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Recent advancements in pharmaceutical manufacturing are paving the way for highly
personalized and on-demand therapies. This article discusses a novel approach that integrates
Hot Melt Extrusion (HME) with 3D printing to produce drug dosage forms with customizable
immediate- and modified-release profiles. By transforming APIs and polymers into drug-loaded
filaments and then precisely printing them into dosage forms, this method addresses

longstanding challenges, such as limited control over drug distribution and suboptimal solubility,
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while enhancing patient compliance. The innovative design not only promises tailored dosing

regimens but also provides significant advantages in production efficiency and regulatory
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Introduction

The pharmaceutical industry is shifting toward
individualized therapy, where precise dosing and
tailored drug release are critical. Traditional
manufacturing techniques often lack the flexibility
required to accommodate complex treatment regimens,
particularly for chronic diseases that demand staggered
drug delivery. Recent advancements in additive
manufacturing, particularly fused deposition modeling
(FDM) 3D printing, have facilitated the production of oral
dosage forms with adjustable geometries and release
profiles, therefore advancing the principles of precision
medicine and patient-centered drug development.! In
response, researchers are exploring the combined
strengths of HME and additive manufacturing. HME’s
ability to process polymer-API blends into uniform
filaments, when combined with the design freedom of 3D
printing, opens up new avenues for creating dosage
forms with spatially defined drug release zones. This
technology holds promise for reducing manufacturing
waste, lowering costs, and enabling on-demand
production in clinical settings. Additionally, extrusion-
based 3D printing platforms have demonstrated their
ability to create polypills and multi-drug delivery
systems, which can simplify complicated regimens and
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enhance medication adherence in chronic disease
management.?

Materials and Methods

The proposed system employs a two-step process. First,
APIs—ranging from poorly soluble compounds to those
with high solubility—are co-processed with tailored
polymers using twin-screw HME. Polymers such as
hydroxypropyl methylcellulose (HPMC) and pH-
sensitive Eudragit variants are selected based on their
ability to modulate immediate and sustained drug
release. Plasticizers (e.g, triethyl citrate) are
incorporated to optimize extrusion and filament
flexibility. In the second phase, filaments are fed into a
Fused Deposition Modeling (FDM) printer. Here, process
parameters like nozzle temperature, layer height, and
infill density are fine-tuned using a Design of
Experiments (DoE) approach to achieve the desired
dissolution kinetics. Post-print annealing further
enhances the mechanical integrity, ensuring stable and
reproducible drug release.

Key Innovations and Findings

A central innovation lies in the development of drug-
loaded polymer filaments with an amorphous content
exceeding 90%. This transformation from crystalline to
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amorphous forms significantly increases drug
dissolution rates—by up to five times in some cases.
Recent advancements in amorphous solid dispersion
(ASD) technology have enabled the stabilization of high
drug loads in polymer matrices. This has greatly
increased the dissolution rates and oral bioavailability of
medications that don't dissolve well in water.3 Moreover,
a systematic evaluation of printing parameters has led to
the creation of dosage forms capable of releasing up to
80% of the drug load within the first half-hour, followed
by a controlled, sustained release over several hours.
Another novel element is the feasibility of incorporating
multiple drugs within a single tablet, either through
layered architectures or by spatial segregation. For
example, co-printing antihypertensive and diuretic drugs
enables synchronized therapeutic effects and may
improve patient adherence. Successfully 3D-printed a
singular “polypill” incorporating various
antihypertensive agents within one floating tablet, each
exhibiting a distinct sustained-release profile,
highlighting how this approach can streamline complex
drug regimes and improve compliance.*

Regulatory and Scalability Considerations

Beyond the technical achievements, scalable production
and regulatory compliance remain key concerns. The
implementation of Process Analytical Technology (PAT)
during HME and printing enables real-time monitoring of
critical quality attributes, including content uniformity
and dissolution profiles. By aligning with guidelines from
major regulatory bodies, the proposed technology has
the potential to streamline approval processes—
particularly for personalized dosages prepared in
hospital settings. Recent advancements in process
analytical technology (PAT) have facilitated real-time
monitoring and control of important quality features
during HME,®

Conclusion and Future Directions

This work demonstrates a promising strategy to
transform  pharmaceutical = manufacturing.  The
integration of HME with 3D printing not only offers a
platform for creating highly tailored drug delivery
systems but also addresses critical manufacturing
challenges. Future research will focus on correlating in
vitro dissolution data with in vivo performance and
further refining the process using artificial intelligence to
predict optimal printing parameters. Preliminary
investigations have utilized machine learning models to
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accurately predict filament printability and appropriate
HME/FDM process parameters, indicating that this
optimization  could significantly expedite the
advancement of 3D-printed dosage forms.® Ultimately,
this technology could facilitate the transition to on-
demand, patient-specific therapies, revolutionizing the
production and administration of drugs.

By presenting distinct methodological advances and
addressing regulatory challenges, this work contributes
a significant leap toward personalized medicine.
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