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Abstract

Technological innovation has been integral to the development of tissue engineering over the last 25 years.
Future advances will require the next-generation of tissue engineers to embrace emerging technologies. Here,
we discuss four key areas of opportunity in which technology can play a role: biological manipulation,
advanced characterization, process automation and personalized medicine. This encompasses key
developments in transdifferentiation, gene editing, spatially-resolved -omics and 3D bioprinting. Taken
together, we can imagine an idealized future in which computational predictions made by machine learning
algorithms are used to programme cells and materials to create personalized tissue constructs within an

automated culture system.

Impact Statement

History has shown us how tissue engineering can be advanced by embracing technological innovation. In this
perspective, we highlight some of the most promising emerging technologies and discuss how they can be
integrated into existing tissue engineering protocols. The proposed technologies offer the opportunity to

reshape how we currently design, engineer and characterize tissue grafts for improved in vivo regeneration.
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In 1981, Eugene Bell and co-workers reported that fibroblasts could be cultured in collagen hydrogel lattices
and then seeded with epidermal cells to create living skin grafts for in vivo wound healing, thus effectively
creating an in vitro engineered tissue.! Over the last quarter of a century, this field has been revolutionized by
some immense biotechnological developments. The development of biodegradable polymeric scaffolds in the
early 1990s,>3 the derivation of human embryonic stem cells in 1998,% and the advent of human induced
pluripotent stem cells (iPSCs) in 2006,° all represent pivotal moments in the brief history of this developing
field. We now have an abundance of different cells, materials and biochemical factors at our fingertips: a
versatile array of building blocks that have enabled the construction of a broad range of tissues for
implantation, drug screening or disease modelling. This toolkit is complemented by our increased
understanding of the complex mechanisms underpinning processes such as cell differentiation, matrix
production and material degradation. Moreover, we also have a more informed view of the in vivo response to
implanted grafts: how the construct engrafts at the implant site, integrates with the surrounding tissue and
interacts with the host immune system. This wealth of knowledge has only been made possible by the
development of new in vitro characterization methods and more insightful in vivo imaging tools. Together, our
expanding knowledge and toolkit has enabled the design of smarter systems that can navigate the complex

path to functional regeneration.

These advances have resulted in true patient benefit from clinical tissue engineering products, such as those
for skin (e.g. Epicel, Apligraf, Dermagraft, Orcel),® cartilage (MACI),” cornea (Holoclar)® and oral soft tissue
(Gintuit).’ Despite their success, these products are typically engineered using traditional approaches with
associated limitations: (i) the common use of autologous primary cells introduces donor site morbidity,
precludes the development of off-the-shelf products and does not provide a clinically-viable solution for all
patients or tissue targets, (ii) the use of predominantly manual tissue culture processes present the risk of
human error and can be procedurally inflexible, which hinders the adoption of patient-tailored strategies, (iii)
the use of relatively basic characterization tools means that cells and tissues are analyzed without full global,
temporal or spatial resolution. Moreover, even gold-standard protocols for tissue engineering do not fully
replicate the composition, structure and function of physiological tissues. The next generation of tissue
engineers face two key challenges: (i) to improve the final quality and manufacturing processes for tissues

already established in the translational pipeline and (ii) expand the repertoire of clinical products towards
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more complex tissues. In this perspective, we suggest four key areas that technology can help meet these

goals (Figure 1).
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Figure 1. Integrating emerging technologies into a tissue engineering workflow. Autologous cells are
harvested from a patient and expanded using an automated culture system. The expanded cells are then
printed into constructs that are grown into tissue using a bioreactor. Data collected at different stages
during this process (patient cell screening, diagnostic scans, online monitoring and tissue profiling) are fed
into machine learning algorithms. This system can then make increasingly informed decisions about the
parameters required for optimal cell expansion, bioprinting and tissue culture, as well as guiding any
biological manipulation (e.g. reprogramming or gene editing). Taken together, these technologies would
allow for automated culture of tissue constructs tailored to meet the needs of the patient. Bone STEM
tomography image from Reznikov, N et al. Fractal-like hierarchical organization of bone begins at the

nanoscale. Science 360, 507, 2018. Reprinted with permission from AAAS.

The first area of interest is biological manipulation, which was most elegantly demonstrated by Takahashi and
Yamanaka, who used four transcription factors (OCT4, SOX2, KLF4, MYC) to induce pluripotency in mammalian
fibroblasts.> This method, which has been used to derive entirely new sources of cells for tissue
engineering,’®'! highlighted the capacity of somatic cells to adopt new phenotypic identities. This
demonstration of cellular plasticity accelerated the development of lineage conversion strategies that avoid
the need for iPSCs. For instance, it has been shown that a brief exposure to Yamanaka transcription factors can
be used to create a transient cell state, which can then be differentiated by biochemical induction.'>> An
alternative approach is transdifferentiation, whereby one somatic cell type (typically fibroblasts) is

reprogrammed to another somatic cell lineage without any form of pluripotent induction. Transdifferentiation
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is achieved by introducing combinations of key transcription factors, such as GATA4, MEF2C and TBX5 to
generate cardiomyocytes,'® ASCL1, BRN2 and MYTIL to produce neurons,’” and HNF4a plus FOXA1, FOXA2 or
FOXA3 to yield hepatocytes.'® Compared to using iPSCs, transdifferentiation is cheaper, faster and avoids
tumorigenicity associated with pluripotent cells.?® These are all factors that are likely to become increasingly
prominent as tissue engineering with reprogrammed cells progresses to the clinic. Another seminal report in
biological manipulation was published in 2012: the use of CRISPR RNA sequences to guide bacterial Cas9
enzymes to recognize and cleave DNA at specific sites.?’ This CRISPR-Cas revolution has been predominantly
used as a gene editing tool,?*?3 but modified versions of this system have been used to regulate gene

24-25

expression and create site-specific epigenetic modifications.?® Of particular interest are CRISPR-based

reprogramming strategies for generating specialized cell types that could be used for tissue engineering. For
instance, this technique has been used to reprogramme fibroblasts into skeletal myocytes and neurons.?”.%®
Gene editing, lineage conversion and other biological manipulation strategies,?® provide the tantalizing

prospect of creating customized cell populations with programmed capacity in key tissue engineering roles,

such as matrix secretion, material degradation and host interaction.

The use of more complex biological systems is a key driver in the second area of interest: the use of advanced
characterization to provide more informative readouts at different stages of the tissue engineering process.
We anticipate that cells will be more heavily screened prior to their use in tissue engineering procedures, in
order to better understand the effect of natural variation, to identify particularly potent subpopulations,® and
to detect any detrimental genetic or epigenetic abnormalities.3* This arena is likely to be dominated by “-
omics” techniques, such as genomics,?? epigenomics,® transcriptomics, proteomics,® lipidomics,3® and
metabolomics,?” which enable global characterization of the biomolecular profile of cells. This holistic
approach can also be applied to material design by using materiomics, a multiscale characterization approach
that can be used to unravel the complexity of many tissue engineering substrates.3® We also anticipate that
new advances in spatially-resolved and single-cell -omics will play a major role in tissue characterization,
allowing detailed information pertaining to cell state and matrix composition to be extracted and mapped in
high resolution.3>*! Indeed, a whole suite of under-utilized technologies can offer valuable insight into
biological ultrastructure (e.g. volumetric electron microscopy,*?*? super-resolution optical microscopy**) and

biochemical composition (e.g. Raman spectroscopic mapping,**® mass spectrometric imaging*®*’). There is
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great potential for these state-of-the-art characterization tools to be more routinely used to complement the
more traditional tissue analysis methods (e.g. immunostaining, polymerase chain reaction, enzyme-linked
immunosorbent assays). In addition to these end-point assessments, online monitoring tools can be employed
to non-invasively track the tissue engineering process over time. For instance, fiber-optic Raman spectroscopy
and micro-computed tomography can be used to track the formation of cartilage and bone, respectively,*®*°
polarization-sensitive optical coherence tomography can be used to monitor matrix alignment during tendon
tissue engineering,*® while integrated sensors are commonly used to detect metabolite consumption in tissue
culture bioreactors.’*? As well as shedding light on the dynamic nature of tissue development, online
monitoring tools will also enable responsive protocol optimization and tighter quality control during the

manufacturing process.

These characterization methods can be used as an empirical basis for the third key area of development:
process automation.>® Typically, the final quality of an engineered tissue will fluctuate due to innate biological
variability and batch-to-batch variability of reagents.>*>> Moreover, human-led processes can also lead to
variation in certain tasks (e.g. manual seeding of cells on a scaffold) and are prone to inaccuracies in
measurement, timing and system monitoring.>® Future tissue engineering strategies must focus on reducing
these sources of inconsistency to increase process reproducibility and bring the final product quality to within
pre-determined manufacturing limits. As previously discussed, biological variability could be reduced by
screening cells prior to tissue engineering in order to identify populations that meet key performance criteria.
An alternative method could be to circumvent natural variation and use genetic manipulation to produce cell
populations with a programmed level of biological function. The second source of variability arises from the
use of outmoded culture media that includes obsolete or xenogeneic supplements (e.g. foetal bovine
serum).>>>® Stripping down the number of added components to include only those that play a chemically-
defined role will help eliminate inconsistencies that arise during culture.5>*® Moreover, the field could see
great benefit by shifting towards more modern manufacturing practices, such as automated culture systems

5962 and bioreactors with online monitoring for

for cell expansion,®”58 3D bioprinting for construct fabrication
tissue culture.®®% Beyond instrumentation, many manufacturing processes replicate their products in silico as

“digital twins,” which dynamically update as their real-world counterpart changes.®® This Industry 4.0 concept

is increasingly used to manage the production of complex systems and is ideally suited to the production of
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engineered tissue. We expect that these factors will heavily contribute to the development of an idealized

tissue engineering process: a reproducible workflow that is not contingent on human expertise.

Process automation does not necessarily mean that tissue engineering should target universal, “one-size-fits-
all” solutions. Instead, automated workflows should be versatile and ideally be tailored to the patient as a
form of personalized tissue engineering.%® A currently used example is the use of diagnostic scans (e.g.
computed tomography, magnetic resonance imaging) to inform the computer-aided design of patient-
customized scaffolds or grafts, usually assembled by 3D printing.®”®® Tailored strategies can also be used to
account for inherent biological variability when using autologous cell sources for tissue engineering.
Assembling large datasets that correlate cell profiles with differentiation capacity, matrix secretion and
material degradation, can be used to construct computational models and machine learning algorithms that
can predict how a tissue will develop.%® We anticipate that such models could play an important role in
screening patient cells, in order to make informed decisions on the culture conditions required (e.g. number of
cells, time course) or whether tissue engineering would simply not be a viable option. Moreover, these models
would allow us to leverage control over the tissue engineering process by using biochemical factors and
material systems that are tuned to the characteristics of a particular cell population. For instance, synthetic
materials could use a certain level of enzyme-cleavable crosslinkers to ensure a degradation profile in line with
the anticipated cellular secretion rate of matrix components and catabolic enzymes.®® Integrating these
programmable systems with predictive models and automated workflows is an exciting avenue for the future

of tissue engineering.

It is evident that technological development has played a major role in the advancement of tissue engineering,
providing research scientists and clinicians with an unprecedented level control over cells, materials, biological
factors and culture conditions. In order for the field to progress, however, it is important that the next
generation of tissue engineers continue to innovate by implementing new technological solutions. In this
perspective, we have highlighted four key areas in which technology can play a major role. There are two
factors that need to be addressed if these technologies are to be widely adopted. The first hurdle is money:
producing tissue engineered grafts can be an expensive business,’®> and manufacturing companies will need to
be convinced by the commercial benefits of adopting certain high-cost technologies (e.g. -omics

characterization, personalized tissue engineering). Process automation, on the other hand, has the potential to
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reduce the manufacturing costs of tissue engineering.>® The second hurdle is the mindset of the field, which
still recognises archaic protocols that use model cell lines and xenogeneic supplements, despite these not
being clinically applicable. The use of relevant cells, chemically-defined media and sensor-controlled
bioreactors are the first steps the field can take towards meeting modern manufacturing standards. Looking
further forward, we envisage a future where cells and materials can be programmed, in accordance with
computational predictions, and used within an automated workflow to generate precisely engineered tissue

constructs that are tailored to meet the needs of the patient.
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