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ABSTRACT

The pharmaceutical industry is experiencing a
paradigm shift with the integration of 3D printing
technology in drug formulation and delivery. This
cutting-edge approach enables the customization of
drug dosage, release profiles, and shapes, tailoring
medications to individual patient needs—ushering
in an era of personalized medicine. This review
explores the principles, techniques, materials,
regulatory aspects, and current applications of 3D
printing in pharmaceutical sciences. Special
emphasis is placed on its impact on drug delivery
systems, including oral, transdermal, and
implantable formulations. The article also discusses
recent FDA approvals, and the future prospects of
this technology in clinical settings.

l. INTRODUCTION

3D printing is a transformative technology
that fabricates objects layer-by-layer, translating
digital designs into tangible, three-dimensional
(3D) structures. Its inception in the 1980s marked a
pivotal moment in manufacturing, evolving from a
niche process to a versatile tool across many
industries  including drug  delivery.  This
revolutionary method stands in stark contrast to
traditional subtractive manufacturing techniques, as
it builds objects by adding material layer upon
layer, offering unparalleled design freedom and
complexity. At its core, 3D printing leverages a
variety of materials, ranging from plastics and
metals to ceramics and biomaterials. Each material
possesses distinct properties, making it suitable for
diverse applications.

These techniques differ in their material
deposition, bonding mechanisms, and applicability,
enabling tailored solutions for different industries
and material requirements. The past decade has
witnessed an unprecedented surge in publications
related to 3D printing technologies, reflecting the
growing interest and advancements in this
transformative field. In 2013, there were 941
publications, and this number has soared to over
15,646 by the end of last year (2023) notably, the

majority of these publications, accounting for more
than half, have been research papers predominantly
concentrated in the materials and engineering
sections. This exponential growth underscores the
profound impact and multifaceted applications of
3D printing across various disciplines, positioning
it as a cornerstone in contemporary research and
innovation.

In medical and pharmaceutical industries,
3D printing marks a watershed moment, promising
to revolutionize drug delivery and personalized
medicine. It enables making of specific dosage for
patients with specific drug concentrations, shapes,
and release profiles, challenging the one-size-fits-
all style of conventional pharmaceuticals.
Additionally, 3D printing facilitates the production
of complex drug formulations, such as multi-drug
combinations in a single dose or controlled-release
systems, enhancing therapeutic outcomes and
patient compliance. The technology’s fosters rapid
prototyping, intricate product designs, and on-
demand manufacturing, streamlining production
processes and reducing waste. This comprehensive
review holds a distinctive position among existing
literature by seamlessly intertwining two intricate
domains 3D printing technology and drug delivery
systems. Unlike conventional works that merely
explore the individual facets of 3D printing in drug
delivery, this review delving into the technical
intricacies of various 3D printing methodologies
alongside the complexities of drug delivery
systems, it offers an all-encompassing perspective,
catering to the interests of researchers and
practitioners. What sets this paper apart is its
forward-thinking approach, dissecting the future
prospects and potential advancements in both 3D
printing and drug delivery. Discussing the
applications of different 3D printing technologies
in printing various forms of drugs including tablets,
capsules, implants, orodispersible films, patches
and other forms of loaded drugs. It does not just
elucidate current understandings but propels
readers towards future innovations, outlining
potential challenges and paving a path for
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prospective research, making it a beacon for
interdisciplinary collaboration between material
science, pharmaceuticals, and technology.

Overview of conventional drug formulation
methods

Conventional drug formulation methods
refer to the traditional approaches used in the
development and manufacturing of pharmaceutical
products. These methods aim to ensure that drugs
are safe, effective, and stable throughout their shelf
life. The formulation process transforms active
pharmaceutical ingredients (APIs) into usable
dosage forms such as tablets, capsules, ointments,
or injectable

1. Solid Dosage Forms

a. Tablets

e Process: Granulation (wet or dry), blending
with excipients, compression.

e Advantages: Stable, convenient, cost-
effective.

e Limitations: Slower onset of action, not
suitable for all APlIs.

b. Capsules

e Types: Hard gelatin capsules (filled with
powders or granules), soft gelatin capsules (for
liquids or semisolids).

e Advantages: Taste masking, easy to swallow,
flexible formulation.

2.Liquid Dosage Forms

a. Solutions and Syrups

e Process: Dissolving API in a solvent (usually

water), adding sweeteners/flavoring agents.

Advantages: Quick onset, suitable for

pediatric and geriatric patients.

e Limitations: Less stable, shorter shelf life.

b. Suspensions and Emulsions

e Suspensions: Solid particles dispersed in
liquid.

e Emulsions: Oil and water mixtures stabilized
by emulsifiers.

e Challenges: Physical instability, require
shaking before use.

3. Semi-solid Dosage Forms

a. Ointments, Creams, Gels

e Applications: Topical delivery for local or
systemic effects.

e Base materials: Hydrocarbon bases, water-
miscible bases.

e Key considerations: Viscosity, spread ability,
absorption.

4. Parenteral Dosage Forms

a. Injections (1V, IM, SC)

e Process: Sterilization, aseptic processing,
packaging in ampoules/vials.

e Advantages: Rapid action, 100%
bioavailability.

e Challenges: Requires sterility, skilled
administration, and higher costs.

5. Inhalation Dosage Forms

e Includes: Metered dose inhalers (MDIs), dry
powder inhalers (DPIs), nebulizers.

e Uses: Respiratory disorders like asthma,
COPD.

o Key challenges: Particle size control, patient
coordination.

6. Transdermal and Topical Patches

e Mechanism: Drug absorption through the skin
into systemic circulation.

e Advantages: Bypasses first-pass metabolism,
sustained release.

e Limitations: Limited to small, lipophilic
drugs.

Key Excipients in Conventional Formulations

e Binders: e.g., starch, cellulose.

Fillers/Diluents: e.g., lactose, mannitol.

Disintegrants: e.g., sodium starch glycolate.

Lubricants: e.g., magnesium stearate.

Preservatives: e.g., parabens.

Conventional drug formulation methods
have been the foundation of pharmaceutical
development for decades. Despite advancements
like 3D printing and nanotechnology, traditional
methods remain essential due to their reliability,
scalability, and regulatory acceptance.

Need for innovation in drug delivery systems

The innovation in drug delivery systems
(DDS) is driven by the need to overcome the
limitations of conventional dosage forms and
improve patient outcomes. Here's an overview of
the key reasons why innovation in drug delivery
is essential

1. Enhanced Therapeutic Efficacy

e Targeted Delivery: Innovative systems like
liposomes, nanoparticles, and antibody-drug
conjugates enable delivery of drugs directly to
the site of action, reducing off-target effects.

e Controlled Release: Sustained and controlled
release formulations maintain optimal drug
levels in the body for extended periods.
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2. Improved Patient Compliance

e Simplified Dosing: Long-acting injectable,
transdermal patches, and oral controlled-
release systems reduce dosing frequency.

e Non-invasive Routes: Innovations such as
nasal sprays, inhalers, and microneedles offer
painless alternatives to injections.

3. Reduction of Side Effects

e Precision Delivery: Localized drug delivery
minimizes systemic exposure and adverse
effects.

e Smart Systems: Stimuli-responsive systems
(e.g., pH, temperature-sensitive) release drugs
only under specific conditions.

4. Overcoming Biological Barriers

e Blood-Brain Barrier: Nanocarriers and
ligand-modified systems can transport drugs
across restrictive barriers.

e Gastrointestinal Challenges: Enteric-coated
and mucoadhesive formulations protect drugs
from degradation and enhance absorption.

5. Personalized Medicine

e 3D Printing: Enables patient-specific doses
and combination therapies.

e Gene and Cell Therapy Delivery: Requires
advanced delivery vectors like viral systems or
lipid nanoparticles.

6. Treatment of Chronic and Complex Diseases

e Cancer, Diabetes, HIV, CNS Disorders:
Require innovative systems for sustained,
localized, or periodic delivery to manage long-
term conditions effectively.

7. Addressing Poor Bioavailability

Solubility Enhancement: Nanocrystals, solid
dispersions, and self-emulsifying drug delivery
systems (SEDDS) improve the bioavailability
of poorly soluble drugs

8. Environmental and Economic Considerations

e Green Formulations: Innovations can lead to
more sustainable manufacturing processes and
reduce environmental impact.

o Cost-Effective Therapies: Advanced DDS
can reduce overall healthcare costs by
improving treatment efficiency and reducing
hospital stays.

Innovation in drug delivery systems is not
just a scientific pursuit but also a clinical necessity.
It bridges the gap between pharmaceutical potential
and therapeutic success by optimizing how drugs
are administered, absorbed, and utilized in the
body.

Emergence of 3D Printing Technology

3D printing, also known as additive
manufacturing, has evolved rapidly since its
inception in the 1980s. Originally used for
prototyping in the automotive and aerospace
industries, it has now expanded into diverse fields
including healthcare, construction, fashion,
education, and pharmaceuticals.

o Key Milestones in Emergence:

o 1984 — First 3D printer invented by Charles
Hull using stereolithography (SLA).

o 2000s - Expansion to fused deposition
modeling (FDM), selective laser sintering
(SLS), and other techniques.

o 2010s onward — Increased accessibility, lower
costs, and applications in personalized
medicine and bioprinting.

Advantages of 3D Printing Technology:

1. Customization and Personalization:

o Enables creation of patient-specific medical
devices, prosthetics, and implants.

o Allows tailored drug doses and designs in
pharmaceuticals.

2. Rapid Prototyping and Development:

o Shortens design-to-production time.

o Facilitates testing and iteration of new
products quickly.

3. Reduced Waste and  Cost-Effective
Manufacturing:

o Uses only the material required, minimizing
waste.

o Lower tooling and material costs compared to
traditional manufacturing.

4. Complex Design Capabilities:

o Can fabricate intricate structures that are
difficult or impossible to produce by
traditional means.

5. On-Demand Production:

o Eliminates need for mass production and
inventory storage.

o Facilitates local, just-in-time manufacturing.

6. Applications in Medicine and Pharma:
o 3D-printed organs and tissues (under research).
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o Drug printing for controlled release and
polypills (multi-drug combinations).

7. Sustainability:
o Potentially more environmentally friendly by
reducing transport needs and material usage.

Principles of 3D Printing

3D printing, also known as additive manufacturing,
is a process of creating three-dimensional objects
from a digital file by layering materials. The core
principles of 3D printing include:

1. Additive Manufacturing Process

e Objects are createdlayer by layer from the
bottom up.

e Unlike subtractive manufacturing (e.g.,
machining), it adds material only where
needed, reducing waste.

2. Digital Design

e The process starts with a 3D digital model,
usually created using CAD (Computer-Aided
Design) software.

e The model is converted into a STL
(Stereolithography) or other compatible file
format for printing.

3. Slicing

e The 3D model is sliced into horizontal layers

using slicing software.

Instructions (G-code) are generated for the

printer to follow during the build process.

4. Material Deposition

e The printer deposits material (like plastic,
resin, metal, or ceramic) precisely based on
the sliced layers.

e Common deposition methods include FDM
(Fused  Deposition  Modeling), SLA
(Stereolithography), and SLS (Selective
Laser Sintering).

5. Layer-by-Layer Fabrication

e Each layer is addedsequentially and solidifies
or bonds to the previous layer.

e Accurate alignment and control are essential to
maintain ~ dimensional  accuracy and
structural integrity.

6. Controlled Environment

e Certain 3D printers require temperature
control, inert atmospheres, or UV light
exposure to cure or solidify materials
effectively.

7. Post-Processing

e  After printing, post-processingmay be needed,
such as support removal, surface finishing,
or curing to enhance the final product's
properties.

8. Customization & Complexity

e 3D printing allows for high customization and
the creation of complex geometries that are
difficult or impossible with traditional
manufacturing.

Types of 3D printing techniques used in pharma
In the pharmaceutical industry, 3D

printing (3DP) is revolutionizing drug formulation

and delivery by allowing for personalized

medicines, complex drug release profiles, and on-

demand production. Several types of 3D printing

techniques are used in pharma, each with unique

advantages

1. Fused Deposition Modeling (FDM)

e Process: A thermoplastic filament (often drug-
loaded) is melted and deposited layer by layer.

e Applications: Solid oral dosage forms,
personalized tablets.

e Advantages: Cost-effective, suitable for heat-
stable drugs, easy to scale.

2. Inkjet Printing (Drop-on-Demand)

e Process: Droplets of ink (drug solution or
binder) are deposited on a substrate.

e Types:

o Continuous Inkjet

o Drop-on-Demand Inkjet

e Applications: Precise dosage control, layered
drug release profiles.

e Advantages: High precision, low waste, good
for heat-sensitive drugs.

3. Stereolithography (SLA)

e Process: A laser cures a photosensitive resin
layer by layer.

e Applications: Micro-structured drug carriers,
complex implants.

e Advantages: High resolution, smooth surface
finish.

I

. Selective Laser Sintering (SLS)
Process: A laser fuses powdered materials
together.
Applications: Porous tablets for rapid
disintegration, implants.
Advantages: No need for binders, good
mechanical strength.
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5. Semi-Solid Extrusion (SSE)

e Process: Semi-solid materials (drug-polymer

paste) are extruded through a nozzle.

e Applications: Buccal films, chewable tablets,

personalized dosage forms.

e Advantages: Operates at low temperatures,

suitable for thermolabile drugs.
6. Binder Jetting

e Process: A liquid binder is deposited to join

powder particles layer-by-layer.
e Applications:

Fast-dissolving tablets (e.g.,

Spritam® - the first FDA-approved 3D

printed drug).

Advantages: Quick disintegration, suitable for
high drug loading.

7. Digital Light Processing (DLP)

Process: Similar to SLA but uses a digital light
projector to cure resin.

Applications:  High-resolution  implants,
microstructures.
Advantages: Faster than SLA, good for

precision parts

Use Case

Oral tablets, polypills

Precise dose delivery, layered release
Implants, microdevices

Porous structures, implants

Buccal films, soft tablets

Technique Drug Stability Precision
FDM Heat-stable drugs Moderate
Inkjet Printing  Heat-sensitive drugs High
SLA/DLP Photosensitive drugs Very High
SLS Heat-stable drugs High

SSE Heat-sensitive drugs Moderate
Binder Jetting Broad range Moderate

Advantage and Limitations
Applications of 3D Printing in Drug Delivery

1. Personalized Medicine

o Tailors drug dosage, shape, and release profile
for individual patients based on age, weight,
genetics, or disease state.

2. Polypills (Multi-drug Tablets)

o  Combines multiple drugs with different release
profiles into one tablet, improving patient
compliance.

3. Modified Release Dosage Forms

o Enables fabrication of tablets with immediate,
delayed, or sustained release characteristics in
a single print.

4. Pediatric and Geriatric Drug Delivery

o Allows for dosage customization, flavoring,
and easier-to-swallow shapes for children and
elderly patients.

5. Rapid Prototyping of Drug Products

o Accelerates development of new drug forms

and testing of novel formulations.

Fast-disintegrating tablets (e.g., Spritam)

6. On-Demand Manufacturing

Drugs can be printed in remote or emergency
settings (e.g., space missions, battlefield, rural
areas).

o

7. Implantable Drug Delivery Systems

o Customized implants can deliver drugs locally
over extended periods (e.g., cancer therapy,
bone regeneration).

Advantages of 3D Printing in Drug Delivery

e Customization of dose, shape, and release
profile

e Improved patient compliance
polypills or tailored designs

e Reduced side effects by controlled release and
targeted delivery

e Lower drug wastage and enhanced efficiency

through

e Rapid prototyping and faster product
development

e Complex geometries and multilayered
structures possible

e Local/on-demand production, reducing

reliance on centralized manufacturing
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Limitations of 3D Printing in Drug Delivery

e Regulatory challenges — Lack of standardized
guidelines for 3D-printed drugs

e Limited availability of
pharmaceutical-grade materials

e High initial cost of equipment and setup

e Low production speed — Not ideal for mass
production

e Stability issues — Some drugs may degrade
during the printing process

e Complex process validation and quality
control

e Need for  skilled
interdisciplinary knowledge

printable

personnel and

Future Perspectives

3D printing, also known as additive manufacturing,
is revolutionizing the pharmaceutical industry by
enabling the production of personalized and
complex drug formulations. Looking ahead, several
promising directions are expected to shape the
future of this technology:

1. Personalized Medicine

e Customized Dosage Forms: 3D printing
allows tailoring of drug doses according to
patient-specific needs (age, weight, and
metabolism).

e Polypills: Single tablets with multiple drugs,
each with different release profiles, improving
compliance and treatment efficiency.

2. On-Demand Manufacturing

e Point-of-Care Printing: Medications can be
printed in hospitals, clinics, or even
pharmacies, reducing dependency on large-
scale manufacturing.

e Emergency Use: Rapid production of essential
drugs during pandemics, disasters, or for rare
diseases.

3. Complex Drug Delivery Systems

e Controlled Release: Complex geometries can
be designed to control the release kinetics
(immediate, sustained, and delayed).

e Targeted Delivery: Structures can be tailored
for site-specific delivery (e.g., gastrointestinal,
transdermal, pulmonary).

4. Bioprinting and Regenerative Medicine

e Tissue Engineering: Printing of tissues,
scaffolds, and organoids for drug testing or
transplantation.

Cell-Laden Dosage Forms: Future dosage
forms may include live cells for advanced
therapies.

5. Integration with Digital Health

e Smart Dosage Forms: Embedded sensors in
tablets to track ingestion and therapeutic
response.

e Data-Driven Customization: Al and patient
data integration to optimize dosage design and
timing.

6. Expansion into Biologics and Vaccines

e Thermo-sensitive Drugs: Advancements in
printer technology will support the printing of
sensitive biologics (like peptides, proteins, and
mRNA).

e Vaccine Printing: Future systems may print
vaccine patches or oral vaccine formulations.

7. Regulatory Evolution

e Guideline Development: Regulatory bodies
like the FDA and EMA are expected to
develop robust frameworks for approving 3D
printed drugs.

e Quality Control Advances: Real-time
monitoring technologies (e.g., in-line NIR
spectroscopy) for ensuring product
consistency.

8. Sustainability and Cost Reduction

e Reduced Waste: Additive manufacturing uses
only required material, reducing waste.

e Decentralized Production: Minimizes
transportation, lowering carbon footprints and
costs.

I1.  CONCLUSION

The future of 3D printing in
pharmaceuticals is highly promising, with
transformative potential across drug development,
manufacturing, and personalized healthcare.
Continued advances in materials science, printer
technology, regulatory frameworks, and integration
with Al will drive its widespread adoption in the
coming years.
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