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A B S T R A C T

In this study, calcium alginate/agar (CA/Ag) 3D structures were printed as strip assembles with high resolution and tailorable mechanical properties by a thermalassisted 3D printing method. Specifically, alginate and agar were combined to minimize the Barus effect, and further improved the printing resolution. The
introduction of agar altered the rheological properties of the ink, such as increasing its viscosity to obtain a 3D printing structure with higher precision. The alginate
chains were crosslinked by calcium ions, which connected different layers together and had good interface adhesion among layers in 3D printing constructs. In
addition, after printing, the crosslinking of calcium alginate affected the swelling behavior and mechanical properties of printing gels. The width of extrusion gel
stripes was close to the diameter of needle, demonstrating that the printing resolution is well controlled by minimizing the Barus effect of concentrated solution.
Furthermore, the printed gel structures showed low cytotoxicity, indicating that these biocompatible 3D printed structures are promising substitutes for tissue
engineering. Most importantly, soft polyacrylamide (PAAm) network was introduced into 3D printed CA/Ag hydrogels to toughen interfacial surfaces between
adjacent stripes by combination of rigid calcium alginate network and soft PAAm network. These 3D printed hydrogels with excellent mechanical properties, high
compatibility and high shape fidelity can be regarded as a potential candidate in bio-medical field.

1. Introduction
Recently, three-dimensional (3D) printing has received tremendous
attentions in tissue engineering area, due to its rapid production with
high shape fidelity [1]. Unfortunately, industrial 3D printers with an
extremely high resolution have limited capabilities for biomedical ap
plications [2]. Nowadays, advances in 3D bioprinting including
Three-dimensional Printing (3DP), Fused Deposition Modeling (FDM),
Stereolithography (SLA), Selective Laser Sintering/melting (SLS) and 3D
Plotting/Direct-write bioprinting are mostly achieved from home-made
setups or modification of commercial machines by creative engineers.
Compared with other methods, FDM has the superiorities of good me
chanical strength and high porosity due to its laydown pattern, which is
essential for tissue engineering.
Hydrogels have good biocompatibility and large water content

(around 90%), which are similar to extracellular matrix structures.
Therefore, hydrogel is widely regarded as the most attractive material in
bioprinting process [3,4]. In the last decade, various approaches,
including inkjet printing using microdrops [5], microextrusion printing
using continuous liquid inks [6] and stereolithography using UV pho
topolymerization [7] have been proposed and well developed to print
hydrogels. Compared to other methods, extrusion printing is an
improved FDM technology, which constructs a three-dimensional
layered structure by extruding continuous liquid ink. Because of its
high unit density, large material range and good balance between
printer cost and printing quality, FDM is considered as the best strategy
for bioprinting [6,8]. However, low printing resolution limits its appli
cation in the biomedical field. To overcome this drawback, this study
adjusted the rheological characteristics of the printing ink to obtain 3D
printing structures with high precision.
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Natural polymers, such as collagen [9], hyaluronic acid (HA) [10],
chitosan [11] and alginate [1], are able to maintain the shape of 3D
structure after printing through cross-linking,which are commonly used
as bioink. Crosslinking can be divided into two forms: physical and
chemical. Generally, physical crosslinking is caused by temperature
change [9,12] and ionic crosslinking [13,14], while chemical cross
linking is formed by polymerization [15]. Sodium alginate (SA), as an
anionic polymer, can be separated from brown algae and has the ability
of auxiliary crosslinking by bivalent or trivalent [16]. SA has the ad
vantages of hydrophilicity, high biocompatibility and biodegradability
under normal physiological conditions. As a kind of instant gel material,
it has attracted more and more attention in tissue engineering. For 3D
printing hydrogel, due to the low viscosity of hydrogels, the shape of
printing often collapses. In order to improve the viscosity of SA solution,
researchers proposed various methods, such as changing its concentra
tion and molecular weight [17], combining with other materials
including nanocellulose [1] or gelatin [4], printing with supportive
sacrifice polymers [18], and partially crosslinking with calcium ions
[19]. However, minimizing the Barus effect of bioink to achieve shape
fidelity during printing have not been sufficiently investigated [20].
Moreover, most of 3D printed hydrogels exhibit inferior mechanical
property and poor interfacial property between layers.
In order to improve the printing resolution and adhesion property,
the thermo-responsive agar and ionic-responsive alginate were com
bined to prepare the mixed ink. Agar increased the viscosity of ink, thus
further improved the rheological properties, making it suitable for
precision printing. Alginate, which was crosslinked by calcium ions,
linked different layers, resulting in good interface in 3D printing con
structs. By using alginate/agar mixed ink and thermal-controlled
method, the 3D printed gel stripes own high resolution and the width
of gel stripes is similar with the width of needle. After printing, a soft
polyacrylamide (PAAm) network is introduced into 3D printed hydrogel
with rigid calcium alginate network to minimize the interfacial defects
by using double network hydrogel mechanism. These 3D printed tough
hydrogels are produced with superior mechanical properties, high
printing resolution and low cytotoxicity, which can be considered a
potential candidate for artificial tissues in biomedical field.

2.2. 3D printing system
As shown in Scheme 1a, a modified Leapfrog 3D printer was used to
print gels. An injection pump (NE-500 OEM, New Era) was added on the
mobile platform to control the ink extrusion speed, with the infusion
range of 0.73 μl h− 1 to 2100 ml h− 1. In addition, to control the printing
temperature, a thermal controller with a syringe heating pad (HEATERKIT-5SP, New Era) was used. In order to obtain continuous printing ink,
blunt tip needles (gauge 14–26) were used for injection. The G-code was
generated by the commercial software simplify 3D to control the
printing process. In the printing process, the mixture of thermosresponsive agar and ionic-responsive alginate was extruded into
continuous stripes to minimize the Barus effect and improve the printing
resolution (scheme 1b). At the same time, the increase of viscosity
enabled the mixture in the printing process to maintain its shape, and
the size of the printed stripe was close to the inner diameter of the
nozzle. Moreover, after printing, SA was crosslinked by calcium ions,
improving the interface adhesion between layers (Scheme 1c).
2.3. 3D printable tough hydrogels fabrication
To achieve 3D printed tough hydrogels, a novel two-step method was
employed. The mixture ink (Ag 200/SA 200) was first prepared. In
detail, 200 mg SA was dissolved into 10 ml DI water and stirred
continuously overnight. The SA solution was then heated to 95 ◦ C in an
oil bath and 200 mg agar was added. After the agar was completely
dissolved in water, the mixed ink was cooled to 65 ◦ C before printing.
During printing process, the syringe heating pad was used to keep a
printing temperature around 55 ◦ C. After printing, 30 mg/ml CaCl2
solution was used to cross-link SA to form strong bonding between lines
and layers. The Ag 200/SA 200 represents that the concentration of agar
and alginate is 20 mg/ml and 20 mg/ml, respectively.
To achieve tough double network hydrogels, soft polyacrylamide
(PAAm) network was introduced into CA/Ag 3D printed structures. In
detail, the 3D printed hydrogels were soaked in a 40 ml solution with
6000 mg AAm, 12 mg MBAA and 60 mg APS for 24 h. Then 20 μl TEMED
was added to do polymerization for 12 h. After that, the soft PAAm
single network (SN) gels were removed from the tough printed samples.

2. Experimental section
2.1. Materials

2.4. Characterizations

Sodium alginate (Protanal® LF 120 LS, pH of 5.0–7.5 at 1% solution,
synthetic) was kindly supplied by the FMC biopolymer (Drammen,
Norway). Agar, acrylamide (AAm), N, N′ -methylenebis (acrylamide)
(MBAA), ammonium persulfate (APS), N, N, N′ , N′ -Tetramethylethyle
nediamine (TEMED) and calcium chloride were purchased from SigmaAldrich.

Each sample was divided into three parts for measurement, and the
mechanical properties were tested by universal tensile machine (AGS-X,
SHIMADZU). The cross-head speed of the tensile measurement was 10
mm min− 1. The elastic modulus(E) was calculated from the stress of
0–10% strain. The stress was calculated by force/(thickness*length).
An AR-G2 stress controlled rheometer (TA, Instrument) with double
gap cylinder geometry (1 mm) was used to analyze the rheological
properties of SA solution with different composition at 25 ◦ C.

Scheme 1. (a) schematic diagram of 3D printing machine, (b) printing nozzle and (c) printing process.
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Meanwhile, the viscosity of the hybrid ink was determined with
different temperature from 35 ◦ C to 65 ◦ C. The shear rate was changed
from 0.01 s− 1 to 1000 s− 1.

3. Results and discussion

2.5. Cytotoxicity

Fig. 1a showed the low zero-shear viscosity of sodium alginate (SA).
Although the increasing concentration of SA led to a small improvement
of viscosity around 30 mPa.s that was close to the minimum viscosity of
printing ink for the extrusion printer, the small viscosity induces poor
shape fidelity in during 3D printing. This result demonstrates that single
SA solution cannot be employed as 3D printing ink due to low viscosity.
The higher viscosity with large surface tension can help to improve
shape fidelity in printing process. Comparison with SA, agar (Ag) is a
thermos-responsive polymer and has high viscosity at low temperature.
So that thermoplastic agar (Ag) was added into the 3D printing ink
formulation to improve the viscosity of SA solution. From Fig. 1b, the
viscosity of pure agar (Ag 200) at 45 ◦ C was high at low shear rate, and
became thinner with the increase of shear rate. With small addition of
Ag, the viscosity of ink hardly changed, which was similar to that of
single SA solution (SA 200). When the content of Ag was 200 mg in 10 ml
DI water, the viscosity of the mixture ink (Ag 200/SA 200) exhibited
extremely high at low shear rate and became thinner with the increase of
shear rate. As shown in Fig. 1c, the measurements of frequency oscil
lation also depicted that mixture ink owned improved storage modulus
G’ and loss modulus G” with introduction of agar. The tan δ is the ratio of
loss modulus to storage modulus to evaluate how gel-like the solution is

3.1. Rheology and printability

The cytotoxicity of printed gels was appraised with trypan blue. At
first, the gels were immersed in Eagle’s Minimum Essential Medium
(EMEM) for 3 days to remove the residues before culturing, and then the
gels were dipped in the medium for another 3 days to prepare the
conditioned cell cultural medium (EMEM with 10% fetal bovine and 100
IU ml− 1 penicillin and streptomycin). 10E5 of U87-MG cells were
incubated on a 6-well plate and cultured in conditioned cultural medium
for 48 h or 72 h, while the control group was cultured in fresh cultural
medium. After that, 1 ml of Dulbecco’s phosphate-buffered saline
(DPBS) were added to wash the adherent cells. Then, 1 ml of trypsin was
used to replace DPBS, and 6-well plate was incubated in an incubator
with a temperature of 37 ◦ C and a concentration of carbon dioxide of 5%
for 2 min to separate the cells from the culture plate. Next, 100 μl of FBS
was put into the plate to stop the detaching. Eventually, 20 μl of trypan
blue was added into 20 μl of the cell suspension and pipetted up and
down to mix. 20 μl of the mixture was put into the disposable counting
chamber, which was inserted into the Cellometer Vision Image Cytom
etry for counting and imaging.

Fig. 1. (a) rheological data of SA solution with various concentration at room temperature, (b) rheological data of the various ink formulations at 45 ◦ C, (c) storage
modulus G’ (closed symbol) and loss modulus G’’ (open symbol) of SA 200 solution (△), Ag 200 solution (□) and Ag 200 SA 200 solution (○) and (d) Tan δ (closed
symbol) of SA 200 solution (△), Ag 200 solution (□) and Ag 200 SA 200 solution (○).
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(Fig. 1d). At the measured frequencies, the tan δ values of the mixed ink
was less than 1, indicating that the ink was more gel-like than the liquid,
however, the SA solution owned a higher tan δ above 1, indicating that
the SA solution was more liquid-like than gel. These results demonstrate
that the mixture ink owns high viscosity that may afford excellent shape
fidelity when printing.
To well investigate the rheological properties of mixture ink (Ag
200/SA 200), rheological tests at various temperature were also per
formed. As shown in Fig. 2a, the mixing ink at different temperature
were all shear-thinning. In addition, it also exhibited increasing viscosity
of mixture ink with temperature decreasing because of agar gelation. As
shown in Fig. 2b, similar result was also achieved that with temperature
increasing, both storage modulus and loss modulus decreased. Fig. 2c
showed all tan δ values of mixing ink at different temperature were
around 0.1, indicating it was more gel-like than liquid.
To verify rheological results, the printability of different ink formu
lation was studied. As shown in Fig. 3a–c, SA 100 ink had the highest
printed line width (1.95 mm) compared to SA 200 (1.38 mm), SA 300
(1.35 mm), and SA 400 (1.37 mm) inks when printing via gauge 20
(0.81 mm). It shows that low viscosity of ink leads to a higher printed
line width. However, when the concentration of SA was higher than 20
mg/ml, the width of printed line was nearly changed, although the
viscosity of SA ink increased with increasing concentration of SA
(Fig. 1a). In addition, the width of SA ink printed lines was all largely
higher than the diameter of printing needle (gauge 20, 0.8118 mm). This
phenomenon may derive from Barus effect referring that thick polymer
solution occur orientation and store elastic energy, when it happens to
cross-sectional change of pipeline. Fig. S1 presented deformation change
of thick SA solution when SA ink was injected out of the needle, which
was consistent with the Barus phenomenon. To well study the Barus
effect of thick SA solution, a camera was used to record the deformation
change of extrusion. Fig. 3 e1 and e2 depicted SA 400 had a smaller
spreading width than that of SA 200 due to high viscosity, but the
spreading width of SA 400 was still much larger than diameter of needle
because of Barus effect. As shown in Fig. S2 and Table S1, with
increasing viscosity of SA solution, the spreading time enhanced but the
spreading width decreased, which was consistent with printing line
width. In addition, the spreading width of all SA solution were much
higher than diameter of needle. These results demonstrate that the Barus
effect of thick solution would greatly affect printing fidelity of 3D
printed hydrogels. As shown in Fig. 3 e3, by introducing thermosensitive
agar, the mixing ink (75 ◦ C) was gently injected onto a glass slide via
gauge 20 needle. Because of high temperature of mixing ink, the low
viscosity led to a spreading to form a spherical cap. However, when the
temperature of mixing ink reduced to 55 ◦ C, Fig. 3 e4 showed a fine
extrusion line out of needle with a fixed line width around 600 μm that
was little smaller than diameter of needle. These results were consistent
with previous results in Fig. 2.
To well investigate this phenomenon, various needles (gauge 14–27)

were employed to print mixing ink at 55 ◦ C. As shown in Fig. 3 b and d,
the line width of 3D printed stripes with mixing ink was close to the
diameter of needle nozzle, giving an easy design for the 3D printing
model. These results demonstrate that this mixing ink achieves a high
shape fidelity. However, due to the rapid gelling process, agar was fully
crosslinked in a short time, and no connection was obtained between the
3D printed stripes from different layers (Fig. 3 f1 and f2). After soaking
in CaCl2 solution, the uncrosslinked alginate chain in different layers
was connected via Ca cations (Fig. 3 f3 and f4). These results indicate
that the novel method has good interface among layers in 3D printing
constructs.
3.2. 3D printed construct
In order to well study the mechanical and swelling properties of 3D
printing CA/Ag hydrogel, CA/Ag hydrogels were prepared by a single
two-step method. The sodium alginate (SA)/Ag hydrogels were first
achieved via injection molding method, then these hydrogels were
soaked in CaCl2 solution with various concentrations. As shown in
Fig. 4a, after soaking in various concentrations of CaCl2 for 15 min, the
size of CA/Ag hydrogels were changed due to its swelling and deswelling
properties. At a low concentration (10 mg/ml), the diameter of gel
swelled to around 16 mm. At a high concentration (50 mg/ml), the
diameter shrunk to around 15.3 mm due to crosslinking of SA. However,
at 30 mg/ml, the size of gel hardly changed, suggesting that this con
centration is a good soaking solution for 3D CA/Ag hydrogels to keep
printing size. As shown in Fig. 4b and Table 1, mechanical properties of
CA/Ag hydrogels were systematically investigated. In comparison with
as-prepared SA/Ag hydrogels, mechanical properties of CA/Ag hydro
gels were improved with CaCl2 solution soaking. It demonstrates that
concentration of Ca2+ for crosslinking also affects the mechanical
properties of CA/Ag gels. CA/Ag hydrogel with 50 mg/ml of CaCl2 so
lution soaking showed highest compression-at-break, Young’s modulus,
compressive strength and toughness, while gels soaked in 30 mg/ml of
CaCl2 solution also owed a comparable mechanical strength. Therefore,
the concentration of CaCl2 at 30 mg/ml is the best to soaking 3D CA/Ag
constructs with superior mechanical properties and printing resolution.
The formulation of the mixed ink of agar and alginate combines the
rheological properties of agar and the crosslinking properties of algi
nate. By temperature controlling and CaCl2 soaking, 3D printed CA/Ag
construct with superior printing resolution, excellent shape fidelity, and
good mechanical properties were achieved. Fig. 5 depicted two types of
10-layers lattices with excellent shape fidelity, which demonstrates good
printability of mixing ink. Fig. 5a showed a schematic diagram of 3D
printed CA/Ag hydrogel construct. By layer-by-layer printing process
(Fig. 5b), the 3D printed hydrogel construct was achieved (needle: gauge
14) with a height around 1.3 cm (Fig. 5c). The clear lines and small grid
in the printed grid indicated that the printing resolution was high, at the
same time, the mesh could be lifted by tweezer which was gelled by

Fig. 2. (a) rheological data for Ink 1:1 at various temperature, (b) storage modulus G’ (closed symbols) and loss modulus G’’ (open symbols) of Ink @ 65 C (□), @ 55
C (○), @ 45 C (△) @ 35 C (⋄) and (c) Tan δ of the ink formulation.
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Fig. 3. (a) photograph of 3D printed lines
with different SA ink formulation via gauge
20, (b) 3D printed lines of Ag 200 SA 200
from gauge 14 to gauge 20 (needle length
1.5 inches, Temperature 55 ◦ C), (c) line
width measurements of the 3D printed mesh,
(d) line width of 3D printed lines of Ag 200
SA 200, the insert is injection line from
gauge 22, 25 and 27 (needle length 0.5
inches, Temperature 55 ◦ C) (The ink is Ag
200 SA 200 mixture), (e) Final shape of (e1)
SA 200, (e2) SA 400, (e3) Ag 200 SA 200 @
75 ◦ C and (e4) Ag 200 SA 200 drop on to
glass slide @ 55 ◦ C via gauge 20 needle and
(f) 3D printed Ag/SA mesh (f1/f2) and 3D
printed calcium cross-linked Ag/SA mesh
(f3/f4).

Fig. 4. (a) the size change and (b) compressive stress-strain curve of CA/Ag hydrogels cylinder (Ag 200 SA 200) after soaking in different concentration of CaCl2 for
15 min via injection method.

ionically crosslinked alginate (Fig. 5d). CaCl2 could separate the whole
printing mesh with all its layers before crosslinking, due to the ink for
mula had high fidelity and fast gelling process. After a short time
(around 30 s), the effects of crosslinking could be observed. Fig. 5e
displayed the cross-sectional image and Fig. 5f depicted the microscopic
images of cross-sectional view of 3D printed hydrogel construct,
respectively. These images all showed the 3D printed hydrogel construct
owned controlled grid and layer distance. In addition, a small needle
(gauge 20) was also employed to fabricate 3D printed hydrogel construct
via printing mixing ink at 55 ◦ C. Fig. 5g–b showed top and side view of

this 3D printed hydrogel construct with high printing resolution and
shape fidelity. The height was around 5 mm of this 10-layer construct.
Fig. 4i depicted the microscopic image of side view of 3D printed
hydrogel construct, showing controlled layer height. Figs. 5j and 4k
displayed top view of 3D printed hydrogel construct with a fine stripe
distance around 2 mm. These results demonstrate this novel 3D printed
method has a high shape fidelity and printing resolution by using mixing
ink.
Swelling is a common phenomenon in hydrophilic 3D gels, in which
water can be trapped in the pores or bond with polar hydrophilic groups
5
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green, further confirming the biocompatibility of the printed gels.

Table 1
The compressive properties of 3D printed disk (Ag 200 SA 200) with various
concentration of CaCl2.
Sample

Compression-atbreak (%)

Young’s
modulus
(kPa)

Compressive
strength (kPa)

Toughness
(kJ m− 3)

Original
10 mg/
ml
30 mg/
ml
50 mg/
ml

21.20 ± 0.72
43.05 ± 1.78

8.17 ± 0.92
23.95 ± 1.48

29.51 ± 1.15
190.66 ± 13.90

2.35 ± 0.10
32.87 ± 3.89

44.87 ± 1.57

31.30 ± 2.12

245.62 ± 9.95

42.68 ± 1.39

45.97 ± 0.61

33.91 ± 0.71

265.63 ± 8.28

48.78 ± 2.26

3.3. 3D printed tough hydrogels
Although 3D printed CA/Ag hydrogel construct by mixing alginate
and agar owns high shape fidelity and good biocompatibility, its brittle
nature of calcium alginate and agar hydrogels results in low toughness,
which largely impedes its applications in biofield. Double network is a
novel method to improve toughness of hydrogels. In this study, a soft
polyacrylamide network was introduced into the 3D printed CA/Ag
construct to achieve tough hydrogels. As shown in Fig. S3a, dog-bone
structure was achieved by 3D printing technology and conduced on a
tensile machine to investigate mechanical properties of 3D printed
tough hydrogels. Interfaces among stripes are weak points in 3D printed
tough hydrogels, which is a big challenge to achieve 3D printed tough
hydrogels. Although these weak points were toughened by double
network hydrogel combining of stiff calcium alginate bonds and soft
polyacrylamide chains (Fig. 7a), the breaking area were all observed at
the interface between adjacent stripes after tensile tests (Fig. S3b). As
shown in Fig. 7b and Table 2, needles with different gauge were used to
print 3D printed tough hydrogels. With increasing gauge No., the width
of 3D printed stripes decreased, the tensile strength was progressively
improved, but the breaking strain (~1.7 mm/mm) and Young’s modulus
(~25 kPa) were similar. The 3D printed hydrogels by gauge 18 showed a
highest breaking strength (423.04 kPa). The similar breaking strain and
Young’s modulus derived from that these 3D printed hydrogels were
made of same composition. The enhanced breaking strength is related to
that small stripes own relatively high contact area ratio and better
interface property. Compared to our previous result of 3D printing
hydrogel by ink solution of alginate, agar and acrylamide monomer with
low shape fidelity and printing resolution [23], the front part of both
stress-strain curves were similar, but the Young’s modulus of ink solu
tion (38.14 kPa) were slight higher than that of 3D printed tough

in polymers [21]. However, large swelling usually sacrifices mechanical
properties, although the high permeability of swelling gels is beneficial
for biological applications [22]. In addition, the large swelling also leads
to a shape deformation resulting in low printing resolution. To confirm
swelling property and cytotoxicity of 3D printed CA/Ag construct,
related experiments were performed. As shown in Fig. 6a–d, 3D printed
CA/Ag constructs were immersed into DI water for 7 days. The differ
ence of 3D printed CA/Ag constructs at original and soaking state was
that the color of gel turned to transparent from red, which derived from
the Rhodamine B diluting in the DI water. It demonstrates that the 3D
printed CA/Ag hydrogel constructs own high permeability similar to
other hydrogels. In addition, the shape and structure of 3D printed
CA/Ag construct were maintained after 7-days soaking in DI water,
indicating its good shape fidelity. The cytotoxicity of 3D printed CA/Ag
gels on U87-MG cells was evaluated. Fig. 6e exhibited that cell numbers
had no large increase in the 2 days. In 3 days, cell number largely
increased in gel conditioned medium groups which was comparable
with control groups, demonstrating that the Ag/SA gels achieve low
cytotoxicity and can be used in 3D bio-printing. Fig. 6f–i also showed
that most cells in both control and test samples were viable circled with

Fig. 5. (a) the 3D model of multilayer structures, (b) layer-by-layer processing, (10 printed layers, mesh 5 mm × 5 mm), (c) and (d) Ca2+ crosslinked multilayer
structures, (e) cross-section image of multilayer structures and (f) microscope image of multilayer structures, (g) and (h) top view and side view of Ca2+ crosslinked
multilayer structure (10 printed layers, mesh 2 mm × 2 mm), (i) microscope image of side view, (j) top view of multilayer structures, (k) magnified image of top view
and (g) microscope image of top view (10 printed layers, mesh 2 mm × 2 mm). Scale bar: (b) 10 mm, (d) 10 mm, (e) 10 mm, (f) 1 mm, (g) 10 mm, (h) 5 mm, (i) 1 mm,
(j) 2 mm, and (k) 1 mm.
6
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Fig. 6. stability of the hydrogels: top view of 3D printed multilayer structures (a) before and (b) after soaking in DI water for 7 days; side view of 3D printed
multilayer structures (c) before and (d) after soaking in DI water for 7 days; (e) cell number of U87-MG after culturing 2 or 3 days in gel conditioned media; live and
dead cell images of 2-days culturing (f) control, (g) gel conditioned medium, and 3-days culturing (h) control, (i) gel conditioned medium.

hydrogel by gauge 18 (28.40 kPa). In addition, the breaking strength of
mixing ink (488.75 kPa) were much higher than that of 3D printed tough
hydrogel by gauge 18 (423.04 kPa). These results derived from the weak
point between adjacent stripes. The 3D printed hydrogel by ink solution
also had longer breaking strain, which resulted from agar chain pullout
mechanism that the agar chains were gradually extracted from the
aggregated agar helical bundles during fracture propagation process
[24]. According to our experimental results, we believe that the me
chanical properties of 3D printed tough hydrogel can be improved by
decreasing diameter of printed stripes. Furthermore, according to our
previous results [23], 3D printed tough hydrogels are also biocompat
ible after removing toxic monomer residues and other impurities.
Therefore, these results demonstrate that these 3D printed tough
hydrogel with high shape fidelity and printing resolution can be
considered as a potential candidate in bio-medical field.
In addition, the mechanical properties of different 3D printing tough
hydrogels with different composition were also studied, which made the
data more representative. As shown in Fig. 7d and Table 3, with
increasing sodium alginate content in printing ink, the maximum stress
was improved, while the breaking strain decreased. This phenomenon
derives from that high content of sodium alginate increases the calcium
crosslinking of alginate between 3D printed stripes, which is consistent
to previous results of double network calcium alginate/polyacrylamide
hydrogel [13,23]. However, opposite trend was achieved by varying
content of agar. As depicted in Fig. 7e and Table 3, with decreasing
content of agar, the breaking strength and breaking strain were
enhanced, which was different to previous literatures [6,23,25]. This
result is also opposite to that of agar/polyacrylamide double network
hydrogel [26]. Based on rheology of mixing ink, low agar content leads
to slow gelling process, increasing the agar polymer chains bonds be
tween 3D printed stripes and toughening the printed structures with
breaking strength 550.26 kPa, breaking strain 1.90 mm/mm and

Young’s modulus 54.00 kPa. The low agar content increases the me
chanical properties, but leading to inferior shape fidelity and printing
resolution.
4. Conclusion
In this paper, calcium alginate/agar (CA/Ag) hydrogel constructs
with excellent shape fidelity and printing resolution were produced by
3D printing technology. And then, soft polyacrylamide (PAAm) network
was introduced into 3D printed CA/Ag hydrogels to achieve 3D printed
tough hydrogels. Rheological characteristics of various ink were thor
oughly investigated, revealing that the addition of agar greatly improves
ink viscosity and guarantees high printing precision. By temperature
control, pre-gel with high precision was printed by removing of Barus
effect. Since the 3D printed structures were composed of strips, the
interfacial adhesion is crucial for mechanical properties. After soaking in
calcium chloride solution, alginate in adjacent stripes were bonded by
calcium ions to minimize interfacial defect among stripes. These 3D
printed CA/Ag hydrogel constructs showed high biocompatibility, high
permeability and shape stability, which have the potential to be used in
3D bio-printing. By introduction of PAAm into 3D printed hydrogels, the
interfaces between stripes were toughened by combination of rigid
calcium alginate network and soft PAAm network. These 3D printing
tough hydrogels have excellent mechanical properties and high shape
fidelity, and can be used as potential candidates for bio-medical appli
cations. In addition, the mechanical properties of 3D printing tough
hydrogels with various compositions were also systematically
investigated.
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Fig. 7. (a) schematic diagram of dog-bone shaped hydrogel, (b) fitted and original stress-strain curve of dog-bone shaped gel with different gauge, (c) comparison of
this new two-step 3D printing method and our previous 3D printing method [23], (d) fitted and original stress-strain curve of dog-bone shaped gel with different
alginate composition and (e) fitted stress-strain curve of dog-bone shaped gel with different agar composition.
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Table 3
The breaking strength of 3D printed gel (AAm 3000) with various composition
via gauge 16.
Samples

Breaking Strength
(kPa)

Breaking Strain
(mm/mm)

Young’s Modulus
(kPa)

Ag 200
100
Ag 200
200
Ag 200
300
Ag 100
200
Ag 100
300

SA

229.12 ± 25.45

1.97 ± 0.23

18.68 ± 2.89

SA

323.98 ± 15.63

1.70 ± 0.34

21.63 ± 1.25

SA

417.67 ± 110.39

1.07 ± 0.16

47.67 ± 9.01

SA

550.26 ± 85.28

1.90 ± 0.35

54.00 ± 12.23

SA

157.91 ± 12.86

1.13 ± 0.21

20.37 ± 3.45
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