Taylor & Francis
Taylor & Francis Group

Virtual

and Physical Virtual and Physical Prototyping
Prototyping

L2

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/nvpp20

Development of a porcine decellularized
extracellular matrix (DECM) bioink for 3D
bioprinting of meniscus tissue engineering:
formulation, characterisation and biological
evaluation

Filip Porzucek, Monika Mankowska, Julia Anna Semba, Piotr Cywoniuk,
Adam Augustyniak, Anna Maria Mleczko, Ana Margarida Teixeira, Pedro
Martins, Adam Aron Mieloch & Jakub Dalibor Rybka

To cite this article: Filip Porzucek, Monika Mankowska, Julia Anna Semba, Piotr Cywoniuk,
Adam Augustyniak, Anna Maria Mleczko, Ana Margarida Teixeira, Pedro Martins, Adam Aron
Mieloch & Jakub Dalibor Rybka (2024) Development of a porcine decellularized extracellular
matrix (DECM) bioink for 3D bioprinting of meniscus tissue engineering: formulation,
characterisation and biological evaluation, Virtual and Physical Prototyping, 19:1, €2359620,
DOI: 10.1080/17452759.2024.2359620

To link to this article: https://doi.org/10.1080/17452759.2024.2359620

A
© 2024 The AUthor(S). Published by Informa h View Supp|ementary material @
UK Limited, trading as Taylor & Francis

Group
ﬂ Published online: 08 Jul 2024. Submit your article to this journal &
) . A
||I| Article views: 632 & View related articles '

P

(&) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=nvpp20


https://www.tandfonline.com/action/journalInformation?journalCode=nvpp20
https://www.tandfonline.com/journals/nvpp20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17452759.2024.2359620
https://doi.org/10.1080/17452759.2024.2359620
https://www.tandfonline.com/doi/suppl/10.1080/17452759.2024.2359620
https://www.tandfonline.com/doi/suppl/10.1080/17452759.2024.2359620
https://www.tandfonline.com/action/authorSubmission?journalCode=nvpp20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=nvpp20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17452759.2024.2359620?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17452759.2024.2359620?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/17452759.2024.2359620&domain=pdf&date_stamp=08 Jul 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/17452759.2024.2359620&domain=pdf&date_stamp=08 Jul 2024

VIRTUAL AND PHYSICAL PROTOTYPING
2024, VOL. 19, NO. 1, €2359620 (14 pages)
https://doi.org/10.1080/17452759.2024.23596 20

Taylor & Francis
Taylor &Francis Group
8 OPEN ACCESS

Development of a porcine decellularized extracellular matrix (DECM) bioink for
3D bioprinting of meniscus tissue engineering: formulation, characterisation and
biological evaluation

Filip Porzucek?, Monika Mankowska®, Julia Anna Semba®P®, Piotr Cywoniuk?®, Adam Augustyniak®, Anna
Maria Mleczko?, Ana Margarida Teixeira“®, Pedro Martins®¢, Adam Aron Mieloch® and Jakub Dalibor Rybka?

Center for Advanced Technology, Adam Mickiewicz University, Poznan, Poland; bFaculty of Biology, Adam Mickiewicz University, Poznan,
Poland; Faculty of Engineering, University of Porto, Porto, Portugal; %Institute of Science and Innovation in Mechanical and Industrial
Engineering, LAETA, Porto, Portugal; ¢i3A, Universidad de Zaragoza, Zaragoza, Spain

ARTICLE HISTORY
Received 6 February 2024
Accepted 8 May 2024

ABSTRACT

This study aims to present an easily scalable, cost-efficient process of dECM extraction from porcine
meniscus, dedicated to bioink preparation and 3D bioprinting. Due to its cartilage like structure
and mechanical robustness, the meniscus is an exceptionally demanding tissue for extraction
and decellularisation of its ECM. Its processing poses a great difficulty and renders the methods
previously developed for soft tissues useless. A process, combining homogenisation, hydrolysis,
supercritical CO2 (scCO2) extraction and lyophilisation, was developed to meet this challenge.
This protocol allows for retaining its native compounds and biocompatibility while offering
good printability and providing a stimulatory environment for cell proliferation and
differentiation towards a meniscus-like phenotype. Also, this process is economically and
ecologically friendly since it doesn’t require the use of high amounts of solvents, detergents or
expensive enzymes (DNase). The decellularisation process has been meticulously studied,
demonstrating a substantial reduction in DNA content but still exceeding accepted thresholds.
The study further explores the biocompatibility of the dECM, demonstrating no detrimental
effects of remnant DNA on cell survival during extended in vitro culture, indicating excellent
biocompatibility. These findings challenge the current definition of decellularisation
effectiveness based solely on DNA content, proposing a broader assessment of biological effects.
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Highlights Introduction

¢ A novel approach for porcine menisci dECM extrac-
tion and biocompatible bioink formulation with phys-
icochemical properties suitable for 3D bioprinting is
proposed

e The protocol allows for large-scale, detergent-free
production of dECM from porcine meniscus, presents
the first use of supercritical CO, extraction for the
preparation of dECM from this elastic and rigid
tissue and vastly decreases the processing time

e The results indicate, that mechanotransduction and
dECM are insufficient for chondrogenesis induction
of adipose-derived mesenchymal stem cells (ASC) -
additives enhancing differentiation are required

* Regarding 3D bioprinting of meniscus implants, ASCs
cultured in spheroids are not superior to cells cultured
in 2D

The meniscus plays an indispensable role in articular
surface protection, shock absorption, and stress trans-
mission in the knee. Its injuries are incredibly prevalent,
reaching 0.7 per 1000 people in the general population,
3.5 in healthy young adults, and even up to 8.27 when
considering active-duty military cohorts [1-3]. The
studies show a correlation between injury risk and BMI,
also highlighting increased rates of athlete-related
cases, of which 63.8% required surgical intervention
[3,4]. Due to limited vascularisation, the regenerative
capability of the meniscus is relatively low and restricted
to the outer, vascularised region. The most commonly
performed treatment involves suturing or removal via
partial or total meniscectomy. However, meniscectomy
significantly increases the incidence of osteoarthritis
later in life by elevating contact pressure on the tibial
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plateau. Approximately 50% of patients with meniscal
injuries develop osteoarthritis within 10-20 years after
the surgery [5]. Therefore, new treatment options restor-
ing the meniscus'’s physiological functions are needed [6].
3D bioprinting is a rapidly growing field of regenera-
tive medicine that offers the possibility to regain the
physiological functions of an organ without resorting
to artificial implants [7]. This technology provides an
unparalleled opportunity to design and fabricate menis-
cal constructs, faithfully mimicking the complexity of its
native architecture with patient-specific geometry [8].

There are three main techniques exploited in 3D bio-
printing: extrusion, jetting, and vat photopolymeriza-
tion, differing in the technology of bioink deposition
and generation of the desired 3D object. In extrusion-
based printing, bioink is extruded from the nozzle,
using pressure or a physical piston. A broad range of
materials with different mechanical properties and vis-
cosity (10-10" mPas) can be used, as well as high cell
densities (up to 107 cells/mL). To obtain an optimum res-
olution (100-200 um), proper processing conditions (e.g.
flow rate and deposition velocity) and bioink properties —
a shear thinning behaviour is required [9,10]. Material
jetting is a process in which droplets of build material
are selectively deposited onto a build bed. Due to the
droplet formation process, inks must present a viscosity
lower than 15 mPas and cell density should be also lower
than 10° cells/ml. In the case of acoustic systems, cell via-
bility is limited by the level of frequencies used. Resol-
ution ranges between 20 and 100 pm [11,12]. In vat
polymerisation printing (VPP), a container filled with
cell-hydrogel suspension is subjected to selective
curing (with light or laser) of polymer to form 3D struc-
tures. It is characterised by high printing resolution (80-
140 um) and high cell density but has relatively low
printing efficiency and a limited range of viscosities [13].

Bioprinting of the meniscus requires optimised con-
ditions that will provide high accuracy, integrity, and
durability of printed objects while simultaneously pro-
viding an optimal microenvironment for cell growth
and proliferation [14,15]. The decellularized extracellular
matrix (dECM) obtained from porcine menisci was
selected as a candidate biomaterial to fulfil these
requirements [16].

Emerging studies demonstrate that ECM-based
scaffolds can provide a favourable regenerative microen-
vironment, promote tissue-specific remodelling, and act
as an inductive template for the repair and functional
reconstruction of skin, bone, nerve, heart, lung, liver,
kidney, small intestine, and other organs [17-20].
Taking into consideration the complex molecular com-
position of the meniscal ECM, extraction of porcine
meniscal ECM is a promising approach, capable of

providing printable, natural biomaterial with properties
and compositions similar to human native tissue [21].
With appropriate processing, dECM can form a 3D prin-
table hydrogel [22]. The availability of porcine menisci
combined with the low risk of immune response stem-
ming from the decellularization process makes it an
ideal material for the creation of meniscal scaffolds
[23]. Nonetheless, several concerns regarding dECM of
animal origin have been raised [14].

Many chemical and physical decellularization pro-
cesses have been proposed to efficiently isolate the
ECM of a tissue from its inhabiting cells while maintain-
ing the biochemical and biomechanical properties of the
native tissue. In most of the decellularization protocols
detergents such as sodium dodecyl sulfate, sodium
deoxycholate, and Triton X-100 are used [24,25].
However, these methods have several drawbacks: (1)
time-consumption, (2) ECM proteins denaturation,
affecting the mechanical properties, (3) glycosaminogly-
cans removal (GAGs), which are crucial for creating a
proper environment for recellularization, and (4) often
fail to remove residual detergent that can provoke cell
cytotoxicity [26-29]. Hence, CO, in a supercritical state
(scCO,) has received attention as a an alternative strat-
egy for tissue decellularization to potentially overcome
these problems. The supercritical state refers to a
carbon dioxide above its critical temperature and critical
pressure, rendering them a very effective solvent
because of a unique blend of properties: (1) density
similar to liquids, while diffusivity and viscosity similar
to gases, (2) minimal surface tension, allowing pen-
etration of pores and surface openings without dama-
ging them, (3) evaporation upon depressurisation,
which means there is no residual solvent left (4) chemical
inertion, non-toxicity, and non-flammability, which are
all significant safety and environmental advantages, (5)
low critical conditions (31°C; 7.40 MPa), that do not
alter the native structure of proteins, (6) sterilisation
properties. Altogether, it makes scCO,, in contrast to
detergents, very well-suited for biomaterial extraction
and subsequent tissue engineering purposes what has
been reflected in the scCO, use in the extraction of
ECM from various tissues [28,30-36]. However, up to
date, there has been no publications concerning scCO,
application in ECM isolation from the meniscal tissue.

This work aimed to develop a scalable method of
porcine meniscal ECM extraction, retaining its native
properties and biocompatibility, while offering good
printability, and providing a stimulatory environment
for cell proliferation and differentiation toward menis-
cus-like phenotype. Since the meniscus is cartilage-like,
highly elastic, and rigid tissue, its processing poses a
great challenge and renders the methods previously



developed for soft tissues useless. To meet this challenge,
a process combining homogenisation, hydrolysis, super-
critical CO, (scCO,) extraction, and lyophilisation was
developed. This combination of steps allowed for obtain-
ing dECM-based bioink, which retained most of its native
compounds while gaining very good 3D bioprinting
properties. To evaluate the chondrogenic potential of
the dECM-based bioink, scaffolds were bioprinted
either with suspended adipose-derived mesenchymal
stem cells (ASC) or 3D spheroids composed of the same
cell line, which have been demonstrated to mimic
tissue microenvironment more closely than monolayer
cultures by recapitulating 3D architecture and enabling
spatial cell-cell and cell-ECM interactions [37,38].

Materials and methods
dECM preparation from porcine menisci

Porcine menisci were collected at a local slaughterhouse,
frozen, and stored at — 20°C for further processing. The
dECM was prepared according to patent application
no. P.441935. One kilogram of porcine menisci was sep-
arated from tendons and fat residues, followed by
washing with deionised water. Tissue was minced in
an electric meat mincer using a cutting plate with a
hole size of 8 mm, and again using a 6 mm hole size.
Minced tissue was subjected to the water extraction
process at room temperature (RT) overnight, under con-
tinuous mechanical stirring. The solid phase was separ-
ated and the second extraction was performed in
0.05M lactic acid at RT overnight under continuous
mechanical stirring. Following filtration bag separation,
the solid phase was subjected to hydrolysis in pepsin
(Sigma-Aldrich) solution. After 48 h of hydrolysis, con-
ducted at RT under continuous mechanical stirring,
solid residues were filtered out with the filtration bag.
The hydrolysis step was repeated three times. In the
next step, the filtrate was subjected to a lyophilisation
process (74 h under the pressure of 1 mBar, 8 h under
0.18 mBar). To obtain fine, easily dissolvable powder
for bioink formulation, the lyophilised material was
cryo-milled with the 6875 Freezer/Mill High Capacity
Cryogenic Grinder (SPEX). The samples were pre-
cooled in grinding vials by immersing in liquid nitrogen
for 5 min and subjected to three cycles of cryo-milling
(grinding time: 5 min grinding at 15 cps with a 2 min
intercool for each cycle) and then sieved through a
300 pm strainer. Subsequently, two variants — with or
without a DNase treatment, followed by supercritical
CO, extraction were tested (DscCO, vs. scCO5). In the
DscCO, variant, pH was adjusted to 7.5, and incubated
with 25 U/ml of DNase (A&A Biotechnology) in PBS at
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37°C for 24 h. In the next step, three cycles of centrifu-
gation and washing in deionised water were performed.
In both variants, supercritical CO, extraction was applied
with the use of Spe-ed™ SFE-2 Supercritical System
(Applied Separations). The dECM was loaded into the
extraction vessel (50cm?). CO, was compressed to 300
bar and heated to 40°C to reach the supercritical state.
Then, anhydrous ethanol was supplied to reach a con-
centration of 20%. Batch extraction was performed for
20 h, followed by one-hour continuous extraction at
flow rates of 5 I/min and 0.5 ml/min for CO, and anhy-
drous ethanol respectively. After the extraction, the
decompression step at a flow rate of 20 I/min was per-
formed. The extraction vessel was unsealed under a
laminar flow hood to prevent contamination.

Biochemical analysis

DNA was isolated with Genomic Micro AX Tissue Gravity
DNA kit (A&A Biotechnology) according to the manufac-
turer’s protocol and measured with Qubit 4.0 with the
dsDNA BR kit (Thermo Fisher). The agarose gel electrophor-
esis was performed for qualitative analysis of the isolated
DNA. GAG content was calculated based on a colorimetric
test — Glycosaminoglycan Assay Blyscan (Biocolour) per-
formed with a microplate reader (Infinite 200 Pro, Tecan)
according to the manufacturer’s protocol. Collagen con-
centration was quantified based on hydroxyproline
content, assuming it comprises 13.5% of all amino acids
[39]. Absorbance at 550 nm wavelength was measured
using a Tecan 96-well plate reader. Fat content was
measured with the Soxhlet method. For nuclei staining in
lyophilised dECM 20 pg/ml Hoechst 33342 solution
(Thermo Scientific) was used and samples were analyzed
using a confocal microscope (IX83, Olympus).

Bioink formulation and 3D bioprinting

The bioinks were prepared by solubilisation of the UV-
sterilized powders (0.75% alginate and 3-7% dECM for
dECM-based bioink and 0.75% alginate, 4% gelatine
and 1.4% CCNC, that was used as a control, described
in our previous work of Semba et al.[40]), in Mesenchy-
mal Stem Cell Growth Medium 2 (PromoCell) sup-
plemented with Supplement Mix, 100 U/ml penicillin,
100 pg/ml streptomycin, and 25 ng/ml amphotericin
B. Gelation of the dECM bioink was achieved by adjust-
ing pH with NaOH to a value of 7.5. Human adipose
tissue-derived mesenchymal stem cells (ASC) (Promo-
Cell) up to passage 7 were utilised for 3D bioprinting.
For spheroid formation, pelleted cells (approx. 500
cells per spheroid) were cultured on an ultra-low attach-
ment culture plate with micropores (Elplasia® 6-well,
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Corning). The 3D model was designed in Tinkercad soft-
ware as a cylinder (6 mm x 2 mm), loaded into the BioX
bioprinter (Cellink), and sliced by bioprinter software
with the infill set to a 35% rectilinear pattern. Bioinks
were gently mixed with ASC cell suspension to a final
concentration of 7.5x 10° cells/ml or 11,500 spheroids/
ml. Based on resolution and shape fidelity analysis, the bio-
printing parameters were selected and adjusted to a 22G
nozzle (inner diameter 410 um). 3D bioprinted constructs
were crosslinked with sterile 200 mM CaCl2 in 4.6% D-
mannitol, for 10 min at RT and cultured in vitro 37°C, at
5% CO2 atmosphere. Depending on the experiment
DMEM low glucose with 10%FBS, Mesenchymal Stem
Cell Growth Medium 2 (PromoCell), Mesenchymal Stem
Cell Chondrogenic Differentiation Medium (Promocell)
and our home-made medium formulation comprised of
DMEM low glucose with 10% FBS, 50 pug/ml 2-phospho-
L-ascorbic acid, 100 ng/ml dexamethasone, 10 ng/ml
TGF-B1, and antibiotics (100 U/ml penicillin, 100 pg/ml
streptomycin, and 25 ng/ml amphotericin B) were used.

Rheology

The rheological characterisation was performed on the
MCR 302 instrument (Anton Paar) equipped with 25
mm, smooth, parallel plates (PP25) and a 1 mm gap
setup. The following tests were carried out: amplitude
sweep test, temperature sweep test, and rotation. The
oscillatory measurement was divided into successive inter-
vals: a pre-shear step (constant strain amplitude (y) of
0.01% and angular frequency (w) of 10 1/s), a rest time
(10 min), and an amplitude sweep test (strain amplitude
0.01% - 500% and constant angular frequency 1 rad/s).
Temperature sweep measurements were made at a rate
of 2°C/min in temperature ranging from 20°C to 40°C. In
the rotation study, the shear rate range was set from
0.01 1/s to 1000 1/s. A layer of silicone oil was applied
on the sample surface to prevent water evaporation.

Scanning electron microscope (SEM)

The cylindrical constructs (dimensions 10 mm x 2 mm),
were characterised by scanning electron microscope
(Quanta FEG 250, FEI) in low vacuum conditions at the
pressure of 70 Pa with an electron beam energy of 10
keV. Before analysis, the scaffolds were frozen at - 80°
C for 2 h and then lyophilised (Alpha 1-2 LDplus lyophi-
lizer, Christ).

Cell viability

Cell viability and morphology within the constructs were
assessed with the LIVE/DEAD assay, and performed

according to the producer guidelines (LIVE/DEAD® Viabi-
lity/Cytotoxicity Kit, Invitrogen). Subsequently, con-
structs were scanned with a confocal microscope (IX83,
Olympus). Middle slices were selected from each of the
scans and analyzed with the ImageJ software.

Mechanical characterisation

10-week-old constructs with or without cells were
measured before testing for diameter and height and
tested using a custom-made machine [41]. All tests
were performed at RT, using a two-step protocol -
first, a preconditioning step accommodated the
sample to the load (10 cycles, 10% strain at 2 mm/
min), then the ramp test (60% strain at 2 mm/min).
Before each test, the indenter was manually lowered
to reach the sample’s surface.

The force-displacement experimental data was acquired
at a maximum sampling of 100 Hz. Due to fluctuations in
the sampling, data from individual samples were regular-
ised by interpolation procedure, to enable proper statistical
treatment. The statistics carried out:

1. considers each experimental curve i€fl, ... ,n}i,n €N
of the form ¢’ = (f,d) with a total of j&{1, ..., mkjm
€N experimental data points, as an individual
experiment

2. considers that all the curves ¢ describe the same
phenomenon - the same testing protocol is applied
to (n) identical samples corresponding to the exper-

imental batch.

(i)

After the data regularisation (via interpolation), it is
possible to apply a point-wise statistical treatment to
the curves of a given batch, allowing us to calculate a
mean curve c™®" representative of the whole batch,
made of the point-wise means, carried over the n
curves for each point j and statistical quantities such as
the standard deviation (SD) and the standard error of
the mean (SEM). The mean results (f, d) can be converted
to stress-strain (g, €) given that all samples are from the
same material and have the same geometry. Assuming
the stress-strain mean curve, stiffness estimation was
carried out considering the slope of the first linear region.

Gene expression analysis

Constructs were homogenised in 800 pl of Fenozol with
zirconia/silica beads (Bead-Beat Total RNA Mini kit, A&A
Biotechnology) in a tissue homogeniser (Precellys 24,
Bertin) for 30 s. Samples were heated to 50°C for 5
min, supplemented with 200 pl of chloroform, and cen-
trifuged. The aqueous phase mixed 1:1 with isopropanol



was transferred on microcolumns and RNA was purified
according to the producer’s protocol (Clean-Up RNA
Concentrator, A&A Biotechnology). After isolation, RNA
was reverse-transcribed into cDNA (High-Capacity
cDNA Reverse Transcription Kit, Applied Biosystems).
For gene expression analysis Maxima SYBR Green/ROX
gPCR Master Mix, Applied Biosystems, and QuantStu-
dio™ 7 Flex (Applied Biosystems) were used. Relative
expression was calculated with ddCt, referred to as
RPS29 gene expression, and normalised to the average
expression of the gene for a particular construct
variant on day 1. The list of dedicated primer pairs is pre-
sented in Supp. Table 1.

ELISA analysis

Media from bioprinted constructs were collected after 8
weeks of culture and frozen at - 20°C for further exper-
iments. ELISA Kit (FineTest) for human collagen type |,
type Il, type VI, and type X, along with aggrecan
(ACAN), cartilage oligomeric matrix protein (COMP),
and matrix metallopeptidase 13 (MMP13) were per-
formed according to the manufacturer’s protocol. Absor-
bance was measured at 405 nm using a microplate
reader (TECAN). All experiments were performed in six
biological and two technical repetitions.

Immunofluorescence analysis

Slices of bioprinted constructs were cryopreserved in
OCT (VWR) and cut to 30 um at - 20°C. Samples were
fixed with 4% paraformaldehyde (Merck) followed by
permeabilization with 0.5% Triton X-100 (Merck) sol-
ution and blocking with 10% goat serum (Merck) in
0.1% Triton X-100. The slices were incubated overnight
at 4°C with three primary antibodies simultaneously —
anti-collagen | antibody conjugated with biotin (Invitro-
gen 600-406-103), anti-collagen Il antibody (Abcam
ab185430), and anti-aggrecan antibody (Invitrogen
PA5-32650). The next day samples were washed and
incubated with: 0.2 pg/ml streptavidin-FITC conjugate
(ThermoFischer), 1:1000 anti-mouse IgG conjugated
with Cy5.5 fluorophore (Abcam); and 1:1000 anti-rabbit
IgG conjugated with TexasRed fluorophore (Abcam).
Subsequently, slices were washed and immersed in a
DAPI solution with fluoroshield (Merck) and sealed.
Immunofluorescence was visualised under a confocal
microscope (IX83, Olympus).

Statistical analysis

For statistical analysis and graph preparation, the Graph-
Pad Prism 8.0.1 software was used. One-way ANOVA was
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applied for statistical calculation of viability from at least
5 replicates, while two-way ANOVA for analysis of print-
ing accuracy from 4 constructs in each group. Statistics
for gene expression analysis were calculated with t-Stu-
dent’s test from at least 2 (up to 6) replicates.

Results

Preparation and characterisation of ECM
obtained from porcine menisci

The three critical steps of our original protocol for ECM
extraction were extraction of water — and acid-soluble
ECM components, protein digestion, and final decellular-
ization — which combined DNase treatment and extrac-
tion in scCO2 (Figure 1A). Collagen, GAGs, and DNA
content were measured at each stage of the procedure
(Supp. Table 2). First, the extraction at neutral pH was
performed, preserving the GAGs and collagen while
removing 16.2% of the DNA content. The second extrac-
tion conducted in acidic pH resulted in a further
decrease in DNA content (to 58.6% of initial value) and
noticeable GAGs depletion (to 70.6%) while the collagen
content remained constant (Figure 1B). Along with con-
siderable changes in DNA content, severe DNA fragmen-
tation was observed (Supp. Figure 1). In comparison to
the native tissue, the dECM after pepsin digestion com-
prised 79.7% collagen (584.3 +£ 25 ug/mg), 51.7% GAGs
(15.1 £ 1.4 pg/mgq), and 45.3% DNA (222 + 8.7 ng/mq).
Since the amount of DNA in the dECM exceeded the rec-
ommended minimum standards for biomedical material,
additional decellularization steps were added [42]. Two
variants: with or without DNase treatment, followed by
supercritical CO2 extraction were tested (DscCO2 or
scCO2, respectively) (Figure 1A). While collagen and
GAG content were maintained at high levels (96.1%
and 69.7%, respectively), the DNase treatment caused
a considerable decrease in the DNA content (22.7 +1.5
ng/mg, 4.6%) (Figure 1B). The scCO2-only variant
resulted in similar outcomes in terms of collagen and
GAG concentration (92.2% and 59.9%, respectively),
but the DNA content decreased only to 37.7% (184.7 =
6.8 ng/mgq) of its starting value. Hoechst 33342 staining
revealed numerous, rounded nuclei in the native, pul-
verised meniscus tissue, while in the extracted dECM
(regardless of DNase use) nuclei showed deterioration
and a significant decrease in number (Supp. Figure 2).
Agarose gel electrophoresis indicated severe fragmenta-
tion of the DNA isolated from the dECM, even before
DNase or scCO2 treatment (Supp. Figure 1). scCO2
extraction allowed for a substantial decrease of lipid
content (to 0.5% +0.2%) in the dECM compared to
native tissue as well as to extracted and hydrolyzed
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Figure 1. Manufacturing and decellularization of the dECM obtained from the porcine meniscus. 1 — native meniscus; 2 — hydrolyzed
dECM; 3 — scCO, variant; 4 - hydrolyzed, treated with DNase dECM; 5 — scCO, variant. A. Process flow diagram. B. DNA, GAG, and

collagen content (n = 3; P* < 0.05, P*** < 0.001).

dECM (6.66% +0.26 and 1.69% +0.17% respectively).
Due to the costs of the DNasing process and significant
material losses, only dECM treated with scCO2 — not with
DNase — was used in the following experiments.

dECM-bioink characterisation

Since the 1% and 3% dECM bioinks were too liquid and
5% dECM exhibited poor printability (data not shown), a
concentration of 7% was selected for further studies. The
gelation in RT was induced by adjusting the pH of the
bioink from 2.5 (optimal for pepsin activity) to the
value of 7.5. Rheological analysis revealed that the
amplitude sweep curve of the 7%dECM bioink has a
shorter linear viscoelastic region (LVE) in comparison

to gelatine-based bioink (Figure 2). It means that 7%
dECM bioink is more sensitive to microstructure
changes under increasing strain. The inclusion of
gelatin or the CCNC, which increases the stiffness of
gelatine-based bioink, may be the cause of this diver-
gence. Nevertheless, both examined bioinks displayed
G'>G" in the LVE area, indicating that the samples are
viscoelastic materials with a gel-like or solid structure.
The observed shear-thinning behaviour is desired for
bioinks, providing good printability and stability of a
printed construct (Figure 2). The 3D printed constructs
displayed structural variations as demonstrated via
SEM (Supp. Figure 3). In the 7%dECM variant porosity
and minuscule channels were noticed, while the gela-
tine-based variant had no channels.
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Figure 2. Rheology of the bioinks. A. Amplitude sweeps. B. Temperature sweeps. C. Flow curves.



dECM biocompatibility

Bioinks were used for 3D bioprinting with ASC pre-cul-
tured as monolayers or spheroids. The parameters for
bioprinting were set adequately for each bioink (Supp.
Table 3). The biocompatibility of the obtained bioinks
was assessed based on cell viability analyzed via LIVE/
DEAD assay, at four-time points (Figure 3). Analysis
was conducted 24 h post printing confirmed that the
3D bioprinting procedure did not affect cell survival
nor destroyed the spheroids (Figure 3). Additionally,
only a few dead cells were observed over the course of
the 30 days of in vitro culture in both tested bioinks, indi-
cating excellent biocompatibility.

Important morphological changes, dependent on the
composition of the bioink were observed at different
time points (Figure 3). The gelatine-based bioink main-
tained the oval shape of suspended cells for up to 20
days, after which cell elongation was observed. In the
dECM-based bioink, a profound cell elongation was
observed as soon as day 10. Spheroids in the gelatine-

m-ASC
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based bioink maintained their shape, although a loss
of density over time was visible, while in the dECM
group, spheroids started to decompose at day 10.
Since red signals were not observed, the decreased
number of cells seen on day 30 (Figure 3) is most likely
related to cell migration outside of the construct rather
than to cell deaths.

Evaluation of chondrogenic properties of dECM-
based bioink

Due to the previously reported stimulatory properties of
an ECM microenvironment toward stem cell differen-
tiation, the chondroinductive potential of the obtained
dECM-based bioink was investigated [43,44]. With
regard to gene expression levels an interesting
expression pattern was observed in both analysed
bioink variants and both types of cell pre-cultures: sig-
nificant elevation of transcription level at day 10, fol-
lowed by an intense decrease in subsequent time

s-ASC

ctrl 7%dECM

20 days 10 days 1 day

30 days

ctrl 7%dECM

Figure 3. ASC viability determined with the LIVE/DEAD assay. Representative images of m-ASC (pre-cultured as monolayer) and s-ASC
precultured as spheroids in the ctrl, and the 7%dECM bioinks (scale bar =100 um).



8 e F. PORZUCEK ET AL.

points. This pattern concerned genes encoding col-
lagens (COL1A1, COL6A1, COL10AT) and COMP (Supp.
Figure 4). Similar behaviour has also been observed for
chondrogenic markers CDH2 and SOX9 in 7%dECM
(Supp. Figure 4) while in gelatine-based bioink the
increase occurred later, at day 30. In both bioinks,
SOX5 increased significantly at day 30. Such a recurrent
pattern might suggest time-dependent accumulation of
changes in mesenchymal stem cells which are under-
going reprogramming toward chondrocytes, vyet
require stronger induction. Unexpected changes in
gene expression at day 10 are parallel with the observed
cell elongation.

Although other studies point toward the advan-
tageous properties of cells pre-cultured as spheroids
over those pre-cultured in monolayer for tissue engin-
eering, in our experiments both cultures maintained
high viability (Figure 3), while RT-qPCR analysis did not
prove the superiority of spheroid cell pre-culture regard-
less of bioink variant [45] (Supp. Figure 4).

To evaluate the dECM impact on ASC synthesis of
ECM components the immunofluorescence assays for

Coll Col ll

no cells
ctrl

7%dECM

m-ASC
ctrl

7%dECM

ctrl

s-ASC

7%dECM

ACAN

three key proteins of cartilage - collagen type |, collagen
type Il, and ACAN - were performed. After 8 weeks of in
vitro culture, in both types of bioink, significant
enhancements in signal intensity originating from all
three examined proteins were observed (Figure 4). The
higher production of ECM proteins was noted in con-
structs based on the dECM. Again, spheroid culture
superiority was not proven (Figure 4).

Subsequently, we assessed the concentration of pro-
teins secreted by cells into the medium, focusing on the
key cartilage ECM proteins: ACAN, COMP, collagen typel,
II, VI, X, and MMP 13 (Figure 5). The profound increase,
with time, was observed for ACAN, consistently across
all tested variants (gelatine-based and 7%dECM as well
as pre-culture types), reaching the highest values for
7%dECM - based bioink. The tendency for increasing
production was also noted for COL | and COL VI, with
slightly higher levels in gelatine-based bioink. Collagen
type X displayed relatively steady expression levels in
all analyzed variants. The MMP13 and collagen type I
were undetected, while COMP either remained unde-
tected or revealed low concentrations (< 6 ng/ml).

DAPI merge brightfield

Figure 4. Production of ECM components by ASCs within bioprinted constructs. Representative images of constructs bioprinted with
bioinks based on 7%dECM and gelatine-based (ctrl) after 8 weeks of culture. m-ASC — constructs with cell precultured as monolayer, s-

ASC - constructs with cells precultured as spheroids.
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Figure 5. ELISA analysis of proteins secreted by cells into the medium. The cells (m-ASC or s-ASC) were embedded in construct bio-
printed with ctrl or 7%dECM at 24 h, 14, 28, and 42 days post-printing. The statistical significance was determined by 2-way ANOVA
and calculated for a particular time point compared to day 1 (n > 3; P* < 0.05; P** < 0.01 and P*** < 0.001).

Only in the case of COL | and X, the spheroid cultures
performed better.

Within the studied strain range (0-5%), based on
Young’s modulus derived from the initial linear
segment of the stress/strain curves, constructs bio-
printed with gelatine-based bioink were found to be
softer than the bioprinted with 7%dECM ones (Figure
6). Although both variants become stiffer when cultured
with cells, the gelatine-based surpassed the 7%dECM in
stiffness. Notably, Young's modulus of gelatin-based
constructs increased by more than double when com-
pared to constructs without cells.

Subsequently, we aimed to assess whether 3D bio-
printed ASC, under the influence of various chondroin-
ductive media, would exhibit increased production of
collagen type |, type Il, and ACAN. For that purpose,
7%dECM constructs were cultured in three media:
DMEM low glucose with 10%FBS, Mesenchymal Stem
Cell Chondrogenic Differentiation Medium (Promocell),
and our custom-made medium formulation including
DMEM low glucose with 10% FBS, 50 pg/ml 2-
phospho-L-ascorbic acid, 100 ng/ml dexamethasone,
10 ng/ml TGF-B1, and antibiotics (100 U/ml penicillin,
100 pg/ml streptomycin, and 25 ng/ml amphotericin
B). A noticeable rise in the signal intensity for all three
studied proteins was observed (Figure 7), with the

0.015 + - : ; "]
—- 0.01 + i -
o /
a
2
v
w
Y
A
0.005 +
ctrl (without cells)
ctrl (with cells)
/ 7%dECM (without cells)
7%dECM (with cells)
0 " I I I
0 0.05 0.1 0.15 0.2

Strain

Figure 6. The stress-strain curves of constructs bioprinted with
different bioinks (ctrl, 7%dECM) both with and without cells. The
measurements were taken within 24 h after production for cell-
free constructs, while constructs with m-ASC were assessed at 10
weeks of culture.
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Figure 7. Production of ECM components by ASCs within bioprinted constructs. Representative images of bioinks based on 7%dECM
cultured in media DMEM - control media DMEM low glucose with 10% FBS; in-house mix DMEM low glucose with 10% FBS, 50 pg/ml
2-phospho-L-ascorbic acid, 100 ng/ml dexamethason based one, 10 ng/ml TGF-B1, and antibiotics (100 U/ml penicillin, 100 pg/ml
streptomycin, and 25 ng/ml amphotericin B); Promocell - Mesenchymal Stem Cell Chondrogenic Differentiation Medium (Promocell).

most pronounced increase in the custom-made

medium.

Discussion

Meniscus, which represents the hard and elastic tissue
type, presents significant processing challenges,
making most of the existing procedures ineffective. In
this study, an innovative, detergent-free approach to
bioink formulation from decellularized porcine meniscus

ECM has been proposed. It allows for a large-scale and
cost-efficient ECM extraction from easily accessible
slaughter stock. A single batch enables the processing
of 2 kg of raw meniscus in laboratory conditions (20-
liter vessel) in a 10-day course (including lyophilisation
time), resulting in 250 g of dECM powder. In contrast
to many published protocols, which require manual
tissue slicing/cutting, in this protocol the industrial
meat grinder has been applied, substantially reducing
the time required for dECM preparation. The



introduction of extraction under native conditions
increases the microbiological purity of the material and
enables the acquisition of native proteins before their
enzymatic hydrolysis. Noteworthy, moving cryogenic
milling and supercritical extraction to the final stages
has increased process efficiency. For instance, to
obtain 250 g of dECM, when the raw meniscus is decel-
lularized via supercritical extraction, 4 rounds of super-
critical extraction (using a 1-liter vessel) would be
required. When supercritical extraction is introduced at
the final stages, decellularization of pre-treated tissue
can be performed in 2 rounds. Taken together, intro-
duced modifications improve the ecological (no deter-
gent usage) and economical (reduced proteolytic
enzyme amounts required) aspects of the process as
well as reduce the time of the workflow.

The protocol proposed in this work retained a sub-
stantial amount of ECM components - 92.2% of collagen
and 59.9% of GAGs. In comparison, in other studies on
ECM extraction from porcine meniscus, the retention
of collagen was comparable with our results (88.7%),
while GAGs content was significantly reduced to
30.9%. Our method provided the highest retention of
ECM components present in native tissue [46]. In other
studies on tendon and cartilage decellularization
authors also reported a substantial loss of GAGs (reten-
tion of 30% and 13%, respectively)[47]. Since it has
been established that GAGs play an important role in
maintaining the compressive stiffness and load-bearing
capabilities of articular cartilage, the need for maximal
GAGs retention in the decellularization process is
evident [48].

DNA content in the DNase-treated variant was
reduced by 96.4% (to 22.7 +4.6 ng/mg) compared to
native tissue, while the scCO, alone variant resulted in
a reduction of 62.3% (to 187 £6.8 ng/mg). It has to be
emphasised that most of the reduction was achieved
during water/acidic extraction and pepsin digestion
steps - from 489+129 ng/mg to 222+8.7 ng/mg,
while the subsequent step of scCO, extraction dimin-
ished the DNA content further by only ~37 ng/mag.
Despite successful use in other issues (e.g. skin and
nerves [49,50], those results are in accordance with
work on cartilage by Antons et al., where low effective-
ness of scCO, extraction for DNA removal was demon-
strated [47]. Additionally, DNA was heavily degraded in
all preparations that involved extraction stages before
pepsin digestion, indicating the importance of this
step for decellularization. Histologically, in all studied
extraction variants cell nuclei were mostly removed,
while the morphology of the remaining nuclei indicated
their degradation. Also, the number of visible nuclei
decreased in comparison to pulverised native tissue.
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Similar results were presented by Antons et al. where
trace amounts of disrupted nuclei were detected by
DAPI staining after the decellularization of cartilage
tissue [47]. Eventually, scCO, extraction did not
provide a significant decrease in DNA content in dECM
samples. Equally unsatisfying results were reported in
other studies concerning the decellularization of elastic
tissues — cartilage and tendon - with scCO, in various
homogenisation regimes [51]. In both articles, authors
disclose the ineffectiveness of scCO, when used
without pre-treatment, regardless of extraction times
or added co-solvents. Importantly, lipid content
reduction after scCO, treatment may be crucial from a
clinical standpoint, as lipids were shown to elicit an
immune response [52]. For example, studies on face
transplant revealed upregulation of genes responsible
for lipid presentation (CD1B, CD1C, CD1E) in patients
undergoing 3-grade rejection episodes, suggesting
that CD1-presented glycolipid antigens may drive pro-
cesses involved in allorecognition [53].

Currently, the effectiveness of the decellularization
process is loosely defined by the DNA content analysis
which is a simplistic approach, leaving the question of
the biological effects elicited by remnant non-nucleic
residues unanswered. The current guidelines are based
on studies and observations of adverse host responses
to a biomaterial [42]. In the literature, the threshold cri-
teria include:<50 ng dsDNA per mg of ECM dry
weight; <200 bp DNA fragment length; and lack of
visible nuclei in the material stained with DAPI or H&E
[42]. In our previous study, the remnant DNA content
in a clinically-approved collagen membrane did not
elicit an adverse immune response, despite breaching
all of the mentioned criteria [48]. These observations
were supported by 2-, 5 — and 10-year clinical follow-
ups of patients with meniscus injury treated with the
membrane via arthroscopic matrix-based meniscus
repair (AMMR) [54,55]. Additionally, in the study by
Ritchie et. al., mice injected with DNA isolates from
porcine ECM (native or processed) demonstrated only
a slight elevation of proinflammatory cytokines™ levels,
while neither full-length dsDNA nor fragments below
500 bp in length caused mice to produce anti-DNA anti-
bodies (even at concentrations many folds greater than
expected in a clinical exposure) [56]. Our research proves
that the extracted dECM is not only suitable for formulat-
ing bioink for 3D bioprinting but also has no adverse
effect on cell survival in a long-term in vitro culture.
The observed change in morphology of ASC bioprinted
in 7% dECM - cell elongation from day 10, suggests cell
differentiation into fibrochondrocyte-like cells, specific
for the red-red meniscal zone. This behaviour is in
accordance with other studies demonstrating that a
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similar morphology change is stimulated by com-
ponents derived from the red-red meniscus zone or
ECM extracted from porcine meniscus [57,58]. Gene
expression analysis supports this thesis, since the pres-
ence of mRNA coding chondrogenic markers (SOX5
and SOX9), as well as typical for meniscus tissue ECM
components: aggrecan, and collagens, was noted. We
have also confirmed the overproduction of collagens
and aggrecan in cells 3D bioprinted with 7%dECM
bioink with immunofluorescence and ELISA assays. All
those results suggest that ASC cultured in constructs
with dECM are differentiating into fibrochondrocyte-
like cells, typical for meniscus tissue. Mechanical analysis
revealed an increase in Young's modulus of the prints
during culture, indicating an ongoing remodelling of
the cellular microenvironment. Secretion and sequestra-
tion of ECM components is one possible explanation,
however, active remodelling may also take place.
However, bioink reinforcement, for example with
carbon nanotubes, is advised [59].

The peaks in the expression of genes involved in
chondrogenesis and chondrocyte metabolism around
day 10 of culture, followed by downregulation of
mMRNA production, suggest a possible transition into
a state of quiescence. Additionally, neither dECM nor
3D bioprinting process, via mechanotransduction,
seemed to provide effective stimulation for ASC differ-
entiation into chondrocytes. Following this notion we
have tested the effect of three differentiation media
on collagen and aggrecan production, as a proxy for
effective differentiation. In constructs composed of
7%dECM and ASC cultured in the medium formulated
from DMEM low glucose with 10% FBS, 2-phospho-L-
ascorbic acid, dexamethasone, and TGF-B1 cells exhib-
ited significantly elevated levels of collagen |, collagen
I, and aggrecan, surpassing even those observed in
the commercial chondrogenic medium. We hypoth-
esise that the in vitro culturing of 3D bioprinted con-
structs containing ASC is necessary prior to
transplantation into the recipient and that the ascorbic
acid, dexamethasone, and TGF-f1 are efficient
chondroinducers.

To conclude, we present an efficient, easily scalable
process of dECM preparation from porcine meniscus,
which stands out from those previously described in
the literature by selecting appropriate methods and
the order of their implementation. It is the first deter-
gent-free protocol that instead uses scCO, for meniscus
tissue. Such an approach has allowed us to circumvent
of commonly used less effective and time-consuming
decellularization strategies, such as detergent treatment
and associated washing steps, which are proven to leave
remnants of detergents that interfere with cellular

activity. Altogether, the proposed approach vyields
dECM with very high preservation of both collagens
and GAGs, sterile, and free from other chemicals. Also,
this process is economically and ecologically friendly
because it doesn't require the usage of high amounts
of solvents, detergents, or enzymes. Nowadays,
concern for the environment and the demand for sus-
tainable resources are increasing, and the development
of technologies enabling large-scale production is highly
valued.

Available data indicates that the immunological
safety of porcine ECM-based biomaterials seems to be
unrelated to residual DNA content themselves, invalidat-
ing the need for extensive processing, which may com-
promise the material's bioactive properties. In light of
those findings, we proposed the utilisation of the
dECM containing residual DNA fragments for 3D bio-
printing. The obtained dECM-based bioink was proven
biocompatible, maintaining high cell viability, and
increased expression and translation levels of proteins
involved in chondrogenesis and the deposition of ECM
components specific to the meniscus. Our research
also indicates the need for additional stimulation of
ASC cells differentiation, hence we propose pre-implan-
tation in-vitro culturing of 3D bioprinted constructs in a
medium containing 10% FBS, ascorbic acid, dexametha-
sone, and TGF-B1 for enhanced ASC differentiation and
production of ECM.
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