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Abstract — The emergence of 3D printing has marked a transformative shift in pharmaceutical technology, offering novel
approaches to drug development, formulation, and delivery. By enabling the precise fabrication of complex drug delivery
systems, 3D printing provides opportunities for personalized medication, improving patient-specific treatments and
optimizing drug release profiles. This review explores various 3D printing technologies, such as Fused Deposition Modeling
(FDM), Inkjet Printing, Stereolithography (SLA), and Selective Laser Sintering (SLS), highlighting their principles,
applications, and associated challenges in pharmaceutical manufacturing. The integration of biodegradable polymers,
functional excipients, and novel materials like nanocomposites further enhances the efficacy of printed formulations. Despite
these advancements, the widespread adoption of 3D printing in drug development faces several technological, regulatory, and
economic barriers including hardware limitations, material compatibility, and the lack of standardized regulatory frameworks.
The stability and shelf-life of printed formulations remain critical concerns, requiring ongoing research to ensure long-term
efficacy. Future directions for 3D printing in pharmaceuticals emphasize its potential for on-demand production, personalized
therapies, and collaborative efforts between academia, industry, and regulatory bodies to establish consistent standards. As
technology evolves, 3D printing is poised to play a pivotal role in the next-generation pharmaceutical ecosystem, providing
innovative, patient-centered solutions for drug delivery and treatment optimization.
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1. Introduction

The pharmaceutical industry has traditionally relied on
standardized, large-scale manufacturing techniques to
produce medicines. While this model has supported the
mass distribution of essential drugs for decades, it also
presents significant limitations, especially in today’s era of
precision medicine [1]. Conventional drug development is
often characterized by long development cycles, high costs,
and limited adaptability to individual patient needs. Most
dosage forms are manufactured to suit an average patient,
offering little flexibility in terms of dose adjustment, drug
combination, or release behavior. As a result, personalized
therapy an approach that considers genetic, physiological,
and lifestyle factors remains difficult to implement using
traditional methods [2, 3].

Moreover, modern healthcare increasingly demands
more sophisticated drug delivery systems. From pediatric
patients who require smaller doses in child-friendly forms
to elderly populations who may benefit from multi-drug
combinations in a single tablet, the need for customizable
pharmaceutical solutions is growing rapidly [4, 5]. In
addition, the rise of complex diseases such as cancer,
neurological disorders, and chronic conditions has
emphasized the importance of precise, targeted, and
responsive drug delivery mechanisms [6, 7]. In response to
these evolving demands, three-dimensional (3D) printing,
also known as additive manufacturing, has emerged as a
highly innovative and versatile technology in the
pharmaceutical field. Originally developed for applications
in engineering and prototyping, 3D printing has since made

its way into healthcare, offering exciting possibilities in
drug formulation and production [8, 9]. The core principle
of 3D printing involves fabricating objects layer by layer
using computer-aided design (CAD) models [10]. This
technique allows for exceptional control over the
geometry, internal structure, and composition of the printed
product [11, 12].

When applied to pharmaceuticals, 3D printing enables
the production of highly customized drug dosage forms. It
allows precise control over drug content, shape, size,
porosity, and release profiles [13-15]. This makes it
particularly ~ well-suited for creating personalized
medicines, tailored to meet the specific needs of individual
patients. For example, drugs can be printed in doses that
exactly match a patient's metabolism or condition, and
multi-drug combinations (polypills) can be designed to
simplify treatment regimens and improve compliance [15-
17]. One of the most significant milestones in this area was
the U.S. FDA approval of Spritam® in 2015—the first 3D-
printed drug on the market [17]. This event marked the
beginning of a new era in pharmaceutical manufacturing,
validating 3D printing as a viable and regulatory-compliant
method for drug production [18, 19]. Since then, research
in this field has expanded rapidly, exploring new materials,
printing techniques, and applications in both industrial and
clinical settings [20, 21].

The aim of this review is to provide a comprehensive
overview of how 3D printing is transforming drug
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development . It will explore the key technologies used, the
range of materials suitable for pharmaceutical printing, and
the major application areas including personalized
medicine, controlled release systems, and on-demand drug
manufacturing. The review also discusses current
regulatory considerations, notable case studies, recent
advancements, and the challenges that must be addressed
for widespread adoption. By analyzing the integration of
3D printing into pharmaceutical science, this article
highlights the game-changing potential of this technology.
As the demand for personalized, flexible, and efficient
drug therapies grows, 3D printing stands out as a powerful
tool to bridge the gap between industrial production and
patient-centered care. The future of pharmaceutics may
well be one where medicines are designed, printed, and
delivered in a way that is truly tailored to the individual.

2. Principles and Types of 3D Printing Technologies

Additive manufacturing, or 3D printing, has emerged
as a powerful tool in pharmaceutical sciences due to its
precision, flexibility, and ability to fabricate complex drug
delivery systems layer by layer [22, 23]. Unlike
conventional manufacturing, which often involves
compressing powders or casting molds, 3D printing
enables the creation of tailored dosage forms directly from
digital models. This shift from batch-wise production to
on-demand fabrication supports the growing interest in
personalized medicine, where drug formulations can be
adjusted according to individual patient profiles,
therapeutic needs, and release kinetics [24-26]. Several 3D
printing techniques have been explored for pharmaceutical
applications, each based on a unique working principle and

suited to specific drug or formulation types as listed in
table-1. Fused Deposition Modeling (FDM) is among the
most widely used methods, where a thermoplastic filament
is heated and extruded to form solid structures[27, 28]. It is
particularly effective for producing customized oral tablets,
though it requires heat-stable drugs. Inkjet printing, on the
other hand, works by precisely depositing tiny droplets of
drug-loaded solutions onto a substrate[29]. This method is
ideal for producing thin films and low-dose formulations
and operates at room temperature, preserving drug
stability. Stereolithography (SLA) uses a UV laser to cure
photosensitive resins into solid forms with high resolution,
making it suitable for intricate structures like implants or
microneedles, though material limitations and UV
sensitivity of drugs are concerns [30, 31]. Selective Laser
Sintering (SLS) employs a laser to fuse powder particles
layer by layer, allowing the construction of porous
structures without binders. This is beneficial for creating
controlled-release formulations and implantable devices,
but the high processing temperatures restrict its use to
thermally stable compounds [32, 33]. Another promising
technique is semi-solid extrusion (SSE), where gels or
pastes are extruded at low temperatures, making it ideal for
thermolabile drugs and formulations like hydrogels,
topicals, and pediatric dosage forms [34]. In addition,
hybrid methods combining features of multiple techniques
are being developed to expand design and formulation
capabilities [35]. Each technology presents a balance of
strengths and limitations, and their selection depends on
drug properties, dosage form requirements, and intended
therapeutic applications [36]. As these methods continue to
evolve, their integration into pharmaceutical manufacturing
is expected to become more mainstream, paving the way
for truly personalized and efficient drug delivery solutions
[371.

Table 1. Summary of Techniques: Comparative Table.
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Technique Processing Temp Drug Stability Resolution Geometry Key Application References
Complexity

FDM High (~200°C) Limited Moderate High Oral tablets, polypills [38, 39]

Inkjet Low (room temp) Excellent High Low Films, orodispersibles [40, 41]

SLA Moderate (UV) Moderate Very High Very High Implants, microneedles [42, 43]

SLS High Limited High High Porous tablets, implants [43, 44]

SSE/Hybrid Low Excellent Moderate Moderate Hydrogels, transdermal, [45, 46]

topicals

3. Methods for Studying Aerobic Bacteria
3.1 Personalized Drug Formulations

One of the most impactful advantages of 3D printing in
pharmaceutics is its ability to facilitate dose
personalization. By controlling the design and content of
each printed dosage form, healthcare professionals can
tailor drug doses to the individual needs of patients, based
on factors such as body weight, metabolism, disease stage,
and genetic profile [23, 47]. This approach is particularly
useful for drugs with a narrow therapeutic window or those
requiring frequent dose adjustments.

3D printing also enables the development of age-specific
dosage forms. Pediatric and geriatric patients often have

difficulty swallowing traditional tablets or capsules [48].
Through 3D printing, it is possible to fabricate chewable
tablets, orodispersible films, mini-tablets, and other
formats in precise doses that enhance both safety and
compliance. Additionally, drug formulations can be
customized according to individual pharmacokinetic and
pharmacodynamic profiles, leading to more effective and
patient-centric treatment strategies [49, 50].

3.2 Complex and Novel Drug Delivery Systems

The architectural flexibility of 3D printing allows
for the development of highly sophisticated drug delivery
systems that were previously difficult or impossible to
achieve with traditional manufacturing. Controlled-release
formulations can be designed with specific internal



N. Muhammad et al. / IJBMSP, Vol. 12, No. 1, pp. 49-56, June 2025

geometries, such as multilayered structures or porous
matrices, to regulate the timing and rate of drug release
[51, 52]. These designs improve therapeutic outcomes by
maintaining consistent drug levels and reducing dosing
frequency.

3D printing also enables the fabrication of multi-drug
polypills, which combine several active pharmaceutical
ingredients in a single tablet, each compartmentalized or
programmed for staggered release [53, 54]. This is
especially beneficial for managing chronic diseases that
require complex medication regimens, thereby enhancing
patient adherence. Furthermore, chronotherapeutic and
pulsatile delivery systems—designed to release drugs in
synchronization with the body’s circadian thythms—can be
easily created with 3D printing. Such systems are
advantageous in conditions like hypertension, asthma, and
rheumatoid arthritis, where drug timing significantly
influences efficacy [55-57].

3.3 Rapid Prototyping and On-Demand Manufacturing

3D printing significantly streamlines the drug development
process through rapid prototyping, allowing
pharmaceutical scientists to design, fabricate, and test
multiple formulation iterations in a short time frame. This
accelerates formulation screening and optimization,
reducing the overall time and cost associated with
conventional development pathways [58].

Additionally, the technology offers promising solutions for
on-demand manufacturing in clinical and emergency
settings [59]. Customized drug products can be printed at
the point of care such as hospitals, remote clinics, or
disaster relief areas ensuring timely access to essential
medications tailored to the patient’s needs. This
decentralized approach is particularly useful in scenarios
where conventional supply chains are disrupted or
insufficient. Moreover, small, personalized batches for
clinical trials can be produced without the need for large-
scale equipment, enhancing the efficiency of early-phase
testing and regulatory submission [60-62].aldehydes via a
tungsten-containing  oxidoreductase, enhancing gut
resilience [54,55]. Additionally aerobic bacteria modulate
host immune responses, influencing inflammation ang gut
barrier integrity. These interactions collectively shape
microbiome composition, offering insights for micro-
biome targeted therapies to improve gut health.

4. Materials for 3D-Printed Pharmaceuticals

The successful application of 3D printing in pharmaceutics
relies heavily on the selection of appropriate materials,
particularly active pharmaceutical ingredients (APIs) and
excipients. Not all drug molecules are suitable for 3D
printing, and their inclusion depends on thermal stability,
solubility, molecular weight, and dose requirements [63, 64].
Drugs that are thermally stable, have a relatively low melting
point, and are effective at small doses are preferred for
techniques like fused deposition modeling (FDM) and
selective laser sintering (SLS), which involve heat.
Conversely, heat-sensitive or poorly water-soluble drugs
may be better suited to room-temperature processes such as
semi-solid  extrusion or inkjet printing. Careful
preformulation studies are essential to evaluate the
compatibility of drugs with the intended printing method and
excipient matrix [65-67].

A growing number of FDA-approved polymers and

pharmaceutical excipients are now being explored for 3D
printing applications as in Figure 1. These include commonly
used polymers such as hydroxypropyl methylcellulose
(HPMC), polyethylene glycol (PEG), ethyl -cellulose,
Eudragit variants, and polyvinyl alcohol (PVA). These
polymers serve as carriers for APIs and provide structural
support to printed dosage forms [68, 69]. PVA, in particular,
is extensively used in FDM due to its excellent printability
and water solubility, making it ideal for immediate-release
formulations. For extended or controlled-release systems,
Eudragit RS/RL or ethyl cellulose are often incorporated to
regulate drug permeability. The choice of polymer affects
not only the mechanical strength and printability of the
dosage form but also its dissolution behavior and
biocompatibility [70-72].
Beyond structural polymers, the role of functional excipients
is critical in enhancing the printability and performance of
3D-printed pharmaceuticals [73]. Binders improve
mechanical integrity, disintegrants facilitate tablet breakup in
the gastrointestinal tract, and plasticizers lower the glass
transition temperature (Tg) of polymers, making them easier
to process [74]. Common plasticizers like triethyl citrate,
sorbitol, and glycerol are used to improve filament flexibility
and flow properties in FDM[75]. Additionally, lubricants
such as magnesium stearate or stearic acid may be added to
reduce friction during extrusion or layer deposition [76].
These excipients must be carefully selected and optimized to
maintain formulation stability while ensuring compatibility
with the thermal or mechanical stresses of the printing
process.
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Figure 1. It illustrates 3D printing in pharmaceutical applications.

Biodegradable and biocompatible materials are gaining
traction in 3D-printed pharmaceuticals, especially for
implantable and localized drug delivery systems [77].
Polymers like polylactic acid (PLA), polycaprolactone
(PCL), and poly(lactic-co-glycolic acid) (PLGA) are
favored for their ability to degrade into non-toxic
byproducts within the body [78]. These materials are
widely used in biomedical applications and are now being
adapted for 3D printing of implants, scaffolds, and
controlled-release drug reservoirs. The biodegradation rate
can be adjusted by modifying the polymer composition,
molecular weight, or crystallinity, offering tailored release
profiles for specific therapeutic needs. Such materials are
particularly advantageous in tissue engineering, cancer
therapy, and localized antibiotic delivery [79, 80]. The
incorporation of multi-functional and responsive materials
is also an emerging trend in pharmaceutical 3D printing.
Smart polymers that respond to stimuli such as pH,
temperature, or enzymes can be integrated to create
responsive drug delivery systems. For instance, pH-
sensitive polymers like Eudragit L100 can be used to design
enteric-coated dosage forms that protect drugs from gastric

degradation and release them in the intestine depicted in
Figure 2. Thermoresponsive polymers and hydrogels are
being investigated for applications in oral, dermal, and
mucosal delivery systems [81, 82]. These innovative
materials not only enhance therapeutic outcomes but also
allow for new dosage form designs that were previously
unattainable using traditional methods.

Lastly, the safety, regulatory approval, and scalability of
these materials remain crucial considerations. Although
many of the excipients used in 3D printing are already
included in the FDA’s Generally Recognized As Safe
(GRAS) list, their behavior under 3D printing conditions
especially at high temperatures or when exposed to UV
light, must be thoroughly evaluated. Regulatory guidelines
are still evolving to address the unique characteristics of
printed pharmaceuticals [83, 84]. Therefore, in addition to
functional performance, materials must demonstrate
consistent quality, biocompatibility, and reproducibility.
Continued research into new excipients, printable polymers,
and their interactions with APIs will be essential to fully
unlock the potential of 3D printing in personalized and
precision medicine [85].
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Figure 2. It illustrates the application and importance of 3D Printing in various fields.
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5. Emerging Trends and Innovations

5.1 4D Printing (Stimuli-Responsive Drug
Systems)

One of the most exciting advancements in 3D
printing is the evolution toward 4D printing, where
printed objects not only have a three-dimensional form
but can also change shape or properties over time in
response to external stimuli [86]. In the context of
pharmaceuticals, stimuli-responsive drug delivery
systems are being explored, where the drug release
profile can be triggered by factors such as pH,
temperature, light, or enzymes [87, 88]. This innovation
allows for the design of dynamic drug delivery systems
that react to the physiological environment, offering
significant advantages over traditional controlled-release
formulations. For example, a 4D-printed tablet could
release a drug in response to the acidic conditions of the
stomach and continue to release the drug gradually in the
more neutral environment of the intestine, enhancing
bioavailability and targeting specific regions within the
body. Stimuli-responsive systems also hold promises for
creating self-adjusting implants or scaffolds for tissue
engineering, furthering the potential of 4D printing in
regenerative medicine [89-91].

5.2. Bioprinting for Drug Screening and Disease Models

Bioprinting is another innovative trend that has
shown remarkable potential in pharmaceutical research.
By utilizing living cells, bioprinting allows for the
fabrication of 3D cellular constructs that mimic human
tissues and organs, providing more accurate models for
drug testing and disease studies [92, 93]. This approach
offers a powerful alternative to traditional 2D cell
cultures, which often fail to replicate the complexity of
human biology. Bioprinted tissues can be used to screen
drugs for efficacy and toxicity, reducing the reliance on
animal models and improving the accuracy of preclinical
testing. Additionally, bioprinted disease models, such as
cancer or liver disease, offer an unprecedented platform
for understanding disease mechanisms and testing novel
therapies[94]. This innovation is expected to
significantly accelerate the drug development pipeline,
reducing time and costs while improving the
predictability of drug responses.

5.3. AI/ML Integration for Formulation Design and

Prediction

The integration of Artificial Intelligence (AI) and
Machine Learning (ML) with 3D printing technology is
set to revolutionize pharmaceutical formulation design
and prediction. Al and ML algorithms can analyze vast
amounts of data, including drug characteristics, patient
demographics, and environmental factors, to predict the
optimal formulation and dosage for an individual [95,
96]. These technologies can help identify patterns and
relationships in complex datasets that may not be
immediately obvious, allowing for the efficient design of
custom drug formulations. In 3D printing, Al can
optimize the printing process itself, fine-tuning
parameters like extrusion rate, temperature, and print
speed for better control over the final product.
Furthermore, ML algorithms can assist in predictive
modeling, simulating how different formulations will
perform under various conditions, and accelerating the
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process of drug development and manufacturing [97, 98].

5.4. Digital Twin Models in Personalized Drug Development

The concept of digital twins—virtual replicas of physical
objects or systems—has begun to make its way into personalized
medicine, offering a highly innovative approach to drug
development. By creating a digital twin of a patient’s biological
systems, including their disease state, pharmacokinetics, and
response to medications, pharmaceutical companies can tailor
drug formulations and therapies to individual patients with
unprecedented precision [99]. This digital model evolves in real-
time, allowing for continuous monitoring and adjustment of
treatment strategies based on the patient’s response. In
combination with 3D printing, digital twins can be used to create
personalized drug delivery systems, ensuring that drugs are
released in the optimal manner for each patient [100]. The
integration of digital twins into pharmaceutical development has
the potential to enhance treatment efficacy, minimize adverse
effects, and ultimately lead to more effective, individualized
healthcare [101].

5.5. Nanoparticle and Nanocomposite Integration for Enhanced

Drug Delivery

A notable area of innovation in 3D printing is the
incorporation of nanoparticles and nanocomposites into drug
delivery systems. The use of nanoscale materials enhances the
properties of printed drugs, including increased solubility,
stability, and targeted delivery. Nanoparticles can be used as
carriers for hydrophobic drugs, improving their bioavailability
and enabling controlled, sustained release [102]. In addition,
nanocomposites ~ combination  of  nanoparticles  with
biodegradable polymers offer unique advantages in drug
delivery, such as  improved mechanical strength,
biocompatibility, and the ability to encapsulate a wide range of
therapeutic agents [103]. This integration of nanotechnology
with 3D printing allows for the fabrication of complex drug
delivery systems, such as multilayered structures with distinct
release profiles or nanoscale coatings for targeted drug release.
This field holds significant promises in developing next-
generation therapies, particularly for chronic diseases, cancer,
and neurodegenerative conditions [104, 105].

5.6. Sustainability and Green Manufacturing in 3D Printing

Sustainability is an increasingly important focus in
pharmaceutical manufacturing, and 3D printing offers new
avenues for green manufacturing. By reducing material waste
through layer-by-layer additive processes, 3D printing can
significantly minimize the environmental impact compared to
traditional manufacturing methods, which often require molds
and large quantities of raw material [106]. Moreover, the ability
to produce on-demand reduces the need for large-scale
production and inventory storage, potentially lowering the
carbon footprint associated with drug manufacturing and
distribution. Researchers are also exploring the use of renewable,
biodegradable, and non-toxic materials for 3D printing,
contributing to a more sustainable pharmaceutical industry. As
the focus on environmental impact grows, the incorporation of
eco-friendly materials and practices into pharmaceutical 3D
printing will become an essential consideration for
manufacturers and regulatory bodies alike [107].
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6. Challenges, Limitations, and Future
Directions

While 3D printing has the potential to
revolutionize pharmaceutical manufacturing, several
challenges remain that must be addressed to fully realize
its promise. Technological barriers, such as limitations in
hardware precision and material compatibility, hinder the
development of high-quality printed formulations.
Moreover, there is significant regulatory uncertainty,
with the lack of harmonized standards making it difficult
to ensure consistent safety, efficacy, and quality across
different regions. Economic feasibility remains a
concern, as the costs associated with 3D printing
equipment, specialized materials, and production
processes are still relatively high compared to traditional
manufacturing methods. Additionally, the stability and
shelf-life of printed pharmaceuticals can be variable,
requiring further research to ensure these formulations
maintain their potency over time.

Looking ahead, the future directions for 3D
printing in pharmaceuticals are promising, particularly in
the integration of this technology within hospital and
pharmacy settings for on-demand, personalized
medication production. This could provide more
customized treatments, especially for patients with rare
diseases or complex needs. Furthermore, fostering
collaborative frameworks between academia, industry,
and regulators will be crucial to address the current
challenges and establish standardized protocols. As
technology advances, Al and machine learning could be
incorporated to enhance formulation design and drug
delivery systems, ensuring that 3D printing becomes an
integral part of the next-generation pharmaceutical
ecosystem, enabling a more personalized, efficient, and
patient-centered approach to healthcare.

7. Conclusion

In conclusion, 3D printing has undeniably
emerged as a transformative technology in
pharmaceutical research, offering the potential to
revolutionize drug development, formulation, and
delivery. Its ability to enable personalized therapies,
accelerate drug design, and provide on-demand drug
manufacturing holds great promise for addressing the
challenges of conventional drug development processes.
However, technological, regulatory, and economic
hurdles remain, and the integration of 3D printing into
mainstream pharmaceutical manufacturing will require
continued innovation, collaboration, and standardization.
As we move toward a more patient-centric healthcare
system, 3D printing is poised to play a central role in
shaping the future of pharmaceutical therapeutics,
offering safer, more effective, and individualized
treatment options for patients worldwide. research and
involve overcoming current limitations, expanding
research, and ensuring regulatory alignment to fully
unlock the potential of 3D printing in the pharmaceutical
industry.
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