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Article history: Due to increasing life expectancy incidence of neurological disorders is rapidly rising, thus adding urgency
Received 9 November 2018 to develop effective strategies for treatment. Stem cell-based therapies were considered highly promising
Received in revised form 25 April 2019 and while progress in this field is evident, outcomes of clinical trials are rather disappointing. Suboptimal
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Available online 8 May 2019 engraftment, poor cell survival and uncontrolled differentiation may be the reasons behind dismal results.

Clearly, new direction is needed and we postulate that with recent progress in biomaterials and bioprint-
ing, regenerative approaches for neurological applications may be finally successful. The use of biomate-

Is(fgr‘;vocﬁﬁ rials aids engraftment of stem cells, protects them from harmful microenvironment and importantly, it
Brain facilitates the incorporation of cell-supporting molecules. The biomaterials used in bioprinting (the
Bioprinting bioinks) form a scaffold for embedding the cells/biomolecules of interest, but also could be exploited as
Bioink a source of endogenous contrast or supplemented with contrast agents for imaging. Additionally, bioprint-
Imaging ing enables patient-specific customization with shape/size tailored for actual needs. In stroke or traumatic

brain injury for example lesions are localized and focal, and usually progress with significant loss of tissue
volume creating space that could be filled with artificial tissue using bioprinting modalities. The value of
imaging for bioprinting technology is advantageous on many levels including design of custom shapes
scaffolds based on anatomical 3D scans, assessment of performance and integration after scaffold implan-
tation, or to learn about the degradation over time. In this review, we focus on bioprinting technology
describing different printing techniques and properties of biomaterials in the context of requirements
for neurological applications. We also discuss the need for in vivo imaging of implanted materials and tis-
sue constructs reviewing applicable imaging modalities and type of information they can provide.

Statement of Significance

Current stem cell-based regenerative strategies for neurological diseases are ineffective due to inaccurate
engraftment, low cell viability and suboptimal differentiation. Bioprinting and embedding stem cells
within biomaterials at high precision, including building complex multi-material and multi-cell type
composites may bring a breakthrough in this field. We provide here comprehensive review of bioinks,
bioprinting techniques applicable to application for neurological disorders. Appreciating importance of
longitudinal monitoring of implanted scaffolds, we discuss advantages of various imaging modalities
available and suitable for imaging biomaterials in the central nervous system. Our goal is to inspire
new experimental approaches combining imaging, biomaterials/bioinks, advanced manufacturing and
tissue engineering approaches, and stimulate interest in image-guided therapies based on bioprinting.
© 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

* Part of the Cell and Tissue Biofabrication Special Issue, edited by Professors Guohao Dai and Kaiming Ye.
* Corresponding author at: The Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research Institute for Cell Engineering, Johns Hopkins
University School of Medicine, Broadway Research Building Rm 647, 733 N Broadway, United States.
E-mail address: pwalczak@mri.jhu.edu (P. Walczak).

https://doi.org/10.1016/j.actbio.2019.05.006
1742-7061/© 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2019.05.006&domain=pdf
https://doi.org/10.1016/j.actbio.2019.05.006
mailto:pwalczak@mri.jhu.edu
https://doi.org/10.1016/j.actbio.2019.05.006
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat

E.P. Oliveira et al./Acta Biomaterialia 95 (2019) 60-72 61

Contents

B U o e L Toto o) S PP 61
Bioprinting and DIOINKS . . . . ... .. e e e e e e e e e 62

2.1.  Requirements fOr DIOPIiNtiNg . . . . ..ottt ettt e e e e e e e e e e e e 63

2.2.  Advantages of bioprinting for applications in the CNS . .. .. ... ... . i it ettt et et et 64

3. ImMaging of DIomMaterials. . .. ... ottt e e e e 65
3.1. Uses and benefits of imaging biomaterials after implantation. .. ... ...... ... ... ittt ittt e 65

3.2. Challenges related to imaging biomaterials. . . .. .. ...ttt e ettt ettt e e e 66

3.3, Invitro imaging of biomaterials . . . ... ..o e e e e 67

3.4. Modalities suitable for in vivo imaging of biomaterials . . ... ... ... it e e e 67
341, BIOIUIMIMESCOICE. . o . ettt ittt ettt et et et e e e e et et e et et e e e e e e e e e e e e e 67

3420 UITaSOUNA . ..ttt et et et et et et et et et et e e e e e 68

20 0 FO & 1 o o = oo 1) o ol PP 68

3.4.4. Magnetic resonance imaging (IMRI). . . ... ...ttt ettt et e e e e e e e e 68

2 T & 2 1/ ) & G P 69

G D G v )/ 69

3.4.7. Optical COherence tOMOZIAPNY . . .. vttt ettt ettt et ettt e et et e et e e e e e e e e 69

4. Outlook for the use of bioinks for regenerative approaches in neurological applications. . .............. ittt iininennennn. 70
ACKNOWIBAGIMENIES. . . . oottt it ettt ettt e e e et e e e e e e e e e e e e e e e e e 70
DISCIOSUIES . . o o vttt ettt ettt e e e e e e e et et e e e et et e e e e e e e e e e e e e e e e e e e e e e e e e 70

00 2 (=) 1 Lol PPt 70

1. Introduction

Diseases of the central nervous system (CNS) are a leading cause
of morbidity and long-term disability of adult population, burden-
ing the health-care based economies worldwide [1,2]. Sedentary
lifestyle and increasing life expectancy results in higher incidence
particularly of cerebrovascular disease further exacerbating the
problem [3]. Many of CNS diseases such as amyotrophic lateral
sclerosis, Alzheimer’s disease are characterized by disseminated
or global pathology and as such are not good candidates for thera-
pies involving bioprinting as it would be extremely challenging if
not impossible to achieve global biodistribution of bioprinted scaf-
folds throughout the brain. Other diseases such as stroke or trau-
matic brain injury (TBI) are localized and focal, and in the course
of disease process usually there is a loss of significant volume of
neural tissue that is replaced by fluid or scar tissue. Such void of
tissue is a significant obstacle to reparative processes as it has been
reported for spinal cord injury. This scenario creates the proper
opportunity for application of biomaterials and indeed significant
effort has been directed towards implantation of materials that
would bridge that gap and encourage axonal sprouting [4]. Due
to the lack of regenerative capacity of the CNS cell-based therapies
have been increasingly studied as approaches for treating different
neurological diseases. Several therapeutic mechanisms have been
reported including differentiation towards mature neural pheno-
types [5] or trophic support to surviving cells, which boosts the
endogenous recovery mechanisms [6,7]. However, significant
drawback is related to low engraftment and survival of stem cells
after administration, reducing or eliminating their therapeutic
capacity [8,9]. Transplantation into disease-damaged tissue is par-
ticularly challenging as fragile stem cells are placed in highly hos-
tile microenvironment. Combining stem cells with biomaterials is
very attractive in this context as biomaterial may shield the cells
from this unsupportive milieu [10] or even modify the microenvi-
ronment by releasing growth or anti-inflammatory factors [11,12].
Studies show that advantages of using cell-biomaterial composites
are extensive including the control over the orientation of cells,
enhanced cell viability, proliferation, adhesion [13], differentiation
[14], directed migratory behavior [15] and even improved
retention of their secretome (secreted bioactive molecules) [16],
responsible for their beneficial paracrine functions [17]. Moreover,

biomaterials can be tailored in terms of their structure, shape,
physicochemical properties and biological performance, among
others. Biomaterials offer the possibility to incorporate several
functions within a single material, to produce multifunctional bio-
materials. Some examples include the functionalization of the
polymers (e.g., adhesion proteins [13]) and their combination with
cells, genes and bioactive molecules (e.g., growth factors) [18].
Another interesting option is the incorporation of specific contrast
agents (e.g. iron oxide nanoparticles for detection in MRI) that
would allow longitudinal, non-invasive visualization of the scaffold
when contrast agent is blended in the bioink [19] or visualization
of embedded cells, when contrast is used as a cell label [20,21].
Cross-linking cations can also be exploited as imaging agent such
as in case of manganese for alginate hydrogels. One of the draw-
backs of traditional pre-cast or injectable scaffolds is high variabil-
ity of end products. Bioprinting overcomes these limitations as it
tailors produced materials precisely to the qualities of the local
defect in terms of internal architecture and shape [22]. Bioprinting
also allows the production of tissue analogues or brain models that
would provide a platform for drug/scaffold screening with higher
biomimetics with tissue-like 3D structure (3D) and cell-cell or
cell-extracellular matrix interactions. Moreover, it is be possible
to print these models with patients’ own cells, providing a more
reliable and relevant evaluation of the tested therapies [23].

CNS is comprised of highly specialized and fragile tissue, and,
being sequestered behind the bone compartments it is very diffi-
cult to access thus monitoring status of implanted biomaterials
and stem cells is challenging. Tissue biopsy available in other organ
systems is not an option, due to the risk of complications [24].
These features were primary motivation for developing non-
invasive imaging modalities for longitudinal monitoring. Such
information about the location, degradation of the material and
interactions with host tissue is essential for complete assessment
of their therapeutic utility. It also provides key data for optimiza-
tion of such systems for maximized therapeutic effect [25].

In this review we provide in depth analysis of recent
developments in bioprinting, various available bioinks as well as
non-invasive imaging strategies for monitoring of implanted bio-
materials. With CNS being particularly demanding target we
focused here on applications of biomaterials/bioinks in bioprinting
and imaging for neurological applications.
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2. Bioprinting and bioinks

Conventional production techniques for 3D scaffolds can be
accomplished by numerous methods, such as solvent casting,
freeze-drying, micro-pores engineering and electrospinning. Nev-
ertheless, these processes are poorly controlled resulting in high
variability, namely batch to batch variability. They also have low
adaptability to a particular injury site or disease, as customization
of a scaffold’s for each patient would be demanding and expensive
[26]. Bioprinting techniques were inspired by the necessity of pro-
ducing biofunctional 3D scaffolds with high reproducibility, in
terms of internal architecture and shape (especially with blends).
These techniques use a computer-aided design (CAD) software that
offers versatility to easily customize the scaffolds to the patient’s
needs, as for example, a tissue defect [27]. 3D Bioprinting follows
the same principles as regular 2D printers, but produces layers of
biomaterial along the Z axis and is able to print various materials
including living cells, allowing the production of 3D structures that
are biologically active [28]. Several adaptations branched from the
original 3D printing to better suit the demands, such as stere-
olithography, Inkjet, extrusion-based and laser-assisted bioprint-
ing [29,30]. Overall features of these various techniques are
schematically represented in Fig. 1 and Table 1.

Stereolithography is a technique that utilizes photo-responsive
polymers/molecules that are polymerized during the printing pro-
cess, using a light source, as for example a UV-light laser or visible
light using computer-based control [31,32]. The laser is controlled
using a digital micro-mirror and directed towards a tank below
that contains resin, where the photo-crosslinkable polymer will
be deposited and cured (polymerized) layer-by-layer to form the
selected structure [33]. This technique allows for incorporation of
molecules, nanomaterials (that are not light-sensitive) and cells

A. Stereolithography

Light source

Photopolymer

(depending on the wavelength of the UV-light or other light source
used). Additionally, unpolymerized material will maintain the lig-
uid form, allowing to be easily washed away [8]. This technique
can be performed in a focal manner (laser beam that scans along
the biomaterial) or using Digital Light Processing (DPL)-based bio-
printing where the bioprinted polymer layer is cured entirely at
once (decreasing production time and avoiding artificial interfaces)
[2,34]. Biomaterials are so versatile that is also possible to combine
techniques for production of specific, customizable scaffolds, or to
improve their characteristics, as for example stability or detail res-
olution. Lee’s Group [15] developed a neural 3D scaffold with
adjustable pore structure and embedded aligned fibers through
the combination of stereolithography and electrospinning tech-
niques, using polycaprolactone (PCL) and PCL mixed with gelatin
as biomaterials. The team reported enhanced viability and prolifer-
ation of Neural Stem Cells (NSCs) in the fiber-containing scaffolds,
and cultures of primary embryonic rat cortical cells showed higher
density and length of newly formed neurites that were organized
along the direction of the fibers.

Another technique is Inkjet bioprinting, where the bioink is
sprayed over a biomaterial or culture dish, with picoliter precision,
due to the computer-based control of the droplets. The inkjet print-
ing process can be further divided into thermal (heat) or piezoelec-
tric (voltage) methods depending on the type of force used to push
the bioink out of the nozzle. However, the thermal method pro-
duces droplets with varying sizes, the nozzle often clogs and the
heat can damage both protein-based inks and encapsulated cells
[35]. The piezoelectric method does not clog the nozzle and is
easier to print identical droplets, but the piezoelectric technology
might cause damage to cell membrane or result in cellular lysis
when fragile cells are used [36]. However, Lorber and colleagues
[37] investigated, whether primary retinal cells and retinal glial

C. Inkjet bioprinting
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Fig. 1. Schematic representation of various techniques of 3D bioprinting. A. Stereolithography - technique that utilizes photo-responsive polymers/molecules that are
polymerized during the printing process, using a light source. B. Laser assisted bioprinting - a technique that uses focused laser pulses to create a high-pressure bubble that
pushes the bioink into a laser-absorbing layer, where the scaffold is produced layer-by-layer. C. Inkjet bioprinting the method where the bioink is sprayed by heater or
piezoelectric actuator over a biomaterial or culture dish. D. Extrusion - based bioprinting - a technique that uses pneumatic, piston or screw forces to dispense bioink through

a nozzle that produces continuous streams of material.
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Table 1
Techniques used for 3D bioprinting.
Method Bioink used Cell type Advantage Application Refs.
Micro-Extrusion Blend of alginate, agarose and Cortical Biomaterial: Supports in situ hNSC expansion and ~ Production of 3D artificial [38]
carboxymethyl-chitosan neural stem  differentiation:; neural tissue constructs.
cells Technique: Adaptable to other neuronal and non-
neuronal constructs; Direct-write printing of cell-
laden bioink.
Extrusion RGD-modified low-acyl Gellan ~ Primary Biomaterial: RGD-modification enhanced cell Bioprinting of complex and ~ [13]
Gum cortical viability and proliferation and promoted neural layered brain-like 3D
neurons network formation in 5 days; structures for modeling
Technique: Low-cost, no need for expensive disease.
bioprinting equipment.
Alginate and gelatin slurry MC3T3-E1.4  Biomaterial: Possibility of producing a wide range Proof of concept of the FRESH [120]
support bath fibroblast cell  of soft tissue constructs, owed to the gelatin slurry technology to produce high
line support bath;Technique: High resolution printing r_esolu'tl{tl)n 3 D([j)r;ntf;d S,Oft' d
(~200 pm) of anatomical structures such as frontal rlssue ike models (brain an
and temporal lobes, cerebellum, cortex and its heart).
major folds.
Stereo-lithography Blend of polyethylene glycol NIH/3T3 Biomaterial: Supportive of cell survival/ Tissue engineering and [31]
diacrylate (PEG) and GelMA, fibroblasts proliferation (85% viability for at least 5 days of bioengineering for microscale
with an eosin Y-based culture); cell patterning.
photoinitiator Technique: Custom-build and low-cost bioprinting
of curable hydrogels with visible-light; high speed
of production; high resolution (50 pm).
Electrospun fibers of blended Neural stem  Bjomaterial: Increased cell adhesion and Bioprinting of highly aligned [15]
polycaprolactone and gelatin, ~ cell proliferation; Supported and directed the neurite ~ scaffold for neural
covered with polyethylene (PEG) outgrowth; regeneration.
"“Td PEG d'?cw late (PEG'DA?’ Technique: Highly interconnected pores uniformly
with photoinitiator not specified along the entire structure
Cryogenic processing  Collagen coated hydrogel Primary Technique: Bioprinting of complex soft-tissue like ~Constructs with complex [121]
and extrusion composite of poly(vinyl) alcohol Dermal structures; shape and precise geometries
(PVA) and Phytagel Fibroblasts Biomaterial: Mechanical response similar to brain (microstructure).
tissue (viscoelastic behavior in two strain rates).
Inkjet (Droplets) Rat tail origin type I collagen (BD Embryonic Biomaterial: Promoted astrocyte and neurons Production of artificial 3D [38]
astrocytes viability and typical morphology; Supported neural tissue.

and neurons

neurite outgrowth;

Technique: Allowed cell patterning and production
of scaffolds in single-layer or multilayer.

cells from rats, could be bioprinted by the piezoelectric method
and whether their viability was affected by the process. They
reported that both cell types could be bioprinted and they had
no significant differences in survival or in neurite outgrowth, when
compared to unprinted cultures with the same cell density. They
also observed an improvement in the neurite density and elonga-
tion, showing the process did not affect their function.

Another approach is extrusion-based bioprinting, where the
hydrogel (bioink) is rapidly extruded with precision into a liquid
medium. This technique uses solutions/suspensions that are ini-
tially viscous but during the printing process decrease their viscos-
ity, due to the shear stress provoked by the nozzle (shear thinning
behavior). This can possibly produce flexible scaffolds with
increased or decreased mechanical properties (elastic modulus),
depending on the type polymer/crosslinker/concentration used
[38,39]. Nevertheless, the viscosity of bioink must be adjusted to
allow a clean printing without clogging, making this technique
time consuming, and the resolution of produced materials is con-
sidered inferior than, for example, laser-assisted bioprinting. This
latter technique uses focused laser pulses to create a high-
pressure bubble that will push the bioink into a laser-absorbing
layer (made of gold or titanium), termed the collector substrate,
where the scaffold will be produced layer-by-layer. This bioprint-
ing process is used most frequently because it produces materials
with high resolution and spatial distribution in both liquid and
solid forms, at microscale range, being able to deposit a single cell
per droplet. Additionally, as a nozzle-free technique it allows the
incorporation of higher cell densities than remaining techniques,

but at the same time is considered as expensive and depending
on the laser applied, the cell viability can be affected (e.g. nanosec-
ond laser irritation). Femtosecond lasers are preferably applied to
bioinks containing delicate cells [40]. The bioprinting field offers
an array of techniques to be adapted to the specific purpose, but
especially to the physicochemical characteristics of the bioinks
and also the cells to be used [41].

2.1. Requirements for bioprinting

The ink used in bioprinting, termed the bioink, can be selected
and optimized to resemble the biological properties of the target
tissue and this further increases the applications of bioprinting.
Bioinks are mostly produced from biomaterials in hydrogel form
containing therapeutic molecules such as glial scar-inhibiting/
breaking molecules [42], neurotrophic and/or angiogenic factors,
among others [43]. These scaffolds can also contain cells of interest
of various origins and characteristics, such as patient-derived
(autologous) cord blood-derived Mesenchymal Stem Cells (MSCs)
[44] or off-the-shelf (allogeneic) sources such as neuronal [45] or
glial [46] progenitors. MSCs are by far the most frequently tested
cell type and beneficial effects are exerted through their paracrine
actions on neighboring cells, making them excellent candidate for
embedding in biomaterials [47]. Another important approach with
biomaterials is to biomimic the CNS extracellular matrix (ECM),
known to be involved in several biological functions (e.g. adhesion,
aligned growth, differentiation) in both physiological and patho-
logical scenarios. For example, Lee and coworkers combined stere-
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olithography and electrospinning techniques to produce a 3D neu-
ral tissue construct, composed by gelatin/PCL fibers that were cov-
ered by a bioprinted PEG bioink. The improved biocompatibility
and mechanical properties of this construct significantly enhanced
viability, adhesion and proliferation of the encapsulated primary
cortical neurons when compared to the bioink alone. Moreover,
the produced scaffolds promoted higher number of neurites, which
had higher length and extension (regarding the controls), and the
newborn neurites extended along the fibers (directing their
growth) [15]. Nervous system ECM-derived molecules, such as
laminin, fibronectin, and collagen have been reported to promote
cell adhesion and neurite/axon outgrowth, which is understand-
able as the cells recognize the ECM and react accordingly [1,8].
The bioinks used during the bioprinting process are crosslinking
during or immediately after printing, to ensure the intended shape
and/or structure is produced. Bioprinting of cells without exoge-
nous biomaterial (scaffold-free) is also possible, where cells are
seeded layer-by-layer to obtain cellular structures in a process
similar to embryonic development (e.g. tissue analogues) [48].
Bioinks need to possess certain properties, as for example the
appropriate viscosity that allows a flowing extrusion, but upon
reaching the surface/collector maintains the intended shape and
gellifies accordingly. The mechanical properties of used hydrogels
will influence both the printability and the cell effects (viability,
proliferation and differentiation), as they react and modulate their
functions accordingly [2]. The more similar the construct is to the
native tissue in terms of, molecules present and/or cells used the
higher the probability of scaffold’s successful integration. A
reported difficulty of scaffolds, both traditional and bioprinted, is
the mimicking of in vivo elastic moduli stiffness (nervous tissue
has a low elastic moduli) [49]. A study by Budday and coworkers
[50] quantified the mechanical properties of both gray and white
matter of a cows’ brain, using the flat-punch indentation method.
They described that the white matter had an average modulus of
1.895 kPa + 0.592 kPa, being 39% stiffer than the gray matter,
which had and average modulus of 1.389 kPa £ 0.289 kPa. The
white matter has a more viscous consistency than the gray matter
and had a less rapid response to the mechanical loading. But most
importantly, the group reported that the white matter had higher
regional variations, indicating that is a more anisotropic and
heterogeneous tissue than the gray matter. This highlights the
need for adapting the scaffolds’ final mechanical properties in
order to match the mechanical properties of the tissues aimed to
be regenerated, i.e. as in the case of CNS, soft biomaterials are
desired. The advantage of bioprinting techniques is that they allow
an easy adaptation of the scaffolds using the CAD software [26].
One important and desired feature is that the scaffold should be
biodegradable and have adjustable degradation rate to fit the
intended purpose. When filling a cavity after loss of tissue the scaf-
fold is usually adjusted for degradation rate to match the speed of
newly formed tissue, with the aim of ultimately replacing the scaf-
fold with functional tissue [21]. If the scaffolds degrades too
quickly it will result in loss of cell/scaffold function before the tis-
sue could recover/repair, if it takes too long to degrade the scaffold
itself can function as a barrier for the repair/recovery. Finding the
right bioink is a complex process, as the production or the bioma-
terial’s concentration or viscosity that best suits the bioprinter can
be deleterious and/or not beneficial for the survival or the density
of encapsulated cells. Also, the bioink formulation sometimes need
to be adapted depending on the requirements of the bioprinting
process used. For example for laser-based or inkjet techniques
more liquiform bioink is preferred, while the extrusion process
requires a bioink with higher viscosity [8]. Park and co-workers
[51] documented their analysis of the best bioink, in terms of print-
ability and cell viability, for tissue engineering applications in soft
tissues. They documented the variations in viscosity, printability,

stability post-printing and cell survival were different depending
on simply the molecular weight of biomaterial used. By rheological
studies they discovered that it influences mechanical properties of
the scaffold and its structural stability, as for example the hydro-
gels with higher ratio of high MW alginate were more viscous,
allowing the production of more precise structures. However,
highly viscous solutions made it difficult to control the printing
process as they tend clog the nozzle and/or obstruct the flux,
resulting in roughly made structures with undefined or unwanted
architectures. Additionally, the printing of these solutions requires
more forces to extrude the bioink through the nozzle, which will
originate shear stress on encapsulated cells and lower their viabil-
ity [52]. On the other hand, solutions that are more liquiform can
also cause problems because printed structures might not hold
their shape upon printing, or produce weak structures with inaccu-
rate architectures. Also, because the liquid-to-gel transition is slow
spatial distribution of embedded cells and overall homogeneity of
the bioink can be compromised [48]. One strategy to overcome this
includes combining polymers, where one polymer would improve
the biological performance (aid in scaffold integration or viability
of encapsulated cells) and another to provide the adequate
mechanical properties. The mechanical properties of the bioink
besides influencing the printing process are also very relevant for
function/viability/proliferation of embedded cells and also for the
successful integration of the scaffold [39,53]. Another important
requirement is to preserve the good quality of embedded cells (via-
bility and function) throughout the production process, as for
example the shear stress of the printing process may be detrimen-
tal. This is particularly important when using sensitive cells, such
as neural stem cells or mature neural phenotypes. Moreover, the
materials must be biocompatible with target tissues (biomimic soft
tissues) and cannot be immunogenic or toxic, to both host and
transplanted cells. Lastly, the production and printing process
has to be cost-effective and fairly easy for the user, facilitating also
the translation to the clinical setting [23,54].

2.2. Advantages of bioprinting for applications in the CNS

Bioprinting allows the control of spatial deposition and organi-
zation of the molecules/cells/biomaterials layer-by-layer, allowing
the fabrication of complex structures with precise architectures,
starting from the bottom up [2]. Additionally, it is possible to work
with several types of biomaterials at the same time (e.g., bioprinters
with multi-nozzles) and different cells, allowing production of
materials better mimicking features of native tissues, which are
hierarchically organized [54]. This is especially interesting for brain
applications as it produces more realistic and dynamic neural
microenvironments, by allowing the control over cell-cell and
cell-biomaterial interactions [40]. Lozano’s group [13] showed for
example the possibility of printing 3D brain-like structures with
layered architecture using RGD-GG bioink and encapsulated pri-
mary cortical neural cells to produce a more authentic representa-
tion of in vivo environment. They report that cells developed
neuronal networks in less than 5 days post-printing with complex
multi-layered structure of cerebral cortex. Moreover, the process
can be adjusted to include other cell types and can be performed
simply in a laboratory that has cell culture facilities. Jia and cowork-
ers [39] produced a gelatin methacrylated, sodium alginate and 4-
arm poly(-ethylene glycol)-tetra-acrylate (PEGTA) bioink used in
multilayered coaxial extrusion to produce vascular constructs.
The bioink was first ionically crosslinked and afterwards covalently
photocrosslinked to produce 3D perfusable hollow tubes. The pro-
duced constructs were shown to be supportive for the survival
and proliferation of encapsulated human umbilical vein endothelial
cells (HUVECs) and mesenchymal stem cells (MSCs), which lead to
the formation of highly organized vessel-like structures. The
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computer-based extrusion through a mechanically managed noz-
zle/needle insures consistency and precision in the, production
and physical properties of the scaffold (e.g. geometry, pore size)
[55]. This ability to pre-program the 3D structures (both interior
and surface) from previously acquired images (e.g., CT scan and
MRI) before printing may allow a personalized treatment that
increases the chances of scaffold integration and success. Fu and
co-workers [27] successfully produced a cavity-specific scaffold,
using anatomical data previously acquired from magnetic reso-
nance of rat brain injuries. Using a CAD software they produced a
collagen-chitosan scaffold with good printability, mechanical sta-
bility and degradation rate that can be quickly adapted to different
defects. The scaffold had channels interconnected orthogonally to
better mimic neural milieu and murine neural stem cells cultured
in vitro were viable and extended neurites along the scaffold with
connection to other neurites. The degradability of the scaffold
in vivo was tested in rat and 12 weeks post-implantation the scaf-
fold only lost 10% of weight. An interesting advantage of bioprinting
is the production of complex and specific 3D architectures, as for
example vascular constructs, which are essential players in the
regeneration of neural tissue. Indeed, Jia and coworkers [39] pro-
duced 3D vascular structures with precise architectures, made from
gelatin methacryloyl, sodium alginate and 4-arm poly(-ethylene
glycol)-tetra-acrylate (PEGTA), using a coaxial extrusion technique
(nozzle with two injection channels). The tubes were biocompatible
and were able to support the survival and proliferation of MSCs and
HUVECs cultures. Moreover, at 21 days of culture the cells secreted
CD31 (endothelial-specific adhesion protein) and «-SMA (actin iso-
form of vascular smooth muscle cells) and matured into a network
similar to early-stage native vasculature.

Bioprinting also allows the production of scaffolds stratified
into layers of different biomaterials, cells and molecules or to pro-
duce structures with increasing/decreasing biochemical or stiff-
ness gradients. For example Lee and colleagues [18] printed a
double-layer 3D scaffold, composed by layers of collagen hydrogel
with encapsulated murine NSCs (C17.2 line) and Vascular Endothe-
lial Growth Factor (VEGF)-releasing fibrin hydrogel. The printed
cells presented a viability equivalent to manually seeded cells
and were observed to migrate towards the fibrin-containing zone
upon which their morphology changed. None of these phenomena
were observed in the controls of only fibrin hydrogels or when the
VEGF was printed together with or above the collagen. This study
highlights the complexity that can be achieved with bioprinting,
the numerous possibilities it offers and the importance of cell-
biomaterial, cell-cell or cell-molecule interactions for the success
or failure of the approach. Biomaterials coupled with this tech-
nique make possible to enhance performance of embedded cells
including their survival, differentiation and functional integration.
For example Zhu and coworkers [22] developed a printable bioink
of gelatin methacrylamide (GelMA) that contained bioactive nano-
platelets of graphene, to produce neural scaffolds by
stereolithography-based bioprinting. The promising structures
were easily printed, homogenous and stable with precise architec-
tures. Seeded neural stem cells had good viability, proliferation and
preferentially differentiated into B-tubulin Ill-expressing neurons
instead of GFAP-expressing astrocytes. These neurons exhibited
elongated neurites at 14 days of cultures.

Currently bioprinting is mostly used for drug or device testing
in printed models (in vitro) that mimic neural tissues (e.g. organ
analogues [56]), reducing the ethical concerns of animal testing
[23]. For example Lozano and co-workers [13] developed a hand-
held bathless bioprinting technique that allows creating 3D struc-
tures and bioprinted brain-like structures, made from intercalated
layers of RGD-modified Gellan Gum containing primary cortical
neurons or only hydrogel. This technique for reactive printing pro-
cesses can be used in conventional cell culture facilities without

needing highly specialized equipment. The cells cultured in the
scaffold presented high viability and proliferation and were able
to form an interconnected neural network. The scaffold also pre-
sented an adequate internal porosity that allowed oxygen and
molecule exchange homogenously, as both the cells in the periph-
ery as the cells in the center had similar densities and organiza-
tions. Moreover, the technique is not expensive and simple to
reproduce in any laboratory with a cell culture facility, making it
an appealing in vitro model to accurately study the behavior of
brain cells, both in normal and pathological conditions. Addition-
ally, this technique can be used to increase the feasibility of thera-
pies, especially in cases where the patients’ own cells could be used
to test the efficacy of therapies or the same cells would be trans-
planted, avoiding immune problems and host rejection [57]. In a
study Qi Gu [38] and co-workers were able to produce a 3D neural
mini-tissue construct, by micro-extrusion bioprinting, composed
of human cortical neural stem cells (hNSCs) encapsulated in a
bioink of Alginate, carboxymethyl-chitosan and agarose. The bio-
material gelifies quickly to form porous, stable and tissue-like con-
sistency structures that enable cell survival, their growth and
in situ differentiation into functional neurons and supportive glial
cells, as confirmed by immunocytochemistry and RT-qPCR. Inter-
estingly, the neurons expressed GABAergic, astrocyte and oligo-
dendrocytes markers and their extensive neurites formed
synaptic contact points and established functional networks.
Moreover, these neural networks were synaptically active, as
shown by calcium imaging, gene analysis and immunostaining
studies. The authors refer this construct is amenable to adapta-
tions, for example the use of other cell types or adding biomole-
cules to induce differentiation of embedded cells into a specific
lineage. The neural mini-tissue construct can be used in drug-
screening assays, as an in vitro model for neuronal development
or disease or perhaps as a tissue engineering approach for CNS
recovery. In another study, Hsieh and group [58] used thermo-
responsive water-based dispersions that formed structures at
37 °C without needing crosslinkers and could be simply adjusted
by the solid content present in the dispersion. The polyurethane
solution containing murine NSCs allowed a clean printing and
maintained cell viability and proliferation, as confirmed by
in vitro assays. Moreover, upon implantation in an adult zebrafish
with a traumatic brain injury, the 3D printed scaffold reduced
the mortality rate and rescued the locomotion of the fishes (coor-
dinated swimming with increased speed), showing potential for
brain regeneration strategies. Researchers believe that with the
current growth and advance of this technology, it will be possible
to produce fully functional organs someday in the near future, giv-
ing hope for patients suffering from neurological disorders [23].

3. Imaging of biomaterials
3.1. Uses and benefits of imaging biomaterials after implantation

Technological advances in bioprinting enable production of
complex structures, including customized shapes and sizes, creat-
ing artificial tissues resembling mechanical properties of target
organs or even site-specific artificial tissue architecture. This initial
step of production tissue composite is critical; however, therapeu-
tic success depends on many downstream steps including their
accurate deployment in the body, long-term retention or when
desired, appropriate rate of degradation. It is also important to gain
insight into interactions of implanted biomaterial and surrounding
tissue as well as tracking the status of cellular components embed-
ded within the scaffolds. Benefits from monitoring the above-
mentioned processes non-invasively over time without the need
for biopsy are quite clear and that was the motivation for develop-
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ing suitable imaging techniques [24,59]. Several imaging modali-
ties and contrast-detection mechanisms are available, which are
very well suited for obtaining specific information about the bio-
materials including anatomical, structural and molecular signature
over time. Proton MRI and CT are superior for depicting anatomical
information including placement, biodistribution of the material or
interface between the material and the surrounding tissue. Molec-
ular information such as degradation of individual tissue compo-
nent or local pH can be detected with innovative molecular MRI
techniques such as CEST MRI [60]. PET imaging, with its exquisite
sensitivity, allows for monitoring metabolic activity within the
scaffold [61] or drug release [62]. Comprehensive description
about applications of these and other imaging modalities for mon-
itoring biomaterials is provided in relevant sections below. Over-
view of various imaging techniques is schematically represented
in Fig. 2 and examples are shown in Table 2.

ghput
V -channel imaging
+ Limited imaging depth (few mm)
+ Not suitable for larger animals
« In vivo imaging is challenging

Optical coherence
tomography (OCT)

+ Non-invasive
+ Higt itivity - sub-micrometer A

resolution =
* Quantitative method
« Poor tissue penetration AT
« Optical system is expensive e L

« Best for optically transparent tissues

X-Ray

+ Good bo
« Poor soft tissue contrast
+ Exposure to radiation

contrast

» Multiple contrast mechanisms
t tissue contrast
adiation

» Access to safe contrast agents

« High cost and complex logistics

« Low patient throughput

» Advanced technological expertise is required

* E
+ Noioniz

+ High sensitivity

+ Semiquantitativ
+ Limited imaging depth (few mm)
+ Not suitable for large animal models

Magnetic Resonance Imaging

3.2. Challenges related to imaging biomaterials

Considering the type of hydrogel, its physicochemical proper-
ties, and the specifics of the target tissue, different imaging modal-
ities should be considered. While imaging biomaterials in vitro,
prior to their implantation, is feasible and well established, track-
ing of materials inside the organism is more challenging. Imaging
is expected to provide a breadth of information about the biomate-
rial itself, the embedded cells, and the graft-tissue interactions in
the context of the healing process [25]. Moreover, it is important
that imaging requirements, such as incorporation of the contrast
agent, does not alter the properties of the biomaterial, does not
interfere with biology of embedded cells, and, ideally, does not
compromise functional assessment by any imaging modalities
[63]. The selection of the optimal imaging technique for a particu-
lar application is not a trivial task, and multiple factors have to be

Bioluminescence
(BLI)

put
e method

PET

+ Exquisite sensitivity

« Uses radioactive tracers

« Low spatial resolution
% « High cost, requires advanced
radiochemistry lab

Ultrasound

e

+ Bone complicates
imaging of spine and
brain

+ Low sensitivity and
specificity

+ Limited imaging depth

Fig. 2. Techniques used for pre-clinical and clinical imaging of biomaterials. All presented methods can in principle be used for preclinical imaging of biomaterials:
Fluorescence imaging (FL), bioluminescence (BLI) are only applicable to imaging small animals while positron emission tomography (PET), ultrasound (US), magnetic
resonance imaging (MRI), X-ray and optical coherence tomography (OCT) are clinically applicable.
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Table 2
Imaging modalities of bioprinted biomaterials.
Technique Bioink Cell type Imaging Application Advantage Refs
Laser-based Rat tail collagen type I MPIO-labelled MRI Detection (post mortem)  Bjomaterial: Supported cell [122]
Stem cells from of cells’ patterns after survival for 7 days
Apical Papilla in situ bioprinting onto a Technique: sensitivity of cell
(SCAPs) mouse calvarial defect. detection (nearly single cells)
Stereo-lithography Blends of PEGDA and GelMa  GFP-labelled Confocal Production of CNS Biomaterial: Supported cell [123]
(with lithium phenyl-2,4,6- neural stem cells  fluorescence  biomimetic structures for syryival and promoted axonal
trimethylbenzoylphosphinate imaging rat spinal cord injury growth (both host and graft);
photoinitiator) Tepair. Technique: Fast, scalable
production of patient-specific
scaffolds
Photo-lithography/soft- Rat tail collagen type I GFP-expressing Confocal 3D scaffold for vascular  Bjomaterial: Production of [124]
lithography (injection moulding into a endothelial cells  fluorescence regeneration and in vitro  functional endothelium with
PDMS stamp made with epoxy imaging model for drug screening vjable and living cells (with
resins) angiogenic remodeling and
appropriate cell-cell junctions);
Technique: Allows vascular
analysis, namely endothelium
diffusivity/permeability and
testing of angiogenic/thrombotic
response
Extrusion Blends of PEGTA, GelMa and ~ Human umbilical Fluorescence Bioprinting of perfusable  Bijomaterial: promoted cell [39]

vein endothelial
cells (HUVEC) and
mesenchymal
stem cells

Alginate (with
sulforhodamine 101
cadaverine)

imaging

and highly ordered
vascular constructs for
vascularized tissues
replacement and repair.

viability and proliferation to form
an highly organized vessels;
Technique: Bioprinting of
complex 3D vasculature;
Mimiking of early vascular
maturation

considered. One example is the case of a superficial injection
within a few millimeters under the skin, where optical imaging
method (e.g. photoacoustic, fluorescent, bioluminescent) is suffi-
cient to track hydrogel integrity and release of therapeutics within
the injected organism [64,65]. However, to monitor materials
within deep structures, such as intrathecal space around the spinal
cord, tomographic techniques (e.g. MRI, PET, and X-ray) are usually
required [66-68]. Each imaging modality has unique properties
with advantages and disadvantages; here, we will review these
features as they relate to placement of biomaterials in the central
nervous system (CNS).

3.3. In vitro imaging of biomaterials

Optical imaging (OI) is widely used for the in vitro assessment of
cells, tissues, and biomaterials. In general, Ol systems use visible,
ultraviolet, or infrared light to interrogate tissue properties. Confo-
cal microscopy (CM) is a fluorescence imaging technique that uses
a laser for sample scanning. Due to limited depth penetration, CM
is mostly used for in vitro studies, but with subcellular resolution,
high sensitivity, and specificity, it allows studying the biomaterial’s
properties and offers the ability to track embedded cells in great
detail. Raman et al. revealed that the addition of multiple fluores-
cent dyes into different hydrogel composites enabled discrimina-
tion of its microstructure in vitro [69]. Moreover, as was shown
by Lee et al. [70], CM enabled 3D visualization of the migration
of human dermal fibroblasts (HDF) embedded in degradable, bio-
mimetic (GGGLGPAGGK-PEG) hydrogels.

Another OI technique is two-photon fluorescence microscopy
(TPFM), which enhances the depth of sample penetration. Recently,
the TPFM has been used to evaluate the 3D structure of various
hydrogels. The TPFM provided reliable measurements of the net-
work and pore sizes of the hydrogels [71]. Furthermore, Kim
et al. [72] established that C2C12-expressing myoblasts could be
imaged and differentiated in 3D gelatin hydroxyphenylpropionic
acid (GHPA) hydrogels, using multiphoton excitation fluorescence

microscopy. The outstanding spatial resolution of several hundreds
of nanometers enables the ability to obtain high-resolution images
of the cells, cultured inside the hydrogels.

Near infrared (NIR) microscopy is another Ol modality suitable
for imaging hydrogel structure and integrity, with the main advan-
tage of improved light penetration that allows for imaging at
greater depth. Cho et al. demonstrated non-invasive in vitro and
in vivo tracking of hydrogels labeled with ICG for drug delivery in
mice [73]. NIR light penetrates an organism efficiently, which
makes this method promising for in vivo imaging of biomaterials.
Xu et al. [74] demonstrated the possibility of NIR/pH-responsive
monitoring of a poly(NIPAm-co-MPCD)/GNRs nanocomposite
hydrogel in vitro and in vivo in targeted cancer therapy in a mouse
model.

For further comprehensive characterization of both the surface
and inside structure of the hydrogels, as well as the pore size, elec-
tron microscopy techniques (e.g. TEM, cryo TEM, SEM) are very
useful. Although they are usually used for ex vivo tissues and cell
imaging, it has been shown that they are useful tools with which
to study the details of hydrogels and other biomaterials [75].

3.4. Modalities suitable for in vivo imaging of biomaterials

3.4.1. Bioluminescence

Bioluminescence imaging (BLI) is based on a reporter gene e.g.
firefly luciferase, that is genetically introduced into the cells of
interest. As the photon signal is generated only by metabolically
active cells and is dependent on access to ATP, it is very informa-
tive and widely used method for in vivo monitoring of cell viability
in small animal models. As described by Allen et al. [76], BLI may
be useful for the estimation of cell viability inside the hydrogels.
GFP/Luc hMSCs were embedded in (low-molecular-weight-irradi
ated RGD-functionalized) alginate or in (SeaPlaque) agarose hydro-
gels and injected subcutaneously in rats. Although both hydrogel
types showed a linear correlation between the BLI signal and the
live cell number using a 30-min imaging protocol, there was a dif-
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ference in the magnitude of the BLI signal measured between the
agarose and alginate materials, exemplifying the utility of BLI for
monitoring interactions between biomaterials and embedded cells.
In addition, Liang et al. [10] showed that BLI is useful for monitor-
ing the viability of cells embedded in injectable hydrogel. That
study showed that HA-based hydrogels improved the survival
and proliferation of three different transplanted cell lines (C17.2
neural stem cells, ReNcells, and glial progenitors). Similarly, Levit
et al. [77] used Luc hMSCs encapsulated in a low-viscosity guluro-
nic acid-based alginate (LVG, Novamatrix) in a rat myocardial
infarction (MI) model. BLI showed that encapsulation of MSCs in
an LVG hydrogel minimized scar formation and improved cardiac
function. Similarly, luciferase-expressing adipose stem cells (Luc
ASCs) embedded within fibrin scaffolds and transplanted in the
injured heart were tracked with BLI for 14 days, as reported by
Yang et al. [78].

Overall, BLI of biomaterials with embedded stem cells is
straightforward, feasible, and reliable when used in small animals.
One important limitation is light absorption and scattering, pre-
cluding the application of this technique in large animals or
humans.

3.4.2. Ultrasound

The conventional ultrasound (US) imaging system has been
widely used for years for vascular flow or soft tissue imaging. How-
ever, there are many examples of its application to the study of bio-
materials. US transmits ultrasound waves generated by a one-piece
or an array transducer and the waves are reflected, backscattered,
returned, and received by the same transducer. Then, based on the
time required for the wave to echo back and the strength of the
received signal, an image is generated [59]. While the application
of ultrasound for the imaging of the spinal cord is challenging due
to surrounding bone, which is a somewhat impenetrable barrier
for US waves, it is possible to use it in neonates or as an intraopera-
tive procedure. We will provide here examples of US imaging of bio-
materials outside the CNS. US can facilitate the non-invasive
imaging of the mechanical and morphological properties of dis-
tributed biomaterials in vivo and in vitro, without the necessity of
contrast agents. Gudur et al. [79] reported the utility of spectral US
to study collagen-based scaffolds with embedded mineral particles.
The spectral US provided information about the biomaterials, as well
as the size, morphology, concentration, distribution, and size of
embedded particles. Moreover, US has been used for the non-
invasive, long-term in vivo observation of the mechanical properties
of polyurethane scaffolds implanted intramuscularly in the rat [80].
Other well-developed systems using ultrasound are high-intensity
focused ultrasound (HIFU) and doped ultrasound elastometry
(DUE). It was reported by Jeong et al. that PEGylated liposomal indo-
cyanine green (LCLP-ICG) and PEGylated liposomal doxorubicin
(LCLP-Dox) can be coupled with HIFU/NIR to track drug release in
solid tumors in a mouse model [81]. The doped ultrasound elastom-
etry (DUE) was established for the evaluation of the microstructure
of an HA-based hydrogel alone and preosteoblast-seeded hydrogel
constructs [82]. The application of DUE provided insight into the
spatial variation of viscoelastic properties at sub-millimeter resolu-
tion without the necessity for any contrast agents.

3.4.3. Photoacoustics

Another technique based on the US mechanism, which may be
used for the study of biomaterials, is photoacoustic imaging [9]. In
photoacoustics, short pulses of near-infrared energy are delivered
to an object and absorbed optical energy is released as heat, lead-
ing to further emission of ultrasonic waves that can be detected by
the US transducer [83] The multimodal system of US and photoa-
coustics was used to monitor transplanted cells and biomaterials
in vitro and in vivo. Chung et al. [84] reported that US/photoacous-

tics allowed determination of the size and shape of PEG-fibrin
hydrogels, as well as detection of embedded ASC labeled with
nanoscale gold spheres (AuNT; 20 nm) at different time points
in vitro. The US/photoacoustics system has also been successfully
used for in vivo longitudinal monitoring of hydrogel-embedded
stem cells. The PEGylated fibrin hydrogels with Au-NT-labeled
MSCs, injected intramuscularly into rat hind limbs, were easily dis-
tinguished from the background when the combination of US/PAM
was used, but were barely visible by US alone [85]. Furthermore,
Yoon et al. demonstrated that it is feasible to visualize ICG-HSA-
PAA nanoparticles using a custom-made photoacoustic system
inside biopolymer tubes that imitated blood vessels [86].

3.4.4. Magnetic resonance imaging (MRI)

MRI has many features that make it one of the most desirable
and preferable imaging modalities for both in vitro and in vivo
imaging. These features include superior soft tissue contrast, tomo-
graphic capabilities, anatomical details, and it is non-invasive and
radiation-free. MRI has been widely used for in vivo and ex vivo
analysis of biomaterials and transplanted cells, and, while detec-
tion of native components of hydrogel has been demonstrated
[87], labeling with MRI contrast agent is usually required.

Iron oxide [88] gadolinium [89] and fluorine [90] are, by far, the
most frequently used contrast agents. Superparamagnetic Iron
Oxide Nanoparticles (SPION) are of particular interest for clinical
studies, since they, in general, do not result in adverse effects on
cell survival and functionality in terms of differentiation capacity,
gene expression profiles, or migratory capacity [44,91]. Bigini
et al. [92] labeled human fetal cells (hAFCs) with SPIO nanoparti-
cles in the brain of mice with motor neuron disease. It was
reported that transplanted cells rapidly diffused throughout the
fourth ventricle at the level of the spinal cord, and the labeling
did not affect the proliferation and metabolic activity of cells.
MRI has been successfully used for the dynamic assessment of cell
biodistribution in real-time during intraarterial injection in
rodents [9] where imaging was instrumental in optimizing the pro-
cedure of cell delivery. Recently, real-time MRI monitoring has
been applied to predict and improve the precision of cell delivery
into the brain in small- and large-animal models [5].

MRI has also been instrumental in the assessment of biomateri-
als. Yang et al. [93] reported that the biodegradability level of
hydrogels may be monitored and quantified in vivo using an alter-
ation of '°F intensity. Recently, MR imaging of hydrogels trans-
planted as scaffolds, as well as an injectable formulation, has
been reported [94]|. Zhang et al. [95] presented in situ, cross-
linkable, HA-based hydrogels, hybridized with iron oxide nanopar-
ticles to enable their detection on MRI. Another interesting study
used iron oxide as a contrast agent and multiple crystals of iron
oxide were encapsulated inside the polyacrylamide matrix, yielding
very high relaxivity. Because of the monitoring of the amount of lib-
erated iron oxide nanoparticles by the hyaluronidases, it was possi-
ble to monitor and analyze the hydrogel degradation [96]. Bible and
co-workers [21] showed non-invasive imaging of the ECM scaffold
in a stroke-damaged rat brain using '°F MRI, demonstrating that
transplantation of neural stem cells embedded in xenogeneic extra-
cellular matrix (ECM) scaffolds resulted in uniformly distributed
cells throughout the lesion cavity. Recently Ghuman et al. [97]
showed possibility of use ECM-based hydrogels in rodent stroke
model. They implant different concentrations of hydrogel into
14 days old stroke cavity and perform MR imaging up to 90 days
post transplantation. This study showed that ECM-based hydrogel
lead to brain tissue regeneration. Another work by Wang et al.
[98] use hydrogel loaded with multiple drugs in spinal cord injury
(SCI). Use of CAQK-LIP-GFs/DTX@HP treatment markedly enhanced
the recovery of the injured spinal cords compared to injury without
multi drug treatment. Moreover, there is growing interest in anti-
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cancer drug-loaded hydrogels. Bastiancich and co-workers [99]
used this type of biomaterial in model of glioblastoma (GBM) in
rats. They showed that GemC12-LNC hydrogels is promising and
safe for the local treatment of operable GBM tumors.

Notably, group of Bermejo-Velasco [100] prepared gadolinium
(Gd)-labeled hyaluronic acid (HA) hydrogel and showed possibility
to visualize it using magnetic resonance. They report that degrada-
tion of that hydrogel can be followed using MR imaging.

Chemical exchange saturation transfer MRI (CEST-MRI) is a
molecular MRI technique with the important advantage that com-
ponents which naturally occur in the biomaterials are used to gen-
erate contrast [101]. Endogenous molecules dependent on the
content of labile protons in the sample may generate CEST contrast,
thus facilitating their detection by CEST MRI without any additional
contrast agent. Liang et al. [60] reported on the use of CEST MRI to
monitor biodegradation of a gelatin containing HA-based hydro-
gels, both in vitro as well as in vivo in mice. In addition, Jin et al.
[102] described the use of CEST for both in vitro and in vivo exami-
nation of extracellular matrix (ECM) hydrogels in a rat stroke
model. In vitro CEST imaging was instrumental in demonstrating
dynamic changes in the different components of the ECM inside
the hydrogel. Moreover, in vivo CEST examination allowed detec-
tion of ECM hydrogel distribution and degradation that strongly
corresponded to histological studies post mortem. Chan et al. [66]
described pH nanosensor-based magnetic resonance imaging as a
modality with which to image encapsulated cell death in vivo.
Ultrapure, low-viscosity, high-guluronate alginate and ultrapure,
low-viscosity, high-mannuronate alginate (NovaMatrix), and lipo-
somes containing L-arginine, were used for microcapsule prepara-
tion. It was shown that LipoCEST nanosensors were sensitive
enough to detect cell death caused by incomplete immunoprotec-
tion of hydrogels in cell therapies. This technology can be easily
translatable to the clinic based on the addition of biodegradable
CEST liposomes and the easy access to MRI scanners. Group of Sha-
zeeb [103] used CEST MRI to investigate in vivo degradation profiles
of hyaluronic acid based hydrogels over three months. They showed
unique possibility of using CEST MRI to optimization of hydrogels to
different applications in regenerative medicine.

3.4.5. PET/SPECT

Nuclear imaging techniques are based on the use of radiotracers
that can be used to label cells or biomaterials prior to their implan-
tation. Due to their high sensitivity, Positron Emission Tomography
(PET) and Single Positron Emission Computed Tomography (SPECT)
are widely used in clinical and laboratory research. Interest in PET
is growing due to the relatively high resolution and fast image
acquisition, with low toxicity. The most popular PET radiotracer
is Fluorine ('®F), widely used for clinical applications. Both PET
and SPECT have been used to image biomaterials [25]. In a rabbit
model, SPECT imaging of 99mTc-MDP-labeled MSCs, embedded
in porous b-TCP scaffolds, enabled monitoring of the metabolism
and vascularization of tissue-engineered bone [61]. Likewise,
in vivo PET imaging facilitated longitudinal monitoring of the
18EDG-labeled, cardiac-derived stem cells embedded in fibrin glue
transplanted intramuscularly [104]. In addition, '®FDG and '8Na
labeling of gellan gum and a kappa-carrageenan hydrogel was use-
ful for intraoperative and short-term post-operative imaging of
biomaterial distribution. Prolonged signal detection was observed
when radiotracers were added into hydrogels with no significant
cytotoxic effect [105]. Moreover, Fernandez-Ferreiro et al. revealed
that PET enabled observation of the [18F|FPCA-F9-labeled hydrogel
degradation process in addition to the slow release of a radiotracer
on the ocular surface of the rat [106]. The technetium-99 m label-
ing of nanofibrillar cellulose hydrogels (NFC) was used to track
hydrogel-embedded drug delivery in mice [62].

3.4.6. X-ray

X-ray is the oldest imaging technique still widely used in a clini-
cal setting. A more advanced modality that uses x-ray radiation is
computed tomography (CT). While most applications of x-ray for
imaging of hydrogels utilize a contrast agent, there are some reports
on the imaging of native biomaterials. X-ray imaging based on phase
contrast proved to be capable of detecting the hydrogel structure
without the addition of contrast agent. The nonporous and porous
PEG hydrogels were discernible from surrounding water or soft tis-
sue in vitro without the use of contrast agents [107]. In addition,
Faraj et al. [108] demonstrated that high-resolution computed
tomography (micro-CT) enables the determination of the structure
of soft scaffolds in vitro. In addition to low X-ray attenuation of
collagen-based hydrogels, different combinations of contrast agents
were used. It was shown that the application of osmium tetroxide
and uranyl acetate, or a combination of uranyl acetate and lead
citrate, allowed high-resolution 3D imaging of the structure of the
scaffolds. Lei et al. [109] showed the possibility of non-invasive
tracking of radiopaque thermo-reversible hydrogels after implanta-
tion, and the opportunity to obtain detailed 3D morphological infor-
mation in a real-time manner. During the first week after
implantation, animals had daily micro CT scans, which clearly
showed the presence of biomaterial in the abdomen. Likewise, Appel
et al. [110] showed that XPC CT application allows 3D visualization
and quantification of hydrated soft tissues and PEG hydrogels in vivo,
with no contrast agents. The XPC CT imaging enabled a clear distinc-
tion between surrounding tissue after transplantation and the
hydrogel structure. Also, tantalum, known for its biological proper-
ties of facilitating soft tissue regeneration and vascularization, is, at
the same time a promising contrast agent for X-ray imaging, enhanc-
ing the visibility of cells and biomaterial grafts [111]. The group of
Wu and co-workers [112] showed CT and PA dual-model imaging
feature to localization of AMD (Agar/MBP/DOX) hydrogel within
tumor. Moreover great advantage of this modality is that the tumor
therapy efficacy can be promoted to a great extent. Due to its acces-
sibility and low cost, X-ray imaging techniques are promising tools
for hydrogel observation.

3.4.7. Optical coherence tomography

High-resolution images of hydrogels may also be obtained using
optical coherence tomography (OCT). OCT has been broadly used to
image cell distribution and migration within hydrogels in vitro and
in vivo [113]. Zheng et al. demonstrated [114] the feasibility of 3D
OCT imaging for assessing both the scaffold architecture of poly
(lactide-co-glycolide) and HEK cell distribution inside those bio-
materials. In addition, OCT was applied to the in vitro and in vivo
imaging of hydrogels injected subcutaneously in pigs and in
humans. Label-free OCT imaging was used to visualize the surface,
and 3D imaging of hydrogel-based micro-needles within skin lay-
ers [115]. OCT was also shown to be a promising tool for the track-
ing of intraocular surgical procedures. Childs et al. indicated that
OCT may be an optimal technique for the non-invasive assessment
of hydrogel-based contact lenses [116].

The aforementioned techniques, broadly used for diagnostic
examinations in clinics, also provide the ability to non-invasively
monitor hydrogels, as well as the cells embedded within the
hydrogels, both in vitro and in vivo. Nevertheless, every mentioned
system has its own limitations due to the sample thickness, the
necessity of contrast agent usage, or the toxicity of the chemicals
used. The possible solution for some of those limitations may be
multimodal imaging that will allow tracking of hydrogel properties
and which delivery method is suitable for the treatment of various
disorders. OCT was a valuable tool for in-vivo monitoring of retinal
structure in cases operated with hyaluronic acid (1 and 2,2%) as a
vitreous body substitutes in work by Schnichels et al. [117]. More-
over, combining different imaging techniques, such as PET/MRI
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may provide an accurate anatomical (from MR) and high sensitiv-
ity, quantitative (PET) data based on PET reporters [118,119] or
macromolecules [119]. Combining multiple modalities for syner-
gistic information is also possible as biomaterials with bi- and even
trimodal contrast can be synthesized. One practical disadvantage
could be the cost and logistical difficulties so potential benefits
should always outweigh that cost.

4. Outlook for the use of bioinks for regenerative approaches in
neurological applications

Therapies for neurological disorders based on stem cell trans-
plantation proved to be challenging. The structural complexity of
the CNS makes it overwhelming for injected stem cells to appropri-
ately assemble into these complex functional units and reach their
full potential, due to the limitations previously referred. While
some beneficial effects have been reported, improvements are
rather small and broad clinical adaptation will depend on further
optimization. We postulate that interfacing stem cells with bioma-
terials and imaging techniques is required to achieve further pro-
gress in regenerative medicine for brain repair. Bioprinting
technology is mature enough to consider building these complex
functional units de novo. The availability of a variety of bioinks
with good biocompatibility and biomechanical properties enables
opportunity for creating artificial tissues. In addition, the available
hardware that supports printing with various types of live cells,
which can then be arranged into complex artificial tissues with
appropriate site-specific cytoarchitecture opens up new avenues
to study repair strategies for damaged nervous tissue. Various
imaging techniques and reconstruction strategies can be used for
ex vivo tissue bioprinting. This is currently utilized and hopefully
will be developing further in near future. Also, non-invasive imag-
ing facilitates monitoring the status of transplanted cells, the
biodistribution, functional integration of implanted artificial tissue,
and the biodegradation rate of the biomaterial. Pre-printing of tis-
sue composites before their implantation is clearly feasible, but
perhaps these complex artificial tissue structures can be soon
printed in situ after gaining surgical access to the target site. The
intraoperative tissue printing would be a revolutionary solution
for pushing forward a personalized treatment, especially in deli-
cate CNS environment. Direct bioprinting on the patient may pro-
vide the advantage of improved integration and bonding with
surrounding tissues. Moreover, surgical examination with intraop-
erative imaging modalities can help optimizing protocols for
boosting the regenerative potential of currently available stem
cells with biomaterials products. Various imaging techniques pro-
vide useful information, from those rather limited to applications
in small animal models (fluorescence, bioluminescence imaging)
to clinically applicable (PET, MRI). Image-guided bioprinting and
visualization of the printing process in real-time, in 3D in the con-
text surrounding tissues would provide ultimate precision and
control helping surgeons with precise placement of the graft. The
improvement in the reproducibility and precision of artificial neu-
ral tissue deployment, as well as the longitudinal monitoring of
graft performance, would substantially enhance the therapeutic
success of tissue engineering approaches.
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