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Abstract: Readiness level (RL) frameworks such as technology readiness levels and manufacturing readiness levels describe the
status of a technology/manufacturing process on its journey from initial conception to commercial deployment. More importantly,
they provide a roadmap to guide technology development and scale-up from a “totality of system” approach. Commercialization
risks associated with too narrowly focused R&D efforts are mitigated. RLs are defined abstractly so that they can apply to diverse
industries and technology sectors. However, differences between technology sectors make necessary the definition of sector specific RL
frameworks. Here, we describe bioindustrial manufacturing readiness levels (BioMRLs), a classification system specific to bioindustrial
manufacturing. BloMRLs will give program managers, investors, scientists, and engineers a shared vocabulary for prioritizing goals
and assessing risks in the development and commercialization of a bioindustrial manufacturing process.
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Growing Importance of the Bioindustrial
Economy

Bioindustrial manufacturing describes the use of live organisms
or active biomolecules to produce goods at scale. A major cate-
gory, microbial fermentation, is already widely used in industry
for food and beverage production (Hugenholtz, 2013), production
of important commodity biomolecules (Danner & Braun, 1999),
production of proteins and enzyme catalysts, and production of
cell-based products, including soil inoculants and food process-
ing ingredients (Santos et al., 2019; Sybesma et al., 2017). Re-
cent innovations in synthetic biology and genetic engineering ex-
pand the scope of possible products, such as to include advanced
biofuels (Gaurav et al,, 2017; Oh et al., 2018), commodity chem-
icals and their drop-in replacements (Burk & Van Dien, 2016),
functionalized materials (Ansari & Husain, 2012), engineered cells
(Becker & Wittmann 2015), and more. Specific recent examples
of commercial products that leverage these advances include
1,3-propanediol by DuPont Tate and Lyle (Nakamura & Whited,
2003), 1,4-butanediol by Genomatica (Yim et al., 2011), farnesene
by Amyris (Meadows et al., 2016), acetone and isopropanol by

LanzaTech (Liew et al., 2022), polyethylene by Braskem (de An-
drade Coutinho et al., 2013), and polylactic acid by NatureWorks,
LLC (Erickson & Winters, 2012; Vink et al., 2003). Bioproducts can
offer improved performance and functionality compared to exist-
ing materials (Voigt, 2020).

Bioindustrial manufacturing processes offer many advantages
over strictly chemical processes and are well-positioned to ad-
dress important global challenges in the coming decades (Chui
et al., 2020). First, biology can be engineered to produce com-
plex materials and substances that have properties unmatched
by other manufacturing sectors. This is illustrated by the recent
global COVID-19 pandemic. Bioproducts including testing sup-
plies, treatments, and components for vaccines played an impor-
tant role in the pandemic response. Materials such as polylac-
tic acid are sufficiently robust to allow reallocation toward N95
mask production (Anon, 2020). On the horizon are more diverse
biopolymers, bioplastics, and other bioproducts that have physi-
cal or chemical properties absent from the repertoire of products
on the market today.

A second advantage of bioindustrial manufacturing is in its
ability to reshore supply chains. The feedstocks that support

Received: July 7, 2022. Accepted: September 15, 2022.

© The Author(s) 2022. Published by Oxford University Press on behalf of Society of Industrial Microbiology and Biotechnology. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1093/jimb/kuac022
https://orcid.org/0000-0002-6029-8326
mailto:smanski@biomade.org
https://creativecommons.org/licenses/by/4.0/

2 | Journal of Industrial Microbiology and Biotechnology, 2022, Vol. 49, No. 5

bioindustrial manufacturing are diverse and include agricultural
by-products, non-food crop agriculture, industrial waste streams,
and gas feedstocks such as CO, and methane (Clomburg et al.,
2017). 1t is conceivable to engineer multiple bioproduction strains
that convert distinct feedstocks into the same bioproduct. In this
way, fluctuations in feedstock availability or price will have less of
an impact on manufacturing output.

Lastly, bioindustrial manufacturing can help mitigate global
environmental issues. Pivoting from a petrochemical-based econ-
omy to a bio-based economy promises to sequester carbon diox-
ide from the atmosphere (Scown & Keasling, 2022), reduce energy
requirements for the production and transport of goods, and pos-
sibly drive a paradigm change toward smaller, distributed man-
ufacturing facilities (Clomburg et al., 2017). Innovations in bioin-
dustrial manufacturing will help sustain global ecosystems in the
face of population growth by lowering carbon footprints, decreas-
ing pollution, and improving renewable energy utilization effi-
ciency. Even for products that are traditionally sourced from living
organisms, like rubber or palm oil, bioindustrial manufacturing
offers routes of production that are more sustainable and envi-
ronmentally friendly.

Bioindustrial Manufacturing is Different
than Other Manufacturing Sectors

All manufacturing sectors face unique challenges during scale-
up. There is a false narrative surrounding bioindustrial manufac-
turing that the ability of engineered cells to self-replicate elim-
inates these challenges. Scale-up of a bioindustrial manufactur-
ing process from bench-scale to industrial-scale faces a variety of
risks and unknowns, for example, the performance of a fermen-
tation process replicated at production-relevant volumes may ex-
hibit different behavior than predicted from much smaller vol-
umes, depending in part on scale-down experience of the devel-
oper (Delvigne et al., 2017; Marques et al., 2010; Micheletti et al,,
2006; Wang et al., 2020). Milliliter-scale fermentation vessels may
not accurately reflect strain performance in kiloliter-scale vessels.
Many unique challenges exist in downstream processing (DSP).
Molecular intermediates and products from fermentations must
typically be purified from complex aqueous media. End products
of metabolic pathways can share physicochemical properties with
shunt metabolites and pathway intermediates that must be puri-
fied away using sometimes tedious and expensive separation pro-
cesses. However, process-guided approaches to strain engineer-
ing, coupled with application of downstream processing model-
ing, can mitigate such issues. For protein-based products purifi-
cation, workflows often need to maintain the three-dimensional
structure throughout DSP/purification so as not to lose activity
(Hearn, 2017). Lastly, because the producing organisms are self-
replicating, maintaining genetic stability is critical to maintain-
ing production quality. The use of scale-down fermentation mod-
els can be used to validate genetic stability before going to scale,
thus minimizing the potential impact on production scale-up.

New Tools Are Accelerating Bioindustrial
Manufacturing Workflows and Lowering
R&D Costs for Early Stage Technology
Development

The bioeconomy is experiencing rapid growth and has a global
impact in excess of $1 trillion (Chui et al.,, 2020). Consistent

improvement and reduction of costs for DNA synthesis and DNA
sequencing are making possible new approaches in early R&D
workflows that favor the massively parallel design, construction,
and evaluation of hundreds to thousands of putative produc-
tion strains (Esvelt et al., 2011; Smanski et al., 2014, 2016; Wang
etal., 2009; Warner et al., 2010). As capabilities for rational genetic
design improve, particularly the integration of machine learning
capabilities, these libraries will be increasingly focused on high-
performing variants (Lawson et al., 2021; Nielsen et al., 2016).
New tools and approaches for genome engineering, data analysis,
and learning are benefiting the bioindustrial manufacturing com-
munity. CRISPR-Cas9 enables rapid and cost-effective generation
of genome modifications in virtually any organism that can be
transformed with foreign DNA (Doudna & Charpentier, 2014).
dCas9-based tools featuring a deactivated Cas9 enzyme provide
control over gene expression and epigenetic state (Casas-Mollano
et al., 2020). Base- and prime-editing tools allow for precise
genome manipulation with a lower frequency of undesirable DNA
repair modifications (Anzalone et al., 2020). Large-scale sequenc-
ing projects continue to provide new enzyme variants that can be
exploited for metabolic engineering. Increased implementation of
machine learning and artificial intelligence in biological studies
is solving previously intractable problems (Jumper et al., 2021).
Rapid tool advances are providing small and large companies that
engineer organisms for bioindustrial manufacturing with greater
precision and speed. While these innovations can accelerate ideas
to the proof-of-concept stage, continued focus and innovation are
needed through the pilot-, intermediate-, and industrial-scale.
These innovations might be technical in nature (e.g., new fer-
mentor designs, new membrane/resin formulations for product
recovery), or they might solve problems to mitigate business risk
(e.g., supply chain management and quality assurance, multi-
product, or modular manufacturing plants). Manufacturing Inno-
vation Institutes (MIIs) were established by the U.S. Government
to provide the focus and funding needed to advance promising
proof-of-concept technologies toward commercial readiness.
BioMADE is an MII launched in early 2021 to advance bioindus-
trial manufacturing of non-medical products, and NIIMBL is an
MII launched in 2017 with a focus on manufacturing biomedical
products.

Bioindustrial Manufacturing Poses Unique
Advantages and Faces Distinct Challenges

Bioindustrial manufacturing poses several distinct advantages
over conventional methods (Fig. 1). Diverse metabolic capabili-
ties of engineered host strains lead to multiple feedstocks that
can support bioindustrial manufacturing. The fraction of chemi-
cal space available to bioindustrial production is large and non-
overlapping with molecules easily produced via synthetic chem-
istry (Wetzel et al., 2007). Enantiomerically pure products, often
comprising many stereocenters, constrained ring systems, and a
range of heteroatom incorporation are commonplace (Clomburg
et al., 2017; Erickson & Winters, 2012). Scale-up production pro-
cesses can be run under relatively mild conditions—typically at
moderate temperature, low pressure, at biological pH levels, and
with fewer toxic catalysts—resulting in safer, more environmen-
tally benign processes. Perhaps the most unique advantage is the
fact that engineered strains are able to grow and reproduce, which
changes the economics and thought processes around R&D and
industrial scale-up compared to other industries.



FEEDSTOCKS/INPUTS

(" )

/

J

2

L3

f

—

QL

BIOINDUSTRIAL
MANUFACTURING

Smanskietal. | 3

BIOPRODUCTS

Fig. 1. Bioindustrial manufacturing utilizes natural or engineered cells, or cell-free systems, to convert feedstocks into manufactured goods, including

materials, fuels, fibers, cosmetics, food ingredients, and more.

Table 1. Technology Readiness Levels (TRLs), paraphrased from the MRL Deskbook (http://www.dodmrl.com/MRL%20Deskbook%

20V2020.pdf)

TRL Key criterion

TRL1 Basic principles observed and reported

TRL2 Technology concept and/or application has been formulated

TRL3 R&D has commenced, and component parts of the complete system have been validated as functional
TRL4 Proof-of-concept system has been demonstrated in a laboratory environment
TRLS Component validation in a relevant environment

TRL6 System/subsystem model or prototype demonstration in a relevant environment
TRL7 System prototype demonstration in an operational environment

TRL8 Actual system completed and qualified through test and demonstration

TRLY Actual system proven through successful mission operations

Bioindustrial Manufacturing Readiness
Levels (BioMRLs)

The Readiness Levels Framework Provides

a Shared Vocabulary for Confronting Risk
Associated with Technology Development

and Manufacturing Scale-up

The technology readiness level (TRL) system of classification was
developed by NASA in the 1980s to better communicate the ma-
turity status of a new technology (Table 1). Since then, additional
field-specific readiness level frameworks have been implemented
(Buchner et al, 2019; Carmack et al., 2017; Martinez-Plumed
et al.,, 2021). In the early 2000s, leaders within the Department of
Defense spearheaded the development of parallel manufacturing
readiness level (MRL) classifications to cover elements of the com-
mercialization process missing from the original TRLs. MRLs in-
corporate a consideration of the production costs and schedules,
supply chain robustness, and pressures from competing markets,
many of which change as a production process matures from lab-
scale through production-relevant and production-representative
environments. There is not a formal link between TRL and MRL
scales, but it is not advised to mature the manufacturing readi-
ness further than the technology readiness. Determining the
readiness level for a process requires more than a quick look. The
chosen level needs to be substantiated by evidence, and this evi-
dence should be limited to demonstrated milestones (not ongoing
or future planned activities). As such, it is less useful to describe
a process as being “at” or “working on” MRLx—instead one can
describe the technology or manufacturing process as having “at-

tained”, “demonstrated”, or “achieved” an MRL. At the DoD and
NASA, technology readiness assessments (TRAs) are performed
by dedicated teams through a well-defined and rigorous process.
For example, a 147-page TRA Guide was produced in 2016 by the
U.S. Government Accountability Office (Government Accountabil-
ity Office—GAO, 2016).

Translating DoD MRLs to BioMRLs

The path to commercialization for a bioindustrial manufacturing
process is sufficiently distinct from other manufacturing sectors
tojustify the translation of a field-specific framework for BioMRLs.
We describe the key criteria for each BioMRL in Table 2, and be-
low provide more context to the nuanced differences used to dis-
tinguish between levels. In drafting this document, we frequently
encountered vocabulary that is not common in the bioindustrial
manufacturing literature. In these cases, we had to choose be-
tween (i) replacing vocabulary in the DoD MRLs with terms more
familiar to our community or (ii) socializing the terms used in the
DoD MRLs literature into our community. We did some of each and
have included a glossary as Appendix B that should be referenced
for key terms.

The 10 BioMRLs can be broadly broken up into early, mid-, and
late-stage maturity levels (BiloMRL1-3, BioMRL4-7, and BioMRLS8-
10, respectively). Early stage R&D efforts needed to produce the
initial proof-of-concept system are encompassed by BioMRL1-3.
These MRLs can be satisfied with laboratory-environment exper-
iments and include system-level design (BioMRL1), biomanufac-
turing and behavioral characterization of the required component
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Table 2. Bioindustrial Manufacturing Readiness Levels (BioMRLs)

BioMRL

Summary description of BioMRL1-10

BioMRL1: Basic manufacturing
implications identified

BioMRL2: Manufacturing concepts
identified

BioMRL3: Manufacturing
subsystems or components

BioMRL4: Independent validation
and verification of
proof-of-concept

BioMRL5: Demonstration of
prototype unit operations in a
production relevant environment

BioMRL6: Demonstration of a
prototype system or subsystem
in a production relevant
environment

BioMRL7: Demonstration of
systems or subsystems in a
production representative
environment

BioMRL8: Manufacturing line
demonstrated, ready for low-rate
initial production (LRIP)

BioMRL9: Low rate production
demonstrated; Capability in
place to begin full rate
production (FRP)

BioMRL10: FRP demonstrated and
lean production practices in place

Prior to physical research and development efforts, a study of manufacturing capacity is performed. Criteria
include identification and investigation of global trends in the industrial base, manufacturing science,
material availability, supply chain, and metrology.

Key manufacturing concepts have been identified, including broad-based studies that address analysis of
material and process approaches, material effects and availability, potential supply chains, needed
workforce skillsets, potential future investments, etc. Manufacturing scale and quality requirements for
potential markets are identified and analyzed. An understanding of manufacturing feasibility and risk is
emerging.

Components of the biomanufacturing process have been proven in a laboratory environment. This includes
genetic engineering efforts needed to create strains capable of producing the desired products in titers that
support the transition to pilot-scale production (typically in excess of 1 g/L). Methods for the purification
and analysis of the product of interest are also required but can rely on lab-scale equipment that is not
suitable for larger-scale DSP.

The proof-of-concept system has been demonstrated in a strain suitable for commercial-scale manufacturing
and has been independently reproduced/validated/verified. Additionally, an initial assessment of the
manufacturability is complete, including preliminary techno-economic analysis (TEA) and life-cycle
analysis (LCA). This assessment should include plans for the scale-up production (SUP) and downstream
processing (DSP) needed to produce sufficient quantities to allow testing and evaluation by downstream
stakeholders. These plans incorporate production-relevant environments. Product quality risks and
mitigation plans are documented.

Identification of enabling/critical unit operations is complete. Prototype materials, tooling, and test
equipment, as well as personnel skills, have been demonstrated empirically for unit operations in a
production-relevant environment. Scale-up production and downstream processing have been performed at
suitable scales to deliver sufficient quantities of end-product to downstream stakeholders for testing and
evaluation. The TEA has been further refined to assess projected manufacturing costs. A risk management
plan to mitigate technical and economic risks is integrated with the manufacturing strategy.

Manufacturing processes have been selected for the end-to-end manufacturing pipeline, even if engineering
and/or design variables still need to be optimized. Prototype manufacturing processes and technologies,
materials, tooling, and test equipment, as well as personnel skills, have been demonstrated on systems
and/or subsystems in a production-relevant environment. The TEA is refined based on system performance
and is expanded to include inventory control, production scheduling, plant maintenance, and production
quality attributes (PQAs). Long-lead and key supply chain elements have been identified, and supply chain
risk mitigation strategies exist.

Detailed system design is complete. Manufacturing processes and procedures have been demonstrated in a
production representative environment. Sufficient quantities of product have been made to test packaging
and distribution systems. Unit cost reduction strategies, such as statistical process controls (SPCs), are
underway in a production representative environment. Quality assurance of supply chains is in place, and
procurement schedules for long-lead elements are established. The manufacturing process is sufficient to
support low-level commercial manufacturing.

This maturity level is associated with manufacturing readiness for entry into LRIP. The detailed system design
is complete and sufficiently stable to enter LRIP. All materials, manpower, tooling, test equipment, and
facilities are proven on the manufacturing line and are available to meet the planned low-rate production
schedule. STE/SIE has been validated in accordance with plans. Manufacturing and quality processes and
procedures have been proven and are ready for LRIP. Known technical and business risks pose no significant
challenges for LRIP. The cost model and yield and rate analyses have been updated with manufacturing line
results. Supplier qualification testing and first article inspections have been completed. The industrial base
has been assessed and shows that industrial capability is established to support LRIP.

Manufacturing has successfully achieved LRIP and is ready to enter FRP. All systems engineering/design
requirements have been met such that there are minimal system changes. Major system design features are
stable and have been proven in operational tests and evaluations. Materials, parts, manpower, tooling, test
equipment, and facilities are available to meet planned rate production schedules. STE/SIE validation is
maintained and re-validated as necessary. Manufacturing process capability is at an appropriate quality
level to meet customer tolerances. LRIP cost targets have been met. The cost model has been updated for
FRP and reflects the impact of continuous improvement.

Engineering/design changes are few and generally limited to continuous improvement changes or
obsolescence issues. System, components, and items are in FRP and meet all engineering, performance,
quality, and reliability requirements. Manufacturing process capability is at the appropriate quality level. All
materials, tooling, inspection and test equipment, facilities, and manpower are in place and have met FRP
requirements. Process infrastructure and analytical equipment validation are maintained and re-validated
as necessary. Rate production unit costs meet goals, and funding is sufficient for production at the required
rates. Continuous process improvements based on risks identified during FRP are ongoing.




parts (BioMRL2), or initial demonstration of a complete bioman-
ufacturing system in laboratory environments (BioMRL3). There
is a nearly one-to-one correlation between TRLs and MRLs across
readiness levels, and at these early stage levels, it is arguable more
important to use the TRL designation. MRLs become more impor-
tant as a manufacturing process increases in scale.

Mid-stage manufacturing maturity levels are described by
BioMRL4-7. For a process to achieve BioMRL4, the proof-of-concept
manufacturing process should have been verified and validated,
and a plan for manufacturing at scale should be articulated. Ver-
ification and validation should be done in a manner that ensures
that it is sufficiently reliable (and the communication materials
describing the process are sufficiently detailed) to the point that it
could be confidently transferred to a new production environment
with little impact on performance metrics. BloMRL5 processes
have seen process unit operations demonstrated in production-
relevant environments (Appendix B). This is extended in BioMRL6
to demonstrate the ability to carry out all unit operations of a
manufacturing system in a production-relevant environment. Be-
cause production-relevant environments do not necessarily have
all of these unit operations integrated into a single production
line, it is not necessary to demonstrate complex scheduling to
maximize equipment use for multi-batch production runs at this
stage. BlioMRL7 requires a shift from production-relevant environ-
ments to production-representative environments (Appendix B).
At this stage of readiness, all unit operations should be integrated
seamlessly, and the aforementioned complex scheduling can be
demonstrated.

Late-stage manufacturing maturity levels include BioMRL8-10.
In each of these stages, manufacturing is performed in the actual
environment that will be used for industrial production. BioMRL8
is achieved when the final manufacturing line has been demon-
strated and is ready for low-rate initial production (LRIP). BloMRL9
signifies that LRIP has been demonstrated and that all systems are
ready to shift to full rate production (FRP). Finally, BloMRL10 is the
most advanced stage of manufacturing readiness. At this level,
FRP has been demonstrated, and operational changes to the man-
ufacturing line are limited to continuous improvement changes.

Bioindustrial Manufacturing Readiness
Assessments (BioMRAs)

Assessing the maturity of a manufacturing process is done with
the help of a detailed criteria matrix that describes the milestones
that should be met in 25 business and technology risk categories.
These risks can come from a wide range of sources, including ma-
terial supply chains, manufacturing process designs, capital in-
frastructure, and access to a well-trained workforce. BloMRAs pro-
vide technology developers, regulators, and acquisition managers
a shared process for identifying and mitigating risks in advancing
manufacturing processes. Thorough and rigorous BioMRAs help to
manage and communicate expectations between all stakeholders
involved in bringing a product to market.

Proper BioMRAs require a non-trivial dedication of time and re-
sources. BloMRAs should be performed by a team of subject mat-
ter experts who can identify both technical and business risks that
stand in front of successful product commercialization. The BioM-
RLs are not aspirational states but are a set of milestones that can
be justified with evidence. Well-executed BioMRAs will seek out
this evidence and present it in a detailed report.

The BioMRA criteria matrix developed by this working group
is included as Appendix A to this paper. BioMRAs should not be
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performed with a “pass/fail” mentality, and final assessments are
expected to be nuanced. For example, the overall summary of a
BioMRA could place a manufacturing process at BioMRLS5, even
if some of the criteria for quality management or facilities have
not yet reached BioMRLS5 status (presumably most of the other
criteria would be at BioMRLS or BioMRL6). Identifying the criteria
that are lagging behind the general BioMRL highlights vulnerabili-
ties to future process maturation. These vulnerabilities should be
addressed before advancing the other criteria to higher maturity
levels.

The BioMRA criteria matrix translates the formal criteria for
MRAs available via the DoD’s website (dodmrl.com) into language
and examples that are accessible to the community of bioindus-
trial manufacturing developers, regulators, and funders. Like the
BioMRLs, it does not seek to redefine target MRA milestones but
merely adds nuance and context to facilitate adoption by bioin-
dustrial manufacturing organizations. We briefly describe the pri-
mary criteria categories below that constitute rows in the MRA
criteria matrix.

Assessment Categories

These categories make up the rows of the BioMRA criteria ma-
trix. Each category should mature continuously as a manufac-
turing process advances to higher maturity levels. Categories
are presented in the same order as in the DoD’s general MRA
criteria matrix, and do not represent a listing of priority or
importance.

A. Technology and industrial base capabilities: Requires an anal-
ysis of the capability of the National Technology and Industrial
Base (NTIB) to support the design, development, production,
operation, uninterrupted maintenance support, and eventual
disposal processes. The NTIB was established by Congress
specifically to support national security interests, and currently
supports research and development, production, maintenance,
and related work in the USA, Canada, the UK, and Australia.
This is an important category to consider when the DoD is a
possible customer, but if the BioMRLs are used for non-materiel
manufacturing processes, this category can be replaced with an
assessment of the general industrial base.

B. Design: Relates to the high-level design of manufacturing
processes from sourcing materials, assembling unit operations
in a SUP and DSP workflow, and identifying manufacturing in-
tensification opportunities. Considerations in this category focus
on system-level design and control of key characteristics of the
process.

C. Cost and funding: Requires an analysis of the funding needed
to achieve target MRLs and milestones. This category also iden-
tifies technical and business risks that might prevent reaching
manufacturing cost targets.

D. Materials: Requires an analysis of the materials used in the
manufacturing process, including supply chains for raw materials
and the longevity/maintenance risks of materials used for manu-
facturing equipment and infrastructure.

E. Bioproduction strain: Requires an analysis of the strain
or strains used in the biomanufacturing process, including
suitability for industrial biomanufacturing processes, produc-
tion titers and growth considerations, genetic stability, and
rules/regulations/constraints concerning strain safety, shipping,
and IP rights.

F. Process capability and control: Relates to the risks associated
with whether manufacturing processes can reach performance
levels required by the manufacturing design.
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G. Quality management: Requires an analysis of risks and man-
agement efforts to control quality of the final manufactured prod-
uct and of the incoming supply chains and to ensure that qual-
ity is maintained as a process matures to greater manufacturing
scales.

H. Manufacturing personnel: Relates to assessments of the
workforce to ensure that the required skills, availability, and per-
sonnel numbers are accessible to support the manufacturing
effort.

1. Facilities: Requires an analysis of the capabilities and capac-
ity of key manufacturing facilities involved in a manufacturing
process, including prime manufacturers, subcontractors, suppli-
ers/vendors, and maintenance/repair providers.

J. Manufacturing management: Requires an analysis of the or-
chestration and organization of all elements needed for a success-
ful manufacturing process, from design to field/plant integration.

Many of the above categories are further broken down into sub-
categories in the BioMRA criteria matrix (Appendix A).

Appropriately Scoping the Assessment

When biomanufacturing processes require intersecting technol-
ogy development, performing an appropriately scoped TRA/MRA
can become challenging. For example, imagine a project focused
on developing a new analytical sensor for succinic acid that will
allow for needed feedback process control for the biomanufactur-
ing of succinic acid. There are two unique MRL maturation paths
that could be considered in this case: (1) how is milestone comple-
tion on this project advancing the MRL of succinic acid biomanu-
facturing (in which the new sensor is an important process control
element and infrastructure element) or (2) how is milestone com-
pletion on this project advancing the MRL of the new analytical
sensor (which is an important consideration if you need to man-
ufacture/sell this sensor to customers in the biomanufacturing
ecosystem).

Either MRL maturation path could be important, so it is imper-
ative to be clear at the outset of the MRA to define which path is
being assessed. The two paths will not necessarily be at the same
MRL at a given time. It is possible to have a fairly advanced process
for succinic acid production (MRL 6/7) that does not use the sen-
sor at all. Developing a proof-of-concept sensor and testing it in
production-relevant environments (MRL4/S for the sensor) could
de-risk process control elements of succinic acid production to
merit a step change in its MRL status.

We recommend that users of the BioMRA criteria matrix focus
on the business model that is of primary interest to the devel-
opment team. In the example above, if a team’s business model
is to develop, manufacture, and sell novel analytical sensors to
biomanufacturing companies, then it would be better to focus a
rigorous MRA on the sensor itself. Alternatively, if a team’s busi-
ness model is to manufacture succinic acid, and the sensor de-
velopment is just an important stepping stone to enable reli-
able manufacturing at larger scales, then succinic acid production
should be the focus of the rigorous MRA. In either case, clear com-
munication about what manufacturing process is being assessed
is important to avoid confusion.

Interplay Between Scales and Environments

There is language within the criteria matrix below that describes
experiments performed in different environments (laboratory,
production-relevant, production-representative, etc.). There is an
implicit correlation between these environments and the scale
at which manufacturing is performed. However, each bioprod-

uct is different, and the specific scale (e.g., in terms of liters of
production medium) that is relevant for these stages in commer-
cial readiness depends on the bioproduct and the scale-up/scale-
down expertise of the developer.

Laboratory environments are inherently small-scale and in-
clude scaled-down models for production environments. They
are able to predict some but not all behaviors of larger scale
production runs. Laboratory-scale environments include shake
flasks, small-scale (<10 L) bioreactors, and other scale-down mini-
fermentation systems (e.g., Amber 250). They are commonly used
in early stage research and development efforts, including an ini-
tial proof-of-concept (TRL/MRL 3). Laboratory-scale experiments,
when coupled with appropriate metrology, can be invaluable
for predictably scaling to production-relevant and production-
representative environments. Many types of process manipula-
tions that are feasible in laboratory environments are not feasible
in production environments.

Production-relevant environments (BioMRL5/6) include pilot-
scale unit operations that have process control capabilities
similar to final production environments. There is no require-
ment to seamlessly link unit operations in production-relevant
environments, and it is common that not all unit operations will
be performed in the same facility at this scale. In other words,
experiments that accurately test unit operations in isolation are
expected at this scale.

Production-representative environments (BioMRL7) must test
pilot- to intermediate-scale production runs in a facility that can
seamlessly link all of the unit operations for production and DSP
that will be required in the eventual commercial-scale produc-
tion facility. Production-representative environments enable effi-
ciency optimization tied to unit operation scheduling for multiple
successive production runs.

Emerging Bioindustrial Platforms

The most mature bioindustrial manufacturing platforms cur-
rently are natural or engineered microbial strain fermentations.
The language used throughout this paper and the BioMRAs as-
sumes such a platform. However, there are alternative platforms
that are maturing rapidly and may feature prominently in the
future bioeconomy. For example, engineered plants could be
leveraged to achieve an economy of scale-up production not
possible with bioreactor-based fermentations (Mizik & Gyarmati,
2021). Algal, cyanobacterial, or plant-cell culture could be utilized
in innovative photosynthetic bioreactor designs to make bioprod-
ucts using CO, as a feedstock and sunlight as an energy source
(Depra et al.,, 2019). Cell-free systems for biomanufacturing have
been demonstrated at the proof-of-concept scale and could
mature to compete with live-cell-based fermentations for certain
products (Silverman et al., 2020). While the specific language in
a BioMRA matrix would have to be tailored for some of these
emerging platforms, the general considerations should hold true.
For all current and future bioindustrial manufacturing platforms,
mitigating manufacturing risk is best done by addressing each of
the assessment categories listed above at increasingly relevant
manufacturing environments and scales.

Noteworthy Differences Between BioMRLs and
Traditional MRLs

There were several modifications made to the standard DoD MRA
matrix that we draw attention to here. These changes reflect
recognition of the ways in which bioindustrial manufacturing dif-
fers from other manufacturing sectors. In most cases, the changes



show up as new rows that were added to the BioMRA criteria ma-
trix (e.g., bioproduction strain, measurement system maturity),
but in some cases, there is merely a pivot of emphasis within an
existing row (e.g., supply chain managment).

Bioproduction strain. The engineered strain that is grown in in-
dustrial fermentors to make a bioproduct is critically important in
bioindustrial manufacturing. Milestones that pertain to the ma-
turity of the engineered strain did not fit well into the existing
criteria rows of the DoD MRA matrix. We created a new category
for the bioproduction strain and further subdivided it into two
subcategories: (i) chassis organism and strain characteristics and
(ii) strain-environment interface.

Progression from BioMRL1 to BioMRL8, and optionally to
BioMRL10 in the chassis organism and strain characteristics row
begins by broadly considering potential host organisms that could
be engineered to support bioproduction. These are prioritized in
an analysis of alternatives (AoA) by comparing the technical risk
and business risk of adopting each host into the manufacturing
process. Advanced design-build-test-learn (DBTL) cycles of strain
improvement focused on the strain attributes that matter for in-
dustrial scale-up are found in the low- to mid-BioMRLs. Mid- to
late-BioMRL efforts focus on mitigating strain instability as well
as obtaining final regulatory approval for the strain/process.

The second subcategory, strain-environment interface, has
many of the same objective functions (strain growth rate and
stability, bioproduct yield, titer, productivity, etc.), but focuses
on understanding and de-risking the ways that bioproduction
environment (e.g., fermentation medium) influences these
characteristics.

Measurement system maturity. The ability of an experiment to
reliably identify changes/improvements in key bioprocess met-
rics (titer, yield, productivity, etc.) is dependent on the number
of replicates recorded and the measurement variation. Measure-
ment systems that provide better precision are able to identify
smaller changes in key metrics with lower numbers of replicates.
Because of this, the efficiency with which an R&D team can cap-
ture knowledge throughout the BioMRL escalation ladder is im-
pacted by the quality of measurement systems.

This is especially important for mid- and late-BioMRL exper-
iments for two reasons. First, the desired effect size that sig-
nals process improvement becomes smaller as a process ap-
proaches maximum theoretical yield. Early in strain engineering
efforts, when measured titers are only a small fraction of theoret-
ical yield, multiple-fold improvements are possible. Low-precision
(i.e., immature) measurement systems can be tolerated at this
stage, since they are still capable of detecting conditions that
lead to several-fold process improvements. However, processes
that are already at 50% of theoretical yield cannot give a several-
fold improvement with respect to yield alone. Instead, moderate
improvements of 2-5% in yield may be the goal for R&D teams,
as these can translate to millions of dollars in revenue at target
manufacturing scales. High-precision measurement systems that
minimize both biological and measurement variance are neces-
sary to detect moderate improvements in bioproduction.

The second reason is that experiments become increasingly
more expensive at higher BioMRLs. Advanced measurement sys-
tems that allow teams to draw statistically justified conclusions
from smaller numbers of replicates allow more rapid and efficient
process maturation.

For these reasons, time, effort, and funds dedicated to mitigat-
ing risks associated with measurement systems are prioritized
throughout the biomanufacturing maturation timeline, and mea-
surement system maturity is included as a new subcategory in
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the assessment criteria matrix. In some cases, the bioproduct ma-
terial requirements for performing measurement system matura-
tion studies during early BioMRLs are at odds with the low produc-
tivity of manufacturing processes at this stage. Improving access
to and affordability of pilot-scale infrastructure to produce the
first kilogram of material for testing will benefit the entire field.

Supply chain management. Supply chain management exists as
a subcategory in the traditional MRA criteria matrix, but we seek
to increase its emphasis in the BioMRA criteria matrix. Feedstock
materials that constitute a critical supply chain for bioindustrial
manufacturing are subject to many sources of batch variation.
For domestic bioindustrial manufacturing, feedstocks may need
to be procured from different hemispheres due to seasonality of
agriculture. Weather/climate variation from year to year might
change important aspects of feedstock quality. For these reasons,
establishing a quality management system for incoming feed-
stocks and other important supply chain materials is arguably
more important for bioindustrial manufacturing than for other
manufacturing sectors.

Pilot-line terminology. In most cases, we have retained key
terms from the DoD MRL Deskbook and translated them for
the bioindustrial manufacturing community (e.g., production-
relevant environment, production-representative environment,
etc.) (Appendix B). However, because the use of the term “‘pilot-
line” in the DoD MRL literature was commonly misinterpreted
by members of our working group, we have elected to remove it
from our descriptions of BioMRLs. In the DoD literature, a pilot-
line environment is the final manufacturing infrastructure that
will be used for LRIP and FRP (i.e.,it shows up in MRL8). In contrast,
the bioindustrial manufacturing community more commonly as-
sociates the terms ‘‘piloting” or “pilot-scale” with smaller-scale
experiments that exist between lab-scale and intermediate scale
(i.e., common for BioMRL4-5 processes). When we use the term
“pilot” in this document, we intend to communicate the latter
interpretation. We replace the usage of pilot-line in DoD litera-
ture with production-line. A production-line environment is es-
tablished immediately prior to LRIP and FRP.

Perils of R&D in the Absence of a TRL/MRL
Framework

The objective functions used to guide DBTL cycles during R&D do
not necessarily correspond with commercialization needs. For ex-
ample, iterative DBTL cycles to improve yields for a product in a
chemically defined medium will be wasteful if they do not cor-
respond to higher yields in media suitable for commercial-scale
production. In such cases, regular testing of intermediate strains
in pilot-scale settings would be important to ensure that R&D
of lab-scale strains does not proceed past the point of diminish-
ing returns. Similarly, the final production titer is a convenient
metric for lab-scale DBTL efforts, but the value-limiting metric at
commercial scale might be the purity of that molecule relative to
structurally similar metabolites (or even the concentration of one
specific impurity). In such cases, there could be more value in en-
gineering strains to decrease the production of impurities versus
pushing further titer increases.

An important consideration that should be addressed early in
a TRL/MRL-focused optimization is the specific host organism.
Strains for which rapid and easy genetic manipulation tools are
available might be ideal for early (TRL1-3) R&D but may not be
well suited for the final environment of deployment, whether
that is an industrial-scale bioreactor, a human gut, or a farmer’s
soil. Engineered multi-gene systems are known to vary in their



8 | Journal of Industrial Microbiology and Biotechnology, 2022, Vol. 49, No. 5

&

-

=

w

=

=4

7 .

- (E)

= J VALLEY CORPORATE
PUBLIC OF DEATH INVESTMENT
INVESTMENT

>
MRL 1 2 3 a 5 - . - .
TECHNOLOGY/MANUFACTURING READINESS LEVEL
F

=

=

(')

=

=

w

=

= getbde o CORPORATE
PUBLIC MANUFACTURING INVESTMENT
INVESTMENT

>
MRL 1 2 3 2 Y 8 - - 5

TECHNOLOGY/MANUFACTURING READINESS LEVEL

Fig. 2. BioMRLs seek to identify and mitigate risks in scaling
manufacturing processes from proof-of-concept to commercial scales.
They provide a roadmap for responsible maturation of manufacturing
processes.

performance between lab and industrial strains (Egbert & Klavins,
2012; Moser et al., 2012), making this transfer important early in
the transition to mid-scale BioMRLs. Changes to genetic design
that impact scale-up should also be made in BioMRL4. For exam-
ple, the impact of plasmid-based versus chromosome-integrated
systems, and the use of repetitive genetic elements that decrease
genomic stability need to be addressed before advancing too far
in the commercialization process (Chen et al., 2013; Englaender
et al., 2017). Moving engineered systems into the final host organ-
ism early can prevent wasted DBTL effort in a strain that is not
commercially viable.

To avoid having new technologies stall in the TRL/MRL4-7
phase, early R&D needs to be done in consideration of the limits
and constraints imposed later in the scale-up process (Fig. 2). This
may limit the short-term progress of TRL3-4 technology improve-
ments, which in the absence of oversight could rapidly “improve”
quickly down routes that in the long-term are dead ends. It is im-
portant to take the long view for applied strains and processes in
parallel to or soon after demonstrating the first proof-of-concept.
This will help de-risk technologies and save money over the en-
tire course of a commercialization effort. Essentially, work with
the end in mind.

Conclusion

Bioindustrial manufacturing has special advantages and unique
challenges compared to other manufacturing sectors. It can uti-
lize diverse feedstocks, incorporating domestic supply chains to
reshore manufacturing processes that have gone overseas. It can
make compounds not accessible to bulk chemistry or petrochem-
ical extraction. Producing organisms are self-replicating and can
scale to large volumes when process control and measurement
systems are sufficiently mature. Challenges may include more
complicated DSP/purification requirements and maintaining

strain stability and production efficiency. The commercialization
process demands that organizations directly confront potential
risks to prioritize R&D efforts. The BioMRLs framework provides
a shared language for stakeholders to clearly assess the maturity
toward or in commercial-scale production. Such a shared frame-
work will help organizations to collaborate in carrying promis-
ing technologies across the ‘“valley of death” from inception to
commercialization. The impact of bioindustrial manufacturing on
many sectors of our economy and society will continue to grow.
Companies that have successfully shifted from the mindset of
“scaling to learn” toward one of “learning to scale” have brought
dozens of products to market in the past two decades (Hill et al.,
2020), and it is exciting to see what the next two decades will bring.
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Appendix B. Glossary of Key Terms

Acquisition strategy (AS): Describes the Program Manager’s plan
to achieve program execution and programmatic goals across the
entire program life cycle. Summarizes the overall approach to
acquiring the capability (including the program schedule, struc-
ture, risks, funding, and business strategy). Contains sufficient de-
tail to allow senior leadership and the milestone decision author-
ity (MDA) to assess whether the strategy makes good business
sense, effectively implements laws and policies, and reflects man-
agement’s priorities. Once approved by the MDA, the acquisition
strategy provides a basis for more detailed planning. The strat-
egy evolves over time and should continuously reflect the current
status and desired goals of the program.

Analysis of alternatives (AoA): From Defense Acquisition
Guidebook Ch2-2.3 (for detailed definitions of Milestones A, B, and
C in this context, please see the Guidebook): The AoA is an im-
portant element of the defense acquisition process. An AoA is an
analytical comparison of the operational effectiveness, suitabil-
ity, and life-cycle cost of alternatives that satisfy established ca-
pability needs. After the Materiel Development Decision, the AoA
is initiated to examine potential materiel solutions with the goal
of identifying the most promising option, thereby guiding the Ma-
teriel Solution Analysis phase. Subsequently, an update to the AoA
is initiated when necessary or mandated by the DAE at the start
of the Technology Maturation and Risk Reduction phase and is
reviewed at Milestone B (which usually represents the first ma-
jor funding commitment to the acquisition program). The update
to the AoA is used to refine the proposed materiel solution as
well as to reaffirm the rationale, in terms of cost-effectiveness,
for initiation of the program into the formal systems acquisition
process. For major defense acquisition programs at Milestone A,
the MDA must certify in writing to the Congress that the Depart-
ment has completed an AoA consistent with the study guidance
developed by the Director, Cost Assessment and Program Evalu-
ation (DCAPE), in addition to meeting other certification criteria.
For major defense acquisition programs at Milestone B, the MDA
must certify in writing to Congress that the Department has com-
pleted an AoA with respect to the program, in addition to meeting
other certification criteria. Pursuant to DoDI 5000.02, the AoA is
updated as needed at Milestone C.

Diminishing manufacturing sources and material shortages
(DMSMS): The loss or impending loss of manufacturers of items or
suppliers of items or raw materials, also known as obsolescence.

Environment, health, and safety (EHS): An acronym for the set
that studies and implements the practical aspects of protecting
the environment and maintaining health and safety at job sites
and in places where the manufactured product is sold/used.

Failure modes and effects analysis (FMEA): A formal process
of reviewing the manufacturing system and subsystems to iden-
tify the potential failure modes, as well as their causes and ef-
fects. The failure modes of each component are organized in an
FMEA worksheet, for which several templates can be found online.
FMEAs should define the probability (P), severity (S), and means of
detection (D) of each failure mode. From these metrics, it is possi-
ble to determine a risk level for each failure mode.

Failure reporting, analysis, and corrective system (FRACAS):
A closed-loop system for performing failure mode analysis and
correction.

Front-end loading (FEL): An approach to feasibility analysis or
conceptual planning commonly used for stage-gating in manu-
facturing industries. It involves gathering strategic information at
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process-development milestones to mitigate risk in process scale-
up.

Full-rate production (FRP): A manufacturing process that has
previously been demonstrated at LRIP and is scaled to address the
required market demand.

Key performance parameters (KPPs): Performance attributes
of a system considered critical to the development process. These
can be staged to increase during the course of manufacturing pro-
cess maturity. They should be linked to empirical measurements
that facilitate objective assessment.

Low-rate initial production (LRIP): LRIP is the initial phase of
product manufacturing and sales to customers. LRIP is meant to
be temporary and is intended to allow for information collection
on all aspects of the commercial-scale manufacturing process
prior to FRP. The duration of LRIP should be minimal and suffi-
clent to permit identification and resolution of any deficiencies
prior to FRP. LRIP does not necessarily have to be an economic
stand-alone rate of production, but it will ensure that transition
to FRP is as economical as possible.

Modeling versus simulation: For the purpose of this document,
we refer to models as scaled-down physical systems meant to
capture key behaviors of biomanufacturing processes. Modeling
in this sense includes lab-scale (flask and smaller) fermentations,
lab-scale apparatus to allow for empirical measurements of DSP
unit operations (e.g., extraction efficiencies), and others. Compu-
tational modeling is captured in the term “simulations”.

New raw material (NRM): A raw material that is not currently
commercially available in quantities needed.

Product quality attributes (PQA): The combination of at-
tributes including performance features and characteristics of a
product that impact a customer’s satisfaction/acceptance.

Quality management systems (QMSs): A collection of business
processes focused on achieving quality policy and quality objec-
tives to meet customer requirements.

Risk priority number (RPN): A quantitative metric of a
particular failure mode. The RPN is the product of a fail-
ure mode’s probability (P), severity (S), and ease of detection
(D) (low numbers signifying easy detection and high num-
bers signifying difficult detection). Greater RPNs indicate higher
risk.

Strain: A clonal lineage of a natural or engineered cell that self-
replicates. Sometimes this term is used interchangeably with cell-
line or production host.

Statistical process control (SPC): An approach for quality con-
trol that uses statistical methods to monitor and control a manu-
facturing process, emphasizing early detection/correction as pre-
ventative measures to ensure product quality rather than observ-
ing quality defects after they have occurred.

Systems engineering plan (SEP): SEP in the DoD MRL Deskbook
is equivalent to the FEL-3 Detailed Engineering Design of the front-
end loading process. It includes a fully designed production plant,
including the exact specifications for construction, commission,
start-up, and operation.

Technology transfer package (TTP): A document or set of doc-
uments that describes the new technology (product or process) so
as to facilitate its transfer to another group. TTPs are required, for
example, prior to working with a contract manufacturing organi-
zation or industrial production partner. They should contain all of
the required information for the partner organization to plan, al-
locate resources, and successfully execute on the manufacturing
objective.
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