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Objective: This article focused on the application scenarios of three-dimensional (3D) bioprinting and
gene-editing technology in various medical fields, including gene therapy, tissue engineering, tumor
microenvironment simulation, tumor model construction, cancer regulation and expression, osteogenesis,
and skin and vascular regeneration, and summarizing its development prospects and shortcomings.
Background: 3D bioprinting is a process based on additive manufacturing that uses biological materials as
the microenvironment living cells. The scaffolds and carriers manufactured by 3D bioprinting technology
provide a safe, efficient, and economical platform for genes, cells, and biomolecules. Gene modification
refers to replacing, splicing, silencing, editing, controlling or inactivating genes and delivering new genes.
The combination of this technology that changes cell function or cell fate or corrects endogenous mutations
and 3D bioprinting technology has been widely used in various medical field.

Methods: We conducted a literature search for papers published up to March 2021 on the gene
modification combined with 3D bioprinting in various medical fields via PubMed, Web of Science, China
National Knowledge Infrastructure (CNKI). The following medical subject heading terms were included for
a MEDLINE search: “3D printing/gene editing”, “3D printing/genetic modification”, “3D printing/seed
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cell”, “bioprinting/gene editing”, “bioprinting/genetic modification”, “bioprinting/seed cell”, “scaffold/gene
editing”, “scaffold/genetic modification”, “scaffold/seed cell”, “gene/scaffold”, “gene/bioprinting”, “gene/3D
printing”. Quantitative and qualitative data was extracted through interpretation of each article.

Conclusions: We have reviewed the application scenarios of 3D bioprinting and gene-editing technology
in various medical fields, it provides an efficient and accurate delivery system for personalized tumor
therapy, enhancing the targeting effect while maintaining the integrity of the fabricated structure. It exhibits
significant application potential in developing tumor drugs. In addition, scaffolds obtained via 3D bioprinting
provide gene therapy applications for skin and bone healing and repair and inducing stem cell differentiation.

It also considers the future development direction in this field, such as the emergence and development of
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gene printing, 4D printing. The combination of nanotechnology and gene printing may provide a new way

for future disease research and treatment.
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Introduction

Three-dimensional (3D) printing technology, also known as
rapid prototyping technology, is used to print metal powder,
photosensitive resin, and other bondable materials layer-
by-layer according to computer data, finally superimposing
them into a 3D entity. The 3D printing process mainly
includes 3D printing technology, selective laser sintering
technology, selective laser melting technology, and fused
deposition modeling technology. These techniques present
advantages, such as individualization, precision, and remote
operability, which are particularly suitable for application
in the medical field (1). Since the 1980s, the rapid
development of 3D printing has been hailed as “one of the
important symbols of the third industrial revolution”.

3D bioprinting is a branch of 3D printing and has
prompted renewed research interest. Compared with 3D
printing, the main difference lies in the type of material.
Traditional 3D printing technology employs materials,
such as polymers, metals, alloys, plastics, ceramics, and
resins, while bioprinters use biologically active substances,
biological materials, or bionic molecules. As an extension of
3D printing, 3D bioprinting aims to print bionic tissues or
cell models that can simulate the functions and structures
of target tissues, such as skin tissue, blood vessels, and
multicellular structures (2). They also contain liquid,
paste, or gel-type scaffolds as a matrix or colloid for cell
growth (e.g., cell hydrogel and cell suspension) (3). The
main materials currently used for bioprinting are collagen,
fibrin, silk, chitosan, alginate, gelatin, hyaluronic acid, and
methacrylic acid gelatin (4). The primary manufacturing
technologies include inkjet, laser, bioplotting, and fused-
deposition modeling (FDM).

Of these, inkjet-based bioprinting (also known as drop-
on-demand printing, drop-by-drop, or drop-on-demand
bioprinting) is one of the oldest printing methods that still
show significant promise in 3D printing (5). Inkjet printing
is a non-contact copy strategy based on the deposition of
biological ink droplets. The manufacturing strategy for
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producing ink droplets relies on three different methods.
These include piezoelectric inkjet (acoustic), thermal
inkjet, and electrostatic bioprinting (6). In addition to non-
biological materials, the encapsulated cell droplets can also
be printed layer-by-layer and assembled into structures (7).
Piezoelectric bioprinters use piezoelectric actuators that
eject liquid droplets through printer nozzles to generate
sound waves in the bio-ink chamber (8). Thermal inkjet
bioprinters consist of a fluid chamber and one or more
nozzles, while heat and pressure pulses are generated in the
bio-ink chamber. The pressure causes picoliter droplets
to be ejected from the nozzle orifice (9). In electrostatic
bioprinters, the droplets are generated by voltage pulses
between the platen and the electrodes (5). Inkjet-based
bioprinting is fast, inexpensive, exhibits high cell viability,
and is compatible with non-biological and biological
materials (10). However, some limitations exist, such as
the use of high-viscosity materials that may cause nozzle
clogging, resulting in unnecessary pressure problems (11).
In addition, since this method typically uses low-viscosity
bio-inks, the mechanical strength of the printed structure is
usually inferior to that of the target tissue (6).

The freeform reversible embedding of suspended
hydrogels (FRESH) represents a newly emerging 3D
printing technology. It uses a thermoreversible support bath
to deposit hydrogels in complex 3D biological structures and
employs open-source tools to render it a highly adaptable
and cost-effective biological additive manufacturing (AM)
platform. The key innovation of FRESH is depositing
and embedding the hydrogel being printed into a second
hydrogel support bath that maintains the desired structure
during the printing process, significantly improving the
printing fidelity. The support bath is composed of gelatin
particles, acting as Bingham plastics during the printing
process. They behave as rigid bodies under low shear stress
and viscous fluids under higher shear stress. Consequently,
when the needle-shaped nozzle passes through the bathtub,
there is almost no mechanical resistance, but the hydrogel
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extruded from the nozzle and deposited in the bathtub is
fixed in place. Therefore, soft materials that collapse when
printed in the air can easily be kept in the expected 3D
geometry. This process is performed in a sterile, water-
containing buffer environment compatible with the cells,
showing that the cells can be squeezed from the printer
nozzle through the hydrogel and remain viable. Once the
entire 3D structure is freshly printed, the temperature rises
to 37 °C, which is cell-friendly, allowing the gelatin support
bath to melt in a non-destructive manner. FRESH enables
the direct 3D printing of biologically relevant hydrogel
inks, including alginate, fibrin, collagen type I, and Matrigel
within a fugitive support bath (12).

Genetically modified cells are currently studied as a
new type of 3D bioprinting material. Genetic modification
refers to replacing, splicing, silencing, editing, controlling,
or inactivating genes and delivering new genes. This
technique of changing cell function or cell fate or correcting
endogenous mutations has been widely used in various
fields of medicine (13). Using RNA interference (RNAi)
for gene silencing and the introduction of other nucleic
acids (such as siRNA, miRNA, or shRNA) unlocks targeted
treatments for various diseases (such as viral infectious
diseases, neuroblastoma, and ophthalmological diseases) (14).
Transgenic stem cells are used as therapeutic agents or gene
delivery systems to change the cell activities, mechanisms, and
molecular structure of wounds or target tissues during wound
treatment, skin regeneration, or anti-scarring therapy (15).
However, gene therapy is a complex medical field, facing
many limitations in terms of delivering genes to target sites
and subsequent treatment. For example, viral vectors can
produce toxicity or immune responses in the body. Similarly,
non-viral vectors may exhibit low transfection problems,
while the two vectors used for delivery may exhibit a lack
of purity, off-target effects, a lack of efficiency, and possess
limited DNA carrying capacity (14,16).

3D bioprinting provides a real-time, diverse, and
efficient platform for gene modification technology. It
can produce scaffolds containing growth factors, stem
cells, and nucleic acids, providing a stable environment
releasing these molecules in the body (17,18). Furthermore,
the modified gene expression or enhancement achieved
by 3D scaffolds also provide new techniques for skin
regeneration, bone tissue engineering, and wound healing
(15,19). This article aims to review the application of gene
modification combined with 3D bioprinting in various
medical fields while summarizing its development prospects
and shortcomings. We present the following article in
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accordance with the Narrative Review reporting checklist
(available at https://dx.doi.org/10.21037/atm-21-2854).

Methods

We conducted a literature search for papers published up
to March 2021 on the gene modification combined with
3D bioprinting in various medical fields via PubMed, Web
of Science, China National Knowledge Infrastructure
(CNKI). The following medical subject heading terms
were included for a MEDLINE search: “3D printing/gene
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editing”, “3D printing/genetic modification”, “3D printing/
seed cell”, “bioprinting/gene editing”, “bioprinting/
genetic modification”, “bioprinting/seed cell”, “scaffold/
gene editing”, “scaffold/genetic modification”, “scaffold/
seed cell”, “gene/scaffold”, “gene/bioprinting”, “gene/3D
printing”. Quantitative and qualitative data was extracted

through interpretation of each article.

Discussion

The application of gene modification based on 3D
bioprinting

3D bioprinting is currently widely applied in the fields
of tissue or bone regeneration (20,21), neuroblastoma
cell culture systems (22), neural catheters or implant
engineering (23), vaccine delivery (24), molecular
diagnosis (25), surgical models (26), and other fields. In
addition, 3D bioprinting technology exhibits significant
potential for delivering genes to defective cells in tissue
engineering, regenerative medicine, and treating various
diseases, especially bone defects (27). The polymer materials
used for 3D bioprinting are divided into two categories,
namely non-biodegradable polymers and biodegradable
polymers. Biodegradable polymers are used for tissue growth.
Once the task is completed, the biomedical parts of the body
are no longer needed. They degrade in the human body, for
example, the ester bond of polyester is hydrolyzed. However,
non-biodegradable polymers are used as structural implants.
For example, some hard synthetic biodegradable polymers
include poly(E-caprolactone) (PCL), polydioxanone (PDO)
cyclic ketones, and polylactic acid (PLA) (28).

Similarly, the accelerated development of nanotechnology
and gene-editing technology has allowed the creation of
a new gene delivery system that can effectively transfect
genes into host cells. Nanocarriers with advanced release
characteristics help to efficiently transfer genes in various
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Figure 1 Preparation methods of gene editing and gene therapy scaffolds. PCL, poly(E-caprolactone); PLGA, polylactic acid-glycolic acid;

PSiNP, porous silicon nanoparticles.

editing technologies (29). Combining nanocarriers
with the scaffolds obtained via 3D bioprinting produces
unique characteristics, allowing the activation of the gene,
related molecule, and controlled release properties. The
preparation methods for gene-editing and gene therapy
scaffolds are summarized in Figure 1. The research progress
regarding 3D bioprinting combined with gene-editing
technology in the primary medical fields is discussed below.

Application in oncology

Bioprinting technology combined with genetic modification
exhibit significant potential for tumor drug delivery, tumor
treatment research, and tumor model construction in
oncology. Furthermore, nanocarriers display advanced
release characteristics. Combining the scaffolds obtained
via 3D bioprinting with nanocarriers can be used to
deliver related molecules and genes and regulate the
release characteristics. Although camptothecin (CPT) is a
highly effective chemotherapeutic compound that exhibits
cytotoxic activity against several types of cancer cells (30,31),
it is non-specific and displays poor water solubility. It
reached phase I and phase II clinical trials but failed due to
severe side effects. A recent study loaded CPT into porous
silicon nanoparticles (PSiNP) with the epidermal growth
factor receptor (EGFR) targeting antibody (Ab), cetuximab,
to produce a targeted, soluble nanoparticle-grade cancer
treatment vector. Furthermore, this drug delivery system
significantly reduced the transfer load of humanized bone
and other organs (such as the lungs and liver) related to
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human metastatic breast cancer (32).

Tissue engineering methods combining genetic
modification and bioprinting are equally effective in
studying cancer-bone interactions in specific animal species.
In 2017, Moreau et al. first studied the effect of tissue-
engineered bone (TEB) as a site for breast cancer cell
metastasis, focusing on NOD/SCID mice (33). However,
after transplantation in mice, humanized tissues were often
substituted with endogenous mouse stromal cells (34).
They did not consider the complexity of the bone tissue
microenvironment, and the hematopoietic stem cell (HSC)
transplantation was often accompanied by limited T cell
reconstitution, especially when using cord blood HSCs (35).
A recent study made progress regarding two aspects: (I)
human preosteoblasts (HOBS) were planted on a calcium
phosphate-coated medical-grade PCL stent to customize
the intraosseous features in a highly controlled manner.
Moreover, human bone marrow mesenchymal stem cells
(BM-MSCs) and umbilical vein endothelial cells (HUVECs)
were mixed with a gelatin methacryloyl (GelMA) hydrogel
to form blood vessels in the bone tissue in the center of the
tubular scaffold to develop a humanized model with a bone
tissue microenvironment. (II) An engineered human breast
cancer cell line that expressed human interleukin-7 (IL-7),
interleukin-15 (IL-15), and granulocyte-macrophage
colony-stimulating factor (GM-CSF) iz vivo was used to
overcome the problem of a lack of human cytokines after
HSC transplantation (36). This kind of research using
the tissue engineering microenvironment and genetically
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modified HSCs will help resolve the specific role of
signal molecules during cancer metastasis iz vivo and the
regulation of the hematopoietic ecology.

In another study, a similar method has been used to
simulate the tumor microenvironment (TME). Lactic acid
is a glucose metabolism intermediate and is found to be a
conjugate base, lactate under physiological pH is either a
byproduct or an energy source for cancer cells, depending
on the availability of oxygen (37). Therefore, it is necessary
to design a TME simulation system that can replicate a
key TME component, the endogenous lactic acid level,
to understand the direct impact of the local lactic acid
concentration on immune cells. Consequently, a peptide
hydrogel loaded with GM-CSF and a degradable lactic
acid-based polymer is used. The hydrogel environment
encapsulates the polymer in a hydrated peptide network,
hydrolyzing it into monomeric lactate and subsequently
allowing the lactate to accumulate in the hydrogel. In
addition, GM-CSF recruits innate immune cells, mainly
dendritic cells and macrophages, into the hydrogel,
blocking antigen-specific immunity against tumors. The
results indicated that lactate accumulation in the hydrogel
was comparable to the concentration observed in different
tumor types. Furthermore, the infiltrating immune cells
in the hydrogel loaded with lactide-based polysulfonic
acid mucopolysaccharide showed a high degree of
immunosuppression at 7 days (38). In summary, this TME-
mimicking hydrogel system exhibits the potential for further
exploring immune response based on systems biology. It is
also possible to integrate immunotherapeutic drugs into this
platform for discovery and mechanism research.

Thus far, research involving osteosarcoma (OS) in the
traditional preclinical syngeneic and allogeneic operating
system models has failed to promote the transformation of
new therapeutic drugs into clinical practice. The species-
specific incompatibility between human and murine
organisms has become a concern (39). The differences in the
nucleic acid and amino acid sequences of regulatory genes
and proteins lead to crosstalk changes in intercellular and
intracellular signaling networks, denoting the main reason
for the unsuccessful translation of experimental research
data (40). A recent study tissue-engineered a new orthotopic
humanized OS model for the first time. The primary
method involved planting human osteoblasts on medical-
grade polycaprolactone stents. These were implanted into
polyethylene glycol-based hydrogels containing HUVECs,
after which the  situ human origin was determined via 3D
printed orthotopic humanized Tissue Engineering Bone
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Construct (OhTEBC). The constructs were implanted into
the femurs of NOD-SCID and NSG mice, while human
CD34 cells were transplanted into the bone marrow of
NSG mice. The growth of human OS was induced in the
ohTEBC via direct injection of Luc-SAOS-2 cells (41). After
the femurs were collected, micro-computed tomography
and immunohistochemical staining revealed an organ with
all the characteristics of human bones. Human-specific type
I collagen (hs Col-I) staining showed the production of a
human extracellular bone matrix. The presence of nuclei
led to a positive staining result for human nuclear mitotic
apparatus protein 1 (Hs NUMA), confirming that the
bone cells in the bone matrix were of human origin. Flow
cytometry confirmed the presence of human hematopoietic
cells. In addition, the tumor marker expression was similar
to that of human patients, while the recently discovered
musculoskeletal gene, C120rf29, was expressed in the most
common OS patient sample subtypes (41). This in situ
bone tumor research platform can test patient-specific drug
regimens before patient treatment and conduct controlled,
predictive marker studies of primary bone tumors.

Although primary tumors and metastatic tumors
secondary to bone tissue are removed during surgery, the
remaining tumor tissue may cause tumor recurrence (42).
Since a stent usually covers the surgical space to provide
mechanical support, the release of chemotherapeutic drugs
through this type of stent to kill the remaining cancer cells
becomes essential to the treatment (43). A previous study
developed a 3D bioprinting PCL scaffold composed of
doxorubicin and chitosan/siRINA nanoparticles. The siRNA
was used to induce gene silencing in tumor cells to prevent
tumor resistance while inducing a synergistic effect with
adriamycin on cancer cell death. The results showed that
the scaffold displayed explosive release in glioma (U251)
cells and non-small cell lung cancer (H1299), followed by
gradual siRNA release, inducing sequence-specific gene
silencing. When chitosan nanoparticles were combined
with doxorubicin, a synergistic decrease in cancer cell
viability was observed. It is speculated that this synergy can
be attributed to the increased uptake of doxorubicin, cell
membrane destabilization, and the combined use of drugs
to induce apoptosis or necrosis (44).

Application in orthopedics

Traditional orthopedic surgery has a poor therapeutic
effect on rotator cuff tendon-bone injuries. The rotator
cuff tendon fails to heal after repair in more than
90% of patients (45,46). Studies have shown that the
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differentiation ability of BM-MSCs can improve the
rotator cuff functionality after tear repairs. In addition,
bone morphogenetic protein 12 (BMP-12), also known as
growth differentiation factor 7, it has a substantial impact
on tendon repair and tendon-like tissue formation (47,48).
A recent study developed a 3D printed polylactic acid-
glycolic acid (PLGA) scaffold, on which they planted rabbit
BM-MSCs with high BMP-12 expression. Compared with
the control group, the BM-MSCs transfected with the
BMP-12 overexpression vector significantly increased the
expression of biomarkers related to tendon differentiation.
The collagen fibers, chondrocytes, and fibrocartilage at the
junction of the tendon and bone increased significantly,
compared with the control group. Moreover, the animals
in the experimental group displayed better biomechanical
effects at 4, 8, and 12 weeks after surgery (49).

Another study involved implants for personalized cell
therapy for bone repair, loaded with the transcription factor,
GET-RUNX2, polymer (polyethylene glycol/polyethylene
glycol) microparticles, and temperature-sensitive materials,
which were mixed and then co-printed on mesenchymal
stem cells. In vitro studies have shown that the sustained
release of RUNX2 from the encapsulated microparticles
induces a higher osteogenic effect in seed stem cells under
the action of transcription factors. A scaffold was used
during in vive experiments to fill the defect of the distal
femur of nude mice, significantly increasing the volume of
high-density bone formation after 6 weeks (50).

The research strategy mentioned above mainly combines
scaffolds, growth factors, and seed cells to regulate bone
formation. However, the clinical application of cell-based
tissue engineering faces many challenges, such as activity
and cell sources, immune rejection, extended treatment
time, and high cost (51). A recent study wrapped the
vascular endothelial growth factor (VEGF) gene in ATDC5-
derived exosomes to construct engineered exosomes that
were gene-activated. The specific extracellular anchor
peptide, cp05, was used as a flexible linker to effectively
combine the engineered extracellular nanoparticles with
the porous bone scaffold obtained via 3D bioprinting.
The results showed that a significant amount of new bone
tissue and many blood vessels were evident in the bone
defect of the rat 12 weeks after implanting the engineered
exosome scaffold. Contrarily, the control group scaffold was
mainly filled with soft, fibrous connective tissue containing
randomly oriented low-density collagen fibers and blood
vessels. Therefore, the engineered exosomes could be used
as an osteogenic matrix to induce the differentiation of
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mesenchymal stem cells in an osteogenic direction and as a
gene carrier for the controlled release of the VEGF gene to
rebuild the vascular system (52).

Application in dermatology

The skin surface plays a crucial role in maintaining body
fluid balance and regulating body temperature. It provides
a barrier against the outside world (especially against
pathogenic microorganisms) and regulates many metabolic
processes (53). Burns represents the leading cause of skin
damage. According to the latest report of the World Health
Organization, about 265,000 people die from thermal burns
every year (54). Various innovative treatment methods,
such as stem cells and other types of cell therapies, as well
as gene-editing combined with 3D scaffold therapies, have
significantly improved wound healing. A previous study
combined MSCs with the hepatocyte growth factor (HGF), a
chemical inducer of MSC loaded in collagen and silk fibroin
scaffolds, to explore the suitability of MSCs for treating
chronic wounds or burns. Here, the active HGF was released
from the scaffold, inducing direct cell migration and leading
to the endogenous recruitment of mesenchymal stem cells
from the local environment in the 3D scaffold (55).

Gene editing technology, such as the clustered regularly
interspaced short palindromic repeat (CRISPR)/Cas9 system,
improves the bacterial immune system and uses single guide
RNA (sgRNA) to further activate the Cas9 endonuclease at
the action site (56). This facilitates further DNA cleavage at
the target site. Advanced technology, such as the CRISPR/
Cas9 system, employs genome engineering, the integration
of which into 3DP applications may present a powerful
gene therapy method (57). Gene-editing via a CRISPR/Cas
system has been introduced to modify the genomes of various
microorganisms and eukaryotic cells (58). The CRISPR/
Cas9 system can be used to reprogram primary fibroblasts
to produce induced pluripotent stem cells (IPSCs). IPSCs
themselves may differentiate into other cell types, such as
mesenchymal stem cells and keratinocytes, representing
the most significant cells for wound regeneration (59).
Furthermore, the CRISPR/Cas system is used in gene
therapy for wound healing and skin diseases. Here, the
designed gene therapy system enhances the expression of
skin growth factors, such as the epidermal growth factor,
the platelet-derived growth factor, the transforming growth
factor-P, and the fibroblast growth factor. In addition, the
concept of using the gene-editing tool, CRISPR/Cas, to
reprogram stem cells (such as IPSCs) was proposed, where
the reprogrammed cells could be integrated into the made
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3D scaffold for wound repair applications. However, this
system requires more research to realize its full potential (6).

A recent study has made progress regarding leukemia
treatment. Leukemia stem cells (LSCs) refer to pathogenic
acute myeloid leukemia (AML) cells and are among the
reasons for AML recurrence. Treatments that remove LSCs
may increase a patient’s chances of overcoming this type of
cancer (60). Therefore, a lipid-encapsulated Cas9/sgRINA
ribonucleoprotein [lipid nanoparticles (LNP)-Cas9RNP] was
used to target the key gene, interleukin-1 receptor helper in
human LSC protein (ILIRAP). To enhance LSC targeting,
the LNP-Cas9RNP and chemokine CXCL12 were loaded
onto the nanofiber (MSCM-NF) scaffold wrapped in the
membrane of the mesenchymal bone marrow stem cells that
mimic the bone marrow microenvironment. The results
showed that CXCL12RNP release caused LSC migration to
the scaffold, while the LNP-Cas9RNP induced efficient gene
editing. ILIRAP gene knockout reduced the colony-forming
ability of LSC and the burden of leukemia, while stent
administration increased the LNP-Cas9 residence time in the
bone marrow cavity (61). In conclusion, the continuous local
delivery of Cas9/IL1RAP sgRNA via the CXCL12LNP/-
NF scaffold provides an effective strategy for inhibiting LSC
growth to improve AML treatment.

Although various clinical treatments for skin burn
healing have shown reasonable results, more than 50% of
wounds still fail to heal (62). Over the past 10 years, 3D
bioprinting has made significant progress in regenerating
transplantable tissues and even organs (such as skin, bones,
and ears) to restore or repair damaged bodies. A recent
study used human amniotic epithelial cells (AECs) and
Wharton’s jelly-derived mesenchymal stem cells (WJMSCs)
as seeds. The double-layered membrane structures of the
cells were obtained via 3D bioprinting. Human vascular
endothelial cells showed better epithelial cell phenotypes
during in vitro experiments, while WJMSCs exhibited
enhanced angiogenic potential and fibroblast phenotypes.
A higher cell survival rate (>95%) was also observed 6 days
after printing, showing potential for the future use of 3D
bioprinting technology for skin engineering (63). The
overall situation regarding the research involving gene
therapy or the regulation using scaffolds obtained via 3D
bioprinting in this article is depicted in Figure 2.

Future trends

Gene-printing
3D bioprinting provides a carrier and delivery system for

© Annals of Translational Medicine. All rights reserved.

Page 7 of 11

seed cells. It is worth noting that the relationship between
the structure of the molecule and its function is crucial.
Developing dynamic 3D bioprinting models rely on their
biochemical information, while the molecular information
provided by nucleic acids, their interactions, functions,
and specific mechanisms may lead to enhanced delivery
systems (27). However, current DNA synthesis methods
face several challenges, such as errors caused by genome
sequencing, excessively long oligonucleotides, low yields,
time-consuming processes, and the limitations presented by
the laboratory environment and conditions (27). Therefore,
direct gene-printing has attracted increasing attention
since it provides a fast, convenient, and efficient way for
producing nucleic acids while simultaneously avoiding the
limitations mentioned above during the production process.
San Francisco-based Cambrian Genomics has developed
a DNA production technology based on laser printing.
The method involves launching a computer-controlled
laser beam into a glass tray containing millions of metal
beads, each of which includes DNA. The impact of the
laser pushes the beads carrying the correct DNA into the
tray and screens them. Good DNA is sent to the collected
flowing cells, leaving behind any unwanted or defective
DNA. This process exponentially increases the DNA
production process, making it faster, more convenient, and
economical (64). It can be used to develop specific genome
sequences for the gene therapy of human diseases, such
as using genetic engineering to develop new drugs or to
change protein sequences in tumor diseases.

Synthetic Genomics has developed a fully automated
DNA printer (BioXp 3200 system) that first submits the
gene sequence to the software, after which customized
reagents are selected. The system is then loaded and
activated to sequence and clone the DNA fragments. The
pUCGA 1.0 DNA clone obtained from the BioXp system
displayed a high cloning efficiency. The cloning efficiency
of DNA fragments less than 900 bp in length exceeded
90%, while the overall cloning efficiency was 83% (65).

4D printing

4D printing may replace 3D printing as an effective
platform for seed cell and gene delivery in the future.
Traditional 3D printing only considers the initial state of
the printed object and assumes it is an inanimate static
scaffold. However, this insufficient for responding to the
complex microenvironment in the body and constructing
tissues or organs (66). 4D printing is defined as “3D
printing + time”, in which the features (such as shape,
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attributes, or functions) of the manufactured object can be
stimulated via internal and external environmental stimuli
(such as chemical agents, temperature, mechanical stress,
radiation, and pH, as well as electrical and magnetic fields),
which changes over time (67,68). This technique may be
useful in tissue engineering.

However, 4D printing currently faces many obstacles,
which it must overcome to fully realize its potential in
manufacturing technology. Some of the main obstacles
include a decrease in the mechanical strength of the
material and a longer response time to stimuli, resulting
in a slower shape change rate (69). Therefore, more
energy and expertise should be invested in developing
new multifunctional 4D inks to improve 4D printing

technology.
Conclusions

3D bioprinting combined with gene-editing technology
provides an efficient and accurate delivery system for

© Annals of Translational Medicine. All rights reserved.

personalized tumor therapy, enhancing the targeting
effect while maintaining the integrity of the fabricated
structure. It exhibits significant application potential in
developing tumor drugs. In addition, scaffolds obtained
via 3D bioprinting provide gene therapy applications for
skin and bone healing and repair and inducing stem cell
differentiation. However, the research in this field has
remained preliminary or at the laboratory stage for many
years. This may be attributed to the complexity of the cells
and microenvironment in the human body and failure to
establish good interaction between the materials and the
cells, making it challenging to maintain or simulate the
in vivo environment. This has widened the gap between
laboratory research and clinical application in this field. In
addition, the cells and genes used for 3D bioprinting must
be regulated to address product functionality and ethical
challenges. However, with the further clinical development
and 4D printing technology, combined with the maturity
of gene-editing technology, this field exhibits considerable
potential for research and disease treatment in the future.
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