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The coronavirus disease 2019 pandemic has escalated the ongoing problem of critical medi-
cation shortages, which has serious implications for the health of our patients. Currently,
active pharmaceutical ingredients (APIs) are synthesized in large-scale batch operations and
shipped to drug product manufacturers, where they are produced on a large scale at
centralized facilities. In the centralized drug manufacturing process, the formulation compo-
nents, operations, and packaging are structured to favor long-term storage and shipment of
resultant medicines to the point of care, making this process vulnerable to supply chain dis-
ruptions. We propose a rethinking of the drug manufacturing paradigm with an upgraded
pharmaceutical compounding-based manufacturing paradigm. This paradigmwill be based on
integration of continuous manufacturing of APIs and manufacturing of medicines at the point
of care with application of machine learning, artificial intelligence, and 3-dimensional print-
ing. This paradigm will support implementation of precision medicine and customization
according to patients’ needs. The new model of drug manufacturing will be less dependent on
the supply chain while ensuring availability of medicines in a cost-effective manner.

© 2022 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Medication (“drug”) shortages have long been recognized
as a critical issue and, despite advancements in both
manufacturing and distribution, continue to impact health
care delivery within the United States.1 The Center for Drug
Evaluation and Research defines a drug shortage as “a period
of time when the demand or projected demand for the drug
within the United States exceeds the supply of the drug.”2 The
impacts of such shortages are significant and have been
associated with increased economic burden, decreased patient
substantial, and worsened patient outcomes.2 It has been re-
ported that the impact of drug shortages within the United
States had led to medication error rates between 1% and 5% in
addition to creating unsafe conditions for patients.3 In a survey
of pharmacy directors within the United States, researchers
identified treatment failures, medication errors, serious
adverse effects, readmission rates, and treatment delays as
consequences of drug shortages within acute care settings.4
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Drug shortage issues are complex and multifaceted. The
Food and Drug Administration (FDA) has reported issues
related to manufacturing and raw material availability as two
of the largest causes of drug shortages in the United States.1

Manufacturing delays, decreased capacity, product discontin-
uation, and loss of manufacturing sites also play a role.1

Furthermore, vulnerabilities in the U.S. drug supply chain
have resulted from a heavy dependence on foreign sourcing
for both medication components and finished products, with
an estimated 72% of all active pharmaceutical ingredient (API)
manufacturers located overseas.5 More recently, the corona-
virus disease 2019 (COVID-19) pandemic has exacerbated
these problems by increasing vulnerability to supply chain
disruptions.6

By design, traditional centralizedmanufacturing is set up to
have every step fixed (not readily adaptable to formulation or
process modifications), which makes mitigating many drug
shortage issues challenging. As part of the Strategic Plan for
Preventing and Mitigating Drug Shortages, FDA outlined 2
goals, including (1) improving the mitigation response to
imminent or existing shortages and (2) implementing
strategies for the long-term prevention of shortages by
focusing on root causes. This plan also sought to identify ways
in which to incentivize innovation and promote and sustain
manufacturing and product quality improvements.7
All rights reserved.
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Key Points

Background:

� The centralized (traditional) drug manufacturing

process is vulnerable to supply chain disruptions.

� In the traditional drug manufacturing process, oper-

ations, formulation components and packaging are

structured to favor long-term formulation storage

and shipment to the point of care.

Findings:

� We propose an upgraded pharmaceutical com-

pounding-based drug manufacturing paradigm that

will take place at the point of care.

� The new process will be based on integration of

continuous manufacturing of active pharmaceutical

ingredients with application of machine learning,

artificial intelligence and 3-dimensional printing

technologies.

� The new paradigm will support implementation of

precision medicine and customization according to

patients needs.
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In this article, we propose a new drug manufacturing
paradigm. In doing so, we describe the shortcomings of
current manufacturing practices, summarize opportunities
for using emerging technological advancements such as
3-dimensional (3D) printing and artificial intelligence, and
highlight how upgrading pharmaceutical compounding may
assist in rectifying drug shortage issues. This article focuses on
efforts to manufacture nonsterile products intended for oral
administration, considers the factors that necessitate an
overhaul of the drug manufacturing paradigm in the United
States, and discusses changes necessary to implement the
proposed new paradigm.
Shortcoming of the current drug manufacturing
paradigm

The current drug manufacturing paradigm is heavily
dependent on supply chains to meet all the requirements for
centralized mass production of medicines. After production,
medicines are subsequently stored and shipped to the point of
patient care. Owing to the typical long time before medicines
will reach patients, formulation materials and packaging ma-
terials are carefully selected to ensure that the quality of
medicines throughout the time course of production, trans-
portation, and storage remains unchanged. These re-
quirements at every stage of the current drug manufacturing
paradigm contribute to its vulnerability to supply chain dis-
ruptions, which was escalated during COVID-19 pandemic,
leading to drug shortages. Furthermore, a centralized medi-
cine production paradigm is well suited for a one-size-fits-all
approach to achieve production efficiency, leaving little room
for personalized therapy. Given the rigidity of this model,
opportunities for innovation customization and adaptability in
challenging situations are very scarce. If emerging
1762
technological advancements such as 3D printing,8 artificial
intelligence,9 and pharmacogenomics10 will be fully integrated
in pharmacy practice, then it is high time we re-imagined the
drug manufacturing paradigm.
Overview of a new approach: Upgrading pharmaceutical
compounding

Patients need reliable access to their medications, and
medicationsmust bemademore accessible without increasing
their cost. We envision a drug manufacturing paradigm that
will make critical medicines available at the point of care
through an upgraded compounding-based manufacturing
paradigm (Figure 1). In this approach, APIs will be produced at
regional facilities via continuously manufacturing processes
and will be subsequently delivered to 503A compounding
pharmacies for formulation and delivery to the patient. The
formulation of APIs will adopt various technologies to improve
precision and customization of medicines for each patient’s
unique situations. Medication customization can be achieved
via 3D printing,8 as well as through other technologies such as
Drop-on-Demand or Dropwise Additive Manufacturing of
Pharmaceutical Products that involve depositing fluid formu-
lations onto a substrate material in a dropwise fashion as
needed.11 These novel technologies can yield dosage forms
that can be adjusted frequently, if necessary, depending on
biofeedback data and patient preference using Big Data and
artificial intelligence approaches.12,13

The proposed manufacturing paradigm involves imple-
menting smaller-scale compounding to overcome pitfalls
associated with large-scale (mass production) drug
manufacturing. Smaller-scale drug production (compounding-
based approach) could also reduce the overall cost of
manufacturing by decreasing the number of ingredients
needed to formulate the product while shortening time-
consuming steps in the manufacturing process. The require-
ment for extended shelf-life of products in centralized mass
production manufacturing is not warranted in the envisioned
smaller-scale production to meet demand at the point of care.

Patient access to medications could be improved by
adaptability of the compounding-based approach coupled
with anticipated reduction in production time. In the new
model of production, pharmacists will be able to customize
individual patients’ specific medications or medication doses.
This change, coupled with the capability to formulate multiple
medications in a single preparation, could lead to improved
adherence to therapy and will ease medication management.
Furthermore, we anticipate that the amenability to personal-
ized therapy will offer an effective management of acute and
chronic conditions, which will decrease health care costs to
society.
API production using continuous manufacturing process

The feasibility of continuous manufacturing in the phar-
maceutical industry has previously been addressed.14 It was
reported that the main barrier to the implementation of
continuous manufacturing is a perceived limited ability to
support multiple products owing to product-specific
requirements. The diversity and complexity of the APIs further
favor batch processing. In the batch processing, a relatively
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Figure 1. Schematic overview of key steps in the proposed patient-specific and individualized drug manufacturing paradigm. The proposed new approach will entail
synthesis and production of APIs at regional facilities for distribution to 503A or 503B compounding pharmacies for subsequent preparation of medicines (medications)
for patients. Efficiencies of API production could be improved through adoption of the continuous manufacturing model. The proposed paradigm will ensure drug
manufacturing at the point of care to circumvent current challenges of centralized mass drug production. Pharmaceutical compounding will be upgraded with 3D
printing, artificial intelligence, and machine learning. The anticipated benefits of the new manufacturing paradigm are highlighted when compared with traditional
large-scale manufacturing model. Abbreviations used: API, active pharmaceutical ingredient; 3D, 3-dimensional.
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small number of temperature and pressure-controlled vessels
are utilized for most of the reactions, and unit operations are
used in the synthesis of APIs. Because this proposal assumes
that API synthesis would still be performed on a large scale at
centralized facilities, plant economics do not favor individu-
alized continuous manufacturing. However, using
FDA-registered chemical laboratories as small-scale, widely
distributed API synthetic facilities, if correctly designed, could
make this paradigm economically feasible. Continuous
processes have already been developed for several drugs. The
Medicines-For-All (M4ALL) effort has been a large step in this
direction.15,16 The mission of M4ALL is to improve patient
access to high-quality medications via decreased production
costs, with efforts focused on reducing costs, increasing
efficiencies, and providing technical innovation.17 Under a new
paradigm, API manufacture could be scaled up or down based
on product demand and use, keeping inventory control costs
down and minimizing the need for extended storage. The new
approach is amenable to Process Analytical Technology (PAT)/
Quality by Design (QbD), which is already embraced by FDA
and is well-integrated into the analysis of manufacturing
processes by inline detectors. PAT utilizes critical process pa-
rameters to design, analyze, and control pharmaceutical
manufacturing processes. QbD emphasizes product and pro-
cess understanding, as well as control, based on science and
quality risk management. The goal of QbD is to achieve
meaningful quality specifications based on clinical perfor-
mance and increase product development and manufacturing
efficiencies.18 FDA supports the development and imple-
mentation of continuous manufacturing for drug substances
and all finished dosage forms.19

Application of Big Data, artificial intelligence, and
machine learning

Machine learning (ML) is a subfield of artificial intelligence
(AI) that involves the use of automated algorithms to perform
tasks that traditionally rely on human intelligence.20 AI relies
on and generates large volumes of diverse and dynamic data
that can be processed and analyzed under Big Data. In drug
manufacturing sector, these technologies will make produc-
tion more efficient with faster output and less waste while
reducing operating costs. AI has been applied to perform
quality control, shorten design time, reduce materials waste,
improve production reuse, and perform predictive mainte-
nance.9 Processes that usually involve human input or man-
agement of process data can be accomplished through
Computer Numerical Control. Algorithms can be generated
that ensure tasks are performed very precisely and analyze the
processes to determine where and how they can be stream-
lined to meet the critical quality attributes of the product.

Big Data, AI, and ML will be very helpful in predictive fore-
casting of epidemic outbreaks or seasonal illnesses and give
enough time inplanning supplyof all formulatingmaterials and
APIs at the correct location and time.21 Furthermore, Big Data
can be used to guide treatment decisions by providing infor-
mation about the cause of a disease, allowing the detection and
diagnoses of diseases and helping to determine potential in-
terventions to make in the future.22 AI and ML can be used
together in mobile apps to help track patients’ health param-
eters and help improve patients’ adherence to medications.23

Health-system pharmacists can use this collected information
to determine changes to make to patients’ dosing regimens or
overall medication regimens to improve adherence and health
outcomes. In addition, ML can process data far beyond the ca-
pacity of the human brain. Specialized and properly pro-
grammed computers can learn from data and then suggest
treatment for a patient whose condition may be untreated or
not adequately treated on his or her current therapy.24

In pharmaceutical manufacturing, ML can increase effi-
ciency, product yield and cost, and product quality. Altogether,
these advanced technologies can improve the availability of
necessary medications to patients and ensure that the correct
interventions are made. The ability to customize medication
could improve patients’ adherence to their medication regi-
mens. We envision that a patient health demographic card
could be created for each area served by a specific pharmacy,
which could be used to predict drug utilization by disease state
prevalence. It is exciting to think what this could do for access
to care and advanced pharmacy ambulatory care services in
community settings. Data on quality processes and patient
demand can be readily shared25 among state boards of phar-
macy throughout the country to meet regional needs.26

Overall, the legal and ethical aspects of AI application in the
upgraded pharmaceutical compounding must be satisfactorily
fulfilled in accordance with laws and regulations that address
confidentiality, privacy, and professional judgement in dealing
with any aspect of patient sensitive information.
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Conclusion

Current large-scale, centralized manufacturing practices
necessitate drug products with numerous excipients to
accommodate long shipping and storage times. This new
paradigm describes an initial effort that, with the ingenuity of
our scientists and engineers, can transform the way pharma-
ceuticals are produced, distributed, and ultimately used by
patients. By transitioning to regional and local drug
manufacturing and continuous processes, expensive unit op-
erations and excipients can be eliminated, shelf-life re-
quirements can be reduced, monitoring of manufacturing can
be automated, and medications can be personalized. This
paradigm can quickly be adapted to the manufacture of
semisolid, liquid, and sterile products. All of this is expected to
stimulate innovations that can employ high-skilled workers
and create technologies that can be readily exported. No doubt
that this will be challenging to accomplish, but it is time to go
back to the future and produce medicines regionally and
locally. Integrating new paradigms into current drug
manufacturing practice will require collaborationwith health-
system pharmacists in understanding howmedications should
be dosed and whichmedications will need to be prioritized for
production. Based on biofeedback data collected with the
assistance of health-system pharmacists, manufacture of a
patient’s medication can readily be adjusted to meet the pa-
tient’s current API and dosing requirements.
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