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Biomaterials Translational is now in its third year
since its establishment. On March 19, the first
virtual forums in 2023 on ‘Advanced Technology
for Biomaterial Research’ hosted by Biomaterials
Translational received a great response. The
forum covered topics including angiogenesis
of biomaterials presented by Professor Jake
Barralet, McGill University, Canada, and a new
lasermicrotome technology from Dr. Heiko
Rechter, LLS ROWIAK LaserLabSolutions,
Germany. Lasermicrotome and its related
platform are expected to have wide applications
for histology, pathology, and tissue/biomaterial
interfaces, as shown in the cover art. The
online forum was jointly supported by the
Welsh Government to celebrate the successful
McGill

(Canada) and Swansea University (UK), and over

collaboration  between University
3100 people attended the online forum through

virtual broadcast platforms.

In this issue, we present a collection of papers
from different fields of translational biomaterials
research. There are two review articles: the
first, by Xingming Li and co-authors,' discusses
bioactive peptides for anticancer therapies; the
second, by Feihu Zhao’s team,? explores how the
combination of in vitro and in silico approaches
can greatly facilitate the optimization of the
micro-mechanical environment for cartilage
this
presents three original research articles, including

tissue engineering. Additionally, issue
a report on the development of mechanically
conditioned cell sheets cultured on thermo-
responsive surfaces for bone tissue engineering
applications,” a comprehensive investigation
on the application of porcine-derived collagen
membranes for guided bone regeneration,* and a
systematic study on how irradiation sterilization
the

performance of antimicrobial peptides.®

impacts structure and  antibacterial

-2

The first quarter of 2023 has marked a significant
milestone in the world of artificial intelligence
(AI) with the announcement of ChatGPT4
and GoogleBard. Despite being in its infancy,
ChatGPT4 has already made a considerable
impact on the future of scientific publications.
Many users have utilized ChatGPT to write
essays, articles, emails, and other documents for
publication. However, there are polarized views

on the use of Al in scientific writing.

ChatGPT asserts that while it can generate text
for scientific writing, its impact on scientific
journals will depend on how researchers, editors,
and publishers use it. One potential use of
ChatGPT is to generate initial drafts of scientific
papers, which could potentially save time and
effort in the writing process. However, it is
crucial to note that ChatGPT is not a substitute
for human expertise and judgment, which are

essential for scientific writing.

For Biomaterials Translational, where authors
can use Al and Al-assisted technologies in the
writing process, we request that authors:

+ Only apply Al tools to improve the readability
and language of their manuscript

+ Always use Al tools with careful oversight

+ Avoid using Al technologies to perform data
interpretation

+ Be mindful that Al technologies very often
generate authoritative conclusions that can be
biased or even incorrect

+ Remember that AI technologies cannot be
listed as a co-author

More importantly, as editors, we assure you that
our journal is not and will not be controlled or
edited by Al!

We thank ChatGPT from OpenAl for manuscript
editing.
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The poor efficacy of immunotherapy in
clinical trials of solid tumours is mainly due
to their highly immunosuppressive tumour
microenvironment (TME).! Regulatory T cells
(Tregs), a subset of T cells that control the
autoimmune response and are one of the main
components of immunosuppressive TME, can
regulate the immune response intensity and
inhibit the function and activity of effector
T cells, thus inducing immune tolerance and
maintaining immune response homeostasis. In
solid TME, Tregs mediate the immune escape
of tumour cells by inhibiting the body’s immune
response, affecting the efficacy of prognosis.?

Based on the characteristics of Tregs in TME,
reducingtheirinfiltrationandimmunosuppressive
effect helps explore new treatment strategies for
solid tumours. The design, manufacture, and
therapeutic properties of biologically degradable
immunomodulatory macroporous scaffolds have
been reported recently in Nature Biomedical
Engineering.’ In this study, immunomodulatory
macroporous scaffold implantation around the
tumour released small-molecule inhibitors of
transforming growth factor (3, which selectively
target Treg cells, while chemokines attracted
effector T cells and antibodies to activate tumour
cells. In animal models with malignant tumours,
immunomodulatory  macroporous  scaffolds
are beneficial to recruit and activate effector T
cells into the tumours, released small-molecule
inhibitors of transforming growth factor f,
and suppressed Treg cells, which resulted
in an “immunoectopic effect” against distant
metastases and established long-term memory
to prevent tumour recurrence. This study also
revealed that immunomodulatory macroporous
scaffolds can be regarded as a vehicle to deliver
antigen-specific T cells into the tumours. Overall,
implanting immunomodulatory macroporous
scaffolds around tumours can enhance cellular
immunity and avoid systemic toxicity (Figure 1).

Mesoporous the
advantagesofhighporosity,highbiocompatibility,

silica nanomaterials have

-4

and easy surface modification and are ideal
materials for improving tumour immunotherapy
efficacy. The two most common types of
mesoporous-silica-based immunotherapies are
internalization of mesoporous silica nanoparticles
into antigen-presenting cells, and recruitment
of antigen-presenting cells by micrometer-
sized mesoporous silica rods that can form a
three-dimensional (3D) space. mesoporous
silica nanoparticle-based cancer vaccines can
be taken up by peripheral or lymphoid cells to
stimulate the immune system to fight cancer
cells, and mesoporous silica rod cancer vaccines
can aggregate immune cells into their scaffold
to induce tumour-specific immunity. Therefore,
mesoporous silica can successfully stimulate
adaptive immune response and can treat cancer
and other infectious diseases.’

There are many types of immunotherapy carriers
of biological scaffolds, which are divided into
different types according to their composition,
preparation method, route of administration,
or immune regulation principle.® In addition
to mesoporous silica, collagen, alginate, and
hyaluronic acid are typically composed of
natural ingredients or synthetic polymers.” The
preparation methods include simple crosslinking
in vitro, rapid sol-gel phase transformation in
vivo, in situ chemical polymerization assembly,
or 3D printing and self-assembly technology.
These scaffolds are also becoming more
diverse with tumour antigens and adjuvants,
immunostimulatory or immunosuppressive
molecules, and biologically active immune cells.®
Moreover, because of the importance of 3D in
vitro models in scientific research, 3D macroscale
scaffolds have shown great potential for the
development of biomimetic organoids.®

This work highlighted the unique advantage of
using mesoporous materials for the modulation
of cancer such
scaffold materials face challenges like limited
penetration depth into solid tumours, the demand
to deal with the high individual heterogeneity

immunotherapy. However,
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Figure 1. The schematic representation showed that the anti-tumour immunity was enhanced by immunomodulatory
macroporous scaffolds. Sustained release of scaffolds can recruit endogenous T cells, whereas the presentation of
surface-conjugated activation cues and the sustained release of IL-2 can activate recruited T cells. Sustained release of
TGF- depletes Tregs in tumours. IL-2: interleukin-2; TGF-: transforming growth factor (3; TGFf1: transforming

growth factor 3 1; Treg: regulatory T cell.

of tumours, the challenge to achieve precise regulation, and
the hurdle in large-scale production and potential market
transformation, etc. Further research efforts are necessary to
further explore the molecular mechanism of tumour immune
microenvironment regulation and the influence of biological
scaffold materials on cell fate. Eventually, the development of
more personalised biological scaffold materials in combination
with advanced biomaterials manufacturing technology will
provide more efficient immunotherapies for solid tumours and
other cancers.
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From the Contents

Cancer is a serious concern in public health worldwide. Numerous modalities
including surgery, radiotherapy, and chemotherapy, have been used for
cancer therapies in clinic. Despite progress in anticancer therapies, the
usage of these methods for cancer treatment is often related to deleterious
side effects and multidrug resistance of conventional anticancer drugs,
which have prompted the development of novel therapeutic methods.
Anticancer peptides (ACPs), derived from naturally occurring and modified
peptides, have received great attention in these years and emerge as novel
therapeutic and diagnostic candidates for cancer therapies, because of
several advantages over the current treatment modalities. In this review, the
classification and properties of ACPs, the mode of action and mechanism
of membrane disruption, as well as the natural sources of bioactive peptides
with anticancer activities were summarised. Because of their high efficacy
for inducing cancer cell death, certain ACPs have been developed to work as
drugs and vaccines, evaluated in varied phases of clinical trials. We expect

that this summary could facilitate the understanding and design of ACPs

with increased specificity and toxicity towards malignant cells and with
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As a leading cause of death, cancer threatens
human health and life worldwide." > Based on
the report of the World Health Organization,
cancer accounts for about 20 million deaths in
2020, including the occurrence of lung, prostate,
colorectal, and stomach cancer in men, and
breast, colorectal, lung, cervical and thyroid
cancer in women.® Cancer results from the
transformation of normal cells into tumour cells
that grow uncontrollably and go beyond their
boundaries to invade the surrounding tissues and
organs via the process of metastasis, which is the
principal reason of death from cancer.*

The current strategies for cancer therapies mainly
include surgery, radiotherapy, and chemotherapy,
which serve as the most frequently used
modalities for cancer treatment in clinic. Despite
progress in anticancer therapies, the usage of
these methods for cancer therapy is often related
to deleterious side effects. For example, surgery

Biomater Transl. 2023, 4(1), 5-17

generally can quickly remove obvious cancer cells
from the body, but the process of operation often
results in serious trauma, bleeding, infection,
and other risks. Radiotherapy as a modality of
cancer therapy, relies on the application of high-
energy rays or radioactive substances to damage
cancer cells or prevent cancer growth.” However,
radiotherapy often causes a wide range of side
effects, such as tiredness and sore skin in the
tumour area, due to the exposure of healthy cells
and tissues around the tumour site to high doses of
radiation.® Chemotherapy as a systemic therapy,
depends on the administration of chemical drugs
into the body to kill cancer cells.” But, most
classical anticancer drugs lack the property to
distinguish cancer cells from normal ones, thus
resulting in systemic toxicity and adverse side
effects (e.g., anaemia, gastrointestinal mucositis,
alopecia, or cardiotoxicity).* > And, long-term
usage of anticancer drugs increases the risk of
drug resistance through the development of
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mechanisms to deactivate or transport drugs out of the cells.”
Thus, the development or discovery of a new class of anticancer
agents with low toxicities, high selectivity and overcoming the
influence of drug resistance is urgently required.'" '

With the advance of biology and biomedicine, a great many
bioactive peptides have been discovered and isolated from
natural animal and plant sources, which exhibit antioxidant,
antiinflammatory, antimicrobial and anticancer activities
(Figure 1A)." In this review, the recent studies on naturally
occurring cationic antimicrobial peptides with anticancer
activities for cancer treatment were reviewed.* Most cationic
anticancer peptides (ACPs) are usually short in length, with
5-50 amino acids, and mainly consist of positively charged
amino acids, such as Lys and Arg and hydrophobic residues.'®
Because of the presence of positively charged amino acids
and high proportions of hydrophobic residues, ACPs can
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electrostatically interact with cancer cell membranes with net
negative charges, and elicit a cytotoxic effect on cancer cells
via disruption of cell membranes.'® Molecular sequences and
chemical compositions of peptides can seriously affect the
abilities to interact with cancers and the cytotoxicity (Figure
1B and Table 1)."7 Because of their unique mechanisms of
action, ACPs have many advantages, including low toxicity
and chance of developing multi-drug resistance problems,
compared with conventional chemotherapeutic drugs, and
thus offer the opportunity of developing a novel class of
anticancer agents with improved cell selectivity for cancer
cells and decreased side effects on normal tissues.'® ' Due to
the limitation of space, the information about pharmaceutical
characteristics of therapeutic peptides, such as peptide design,
synthesis, modification, and evaluation of peptide drugs is not
included in this review. For further details on these aspects, the

readers are referred to several recent reviews.> 202

o
. me““a“ )
one® 85,0,
e, %,
A
Q
@ °)
<
&8 33
g5 2%
3 3%
S35 é
Structure-actvity
relationship
4 >
) N
> 2%
28 Sy
‘{’D'Vo % @
Y, S
s, w°
/SO, N\
S, "y, 0% o
Py 90 0 O
w o

Figure 1. (A) Multipurpose bioactivities exhibited by peptides from natural resources, (B) Physicochemical and

physiological factors of bioactive peptides that determine their anticancer activities.

Table 1. Effects of amino acid residues in ACPs on cancer cells

Amino acid

residue Amino acid properties

Action on cancer cells

References

Effect on cell membrane interactions

Lysine Positively charged, polar ~ Disrupt cell membrane integrity and penetrate cell membrane, leading 24

Arginine and hydrophilic to cancer cell cytotoxicity

Histidine Induce cancer cytotoxicity via membrane permeability under acidic 25,26
condition

Glutamic acid Negatively charged, polar ~ Antiproliferative activities on tumour cells 27

Aspartic acid and hydrophilic

Effect on cancer cell structure

Cysteine Polar, non-charged Interact with numerous cell surface receptors for stabilizing and 28
maintaining extracellular motif/domain structure

Proline Non-polar, aliphatic Membrane interaction and conformational flexibility of peptide chains 29

Glycine Membrane interaction and conformational flexibility 29

Phenylalanine Aromatic Enhance the affinity with cancer cell membrane 30

Effect on cancer cell metabolism

Methionine Polar, non-charged Reduced methionine will arrest cancer cell proliferation 31

Tyrosine Aromatic increase cytotoxic activity 32

Tryptophan Aromatic binding at the major groove of nuclear DNA 33

Note: Reprinted from Chiangjong et al."”

www.biomat-trans.com



The opportunity of ACPs for cancer treatment

Characteristics of Cancer Cells for Selective
Treatment by Anticancer Peptide

Although the selectivity and mechanism of membrane
disruption by ACPs to kill cancer cells are not yet fully
understood, the structural and compositional differences
between cell membranes of cancer cells and normal cells may
be responsible for the selectivity of ACPs towards cancer cells
over healthy cells.** Compared with normal cells, malignant
cells show several different characteristics with regard to
the membrane components.*® For example, the membrane
of malignant normally carries a net negative charge because
of the presence of a higher number of anionic components
such as the phospholipid phosphatidylserine, O-glycosylated
mucins, sialylated gangliosides and heparin sulphate than
normal cells, which contributes to the selective cytotoxic
property of ACPs.** Another distinctive trait of malignant
cells is associated with the content of cholesterol within cell
membranes.”” Cholesterol is an integral component in cell
membranes of eukaryotic cells to regulate membrane fluidity.
Normal cells have large amounts of cholesterol which works
as a protective layer to modulate the cell fluidity and block
the entrance or passage of cationic ACPs. In contrast, most
malignant cells have increased membrane fluidity, due to the
low content of cholesterol in cell membranes, which may make
them susceptible to ACPs. In addition, cancer cells also contain
an increased number of microvilli, in contrast to healthy

Cell-intrinsic
DNA damage
DR4, DR5
BAX/BAK
Other
Apaf-1
Bcl-2/Bcl-XL Mitochondria
Cytochrome ¢
Smac/Diablo

Biomaterials Translational

cells. The presence of microvilli with irregular size and shape
on cancer cells can increase the surface area of cells for ACP
binding and interactions,*® influences cell adhesion, and the
communications between cancer cells and their environments,
and facilities the specific interaction of ACPs with cancer
cells. Therefore, the high selectivity and cell-killing efficacy
of ACPs towards cancer cells over normal cells could attribute
to different compositions in cell membranes, as well as higher
fluidity and surface areas of cancer cells than normal cells.
Relying on electrostatic interactions, ACPs with positive
charges and amphiphilicity target and bind the membrane
of cancer cells with highly negative charges, destabilise and
destroy cell membranes through hydrophobic interactions,
leading to cell necrosis.?

With in-depth studies, scientists discovered that certain
membrane-active peptides can disrupt the membrane of
mitochondria, causing the release of cytochrome c, after
they were internalised inside eukaryotic cells.* The released
cytochrome ¢ from damaged mitochondria to cytosol can
induce oligomerization of Apaf-1, activation of caspase-9 and
the transformation of pro-caspase-3 to caspase-3, initiating
apoptosis in many cancer cells.” For example, the cationic
membrane-active peptide (KLAKLAKKLAKLAK) has been
shown to target mitochondria and trigger apoptosis after
fusing to a CNGRC homing domain (Figure 2).*

Apo2L/RAIL

DR4, DR5 Cell-extrinsic

FADD

) Procaspase-8, 10
Bid

Caspase-8, 10

Caspase-9

Caspase-3, 6,7

Apoptosis

IAP

Figure 2. Proposed signaling pathways for induced apoptosis of cancer cells by pro-apoptotic peptides. Apaf-1: apoptotic
protease activating factor 1; Apo2L: Apo2 ligand; Diablo: direct IAP binding protein with low pl; DR: death receptor;
FADD: Fas associated via death domain; IAP: inhibitor of apoptosis protein; TRAIL: tumour necrosis factor-related

apoptosis-inducing ligand.

Besides direct disruption of plasma or mitochondrial
membranes, some ACPs can also kill cancer cells via

Biomater Transl. 2023, 4(1), 5-17

other indirect pathways, such as gene targeting and

immunomodulation.*> ¥ For example, melittin, is an ACP
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consisting of 26 amino acid residues, and can preferentially
activate phospholipase A2 in cells that overexpress the Ras
oncogene, and result in selective destruction of cells. In
another study, scientists discovered that a histidine-rich
alloferons derivative could stimulate properly the activity of
the natural killer cell of lymphocytes in a mouse model for
tumour killing.* Currently, more and more evidence suggests
that drugs with immunomodulatory effects could provide
beneficial effects for cancer therapies.*

Li, X; etal.

Properties and Classification of Anticancer
Peptide

Based on their secondary molecular structures, most ACPs can
be classified into four typical classes (Figure 3): (1) a-helices
(e.g., bovine myeloid antimicrobial peptide (BMAP), melittin,
cecropins, and magainins); (2) B-sheets (a- and PB-defensins,
lactoferrin and tachyplesin I); (3) ACPs with extended structures
and enriched with glycine, proline, tryptophan, arginine, and/
or histidine residues; and (4) cyclic loops (diffusa cytides 1-3).%

Figure 3. Schematic illustration of ACP structures containing a-helices (A), B-sheets (B), extended structures (C) or

cyclic loops (D). ACP: anticancer peptide.

o-Helical anticancer peptides

The ACPs with a-helical structures are a major group of ACPs
with short sequences and simple structures and compositions,
which generally are composed of basic amino acids, such
as lysine and arginine. Lysine (K) and arginine (R) are two
kinds of hydrophilic amino acids with an amine group and
a guanidinium group in their side chains, which contributes
to the formation of peptides with net positive charges in
neutral pH.¥ Compared with lysine, arginine containing
the guanidinium group has a higher potential to perform
electrostatic attraction and hydrogen bonding with the anionic
membrane in a high affinity.* In contrast, lysine with e-amino
group in the side chain exhibits more hydrophobicity than
arginine, and the long nonpolar alkyl side chain can insert into
the hydrophobic area of the cell membrane, increasing the
cytotoxicity of a-helical ACPs against cancer cells.” Based on
statistical studies, lysine is an essential component of a-helical
ACPs.

Besides positive net charge, the hydrophobicity of ACPs can also
influence their biological activities.** Normally, the percentage
of hydrophobic residues within ACPs can reach 30%, which
makes these molecules possess a helical conformation with
both polar and nonpolar faces in hydrophobic environments.*!
Peptides with increased hydrophobicity on the nonpolar face
would increase their helicities and self-assembling abilities,
which could insert deeper into the hydrophobic area of the cell
membrane, increasing the potential to form pore or channel
structures in the cancer cell membrane.*? Therefore, ACPs with
increased hydrophobicity would accordingly exhibit enhanced
anticancer and hemolytic activities towards cancer cells.

p-Sheet anticancer peptides
The second class of ACPs shows a [(-sheet structure that

contains at least a pair of two (-strands, as well as 2-8 cysteine
amino acids which form 1-4 pairs of intramolecular S-S
bonds.”* Formation of disulfide bonds within the molecular
structures of 3-sheet ACPs is often essential for the stabilization
of the structure and biological activities of these peptides.>*
The (-sheet peptides also show amphipathic characteristics
with spatially distributed polar and non-polar regions. Because
of the high stability of B-sheet structures of ACPs, they will
not conduct conformational transitions after binding with
phospholipid membranes. Defensins are one of the well-
researched and cationic ACPs which consist of 29 to 45 amino
acid residues. Defensins generally are composed of three to
six disulfide linkages, which create cyclic, triple-stranded
(-sheet structures with spatially separated hydrophobic and
hydrophilic domains.* In addition, the pattern and position
of intramolecular disulfide bonds within peptide structures
can define the class of the defensin. For example, a-defensins
contain disulfide linkages in the positions Cys1-Cys6, Cys2-
Cys4 and Cys3-Cys5, while Cys1-Cys5, Cys2-Cys4 and Cys3-
Cys6 are for p-defensins. The formation of cyclic cysteine
ladder conformation plays an essential role in determining the
anticancer activity of defensins by sustaining the structure and
molecular stability of the cyclic backbone. The stable, cyclic
structures have high surface areas and reduced conformational
flexibilities, which improve the capability and selectivity to
bind with cancer cells.

Anticancer peptides with extended structures

ACPs with extended structures are generally rich in arginine,
proline, tryptophan, glycine and histidine, but lack typical
secondarystructures. The extended structures are onlystabilised
by hydrogen bonds and other non-covalent interactions.*®
Typically, PR-39 is a linear ACP formed from proline (49%)
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and arginine (24%), which is isolated from porcine neutrophils.
PR-39 consists of 39 amino acid residues and lacks a regular
structure.®® PR-39 exerts anticancer activities on human
hepatocellular carcinoma cell lines by inducing the expression
of syndecan-1. Similar anticancer effects were also observed
on hepatic leukaemia factor hepatocellular carcinoma cells
when they were transfected with the PR-39 gene. Alloferon
is another group of ACP derived from insects with glycine-
rich domains, which can activate natural killer cells and the
synthesis of interferon for antitumour treatment in mice.”’

Cyclic anticancer peptides

Cyclic ACPs consist of a head-to-tail cyclization peptide
backbone or disulfide linkages, which show much higher
stability than that of linear molecules.*® Diffusa cytides 1-3, as
three new cyclic peptides, were extracted from the leaves and
roots of the white snake plant, and have an obvious preventive

Biomaterials Translational

effect on the growth and the migration of prostate cancer cells
in vitro.** H-10 is another cyclic pentapeptide, which exhibits a
concentration-dependent cytotoxic effect on mouse malignant
melanoma B16 cells, without obvious cytotoxicity to human
peripheral lymphocytes and rat aortic smooth muscle cells.
Because of its intense inhibitory activity against cancer cells,
cyclic ACPs account for the majority of ACPs in clinical studies.

Natural Sources of Peptides with Anticancer
Activity

Recently, a number of natural ACPs with cationic, anionic or
neutral properties have been discovered in various organisms,
including marine, plant, yeast, fungi, bacteria and bovine.®' In
addition, some nutrient proteins from milk and soybean can
release biofunctional peptides via enzymatic degradation, and
show antiproliferative effects on the growth of human cancer
cells (Figure 4).%
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Figure 4. Lists of bioactive peptides with potentials for anticancer therapies via varied mechanisms.

Bioactive peptide compounds from both human and terrestrial
animals have been reported to have anticancer properties. For
example, LL-37 is a typical antimicrobial peptide derived from
human cathelicidin and shows antimicrobial activities towards
both Gram-positive and Gram-negative bacteria under much
lower concentrations.®® In addition, LL-37 also exhibits the
capability to induce calpain-mediated apoptosis through DNA
fragmentation and mitochondrial depolarization in Jurkat
cells as well as human oral squamous cell carcinoma cells.®
Defensins (a- and B-defensins) are an expressed effector
agent of the innate immune system of humans with broad
antimicrobial activities.®® Among them, a-defensins or named
human neutrophil peptides (HNP-1, HNP-2 and HNP-3) that
derive from the azurophilic granules of neutrophils could exist
as dimers on cell membranes and show inhibitory activities
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against numerous cell lines, including human B-lymphoma
cells, human oral squamous carcinoma cells, and MOT mouse
teratocarcinoma cells.®® In addition, bioactive peptides (GFHI,
DFHING, FHG, and GLSDGEWQ) obtained from bovine
meat-derived peptides exhibit cytotoxicity.” Among them,
GFHI is most cytotoxic to the human breast cancer cell line
(MCF-7) and could reduce the viability of the stomach
adenocarcinoma cell line (AGS) in a concentration-dependent
manner, whereas the peptide of GLSDGEWQ considerably
prohibits the proliferation and growth of AGS cells. In addition,
a novel anticancer bioactive peptide (ACPB-3) extracted from
goat spleens or livers, has exhibited antiproliferative activities
towards the human gastric cancer cell line (BGC-823) and
gastric cancer stem cells (GCSCs).**
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Some bioactive peptides from aquatic animal sources, such as
frogs, toads, fish, ascidians, mollusks, and other organisms have
also been identified with potential anticancer activities.”” For
example, some amphibians, such as frogs and toads, can secrete
mucus, which contains a wide range of antimicrobial peptides
which show cytotoxicity towards human cancer cells.”" China
has a long history of using secretions from amphibians (e.g.,
frogs and toads) to prepare traditional Chinese medicines for
multi-purpose therapeutic applications.”® The well-studied
ACPs from amphibian secretions are magainins, obtained
from the skin of the African clawed frog Xenopus laevis, and
exhibiting membranolytic properties.”” Magainin 2, together
with its potent synthetic analogues (magainins A, B, and G),
can trigger a rapid death of haematopoietic and solid tumour
cells via the formation of pores on cell membranes, but no
cytotoxic activity was observed on normal human or murine
fibroblast cell lines.”> The hydrolytic products from dark
tuna muscle have shown potential antiproliferative activities
towards MCF-7 cells. Specifically, the fraction of peptides
with molecular weights from 400-1400 Da from the digested
products exhibits the strongest antiproliferative activity in
cancer cells, because of the presence of two antiproliferative
peptides, LPHVLTPEAGAT and PTAEGVYMVT.”

Milk and dairy products contain plenty of molecules that exhibit
various bioactivities. Therefore, bioactive peptides prepared
from milk and dairy products through enzyme-mediated
digestion have been considered to be significant bioactive
agents with anticancer activities. And plenty of reports have
indicated the anticancer activities of bioactive peptides derived
from milk protein. For instance, Roy and others discovered that
bovine skim milk degraded by Saccharomyces cerevisiae showed
an inhibitory effect on the proliferation of a human leukaemia
cell line.”” Lactoferrin is a glycoprotein with iron-binding
properties isolated from the transferrin family and exhibits a
variety of biofunctionalities, such as antibacterial, antiviral,
anticancer, antiinflammatory, and immunomodulatory
activities.”® In addition, lactoferrin proteins treated by pepsin
under acidic conditions could generate cationic peptides with
obvious cytotoxic activities against both microorganisms and
cancer cells via the mechanisms of cell cycle arrest, apoptosis,
antiangiogenesis effects, antimetastasis effects, immune
modulation and necrosis.”” Thus, milk can not only supply
essential proteins as nutrients in a normal daily diet but
also have potentials for the preparation of ACPs for cancer
prevention and management.”® Therefore, the search for
natural peptides from food sources with anticancer activities
has increased in recent years. For example, the peptide of
HVLSRAPR obtained from Spirulina platensis hydrolysates
displayed cell selective and obvious cytotoxic activities towards
HT-29 cancer cells but with little inhibitory effects on normal
liver cell proliferation.” In addition, a tripeptide of WPP
extracted from blood clam muscle exhibited strong inhibitory
effects against PC-3, DU-145, H-1299 and HeLa cell lines.*
Similarly, the hydrolysate of Soybean protein also contains
many peptide segments such as Lunasin, RKQLQGVN,*
GLTSK, LSGNK, GEGSGA, MPACGSS and MTEEY,*? which
can exert distinct antiproliferative actions on colorectal cancer
HT-29 cells.
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Venoms and toxins secreted by different animals are also
composed of a large number of proteins or peptides, which
were used as therapeutic agents in traditional medicine for
centuries, and currently are explored for the discovery of novel
ACPs.® Melittin is an amphiphilic peptide with 26 amino acid
residues, which is obtained from the honeybee Apis mellifera,
and exhibited inhibitory effects on the growth of different
cancer cells in vitro, including astrocytoma, leukaemic, lung
tumour, ovarian carcinoma, squamous carcinoma, glioma,
hepatocellular carcinoma, osteosarcoma, prostate cancer and
renal cancer cells.* In spite of its considerable cytotoxicity to a
broad spectrum of tumour cells, melittin also exhibits toxicity
towards normal cells. Thus, with the purpose of achieving
optimal results, the therapeutic agent of melittin could be
used through accurate and specific delivery to the targeted
tumour areas. Crotamine, as the first venom-derived peptide
polypeptide from South American rattle snake venom, is
used as a natural cell-penetrating and antimicrobial peptide
with pronounced antifungal activity.®® Besides, crotamine
also exhibits toxicity toward cancer cells from B16-F10
(murine melanoma cells), SK-Mel-28 (human melanoma
cells), and Mia PaCa-2 (human pancreatic carcinoma cells)
in a mouse model of melanoma.?® Until now, more and more
natural peptides with cationic, anionic or neutral properties
have been identified and collected from various organisms,
whose anticancer properties are summarised and presented
in Table 2.5

Mechanism of Anticancer Peptides for Cancer
Treatment

Unlike conventional anticancer chemotherapy drugs, which
generally target specific biomolecules, most cationic ACPs
interact with the membrane of cancer cells, resulting in cell lysis
and death. Thus, ACPs provide the opportunity of developing
therapeutics for cancer therapy with a new mode of action,
which are complementary to conventional anticancer drugs,
and to which cancer cells could not develop drug resistance.
The mechanism by which ACPs perform their membrane-
disruption role relies on a series of physicochemical properties,
such as the sequence of peptide molecules, net positive charge,
hydrophobicity, structural conformations (secondary structure,
dynamics and orientation) in membranes, self-assembling,
peptide concentrations, and membrane composition of cells.>
Currently, several mechanisms of membrane disruption have
been proposed to describe the activity of ACPs, including the
carpet model, the barrel-stave model, and the toroidal-pore
wormhole model (Figure 5).

The carpet model describes the association of ACPs with
positive charges with phospholipids in the outer layer of
the membranes with negative charges via electrostatic
interactions, which leads to the parallel alignment of ACPs to
the cell membrane, covering the cell in a carpet-like manner
and without embedding them into the lipid bilayers.'”® But
after peptide concentrations reach a threshold concentration,
they change their molecular conformation by rotating
themselves, inserting into the membrane, and forming
micelle aggregates via hydrophobic interactions, resulting in
membrane disintegration.

www.biomat-trans.com



The opportunity of ACPs for cancer treatment

Biomaterials Translational

Table 2. Mechanism of some anticancer peptides from different origins for cancer treatment

No. ACP Cancer type Mechanism Molecular sequence Reference
1 LL-37 Human oral squamous Toroidal pore mechanism LLGDFFRKSKEKIGKEFKRI 88
cell, carcinoma cells VQRIKDFLRNLVPRTES
2 a-Defensins Human myeloid leukaemia Cytolytic activity ACYCRIPACIAGERRYGTCI 89
cell line (U937) YQGRLWAFCC
3 p-Defensin-3 HelLa, Jurkat and U937 Binding to cell membrane GIINTLQKYYCRVRGGRCA 90
cancer cell lines to cause cytolysis VLSCLPKEEQIGKCSTRGRK
CCRRKK
4 Bovine Drug-resistant and drug- ~ Cytolysis and FKCRRWQWRMKKLGAP 91
lactoferricin sensitive cancer cells immunogenicity SITCVRRAF
5 Gomesin Murine and human cancer Carpet model for QCRRLCYKQRCVTYCRGR 92
cell lines along with destroying the membrane
melanoma and leukaemia
6 Cecropin B1 NSCLC cell line Tumour growth KWKIFKKIEKVGRNIRNG 93
inhibition using pore IIKAGPAVAVLGEAKAL
formation and apoptosis
7 Magainin 2 Human lung cancer cells ~ Formation of pores on cell GIGKFLHSAKKFGKAFVG 94
A59 and in membranes EIMNS
8 Brevinin 2R Breast adenocarcinoma Lysosomal death pathway KLKNFAKGVAQSLLNKAS 95
MCF-7, and lung and autophagy-like cell CKLSGQC
carcinoma A549 cell death
9 Bufforin IIb Leukaemia, breast, Mitochondrial apoptosis ~ TRSSRAGLQFPVGRVHRLL 96
prostate, and colon cancer RK
10 Brevinvin Lung cancer H460, Penetrating into the FLPLAVSLAANFLPK LFCKI 97
melanoma cell, lipidic bilayer causing cell TKKC
glioblastoma U251MG, death
colon cancer HCT116
cell lines
11 Phylloseptin-PHa Breast cancer cells MCF-  Penetrating into the FLSLIPAAISAVSALANHF 98
7, breast epithelial cells lipidic bilayer causing cell
MCF10A death
12 Ranatuerin-2PLx  Prostate cancer cell PC-3  Cell apoptosis GIMDTVKNAAKNLAGQLL 99
DKLKCSITAC
13 Dermaseptins Prostate cancer cell PC-3  Pore formation one the GLWSKIKEVGKEAAKAAAK 100
lipid bilayer AAGKAALGAVSEAV
14  Chrysophsin-1,-2 Human fibrosarcoma Disrupt the plasma FFGWLIKGATHAGKAIHG 101
and -3 HT-1080, histiocytic membrane LIHRRRH
lymphoma U937, and
cervical carcinoma HeLa
cell lines
15  D-K6L9 Breast and prostate cancer Reduce neovascularization LKLLKKLLKKLLKLL 96

cell lines

Note: Reprinted from Bakare et al.¥

Carpet model

Detergent-like manner
membrane disruption

Figure 5. Schematic illustration of different mechanisms of anticancer peptides for cell entry.
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With regard to the barrel-stave model, ACPs first attach on
the surface of cell membrane via the physical interactions of
the peptides with hydrophilic segments. Then the monomer
peptide undergoes a structural change and aggregates
together through supramolecular self-assembling to form
transmembrane channels and stave-like structures within the
lipid bilayer.'® The molecular insertion of peptides generates
a hydrophilic channel that expels the hydrophobic part of the
bilayer. Once the formation of channel, more peptide molecules
can enter and enlarge the channel’s size. Furthermore, due to
the physical interactions between ACPs and cancer cells, the
integrity of cell membrane is also weakened. Currently, the
only discovered ACP which kills cancer cells via the barrel-
stave model is alamethicin.

The toroidal pore model describes a two-stage process of
interactions of ACPs with cell membranes. Firstly, the peptide
is inactive at low concentrations and aligns parallel to the
membrane bilayer. And then it converts to the active form
at certain concentrations, perpendicularly inserts into the
membrane and irreversibly destabilises the bilayers via the
formation of a toroidal-like pore structure.'” The generated
toroidal pore can allow for the entrance of more ACPs into
the intracellular space of the cell. There are many examples of
ACPs, such as cecropin A, protegrin-1 and magainin-2, that
employ this mechanism to destabilise cell membranes.

Anticancer Peptides in Clinical Trials

Currently, there are a number of synthetic peptides and
vaccines under clinical trials. This information could be found
in the National Library of Medicine at the National Institutes
of Health (Table 3)."” For example, the cyclic undecapeptide
of CIGB-300 (a peptide-based casein kinase 2 (CK-2)
inhibitor) can inhibit CK-2-mediated phosphorylation, after
fusing with the trans-acting activator of transcription (TAT)
cell-penetrating peptide, resulting in apoptosis of cervical
and non-small cell lung cancer cells.!®%
peptide vaccine exhibited high antitumour effects and safety
on pediatric patients with a solid tumour, when administered
with the adjuvant drug OK-432.'% In addition, Wilms' tumour
1-pulsed dendritic cell vaccine was tested to treat patients with
surgically resected pancreatic cancer under a phase I study.'®”
The vaccine from a modified Wilms’ tumour 1 (9-mer) peptide
showed the potential to activate cytotoxic T-cells, after it was
administered to treat patients with gynecological cancer.!'
After emulsification with Montanide ISA 51, the vaccine of
LY6K-177 peptide was administered to patients with gastric
cancer, and these patients showed high tolerance to the
formulation in a phase I clinical trial.'"!

Wilms' tumour 1

B-cell lymphocytic leukaemia and pancreatic cancer are
associated with an increased level of telomerase activity.'
The peptide vaccine of GV1001 was developed from the
hTERT (EARPALLTSRLRFIPK), and tested in patients with
non-resectable pancreatic cancer in phase I/1I trials. Studies
show that it was able to induce CD4* and CD8* T-cells,
interact with professional antigen-presenting cells, and then
engulf dead tumour tissue or cells.'"* Moreover, GV1001 also
exhibited the potential to act as a candidate vaccine to treat

Li, X; etal.

the patients with B-cell chronic lymphocytic leukaemia, a
telomerase-specific leukaemic cell line."

The integration of the ACPs with other conventional drugs,
such as such as cyclodepsipeptide plitidepsin and bevacizumab,
has also been tested in refractory solid tumours and evaluated
in phase I trials.'!”® In addition, a short peptide, which can
work as a luteinising hormone-releasing hormone (LHRH)
agonist, was fused to cytotoxic analogs of LHRH to target
cancer expressing receptors for LHRH. Based on the results
of phase II clinical trial, the LHRH agonist displays anticancer
activities in LHRH receptor-positive cancer types (human
endometrial, ovarian and prostate cancer).!"® In recent years,
a personalised peptide vaccine was created to work as a
novel strategy for cancer treatment by boosting the immune
response with specific peptides for each patient.'!” For
example, 19 peptide mixtures selected from 31 personalised
peptide vaccines were also assessed in a phase II clinical trial
in patients with metastatic breast cancer. While other peptides
of gp100:209-217 (210M)/Montanide™ ISA-51/Imiquimod
and E39 peptide/granulocyte-macrophage colony-stimulating
factor vaccine plus E39 booster have been approved by the
U.S. Food and Drug Administration for treatment of high risk
melanoma and ovarian cancer, respectively. In addition, the
peptide of boronate bortezomib as a reversible 26S proteasome
inhibitor, has been approved in clinical therapy for multiple
myeloma therapy by degenerating several intracellular
proteins.'®'?° Till now, various cancer vaccines based on
ACPs or ACPs integrated with other adjuvants or drugs, have
been developed and evaluated in clinical trials for safety, side
effects and specificity for targeting cancer cells by activating
immune responses. More ACP examples in clinical trials are
summarised and presented in Table 3.

Summary and Future Perspective

As potential therapeutic agents for cancer therapy, ACPs have
numerous advantages, but also have their inherent drawbacks,
including low stability, easy degradation, potential toxicity,
and low bioavailability, which may severely prohibit their
clinical usage.* In recent years, different strategies have been
taken to reconstruct or modify ACPs via chemical modification
(e.g., cholesterol modification, phosphorylation, polyethylene
glycol modification, glycosylation and palmitoylation) or
replacement of natural amino acids with non-natural ones,
with expected to retain their advantages while decreasing
their shortcomings, thereby increasing their therapeutic
efficiencies.'” Besides, with the development of material
chemistry and nanotechnology, various nanomaterials with
unique optical, electronic, magnetic and photo-responsive
properties have been used as a selective delivery system
for tumour-targeted release of ACPs.'”” Furthermore, the
combination of ACPs with other therapeutic modalities also
holds great potentials to enhance therapeutic effects, decrease
the toxicity and side effects, and prevent the development of
drug resistance by cancer cells.'” Till now, a large number of
ACPs with anti-proliferative and apoptotic properties towards
various cancer cell types, are evaluated in clinical trial or are
already in the pre-clinical stage."”
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Table 3. Lists of anticancer peptides in clinical trials

Biomaterials Translational

Phase Biological peptides Cancer type Mechanisms
Early phase I MUC-1 peptide vaccine Breast cancer Positive anti-MUCI antibody responses
HER-2/neu peptide vaccine Breast cancer Specific interferon-y and IL-5 producing T-cell
responses
GAA/TT-peptide vaccineand ~ Astrocytoma, GAA-specific T-cell responses
poly-ICLC oligoastrocytoma and glioma
Phase [ Gag:267-274 peptide vaccine Melanoma Cytotoxic T-cell lymphocyte responses
HPV16 E7 peptide-pulsed Cervical cancer Pulsed autologous DC immunotherapy
autologous DCs
LY6K, VEGFR1, VEGFR2 Esophageal cancer Immune responses including LY6K, VEGFR1
and VEGFR2 specific T-cells
Antiangiogenic peptide vaccine  Hepatocellular carcinoma Cytotoxic T-cell lymphocyte responses
HLA-A*0201 or Non-small cell lung cancer Cytotoxic T-cell lymphocyte responses, antigen
HLA-A*0206-restricted cascade, regulatory T-cells, cancer antigens and
URLCI10 peptides human leukocyte antigen levels
Phase I/11 MAGE-3.A1 peptide and CpG ~ Malignant melanoma Cytotoxic T-cell lymphocyte responses
7909
VEGFR1-1084, VEGFR2-169  Pancreatic cancer Cytotoxic T-cell lymphocyte responses
HER-2/neu peptide vaccine Breast cancer Human epidermal growth factor receptor
2-specific T-cell response
Phase II gp100:209-217(210M), HPV 16  Melanoma T-cell immunity
E7:12-20
WT1 126-134 peptide Acute myeloid leukaemia T-cell response
G250 peptide Metastatic renal cell Cytotoxic T-cell lymphocyte responses
carcinoma
Phase III PR1 leukaemia peptide vaccine  Leukaemia Immune response
Phase IV Degarelix Prostatic neoplasms Binds to GnRH receptors

Note: Reprinted from Chiangjong et al.'” DC: dendritic cell; GnRH: gonadotropin-releasing hormone; HER-2: human epidermal
growth factor receptor; HPV: human papillomavirus; poly-ICLC: polyinosinic-polycytidylic acid stabilized with poly-L-lysine and
carboxymethylcellulose; IL-5: interleukin-5; LY6K: lymphocyte antigen 6 family member K; MUC 1: transmembrane glycoprotein
mucin 1; PR1: pathogenesis-related protein 1; URLC10: a peptide vaccine; VEGFR: vascular endothelial growth factor receptor.

Besides the significant progress in the identification of
more ACPs from different natural resources, there are also
developments of novel strategies for selective and targeting
delivery of ACPs to cancer cells or regulating the fate of cancer
cells via the process of enzyme-instructed self-assembly of
peptides.'?* 12> Among them, enzyme-instructed self-assembly
is promising to kill cancer cells with high specificity, relying
on the specific activity of enzymes overexpressed by cancer
cells to induce the formation of pericellular and intracellular
peptide self-assemblies, which interrupted intercellular
communications, blocked multiple cellular pathways, and
prevented cell survival.!? ' Although enzyme-instructed
self-assembly has exhibited numerous advantages for
cancer therapy, such as high selectivity and minimal drug
resistance, there is still much room for improving anticancer
efficiency. Therefore, the continuous discovery of ACPs with
optimised anticancer activities and development of advanced
strategies with improved anticancer efficiency should offer an
economically viable and therapeutically superior alternative to
the current generation of chemotherapeutic drugs for cancer
treatment.'?% 1%
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reconstruction of facial cartilage involves the use
of autograft, allograft, or xenograft chondrocyte
sources, which present the difficulties of donor
site morbidity, transplant rejection, and low
source availability.! Cartilage tissue engineering
(CTE) provides a promising solution, which
involves the seeding of multipotent stem cells,
chondrogenic progenitor cells, or chondrocytes
onto porous scaffolds.? This method is followed
by the expansion of culture volume and the
generation of neo-synthesised extracellular
matrix (ECM) prior to implantation.’ Cartilage
tissue growth within the scaffolds is a complex
process with multiple mechanical, biochemical,
and genetic factors influencing chondrogenesis,
further complicated by the temporality of the
process. If the cell/tissue culture time can be
shortened, patients who have facial cartilage
damage can receive the implants at an appropriate
time. Therefore, there is a demand to accelerate
the chondrogenesis as well as proliferation and
ECM production of chondrocytes during cell
culturing for facial CTE.

Different in vitro studies used different cell types,

for CTE. The majority of these studies have
found that the mechanical environment can
differentiation, proliferation,
ECM production of primary chondrocytes
and mesenchymal stem cells in articular CTE
experiments.” Mechanobiology for facial CTE
has not been extensively investigated yet. The
mechanical environment influences CTE in
both static and dynamic culture conditions. For
static culture condition, the mechanical factors
that can influence the chondrocytes’ behaviours
are stiffness of materials used for housing the
cells.® For dynamic culture condition, mechanical
factors that influence the chondrocyte behaviours
include fluid-induced wall shear stress (WSS),
hydrostatic pressure and mechanical strain.’
These mechanical stimulation processes are
applied to cells using bioreactors such as perfusion
bioreactors, spinner flasks
compression bioreactors. Computational studies
have demonstrated that the scaffold geometric
features such as porosity, pore size and pore shape
also influence these mechanical stimulations of
cells within three-dimensional (3D) scaffolds.’

influence and

and mechanical

www.biomat-trans.com



Mechanical environment in cartilage tissue engineering

Thus, one of the promising strategies for guiding cellular
behaviour is to tune the scaffold geometric features and
scaffold materials mechanical properties.'® Recent advances in
scaffold design and manufacturing such as 3D printing have
permitted the precise control of scaffold geometric features
including porosities, pore size and curvature, as well as
mechanical properties such as stiffness.!" Critically, the field of
CTE has now reached a juncture, in which the combination
of predefined, quantifiable mechanical forces is possible.
However, optimising these parameters in conjunction to
enhance the cellular behaviours (such as chondrogenic
differentiation, proliferation and ECM production) presents a
challenge due to the high cost associated with the trial-and-
error in vitro/in vivo experiments. With the emergence of in
silico (computational) tissue engineering, it may help reduce,
refine and replace some of the in vitro/in vivo experiments.
Therefore, a multidisciplinary approach is essential using in
silico methods to determine the optimum scaffold geometric
features and mechanical properties for both static and dynamic
cell culture conditions; and/or bioreactor loading condition
for dynamic cell culture.'

This review will explicitly focus on the study of the influence
of mechanical environment on proliferation and matrix
production of chondrocytes in vitro for CTE. As chondrocytes
mechanobiologyhasbeen more widely investigated forarticular
CTE than that for facial CTE, we will discuss the literature
mostly based on the articular CTE in this review. The use of in
silico approaches to model the intricate mechanical stimulation
for refining in vitro tissue engineering studies is also discussed.
Due to the similar requirements for articular CTE and facial
CTE (e.g., accelerated chondrogenesis, proliferation and ECM
production), the knowledge of mechanobiology for articular
CTE can be extrapolated for facial CTE studies. Consequently,
future research is suggested for the facial CTE field.

Biomaterials Translational

Static Culturing Condition

Effect of substrate stiffness on tissue growth

Cells exert forces on the material to which they adhere, and also
receive mechanical feedback from these surfaces, even under
static culturing conditions."”® Through mechanotransduction,
this mechanical feedback influences the adhesion strength and
cytoskeletal architecture of the cells, and thereby influences
the cellular behaviours. It has been shown that the stiffness
of the substrate material affects chondrocyte behaviours
such as proliferation and ECM production.’ The material
stiffness is sensed via molecular pathway (such as Rac1), which
modulates S-phase entry and control cell proliferation.' '¢
Therefore, changing the substrate material stiffness will
influence the modular pathway, and consequently influence
cell proliferation. Also, cells grown on stiff substrates with
different stiffnesses generate different amounts of F-actin,
different spread, and display varying yes-associated protein/
transcriptional co-activator with PDZ-binding motif in the
nucleus, which in turn, affects the cell proliferation.”” Table
1 summarises previous in vitro studies that demonstrated
the substrate material stiffness dependent phenomena of
chondrocytes.* 182

In silico models for tissue engineering under static
condition

In this section, the in silico models for modelling the cell
mechanobiological behaviour in tissue engineering based on
the cell-material interaction are discussed. In silico modelling is
usually used for simulating the cell behaviours on substrates in
static culturing conditions (Figure 1A). The aim is to evaluate
and optimise the material in terms of the properties (such as
mechanical properties). This can help direct the in vitro work
and avoid excessive trial-and-error for in vitro experiments.

A Cells on substrates with different stiffnesses

Cell
_&: Substrate

3 GPa

Substrate stiffness

3 kPa

B Mechanical stimulation type on cells under dynamic
culturing conditions

Shear stress

A

Hydrostatic pressure

%

Compressive
strain

Figure 1. (A) In static culturing condition, cells are cultured on substrates with different stiffnesses. (B) Different types
of mechanical stimulations have been applied to cells in dynamic culturing conditions.
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Table 1. Chondrocytes respond to substrates with different stiffness in cell culturing
Chondrocytes Substrate material &
resource stiffness Biological responses Reference
Porcine Hydrogel: « Type I and II collagen: no difference 5
(i) 3.7 kPa « Cell number and ECM amount: (i) > (ii)
(ii) 53 kPa
Sheep Hydrogel: « Aggrecan, Col2al, and Sox9 levels: (i) > (ii) or (iii) 18
(i) 5 kPa « Organisation of actin cytoskeleton (co-related to loss of
(i) 10 kPa chondrocyte phenotype): (i) < (ii) or (iii)
(iii) 20 kPa
Bovine Hydrogel: * Round cell morphology and decreased actin cytoskeletal 19
(i) 3.8 kPa organisation: (iii) > (ii) > (i)
(ii) 17.1 kPa + SGAG/DNA, Col2al and aggrecan expressions: (iii) > (ii) > (i)
(iii) 29.9 kPa
Bovine Hydrogel: + SGAG and type Il collagen expressions: (iii) > (ii) > (i) 20
(i) 1 kPa
(ii) 15 kPa
(iii) 30 kPa
Murine Type II collagen-coated PAM:  « Proteoglycan deposition, and Sox9, Col2al, and aggrecan mRNA 21
0.2 - 1.1 MPa expressions are greatest under the substrate stiffness of 0.5 MPa
« mRNA level: no difference
Bovine PAM gel coated with type I « Differentiated chondrocyte phenotype: (i) > (ii) - (iv) 22
collagen: « Type II collagen and aggrecan genes: (i) > (ii) - (iv)
(i) 4 kPa « Type I collagen: (i) < (ii) - (iv)
(ii) 10 kPa
(iii) 40 kPa
(iv) 100 kPa
Human (i) PDMS: 4.8 MPa « Sox9 and type I collagen expressions: (i) > (ii) 23

(ii) PS: 2.9 GPa

« Proliferation: no difference

Note: Col2al: type II collagen alpha-1; ECM: extracellular matrix; PAM: polyacrylamide; PDMS: polydimethylsiloxane; PS: polystyrene;
sGAG: sulphated glycosaminoglycans; SOX9: SRY-box transcription factor 9.

The mechanical interaction between the substrate material
and cells is via focal adhesions that connect intracellular actin
bundles and the extracellular substrate: F-actin and myosin
generate and transmit forces.” Therefore, currently, some
in silico models of single cell mechanics focus on modelling
the force generation and transmission within sub-cellular
components such as stress fibres (SFs) and focal adhesions,
and the corresponding remodelling of the SFs. These in
silico models aim to predict the cellular behaviours that are
influenced by the substrate stiffness. Most of the cell mechanics
models have employed a coupled thermodynamics and
mechanics approach for studying single cell behaviour.***” For
SF, it consists of three phenomena: SF formation is triggered
by an activation signal; reduction in fibre tension leads to fibre
dissociation; and the contractile behaviour of SFs is similar
to muscle mechanics.” This chemo-mechanical behaviour of
SF is commonly modelled by a simplified Hill-like equation as
described?® (Equation 1):

0 g
g _ Ky [ £ n i (1)
it e ol M

1 = >0

where 7 (0 < 7 < 1) is a nondimensional biochemical state
parameter for characterising the recruitment of actin and
myosin in an SF bundle; nondimensional constant ky is
the fractional reduction in fibre stress upon increasing the
shortening rate by €5; € is the axial fibre strain rate.

For focal adhesion, its formation is modelled by a mechano-
chemical model,” * which mathematically describes the
relationship between the chemical potential, mechanical
energy and integrins concentration.

Scaling up groups of cells (rather than single cell), some other
in silico models have simulated the cellular activities that are
influenced by substrate stiffness for CTE application using an
agent-based modelling approach.*” ** These in silico models
can be applied to tuning the 3D scaffold mechanical properties
such as stiffness for CTE application.

Dynamic Culturing Condition

To study the cell physiology and pathology, mechanical
stimulation needs to be applied to cells in CTE experiments
in vitro with dynamic culturing conditions. The methods of
mechanical stimulation that can influence chondrocyte growth
are dynamic compression, shear forces, and hydrostatic forces
as illustrated in Figure 1B. Dynamic culturing conditions
have the potential to support higher cell populations than
static conditions,” induce chondrogenic differentiation of
mesenchymal stem cells, and enhance the production of
the cartilage-specific ECM.* The mechanical stimulation
is considered as a driving factor for regulating the calcium
(Ca?) entry, primarily through voltage-operated
calcium channels, transient receptor potential channels, and
purinergic receptors.” In addition to the growth factors, such
as: transforming growth factor-f, insulin-like growth factor,
and bone morphogenetic protein-2, -4, -7, Ca’* is needed to

ions

www.biomat-trans.com



Mechanical environment in cartilage tissue engineering

regulate the cell functions (e.g., synthesis of ECM components)
during chondrogenic process.* * In the following sub-
sections, different types of mechanical stimulation for CTE are
discussed.

Effect of dynamic compression on cartilaginous tissue
growth

To replicate the in vivo environment of cyclical compressive
loading induced by physical activity (such as walking or
running), dynamic compression in the form of uniaxial cyclical
loading force, has been applied to the tissue culture with
a specific and quantifiable frequency, amplitude, and total
duration.”*

In many in vitro CTE studies, mechanical stimulation has
been applied to cell-laden hydrogels to stimulate cells. Many
studies have found that continuous compressive loading yields
superior biological and mechanical properties of constructs.
For instance, Nebelung et al.¥” utilised human osteoarthritic
chondrocytes that were seeded into type I collagen hydrogels at
a density of 2 x 10° cells/mL in a compression bioreactor system
applying acompressive stimulation of 10%loading ata frequency
of 0.3 Hz for 28 days. They found that type II collagen and
proteoglycan production was significantly increased relative
to unstimulated controls, as well as gene expression of type
I collagen, type II collagen and matrix metalloproteinase-13.
Mechanically stimulated constructs demonstrated higher values
of elastic stiffness.”” This phenomenon was also observed by
Sawatjui et al.* who used scaffolds made from silk fibroin with
gelatine/chondroitin sulfate/hyaluronate in a ratio of 2:1 for
culturing articular chondrocytes under dynamic (10% strain,
1 Hz, for 1 hour/d) and static compression for 2 weeks. In
addition to upregulated biological expression including type II
collagen and aggrecan under dynamic condition, the resultant
stiffness of tissue-scaffold struts was higher under dynamic
condition.” Another study by Grogan et al.* sought to establish
if there was a potentiating effect of perfusion and dynamic
compression in the chondrogenicity of articular chondrocytes
embedded in 2% alginate. Constructs were placed in a control
static culture, a bioreactor for perfusion alone (at 100 mL/min)
and a bioreactor for perfusion and dynamic compression
(of 20% strain at 0.5 Hz, for 1 hour each day). Col2al mRNA
expression levels were significantly raised in both bioreactors
relative to the control at days 7 and 14. However, there were
no significant differences in gene expression between the two
bioreactor protocols at day 7 or 14, suggesting that dynamic
compression did not further promote chondrogenicity relative
to perfusion alone.*!

Some other studies used porous biomaterial scaffolds for
housing the cells in CTE in vitro experiments. For example,
Sawatjui et al.*® assessed the response of healthy human
articular chondrocytes seeded on 3D PEGT/PBT constructs to
dynamic compression (5% strain at 0.1 Hz for 6 cycles of 2 hours
duration over 3 days). It was found that glycosaminoglycan
(GAG) synthesis, accumulation, and release all significantly
increased with dynamic compression relative to control
scaffolds, but this increase was heavily dependent on the
baseline GAG/DNA ratio of the samples.* This suggested that

Biomater Transl. 2023, 4(1), 18-26
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the donor tissue characteristics before mechanical stimulation
were important factors in determining response.

Some recent studies applied mechanical compression loading
to the cartilage explant in bioreactors.”” *** Engstrom et al.*
found that compressive loading alters cartilage tissue turnover
and enforces the need to include mechanical loading in a
translation ex vivo cartilage model. In another study, a bone-
cartilage explant was investigated under the physiologically-
relevant compression.* It was found that the physiological
loading rapidly activated markers of ECM synthesis and tissue
homeostasis via the anabolic transforming growth factor-f/
Smad3 pathway, whereas supra-physiological compression
induces an initial remodelling response for inhibiting tissue
degeneration.*

Effect of wall shear stress on cartilaginous tissue
growth

WSS is a force tangential to the cell wall. It can be induced
by direct solid-on-solid stimulation (contact shear) or through
hydrodynamic forces (fluid shear). Contact shear is present
physiologically as cartilage rubs against cartilage with the
rotating movements of joints. This can be recreated in vitro
using bioreactors, which maintain pre-determined contact
shear frequencies and amplitudes. Fluid-induced shear may
be present physiologically as synovial fluid, nutrients and
wastes transfer across the face of chondrocytes. This has been
simulated by in vitro experiments using the bioreactors, such as
rotating-wall, perfusion and spinner flask bioreactors.*

One of the first studies of the impact of contact shear on
cartilage tissue chondrogenesis studied bovine chondrocytes
cultured in disks on polysulfone chambers.* The disks were
exposed to shear strain amplitudes ranging from 1-3% and
frequencies of 0.01-1.0 Hz for 24 hours in total, in order to
determine the optimal conditions for proteoglycan and protein
synthesis. Results indicated that there were no significant
differences in proteoglycan or protein synthesis across these
ranges, with a 25% and 50% increase respectively relative to
static controls.45 A following study assessed the impact of
long-term shear strain on bovine chondrocytes cultured on
a porous calcium polyphosphate substrate.* In 4-week cell
culturing experiments, the chondrocytes were exposed to
a range of amplitudes and durations of shear strain, and the
optimum condition of 2% shear strain amplitude at a frequency
of 1 Hz for 400 cycles on alternate days was found. Under
this optimum condition, after 1 week, collagen production
had increased by 23% whilst proteoglycan production had
increased by 20% relative to unstimulated controls. After 4
weeks, there was substantially more tissue grown (1.85 us.
1.58 mg dry weight) and improved mechanical properties
(load bearing capacity increased three-fold, stiffness increased
6-fold) relative to unstimulated controls.

Another study examining the influence of contact shear on
human chondrocytes was conducted by Shahin and Doran.38
Healthy human foetal chondrocytes were isolated, then seeded
onto polyglycolic acid-alginate scaffolds. These constructs
were placed within the bioreactor and exposed to a combined
compression and shear loading at a strain amplitude of 2.2%
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(frequency = 0.05 Hz) for 10 minutes each day for 2.5 weeks.
Results demonstrated a 2.1-fold increase in the construct’s dry
weight and a 2.0-fold increase in cell number relative to static
control. There were also significant increases in GAG, total
collagen, and type II collagen concentrations relative to the
non-stimulated control.

Some other in vitro CTE studies also applied fluid shear stress
on chondrocytes in the experiments. For example, Gooch et
al.¥ determined the effect of fluid shear on ECM production
of bovine calf chondrocytes. In this study, chondrocytes were
seeded into polyglycolic acid disc-shaped scaffolds which
were placed in spinner flasks and subjected to different
angular velocities (0, 80, 120, and 160 r/min). It was found
that scaffolds stimulated by fluid shear exhibited higher levels
of collagen and generated and released more GAG relative
to static scaffolds, with no significant variations between
these intensities of angular velocities. Another study used
human articular chondrocytes; it was found that fluid shear
of 1.6 Pa applied using a cone viscometer altered chondrocyte
morphology over a period of 48-72 hours.”® The research
observed that chondrocytes began to elongate and align in
the direction of the fluid shear, and GAG synthesis increased
2-fold.*® In another chondrocyte mechanobiological study,
human articular chondrocytes were used, and exposed to fluid
shear stress via a rotating-wall-vessel (rotating speed = 6 — 8
r/min).* Akmal et al.¥ found that GAG and hydroxyproline
synthesis alongside type II collagen were significantly
increased, compared to a static culturing condition.

Effect of hydrostatic forces on cartilaginous tissue
growth

Hydrostatic forces can be defined as the forces exerted on the cell
as a result of fluid pressure, either static or dynamic. One of the
early studies in this field exposed primary bovine chondrocytes
in a monolayer to 10 MPa of hydrostatic pressure for 4 hours.®
In one group of cell culturing experiments, dynamic pressure
with the frequency of 1 Hz was applied, while the other group
was under static culturing condition. Results demonstrated
that while static pressure had no effect on aggrecan or type II
collagen mRNA levels, intermittent pressure increased these
expressions by 31% and 36% respectively. Static pressure
increased GAG synthesis by 32%, but intermittent pressure
increased synthesis by 65%.° Additional studies of primary
bovine chondrocytes suggested that intermittent pressures of
5-15 MPa promoted ECM production whereas continuous
higher pressures of 20-50 MPa resulted in decreases.®

Studying human osteoarthritic chondrocytes cultured on
type I and III collagen membranes, Scherer et al.51 found that
biosynthetic activity was increased with dynamic hydrostatic
pressure of 0.2 MPa following a loading regime of 30 minutes
on and 2 minutes off. Furthermore, Ikenoue et al.*? studied the
impact of different regimes of intermittent hydrostatic pressure
on normal human chondrocytes cultured in monolayer. In
this study, cell culturing was carried out under hydrostatic
pressures of 1, 5, and 10 MPa at 1 Hz for 4 hours per day.
Aggrecan and type II collagen mRNA levels were analysed on
days 1 and 4 and compared to unloaded cultures. Aggrecan
signals increased by a non-significant amount, 30%, and 50%
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at 1, 5 and 10 MPa respectively on day 1, and increased by
40%, 80%, and 90% respectively on day 4. Type II collagen
production was more sensitive to duration of exposure to
dynamic hydrostatic pressure, and significant upregulation of
mRNA signal was only found on day 4, with increases of 20%,
60%, and 70% for intermittent pressures of 1, 5, and 10 MPa
respectively. This study provided clear evidence that separate
markers of chondrogenesis may be influenced differently by
hydrostatic pressure regime variations.

In 2012, Correia et al.*® used human nasal chondrocytes
for studying the influence of hydrostatic pressure on
chondrogenesis as evidenced by gene expression of aggrecan,
type II collagen, and Sox9 as well as immunostaining of
cartilage ECM. Chondrocytes were encapsulated in gellan gum
hydrogels, cultured over a period of 3 weeks, and exposed to
three stimulation regimes: (i) pulsatile hydrostatic pressure of
0.1-0.4 MPa at 0.1 Hz for 3 hours a day, 5 days a week; (ii)
steady hydrostatic pressure at 0.4 MPa for 3 hours a day, 5 days
a week; (iii) static culturing. It was found that the pulsatile
regime induced an increase in the deposition of type II collagen
and GAG relative to the steady hydrostatic pressure and static
culturing conditions. Furthermore, the expression of type II
collagen and Sox9 genes were significantly greater than the
steady and static controls.*® In 2017, Nazempour et al.50 utilised
a novel bioreactor system to simultaneously apply shear stress
(0.02 Pa) and oscillating hydrostatic pressure (4 MPa at 0.5 Hz)
to bovine articular chondrocytes in culture on agarose scaffolds
for 21 days. They found that GAG and total collagen secretions
were increased more significantly under a combination of
shear stress and oscillating hydrostatic pressure together than
that under either static condition or shear stress.*

In silico modelling for tissue engineering under dynamic

condition

Bioreactors have been used for applying mechanical stimulation
as their operation and physical environment can be accurately
controlled, giving a comprehensive understanding of the
forces acting upon the cells. In silico approaches have been used
to calculate cell stimulation under dynamic conditions and/
or determine the loading conditions of bioreactors. Such an
approach has the potential to greatly reduce the environmental
impact of the research by cutting down on unnecessary, flawed,
or problematic experiments, allowing for a more informed
approach.

For bioreactors that apply a deformation to the scaffold,
compression or stretching, the finite element method can be
used to calculate the local strains. It is assumed that the cells are
subjected to the strain magnitude at the location of the scaffold
that they are attached to.*

For bioreactors that use medium flow with induced WSS for
cellular stimulation, the computational fluid dynamics (CFD)
approach has been used to analyse the generated fluid velocity
and WSS.* % In cell culturing experiments using 3D porous
scaffolds, it was found that the scaffold porosity, pore size and
pore shape have adistinct influence on the resultant WSS acting
on cells within bioreactors.” To quantify the flow velocity and
WSS on cells within scaffolds, and/or to determine the loading
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conditions of bioreactors, in most circumstances, the CFD
models were based on empty scaffolds for WSS calculation at
the scaffold surfaces. This was under the assumption that the
WSS at the scaffold surfaces was a good representation of the
WSS sensed by the cells that attach to the scaffold surfaces. This
assumption is well met in the initial situation in cell culturing
experiments where the cell morphology is flat once they are
attached to the scaffold surfaces. A major limitation of these in
silico models is their failure to consider the cells and developing
tissue within scaffolds. As mentioned above, this is reasonable
at the start of the experiment when the cells initially attach to
the scaffold surface. However, as the cells grow and proliferate
they produce ECM, and this will lead to a change in the
scaffolds porosity and the surface morphology. Consequently,
the fluid flow and WSS can dramatically change.>®*

To account for the change in scaffold porosity, some in silico
models included a tissue growth model based on a modified
level set method that considered the influence of scaffold
structs curvature x and cellular WSS 7 (Equations 2 and 3).
Guyot et al.** ** simulated the dynamic process of neo-tissue
growth V_based on this model:

_ =A-k-flr)x=0

Ve 0Kk <0 (2)
n.5+"f'osfsa.
1
la;=t< 3)
1 (s et
——E!_u] G =T S iy
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where, a, and a, are the minimal and maximal shear stress
enhancing neo-tissue formation (a, = 10 mPa, a, = 30 mPa)
and a, the critical shear stress (50 mPa).”®

Some other studies have defined that the tissue growth
function V_ is governed by both the nutrient concentration C
and the WSS as Equation 4:5* ¢!

Vo = s f(@) @)
wherein, k,, is the maximum cell growth rate, kis the saturation
coefficient of nutrient concentration (e.g., kM = 58 x 10°
g/cm?*/s, k =2.3x107 g/cm’ for CTE application), a, and a, are
the minimal and maximal shear stresses for enhancing tissue
formation (e.g., a, = 100 mPa, a, = 600 mPa for cartilaginous
tissue formation) and a, the critical shear stress value (e.g., a,
= 1000 mPa for cartilaginous tissue formation). In Equation 5,
the WSS 7is calculated from the CFD model, and the nutrient
concentration C is calculated from nutrient the diffusion-
convection model, which moreover is coupled with the CFD
model for the fluid velocity in convection term:

D6+4r0 <7 <0y
lay=r=a; (5)
25(1-1la =1 <a;
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Some tissue engineering experiments used mechanical
compression to the scaffold in the bioreactor for applying
mechanical stimulation (mechanical strain) on cells.®> Previous
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in silico models have simulated the cell differentiation,
proliferation, migration and apoptosis of cells within scaffolds
under mechanical compression:** ¢

'L’—'l' =0y -+ f(p) Vg + FPR8) oy — RS my — £S5y (6)
where, S is the mechanical stimuli that depend on the
octahedral shear strain and interstitial fluid velocity inside
neo-tissue; ni was the cell densities of different cell phenotypes
i, e.g., multipotent stem cells, and chondrocytes.; D, is the cell
migration rate; f(p) is a function of fluid pressure (p); fFX(S),
f°(S) and f(S) are the mechanical stimuli (S)-related cell
proliferation, differentiation and apoptosis rates, respectively.
This in silico model for predicting cellular activities under
mechanical compression was not developed explicitly for facial
CTE. However, the model can be applied for CTE when the
parameters, such as Dh, fR(S), f2(S) and f*(S) are tuned to fit
the context of facial CTE.

After further development and adaption of the in silico models
for the application of CTE, these in silico models may help in
optimising the experiment conditions for facial CTE, avoiding
too high cost in terms of time and finance caused by excessive
trial-and-error experiments.

Conclusion and Outlook

Using a combination of in vitro and in silico approaches can
elucidate and optimise the micro-mechanical environment of
chondrocytes for CTE. Although big progress has been made
in the mechanobiology of chondrocytes for articular CTE, it is
still a marginal area in facial CTE. Another limitation of this
review is that the current in silico models are not developed
explicitly for facial CTE. However, similar types of mechanical
stimulation/environment are considered in the in silico models
in this review. For future applications in facial CTE, the
parameters in the models will need to be adapted. Therefore,
the authors expect that the information from this review can
inform and guide the mechanobiology study for facial CTE.
The following suggestions are made for future facial cartilage
CTE studies:

+ Replicate the mechanical stimulation types in cell culturing
experiments for facial cartilage CTE using different bioreactors
for perfusion, mechanical compression, and hydrostatic
pressure. Thus, finding the optimal level of mechanical
stimulation for specific purposes accelerating
chondrocytes proliferation in facial CTE;

+ Tune the mechanical properties of biomaterials for guiding
the cell behaviours for facial cartilage regeneration, e.g.,
stiffness of cross-linked hydrogel for 3D bioprinting and
stiffness of scaffold struts;

« If using scaffold-based techniques combined with bioreactors
for dynamic cell culturing, scaffold porous geometric features
such as porosity, pore size and pore shape can be designed for
tuning the mechanical environment applied to cells for facial
CTE.

such as

To investigate the above issues based on in vitro experiments,
numerous trial-and-error experiments will be needed,
leading to high costs in terms of time and finance. Moreover,
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without computing, quantitative data, e.g., for mechanical 10.
stimulation, scaffold geometries and mechanical properties of
biomaterial, are difficult to obtain from in vitro experiments.  11.
With the validated in silico models, it is expected to (i) replace
some of trail-and-error in vitro experiments for finding the
optimal conditions for CTE; (ii) provide the precise values of  12.
parameters that need to be assessed. Therefore, these studies

are suggested to be conducted using in silico — assisted in vitro
investigation for generating rigorous and comprehensive 13.
understanding, meanwhile saving the cost of excessive trial-
and-error in vitro experiments.
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matrix production in a variety of cell types. However, currently, there are

no effective ways to apply mechanical loading to cell sheets. In this study,
we prepared thermo-responsive elastomer substrates by grafting poly(N-
isopropyl acrylamide) (PNIPAAm) to poly(dimethylsiloxane) (PDMS)
surfaces. The effect of PNIPAAm grafting yields on cell behaviours was
investigated to optimize surfaces suitable for cell sheet culturing and
harvesting. Subsequently, MC3T3-E1 cells were cultured on the PDMS-g-
PNIPAAm substrates under mechanical stimulation by cyclically stretching
the substrates. Upon maturation, the cell sheets were harvested by lowering
the temperature. We found that the extracellular matrix content and
thickness of cell sheet were markedly elevated upon appropriate mechanical
conditioning. Reverse transcription quantitative polymerase chain reaction
and Western blot analyses further confirmed that the expression of
osteogenic-specific genes and major matrix components were up-regulated.
After implantation into the critical-sized calvarial defects of mice, the
mechanically conditioned cell sheets significantly promoted new bone
formation. Findings from this study reveal that thermo-responsive elastomer,
together with mechanical conditioning, can potentially be applied to prepare
high-quality cell sheets for bone tissue engineering.

Introduction

Bone tissue engineering aims to repair or
replace impaired tissues by establishing three-
dimensional complex with reconstructed shape,
structure and/or functions mimicking those of
original tissues.! Currently, typical protocols
of bone tissue engineering involve in vitro
seeding and culturing cells on designed scaffolds,
followed by transplanting the engineered three-
dimensional tissues into defect sites to restore
the original tissues.” * Although many tissues
have been successfully regenerated,*” including

Biomater Transl. 2023, 4(1), 27-40

eyes,® skin,” !° cartilage,'" '* liver,'* '* heart" and
muscle,'® ' the widespread application of tissue
engineering is limited by the undesired side
effects, including inflammation caused by the
degradation of scaffolds, internal cell necrosis
due to insufficient nutrient supply, and mismatch
of cell proliferation and scaffold degradation.!**

To meet these challenges, scaffold-free cell sheet
engineering has been developed.” This approach
overcomesaseries of barriers within conventional
tissue engineering,? including insufficient cell
adhesion rate, potential inflammation, immune

27
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response and reduced biological activity caused by scaffold
materials.” * By now, functional cell sheets have been
utilised to facilitate the regeneration of many soft tissues,
including periodontal ligament,? blood vessels,* cornea” and
myocardium.”® To prepare the cell sheets, desired cells were
cultured on a substrate to form a tissue-like sheet consisting
of cells and their associated extracellular matrix (ECM),
which were then harvested, assembled and transplanted.
Traditionally, enzymes such as trypsin have been used to
harvest cells from culture dishes. However, the hydrolysis
process can impair different cell surface receptors, transporters
and ECM.” In contrast to the harmful enzymatic treatment,
recovering from the surface of thermally responsive polymers
can retain the structure and function of cell sheets. Currently,
substrates (e.g. tissue culture dish) functionalised with thermal
responsive poly(N-isopropyl acrylamide) (PNIPAAm) were
widely used for cell sheets culturing.**** Above its low critical
solution temperature (around 32°C), PNIPAAm is slightly
hydrophobic and can support cell adherence, spreading and
proliferation. While it becomes hydrophilic below its low
critical solution temperature, forming a hydration layer
between PNIPAAm and the cultured cells. Therefore, cell
sheets cultured on PNIPA Am-functionalised substrates can be
easily and integrally harvested by lowering the temperature,
without disturbing cell-cell contact and association between
cells and ECM.*

Although cell sheet culturing and harvesting have been greatly
improved by utilizing temperature-sensitive polymers as the
substrates, applying cell sheets to the repairing of hard tissues
is rarely reported due to insufficient ECM content and poor
mechanical strength.** ** Recently, mechanical stimulation has
been reported to play a key role in cell growth.**® Numerous

PDMS PDMS-g-PNIPAAmM

Bone repair Intact cell sheet

Chen, S.; Li, B; et al.

studies have shown that mechanical stimulation can regulate
the behaviour of various cells, such as differentiation of stem
cells,*” * anabolic and biosynthetic activity of chondrocytes,*
progression of osteoarthritis®® and osteogenic differentiation
of human bone marrow-derived mesenchymal stem cells.*
Appropriate loading and stimulation mimicking the internal
cellular micro-environment have been demonstrated to
promote cell myofiber 4547
generation of ECM,* gene expression and bone formation.
In addition, cyclic mechanical strain enhances the function
and development of engineered tissues by improving the
production of collagen and elastin.*® Moreover, the mechanical
properties of engineered tissues can also be improved by
culturing under mechanical stimulation.*® Therefore, cell
sheets with enhanced thickness and mechanical properties
obtained through appropriate cyclic mechanical stimulation
possess great potential for bone tissue engineering applications.

proliferation, organization,

48,49

In this study, we developed elastic and stretchable
poly(dimethylsiloxane) (PDMS) substrates with grafted
PNIPAAm surface for intact cell sheet harvesting, and
appropriate mechanical stimulation was applied to obtain cell
sheets with enhanced thickness and mechanical properties
(Figure 1). Specifically, thermo-responsive elastomer
substrates treated with surface Oz-plasma-ultraviolet (UV)-
initiated polymerization were used as supporting substrates
to culture cell sheets. Mechanical stimulation was further
applied to the substrates to enhance the ECM production
and osteogenic differentiation of cell sheets before they were
subsequently implanted to the mouse calvarial defect sites.
This technique can be applied to potential scaffold-free bone
tissue engineering applications.

Loaded cell
Cell seed culture
Cell sheet Cell sheet formation
detachment on PDMS-g-PNIPAAmM

Figure 1. Schematic illustration of the preparation of cell sheets under mechanical stimulation and its implantation in
a mouse calvarial defect model. Cells were cultured on the PDMS-g-PNIPAAm and then fixed in a loaded cell culture
apparatus and subjected to cyclic mechanical stimulation to promote cell sheet formation. The harvested cell sheet was
implanted into a calvarial defect of mouse for enhanced bone repair. PDMS-g-PNIPAAm: grafting polymerization of

poly(N-isopropyl acrylamide) to poly(dimethylsiloxane).
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Methods

Preparation of thermo-responsive elastomer substrates
N-isopropyl acrylamide (NIPAAm) was purchased from J&K
Scientific Ltd. (Beijing, China) and used as received PDMS
(Dow Corning, Midland, MI, USA) substrates (1.5 mm
thickness or specifically mentioned in the text) were prepared
based on manufacturer’s instruction. Briefly, PDMS precursor
was mixed with curing agent (Dow Corning) with 10:1 ratio by
weight, then degassed and cured in a polytetrafluoroethylene
mold at 60°C overnight.

Cured PDMS substrates were fully rinsed with acetone
(Yonghua Chemical Co., Ltd., Suzhou, China) and dried in
vacuum oven (Shanghai Jing Hong Laboratory Instrument
Co., Ltd., Shanghai, China) before grafting. The cleaned PDMS
substrates were modified with oxygen plasma for 2 minutes,
formed by a plasma cleaner (PDC-MG, Chengdu Mingheng
Science&Thechnology Co., Ltd., Chengdu, China), to generate
peroxide groups on PDMS substrates. Then the substrates
were immediately immersed into NIPAAm aqueous solution
with desired concentration and irradiated with UV lamp (500
W) to generate radicals to initiate grafting polymerization of
PNIPAAm on PDMS substrates (PDMS-g-PNIPAAm). After
30 minutes, the substrates were cleaned with ultrapure water
and dried with the blower. In this study, the polymerization
was conducted with NIPAAm concentrations of 0.05 M, 0.1
M and 0.2 M to fabricate PDMS-g-PNIPAAm substrates with
low, medium and high grafting yields, respectively (PDMS
signify non-grafted PDMS substrate; gPDMS-L, gPDMS-M
and gPDMS-H signify PDMS-g-PNIPAAm substrate with
low, medium and high grafting yield, respectively).

Attenuated total reflectance Fourier transform
infrared spectroscopy analysis

PDMS-g-PNIPAAm surfaces were analysed using attenuated
total reflectance Fourier transform infrared spectroscopy
(Thermo Fisher Scientific, Waltham, MA, USA) in a wave
number range of 650-4000 cm™. Thirty-six scans were
performed for each sample and OMNIC 8.2 software (Thermo
Fisher Scientific) was used to process the data. The absorbance
ratio between the height of peaks at 1650 cm™ (PNIPAAm
amide I) and 2962 cm™ (PDMS methyl absorbance) was
calculated to determine the relative grafting yield, as previously
described.”!

PDMS-g-PNIPAAm morphology observation

PDMS-g-PNIPAAm substrate with different grafting yields
and pristine PDMS substrates were examined with a scanning
electron microscope (SEM; Quanata250, FEI Company,
Hillsboro, OR, USA). SEM imaging was performed with an
acceleration voltage determined by smart SEM software (XT
microscope Server, FEl Company). For analysis of the chemical
composition on the substrates, energy dispersion spectrum
(AMETEK, San Diego, CA, USA) was also performed. Atomic
force microscopy (AFM; Bruker BioSpin, Billerica, MA, USA)
imaging was conducted to analyze the surface morphology
and surface roughness. AFM images were acquired by tapping
mode in air with silicone tip cantilevers with imaging size of 10
pm x 10 um scans at a scan rate of 0.2 Hz. The roughness of the
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samples was reported as root-mean-square roughness values.

Contact angle measurements

Sessile drop method® ** was used to analyze the static water
contact angles on PDMS-g-PNIPAAm and pristine PDMS
substrates using a KRUSS DSA25 contact angle equipment
(KRUSS, Hamburg, Germany). The substrates were rinsed
with a large amount of 75% ethanol and dried in vacuum drying
chamber before testing. Image] v1.8.0 software (National
Institutes of Health, Bethesda, MD, USA)** was applied to
determine contact angles.

To study the thermal responsiveness of PDMS-g-PNIPAAm
samples, the water contact angles were measured in a
temperature-controlled environmental chamber. Contact
angles were taken at 4°C and 37°C. The chamber temperature
was first equilibrated for 10 minutes and then a drop of water
was dropped on the samples to measure the water contact
angle. The values of contact angle were tested in at least three
areas for each sample.

Cell sheet culture

Mouse pre-osteoblast cells (MC3T3-E1, subclone 14, RRID:
CVCL_0409) were bought from Cell Bank (Chinese Academy
of Sciences, Shanghai, China) and cultured in alpha-minimum
essential medium (HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (HyClone) at 37°C and under a
humidified 5% CO, atmosphere. The medium was replaced
once every 2 days.

For cell sheet culturing, PDMS-g-PNIPAAm samples were
first soaked in 75% ethanol for 2.5 hours and then exposed to
fume hood ultraviolet light for 30 minutes. After sterilization,
the samples were repeatedly cleaned with phosphate buffered
saline (PBS) and coated with fibronectin by soaking in 20 pg/mL
fibronectin (F8141-1MG, Sigma, St. Louis, MO, USA) in PBS
overnight. The PDMS-g-PNIPAAm substrates were then
placed in a PDMS cell culture dish fabricated according to our
customised mold of similar cube box that was 6.0 cm in length,
3.0cmwideand2.0cmhigh. MC3T3-E1 cellswereinoculatedon
each substrate with a density of 360,000 cells (20,000 cells/cm?).
After the cells were passaged at 50% confluence, a group
of samples was fixed in loaded cell culture system (Suzhou
Haomian Precision Technology Co., Ltd., Suzhou, China)
and further cultured under the loaded condition (loaded) for
3 days, while other samples were continuingly cultured under
original static condition (static). A loaded cell culture system
was utilised to apply dynamic mechanical stimulation to the
cultured cell sheets by stretching the cell-attached elastic
substrates cyclically. In this study, we applied uniaxial loading
with 5% strain at a frequency of 0.5 Hz for 4 hours/day on cell
sheets, according to previous studies.’™ ** Cells under static
condition were defined as the control group.

Cell proliferation assay

Cell counting kit-8 (NCM Biotech, Suzhou, China) was utilised
to analyse the proliferation of MC3T3-E1 cells cultured on
PDMS-g-PNIPAAm substrate with the highest grafting yield
after mechanical stimulation. Cells were cultured under both
loaded and static conditions. After 1, 2, 3, 4 and 5 days, Cell
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counting kit-8 was performed according to the instructions.
The absorbance was measured spectrophotometrically
using a microplate reader (BioTek, Winooski, VT, USA) at
wavelength of 450 nm.

Cell morphology observation

Cytoskeleton staining was applied to observe the morphology
of cells cultured under different culture conditions. After
culturing for 1, 3 and 5 days, MC3T3-E1 cells were fixed in 4%
paraformaldehyde at 37°C for 30 minutes. The samples were
then stained for actin with phalloidin (1:250, Cat# 40735ES75,
Yeasen Biotechnology, Shanghai, China) and stained for
nuclei with 4',6-diamidino-2-phenylindole (1:1000, Beyotime,
Shanghai, China). After staining, images of cytoskeleton
staining were visualised via fluorescence microscopy (Zeiss
Axiovert 200, Carl Zeiss Inc., Thornwood, NY, USA).

The same way was also performed after cell sheet detachment
for observing the morphology change after detachment.

Cell sheet harvesting

After 7 days of culturing, cell sheets were detached from the
substrate and harvested by lowering the temperature from 37°C
to 4°C in 10 minutes to initiate a thermal responsive change of
PNIPAAm and detachment of cell sheets. The processes of cell
sheet detachment and morphology change during detachment
were imaged using a Nikon TMS inverted microscope (Japan)
and recorded by a computer.

Cell viability in the cell sheet was determined using the live/
dead viability cytotoxicity kit (C16702, Yeasen Biotechnology).
After detachment, cell sheets were rinsed with PBS. The
resultant cell sheets were incubated in the staining solution (2
uL Calcein-AM and 8 pL ethidium homodimer-1 in 2 mL PBS)
for 1 hour. Fluorescence microscopy was used to image the cell
sheets after detachment.

Determination of the extracellular matrix production

Measurement of total proteins and DNA content of cell sheets
was used to determine the ECM production. Briefly, cell
sheets under different culture conditions were collected for
extracting protein and DNA, respectively, after mechanical
stimulation. Total proteins were extracted from cell sheets
under different culture conditions using a tissue or cell total
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protein extraction kit (Sangon Biotech, Shanghai, China)
according to the manufacturer’s protocol. These proteins
were quantified using a bicinchoninic acid protein assay kit
(Beyotime). What's more, a cell/tissue DNA kit was used for
DNA extraction (Yeasen Biotechnology) and concentration
was measured using NanoDrop 2000 spectrophotometers
(Thermo Fisher Scientific).

Evaluation of cell sheets thickness

The thickness of cell sheets under different culture conditions
was evaluated via section staining imaging and SEM imaging.
The cell sheets were fixed in 4% paraformaldehyde for 30
minutes at room temperature and then dehydrated at 10%,
30%, 50%, 70%, 85%, 90%, and 100% alcohol for 10 minutes
each time subsequently. The cell sheets were embedded in
paraffin for hematoxylin and eosin (H&E) and Masson staining
(Solarbio, Beijing, China), respectively. After staining, the cell
sheet sections were imaged using a bright field microscope
(Carl Zeiss Inc.). The images were analysed using Image] to
determine the thickness of cell sheets. Each image of cell sheet
section was measured at 200 points, and at least three samples
per each test were taken for statistical analysis.

For SEM, after fixation and dehydration, the cell sheets were
dried using a critical point dryer (Cat# CPD030, Leica, Wetzlar,
Germany). The samples were then sputter coated with
gold for 30 seconds using an Ion Sputter (SC7620, Quorum
Technologies, Lewes, UK).

Reverse transcription quantitative polymerase chain
reaction

Reverse transcription quantitative polymerase chain reaction
was tested to study the gene expression of type I collagen (Col
I), Runt-related transcription factor 2 (Runx2) and osteopontin
(OPN) from MC3T3-E1 cells that were cultured under different
conditions. Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Complementary DNA was
synthesised from 1 pg of total RNA using IScript™ c¢DNA
synthesis kit (Bio-Rad, Hercules, CA, USA). The housekeeping
gene (-actin was used as an internal control and the relative
changes in mRNA levels were analysed by the 2-2*°T method.
Sequences of primers for the target genes are listed in Table 1.”

Table 1. Primers sequences used for reverse transcription quantitative polymerase chain reaction

Gene Forward (5-3) Reverse (5-3)

Col I CCT AGCAACATG CCAATCTTT ACA TTG TCC ACG CGG TCC TCT

Runx2 CCA ACCCACGAATGCACT ATC TAG TGA GTG GTG GCG GACATA C
OPN TGA GACTGG CAGTGG TTT GC CCA CTT TCA CCG GGA GACA
p-Actin TTC AAC ACCCCA GCCATGT GTG GTA CGA CCA GAG GCATACA

Note: Col I: type I collagen; OPN: osteopontin; Runx2: Runt-related transcription factor 2.

‘Western blot analysis

Western blotting was applied to quantify protein expression.
Briefly, cells were rinsed with PBS and then lysed in extraction
buffer and phenylmethylsulfonyl fluoride. Cell extracts were
centrifuged at 4°C for 10 minutes, and the supernatants

were then collected. The protein concentration of cells was
measured using bicinchoninic acid protein quantification
kit (Beyotime). The same amounts of the samples were
separated using 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (Beyotime), and then transferred to
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nitrocellulose membranes (Beyotime). The membranes were
blocked with 5% skim milk, using PBS with 0.05% Tween-20
for 2 hours. The membranes were then probed successively
with Col I, Runx2, OPN and p-actin at 4°C overnight. The
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respective horseradish peroxidase-conjugated secondary
antibodies (LI-COR, Lincoln, NE, USA) for 1 hour at room
temperature. Proteins were detected by autoradiography
(Bio-Rad). The primary antibodies used in this study are

membranes were washed and then incubated with the listed in Table 2.

Table 2. Antibodies for western blot analyses

Antibody Species Concentration Catalog number RRID number Source

Col I Mouse 1:1000 ab6308 AB_305411 Abcam, Cambridge, UK
Runx2 Rabbit 1:1000 ab76956 AB_156595 Abcam, Cambridge, UK
OPN Rabbit 1:1000 ab63856 AB_1524127 Abcam, Cambridge, UK
B-Actin Mouse  1:1000 ab8226 AB_306371 Abcam, Cambridge, UK
Goat anti-rabbit horseradish Goat 1:10000 926-80011 AB_2721264 LI-COR, Lincoln, NE, USA
peroxidase secondary antibody

Goat anti-mouse horseradish Goat 1:10000 926-80010 AB_2721263 LI-COR, Lincoln, NE, USA

peroxidase secondary antibody

Note: Col I: type I collagen; OPN: osteopontin; Runx2: Runt-related transcription factor 2.

In vivo experiments

All procedures followed the National Research Council’s
Guide for the Care and Use of Laboratory Animals®® and were
approved by the Institutional Animal Care and Use Committee
of Soochow University (ECSU-201700041) on August 1,2017.
Twenty-four male C57BL/6] mice (specific-pathogen-free
level, 8 weeks old, 250 + 5 g, Hangzhou Ziyuan Experimental
Animal Technology Co., Ltd., license No. SCXK (Zhe) 2019-
0004) were randomly divided into three groups (each group
included eight samples). After mice were anaesthetized, a 4
mm diameter drill was then used to penetrate the left side of
the entire calvarial to create defects. After filling the defect
with cell sheets, the skin was tightly sutured. The skull
samples were harvested at 4 and 8 weeks and fixed by 4%
paraformaldehyde for 24 hours. The fixed mouse calvarial
samples were analysed using a micro-computed tomography
system (SkyScan 1176, SkyScan, Aartselaar, Belgium) at a
voltage of 50 kV and an electric current of 50 wA. Three-
dimensional reconstruction was performed using Mimics
15.0 software (Bruker BioSpin, Billerica, MA, USA) and
calculating bone volume/tissue volume by using CTAn v1.12
software (Bruker BioSpin). All samples were immersed in
decalcifying solution and the solution was changed every day
for 2 weeks. These skull tissues were dehydrated with graded
dehydration and embedded in paraffin before being sectioned
into 6-um thick slices. After deparaffinised and rehydrated,
the slices were stained with H&E staining kits according to
manufacturer’s instructions.

Statistical analysis

All data are expressed as the mean * standard deviation (SD).
Statistical analyses were performed by SPSS software (24.0,
IBM Corp., Armonk, NY, USA) to determine the statistically
significant differences among different groups. Statistical
analyses including Student’s t-test and one-way analysis of
variance followed by Tukey’s post hoc analysis were performed
for two-group and multi-group comparisons, respectively. A
significant difference was defined as a value of P < 0.05.
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Results

Fabrication of PDMS-g-PNIPA Am substrates
PDMS-g-PNIPAAm substrates with different grafting yields
were prepared by UV-initiated polymerization. This method is
facile and the grafting yield of PNIPA Am can be easily controlled
by adjusting the parameters like monomer concentration, UV
radiation time, and temperature (Additional Figure 1). The
surface morphology of PDMS-g-PNIPAAm substrate with
different grafting yields was analysed using SEM and AFM
(Figure 2). In general, the roughness of the surface increased
after the modification. As shown in Figure 2A and Additional
Figure 2, the pristine PDMS surface was clean and smooth,
and the energy dispersion spectrum spectra revealed the peaks
of carbon, oxygen and silicon. In comparison, the surfaces of
PDMS, gPDMS-L, gPDMS-M and gPDMS-H substrate all
showed uneven and wrinkled structures, and the structures
became more evident with higher grafting vyields. The
gPDMS-H substrate showed the most wrinkled surface. The
energy dispersion spectrum spectra showed nitrogen elements
in addition to carbon, oxygen and silicon, demonstrating the
successful grafting of PNIPAAm on the PDMS substrate. In
addition, the SEM image of the cross section of the substrate
(Figure 2B) showed that there was a clear thin layer of grafted
PNIPAAm on the PDMS-g-PNIPAAm substrate, and the
thickness increased with the increase of graft yields.

The surface morphology and roughness of the substrates were
also analysed using AFM (Figure 2C). It was apparent that
the PDMS-g-PNIPAAm substrate with higher grafting yield
showed more uneven and corrugated structures. The surface
roughness of PDMS, gPDMS-L, gPDMS-M and gPDMS-H
substrate was measured to be 23.9 nm, 102 nm and 273 nm,
respectively, which were evidently higher than 7.07 nm of
pristine PDMS substrate.

Attenuated total reflectance Fourier transform infrared

spectroscopy results showed the characteristic structures of
the PDMS-g-PNIPAAm substrate with different grafting
yields. As shown in Figure 2D, attenuated total reflectance
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Figure 2. Microstructure of non-grafted PDMS substrate and PDMS-g-PNIPAAm substrate with different grafting
yields. (A-D) SEM images (A), SEM images of the cross section (B), AFM images (C), and ATR-FTIR spectra (D) of
the surfaces of PDMS, gPDMS-L, gPDMS-M and gPDMS-H substrates (n > 3). Scale bars: 25 um (A), 10 pm (B), 2.5 pm
(C). gPDMS-L, gPDMS-M and gPDMS-H indicate PDMS-g-PNIPAAm substrate with low, medium and high grafting
yield, respectively. AFM: atomic force microscopy; ATR-FTIR: attenuated total reflectance Fourier transform infrared
spectroscopy; au: arbitrary unit; PDMS: poly(N-isopropyl acrylamide); PDMS-g-PNIPAAm: grafting polymerization of
poly(N-isopropyl acrylamide) to poly(dimethylsiloxane); SEM: scanning electron microscope.

Fourier transform infrared spectroscopy spectra of PDMS-g-
PNIPAAm substrate with different grafting yields all revealed
the presence of two new strong absorbance peaks at 1550
cm™ and 1650 cm™. The former can be assigned to the C=0
stretching vibration of an amide group, while the latter to
N-H deforming vibration of the amide group. Also, a broad
peak appears at ~3300 cm™ that can be attributed to the N-H
stretching vibration.*" * These results demonstrated that the
PNIPAAm has been successfully grafted on the surface of
PDMS substrate. Moreover, it was observed that the height
of peaks at 1550 cm™, 1650 cm™ and 3300 cm™ increased in
accordance with increasing grafting yields, indicating more
PNIPAAm was grafted on PDMS substrates with higher
monomer concentration during polymerization.

The detachment of cell sheets from PDMS-g-PNIPAAm
substrates

The MC3T3-E1 cells were cultured at 37°C and detached at
4°C, therefore, the water contact angles of PDMS-g-PNIPAAm
substrates were measured at 4°C and 37°C to evaluate their
thermal response. The PDMS was hydrophobic, with water
contact angles around 110° at 4°C and 37°C (Figure 3A and B).
With PNIPAAm grafted, the PDMS-g-PNIPAAm substrates
showed lower water contact angles (70°) than pristine PDMS
at 37°C and the contact angles significantly decreased from
70° (hydrophobic) to 50° (hydrophilic) when lowering the

temperature to 4°C. For PDMS-g-PNIPAAm substrates with
high grafting yield, the most significant change of contact
angle was observed, indicating their most evident thermal
responsiveness, which makes them the most suitable for cell
sheet detachment.

Subsequently, the detachment of cell sheets from PDMS-
g-PNIPAAm substrate with different grafting yields was
investigated (Figure 3C). The cell sheets began to detach
by folding gradually from the edge of the substrate to the
intermediate region, and continued to take place over time.
The grafting facilitates the detachment of the cell sheets, as
shown in Figure 3C, the substrate with the highest grafting
yield detached much faster in comparison to other groups.
The cell sheet on the PDMS-g-PNIPAAm substrate with
the highest grafting yield finally migrated out of the view
of microscope after 18 minutes. Then cell sheet was utterly
detached and intact cell sheet could be obtained after 30
minutes. By contrast, the cell sheet remained firmly attached
to PDMS substrate throughout the process. For PDMS-g-
PNIPAAm substrates with low and medium grafting yields,
effective detachment of cell sheets was not observed and intact
cell sheets could not be harvested. The results indicated that
the PDMS-g-PNIPA Am substrates with high grafting yield are
most suitable for cell sheet detachment, therefore are selected
for the following studies.
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Figure 3. Temperature sensitivity of PDMS-g-PNIPAAm substrates. (A, B) The images of water contact angle (A) and
water contact angle measured (B) on PDMS, gPDMS-L, gPDMS-M and gPDMS-H substrates with different grafting
yields at 37°C and 4°C. Data are expressed as the mean + SD (n > 3). (C) Detachment of cell sheets from the PDMS,
gPDMS-L, gPDMS-M and gPDMS-H substrates after incubating at 4°C for 10, 14, 18 and 30 minutes. Blue dotted lines
indicate the dividing line between the adhesion area and the detachment area of the cell sheet. Blue arrows indicate the
direction of the detachment of the cell sheet. Scale bar: 1 mm . gPDMS-L, gPDMS-M and gPDMS-H indicate PDMS-
g-PNIPAAm substrate with low, medium and high grafting yield, respectively. PDMS: poly(N-isopropyl acrylamide);
PDMS-g-PNIPAAm: grafting polymerization of poly(N-isopropyl acrylamide) to poly(dimethylsiloxane).

Cell sheets culture under mechanical conditioning the static group, the group with mechanical stimulation
MC3T3-E1 cells were cultured on PDMS-g-PNIPAAm demonstrated higher optical density values, indicating
substrates with high grafting yield to study the effect of enhanced proliferation under loaded condition. Cytoskeletal
mechanical stimulation on cell growth. Figure 4A showed staining images showed that cells were able to adhere and
the cell proliferation results at 1, 2, 3, 4, 5, 6 and 7 days proliferate well under both static and loaded conditions
obtained by cell counting kit-8 assay. Compared with (Figure 4B).
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Figure 4. Loaded culture of cell sheets. (A) Cell proliferation under static or loaded conditions. Data are expressed as
the mean + SD (n = 3). *P < 0.05 (Student’s t-test). (B) F-actin staining (green) of MC3T3-E1 cells under static or loaded
conditions. Scale bars: 200 um. OD: optical density.
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The detachment of cell sheets after loaded culture

After mechanical stimulation, cell sheet detachment in both
groups was studied. Intact cell sheets could be harvested in
loaded group by lowering the temperature from 37°C to 4°C
(Figure 5A). With the increase of time, the cell sheet gradually
detached from the surface. The complete detachment time of
the cell sheet in loaded group was slightly longer (~45 minutes)
than that of static group, which might be attributed to enhanced
thickness and strength due to mechanical stimulation.

A 10 min 14 min

18 min 45 min
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Cytoskeletal staining images showed the morphologies of
cell sheets, before and after detachment. Before detachment,
cells adhered to the substrate with flat and spread shape, and
mutual extrusion were found to overlap (Figure 5B). Upon
detachment, the shape of cells changed to spherical or ovoid
due to loss of adhesion sites. Live/dead staining was conducted
to study the cell viability (Figure 5C). The images showed
that nearly all cells were dyed green both before and after
detachment, indicating the viability of cells after detachment.

Figure 5. Cell sheets detachment after mechanical stimulation (n = 3). (A) Detachment of cell sheets from the PDMS-g-
PNIPAAm surface of high grafting yield after incubation at 4°C for 10, 14, 18 and 45 minutes. Blue arrows indicate the
direction of the detachment of the cell sheet. (B) F-actin staining (green) of cell sheets before and after detachment. (C)
Live/dead staining of cell sheets after detachment. The cell sheets were cultured under loaded condition to confluence.
Green dotted lines indicate the dividing line between the cell sheet and the blank area. Scale bars: 1 mm (A, C), 200 um
(B). PDMS-g-PNIPAAm: grafting polymerization of poly(N-isopropyl acrylamide) to poly(dimethylsiloxane).

Effect of mechanical stimulation on ECM production of
cell sheets

To determine if mechanical stimulation can promote ECM
production, we characterised the thickness of the cell sheets
cultured under static and loaded conditions. Cytoskeleton
staining images showed that cells were uniformly dispersed
within the cell sheet under both static and loaded conditions
(Figure 6A), and no significant difference was observed
between the groups. Under H&E staining, the thickness of cell
sheets in loaded group is significantly larger than static group
(Figure 6B and C). Masson staining revealed that the thickness
of cell sheets under loaded condition was thicker than that
under static condition (Additional Figure 3). The same result
can also be observed in the SEM images. Furthermore, cell
sheets obtained from loaded group showed more cell-to-cell
junction and ECM content than static group (Figure 6D).
Moreover, the ratio between total protein and total DNA of
loaded group was also higher than static group, suggesting
more ECM content density in loaded group (Figure 6E-G).

Effect of mechanical stimulation on osteogenic
differentiation
The expression of osteogenic-specific genes (Col I, Runx2, and

OPN) in cell sheets was examined using reverse transcription
quantitative polymerase chain reaction (Figure 7A-C). The
results showed that at 3 days, the expression of Col I and Runx2
was higher in the loaded group than the static group, while
the expression of OPN has no difference. The reason is that
ColIand Runx2 are mainly expressed during early osteogenesis,
while OPN is generally expressed during late osteogenesis.®
After culturing for 7 days, all the genes were expressed more
in the loaded group. Western blot analysis further confirmed
that the production of Col I, Runx2 and OPN proteins was
significantly higher in the loaded group at 7 days (Figure 7D).

In vivo bone formation capacity

The critical calvarial defect is used to evaluate in vivo bone
formation capacity of cell sheets after mechanical stimulation.
After implantation for 4 weeks and 8 weeks, new bone
formation is analysed by micro-CT and H&E staining (Figure
8). At 4 weeks, as shown in the micro-CT results (Figure 8A
and B), loaded group exhibited better bone formation ability
with higher bone volume/tissue volume value in comparison
to control and static groups. At 8 weeks, notable new bone
formation was observed in the loaded group. In contrast, less
new bone tissue was observed at the peripheral part of the
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Figure 6. Thickness of cell sheets and extracellular matrix production under static and loaded conditions. (A, B)
Cytoskeleton staining images (A) and hematoxylin and eosin staining images (B) of cell sheet sections. (C) Statistical
analysis of the cell sheet thickness. (D-G) Scanning electron microscope images (D), the total protein contents (E),
the total DNA contents (F) and the content ratio of protein to DNA of cell sheets (G) after culturing for 7 days. Scale
bars: 100 pm (A), 5 mm (B upper), 50 um (B lower), 25 pm (C). Data are expressed as the mean + SD (n = 3). ¥*P < 0.05

(Student’s t-test).

defects in static and control groups (Figure 8A). Moreover, the
loaded group showed the highest bone volume/tissue volume
value (Figure 8B). H&E staining showed that the loaded group
had much more new bone formation than the control group
and the group with cell sheets alone (Figure 8C). The most
obvious calcium deposition was observed in the loaded group
at 8 weeks, and the newly formed bone in this group began to
grow from the periphery to the middle.

Discussion

As a scaffold-free method, cell sheet engineering provides a
promising approach to bone tissue engineering by avoiding
scaffold-associated issues like insufficient cell adhesion,
probable immune rejection and so on. Generally, the most
widely used substrate for cell sheet culturing is rigid culture
dish grafted with thermal responsive PNIPAAm and the intact
cell sheet is harvested by lowering the temperature. However,
except for integrity, thickness, toughness and abundant
ECM are important for the application of cell sheets as well.
Therefore, in this study, we aim to introduce mechanical

Biomater Transl. 2023, 4(1), 27-40

stimulation to promote ECM production and bone formation
potential of cell sheets.

At present, the most established technology for the
preparation of PNIPAAm thermosensitive surface is based
on the polymerization initiated by electron beam.” However,
electron beam irradiation requires expensive equipment.
Hence, as an alternative to electron beam radiation, UV
radiation was widely used to graft PNIPAAm onto surfaces.®!
Most cell sheets were currently cultivated on solely PNIPAm-
grafted cell culture dishes. Additional treatments are required
in terms of different targeted tissues. E.g., patterned surfaces
are developed in order to generate heterotypic tissues,® and
in order to generate more ECM, mechanical stimulation is
applied.”® However, conventional substrates are generally stiff
and unstretchable, elastic and stretchable PDMS substrates are
admirable to apply mechanical stimulation. The stiffness can
also influence cell mechanobiological behaviours, such as cell
adhesion, proliferation, and differentiation.** In a previous
study, elastic PDMS substrates have been grafted with thermal
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Figure 7. Effect of mechanical stimulation on the osteogenesis of MC3T3-E1 cells. (A-C) Gene expression of type I
collagen (Col I), Runt-related transcription factor 2 (Runx2) and osteopontin (OPN) using B-actin as housekeeping gene
and the static group as control. Data are expressed as the mean + SD (n = 3). *P < 0.05 (Student’s t-test). (D) Western blot
analysis of Col I, Runx2 and OPN protein expression.

Static Control

Loaded

4 weeks

8 weeks

w

4 weeks 8 weeks

20
15
10

BV/TV

30

20

BV/TV

Control Static

%
4 weeks
*
Control  Static  Loaded
*
*
8 weeks
*
Control ~ Static  Loaded
Loaded

Figure 8. Bone formation of cell sheets in the calvarial defects of mice at 4 and 8 weeks, respectively. (A) Three-
dimensional reconstruction images. (B) BV/TV at 4 and 8 weeks. Data are expressed as the mean + SD (n = 4). *P < 0.05
(one-way analysis of variance followed by Tukey’s post hoc analysis). (C) Overview and magnified images of the sections
stained with hematoxylin and eosin. Scale bars: 1 mm, 100 um (enlarged images). BV/TV: bone volume/tissue volume.
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responsive PNIPAAm by adsorption of photo-initiator and
subsequent initiation of grafting polymerization by UV
radiation.®® In this study, PDMS-g-PNIPAAm was prepared by
UV-initiated polymerization. The results showed that PDMS-
g-PNIPAAm substrates changed from 70° to 50° when the
temperature lowered from above 37°C to 4°C (Figure 3A and
B), and the more significant change was found for the substrate
with the highest grafting yield, due to more PNIPAAm on the
substrates, which makes them the most suitable for cell sheet
detachment.

The surface properties of substrates were reported to
significantly affect the cell behaviours. For example, fibroblasts
spread and proliferate better on PDMS with lower PNIPAAm-
grafted yield when treated with gelatin coating, while
osteoblasts and mesenchymal stem cells proliferate better on
surfaces with higher grafting yields and no gelatin coating.®> ¢
The PNIPAAm-grafted yield was also shown to affect cell
detachment.®® Therefore, cell behaviour on different PDMS-
g-PNIPAAm substrates was studied by culturing MC3T3-E1
cells on the substrates. For all the substrates, we found cells
could attach and proliferate well on all the substrates without
significant differences. However, cell sheets showed different
detachment behaviour on PDMS-g-PNIPA Am substrates. For
the ones with high grafting yield, the cell sheets could easily
detach from the substrate and remain intact after detachment
(Figure 3C). As mentioned above, substrates with high
grafting yield are more sensitive to temperature and more
helpful for cell detachment. Our results are in agreement with
previous reports on the impacts of grafting yields of PNIPAAm
on the detachment behaviour of cell sheets.®” Therefore, in the
following studies, we used the substrates with high grafting
yields for their favourable cell detachment behaviour.

Except for the integrity of cell sheets, thickness, toughness
and abundant ECM is also important for bone repair.
Recently, numerous studies demonstrated the critical impacts
of mechanical loading on cell-ECM interactions and ECM
formation, in addition to the chemical composition and
structure of ECM.® Therefore, we hypothesised that cell
sheets with enhanced ECM content and strength could be
achieved by applying dynamic mechanical stimulation during
culturing. The elasticity of PDMS-g-PNIPAAm substrates
allows dynamic mechanical stimulation by cyclic stretching
of the elastic substrates during cell sheet culturing. Previous
work in our laboratory showed that mechanical stretching
with the condition of 5% strength, 0.5 Hz, and 4 hours/day,
could promote the secretion of ECM and expression of
osteogenic-specific genes. The results showed the enhanced
thickness for the cell sheets cultured under loaded condition
than static condition (Figure 6A-C and Additional Figure
3). Furthermore, cell sheets cultured under loaded condition
seemed to show more cell-to-cell junction and denser ECM
(Figure 6D). The total protein weight of cell sheet cultured
under loaded condition was much higher than static condition
(Figure 6E). These results indicate that more ECM was
formed in the cell sheets after mechanical stimulation. This
is in accordance with previous report,*® showing appropriate
mechanical stimulation significantly promotes cell proliferation
and ECM secretion.

Biomater Transl. 2023, 4(1), 27-40
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Several studies have indicated that the expression of various
genes in cells could be regulated by applying mechanical
stimulations.** ¥ With hydrostatic pressure and uniaxial
compression, MSCs showed enhanced chondrogenic
expression, while application of tensile strain enhanced
osteogenic expression.* The effects of cyclic mechanical
stretching on osteogenic differentiation of human intraoral
MSCs and expression of osteogenic genes in MC3T3-E1l
osteoblasts cells were investigated. The results show that
mechanical stimulation can significantly increase osteogenic
gene expression and bone formation.” In this study, a
significant up-regulation of the osteogenic differentiation
markers genes Col I, Runx2, and OPN was observed in cell
sheets cultured under mechanical stimulation, compared with
that cultured under static conditions (Figure 7). The higher
expression levels of Col I and OPN indicate a higher level of
calcification stage. Even single mechanical stimulation up-
regulated osteogenic transcription factor Runx2, both in the
reverse transcription quantitative polymerase chain reaction
and western blot. This over-expression of the transcription
factor in mechanically stimulated groups provides evidence
that stimulation by cyclic strain promoted MC3T3-E1l
differentiation. It has also reported that dynamic stretching
of the substrate can cause fluid-induced wall shear stress
on cells,/” 7" which could influence osteogenesis.””
our point of view, there might be some wall shear stress
at a low level, but the major effect of mechanical-induced
osteogenesis is due to mechanical strain. Finally, in vivo
experiment further indicated the cell sheets prepared under
mechanical stimulation had superior bone formation capacity
as well (Figure 8). In all, we showed that cyclic mechanical
stimulation could significantly up-regulate the expression of
osteogenic genes, Col I, Runx2, and OPN, and thereby stimulate
the differentiation of MC3T3-E1 and further bone formation.
Compared to other scaffolds, our scaffold-free cell sheets not
only avoid the inflammation caused by degradation of scaffolds
and mismatch of cell proliferation, but also generate abundant
ECM by applying mechanical stimulation to cells. This study
indicates the great potential of mechanically conditioned cell
sheets to be used as synthetic bone graft substitutes. The effects
of different types and magnitude of the forces on the cell sheets
preparation need to be further investigated.

From

In this study, we successfully prepared a thermal responsive and
elastic PDMS-g-PNIPA Am substrate by grafting PNIPAAm on
elastomeric using O,-plasma-UV initiated graft polymerization,
to study the effects of cyclic mechanical stimulation on cell
sheets engineering. MC3T3-E1 cells proliferated well on
PDMS-g-PNIPAAm substrates, and intact cell sheets could
be easily harvested by lowering the temperature from PDMS-
g-PNIPAAm substrates with the highest grafting yield. Cell
culture experiment demonstrated that the thickness and the
ECM content of cell sheets were remarkably enhanced with
mechanical stimulation, and the expression of osteogenic
genes and bone formation were significantly promoted.
This provides a feasible and facile approach to enhance the
properties of engineered cell sheets, and can be further applied
with cell sheet engineering techniques for potential scaffold-
free tissue engineering applications.
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ABSTRACT

Guided bone regeneration is one of the most common surgical treatment modalities
performed when an additional alveolar bone is required to stabilize dental implants
in partially and fully edentulous patients. The addition of a barrier membrane
prevents non-osteogenic tissue invasion into the bone cavity, which is key to the
success of guided bone regeneration. Barrier membranes can be broadly classified as
non-resorbable or resorbable. In contrast to non-resorbable membranes, resorbable
barrier membranes do not require a second surgical procedure for membrane
removal. Commercially available resorbable barrier membranes are either
synthetically manufactured or derived from xenogeneic collagen. Although collagen
barrier membranes have become increasingly popular amongst clinicians, largely due
to their superior handling qualities compared to other commercially available barrier
membranes, there have been no studies to date that have compared commercially
available porcine-derived collagen membranes with respect to surface topography,
collagen fibril structure, physical barrier property, and immunogenic composition.
This study evaluated three commercially available non-crosslinked porcine-derived
collagen membranes (Striate+™, Bio-Gide® and Creos™ Xenoprotect). Scanning
electron microscopy revealed similar collagen fibril distribution on both the rough
and smooth sides of the membranes as well as the similar diameters of collagen
fibrils. However, D-periodicity of the fibrillar collagen is significantly different
among the membranes, with Striate+™ membrane having the closest D-periodicity
to native collagen I This suggests that there is less deformation of collagen during
manufacturing process. All collagen membranes showed superior barrier property
evidenced by blocking 0.2—16.4 um beads passing through the membranes. To
examine the immunogenic agents in these membranes, we examined the membranes
for the presence of DNA and alpha-gal by immunohistochemistry. No alpha-gal or
DNA was detected in any membranes. However, using a more sensitive detection
method (real-time polymerase chain reaction), a relatively strong DNA signal

was detected in Bio-Gide® membrane, but not Striate+™ and Creos™ Xenoprotect
membranes. Our study concluded that these membranes are similar but not identical,
probably due to the different ages and sources of porcine tissues, as well as different
manufacturing processes. We recommend further studies to understand the clinical
implications of these findings.
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Introduction

Osseointegrated  dental =~ implants  have
revolutionized the field of dentistry for the
treatment of edentulism. In instances where
there is insufficient alveolar bone to provide
initial stabilization of a dental implant, additional
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bone regeneration is required before placing
an implant. Guided bone regeneration (GBR)
is the most common and effective strategy to
provide sufficient bone for the osseointegration
of dental implants into the alveolar bone. Dahlin
et al.! in 1988 first described GBR, based on the
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hypothesis that different cells have differential migration rates
toward the wound during healing. Initially, a cell-occlusive
polytetrafluoroethylene or Teflon™ (DuPont) membrane
was utilized, fibroblasts and other soft connective tissue cells
were prevented from populating the wound area.” Since then,
the use of a barrier membrane to exclude non-osteogenic
tissue has become the gold standard for GBR, since rapidly
proliferating epithelium and connective tissue interfere with
the regeneration of bone surrounding the dental implants.

Natural and synthetic barrier membranes have been
developed for GBR.** Natural barrier membranes are
comprised of collagen or chitosan, whereas synthetic barrier
membranes are made of aliphatic polyesters, primarily
polytetrafluoroethylene, polylactic acid or poly-glycolic acid.
Natural barrier membranes, in particular collagen membranes,
are popular for GBR as their overall advantages include
biocompatibility and are resorbable, which avoids a second
surgery for membrane removal.’ Natural membranes that
are currently used for GBR and derived from porcine sources
include Striate+™, Bio-Gide® and Creos™ Xenoprotect, all of
which are not cross-linked and manufactured using different
protocols.

Collagen is a natural polymer that has been used in medical
application for the last 100 years. There are seven types of
fibrillar collagens (types I, II, III, V, XI, XXIV and XXVII),
which are characterised by the repeating amino acid motif
(Gly-X-Y)_, with proline and 4-hydroxyproline amino acids
commonly detected at the X and Y positions respectively.*®
The glycine residue is important for the stabilization of
collagen. The tropocollagen molecules form triple helices by
hydrogen bond formation between molecules and form a triple
helix rod approximately 300 nm long and 1.5 nm in diameter.’
Collagen fibrils are assembled from collagen rods from 50 to a
few hundred nanometers in diameter depending on the types
and number of collagen helix rods.

The D-periodicity of collagen fibrils is measured from overlap
and gap regions between self-assembled collagen molecules.
The D-periodicity of collagen fibrils is 67 nm, predicted by the
Hodge-Petruska model>*!" and vadalited in different tissues'?
Non-fibrillar collagens are also rich in glycine, proline and
hydroxyproline, but the helical region is short or interrupted.
They contribute to the formation of extracellular matrix’s
network, e.g., basement membrane. The commercially
available porcine-derived membranes for GBR are mainly
composed of fibrillar collagen types I and III. Processing of
porcine-derived membranes can alter the D-periodicity of
collagen fibrils."* * Alteration of the D-periodicity may affect
the susceptibility to degradation mediated by collagenase
which is present in saliva.'> !¢

Implantation of xenogenic materials can cause acute
immunological responses. A severe response could lead to poor
bone regeneration affecting the osseointegration of dental

implants. Common antigens in porcine barrier membranes
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are galactose-a-1,3-galactose (alpha-gal, a-gal)) and DNA.a-
gal is a sugar molecule present in meat, including pork, beef
and lamb. The enzyme a-1,3-galactosyltransferase is crucial for
the synthesis of a-gal, but is only inactivated in humans and
primates. Anti-a-gal antibodies (IgA, IgG, IgE and IgM), have
been identified in humans and are responsible for triggering
immune responses against porcine xenotransplants.” On the
other hand, xenogeneic DNA, originating from the nucleus and
mitochondria of the source tissue, can also trigger an immune
reaction. Removal of DNA and o-gal in the manufacturing
process is a key step for producing high quality animal or
allogenic derived collagen devices.'

In this study, we examined the biological and physical barrier
characteristics of three collagen membranes used for GBR
that are all porcine-derived. Given the difference in the
breed and age of animals as well as manufacturing processes,
we hypothesized that there will be differences in the surface
topology, diameter and D-periodicity of collagen fibrils, and
a-gal and DNA content among these membranes. Our study
has provided detailed analyses of the three porcine-derived
collagen membranes - Creos™ Xenoprotect, Bio-Gide” and
Striate+™ - and identified their similarities and differences,
which we speculate may have clinical relevance with respect
to the early wound healing events required for optimal peri-
implant bone regeneration.

Methods

Collagen membranes

Three types of commercially-available porcine-derived
collagen membranes: (1) Striate+™ manufactured by Orthocell
Ltd., Perth, Western Australia, Australia (30 mm x 40 mm),
(2) Bio-Gide® manufactured by Geistlich Pharma, Wolhusen,
Switzerland (30 mm x 40 mm) and (3) Creos™ Xenoprotect
manufactured by Matricel GmbH, Herzogenrath, Germany
(30 mm x 40 mm) were used in this study. Raw materials
are porcine mesentery as positive controls for heamatoxylin
and eosin staining and real-time polymerase chain reaction
(PCR), and porcine aortic valve (Boatshed Butcher at
Cottesloe, Perth, Western Australia, Australia) is a positive
control for DNA content and immunogenic porcine a-gal by
immunohistochemistry analysis.

Scanning electron microscopy

Samples for scanning electron microscopy (SEM) imaging
were cut to 3 mm x 3 mm and mounted on a stub. A layer
of platinum was then sputtered onto the samples. Then
the samples were imaged under 1555 VP-FESEM (Zeiss,
Baden-Wiirttemberg, Germany) at an accelerating voltage
of 5 kV in the Centre for Microscopy, Characterization and
Analysis, University of Western Australia. The D-periodcity
and diameter of the collagen bundles were measured using
FIJT Image] (64-bit Javal.8.0_172)." At least 11 images were
analysed for each membrane. For determining the porosity

1 Centre for Orthopaedic Research, Faculty of Health and Medical Sciences, The University of Western Australia, Nedlands, Western Australia, Australia;
2 Perron Institute for Neurological and Translational Science, Nedlands, Western Australia, Australia; 3 UW A Dental School, The University of Western
Australia, Nedlands, Western Australia, Australia; 4 Oral and Maxillofacial Department, St John of God Subiaco Hospital, Subiaco, Western Australia,
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of all three collagen membranes, SEM images (three images
per membrane) depicting three types of membranes were
imported into Image] software (v 1.53m; National Institutes
of Health, Bethesda, MD, USA), where the porous regions
of the images were identified and selected through threshold
segmentation techniques based on their distinct gray values.
The orientation of fibres was analysed by a Java plugin
for Image], Orientation].”” Images of SEM were used for
quantification of the diameter and D-periodicity of the
bundles. The diameter and D-periodicity of collagen bundles
were measured by Image]. The D-periodicity of collagen fibrils
measured by the repeating pattern of gap and overlap regions.
The diameter of the bundles was determined by measuring the
distance between the top and bottom of the bundles.

Micro-computed tomography

Samples were stained overnight with iodine Lugol solution
(Sigma-Aldrich, St. Louis, MO, USA). All three samples
(Striate+™, Bio-Gide®, Creos™ Xenoprotect membranes)
were mounted together in a polypropylene tube and then
scanned by using Nikon XT H 225 ST CT, Inspect-X version
(Nikon, Tokyo, Japan) at 47 kV, 117 pA, power 5.5 W, with
a resolution of 12 mm in three dimensions. Totally, three
membranes of each brand were used for measurement.
Samples were reconstructed with computed tomography Pro
3D Version. The thickness of the collagen membranes was
measured using AVIZO software (v2022.1; Thermo Fisher,
Waltham, MA, USA).

Determination of barrier property of collagen
membranes

Measurement of the barrier properties of collagen membranes
was performed by gravity-based filtration. Striate+™, Bio-
Gide®, Creos™ Xenoprotect membranes, Whatman Filter
paper Grade 1 and Whatman Filter paper Grade 5 (Whatman
International Ltd., Maidstone, UK) were trimmed to 3 cm x
3 cm and placed into 3D printed funnels as filters. Standard
beads (PPS-6K & NFPPS-52-4K, Spherotech Inc., Lake Forest,
CA, USA) of different sizes and concentrations (0.22 and 0.45
um at 1:20 concentration; 0.88, 1.25, 2.0, 3.3, 5.2, 7.88, 10.1
and 16.4 um at 1:50 concentration) were mixed and slowly
filtered (Additional Figure 1). Filtrates were collected
and analyzed by flow cytometry (BD LSRFortessa, BD Life
Sciences, San Jose, CA, USA). Samples were acquired for 30
seconds at high speed with 60 pL/min. FSC (voltage: 709) and
SSC (voltage: 412) settings were used for small size beads (PPS-
6K, 0.22-1.25 pm) and FSC (voltage: 418) and SSC (voltage:
247) setting for large size beads (NFPPS-52-4K, 2.0-16.4 um).
Additionally, control measurements were also performed with
mixed standard beads before filtration. Data were analyzed
by FlowJo™ v10 Software (BD Life Sciences) and GraphPad
Prism (v8.0.1, GraphPad Software, San Diego, CA, USA,
www.graphpad.com). At least three membranes of each brand
were used for the filtration assay.

Determination of cell nuclei remnants by real-time

polymerase chain reaction
DNA (total 100 pL) extracted from the collagen membranes
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(Striate+™, Bio-Gide®, and Creos™ Xenoprotect) of the same
weight (0.082 g) were purified by DNeasy Mericon Food Kit
(Qiagen, Hilden, Germany). Totally, four samples of each type
of membrane were used for the real-time PCR. DNA was also
extracted from the porcine mesentery. The same volume (2 puL)
of the purified DNA samples from membranes was analysed
by real-time PCR using iTag™ Universal SYBR® Green
Supermix (Bio-Rad, Hercules, CA, USA) and the published
primers (PPA6-forward: 5-CTA CCT ATT GTC ACC TTA
GTT-3'& reverse: 5-GAG ATT GTG CGG TTA TTA ATG-
3') (IDT Technology Ltd., Coralville, IA, USA) for detection of
porcine DNA, by targeting porcine mitochondrial specific gene
(mtATP6).*" Technical triplicate was applied to each sample.

Determination of cell nuclei remnants by histological
analysis

Paraffin sections of the three commercial membranes were
stained with heamatoxylin and eosin (Sigma-Aldrich)
according to a standard protocol and imaged under light
microscope (Zeiss) at a range of objective magnifications.

Determination of DNA content and porcine a-gal
immunohistochemistry analysis

Positive control sample (porcine aortic valve, Boatshed
Butcher at Cottesloe, Perth, Western Australia, Australia) and
the collagen membranes were embedded in OCT solution,
frozen by immersion in iso-pentane cooled with liquid-N2
and stored at 80°C until required. Sections were prepared on
a cryomicrotome at 10 um thickness and placed on sialinated
glass slides. Tissue sections were fixed by immersing them in
pre-cooled acetone (-20°C) for 10 minutes, then washed twice
with 1x phosphate buffered saline for 5 minutes each following
by incubation with 0.1% Triton X for 5 minutes. Section
were washed twice with 1x phosphate buffered saline for 5
minutes each and blocked with 3% bovine serum albumin.
Sections were incubated with anti-DNA (1:1000, deposited
by Voss, E.W., DSHB Hybridoma, Iowa City, [A, USA, RRID:
AB_10805293) and anti-a-gal (1:1000, Isolectin GS-IB, Alexa
Fluor 488 conjugate, Thermo Fisher, RRID: AB_2314662)
at 4°C overnight. Sections stained with anti-DNA were then
incubated with Alexa Fluor 680 donkey anti-mouse (1:500;
RRID: AB_2762831, Thermo Fisher) at room temperature for
1 hour. After washing with 1x phosphate buffered saline three
times, sections were stained with Hoechst 33342 (Thermo
Fisher) and mounted with ProLong™ Diamond Antifade
Mountant (Thermo Fisher). All sections were cover-slipped
prior to imaging on a confocal laser scanning microscope
(Nikon A1Si Confocal Microscope, Nikon, Tokyo, Japan).

Statistical analysis

Comparisons of multiple individual datasets were performed
by one-way analysis of variance with Tukey’s post hoc multiple
comparison, after testing for the normal distribution of data.
Statistical calculations were performed using GraphPad Prism
software. The data are expressed as means * standard error
of mean (SEM), and we considered P values less than 0.05 as
statistically significant.
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Results

Surface topographic features of three collagen
membranes

Resorbable collagen membranes (Creos™ Xenoprotect, Bio-
Gide” and Striate+™) are derived from porcine tissue. In
general, the membranes have a bilayer structure, with a rough
and smooth side, which is a feature of the porcine source
tissues. The smooth side refers to the side of the membrane
with a relatively uniform surface and more parallel, aligned
collagen bundles, while the rough side refers to the side with a
porous, non-uniform surface with irregular collagen bundles.
To understand the morphological differences between the
collagen membranes, SEM was performed and images with
different magnifications (364x, 19.75kx, 150kx) were selected
and viewed in a side-by-side comparison. In all membranes,
the smooth side had similar features, with no visible pores
at 364x magnification (Figure 1A). At higher magnifications
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(19.75 kx and 150 kx), clear fibrillar collagen bundles were
noted in all membranes (Figure 1A). Striate+™ and Creos™
Xenoprotect exhibited a more uniform smooth side than Bio-
Gide® as their peaks of fibre orientation distribution were
closer to zero degrees determined by Orientation] (Figure 1A).
On the rough side, Creos™ Xenoprotect, Striate+™ and Bio-
Gide® demonstrated the irregular distribution of fibre bundles
throughout the rough side of the membranes (Figure 1B). The
peaks of fibre orientation distribution of all the membranes
were found to be further away from zero degrees meaning that
the fibres tend not to be parallel. On the other hand, Striate+™
showed significantly smaller porosity than Bio-Gide® and
Creos™ Xenoprotect at the smooth side analyzed by Image J
(Figure 1C). There is no significant difference of porosity in
smooth side between Bio-Gide® and Creos™ Xenoprotect.
Also, there is no significant difference of porosity in rough side
of all membranes (Figure 1D).
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Figure 1. Scanning electron microscopy of porcine collagen membranes. (A, B) Smooth (A) and rough (B) sides of
Striate+™, Bio-Gide" and Creos™ Xenoprotect. The smooth side of the collagen membranes showed a more uniform,

smooth, and organized structure than the rough side. Scale bars: 100 pm (upper row), 2 um (middle row), 100 nm (lower

row). Representative scanning electron microscopy images of both smooth and rough sides of membranes at 150kx were
analysed by Orientation] for the orientation of fibres. Striate+™ and Creos™ Xenoprotect showed more uniform fibre
orientation than Bio-Gide®” on smooth side, whereas all three membranes showed random fibre orientation on rough
side. (C, D) Porosity of smooth (C) and rough (D) sides of collagen membranes. Data are presented as means + SEM.

**P < 0.01, ***P < 0.001 (one-way analysis of variance with Tukey’s post hoc multiple comparison). ns: no significance.
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Diameter and D-periodicity of collagen fibrils in three
collagen membranes

In addition to the surface topological analysis, the intrinsic
properties of collagen fibrils, such as diameter and D-periodicity
in the three collagen membranes were examined, as these
parameters are affected in the manufacturing process. SEM
results showed there was no significant difference in fibril
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diameter among three membranes: Striate+™, Bio-Gide® and
Creos™ Xenoprotect (Figure 2A). However, the D-periodicity
of collagen fibrils in Striate+™ membrane was higher than those
in Bio-Gide® and Creos™ Xenoprotect . The D-periodicity of
collagen bundles of Striate+™, membrane is closest to the native
one (67 nm).There was no significant difference in D-periodicity
between Bio-Gide® and -Creos™ Xenoprotect (Figure 2B).
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Figure 2. (A, B) Diameter (A) and D-periodicity (B) of collagen bundles in Striate+™, Bio-Gide” and Creos™
Xenoprotect (Creos™ X.). Data are presented as means + SEM. ¥*P < 0.01, ***P < 0.001 (one-way analysis of variance

with Tukey’s post hoc multiple comparison). ns: no significance.

Thickness of the collagen membranes in three collagen

membranes

To determine the thickness of the collagen membranes,
micro-computed tomography was used to scan through the

collagen membranes (Figure 3A). Membranes were oriented
so that cross-sections were obtained (Figure 3B). Bio-Gide”
membrane is the thickest membrane, while StriateTM is the
thinnest one (Figure 3C).
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Figure 3. Thickness of porcine collagen membranes measured by micro-computed tomography. (A) Iodine-stained
Striate+™, Bio-Gide” and Creos™ Xenoprotect (Creos™ X.) membranes were aligned in polypropylene tubes and

scanned by micro-computed tomography. (B) Cross sections of Striate+™, Bio-Gide® and Creos™ Xenoprotect
membranes were extracted by AVIZO software. (C) Thickness of three samples of each membrane. Data are presented

as means + SEM. At least 11 measurements were done on each membrane. **P < 0.01, ***P < 0.001 (one-way analysis
of variance with Tukey’s post hoc multiple comparison). ns: no significance.

Barrier property of three collagen membranes

To evaluate the barrier properties of the collagen membranes,
beads of different sizes were used to mimic fibroblasts and
other soft connective tissue cells with a range of cell size in
the socket cavity. Using a gravity-based filtration method,
all collagen membranes showed superior barrier property by
blocking the passage of all bead sizes (0.22-16.4 um; Figure
4A-C), while grades 1 and 5 Whatman filter papers did not

Biomater Transl. 2023, 4(1), 41-50

block 0.22, 0.45, 0.88 and 1.25 pm-sized beads (Figure 4A
and B).

DNA contents and immunogens in three collagen
membranes

Our previous study reported that several collagen scaffolds
widely used for rotator cuff tendon repairs contain cellular/
DNA components, which may be responsible for the severe
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immune rejection reactions.” To determine if the three collagen
membranes contain DNA and a-gal, we performed histology,
immunohistochemical detection (for a-gal and double stranded
DNA) and real-time PCR-based mitochondrial DNA assay. All
collagen membranes showed eosin-stained collagen fibres in
the histological evaluation. Basophilic nuclear staining with
heamatoxylin was only present in the raw materials (porcine
mesentery) but was not detectable in any of the commercial
collagen membranes (Figure 5). By immunostaining using
anti-DNA immunostaining and Hoechst nuclear staining, the
positive control, aorta valve was shown positive staining in
the nuclei (Figure 6). No immunostaining signal was detected
in any commercial membranes. Next, we utilized a more
sensitive method, real-time PCR, to determine the unknown

Zheng, M. H,; et al.

DNA content in all membranes. The cycle threshold values
of (0, 100 ng and 200 ng) porcine DNA and all membranes
were plotted as a scatter plot shown in Figure 7. 0 ng porcine
DNA, Striate+™ and Creos™ Xenoprotect showed high
cycle threshold values at around 40 or beyond 40 detectable
range, indicating that these two membranes have very few or
no DNA contaminations. However, a relatively strong DNA
signal (low cycle threshold) was detected in Bio-Gide® (1/50
portion of DNA extracted from 0.082 g membrane) similar to
that of 100 ng porcine DNA (Figure 7).

Our anti-a-gal immunostaining analysis showed high a-gal
expression in positive control porcine aorta, whereas all
collagen membranes showed negative staining (Figure 8).
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Figure 4. Barrier properties of three porcine collagen membranes measured by gravity-based

filtration. (A)

Representative results of collagen membranes’ barrier property by filtration with mixed standard beads in different sizes.
(B, C) Quantitative analysis of beads with all small (B, 220, 450, 880, and 1250 nm) and large (C, 2.0, 3.3, 5.2, 7.88, 10.1,
and 16.4 pm) sizes passing through different collagen membranes. Data are presented as means + SEM. ¥*P < 0.01, ***P
< 0.001 (one-way analysis of variance with Tukey’s post hoc multiple comparison). FP1: Whatman Filter paper Grade 1;

FP5: Whatman Filter paper Grade 5; ns: no significance.
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Raw material Striate+™ Bio-Gide® Creos™X.

Figure 5. Heamatoxylin and eosin staining of different porcine collagen membranes. No heamatoxylin staining was
found in all membranes. Scale bars: 50 pm. Creos™ X.: Creos™ Xenoprotect.
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Figure 6. Anti-DNA immunostaining on different porcine collagen membranes. No DNA was found in all membranes
by anti-DNA immunostaining. Positive control (Ctrl) indicates porcine aortic valve. Scale bar: 100 um. Creos™ X.:
Creos™ Xenoprotect; dsDNA: double stranded DNA.
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Figure 7. Determination of DNA content in different collagen membranes by real-time polymerase chain reaction.
Among the three collagen membranes, only Bio-Gide® membrane showed significant DNA signal content. Data plotted
above red dot line indicates undetectable within 40 cycles. Creos™ X.: Creos™ Xenoprotect; Ct: cycle threshold.
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Alpha-gal Merge

Figure 8. a-gal expression in different collagen membranes. No a-gal signal was detected in Creos™ Xenoprotect,
Striate+™ and Bio-Gide" by anti-a-gal immunostaining. Positive control (Ctrl) indicates porcine aortic valve. Scale bar:
100 pm. a-gal: alpha-gal, galactose-a-1,3-galactose; Creos™ X.: Creos™ Xenoprotect.

Discussion

GBR is aided by the use of a barrier membrane to promote
bone augmentation and osseointegration of dental implants.
The barrier membrane prevents the growth of soft tissues
into the wound to allow osteogenic cells to proliferate within
the defect. Native collagen membranes (NCMs) have become
popular as they are resorbed and degraded in-situ. NCMs can
also promote soft tissue healing.?? As NCMs are biodegradable,
cross-linking of collagen membranes was developed to
maintain the integrity and strength. However, a recent
systematic review showed no difference in bone regeneration
between cross-linked and resorbable collagen membranes.?®
Furthermore, cross-linked collagen membranes may impair
soft tissue healing or cause wound infections.” Therefore,
collagen barrier membranes without cross-linking have
become widely used and studied.> The effective membrane
for GBR must be able to act as a physical barrier against cell
invasion but not inhibit bone regeneration on the other side
of the membrane. NCMs must not contain immunogens
which can cause severe immune reactions and result in poor
bone regeneration, compromising the osseointegration of
dental implants. This study is the first systematic examination
of similar commercial native collagen membranes for GBR
on their barrier properties, surface topological details, fibre
diameter and D-periodicity, and immunogen contamination.
We conclude that these membranes are not identical.

The surface topological examination focused on the distribution
and density of collagen bundles in the three commercially
available collagen membranes (Creos™ Xenoprotect, Bio-
Gide® and Striate+™) by SEM. Our SEM analysis showed that
all membranes have smooth and rough sides which can be
easily distinguished from each other based on the density and
distribution of collagen bundles. The smooth side of NCMs
showed a high density of aligned collagen bundles, whereas
the rough side showed relatively loose and irregular collagen
bundles. At 364x magnification view, almost no pores were
observed on the smooth surface of the collagen membranes.
At 150kx magnification, most of the pores on both the smooth
and rough side are smaller than 1 pum, which sufficiently
prevent cells from passing through the membranes. In most
cases, measurement of porosity was used to estimate their
barrier property® probably due to the lack of an assay system.
We designed an assay system using beads and gravity filtration
as well as flow cytometry analysis. By using this assay system,
all collagen membranes showed superior barrier property by
gravity-based filtration, which is independent of the thickness
of membranes, and thus explains why all the membranes can
efficiently act as a physical barrier to prevent the in-growth of
cells into the bone cavity.

The diameter of collagen fibrils is a result of the number
and type of assembled collagen molecules, whereas the
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D-periodicity of collagen fibrils is measured from overlap
and gap regions between self-assembled collagen molecules.
The diameter and D-peridocity of collagen fibrils in each
of the three collagen membranes were measured by SEM at
150 kx magnification. No significant difference was found in
the diameter of collagen fibrils between the three collagen
membranes. Based on the 1.5 nm diameter of a mature collagen
molecule,” approximately 54 tropocollagen molecules are self-
assembled into collagen fibrils (81.62-85.82 nm in diameter)
in these collagen membranes. The mean of D-periodocity of
the collagen membranes Striate+™, Bio-Gide® and Creos™
Xenoprotect, were measured as 62.9, 56.3 m and 57.4 nm,
respectively. Striate+™ showed the highest D-periodocity and
is closest to the average D-periodicity of unprocessed natural
collagen fibrils (67 nm)>°!" suggesting less deformation in the
manufacturing process. The difference in the D-periodicity
could be due to the origin of porcine tissues (age and/or tissue
origin) and/or manufacture processing such as dehydration
and compression.”*® Different D-periodicity of collagen
fibrils does not affect the function as physical barriers which
are mainly determined by the density and distribution of
the collagen bundle, but it could affect their susceptibility
to salivary collagenase.'” '* Furthermore, a recent study
demonstrated that collagen membranes could be bio-inductive
and facilitate the tissue repair.”* GBR membranes have also
been shown to have additional bone regenerative functions
such as the triggering of expression of bone remodeling
genes and differential concentration of bone morphogenetic
protein-2 on the membrane surface.”’ Furthermore, a study
suggested that collagen membranes may have an intrinsic
transforming growth factor-f activity which may affect the
tissue regeneration process.”® It remains unclear whether
maintenance of native superstructure of collagen fibrils such
as D-periodicity could be important for bone and/or soft tissue
regeneration during GBR or other tissue regenerations. As
D-periodicity may also affect the susceptibility to collagenase
degradation in saliva,' ' the stability of all the membranes
remains to be addressed.

Porcine small intestine submucosa, a collagen-rich tissue,
has been used to manufacture collagen scaffolds for tissue
regeneration. However, the immunogenic substances such as
DNA present in small intestine submucosa can cause severe
immunological reactions after implantation in the human
body."® The removal of a-gal in collagen-based medical devices
is important to prevent immunological rejection, especially in
people with a-gal syndrome.” *® These major immunogenic
substances have to be removed during manufacturing of
the collagen membranes. To test whether there was any
immunogenic substance in the porcine-derived collagen
membranes, we measured the DNA and «-gal content in the
three porcine-derived collagen membranes by heamatoxylin
and eosin staining, immunostaining and PCR. No a-gal and
DNA, including nuclear remnants, were detected in any of
the membranes by immunostaining and Hoechst staining.
However, using real-time PCR, a relatively strong DNA signal
was observed in the Bio-Gide® membrane but not in Creos™
Xenoprotect and Striate+™ membranes. The cycle threshold
value of porcine specific gene (mtATP6) from Bio-Gide®
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membranes is similar to that of 100 ng porcine DNA. This
could be possibly due to insufficient removal of immunogens
during the manufacture of the Bio-Gide® membranes. Our data
may explain why more inflammatory cells and cytokines were
found in Bio-Gide® than another porcine collagen membrane
in a recent study using a rat model.”®

An ideal GBR membrane should include the following
characteristics 1) good barrier property, 2) low immunogen
content 3) good for soft tissue regeneration and 4) easy to
handle. Our study has established robust assays for determining
their barrier property and immunogenic content which are the
key elements of GBR. The effects of the collagen membranes
on soft and bone tissue regeneration have not been addressed
which is also the limitation of this study. Further studies
using animal GBR models can address both the extent of
inflammation and tissue regeneration. On the other hand, the
thickness of the membranes may potentially affect the quality
of the surgical procedure. It appears to be more difficult to
manipulate thicker membranes in GBR procedure. Rating by
dentists could be a way to determine their handling experience.
A more scientific assay system should be designed to address
the handling property without bias.

In conclusion, our study showed that these three non-cross-
linked membranes are similar but not identical, probably due
to the different ages and sources of porcine tissues as well as
different manufacturing processes. Striate+™ membrane is
closest to the D-periodicity of natural, unprocessed collagen.
Low residual DNA was detected in Bio-Gide” but not in
Striate+™ and Creos™ Xenoprotect. All of these membranes
have similar superior barrier properties. Further comparative
studies are required to conclude their clinical outcomes.
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Antimicrobial peptides (AMPs) have recently been exploited to fabricate anti-
infective medical devices due to their biocompatibility and ability to combat
multidrug-resistant bacteria. Modern medical devices should be thoroughly
sterilised before use to avoid cross-infection and disease transmission,
consequently it is essential to evaluate whether AMPs withstand the
sterilisation process or not. In this study, the effect of radiation sterilisation

on the structure and properties of AMPs was explored. Fourteen AMPs
formed from different monomers with different topologies were synthesised
by ring-opening polymerisation of N-carboxyanhydrides. The results of
solubility testing showed that the star-shaped AMPs changed from water-
soluble to water-insoluble after irradiation, while the solubility of linear
AMPs remained unchanged. Matrix-assisted laser desorption/ ionisation
time of flight mass spectrometry showed that the molecular weight of the
linear AMPs underwent minimal changes after irradiation. The results
of minimum inhibitory concentration assay also illustrated that radiation
sterilisation had little effect on the antibacterial properties of the linear
AMPs. Therefore, radiation sterilisation may be a feasible method for the
sterilisation of AMPs, which have promising commercial applications in

medical devices.
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as central venous catheters, prostheses and
contact lenses, often suffer from microbial
contamination, which ultimately leads to medical
device-related infections and high risk to human
health.'”* Therefore, extensive efforts have been
made to develop effective, safe, and durable
antimicrobial medical devices. In the clinical
setting, antiseptic drug loading has been proven
to be the most achievable method to create an
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51-61. .. . . .
antimicrobial surface on a medical device.**

Silver ion-,”# silver alloy-,”'° chlorhexidine-,'!"*
antibiotic-impregnated central
catheters*'* and urinary catheters have been
widely used in hospitals and show lower risk

of catheter-related infections. However, each

and venous

Biomater Transl. 2023, 4(1), 51-61

approach possesses inherent limitations of overall
poor biocompatibility and significant risks of
drug resistance that will render it unsuitable for a
specific product.'> '

Recently, antimicrobial —peptides (AMPs)
have attracted considerable attention for
the development of antimicrobial medical
devices by virtue of their broad-spectrum,
rapid-acting antibacterial activity, excellent
biocompatibility,””” and less susceptibility to
bacterial resistance evolution.?> However,
natural AMPs are not preferred for anti-
infective medical devices due to their high-
cost, unclear toxicology, and low immature
stability.””  Consequently  synthetic =~ AMPs
which are less expensive and easier to prepare

have been developed as good substitutes
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for natural AMPs. Especially, AMPs prepared by ring-

opening polymerisation (ROP) of N-carboxyanhydrides
(NCAs) have tunable structures and properties that
can be adjusted according to actual demands.'® *

In addition, surface-immobilised AMPs not only have high
antimicrobial activity, but also exhibit much lower cytolytic
potency towards mammalian cells.?

Sterilisation has been defined as any process that eliminates
microorganisms surface, food, medication, or
biological culture medium.” For medical devices, sterilisation
has been recognised as an essential process.” Patients may
suffer infection and mortality/morbidity issues when using
improperly sterilised healthcare products.® Therefore, the
AMPs loaded onto medical devices must be able to withstand
the sterilisation process. Ethylene oxide gas and ionising
radiation are the most widespread commercially-available non-
thermal sterilisation methods for healthcare products.” For
AMPs, amino groups are the main groups responsible for their
bactericidal function.”® Considering that an epoxy group will
interact with active amino groups on the AMPs and affect their
performance,®” ¥ ethylene oxide sterilisation is considered to
be an unsuitable sterilisation method for AMPs, and radiation

from a

sterilisation is the preferred method. Nervetheless radiation
may alter the chemical and physical properties of AMPs, to
the best of our knowledge, there are no relevant studies on
the validation of radiation sterilisation methods for AMPs and
consequently detailed studies of potential degradation need to
be performed.

In this study, fourteen AMPs consisting of different monomers
and with varied topologies were synthesised through the
ROP of NCAs. Validation of the AMPs against the radiation
sterilisation was carried out by employing a commercial 10
MeV electron beam (e-beam). It has been reported that 25 kGy
is the recommended dose for the sterilisation of medical devices
with no further need to provide any biological validation.**3
Therefore, a radiation dose of 25 kGy was chosen for our
tests. The influences of sterilisation on the structure and
antibacterial properties of the AMPs were comprehensively
analysed by matrix-assisted laser desorption/ionisation time
of flight (MALDI-TOF) mass spectrometry (MS) and the
minimum inhibitory concentration (MIC) assay.

Methods

Materials

Ne-tert-butyloxycarbonyl-L-lysine(Lys,97%),D-phenylalanine
(Phe, 98%), triphosgene (99%), trifluoroacetic acid (99%),
hexylamine (99%), and D, L-valine (Val, 98%) were obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Star-shaped initiators were provided
by Dendritech, Inc. (Midland, MI, USA). Sodium acetate
(99.5%), dimethyl sulfoxide-d,, chloroform-d were purchased
from Anhui Senrise Technology Co., Ltd. (Anging, Anhui,

Wang, X.; Yang, H,; et al.

China). Anhydrous N, N-dimethylformamide (99.9%) and
anhydrous tetrahydrofuran (99.9%) were provided by Beijing
Innochem Technology Co., Ltd. (Beijing, China). Other
reagents were analytically pure reagents and were used directly
without treatment. Escherichia coli (E. coli, ATCC 25922) and
Staphylococcus aureus (S. aureus, ATCC 6538) were purchased
from Nanjing Clinic Biological Technology Co. Ltd. (Nanjing,
Jiangsu, China). Bacterial culture medium and dialysis bags
(molecular weight cut-offs of 3500 g/mol and 8000-12,000
g/mol) were provided by Dingguo Biological Technology Co.,
Ltd. (Bejjing, China).

Instrumentations

'"H nuclear magnetic resonance spectroscopy ('H-NMR)
was carried out on a Bruker AV, 400 MHz spectrometer
(Bruker Corporation, Billerica, MA, USA) to characterise the
molecular structures of NCAs, AMPs and all intermediate
products. Fourier transform infrared spectroscopy was
performed on a Bruker Vertex 70 (Bruker Corporation) to
ascertain the conversion rate of monomers. Gel permeation
chromatography was performed on a system equipped with
an isocratic pump (Model 1100, Agilent Technology, Santa
Clara, CA, USA), a Dawn Heleos multi-angle laser light
scattering detector (Wyatt Technology, Santa Barbara, CA,
USA), and an Optilab rEX refractive index detector (Wyatt
Technology). The detection wavelength of the laser light
scattering detector was 658 nm. Separations were performed
using serially-connected size-exclusion columns (100 A, 500
A, 1x10° Aand 1x10* A Phenogel columns, 5 um, 300 x 7.8
mm, Phenomenex Inc., Torrance, CA, USA) at 60°C using N,
N-dimethylformamide containing 0.05 M LiBr as the eluent
phase at a flow rate of 1.0 mL/min. MALDI-TOF MS was
performed on a Bruker Daltonics FlexAnalysis system (Bruker
Corporation) to measure the molecular weight of AMPs.

Preparation and characterisation of the antimicrobial
peptides

In this study, fourteen AMPs consisting of different monomers
and with different topological structures were synthesised by
ROP of NCAs; the details are shown in Figure 1. ROP of NCAs
is one of the most convenient methods to prepare AMPs. The
specific synthetic processes of NCAs and AMPs have been
reported elsewhere.” * The successful construction of all
AMPs was confirmed by 'H-NMR (Additional file 1).

Experimental process of radiation sterilisation

Each dry powdered AMP was placed in a 10 mL polypropylene
tube and irradiated at room temperature at a dosage of 25
kGy by a 10 MeV e-beam accelerator at WEGO Holding
Co., Ltd. (Weihai, Shandong, China) After irradiation, the
samples were stored at room temperature for 5 months before
characterisation. Un-irradiated samples were used as the
controls to evaluate the changes caused by radiation.

1 Hygea Medical Technology Co., Ltd., Beijing, China; 2 State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun, Jilin Province, China; 3 Department of Applied Chemistry and Engineering, University of Science and Technology

of China, Hefei, Anhui Province, China.
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Figure 1. The molecular structure and abbreviation of each AMP in this study. AMP: antimicrobial peptide.

Evaluation of the structural changes of antimicrobial
peptides

MALDI-TOF MS was used to analyse the influence of
radiation sterilisation on the structure of the AMPs. Samples
used for testing were prepared by dissolving in water at a
concentration of 10 mg/mL.

Evaluation of the solubility of antimicrobial peptides
Approximately 10 mg of each AMP were weighed and
dispersed in phosphate-buffered saline (PBS), PBS: acetic acid
(vzv, 1:1) and hexafluoroisopropanol. The dissolution results
were observed directly after sonication for 2 hours.

Evaluation of the antibacterial activity of
antimicrobial peptides

The antibacterial activity of different AMPs before and after
irradiation was determined by the MIC assay.***” The MIC of
an antimicrobial agent refers to the critical concentration that
inhibits bacterial growth absolutely. In this study, bacterial
proliferation was analysed by measuring the optical density of
the culture. E. coli and S. aureus were selected as representative
Gram-negative and -positive bacteria for testing. The detailed
process was as follows;* an overnight bacterial suspension
was inoculated into Mueller-Hinton broth at 37°C with
constant shaking. The bacteria were then harvested when
in the logarithmic phase of growth. The bacterial density of
the suspension was adjusted to 1 x 10° colony forming units
(CFU)/mL, confirmed by an optical density value of 0.1 at 600
nm. Then the bacterial suspension was diluted 100 times to
obtain a bacterial density of 1 x 10° CFU/mL. The AMPs were
dissolvedin PBS to obtain concentrations ranging from 1 pg/mL
to 1000 pg/mL. Then, 100 L of each AMP solution and 100
uL of bacterial suspension (1 x 10° CFU/mL) were added
together to wells of a 96-well plate, which was then incubated
at 37°C. The optical density values of the wells were measured
using a microplate reader (Tecan Sunrise, Tecan Group Ltd.,
Minnedorf, Switzerland) at 0, 6, 12, and 24 hours. A mixture of
100 uL PBS and 100 pL of bacterial solution (1 x 10° CFU/mL)
was used as control.

Statistical analysis

All data are presented as mean + standard deviation (SD).
Each result is an average of at least three parallel experiments,

Biomater Transl. 2023, 4(1), 51-61

calculated using Microsoft® Excel® 2019 (Microsoft,

Redmond, WA, USA).

Results

Structural characterisation and solubility exploration
of the antimicrobial peptides

First, fourteen AMPs were synthesised via ROP of three NCAs
(Figure1). All structures of the intermediate products and final
AMPs were confirmed by '"H-NMR. As shown in Additional
file 1, the actual monomer components were consistent
with the feed expectation. Combined with the results of
gel permeation chromatography, the results proved that
AMPs were successfully constructed. The detailed molecular
parameters are shown in Table 1.

The solubility of AMPs before and after irradiation is shown
in Table 2. All linear polypeptides could be dissolved in PBS
regardless of irradiation, demonstrating that there was no effect
of irradiation on solubility. In contrast, the star-shaped AMPs
became insoluble in PBS after irradiation and only soluble in
certain organic solvents, such as hexafluoroisopropanol. In
order to prevent the interference of different solvents with
the antibacterial properties of AMPs, linear AMPs with good
solubility before and after irradiation in PBS were chosen for
further investigation.

Structural changes to antimicrobial peptides caused by
radiation sterilisation

Detailed information on the molecular structures and molecular
weights of the monomers and AMPs is shown in Figure 2. The
molecular weight of all AMPs ranged from 3500 to 4500, and
MALDI-TOF MS was selected as a convenient instrumental
method to determine the effect of radiation sterilisation on the
molecular structure. (Fourier transform infrared spectroscopy
and 'H-NMR could not detect the tiny changes before and
after sterilisation). Figures 3-5 show the molecular weights
of the linear AMPs before and after irradiation. Overall, the
shapes of the MS spectrum of all samples maintained good
consistency before and after irradiation. In the spectrum
of the homopolymer of Lys (Figure 3), molecular weight
intervals that corresponded to the molecular weight (128.2)
of Lys monomer appeared, besides the peaks representative
of [M+H]*, [M+Na]*, and [M+K]*. Similarly, in the AMPs
that copolymerised with Phe and Lys (Figure 4), a series of
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Table 1. Detailed molecular parameters of the antimicrobial peptides
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Arm  Designed Lys ActualLys Mn designed Mn determined b determined
Sample  No. content (%) content®* (%) molecular weight (Da) molecular weight (Da)® molecular weight®
LP, 1 70 70.8 6219.9 6200 1.07
LP, 1 60 61.4 5976.6 6000 1.14
LP, 1 50 51.2 5733.2 5700 1.24
G,-P, 16 70 71 101155.6 111200 1.05
G,-P, 16 60 60 97262.3 97300 1.08
G,-P, 16 50 48.2 93369 93400 1.12
LV, 1 70 68.6 5787.5 5800 1.11
LV, 1 60 59.3 5400 5500 1.09
LV, 1 50 49 5012.5 5000 1.18
G-V, 16 70 72.3 94236.4 94300 1.02
G-V, 16 60 59.1 88036.7 88000 1.07
G-V, 16 50 50 81837 81900 1.14
LL,, 1 100 100 6949.9 6900 1.05
G-L, 16 100 100 112835.4 113000 113

“«.»

Note: “a” represents Lys contents calculated by 'H nuclear magnetic resonance spectroscopy. “b” represents the Mn and P determined

by gel permeation chromatography. P: polydispersity; Lys: L-lysine.

Structure of AMPs (x+y=30)

Molecular weight: 101.19
Exact mass: 101.12

Initiator

x:y=3:7

LP,

(4117.6)

LV,

(3685.1)

Molecular weight: 128.18

Exact mass: 128.09

Monomer 1

x:y=4:6 x:y=5:5 y=30
LP, LP,
(4174.6) (4231.6)
LL,
(3946.6)
Lv, Lv,
(3598.0) (3510.8)

Molecular weight: 99.13
Exact mass: 99.07

Monomer 2

Molecular weight: 147.18
Exact mass: 147.07

Monomer 3

Figure 2. Molecular structure and molecular weight information of all linear AMPs. AMP: antimicrobial peptide.

Figure 3. The spectra of LL, before (A) and after (B) irradiation under matrix-assisted laser desorption/ionisation time
of flight (MALDI-TOF) mass spectrometry.
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Table 2. Solubility of the antimicrobial peptides before and after radiation sterilisation

Before radiation sterilisation

After radiation sterilisation

Sample PBS buffer PBS buffer PBS/AcOH HFP
LP, + + + +
LP, + + +

LP, + + + +
G,-P, + - + +
G,-P, + - - +
G,-P, + - - +
LV, + +
LV, + +
LV, + + + +
G,-V, + - - +
G,-V, + - - +
G,-V, + - - +
LL, + +

G,-L, + - + +

« « »

Note: “+” represents soluble, “~” represents insoluble, and “+” represents slightly soluble. AcOH: acetic acid; HFP: hexafluoroisopropanol;

PBS: phosphate-buffered saline.

molecular weight intervals of 147.2, 128.2, 19.0, 109.1 and
90.2 could be seen in the spectra, which corresponded to the
molecular weight of Phe monomer, Lys monomer and the
molecular weight differences of Phe-Lys, 2Phe-Lys and 3Phe-
2Lys (Figures 2 and 4). Also, for the copolymer products of
Val and Lys (Figure 5), molecular weight intervals of 147.2,
128.2, 29.1, 70.1 and 41.0 appeared, indicating the molecular
weights of Val monomer, Lys monomer, and the molecular
weight differences of Lys-Val, 2Val-Lys and 3Val-2Lys
(Figures 2 and 5).

Antibacterial performance of the antimicrobial
peptides before and after irradiation

As shown in Figures 6-8, the antibacterial effects of all samples
before and after irradiation against both Gram-positive S.
aureus and Gram-negative E. coli were analysed. The MIC
values are summarised in Table 3. The MIC of LV, against S.
aureus and the MIC of LV, against S. aureus and E. coli increased
by a factor of two after irradiation, showing a decrease in the
antibacterial activity of LV, and LV,. The MICs of all the other
irradiated AMPs remained the same as before irradiation.

Table 3. The minimum inhibitory concentrations (pg/mL) of antimicrobial peptides against S. aureus and E. coli before

and after irradiation

S. aureus E.coli
LL30
Before irradiation 16 16
After irradiation 16 16
LP,
Before irradiation 16 32
After irradiation 16 32
LP,
Before irradiation 16 32
After irradiation 16 32
LP,
Before irradiation 16 32
After irradiation 16 32
LV,
Before irradiation 16 8
After irradiation 16 8
LV,
Before irradiation 8 16
After irradiation 16 16
LV,
Before irradiation 16 32
After irradiation 32 64

Note: E. coli: Escherichia coli; S. aureus: Staphylococcus aureus.

Biomater Transl. 2023, 4(1), 51-61

55



Research Article

56

A1

A2

B1

B2

C1

C2

Wang, X.; Yang, H,; et al.

Figure 4. The spectra of LP ~LP, before (A1-C1) and after (A2-C2) irradiation under matrix-assisted laser desorption/

ionisation time of flight (MALDI-TOF) mass spectrometry.

Discussion

Structural changes of the antimicrobial peptides caused
by radiation sterilisation

The purpose of the sterilisation process is to obtain material
free from microorganisms. The ideal sterilisation process
requires fully killing any pathogenic bacteria carried by a
medical device. The instantaneity and high dose delivery
of a high-energy e-beam allow sterilisation of products in
hermetically-sealed packages. Meanwhile, the influence of
radiation on the degradation of polymers is one of the most
important concerns of scientific interest. Unpredictable
degradation may affect their physicochemical properties, and

thus affect the efficacy and safety of treatment.* It has been
reported that ionising radiation may cause cross-linking or
chain-scission.?** % \When a cross-linking reaction occurs, the
molecular weight of the polymer increases. In contrast, when
the polymer undergoes a chain-scission process, the molecular
weight of the polymer decreases. Therefore, the structural
changes of the irradiated AMPs can be analysed by comparing
the molecular weights of the corresponding AMPs before and
after irradiation.

The process of radiation sterilisation had a negligible effect
on the molecular weight of most AMPs. Nevertheless, careful
comparison and analysis revealed a slight shift to lower
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Figure 5. The spectra of LV -LV, before (A1-C1) and after (A2-C2) irradiation under matrix-assisted laser desorption/

ionisation time of flight (MALDI-TOF) mass spectrometry.

molecular weight in some samples. The phenomenon was
observed more obviously in the AMPs copolymerised from
higher proportions of cationic Lys, regardless of whether they
were copolymerised with either Phe or Val. For example, after
irradiation, the molecular weight portions of LP  (Figure
4A) and LP, (Figure 4B) below 3000 g/mol were increased
compared with the corresponding spectra before irradiation,
indicating that molecular chains of the samples were partially
broken. Similar phenomena were also observed in LV,
(Figure 5A) and LV, (Figure 5B). However, the molecular
weights of the samples with lower Lys, LP, and LV, showed
no migration to low molecular weights. Some studies have
reported that aromatic materials offer more resistance to
radiation than aliphatic materials.*’ After being irradiated,

Biomater Transl. 2023, 4(1), 51-61

the conjugated structure of aromatic rings can transfer and
disperse the radiation energy by a delocalisation effect instead
of concentrating on a certain bond, and as a consequence, the
absorbed radiation energy will be converted into heat energy
for release. Therefore, the materials generally show better
radiation resistance when their main chain or side chain
contains aromatic rings.”’ Accordingly, the AMPs composed
of a higher proportion of Phe (LP,) in this study showed better
resistance to e-beam radiation than the AMPs with lower
proportions of Phe (LP, and LP)). However, these changes
were tiny, and the results of MALDI-TOF MS demonstrated
overall an insignificant influence of radiation sterilisation on
the structure of AMPs. However, the mechanism behind the
change of solubility of star-shaped AMPs was unclear.
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Figure 7. The minimum inhibitory concentrations of LP ~LP, (A-C) before and after irradiation. E. coli: Escherichia coli;

OD: optical density; S. aureus: Staphylococcus aureus.

Antibacterial property of antimicrobial peptides before
and after irradiation

The antibacterial activity of AMPs is closely related to their
architecture and monomer composition.“** In order to
explore universal laws governing the effect of radiation on
the AMPs, fourteen AMPs with different architectures and
varied monomer components were designed. As the star-
shaped AMPs were found to be insoluble in water after
radiation sterilisation, only the antibacterial properties of
linear AMPs were analysed. The results of MALDI-TOF MS
revealed that a high-energy e-beam caused the chain-scission
of the samples. Free radicals can also be evoked in the process
of chain-scission in an air atmosphere due to the presence
of oxygen during the radiation process.? *' Generally, decay
reactions of free radicals will happen rapidly within hours to
months, depending on the chemical structure of the samples,

the radiation dose and the storage environment.** In order
to eliminate the possible influence of free radicals, the samples
were characterised at 5 months after irradiation to ensure the
free radicals were fully consumed. From the results, MIC of
most AMPs (except for LV, and LV,) remained unchanged,
indicating negligible effects of radiation on the antibacterial
activity of those AMPs. Combined with the results of MALDI-
TOF MS, radiation sterilisation could be considered as a
feasible method to sterilise AMPs.

Conclusion

In conclusion, fourteen AMPs with different topologies
(linear and star-shaped) and varied monomer components
were designed and synthesised successfully. Commercial-
scale 10 MeV e-beam radiation was selected as a promising
sterilisation method for AMPs, and the AMPs were subjected
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Figure 8. The minimum inhibitory concentrations of LV -LV, (A-C) before and after irradiation. E. coli: Escherichia coli;

OD: optical density; S. aureus: Staphylococcus aureus.

to a dose of 25 kGy in order to explore the possible impact
of radiation on their structure and antibacterial properties. It
is worth mentioning that the water solubility of star-shaped
AMPs changed from soluble to insoluble after irradiation. As
for linear AMPs, the results of MALDI-TOF MS and MIC
assay suggested negligible effects of radiation on the structure
or antibacterial activity. Nevertheless, AMPs copolymerised
with a higher proportion of Phe exhibited better resistance to
radiation. In conclusion, radiation sterilisation is presented as
an attractive and effective sterilisation strategy for AMP-based
medical devices. However, there remain some problems that
need further exploration. For example, characterisation of the
structure and antibacterial properties of AMPs is relatively
simple, but electronic paramagnetic resonance spectroscopy
would be a more direct detection method for monitoring free
radicals. In addition, a maximum dose that ensures the safety
(biocompatibility) and performance (functionality) of the
product over its lifetime also needs to be established.
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