Can we create customized polypills for personalized drug formulation?
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1. Introduction
The concept of polypills has existed for decades. A polypill is a fixed-dose combination of multiple drugs designed to target specific health conditions. One of the most well-known examples is the cardiovascular polypill, which combines blood pressure-lowering agents, statins, and antiplatelet drugs to prevent heart attacks and strokes [1]. The synergistic effects of these active pharmaceutical ingredients (APIs) have been shown in multiple randomized controlled trials to significantly reduce cardiovascular risk factors and events while minimizing side effects [2].
Personalized polypills take this concept a step further by tailoring both drug combinations and dosages to individual patients. Why is this necessary? Traditional "one-size-fits-all" drug formulations fail to account for genetic variations, leading to suboptimal efficacy and a higher risk of side effects. A pharmacogenomics report by the Royal College of Physicians and the British Pharmacological Society found that 99.5% of people have at least one genetic variant affecting drug response, with 25% carrying four or more [3]. This means that polypills with fixed-dose combinations may not provide optimal therapeutic benefits for every patient.
Additionally, the rising prevalence of multimorbidity, affecting 37.2% of adults globally and up to 67% of those over 74 [4,5], poses a major global health challenge. Patients with multiple chronic conditions often face complex medication regimens, leading to poor patient compliance and diminished quality of life. Alarmingly, 65% of older adults with multimorbidity do not adhere to their prescribed medications [6]. This highlights the urgent need for solutions to reduce pill burden, such as personalized polypills, which could simplify treatment regimens and improve treatment outcomes.
 
2. What Personalization Means in Pharmaceutical and Medical Products
Personalized medicine is revolutionizing healthcare by tailoring treatments to each patient’s unique characteristics and medical needs. This concept encompasses multiple levels, each addressed by different disciplines within medical and pharmaceutical sciences:
· Drug Selection: Customizing medication type based on a patient’s genetic profile to enhance efficacy and minimize adverse effects [7].
· Dosing: For patients taking 'hard-to-dose' medicines, such as antibiotics, cardiovascular, anti-seizure, autoimmune, and psychiatric drugs, therapeutic drug monitoring (TDM) is used to determine the optimal personalized dose, serving as a cornerstone of personalized medicine.
· Optimized Drug Formulation: Utilizing functional excipients to improve drug absorption and reduce side effects [8]. For example, incorporating microbiome-friendly excipients can enhance gut compatibility and overall drug effectiveness.
· Tailored Dosage Forms: Designing flexible dosage forms to accommodate patients' specific needs, such as easier-to-swallow formulations for elderly and pediatric patients [9].
Achieving full personalization requires large-scale collaboration across multiple disciplines. From pharmacogenomics and drug formulation to manufacturing, regulatory frameworks, and agile supply chains, an integrated system must be established to enable the widespread adoption of personalized medicine.

3. Current Progress in Personalized Medicine
Personalized medicine, in the form of dose adjustments, has been a clinical practice for decades with pill splitters being a classic example [10]. With rapid advancements in 3D printing technology, pharmaceutical personalization has evolved beyond simple dose modifications. The ability to tailor drug dosage and dosage forms (e.g., tablets or gummies) with high precision is nearing reality, as demonstrated by small-scale clinical trials worldwide [11]. Over the past decade, 3D printing methods, dominated by inkjet printing, fused deposition modelling (FDM), semi-solid extrusion (SSE), and selective laser sintering (SLS), have been extensively validated and refined to enable precise control over drug composition, release profiles, and dosage customization, but a matured regulatory framework for the use of 3D printing techniques in the manufacturing of personalized medicine is still lacking [12]. 
The industrialization of pharmaceutical 3D printing was pioneered by Aprecia Pharmaceuticals, which received FDA approval for Spritam, an epilepsy medication produced using ZipDose technology in 2015. A decade later, the most advanced commercial application of pharmaceutical 3D printing is led by Triastek, which has developed a pipeline of six new drugs manufactured using its proprietary Melt Extrusion Deposition 3D printing technology, with three currently in pilot-scale clinical trials [13]. However, both Aprecia and Triastek focus on single-drug formulations, using 3D printing as a traditional large-scale manufacturing method. Neither company has claimed extended application to personalized medicine or polypills.
3D printed personalized supplements has been on the market for over 5 years [14]. However, creating personalized polypills, combining multiple medications into a single dosage unit without compromising the stability and functionality of each API, remains a significant technical and regulatory challenge [15]. To date, no clinical trial has been filed or conducted for personalized polypills that customize both drug combinations and dosages. At this stage, research and technological advancements in personalized polypills are estimated to be 3–5 years away from being widely implemented in clinical practice.

4. Technological Developments in Personalized Polypills
Recent advancements in personalized polypill development, as highlighted in the scientific literature, primarily driven by fabrication techniques such as FDM, SSE, hybrid FDM-SSE, and Arburg Plastic Freeformer 3D printing (APF) [15]. A common feature of these approaches is the embedding of drugs within the printing feed material. However, a significant limitation is the risk of drug degradation during the printing process that either involve the use of heat or solvent.
An alternative approach has been proposed by the European Innovation Council-funded PERsonalised Adaptive MEDICine (PREMEDIC) consortium [16]. Their method integrates precision powder dosing with 3D printing, allowing drugs to be directly incorporated into 3D-printed microdevices without exposure to the printing process. This technique has the potential to enhance flexibility in drug combinations and dosage customization, making it a promising solution for the future development of personalized polypills.

5. Current challenges and considerations
The future of pharmaceutical manufacturing envisions personalized polypills produced at or near the point of care, representing a significant shift in one of the most heavily regulated industries. This transition, from large-scale, centralized production to small-scale, decentralised manufacturing, raises multiple challenges, particularly regarding regulation, scalability, and ethical considerations.
5.1 Regulatory and Safety Concerns
Current regulatory frameworks are designed for mass-produced pharmaceuticals with standardized compositions. Personalized drug formulations and point-of-care manufacturing require new guidelines for quality control, batch testing, and safety assessments. This step is crucial in determining the speed of commercialization for personalized polypills. 
Regulatory bodies such as the United States Food and Drug Administration (FDA), the UK’s Medicines and Healthcare products Regulatory Agency (MHRA), and the European Medicines Agency (EMA) have made significant effort on developing regulatory pathways to address the variability of customized medications, such as the most recent EMA’s The Quality Innovation Group's (QIG) meeting on manufacturing of personalized medicines [17]. However, challenges remain. For instance, while personalized dosing could be considered under existing regulations for extemporaneous preparations, regulatory requirements vary slightly across EU member states, creating complexity for implementation [18]. 
5.2 Scalability and Cost-Effectiveness
Scalability remains a key challenge for personalized drug manufacturing. Traditional pharmaceutical production relies on economies of scale, making mass production highly cost-effective [19]. In contrast, individualized small-batch production increases costs and operational complexity, requiring specialized 3D printing equipment suitable for cleanroom or hospital environments, along with trained operators at the point of care. Validated cleaning protocols are essential to prevent cross-contamination, for which single-use disposable syringes in SSE 3D printing have been proposed. While upfront costs may be higher, potential trade-offs, such as reduced inventory, minimized waste, and significantly improved treatment outcomes, could offer long-term savings for healthcare systems. To enable this model, new supply chain framework must be developed to support on-demand production of personalized polypills near the point of care, as reflected by key stakeholders [20].
5.3 Ethics and Patient Data Security 
The successful implementation of personalized polypills relies on access to patient-specific data, including genetic information and medical history. Emerging big data health IT systems provide a potential solution by enabling bi-directional digital connectivity between patients, healthcare providers, and manufacturing units for real-time data exchange and treatment optimization. However, protecting patient privacy and ensuring ethical data usage remain critical. Robust security measures must be implemented to prevent data misuse.
Additionally, ethical concerns arise regarding accessibility. If personalized polypills come with higher costs, will they be universally available, or will they exacerbate health inequities? Depending on the healthcare system, personalized medicine could either help bridge disparities or widen existing gaps. Addressing these concerns is crucial to ensuring fair and widespread access to advanced treatments, such as personalized polypills, once they become available.

6. What’s next
The digitalization of healthcare data enables the capture of reliable information on treatment parameters, patient outcomes, and adherence. This, in turn, facilitates the refinement and personalization of polypill formulations, optimizing drug use and dosing regimens. Integrating artificial intelligence (AI) and machine learning into drug formulation further accelerates the development of customized polypills. AI can analyze patient data, including genetic profiles and metabolic characteristics, to optimize drug combinations and predict potential interactions. By leveraging AI-driven computational tools, personalized drug formulations can be rapidly developed, ensuring consistent drug release, stability, and maximum therapeutic efficacy while minimizing side effects.
In manufacturing, AI can enhance 3D printing processes by optimizing parameters for high-speed production while maintaining quality. As personalized drug formulation technologies advance and integrate with digital health solutions, individualized treatments will improve patient outcomes and healthcare efficiency in the coming decade.
In the near future, decentralized drug manufacturing units in hospitals and pharmacies could enable real-time production of personalized medications, reducing the complexity of polypharmacy for patients and streamlining pharmaceutical supply chains. As technology evolves, customized polypills could become a cornerstone of precision medicine, transforming drug formulation and patient care. Collaboration between pharmaceutical companies, regulatory agencies, and healthcare providers will be essential in establishing frameworks for the safe and effective implementation of these innovations.
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