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Abstract

Layer-by-layer deposition of cells, tissues and similar molecules provided by additive manufacturing techniques such as 3D
bioprinting offers safe, biocompatible, effective and inert methods for the production of biological structures and biomimetic
scaffolds. 3D bioprinting assisted through computer programmes and software develops mutli-modal nano- or micro-particulate
systems such as biosensors, dosage forms or delivery systems and other biological scaffolds like pharmaceutical implants,
prosthetics, etc. This review article focuses on the implementation of 3D bioprinting techniques in the gene expression, in gene
editing or therapy and in delivery of genes. The applications of 3D printing are extensive and include gene therapy, modulation
and expression in cancers, tissue engineering, osteogenesis, skin and vascular regeneration. Inclusion of nanotechnology with
genomic bioprinting parameters such as gene conjugated or gene encapsulated 3D printed nanostructures may offer new avenues
in the future for efficient and controlled treatment and help in overcoming the limitations faced in conventional methods.
Moreover, expansion of the benefits from such techniques is advantageous in real-time delivery or in-situ production of nucleic

acids into the host cells.
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Introduction

The aspect of modification or structural changes such as re-
placing, splicing, silencing, editing, controlling or inactivating
of a defective gene or delivery of a new gene is known as gene
therapy and it shows various applications in cancers, tumours,
infectious diseases and genetic disorders. [1] Novel nucleic
acid or gene delivery systems based on recombinant DNA
technology are, therefore, researched upon to identify the tar-
get location and transfer the required gene into the cell. The
vehicles of delivery or vectors of gene delivery are mainly of
two types, 1) viral vectors (adenoviruses, lentiviruses, heplex
simplex viruses, retroviruses, etc.) deliver nucleic acids into
target cells that are unable to replicate by themselves, and offer
high transduction and gene expression, whereas 2) non-viral
vectors directly inject gene and gene conjugates into the cell
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via physical (Electro- or sono-poration, microinjections, gene
gun, magnetic or hydrodynamic delivery, etc.) or chemical
methods such as nanocariers (nanoparticles, liposomes,
dendrimers, polymers or oligonucleotides, etc.). [2]
Processes such as introduction of RNA interference (RNA1i)
used for gene silencing, and other nucleic acids such as
shRNAs, siRNA or miRNA opens up potential avenues in
the targeted treatment of variety of disorders such as viral
infective diseases, neuroblastomas, eye disorders, etc. [3, 4]
Gene therapy also focuses on the use of stem cells that are
genetically modified either as a therapeutic agent or a gene
delivery system in wound therapy, skin regeneration or
against scar formation using signals to modify molecular
and cellular activities and mechanisms of the wound or target
tissue. [5, 6] However, gene therapy is a still a complex field
of medicine which further requires extensive research as many
limitations are faced in treatment and delivery of gene to the
target site. Viral vectors develop issues like immunogenicity
(produce immune responses) or toxicity in the body, similarly
non-viral vectors may demonstrate low transfection issues,
while both vectors used in delivery may show off-target ef-
fects, lack in efficiency, purity and cannot contain higher con-
centrations or sizes of the required gene (especially limited
DNA-carrying ability). [2, 7, 8] The clinical success of gene
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therapy is still to be established fully as control release kinetics
and efficacy in delivery of macromolecules (e.g. polypeptides)
are a major challenge. Gene therapy, therefore, requires for a
superior method of gene transfer that surpasses these chal-
lenges of the conventional delivery systems.

On the other hand, 3D printing technology provides real-
time, flexible, stable, diverse and quick result with advance-
ments in novel drug delivery systems and dosage forms by
sequential layering. This technology helps in improving the
conventional dosage forms, targeting the drug to the active site
and controlling of pharmaco-kinetic and -dynamic parame-
ters. It further offers new potentials in medicine by aiding in
the preparation of personalized and controlled release thera-
peutic systems with fabrication of compliant procedures for
patients. [9-13] 3D printing technology enables the produc-
tion of scaffolds that can incorporate nucleic acids, growth
factors, stem cells, etc. and offers a platform for desired (lo-
calized, safe and sustained) release of such molecules in the
body. Furthermore, enhanced or modified gene expression
achieved via 3D scaffolds also opens avenues in tissue engi-
neering, wound healing and skin regeneration.

3D Printing (3DP) and Bioprinting (3DBP)

3D printing (3DP) is a form of additive manufacturing tech-
nique to construct a three dimensional structure wherein a 3D
printer is used to deposit or join successive layers of input
materials on a desired substrate. [14] Similarly, assembly of
body parts such as tissues and organs or the fabrication of
biological elements with the help of such 3D printing process-
es and layer by layer addition of bioinks is known as 3D bio-
printing (3DBP). [15]

The method or mode of action of 3D printing and
bioprinting are different, even though their concepts are sim-
ilar since both the approaches employ the extrusion of com-
pounds and substances to develop a scaffold or structure. The
primary difference arises from the types of materials used for
sequential deposition, where 3D printers use inorganic sub-
stances, while bioprinters use bioactive agents, biomaterials or
biomimetic molecules. Traditional 3D printing technique re-
fers to the use of materials such as polymers, metals, alloys,
plastics, ceramics, resins, etc. [16] which are deposited on the
substrate in a certain sequence (layer-by-layer) to create de-
sired constructs such as implants, surgical instruments, pace-
makers, bone plates, etc. In case of 3D bioprinting, which is an
extension of 3D printing, is aimed at printing biomimetic tis-
sues or cell models such as blood vessels, skin tissues, multi-
cellular structures that can mimic the structure and function of
target tissues. Bioinks used in bioprinting are organic mole-
cules, mainly living cells, and other natural or synthetic bio-
materials such as gelatin, alginate, polymers, hyaluronic acid,
collagen, etc. [15] They also include liquid, paste or gel-based
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scaffolds that act as substrates or glue on which the cells grow
(e.g. cell-laden hydrogels, cell suspensions) [17]. Bioinks are
selected carefully for the bioprinting process so as to maintain
the integrity of the printed system. The type of bioink used
depends on the nature and characteristics of product or tissue.
For example, alginate or hyaluronic acid bioinks enable the
generation of nanocellulose hydrogels which may be used for
bioprinting stem cells and other growth factors that lead to
cartilage matrix production, while collagen is used in produc-
tion of cell-laden structure applicable for regeneration of var-
ious tissues like adipose stem cells. Similarly, silk-type bioink
used in biocompatible gelatin and glycerol hydrogels promot-
ed cellular infiltration and tissue integration [15].

This technology renders many opportunities in the field of
biology, medicine and in healthcare industry such as develop-
ment of drug delivery systems and production of biomimetic
implants, scaffolds, prosthetics or bioelectronics and biosen-
sors. [18] 3D printing combined with the benefits of nanotech-
nology provides with novel techniques for preparation of per-
sonalized or customized therapeutic nanosystems, biomaterials,
smart devices and for improvement in delivery of drugs. [16]
The advantages of 3D printing include enhancement in func-
tional structures of dosage forms or nanocarriers (nanoparticles,
polymers, hydrogels, etc.), regeneration of essential cells, pre-
ferred drug release profile, pre-clinical testing and diagnostic
avenues, enhanced functional properties such as geometry and
anisotropy, less time consuming, economic and cost-effective
manufacturing, high production capacity and yield and tailor-
made and patient compliant therapeutic systems. [14, 17] The
production steps involved in 3D printing are extensively re-
duced as compared to the conventional methods of preparation
of a dosage form which leads to an increase in quality of the
delivery system or dosage form. [14, 16, 18]

The procedure of 3D printing is relatively simple and in-
volves the collection of data from various health monitoring
devices such as CT scanners, MRIs along with the computer-
aided designing software that helps in establishing prototypic
models based on the morphology of the models. [17] In
bioprinting, this step is crucial in developing an anatomical
structure so as to resemble the original biological systems.
Data in the model is individually transferred to the printing
device and later the materials are processed, evaluated and
automatically printed layer-by-layer in real-time according to
the model plan which then solidifies into the actual structure.

The various 3D printing approaches are direct energy depo-
sition, powder bed fusion, binder deposition, inkjet or pen-
based printing, vat polymerization, stereolithography, material
jetting, extrusion, etc. However, bioprinting techniques may be
based on main approaches of: 1) extrusion which involves
pneumatic methods for continuous formation of paste filaments
from hydrogels or melting polymers, such methods can use
high density cells and highly viscous bioinks, however risk
the distortion of cell structure and loss in viability, 2) inkjet or



Stem Cell Rev and Rep (2021) 17:1239-1250

1241

droplet-based method which involves ejection of droplets, rath-
er than filaments through a thermally applied nozzle, 3)
stereolithography (photopolymerization) and laser-induced
stacking of printed materials onto a substrate. [19-21] Factors
such as temperature, pressure, speed required to be controlled
and optimized, especially in bioprinting based on extrusion
methods. The main printing techniques for 3D printing and
3D bioprinting, their characteristics and important materials
for each approach are summarized in Table 1 and the overview
of the printing processes are depicted in Fig. 1.

Applications of 3DP for Genetic Modulation

3D printing and bioprinting have extensive uses in the field of
complex formation through colloidal self-assemblies [22],

tissue or bone regeneration [23-27], neuroblastoma cell cul-
ture systems [28], fabrication of nerve conduit or implant en-
gineering [29-31], alignment of muscle cells [32], in vaccine
delivery [33], molecular diagnostics [34], etc. 3DBP technol-
ogy holds a great potential for gene delivery into the defective
cells for various diseases, in tissue engineering and regenera-
tion medicine and especially in treating bone defects, wherein
the specific nucleic acid is precisely placed into the 3D printed
tissue, organ or a scaffold (bone or muscle implants) for treat-
ment. This is also true for stem cells, enzymes, growth factors
and other bioactive elements that increase the gene expression
since they are assembled into the 3D structures layer by layer.
Some of these 3D printing applications are summarized in
Fig. 2. Similarly, evolution of stem cell or other cell therapy,
nanotechnology and molecular medicine have accelerated in
the last two decades with novel gene delivery systems

Table 1 3DP vs 3DBP — Summary of the main printing techniques involved in both approaches

3D printing (3DP) 3D bioprinting (3DBP) References
Inkjet-based technique [15,
Binder jetting/Drop-on-powder: Selectively dispenses liquid binder Similar to 3DP in method, however, no powder bed is used and 19-21]

solution onto a power bed.

Directing an acoustic wave/ electric heating of print head to generate
pressure pulses to force droplets from nozzle.

Materials used: Polymer, ceramic, glass

Improved printing, controllable volume of liquid droplets, particle
size (50 to 100 pm)

Disadvantage: may involve toxic organic binders, and requires
thermal post-treatments - may denature biomolecules, lack in
precision.

binding liquids are replaced with crosslinked cell-laden hydrogels.
High precision, high speed, ability to form heterogeneous structures
with multiple types of cells.
Disadvantage: Limited resolution, low cell density, narrower range
of materials as compared to 3DP.

Fused deposition modeling

Thermoresponsive/ Thermoplastic polymers extruded through
heated nozzle by rollers and deposited layer by layer, and fused
with previous structures.

Materials used: polycaprolactone (PCL), PLGA, etc. and their
composites.

Does not use potentially-toxic solvents.

Involves multiple prinitng heads and can deliver several materials
simultaneously.

Disadvantage: requires supporting structures, slow cooling and
hardening of thermoplastic polymers — may significantly slow the
printing process.

Selective laser sintering (SLS)

Laser beam on powder layer to sinter particles into a designed pattern
and repeated layer by layer.

Materials: Hydroxyapatite (HAp), tricalcium phosphate, PCL and
polyvinyl alcohol (PVA)

High mechanical strength and low porosity

Disadvantage: requires high temperatures — not applicable for de-
livery of cells or growth factors.

Stereolithography (SLA)

3D extrusion bioprinting

Pneumatic/Pisoton/Screw driven extrusion dispensing system to
obtain continuous filaments in a three-dimensional pattern.
Includes a temperature-controlled material-handling component
and a receiving platform.

Suitable for materials with high viscosity and high cell density.

Materials: Thermoplastic polymers with high viscosity — low
biocompatibility, low cell viability.

Natural Polymers (collagen, gelatin, fibrin, alginate and silk) — poor
printability and low resolution.

3D laser-assisted bioprinting (LAB)

Pulsed laser beam used on cell-laden hydrogels fixed onto a donor
slide (coated with laser absorbing materials) inducing cell-laden
droplets which are propelled onto a receiving substrate (coated
with biomaterials/ medium for cell adhesion).

Microscale resolution and fast deposition.

No shear stress observed (due to nozzle pressure) — preserves cell
shape.

Disadvantage: photo-induced cell damage, crosslinking required to
maintain shape, high cost.

Light-mediated (UV/IR/laser beams) chemical reaction to form 3D scaffolds from photocurable liquid polymer/resin.

Materials: Photosensitive polymers/resins
Well-defined geometry and sub-micrometer resolution.

Disadvantage: slow, resins used are non-biomimetic, includes cytotoxic photo-initiators.
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Fig. 1 Schematic presentation for
3D bioprinting methods
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developed for efficiently transfecting the gene into the host
cell. Nanocarriers, vectors and stimuli-responsive cargo or
conjugation systems are developed with advanced release
properties that help in easy transfer of gene in various editing
techniques. Nanocarriers used in combination with 3D printed
scaffolds are used for their individual characteristics, delivery
of genes and related molecules and controlled release proper-
ties. [35] The methods of preparation for gene modulating and
gene therapeutic scaffolds are summarized in Fig. 3. An ex-
ample of gene delivery this is the study that fabricated a 3D
printed scaffolds for miRNA delivery. Here, poly-lactide
(PLA) 3D printed scaffolds were developed via Tinkercad
software application and extrusion-based method. These scaf-
folds were then coated with Rhodamine-labelled fluorescent
PAMAM dendrimers. Finally FAM-mir-503 (miRNA gene)

Gene therapy

Bone implant manufacturing

Tissue engineering

Cancer applications

Skin and vascular regeneration

Fig. 2 Applications of 3D bioprinting
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was incubated with these functionalized PLA scaffolds. The
transfection of HeLa cells on the PLA scaffolds were evaluat-
ed and cell proliferation was measured. The confocal micros-
copy images showed that the internalization of fluorescent
dendrimer derivatives facilitated cell proliferation on its sur-
face and acted as novel non-toxic delivery vectors for trans-
ferring miRNAs into human cells in in-vitro studies [36].
Applications of 3DBP were also seen in fabrication of ac-
tual cells, tissues and organs as a tissue engineering approach
and for development of biomaterial scaffolds with cell seeding
precision. For example, Chinese Hamster Ovary (CHO) cells
were 3D bioprinted with thermal inkjet technology where
printhead consisted of narrow nozzle channel (diameter:
48 mm) to eject cells and further, these cells were analysed
for cell viability, presence of membrane damages (caused due

3D Printer

N~ L

CADD-assisted
[ J software system




Stem Cell Rev and Rep (2021) 17:1239-1250

1243

ﬂ Stem cells \
2 - $

~

T

> (g Microparticles Polymer
6 Hydrogel @ Hydrogel
Gene elements Cell-based therapy | |
or nanotechnology Bioink
2 Methods for
fabrication of
Bioink gene modulating
scaffolds
3D Printer by
3D Printer Semods o
_ BtE
e (59 seedeawith %
Scaffold Scaffold
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to thermal heat or stress from the inkjet-based system), and
apoptosis. The results demonstrated cell viability of ~89% and
apoptotic cells ~3.5%, while the transient pores in the cell
membrane developed during printing process were repaired
after 2 h of printing. A notable feature of this study is the
delivery of targeted genes like green-fluorescent protein
(GPA) DNA plasmids to CHO-S cells by co-printing method.
The transfection efficiency was found to be above ~30% for
cells printed with GFP-plasmids, whereas GFP expression
was not found in unprinted cells mixed with plasmids. It
was also noted that the transient pores in cell membranes
helped in the effective delivery of gene microparticles, which
further induced growth of engineered tissues. [37] A similar
study used Porcine Aortic Endothelial (PAE) cells to evaluate
gene transfection and cell-based delivery of inkjet-based 3D
printed scaffolds. Here, the in-vitro transfection efficiency was
obtained over ~10% while the post-transfection cell viability
was over ~90%. Furthermore, alternate printing of fibrinogen
and thrombin, followed by direct co-printing of PAE cells and
plasmid DNA in-vivo into subcutaneous tissues of athymic
mice resulted into a 3D cuboid-based fibrin gel constructs
with transfected gene. Targeted delivery of genetically modi-
fied PAE cells into 3D fibrin gel scaffolds was demonstrated
by GFP expression and thus showed a potential in developing
3D scaffolds in-situ for cell-based gene therapy. [38]
Another study used mRNA therapy for repairing calvarial
bone defects by 3D printing of hybrid scaffolds as a delivery
system. This study transfected photoactivated miR-148b-
conjugated silver nanoparticles on bone marrow stem cells
and then loaded the cells into collagen crosslinked 3D scaf-
folds comprised of poly (lactide-co-glycolide) (PLGA),
polycaprolactone (PCL) hydroxyapatite (HAp). A personal-
ized 3D printer (Multi-Arm BioPrinter) was used to mechan-
ically extrude the scaffold frames. The transfected miRNA

cells yielded: 1) higher expression of osteogenetic markers
such as RUNX2 and biomineralization bone sialoprotein
(BSP), 2) enhanced bone formation, and 3) higher bone min-
eral density (~34%) as compared to the non-transfected cells.
This structure was fabricated to overcome the challenges such
as disorganised tissue interfaces, biological instability, short
half-life, poor tissue integration, etc. faced in conventional
craniofacial gene therapy. [39] Similarly, applications of per-
sonalized and local delivery programming factors for bone
repair can be seen in another experiment wherein polymeric
(PLGA/PEG) microparticles (< 50 um) were loaded with tran-
scription factor GET-RUNX2. These microparticles were
mixed with temperature sensitive materials (Pluronic F-127,
etc.) and extrusion-printed via RegenHU 3D Discovery 3D
printer, so that these scaffolds can transform into bone-like
lattice structures when exposed to body temperature. Later
the effects of mesenchymal stem cells were co-printed with
3D scaffolds containing microparticles. The in-vitro studies
demonstrated that the seeded stem cells induced higher oste-
ogenesis action on exposure to the transcription factor due to
the sustained release profile of RUNX?2 from the encapsulated
microparticles. [40] On the other hand, 3D printed scaffolds
are also capable in modulating gene expression as proved by
an experiment, wherein hydrogels were developed for regen-
eration of bone tissue with the help of biocompatible bioinks,
namely gelatin and alginate. The conformational changes in
the fabricated scaffolds such as size, porosity and mechanical
properties altered the osteogenic gene expression of MC3T3-
El cells. [41]

Non-viral gene vectors incorporated in bioprinted struc-
tures as a strategy for regenerative medicine and tissue engi-
neering were prepared in a study. Here, plasmids (pDNA)
were incorporated in nano-hydroxyapatite solution to form
complexes, and then a gene activated bioink was prepared
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by mixing these complexes with RGD-y-irradiated alginate
solution. Then, transfection of these complexes to pig-
derived mesenchymal stem cells (MSCs) was achieved.
Finally, this gene activated bioink was 3D printed with into
a construct by 3D Discovery multi-head system and fused
deposition technique, which co-printed the bioink and melted
poly-caprolactone into mechanically stable scaffolds. The in-
vitro studies also demonstrated better osteogenesis effect of
MSCs due to the effective co-delivery of pDNA encoding
therapeutic genes - Bone Morphogenetic Protein 2 (BMP-2)
and Transforming Growth Factor (TGF-{33). The gene acti-
vated scaffold maintained the gene expression (for over
14 days) and increased vascularity (by 12 weeks) with uni-
form bone deposition. The in-vivo study results over a period
of 1 month also showed significantly increased levels of min-
eral deposition. Thus, this study revealed a tailor-made and
‘point-of-care’ method of gene transfection in osteogenesis
and gene delivery. [42] Similarly, 3D printing also facilitated
the development of other genetically modified bioinks that are
either pore-forming hydrogels that show rapid transfection or
solid bioinks that show sustained effects. These bioinks fur-
ther led to the formation of mechanically enhanced constructs
that offered effective delivery of peptide based pDNA genes
and enabled the establishment of spatially complex tissue
structures. [43] Application of 3D bioprinting was also ob-
served in congenital hip joint dysplasia-induced articular car-
tilage injury characterized with the decreased expression
levels of Growth Differentiation Factor (GDFS5). In this study,
constructs based on genetically inspired polymeric 3D
bioprinted scaffolds were fabricated, wherein the growth fac-
tor gene was conjugated on rabbit-derived bone marrow stem
cells which was then converted into a cell-laden hydrogel and
printed along with PCL. Computer generated tissue models
were used for controlling the organ printing united system
(OPUS). The results exhibited ~95% cell viability with an
enhanced repairing effect in-vivo in rabbit knee cartilage and
further showed even tissue regeneration. [44] Non-viral vector
delivery of gene (DNA) encoding an osteogenic agent called
bone morphogenetic protein-2 (BMP-2) is used in the regen-
erative medicine in order to form bone in-vivo. This study
prepared a gene activated 3D hydrogel for inducing bone
growth and blood vessel formation in the body in case of bone
fractures or other defects. Here, BMP-2 transfected on goat-
derived multipotent stromal cells (MSCs) were combined with
alginate and calcium phosphate particles to fabricate 3D struc-
tures via BioScaffolder system based on 3D fibre deposition
technique. The scaffold provided sustained production and
release of pBMP-2 for 5 weeks and also showed a greater
in-vitro osteocalcin expression from porous bioprinted scaf-
folds (~70%) than from solid scaffolds (~50%) and as com-
pared to conventional controls (<2%). On the other hand,
staining analysis showed negative results suggesting that there
was no apparent bone formation in-vivo at the end of 6 weeks.
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The study concluded that the negative results were caused by
higher alginate concentration used in the scaffold that resulted
in smaller pore size and slow and untimely release of BMP-2,
thereby demonstrating that mechanical aspects of 3D printed
scaffolds play a major role in gene delivery and expression.
[45]

Cell-based gene delivery by fabrication of 3D scaffolds are
explored for the treatment of acquired or hereditary diseases
and established their applications in tissue re-engineering and
treatment of cancers. A study developed micro/macroporous
poly-L-lactide (PLLA) scaffolds which were seeded with
mesenchymal stromal cells (MSCs) derived from murine bone
marrow. These MSCs were genetically engineered to se-
crete erythropoietin (EPO). The scaffolds were fabricated
with solid free-form technology using 3D plotting and pore
leaching techniques, which provides interconnected pores
on the scaffolds. The microporosity of the scaffolds pro-
moted oxygen and nutrient transport thereby enhancing cell
survival and viability, whereas the macropores increased
cell migration. The high surface area, porosity and the stag-
gered offset plotting pattern of the scaffolds increased cell
attachment and proliferation and metabolic activity for over
2 weeks and enhanced the delivery of therapeutic proteins
and soluble gene products. Genetically modified MSCs
promoted the sustained release of soluble gene product
(EPO protein) which also increases with porosity of the
scaffolds. [46]

Primary or secondary metastatic tumors which metasta-
sized to bone are resected during surgery, however, they leave
a void and may lead to recurrence of the tumors due to the
residual tumor. Scaffolds developed by additive manufactur-
ing (3D printing) that fill such void and enable sustained or
prolonged release of drugs may be able to destroy the remain-
ing cancerous cells and hence such structures are explored in
chemotherapy. A study developed a dual-delivery 3D
printed PCL scaffold functionalized with chitosan/siRNA
nanoparticles and doxorubicin, wherein siRNA was used
to induce gene silencing for preventing drug resistance
from the tumors and also in inducing a synergistic effect
with doxorubicin for cancer cell death. Here, the scaffold
showed a burst release which was then followed by slow
release of siRNA which induced sequence specific gene
silencing that was sustained for 7 days in non-small cell
lung carcinoma (H1299) and glioma (U251) cells.
Furthermore, the toxicity studies showed that the syner-
gistic cytotoxicity of chitosan nanoparticles with low con-
centrations of doxorubicin. It was induced in a siRNA
sequence independent manner in lung cancer cells as
compared to non-coated groups. This synergism was
speculated due to increase in the uptake of doxorubicin
via cellular membrane destabilization and/or through in-
duction of apoptosis or necrosis due to the combination of
drugs. [47]
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Gene therapy for the treatment of vascular diseases entails
the use of expression vectors encoding angiogenic factors.
Angiogenic gene therapy involves the transfer of genes,
encoding angiogenic factors and thus promotes the formation
of new vessels (angiogenesis). The main genes used for the
preparation of expression vectors are Vascular Endothelial
Factor (VEGF) and Fibroblast Growth Factor (FGF). [48]
Various studies utilized angiogenic factor VEGF to form a
vascular network in the tissue as an application of tissue re-
generation. A study encapsulated VEGF into nanoparticles by
complexing with dextran sulphate and coacervation by using
chitosan as a polymer. These nanoparticles were then incor-
porated into two types of 3D matrices - PLGA scaffolds and
Matrigel™ hydrogels. The efficiency of VEGF was improved
through encapsulation method and controlled release pattern
from these 3D implants and also improved angiogenesis in-vivo.
Hydrogel-loaded encapsulated VEGF increased angiogenesis
~5-7 fold as compared to hydrogel-loaded free VEGF, while
~3.5 fold increase in angiogenesis was found in encapsulated
VEGF-loaded scaffolds as compared to un-encapsulated VEGF
loaded into PLGA scaffolds [49]. Although this study worked
without 3D printing technology, Matrigel™ (only for mice) [50,
51] and PLGA [52] scaffolds are used as bioinks for bioprinting
applications and hence similar applications can further be ex-
plored in the field of bioprinting for fabrication of implants to
release the growth factors and for tissue regeneration. Similar
platforms for regenerative medicine applications and techniques
for gene delivery from hydrogels are explored, in case of
heparin-chitosan nanoparticles with PEG hydrogels for lentivi-
rus delivery and for expressing VEGF to promote angiogenesis.
The lentivirus-functionalized PEG hydrogels were prepared by
dissolving PEG-acrylate with a photoinitiator, frozen and ex-
posed to UV light (for crosslinking PEG solution). These
hydrogels were then incorporated with heparin-chitosan nano-
particles for immobilizing lentivirus within the porous PEG hy-
drogel structures. The binding and retention of lentivirus in this
formulation led to a sustained and substantial increase in trans-
gene expression in in-vitro as well as in-vivo studies and also
demonstrated improvement in vascular growth. [53]

Moreover, along with gene delivery, the use of 3D printed
gene-based nanosystems can be used in establishing stimuli-
responsive nucleic acid-functionalized biosensors or as sys-
tems to localize DNA signals. An example is the use of
DNA-functionalized bioinks used in additive nanomedicine
manufacturing. This approach was based on the cost-
effectiveness and simple production methods wherein the
DNA provides dynamic and pattern-forming techniques.
Here, DNA strands were incorporated within hydrogels with
the help of a droplet extrusion-based 3D printer (Ultimaker
Original+) assisted with a python script reading software to
localize DNA sequences and program its diffusion properties.
The blend of gelatin, alginate and agarose functionalized with
ssDNA via click chemistry were loaded in the print head and

extruded through the nozzle on glass slides in the preparation
of hydrogels [54]. Another example, of gene-functionalized
3D printing, is the study in which DNA-DNA interaction was
used as a ‘smart-glue’ for adhesion of microparticle assembly
in a colloidal gel in 3D extrusion. The structural integrity of
this gel and assembly of the microparticles in the host cells
was maintained solely by DNA-DNA interactions. Here, first
the suspension of DNA-conjugated polystyrene microparti-
cles were prepared which were later loaded in a computer-
controlled and modified Replicator 3D printer to form a self-
assembled colloidal gel with different 3D shapes. The shape
and pore sizes and rheology of this colloidal system was main-
tained via the complementary DNA linker sequences present
as a glue between successive microparticles. DNA adhesives
or connectors in 3DP provide their applications in designing
of complex colloidal structures. [55] The production of siRNA
and miRNA-loaded nanocarriers for treatment of diseases also
considered as an important application of 3DP in gene deliv-
ery. One study developed 3D printed microfluidic chips as an
indirect method of producing siRNA-polymer nanocomplexes
for downregulation of proteins and silencing of genes.
Different geometries, hydrodynamics and channel designs of
the printed chips provide with difference in efficiencies of the
nanocomplexes. Here, microfluidic chips were 3D printed via
the stereolithography technique using Accura 25 (resin) as the
bioink and COMSOL Multiphysics 5.3a module for design-
ing. Further, nanocomplexes were fabricated by injecting
siRNA solution through central inlet, the PAMAM polymer
dendrimer through side inlets and their flow rates were con-
trolled and both the solutions were mixed inside the micro-
chips. Optimization of hydrodynamic flow with respect to
different geometry of the microfluidic chips was carried out
with in-silico simulations. The desirable characteristics of the
formed siRNA nanocomplexes such as charge and size were
dependent on the microfluidic chip geometry and could be
modulated with change in channel width, channel size and
angle spacing. Hence, production of nanocomplexes via
microfluidics showed better reproducibility, enhanced time
and quality control due to automatic procedures as compared
to conventional methods. [56] Similar applications of 3D
printed scaffolds, implants and reengineered tissues along
with CAD-assisted devices are established to deliver either
genes (siRNA, mRNA and artificial oligonucleotides) for
gene editing and therapy or to transfer elements (proteins,
enzymes, vaccines) in order to modulate the gene expression.
Conversely, genetically modified biological elements may be
used as bioinks in the stabilization of 3D printed scaffolds, e.g.
elastin-like recombinamers were genetically modified and
used as bioinks for bioprinting of loaded cells. This biomimet-
ic bioink provided conducive environment for cell growth and
proliferation. [57] The overall picture of studies demonstrating
gene therapy or modulation through 3D printed scaffolds is
depicted in Fig. 4.
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Future Trends
Direct Gene-Printing

The relationship between a molecular structure and its func-
tion is extremely important in 3DBP and the lack of this
knowledge leads to errors in manual handling of 3DBP de-
vices and failure of the printed biological structures. The de-
velopment of dynamic 3D printed models in depended on the
information of their biochemistry which needs to be consid-
ered while building such machines. Similarly, the molecular
information provided by nucleic acids, their interactions and
specific mechanisms and functions may lead to better delivery
systems. Current DNA synthesizing methods may face several
limitations ranging from the length of the oligonucleotides
that create errors in the process of correct genome sequencing,
low yield, time consumption, failure in adhesion of DNA se-
quences, toxic chemical reagents used in synthesis and use of
toxic solvents and environmental working conditions of the
lab. Direct gene printing is one of the fields that is gaining
increasing focus as it offers avenues for convenient production
of nucleic acids avoiding the limitations faced in their
manufacturing. Synthetic generation of DNA sequences may
be possible for medical treatments and other healthcare appli-
cations. Cambrian Generics, a biotechnology company based
in San Francisco, used a laser-based technique to print (or sort)
DNA. The DNA is conjugated on metal beads and are scanned
and evaluated by a computer to find the correct sequences for
synthesis. The correct DNA sequence is then bombarded by a
computer-assisted laser beam which is further collected on
glass plate, while the impact of this beam causes the beads
to carry the correct sequences. This technique can be extreme-
ly useful in producing billions of strands at once. It might be
used to develop ideal or exceptional gene sequences to further
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enhance or modify the functions of the body, for example,
engineering of microbial genome for development of new
medicines or changing the protein sequence in the treatment
of cancer. [58—60] The applications can further be extrapolat-
ed in the future for gene editing wherein the faulty gene can be
sorted and removed or the corrected functional gene can be
synthesized. Synthetic Genomics® built an automated 3D
printer (BioXp™ 3200 system) for benchtop synthesis and
cloning of linear DNA fragments (into a plasmid vector) with
an overall efficiency rate of approximately ~83%. This system
generates DNA clones overnight from customized oligonucle-
otide pools prepared from the desired sequence information
and later fed into the system for the cloning process. Here, the
gene sequence is first submitted into the software after which
the custom reagents are selected and the system is loaded and
then run to sort and clone the DNA fragments. It automatically
performs manual functions such as pipetting, mixing, thermal
cycling, purification and storage. [61-63] Gene editing tech-
nologies such as the CRISPR/Cas9 system is a modification of
bacterial immune system that uses a single guide (sg) RNA to
further activate the Cas9 endonuclease to the site of action.
[64] This further helps in cleavage of DNA at the targeted site.
Further advancements in technologies like CRISPR/Cas9 sys-
tem that is used in genome engineering and its incorporation
into 3DP applications may emerge as a robust methods for
gene therapy [65]. Similarly, mobile molecule mRNA printers
or ‘RNA microfactories’ are said to be developed by Tesla
Inc. in order to build mRNA-based vaccines for COVID-19.
[66, 67]

In-Situ Printing

3D bioprinting techniques face limitations with respect to lack
of knowledge on tissue regeneration and structural
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parameters, proper sterilization procedures, and skill to create
new tissues or organs in-vitro. With further advances in 3D
printing with the incorporation of computerized algorithms,
bioinks and materials along with knowledge in mechanisms
and functions of body organs, it is possible to establish in-situ
3D bioprinting or ‘in-vivo bioreactor’ applications. [68] It is a
minimally invasive technique of constructing a functional bi-
ological system (tissue/organs) directly at the damaged or
wounded anatomical site via a machine or device and have
been especially useful in skin regeneration and bone or carti-
lage repair [68—70]. This technology has many benefits such
as it may not require to reproduce the micro-environmental
conditions, is simple to use, can be cost-effective and directly
produce cells or tissues at the site of action. These techniques
include 3D bioprinting via 1) robotic arm approach consists of
real-time printing through a 3-axis movable device which is a
computer-aided real-time tissue designing technique wherein
less human contact is required (although under surgeon’s su-
pervision), or 2) the handheld approach, which is used by the
surgeon, involves preparation of tissues through a flexible and
portable device consisting of a unit that directly deposits bio-
materials on the living cell. These in-situ printing techniques
attempt to print biological systems with ease and accuracy,
however the clinical applications of in-vivo bioprinting are
yet to be established. [68]

4D Printing

3DBP has emerged as an effective platform for the delivery of
gene and has also given rise to the possibility of 4D printing
which measures the functionality of 3D printed structures in
time. The geometry, functions, properties and mechanisms
involved in 3DBP are also evaluated with different stimuli
for development of controlled or sustained delivery systems.
This application of stimuli-responsiveness and time-
dependence in 3DBP leads to 4D printing, wherein the struc-
tures show conformational changes when excited by different
stimuli. 4D printing may carry a potential to further the appli-
cations of in-situ 3DBP and may help in establishing biolog-
ical structures and scaffolds in-vivo. [71]

Summary and Conclusions

3D printing and bioprinting offer a method for artificial syn-
thesis of biological structures or therapeutic delivery systems
in cost- and time-effective manners. These methods encom-
pass layer-by-layer deposition of biomaterials carefully cho-
sen to closely resemble the desired assembly in tissues or cells.
The ongoing research on bioprinting produces living tissues,
bones, vascular structures and even whole organoids at the
laboratory level for drug screening, analysis of various condi-
tions and therapy. 3D bioprinting extends a great potential in

gene modulation and gene delivery as it minimizes the tedious
conventional production and cloning methods as well as en-
hances the targeted action while maintaining the integrity of
the formed structures. Fabrication of nanostructures via 3D
bioprinting for delivering therapeutic and genetic agents into
the host cells offers applications in gene therapy with respect
to tissue engineering, wound healing or skin regeneration, and
especially in osteogenesis and genetic treatment of bone de-
fects. Moreover, it aids in the development of personalized
medicines for patient-specific conditions in carcinoma, in-
flammation, viral infections, etc. These techniques display
potential benefits, however, extensive research is still re-
quired, since 3D printing has not yet been able to succeed in
establishing high quality or fully functioning tissues and or-
gans and the research conducted over the years are only at the
preliminary or laboratory stage. This may be due to the com-
plexities in the cellular structures of the human body and the
immense network of specialized tissues, nerves and other
components that are difficult to be replicated and positioned.
Another problem is that the organelle structures and their con-
stituents also differ from patient-to-patient, so maintaining or
mimicking in-vivo environments becomes difficult, resulting
in the slow progression of 3D bioprinting. The issues in selec-
tion of correct types of softwares, cells and bioinks suitable in
function and printing widens the gap between experimental
and clinical applications of 3D bioprinting. The compatibility
of certain genes and other molecules along with their durabil-
ity and viability with respect to the printing speed and applied
pressure is an area of interest for the fabrication of functional
structures and scaffolds. The sources used for the extraction of
cells and genes for bioprinting applications also need to be
regulated to maintain the level of purity and functionality.
Furthermore, regulatory requirements pose as a challenge in
the acceptance of 3D bioprinted structures. Nevertheless, with
further advancements, establishment of clinical applications,
development of in-situ and 4D printing models for
bioprinting, real-time production of genes and other cell struc-
tures for diseased conditions may terminate the need for long-
term therapies. Incorporation of modern technology such as
artificial intelligence and Internet of Things (IoT), 3D
bioprinting may emerge as one of the prominent techniques
in the preparation of therapeutic delivery systems.
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