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Accurately reconstructing the intricate structure of natural organisms is the long-standing goal
of 3-dimensional (3D) bioprinting. Projection-based 3D printing boasts the highest resolution-to-
manufacturing time ratio among all 3D-printing technologies, rendering it a highly promising technique
in this field. However, achieving standardized, high-fidelity, and high-resolution printing of composite
structures using bioinks with diverse mechanical properties remains a marked challenge. The root of
this challenge lies in the long-standing neglect of multi-material printability research. Multi-material
printing is far from a simple physical assembly of different materials; rather, effective control of
material interfaces is a crucial factor that governs print quality. The current research gap in this area
substantively hinders the widespread application and rapid development of multi-material projection-
based 3D bioprinting. To bridge this critical gap, we developed a multi-material projection-based 3D
bioprinter capable of simultaneous printing with 6 materials. Building upon this, we established a
fundamental framework for multi-material printability research, encompassing its core logic and
essential process specifications. Furthermore, we clarified several critical issues, including the cross-
linking behavior of multicomponent bioinks, mechanical mismatch and interface strength in soft-hard
composite structures, the penetration behavior of viscous bioinks within hydrogel polymer networks,
liquid entrapment and adsorption phenomena in porous heterogeneous structures, and error source
analysis along with resolution evaluation in multi-material printing. This study offers a solid theoretical
foundation and guidance for the quantitative assessment of multi-material projection-based 3D
bioprinting, holding promise to advance the field toward higher precision and the reconstruction of
more intricate biological structures.
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Introduction

Three-dimensional (3D) bioprinting, as a specialized form of
3D-printing technology, utilizes biomaterial inks or bioinks to
construct 3D bioactive structures [1]. Given the intrinsic differ-
ences among individual organisms, the complexity of natural
tissues/organs, and the demand for rapid prototyping, bioprint-
ing has demonstrated marked advantages in the biomedical
field, revolutionizing the production mode of tissue engineering
[2-4]. Currently, biomaterials can be broadly categorized as
synthetic and natural [5]. While synthetic materials offer tun-
able properties, natural materials, particularly those derived
from the extracellular matrix, have gained increasing attention

He et al. 2025 | https://doi.org/10.34133/research.0613

due to their ability to closely mimic the cellular microenviron-
ment [6,7]. However, single-material bioprinting faces limita-
tions in the fabrication of functional organs, primarily due to
the inherent complexity of natural organs, which often consist
of combinations of tissue structures that are physically distinct
but biochemically interconnected. Examples include the mul-
tilayered structure of blood vessels [8] and the millions of hepatic
lobules in the liver [9]. These heterogeneous structures not only
coordinate biochemical interactions among different cell popu-
lations but also provide structural foundations for various tissue
functions [10]. Therefore, utilizing multi-materials to construct
spatially heterogeneous biological structures is a crucial step in
advancing the development of bioprinting [11].
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Currently, while multinozzle extrusion-based printing (EBP)
offers a relatively accessible and effective approach to multi-
material printing, the inherent limitations of nozzles typically
confine the resolution of EBP to around 100 pm. Although
embedded EBP can achieve higher resolutions, it does so at the
expense of design flexibility. Moreover, the fundamental print-
ing unit in EBP is a 1-dimensional filament. Most studies have
characterized resolution by measuring filament width (positive
resolution) [12]. However, EBP often exhibits more pronounced
limitations in terms of negative resolution (assessing pore
structures) [13], lateral resolution (characterizing in-plane
printing errors) [14], and vertical resolution (evaluating inter-
layer errors) [15].

Projection-based 3D-printing (PBP) technology employs a
spatial light modulator, such as a digital micromirror device
(DMD) or liquid crystal display, to modulate a light source and
generate a dynamic optical pattern [16], enabling simultane-
ous solidification across the entire 2-dimensional (2D) plane.
Although the basic printing unit in PBP is a 2D plane, the
minimum voxel size is defined by individual pixels within the
optical pattern. Taking a commonly used DMD as an example,
it offers a resolution of 1,920 X 1,080 [17] with individual mir-
ror sizes ranging from 5 to 10 pm, enabling PBP to achieve syn-
chronous construction of 2 million voxels in a single exposure,
with an optical resolution of 10 pm (using a X1 objective lens).
PBP exhibits a superior resolution-to-manufacturing time (RTM)
ratio (=2) [18], distinguishing it from other 3D-printing tech-
nologies. This unique combination of precision and efficiency
endows projection-based 3D bioprinting (PBBP) with great
potential for advancement, particularly in comparison to the
most accurate 2-photon polymerization (RTM = 0.05) and the
most commonly employed EBP (RTM < 0.5).

Nonetheless, PBP relies on photopolymerization to solidify
liquid materials, complicating and challenging the handling
of material interfaces. Multi-material PBP technology faces
numerous challenges in material interface control, including
ink cross-contamination, inadequate bonding strength, com-
patibility of material combinations, and variations in photore-
sponsive characteristics. Many fundamental questions in this
field remain unanswered.

While several studies have proposed implementation strate-
gies for multi-material PBP [19-24], there is currently a complete
absence of systematic research on printability. The long-standing
neglect of printability research, coupled with the stringent
requirements for biocompatibility, has severely limited the
practical applications of multi-material PBBP. This technology
is currently confined to the preliminary stages of proof of con-
cept, and there are many limitations in terms of model design
freedom, manufacturing flexibility, and applicability to various
scenarios. To bridge this gap and promote widespread adoption
of multi-material bioprinting, it is crucial to establish a stan-
dardized and universally applicable evaluation system and pro-
cess standards.

Considering this, we summarized the core process require-
ments related to multi-material PBBP, which can be categorized
into ink switching, polymerization characteristics, material
requirements, cross-contamination, print resolution, and print-
ing equipment (Fig. 1A). Subsequently, we developed a versatile
multi-material 3D printer and conducted a systematic study on
the printability of multi-material PBBP based on this device.
Initially, we investigated the photo-cross-linking behavior of
multicomponent hydrogels. Furthermore, we explored the
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variations in interfacial bonding strength and designed
modifications to the interfacial microstructure and transition
zone, providing feasible enhancement solutions. Notably, not
all material combinations are suitable for multi-material print-
ing. Therefore, we established multi-material printability stan-
dards to assess the feasibility of specific material combinations.
Additionally, to guide the optimization of printing parame-
ters, we proposed a multi-material print resolution evaluation
model. This work is expected to pave the way for achieving
high-resolution and efficient multi-material bioprinting.

Results

System design of a multi-material PBBP printer

The development of a highly automated, versatile multi-material
3D bioprinter is essential for achieving standardization, high
fidelity, and efficiency. Current projection-based multi-material
printers are predominantly modified from single-material print-
ers, resulting in inadequacies in optimizing for multi-material
applications. This limits the versatility of model design, manu-
facturing capabilities, and adaptability to various application
scenarios. To address these issues, we innovatively developed
a user-friendly, versatile multi-material 3D bioprinter with a
25-pm optical resolution and support for up to 6-material print-
ing (Fig. 1B, Figs. S1 and S2, and Movie S1). This printer is
equipped with a dedicated operating system, a mechanical moni-
toring system, a visual observation module, a laser calibration
device, a fluid rinsing system, a negative-pressure drying device,
and a flexible peel-off mechanism. The printing area is installed
in a standard clean bench to ensure a sterile environment
throughout the printing process. The projection system employs
21,920 X 1,080 resolution DMD chip, enabling a maximum print
size of 48 X 27 X 50 mm with a minimum layer thickness of
5 pm. Given the complexity of multi-material printing processes,
which often require manual fine-tuning, we specifically intro-
duced a visual system to allow for real-time monitoring and
immediate adjustments during printing (Movie S2).

Complexity analysis of multi-material PBP

Unlike inkjet or extrusion printing that assembles from 0-
dimensional points or 1-dimensional lines, PBP distinguishes
itself through the direct projection and solidification of 2D
patterns, thereby enhancing printing efficiency by reducing
assembly time and improving layer uniformity. However, this
characteristic also categorizes all multi-material PBP into 2
main types: interlayer multi-material 3D printing (Inter-MMP)
and intralayer multi-material 3D printing (Intra-MMP) (Fig.
S3). Inter-MMP is simpler and minimizes complexity, whereas
intra-MMP involves more frequent switching and control
challenges, increasing complexity and demanding higher
accuracy.

Inter-MMP employs a singular printing material within each
layer while sequentially switching to different materials for sub-
sequent layers. This approach maintains the fundamental print-
ing unit but utilizes printing units with different materials during
the layer-by-layer assembly process. Consequently, Inter-MMP
exhibits relative ease of implementation and minimal impact on
overall printing complexity. The complexity of Inter-MMP can
be expressed by the following equation:

Tipter = Z;C:l (ETI+ LT+ ITI) + Zle (MTS + CTS) (1)
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Fig.1. (A) Key elements of multi-material projection-based 3-dimensional bioprinting (PBBP). (B) Multi-material PBBP printer design. (C) Standard workflow of multi-material
PBBP. ACS, average cross-linking step; DBC, double bond conversion; 3D, 3-dimensional; 2D, 2-dimensional; Inter-MMP, interlayer multi-material 3D printing; Intra-MMP,

intralayer multi-material 3D printing; DMD, digital micromirror device.

where x is the number of layers; ET}, LT, and IT) are the expo-
sure time, lift time, and interval time per layer, respectively; y
is the number of switches; and MT and CT; are the platform
move time and cleaning time, respectively.

Intra-MMP utilizes multiple materials within a single layer,
with each material occupying a distinct subregion. It involves
more switching times and control difficulties, making the over-
all printing process more complex and requiring higher print-
ing and positioning accuracy. It is worth noting that the
Intra-MMP method is downward compatible with the Inter-
MMP method. The complexity of Intra-MMP can be expressed
by the following equation:

Xy
Tintra= Z Z (ET(my + LT gy + IT (1 gy + MT gy + CT 1)
=1 m=1
2)

where x is the number of layers; y is the number of materials used;
and ET{; ,,, LT 1,y and IT ;) are the exposure time, lift time,
and interval time per material per layer, respectively. If a material
is not used in a layer, the corresponding time is 0; MT; .,y and
CT{; ) are the platform move time and cleaning time per ink
switching per layer, respectively. If a material is not switched after
printing within that layer, the corresponding time is 0.

The printing complexity of Inter-MMP is primarily influ-
enced by the number of layers and the frequency of ink switch-
ing. Notably, even with ink switching occurring every 2 layers,
the overall printing complexity does not increase obviously.
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Consequently, the complexity of Inter-MMP is essentially com-
parable to that of single-material PBP. Due to early hardware
limitations, some research groups adopted a manual switching
approach [25] to achieve Inter-MMP in their initial work.
Although this method is suitable for constructing layered struc-
tures, such as skin repair [25], corneal regeneration [26], and
microfluidic chip fabrication [27], it enables multi-material
printing in only 1 dimension, limiting the ability to accurately
mimic the complexity of natural tissues. In contrast, Intra-
MMP can construct more complex geometric shapes and struc-
tures, such as those with intertwined, nested, or overhanging
features, which align more closely with the complex character-
istics of real biological tissues. However, this also results in a
marked increase in printing complexity. In extreme cases, Intra-
MMP may take tens of times longer than single-material print-
ing. Therefore, research on its printability becomes crucial. This
advancement will pave the way for the widespread use of multi-
material printing and its transformative potential across various
applications.

Approaches of ink switching

Ink switching is vital in multi-material printing, often using
a bottom-up approach [26-29] to avoid constraints during
switching. This method places the light source below the
lifting printing platform. Established solutions include vat
switching [25,30,31], ink deposition [32,33], fluidic control
[34,35], and multiwavelength photopolymerization [19] (Fig.
S4). Vat switching is the most versatile approach but faces
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the challenge of cross-contamination due to incomplete
cleaning. Ink deposition, a simplified version of vat switching,
is prone to contamination and is not suitable for bioprinting
scenarios. Fluidic control methods, which switch inks by set-
ting inlets and outlets at both ends of the vat, have high vis-
cosity requirements for the ink and result in huge waste.
Multiwavelength photopolymerization technology mixes inks
together and selectively cures specific components, avoiding
the need for a cleaning step; however, the selection range of
inks and initiators is highly limited, and cross-contamination
cannot be avoided. In this study, a cleaning solution based
on vat switching combined with fluid control rinsing and
negative-pressure-assisted capillary adsorption is proposed
to minimize cross-contamination. This study systematically
explores the complex “print-switch-clean-dry-reprint”
process in multi-material printing, laying the foundation
for establishing a standard framework for multi-material
printing.

Standard workflow of multi-material PBBP

Multi-material bioprinting consists of 2 stages: the preparation
stage and printing stage. Preparation involves 3D model slicing,
setting of print parameters, and focusing, done once per task.
Printing, which includes exposure, washing, drying, and ink
switching, is repeated multiple times. The process starts with
acquiring 3D data and slicing them into 2D images using
specific software, with different strategies for Inter-MMP
and Intra-MMP (Fig. S5). Optimizing printing parameters,
such as exposure, cleaning, and detachment settings, is crucial
for print quality. After setting parameters, the printing platform
moves to the focal plane, where a digital pattern is projected to
photopolymerize the bioink. The platform then either rises to
print the next layer if the ink is the same or cleans and dries
the structure if it changes. Depending on the multi-material
printing type, the platform either rises for the next layer after
vat switching (Inter-MMP) or solidifies the next subplane
within the layer (Intra-MMP). This repeats until all structures
are printed (Fig. 1C and Fig. S6).

Polymerization characteristics of

multi-material bioinks

Hydrogels, with their high water content, biocompatibility, and
degradability, are widely used in bioinks. Photocurable hydro-
gels are usually synthesized by the chemical reaction of bioma-
terials with methacrylic anhydride or acryloyl chloride, such
as gelatin methacryloyl (GelMA) [4] and hyaluronic acid meth-
acryloyl (HAMA) [36], and poly(ethylene glycol) diacrylate
(PEGDA) [37]. Currently, there is still a lack of deep under-
standing of the photopolymerization behavior of multi-material
bioinks, especially the photopolymerization kinetics and mech-
anisms at the interfaces. Therefore, the photopolymerization
behavior and characteristics of multi-material bioinks were first
investigated, taking HAMA and GelMA hydrogels, commonly
used in bioprinting, as examples.

To minimize material interference, 2% w/v HAMA and 5%
w/v GelMA with 60% degree of amino substitution (GelMA60)
hydrogels were selected, which had an equal proportion of
photo-cross-linkable groups (Table S1). Single-component tests
revealed that the gel point (GP) for 2% HAMA was 44 s, while
for 5% GelMAG60, it was 34 s (Fig. 2A and B). Doubling the
concentration of the single components reduced the GP time
(to 22 s for 10% GelMAG60 and 24 s for 4% HAMA). However,
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the multicomponent hydrogel composed of 5% GelMA60 +
2% HAMA, with an equal proportion of photo-cross-linkable
groups, exhibited a faster GP time of 16 s (Fig. 2C), implying
the “polymerization acceleration effect”. This effect may be
attributed to synergistic interactions between the photosensi-
tive groups, interpenetrating cross-linked networks, and enhanced
light scattering.

To elucidate this effect, the time-evolution patterns of double
bond conversion (DBC) for HAMA during the curing process
of single-component and multicomponent hydrogels were tested,
respectively (Fig. 2D). The results indicated no marked differ-
ence between them (Fig. 2E). A similar trend was observed
for GelMA (Fig. 2F), confirming that the accelerated polymer-
ization was not due to an increase in the absolute DBC or its
growth rate. Furthermore, the dynamic average cross-linking
step (ACS) test revealed that multicomponent inks exhibited a
higher initial ACS (43.2 at 15 s) compared to single-component
inks (9.6 for GelMA and 12.3 for HAMA at 15 s) (Fig. 2G). This
suggests that during the initial curing stage, monomer mole-
cules in multicomponent inks undergo more chain growth
reactions, leading to a rapid increase in the system’s average
molecular weight, subsequently increasing solution viscosity
and ultimately elevating the GP. However, as exposure time
increased, the ACS of multicomponent inks gradually decreased
and stabilized after 80 s of exposure (full curing), with mini-
mal difference from single-component inks. The peak ACS time
for multicomponent inks aligned with the GP around 20 s,
while single-component inks reached their peak near 45 s,
matching the GP time (Fig. 2G). This indicates that both mul-
ticomponent and single-component inks primarily undergo
chain growth reactions before the GP and termination reactions
after the GP, which is closely related to the rapid increase in
system viscosity after the GP, hindering molecular diffusion.

Notably, only the ACS of multicomponent inks exhibited a
pronounced trend of initial increase followed by decrease, while
the ACS of single-component inks remained relatively stable
with minor changes. This suggests a synergistic effect between
different photosensitive groups in multicomponent inks, facili-
tating the rapid occurrence of chain reactions. Specifically,
these 2 photosensitive groups may synergistically promote the
chain growth of monomer molecules during the initial expo-
sure stage, leading to a rapid increase in ACS. However, as
exposure time prolonged, the cross-linking reactions stabilized,
and the differences in the roles of different photosensitive groups
diminished, ultimately resulting in similar ACS between mul-
ticomponent and single-component inks.

To validate this hypothesis, the solidified hydrogels were
freeze-dried and their microporous structures were analyzed
using scanning electron microscopy. The results revealed
distinct pore structures between 5% GelMA and 2% HAMA.
However, the pore structure of the multicomponent hydrogel
with a higher total concentration (5% GelMA + 2% HAMA)
was not the densest, falling between that of 5% GelMA and
2% HAMA, indicating an important influence of the cross-
linked network on the pore structure. As the cross-linked net-
work of the multicomponent ink lay between those of the 2
single-component inks, its microporous structure also fell in
between. Furthermore, selective degradation of GelMA and
HAMA components in the multicomponent ink was con-
ducted using collagenase and hyaluronidase (Fig. 2H), respec-
tively. Notably, despite the degraded materials containing only
HAMA or GelMA, their pore structures deviated obviously
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from the networks formed directly by single-component solidi-
fication. Instead, the 2 degraded materials exhibited similar
pore structures (Fig. 2I). This finding further supports the
higher frequency of chain propagation reactions within the
mixed hydrogel during photocuring. The interpenetration of
different monomers facilitated the formation of a 3D polymer
network, such that selective degradation of individual compo-
nents did not alter the overall network structure.

The polymerization acceleration effect implies that exposure
parameters and slice images are crucial for print quality, espe-
cially at the interfaces between inks. Neglecting this effect may
lead to overexposure and subsequent resolution loss. However,
inadequate interfacial bonding strength can result in mate-
rial domain separation. Therefore, more precise and targeted
optimization and improvement of interfacial polymerization
behavior are necessary.

Material requirements of multi-material PBBP

Human tissues often exhibit a combination of hard and soft
properties, such as bone, cartilage, skin, and muscle. To simulate
the tissue microenvironment more accurately, multi-material
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3D bioprinting often employs hydrogels with different mechan-
ical properties to mimic various tissues. However, hydrogels
with different mechanical strengths may encounter issues of
mechanical mismatch and inadequate interfacial bonding
strength. Therefore, investigating the interfacial bonding strength
of soft-hard composite hydrogels and determining whether
material combinations are suitable for multi-material 3D bio-
printing are crucial for optimizing the printing process.

Printability curve of multi-material PBBP

Inadequate interface bonding strength can easily lead to struc-
tural separation, ultimately resulting in print failure. Therefore,
establishing a standard method to determine multi-material
printability is a prerequisite for successful printing. Here, we
propose a criterion for evaluating multi-material printability
based on interfacial strength. Due to the huge differences in
inherent mechanical properties among different materials,
evaluating them using a single mechanical parameter such as
Young’s modulus or elongation at break cannot fully reflect the
interfacial bonding behavior of the materials. Therefore, fracture
energy is used as a key indicator to evaluate the interfacial
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bonding behavior. Fracture energy quantifies the energy absorbed
by the material during uniaxial tension and is calculated as the
integral area under the stress—strain curve. It comprehensively
considers multiple mechanical properties, including strength,
toughness, and plasticity, providing a more comprehensive
reflection of the interfacial bonding behavior.

Specifically, the standard test model is a dumbbell-shaped
structure (Fig. 3A). The left and right halves are printed using
2 different inks to be tested. Subsequently, a uniaxial tensile test
is conducted, and the stress—strain curve is plotted. If the frac-
ture energy of the multicomponent ink is the same or slightly
lower than that of the single-component ink, it is considered
to have sufficient interfacial strength for successful multi-material
printing. Firstly, this implies that the 2 materials should exhibit
similar fracture energy values, as represented by the following
equation:

Iyldxl sz2dx2 (3)

Hydrogels are a class of viscoelastic materials that exhibit a
linear stress—strain response within a limited range of tensile
loading. In bioprinting, the hydrogels used are often ultrasoft

materials [38], allowing their stress—strain behavior to be
approximated as linear for practical applications. Thus, the fol-
lowing equal fracture energy function can be utilized within
the framework of stress—strain curve analysis:

xXf(x)
— =

E (4)

The equivalent fracture energy criterion translates into the
following equation for a multi-material system:

feo=£ w>0 )
x
The ideal value of b should approach 1 as closely as possible.
Deviations from 1 exceeding a predefined threshold can be
indicative of marked material property mismatch.
For material A, the elongation at break and tensile strength
were recorded as data point P, (x;, y; ). Similarly, the data point

of materials B is recorded as P, (xz,yz). The constant in the

standard fracture energy curve can be calculated using the fol-
lowing equation:
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Fig. 3. Interface strength requirements and improvements for multi-material PBBP. (A) Interfacial bonding strength requirements for mechanical property matching in multi-
material PBBP. Demonstration of multi-material mechanical adaptability evaluation criteria using GeIMA-poly(ethylene glycol) diacrylate (PEGDA) (B), HAMA-PEGDA
(C), PEGDA-PEGDA (D), and GeIMA-GelMA (E) as examples. (F) Interface design for improving bonding strength. Improvement of bonding strength by groove (G) and
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He et al. 2025 | https://doi.org/10.34133/research.0613


https://doi.org/10.34133/research.0613

Research

) b
b=In| =——= ), k=y; Xx (6)
<)’2 x1> nrH

By relaxing this constraint appropriately, we can define a
printable curve of multi-material printing (Fig. S7A):

p(x)=P><x—kb (b>0) )

where P can be taken as 0.6 to 0.8.

It is noteworthy that not all interfaces encountered in multi-
material printing involve dissimilar materials. A considerable
portion comprises bonding interfaces between identical mate-
rials. The printable curve for such a single-material interface
can be described by the following equation (Fig. S7B):

px)=PXxx; (8)

After establishing multi-material printability criteria, tests
were conducted on bioinks: PEGDA, GelMA, HAMA, and
F127DA. The material combinations tested included PEGDA-
GelMA, PEGDA-HAMA, PEGDA-F127DA, PEGDA-PEGDA,
and GelMA-GelMA. In the PEGDA-GelMA combination,
PEGDA exhibited high strength (191 kPa) but low elongation
(64%), appearing hard and brittle; GelMA had low strength
(52 kPa) but high elongation (425%), appearing soft and
tough. Results indicated low interfacial strength for PEGDA-
GelMA, not meeting the printable window (Fig. 3B). Similar
findings were observed for PEGDA-F127DA (Fig. S8) and
PEGDA-HAMA (Fig. 3C). F127DA's strength was close to that
of GeIMA, while that of HAMA was lower (19 kPa). Both failed
to meet the printable window with PEGDA. Single-material
interfaces showed similar results, with PEGDA-PEGDA (Fig.
3D) much lower and GelMA-GelMA slightly higher but still
not reaching the printable window (Fig. 3E). GelMA-GelMA’s
higher strength might be due to its lower density molecular
network after cross-linking, allowing monomer diffusion,
enhancing strength. PEGDA’ denser network hindered monomer
penetration, resulting in lower strength. However, prevalent
interfacial mechanical mismatch leading to insufficient
strength indicates that, without optimization, multi-material 3D
bioprinting risks material separation, affecting printing quality,
especially for structures that need to bear loads.

Interface structure design
Optimizing interface structure design enhances multi-material
3D bioprinting printability. We use the transition region (TR)
and area ratio (AR) to characterize the interface (Fig. 3F). TR
is the overlap length during exposures, and AR is the ratio of
interface contact to the cross-sectional area. Varying TR values
revealed that PEGDA-GelMA and PEGDA-F127DA achieved
a printable window at TR = 1 mm, addressing interfacial
mechanical mismatch (Fig. 3B and Fig. S8). However, PEGDA-
HAMA remained far from the printable window at TR =2 mm
(Fig. 3C), indicating excessive mechanical differences unsuit-
able for multi-material printing via interface design. Notably,
multi-material interfaces reached the printable window at
TR = 1 mm, while single-material PEGDA-PEGDA (Fig.
3D) and GelMA-GelMA (Fig. 3E) required TR = 1.9 mm
and TR = 1.4 mm, respectively. This supports the polymer-
ization acceleration effect in multicomponent bioinks, leading
to faster cross-linking and smaller TR values for printability.
To assess AR’s impact, groove and sawtooth structures with
varying TRs and ARs were tested using PEGDA-F127DA. For
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both structures, increasing TR at a constant AR boosted inter-
face strength and elongation (Fig. 3G and H). Conversely,
increasing AR at a constant TR enhanced strength but not elon-
gation. This is because a larger TR creates thicker interfaces,
resisting deformation, while a larger AR reduces stress per
unit area, increasing strength. For specific applications, AR
and TR should be tailored based on the desired mechanical
properties.

Cross-contamination in multi-material PBBP

Cross-contamination is a great challenge in multi-material PBBP,
severely affecting the quality and performance of printed struc-
tures. It is manifested in the following 2 aspects: (a) infiltration
contamination of hydrogel polymerization networks due to a
high water content and frequent ink switching and (b) residual
contamination during ink switching, where inadequate cleaning
can lead to contamination and altered ink properties.

Infiltration contamination

The high water content of hydrogels facilitates the pronounced
diffusion of hydrophilic molecules, while the extended printing
time (typically several hours) for multi-material PBBP makes
infiltration contamination a common occurrence (Fig. 4A). To
investigate this phenomenon, a standard protocol employing
an annular structure with a substrate as a model for infiltration
was established. Under fluorescence microscopy, the diffusion
of fluorescent liquids, such as fluorescein isothiocyanate (FITC)-
dextran, into the hydrogel was observed.

Viscous bioink penetration can be categorized into 4 types:
small molecules into high-density-of-molecular-network (DMN)
hydrogels, small molecules into low-DMN hydrogels, large
molecules into high-DMN hydrogels, and large molecules into
low-DMN hydrogels. PEGDA (700 Da) served as the high-
DMN hydrogel (DMN = 10° to 10 nm™), GelMA60 (150 kDa)
as the low-DMN hydrogel (DMN = 10" to 10° nm ™), FITC-
polysucrose (PS) (40 kDa) as the small molecule, and FITC-PS
(400 kDa) as the large molecule. Results showed that after 30 min,
the permeability of 40 kDa FITC-PS in GelMA was 31.2%,
while 400-kDa FITC-PS’s permeability was 18.7%. Similarly, per-
meabilities in PEGDA were 4.69% and 1.12% (Fig. S9) for 40 and
400 kDa, respectively. These findings suggest a negative cor-
relation between DMN and permeability, as well as between
molecular weight and permeability. Considering a 5% perme-
ability threshold as the printable window, permeation contami-
nation is almost inevitable in low-DMN hydrogels, whereas
it is obviously reduced in high-DMN hydrogels. Therefore,
when printing low-DMN hydrogels, the accompanying mate-
rial should have a larger molecular weight to mitigate perme-
ation contamination to some extent. Conversely, combinations
of materials with large disparities in molecular weights will
result in more pronounced effects.

High-viscosity material combinations or thickening agents
have potential practicality in mitigating infiltration contamina-
tion. Silk fibroin [39] and hyaluronic acid [40] can be used to
enhance bioink viscosity, preventing cell sedimentation and
reducing infiltration in multi-material PBBP. Another point to
consider is that small molecular dyes, such as tartrazine and
Sudan Red, are commonly used as photoabsorbers in PBP to
control polymerization reactions and enhance printing resolution.
However, these small-molecule dyes can also cause permeation
contamination, thereby altering the photoresponsive properties
of the ink. A viable solution is to use macromolecular mineral
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dyes. These dyes primarily control light scattering and trans-
mission through particle shading, so the impact of color on
absorbance is relatively minor. Additionally, they can effectively
prevent cross-contamination (Fig. S11).

Residual contamination

A suitable cleaning procedure can effectively prevent residual
contamination. However, traditional methods such as high-
pressure airflow and high-speed centrifugation are not suitable
for ultrasoft bioinks due to potential structural damage, neces-
sitating gentler approaches. We developed a fluidic controlled
rinsing method. Additionally, porous structures commonly
found in medical applications, such as multilayer vascular
networks and porous scaffolds, pose great challenges to clean-
ing efficiency. These structures provide hiding spaces for bio-
inks, making it crucial to effectively flush bioinks from porous
structures while avoiding structural damage. Moreover, the
inherent hydrophilicity of hydrogels makes them highly sus-
ceptible to water absorption, thus necessitating a drying step
after cleaning to prevent swelling of the printed structure and
changes in bioink concentration.

In the multi-material PBBP process, there are hundreds of
cleaning operations, so optimizing cleaning efficiency is crucial
for improving overall efficiency. The key parameters affecting
cleaning efficiency can be divided into 2 categories: fluid
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parameters and structural parameters. Fluid parameters include
the velocity of the rinsing liquid and the viscosity of the bioink,
while structural parameters include the diameter, depth-to-
width ratio, and curvature of channels. The influence of these
parameters on rinsing efficiency was investigated using compu-
tational fluid dynamics simulations. Clean rinsing was defined
as the residual ink within the channels being less than 1% (Fig.
S$12). To ensure that printing time remains reasonable, a rinsing
time of less than 7.5 s was chosen as the printable window.

For fluid parameters, ink viscosity is directly related to rins-
ing time, and the ink viscosity should not exceed 700 mPa:s.
Rinsing velocity is inversely proportional to rinsing time, with
a velocity greater than 60 mm/s performing well, but it should
not exceed 150 mm/s to avoid structural deformation. As for
structural parameters, channel diameter directly affects rins-
ing efficiency, especially in extremely fine pores with diameters
below 0.8 mm. Both aspect ratio and curvature are positively
correlated with rinsing time, with curvature having a more
pronounced effect; the aspect ratio should not exceed 17, and
curvature should ideally be below 1.25 (Fig. 4B).

After fluid rinsing, drying the printed structures is essential.
Residual rinsing fluid can dilute the bioink, leading to printing
failures. We propose a negative-pressure-assisted capillary
adsorption method, which effectively removes residual rinsing
fluid through the capillary effect of ultrafine fiber cloths while
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protecting the printed structures. Experiments demonstrate
that residual fluid in porous 3-periodic minimal surface struc-
tures can be effectively removed within a short time. It should
be noted that the rinsing process also has a substantial impact
on the drying process. Inadequate rinsing can lead to increased
viscosity of the residual liquid, prolonging the drying time
(Movie S3). For instance, with adequate rinsing (residual liquid
viscosity of 2 mPa-s), a drying time of 5 s is sufficient. Conversely,
insufficient rinsing (residual liquid viscosity of 100 mPa-s)
requires over 40 s. Therefore, with a drying time of 7.5 s as the
printable window, the equivalent material viscosity should be below
1,400 mPa-s (Fig. 4C). Moreover, it is worth noting that the purpose
of this process is to remove residual cleaning solution from the
surface of the printed structure. This process, typically completed
within 7.5 s, does not affect the internal environment of the
hydrogel and therefore has a negligible impact on cell viability.

Printing resolution of multi-material PBBP

Resolution is a key metric for assessing 3D-printing capabilities,
but current research on print resolution mainly focuses on
single-material printing [14,15], with little systematic study on
multi-material PBBP. Multi-material printing complicates the
process due to the variety of materials with different character-
istics, making error source analysis and evaluation criterion
development challenging. In multi-material PBBP, printing
errors primarily stem from 3 sources.

Type A resolution degradation

Type A resolution degradation represents dimensional devia-
tions caused by insufficient or excessive photocuring. Insufficient
photocuring leads to low structural strength, prone to collapse
and deformation. Excessive photocuring results in increased
print structure dimensions. The corresponding resolution is
denoted as Rg,,.

Type B resolution degradation

Type B resolution degradation represents mutual influence of intra-
layer multi-material printing. The cured structure occupies space,
restricting the flow and filling of subsequent materials, leading
to uneven dimensions. Additionally, differences in the refractive
index of different materials cause light refraction, affecting the
exposure of subsequent materials and resulting in inconsistent

dimensions. The corresponding resolution is denoted as Ry, ,,,4-

Type C resolution degradation

Type C resolution degradation represents resolution reduction
due to ink cross-contamination. The mixing of different inks
during printing alters material properties, affecting photo-
curing effectiveness and reducing resolution. Alternatively,
residual ink from the previous material in the printing area
affects the adhesion and curing of subsequent inks, lowering

resolution. The corresponding resolution is denoted as R,

Printing resolution standard test model

To quantitatively print resolution, we designed a standard test
model with alternating spoke structures (Fig. 5A). This model
was printed using an intralayer multi-material method, involv-
ing 2 exposure steps. In the first step, ink A was cured to form
n spoke structures (Fig. 5B). The vat was then switched to ink
B, and the exposure pattern was rotated to create another n
spoke structures, resulting in a total of 21 spokes (Fig. 5C). This
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spoke structure enables the measurement of both lateral and
axial resolutions by analyzing the diameter of the circular
spokes. The resolution calculation method is as follows:

h
cos ( = ) ©)

where D is the diameter of the central circular area, h is the
width of each spoke, and n is the number of spokes.

To evaluate the performance of the multi-material print
resolution test model, 4 common ink combinations (GelMA-
PEGDA, PEGDA-GelMA, F127DA-GelMA, and GelMA-
F127DA) were examined. Fluorescent dyes were covalently
bonded to the hydrogel network to prevent diffusion and aid
visualization. The diameters of the central circles were mea-
sured after the first and second exposures to calculate R,
Recona» and R ., respectively.

The results indicated that the Rg,; and R,,,,q of GelMA-

PEGDA were 133 and 110 pm, respectively. This was because
the DMN of GelMA was relatively low, allowing small mole-
cules PEGDA to penetrate, resulting in R,,,,,; being lower than
Ry However, at the same time, this penetration also led to a
marked increase in R, (421 pm). Interestingly, when the
exposure order was reversed to PEGDA-GelMA, Ry, and
R, ona Were 95 and 202 pm, respectively. This was due to the
higher DMN of PEGDA cured first, which restricted the pen-
etration of large GeIMA molecules, leading to an obvious
increase in R,,,,,4- Correspondingly, the lower permeability
also reduced R, to 237 pm (Fig. 5D and E).

In the F127DA-GelMA group, Rg,; and R,y Were 428
and 560 pm, respectively. F127DA itself had poor formability,
resulting in a higher Rg, ;. Although GelMA had better form-
ability than F127DA, R, ,,,; Was also affected by type B resolu-
tion degradation due to F127DA being cured first. It is worth
noting that R, was basically consistent with Rg,, indicating
that the type A resolution degradation of F127DA overshad-
owed type C resolution degradation, making it difficult to dis-
tinguish between the 2. When the exposure order was changed
to GelMA-F127DA, Ry, and Ry, were 146 and 415 pm,
respectively. The substantial reduction in Rg,; demonstrated
the profound impact of exposure order on print resolution. The
results indicate that exposing high-DMN hydrogels before low-
DMN hydrogels enhances Rg,, and R, but is detrimental to
R, cona» and vice versa. These results emphasize the importance
of optimizing the printing process based on the specific char-
acteristics of material combinations, rather than merely com-
bining materials in isolation. The exposure order is a critical
yet often overlooked factor (Fig. 5D and E).

R=Dxtan(£> -

Characterization of multi-material PBBP

To demonstrate the printing quality of Inter- and Intra-MMP,
a series of experiments were conducted. For Inter-MMP, lattice
structures with various interweaving, nesting, and overhanging
features were successfully fabricated. The printed structures
exhibited sharp material interfaces, high structural fidelity,
and desirable mechanical properties. Additionally, a biomi-
metic tracheal model was designed and printed with 2 types
of cell-laden bioinks (RFP-hCMEC and GFP-PAN02) (Fig. 6A).
The distinct cell populations within different layers of the model
highlight the effective avoidance of cross-contamination.
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For Intra-MMP, 3-periodic minimal surface and drug-
releasing chip models were fabricated. Despite the increased
complexity of ink switching and cleaning steps, clear material
interfaces and high printing resolution were achieved by
optimizing printing parameters. Furthermore, a liver lobule
model was constructed with 2 types of cell-laden bioinks
(RFP-hCMEC and GFP-PANO02) (Fig. 6B). The distinct cell
populations in the center and periphery of the model dem-
onstrate the precise control over material deposition.

These results collectively underscore the significance of
investigating the printability of multi-material PBBP in con-
structing complex biological structures with high fidelity and
efficiency. This technology holds great promise for advancing
biomedical research and tissue engineering applications.

Discussion

In this study, we systematically investigated the key principles
and process requirements underlying multi-material PBBP. The
primary limitations in this field have been identified as the
dearth of systematic research and the lack of mature printing
equipment. To address these challenges, we conducted a com-
prehensive exploration of multi-material PBBP, encompassing
ink switching, polymerization kinetics, material compatibility,
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cross-contamination, printing resolution, and equipment opti-
mization. We demonstrated the feasibility of our approach
using a variety of commonly employed bioinks. Through this
work, we aim to provide researchers with essential insights to
facilitate the widespread adoption and practical application of
multi-material PBBP technologies.

Despite effective advancements in optimization strategies,
multi-material PBBP, particularly intra-material printing, remains
a time-consuming process. This extended printing time can
adversely impact cell viability and biocompatibility, especially
in cell-laden printing applications. Addressing this limitation
may require the development of innovative technologies. Addi-
tionally, the diversity of bioink types presents further challenges.
While this study focuses on free-radical-induced photo-cross-
linking hydrogels, exploring alternative polymerization mecha-
nisms and bioink formulations is crucial for expanding the
application scope of multi-material PBBP.

Materials and Methods

Test of photorheological properties

The rheological properties of hydrogel solutions were tested with a
rheometer (MCR302, Anton Paar, Austria) equipped with a 405-nm
light source. The exposure intensity was set to 30 mW/cm®;

10
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0.25% w/v lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) (EFL-Tech, China) and 0.05% w/v lemon yellow (EFL-Tech,
China) were added into 10% w/v hydrogel solution. The viscosities
of the hydrogel solutions were tested with a steady-rate sweep and
a shear rate range from 0.01 to 1,000 s L. A conical plate with a
diameter of 40 mm and a truncation gap distance of 100 pm was
used in this work. All rheological tests were performed at 37 °C.

Calculation of DBC

Measurement of nuclear magnetic resonance

GelMA (EFL-Tech, China), HAMA (EFL-Tech, China), col-
lagenase II (EFL-Tech, China), and hyaluronidase (Aladdin,
China) solutions were prepared with D,0O (Aladdin, China).
The cross-linked GelMA and HAMA were completely degraded
into liquid by collagenase II and hyaluronidase solutions,
respectively, and then diluted to 1% concentration with D,0O;
0.5 ml of the diluted solution was pipetted and added to a
nuclear magnetic resonance (NMR) tube, and the 'H spectrum
was measured by an NMR spectrometer (AVANCE III, Bruker
company, Switzerland).

Calculation of DBC
The DBC of cross-linked hydrogels can be calculated as follows:
A s
DBC=( 1=~ ) 100% (10)
A(before)
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where A 4,7,r) is the integral area of characteristic peaks of the

carbon-carbon double bond in NMR spectrum before cross-
linking and A ,4,;) is the integral area after cross-linking.

Calculation of ACS

Measurement of the P element content

Because hydrogels were often cured by excessive photoinitiators
to ensure complete curing, it is necessary to eliminate excess
initiators; 250 pl of 10% w/v hydrogel solution was photocured
and then placed in 90% ethanol solution at 50 °C. After soaking
for 60 min, the cured hydrogel was taken out. The new ethanol
solution was replaced, and the above operation was repeated
3 times. The hydrogel was put into a beaker, and 1 ml of 37%
nitric acid was added. Then, the beaker was heated to 100 to
120 °C for 15 min to ensure that the solid was completely
digested. Then, the digested solution was diluted to 7 ml with
purified water. Finally, the diluted solution was filtered through
a 0.22-pm filter (Millex-GP, Merck Millipore, Ireland). The
content of the P element was tested by inductively coupled
plasma mass spectrometry (7800, Agilent, Singapore).

Calculation of ACS
The ACS is calculated as follows:

xXDBCxDoF X 10—3 XNA

e xXDBCxDoFxM,
ACS=2x Vo 5 —-1= VX o XM x10°—1
M—leo XNA p(P) ave (11)
1
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where x (mg) is the mass of the hydrogel after curing, Mpis the
molecular weight of the P element, V (ml) is the volume of the
solution after nitric acid digestion and dilution, p(p, (pg/l) is
the P element concentration, DoF is the degree of function-
alization, and M,,, is the average molecular weight of the
hydrogel.

Scanning electron microscopy

To minimize the influence of external factors on pore size, all
samples were prepared from the same batch and the processing
temperature was strictly controlled. After solidification, the
hydrogels were pre-cooled in a —80 °C refrigerator for 2 h until
completely frozen. Then, they were freeze-dried in a freeze
dryer (Scientz-18ND, Japan) for 48 h until completely dry. To
minimize the influence of ambient temperature, all samples
were placed in the same area. Afterward, the samples were cut
and their micropore structure was observed using scanning
electron microscopy (Hitachi SU8010, Japan).

Mechanical test

Dumbbell-shaped tensile test samples were printed. The thick-
ness, width, and length of the tensile part were 1, 2, and 12 mm,
respectively. The samples were tested with a 20-N force sensor
on a universal testing machine (UTM2102, Shenzhen Suns
Technology Stock Co., Ltd, Shenzhen, China) at a constant
tensile rate of 10 mm/min, and the data were drawn as a tensile
stress—strain curve.

Infiltration pollution test

A ring-shaped structure with an outer diameter of 5 mm and
an inner diameter of 3 mm was printed for the infiltration pol-
lution test. It is worth noting that the ring structure contained
a base plate (Fig. S9) to prevent the fluorescent liquid from
permeating from the bottom. After printing, 5 pl of FITC-PS
(Aladdin, China) solution was dropped onto the center of the
structure, and it was placed under a fluorescence microscope
(Guangzhou Micro-shot Technology Co., Ltd, MF53-N, China)
for observation. The environmental humidity is controlled at
40% to 60%.

Liquid rinsing efficiency simulation

The ANSYS Fluent software was employed for fluid simulation
analysis. The standard k—& model was selected as the turbulence
model, coupled with the species transport model. Boundary
conditions included a specified inlet velocity on one side, an
outlet on the opposite side, and rigid walls on the remaining
sides. The simulated fluid was assumed to be an incompressible
ideal fluid, and the influence of the fluid on the printed struc-
ture was neglected. The key parameters set were velocity, viscos-
ity, diameter, aspect ratio, and curvature. The cleaning criterion
was defined as an integral bioink mass fraction within the chan-
nels of less than 1% (Fig. S12).

Three-dimensional bioprinting

A bioink composed of 10% w/v PEGDA and 0.25% w/v LAP was
prepared using phosphate-buffered saline (Aladdin, China) as the
solvent. Different dyes (Fig. S11) were selected as photoabsorbers
to demonstrate the multi-material printing process. Using our
self-developed multi-material printer, the exposure intensity was
set to 30 mW/cm’, the exposure time was set to 10 s, the washing
time was set to 3 s, and the slicing thickness was set to 100 pm.
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For cell-laden printing, red-fluorescent-protein-labeled immor-
talized human brain microvascular endothelial cells (RFP-hCMEC)
(Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., China)
and green fluorescent protein-labeled mouse pancreatic cancer cells
(GFP-PAN02) (Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,
Ltd., China) were used for demonstration. After digesting the cells
from the culture flask, they were washed 3 times with phosphate-
buffered saline and centrifuged. An appropriate amount of the
above bioink was added to adjust the cell concentration to 5 million
cells/ml, and then the cells were printed in the sterile area of the
multi-material printer.

Acknowledgments

Funding: This work was supported by the National Natural
Science Foundation of China (grant numbers: 52235007,
T2121004, 52325504, and 2021 YFC2501800) and the Key R&D
Program of Zhejiang (2024SSYS0027).

Author contributions: C.EH. and T.H.Q. researched data for the
article and contributed equally to this work. All authors con-
tributed substantially to discussion of the content, wrote the
article, and reviewed and/or edited the manuscript before
submission.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

All data supporting the findings of this study are available in
the paper and in the Supplementary Materials.

Supplementary Materials

Figs. S1 to §12
Table S1
Movies S1 to S3

References

1. Chen H, Liu Y, Balabani S, Hirayama R, Huang J. Machine
learning in predicting printable biomaterial formulations for
direct ink writing. Research. 2023;6:Article 0197.

2. Farshidfar N, Assar S, Amiri MA, Sahmeddini S, Hamedani S,
Zarei M, Tayebi L. The feasible application of microfluidic
tissue/organ-on-a-chip as an impersonator of oral tissues
and organs: A direction for future research. Bio-Des Manuf.
2023;6(4):478-506.

3. Singh AK, Pramanik K, Biswas A. Constructing a
biofunctionalized 3D-printed gelatin/sodium alginate/chitosan
tri-polymer complex scaffold with improvised biological and
mechanical properties for bone-tissue engineering. Bio-Des
Manuf. 2023;7(1):57-73.

4. WangX, Liu Z, Duan Q, Zhang B, Cao Y, Shen Z, Li M, Xi Y,
Wang J, Sang S. 3D bioprinting of in vitro porous hepatoma
models: Establishment, evaluation, and anticancer drug
testing. Bio-Des Manuf. 2023;7(2):137-152.

5. Wang H, Yu H, Zhou X, Zhang J, Zhou H, Hao H, Ding L,
LiH, GuY, MaJ, et al. An overview of extracellular matrix-
based bioinks for 3D bioprinting. Front Bioeng Biotechnol.
2022;10:Article 905438.

6. Zhe M, Wu X, Yu P, XuJ, Liu M, Yang G, Xiang Z, Xing F,
Ritz U. Recent advances in decellularized extracellular

12


https://doi.org/10.34133/research.0613

Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

matrix-based bioinks for 3D bioprinting in tissue engineering.
Materials. 2023;16(8):Article 3197.

Pati F, Jang J, Ha DH, Won Kim S, Rhie JW, Shim JH, Kim DH,
Cho DW. Printing three-dimensional tissue analogues with
decellularized extracellular matrix bioink. Nat Commun.
2014;5:Article 3935.

Liu HB, Yang XH, Cheng X, Zhao G, Zheng G, Li X, Dong R.
Theoretical and experimental research on multi-layer vessel-
like structure printing based on 3D bio-printing technology.
Micromachines. 2021;12(12):Article 1517.

MaX, QuX, Zhu W, Li YS, Yuan S, Zhang H, Liu J, Wang P,
Lai CSE, Zanella F, et al. Deterministically patterned
biomimetic human iPSC-derived hepatic model via

rapid 3D bioprinting. Proc Natl Acad Sci USA. 2016;113(8):
2206-2211.

Buchner TJK, Rogler S, Weirich S, Armati Y, Cangan BG,
Ramos J, Twiddy ST, Marini DM, Weber A, Chen D, et al.
Vision-controlled jetting for composite systems and robots.
Nature. 2023;623(7987):522-530.

Wang Z, Zhang B, He Q, Chen H, Wang J, Yao Y, Zhou N,

Cui W. Multimaterial embedded 3D printing of composite
reinforced soft actuators. Research. 2023;6:Article 0122.

Wang Z, Abdulla R, Parker B, Samanipour R, Ghosh S, Kim K.
A simple and high-resolution stereolithography-based 3D
bioprinting system using visible light crosslinkable bioinks.
Biofabrication. 2015;7(4):Article 045009.

Huh J, Moon YW, Park J, Atala A, Yoo JJ, Lee SJ. Combinations
of photoinitiator and UV absorber for cell-based digital

light processing (DLP) bioprinting. Biofabrication.
2021;13(3):Article 034103.

Sun Y, Yu K, Nie J, Sun M, Fu J, Wang H, He Y. Modeling the
printability of photocuring and strength adjustable hydrogel
bioink during projection based 3D bioprinting. Biofabrication.
2020;154(3):Article 035032.

Yu K, Zhang X, Sun Y, Gao Q, Fu J, Cai X, He Y. Printability
during projection-based 3D bioprinting. Bioact Mater.
2022;11:254-267.

Kang H-W, Park JH, Cho D-W. A pixel based solidification
model for projection based stereolithography technology.
Sensors Actuators A Phys. 2012;178:223-229.

Vidler C, Crozier K, Collins D. Ultra-resolution scalable
microprinting. Microsyst Nanoeng. 2023;9:Article 67.

Moroni L, Boland T, Burdick JA, de Maria C, Derby B,
Forgacs G, Groll ], Li Q, Malda J, Mironov VA, et al.
Biofabrication: A guide to technology and terminology.
Trends Biotechnol. 2018;36(4):384-402.

WuY, SuH, Li M, Xing H. Digital light processing-based
multi-material bioprinting: Processes, applications, and
perspectives. | Biomed Mater Res A. 2022;111(4):527-542.
Thomas A, Orellano I, Lam T, Noichl B, Geiger MA, Amler AK,
Kreuder AE, Palmer C, Duda G, Lauster R, et al. Vascular
bioprinting with enzymatically degradable bioinks via
multi-material projection-based stereolithography.

Acta Biomater. 2020;117:121-132.

Schwartz JJ, Boydston AJ. Multimaterial actinic spatial control
3D and 4D printing. Nat Commun. 2019;10(1):Article 791.
Cheng J, Wang R, Sun Z, Liu Q, He X, Li H, Ye H, Yang X,
Wei X, Li Z, et al. Centrifugal multimaterial 3D printing

of multifunctional heterogeneous objects. Nat Commun.
2022;13(1):Article 7931.

Lipkowitz G, Samuelsen T, Hsiao K, Lee B, Dulay MT, Coates I,
Lin H, Pan W, Toth G, Tate L, et al. Injection continuous liquid

He et al. 2025 | https://doi.org/10.34133/research.0613

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

interface production of 3D objects. Sci Adv. 2022;8(39):
Article eabq3917.

Mayer F, Richter S, Westhauser J, Blasco E, Barner-Kowollik C,
Wegener M. Multimaterial 3D laser microprinting using an
integrated microfluidic system. Sci Adv. 2019;5(2):

Article eaau9160.

Zhou F, Hong Y, Liang R, Zhang X, Liao Y, Jiang D, Zhang J,
Sheng Z, Xie C, Peng Z, et al. Rapid printing of bio-inspired
3D tissue constructs for skin regeneration. Biomaterials.
2020;258:Article 120287.

He B, Wang ], Xie M, Xu M, Zhang Y, Hao H, Xing X, Lu W,
Han Q, Liu W. 3D printed biomimetic epithelium/stroma
bilayer hydrogel implant for corneal regeneration. Bioactive
Mater. 2022;17:234-247.

Bhusal A, Dogan E, Nguyen H-A, Labutina O, Nieto D,
Khademhosseini A, Miri AK. Multi-material digital light
processing bioprinting of hydrogel-based microfluidic chips.
Biofabrication. 2021;14(1):Article 014103.

Zhu H, Hu X, Liu B, Chen Z, Qu S. 3D printing of conductive
hydrogel-elastomer hybrids for stretchable electronics.

ACS Appl Mater Interfaces. 2021;13(49):59243-59251.

Miri AK, Nieto D, Iglesias L, Goodarzi Hosseinabadi H,
Mabharjan S, Ruiz-Esparza GU, Khoshakhlagh P, Manbachi A,
Dokmeci MR, Chen S, et al. Microfluidics-enabled
multimaterial maskless stereolithographic bioprinting.

Adv Mater. 2018;30(27):Article e1800242.

Dominguez-Alfaro A, Mitoudi-Vagourdi E, Dimov I,

Picchio ML, Lopez-Larrea N, de Lacalle JL, Tao X, Serrano RRM,
Gallastegui A, Vassardanis N, et al. Light-based 3D multi-
material printing of micro-structured bio-shaped conducting
and dry adhesive electrodes for bioelectronics. Adv Sci.
2024;11(27):Article e2306424.

Shaukat U, Thalhamer A, Rossegger E, Schlogl S. Dual-vat
photopolymerization 3D printing of vitrimers. Addit Manuf.
2024;79:Article 103930.

Tang M, Tiwari SK, Agrawal K, Tan M, Dang J, Tam T,
Tian ], Wan X, Schimelman J, You S, et al. Rapid 3D
bioprinting of glioblastoma model mimicking native
biophysical heterogeneity. Small. 2021;17(15):

Article €2006050.

Ge Q, Chen Z, Cheng ], Zhang B, Zhang YF, Li H, He X,
Yuan C, Liu J, Magdassi S, et al. 3D printing of highly
stretchable hydrogel with diverse UV curable polymers.

Sci Adv. 2021;7(2):Article eaba4261.

Wang M, Li W, Mille LS, Ching T, Luo Z, Tang G,
Garciamendez CE, Lesha A, Hashimoto M, Zhang YS. Digital
light processing based bioprinting with composable gradients.
Adv Mater. 2021;34(1):Article e2107038.

Han D, Yang C, Fang NX, Lee H. Rapid multi-material 3D
printing with projection micro-stereolithography using
dynamic fluidic control. Addit Manuf. 2019;27:606-615.
Chen M, Lu Y, Liu Y, Liu Q, Deng S, Liu Y, Cui X, Liang J,
Zhang X, Fan Y, et al. Injectable microgels with hybrid
exosomes of chondrocyte-targeted FGF18 gene-editing and
self-renewable lubrication for osteoarthritis therapy.

Adv Mater. 2024;36(16):Article e2312559.

Zhao P, Wang B, Wang L, Fu Z, Hu J, Liu Y, Wang J,

He Y. Rapid printing of 3D porous scaffolds for breast
reconstruction. Bio-Des Manuf. 2023;6(6):691-703.

Zhou LY, Fu ], He Y. A review of 3D printing technologies for
soft polymer materials. Adv Funct Mater. 2020;30(28):
Article 2000187.

13


https://doi.org/10.34133/research.0613

Research

39. NaKk, Shin S, Lee H, Shin D, Baek J, Kwak H, Park M, Shin J,
Hyun J. Effect of solution viscosity on retardation of cell
sedimentation in DLP 3D printing of gelatin methacrylate/silk
fibroin bioink. ] Ind Eng Chem. 2018;61:340-347.

He et al. 2025 | https://doi.org/10.34133/research.0613

40.

Sun AX, Lin H, Beck AM, Kilroy EJ, Tuan RS. Projection
stereolithographic fabrication of human adipose stem cell-
incorporated biodegradable scaffolds for cartilage tissue
engineering. Front Bioeng Biotechnol. 2015;3:115.

14


https://doi.org/10.34133/research.0613

	Printability in Multi-material Projection-Based 3-Dimensional Bioprinting
	Introduction
	Results
	System design of a multi-material PBBP printer
	Complexity analysis of multi-material PBP
	Approaches of ink switching
	Standard workflow of multi-material PBBP

	Polymerization characteristics of multi-material bioinks
	Material requirements of multi-material PBBP
	Printability curve of multi-material PBBP
	Interface structure design

	Cross-contamination in multi-material PBBP
	Infiltration contamination
	Residual contamination

	Printing resolution of multi-material PBBP
	Type A resolution degradation
	Type B resolution degradation
	Type C resolution degradation
	Printing resolution standard test model

	Characterization of multi-material PBBP

	Discussion
	Materials and Methods
	Test of photorheological properties
	Calculation of DBC
	Measurement of nuclear magnetic resonance
	Calculation of DBC

	Calculation of ACS
	Measurement of the P element content
	Calculation of ACS

	Scanning electron microscopy
	Mechanical test
	Infiltration pollution test
	Liquid rinsing efficiency simulation
	Three-dimensional bioprinting

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


