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Streszczenie

Uszkodzone tgkotki majg niskg zdolnos¢ do regeneracji, a zadna z dostepnych
metod leczenia nie zapewnia powrotu stawu kolanowego do pelnej sprawnosci
w dlugoterminowej perspektywie. Innowacyjne rozwigzanie stanowig biodrukowane 3D
implanty mogace imitowa¢ zlozong architekture fakotki i przywroci¢ jej pelna
funkcjonalno$¢. Opracowanie biotuszy to kluczowy etap rozwoju techniki biodruku 3D,
poniewaz jego kompozycja i struktura wpltywa na wilasciwosci tworzonej tkanki oraz
oddziatuje na kondycje i roznicowanie komorek. Stad, glownym celem niniejszej
dysertacji byto opracowanie biotuszu dla ekstruzyjnego biodruku 3D implantow takotki
oraz wzbogacanie go wielosciennymi nanorurkami weglowymi i kwasem hialuronowym
w celu poprawienie wlasciwosci mechanicznych i biologicznych.

Stezenie komponentow biotuszu — alginianu, Zelatyny i1 karboksymetylowane;j
celulozy nanokrystalicznej — zostalo wybrane na podstawie analizy reologicznej oraz
doktadno$ci wydruku. Wdrukowane chondrocyty wykazaty zywotnos¢ powyzej 98%
i wzrost ekspresji kolagenu typu Il po 28 dniach od wydruku. Analiza pozostatych genow
specyficznych dla tkanki chrzgstnej lub kostnej (COL1AL, COL10A1, SOX9 i RUNX2)
ukazata spadek ekspresji.

Ponadto, w rozprawie zawarto dowody wskazujace na korzysci plyngce
z suplementacji biotuszu wielo$ciennymi nanorurkami weglowymi 1 kwasem
hialuronowym. Analiza reologiczna i mechaniczna potwierdzily przydatno$¢ biotuszu
dla inzynierii tkankowej takotki. Dodatek nanorurek weglowych prawie dwukrotnie
zwiekszyt sztywnos$¢ konstruktow, nawet przy tak niskim stezeniu jak 0,125 mg/ml.
Potaczenie tych dwoch dodatkow miato pozytywny wptyw na zywotno$¢é macierzystych
komorek mezenchymalnych wyizolowanych z ludzkiej tkanki thuszczowej. Analiza
real-time PCR genéw COL1A1, COL6A1, HIF1A, COMP, RUNX2 i POU5F1 wykazala
istotne zmiany w poziomie ekspresji.

Przeprowadzone analizy dostarczyly dowodoéw na przydatno$§¢ materiatu
w inzynierii tkankowej takotki. W przysztosci, zasadne jest zbadanie zachowania
konstruktu w dlugoterminowej hodowli in vitro oraz przeprowadzenie badan in vivo.
Oprocz biodruku lagkotki, uwaza si¢, ze zaprezentowane wyniki moga shuzy¢ jako

podstawa dla rozwoju biotuszy dla biodruku 3D innych tkanek.

Stowa klucz: biodruk 3D, biotusz, tgkotka, inzynieria tkankowa



Abstract

Meniscus tears have a low capacity for self-repair and none of the available
treatments reconstitute the full knee function in a long-term perspective. Considering
the necessity for novel remedial solutions, the 3D bioprinted implant provides
an opportunity to mimic the complex zonal architecture of the meniscus and restore its
full functionality. The development of bioinks for 3D bioprinting is a pivotal step as its
composition and structure affect the properties of the developing tissue and influence cell
condition and differentiation. Therefore, the primary objective of this thesis was
to develop a bioink for extrusion 3D bioprinting of meniscal constructs and to supplement
the bioink with multiwalled carbon nanotubes and hyaluronic acid for enhanced
mechanical and biological properties

The concentrations of bioink components - alginate, gelatin, and
carboxymethylated cellulose nanocrystals — were chosen based on rheological analysis
and printing accuracy. The encapsulated chondrocytes reached viability over 98% and
increased expression of the collagen Il gene after 28 days was observed. Examining the
other genes specific to cartilage and bone tissue (COL1Al, COL10A1, SOX9, and
RUNX2) revealed a decline in transcripts” levels.

What is more, the dissertation outlines the beneficial effect of multiwalled carbon
nanotubes and hyaluronic acid addition to basal bioink. The rheological and mechanical
characterization confirmed the usefulness of this bioink for cartilage tissue engineering.
Carbon nanotube addition nearly doubled the stiffness of constructs, even at
concentrations as low as 0.125 mg/ml. The combination of both additives had
a beneficial influence on human adipose-derived mesenchymal stem cell viability.
Real-time PCR analysis of COL1Al, COL6A1, HIF1A, COMP, RUNX2, and POU5F1
genes revealed significant alterations in their expression profile.

Performed analyses proved its usefulness in meniscus tissue engineering.
Prospectively, further development of the bioink should include long-term in vitro culture
and in vivo studies. The published findings provide a foundation for the creation of

bioinks for the 3D bioprinting of various tissues and organs.

Keywords: 3D bioprinting, bioink, meniscus, tissue engineering
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Aims of the Dissertation

Meniscus injuries lower the quality of life, and none of the currently available
treatments completely reconstruct structure function long-term. Given the need for
innovative repair solutions, the three dimensional (3D) bioprinted implants have
the potential to recreate the complex zonal structure of the meniscus and restore its full
functionality. The development of bioinks is pivotal as their composition impacts
the phenotype of the developing tissue and strongly influences the cell fitness. Therefore,
the primary objective was developing a bioink for 3D bioprinting of meniscal constructs.
Along with the fundamental components of bioink, the dissertation outlines the benefits
of multiwalled carbon nanotubes and hyaluronic acid as bioink additives.
The rheological, mechanical, and biological characterization of the bioink determined

the suitability of the bioink for cartilage tissue engineering.
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Introduction

A thorough literature search was conducted to gain an in-depth understanding of
3D bioprinting. The acquired knowledge was published as two review articles.
The review “Introduction to the state-of-the-art 3D bioprinting methods, design,
and applications in orthopedics” in its first part describes the relevant features of
cartilage and bone tissue 1. Then, 3D bioprinting in tissue engineering is discussed —
including a detailed description of applicable cell types, utilized materials, and available
techniques. The final section presents the most relevant 3D bioprinting strategies
in orthopedics. The second review article — “3D Bioprinting in skin related research:
Recent achievements and application perspectives” — though focused on skin,
not meniscus; involves details relevant to this dissertation: 3D bioprinting and bioink
composition 2. Highlights from these two publications are reconsidered below.

Menisci are cartilaginous structures located in the knee between the femur and
tibia 34. The extracellular matrix (ECM), vascularity, and cellular phenotype of the adult
meniscus vary due to zonal architecture. The red-red zone has oval, fibroblast-like cells
surrounded by ECM composed mainly of type | collagen 3. The white-white zone, in
contrast, contains round, chondrocyte-like cells encircled by ECM abundant in type 1l
collagen and less amount of type | collagen. The vascularity is gradually diminishing
from the red-red zone to the white-white zone (Fig. 1). The red-white zone displays
intermediate features of red-red and white-white regions. Owing to these variations, the
meniscus demonstrates heterogeneous biological and mechanical characteristics that
facilitate the meniscus and knee joint's proper function.

Since menisci stabilize the knee and spread loads to reduce the stress applied to
articular cartilage they are prone to injuries °. Healing of the meniscal lesions is directly
connected to vascularization; therefore, the avascular zone has low regenerative
properties. Meniscectomy and suturing — the most common therapeutic techniques —
typically result in insubstantial and unsatisfactory results, particularly when complex or
extensive injuries are treated. Moreover, meniscectomy increases contact stress on
the articular cartilage, which leads to cartilage degeneration °. Due to the prevalence of
meniscus injuries and the urgent need for innovative and effective treatment methods,

the motivation for cartilage tissue engineering significantly increases.
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Figure 1. Extrusion 3D bioprinting of the meniscus implant. The vascularity
gradually decreased from the outer zone to the inner zone of the meniscus.

The black arrow indicates the applied pressure.

Tissue engineering combines the principles of engineering and the life sciences to
develop artificial tissues or organs for clinical use. One of the promising technologies for
the commercial manufacturing of tissue constructs is 3D bioprinting, which implements
computer-aided design to create 3D models through layer-by-layer assembly .
In extrusion, the constantly applied pneumatic pressure or mechanical pistons ejects
bioinks comprised of viable cells, biomaterials (mainly hydrogels), and additional
biological components (Fig. 1). This approach allows the production of implants and
scaffolds with anatomical precision. The bioprinted cell-laden structures aimed to support
new tissue development by providing an environment conducive to cell migration,
proliferation, differentiation, or ECM secretion 8. The enormous potential of this method
is evidenced by the growing number of publications in the field of 3D bioprinting **2.

The dissertation was structured to align with three key aspects of bioink
development: 1) Basal bioink development; 2) Bioink additives; 3) Mechanical testing.
Core scientific achievements were grouped and briefly described according to

the abovementioned criteria.
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Development of Basal Bioink

The original research publication “Formulation and evaluation of a bioink
composed of alginate, gelatin, and nanocellulose for meniscal tissue engineering”
describes the bioink composed of 4.0% gelatin, 0.75% alginate, and
1.4% carboxymethylated cellulose nanocrystal (CCNC) dissolved in 4.6% D-mannitol
(Fig. 2) 3. Alginate is a common hydrogel used in tissue engineering that has gained
popularity due to its biocompatibility, biodegradability, and affordability 4. It crosslinks
with divalent cations forming ionic bridges between polymer chains 1°. Unfortunately,
alginates lack cell and protein binding properties due to their negative charge °.
Therefore, it is commonly blended with positively charged biomaterials, like gelatin.
In cartilage-related research, the stiffness of constructs is enhanced by reinforcing

materials, such as nanocellulose.
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Figure 2. The 3D bioprinting with chondrocytes encapsulated in the bioink composed of
4.0% gelatin, 0.75% alginate, and 1.4% carboxymethylated cellulose nanocrystal.

CCNC - carboxymethylated cellulose nanocrystal.
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The bioink composition was chosen based on rheological analysis and printing
accuracy measurements. The constructs encapsulated normal human knee articular
chondrocytes (NHACS) exhibited > 98% viability in all measured time points (namely,
24 h and 7, 14, and 28 days). The RNA isolation with TriReagent and RNeasy Mini Kit
(Qiagen) resulted in a low nucleic acid yield; therefore, only five chondrogenesis marker
genes were selected - COL1A1, COL2A1, COL10A1, SOX9, and RUNX2. The expression
of COL2A1 increased during in vitro culture of bioprinted constructs, reaching statistical
significance after four weeks. Expression of other studied genes dropped in time.
The time point around 14 days of culture seems to be a peak in the expression of many
genes, but the majority of the studies do not cover as extensive time points as 28 days
1719 Although, it is highly likely that at this stage cells may require further stimulation,
for example, with growth factors.

The study proved, that formulated bioink is printable, stable under cell culture
conditions, and biocompatible. It served as the basis for later development.
The composition and preparation of this bioink are subjects of Polish Patent Application
“Biotusz na bazie macierzy zewngtrzkomorkowej (ECM) wyizolowanej z lgkotki
swinskiej, sposob jego przygotowania oraz zastosowanie do biodruku 3D modelu

tgkotki”.
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Bioink Additives

Further, the usefulness and toxicity of carbon nanotubes as a bioink additive was
evaluated. In the research entitled “CNT-Type Dependent Cellular Adhesion on
3D-Printed Nanocomposite for Tissue Engineering”, 3D-printed grids made of
polycaprolactone (PCL) were reinforced with multiwalled carbon nanotubes (MWCNTS)
and “bamboo-like” carbon nanotubes (BCNTs) of the following concentrations: 0.005%,
0.01%, 0.02%, and 0.2% (Fig. 4) °. NHACs were seeded on grids to evaluate the toxicity
of the material. After three and six days the highest viability was observed for
0.01% MWCNTs and 0.01% BCNTSs supplemented grids.

[ 2. 3D bioprinting

(l. Cell health assays\ ‘

oy
o
1 alginate v!af_ ,
p { o
X A\ B l
"'\ \‘\ m
! " gelatin CCNC
PCL grids J Ml
: hyaluronic acid = 9 .

hMSC-AT

MWCNTSs

2D cell culture

\ S

Figure 4. The workflow of testing carbon nanotubes and hyaluronic acid
as bioink additives. The carbon nanotube-reinforced PCL grids were biologically
assessed, followed by cell health assays made on AMSC-AT grown in medium
supplemented with carbon nanotubes or hyaluronic acid. The obtained results were
used to formulate the bioink for 3D bioprinting.
PCL — polycaprolactone, CCNC — carboxymethylated cellulose nanocrystal,
hMSC-AT — human adipose tissue-derived mesenchymal stem cells,

MWCNTSs - multiwalled carbon nanotubes.
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After two weeks, it was concluded, that pure PCL grids do not promote cell
growth, since numerous apoptotic cells were noticed. The addition of 0.01% MWCNT
enhanced cell proliferation; albeit, the cell shape remained spherical, indicating
a suboptimal surface adhesion. More elongated cells were noted in PCL grids reinforced
with 0.01% and 0.02% BCNTSs, indicating that the BCNTSs facilitated cellular attachment
and proliferation.

In the next research published as “Hyaluronic acid and multiwalled carbon
nanotubes as bioink additives for cartilage tissue engineering”, the MWCNTs and
hyaluronic acid were added to bioink and directly bioprinted with human adipose tissue-
derived mesenchymal stem cells (nMSC-AT, PromoCell) 8. The concentrations of these
two additives were determined based on the cell viability, reactive oxygen species
production, and apoptosis levels in 2D cell cultures of NHACs and hMSC-AT stimulated
with investigated components (Fig. 4). The most beneficial effect was obtained with
the addition of 0.25 mg/ml HA and 0.0625 mg/ml MWCNTSs, hence, these concentrations
were selected for 3D bioprinting.

Only the addition of MWCNTSs and hyaluronic acid together positively impacted
cell viability in 3D constructs. Gene expression analysis of COL1A1, COL6A1, HIF1A,
COMP, RUNX2, and POU5FL1 genes revealed significant alterations in the expression
level of all examined genes with a progressive loss of transcriptional activity in
the majority of them. These findings suggest the necessity of conducting more complex
gene expression analysis along with protein accumulation studies, over a longer period.
The results from 3D bioprinted scaffolds encourage undertaking in vivo tests to

investigate the mechanism of MWCNT interaction with cells.
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Mechanical Testing

Attempts at meniscal tissue engineering using 3D bioprinted constructions should
take mechanical concerns into account since the meniscus's functionality mostly depends
on its mechanical properties. The majority of commercially available analytical
equipment cannot handle such soft materials as hydrogels. Hence, to measure
the mechanical properties of bioprinted constructs, | was at a one-month internship
at the Institute of Science and Innovation in Mechanical and Industrial Engineering,
Faculty of Engineering at the University of Porto, where the dedicated custom-made
equipment for compression tests was available. The results are presented in the yet
unpublished paper “Mechanical testing of 3D printed constructs for meniscal tissue
engineering” (Fig. 3).

S 4
570
alginate

(i

gelatin

MWCNTSs

ot 4~

3D printing Compression

Figure 3. The compression tests of 3D printed constructs
(unpublished graphical abstract). CCNC — carboxymethylated cellulose nanocrystal.

MWCNTSs - multiwalled carbon nanotubes.
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Compression tests were performed on bioprinted constructs with bioink described in
“Formulation and evaluation of a bioink composed of alginate, gelatin,
and nanocellulose for meniscal tissue engineering” . At first, the protocol
for compression testing of 3D bioprinted constructs was established. Then, it was applied
to investigate the influence of time, hydrostatic pressure, and MWCNT addition on
the mechanical properties of the 3D constructs. A significant increase in construct
stiffness was observed for constructs with incorporated MWCNTS. The results confirmed
the expediency of carbon nanotubes as reinforcement material. It is reasonable to test
constructs with encapsulated cells. Such studies would have allowed for assessing
the influence of MWCNTSs on the mechanical properties of constructs and cell fitness
over time. Additionally, the alteration in mechanical properties might facilitate

monitoring the chondrogenesis process.
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Additional Research

In the course of my PhD studies, | have acquired two minigrants thematically
consistent with my research topic: “Influence of collagen isolated from fish skin on
cartilage-specific gene expression in adipose-derived mesenchymal stem cells
encapsulated in 3D bioprinted constructs” and “Selection of markers specific for cell
population present in porcine meniscus for the future use in 3D bioprinted constructs

assessment”. The yet-unpublished results of these grants are presented below.

“Influence of collagen isolated from fish skin on cartilage-specific gene expression
in adipose-derived mesenchymal stem cells encapsulated in 3D bioprinted

constructs”

Collagens are a structural protein of the cartilaginous ECM. It has been proven
that collagen type | gels offers appropriate biochemical and mechanical properties for
cartilage tissue engineering 1. Collagen addition (1.5%) to alginate bioink stimulates
bone marrow-derived mesenchymal stem cell proliferation and enhances the expression
of SOX9 22, The expression of genes encoding cartilage ECM proteins (aggrecan and
collagen type Il) was also increased, with a decreased expression of the collagen type |
gene. In another research, meniscal fibrochondrocytes viability was unaffected by
collagen concentration (1% — 2%), when bioprinted with alginate/collagen bioink 3.

In the project, the influence of supplementation with various collagen
concentrations (2%, 4%, 6%, and 8%) on the gene expression of hMSC-AT encapsulated
in 3D bioprinted constructs was investigated. The collagens isolated from fish skin were
obtained by courtesy of the Polish company COFACTOR. The research focused
on analyzing fish skin collagens’ influence on the cartilage- and osteogenic-specific
marker genes that encode transcription factors and ECM proteins.

The bioink preparation and 3D bioprinting were conducted as described in
“Formulation and evaluation of a bioink composed of alginate, gelatin, and
nanocellulose for meniscal tissue engineering” 3. After basal bioink preparation,
various concentrations of fish skin collagen were added. The prepared bioinks were
mixed with mesenchymal stem cells derived from adipose tissue (at a concentration
1 x 107 cells/ml of bioink). Adipose tissue was harvested by liposuction (by Mandala
Beauty Clinic), and cells were isolated with collagenase | digestion. One, two, and four

weeks after bioprinting, the constructs were collected for mRNA isolation with
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Total RNA Midi (A&A Biotechnology) followed by reverse transcription (TranScriba
1step PCR Mix Probe, A&A Biotechnology). The expression of genes was measured with
real-time PCR (QuantStudio 6K Flex, Applied Biosystem) where RPS29 was chosen
as the housekeeping gene.

The most profound variations were observed in SOX9 and SOX8 expression for
constructs with 2%—6% collagen, at one- and two-week time points (Fig. 5A and B).
The collagen addition lowered the expression of RUNX2 at four weeks (Fig. 5C).
In the case of genes encoding ECM proteins, the decrease of COL1A1 expression was
observed after four weeks in all collagen variants (Fig. 5D), while COL6A1 expression
dropped in all collagen variants except 8% (Fig. 5E). The concentration- and
time-dependent changes in COMP expression were observed, with the most profound
results in constructs with 4% collagen addition after four weeks (Fig. 5G). These results
suggest that collagen addition in concentrations of 4% and 6% might have the highest
chondrogenic potential.

The constructs with 8% collagen exhibited an intense expression of the collagen
type X gene at one and two weeks, but an inverted pattern was observed at four weeks
(Fig. 5F). The obtained results are insufficient to prove chondrocyte hypertrophy.
Research on protein accumulation and more comprehensive gene expression analysis is
required. Expression of MMP13, HIF1A, COL2A2, COL11Al1l, and ACAN genes
expression was below the detection limit.

The weakness of the presented studies is only one biological replication; hence,
there is no statistical analysis present. The lack of an adequate amount of analyzed
constructs was caused by difficulty in the mesenchymal stem cell expansion.
This problem could be solved by modification of cell culture procedure or change of
a cell line (what was done in 8). Nevertheless, the gene expression variations are
noticeable and time-dependent. The most promising results are observed in samples with
4% and 6% collagen supplementation. It is feasible to investigate the gene expression and
protein accumulation after a longer construct in vitro cultivation and with more biological
replicates.

This research was supported by the Adam Mickiewicz University project

“Initiative of Excellence — Research University”.
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Figure 5. Effect of collagen additives (2%, 4%, 6%, or 8%) on the expression of chondrogenic
and osteogenic marker genes. Real-time analysis of SOX9 (A), SOX8 (B), RUNX2 (C),
COL1A1 (D), COL6A1 (E), COL10AL (F), and COMP (G) gene expression in hMSC-AT
at one week, two weeks, and four weeks post-printing. The expression of each variant
is normalized to the expression in hMSC-AT collected before bioprinting from 2D culture.

26



“Selection of markers specific for cell population present in porcine meniscus for

the future use in 3D bioprinted constructs assessment”

The research addressed the need for the identification of potential markers, which
will be utilized for the assessment of cell differentiation inside 3D bioprinted meniscal
constructs. At the time the project was been conducted, only one publication presenting
the whole spectrum of cell subpopulations constituting the meniscus using a single-cell
RNA sequencing (scRNA-seq) approach was published 2. However, it was not focused
on zonal characterization. So, the project aimed to optimize and perform scRNA-seq of
meniscal zones: white-white and red-red.

Aggregated data showed high similarity between medial and lateral samples when
representing the same zone, while red-red and white-white zones exhibited significant
discrepancies regarding identified cell clusters. Preliminary data analysis enabled
the identification of seven cell clusters corresponding to four major cell types (Fig. 6A).
Most abundant cell cluster were chondrocytes (75% of cells); which were further divided
into five subclusters due to differential genes expression (Fig. 6B and C). The distribution
of chondrocyte subclusters differs among meniscus zones. It is anticipated that they fulfill
different roles in the meniscus physiology. Next most abundant cell clusters are
endothelial cells (with small population of proliferating endothelial cells) and smooth
muscle cells (Fig. 6B). Cells expressing immune cells marker genes are also present in
the sequencing data (Fig. 6A). Similar research published recently identified comparable
clusters 2. However, further data analysis is required for a more precise description of
each cell cluster, unrevealing differentially expressed genes as well as identify up- and

down-regulated pathways characteristic for each cluster.
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The grant was partially founded by the project “Passport to the future —
Interdisciplinary doctoral studies at the Faculty of Biology UAM” POWR.03.02.00-00-

1006/17. | did the library preparation and assisted with preliminary data analysis;

the experiment was conducted under the supervision of Jakub D. Rybka with help of

Monika Mankowska-Wozniak. The results are presented in the yet unpublished paper

“Single-cell transcriptomic atlas of porcine meniscus: paving the way for advanced

therapies”.
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Other Investigations

Along with meniscal tissue engineering, | had the opportunity to bioprint skin
constructs with CELLINK SKIN bioink, keratinocytes, and fibroblasts. The procedure
was performed according to the Skin Tissue Model Kit protocol by CELLINK.
Briefly, the model was designed in Tinkercad and sliced with Slic3r. The primary
epidermal keratinocytes and fibroblasts HFF1 cell lines (both from ATCC) were handled
according to the manufacturer's instructions. The cell suspension was mixed with bioink
before being transferred to cartridges suitable for the BIO X printer (CELLINK).
The nanofibrillar cellulose, sodium alginate, and fibrinogen in CELLINK SKIN bioink
recapitulates the healing environment of the skin and preserves the construct structure
in cell culture conditions. After bioprinting, the constructs underwent simultaneous ionic
and thrombin crosslinking. Overall cell viability (checked as in ) was satisfactory after
fourteen days post-printing (> 81%) (unpublished results). The skin structures were sent
for further research at Poznan University of Medical Sciences.

| have also collaborated with Dorota Gurda-Wozna (Institute of Bioorganic
Chemistry, Polish Academy of Sciences) on her MINIATURA 5 project “Optymalizacja
warunkow biodruku w celu stworzenia komorkowego modelu 3D raka waqtroby, jako
platformy skriningowej do selekcji zwigzkéw o p000otencjale terapeutycznym”
(2021/05/X/NZ7/00450), on the optimization of bioprinting conditions in order to create
a 3D model of liver cancer. | prepared bioink consisting of 4% gelatin from porcine skin
and 1% sodium alginate dissolved in 4.6% D-mannitol. The bioprinting and crosslinking
were as in '3, and the cell suspension was prepared by Dorota Gurda, PhD. The cell
viability was > 70% in all tested time points (24h, 7d, 14d, 21d). The constructs were
subjected to further studies by Dorota Gurda (results to be published).
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Summary and Perspective

Currently, organ regeneration via bioprinting is relatively limited in clinical
adoption. Despite many promising results from in vitro and in vivo studies, the gap
between 3D bioprinting research and clinical use is still present. The results from this
dissertation may be applied for upcoming research on bioink formulation, cell
differentiation, and generation of the zonal-defined meniscus implant that has

the potential of becoming the new therapeutic option in orthopedics.
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Cartilage injuries and bone loss become increasingly prevalent in modern societies. Articular cartilage and
menisci have low or no capacity for self-repair and none of the available treatments provide satisfactory, long-
term outcomes. Additionally, despite self-regenerating capabilities of bone tissue, the mechanism may fail or
become insufficient, creating the need for surgical bone replacement, which is restrained by natural graft

accessibility. 3D bioprinting is a rapidly developing technology emerging as a promising remedial therapy in
orthopedics. The extensive and ongoing studies in this field are focused on such topics as cartilage and bone
biology, standardization of cell culture protocols, bioink formulation, and 3D bioprinting technology. Recent
results of these examinations, focused on applications in orthopedics, are presented in this review.

1. Introduction

Articular cartilage and menisci display a low or no capacity for self-
repair and none of the available treatments reconstitute the organ’s
function [1-3]. In contrast, regenerative properties of the bone tissue are
much greater but still burdened with the risk of failure or insufficiency
[4]. Bioprinting is an emerging technology, providing promising and
alternative ways of commercial manufacturing of tissue constructs for
articular cartilage regeneration or bone replacement [3]. 3D bioprinting
belongs to the family of additive manufacturing (AM) processes that
utilize computer-aided design (CAD) for the generation of 3D models
through layer-by-layer deposition [5]. The constructs are printed with
bioink comprised of viable cells, biomaterials, and additional biological
substances. These artificial, cell-laden scaffolds promote and support new
tissue formation by providing a suitable environment for cell migration,
proliferation, differentiation, and ensure a proper extracellular matrix
(ECM) secretion [6,7]. Unsurprisingly, an increasing number of publi-
cations in the field of 3D bioprinting in orthopedics is observed, marking
a tremendous potential of this technology [8,9].

2. Cartilage

Cartilage is an aneural, alymphatic, and avascular tissue, character-
ized by high fluid content and low oxygen consumption [10]. In

vertebrates, three types of cartilages can be identified: hyaline cartilage,
elastic cartilage, and fibrocartilage; which differ in terms of histology and
ECM composition. Articular cartilage is composed of the hyaline carti-
lage, while menisci are made of the fibrous cartilage. This and the next
chapter delve into the aspects of cartilage and bone biology that are
relevant from the standpoint of tissue regeneration, tissue engineering
(TE), and 3D bioprinting.

2.1. Chondrogenesis

During fetal development, chondrogenesis begins with the mesen-
chymal stem cell (MSC) condensation, followed by cell differentiation
into chondrocytes, the sole cell type present in cartilage tissue [11].
Chondrocyte differentiation is regulated mainly by sex determining re-
gion Y (SRY)-box 9 (SOX9) [12,13]. There are multiple mechanisms
involved in the control over the expression and activity of SOX9 that have
been extensively described elsewhere [14]. SOX9, as a transcription
factor, promotes SOX5 and SOX6 expression [15,16]. These three SOX
proteins, called the SOX trio, initiate chondrogenic differentiation and
are essential for the maintenance of the chondrocyte phenotype (Table 1)
[16,17]. It has been demonstrated that the SOX trio provides signals that
are sufficient for differentiation of MSCs into chondrocytes in vitro [16].
More molecular cues guiding chondrogenesis have been described in
detail in other works, e.g. Wuelling & Vortkamp [18].
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Table 1
Stage-specific marker genes of chondrogenesis.

Bioprinting 18 (2020) e00070

Transcription factors Ligands ECM proteins
SOX9 [15, SOX5/6 RUNX2 [19, VEGF ACAN [21, COL2a1 [17, COL11al/2 COL10al MMP13
17] [17] 20] [20] 22] 22] [22] [17] [23]
Prechondrocytic mesenchymal — +++ +++ + - + + + - _
cells
Resting chondrocytes 4+ 4+ - - ++ 4t R _ _
Proliferating chondrocytes +++ +++ - - - ot 4 - _
Prehypertrophic chondrocytes + + ++ + +++ +++ +++ + -
Hypertrophic chondrocytes - - +++ 4+ + 4+ 44 4t 4t

“+” low expression; “++"” moderate expression; “+-+-+" high expression; “-” no detectable expression.

2.2. Human articular cartilage composition, structure, and function

The SOX trio up-regulates COL2a1, COL11a2, and ACAN expression
(Table 1) [16,17,24]. Products of these genes, namely collagen type II,
type XI, and aggrecan, are structural proteins of the cartilaginous ECM,
where collagen II is the most abundant one [25,26]. Aggrecan is an
essential proteoglycan of the cartilage, that forms aggregates with hya-
luronan [25]. Proteoglycans are made of a core protein covalently bond
with glycosaminoglycan (GAG) chains, which are polysaccharide poly-
mers [25]. Their main functions are to provide appropriate mechanical
properties and facilitate ECM assembly [11,25]. Proteoglycans also affect
signaling pathways by interacting with growth factors and its receptors
[25]. In articular cartilage, the negatively-charged mesh of aggrecan and
hyaluronan provides water absorption and retention properties within
the tissue. As a result, articular cartilage is composed primarily of water
(70-80% w/w), providing optimal mechanical properties to withstand
recurrent compressive, tensile, shear, and frictional loading [11,25]. The
biomechanical features of articular cartilage are zone-dependent and
decrease with age or due to disease or injury [27]. Importantly, the
similarity of mechanical properties between scaffolds and native, sur-
rounding tissue is required to assert proper integration.

Mature articular cartilage displays zonal organization, differentiated

by the ECM composition, collagen fiber orientation, and chondrocyte
morphology [28]. According to these criteria, four zones can be distin-
guished: superficial (tangential), middle (transitional), deep (radial), and
calcified zones (Fig. 1B). Cartilage calcification is induced by hypertro-
phic differentiation of chondrocytes that can be observed as an increase
in cell volume and is subjected to regulation by multiple transduction
pathways described in detail by Zhong et al. [11,29]. Importantly,
healthy articular cartilage is able to resist hypertrophic differentiation
and maintain its typical characteristics [29]. In terms of cartilage TE, it is
pivotal to establish conditions that will prevent undesirable hypertrophy
and the following ossification, in order to maintain the cartilage
phenotype.

2.3. Lateral and medial menisci structure, composition and function

TE has been also focusing on developing novel treatment options for
injuries of lateral and medial menisci, which are situated in the knee
between the femoral condyle and the tibial plateau (Fig. 1A) [1]. Menisci
stabilize the knee and spread loads to reduce the stress applied on
articular cartilage. During fetal development, the meniscus is fully
vascular; however, shortly after birth the vascularization gradually de-
creases. Ultimately, the mature meniscus can be divided into three
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Fig. 1. Articular cartilage and menisci of the mature knee joint. A. Anatomy of the knee joint. B. The zonal organization of articular cartilage. C. The zonal orga-

nization of the meniscus.



J.A. Semba et al.

regions: 1) the outer region (red-red zone), that is vascular and neural; 2)
the intermediated region (red-white zone); and 3) the inner region
(white-white zone), that is avascular and aneural (Fig. 1C). Meniscus
zones vary in cell morphology and ECM composition. The red-red zone
contains fibroblast-like cells embedded in ECM predominantly comprised
of collagen type I In contrast, the white-white zone has
chondrocytes-like cells surrounded by ECM abundant in collagen II and
GAGs, with less amount of collagen I in comparison to the outer region.

2.4. Motivation for cartilage tissue engineering

Due to the prevalence of articular cartilage and meniscus injuries, the
importance of TE in their treatment significantly increases [11]. Cartilage
injuries are usually localized at the medial femoral condyle and the
patellar articular surface. They are caused mainly by mechanical stress
such as impact or repetitive torsional loading [11,30]. Since the
self-healing capabilities of the cartilage are fairly limited, injuries often
lead to degenerative changes [11,31]. Meniscal lesions are also common
injuries, especially prevalent in athletes and physically active people [1,
32]. Due to its dominant involvement in load transmission, the lateral
meniscus is more prone to injuries in comparison to the medial meniscus
[32]. The underlying mechanisms of meniscal tears usually involve
twisting of the knee, hyperextension, torsional loading, and high
compressive force [1,32]. Self-healing of the meniscal tears is directly
dependent on the vascularization, therefore the avascular zone does not
display regenerative properties [33]. In many cases, total or partial
meniscectomy is the only available treatment option, which has poor
long-term prognosis with a high risk of cartilage degeneration [34].
Therefore, the need for innovative treatment methods is urgent. 3D
bioprinting is an excellent tool providing an opportunity to mimic the
complex zonal structure of the meniscus and cartilage, restoring their full
functionality.

3. Bone
3.1. Endochondral ossification

Bones of the appendicular skeleton (except for the clavicle) are
formed by endochondral ossification, a process in which bones replace
the initial cartilage [35]. This process starts in the primary (central parts
of bones) or the secondary ossification centers (e.g. at the ends of long
bones) and gradually expand [36]. Endochondral ossification is initiated
by the slowdown of the chondrocyte proliferation, which subsequently
leads to their hypertrophic transformation [35]. Chondrocyte transition
is regulated by SOX9 and RUNX family transcription factor 2 (RUNX2),
where RUNX2 with transcription factor Sp7, also called osterix (0SX),
play a pivotal role in following endochondral ossification. Expression of
RUNX2 and OSX is regulated at different stages [35]. Increased expres-
sion of SOX9 in prehypertrophic chondrocytes and its abolished expres-
sion in hypertrophic chondrocytes prove that SOX9 prevents hypertrophy
in contrary to RUNX2, that is highly expressed in hypertrophic chon-
drocytes (Table 1) [15,29]. The change of SOX9 and RUNX2 expression
influences the ECM synthesis, resulting in the decrease of
COL2alexpression and initiation of collagen type X synthesis [37].
Collagen X is one of the hypotrophy markers (Table 1). Furthermore,

Table 2
Stage-specific marker genes of osteogenesis.
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hypertrophic chondrocytes synthesize matrix metalloproteinase-13
(MMP13) that modulate ECM by the degradation of collagen II and
aggrecan (Table 1) [38]. Hypertrophic chondrocytes ultimately undergo
cell death or transform into osteoblasts or bone lining cells [10,38,39].
Osteoblasts are called the bone forming cells, while osteoclasts are
responsible for cartilage matrix resorption [10]. Both cell types are
requisite for bone matrix deposition. Osteoblast and osteoclast precursors
are delivered to the center of the future bone in consequence of vascu-
larization, stimulated by vascular endothelial growth factor (VEGF)
(Table 2) [40]. Additionally, endothelial cells secrete growth factors
controlling proliferation and differentiation of cells, including osteo-
blasts and osteoclasts. Therefore, the introduction of the vasculature to a
construct is an essential requirement for the formation of a new bone
tissue [41].

3.2. Human bone structure, composition, and function

The osteon is the basic structural unit of mineralized bone with a
central canal (Haversian canal), occupied by a blood vessel [10]. The
canal is encircled by lamellae, made of calcified matrix and collagen I.
The canalicular system supplies metabolites and nutrients to cells,
ensuring their survival during mineralization. Initial unmineralized ma-
trix gradually transforms into mineralized bone tissue through impreg-
nation with hydroxyapatite [47]. The mineralization is promoted by
alkaline phosphatase (ALP) that catalyzes the hydrolysis of inorganic
pyrophosphate into phosphate derivatives. Synthesis of ALP is a hallmark
of the ECM mineralization (Table 2) [10]. Finally, maturation of the
osteocytes occurs when cells are surrounded by the mineralized matrix.
Osteocalcin (OCN) and osteopontin (OPN) are characteristic markers for
bone mineralization and late osteoblast differentiation (Table 2) [48].

Mineralization leads to the production of hard bone tissue that, be-
sides biomechanical functions, acts as the main metabolic storehouse for
calcium and phosphorus [10]. The mechanical features of bone differ
among bone tissue types and are affected by aging [48,49]. Moreover,
mechanical stimuli enhance tissue formation and bone healing, although
the mechanism is not fully comprehended [50]. The structural properties
of native bone tissue and its response to the mechanical stimulation are
crucial aspects that should be taken into account for successful imple-
mentation of TE.

3.3. Motivation for bone tissue engineering

Constant remodeling through the osteoblast and osteoclast activity is
a prerequisite for proper bone healing [50]. Primary bone healing may
occur only when bone fragments are tightly connected. Secondary bone
healing is based on callus formation, followed by the new bone formation
through intramembranous and endochondral ossifications. Nevertheless,
healing mechanisms may fail leading to non-union, or become inade-
quate in the case of extensive bone loss caused by, e.g. tumor resection or
osteomyelitis [4]. These defects engender discomfort, pain, functional
disability, and may lead to pseudarthrosis. Bone lesions can be replaced
by bone grafting; however, limitations of natural graft accessibility with
increasing demand on bone substitutions are appreciable hurdles [51].
From that perspective, 3D bioprinting is an attractive strategy also for
bone lesion treatment.

Transcription factors Ligands ECM proteins

RUNX2 [42] OSX [43,44] VEGF [45] COL1al/2 [17,42] ALP [23,46] OPN [42,46] OCN [42,46]
Preosteoblasts -+ ++ + + T + +
Osteoblasts +++ +++ +++ +++ ++ +++ +++
Mature osteocytes - - ++ + - + +4°

“+” low expression; “++” moderate expression; “++-+" high expression; “-” no detectable expression.

# Higher expression in early mature osteocytes.
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4. Cells applied for cartilage and bone TE
4.1. Mesenchymal stem cells

One of commonly used cells in TE are multipotent MSCs, with self-
renewal and differentiation potential [52,53]. Minimal criteria for
identification of human MSCs are: 1) adherence to standard culture
dishes; 2) negative or positive expression of surface antigens; and 3)
multilineage differentiation capability into adipocytes, chondrocytes and
osteoblasts [54].

4.1.1. MSC sources

Autologous MSCs are a preferable source of stem cells due to a lower
failure rate and safety issues [55]. They can be harvested from bone
marrow by invasive and painful bone marrow aspiration from the su-
perior iliac crest, femur, or tibia [56]. Subsequently, bone
marrow-derived MSCs (BMSCs) are usually isolated using density
gradient centrifugation. The alternative for BMSCs are more accessible
adipose-derived MSCs (ADSCs) [57]. ADSCs are frequently harvested
through liposuction, which is a simple, relatively inexpensive, and
low-risk procedure [58]. The infrapatellar fat pad is another source of
ADSCs (IPFP-ADSCs), which are harvested intraoperatively [59-61]. For
the first time, ADSCs were isolated by collagenase digestion [62]. With
some modifications, it is still the most popular method while other,
non-enzymatic methods, were also established [58,63-65].

4.1.2. MSC differentiation

Despite similarities in their genetic profile, BMSCs and ADSCs reveal
different requirements for the induction of chondrogenesis and osteo-
genesis [66-68]. For example, it was demonstrated that BMSCs more
easily differentiate into chondrogenic lineage than ADSCs, what favors
them for cartilage TE [68]. Chondrogenic medium for MSC differentia-
tion frequently contains transforming growth factor-p (TGF-p) and bone
morphogenetic proteins (BMPs), while osteogenic medium includes, e.g.
B-glycerolphosphate, dexamethasone, ascorbic acid, and BMPs [58,69].
Furthermore, to increase the cell chondrogenic potential, MSCs can be
embedded into decellularized cartilage ECM [70,71].

The novel approach to stimulate chondrogenesis is a transfection of
BMSCs to obtain permanently overexpression of nuclear receptor sub-
family 2 group F member 2 (NR2F2) [72]. These cells were bioprinted
and implanted subcutaneously into mice. The higher proteoglycan
deposition was observed in constructs with transfected cells. Addition-
ally, MSCs overexpressing NR2F2 cultured in hypoxic conditions showed
improved chondrogenic differentiation and suppressed hypertrophy.

Oxygen tension is another crucial tool for manipulation of the cell fate
since low oxygen level stimulates chondrogenesis and maintains articular
cartilage phenotype, whereas normoxic conditions facilitate osteogenesis
[10,53,73-75]. Tissues respond to changes in oxygen level trough
hypoxia-inducible factors (HIFs) that are continuously expressed tran-
scription factors [76]. HIFs are degraded by oxygen-driven hydroxyl-
ation, therefore diminishing oxygen level enhances HIFs activity. HIFs
act on several signaling pathways. For instance, HIF-1a and HIF-2a
positively regulate SOX9 expression in articular cartilage [24,74,77].
Moreover, HIF-1a seems to inhibit RUNX2 [78], while HIF-2a and HIF-3a
regulate expression of genes associated with terminal differentiation of
chondrocytes [29,79]. Thereby, the balance between HIF-1a, HIF-2a, and
HIF-3u determines the normal cartilage development [29]. Interestingly,
hypoxia enhances chondrogenesis of ADSCs and suppresses the expres-
sion of osteogenic markers, even in osteogenic medium [80]. It was
demonstrated that by controlling oxygen tension and mechanical prop-
erties of the construct, MSCs are able to form zonal gradient comparable
to the native articular cartilage tissue [81].

MSC differentiation can be guided by bioink composition used for 3D
bioprinting. It was shown that the formation of hyaline-like cartilage
tissue from BMSCs is elicited by alginate hydrogel, while the formation of
fibrocartilaginous tissue is enhanced by gelatin methacryloyl (GelMA)
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and poly(ethylene glycol) dimethacrylate (PEGMA) [82]. Additionally, to
induce BMSCs osteogenesis, bioink composed of alginate and
nano-hydroxyapatite complexed with plasmid DNA was formulated and
used for transfection with BMP2 and TGF-$3 genes [83]. Upon subcu-
taneous implantation in mice, enhanced osteogenesis, vascularization
and mineralization of the scaffold were observed. Finally, cell-gradient
patterning can be also utilized to facilitate bone and cartilage regenera-
tion [84,85].

4.1.3. Challenges in MSC culture for the TE purpose

After the isolation, it is essential to maintain the chondrogenic and
osteogenic potential of MSCs during the cell expansion. It was shown on
BMSCs that in vitro aging can lead to genetic instability and directly af-
fects differentiation potential [86]. Therefore, it is crucial to establish
standardized protocols for culture and expansion of MSCs to create safe
and effective therapies.

4.2. Chondrocytes

4.2.1. Chondrocyte sources

Autologous chondrocytes, another fine source of cells for TE pur-
poses, are usually harvested from articular cartilage, ribs, or nasal septum
and isolated by collagenase treatment [87]. Importantly, morphology
and characteristics of chondrocytes isolated from articular cartilage are
strictly correlated with the zone of origin [88]. In the case of in vitro
expanded articular chondrocytes, TGF-f signaling is essential for carti-
lage formation, while fibroblast growth factor-2 (FGF-2) can stimulate
cell proliferation [89,90]. Additionally, progenitor cells derived from
human articular cartilage were also effectively used for cartilage repair
[91,92].

4.2.2. Challenges in chondrocyte culture for the TE purpose

During the in vitro expansion, especially in low-density monolayer
cultures, a commonly encountered issue is an uncontrolled dedifferen-
tiation of chondrocytes [93]. Chondrocytes tend to change their pheno-
type to fibroblast-like cells and switch collagen synthesis from type II to
type I [94]. The phenotypic changes can be observed in the early stages of
the expansion, i.e. already after the first passage. To prevent dediffer-
entiation or restore chondrocytes phenotype, chondrogenic factors,
especially BMP-2, can be employed [95]. Since chondrocyte dedifferen-
tiation depends heavily on the ECM, 3D culture (e.g. in hyaluronic acid
scaffold) may be an optimal solution [10,68].

Another considerable difficulty is posed by hypertrophic differentia-
tion of chondrocytes [29,96]. Even though TGF-p prevents hypertrophy,
its supplementation may not be sufficient for monolayer cultures [29].
This problem might be remediated by co-culture of mature chondrocytes
with MSCs [96-98]. Co-culture of chondrocytes with ADSCs improved
differentiation of stem cells and tissue forming abilities, while the addi-
tion of TGF-p1 up-regulated COL2a1, ACAN, and COMP expression [97].
Chondrogenic phenotype can be maintained in co-culture independently
of oxygen tension [98]. In order to prevent irreversible cell mixing, stem
cells can be also co-cultured with chondrocytes inactivated via irradiation
[99]. This approach was effectively used for induced pluripotent stem
cells (iPSCs) in bioprinted scaffold to support cartilage formation.
Additionally, human BMSCs and chondrocytes encapsulated in 3D bio-
printed silk-gelatin scaffolds have shown decreased hypertrophy as the
effect of ECM remodeling, cell encapsulation and hypoxia [100]. Ulti-
mately, articular cartilage-derived progenitor cells (ACPCs) were pro-
posed as an alternative to overcome hypertrophic transformation [101].
ACPCs displayed lower expression of collagen X and higher expression of
proteoglycan 4 (a marker of the superficial zone) in comparison to
BMSCs. ACPCs and BMSCs have been successfully used for bioprinting
zonal-like organized scaffolds [101]. In this study, one of the bioinks
containing ACPCs was used for bioprinting of the superficial zone, while
the second one, enriched with BMSCs, was used for the middle and deep
zone printing.
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5. Bioink composition for bone and cartilage TE

The development of bioinks for 3D bioprinting is a pivotal step as its
composition and structure affect the phenotype of the developing tissue
and strongly influence the cell condition and differentiation [102,103].
For instance, it was proved that the modulation of the construct stiffness
can be used to direct cell differentiation [104,105]. Mechanical and
physical properties (also during degradation), pore size, and architecture
should match the properties of adjacent tissues [106]. Porosity is of
particular importance since it contributes to the diffusion of oxygen,
nutrients, and metabolic wastes. In the case of bone scaffolds, additional
properties such as stimulation of the stem cell osteogenic differentiation
(osteoinductivity), bone ingrowth (osteoconductivity), and vascular
facilitation are required [41,49]. Biodegradation rate of bioink should be
controlled and adjusted accordingly to the cells’ ECM remodeling ca-
pacity, while the products of degradation cannot be toxic or immuno-
genic [106,107]. The entire and rapid removal of these products from the
body is desired.

Hydrogels are an interesting group of biomaterials capable of
absorbing and retaining large amounts of water without dissolution
[108]. The ability to absorb water results from the presence of hydro-
philic functional groups, while their resistance to dissolution is a
consequence of a crosslinking between chains. Hydrogels can be
biocompatible, biodegradable, and duly mimic natural tissue. The salient
advantage of hydrogels is their permeability of oxygen, nutrients, and
wastes.

This chapter focus on biomaterials that are the most promising in
terms of cartilage and bone tissue engineering.

5.1. Alginate

Alginate is a natural polysaccharide produced by seaweeds or bacteria
belonging to Azotobacter and Pseudomonas genera [109,110]. It is a linear
and negatively charged polymer, comprised of two uronic acid
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monomers: f-p-mannuronic acid (M) residues and a-L-guluronic acid (G)
residues, connected by 1,4-glycosidic bonds (Fig. 2) [109-112]. Uronic
acid residues create blocks, namely G- or M-blocks (consecutive G or M
acid residues), or MG-blocks (consist of alternating M and G residues).
The proportion and the sequence of M and G monomers determine the
properties of alginate and its hydrogels [109,110,113]. Alginates are
biocompatible, biodegradable, non-toxic, and non-immunogenic [109].
Unfortunately, due to the negative charge, alginates lack cell and protein
binding properties [112]. Thereby, it is frequently blended with posi-
tively charged biomaterials or modified to improve cell adhesion. It was
demonstrated, that integrin-mediated chondrocyte attachment to algi-
nate can be induced by RGD functionalization [114]. RGD motif is a cell
binding amino acid sequence composed of arginine, glycine, and aspar-
tate [115,116]. The attachment can be further enhanced by increasing
stiffness of the RGD functionalized hydrogel, which additionally influ-
ence the chondrocyte morphology [114].

Alginate gelation can be induced by ionic crosslinking, where diva-
lent cations form ionic bridges between G-blocks of different polymer
chains [111]. These biding zones are described by the “egg-box” model
(Fig. 2) [117]. The resulting hydrogel strength, stability, and mechanical
properties differ according to the type of the interacting cations, the G
blocks content, and variability within the polymer [110,113,118]. Algi-
nates display a different binding affinity for different divalent cations,
where the higher affinity is observed in alginates with higher G content
and longer G blocks [119]. Hence, alginate gels rich in G residues are
stronger but brittle, whereas these rich in M residues or GM blocks are
weaker but more elastic. During 3D bioprinting, models are usually
printed directly or immersed after processing in CaCly solution [120,
121]. Calcium ions diffuse into alginate what result in rapid, poorly
controlled gelation providing highly heterogeneous structure [109,122].
Crosslinker concentration and volume have been shown to affect not only
mechanical features of hydrogels but also cell viability and proliferation
[123]. The alginate bioink can be also partially pre-crosslinked with low
concentration of CaCl, solution before printing [124]. The second
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Fig. 2. The chemical structure of alginate and the “egg-box” model.
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method used for alginate crosslinking is CaCOs-GDL system [122].
Alginate solution is mixed with CaCOs suspension and subsequently,
D-glucono-p-lactone (GDL) is added. GDL, as a slowly acting acid, lowers
the pH, inducing the dissolution of CaCO3 and dissociation of calcium
ions. Slower gelation rate results in a uniform and mechanically stronger
hydrogels. These two methods can be combined to obtain hydrogels
injectable through a standard syringe [125].

Disintegration of alginate gels is a commonly observed event, trig-
gered by the replacement of divalent cations by monovalent cations from
the surrounding fluid [109,126]. The rate of disintegration depends on
the molecular weight of the polymer [105,112]. Supplementing cell
culture media with CaCl; decreases the degradation rate of alginate gels
in long-term culture [127,128]. Moreover, an additional crosslinking
with BaCl, enhances the stability of the gel [129]. Another approach to
improve hydrogel stability utilizes the incorporation of orthosilicic acid,
where stability is presumably achieved by interactions between the acid
and Ca* [130]. Importantly, a human body is incapable of alginate
degradation due to the lack of specific enzymes [131]. A study designed
to monitor the faith of alginate in the body revealed that only the poly-
mers with low molecular weight (below renal threshold, i.e. <48,000)
can be excreted by the urinary system [132]. Molecular weights of
commercially available alginates are higher than this threshold; there-
fore alginate is not entirely removed from the body. Remaining alginate
was present mostly in blood and liver. To overcome this problem, algi-
nate degradation can be enhanced by chemical modifications, e.g.
oxidation of alginate chains [109,133].

Alginate is produced solely from brown seaweeds, commercially
available as sodium or potassium salts, and is relatively cheap [119].
Depending on the genus, growth conditions, and age of the algae, the
polysaccharide chain composition varies. Since alginate is obtained from
natural sources, only highly purified alginates should be employed for TE
[109]. Alginate is approved by the U.S. Food and Drug Administration
(FDA) as a food ingredient [119].

5.2. Chitosan

Chitin is a natural polymer present in the exoskeleton of insects and
crustaceans that ensures structural integrity and protection. It is also
present in the cell wall of fungi and algae [134-136]. Chitin is composed
of repeating N-acetyl-p-glucosamine residues linked by f-1,4-glycosidic
bonds (Fig. 3) and can be found in three polymorphic forms: a, f, and v;
stemming from different organization and polarity of the chains. Due to
its insolubility in water and most of the organic solvents, its usage in TE is
limited. Chitosan is a deacetylated derivative of chitin (Fig. 3), soluble in
aqueous acidic solutions and partially soluble in neutral pH. Chitosan
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consists of N-acetyl-p-glucosamine and deacetylated p-glucosamine units.
The ratio between those two constituents determines the degree of
deacetylation. The degree of deacetylation and the molecular weight are
determined by the source of initial polysaccharide and processing con-
ditions. Physicochemical properties of chitosan are determined by these
two factors [134]. For example, higher degree of deacetylation renders
the material more flexible [137]. Chitosan, like other hydrogels, is
biocompatible, biodegradable, and has low toxicity [134,136]. It is a
positively charged copolymer with antimicrobial properties, that exhibits
significant osteoconductivity but low osteoinductivity [135]. Ye et al.
have demonstrated that IPFP-ADSCs seeded on the top of the 3D printed
chitosan scaffold and cultured in chondrogenic media for 4 weeks, un-
derwent chondrogenesis and formed a “cap” of tissue with chondrocytic
morphology [60]. These results indicate that 3D printed chitosan
hydrogels may also facilitate cell aggregation. However, chitosan shares
a common drawback characteristic for the majority of hydrogels, which
is a low mechanical resistance. Therefore, it is usually blended with other
materials in order to improve mechanical properties.

Various physical and chemical methods can be applied for chitosan
crosslinking. For example, 3D bioprintable chitosan hydrogels can be
prepared by thermal polymerization [138]. Chitosan solution alkalized
with glycerol phosphate disodium salt provides a printable bioink with
gelling properties induced at 37 °C. In vivo studies revealed that the
degradation rate of chitosan is proportional to the degree of deacetyla-
tion [139]. In a human body, chitosan is enzymatically degraded by
lysozyme and N-acetyl-p-p-glucosaminidase [131,139].

Large scale production of chitin is based on crustaceans waste
generated by the fishing industry, mainly shells of shrimp, crab, lobster,
prawn, and krill [140]. Chitin deacetylation is performed via hydrolysis
of acetamide groups at high temperature in alkaline conditions. Inter-
estingly, chitosan-based bandage HemCon® has been approved by the
FDA for clinical applications.

5.3. Collagen and its derivatives

Collagens are ubiquitous ECM proteins that are a right-handed helix
comprised of three left-handed a-chains [115,141,142]. Depending on
the type of collagen and source, homo- and heterotrimers can be formed.
Collagens are composed of repeating amino acids sequence [Gly-X-Y]n,
where X and Y are frequently occupied by proline and hydroxyproline,
respectively, which stiffen the a-chains. Therefore, the superhelical
structure is largely stabilized by hydrogen bonds between glycines, but
also by the conformational restrictions and hydrogen bonds between
hydroxyl groups of hydroxyproline. The ends of triple helixes contain
non-helical regions, called telopeptides, that contribute to collagen

Chitin

HiC
o
HN

OH

on H:C
0 o
0 HO N 0.-"
. HO o
e ks NH o
0 OH

< CH:z

Deacetylation
Chitosan
HsC
> o OH o X
NH; -
HO HN 0 HO 0-"
-0 HO o
- 0 NH;* o
OH OH

Fig. 3. The synthesis of chitosan by chitin deacetylation.
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supramolecular assembly and hamper enzymatic degradation [141,143].
The lack of telopeptide regions alerts the collagen assembly pathway and
prolongs the polymerization time [143]. This effect is associated with
fiber nucleation, which is one of the network assembly steps. Collagen is
a biocompatible and biodegradable polymer with low immunogenicity. It
contains the cell binding RGD motif [144]. Collagen turnover is facili-
tated by the cells attached to its fibrils, which are responsible for both
metalloproteinase-induced degradation and new ECM production [145].
Collagen thermal gelation has been successfully used in 3D bioprinting
[146]. Although polymerization at 37 °C is usually used to facilitate cell
viability, the utilization of lower temperatures (even down to 4 °C) has
also been demonstrated [147].

The most commonly used collagen is collagen type I, isolated from
rats, cattle, and pigs [141,147]. However, it was also demonstrated that
pure collagen II scaffolds were able to induce and maintain MSC chon-
drogenesis [148]. It is noteworthy that collagens display
source-dependent differences in, e.g. pore size within the formed scaf-
folds [147,149]. In the view of immunogenicity, religious aspects, and
the risk of an animal disease transmission, human collagen is the most
favorable one for TE applications [115]. Alternatively, human-like
collagen can be synthesized by the means of recombinant genetic
engineering.

Collagen denaturation caused by thermal treatment or hydrolysis
results in a gelatin formation [150]. The gelatin composition and prop-
erties are similar to collagen, albeit the structure is non-homogenous and
depends on the parameters of the denaturation process. Moreover,
gelatin has better water solubility than collagen. Reversible thermal
gelation at low temperatures or crosslinking by genipin, a chemical
crosslinker, is used during 3D bioprinting [127,145,151]. Furthermore,
gelatin methacryloyl (GelMA), a gelatin derivative with lysine and hy-
droxyl residues modified with methacrylamide and methacrylate groups,
is photocrosslinkable under UV light with the assistance of a photo-
initiator [152]. Under optimal bioprinting conditions, GeIMA bioink is
printable and cytocompatible with chondrocytes [153]. Bioink and bio-
printing parameters, such as the degree of substitution, concentration,
photoinitiator concentration, and UV exposure time, determine proper-
ties of GelMA based hydrogels and can be used to control the fate of
encapsulated cells [152,154,155]. Gelatin is degraded by MMP-2, what
was observed in bioprinted scaffolds laden with human MSCs [100].

5.4. Hyaluronic acid

Hyaluronic acid (HA), also called hyaluronan, is a ubiquitous
glycosaminoglycan widely present in the ECM [156,157]. HA is pro-
duced by hyaluronan synthases localized on the inner face of plasma
membrane and consists of repeating disaccharide units connected by f-1,
4-glycosidic bonds. Each unit is composed of N-acetyl-p-glucosamine and
p-glucuronic acid linked by f-1,3-glycosidic bonds (Fig. 4). The balance
of HA synthesis and degradation, together with the molecular weight of
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HA, determines biological functions of the polymer [156]. For example,
high molecular weight HA is anti-angiogenic and has beneficial effects on
tissue repair, while low molecular weight HA displays pro-angiogenic
and pro-inflammatory activity. HA is a biocompatible polymer interact-
ing with cell surface receptors, capable of integration with the native
bone tissue [156,158].

The addition of HA into a bioink promotes bone healing, MSC pro-
liferation, and differentiation towards osteogenic lineage in 3D bio-
printed scaffolds [159,160]. HA in its native form is brittle, degrades
rapidly, and is not suitable for bioprinting. Hence, it is either blended
with other biomaterials or modified [156-158,161]. For example, high
molecular weight HA modified with methacrylate groups, similarly to
GelMA, is compatible for 3D printing [162]. Methacrylated HA (MeHA)
hydrogels are photopolymerizable and more resistant to degradation.
BMSCs were shown to spontaneously differentiate towards osteogenic
lineage in MeHA-based hydrogel, without any additional stimuli [162].

Currently, commercially available HA is extracted from animal tissues
or produced by genetically modified bacteria [156,163]. Due to harsh
extraction conditions, the risk of biological contamination, and costs,
bacterial production of HA is recommended.

5.5. Synthetic materials

Synthetic materials are a frequent addition to bioinks, responsible for
modulating their mechanical properties, crosslinking or printability
[164]. Ones of the frequently used synthetic biomaterials are poloxamers
(under trade name Pluronic), polycaprolactone (PCL) and polyethylene
glycol (PEG). Poloxamers can be used as sacrificial bioink, due to their
thermoreversible gelation [165]. Pluronic is liquid at <4 °C and forms gel
at >16 °C. This material is not appropriate for long-term applications
[126]. PCL is a hard, hydrophobic thermoplastic material that is used to
increase mechanical properties and as a support [166]. This polymer
easily blends with other materials. Interestingly, PCL improve chondro-
genesis, what was demonstrated on IPFP-ADSC seeded scaffolds [167].
PEG success in TE application stems from the easiness of modification
that can be utilized for fine-tuning of the materials properties, according
to scaffold requirements [107,112]. For example, photocrosslinkable
PEG dimethacrylate (PEGDA) can be obtained with methacrylate modi-
fication [107]. PEG was shown to improve the mechanical properties of
bioprinted scaffolds for bone and cartilage TE [168].

5.6. Carbon nanotubes

An increasing interest is observed in the usage of nanomaterials in
biomedicine, e.g. in bioimaging, drug delivery, or targeted therapy
[169-171]. In the case of cartilage and bone TE, carbon nanotubes
(CNTs) emerge as a promising nanomaterial [52,172,173]. In the pre-
liminary studies, the incorporation of CNTs into scaffolds resulted in
increased mechanical strength and stimulation of osteogenic and
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Fig. 4. The structure of hyaluronic acid.
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chondrogenic differentiation [52,173-175]. Nevertheless, careful
approach should be undertaken regarding nanomaterials, as nanotoxicity
is still largely unexplored territory [176-178].

6. 3D modeling and bioprinting techniques applied for cartilage
and bone TE

3D bioprinting is a promising technique capable of fulfilling the
unmet necessity for bone and cartilage scaffolds. It allows for easy pro-
duction of tailored products with a significant architectural control [49].

It is essential to underline that the printing process itself affects cell
biology what was demonstrated on the chondrogenic differentiation
potential [185]. Shear forces exerted on cells during the transfer through
the nozzle may elicit phenotypic expressions [11,53,186]. This effect is
known as mechanotransduction.

6.1. 3D modeling

Computer-aided design (CAD) is a crucial component of 3D bio-
printing workflow, determining structural properties of a model
[179-181]. Anatomical conformity plays an indispensable role in proper
integration of a scaffold, with surrounding tissues. Additionally, the
introduction of designed lattices may be utilized to alter mechanical
properties on a macroscopic level, while decreasing material consump-
tion and increasing surface-to-volume ratio, providing more space for cell
attachment and proliferation. CAD software spans from easy-to-use,
beginner level (e.g. TinkerCAD, FreeCAD, BlocksCAD) through more
advanced (e.g. Fusion360°), to professional level (e.g. AutoCAD, Solid-
works, Catia, Rhino) [179]. Additional software can be employed for
more specific purposes such as stress simulation, topology optimization,
and generation of lattice structures (e.g. nTopology, Inventor Nastran).
CAD models can be built from scratch, or generated via software dedi-
cated to optimization and translation from .DICOM files [182]. Digital
Imaging and Communications in Medicine (DICOM) is the standard for
the communication and management of medical imaging information
and related data [179]. This approach allows for creation of anatomically
personalized implants and scaffolds. Examples of this software include
D2P DICOM-to-PRINT, Materialise Mimics and open-source, 3DSlicer. 3D
scanning is another promising technology that can be massively adopted
for 3D printing of personalized ortheses, splints, and prostheses [183].
Obtained models can be saved and stored in various formats, however the
most common file type recognized by various 3D printers is Standard
Tesselation Language (.STL) [184]. Prior to printing , STL model needs to
be converted by slicing software, which divides the object into a stack of
flat layers. Each layer is then described as a linear movement of a
printhead, laser path, or equivalent. During slicing, additional,
printer-specific parameters can be introduced (e.g. infill density, layer
height, printhead and print bed temp., printing speed). All this infor-
mation is then saved in a format directly utilized by a printer, usually
.GCODE.

6.2. Inkjet bioprinting

Inkjet bioprinting extrudes bioink out of a printing cartridge as a
result of pressure generated in the printhead, fluid mechanics, and
gravity [187]. According to the nature of the flow through the nozzle,
droplets are formed in a continuous inkjet or drop-on-demand mode. The
drop-on-demand printers achieve much higher resolution than contin-
uous inkjet and are usually used for biological applications. The most
popular methods to generate drop-on-demand printing mode utilize
thermal or piezoelectric effects (Fig. 5) [187,188]. For thermal printing, a
small part within the printhead is rapidly heated to nearly 300 °C what
generates vapor bubbles within the bioink [188]. Created bubbles coa-
lesce and expand, generating a pressure pulse. At the final stage, bubbles
shrink and then collapse. Due to the short period of exposure to high
temperature, this method has a negligible harmful impact on the
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Heater
Piezoelectric actuator

Fig. 5. Inkjet bioprinting. A. Thermal inkjet printer. B. Piezoelectric ink-
jet printer.

encapsulated cell viability [189]. The advantages of thermal inkjet
printing are low costs and high printing speed [187]. However, the
clogging of the nozzle is a frequently encountered issue. In piezoelectric
printheads, piezoelectric actuator converts the applied voltage into a
mechanical deformation of a crystal, which produces an acoustic wave
generating pressure required for the drop ejection [187,188].

To form droplets, a bioink must be liquid inside the cartridge and
quickly crosslink after extrusion [5]. Consequently, various platforms for
inkjet bioprinting were established, including shear-thinning bioinks
[112]. The thermal inkjet 3D bioprinter with simultaneous photo-
polymerization was used for precise positioning of encapsulated human
chondrocytes during layer-by-layer deposition [190,191]. Whereas, the
piezoelectric bioprinter was combined with CaCly nebulizer to create
alginate-based scaffolds [192]. CaCl, at low concentrations was sprayed
over printed constructed and washed out immediately after gelation.
Inkjet bioprinting can be also combined with electrospinning, which is a
technique used for printing synthetic scaffolds [193]. This system utilizes
electrostatic charge to pull fiber from the batch of a synthetic polymer
(e.g. PCL) and therefore is not compatible with cell printing. However,
the obtained material can be successfully used for TE purposes.

6.3. Extrusion bioprinting

Extrusion bioprinting, also called a direct writing system, is a tech-
nology able to print continuously [194]. Pneumatic pressure or me-
chanical pistons are applied for extrusion-based deposition (Fig. 6A). The
constant applied force enables bioprinting of highly viscous bioinks. This
method is compatible with high cell densities, albeit the mechanical

Fig. 6. A. Extrusion bioprinting. B. Extrusion bioprinting with a co-
axial printhead.
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stresses may reduce cell viability [7,184].

The co-axial printheads are used in extrusion printers for simulta-
neous delivery of the bioink through the core flow and the crosslinker
trough the sheath flow (Fig. 6B) [195]. This construction is frequently
applied for printing alginate-based bioinks forming the core and CaCl,
solution used as the sheath [196,197]. Nevertheless, this system is also
applicable for printing different types of bioinks [124,198]. An inter-
esting strategy is a handheld, 3D core/shell bioprinting device, called
Biopen, dedicated for in situ 3D bioprinting for cartilage tissue repair
[199-201]. More complex bioprinting of multi-layered constructs for
cartilage and osteochondral tissue regeneration can be performed with
the multihead deposition system (MHDS) [202] and multi-head tis-
sue/organ building system (MtoBS) [203,204]. MHDS is equipped with
four heads that utilize pneumatic pressure for dispensing [202], while
MtoBS has several printheads that can use pneumatic pressure, plunger
system, and individual heating systems to dispense different types of
biomaterials [203,204]. The bioprinting of high melting point thermo-
plastic constructs is possible with the volume-by-volume (VbV) process
[205]. The thermoplastic polymer is extruded first and then, bioink fills
the printed scaffold. In this way, high temperature does not affect cell
viability. VbV process was applied for printing poly lactic acid (PLA)
scaffold where the spaces were filled with chondrocytes encapsulated in
alginate.

6.4. Laser-assisted bioprinting

Laser-assisted bioprinting (LAB) is a nozzle-free, noncontact tech-
nique, where the laser is pulsed on a ribbon composed of three layers:
laser-transparent layer, laser-absorbing layer, and bioink layer [206].
The laser beam energy is absorbed by the ribbon what generates a local
bubble on the opposite side (Fig. 7). Rapid formation of the bubble ejects
a desired amount of bioink on a receiving stage. LAB is applicable for
high cell densities and high viscosity inks. The main three, laser-based
techniques are: 1) laser-induced forward transfer (LIFT); 2) absorbing
film-assisted laser-induced forward transfer (AFA-LIFT); and 3)
matrix-assisted pulsed laser evaporation direct writing (MAPLE-DW).
LIFT was successfully applied for in situ bioprinting of BMSCs on a bone
defect in mice [207].

6.5. Stereolithography and digital light projection

Stereolithography (SLA) and digital light projection (DLP) are nozzle-
free techniques that create 3D objects through layer-by-layer photo-
polymerization. In SLA, liquid resin is solidified by UV laser beam [7,
208], while in DLP, visible light is projected in the shape of the layer
(Fig. 8) [7,208]. Final structures made of SLA or DLP are drained and
washed. Scaffolds are often subjected to post-curing, in order to improve
their mechanical properties. These methods utilize photosensitive poly-
mers or bioinks, usually requiring photoinitiators [7]. Alternatively, if
photoinitiators are undesirable, polymers with polymerization based on a

Laser beam

hﬁ Ribbon
.
‘ V Receiving stage

Fig. 7. Laser-assisted bioprinting.
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Fig. 8. Stereolithography approaches. Left: a bottom-up approach with laser
beam. Right: a top-down approach with light projection.

thiol-ene reaction can be applied. SLA and DLP can be performed in two
ways, i.e. bottom-up and top-down approach (Fig. 8). In bottom-up
fabrication, a layer of resin is cured by the light from above and the
structure is built on a support platform. While in the top-down approach,
the source of the light is localized beneath the transparent plate.

SLA was proposed for bioprinting of methacrylated poly-D,i-lactica-
cid/polyethyleneglycol/poly-D,L-lactic acid (PDLLA-PEG)-HA bioink
with human ADSCs for cartilage TE [209]. The cells maintained high
viability and retained the potential to differentiate into chondrocytes.
GelMA and MeHA bioinks were also used in SLA bioprinting to create
constructs with variable cell densities [210]. Both bioinks maintained the
phenotype of chondrocytes and sustained cartilage-specific ECM
formation.

7. Application of 3D bioprinting for bone and cartilage TE
7.1. The templating strategy

For alginate-based bioinks, the templating strategy can be applied
where alginate serves only as a temporary support (Table 3) [197].
During bioprinting, alginate is immediately crosslinked with CaCl; so-
lution, which can be co-extruded through outer sheath flow. Once a
secondary crosslinking of other bio-macromolecular components is
finished, alginate is gradually dissociated through incubation of the
construct in a solution containing monovalent ions. This process can be
accelerated by the addition of a chelating agent targeting divalent cat-
ions, such as ethylenediaminetetraacetic acid (EDTA). This method was
established for extrusion bioprinting of gelatin scaffolds in which genipin
was used to induce secondary crosslinking. The resultant gel is composed
mostly of gelatin and the viability of encapsulated human MSCs is high
(>90%). Dual-stage gelation can be applied also for the GelMA-alginate
bioinks, where alginate crosslinking is followed by UV light crosslinking.
Subsequently, the gradual removal of the alginate enlarges microfiber
pores of the hydrogel, which may support cell growth. This bioink laden
with human umbilical vein endothelial cells (HUVECs) was proposed for
the formation of vascularized constructs by microfluidic bioprinting
[195]. Endothelial cells form lumen-like structures that act as a vascular
bed, which can be subsequently seeded with secondary cell type, like
cardiomyocytes, to form vascularized tissue. Dual-stage gelation was
applied as well for collagen I-alginate bioink [197]. The printing is fol-
lowed by incubation at 37 °C to induce collagen crosslinking. Subse-
quently, supportive alginate is washed out leaving the scaffold composed
of collagen I. This bioink effectively maintained the phenotype of
chondrocytes what was observed by abundant expression of cartilage
marker genes and GAGs synthesis [120]. Moreover, the bioink sup-
pressed dedifferentiation of chondrocytes and exhibited favorable me-
chanical properties, suitable for cartilage TE. Alginate-templated
bioprinting was also used for the formation of scaffolds composed of
GelMA and chondroitin sulfate amino ethyl methacrylate (CS-AEMA) for
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Table 3
The examples of the templating strategy.
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Ref. Supporting Crosslinking of supporting material Bio- Crosslinking of biomacromolecule Removal of supporting
material macromolecule material
[197]  Alginate Physical crosslinking by co-delivered CaCl, GelMA Photo-crosslinking by UV light Incubation in a culture
solution medium
Gelatin Chemical crossliniking by genipin Incubation in a culture
medium
Collagen I Physical crosslinking at 37 °C Incubation in a culture
medium
[128]  Pluronic F127 Sol-gel transition onto heated stage set to 37  Alginate Physical crosslinking by incubation in CaCl, Washing at RT

°C

solution

cartilage TE [211]. In the scaffold, BMSC expression of collagen I and
collagen X genes was limited, while the expression of collagen II gene was
enhanced in chondrogenic medium. Interestingly, the incorporation of
MeHA resulted in hypertrophic differentiation of BMSCs as the effect of
excessive crosslinking.

The pluronic-alginate bioink was developed for cartilage and bone
tissue bioprinting, where the Pluronic F-127 serves as a template [128].
The bioink extrusion on a heated plate set to 37 °C induces the sol-gel
transition of the Pluronic. Subsequently, the alginate gelation is
induced by immersion in CaClsy solution. In this procedure, Pluronic was
finally dissolved and washed-out at room temperature leaving homoge-
nously distributed channels. The scaffold possessed desired mechanical
properties and BMSCs showed high cell viability (83%) after encapsu-
lation. The differentiation of BMSCs into osteoblasts and chondrocytes
was elicited with differentiation media.

7.2. Addition of cellulose for cartilage scaffolds

Nanofibrillated cellulose is an interesting biomaterial for bioprinting
of cartilage constructs. Nanofibrillated cellulose-alginate bioink in com-
bination with electromagnetic inkjet technology was used to bioprint
human chondrocytes [212]. The mechanical support was provided by
nanocellulose, while the gelation was based on alginate crosslinking. It
was demonstrated that nanocellulose-alginate scaffolds are more suitable
for iPSCs to support cartilage formation than nanocellulose-HA scaffolds
[99]. Moreover, nanofibrillated cellulose-alginate scaffolds laden with
human chondrocytes, human BMSCs, or co-cultures of both cell types
were tested in vivo in a murine model [213,214]. The most abundant
synthesis of GAGs, representing cartilage formation, was observed in
constructs with chondrocytes or co-cultures of chondrocytes and BMSCs.
BMSCs enhanced chondrocyte proliferation and biomaterials revealed
proper integration with native tissues in vivo.

7.3. Addition of tricalcium phosphate (TCP) for calcified tissues scaffolds

Tricalcium phosphate (TCP) is a promising material for bone and
calcified cartilage TE. TCP exists in two different forms: a-tricalcium
phosphate (a-TCP) and p-tricalcium phosphate (-TCP) [215]. Scaffolds
made of a-TCP-collage I laden with preosteoblasts MC3T3-E1 were
shown to effectively support osteogenic differentiation [216]. The
construct was printed alternately with a-TCP—collagen I ink and collage I
laden with cells. Cementation of a-TCP to calcium-deficient hydroxyap-
atite (CDHA) was induced by hydrolysis in culture medium. Another
interesting process was established to bioprint core/shell-structured
scaffolds made of CDHA and alginate [124]. The o-TCP as the core pro-
vided stiffness, while alginate blended with preosteoblast MC3T3-E1
cells as the shell contributed to elasticity. Once the bioprinting was
finished, the construct was crosslinked in CaCl, solution, followed by
cementation in PBS and then in culture medium. Encapsulated cells
survived bioprinting and maintained their viability for 35 days of culture.
For calcified cartilage tissue, bioink comprised of alginate-GelMA mixed
with ceramic B-TCP microparticles was developed [196]. This bioink was
extruded co-axially with CaCly sheath flow in order to induce alginate
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polymerization. Subsequently, UV light induced GelMA gelation was
performed. The analysis of gene expression revealed the enhanced syn-
thesis of cartilage ECM and overexpression of ALP, indicating the po-
tential of BMSC to form calcified cartilage tissue.

7.4. Addition of HA for bone scaffolds

Gelatin-alginate bioinks are commonly used for TE, where gelatin
contributes to cell attachment and alginate ensures stability [127,217,
218]. For this bioink, the two-step gelation may be applied [127,217].
The hydrogel is firstly heated and bioprinted on a cold plate to induce
reversible thermal gelation of gelatin and then crosslinked in CaCl,. The
bioink is compatible with MG-63 osteoblast-like cells and cell attachment
was confirmed by the actin cytoskeleton staining [219]. For bone TE, the
additional inclusion of HA to gelatin-alginate hydrogel enhance hydrogel
mechanical strength, viscoelastic properties, and matrix mineralization
[127]. Interestingly, MC3T3-E1 preosteoblasts encapsulated in
chitosan-HA hydrogels showed higher cell viability, proliferation, and
osteogenic differentiation in comparison to alginate constructs [138].
These results reveal osteoconductive nature of chitosan-HA hydrogels
and favor the use of this bioink for bone TE applications.

For the bioprinting of bone substitutions, a new approach, based on a
two-channel bioink system, was proposed [220]. One channel carried
bioink A, a prehydrogel solution of PEG-Clay, and the other channel was
filled with bioink B, composed of HA used as a primary rat osteoblast
carrier. The first layer of the construct was made of bioink A, whereas the
consecutive layers were printed alternately with bioink A and bioink B.
PEG-Clay scaffolds promoted osteogenic differentiation by a gradual
release of Mg?" and Si** ions, while HA protected cells during UV
crosslinking and facilitated the release of encapsulated cells after bio-
printing. This construct had excellent osteogenic properties in vitro and
stimulated new bone formation in vivo. The alginate-polyvinyl alcohol
(PVA)-HA bioink was another bioink formulated for the regeneration of
bone defects [221,222]. The addition of PVA-HA suspension increased
the viscosity and improved viability of murine calvaria 3T3-E1 cells after
bioprinting [222]. However, collagen incorporation was required to
promote cell attachment and to provide an appropriate mechanical ri-
gidity, crucial for cell migration [221]. Although HA is frequently applied
for building bone constructs, this biomaterial is also used for cartilage
bioprinting. For example, MeHA addition to PEG-based bioink improved
thermo-sensitive profile and degradation time of bioprinted constructs
for cartilage regeneration [223].

7.5. Vascularized scaffolds for bone TE

As it was mentioned above, the reconstruction of large bone deficits
requires the incorporation of a vascular network [40]. To address this
challenge, GelMA hydrogels laden with blood-derived HUVECs and
human BMSCs were made [224,225]. The construct can be dually 3D
bioprinted by alternate deposition of PLA and GelMA layers [225]. BMP2
and VEGF have been successfully incorporated into this construct to
induce angiogenesis and osteogenesis. In another study, BMP2 was also
effectively bound to GelMA and controllably released from BMSCs-laden
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bioprinted constructs [226]. The incorporation of BMP2 was shown to
induce MSC differentiation into osteocytes with higher efficacy in com-
parison to osteogenic medium. Alternatively, vascularized scaffolds can
be obtained by printing a central, vessel-like structure with soft GelMA
that quickly degrades leaving an open lumen [224]. GelMA was conju-
gated with VEGF at different ratios and used to print a gradient of
HUVECs embedded in hydrogel. An enhanced capillary formation was
observed and improved upon by the co-culture of HUVECs and MSCs. The
incorporation of osteoinductive silicate nanoplatelets (dissociating into
Na*, Mg?*, Si(OH)4, and Li* in aqueous solution) together with VEGF
enhanced osteogenic differentiation of MSCs. Fibrin-based bioink
encapsulating either MSCs or HUVECs was likewise applied for bio-
printing of constructs with improved neovascularization [227]. In this
example, mechanical strength of the construct was reinforced with PCL
scaffold. Two bioinks were used to bioprint osteon-like patterns that hold
the potential to develop vascularized scaffold and stimulate osteogenic
differentiation of MSCs in vivo.

The problem of vascular network formation can be overcome by
bioprinting a template for in vivo neovascularization [228]. For the whole
bone engineering, RGD-functionalized alginate hydrogel laden with
BMSCs and reinforced with PCL scaffold was used. This bone precursor
was chondrogenically primed and implanted subcutaneously into mice.
After twelve weeks, the construct was extensively vascularized and
mineralized with detectable bone marrow like tissue. These results lead
to the conclusion that the bioprinted scaffold is able to stimulate endo-
chondral ossification in vivo.

7.6. 3D biopaper

The bioink can be deposited into a receiving sheet, called biopaper,
that supports a tissue formation. Collagen type I frequently serve as a
biopaper [126,207]. For cartilage repair, osteochondral plugs were used
as the 3D biopaper for bioprinting with photopolymerizable PEGMA and
human chondrocytes [190]. The cells maintained chondrogenic pheno-
type within the scaffold, which integrated with native cartilage and bone
tissues. The native cartilage has a positive effect on chondrogenesis and
improves ECM deposition. Besides, an enhanced proteoglycan produc-
tion at the interface between the scaffold and the host cartilage demon-
strated the importance of the remaining native cartilage in promoting
neocartilage formation.

7.7. Multilayered 3D scaffolds

The more complex multilayer scaffolds were created for the recon-
struction of osteochondral defects. For instance, the 3D fiber deposition
technique was applied for building the tissue-like structure with BMSCs
or chondrocytes encapsulated in alginate [229]. BMSCs were addition-
ally blended with HA and B-TCP. In vivo study showed that the scaffolds
sustained not only cell phenotype but also stable cellular organization.
However, the hydrogel displayed insufficient mechanical strength and
cells were unable to adhere or degrade the alginate, indicating that the
bioink composition should be reconsidered. Alternatively, a multilayer
construct with two different ECM-derived materials was built with the
use of four printheads and applied for reconstruction of osteochondral
defects in the rabbit knee joint. First, a PCL framework was formed and
then, the voids were filled with the bioink [203,204]. The bottom layer of
the construct (atelocollagen with BMP2) constituted a subchondral bone
and the top layer (cucurbit [6]uril(CB [6])-conjugated HA with TGF-B)
constituted superficial cartilage [204]. Both layers were laden with
human turbinate-derived MSCs. 1,6-diaminohexane(DAH)-conjugated
HA was dispensed on the top layer to self-assemble CB [6]/DAH-HA
hydrogel. In vivo constructs revealed an excellent ability for the osteo-
chondral regeneration in comparison to PCL constructs seeded with
MSCs and PCL constructs filled with alginate hydrogel encapsulating
MSCs, enriched with growth factors. The zonal organization character-
istic of native cartilage was observed. Moreover, the PCL fibers were
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shown to interact with newly formed bone within the bottom layer of the
scaffolds. In similar studies, the construct composed of alternating layers
of PCL and chondrocytes encapsulated in collagen I-fibrin gel maintained
cell phenotype and synthesis of cartilage ECM [193].

In order to mimic the native organization of the meniscus, the
regionally defined construct was bioprinted with alginate-based hydrogel
functionalized with decellularized ECM, isolated from the inner or the
outer region of the meniscus [230]. The bioink was combined with
IPFP-ADSC. In the absence of exogenous growth factors, inner meniscus
ECM supported the development of chondrogenic phenotype, while outer
meniscus ECM supported the fibrogenic phenotype. The addition of
TGF-B3 to inner meniscal ECM enhanced chondrogenic phenotype,
whereas the connective tissue growth factor (CTGF) supplementation in
outer meniscal ECM supported fibrogenic phenotype. To obtain me-
chanical properties similar to the native meniscal tissue, the structure
was reinforced with PCL. The viability of stem cells was not affected by
the bioprinting process.

8. Perspectives for future development

Currently, the organ regeneration via bioprinting is fairly limited in
clinical adoption [49,231]. Despite many promising results from in vitro
and in vivo studies, the gap between 3D bioprinting research and clinical
use is still present [49]. Further development is highly dependent on the
progress in the biomaterials science, without which, large-scale adoption
of the 3D bioprinting will not be possible [232]. Finding a balance be-
tween optimal environment for cell growth and mechanical properties
congruent with native tissue remains a challenge [6]. In addition, the
establishment of cell expansion protocols for 3D bioprinting is a
considerable hurdle. Another widely discussed topic involves introduc-
tion of the functional vasculature [195,225,232-234]. Despite several
advancements in this filed, fully vascularized tissue constructs have not
yet been obtained. Nonetheless, there are several breakthrough examples
of successful organ-bioprinting, highlighting the tremendous potential of
this technology (Table 4).

9. Summary

In this review, recent studies of 3D bioprinting applications for bone
and cartilage repair are discussed. The extensive research conducted in
this field indicates high expectations for 3D bioprinting success.
Currently, the community of 3D bioprinting researchers is faced with the
development of the fabrication processes that include standardization of
optimal cell culture protocols, bioink formulation, and adjusting 3D
bioprinting parameters. Potential risks involved with the clinical appli-
cation of 3D bioprinted constructs need to be thoroughly investigated
and legal ramifications specifying a permitted biomedical use are ur-
gently required [238,239]. Nevertheless, 3D bioprinting may become the

Table 4
Examples of organ-bioprinting.

Ref. Bioprinted Bioprinting Bioink

model technique X
Material Cells

[235] The SLA PEGDA Human lung
vascularized and epithelial cells
alveolar model GelMA (seeded) and human

lung fibroblasts
(bioprinted)

[236]  The left Freeform Collagen human embryonic
ventricle of the  reversible stem cell-derived
heart embedding of cardiomyocytes and

suspended cardiac fibroblasts
hydrogels
(FRESH)

[237] The trachea Extrusion PCL and nasal epithelial and

bioprinting alginate auricular cartilage

cells
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new therapeutic option that resolves current treatment insufficiencies
regarding bone and cartilage repair and provides satisfactory, long-term
outcomes.
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ABSTRACT: In recent years, significant progress has been 1. Substrates Eihikstond] 3. Application
observed in the field of skin bioprinting, which has a huge [/ _ 7 \ R /v \
potential to revolutionize the way of treatment in injury and | — ———a f /: i

surgery. Furthermore, it may be considered as an appropriate Fibroblasts " 7&7
platform to perform the assessment and screening of cosmetic and .
pharmaceutical formulations. Therefore, the objective of this paper o, .
was to review the latest advances in 3D bioprinting dedicated to ' ~
skin applications. In order to explain the boundaries of this / .
technology, the architecture and functions of the native skin were v
briefly described. The principles of bioprinting methods were \_ o Y, ansiin \ /
outlined along with a detailed description of key elements that are
required to fabricate the skin equivalents. Next, the overview of
recent progress in 3D bioprinting studies was presented. The article also highlighted the potential applications of bioengineered skin
substituents in various fields including regenerative medicine, modeling of diseases, and cosmetics/drugs testing. The advantages,
limitations, and future directions of this technology were also discussed.

Keratinocytes

KEYWORDS: bioequivalents, three-dimensional skin bioprinting, bioinks, skin substituents, bioprinting methods, 3D bioprinters

1. INTRODUCTION recognize visible abnormalities and confront them with imaging
techniques.” In turn, bioprinting is an innovative technology that
is applied to obtain three-dimensional complex structures using
cells, biomaterials, and biological molecules.'"'? In simple
terms, bioprinting functions in a similar way to standard 3D
printing; however, the conventional ink is replaced by bioink

Over the past decade, 3D bioprinting has gained worldwide
significant attention from scientists involved in biological,
medical, and pharmaceutical studies. In the beginning, it is
essential to understand the difference between 3D printing and

3D bioprinting. In the first technique, layers of materials
P & daue, fay that comprises cells and biomaterials required to form tissue

(plastics, metal, polymer resins, rubber) are created to obtain a ) . - e
. . . tructs with a high d f tability, flexibil d
three-dimensional structure. It is used to manufacture 3D- construc fl,‘f;l a hugh degree of repeatability, flexibility, an

. . - ; . h -dri iopri he cell

shaped objects. This technology has found applications in accuracy .Due to the computer drn{en b1.op rinters, the cells

: . . i . . . and biomaterials can be deposited precisely in order to achieve
various fields including medicine, dentistry, engineering,

. . 153 the predefined structures. Generally, three stages can be
architecture, agriculture, aerospace, and product design. In o . . R o . C .
: : . distinguished in bioprinting. Initially, precise information
the medical area, it serves to produce anatomical models,

) . . . S about tissues/organs should be collected to select appropriate
implants, prosthetics, therapeutic devices, surgical instruments, . . o
.1 . . . materials and to define models. Second, the information is
specialized tools, and 3D plastic models that assist surgeons in . C ;
o 4s - . . ) transferred into an electrical signal to provide the control under
operations.”” In radiology, patient-specific physical three-

dimensional models can be designed from medical images that the p rintel" to fabricate 1t£1f17tissues. 'In tbe .last step, the stable

enable us to solve and analyze surgical problems.® The Xgl(lic.t}lre v develope.d. 3D bioprinting belongs to the
o ) itive Manufacturing technology that may have a broad

possibility to use data from computed tomography or magnetic

resonance imaging is the appreciable advantage in preoperative ——

planning of complex operations, in particular in transplantology, Received: ~ October 28, 2021 Syntheticbolooy

oral and maxillofacial surgery, or congenital heart disease.” ~ Published: December 30, 2021

The clinical trials in preoperative planning were also registered

in orthopedics and maxillofacial surgery."® Likewise, there is

activity to print synthetic, personalized implants and patient

specific instruments. Moreover, 3D printing is useful to
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Figure 1. Schematic structure of the skin: the stratum corneum (the outmost layer), the viable epidermis, and the dermis.

spectrum of applications including tissue engineering,'® trans-
plantation,16 drug screenin%, cancer research,'’ cardiovascular
and regenerative medicine,”’ as well as dentistry.”' This method
can be applied to regenerate the tooth-like composite tissues and
enables us to control their shapes. Furthermore, bioprinting was
also used to regenerate cartilage and bones.”>**

This technology also gives the opportunity to fabricate skin by
using selected types of cells. Up until now, a skin equivalent that
contains all skin elements has not been printed. However, the
technology is still in the developing stage. The bioprinted skin
constructs were first fabricated by Lee and collaborators in 2009,
who added human dermal fibroblasts to a collagen hydrogel.”*
At the same time Koch et al.”” focused attention on bioprinting
skin equivalents by adding to collagen bioink keratinocytes and
fibroblasts. In 2010, Binder et al. applied for the first time the 3D
inkjet-printer skin substitutes using human fibroblasts and
keratinocytes to repair wounds.”® Since that time, significant
progress in this field has been observed. The aim of this paper is
to review the latest advances in 3D bioprinting dedicated to skin
applications.

2. SKIN ARCHITECTURE AND FUNCTION

The skin is the largest organ of the human body, which is
characterized by multidimensional architecture. It consists of
unique, structurally different layers with specific properties:
epidermis, dermis, and hypodermis (Figure 1). The skin is
responsible for many vital functions which are compartment-
dependent; however, skin layers often act synergistically.”’~**
Thus, one of the key problems of skin fabrication using
bioprinting techniques is not only to deposit the skin layers but
also to precisely reproduce a biomimetic tissue.”* The epidermis
is the outermost layer of the skin. It is a stratified structure
composed of several well-defined layers: basal (which is a
germinal layer), spinous, granular, and stratum corneum. The
latter is the result of the maturation and differentiation of
keratinocytes, which account for 95% of all epidermal cells. The
enucleated, densely packed keratinocytes of the stratum
corneum, called corneocytes, are surrounded by a lipid matrix
and form a “brick and mortar” structure, which is the main
component of a proper epidermal barrier protecting against
external insults (biological, physical, chemical) and restricting
water loss. However, it should be stressed that keratinocytes are
also a part of immunological defense. Other epidermal cells
which play an important role in skin physiology include
melanocytes (pigment-producing cells responsible for the
protection of mitotically active cells from UV damage) and
Langerhans cells (antigen-presenting cells that have a key role in
the adaptive immune response).
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There is a dermo-epidermal junction between the epidermis
and the dermis made of proteins and proteoglycans. It is
involved in the signaling between cells and in cell migration
during the healing process. The dermis is a fibrous connective
tissue made up of fibers (mainly collagen and elastic in smaller
amounts), various cells (of which fibroblasts are the most
numerous, but also some others like mast cells, histiocytes, or
dendrocytes can be found), and a ground substance (with high
water binding capacity). It is worth emphasizing that contrary to
the epidermis, the dermis is largely acellular. Besides its role in
adaptive and innate immunological defense, the dermis is
responsible for the mechanical strength, resilience, and elasticity
of the skin. Additionally, unlike the epidermis, the dermis houses
blood and lymphatic vessels, several kinds of nerve endings, and
appendages (apocrine and eccrine sweat glands as well as the
complex structures called pilosebaceous units). Nerve endings
are responsible for one of the most important functions of the
skin, which is receiving stimuli from the environment. The
eccrine glands together with blood vessels play a role in
thermoregulation. Sebum from sebaceous glands creates a lipid
film at the epidermal surface, thus enhancing the function of the
epidermal barrier. The innermost layer of the skin is the
subcutaneous tissue, which consists mainly of adipocytes and
connective tissue septa. Their role includes insulation,
mechanical cushioning, and energy storage, but they are also
immunologically active.”**

In the end, inhabiting microbiota together with the correct
skin structure play an integral role for optimal barrier function,
pathogen defense, and tissue repair with the production of
essential anti-inflammatory and antimicrobial molecules to
maintain skin homeostasis.”” Eventually, future perspectives of
skin biofabrication should include research on ecosystems of
obtained equivalents. The skin disruptions and declining
microbial diversity may be linked to allergic as well inflammatory
skin diseases. As described above, the complete architecture and
function of the skin depend on all layers and their micro-
structure, which determine the skin’s proper function. In light of
this, obtaining a tissue-engineered skin equivalent reflecting
biomechanical properties seems to be a real challenge.

3. BIOPRINTING

Bioprinting is a promising technique for the commercial
manufacturing of tissue constructs for regenerative medicine.
This method utilizes a computer-controlled three-dimensional
(3D) printer for the precise depositing of bioinks composed of
viable cells, biomaterials, and additional biological substances in
a layer-by-layer manner.”® The bioprinted cell-laden scaffolds
aimed to promote and support new tissue formation by

https://doi.org/10.1021/acssynbio.1c00547
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Table 1. Comparison of Methods Applied in Skin Bioprinting*”

printing
method process  accuracy pros
Extrusion lineby  medium-  low cost, simplicity, printability of high
bioprinting  line low cell density and highly viscous
bioinks
Inkjet-based  drop by ~medium low cost, high cell viability, high
biopritning  drop resolution, high throughput,
noncontact printing
Laser- drop by  high high cell viability, noncontact, nozzle-
assisted drop free, high precision and resolution
bioprinting

clogging nozzles, mechanical stresses generated while bioink deposition

limited bioink, low strength, nozzle clogging, risk of exposing cells to

—-50

cons ref.

34,5153

28,41,54,55

mechanical and thermal stress, possibility of cell agglomeration and
sedimentation

low scalability, low flow rate caused by fast gelation, time-consuming

28,56,57

providing a suitable environment for cell migration, prolifer-
ation, differentiation, and ensuring proper ECM secretion.
Furthermore, this technique enables the creation of constructs
that mimic the architecture of patient-specific spatial geometry
with the control position of cells similar to native tissue
structure.” There are even attempts to create a methodology for
in situ skin bioprinting.**'

3.1. 3D Bioprinting Methods. There are three main
techniques of 3D bioprinting, which were compared in Table 1.
The most popular one is extrusion bioprinting that applied
pneumatic pressure or mechanical pistons for continuous
deposition of bioinks."** In skin tissue engineering, it is also
the most widely used method. It is characterized by high printing
speed, affordability, and scalability of printed models. Extrusion
bioprinting allows using wider types of biomaterials since high
viscous materials can be utilized. However, the clogging of the
nozzle is a frequently observed problem.

Another technology applied in skin construct production is
inkjet-based bioprinting."**> The technique uses a drop-on-
demand printing mode usually by utilization of thermal or
piezoelectric effects. In thermal bioprinting, a small heater in the
printhead uses high temperatures to generate vapor bubbles
within the bioink.*® These bubbles create the pressure pulse that
extrudes bioink. In the second approach, the piezoelectric
actuator converts the applied voltage into the deformation of a
crystal.

These changes produce the pressure required for the drop
ejection. The bioink for inkjet bioprinting should have low
viscosities that affect the mechanical properties of final
scaffolds."’ Nevertheless, this method is fast and relatively
cheap. Lastly, laser-assisted bioprinting (LAB) is also applied for
skin biofabrication.’®*®*” This is a noncontact, nozzle-free
method where a laser beam is absorbed by the ribbon that
generates a local bubble in bioink on the opposite side. LAB is
applied for bioprinting with high cell density bioinks at a
resolution of nearly a single cell. The final constructs can be
printed in three different forms such as cell-suspensions, cell-
encapsulated hydrogels, or cell-free models.”’

3.2. Bioink. The bioink formulation is a pivotal step as its
composition and structure affect the phenotype of the
developing tissue.'”*” The mechanical and physical properties
of bioink need to ensure printability and correspond to
engineering tissue. The biodegradation rate of bioink should
be adjusted to the cell capacity to remodel the extracellular
matrix (ECM), while the products of degradation cannot be
toxic or immunogenic. Despite the growing number of
biomaterials used in bioprinting, only a subset of them is
suitable for skin bioprinting. These biomaterials are briefly
described below.

3.2.1. Collagen. Collagen is the most abundant protein in the
mammalian ECM and, hence, it is widely used in tissue
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engineering.”” It has excellent biocompatibility with low
immunogenicity and toxicity. There are 28 types of collagen
present in vertebrates.”’ Collagen type I makes up most of the
protein mass in the connective tissues of mammals; hence, it is
frequently utilized for bioink production. Unfortunately, the
main limitations of collagen use are its low mechanical stability,
poor solubility, cost, and fibrotic tissue formation. Neutralized
collagen solution heated to a temperature of 20—37 °C self-
assembles into a physically cross-linked hydrogel that provides
structural and biological support for cells.”** However,
collagen gelation at physiological temperatures is slow so it is
frequently mixed with other biomaterials. Collagen type I-based
bioink has been used for extrusion skin bioprinting.”*** In these
studies, the collagen layers and the cell layers (fibroblast and
keratinocytes) were printed separately. The printed model
retained form, shape, and was morphologically and biologically
similar to human skin tissue. In addition, constructs were
cultured at the air—liquid interface to promote epidermal
maturation.

3.2.2. Gelatin. Gelatin, an irreversibly denatured form of
collagen, is frequently used for bioink formulation instead of
collagen. Gelatin retains many similar features of collagen
including cell adhesion sites and cytocompatibility; however, it
has a significantly lower price and better water solubility than
collagen.64 Gelatin is unable to form long fibrils.%® Instead, local
regions of triple helices on different gelatin strands interact to
form physical cross-links that are responsible for gelation at
lower temperatures (below 30 °C).°® Hence, the viscosity of
gelatin-based bioinks can be easily changed by altering the
temperature and concentration of gelatin. The application of
gelatin-based bioinks for skin tissue engineering showed
promising results in the promotion of epithelialization and
granulation in the wound healing process.”® However, the
gelation of gelatin is a thermoreversible process, so its bonds are
easily broken in a physiologic environment. Hence, gelatin is
frequently blended with alginate for bioink production.

3.2.3. Alginate. Alginate, the most popular biomaterial used
for 3D bioprinting, is a linear and negatively charged polymer
composed of two uronic acid monomers.®” This material has low
toxicity and is cheap and nonimmunogenic. Alginate lacks cell
and protein binding properties, so the addition of extra
positively charged biomaterials is required to achieve cell
adhesion.’®®  Alginate-based bioinks are cross-linked by
divalent cations, which is described by the “egg-box” model.”’
The most popular cross-linking solution is CaCl,.*””" This
cross-linking method is fast and heterogeneous, but is hard to
bioprint. Hence, as mentioned previously, alginate is mixed with
other materials, like gelatin. In terms of skin fabrication, the
alginate/gelatin bioink with proper rheological parameters was
also proposed.”” This bioink composition is subjected to two-
step polymerization, namely thermal and ionic.

https://doi.org/10.1021/acssynbio.1c00547
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3.2.4. Chitosan. Chitosan is a deacetylated derivative of
natural chitin present in the exoskeleton of invertebrates and
fungi.72 Chitosan is a biodegradable, biocompatible, and
hemostatic polymer, which can be modified as an antimicrobial
and anti-inflammatory agent for wound healing patches.”””*
Various physical and chemical methods can be applied for
chitosan cross-linking. Chitosan has been widely used for skin
tissue engineering where it has shown a positive influence on the
proliferation and adhesion of keratinocytes and fibroblasts in
constructed models.”* Nevertheless, it suffers from weak
mechanical properties and slow gelation time. Therefore, it is
preferred that it should be combined with the other polymers or
cross-linked.”® The chitosan-based bioink cytocompatibility and
toxicity toward human fibroblasts and keratinocytes were tested
in terms of in vitro and in vivo skin tissue regeneration in rats.”®
The results proved chitosan biocompatibility. Moreover,
chitosan showed a beneficial influence on the regeneration of
wounds in a rat model.

3.2.5. Fibrin. Fibrinogen is a protein found in blood and has
shown unique characteristics as a hemostatic agent and
structural support for wound healing.”” It has also shown
excellent biocompatibility and has a natural cell-binding site.
Fibrinogen can be enzymatically converted by thrombin to
fibrin. In recent years, fibrin has been used as an additive for
bioinks for skin bioprinting. The diluted plasma-derived fibrin
showed higher expression of type I and III collagen in
keratinocytes and fibroblasts and improved cell adhesion in a
printed model of skin.”* In the case of skin bioprinting, as an
example, the fibrinogen/collagen bioink with fibroblasts and
keratinocytes was engrafted in wounds on mice and pigs.*' This
construct showed a dermal composition and accelerated re-
epithelialization. Interestingly, vascular formation in regener-
ated tissue was observed.

4. TYPES OF CELLS APPLIED IN SKIN BIOPRINTING

Commercially available cell lines for fibroblasts, keratinocytes,
melanocytes, and hair follicles are commonly applied in skin
bioprinting."’4 Furthermore, it is also possible to isolate the
specific cell phenotypes from skin biopsies. Cell cultures are
usually used to generate the millions of cells required for
bioprinting.

So far fibroblasts have been widely applied to develop 3D-
bioprinted skin constructs.”*™*" These cells are essential for
dermal formation and wound healing. In the presence of proper
stimuli such as transforming growth factor beta -1, platelet-
derived growth factor, and insulin-like growth factor (IGF-1),
they synthesize ECM. The majority of publications report 3D
skin equivalents comprise usually two types of cells such as
keratinocytes (human epidermal keratinocytes),” or keratino-
cytes and fibroblasts. Human dermal fibroblasts were the most
frequently involved in the bioprinting process.*"*>**~%°
However, T3T mouse fibroblasts*™*® and 1929 mouse
fibroblasts®” were also used in some studies.

In order to mimic the natural skin, it is important to
incorporate melanocytes that produce melanin, a pigment that
provides photoprotection. Min et al.” introduced these cells
into the full-thickness skin model. Initially, a dermal layer
composed of collagen and fibroblasts was printed. Afterward, the
melanocytes and keratinocytes were successively bioprinted on
the top of the dermis. The histological analysis confirmed the
presence of melanocytes in the epidermal layer recognized as
freckle-like pigmentation. Recently, more attempts have been
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performed to introduce melanocytes into skin models by 3D
bioprinting.”' =

Up to now, the progress in bioprinting of blood and lymphatic
vessels has been limited. These systems can be found in the
dermis and are crucial for the appropriate transfer of oxygen and
nutrients. In spite of their significance, there are only several
articles that presented the combination of fibroblasts with
endothelial cells and pericytes.”*™"” Baltazar et al.”* produced
multilayered vascularized skin using two types of bioinks to form
the dermis and epidermis. The first one contained human
foreskin dermal fibroblasts, endothelial cells, and placental
pericytes. The second one constituted human foreskin
keratinocytes. Other research groups applied human fibroblasts,
keratinocytes, pericytes, and induced pluripotent stem cell-
derived endothelial cells to fabricate skin equivalents.”® Li et al.*”
employed in their studies Wharton’s jelly mesenchgfmal stem
cells and amniotic epithelial cells, while Nocera et al.*® involved
epithelial Vero cells in their research. Kim et al.” fabricated a
perfusable vascularized 3D skin model made up of the epidermis,
dermis, and hypodermis. In should be mentioned that the cells
that can cause skin disease can also be introduced to the
biomaterials. This kind of tissue containing pathogenic cells can
be applied to perform research on pathophysiology skin
disorders.*> It should be stressed that in order to obtain the
appropriate environment for cell/tissue growth the knowledge
regarding cell membrane composition should be taken into
account while designing 3D bioprinted skin models. It has been
presented by Ferreri and Chatgilialoglu that dermatological
problems strictly correlate with the functions of cell
membranes.”®”” Well-balanced composition of fatty acids in
cell membranes is crucial for their proper fluidity, permeability,
hydration, and skin aging.”® The importance of this aspect, when

cultured cells are applied, was also demonstrated by Symons et
al.IOO

5. THE REQUIRED PROPERTIES OF BIOPRINTED SKIN

The bioprinted skin should fulfill the special functional and
compositional features. It should be biocompatible and should
have required mechanical properties and appropriate surface
chemistry. The ideal skin model should be able to transfer
nutrients and reduce wound exudates.'" In order to reproduce
the native skin, the bioprinted equivalent of the appropriate cells
(keratinocytes, melanocytes, Merkel and Langerhans cells,
fibroblasts, adipocytes) should be accurately deposited at
certain locations in the particular layer. It is essential to control
the density and ratio between the populations of cells that are
applied to fabricate the skin construct. It is also crucial to
determine the mechanical strength, porosity, and degradation
rate of bioprinted construct. The desirable skin equivalent
should be porous to provide the appropriate cells’ aeration. The
pores should be interconnected to allow cells to attach. In
addition, they should be of small size in order to protect from
microbials.'”" The desirable skin equivalent should have a pore
size between 200 and 400 um.'”> Furthermore, they should be
biodegradable and should maintain their 3D structure for
minimum 3 weeks to enable the ingrowth of fibroblasts and
blood vessels and to proliferate epithelial cells.'”’

6. OVERVIEW OF 3D SKIN BIOPRINTING STUDIES

In the past years, significant progress has been observed in the
field of skin bioprinting.***°° The studies on fabrication of skin
equivalents started from printing only dermis,”””" then the next

https://doi.org/10.1021/acssynbio.1c00547
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two layers (epidermis and dermis) were generated,””*>”* and
subsequently trilayers (epidermis, dermis, and hypodermis)”*”
were obtained. Table 2 summarizes the most important studies
on the fabrication of skin equivalents using bioprinting
technology. Some details concerning the selected approaches
are presented in this paragraph.

Pourchet et al.*’ fabricated a two-layered skin substituent
using a bioink mixture of gelatin and fibrinogen. The thickness of
this construct was S mm. After 26 days of culture, the 3D printed
skin revealed the histological features of native skin. In turn,
Cubo et al.*® developed a full-thickness human skin using
fibroblasts and keratinocytes embedded in human plasma with
fibrinogen. Both in vitro and in vivo results revealed that the
bioprinted skin equivalent resembled the native human skin and
both dermis and epidermis layers were clearly identified. Lee et
al.* fabricated a two-layer skin equivalent by using keratinocytes
and fibroblasts as constituent cells of the epidermis and dermis.
The collagen was applied to form the skin dermal matrix. The
histology and immunofluorescence studies showed that 3D
printed skin constructs were morphologically and biologically
similar to human native skin. However, some studies proved that
biomaterials based on collagen have poor printability and long
cross-linking time. Therefore, Ng et al.'"®* obtained polyelec-
trolyte-gelatin-chitosan hydrogels and reported that they had
good biocompatibility with fibroblast skin cells and appropriate
printability at room temperature. In turn, Rimann et al'®
reported an all-in-one solution for the fabrication of soft tissue
skin models using bioprinting process with human primary
fibroblasts and keratinocytes. In another study, Yanez et al.'*®
employed the 3D bioprinting technology to integrate capillary-
like endothelial networks into a dermo-epidermal skin graft
including neonatal human epidermal keratinocytes and neonatal
human dermal fibroblasts. Moreover, histological character-
ization of obtained constructs demonstrated the formation of
dermal and epidermal skin layers comparable to the native skin,
which is accompanied by the presence of new microvessels in the
mouse tissue. Min et al.”’ elaborated the procedure of
developing thick skin with pigmentations containing melano-
cytes. In turn, Kim et al.'”” proposed a novel single-step 3D cell-
printing using a functional transwell system. A hybrid approach
was developed which involved extrusion and inkjet modules
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simultaneously. The construct based on collagen with
polycaprolactone mesh (that inhibited the collagen contraction
during maturation of tissue) was applied in this procedure. The
skin model obtained exhibited promising biological properties.
It contained steady fibroblast-stretched dermis and thick
epidermis layers. Moreover, it was proved that due to this
method, the costs and time consumption were lower compared
to the stereotyped culture. Next, Hakimi et al."’ developed a
hand-held skin printer allowing in situ formation of skin tissue
sheets of different homogeneous and architected compositions.
They also demonstrated that this system is compatible with
dermal and epidermal cells incorporated with ionic cross-
linkable alginate, enzymatically cross-linkable proteins, and their
mixtures with collagen type I and hyaluronic acid. Admane et
al.>” obtained a full-thickness human cell-based skin equivalent
that exhibited structural, mechanical, and biomechanical
properties similar to human skin. They fabricated the unique
undulated pattern of the dermal-epidermal junction. Due to the
great advances in 3D bioprinting presented above, the
researchers started to search for the possibility of applications
of skin equivalents that will be presented in the next paragraph.

7. APPLICATION OF 3D BIOPRINTING IN
SKIN-RELATED RESEARCH

Human bioengineered skin substitutes may be used for different
clinical and research applications.””"'*™""> With spreading
interest in cosmetic/aesthetic procedures and rising rates of
obesity, diabetes, and aging populations, the repair of damaged
or lost tissue is a worldwide concern, and the demand for skin
biofabrication is still growing. It is postulated that skin bioprints
represent an alternative approach for the following:

e Regenerative medicine clinical applications (chronic
wounds, burn injuries, ulcerations, reconstructive surgery
after large oncological resections).

e Modeling physiological/pathological conditions (wound
healing, UV response, aging, permeability of skin barrier,
drug reaction, photoirradiation, skin cancer, genoderma-
toses, inflammatory conditions).

e Cosmetic/pharmaceutical industry (safety and efficacy of
active agents, drug absorbance, drugs metabolization,
personalized therapies).

https://doi.org/10.1021/acssynbio.1c00547
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Also, the models of bioprinted skins may serve as a platform
for the development of new formulations. Some legal conditions
and regulations and ethical reasons related to the tests of safety
and efficacy of new formulas in animal models by the cosmetic
and pharmaceutical industry force the search for new solutions
in the field of cosmetology, pharmacy, and medicine. Moreover,
ex vivo skin represents a valuable model for skin penetration
studies, but due to logistical and viability limitations, the
development of alternatives is required. On the other hand, the
traditional 2D cell culture has essential limitations, thus
innovative technologies such as 3D bioprinting are needed.
Figure 2 illustrates the 3D skin fabrication process and the main
applications of this technology.

7.1. Treatment of Burn Injuries and Wound Healing. A
lot of people suffer from nonhealing skin wounds. Traditionally,
transplants from patients’ bodies or from donors are used to
treat skin injuries. 3D bioprinting could be applied as an
alternative for the above-mentioned method. The main
advantage of this innovative technology is that the skin
equivalents can be easily created in lesser time and cost.” 3D
bioprinting gives an opportunity to revolutionize the way of
treatment in injury and surgery. Especially it can be useful to heal
the burned skin. 3D bioprinters were created that provide an
opportunity to print skin for injured patients.4 Two strategies
such as ex vivo and in situ bioprinting are applied to fabricate
skin for wound healing treatment. In ex vivo methods (inkjet-,
extrusion-, laser-based bioprinting), a skin construct containing
dermis and epidermis is printed, and next if necessary it is
matured in vitro. Afterward, it is grafted to the wound of the
patient. The simplest and the quickest ex vivo method is
extrusion-based bioprinting. In this technique all components
(such as human fibroblasts, human plasma, calcium chloride)
necessary to form the dermis are deposited at the same time.
Afterward, on the top of this layer, human keratinocytes are
placed to create an epidermis. Michael et al.*® used laser-assisted
bioprinting to develop skin equivalents and transplanted the
mice’s wounds. After 11 days, the transplant adhered to the
tissues located around the wound; in addition, the cells in the
graft proliferated and differentiated. Cubo et al.>” demonstrated
the suitability of a 3D bioprinter and primary human fibroblasts
and keratinocytes to produce a human-plasma-derived bilayered
skin to treat burn injuries and traumatic and surgical wounds.
Xiong et al.''° reported that the rate of wound healing increased
by using 3D printed gelatin-silk fibroin composite scaffolds. The
addition of fibroblast growth factor might improve the treatment
effectiveness. In turn, Lian et al.''” added to hydrogel (that
contained gelatin, sodium alginate, gelatin methacrylate) normal
human dermal fibroblasts and normal human keratinocytes to
fabricate a skin substituent that was applied to reduce scars in
nude mice. The bioprinted skin revealed much better results in
healing the wound than the bioprinted hydrogel or untreated
wound control. The histology and immunofluorescence analyses
performed 28 days after grafting showed that the thickness of
both dermis and epidermis was comparable to that of mice.
Additionally, the microvascular formation in the dermis layer
was also detected.

In turn, in an in situ bioprinting approach, the skin cells
suspended in hydrogels are directly printed on the injured part of
the patient’s body. Subsequently, the cross-linking of the bioinks
is performed to reproduce the 3D skin structure.’” Binder et
al.”*'%? created a computer software and bioprinting tool that
consisted of a cartridge delivery system composed of a series of
inkjet nozzles and laser scanner. On the basis of the data
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acquired from the laser, the 3D model of the wound was
reconstructed. In the next step, the printing heads filled
dropwise the wound with bioink composed of fibroblasts,
collagen I, and fibrinogen. At the same time, thrombin was
added which is required to cross-link fibrinogen into a fibrin
hydrogel. In the last stage, keratinocytes were printed. The
experiments performed on the nude mice proved that the wound
was repaired by printed skin within 3 weeks, which was faster
than the controls (5 weeks). This method is original and
promising, but it is still at the developing stage and more trials
are required.

Skardal et al.''® created a special type of bioink (photo-
crosslinkable heparin-conjugated hyaluronic acid) that was
capable of releasing cell-secreted growth factors. This complex
system was dedicated for in situ skin printing and tested in
wound healing treatment. The bioink and amniotic fluid-derived
stem cells were printed directly on the wound of the murine
model. Afterward, with the usage of thiol—ene photopolyme-
rization process under exposure of ultraviolet light, the bioink
was cross-linked. Wounds treated with the presented above
procedure revealed a higher closure rate compared to non-
treated control. In turn, Albanna et al.*' reported a new type of
mobile skin bioprinting procedure that quickly healed the
complex injuries. The biomaterials included fibrinogen and
thrombin. The immunohistochemistry analysis of human cells
showed that human fibroblasts, keratinocytes, and endogenous
cells were present in the skin layers. The authors also proved that
the treatment of wounds with autologous fibroblasts and
keratinocytes, which were applied immediately to the target
place, improved the wound healing process. The performed
studies proved that the cells (such as keratinocytes, fibroblasts,
melanocytes) isolated from patients can be applied during the
bioprinting process. After in vitro culturing, the cells can be
mixed with appropriate biopolymer and printed to obtain a skin
construct that after maturation can be implanted into the injured
area of the patient.

The main limitation of 3D bioprinting technology regarding
wound healing treatments is that the time required to obtain
sufficient autologous cells to fabricate a large skin surface is not
diminished sufficiently yet. It is essential to mention that the
patients who suffer from extensive burns require treatment in as
short of a time as possible. Therefore, the immediate application
of bioprinted skin equivalents is essential to accelerate the
wound recovery and decrease the hypertrophic scar tissue.""”

7.2. Modeling of Skin Diseases. 3D tumor models may
help to analyze the mode of action in cancer proliferation and
metastasis and reaction to the selected drug. The bioprinted
tissues can be combined with tumor cells to obtain the new
model of diseases. Thus, melanoma was introduced to the
human in vitro skin equivalent."** Liu et al.” fabricated skin
tissues to generate disease models of Atopic Dermatitis (AD).
Several characteristic features of AD were distinguished in these
models such as hyperplasia and spongiosis; elevated level of
proinflammatory cytokines; early and terminal expression of
differentiation proteins. This study revealed that bioprinting can
be applied to fabricate human skin substituents with different
types of cellular complexity for modeling a certain disease. This
method gives an opportunity to understand the mechanisms of
various pathologies.

7.3. The Cosmetic and Pharmaceutical Industry. In
light of the entry into force of the EU Cosmetic Regulation (EU/
1223/2009) with the complete ban of animal testing for
cosmetic purposes, there is a strong demand to obtain skin
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equivalents that could serve as an alternative to animal trials. It
should be added that the use of animal models is not only
restricted due to ethical reasons but also due to their incomplete
similarity to human skin. Therefore, the research results in some
cases are not clear enough.'”' The human physiological system
is different than the animal one. Consequently, ca. 50% of drugs
that passed positively the animal trials proved to be toxic for
humans and inversely."”* The worldwide trend in both
pharmaceutical and cosmetics industries is to search for skin
models that could be ap lied to test new substances and novel
topical formulations.'*"**

Therefore, 3D bioprinting has attracted the blooming
attention of skincare companies. It is expected that this new
technology may revolutionize the testing of cosmetic and topical
products. As it was presented above, skin is multilayered and
contains various cell types. 3D bioprinting gives the opportunity
to deposit cells in this arrangement. 3D bioprinted skin may
bring a lot of advantages for both cosmetic and pharmaceutical
industries. Before clinical studies of each new substance/drug,
their safety should be examined in in vitro tests. The
pharmaceutical/chemical companies may test the medicines
and chemicals by applying skin models fabricated using 3D
bioprinters,”” whereas cosmetic formulations must be assessed
for potential toxic and allergic effects prior launching to the
market.”” Therefore, 3D bioprinted skin may be considered as
an appropriate platform to perform assessment and screening of
cosmetic and pharmaceutical formulations. Due to this
technology the drug and product testing could be faster,
cheaper, and more effective. In addition, it can be more ethical.
The method can be fully standardized and automated, thus the
production costs will be reduced. For cosmetic testing different
types of skin such as normal, dry, oily, and sensitive should be
fabricated.'*® In addition, the 3D skin bioprinting has the
potential to be applied to study drug/active compound
penetration and absorption through the skin. This technology
attracted the attention of global cosmetic leaders such as L’Oreal
and Proctor & Gamble, who invested in the research and
development of 3D bioprinted skin models."*®

7.4. Clinical Application of 3D Skin Bioprinting. The
translation of skin bioprinting from academic research to clinical
practice is promising. Different forms of potential clinical
applications involving regenerative medicine like cell therapy
(cell-based immunotherapy, stem cell therapeutics) and tissue
engineering were found”*"'*”~"*" 3D bioprinting may be used
for the regeneration of skin tissue and appendages. In light of
this, one of the most important clinical needs is skin grafts. The
print of skin biological scaffold may serve as an alternative to
painful traditional skin grafts to minimize donor requirements
and provide better treatment of skin grafting.”*' Moreover, this
technology can be used to treat chronic and nonhealing wounds
such as diabetic, venous, or pressure ulcers and burn wounds.*’
Giinther et al.* developed hand-held 3D bioprinting instru-
ments that ameliorated healing in porcine models of full-
thickness burns. The system promotes the skin regeneration and
reduces scars; therefore, it has potential to be introduced in
clinical settings in the near future. In addition, the skin
bioprinting may also revolutionize aesthetic medical procedures.
3D skin bioprinting has the potential for reconstituting the
cancer microenvironment.”'*’ Tt can be used to create tumor
models from patients’ cancerous cells, which can be further
helpful for the personalization of anticancer drugs. Furthermore,
this procedure may serve as a powerful tool for studying various
biochemical pathways’ roles in carcinoma initiation and
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progression.'”” Another clinical application of 3D skin

bioprinting is precision medicine.* In light of this, it can be
used for providing individualized medication as per the genetic
profile and health condition of the patient. In addition,
personalized skin bioprinting is pointed out as one of the
promising techniques of tissue engineering for astronauts in
future, long-distance space missions.'*” However, despite these
great perspectives, we should be aware that skin bioprinting is
still in its clinical infancy. The automated procedures need to be
adopted in order to efficiently translate bioprinted skin to the
clinical settings. Multiple experimental, ethical, budgetary, and
regulatory difficulties hinder its rapid clinical application."”'

8. ADVANTAGES AND LIMITATIONS OF 3D
BIOPRINTING

Due to the bioprinting technique, it is possible to produce 3D
skin models in an automated way, which is faster than manual
methods. During the skin fabrication process, there is an
opportunity to introduce different molecules and cells that
promote pigmentation, vascularization, and innervation, which
enable us to create biomimetic equivalents."** 3D bioprinting
allows the precise deposition of different cells and biomaterials
with high reproducibility and flexibility.”* The skin constructs
developed using this method have good plasticity, extensibility,
and can be printed in high yield.""” Therefore, the main
advantage of skin bioprinting is the development of clinically
relevant skin constructs that closely mimic the native skin
architecture and heterogeneity via precise positioning of
multiple cell types. Large-scale fabrication is another benefit of
3D-bioprinting that could be favorable for the cosmetics and
pharmaceuticals screening process. Furthermore, specific skin
equivalents dedicated to the selected patients can be developed
by printing autologous cells.">® This may contribute to
developing personalized therapies for skin diseases.

Despite many advantages of 3D bioprinting, it is important to
mention the obstacles that may be encountered during skin
fabrication. The whole system is of high complexity. Therefore,
specialized staff are required to carry out the production process.
In addition, the 3D bioprinter is of a professional level and its
maintenance is high cost. Therefore, the rapid promotion of the
application of bioprinting technology could be limited. The
challenges for skin bioprinting are primarily associated with
selecting appropriate printable bioinks to support the function of
cells and stimulate the fabrication of new ECM after printing. A
critical issue is also to develop the large skin equivalent with
highly developed vasculature. Some researchers have worked on
fabricating the multiscale vascular networks including dendritic
channels"** and straight pipeline;135 however, they were still far
from the blood vessels of native skin. Another bottleneck of
bioprinting concerns the difficulty to fabricate the skin
constructs that contain hair follicles, sweat glands, and
sebaceous glands. An important challenge is also to fabricate
the skin with the appropriate color and texture that mimic the
native skin. Furthermore, cell viability may be affected by
different factors such as bioprinting method applied, the printing
speed, and types of seeding cells.””'**'%° Furthermore, the heat
that is generated while printing may damage the cells. Another
limitation is related to patient safety. The skin 3D bioprinting
process is not yet mature. Therefore, some security concerns
may occur in the future concerning safety problems when the
bioprinted skin will be directly applied to patients in clinical
studies. There are also legal challenges that need to be taken into
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consideration before the product can be released to the
market,'?7 3¢

9. CONCLUSIONS

3D bioprinting can bring different advantages in various fields. It
can eliminate the need for donors of organs. Moreover, this
technology may improve the drug discovery process. Addition-
ally, it may eliminate animal testing. The main challenge seems
to be the creation of functional skin with sufficient vascularity,
innervation, and functions such as touch sensation and
perception.”” In addition, the color, texture, and individual
traits of native skin are other difficulties. An upcoming direction
is to generate more complex skin models. Future perspectives
also involved producing dry, oily skin with different textures,
pigmented with various shades/tones. It should be noted that
there are some ethical, social, and legal challenges requiring
attention before the technology and product may be successfully
used in a large scale and enter the clinical world.
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Abstract: At present, one of the main limitations of three-dimensional (3D) bioprinting in tissue engineering stems from a
scarcity of biomaterials tailored for specific applications. Widely used hydrogels offer an optimal printability and a suitable
environment for cell growth; however, they lack the mechanical strength required for non-soft tissues, for example, cartilage,
tendons, and meniscus. This work investigated the physicochemical, mechanical, and biological characteristics of a 3D-printed
polycaprolactone (PCL) reinforced with multiwalled carbon nanotubes (MWCNT) and “bamboo-like” carbon nanotubes
(BCNT) with the following w/w % concentrations: 0.005%, 0.01%, 0.02%, and 0.2%. The materials were analyzed with
subsequent techniques: Scanning electron microscopy, nanoindentation, parallel plate rheometry, and differential scanning
calorimetry. Biological evaluations were performed with normal human articular chondrocytes by confocal microscopy and
proliferation assay. The study revealed that the carbon nanotubes (CNT) addition improved the rheological properties of
the material by increasing the setting temperature. Moderate enhancement was observed in terms of mechanical properties.
The most significant difference was noted in cell adhesion and proliferation. Pure PCL did not facilitate cell growth and
mainly apoptotic cells were observed on its surface. The addition of 0.01% MWCNT resulted in enhanced adhesion and
proliferation; however, the morphology of the cells remained spherical, signifying a suboptimal surface for proliferation.
Interestingly, PCL reinforced with 0.02% BCNT displayed excellent facilitation of cellular adhesion and proliferation, which
is uncharacteristic of pure PCL. In summary, this study investigated the potential of CNT-reinforced PCL for 3D bioprinting
and tissue engineering, highlighting key physicochemical, mechanical, and biological aspects of this biomaterial.
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1. Introduction are an excellent additive candidate, supplementing

both inadequacies of the PCL. Structurally, CNT can
be viewed as sheets of graphene rolled into cylinders.
There are several morphologically distinct forms of
CNT, resulting in varying physicochemical properties.
Nonetheless, CNT are one of the strongest materials in
nature with Young’s modulus on the order of 270 — 950
GPa and tensile strength of 11 — 63 GPal®l. In terms of

Polycaprolactone(PCL)isasemicrystallinebiodegradable
polyester with a melting temperature of ~60°C. It is
FDA-approved for use in surgical implants and drug
delivery devices and is widely studied for applications in
tissue engineering and regenerative medicine!'l. Due to
its low melting temperature and proven biocompatibility,

it is the most commonly used thermoplastic polymer for
three-dimensional (3D) bioprinting®>*. However, its
mechanical and bioadhesive properties are suboptimal
for non-soft tissue engineering and can be improved on
by implementing additives. Carbon nanotubes (CNT)

biocompatibility, they have been extensively studied for
tailored biomaterial engineering of tissues such as cardiac
tissue, neural tissue, bone, and cartilage!’-'%. In addition,
a significant body of work regarding CNT-reinforced
nanocomposites and their characteristics can be found in

© 2022 Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and
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the literature!''-'*1, For the purpose of this study, two types
of CNT were selected: “bamboo-like” CNT (BNCT)
and multiwalled CNT (MWCNT). “Bamboo-like” CNT
(BCNT) resemble the cup-in-cup structure characteristic
of the bamboo stem, with a high presence of surface
defects. This type of CNT is comparatively inexpensive
as its imperfect morphology does not require stringent
synthesis conditions. MWCNT are composed of multiple
single-walled CNT with diminishing diameters, arranged
concentrically. Dueto the diminished quantity of structural
defects in comparison to BCNT, MWNCT can be used
for tissue engineering applications requiring electrical
conductivity!'. In recent years, a lot of research has
been devoted to electrospun PCL/CNT nanocomposites
for tissue engineering purposes, indicating a growing
interest in biopolymers with CNT additives!'>'""!. In
regard to PCL/CNT composites, a staggering amount
of variables, such as CNT aspect ratios, purity, defects,
functionalizations, entanglement within a polymer
matrix, and interfacial interactions reduce any predictive
attempts of resulting properties to an educated guess. In
addition, the potential cytotoxicity of a nanocomposite
material depends on the biodegradation rate and
subsequent gradual release of the nanofiller into the tissue
environment. Therefore, despite a plethora of relevant
research, a specific application-driven design of CNT-
reinforced polymers still requires extensive laboratory
work. This work aimed to evaluate mechanical and
biological properties of PCL reinforced with BCNT and
MWCNT from a 3D bioprinting and tissue engineering
point of view.

2. Materials and methods
2.1. Materials

CNT were purchased from NanoLab Inc. (USA, MA).
MWCNT have a purity >85%, diameter 10 — 30 nm, and
length 5—20 um. BCNT have a purity >85%, diameter 10
—30 nm, and length 5 — 20 um. PCL used in this work was
in powder (~50 000 MW, Polysciences Europe GmbH).
LIVE/DEAD Viability/Cytotoxicity Kit for mammalian
cells (Invitrogen) was also used in this study.

2.2. Cell culture

Human knee articular chondrocytes (NHAC-kn, Cat No:
CC-2550, LONZA) were cultured in DMEM/F12 with
L-glutamine (Corning) supplemented with 10% fetal
bovine serum (FBS), 50 pg/mL 2-phospho-L-ascorbic
acid, 50 U/ml penicillin, and 50 pg/ml streptomycin at
standard culture conditions. The medium was changed
every 3 days. Cells were subcultured at 80 — 90%
confluence with the TrypLE Express Enzyme (Gibco).
Chondrocytes up to the ninth passage and with cell
viability above 95% were used for cell experiments.

2.3. Material preparation

The PCL and CNT powders were mixed in 15 ml Falcon
tubes by shaking until a visually homogeneous powder
was obtained. Subsequently, the powder was placed
on a glass Petri dish and heated on a magnetic stirrer
until melting occurred. The melt was cooled down
and folded several times to improve the homogeneity
of the material. Finally, the melt was cut into pellet-
like pieces, which were suitable for the thermoplastic
printhead.

2.4. 3D printing

3D printing was performed with the Cellink BioX
printer. In the process, the thermoplastic printhead
was utilized. The 3D model of the grid was prepared
by manual writing of a.gcode file. The printing was
performed with the following parameters: printhead
nozzle diameter, 0.4 mm; printhead temperature,
180°C; printing speed, 4 mm/s; and extrusion pressure,
510 kPa.

2.5. Nanoindentation

The nanoindentation study was performed on a G200
(Agilent) nanoindenter equipped with a DCM head. Each
sample was subjected to 12 indentations of 2000 nm in-
depth, with a Berkovich-type probe, at room temperature.
Analyses were performed at 500 — 1800 nm depth. Due
to the uneven topography of the surface, extreme results
were excluded from further analysis.

2.6. Parallel plate rheometry

The rheology study was performed with the Discovery
Hybrid HR20 Rheometer (TA instruments). A 20 mm
aluminum parallel plate was used for the measurements.
A temperature sweep analysis was performed in two
ranges: 120 — 40°C and 50 — 80°C. For both ranges,
the temp. step was set to 2°C, 1% strain, and angular
frequency at 10 rad/s. The soak time was set to 30 s. A flow
sweep analysis was performed at three temperatures:
180°C, 120°C, and 60°C. The range of shear rate was set
from 1 x 107 1/s to 500.0 1/s, at logarithmic step. Data
were analyzed using TA Instruments TRIOS Software
version 5.1.1.46572.

2.7. Differential scanning calorimetry (DSC)

DSC analysis was performed on a DSC 8500 apparatus
(Perkin Elmer) in the temperature range of =90 — 180°C,
with nitrogen flow (20 ml/min). The temperature
change rate was set at 10°C/min. The thermal history
of the raw material was erased before measurement.
3D-printed grids were not subjected to thermal history
erasure.

International Journal of Bioprinting (2022)—Volume 8, Issue 2 71



CNT/PCL Nanocomposite for Tissue Engineering

2.8. LIVE/DEAD viability/cytotoxicity kit for
mammalian cells

3D-printed grids were cutand sterilized by ultraviolet (UV)
light (30 min on each side). This experiment was carried
out on 24-well Ultra-Low Attachment plates (Corning)
in three biological replications. The chondrocytes were
seeded on the grids at a density of 2 x 10* cells per well.
The culture medium was changed every three days. The
assay was carried out after 2 weeks of culture under
standard conditions. The final concentrations of calcein-
AM and EthD-1 were 2 and 4 uM, respectively. The
labeled cells were visualized under confocal microscopy
(Olympus XI83).

2.9. Cell Titer-Glo 2.0 cell viability assay

To investigate the potential toxicity of the materials,
3D-printed PCL grids were cut and sterilized with UV
light (30 min on each side). This experiment was carried
out on 24-well plates in three biological replications.
Chondrocytes were seeded at a density of 2 x 10* cells per
well. Positive control was cells seeded without the grid.
After 3 and 6 days, the CellTiter-Glo 2.0 cell viability assay
was carried out according to the manufacturer’s manual
with slight modifications. Briefly, 500 ul of fresh medium
was added to each well, equilibrated to room temperature,
followed by the addition of the CellTiter reagent. The
plates were mixed for 2 min and incubated for 10 min
at room temperature. Then, 200 ul of the solution was
transferred to 96-well opaque-walled plates in at least two
technical repeats. The luminescence was recorded using
the Infinite 200 PRO plate reader (TECAN).

2.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism
ver. 8.0.1.

3. Results

3.1. Scanning electron microscopy (SEM)
imaging

SEM imaging of the printed constructs revealed that
the addition of CNT, regardless of their type and
concentration, resulted in a much smoother surface in
comparison to the pure PCL (Figure S1). The initial
assumption was that the decrease in surface roughness
will result in diminished cell attachment.

3.2. Parallel plate rheometry

Rheological properties are crucial from the standpoint of
3D printing and polymer manufacturing. It also provides
valuable insight into the supramolecular interactions
present within a material. The materials were subjected to
the temperature sweep in the 120 — 40°C range, followed

by a 50 — 80°C range sweep. Subsequently, flow sweep
analysis was performed at three temperatures: 180°C,
120°C, and 60°C. Exemplary results of a pure PCL are
presented in Figure 1.

The rest can be found in Supplementary File
(Figures S2-S4). From the temperature sweep analysis, a
point of modulus cross-over was obtained. The modulus
cross-over signifies a temperature at which a change of
the dominant modulus occurs. If the storage modulus
(G’) dominates, a material presents more elastic (solid-
like) behavior. Conversely, if the loss modulus (G”)
dominates, the material presents a more viscous (liquid-
like) behavior. From the flow sweep analysis, zero-rate
viscosity was calculated. The results are presented in
Table 1.

The addition of CNT resulted in elevated temperature
of modulus cross-over during cooling, regardless of
CNT type. The highest increase was observed for 0.2%
addition of BCNT and 0.2% MWCNT: 6.3°C and
5.2°C increase, respectively, in comparison to pure
PCL. The temperature of modulus cross-over during
heating was not pronouncedly affected by CNT addition.
These observations indicate that CNT influence the
solidification of PCL, but not melting. This led us to the
suspicion that CNT may affect the crystallization of PCL
either by acting as nucleation centers or by facilitating
heat transfer through the polymer. Such phenomena
have been described previously???. Regarding zero-
rate viscosity, 0.01% addition of BCNT and MWCNT
increased the polymer’s viscosity. Interestingly, at the
highest concentrations, a decrease in zero-rate viscosity
was observed instead. Congruous data were obtained
for all three temperatures. This result could be attributed
to a gradual shift in dominant interactions between the
CNT and PCL chains. At 0.01%, PCL/CNT interactions
may predominate over PCL/PCL and CNT/CNT. With
increasing CNT concentrations, the balance shifts toward
CNT/CNT interactions, resulting in a decrease in zero-
rate viscosity. The best fit flow analysis of viscosity vs.
strain curve confirmed the pseudoplastic behavior of all
tested materials. In most cases, the Carreau-Yasuda model
was attributed to the experimental data®?*!, Regardless of
CNT addition, all samples showed similarity in viscosity
vs. strain curve (Figure S4). At 60°C, the Newtonian
plateau persisted until the shear rate of c.a. 6 1/s, where
the transition region occurred. Due to limitations of the
apparatus, further measurements beyond this point were
unattainable. At 120°C, a prolonged Newtonian plateau
was observed, followed by a well-pronounced transition
region starting at c.a. 25 1/s, and a precipitous drop in
viscosity, signifying the power-law region. At 180°C,
the Newtonian plateau extended to the shear viscosity
of c.a. 100 1/s. The transition region and the power-law
were, in general, more flattened in comparison to 120°C.
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Figure 1. Example results of the temperature sweep and the flow sweep analysis (pure PCL).

Table 1. The modulus cross-over and zero-rate viscosity of the PCL at various CNTs concentrations.

CNT content (w/w) Modulus cross-over (°C) Zero-rate viscosity (Pa-s)

120-40°C 50-80°C 180°C 120°C 60°C
PCL 0% 40.0 56.7 502.2 1579.6 10162.1
BCNT 0.005% 44.0 56.8 542.3 1662.8 10762.9
0.01% 44.0 57.1 605.8 1892.9 10694.7

0.02% 44 4 56.9 573.7 1775.7 9027.3

0.2% 46.3 57.4 485.6 1536.2 7090.8

MWCNT 0.005% 42.8 57.0 555.4 1655.7 9729.2
0.01% 42.6 56.9 579.7 1825.2 10252.4

0.02% 44.0 57.1 569.8 1718.9 9377.6

0.2% 45.2 57.2 452.6 1394.2 8445.1

In blue — minimum values; in red — maximum values. Zero-rate viscosity was calculated using best fit flow (viscosity vs. flow).

Obtained data indicates that the CNT addition does not
affect the dynamics of shear-thinning behavior, displaying
comparable viscosity versus strain curves across all
samples at given temperatures. From this perspective,
120°C seems to be the most optimal for 3D printing of
PCL, as it allows to fully utilize its shear-thinning behavior.

3.3. DSC

First, a DSC analysis was performed to assess the
crystallinity of the raw material and the 3D 3D-printed
grids. From the standpoint of a material investigation, it
was vital to differentiate which factors affect crystallinity,

International Journal of Bioprinting (2022)—Volume 8, Issue 2

namely, CNT addition or the 3D printing process.
Therefore, the analysis of 3D printed grids was run without
erasing the thermal history of the material, retaining
its crystalline structure. The degree of crystallinity was
calculated based on the heat of melting as:

AH
2(6) =2 100%

where:
AH  — the heat of melting (J/g)
AH °—the heat of melting (J/g) for 100% crystalline

polymer
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The melting heat for 100% crystalline PCL is
139.5 J/g, which was adopted from the literature®!. The
results are summarized in Table 2.

The analysis revealed that the CNT addition does
not affect substantially the overall crystallinity of the
PCL. Interestingly, the process of 3D printing itself was
much more influential, providing an 8.7% mean increase
of crystallinity. Second, DSC analysis was utilized to
investigate the crystallization dynamics of PCL + CNT
blends. The rheological behavior of the samples suggests
that the addition of CNT accelerates the solidification
of the melts, which is associated with the crystallization
of the material. The results confirmed the observations
from the rheological analysis. The addition of CNT
increases the temperature of crystallization onset (Tc)
and the Tc (Figure 2). BCNT addition resulted in a mean
increase of 4.0°C in the Tc onset and 6.9°C in the Tc.
MWCNT addition provided a 2.9°C mean increase in the
Tc onset and a 5.1°C mean increase in the Tc (Table 3).
Despite not increasing overall crystallinity, CNT addition
did enhance the crystallization rate of the PCL, calculated
as Tc onset - Tc.

Table 2. The degree of crystallinity of the PCL at various CNTs
concentrations.

CNT content Degree of crystallinity (%)
(W/w) Raw material Grids
PCL 0% 50.75 59.00
BCNT 0.005% 51.38 59.94
0.01% 50.68 60.20
0.02% 50.14 60.26
0.2% 5091 61.92
MWCNT 0.005% 51.52 57.64
0.01% 51.31 58.89
0.02% 51.11 59.81
0.2% 49.77 58.24
In blue — minimum values; in red — maximum values.
Table 3. The Tc and Tc onset the PCL at various CNTs
concentrations.
CNTs Tc Te Tc onset
content onset °O) -Te
(w/w) (&9) O
PCL 0% 32.89 253 7.6
BCNT 0.005% 36.22 32.29 3.9
0.01% 35.97 31.27 4.7
0.02% 37.25 32.69 4.6
0.2% 38.13 32.38 5.8
MWCNT 0.005% 33.66 27.93 5.7
0.01% 35.43 29.65 5.8
0.02% 36.54 31.91 4.6
0.2% 37.62 32.01 5.6

In blue — minimum values; in red — maximum values.

3.4. Nanoindentation

Mean elastic modulus and mean hardness were measured
via the nanoindentation method (Figure 3). Measurement
was performed only on raw materials, as the curvature
of 3D printed grids hinders reliable measurement.
Therefore, we were unable to assess the effects of
increased crystallinity on the mechanical properties of
PCL reinforced with CNTs. The sole addition of CNTs
did improve the mechanical properties of the material,
however, in a nonlinear fashion. The highest increase
in mean elastic modulus and hardness was observed for
PCL with a concentration of 0.02% MWCNT.

3.5. LIVE/DEAD viability/cytotoxicity assay

Normal human knee articular chondrocytes (NHAC-kn)
were seeded on the 3D printed grids and cultured for
2 weeks in standard conditions on non-adherent culture
plates. After 2 weeks, cells were dyed with the LIVE/
DEAD assay (Figure 4). The addition of CNTs did
significantly affect the biocompatibility of the PCL.
Chondrocytes seeded on pure PCL were mostly dead,
while even the smallest concentration of 0.005% BCNT
enhanced the viability. The enhancement was observed
up to 0.02% concentration. At the highest tested
concentration, BCNT decreased the viability of the
chondrocytes in comparison to lower concentrations. The
biocompatibility enhancement effect was less pronounced
for PCL/MWCNT. A visible improvement was observed
for the concentration of 0.01% MWCNT; however, it was
still markedly worse compared to BCNT. Interestingly,
BCNT addition facilitated a proper, elongated
morphology of the chondrocytes, while this effect was
absent in MWCNT-containing samples. In addition,
the elongation occurred in parallel to the printhead
movement, suggesting extrusion-driven topography
alterations, dictating the direction of filopodia elongation.
Cells on the PCL/MWCNT grids remained spherical and
were rather loosely attached.

3.6. Cell Titer-Glo 2.0 cell viability assay

PCL is a biodegradable polymer; therefore, there is a risk
of CNT-mediated cytotoxicity elicited by free-floating
CNT, which are released from the polymer. To provide
a quantitative analysis of cell viability, the CellTiter-
Glo 2.0 Cell Viability assay was performed after three
and 6 days of culture. In this experiment, cells were
seeded on standard culture plates with inserted grids.
After 3 days of culture, a slight increase of viability was
observed for 0.01% MWCNT samples (Figure 5). On
the other hand, 0.2% BCNT samples displayed markedly
lower viability. As expected, the highest concentrations
of CNT significantly decreased cell viability after 6 days
of culture. Compared to control samples, 0.005 — 0.01%
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Figure 2. DSC measurement. Cooling step of raw materials (after thermal history erasure).
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Figure 3. Mean elastic modulus and mean hardness of raw
materials measured through nanoindentation. Statistical analysis
was performed using one-way ANOVA and post hoc Dunnett’s T3
multiple comparisons test. The mean of each column was compared
to the mean of PCL column. CI =95%, P value: 0.12 (ns), 0.033(*),
0.002 (*¥%*), <0.001 (***).

concentration range of both CNT types provided no
statistically significant differences in viability. Pure
PCL grids did have a minor effect on cell viability. The
statistical significance of differences between samples
against pure PCL was presented in the Supplementary
File (Table S1).

4. Discussion

The data presented highlights several physicochemical,
mechanical, and biological characteristics of PCL
reinforced with CNT for 3D printing and tissue
engineering. It is important to underline that the
polymer mixing methodology most likely resulted in
nonhomogeneous CNT dispersions within the polymer
matrix, contributing to various characteristics of the
resulting biomaterial. For an extensive overview of

CNT/polymer nanocomposites and their interfacial
characteristics, see the following article®®. In our study,
the addition of CNT resulted in a smoothened surface of
the 3D-printed grids in comparison to pure PCL. As the
data suggest, this effect cannot be explained by changes
in viscosity or crystallinity of the samples. It could,
however, be a result of an increased rate of crystallization,
calculated as Tc onset - Tc. Presumably, CNT facilitate
heat transfer through the polymer providing uniform
temperature distribution, preventing local tensions arising
from a nonequal rate of crystallization due to regional
temperature differences. Contrary to this hypothesis, low
concentrations of a thermoconductive filler are believed
to facilitate phonons scattering at the filler/polymer
interfaces, resulting in the “interface thermal resistance”
phenomenon’?®, At this point, the mechanism of surface
smoothening remains unsettled. However, taking into
consideration the increase of the modulus cross-over
temperature, Tc and Tc onset, with concomitant lack of
increased overall crystallinity for CNT-reinforced PCL,
supports the notion of enhanced thermal transfer.
Rheology analysis provided insight into the
properties of the CNT/polymer interface. The initial
increase of zero-rate viscosity at low to medium
concentrations of CNT suggests that the strength of
polymer/polymer interface interactions is lower than the
polymer/CNT. However, at high CNT concentrations,
zero-rate viscosity decreased below pure PCL, signifying
the CNT/CNT interface being weaker in comparison to
the polymer/polymer interface. Furthermore, the lack
of increased viscosity at lower shear rates indicates that
the CNT-filled PCL does not behave like a yield stress
fluid (represented by the Herschel-Bulkley model)®.
Therefore, it can be concluded that the CNT do not form
cross-linked networks with the polymer chains. Moreover,
it suggests that CNT do not act as nucleation centers
for PCL crystallization, as was demonstrated for other
polymers®-32. This finding is corroborated by the DSC
data, revealing that the degree of crystallinity was not
significantly affected by the CNT addition. Interestingly,
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Figure 4. Confocal microscopy of LIVE/DEAD assay. Normal human knee articular chondrocytes (NHAC-kn) cultured for 2 weeks in
standard conditions. Scale bars represent 200 um.
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Figure 5. CellTiter-Glo 2.0 cell viability assay. Statistical analysis was performed using one-way ANOVA and post hoc Dunnett’s T3
multiple comparisons test. The mean of each column was compared to the mean of the control (Ctrl) column. CI = 95%, P value: 0.12 (ns),
0.033(*), 0.002 (¥*), <0.001 (***).

the 3D printing process itself resulted in a significantly hardness and elastic modulus of the PCL. The effect
increased crystallinity compared to the raw material. was the most pronounced for high concentrations of

Regarding the mechanical properties assessed by MWCNT. As mentioned previously, the main limitation
nanoindentation, the addition of CNT did increase the of the study was the inability to measure 3D-printed grids
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due to the cylindrical shape of the sample, which was
unsuitable for nanoindentation. This obstacle prevented
the comparison between more crystalline 3D-printed grids
and raw material. Another factor that has to be taken into
consideration is the nonhomogeneous dispersion of the
nanotubes, which may form clusters within the material,
potentially affecting the measurement.

Biological assessment of the materials revealed an
extraordinary improvement in human knee chondrocyte
proliferation and viability after the addition of BCNT.
At 0.02 w/w% BCNT concentration, cells displayed
an optimal morphology and enhanced proliferation.
Interestingly, MWCNT addition also enhanced
proliferation in comparison to pure PCL; however, cell
morphology remained spherical, signifying nonoptimal
adhesion to the surface. We suspect two potential
mechanisms responsible for the observed effect: (i)
Alterations of the surface zeta potential; and (i) CNT
protrusion from the polymer matrix, providing additional
anchoring for the cells. In addition, the 3D printing
process forces the alignment of CNT along the principal
axis of the polymer extrusion, which coincides with
the direction of the chondrocytes’ filopodia projection,
supporting the latter hypothesis. Unfortunately, no direct
cause of the enhanced adhesion/proliferation has been
found.

As mentioned previously, PCL is a biodegradable
polymer, which entails a risk of gradual release of a
filler into the environment™-33!. Our cell viability assay
performed after six days of culture showed a significant
decrease in cell viability for the highest concentrations
of CNT. The rate of biodegradation is a crucial factor,
especially for potentially cytotoxic fillers. In theory,
however, this could be mitigated by rapid extracellular
matrix production, counteracting PCL degradation, and
subsequently preventing CNT from being released into
the environment.

5. Conclusions

Our study evaluated BCNT and MWCNT as fillers for
PCL nanocomposites, dedicated for 3D bioprinting and
tissue engineering. The following summary statements
could be derived from this study: (i) CNT decreases the
roughness of the 3D-printed constructs; (ii) CNT increases
the temperature of modulus crossover, Tc, and Tc onset;
(iii) the degree of crystallinity depends on the process
of 3D printing rather than the CNT addition; (iv) BCNT
addition favors cell growth and proliferation of human
chondrocytes, facilitating their natural morphology; and
(v) at high concentrations, CNT elicit cytotoxic effect and
render the material rather unsuitable for tissue engineering
purposes. In summary, this work provides novel aspects
of PCL-based nanocomposites reinforced with CNT for
3D printing and tissue engineering.
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Figure S4. Flow sweep analysis at 180°C, 120°C and 60°C

Table S1. Results of the CellTiter-Glo 2.0 cell viability assay.

Pair Statistical significance
3 days 6 days

PCL vs. Ctrl *Ex *k
PCL vs. BCNT 0.005% Hokk ns
PCLvs. BCNT 0.01% ns *ok
PCL vs. BCNT 0.02% ns ns
PCL vs. BCNT 0.2% HEx HEx
PCL vs. MWCNT 0.005% *x o
PCL vs. MWCNT 0.01% * Hkx
PCL vs. MWCNT 0.02% ns ns
PCL vs. MWCNT 0.2% * Rk

Statistical analysis was performed using one-way Anova and post -hoc Dunnett’s T3 multiple comparisons test.
The mean of each column was compared to the mean of PCL column.

CI=95%, P value: 0.12 (ns), 0.033(*), 0.002 (**), <0.001 (***).
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Abstract

The necessity to preserve meniscal function prompts the research and develop-
ment of novel treatment options, like three-dimensional (3D) bioprinting. However,
bioinks for meniscal 3D bioprinting have not been extensively explored. Therefore,
in this study, a bioink composed of alginate, gelatin, and carboxymethylated cellu-
lose nanocrystal (CCNC) was formulated and evaluated. Firstly, bioinks with varying
concentrations of the aforementioned components were subjected to rheological
analysis (amplitude sweep test, temperature sweep test, and rotation). The optimal
bioink formulation of 4.0% gelatin, 0.75% alginate, and 1.4% CCNC dissolved in 4.6%
D-mannitol was further used for printing accuracy analysis, followed by 3D bioprint-
ing with normal human knee articular chondrocytes (NHAC-kn). The encapsulated
cells'viability was > 98%, and collagen Il expression was stimulated by the bioink. The
formulated bioink is printable, stable under cell culture conditions, biocompatible,
and able to maintain the native phenotype of chondrocytes. Aside from meniscal
tissue bioprinting, it is believed that this bioink could serve as a basis for the devel-
opment of bioinks for various tissues.

Keywords: Meniscus; 3D bioprinting; Bioink; Alginate; Gelatin; Carboxymethylated
cellulose nanocrystal

1. Introduction

Meniscal lesions are one of the most common injuries to the human knee, stemming
from its biomechanical role as a shock absorber!". The clinical results of meniscus repair
have direct correlations with the vascularization of the area in which the lesion occurs.
The vascularized zone has higher regenerative potential in comparison to the avascular
zone. The routine treatment methods include stitching and partial meniscectomy, which
pose a risk of detachment and limitation to joint mobility™". There is also a risk of
late-age osteoarthritis with meniscectomy, as it decreases the contact area and increases
the contact stress on the articular cartilage. In the case of complex and extensive
meniscal tears, the treatment options include allograft transplantation; however, tissue
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accessibility is a major limitation. Therefore, cartilage
regeneration or substitute through a tissue-engineered
scaffold is extensively explored.

Three-dimensional (3D) bioprinting emerges as a
versatile method to manufacture structurally defined
constructs. In short, 3D bioprinting utilizes a carrier
matrix termed bioink to provide a microenvironment for
cells suspended within it®l. The main advantage of 3D
bioprinting is the architectural control over products!®l.
A perfectly tailored scaffold can be developed using data
from various imaging techniques, like magnetic resonance
imaging (MRI)". The growing interest in this field of
research is anticipated®. Presently, 3D bioprinting is
used to manufacture tissues, organs, or cancer models for
research, including orthopedic applications'®.

Literature presents various bioink compositions
developed for orthopedic 3D bioprinting®. An
interesting idea is to formulate bioink based solely on the
decellularized extracellular matrix (ECM) from porcine
menisci®'!. This low immunogenic component exhibits
good biocompatibility and stimulates chondrogenesis.
However, constructs suffer from poor mechanical stability,
which is an issue that has to be addressed. Polycaprolactone
(PCL) is frequently used as a reinforcement in orthopedic
applications!"**l. For example, PCL supports alginate-
based bioinks mixed with porcine inner or outer meniscal
ECM!"*. Nevertheless, ECM extraction requires the use
of surfactants that may elicit cytotoxic effects even at low
concentrations''”. Alternative methods of supercritical
carbon dioxide (CO,) extraction require advanced and
costly equipment. As a result, alginate, collagen derivatives,
chitosan, nanocellulose, and hyaluronic acid are some of
the more widely investigated biomaterials®.

The most commonly used bioink component is an
accessible and affordable alginate that crosslinks with
divalent cations, usually calcium ions (Ca?*). Nonetheless,
the rapid alginate gelation limits the control over this
process during bioprinting!". Therefore, it is usually
mixed with other materials, like gelatin, to obtain
bioinks with dual-stage gelation”. The gelation of gelatin
is temperature-dependent; it is fluid above 30°C but
solid at lower temperatures. In addition, gelatin, unlike
alginate, has a positive charge that ensures cell and protein
binding!"”. Alginate-gelatin bioink is commonly used as a
basis for bone and cartilage tissue engineering!*-2"l.

In cartilage-related research, the addition of
nanocellulose enhances the mechanical properties and
shear forces affecting cells and printability”*"??. The cell
mobility inside constructs and phenotypic changes are
related to the mechanical properties of bioink?!. Cells
detect mechanical stress through mechanoreceptors,

which convert mechanical stimuli into biochemical signals
that regulate various cellular pathways?*. The mechanical
stimulation is further enhanced by shear forces exerted on
cells during 3D bioprinting”*!. This phenomenon is known
as mechanotransduction and is one of the chondrogenesis
stimulators.

Extrusion-based bioprinting, which is the most
popular type of bioprinting, utilizes compressed air or a
mechanical piston to extrude bioink from a cartridge®*.
It is a relatively affordable technique and is compatible
with various materials, including alginate- and gelatine-
based bioinks®”?l. The applicability of extrusion-based
bioprinting can be expanded by integrating additional
modules, such as the microfluidic printhead or the UV
module for photo-curable materials'**°!. Inkjet bioprinting
is another 3D bioprinting technology that ejects droplets;
hence, it allows the manufacturing of constructs in a
drop-on-demand fashion®*. Laser-assisted bioprinting
systems, such as laser-induced forward transfer (LIFT) and
vat polymerization-based bioprinting, can also be used as
3D bioprinting techniques for cartilage tissue engineering.
LIFT is a nozzle-free and noncontact technique that
is applicable for high-viscosity bioinks with high cell
densities®. The laser is pulsed on a ribbon that absorbs
energy and generates a bubble of bioink on the opposite
side!>*]. Vat polymerization is based on the polymerization
of photo-curable inks in vats and is mainly used for 3D
printing with inks without cells. Nevertheless, digital light
processing is a vat polymerization technology that has
been successfully used for bioprinting with bioinks mixed
with cells®*. A bioink composed of alginate, gelatin, and
carboxymethylated cellulose nanocrystal (CCNC) was
formulated and evaluated for meniscal tissue engineering.
The addition of CCNC is a novelty selected for its
carboxymethylated groups that increase its solubility. All
materials are natural, biocompatible, accessible, and
affordable. Rheological analysis was performed on bioinks
with varying concentrations of alginate, gelatin, and CCNC.
Based on the rheological analysis, a bioink was selected for
printing accuracy analysis, and the bioink was subsequently
enriched with normal human knee articular chondrocytes
(NHAC-kn) for 3D bioprinting. The constructs were
created with an extrusion-based bioprinter. The viability
and gene expression of the embedded cells were assessed.

2. Materials and methods

2.1. Bioink preparation for rheological analysis

Table 1 presents the investigated bioink formulations.
Firstly, weighted sodium alginate (Sigma-Aldrich),
gelatin from porcine skin (Sigma-Aldrich), and CCNC
(Cellulose Lab) were sterilized under ultraviolet (UV) light
for 30 minutes. The components were then dissolved in
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Table 1. Bioink formulations for rheological analysis

Concentrations (w/v)

Gelatin Alginate CCNC
Bioink A 3.0% 0.5% 1.4%
Bioink B 4.0% 0.5% 1.4%
Bioink C 5.0% 0.5% 1.4%
Bioink D 4.0% 0.75% 1.4%
Bioink E 4.0% 1.0% 1.4%
Bioink F 4.0% 0.75% 1.0%
Bioink G 4.0% 0.75% 2.0%

Abbreviation: CCNC, carboxymethylated cellulose nanocrystal.

sterile 4.6% (w/v) D-mannitol (Sigma-Aldrich) solution.
The components were added in the following order:
alginate, gelatin, and CCNC; the mixture was shaken after
each addition for at least 30 minutes at 37°C. The prepared
bioinks were mixed overnight. During bioink formulation,
the EFD Optimum dispensing equipment (Nordson)
ensures a high repeatability of bioink composition by
wiping the residues from the walls with a piston.

2.2. Rheological analysis

Rheological analysis was performed using the Anton Paar
302 rheometer, equipped with 25 mm, smooth, parallel
plates (PP25). The gap between plates was set to 1 mm,
and measurements were conducted at 23°C, unless stated
otherwise. The performed rheological measurements
included amplitude sweep test, temperature sweep test,
and rotation. Temperature sweep experiments were
performed at a rate of 2°C-min™" from 20°C to 40°C. In
the rotation study, the shear rate range was set to 0.01-
200.00 s7'. The oscillatory measurement was divided into
three intervals®. The first interval was a pre-shear step
conducted at a constant strain amplitude (y) of 0.01% and
an angular frequency (w) of 10 s™'. The next interval was a
rest time (¢ = 10 minutes), followed by an amplitude sweep
test with varying strain amplitude (0.01%-500.00%) and a
constant angular frequency (1 rad-s™). A layer of silicone oil
was spread over the surface of the sample to prevent water
evaporation from the bioink samples during rheological
measurements®*””). All rheological measurements were
performed in triplicate, including sample preparation, and
at least three measurements were performed for further
calculations.

2.3.3D model design

Three computer-aided design (CAD) models were
developed. The first model was developed for printing
accuracy analysis, while the second model was developed
to test the feasibility of bioprinting a meniscus-like shape
model (approximately 29 mm x 39 mm x 11 mm). Both
were prepared with Inventor Professional 2020. The

stereolithography (STL) models were adjusted based on
the bioprinter requirements in Slic3r. The third model
(10 mm x 10 mm x 1 mm cylinder) was less challenging,
and it was prepared using Thinkercad for 3D bioprinting.
This model was uploaded to the BIO X bioprinter (Cellink)
and sliced using a bioprinting software with infill set at a
35% rectilinear pattern.

2.4. Printing accuracy analysis

The bioink selection for 3D bioprinting accuracy
analysis was based on the former rheological analysis.
The bioink was prepared as described above, transferred
to a cartridge, and precooled in a 25°C water bath. The
BIO X bioprinter (Cellink) with temperature-controlled,
pressure extrusion printhead was used. Its printhead
and printbed temperatures were set to 25°C and 10°C,
respectively. A 22 G needle (inner diameter = 410 pm) was
used. After printing, the constructs were photographed on
millimeter paper, and all measurements were taken from
15 individually printed constructs. The length and width
measurements for printing accuracy were performed on
Image] software. The printing accuracy in percentage
was assessed with a previously proposed equation® as
follows:

| A [mm]— A[mm]|
A[mm]

Printing accuracy [%] = |:1 - *100

where A, is the measurement of a printed construct, and A
is the measurement of a 3D model.

2.5. Culture of NHAC

Normal human knee articular chondrocytes (NHAC-
kn, Lonza) were cultured in the recommended CGM™
Chondrocyte Growth Medium (Lonza) for expansion
of chondrocytes, with supplementation at standard
conditions (37°C, 5% CO,, and 95% relative humidity). Cell
passaging was performed with TrypLE™ Express Enzyme
(Gibco) when the cells reached 80%-90% confluence.
Chondrocytes up to the sixth passage were used for 3D
bioprinting.

2.6. Bioink preparation for 3D bioprinting

The bioink prepared as described above was further mixed
by using two syringes clipped with the female/female luer
lock adapter. The prepared bioink was mixed with 1 x
107 cellssmL™ of bioink in the same way. Specifically, the
cells were suspended in 100 uL of chondrocyte medium
and transferred to a syringe, while 1 mL of bioink was
transferred to another syringe; then, the syringes were
clipped with a female/female luer lock adapter prior to
mixing the content. Before bioprinting, the bioink with
cells was placed in a cartridge and held in a 25°C water
bath to induce gelatin gelation.
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2.7. 3D bioprinting

The 3D bioprinting proceeded with the same parameters
as those in the printing accuracy analysis; the only
difference was the printing nozzle, which was 25 G. After
bioprinting, the constructs were crosslinked with sterile
200 mM calcium chloride (CaCl) (Sigma-Aldrich)
dissolved in 4.6% (w/v) D-mannitol for 10 minutes at
room temperature. Then, the constructs were cultured in
supplemented CGM™ Chondrocyte Growth Medium with
5 mM CaCl, in standard conditions.

2.8. Live/dead assay

After 24 h, 7 days, 14 days, and 28 days, three bioprinted
constructs were divided for viability and gene expression
analyses. The live/dead assay was performed according to
the product manual (LIVE/DEAD® Viability/Cytotoxicity
Kit, Invitrogen), with the utilization of confocal microscopy
(IX83, Olympus). Scans for viability assessment were
taken from the approximate midpoint of three different
constructs at each time point. From each of these scans, two
middle slices were selected for live and dead cell counting.
These images were analyzed with the Image]J software.

2.9. Gene expression analysis

Three constructs from each time point were dissolved in
100 mM sodium citrate, containing 0.08 U-uL™' Proteinase
Kand 1.0 U-uL™' RNAse Inhibitor (A&A Biotechnology),
while shaking for 5 minutes at 37°C, followed by
ribonucleic acid (RNA) isolation with TriReagent (Sigma-
Aldrich). Chloroform was then added, and the probes
were centrifuged at 12,000 RCF for 15 minutes at 4°C. The
supernatant was collected and mixed with a 1:1 volume of
cold 99% ethanol. The solution was then transferred to the
columns from RNeasy Mini Kit. The isolation steps were
performed according to the RNeasy Mini Kit manual.
The RNA concentration was measured using the Qubit 4
Fluorometer. For reverse transcription polymerase chain
reaction (RT-PCR), TranScriba Kit (A&A Biotechnology)
was used with random hexamer primers and 300 ng
of total RNA. The following genes for real-time PCR
were selected: COLIAI, COL2A1, COL10A1, SOX9, and
RUNX2, with GAPDH as the housekeeping gene. The

Table 2. Primer sequences used for gene expression analysis

Genename Forward/ Sequence
Reverse
COLIAI F 5-ACGTCCTGGTGAAGTTGGTC-3
R 5-ACGTCCTGGTGAAGTTGGTC-3
COL2A1 F 5-CTGGAAAAGATGGTCCCAAAG-3
R 5-CAGGGAATCCTCTCTCACCAC-3’
COLI0A1 F 5-TTACGCTGAACGATACCAAATG-3
R 5-GACTTCCGTAGCCTGGTTTTC-3
SOX9 F 5-GACTCGCCACACTCCTCCT-3’
R 5-AGGTCTCGATGTTGGAGATGAC-3
RUNX2 F 5-ACCAGATGGGACTGTGGTTACT-3
R 5-TGTGAAGACGGTTATGGTCAAG-3’
GAPDH F 5-TGACATCAAGAAGGTGGTGAAG-3
R 5-TTCGTTGTCATACCAGGAAATG-3’

designed starters are shown in Table 2. The QuantStudio
6k Flex Real-Time PCR System (Applied Biosystems) with
1 uL of complementary deoxyribonucleic acid (cDNA) and
Maxima SYBR Green/ROX qPCR Master Mix (Thermo
Scientific) was used to evaluate the expression of these
genes. Primers were used at a final concentration of 0.5
uM. The gene expression results were tested with the two-
way analysis of variance (ANOVA).

2.10. Data analysis
GraphPad Prism 8.0.1 was used for statistical computing
and graph preparation.

3. Results

3.1. Rheology

The temperature sweep test compared the storage modulus
(@), the loss modulus (G”), and the cross-over temperature
(G = G7) between bioink A, B, and C (Figure 1). G/G”
cross-over indicates the temperature at which the bioink
changes its state. If G’ is above G, the elastic part dominates
in the viscoelastic spectrum, and the bioink is solid.
Conversely, if G” is above G; the viscous part dominates,
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Figure 1. The temperature-dependent functions of storage modulus G’ and loss modulus G” of bioinks A, B, and C.

Volume 9 Issue 1 (2023)

https://doi.org/10.18063/ijb.v9i1.621



International Journal of Bioprinting

Biocompatible materials and Multi Jet Fusion

Bioink A

1000- . Bipink B

—— Bioink C

Viscosity n [Pa-s]

0 50 100 150 200

Shear rate y [1/s]

Figure 2. Flow curves of bioinks A, B, and C.

and the bioink is liquid. Bioink A reached its lowest
G’/G” at 32.3°C. Bioinks B and C obtained similar G/G”
values at 33.1°C and 33.3°C, respectively. These bioinks
also had higher values of both, storage and loss modulus,
particularly in the temperature range of 20°C to 35°C.

Bioink flow analysis with gelatin content from 3.0% to
5.0% enables the estimation of printability (Figure 2). All
bioinks exhibited a shear-thinning behavior, in which shear
rate (y) increases and shear stress (1) decreases viscosity
(n). In the conducted research, the viscosity range for all
bioinks was similar. It was 2863-0.08 Pa-s for bioink A,
4630-0.02 Pa-s for bioink B, and 5210-0.05 Pa-s for bioink
C at a shear rate range of 0.01-200.00 s".

In the amplitude sweep test, bioinks with varying
concentrations of each component were tested, beginning
with bioinks with different gelatin content (3.0%, 4.0%,
and 5.0%) (Figure 3). All bioinks displayed a solid-like

behavior (G’ > G”) until G/G” cross over. Expectedly, a
lower gelatin content corresponded to the cross-over at
lower strain rates, while higher gelatin content resulted
in higher values of G Hydrogels with 3.0% and 5.0% of
gelatin showed a slight increase in the storage modulus
followed by a steep downward slope. From the above
results, the gelatin content was set at 4.0%.

Subsequently, amplitude sweep tests were performed on
bioinks with varying alginate content (0.5%, 0.75%, and 1.0
%) (Figure 4). Bioink B revealed the highest constancy in G’
values resulting in a broad linear viscoelastic (LVE) region.
Interestingly, bioinks D and E with higher alginate content
revealed a similar spike in G’ as observed for bioinks A and
C. Bioinks B, D, and E reached G'/G” crossover at 239%,
340%, and 396% strain, respectively. The 0.75% alginate
content was selected for further analysis.

The next step involved testing bioinks with fixed gelatin
(4.0%) and alginate (0.75%) contents but varying CCNC
concentrations (bioink D, 1.4%; bioink F, 1.0%; and bioink
G, 2.0%) using the amplitude sweep test (Figure 5). There
was a significant increase in G* with increasing CCNC
concentration, but the increase in G” was less noticeable.
This could be explained by the hydrophilic properties
of CCNC that contribute to an overall increase in the
solid component of the bioinks, resulting in elevated G.
Bioinks F, D, and G reached the G’/G” crossover at 366%,
340%, and 256% strain, respectively, demonstrating
the improvement of shear-thinning properties with the
addition of CCNC.
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Figure 3. The results of amplitude sweeps of bioinks A, B, and C (increasing gelatin content: 1.0%, 1.4%, 2.0%).
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Figure 4. The results of amplitude sweeps of bioinks B, D, and E (increasing alginate content: 0.5%, 0.75%, 1.0%).
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Figure 5. The results of amplitude sweeps of bioinks F, D, and G (increasing CCNC content: 1.0%, 1.4%, 2.0%).
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Figure 6. The accuracy of 3D printing with 0.75% alginate_4.0% gelatin_1.4% CCNC bioink without cells. (A) Measured dimensions for calculating the
accuracy of 3D printing. (B) A representative image of the printed construct used for calculating the accuracy of 3D printing. (C) The accuracy of 3D
printing. The colors of columns correspond to the colors in A; consequently, yellow indicates the measurements outside, green indicates the measurements
inside the holes, and blue indicates the measurements within the walls. (D) A bioprinted meniscus-like shape model.

The bioink with 4.0% gelatin, 0.75% alginate, and 1.4%
CCNC (Bioink D) was selected for further analysis.

3.2. Printing accuracy

The printing accuracy of constructs developed with bioink
D was compared to the CAD model (Figure 6A and B). The
best accuracy was obtained with a 25 G nozzle that operates
at 40-55 kPa with a speed of 22-30 mm-s™'. We observed

a steady flow of bioink through the 25 G nozzle, contrary
to the clogged 27 G nozzle. The measurements outside
(dimensions 1 and 2, Figure 6A) were approximately 96.0%
accurate (Figure 6C). Inside the walls, a similarly high level
of accuracy (between 92.5% and 97.1%) was obtained
(dimensions from 9 to 12, Figure 6A and C). The lowest
accuracy with the highest deviations was observed for
measurements inside the holes (dimensions from 3 to 8,

Volume 9 Issue 1 (2023)

https://doi.org/10.18063/ijb.v9i1.621



International Journal of Bioprinting

Biocompatible materials and Multi Jet Fusion

A
T =1 =
28] [&
g
£ 50
=]
=
>
0 T T T
1 day 7 days 14 days 28 days
C

100um

100pm

14 days

B
800 = *k
*
600
k=
= g
(=]
Q
3 400
(]
2 7
3
200-
0 T T

100pm

100pm

T
1 day 7 days 14 days 28 days

7 days

28 days

Figure 7. Viability of normal human knee articular chondrocytes (1 x 107 cellssmL™") bioprinted with 0.75% alginate_4.0% gelatin_1.4% CCNC bioink
assessed by LIVE/DEAD assay (Invitrogen). (A) Viability at different time points. (B) Changes in cell count during culture. Note: *P value < 0.05; **P value

<0.02. (C) Representative 3D confocal scans from the constructs.

Figure 6A and C). The meniscus-like shape model was also
bioprinted (Figure 6D).

3.3. Cell viability

The cell viabilities at all time points were above 98%
(Figure 7A); however, there was a significant drop in cell
count after one week (Figure 7B). Figure 7C represents
the 3D confocal scans from the constructs. Since each
scan has a different layer number, it could be mistakenly
deduced that the cell quantity is the same. We also noticed
cell release from the construct under optical microscopy.
The homogenous cell distribution inside the construct
indicates a successful mixing process.

3.4. Gene expression

The RNA isolation resulted in a low nucleic acid yield;
therefore, only five chondrogenesis marker genes were
selected from previous research®. Figure 8 shows the
changes in gene expressions. There were no significant
alterations to the expressions of COLIAI and COLI0OAI
during the investigated time. On the other hand, the
expression of COL2AI increased during culture in the
bioprinted construct, with a significant change after four
weeks. It resulted in a high COL2A1/COLIAI ratio. In
terms of transcription factor genes, SOX9 and RUNX2
expressions were higher after bioprinting but decreased
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Materials and methods. Note: ***P < 0.0001.

during culture in the construct; nonetheless, the change
was statistically insignificant.

4, Discussion

This work focused on the formulation of a bioink
composed of alginate, gelatin, and CCNC for meniscal 3D
bioprinting. Rheological analysis enabled us to determine
the optimal concentration of components.

Firstly, the temperature sweep test was performed to
establish an optimal gelatin content, since gelatin contributes
the most to the temperature-dependent rheological
properties of bioinks®*l. The onset of a significant decrease
in G’ was observed for all bioinks at 28°C, which is closely
related to the sol-gel transition temperature of gelatin™*!,
Overall, gelatin is suitable for bioprinting at temperatures
below 28°C!##2l, These results imply that the bioink should
be cooled to at least 25°C before bioprinting.

The shear-thinning behavior is another essential
property of bioinks, which allows for precise and stable
prints!***l, Bioink viscosities in the range of 30 mPa-s™
to over 6:10” mPa-s™' are considered compatible for 3D
extrusion bioprinting, and the viscosities of bioinks
A, B, and C were within this range!*#. An increased
concentration of gelatin stiffens the bioinks within the
tested temperature range and ensures better printability and
stability of bioprinted constructs. However, an excessive
gelatin content may negatively affect the printing process
due to nozzle clogging or non-uniform bioink flow. Higher
viscosity also causes cellular damage; hence, bioinks with

low viscosity provide a cell-friendly environment for longer
culturing periods although their printability is usually
poor*#l. The amplitude sweep test proved that a lower
gelatin content corresponded with the occurrence of cross-
over at lower strain rates. Concomitantly, higher G’ values
were observed for bioinks with a higher gelatin content,
which improves material strength but may result in poor
printability™®!. Taking into account the entire viscosity
range and the temperature sweep test, the composition of
bioink B with a gelatin content of 4.0% has the most suitable
rheological properties for 3D bioprinting and was chosen
for further analysis. More precisely, the pivotal impact on
this selection includes the broad LVE region, the reasonably
high G’ values, and the cross-over occurrence after a non-
rapid decrease of the storage modulus of bioink B.

The amplitude sweep tests of bioinks with different
alginate concentrations (bioinks B, D, and E) revealed the
complexity of their viscoelastic properties and the inability
to predict their properties solely from the concentrations
of their constituents. The optimization of the alginate
concentration is not only crucial for the printability and
mechanical properties of the construct, but also for cell
viability and proliferation*"*"l, Based on the rheological
tests and the biological properties of alginate, the 0.75%
alginate concentration was selected for further studies.

Lastly, the rheological dissimilarities between bioinks
with different CCNC concentrations (bioinks D, F, and G)
were assessed. This component has a significant impact
on bioink reinforcement and the improvement of shear-
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thinning behavior®"*?. The CCNC concentration of 1.4% is
optimal for preventing tears and clogs with higher values of
the storage modulus and maintaining print integrity. From
the rheological analysis, the selected bioink formulation is
4.0% gelatin, 0.75% alginate, and 1.4% CCNC.

We have formulated a printable bioink with the lowest
shear stress and the highest printing accuracy by selecting
the lowest possible concentration of components. The best
printing accuracy was obtained with a 25 G nozzle for
pressure below 55 kPa. This pressure is applicable for 3D
bioprinting since higher pressures might increase shear
stress in the nozzle and damage the cell membrane®!. The
shear forces exerted on cells may elicit alterations in the gene
expression profile. Excess mechanical stress downregulates
collagen type I and II expressions and upregulates matrix
metallopeptidase (MMP) 1 and 13P** The MMPs
encode collagenases that are involved in endochondral
ossification or osteoarthritis through the degradation
of ECM proteins, such as collagen type II and aggrecan.
This situation is highly undesirable for cartilage tissue
engineering. An attempt was made to perform a dynamic
mechanical analysis (DMA 242 D, Netzsch) to compare
the mechanical strength of the constructs; however, the
scaffolds were too soft for the analyzer’s detector (results
not shown). We intended to repeat a dynamic mechanical
analysis following the production of ECM proteins by cells.
It is a feasible step since our bioprinted constructs were
stable in culture medium for more than six months (results
not shown). Another possibility is to enhance mechanical
properties by introducing other materials, like PCL, as
mentioned in the introduction!®'"!4.,

Various crosslinking strategies may also be used to
control the mechanical stress and bioprinting parameters.
Gelatin with chemical modification can be subjected to
enzymatic crosslinking to enable 3D bioprinting*!. Besides,
gelatin can be crosslinked with a chemical crosslinker, such
asglutaraldehyde, which wasused withahydrogel composed
of alginate, gelatin, and nanocellulose and compared with
the Ca?* alginate crosslinking*®. Based on mechanical and
structural differences, the divalent cation crosslinking of
alginate was considered most suitable for 3D bioprinting.
The selection of divalent ions and their concentration also
influences the mechanical properties of alginate hydrogel;
for example, strontium ions create more durable constructs
than calcium ions"®”!. Moreover, the proper use of cations
can direct cell differentiation. Cobalt ions (Co?*") mimic
hypoxic conditions by inhibiting hypoxia-inducible
factors®®. Research performed on human mesenchymal
stem cells encapsulated in alginate beads crosslinked with
Co* revealed significant changes in cartilage-specific gene
expression*”. Live/dead assay and real-time PCR were
performed to assess the biocompatibility of bioink. The high

cell viability within the bioprinted construct was observed
at all time points. However, the decrease in cell count
indicates that chondrocytes do not proliferate inside the
construct, which is contrary to other research conducted
on bioink composed of alginate and nanofibrillated
cellulose!®.. In the future, the identification of proliferation
markers, like Ki-67, should be carried out to prove the
presence of proliferating cells®’. The transcriptional
control of the avascular meniscus phenotype is regulated
by transcription factors SOX-9 and SOX-8 that upregulate
COL2al, COLI1a2, and ACAN expressions!®?. Products of
these genes, namely collagen type II, type X1, and aggrecan,
are the main structural proteins of the cartilaginous ECM.
Endochondral ossification is a process in which bones
replace the hyaline cartilage; hence, it is important to
observe the expression of osteogenesis marker genes!®!.
RUNX family transcription factor 2 (RUNX2) is the main
transcription factor associated with osteogenesis. The
change in SOX9 and RUNX2 expressions reduces COL2«1
expression and initiates collagen type X synthesis, followed
by increased collagen type I synthesis. Due to low yields
of RNA extractions, only five genes expressions were
measured (Table 2). A significant change was observed
only in the expression of COL2A1, which increased during
the culture. The high accumulation of type II collagen
is characteristic of the inner (white-white) and middle
(white-red) zones of the meniscus®. However, collagen
type I is still the most prevalent in the native meniscus.
There were no observable significant changes in the rest
of the analyzed genes. Perhaps, longer culture periods may
allow for the observation of more significant changes.

The present study has several limitations. A good
practice in bioink research is to conduct disintegration
studies and pore size evaluation with the diffusion of
nutrients™!. The absence of these tests is due to the
limited number of constructs, ensuing from the cells’ low
proliferative capacity and the high cell count required for
3D bioprinting, which is a challenge often underscored in
the tissue engineering community®*>®). Our team is also
working on this issue (including 3D scaffold-free cultures
and mesenchymal stem cell application).

Bioink with higher component concentrations (1.25%
alginate, 20% gelatin, and 0.25% of cellulose nanofiber)
was also proven succesful for meniscal bioprinting!”. The
viability of fibrochondorocytes was equally high (> 95 %).
The most relevant differences were bioprinting with a wider
nozzle (22 G) in comparison to the results presented in this
study (25 G). The other bioink composed of 4% alginate,
35% gelatine, and 2% carboxymethyl cellulose was also
succesfully used for extrusion into the negative mould!*”.
Encapsulated MG-63 osteosarcoma cells proliferated and
produced collagen inside the construct.
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Finally, bioinks based on alginate, gelatine, and
nanocellulose have also been extensively investigated for
bone tissue engineering. Besides enhancing printability,
cellulose also increases the expression of the osteogenic
marker gene®®l. Dutta et al. observed notable gene
expression changes; however, the mesenchymal stem cells
were seeded on the construct composed of 3% alginate,
4% gelatin, and 1% cellulose nanocrystals rather than
being encapsulated inside the bioink!®®l. Nevertheless,
only osteogenic-specific genes were studied. Finally, a
comparable bioink formulation of 2.0% alginate, 3.3%
gelatin, and 0.93% diethylaminoethyl cellulose was used
for skin bioprinting, yielding promising results'®’". These
studies suggest that the proposed bioink could be used for
other 3D bioprinting applications.

5. Conclusion

This study presents the formulation and evaluation of
a bioink dedicated to extrusion-based 3D bioprinting
of meniscal tissue. The rheological analysis included
the amplitude sweep test, temperature sweep test, and
rotation. The selected bioink was used for bioprinting with
normal human knee articular chondrocytes. Subsequently,
the encapsulated cell viability and the gene expression of
chondrogenic markers were investigated. In the course
of rheological and biological analyses, we established an
optimal bioink composition and proved that the bioink
is printable, stable in cell culture, biocompatible, and able
to maintain the native phenotype of chondrocytes. We
intend to investigate the chondrogenic potential of bioink
with human adipose-derived mesenchymal stem cells. In
our ongoing research, the formulated bioink is used as
a basis to promote the chondrogenesis of encapsulated
cells through supplementation with hyaluronic acid,
carbon nanotubes, or collagen and alterations in alginate
crosslinking.
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Hyaluronic acid and multiwalled
carbon nanotubes as bioink
additives for cartilage tissue
engineering

Tomasz Szymanski'?, Julia Anna Semba®3, Adam Aron Mieloch?, Piotr Cywoniuk?,
Marcelina Kempa®? & Jakub Dalibor Rybka**

Articular cartilage and meniscus injuries are prevalent disorders with insufficient regeneration
responses offered by available treatment methods. In this regard, 3D bioprinting has emerged as one
of the most promising new technologies, offering novel treatment options. Additionally, the latest
achievements from the fields of biomaterials and tissue engineering research identified constituents
facilitating the creation of biocompatible scaffolds. In this study, we looked closer at hyaluronic

acid and multi-walled carbon nanotubes as bioink additives. Firstly, we assessed the minimal
concentrations that stimulate cell viability, and decrease reactive oxygen species and apoptosis levels
in 2D cell cultures of normal human knee articular chondrocytes (NHAC) and human adipose-derived
mesenchymal stem cells (hMSC-AT). In this regard, 0.25 mg/ml of hyaluronic acid and 0.0625 mg/ml of
carbon nanotubes were selected as the most optimal concentrations. In addition, we investigated the
protective influence of 2-phospho-L-ascorbic acid in samples with carbon nanotubes. Tests conducted
on 3D bioprinted constructs revealed that only a combination of components positively impacted cell
viability throughout the whole experiment. Gene expression analysis of COL1A1, COL6A1, HIF1A,
COMP, RUNX2, and POU5F1 showed significant changes in the expression of all analyzed genes with a
progressive overall loss of transcriptional activity in most of them.

Joint degeneration resulting from articular cartilage and meniscus defects is one of the most prevalent disorders
of the musculoskeletal system. Cartilage’s low healing capacity and poor regeneration effects with available treat-
ments motivate further research into new solutions'. A part of the effort is directed at new surgical techniques
and more advanced biomaterials, facilitating the creation of biocompatible cartilage scaffolds’. Raising interest
is observed in the field of biologically active materials, focused on the maintenance of cell viability and proper
phenotype. Collagens in cartilage tissue form complex extracellular scaffolds to bear mechanical forces, maintain
homeostasis and provide anchoring sites for chondrocytes, extracellular matrix (ECM) molecules, and growth
factors’. For many years collagen was considered to be only a structural component of the cartilage matrix, but
recently, its role in extracellular signaling, mainly via integrin receptors, was discovered*. Collagens regulate
chondrocyte proliferation, metabolism, and differentiation; similarly to soluble signaling molecules. Additionally,
they significantly suppress chondrocyte hypertrophy, which is the pathological process in osteoarthritic cartilage,
leading to cell senescence and death. Interestingly, carbon nanotubes (CNTs) share similar dimensions to col-
lagen fibrils, rendering them a potential collagen biomimetic*®. Hyaluronic acid (HA) is another major ECM
component, performing a dual role as a structural and signaling molecule. It has exceptional water retention
properties, forming a gel-like environment within the tissue, and providing elasticity for the whole structure’.

In this study, we investigated multi-walled carbon nanotubes (MWCNTs) and hyaluronic acid (HA) as bioink
additives for the 3D bioprinting of cartilage constructs. 3D bioprinting is a tissue engineering technology, which
allows for precise spatial deposition of cell-enriched biomaterials, and recreation of tissue-specific structures
capable to restore, maintain or improve damaged tissue through 3D scaffolds®.

Due to their unique biological and mechanical properties, carbon nanotubes are the subject of research in
cartilage regenerative medicine. The MWCNTS are concentrically rolled graphene layers forming a cylindrical
structure. Surfaces of synthetic materials functionalized with CNTs stimulate chondrocyte growth and facilitate
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the maintenance of their native phenotype®’. The incorporation of CNTs also improves the mechanical proper-
ties of constructs, rendering them useful in scaffold reinforcement'®. Most studies emphasize concentration-
dependent effects. The cytotoxicity of carbon nanotubes is frequently emphasized and observed through an
increase in reactive oxygen species (ROS) production. To mitigate cellular damage elicited by high ROS levels,
antioxidant compounds such as L-ascorbic can be utilized. Due to its additional role in collagen production, a
more stable analog, 2-phospho- L-ascorbic acid, was used in our study'!-"°.

In the case of cartilage tissue engineering, ECM components are of special interest not only due to their
mechanical properties, ensuring the physiological functioning of cartilage as a shock absorber, but also due to
their biological properties. Hyaluronic acid (HA) is a glycosaminoglycan prevalent in abundance in ECM of
articular cartilage'®. It provides antioxidative, anti-inflammatory, and chondroprotective effects, which are ben-
eficial for cartilage repair. The concentration and molecular weight of HA determines its biological activity. This
component was previously utilized as an additive to bioprint the articular cartilage constructs with auspicious
stimulation of cell viability and phenotype!®. HA has also been chemically modified to improve its mechanical,
and biological properties, or enable UV cross-linking'®!”.

This study assesses the chondrogenic properties of multi-walled carbon nanotubes and hyaluronic acid as
bioink additives. In the first step, the minimal stimulating concentration of these components was determined
with the 2D culture of normal human knee articular chondrocytes (NHAC) and human adipose-derived mes-
enchymal stem cells (hMSC-AT). Then, cell-containing 3D constructs were created using extrusion-based 3D
bioprinting and formulated bioink. The bioink composition was based on alginate, gelatin, and carboxymethyl-
ated cellulose nanocrystals (CCNC), supplemented with MWCNTs or HA. Subsequently, the viability and gene
expression of chondrogenesis markers were evaluated.

Methods

MWCNTs functionalization. MWCNTSs were purchased and characterized as described in our previous
work'®. MWCNTs with diameters of 15-30 nm, lengths of 15-20 pum, and purity up to 95% produced by chemi-
cal vapor deposition (CVD) were functionalized by oxidation according to the following method. 30 mg of
MWCNTs were sonicated at 70 °C in a mixture of concentrated sulfuric (H,SO,) and nitric (HNQO;) acids in
a ratio of 3:1. Then, the mixture was neutralized with 300 ml of 3 M sodium hydroxide (NaOH). Purification
of the oxidized carbon nanotubes was carried out in cycles of centrifugation and resuspension in miliQ water
at 9000xg at 20 °C for: (a) 15 min, (b) 30 min, (c) 40 min, and then 12,000xg at 4 °C for 40 min. The resulting
carbon nanotube solution was dried using a vacuum evaporator. The MWCNTSs were suspended in a phosphate
buffer (PBS). The mass of nanotubes in a given volume of the solution was determined by the thermogravimetric
method to calculate the concentration of the functionalized MWCNTs (which was 2.02 mg/ml).

Cell culture. Normal Human Articular Chondrocytes (NHAC, LONZA Catalog #: CC-2550) were cul-
tured in CGM™ Chondrocyte Growth Medium (LONZA), while human adipose tissue-derived mesenchymal
stem cells (hMSC-AT, PromoCell) were cultured in supplemented Mesenchymal Stem Cells Growth Medium 2
(PromoCell); both in a humidified 5% CO, atmosphere, at 37 °C in tissue culture flasks (Falcon®). The culture
medium was changed every three days and cells were passaged with TrypLE (Gibco) at 80-85% confluency.
Additionally, hMSC-AT were cultured in Mesenchymal Stem Cell Chondrogenic Differentiation Medium (Pro-
moCell) as a reference for gene expression analysis.

Determination of the cell viability, reactive oxygen species, and apoptosis levels in 2D cell cul-
tures stimulated with MWCNTs and 2-phospho-L-ascorbic acid. For all tests, NHAC and hMSC-
AT were seeded in a clear bottom 96-well plate (Corning) at a density of 1000 cells/well. After 24 h, medium with
0.015, 0.03, 0.0625, and 0.125 mg/ml MWCNTs was added to each well; the total volume was 100 ul medium/
well. To investigate the antioxidant effect of vitamin C, the same replicates were performed with the addition of
50 pug/ml.

2-phospho-L-ascorbic acid in a cell culture medium. This salt was used instead of regular ascorbic acid, due
to its increased stability in water solutions'?. The viability was assessed with the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega) as described above.

The level of H,0, and reactive oxygen species (ROS) were determined according to the manufacturer pro-
tocol of the ROS-Glo™ H,0, Assay (Promega). Briefly, 24 h after seeding, 20 ul of H,0O, substrate solution was
added to each well. The samples were incubated for 2 h at 37 °C with 5% CO,. Subsequently, 100 pl of ROS-Glo™
Detection Solution was added to each well, and samples were incubated for 30 min at room temperature. The
luminescent signal was read with a microplate reader (Infinite® 200 PRO, TECAN). ROS-Glo™ H,0, Assay
results were correlated with the CellTiter-Glo® Luminescent Cell Viability Assay. In an analogical way, Caspase-
Glo® 3/7 Assay Systems (Promega) were conducted to investigate apoptosis via caspase activity. All samples
were conducted in triplicate. The luminescence values were normalized to respective control samples (100%).
The statistical significance was determined by a two-tailed Student’s t-test (n =3; additive vs control: *P <0.05;
**P<0.01 and ***P <0.001).

Determination of cell viability in 2D cultures supplemented with HA.  For all experiments, NHAC,
and hMSC-AT cells were seeded in a clear bottom 96-well plate (Corning) at a density of 1000 cells/well. After
24 h, medium with 0.125, 0.25, 0.5, or 1 mg/ml HA (Contipro) was added to each well; the total volume was
100 pl medium/well. Cells were cultured in the supplemented medium at 37 °C with 5% CO,. The experiment
was performed according to the producer protocol of the CellTiter-Glo® Luminescent Cell Viability Assay (Pro-
mega). CGM™ medium and Mesenchymal Stem Cells Growth Medium 2 without HA were used as a control.
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After 24 h, 48 h, and 72 h, 100 pl of CellTiter-Glo® Reagent was added to each well. The samples were incubated
for 30 min at room temperature. The luminescent signal was read with a microplate reader (Infinite® 200 PRO,
TECAN). All samples were conducted in triplicate. The luminescence values were normalized to respective con-
trol samples (100%). The statistical significance was determined by a two-tailed Student’s t-test (n = 3; additive vs
control: *P<0.05; **P<0.01 and ***P<0.001).

The preparation of bioink.  The bioink was prepared as follows. Weighted and UV-sterilized sodium algi-
nate (Sigma-Aldrich) was dissolved in a sterile 4.6% (w/v) D-mannitol (Sigma-Aldrich) solution. Subsequently,
weighted and UV-sterilized porcine skin gelatin (Sigma-Aldrich), and CCNC (Cellulose Lab) were separately
added and mixed with the alginate solution with two syringes connected with the female/female Luer-lock
adapter. The materials were shaken each time at 37 °C for at least 30 min with HulaMixer™ Sample Mixer, fol-
lowed by overnight mixing. The final concentrations of bioink components were 4.0% gelatin, 0.75% alginate,
and 1.4% CCNC. Before adding cells, HA or/and MWCNTs were added and bioink was additionally mixed with
two syringes connected with the female/female Luer-lock adapter. The prepared bioink was mixed with 8 x 10°
cells/ml of bioink in an analogical way. Only hMSC-AT were utilized for 3D bioprinting. Before bioprinting, the
bioink with cells was placed in a cartridge and held at a 25 °C water bath to induce gelatin gelation.

The rheological tests. The rheological evaluation was performed on Anton Paar 302 rheometer, equipped
with 25 mm, smooth, parallel plates (PP25) with bioink without cells and before crosslinking. The gap between
plates was set to 1 mm and—unless stated otherwise—measurements were conducted at 23 °C. Performed
rheological measurements were temperature sweep test and rotation. Temperature sweep experiments were
performed at a rate of 2 °C/min from 20 to 40 °C. In the rotation study, the shear rate range was set to 0.01-
1000.00 s™*. A layer of silicone oil was spread over the verge surface of the sample to prevent water evaporation
from bioink samples during rheological measurements. All rheological tests were performed in at least two
repeats.

3D bioprinting. The BioX printer (Cellink) with temperature-control, pressure extrusion printhead was
used, with printhead temperature set at 25 °C, and printbed temperature set at 10 °C.

After bioprinting, the constructs were crosslinked with sterile 200 mM CacCl, (Sigma-Aldrich) dissolved in
4.6% (w/v) D-mannitol (Sigma-Aldrich) for 10 min at room temperature.

The constructs were cultured in Mesenchymal Stem Cell Growth Medium 2 (Promocell), and the Mesen-
chymal Stem Cell Chondrogenic Differentiation Medium (Promocell) in the case of cells used as differentiation
control. The constructs were cultured in standard conditions (37 °C, 5% CO,) and the medium was changed
every 3 days.

SEM-EDX. The constructs bioprinted without cells were subjected to Scanning Electron Microscopy (SEM)
with Energy Dispersive X-Ray Analysis (EDX). The analyzed scaffolds were with or without the addition of the
MWCNTs. The morphology of samples was characterized 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. EDS spectra
were collected with an electron beam energy of 30 keV using an EDS Octane SDD detector (EDAX). Prior to
analysis, the scaffolds were frozen at —80 °C for 2 h and then lyophilized (Christ, Alpha 1-2 LDplus lyophilizer)
for 12 h, at the pressure of 1 mBar. Subsequently, the pressure was decreased to 0.18 mBar and the process was
carried out for another 4 h.

The live/dead assay of cells encapsulated in bioprinted construct.  After 24 h, 14 days, and 21 days,
bioprinted constructs were analyzed with the LIVE/DEAD assay performed according to the manufacturer's
protocol (LIVE/DEAD® Viability/Cytotoxicity Kit, Invitrogen). Stained cells were visualized on a confocal
microscope (IX83, Olympus). Scans for viability counting were taken from the lateral part of three different
constructs at each time point. From each of these scans, two middle slices were chosen for live and dead cell
counting. Obtained images were analyzed with Fiji software using ITCN functionality. The viability was calcu-
lated as a % of live cells. The statistical significance was determined by two-tailed Student’s t-test (n=3; addi-
tive vs control: P*<0.05; P®<0.01 and P°<0.001; timepoint vs timepoint (within the particular additive group):
*P<0.05; **P<0.01 and ***P<0.001).

Analysis of gene expression of cell-laden constructs. Three constructs from each time point were
dissolved in 100 mM sodium citrate containing 0.08 U/ul of Proteinase K and 1.0 U/ul of RNAse Inhibitor
(A&A Biotechnology) with shaking at 37 °C for 5 min and followed by the RNA isolation with TriReagent
(Sigma-Aldrich) and chloroform/phenol extraction. Isolated total RNA concentration was measured with the
Qubit 4 fluorometer (Invitrogen) and reversely transcribed with the High-Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Scientific). Gene expression was analyzed from 7.5 ng of cDNA per sample with real-time
PCR using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) on QuantStudio 7 Flex (Applied
Biosystems). The qPCR data were statistically analyzed with GraphPad Prism software. Relative expression was
calculated with ddCt and referred to RPS29 gene expression. The variations in gene expression were determined
by two-tailed Student’s t-test (n > 2); P-values were considered significant as follows: additive vs control: P*<0.05;
P"<0.01 and P¢<0.001; timepoint vs timepoint (within the particular additive group): *P <0.05; **P<0.01 and
***P <0.001. Sequences of primers used are listed in Supp. Tab. 1.
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Results

Analysis of viability, ROS, and caspase 3/7 generation in 2D NHAC and hMSC-AT cell cul-
tures. In NHAC 2D culture, 1 mg/ml of HA addition had no significant effect on cell proliferation (Fig. 1a).
The culture exposed to 0.25 mg/ml of HA showed negligible changes in viability after 24 h. However, increased
proliferation was observed after 72 h of culture. Similar results were obtained for h(MSC-AT (Fig. 2a). The high-
est increase in proliferation was observed at the HA concentration of 0.25 mg/ml. A decrease in cell viability
of both NHAC and hMSC-AT cultures was observed for all MWCNTSs concentrations. The highest decrease of
about 50% in viability was observed for 0.125 mg/ml. Interestingly, in the culture with the lower range of MWC-
NTs concentrations (0.015 mg/mL and 0.03 mg/ml), cell viability was diminished in comparison to a higher
concentration of 0.0625 mg/ml at all time points (Figs. 1b and 2b). Observed dependency was corroborated by
analyses of ROS production and active caspases 3/7 (Figs. 1 ¢,d and 2¢,d). The stable form of vitamin C (2-phos-
pho-l-ascorbic acid) yields protective and antioxidative effects in the NHAC and hMSC-AT cell culture with
CNTs. The strongest antioxidant effect of vitamin C is seen at the highest concentration of MWCNTs (0.125 mg/
ml). Its supplementation causes a significant reduction in the production of reactive oxygen species and inhibits
cell death compared to the medium without 2-phospho-l-ascorbic acid supplementation (Figs. 1 ¢,d and 2¢,d).

Analysis of bioink and 3D bioprinting. The addition of 0.25 mg/ml HA and 0.0625 mg/ml MWCNTs
yielded the most beneficial effect in 2D tests, therefore these concentrations were selected for 3D bioprinting.
The aim was to assess whether selected additives influence cell viability and induce chondrogenic differentiation
in 3D culture. The hMSC-AT cell line at a concentration of 8 x 10° cells/ml was used in the study due to a higher
proliferation rate than NHAC.

The MWCNTs or HA addition showed negligible influence on the rheological properties of bioinks. All of
them exhibit a shear-thinning behavior and have similar cross-over temperatures (G’ =G”), which signifies good
printability (Fig. 3). Table 1 presents parameters set for 3D bioprinting.
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Figure 1. Relative cell viability, ROS levels and caspase 3/7 activity in 2D NHAC:s culture. (a) Relative viability
of NHAC: after exposure to different concentrations of HA. (b) Relative viability of NHACs after exposure

to different concentrations of MWCNTS. (c) Relative ROS generation after 24 h exposure to MWCNTS. (d)
Relative Caspase 3/7 activity after 24 h incubation with MWCNTs. The data are presented as the mean+ SD.
The statistical significance was determined by two-tailed Student’s t-test (n=3; additive vs control: *P <0.05;
**P<0.01 and ***P<0.001).
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Figure 2. Relative cell viability, ROS levels, and caspase 3/7 activity in 2D hMSC-AT culture. (a) Relativeiability
of hMSC-AT after exposure to different concentrations of HA. (b) Relative viability of hMSC-AT after exposure
to different concentrations of MWCNTS. (c) Relative ROS generation after 24 h exposure to MWCNTS. (d)
Relative caspase 3/7 activity after 24 h incubation with MWCNTs. The data are presented as the mean + SD.

The statistical significance was determined by two-tailed Student’s t-test (n=3; additive vs control: *P <0.05;
**P<0.01 and ***P<0.001).
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Figure 3. Rheological analysis of bioinks with MWCNTs or HA addition. Control is bioink without MWCNTs
and HA. (a) Shear stress and viscosity as a function of shear rate. (b) The temperature-dependent functions of
storage modulus G” and loss modulus G”.
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Bioink with 0.25 mg/ml HA and
No additives | Bioink with 0.25 mg/ml HA | Bioink with 0.0625 mg/ml MWCNTSs | 0.0625 mg/ml MWCNTs
Needle 22 gauge (inner diameter =410 um)
Pressure | 60-68 kPa 65-70 kPa 55-60 kPa 65-70 kPa
Speed 14-15mm/s | 15-18 mm/s 14-15 mm/s 16-18 mm/s
Preflow 200 ms
Postflow | 0 ms
Table 1. 3D bioprinting parameters.

SEM-EDX analysis showed insignificant changes in structure and elemental composition (Supp. Fig. 1).
In the SEM images, regular pores can be observed, which match our bioprinting model. scaffolds also present
highly fibrous structures.

Cell viability in bioprinted scaffolds.

Live/dead assay was performed in order to determine the hMSC-

AT viability in the 3D scaffolds (Fig. 4). In the control medium, a constant decrease in total viability was observed.
Interestingly, the biggest decline in viability was observed in the differentiation medium, despite the cells having
the highest transcriptional activity (see paragraph 3.4.). A similar decline was observed in HA-enriched con-
structs. In the case of MWCNTs-containing constructs, the decline was not observed, which implies a stimulat-
ing or protective effect on the cells. HA and MWCNTs combined were the only compositions, showing a syner-
gistic effect, which has a positive impact on cell viability throughout the whole experiment.

HA and MWCNTs supplementation affect the expression of chondrogenic markers.

To evalu-

ate the chondrogenic potential of HA and functionalized MWCNTSs, the gene expression analysis of genetic
markers of chondrogenesis and stemness was performed (Fig. 5). Based on available data, the following genes
were selected as chondrogenic markers: COL1A1, COL6A1, COL10A1 and COMP (encoding collagen type I,
VI, X, and Cartilage Oligomeric Matrix Protein, respectively—ECM components), RUNX2, HIFIA, and SOX9;
(transcription factors)*>?°. Additionally, to monitor the stemness of hMSCs we analyzed the expression of tran-
scription factor Oct-4 (POU5FI gene)*'. hMSC-AT-containing scaffolds of each bioink variant were maintained
in culture for 1, 14, or 21 days. At each time point, expression of the hMSC-AT in bioink variants was normalized
to hMSC-AT 3D bioprinted with bioink without additives (Fig. 5, green dashed lines). An additional group of
control scaffolds was maintained in the chondrogenic medium for the same time intervals to define reference
expression profiles in differentiated cells (DIFF) (Supp. Fig. 2). Gene expression profiles of cells from the same
bioink variant between different time points were juxtaposed. A set of analyzed genes demonstrates expression
fluctuations across subsequent time points (Fig. 5a—c,e,f) when compared to the control group (Fig. 5a-c,ef,
green dashed lines). The expression of two analyzed genes, SOX9 and COLI10A1, dropped below detectable lev-
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Figure 4. Viability of hMSC-AT cells in bioprinted scaffolds. Loss of viability over time can be observed in
control media, supplemented with HA, and most profoundly, in commercial differentiation medium. Addition
of the MWCNTs alone results in a protective or stimulating effect on cells, because the decrease in viability is not
observed. Combined with HA, the viability has even increased over 21-day period. The data are presented as the
mean + SD. The statistical significance was determined by two-tailed Student’s t-test (n=3; additive vs control:

%P <0.05; ®°P<0.01 and °P <0.001; timepoint vs timepoint (within particular additive group): *P <0.05; **P <0.01
and *™*P<0.001).
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Figure 5. Bioink additives affect the expression of chondrogenic markers. Real-time analysis of COL1A1

(a), COL6A1 (b), HIF1A (c), COMP (d), RUNX2 (e) and POUS5F1I (f) gene expression in hMSCs 3D-printed
with bioink containing 0.25 mg/ml of hyaluronic acid (HA), 0.0625 mg/ml of multi-walled carbon nanotubes
(MWCNTs) or mix of HA and MWCNTs (HA + MWCNTSs) (0.25 mg/ml and 0.0625 mg/ml, respectively) 1 day
(1d), 14 days (14d) and 21 days (21d) post-printing. The expression of each variant is normalized to the average
expression in hMSCs 3D-printed with bioink without additives at a particular time point (green dashed line).
The statistical significance was determined by two-tailed Student’s t-test (n>2; additive vs control (green dashed
line): *P <0.05; ®P<0.01 and °P <0.001; timepoint vs timepoint (within particular additive group): *P <0.05;
**P<0.01 and ***P<0.001).

els on day 14 and 21, respectively, for all analyzed bioink variants including control scaffolds (data not shown),
therefore, they were excluded from further analysis. Incubation for 21 days revealed an intense decrease of
COL1AI, HIFIA, COMB, and POU5FI genes expression in MWCNTs and HA + MWCNTSs bioink variants and
COMP and POUSFI expression in HA variant (Fig. 5a,c,d,f). In parallel, expression analysis of the same genes
in DIFF medium 21 days post-printing showed a rapid increase of COLIA1 and COMP activity, and a sig-
nificant decrease of POU5FI while expression of HIFIA remained unchanged (Supp. Fig. 2a,c,d,f). For HA and
HA + MWCNT: variants, a significant increase in COL6A I expression was observed on day 21 (Fig. 5b) as well as
for DIFF (Supp. Fig. 2b). The initial significant increase was also detected in HIF1A and RUNX2 genes for MWC-
NTs and HA + MWCNTs (HIF1A) and MWCNTs (RUNX2) followed by a deep decrease on day 14 (Fig. 5c.e).
For MWCNTS: on day 21 expression of RUNX2 was restored to the control level as well as for HA + MWCNTs,
yet, without expression boost on day 1 (Fig. 5¢). Expression of RUNX2 in DIFF progressively elevated (Supp.
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Fig. 2e). Temporal transcriptional activation has also been observed for MWCNTs and HA + MWCNthe Ts in
the POU5FI gene, where 14 days post-printing gene expression strongly increased to drop to a barely detectable
level at day 21 (Fig. 5f) which reflects the expression profile of POU5FI in DIFF (Supp. Fig. 2f). Noteworthy,
despite the same dynamics, POU5FI expression for HA + MWCNTs was much lower than for MWCNTs and did
not reach the expression level observed in control scaffolds (Fig. 5f, 1 day, and 14 days).

Discussion

Bioink development is an inextricable part of 3D bioprinting for tissue engineering. Structural materials, like
alginate or cellulose, are responsible for construct integrity and proper mechanical features; whereas biologi-
cally active substances are added to maintain cell functionality or stimulate various biological effects. This work
investigated the influence of HA and functionalized MWCNTs firstly in 2D culture and then as additives to
bioink designed for cartilage regeneration.

The toxicity of carbon nanotubes is a frequently raised concern regarding its utilization in tissue engineering®.
The addition of the MWCNTs in all tested concentrations decreased cell viability and resulted in an increased
ROS production in 2D cultures (Figs. 1b and 2b). These results confirm our previous reports'®. Interestingly, R
OS production diminished with increasing concentrations of MWCNTSs, but when the concentration exceeded
0.0625 mg/ml, a robust generation of ROS occurred. This phenomenon could be elucidated by ROS scavenging
facilitated by the CNTs, as described earlier. Our previous research reveals the interference of CNTs with lumi-
nescence-based assays, yielding nonrepresentative results, falsely indicating the high toxicity of this nanomaterial.
However, at low concentrations used in this study, this interference may be omitted. Additionally, combining the
assay with the measurement of caspase activity provides a double check on the reliability of the assay.

Additionally, to mitigate oxidative stress elicited by the MWCNTSs, a more stable analog of vitamin C was
tested. It has been demonstrated that ascorbic acid promotes chondrogenic cell differentiation, and helps to
maintain a chondrogenic phenotype, especially in pathological conditions®. Our study corroborates the ben-
eficial effects of ascorbic acid on oxidative stress and the viability of cells.

Alginate-HA bioink has been previously utilized to bioprint articular cartilage constructs’. In the study, the
authors demonstrated that HA addition increased chondrogenic gene expression; however, in a contrast to our
experimental design, a thermoplastic polymer was used as a structural material. The addition of HA was shown
to affect the viscosity of bioink and, consequently, printability**. The rheological analysis of our bioinks showed
inconsiderable variation. This discrepancy could be explained by the relatively low concentration of HA in the
bioink (0.25 mg/ml).

The lowest level of the MWCNTs cytotoxicity in 2D culture was observed at a concentration of 0.0625 mg/ml
which was subsequently used for bioink formulation. Cells cultured in 3D bioprinted constructs showed higher
tolerance to increasing concentrations of carbon nanotubes, compared to 2D culture?®. In 3D culture, carbon
nanotubes are embedded in a hydrogel matrix, which limits their ability to be absorbed by the cells, while in 2D
cultures carbon nanotubes diffuse into the medium facilitating cellular uptake by endocytosis®. In our previous
study, 0.01% of CN'Ts embedded in polycaprolactone scaffold increased chondrocyte adhesion and proliferation®.

Live/dead analysis showed that in the scaffold without additives (control and differentiation medium), as
well as with HA, the viability of cells decreased over time. This is not the case in the scaffolds supplemented
with MWCNTS. It may be attributed to the CN'Ts’ resemblance to collagen fibrils, forming a 3D intricate mesh-
like structure (Supp. Fig. 1), which may have a stimulating effect on the cells. Partial degradation of the HA-
supplemented scaffolds could be caused by an increase in water content due to the strong hydrophilicity of HA,
leading to the loss of integrity and subsequent degradation. Scaffolds with both MWCNTs and HA showed the
highest viability of cells. They were also more stable than HA-supplemented scaffolds. This observation can
further corroborate the CNTs” resemblance to collagens since collagen’s main structural function is to provide
tensile strength to the whole tissue.

In general, significant changes in expression of all analyzed genes with a progressive overall loss of transcrip-
tional activity were observed (COL1AI, HIF1A, COMP, POU5F1—Fig. 5a,c,d,f, COL10A1, SOX9—data not
shown). However, in DIFF samples the expression of COLIAI and COMP increased intensively while the HIF1A
level remained stable (Supp. Fig. 2a,c,d). HIF1A protein is prone to oxygenation as a target of HIF hydroxylases
and its level is elevated during hypoxia?. The initial increase of HIFIA expression observed on day 1 for all
bioink variants may be due to culture format conversion from 2 to 3D which resulted in temporal hypoxia or
hypoxia-like conditions, however, a stable level of HIFIA in DIFF does not support such hypothesis. On the
other hand, the chondrogenic medium contains a variety of components that intensively stimulate the differen-
tiation process (a detailed formulation of the medium was unavailable) some of which may exhibit antagonistic
properties regarding HIF1A activation.

Since HIF1A positively regulates the expression of SOX9, it may explain the dramatic loss of its expression
observed on days 14 and 21%. Collagen type I, VI, X, and COMP protein are constituents of cartilage ECM
and their increased expression is observed at different stages of chondrogenic differentiation®. Although all
bioink variants revealed an intense decrease in expression of COL1AI (except for HA, however, insignificant),
COL10A1, and COMP, expression of COL6A1 increased in HA and HA + MWCNTs. It also reflects a similar
expression pattern in MWCNTs samples, yet, insignificant. It has been shown that the expression of COL1A1
is prone to the presence of collagen type I-derived fragments**’. As gelatin is one of the main components of
the bioink formulation, it is plausible that short collagen fragments inhibit COLIA1 transcription. A significant
increase of COLIA1 expression in DIFF might be, contrastingly, a result of the dominant stimulatory effect of
the chondrogenic medium which ameliorates collagen fragment inhibitory properties. Little is known about
the regulation of COMP expression. However, previous studies show that COMP binds to collagen type I which
might point to mutual or synergistic regulation and explain the simultaneous decrease of COMP gene expression

Scientific Reports |

(2023) 13:646 | https://doi.org/10.1038/s41598-023-27901z nature portfolio



www.nature.com/scientificreports/

in all bioink variants, in contrast to DIFF where expression of both genes is dramatically increased?®'. Collagen
type X is abundant in hypertrophic chondrocytes, therefore, intense loss of its expression in bioprinted hMSCs
might be a hallmark of early-stage chondrogenic differentiation®’. Although collagen type VI comprises up to 1%
of total collagen in articular cartilage it plays important role in ECM organization and governing chondrocyte
fate and, therefore, serves as an indicator of chondrogenesis®*-*. The moderate increase observed in HA and
HA + MWCNTs corresponds to changes in COL6A1 observed in DIFFE. Although the magnitude of change in
POUSF]I expression in MWCNTSs and HA + MWCNTS is notably lower, its profile is similar to this observed in
DIFFE. Interestingly, while the POUS5FI gene tends to deactivate in differentiating cells, its expression at day 14
in DIFF (as well as in CN'Ts and HA + MWCNTs) strongly elevates to almost complete deactivation on day 21.
That might point to significant transcriptional rearrangement in hMSCs during incubation in a chondrogenic
medium but in the presence of MWCNTs or a mix of HA and MWCNTs as well. Taken together, the addition
of HA or MWCNTs, alone or in tandem, to the bioink provokes alterations in the expression of genes related to
chondrogenic differentiation. Although the expression patterns are not identical for all selected genes and the
magnitude of observed changes is considerably lower when compared to the expression induced by the chon-
drogenic medium, effects elicited by additives, MWCNTs, and HA + MWCNTs, in the expression of COL6AI,
RUNX2, and POU5FI might point to low-eflicient or time-shifted differentiation.

Summary

The effects of hyaluronic acid and carbon nanotubes were investigated in 2D and 3D in vitro cell cultures.
Results were concentration-dependent and differ in models (2D or 3D). HA stimulates cell viability in monolayer
culture. In bioprinted constructs, MWCNTSs have a beneficial influence on cell viability while HA inclusion in
examined concentration has a negative impact on constructs integrity. The profile of the analyzed gene changed
significantly and we observed the overall loss of transcriptional activity in most of them. These results suggest the
need for more complex gene expression analysis combined with protein accumulation studies, also in extended
time points. In general, promising results from 3D bioprinted scaffolds encourage undertaking in vivo tests to
investigate the precise mechanism of CNTs’ interaction with cells. This may elucidate further whether they act
as collagen mimetics.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].
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Supplementary Figure 1. SEM and EDX analysis. SEM images of scaffolds without addition of the MWCNTSs (A,
B, C) and scaffolds supplemented with CNTs (D, E, F). EDX spectra of CNT supplemented (G) and non-
supplmented scaffolds (H). There is no significant difference in atomic composition.
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Supplementary Figure 2. Differentiation medium affects expression of chondrogenic markers. Real-time
analysis of COL1A1 (A), COL6A1 (B), HIF1A (C), COMP (D), RUNX2 (E) and POU5F1 (F) gene expression in hMSCs
3D-printed with bioink without HA or MWCNTSs supplementation 1 day (1d), 14 days (14d) and 21 days (21d)
post-printing. Expression is normalized to average expression in hMSCs 3D-printed with bioink without

additives and cultured in regular medium at particular time point (green dashed line). The statistical

significance was determined by two-tailed Student’s t-test (n>2; chondrogenic vs control: P3< 0.05; P® < 0.01
and P® < 0.001; timepoint vs time point P* < 0.05; P** < 0.01 and P*** < 0.001).



Supplementary Tabel 1. Primer sequences used in real-time analysis.

RPS29 forward 5-AGATGGGTCACCAGCAGCTGTACTG-3’
reverse 5’-AGACACGACAAGAGCGAGAA-3’
COL1A1 forward 5’-ACGTCCTGGTGAAGTTGGTC-3’
reverse 5'-AGCCTCTCTCTCCTCTCTGACC-3’
COL6A1 forward 5’-CTCGTGGACAAAGTCAAGTCCT-3’
reverse 5'-GTAGGTGCCCTTCCCAAAGTA-3’
COL10A1 forward 5’-TTACGCTGAACGATACCAAATG-3’
reverse 5'-GACTTCCGTAGCCTGGTTTTC-3’
RUNX2 forward 5’-ACCAGATGGGACTGTGGTTACT-3’
reverse 5’-TGTGAAGACGGTTATGGTCAAG-3’
HIF1A forward 5’-CCAACAGTAACCAACCTCAGTG-3’
reverse 5'-GCCTAAAAGTTCTTCTGGCTCA-3’
comp forward 5’-ACAATGACGGAGTCCCTGAC-3’
reverse 5'-TCTGCATCAAAGTCGTCCTG-3’
SOX9 forward 5’-GACTCGCCACACTCCTCCT-3’
reverse 5'-AGGTCTCGATGTTGGAGATGAC-3’
POUS5F1 forward 5’-GGAGATATGCAAAGCAGAAACC-3’
reverse 5'-CTCAAAATCCTCTCGTTGTGC-3’
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Abstract

One of the avenues for application of 3D bioprinting in orthopedics is the treatment of meniscal tears.
Low viscosity biomaterials including hydrogel-based bioinks - are incompatible with most analytical
devices available on the market. Hence, a custom-made equipment was applied to test the feasibility
of compression analysis and stiffness estimation of freshly 3D printed constructs (composed of
alginate, gelatin, and nanocellulose). In addition, the effects of time, hydrostatic pressure, and
multiwalled carbon nanotubes (MWCNTSs) addition on the mechanical properties were investigated.
The drastic decrease in stiffness of constructs measured in PBS at 37 °C could be attributed to gelatin
dissolution; while, the MWCNT addition almost doubled the stiffness of constructs, even at low
concentrations - 0.125 mg MWCNTs per ml of bioink. To our knowledge, this is the first study
demonstrating that MWCNTs enhance the stiffness of scaffolds created with bioink used for 3D
bioprinting with cells.

Key words: hydrogels, mechanical testing, bioink, carbon nanotubes, 3D bioprinting
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Introduction

Menisci are cartilaginous structures located in the knee between the femoral condyle and the
tibial plateau (1,2). The mature meniscus is a heterogeneous tissue of zonal architecture
varying in extracellular matrix (ECM), vascularity, and cellular phenotype. The red-red zone
contains oval, fibroblast-like cells embedded in ECM composed predominantly of type |
collagen (90 % of dry weight). In contrast, the white-white zone contains round, chondrocyte-
like cells surrounded by ECM abundant in type Il collagen (60 % of dry weight) with a decreased
amount of type | collagen (40 %). The red-white zone shows attributes of red-red and white-
white regions. The orientation of collagen fibers is circumferential within the meniscus, while
random orientation is present on the surface of the meniscus. Due to these structural and
physiological differences, the meniscus presents inhomogeneous mechanical properties,
contributing to the proper functioning of the meniscus and the knee joint (2).

Menisci stabilize and transfer load in the knee joints. These functions entail prevalent
meniscal injuries, associated with pain and joint dysfunction leading to articular cartilage
degeneration (3). The treatment of meniscal tears is therefore crucial for long-term health and
proper functioning of the knee joint. The most popular methods of treatment are
meniscectomy and suturing, the results of which depend on patient physical condition (age,
weight, and physical activity) and type of injury (size and location) (4). These methods usually
yield insubstantial and unsatisfactory long-term outcomes, especially in the case of complex
or extensive injuries. Therefore, alternative therapeutic methods are needed.

Tissue engineering offers tools to manufacture personalized constructs which provide
a suitable mechanical and chemical environment to regenerate or replace damaged tissue (5).
3D bioprinting is currently a frontier technology in tissue engineering used for scaffold
production through “layer-by-layer” assembly. This technology enables the creation of
patient-specific constructs mimicking the native tissue in geometry and function more
accurately than ever before (6). Among various 3D bioprinting techniques, extrusion-based
bioprinting is the most popular. It utilizes pneumatic pressure or mechanical pistons for the
continuous deposition of bioink (5). It is a relatively cheap technology applicable to bioinks
with a wide range of viscosities.

Usually, bioinks are based on hydrogels or crosslinked polymers, the flow of which can
be controlled (by adjusting printing parameters to the physicochemical properties of the
bioink). The liquid-solid transition is an essential parameter to adjust the viscosity of bioinks
and subsequently the stiffness of constructs to the desired application. In general, mechanical
conformity between an implant and native tissue is one of the main factors affecting
biocompatibility. Therefore, mechanical characterization is an important aspect of 3D
bioprinted scaffold design.

While rheological measurement protocols have been established for bioinks,
mechanical analysis of bioprinted scaffolds is challenging. Materials are tested with different
setups and loading conditions, such as tension, compression, indentations, or dynamic
mechanical analysis (DMA) (7). The goal is to obtain load-displacement data, which are
typically converted to stress-strain or force-displacement curves. With this information,



various mechanical properties can be calculated e.g. stiffness, Young modulus, or yield
strength. However, most devices available on the market are inadequate for displacement
measurements at the low end of the viscoelastic spectrum, to which hydrogels pertain.

The aim of this work was to perform the mechanical characterization of freshly
bioprinted scaffolds with custom-built prototype equipment. The bioink selected was
developed for 3D bioprinting of meniscus-like constructs (8), as the main objective of meniscus
tissue engineering is to recreate the mechanical characteristics of the native tissue (8).
Physiologically, menisci are under constant hydrostatic pressure with direct compression and
tension (9). These mechanical stimulations are essential for the development and
maintenance of healthy cartilage. As demonstrated, insufficient or excessive mechanical loads
may negatively alter gene expression profiles, e.g. the excessive mechanical stress upregulates
the matrix metallopeptidase 13 (MMP13) expression (10). MMP13 encodes collagenase 3,
which degrades collagen type Il and aggrecan. This variation is involved in endochondral
ossification or osteoarthritis. Therefore, the successful application of 3D bioprinted constructs
for meniscus tissue engineering relies heavily on its mechanical properties, affecting
durability, biocompatibility, and overall performance (11).

Compression tests were performed on bioprinted constructs with bioink composed of
alginate, gelatin, and carboxymethylated cellulose nanocrystals (CCNC) (8). The experiments
were conducted with custom-made equipment built at INEGI (Institute of Science and
Innovation in Mechanical and Industrial Engineering, Faculty of Engineering, University of
Porto). At first, the protocol for compression testing of 3D bioprinted constructs was
established. Then, the protocol was applied to investigate the influence of time, hydrostatic
pressure, and multiwalled carbon nanotubes (MWCNTs) addition on the mechanical
properties of the 3D constructs. Carbon nanotubes are concentrically rolled layers of graphene
that form a cylindrical structure (12,13). The similarity of carbon nanotubes to collagen fibrils
and their superior strength renders them a promising material for meniscus tissue engineering
(14,15).

Methods
Bioink Preparation

Sodium alginate (Sigma-Aldrich), gelatin from porcine skin (Sigma-Aldrich), and CCNC
(Cellulose Lab) were dissolved in a 4.6 % (w/V) D-mannitol (Sigma-Aldrich) solution. The
components were added in the following order: alginate, gelatin, and CCNC; mixed each time
with two syringes clipped with the female/female Luer lock adapter and left for 30 minutes at
37 °C. The final concentration was 0.75 % alginate, 4 % gelatin, and 1.4 % CCNC, as established
previously (8).

MWCNTs were added at a concentration of 0.125 mg/ml; this concentration displayed
the most beneficial biological effect in our prior research (16). MWCNTs were purchased
(Nanolab Inc.) and functionalized as described earlier (12). Briefly, the MWCNTs (diameter:
15 nm — 30 nm; length: 15 pm — 20 pum: purity: ~95 %) were sonicated at 70 °C in a mix of



concentrated H2SO4 and HNOs. This mixture was then neutralized with NaOH. The purification
of the oxidized carbon nanotubes was carried out in cycles of centrifugation and resuspension
in miliQ water. The resulting solution of carbon nanotubes was dried and suspended in
phosphate buffer (PBS). The thermogravimetric method was applied to calculate the
concentration of the functionalized MWCNTs.

3D Bioprinting

Prior to bioprinting, the bioink was placed in a cartridge and kept in a 25 °C water bath to
induce gelatin gelation. The bioprinter (BioX or Inkredible, Cellink) with pressure extrusion
printhead was used for printing of the cylindrical model (diameter = 8 mm; high = 6 mm) with
an infill set at 35 % rectilinear pattern. A 22gauge needle (inner diameter = 410 um) was
utilized as the printing tip.

After bioprinting, the constructs were crosslinked with 200 mM CaCl, (Sigma-Aldrich)
dissolved in 4.6 % (w/V) D-mannitol for 10 minutes at RT. The constructs were then immersed
in Dulbecco's Modified Eagle Medium (DMEM, Corning) for 10 min to wash out the excess of
CaCl,. The samples measured after seven days were kept at DMEM supplemented with
penicillin (100 U/ml) and streptomycin (100 pg/ml) at 4 °C.

Compression test

Each sample was measured before testing (diameter and height). The compression tests were
performed with a flat-ended circular indenter (15 mm) (Fig. 1). The experimental apparatus
was a custom-built prototype, which consist of an actuator (with a load capacity of 12 kg and
a resolution of 3.05x10™* mm), a load cell of 10 N (DBBSMM-1 kg), and a computer (17). The
custom-made software was used for test definition, actuator control, and force-displacement
data acquisition. Before each compression test, a preload of 0.02 N was applied to contact the
indenter with the sample surface.



Figure 1. Compression tests. Sample before (a1) and after (b) measurement and

immersed in PBS (a2) before measurement.

The first measurements were set at 80 % of a construct height to set up the appropriate
strain range to consider during the experimental program. In practice the strain limits varied
and were constrained to values below 80% (total sample destruction), to explore the optimal
strain range per sample type. Then, to evaluate the effect of preconditioning, a
preconditioning stage was applied with ten cycles of compression at 10 % of the height of the
constructs at 1 mm/min.

The influence of hydrostatic pressure and temperature on the force-displacement
curve was investigated using the apparatus’ container filled with PBS (Fig.1 a2). The
temperature control module was set at 37 °C.

Data analysis

The force-displacement experimental data was acquired at a maximum sampling of 100 Hz.
Due to fluctuations in the sampling, data from individual samples add to be regularized by
interpolation procedure, to enable proper statistical treatment. The statistics carried out over
each experimental batch consider the following:

1. it considers each experimental curve
i€{l,..,nki,n €N
of the form
Cj(l) = (f}’ dj)
with a total of j
je{l,..,m}jm €N



experimental data points, as an individual experiment
2. it considers that all the curves ¢® describe the same phenomenon, i.e., the same
testing protocol is applied to (n) identical samples corresponding to the experimental
batch
3. After the data regularization (via interpolation), it is possible to apply a point-wise
statistical treatment to the curves of a given batch, allowing us to calculate:
a. a mean curve c(M€% representative of the whole batch, made of the point
wise means, carried over the n curves for each point j
b. statistical quantities such as the standard deviation (SD) and the standard error
of the mean (SEM)

Stiffness estimation was carried out considering the slope of the second linear region of the
loading curve (between the toe region and the yield point).

Results

Table 1 presents the established protocol for unconfined compression testing of cylindrical
constructs (8 mm x 6 mm). The ultimate load to displacements ranging from 2.5 mm to
3.5 mm (Fig. 2 a). We added the preconditioning step since the meniscus is mechanosensitive
tissue under constant cyclic loads (9). The stiffness of constructs measured with precondition
was insignificantly higher (p-value =0.0975) than the constructs measured without
preconditioning (Fig. 2 b, Tab. 2). A preconditioning of ten cycles at 10 % strain reduced the
experimental variability.

Table 1. Parameters for compression testing of cylindrical constructs
(diameter = 8 mm; high = 6 mm).

Parameter Value
Speed 1 mm/min
Preconditioning 10 cycles; 10 % strain

Ramp 3.5 mm (approximately 60 % strain)
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Figure 2. Influence of preconditioning on force-displacement curves (a) and stiffness (b) of
printed constructs. The data shown are mean (SD). The statistical significance was
determined by unpaired Student’s t-test (n > 3; P* <.05; P** < .01 and P*** <.001).

Fresh and 7-day-old constructs were evaluated to investigate the influence of time on
mechanical properties (Fig. 3 a and 3 d, Tab. 2). The difference in stiffness was statistically
insignificant (p-value = 0.4376).

Table 2. Values of stiffness of printed constructs with different variables.
Stiffness [N/mm]

n Mean = SD

Without

L 4 0.4127 £ 0.07952
preconditioning
With preconditioning 3 0.5362 £ 0.07934
Control 7 0.3374 £ 0.09422
7-day old constructs 4 0.4127 £0.07952
In PBS at 37 °C 4 0.08916 £ 0.01721
With MWCNTSs 3 0.6542 £ 0.1336
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Figure 3. Force-displacement curves (a, b, and c) anc. ...,,..coc \w, <5 ~wiopor s
with different variables. Force-displacement curves of freshly bioprinted and 7-day-old
constructs (a), constructs measured in and out of water bath (b), and constructs with and
without MWCNTs addition (c). The data shown are mean (SD). The statistical significance
was determined by one-way ANOVA (n 2 3; P* < 0.05; P** < 0.01 and P*** < 0.001).

The tests were also performed on samples immersed in PBS at 37 °C (Fig. 1 a2). The
results showed different mechanical behavior of constructs (Fig. 3 b and 3 d, Tab. 2). The
stiffness of constructs immersed in PBS decreases significantly (p-value = 0.0015). Finally, the
mechanical properties of constructs enriched with MWCNTs were tested (Fig. 3 ¢ and 3 d,
Tab. 2). The stiffness was significantly higher (p-value =0.0004) for constructs with
incorporated MWCNTs.

Discussion

The meniscus is a heterogeneous and mechanically sensitive tissue with complex
biomechanics. Mechanical stimuli are essential for its proper development and functioning
(18). Therefore, implant candidates must reproduce qualities of native tissue to fulfill their
function. Investigating the mechanical attributes of bioprinted constructs is of fundamental



importance for the implementation of meniscal tissue engineering in medicine. The freshly
bioprinted constructs are too soft for mechanical analysis with most commercially available
devices, such as nanoindentation or DMA instruments. The present study faced this challenge
and delivered a protocol for measuring the mechanical properties of bioprinted constructs.
The methodology was then applied to investigate the effects of time, hydrostatic pressure,
and MWCNTs supplement on mechanical behavior. Mechanical tests were performed with
the custom-made machine at INEGI. Similar compression tests were performed by Giuseppe
et al. with gelatin-alginate constructs and a custom-made machine (19).

The measurements were relatively simple and repeatable. The preconditioning strain
was added to obtain consistent and repeatable responses (20). This strategy lowered
variation, which was also observed in other studies (19,21). The parameters (ten cycles with
10 % of strain) were based on available literature (17,19). The strain value and number of
cycles were demonstrated to affect the viscoelastic behavior of soft tissues, including the
meniscus (21,22). Increased frequency resulted in an increase in meniscus stiffness, providing
a starting point for further investigations (18).

The biomechanics of the knee joint subject menisci to constant cyclic loads, which
affects their physiology. Dynamic compression studies have revealed the influence of cyclic
loading, on the expression of cartilage-specific genes in mesenchymal stem cells encapsulated
in agarose (23,24). Cells sense mechanical stress through mechanoreceptors, such as
integrins, Ca®* channels, and cytoskeleton (25). Mechanical signals are translated into various
biomolecular pathways, stimulating chondrogenesis and maintenance of chondrogenic
phenotype. However, the compression start time strongly affects the expression shifts (23,24).
Therefore, submitting bioprinted implants to cyclic loads may provide a stimulus facilitating
differentiation and/or maintenance of a proper cell phenotype (9).

Variations in mechanical strength over time were expected; since hydrogels display
time-dependent mechanical behavior due to the intrinsic viscoelasticity of the polymer
network (7). The analysis revealed insignificant differences between fresh and 7-day-old
constructs. However, the 7-day-old constructs were kept at 4 °C, which does not correspond
to the human physiological temperature or environment of the cell culture. Presumably,
different storage conditions (e.g. at 37 °C with a humidified atmosphere) with extended time
points would yield more significant changes (19). Hence, compression tests performed in PBS
at 37 °C were designed to imitate the cell culture environment. A drastic decrease in stiffness
was observed, which may be attributed to gelatin dissolution. The cross-over temperature of
the bioink is 33.1 °C (8). Nevertheless, it is desired to measure the influence of cell activity on
construct stiffness in solution at 37 °C for extended time points.

In this study, we observed that the MWCNTSs addition narrowed the variability and
almost doubled the stiffness of constructs even at concentrations as low as 0.125 mg/ml
(Fig. 3 ¢ and 3 d). These results confirm the viability for using carbon nanotubes in the
regeneration of meniscal tissue. A higher concentration of MWCNTSs is expected to further
increase the stiffness of scaffolds, but our previous study has shown that higher
concentrations are toxic to mesenchymal stem cells in 2D cultures (14,16). The MWCNTSs



addition had a negligible influence on the viscoelasticity of the bioink (16). Moreover, the
MW(CNTs were shown to enhance the viability of mesenchymal stem cells and the expression
of chondrogenic ECM genes (16,26). Interestingly, surfaces of synthetic materials
functionalized with carbon nanotubes stimulate the growth of chondrocytes and help
maintain their native phenotype (15,26—-28). The toxicity of carbon nanotubes is a frequently
raised issue. However, this effect could be partially mitigated by encapsulating cells in
hydrogel with a low concentration of MWCNTSs (16).

Ideally, the mechanics of meniscus scaffolds should correlate with the features of
patients’ native tissue or at least with established standard parameters. Individual lifestyle
and age strongly affect the composition of ECM and the forces (compression and tension)
acting on the menisci (29). The presented protocol enables to control the stiffness at an initial
stage of constructs’ production. This approach, combined with the reconstruction of the tissue
geometry via computer-aided design and 3D printing technology, ensures better functionality
of constructs adapted to lifestyles and physical conditions of patients.

We have presented the idea to measure stiffness of future implants created with 3D
bioprinting. However, the mechanical analysis of freshly harvested, healthy human menisci
remain an issue, due to limited availability. The meniscectomy is performed only in case of
complex injuries, with advanced arthritis and inflammation. Therefore, most measurements
are made on damaged or frozen tissues. These conditions affect the structure of meniscal ECM
and, consequently, the mechanical properties (29,30). Alternatively, animal menisci can be
used; however, differences in mechanical properties were observed (30). In addition, the lack
of a standardized methods for estimation of meniscal features leads to notable variability in
the values of stiffness and tensile modulus (2). Heterogeneity and complexity of the meniscal
structure impose further difficulties regarding a reliable mechanical analysis. A unified
approach to the characterization of human menisci is a matter that needs to be addressed.

The tested constructs were printed without cellular material which is a limitation of
this study. Nonetheless, the aim of this study was to showcase the measurement approach of
constructs created with the proposed bioink. Subsequent studies will assess the mechanical
behavior of constructs seeded with mesenchymal stem cells guided toward chondrogenesis.
The encapsulated cells remodel their environment through the activity of proteinases and the
synthesis of ECM proteins; especially when natural hydrogels are used as bioink components
(31-33). Additionally, the 3D bioprinting technique with compression apparatus enables the
application of additional stimulators to intensive chondrogenesis process. Cell differentiation
could be prompted not only by bioink supplementation with growth factors, ECM extracts, or
MWCNTs, but also by dynamic compression (23,24,34,35).

The mechanical tests should be considered a standard practice in meniscal tissue
engineering, allowing mechanical personalization of an implant. This research presented an
approach to investigate the mechanical behavior of freshly bioprinted constructs with low
stiffness. It is a simple and quick method, which allows for high-throughput mechanical testing
of bioprinted constructs. It is desirable to test longer culture scaffolds with encapsulated cells,
like mesenchymal stem cells. Such research would allow to assess the effect of structural



materials (like MWCNTs) on the mechanical properties of constructs and the mechanical
stimulation on chondrogenesis over time. Moreover, the change of mechanical properties
could also enable to track progression of chondrogenesis.
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Abstract

Meniscus injuries are widespread among people, and the treatments that are now available
do not offer enough healing potential. In this study, we present a single-cell transcriptome atlas of the
meniscus, consisting of several cell clusters corresponding to four major cell types: chondrocytes,
endothelial cells, smooth muscle cells and immune cells. Furthermore, we conducted a thorough
investigation of chondrocyte clusters and discovered considerably different cellular compositions of
red and white zones, which elucidate their healing potential. We have also proven that the medial and
lateral menisci of pigs have comparable molecular landscapes. Finally, we have shown that the
transcriptome of pig tissue is comparable to that of human tissue. Our data provides critical support
for the use of pigs as a biological model for meniscal degeneration and the development of cutting-
edge therapies such as tissue engineering and xenotransplantation.
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single-cell sequencing, transcriptome atlas, meniscus, chondrocyte, pig model, orthopaedics
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Introduction

The meniscus is a fibrocartilaginous tissue essential for stress distribution and knee joint
stability. The structure of the meniscus is divided into three zones based on its extracellular matrix
composition and degree of microvascularization: the outermost red zone, which is rich in blood
vessels; the innermost white zone with a low blood supply; and the intermediate red-white zone. The
meniscus has a minimal ability to repair and is prone to damage due to the transfer of heavy loads and
shear forces in the knee . Meniscus injuries in the outer zone are more likely to heal, but those in the
internal zone often result in irreversible damage 2. Although suturing and partial or complete
meniscectomy are still the most prevalent methods of treating meniscus tears, the majority of patients
develop osteoarthritis between ten and twenty years after an injury. The long-term success rate of
meniscal repair is only 23,1% as shown by a meta-analysis published in 2012 3. This data suggests
that novel therapies should focus on avoiding surgery while maintaining the mechanical characteristics
of the meniscus. Therefore, it is hoped that developing treatment strategies like tissue engineering
(TE) and xenotransplantation will considerably benefit meniscus repair.

Domestic pigs (Sus scrofa domesticus), being physiologically and anatomically similar to
humans, has already proven to be a valuable model in studying human diseases, testing new
treatments and medical devices ’. The field of orthopaedic research is no exception, as pig models
have been widely used for health conditions such as juvenile osteochondritis dissecans, meniscal
degeneration, or post-traumatic osteoarthritis 1% Xenotransplantation between pigs and humans,
particularly for the transplantation of bones and cartilage-like structures, has already emerged as a
promising area of research %', Also TE uses a range of cell types and organic scaffolds originating
from pigs for facilitating tissue repair, regeneration in 3D and recapitulation of meniscus functions
after severe trauma * . This means that pigs could become a solution for the constant shortage of
organ donors and lack of an efficient treatment methods, by offering high tissue availability and
genetic engineering capabilities. Although both pig-based TE and xenotransplantation offer the chance
to restore an organ's physiological function, an in-depth understanding of its genetics is necessary for
the highest level of performance. While there are challenges that must be addressed, ongoing
research on the exploration of pig’s omics data aims to improve our understanding of the profound
degree of biological similarities and differences between humans and pigs. With the use of single-cell
sequencing of porcine menisci, we attempted to fill in a knowledge gap that will open new possibilities
for advanced orthopaedic treatments.

For this purpose we have chosen single-cell RNA sequencing (scRNAseq) technology, which
has emerged as the most cutting-edge method for exposing the diversity and complexity of individual
cells transcriptomes. Moreover, it reveals the hierarchical architecture of many cell types and their
roles within highly organized tissues and organs '°. The 10x Genomics Gene Expression microfluidic
approach, which involves the production of millions of microdroplets, each comprising a single cell,
reverse transcription mixture, and a gel bead coupled with oligo sequences, enables deep
investigation of single cells transcriptomes. The oligos are designed to catch poliA transcripts, tag them
with a cell-identifying barcode and a unique mRNA ID (for further quantitative investigation), and
ultimately allow the production of libraries compatible with long and short-read sequencing platforms.
In contrast to bulk NGS approaches, this cutting-edge technology allows not only cell type
identification but also enables uncovering the regulatory connections between genes and monitoring
of developmental trajectories of various cellular lineages.
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To date, only one publication using a single-cell transcriptome sequencing approach focused
on zonal characterization has presented the entire spectrum of cell populations that constitute the
human meniscus °. To the best of our knowledge, no data on pig meniscus cell composition are
currently available. In this study, single-cell transcriptome sequencing (scRNA-seq) was performed to
define and juxtapose cell populations that occur in specific zones of the pig meniscus. Results were
compared with the data from human studies.

Results

1. scRNA-seq of pig menisci reveals the presence of 12 cell clusters and high similarity between
medial and lateral meniscus

Two porcine menisci - one lateral and one medial, each divided into red and white zones, were
retrieved from a single pig for single-cell sequencing, resulting in the construction of the very first cell
transcriptome atlas for this tissue in pigs (Fig 1A). The cell type composition was compared across
these two anatomically divergent menisci and between zones with varying degrees of vascularity. All
samples achieved a satisfying percentage of living cells (ranging from 85 to 100%) enabling the capture
the majority of transcripts from cells and the generation of a reliable dataset. The sequencing data
underwent a quality control procedure, excluding cells with more than 8% of mitochondrial transcripts
and less than 200 genes detected in each cell (nFeatures_RNA), as they indicated apoptosis, cell lysis,
or empty droplets. Eventually, a dataset of 26928 high-quality cells was used for cluster identification
and cell type annotation (Supplementary 1). Of these cells, 14,233 originated from the medial
meniscus, and 12,695 from the lateral meniscus. When divided based on zonal distribution, 12,168
cells came from the red regions and 14,760 from the white regions.

Seven cell clusters corresponding to four major cell types were identified and visualized on a
UMAP plot (Fig 1B). Cell clusters were annotated based on the highly expressed marker genes ’
(Supplementary 2). We distinguished a cluster of chondrocyte cells (Ch) expressing collagens (COL1A1,
COL2A1, COL11A1), aggrecan (ACAN), decorin (DCN) and SOX9, a transcription factor involved in
chondrocyte differentiation and maintenance of the chondrocytic phenotype '®2' (Fig 1C).
Chondrocyte clusters constituted almost 75% of the meniscus's cells making them the majority in each
analysed sample (Fig 1D). The characteristics of specific chondrocytic subclusters are presented in the
following part of this paper. The next most abundant cell type (9.3%) comprised two clusters of
endothelial cells (EC), identified based on the expression of canonical markers PECAM1 and PLVAP
22.23(Fig 1C). Within this group, a small subpopulation of proliferating EC (PEC) was identified. Besides
markers typical for EC, this cluster expressed genes involved in cell proliferation (TOP2A) and mitosis
such as SMC4 and KIF11 responsible for chromatin condensation and spindle formation during mitosis
24726 (Sypplementary 2). EC populations, along with another identified cell type, smooth muscle cells
(SM accounting for 8.3%) expressing ACTA2 and MYL9, were derived from blood vessels 278, The last
identified group of three clusters belonged to immune cells, representing approximately 7.5% of the
meniscus population, and most likely comprised macrophages (MC, CD68+), T-cells (Tc, CCL5+) and
monocytes (mono, HLA-DRA+) 2°-3}(Supplementary 2).

We then compared the distribution of cell clusters in the medial and the lateral menisci. This
comparison was conducted due to previously documented variability between these two menisci in
terms of susceptibility and prevalence of injuries, as well as clinical outcomes after treatment. It was
revealed that all the identified clusters were observed in both menisci (Fig 1E), and the cells within



117
118
119
120
121
122
123

them exhibited similar expression profiles and cell-type specific markers 32, The high similarity of the
two studied types of menisci was confirmed through analysis of variance, which showed no statistically
significant difference in cluster frequencies at p=0.05. The analysis showed no significant divergences
in either cell type composition or in frequencies between the medial and lateral menisci. Therefore
we chose to combine data from the scRNA-seq of the same zones originating from the medial and
lateral menisci in the following integrative analysis of cells within zones.
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Figure 1. scRNA-seq analysis of pig menisci.

A. Sample preparation scheme. B. UMAP plot of identified clusters corresponding to cell types: Ch —
chondrocytes, EC — endothelial cells, PEC — proliferating endothelial cells, SM — smooth muscle cells,
Mono — monocytes, Tc- T-cells, MC - macrophages C. Marker genes expression levels. D. Cluster
proportion in each analysed sample. RL — red zone, lateral meniscus, WL — white zone, lateral
meniscus, WM - white zone, medial meniscus, RM - red zone, medial meniscus E. Clusters
proportion in the medial and lateral meniscus.
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2. Zonal comparison of cell type composition

To further explore the intricate nature of porcine meniscus, we compared two distinct zones that are
known to be anatomically different. This difference is largely due to the level of vascularization and
divergent extracellular matrix (ECM) composition resulting in different healing capacities %33, Firstly,
we visualized the distribution of cells using UMAP plots (Fig 2A) and examined the percentage of
clusters in each zone (Fig 1D), followed by statistical analysis. All the annotated clusters were present
in both zones, yet their distribution differed significantly. The main factor contributing to this
significant discrepancy is the degree of vascularization. In the red zone, approximately 33% of cells
were annotated to clusters forming blood vessels, with 17% being endothelial cells (EC+PEC) and
another 16% marked as smooth muscle cells. On the contrary, only 2.8% and 1.9% of cells originating
from the white zone were identified as endothelial and smooth muscle cells, respectively. This
indicates the presence of only trace vascularity in the white zone, but not its complete absence.
Consequently, the distribution of immune cells also varies greatly, ranging from 15.4% in the red zone
to 1.06% in the white zone.

The remaining cell types predominately consist of chondrocyte clusters, which make up 51.5%
in the red zone and over 94% in the white zone. Furthermore, the expression patterns of certain genes
encoding extracellular matrix components showed distinct differences. Of particular relevance to the
functional biology of cartilage-like tissue is the production of collagens. As anticipated, chondrocytes
in the white zone exhibited elevated levels of COL2A1, while COL1A1 was more abundant in
chondrocytes from the red zone. Additionally, genes encoding proteoglycans characteristic of
meniscus tissue displayed zone-specific expression patterns. Among them, COMP and VCAN were
strongly expressed in the red zone, while ACAN appeared to be more characteristic in the white zone
(Fig 2B). Furthermore, a differential analysis of cells forming this chondrocyte cluster (Ch) revealed
striking variation in gene expression patterns, indicating their involvement in distinct metabolic
pathways (Fig 2C, Supplementary 3 and 4).

Significant gene enrichment was observed in the red zone of chondrocytes, particularly in
metabolic pathways associated with cell-cell signalling, migration, adhesion, and communication.
Proliferation, immune system control, and the formation of blood vessels also appeared to be critical
aspects of red chondrocyte biology. Hence, it is considered that these cells exhibit a high rate of
metabolism, significant proliferative capacity, and tissue healing ability. In contrast, chondrocytes
specific to the white zone showed gene enrichment related to chondrocyte and mesenchymal stem
cells differentiation. Of particular importance are SOX5 and SOX6, which, unlike SOX9 activated in the
early stages of pre-chondrocyte formation, control the late stages of chondrocyte differentiation and
have a positive effect on their proliferation and cartilage matrix formation 3. The abundance of
Collagen IX transcripts, which play a crucial role in connecting collagen fibres and proteoglycans to
provide mechanical strength, further indicates the structural role of white chondrocytes and their

35

propensity to develop cartilage tissue °°. Additionally, these cells are closer to their final

developmental stage and show signs of declining metabolic activity, as expected in meniscus tissue.
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Figure 2. Zonal comparison of cell type composition

A. UMAP plot comparing clusters in menisci zones — red and white. Ch — chondrocytes, EC —
endothelial cells, PEC — proliferating endothelial cells, SM — smooth muscle cells, Mono —
monocytes, Tc- T-cells, MC - macrophages B. Chondrocyte subclusters marker genes expression in
the white and red zones. C. Enreached GO pathways in red (left) and white (right) zones.
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3. Chondrocyte cells heterogeneity

Due to the above-mentioned discrepancies, additional investigation of the large cell cluster
expressing chondrocyte-specific molecular markers was conducted to better discriminate between
different cell populations. As a result, five subclusters were identified (Ch0-Ch4, Fig 3A) with distinct
frequencies in the white and red zone samples (Fig 3B). The subclusters were analysed based on the
identification of highly expressed genes (Supplementary 5).

Subcluster Ch0 exhibited differential expression of genes involved in osteogenesis and chondrocyte
ossification. Among them, OMD positively regulates osteogenesis, OGN enhances bone formation,
and ASP is a negative regulator of chondrogenesis involved in collagen biomineralization 3641,
Additionally, genes involved in the negative regulation of vasculature development pathways were
enriched, including SERPINF1, SPARC, and THBS4. This expression profile suggests that the detected
subcluster has an osteophytic phenotype. However, osteophytes are not only osteo-cartilaginous
outgrowths in osteoarthritic joints; they are also considered transient repair tissue derived from
precursor cells 2. The top differentiating gene for this subcluster, ANGPTL7, has been linked to

4344 Therefore, we

chondrocyte differentiation, endochondral ossification, and tissue remodelling
anticipate that this subcluster plays an important role in the meniscus remodelling process, which
likely results from mechanical stimuli *°. Consequently, we believe that referring to the subcluster "0"
as osteophytic is inadequate since it implies that the cells are a step toward bone formation. Instead,
we believe that this subcluster reflects the cells' ability to respond to increasing mechanical pressure.
Another distinctive gene expressed in this cell group is the proapoptotic gene PEDF, suggesting a
transient phenotype of chondrocyte-like cells vulnerable to terminal differentiation and cell death.
The presence of these cells in both the red and white zones indicates that this may represent the last
stage of chondrocyte differentiation in the meniscus tissue. Therefore, we classified them as "end-
stage chondrocytes" for that reason.

In the white zone, subcluster Ch1, the second most frequent subcluster, predominantly expressed
genes encoding ECM proteins. Among them, collagens such as COL2A1, COL9A1, and COL11A1,
proteoglycans such as ACAN and SNORC, and the ECM stabilizing protein HAPLN1 were highly
expressed. Due to the elevated expression of genes associated with maintaining stemness (SCRG1)
and differentiation status (S100A1), this population appears to have recently undergone
differentiation. The elevated expression of EFEMP1, a gene responsible for ECM integrity maintenance
and trafficking, and VIT, involved in matrix assembly and cell proliferation, indicates that this
subcluster is undergoing constant remodelling % . Pathway analysis also showed clear enrichment
in genes responsible for collagen synthesis, modification and degradation, as well as the assembly of
collagen fibrils and other multimeric structures. Since this profile closely resembles what is believed
to be the canonical cartilage chondrocyte transcriptome, we have named subcluster 1 "matrix-
depositing chondrocytes."

The third most common subcluster of cells, Ch2, is rich in gene transcripts connected to stress
response, inflammation, and tissue remodelling. Overexpression of the GADD45 gene family,
implicated in response to cell injury, suggests stressful environmental growth conditions and the
presence of DNA-damaging agents *°. The presence of several cytoprotective gene transcripts such as
CLU (anti-apoptotic, anti-inflammatory, and antioxidant properties), SOD2 (coding for superoxide
dismutase), CP (a metalloprotein involved in the peroxidation of transferrin), and MT1A (an oxidative
stress-response gene protecting against hydroxyl free radicals), as well as the abundance of gene
transcripts connected to inflammatory response (NFKBIA), post-traumatic cartilage destruction (LBP),
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or inflammation processes and tissue remodelling (CHI3L1), suggests a suboptimal meniscal
microenvironment for cells °>°7 . However, the overexpression of SPP1 (a matrix remodelling marker)
noted in the meniscus model of post-traumatic osteoarthritis, HPS5 (a regulator of lysosome synthesis
and vesicular trafficking), CCDC80 (a promoter of cell adhesion and matrix assembly), THBS (an
adhesive glycoprotein induced in sites of tissue damage or active remodelling that mediates cell-to-
cell and cell-to-matrix interactions as an adaptive stress response), and MGP (a powerful inhibitor of
cartilage mineralization) indicates that the cells are remodelling in response to these stressful
conditions >8%2, Additionally, the abundance of FOS and CCN2 gene transcripts, both involved in cell
proliferation and differentiation, suggests that these cells can handle stressful growth conditions quite

well and are unlikely to undergo apoptotic pathways %4

. In summary, these cells exhibit anti-
oxidative and anti-inflammatory properties against the stressful growth conditions within the
meniscus, and in response, they remodel the ECM and clear the microenvironment to ensure the
survival of neighbouring cells. Therefore, we refer to them as "protective chondrocytes."

Cells forming subcluster Ch3, which constitute most of the red zone, express genes with divergent
functions. They appear to play a role in stem cell modulation, matrix remodelling, and inflammatory
responses simultaneously. Several gene transcripts connected to stem cell regulation, including
CRABP1 and IGFBP2, known to modulate stem cell behaviour by suppressing cell proliferation and
sensitizing them to growth factors, were highly expressed %% . Similarly, SFRP2 and TNC, proteins
characteristic of mesenchymal stem cells, exhibited elevated expression levels in this subcluster. Both
proteins enhance mesenchymal stem cell survival rates, regulate differentiation, and enhance
therapeutic efficacy when exposed to unfavourable factors ¢7:%% . Other intensively transcribed genes
identified in this subcluster are important for matrix organization. For example, MMP2, typical for the
red zone, is involved in vascular remodelling and angiogenesis within the meniscus due to its degrading
potential toward aggrecan and collagens %°. ADAMTS1, a hypoxia-induced disintegrin and
metalloproteinase, promotes cell proliferation and migration. Lumican is a collagen-binding
proteoglycan responsible for biomechanical strength in connective tissues 7°. Taken together, the
genes suggest a predicted pattern characteristic of vascularized, mechanically durable tissue with the
ability to differentiate. Overexpression of anti-inflammatory genes is a well-known phenomenon
specific to MSCs. On one hand, the remodelling and healing process is facilitated by the production of
anti-inflammatory agents that enable the recruitment of other MSCs to the site of injury. On the other
hand, MSCs, by modifying immune cells, foster a microenvironment favourable to the healing process
L In a highly expressed gene set specific to cluster Ch3, antiviral ISG12 and /GS15, antimicrobial
chemokines CXCL2 and CXCL14, involved in allergic inflammation POSTN, and genes responsible for
immune cell infiltration ABL2 were identified 7>77°. Considering the aforementioned, we predict that
the Ch3 population would closely resemble the phenotype of mesenchymal stem cells while also
displaying certain chondrocytic characteristics, allowing us to refer to them as "chondrocyte
progenitor cells." Due to their immunomodulatory and matrix remodelling properties, these cells are
of great interest in tissue engineering and the management of meniscus injuries.

The smallest subcluster, Ch4, expresses many genes involved in the breakdown of the extracellular
matrix, as well as those implicated in cell migration and proliferation. Genes such as apolipoprotein E
(APOE), responsible for clearing lipoproteins, lumican (LUM), which induces matrix degradation, and
serpin family E member 2 (SERPINE2), which regulates metalloproteinases, are implicated in catabolic
pathways 7678, Versican, a key ECM component involved in cell migration and proliferation due to its
matrix-loosening and hydrating capabilities, is encoded by the highly expressed VCAN gene. Versican
is a hygroscopic proteoglycan that interacts with other ECM components, affecting their assembly and
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remodelling. In the meniscus, it has an exceptional ability to resist compressive and tensile stresses
caused by loading, thanks to its binding with hyaluronan 7°. SDC2 and GSN, two additional abundant
gene transcripts in this subcluster, are linked to cell migration and proliferation. Additionally, this
subcluster has high quantities of various collagen transcripts that code for collagen IV, which forms a
basement membrane, collagen V, which plays a key role in the healing process, and collagen VI, an
ECM organizer 8 . Based on this transcriptional profile, the cells forming this subcluster could be
referred to as "remodelling chondrocytes".
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Figure 3. Chondrocyte cluster heterogeneity.
A. UMAP plot of chondrocyte cell subpopulations in red and white zones. B. Chondrocyte
subclusters proportion in each zone.
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Discussion

Seven cell clusters corresponding to four major cell types were identified based on the expression of
marker genes: chondrocyte-like cells (Ch) expressing collagens, aggrecan, and positive for SOX9;
endothelial cells (EC) expressing PECAM+ and PLVAP+; proliferating endothelial cells (PEC) expressing
TOP2A+, SMC4+, and KIF11+; smooth muscle cells (SM) expressing ACTA2+ and MYL9+; and immune
cells, most likely macrophages (MC) expressing CD68+, T-cells (Tc) expressing CCL5+, and monocytes
(mono) expressing HLA-DRA+.

While the frequencies of these clusters differed significantly when comparing zones, the
comparison analysis of medial and lateral menisci revealed no qualitative or quantitative differences
in cell type distribution and cell transcriptional profiles. This leads to the conclusion that the variable
prevalence and treatment outcomes observed between medial and lateral meniscus injuries are most
likely due to the higher forces acting on the medial side of the knee ®.. Epidemiological studies support
this hypothesis, indicating that medial meniscus tears are more common in older patients with
elevated BMI and suffering from a range of degenerative knee conditions, whereas lateral meniscus
injuries more frequently concern young, male patients with no history of osteoarthritis or similar
conditions and are often connected to ligament injury, suggesting that those tears are sport-related
8283 |t is not surprising, therefore, that lateral meniscus tears heal more efficiently and require fewer
total or partial meniscectomy surgeries, even though there is no specific genetic component that can
be added 2.

After thoroughly investigating the chondrocyte-like cluster, five subclusters (Ch0-Ch4) were
discovered. Only ChO, which we referred to as "end-stage chondrocytes," was abundant in both of the
regions under study. Subclusters Ch1 and Ch2, which are most likely responsible for cartilage-specific
matrix deposition and protection against adverse microenvironment factors, respectively, were
distinctive to the white zone. In addition to being metabolically active and expressing chondrocyte-
specific genes encoding collagens and proteoglycans, Ch3 (chondrocyte progenitor) and Ch4
(remodelling chondrocytes), which make up the majority of the red zone, also exhibit characteristics
of mesenchymal stem cells and are prone to proliferation and migration. Therefore, they possess
greater healing capacity and remodelling properties.

These findings are consistent with the work by Fu et al., who performed single-cell sequencing
on healthy human menisci and detected chondrocytes, endothelial cells, and immune cells ®. In
contrast to their research, they additionally annotated a group of cells known as "pericytes." However,
this cell population expresses significant quantities of ACTA2, MYL9, and other muscle contractile
genes and is primarily found in the red zone of the meniscus, resembling the "smooth muscle cells"
discovered in our investigations. Furthermore, Fu et al. noted that using only genetic markers makes
it extremely difficult to differentiate between pericytes and smooth muscle cells. It is assumed that
the functional characteristics of these two populations are identical, and any differences exist only in
terms of nomenclature.

Regarding chondrocyte populations, the majority of our results agree with Fu et al. However,
comparing cell subtypes is challenging due to the abundance of data and the subtle variations between
distinct cell clusters. Except for the fact that we identified three clusters for white zone chondrocytes
instead of two, the gene markers reported by Fu et al. as specific for the white zone are present in our
data labelled as white zone chondrocytes. Our "end-stage chondrocytes" share APOD, FN1, and ECRG
markers with Fu's chondrocyte-1 population and exhibit anti-angiogenic characteristics and
remodelling actions. The subcluster named "matrix-depositing chondrocytes" in our study displays
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similar genetic markers and ECM remodelling capabilities as Fu's chondrocyte-1 population (both
clusters are positive for CHI3L1, HTRA1, FN1, and TIMP superfamily). The "protective chondrocytes"
in our study, which correspond to the white zone, express markers common to Fu's chondrocyte-3 cell
type (CHI3L1, CDON). Similar to this work, Fu et al. found two red zone clusters expressing genes such
as POSTN, MMP2, ADAMTS2, CFD, FNDC, VCAN, and genes from the CXCL superfamily, which suggest
remodelling and immunomodulatory effects. The main discrepancy concerns the last chondrocyte
cluster identified by Fu et al. as expressing genes linked to proliferation; these markers were not found
in any of our chondrocyte clusters but were prevalent in the PECAM/PLVAP+ proliferating endothelial
cells (PEC). Interestingly, in our dataset, the cells referred to as "chondrocyte progenitors" associated
with the chondrocyte-2 and chondrocyte-4 clusters were found to express MSC markers and display
early signals of differentiation, which were not reported by Fu et al. Although more thorough research
on the integration of data from different species is needed for a detailed examination of cell type
similarities, it is clear that the cell types found in porcine-origin menisci are consistent with data from
humans. Due to the lack of automated software for functional annotation of detected clusters, single-
cell data analysis studies are currently focused on subjective approaches and addressing specific
hypotheses.

Single-cell sequencing of the human meniscus has been covered in another study by Sun et al.
8 However, we have chosen not to compare our data with those results due to several concerns, the
primary one being sample treatment prior to sequencing. Our and Fu's experiment settings used
freshly extracted meniscus tissue cells that had been subjected to single-cell library preparation,
whereas the study of the Sun et al. analysed in vitro cultured cells. Sun’s study focused solely on
adherent cell populations, and it is highly possible that the cells' expression patterns were dramatically
changed during the culture process. Additionally, the single cell suspension and partitioning methods
were different (cell sorting as opposed to droplets generation). Fu discussed this in significant detail
and claimed that these differences led to discrepancies in the generated data, resulting in significantly
distinct cell clustering. The mismatch in results highlights the necessity of thoroughly reviewing the
methodology before attempting to compare the data.

Our study was conducted solely on one individual. However, analysing 26,928 cells seems
adequate for creating a cell atlas for a single, specific tissue, especially since Wang et al.'s pig cell atlas
included a comparable number of analysed cells for only two tissue types (liver and lung), while some
tissues were described based on a few thousand cells (with a minimal number of 1,527 for subfornical
organ) .

In this paper, we present a single-cell transcriptome atlas of the medial and lateral menisci of
pig, demonstrating that their molecular landscapes are identical. By dividing the meniscus into red
and white zones prior to sequencing, we identified significantly diverse cellular component that
support the zones' capacity for healing. Additionally, we have shown that the cellular makeup of pig
tissue is similar to that of human tissue, providing crucial support for the use of pigs as a biological
model for meniscal degeneration and the development of cutting-edge therapies like tissue
engineering and xenotransplantation.
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Methods

Material

Medial and lateral menisci originating from one pig donor were collected from a local
slaughterhouse. Tissues were rinsed in 5% Betadine (Egis) in PBS solution followed by two rinses in
PBS. They were then transported in MACS® Tissue Storage Solution (Miltenyi Biotec, #130-100-008)
on ice for up to 1 hour and processed immediately after arrival.

Single-cell suspension preparation

The tissue was dissected away from the synovium, segmented into white and red zones, and
then cut into small pieces. This was followed by enzymatic digestion and disaggregation steps. First,
incubation was carried out with 4mg/mL Pronase enzyme blend (Sigma-Aldrich, #10165921001) at
37°C for one hour, followed by a second incubation in 3 mg/mL Collagenase P (Sigma-Aldrich,
#11213873001) at 37°C for another two hours. The mixture was then filtered through a 70 um
pluriStrainer® (pluriSelect, #43-57070-51) and centrifuged. The cell pellet was resuspended in 0.1%
BSA (Sigma-Aldrich, #A9418-50G) in PBS and centrifuged to remove dead cells. Finally, the cells were
filtered through a 30 um pluriStrainer® (pluriSelect, #43-50030-03) and resuspended in 1% BSA in PBS
to prevent cell re-aggregation.

Library generation

Subsequently, the cells isolated from meniscal zones were subjected to library construction
using the Chromium Next GEM Single Cell 3’ Reagent Kit v3.1 (10x Genomics, #PN-1000269). Samples
were processed according to the manufacturer's protocol. Cell suspensions were first divided into the
single-cell format with a Chromium X Series controller (10x Genomics), which encapsulates single cells
within nanoliter-scale Gel Beads-in-emulsion (GEMs), where all generated cDNA shares a common
barcode. The GEMs produced barcoded full-length cDNA from polyadenylated mRNA during
incubation. After incubation, the GEMs were ruptured, and the pooled fractions were recovered.
Silane magnetic beads were used to purify the first-strand cDNA from the reaction mixture. Barcoded,
full-length ¢cDNA was then amplified via PCR to generate sufficient mass for library construction.
Enzymatic fragmentation and size selection were employed to optimize the size of the cDNA
amplicons. Indexes and TruSeq Read 2 were added to the samples via End Repair, A-tailing, Adaptor
Ligation, and PCR. The final libraries contained the P5 and P7 primers used in Illumina bridge
amplification. The prepared libraries were sequenced on the NextSeq500 (lllumina) device with the
Mid Output Kit v2.5 (300 cycles).

scRNA-seq data pre-processing and quality control

Following sequencing, the output fastq files were uploaded to the 10x Genomics Cell Ranger
Software (cellranger-6.1.2). The cells were pre-analysed and mapped to the custom-built pig reference
genome (Sscrofall.l) using the cellranger mkref pipeline provided by 10x Genomics. Downstream
analysis was performed using R and RStudio software. Cell doublets, cells expressing more than 8% of
mitochondria-related genes ("ATP6", "ATP8", "COX1", "COX2", "CYTB", "ND2", "ND3", "ND4", "ND4L",
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"ND5", "ND6"), and cells with fewer than 200 genes (nFeature_RNA) per cell were excluded from
downstream analysis.

Identification and analysis of cell clusters

Clustering of cells was performed using the Seurat package (v4.3.0). The data were first
normalized, and then integration was performed using the IntegrateData function. The results were
displayed as UMAP plots. The identification of main cell populations, such as chondrocytes,
endothelial cells, proliferating endothelial cells, smooth muscle cells, monocytes, T-cells, and
macrophages, was based on the expression of 30 marker genes with the highest expression within
each cluster (FindAlIMarkers). Genes with differential expression between the groups were identified
using the FindMarkers function, which is based on the non-parametric Wilcoxon rank sum test.
Adjusted p-values were calculated based on Bonferroni correction using all features in the dataset.

Pathway analysis

Pathway analysis was carried out with GO term enrichment using the GOnet software and the
dataset of differentially expressed genes (adjusted p-value < 0.05).

Statistical analysis

For all statistical analyses, GraphPad Prism 8.0.1 was used. The statistical significance of cell
cluster distribution within menisci and zones was calculated using a two-way ANOVA test.

Data availability

Data are available in a public, open access repository Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE241228.
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