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ABSTRACT

While there has been considerable success in the 3D bioprinting of hydrogel scaffolds for tissue engineering, the application of
traditional centimeter-scale bulk hydrogels with a dense internal nanoscale network structure remains a particular challenge.
Here, we present a microgel-based modular fabrication strategy to engineer programmable hierarchically porous microgel-based
hydrogel patches (HPMPs). This strategy generates porous microgels with adjustable porosity and bio/cytocompatibility via gas-
shearing microfluidics integrated with an aqueous two-phase system, exhibiting precise model structural fidelity, synergistic tissue
adhesion, and architectural resilience. Additionally, the interconnected hierarchical porous structure of HPMP enables rapid
formation of functional vascular networks in vitro. To demonstrate the broad biomedical applicability of our modular bioprinting
platform, we implemented this strategy in myocardial infarction treatment. We successfully validated the application-driven
requirements via iPSC-laden porous microgels directing cardiomyocyte differentiation and functional maturity. HPMP with Janus-
structured unilateral adhesiveness is conducive to preventing chest adhesions and cellular unilateral proliferation, migration, and
angiogenesis in vivo. This microgel-based modular fabrication strategy establishes a promising platform for targeted cardiac repair,
further promoting the development of tissue engineering and regenerative medicine.

1 | Introduction engineering applications, thereby allowing personalized design

Hydrogel scaffolds have been extensively employed in tissue
engineering and regenerative medicine [1, 2]. Conventional
bulk hydrogels, while valuable, are inherently constrained by
nanoscale molecular crosslinking networks that restrict nutrient
diffusion and cellular migration, thereby limiting regenerative
efficacy. 3D bioprinting, as a cutting-edge additive manufacturing
technology, has revolutionized scaffold fabrication by enabling
precise spatial control over hydrogel architectures for tissue

of microporous structures to enhance cellular infiltration and
tissue regeneration efficacy [3-7]. However, extrusion-based
bioprinting remains limited by mechanical shear stresses during
printing, which compromise cell viability and functionality—a
critical challenge for cell-laden constructs.

Microgels, characterized by their microscale dimensions and
high surface-to-volume ratios, have emerged as a promising
new type of hydrogel in biomaterial research [8-10]. Cell-laden
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microgels have attracted extensive attention as bioinks due
to their effectively mitigate shear-induced damage during
bioprinting [11, 12]. However, conventional microgels still face
significant challenges, as highly cross-linked polymer networks
restrict cellular migration and impair extracellular matrix (ECM)
remodeling capacity, as exemplified by alginate-based systems
[13, 14]. Previous studies have reported porous microgels fabri-
cated via freeze-drying or chemical synthesis techniques [15-18],
but these strategies exhibit notable limitations, including the uses
of the oil phase with potential cytotoxicity and biocompatibility
concerns, challenges of encapsulating hydrophilic substance,
cellular behavior with post-packaging strategies, structural
instability of porous networks with irregular freeze-drying
porous architectures, and compromised structural-mechanical
stability while maintaining biocompatibility. Aqueous two-
phase systems (ATPS) have emerged as a promising alternative
due to their exceptionally mild, environmentally benign, and
rapid spontaneous formation of porous architectures [19-21].
While ATPS-derived porous microgels demonstrate significant
advancements in mass transfer efficiency and cellular viability
compared to conventional methods [22-24], the conventional
microfluidic fabrication typically necessitates the introduction
of an organic phase [25], which can further diminish the overall
biocompatibility of the microgels and adversely impact tissue
regeneration outcomes. Furthermore, although pure microgel
materials possess packing characteristics and flowability, their
printing precision is constrained by particle properties like size
distribution, mechanical strength, secondary crosslinking capa-
bility, and the effective curing contact area between microgels.
Thus, this may result in insufficient interlayer bonding strength
and impose specific requirements on the microgel material.

Additionally, ischemic heart disease, as a main cardiovascular
disease, remains the leading cause of death worldwide, and acute
myocardial infarction (MI) is its most severe and destructive
manifestation [26, 27]. Post-MI, the cardiac microenvironment
undergoes extensive remodeling characterized by irreversible
cardiomyocyte loss, inflammatory activation, progressive fibrotic
scarring, and inadequate vascularization [28]. While conven-
tional pharmacological and interventional therapies provide
symptomatic relief [29, 30], they fail to halt or reverse adverse
ventricular remodeling. Furthermore, although stem cell-based
therapies have emerged as a promising alternative [31], they are
still hampered by low cell retention, poor engraftment efficiency,
and inadequate functional integration. Biomaterials such as bulk
hydrogels or microgels provide structural support and microenvi-
ronmental cues critical for cardiomyocyte survival and vascular-
ization. Yet their therapeutic impact is limited by precise control
over porous architecture for nutrient diffusion and cell migration,
insufficient niche for functional vasculature development, mis-
matched mechanical properties, and dynamic adaptability of the
cardiac tissue [32, 33]. Therefore, there is a critical need to develop
multifunctional biological repair scaffolds capable of enhancing
cell migration, promoting angiogenesis, and supporting dynamic
tissue remodeling. However, current hydrogel systems struggle to
simultaneously fulfil these multimodal demands.

Herein, to address the multifaceted requirements for tissue
regeneration and repair, we present a modular manufacturing
methodology for engineering hierarchical porous hydrogel
patches (HPMP) through a two-stage microgel-based fabrication

process (Figure 1A). We demonstrated that our strategy was
mainly based on gelatin methacrylate (GelMA), as the continuous
phase of bioink, and poly (ethylene oxide) (PEO), as the sacrificial
phase of bioink, mixed with alginate (Alg) porous microgels.
GelMA, a photopolymerizable hydrogel derived from gelatin,
has been extensively employed in the fabrication of cell-laden
3D tissue constructs, a utility attributed to its controllable
photocross-linking behavior, biocompatibility, biodegradability,
inherent bioactive properties, and tunable physical
characteristics. PEO, a biocompatible polymer with exceptional
hydrophilicity mediated by hydrogen-bonding interactions, has
emerged widely in biomedical engineering, enabling applications
ranging from controlled drug delivery systems to bioengineered
tissue scaffolds. Alg, an anionic polysaccharide derived from
brown algae, is utilized in biomedical applications ranging from
drug delivery to tissue engineering, owing to exceptional biocom-
patibility and dynamic gelation properties mediated by divalent
cations. First, in our strategy, we initially present a robust method
to address the challenge of fabricating microporous Alg microgels
by combining an ATPS with gas-shearing microfluidics. The
ATPS is composed of Alg mixed with dextran (Alg-Dex) and
PEO, among which Alg-Dex is the continuous phase, and PEO is
the sacrificial phase. Subsequently, these microgels function as
structural units for 3D printing. We employed main bioinks with
GelMA as the continuous phase and PEO as the sacrificial phase,
combined with porous microgels, facilitating the controlled
assembly of HPMP with hierarchically porous structures. The
microgel-based bioink exhibited robust printing capabilities.
The HPMP exhibited mechanical properties with adhesion and
resilience, and favorable cellular behavior, enabling supporting
cell migration and vascularization. Second, to demonstrate
the potential of our strategy to flexibly address major global
health challenges, we utilized the HPMP strategy to confront
the significant issue of cardiovascular disease by focusing on the
repair of myocardial infarction (Figure 1B). We employed porous
microgels loaded with induced pluripotent stem cells (iPSCs) to
induce cardiomyocyte differentiation. In the context of MI repair,
to address post-transplantation-generated thoracic adhesions, we
have developed an anti-adhesion patch-based HPMP strategy via
hyaluronic acid methacrylate (HAMA). HAMA, a photosensitive
derivative of hyaluronic acid, characterized by exceptional
biocompatibility, high water retention, and densely crosslinked
architectures with lubricating mechanical properties, has wide
applications in tissue engineering and regenerative medicine. We
utilized microgel bioink and HAMA bioink for printing a Janus
structure with anti-adhesion properties. This optimization of
this methodology further enhances myocardial infarction repair
and demonstrates the flexibility of our strategy for on-demand
adjustment. Overall, we propose a microgel modular strategy
to establish a versatile bioprinting platform. This strategy
demonstrated integration of cell differentiation, mechanical
support, and tissue repair, thereby demonstrating significant
potential for advancing regenerative therapies.

2 | Results

2.1 | Fabrication of Porous Microgels via Aqueous
Two-Phase System

To construct porous microgels that promote cell growth and
migration, we combined a novel gas-shearing microfluidic strat-
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FIGURE 1 | Schematics of the modular fabrication strategy for tissue regeneration. (A) Fabrication of porous microgels via gas-shearing

microfluidics and subsequent 3D bioprinting of microgel-based hierarchically porous constructs; (B) Application of HPMP strategy for MI repair.

egy and ATPS, generating microgels with highly interconnected
micropores (Figure 2A). Interconnected porosity was achieved by
formulating a cell-laden ATPS bioink through room-temperature
mixing of an Alg-Dex pre-gel solution with PEO at an optimized
volume ratio. Stable biphasic stratification confirmed successful
ATPS formation, directly enabling one-step bioink preparation
(Figure 2B,C; Figure S1A,B). To validate the phase separation in
this bioink, 0.2% red fluorescent nanoparticles were mixed into
the Alg-Dex phase for confocal imaging. As shown in Figures 2D
and S1C, PEO can form discrete droplets in the Alg-Dex solution
and porous network after crosslinking. Phase-specific dissolution
of PEO droplets and selective leaching of Dex result in stabilized
microporous networks. The scanning electron microscopy (SEM)
image further confirmed the microporous structure (Figure 2E).

Using this ATPS bioink, we established a gas-shearing microflu-
idic platform for fabricating porous microgels (Figure S2A) [34].
The system integrates a digital injection pump, a coaxial nozzle,
and a collecting bath. ATPS precursor solutions underwent
continuous gas-shearing processing. Precisely regulated nitrogen
flow through the coaxial nozzle’s annular gap exerted shear forces
overcoming liquid surface tension to produce monodisperse
droplets continuously (Figure S2C, D). Using a 2% calcium ion
(Ca*) solution as the collecting bath, non-spherical porous
microgels were observed. It may be attributed to interfacial
instabilities arising from the rapid solidification of Alg and the
delayed dissolution of the PEO sacrificial phase. To address this,
we introduced polyethylene glycol (PEG) as a stabilizing agent
into the collecting bath. Systematic concentration-gradient opti-
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FIGURE 2 | Fabrication of Aqueous Two-Phase Microporous Microgels via Gas-Shear Microfluidics. (A) Schematic diagram of the fabrication of
porous microgels via gas-shearing with an aqueous two-phase system. (B) The phase diagram of the Alg-Dex mixed aqueous phase and the PEO aqueous
phase. (C) Photographs of Alg-Dex (red) and PEO before and after vortexing. (D) Fluorescence images of the precursor solutions of the Alg-Dex (red) and
PEO. (E) SEM images of the Alg-Dex and PEO aqueous two-phase hydrogels after Ca>* curing and washed. (F) Photograph of the porous microspheres via
gas-shearing microfluidic; (G) The micrograph of the porous microspheres; (H) Size distribution profile of the porous microspheres; (I) The fluorescence
image and 3D fluorescence imaging of pure Alg non-porous microspheres and Alg porous microspheres; (J) The schematic diagram and fluorescence
images of Alg porous microsphere sections; (K) Schematic diagram and phase contrast micrographs showing the fabrication of porous microspheres
under varying gas flow rates, n = 100; one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean values + SDs.
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