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Abstract:- It The concept of tailored medicine for
individual patients have long been there but gained
immense attention only lately. An enormous amount of
interest in 3D printing technology is provided by its
phenomenal application potential in the pharmaceutical
and other health care industries. This 3D printing
technology is all about Layer-by-layer fabrication of
3Dgra objects from digital designs. This review provides
a detailed yet much-focused discussion about 3D printing
technology, the outline of 3D printing-based drug
delivery technology its application in the pharmaceutical
product development process. Based on the method of
material layering, 3D printers are generally inkjet,
extrusion, or laser- based systems. This review discusses
the different types of 3D printer sand their applications
in different areas of drug delivery. A number of recent
researches conducted within the pharmaceutical 3D
printing field for drug delivery applications are also
presented here. In addition to those promising
opportunities, the review identifies technical and
regulatory challenges that restrain the application of
such a technology in the pharmaceutical and healthcare
sector and the suggested steps to overcome such
challenges.
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I INTRODUCTION

A. Emergence of 3D Printing in Healthcare:

3D printing, also known as additive manufacturing, has
revolutionized several industries, including healthcare. It
allows for the creation of highly customized, precise, and
complex structures layer-by-layer based on digital models.

This technology has gained considerable attention in
pharmaceutical and biomedical applications, especially in
drug delivery systems (DDS), where control over drug
release is essential.

B. Customized Drug Delivery:

Traditional drug delivery methods often face
limitations, such as inability to control the release rate,
dosage accuracy, and targeted delivery to specific sites in
the body. 3D printing allows for the customization of drug
delivery systems to meet individual patient needs.
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Personalized drug formulations, including dose
variations, release profiles, and combination therapies, can
be easily achieved, leading to more effective and patient-
specific treatment.

C. Incorporating Multidrug or Combination Therapy:

3D printing allows for the integration of multiple drugs
or active ingredients into a single dosage form, enabling
multidrug or combination therapies. This is particularly
beneficial for treating complex conditions such as cancer,
diabetes, or infectious diseases, where multiple drugs need
to be delivered in a controlled manner.

D. Materials Used in 3D Printing for DDS:

A wide range of biocompatible materials, including
polymers, hydrogels, ceramics, and metals, can be used in
3D printing for drug delivery. These materials can be
designed to degrade over time, releasing drugs in a
controlled manner. Active pharmaceutical ingredients
(APIs) can be incorporated directly into the printing
material, allowing for the creation of dosage forms with
integrated drugcontent.

1. 3D PRINTING IN MEDICINE:

A. Inkjet-based 3D printing system:

e |nkjet-based 3D printing for drug delivery has evolved
from traditional desktop printer technology, adapting the
principle of depositing droplets to create three-
dimensional objects using various materials as inks.

e This approach is divided into two main categories:
Continuous Inkjet (C1J) and Drop- on-Demand (DOD)
printing. While CIJ uses a constant flow of ink
controlled by electrostatic fields, DOD creates drops only
when needed, making it more efficient.

e DOD printers use either thermal or piezoelectric
printheads, with the latter being preferred for
pharmaceutical applications due to its ability to work at
room temperature and compatibility with a wider range
of solvents. DOD printing furtherbranches into drop-on-
liquid and drop-on-solid techniques, each offering
unique advantages for drug formulation. This technology
enables the creation of complex drug delivery systems
with high loading capacity, controlled release properties,
andeven colorful designs to improve patient compliance.
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It's particularly promising for personalized medicine and
has already led to the first FDA-approved 3D-printed
drug. However, challenges remain, including potential
product fragility, stability issues with certain solvents,
and the complexity of ink preparation. Despite these
hurdles, inkjet-based 3D printing represents a significant
advancement in pharmaceutical manufacturing, offering
new possibilities for drug design and delivery.
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Fig 1 Inkjet-based 3D Printing Technology

C. Extrusion-based 3D printing system:

Extrusion-based 3D printing is a prominent technique in
the pharmaceutical industry, particularly for drug
delivery applications. This method involves the layer-by-
layer deposition of materials, allowing for the creation of
complex shapes and customized dosages tailored to
individual patient needs.

There are two primary types of extrusion-based systems
Pressure Assisted Microsyringe (PAM) and Fused
Deposition Modeling (FDM). The PAM technique
utilizes semisolidmaterials or pastes, which are extruded
through nozzles under controlled pressure, enabling
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precise control over
consistency.

This system is particularly advantageous for heat-
sensitive drugs as it operates at roomtemperature. On the
other hand, FDM involves melting thermoplastic
filaments that are then extruded through a heated nozzle
to form layers. While FDM can produce high-resolution
prints, it requires the challenge of preparing
pharmaceutical-grade filaments.

Both techniques have shown significant potential for
producing personalized medications, including polypills
that combine multiple drugs into a single dosage form.

layer thickness and material
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Fig 2 Pressure-Assisted Microsyringe (PAM) Printing Technique (b) Fused Depositionmodeling(FDM) Printing Technique.

1. APPLICATION

A. Oral Drug Delivery:

Oral drug delivery represents one of the most
significant areas where 3D printing has made substantial
impacts. Complex release profile tablets, exemplified by
Spritam (thefirst FDA-approved 3D printed drug), showcase
the ability to create rapidly disintegrating formulations that
are easier to swallow, particularly beneficial for patients
with difficulty taking traditional tablets. 3D printing enables
the fabrication oftablets with multiple release profiles within a
single dosage form, combining immediate
and extended-release components. This technology has also
facilitated the development of multi-compartment capsules,
effectively creating "polypills" that can contain multiple
drugs with different release characteristics. Such polypills
are particularly valuable for patients with complex
medication regimens, such as elderly individuals managing
multiple chronic conditions. Additionally, 3D printing allows
for the creation of gastroretentive dosage forms with unique
geometries designed to be retained in the stomach for
extended periods. These formulations are especially useful
for drugs with narrow absorption windows in the
gastrointestinal tract, ensuring optimal bioavailability and
therapeutic effect.

B. Implantable Devices:

3D printing has revolutionized the development of
implantable drug delivery devices, offering unprecedented
control over geometry, size, and internal structure. Long-
term drug release implants can be 3D printed to provide
sustained drug delivery over extended periods, with
applications in  hormonal therapies, chronic pain
management, and psychiatric disorders. These implants can
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be designed with specific release Kinetics tailored to the
therapeutic needs of individual patients or particular drug
properties. Additionally, 3D printing enables the creation of
biodegradable scaffolds that combinetissue engineering with
drug delivery. These scaffolds can be loaded with growth
factors, antibiotics, or other therapeutic agents to promote
tissue regeneration while simultaneously delivering drugs.
Such combination devices have shown promise in
applications like wound healing, bone regeneration, and
localized cancer therapies, where they can provide structural
support to tissues while delivering therapeutic agentsdirectly
to the site of action.

C. Personalized Medicine:

Personalized medicine represents a key area where 3D
printing is making significant strides in drug delivery. The
technology allows for the production of patient-specific
dosages, tailored to individual characteristics such as
weight, metabolism, and genetic factors. This level of
customization is particularly valuable in cases where
standard dosages are ineffective or cause adverse effects. 3D
printing also enables real-time dose adjustments based on
therapeutic drug monitoring, allowing for more precise and
responsive treatment regimens. In pediatric medicine, 3D
printing offers unique advantages in creating child-friendly
formulations. Medicines can be printed in appealing shapes
and sizes, potentially improving adherence in young
patients. Moreover, the technology allows for precise dosing
based on a child's weight, eliminating the need for
approximations when splitting adult dosage forms. This
capability is crucial in pediatric care, where accurate dosing
is essential for safety and efficacy.
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D. Transdermal Drug Delivery:

In the realm of transdermal drug delivery, 3D printing
has enabled significant advancements, particularly in the
development of microneedle arrays and advanced patch
designs. 3D printed microneedle arrays offer a painless
alternative to traditional injections, with applications
ranging from vaccine delivery to the administration of drugs
like insulin that typically require subcutaneous injection.
These microneedles canbe precisely designed to penetrate
the skin to the optimal depth for drug delivery, enhancing
patient comfort and compliance. Furthermore, 3D printing
facilitates the creation of transdermal patches with controlled
drug release profiles. These patches can be designed with
complex internal structures that modulate drug release over
time, and even incorporate multiple drugs within a single
patch. This technology opens up new possibilities for
combination therapies and personalized medicine in
transdermal applications, potentially improving treatment
outcomes for a wide range of conditions.

E. Targeted Drug Delivery:

In the field of targeted drug delivery, 3D printing is
pushing the boundaries of what's possible at the microscale.
3D printed microswimmers represent a cutting-edge
application, where microscale devices are designed for
targeted drug delivery within the body. These
microswimmers can be engineered to navigate through
bodily fluids and deliver drugs to specific sites, with
potential applications in localized cancer therapies and
treatment of hard-to-reach areas in the body. The technology
also enables the precise engineering of nanoparticles for
improved drug targeting and cellular uptake. By controlling
the size, shape, and surface properties of these nanoparticles,
researchers can optimize their ability to penetrate biological
barriers and deliver drugsto specific cellular compartments.
This level of control is particularly valuable in cancer therapy
and the treatment of intracellular infections, where precise
drug targeting can significantly enhance efficacy while
minimizing systemic side effects.

V. ADVANTAGE:

A. Personalized Medicine

e 3D printing allows for the customization of dosage forms
to meet individual patient needs. This is particularly
valuable for patients who require non-standard doses or
havespecific absorption requirements.

e For example, a child's dose can be precisely calculated
based on their weight and printedaccordingly, rather than
splitting adult-sized tablets.

e |t also enables the creation of polypills, where multiple
drugs are combined into a singledosage form with specific
release profiles for each drug, tailored to the patient's
needs
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B. Complex Geometries:

Traditional manufacturing methods are limited in the
shapes and internal structures they can produce. 3D
printing overcomes these limitations.

Complex internal structures can be created to control
drug release rates. For instance, atablet could be printed
with varying internal densities to create a specific
dissolution profile.

Unusual shapes can be produced, such as toroidal
(donut-shaped) tablets that have a larger surface area for
faster dissolution, or shapes designed to be retained in the
stomachfor extended release.

C. On-Demand Production:

3D printing opens up the possibility of point-of-care
manufacturing.  Hospitals or pharmacies could
potentially print drugs on-site as needed.

This could be particularly valuable in remote areas,
disaster zones, or space missionswhere access to a wide
range of pre-manufactured drugs may be limited.

It also reduces the need for large inventories of rarely-
used drugs, as they could beprinted as required.

D. Cost-Effective Small Batch Production

Traditional drug manufacturing often requires large
batch sizes to be economically viable. 3D printing can
produce small batches cost-effectively.

This is particularly advantageous for rare diseases
where patient populations aresmall, or for early-stage
clinical trials where only a small amount of a drug is
needed.

This is particularly advantageous for rare diseases
where patient populations aresmall, or for early-stage
clinical trials where only a small amount of a drug is
needed.

E. Reduced Waste:

3D printing is an additive process, meaning it only uses
the material needed for the final product. This is in
contrast to traditional subtractive manufacturing methods
that often produce significant waste.

This not only reduces material costs but also makes the
process more environmentally friendly.

It's particularly beneficial when working with expensive
or rare drug compounds.

F. Enhanced Bioavailability:

By controlling the porosity and surface area of the
dosage form, 3D printing can potentially enhance the
dissolution rate and bioavailability of poorly soluble
drugs.

For example, a highly porous structure could be created
to increase the surface areain contact with biological
fluids, enhancing dissolution.
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G. Rapid Prototyping:
e In drug development, 3D printing allows for rapid
prototyping of new dosage forms.

e Researchers can quickly iterate through different designs,
significantly speeding upthe development process.

e This can lead to faster development times and potentially
lower costs for bringing new drugs to market.

H. Patient-Friendly Designs:

e 3D printing allows for the creation of more appealing
dosage forms, which can be particularly important in
pediatric or geriatric populations.

e For instance, medicines could be printed in fun shapes for
children, potentiallyimproving adherence.

e It also allows for the production of easy-to-swallow
shapes for patients who have difficulty with traditional
tablet forms.

V. DISADVANTAGE

A. Material Limitations:

The limited range of materials suitable for both 3D
printing and pharmaceutical use is a significant drawback.
Many excipients and active pharmaceutical ingredients
(APIs) used in traditional drug formulations are not
compatible with current 3D printing technologies. This
incompatibility restricts the types of drugs and delivery
systems that can be produced using 3D printing. For
instance, thermolabile drugs may degrade duringthe heating
process involved in fused deposition modeling (FDM)
printing. Additionally, the 3D printing process itself can
potentially alter the chemical structure or stability of some
drugs, particularly sensitive biomolecules like proteins and
peptides. This alteration can affect the drug's efficacy and
safety profile. The challenge lies in developing new,
printable materials that maintain drug stability and achieve
desired pharmacokinetic properties.

B. Scalability Issues:

While 3D printing excels in producing small batches or
personalized medications, it faces significant challenges in
scaling up to large-scale production. The process is
generally slower than traditional manufacturing methods,
making it potentially inefficient for mass production of
drugs. This slower speed could be a significant drawback in
emergency situations or for drugs in high demand.
Moreover, the cost-effectiveness of 3D printing compared to
traditional manufacturing methods diminishes at larger
scales. The economies of scale that benefit traditional
pharmaceutical manufacturing are not as readily achievable
with current 3D printing technologies. This scalability issue
may limit the application of 3D printing primarily to
personalized medicine and small-batch  production
scenarios, rather than becoming a widespread manufacturing
method for all types of pharmaceuticals.

C. Technical Limitations:

Current 3D printing technologies may not provide the
resolution and precision required for some advanced drug
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delivery applications. This is particularly true for
applications requiring nanoscale features or extremely
precise dosing. For example, creating complexnanostructures
for targeted drug delivery or printing exact quantities of
potent drugs with a narrow therapeutic window may be
challenging with existing 3D printers. The layer- by-layer
nature of 3D printing can also lead to surface roughness or
imperfections in the final product, which may affect drug
release kinetics or patient acceptability. Furthermore, the
printing speed of current technologies is generally slower
than traditional manufacturing methods, which could be a
significant drawback in scenarios requiring rapid production
or for drugs in high demand.

D. Cost Factors:

The cost associated with 3D printing in drug delivery
systems is a significant consideration. The initial investment
in 3D printing equipment can be substantial, especially for
high-resolution printers capable of pharmaceutical-grade
production. Additionally, the ongoing costs of specialized
materials designed for pharmaceutical 3D printing can be
higher than those used in traditional drug manufacturing.
These elevatedcosts could potentially limit the accessibility
of 3D-printed drug delivery systems, especially in resource-
limited settings or for healthcare systems operating under
tight budgets. While 3D printing offers benefits in terms of
personalization and on-demand production, the overall cost-
effectiveness compared to traditional manufacturing
methods, especially for large-scale production, remains a
challenge.

E. Environmental and Sustainability Concerns:

The environmental impact of 3D printing in
pharmaceutical production is an emerging concern. The
process may generate more waste compared to traditional
manufacturing methods, especially when considering failed
prints or support materials. Many of the polymers used in
3D printing are not biodegradable, which could contribute to
environmental  pollution.  Additionally, the energy
consumption of 3D printers, particularly for extended
printing sessions, may be higher than traditional drug
manufacturing processes. As sustainability becomes an
increasingly important factor in pharmaceutical production,
addressing these environmental concerns will be crucial for
the widespread adoption of 3D printing in drug delivery
systems.

VI. CONCLUSION

3D printing technology in drug delivery systems
presents a double-edged sword of innovation and
challenges. While it offers unprecedented opportunities for
personalized medicine, complex dosage forms, and on-
demand drug production, it also faces significant hurdles.
These include material limitations, scalability issues,
regulatory concerns, technical constraints, high costs, lack of
long-term data, and environmental considerations. Despite
these challenges, the potential benefits of 3D printing in
creating tailored medications and innovativedelivery devices
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are too significant to ignore. As research progresses and
technology advances, many current limitations are likely to
be addressed. The future of 3D printing in pharmaceuticals
will likely involve a delicate balance between pushing the
boundaries of innovation and ensuring patient safety and
treatment efficacy. With continued research, regulatory
adaptation, and collaboration among stakeholders, 3D
printing has the potential to revolutionize drug delivery
systems, leading to more effective, personalized, and
accessible treatments for patients worldwide.
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