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Methylcellulose — a versatile printing material that
enables biofabrication of tissue equivalents with
high shape fidelity
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With the aid of biofabrication, cells can be spatially arranged in three dimensions, which offers the oppor-
tunity to guide tissue maturation in a better way compared to traditional tissue engineering approaches. A
prominent technique allowing biofabrication of tissue equivalents is extrusion-based 3D (bio)printing, also
called 3D (bio)plotting or robocasting, which comprises cells embedded in the biomaterial (bioink) during
the fabrication process. First bioprinting studies introduced bioinks allowing either good cell viability or
good shape fidelity. Concepts enabling printing of cell-laden constructs with high shape fidelity were
developed only rarely. Recent studies showed the great potential of the polysaccharide methylcellulose
(mc) as supportive biomaterial that can be utilized in various ways to enable biofabrication and especially
extrusion-based bioprinting of bioinks. This minireview highlights the multiple applications of mc for bio-
fabrication: it was successfully used as sacrificial ink to enable 3D shaping of cell sheets or biomaterial
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inks as well as as internal stabilizing component of various bioinks. Moreover, a brief overview about first
bioprinted functional tissue equivalents is given, which have been fabricated by using mc. Based on these
studies, future research should consider mc as an auxiliary material for bioinks and biofabricated con-

Open Access Article. Published on 26 March 2020. Downloaded on 6/14/2026 3:17:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/biomaterials-science structs with high shape fidelity.

Introduction

Bioprinting has emerged as a powerful tool for the fabrication
of highly hierarchical, organized tissue equivalents, compris-
ing cells, bioactive molecules and biomaterials in a spatially
defined arrangement."? Previously, it has been postulated that
bioprinting of cell-laden (hydrogel) matrices, the bioinks,® of
low polymeric content would be beneficial for the cellular
response in bioprinted constructs as the consequential high
amount of water is favourable for cell survival, cell migration
and diffusion of nutrients, but poor shape fidelity of the fabri-
cated constructs must be expected.* The shape fidelity can be
defined as the difference of the real printed construct to the
related sliced CAD file. For example, poor shape fidelity is a
result of fusing of printed features (especially strands fabri-
cated by extrusion-printing), which annihilates the desired
inner and outer geometry. Structures fabricated with bioinks
of high viscosity resulting from high polymeric content would
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generate a printed structure of good shape fidelity, since they
exhibit a high number of crosslinks, but on the other hand a
low cell viability in the bioprinted construct must be expected
due to the stiffer and denser hydrogel compromising cellular
activities and diffusion processes. However, printing with
high shape fidelity is mandatory for most type of tissues,
because it allows the fabrication of volumetric and clinically
relevant constructs with a controllable spatial distribution of
cells. To enable bioprinting of volumetric constructs several
approaches have been investigated,”® amongst them visible
light-crosslinking,” in situ UV-crosslinking,® multichannel
printing with stiff and grid-forming materials® and FRESH bio-
printing (e.g. printing into a gelatin microparticle-based
support bath).'® However, these approaches are limited in the
choice of materials and application, due to the high technical
efforts which need to be performed, the unclear/potentially
harmful effect of photoinitiators on cells'! or the simple cir-
cumstance that stiff (supporting) materials will not be appli-
cable for soft tissues.

As an alternative strategy, many groups investigated blend-
ing of hydrogels with additional materials for internal stabiliz-
ation during fabrication in order to develop novel bioinks,
enabling both, enhanced shape fidelity and good cell
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response. Deducing results from injectable hydrogels, methyl-
cellulose has been coming up as a promising candidate for
bioprinting, either alone or in a blend. The following mini-
review summarises recent advances in the field of biofabrica-
tion of tissue constructs using methylcellulose.

Physicochemical properties of
methylcellulose

Methylcellulose (mc) is an ether derivative of cellulose, which
is synthesized by substitution of the hydrogen atom from the
hydroxy group with a methyl group at the positions C-2 and/or
C-3 and/or C-6 (Fig. 1). The properties of mc were extensively
reviewed previously,">"? therefore the following section sum-
marises just the most important properties of mc for
biofabrication.

MC is a non-toxic and biocompatible polymer, which is an
administered food and drug additive in Europe, in the USA
and most other countries in the world."*™*° It is hydrophilic in
sol state, but the gelation process increases its hydrophobic
properties.’” In contrast to cellulose (as well as nanocellulose
and microfibrillar cellulose), mc is soluble in aqueous media.
In the cellulose molecule, hydrogen bonds are formed between
the hydroxyl groups.'” These interactions lead to a very
ordered, crystalline structure of cellulose which hinders pene-
tration by water molecules. The methoxy groups within the mc
disturb the hydrogen bonds allowing water molecules to enter
the polysaccharidic structure and to electrostatically bind to
the polar side chains. However, since the methyl groups are
non-polar, an increasing degree of substitution (DS) finally
decreases the solubility of mc in aqueous media.'®"’
Therefore, the usual DS values of mc are below 2.5 for tissue
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Fig. 1 Structural formula of (A) cellulose and (B) partially substituted
methylcellulose. The hydrogen atoms of the respective hydroxy groups
are substituted by methyl groups, leading to methoxy (ether) residues.
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engineering purposes, accordingly all studies presented in the
following sections dealt with mc with a DS of 1.5-1.9, which is
the optimized range for solubility. When the DS is in the range
2.5-3.0, mc can be dissolved in polar organic solvents.'?
Crucial for (bio)printing applications, the high binding affinity
of the polar mc to water molecules in aqueous solutions allows
the formation of highly viscous hydrogel networks.

Generally, mc is a thermo-gelling polymer, which is in sol-
state at low temperatures and in gel-state at high temperatures.
The gelation process is fully reversible without restrictions.
The gelation temperature, as well as the gel strength, are
dependent on the DS, concentration and molecular weight
(M,,) of mc as well as on electrolyte concentrations.’”**>* In
brief, an increasing DS and mc concentration will decrease the
gelation temperature,” whereas increasing M,, will especially
enhance the gel strength. Increased ionic strength, caused e.g.
by salts, dissolved in addition in the aqueous system have the
potential to influence gelation temperature and gel strength in
both directions.

Crucial for tissue engineering applications is the sterility of
mec. Usually the crude mc powder is sterilised before dissolving
it in an aqueous solution because the high viscosity of mc-con-
taining solutions impairs the feasibility of methods like
sterile-filtration, although it was also reported in literature.®
Recently, the effect of autoclaving, supercritical CO, treatment
as well as UV- and y-irradiation on mechanical and biological
properties of mc, blended with alginate, was investigated.>*
y-Irradiation induced reduction of alginate-mc viscosity and
stability, while the other three methods effected only negli-
gible changes of both, shear-thinning behaviour and viscosity.
This was caused by a distinct decrease of the molecular mass
of mc in the case of y-irradiation.**

Sannino et al. discussed the in vivo degradability of cell-
ulose and its derivatives extensively, stating that not all reac-
tions have been understood."® Nevertheless, the degradation
products of mc are glucose molecules, which could act as
nutrients for cells. By modification of the functional groups,
hydroxypropyl methylcellulose (hpmec) and carboxy methyl-
cellulose (cmc) can get synthesized and have been applied for
printing as well.””*® In comparison to hpmc and cme, mc
demonstrated the highest enzymatic degradation.”® However,
human cells cannot produce cellulases and degradation can
possibly occur only as a consequence of mechanical disruption
and due to swelling, macrophage interaction and dissolution.

Influence of molecular weight and
gelation of methylcellulose on
printability

Next to shear thinning and recovery, a main rheological prop-
erty of printable inks is their viscosity. A highly viscous ink

usually shows a good printability and allows biofabrication
with high shape fidelity. The viscosity of mc-based inks is
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especially dependent on the molecular weight and the gelation
point.

The viscosity of a mc solution is directly proportional to the
concentration.’®*" Further, with increasing molecular weight,
the viscosity of a 2% solution was shown to increase as well.*
The biopolymeric character of mc leads to a high polydisper-
sity index (M,,-M,,""),>* raising problems of unpredictability of
the molecular weight, since it contains a high different chain
sizes. Due to this reason, commercially available mc usually is
characterized by its viscosity (of a 2% solution at 20 °C) and
the molecular weight is a recalculated value, which does not
allow drawing conclusions for the distribution of the mole-
cular weight. We found that most studies®**" used an mc with
a given viscosity of 4000 mPa s (M,, ~ 86 kDa);*® these studies
have in common to have achieved printing of multiple layers
and only limited collapse of predesigned macropores. Other
studies**? reported about the use of me with a given viscosity
of 15 mPa s (M, ~ 14 kDa) and found significant improve-
ments of the printed shape fidelity in presence of mc com-
pared to mc-free controls, but those structures lacked the evi-
dence of multiple layer stacking. In a comparative study it
could be demonstrated that decreasing the molecular weight
of mc evoked a dramatic deterioration on the printability.**

Another important criterion for the stability of a mc solu-
tion, and thus of a printed structure in pre- and post-cross-
linking state, is its gelation. The temperature-dependent gela-
tion point of mc gels decreases with increasing
concentration.””*"** In comparison to 6% and 8%, a 10% mc
ink with the lowest gelation point demonstrated best printabil-
ity,"" indicating that the printability is improved when mc is
processed in sol state near the gelation point. The gelation of
mc can be influenced by the presence of diluted salts. It could
be shown that the gelation temperature can vary strongly
(20-60 °C) depending on the concentration and composition
of the diluted salts.>"** For example, phosphate buffered
saline solutions with 2% mc have a gelation temperature of
60 °C, whereas a 100 mM Na,SO, solution with 2% mc leads
to gelation at 37 °C.>' Thus, the stability of printed mc-con-
taining constructs, as well as their degradation behaviour can
be controlled by the presence of salts in the (bio-)ink and the
cell culture medium. The best printing results of salt-doped
mc-inks were achieved by printing in the range of
20-25 °C,***° which created the optimum for viscous behav-
iour of mc in sol form near to the gelation state.

Methylcellulose as support ink for
biofabrication

Since the gelation process of mc is fully reversible and mc is water-
soluble in non-gelled state, it can act as support ink for printing
(also called sacrificial or fugitive ink). For example, highly viscous
mc pastes can be printed and later removed by decreasing the
temperature or changing environmental conditions.

That strategy was applied for enhanced cell sheet engineer-
ing utilizing the strong dependence of the gelation process of
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mc on electrolyte concentrations.*"** MC solutions of a con-
centration of 8 wt% were prepared in salt-containing solutions
and printed in ring-like structures with high shape fidelity
(outer diameter 10 mm, inner diameter 6 mm, the obtained
printed structures revealed the same dimensions).*>*
Afterwards, fibroblasts and endothelial cells were seeded on
top; non-printed bulk samples acted as controls. Due to the
saline mc solution, mc was in gel state at 37 °C and thus, the
printed and cell-seeded structures were stable in cell culture
conditions.*"*° After 20 min incubation at 4 °C, it was possible
to remove cell layers by dissolving the mc structures.
Interestingly, both cell types responded to the printed ring-like
structure and displayed a matching morphology, which was
not observed by the cells cultured on the bulk hydrogels.*°

A similar strategy was investigated for the fabrication of
complex scaffold structures.*’ In that work, the printing pro-
perties of 6%, 8% and 10% mc sacrificial pastes were investi-
gated and the 10% mc was used as sacrificial ink for 3D extru-
sion-printing of calcium phosphate cement scaffolds. After
setting of the calcium phosphate cement, the mec sacrificial
ink was eliminated in a water bath cooled to 4 °C.*'
This allowed the fabrication of real anatomical structures
like a scaphoid bone containing a various number of non-
printable overhangs and concave/convex surfaces and cavities
(15 x 15 x 15 mm?® in a 25 x 25 x 25 mm® cube) within
scaffolds by using extrusion-based printing under mild, cell-
compatible conditions.**

Additionally, a 3D printed 9%-mc/5%-gelatin blend was
used as support structure for a casted cell-laden alginate
dialdehyde-gelatin (ADA-GEL) hydrogel.*” Latest after 7 d of
cell culture, the entire support structure was dissolved without
disruption of the ADA-GEL structure, which was obtained as
open-porous grid or rings with an outer diameter of 5 mm.*

Development of novel bioinks
including methylcellulose

There are three main bioprinting technologies (laser-assisted,
inkjet-based (DOD) and extrusion-based printing) and it was
shown that cell-laden mc-bioinks can be processed with all of
these methods. An overview about mc-based bioinks, printed
cells and the function of mc is shown in Table 1. It was
demonstrated that human umbilical vein endothelial cells
(HUVEC) can be encapsulated in mc and processed via DOD
bioprinting.*> C2C12 mouse myoblast cells were fabricated by
extrusion-printing with high cell viabilities using a mc matrix
as material component of the bioink.*® Recently, the LIFT-bio-
printing technique was successfully used to produce two
different lymphocyte cell lines encapsulated in mec.*® In case of
laser-assisted and DOD bioprinting, the mc matrix acts as a
cell carrier, which in the first place enables the spatial depo-
sition of the cells; the finest droplet sizes were in ranges of
approx. 100 pm and 90-200 pm for DOD and LIFT,
respectively.”>*® In extrusion-based bioprinting, the mc
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Table 1 Cell-containing bioinks based on methylcellulose
Bioprinting Cell
technique  Bioink composition Solvent Bioprinted cells viability Function of mc Ref.
LIFT 0.3% mc Cell culture C1R-N1-85 Jurkat cell ~ 68-84%  Cell carrier 46
medium line
DOD 1.2% mc Cell culture HUVEC n.r. Cell carrier 42
medium
EP 8% mc 50 mM Na,SO, C2C12 80% Permanent matrix shape fidelity 39
EP 3% alginate-9% mc PBS hMSC 65% Viscosity 1 32
Rat pancreatic islets 75% Shape fidelity 1 55
Bovine primary ~65% Pore formation 24
chondrocytes
EP 3% alginate-9% mc HBSS L929 95% Viscosity 1 33
Shape fidelity 1
EP 3% alginate-9% mc Water Algae 80-90% Viscosity 1 48-50
Shape fidelity 1
EP 3% alginate-9% mc Blood plasma  hTERT-MSC 80% Viscosity 1 36
Human osteoblasts Shape fidelity 1
Human dental pulp
stem cells
EP 2% alginate-2/4% mc Water pMSC 80% Viscosity 1 47
Pore formation
EP 3% LAPONITE®-3% alginate- Water hTERT-MSC 75% Viscosity 1 34
3% mc Shape fidelity 1
EP 4% alginate-4% halloysite-1% PBS Human chondrocyte n.r. Viscosity 1 38
PVDF -3% mc cell line Shape fidelity 1
EP 2% alginate-2% halloysite-1% PBS Human chondrocytes  n.r. Viscosity 1 54
RO-2% mc
EP 0.9% agarose-2.8% alginate- ~ Water Basil plant cells n.r. Viscosity 1 35
3% mc Shape fidelity 1
EP 8% GelMa-5% mc 50 mM Na,SO, Human osteoblasts 90% Viscosity 1 52
Shape fidelity 1
EP 2% hyaluronic acid-7% mc PBS sMSC 85% Viscosity 1 26 and
Shape fidelity 1 43
Stabilization of the
blendstabilization of the blend
EP 2.7% RAD16-1-1.5% mc PBS + 10% hMSC, rMSC 55-65%  Viscosity? 37
sucrose

LIFT - laser induced forward transfer, DOD - drop-on-demand printing, EP - extrusion printing, PVDF - polyvinylidene fluoride, RO - Russian
olive seed powder, C1R-N1-85 - B-lymphocyte cell line, HUVEC - Human umbilical vein endothelial cells, C2C12 - mouse myoblast cell line,
L929 - mouse fibroblast cell line, hMSC - human mesenchymal stem cells, pMSC - porcine mesenchymal stem cells, hTERT-MSC - human
telomerase reverse transcriptase mesenchymal stem cells, sMSC - sheep mesenchymal stem cells, rMSC - rat mesenchymal stem cells, n.r. - not

reported.

additionally acts as the shape-defining component of the
printed construct.

Due to its outstanding rheological properties leading to
enhanced printability, mc was blended with other matrix
forming biopolymers to make them processable by extrusion-
printing with good shape fidelity, since it increases viscosity of
aqueous solutions, even though it does not support cell attach-
ment.>® One of the most investigated bioink blends for extru-
sion-based bioprinting is the combination of alginate and mc.
To the best knowledge of the authors, Schiitz et al. from our
lab published the first article about an alginate-mc blend in
2015 (date of online publication).** By addition of 9% mc to a
3% alginate sol (in PBS), the viscosity was increased signifi-
cantly and bioprinting of more than 50 layers with a human
mesenchymal stem cell (hMSC)-laden blend was possible,
obtaining scaffolds of high shape fidelity with well-preserved
macropores. Moreover, mc was not permanently integrated
within the blend but vanished during culture due to the fact
that the mc was not crosslinked by the Ca®" ions, used for

This journal is © The Royal Society of Chemistry 2020

ionic crosslinking of the alginate fraction after printing.*> In
this blend, mc had two functions: it enhanced the viscosity of
the alginate sol and thus strongly increased printability; fur-
thermore, it led to the occurrence of micropores within the
gelled bioink over time. Later, these findings were confirmed
by Li et al., who evaluated the same composition (in HBSS) as
beneficial for bioprinting and furthermore increased the inter-
layer bonding by dripping trisodium citrate on top of the
printed layers.>® Both studies showed, that the blend allowed
fabrication of centimetre-scaled constructs with up to 150
layers and minimal strand distances were approx. 1 mm.**??
In contrast, a plotted alginate-structure was not stable in
z-direction. A single strand plotted with a 250 um needle had a
thickness of 500 um for alginate but 250 um for the alginate-
mc blend.*® The pore-forming characteristic of alginate-mc
(2% and 2/4%, respectively) blends (in water) was used by
Gonzalez-Fernandez et al. to fabricate bioprinted tissue con-
structs for enhanced gene delivery.”” They showed, that the
amount of mc significantly influenced the average pore dia-
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meter after mc leached out from the bioink. The release of mc
could be tailored directing the transfection of host or trans-
planted cells by controlled gene delivery from the bioink. In
the same study, in comparison to mc-free alginates, the post-
printing cell viability was significantly increased for low con-
centrations of mc?” and decreased for high concentrations.?
At later time points also for higher concentrations of mc no
decrease was detected.’*> Apart from bioprinting of mamma-
lian cells, it was previously shown that the blend of alginate
and mc forms a bioink which is suitable for Green Bioprinting
of micro algae.*®>° The micro algae could be bioprinted alone
and in coculture with mammalian cells in alginate-mc.*®
Crucially, the microalgae did not lose their photosynthetic
activity after fabrication and thus might be able to provide
oxygen needed by the surrounding mammalian cells.*® Until
now, the interactions of alginate and mc macromolecules are
not completely understood. However, taking into account that
it was reported several times that mc vanishes from the bio-
printed structure,”*>*” it can be assumed that it is neither
forming polymer-polymer interactions with the alginate
chains, nor that the mc component behaves like a crosslinked
gel. In this blend, alginate and mc chains should form a semi-
interpenetrating network. In brief, mc especially provides
structural advantages (increase of viscosity and thus printabil-
ity, formation of micropores) but does not support the biologi-
cal response of bioprinted cells.

Further modifications of alginate-mc blends led to bio-
printed constructs with enhanced biological performance. By
addition of 3% of a synthetic nanoclay (LAPONITE®), the total
polymer concentration could be reduced to 9% as a result of
electrostatic interactions between the LAPONITE® and alginate
chains increasing viscosity®® and probably inducing a higher
recovery rate after extrusion as a result of fast self-organization.
Further, the cell viability after printing was higher compared
to LAPONITE®-free samples. Volumetric cell-laden scaffolds
with horizontal macropores could be achieved (not possible in
LAPONITE®-free scaffolds®®), evidencing excellent shape fide-
lity for bioprinted constructs.>® Also halloysite, a tubular
shaped nanoclay, was blended with alginate (4%), polyvinyli-
dene fluoride (1%) and mc (3%) at a concentration of 4%
obtaining bioprinted scaffolds with stable macropores
(0.3 mm strand distance) in 8 layers.*® Although shear-thin-
ning behaviour and viscosity can be modulated by these nano-
clays, both studies showed that the biological response (cell
viability and drug loading/release capacity) was improved by
the nanoclay while mc contributed significantly to the printing
quality. Another approach demonstrated that the addition of
0.9% agarose dramatically increased the zero-shear viscosity of
a blend of 3% alginate and 3% mc resulting in improved
shape fidelity (obtained horizontal macropores did not col-
lapse in scaffolds with 20 layers).>* In this blend, mc contribu-
ted positively by its shear-thinning behaviour, whereas algi-
nate-agarose alone could not be printed. This biopolymer
blend was developed for Green Bioprinting with plant cell cul-
tures.>® Bioprinting of plant cells is a promising manufactur-
ing method for secondary metabolite production in industrial
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pharmaceutical processes.*® Recently, the biological response
of cells to the 3% alginate-9% mc blend could be significantly
enhanced by dissolving the two biopolymers in human blood
plasma. Whereas the good printability of the blend combi-
nation was maintained (printing of centimetre-scaled com-
plexly shaped constructs with more than 50 layers was demon-
strated), the proteins of the blood plasma significantly
increased the cell viability and allowed spreading of osteopro-
genitor cells within the bioink.*®

Beside alginate, other (bio-)polymers were blended with mc
obtaining improved bioinks providing high shape fidelity and
good cytocompatibility. Already in 2012, the printability of 2%
hyaluronic acid (HA) blended with 7% mc was described as
significantly improved compared to a range of other poly-
mers.”® However, the first investigations of bioprinted, cell-
containing constructs of this bioink formulation were per-
formed by Law et al. in 2018. They found that the improved
shape fidelity of bioprinted HA-mc scaffolds was caused by the
presence of mc, but also by convenient gelation properties of
this blend, which are caused by the interaction of the two bio-
polymers.*® This interaction has not been completely under-
stood yet, however, it was postulated that the HA coils interact
with methoxy groups influencing the gelation process of me,>"
which seems to favour the printability of the blend. Printed
structures revealed a calculated accuracy of approx. 85%."
Although the highest printing accuracy was determined for a
blend with 1%-3% HA-mc, multiple layer stacking was only
possible with higher concentrations of me. MSC derived from
sheep could be mixed with the HA-mc bioink and survived the
extrusion printing process. In the bioprinted constructs, the
cells could spread, adhere and proliferate.”> An interesting
approach was investigated by Cofifio et al., who designed a
novel type of bioink mixing a self-assembling peptide (RAD16-
I) with mc. With increasing concentration of mc the printed
constructs revealed increasing shape fidelity.>” The final blend
enabled differentiation of bioprinted rat MSC to adipose tissue
indicated by formation of intracellular lipid droplets after one
week of cell cultivation.’” In a recent study, the printability of
photo-crosslinkable GelMA (8%) was significantly improved by
addition of mc (5%).>*> The mc contributed to the blend by an
increase of viscosity, shear-thinning behaviour and especially
shear-recovery whereas the cell viability of human primary
osteoblasts was not impacted in comparison to pure GelMA
(90%).>> More than 100 layers of cylindrical and hexagonal
shaped constructs could be printed and the authors reported
that printed constructs of a height of 2 ecm did not collapse,
whereas pure GelMA strands fused together.

Bioprinting of tissue equivalents with
the aid of methylcellulose-containing
bioinks

The development of those cell-containing bioinks led to suc-
cessful bioprinting of functional tissue equivalents by means

This journal is © The Royal Society of Chemistry 2020
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of bioprinting techniques. Table 1 summarises the different
mc-based bioinks and lists the function of mc in the bioink
blend.

MC-based inks were combined with various materials
depending on the target tissue, e.g. stiffer materials such as
poly-e-caprolactone (PCL) or calcium phosphate cement (CPC)
were used for bone tissue regeneration applications. The MSC-
laden blend of 3% alginate and 9% mc could be combined
with a plottable CPC in an alternating strand pattern obtaining
a biphasic construct suitable for bone and osteochondral
tissue engineering.® The CPC acts as bone-like mineralized
matrix and the novel biphasic constructs revealed a distinct
macroporosity enabling nutrient and oxygen supply in volu-
metric constructs. The cell viability within the bioink was
initially affected at the CPC-bioink interface, but recovered
latest after 7 d. Interestingly, between 7 and 21 days, the MSC
migrated from the soft bioink onto the stiff CPC strands,
where they spread and proliferated, offering a novel strategy to
distribute cells in mineralized bone constructs (Fig. 24).>*

Hodder et al. showed that the same blend could be used in
combination with bovine primary chondrocytes for bioprinting
of constructs for cartilage regeneration evidenced by positive
safranin-O staining after 7 days.>* In addition, cartilage for-
mation could be demonstrated in a blend of mc and alginate,
halloysite nanotubes (HNT) and polyvinylidene fluoride
(PVDF).*® This blend maintained appropriate mechanical pro-
perties for cartilage tissue engineering, good cell viability and
distribution of chondrocytes filling the pore spaces of the
scaffolds. Thanks to the addition of mc and HNT, tensile and
compressive strengths of printed scaffolds (669-711 kPa and
329-352 kPa respectively) were higher than those consisting of
3% alginate only (tensile strength is 104-116 kPa) and corre-
sponded to the requirements of artificial cartilage.*® Beside
the enhancement of viscosity, the mc in this blend played the
role of a sacrificial ink and was washed out during cell cultiva-
tion, forming micropores which positively influenced cell
adhesion. In a second study, the same group could show that
the long-term cell viability of chondrocytes in this blend was
increased when the blend was additionally mixed with seed
powder of Russian olive.>® The positive results obtained
in vitro were confirmed in vivo when the scaffolds were
implanted in cartilage defects (4 x 1 mm) in the knees of
sheep. Six months post implantation the repaired tissue was
hyaline cartilage-like with increased collagen type II expression
compared to defects filled only with hydrogel (Fig. 2B).>*

MC was used by Gonzalez-Fernandez and co-workers to
form post-printing pores within a printed hydrogel.”” The
amount of mc allowed gaining control of resulting pore size.
Peptide-based plasmid DNA could be incorporated into the
bioink and was delivered after printing to stem cells in vitro,
which consequently enabled non-viral transfection of the MSC.
The authors found, that the pore-forming character of vanish-
ing mc in the bioink could be used to control the speed and
effectiveness of gene delivery. By spatial mc distribution and
thus spatial gene delivery in bioprinted constructs, zonal
arranged chondrogenesis and osteogenesis was observed

This journal is © The Royal Society of Chemistry 2020
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in vivo in bilayered constructs. As a result, such constructs can
act as enhanced osteochondral tissue grafts (Fig. 2C)."”

Duin et al. encapsulated primary pancreatic islets from rats
into an alg-mc blend and plotted the bioink into macroporous
3D constructs.”® The pancreatic islets were homogenously dis-
tributed, and revealed a comparable viability to free control
islets. Viability increased over time in bioprinted scaffolds.
The islets were metabolically active and secretion of insulin
could still be detected 7 days after fabrication (Fig. 2D).
Remarkably, the bioprinted islets demonstrated an ability to
react to stimulation: release of insulin was low when cultiva-
tion was done with low glucose concentration (3.3 x 107> M)
and high in case of high glucose concentration (16.4 x 10~°
M), confirming the functionality of the islets in the bioprinted
constructs.”®

An ink of the same alginate : mc ratio but higher concen-
tration overall (6% alginate and 18% mc) was used for success-
ful fabrication of a volumetric spinal cord model by multi-
channel 3D bioprinting, involving induced pluripotent stem
cell (iPSC)-derived spinal neuronal progenitor cells (sNPC) and
mouse iPSC-derived oligodendrocyte progenitor cells (OPC).*®
These cells were printed in precise positions within 3D printed
constructs, controlling the direction of axon growth through-
out the scaffold. This complex 3D tissue model was fabricated
by sequentially printing the mc-based biomaterial ink creating
3 x 3 continuous channels and printing sNPC-laden bioinks
into these channels. Cells could survive with axonal extensions
present within the entire scaffold and differentiate into func-
tionally mature neurons (Fig. 2E).>°

Conclusions and future research
directions

This mini review highlights the role of methylcellulose as
sacrificial ink or cell-laden bioink in various bioprinting
approaches, making many matrix-forming biopolymers printa-
ble. Depending on its role in the bioink, mc concentration can
be easily tailored, for example, 8-10% seems a very convenient
concentration acting as a support ink. It is available in large
amounts, not expensive and can be printed in the temperature
range suitable for cells, from room temperature to 37 °C. On
the other hand, fast dilution (within minutes) can be only
achieved at rather low temperatures such as 4 °C (similar to
Pluronics) which could cause problems for in vitro cell cul-
tures. Since mc is a biopolymer, its molecular weight distri-
bution is rather undefined leading to high polydispersity
indices and a certain unpredictability of its behaviour.
However, mc was shown to enable high shape fidelity bioprint-
ing by improving the shear thinning profiles and viscosities of
polymer blends with only a small and, in case of vanishing
mc, not permanent increase of the total polymer concen-
tration. Viscosity, directly affecting printability of mc, is highly
sensitive to sterilisation techniques. y-Irradiation induces a
distinct decrease of the molecular mass of mc, reducing vis-
cosity and stability, while autoclaving, supercritical CO, treat-
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Fig. 2 Functional tissue equivalents which were bioprinted utilising methylcellulose-containing (bio)inks. (A) Left — Photograph of a biphasic CPC/
alg-mc scaffold (CPC white, alg-mc red); Right — cLSM image of live/dead stained hTERT-MSC in biphasic scaffolds after 21 days of culture. Green
arrows tag adhering and proliferating cell populations on CPC strands. Reproduced from ref. 53 with permission from IOP Publishing, copyright
2019. (B) Left — Photograph of a bioprinted chondrocyte-containing alg-mc/HNT construct; Right — Immunofluorescence staining for expression of
collagen type 2 in the constructs containing chondrocytes in articulation defect of sheep after 6 months in vivo. Reproduced from ref. 54 with
Creative Commons Attribution License, 2019. (C) Histological analysis of sGAG, collagen and calcium in the biphasic graft fabricated using a gene
activated bioink after 28 days of culture. Reproduced from ref. 47 with permission from Elsevier, copyright 2019. (D) Left — Bioprinted alg-mc
scaffold containing pancreatic islets stained for metabolic activity with MTT 1 day after bioprinting; Right — immunofluorescence stained islet after 7
days cultivation: nuclei (blue), insulin (green) and glucagon (red). Reproduced from ref. 55 with permission from John Wiley and Sons, copyright
2019. (E) Left — Schematic representation of the 3D bioprinting of spinal cord tissue; Right — Image of 3D printed sNPC in a channel after 7 days of
culture expressing the mature neuron marker NeuN (red) and the neuron-specific microtubule element 3llI-tubulin (green). Reproduced from ref.
56 with permission from John Wiley and Sons, copyright 2019.

ment and UV cause only negligible changes of both, shear-
thinning behaviour and viscosity. Solubility of mc in aqueous
solutions depends on the tailorable gelation point. Moreover,
mc is biologically inert, meaning that neither does it actively
contribute to the biological response nor does it interfere
with it. The biological function of different tissue equivalents
such a bone, axons or that of pancreatic islets was not dimin-

2108 | Biomater. Sci, 2020, 8, 2102-2110

ished by mc, but the structural integrity of printed constructs
was distinctly improved. Due to the fact that mc is not
involved in the crosslinking reaction of the matrix-forming
polymers and its inverse thermoreversible gelling mecha-
nism, it is often used to only be a part of the bioink tempor-
arily during fabrication and cleared out afterwards, leaving
micropores behind.

This journal is © The Royal Society of Chemistry 2020
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For these reasons, mc is an intriguing candidate for the
development of biofabricated constructs. While the in vitro
data summarised here are very promising, the field still lacks
corresponding in vivo data, meaning that an important part of
future research in the coming years will likely be oriented in
this direction, which will be one step forward in translating
mc to clinics.
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