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Despite substantial investments to meet clinical and commercial ex-
pectations, and while scientific achievements at the preclinical research
stage have sometimes been impressive, scaffold-based tissue engineer-
ing approaches are struggling to find the way to therapeutic and industri-
al success. The main challenges for the manufacture of tissue-engineered
Advance Therapy Medicinal Products (ATMPs) concern the improvement
of the standardization of manufacturing processes, tissue functionality
and cost-effectiveness and profitability of related treatments. Based on
our experience in the field of bioprinting, we discuss how this technolo-
gy - thanks to its characteristics resulting from the convergence of au-
tomation, biology and digital technology - should make it possible to
overcome current tissue manufacturing bottlenecks and also provide
new opportunities
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INTRODUCTION

The need for tissue and organ
transplantation has increased dra-
matically worldwide over the past
decade, predominantly due to the
increase in life expectancy, the in-
cidence of vital organ dysfunction

and degenerative diseases, and the
need to address the consequences
of tumor removal. Because of this
organ shortage, in the European
Union alone, more than 63,000
patients are waiting for an organ
transplant  (kidney, liver, heart,

cornea, etc.), and 6 new patients are
added every hour to the waiting lists
[1]. By contrast, only about 33,000
donors were identified in 2016 [2].
While some countries are imple-
menting policies to increase organ
donation, many patients waiting
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for a transplant will not receive it
in time. Patients and clinicians are
therefore waiting for tissue and or-
gan substitutes that must be thor-
oughly characterized and safe, ide-
ally patient specific and potentially
‘off-the-shelf’. In that context, the
global tissue engineering (TE) mar-
ket is expected to reach $11.5 bil-
lion by 2022 [3].

Research scientists and engineers
working in the field of TE apply the
principles of biology and engineer-
ing to develop biological substitutes
that restore, maintain or improve
tissue function [4]. TE approaches
have traditionally relied on the use
of biocompatible materials, shaped
to form a 3D scaffold on which
living human cells are seeded be-
fore maturation in a bioreactor. As
the cells multiply, they colonize the
scaffold and synthesize an extracel-
lular matrix (ECM) to create a 3D
tissue. Despite substantial invest-
ments to meet clinical and commer-
cial expectations, and while scientif-
ic achievements at the preclinical
research stage have sometimes been
impressive, these traditional TE
approaches are struggling to find
the way to therapeutic and indus-
trial success [5]. Four tissue-engi-
neered products (TEP) belonging
to the category of Advanced Ther-
apy Medicinal Products (ATMP)
have indeed obtained to date their
European marketing authorization
by the European Medicines Agen-
cy (EMA), and even in these cases,
the therapeutic benefit did not meet
medical expectations and market-
ing was not profitable [6]. This is
illustrated by the withdrawal from
the European market of two of
these ATMPs which had previously
demonstrated sufficient safety and
efficiency: MACI® (2014), Chon-
drocelect® (2016); only Holoclar®
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and Spherox products are now com-
mercially available.

To meet medical and commer-
cial expectations, TEP manufactur-
ing presents unique challenges that

need to be addressed. These chal-

lenges concern the improvement of:

» Standardization of tissue
manufacturing  processes, in
particular cell seeding, which are
still mainly carried out manually,
in a craftsman-like manner,
in the absence of supervision
systems and through many open
stages. Such standardization will
facilitate compliance with the
various regulatory requirements
(and in particular  Good
Laboratory Practice [GLP] and
Good Manufacturing Practice
[GMP]), which frame preclinical
development and clinical batch
production, with the aim of
ensuring:

» Tissue safety

» Manufacturing stability, which
guarantees reproducibility
of process performance and
product quality

» Comparability of  manu-
facturing results obtained at
different sites, by different
operators and between the
preclinical and clinical phases

» Industrial scale-up and
scale-out

» The functionality of the
engineered tissues so that
the associated therapies are
more effective than alternative
treatments by medical devices,
drugtreatments orself-transplant;

» The cost-effectiveness and
profitability of TEP to make
them accessible to patients and
bearable for insurance systems.

To meet these challenges, bio-
printing approaches have been de-
veloped. These are based on “the use
of computer-aided transfer process-
es for patterning and assembling
living and non-living materials with
a prescribed 2D or 3D organization
in order to produce bio-engineered
structures serving in regenerative




medicine, pharmacology and basic
cell biology studies” [7-9]. Despite
similar principles, it should be not-
ed that bioprinting differs from 3D
printing of prosthetic implants since
the nature of the material deposited
is living and not inert, and also by
the technologies used. Bioprinting
has gained a lot of attention during
recent years, namely due to the sig-
nificant progress made towards the
manufacture of implantable bio-
printed tissues. These advances are
namely: fabrication of vascularized
thick tissues [10]; preclinical studies
of bioprinted cardiac patches [11] or
trachea [12] in animals; as well as in-
dustrial production and marketing
bioprinted skin and liver as physi-
ological models for in vitro appli-
cations [13,14]. As for technology,
several bioprinting techniques have
been developed so far: bioprinting
using thermal and piezoelectric ink-
jet printers, micro-valve bioprint-
ing, bio-extrusion and laser assisted
bioprinting. For more information
on all these techniques, readers can
refer to references [15,16].

Briefly, inkjet bioprinting con-
sists in projecting micro-droplets of
a liquid containing cells onto a sub-
strate. The projection is caused by
a thermal or piezoelectric process.
Thermal inkjet printing relies on the
transient activation of a thermal re-
sistance that produces a vapor bub-
ble that propels a droplet through
an orifice from 30 to 200 pm in di-
ameter. Piezoelectric inkjet printers
use an electrical pulse that generates
a shape change of a piezoelectric
crystal that contracts the ink res-
ervoir. The relaxation of the crys-
tal causes the ejection of the drop.
The advantage of this technique is
its low cost and speed, whether this
is in terms of preparation time or
printing speed. However, inkjet is

limited by the viscosity of the bio-
ink used and its inability to operate
at high cell densities where concen-
trations of only few cell/mL have to
be maintained to prevent clogging
of the printheads, as well as the
cellular mortality that results from
shear stress on the cells when pass-
ing through the orifice.

Micro-valve bioprinting is simi-
lar to inkjet technologies, but differs
in that jet formation occurs by pres-
surizing the ink and quickly open-
ing a solenoid valve. With the same
constraints as inkjet bioprinting,
this technology brings the capacity
to print more viscous solutions and
tends to suffer far less from nozzle
clogging even with higher cellular
concentrations.

Bioextrusion consists in mechan-
ically displacing biological elements
placed in a micro-syringe through a
nozzle or needle a few hundred mi-
crometers in diameter. The advan-
tage of this technology lies in its low
cost and ease of implementation.
However, it suffers from limitations
associated with coarse resolution
and significant cell mortality due to
the shear imposed on cells as they
pass through the nozzle.

Laser-assisted bioprinting is finally
the main orifice-free technology de-
veloped to date. It is based on the use
of a pulsed laser source that induces
the transfer of bioink microdroplets
from a target — made of a glass slide
covered with a thin layer of bioink —
to a receiving substrate placed a few
hundred micrometers away. The main
advantage of laser-assisted bioprinting
is that it allows the deposition of cells
with very high resolution, up to the
single cell level. The absence of an ori-
fice also ensures cell viability reaching
values of greater than 95%. However,
this technology still suffers from a low

throughput.
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Whatever the bioprinting tech-
nology used, the manufacture of
biological human tissues can be di-
vided into a sequence of five tech-
nological steps:

» Computer Aided Design (CAD)
of a digital blueprint that defines
tissue architecture, what means
the spatial location of all tissue
components (cell suspensions,
cell aggregates, biomaterials such
as collagen or growth factors);

» Programming the printing
sequence and bioink printing
parameters which leads to
defining the printer's physical
parameters and the printhead
trajectories;

» Bioink preparation and formu-
lating, and cartridge filling;

» Layer-by-layer deposition of
bioinks using automated (possibly
robotic) systems integrated into
the bioprinters;

» Maturation of bioprinted tissue
into bioreactors.

Upstream of this sequence, to-
mographic reconstructions can be
performed to help tissue design
(e.g., through microscopic, histo-
logical or medical imaging) and the
cells are prepared by conventional
extraction, isolation, amplification
and differentiation steps. Down-
stream, the bioprinted tissues could
be conditioned/packaged before
being sent to the medical centre
and implanted into patients (Fig-
ure 1 “Tissue Manufacturing by
Bioprinting”).

Based on our experience in the
field of bioprinting, we will discuss
in the next section how this tech-
nology — thanks to its characteris-
tics resulting from the convergence
of automation, biology and digital
technology — should make it possi-
ble to overcome the bottlenecks as-
sociated with human manipulations
performed within the framework
of traditional tissue engineering
methods.
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BIOPRINTING
REQUIREMENTS FOR
MANUFACTURING &
COMMERCIALIZING TEPS

Poietis experience in the field of bio-
printing relies in particular in the de-
velopment of several biological tissues
(such as skin, but also complex tissues
like hair follicle in the framework of a
partnership with LOréal) as well as in
the industrialization of the Poieskin®
full thickness skin model. Market-
ed for cosmetic and pharmaceutical
research purposes, Poieskin® is com-
posed of a dermis — manufactured by
layering type I collagen and primary
human fibroblasts — on which prima-
ry human keratinocytes are printed
to form a multi-layered epidermis. As
a result, we were able to:

» ldentify early critical bioprinting
process parameters (CPP) and
critical quality attributes (CQA)
of bioprinted tissues as well
as specific process analytical
technologies (PAT) to ensure
manufacturing  stability and
performance and to guarantee
that what is produced/printed is
what is designed (see Bioprinting
Process Mapping in Figure 2 and
Boxes 1 & 2);

» Assess the impact of bioprinting
parameters and the environment
on tissue functionality and
manufacturing costs;

» To identify, develop and validate
under  industrial  production
conditions the various bioprinting
solutions.

In addition, this allows us to
highlight the main requirements
that bioprinting still has to fulfil
in order to tackle the obstacles sur-
rounding TEP manufacturing and
commercialization.

Improvement of
standardization of TEP
manufacturing processes
Concerning  standardization  of
tissue manufacturing processes,
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—» FIGURE 1

Process mapping bioprinting.

Critical material
attributes (CMAs)

Starting materials

Excipients

Scaffold

Process steps
Critical process
parameters (CPPs)

Cell culture

Temperature

Hydrometry
CO: level

Bioink preparation
pH
Cell concentration
Viscosity

Bioprinting
Laser energy
Positions

Critical quality
attributes (CQASs)

Cells of interest
Identity
Potency

Purity

Printability
Homogeneity

CAD pattern match
Number of cells
(per drop/layer/within the
final multilayer product)

aouelsgns 8nuq

Pressure
Hygrometry
Cartridge temperature

Bioprinted tissue maturation
Primary packaging Conditioning

Bioprinting process mapping

Cell position
Droplet size
Biocompatibility
Sterility

Functionality [RelENISY g
Biocompatibility FRALLESARE=
Sterility Security Q

Postprinting

cells (per drop, per layer and
within the multilayer structure);

in addition to the contamination
prevention, the management and
traceability of reagents and consum- > The integration of in-line imaging
tools (with cellular resolution)
acting as PAT (in addition to
temperature, hydrometry and pH
sensors) to monitor the fidelity of
the printed structure to the CAD
pattern via the measurement
of the divergence of CQAs like
as the number and position of
the printed cells (per drop, per
layer and within the multilayer
structure), the droplet size, the
presence of satellites;

ables used as raw materials (cells,
biomaterials, culture media, flang-
es, inserts, etc.), these requirements
concern more specifically:

» Full automation and robotization
of bioprinting steps to minimize
the divergence of certain CPPs
(see Box 1) related to bioink
formulation or substrate and
printhead positions, and to ensure
the stability of the CQAs related

» The int ti f bioprinti
to cell deposition (see Box 2); ¢ Integration O loprinting

technologies in closed systems,

» The development of single cell such as isolators, perfectly
bioprinting  technologies  to sterile and free of any particle
precisely control CQAs related likely to contaminate the

bioprinted tissue and alter its
growth during maturation and

to cell deposition such as the
number and position of printed
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BOX 1

Bioprinting critical process parameters.

»

» Absolute and relative positions of printheads and substrate (um)

» Laser pulse energy (uJ) and pulse-to-pulse stability

» Thickness of glass slides in laser assisted bioprinting heads (um)

» Number of cells into the bioink

» Nozzle diameter (um)

» Printhead translation speed (mm/s)

» Pressure applied in micro-valve bioprinting (Pa)

» pH of collagen bioink

» Bioink viscosity (Pa.s)

» Collagen gelation duration (min)

» Time between each layer (min)

» Cartridge temperature (°C)

» Hygrometry (%)
functionality, and/or infect the
patient after implantation of the
tissue. This integration should be
accompanied by a demonstration
of the absence of effect of the
printing process on the tissue
environment and namely particle
generation, for example during
printhead translation;

» The demonstration of regulatory
compliance, which includes: i)
the qualification of bioprinting
machines (in agreement with
GAMP & GMP/Pharmaceutical
Equipment validation and in
line with the drafting standard
on Cell Therapy Manufacturing
Equipment within ISO/TC
276: Biotechnology [17]) and
software (GAMP/Compliant GxP
Computerized Systems); ii) the
—» BOX 2

Critical Quality Attributes of bioprinted tissues.

Number of cells (per drop, per layer and within the final multilayer
product)

Cell position within a layer and within the final multilayer product
(um)

Droplet size (um)
Presence of drop satellites

Viability rate of bioprinted cells (%)
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validation of all stages of the
process (regarding GMPs); as well
as iii) the implementation of an
adapted Quality Management
System;

The implementation of quality-
by-design methodologies
adapted to tissue development
using bioprinting. This should
make it possible to create design
spaces specific to the process
steps with the goal to adapt
the process parameters to the
inherent variability of the cells
in order to obtain products of
constant quality;

The development of bioprinting
systems compatible with
standard cell culture devices
and consumables (and not the
reverse);

The integration of bioprinting
solutions into a complete
biomanufacturing production line
in which the bioprinting hardware
and software solutions would be
connected to other solutions to
perform the upstream stages of
extraction and cell culture, and
packaging of the finished product
downstream.

Improvement of TEP
functionality

Improving tissue functionality relies

on the capacity to reproduce the

complexity of native human tissues

(i.e., the spatio-temporal distribu-

tion of cells and biochemical, me-

chanical and physical stimuli that

control the cellular micro-environ-

ment and govern cellular behaviour

and tissue function). To address

such a challenge involves more spe-

cifically to develop:

>

Multimodal bioprinters integr-
ating all the different bioprinting
techniques (bio-extrusion,
inkjet, laser, etc.) in order to take
advantage of the performance of
each of them (e.g., the deposition
of viscous biomaterials by

bioextrusion or  micro-valve
bioprinting and cell micro-
patterning by laser-assisted
bioprinting);
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FIGURE 2

Tissue manufacturing by bioprinting.
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This may also imply to consider
the bioprinting sequence when
the tissue is manufactured in
several steps and/or several
days (e.g., Poieskin® for which
keratinocytes are printed 5 days
after the dermis is printed).

Improvement of the
cost-effectiveness &
profitability of TEP
treatments

With regards to improving the
cost-effectiveness and profitability
of TEP treatments, requirements
for bioprinting deal with:

» Improving cell bioprinting yield (a
certain number of cells remaining
in cartridges) in order to minimize
the cost of goods and cell
preparation;

» Improving bioprinter throughput;
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» Reducing costs of bioprinting
devices without sacrificing critical
process parameters;

» The integration of bioprinting
technologies into closed systems,
such as isolators, in order to
reduce costs of infrastructure
installation and ownership
(especially for grade B clean
rooms), what can be accompanied
by a low availability of facilities
due to theirimmobilization during
cleaning and decontamination
to avoid cross-contamination
between two productions;

» The automation and robotization
of processes in order to reduce
the costs of specialised labor
required to carry out preparation
and manufacturing operations
as well as quality control of
individual batches and/or small
volumes;

» Exploitation of the ability to
pattern tissue components to
shorten tissue maturation before
implantation [19], and thus move
towards the fabrication of off-
the-shelf products;

» The development of modular
systems designed to promote
the continuous evolution of
machines and compatible with
the manufacture of multiple
tissue types to allow economies
of scope in production units;

» Optimizing the commonality of
preclinical and clinical bioprinting
platforms to facilitate the
comparability of results obtained
in different manufacturing sites
and at different stages of TEP
development and evaluation.

Next evolutions of

bioprinting systems

We have recently taken into ac-
count these requirements with the
development of a new bio-print-
ing platform. This modular and
multimodal platform integrates a
6-axis robotic arm as well as most
of the different bioprinting tech-
niques (bio-extrusion, microvalve
and laser-assisted bioprinting). The
manufacturing process has been

DOI: 10.18609/cgti.2018.081

automatized and is controlled by
a Programmable Logic Controller
(PLC) connected to sensors and
actuators. As an example, environ-
mental data and images of printed
cells can be acquired in line and
processed at each layer to mon-
itor CQAs, thus ensuring, with a
cellular resolution, that what is de-
signed is what is printed. To facil-
itate the translation of preclinical
R&D results into clinical phases
and accelerate the development
and access to innovative therapies
for patients, this platform has been
implemented into two bioprinter
models based on the same techno-
logical core: NGB-R, a bio-printer
already on the market for research
in biology and tissue engineering,
and NGB-C, a clinical version in-
tegrated into a closed isolator sys-
tem and designed to meet the reg-
ulatory requirements surrounding
the production of ATMPs, which

is currently under validation.

CONCLUSIONS

Bioprinting technologies, developed
at the convergence of automation,
biology and digital technology, pro-
vide major advantages in tackling
the main challenges for the manu-
facture of tissue engineered ATMPs.
These concern the improvement of
the standardisation of manufactur-
ing processes, tissue functionality
and cost—effectiveness and profit-
ability of TEP treatments.

In this context, novel high res-
olution bioprinting  approaches
— bringing the capacity to design,
manufacture and control in-line tis-
sue architecture with cell resolution
— offer major advantages such as the
precise control of many CQAs like
the position and number of cells
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