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Abstract
Three-dimensional (3D) bioprinting is a powerful approach that enables the fabrication of 3D tissue constructs that retain
complex biological functions. However, the dense hydrogel networks that form after the gelation of bioinks often restrict
the migration and proliferation of encapsulated cells. Herein, a sacrificial microgel-laden bioink strategy was designed for
directly bioprinting constructs with mesoscale pore networks (MPNs) for enhancing nutrient delivery and cell growth. The
sacrificial microgel-laden bioink, which contains cell/gelatin methacryloyl (GelMA) mixture and gelled gelatin microgel,
is first thermo-crosslinked to fabricate temporary predesigned cell-laden constructs by extrusion bioprinting onto a cold
platform. Then, the construct is permanently stabilized through photo-crosslinking of GelMA. The MPNs inside the printed
constructs are formed after subsequent dissolution of the gelatin microgel. These MPNs allowed for effective oxygen/nutrient diffusion, facilitating the generation of bioactive tissues. Specifically, osteoblast and human umbilical vein endothelial
cells encapsulated in the bioprinted large-scale constructs (≥ 1 cm) with MPNs showed enhanced bioactivity during culture.
The 3D bioprinting strategy based on the sacrificial microgel-laden bioink provided a facile method to facilitate formation
of complex tissue constructs with MPNs and set a foundation for future optimization of MPN-based tissue constructs with
applications in diverse areas of tissue engineering.
Keywords Sacrificial microgel · Gelatin methacryloyl (GelMA) · 3D bioprinting · Mesoscale pore networks (MPNs) ·
Tissue engineering
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Three-dimensional (3D) bioprinting has recently attracted
significant attention as an emerging technology that allows
the fabrication of custom tissue-like biological constructs
[1–9]. In general, 3D bioprinting uses precise layer-by-layer
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deposition of bioinks (composed of cell-laden hydrogels) to
generate well-designed 3D tissue constructs, such as extrusion bioprinting. An ideal bioink should possess proper
mechanical and biological properties, which are essential
to ensure the structural fidelity and bio-functionality of the
bioprinted tissues [10–13]. Due to their intrinsic porosity
and capacity for high nutrient load, hydrogels are ideal biomaterials for the preparation of bioinks. However, despite
advances in hydrogel-based bioinks, the printability of
bioink is still a significant hurdle that impedes biological
performance [14, 15]. Indeed, developing hydrogel-based
bioinks that balance the contrasting characteristics of physical printability and biological functionality is an enduring
challenge for 3D bioprinting.
In order to address the requirements of tissue engineering, hydrogel-based structures require multiple scales
of pores [16]: (1) macroscale pore/channel (≥ 1 mm) for
nutrient transport, much like a vascular network; however,
pores of this scale cannot support tissue-like structures; (2)
mesoscale pore (100 μm–1 mm) for nutrient diffusion and
slow degrading to allow space for new tissue formation;
(3) microscale pore (1–100 μm) for structural support and
nutrient absorption/retention, such as hydrogel network, as
displayed schematically in Fig. 1a. However, general 3D
bioprinting research has typically used bioinks that form
dense hydrogel networks with low porosity in order to
maintain adequate mechanical strength and structural fidelity. These dense gels often have an inadequate supply of
nutrient/oxygen, limiting the migration and proliferation of
encapsulated cells [17–21]. Thus, it is preferable to design
bioprinted constructs with multiple scales of porous networks that enable effective nutrient/oxygen diffusion and

Fig. 1  a Multilevel scale pore and respective functions in tissue engineering. b Current situation and expectation of pore networks in 3D
bioprinting
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cell structure support, facilitating the generation of functional tissues (Fig. 1b).
Porous hydrogel or void-forming hydrogel constructs
have many advantages in 3D cell culture compared to nonporous tissue constructs [22]. Recently, emulsion templating
has emerged as a strategy for the bioprinting of microporous hydrogel structures [23–27]. However, the micropore
networks (up to several tens of micrometers) are not large
enough to meet nutritional requirements of large tissue constructs. Additionally, solid particles as sacrificial templates
have been used to create mesoscale porous hydrogel constructs [22]. However, 3D bioprinting hydrogel constructs
with large pore sizes are challenging in practice because
large solid particles tend to clog printer nozzles, especially
during extrusion bioprinting. To date, there have been no
methods published that describe the direct bioprinting of
large-scale tissue constructs with mesoscale pore networks
(MPNs).
In this work, we sought to develop a practical method for
the production of a tunable and self-adapting microgel as a
sacrificial template for 3D bioprinting structures with MPNs
without blocking nozzle. To achieve this structure, three key
components must be optimized: the choice of sacrificial ink,
the microgel preparation process, and the cell-laden bioink.
First, for the sacrificial ink, we believe that gelatin is an ideal
choice due to its reversible thermo-crosslinking mechanism
and superior biological properties. Second, to avoid blocking
the print nozzle, we envisioned crushing a fully thermocrosslinked gelatin into soft microgel prior to 3D bioprinting
with the same nozzle. Finally, there are several key design
characteristics for the ideal bioink, as it is the basic building block for bioprinted constructs. Importantly, the bioink
should: (1) have superior biological properties to support the
functionalization of cells and (2) be crosslinked during or
immediately after bioprinting to maintain the structure and
stabilized at physiological temperature during incubation.
In recent years, gelatin methacryloyl (GelMA) has attracted
increasing attention due to its excellent physicochemical and
biological properties [28–39]. GelMA is a gelatin derivative, which has both reversible thermo-crosslinking mechanism and irreversible photo-crosslinking mechanism. These
unique properties make gelatin and GelMA ideal bioink
combination for the development of bioprinted tissue constructs with MPNs.
Herein, we developed a direct 3D bioprinting strategy
capable of generating complex freeform 3D constructs
with MPNs by using tunable sacrificial microgel (gelatin
microgel) bioink. This strategy used reversible thermocrosslinking mechanism (gelatin and GelMA) and irreversible photo-crosslinking mechanism (GelMA) to create
a structure containing our desired design characteristics,
as displayed schematically in Fig. 2a, b. We also assess
the printability of the sacrificial microgel-laden bioink
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Fig. 2  3D bioprinting large-scale tissue constructs with MPNs. a
Schematic illustration of the preparation of sacrificial gelatin microgel-laden GelMA pre-bioink. b The process of 3D bioprinting constructs with MPNs. c Characterization of the GelMA pre-bioink and
sacrificial microgel-laden GelMA (SML GelMA) pre-bioink; i G′ and
G″ values as functions of temperature; ii mechanical spectra of the
pre-bioinks at 22 °C; iii viscosity as a function of shear rate (22 °C);

iv yield stress of the pre-bioinks at 22 °C. d Digital images of the bioprinted structure with fluorescent polystyrene nanoparticles and confocal laser scanning microscopy (CLSM) images of vertical section
views showing the MPNs. e CLSM images showing the spreading of
MC3T3-E1 cells and HUVECs encapsulated in bioprinted constructs
with MPNs

through rheological experiments (Fig. 2c). Due to the
cell-laden bioink and sacrificial microgel work together
to promote their printability, the freeform large-scale
constructs with MPNs can easily be bioprinted [Fig. 2d
and Figure S1 (Supporting Information)]. Importantly,
we found that osteoblasts and human umbilical cord
vein endothelial cells (HUVECs) encapsulated in the
bioprinted constructs could stretch, migrate, and connect during a period of culture (Fig. 2e). In light of these
results, we believe that this 3D bioprinting strategy may
lead to new innovations that require printing large-scale
tissue constructs retaining biological function for further
biomedical research or organ repair.

Results and discussion
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Preparation of sacrificial gelatin microgel‑laden
GelMA pre‑bioink
Our strategy involves the preparation of a sacrificial
gelatin microgel-laden GelMA pre-bioink for direct bioprinting into temporally stable structures using reversible
thermo-crosslinking mechanism (gelatin and GelMA) and
subsequent irreversible photo-crosslinking of the GelMA,
creating long-term stability. Similar to gelatin, the GelMA
solution is liquid at 37 °C or above. However, at room

Bio-Design and Manufacturing (2020) 3:30–39

33

temperature (22 °C) or below, viscosity of GelMA gradually increases and reversible gelation occurs. Additionally, the GelMA can be permanently photo-crosslinked to
maintain the final structure. Accordingly, sacrificial gelatin microgel-laden GelMA pre-bioink enabling extrusion
bioprinting can be achieved through a simple cooling process. As displayed schematically in Fig. 2a, the sacrificial
gelatin microgel-laden GelMA pre-bioink was prepared
through a three-step procedure: (1) The gelatin solution
was cooled down into fully gelled gelatin at − 20 °C for
about 15 min in the syringe; (2) the gelled gelatin was
crushed into microgel steadily and uniformly and squeezed
directly into the GelMA solution through syringe needles;
and (3) the sacrificial gelatin microgel-laden GelMA solution was loaded into a 10-ml syringe and mixed evenly
with pipette and then cooled down into GelMA pre-bioink
at − 20 °C for about 5 min for 3D bioprinting. It should be
noted that during the cooling process for preparing cellladen GelMA pre-bioink, the syringes should be flipped
every 20 s to ensure that the cells and microgels were
evenly dispersed in pre-bioinks. Additionally, sacrificial
microgels were obtained by smooth and uniform crushing of homogeneous gelled gelatin blocks through syringe
needles. Their sizes are relatively uniform, and only their
shapes are irregular. Sacrificial microgels with different
sizes can be prepared through syringe needles with different sizes. Furthermore, the sacrificial microgels with
similar sizes can be reproduced through the same syringe
needle/syringe and the same extrusion speed. Because
the pore sizes were determined by the sacrificial microgel
sizes, the pore sizes are relatively uniform and only their
shapes are irregular.

the printed structures. And the gelation temperature of SML
GelMA is higher than that of pure GelMA, indicating that
SML GelMA is more temperature sensitive and has better
printability. The mechanical spectra were obtained at a constant strain of 5% in a frequency range of 0.1–100 rad/s at
22 °C and measured immediately after two sequential processes of cooling (4 °C, 5 min) and recovery (22 °C, 5 min)
(Fig. 2ii). The GelMA and SML GelMA pre-bioink showed
stable modulus, demonstrating the stability of these prebioinks. And the modulus of SML GelMA is higher than
that of pure GelMA, indicating that SML GelMA is more
robust and can better maintain the fidelity of the bioprinted
structure. We further confirmed that these pre-bioinks exhibited shear thinning properties. The viscosity measurements
as a function of shear rate (0–100/s) were conducted at
22 °C immediately after two sequential processes of cooling
(4 °C, 5 min) and recovery (22 °C, 5 min). The viscosities
of the pre-bioinks decreased with increasing the shear rates
(Fig. 2iii). Thus, the pre-bioinks could be smoothly extruded
from the nozzle due to the shear thinning property, and it
formed stable hydrogel filaments due to the high viscosity when the shear stress was released. Moreover, the yield
stress of physical crosslinked hydrogels was obtained using
stress sweep (oscillation) method at a constant angular frequency of 10 rad/s under 22 °C and measured immediately
after two sequential processes of cooling (4 °C, 5 min) and
recovery (22 °C, 5 min) (Fig. 2iv). The yield stress of SML
GelMA is higher than that of pure GelMA, also indicating
that SML GelMA has better printability.

Printability of sacrificial gelatin microgel‑laden
GelMA pre‑bioink

As displayed schematically in Fig. 2b, to fabricate 3D constructs with MPNs, the 3D bioprinting strategy was designed
and had three major steps: (1) the preparation of the sacrificial gelatin microgel-laden GelMA pre-bioink; (2) 3D
bioprinting temporary structure via a cooling process; and
(3) permanent photo-crosslinking of GelMA and dissolving away gelatin microgel to create the final structure with
MPNs. First, because the gelled gelatin microgel would melt
a little bit and get a little smaller when they were added to
GelMA solution, the extrusion-based 3D bioprinting could
be performed using the same or larger nozzle than that was
used to make the gelatin microgel. The GelMA filamentcontaining gelatin microgel was deposited layer by layer on
the cooling platform (1 °C). It is worth noting that the whole
3D bioprinting process was performed at room temperature
(22 °C) to keep the bioink printable. Then, to get permanent
structures, the temporary gelled GelMA constructs were
photo-crosslinked through a blue light source (405 nm, 100
mw/cm2) for about 20 s. Last, the permanent constructs were
placed on a shaker (70 rpm) for dynamic culture for 3 h in

To confirm that the pre-bioink could meet the requirements
of extrusion-based 3D printing, the rheological properties of
pure GelMA pre-bioink and SML GelMA pre-bioink were
measured (Fig. 2c). Rheological properties of the bioinks
were measured by a rheometer (DHR-2, TA Instruments,
New Castle, DE, USA) equipped with a 40-mm parallel
plate. The temperature dependence of storage modulus
(G′) and loss modulus (G″) was obtained using temperature sweep (oscillation) by decreasing temperature from 30
to 1 °C at a cooling rate of 5 °C/min (the frequency and
shear strain were maintained constant at 10 rad/s and 5%,
respectively) (Fig. 2i). When the temperature was gradually
decreased to the gelation temperature about 15–22 °C, both
G′′ and G″ of GelMA/SML GelMA solution increased rapidly due to the formation of physical crosslinked pre-bioink.
When G′ was higher than G″, the pre-bioinks exhibited a
gelled structure, facilitating the excellent shape fidelity of

Process of bioprinting constructs with mesoscale
pore networks
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a 37 °C incubator. During this 3 h, the reversible thermocrosslinked gelatin microgel liquified and dissolved away to
create MPNs. Subsequently, long-term dynamic culture was
performed after refreshing the culture medium on the shaker
(70 rpm). The strategy of pre-bioinks made it possible to
print low-concentration bioinks directly, create higher porosity, and decrease stiffness. Together, we believe that this 3D
bioprinting strategy is a versatile platform for engineering
tissue constructs with MPNs for diverse applications in tissue engineering.
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Different pore sizes within the bioprinted constructs could
be created by adjusting the extrusion nozzles used for making the gelatin microgel and 3D bioprinting. Similarly, different porosities could be achieved by adjusting the ratio of
the volume of gelatin microgel to GelMA solution (Fig. 3a).
By combining different extrusion nozzles (ranging from 18

to 20 G) or combining different volumes of gelatin microgel
(0.5–2 ml) with a fixed volume of GelMA (2 ml), a series of
constructs (10 mm × 10 mm × 10 mm) were printed. From
the actual sizes (width and height) of the bioprinted samples
[Figure S2 (Supporting Information)], it can be seen that
the width has a good fidelity; however, due to the inevitable accumulated error on the height, the height has general
fidelity. Meanwhile, by observing the vertical section, the
pore sizes and porosity were analyzed. When the extrusion nozzle and the volume of GelMA solution (2 ml) were
fixed, the porosity increased with the increasing volume of
gelatin microgel. When the volumes of gelatin microgel
and GelMA solution were fixed, the pore sizes increased
with the increasing sizes of extrusion nozzles (ranging
from 20 to 18 G). Next, the compression tests were performed to test the mechanical properties of the constructs
(10 mm × 10 mm × 10 mm) with MPNs at room temperature,
as shown in Fig. 3b. Compressive stress–strain curves of
the constructs with MPNs are shown in Fig. 3c. Mechanical

Fig. 3  Effect of varying gelatin microgel volume on porosity/pore
size and mechanical properties of bioprinted constructs with MPNs. a
CLSM images showing the change of porosity/pore sizes with changing the volume of gelatin microgel with a fixed volume of GelMA
solution (2 ml) and different extrusion nozzles (18G, 19G, 20G). b

The unconfined compression tests of the bioprinted constructs with
MPNs. c Compressive stress–strain curves of the constructs with
MPNs. d Compressive modulus of the bioprinted constructs with
MPNs (mean values are presented and the error bars show the SD of
independent replicates)

Bioprinting parameters and properties
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properties were characterized through compressive modulus
as displayed in Fig. 3d. It was found that the compressive
modulus is about 0.7–2 kPa and increases with the decrease
in pore sizes and porosity. Accordingly, due to tunable pore
sizes/porosity, tunable mechanical properties of the constructs with MPNs enable to meet the soft tissue needs in
the relevant applications [40].

Bioprinting of complex constructs with mesoscale
pore networks
To mimic the complex structural characteristics of organisms, freeform constructs with MPNs are desirable. Through
3D bioprinter, the sacrificial gelatin microgel-laden GelMA
pre-bioink could be extruded and smoothly deposited to create complex constructs with desired structure, as shown in
Fig. 4. We created various freeform shapes to demonstrate
versatility of this bioprinting strategy. All printed structures
closely resembled the morphology of the target model. Specifically, two-dimensional (2D) patterns could be printed
with great fidelity (Fig. 4a). Furthermore, we found that this
technique was capable of bioprinting complex organ-scale
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structures with MPNs, such as the nose and bone [Fig. 4b,
c and Figure S3A (Supporting Information)]. More importantly, these whole bioprinted structures maintained MPNs,
as seen in the vertical/cross-sectional views of different
locations.

Bioprinting of heterogeneous constructs
with mesoscale pore networks
To mimic the multiple cell types and the extracellular matrix
(ECM) of native tissues, heterogeneous constructs with tunable compositions are highly desirable. To generate multicomponent and multicellular constructs, we designed a practical all-in-one nozzle which allowed the rapid bioprinting of
constructs using different materials, as displayed schematically in Fig. 5a. Using two-in-one nozzles and varying the
type of GelMA pre-bioink with gelatin microgel that was
extruded separately, we bioprinted heterogeneous structures
with MPNs [Fig. 5b, c and Figure S3B (Supporting Information)]. The resulting 2D patterns and 3D heterogeneous
structures suggest that these all-in-one nozzles can rapidly
switch between different bioinks in a fully programmable

Fig. 4  Bioprinting of complex
constructs with MPNs. a The
bioprinted butterfly (food dye),
leaf (food dye), snowflake (food
dye), and eagle with MPNs. b
The bioprinted nose and vertical
sections showing the MPNs. c
The bioprinted bone and cross/
vertical sections showing the
MPNs
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Fig. 5  3D bioprinting multicomponent constructs with MPNs. a
Schematic of the 3D bioprinting multicomponent constructs with
MPNs. b The bioprinted multicomponent (food dyes) structures with

MPNs. c The bioprinted 3D multicomponent constructs with MPNs
and vertical sections showing different components and MPNs

manner. Meanwhile, the vertical section views confirmed
the presence of MPNs within 3D constructs (Fig. 5c). This
strategy may open possibilities in the creation of freeform
and heterogeneous constructs on demand. The adaptability
of our bioprinting system provides a new level of convenience in fabricating complex constructs with MPNs, allowing
for selection from multiple materials as necessary without
the need of replacing the nozzles. Together, this enables the
production of constructs that closely mimic the composition
of real tissues and organs.

preserved. Overall, the cell viability in different sections
(left, middle, right) was high. Meanwhile, we found that
all sections had viability of at least 85% and that there
was no difference across sections through ImageJ software, as shown in Fig. 6c. Furthermore, to study the
enhancement of oxygen/nutrient diffusion for cell survival in the constructs with MPNs, HUVEC-laden constructs (1.0 × 106 cells/ml, 3 mm × 3 mm × 3 mm) with/
without MPNs were bioprinted and made from molds,
respectively. The HUVEC viability encapsulated in constructs with/without MPNS was studied within a period of
culture (days 1, 4, and 7), as shown in Fig. 6d, Figure S6
(Supporting Information). And the HUVEC viability was
quantified through ImageJ software, as shown in Figure
S7 (Supporting Information). In comparison, HUVECs
exhibited higher viability within constructs with MPNs
as compared with constructs without MPNs, and the difference is more and more obvious with increasing the culture time. Moreover, the HUVEC viability encapsulated
in constructs with different void volumes was studied
after 4 days of culture. HUVECs survived better within
constructs with larger void volume, as shown in Figure
S8 (Supporting Information). Additionally, F-actin/DAPI
staining was performed to monitor the spreading of the
encapsulated cells in the constructs, as shown in Fig. 6e,
f, Figures S9, S10 (Supporting Information). As expected,
the encapsulated cells in the constructs with MPNs gradually spread to long stripe shapes after 7 days of culture.

Bioactivity of bioprinted cell‑laden constructs
with mesoscale pore networks
To verify the effectiveness of MPNs for enhancing
cell activity, we bioprinted the cell-laden constructs
(10 mm × 10 mm × 10 mm) with MPNs and measured
cell viability in different sections of the constructs, as
displayed schematically in Fig. 6a. We introduced osteoblast (MC3T3-E1, 1.0 × 10 6 cells/ml) and human umbilical cord vein endothelial cells (HUVECs, 1.0 × 106 cells/
ml) into the GelMA pre-bioink and bioprinted cell-laden
constructs with MPNs for culture in vitro. To assess cell
viability, live/dead staining was performed on day 1, as
shown in Fig. 6b, Figures S4, S5 (Supporting Information). These live/dead fluorescence micrographs revealed
that the cells were homogeneously distributed within
the bioprinted constructs, and MPN structures were
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Fig. 6  Bioactivity of cells encapsulated in large-scale constructs.
a The schematic illustration of left/middle/right sections of the bioprinted cell-laden constructs. b After 1 day of culture, live/dead staining of MC3T3-E1 and HUVECs encapsulated in different sections.
c After 1 day of culture, cell viability of MC3T3-E1 and HUVECs
encapsulated in different sections (mean values are presented and the

error bars show the SD of independent replicates). d Live/dead staining of HUVECs encapsulated in bioprinted constructs with/without
MPNs within a period of culture (days 1, 4, and 7). e CLSM images
showing the spreading of MC3T3-E1 cells. f CLSM images showing
the spreading of HUVECs

Meanwhile, by comparison, the HUVEC in constructs
with MPNs spreads longer than that in constructs without
MPNs, as shown in Figure S11 (Supporting Information).
These results highlight the ability of MPNs to transport
the nutrients/oxygen required for enhancing cell growth.
However, when the structure is long-term cultured in vitro

or is too large, the ability of the porous structure to diffuse and transfer nutrients/oxygen is limited, which inevitably leads to the death of cells in the center of the structure due to nutrient deficiencies and hypoxia.
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Conclusions
In conclusion, we designed a tunable sacrificial gelatin
microgel-laden bioink for direct deposition of MPN-containing tissue constructs. Moreover, the all-in-one nozzles
allowed for simple bioprinting of multicomponent or multicellular tissue constructs that enabled the formation of
complex heterogeneous structures. Furthermore, our 3D bioprinting strategy promoted cell survival in the MPN-containing bioprinted constructs, as well as corresponding in vivolike behavior of the encapsulated cells. Prospectively, porous
structures may have a good repair effect in vivo and it needs
to be verified by animal experiments in the future work. In
view of these findings, we believe that our 3D bioprinting
strategy based on sacrificial gelatin microgel-laden bioink
could have wide applications in engineering various tissue
constructs for diverse applications in tissue engineering.
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