Downloaded viaHARVARD UNIV on January 14, 2019 at 05:42:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

@ Biomaterials

@& Cite This:ACS Biomater. Sci. EigQ18, 4, 22922307

Advanced Cell and Tissue Biomanufacturing

Kaiming Yé&'® David L. Kapldi?, Gang BadChristopher BettingeGabor Forgacs,
Cheng DongAli Khademhosseifi,Yonggang Ke? Kam Leong® Athanassios Sambanis,
Wei Sun, and Peng Yin

"Department of Biomedical Engineering, Center of Biomanufacturing for Regenerative Medicine, Watson School of Engineering a
Applied Science, Binghamton University, State University of New York (SUNY), Binghamton, New York 13902, United States

*Department of Biomedical Engineering, School of Engineering, Tufts University, Medford, Massachusetts 02155, United State
SDepartment of Bioengineering, School of Engineering, Rice University, Houston, Texas 77005, United States

Department of Materials Science and Engineering, College of Engineering, Carnegie Mellon University, Pittsburgh, Pennsylva
15213, United States

Department of Bioengineering, College of Engineering, University of Missouri, Columbia, Missouri 65211, United States

#Department of Biomedical Engineering, College of Engineering, Penn State University, University Park, Pennsylvania 16802,
United States

"Department of Bioengineering, University of California, Los Angeles, California 90095, United States
Department of Biomedical Engineering, College of Engineering, Georgia Tech, Atlanta, Georgia 30332, United States

Department of Biomedical Engineering, School of Engineering and Applied Science, Columbia University, New York City, Ne
York 10027, United States

W. M. Keck Foundation, Los Angeles, California 900071, United States

Department of Mechanical Engineering and Mechanics, College of Engineering, Drexel University, Philadelphia, Pennsylvani
19104, United States

Department of Mechanical Engineering, Tsinghua University, Beijing, China
Department of Systems Biology, Harvard Medical School, Cambridge, Massachusetts 02138, United States
Modern Meadow, Inc., 340 Kingsland Street, Nutley, New Jersey 07110, United States

ABSTRACT: This position paper assesses state-of-the-art | e therapeutics | | Proteins/small Molecules
advanced biomanufacturing and idestpaths forward to
advance this emergingld in biotechnology and biomedical gz Scale Up
engineering, including new research opportunities and trang-s# T

ﬁardized \

lational and corporate activities. The vision forelaeis to
academic and industrial communities as well as a techno ogma]_ l e e | Woaron |«

see advanced biomanufacturing emerge as a discipl'lé“’"[|
opportunity to spur research and industry growth. To naviga B R
this vision, the paths to move forward and to identify maj@kdardized cel P
barriers were a focal point of discussions at a National Ssielye@iture Media s Fosrtr ey

. . cale out Boreadr Scaop
Foundation-sponsored workshop focused on the topic. Some
of the major needs include but are not limited to the |'An-0rgan-0n-chips | ‘ Personalized Tissue Therapeutics |
integration of sped scientic and engineering disciplines and
guidance from regulatory agencies, infrastructure requirements, and strategies for reliable systems integration. Some of tt
recommendations, major targets, and opportunities were also outlined, inclutfingneboallendet® spur interest and
progress in theeld based on the participants at the workshop. Many of these recommendations have been expanded,
materialized, and adopted by thkl. For instance, the formation of an initial collaboration network in the community was
established. This report provides suggestions for the opportunities and challenges to helpeildowé aleanced
biomanufacturing forward. Thedd is in the early stages af@ing science and technology in biomanufacturing with a bright
and important future impact evident based on the rapid scéehtances in recent years and industry progress.
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Figure 1.Emerging technologies for cell and tissue biomanufacturing.

biological systems to generate new materials and nepportunities are now driven by the many confounding
therapeutic products with a view toward scalability, stantiealthcare challenges presgnto society. Historically,
ardization, and industrialization. These processes include tiiemanufacturing has focused mostly on the pharmaceutical
use of technology to generate biologically relevant materiadglustry, referring to fermentation, paiion and formula-
and systems wherein biological components and/or processies needs, including upstream and downstream aspects of the
are included. The key is to utilize building blocks, materials, process. This industry continues to thrive, and many of the
synthesis systems such as cells or related componentsingights and advances from the production of pharmaceuticals
exploit control that biology can provide over materials, such ean be used as a guide to develop new technologies for
from a structural hierarchy and complex systems/tisswlvanced biomanufacturing.
assembly perspectives. Important Lessons from Biology. We approached the

The anticipation is that the development of advancedhallenges in advanced biomanufacturing from a hierarchical
biomanufacturing technologies will lead to new modes @ierspective. This approach was selected in part because this is
generating components/building blocks, biomaterials, tisstlee model from biology, and some emulation of this approach
organoids, automated bioreactors, and systems for a rangeva$ hypothesized to inform and guide our plans in a positive
needs, from medical devices, biosensors, therapeutic cell amy. As such, the design and control of building bid¢ks,
tissue products, to new ways to alter the supply chaiapility to program and generate polyfitetee concept of
manufacturing environment, and environmental compatibilitgelf-organizing ceifs,and the ability to print complex tissues
as shown irFigure 1 To navigate this vision, this position and orgart§** provide the scaling to be explored. While this
paper assesses where the state-of-the-art is, what the pathéeps identify the tools, paths, and systems, it also establishes
to move forward to reach the vision, and to identify the majsome self-imposed limitations that need to be recognized.
barriers to success. These needs encompass the sciencePamdaps the largest of these is that in nature, these individual
engineering involved, the regulatory and infrastructure needsales are not segregated but intimately connected, providing
and the systems integration required. The idea is to disrupt asdamless integration to permitient and productive systems
transform, not to take a small step. However, there are matoyfunction.
examples of activities upon which to build, where small Building Blocks, Molecular Recognition, and Hier-
successes and opportunities can serve as a guide to the laagehy. The ability to design biomanufacturing processes by
impact, eventually leading to a new sector of science discipliaecoding information content from the building block stage is

The scientic tools to support the vision for advanced one of the remarkable and empowering features in biology and
biomanufacturing have been emerging over the §d& 10 is also very distinct from current manufacturing technologies
years, empowered by advances in genomics and proteomécpted in industry. These rules of control (e.g., stereo-
cell biology, regenerative medicine, 3D bioprinting, proceskemistry/chirality, self-assembly, self-sorting, etc.) provide the
engineering, and design and systems integration. Thesme of many systems discussed. Further, encoding information
advances, originally focused more on the human genome amhtent at the building block level facilitates the scaling and
needs toward personalized medicine, can now be targetskembly required to achieve more complex structures and
toward materials, cell manufacturing, and tissue biofabricatifemctions in systems. This is not a trivial issue to embrace, as
in ways not even feasible ten years ago. Importantly, thabe subtle rules that guide structural hierarchy remain
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Figure 2.Aspects of biomanufacturing processes.

somewhat elusive. However, the general knowledge that srit#i# over the past 25 yeds° Additional insights have come
forces (e.g., van der Waals, electrostatic, hydrogen bonds, efmo)n understanding the cddir machinery required to
a role for water in the process of controlling interactionsptimize polymer yield. Understanding upstream and down-
among components, self-assembly in terms of molecukiream design needs, tailoring polymer composition, and
recognition and interfaces, and scaling driven by sequerggnerating useful products from biological systems have all
chemistry encoded in the building blocks (e.g., sugars, amigxpanded sigmiantly. Speat insight and studies into the
acids, DNA, etc.), can all be exploited in advancedynthesis of polymers such as alginates, xanthans, hyaluronic
biomanufacturing. Further, at the lower scale, modes to desigids, amylose/amylopectin, tropoelastin, collagens, and others
and synthesize designer building blocks are in hand, and thve also helped to push these technologies ahead. Issues of
modes to encode patterning and spatial features are somewii cation, processing, and control of polymer features all
in hand but need further robustness and insight. Subtle fordéed into these topics. Additional topics such asation
such as membrane potential and associated biophysical factelgted to endotoxin removal has been addressed related to the
are only just emerging as important themes to be exploited fedical utility for the systems.
the eld. Tools: Patterning and Control. Major advances in cell
Bottom-Up vs Top-Down. A top-down approach patterning ar_1d control would empower a next generation of
re ecting a more traditional manufacturing approach can gissues, devices, and systems. These features emerge from
contrasted with the bottom-up approach using building blociivelopmental biology and require subtle insight and control
organized with hierarchicatusture and function. For into stem cell biology, matrix interactions, mechar_ncal forces,
instance, building or assembling tissues from the top_do\@,lﬁctrlcal forces, and many other factors. Self-sorting based on
remains early stage, yet advances are emErgingom cell receptors and programmed cell functions are endemic to
inkjet printing to_self-assembling gels to generate Comp|g3gse_ features. When these aspects of cell pattern control are
tissue assembliéel” These advances inform our enthusiasmiN€n integrated with external manipulation of such features,
for the future potential of the approach and suggest that ti@/Ch s by novel processing tools and deposition processes
tools and the basic insights are emerging to drive this approa€r@- inkiet and 3D printing), new generations of complex
in the eld. Thus, the timing is right to build on these starting®YStems can be envisioned. For example, tissue and organ

points to examine a path forward for advanced biomanufact@finting, pattern control of cell biology and many related
ing and empower growth of thed. themes have emerged in recent years.

Tools: Molecular Biology. Major advances in genomics, . 1 00IS: Systems Integration.The associated manufactur-
proteomics, and synthetic biology, with the associat g needs to support building _functlonal Qewces are critical.
databases and tools, have pushed forward the ability to des H?r?m. theze f proc:?sseslflyfumtegratetd 't?]to upstream |
and implement new genetic approaches to encode pathw €siS and formation of components, the more complex,

control loops, compounds, building blocks, and polym nictional systems will not emerge. Thus, it is critical to
! ! ' odmder how we can exploit current manufacturing processes

designs. These tools empower biological design, control, al% hew ways, how biology solves these processes in a supply/
production processes to a level not previously achlevab(g%mand way, and at scales matched to system requirements

While the bulk of this focus has beenEscherichia ¢oli : .
Chinese Hamster Ovary (CHO) cells, and a few other systenfgr;?tinheogng r;]%rtg%ecg?(zggﬁlnon and recycling/reuse are the

the opportunities to expand the repertoire of tools to other

host syst ith labl ti d robust feat i

Sosiiat T Wi scaiable opiions and TobUst Teattres 15 NP¥MOLECULAR APPROACHES AND BUILDING
Tools: Polymers. Major advances in polymer synthesis BLOCKS

have been driven by insights from bacterially derived 2.1. Molecular Building Blocks: The Role for Synthetic

polyhydroxyalkanoates andrés to generate bioplastics like Biology in Advanced Biomanufacturing. At the molecular
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Figure 3.llustration of proposeadw of molecular biomanufacturing technologies necessary to facilitate transition from proof-of-principle through
DNA manufacturing to end-users in industry. There is a critical infrastructure need for Fabs to populate the space of biological parts, for Foundri
to design these parts into large systems, and metrology to establish common measurements and standards for the exchange and disseminat
parts and designs.

level, rapidly advancing tools have empowered the ability BioFab had a specimission of creating repositories of DNA
design and implement new cell capabilities, including cellukequences that can be easily accessed and reused for multiple
rewiring’"* the introduction of new metabolic pathways, classes of engineering projects. More generally, facilities
the synthesis of biological building blocks or components féwllowing this model (referred to here as Fabs) are needed
more complex materials, and expanding the toolkit from natut@ build and test large sets of genetic parts emerging from
to synthetic options such as nonnative amino acids aratademic research, catalogue their behavior, and centralize
modi ed sugars. These capabilities permit the generation thfeir distribution, thereby removing barriers of access to
useful components and pathways toward new monomers f@quences and information.
building polymers or for functionalizing devices or systems. Second, rapid design and prototyping facilities are needed to

A substantial fraction of these capabilities is accessed dstermine how to mostectively assemble the parts produced
programming cells with DNA. Cells are provided synthetiby Fabs into systems that produce desired behaviors. Such
DNA that encodes for collections of genes and other genefacilities, referred to here as Foundries, address the intrinsic
elements that work together to accomplish a desired functiacontextual complexity of large biological systems via high-
To this end, DNA manufacturers already have establishésroughput design-build-test-learn cgﬁ?és]'o do this,
production pipelines for relatively small DNA construct$-oundries design and build large sets of combinations of
(around 1000 DNA base pairs) and are continually improvingenetic parts, test the combinations, and then apply learning
these processes. This DNA manufacturing capacity for buildialgjorithms to extract assembly rules to enhance function. By
polymers or for functionalizing devices or systems¢ 2 doing so, Foundries can leverage knowledge from Fabs to
has already provided the basis for consumer biomanufactustgtpherd complex systems from the proof-of-concept stage to
products in the chemical, fuel, and pharmaceutical industrieme suitable for production. Moreover, Foundries will provide

Although there are already commercial applications, tteecritical role in technology dissemination of techniques for
di culties intrinsic to transitioning complex systems througtiesign and prototyping by industrializing early stage DNA-
development stages have hindered molecular biomanufacturnmgnipulation techniques from academia. They also can provide
from realizing its full potentidigure 3. Systems containing associated training to scientists in manufacturing industries and
dozens or hundreds of interrelated DNA elements have tlyenerate demand for such techniques in manufacturing settings
potential to provide a tremendous variety of valuable nely establishing manufacturing viability for complex, previously
functions, chemicals, and materials. However, the developmieigiccessible systems.
of such systems typically stalls at the proof-of-principle stag&hird, the exchange of information between Fabs,
due to the complexity. To address this barrier, dedicated e Foundries, and manufacturers that utilize their output will
are necessary to establish a reliable bridge for complesty critically on metrology. Metrology refers to the develop-
engineered systems to transition from proof-of-principle tment of standards for the measurement of the behavior of
production readiness, thereby providing a route for thed®ological components (includiipgrts), the descriptions of
designer systems to enter into existing mainstream biomamamponents (such as sequence, necessary context, metadata,
facturing. To achieve such a bridge, three distonts @re etc.), ontologies, methodsodrls, quality metrics, and
necessary: software spedations such as for data interchange.

First, there is a continuing need fares dedicated to the Although they will full a critical niche to enable molecular
discovery, characterization, and dissemination of useful DNWomanufacturing, the establishment of Fabs, Foundries, and
sequences. For instance, NSF funded a BioFab in 2009. Thetrology are all at nascent stages. It is important to note that
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Figure 4.Digital self-assembly of (a) 2D DNA origami structures, reproduced with permissiodr@uopfight 2006 Springer Nature; (b)

2D DNA-brick structures, reproduced with permission fratg @bpyright 2012 Springer Nature; (c) 3D DNA-brick structures, reproduced
with permission from r2®, Copyright 2012 AAAS; (d) gigadalton DNA-brick structures, reproduced with permissios0fréopsefght 2017
Spring Nature. (e) Complexity of digital DNA self-assembly has increased exponentially.

initiatives such as these generally fall outside of thadevices have been constructed in parallel, including tweezers,
conventions of traditional academic research or industrigvitches, and circuits. Recently, #le has also made a
research and development (R&D). However, there is strongumber of breakthroughs in digital self-assembly of nanoscale
precedent for investment in such infrastructure. The establistp, 3D, and microscale crystals u$BNA brickd as

ment of factory-scale DNA sequencing centers has revofodular building blocks. In all of these cases, the resolution
tionized biomedical and phawceutical R&D. Similarly, approaches 2 nm. Additionally, as DNA and RNA can be
continued investment in transitional infrastructure will enablgierfaced with other functional molecules in a technologically
more complex, next-generation molecular approaches 10 fyllyeyant fashion, synthetic nucleic acid structures promise
leverage already-established biomanufacturing mfrastructur&iv(_}rse applications; researchers are using DNA/RNA

2.2. Structural DNA Nanotechnology.State-of-the-Art. - o+ res and devices to direct functional material arrange-

Digital faprication, In comparison to analog fabncapon, IS moFﬁents, facilitate nuclear magnetic resonance (NMR) protein
powerful and versatile due to its modularity and high accuretéy
T

(Figure 4. Nucleic acids, especially DNA, have been used “‘CtWe determination, develop b|0|mag.|ng_ _probes, and
nature as digital molecules for programming cellular behavi anize and regL_JIate molecular pathwa_y_s in living cells.
in biological systems. In contrast, structural DNA nano- | € Structural size and complexity of digital self-assembly by
technology instead tries to harness the power of this versatind DNA as building blocks has grown exponeritigllye
biomolecule for digital self-assembly and fabricatiorel@ihe 5€)- One of the rst 3D objects, a DNA cube, contained 6
has grown rapidly and become aactive approach for DNA. strands. Rothemurd DNA' origami in 2006 was
constructing sophisticated synthetic molecular structures ag@nsidered as“guantum ledpthat increased the number of
devices. DNA components to 200 per structureé. The DNA bricks
Diverse synthetic nucleic acid structures such as latticéigither increased the number of DNA componentgQ@0 in
ribbons, tubesite 2D and 3D objects with aed shapes, 2012%°° and then to 33000 in 2017 a more than 5000-
and macroscopic crystals have been created. Many dynafold increase in comparison to the DNA cube.
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Figure 5.Digital nanofabrication of inorganic material via DNA-directeddsug of gold particles, coating with silicon dioxides, etching of
graphene patterns, and casted growth of custom-shaped gold particles, reproduced with permisd@®3f#o@omfaght 2012 Spring
Nature, 2013 ACS Publication, 2013 Springer Nature, and 2014 AAAS.

The self-assembly of DNA bricks was extended fagorecursor or post-treatment to improve crystallinity under
constructing microscale crystalline struciliféss capability ~ extreme conditions.
is especially important to scale up the sizes of DNA digital Gaps and BarriersSome of the gaps and barriers include
fabrication. It is therst general strategy for construction of the creation of self-assembled DNA structures with high
complex DNA crystalline structures with precisely controllecbmplexity, resolution, and precision, transferring the spatial
depth and prescribed intricate nanoscale 3D features. Thas®rmation to more diverse technologically relevant functional
crystals can grow to micrometer size with prescribed depth opaterials with high accuracy and resolution, moving from
to 80 nm with a resolution around 3 nm. simple prototype (e.g., etching a simple grapheme ribbon and
Digital Fabrication of Inorganic Material€Could we producing a singleeld eect transistor) to integrated
combine the power of digital self-assembly with functionality &@fnctional structures and devices (e.g., etching wafer size
many other functional materials that are widely used iimtegrated circuits), large-scale production of DNA and RNA
industry, especially inorganic materials such as semiconductardpw cost and high quality, developinectave computa-
metals, and carbon-based materials? In a way, this is a sintitaral tools for structure design and simulation, and improving
challenge that the top-down technology has to address: howstiability of self-assembled structures under extreme conditions.
rapidly prototype a wide range of materials to achieve desiredArt of the PossibleWe envision that discrete, uniquely
functions. Recently, a few publications have demonstrataddressable structures ovemilsize can be possibly created.
pioneering work of transferring structural information orExtended crystal structures with complex geometrical features
digital DNA self-assembly to functional materials, includingt 5510 nm resolution can potentially cover millimeter to
metallic nanoparticles, metal oxides, and graphene, througheatimeter surface area. Transferring of the spatial features of
variety of processes>* The typical resolution of theal the synthetic DNA/RNA structures to diverse technologically
structures is around 380 nm Figure 3. relevant materials with complex features with nanometer
The semiconductor industry and other emerging applicaesolution and over micrometer to millimeter area is also
tions such as nanophotonics and nanoelectronics are possible. Another technological advance that we envisioned is
constant pursuit of low-cost, high throughput manufacturinipe creation of tunable thickness and composition of DNA
of materials/devices at smaller and smaller scale. Digital DNAystals to enhance the resistance at extreme conditions. The
self-assembly @rs an alternative, promising route to convencombination of DNA/RNA digital manufacturing with the
tional top-down lithography. . First, it can potentially assembsemiconductor industry, electronics, photonics, and spatially
materials at sub-5 nm resolution. Second, self-assembly isrganized protein nanofactories could lead to the production
parallel process. Millions or even billions of products of thef programmable molecular instruments for molecular
same shape and function can be produced simultaneousliagnostics and therapeutics.
Third, 3D materials and devices can be assembled in a singleModeling and SimulationExisting design and analysis
step, unlike the conventional lithography 3D manufacturinggols such as CAD can be used to design user-friendly
which typically requires multistep, layer-by-layer processesinterfaces for DNA designs. Sequence design tools that use
Despite the rapid progress, large-scale manufacture exfperimentally attained information and simple elastic model
nanoscale materials via DNA-directed digital fabrication haE DNA duplex can be used to simulate twisting and bending
yet come to fruition. What needs to be done to capitalize on itf DNA origami structures. Computational models can be used
potential? Three imminent challenges have to be overconte: predict deformed DNA shapes based on symmetry
(1) develop either chemical or enzymatic methods for highminimization or thermodynamics of DNA molecules. The
quality, low-cost, large-scale production of DNA or RNA, (2khallenge is to include the need for more sophisticated and
reduce the loss of resolution during the fabrication down to powerful design and analysis software tools that have much-
few nanometers or even angstroms, (3) interface with a wideeeded functions such as rapidly simulating lowest-energy state
range of materials and develop multicomponent fabricatiaf large structures and designing complex dynamic self-
approaches (molecules and materials that can currently assembly of structures. Computer tools that fully automate
controlled include proteins, nucleic acids, some smathe integrated design, construction, and test cycles are highly
molecules, nanoparticles, graphene, and semiconductodgsired. The advancement of tid also calls for developing
and (4) improve device performance by using highly orderadore design and analysis tools for materials beyond DNA
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Figure 6.Microbially produced natural or unnatural building block chemicals used for polymer synthesis as well as polymers that can be direct
produced in vivo, reproduced with permission frodDré&opyright 2011 Elsevier. Numbers below each chemical name in the inner circle
designate the amount of total annual production where MT represents metric ton. Colored balls across layerscifulicdienspecoup(s)

within chemical structures, which are speédiy red for dicarboxylic acids, yellow for diamines, blue for alkenes or dienes, purple for carboxylic
acids, and green for diols. It should be noted that colored regions of each polymer in the outectdlyeinsiete building block chemicals

having speai functional groups indicated by the aforementioned colors. Abbreviations are 3CM, 3-carboxymuconic acid; 3HB, 3-hydroxybutyrate
AC, acrylate; AM, acrylamide; BDO, butanediol; HA, hyaluronic acid; IT, itaconate, LA, lactate; ODO, octanediol; PBSA, poly(butylene succinate
cebutylene adipate); PBSPS, poly(butylene sucobpaitgsylene succinate); PBST, poly(butylene sucoimatgdene terephthalate); PDC,
poly(1,10-decanediol citrate); PDO, propanediol; PES, poly(ethylene succinate); PHA, polyhydroxyalkanoate; PHB, polyhydroxybutyrate; PHI
polyhydroxypropionate; PHV, polyhydroxyvalerate; PLA, polylactate; POC, poly(1,8-octanediol citrate); PPS, poly(propylene succinate); PP
poly(propylene terephthalate).

structures, e.g. for DNA-templated inorganic structures atmmportant properties. These types of materials can be derived
devices. either from biological sources or prepared by recombinant
techniques Kigure §. When cells secrete or interact with

3. CELLULAR APPROACHES, ASSEMBLIES, AND  these biomaterials, they have been coaxed to form functional

POLYMERS human and animal tissues. Structured microbithbithat

3.1. State-of-the-Art. An ability to use cells, organisms, or are protected against material degradation or form self-healing
communities of organisms to generate polymers an@aterials or highly organized viral assemblies that can act as
structurally active materials is one of the hallmarks of biologic&xible piezoelectric materials are additional examples of
systems. In particular, cells can generate polymeric materggsemblies. The design and manufacturing processes for the
with diverse properties for biomanufacturing devicesSor celbssemblies of these biomaterials and active cellular and viral
material assemblies. These biologically derived materials heg@ponents are currently heterogeneous, primitive relative to
advantages in enhanced chemical uniformityedienolec-  other manufacturing disciplines, and not standardized. The
ular weight and monodispersity, and controllable physicprocesses span molecular design, biological pathway design,
chemical properties. Furthermore, they provideldiog in materials design, and overall assembly of the complex mixture
which cellular assemblies can develop into organized tissoésells and materials. There is an opportunity to integrate
and form structured chemical factories for biomedicdheory, computation, characterization, and physical manufac-
applications and beyond. ture to improve the scalability and reliability of these

Existing biomanufactured materials are already succesdfiimanufacturing processes.
For instance, elastin-based_materials provide resilience an€éaps.Some of the gaps in theld include interrelation-
elasticity to biological tissties.” Silk-based materials have ships, moving from lab protocols to assembly lines, ex vivo
high strengtf®*° Other types of natural materials such asstorage/preservation, and functional heterogeneity of multi-
polysaccharides and collagen also provide unique armdale biomolecule or tissue assemblies. The interrelationships
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among the biomechanical/biochemical/bioelectrical factorspectrum of cell types and behaviors required to meet the
cellitissue microenvironment, biology/physiology, and impromise of advanced biomanufacturing.
plant/tissue integration must be better elucidated. It is unclear 3.2. Modeling and Simulation. We need to consider key
how microenvironmental cues (such as soluble chemidainctions of biopolymers by including their working circum-
factors, ions, local stess, microarchitecture, topography,stance instead of isolated systems. We also need to take the
porosity, diusivity, and their gradients) irence cell e ect of chemical environment (pH, temperature, ionic
machinery to produce proteins and polymers, or to remodebnditions, etc.) on the material functions into consideration.
the environment resulting in new biomaterials. As cells entetraleed, these facts make the material functions such as
given microenvironment, their interaction with that environstrength and degradation rate no longer an intrinsic property of
ment leads to self-assembly, organization, patterningSand céfie building blocks. This method enables us to consider the
cell signaling. Despite sigaint advances in biology, much of interplay between the biomaterial and the environment in a
the underlying principles are largely unknown. Understandinignamic way, and the result will be helpful for the life cycle
these principles will also require sigmt eorts directed at  design of biomaterials. There are few frameworks for
understanding the ionx dependence of relevant processedransferring the knowledge from modeling and simulations to
such as secretion, proliferation emintiation, migration, manufacturing of functional cellular and viral assethblies.
apoptosis, etc. These gaps in knowledge limit our ability f@evelopment of integrated, scalable, open, computer-aided
fully exploit these processes to develop the predictive moddkssign and manufacture and high-throughput screening
that are essential for the manufacturing of these polymetschnologies backed by the proper information systems to
Once these dependencies have been better described, the deam from failures and successes is essential. The key is rapid
will be open to important advances such as live-cell mediatebtotyping and screening infrastructure to support this.
delivery systems capable of targeting sjgéeis with reagents Another idea is to connect experiments with bottom-up
for both enhancing (e.g., inducing tissue generation, etc.) prodeling and simulation to optimize sequence of proteins,
inhibiting (e.g., drugs for cancer, cardiovascular diseasssembly conditions, and processes of their ad$eSuioly.
diabeteSrelated diseases, etc.), as well as improved implaktowledge is dicult to obtain from top-down studies but
biocompatibility and tissue integration. Cell generatedritical for advanced biomanufacturing.
polymeric biomaterials may be passive or they can serve aBarriersWe envision needs for developing computational
live, active, hybrid biopolymer with smedunctionalities. models and scale-up biomanufacturing technologies. Com-
These hybrids may self-generate, self-heal, and continueptder-aided theoretical and computational models, computer-
emerge and evolve med functionalities, depending on their aided design of integrated systems, and modeling of
usage. biopolymer materials and cellular assemblies will play a critical
Moving from Lab Protocols to Assembly Lindhe role in generating testable hypotheses based on realistic
success of various types of biomanufacturing processes isiiticiples. However, neither computational nor mathematical
out of reach due in part to the lack of understanding some kélyeories currently exist in stient detail to actively contribute
elements of these processes. For example, in tissue enginedontiie experimental process. Multiscaling, multiphysical, and
in vivo sceold degradation is often predicted from the mixed-abstraction modeling, with uncertainty and big data
outcomes of in vitro degradation studies, and these often doanagement, remain a challenge. More interdisciplinary
not correlate. However, direct quantitative determination aftudies comprising mathematical modelers, biologists, and
degradation in vivo has been problematic due to theltyi bioengineers should be encouraged. These groups can address
in separating the itrated/regenerated tissues from their pressing issues such as appropriate choices of assumptions,
porous scalds; thus, many predictions remain untested andbiological correctness, and applicability to bioengineering
still require in vivo quantitative validation. It is imperative thaissues such as the role of bioelectrical signaling, interrelation-
we nd in situ real-time methods to facilitate tracking orships, scaling challenges, and tissue heterogeneity. Multiscale
monitoring dynamic changes in tissue regeneration amdodeling has the potential to reach the goal and connect these
scaold degradation processes without samgi animals. discrete areas but needs to be developed in a standard and
This issue has been addressed somewhat; howedd, tfie  well-documented way so that it can be used by people without
tissue engineering still remains a trial-and-error process, itedepth backgrounds.
some degree. New biomaterial tools, engineering methodsThere are also needs for developing methods for designing,
design principles, noninvasive, and real-time assays are urgéulytifying, characterizing, storing, and assuring the quality of
needed to move thesld of tissue engineering forward. advanced biomanufacturing processes for diverse applications.
Ex Vivo Storage/Preservatidrechnologies are lacking for ldeally, one would have a top-down design faalassembly
o -the-shelf tissue grafts that incorporate live cells. Measurioigbiomaterials, including geometry, spétieraction among
tools and methods of quality assurance for biomanufacturedlls, and input/output behavior of cells and entire aggregates.
tissue products in storage must also be developed before thidmately, the methods employed will need to specify the
biomanufacturing process can be used to develop tissues ithr@e-dimensional spatial organization and help understand
clinically relevant scale. how it develops over time in terms of mechanical, chemical,
Functional Heterogeneous Multiscale Biomolecule or and electrical properties of the system. When compiled, such
Tissue Assemblieslanufacturing heterogeneous and multi-language would specify a number of physical interactions and
scale structures that achieve desired compositions, architectprecesses necessary to achieve the goal. This would be
functionality, and chemical and physical properties is ngrocessed further into a series of abstract physical implemen-
currently possible, largely because of a lack of studies on haions with known manufacturing processes for biomaterials
di erent manufactured assemblies interact when combined awholds and cellular surface properties and cellular processes.
how structural stability and viability are maintained. Use dfinally, this would be transformed into a series of molecular,
these mixed biomaterials is necessary to support a fgknetic, cellular, and material manipulations that could be
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carried out by a manufacturing process. The manufacturiB® structure of tissues or organs of intet&st New
process would be based on a series of standard primitivesdpproaches such as integtabrgan printing that can
these processes, including additive manufacture, self-assecdugurrently print synthetic biodegradable polymers and cell-
methods, etc. with more predictable functions. Predictabladen hydrogels in a single tissue construct with applicable size,
engineering includes the tools for directing and predicting thstructure, and mechanical strength are necéssary.
manufacturing process, allowing for in situ real-time assessingarious technologies have been developed to print cells and
progression and failures of the process. manipulate them in small volumes. These technologies can be
While there are emerging examples of modular materials atidssied as nozzle-free and nozzle-based technologies. Some
biological components, more diverse functional systems famples of nozzle-based bioprinting technologies include:
operation in more environments with more actuation modalnkijet, piezo-;'sé’l.“;55 valve-baséd,and extrusion-based print-
ities better designed for interoperation are necessary. Timg methods™°° These systems involve a droplet or a jet
creation of a computationally accessible knowledgebaselezving a nozzle that encapsulates droplets and have been
these primitives and their characterization is necessary rtigported to print live cells and pattern proteins. Examples of
support a scalable computer-aided design and manufacturingzle-free technologies are laser pfifititand acoustic
framework. This leads to many areas of need: bioprinting’® Laser printing involves a light beam controlling

« Biosynthetic systems for cellular production andhe locations of deposited cells precisely. Acoustic printing

form external structures and organize interactions at3gnerate droplets by breaking surface tension. These present
high level: techniques allow also the incorporation of DNA and proteins

« Modular molecular elements of biopolymers tha nd other molecular entities. The resulting tissue structures
predictably form self-organized supermolecular strug-av?3 been built up to 4 mm in thickness, which have been
tures with known compatibiliies in efent environ- abricated and implanted into animal mad&ts’ Functional

skin has been produced using extrusion biopfifiifig.

ments; . . .Bioprinted tissue arrays have been manufactured for drug
e Cellular sensors of electrical, mechanical, and chemlcl; P

nals that t coll and te behavior: and &Sting>>® Biologics can be patterned in 2D and 3D arrays
Signals that can €ct cell and aggregate behavior, and i, the yse of lasers and cell printers. For example, patches

' Precis_ion manufa_cturirjg for prc_)tein de_signs,_genet' capsulating human mesenchymal stem cells have been
encoding .of.fun_ct|ons.|n cglls, biomaterial design, anﬁinplemented in animal modélsAdditionally, 3D in vitro
cellular printing into microniches that support aggregatgancer model tissue constructs have been pfifitdthese

development and preservation. printed constructs can be used as model systems to mimic the

3.3. Regulatory and Cost IssuesThere are still many complex native microenvironment of tissues as well as cancer
complex regulatory hurdles to overcome to develop cellsiodels.
viruses and cell/virus aggregates into living tissues forAnother approach is developing highly sophisticated and
applications to health. The issues of standards, biocompataried scald structures that can be implemented to develop
bility, quality control, and long-term safety must be addresse3D tissue&® This may enable complex vascularized and
One issue that is of great relevance is the cost and scalabilityndlervated tissues in the future. For example, to manufacture
cell-derived biopolymers. Due to the need to use cefissue-like systems with vascular conduits in 3D, fabricated
bioreactors and biologically derived systems, the processesricial golymer layers can enable conduits to be
for generating these materials are inherently slow. To enableated™"**® These fabricated polymers can be created
translation of suchProducts, it is important to minimize batchthrough approaches like extruding or micromachining, which
to-batch variabilif§** Furthermore, it is important to address can create nonplanar features at a micrometer scale. These
long processing times, low yield, and gation limitations.  techniques enable the fabrication of 3D structures that are
Infrastructure for manufacture requires sophisticated compderived from more conventional manufacturing processes that
tation, instrumentation, and automation. It isuli for single have been used in the steel industry for decades.
laboratories to support such an infrastructure. Formation of These patterning and assembly approaches are well-
biomanufacturing foundries that can be used by a range gjsitioned to be integrated with advanced manufacturing in
laboratories will help advance thlel. This process will aid in  the future to build many novel areas resulting in scienti
establishing collaborations, informational interchange, aadvances.

standards as well. They would also form the basictie Gaps and BarriersGaps exist at dirent levels ranging
research centers. New models for handling intellectubm lack of fundamental design rules to developing novel
property would also be needed. computer code to run 3D printing machinery. First, we need to
incorporate developmental biology principles into tissue and
4. TISSUE AND ORGAN APPROACHES organ engineerifigand fabricate, store, and eventually deploy

4.1. State-of-the-Art. The development of multicellular tissue constructs in environmentgmint from thénatural
constructs, including tissues and organoids, is critical @mvironment where they are intended to reside. Second, the
advanced biomanufacturing. One of the major directions fabrication of complex constructs and products involves
this area is printing technologies that have been derived frarambining multiple cell types in complex structures. It is
various automated deposition schemes (for recent reviews more e cient and often necessary for the cells to interact with
the subject, see ref§549), 3D organ printing technology each other and develop, self-assemble, intoahstructure.
shows promise as a viable option for creating complekhere is no database or comprehensive theory to guide
composite tissue constri€ts. These printing methods can structure building and formatfGnA theoretical basis for
precisely place purely cellular materials or cell-encapsulatijemneral tissue/organ building does not currently exist. A
hydrogels in a layer-by-layer fashion, replicating the compliatabase for the printing ofeatient types of cells, interactions
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between dierent types of cells, culturing conditions, is atemporary mold. The cellular structure is constructed around
necessary prerequisite for establishing a theoretical basis #niel structure and, subsequently, the mold isceatcrnd
guideline for further development in tkel. Moreover, there  removed (e.g., by variation of the temperature). The remaining
is no understanding in theld of what tolerances in building network of hollow conduits isished with endothelial cells,
3D structures are acceptable. For further advancing 3D tissuiich eventually seed the lumens of these conduits, providing
printing, a better understanding of the tolerances is neededthe protective barrier akin to that in a natural vascular network.
building 3D structures. While 3D fabrication of solid objectSacricial network molds have been fabricated either with 3D
can occur with submicrometer tolerances, it may not bgrinters or micromachining tools (with linear featuresSof 10
necessary to engineer tissues with those, as biological sEMd m). Once printed multicellular structures and engineered
assembly is often occurring at those length scales. Therdissues are supplied with such engineered vasculature, they will
agreement that self-assembly does not occur at length scaldseirpossible to maintain in vitro until they are matured to the
the millimeter to centimeter ranges within the appropriate timpoint that they can be used for implantation. This program will
frame. allow us to fabricate -the-shelf tissues (and eventually
The denition of scale-up here also needs furtherorgans).
clari cation.“Scale-upin production usually is perceived in  From biomanufacturing prospective, biomimetic manufac-
terms of volume. In the case of 3D printiagale-upmay turing will become a new paradigm. New materials and
include an increase in the quantity produced, but biologicptocesses will be developed based on the capabilities of the
factors are of equal importance such as an increase in numlbgng materials, in particular the cells. We envisage several
and types of cells printed. For nonplanar 3D structures, grossibilities at present and believe the range of future
increase in volume while decreasing surface area presgussibilities is wide. Cell-produced materials with unique
critical challenges as the inner cells lose access to the extepnaperties such as bone could be used as construction material.
medium. Scale-up would necessitate the development of tr@yltured leather could be used in the fashion, shoe and
large-scale cell culture techniques for the production of cellsdaatoindustryf{ttp://modernmeadow.cgmSuch applications
print organ-size multicellular constructs. Such techniques ddll lead to considerable savings in resources (energy, water,
not yet exist. and land) and eliminate adverse present industrial practices
The integration with host tissue has been recognized &s.g., toxicity in leather production). Harnessing tsasliks
critical but has not been studied systematically. The advantdgefabricate tissues will allow producing food for use in
of tissue/organ printing over other tissue engineeringonstrained environments (e.g., space ships and battle ships).
technologies is that vascular conduits can be constructedarning how to employ cellular machines (e.g., molecular
within the scaold/tissue layers as they are built up. motors; acto-myosin contractile system) at the tissue level will
Vascularization with host tissue is seen as a critical stepléad to our ability to perform spediasks across scales such as
assuring success. Ex vivo models of neo-vascularization mawgaturizing devices for medicine or performing work with
been developed and can be exploited in a systematic studyenfiineered muscle. Further automation of the entire tissue and
printed tissue/host vascularizafig®* organ engineering process will lead to moreient
A barrier to building multicellular structures that arefabrication and our ability to produce these structures on-site
functional is the lack of understanding of the necessary cumsneeded. Ultimately, we envisage that patients will walk into
that need to be provided by sald or matrix. Development of specialized facilities, shed their dysfunctional organs, and have
in vitro model systems that allow testing tleete of single  ones‘made to meastire
and combinatorial ects of factors and/or signaling molecules Cell printing permits the generation of 3D in vitro tissue
on the function of tissue constructs is needed. Tools developeabdels for probing basic biological insights into cells and
for cell printing and/or deposition are seen as playing atissues as well as understanding human disease processes.
essential role in this development. Among the applications are 3D in vitro tissue analogues that
Computer control of equipment to activate manufacturingnimic di erent cancer tissues to elicit mechanistic information.
devices is limited. To achieve manufacturing, high throughpugr instance, the microprinting of cancer cells patterned with
precision, speed, and repeatability are critical. This can only B®oblasts and various angiogenesis factors can simulate some
achieved through automation. Depending on the spatial scalethe hallmark features of invasion and metastasis seen in
of the nal product, the process will need to scale up froncancer patienf§®* A micro uidic device housing 3D
laboratory scale. The monitoring and care of products pobtofabrication tissue constructs can be developed to enable
manufacturing are also important factors for commercializaanipulation of these cells in a 3D microenvironment to help
tion. Computerized equipment is central to all these processezplain the fundamental biological processesSwetedind

which is not available currently. celBmatrix signaling and interactions as well as allowing for
4.2. Art of the Possible.As extended bioprinted structures environmental toxin screening.
cannot be kept alive by relying solely on thesige transport Replicating cell and microenvironment in 3D is critical in

of nutrients to all cells, several approaches have been suggastelérstanding the physiology and pathology of human tissue
to overcome the major hurdle of vascularization needed foonditions. 3D tissue models permit understanding of cell and
their fabrication. This can be accomplished by the actitessue behaviors in response to external stimuli. As such, use of
transporting of the nutrients through a network of branchinthis system may recapitulate an indivédonedical condition
conduits (the vasculature) that assures that no cell is farther vitro, which would allow for the development of
than 208300 m from this supply mechanism. All the personalized therapy.

suggested approaches are based owrisaconduit networks, Cellltissue/organ-on-a-chip technology can provide vital
indicating that the solution to this problem is convergtools in developing disease m&delsad drug testirfg®’
ing>%>17%%% A sacricial network is a blueprint of branching These microchip devices mimic the cell microenvironmental
vasculature fabricated from a material that serves asclaaracteristics in vivo and also integrate the dynamic cell
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Figure 7.Body-on-a-chip. Conceptual image of how the various existing organs-on-a-chip might be assembled to simulate the entire physiologi
system of a human for the purpose of drug screening. (A) Lung. Reproduced with permissié®) €opyrigiht 2012 Springer Nature. (B)

Blood brain barrier. Reproduced with permission frdi, i€bpyright 2012 Royal Society of Chemistry. (C) Heart tissue. Reproduced with
permission from réfl, Copyright 2011 Royal Society of Chemistry. (D) Liver. Reproduced with permissio®#&dpopgfight 2009 Royal

Society of Chemistry. (E) Intestinal villi. Reproduced with permission fesnGepyright 2010 Royal Society of Chemistry. (F) Muscle.
Reproduced with permission fromBrefopen access article). (G) Blood vessels. Reproduced ®énCagdyright 2012 National Academy of

Sciences. The overgure is adapted from 8 Copyright 2014 Springer Nature, andgures are reproduced with permission from the other
references mentioned in thigire caption.

culture and high-throughput analysis together, mimickingpproaches can produce designer proteins for use as structural
specic organ activities, mechanics, biophysical responsesaterials such as extracellular matrix proteins, functional
and functions in vitro. With controlledid properties in  materials such as underwater adhesives, or bioactive
microchannels, one can simulate the physiological conditiotierapeutics. Biomanufacturing processes at the cellular and
for tissue/organ growth in the cfiip. organ levels include established and emerging technologies
4.4. Modeling and Simulation. To understand the such as 3D-printing and cell-sheet engineering, for example.
complex interactions that occur in building tissue- andhese platform technologies are often leveraged to manufac-
organ-like systems, it is critical to understand their multiscdl¢re speck articles. However, systems integration attempts to
integrated biological responses. One approach to this is to WgFmonize multiple articles together in a way to produce a
developmental biology-based models to incorporate tHarger multiscale system. Systems integration will ideally start
naturally occurring multiscale (molecular to cellular towvith the nal product, identify the relevant technology or
multicellular) behavior of living systems. Models will be buifechnologies, and then integrate them into a system that can
examining these systems considering a multitude of factdifimately be used to fabricate the original product in mind.
including biochemical, solling, mechanical, electrical, etc. Systems integration deals with the seamless melding of these
These models have to cross multiple scales, yet these sctfieBnologies to generate robust, scalable, and economically
and multitude of interactions will cause challenges. Models céable biomanufacturing systems. There are many challenges in
be used to understand these interactions and then employedfiés process, including the following:
predict future integrated tissue responses. Special features such |denti cation of crossover points in which the output of

as complexity, coarse graining, multiscale character, and many one discrete technology or process can serve as the input
others will need to be implemented and adapted to probe these 4t another process.

biological systems. « Uniting stakeholders and end-users imidg appro-
priate metrics both within length scales (molecular,
5. ASPECTS OF SYSTEMS INTEGRATION IN cellular, and organ) and across length scales.

BIOMANUFACTURING Systems Integration Challenges are Numerous and

5.1. State-of-the-Art. Strategies for Comprehensive Multifactorial. Systems integration approaches can be parsed
Systems Integration are Largely Product-Spech key out to include multiple unique thrusts. Here, we delineate a
theme in systems integration is the diversity of the technicdi erence between process integration and systems-level
challenges. The specthallenges in systems integration aredesign. Process integration is a key element of biomanufactur-
largely dened by the spea product. Other kinds of ing. Process integration is mkdl as the ability to connect
biomanufacturing strategies that are unilateral in terms dfscrete unit operations of a broader process in a tractable
length scale and functionality can be leveraged to fabricat@nner. Strategies for process integration can be derived from
multiple diverse products. For example, molecular leviilose developed in chemical engineering. Systems-level design
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utilizes aspects of process integration for the goal d&fie nal product might be emergent itself in the sense that it
comprehensive systems design. Examples of systems-leaelcontinue to remodel in response to changing conditions is
design includes multiscale fabrication strategies for thetriguing but nascent. Most biofabrication technologies
integration of materials and cells with electronic devicesnnot be considered high-throughput at present. Cell printing
including biosensors, electronic elements, and higher-leaeld placement, laser-based polymerization, etc. could be
logic. integrated with a high speed roll to roll printing, and other
Gaps and Barrierslany challenges and opportunities existemerging biofabrication approaches could be integrated to
in the biomanufacturing of biological and cellular systemealize new capabilities. This is also related to the balance
These could be categorized as fundamental biological issbesveen high-throughput and low-throughput processes for
and aspects, and issues that are more technology aihe appropriate applications.
manufacturing related. There is very limited understanding ofNontechnical IssuesA variety of nontechnical and
celBcell interactions and communications and our abilities teegulatory issues and barriers needs to be addressed for
manipulate these interactions. How do cells respond tiacreasing the impact and pervasiveness of the regulatory
physical and spatial gradients and how these egtshe barriers. These include (i) developing standards for cell
autocrine and paracrine interactions? The complexity of theglenotypes and manufacturing of the modules, (i) inter-
interactions increases dramatically as heterotypic celluthisciplinary language barriers, (iii) ethical issues related to
interactions are to be considered. Imaging, sensing, ahwmanufacturing and self-replication, and (iv) issues related to
modeling approaches for examining and understanding thégehnology adoption, ease of use, and functionality.
interactions are very much needed. 5.3. Modeling and Simulation. Modeling and simulation
Characterizing and controlling the issues of consistency aisch key aspect of systems integration. In the context of systems
variability of cells and biomolecules is another challenge.infegration, computational models can be used to highlight
cells or biomolecules are to be used for producing anothgeme key aspects of biomanufacturing. Epkgi the
product or if cells are used to make cellular systems, tfi@llowing provocative questions would be of interest to the
control of parameters describing the physical and chemididmanufacturing community:

properties of cells will be very important for biomanufacturing. « Noise and error in biological systems. How much noise
Co-di erentiation of cells from embryoid bodies and cell is too much noise? How can theseniiens be

clusters is a challenge and an opportunity to prodecerdi addressed and moeil for spect applications in
cell typeS at the same time so their interactions could be Systems at the dirent |eve|S, including molecu'ar,
tailored would be very useful. There exists tremendous  celjular, and organ scale devices?

di erent kingdoms (animal, plants, insects, microorganisms). propagation and information transfer in systems? How
Extracting opportunities for biomanufacturing of chemical and 5, gure of merits be translated to and frorerdit

biological product from plant, insect and bacterial cells could aspects of the process?

be very important. Similarly, use of cells across these species 4 it tolerance and failure modes. How can we model
for the development of cellular machines could be very useful.  ¢o it tolerance in biological systems? What role can

Could mammalian cells be reprogramed to operate at other failure mode analysis play? How can we model these
temperatures except at 32, e.g. at room temperature? processes? '

Predlct|on_ and control of emergent behavior of cellular Abstracting standards in molecules, cells, and organs.
networks is a grand challenge for biomanufacturing. Tech- Can we use modeling to clearly nge engineering

ngloglels fc:jr Ehargcﬁenzmg _ant?( Vrzgelllsuremen'g of various o ameters in cells? For example, in polymeric systems
physical and chemical properties fdsoelll communications M ’ . A
and cematrix interactions need to be developed. Approaches gﬂ;ﬁfgriﬁglu;'gpasmgfgs bgugﬁ Sg:Ctr?w%Iérch:aPr\?v(g;Sﬁlt

such as imaging, chemical probes, computation, etc. will need viscosity, etc. Can we recapitulate these values for cells
to be integrated for measured 4D interactions. Furthermore, Y, etc. prtult S
and organs? Where can modeling help in this process?

reliable vascularization continues to be an issue and a Emeraent behavior. Princiol f ; -~ "
challenge, and every living system and exchange of nutrients 9 - Frinciples of systems integration
have been successfully deployed to create complex

and wastes will be critical to long-term operation of these ; ; . :
technologies in the aerospace and microelectronic

systems. ; X e ; .
5.2. Art of the Possible. Technology and Manufactur- industries. A core principle that drives the commercial
T y success of these examples is reliability and reproduci-

ing. The spatial-temporal control of cell behavior and function . : ) ;
bility across multiple layers of abstraction and design.

would need to be controlled for developing robust . e e .
Systems integration in biomanufacturing is complicated

biomanufacturing processeésg(re ). The cell culture . ) .
systems will need to be optimized for spempplications by both noise (as previously discussed) and emergent

and spect market segment. The approaches might be behav!or, .both mtepded and unintended. Emergent
modular and could be application speciersus core behavior is the ultimate element _of_ comple.xny that
biomanufacturing modules that are applicable across many Compromises the eacy of deterministic modeling. As
applications. The process control and issues of variability are Such, eorts to apply insight from modeling and
more important for cellular and biological materials and cells ~ Simulation must be tempered with the unpredictability
compared to synthetic or electronic manufacturing. Similarly, ~and unknowns associated with emergent behavior.

the issues of biological product stability, preservation, storage5.4. Regulatory and Cost IssuesAdvanced biomanu-
biocompatibility, and toxicity are important and would need téacturing can be informed by principles of product design and
be considered. The concept of emergent or adaptivmanufacturing from other industries with the implicit under-
biomanufacturing where the assembly might be emergent sianding that the former can be much more costly and
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complex. With respect to regulatory considerations, eatinlike chemical or other products, the bringing of bioproducts
engagement with regulatory authorities is almost alwaysthe market requires a long and expensive development cycle,
benecial and advisable. On the back end, standard regulatangluding tackling the clinical and regulatory challenges. An
procedures such as good laboratory practice (GLP) and goedosystem built on multidisciplinary expertise involving
manufacturing practice (GMP) can help inforrorte in academic researchers, industrial developers, regulatory experts,
biomanufacturing as well. Depending on the speoduct, it and policy makers at the early stage of development will go a
is advisable to engage regulatory bodies such as the Food lmg) way to advance this nascent and exaitithg
Drug Administration (United States), the European Medicines Some global themes and challenges emerged fragfdthe
Agency (European Union), and their respective counterpartisat can be highlighted as generic opportunities to spur
around the world. New technologies in biomanufacturing mustnovation and ideas in theld of advanced biomanufacturing
consider the prospective regulatory pathway and eventuslthe related topic of industrialized biology. The concepts
adoption in the marketplace. In addition to economiadiscussed above are directed to growth in the science and
consideration and regulatory requirements, scientists aimtlustry of advanced biomanufacturing. Brief topics and
engineers working in this domain have an ethical responsibikigscriptions are provided to help advanceetdeand spur
to consider to reduce the pain andesng of animals and the continued growth. This also should be a living list, with
humans in sourcing raw materials, testingay, and beyond. new ideas added regularly as appropriate. More syasas

As is the case with any manufactured product, costs are ame identied in each of the four areas including building
important consideration. Biomanufacturing costs can lslocks, cellular approaches and polymers, tissue and organ
controlled by reducing the complexity of the product (ifapproaches, and systems integration. In summary, we believe
necessary), optimizing manufacturing processes to minimipat core industries that can supply building blocks falthe
the number of steps, and taking advantage of economieswiuld be beneial, reduce duplication ofoet, provide
scale. Best practices in biomanufacturing cant hema quality control related to future FDA requirements, and
insight from other industries that rely orcient and cost-  provide a growth industry for jobs and infrastructure. Speci
e ective manufacturing principles such as quality contraargeted products from such industries could include
quality assurance, and supply chain management. Additiopigonucleotides/genes, ped recombinant proteins, engi-
considerations include independent validation of the quality atered cells, modeling tools, and educational software/
raw materials and provenance of goods. As part of thetorials/online learning.
manufacturing process, integration between biological modulegapitalizing upon success with generating synthetic cells, we
and nonbiological modules could incur higher cost due tenvision corporate entities centered on generating synthetic
compatibility, sterilization, and special packaging conditiafells with minimal genetic requirements for basic functions.
requirements. When delivering thel product to the end  These functional biologi¢ahell$ or “containersthat will be
user, identcation of how to provide the product with longer available to laboratories to either order or add genetic
shelf life and how to make shipping and storage more cogtachinery to produce specibuilding blocks of interest.

e ective would add more value to the product. This would improve eciency of production of building
blocks, avoid duplication ofoet, and streamline eventual
6. CONCLUSIONS app"cations_

Current biomanufacturing, where pharmaceutical productionAnother challenge of theld is to genetically preprogram
dominates the entire bioindustry, focuses on the maseglls to produce dérent components in an orchestrated
production of small molecules and therapeutic agentgpproach toward the formation of complex structures. The
including proteins, vaccines, and cells. The manufacture afgins are the need for generating products in resource-limited
these products has long been dependent on the batch l@cations to reduce shipping/logistics burdens and preserve the
continuous processing of chemicals or cells in whicanvironment (for example, in future space travel scenarios
fermentation or batch reaction constitutes a cornerstone wfhere it is not feasible to carry the supplies needed for shelter,
the entire process. While these manufacturing processes h@gces, or containers). In many cases, cells are the machines
been and will continue to be successful, the next generationdsiving advanced biomanufacturing, either directly or indi-
biotherapeutics such as nanoparticle-based therapeutic a@ctly. Cells, depending on the type, function at speci
diagnostic agents, patienietaid cell- and tissue-based metabolic rates and are generally limited by fundamental mass
therapeutic products, or molecular medicines demands n#wnsfer constraints. Can cells be redesigned, or synthetically
manufacturing technologies to realize their translatiodesigned, to overcome some of the current limitations and
potential. Thus, new business models, i.e. reimbursemémprove the kinetics of production of building blocks or other
structures or price control models, need to be established pooducts.
accommodate the aforementioned cell- and tissue-basedt is clear that we are in need of achietbngd-and-go
biomanufacturing. capability by designing biologitedjos that have all of the

We are now at the crossroads where many biomanufacturigcoded information needed for self-assembly into complex
technologies developed in academia have demonstratgaiterns and forms, which would jump start many applications
feasibility, but the business models for commercializing theseadvanced biomanufacturing. This is a hallmark of biological
technologies have not been established. The nascent industgterials, and emulating and harnessing these features would
of cell and tissue products has not been actively involved émhance the formation of complex materials.
these technology revolutions. Tle&d requires an ective The ability to predict design-assembly rules, hierarchical
partnership between academic investigators and industi@alsembly, scaling of processes, and general predictive tools
R&D developers as well as strategic investment by governmeamains primordial. The topic of modeling and simulation is
to promote this partnership. Co-investment by industry andpe for a robust initiative applicable to every aspect efdhe
government is critical for establishing the new bioindustrgf advanced biomanufacturing, as outlined above.cSpeci
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challenges could be embedded in each of the four subthemé&s)) Murphy, S. V.; Atala, A. 3D bioprinting of tissues and organs.
(e.g., develop a predictive tool to determine how a polyméfat. Biotechn@014 32 (8), 77385. _ _
sequence will self-assemble into a macroscopic material), @) Zhu, W.; Qu, X.; Zhu, J.; Ma, X.; Patel, S.; Liu, J.; Wang, P.; Lai,
these initiatives could be more global in nature (e.g., develfpS- GoU, M.; Xu, Y.; Zhang, K.; Chen, S. Direct 3D bioprinting of
an algorithm that can input primary structure or sequence a vascu_larlzed tissue constructs with complex microarchitecture.
predetermine two orders of magnitude in scaled assembly w materiaB017 124 1065115,

il look lik d I dicti | th i ) Urciuolo, F.; Imparato, G.; Totaro, A.; Netti, P. A. Building a
structure will look like, or develop a predictive tool that wi {issue in vitro from the bottom-up: implications in regenerative

guide the design of a fundamental biological building block {QegicineMethodist Debakey Cardiova€i3.o (4), 21357.

form a porous structure with specperformance such as  (13) Morimoto, Y.; Hsiao, A. Y.; Takeuchi, S. Point-, line-, and
mechanical compression, etc.). The answers to thepRine-shaped cellular constructs for 3D tissue asgublprug
challenges will spur the continuous growth of advancedbklivery Re2015 95 29539.

biomanufacturing. (14) Sears, N. A.; Seshadri, D. R.; Dhavalikar, P. S.; Cosgriff-
Hernandez, E. A Review of Three-Dimensional Printing in Tissue
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