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Abstract—In January of 2020, the Biomedical Engineering
Society (BMES)- Cellular and Molecular Bioengineering
(CMBE) conference was held in Puerto Rico and themed
‘‘Vision 2020: Emerging Technologies to Elucidate the Rule
of Life.’’ The annual BME-CMBE conference gathered
worldwide leaders and discussed successes and challenges in
engineering biological systems and their translation. The goal
of this report is to present the research frontiers in this field
and provide perspectives on successful engineering and
translation towards the clinic. We hope that this report
serves as a constructive guide in shaping the future of
research and translation of engineered biological systems.

Keywords—Engineering biological systems, Research trans-
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INTRODUCTION AND BACKGROUND

In the field of cellular and molecular bioengineering
(CMBE), engineering biological systems is one of the
fastest-growing areas, especially with recent research
breakthroughs simultaneously in multiple fields,
including stem cell research, tissue engineering, gene
editing, synthetic biology, omics, and biomanufactur-
ing. The expanding toolbox of cutting-edge techniques
enables transformative discoveries by the adoption of
engineered biological systems for the modeling of a
range of processes from development to diseases.
However, there remain significant challenges: (i) how
to integrate new technologies and novel biological

findings to better mimic developmental and patholog-
ical processes, (ii) how to translate these engineered
systems for applications in drug discovery and clinical
practice, and (iii) how to foster new collaborations
between scientists, engineers, clinicians, and industry.

To address these challenges, we co-chaired the an-
nual BMES-CMBE conference in Puerto Rico on
January 2–6, 2020, themed ‘‘Vision 2020: Emerging
technologies to elucidate the rule of life’’ (see Appendix
for the conference program). As such, we have re-
cruited established and emerging research leaders who
have performed innovative research, integrated engi-
neering, and biology to solve complex problems and
built a strong connection with the industry to translate
research for diagnostics and therapies. The program
focused on how novel and advanced techniques and
model systems are applied to research in various
physiological systems and diseases. To highlight both
emerging research and emerging scientists, we honored
a talented group of young principal investigators (as
‘‘Rising Stars’’), postdoctoral fellows, and graduate
students for their exciting research. In addition, we
reached out to faculty and students at the University of
Puerto Rico to encourage participation in the confer-
ence and incorporated two training modules on 3D
bioprinting and molecular imaging, as well as extend-
ing opportunities to present their research and to
connect with scientists from all over the world. At the
conference, engineers, biologists, and clinicians shared
research across disciplines towards the common goal
of improving human health. Furthermore, the confer-
ence hosted a panel session dedicated to discussing
strategies and best practices for translating novel
platform technologies to industry and to the clinic in
order to improve human health.
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From these interactions, we increasingly believe that
traditional approaches to answering outstanding bio-
logical questions will benefit from an integration of
biology and engineering to model physiological and
pathological processes. This includes utilizing genetic
editing, single-cell analysis, multicellular emerging
properties, novel biomaterial, advanced bioreactors,
and organ/tissue-on-a-chip, to accurately and precisely
drive assembly, formation, and maturation of biolog-
ical systems. In addition, researchers can be inspired by
and build from lessons learned from across diverse
fields. Indeed, general principles and engineering
approaches may be shared across a variety of biolog-
ical systems and require venues for communication
between researchers from these different fields in order
to integrate and advance the field of engineered bio-
logical systems.

To highlight the observations and findings from the
conference, as co-chairs, here we summarize the col-
lective thoughts and opinions of the participants,
including those experts who participated in the panel
discussions at the conference (Drs. Nancy Allbritton,
David Mooney, Doris Taylor, Valerie Weaver, and
Kun Zhang). The goals of this paper are to highlight a
selection of emerging research areas that define general
principles and shift paradigms in the engineering of
biological systems and to provide perspectives on
translation. We hope that this paper will play a con-
structive role in shaping future research in this field.

EMERGING AREAS IN ENGINEERING

BIOLOGICAL SYSTEMS

Engineered biological systems have become a hot
topic in molecular and cellular bioengineering and
have great potential to generate significant impacts in
drug discovery and health care. First, engineered bio-
logical systems are often cost-effective and allow
researchers to more quickly evaluate their hypotheses
as compared to time-consuming and labor-intensive
animal studies and/or carefully designed clinical trials
and studies. Second, when properly implemented,
engineered biological systems can allow for the
screening of drugs and genetic and environmental
factors that cause disease. Third, engineered biological
systems can be used for mechanistic studies without
systematic effects often associated with an in vivo sys-
tem. Lastly, engineered biological systems may be a
critical tool for research studies and scientific discov-
eries in certain fields, such as human embryonic
development, due to ethical concerns.

Over the past few years, there has been significant
progress in several frontiers in the engineering of bio-
logical systems resulting from advances in techniques

and knowledge in several key fields. These new con-
cepts/approaches are likely to continue to develop ra-
pidly and further inspire new ideas on engineering a
better biological system. Here we will review some of
the important emerging research areas (Table 1). It is
worthwhile to point out that there are several other
fields of research that may be critical for the engi-
neering of biological systems, including real-time
measurement or monitoring of outcomes of the bio-
logical systems. We exclude them here as these tech-
niques do not necessarily involve bioengineering at the
cell and molecular levels, but they are certainly of great
importance for developing efficient systems.

Synthetic Biology and Gene Editing Approaches

Recent developments in synthetic biology and gene
editing technologies have created new possibilities to
control cell behavior through the engineering of ge-
netic networks that respond to environmental stimuli.
Synthetic biology involves the design and assembly of
genetic circuits to create new biological functions. By
understanding the native genetic circuits that are usu-
ally optimized via evolution and reconstructing them
from modular design, bioengineers can use synthetic
biology to build systems with novel activity.4 In the
early stage of synthetic biology, simple gene circuits
could be built to be precisely executed to recapitulate
patterns of certain natural biological systems in bac-
teria, such as oscillating gene expression networks,
multistate toggle switches, logic computation, and
intercellular signaling networks.24,31,38 Following these
early successes, significant progress has been made,
such as new modular genetic parts with standardized
design and connectivity principles to streamline the
construction of novel circuits with greater complex-
ity.47,73 However, most of the early success of synthetic
biology is performed in prokaryotic cells, while it re-
mains difficult to directly transfer the methods into
eukaryotic cells due to the complexity of the genetic
networks. With the discovery of more precise genome
engineering tools, such as CRISPR/Cas9, researchers
have begun to interrogate and control gene function
and network dynamics in eukaryotic cells.75 CRISPR/
Cas9 allows precise targeting of specific genome loci.
When genetically engineered to pair with functional
domains, this precise control has enabled the con-
struction of multilayered gene circuits with higher-or-
der functions in mammalian cells.55,66

Applying synthetic biology and gene editing in
mammalian cells, researchers can now control the stem
cell differentiation process and even reprogram so-
matic cells toward pluripotency or other cell types.
Recent research has utilized tools and principles from
synthetic biology to recreate natural developmental
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processes or engineer cell fate in precise ways. Previ-
ously, it was shown that ectopic overexpression of
transcription factors could reprogram one cell type
into another.107 Transcription factors are considered
the master regulators of cell-type specification and can
be used to program cell fate decisions.23 However, this
method of overexpressing transcription factors for
reprogramming relies on the ectopic expression of
randomly inserted genes that can limit the efficiency
and kinetics of generating the desired cell type. Con-
sequently, several groups have utilized tools and
approaches from synthetic biology to enhance native
transcription factors and improve reprogramming
efficiency and fidelity. Similarly, direct conversion of
somatic cell types, such as the conversion of fibroblasts
to skeletal myocytes by MyoD,43 can also be achieved
with synthetic biology combined with CRISPR/Cas9.
In a recent study, multiplexed activation of three
endogenous pro-neural genes using CRISPR/Cas9-
based activators was sufficient to convert mouse
fibroblasts to induced neuronal cells.6 In this case,
targeting the endogenous loci more rapidly remodeled
the epigenome and induced transcriptional activation
of the target loci than the ectopic overexpression of
genes. In another study, a synthetic lineage control
circuit in human cells was used to coordinate the
kinetics of activation and repression of lineage-specific
transcription factors by use of looped circuitry. The
circuit directed the differentiation of iPSC-derived
pancreatic progenitor cells into glucose-sensitive in-
sulin-secreting b-like cells.89 Similar circuits based on
the same downstream signaling cascade were built to
sense and respond to environmental pH level,3 blood
dopamine level,83 and response to injury44 for the
treatment of diabetes, hypertension, or injury, respec-
tively. Lastly, several synthetic circuits have been de-
scribed to monitor and maintain aspects of metabolic
homeostasis in vivo.46,120,121

Synthetic biology has also been used to control
cellular signaling, gene expression, and phenotype at
high spatial and temporal resolution in response to

chemical, mechanical, and optical inputs. Natural
biological processes often rely on the coordinated ac-
tion of multiple different inputs to execute complex
cellular behaviors. To this end, several groups have
successfully built synthetic tools to link precisely con-
trolled extracellular stimuli to intracellular signaling
networks to regulate gene expression patterns and cell
phenotypes. One example is the engineering of cells to
respond to the mechanical environment. It is known
that cells use mechanically-sensitive receptors to survey
their extracellular microenvironment and generate a
corresponding response. Thus, synthetic control of
mechanical signaling could provide a means of pro-
gramming cell behaviors. To this end, a mechanically
controlled signal transducer in mammalian cells was
developed.94 Similarly, external inputs to cells have
been controlled via light and ultrasonic pulses using
synthetic biology approaches.26,56 Genetically encoded
actuators that respond to mechanical, chemical, mag-
netic, or optical inputs provide a diverse set of syn-
thetic tools for control of cellular signaling and gene
expression at unprecedented spatial and temporal res-
olution.

Beyond synthetic circuits in single cells, synthetic
biology approaches could enable more elegant designs
of engineered tissue constructs by programming logic
circuits that assess cell fate and local environmental
conditions and compute desired functional outputs or
generate measurable signals.35,62 The development of
multicellular structures and tissues depends on cell-cell
and cell-environment interactions and signaling. Thus,
using synthetic biology to engineer the cell-cell inter-
action will allow controlling the multicellular structure
and morphogenesis. For example, a synthetic Notch
receptor has been engineered that is capable of medi-
ating contact-dependent cellular signaling.62 Toda
et al.109 used an engineered cell-communication system
adapted from nature called synNotch62 to mimic the
native self-assembly during cell-cell interaction. The
authors engineered the cells so that the synNotch
sensors regulated the expression of cadherin proteins,
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TABLE 1. Technological approaches for engineering biological systems at various levels

Level Scientific discipline Engineering techniques and examples

Subcellular Genetics, epigenetics Gene editing and synthetic biology to alter cell gene expression and

responses to stimuli

Cellular Cell biology, cell heterogeneity Single-cell profiling and -omics approaches for characterizing cellular

properties

Multicellular Cell-cell and cell-substrate interactions Emerging and collective cell behavior through cell-cell interactions; Engi-

neering of organoids and embryo-like structures through cell self-assembly

Tissue/organ Tissue repair and regeneration Tissue engineering, organ-on-a-chip, 3D printing, biomanufacturing

Whole body Immunology Immunoengineering using cellular engineering, biomaterial, and nanome-

dicine approaches
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which mediate cell-cell adhesion, and so are essential
for holding cells together and creating tissue bound-
aries during development. It was found that cell pop-
ulations that have different patterns or levels of
cadherins can sort themselves into separate groups
after being mixed together and can self-assemble into a
range of structures in vitro. Other types of synthetic-
biology shape control can also be programmed. For
instance, cells have been generated that can be artifi-
cially polarized such that asymmetric cell-cell contacts
can be made.45,58 These patterns—such as stripes,
spirals, or the spots on a giraffe—arise during devel-
opment as a result of biological signaling programs. In
the future, these toolkits could be expanded to generate
short- and long-distance cell-cell communication
alongside a synthetic system that controls all of the
shape-changing operations involved in making bio-
logical structures. This could eventually give engineers
total control when designing shapes that have some of
the properties of living multicellular organisms.

Omics, Single-Cell Profiling, and Big Data Approaches

The transcriptional, proteomic, and metabolic pro-
filing of cells and tissues provides important informa-
tion on the underlying molecular states of biological
processes. Previously, the development of high
throughput sequencing technology allowed the simul-
taneous acquisition of a large amount of molecular
information. However, these efforts have relied on the
bulk profiling of whole tissues, which reflect the aver-
aged expression across a population of cells rather
than individual cells. The specific 3D organization of
different cell types, each with its unique molecular and
cellular phenotypes, has a profound impact on normal
function, natural aging, tissue remodeling, and disease
progression. Recently, rapid advances in transforma-
tive technologies of single-cell profiling68,92,106,108 and
multiplexed spatial analysis of tissues have allowed us
to interrogate this complexity at unprecedented scale
and single-cell resolution.

These advances have motivated the extraordinary
effort to build a high-resolution atlas and 3D maps of
entire human tissues and organs. In particular, the
NIH Human Biomolecular Atlas Program (HuBMAP)
Consortium (https://hubmapconsortium.org/) was
established to coordinate these efforts. To achieve
spatially resolved, single-cell maps, researchers will use
a complementary two-step approach. First, omic as-
says will be used to generate global genome sequence
and gene expression profiles of dissociated single cells
or nuclei in a massively parallel manner. The molecular
state of each cell will be revealed by single-cell tran-
scriptomic9 and chromatin accessibility8,14 assays. The
transcription factor binding regions from the open

chromatin data combined with the gene expression
data will be used to construct a computational pro-
gram to model the regulation of gene expression across
the distinct cell types.15 Second, spatial information
will be acquired for various biomolecules such as
RNA,95 protein,32 metabolites, and lipids in tissue
sections, using imaging methodologies such as fluo-
rescent microscopy (confocal, multiphoton, light-
sheet), sequential fluorescence in situ hybridization
(seqFISH),25,59 imaging mass spectrometry (spatial
proteomics),104,110 and imaging mass cytometry
(IMC).11,12,76,91 The extensive single-cell and nucleus
profiles obtained will inform in situ modalities, which
will provide spatial information for up to hundreds of
molecular targets of interest.

These data will allow the computational registration
of cell-specific epigenomic or transcriptomic profiles to
cells on a histological slide to reveal various microen-
vironmental states.70,110 The powerful combination of
single-cell profiling and multiplexed in situ imaging will
provide a pipeline for constructing multi-omics spatial
maps for the various human organs and their cellular
interactions at a molecular level. To fully comprehend
the human body atlas, the HuBMAP Consortium
works actively with other ongoing initiatives, including
the Human Cell Atlas,78,84 Human Protein Atlas,40

LifeTime (https://lifetime-fetflagship.eu/), and related
NIH-funded consortia that are mapping specific or-
gans including the brain,21 lungs (https://www.lungma
p.net/), kidney (https://kpmp.org/about-kpmp/), and
genitourinary (https://www.gudmap.org/) regions). In
parallel, NCI is sponsoring the Human Tumor Atlas
Network (HTAN) (https://humantumoratlas.org) as
part of the cancer moon shot project (https://www.ca
ncer.gov/research/key-initiatives/moonshot-cancer-in
itiative/funding/upcoming/hta-foa-video).

During the course of these activities, innovative
technologies will be developed to address the limita-
tions of existing state-of-the-art techniques. For
example, transformative technologies such as signal
amplification in order to analyze molecules at low
abundance by exchange reaction (SABER-Signal
Amplification By Exchange Reaction),51,88

seqFISH,25,96,125 and lumiphore probes.13 These tech-
nologies will be refined to improve multiplexing, sen-
sitivity, and throughput for imaging RNA and
proteins across multiple tissues. Furthermore, new
mass spectrometry imaging techniques will enable the
quantitative mapping of hundreds of lipids, metabo-
lites, and proteins from the same tissue section with
high spatial resolution and sensitivity.122,124 To ana-
lyze a large amount of data that will be generated from
these programs, new computational tools and machine
learning algorithms will be developed for data inte-
gration across modalities.

BIOMEDICAL
ENGINEERING 
SOCIETY

DAI et al.296

https://hubmapconsortium.org/
https://lifetime-fetflagship.eu/
https://www.lungmap.net/
https://www.lungmap.net/
https://kpmp.org/about-kpmp/
https://www.gudmap.org/
https://�human�tumoratlas.org
https://www.cancer.gov/�research/key-initiatives/moonshot-cancer-initiative/funding/upcoming/hta-foa-video
https://www.cancer.gov/�research/key-initiatives/moonshot-cancer-initiative/funding/upcoming/hta-foa-video
https://www.cancer.gov/�research/key-initiatives/moonshot-cancer-initiative/funding/upcoming/hta-foa-video


In the end, a comprehensive, accessible 3D molec-
ular and cellular atlas of the human body, in health
and under various disease conditions, will be made
available to the public. Moreover, these programs will
produce an unprecedented volume and diversity of
datasets for comprehensive data capture, management,
mining, modeling, visual exploration, and communi-
cation. These data will be highly useful for the gener-
ation of new biomedical hypotheses, tissue
engineering, the development of robust simulations of
spatiotemporal interactions, machine learning of tissue
features, and educational purposes. Ultimately, these
data will catalyze novel views on the organization of
tissues, regarding not only which types of cells are
neighboring one another but also the gene and protein
expression patterns that define these cells, their phe-
notypes, and functional interactions.

Emerging and Collective Behavior of Cells

During morphogenetic processes in embryonic
development and tissue regeneration, the behavior of
cells depends on not only the extracellular matrix
(ECM) environment but also the interactions with
neighboring cells.29 The collective behavior and func-
tions of a group of cells is, therefore, not simply a sum
of individual cells. Instead, cell clusters may have
spatial patterns of cell functions, depending on the
locations of individual cells. The cells are known to
coordinate and exhibit a swarming behavior in motion.
Indeed, the emerging behavior of cells has been noted
long ago and believed to underly the importance of the
form (or shape) of biological tissues in their functions
through the regulation of local cellular proliferation
and differentiation. With microfabrication techniques,
spatial differences in cell functions were observed and
correlated to the distribution of mechanical forces as a
result of cell-cell interactions.63,85 The YAP/TAZ sig-
naling may mediate the process.1 These studies
underscore the importance of the integration of biol-
ogy and mechanics in understanding the self-assembly
of biological tissues. A better understanding of the
mechanobiology of the relationship between form and
function may be critical in designing multicellular tis-
sues or organoids.

Collective cell migration is a very active research
field. Using technologies such as particle image
velocimetry, traction force microscopy, and monolayer
stress microscopy, detailed migration velocity profiles
and cellular stresses inside the epithelial layer have
been obtained.53 The cells can undergo laminar motion
but also rotate and swirl. Cell proliferation (i.e., the
addition of a cell) can lead to a bipolar flow field and
propagate to a large field that is far away from the
division site. Cell extrusion (i.e., removal of a cell)

from the epithelial layer is typically associated with a
coordinated movement of cells towards the extrusion
site. The movement of the cells will be suppressed when
the cell density increases. The change from the fluid-
like behavior to the solid-like behavior is called the
jamming transition, and the reversal is called the
unjamming transition. The transitions are important
for development and disease.69,86 Biomechanical
modeling has contributed to the understanding of the
biophysical mechanisms. A cell vertex-based model
predicts that the phase transitions can occur even when
cell density remains constant.5 A single parameter, the
target shape index, or the preferred perimeter-to-area
ratio, mediates the jamming and unjamming transi-
tion. The result suggests a strong cell-cell adhesion may
promote a fluid behavior while a strong cortical ten-
sion enhances a solid behavior. A further study sug-
gests that for an anisotropic tissue that is often found
in development, a cell alignment index is also required
to determine the status of the tissue.114 With a self-
propelled Voronoi model that takes into account cell-
substrate interactions, the phase transitions can be
further regulated by the self-propulsion speed that
measures cell motility.119

Cancer cell collective migration is another interest-
ing topic and has received much attention. For in-
stance, cancer cells can form tubular structures in the
tumor without endothelial cells, called vascular mi-
micry (VM). Multiple factors can affect VM, including
hypoxia, matrix type, and the presence of the other
cells (such as macrophages and fibroblasts). Recently,
with engineered hydrogels, collagen matrices with
small pores and short fibers were shown to change the
transcription profile and motility of cancer cells and
enhance the formation of a multicellular network.112

Further studies suggest that ECM microstructure reg-
ulates cell adhesion possibly through mediating matrix
degradability, which is necessary for the cells to attach
3D collagen fibrils.111 In addition, the regulation of
Snail 1 and Notch signaling was found, indicating the
emergence of collective cell behaviors. The funda-
mental understanding of the collective behavior of the
cells (i.e., VM and alike) may lead to the rational de-
sign of biological systems that will fully utilize the
power within the cells and ultimately benefit the bio-
logical modeling of development and disease.

Engineering Human Embryo-Like Structures

The engineering of human embryo-like structures
represents a great opportunity in the CMBE field that
allows studies that are otherwise impossible due to
ethical concerns.30,79,117 In the United States, approx-
imately 4% of infants suffer from congenital abnor-
malities, and these birth defects account for 20% of
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infant deaths annually. Regulatory guidance often
requires the use of animal models for teratogen testing,
but they are often costly and labor-intensive. In addi-
tion, due to well-known human-animal differences, the
findings from animals may not be representative of
human development outcomes. Therefore, a
humanized in vitro model that can recapitulate the
developmental process is in high demand.

Earlier efforts, such as control of the clonal size of
human pluripotent stem cells (hPSCs), have some
success in guiding stem cells into specific lineages. It’s
not until recently that developmental structures can be
recapitulated with in vitro platforms. One of the first
early efforts used mouse embryonic stem cells to
demonstrate the principles.37 When mixed with
extraembryonic trophoblast stem cells (TSCs) in a 3D
Matrigel scaffold, artificial embryos were created with
the formation of the pro-amniotic cavity and charac-
teristic embryo architecture, patterning of the embry-
onic compartment, and specification of primordial-
germ-like cells. Further studies show that without
biochemical cues from maternal sources, the hPSCs
alone, without the use of TSCs, were able to self-or-
ganize into human amnion-like tissue inside the bio-
material.98 Later, with a microfluidic device, modeling
human epiblast and amnion development with hPSCs
was successfully demonstrated with high controllabil-
ity and scalability.123

Human gastrulation has also been modeled with
engineering techniques. These earlier studies using
micropatterning techniques reveal that upon the BMP4
treatment, circular micropatterns of hPSCs have dis-
tinct three regions that represent the three germ layers
found in early embryonic development.115 With similar
microscale patterns, WNT and ACTIVIN stimulation
induced an organizer with the expression of tran-
scription factor Goosecoid. These cells, when trans-
planted into chick embryos, induced and contributed
to the formation of a secondary axis. Subsequently,
using 3D biomaterials, the hPSCs treated with BMP4
form a luminal structure, which polarizes into regions
expressing ectoderm and mesoderm markers, mimick-
ing the anterior-posterior symmetry breaking found
in vivo.100 The full potential of these engineered
embryonic-like structures is still actively explored, with
great promise for impacting science and society.

Biomanufacturing: 3D Bioprinting and the Translation
to Large-Scale Manufacturing

Biomanufacturing is emerging as a major research
area within CMBE, as novel results and new tech-
nologies look to be translated to industry and the
clinic. While the moonshot vision for the field has been
the 3D bioprinting of organs for transplant, that

reality is still at least a decade away and likely longer
given the challenges of bringing tissue-engineered
medical products to the market. Instead, 3D bio-
printing has emerged as a powerful tool for building
more complex in vitro systems that can mimic in vivo
conditions and enabled hypothesis testing with the
ability to systematically vary physical, mechanical,
chemical, and biological properties of the microenvi-
ronment. Examples include organ-on-chip, small tissue
disease models, and scaffolds for tissue regeneration
that leverage the unique capabilities to combine cells,
biological materials, and synthetic materials based on
computer-aided design models.61

In terms of in vitro model systems, 3D bioprinting
has seen rapid growth because of the ability to fabri-
cate complex 3D microfluidics and engineered tissues
using a wide range of cells and biomaterials.27 For
example, digital light processing (DLP) bioprinters
have been developed that can use UV and visible
wavelengths to photocrosslink synthetic and natural
hydrogels with high resolution of ~ 5 lm.64 Using well-
established hydrogels such as polyethylene glycol
diacrylate (PEGDA) and gelatin methacrylate (Gel-
MA), these DLP bioprinters have been used to build
complex 3D fluidic networks to replicate structures
such as vascular networks and alveoli.34 Multiphoton
microscopes have also been modified into light-based
3D bioprinters to even achieve a higher resolution of
< 1 lm to create true capillary-scale vascular net-
works.77 Cells can be integrated into the material being
printed, and/or be seeded after scaffold fabrication to
create cellularized tissues. Extrusion 3D bioprinting
has also seen widespread adoption because it has the
flexibility to use many different kinds of biomaterials
from thermoplastics, to hydrogels, to microparticle
slurries, to photocrosslinkable polymers. Additionally,
because the biomaterials and cell-laden bioinks are
extruded out of syringes, it is straightforward to use
multiple materials and cell types in the same print to
increase complexity of the engineered tissues. One of
the more recent advances has been extrusion inside of a
yield-stress support bath using Freeform Reversible
Embedding of Suspended Hydrogels (FRESH) 3D
bioprinting inside a gelatin microparticle bath and
Sacrificial Writing into Functional Tissue (SWIFT)
inside a cell-spheroid support bath.54,99,101 This has
enabled relatively advanced tissues to be engineered,
such as beating ventricle-like heart chambers and large
vascularized cardiac tissues differentiated from human
pluripotent stem cells.52 These are just a few examples,
and many researchers are working on innovative new
biomaterials, printing methods, and engineered tissue
constructs.
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The growth of 3D bioprinting and the translation
towards the clinic and large-scale biomanufacturing is
being catalyzed by a combination of industrial, federal,
and academic efforts. The US federal government has
funded several center-level efforts through the NSF
and NIH, primarily focused on academic research into
3D bioprinted tissues and organs. To bring in broader
industry participation, the DOD funded the Advanced
Regenerative Manufacturing Institute (ARMI) as a
public-private partnership, part of the National Net-
work for Manufacturing Innovation (NNMI) initia-
tive. Rather than applied research, ARMI is focused
on the technology, manufacturing processes, regula-
tory framework and work force training required to
make tissue engineered medical products (TEMPs) a
commercial reality. Direct investment by established
companies in the 3D printing industry has also grown
with 3D Systems investing in Lung Biotechnology and
Desktop Metal acquiring a bioprinting franchise
through its acquisition of EnvisionTEC. Many star-
tups have also emerged based on university spinouts
such as Aspect Biosystems, Volumetrix, and Flu-
idForm, as well as 3D bioprinter companies including
CELLINK, which is the first bioprinting-focused
company to exceed a $1B valuation. These investments
in research and development, manufacturing, and
clinical translation are strong indicators that 3D bio-
printed tissues will soon be commercialized for a range
of biopharma and medical applications.

Immunoengineering

The field of immune engineering, termed immuno-
engineering, is progressing at a fast pace, owing to
rapid advances in several fields, including immunol-
ogy, nanomedicine, biomaterial, and tissue engineer-
ing. The native immune system is the defense system of
our body against pathogens, and it also regulates tissue
repair and regeneration. Immunoengineering uses
engineering principles and techniques to establish
models for the immune system and develop therapeutic
solutions for a variety of diseases, such as infection,
cancer, diabetes, and inflammatory diseases.33,116

To fight against infectious diseases, scientists have
immunoengineered new types of vaccines and con-
structed them with lipid nanoparticles carrying genetic
material (such as mRNA and DNA). The recent
development of mRNA vaccines for SARS-CoV-2 is
based on intracellular delivery of mRNA encoding a
harmless version of the spike proteins present on the
surface of the virus. Such vaccines evoke and train the
immune system against the virus.41,72 Cancer vaccines
are another exciting area of immunoengineering.81,116

This type of therapeutics intends to train the immune
system to activate and exert a systemic cellular immune

response against cancer. Cellular engineering for
adoptive T cell immunotherapy is a hot field and shows
great promise in the clinic.42,82 In particular, chimeric
antigen receptor T cells can be created through gene
editing approaches for treating blood cancers.

Inflammation involves the natural process of wound
healing as well as the host tissue responses to implanted
tissues and biomaterials. Therefore, modulating
inflammatory responses in tissue repair and regenera-
tion is of great interest. One area of research focuses on
understanding the role of immune responses on the
outcomes of regenerative medicine therapies. Macro-
phages play a central role in wound healing and host
tissue responses. The effects of those cells and their dif-
ferent phenotypes have been evaluated on cells of
interest, such as human bone marrow-derived mes-
enchymal stem cells and hPSC-derived cardiomyocytes.
For example, cardiomyocytes co-cultured with macro-
phages activated with lipopolysaccharide (LPS) and
interferon-gamma (IFNc) or those with interleukin 4
and interleukin 13 had decreased expression of cardiac-
related genes.118 In particular, the expression of BMP2,
BMP4, and GATA 4 was affected by the exposure to
macrophages and inflammatory signals (i.e., LPS and
IFNc). This study highlights the potential impacts of
modeling inflammatory responses on the efficacy of
tissue-engineered products or regenerative strategies.

Careful choice of biomaterial properties can harness
the power of innate immunity.102 The responses of
macrophages depend on scaffold material and struc-
ture (e.g., fiber size and scaffold porosity).87 The in-
crease of pore size seems to associate with an elevated
expression of M2 phenotype or anti-inflammatory
responses of these macrophages.105 A soft substrate
results in lower amounts of inflammatory cytokines,
while a stiff cell-adhesive surface increases the foreign
body response.7 Modification of the surface topogra-
phy has been shown to modulate the function of
macrophages as well. The elongated cellular shape on
the nano- to micro-scale patterns skews macrophages
towards an M2 phenotype.10,60,113 Therefore, engi-
neering biomaterial properties such as fiber size, pore
size, stiffness, and surface topography can serve as a
simple means to modulate the immune response. De-
tailed mechanisms and design principles are, however,
unclear and worthy of further investigation.

The biomaterial has also been used for the delivery
of immunomodulatory molecules and cells.18 As bio-
molecule carriers, biomaterial scaffolds can be de-
signed to physically entrap biomolecules, to change
their diffusion properties, and to alter the scaffold
degradation profile to determine when the biomole-
cules are released. The cargo release dynamics can be
tailored by using different chemical reactions that af-
fect the cargo-carrier affinity. The release can be de-
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signed to be triggered by internal or external factors,
such as pH, temperature, and magnetic fields. Bioma-
terials-assisted cell delivery can provide the cells with
an artificial microenvironment to support the survival
and function of immune cells. The delivered cells are
encapsulated locally, but the secreted therapeutic fac-
tors can diffuse out and reach the rest of the body. For
example, islet encapsulation in Type 1 Diabetes can
allow the insulin to diffuse out the biomaterial system
while protecting the cells from the attack of the host
immune systems.17,19,103

Efforts have also been focused on engineering lym-
phoid cells and organs, including bone marrow, thy-
mus tissue, and lymph nodes.49 For instance,
recreating the bone marrow niche allows for the
maintenance and expansion of the CD34+ cell popu-
lation.28,65 Recapitulating the interaction of stromal
cells (genetically engineered to express DLL1 for
Notch activation) and human hematopoietic stem cells
(HSCs) enables the long-term maintenance of lym-
phoid progenitors and improves the efficiency of dif-
ferentiation and positive selection of human T cells.93

Activated B cells can be produced from engineered
immune organoids mimicking the germinal cen-
ter.2,67,74,80 The development of these in vitro systems
provides an opportunity for investigating the physiol-
ogy and pathology of immune systems and for
designing and developing novel immunotherapies.

PERSPECTIVES ON BUILDING BIOLOGICAL

SYSTEMS

How to build biological systems and how to trans-
late the engineered systems have been two central to-
pics towards developing platforms and strategies for
improving human health (Table 2). For the former, it
often requires deep knowledge in human physiology
and disease pathology. The engineering of a system has
to capture the main characteristics of human organ or
tissue physiology and closely mimic diseased processes

at the molecular, cellular, and tissue levels. Due to the
variety and complexities of biological systems, there
are many different strategies that have been utilized by
researchers. Below are a few major considerations in
building a sound biological system, highlighted during
the panel discussion.

There is no doubt that the understanding of biological
and engineering principles may be critical in designing
systems that recapitulate the essence of the physiology of
biological tissues/organs and the pathology of associated
diseases. This highlights the importance of basic research
in engineering biological systems. The knowledge may
include the genetic mutations relevant for specific dis-
eases, epigenetic processes that regulate gene expression,
biomechanical mechanisms that may involve cytoskele-
ton and morphological processes, and the crosstalk
between various signals and different cell phenotypes.
Successful engineering can be achievedwhen the essential
aspects of human physiology and diseases are incorpo-
rated in the engineered systems through the appropriate
inclusion of factors such as cells, biomaterial, biome-
chanical constraints/signals, and genetics. In the absence
of any critical element, the engineered systemsaredeemed
to fail from the beginning.

Interpretation of the results from an engineered
biological system has to be careful. When we utilize the
strengths of in vitro biological systems, such as the
increased throughput that can accelerate research dis-
covery, please note that the in vitro systems may miss
certain characteristics in vivo and/or bring artificial
features that do not exist in vivo. Therefore, when
designing in vitro systems, the minimal essential
requirements for in vitro systems need to be identified
so that they can be useful for studying physiology and
pathology. When implementing a specific design, be
aware of possible drawbacks that may complicate
experimental results and data interpretation. Often
verification of an in vitro system is accomplished by
comparing to in vivo situations (e.g., with an animal
model) to examine its physiological and pathological
relevance. This verification process is usually per-
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TABLE 2. Challenges and suggestions for building and translating biological systems

Challenges Suggestions

How to build a biological system relevant to physiology and diseases? � Out-of-box thinking for maximal impact

� Exploit what is known from basic research

� Use a template from nature or an existing model

� Keep it simple if possible

� Verify it earlier with animal models

How to accelerate the translation of engineering biological systems? � Familiar with governmental policies

� Collaborate with clinicians

� Develop engineering solutions that are marketable.

� Manage time and efforts with different paths towards translation
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formed prior to a large-scale study or screen using the
in vitro system. Importantly, any substantial findings
from in vitro systems have to be fully verified by animal
models and subsequent clinical trials.

Out-of-the-box thinking or being innovative is nec-
essary to make impactful or transformative contribu-
tions to the field. The progress of a field becomes
stagnant when researchers only focus on trying different
parameters under the same framework of thinking. A
new idea, concept, or design may bring drastic changes
that may be desired. These new thoughts and techniques
can be paradigm-shifting and disruptive to the current
research practice. When they are widely adopted, they
become new standards. In this regard, the engineering
of biological systems is, in fact, to bring such a change
to existing practice in the field. Therefore, the incorpo-
ration of new thinking and new techniques may be the
key to generate significant impacts.

The engineered systems don’t have to be overly
complicated. If the essential part of biology can be
recapitulated, the engineered biosystem can be simple
yet effective compared to native biosystems. There are
some examples of well-established assays. A transwell
assay can establish epithelial monolayers with well-
connected junctions as seen in vivo, and a scratch assay
simulates cell polarization and migration occurring in
the wound-healing process. Recently, hPSC- based
organoids, including the human embryo-like structures
discussed above, utilize the self-assembly capabilities of
differentiating stem cells and demonstrate great simi-
larities in gene expression and tissue structures as na-
tive tissues/organs.48 These organoids provide
tremendous opportunities for us to optimize
approaches for stem cell differentiation, to understand
organ development, and to explore the genetic and
environmental factors in defects and diseases.

Mimicking biology or physiology doesn’t need to start
from scratch. Using a template from nature is sometimes
helpful.One example is the success of using decellularized
material or other biomaterial derived from human or
animal tissues. These materials preserve the components
and structure of native tissues that promote proper cell-
ECM interactions and normal cellular and tissue func-
tions. Another example is using animal models (or their
modifications) and their cells that may be sufficient to
model human physiology or to create biomedical prod-
ucts that will treat human diseases.

Finally, ethical concerns on engineered biological
systems shall be properly addressed before any in vitro
experiments and translational studies can be con-
ducted. In particular, when we deal with the culture of
human pluripotent stem cells,50,57 genetic editing,16,36

synthetic biology approaches,20,90 and development of
embryo-like structures,97 potential ethical and societal
impacts have to be carefully evaluated by professional

committees. For instance, while the development of
embryo-like structures can reveal valuable insights into
human embryonic development and birth defects,
researchers shall know the existing guideline that may
not allow for the culture of human embryo beyond 14
days97 and ongoing debates whether such a rule shall
apply to engineered embryo-like structures.39,71

PERSPECTIVES ON TRANSLATING

ENGINEERED BIOLOGICAL SYSTEMS

For clinical translation, one has to understand
government policies regarding possible products. For
tissue/cell engineered products that will be used in
human bodies, the Regenerative medicine advanced
therapy (RMAT) designation by the FDA (Food and
Drug Administration) may be highly relevant.22

RMAT designation was created under the 21st Cen-
tury Cures Act at the end of 2016 and provided ways
for patients who have a serious or life-threatening
disease or condition to receive innovative treatments.
RMATs have a wide scope and may include human
cell and tissue products, cell therapies, tissue-engi-
neered products, and any combination products. Only
around 37% of all applications (55 out of 149) for the
RMAT designation have been approved as of October
2020. This highlights the importance for the
researchers who work on the bench side to have those
policies in mind so that the impact of their research can
be maximized and that the products can reach their
intended patients in a timely fashion.

During the process of clinical translation, commu-
nication between experts in different fields is the key. It
may be ideal for engineering-trained researchers to
work with clinicians at the very beginning of the pro-
jects. The importance perceived by engineers may not
be what is really needed in clinical settings. By talking
with clinicians, the engineers are ensured to work on
real problems and gain insights into pathological
conditions. In addition, the collaboration helps engi-
neers create treatment solutions eventually translat-
able into clinical practice, therefore making impacts on
the health of patients. Early collaboration between
engineers and clinicians on a project driven by clinical
needs may be the best path towards more fruitful
outcomes of research translation.

It is important to note that developing medical
products or any commercial products may be very
different from doing lab research for scientific discov-
eries. For a commercial product that will be viable in
the market, we have to consider the cost of the product
and the possible ways to manufacture it in a large
quantity. For instance, a human heart has 2-3 billion
cells. To obtain cells in this order of magnitude may
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require extensive cell culture and the use of growth
factors to a level that one has to question financial
feasibility. Techniques or ideas overcoming these
challenges can be valuable. The marketability as an
important criterion of the feasibility of an idea shall be
in the mind of engineers on day 1.

For academic PIs, there are several considerations
of choosing paths toward successful translation. For
technologies developed in a bioengineering lab that
may have many biomedical applications, it may be
wise to choose the direct path that takes the least effort
and time so that the technology can generate imme-
diate impact. Also, depending on interests and avail-
ability, there are different levels of involvement:
licensing, conducting academic clinical trials, and
building your own company. Licensing requires much
less time involvement but gives you less control of the
outcomes of invented technology. Starting your own
company gives you great control, but it may take a lot
of time and energy, and most startups fail.

CONCLUSION

The field of engineering biological systems has grown
drastically in the past few years, thanks to the rapid
progress in several related fields, including gene editing,
omics, biomanufacturing, and tissue and cell engineer-
ing (including stem cell biology, organoid engineering,
and immune engineering). Engineers, biologists, and
clinicians are joining forces to tackle the most chal-
lenging questions on building such biomimetic systems
for drug discovery and clinical translation at several
frontiers. The success of the efforts will rely on not only
the close integration of biological insights and cutting-
edge techniques but also the familiarization of govern-
mental policies and the effective communication
between scientists with different expertise as well as
among all players in research and development. In the
decades to come, we hope to see the tremendous scien-
tific and social impact of this field of research.

APPENDIX: SESSIONS AND SPEAKERS

AT THE 2020 BMES-CMBE CONFERENCE

BMES-Cellular and Molecular Bioengineering
(CMBE) Conference

‘‘Vision 2020: Emerging Technologies to Elucidate
the Rule of Life’’

Thursday January 2nd, 2020

14:00-20:00 Registration

19:00 CMBE Council Meeting
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Friday January 3rd, 2020

7:00 Continental Breakfast

7:45 Welcome/Introduction

8:00-10:10 Session 1: Molecular, Genetic/Epigenetic

Engineering

Chairs: Drs. Timothy Downing and
Deborah Leckband

8:00 Keynote: Ron Weiss, PhD, Professor of
Biological Engineering,
MIT
Mammalian Synthetic Biology -- Foun-

dations and Applications to Pro-

grammable Organoids

8:40 Li Qian, PhD, Associate Professor of
Pathology and Laboratory Medicine,
UNC
Reprogramming Approach for Heart Re-

pair

9:00 Peter Yingxiao Wang, PhD, Professor of
Bioengineering, UCSD
Engineering Controllable Immune Cells

for Cancer Immunotherapy

9:20 Selected talk from the abstracts
9:40 Postdoc or student talk selected from the

abstracts
9:55 Poster viewing I, networking, with coffee

break

10:40-13:20 Session 2: Rising Stars

Chairs: Drs. Chelsey Simmons and Leo
Q. Wan

10:40 Keyue Shen, PhD, University of South-
ern California
Understanding Hematopoietic Stem Cell

-- Niche Interactions on Supported Lipid

Bilayers

11:00 Timothy Downing, University of Cali-
fornia, Irvine
Cell-generated forces contribute to bot-

tleneck during somatic cell reprogramming

11:20 Madeleine Oudin, PhD, Tufts University
Engineering ECM gradients to study

ECM-driven cancer metastasis

11:40 Matthew Fisher, PhD, North Carolina
State University
New Approaches to Improve Translation

of Fiber-based Scaffold Approaches

12:00 Xiaojun Lian, PhD, Pennsylvania State
University
Wnt signaling controls mesoderm and

endoderm bifurcations in a dose-dependent

manner
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12:20 Eun Ji Chung, PhD, University of
Southern California
MMP-1 binding nanoparticles for inhibit-

ing plaque rupture in atherosclerosis

12:40 Stephanie Seidlits, PhD, University of
California, Los Angels
A biomaterials-based approach to investi-

gate how regional tissue mechanics influ-

ence glioblastoma tumor invasion

13:00 Gregg Duncan, PhD, University of
Maryland
Novel strategies to design synthetic mucus

13:30-15:00 Lunch with leaders (Keynote speakers,

Rising stars, Graduate awardees, and

postdoctoral awardees)

15:00-18:00 Afternoon Break

18:00 Welcome Reception

Saturday January 4th, 2020

7:15 Continental Breakfast

8:00-10:10 Session 3: Cell Atlas

Chairs: Drs. Dennis Discher and Kwon-
moo Lee

8:00 Keynote: Kun Zhang, PhD, University of
California, San Diego
Constructing single-cell maps of human

organs

8:40 Nikolai Slavov, PhD, Northeastern
University
High-throughput single-cell proteomics

quantifies the emergence of macrophage

heterogeneity

9:00 Eric Darling, PhD, Brown University
Proteomic Characterization of Cell Types,

Subtypes, and Phenotypes

9:20 Selected talk from the abstracts
9:40 Selected talk from the abstracts
9:55 Postdoc or student talk selected from the

abstracts
10:10 Poster viewing II, networking, with coffee

break

10:40-12:50 Session 4: Multicellular Emerging Behav-

ior

Chairs: Drs. Eun ji Chung and Shelly
Peyton

10:40 Keynote: Ali H. Brivanlou, PhD, Robert
And Harriet Heilbrunn Professor,
Rockefeller University
Deconstructing the Human Brain:

The Emergence of Neuruloids

11:20 Stephanie Fraley, PhD, Assistant Pro-
fessor of Bioengineering, UCSD
Engineering Cancer Cell Migration

11:40 Lisa Manning, PhD, Associate Professor
of Physics, Syracuse University
Predicting the material properties of cell

collectives

12:00 Selected talk from the abstracts
12:20 Selected talk from the abstracts
12:35-18:00 Afternoon Break

16:00-18:00 Workshop: Grant Writing

Moderator: Leo Q. Wan
Presentation: Dr. Laurel Kuxhaus, Pro-
gram director of BMMB, CMMI Divi-
sion, NSF
Panelists: Drs. Timothy Downing, X.
Edward Guo, Roger Kamm, Laurel
Kuxhaus, Eunji Lee

18:00 Gala Dinner Shu Chien Achievement

Award (Awardee: Roger Kamm)

Chris Jacobs Award for Excellence in

Research and Leadership

(Awardee: X Edward Guo)

Sunday January 5th, 2020

7:15 Continental Breakfast

8:00-10:10 Session 5: Engineering Cell-ECM inter-

actions

Chairs: Drs. Yi Hong and Ngan Huang
8:00 Keynote: Valerie Weaver, PhD, Professor

& Director, Center for Bioengineering
and Tissue Regeneration & Co-Director
Bay Area Center for Physical Sciences
and Oncology, UCSF
The reciprocal interplay between ECM

stiffness and tumor immunity

8:40 Adam Engler, PhD, UCSD
Improving cardiovascular ‘‘diseases-in-a-

dish’’ with active materials

9:00 Jeffrey Ruberti, PhD, Northeastern
University
Making Bones from Soup:

Mechanochemical Force Structure

Causality in the Matrix

9:20 Selected talk from the abstracts
9:40 Selected talk from the abstracts
9:55 Poster viewing III, networking, with coffee

break

10:40-12:50 Session 6: Engineering Cell/Tissue Models

Chairs: Drs. Nadeen Chahine and Keyue
Shen

10:40 Keynote: Nancy Allbritton, PhD, Kenan
Distinguished Professor, Chair of UNC/
NC State Joint Department of Biomedi-
cal Engineering
Large Intestine for Basic Physiology and

Drug Assays
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11:20 Danielle Benoit, PhD, Associate Profes-
sor of Biomedical Engineering, Univer-
sity of Rochester
Engineered Salivary Gland Tissue Chips

11:40 Jianping Fu, PhD, University of Michi-
gan, Ann Arbor
Synthetic Human Embryo-like Structure:

A New Paradigm for Human Embryology

12:00 Mara Domenech, PhD, Assistant Pro-
fessor of Chemical Engineering, Univer-
sity of Puerto Rico
Engineering culture substrates for en-

hanced drug and cell potency assays

12:20 Selected talk from the abstracts
12:45-13:30 Panel Discussion: Biological Systems

Engineering and Translation

Moderator: Dr. Adam Feinberg
Panelists: Drs. Nancy Allbritton, David
Mooney, Doris Taylor, Valerie Weaver,
and Kun Zhang

13:30-18:00 Afternoon Break

15:00-16:00 Educational Outreach: 3D Bioprinting &

Biomanufacturing

Instructors: Drs. Adam Feinberg and
Peter Yingxiao Wang

16:00-18:00 Family Friendly Social Event

Monday January 6th, 2020

7:15 Continental Breakfast

8:00-10:00 Session 7: Engineering Immune System

Chairs: Drs. Michael Mitchell and Re-
becca Pompano

8:00 Keynote: David Mooney, PhD, Robert P.
Pinkas Family Professor of Bioengineer-
ing, Harvard University
Building immunity with biomaterials

8:40 Ning Jenny Jiang, PhD, Associate Pro-
fessor of Biomedical Engineering, UT
Austin
Systems immunology enabled immune

engineering

9:00 Donald Freytes, PhD, Assistant Profes-
sor of Biomedical Engineering, UNC-CH
& NCSU
Role of Inflammatory Cells During the

Design of Tissue Engineered Constructs

9:20 Wandaliz Torres-Garcia, PhD, Univer-
sity of Puerto Rico, Mayaguez
Multi-omics characterization of CAR-T

cells through an integrative computational

pipeline

9:40 Selected talk from the abstracts
10:00 Poster viewing IV, networking, with coffee

break

10:40-12:30 Session 8: Engineered Tissues/Organs and

the Path to Translation

Chairs: Drs. Hossein Tavana and Feng
Zhao

10:40 Keynote: Doris Taylor, PhD, Director of
Regenerative medicine Research, Texas
Heart Institute
Engineering Tissues and Organs and the

Path to Translation

11:20 Warren Grayson, PhD, Associate Pro-
fessor of Biomedical Engineering, Johns
Hopkins University
Point-of-Care Cell-Based Strategies for

Treating Large Craniofacial Bone Defects

11:40 Lexi Garcia, PhD, ARMI-Advanced
Regenerative Manufacturing Institute
ARMI:Driving the Future of Tissue

Engineering to Achieve Scalable, Modu-

lar, Automated and Controlled Production

of Tissue Engineered Medical Products

(TEMPs)

12:00 Selected talk from the abstracts
12:15 Selected talk from the abstracts
12:30-13:00 Closing remarks, awards, and Survey

ACKNOWLEDGEMENTS

We would like to thank all the attendees of the 2021
BMES-CMBE conference. In particular, we appreciate
the panelists for their expertise and insightful discus-
sions (in alphabetical order): Drs. Nancy Allbritton,
David Mooney, Doris Taylor, Valerie Weaver, and
Kun Zhang. We would also like to acknowledge
funding support from NIH R13 EB029293 (Wan) and
NSF CMMI 1933397 (Dai).

CONFLICT OF INTEREST

Guohao Dai, Adam W. Feinberg, and Leo Q. Wan
declare that they have no conflicts of interest.

ETHICAL STANDARDS

No human studies or animal studies were carried
out by the authors for this article.

REFERENCES

1Aragona, M., T. Panciera, A. Manfrin, S. Giulitti, F.
Michielin, N. Elvassore, S. Dupont, and S. Piccolo. A
mechanical checkpoint controls multicellular growth

BIOMEDICAL
ENGINEERING 
SOCIETY

DAI et al.304



through YAP/TAZ regulation by actin-processing fac-
tors. Cell 154:1047–1059, 2013.
2Arpin, C., J. Dechanet, C. Van Kooten, P. Merville, G.
Grouard, F. Briere, J. Banchereau, and Y. J. Liu. Gen-
eration of memory B cells and plasma cells in vitro. Sci-
ence 268:720–722, 1995.
3Auslander, D., S. Auslander, G. Charpin-El Hamri, F.
Sedlmayer, M. Muller, O. Frey, A. Hierlemann, J. Stel-
ling, and M. Fussenegger. A synthetic multifunctional
mammalian pH sensor and CO2 transgene-control device.
Mol. Cell 55:397–408, 2014.
4Benner, S. A., and A. M. Sismour. Synthetic biology. Nat.
Rev. Genet. 6:533–543, 2005.
5Bi, D., J. H. Lopez, J. M. Schwarz, and M. L. Manning.
A density-independent rigidity transition in biological
tissues. Nat. Phys. 11:1074–1079, 2015.
6Black, J. B., A. F. Adler, H. G. Wang, A. M. D’Ippolito,
H. A. Hutchinson, T. E. Reddy, G. S. Pitt, K. W. Leong,
and C. A. Gersbach. Targeted epigenetic remodeling of
endogenous loci by CRISPR/Cas9-based transcriptional
activators directly converts fibroblasts to neuronal cells.
Cell Stem Cell 19:406–414, 2016.
7Blakney, A. K., M. D. Swartzlander, and S. J. Bryant.
The effects of substrate stiffness on the in vitro activation
of macrophages and in vivo host response to poly(-
ethylene glycol)-based hydrogels. J. Biomed. Mater. Res.
A 100:1375–1386, 2012.
8Buenrostro, J. D., B. Wu, U. M. Litzenburger, D. Ruff,
M. L. Gonzales, M. P. Snyder, H. Y. Chang, and W. J.
Greenleaf. Single-cell chromatin accessibility reveals
principles of regulatory variation. Nature 523:486–490,
2015.
9Cao, J., J. S. Packer, V. Ramani, D. A. Cusanovich, C.
Huynh, R. Daza, X. Qiu, C. Lee, S. N. Furlan, F. J.
Steemers, A. Adey, R. H. Waterston, C. Trapnell, and J.
Shendure. Comprehensive single-cell transcriptional pro-
filing of a multicellular organism. Science 357:661–667,
2017.

10Chen, S., J. A. Jones, Y. Xu, H. Y. Low, J. M. Anderson,
and K. W. Leong. Characterization of topographical ef-
fects on macrophage behavior in a foreign body response
model. Biomaterials 31:3479–3491, 2010.

11Chevrier, S., H. L. Crowell, V. R. T. Zanotelli, S. Engler,
M. D. Robinson, and B. Bodenmiller. Compensation of
signal spillover in suspension and imaging mass cytome-
try. Cell Syst. 6:612–620, 2018.

12Chevrier, S., J. H. Levine, V. R. T. Zanotelli, K. Silina, D.
Schulz, M. Bacac, C. H. Ries, L. Ailles, M. A. S. Jewett,
H. Moch, M. van den Broek, C. Beisel, M. B. Stadler, C.
Gedye, B. Reis, D. Pe’er, and B. Bodenmiller. An immune
atlas of clear cell renal cell carcinoma. Cell 169:736–749,
2017.

13Cho, U., D. P. Riordan, P. Ciepla, K. S. Kocherlakota, J.
K. Chen, and P. B. Harbury. Ultrasensitive optical
imaging with lanthanide lumiphores. Nat. Chem. Biol.
14:15–21, 2018.

14Cusanovich, D. A., R. Daza, A. Adey, H. A. Pliner, L.
Christiansen, K. L. Gunderson, F. J. Steemers, C. Trap-
nell, and J. Shendure. Multiplex single cell profiling of
chromatin accessibility by combinatorial cellular indexing.
Science 348:910–914, 2015.

15Cusanovich, D. A., A. J. Hill, D. Aghamirzaie, R. M.
Daza, H. A. Pliner, J. B. Berletch, G. N. Filippova, X.
Huang, L. Christiansen, W. S. DeWitt, C. Lee, S. G.
Regalado, D. F. Read, F. J. Steemers, C. M. Disteche, C.

Trapnell, and J. Shendure. A single-cell atlas of in vivo
mammalian chromatin accessibility. Cell 174:1309–1324,
2018.

16Cyranoski, D. Ethics of embryo editing divides scientists.
Nature 519:272, 2015.

17de Vos, P., M. Spasojevic, and M. M. Faas. Treatment of
diabetes with encapsulated islets. Adv. Exp. Med. Biol.
670:38–53, 2010.

18Dellacherie, M. O., B. R. Seo, and D. J. Mooney. Mac-
roscale biomaterials strategies for local immunomodula-
tion. Nat. Rev. Mater. 4:379–397, 2019.

19Desai, T., and L. D. Shea. Advances in islet encapsulation
technologies. Nat. Rev. Drug Discov. 16:367, 2017.

20Douglas, T., and J. Savulescu. Synthetic biology and the
ethics of knowledge. J. Med. Ethics 36:687–693, 2010.

21Ecker, J. R., D. H. Geschwind, A. R. Kriegstein, J. Ngai,
P. Osten, D. Polioudakis, A. Regev, N. Sestan, I. R.
Wickersham, and H. Zeng. The BRAIN initiative cell
census consortium: lessons learned toward generating a
comprehensive brain cell atlas. Neuron 96:542–557, 2017.

22Expedited Programs for Regenerative Medicine Therapies
for Serious Conditions, US Food & Drug Administration,
2019. (https://www.fda.gov/media/120267/download).

23Egli, D., G. Birkhoff, and K. Eggan. Mediators of
reprogramming: transcription factors and transitions
through mitosis. Nat. Rev. Mol. Cell Biol. 9:505–516,
2008.

24Elowitz, M. B., and S. Leibler. A synthetic oscillatory
network of transcriptional regulators. Nature 403:335–
338, 2000.

25Eng, C. L., M. Lawson, Q. Zhu, R. Dries, N. Koulena, Y.
Takei, J. Yun, C. Cronin, C. Karp, G. C. Yuan, and L.
Cai. Transcriptome-scale super-resolved imaging in tissues
by RNA seqFISH. Nature 568:235–239, 2019.

26Fan, Z., Y. Sun, C. Di, D. Tay, W. Chen, C. X. Deng, and
J. Fu. Acoustic tweezing cytometry for live-cell subcellular
modulation of intracellular cytoskeleton contractility. Sci.
Rep. 3:2176, 2013.

27Feinberg, A. W., and J. S. Miller. Progress in three-di-
mensional bioprinting. MRS Bull. 42:557–562, 2017.

28Feng, Q., C. Chai, X. S. Jiang, K. W. Leong, and H. Q.
Mao. Expansion of engrafting human hematopoietic
stem/progenitor cells in three-dimensional scaffolds with
surface-immobilized fibronectin. J. Biomed. Mater. Res. A
78:781–791, 2006.

29Friedl, P., and D. Gilmour. Collective cell migration in
morphogenesis, regeneration and cancer. Nat. Rev. Mol.
Cell Biol. 10:445–457, 2009.

30Fu, J., A. Warmflash, and M. P. Lutolf. Stem-cell-based
embryo models for fundamental research and translation.
Nat. Mater. 20:132, 2020.

31Gardner, T. S., C. R. Cantor, and J. J. Collins. Con-
struction of a genetic toggle switch in Escherichia coli.
Nature 403:339–342, 2000.

32Goltsev, Y., N. Samusik, J. Kennedy-Darling, S. Bhate,
M. Hale, G. Vazquez, S. Black, and G. P. Nolan. Deep
profiling of mouse splenic architecture with CODEX
multiplexed imaging. Cell 174:968–981, 2018.

33Green, J. J. Immunoengineering has arrived. J. Biomed.
Mater. Res. A 109:397, 2020.

34Grigoryan, B., S. J. Paulsen, D. C. Corbett, D. W. Sazer,
C. L. Fortin, A. J. Zaita, P. T. Greenfield, N. J. Calafat, J.
P. Gounley, A. H. Ta, F. Johansson, A. Randles, J. E.
Rosenkrantz, J. D. Louis-Rosenberg, P. A. Galie, K. R.
Stevens, and J. S. Miller. Multivascular networks and

BIOMEDICAL
ENGINEERING 
SOCIETY

Recent Advances in Cellular and Molecular Bioengineering 305

https://www.fda.gov/media/120267/download


functional intravascular topologies within biocompatible
hydrogels. Science 364:458–464, 2019.

35Guye, P., M. R. Ebrahimkhani, N. Kipniss, J. J. Ve-
lazquez, E. Schoenfeld, S. Kiani, L. G. Griffith, and R.
Weiss. Genetically engineering self-organization of human
pluripotent stem cells into a liver bud-like tissue using
Gata6. Nat. Commun. 7:10243, 2016.

36Gyngell, C., T. Douglas, and J. Savulescu. The ethics of
germline gene editing. J. Appl. Philos. 34:498–513, 2017.

37Harrison, S. E., B. Sozen, N. Christodoulou, C. Kypri-
anou, and M. Zernicka-Goetz. Assembly of embryonic
and extraembryonic stem cells to mimic embryogenesis
in vitro. Science 356:6334, 2017.

38Hasty, J., D. McMillen, and J. J. Collins. Engineered gene
circuits. Nature 420:224–230, 2002.

39Hyun, I., A. L. Bredenoord, J. Briscoe, S. Klipstein, and
T. Tan. Human embryo research beyond the primitive
streak. Science 371:998–1000, 2021.

40Interactive human protein atlas launches. Cancer Discov.
5:339, 2015.

41Jackson, L. A., E. J. Anderson, N. G. Rouphael, P. C.
Roberts, M. Makhene, R. N. Coler, M. P. McCullough, J.
D. Chappell, M. R. Denison, L. J. Stevens, and A. J.
Pruijssers. An mRNA vaccine against SARS-CoV-
2—preliminary report. N. Engl. J. Med. 383:1920–1931,
2020.

42June, C. H., R. S. O’Connor, O. U. Kawalekar, S.
Ghassemi, and M. C. Milone. CAR T cell immunotherapy
for human cancer. Science 359:1361–1365, 2018.

43Kabadi, A. M., P. I. Thakore, C. M. Vockley, D. G.
Ousterout, T. M. Gibson, F. Guilak, T. E. Reddy, and C.
A. Gersbach. Enhanced MyoD-induced transdifferentia-
tion to a myogenic lineage by fusion to a potent transac-
tivation domain. ACS Synth. Biol. 4:689–699, 2015.

44Kang, J., J. Hu, R. Karra, A. L. Dickson, V. A. Tornini, G.
Nachtrab,M.Gemberling, J. A.Goldman, B. L. Black, and
K. D. Poss. Modulation of tissue repair by regeneration
enhancer elements. Nature 532:201–206, 2016.

45Karig, D., K. M. Martini, T. Lu, N. A. DeLateur, N.
Goldenfeld, and R. Weiss. Stochastic turing patterns in a
synthetic bacterial population. Proc. Natl. Acad. Sci. USA
115:6572–6577, 2018.

46Kemmer, C., M. Gitzinger, M. Daoud-ElBaba, V. Djo-
nov, J. Stelling, and M. Fussenegger. Self-sufficient con-
trol of urate homeostasis in mice by a synthetic circuit.
Nat. Biotechnol. 28:355–360, 2010.

47Khalil, A. S., and J. J. Collins. Synthetic biology: appli-
cations come of age. Nat. Rev. Genet. 11:367–379, 2010.

48Kim, J., B. K. Koo, and J. A. Knoblich. Human orga-
noids: model systems for human biology and medicine.
Nat. Rev. Mol. Cell Biol. 21:571–584, 2020.

49Kim, S., S. B. Shah, P. L. Graney, and A. Singh. Mul-
tiscale engineering of immune cells and lymphoid organs.
Nat. Rev. Mater. 4:355–378, 2019.

50King, N. M., and J. Perrin. Ethical issues in stem cell
research and therapy. Stem Cell Res. Ther. 5:85, 2014.

51Kishi, J. Y., S. W. Lapan, B. J. Beliveau, E. R. West, A.
Zhu, H. M. Sasaki, S. K. Saka, Y. Wang, C. L. Cepko,
and P. Yin. SABER amplifies FISH: enhanced multi-
plexed imaging of RNA and DNA in cells and tissues.
Nat. Methods 16:533–544, 2019.

52Kupfer, M. E., W. H. Lin, V. Ravikumar, K. Qiu, L.
Wang, L. Gao, D. B. Bhuiyan, M. Lenz, J. Ai, R. R.
Mahutga, D. Townsend, J. Zhang, M. C. McAlpine, E. G.
Tolkacheva, and B. M. Ogle. in situ expansion, differen-

tiation, and electromechanical coupling of human cardiac
muscle in a 3D bioprinted. Chambered Organoid. Circ.
Res. 127:207–224, 2020.

53Ladoux, B., and R. M. Mege. Mechanobiology of col-
lective cell behaviours. Nat. Rev. Mol. Cell Biol. 18:743–
757, 2017.

54Lee, A., A. R. Hudson, D. J. Shiwarski, J. W. Tashman,
T. J. Hinton, S. Yerneni, J. M. Bliley, P. G. Campbell, and
A. W. Feinberg. 3D bioprinting of collagen to rebuild
components of the human heart. Science 365:482–487,
2019.

55Li, Y., Y. Jiang, H. Chen, W. Liao, Z. Li, R. Weiss, and Z.
Xie. Modular construction of mammalian gene circuits
using TALE transcriptional repressors. Nat. Chem. Biol.
11:207–213, 2015.

56Liu, Z., Y. Liu, Y. Chang, H. R. Seyf, A. Henry, A. L.
Mattheyses, K. Yehl, Y. Zhang, Z. Huang, and K. Salaita.
Nanoscale optomechanical actuators for controlling
mechanotransduction in living cells. Nat. Methods 13:143–
146, 2016.

57Lo, B., and L. Parham. Ethical issues in stem cell research.
Endocr. Rev. 30:204–213, 2009.

58Loza, O., I. Heemskerk, N. Gordon-Bar, L. Amir-Zil-
berstein, Y. Jung, and D. Sprinzak. A synthetic planar cell
polarity system reveals localized feedback on Fat4-Ds1
complexes. Elife 6:e24820, 2017.

59Lubeck, E., A. F. Coskun, T. Zhiyentayev, M. Ahmad,
and L. Cai. Single-cell in situ RNA profiling by sequential
hybridization. Nat. Methods 11:360–361, 2014.

60McWhorter, F. Y., T. Wang, P. Nguyen, T. Chung, and
W. F. Liu. Modulation of macrophage phenotype by cell
shape. Proc. Natl. Acad. Sci. USA 110:17253–17258, 2013.

61Moroni, L., J. A. Burdick, C. Highley, S. J. Lee, Y.
Morimoto, S. Takeuchi, and J. J. Yoo. Biofabrication
strategies for 3D in vitro models and regenerative medi-
cine. Nat. Rev. Mater. 3:21–37, 2018.

62Morsut, L., K. T. Roybal, X. Xiong, R. M. Gordley, S.
M. Coyle, M. Thomson, and W. A. Lim. Engineering
customized cell sensing and response behaviors using
synthetic notch receptors. Cell 164:780–791, 2016.

63Nelson, C. M., R. P. Jean, J. L. Tan, W. F. Liu, N. J.
Sniadecki, A. A. Spector, and C. S. Chen. Emergent
patterns of growth controlled by multicellular form and
mechanics. Proc. Natl. Acad. Sci. USA 102:11594–11599,
2005.

64Ng, W. L., J. M. Lee, M. Zhou, Y. W. Chen, K. A. Lee,
W. Y. Yeong, and Y. F. Shen. Vat polymerization-based
bioprinting-process, materials, applications and regula-
tory challenges. Biofabrication 12:2020.

65Nichols, J. E., J. Cortiella, J. Lee, J. A. Niles, M. Cuddihy,
S. Wang, J. Bielitzki, A. Cantu, R. Mlcak, E. Valdivia, R.
Yancy, M. L. McClure, and N. A. Kotov. In vitro analog
of human bone marrow from 3D scaffolds with biomi-
metic inverted colloidal crystal geometry. Biomaterials
30:1071–1079, 2009.

66Nissim, L., S. D. Perli, A. Fridkin, P. Perez-Pinera, and T.
K. Lu. Multiplexed and programmable regulation of gene
networks with an integrated RNA and CRISPR/Cas
toolkit in human cells. Mol. Cell 54:698–710, 2014.

67Nojima, T., K. Haniuda, T. Moutai, M. Matsudaira, S.
Mizokawa, I. Shiratori, T. Azuma, and D. Kitamura. In-
vitro derived germinal centre B cells differentially generate
memory B or plasma cells in vivo. Nat. Commun. 2:465,
2011.

BIOMEDICAL
ENGINEERING 
SOCIETY

DAI et al.306



68Norris, J. L., and R. M. Caprioli. Analysis of tissue
specimens by matrix-assisted laser desorption/ionization
imaging mass spectrometry in biological and clinical
research. Chem. Rev. 113:2309–2342, 2013.

69Park, J. A., L. Atia, J. A. Mitchel, J. J. Fredberg, and J. P.
Butler. Collective migration and cell jamming in asthma,
cancer and development. J. Cell Sci. 129:3375–3383, 2016.

70Patterson, N. H., M. Tuck, A. Lewis, A. Kaushansky, J.
L. Norris, R. Van de Plas, and R. M. Caprioli. Next
generation histology-directed imaging mass spectrometry
driven by autofluorescence microscopy. Anal. Chem.
90:12404–12413, 2018.

71Pera, M. F. Human embryo research and the 14-day rule.
Development 144:1923–1925, 2017.

72Polack, F. P., S. J. Thomas, N. Kitchin, J. Absalon, A.
Gurtman, S. Lockhart, J. L. Perez, G. Perez Marc, E. D.
Moreira, C. Zerbini, R. Bailey, K. A. Swanson, S. Roy-
choudhury, K. Koury, P. Li, W. V. Kalina, D. Cooper, R.
W. Frenck, Jr, L. L. Hammitt, O. Tureci, H. Nell, A.
Schaefer, S. Unal, D. B. Tresnan, S. Mather, P. R. Dor-
mitzer, U. Sahin, K. U. Jansen, and W. C. Gruber. Safety
and efficacy of the BNT162b2 mRNA covid-19 vaccine.
N. Engl. J. Med. 383:2603–2615, 2020.

73Purnick, P. E., and R. Weiss. The second wave of syn-
thetic biology: from modules to systems. Nat. Rev. Mol.
Cell Biol. 10:410–422, 2009.

74Purwada, A., and A. Singh. Immuno-engineered orga-
noids for regulating the kinetics of B-cell development and
antibody production. Nat. Protoc. 12:168–182, 2017.

75Ran, F. A., P. D. Hsu, J. Wright, V. Agarwala, D. A.
Scott, and F. Zhang. Genome engineering using the
CRISPR-Cas9 system. Nat. Protoc. 8:2281–2308, 2013.

76Rapsomaniki, M. A., X. K. Lun, S. Woerner, M. Lau-
manns, B. Bodenmiller, and M. R. Martinez. Cell Cycle-
TRACER accounts for cell cycle and volume in mass
cytometry data. Nat. Commun. 9:632, 2018.

77Rayner, S. G., C. C. Howard, C. J. Mandrycky, S. Sta-
menkovic, J. Himmelfarb, A. Y. Shih, and Y. Zheng.
Multiphoton-guided creation of complex organ-specific
microvasculature. Adv. Healthc. Mater. e2100031, 2021.

78Regev, A., S. A. Teichmann, E. S. Lander, I. Amit, C.
Benoist, E. Birney, B. Bodenmiller, P. Campbell, P.
Carninci, M. Clatworthy, H. Clevers, B. Deplancke, I.
Dunham, J. Eberwine, R. Eils, W. Enard, A. Farmer, L.
Fugger, B. Gottgens, N. Hacohen, M. Haniffa, M.
Hemberg, S. Kim, P. Klenerman, A. Kriegstein, E. Lein,
S. Linnarsson, E. Lundberg, J. Lundeberg, P. Majumder,
J. C. Marioni, M. Merad, M. Mhlanga, M. Nawijn, M.
Netea, G. Nolan, D. Pe’er, A. Phillipakis, C. P. Ponting,
S. Quake, W. Reik, O. Rozenblatt-Rosen, J. Sanes, R.
Satija, T. N. Schumacher, A. Shalek, E. Shapiro, P.
Sharma, J. W. Shin, O. Stegle, M. Stratton, M. J. T.
Stubbington, F. J. Theis, M. Uhlen, A. van Oudenaarden,
A. Wagner, F. Watt, J. Weissman, B. Wold, R. Xavier,
and N. Yosef. The human cell atlas. Elife 6:2, 2017.

79Rico-Varela, J., D. Ho, and L. Q. Wan. In vitro micro-
scale models for embryogenesis. Adv. Biosyst. 2:1700235,
2018.

80Roh, K. H., H. W. Song, P. Pradhan, K. Bai, C. D.
Bohannon, G. Dale, J. Leleux, J. Jacob, and K. Roy. A
synthetic stroma-free germinal center niche for efficient
generation of humoral immunity ex vivo. Biomaterials
164:106–120, 2018.

81Romero, P., J. Banchereau, N. Bhardwaj, M. Cockett, M.
L. Disis, G. Dranoff, E. Gilboa, S. A. Hammond, R.

Hershberg, A. J. Korman, P. Kvistborg, C. Melief, I.
Mellman, A. K. Palucka, I. Redchenko, H. Robins, F.
Sallusto, T. Schenkelberg, S. Schoenberger, J. Sosman, O.
Tureci, B. Van den Eynde, W. Koff, and G. Coukos. The
human vaccines project: a roadmap for cancer vaccine
development. Sci. Transl. Med. 8:334ps339, 2016.

82Rosenberg, S. A., J. C. Yang, and N. P. Restifo. Cancer
immunotherapy: moving beyond current vaccines. Nat.
Med. 10:909–915, 2004.

83Rossger, K., G. Charpin-El Hamri, and M. Fussenegger.
Reward-based hypertension control by a synthetic brain-
dopamine interface. Proc. Natl. Acad. Sci. USA
110:18150–18155, 2013.

84Rozenblatt-Rosen, O., M. J. T. Stubbington, A. Regev,
and S. A. Teichmann. The human cell atlas: from vision to
reality. Nature 550:451–453, 2017.

85Ruiz, S. A., and C. S. Chen. Emergence of patterned stem
cell differentiation within multicellular structures. Stem
Cells 26:2921–2927, 2008.

86Sadati, M., N. Taheri Qazvini, R. Krishnan, C. Y. Park,
and J. J. Fredberg. Collective migration and cell jamming.
Differentiation 86:121–125, 2013.

87Saino, E., M. L. Focarete, C. Gualandi, E. Emanuele, A.
I. Cornaglia, M. Imbriani, and L. Visai. Effect of elec-
trospun fiber diameter and alignment on macrophage
activation and secretion of proinflammatory cytokines
and chemokines. Biomacromol 12:1900–1911, 2011.

88Saka, S. K., Y. Wang, J. Y. Kishi, A. Zhu, Y. Zeng, W.
Xie, K. Kirli, C. Yapp, M. Cicconet, B. J. Beliveau, S. W.
Lapan, S. Yin, M. Lin, E. S. Boyden, P. S. Kaeser, G.
Pihan, G. M. Church, and P. Yin. Immuno-SABER en-
ables highly multiplexed and amplified protein imaging in
tissues. Nat. Biotechnol. 37:1080–1090, 2019.

89Saxena, P., B. C. Heng, P. Bai, M. Folcher, H. Zulewski,
and M. Fussenegger. A programmable synthetic lineage-
control network that differentiates human IPSCs into
glucose-sensitive insulin-secreting beta-like cells. Nat.
Commun. 7:11247, 2016.

90Schmidt, M., A. Ganguli-Mitra, H. Torgersen, A. Kelle,
A. Deplazes, and N. Biller-Andorno. A priority paper for
the societal and ethical aspects of synthetic biology. Syst.
Synth. Biol. 3:3–7, 2009.

91Schulz, D., V. R. T. Zanotelli, J. R. Fischer, D. Schapiro,
S. Engler, X. K. Lun, H. W. Jackson, and B. Bodenmiller.
Simultaneous multiplexed imaging of mRNA and Pro-
teins With Subcellular Resolution In breast cancer tissue
samples by mass cytometry. Cell Syst. 6:531, 2018.

92Schwartzman, O., and A. Tanay. Single-cell epigenomics:
techniques and emerging applications. Nat. Rev. Genet.
16:716–726, 2015.

93Seet, C. S., C. He, M. T. Bethune, S. Li, B. Chick, E. H.
Gschweng, Y. Zhu, K. Kim, D. B. Kohn, D. Baltimore,
G. M. Crooks, and A. Montel-Hagen. Generation of
mature T cells from human hematopoietic stem and pro-
genitor cells in artificial thymic organoids. Nat. Methods
14:521–530, 2017.

94Seo, D., K. M. Southard, J. W. Kim, H. J. Lee, J. Farlow,
J. U. Lee, D. B. Litt, T. Haas, A. P. Alivisatos, J. Cheon,
Z. J. Gartner, and Y. W. Jun. A mechanogenetic toolkit
for interrogating cell signaling in space and time. Cell
169:1357, 2017.

95Shah, S., E. Lubeck, W. Zhou, and L. Cai. In situ tran-
scription profiling of single cells reveals spatial organiza-
tion of cells in the mouse hippocampus. Neuron 92:342–
357, 2016.

BIOMEDICAL
ENGINEERING 
SOCIETY

Recent Advances in Cellular and Molecular Bioengineering 307



96Shah, S., E. Lubeck, W. Zhou, and L. Cai. seqFISH
accurately detects transcripts in single cells and reveals
robust spatial organization in the hippocampus. Neuron
94:752–758, 2017.

97Shahbazi, M. N., A. Jedrusik, S. Vuoristo, G. Recher, A.
Hupalowska, V. Bolton, N. N. M. Fogarty, A. Campbell,
L. Devito, D. Ilic, Y. Khalaf, K. K. Niakan, S. Fishel, and
M. Zernicka-Goetz. Self-organization of the human em-
bryo in the absence of maternal tissues. Nat. Cell Biol.
18:700–708, 2016.

98Shao, Y., K. Taniguchi, K. Gurdziel, R. F. Townshend,
X. Xue, K. M. Yong, J. Sang, J. R. Spence, D. L.
Gumucio, and J. Fu. Self-organized amniogenesis by
human pluripotent stem cells in a biomimetic implanta-
tion-like niche. Nat. Mater. 16:419–425, 2017.

99Shiwarski, D. J., A. R. Hudson, J. W. Tashman, and A. W.
Feinberg. Emergence of FRESH 3D printing as a platform
for advanced tissue biofabrication. APL Bioeng. 5:2021.

100Simunovic,M., J. J.Metzger, F.Etoc,A.Yoney,A.Ruzo, I.
Martyn, G. Croft, D. S. You, A. H. Brivanlou, and E. D.
Siggia. A 3D model of a human epiblast reveals BMP4-
driven symmetry breaking.Nat.Cell Biol. 21:900–910, 2019.

101Skylar-Scott, M. A., S. G. M. Uzel, L. L. Nam, J. H.
Ahrens, R. L. Truby, S. Damaraju, and J. A. Lewis.
Biomanufacturing of organ-specific tissues with high cel-
lular density and embedded vascular channels. Sci Adv
5:eaaw2459, 2019.

102Smith, T. D., R. R. Nagalla, E. Y. Chen, and W. F. Liu.
Harnessing macrophage plasticity for tissue regeneration.
Adv. Drug Deliv. Rev. 114:193–205, 2017.

103Soon-Shiong, P., R. E. Heintz, N. Merideth, Q. X. Yao, Z.
Yao, T. Zheng, M. Murphy, M. K. Moloney, M. Schmehl,
M. Harris, et al. Insulin independence in a type 1 diabetic
patient after encapsulated islet transplantation. Lancet
343:950–951, 1994.

104Spraggins, J. M., D. G. Rizzo, J. L. Moore, M. J. Noto, E.
P. Skaar, and R. M. Caprioli. Next-generation technolo-
gies for spatial proteomics: integrating ultra-high speed
MALDI-TOF and high mass resolution MALDI FTICR
imaging mass spectrometry for protein analysis. Pro-
teomics 16:1678–1689, 2016.

105Sussman, E. M., M. C. Halpin, J. Muster, R. T.Moon, and
B.D.Ratner. Porous implantsmodulate healing and induce
shifts in local macrophage polarization in the foreign body
reaction. Ann. Biomed. Eng. 42:1508–1516, 2014.

106Svensson, V., K. N. Natarajan, L. H. Ly, R. J. Miragaia,
C. Labalette, I. C. Macaulay, A. Cvejic, and S. A.
Teichmann. Power analysis of single-cell RNA-sequencing
experiments. Nat. Methods 14:381–387, 2017.

107Takahashi, K., and S. Yamanaka. Induction of pluripo-
tent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 126:663–676, 2006.

108Tanay, A., and A. Regev. Scaling single-cell genomics from
phenomenology to mechanism. Nature 541:331–338, 2017.

109Toda, S., L. R. Blauch, S. K. Y. Tang, L. Morsut, and W.
A. Lim. Programming self-organizing multicellular struc-
tures with synthetic cell-cell signaling. Science 361:156–
162, 2018.

110Van de Plas, R., J. Yang, J. Spraggins, and R. M. Caprioli.
Image fusion of mass spectrometry and microscopy: a
multimodality paradigm for molecular tissue mapping.
Nat. Methods 12:366–372, 2015.

111Velez, D. O., S. K. Ranamukhaarachchi, A. Kumar, R. N.
Modi, E. W. Lim, A. J. Engler, C. M. Metallo, and S. I.
Fraley. 3D collagen architecture regulates cell adhesion

through degradability, thereby controlling metabolic and
oxidative stress. Integr. Biol. (Camb.) 11:221–234, 2019.

112Velez, D. O., B. Tsui, T. Goshia, C. L. Chute, A. Han, H.
Carter, and S. I. Fraley. 3D collagen architecture induces a
conserved migratory and transcriptional response linked
to vasculogenic mimicry. Nat. Commun. 8:1651, 2017.

113Wang, T., T. U. Luu, A. Chen, M. Khine, and W. F. Liu.
Topographical modulation of macrophage phenotype by
shrink-film multi-scale wrinkles. Biomater. Sci. 4:948–952,
2016.

114Wang, X., M. Merkel, L. B. Sutter, G. Erdemci-Tando-
gan, M. L. Manning, and K. E. Kasza. Anisotropy links
cell shapes to tissue flow during convergent extension.
Proc. Natl. Acad. Sci. USA 117:13541–13551, 2020.

115Warmflash, A., B. Sorre, F. Etoc, E. D. Siggia, and A. H.
Brivanlou. A method to recapitulate early embryonic
spatial patterning in human embryonic stem cells. Nat.
Methods 11:847–854, 2014.

116Watkins, E. A., and J. A. Hubbell. Designing biofunc-
tional immunotherapies. Nat. Rev. Mater. 4:350–352,
2019.

117Worley, K. E., J. Rico-Varela, D. Ho, and L. Q. Wan.
Teratogen screening with human pluripotent stem cells.
Integr. Biol. (Camb) 10:491–501, 2018.

118Wrona, E. A., B. Sun, S. Romero-Torres, and D. O.
Freytes. Effects of polarized macrophages on the in vitro
gene expression after Co-Culture of human pluripotent
stem cell-derived cardiomyocytes. J. Immunol. Regener.
Med. 4:2019.

119Yang, X., D. Bi, M. Czajkowski, M. Merkel, M. L.
Manning, and M. C. Marchetti. Correlating cell shape and
cellular stress in motile confluent tissues. Proc. Natl. Acad.
Sci. USA 114:12663–12668, 2017.

120Ye, H., G. Charpin-ElHamri, K. Zwicky, M. Christen, M.
Folcher, and M. Fussenegger. Pharmaceutically controlled
designer circuit for the treatment of the metabolic syn-
drome. Proc. Natl. Acad. Sci. USA 110:141–146, 2013.

121Ye, H., M. Daoud-El Baba, R. W. Peng, and M.
Fussenegger. A synthetic optogenetic transcription device
enhances blood-glucose homeostasis in mice. Science
332:1565–1568, 2011.

122Yin, R., J. Kyle, K. Burnum-Johnson, K. J. Bloodsworth,
L. Sussel, C. Ansong, and J. Laskin. High spatial resolu-
tion imaging of mouse pancreatic islets using nanospray
desorption electrospray ionization mass spectrometry.
Anal. Chem. 90:6548–6555, 2018.

123Zheng, Y., X. Xue, Y. Shao, S. Wang, S. N. Esfahani, Z.
Li, J. M. Muncie, J. N. Lakins, V. M. Weaver, D. L.
Gumucio, and J. Fu. Controlled modelling of human
epiblast and amnion development using stem cells. Nature
573:421–425, 2019.

124Zhu, Y., P. D. Piehowski, R. Zhao, J. Chen, Y. Shen, R. J.
Moore, A. K. Shukla, V. A. Petyuk, M. Campbell-
Thompson, C. E. Mathews, R. D. Smith, W. J. Qian, and
R. T. Kelly. Nanodroplet processing platform for deep
and quantitative proteome profiling of 10-100 mammalian
cells. Nat. Commun. 9:882, 2018.

125Zhu, Q., S. Shah, R. Dries, L. Cai, and G. C. Yuan.
Identification of spatially associated subpopulations by
combining scRNAseq and sequential fluorescence in situ
hybridization data. Nat. Biotechnol. 36:1183, 2018.

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institu-

tional affiliations.

BIOMEDICAL
ENGINEERING 
SOCIETY

DAI et al.308


	Recent Advances in Cellular and Molecular Bioengineering for Building and Translation of Biological Systems
	Abstract
	Introduction and Background
	Emerging Areas in Engineering Biological Systems
	Synthetic Biology and Gene Editing Approaches
	Omics, Single-Cell Profiling, and Big Data Approaches
	Emerging and Collective Behavior of Cells
	Engineering Human Embryo-Like Structures
	Biomanufacturing: 3D Bioprinting and the Translation to Large-Scale Manufacturing
	Immunoengineering

	Perspectives on Building Biological Systems
	Perspectives on Translating Engineered Biological Systems
	Appendix: Sessions and speakers at the 2020 BMES-CMBE conference
	BMES-Cellular and Molecular Bioengineering (CMBE) Conference
	‘‘Vision 2020: Emerging Technologies to Elucidate the Rule of Life’’


	‘‘Vision 2020: Emerging Technologies to Elucidate the Rule of Life’’
	References




