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bladder following spinal cord injury: Research 
and clinical translation to artificial intelligence-
empowered prospects 
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Abstract
Neurogenic bladder (NB) after spinal cord injury (SCI) remains a major clinical 
challenge.  Three-dimensional (3D) bioprinting technology offers a systematic 
solution in this field. This review summarizes its multidimensional applications 
in post-SCI NB. In basic research, the technology can be used to construct in 
vitro biomimetic “nerve-bladder” models for mechanism elucidation and high-
throughput drug screening. In therapeutic strategies, it enables the fabrication 
of bioactive scaffolds that guide nerve regeneration and structurally biomimetic 
bladder tissues, synchronously promoting neural repair and tissue reconstruction. In 
clinical translation, image-based personalized 3D-printed models have been utilized 
for surgical planning and simulation. The integration of artificial intelligence further 
advances personalized design, printing process optimization, and multimodal 
collaborative research paradigms. Although major challenges remain in mechanistic 
understanding, manufacturing workflows, ethics, and regulation, 3D bioprinting 
may help shift NB management from “symptom management” to “functional 
reconstruction,” presenting tremendous and optimistic possibilities for transferring 
to the clinical end.
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1. Introduction
Spinal cord injury (SCI) is a major global public health concern.1 The annual incidence 
of SCI in China is about 1/100,000.2 Neurogenic bladder (NB) is a common problem 
after SCI, with an estimated incidence as high as 70–80%.3 Persistent NB may result 
in urinary retention, incontinence, urinary tract infections, and even renal failure. 
Such complications can severely impair patients’ lives and quality of life, and they also 
increase the burden on the wider population.4 Current NB treatments include clean 
intermittent catheterization, medications, surgery, and electrical stimulation. However, 
these methods often rely heavily on caregivers, have limited efficacy, frequent side effects, 
and potential complications, resulting in overall limited clinical outcomes.5,6 Therefore, 
improving post-SCI NB management and patients’ quality of life remains a problem to 
be solved in medical treatment.
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The emergence of tissue engineering and regenerative 
medicine provides a new theoretical framework and 
technical pathway for radical treatment of post-SCI NB. 
Among them, three-dimensional (3D) bioprinting is one 
of the most efficient methods to reconstruct complex tissue 
structures and functions. It requires cells, biomaterials, and 
bioactive factors as “bioinks” to precisely arrange them in a 
3D space, thereby fabricating bionic living tissue or organ 
prototypes.7,8 Post-SCI NB is a complicated condition; it 
involves interruption of central neural control, damage 
to peripheral nerve innervation, and degeneration of the 
end-target organ in structure and function. 3D bioprinting 
offers an integrated research platform. Not only can it 
fabricate in vitro disease models to interpret disease, but 
it can also directly produce biologically active nerve repair 
scaffolds and bladder tissue transplants, which provide 
a technical platform to enable the ultimate goal of “dual 
regeneration of structure and function.”

At the same time, the rapid development of artificial 
intelligence (AI) technology has advanced 3D bioprinting.9 
From the formulation optimization of bioinks to the 
intelligent control of printing parameters to the bionic 
design of stent structures, AI is empowering the entire 
bioprinting process and enabling personalized and precise 
treatment in practice. In the field of NB, multi-scale 
modeling and an AI-augmented intelligent decision-
making system are expected to realize personalized 
reconstruction of the “nerve–muscle composite unit” from 
the spinal cord to the bladder in the future.

However, at present, most related research focuses 
on a single aspect, such as SCI repair or bladder tissue 
engineering, and there is a lack of an integrated review of 
the overall pathogenesis of post-SCI NB. Based on this, 
this paper systematically summarizes the application 
status and frontier progress of 3D bioprinting in the field 
of post-SCI NB from three dimensions: basic research, 
clinical transformation, and AI empowerment, focusing 
on its clinical problems, current transformation paths, 
and core challenges, and analyzing the future development 
direction of this field driven by AI, with a view to providing 
forward-looking reference for researchers and clinicians in 
this field.

2. Application of three-dimensional 
bioprinting in basic research for post-spinal 
cord injury neurogenic bladder
Basic research is crucial for elucidating pathogenesis and 
screening novel therapies. Traditional research has largely 
relied on two-dimensional (2D) cell culture and animal 
models. Although each one might be good in its own way, 
it is not perfect. 2D cultures fail to replicate the 3D tissue 

architecture, cell–cell interactions, and dynamic mechanical 
and biochemical microenvironments.10,11 Animal models 
have the problem of variation between species, ethical 
limitations, long cycle times, low throughput, and large 
individual variation.12 In addition, different segments of 
the SCI (thoracic, lumbar, and sacral) result in distinct 
types of bladder dysfunction, which also makes it difficult 
to standardize animal-model experiments and compare 
results.13

2.1. Constructing biomimetic “nerve-bladder” 
models

The core advantage of 3D bioprinting lies in its spatial 
controllability, allowing precise regulation of the 
distribution and structure of cells, biomaterials, and 
bioactive factors in 3D space.14 Researchers can print 
bladder urothelial cells, smooth muscle cells, fibroblasts, 
and vascular endothelial cells layer by layer to form a 
multilayered 3D bladder wall structure comprising the 
mucosa, lamina propria, and muscular layer, thereby 
optimizing scaffold porosity and mechanical strength 
while simulating bladder contraction and relaxation.15

The choice of bioink directly determines the functional 
performance of building a bionic “nerve-bladder” model 
using 3D bioprinting. Extracellular matrix (ECM) 
hydrogels can effectively promote the adhesion, migration, 
and differentiation of neurons and bladder urothelial 
cells because they retain natural biological signaling 
molecules, such as collagen and laminin, and exhibit 
excellent biocompatibility.16 However, their mechanical 
strength is low, and their photo-crosslinking efficiency is 
easily affected, limiting printing accuracy and structural 
fidelity.17 Gelatin methacryloyl (GelMA) has both the 
cell-recognition site (such as the RGD sequence) of 
gelatin and the controllable photocrosslinking ability 
from methacryloyl groups.18 This characteristic makes its 
compression modulus adjustable over the range of 5–15 
kPa, supports high-resolution extrusion printing, and 
maintains cell viability above 85%.19 However, when used 
alone, there are problems with rapid in vivo degradation and 
insufficient creep resistance.20 Alginate has excellent ionic 
crosslinking responsiveness (instant gelation triggered via 
calcium ions), high shear-thinning behavior, and good 
shape fidelity.21 This makes it especially suitable for high-
precision printing of complex hollow structures, such as 
a bladder cavity.21 However, alginate lacks cell-adhesion 
ligands, and its biodegradability is uncertain, which limits 
its application as bioink.22 GelMA and alginate composite 
ink overcome the limitations of a single material through 
synergy and complementarity. GelMA provides biological 
activity and mechanical adjustability, while alginate 
enhances printing stability and structural support.23 This 
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composite ink maintains more than 90% of the initial cell 
viability while achieving a multi-objective balance among 
compression modulus, elongation at break, and printing 
resolution.24 Therefore, when building a bionic “nerve-
bladder” model with both innervation and urine storage 
functions, it is necessary to weigh the biocompatibility, 
mechanical strength, and printing accuracy of materials 
according to specific functional requirements, or 
adopt a multi-material composite strategy to achieve 
complementary performance.

In the future, motor neurons and sensory neurons of 
the spinal cord, as well as bladder smooth muscle cells, 
can be further incorporated into the model to establish 
a more simplified “spinal cord-bladder reflex arc.”25 Such 
models are particularly suitable for simulating bladder 
dysfunction following injuries at different spinal segments. 
By applying mechanical compression, chemical damage, 
and ischemia-reperfusion to the “neural” component of 
the model, changes in bladder smooth muscle contraction 
patterns can be dynamically observed. Several studies have 
incorporated periodic mechanical stimulation (simulating 
bladder contractions) alongside microfluidics to maintain 
constant medium perfusion, thereby creating an in 
vivo-like nutrient-metabolism environment that closely 
resembles in vivo bladder function. This approach allows 
for a more accurate investigation of bladder dysfunction at 
the cellular and molecular levels when neural signaling is 
disrupted.23,26

2.2. Controllable pathological 
microenvironments and high-throughput 
screening platforms
3D bioprinted models can precisely simulate NB-related 
pathological microenvironments through various 
strategies. For instance, introducing specific inflammatory 
factors (such as tumor necrosis factor-α, interleukin-6) or 
adjusting the ECM elastic modulus can simulate chronic 
inflammation and fibrosis associated with NB, replicating 
post-SCI bladder tissue pathology.27,28 By regulating 
the gradient of oxygen concentration, local hypoxic 
microenvironments can be established at the injury site, 
which is conducive to the research on the mechanism of 
hypoxia-induced bladder dysfunction.29

More importantly, such standardized, miniaturized 
models serve as ideal high-throughput drug-screening 
platforms. Standardized printing processes enable batch 
fabrication of uniform, stable “post-injury nerve-bladder 
units” in multi-well plates for rapid evaluation of the effects 
of neurotrophic factors (e.g., brain-derived neurotrophic 
factor [BDNF], neurotrophin-3 [NT-3]), small-molecule 
drugs, or stem cell-derived exosomes on functional 

recovery.15 This platform can effectively preserve patient 
heterogeneity. Patient-derived printed models can 
accurately replicate individual drug response patterns, 
providing a basis for personalized treatment plans.30 
Simultaneously, the high-throughput nature significantly 
improves drug screening efficiency and shortens preclinical 
development cycles (Figure 1).

3. Therapeutic strategies and clinical 
translation of three-dimensional 
bioprinting for post-spinal cord injury 
neurogenic bladder
3.1. Restoration of neural innervation

Restoring central or peripheral physiological control of 
the bladder is key to curing NB.31 3D bioprinting shows 
great potential for repairing the central nervous system 
and precisely repairing peripheral nerve injuries that cause 
NB dysfunction. Post-SCI NB dysfunction primarily stems 
from the interruption of descending pathways and the 
formation of an inhibitory local microenvironment at the 
injury site. The pelvic nerve, as a key peripheral hub for 
bladder voiding control, is often directly damaged, leading 
to voiding dysfunction and NB. 3D bioprinting offers 
new approaches to repairing complex nerve injuries by 
constructing biomimetic scaffolds and precisely delivering 
bioactive substances.

3.1.1. Central repair: Three-dimensional bioprinted 
spinal cord scaffolds

For central nervous system repair, 3D bioprinted spinal 
cord scaffolds effectively address challenges associated with 
axonal regeneration after SCI.32 Sensory and motor deficits 
after SCI result from limited neural regenerative capacity 
and glial scarring. The glial scar constitutes a physical 
and chemical barrier that is rich in inhibitory factors, 
such as chondroitin sulfate proteoglycans, and strongly 
inhibits axonal growth.33 Using 3D printing, we can create 
a biomimetic spinal cord scaffold with longitudinally 
aligned microchannels.34,35 The microchannels simulate 
spinal white matter tracts to provide physical guidance 
for axonal directional growth. Scaffold materials are 
often made of poly(lactic-co-glycolic acid) (PLGA) with 
ECM composite ink to balance mechanical support and 
bioactivity, providing an appropriate environment for 
cells to grow and regenerate neural tissue.36 For example, 
researchers have developed 3D bioprinted scaffolds 
incorporating neurotrophic factors (e.g., BDNF, NT-3) to 
promote neuronal survival and axonal growth.37,38 Loading 
neural stem cells (NSCs) or Schwann cells into the scaffold 
further enhances neural regeneration effects.36,39 NSCs 
can differentiate into neurons and glial cells.40 Schwann 
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cells play a crucial role in peripheral nerve regeneration 
by clearing debris and forming a regeneration-promoting 
environment.41 Several studies have also embedded 
conductive microstructures in scaffolds to promote nerve 
regeneration, as electrical signals positively influence 
neuronal growth and differentiation.42 Implanted at the 
injury site, such scaffolds not only resist glial scar invasion 
and provide physical support for regenerating axons but 
also create a pro-regenerative microenvironment through 
the sustained release of active components, thereby 
substantially improving axonal regeneration rates.43

3.1.2. Precise peripheral nerve repair: The pelvic nerve

T﻿he pelvic plexus, a key peripheral hub for bladder voiding 
control, is often directly damaged, leading to voiding 
dysfunction and NB.44 Recent pioneering research provides 
strong evidence for the potential of 3D bioprinting to 
precisely repair bladder-innervating peripheral nerves.45,46 
Researchers used printing technology to fabricate a 
bilayered flexible “cellular band-aid,” with its inner layer 
loaded with human umbilical vein endothelial cells. 
Wrapping this around injured rat pelvic ganglia effectively 
protected neurons and promoted neural structural repair 
and functional recovery through sustained vascular 
endothelial growth factor (VEGF) secretion. It provides a 
potential and precise repair option for NB as a result of 

localized peripheral nerve damage from pelvic operation 
or injury.

3.2. Bladder tissue reconstruction and replacement

If neural repair is not possible in the short term, or if there 
has been an irreversible organic alteration of the bladder 
(severe fibrosis and contracture), we will need bladder 
tissue reconstruction and implantation.

3.2.1. Structural biomimicry: Printing multilayered 
bladder patches

Bladder augmentation with intestinal segments in the 
past was associated with mucus secretion, electrolyte 
imbalances, stone formation, and malignancy after a 
long time.47 This drives exploration of 3D bioprinting 
as an alternative for bladder repair, aiming to provide 
anatomically and functionally compatible bladder patches.

Biomechanical characteristics of the normal bladder 
wall are key benchmarks for the design of bladder 
tissue-engineering scaffolds, and the core lies in its 
unique nonlinear stress-strain behavior and viscoelastic 
characteristics. In the low-pressure filling stage, the bladder 
shows high compliance, but as volume approaches the 
physiological limit, its stiffness increases rapidly, thereby 
effectively performing urine storage and protecting the 

Figure 1. Applications of 3D bioprinting in basic research for post-SCI NB
Abbreviations: 3D: Three-dimensional; ECM: Extracellular matrix; GelMA: Gelatin methacryloyl; IL: Interleukin; NB: Neurogenic bladder; SCI: Spinal 
cord injury; TNF: Tumor necrosis factor.
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upper urinary tract.48 This mechanical response is mainly 
attributed to the directional rearrangement of collagen 
fibers in the bladder wall and to the passive response of 
smooth muscle.49 During continuous filling, the bladder 
wall will exhibit stress relaxation and creep; that is, stress 
will decay over time under constant strain, or strain will 
increase over time under constant stress. This viscoelastic 
behavior enables the bladder to adapt to the slow filling 
of urine, avoid excessive wall pressure, and respond 
immediately to rapid pressure changes, such as during 
coughing and jumping, thereby protecting the upper 
urinary tract from back-pressure injury.50

However, one of the main reasons for the failure of 
transplanting plants/grafts in bladder tissue engineering 
is the mismatch in compliance between scaffold materials 
and the soft, dynamic host tissue.51 The rigid synthetic 
scaffold cannot deform with the host tissue during filling, 
leading to local stress concentrations and a foreign 
body reaction, ultimately resulting in fibrotic wrapping 
and graft contracture. Therefore, given the viscoelastic 
characteristics of the normal bladder, it is of great practical 
significance to re-examine the mechanical properties of 
existing scaffold materials for guiding the accurate design 
of a 3D bioprinted bladder patch.

At present, the scaffold materials used in the preparation 
of bladder patches are mainly divided into three categories: 
natural acellular, synthetic polymer, and composite 
scaffolds, each with its own advantages and disadvantages 
in mechanical properties, biocompatibility, and clinical 
transformation effect.

Natural decellularized scaffolds, such as bladder 
ECM and small intestinal submucosa (SIS), offer 
excellent biocompatibility and can partially support cell 
migration.52,53 From the mechanical characteristics, the 
biggest advantage of this kind of scaffold is that it retains 
the viscoelastic characteristics and biological activity 
signals of natural ECM, and can show compliance similar 
to that of the host bladder in low stress areas. However, 
its limitation is that the mechanical strength is generally 
insufficient, and the Young’s modulus of a single acellular 
scaffold is mostly in the order of kPa, which is far lower 
than the mechanical requirements of MPa in the state 
of bladder filling. This leads to complications such as 
contraction, calcification, and even heterotopic ossification 
when applied to large-scale bladder repair.54 This means 
that although the natural acellular scaffold has achieved a 
certain degree of compliance matching, it lacks sufficient 
strength to withstand physiological loads and is difficult to 
meet the bladder’s dynamic mechanical needs.

Synthetic polymer scaffolds include PLGA and 
polycaprolactone (PCL). The advantage of this kind of 

material is that its mechanical strength can be precisely 
controlled, facilitating standardized preparation. Among 
them, PCL is widely used as a scaffold material for 3D 
bioprinting because of its low melting point and good 
printability, and its Young’s modulus is as high as 200–
400 MPa, providing excellent deformation resistance for 
implants.55 The Young’s modulus of PLGA can be flexibly 
adjusted in the range of 1–50 MPa to meet different 
mechanical design requirements.56 However, its core 
defect is the lack of viscoelasticity. The stiffness of this 
scaffold material is far beyond the physiological range of 
natural bladder tissue, and it cannot simulate the bladder’s 
stress relaxation behavior after implantation. It is easy 
to produce a stress-shielding effect at the material-host 
interface, which can induce a strong foreign-body reaction 
and fibrosis wrapping. In addition, degradation products 
of synthetic polymers can readily create a local acidic 
microenvironment, and the material itself lacks natural 
biological signaling, which will further affect the survival 
of seed cells and the regeneration and integration of host 
tissues.33

To address both mechanical strength and compliance, 
composite stents were developed. Its core design idea is to 
combine the advantages of natural acellular and synthetic 
polymer scaffolds to achieve a “combination of rigidity and 
flexibility” in scaffold mechanical properties. At present, 
commonly used composite systems include collagen-
PLGA composites, PCL grids, and GelMA-alginate gel 
co-printing scaffolds. The core design idea of this kind of 
scaffold is that synthetic polymers (such as PCL) are used 
as a “skeleton” to provide structural support and anti-
deformation ability, and natural hydrogels (such as GelMA, 
collagen, and ECM hydrogels) are used as “soft tissues” to 
load cells and mediate host integration. By adjusting the 
proportions, spatial distribution, and crosslinking density 
of the two-phase materials, the overall modulus of the 
composite scaffold can approach the physiological range 
of the natural bladder while also partially reproducing the 
viscoelastic response of the natural tissue. Studies have 
shown that this kind of scaffold exhibits better tissue-
integration potential in animal experiments, with less 
severe fibrous encapsulation (Table 1).55 

However, static Young’s modulus matching and 
basic viscoelastic reappearance are only the first step 
of mechanical bionic design. The bladder, as a typical 
dynamic mechanical organ, undergoes numerous cyclic 
mechanical loads from filling and emptying daily, which 
imposes higher requirements on 3D bioprinted stent 
fatigue resistance under cyclic loading.57 If the stent has 
only static mechanical strength and lacks fatigue resistance, 
even if the initial modulus and viscoelasticity are good, it 
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is easy to cause microcrack initiation and propagation, 
and even structural collapse within weeks to months after 
operation due to repeated periodic stress. Therefore, the 
ideal bladder bioink not only needs to have a mechanical 
modulus suitable for the host in the initial state, but also 
needs to maintain sufficient fatigue life during the dynamic 
balance between degradation and tissue regeneration 
in vivo until the new tissue fully replaces the scaffold’s 
mechanical function.

In response to this challenge, 3D bioprinting can 
enhance stent fatigue resistance through the following 
strategies. Firstly, applying physiological periodic 
mechanical stimulation to the printed construct in the in 
vitro dynamic culture system can not only achieve efficient 
screening of fatigue-resistant materials, but also upregulate 
the expression of contraction phenotypic markers of smooth 
muscle cells through mechanical signal transduction, and 
promote the active functional integration between the 
graft and the host tissue.58 Secondly, the energy-dissipation 
mechanism (such as nanocomposites and double-network 
hydrogels) is incorporated into the scaffold design, so that 
the energy generated by periodic loading can be dissipated 
and crack propagation can be delayed.59 Thirdly, the fatigue 
life of the bracket under long-term cyclic load is predicted 
by multi-scale simulation, and the printing parameters and 
material ratio are optimized.60 Finite element analysis can 
predict the mechanical behavior of 3D bioprinted tissue-
engineering scaffolds, thereby guiding scaffold design to 
achieve the desired mechanical characteristics.60

To sum up, based on the viscoelastic characteristics 
of normal bladder, three types of scaffold materials have 
their own mechanical characteristics and applicable 
scenarios: natural acellular scaffold has excellent 
viscoelastic properties but insufficient strength, synthetic 
polymer scaffold has high strength but lacks viscoelastic 
properties, and composite scaffold is expected to achieve 
a balance between viscoelastic properties and strength 
through collaborative design of multiple materials. In the 
future, the research and development of 3D bioprinted 
bladder patches must leap from static modulus matching 
to dynamic mechanical bionic, and systematically consider 
the initial compliance, viscoelasticity, and cyclic fatigue 
resistance of the scaffold, to fundamentally overcome the 
failure of graft fibrosis caused by mechanical mismatch 
and provide a tissue engineering substitute with real 
physiological functions for bladder reconstruction.

Although the bionic design of dynamic mechanics 
based on multi-material composites points to the core 
optimization direction for the research and development 
of bladder patches, the clinical translation of prefabricated 
bladder patches has yet to achieve a breakthrough. Using 
SIS for bladder augmentation can improve capacity and 
compliance in the short term, but long-term follow-up 
shows limited functional improvement.61 The study shows 
that this limitation is mainly due to the mismatch between 
the material degradation rate and the tissue regeneration 
rate. The degradation of SIS was delayed during the 
early stage of implantation, triggering a significant 

Table 1. Comparison of Young’s modulus of common bioinks and native bladder tissue

Material category Specific material Young’s modulus range

Native bladder tissue Normal bladder wall 0.1–10 MPa (estimated range)111

Natural decellularized scaffolds ECM, SIS 0.1-50 kPa 112

Synthetic polymers PCL 200–400 MPa113

Synthetic polymers PLGA 1–50 MPa114

Hydrogels GelMA 5–15 kPa (compression modulus)115

Composite materials GelMA-alginate composite, etc. Designable to 0.1–10 MPa116 (approaching native 
tissue)

Notes: The data in the table are typical reference values and are not fixed constants. The modulus of native tissues varies with species, age, and testing 
methods. Synthetic and composite materials, on the other hand, are highly dependent on factors such as molecular weight, component ratios, and 
processing conditions, and are therefore tunable. Therefore, the values in the table are intended primarily to reflect the relative relationships and orders 
of magnitude among materials. In actual experimental design, it is recommended to rely on experimentally measured values obtained under specific 
formulations and testing conditions.  
Abbreviations: ECM: Extracellular matrix; GelMA: Gelatin methacryloyl; PCL: Polycaprolactone; PLGA: Poly(lactic-co-glycolic acid); SIS: Small 
intestinal submucosa.
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inflammatory reaction and physically hindering the 
formation of functional smooth muscle. It was not until 
24 weeks after the material had fully degraded that the 
function of the regenerated tissue gradually returned 
to near-normal levels. This discovery suggests that the 
degradation kinetics, biological stability, and dynamic 
balance of the host inflammatory response in natural 
scaffold materials are key to determining the long-term 
function of the tissue-engineered bladder. Furthermore, 
several problems, such as graft contraction and fibrosis, 
recurrent infections, and urinary leakage, are common. 
Therefore, these in vitro patches cannot currently replace 
traditional enterocystoplasty, the gold standard. This 
highlights significant challenges remaining in mechanical 
property matching, long-term volume maintenance, and 
effective functional integration.

To address these problems, in situ bioprinting, as an 
innovative solution, has attracted wide attention. This 
method can achieve precise deposition of cells mixed 
into the bioink onto the bladder defect during operation, 
enabling minimally invasive, integral repair of the bladder.62 
For instance, research teams have created miniaturized 
bioprinters that can be delivered via endoscopes for in situ 
repair of the gastric wall.63 In the future, a transurethral 
insertion of a miniaturized printhead might enable 
printing of the patients’ own autologous cell-laden 
bioink directly onto post-augmentation cystotomies. This 
strategy not only achieves a morphological match between 
the subcutaneous adipose tissue patch and the wound 
skin, but also enables the use of subcutaneous adipose 
tissue or the bladder wall itself as a natural bio-reactor, 
providing a functional physiological microenvironment 
for each cell. Moreover, it can play a more efficient role 
in promoting angiogenesis, inhibiting fibrosis, promoting 
tissue integration, and facilitating functional recovery. This 
approach represents a shift from the traditional process of 
“in vitro fabrication followed by implantation” to an in 
vitro fabrication within an in vivo environment, offering a 
novel concept for bladder repair.

3.2.2. Functional integration: the synergistic 
challenges of vascularization, anti-fibrosis, and graft 
innervation

Survival and functional integration of clinical-scale 
tissue-engineered bladders more than 1 cm thick depend 
on rapid vascularization.64 Insufficient blood perfusion 
leads to central necrosis and blocks host-cell infiltration 
and functional integration.65 In particular, for larger 
constructs, the diffusion limit for oxygen and nutrients is 
approximately 150–200 µm, and the region beyond this 
limit will suffer from hypoxic necrosis.66 Therefore, we 
must create vascularizable perfusable vascular networks 

in vitro to enable long-term survival and incorporation of 
clinical-scale tissue-engineered bladders.67 Conventional 
tactics involve relying on the host vessel’s slow ingrowth 
or auxiliary vascularization from omental wrapping. 
However, this cannot ensure a continuous supply of 
blood and nutrients to the large graft and has shown 
obvious shortcomings in reliability and effect.68 Advanced 
3D bioprinting strategies aim to simultaneously build 
biomimetic vascular networks within the patch by pre-
seeding vascular endothelial cells on their inner surfaces. 
Postoperative microsurgical anastomosis to host vessels 
can achieve immediate blood perfusion, thereby greatly 
improving graft survival rates.69,70

Additionally, graft fibrosis is an important cause of 
clinical failure. Urine exposure, chronic inflammation, and 
foreign body reaction can all lead to excessive fibrous tissue 
hyperplasia, resulting in graft contraction, loss of elasticity, 
and other serious complications such as abdominal 
adhesion.71 In urology, 3D bioprinting of a kidney tissue-
engineering scaffold was applied to simulate the kidney’s 
complex microvascular architecture and functional units, 
which are necessary for renal regeneration and repair.72 
This demonstrates 3D bioprinting’s significant advantage 
in constructing tissues with complex internal structures, 
including the potential to incorporate anti-fibrotic 
strategies.

Functional reconstruction of innervation is the key 
interface between upstream nerve repair and downstream 
bladder tissue reconstruction, and it is also the core premise 
to realize synchronous contraction of bladder smooth 
muscle. If only the upstream repair of the peripheral or 
central nervous system is completed and the bladder 
graft lacks functional innervation, the smooth muscle 
will inevitably atrophy and undergo fibrosis, ultimately 
leading to loss of the graft’s physiological contractile 
function.73 Therefore, the integrated design of nerve repair 
strategies and bladder construction, especially the targeted 
regeneration of functional neuromuscular junctions 
(NMJs) guided and accelerated by biological manufacturing 
technology, has become the frontier direction in this field. 
Its core scientific logic is that it is necessary to provide 
regenerative nerve with a physical channel for directional 
growth, a suitable biochemical microenvironment and 
an effective electrical signal conduction interface, to 
accurately match multiple biological processes, such as 
nerve axon extension, targeted dominance and smooth 
muscle maturation in time and space, which is the core to 
break through the current isolated research dilemma of 
nerve repair and bladder repair, and also the key to realize 
synchronous and coordinated contraction of bladder 
smooth muscle.
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Introducing nerve guidance conduits (NGCs) into the 
bladder wall design is a core strategy. Micro-scale NGCs 
connected to a peripheral nerve repair scaffold can be 
directionally embedded in the muscularis of a 3D-printed 
bladder patch, providing a physical channel for pelvic 
nerve or regenerated spinal nerve fibers to grow and be 
guided to accurately infiltrate the bladder smooth muscle. 
Schwann cells and neurotrophic factors can be co-loaded 
into the catheter, thereby further promoting the growth, 
maturation, and myelination of nerve fibers and providing 
a structural framework for NMJ formation.74 At the same 
time, by using the precisely controlled release characteristics 
of 3D bioprinting, neurotrophic factors can be released 
sequentially in time and space in the patch, and nerve 
growth-promoting factors, such as BDNF and NT-3, can be 
released in high concentration in the area connected with 
the nerve to guide nerve growth.75 Neuroregulatory factors 
and acetylcholinesterase inhibitors are released in the 
smooth muscle layer, promoting nerve ending formation 
and synaptic maturation, and activating the expression of 
nerve receptors in smooth muscle cells, thereby achieving 
temporal and spatial coordination among factor release, 
nerve fiber growth, and smooth muscle maturation. 
However, the current research remains in the early stage 
of exploration, and there is still a significant gap to clinical 
transformation. Limited studies have systematically 
optimized physical guidance, biochemical induction, and 
electrical signal integration. Whether regenerated NMJs 
are completely equivalent to natural NMJs in terms of 
molecular structure, transmitter release efficiency, and 
fatigue resistance remains to be verified via in-depth 
functional electrophysiological studies.

It is noteworthy that the coordinated regulation 
of vascularization, anti-fibrosis, and innervation 
reconstruction is key to realizing the graft’s function. 
Stable vascularization provides continuous nutritional 
support for innervation reconstruction, and an effective 
anti-fibrosis strategy removes the physical barrier for 
nerve fiber growth, while functional innervation can 
activate the physiological activity of smooth muscle cells, 
further inhibit the transformation of smooth muscle into 
fibroblasts, and reverse the fibrosis process. At the same 
time, this coordinated approach promotes functional 
integration between the graft and host tissue, and the 
collaborative design of the three is also the core guarantee 
for 3D bioprinting bladder reconstruction from “structural 
repair” to “functional regeneration”.

3.3. Three-dimensionally printed custom-made 
precision planning for complex surgery

Although 3D bioprinting of living tissues for direct repair 
is still in development and translation, its non-living 
counterpart—using patient imaging data to fabricate 
precise, individualized anatomical models—has already 
found clinical application.76,77 These models, primarily 
developed from biocompatible inert materials, including 
polylactic acid or resin based on 1:1 full-color printing 
of computed tomography (CT) or magnetic resonance 
imaging (MRI) data, can accurately reproduce anatomical 
structures of bones, nerves, and vessels, remarkably 
enhancing planning accuracy and operative safety for 
NB-related surgeries.78,79

Sacral neuromodulation is an effective therapy for 
NB80,81, and its success depends heavily on precise electrode 
placement.82 Traditional fluoroscopy-guided placement 
faces challenges, including non-intuitive localization and 
radiation exposure. Custom-made pelvic models generated 
from patients’ imaging data can accurately depict the 
sacral foramen, nerve pathways, and surrounding blood 
vessels. These models also allow surgeons to practice the 
preoperative puncture path repeatedly to improve electrode 
positioning.83,84 From the clinical trials, these models 
shorten operation time, reduce the incidence of puncture, 
increase electrode positioning accuracy, and decrease the 
dose that is accidentally given off during intraoperative 
radiation.85 They have become an increasingly established 
application of 3D printing in urological neuromodulation.

Furthermore, for patients requiring complex 
reconstructive surgeries, such as bladder augmentation or 
urinary diversion, due to NB complications, 3D-printed 
pathological bladder models can visually depict atrophic, 
diverticular, or fibrotic morphology. This assists surgical 
teams in developing individualized plans, such as 
determining patch size, selecting anastomosis sites, and 
anticipating surgical difficulties (e.g., bladder neck repair), 
and facilitates more effective preoperative communication 
with patients via visual models, enhancing treatment 
adherence (Figure 2).86,87 

4. Artificial intelligence empowerment
The deep integration of 3D bioprinting with AI is driving 
post-SCI NB research and treatment toward precision, 
automation, and intelligence.88 In the previous sections, 
the multidimensional applications of 3D bioprinting in 
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constructing a bionic “nerve-bladder” model, preparing 
nerve repair scaffold, reconstructing bladder tissue, and 
assisting clinical surgery planning are systematically 
expounded. The successful implementation of these 
applications is highly dependent on the precise control of 
complex biological structures and dynamic physiological 
processes, a field in which AI can play a core role.

4.1. Artificial intelligence-driven personalized 
design and printing optimization

The algorithms of AI study numerous patients’ medical 
diagrams (CT, MRI) and urodynamics, as well as genomics 
information, to design an optimal treatment plan tailored 
to each individual.89 

Convolutional neural networks (CNNs) play a key 
role in image analysis and structure segmentation due 
to their remarkable advantages in medical image feature 
extraction.90 It can automatically learn discriminative 
multi-level features and achieve accurate 3D segmentation 
of spinal cord lesions, identification of bladder 
morphological abnormalities (such as trabeculation and 
diverticulum formation), and localization of innervated 
areas.91 Detailed anatomical information can provide an 
important foundation for the design of microchannel 
structures in neural scaffolds, ensuring geometric matching 

with patient physiology and improving the environment 
for neural regeneration. However, its practical utility in 
the NB field is limited by the scale and representativeness 
of training data. If the CNN model is mainly based on 
the patient data of a specific injury segment (such as the 
thoracic segment), its segmentation accuracy of bladder 
morphological changes in patients with lumbar or sacral 
segment injury may be substantially reduced, and this 
sensitivity to the distribution of training data limits the 
clinical universality of the model.

Generative adversarial networks (GANs) are superior 
at generating and imitating real data distributions through 
adversarial training.92 They can simulate the physiological 
structure of the normal spinal cord-bladder reflex arc to 
create a biomimetic scaffold topology at the patient’s injury 
level, guiding neural cell growth and neural connection 
recovery while providing structural support for NB 
treatment. However, in the case of a limited sample size, 
the “bionic” structure generated by GAN may only be a 
simple reorganization of limited samples in the training 
set, rather than a real innovative design, and may even 
amplify the anatomical variation noise existing in the 
training data and generate a guiding structure that deviates 
from the physiological reality. This problem is particularly 
prominent with a limited sample size.93

Figure 2. 3D bioprinting-driven comprehensive therapeutic strategies and clinical translation pathways for post-SCI NB
Abbreviations: 3D: Three-dimensional; BAM: Bladder acellular matrix; NB: Neurogenic bladder; PCL: Polycaprolactone; PLGA: Poly(lactic-co-glycolic 
acid); SCI: Spinal cord injury; SIS: Small intestinal submucosa; VEGF: Vascular endothelial growth factor.
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To address the limitations of a single data source, 
researchers can use multimodal fusion models based 
on architectures such as the Transformer.94 Through the 
use of a sophisticated weight assignment mechanism to 
achieve a highly successful combination of unstructured 
picture information and organized physiologic and genetic 
information. Deep learning of such multimodal data yields 
more precise and robust forecasts of optimal printing 
parameter pairs, facilitating “tailor-made” fabrication with 
customized dimensions and cell ratios for a bladder patch 
or neural scaffold. However, under the condition of scarce 
data, it is difficult for the model to learn the real correlation 
between different modal data, and its prediction results 
may be mainly dominated by a single modality (such as 
images) with a large amount of data, which fails to achieve 
real multimodal synergy gain, thus limiting its application 
value in complex clinical situations (Table S1).

In real-time printing control, machine learning 
algorithms play a central role in parameter optimization 
and quality monitoring. The random forest algorithm 
established a mapping relationship between the historical 
printing data (extrusion pressure, nozzle temperature, 
motion speed) and the results (cell deposition uniformity, 
viability), and predicted printing defects.95 The support 
vector machine is a classification model that rapidly 
identifies anomalies (cell aggregation, pore clogging) in 
the vision system’s images, triggering dynamic parameter 
adjustments. These vision systems generally combine 
the high resolution of microscopy with computer 
vision technology to detect key parameters, such as cell 
deposition density and ink solidification status, in real 
time, and achieve structural consistency of the construct 
and functional stability.96

This AI-enabled real-time feedback closed-loop system 
significantly improves the success rate and product quality 
in 3D bioprinting, providing reliable technical support for 
tissue engineering treatment of post-SCI NB. It promotes 
the field’s evolution from empirical operation toward 
high intelligence, automation, and precision, ultimately 
aiming for more effective clinical translation and patient 
functional recovery.

Although AI shows the technical potential outlined 
above, in the specific field of post-SCI NB, its application 
faces a fundamental challenge: data scarcity. The incidence 
of SCI is relatively low, and the number of patients who can 
provide high-quality images, complete clinical follow-up 
data, and biological samples simultaneously is limited.97 
This problem with a limited sample size poses a severe 
challenge for the data-driven AI model. Complex deep 
learning models usually require large amounts of data 
to avoid overfitting, but with a limited sample size, the 

model may memorize noise and specific examples in the 
training set, resulting in poor generalization. When the 
training data cannot fully represent the real-world patient 
population, the AI model will internalize and amplify this 
deviation, potentially producing misleading outputs for 
“atypical” patients.98 This fundamental challenge suggests 
that in the AI application in this field, it is necessary to 
develop learning strategies that adapt to small sample 
scenarios, such as transfer learning99, data enhancement100, 
and federated learning101, to achieve reliable model 
performance under the condition of limited data.

4.2. Multimodal fusion research paradigm: 
Establishing a synergistic validation system 
integrating animal models, three-dimensional 
bioprinting, and artificial intelligence

The 3D bioprinted model can achieve a good simulation 
of the human microenvironment and enable high-
throughput studies, but the animal model is unable 
to fully reproduce the overall physiological response, 
systemic immune regulation, and long-term functional 
integration.102 Therefore, it is inevitable that a synergistic 
“animal model-3D bioprinting” research system be 
established to systematically advance this field towards 
clinical application.

Within such a synergistic framework, the animal model 
is used to verify whether the potential mechanism or drug 
target identified in the 3D bioprinted model holds.103 
Simultaneously, 3D bioprinted neural scaffolds or bladder 
patches may be implanted in animals for a systematic 
study of long-term survival, vascularization, innervation, 
and functional integration.56 Moreover, the urodynamic 
parameters of animals (such as bladder capacity, pressure, 
and compliance) can also be used to optimize the 
physiological state of the printed model, improving its 
clinical predictive value.

The integration of AI will further amplify this paradigm’s 
efficacy. By integrating large-scale macrophysiological data 
from animal experiments and small-scale microresponse 
data from printed models, AI can help build precise 
pathophysiological models and enable intelligent, iterative 
optimization of printing parameters. This in vitro–in vivo 
approach establishes a closed-loop, mutually validating 
research pathway, which is expected to advance neurogenic 
bladder research and enhance its translational potential for 
clinical applications.

5. Challenges and limitations
The clinical translation of 3D bioprinting in post-SCI NB 
patients is currently constrained by several challenges, the 
resolution of which will facilitate its clinical translation.
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Survival and functional integration of thick, 
functionally viable tissue-engineered bladders made from 
clinical tissue depend mainly on the rapid and effective 
formation of a vascular network, which poses a major 
challenge. Although it is currently possible to pre-design 
vascular channels using printing strategies, it is difficult 
to rapidly anastomose them to the host vasculature after 
implantation, and the maturity and long-term stability 
of the newly formed vessels are far from meeting clinical 
requirements, thereby frequently resulting in ischemic-
hypoxic necrosis at the center of the graft.66 Aiming to 
address this core problem, the current research explores a 
multi-path cooperation strategy.

At the bioink design level, integrating angiogenic factors 
enables active guidance of vascular network extension 
and docking with host blood vessels. VEGF is one of the 
main factors that induce angiogenesis, stimulating the 
proliferation and migration of endothelial cells. Platelet-
derived growth factor (PDGF) mainly mediates the 
recruitment of pericytes and promotes the maturation 
and stability of new blood vessels. Studies have shown that 
bioengineered patches capable of sequentially releasing 
VEGF and PDGF can effectively promote vascularization 
in bladder reconstruction.104 In addition, vascular 
progenitor cells (such as endothelial progenitor cells) can 
be printed alongside structural cells, thereby enhancing 
the vascularization of tissue-engineered constructs. These 
cells can self-assemble into a capillary-like network after 
implantation, thereby accelerating integration with the host 
vascular system. The combined application of autologous 
endothelial progenitor cells and bioactive factors (such 
as VEGF and PDGF) has been shown to improve smooth 
muscle regeneration and vascularization in the tissue 
engineering of the bladder.105

At the level of surgical strategy, the omentum is 
used for pre-vascularization in vivo because of its rich 
vascularization and healing potential. Incubation of 
bioprinted bladder stent with omentum can promote 
vascularization of the stent and provide a good blood 
supply basis for subsequent bladder reconstruction.106 
For example, in one study, a bladder patch constructed of 
bladder acellular matrix and adipose-derived stem cells 
was wrapped by omentum and pre-vascularized in vivo, 
successfully promoting bladder tissue regeneration.107 In 
addition, in vivo pre-vascularization techniques, such as 
arteriovenous loop construction, create a vascular-rich 
microenvironment for the graft and aim to align with the 
functional window for vascular network remodeling.108 The 
coordinated application of these complementary strategies 
is expected to significantly shorten revascularization time 
and lay the foundation for long-term graft survival.

Post-implantation of the host vascularization also 
triggers a strong immune response, which is an important 
factor leading to the graft becoming fibrous and adhered, 
degrading performance and impacting biocompatibility 
and treatment efficacy. Developing bioinks with 
immunomodulatory functions is one of the key strategies 
to address graft immune rejection. By adding specific 
anti-inflammatory cytokines to the bio-ink or using 
exosomes from mesenchymal stem cells, the immune 
microenvironment after implantation can be effectively 
regulated, macrophages can be induced to polarize toward 
a reparative phenotype, and inflammatory reactions can 
be inhibited, thereby promoting graft integration and 
functional maintenance.109

Another important strategy to reduce the risk of 
immune rejection at the source is to prioritize the use 
of patients’ autologous cells or low-immunogenic cells 
to induce the differentiation of pluripotent stem cells 
(PSCs) as seed cells. Using patients’ own cells for tissue 
engineering can fundamentally avoid immune rejection, 
because these cells have the same genetic background 
as the host.110 Induced PSCs have the potential for self-
renewal and multi-directional differentiation, and their 
immunogenicity can be reduced using gene-editing 
technologies, thereby providing potential cell sources 
for allogeneic transplantation. For example, reducing the 
expression of major histocompatibility complex molecules 
on the surface of induced PSCs and their differentiated 
cells through genetic modification can decrease T-cell 
recognition and activation of T cells, thereby reducing 
immune rejection.109

In addition to vascularization and immune 
compatibility, the bladder, as a typical dynamic mechanical 
organ in vivo, undergoes periodic pressure changes 
during filling and emptying, imposing extremely high 
requirements for the long-term mechanical stability and 
functional maintenance of the graft. However, at present, 
the research on the evolution of mechanical properties of 
3D bioprinted bladder graft during its long-term service in 
vivo remains absent, especially the lack of empirical data on 
key issues, such as whether its contractile function can be 
maintained and whether there is plastic deformation or loss 
of compliance after one year of implantation. The existing 
research mostly focuses on short-term histocompatibility 
and vascularization but pays little attention to the fatigue 
life of the graft under repeated urinary pressure load, 
the dynamic matching between material degradation 
and tissue regeneration, and the durability of functional 
reconstruction of the smooth muscle layer. In the future, 
it is necessary to introduce a culture system loaded with 
dynamic mechanics to simulate the in vivo environment, 
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develop intelligent biomaterials with self-reinforcing or 
mechanical response characteristics, and evaluate the 
mechanical properties and time window of functional 
maintenance of grafts through a long-term animal model 
system to consolidate the reliability foundation of clinical 
application.

In addition, the transition of this technology from 
laboratory samples to repeatable, stable clinical products 
faces severe challenges in large-scale production and 
quality standardization. At present, the bioprinting process 
lacks batch-to-batch consistency, has a low degree of 
automation, and lacks a full-process quality control system. 
Therefore, they are unable to meet the strict requirements 
of product stability and safety in clinical applications. 
For this purpose, it is necessary to develop closed-loop, 
automated bioprinting systems to minimize human 
interference with product quality. At the same time, an 
evaluation system for critical quality attributes, including 
cell viability, material mechanical properties, sterility, 
and biosafety, should be established to achieve full-chain 
quality control across cell preparation, bioink formulation, 
and printing and fabrication. In addition, there should be 
collaborative efforts among regulatory authorities, industry, 
and academia to jointly establish classification criteria, 
production standards, and regulatory review guidelines for 
living bioprinted products, thereby providing institutional 
guarantees for large-scale translational applications.

To address a fundamental scientific question, we 
still do not fully understand what constitutes normal 
bladder function from a biological perspective. For 
example, accurate neural circuitry for normal voiding, a 
mechanical feedback mechanism of smooth muscle cells, 
and complex communication between the urothelium and 
nerve endings are knowledge gaps that limit the degree of 
biomimetic design. Therefore, 3D bioprinting is not only 
a manufacturing tool; the precise model it produces can 
advance basic science, deepen our knowledge of organ 
function, and support organ regeneration.

6. Future perspectives
Looking ahead, the development of 3D bioprinting 
technology in the field of NB treatment after SCI will 
continue to advance along the path of “two-track parallel 
and gradual integration,” with the deep integration of AI 
becoming the core driving force, reshaping this pattern.

In vitro bioprinting is currently relatively mature, 
easier to standardize and control, suitable for constructing 
structurally regular nerve conduits or bladder patches, 
and allows thorough pre-implantation quality testing. 
Its limitations include the need for surgical implantation 

(potential secondary trauma) and the requirement for post-
implantation vascularization and integration of in vitro 
constructs. To overcome these, future research should focus 
on developing bioinks with enhanced biocompatibility 
and pro-angiogenic properties, combined with stem cell 
technology to further improve tissue integration. In the 
next 5–8 years, personalized neural scaffolds or composite 
bladder patches based on in vitro printing are expected 
to enter clinical trials, offering more effective treatment 
options for NB patients.

In situ 3D bioprinting is known as a disruptive strategy. 
Its core advantage is the ability to directly deposit bioink 
at the injury site during surgery, enabling minimally 
invasive, shape-adaptable integrated repair. Furthermore, 
the in vivo microenvironment can be leveraged to promote 
cell survival and tissue remodeling, thereby avoiding 
secondary trauma and facilitating rapid integration of 
the implant with the surrounding tissue. Although it has 
a broad prospect, the current technical difficulties are 
more complex. These problems are mainly reflected in the 
high technical difficulty of obtaining high-strength, highly 
elastic 3D-printed tissues and organs, which demands high-
performance, highly miniaturized printing equipment, 
real-time imaging navigation, and printing stability in 
the wet, in vivo environment. For example, accurately 
controlling the deposition and solidification of bioink in 
the urodynamically unstable bladder environment remains 
a critical challenge. At the same time, it is necessary to 
combine high-precision, real-time biosensing technology 
(such as local pH, temperature, or biomolecular 
concentration) with robot-assisted systems to achieve an 
automated, intelligent printing process. In addition, the 
development of bioinks that can rapidly solidify, maintain 
structural integrity, and exhibit good biocompatibility 
in the complex in vivo environment is also a key factor 
affecting the success of in situ bioprinting. It is expected that 
within the next 10–15 years, with breakthroughs in robot-
assisted technology, real-time biosensing, and advanced 
bioink materials, the development of transurethral or 
laparoscopic-assisted in situ bladder bioprinting will 
advance to the stage of early clinical exploration, supported 
by large-animal experiments.

In the long term, these two approaches are not 
mutually exclusive and can be selected based on injury 
type, location, and patient condition. In the evolution of 
the two technical paths outlined above, AI will play an 
irreplaceable role, pushing the field towards intelligence, 
precision, and automation. AI-driven multimodal learning 
will become the core engine to realize “tailor-made” 
treatment. By integrating the patient’s medical images, 
urodynamic parameters, and genomic information, an AI 
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model can automatically perform lesion segmentation, 3D 
reconstruction, and generate an ideal scaffold topology, 
ensuring that the graft is highly matched to the patient’s 
physiological state in both geometric configuration and 
biological function. Furthermore, AI will reshape the 
collaborative research paradigm of “animal model-3D 
bioprinting-AI.” By fusing macro-physiological data from 
animal experiments and micro-response information from 
printed models, AI can build accurate pathophysiological 
models, enable two-way closed-loop optimization between 
in vitro models and in vivo verification, and greatly enhance 
the translational value of preclinical research. Finally, 
with the deep integration of AI predictive models and 
multimodal surgical navigation systems, 3D bioprinting 
is expected to gradually undergo a paradigm shift from 
“offline design and in vitro manufacturing” to “real-time 
imaging and intraoperative printing,” ultimately ushering 
in a new era of functional regeneration and accurate 
reconstruction of post-SCI NB.

7. Conclusion
Three-dimensional bioprinting offers a new possibility for 
treating post-SCI NB beyond traditional tissue engineering. 
Its fundamental value is not to simply reproduce the 
anatomical structure of an organ but to realize the 
systematic reconstruction of the complete functional unit 
of “center-periphery-target organ” for the first time. From 
the spinal cord stent to guide axon regeneration, to the “cell 
band-aid” to accurately repair the pelvic nerve, and then 
to the mechanical bionic bladder patch, the evolution of 
the technical path is pushing the therapeutic logic from 
substitution to regeneration. However, the real bottleneck 
is no longer the construction of a single tissue, but rather 
achieving real-time matching and coordinated regulation 
of innervation and target organ function in a dynamic 
physiological environment. When the speed of nerve 
growth, the rhythm of smooth muscle remodeling, and the 
duration of mechanical loading cannot be synchronized, 
the fine structure will eventually degenerate into a 
nonfunctional scar. This deep dilemma suggests that the 
future breakthrough lies not only in improving printing 
accuracy but also in a profound understanding and precise 
intervention in the emergence law of “living functional 
units.”

Finally, whether this technology works depends on 
materials scientists, bioengineers, clinicians, ethicists, and 
regulatory bodies all pulling together. From the scientific 
basis to clinical application, it is anticipated that 3D 
bioprinting can evolve from a cutting-edge technology into 
a clinically accessible treatment within a decade, offering 

new prospects for true structural and functional dual 
regeneration to post-SCI NB patients.
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