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Dear Chairwoman McMorris Rodgers, Chairman Griffith, Ranking Member Pallone, and 

Members of the Subcommittee, by way of introduction, my name is Fernando Muzzio and I am a 

Distinguished Professor of Chemical and Biochemical Engineering at Rutgers, The State 

University of New Jersey. I am also the Director of the NSF Center on Structured Organic 

Particulate Systems, an NSF Engineering Research Center dedicated to the design of 

pharmaceutical products and their manufacturing processes. 

I greatly appreciate the opportunity to appear before you at the hearing on examining the root 

causes of drug shortages: challenges in pharmaceutical drug supply chains and to share my views on 

how advanced manufacturing technologies can help reduce drug shortages and strengthen the 

American pharmaceutical supply chain. I strongly believe that advanced manufacturing 

technologies are an indispensable component of strengthening drug product manufacturing in the 

United States.  

Advanced and Continuous Pharmaceutical Manufacturing – an Ongoing Transformation 

in the Pharmaceutical Manufacturing Paradigm 

After decades of near stagnation, pharmaceutical manufacturing is experiencing unprecedented 

innovation. Since around 2010, the pharmaceutical industry and its technology and ingredient 

suppliers have increasingly embraced a world-wide transformation from inefficient traditional 

batch methods, to Continuous Manufacturing, which is an emerging technology that has been 

shown to greatly reduce both the time and the cost of developing and manufacturing new 

medicines, while enabling significant improvements in the quality of the final product and the 

reliability of the manufacturing process.  

 

The traditional batch manufacturing approach is slow, labor intensive, and very difficult to 

optimize. In batch manufacturing, the entire amount of raw materials (e.g., 500 Kg) to be 

transformed into products are first loaded into equipment, and then this large amount of material 

undergoes a sequence of processing steps to transform it into a large number of finished product 

units (e.g., 1,000,000 tablets), hopefully endowed with suitable quality attributes. In this 

manufacturing modality, since the process is intrinsically time-dependent (i.e. the different 

manufacturing steps take place in a temporal sequence), and because large amounts of material 

are processed all at once, there is limited opportunity to control the process and to ensure product 

quality. Typically, quality is monitored by “inspection sampling”, where a few product units 

(usually 10 to 30) are collected, assumed to be representative of the entire batch, and analyzed to 

assess the compliance of the entire batch. If the results comply with pre-determined 

specifications, the batch is then release for commercial distribution.  

 



This approach to quality management was clear consequences. In its 2019 Drug Shortages 

Report1, the FDA identified that 62% of drug shortages were caused by quality issues, while the 

majority of the remaining shortages were due to unknown causes or to increased demand. The 

FDA thus concluded that lack of maturity of quality management systems was one of the root 

causes for shortages.  It stands to reason that improvements in quality management, able to 

diagnose, correct, or altogether prevent quality issues, could be an enabling approach to reducing 

drug shortages.  

 

In contrast, Continuous Manufacturing enables a much more effective approach to quality 

control. Continuous manufacturing is a modality where the ingredients are fed continuously at 

controlled rates and in the correct proportion, so that the desired product composition is 

enforced. Materials under process travel non-stop from one manufacturing step to the next, until 

they become finished products. Only a small amount of material is in residence in an equipment 

item at any time, and the process is operated under closed loop control. This continuous state of 

control enables the continuous monitoring and assurance of product quality. This modality 

enables a high level of automation and optimization and can minimize quality failures, decrease 

manufacturing cost, and improve quality. Moreover, in the last few years, quality control 

methods that combine fast and accurate process sensors with high fidelity process models have 

increasingly became capable of monitoring the quality compliance in real time of every single 

product unit. This technology-driven paradigm can have enormous impact on our ability to 

prevent quality issues.  Faulty product units can be detected, identified, and excluded from the 

process stream, preventing the failure of an entire batch, or worse, the release of faulty material 

to the patient. The enormous enhancement in the amount of quality information generated by 

these methods can enable rapid determination of the root causes of quality issues, expediting 

their resolution.  

 

While this description is given in terms of powders and tablets, continuous pharmaceutical 

manufacturing is also feasible for key starting materials, drug substances, finished products in 

fluid, suspension, and semi solid form, including injectable solutions, ophthalmic suspensions, 

creams, ointments, and a myriad other product forms.  Moreover, while real-time quality control 

techniques have been first implemented and demonstrated for continuous manufacturing 

systems, they can be adapted also to enhance quality in traditional batch systems.  

 

Current State of Implementation of Continuous and Advanced Manufacturing 

 

As a result of its numerous demonstrated advantages, Continuous Manufacturing of both small 

molecules and biologics has become a priority for biopharmaceutical companies, its technology 

suppliers, the FDA, BARDA, and the United States Pharmacopeia, an organization dedicated to 

 
1 Drug shortages: Root causes and potential solutions, FDA, 2019, updated Feb 2, 2020, page 
33.  



quality standards. Dozens of pharmaceutical manufacturers, equipment and instrumentation 

suppliers, and ingredient vendors are actively engaged in this major reinvention of their 

pharmaceutical manufacturing platform. Companies such as Johnson and Johnson, Vertex, 

Pfizer, Eli Lilly, Glaxo SmithKline, Merck, Sanofi Aventis, Bayer, and Novartis, have all made 

corporate goals of converting a large fraction of their total production volume to Continuous 

Manufacturing in the next few years. Other brand-based manufacturing companies are also 

following suit.  

 

We must also consider that the biopharmaceutical market has already exceeded a trillion dollars 

in annual worldwide sales. Within the next decade, we are likely to witness a worldwide 

conversion to Continuous Manufacturing of a significant fraction of the brand-based sector, 

which would mean that just a few years from now, pharmaceutical products worth hundreds of 

billions per year, spanning many drug product forms, including tablets, capsules, vaccines and 

injectables, could be manufactured using the new continuous methods.  

 

Countries that are able to implement these methods effectively will capture much of this activity. 

This represents a large opportunity for the United States. Selection of manufacturing venues for 

traditional batch manufacturing activities has been driven in substantial part by labor costs and 

perceived regulatory burdens2. As a result, the US has lost a significant fraction of its 

manufacturing activities, in particular in labor-intensive industries. Implementation of 

continuous manufacturing processes, on the other hand, are less labor intensive, but they require 

access to a significant amount of specific knowledge that is not generally available in the public 

domain, as well as a suitably trained workforce. It is therefore likely that Continuous 

Manufacturing activities will concentrate in countries and locations where this knowledge and 

highly trained workforce are available, because these activities cannot be carried out without 

access to such knowledge and training.  

 

Federal investment in advanced manufacturing can have a significant impact in achieving the 

goal of re-developing pharmaceutical manufacturing in the US while at the same time enhancing 

supply chain security. As identified explicitly in numerous publications, and most recently in the 

2023 “Bold Goals” report by OSTP3, most drug substances, and many drug products, are 

currently imported (directly or indirectly) from China, and to a lesser extent, from India. This 

geographic concentration of imports poses a direct risk to the US population. The OSTP report 

establishes the “bold goal” of “In 5 years, deploy broad synthetic biology and biomanufacturing 

capabilities to produce at least 25% of all active pharmaceutical ingredients (APIs) for small 

molecule drugs”. In my opinion, such capabilities should make extensive use of advanced and 

 
2 Dr. Janet Woodcock’s testimony in front of the Health subcommittee, October 30, 2019.   
3 “Bold Goals for U.S. Biotechnology and Biomanufacturing”, report compiled by the White 

House Office of Science and Technology Policy, March 2023, page 29 



continuous manufacturing methods, including real-time quality control, to improve product 

quality, enhance their efficiency, and promote their sustainability 

 

The Rutgers-led Engineering Research Center for Structured Organic Particulate Systems (C-

SOPS), which was one of the origins of this technology revolution, is also one of the largest 

repositories of relevant knowledge. Funded by the NSF in 2006, C-SOPS formed a coalition of 

six universities (Rutgers, Purdue, NJIT, UPR, Hawaii, and Rowan) to create a long-term strategic 

plan seeking to transform pharmaceutical manufacturing. C-SOPS implemented one of the first 

working Continuous Manufacturing systems in 2008, and subsequently worked closely with 

more than 50 member companies to create a functioning ecosystem devoted to developing, 

demonstrating, and facilitating the implementation of Continuous Manufacturing systems for 

solid oral dosage products.  

 

Critical to C-SOPS’ success was the active participation of the FDA, which joined the center 

shortly after its inception and has provided critical input and additional funding for research and 

educational activities. After the NSF funding period for C-SOPS concluded in 2016, the FDA 

became C-SOPS main federal sponsor, providing support for research and educational activities 

that continue to this day, which in turn helped FDA to acquire and maintain clear intellectual 

leadership among worldwide regulatory agencies. Moreover, FDA funding has been instrumental 

in our ability to expand activities from the initial scope of solid dose products, to our current 

portfolio including also API and injectable products.  

 

In the 17 years since C-SOPS was established, our academic-industrial-regulatory partnership 

has attracted research funding in excess of $120 million, published over 500 peer-reviewed 

papers, and enabled implementation of advanced manufacturing methods at numerous 

companies. Among many examples of successful interaction, C-SOPS undertook a significant 

partnership with Johnson and Johnson in 2010, which remains active to this day, and lead to the 

implementation of the first FDA-approved conversion from batch to Continuous Manufacturing 

for the HIV drug, Prezista.  

 

Implementation of Continuous Manufacturing systems is accelerating. As of August 2022, the 

FDA Emerging Technologies Team had accepted 42 proposals on Continuous Manufacturing, 

and as of March 2023, 13 applications had been approved in continuous manufacturing, most of 

them focusing on small molecules4. The FDA has approved finished dosage forms (FDF) by 

several companies, including Vertex, Johnson and Johnson, Eli Lilly, and Pfizer, using integrated 

Continuous Manufacturing processes. Many other brand-based pharmaceutical companies are 

also actively engaged in exploring, developing, and implementing continuous manufacturing 

 
4 Joel Welch, Opportunity and Perspective on Advanced Manufacturing, 4th Symposium of the 

International Consortium for Advanced Medicines Manufacturing, Boston, MA, April 28, 2023. 



processes, not only for small molecule prescription products, but also for biologicals and over-

the-counter products, and many more products are currently at various stages of submission.  

 

It is important to highlight the enlightened and highly positive role the FDA has played in 

enabling this ongoing technology transformation. The FDA embraced Continuous Manufacturing 

early on, funding academic research and strongly encouraging industry to pursue its 

implementation. Moreover, FDA hired people from other industries with relevant expertise, 

invested in the education and training of its personnel, and created a separate vehicle to 

encourage companies to engage in a productive dialogue. In these and other actions, the FDA 

made the ongoing technology revolution possible, and set an example for regulators worldwide.  

FDA leadership is highly visible in forums involving participation of regulators from other 

countries, such as the ICH, where FDA contributions have played a significant role in achieving 

a highly harmonized vision for the implementation of advanced manufacturing.   

Potential Advantages of Continuous Manufacturing 

Reducing Drug Prices 

Continuous Manufacturing can help reduce the cost of both prescription and OTC drugs in 

multiple ways. Some of the impact is direct: Continuous Manufacturing processes have smaller 

footprint, achieve higher yields, and require less direct labor than their batch counterparts, so 

they are able to directly impact the cost of making pharmaceutical products. Some of the impact 

is indirect: because Continuous Manufacturing processes also enable the manufacture of 

products with superior quality, and because they enable real-time quality control, they reduce the 

cost of assuring product quality. While Continuous Manufacturing processes require up-front 

investments in both physical and human infrastructure, they can return this investment rapidly. 

Moreover, Continuous Manufacturing products and their required manufacturing processes can 

be developed faster than their batch-based counterparts. As a result, products developed and 

manufactured using Continuous Manufacturing technology can reach the market place faster, 

extending profitability periods for the companies making them. These factors could contribute to 

lower drug prices to the US consumer, in particular if Continuous Manufacturing technologies 

could be adopted in the highly price-competitive generic and the over-the-counter sectors of the 

pharmaceutical industry. 

Improving Product Quality 

As mentioned above, Continuous Manufacturing processes can enable superior product quality. 

Our collaborations with the FDA and with industry, and our partnership with organizations like 

the United States Pharmacopoeia, help to ensure this outcome. There are three main reasons for 

this. First, the near-steady nature of the process enables all portions of material to be processed 

under equivalent conditions at a constant state of control. Second, because only a small amount 



of material is processed at any given time, quality attributes of every portion of the process 

stream can be rigorously monitored to assure quality. Any defective product units can be tracked 

and scrapped, while retaining only quality-compliant product units. Third, and again because the 

system is nearly-steady and continuous, real time monitoring, active control and advanced 

optimization can be used to ensure that the process remains within operational specifications at 

all times. In addition, Continuous Manufacturing enables detailed and accurate computer 

modeling, assuring a much deeper scientific understanding. This improvement in quality can 

translate directly into health benefits, since defective product may fail to provide its therapeutic 

benefit, or in extreme cases, cause harm to patients.  

These potential advantages have been greatly enhanced in recent years for solid dose products 

obeying to three technology developments: (1) The emergence of faster and more accurate 

process analyzers, (2) the development of models that can predict drug release profiles in real 

time based on online measurements, and (3) the creation of accurate models for tracking 

disturbances along the process.  Combined, these three technologies enable the determination of 

the quality of every single tablet in real time, and the exclusion to scrap of faulty product units. 

Moreover, these methods can be readily incorporated into an automated quality control system, 

thus enabling the mitigation of quality problems at their very source.  

Faster Product and Process Development  

For solid dose products such as tablets and capsules, which comprise the great majority of drugs 

taken by patients, Continuous Manufacturing has been shown to greatly reduce both the time and 

cost of developing new medicines.  A typical Continuous Manufacturing line for solid dose 

product reaches an operational state of control in a matter of minutes. Therefore, extensive 

studies examining alternative product formulations and multiple process conditions and can be 

performed in just a few days, using only a small amount of raw materials. Moreover, because 

such development studies are performed using the same equipment that will be subsequently 

used for manufacturing, no scale up studies of the process are needed, and process development 

is further accelerated.  As mentioned, this ability to develop products and processes faster and 

with less waste can have a major impact on the profitability of both brand-based products (which 

are protected by patents with finite life) and generic products (where the first company to file an 

approvable application often accrues a larger share of profits). In my opinion, an even more 

important benefit is the ability of accelerating access to life-saving new medicines to patients that 

literally cannot wait, providing the strongest incentive for implementing technologies that enable 

rapid product and process development.  

 

Faster Responses to Shortages and Emergencies  



By enabling faster product and process development, Continuous Manufacturing can allow 

manufacturers to develop products quickly to respond to emergencies, to address shortages, and 

to bring break-through therapies to market. The current state of knowledge often enables a 

skilled practitioner to create a formulation and a process for a given product in just a few weeks. 

Under emergency conditions, such processes need not be optimum, just adequate, which further 

enables rapid development.  As mentioned, such processes can be developed at the full 

manufacturing scale and using only a small amount of materials, which is often critical early in 

the life cycle of a product, or when quality issues are detected, because under such conditions 

suitable raw materials can be scarce. Moreover, the intrinsically higher reliability of continuous 

processes should make them safer and easier to approve by regulatory authorities, further 

enabling rapid response during emergencies.  

 

Growing US-based Manufacturing and Related Employment 

 

Due to its many advantages, Continuous Manufacturing is likely to become a dominant drug 

manufacturing mode in the future, spanning most drug product types. Its development and 

deployment is an opportunity to bring drug development and manufacturing operations back to 

the United States and grow output and domestic employment in one of the largest consumer 

goods producing industries of the US economy.  

While, as mentioned, Continuous Manufacturing processes allow substantial automation and 

require less direct labor to be operated --which is a key reason why lower labor cost destinations 

provide less of an incentive-- they do require highly skilled scientists and engineers to support 

their specification, implementation, and optimization and well-trained operating personnel to run 

these modern plants. These jobs typically command high salaries, further growing the US 

economy and its tax base.  

 

The pharmaceutical industry’s transition to manufacturing a large fraction of its output using 

knowledge-intensive continuous technologies will take place not only in the US, but in all 

advanced economies, and in many emerging economies with large populations that require 

access to low cost medications. Designing and implementing the technology platforms to enable 

this transformation will likely create tens of billions of dollars in economic activity. Importantly, 

a strategic initiative in continuous pharmaceutical manufacturing would trigger significant 

activity in many other industries up and down the supply chain, including  (1) raw materials 

suppliers, which are already indicating an interest in developing ingredients in grades optimized 

for continuous processing; (2) equipment and instrumentation companies, many of which are 

actively commercializing specialized manufacturing equipment, sensors and process analyzers; 

(3) companies that commercialize closed-loop control systems, and many others. Moreover, 

effective implementation of continuous manufacturing for pharmaceuticals will also provide an 

opportunity for enhancing other industries that rely of powder processing, including cosmetics, 

food, consumer products, dietary supplements, etc. These industries utilize manufacturing 



processes that are very similar to those used by the pharmaceutical industry and in many cases 

the technology is directly portable. The US is at an ideal position to capture – or to lose – much 

of this activity.  

 

Reshoring pharmaceutical development and manufacturing operations would also facilitate more 

effective regulation.  When those activities are carried out within our country’s borders, they are 

easier and less expensive to inspect, facilitating compliance and enforcement of regulations. On-

shoring pharmaceutical manufacturing will also increase the security of the drug supply, 

reducing the current high level of dependence of US patients on foreign suppliers. Moreover, by 

increasing its knowledge base, the proposed centers will also help consolidate and preserve 

FDA’s intellectual leadership in this area.   

 

The Need for Centers of Excellence in Continuous and Advanced Manufacturing 

More than 17 years of experience at the Rutgers’ C-SOPS has taught our team a key lesson:  

Advanced Manufacturing platforms are highly integrated systems that are best developed by 

highly integrative programs where all necessary technical skills interact and synergize 

efficiently to create and capture all the required knowledge, including: (1) understanding of the 

properties of raw and intermediate materials and their effect on process and product 

performance, (2) effective design, accurate performance characterization, and optimal integration 

and operation of equipment, (3) accurate modeling of system dynamics, (4) effective sensors and 

data analytics, measuring meaningful material and process variables, and (5) effective control 

methodologies.  This integration of relevant technical components was essential to the success of 

C-SOPS and its partner member companies (Janssen, Eli Lilly, Vertex, GSK, and Pfizer).   

 

This level of complexity currently makes it difficult for smaller branded and generic 

pharmaceutical manufacturers to implement Continuous Manufacturing and related technologies. 

Currently, such integrated development capabilities for solid dose products reside only at a few 

universities in the US and Europe, and at a small number of leading brand-based pharmaceutical 

companies that have gained this experience through many years of sustained collaborative efforts 

and substantial investments. Such companies have created in-house expertise pools to enable 

them to implement these technologies. However, smaller pharmaceutical companies, and the 

generic sector, as well as adjacent industries such as supplements and cosmetics manufacturers, 

do not have effective in-house access to such expertise. Moreover, while we have been able to 

demonstrate effective implementation of Continuous Manufacturing methods for solid dose 

manufacturing of small molecule products, Continuous Manufacturing of API and of finished 

products comprising medium size and large molecular entities, such as peptides or monoclonal 

antibodies, is at an earlier technology readiness level.  

 



In brief, until the knowledge required to integrate Continuous Manufacturing systems is made 

broadly available and accessible, full implementation of Continuous Manufacturing across the 

entire field of applications (small, medium, and large molecules, drug substances, and drug 

products), will remain a difficult task and adoption will remain a slow process in the US. 

Meanwhile, international companies in Europe, Japan, and China are actively investing in 

Continuous Manufacturing platforms as one of their key strategies for growth, placing US 

leadership at risk. 

 

The recent past provides perhaps the best perspective on how to overcome this situation. The 

Continuous Manufacturing initiative in its present form is the result of a collaboration between 

government, industry, and academia, which joined forces to create, implement, and demonstrate 

this technology. The combination of all of these stakeholders made the effort affordable, 

relevant, and practical. Each player had a critical role. Universities, initially supported by NSF, 

provided the scientific strength and the long-term research perspective required to create 

something new, and also provided critically needed training and education to industry and FDA 

employees. Industry provided the critical input needed to make sure the technology was 

developed in a relevant and practical matter. The engagement and support by FDA support made 

it feasible.  

The best way forward is to re-energize the original US-based partnership of universities, 

industry, and government, expanded to include all relevant expertise, and charter it with the 

mission to make the required knowledge accessible and easy to implement. Key mission 

elements of such Centers should include:   

1. Supporting US companies and US regulatory agencies in implementing continuous 

manufacturing methods; 

2. Organizing and conducting R&D activities needed to create new and more effective 

technology, capture and disseminate know-how, create IP, and maintain technological 

leadership in Continuous Manufacturing methods that will enable industry to develop and 

manufacture products faster, less expensively, and more reliably; 

3. Creating and maintaining a vibrant technological ecosystem, providing the ideal 

environment for entrepreneurial activities, collaborative research and development, and 

continuing innovation; and 

4. Facilitating the creation of a highly skilled workforce in Continuous Manufacturing, 

ranging from specialized design engineers to capable plant operators. 

 

As described by H. R. 2617—1174 SEC. 3204, centers of excellence in advanced and continuous 

pharmaceutical manufacturing will nucleate and organize industry efforts to develop, implement, 

approve, and operate continuous manufacturing technologies, growing the number of companies 

capable of using these technologies from the current group of about twenty companies, to an 

estimated 100+ end users. The resulting infrastructure will attract significant private sector 



involvement, serving as leverage to magnify investment from all stake-holders to maximize the 

benefit to all contributors. Moreover, centers will facilitate and de-risk adoption so that adopters 

can deploy these technologies across their entire organizations (API, small and large molecule 

new products, established products, OTC products, consumer products, animal health products, 

etc.). This would lead to the design, acquisition, and implementation of hundreds of 

manufacturing lines, to be housed in dozens of facilities across the country.  Incentives, 

proximity to know-how and access to highly trained personnel, and other means of keeping those 

facilities in the US would help to maximize the overall impact on our nation’s economy.  This 

will provide all participants with a role in addressing the country’s needs, including:  

- The need to improve product quality and manufacturing processes reliability,  

- The need to reduce the cost of developing and manufacturing medicines,  

- The need to respond rapidly and effectively to medical emergencies, shortages, new 

technologies, and rapidly evolving market conditions,  

- The need to reduce dependence of US patients on foreign suppliers, especially for critical 

medicines such as antibiotics, 

- The desire to create supply chains that are robust, flexible, and highly efficient 

- The desire to grow the country’s manufacturing infrastructure, create high paying jobs, 

and strengthen our country’s economy.  

Continuous Manufacturing technologies, if supported by long term funding and enabled in the 

right forum, like those envisioned in H. R. 2617—1174 SEC. 3204, can deliver these benefits. 

 

 


