided any interfacial problem because 
the GM-HAc liquid diffused into the contact 
region around the joints of the printed filaments, 
which promoted joint fusion and improved 
bonding strength among the filaments of the 
adjacent layers. The two structural designs, 
vertical stacking and horizontal stacking of the 
two composite hydrogels resulted in different 
printing sequence and interfaces between the 
two materials with different mineral contents 
(Figure  8B and C). In the case of vertical 
stacking, the bottom layer of HAc-Alg/10 wt% 
CaP could be deposited on the top layer of 
HAc-Alg/30 wt% CaP, thus minimizing the time 
lapse between the printing of each material due 
to ink change. In contrast, horizontal stacking 
was achieved by printing the inner part with 
HAc-Alg/10 wt% CaP, followed by printing the 
external part of the structure with HAc-Alg/30 
wt% CaP (Supplementary Figure 11). In this 
case, the time lapse between the first layers of the 
two materials was more than 5 min, which was 
equivalent to the summation of; printing time of the 

first material and ink change time. However, both 
printed structures exhibited good mechanical 
stability and no delamination at the interface 
of the two materials. More importantly, in the 
freeform printing of hydrogel inks in aqueous 
solutions, all of the printed gels were maintained 
in the swollen state and reacted in situ during 
printing. Thus, the introduction of different 
materials with various swelling behaviors did not 
induce any structural mismatch or distortion of 
the multi-material systems when the hydrogels 
were immersed in water.

The composite hydrogel systems can be applied 
for scaffolds of interface tissue engineering (ITE), 
which aims to regenerate the native enthesis or 
interface tissue between hard and soft tissues. Thus, 
ITE requires multiphase and gradient biomaterials 
to engineer both types of tissue[46-51]. As gradient 
biomaterials often mimic the complex structures 
and material properties of each soft and hard tissue, 
advanced micro-  and nano-technologies such as 
microfluidics, electrospinning, and bioprinting 
have been introduced into the conventional 
fabrication process of biomaterials to capture 
these dimensions[47]. In particular, recent advances 
in 3D printing technologies have facilitated the 
development of composite biomaterials through 
the ability to fabricate structurally, functionally, 
and compositionally intricate constructs[1-4]. Thus, 
our approach for multiphase composite scaffolds 
can be applied for the fabrication of various 
functional or hybridized gradient biomaterials 
with complex geometries for ITE scaffolds.

4 Conclusion

In this study, by introducing an in situ inorganic 
nanoparticle precipitation process to a 3D freeform 
printing system with a two-step crosslinking 
strategy, we successfully fabricated HAc-Alg/CaP 
nanocomposite hydrogel scaffolds with various 
mineral contents and good structural integrity. The 
first ionic crosslinking of Alg provided structural 
stability during printing, while the secondary 
crosslinking of photo-curable GM-HAc improved 
the mechanical stability of the nanocomposite 
hydrogels by virtue of the superior bonding 



Chen, et al.�

	 International Journal of Bioprinting (2020)–Volume 6, Issue 2� 47

strength of the adjacent layers with well-fused 
filament joints. The precipitated nanoparticles 
composed of DCPD and OCP, along with a small 
amount of calcium carbonate, were uniformly 
distributed throughout the entire printed hydrogel. 
The incorporated CaP nanocrystals significantly 
enhanced the mechanical, physiological, and 
biological characteristics of the pure hydrogel, 
suggesting its great potential as a biomaterial for 
various biomedical applications. In particular, 
the proposed printing approach allowed multi-
phase gradient material printing with a single 
nozzle system, avoiding any issues caused by 
the introduction of materials with differences 
in printability and mechanical stability. Taken 
together, our results suggest that designing 
and modifying the printing materials coupled 
with in situ post-printing functionalization and 
hybridization in reactive viscoplastic matrices, our 
approach can accelerate the 3D printing of various 
functional or hybridized gradient biomaterials 
with complex geometries.
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