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Preface to "Multi-Functional Collagen-Based
Biomaterials for Biomedical Applications”

Polymeric biomaterials represent an essential tool in the biomedical field. Their high
biocompatibility and ability to provide adequate regenerative support are fundamental for the
development of new therapeutic devices. In particular, biomaterials derived from living organisms
exhibit not only structural roles but are also implicated in cellular processes. Among them, type
I collagen plays a dominant role in maintaining the biological and structural integrity of various
tissues. In recent years, with the goal of developing multi-functional collagen-based devices
able to better promote the functional recovery of damaged tissues, numerous studies focused on
novel techniques, and methods for the development of innovative and advanced high-performance
formulations. The ability to tune collagen-based biomaterials performance is an extremely important
knowledge to acquire when specific multi-functionalities are sought.

The present Special Issue collected 12 peer-reviewed interdisciplinary contributions on the broad
topic of multi-functional collagen-based biomaterials for biomedical applications, with a focus on
their development and customization methods as well as their functions enhancement. An update on
the clinical efficacy and safety of collagen-based injectables for aesthetic and regenerative medicine
applications was done by Salvatore et al., while the most recent outcomes of collagen matrices for
endodontic treatment were provided by Sugiaman et al. To finely control material-cell interaction,
collagen-fibronectin binding domains were identified by Liu et al. and the interaction between
material-related parameters and the resulting performance was investigated by Ludolph et al.. Since
various factors affect the network structure, Maher et al. investigated the effect of different collagen
forms on hydrogel-forming properties. The network structure of collagen matrices was also subjected
to optimization for corneal regeneration. In this context, Osidak et al. developed and in vivo tested a
collagen membrane for replacing damaged corneal stroma and Montalvo-Parra et al. for the treatment
of corneal opacities. To further improve collagen bioactivity and make multifunctional collagen-based
constructs, Kilb et al. developed an antibiotic-enriched collagen laminate for the treatment of
hard-to-heal wounds. Melo et al. developed a new approach to the treatment of severe osteoporotic
fractures, by combining biomaterials with biofabrication techniques. Lastly, new collagen sources
were investigated to both find more effective formulations for certain applications and overcome
issues related to mammal-derived collagens. Gallo et al. extracted collagen from fish skin in pure
and native form. Similarly, Anohova et al. demonstrated the possibility of using squid collagen
for biomedical applications. Chen et al. developed a fish scale-derived collagen/hydroxyapatite

membrane for bone regeneration.

Nunzia Gallo, Marta Madaghiele, Alessandra Quarta, and Amilcare Barca
Editors

vii
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Abstract: Soft tissues diseases significantly affect patients quality of life and usually require targeted,
costly and sometimes constant interventions. With the average lifetime increase, a proportional
increase of age-related soft tissues diseases has been witnessed. Due to this, the last two decades have
seen a tremendous demand for minimally invasive one-step resolutive procedures. Intensive scientific
and industrial research has led to the recognition of injectable formulations as a new advantageous
approach in the management of complex diseases that are challenging to treat with conventional
strategies. Among them, collagen-based products are revealed to be one of the most promising
among bioactive biomaterials-based formulations. Collagen is the most abundant structural protein
of vertebrate connective tissues and, because of its structural and non-structural role, is one of the
most widely used multifunctional biomaterials in the health-related sectors, including medical care
and cosmetics. Indeed, collagen-based formulations are historically considered as the “gold standard”
and from 1981 have been paving the way for the development of a new generation of fillers. A
huge number of collagen-based injectable products have been approved worldwide for clinical use
and have routinely been introduced in many clinical settings for both aesthetic and regenerative
surgery. In this context, this review article aims to be an update on the clinical outcomes of approved
collagen-based injectables for both aesthetic and regenerative medicine of the last 20 years with an
in-depth focus on their safety and effectiveness for the treatment of diseases of the integumental,
gastrointestinal, musculoskeletal, and urogenital apparatus.

Keywords: collagen; injectable collagen; medical devices

1. Introduction

Soft tissues loss could be due to iatrogenic, traumatic, pathological, or physiological
reasons. Aside from significantly affecting patients” quality of life, their surgical manage-
ment requires targeted, costly and sometimes constant interventions. With the average life
increase, a proportional increase of age-related soft tissues diseases has been witnessed.
Due to this, recent decades have seen a tremendous demand for soft tissue reconstruction
strategies and one step resolutive procedures. Intense scientific and industrial research has
been conducted to develop innovative approaches or optimize current solutions. Among
them, in the last two decades injectable formulations have attracted even more interest
for both aesthetic and regenerative surgery for their versatility and multifunctionality
(Figure 1). Indeed, injectable scaffolds could be used in large and irregularly shaped lesions
for a huge variety of damaged tissues, as well as providing temporary pain relief and func-
tional improvement with a single treatment. Thus, injectable formulations could reduce the
number of surgical procedures, costs, times and accelerate healing rate and quality.

The popularity of minimally invasive techniques increased rapidly for several reasons.
A principal factor is the acceptance of soft tissue fillers among patients that are not ready
for permanent treatments [1]. In the case of patients not wishing to undergo surgery, an
easier procedure would generally be more accepted. Moreover, compared to undergoing
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more invasive surgery, fillers offer the patient less discomfort and a shorter recovery time,
making them very practical in the resolution of minor-serious disease and allowing patients
to return immediately to their daily routine [1,2]. Minimally invasive therapies would give
a better quality of life also for that part of population that would otherwise not survive the
trauma induced by conventional surgeries. Moreover, they could delay the execution of
invasive surgical procedures for the implantation of permanent devices [3]. In the case of a
staged surgical intervention, the use of injectable systems may avoid the need for multiple
invasive operations, thus reducing the related morbidities and negative aesthetic effects
associated with repeated procedures [4]. With regard to aesthetic treatments, minimally
invasive therapies are preferred as they are less impacting and give a more natural look.
Moreover, the lack of an external incision or an autologous tissue donor site is preferred
because the absence of scarring is usually socially and psychologically more accepted.
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Figure 1. The increasing research interest in injectable formulations and dermal filler. Articles indexed
in Scopus (Www.scopus.com) with the keywords ‘injectable” and ‘dermal filler” and published from
2000 to 2022 (last accessed on 27 May 2022).

From the surgeon’s point of view, the advantages of minimally invasive procedures
include principally the need for fewer resources (e.g., operating room, staff, equipment, and
time). Being simpler, transcutaneous injections require less operating room staff and time.
The pro-regenerative action of injectables would reduce operating room time also because
they would be able to restore physiological conditions with a single injection. However, it
should not be forgotten that simpler procedures are not less exhausting and do not require
less experience. Like any surgical procedure, minimally invasive therapies require adequate
knowledge in order to reach the best outcome and avoid unwanted adverse events.

Thus, not only clinicians’ but especially patients’ preference for fewer invasive and
expensive procedures has undoubtedly promoted their use [4-10]. An injectable formu-
lation for soft tissues reconstruction currently relies on two main approaches, involving
autologous tissue displacement (e.g., lipofilling, platelet-rich plasma) or biomaterials-based
filling [5]. Both approaches have some advantages and drawbacks. Autologous materials
provide the most physiological solution (no adverse events or immune reactions) but suffer
from donor site morbidity, volume resorption rate variability, and double surgery require-
ments. Moreover, their harvesting is a time-consuming procedure that requires double in-
tervention. Alternatively, biomaterials offer an off-the-shelf solution with immediate results
and should be distinguished as non-resorbable and resorbable, depending on their half-life.
Non-resorbable solutions (e.g., silicone, poly(methyl methacrylate), polyvinylpyrrolidone,
polyacrylamide), are permanent (last more than 2 years) but usually suffer from mild-severe
adverse reactions (i.e., granuloma, implant encapsulation, persistent pain or rejection) that
limit patient satisfaction and could require implant removal surgery [6-12]. Contrarily,
resorbable formulations are usually based on natural biomaterials (i.e., collagen, hyaluronic
acid, calcium hydroxyl apatite) and last 6-18 months [13-16]. Their durability depends
on many factors such as the raw material type, product cross-linking degree, lost tissue
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extension, disease site and etiology, and patient metabolism, age and co-morbidities. The
most used resorbable dermal fillers are collagen or hyaluronic acid based.

Collagen is the most abundant structural protein of vertebrate connective tissues [17-25]
and plays a crucial structural role for the maintenance of tissues” architecture, shape and
mechanical properties [20]. Moreover, by mediating a fundamental inter- and intracellular
signaling it dictates specialized regulatory functions, especially during development and
repair processes [26-32]. Type I collagen is one of the most widely used biomaterials in the
health-related sectors, including medical care and cosmetics [17-25,33]. Several collagen-based
injectable products have been approved for clinical use and used in many clinical settings.

This review will specifically focus on the clinical efficacy of collagen-based injectables
for both aesthetic and regenerative medicine from 2000 until today. In particular, collagen
extraction sources for injectables development and relative applications are discussed.
To the best of our knowledge, we collected and discussed all pertinent research reports,
commercial products data, and clinical trials about approved collagen-based injectable
formulations, in order to underline the advantages and disadvantages related to their
use. Accordingly, the available clinical results of the last 20 years about some of the
leading collagen-based approved products were gathered and discussed according to the
body site and pathology. In particular, this review focused on collagen-based injectables
currently used for the regeneration of the musculoskeletal, urogenital, gastrointestinal,
and integumental systems as well as for non standard clinical applications by presenting
exemplary attempts to improve tissues’ regenerative performance. Finally, collagen-based
products adverse events rate and their regulation are discussed.

2. Methodology

A deep search was undertaken on studies about injectable collagen alone or in combi-
nation with other materials for cosmetic and medical applications. The electronic search
engines used were PubMed (https:/ /pubmed.ncbi.nlm.nih.gov, accessed on 4 January
2023), ScienceDirect (https:/ /www.sciencedirect.com, accessed on 4 January 2023), Google
Scholar (https:/ /scholar.google.com, accessed on 4 January 2023) and U.S. National Library
of Medicine (https:/ /clinicaltrials.gov/, accessed on 22 December 2022). The keywords
used were ‘injectable” and “collagen’. Several synonyms were searched for each component
(i.e., injection, hydrolysate, gelatin, dermal filler, solution, colloid, infusion, hydrogel). The
search included all studies related to injectable collagen-based formulations, including clin-
ical trials, prospective case series, retrospective reviews, and case reports, independently
from their level of evidence. A total of 125 studies were screened from 2000 to 2022 and
reviewed.

3. Collagen as Biomaterial

Collagen is the most abundant structural protein of vertebrate connective tissues, and
accounts for about the 30% of the total body protein content [17-25]. The collagen family is
a group of proteins that share a unique molecular fingerprint that is characterized by the
presence of a right-handed triple-helical domain formed by three left-handed polyproline-II
helices [26,34,35]. This superfamily accounts for 28 members, named from type I to XXVIII
according to the discovery order [34,36]. Type I collagen was the first to be discovered
and accounts for the 70% of the total collagen found in the human body [26]. This protein
is a hetero trimer of about 400 kDa consisting of two identical a1 (=139 kDa) chains
and one a2 (/=129 kDa) chain of about 1000 amino acid residues [20,37]. Both chains are
characterized by the repetition of the Glycine-X-Y triplet, where the X and Y positions are
usually represented by proline and hydroxyproline, respectively [34,37]. Hydroxylation
of proline residues is a typical modification of collagen and, because it accounts for about
11-14% of total residues, it is commonly used as a marker to detect and quantify collagen
in tissues [35,38]. Another peculiarity of fibril-forming type I collagen molecules is their
ability to spontaneously assemble to form fibrils in which molecules are quasi-hexagonally
packed and super-twisted in a right-handed structure along the longitudinal axis of the
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fibril [39-41]. Thus, collagen molecules are aligned parallel to one another with a staggering
of about 67 nm (D-banding) and can assemble into fibrils that can be greater than 500 pm
in length and 500 nm in diameter [25,34,42,43]. Then, fibrils assemble in fibers whose 3D
arrangement is tissue specific.

Type I collagen not only covers a crucial structural role in tissue architecture mainte-
nance but is actively involved in several biological and pathological processes [44]. The
involvement of collagen in numerous cellular processes prompted research towards the use
of collagen as biomaterial for the development of simplified ECM-like structures [20,35]. To
this, several companies isolate medical-grade type I collagen from several sources (Table 1)
and manufacture collagen-based implantable devices that are currently used in many
clinical settings. Besides its advantages in term of biocompatibility for its physiological
structural and non-structural functions, the use of collagen as biomaterial offers several
advantages including low immunogenicity, tunable properties, and biodegradability. The
low evolutionary gap and the high conservation of type I collagen amino acid composition
among vertebrates make that homology up to 95% [19,45-48].

Table 1. Most important world companies producing clinical grade collagen and related extraction

sources.
Animal Source Extraction Tissue Company
Euroresearch S.r.l. (Milan, Italy) www.euroresearch.it, accessed on 14
Tendon
February 2023
Equine Tendon Opocrin Spa (Formigine, Italy) www.opocrin.it, accessed on 14
February 2023
Tendon Typeone Biomaterials S.r.l. (Calimera, Italy) www.typeone.it,
accessed on 14 February 2023
. Bovine collagen products (Branchburg, NJ, USA)
Corium, tendon, membranes www.bovinecollagenproducts.com, accessed on 14 February 2023
Corium. tendon Collagen solution (Eden Prairie, MN, USA)
! www.collagensolutions.com, accessed on 14 February 2023
nd Royal DSM (Heerlen, The Netherlands) www.dsm.com, accessed on
T 14 February 2023
Tendon Integra LifeScience Corp. (Princeton, NJ, USA) www.integralife.com,
endo accessed on 14 February 2023
Bovine Dermis Koken Co., Ltd. (Tokyo, Japan), www.kokenmpc.co.jp, accessed on 14
February 2023
. Devro Plc (Moodiesburn, UK) www.devro.com, accessed on 14
Dermis
February 2023
Getinge (Goteborg, Sweden) www.getinge.com, accessed on 14
Tendon
February 2023
. Symatese (Chaponost, France) www.symatese.com, accessed on 14
Dermis
February 2023
Hide Advanced Biomatrix (Carlsbad, CA, USA)
www.advancedbiomatrix.com, accessed on 14 February 2023
. Ubiosis (Gyeonggi-do, Republic of Korea) www.ubiosis.com,
Skin
Swi accessed on 14 February 2023
wine Skin Botiss Biomaterials GmbH (Zossen, Germany)
www.botiss-dental.com, accessed on 14 February 2023
Jellyfish nd. Jellagen (Cardiff, UK) www.jellagen.co.uk, accessed on 14 February
2023
CollPlant (Rehovot, Israel) www.collplant.com, accessed on 14
Plant Leaves

February 2023

The possibility to define specific scaffolds properties (i.e., by tuning protein concentra-
tion, solvent type and concentration, protein molecular weight, superficial morphology,
3D organization, and by pre- and post-production processing) offers a great opportunity
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to modulate the structure-related biological activity of the scaffolds in order to optimize
their capability to induce and sustain tissue regeneration [20,35,43,49-55]. Moreover, the
use of collagen is advantageous for regenerative medicine and tissue engineering applica-
tions because, being recognized as a self-molecule, it is metabolized by the natural body
enzymatic apparatus that gradually breaks down collagen molecules and substitutes it
with newly synthetized one. Molecular pathways that mediate collagen degradation are
several and are tissue and cell specific [39]. In general, the human body has several col-
lagen degrading enzymes including the matrix metalloproteinases (in particular, matrix
metalloproteinase 1), and cathepsins and neutrophil elastase that cleave collagen molecules
which undergo a successive proteolytic process that depends on several factors (i.e., triple
helix stability, protein amino acid sequence, crosslinking) [56-61]. Generally, collagen
fragments resulting from the action of collagenases are further degraded by gelatinases and
non-specific proteases. Thus, the presence of an accurate and complex degradation system
for the endogenous collagen makes the exogenous collagen highly biodegradable and low
immunogenic. Recently, the attention on collagen degradation pathways has grown for the
even more evident collagen critical role in tissue homeostasis [39]. Evidence about collagen
and its degradation products could also be helpful in promoting the restoration of tissue
structure and function [62].

4. Historical Overview on Collagen-Based Injectable Formulations

The history of biomaterials used as soft tissues filler dates from before the 19th century.
The first injectable filler, which was autologous fat, was used in 1893 for forearm scar
filling [63]. Since then, several materials have been used for the development of injectable
formulations. Some of them were abandoned because of the development of medium-
severe adverse reactions (e.g., paraffin: embolization, granuloma formation, migration;
silicone: granuloma formation; teflon: inflammatory reaction) [15,64]. Among them, autol-
ogous fat is still used as filler for its biocompatibility, availability and low cost. However,
its long-term variable and unpredictable results limited its employment [10,15].

A strong turning point happened in 1981 with the development and Food and Drug
Administration (FDA) approval of the first collagen filler, Zyderm® (Inamed Corporation,
Santa Barbara, CA, USA). A new aesthetic procedure category of injectable treatments
known as “fillers” was created. This paved the way for research into and development of
biomaterials-based injectable formulations. However, the risk of immunogenic and hyper-
sensitivity reactions soon decreased the popularity of animal-derived collagen fillers [64].
Moreover, the fear that the protein extracted from some animal tissues can be a vector for
prion infections precluded their use. However, it should be taken into account that the
first registered adverse events were not only related to material properties but also to the
implantation methods. Proper patient selection and optimal methods of treatment delivery
are crucial factors for therapeutic success and patient satisfaction [65]. Unfortunately, due
to this, in the 1990s many collagen injection therapies failed because of the lack of data.
Thereafter, surgeons were even more reluctant to perform collagen injections because they
were commonly considered as ineffective therapies.

Thus, despite the growth of research interest in new fillers development, Zyderm® re-
mained the only FDA approved injectable formulation until 2003 when the first hyaluronic
acid based dermal filler, Restylane® (Galderma, Fort Worth, TX, USA, www.galderma.com,
accessed on 14 February 2023), was approved. Since 2003, there has been an expo-
nential increase in the number of FDA approved fillers. Indeed, both permanent (e.g.,
poly(methyl methacrylate), polyacrylamide, polyvinylpyrrolidone) and resorbable (e.g.,
collagen, hyaluronic acid, calcium hydroxyl apatite, poly(L-lactic acid) materials-based
fillers were developed and clinically approved. Although synthetic compounds gained
popularity as soft-tissue augmentation for their cost-effectiveness, mass production, limited
immunogenicity and long-term effects, they also raised concerns over their long-term safety
due to the growing data on long-term side effects or adverse events such as tissue necrosis,
infection, granulomas, chronic inflammatory reaction [6-12].
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In this context, resorbable fillers caught on even more for their relative safety in terms
of local immunological reactions and ability to actively restore soft tissues volume. Indeed,
the advantages offered by the use of minimally invasive therapies and the spread of the idea
of regenerating damaged tissues pushed towards the development of temporary injectable
hydrogels with specific properties. In particular, as argued by Cho et al., injectable bioactive
formulations should: (i) be biocompatible without toxicity or immunogenic phenomenon
after degradation; (ii) have mechanical properties compliant with the targeted tissue; (iii)
be able to keep drugs and cells in the injected area; (iv) have adequate permeability, pore
size and interconnectivity for mass transport and cell colonization; (v) be cost-effective;
(vi) be easily handled; (vii) be biodegradable, allowing replacement by the newly formed
functional tissue [66]. Indeed, an ideal injectable formulation should form a natural open
pore 3D scaffold that should allow cell migration, and slowly break down stimulating
growth factors and cytokines to promote neocollagenesis, elastic fiber production, neovas-
cularization, and the wound healing response/repair [67]. Thus, ideal injectables should
not only provide immediate and stable results, but also recreate natural-like extracellular
matrix (ECM) for bio-dermal restoration and a long-lasting effect. However, one of the
main disadvantages of resorbable filler is their short half-life. An inadequate reabsorption
rate may not be sufficient to support the regenerative processes and therefore may lead to
form loss. Thus, resorbable fillers-based approaches may require multiple applications to
maintain their effect.

For this reason, in the last two decades, type I collagen-based products and derivates
(i.e., hydrolysates, gelatin, peptides) came back into vogue because of the spreading idea
of developing multifunctional fillers able to fill soft tissue defects and restore deficient
tissue physiological functions [4,12,14,32,66,68,69]. The use of heterologous collagen as
a medical product spread also as results of the development of both accurate extraction
processes and effective sterilization procedures that improved their safety profile. Indeed,
advances in purification processes allowed creation of collagen preparations with minimum
immunogenicity and infection risks, with high purity levels [19,25]. Moreover, with the
definition of adequate implantation protocols, collagen-based injectable therapies were
re-evaluated as a minimally invasive and effective strategies for the treatment of different
types of diseases. Therefore, on account of collagen’s intrinsic structural and non-structural
properties due to which it is historically considered as the “gold standard” material for
the development of health-care related products, collagen-based injectable formulations
have proved to be a promising strategy in many applicative areas. Despite the well-
known effectiveness of collagen in tissue regeneration, the recent discovery of new ECM
homeostasis molecular mechanisms raised again the interest in the mechanism of action
of collagen. Indeed, lately it has been discovered that type I collagen operates a traction
on the type VI collagen fibrils, which forms a network of fibrils in the immediate vicinity
of the cell membranes [70]. The mechanical stress that results on the cells stimulates the
production of new ECM (mechano-transduction process).

5. Collagen-Based Injectable Formulations

More than 60 kinds of collagen-based fillers are available on the market, according to
the end-use and they have routinely been introduced in many clinical settings (Table 2). The
most common collagen extraction sources for the manufacture of collagen based injectable
formulations are bovine, swine, porcine, equine and human derived, whose advantages
and disadvantages are described in depth elsewhere [19,20,25]. Bovine collagen is one
of the most commonly used fillers for effectively reducing wrinkles and other facial im-
perfections. More famous branded bovine-based collagen fillers are Zyderm®, Zyplast®,
Contigen® (Allergan Inc., Dublin, Ireland), Artefill® (Suneva Medical, San Diego, CA,
USA), and Artecoll® (Canderm Pharma Inc., Saint-Laurent, QB, Canada). Others include
CHondroGrid® (Bioteck Spa, Arcugnano, Italy), Integra Flowable Wound Matrix® (Integra
LifeScience Corp., Princeton, NJ, USA), Resoplast® (Rofil Medical International, Breda, The
Netherlands), Atelocell® (KOKEN Co., Ltd., Bunkyo-ku, Tokyo, Japan). However, bovine
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collagen is known to be exposed to zoonosis (e.g., the foot and mouth disease and the
group of the bovine spongiform encephalopathies, among which the most dangerous for
humans is the transmissible spongiform encephalopathy) and to trigger allergies (about
2—4% of population) [71-73]. In addition to the strict regulation to which all implantable
products are subjected, two consecutive negative patient skin tests at 6 and 2 weeks are
required before use [73,74]. This sensitivity has been considered generally acceptable for
implants for human use and actually bovine collagen is principally used for the treatment
of the integumental [6,75-96] (NCT01060943) and musculoskeletal apparatus [97-112] and
to a minor extent for the gastrointestinal [113-120], urinary [65,121-125] and cardiovascu-
lar [126-128] systems. Recently, bovine collagen in fibrillar form has been employed as an
organ protection system during thermal ablation of hepatic malignancies [129].

Porcine collagen is the second most used. There are several products derived from
porcine collagen, including GUNA® (GUNA, Milan, Italy) products, CartiRegen® (Joint Bio-
materials S.r.l., Mestre, Italy), COLTRIX CartiRegen® and TendoRegen® (Ubiosis, Gyeonggi-
do, Republic of Korea), CartiFill®, CartiZol®, RegenSeal® and TheraFill® (Sewon Cellontech
Co., Ltd., Seoul, Republic of Korea), Dermicol-P35 (Evolence, Ortho Dermatologics, Skill-
man, NJ, USA), Fibroquel® (Aspid S.A. de C.V., Mexico City, Mexico), Fibrel® (Mentor Cor-
poration, Santa Barbara, CA, USA), Permacol® (Tissue Science Labs., Aldershot, UK) and
RPC Pure Collagen® (EternoGen LLC, Columbia, MO, USA). Among them, Dermicol-P35%,
was withdrawn from the market in 2009. Compared to other animal derived collagens,
porcine collagen-based injections are said to be rather painful and may cause allergic reac-
tions [17]. While bovine collagen is used for many purposes, porcine collagen is almost
exclusively used for the treatment of diseases belonging to the musculoskeletal appara-
tus [130-146] (NCT02539030, NCT02519881, NCT02539095), followed by the integumental
apparatus [67,76,86,87,147-152] (NCT03844529, NCT00891774, NCT00929071) and gastroin-
testinal apparatus [116,117,153-159]. Only recently porcine collagen potential has been
explored for the treatment of facial nerve palsy [160] and for the treatment of COVID-19
due hyperinflammation [161,162] (NCT04517162). However, despite their wide use and ef-
fectiveness, bovine and porcine collagens suffer from cultural or religious concerns (bovine
collagen: Sikh, Buddhism; porcine collagen: Jewish, Islamic faiths), which restricted their
applicative potential [18,19].

Equine collagen is the third most used collagen. It is free from the risks of triggering
immune reaction and of zoonosis transmission, as reported elsewhere [19]. This kind of
collagen is less used than bovine and porcine derived collagen for the manufacture of
injectable formulations because of its naturally high hierarchical organization that made it
more compliant for other applications (i.e., sponges, thin substrates). Thus, less injectable
products from horse collagen are available but recently discovered advantages deriving
from its use [19] are driving the development of new equine collagen-based products.
Among them, N ithya®, Linerase® (Euroresearch, Milan, Italy), Salvecoll-E® (Nearmedic
Italy S.r.l., Como, Italy), Biocollagen® and ActivaBone® (Bioteck Spa, Arcugnano, Italy) are
commercially available and are mainly used for the treatment of diseases belonging to the
integumental [163,164], urogenital [165] and gastrointestinal [160] apparatus. Its potential
has also been recently explored for the treatment of periodontal tissues, with encouraging
outcomes [166,167].

Human collagen fillers were developed in the early 2000s and are principally used
for the integumental apparatus (e.g., facial soft tissues augmentation, wrinkles, scars,
fat atrophy, diffuse depressions, paralyzed lips and tongues, nasolabial folds, and oth-
ers) [6,168-172] and have been investigated for diseases of the gastrointestinal apparatus
(e. g., vocal folds) [118,173-175]. In particular, there are three kinds of human colla-
gen based injectables: autologous reconstituted collagen formulation (Autologen® and
Dermologen®, Collagenesis, Inc., Beverly, MA, USA) [173], autologous collagen formula-
tions from in vitro cultured cells (Isolagen therapy® from Fibrocell Science, Exton, Pennsyl-
vania, USA,; Cosmoplast® and Cosmoderm® from Inamed Corporation, Santa Barbara, CA,
USA)(NCT00655356)[6,169], and reconstituted collagen formulation from deceased humans
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(Fascian® from Fascia Biosystem, Beverly Hills, CA, USA; Dermalogen® and Cymetra®
from Life Cell Corp., Branchburg, NJ, USA) [6,118,168,170-173]. Autologous reconstituted
collagen formulations are produced from collagen harvested from patients” skin small
biopsy, harvested during an earlier procedure, and liquefied for future re-injection. Two
square inches of donor material are required to formulate a 1-mL syringe of injectable
material, which can be stored for 6 months [176]. This procedure was developed by Colla-
genesis Inc. (Beverly, MA, USA) and is commercially known as Autologen®. As previously
noted, human collagen fillers can also be derived from in vitro cultured autologous cells.
In particular, skin cells from behind the human ear could be harvested, cloned, and derived
collagen could be then harvested, liquefied, and injected. This procedure was developed by
Fibrocell Science Inc. (Exton, PA, USA) and is commercially known as azfibrocel-T (formerly
Isolagen Therapy®). Being autologous collagen, these kinds of formulations are allergy free,
making them an excellent alternative to animal-derived treatments. Apart from general
mild disorders (bruising 5%, erythema 15%, hemorrhage 10%, with numbers comparable to
placebo groups), this kind of human derived formulation does not trigger serious adverse
events (NCT00655356). Human collagen fillers could also be prepared from deceased
human donors, with the main advantages of extensive raw material availability and the
reduced preparation time compared to both autologous reconstituted collagen formulation
and autologous collagen formulations from patients” own in vitro cultured cells. Injecta-
bles from human donors (Dermalogen®) were firstly developed by Life Cell Corporation
(Branchburg, NJ, USA). Because Dermalogen® originates from humans, also the deceased
human-derived collagen-based injectables do not need an allergy test. Although human-
derived collagens proved to be a good alternative, they have some disadvantages such as
long preparation times, non-availability of sufficient donor tissue and high management
costs (i.e., harvesting, donor tissue availability, isolation, manufacturing, need for highly
specialized teams and instruments, refrigerated and limited storage, shipping) [7,176,177].
Moreover, while no efficacy differences emerged between the use of autologous collagen
and animal-derived collagen, a 2-3 folds greater injection of cadaveric collagen is needed
for similar augmentation results to those achieved with bovine collagen [176]. Thee men-
tioned drawbacks, together with the insubstantial difference in terms of efficacy compared
to animal-derived collagen-based injectables, led to the progressive abandonment of human
collagen for large scale applications and its exclusive use for patients with hypersensitivity
to animal derived collagens.

In the last decade, new solutions were offered by recombinant collagens. Indeed, two
injectable fillers, consisting of collagen, hyaluronic acid and carboxymethylcellulose, are
now commercially available. In particular, Fillagen® (Monoderma, Milan, Italy), made
with recombinant polypeptide of collagen «1-chain from silkworm [178], and Karisma®
(Taumed, Rome, Italy), made with unspecified recombinant collagen were proposed. More
recently a photocurable collagen-based regenerative dermal and soft tissues filler was
developed by CollPlant Biotechnologies Ltd (Rehovot, Israel, www.collplant.com, accessed
on 14 February 2023), comprising a recombinant type I collagen from tobacco plant (not
currently commercially available).
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6. Clinical Efficacy of Collagen-Based Injectable Implants

Collagen-based formulations are mainly used for the treatment of several kind
of diseases belonging mainly to the musculoskeletal (i.e., hip or knee osteoarthri-
tis [112,131,133,140,142,144,182], sprained knee pain [143], injured cartilage [138,141],
piriformis syndrome [136], ankle and hindfoot arthritis [103] or fusion [100,106-109],
lumbar spinal fusion [99], myofascial pain syndrome [130,137], chronic pain [132],
acute lumbar spine pain [134], partial-thickness rotator cuff tears [141,146,183], plantar
fasciitis [184], calcific supraspinatus tendinitis [145], pain [130,132,134,137]), urogenital
(i.e., urinary incontinence [122,124,125,185-189], neurogenic urinary incontinence [190],
lichens sclerosus [165], intrinsic sphincter deficiency [191-193], post-prostatectomy in-
continence [65,123,194-197], retrograde ejaculation [198]), gastrointestinal (i.e., glottic
insufficiency [113,114,116,118,119,173,199-203], rectal fistula [153,154,156,157], fecal in-
continence [69,115,155,204]), and integumental (i.e., nasolabial folds [2,67,76,86,87,96,
149,163,172,205-208], nasojugal folds [152], lip [2,77,95,148,169,172], cheek and tem-
ple area [172], glabellar groove [77], post-rhinoplasty dorsal irregularities [77,209], de-
pressed acne scars [77,172,210] augmentation, post-burn hands malfunction [88] and vi-
tiligo [164]) systems, as well as for non standard clinical applications (i.e., facial nerve re-
habilitation after palsy [160,211], organ protection during thermal ablation [129], COVID-
19 associated hyperinflammation [161,162] (NCT04517162), vitiligo [164], ovarian func-
tion after premature ovarian failure [212], the closure of artery aneurysms [128,213] and
blood volume augmentation [127,214]) (Figure 2).

However, many manufacturers have chosen to not publish their findings but keep
their data privately on file. Thus, no public clinical efficacy research results are available
for many injectable solutions, meaning that the limited information available restricts
the discussion on the efficacy and safety of collagen-based formulations for healthcare
applications.

6.1. Intequmental Apparatus

Type I collagen is the main component of skin (85-90% type I collagen, 10-15% type
III collagen). Fibrillar collagen types I, III, and V self-assemble into larger collagen fibers
that form the dermis 3D network [215].

To improve the appearance of aged skin many non-invasive (i.e., topical formulations,
oral supplements), minimally invasive (i.e., dermal fillers) and surgical treatments (i.e.,
blepharoplasty) were developed. Although a multitude of topical treatments are available
for the improvement of aged skin appearance, these procedures appeared to have minimal
ability to remodel dermal ECM [215]. However, collagen supplements originating from
various animal sources such as marine, bovine, and porcine were revealed to be able to
partially improve skin integrity. Thus, injectables became more popular for their immediate
effect. As previously noted, several biomaterials (i.e., collagen, hyaluronic acid, calcium
hydroxyl apatite, carboxy methyl cellulose, poly (methyl methacrylate), poly(L-lactic acid)
were employed for the development of skin filler, each of which has some advantages and
drawbacks.

Among them, collagen is the most promising for its low adverse effects rate and
natural filling effect. The return to favor of collagen injectables for aesthetic medicine
could be due to the acquired knowledge about chronological skin aging processes.
Wrinkles formation is caused by collagen density decrease due to its turn-over slowing-
down [215]. Its decreased synthesis and replacement rate causes matrix loss and thus skin
collapse and loss of elasticity, which in turn leads to the appearance of wrinkles, folds,
and facial contour changes, as masterfully described by Fisher et al. 2008 [215]. Due to
this, several commercial collagen-based products are available and are used principally
for facial contouring, such as for nasolabial folds [2,67,76,86,87,96,149,163,172,205-208],
nasojugal folds [152], lip [2,77,95,148,169,172], cheek and temple area [172], glabellar
groove [77], post-rhinoplasty dorsal irregularities [77,209], depressed acne scars [77,172,
210], augmentation [96,172].
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Aneurysms
Fluid retention

Incontinence
Sphincter deficiency

Usually, collagen injectable formulations for antiaging treatments are supplied in the
form of dry powder to be resuspended in a suitable buffer (e.g., NaCl 0.9%) or in liquid form in
ready-to-use syringes with a final collagen concentration of 30-35 mg/mL. A total of 2-5 mL
is injected to reach the desired effect. In particular, a volume of about 0.9-3.0 mL [67,86,95,
149,205-208] is injected in the first session, but because of collagen’s rapid degradation, 1-3
touch-up treatments [67,87,96,149,206] of about 0.8-2.1 mL [67,149,206] are usually performed
usually after 1-2 week from the first treatment [67,76,86,87,96,149,208] and more rarely after
1 [206] or 6 months [207].

Nerve palsy
Hematoma / \ Dermal restoration

Brain injuries o = Wrinkles

A !

Tendinitis

Tear.s. _ Glottic insufficiency
Fasciitis <« Pulmonary inflammation
Chronic pain

Decompensated cirrhosis
Organ protection
1 Ovarian failure
S y
Erectile disfunction
| J. { Lichens sclerosus

ff ’
Fistula Osteoarthritis
Incontinence ¢ Arthrit.is .
/' Chronic pain

Figure 2. Main collagen-based injectables applications for the treatment of several kind of diseases
belonging to the integumental, musculoskeletal, urogenital, gastro-intestinal apparatus, besides for
non-standard clinical applications.

An improvement of the Crows’ feet severity, Facial Volume Loss Scale (FVLS), and
Wrinkle Severity Rating Scale (WSRS) of about 1 point was registered almost always after
6-8 months [86,163]. Accordingly, the improvement of the Global Aesthetic Improvement
Scale (GAIS), Merz Aesthetic Scale (MAS) after 12 weeks of at least 1 point was registered in
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another study [67]. The maximum WSRS improvement of about 0.5-1.0 point was usually
reached after 3 months [96,205,206]. However, the WSRS and GAIS score were reduced by
about 0.5-1.0 and 1.0-1.5 points respectively after 12-24 months, confirming the biodegrad-
ability of collagen fillers and therefore the need to resort to multiple injections to maintain
the desired effect [87,96]. Indeed, based on overall Subject Global Evaluation scores, patients
reported 96% aesthetic improvement at the week-3 follow-up visit, a value that decreased
to 60% at month-3 and to 15% at month-13 post-last treatment visits [205]. However,
collagen persistence has been successfully improved by about 2 points of the WSRS scale
after 6 months and prolonged with the use of crosslinked collagen (Dermicol-P35) up to
1 year with 1 touch-up after 1 week without immediate or delayed positive hypersensitivity
reactions [149,208]. Collagen filler injected volume or its animal extraction may not be the
influencing factor of collagen efficacy or side effects. Several studies reported how injected
volume did not differ significantly between porcine collagen formulation (i.e., 2.03-2.11 mL
for nasolabial fold, 0.90 mL for lip) and bovine collagen formulation (i.e., 1.8-2.1 mL for
nasolabial fold, 0.85 mL for lip) nor were statistically significant differences registered in
WSRS and GAIS score improvement, patients’” satisfaction and adverse events [86,87,95].
Collagen fillers (Dermicol-P35, Artecoll®, Cymetra) demonstrated their effectiveness also
in cases of depressed acne scars since they allowed to reach a high degree of correction,
with no adverse events and high patient satisfaction level [77,172,210]. Although the acne
scars were not completely removed, their appearance was greatly improved [210].

Collagen filler is generally considered safe. As shown in Table 3, fillers were well
tolerated and there were no serious adverse reactions [67,87,96,163,216]. Indeed, serious
adverse events that were not injection site related usually not occur [67]. However, all
injection site reactions were mild to moderate in severity and resolved in 1-2 weeks
without sequalae [2,86], except for some rare cases. Usually, 80% of participants had at
least 1 injection site reaction after the initial injection [67]. Light/moderate bruises appear
on the injection points that totally disappeared within 5-10 days [163]. Only one severe
bruising was reported after 1-week follow-up and resolved after 4 weeks [67]. A case of
mild induration after 4 weeks resolved in 6-12 weeks [67].

As previously mentioned, with the spreading idea of regenerating lost tissues rather
than repairing them, collagen formulations started to be employed not only for aesthetic
medicine but also for regenerative medicine. Only recently, collagen fillers started to be used
for the treatment of other integumentary apparatus diseases such as the post-burn hands
malfunction [88] and vitiligo [164]. Indeed, the potential of a collagen-glycosaminoglycans
matrix INTEGRA™ Flowable Wound Matrix) has been investigated for post-burn hands
treatment with the idea that its composition was supposed to have the potential to rebuild
the lost or injured deep dermal structure and enable soft tissue augmentation [88]. The
work of Hirche et al. was the first pilot study using percutaneous injectable collagen-
glycosaminoglycans matrix for post-burn dermal augmentation safety and efficiency, and
active range of motion (AROM), disabilities of the arm, shoulder and hand (DASH) score,
Vancouver scar scale (VSS) score and scar quality improvement were registered after
6 months [88]. Despite the encouraging results, further studies on the formulation’s
long-term efficacy on a higher number of patients are necessary in order to evaluate the
possible quality of life and grip strength that appeared to not be changed after 6 observa-
tion months [88]. More recently, collagen injections were proposed also for unresolved
diseases such as vitiligo. Although a variety of treatments for the re-pigmentation of
vitiligo lesions are available (e.g., platelet-rich plasma injections, UV-phototherapy), none
of them effectively promote complete and long-lasting re-pigmentation. Thus, the potential
synergistic effect of intradermal collagen injections (Linerase®) in combination with UV-
phototherapy was investigated and 70% re-pigmentation occurred after six sessions with
mild-to-moderate pain and no adverse events [164]. Moreover, no relapses were reported
after one year [164].
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6.2. Musculoskeletal Apparatus

Aging leads not only to skin texture loss but also to a progressive and gradual reduc-
tion of all human capabilities. The loss of muscle or osteochondral mass with advancing
age is the major public health problem for the elderly population. Thus, musculoskeletal
apparatus-related medical treatments and costs increase with population age (numbers over
50 years). Among invasive and non-invasive currently available treatments, collagen injec-
tions are revealed to be quite effective for the treatment of several musculoskeletal diseases
such as hip [131] or knee osteoarthritis [112,133,140,142,144,182], sprained knee pain [143],
injured cartilage [138,141], piriformis syndrome [134], ankle and hindfoot arthritis [103]
or fusion [100,106-109], lumbar spinal fusion [99], myofascial pain syndrome [130,137],
chronic pain [132], acute lumbar spine pain [134] and in partial-thickness rotator cuff
tears [141,144,183], plantar fasciitis [184], and calcific supraspinatus tendinitis [145] and
pain [130,132,134,137].

Osteoarthritis is an inflammatory degenerative disease characterized by the progres-
sive damage of articular cartilage and underlying bone that predominantly affects hip and
knee [218]. Interleukin (IL)-13, tumor necrosis factor (TNF)-«, and IL-6 seem to be the main
proinflammatory cytokines involved in the pathophysiology of osteoarthritis, even though
others, including IL-15, IL-18, IL-21, leukemia inhibitory factor (LIF), and chemokines are
implicated [182,219]. The expression of these inflammation mediators in turn activates the
cartilage-degrading enzymes, that are matrix metalloproteinases (MMPs) and A disintegrin
metalloproteinase with thrombospondin motifs (ADAMTS) [112,219], that progressively de-
grade the ECM, including collagen. From this observation, several studies were performed
to prove the hypothesis that an exogenous administration of collagen may be beneficial to
osteoarthritis damaged cartilage and bone.

Indeed, a total of 12 mL of collagen and polyvinylpyrrolidone based formulation
(Fibroquel®) affected the values of the Lequesne index (LKI) by —51%, Western Ontario
and McMaster University Index (WOMAC) pain subscale by -51%, WOMAC stiffness
subscale by —49%, WOMAC disability subscale by —42%, and the use of analgesics by
—-83% after 6 months [182]. Moreover, pro-inflammatory cytokine expression was lowered
in patients under collagen treatment compared with placebo [192]. Injections of collagen,
arnica and hypericum (MD-Knee® and MD-Muscle®) brought a significant reduction of
Visual Analogue Scale (VAS) pain at rest with a decrease of the average score for pain
during movement of more than two-fold after 12 weeks [133]. Similar results were obtained
by Martin et al. who found a LKI and VAS significant improvement 6 months after five
weekly injections (a total of 20 mL) of MD-Knee® [144]. More recently, analogous clinical
outcomes were obtained with pure collagen formulations, with a reduced number of
injections. Indeed, three injections of a hydrolyzed collagen suspension (a total of 6 mL of
CHondroGrid®) significantly reduced VAS, LKI, and WOMAC scores [112], by up to about
50% [142].

Because of the avascular, aneural, and immunoprivileged nature of hyaline cartilage,
the regenerative potential of cartilage after injury is limited. In this circumstance, collagen
injections revealed to be a promising modality for single-stage cartilage repair: collagen
augmented chondrogenesis by 50% filling of the microfractures with CartiFill®. This
showed a superior VAS improvement rate analysis and a superior filling rate in the cartilage
tissues as well as integration with the surrounding tissues 24 months postoperatively
compared with that achieved only with microfracture [139].

Peri-articular collagen injections (MD-Knee® and MD-Matrix®) twice/week for 3 con-
secutive weeks revealed to be effective also for the treatment of sprained knee pain, with
a rapid recovery and an excellent control of breakthrough pain without the use of anti-
inflammatory drugs [143].

Thus, all clinical outcomes confirmed the benefits in collagen use and allowed to
define intra-articular collagen injection as inflammation down-modulator and cartilage
regenerator ‘biodrug’ [182]. Collagen can effectively promote repair processes of the car-
tilage matrix, interrupting the degenerative process and articular damage, which causes
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inflammation and pain [144]. The administration of type I collagen after arthroscopic lavage
is safe and effective and induced systemic inflammation downregulation [182]. Adverse
events are rare, most frequently including site pain that lasts at most 24 h [131,182]. No
aseptic acute arthritis, infections after injection or any other complication have ever been
registered [112,131,182]. Taking into account that osteoarthritis is the most common form
of musculoskeletal disorder with a prevalence of 23% of over 40 people and an annual
incidence of 203 per 10,000 person/year [220], it is easy to understand how it has high eco-
nomic costs and a devastating impact on patient quality of life. The above-mentioned recent
studies showed how the benefits associated with the use of collagen make it a very promis-
ing non-invasive solution that has begun to find its place among conventional therapies
(i-e., corticosteroids, polynucleotides, platelet-rich plasma, hyaluronic acid intra-articular
injections). Although today collagen injections are still less popular than hyaluronan, they
exert a similar clinical effect, besides being equally well tolerated both locally and at a
systemic level, confirming the material non-inferiority [144]. The reduced cost of collagen-
based formulations compared to hyaluronic acid-based formulations could bring to the
attainment of the intra-articular therapy to a broad range of the population, resulting in the
reduction of social cost due to working days lost and caregivers’ time off work [144].

Osteochondral disorders are followed by less common but equally disabling muscular
and tendon pain. Inflammatory or degenerative process, fracture, radicular syndrome,
or nonspecific syndrome are causes of chronic musculoskeletal pain, which is the most
common health complaint, with significant social and economic consequences [132,134].
The incidence of musculoskeletal pain increases with age and strongly affects the quality
of life of a growing number of affected people [137]. Current medical procedures include
conservative methods (i.e., rehabilitation, medications), minimally invasive interventions
(e.g., acupuncture) or surgical treatment. However, the huge risk of gastrotoxicity, hepato-
toxicity, cardiotoxicity and nephrotoxicity, after long-term and/or high doses of common
nonsteroidal anti-inflammatory drugs, pushed researchers toward the investigation of safer
options [134]. In this circumstance, the subcutaneous/intramuscular administration of
collagen containing products (MD-Lumbar MD®, MD-Muscle®, MD-Neural®) represented
a new concept in the treatment of pain, that is based on the strengthening the collagen
matrix underlying the musculoskeletal system structures and on the analgesic effects of
these products. Although few published data are available, it is clear that collagen-based
injections represent a safer treatment option with no adverse events, 54-60% pain re-
lief [130,132], good tolerability [134], and comparable or better efficacy with the standard
treatments [130,134].

Only recently the efficacy of collagen injections (RegenSeal®, MD-Shoulder®, MD-
Muscle®) for the treatment of tendon tear have been clinically investigated [141,183,184].
The first prospective, randomized clinical trial has been conducted by Kim et al. in 2020
and reported rotator cuff functional outcomes improvement and a decreased tear size in
37% of patients with a single collagen injection (0.5-1.0 mL) [141]. A case study confirmed
how multiple intratendinous weekly injections of 2 mL of collagen are able to reduce the
partial-thickness tear in three months and to completely heal tendon tear in 18 months,
which in addition appeared quite regular and isoechoic [183]. Collagen injections were
thus found to be effective to decrease tear size (50-77% complete recovery), pain, in-
crease functional shoulder score and delay tear progression in partial-thickness rotator cuff
tears [141,145,146,183]. The precise mechanism of tendon healing after injection of collagen
is still unknown. However, two in vivo studies on rabbits proved that injections of collagen
in the tissue during the ECM remodeling phase led to better tendon healing and earlier
progression to the remodeling phase [141,221,222]. Both histological and biomechanical
studies of type I collagen implants facilitated continuity of injured tendons, decreased peri-
tendinous adhesion, and improved muscle activity in Achilles tendons of rabbits [221,222].
Despite their low efficacy rate and their limited use, collagen injections would be more
advantageous than traditional surgery for their cost-effectiveness, easy performance and
less time-consuming nature.
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6.3. Urogenital System

Collagen injections have been revealed to be a minimally invasive and quite ef-
fective solution for specific urogenital system diseases such as stress urinary inconti-
nence [122,124,125,185-189], neurogenic urinary incontinence [190], lichens sclerosus [165],
intrinsic sphincter deficiency [191-193], post-prostatectomy incontinence [65,123,194-197],
retrograde ejaculation [198] and ovarian function after premature ovarian failure [212].

Stress urinary incontinence affects 10-30% of women above 50 years of age [185]. To
solve this common issue, in addition to surgical practices (i.e., retropubic bladder neck
suspension or slings), biomaterials injections (i.e., teflon, fat, silicone, collagen) have been
performed to increase urethral strength and avoid urinary leak. Among them, collagen
(Contigen®, Linerase®) has remained the most promising. In a study of Martins et al.,
either cure or improvement was achieved in 86% of women, with a registered leak pres-
sure increase and reduction in urinary protector use and urine leakage volume [185]. In
another study, 48% were totally dry and 31% were socially continent after 2 months [187].
However, because of collagen absorption, stress urinary incontinence recurrence occurred
in 41% of patients who achieved continence after 7-8 months [187]. Collagen reportedly
degraded completely within 10-19 weeks, although magnetic resonance imaging of the
urethra showed the persistence of the implant for as long as 22 months after injection [196].
Thus, repeated injections (2-5) may be necessary [187,188,190]. Hence, reinjections were
performed, with a 42% regain of continence, giving a long-term success rate of 58-60% [187].
Totally favorable results, including improvement (40%) and cure (30%), were also recorded
for up to 4 years [124]. However, it should be mentioned that elderly patients should
be counseled that approximately 40% will experience recurrent leakage, which may not
resolve with reinjection [187]. Conversely, Gorton et al. reported the absence of correlation
between long-term success and the number of previous operations, body mass index, age,
number or total volume of collagen injections [125].

Men'’s post-prostatectomy incontinence incidence ranges from 2% to 87% [123]. The
most commonly performed surgical procedures include the insertion of an artificial urinary
sphincter or of injectable bulking agents. In this case, collagen (Contigen®) is the most
commonly used and several works reported how 3-4 collagen injections led 8-20% of
patients to dryness and 38-39% to significant improvement [123,194]. Treatment was found
to be pad related. The highest success rate was reached in patients that fewer than 6 pads
per day (72%) a value that lowers up to 29% for patients using more than 6 pads per
day [123]. Moreover, in cases of radiation therapy or bladder neck incision after a radical
prostatectomy, the success rate is even lower [123]. The success rate of collagen injection
strongly decreased in the treatment of urinary incontinence in children with neurogenic
bladder dysfunction secondary to myelomeningocele. In this case, only 15% improved and
5% were completely dry [190]. Additionally, the initial improvement in the first 2 months
after injection deteriorated thereafter in 80% of children [190]. The first severe case was
registered in 2006, when three years after a single sub ureteral collagen injection for the
treatment of bilateral vesicoureteral reflux in a 1 year of age girl, hydronephrosis with
ureteral stenosis with a knotty sclerosis and a histiocytic and granulomatous reaction
occurred and required ureteral reimplantation [223]. Despite the widespread and long-term
application of collagen for the treatment of stress urinary incontinence, treatment-related
morbidity was minimal. Urinary tract infections occurred in 6% to 25% of cases while
transient hematuria and hypersensitivity were occasionally reported [124,125]. No implant
migration, nor seroconversion to antibodies that cross-reacted with human collagen, nor
symptoms were even registered [123]. However, patients who have required a penile clamp
and experienced continuous leakage or those who have undergone transurethral incision of
a bladder neck contracture are unlikely to respond well to collagen injection therapy [194].

Recently, collagen injections (Linerase®) have been proposed for the treatment of male
genital lichen sclerosus and retrograde ejaculation. In the case of lichens sclerosus, it revealed
to be safe and effective in 10 days and for up to 12 months [165]. Likewise, two injections
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of 6 mL of collagen (one per year) were revealed to be effective and complication free in
cases of retrograde ejaculation [198].

Collagen-based injections were also found to be effective for the treatment of prema-
ture ovarian failure [212]. Indeed, umbilical cord mesenchymal stem cells loaded collagen
formulation was found to be able to rescue overall ovarian function, evidenced by ele-
vated estradiol concentrations, improved follicular development, and increased number
of antral follicles [212]. Moreover, successful clinical pregnancy was achieved after the
transplantation of the cell loaded collagen gel [212].

Thus, collagen injections seemed to be a simple, least morbid, cost-effective, and
effective treatment for disease affecting the urinary apparatus, with low failure rates [123].

6.4. Gastrointestinal Apparatus

Injectable collagen has been shown to be effective in the management of gastrointesti-
nal apparatus diseases such as glottic insufficiency [113,114,116-119,173,199-203], rectal
fistula [153,154,156,157] and fecal incontinence [115,155,204].

Glottic dysfunctions due to glottic gap, atrophy, paresis, bowing, paralysis and scarring
result in voice absence or alteration. The gold standard for the treatment of vocal fold
disfunctions is represented by medialization laryngoplasty or arytenoid adduction, surgical
treatments that could significantly improve glottal adduction and phonation. Recently, to
reach a better postoperative voice in the long term, biomaterials injection (i.e., autologous
fat, silicone, collagen, hyaluronic acid, carboxymethylcellulose) [116,224,225] has been
additionally performed. However, autograft represent the known advantages of a double
surgery, but means double surgery time and costs. Instead, xenografts are an attractive
alternative for supplementing arytenoid adduction, because of their noninvasiveness, ready
availability, and possibility to be performed under local anesthesia. Among them, collagen
injectable formulations proved to be effective for vocal fold management. Patients treated
with 1-2 mL of selected collagen injectable formulations (Koken®, AlloDerm®, Zyplast®)
showed at least some improvement in vocal function after the treatment, according to
the Grade, Roughness, Breathiness, Asthenia, Strain (GRBAS) scale, Maximum phonation
time, Mean flow rate, Relative glottal area. In particular, perceptual and objective voice
quality improvement (less weak and breathy) was registered, with an increase of the mean
maximum phonation time from around 8-11 s to 13-15 s, and a reduction of the mean
flow rate from 322-564 mL/s to 223-385 mL/s and of the glottal gap [113,114,200], for at
least up to 2 years after operation [114]. Thus, from the moment in which the safety and
efficacy of collagen injections for the treatment of the vocal cords was affirmed by Ford and
Bless in 1993 [202], the injection of heterologous material started to be even more required,
given the positive feedback and long-term results [118]. Although collagen injections
were quite effective, and serious adverse events were rare [113,114,117,202], documented
complications included local abscess, migration of the implant, hypersensitivity reactions,
stiffening, fusiform collagen mass, nodules [116,173] principally related to the procedure
and injection site [113]. Indeed, if properly injected, the complication rate after collagen
injection would decrease [200].

Anal fistula is a tunnel that connects an infected cavity in the anus, to an opening
on the skin. Usually, fistulas are surgically removed by fistulotomy, which is the gold
standard procedure (37-98% success rate). However, complex fistula fistulotomy may
result in variable degrees of anal sphincter apparatus impairment. Several alternative
treatments were proposed and among them a trans anal rectal advancement flap represents
the most effective treatment for complex anal fistulas allowing the successful closure of the
internal opening. However, the recurrence rate is approximately 30% [157]. The interest
in biomaterials use increased for their simple and repeatable application, preservation of
sphincter integrity, and minimal patient’s discomfort [157]. Among biomaterials, fibrin glue
and collagen injections were proposed. Fibrin glue was soon abandoned for its high rates
of recurrences. Conversely, collagen injections (Permacol®) were revealed to be effective
to treat anal fistula. In particular, no complications occurred and complete healing was

19



Polymers 2023, 15, 1020

reached after 3—-15 months upon surgery [156-158]. The treatment success rate varies among
studies, with a 56% of success rate at 12 months of follow up in a more recent study [156].
However, it should be mentioned that patients’ characteristics play a key role in the healing
rate since a significant correlation with age was registered by Giordano et al. [156], with an
increased chance of healing as age increased. While some authors confirmed the complete
safety of the procedure and of the collagen injections [153,154,157,158], others registered
middle-serious adverse events, including abscess (3%), bleeding (3%) and pain (7%) [156].
Although reports suggest that collagen injections are quite safe, minimally invasive, healing
promoters for the sphincter-preserving procedure, and well tolerated by patients, further
studies are needed for confirming their effectiveness in the treatment for complex anal
fistulas.

Similarly, collagen injections were revealed to be quite effective for the treatment of
fecal incontinence [115,155]. As reported by Stojkovic et al., after 2 months 5% of patients
were completely continent, 58% had an improved incontinence score and 37% had no
change or a worse score [115]. Healing was discovered to be strictly dependent on the
incontinence etiology: a significant improvement of the incontinence score was indeed reg-
istered in case of idiopathic fecal incontinence and in older people while no improvements
were observed in case of neuropathic or traumatic incontinence [115]. Despite the partial
positive 1-2 years positive follow up, the disadvantage of collagen as filler agent is that
degradation occurs over a period of 12-30 months [115] that obliges at least one repeat
injection.

6.5. Others

New experimentations using collagen-based formulations were performed for non-
standard clinical applications such as facial nerve rehabilitation after palsy [160,211], organ
protection during thermal ablation [129], COVID-19 related hyperinflammation [161,162]
(NCT04517162), artery aneurysms closure [128,213], blood volume augmentation [127,214]
and the treatment of chronic ischemic heart diseases [226].

Given the absence of experiences with collagen-based injections in the field of facial
palsy rehabilitation, the aim of a recent pilot randomized study was to test the short-
term effectiveness of a collagen-based treatment (MD Neural®, MD Matrix® and MD
Muscle®) on patients complaining of long-standing facial nerve axonotmesis with the
possible expectation of collagen redirecting and guiding reinnervation/reorganization
processes [160,211]. Although the recovery outcomes are difficult to interpret because
of the presence of several confounding factors (i.e., palsy etiology, time from disease
onset, patients’ age, association of medical treatment), a significant improvement of both
electrophysiological and questionnaire scores in the duration of voluntary activity was
found in patients treated with in situ collagen injections [160,211].

Another recent application field for collagen-based injectable formulations is in the
surrounding organ protection during tumor thermal ablation [129]. Organ protection is usu-
ally performed by using fluids (e.g., dextrose) or gas (e.g., CO,) displacement but because
of their physical properties they distribute freely in the injection site and decrease the dura-
bility of separation. The injection of a highly viscous fibrillar collagen (Helitene®) focally
interposed between the liver and adjacent structures prior to hepatic microwave ablation
made the organ separation durable, low cost, well tolerated, facilitated hemostasis and
healing besides making thermal ablation technically successful without complication [129].

A collagen-based injectable formulation was found to be a potential drug in the treat-
ment of symptomatic COVID-19 patients for its immunomodulatory properties, in relation
to IL-1$, IL-8, TNF-o,, TNF-31, IL-17, cyclooxygenase 1 (Cox-1), endothelial leucocyte
adhesion molecule 1 (ELAM-1), vascular cell adhesion molecule 1 (VCAM-1), intercellu-
lar adhesion molecule 1 (ICAM-1) downregulation, tissues fibrosis reduction, and IL-10
and T cells upregulation. Intramuscular injection of collagen (Fibroquel®) was able to
significantly decrease the interferon gamma-induced protein 10 (IP-10), IL-8, macrophage
colony-stimulating factor (M-CSF), high-sensitivity C-reactive protein (hsCRP), D-dimer
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and lactate dehydrogenase (LDH) levels, in the first week of treatment [162] (NCT04517162).
Moreover, collagen injections were associated with better oxygen saturation values and
shortened symptom duration, extubation and reduced inflammation when compared to
placebo [161,162] (NCT04517162). Thus, collagen-based injections were considered safe and
well-tolerated and did not induce liver damage, infections, impairment of hematopoiesis
or blood alterations [161,162] (NCT04517162).

Interestingly, collagen intravenous injections (Gelaspan®, Gelofusione®) were suc-
cessful for blood volume expansion in cases of dehydration, illness, trauma or severe
sepsis/septic shock related surgery and were found to be more effective in achieving hemo-
dynamic stability in critically ill patients compared to standard plasma volume replacement
products, with no side effects [127,214].

In cases of complications due to percutaneous transfemoral catheter procedures, vas-
cular surgery is necessary after the failure of the ultrasound-guided compression repair
attempt [128]. A less invasive method to percutaneously close a femoral artery pseudoa-
neurysm was found by injecting collagen and inducing clotting within the aneurysm, with
a 98% success rate [128]. The hemostatic power of collagen is due to the fact that the
collagen hydrogel forms an 3D network which triggers the hemostatic cascade (i.e., platelet
aggregation, adherence, and activation) [213]. Moreover, upon contact with blood, the
collagen expands its physical mass resulting in mechanical occlusion of the vessel puncture
site and tissue tract [213].

Despite all the functional improvements that collagen is able to support in several
diseases, neither improvement nor adverse events were observed in patients with chronic
ischemic heart disease treated with mesenchymal stromal cells in a collagen gel vehicle
compared with control patients and patients treated with mesenchymal stromal cells
alone [226].

Thus, as emerged in this section, collagen-based injectable formulations can be very
useful in the treatment of unresolved issues and open the way for new solutions and less
invasive approaches. Based on this evidence, even more research has been performed and
accordingly, even more clinical studies have been planned. Hence, besides the discussed
clinical outcomes, several clinical studies aiming at improving functional recovery of liver
in cases of decompensate cirrhosis (NCT02786017), brain in cases of intracranial hematoma
(NCT02767817), erectile function in men with type I or II diabetes mellitus (NCT02745808),
blood volume during surgery (NCT02808325, NCT01515397) and fluid retention in cases of
breast cancer (NCT04637308) are ongoing (Table 4).

Table 4. New applications of collagen based injectable formulations.

ClinicalTrials.gov

Formulation Study Aim Status Outcomes Identifier

Injectable Collagen Scaffold ™ Improvement of erectile function
HUC-MSCs in men with diabetes Unknown n.d. NCT02745808

Injectable Collagen Scaffold ™ Improvement of liver function in
HUC-MSCs cases of decompensated cirrhosis Unknown n.d. NCT02786017

. TM . .
Injectable Collagen Scaffold Improverr}ent of functlo.na} b.ram Unknown nd NCT02767817
MCSs recovery in cases of brain injury
Gelofusine Fluid retention prevention in Completed n. d. NCT04637308
patients with breast cancer

Improvement of blood volume in

Gelofusine patients scheduled for abdominal Completed n. d. NCT02808325
or pelvic surgery

Improvement of blood volume for

Gelofusine intravascular volume Completed n. d. NCT01515397

compensation during surgery

21



Polymers 2023, 15, 1020

7. Adverse Reactions to Collagen-Based Injectable Implants

All types of fillers may trigger an early tissue response to the injected material. Regard-
less of the filler material, frequently reported side effects are bruising, redness, swelling,
induration, erythema pain, tenderness, itching and, in the most severe cases, violaceous
plaque and granulomas [227-229]. These side effects are usually mild and transient and
resolve spontaneously after a short time. Only a few cases of severe and permanent
complications have been registered.

Although compared with other injectables collagen-based formulations have many
advantages, it does not mean that they are absolutely safe. Indeed, severe and non-
severe adverse reactions to collagen treatments may occur. To the best of our knowledge,
based on harvested and available data on adverse reactions registered after collagen-
based commercial product applications (Table 5), severe adverse events accounted for 8.2%
(211 cases on 2587 patients), while mild adverse events accounted for about 5.3% (137 cases
on 2587 patients) of those receiving the treatment.

With a focus on collagen extraction sources, it emerged that severe adverse events
accounted for 12.1% (211 cases on 1742 patients) and mild events for 3.8% (67 on 1742 pa-
tients) when bovine collagen was used. In particular, severe adverse events were ad-
dressed to the use of one collagen-based product that was Augment®, an injectable for-
mulation composed of bovine collagen, 3-tricalcium phosphate and recombinant human
platelet-derived growth factor-BB [102] (NCT01305356, NCT00583375). Leaving aside
the Augment® severe adverse reactions (211 on 1742 procedures), the other analyzed
bovine collagen-based products (i.e., ChondroGrid, Atelocell, Zyderm, Zyplast, Conti-
gen, Gelofusine, Flowable wound matrix and Helitene) were not associated with such
issues [88,113,114,116,118,127,129,142,187,188,190,214,230] (NCT02808325, NCT04637308,
NCT02715466, NCT01515397, NCT02631356, NCT00868062). Since bovine collagen ap-
peared to be safe, these events could be ascribable to other Augment components, without
certainty. As regards mild adverse reactions, they were registered only when using Aug-
ment, Chondrogrid or Zyderm [101,106,118,142].

Porcine derived collagen-based products (i.e., Cartifil, Cartizol, Fibroquel, Perma-
col and MD products) revealed to not trigger severe adverse events (no cases on 751
procedures) and to be responsible for the 9.2% of mild adverse events (69 cases on
751 procedures) [131-136,138,140,141,143,145,146,153-157,160-162,182,204] (NCT02539030,
NCT02539095, NCT04019782, NCT03323567, NCT02539082, NCT01528995, NCT04517162,
NCT04353908). Mild adverse events could be due both to collagen type or to other
components (i.e., glucose, CaCl, amino acids, vitamin B, fibrin glue for Cartifil /Cartizol;
polyvinylpyrrolidone for Fibroquel) or to the injection procedure. However, data were not
enough to identify the causes. Definitely though, the low mild adverse events rate of the
MD product could be clearly ascribable to the presence of other bioactive compounds (such
as calcium phosphate, rhododendron, arnica, hamemelis, silicon, iris, viola, cimifuga, citric
acid, nicotinamide, hypericum, drosera, citrullus, ascorbic acid, magnesium gluconate,
pyridoxine chlorhydrate, riboflavin, thiamine chlorhydrate) that had a strong impact on
patients’ post intervention events. As regards Permacol, since it is not characterized by the
presence of other components, adverse events triggered by its use could be attributed to
collagen type, to the injection procedure, to the disease or to the patient specific response.
In this case, available data do not allow clearly attribution of responsibility. However,
mild adverse event usually resolved spontaneously or required minimal, not invasive
intervention [131,140,141,156,160,162,204] (NCT04353908, NCT04517162, NCT01528995,
NCT02539030).

The third most used collagen type Is equine derived collagen, whose use is very recent
and thus limited compared to bovine and porcine derived injectable products. Indeed,
it has been reported to be used (i.e., Linerase, Savecoll-E) only on 94 patients, with no
adverse events and only one registered mild reaction (1.1%) [60,164-166]. Thus, although
this percentage seems to be very low compared to other products, the limited number of
executed procedures with equine collagen prevented the assessment of this collagen type
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as safer. This consideration could be applied also for human collagen derived products
(i.e., Cymetra, Dermologen) for which two severe and zero mild adverse events were
registered on the only patients [173,202]. However, these data and these considerations
are only indicative because not all studies reported participant number and adverse event
occurrence.

As regards aesthetic applications, collagen injectables are generally considered as safe
because serious adverse events that were not injection site related usually not occur [67].
Indeed, severe adverse events rate accounted for 0.1% of the total (2 cases on 2063 patients).
In particular, severe adverse events occurred only when using porcine derived collagen
Dermicol-P35 (with ribose as crosslinker) and RPC Pure Collagen (with ethylenediamine
tetraacetic acid) [67,147]. However, two cases occurring on 780 injections were not enough
to relate the adverse events to collagen type or other components. Contrarily, non-severe
adverse reactions always occur (Table 3) and accounted for 28% (577 cases on 2063 pa-
tients). They may be categorized into early and late reaction [16,231]. Usually, injection
site reactions were mild to moderate in severity and resolved in 1-2 weeks without seque-
lae [2,86], except for some rare cases. About 80% of participants had at least 1 injection site
reaction after the initial injection [67]. This kind of adverse reaction is localized and may be
associated with transient systemic symptoms on rare occasions [232]. Early complications
occur immediately up to several days after treatment and completely auto-resolve in a
few months, without treatment [217,227,229]. They can be divided into non-hypersensitive
and hypersensitive reactions. Non-hypersensitive reactions, which can occur with any
filler, include local injection site reactions (i.e., erythema, edema, pain, tenderness, bruising,
itching), discoloration (i.e., redness, whiteness, or hyperpigmentation), infections (i.e.,
herpes virus reactivation or bacterial contamination), skin necrosis (vascular occlusion),
and misplacement [231]. Hypersensitive reactions are due to the material and depend
on patient immune system reactivity and hypersensitivity. Late complications occur after
2-12 months and consist in foreign body granulomatous reaction, granulomas, and abscess
formation [231]. Among non-severe adverse events, pain (13.9%), nodule (11.0%), bruises
(11.1%), edema (11.3%), erythema (17.8%), itching (5.8%), swelling (6.0%), tenderness (3.0%),
lumpiness (1.4%), induration (12.0%), discoloration (5.3%) were the most common. Very
rare were cold sores, infections, blistering, papules, and hemorrhages (>0.5%). Contrary to
what might be expected, allergic reactions occurred only in 0.1% of cases.

In terms of collagen extraction source, bovine (48%) and porcine (38%) derived for-
mulations were the most used, followed by human (11%) and equine derived (4%). Ac-
cordingly, Dermicol-P35 and Zyplast were the most used products, followed by Therafil,
Artecol, Koken, Isolagen therapy, CosmoPlast, Nithya, RPC Pure-Collagen, Permacol, Sun-
max FacialGain, and CosmoDerm. Non severe events were registered to happen with all
collagen types, except for equine derived collagen-based formulations. Indeed, bovine
and swine derived collagen-based formulations triggered 12.5% and 11.8% non-severe
events (257 and 244 cases on 2063 injections, respectively), followed by human derived
with about 3.7% (76 cases on 2063 injections). Equine collagen injectables were revealed to
be adverse events free but it should be taken into account that reported data were referred
to only one study performed on 72 people [163]. Thus, Nithya, RPC Pure Collagen and
Artecol reported no adverse events [67,77,163]. The non-severe adverse events rate was re-
ported to be of 39.2% for Dermicol-P35 (213 cases on 544 injections) [2,147-149,207,209,210]
(NCT00891774, NCT00929071, NCT00911872), 94.7% for Permacol (18 cases on 19 injec-
tions) [95], while for the others the rate was about 7-36%. In particular, it was 32.8% for
Zyplast (13/187 injections) [96] (NCT00876265), 20.2% for Koken (23/114 injections) [87],
29.1% for the Isolagen therapy (32/110 injections) (NCT00655356), 36.4% for Cosmoplast
(43/118 injections) [205,206] (NCT00444210, NCT00444353), 33.3% for Cosmoderm (1/3 in-
jections) [217] (NCTO01212809) and 7% for Therafil, (13/187 injections) [87] (NCT01060943).
In this case, the relatively low number of executed procedures prevented the assessment of
product safety profiles and their comparison.
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Although non-severe adverse reactions are neither life nor health threatening and thus
are not of medical significance, they are cosmetically unacceptable. Nowadays, several
tricks and improvements of the injection techniques have been made in order to avoid
reactions caused by materials and procedures as much as possible [233]. Hypersensitive
reactions are historically defined as the most common. Although it is rare (3% of the world
population), some individuals develop allergic reactions to injected products when the
body responds with an exaggerated immune response to a foreign substance. Allergic
reactions generally occur within minutes of exposure, but delayed hypersensitivity can
occur several months or years after injection [9]. Allergy to bovine derived collagen is
genetically regulated by the lack of the HLA-DR4 antigen [234]. To avoid allergic reaction,
skin testing now is mandatory. However, despite skin testing, hypersensitivity can occur in
1-6% of single skin test negative patients and in about 0.5% of double skin test negative
patients [16,227-229]. Thus, a double skin testing is suggested before soft tissue augmenta-
tion [228,235]. Although double skin testing does not eliminate all adverse events, most
of them were avoided because the great majority of adverse reactions occurred on the
first injection session after a single skin test [232]. Collagen antigenicity is related to its
molecular structure and is linked to its antigenic determinants that are located on the triple
helix (i.e., dependent on the helix conformation), the polypeptide sequence (i.e., indepen-
dent of the helices organization) and terminal (i.e., telopeptides) dependent [71,236-238].
However, it must be underlined that while collagen antigenicity has been attributed mostly
to the terminal telopeptides, the location of the major antigenic sites depends on the spe-
cific donor /recipient species pair [71]. Alternatively, human collagen-based fillers offer
a solution for their theoretical zero risk of allergic reaction. Nevertheless, erythema and
hypersensitivity to human collagen was registered [217].

Foreign body granulomatous reaction and granulomas occurred in 0.01% of cases after
6-9 months after the treatment [231]. However, it must be taken into account that most of
this kind of complication occurred with Artecoll®/ Artefill®, probably due to the reaction
to the poly(methyl methacrylate) microspheres rather than the collagenous component.
However, the late adverse reactions to poly(methyl methacrylate) microspheres together
with bovine collagen may have increased the immune system response.

Apart from the selected collagen formulation, as with any surgical or minimally inva-
sive procedure, the result obtained with the injection therapy heavily depends on proper
patient selection, expertise in performing the procedure, adequate knowledge of facial
or other site’s anatomy, and use of specialized equipment [13,123]. Only recently, the
development of adequate implantation protocols permitted re-evaluation of collagen-based
injectable therapies as a minimally invasive and effective strategies for the treatment of
different types of diseases. Indeed, as preparation and administration techniques have
become increasingly standardized, the frequency of post-injection complications has also
decreased. Moreover, the selection of the appropriate filler, which depends on patient
factors, including degree of volume loss, disease, age, cost, preference, and surgical can-
didacy was revealed to be crucial for the implant success [1], underscoring the need for
product-specific training. Regardless of materials safety, appropriate handling and ade-
quate experience are mandatory for minimizing the risk of complications and achieving
the desired effect. An accurate guide on how to avoid and treat dermal filler complications
has been developed by Lemperle et al. [233].

Swelling and bruising, which usually resolves within 4-10 days [163], could be attenu-
ated by icing the area prior to treatment or by avoiding aspirin-containing compounds and
anticoagulants, nonsteroidal anti-inflammatory drugs, and various vitamin supplements
(e.g., vitamin E, fish oils) for 7-10 days before the procedure [152,231]. Only one severe
bruising was reported after 1-week follow-up and resolved after 4 weeks [67]. A case of
mild induration after 4 weeks resolved in 6-12 weeks [67].

The gauge of the needle, that depends on both the viscosity of the filler and the
size of the particle, directly greatly contributes to the extent of superficial trauma and
infections. Larger needle size can lead to a larger epithelial tear and greater disruption of
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dermal structures, with subsequent capillary leakage, edema, inflammation and sometimes
infections [9].

Infection and abscess formation are rare complication of collagen fillers and can
occur early on or can be delayed for several weeks to months after injection [231]. Early
infections could be prevented by cleaning the treatment area with an antiseptic agent (e.g.,
isopropyl alcohol, chlorhexidine) while late infections could be treated by broad-spectrum
antibiotics or anti-viral prophylaxis [231]. Herpes was registered in 1 case on approximately
15,000 injections [168]. Abscess formation is also rare (4 out of 10,000 patients) and occurs
between 7 days to 22 months after treatment and may persist for weeks and periodically
recur for months [16].

The occurrence of complications is also dependent on the injection site. Sensitive areas,
such as around the mouth or beneath a muscle, heighten the risks for unwanted side effects.
A bluish discoloration is associated with vascular injury due to injection. Vascular interrup-
tion also heightens the risk for local necrosis. Skin necrosis from mechanical disruption or
occlusion of the vascular supply can rarely occur (9 out of 100,000 patients) [16]. Iatrogenic
blindness is a rare but possible risk caused by misplaced intravascular injection. The risk
is correlated to the complex vascular anatomy of the face interconnecting the extracranial
and intracranial vascular network [13]. This tragic complication occurs when the filler is
wrongly injected in the ophthalmic artery. Nowadays, several precautions can be taken to
avoid necrosis. When injecting, attention should be paid to avoiding arteries, to aspirate
before injecting, to use low volumes of products over more sessions as opposed to using
high volumes over one session and to use only products that are manufactured for more
superficial placement [231]. Moreover, warm compresses, massage, and tapping on the
area were revealed to facilitate vasodilation and blood flow [231].

Improper distribution of injected products can also lead to lumps and nodules post-
injection, besides facial shape deformity and asymmetry [9]. Denton et al. reported that it
is very important to massage the product immediately after placement to mold and smooth
the contour [152]. In case of over-injected or under-injected areas, palpation and massage
should be performed to evenly distribute the material [86].
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8. Regulation

Resorbable injectable soft tissue fillers can be classified as medical devices, medicinal
products, or cosmetic products. Injectable formulations are defined as medical devices if
their therapeutic effect comes from their intrinsic structure, because their physical, chemical,
or mechanical effects are the primary mechanism of action for their therapeutic function.
The addition of any cells or cell-stimulating therapeutics into the injectable medical device
results in their classification as medicinal products and in the following of other regula-
tions. Indeed, medicinal product regulations require a more thorough investigation of the
biocompatibility and therapeutic effect before approval for clinical application. Although
medicinal products would be more effective, the translational barriers and the time before
patients can benefit from them strongly increase.

In the United States, resorbable injectable soft tissue fillers have long been classified as
medical devices while in Europe, dermal fillers have been marketed as medical devices,
medicinal products, or cosmetics until now. However, with the entry into force of the new
Medical Device Regulation (MDR) 2017 /745 on 26 May 2021, all fillers (both for cosmetic
and for medical purposes) are classified as class III risk medical devices. This means that all
injectable products must be CE certified by a notified body if marketed after 26 May 2020.
Thus, manufacturers required documentation including a device master record (technical
documentation) and product clinical evaluation in accordance with MEDDEV 2.7/1 as well
as an appropriate quality management system according to the Medical Devices Directive
(MDD) ISO 13485. As regards injectable soft tissue fillers for cosmetic purposes, because
of the absence of an intended medical purpose, they do not require a clinical efficacy
investigation, but they are subject to a clinical evaluation regarding safety. Additionally,
for materials of animal origin, such as collagen, manufacturers have to comply also with
Regulation EU 722/2012.

9. Concluding Remarks

Forerunner fillers were plagued by frequent unwanted side effects and serious com-
plications (i.e., migration of injected filler, granulomatous inflammation, tissue necrosis,
and hypersensitivity reactions). With the advancement of research, a new generation of
fillers has been developed that have overcome some of the many existing earlier problems.
The steps forward regarding safety and the refinement of injection techniques brought an
exponential increase in and use of soft tissue filler products and procedures. This growth
was fueled by the increased availability of new dermal filler products and by their improved
safety profiles.

Injectable systems hold great promise in tissue engineering applications as they can
potentially provide for an adequate temporal environment for the injured site regeneration,
as well as delivering water soluble drugs, growth factors and cells for better outcomes.
Thus, the injectable formulations must have both structural (i.e., filling role) and biological
(i.e., pro-regenerative action) impermanent functions. In particular, the hydrogel should
not only structurally support tissue regeneration but also stimulate its regeneration and
be gradually digested and replaced by the newly synthetized tissue, resulting in a new
functional tissue. The success of any injectable system is strongly determined by the
framework the hydrogel provides. The 3D network should provide mechanical support
compliant with the injured tissue, adequate pore size and interconnectivity to allow mass
transport and regenerative processes, and eventually, must provide for the controlled
release of bioactive molecules. In clinical setting, injectable materials hold the promise of
being an effective minimally invasive treatment for mild-severe defects. The delivery of
cells, bioactive factors, and support materials via an injectable system within the context of
an endoscopic, arthroscopic, laparoscopic, or radiologically guided procedure is feasible
and potentially successful. With the growing knowledge and technology in biomedical and
materials sciences, the innovation of injectable biomaterials to fulfill unmet clinical needs
is expected to thrive in the near future [14]. Indeed, a high number of bioactive injectable
biomaterials have been developed and approved for clinical use.
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Among them, multifunctional collagen products are effective in some clinical applica-
tions. However, there are some points to be clarified and obstacles to overcome in order
to develop disease specific products. As the outcomes of research move toward clinical
translation, the elucidation of the mechanisms of interactions between an injectable bioma-
terial and its surroundings is necessary to reach optimal material performance. However,
the interaction between the host tissue and the material is unknown due to the lack of
accurate and adequate in vivo evaluation. The scarcity of tools for the in vivo evaluation of
injectable biomaterials has posed numerous difficulties in fully understanding injection
consequences [14] but, nowadays, new advanced investigation techniques such as cone
beam and micro computed X-ray tomography, immunohistochemistry, small-angle X-ray
scattering, X-ray diffraction, and the more recent fluorescent labelling of abundant reactive
entities, optical photothermal infrared microscopy and infrared atomic force microscopy,
fluorescence lifetime imaging microscopy and Raman spectroscopy will allow us to over-
come this issue and deeply understand the material’s action mechanism over time [3].
These techniques will also allow us to tune the properties of injectable materials according
to patient specific disease requirements and comorbidities in order to develop personal-
ized therapies. Moreover, the deep in vivo investigation of the material-tissue interaction
will allow us to overcome another important issue of injectable formulations, that is, the
effectiveness of mass transport. Clinically available collagen injectables efficacy is hindered
by the absence of nutrients necessary to support cell regenerative processes that could be
responsible for delayed and deficient integration with the host tissue, especially in the case
of large defect regions [68]. To overcome these limits, Alnojeidi et al. developed a new in
situ cross-linkable injectable formulation of cross-linked bovine type I collagen, chondroitin
sulfate and polyvinyl alcohol, that contains the optimum concertation of necessary amino
acids, vitamins, and minerals required for cell growth and proliferation [68].

In addition, the high costs associated with the development and manufacture of
medical-grade injectable biomaterials (i.e., basic and applied research on medical device
design, raw material extraction, material properties assessment, sterile device production,
package and storage condition assessment) or with the incorporation of therapeutic agents
are another hindrance to be overcome [14]. Sensitivity analyses showed that surgery would
be less costly and more successful than collagen injection if the postoperative length of
hospital stay was reduced to 1 day or if the number of injections required to treat patients
were more than two for treatment successes and more than four for treatment failures [186].
Endoscopic injection of collagen is effective in many cases, but its cost effectiveness depends
on the number of re-injections required. In the treatment for vesicoureteral reflux single
collagen injections were very effective and may effectively reduce health care management
costs of about $7544 per renal unit (collagen injection cost: $1599, reimplantation cost:
$9144) [239]. In the treatment of the stress urinary incontinence, collagen injection is more
cost effective than surgery if one application resolves the problem [123]. Instead, surgery
(i.e., artificial genitourinary sphincter placement) is more cost effective than collagen
injection when more than three collagen injections are required (collagen injection cost:
$4300-6021; artificial genitourinary sphincter placement $11,933-15,400) [123,240]. In the
case of aesthetic surgery, fillers would be less costly than surgical rhytidectomy ($15,181) in
cases of small facial area. In cases of large volume, the medical cost for surgery would be
the lowest cost option among the other treatments over the course of several years [1].

Indeed, when developing a new injectable, materials factors such as product cost,
scalability and maneuverability should be considered together with safety and quality
profiles before proceeding with its pre-clinical and clinical evaluation. Many promising
collagen-based materials have been designed and intensely investigated from the physical,
chemical, mechanical, morphological and biological (both in vitro and in vivo) point of
view but did not attain clinical translation. The consideration of the clinical potential of the
material is nowadays mandatory to receive the regulation body approval besides expecting
its clinical success [3]. This approach will reduce the tremendous discrepancy between the
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huge quantity of academic research and the number of products that have been clinically
translated [3].

Therefore, much research still needs to be carried out before minimally invasive
strategies equal or surpass in terms of effectiveness the currently performed surgical
procedures. However, the complete replacement of time-consuming and costly surgeries
with injections does not seem to be so far away. In fact, even more collagen-based products
are demonstrating their effectiveness in one or more sessions and in various injured body
structures. Furthermore, actual preclinical and clinical research is not only confirming their
assessed efficacy, but it is improving both formulations and injection techniques, as well as
testing them for new, challenging, unresolved diseases.

In achieving this ultimate goal, the collaboration and transparency between researchers,
clinicians, patients and companies has proved to be the only constructive way to success-
fully develop innovative and functional products capable of truly improving human health
and making such treatments viable on a large-scale, accessible to the majority of the popu-
lation and offering patients a long-term quality of life.
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Abstract: Maintaining dental pulp vitality and preventing tooth loss are two challenges in endodontic
treatment. A tooth lacking a viable pulp loses its defense mechanism and regenerative ability, making
it more vulnerable to severe damage and eventually necessitating extraction. The tissue engineering
approach has drawn attention as an alternative therapy as it can regenerate dentin-pulp complex
structures and functions. Stem cells or progenitor cells, extracellular matrix, and signaling molecules
are triad components of this approach. Stem cells from human exfoliated deciduous teeth (SHED) are
a promising, noninvasive source of stem cells for tissue regeneration. Not only can SHEDs regenerate
dentin-pulp tissues (comprised of fibroblasts, odontoblasts, endothelial cells, and nerve cells), but
SHED:s also possess immunomodulatory and immunosuppressive properties. The collagen matrix is
a material of choice to provide structural and microenvironmental support for SHED-to-dentin pulp
tissue differentiation. Growth factors regulate cell proliferation, migration, and differentiation into
specific phenotypes via signal-transduction pathways. This review provides current concepts and
applications of the tissue engineering approach, especially SHEDs, in endodontic treatment.

Keywords: dentin-pulp complex regeneration; signalling molecules; stem cell from human exfoliated
deciduous teeth (SHED); tissue engineering

1. Introduction

Tissue injury can occur when tissue is exposed to various stimuli, including microbial
infections, mechanical damage (fractures, cracks, thermal factors), and chemical damage.
This condition can cause cell apoptosis or necrosis, as well as microvasculature and stroma
damage, leading to the activation of inflammation and wound healing mechanisms. During
wound healing, mesenchymal stem cells are recruited to the site of injury to differentiate
into stromal cells and replace damaged cells. However, if severe inflammation occurs in
the dental pulp, the damaged cells cannot be effectively replaced or healed, a condition
called irreversible pulpitis. In this condition, endodontic treatment must be carried out to
remove the damaged pulp and prevent the spread of the damage [1-4].

Endodontic treatment involves partial or complete pulp removal (pulp extirpation)
and filling the empty root canal with artificial material. Even so, the endodontic treatment
causes the tooth to become more fragile, susceptible to caries and periapical infection and
more likely to fracture as the tooth losses its vitality due to the absence of blood supply
and innervation [5-11].
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Therefore, it is crucial to maintain the vitality of the pulp. A tooth without a viable
pulp loses its defense mechanism and regenerative ability, making it more prone to severe
damage and ultimately leading to extraction. Dentin-pulp complex reconstruction is an
ideal approach to restoring pulp vitality by using mesenchymal stem cell or progenitor
cells and signalling molecules added to the extracellular matrix to recover fibroblasts,
odontoblasts, endothelial cells and nerve fiber functions [8,10-14]. Stem cells can be
obtained from various tissues, including teeth, buccal mucosa, skin, fat, and bone [15,16].
The pulp of deciduous teeth, rich in stem cells known as stem cells from human exfoliated
deciduous teeth (SHED), is a promising, easy-to-get, and noninvasive source of stem cells
for tissue regeneration [17-21]. Not only do they have the regenerative ability to generate
dentin-pulp tissues but SHEDs also possess immunomodulatory and immunosuppressive
properties [20,22].

Scaffolds are 3-dimensional microstructural materials that provide a biological envi-
ronment and structural support to facilitate cell growth, desirable interactions, and the
formation of functional tissues [8,23,24]. One popular scaffold material is collagen. Col-
lagen is a natural extracellular matrix built from protein and abundant in hard and soft
tissues [23]. Collagen is biocompatible, permeable, and biodegradable, so it can function in
helping migration, adhesion, proliferation, and cell differentiation [8,12].

Growth factors are polypeptides that play a very important role in the signaling
process that occurs during tissue formation and regeneration of the dentin-pulp com-
plex [25,26]. In the dentin-pulp complex regeneration, several growth factors work together
through different signalling mechanisms, including Transforming Growth Factor-3 (TGE),
Vascular Endothelial Growth Factor (VEGF),Bone Morphogenic Protein (BMP), Fibroblast
Growth Factor (FGF),Platelet-Derived Growth Factor (PDGF), and Nerve Growth Fac-
tor(NGF) [25,27,28]. Growth factors will bind to cell surface receptors that subsequently
induce cellular processes such as cell proliferation, angiogenesis, neovascularization, and
all important steps in the regeneration process [28,29].

Growth Factorplays a role in various stages of the healing process and tissue re-
generation, including cell migration, angiogenesis, and neurogenesis [26]. It can also
induce odontogenic differentiation through ALK5/Smad2/3, TAK1, p38, and MEK/ERK
signalling pathways, supporting cell proliferation and collagen formation [30,31]. Tissue
engineering applications in endodontic treatment are expected to replace damaged or lost
tissue with new natural pulp tissue and reduce the use of artificial materials, making teeth
fully functional again [14].

2. Tissue Engineering (TE) in Endodontic Treatment

As mentioned before, one challenge in endodontic treatment is maintaining dental
pulp vitality and preventing tooth loss. Regenerative endodontics can overcome this hur-
dle [32]. According to the American Association of Endodontists, regenerative endodontics
is a procedure designed based on biological principles to physiologically replace damaged
tooth structures, including root and dentin structures, as well as cells in the pulp-dentin
complex [10,32-34].

There are two concepts in regenerative endodontics, namely [35]:(1) guided tissue
regeneration (GTR), also known as the revascularization or revitalization approach, and
(2) tissue engineering (TE), an interdisciplinary approach to repairing damaged tissue using
by combining three components: (1) cells (especially stem cells) capable of forming pulp
tissue, root dentin, and tooth-supporting tissues, (2) scaffolds to facilitate cell proliferation
and differentiation, and (3) bioactive molecules (generally growth factors) as shown in
Figure 1 [28,35-38].
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Figure 1. Tissue engineering technology in dental pulp regeneration.

3. Stem Cells

Stem cells are unique cells that possess self-renewal and differentiation properties into
another cell type. Based on their differentiation potency, stem cells are divided into the
following groups [39-42].

3.1. Totipotent Stem Cells

Totipotent stem cells are stem cells that can generate all types of cells and tissues that
exist in organisms and can usually be obtained from embryonic stem cells (from embryos
1-3 days old). Totipotent cells have the highest differentiation potential and allow cells
to form embryonic and extra-embryonic structures. An example of a totipotent cell is the
zygote, formed after a sperm fertilizes an egg. These cells can later develop into one of the
three germ layers or form the placenta. After about four days, the cell mass in the blastocyst
becomes pluripotent. This structure is a source of pluripotent cells [35,43].

3.2. Pluripotent Stem Cells

Pluripotent stem cells are stem cells that can generate most cell types (over 200) and
tissues found in organisms and have the ability to differentiate into cells of ectodermal,
mesodermal, and endodermal origin. They can be obtained from a 5-14 day old blasto-
cyst [35,44,45].
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3.3. Multipotent Stem Cells

Multipotent stem cells are stem cells that can generate a limited number of cell and
tissue types depending on their origin. These cells can be obtained from cord blood, fetal
tissue and postnatal stem cells, including dental pulp stem cells [35,45,46].

3.4. Unipotent Stem Cell

Unipotent stem cells are stem cells that have the narrowest differentiation ability; the
can only differentiate into one cell type but are able to divide repeatedly [43,45].

3.5. Induced Pluripotent Cells

Induced Pluripotent Cells are pluripotent stem cells formed by the induction of multi-
potent cells or adult somatic cells with pluripotent factors such as Oct4, Nanog, Sox2, K1f4,
and C-myc [45,47].

There are two approaches to delivering stem cells into the root canal. The first approach
is cell transplantation, where autologous or allologous stem cells are applied directly to
the root canal. The major obstacle to this process is the immune rejection of allologous
stem cells. The second obstacle is cell homing, where stem cells are sent to the injured area;
this process is influenced by many factors, such as age, cell number, culture conditions,
and method of application. This condition involves the use of chemotactic factors such as
stromal cell-derived factor (SDF)-1 are injected into the site of injury to induce stem cell
migration from the periapical area to the root canal [27,48].

Based on their stage of development and origin, stem cells can be broadly classified
into [32,35,41,47]: (1) embryonic stem cells, which are stem cells derived from embryos,
mainly from blastocysts. These cells are capable of dividing and renewing themselves over
a long period; (2) adult stem cells, which are stem cells derived from postnatal tissue, can
be isolated from various body tissues, such as bone marrow, adipose tissue, encephalon,
epithelium, dental pulp, etc.

Tissue injury is always associated with the activation of the immune system or inflam-
matory cells, including macrophages, neutrophils, CD4+ T cells, CD8+ T cells, and B cells,
triggered by cell apoptosis, necrotic cells, microvascular damage, and stroma [40,49-51].
Mesenchymal stem cells can regulate specific and non-specific immune systems by sup-
pressing T cells and dendritic cell maturation, decreasing B cell proliferation and activation,
inhibiting NK cell proliferation and cytotoxicity, and increasing T regulatory (Treg) cell
formation [49,50].

There are two mechanisms of stem cell immunomodulation: soluble factor secretion
and cell-to-cell direct contact. Prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO),
nitric oxide (NO), interleukin-10 (IL-10), hepatocyte growth factor (HGF), and transforming
growth factor 1 (TGF[1) are secreted factors that have immunomodulatory properties. The
cell-to-cell direct contact mechanism involves CD274 (programmed dead ligand 1), vascular
cell adhesion molecule-1, and galectin-1 expression. These molecules reduce effector T cell
proliferation and increase the proportion of regulatory T cells (Treg) [49,50,52].

Various stem cells can be found in teeth and their associate tissues, such as stem cells
from human exfoliated deciduous teeth (SHED), dental pulp stem cells (DPSC), stem cells
from the apical papilla (SCAP), periodontal ligament stem cells (PDLC), dental follicle
precursor cells (DFPC), dental papilla cells (DPC), dental mesenchymal stem cells (DMSCs),
and dental epithelial stem cells (DESCs). For pulp regeneration purposes, SHED, DPSC,
and SCAP have strong potential [35,41,53-55].

4. Stem Cells from Human Exfoliated Deciduous Teeth (SHED)

Stem cells from human exfoliated deciduous teeth (SHED) were first obtained by
Miura et al. in 2003. SHED expresses cell surface markers STRO-1, CD10, CD29, CD 31,
CD44, CD73, CD90, CD105, CD146, CD13, CD166, Nestin, DCX, -tubulin, NeuN, GFAP,
5-100, A2B5, CNPaseNanog, Oct3/4 and SSEAs (-3, -4) and does not express CD14, CD15,
CD19, CD34, CD45, and CD43 [41,56-59].
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SHEDs have two major advantages compared to other stem cells derived from dental
tissue: they are easier to gain through noninvasive procedures and have a high proliferation
rate [34,41,56,60,61]. SHEDs exhibit higher proliferation rates compared to dental pulp stem
cells (DPSCs) and bone marrow-derived mesenchymal stem cells (BMMSCs) [41,45,58,62-64].

SHED:s possess higher potential in forming dentin-pulp complex cells, namely osteoblasts,
chondroblasts, adipocytes, endothelial cells, nerve cells, and odontoblasts [57,58,65-67]. The
ability of SHEDs to differentiate into odontoblasts is characterized by the expression of
dentin matrix protein-1 (DMP-1) and dentin sialophosphoprotein (DSPP) [45,58]. DSPP
induces stem cells to odontoblast differentiation through SMAD 1/5/8 phosphorylation
and nuclear translocation via the P38 and ERK1/2 pathways. DMP-1 involves maintaining
dentin mineralization [68,69].

As for the potential for neural regeneration, SHEDs show more intensive expression
of neural differentiation markers than DPSCs, such as b-III-tubulin, and nestin, in neural
induction cell culture [37]. SHEDs are also able to increase the angiogenesis process by form-
ing vascular connective tissue structures and expressing and synthesizing VEGF [70].This
ability is crucial to maintaining pulp viability as it can supply oxygen and nutrients needed
for cell metabolism for tissue regeneration [71].

SHED also functioned as an immunomodulator by suppressing T helper 17 (Th17) cell
function and upregulating CD206+ M2 macrophages [57,62]. SHEDs are able to induce
the secretion of proinflammatory cytokines, such as interleukin 1b (IL-1b), interleukin
6 (IL-6), interleukin 10 (IL-10), and tumor necrosis factor- a. SHEDs are also capable of
inhibiting lymphocyte CD178 expression, suppressing the proliferation of lymphocytes,
and decreasing the secretion of IL-4 and IFN-g while sequentially increasing the number of
T-reg cells [37,72,73].

5. Collagen Scaffold

Scaffolds are required for regeneration or tissue engineering to facilitate cell growth
and functions in the transplanted area [74-76]. Interaction of the cell with the extracellular
matrix influences many signalling pathways that change cell behaviours, i.e., adhesion, pro-
liferation, and differentiation [76,77]. Scaffolds can be made of both natural and synthetic
materials. Nanoscale proteins are the primary natural scaffolding materials. Nanoscale
proteins include collagen, fibronectin, and vitronectin. Synthetic polymers are popular
materials because they are biocompatible, biodegradable, mechanically stable, and can be
designed in a variety of compositions and shapes [77,78]. These properties enable polymers
to biologically affiliate and mimic the natural cell-extracellular matrix [76,79]. Natural
scaffolds, such as collagen, have better biocompatibility, whereas synthetic polymers can
be controlled for their physicochemical properties, such as their solubility, microstructure,
and mechanical strength [76,79].

Nanofibrous scaffolds are more popular than microfiber scaffolds due to their high
surface area, interconnected porosity, and positively stimulating extracellular cell-matrix
interactions [76]. Nanofibrous scaffolds are made by three methods, namely electrospin-
ning, self-assembly, and separation phase [77]. Electrospinning is the tissue engineering
application method most frequently used to synthesize collagen or synthetic scaffolds
and/or transport systems for drugs [76].

Collagen is a hydrogel material with high biocompatibility, viscoelasticy similar to soft
connective tissue, the ability to transport nutrients and waste, uniform cell encapsulation, in
situ gelation ability, and compatibility to be modified by biofunctional molecules or growth
factors [80]. Collagen contains arginine-glycine-aspartic acid (RGD) adhesion ligands,
which enable cell-biomaterial interactions, leading to cell adhesion [75]. Collagen matrices
are compatible with dental pulp stem cell proliferation, adhesion, and differentiation, as
shown by the formation of capillary-like microvessels [76,81,82]. Two commercial injectable
scaffolds, self-assembling peptide hydrogel and rHCollagen type I, were evaluated. It was
found that both of those scaffolds promote SHED cell survival, and when injected into the
root canal, these materials promoted odontoblast putative marker expression [83].
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Different collagen materials have been compared, such as collagen type I and III,
alginate, and chitosan, generating a good result in the proliferative and mineralizing
activity of type I collagen. After implanting these cells, the formation of vascularized
pulp-like tissue, odontoblast-like cells, and new dentin is produced. SHEDs adhere to PLA
cells in dentinal discs [80].

Collagen is a biocompatible material that can be degraded by enzymes; however,
natural polymers are difficult to produce and may transmit pathogens from animals (as they
are usually produced from animal products) or stimulate an immune response. No scaffold
materials have ideal structures and properties that totally resemble natural extracellular
matrix as natural ECM comprises complex architecture made up of structural proteins
(collagen and elastin), specialized proteins, and glycosaminoglycans. This architecture
provides not only structural support for tissue but also a selective dynamic environment
that is remodeled via biochemical signals to direct cellular responses [84]. A scaffold
should combine the best properties of biomaterials and be as close to the physiological
environment of the ECM as possible [80].

6. Growth Factor as Regulator

Regulating molecules are required for SHED to generate endothelial cells, odontoblasts,
and neurons that will form the dentin-pulp complex architecture [71,85,86]. They work in
signal transduction pathways to regulate cell proliferation, migration, and differentiation
into specific phenotypes. BMPs, PDGEF, FGF, TGF, EGF, and IGFs are the most common
WNT proteins [87-89].

VEGEF stimulates SHEDs to undergo endothelial cell differentiation. In an experiment
described by Annibali (2014), SHED was incubated in an endothelial cell growth medium
(EGM-2MYV). This medium contains ascorbic acid, hydrocortisone, thEGF, FBS, R3-IGF-1,
rhbFGF, rhVEGEF, and VEGF [71,85]. MEK1/VEGF/ErK, Wnt/VEGF/-catenin, and Notch-
EphrinB2/VEGF-DLL4 signaling pathway regulation in response to VEGF stimulation
and the expression of VE-Cadherin (endothelial markers), VEGFR2, and CD31 increased
dramatically [71,85]. Furthermore, the endothelial-like cells generated by SHEDs could
anastomose with the host vascular network, which was demonstrated by an experiment
using LacZ tags and galactosidase staining [85].

Odontoblast differentiation was observed after BMP-2 stimulation. This regulatory
molecule involves the production of tubular dentin, odontogenesis and morphogenesis.
Dentin sialophosphoprotein (DSPP) marker will be abundantly expressed for this dis-
tinction [85,90-92]. The production of DSPP is also influenced by two catalytic subunit
signaling complexes that target rapamycin complexes 1 and 2 (TORC1 and TORC2). TORC1,
which is also required for protein synthesis and translation, regulates and directs cell cycle,
growth, and proliferation. Suppression of TORC1 prevented mineralized matrix deposition,
which also severely limited the synthesis of DSPP. TORC2 influences both cell survival and
cytoskeleton rearrangement. Inhibition of TORC2 promoted mineralization [85,93].

SHED culture in DMEM supplemented with vitamin D3, ascorbic 2-phosphate, dexam-
ethasone, and glycerol phosphate resulted in the expression of odontoblast-specific genes,
DMP1 and DSPP. Culture also showed mineralized matrix as visualized using Alizarin
red [85,94].

Different techniques for isolating SHEDs revealed various traits for odontoblast differ-
entiation. Despite having functioning odontoblast phenotypes, SHEDs isolated by direct
outgrowth showed a decreased rate of mineralization and abnormal cell elongation and
polarization due to the vertical orientation of the cell body alongside the dentin-like matrix.
SHEDs isolated using enzymatic dissociation quickly formed mineralized tissue and kept
their spindle-shaped morphology [85,90]

In immunocompromised mice, the ability of SHEDs to develop into odontoblasts was
examined. The dorsum of subcutaneous tissue was implanted with ceramic tricalcium
phosphate/hydroxyapatite (TCP/HA) powder and SHED combinations [85].
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This resulted in the formation of dentin-like structures. However, the transplant could
not form a complete dentin-pulp-like complex. Only 25% of the clones from one of the
colony-derived SHED strains transplanted were found to produce ectopic dentin [85].

In another study, slices of extracted third molar teeth were used. To create a porous
biodegradable scaffold, poly-L-lactic acid was used to fill the pulp chamber, which was
in close contact with the predentin layer. After 1428 days, cells adjacent to the predentin
exhibited an active dentin-secreting odontoblast. DSP was also expressed. The cell nuclear
location is thought to be polarized eccentrically. The cells displayed cell-cell gap junctions,
a well-developed rough endoplasmic reticulum, the Golgi complex, and a large number of
vesicles [85].

SHEDs have also been confirmed to be able to develop into neurons. Several neu-
ronal markers, including glutamic acid decarboxylase (GAD), Ill-tubulin, nestin, 2/ 3/
cyclic nucleotide-3'phosphodiesterase (CNPase), tyrosine-hydroxylase (TH), polysialylated-
neural cell adhesion molecule (PSA-NCAM), and glial fibrillary acidic protein (GFAP) were
expressed by SHED-derived neurons.10-12 Several cytokines, including FGF8, SHH, bFGF,
and GDNE influence SHED neuronal regeneration [86,95,96].

FGFS8 is responsible for the dorsalization of the anterior neural tube [96]. The notochord
secretes SHH during development to induce a general ventral cell destiny in order to
generate floor plate and motor neurons. bFGF acts as a proliferation and differentiation
regulator. After five days of culture on poly-L-lysine coated dishes without serum, the
cells rapidly lost their mesenchymal appearance and took on a more neuronal appearance,
including neurite-like outgrowth. Continued injection of SHH/FGF8 generated neurons
with developed and extended axon- or dendrite-like structures [85,96].

Upregulation of IncRNA C210rf121 and the downregulation of miR140-5p aid in the
differentiation of SHEDs into neuronal cells. IncRNA C2lorfl121 prevents BMP2 from
binding to miR140-5p, which subsequently increases BMP2 production and promotes
SHED neurogenesis [86,97]. Table 1 shown several researches that have been conducted
using tissue engineering technology in pulp regeneration.

Table 1. Stem cells for dental pulp regeneration [83,98-110].

Article Evaluation

(Author, Year) Type of Stem Cell Type of Scaffold Types of Studies Technique Outcome
Polv-L-lactic acid Transmission electron Odontoblast and endothelial-like
Cordeiro, 2008 [98] SHED y (PLLA) In-vivo (mice) microscopy and im- cells can be differentiated
munohistochemistry from SHED
Differentiation was determined by
Demarco, 2010 [99] DPSC POIY-(LI;]IHTX)C acid In-vivo (mice) Immunohistochemistry three pjtvaat%gzt(l)?ir:)r(:tfoblas tic
markers (DSPP, DMP1, and MEPE)
iITYPe I ategocollagen The formation of new organic
oneycomb sponge . L Histological and im- matrix deposits and
Kodonas, 2012 [100] DPSCs (organic) In vivo (mini-pigs) munohi%tochemistry odontoblal:;t—like cell
- PLGA (synthetic) differentiation occurred.
Differentiation and proliferative
- Self-assembling Histological and i activity to form microvessels and
Rosa, 2013 [83] SHED peptide hydrogel In vivo (mice) 1sto}t1)ig1cahan . m- cellular density, expressed
- thCollagen type I munohistochemistry odontoblastic differentiation
markers(DSPP, DMP-1, MEPE).
Radiographic and Generating pulp-like tissues
Wang Y, 2013 [101] DPSC Gelfoam In vivo (dog) hi srap containing dentin-like tissue and
istologic analyses blood 1
ood vessels.
Regenerated pulp-like loose
Immunohistochemicall connective tissue with vasculature.
Iohara K, 2014 [102] DPSC Atelocollagen In vivo (dog) Y Odontoblastlike

evaluated cells attached to the dentinal wall,

angiogenesis and re-innervation
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Table 1. Cont.

Article

Evaluation

(Author, Year) Type of Stem Cell Type of Scaffold Types of Studies Technique Outcome
latin/ Immunohistochemical
- NF-gelatin/MgP In vitro X-ray NF-gelatin/MgP act better as
Qu, 2014 [103] DPSC - NF-gelatin In vivo (mice) SEM scaffold than Nf-gelatin
ALP activity
Neovascularization occurs, and
nerve fibers form in the regenerated
pulp tissue. The MDPSC
Murakami, 2015 [104] DPSCngS]\éMSCS/ Atelocollagen In-vivo (dog) Immunohistochemistry ~ transplantation showed a higher
s area of vascularization and
innervation compared to the
MBMSC and MADSC.
Real-time polymerase Cross-linking of collagen scaffolds
Collagen hydrogel hain f );i 0 with CA is a new strategy for
Y. S. Kwon, 2015 [105] DPSC scaffold cross-linked with In vitro ¢ (liCR)e actio regenerative endodontic therapy
cinnamaldehyde (CA) . genel ; regarding hDPC attachment,
expression analysis proliferation and differentiation.
. Medical-grade . . Histology and Im- Capable of differentiating into
Piva, 2017 [106] bpsc poly(L-lactide) (PLLA) In vivo (mice) munohistochemistry endothelial cells,

Widbiller, 2018 [107]

Extraction of
dentin matrix

- Custom-made fibrin
from fibrinogen and
thrombin

- Fibrin sealant

In vivo (mice)

Histological and im-

eDMP + fibrin and fibrin sealant
increased tissue formation than

] - Self-assembling munohistochemistr
protein (eDMP) peptide (SAP) y PRGF and SAP
- Plasma rich in growth
factor (PRGF)
. . ALP activity Lo
Chang, 2020 [108] DPSC J Aqtoclavgd treated In vivo (mice spectrophotometer a—TDM + DPSC effechve in
entin matrix (a-TDM) and goats) immunchistochemistry proliferating and differentiate
Chen H, 2020 [109] DSC Matrigel In vivo (mice) H&E staining rei\:;gl’;’gisheel fl"art‘;‘fatl“;‘ﬂ;ﬂt‘:s“;e
- GM: absence of periapical
- Gelatin (GM)- based inflammation and newly formed
) tertiary dentin with apex
hemostatic hydrogels maturation
Jang JH, 2020 [110] DPSC E Fibz‘in-based In vivo (mini- pig) Radl}?gtralp hl_c and - FM: exhibited higher incidences of
hemostatic hydrogels 1stologlc inflammatory changes (periapical
(FM) yarog radiolucency and internal root

resorption).
- Showed microvasculature and
odontoblastic layers

7. Dentin Pulp Regeneration

Dentin pulp regeneration aims to revitalize necrotic, infected, or lost pulp teeth by
restoring the morphology and function of the pulp. Ideal pulp regeneration should possess
natural structures such as nerve fibers and blood vessels, allowing nutritional, defense,
sensation, and immunological functions to be restored [10,111]. Growth factors, scaffolds,
plasma, or other associated cells such as dentin/odontoblasts, fibroblasts, or endothelial
cells may provide regenerative signals in this regeneration process, resulting in cell migra-
tion, proliferation, differentiation, angiogenesis and extracellular matrix deposition [28,112].

Endothelial cells differentiate into mesodermal precursor cells (angioblasts) during
vasculogenesis, whereas new blood vessels are formed from previously existing blood
vessels during angiogenesis. VEGF is the main regulator of angiogenesis and can also
increase vascular permeability [28,113]. FGEF, another growth factor with an angiogenic
role, can attract DPSCs to migrate and proliferate [28]. PDGF can significantly boost cell
proliferation, angiogenesis, and odontoblast differentiation [114,115]. BMP7 promotes the
formation of dentin (dentinogenesis) [116].

Nerve growth factor (NGF) plays an important role in the nervous system’s growth,
differentiation, and defense mechanisms by preventing apoptosis and reducing neuronal
degradation. NGF expression is typically increased in damaged and developing teeth; this
growth factor promotes the proliferation of sensory and sympathetic nerve cells [28]. NGF is
also involved in the processes of angiogenesis by inducing VEGF upregulation. NGF binds
to tyrosine kinase receptor (TrkA) on the cell surface, resulting in TrkA phosphorylation
and activation of multiple signaling pathways, including PI3K/Akt, Ras/Raf/MEK/ERK
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1/2, and PLC/PKC. Activation of each of these pathways results in a variety of biological
functions, including the prevention of apoptosis [117-119].

In this review, we focus on regenerative endodontic treatment using SHED, collagen
scaffold, and growth factors to regenerate dental pulp tissue through tissue engineering
technology. The concept of tissue engineering is expected to answer the challenges in
dentistry in maintaining the vitality of the dental pulp. Various studies and research are
being continuously carried out in order to obtain the best strategy in tissue engineering
and regenerative endodontics. This is achieved by understanding the behavior of cells,
the suitability of the material with the scaffolds, as well as the growth supporting factors
for each specific tissue or organ to be created; these factors are the keys to the success of
tissue engineering.

8. Conclusions

In responding to the challenges in dentistry to maintain pulp tissue and prevent
tooth loss with irreversible or necrotic pulpitis, regenerative endodontics utilizing tissue
engineering technology can be developed. In this technology, the utilization of SHEDs,
which have excellent potential with high proliferation speed and ability to differentiate
into various cell-forming dental pulp cells, collagen scaffolds as a medium for cell growth
and function, and growth factor as a regulator can be utilized to repair and regenerate pulp
tissue by regenerating pulp tissue naturally to be fully functional again.
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Abstract: Collagen and fibronectin (FN) are important components in the extracellular matrix (ECM).
Collagen-FN binding belongs to protein-protein interaction and plays a key role in regulating cell
behaviors. In this study, FN-binding peptides were isolated from gelatin (degraded collagen) using
affinity chromatography, and the amino acid sequences were determined using HPLC-MS. The
results indicated that all FN-binding peptides contained GPAG or GPPG. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and dual-polarization
interferometry (DPI) were used to analyze the effects of hydroxylation polypeptide on FN binding
activity. DPI analysis indicated that peptides with molecular weight (MW) between 2 kDa and
30 kDa showed higher FN-binding activity, indicating MW range played an important role in
the interaction between FN and peptides. Finally, two peptides with similar sequences except
for hydroxylation of prolines were synthesized. The FN-binding properties of the synthesized
peptides were determined by MALDI-TOF MS. For peptide, GAPGADGP*AGAPGTP*GPQGIAGQR,
hydroxylation of P8 and P15 is necessary for FN-binding. For peptide, GPPGPMGPPGLAGPPGESGR,
the FN-binding process is independent of proline hydroxylation. Thus, FN-binding properties are
proline-hydroxylation dependent.

Keywords: collagen; gelatin; fibronectin-binding; peptides; HPLC-MS

1. Introduction

Collagen and fibronectin (FN) play a vital role in the extracellular matrix (ECM). Col-
lagen is a biopolymer synthesized by animal cells, due to its special physiological function
and high nutritional value, it is widely used in healthcare, cosmetics, and medical materials.
It could prevent cardiovascular and cerebrovascular diseases and can lower blood pres-
sure [1-3]. Collagen could interact with FN [4], but gelatin and denatured collagen have
stronger binding activities than collagen [5]. In the ECM, the conjugation has important
biological significance. The binding of collagen to FN could cause a conformational change
in FN, leading to various biological responses, such as attachment to the cell surface to
promote cell migration and wound repair, as well as differences in integrin receptor bind-
ing [6]. However, the absence of collagen in cultured primary fibroblasts will affect the
arrangement of FN in the ECM [7]. Consequently, the study of collagen and FN binding
sites is key to some relevant biological interactions.

FN, a 450 kDa glycoprotein, is composed of three modules (F1, F2, and F3). In the
binding of FN and collagen, it is known that the 42 kDa fragment near the N-terminal of
FN, 6F1-1F2-2F2-7F1-8F1-9F1 (n denotes the nth type in the nomenclature nFX) [8], is the
collagen-binding domain. The F2 module plays a pivotal role in the interaction, but almost
all the modules in the 42-kDa fragment are important [9].

In collagen, the specific FN-binding sites have not yet been identified. The binding
activity is influenced by many factors, including the molecular weight (MW) and the
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hydroxylation modification of collagen. Hydroxyproline is a unique amino acid of col-
lagen, and the content of hydroxyproline differs with age and gender [10,11]. Therefore,
hydroxyproline plays a critical role in collagen-FN binding. Due to the stronger binding
activity of gelatin, undoubtedly, MW contributes to the binding because the modest MW
radically exposed more FN-binding sites in denatured collagen than in collagen. However,
these factors have yet to be thoroughly studied. In 1978, Kleinman discovered «1-CB?7,
digested by CNBr and purified by ion exchange chromatography, in residues 757-791,
and the author identified this as the classic FN-binding region [12]. In Dessau’s study, FN
could bind to collagen type I, II, IIL, IV, and V in vitro, as there is a binding site in every
helix of collagen. Positions 643-819 in the «l chain contain an FN-binding site, and a
domain homologous to the binding site in residues 693-1101 of the «2 chain was identi-
fied by fluorescence chromatography [13]. Gao separated two non-triple helical regions
of collagen by FN-sepharose affinity chromatography, size exclusion high-performance
liquid chromatography (HPLC), and enzyme-linked immunosorbent assay (ELISA) [14]. In
addition, CNBr cleaved collagen o1(II) to obtain CB10 (position 550-900), CB11 (100-400),
CB8 (400-550), CB9.7 (900-1000), and CB12 (0-100). In these fragments, CB10 and CB12
had binding activity, as detected by fluorescence polarization, and the activity of CB8 was
weaker. Furthermore, «2(I)-CB4 and CB5, which were homologous to CB10 and CB12,
respectively, were active in FN binding [15]. More recent research suggested that there
were at least fourteen distinct sites in collagen type I to interact with FN: five on each of the
al chains and four on the «2 chain, using fluorescence anisotropy [16]. However, all the
above-mentioned studies used CNBr to cleave collagen and analyzed the binding activity
of the cleaved fragments to FN, without specific binding site analysis. These fragments
comprised a longer region, and the MW range was broad (from several thousand to tens of
thousands). The binding sites were still uncertain. Furthermore, the detection and analysis
methods almost used fluorescence chromatography.

High-performance liquid chromatography/tandem mass spectrometry (HPLC-MS)
has been successfully applied to the analysis of the digested peptides in collagens or post-
translational modification residues of peptides. Dual-polarization interferometry (DPI) has
been employed for the analysis of protein-protein/small molecule interactions, protein
conformational changes in the solid interface, and protein-solid interface interactions [17].
In this paper, the interaction of peptides and FN was analyzed by HPLC-MS/MS in com-
bination with DPI, and key factors of the binding were investigated. Specifically, bovine
gelatin was digested by trypsin after passing through the FN affinity column. The sequence
of the separated peptides was analyzed, and the hydroxylation modification position of
proline was determined by HPLC-MS/MS. Then, the sequences were synthesized, includ-
ing hydroxylation modification, and the interaction with FN was detected via MALDI-TOF
MS. In addition, the effect of the MW was analyzed by DPL

2. Materials and Methods
2.1. Materials

Bovine gelatin (G9382, type B) and human FN were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Trypsin (sequencing grade) was obtained from Promega (Madison,
WI, USA). Trifluoroacetic acid (TFA) and acetonitrile (ACN) were purchased from Fisher
Scientific (Fair Lawn, JN, USA). «-Cyano-4-hydroxycinnamic acid (CHCA) was purchased
from Bruker (Billerica, MA, USA). 3-Aminopropyltriethoxysilane (APTES) was purchased
from Alfa Aesar (Haverhill, MA, USA). An unmodified Anachip was purchased from
Farfield (Sensors Ltd., Salford, UK). The four synthesized peptides were purified by Beijing
Scilight Biotechnology Led. Co. (Beijing, China).

2.2. Methods
2.2.1. Preparation of FN Sepharose Affinity Media

Sepharose 4FF (National Engineering Research Center for Biotechnology, Beijing,
China) was activated by 1,4-butanediol diglycidyl ether. Human FN (1 mg/mL) was
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coupled to 3 mL of activated sepharose for 24 h at 37 °C. Active groups were blocked with
ethanolamine for 4 h at 37 °C. Then, the sepharose was washed alternatively with buffer
solutions at pH 8.0 and pH 4.0. The matrix was filled in the column (1.0 cm X 4.0 cm) to
prepare FN-affinity column. The same method was also used to prepare the micro-FN-
affinity column (100 pL).

2.2.2. Tryptic Digestion

Twenty milligrams of bovine gelatin were dissolved in 5 mL of ultrapure water. Two
times the volume of ethanol was added, and the mixture was kept at 4 °C for 30 min.
The gelatin solution was centrifuged at 10,000 r/min for 10 min to precipitate the gelatin.
The high MW peptides of the precipitate were recovered in trypsin resuspension buffer
(pH 8.0), and 1:50 (w/w) trypsin solution (1 ug/pL in trypsin resuspension buffer, pH 8.0)
was added. The mixture was incubated at 37 °C for 12 h.

2.2.3. FN Affinity Chromatography [9,14,17]

The digest was loaded onto the FN-affinity column and stabilized in 20 mM PBS
equilibrium buffer (pH = 7.4). The column was washed in equilibrium buffer, and peptides
were eluted with 3 M urea in equilibrium buffer. The eluted peptides were desalted by
Sephadex G-25 (GE Healthcare, Chicago, IL, USA) and concentrated. The obtained peptides
were referred to as sample 1.

The undigested gelatin was separated in the same way, and the isolated peptides were
digested by trypsin at 37 °C for 12 h. The obtained peptides were referred to as sample 2.

2.2.4. MALDI-TOF MS Analysis

The MW ranges of samples 1 and 2 were determined using MALDI-TOF-MS (autoflex
III smartbeam, Bruker, Bremen, Germany) [18]. The samples were mixed in the ratio 1:1
with the o-cyano-4-hydroxycinnamic acid matrix (5 mg/mL in 50% ACN containing 0.1%
TFA), and the samples were spotted on the MALDI target. The mass scan range was
set from m/z 600 to 10,000. A mass scan was performed in the positive ion mode and
linear detector.

The synthesized peptides were loaded onto the micro-FN-affinity column, followed
by the washing solution. The eluted peptides were also analyzed by MALDI-TOF MS.

2.2.5. HPLC-MS Analysis

The separated peptides in samples 1 and 2 were analyzed by HPLC-MS [19]. The
HPLC-MS system consisted of an Agilent 1100 HPLC and MS (LCQ DecaXP, Thermo
Electron, San Jose, CA, USA). The samples were loaded onto an Agilent Zorbax SB C18
column (2.1 mm X 150 mm, 5 um). Mobile phase A was water (containing 0.1% TFA), and
mobile phase B was ACN (containing 0.1% TFA). The HPLC gradient was 5-40% B from 0
to 50 min; 40-80% B from 50 to 80 min. The flow rate was 0.2 mL/min. The outlet of the
column was introduced into the ion source of an electrospray ionization mass spectrometer.
The spray voltage was 4.5 kV, and the capillary was kept at 300 °C. The data acquisition
consisted of three scan events: an MS scan, followed by one zoom scan to determine the
charge state of the ion, and an MS/MS scan to generate an MS/MS spectrum. The MS scan
range was from m/z 400 to 2000. The zoom scan and tandem mass spectrometry (MS/MS)
functions were performed in data-dependent mode. Dynamic exclusion was adopted to
one count and a 0.5 min exclusion duration unit. The collision energy value was installed
to 35%.

2.2.6. Database Searching and Data Processing

Sequence information from MS/MS data was processed using the Turbo SEQUEST
algorithm in Bioworks 3.2 software (Thermo Electron, San Jose, CA, USA). A database was
created by extracting bovine type I collagen entries from the Swiss-Prot/TrEMBL database

57



Polymers 2022, 14, 3757

(http:/ /www.expasy.org, accessed on 15 July 2020). The database searches and SEQUEST
criteria were based on a previously published method [19].

2.2.7. Surface Modification of DPI Chip

The unmodified DPI sensor chip (AnaChipTM, Farfield Sensors Ltd., Manchester, UK)
was successively cleaned by ultrasonication in ethanol, acetone, and ultrapure water for
5 min. Then, the chip was immersed in piranha solution (7:3 sulfuric acid to hydrogen
peroxide) at 90 °C for 2 h, rinsed in ultrapure water, and dried. APTES was added to
anhydrous toluene to create solution concentrations of 0.001 mol/L APTES. The chip was
placed in the APTES solution to react for 30 min, followed by ultrasonication in anhydrous
toluene. The chip was dried by nitrogen stream. Finally, an amine-functionalized surface
formed on the chip [20].

2.2.8. DPI Analysis and Data Processing [17,20]

The modified chip was installed in an AnaLight® Bio200 dual-polarization interferom-
eter (Farfield Sensors Ltd., Salford, UK). The laser beam (A = 632.8 nm) with two orthogonal
polarizations passed through the chip. When the protein was loaded on the chip surface,
the upper sensing waveguide was changed, and the lower reference waveguide of the chip
was of no influence, causing the laser to produce an evanescent field change. This resulted
in a shift of the interference fringes. Subsequently, the change in transverse magnetic (TM)
and transverse electric (TE) phases was used to calculate the refractive index and thickness,
respectively, via the Maxwell equation. Tris-HCI buffer (pH 7.4, including the 0.1 M NaCl)
flowed over the chip surface. The instrument was calibrated with ethanol and H,O prior to
the experiment. To prepare the chip, 100 pg/mL FN was injected, followed by the sealing
agent. Then, the peptides samples were injected, and the surface dimensions and densities
were measured. The data were automatically analyzed by AnaLight DAQ.

3. Results and Discussion
3.1. Separation of Peptides through FN Affinity Chromatography

Due to the affinity of FN with gelatin, peptides in gelatin were separated by affinity
chromatography, in which affinity media was prepared by coupling FN on agarose media.
The sample was precipitated by ethanol and then was dissolved with PBS buffer (pH =7.4)
before adding to the separating column. The affinity chromatography results were shown
in Figure 1. Fragments of nonspecific adsorption were removed by washing the column
with 20 mM PBS bulffer (pH 7.4), and the binding peptides were eluted with 3 M urea [21].
The elution peak with the high concentration of salt would affect the mass spectrometric
detection. The peptide fraction was desalted with SephadexG-25(10 mL) (Figure 2). Figure 1
illustrated that not all the peptides from the digested gelatin could bind to the FN, and only
a few containing special sequences could bind to the N-terminal 42 kDa region of FN. We
inferred that the special sequences may play an important role in FN-affinity. In Figure 2, it
could be seen that the MW range of the separated peptides changed. The main peaks were
distributed in 6-8 mL, which were some peptides with larger MW.

3.2. MALDI-TOF MS Analysis of the MW Range

The MW range of the two separated samples was analyzed using MALDI-TOF MS.
The mass spectra in Figures 3 and 4 showed that the MW range of both samples was from
approximately 1000 to less than 6000 Da but was mainly distributed between 2000 and
3000 Da. In Figure 3, the analysis for sample 1 indicated that the separated peptides were
degraded into the lower MW range, and the sequences could be analyzed by HPLC-MS.
The analysis of sample 2 in Figure 4 indicated that the lower MW peptides of the digested
gelatin could also bind to FN alone.

58



Polymers 2022, 14, 3757

200

150 -

mAU

100

50

Figure 1. Affinity chromatography of separation peptides in the gelatin.

25

20

mAU

mL

Figure 2. Gel filtration chromatograms of the desalinated peptide fraction.
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Figure 4. MALDI-TOF MS mass spectra of sample 2.

3.3. HPLC-MS Analysis of the Peptide Sequences

Bovine gelatin, the separated gelatin (not digested), sample 1, and sample 2 were
analyzed by HPLC-MS, and the corresponding chromatograms are shown in Figure 5. The
similarity of the traces in Figure 5A,B indicated that gelatin contains many peptides that
could bind to FN. In contrast to Figure 5B-D, the retention time in Figure 5C,D was much
shorter than that in Figure 5B, further indicating that the larger peptides in the gelatin were
degraded into smaller peptides. Database searching and software analysis (2.2.6) of the
mass spectra shown in Figure 5C,D were performed, and the results are listed in Table 1.
Thirteen varieties of peptides were found in both samples 1 and 2. Sample 1 was obtained
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by tryptic digestion of gelatin followed by FN affinity column separation, while sample 2
was obtained by FN affinity column separation of gelation followed by tryptic digestion.
The identified peptides in sample 2 consisted of shorter sequences that could directly bind
to FN, and so do the extended sequences before tryptic digestion. Therefore, the region of
the FN-binding sites could be narrowed to these sequences, including GPAG and GPPG,
which were repeated in one sequence. The hydroxylation modification degree of proline in
the repeated GPAG and GPPG sequences was not high. In the reported literature, the Y
position of G-X-Y in the FN-binding region had lower hydroxyproline content and stronger
hydrophobicity, causing the collagen helix expansion to expose the active FN-binding
site [22]. Consequently, the active sites of FN-binding might exist in GPAG and GPPG.
Ingham K.C. found that type I collagen contains at least 14 cryptic FN binding sites of
similar affinity [16].
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Figure 5. Total ion chromatograms of the bovine gelatins digested at 37 °C for 12 h. (A) Bovine
gelatin; (B) separated gelatin before sample 1 was digested; (C) sample 1; (D) sample 2.

Table 1. Peptides in samples 1 and 2 identified from database searching.

Number mlz Position Sequence
1 1590.82 «1.586-603 GLTGPIGPP*GPAGAP*GDK
2 2089.02 «1.757-780 GAPGADGP*AGAPGTP*GPQGIAGQR
3 1816.88 «1.817-836 GPP*GPMGPPGLAGPP*GESGR
4 1560.81 «1.889-906 GETGPAGPAGPIGPVGAR
5 868.47 «2.102-111 VGAP*GPAGAR
6 1287.64 «2.328-341 GFP*GSP*GNIGPAGK
7 1427.74 «2.451-465 GIP*GEFGLPGP*AGAR
8 1580.77 «2.469-486 GPP*GESGAAGPTGPIGSR
9 1845.92 «2.672-692 TGPP*GP*SGISGPP*GPPGP*AGK
10 1492.70 «2.708-723 SGETGASGPP*GFVGEK
11 2115.13 «2.760-783 GLP*GVAGSVGEPGP*LGIAGPPGAR
12 1580.79 «2.856-873 GEP*GP*AGAVGP*AGAVGP*R
13 895.46 «2.931-941 GPAGPSGPAGK
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Then, the sequence RGEP*GPP*GPAG (*indicated the hydroxylation modification of
the proline) and GAPG (n = 39, n represents the number of repeats in the chain), GPAG
(n = 61), GARG (n = 19), and GERG (n =19) were synthesized, but they failed to bind
FN. The moderate hydroxylation modification of proline might play an important role
in recognition by FN. Furthermore, the shorter synthesized peptides, which contained
FN-binding sites, failed to bind FN, indicating that the combined action of other residues
was clearly required for full affinity.

The specific “GPPG” sequences in different peptides are highlighted in red. The
specific “GPAG” sequences in different peptides are marked with underlines.

In the study by Kleinman H. K., «1-CB7, a type I collagen, was digested with cyanogen
bromide and was identified as the classic fragment of the FN-binding [12]. The frag-
ment lies within residues 757-791 of the «l chain and contains the vertebrate collage-
nase (MMP-1) cleavage site of residues 775-776. In our research, m/z 1043.31 in Table 1
was doubly charged in the zoom scan, and the ion corresponded to the sequence, GAP-
GADGP*AGAPGTP*GPQGIAGQR, in the region of «1.757-780. The sequence belonged
to «1-CB7 and contained the cleavage site Q-G#I-A (# represents the bond cleaved) of
MMP-1 [23]. This suggested that the fragment, which independently interacted with FN
in the domain of «1.757-791, could reduce to the sequence, GPQGIAGQR, in the region
of «1.772-780. In addition, the sequence, GP*AG, might be another binding site. The
sequence GLP*GVAGSVGEPGP*LGIAGPPGAR in the region of «2.760-783 corresponded
to m/z 1058.07 (doubly charged) in Table 1, and it contained the cleavage site L-G#I-A. As a
result, we inferred that in addition to the collagenase cleavage site, GPAG and GPPG were
also binding sites of FN, but the excessive hydroxylation modification of the proline in the
sequence GPPG weakened the adhesion to FN.

Studies showed that both «1.552-819 and 643-932 exhibit high FN-binding activ-
ity [13]. In Table 1, the peptides numbered 1-4 belonged to the region (Figure 6). The
retention time of m/z 796.8, 1042.3, 908.9, and 780.9 with two charges was 29.46, 38.34,
30.25, and 30.18 min, respectively. In addition, m/z 793, a double charge, originated from
the sequence GANGAP*GIAGAP*GFP*GAR in Figure 7. The result was consistent with
that reported by Fietzek et al., in which «1-CB8 and «1.124-402 could bind to FN [24]. The
region of «1.220-237 shortened the binding region of «1-CB8 and made the binding site
more obvious.
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Figure 6. Extracted ion chromatogram of the peptides, numbers 1-4, in Table 1. (A) m/z 796.8;
(B) m/z 1042.3; (C) m/z 908.9; (D) m/z 780.9.
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Figure 7. MS/MS  spectrum of m/z 793.6 corresponding to the sequence GAN-
GAP*GIAGAP*GFP*GAR. “*” indicated the hydroxylation modification of the proline.

Our research identified some binding peptides from the o2 chain. Guidry C. digested
collagen I and II using CNBr and found that both CB4 from «2(I) homologous with
CB10 from «1(II) and CB5 from «2(I) homologous with CB12 from o1(II) exhibited FN-
binding activity. CB4 and CB5 were located in the regions of «2(I).0-300 and 693-1011,
but the binding activity of CB4 was weaker than that of CB5 [15]. Table 1 showed that the
peptides of regions «2.102-111, x2.708-723, 2.856-873, and «2.931-941 were included in
the binding region. This further suggested that the bound region could cut down these
sequences. They contained the same peptide sequences of GPAG and GPPG. Therefore,
GPAG or GPPG was the binding site of FN. Moreover, this is the first report on these
sequences in «1.91-99, x2.328-341, x2.451-465, x2.469-486, and «2.672-692 (Table 1) and
their binding with FN. For example, the sequence GFSGLDGAK corresponded to m/z
851.4, and the matched b and y ions were shown in Figure 8.
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Figure 8. MS/MS spectrum of m/z 851.4 corresponding to the sequence GFSGLDGAK.

3.4. DPI Analysis of the Effect of MW on FN Binding

After FN was immobilized on the chip, the 1, 3, and 10 kDa peptides and bovine gelatin
were, respectively, injected into the two channels of DPI and reacted with immobilized
FN. The MW range of bovine gelatin was 1.4-33 kDa, as determined by gel filtration
chromatography. The adsorption conditions of these samples were shown in Figures 9-11,
including the real-time profile (A) and the resolved layer thickness-mass (B).
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Figure 9. Adsorption of gelatin to immobilized FN on the chip surface as shown by (A) the measured
TM (black line) and TE (red line) phase changes, and (B) the resolved layer thickness (black line) and
mass (red line).

In Figure 9B, the thickness increased from 11.60 nm to 12.55 nm, and the mass increased
from 3.68 to 3.86 ng/ mm?. The obvious increases in thickness and mass demonstrated that
gelatin of MW range 1.4-33 kDa interacted with the immobilized FN. Certainly, not the
entirety of the MW range (1.4-33 kDa) could bind to EN; thus, 1, 3, and 10 kDa peptides
were further analyzed.
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Figure 10. Adsorption of 3 kDa sample to immobilized FN on the chip surface as shown by (A) the
measured TM (black line) and TE (red line) phase changes and (B) the resolved layer thickness (black
line) and mass (red line).

According to DPI data analysis, the 1 kDa sample failed to bind FN (Figure not shown).
Although the thickness did not increase significantly, there was a significant increase in
the mass in the 3 kDa sample (Figure 10). This proved that the 3 kDa sample bound to FN.

65



Polymers 2022, 14, 3757

Similarly, the mass and thickness of the 10 kDa sample indicated that it could interact with

FN (Figure 11).
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Figure 11. Adsorption of 10 kDa sample to immobilized FN on the chip surface, as shown by (A) the
measured TM (black line) and TE (red line) phase changes and (B) the resolved layer thickness (black
line) and mass (red line).

It is known that the FN-binding activity of collagen is lower than that of gelatin [5].
Our study suggested that the peptides lower than 1 kDa did not readily bind to FN. Thus,
the bigger MW of peptides, the better the FN-binding activity. In other words, there was
stronger binding activity in the suitable MW range of peptides, because a modest MW
might radically expose more FN-binding sites than collagen. In this paper, peptides in the
range of 2-30 kDa exhibited better affinity to FN. Therefore, the MW plays an important
role in the interaction between FN and peptides.
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3.5. MALDI-TOF MS Analysis of the Effect of Hydroxylation Modification on FN Binding

The sequence and MW of the four synthesized peptides were listed in Table 2. They
were the peptides of FN-binding in Table 1 and contained two non-hydroxylation (1 and 3)
and two hydroxylation modifications (2 and 4). In order to investigate the effect of hy-
droxylation modification on FN binding, peptides 1 and 2, and peptides 3 and 4, were,
respectively, mixed in a 1:1 mass ratio and separately named GIA and GPP. The two mixed
samples were separately loaded onto the micro affinity column. The column was eluted
until the washing solution did not include the sample by MALDI-TOF MS, following the
elution solution analyzed. Figures 12 and 13 showed the MALDI-TOF mass spectra of the
two samples’ elution.

Table 2. Sequence and molecular weight of the four synthesized peptides.

No. Mixed Sample Name No hyp Modification Molecular Weight
1 GIA GAPGADGPAGAPGTPGPQGIAGQR 2058.08
2 GAPGADGP*AGAPGTP*GPQGIAGQR 2089.47
3 GPP GPPGPMGPPGLAGPPGESGR 1784.53
4 GPP*GPMGPPGLAGPP*GESGR 1816.36
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Figure 12. MALDI-TOF MS spectra of (A) GIA sample and (B) the elution solution.

In Figure 12A, m/z 2056.01 and 2088.30 were produced by peptides 1 and 2 from
Table 2, respectively, and m/z 2078.19 was m/z 2056.01 + Na*. The figure showed that the
washing solution no longer included the GIA sample after the column was fully washed
(Figure not shown). By comparing Figure 12A,B, the larger peak area of peptide 1 developed
into smaller than that of peptide 2. The differences between the spectra indicated that
the hydroxylation modification of peptide 2 led to stronger binding activity than the non-
hydroxylation of peptide 1. Again, the appropriate position and amount of hydroxyproline
in the sequence of peptide 2 had a significant influence on the binding activity.

In comparison with Figure 13A, the peak areas in Figure 13B did not significantly
change. We hypothesized that the amount of proline in the sequence of peptide 3 was so
high that slight hydroxylation modifications might influence the binding, or even inhibit it.

Interestingly, all four synthesized peptides could interact with FN, and it was incorrect
to infer that only the sequences with hydroxylation modification could bind to FN. The
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addition of the binding was also attributed to the position and amount of hydroxyproline,
both of which are essential.
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Figure 13. MALDI-TOF MS spectra of (A) GPP sample and (B) the elution solution.

4. Conclusions

Affinity chromatography was used to isolate peptides that could bind to FN, and the
amino acid sequence of peptides was determined by HPLC-MS. MALDI-TOF MS and DPI
were used to analyze the effects of MW and hydroxylation modification of peptides on FN
binding activity.

The sequences of peptides that could bind FN all contained GPAG or GPPG,; thus, they
may be regarded as the core sequences of FN binding peptides. The MW of these peptides
was mainly distributed in the range of 1000-2000 Da, and the FN-binding regions in peptide
sequences were identified. These peptides, with MW between 1000 and 2000 Da, are also
more easily absorbed by the human body, providing a foundation for the development of
new functional health products.

DPI was used to measure the adsorption thickness and mass of peptides with different
MW ranges on a chip with immobilized FN. Peptides with MW below 1 kDa did not readily
bind to EN, while peptides with MW between 2 and 30 kDa were more likely to bind to FN.
The result indicates that peptides with moderate MW exert greater binding activity, where
more FN binding sites are exposed in the peptide sequence. Therefore, the MW range plays
an important role in the interaction between FN and peptides.

Two different sequences of peptides (including hydroxylated and unmodified pep-
tides) were synthesized, and the amount of hydroxylated and unhydroxylated peptides was
mixed. MALDI-TOF MS was used to measure the influence of hydroxylated modification
on EN binding, and all four synthetic polypeptides could bind to FN. However, the location
and amount of hydroxylation modification play a key role in binding strength.

In this paper, bio-enzymatic hydrolysis technology was used to degrade gelatin, and
combined with mass spectrometry analysis, the core sequence of FN binding in peptides
was identified at the molecular level. The FN binding domain of the peptide sequence was
shortened, providing a strategy for new raw materials and a basis for the study of functional
factors of functional food. In this paper, DPI and MALDI-TOF MS were used for the first
time to analyze the dynamic binding process of peptides to FN online, and the influence of
various factors on the binding was discussed. The results provide a new technical method
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of analysis, as well as a theoretical basis for studying the binding characteristics of peptides
to FN.
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Abstract: Polyelectrolyte multilayers (PEM) are versatile tools used to investigate fundamental
interactions between material-related parameters and the resulting performance in stem cell differen-
tiation, respectively, in bone tissue engineering. In the present study, we investigate the suitability
of PEMs with a varying collagen content for use as drug carriers for the human bone morphogenetic
protein 2 (rhBMP-2). We use three different PEM systems consisting either of the positively charged
poly-L-lysine or the glycoprotein collagen type I and the negatively charged glycosaminoglycan
heparin. For a specific modification of the loading capacity and the release kinetics, the PEMs were
stepwise cross-linked before loading with cytokine. We demonstrate the possibility of immobilizing
significant amounts of rhBMP-2 in all multilayer systems and to specifically tune its release via
cross-linking. Furthermore, we prove that the drug release of thBMP-2 plays only a minor role in the
differentiation of osteoprogenitor cells. We find a significantly higher influence of the immobilized
rhBMP-2 within the collagen-rich coatings that obviously represent an excellent mimicry of the native
extracellular matrix. The cytokine immobilized in its bioactive form was able to achieve an increase
in orders of magnitude both in the early stages of differentiation and in late calcification compared to
the unloaded layers.

Keywords: polyelectrolyte multilayer; collagen; cross-linking; bone tissue engineering; drug release;
drug reservoir; BMP-2; osteogenic differentiation

1. Introduction

The layer-by-layer (LbL) coating strategy via polyelectrolytes is a powerful and simple
technique to modify and functionalize nearly any kind of surfaces like membranes, discs,
hollow tubes, capsules or nanoparticles independently whether they are made of polymers,
glasses, ceramics or metals. Moreover, the LbL method has proven to be simple, flexible,
effective, inexpensive and reproducible. In other words, the method imposes no restrictions
on the size or shape of the substrate and does not require harsh process conditions during
the coating process. In this way, an enormous field of applications has emerged over the
years, for example in regenerative medicine, as a drug delivery vehicle or as a bioactive
coating to render medical implants or prostheses, such as cardiovascular devices, joint
prostheses or bone replacement, respectively, making bone augmentation materials more
bioactive [1-4]. Notably, even hydrogels can be modified with polyelectrolyte multilayers
(PEM) to enhance cell adhesion, which could be an option especially for synthetic hydrogels
with less bioactivity [5]. In addition, the first studies have been published recently in which
even native cells were coated with PEM films [6].
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From a physico-chemical point of view, polyelectrolytes are polymers that dispose
of numerous ionizable groups. In polar solvents, this group starts to dissociate in de-
pendence of the pH, so that these molecules are then electrically charged. Negatively
charged polymers are called polyanions and positively charged molecules are called poly-
cations. Special polyelectrolytes that have both positive and negative charges are called
polyampholytes or betaines [7].

In the early 1990s, Decher et al. introduced the LbL technique, which is based on
the self-assembly of alternating charged polyelectrolytes. Now it is a powerful alterna-
tive to self-assembled monolayers or Langmuir-Blodgett deposition. The driving force
of the layer formation is the ionic attraction between the opposite charges and the release
of counterions [8]. The polyelectrolyte multilayer formation is a complex balance between
electrostatic interactions, non-electrostatic interactions and a gain in entropy as the main
driving factor [9,10].

It can be ascertained that the original assembly technique for the fabrication of LbL
films has not much changed since its seminal introduction by G. Decher. The most extended
protocol is the alternated dipping of flat macroscopic substrates into solutions of polyan-
ions and polycations, including the corresponding rinsing cycles between the different
dipping steps [11-13].

A polyelectrolyte multilayer consists of a predetermined number of double layers, cre-
ated from alternating the deposition of polyanions and polycations. Such coatings should
have certain key features, like biocompatibility, biodegradability and environmental benignity.
The physical, chemical and biological properties of PEMs are defined by the used polyelec-
trolytes and their molecular composition and conformation, the coating architecture, the
fabrication process and the possible post-fabrication treatments where required [14].

Exemplarily, in conventional prosthetics, PEMs are used for the modification of im-
plants for bone augmentation or replacement to improve osseointegration or as drug
reservoir, e.g., to release antibiotics to prevent implant-associated infections [15,16]. As men-
tioned above, the application for PEMs is of special importance in the field of TE. In this
area, the LbL technique is often used to mimic the natural extracellular matrix for a better
tissue integration and biofunctionality. The ECM consists mainly of glycosaminoglycans
(GAGs) like chondroitin sulfate, heparin and hyaluronic acid and fibrillary glycoproteins
like collagen, fibronectin and laminin. The use of such natural ECM molecules can help to
improve the integration of implants by establishing an ECM-analogue microenvironment.

GAGs are linear and polar polysaccharides, which interact more or less intensely with
water molecules [17]. Heparin is a highly sulfated GAG in the ECM and is often used to es-
tablish drug carrier systems because it has a high binding capacity for cytokines and growth
factors. Collagen is the most common ECM component. It has a defined 3D structure with
numerous cell-binding sites. Poly-L-lysin (PLL) is a positively charged polyelectrolyte
and often used in PEM films to improve the cell adhesion capability and biocompatibility
of surfaces due to the Coulomb interaction. In this study, we have investigated PEMs
composed of PLL, heparin and collagen in view of their effect on MC3T3 cell differentiation.
MC3T3 pre-osteoblasts represent an established model for in vitro osteoblast differentiation
and ECM signaling.

In the last decade, the influence of substrate stiffness on the behavior of biologi-
cal systems is increasingly becoming the focus of many research activities. Therefore,
PEMs are often cross-linked after their assembly to modulate the mechanical properties.
A detailed overview of different cross-linking strategies is given in the excellent review
of Ghiorghita (2019) [18]. The most common method is cross-linking via EDC (1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride) and NHS for PEMs with appropriate
functional groups, such as amine and carboxyl groups in aqueous solutions. Cross-linkers
like EDC are used to couple carboxyl and amine groups in order to get amide bonds [19].
Ren and coworkers showed that an increase in the EDC concentration is directly pro-
portional to the mechanical stiffness of a (PLL/PA);; PEM. They generated PEMs that
showed Young’s moduli from 3 kPa for native films, 100 kPa for low cross-linked films to
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400 kPa for highly cross-linked films. Obviously, a higher cross-linker concentration also
enhances the myoblast adhesion on the stiffest PEMs and well-defined focal adhesions
were observed [20]. Schneider et al. (2007) cross-linked a PLL/HA and a CHI/HA PEM
with EDC/NHS. The cross-linked film was about 10 times stiffer than the native non-cross-
linked counterpart (native PLL/HA 20 kPa, cross-linked PLL/HA 250 kPa; native CHI/HA
15 kPa, cross-linked CHI/HA 159 kPa). For EDC and NHS concentrations of 70 mg/mL,
respectively, 22 mg/mL were employed in a 0.15 M NaCl solution at a pH of 4.5 in order to
deposit a thin film for 18 h at 4 °C [21].

For cross-linking PEM films made of collagen, it should be mentioned that the EDC/NHS
chemistry can change the structure of the collagen while cross-linking. This may lead to
a change in the cell adhesion behavior. The group of Cameron et al. observed a decreasing cell
adhesion with an increasing EDC/NHS concentration for cross-linking [22,23]. The reason is
that EDC inhibits the cation-dependent cell adhesion to collagen, because the binding sites
for the collagen binding integrins &1 31, oz 1, ®10P1 and «11 31 are changed [22].

A possible alternative to cross-link PEMs is given by the use of glutaraldehyde (GA).
The amine groups react with the GA and form an imide bond, resulting in a cross-linked
PEM. This method was successful used in the field of environmental technology to cross-
link PEMs on membranes for water treatment facilities or to improve the stability of PEM
microcapsules for pharmacological purposes [19,24,25]. Another option of an increasing
importance seems to be the use of genipin to cross-link PEMs. Genipin is a natural cross-
linking agent which is found in plants, and it has been quite efficient in protein cross-linking.
It can be an interesting alternative for cross-linking with EDC or glutaraldehyde, which
often changes the physicochemical properties of the PEM film while cross-linking. In tissue
engineering, genipin has shown beneficial effects like the control of inflammation or the
enhancement of fibroblastic cell attachment [26]. Chaubaroux et al. (2012) assembled a film
of collagen and alginate cross-linked with genipin to stabilize the film at physiological
pH values. Compared to films cross-linked with glutaraldehyde, the genipin cross-linked
film shows the same structure as a non-cross-linked film. They also observed a satisfying
degree of proliferation of HUVECs. The cells grow more confluently and a better spreading
behavior was observed on genipin cross-linked films in comparison with a glutaraldehyde
cross-linked film [26].

It is well known that growth factors like hBMP-2 can be sequestered within the ECM
by means of binding to the protein moieties or to charged glycosaminoglycans, for example,
to establish growth factor gradients or to build up a growth factor reservoir for later use.
Among the many advantages of LbL assembly are the mild aqueous fabrication conditions
and the associated possibility of incorporating cytokines or growth factors without the risk
of destabilizing these compounds. This circumstance, along with the potential multivalent
charge interactions between the ionized groups of the polyelectrolytes and the charged
drugs, renders PEMs as a versatile technology platform to immobilize bioactive agents.

These components can be loaded as direct building blocks during the assembly process
or by post-diffusion into the final multilayer system. The subsequent release is controlled
by the molecular structure and the charge of the different polyelectrolytes [17], leading to
amore or less defined permeability of the polyelectrolyte multilayer in dependence of an ex-
ternal stimuli such as the pH, ionic strength, temperature, etc. [18]. The study of Dash et al.
(2010) gives an overview of the mathematical models used to describe the release kinetics
of drug delivery systems [27]. The most commonly used kinetic models for PEM films are
based on Fick’s law of diffusion and the well-known algorithms of Korsmeyer-Peppas
and Higuchi [28].

In bone tissue engineering, BMPs play an important role. The molecular weight
of hBMP-2 is 32 kDa and the isoelectric point is given with a pH value of 8.5. In solutions
with lower pH values, it is slightly positively charged and can therefore also be electrostati-
cally incorporated into PEMs. BMP-2 is a cytokine and a growth factor and, as such, it is
involved in bone healing and different phases of bone repair as a kind of osseous induc-
tor [29].

73



Polymers 2022, 14, 4315

It should be noted that the clinical dose for therapeutical purposes is relatively high,
ranging from 0.1 to 0.5 mg BMP-2/kg body weight [30]. BMPs have a conserved binding site
with a specific affinity for sulfated glycosaminoglycans, which renders GAGs as a promising
BMP-2 delivery tool. Especially, heparin has a high dissociation constant K; of 20 nM for BMP-
2 and can also enhance the BMP-2 activity [30]. An N-terminal sequence of approximately 13
amino acid residues mediates the binding of the cytokine to heparin [31].

Numerous studies were published which show the positive effect of hBMP-2 in the
process of bone formation after drug release. MacDonald et al. (2011) have fabricated
a special PEM made of Poly2, a synthetic, intrinsically tunable cationic polymer, and
chondroitin sulfate to be able to functionalize 3D scaffolds based on a polycaprolactone/ 3-
tricalcium phosphate (PCL/BTCP) co-polymer blend. The BMP-2 was introduced di-
rectly in the coating process. Subsequently, the following tetralayers were obtained:
[Poly2/chondroitin sulfate/BMP-2/chondroitin sulfate],, where n is the repeating unit
of the tetralayer (n = 100). The films show distinct release profiles. A linear release is
observed for the first 2 days, where 80% of the BMP-2 is released. In the additional 2 weeks,
the last 20% are slowly released. In total, the scaffolds released around 11 mg of BMP-2.
The bioactivity of the coating was tested in vitro with MC3T3 E1 subclone 4 pre-osteoblasts
and in vivo with sixteen 350-400 g male Sprague Dawley rats. The experiments show
a significantly better bone formation for coatings that contain BMP-2 [32]. Guillot and
coworkers (2016) investigated the osseointegration of titanium implants (Ti-6Al-4V) and
poly(etheretherketone) (PEEK) implants coated with a PEM film which was loaded with
BMP-2. The PEM consist of 24 double layers of poly-L-lysine and hyaluronic acid. To
enhance the PEM film adhesion on the implant, a Polyethyleneimine layer was introduced
at first. After the multilayer generation, the films were cross-linked with EDC/NHS.
The coated implants were incubated with 100 ug/mL BMP-2 for 90 min at 37 °C. Un-
coated and coated (total dose of 9.3 ug BMP-2) screw implants were inserted in the femoral
condyles of rabbits and the osseointegration was compared after 4 and 8 weeks. Surpris-
ingly, the bone-to-implant contact and the bone area around the implant were significantly
lower for the coated implants than for the uncoated implants. This impressive study shows
that it is important to choose a proper dose of the growth factor, otherwise localized and
temporary bone impairment can appear [33].

As already mentioned, both the absolute amount and the release time/kinetic repre-
sents an important aspect of drug release. Thus, numerous works have been performed to
try to develop biomimetic delivery systems that control the localization, the release time
and the kinetics as well as the spatial and temporal release patterns [34]. The goal is to
achieve a long-term delivery system that releases the drug component precisely when the
cells remodulate the PEM system.

In this context, an intensive scientific debate is taking place about the preference
of physiological drug reservoir systems vs. a drug release system. Most release systems
start with an initial burst release where almost 80% of the loaded drug is released in the first
few hours. However, the adhesion and healing process in vivo takes a significantly longer
time. Furthermore, the burst release of cytokines can lead to a very high concentration in
the tissue and subsequent tissue inflammation and ectopic ossification [30,33]. Therefore,
a drug reservoir, which releases the cytokine just when the cells remodulate the artificial
matrix, seems to be extremely attractive.

In this study, we investigated three different polyelectrolyte multilayer systems con-
sisting of PLL, heparin and collagen. The amount of collagen in the layer systems was
variable. Each layer system was gradually cross-linked by EDC/NHS chemistry to generate
polyelectrolyte multilayers with a different stiffness and defined release kinetics. The PEMs
were loaded with hBMP-2 and the total amount in the coating as well as the release as
a function of time and in dependence of PEM composition and a degree of cross-linking
was investigated. The experiments aim to comparatively quantify the balance between
hBMP-2 release and hBMP-2 sequestering within the PEM in terms of bioavailability and
the effect on osteoprogenitor cell differentiation.
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2. Materials and Methods
2.1. Coating and Cross-Linking

Chemicals and reagents were used without further purification, unless stated other-
wise. PEM films were assembled from poly-L-lysine (Sigma-Aldrich GmbH, Taufkirchen,
Germany, P2636, PLL, 30-70 kDa), heparin (Sigma-Aldrich GmbH, Taufkirchen, Germany,
H3393, Hep, from porcine intestinal mucosa) and collagen (ibidi GmbH, Grafelfing, Ger-
many, 50202, rat tail collagen type I). The polyelectrolytes for PLL-Hep films were dissolved
in a Na-acetate buffer (20 mM, pH 4.5) at a concentration of 1 mg/mL. For the deposition
of Col-Hep multilayers, the polyelectrolytes were dissolved in 5 mM Acetate (pH 3.5) at
a concentration of 1 mg/mL. The film construction was performed automatically by em-
ploying a dipping robot (DR3, Riegler & Kirstein GmbH, Potsdam, Germany). Briefly, the
cleaned substrates were first dipped into the polycation solution (PLL) and left to adsorb
for 5 min. After that, the samples were washed three times in double-distilled water to
rinse the surface from the unbound polyelectrolyte. Subsequently, (Hep) was deposited in
the same manner. For the (Col-Hep) film construction, the substrate was dipped for 30 min
into the solved polyelectrolyte. The rinsing steps here were the same as described for the
(PLL-Hep) films. Each cycle was repeated until the desired number was reached of double
layers and film architecture. All samples were rinsed in double-distilled water and air dried
in a gentle stream of pressurized air. Figure 1 illustrates the coating architecture of the three
investigated multilayer systems.

PEM2 PEM3
(PLL-HEP),-Col-HEP PLL-HEP-(Col-HEP),

AN, Ay
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Figure 1. Architecture of the investigated LbL coatings.

The cross-linking was done using EDC/NHS chemistry at five different EDC con-
centration levels (0, 5, 25, 100 and 200 mg/mL) in order to obtain peptide bonds within
the polyelectrolyte multilayers between the carboxylic groups of the poly-anion (heparin)
and the amine groups of the poly-cations (poly-L-lysin; collagen). The EDC stock solution
(400 mg/mL) was prepared in ice cold 0.15 M of NaCl with a pH value of 5, and from this
the solution was further diluted in separate volumes until the two-fold target concentration
was reached. Finally, these two-fold pre-dilutions were further mixed in an equal volume
with a 22 mg/mL NHS solution. Each cross-linking reaction was done in 1 mL EDC/NHS-
solution in 24-well plates. All working steps were performed on ice with pre-cooled buffer
and all samples were incubated over night at 4 °C. After the cross-linking, all samples were
rinsed three times with 0.15 M NaCl, pH 8 at room temperature. Between each washing
step, the samples were incubated for 1 h. Finally, the samples were rinsed with water
and allowed to dry in air at room temperature. For sterilization the samples were placed
for 30 min under UV light.

2.2. Loading of BMP-2

For the loading of the cytokine in the PEM films, the BMP-2 (PeproTech Germany,
Hamburg, Germany) was diluted to a final concentration of 75 ug/mL. The loading was
performed in a 24-well plate, where in each well a coated glass disc was placed. An aliquot
of 200 puL of the BMP-2 solution was added to each sample per well and incubated over
night at 4 °C. The cytokine solution was replaced and the samples were rinsed three times
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with double-distilled water for 5 min. The samples were then air-dried and stored at 4 °C
until further use.

2.3. Release Kinetic

All coated glass discs were placed into a 24-well plate and incubated with 400 uL
of DMEM with 1% Penicillin/Streptomycin at 37 °C and 5% CO,. The medium was
collected and replaced by a fresh medium after 1 h,2h,4h,6h,8h,10h,24 h,48h, 96 h
and 192 h.

There are some advanced approaches that can be used to model the loading quantities
in polyelectrolyte multilayers, e.g., based on ellipsometry data [35]. In the present study,
however, both the release and the loading quantities were high enough to realize the
quantification directly via a commercial fluorescence kit. The initial loading capacity as well
as the release of thBMP-2 were measured using a Human/Murine/Rat BMP-2 Standard
TMB ELISA Development Kit (PeproTech Germany, Hamburg, Germany), according to
the manufacturer’s instructions. The loading amount was calculated by a measurement
of the growth factor concentration of the loading solution before and after the incubation.
All measurements were done in triplicate on three samples, respectively.

2.4. Cell Culture Tests

Mouse fibroblasts MC3T3 cells were obtained from Leibniz Institute DSMZ (Leibniz
Institute DSMZ German Collection of Microorganisms and Cell Cultures GmbH, Braun-
schweig, Germany) and cultured in a proliferation medium, which consisted of x-MEM
with 10% FBS and 1% Penicillin/Streptomycin (all the medium components were obtained
from PAN-Biotech, Aidenbach, Germany). The cells were subcultured prior to reaching
a 70-80% confluence. For the differentiation into osteoblasts, the culture medium was
changed to a differentiation medium, which consisted of a-MEM, 10% FBS, 1% Peni-
cillin/Streptomycin and additionally 10 mM of 3-Glycerolphosphate and 0.05 mM of ascor-
bic acid (Sigma Aldrich GmbH, Taufkirchen, Germany).

2.5. Proliferation Assay—XTT

For the analysis of proliferation and the viability of the MC3T3 cells on different
coatings, an XTT assay was employed. This is a colorimetric assay using XTT (2,3-Bis-(2-
Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide), a yellow tetrazolium
salt, which is reduced in the presence of an electron coupling reagent (5-Methylphenazinium-
methasulfat, PMS) to an orange formazan dye by metabolically active cells. The formazan
salt is soluble in aqueous solutions and can be directly quantified using a spectropho-
tometer. For the assay, the MC3T3 cells were cultured with a proliferation medium on the
coated discs in 24-well plates. At the sample points, the culture medium was replaced by a
300 pL fresh proliferation medium, then 150 uL of XTT solution (1 mg/mL XTT in RPMI
medium and XX mg/mL Electron coupling reagent) were added and incubated at 37 °C
for 4 h. After the incubation period, the absorbance of the supernatant was measured using
an ELISA plate spectrometer at a wavelength of 405 nm. The cells were washed twice in
PBS and then further cultivated in a proliferation medium.

2.6. ALP Assay

The cells were seeded at a density of 10,000 cells/cm? on the samples in 24-well plates.
The alkaline phosphatase (ALP) activity is a marker for early osteogenic differentiation.
To measure the ALP activity, the cells were washed twice with PBS and then lysed with
a lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% Triton X-100, 100 pug/mL PMSF)
for 30 min on ice. One capsule of phosphatase substrate (Sigma Aldrich GmbH, Taufkirchen,
Germany) was dissolved in 25 mL of ddH;,O and then mixed in equal parts with an alkaline
buffer (Sigma Aldrich GmbH, Taufkirchen, Germany).

An aliquot of 10 uL of each sample was added to a 96-well plate on ice. The plate was
placed to a Thermoblock at 37 °C and 100 pL of the phosphatase solution was added. After
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15 min of incubation, the reaction was stopped with 100 uL of 0.5 M NaOH. The absorbance
at 405 nm was analyzed with an ELISA reader. For the standard curve, a Nitrophenol
solution (Sigma Aldrich GmbH, Taufkirchen, Germany) was diluted with 0.02 M NaOH
and used to calculate the units of the enzyme activity.

2.7. Matrix Calcification—Alizarin Red S Assay

The calcium deposition and matrix calcification are later markers of osteogenic dif-
ferentiation and can be analyzed with an Alizarin Red Assay. The cells were seeded at
a density of 10,000 cells/cm? on samples in 24-well plates and incubated for 28 days at
37 °C. Then they were washed twice with PBS and fixed with 4% PFA for 60 min. A
staining solution was prepared with 2% Alizarin Red S in ddH,O at a pH of 4.2. A volume
of 200 pL of staining solution was added to each sample and incubated for 45 min in the
dark. The samples were washed four times with ddH,O for 5 min. For destaining, the
samples were incubated with 10% acetic acid for 30 min. The absorbance was analyzed at
405 nm with an ELISA reader.

2.8. Microscopy

The cells on the samples were rinsed twice with PBS and then were fixed with 4% PFA
for 20 min. The cells were stained with Phalloidin590 (MoBiTec GmbH, Goéttingen, Ger-
many) and Hoechst33258 (Thermo Fisher Scientific GmbH, Bremen, Germany) according
to the manufacturer’s instruction and analyzed with a Confocal Laser Scanning Microscope
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany).

2.9. Statistical Analysis

All the results are shown as mean values + standard deviation. The results of a one-
way ANOVA test can be found in the Appendix A.

3. Results and Discussion

We examined three different layer systems based on the three different polymers:
heparin (Hep), poly-L-lysin (PLL) and collagen (Col). The polyelectrolyte multilayers were
built up using the LbL technique until a final film architecture consisting of ten double
layers was achieved. PEM1 consists of ten double layers (PLL-Hep);9. PEM2 has nearly the
same structure as PEM1, however, in the last double layer, PLL was replaced by collagen
(PLL-Hep)y-(Col-Hep);. For the PEM3 system, this replacement strategy was continued
for all double layers except for the first double layer, where a strong polycation is needed
to guarantee a stable adhesion on the substrate. Thus, the final PEM3 structure is given
with the following coating sequence (PLL-Hep);-(Col-Hep)s.

For further information, these three layer systems were thoroughly investigated by the
means of a specifically adapted spectrum of the physicochemical methods in order to obtain
precise data on the multilayer architecture and morphology. A detailed presentation and
discussion of the results with special attention to the most important factors of influence
such as the stiffness, layer thickness, zetapotential, roughness parameter and the intrin-
sic and extrinsic charge compensation, respectively, has already been published by the
authors [33]. Table 1 summarizes the relevant data on the respective physicochemical
investigations.
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Table 1. Summarized results from physicochemical investigations as published and discussed in

detail in [36].

. Young’s .1
Roughness Thickness . Wettabilit
EDC ( AgFM) (Ellipsometry)  Amid- (FTIR) Modulus (CA H, O)Y
(AFM)
mg/mL [:;] SD [Soz; SD [n‘jn] SD  Abs. SD [kf,a] SD ([:’? SD
0 0.68 0.10 0.01 0.00 70.07 3.75 0.24 0.03 - - 28.07 2.20
5 141 0.37 0.07 0.04 51.00 9.24 0.35 0.06 - - 19.74 3.72
PEM1 25 1.38 0.10 0.04 0.01 42.37 16.21 0.37 0.06 - - 14.60 4.50
100 2.03 0.10 0.09 0.01 59.07 5.25 0.59 0.19 - - 7.69 5.37
200 3.61 1.21 0.32 0.21 61.33 11.56 0.78 0.38 - - 46.96 0.99
0 4.60 3.64 0.33 0.29 116.25 1.06 0.38 0.07 30.29 4944 20.48 7.40
5 1.90 0.21 0.10 0.02 115.95 0.92 0.52 0.07 279.8 66.7 10.27 7.96
PEM2 25 1.21 0.20 0.03 0.01 140.15 50.70 0.48 0.03 302 145.4 11.44 5.52
100 7.14 1.91 0.38 0.19 117.30 14.42 0.59 0.06 248.2 131.2 12.81 3.62
200 5.68 0.45 0.41 0.03 97.20 19.87 0.75 0.10 640.8 138.3 20.85 13.97
0 7.32 2.88 0.26 0.07 227.00 111.72 0.88 0.19 19.6 5.302 20.48 8.40
5 5.71 0.78 0.23 0.04 249.03 84.68 1.71 0.34 116.7 104.7 14.62 3.02
PEM3 25 5.63 0.59 0.26 0.03 327.50 44.55 1.45 0.39 245.1 103.6 15.14 6.34
100 5.11 0.74 0.29 0.03 292.90 4.20 2.12 0.55 475.3 189.1 45.96 1.32
200 2.09 0.39 0.16 0.04 233.90 73.54 3.36 1.12 600.7 88.95 50.62 3.23

As can be seen, the layer composition and the post-cross-linking hardly shows a clear
influence on the wettability of the layer systems. The water contact angle is below 30° in the
very hydrophilic range. Only highly cross-linked coatings (200 mg/mL EDC/NHS with
PEM-1; 100 mg/mL and 200 mg/mL EDC/NHS with PEM-3) particularly show a slight
increase in the water contact angle to 40° to 50°. However, clear trends cannot be derived
from the wettability, which is why a significant influence of the wetting on the release or the
binding behavior of the cytokine can be excluded.

The same applies to the roughness determined by AFM. Since the specific surface
of the layer systems is relevant for a release of the cytokine, the Sdr value was determined in
addition to the Ra value. Slight trends are recognizable from the results. With increasing the
cross-linking, the roughness of the PEM-1 and PEM-2 systems increases slightly. This trend
is not observed for the PEM-3 system. However, the changes in the specific surface area
for all layer systems are below 1%, so an influence of the roughness on the release behavior
is very unlikely.

The FT-IR measurements show an increase in the amide-I bands, which demonstrates
the successful cross-linking of the coatings using EDC/NHS. For the PEM-2 and PEM-3
coating systems, an expected stiffening due to cross-linking could also be demonstrated.
The PEM-I system produces a layer thickness that is too low to reliably determine data on
the stiffness using AFM, as an influence of the substrate material cannot be ruled out.

Nevertheless, due to the cross-linking and the resulting compacting of the layer
systems, both a reduction in the loading capacity and a delay in the release can be expected.

3.1. Loading Capacity and Release Kinetics

The different PEM systems were loaded with rhBMP-2 and the release of the cytokine
was observed over 192 h. The amount of released rhBMP-2 was measured by an ELISA
and the results were accumulated for each time point.

Figure 2 shows the resulting release profiles for each PEM system. Especially for the
coatings PEM1 and PEM2, a release of the cytokine can be observed mainly within the first
48 h. The collagen-rich system PEM3 shows a burst release within the first 10 h.
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Figure 2. Release kinetics of the three coatings in dependence of the degree of cross-linking, dotted

lines are to guide the eyes.

As expected, the multilayer films PEM1 and PEM2 show very similar release charac-
teristics due to the comparable layer architecture. Both multilayers consist of a backbone
of nine PLL-HEP double layers and in contrast to PEM1, PLL was substituted by colla-
gen within the top layer of PEM2. A detailed consideration shows a slightly increased
release of thBMP-2 from the PEM2 system in comparison to the PEM1 system. Probably,
this effect could be explained by the higher layer thickness of the coating. As we have
shown elsewhere, the substitution of PLL by collagen results in a sudden increase in the
coating thickness, which is a result of an incomplete charge compensation by the weak
poly-cation collagen [36].

Apparently, this change in the layer architecture may lead to a slightly looser, open-
porous layer architecture and a decrease in layer stiffness, which enables a higher release.

A completely different release behavior was observed for the PEM3 multilayer. The re-
lease of thBMP-2 was significantly decreased. In addition to the simple quantitative effect
caused by the thickness difference, it can be assumed that, caused by the weak cationic
character of collagen, heparin is much more freely available within the PEM3 multilayer,
which can act as a kind of drug reservoir for thBMP-2. Consequently, this (i) increases the
total loading capacity of the polyelectrolyte multilayer and (ii) inhibits the release due to
the high binding capability of heparin. For a better comparability, the total release and the
absolute amount of the initial thBMP-2 loading are shown in Figure 3. It is remarkable that
the total release is more than one order of magnitude lower than the initial loading of the
coatings with cytokine. In percentage terms, the release amounts for PEM-1 range from
~4% for the not cross-linked coatings down to ~1% for the highest degree of cross-linking.
The PEM-2 system shows a respective percentage release between ~5% down to ~1.5%,
while the PEM-3 system shows a significant lower percentage release of ~1.3% down to
almost zero.
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Figure 3. (A-C): Amount of the released thBMP-2 after 192 h; (D-F): amount of thBMP-2 initially
loaded (clear bars) and left in coatings (hatched bars) in dependence of the degree of cross-linking.
Results of a one-way ANOVA test can be found in the Appendix A in Figures Al and A2.

Furthermore, it becomes clear that the loading capacity of the coatings (Figure 3D-F)
is only slightly influenced by the cross-linking. Instead, it can be inferred that the loading
capacity of the coatings is primarily determined by the coating architecture. With that in
mind, it is important to mention that the PEM3 multilayer, which is composed of heparin
and collagen, shows a loading capacity of around 8000 ng thBMP-2, whereas the multilayers
PEM1 and PEM2, which have a backbone consisting predominantly of PLL-HEP, show
a significantly reduced loading capacity of around 4000 ng.

Obviously, drug delivery can also be targeted by a defined variation of the degree
of cross-linking. A higher cross-linking of the multilayer films initially leads to a higher
stiffness of the coatings and causes a significant inhibition of the release of BMP-2 [36].
This observation is particularly true for the PEM3 multilayer, as could be shown by the
near zero order release kinetic for higher degrees of cross-linking (Figure 3C).

A similar phenomenon was observed by Crouzier et al. in 2009 who investigated PEM
systems containing poly-L-lysine as cationic and hyaluronic acid as anionic polyelectrolytes.
The authors incorporated BMP-2 in the layer and determined also a low initial release of the
cytokine. The BMP-2 remains predominately in the layer and is still available for the cells
in its bioactive form [37].

Nevertheless, numerous studies were focused on GAG-based PEMs as drug delivery
system for cytokines and growth factors, especially with heparin and BMP-2. These in-
vestigations were usually carried out with the aim to establish a controlled and localized
or site-specific drug delivery over a long period of time [17,38]. Introducing ECM-analogue
polyelectrolytes like hydrogels or heparin leads to an additional protective function for cy-
tokines, especially BMP-2, and can slow down the release rate. In hyaluronic acid hydrogel
particles which are decorated with heparin, the loading capacity and the release of BMP-2
is strongly influenced by the heparin. The heparin changed the initial burst phase of the
cytokine release to a near zero order release kinetic [39]. Ao et al. (2020) observed that
the incorporation of heparin in a fibrin glue/fibronectin hydrogel significantly decreased
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the release of BMP-2 and prevented, effectively, the initial burst release. Additionally, the
heparin cannot only influence the release kinetic, it also inhibits the in vivo-degradation
of the cytokine by proteases [40,41]. In addition, it has been noted in the literature that
tricalcium phosphate/hydroxyapatite bone substitutes coated with collagen type I and/or
heparin show a higher loading capacity for BMP-2 and a different release pattern when the
coating contains heparin. Thus, as might be expected, after 14 days, there is still BMP-2
bound in the layer system. For the samples made with collagen alone, almost all BMP-2
was released [42]. This can be explained by the enormous binding capacity of heparin
which is also described for other cytokines and growth factors [43]. As demonstrated in this
study, all the investigated PEMs contain heparin as a polyanion in each of the 10 double
layers. So, this can be an indication of the observed low release of the BMP-2, insofar
as the heparin binds the cytokine extremely stable and slows down the release kinetic.
In this context, Laub et al. (2007) show the limited binding capacity of BMP-2 and other
members of the TGF-3 family to different collagen types [44]. Therefore, the high binding
capacity of our multilayer systems is probably not mediated by the collagen, but rather
through the heparin. An explanation, as to why the PEM3 system could be loaded with
much more BMP-2 than the other two systems but releases less BMP-2, is the layer buildup.
PEMS is significantly thicker than PEM1 and PEM2 and shows an exponential growth
because of the decreased intrinsic charge compensation and the open network structure,
respectively, of the increased chain mobility within the PEM3 system. Beside the simple
quantitative effect, it can be assumed that due to the weak cationic character of collagen,
much more sulfate groups of heparin are available for the interaction with BMP-2 [45].
Hence, heparin is available much more freely within the PEM3 system, which then can
act as a drug reservoir for BMP-2. This, consequently, increases the total loading capacity
of the polyelectrolyte multilayer.

In this study, we observed the release under physiological conditions. Correspond-
ingly, a conventional DMEM medium with a pH of 7.4 was used for all of the release
experiments. Other studies have shown that the pH of the release medium influences
the release of cytokines. Salvi et al. (2016) adsorbed around 2 pg/ cm? BMP-2 directly on
anodized titanium covered with (PMAA /PLH)s. The release behavior was investigated
in dependence of the pH value. The PEMs prepared at the lowest pH (pH = 4) show the
highest BMP-2 release over 25 days. If the pH becomes more alkalic, the release decreases,
reaching a minimum of around pH 6 and 7. This may reflect the fact that the change in
the release kinetic results from changes in the internal structure of the PEM and the pH
during preparation [46].

In any event, the investigated PEM systems here obviously serve much better as
a drug reservoir than as a release system. This has, of course, some important consequences.
For example, the incorporated drug is strongly bound in the matrix and is not delivered
through diffusion caused by the concentration gradients in the media or the body fluids.
In vivo cells adhere at the matrix and begin to modulate the cellular microenvironment,
respectively, built up by their own ECM. This inevitably leads to a situation where the
access to the cytokines is coupled to the rate of matrix degradation until the PEMs are
fully degraded. In other words, in the case for bone regeneration, the BMP-2 is probably
available for the entire bone healing process. Another fact is that BMP-2 delivery being
higher than the clinically relevant doses might be associated with numerous complications,
for instance tissue inflammation and abnormal or ectopic ossification. These complications
result from the high doses which are needed to overcome short half-life and rapid clearance
of the cytokine in vivo [30]. Thus, it can be speculated that a tailor-made PEM which
serves primarily as a kind of BMP-2 drug reservoir is more advantageous than any burst
release system. Hettiaratchi et al. (2020) investigated the positive effect of a drug reservoir
for BMP-2 based on heparin microparticles [30].
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Figure 4 show the measured absorption in the XTT assay for the time points 3 and 7 days
without BMP-2 and with BMP-2 stimulation, relative to an uncoated tissue culture polystyrene

To prove the cytocompatibility and suitability of the PEMs as a coating system for the
reference (TCPS).

better integration of implants in bone tissue, the PEMs were seeded with MC3T3-E1 cells,
a mouse osteoblasts progenitor cell line, and the cell response was investigated thoroughly.

The cell viability was measured by an XTT assay over a time period of 14 days.

3.2. Cell Response
PEM1
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Cross-linking here results in a stiffening of the coating and thus an increased prolif-

As shown in Figure 4A, the coating of PLL-HEP initially inhibits the cell viability
eration at EDC/NHS concentrations >100 mg/mL. The incorporation of a collagen top

Figure 4. Absorbance in XTT assay relative to TCPS after 3 and 7 days on different cross-linked PEMs
at early time points. This effect can be explained by the reduced initial adhesion and
proliferation of the cells on the relatively soft multilayers, as we have shown recently [36].

without BMP-2 (A-C) or loaded with BMP-2 (D-F). Error bars represent standard deviations of three
layer immediately leads to an increase in the viability of approximately 50% (Figure 4B).

independent experiments with three technical replicates each. Results of a one-way ANOVA test can
Strikingly, the cross-linking of the PEM2 coatings has negative effects above a certain con-

be found in the Appendix A in Figures A3 and A4.

C(EDC/NHS) [mg/mL]
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centration of EDC/NHS, which is particularly evident in the collagen-rich PEM3 system
(Figure 4C).

On this background, it must be considered that cell binding to collagen is mediated
by integrin binding sites. In the case of collagen, it is mainly the binding motif GFOGER on
the helical collagen fiber which comes into play [23]. The EDC/NHS cross-linking chemistry
obviously affects this binding site, because it forms amide bonds between primary amines
and adjacent carboxylic groups. Thus, carboxylic groups which were modulated by the
EDC/NHS cross-linking chemistry are no longer available as a bioactive group within
the integrin binding motif. Indeed, this can result in a reduction in cell proliferation on
EDC/NHS cross-linked collagen films [22]. This explanation is supported by the fact that
cross-linking of the PEM2 coatings above an EDC/NHS concentration of 100 mg/mL
causes a reduction in the viability, approximating the values of the corresponding PEM1
system, which has a similar coating architecture but does not contain the top collagen layer
(Figure 4A,B).

However, for the non-cross-linked PEMs or the PEMs having a low degree of cross-
linking, a positive effect on the cell viability was observed by introducing collagen type 1.

BMP-2 loading generally leads to a slight but not significant increase in cell viability
and partially compensates for the negative effects of cross-linking. Nevertheless, the
influence of BMP-2 on the proliferation is weak, which is not surprising since BMP-2 is not
a proliferation but a differentiation promoter.

3.3. Differentiation of MC3T3 into Bone Cells
3.3.1. Early Differentiation

The cells were cultured on different cross-linked PEMs loaded or non-loaded with
BMP-2. After 7 days, the ALP activity was measured (Figure 5).
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Figure 5. Results of ALP activity measurements after 7 days of cultivation in logarithmic scale;
(A-C) without BMP-2; (D-F) with BMP-2. Results of a one-way ANOVA test can be found in the
Appendix A in Figure A5.
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The presence of BMP-2 leads to an increase in ALP activity of about one order of mag-
nitude for PEM1 and PEM2 as well as for uncoated glass and TCPS.

This is a relevant finding since the uncoated glass surface and the TCPS surface also
shows this increase. The ALP activity was measured after 7 days, at a time when no release
of BMP-2 was measurable on either the PEM coatings or the references.

However, the non-cross-linked coatings of the PEM1 and PEM2 systems show higher
amounts of immobilized BMP-2 compared to the uncoated reference (Figures 3D and 5).
This means that the additional amount of cytokine immobilized in the PEM1 and PEM2
coating is obviously not bioavailable.

The PEM3 system shows a 10-fold increase in ALP activity compared to the PEM1
and PEM2 systems. There is a slight decrease in activity at high EDC/NHS concentrations,
but this can be attributed to the already discussed reduced availability of binding motifs
in the cross-linked collagen. Nevertheless, this increase in one magnitude of order can
only be explained by the bioactive availability of the cytokine immobilized within the
multilayer. The coating of heparin and collagen is apparently able to incorporate rhBMP-2
in its bioactive form. This observation was not made for PEM coatings containing less or no
type I collagen.

3.3.2. Late Differentiation

As osteogenesis progresses, the ECM acts, to an increasing extent, as a template
for mineralization processes and more and more calcium is deposited to build up a calcified
bone structure. Calcium deposition is a late marker of osteogenic differentiation. This pro-
cess can be monitored with an Alizarin Red S Assay. The red dye Alizarin Red S binds
to the calcium depositions in the matrix and can be removed with acetic acid. The more
calcium that is incorporated in the matrix, the more dye that is released. Usually, this can
be quantified by simple absorption measurements.

The results of the calcification by the Alizarin Red assay support the conclusions made
on the basis of the ALP activity results (Figure 6). Both PEM1 and PEM2 coatings show
no enhanced calcification after 21 days due to BMP-2 loading, whereas the PEM3 coatings
show an enhancement of one order of magnitude.

Keeping in mind that the used MC3T3-E1 cell line is a specifically sensitive cell line to
investigate surface-related effects on calcification, it can be stated that the late cell differen-
tiation is strictly dependent on the bioavailability of immobilized BMP-2. This finding is
in a good accordance with other studies which investigated the differentiation behavior
of MC3T3-El1 cells on GAG/BMP-2-containing coatings [32,40].

Another effect shown by the results is the trend that PEM3 shows as a function of cross-
linking. In both cases, with or without BMP-2 loading, an obvious correlation between
the cross-linking and the ARS assay is evident. This effect might have mechanical reasons,
as the cross-linked coatings show a drastic increased layer stiffness [36]. Nevertheless, it
suggests that the immobilized thBMP-2 cytokine plays a major key role concerning the
observed differentiation behavior. These findings are supported by some other publications
which focused on related topics [4,47,48].
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Figure 6. Absorbance of ARS assay on different cross-linked PEMs unloaded (A—C) or loaded with
BMP-2 (D-F) after 21 days of cultivation in logarithmic scale. Error bars represent standard deviations
of three independent experiments with three technical replicates each. Results of a one-way ANOVA
test can be found in the Appendix A in Figure A6.

4. Conclusions

The aim of this study was to investigate the performance of three LbL films with
different multilayer compositions and architectures, regarding their suitability as drug
reservoirs, respectively, and drug release systems. The investigations essentially focused on
the effect of rhBMP-2 in bone contact. For this purpose, PEM systems were constructed on
the basis of poly-L-lysine, a relatively strong poly-cation and heparin, a GAG of the ECM
as well as collagen type I, a glycoprotein and one of the main components of the osteoid
ECM. By gradually cross-linking the layers, we were also able to vary the stiffness of the
multilayer films and, consequently, the release kinetics of thBMP-2.

We found that a minor part of the incorporated rhBMP-2 was released from the
coatings. Furthermore, the release occurred mainly within the first 48 h. We were able to
confirm the hypothesis, that the release can be adjusted in a defined way by means of a cross-
linking of the multilayers. In cell biological experiments, we referred to the differentiation
of the osteoprogenitor cell line MC3T3-E1, however, we were able to demonstrate that
neither the amount nor the kinetics of the release plays the primary role in osteogenic
differentiation. Rather, BMP-2 immobilized in collagen-rich films was found to be highly
bioactive. An impressive increase in ALP activity by two orders of magnitude after 7 d and
an increase in calcification by one order of magnitude after 21 d were observed.

It must be concluded that polyelectrolyte multilayers made on the basis of heparin and
collagen type I represent an excellent artificial ECM mimicry and a promising approach
for the development of therapeutic options in bone regeneration and implantology.
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Appendix A
ANOVA B33 PEM1 PEM2 PEM3
Figure 3A-C
Release |EDC| 0 | 0 | 5 | 25 (100(200| 0 | 5 | 25 100|200 O | 5 | 25 | 100
B33 0
0 *kk
5 *kk *%
PEM1 25 *kk *% n.s.
100 *k *kk *kk *kk
200 * *k %k *kk * k% n.S.
0 *kk *x % *kx * k% *kx *k %k
S | *** NSNS | NS, | *** | EEE | R
PEM2 25 *k *kk n.s.|n.s. *k *kk *kk *%
100 * *x% *kx * k% n.s' n.S. *k%k *k%x n.S.
200 * *kk *kk *k%k n.S. n.S. *kk *kk *%* n.s.
0 *% *x% n.S. n.s. *% *kx *k%k *% n.S. n.s. *%
5 * *kk *kk *k%k n.s' n.s. *kk *kx *%* n.s. n.s. *%
PEM3 25 |n.s.| *** | 2| *** Ins.|n.s.| Y| < | 2 Ips.|n.s.| *** | n.s.
100 [n.s. | *** | *** | ** s [ NS, | *** | *** | *** | ** Ip.s.| *** [ n.s.|n.s.
200 [n.s.| *¥** | *** | *** ps.ns. | FF Y | ** [nes.| **Y I n.s.[n.s.|n.s.

Figure A1. Results of one-way ANOVA for data related to Figure 3A-C; n.s.: not significant; *: p <0.1;
1 < 0.05; ***: p < 0.001.
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ANOVA B33 PEM1 PEM2 PEM3
Figure 3D - F
Immobilized [EDC| © | 0 | 5 | 25 |100|200| 0 | 5 | 25 |100|200| 0 | 5 | 25 |100
B33 0
0 |n.s.
5 |n.s.|n.s.

PEM1 25 |n.s.|n.s.|n.s.
100 | p.s.|n.s.|n.s.|n.s.
200 | n.s.|n.s.|n.s.|n.s.|n.s.
0 |n.s./n.s.|n.s.[ns.|ns.|n.s.
5 |n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.
PEM2 25 |n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.
100 | p.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.
200 | n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.|n.s.[ns.|n.s.
0 |n.s.|n.s.|ns.[ns.| ** | ** |ns.|ns.| * |ns.| **
5 | * |ns.|ns.| * ol Ins,| * fiid # **n.s.
PEM3 25 | ** |n.s.|n.s.| ** | ¥ | *** ps,| ** | ** | ** | **|ps.|n.s.
100 | ** |n.s.|n.s.|n.s.| * | ** |ns.|ns.| ** [ns.| ** |ns.|ns.|n.s.
200 p.s.|n.s.[n.s.[n.s.| * | * |n.s.|n.s.|[n.s.[n.s.| * |n.s.|n.s.|n.s.|n.s.

Figure A2. Results of one-way ANOVA for data related to Figure 3D-F; n.s.: not significant; *: p <0.1;
**: p < 0.05; ***: p < 0.001.
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Abstract: As the most abundant protein in the extracellular matrix, collagen has become widely
studied in the fields of tissue engineering and regenerative medicine. Of the various collagen types,
collagen type I is the most commonly utilised in laboratory studies. In tissues, collagen type I forms
into fibrils that provide an extended fibrillar network. In tissue engineering and regenerative medicine,
little emphasis has been placed on the nature of the network that is formed. Various factors could affect
the network structure, including the method used to extract collagen from native tissue, since this may
remove the telopeptides, and the nature and extent of any chemical modifications and crosslinking
moieties. The structure of any fibril network affects cellular proliferation and differentiation, as well
as the overall modulus of hydrogels. In this study, the network-forming properties of two distinct
forms of collagen (telo- and atelo-collagen) and their methacrylated derivatives were compared.
The presence of the telopeptides facilitated fibril formation in the unmodified samples, but this
benefit was substantially reduced by subsequent methacrylation, leading to a loss in the native
self-assembly potential. Furthermore, the impact of the methacrylation of the collagen, which enables
rapid crosslinking and makes it suitable for use in 3D printing, was investigated. The crosslinking
of the methacrylated samples (both telo- and atelo-) was seen to improve the fibril-like network
compared to the non-crosslinked samples. This contrasted with the samples of methacrylated
gelatin, which showed little, if any, fibrillar or ordered network structure, regardless of whether they
were crosslinked.

Keywords: collagen; hydrogel; stability; transmission electron microscopy; methacrylation; rheology;
gelatin methacrylate

1. Introduction

Collagen, both in its native form and also in its denatured form, gelatin, is able to form
highly hydrated networks, termed hydrogels, which have been widely used in regenerative
medicine, through printing or casting [1,2], to create 3D environments for cell proliferation
and differentiation [3,4]. Collagen is suitable for use in regenerative medicine because it
is abundant in the extracellular matrix (ECM), where it self-assembles and interacts with
other collagens and with a wide range of other ECM molecules and cells [5,6].

The collagen family consists of 28 distinct types [7], of which type I collagen, the main
component of skin, tendon, ligaments, and bone, is the most abundant. Many collagens
are only minor components of the ECM, albeit with specific roles. All collagens share
a common structural motif, the triple-helix, in which three individual chains, each in a
left-handed polyproline Il-like helix, are wound together to form a right-handed, rope-like
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triple helix [8]. This gives type I collagen a fairly rigid, rod-like structure, approximately
280 nm in length [8]. The amino acid sequence controls the secondary and tertiary molecular
structure, with collagens that are characterised by a repeating (Gly-Xaa-Yaa)n sequence;
only Gly is small enough to fit within the triple-helical conformation [8]. The Xaa and Yaa
positions are most commonly proline and hydroxyproline (Hyp). Furthermore, structural
constraints mean that the side chains of the residues in the Xaa position are more accessible,
while those in the Yaa are less accessible due to steric hindrance. In denatured collagen,
gelatin, the individual chains are flexible and have fewer steric constraints.

A major property of type I collagen is that when heated to 37 °C at neutral pH,
purified, soluble type I collagen molecules contain sufficient binding domains to reform
into fibrils, which, in turn, entangle to form a hydrogel [9]. During the biosynthesis of
collagen, when molecules transit from the cell to the ECM, N- and C-terminal propeptide
domains are removed, leaving short, 14- and 26-residue non-triple-helical telopeptide
domains at each end of the collagen molecule. The 26-residue C-telopeptide is important
in the initiation and rate of fibril formation [10] and, hence, in gelation. Type I collagen
lacking the telopeptide domains, due, for example, to enzyme extraction, forms gels much
more slowly [11]. Another factor that further limits fibril formation is whether the type I
collagen is modified via, for example, succinylation, methylation or deamidation [12].

In order to create 3D collagen templates (scaffolds) that are mechanically stable, stabil-
isation by chemical or physical crosslinking methods is required. While many stabilisation
methods are more suited to the treatment of dry collagen sponges or membranes [5], few
are readily applicable to in situ crosslinking, as is required for 3D printing structures, in
which rapid gelation is required [13]. One method that has gained importance is the prior
methacrylation of gelatin [14] or collagen [15], followed by exposure to UV light with
an initiator present, which allows casting or printing. The initial and preferred method
of methacrylation for collagen was achieved using methacrylic anhydride [15], although
other approaches, involving reactions using carbodiimides [16] and N-hydroxysuccinimide
derivatives, are possible [17].

The presence of methacrylate groups, however, has the potential to change or inter-
fere with the native fibril-forming process. This paper, therefore, examines the effects of
modifying both telo- and atelo-collagens on the resulting fibril and subsequent network
structures in photoinitiated gels, and compares these to the structures found in un-modified,
collagen-based hydrogels and with those formed in methacrylated gelatin.

2. Materials and Methods
2.1. Collagen Samples

Rat tail telo-collagen was obtained from tail tendons cut into small sections (~10 mm)
and suspended at ~5 mg/mL in 50 mM acetic acid (Chem Supply, Port Adelaide, South
Australia, Australia) adjusted to pH 2.5 with HCI (Sigma Aldrich, St. Louis, MO, USA), at
4 °C for 16 h [18]. For preparation of atelo-collagen, pepsin was added at 1 mg/mL. After
digestion, samples were clarified by centrifugation at 7500x g for 120 min at 4 °C. Collagen
was precipitated by addition of NaCl (Sigma Aldrich, St. Louis, MO, USA) solution to
0.7 M, and left standing at 4 °C for 16 h. The precipitate was collected by centrifugation,
2500 g for 30 min, then dialysed exhaustively against 20 mM acetic acid and freeze-dried.

Deamidated collagen was prepared by incubating purified telo-collagen with 5% w/v
NaOH (Sigma Aldrich, St. Louis, MO, USA) in saturated NaySOy (Sigma Aldrich, St. Louis,
MO, USA) for 4-days [12] and was recovered by neutralising, followed by dialysis and
freeze-drying, as previously described [19].

Methacrylated collagen was prepared using telo-and atelo-collagen samples dissolved
at 3 mg/mL in 20 mM acetic acid and then adjusted to 200 mM NaCl and taken to pH 7.5
with NaOH, all at 4 °C. A 5-fold molar excess of methacrylic anhydride was added and
the pH was maintained at 7.5 using NaOH for 4 h. The reaction was left overnight
for completion, and then samples were dialysed exhaustively against 20 mM acetic and
freeze-dried. The extent of collagen modification was determined in triplicate using a 2,4,6-
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trinitrobenzene sulfonic acid (TNBSA) assay (Thermo Scientific, Waltham, MA, USA) [20],
following the manufacturer’s instructions.

Methacrylated gelatin (GelMA) was also prepared using a 5-fold molar excess of
methacrylic anhydride in 200 mM NaCl at pH 7.5, but at 22 °C, using 300 g Bloom porcine
skin gelatin (Sigma Aldrich, St. Louis, MO, USA).

2.2. Circular Dichroism

Collagen and GelMA samples were dissolved in phosphate buffered saline (PBS) at
0.1 mg/mL at 5 °C. Circular dichroism (CD) spectra were collected using samples in 1-mm
cuvettes using a JASCO J-815 instrument (Jasco, Easton, MD, USA). Spectra were collected
at 400-200-nanometer wavelengths, while temperature scans were performed at 222 nm at
0.3 °C/min from 10-50 °C.

2.3. Rheology

Collagen samples were prepared by dissolving at 30 mg/mL in 20 mM acetic acid
at 4 °C. GeMA samples were prepared by dissolving at 10 mg/mL in PBS. Rheology
measurements were performed with a Physica MCR 301 Rheometer (Anton Paar, Graz,
Austria) fitted with a Peltier temperature controller and connected to an EXFO Acticure 4000
light source. Measurements were obtained using a 15 mm 1° conical plate. Inmediately
prior to measuring, collagen samples were neutralised to pH of 7.25 & 0.25 with 1 M NaOH,
and the salt concentration was balanced to 1 x PBS using 10 x PBS solution. Samples of
0.1 mL were used and added to the Peltier stage at 4 °C, and set at a gap distance of 500 um.
Samples were then held for a pre-shear period to remove prior memory, using a shear rate
of 557! for 2 min at 4 °C. Samples were then taken to 37 °C over 60 s and rheological
shear observations were performed for 30 min at a fixed oscillatory frequency of 1 Hz
and an amplitude of 1%. Control samples were also held at 4 °C for 30 min to establish
that no unwanted rheological changes were occurring. In collagen samples that had been
methacrylated, and GeIMA samples, lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) (Sigma Aldrich, St. Louis, MO, USA) was dissolved at 0.05%. Samples were then
added to the rheometer, and the pre-shear procedure performed, as described above. The
samples were exposed to 400 nm light at 20 mW /cm? for 60 s, immediately prior to
commencing the 30-min rheological testing, again monitoring at a fixed frequency of 1 Hz
and amplitude of 1%, at 37 °C.

2.4. Transmission Electron Microscopy

Unmodified collagen samples were gelled after neutralising and heating to 37 °C, as
with the rheology measurements, however, the TEM samples were diluted (1 mg/mL) so
that a weaker gel that could be pipetted onto an imaging grid. Methacrylated samples
had LAP added at 0.05%, followed by exposure to 400 nm light at 20 mW /cm? for 30 s
prior to taking to 37 °C, following the approach used for the rheology measurements.
Gelled samples were examined by transmission electron microscopy (TEM) using a Tecnai
12 transmission electron microscope (FEI, Eindhoven, The Netherlands) at an operating
voltage of 120 kV. Samples were prepared on carbon-coated grids (EMSCF200H-CU-TH,
ProSciTech, Kirwan, Australia) that were glow-discharged to render them hydrophilic. A
1-microliter drop of sample was applied to an upturned grid held in anti-capillary forceps
over moist filter paper, and left for 1 min over moistened filter paper. Excess liquid was
then removed with filter paper and the grid was then inverted onto a drop of 2% PTA
stain, pH 6.9 on parafilm, for 1 min. The grid was removed from the stain, and excess stain
was wicked away with filter paper. Grids were allowed to dry before viewing under the
microscope. Images were recorded using a FEI Eagle 4k x 4k CCD camera with AnalySIS
v3.2 camera-control software (Olympus, Tokyo, Japan).
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3. Results

Samples of both telo- and atelo- rat collagen were readily prepared and methacrylated.
The proportion of methacrylation was similar in both the telo- and atelo- collagen samples
with 55% (£7%, n = 3) and 52% (£4%, n = 3), respectively, of the Lys residues present in the
methacrylated collagens. These values contrasted with the 77% (£3%, n = 3) obtained for
the GeIMA, which was also modified by the same excess of methacrylic anhydride. These
results were consistent with other reports, in which a similar molar excess of reagent was
used [21,22].

The chemical modification of collagens can lower the stability of the triple helix [12,23].
This was examined in the present samples through CD spectroscopy (Figure 1), which
found that both the methacrylated samples gave similar spectra to the unmodified collagens.
The wavelength of the maximum absorption was observed at 222 nm for both.
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Figure 1. CD spectra of collagens and modified collagens. (A) Telo-collagen and methacrylated
telo-collagen. (B) Atelo-collagen and methacrylated atelo-collagen. In both cases, the modified
collagens showed the lower ellipticity.

The thermal response curves, measured at 222 nm (Figure 2), indicated that the
methacrylation of both the telo-collagen (Figure 2A) and the atelo-collagen (Figure 2B) led
to the destabilisation of the triple helix, with around 2 °C decreases in thermal stability
in both cases. The atelo-collagen samples were found to have marginally higher thermal
stability compared to those of the telo-collagen, a phenomenon that has been observed
previously [24].

Turbidity has frequently been used to study the formation of collagen gels by heating
cold, neutral solutions to 37 °C [11,25]. Studies have demonstrated a lag phase (where no
change in modulus occurred as molecules heated and began or organise), of around 10 min,
depending on the conditions, which suggests that fibril nucleation occurred, followed by
an increase in turbidity as fibril formation, thickening and growth continued [26,27]. In
the present study, however, photo-rheology was used as it enables quantifiable changes
in viscosity and modulus following the irradiation of methacrylated collagen samples for
observation. This approach was validated using samples of telo-, atelo- and deamidated
telo- rat tail type I collagen (Figure 3A). These rheological data showed that the telo-collagen
exhibited rapid gel formation, after a lag period of about 11 min, following the increase in
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the temperature from 4 to 37 °C, which was consistent with the turbidity data. By contrast,
the atelo-collagen showed slower gelation after an extended lag period. The data for the
deamidated collagen showed that little, if any, fibril formation or association occurred
(Figure 3A). Thus, the absence of the telopeptides significantly decreased both the rate of
fibril formation and the modulus that was obtained after 45 min by almost 50%.
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Figure 2. Thermal denaturation of collagens and modified collagens measured using CD spectroscopy
at 222 nm. (A) Telo-collagen and methacrylated telo-collagen. (B) Atelo-collagen and methacrylated
atelo-collagen. In both cases, the modified collagens showed the lower stability.

The methacrylation of both collagen samples resulted in a reduced rate of viscosity
increase during the thermal gelation process. This was most notable for the methacrylated
telo-collagen (Figure 3B), where the reduction in the change in viscosity was about 80%,
falling to a level that was much lower than that of the unmodified atelo-collagen. However,
the extent of the reduction upon ~50% methacrylation modification was less than for the
deamidated collagen where limited, if any, fibril formation occurred. There was also a
reduced change in viscosity for the methacrylated atelo-collagen of about 80%, giving
a particularly low value as the original unmodified material showed a limited viscosity
increase over the 45 min of heating (Figure 3C). In all cases, except for the deamidated
collagen, visual inspection found that some form of gel formed, although these forms were
typically weak, except for the unmodified telo-collagen, which formed a firm gel. The
change in modulus after UV irradiation of the methacrylated collagens was much more
rapid (Figure 4), reaching comparable modulus levels around four times more rapidly
than any of the thermally gelled materials. A summary of the rheological data indicates
that statistically significant differences changes were found when different materials were
examined (Figure 5).

The structures of the collagen fibrils, aggregates, and networks in the various hy-
drogels, with and without UV crosslinking, were examined by TEM (Figure 6). These
data showed that the fibrils in the hydrogels formed by thermal treatment of telo-collagen
solution were large in diameter, and showed the well-ordered, asymmetrically banded,
staggered overlap structure that is observed in native tissues [28,29] (Figure 6A). The asym-
metry of these fibrils, a head—tail to head-tail arrangement, was evident from the minor
banding seen within the major, 67 nm banding pattern. These large structures overlapped
and entangled to provide a network with the stability required for gel formation (Figure 6B).
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The diameters of the individual fibrils were typically between 20 and 50 nm, similar to
the size seen in immature tissue [30], but not always as well formed. Frequently, larger
structures that comprised many small fibrils that had coalesced and entangled to give
larger assemblies were seen (Figure 6A,B). By comparison, the fibril-like structures formed
by the atelo-collagen were smaller in diameter, and more numerous (Figure 6C), and did
not typically show a normal staggered overlap structure (Figure 6C). These fibril-like struc-
tures (Figure 6C) could potentially include symmetric, head—tail to tail-head structures,
which are found in fibrous-long-spacing (FLS) packing [28]. These would have shown a
different staining pattern, but this was also not seen. Rather, the larger fibre bundles of the
atelocollagen formed an extended network that was sufficient to stabilise a weak gel, and
were augmented by a range of thin structures (Figure 6C), which were possibly only a few
molecules thick, which may have been insufficient to show any banded stain pattern [29].
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Figure 3. Rheological examination of collagen and modified collagens. (A) Telo-collagen, atelo-

collagen and deamidated telo-collagen. (B) Telo-collagen and methacrylated telo-collagen without
UV irradiation. (C) Atelo-collagen and methacrylated atelo-collagen without UV irradiation.
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Figure 4. Rheological examination of photo-crosslinking kinetics of methacrylated telo-collagen and
methacrylated atelo-collagen, following exposure to UV irradiation. The orange bar represents the
UV exposure period.
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Figure 5. Summary of the rheological crosslinking scans. (A) The modulus immediately following the
crosslinking period; for fibrillogenesis samples this occurred at 50 min, and for the UV samples this
occurred at 5 min (following the 1-min UV exposure). (B) The rate of crosslinking during the active
phase (50-min window for the fibrillogenesis, and 1-min window for the photo-crosslinked samples).
Results of the one way ANOVA show significance between groups with * = p < 0.05, ** = p < 0.01 and
##* = p < 0.0001.

The collagen networks of methacrylate-modified collagens after thermal but not UV
gelation were distinct from those of unmodified collagens (Figure 6D,E). Long, extensive
fibrillar structures were not observed in either the telo- or the atelo-collagen (Figure 6D,E).
Some laterally aggregated structures were present, some of which showed apparent non-
specific interactions that may have contributed to the increase in viscosity and could
have contributed towards a weak gel network. The images obtained revealed no collagen
structure, suggesting that most of the collagen was present in the gel as single molecules
that were not resolved by the TEM.

101



Polymers 2022, 14, 1775

Figure 6. TEM of collagens, methacrylated collagens and GelMA samples after thermal and UV-
induced gelation. (A) Telo-collagen. (B) Telo-collagen. (C) Atelo-collagen. (D) Methacrylated
telo-collagen without UV irradiation. (E) Methacrylated atelo-collagen without UV irradiation.
(F) Methacrylated telo-collagen with UV irradiation. (G) Methacrylated atelo-collagen with UV
irradiation. (H) GelMA without UV irradiation. (I) GeIMA with UV irradiation. Bars = 100 nm,
excepting (B,F), where Bar = 200 nm.

The hydrogel structures formed by the methacrylate-modified collagens after UV
gelation were distinct from those of the thermally treated samples (Figure 6F,G). The
methacrylated telo-collagen showed a mixture of large, poorly formed fibrous bundles,
giving a coarse network, which was associated with many small, thin fibrous entities. Small,
round structures were also observed, which were interpreted as being due to the LAP
catalyst as they were only present in the samples that had LAP added (Figure 6EG,I) and
have been observed previously in resilin samples in which LAP was present [31]. The
methacrylated atelo-collagen network (Figure 6G) was similar to that observed with the
methacrylated telo-collagen, except that the fibrous bundles were the major component,
and the fine network of smaller fibres was not as extensive.

The hydrogel formed by methacrylated gelatin in the absence of UV irradiation
(Figure 6H) showed a different, distinct structure. There was no evidence of any re-formed
structures of the same length as a collagen molecule. Rather, a range of smaller, indistinct
structures of various sizes was present as part of a semi-continuous assembly. The hydrogel
formed by the methacrylated gelatin after UV irradiation (Figure 6I) also showed few, if
any, apparent structures. Zones of denser, amorphous material were present, along with
the structures interpreted as the LAP addition.

4. Discussion

Hydrogels have gained significant interest in tissue engineering and regenerative
medicine for the delivery of cells to form new replacement tissues [32,33]. The structure
and chemistry of hydrogels can affect the performances of cells [34-36]. For example, the
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stiffness of hydrogel networks can lead to variations in cellular responses. Various biofab-
rication and regenerative medicine approaches rely on hydrogels with specific Young’s
moduli to best facilitate cellular differentiation, diffusion and mechanical robustness [34,35].
The moduli of native soft tissues, such as those of the brain (0.1-1 kPa), muscle (~10 kPa)
and pre-mineralised bone (30 kPa), have been established; recreating these environments is
essential to directing stem-cell lineage. Stem cells can differentiate towards these lineages
via cues such as scaffold stiffness [37,38].

For collagens and gelatines, the structure, organisation, density, and extent of addi-
tional crosslinking can all affect and provide control over the Young’s modulus to allow
the creation of a template with tunable stiffness. The use of these biopolymers in the
formation of hydrogel templates can provide the further advantage of providing suitable
cellular interactions [5]. Type I collagen contains numerous different cellular interaction
sites [39,40]. Some of these binding sites occur on isolated molecules, while others require
a larger, properly formed fibrillar site to be present [41]. However, if the collagen is chemi-
cally modified, such as through the addition of methacryl functionality, the extent of some
interactions, especially those dependent on fibrillar structures, could be reduced or lost [42].
In gelatin, the denaturation of collagen leads to the loss of conformation-dependent sites.
However, linear RGD sequences become available, after being hidden by the triple-helical
conformation that internalises the Gly residue, so that integrin binding can occur, albeit by
a different path to that seen on triple-helical collagen [43].

The formation of collagen hydrogels through warming neutral solutions is well estab-
lished [9,44], with the variations in the hydrogel structure determined by the source [45],
concentration [46], incubation temperature [47], pH [48] and ionic strength [49] of the
collagen solution. For laboratory experiments, rat-tail-tendon type I collagen is a preferred
source, as this collagen can be acid-extracted so that it retains telopeptides, which enhance
fibril formation [11] (Figure 3A). Other collagens that could be acid-extracted in good yield
with intact telopeptides include marine collagens [50] and chicken collagen [51]. The pres-
ence of telopeptides from xenogeneic species, however, may not be preferable for clinical
applications as telopeptides can cause immune responses [52].

The telo-collagen in the thermally produced hydrogels reformed into fibrils analogous
to those in native tendons and other tissues, showing an asymmetric banded structure
on the TEM (Figure 6A,B). Each fibril was composed of triple-helical collagen molecules
arranged in a staggered, overlapped array, resulting in a characteristic 67 nm banding
periodicity in which all the molecules were oriented in one direction. Each repeating band
consisted of a 30 nm “overlap” zone and a 37 nm “gap” zone, which led to the observed
banding through different rates of stain uptake [53]. The collagen in these gels has a native,
strong interaction with cells, which leads to the consolidation of the hydrogel into a more
tissue-like structure [54].

Atelo-collagen, which is generally obtained through the digestion of tissues by
pepsin [55], can also form into hydrogels, but the rate of formation is much slower
(Figure 3A). The TEM showed that the structure was less well organised (Figure 6C) but
still had a fibrous network that was able to form a hydrogel that could be reorganised
and consolidated [56]. However, hydrogels from either telo- or atelo collagen that is
subsequently cross-linked retain their size when incubated with cells and do not readily
consolidate [57]. The fibrous structure observed in these atelocollagen hydrogels (Figure 6C)
was poorly organised and lacked the ordered, asymmetric, staggered overlap structure
of native fibrils. A mixture of other centrosymmetric structures may have been present,
with at least four fibrous-long-spacing (FLS) packing modes having been observed [58]. In
addition, smaller collagen structures were present, also forming a quasi-network structure
(Figure 6C). In some cases, the visible material was comparable to the length of a single
collagen molecule, but probably comprised in-phase aggregates of collagen molecules, anal-
ogous to the segment-long-spacing (SLS) assemblies that can be observed under specific
conditions [59]. In other cases, end-to-end assemblies of these structures occurred, leading
to smaller fibril-like structures (Figure 6C).
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Typically, modified collagens, such as deamidated collagen, do not form into fibrils
(Figure 3A), either because of changes to the charge distribution or because of steric
hinderance, and probably remain as single molecules. In the present study, neither the telo-
nor the atelo-methacrylated collagens showed a major propensity for thermal hydrogel
formation, although there was a slight degree of gelation, unlike in the fully deamidated
collagen. This reduction was not due to denaturation, as the modified collagens were still
triple-helical (Figures 1 and 2), albeit with slightly reduced thermal stability.

Individually, both these modified collagens, although modified using an excess of
reagent, were just over 50% modified based on the number of available Lys residues. Sim-
ilarly, the prepared GelMA was modified to around 80%. The reactivity of Lys residues
depends on their pKa values, with those with lower pKa values reacting more readily [60].
In any given protein, the pKa values of the Lys residues vary with the surrounding ter-
tiary structural environment, although often with only small differences [61]. In collagens,
Lys residues are found preferentially in the Yaa position [62] and of these, several may
be subject to secondary modification to give hydroxylysine, some of which may be ad-
ditionally glycosylated, potentially further reducing their reactivity. The lower degree
of reaction of the collagen compared to the GelMA reflects the changes in the tertiary
structure such that the Lys residues of the gelatin were more readily available, while the
reactivity of some, potentially those with secondary modifications, was still low, leading to
incomplete modification.

The ultrastructure of the methacrylated collagen hydrogels formed by the thermal
treatment, as shown by the TEM (Figure 6D,E), were quite distinct from those of the un-
modified collagens. Both preparations showed structures that were the length of individual
collagen molecules, but were probably wider than single molecules. This suggests that
lateral, in-phase assemblies were formed, analogous to SLS aggregates, but not of sufficient
width or diameter to enable any fine structure banding to be visible. Additional interactions,
however, could lead to a network sufficiently fine to stabilise hydrogels.

By contrast, the networks formed by the UV crosslinking of the methacrylated telo-
and atelo-collagens were distinct (Figure 6F,G). The use of UV prior to the thermal treat-
ment allowed little time for any natural associations to occur and the crosslinking led to
extensive fibrous material formation that lacked any apparent order. This fibrous material
further aggregated to give larger fibrous ropes. For the methacrylated telo-collagen, a
significant amount of fine fibre network was also present, but this was less significant for
the methacrylated atelo-collagen material (Figure 6FG).

The TEM also showed that the structure of the methacrylated gelatin hydrogel in the
absence of UV irradiation (Figure 6H) was quite distinct from the collagen-based hydrogels.
No structures equivalent to full-length collagen molecules were seen, but an array of smaller
structures was present. When a normal, unmodified gelatin hydrogel forms, small sections
of the individual, denatured chains reassemble to form triple-helical segments, although
it is unlikely that these relate to the natural chain organisation [63]. These triple-helical
segments allow an initial fine network to form, providing the junctional domains that
enable gel formation. With increasing time, the triple-helical domains coalesce to form
larger structures, providing what is termed a coarse network [63]. In this non-crosslinked
structure, the association of randomly organised chains occurs, while the re-formation of
triple-helical segments consolidates the structure. In the samples that were UV-crosslinked,
there was no apparent structure associated with the gel, and only regions of amorphous
density were seen. However, when a gel is formed, some form of network must be
present, with chains possibly only of single molecules. Nevertheless, the high degree of
methacrylation, 80%, would have led to the formation of a large number of crosslinks.
Gelatin solution is readily digested by proteases, leading to small, non-gelling fragments.
When crosslinked methacrylated gelatin is incubated with cells, which typically have a
range of cell surface proteases [64], as well as potentially secreting proteases, the extent
of crosslinking limits the solubilisation of the gel, either directly, or by limiting the rate of
cellular migration until sufficient remodeling has occurred [21].
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The methacrylation of a denatured collagen, gelatin, has proven to be a popular
method for tissue engineering and for the production of bioinks, where gelation induced
by photochemical methods allows the rapid rates of crosslinking and stabilisation that are
needed for successful bioprinting. The mechanical properties of methacrylated gelatin and,
consequently, its cell and tissue interaction properties, can be tuned by adjusting the nature
of the material though variations in the concentration and the extent of crosslinking [21].
Cells bind to gelatin networks, possibly due to the presence of otherwise cryptic RGD
sites that are revealed during the denaturation of the collagen. Native collagen has a
broader range of highly specific binding sites, including for integrin binding, through
a conformationally dependent sequence, while being considerably more stable towards
general proteolysis. Native collagen was therefore examined in this study as an alternative
material for forming a biologically-based hydrogel network. As with methacrylated gelatin,
it was expected that the concentration and extent of crosslinking would influence the
characteristics of the hydrogel. For collagen, however, the nature of the networks that are
formed can be variable, depending on the conditions under which the collagen extraction
is performed. Thus, the hydrogels formed from acid-extracted telo-collagen can be distinct
from those of enzyme-extracted atelo-collagen, from which the telopeptides are removed
during enzyme solubilisation, giving a further variable for hydrogel formation that is not
present in gelatin-based hydrogels.

In conclusion, this study highlights the differences in ultrastructure that were pro-
duced in collagen hydrogels that were extracted by varying techniques and as a result of
methacrylation. The presence of telopeptides was seen to facilitate fibril formation to a
large degree, compared to atelo- forms of collagen. Once methacrylated, the triple helix
was seen to be destabilized and to undergo denaturation at lower temperatures compared
to the unmodified forms. Methacrylation was also seen to impact fibril formation in both
the methacrylated telo- and methacrylated atleo- conditions. Future studies could be tar-
geted to understand how various collagen ultrastructures impact cellular function and the
mechanical properties of these hydrogel scaffolds.
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portion of the stroma, a Viscoll collagen membrane was implanted into the corneas of rabbits. After
6 months, the active migration of host cells into Viscoll collagen membranes was noted, with the
preservation of corneal transparency in all experimental animals. Effective integration of the Viscoll
collagen membrane with corneal tissue promoted nerve regeneration in vivo, as confirmed by in vivo
confocal microscopy. We also demonstrated the safety and efficacy of the Viscoll collagen membrane
for corneal stroma regeneration. Thus, in combination with the proposed packaging format that
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published maps and institutional affil- Throughout human life, the cornea is constantly in contact with its surrounding en-

vironment in a way that is harmful to the delicate tissue. The immediate environment
includes high and low temperatures, air pollution and toxic substances, ultraviolet radia-
tion, and other types of radiation. However, owing to its complex structure, which includes
the unique nature of trophism, innervation, and a type of cellular regeneration, it remains
transparent and is the main refractive lens of the eye [1].

Any damage or disease of the cornea can lead to a complete or partial loss of its
properties; in particular, the loss of transparency leads to a significant decrease in visual
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complicates its use. Thus, the development of alternative approaches based on tissue
engineering and regenerative medicine is necessary to solve this problem [3].

Thus far, advances in the field of tissue engineering have shifted the therapeutic
focus to creating an artificial cornea that produces the conditions for restoring specific
layers through cellular regeneration [3]. This shift has become possible owing to the
development of new, less invasive surgical techniques, including anterior and posterior
lamellar keratoplasty, in which only the damaged area of the cornea is replaced, while
leaving the surrounding healthy tissue intact [4]. These techniques can improve outcomes
in terms of graft survival and the number of postoperative complications compared with
penetrating keratoplasty, in which the entire cornea is replaced.

In our previous work, we demonstrated the safety and biocompatibility of a Viscoll
collagen membrane based on medical-grade Viscoll collagen [5]. Implantation of this
Viscoll collagen membrane resulted in an increased overall thickness of the cornea and its
strength characteristics, as well as the maintenance of transparency for up to six months
postoperatively. Importantly, the cornea is highly innervated, and nerve regeneration after
injury plays a critical role in the restoration of normal function [6,7]. Therefore, it is essential
to investigate the regeneration of the replaced corneal tissue and the innervation of the
restored area.

The primary aim of this study is to conduct a comprehensive assessment of the
suitability of the Viscoll collagen membrane as an artificial analogue of the corneal stroma
for the regeneration of its defects. A feature of our manufacturing process of the collagen
membrane was increasing the concentration of collagen instead of the standard chemical
crosslinking protocols to improve the biomechanical characteristics of the final product. The
specific objectives of the current work include the study of the biomechanical characteristics
and transparency of the Viscoll collagen membrane in comparison with the stroma from
the human cornea; toxicological studies of the Viscoll collagen membrane; and evaluation
of the effectiveness of the Viscoll collagen membrane for corneal regeneration during its
implantation in the cornea of rabbits, in which a section of the stroma was surgically
removed.

2. Materials and Methods
2.1. Animal Experiments

All experiments were carried out in compliance with Directive 2010/63/EU and the
Research Institute of Eye Diseases Animal Care and Use Committee guidelines, and the
study was approved by the aforementioned institution’s review board (Ne763, date of
approval 11 May 2021). The experimental studies involved 10 male Chinchilla rabbits,
aged 12-16 weeks and weighing 3.0-3.5 kg. All animals were allowed to adapt to their
environment for 2 weeks before surgery. The rabbits received general and local anesthesia
before and during surgery. General anesthesia was administered via intramuscular injection
of ketamine (50 mg/kg) and xylazine (15 mg/kg). After the surgery, the animals were
maintained under controlled conditions: temperature, 22 £ 1 °C; relative humidity, 45%;
10 air changes per hour; and a 12 h light/dark cycle. The rabbits had free access to water
and standard compound feed. The surgeries were performed under general anesthesia.
The rabbits were euthanized under deep anesthesia (100 mg/kg ketamine and 4 mg/kg
xylazine) with 80 mg/kg pentobarbital.

2.2. Collagen Membrane Preparation

The production of Viscoll collagen membrane was certified according to ISO 13485
(Quality System for Medical Devices). Viscoll Collagen Membrane was obtained sterile
from initially sterile components as a result of an aseptic manufacturing process (according
to ISO 13408) in ISO 5 and ISO 7 class cleanrooms (according to ISO 14644-1) and did not
require final sterilization.

The Viscoll collagen membrane was prepared using a previously published method [5]
consisting of two stages: gelation and vitrification at constant pressure.
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2.2.1. Gelation

Briefly, 0.5 mL of a sterile 30 mg/mL solution of medical grade native porcine collagen
typel (Viscoll®; Imtek Ltd., Moscow, Russia) was added to each well of a 24-well plate. To
remove air bubbles from the collagen solution, the plates were centrifuged for 30 min using
an Avanti J-26XP centrifuge (oscillating bucket rotor JS-5.2; Beckman Coulter, Inc., Brea,
CA, USA) at 3200 rpm and 4 °C. To induce collagen gelation, the plates were incubated in
an atmosphere of ammonia vapor for 12 h at 20 °C. After incubation, collagen hydrogels
were collected, immersed in water for injection (Solopharm, Saint-Petersburg, Russia), and
incubated for 24 h at 20 °C.

2.2.2. Plastic Compression and Vitrification

At this stage, collagen hydrogels were placed between two teflon plates, one of which
was subjected to a constant load of 3 kg until complete vitrification.

2.2.3. Packaging

For long-term storage, the resulting material was rehydrated in water for injection
(Solopharm) for 5 min. Then, the collagen membrane was placed on a square Teflon plate
and hermetically packed in sterile primary packaging that met the requirements of ISO
11607-1 (Clinipak®, Klinipak LLC, Moscow, Russia). The material in the primary package
was hermetically packed under vacuum into a secondary vacuum package (Figure 1). The
obtained material was stored at 4-10 °C for 10 months before use.

,’\

T
I

Figure 1. (a) Viscoll collagen membrane in vacuum packaging; (b) Viscoll collagen membrane in
primary packaging; (c,d) views of the Viscoll collagen membrane ready for use.
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2.3. Human Corneal Stroma Samples Preparation

Sections of the human corneal stroma were obtained using a Moria Evolution 3E
microkeratome (Moria, Antony, France). The human corneoscleral disc from healthy
donors was placed in a chamber with connected irrigation and securely fixed. First, the
surface layer of the cornea was removed, including the Bowman’s membrane, and then a
stromal section of a given thickness was performed directly using a 150 pm microkeratome
head. An ultrasonic pachymeter was used to measure the thickness of the central part
of the cornea before and after the incision. As a result, stromal samples with an average
thickness of 300 4= 20 wm were obtained.

2.4. Optical Properties of Collagen Membranes and Human Cornea

Light transmission through five Viscoll collagen membranes and five human corneal
stroma samples were measured in the 380-780 nm wavelength range using a UV-VIS
spectrophotometer (PE-5400UV, Ecroskhim, Saint-Petersburg, Russia). All samples were
about 300 um thick. Samples were immersed in 150 mM NaCl before measurement. During
the measurement, samples were placed on one side of an empty transparent cuvette. An
identical empty cuvette served as a reference.

2.5. Toxicology

Toxicological tests of the Viscoll collagen membrane were performed according to ISO
10993 standards by an independently certified testing laboratory center (IMBIIT, Moscow,
Russia). Viscoll collagen membranes were tested according to the following protocols:

e IS0 10993-5: In vitro cytotoxicity. Direct effect of extracts from membranes on L929
mouse fibroblasts.

e  ISO 10993-6: Implantation. The study is intended to evaluate the biocompatibility of

the test material and tissue within the eye by surgical implantation of the material into

the eye of a rabbit for an appropriate period of time. The reverse tolerance of the test

material and eye tissues after implantation is evaluated.

ISO 10993-10: Irritating effect. In vivo. Ocular irritation in rabbits.

ISO 10993-10: Irritating effect. In vivo. Skin sensitization in guinea pigs.

ISO 10993-11: Acute systemic toxicity test in rabbits.

GPM.1.2.4.0005.15: Pyrogenicity. The test is based on the measurement of body

temperature in rabbits before and after the injection of membrane extracts.

2.6. Ex Vivo Sewing Test

The cadaveric eye was fixed in a special holder. Non-penetrating trepanation of the
cornea was performed at 2/3 of its depth, after which the upper layers of the stroma were
removed, and a collagen graft was placed in the formed trepanation bed and fixed with
a continuous 10-0 nylon suture. The detailed technique is presented in Supplementary
Information (Video S1).

2.7. Surgery

The rabbits received general and local anesthesia before and during surgery. General
anesthesia was administered via intramuscular injection of ketamine (50 mg/kg) and
xylazine (15 mg/kg). The local anesthesia (2% (w/v) lidocaine eye drops) was administered
to the right eye of each rabbit. A mark was made on the cornea using an 8 mm-diameter
trephine, and an approximately 3 mm-long incision was made along the marking line at
1/3 of the depth, with a disposable blade. An intrastromal pocket was formed through
the formed access. To do this, a tunnel was formed along the notch line using a spatula,
which was cut with scissors concentrically to the markup. Thus, intraoperative access was
expanded by % of the circumference, and then, using a stratifier, we formed an intracorneal
pocket. Repeated stratification was performed in the formed pocket, thereby highlighting
the layer of the underlying stroma that was then removed. In one group of animals, a
collagen membrane was implanted into the area where the stroma was excised (first group—
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surgery and implantation of membranes). In another group (second group—only surgery),
consisting of two rabbits, implantation of the collagen membrane was not performed after
the removal of the stroma, and the wound was sutured using 10-0 nylon sutures (MANI
Inc., Utsunomiya, Japan). Eye drops containing 0.3% (w/v) gentamicin were applied daily
for the first 3 days. The detailed technique is presented in Supplementary Information
(Video S2).

2.8. Postoperative Observation

Clinical evaluations of the corneas were performed on days 30, 90, and 180 post
surgery using slit-lamp microscopy. On days 30, 90, and 180, anterior segment optical
coherence tomography (OCT) and in vivo confocal microscopy (IVCM) were performed on
the eight rabbits from the first group. The contralateral intact eyes served as the reference.

2.9. Histological and Immunohistological Study

The rabbits were sacrificed on the 180th day after surgery. Corneal samples were
excised from four rabbits, fixed in 10% (v/v) neutral buffered formalin, dehydrated, and
embedded in paraffin wax. Sections of dehydrated, paraffin-embedded samples (5 pm
thick) were stained with hematoxylin and eosin using standard techniques and observed
under an optical microscope.

For the immunohistochemistry analysis, fixed corneal samples from four rabbits in the
first group and two rabbits in the second group and the contralateral intact eyes from both
groups were washed in PBS and transferred to 30% (w/v) sucrose in PBS. Sections (14 pm
thick) were obtained using a cryostat (CM1900, Leica, Weltzar, Germany). The sections
were incubated for 1 h at 20-25 °C in blocking solution: 5% (v/v) normal goat serum
(Sigma-Aldrich, St. Louis, MO, USA), 0.3% (v/v) Triton X-100, and 0.01 M PBS (pH 7.4).
This was followed by incubation with mouse anti-alpha SMA (1:200; BioLegend, San Diego,
CA, USA) in the blocking solution at 4 °C overnight. Thereafter, the sections were washed
and incubated for 2 h with goat anti-mouse IgG (AlexaFluor488, 1:600; Abcam, Cambridge,
UK) in 0.3% (v/v) Triton X-100 and 0.01 M PBS (pH 7.4). Sections were then washed in
PBS, and nuclei were stained with DAPI solution (2 ug/mL; Sigma, St. Louis, MI, USA).
Histological images were obtained using a BZ-9000E fluorescence microscope (Keyence,
Osaka, Japan).

2.10. Mechanical Testing

The tensile strengths of the five collagen membranes were measured using an Instron
Universal Testing Instrument (model 5982; Illinois Tool Works, Inc., Glenview, IL, USA)
and a 2530-series load cell (model 2530-50N; Illinois Tool Works, Inc.). Mechanical trials
were conducted in compliance with the ASTM D5748 standard. This testing method was
designed to provide the conditions for biaxial deformation with a constant crosshead speed
(1 mm/min). The specimen holder has a diameter of 5 mm. The loading element tip radius
was 1.25 mm. During mechanical testing, all the samples were kept in Ringer’s solution
at 20 °C. During the test, we considered the test samples as conical surfaces of variable
height. The obtained experimental dependences in the load-displacement coordinates were
recalculated into stress—strain curves using the following formulas.

Sample deformation:

€ = ((Stek — S0)/So) x 100%, 1)

where Sy is the initial area of the sample and S,y is the current area of the sample, calculated
by the following formula:
Ser = TR (R? + A1%)1/2, )

where R is the sample radius and Al is the displacement of the loading element.
The stress was calculated by the following formula:

0 =P/Stex, ®)
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where P is the current load on the sample.

Based on the stress—strain curves (Figure 2b), the fracture strain (at the maximum
load) and the elastic modulus (in the section of the curve with the maximum slope) were
calculated. All calculations were carried out using Instron Bluehill 2 Universal software
(Illinois Tool Works, Inc.).
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Figure 2. (a) Optical properties of the Viscoll collagen membrane (blue line) and stroma of human
cornea (orange line). Samples thickness: 300 pm. (b) Characteristic stress—tension curves for Viscoll
collagen membranes and human cornea samples.

2.11. Statistical Analysis

The basic summary statistics are presented as the mean + standard deviation. All
statistical analyses were performed using Excel 16.4 (Microsoft, Inc., Redmond, DC, USA).

3. Results
3.1. Optical and Physical Properties

Figure 2a shows the mean of light transmission of five samples of membranes and
five samples of human cornea stroma as a function of wavelength in the 380-780 nm range.
The Viscoll collagen membrane can transmit visible light similar to the human cornea;
however, the mechanical properties of the human cornea surpass those of the Viscoll
collagen membrane by about six-fold. Still, the mechanical properties of the Viscoll collagen
are sufficient for its manipulation and fixation with a surgical suture. This is discussed in
more detail below. Table 1 summarizes the optical and mechanical properties of collagen
membranes prepared from 3% (w/v) Viscoll collagen solution and stroma of the human
cornea.

Table 1. Optical and mechanical properties of Viscoll collagen membrane made from 3% (w/v)
collagen solution and stroma of the human cornea.

. Young Modulus Stress at Elongation at
o,
Sample Thickness (mm) Transparency (%) (kPa) Rupture (kPa) Rupture (%)
Viscoll Collagen 83.3-93.3 (at A
membrane 0.3 from 380-780 nm) 467 £ 30 13711 41E5
Stroma of human 67.0-91.1 (at A
cornea 0.3 from 380780 nm) 2859 £ 30 836 £ 6 41 +2

3.2. Suturability of the Membranes

To assess the suitability of the membranes for surgical practice, it was necessary
to test them under ex vivo conditions during keratoplasty of the cadaveric eye. It was
demonstrated that the Viscoll collagen membrane can be fixed with both interrupted
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and continuous sutures without macroscopic damage to the material (Supplementary
Information Video S1). Suture and fixation of the material are possible using standard
surgical instruments but require more careful handling; it is not recommended to exert
strong pressure on the material when grasping with tweezers, as this can lead to damage.

3.3. Toxicology

Viscoll collagen membranes successfully passed all the necessary toxicological tests.
When L929 mouse fibroblasts were cultured with extracts from Viscoll membrane samples,
no cytotoxic effects were detected. This sensitizing effect was also studied in sexually
mature albino guinea pigs using a method to maximize the sensitizing effect. None of
the animals exhibited hypersensitive reactions. When the solution was instilled into the
conjunctival sac of rabbits, no irritating effect on the cornea, iris, or conjunctiva was detected.
In addition, no chemoses or pathological secretions were observed. Under the conditions
of implantation of the collagen membrane samples, no general toxic effects were detected
and there were no observable effects on the tissues surrounding the implant compared to
those in the controls.

Extracts prepared in a sterile solution of 0.9% sodium chloride for injection did not
show pyrogenic reactions when administered intravenously to rabbits. The total tempera-
ture increase did not exceed the permissible value (}_At) of <1.2 °C.

3.4. Clinical Results

Clinical pictures were recorded daily during the first stage of the study. In the early
postoperative period, slight corneal oedema was observed in all 10 cases, which was most
pronounced in the area of the surgical suture. There were no signs of inflammation, the
moisture in the anterior chamber was transparent, and the iris actively reacted to light;
2 weeks after the operation, oedema had largely regressed. The subsequent clinical state
was stable; the cornea remained transparent and no signs of inflammation were observed
(Figure 3a). However, by the end of the 6th month of observation, against the background
of sagging suture material, four rabbits showed signs of corneal neovascularization in the
form of superficial “tassels” of newly formed vessels, stretching from the limbus to the
operation area and into the suture area. After the removal of the sutures, the vascular
reaction stopped and the newly formed vessels quickly became empty (Figure 4). In the
second group, the clinical picture was similar, with slight oedema in the postoperative
period associated with surgical trauma and subsequent stabilization. In rabbits from the
second group, after 6 months of observation, a vascular reaction to the suture material was
also noted, but was less pronounced.

3 months 6 months

1 month

Figure 3. (a) Representative photographs of collagen membranes implanted in the stroma at different
follow-up times. (b) Representative OCT images of rabbit corneas at different follow-up times. Scale
bar = 250 um.
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Figure 4. The role of sutures in corneal neovascularization. (a) Rabbit cornea with implanted
membrane 6 months after surgery (before suture removal); (b) same cornea after removal of the
sutures (1 week later).

3.5. OCT and In Vivo Confocal Microscopy Results

According to the OCT data, the collagen membrane was in close contact with the
corneal stroma throughout the observation period (Figure 3b). One month after the op-
eration, the average thickness of the central region of the cornea in the first group was
365 £ 23 um, and the boundaries of the implant were visible, making it possible to estimate
its thickness, which was 190 £ 15 pm. At 3 and 6 months after surgery, the boundaries of
the implant and stroma were indistinct, which indicates good integration of the collagen
membrane with the surrounding tissue. Compared to the first month, the average thickness
of the central region of the cornea after 3 and 6 months decreased by 316 £+ 19 um and
305 £ 20 um, respectively. The mean central corneal thickness of the non-operated corneas
of the contralateral eye was 230 £ 20 pum.

IVCM was performed to evaluate the anatomical layers of the cornea and the mem-
brane at the cellular level [8]. The surface epithelium and endothelium remained un-
changed throughout the experiment and were comparable to those of non-operated corneas
(Figure 5). After 6 months, the presence of sub-basal nerves was noted under the epithe-
lium and in the central region of the cornea, indicating regeneration of the sub-basal nerve
plexus. Two rabbits were noted to have slightly more macrophages than the other rabbits,
with a clear trend towards a decrease by 6 months. The presence of linear structures, which
appear due to apoptosis of the stromal cells [9], was observed at 1 and 3 months after the
operation; by 6 months, their number had significantly decreased.

3.6. Histological Results

At 6 months after the surgery, the cornea was preserved throughout and was of
uniform thickness. The cornea’s substantia propria had no visible changes throughout its
thickness, and the anterior epithelium and border (Bowman) membranes did not change.
The posterior (Descemet’s) membrane, as well as the adjacent stromal layer (Dua’s layer)
were preserved, as was the posterior epithelium (endothelium). The implant was well
traced along its entire length; it was not defibrillated and was fully integrated into the
corneal stroma. At the border of the cornea with the limbus, there was scant inflammatory
infiltration (predominantly perivascular) and slight hyalinosis along this side of the implant.
In addition, host cell migration within the material was observed in the samples (Figure 6),
which is in agreement with our previous results [5]. The results of immunohistochemical
staining of corneal samples 6 months after surgery revealed single stromal cells expressing
a-SMA in both groups (Figure 7).
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Figure 5. In vivo confocal microscope images of rabbit corneas implanted with the collagen mem-
brane at different observation times. Arrows indicate nerves.
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Figure 6. Hematoxylin and eosin staining of a cornea 180 days after the implantation of the collagen
membrane: (a—f) first group, (g ,h) intact cornea. Arrows indicate the migration of host cells into the
membrane. Scale bar = 100 um.
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Figure 7. Representative photographs of rabbit eyes and their immunohistochemical analysis
6 months after surgery. (a) Second group (only surgery); (b) first group (surgery with collagen
membrane implantation); (c) contralateral control eye. In both groups, the presence of ax-SMA-
positive fibroblasts was noted. Blue—DAPI staining (nuclei), green—x-SMA staining.
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4. Discussion

Given that more than 90% of the human cornea is in the stroma, the solution of creating
a fully functional and biocompatible stromal replacement is key to both artificial cornea
technology and the ability to restore a healthy stroma in patients with corneal blindness [3].
Therefore, active practical research is being conducted in this direction, among which
corneal stroma tissue engineering with cell-free collagen hydrogels [10,11] is a promising
approach with potential clinical application. The pioneers in this field are the Griffith
et al. group, who were the first to conduct clinical trials of collagen hydrogels, which
were prepared from recombinant type III collagen chemically cross-linked with EDC/N-
hydroxysuccinimide to impart mechanical strength to the material [12]. Although this
work demonstrated the safety of this approach and even the restoration of innervation,
in subsequent studies from the same group, the absence of host cell migration into such
material was noted four years after surgery in humans [13]; therefore, complete regeneration
of the cornea has not been achieved thus far. There may be several reasons for this, but it is
most likely that the chemical cross-linking of the collagen material significantly impedes
the migration of cells into the implant and, as a result, complete regeneration of the corneal
stroma is unattainable.

Many years of experience with collagen experimentation have shown that native
highly purified collagen has extremely low antigenic properties and low inflammatory
potential [14], leading to the adoption of collagen biomaterials in clinical practice. Therefore,
when developing new collagen biomaterials, it is necessary to be guided by the following
principle: the fewer structural and property changes to collagen during the process, the
more likely it is to obtain an ideal collagen biomaterial. This principle is especially important
if the goal of this study is to achieve the clinical application of the biomaterial.

Our approach to the creation of an artificial cornea is to reject the use of any chemical
cross-links, as they can impair the biocompatibility of the entire implant [15] and hinder
the process of host cell migration into the implant [16], or, in some cases, completely block
it [13]. Therefore, to enhance the biomechanical characteristics of the implant, a solution
of concentrated medical-grade Viscoll collagen I was used. In contrast to our previous
work [5], we used a higher concentration of collagen to manufacture the membrane. This
made it possible to increase the mechanical properties of the membrane compared to
our previous work [5], but this was not enough to achieve the mechanical properties of
the human cornea. It should be noted that this is not a critical disadvantage since the
properties of the Viscoll collagen membrane are sufficient for its fixation with a classic
surgical suture. At the same time, we had previously shown that its mechanical properties
after implantation into the stroma of the cornea will inevitably increase due to the natural
process of adaptation of the collagen membrane with the surrounding tissues [5]. Moreover,
cells can also enhance the mechanical strength of collagen hydrogels [17]. Thus, the success
of the regeneration of the damaged cornea will depend on how effectively the corneal cells
will interact with the collagen membrane in vivo.

An important result obtained in this study was that active cell migration was observed
in all implanted collagen membranes after 6 months. This is consistent with our previous
in vitro results, which demonstrated that collagen hydrogels prepared from a concentrated
collagen solution maintained a high survival rate of encapsulated cells, maintained their
morphology and functional activity for at least 28 days, and did not interfere with cellular
movement [17]. Our cellular migration results were also consistent with earlier in vivo
work by our group [5]. These results are in stark contrast with those from the cross-linked
recombinant human collagen membrane, where host cell migration into the hydrogel
was not observed up to 4 years post operation [13], as well as with the data obtained for
cross-linked porcine collagen in a rabbit study, in which only sparse cell migration into
the hydrogel was observed at 6 months post surgery [10]. This may be evidence that the
chemical cross-linking of collagen hydrogels impairs cell permeability in vivo.
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In the study of corneal tissue regeneration, it is extremely important to investigate the
issue of innervation of the restored area because nerve regeneration after corneal injury
plays a decisive role in restoring normal function.

A study of the micromorphology of the cornea using laser confocal microscopy re-
vealed that the removal of a portion of the stroma during anterior lamellar keratoplasty
leads to the initial loss of nerves; however, in all experimental animals, nerve regeneration
was confirmed at 6 months after the operation. Similar results were obtained during the
implantation of chemically cross-linked collagen membranes into the corneal stroma of
animals [10,11,18] and humans [13]. It is worth noting here that the process of reinnervation
of implanted donor corneas in humans is very slow, lasting from one to several years [6,19].
The results obtained in this study may indicate that the Viscoll collagen membrane supports,
or at least does not interfere with, the process of nerve repair in the cornea after layered
keratoplasty.

According to our OCT data, after implantation, there was no migration or displace-
ment of the collagen membrane implant; it took its position and fixed itself within the
surrounding tissues. This behavior was also confirmed by histological examination, which
showed that the collagen fibers of the stroma were closely intertwined with those of the
implant, indicating a good survival rate.

Corneal neovascularization in the peripheral implanted zone was noted in four rabbits
in the first group and two rabbits in the second group. Neovascularization is associated
with sagging of the suture material due to the gradual integration of collagen with the
corneal stroma; this involves natural cross-linking and strengthening of the biomechanics,
which significantly weakens the sutures and causes sagging [20]. In such cases, the timely
removal of the sutures completely resolves the problem and, according to the results of our
study, this should be done 4-5 months after the operation.

Immunohistochemical staining of cryosectioned cornea samples revealed the presence
of single «-SMA-positive stromal cells in both groups, whereas none were found in the
intact cornea samples. Notably, the presence of these cells did not affect the transparency of
the corneas. The presence of x-SMA-positive cells in the corneal stroma was likely induced
by the operation itself, during which a part of the stroma was removed. The results provide
evidence that the Viscoll collagen membrane does not have an irritating effect on the corneal
tissue, which is also consistent with the results of the toxicological tests performed.

Our work has several limitations. (1) The experiments were carried out on a healthy
cornea, in which a section of healthy stroma was surgically removed and a collagen
membrane was implanted in its place. There is no doubt that the processes of tissue
regeneration in various pathologies of the cornea, especially in case of chemical burns,
will proceed differently. However, our results strongly suggest that the Viscoll collagen
membrane may also be effective in the treatment of pathological conditions of the cornea.
It should be noted that in this case, it may be necessary to develop new approaches for the
treatment of various corneal pathologies using the Viscoll collagen membrane. (2) Short-
term observation: Ideally, for a clear understanding of the reparative processes occurring
in the damaged cornea during implantation of the Viscoll collagen membrane, a four-
year follow-up is required. At the same time, it is extremely difficult to monitor rabbits
that have undergone a full course of anesthesia for more than 6 months. At the same
time, the processes of regeneration of the cornea in rabbits proceed faster than in humans.
Therefore, to a certain extent, the results could be extrapolated to the regeneration of the
human cornea.

Considering the proven safety of the Viscoll collagen membrane and its possible
potential for the treatment of various corneal pathologies, especially under the conditions
of a global shortage of donor tissue, our results can serve as the basis for future clinical trials.

5. Conclusions

In this study, a Viscoll collagen membrane prepared from a concentrated collagen
solution was presented. Viscoll collagen membrane manufacturing technology can be easily
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scaled up to 5000 units, and the proposed packaging format allows for the maintenance of
its key properties for at least 12 months. In addition to its excellent optical and mechanical
properties, the Viscoll collagen membrane promotes active cell migration and can be
implanted into the corneal stroma using tools and techniques that mimic those used in
human corneal keratoplasty. From the aggregate of the presented data, it can be concluded
that the Viscoll collagen membrane has the potential to solve the global problem of limited
donor tissue for the treatment of corneal blindness. In addition to this study, we have
demonstrated good biochemical properties of the Viscoll collagen membrane and the
ability of suture fixation; therefore, the next step in our work will be deep anterior lamellar
keratoplasty with the Viscoll collagen membrane.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/polym14194017/s1. Video S1: Suturability of the Membranes;
Video S2: Surgery.
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Abstract: Corneal opacities are a leading cause of visual impairment that affect 4.2 million peo-
ple annually. The current treatment is corneal transplantation, which is limited by tissue donor
shortages. Corneal engineering aims to develop membranes that function as scaffolds in corneal
cell transplantation. Here, we describe a method for producing transplantable corneal constructs
based on a collagen vitrigel (CVM) membrane and corneal endothelial cells (CECs). The CVMs were
produced using increasing volumes of collagen type I: 1X (2.8 uL/mm?), 2X, and 3X. The vitrification
process was performed at 40% relative humidity (RH) and 40 °C using a matryoshka-like system
consisting of a shaking-oven harboring a desiccator with a saturated K,COj3 solution. The CVMs
were characterized via SEM microscopy, cell adherence, FTIR, and manipulation in an ex vivo model.
A pilot transplantation of the CECs/CVM construct in rabbits was also carried out. The thickness of
the CVMs was 3.65-7.2 um. The transparency was superior to a human cornea (92.6% = 1X; 94% = 2X;
89.21% = 3X). SEM microscopy showed a homogenous surface and laminar organization. The cell
concentration seeded over the CVM increased threefold with no significant difference between 1X,
2X, and 3X (p = 0.323). The 2X-CVM was suitable for surgical manipulation in the ex vivo model.
Constructs using the CECs/2X-CVM promoted corneal transparency restoration.

Keywords: scaffold; collagen vitrigel; tissue engineering; cornea; corneal endothelium

1. Introduction

Tailoring biomaterials for corneal reconstruction via tissue engineering represents an
important breakthrough that may alleviate the problem of tissue scarcity. The shortage of
corneal graft tissue limits access to a transplant in ~53% of the world’s population. Although
the cornea is the most frequently transplanted organ worldwide, there is currently only
1 cornea available for every 70 needed [1,2]. Given this situation, alternative solutions are
needed to produce tissues for transplantation.

Corneal blindness is one of the four main causes of blindness around the world [3].
It can be caused by diseases, chemical burns, and trauma that affect different corneal
layers [4]. The corneal endothelium is the innermost layer of the cornea. It regulates
optimal corneal hydration to maintain the clarity needed for proper vision. This tissue does
not regenerate and when the cell density decreases to a critical concentration, it produces
an irreversible opacity that can only be treated with a corneal transplant [5]. Efforts in cell
therapy have demonstrated the ability of corneal endothelial cells (CECs) to proliferate
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in vitro under the stimulus of supplemented culture media and retain their characteristic
polygonal morphology and functional molecular markers, such as tight junctions (ZO-1)
and Na-K/ATPase pumps [6-8]. However, given the monolayer nature of the corneal
endothelium, CECs injected intracamerally do not always attach effectively to the corneal
tissue [9].

Collagen membranes have the potential to serve as scaffolds for CECs in the production
of bioengineered corneal tissue, given that type 1 collagen is an abundant protein in the
corneal stroma and that it is produced by CECs [10-13]. These membranes are produced
via a wide range of methodologies that vary in three main respects: (1) methodology,
including desiccation, freeze drying, electrospinning, and 3D printing; (2) conditions,
such as the collagen source and concentration, polymerization pH, and temperature; and
(3) characterization, including microstructure, transmittance, FTIR, X-ray diffraction, cell
adhesion, water uptake, biodegradability, and in vivo biocompatibility [14-16]. This leads
to marked variations in parameters that limit the reproducibility of the methodologies and
their application in corneal endothelium engineering [17].

Overall, the main challenges in producing collagen membranes for corneal endothe-
lium engineering are the mechanical properties and biocompatibility. Enhancing the
cross-linking of collagen fibers in the membranes is a strategy for the improvement of
their mechanical properties while maintaining their low immunogenicity. Ultraviolet (UV)
light treatment and desiccation in specific conditions are used for this purpose, producing
vitrified membranes. Given that these strategies can produce transparent membranes,
they have great potential for the restoration of cornea [18-20]. Currently, the protocols
for producing collagen—vitrigel membranes (CVM) vary mainly in terms of temperature,
time of desiccation, and relative humidity. This modifies the desired characteristics such
as thickness, fiber diameter, density, and organization, which affect their application for
clinical purposes.

The thickness of membranes is a parameter that is of special interest because it provides
two main characteristics that determine their usefulness: surgical manipulation and cell
adherence. A thicker collagen membrane is easier to surgically manipulate; however, this
increases the distribution of charges, affecting the cell and tissue adherence [21]. A thinner
membrane promotes cell and tissue adhesion but can be difficult to manipulate during
surgery. For this reason, some collagen membranes reported for corneal engineering are
more suitable for the epithelium or stromal layer, in which higher thickness provides the
structure and barrier functions that cover different needs.

In this research, we provide a simple and reproducible method to produce CVMs that
can be tailored to assemble membranes with different characteristics with potential use
in the engineering of different layers of the cornea. We aim to close the gap between the
reported methods, leading to the development of standardized protocols that yield repro-
ducible and quantitative characterization, which in turn facilitate comparative research
and the development of prototypes for clinical applications [14-20,22-31].

2. Methods
2.1. Matryoshka System Assembly for the Production of Collagen Membranes

For the manufacturing of CVMs, a matryoshka system was assembled (Figure 1).

It consisted of an incubator with a steady temperature (T) bearing a desiccator with a
saturated K,COj solution to control the RH. For this purpose, 50 mL of K;COj3 solution were
prepared using 1.15 g of K,COj3 (Sigma-Aldrich, P5833, St. Louis, MO, USA) per milliliter
of bi distilled water. The salt solution was placed in a 200 mL beaker and fixed onto
a 330 x 246 x 262 mm desiccator with a clear plastic dome (Thermo Scientific Nalgene,
5310-0250, Cleveland, OH, USA). A closed system was created by placing the sealed
desiccator inside a shaking-plate incubator (15211DS; Labnet International, Edison, NJ,
USA). The T and shaking speed of the incubator were set at 40 °C and 30 rpm, respectively.
The shaker function was turned on 48 h after the gel was placed inside the matryoshka
system to avoid gel tilting. The T and RH were measured with a Monitoring Traceable
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Hygrometer (4040CC; Traceable®® Products, Webster, TX, USA) placed inside the desiccator.
The T and RH were registered daily until a temperature of 40 °C and RH of 40% were
recorded consistently for ~7 days. During this period, no sample was placed inside
the system.

Multi-well plate \
with collagen mix

—p > — E‘l - —_— m [
= ., - Plasti W
K2CO; saturated solution \f — astiof ST ‘
-
|
| |

/ Desiccator

l‘ Shaking oven

Hygrometer

Figure 1. Matryoshka system assembly (created with Biorender.com Available online: https://app.
biorender.com (accessed on 21 June 2022).

2.2. Collagen-Based Membrane Production
2.2.1. Collagen Gel Preparation

Collagen type 1 from bovine tail (Gibco) was used. CVM production was based on
methods described previously [18,19]. Advanced Dulbecco’s Modified Eagle’s medium
(DMEM) (Gibco-Thermo Fisher Scientific, Grand Island, NY, USA) was prepared with 1%
penicillin—streptomycin (Gibco) and 8% qualified fetal bovine serum (Gibco) and kept on
ice. Next, 22 mM HEPES (Gibco) was added and mixed with a cold type-I collagen solution
(5 mg/mL) at a 1:1 ratio until a uniform yellow mixture was obtained by gentle pipette
resuspension. The pipettes were also kept on ice to avoid early gelation. Twelve-well plates
were used as casts for 2.2 mL of the collagen mix (2.8 uL./mm? of collagen; 1x volume).
Gel casts were also prepared at volumes of 2X and 3X collagen. The plates containing the
collagen mix were placed in an MCO-18AIC incubator (Sanyo, Osaka, Japan) and kept at
37 °C in 5% CO; for 2 h until gelation.

2.2.2. Desiccation

The plates containing collagen gels were placed inside the matryoshka system. The
temperature and shaking speed of the incubator were set at 40 °C and 30 rpm, respectively.
The system remained closed, and T and RH were registered daily. Around day 10-13, the
volume of the collagen gels decreased, and membranes were formed. The matryoshka
system was then opened and the membranes were rinsed with bi distilled water until the
elimination of the phenol red in the medium. The samples were placed back inside the
system to complete a period of 37 days of incubation.

2.2.3. Membrane Re Hydration

The plates were removed from the matryoshka system. Bi distilled water was poured
into the wells of the plates containing the collagen membranes, left for ~20 min, and then
removed. The borders of each membrane were lifted using water pressure. Rounded-tip
forceps were used to gently pull out the membranes from the bottom of the well.

2.3. Collagen-Based Membrane Characterization
2.3.1. Optical Microscopy

Membranes were humidified for 20 min and the water excess was removed. The
surface of CVM was observed with an Axiovert 40 CFL contrast microscope (Carl Zeiss
Microscopy, Jena, Germany) and photographed.
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2.3.2. Scanning Electron Microscopy (SEM)

Samples of the membranes were coated with gold using a Quorum QR150 ES sput-
tering system (Quorum Technologies, Laughton, UK). The surface and transversal ultra-
structure were observed and measured with an EVO MA Scanning Electron Microscope
(Carl Zeiss Microscopy). The fibers of samples that were desiccated for 7 days (4 samples,
34 fibers per sample) were photographed and measured using NIH Image]. Briefly, image
calibration to microns was performed, followed by the selection of linear regions of interest
and accumulation using the Analysis>>Measure route in Image] software.

2.3.3. D Confocal Microscopy

Surface regularity and sample thickness were assessed in triplicate using an Axio-CSM 700
50x objective (Carl Zeiss Microscopy). The samples were hydrated for 20 min prior to
data collection.

2.3.4. In Vitro Cell Adherence, Viability, and Cytotoxicity

The NIH3T3 cell line was obtained from ATCC (CRL-1658""). The CVMs were cut into
circles of 5 mm diameter to fit a 96-well plate. The CVMs were sterilized with Microdacyn
(Oculus Innovative Sciences, CA, USA) and rinsed with sterile water. The water was
removed and the membranes were left to dry and adhere to the bottom of the wells.
NIH3TS3 cells were seeded (~10,000) in 100 pL. of DMEM F12 (12491-015; Gibco) and
incubated overnight at 37 °C in 5% CO,.

Cytotoxicity and viability tests were performed using Cell Titer Blue (Promega, Madi-
son, WI, USA) according to the manufacturer’s instructions. Briefly, 20 uL of Cell Titer Blue
was added to each experimental, assay control, and sample control well, followed by gentle
resuspension and incubation at 37 °C in 5% CO, for 2 h. The same conditions were used
to perform a 2-50 x 102 cell fluorescence ladder comparison. Fluorescence was recorded
on a Synergy HT spectrophotometer (BioTek, Winooski, VT, USA). Triplicates were tested
for each membrane concentration in the experimental condition (membrane + cells), the
sample control condition (cells alone), the negative control condition (membrane alone),
and the assay control condition (medium + Cell Titer Blue).

2.3.5. Fourier-Transformed Infrared Spectra (FTIR)

Functional groups were identified on each membrane sample using an infrared spectropho-
tometer coupled with a Fourier transform Spectrum 400 apparatus (Perkin Elmer, Waltham,
MA, USA) and recorded in the wavenumber range of 4000400 cm ™! at room conditions.

2.3.6. Transmittance Analysis

Samples of 1X, 2X, and 3X membranes were fully hydrated using bi distilled water
and placed into clear cuvettes. Absorbance was acquired throughout the UV-VIS spectra
(380-700 nm) using a Synergy HT spectrophotometer (BioTek, Winooski, VT, USA) and
transformed to transmittance using the Beer-Lambert law equation. Experiments were
performed in triplicate.

2.3.7. X-ray Diffraction Analysis (XRD)

XRD was used to assess the crystallinity of the CVM. XRD was recorded in the 20 range
between 10° and 85° with a step size of 0.026 using a PANalytical Empyrean diffractometer
(PANalytical, Almelo, The Netherlands) and CuK« radiation (A = 1.5406 A). The voltage
applied was 45 kV and the current was 40 mA.

2.3.8. Ex Vivo Surgical Manipulation Test

To test the ease of surgically manipulating the CVM before performing transplants
in the animal models, an ex vivo test was used. Cow eyes from a local butcher shop were
fixated over styrofoam plates. All three CVM types (1X, 2X, and 3X) were stained with
Trypan blue by 1 min immersion and transplanted into the anterior chamber, which is
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similar to a Descemet’s stripping endothelial keratoplasty—the surgical procedure for
corneal endothelium transplantation. The surgical procedures were performed by two
ophthalmic surgeons in order to determine whether the CVM: (1) resisted manipulation
with common surgical instruments in this type of surgery to avoiding breakage, (2) was
able to introduce them folded through the incision in the periphery of the cornea, and
(3) could expand once inside the anterior chamber. Supplementary Video S1 demonstrates
the transplantation of a membrane in the ex vivo model.

2.4. Engineered Corneal Endothelium Assembling

We previously reported the ability of CECs to adhere to and proliferate over CVMs [32].
We assembled the CECs/CVM construct for further transplantation to determine its ability
to adhere to the corneal stroma and to restore clarity in a corneal opacity model.

This study was approved by the institutional local ethics committee (School of Medicine
of Tecnologico de Monterrey), number 2019-003. All the animals were treated according
to the Guide for the Care and Use of Laboratory Animals, adhering to the guidelines for
the human treatment and ethical use of animals for vision research stated by the National
Institutes of Health guide for the care and use of Laboratory animals. White New Zealand
rabbits were housed in individual cages and fed ad libitum.

Two 3-month-old male White New Zealand rabbits were used to isolate CECs accord-
ing to a previous methodology [32,33]. Briefly, White New Zealand rabbits were euthanized
with an intravenous pentobarbital lethal dose (90-180 mg/Kg). The endothelium was sur-
gically detached from the corneal stroma. A digestion was made under sterile conditions
in a flow hood with 1 mg/mL of collagenase type I (Sigma-Aldrich Co., St. Louis, MO,
USA) at 37 °C for 1 h. The CECs were cultured using OptiMEM-I supplemented with 8%
FBS, 20 ng/mL of nerve growth factor (NGF; Sigma-Aldrich Co.), 5 ng/mL of epidermal
growth factor (EGF; Sigma-Aldrich Co.), 200 mg/L of calcium chloride (Sigma-Aldrich Co.),
20 ng/mL of ascorbic acid (Sigma-Aldrich Co.), 0.08% chondroitin sulfate (Sigma-Aldrich
Co.), and 1% antibiotics until confluency. A passage was conducted, and the CECs were
cultured using basal media OptiMEM-I supplemented with 8% FBS and 1% antibiotics until
confluency. A second passage was carried out, and the CECs were seeded over 2X-CVM
(according to the results of the ex vivo model) at a density of 2500 cells/mm? overnight. The
CECs/CVM construct was analyzed using light microscopy to register the cell polygonal
morphology and cell adherence.

2.5. Pilot Study of the Transplantation of Engineered Corneal Endothelium in an Animal Model

In a previous study, we demonstrated the in vivo biocompatibility of CVM in young
rabbits [34]. We transplanted the CECs/CVM construct into old rabbits to determine
its potential to promote corneal endothelium healing. Five 20-month-old male White
New Zealand rabbits were used for the corneal damage model, given that they do not
restore corneal clarity after damage according to a previous study [35]. Local and general
anesthesia were applied using tetracaine (Ponti Ofteno, Laboratorios Sofia, Jalisco, Mexico)
and intramuscular 30 mg/Kg ketamine and 5 mg/Kg xylazine, respectively. A paracenteses
was created, and an anterior chamber maintainer was introduced for the injection of 1.2%
hyaluronic acid to promote the adhesion of the CECs/CVM construct. The Descemet
membrane, along with the corneal endothelium, was surgically removed. After 3 to 5 min, a
central corneal opacity was developed and the transplantation of the CECs/CVM constructs
was carried out in 4 eyes (experimental group). Supplementary Video S2 demonstrates
the transplantation of the construct. Three eyes were transplanted using only the collagen
membrane (control group). Post-surgical analgesic and antibiotic schemes were conducted
using topical dexamethasone (Soldrin, Pisa, Guadalajara, Jalisco) 1 mg/mL, 1 to 2 drops
every 8 h for 48h, subcutaneous flunixin (Sanfer, CDMX, Mexico) 1-2 mg/Kg every 12 h
for 3 days, and intravenous enrofloxacin (Bioquin, BioZoo, Jalisco, Mexico) 5-10 mg/Kg
every 8 h for 7 days. Clinical follow-up and photodocumentation was conducted daily for
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90 days. The rabbits were euthanized with a pentobarbital lethal dose. The corneas were
excised and analyzed by light microscopy.

The corneal endothelium was detached and analyzed by immunocytochemistry to
analyze the presence of ZO-1 and NA/K-ATPase, molecular markers of CECs. Briefly,
the corneal endothelium was fixed with cold 4 °C methanol for 24 h and rinsed 3 times
with PBS. Unspecific epitopes were blocked with 5% bovine serum albumin (BSA) (Sigma-
Aldrich, Co.) at 37 °C for 30 min. Primary antibodjies, rabbit polyclonal for ZO-1 (Invitrogen,
Waltham, MA, USA) 1:100, and mouse monoclonal anti-alpha 1 Na-K/ATPase (Abcam,
Cambridge, MA, USA) 1:100 were used. The secondary antibody Alexa 488 (2:500) (Abcam)
was used for ZO-1 primary antibody, and Alexa 568 (1:500) (Abcam) for Na-K/ATPase
primary antibody. DAPI (Sigma-Aldrich Co.) was used as a nuclei counterstain. The
images were analyzed using Image]J software [36].

Statistical Analysis

Statistical comparisons of the experimental groups were carried out using paired
Student’s t-tests or analysis of variance (ANOVA). The significance was set at p < 0.05.
Microsoft Excel (2013; Redmond, WA, USA) and Systat Sigma Plot (V. 11; San Jose, CA,
USA) were used for data processing, statistical analysis, and graph generation.

3. Results
3.1. Matryoshka System Assembling and Stabilization

The temperature inside the system remained constant at 40 °C (SD of £ 0.19 °C at
the stabilization phase and SD of £ 0.64 °C in the presence of the samples). The RH at
the stabilization phase ranged from 47% to 42% (SD +1.68%), whereas it ranged from
51% to 33% (SD =+ 5.52%) during the sample-desiccation period (Figure 2). A volume of
50 mL of the saturated salt solution lasted for ~100 days when the samples were inside the
matryoshka system.

Figure 2. Daily behavior of the relative humidity percentage at the stabilization phase (a) and in the
presence of 6 mL of collagen gel (b).
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Y]

3.2. Membrane Desiccation and Rehydration

The formation of the membranes occurred when the thickness of the collagen de-
creased to ~1 mm (Figure 3). Gels at 1X collagen concentration required 10-13 days to reach
the membrane state, whereas 2X and 3X required approximately 15 and 20 days, respec-
tively. We also observed that phenol red must be removed during the gel-to-membrane
transformation to avoid further interference with transparency. At the end of the 37-day
desiccation period, the membranes were completely transparent. Membrane rehydration
for ~20 min was necessary to achieve a good retrieval from the cast. A malleable, transpar-
ent material was observed in water suspension. The membranes were placed in a water
drop on plastic film, the borders were unfolded, and water was removed using a pipette to
straighten the membranes, which were left to dry again at room temperature.

Figure 3. Desiccation process: (a) gel before vitrification; (b) membrane with phenol red; (c) rinsed
membrane at day 37; and (d) membrane removed from the cast and dried at room temperature.

3.3. Confocal, Optical, and SEM Characterization

A homogeneous surface was observed after 37 days of desiccation in the three mem-
brane types (Figure 4 panel I a). The collagen fibers were observed at day 7 of desiccation
with an average diameter of 1.3 um =+ 0.23 (Figure 4 panel I b). The fibers were not visible
at day 37. Confocal microscopy was performed at a thickness of 3.65 pm =+ 0.8 for 1X colla-
gen membranes, 4.8 um £ 0.04 for 2X membranes, and 7.2 pm =+ 0.35 for 3X membranes
(Figure 4 panel II). the Membrane thickness increased with the collagen concentration and
lamina density (Figure 4d-f).

M)

Figure 4. Representative surface and thickness evaluation using material confocal microscopy.
Panel (I) (a) Surface micrograph of a 37-day desiccated 1X membrane. (b) Collagen fiber on the
surface of a 1X CVM at day 7 of desiccation. Panel (II): SEM transversal-view micrograph of a 1X (a),
2X (b), and 3X (c) CVM in wet conditions. (d) 1X, (e) 2X, and (f) 3X CVM showing a thickness of ~3.6,
4.8, and 7.2 pum, respectively.
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3.4. Membrane Characterization: Cell Viability, IR Spectra, Transmittance, and X-ray Diffraction

NIH3T3 mouse fibroblasts showed adherence to 1X, 2X, and 3X CVM (Figure 5). A
fluorescence analysis indicated that the 10 x 103 cells that were seeded initially prolif-
erated to ~31.7 x 10% cells in wells with no membranes. The populations of cells cul-
tured on 1X, 2X, and 3X CVM increased to ~35.8 x 103 + 5623, ~29.6 x 10% + 2577, and
29.5 x 103 4 939 cells, respectively. The cell populations increased threefold within 48 h.
One-way ANOVA detected no significant differences between the means of all four samples
(p = 0.323, n = 3). However, compared with controls, the populations of cells cultured on 1X
CVM increased by 12%.

V)

Figure 5. (I) Cell adherence. NIH3T3 cell count at 48 h when cultured over 1X, 2X, and 3X colla-
gen membranes. Sample control lacks collagen membrane. (II) IR spectra of pure collagen type
1 (a), 1X collagen membranes (b), 2X collagen membranes (c), and 3X collagen membranes (d).
(ITI) Transmittance. Percent of transmittance of membranes fabricated using varying collagen vol-
umes: 1X (a), 2X (b), and 3X membranes (c). (IV) X-ray diffraction. Patterns of pure collagen
type 1 (a), 1X (b), 2X (c), and 3X collagen (d) membranes. A 0.6° offset was introduced to detect each
pattern clearly. The arrows indicate the 22°, 25.9°, and 39.8° humps for amorphous collagen and the
two hydroxyapatite planes.

FTIR studies shows characteristic collagen spectra. The band at 3281 cm~! (Figure 5,
I IR spectra, arrow 1), indicating the formation of O-H bonds, is smaller in 3X collagen
membranes than in 1X and 2X membranes. Moreover, the fingerprint area corroborated
the identity of collagen in the membranes as follows. The Bands at 1660 (Amide I band),
1627, 1635 (3-sheet 2ry structures of Amide I), 1637 (triple helix), and 1679 cm ! (stretching
C=0 vibrations that are H bonded) were fused into a peak with the least transmittance
at 1635 cm ™! (Figure 4, IR spectra, arrow 2). The band at 1635 cm ™! indicating -sheet
secondary structures was correlated with the laminar structure shown in transversal SEM
sections. The band at 1535 cm ™! (Figure 4, IR spectra, arrow 3) indicated Amide II, whereas
the band at 1240 cm ™1 (Figure 4, IR spectra, arrow 6) was characteristic of collagen. The
contribution of bands at 1446, 1396, and 1202 cm ! is seldom (if at all) reported in the
literature (Figure 5, II IR spectra, arrows 4, 5, and 7). The bands at 1084 and 1029 cm !
(Figure 4, IR spectra, arrows 8 and 9) are related to nucleic acids. The band at 1084 cm™!
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corresponds to the phosphodiester bonds of the nucleic acid phosphate/sugar backbone.
In contrast, the vibration at 1029 cm ™! corresponds to collagen and the phosphodiester
groups of nucleic acids. Finally, the vibrations at 565 and 527 cm~! (Figure 5, IT IR spectra,
arrow 10) correspond to phenyl group torsion. All the bands were intensified as the collagen
volume increased.

The membranes produced using our method were ~90% transparent in the visible
light spectrum (Figure 5, III Transmittance). The average transmittance for 1X membranes
was 92.6% =+ 4.91, whereas it was 94% = 4.40 for 2X and 89.21% =+ 4.80 for 3X membranes.
Lower transmittance values were recorded at violet wavelengths (ranging from 380 to
450 nm): 1X CVM,, 80.4%; 2X CVM, 82.98%; and 3X CVM, 77.56%. Moreover, 1X CVM
yielded a transmittance peak of 99.6% at 560 nm and 2X CVM had a peak of 99% at 540 nm,
both of which are in the green wavelength spectrum. In contrast, 3X CVM exhibited no
peak but yielded higher transmittance values (94.7%) at 650 nm. Percent transmittance
increased progressively and stabilized at 510 nm (1X) and 590 nm (2X and 3X). Increasing
the collagen concentration decreased the transmittance by ~2.5% per added volume, with
1X CVM showing the highest percent transmittance. ANOVA indicated the presence of
significant differences (p < 0.001) between the 3X CVM and the 1X and 2X CVMs.

The XRD patterns of pure collagen type 1 (1X, 2X, and 3X CVM) are shown in Figure 5,
IV (X-ray diffraction). All the samples exhibited a typical broad hump around 22°, indi-
cating that the collagen was in an amorphous phase [37,38]. A high-intensity peak was
observed at 25.9°, which was related to the hydroxyapatite (HA) 002 plane. A shoulder of
the HA 320 plane in the hump was shown at 39.8° compared with datasheet 9-432 from the
Joint Committee of Powder Diffraction Standards. All samples showed a similar pattern
regardless of the content of collagen.

3.5. Wet Lab with Ex Vivo Model for Surgical Manipulation Test

The 1X CVM did not resist surgical manipulation for folding of introduction through
the corneal peripheral incision. It was fragile and fragmented easily. The 2X and 3X CVM
resisted surgical manipulation for the folding and introduction into the anterior chamber,
and they were also manipulable for unfolding once inside the anterior chamber (Figure 6).
Supplementary Video S1 shows the implantation of a 2X membrane into the ex vivo model.
Taken together with the cell adherence results, the 2X membranes were selected for further
construct assembling and pilot transplantation.

Figure 6. Ex vivo model for surgical manipulation test of collagen membranes. Manipulation of
the model under the stereoscope (left). Membrane dyed with trypan blue transplanted into the de
anterior chamber of the ex vivo model (right).

3.6. Engineered Corneal Endothelium

After overnight incubation, there were confluent zones of CEC over the 2X CVM
(Figure 7). However, the overall confluence was ~30% in all the membranes. Given that
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prior analysis demonstrated that the membrane allows cell proliferation, the transplantation
of the constructs to the animal model was conducted to evaluate the ability of the CECs to
proliferate in vivo over the membrane and to restore corneal clarity.

/

Figure 7. Engineered corneal endothelium (arrow): construct made of CVM and CECs (left). Micro-
scopic view of CECs cultured over 2X CVM (right). Scale bar = 100 pm.

3.7. Pilot Transplantation

All eyes (7) that underwent surgical removal of the corneal endothelium developed
corneal opacity after 5 min. The four eyes transplanted with CECs/CVM constructs (exper-
imental group) showed peripheral corneal clarity and central opacity after 3 weeks, which
was maintained consistently for the 90-day follow-up. The three eyes transplanted with
CVM (control group) showed full corneal opacity during the 4-week follow-up (Figure 8).
No degradation of the CVM was observed.

Figure 8. Postoperative follow up of eyes transplanted with CECs/CVM construct and with 2X
CVM alone. The eyes with CECs/CVM transplant recovered peripheral transparency, while eyes
transplanted with 2X CVM consistently showed edema.
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The excised corneas transplanted with construct or CVM showed that the membrane
adhered to the stroma. The endothelium of the corneas transplanted with construct showed
polygonal cells positive for ZO-1 and Na-K/ATPase by immunocytochemistry analysis
throughout the tissue. Light microscopy showed polygonal cells all over the collagen
membranes of eyes transplanted with the constructs (Figure 9). No cells were observed in
the eyes transplanted with the collagen membranes alone.

R (ii)

Healthy cornea Transplanted cornea DAPI Z0-1 Na/K-ATPase

Healthy
cornea

Transplanted
cornea

Figure 9. (i) Macroscopic view of representative healthy and transplanted corneas and phase contrast
microscopy showing corneal endothelium. Scale bar = 100 pm. (ii) Inmunocytochemistry analysis
showing the presence of the ZO-1 and Na/k-ATPase markers in the corneal endothelium of a healthy
and transplanted cornea. Scale bar = 20 pum.

4. Discussion

Collagen membranes have potential uses in corneal engineering [10,12,19,20,39-42].
The methods reported for producing them include blending and crosslinking, air-drying
and freeze drying, and vitrification [18-20,39,40,42—44]. However, multiple fabrication
parameters result in a lack of consistency of the resulting material properties, limiting their
potential for clinical applications. Here, we present a standardized method to fabricate
membranes based on previously reported parameters of collagen type, source, and con-
centration at 40 °C and 40% RH [18-20]. We increased the desiccation time, as previous
reports did not yield functional membranes. We also tested three collagen concentrations,
as this has an effect on the mechanical properties and pattern of fiber distribution, which in
turn impact cell adhesion and migration [17].

We used a matryoshka desiccation system that provided a stable RH and enabled us
to carry out the vitrification process. The RH variation was similar to that reported for
commercial humidity chambers. The desiccation time yielded transparent membranes that
were easy to remove from the plates.

The thickness of the CVM relied on the time of desiccation more than on the colla-
gen concentration [19]. Overall, our membrane’s thickness resembled that of the human
corneal endothelium [45] and was 3 to 16 times thinner than that reported previously
using collagen [18,20] and other materials such as amniotic membrane, human collagen,
silk fibroin, hyaluronic acid, and decellularized extracellular matrix, with a thickness of
20-50 pum [40,46,47]. Our SEM data showed randomly arranged fibrils at the surface of the
membranes after short desiccation periods. The fibers observed here were larger by an
order of magnitude compared with the sizes of collagen membranes reported previously
and resembled the early fibrils reported for collagen gels [19,20,38]. This is attributed to the
different order of the neutralization and blending steps used for gel formation [48]. More-
over, the incubation conditions cause an increase in the thickness of fibrils: the lateral fusion
of discrete (~4 nm) subunits leads to an increase in fibril diameter, followed by longitudinal
growth [40]. Fibril bundling and total unification (greater fibril density and homogeneity)
were observed when the drying time was increased and high temperatures were used, lead-
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ing to the production of the homogeneous and smooth surface observed in 1X, 2X, and 3X
CVM. A similar non-fibrillar surface was reported in collagen membranes crosslinked with
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS),
and UV treatment [37,49].

T, RH, and time of desiccation impact CVMs’ mechanical strength. Using similar T
and RH, Calderon-Colon reported a tensile strength range of 0.69-8.69 MPa. A preliminary
analysis of the mechanical behavior of our CVM showed higher strength (9.4 MPa) in the
case of the 3X CVM (Supplementary Data) [20,37].

The transmittance of our membranes was higher than that of the human cornea and
10-12% higher than that reported for similar membranes [19,39,41,42,50,51]. The increase
in collagen deposition (i.e., membrane thickness) sets a light transmittance threshold and
pattern [51]. Therefore, the tailoring of the ultrastructure of these membranes by changing
desiccation conditions and collagen concentration allows for the convenient adaptation of
their optical transmittance.

FTIR and X-ray diffraction analyses are not often provided in the characterization
analysis of this type of membrane. However, they are useful in the demonstration of the
crosslinking level, data on the origin of the collagen, and desirable properties regarding
biological responses, such as enhancement of mineralization, long-term degradation, and
tissue integration [38,48,52].

The three types of CVM allowed for cell adhesion and proliferation [53]. A slightly
reduced adhesion ability was observed in the 2X and 3X CVMSs, with no significant dif-
ferences. Contrasting results have been reported in similar membranes: adhesion and
proliferation of different corneal cell types (with no data analysis) [18,20,39] and the need
for centrifugation and fibrin to enhance cell adhesion [10,40]. Further surgical manipulation
in the ex vivo model allowed us to identify the most suitable sample for transplantation
purposes. We chose 2X CVMs for transplantation given that they allowed CEC adherence
and were easy to surgically manipulate. Previous studies have reported similar results
with tests in suturing corneal tissue [39,41]. In addition, this type of wet lab is reported to
be a cost-effective technique for the acquisition of surgical abilities in engineered corneal
transplantation [54,55].

The transplantation of the CVM/CECs constructs in our pilot study showed that
our CVM is suitable for surgical manipulation, adheres to the corneal stroma, and allows
CEC proliferation in a model of corneal opacity with high similarities to the human ocular
physiology [33]. The transparency was partially restored, even though the cell confluence
of the CVM was not full. The effectiveness of corneal endothelium restoration has been
proven for collagen membranes fabricated from porcine atelocollagen and bone human
collagen [40,54]. Commercially available collagen membranes have shown contrasting
results: low adherence to the corneal stroma with low cell viability after transplantation [52]
and full recovery of corneal clarity [8]. Similar CVMs have been used only for corneal
epithelium healing [37,38].

Although CECs proliferated and covered all of the CVM area, a fibrosis process
might take place in the tissue more quickly than the CE can recover [8]. As a pilot study,
the transplantation demonstrated for the first time the potential of our CVM for corneal
endothelium engineering [55].

5. Conclusions

Here, we present a detailed and reproducible method for producing CVM for corneal
engineering. The optimal set of T, RH, and desiccation time conditions in a matryoshka
assemblage enabled improvements in transmittance, thickness, fiber size, and promotion
of cell adhesion. The CVM produced by this method proved for the first time to have the
potential for corneal endothelium healing in a preclinical model. Additionally, we provide
a customizable method to produce membranes with potential clinical uses in different
ocular sites.
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Abstract: To prevent surgical site infections, antibiotics can be released from carriers made of bio-
materials, such as collagen, that support the healing process and are slowly degraded in the body.
In our labs we have developed collagen laminates that can be easily assembled and bonded on-site,
according to medical needs. As shown previously, the asymmetric assembly leads to different release
rates at the major faces of the laminate. Since the pH changes during the wound healing and infection,
we further examined the effect of an acidic and alkaline pH, in comparison to pH 7.4 on the release of
vancomycin from different collagen samples. For this purpose, we used an additively manufactured
sample holder and quantified the release by HPLC. Our results show that the pH value does not have
any influence on the total amount of released vancomycin (atelocollagen sponge pH 5.5: 71 4 2%,
pH 7.4: 68 &+ 8%, pH 8.5: 74 &+ 3%, bilayer laminate pH 5.5: 61 & 6%, pH 7.4: 69 + 4% and pH 8.5:
67 £ 3%) but on the time for half-maximal release. At an acidic pH of 5.5, the swelling of the atelocol-
lagen sponge is largely increased, leading to a 2-3 h retarded release, compared to the physiological
pH. No changes in swelling were observed at the basic pH and the compound release was 1-2 h
delayed. These effects need to be considered when choosing the materials for the laminate assembly.

Keywords: collagen; composite material; controlled release; vancomycin; swelling; pH dependence;
rose bengal; crosslinking

1. Introduction

Surgical site infections (SSIs) are a common complication in trauma medicine that
prolong recovery times and deteriorate the clinical outcome [1,2]. To prevent such infections,
antibiotics can be administered systemically or locally. A local application avoids some
side effects resulting from the systemic application. However, high local concentrations of
antibiotics can interfere with the healing processes [3], so that a temporally and spatially
controlled release is desirable. In particular, the controlled release from biomaterials that
can remain inside the body are of interest, as the carrier does not have to be removed [4]
and the appropriate drug amount can be directly applied [5].

Biocompatible materials that release drugs with an initial burst, followed by a slow
release of smaller amounts to sustain the local concentrations are convenient. Different
delivery systems with tunable properties for wound healing drugs have been developed,
ranging from microspheres and nanoparticles to injectable hydrogels [4]. Zirak et al.
developed porous ceramic microspheres coated with poly(lactic-co glycolic acid) (PLGA)
that allow a controlled release of vancomycin and are cell compatible [6]. Microspheres
without coating showed an in vitro burst release that can be explained by dominating the
bioresorption while coating with the PLGA lead to a dominating effect of diffusion [6].
Somu et al. used self-assembled lysozyme nanoparticles conjugated with curcumin as
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a drug delivery system, in which the carrier itself is antimicrobially active [7]. Nutan
et al. demonstrated that the release of the model drug 5-fluorouracil from the amphiphilic
co-network gels and hydrogels, as well as their degradation, can be controlled by gel
composition [8] and Singh Chandel et al. developed hydrogels, based on alkylated dextran
copolymers that are suitable for the release of the hydrophobic antimycotic griseofulvin
and the hydrophilic antibiotic ornidazole alike [9]. Some of these materials even exhibit
regenerative properties that can be used for wound healing. Singh Chandel et al. developed
water-based injectable hydrogels, based on poly[(2-dimethylamino)ethylmethacrylate]-b-
poly(N-isopropyl acrylamide) and poly(ethylene glycol) that enable the proliferation of
cells, the platelet adhesion and the adsorption of fibrinogen to support wound healing [10].

Among the biocompatible materials, the biodegradable polymers that lead to the
non-toxic degradation products are particularly attractive. Poly(lactic acid) (PLA) and
poly(glycolic acid) (PGA) and copolymers thereof (PLGA) belong to the most frequently
used polymers in the compound delivery since they are degraded to metabolites that can
be further processed in the body [11]. Commonly used biodegradable biomaterials are the
polysaccharides hyaluronic acid and chitosan, as well as the protein collagen [12]. Collagen
has been used for the sustained release for decades as it is inexpensive, easy to handle and
its degradation products are non-toxic and non-immunogenic [12]. Furthermore, it can
stimulate bone recovery by promoting the proliferation and differentiation of mesenchymal
stem cells [13,14]. In previous studies, we assembled commercially available collagen
sheets to collagen laminates by the photochemical crosslinking with rose bengal (RB) and
green light (RGX) [15-17]. This convenient and inexpensive method has already been used
for different clinical applications [18,19]. Using an additively manufactured sample holder
we could show that the direction and time course of the antibiotic release at pH 7.4 can be
controlled by the way such laminates are loaded and assembled [16]. The release studies
were carried out with the model antibiotic vancomycin which is a frequently used antibiotic
to prevent SSIs [1].

Healing wounds are characterized by the dynamic changes of the physiological envi-
ronment [5]. The pH values observed during healing and infection can differ significantly
from the physiological pH. The stages of the physiological cutaneous wound healing are
characterized by the pH values ranging from pH 9.0 to 5.5 within 14 days post operation [20].
A decrease of the pH value has been reported for the cultivation of Staphylococcus aureus
on rat jaw bones [21] and in osteotomy hematoma within 4 h after bone injury, where a pH
value of 6.62 + 0.33 was measured [22]. As the pH changes during wound healing and
infection, we were interested in the effect of the pH on the direction and duration of the
vancomycin release from the collagen laminates. For this purpose, we analyzed the release
of vancomycin from commercially available sponge-like “Atelocollagen” and a two-layer
laminate composed of Atelocollagen and a thin film of “Collagen Solutions” (AC-laminate)
under acidic conditions and alkaline conditions. To adhere to the physiologically relevant
pH range, a pH of 5.5 was chosen as a commonly used pH value to simulate the acidic
conditions at sites of bacterial infection [23,24] and a basic pH of 8.5 was used, which is
representative for the initial mean value of wounds after second degree burns [25].

2. Materials and Methods
2.1. Fabrication of the Collagen Samples

Collagen laminates were composed of two different commercially available collagen
sheets that had already been characterized before [17]. “Atelocollagen” refers to the first
type of collagen, which is an atelocollagen sponge (CLS-01) fabricated from bovine dermal
type I collagen from Koken Co., Ltd. (Tokyo, Japan). “Collagen Solutions” describes a non-
perforated film of bovine type I collagen from the tendon purchased from Collagen Solutions
(London, UK). All buffer components were purchased from Carl Roth GmbH + Co. KG
(Karlsruhe, Germany).

The fabrication of the collagen laminates using RGX was performed as described by
Kilb et al. [16]. In detail, the collagen sheets with a size of 1 cm x 1 cm were loaded with
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0.01% (w/v) RB (Alfa Aesar, Haverhill, MA, USA) in a phosphate buffered saline (PBS,
137 mM sodium chloride, 2.7 mM potassium chloride, 1.5 mM potassium dihydrogen phos-
phate, 8.1 mM disodium hydrogen phosphate, pH 7.4) in the dark at room temperature (RT).
The loading was carried out by swelling the sheets for 2 h in a Petri dish (SARSTEDT, Nim-
brecht, Germany) in a total volume that fits the loading capacity. The latter was determined
as the weight difference of a dry collagen sample and of the sample after swelling with
PBS [17]. For the fabrication of AC-laminates, the loaded Atelocollagen and Collagen
Solutions sheets were placed onto each other with 20 pL of 0.01% (w/v) RB solution in PBS
in-between. The stacked sheets were crosslinked to each other by exposure to green light
(A =565 nm, M565L3, Thorlabs GmbH, Bergkirchen, Germany) for 10 min.

Single RGX-modified collagen sheets were similarly prepared and directly exposed to
green light after loading with 0.01% (w/v) RB in PBS.

2.2. Release of Vancomycin

The release of vancomycin was determined, as described by Kilb et al. [16]. All buffer
components were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

For the release of vancomycin from the crosslinked Atelocollagen and AC-laminates,
the collagen samples were prepared, as described in Section 2.1 with the modification
that the 0.01% (w/v) RB solution in PBS used for the loading of Atelocollagen was supple-
mented with vancomycin hydrochloride (Carl Roth GmbH + Co. KG, Karlsruhe, Germany),
corresponding to an uptake of 1 mg vancomycin. The preparation of the Collagen Solutions
sheet for the laminate was performed as described in Section 2.1. The respective collagen
sample was placed between both parts of the sample holder that was fabricated from a
standard white resin V4 (Formlabs, Somerville, MA, USA) [16]. The sample holder was
placed into a cavity of a non-treated 24-well tissue culture plate (VWR International, Radnor,
PA, USA) that was filled with 1 mL of PBS, MES buffer (140 mM sodium chloride, 9.6 mM
MES, pH 5.5) or Tris buffer (140 mM sodium chloride, 9.6 mM Tris base, pH 8.5). In the
upper part of the sample holder, 1 mL of PBS, MES buffer or Tris buffer was added as well.
The incubation was performed at 37 °C and the liquid from the upper and lower parts of
the sample holder was completely withdrawn at different time points. In the next step,
1 mL of fresh buffer was added to both cavities of the sample holder. The vancomycin
content was analyzed by the reversed-phase HPLC, as described by Eckes et al. [17] and
Kilb et al. [16]. A detailed description can be found in the Supplementary Materials.

2.3. Determination of the Swelling Degree of Collagen Samples

The swelling degree of the collagen laminates and the single RGX-modified collagen
sheets was determined by a method reported previously by Eckes et al. and Braun et al. [15,17].
In brief, the collagen samples were prepared, as described in Section 2.1. The samples
were freeze-dried overnight and the dry weight (mg,y) of each sample was determined in
triplicates. Each collagen sample was transferred to a well of a non-treated, flat bottom
24-well microplate (VWR, Radnor, PA, USA) and incubated for 2 h in 2 mL of the appropri-
ate buffer (PBS pH 7.4, MES pH 5.5 or Tris pH 8.5) at 37 °C. The non-absorbed liquid was
removed from the samples by carefully blotting the samples on green paper towels and
the wet weight (myet) of the samples was determined in triplicates. The swelling degree
was calculated from the triplicates, according to equation 1. The significance levels of the
differences between the experimentally determined mean swelling degrees were analyzed
by a Kruskal-Wallis—ANOVA at p = 0.05 with OriginPro 2021b (OriginLab Corporation,
Northampton, MA, USA).

Swelling degree [%] = ((Mwet—Mgry)/Mary) X 100% 1
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3. Results
3.1. Release of Vancomycin from the RGX-Modified Atelocollagen

As the pH value changes during the physiological cutaneous wound healing from
pH 9.0 to pH 5.5 and the microbial contamination also leads to a moderately acidic en-
vironment at the sites of infection [20,23,24], the release of vancomycin from a single
RGX-modified sheet of Atelocollagen was examined at pH 5.5 and pH 8.5. The release was
compared to the release data at pH 7.4, that has been published previously [16]. As shown
in Figure la—c, the total amount of released vancomycin after 24 h of incubation did not
differ between pH 5.5, pH 7.4 and pH 8.5 (pH 5.5: 71 &= 2%, pH 7.4: 68 &= 8% [16] and pH 8.5:
74 + 3%). For pH 5.5, the time for the half-maximal release was reached three hours later
than at pH 7.4 and for pH 8.5, the time for the half-maximal release was reached one hour
later than under the physiological pH (pH 5.5: 41 4= 1% (4 h), pH 7.4: 32 £ 6% (1 h) [16]
and pH 8.5: 39 & 3% (2 h)). At pH 5.5, equal amounts of vancomycin were released into the
upper and the lower cavity, similar to the release results at the physiological pH [16]. At
pH 8.5, only slightly more vancomycin was detected in the upper cavity after 8 h.
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Figure 1. Vancomycin release and swelling properties of the RGX-modified Atelocollagen at different
pH values. The release of vancomycin was determined over 24 h in the upper chamber (squares),
lower chamber (dots) and in total (triangles). The amount of released vancomycin was calculated
according to the amount (1 mg) loaded into the Atelocollagen layer. Error bars represent the standard
deviation (n = 3); (a) Release at pH 5.5; (b) Release at pH 7.4 (data obtained from Kilb et al. [16]);
(c) Release at pH 8.5; (d) Swelling degree after 2 h of incubation at 37 °C at different pH values.
A Kruskal-Wallis—ANOVA was used to determine the significance of the difference of the mean
swelling degrees at p < 0.05, indicated by an asterisk. Non-significant differences are indicated by ns.

To analyze whether the elongated times for the half-maximal release at pH 5.5 and
pH 8.5 can be explained by the pH-dependent swelling, the swelling degrees of the RGX-
modified Atelocollagen at pH 5.5, pH 7.4 and pH 8.5 were examined and compared. The
result in Figure 1d shows that the mean swelling degrees differed significantly between
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pH 7.4 and pH 5.5, as a 65% lower swelling degree was reached at pH 7.4. No significant
difference was found between pH 7.4 and pH 8.5 (pH 5.5: 1562 + 283%, pH 7.4: 539 + 20%
and pH 8.5: 541 + 64%).

3.2. Release of Vancomycin from the Two-Layer Heterogenous Laminates (AC-Laminates)

To study the release from the asymmetric bilayer-laminates, the AC-laminates were
examined that had already shown a collagen-sheet-dependent release of vancomycin at
pH 7.4. [16] As higher amounts of vancomycin were released, if antibiotics had been loaded
into the Atelocollagen layer, [16] this setup was also chosen to study the release at other pH
values. The laminate was positioned in the sample holder with Atelocollagen facing the
upper chamber, as previous experiments had shown that this setup facilitated the handling
and that an unequal release is independent from the orientation of the laminate in the
sample holder [16]. Release studies were performed at pH 5.5 and pH 8.5 and compared
to the published release data at pH 7.4 [16]. As shown in Figure 2a—c, the amounts of the
totally released vancomycin reached similar amounts after 24 h under all conditions (pH 5.5:
61 + 6%, pH 7.4: 69 & 4% [16] and pH 8.5: 67 + 3%). Compared to the physiological pH,
the time for the half-maximal release was reached two hours later at pH 5.5 and pH 8.5
(pH 5.5: 33 £ 3% (4 h), pH 7.4: 38 & 5% (2 h) [16] and pH 8.5: 45 £ 2% (4 h)). Similar to the
findings at pH 7.4 [16], more vancomycin was released at the surface of Collagen Solutions
at pH 5.5 and pH 8.5, even though vancomycin was loaded into Atelocollagen.
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Figure 2. Vancomycin release and the swelling properties of the AC-laminates at different pH values.
The release of vancomycin was determined over 24 h in the upper chamber (squares), the lower
chamber (dots) and in total (triangles). The amount of the released vancomycin was calculated
according to the amount (1 mg) loaded into the Atelocollagen layer. This layer of the AC-laminate
was facing the upper chamber of the sample holder. Error bars represent the standard deviation
(n = 3); (a) Release at pH 5.5; (b) Release at pH 7.4 (data obtained from Kilb et al. [16]); (c) Release at
pH 8.5; (d) Swelling degree after 2 h of incubation at 37 °C at different pH values. A Kruskal-Wallis—-
ANOVA was used to determine the significance of the difference of the mean swelling degrees at
p < 0.05, indicated by an asterisk. Non-significant differences are indicated by ns.
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The swelling analysis was performed to analyze whether the elongated times for
the half-maximal release at pH 5.5 and pH 8.5 might be explained by the pH-dependent
differences in the swelling. As for the single Atelocollagen sheets, the swelling degrees at
pH 5.5 and pH 7.4 differed significantly, since the swelling at pH 7.4 was about 39% lower
than at pH 5.5. At pH 8.5, the AC-laminate reached a similar swelling degree as at pH 7.4
and the swelling degree significantly differed from pH 5.5 (pH 5.5: 1053 4= 114%, pH 7.4:
643 £ 69% and pH 8.5: 568 + 73%). As the swelling degree of a single RGX-modified
sheet of Atelocollagen was significantly higher than a single sheet of the RGX-modified
Collagen Solutions (see Figure S2), the swelling effect of the Collagen Solutions layer in the
AC-laminate can be neglected.

4. Discussion

As the pH value changes during the wound healing [20] and might have an influence
on the release of antibiotics and other drugs from the collagen materials, the release of
vancomycin from the RGX-modified Atelocollagen and a modularly assembled collagen
laminate composed of Atelocollagen and Collagen Solutions was examined under acidic
and alkaline conditions. The results are summarized in Table 1.

Table 1. Overview of the results. The data indicated by the asterisk refers to a previous publication
by Kilb et al. and was added to the table for comparison [16].

Laminate or Single Sheet

Released Vancomycin

Swelling Degree Release Direction
Name Property After24 h Half-Max. Release
A (RGX) pH5.5 71 £ 2% 41 +1% (4 h) 1562 + 283% Equal
A (RGX) pH7.4 68 £+ 8% * 32+ 6% (1h)* 539 + 20% Equal *
A (RGX) pH 85 74 + 3% 39 4 3% (2 h) 541 + 64% Unequal after 8 hand 24 h
(upper > lower cavity)
AC pH5.5 61 & 6% 33+3% (4h) 1053 + 114% Unequal (C > A)
AC pH7.4 69 £ 4% * 38 £5% (2h)* 643 £+ 69% Unequal (C > A) *
AC pH8.5 67 + 3% 45+ 2% (4 h) 568 + 73% Unequal (C > A)

The total maximum releases were similar under all tested conditions, indicating that
the total amounts of released vancomycin from both samples are not influenced by the pH
value.

Noticeably, the swelling at pH 5.5 was significantly enhanced, compared to pH 7.4
and pH 8.5. During the swelling, an osmotic pressure gradient across the solvent-polymer
interface leads to the uptake of fluid [26]. The resulting swelling is limited by the polymeric
network structure [27] and at an equilibrium state, the osmotic force equals the elastic force
of the network contracting in the opposite direction and thereby limiting the swelling [28].
The minimum swelling takes place at the isoelectric point [26]. For collagen, the pH-
dependent swelling has already been reported in the literature [29]. As the isoelectric point
of Atelocollagen lies close to pH 8 [30], the polymer bears a positive net charge at a pH of
5.5, resulting in a repulsion of the electric charges, which permits the biopolymer fibers to
stretch out longer so that the swelling degree increases, in contrast to pH 7.4 and pH 8.5 [29].
Since pH 7.4 and pH 8.5 lie near the isoelectric point of Atelocollagen, the net charge is low
and the swelling behavior does not differ between pH 7.4 and pH 8.5, as the data confirm.

At a pH of 5.5, the times for the half-maximal release were two to four times longer,
compared to pH 7.4. As the swelling degrees for both samples at pH 5.5 were signifi-
cantly larger than at pH 7.4, the elongated times for the half-maximal release might be
explained by the different swelling properties of the samples at an acidic pH value. We
have previously assumed that the influx of the buffer during the swelling retards the
release of vancomyecin [16] so that an increased swelling degree and therefore increased
fluid influx leads to elongated times for the half-maximal release. The same effect also
accounts for the retarded release at the Atelocollagen side of an AC-laminate that has been
observed at pH 7.4 [16]. As expected, at pH 5.5, with increased swelling of Atelocollagen,
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this effect is more pronounced. For the AC-laminate, the swelling effect of Atelocollagen
dominates, compared to the swelling of Collagen Solutions (see Figure S2). The release of
equal amounts of vancomycin into both directions for Atelocollagen at pH 5.5 meets the
expectations as both release areas can be considered as equal to each other [16].

At a pH of 8.5, the samples of RGX-modified Atelocollagen and the AC-laminate
showed an elongated time for the half-maximal release, compared to pH 7.4. These
findings cannot be explained by swelling, since the swelling degrees did not differ between
pH 8.5 and pH 7.4 for either sample. Compared to pH 5.5, the times for the half-maximal
release were either equal or shorter. This might be explained by electrostatic interactions
between vancomycin and collagen, since vancomycin is negatively charged under alkaline
conditions [31] and might interact with the remaining positively charged areas of the
collagen chains. In the literature, strong electrostatic interactions between negatively
charged rose bengal and positively charged amino groups of a collagen-like peptide have
already been reported [32]. At pH 5.5, vancomycin is positively charged and should be
repelled by the positive net charge of the biopolymer. However, this may be counteracted
by the stronger effect of swelling.

In light of these findings, Atelocollagen should rather be omitted for antibiotic delivery
if signs of an infection are already eminent as this would slow down the antibiotic release. A
(collagen) material with a pH between 5 and 6 and a more rigid structure with less swelling
propensity would be preferable. Moreover, the retarded release of drugs to support wound
or bone healing, while infection lasts and pH is lower, could be desirable, e.g., for the
therapeutically used growth factors.

5. Conclusions and Outlook

As the pH value changes during the wound healing as well as infection [20], the release
of vancomycin from the RGX-modified atelocollagen sponge and a modularly assembled
laminate composed of Atelocollagen and Collagen Solutions were analyzed. The total
amount of vancomycin released over 24 h was independent of pH (atelocollagen sponge
pH 5.5: 71 &+ 2%, pH 7.4: 68 &+ 8%, pH 8.5: 74 £ 3%, bilayer laminate pH 5.5: 61 & 6%,
pH 7.4: 69 & 4% and pH 8.5: 67 £ 3%). At pH 5.5, the swelling of the atelocollagen sponge
was increased, leading to an elongated time for half-maximal release, compared to the
physiological pH. At pH 8.5, where the swelling was comparable to pH 7.4, the time for
half-maximal release was also elongated, compared to pH 7.4, which may be explained
by the electrostatic interactions between vancomycin and collagen. The latter might be
counteracted by the strong swelling at pH 5.5. Thus, when choosing collagen materials to
improve wound healing, the interplay between the swelling of collagen and the electrostatic
interactions between collagen and the antibiotic that both depend on their isoelectric point,
need to be considered. These effects could be used to withhold the bioactive compounds
while infections—that lead to lower pH values—last. In future studies, further commercially
available collagen materials should be tested, in terms of the antibiotic release at different
pH values. Furthermore, the release of other biomolecules from collagen laminates, e.g.,
antimicrobial peptides or bone morphogenetic proteins, should be characterized. In order
to understand the mechanism of the drug release from collagen laminates and to enable
the customized design of collagen laminates for drug delivery, the release of vancomycin
from different collagen laminates at different conditions will be modelled mathematically,
in future studies.

6. Patents

Schmitz, K.; Ritz, U.; Nickel, D.; Oechsner, M.; Beyrich, T.; Rommens, PM. “Antimikro-
bielle, gewebsregenerierende Laminate fiir die regenerative Medizin” (DE102017126149_A1).
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14235227 /s1, Figure S1: Calibration curve of vancomycin
from 0 to 1 mg/mL, Figure S2: Comparison of the swelling properties of the RGX-modified Collagen
Solutions (grey) and Atelocollagen (white).

Author Contributions: Conceptualization, M.EK. and K.S.; methodology, M.EK_; validation, M.EK_;
formal analysis, M.EK_; investigation, M.FK.; data curation, M.EK; writing—original draft prepa-
ration, M.EK,; writing—review and editing, M.EK., UR., D.N. and K.S.; visualization, M.FK.;
supervision, K.S.; project administration, M.FK. and K.S.; funding acquisition, U.R., D.N. and K.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Deutsche Forschungsgemeinschaft, project number 400569699.
We acknowledge the support from the Deutsche Forschungsgemeinschaft (DFG-German Research
Foundation) and the Open Access Publishing Fund of Technical University of Darmstadkt.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The published data is part of the doctoral thesis of Michelle Fiona Kilb.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.

References

1. Chiang, H.-Y.; Herwaldt, L.A.; Blevins, A.E.; Cho, E.; Schweizer, M.L. Effectiveness of local vancomycin powder to decrease
surgical site infections: A meta-analysis. Spine J. 2014, 14, 397-407. [CrossRef] [PubMed]

2. Horan, T.C.; Gaynes, R.P,; Martone, W.J.; Jarvis, W.R.; Emori, T.G. CDC definitions of nosocomial surgical site infections, 1992:
A modification of CDC definitions of surgical wound infections. Infect. Control Hosp. Epidemiol. 1992, 13, 606-608. [CrossRef]
[PubMed]

3.  Braun,]; Eckes, S.; Rommens, P.M.; Schmitz, K.; Nickel, D.; Ritz, U. Toxic Effect of Vancomycin on Viability and Functionality of
Different Cells Involved in Tissue Regeneration. Antibiotics 2020, 9, 238. [CrossRef] [PubMed]

4. Pachuau, L. Recent developments in novel drug delivery systems for wound healing. Expert Opin. Drug Deliv. 2015, 12, 1895-1909.
[CrossRef]

5. Derakhshandeh, H.; Kashaf, S.S.; Aghabaglou, F.; Ghanavati, 1.O.; Tamayol, A. Smart Bandages: The Future of Wound Care.
Trends Biotechnol. 2018, 36, 1259-1274. [CrossRef]

6.  Zirak, N.; Maadani, A.M.; Salahinejad, E.; Abbasnezhad, N.; Shirinbayan, M. Fabrication, drug delivery kinetics and cell viability
assay of PLGA-coated vancomycin-loaded silicate porous microspheres. Ceram. Int. 2022, 48, 48-54. [CrossRef]

7. Somu, P; Paul, S. Surface conjugation of curcumin with self-assembled lysozyme nanoparticle enhanced its bioavailability and
therapeutic efficacy in multiple cancer cells. J. Mol. Lig. 2021, 338, 116623. [CrossRef]

8. Nutan, B.; Chandel, A.K.S.; Bhalani, D.V.; Jewrajka, S.K. Synthesis and tailoring the degradation of multi-responsive amphiphilic
conetwork gels and hydrogels of poly(3-amino ester) and poly(amido amine). Polymer 2017, 111, 265-274. [CrossRef]

9.  Chandel, AK.S.; Nutan, B.; Raval, .H.; Jewrajka, S.K. Self-Assembly of Partially Alkylated Dextran-graft-poly(2-dimethylamino)
ethyl methacrylate Copolymer Facilitating Hydrophobic/Hydrophilic Drug Delivery and Improving Conetwork Hydrogel
Properties. Biomacromolecules 2018, 19, 1142-1153. [CrossRef]

10. Chandel, A.K.S.; Kannan, D.; Nutan, B,; Singh, S.; Jewrajka, S.K. Dually crosslinked injectable hydrogels of poly(ethylene glycol)
and poly(2-dimethylamino)ethyl methacrylate-b-poly(N-isopropyl acrylamide) as a wound healing promoter. . Mater. Chem. B
2017, 5, 4955-4965. [CrossRef]

11. Hofmann, G.O,; Kluger, P; Fische, R. Biomechanical evaluation of a bioresorbable PLA dowel for arthroscopic surgery of the
shoulder. Biomaterials 1997, 18, 1441-1445. [CrossRef] [PubMed]

12.  Gibbs, D.M.R; Black, C.R.M.; Dawson, J.L; Oreffo, R.O.C. A review of hydrogel use in fracture healing and bone regeneration. J.
Tissue Eng. Regen. Med. 2016, 10, 187-198. [CrossRef] [PubMed]

13.  Akhir, HM.; Teoh, P.L. Collagen type I promotes osteogenic differentiation of amniotic membrane-derived mesenchymal stromal
cells in basal and induction media. Biosci. Rep. 2020, 40, BSR20201325. [CrossRef]

14. Somaiah, C.; Kumar, A.; Mawrie, D.; Sharma, A.; Patil, S.D.; Bhattacharyya, J.; Swaminathan, R.; Jaganathan, B.G. Collagen

Promotes Higher Adhesion, Survival and Proliferation of Mesenchymal Stem Cells. PLoS ONE 2015, 10, e0145068. [CrossRef]
[PubMed]

148



Polymers 2022, 14, 5227

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.
32.

Braun, J.; Eckes, S.; Kilb, M.E,; Fischer, D.; EfSbach, C.; Rommens, P.M.; Drees, P.; Schmitz, K.; Nickel, D.; Ritz, U. Mechanical
characterization of rose bengal and green light crosslinked collagen scaffolds for regenerative medicine. Regen. Biomater. 2021, 8,
rbab059. [CrossRef] [PubMed]

Kilb, M.F;; Moos, Y.; Eckes, S.; Braun, J.; Ritz, U.; Nickel, D.; Schmitz, K. An Additively Manufactured Sample Holder to Measure
the Controlled Release of Vancomycin from Collagen Laminates. Biomedicines 2021, 9, 1668. [CrossRef]

Eckes, S.; Braun, J.; Wack, J.S.; Ritz, U.; Nickel, D.; Schmitz, K. Rose Bengal Crosslinking to Stabilize Collagen Sheets and Generate
Modulated Collagen Laminates. Int. . Mol. Sci. 2020, 21, 7408. [CrossRef]

Alexander, W. American society of clinical oncology, 2010 annual meeting and rose bengal: From a wool dye to a cancer therapy.
Pharm. Ther. 2010, 35, 469-478.

Redmond, R.W.; Kochevar, I.E. Medical Applications of Rose Bengal- and Riboflavin-Photosensitized Protein Crosslinking.
Photochem. Photobiol. 2019, 95, 1097-1115. [CrossRef]

Schreml, S.; Meier, R.J.; Wolfbeis, O.S.; Landthaler, M.; Szeimies, R.-M.; Babilas, P. 2D luminescence imaging of pH in vivo. Proc.
Natl. Acad. Sci. USA 2011, 108, 2432-2437. [CrossRef]

Junka, A.; Szymczyk, P; Ziétkowski, G.; Karuga-Kuzniewska, E.; Smutnicka, D.; Bil-Lula, I.; Bartoszewicz, M.; Mahabady;, S.;
Sedghizadeh, P.P. Bad to the Bone: On In Vitro and Ex Vivo Microbial Biofilm Ability to Directly Destroy Colonized Bone Surfaces
without Participation of Host Immunity or Osteoclastogenesis. PLoS ONE 2017, 12, e0169565. [CrossRef] [PubMed]

Berkmann, ].C.; Martin, A.X.H.; Ellinghaus, A.; Schlundt, C.; Schell, H.; Lippens, E.; Duda, G.N.; Tsitsilonis, S.; Schmidt-Bleek, K.
Early pH Changes in Musculoskeletal Tissues upon Injury-Aerobic Catabolic Pathway Activity Linked to Inter-Individual
Differences in Local pH. Int. ]. Mol. Sci. 2020, 21, 2513. [CrossRef] [PubMed]

Cicuéndez, M.; Doadrio, ].C.; Hernandez, A.; Portolés, M.T.; Izquierdo-Barba, I.; Vallet-Regi, M. Multifunctional pH sensitive 3D
scaffolds for treatment and prevention of bone infection. Acta Biomater. 2018, 65, 450-461. [CrossRef] [PubMed]

Onat, B.; Biittin, V.; Banerjee, S.; Erel-Goktepe, I. Bacterial anti-adhesive and pH-induced antibacterial agent releasing ultra-thin
films of zwitterionic copolymer micelles. Acta Biomater. 2016, 40, 293-309. [CrossRef]

Ono, S.; Imai, R; Ida, Y.; Shibata, D.; Komiya, T.; Matsumura, H. Increased wound pH as an indicator of local wound infection in
second degree burns. Burns 2015, 41, 820-824. [CrossRef]

ELDEN, H.R. Rate of swelling of collagen. Science 1958, 128, 1624-1625. [CrossRef]

Flory, PJ.; Rehner, J. Statistical Mechanics of Cross—Linked Polymer Networks II. Swelling. J. Chem. Phys. 1943, 11, 521-526.
[CrossRef]

Ganiji, F; Vasheghani-Farahani, S.; Vasheghani-Farahani, E. Theoretical Description of Hydrogel Swelling: A Review. Iran. Polym. ].
2010, 375-398.

Zhang, Q.; Liu, L.; Zhou, H.; Wu, X,; Yao, K.D. pH-responsive swelling behavior of collagen complex materials. Artif. Cells Blood
Substit. Immobil. Biotechnol. 2000, 28, 255-262. [CrossRef]

Lefter, C.-M.; Maier, S.S.; Maier, V.; Popa, M.; Desbrieres, J. Engineering preliminaries to obtain reproducible mixtures of
atelocollagen and polysaccharides. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 2323-2331. [CrossRef]

Pfeiffer, R.R. Structural features of vancomycin. Rev. Infect. Dis. 1981, 3, S205-5209. [CrossRef] [PubMed]

Alarcon, E.I; Poblete, H.; Roh, H.; Couture, J.-F; Comer, J.; Kochevar, LE. Rose Bengal Binding to Collagen and Tissue
Photobonding. ACS Omega 2017, 2, 6646—6657. [CrossRef] [PubMed]

149






ﬁ polymers

Article

Electrospun Collagen Scaffold Bio-Functionalized with
Recombinant ICOS-Fc: An Advanced Approach to Promote
Bone Remodelling

Priscila Melo 2, Giorgia Montalbano

1 4 5

, Elena Boggio 3,400, Casimiro Luca Gigliotti 3,400, Chiara Dianzani >0,

Umberto Dianzani 4, Chiara Vitale-Brovarone ! and Sonia Fiorilli 1*

Citation: Melo, P.; Montalbano, G.;
Boggio, E.; Gigliotti, C.L.; Dianzani,
C.; Dianzani, U.; Vitale-Brovarone, C.;
Fiorilli, S. Electrospun Collagen
Scaffold Bio-Functionalized with
Recombinant ICOS-Fc: An Advanced
Approach to Promote Bone
Remodelling. Polymers 2022, 14, 3780.
https://doi.org/10.3390/
polym14183780

Academic Editors: Nunzia Gallo,
Marta Madaghiele, Alessandra

Quarta and Amilcare Barca

Received: 29 July 2022
Accepted: 6 September 2022
Published: 9 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Applied Sciences and Technologies, Politecnico di Torino, Corso Duca Degli Abruzzi 24,
10129 Torino, Italy

School of Engineering, Newcastle University, Newcastle Upon Tyne NE1 7RU, UK

NOVAICOS s.r.Ls, Via Amico Canobio 4/6, 28100 Novara, Italy

Department of Health Sciences, Universita del Piemonte Orientale, Via Solaroli 17, 28100 Novara, Italy
Department of Drug Science and Technology, Universita degli Studi di Torino, Via Pietro Giuria 9,
10125 Torino, Italy

*  Correspondence: sonia.fiorilli@polito.it

[S RS N

Abstract: The treatment of osteoporotic fractures is a severe clinical issue, especially in cases where
low support is provided, e.g., pelvis. New treatments aim to stimulate bone formation in compro-
mised scenarios by using multifunctional biomaterials combined with biofabrication techniques
to produce 3D structures (scaffolds) that can support bone formation. Bone’s extracellular matrix
(ECM) is mainly composed of type I collagen, making this material highly desirable in bone tissue
engineering applications, and its bioactivity can be improved by incorporating specific biomolecules.
In this work, type I collagen membranes were produced by electrospinning showing a fibre diameter
below 200 nm. An optimized one-step strategy allowed to simultaneously crosslink the electrospun
membranes and bind ICOS-Fc, a biomolecule able to reversibly inhibit osteoclast activity. The post-
treatment did not alter the ECM-like nanostructure of the meshes and the physicochemical properties
of collagen. UV-Vis and TGA analyses confirmed both crosslinking and grafting of ICOS-Fc onto
the collagen fibres. The preservation of the biological activity of grafted ICOS-Fc was evidenced by
the ability to affect the migratory activity of ICOSL-positive cells. The combination of ICOS-Fc with
electrospun collagen represents a promising strategy to design multifunctional devices able to boost
bone regeneration in osteoporotic fractures.

Keywords: type I collagen; electrospinning; ICOS-Fc; cell migration; bone remodelling; osteoporosis

1. Introduction

Bone injuries and unsuccessful fracture healing represent one of the most critical
clinical burdens nowadays, often caused by pathological conditions, such as osteoporosis
(OP), where the dynamic balance between the activity of bone-forming cells, osteoblasts
(Ob), and resorptive ones, osteoclasts (Oc), is severely compromised [1,2]. Due to the in-
crease in the ageing population, and the limitations associated with the currently available
pharmacological treatments, the total number of people affected by impaired bone healing
is predicted to sensibly grow in the coming future [3]. This unmet clinical need results in
the urgency of ad hoc medical devices and personalized treatments, not only capable of
stimulating bone tissue regeneration in elderly people, but also specifically adapted for
the fracture type, the anatomical location, and the specific clinical requirements [4]. To
face this challenge, in the field of bone tissue engineering (BTE), the combination of smart
biomaterials, biofabrication technologies, and specific biological cues is under investiga-
tion to develop multifunctional 3D scaffolds capable of supporting cell proliferation, cell
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guidance, and to promote the restoration of the tissue’s innate natural balance [5]. In this
frame, the processing of biopolymers able to induce osteogenesis, such as silk fibroin [6]
and collagen [7], is widely reported for manufacturing fibrous scaffolds mimicking both
the composition and the architecture of bone extracellular matrix (ECM). To this purpose,
electrospinning (ESP) technologies represent one of the most exploited tools to produce
biomimetic nanofibrous constructs, with fibre diameters ranging from a few microns to less
than 100 nm. Moreover, the resulting electrospun matrices are normally characterized by
high flexibility and large exposed surface area which makes them particularly suitable for
functionalization with bioactive molecules [8].

Since collagen type I is the main component of bone ECM, its use alone, or in combina-
tion with other natural or synthetic polymers, has been widely reported for ESP of scaffolds
able to promote cell adhesion and proliferation [6,9-11]. Despite the excellent biocompat-
ibility and bioactivity of collagen, its processing with electrospinning technologies has
frequently been associated with partial denaturation of the protein, mainly caused by the
solvents and process parameters used. In addition, the poor stability in aqueous media and
the fast degradation kinetics of collagen require an adequate chemical crosslinking of the
scaffolds often compromises the original nanofibrous structure obtained by electrospinning,
as well as the final biocompatibility [12-14].

Although the inclusion of osteoconductive inorganic phases, such as nanohydroxyap-
atite [15], or mesoporous bioactive glasses (MBGs) [16] has often been chosen as an effective
strategy to improve both stability and multifunctionality of collagen-based constructs, an
alternative, or complementary method, is represented by the functionalization of the fibrous
meshes with specific biological cues. This can be achieved through the encapsulation or
the direct covalent binding of bioactive molecules to obtain specific cell stimulation [17].
Thanks to their large exposed and accessible surface area the electrospun matrices, made
of either natural or synthetic polymers, have been functionalized with growth factors and
stimulatory chemicals (bone morphogenic proteins [18] and osteogenic factors [19]), to
induce cell differentiation and stimulate regeneration [20], when the physiological bone re-
modelling is compromised or delayed (i.e., osteoporosis/osteopenia, autoimmune diseases,
and bone tumours).

With this perspective, the recombinant biomolecule ICOS-Fc, patented by the authors
(WO/2016/189428), successfully proved to be active on bone resorption by reversibly in-
hibit osteoclast activity and has consequently emerged as a powerful therapeutic approach
to treat osteolytic diseases. Indeed, this recombinant biomolecule is able to bind the surface
receptor (ICOSL) expressed by several cell types, including osteoclasts, and, consequently,
to substantially affect their activity [17,21,22]. Accordingly, in vitro and in vivo findings
have demonstrated that ICOS-Fc prevents differentiation and bone erosive activity of
osteoclasts and the development of osteoporosis (OP) in mice [21].

In this work, inspired by the breakthrough of these results, the authors aimed at
the design of a bioactive collagen-based device biofunctionalized with ICOS-Fc molecule,
potentially intended for the stimulation of physiological bone regeneration in compro-
mised clinical situations. In addition, the peculiar flexibility provided by the electrospun
membrane makes the designed device particularly suitable for the treatment of injuries
not surgically mendable due to their anatomical location (e.g., pelvic fractures) and the
common frailty context of the patient.

In that light, in this study the authors proved the successful development of a one-step
strategy to simultaneously crosslink and functionalize the electrospun collagen membrane,
with the preservation of the biomimetic nanostructure imparted by the electrospinning
process and ICOS-Fc biological functionality.

At first, the retention of the collagen structural integrity upon ESP process was as-
sessed, since the protein degradation is a commonly reported issue when organic solvents
are involved [13]. Secondly, an EDC/NHS crosslinking strategy has been optimized to
promote the simultaneous crosslinking of collagen molecules and the covalent attachment
of ICOS-Fc (through the carboxylic groups exposed on Fc residue) to free amine moieties
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exposed by the protein chains. The following scheme (Figure 1) outlines the multistep
procedure applied to obtain crosslinked biofunctionalized collagen membranes.
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Figure 1. Schematic outline of the electrospun crosslinked collagen membranes functionalized with
ICOS-Fc molecules.

Finally, in vitro biological assays aimed at proving the effective binding of ICOS-Fc onto
the electrospun membrane and the overall biocompatibility of the final device. Moreover, as
proof of retained functionality for the anchored ICOS-Fc, the ability to inhibit the motility of
human osteosarcoma cells expressing ICOSL (ICOS-Fc surface receptor) has been investigated,
in analogy to the studies performed using the free form of the functional molecule [21].

To the best of the authors” knowledge, this strategy is not yet reported in the literature
and, therefore, represents a valuable contribution to the field of BTE.

2. Materials and Methods
2.1. Materials

Type I collagen was extracted from rat tail (N-COL) by NOVAICOS. ICOS-Fc, ICOSL
(Sino-Biological, Inc., Beijing, China) and anti-ICOS-Fc antibody (C398.4A) were produced
and provided by NOVAICOS. The following materials were purchased from Sigma Aldrich:
glacial acetic acid (AA), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC), 1-Hydroxy-2,5-pyrrolidinedione (NHS), pure ethanol (EtOH), and double distilled
water (ddH,0).

2.1.1. Collagen Extraction and Preparation of ESP Solution

Type I collagen was extracted from rat tail tendons (N-COL), using a protocol developed
in-house, in line with the one reported by Rajan et al. [23]. Briefly, the collagen fibres were
dissected into small portions and dried under a biological hood. The dried fibres were
weighted and transferred in 0.2% acetic acid (0.2%AA) creating a stock solution. The collagen
was stirred at 4 °C for 3 days, and then triturated using a standard hand blender, in an ice
bath to prevent overheating. The obtained homogenized mixture was centrifuged at 3500 rpm,
at 4 °C for 45 min, then filtered and stored at 4 °C. Prior to use, the collagen was aliquoted
in 50 mL tubes, and frozen at —20 °C for 24 h. The samples were then lyophilized with a
Lyovapor L-200 freeze-dryer (Btichi, Switzerland) under vacuum (<0.1 mbar) for72h. 1 g
of N-COL was added to 5 mL of a solution of acetic acid (40% v/v) in ddH,O (40%AA), to
achieve a final concentration of N-COL 20% w/w (named hereafter 20N-COL). The solution
was left to stir overnight, at room temperature, to ensure full dissolution of the collagen.

2.1.2. Production of ICOS-Fc Recombinant Molecule

Based on the work of Di Niro et al. [24], the extracellular portion of human ICOS was
cloned as a fusion protein to the human IgG1 Fc region, generating the ICOS-Fc recombinant
protein. After stable transfection, cells were able to express and secrete ICOS-Fc in the
culture supernatant as a soluble protein. The human ICOS-Fc was harvested and purified
from the supernatant via protein G affinity chromatography:.
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2.2. Assessment of the Structural Integrity of Extracted Collagen before and after ESP
2.2.1. Circular Dichroism Analysis (CD)

The CD analysis was performed on N-COL as provided and after being dissolved in
40%AA (20N-COL). The 20N-COL sample was prepared as in Section 2.1.1, transferred into a
5 mL Eppendorf, frozen at —20 °C overnight and then lyophilized under vacuum (<0.1 mbar)
for 24 h. Then, 5 mg of each sample (N-COL and 20N-COL) was added to 5 mL of ddH,O
under stirring at room temperature, attaining a concentration of 1 mg/mL. To avoid the
signal saturation (absorbance higher than 1.0), a calibration step was performed for each
sample where collagen was diluted up to a concentration of 0.1 mg/mL. The CD analysis
was performed on diluted samples (0.1 mg/mL), using a JASCO J-815 Circular Dichroism
Spectropolarimeter, equipped with a Xe arc lamp, to record data in the far-UV spectral range.
A total number of 3 scans were recorded for each sample at 50 nm/sec scanning rate and at
20 °C to obtain the final averaged CD spectra, and the data analysed with the Spectra Analysis
software, purchased by JASCO. All the tests were performed using a quartz circular cuvette
with a path length of 0.1 mm in the 180-260 nm wavelength range. Correction of spectra were
performed considering the correspondent solvent medium as baseline (ddH;O).

2.2.2. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE analysis was performed on lyophilized samples of N-COL and 20N-COL
(prepared as in Section 2.1.1). The solutions for SDS-PAGE were prepared through the in-house
standard procedure for this assay. Briefly, the control samples, N-COL as extracted (2 mg/mL)
and type I collagen from rat tail, Roche (the commercial reference sample, 3 mg/mL), were
dissolved in 0.2%AA to ensure preservation of N-COL whilst attaining full dissolution. Solutions
reached a final concentration of 2 mg/mL, deemed ideal to obtain a reliable result from the
SDS-PAGE analysis. The dissolution of 20N-COL samples proved to be difficult, meaning the
aforementioned procedure had to be adapted and optimized. In details, 100 mg of lyophilized
20N-COL were added to 50 mL of 0.2%AA and the solution left stirring overnight, at 4 °C. The
resultant solution was homogenized with a hand blender and left stirring for 2 additional days,
at 4 °C. To ensure the final solution possessed the amount of protein needed for the analysis, a
Bicinchoninic Acid Protein Assay (BCA) was performed. Since the BCA assay demands a fully
homogeneous solution, free of undissolved material and possible agglomerates, the solution
was re-blended and filtered through a 100 um strainer. At this stage, the resulting sample was
quantified using BCA, revealing a final concentration of 1.7 mg/mL.

For the SDS-PAGE analysis, 2 and 4 pg of each preparation (N-COL, 20N-COL, and
Roche collagen) were resuspended into a loading buffer, heated for 5 min at 95 °C, and
then loaded into the gel wells to perform the run. To visualize the bands, a Coomassie
gel staining solution was prepared by mixing 0.1 Coomassie brilliant blue R-250 (Sigma-
Aldrich, Burlington, MA, USA) in a solution of 45% methanol and 10%AA. This solution
was added to the protein bands for 30 min, and then replaced by a Coomassie gel de-
staining solution consisting in 10%AA and 10% methanol. The de-staining solution was
left to develop overnight, until the bands were clearly detectable. Pre-stained protein size
markers (Thermo-Fisher, Waltham, MA, USA) were used to estimate the apparent size of
the collagen subunits.

2.3. Processing and Functionalization of the Electrospun Collagen Membranes
2.3.1. ESP of 20N-COL

The 20N-COL solution was prepared using the method described previously in
Section 2.1.1, then transferred to a 10 mL syringe and electrospun for 3 h onto a plate
collector covered by aluminium foil, at flow rate of 300 uL/h, a voltage of 22 kV and a
working distance of 12 cm. The obtained membranes (20N-COL/ESP) were left to air dry
overnight, at room temperature.
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2.3.2. Crosslinking and Functionalization of the Electrospun Membranes

The electrospun collagen-based scaffolds were cut into 1 x 1 cm squares (n = 3), placed
in 12-well plates, and incubated at 4 °C overnight. Then, 10 mM of EDC and 5 mM of NHS
were added to pure EtOH (previously incubated at 4 °C) and stirred for 5 min. Then, 2 mL
of the resultant crosslinking solution was added to each well, followed by the addition of
ICOS-Fc at different concentrations: 50, 75, and 100 ng/mL. Samples were incubated for 8 h,
at 4 °C then quickly washed 3 times with EtOH and frozen at —20 °C, overnight. Finally,
the meshes were lyophilized under vacuum (<0.1 mbar) for 24 h. Crosslinked and func-
tionalized samples will be referred as 20N-COL /ICOS-Fc. Unfunctionalized crosslinked
samples were also prepared as reference and will be addressed as 20N-COL /ESP+CL.

2.4. Assessment of ICOS-Fc Binding and Functionality

ELISA-like assays were performed to measure the amount of residual functional
ICOS-Fc in the supernatants recovered after the crosslinking /biofunctionalization reaction
(i.e., the unbound ICOS-Fc), allowing to assess indirectly the successful grafting of the
biomolecule and the retention of its functionality (as the ability to bind ICOSL). The
molecule was added in triplicate at different concentrations, 50, 75, and 100 pg/mL, and
samples incubated for 8 h, at 4 °C. The electrospun membranes were then removed and the
related supernatant was collected and centrifuged at 13 000 rpm for 15 min to allow the
precipitation of residual ICOS-Fc (i.e., the unbound ICOS-Fc). The EtOH was substituted
with ddH,O for performing the ELISA-like assays.

2.4.1. ELISA-like Assay with ICOSL as Capture

ELISA plates were coated by overnight incubation at 4 °C with 1 ug/mL of human
ICOSL-His (Sino-Biological, Beijing, China) in Phosphate Buffer Solution (PBS) 1X, pH 7 4.
After washing 5 times with 0.05% Tween-20 in PBS 1X (pH 7.4), non-specific binding was
blocked by incubating in the same solution at room temperature for 1 h. Subsequently,
samples were added in duplicate and incubated at 37 °C for 2 h and then washed 5 times
with horseradish peroxidase (HRP)-conjugated SV5 (Thermo-Fisher) and incubated for
1 h, at room temperature. TMB (tetra-methyl-benzidine) (Merck Life Science, Darmstadt,
Germany) (5 times) was added to each well and the reaction stopped by adding H,SO4 2N
(Merck Life Science). A plate reader spectrophotometer at 450 nm (Packard SpectraCount,
Meriden, CT, USA) was used to analyse all the samples and the results were recorded as
optical density (OD).

2.4.2. ELISA-like Assay with Anti-ICOS (Clone C398.A) as Capture

The ELISA assay was also performed with anti-ICOS (clone C398.4A) as capture, which
can bind and detect ICOS-Fc also if non-functional, allowing to evidence any potential
denaturation occurred during the binding step. To this purpose, ELISA plates were coated
with 1 pg/mL of mAb anti-ICOS clone C398.4A, by overnight incubation in PBS 1X, pH 7.4,
at 4 °C. The washing and reading steps used were described in the previous Section 2.4.1.

2.5. Physicochemical Characterization of Electrospun Membranes

The morphology of the 20N-COL/ESP and 20NCOL/ESP+CL was analysed with
Field Emission Scanning Electron Microscopy (FESEM) using a ZEISS MERLIN instrument
(Carl Zeiss AG, Oberkochen, Germany). The analysis was performed on 3 samples, each one
mounted onto an aluminium stub and coated with a 7 nm-thin platinum layer. The fibre and
pore diameter were estimated by collecting 5 measurements from each image. Since pores
were irregularly shaped, the largest distance between pore edges was considered. The final
value was obtained using OriginPro2016 and presented as mean = standard deviation (SD).

The Attenuated Total Reflection-Fourier Transform Infra-Red spectroscopy (ATR-FTIR)
analysis was performed on 5 different of samples, corresponding to different phases
of the process: (1) collagen as supplied (N-COL); (2) 20N-COL solution lyophilized
(20N-COL); (3) electrospun membranes (20N-COL/ESP); (4) crosslinked without ICOS-Fc
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(20N-COL/ESP+CL); and (5) crosslinked membranes functionalized with ICOS-Fc
(20N-COL/ICOS-Fc). FTIR spectra were obtained in the 4000-650 cm ! range, and col-
lected with a Bruker Equinox 55 spectrometer, equipped with MCT cryodetector, at a
spectral resolution of 4 cm ™! and accumulation of 32 scans, by using the attenuated total
reflection (ATR) mode.

The Thermogravimetric Analysis (TGA) analysis was performed with a TGA /SDTA851
(Mettler Toledo, USA) using a heating rate of 10 °C/min, within the temperature range of
23-700 °C, in air. The data were collected with STARe software and treated on OriginPro2016.
The measurement of residual free amines was conducted for 20N-COL/ESP, 20N-COL /ESP+CL
and 20N-COL/ICOS-Fc (50 pg/mL).

2.6. Measurement of Free Amine Residues with 2,4,6-Trinitrobenzene Sulfonic Acid Assay (TNBS)

Since both ICOS-Fc binding and crosslinking involves the reaction of collagen amine
groups, TNBS—a UV-absorbing chromophore—was used to show the changes in the
free primary amino groups of collagen, before and after crosslinking and functionaliza-
tion [25]. The measurement of residual free amines was conducted for 20N-COL/ESP,
20N-COL/ESP+CL and 20N-COL/ICOS-Fc (50 pug/mL). For the analysis, 1 mL of 4% (w/v)
sodium bicarbonate (NaHCO3, pH 8.5) was added to each sample (11 mg), followed by
1 mL of 0.5% (w/v) TNBS. The samples were placed in a dynamic shaker at 40 °C and
incubated for 3 h under mild agitation. Subsequently, 3 mL of 6 M HCI were added to
each sample, followed by 1 h incubation in the dynamic shaker, under mild agitation
at 90 °C. Prior to the analysis, the dissolved samples were diluted in ddH,O (1:20), then
transferred into a 5 mL cuvette for the spectrophotometry analysis. Samples were measured
in triplicate and a buffer made of TNBS-only solution was used as control. The absorbance
was measured in double mode with a UV-Vis-NIR spectrophotometer (Carry 5000 1.12,
Agilent, Santa Clara, CA, USA) and the data obtained through the instrument’s software
(Scan 3.0). The peak of interest was identified as 346 nm [26,27] on the data that was later
processed in OriginPro2016.

2.7. Biological Assessment of ICOS-Fc Functionalized Collagen Scaffolds

The electrospun membranes for the following biological assays were prepared by
ESP the 20N-COL solution onto round cover slips (15 mm diameter) for 15 min, using the
process parameters described in Section 2.3.1. After ESP, samples were frozen at —20 °C
and lyophilized. Subsequently, they were placed in a 24-well plate, immersed in 1 mL of
crosslinking solution containing ICOS-Fc at a concentration of 50 ug/mL, then incubated
for 1 h at 4 °C. The incubation time was established according to the indications provided
by Ribeiro et al. which suggest it should match the amount of collagen present in each
membrane [15]. Prior to cell seeding, samples were gradually rehydrated in EtOH/ddH,0
at the following concentration (v/v): 100% EtOH, 90%, 70%, 60%, 50%, 40%, 30%, 15%, 10%,
and 100% ddeO

2.7.1. Cells for Biocompatibility and Migration Assays

Human osteosarcoma cell line U20S (ICOSL positive) was obtained from the American
Type Culture Collection (Manassas, VA, USA) and grown as a monolayer in DMEM (Gibco,
Life Technologies, Carlsbad, CA, USA) while human osteosarcoma cell line HOS (ICOSL
negative) was obtained from Sigma-Aldrich and cultured in MEM (Gibco) + 1% non-
essential amino acids (Sigma-Aldrich). All media were supplemented with 10% Fetal
Bovine Serum (FBS), 100 U/mL penicillin, and 100 ng/mL streptomycin (Gibco), and cells
maintained at 37 °C in a 5% CO, humidified atmosphere.

2.7.2. Cytocompatibility of 20N-COL and 20N-COL/ICOS-Fc Membranes

Sterilisation of 20N-COL/ESP+CL and 20N-COL/ICOS-Fc samples were performed under
UV-light for 30 min. Before seeding, samples were incubated in DMEM for 30 min. U20S cells
were then seeded onto the samples, plating 30 x 10%,7.5 x 103, and 1.5 x 10 cells in 1 mL/well
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for 3-5-7 days, respectively, in complete DMEM medium (Gibco) and the samples incubated at
37 °C, in a 5% CO, humidified atmosphere. At each time point, viable cells were evaluated by
adding XTT [2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-anilide)] reagent
(Trevigen, Helgerman CT, Gaithersburg, MD, USA) for 3 h at 37 °C. A plate reader spectropho-
tometer at 490 nm (Packard SpectraCount) was used to read all samples and cell viability was
calculated according to the following formula:

cell viability = ((absorbance of sample)/(absorbance of control (cells alone)) x 100

2.7.3. Assessment of Cell Motility

Prior to cell seeding, samples were gradually rehydrated in EtOH/ddH,O using
protocol described in Section 2.6. The cells were seeded on the collagen membranes for
30 min at 37 ° C, then, detached, counted, and used for the migration assay (2 x 103 cells in
50 uL/well). To perform the Boyden chamber migration assay (BD Biosciences, Milan, Italy)
cells were plated onto the apical side of 50 pg/mL Matrigel-coated filters (8.2 mm diameter
and 0.5 pm pore size; Neuro Probe, Inc.; BIOMAP snc, Milan, Italy) with the addition of
serum-free medium. In parallel, medium containing 20% FBS was placed in the basolateral
chamber as a chemoattractant and after 6 h, cells on the apical side were wiped off with
Q-tips. Methanol and crystal-violet were subsequently used to stain the cells present at the
bottom of the filter and cell count was carried out with an inverted microscope. The data
have been expressed as percentages and reported as mean £ SEM (n = 5) of the percentage
of migration versus control migration. Five independent experiments were performed.

3. Results
3.1. Physicochemical Characterization of Collagen and Electrospun Membranes

In order to promote the successful creation of nanofibrous electrospun membranes, a
highly concentrated collagen-containing solution (20% w/v) was prepared by dissolving
lyophilized type I rat tail collagen (N-COL), in an aqueous solution of 40% acetic acid
(40%AA). The first essential goal of this study was the assessment of the supramolecular
structure of collagen to confirm its preservation upon extraction and dissolution in the
acidic medium. This was investigated by performing SDS-PAGE analysis and CD on the
collagen, before and after its dissolution.

The results from SDS-PAGE analysis performed on all collagen samples (N-COL,
20N-COL, and type I rat tail collagen from Roche) showed the presence of both « bands,
as well as 3 and y bands, meaning the chains were not degraded (Figure 2A) [28,29].
This confirms the identity and purity of extracted collagen in the case of N-COL, and its
preservation after contact with an acidic solution (20N-COL). Moreover, the N-COL and
20N-COL samples presented the same bands of collagen produced by Roche (chosen as
commercial benchmark), confirming their high quality. Both collagen samples, as extracted
(N-COL) and after dissolution in acidic medium (20-NCOL), revealed very similar CD
patterns (Figure 2B), characteristic of the collagen triple-helix conformation, with a weak
positive band at 220 nm, and strong negative band at 198 nm [30]. Overall, this preliminary
assessment demonstrated that the dissolution in 40%AA did not significantly alter the
structural integrity of N-COL.
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Figure 2. Structural integrity analysis of collagen using (A) SDS—PAGE and (B) CD.

The obtained acidic solution of 20N-COL was subsequently used to produce nanofibrous
scaffolds. To this aim, the solution was electrospun setting the applied voltage and the material
flow at 22 kV and 300 uL/h, respectively, using a plate collector and keeping constant conditions
of temperature and humidity. The size and morphology of the electrospun collagen fibres was
assessed with FESEM (Figure 3A) revealing a homogeneous diameter, approximately 120 nm,
and a cylindrical shape. The electrospun collagen membranes were subsequently chemically
crosslinked using EDC/INHS in order to avoid premature dissolution in aqueous-based media
and improve their mechanical strength. As visible in Figure 3B, the fibre morphology did
not change significantly after crosslinking. However, the diameter increased to approximately
140 nm as a result of fibre merging, similarly to what is reported after crosslinking of collagen
and other natural polymer-based electrospun structures [31,32]. The average pore diameter,
after crosslinking, was reported as 1 um = 0.31, thus obtaining a porosity capable of promoting
nutrient exchange and cell migration [33].

Figure 3. FESEM micrographs of electrospun collagen membranes before (A) and after crosslinking
with EDC/NHS (B).
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3.2. Efficiency of the Crosslinking-Biofunctionalization Strategy

To assess the ICOS-Fc grafting onto collagen fibres, ELISA-like assays were performed
on the EDC/NHS solution recovered after incubation with the electrospun membranes.
The assays aimed to indirectly prove ICOS-Fc grating onto collagen fibres by analysing
the presence of the molecule in the supernatant (unbound ICOS-Fc), which was expected
to significantly decrease due to its binding to collagen amines. A subtractive calculation
method allowed an estimation of the grafted amount based on the obtained concentrations.

ELISA-like assays have been conducted by using recombinant ICOSL or anti-ICOS
mAb C398.4A to capture ICOS-Fc, since the first can detect ICOS-Fc only in its functional
form. At variance, anti-ICOS mAb C398.4A can detect the presence of ICOS-Fc in the
supernatant regardless of the potential alterations to its functionality, which could possibly
be caused by the reagents used in the crosslinking reaction. The tests performed on samples
incubated for 8 h, containing different concentrations of ICOS-Fc for the functionalization
step (Figure 4), revealed concentrations of ICOS-Fc between 3 and 0.002 pug/mL, using
both capture tests, implying successful binding of ICOS-Fc to the collagen fibres and no
significant damage of the molecule due to the crosslinking medium.
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Figure 4. Values of ICOS-Fc obtained from ELISA assay using ICOS-L and C398.4A as capture
molecules. Analysis of supernatants obtained from 20N-COL membranes incubated for 8 h in the
presence of different concentrations of ICOS-Fc (100-75-50 pg/mL). The graph shows the concentra-
tion (ng/mL) as mean and standard error obtained from three independent experiments.

The obtained results show that the three investigated ICOS-Fc concentrations, added
during the crosslinking step, allowed for the functionalization of the collagen membranes. The
highest concentration of functional ICOS-Fc detected in the supernatant was ca 2.5 ug/mL,
measured when the membranes were soaked into a 100 ug/mL solution, meaning that ca 97.5%
of the molecules attached to the membrane. Attachment of the molecule was successfully
achieved even for lower concentrations like 50 pg/mL where the amount of ICOS-Fc in the
supernatant was neglectable for both capture methods, meaning almost 100% binding. This
was the concentration used for the remaining tests presented in this section.

Overall, the ELISA assays suggest that ICOS-Fc molecules were effectively bound to
the collagen structures with a full retention of the functionality upon the incubation.

As a confirmation of the effective protein crosslinking, and demonstration of the
functionalization with ICOS-Fc, an assay to quantify free amines was performed on electro-
spun collagen prior to crosslinking (20N-COL/ESP), after crosslinking without ICOS-Fc
(20N-COL/ESP+CL) and with ICOS-Fc (20N-COL/ICOS-Fc) (Figure 5).
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Figure 5. UV-Vis spectra obtained from the free amine analysis of electrospun collagen mem-
branes, as produced (20N-COL/ESP), crosslinked without functionalization (20N-COL /ESP+CL),
and crosslinked with addition of ICOS-Fc (20N-COL /ICOS).

The graph obtained from the UV-Vis analysis shows a significant reduction in the free
amines in collagen once the sample is crosslinked (20-N-COL/ESP+CL), demonstrating
that the covalent bonding between collagen chains has occurred. Moreover, a further small
reduction is revealed upon ICOS-Fc functionalization (20N-COL /ICOS-Fc), suggesting the
concurrent binding ICOS-Fc to the free amines, without impairing the crosslinking reaction.

The ATR-FTIR analysis (Figure 6) allowed to study the tertiary structure of collagen

before (N-COL) and after processing.
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Figure 6. ATR-FTIR spectroscopy of samples produced with N—COL: as supplied (N—COL), af-
ter dissolution in acidic medium (20N—COL), after ESP (20N—COL/ESP), post-crosslinking with
EDC/NHS (20N—COL/ESP+CL), and post-functionalization with ICOS—Fc (20N—COL/ICOS—Fc).
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Weight loss (%)

20N-COL/ESP 1st derivative

Based on the literature, the features of the following absorption bands were considered:
amide I at 1650 cm~! (C=O stretching), amide II at 1555 cm~! (N-H bending), amide III
at 1239 cm~! (CN stretching and NH bending), and carboxylate groups of proline at
1450 cm ™! (COO~ vibration) [34-36].

FTIR spectra showed for all samples the bands ascribed to the amide I (1650 cm™!), the
amide II (1555 cm 1), and the proline stretch (1450 cm™1). The amide II band did not suffer
significant alterations [34,37] while the amide IIl band demonstrated a gradual widening
when collagen is processed by electrospinning and further crosslinked and functionalized.
In details, immediately after electrospinning the band is less evident, with a restoration
of higher intensity upon crosslinking. These variations in the amide III band suggest a
potential change in the protein orientation following the processing steps as suggested by
different authors in the literature [13,38]. Overall, the spectra indicate that no significant
alterations occurred to the collagen tertiary structure since all the main characteristic peaks
of the protein were preserved without registering evident shifts.

The structural variations generated by the crosslinking process were also evaluated
by TGA (Figure 7A,B). For collagen there are three ranges of temperature where the main
weight losses are shown: I (50-200 °C), II (200-450 °C), and III (450-700 °C) [39,40].
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Figure 7. TGA analysis and first derivative of samples produced with (A) N-COL after
ESP (20N-COL ESP), (B) post-crosslinking with EDC/NHS without ICOS-Fc addition, and (C) post-
crosslinking, functionalized with ICOS-Fc.

The first loss relates to the desorption of physiosorbed water from collagen samples’ both
pre- and post-crosslinking, and it is identified by the first negative peak in their derivative
curves (green line). The 20N-COL/ESP (Figure 7A) presents a slightly higher percentage of
weight loss as visible from the first derivative, suggesting larger amount of retained molecular
water, compared to 20N-COL/ESP+CL and 20N-COL /ICOS-Fc (Figure 7B,C), which due to
consumption of amine groups during the crosslinking reaction results less prone to engage
the H-bonding with water molecules. The second stage, between 200 °C and 400 °C, indicates
the release of water bound to collagen and degradation products of the collagen chains. The
electrospun collagen before crosslinking (Figure 7A) depicts most of the weight loss between
250 and 300 °C, as clearly shown by the first derivative curve. The crosslinked collagen
(Figure 7B) and the functionalized one (Figure 7C) also present a less intense loss at 300 °C
compared to the non-crosslinked collagen, implying that it suffers less degradation as a
result from the successful crosslinking reaction. After 400 °C, the non-crosslinked collagen
showed a minor weight loss related to the degradation of the residual organic components,
in contrast with the crosslinked and functionalized samples, which presented a significant
additional loss around 500 °C. This indicated that the structure did not fully decompose at
lower temperatures. In general, before 500 °C the non-crosslinked sample lost 68% of the
initial weight, while the crosslinked and functionalized ones 55% and 53%, respectively, with
a difference of more than 10%. This difference was maintained up to 600 °C, the point at
which all samples had lost over 80% of the total weight.
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3.3. Cytocompatibility of Functionalized Membranes and Influence on Osteosarcoma Motility

To evaluate cytotoxicity, U20S human osteosarcoma cells were seeded on 20N-COL/ESP+CL
or 20N-COL/ICOS-Fc samples. 3, 5, and 7 days after seeding, cell viability was assessed by
using XTT reagent. As reported in Figure 8A, the registered values did not evidence significant
differences in cell viability compared to cells seeded on tissue culture plastic (TCP) over time,
meaning the membranes are not cytotoxic.
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Figure 8. Cell viability and migration studies performed on electrospun collagen membranes, with
and without ICOS-Fc. (A) Viability of U20S cells when in contact with 20N-COL/ESP+CL and
20N-COL/ICOS-Fc samples, tissue culture plastic (TCP), at different timepoints: 3, 5, and 7 days. The
graph shows the cell viability (%) as mean and standard error obtained from five independent experi-
ments. (B) U20S (ICOSL positive) and (C) HOS (ICOSL negative) cells migration after contact with
collagen membranes functionalized with ICOS-Fc (20N-COL/ICOS-Fc) or not (20N-COL/ESP+CL).
Data are expressed as mean £ SEM (n = 5) of the percentage of migration versus control migration in
the absence of any collagen scaffold. * p < 0.05.

The retention of the ICOS-Fc ability to inhibit cell migration [21] was assessed through
the Boyden chamber migration assay with either the ICOSL positive cell line U20S
(Figure 8B) or the ICOSL negative cell line HOS (Figure 8C). Results showed that the
exposure of U20S cells to 20N-COL/ICOS-Fc membranes inhibited their migration by
40%, compared to 20N-COL/ESP+CL membranes. This confirmed the proven biological
inhibitory effect of ICOS-Fc on cell migration [22,41]. By contrast, the migration of the
ICOSL negative HOS cells was not affected by the contact with 20N-COL/ICOS-Fc scaf-
folds, which was predictable as these cells are not responsive to its inhibitory action. No
differences were found between control samples (TCP and 20N-COL/ESP+CL).

4. Discussion

Collagen, as one of the main constituents of bone, is a common choice as a base
material for the development of scaffolds aiming at BTE. The combination of ESP with
collagen can boost the degree of biomimicry of a device as it allows the creation of structures
that are similar to the ECM, at both compositional and architectural level [6].

In this work, an aqueous solution of acetic acid was used as mild solvent for the
dissolution of collagen in order to avoid the protein denaturation and allow the electro-
spinning process [16,42]. To investigate the effects of the solubilization and ESP process on
collagen’s structural integrity, CD and SDS-PAGE analysis were performed (Figure 2), both
confirming the presence of the triple helical structure. At the molecular level, the triple
helix of collagen type I is composed of three identical x-chains (two «; chains and one ),
each one composed of a repeating amino acid sequence of glycine-X-Y, where typically X
is a proline and Y is an hydroxyproline [28,29]. The three « chains then assemble into a
triple helix by coiling around each other in a rope-like fashion, forming tropocollagen. In
SDS-PAGE analysis, these chains are represented in an electrophoretic profile as bands. The
analysis performed on N-COL, 20N-COL, and the commercial reference Roche (Figure 2A)
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shows the & chains at 180 kDa and the oy at 130 kDa. The representation of «; and
op-chains together, or two «;-chains, is seen by the presence of the 3-band, a dimer, which
is seen at 250 kDa. Finally, the confirmation that the three x-chains are together, possibly
arranged as a triple helix, is given by the y-band, which was present for all samples. The
data from SDS-PAGE was further confirmed by the CD analysis (Figure 2B), where the
strong positive peak at 220 nm indicates the presence of a triple helix conformation [30].
Altogether these results show that the used solvent system allowed to preserve the protein
structure ensuring the full retention of its bioactivity.

ATR-FTIR spectroscopy provided further insights on collagen structure upon each
process step. The collected spectra (Figure 6) show that all samples presented the expected
amide bands, with exception of 20N-COL/ESP which did not present the amide III signal.
This was associated with a slight loss of molecular structure [36], specifically to 3-sheet
secondary structures, associated with a band at 1239 cm ! [34]. The loss of this band can
be ascribed to the fast solvent evaporation and fibre assembly occurring during ESP, which
together with the dissolution in the solvent, can affect to some extent the structural confor-
mation of the protein [36]. Similar results are reported in the studies by Sizeland et al. [10],
where the results of the ATR-FTIR of electrospun membranes suggested that the alteration
occurred, although the SDS-PAGE of their membranes evidenced that the « chains were
intact. Their study concluded that the protein was not degraded, but the triple helices did
not redevelop after ESP. The spectrum registered after crosslinking shows that the amide
III band reappears, highlighting the effect of crosslinking in promoting the reconstitution
and stabilization of the collagen molecular structure.

Despite the positive effects in terms of collagen stability, crosslinking treatments
are often associated with loss of morphology (e.g., fibre merging and increase in fibre
diameter). Therefore, minimizing the post-processing steps and optimizing the crosslinking
strategy is key to ensure that the desired microstructure is preserved. In this work, this
was achieved by combining the crosslinking and functionalization in a one-step reaction,
by the simultaneous activation via EDC/NHS of the carboxylic groups exposed both by
collagen and by ICOS-Fc molecule [17]. The successful outcome of the functionalization
step was confirmed by ELISA-like assays which showed a reduction in ICOS-Fc in the
supernatant collected from the crosslinking reaction (Figure 4). This was seen for all the
three concentrations tested (50, 75, and 100 pg/mL), however, due to the high costs of
ICOS-Fc (200 EUR/mg), in this instance experiments were performed with 50 ug/mlL, to
attain a functionalization that is both efficient and easily translated commercially. The
UV-Vis analysis (Figure 5), performed on the samples exposed to 50 ug/mL of ICOS-Fc,
confirmed the obtained results for crosslinking and functionalization through a significant
decrease in the amount of free amines after crosslinking, and significantly lower after the
grafting with ICOS-Fc.

To further investigate how crosslinking improved collagen’s stability, a TGA analysis
was performed (Figure 7), showing that the process led to the increase in the denaturation
temperature of ca 10 °C for crosslinked membranes. UV-Vis and TGA results clearly
evidenced a high degree of collagen crosslinking, which is expected to provide enhanced
biodegradation kinetics and bioactivity (angiogenesis [43], osteogenesis [44]).

The crosslinked membranes remained intact for 7 days during the cytotoxicity assay,
confirming that crosslinking reaction provided a significant improvement in the overall stability
and that the electrospun membranes would be able to support cell migration and proliferation.

The produced electrospun collagen fibrous membranes are expected to provide multi-
ple biologicals and topological cues that can modulate cell adhesion, proliferation and/or
differentiation and aims to provide an effective alternative strategy to the more com-
mon combination with growth factors and cells to enhance and support the process of
bone formation [45,46]. In this study, with the aim to widen the exerted biological func-
tions, the collagen-based scaffolds have been further biofunctionalized with ICOS-Fc
molecule [17,21,22]. The target of the followed approach is the combination in a single
multifunctional platform of several abilities to support osteoblast growth and function,
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whilst temporarily inducing the inhibition of osteoclasts activity through the peculiar bio-
logical properties of ICOS-Fc. The resulting multifunctional device is expected to actively
contribute to the process of bone regeneration, which is key when the physiological remod-
elling mechanism is delayed or even altered, as in the case of elderly people or patients
affected by osteoporosis.

The biological assays demonstrated that the electrospun membranes are fully cyto-
compatible, confirming that neither the electrospinning process nor the chemicals of the
cross-linking /functionalization step have altered the overall biocompatibility.

Since the effect of free ICOS-Fc on cell migratory activity was previously reported
by the authors [22] the retention of this essential biological effect was also assessed for
ICOS-Fc grafted on collagen membranes by using the Boyden chamber migration assay;,
both with ICOSL-positive and ICOSL-negative cell lines, as a proof of concept of the ef-
ficacy of the developed approach. The results of this assay evidenced a 40% inhibition
of U20S (ICOSL-positive cells) migratory activity after only 30 min of contact between
cells and ICOS-Fc functionalized membranes. This finding fully confirmed the retention
of the inhibitory effect of ICOS-Fc anchored to electrospun membranes, in analogy to
its free form [21,22] and when grafted onto the surface of bioactive glass particles [17].
ICOSL-negative cells (HOS) were used as a control, and exhibited no changes in their
migration behaviour, attesting once more the specificity of the inhibitory effect derived
from the ICOS:ICOSL binding at the collagen surface.

Further in vitro studies will aim at exploring the action of the functionalized mem-
branes on osteoclast-precursor cells to evaluate the inhibitory effect on cell differentiation
and the downregulation of osteoclast differentiation genes.

5. Conclusions

The work presented reports the successful development of one step strategy to achieve
simultaneously the crosslinking and biofunctionalization of electrospun collagen mem-
branes. The ICOS-Fc molecule, chosen for its ability to reversibly inhibit osteoclast function
by binding its ligand ICOSL, has been effectively grafted on the collagen membranes to
impart multifunctional biological effects and thus promoting the remodelling process of
bone tissue in compromised clinical situations.

The stability of the ICOS-Fc binding was assessed by an in house-developed ELISA-
like assay, revealing a functionalization yield higher than 95%, with a full retention of
functionality by the grafted biomolecules.

After 7 days in culture, cells showed high viability regardless of the presence of
ICOS-Fc, suggesting that neither the crosslinking nor the functionalization have altered
the cytocompatibility of the electrospun collagen scaffolds. The contact of U20S, chosen
as ICOSL-positive cells, with the collagen membranes exposing ICOS-Fc at their surface
resulted in the inhibition of cell migration, confirming once more the successful binding to
the collagen fibres and the retention of ICOS-Fc biological properties (proof of efficacy). In
contrast, the ICOSL-negative cell line (HOS) did not show inhibitory effects, confirming
the specificity of the ICOS-Fc effect that was mediated by binding to ICOSL.

By inhibiting the migration of ICOSL-positive cells, e.g., osteoclasts, the developed
membranes can play an active role on bone remodelling, placing this strategy in the category
of future therapies based on cell behaviour modulation to achieve improved regeneration.

The results of this study highlight the high potential of the developed multifunctional
platform (i.e., osteoconductive, pro-osteogenic, anti-clastogenic) for treating delayed bone
healing and pave the way to further in vivo studies to implement minimally invasive
clinical solutions (e.g., injection via cannulated instruments at the fracture site).
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Abstract: Collagen is one of the most widely used biomaterials in health-related sectors. The
industrial production of collagen mostly relies on its extraction from mammals, but several issues
limited its use. In the last two decades, marine organisms attracted interest as safe, abundant, and
alternative source for collagen extraction. In particular, the possibility to valorize the huge quantity
of fish industry waste and byproducts as collagen source reinforced perception of fish collagen as
eco-friendlier and particularly attractive in terms of profitability and cost-effectiveness. Especially
fish byproducts from eco-sustainable aquaponics production allow for fish biomass with additional
added value and controlled properties over time. Among fish species, Oreochromis niloticus is one
of the most widely bred fish in large-scale aquaculture and aquaponics systems. In this work, type
I collagen was extracted from aquaponics-raised Tilapia skin and characterized from a chemical,
physical, mechanical, and biological point of view in comparison with a commercially available
analog. Performed analysis confirmed that the proprietary process optimized for type I collagen
extraction allowed to isolate pure native collagen and to preserve its native conformational structure.
Preliminary cellular studies performed with mouse fibroblasts indicated its optimal biocompatibility.
All data confirmed the eligibility of the extracted Tilapia-derived native type I collagen as a biomaterial
for healthcare applications.

Keywords: type I collagen; tilapia; skin; aquaponic; biomaterials

1. Introduction

Type I collagen is the predominant structural component of vertebrates” connective
tissues that accounts for approximately 70% of the total collagens found in the human
body [1,2]. Being one of the major extracellular matrix (ECM) components, it is intrinsically
bioactive, biodegradable, and particularly low immunogenic and weak antigenic [2-7].
Therefore, its employment as a biomaterial in the food, pharmaceutical, cosmetic, and
biomedical industries is not surprising. Particularly high is its request in the health-related
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sector that makes extensive use of type I collagen for the manufacture of several kinds of
formulations for tissue restoration/regeneration [2].

Collagen used in the biomedical field is usually derived from animal tissues. Large
terrestrial mammals (i.e., bovine, porcine, equine, ovine) are currently the preferred sources
for collagen extraction, for the high sequence homology with human collagen (>90%) [3]
as well as for the possibility of accessing large quantities of raw materials. However, the
application potential of mammalian-derived collagen is limited by issues such as triggering
immune reactions (about 3% of the population), zoonosis transmission risks (i.e., the foot
and mouth disease and the group of the bovine spongiform encephalopathies), besides
cultural and religious concerns [3,8,9].

In this perspective, in the last two decades, marine organisms have attracted interest as
safe, alternative, and abundant sources for collagen extraction [10-12]. Apart from owing
biocompatibility, bioactivity, and biodegradability, fish collagen revealed an intrinsically
lower threat of transmissible diseases, freedom from religious concerns [9], and weak
antigenicity [13]. Marine collagen and its derivates (i.e., gelatin) were revealed to be
easily processed in different types of formulations (i.e., injectable hydrogels, implantable
temporary scaffolds, orally administrable pills) and relative properties tunable to suit
diverse applications in a variety of biomedical fields [14-18].

Moreover, the possibility of developing waste recovery technologies to obtain high
added value products from the abundant discards (e.g., skin, bones, fins, heads, guts,
and scales) of the fish processing industry (70-85% of the total weight of catch) is of
large scientific and industrial interest [10,19,20]. In particular, Nile Tilapia (Oreochromis
niloticus), one of the World’s most representative species of the fisheries and aquaculture
food sector, attracted interest as a byproduct source for collagen extraction. Tilapia skin
was demonstrated to provide for 28-40% dry weight yield of acid-soluble collagen (ASC)
or pepsin soluble collagen (PSC) [21-24]. The fast growth speed, adaptability to a wide
range of environmental conditions, ability to grow and reproduce in captivity, easy feeding
at low trophic level, and easy processing to fish fillets [25] made Tilapia the second most
important group of farmed fish after carps [22,26], with a global production of 6.5 million
tons in 2018 and an aquaculture production increasing 11% per year [27]. The possibility to
tune growth conditions and produce hazardous-free commercial products with controlled
and reproducible final properties through, e.g., the aquaponics farming method, gives to
Tilapia fillets and byproducts a high added value. Aquaponics is, in fact, known as a form
of sustainable aquaculture, because it imitates natural systems, where aquatic organisms
and plants grow symbiotically (the latter using nutrients from the fish waste processed
by nitrifying bacteria) [28]. As a result, it proves to have higher water use efficiency
than conventional aquaculture and agriculture, it does not use pesticides, and even the
use of fertilizers is reduced, which makes aquaponics greener and more sustainable than
conventional techniques [28]. For this reason, the valorization of aquaponics Tilapia-waste
polluting byproducts as sources of collagen makes the derived biomaterial not only eco-
friendlier but also particularly attractive in terms of profitability and cost-effectiveness [29].

In this study, the physical, chemical, and biological properties of a fibrillar type I
collagen isolated from an aquaponics-derived Tilapia skin were extensively assessed and
compared with those of a commercially available isoform from the same species and tissue.
The identity and the nativeness of the extracted protein were assessed by Poly-Acrylamide
Gel Electrophoresis in the presence of Sodium Dodecyl Sulphate (SDS-PAGE). The col-
lagen secondary structure was investigated by Fourier Transform Infrared Spectroscopy
(FT-IR), while its ultrastructure by Wide-angle X-ray scattering (WAXS). The amino acid
composition was investigated by Gas Chromatography coupled with Mass Spectrometry
(GC-MS). The thermal behavior was determined by Differential Scanning Calorimetry
(DSC). Static contact angle measurements were conducted to achieve information about
the surface hydrophobic character. The collagen mechanical response was assessed by the
uniaxial tensile test. Lastly, the cytocompatibility was assessed by two standard assays,
3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT) test and Live/Dead.
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The viability, the morphology, and the distribution of 3T3 mouse fibroblasts seeded over
collagen films were followed up for 12 days.

2. Materials

Type I collagen (T) was extracted from the skin of Nile Tilapia (Oreochromis niloticus)
bred in the pilot aquaponics plant inside the Dept. of Innovation Engineering’s Urban
Farming Lab of the (University of Salento, Lecce, Italy). This plant consists of 3 cooperating
subsystems (the recirculating aquaculture systems, the biofilter, and the hydroponic cul-
tivation system), which ensure that the nutrients contained in the fish feed and feces are
used to grow plants without wasting water. Both the fish biomass and the environmental
parameters are constantly checked through an innovative ICT monitoring, control, and
implementation system, based on IoT (Internet of Things) technologies, ensuring that the
whole aquaponics system is managed efficiently. Nile Tilapia was fed tailored commercial
feed EFICO Cromis 832F 3 (BioMar SAS, Nersac, France). Tilapia specimens of about 1617
months with a mean weight of about 301 4= 48 g, 25.4 + 1.3 x 8.4 + 0.5 cm (1 X h) sized,
were selected for collagen extraction.

Collagen extraction was performed according to a proprietary process developed
by Typeone Biomaterials Srl (Lecce, Italy) and provided in dry flakes. An analogous
suspension of a commercial type I collagen (N) from Tilapia skin was provided in dry flakes
from Nippi Inc. (Tokyo, Japan) and used for comparative analysis. Aqueous suspensions
(10 mg/mL) were obtained by slowly hydrating collagen dry flakes in acetic acid 0.2 M for
3 h under magnetic stirring at 4°C in order to avoid collagen denaturation. Distilled water
was obtained from the Millipore Milli-U10 water purification facility from Merck KGaA
(Darmstadt, Germany). Standard proteins for SDS-PAGE of precise molecular weights
ranging from 10 to 250 kDa were provided by Bio-Rad Laboratories Inc (Hercules, CA,
USA). N, N-dimethylformamide was provided by VWR International PBI S.r.1. (Milan,
Italy). Acetic acid, norleucine, and N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA) were purchased by Sigma-Aldrich (Milan, Italy). For the cellular assays,
culture media, supplements, trypsin and MTT were purchased from Sigma-Aldrich (Milan,
Italy). The Live/Dead assay was purchased from Thermo Fisher Scientific Inc. (Waltham,
MA, USA). If not otherwise stated, all other chemicals used were of analytical grade and
purchased by Sigma-Aldrich (Milan, Italy).

3. Methods
3.1. Extracts Purity and Integrity

T and N purity and molecular weight were firstly assessed by SDS-PAGE using a
Mini-Protean Tetra Cell system from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). Hand
cast gels (5% stacking gel, 7% resolving gel) were prepared using acrylamide/bisacrylamide
solution with a ratio of 37.5:1. About 0.3 g of T and N collagen gels (10 mg/mL) were
dissolved in 0.5 mL of reducing solution (Urea 2 M, Laemmli buffer: 62.5 mM Tris-HCI pH
6.8, 10% glycerol, 2% SDS, 0.01% bromophenol blue, 5% 3-mercaptoethanol) and heated at
50 °C for 1 h [30-34]. Native type I collagen from horse tendon was also subjected to the
reducing treatment to provide an example of protein integrity and purity [33,34]. After
1 min at max speed centrifugation, a few uL of supernatants were withdrawn and subjected
to the electrophoretic run at 70 V for about 10 min in the stacking gel and at 120 V for
about 2 h within the resolving gel in the presence of protein standards of precise molecular
weights ranging from 10 to 250 kDa. At the end of the run, the gel was rapid Coomassie
stained and acquired [34,35]. Then, the revealed protein bands were analyzed by mean
of GelAnalyzer 19.1 (www.gelanalyzer.com, accessed on the 4 November 2021) by Istvan
Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc for protein subunits ratio and molecular
weight determination.
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3.2. Amino Acid Composition

The amino acid composition of T and C was investigated by mean of GC-MS as
described elsewhere [36,37], with slight modifications. Briefly, after hydrolysis in 6 N
hydrochloric acid for 2 h at 120 °C, samples were transferred into a glass vial; norleucine
was added as an internal standard (5 pL of a 100 ng/uL norleucine solution) and freeze-
dried [36,37]. After lyophilization, the residues were reconstituted with 70 uL of N, N-
dimethylformamide, and 20 uL of MTBSTFA. Derivatization with MTBSTFA was performed
at 100 °C for 60 min. After cooling the solution at room temperature for 5 min, 1 uL of
the solutions was injected in spit mode (split ratio 10:1). Samples were run on a GC-QqQ-
MS (Bruker 456 gas chromatograph coupled to a triple quadrupole mass spectrometer
Bruker Scion TQ) equipped with an autosampler (GC PAL, CTC Analytics AG). The GC
was operated at a constant flow of 1.0 mL/min, and analytes were separated on an HP 5
MS capillary column (50 m with a 2 m guard column, inner diameter 250 um, and film
thickness 0.25 um). The oven was kept at 60 °C for 1 min after injection, then a temperature
gradient of 10 °C/min was employed until 320 °C was reached. The oven was then held
at 320 °C for 10 min. The total run time was 37 min. The mass detector was operated at
70 eV in the electron impact (EI) ionization mode scanning the mass range 50-550 Da. The
ion source and transfer line temperatures were 230 °C and 280 °C, respectively. Bruker
MS Workstation 8.2 software was used to acquire chromatograms, process the data, and
quantify amino acids. Samples were run thrice.

3.3. Structural Analysis

FI-IR was performed by means of FTIR-6300 from Jasco GmbH (Pfungstadt, Germany)
in order to investigate the protein identity and the triple helical structure integrity. Briefly,
T and N aqueous suspensions (5 mg/mL) were under vacuum degassed, casted into Petri
dishes and air-dried for 72 h in a laminar flow hood. Films were then 1 x 1 cm cut and
placed in the reading area. Absorption spectra were recorded in the range 1800-800 cm !
at a resolution of 4 cm !, smoothed according to the Savitsky—-Golay method, and analyzed
by mean of the Origin software from OriginLab Corporation (Northampton, MA, USA) [34].
Peak positions were designated according to the spectrum shapes to make sure that all
the wavelength ranges of the B-sheet (1610-1642 cm~!), random coil (1642-1650 cm ™),
o-helix (1650-1660 cm™1), B-turn (1660-1680 cm 1), and B-antiparallel (1680-1700 cm ™)
had the designated peak positions. Then, the area of the deconvoluted secondary structures
detected were calculated. The secondary structures percentage was calculated by dividing
the peak area of each secondary structure by the whole peak area of all the secondary
structures [38]. Additionally, the relative number of triple helices (ca. 1630 cm 1) with
respect to o-helices was calculated as the percentage of the total amide I peak area ascribable
to the triple helix peak [33,39]. Four samples for each sample type were scanned, and each
spectrum was collected as the average of 64 scans.

3.4. X-rays Structural Analysis

WAXS experiments were performed on T and N at the X-ray Micro Imaging Laboratory
(XMI-LAB) [40], which is equipped with a Fr-E+ SuperBright copper anode MicroSource
(A =0.154 nm, 2475 W) coupled through a focusing multilayer optics ConfocalMax-Flux
(CMF 15-105) to a 3-pinholes camera for X-ray microscopy. The beam size was about
0.5 x 0.5 mm?. In order to have access to a range of scattering vector moduli (q = 4 psind/\)
from 0.3 to 3.5 A~1, corresponding to a 1.8 = 21 A range in the direct space, an Image Plate
(IP) detector (250 x 160 mm?, 100um effective pixel size) placed at ~10 cm distance from
the sample was employed for WAXS data collection. All measurements were digitally trans-
formed by an off-line RAXIA reader. The data were elaborated by SAXSGUI and SUNBIM
software [41]. All the samples were placed in the Ultralene® sachet for the measurement.
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3.5. Thermal Properties

DSC allows measuring protein thermal behavior along with their denaturation tem-
perature (T4). Thermograms of T and N were determined using a Q2000 Series DSC from
TA Instruments (New Castle, DE, USA). T and N gels were accurately weighed (5-10 mg)
into aluminum pans, hermetically sealed, and scanned from 5 °C to 80 °C at 5 °C/min in an
inert nitrogen atmosphere (50 mL min~1) [34,42]. An empty aluminum pan was used as a
reference probe. The T4 was measured as the mid-point of the corresponding endothermic
peak [33,34,43]. The area under the peak allowed for estimating the enthalpy required for
the transition [33,43]. Each sample was run in triplicate.

3.6. Wettability

Static contact angle measurements were performed by dropping 10 pL milli-Q water
on 10 x 10 mm T and C films using the sessile-drop method using a FTA 1000 analysis
system (First Ten Angstroms, Newark, NJ, USA) [34]. An average of three drops was
conducted for each sample type.

3.7. Mechanical Properties

The constitutive bond of Tilapia skin-derived collagens was evaluated in a hydrated
state using a ZwickiLine universal testing machine (Zwick/Roell, Ulm, Germany) equipped
with a loading cell of 1 kN. Samples of T and N (5 x 20 mm) were hydrated in 0.01 M PBS
at room temperature for 1 h, clamped and tensile tested under displacement-control until
failure with a preload of 0.1 N and a load speed of 0.1 mm/s [34]. The Young modulus (E),
the stress at break (omax), and the strain at break (£1) were measured. In particular, E was
calculated as the slope of the linear elastic region of the stress—strain curve at low strain
values (in the range 1-5%). The thickness and width of wet specimens were measured
using a Dino-Lite digital microscope (AnMo Electronics Corporation, New Taipei City,
Taiwan). The experiment was performed in triplicate for each sample type.

3.8. Biocompatibility

Mouse fibroblasts, namely 3T3, were purchased from ATCC (Manassas, VA, USA) and
cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS), 100 U mL~! penicillin and 100 pug mL~! streptomycin at
37 °C in an atmosphere of 5% CO;. To assess the cytocompatibility of T and N, fibroblasts
were seeded into cell culture plates previously coated with T or N gels. In brief, prior to
cell seeding, T and N gels (0.3 mL with a concentration equal to 5 mg/mL) were casted at
the bottom of 24-well culture plates and let dry for 72 h; upon casting, plates were exposed
to UV light irradiation for 2 h and then equilibrated overnight in cell culture medium at
37 °C. Then, 2 x 10* cells in 1 mL of culture medium were seeded into each well. Cells
seeded directly into the multiwells were used as control samples. At 3, 6, and 12 days after
seeding the medium was removed from the plates, and the samples were washed twice
with phosphate buffer saline (PBS) prior to proceeding with the assays. Two kinds of tests
were performed, the Live/Dead assay kit and the standard MTT assay.

In the case of the Live/Dead assay, a PBS solution containing calcein and ethidium
homodimer was prepared according to the manufacturer’s indications, added to the cell
culture plated, and incubated at 37 °C for 1 h. The activity of intracellular esterase induces
non-fluorescent, cell-permeant calcein acetoxymethyl ester to become fluorescent after
hydrolysis, giving a green fluorescence to the viable cells. Conversely, ethidium homodimer
enters only into damaged cells and binds to nucleic acids producing a red fluorescence that
indicates dead cells. Finally, the solution was replaced with fresh PBS before imaging under
the Fluorescence Microscope EVOS FLoid Cell Imaging Station (ThermoFisher, Waltham,
MA, USA). To obtain a quantitative estimation of cell viability, the fluorescent pixels of
both the green channel (live cells) and the red channel (dead cells) of 3 independent images
for each type of sample were quantified with Image] Software (Rasband, W.S., Image], U. S.
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National Institutes of Health, Bethesda, MD, USA) and averaged. Then, the percentage of
living cells over the number of total cells was estimated as follows:
Average pixels of the green channel

ability (%) — 1
Viability (%) (Average pixels of the green channel + Average pixels of the red channel) *100

To perform the MTT assay, at 3, 6, and 12 days after cell seeding, MTT was dissolved
into a culture medium without serum (final concentration 500 ug/mL). Then, 1 mL of
the medium was added to each plate and incubated for 2h at 37 °C. Subsequently, it
was removed, and the dark-blue formazan crystals produced by MTT metabolization
were solubilized by dimethyl sulfoxide. Finally, the absorbance of the obtained solutions
was measured using the CLARIO star Plus microplate reader (BMG Labtech, Ortenberg,
Germany), (A = 570 nm) and was considered proportional to cell proliferation. The assay
was also performed on blank film samples (i.e., T and N gels without cells) to assess
colorimetric interference by the gels themselves. For each sample, an average value derived
from n = 3 independent replicates were calculated and expressed as a percentage of viable
cells over control cells (i.e., cells seeded on the standard well surface and considered as
100% viable).

The percentage of cell viability was determined according to the following formula:

_ Absorption of the treated sample
~ Absorption of the control sample

Viability (%) * 100

3.9. Statistical Analysis

All data were expressed as mean =+ the standard deviation. Statistical significance
of experimental data was determined using ¢-Student test. Differences were considered
significant at p < 0.05.

4. Results
4.1. Extracts Purity and Integrity

The electrophoretic patterns of T and N are shown in Figure 1 and were character-
ized by protein bands attributable to the two type I collagen «1 and «2 chains of about
120 kDa and 110 kDa respectively, as reported in the literature for collagen obtained from
Tilapia skin [23,38,44-53]. In particular the x1 chain was found at 120 & 3 kDa for T and
116 + 2 kDa for N, while &2 chain was found at about 110 & 2 kDa for T and 106 + 1 kDa
for N («1, p = 0.02; o2, p = 0.03). High molecular weight components, including y chains
(trimers) and {3 chains (dimers) were present. In particular, 3 chains were found at about
242 + 12 kDa for T and at 226 4 8 kDa for N (y, p = 0.03) [23,45,46,52,54-56]. Furthermore,
no non-collagenous protein bands were observed, indicating the purity of both collagens
and the preservation of their native structure after the extraction process. As expected,
the band intensity of a1 was higher than that of x2 by approximately 2-fold, confirming
that the extracted collagens contained two identical subunits of «1 and only one «2, which
was consistent with the molecular composition of type I collagen («1),x2. The band in-
tensity ratio of cross-linked chains (3 + y) to non-cross-linked monomer chains (1 + «2)
was calculated to evaluate the efficacy of the extraction method in disassembling fibril
units [23]. The ( +v)/(x1 + «2) ratio was found to be 0.28 + 0.11 for T and 0.77 £+ 0.16
for N (p = 0.002). In T more {3 and y chains were converted to monomer chains (x1 and
«2), suggesting how the extraction process optimized for T was more effective in collagen
fibrils disassembly [23].
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Figure 1. On the left: Comparison of electrophoretic pattern of T and N; proteins were separated
by SDS-PAGE and Coomassie stained; high molecular weight protein markers (MW) ranging from
10 to 250 kDa were used to estimate the molecular weight of the proteins, type I collagen from horse
tendon (C) was used as an example of integrity and purity. On the right: comparison of the molecular
weight of «1 and «2 chains of T (red) and N (black) with literature data about «1 and «2 of ASC
(green) and PSC (grey) isolated from Tilapia skin [23,38,44-46,49-55,57].

4.2. Amino Acid Composition

The amino acid composition of T, expressed as number of residues per 1000 total
amino acid residues, was reported in Table 1 and was found to be comparable to N.
Moreover, it was found to be in line with literature data on Tilapia skin-derived collagen
(Figure 2) [22-24,44,45,50-52,54,57-59], common aquatic organisms [9], and very similar to
land mammals [3]. Collagens are typically characterized by a repetitive tripeptide (Glycine-
X-Y)n structure, where X and Y positions are usually occupied by a residue of proline
and hydroxyproline, respectively. As expected, both T and N samples were found to be
rich in glycine, proline, alanine, and hydroxyproline. Glycine, which accounts for about
one-third of the total residues, is the most abundant species with 325 and 345 residues in T
and N, respectively. The X position of the (Glycine-X-Y)n repetition is often occupied by
proline, which is consistent with results reported in Table 1 (112 and 127 proline residues
in T and N). The Y position is usually occupied by hydroxyproline, with a content of
about 56 residues for both. The hydroxyproline content, although it was found to be lower
than the literature data, is known to be correlated with living conditions [60] and feeding.
However, to the best of our knowledge, it is not possible to correlate with certainty the low
hydroxyproline content to specific species features and breeding conditions. The imino
acid content of T and N was found to be about 168 and 184 residues/1000 amino acid
residues for T and N, respectively. The higher imino acid content of N reflected its greater
structural rigidity since a higher pyrrolidine rings content imposes more restrictions on the
polypeptide chain conformation.

Table 1. Amino acid composition of T and N and comparison with the literature data on type I
collagen (ASC and PSC) isolated from Tilapia skin [22-24,44,45,50-52,54,57-59]. Results are expressed
as residues /1000 total amino acid residues.

ASC PSC
Amino Acids T N

[22] [54]1 [50]1 [23] [24] [52] [45] [58] [591 [591 [23]1 [51]1 [24] [52] [57] [45] [44]

Alanine 123 142 119 122 141 104 126 171 87 98 123 127 104 118 124 180 124 85 98
Glycine 325 345 356 333 287 252 338 230 322 332 354 360 256 319 333 230 343 343 216
Valine 20 18 17 26 33 19 21 20 22 26 19 18 17 16 19 20 18 25 23
Leucine 23 19 20 26 24 27 24 20 22 22 23 22 23 2 23 20 21 20 28
Isoleucine 10 8 8 16 11 13 10 10 11 7 9 9 9 8 10 10 9 16 14
Proline 112 127 128 115 127 110 110 120 106 112 132 136 111 113 119 121 125 115 122
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Table 1. Cont.

ASC PSC
Amino Acids T N
[22] [54] [50] [23] [24] [52] [45] [58] [59] [59] [23] [51] [24] [52] [57]1 [45] [44]
Methionine 2 1 5 23 14 14 3 8 9 34 10 9 15 6 2 7 6 10 4
Serine 32 32 32 32 19 31 35 21 31 32 35 35 26 33 35 20 31 28 32
Threonine 18 25 22 24 27 26 23 20 15 24 25 25 28 24 23 20 23 17 23
Phenylalanine 16 11 13 20 18 18 14 11 10 16 13 12 12 12 14 11 12 16 23
Aspartate 61 56 42 44 56 60 47 50 40 47 45 45 60 41 46 50 42 37 51
Glutamate 72 69 69 67 51 96 78 91 98 71 71 69 97 68 76 91 70 93 93
Lysine 29 28 20 26 52 35 24 41 32 28 25 25 37 24 23 31 23 22 34
Histidine 1 0 6 3 14 8 8 10 10 7 6 5 6 5 8 10 6 12 12
Tyrosine 4 1 3 3 5 5 4 3 9 1 4 2 2 2 3 4 3 6 6
Cysteine 0 0 0 4 1 0 2 0 0 2 0 0 0 0 3 0 0 0 9
Hydroxyproline 56 57 82 62 70 84 79 80 86 83 50 49 85 77 86 70 86 70 134
Arginine 27 35 58 51 41 82 55 40 90 52 53 52 96 52 51 40 58 85 78
Imino acids 168 184 210 177 197 194 189 200 192 195 182 185 196 190 205 191 211 185 256
Tot. 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
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Figure 2. Comparison of the amino acid relative abundance of T (red) and N (black) with the literature
data from ASC (green) and PSC (grey) isolated from Tilapia skin [22—-24,44,45,50-52,54,57-59].

4.3. Structural Analysis

FT-IR spectra of T and N were both characterized by the presence of the three typ-
ical peaks of type I collagen (Figure 3) from land animals [32,33,61,62] and from Tilapia
skin [12,21,24,38,44,45,49,50,52,53,55-57,63]. The amides contributes (amide I, amide II
and amide III) are fundamental for collagen identification and for secondary structure
studies [21,32,33,57].

The amide III band (ca. 1230-1250 cm’l), which resulted from C-N stretching of
the peptide group, was found at 1241 cm~! for T and 1243 cm ™! for N. The greater band
intensity of T suggested the formation of more intermolecular interactions compared to
N [24]. The amide II band (ca. 1540-1560 cm ™), which resulted from N-H bending
vibration, was found at about 1541 cm~! for T and 1551 cm~! for N. The shift of N to
a higher frequency indicated a higher content of ordered molecules compared to T [64].
The amide I (ca. 1630-1680 cm™~!), which resulted from the stretching vibrations of the
C=0 bond along with polypeptide backbone or hydrogen bond coupled with the -COOH
groups, was found at about 1644 cm ™! for T and 1652 cm ™! for N. The decrease of T band
intensity indicated that the carbonyl groups were involved more in the cross-linking to
form new bands. Thus, the amide I and II shift suggested that T had stronger hydrogen
bonds and a lower degree of molecular order than N, because the shift of these peaks
to higher frequencies is related to the increased hydrogen bonding in the triple helical
structure [50,57].
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Figure 3. FT-IR spectra of T (red) and N (black) samples (A).

In order to in-depth investigate collagen secondary structure, the amide I peak was
further analyzed. According to the literature [38,55], five contributions were identified
and analyzed in terms of peak center and relative area under the peak. The (3-sheet
(peak center: 1610-1642 cm™ 1), random coil (peak center: 1642-1650 cm ™), a-helix (peak
center: 1650-1660 cm™1), B-turn (peak center 1660-1680 cm™ 1), and -antiparallel (peak
center 1680-1700 cm™!) contributes were identified and compared to the literature (Table 2).
While ASC is usually found to be rich in p-sheet [53,55], PSC was revealed to have a
more homogeneous distribution of contributes, with a lower 3-sheet and a higher x-helix
content [55]. Contributes distribution of T and N were found to have a lower 3-sheet and
a higher «-helix content compared to the literature data [38,53,55]. In particular, N was
found to have a higher x-helix content (54%) than T (35%), suggesting its higher structural
order. Additionally, according to Terzi et al. [39], the asymmetrical amide I band was de-
convoluted in order to separate the contribute arising from single a-helices (ca. 1660 cm 1)
from the one related to the triple helix organization (ca. 1630 cm~!) and to evaluate the
relative number of triple helices for the investigated collagens. Thus, the percentage of the
total amide I peak area ascribable to the triple helix peak was found to be higher for N but
not statistically different from T (T: 55 7 %, N: 59 &+ 2%, p = 0.3).

Table 2. Secondary structure percentage (%) analysis of T and N in the 1600-1700 cm ! spectral
range in comparison with the literature data [38,53,55].

Collagen 3-Sheet Random Coil o-Helix -Turn B-Antiparallel
1610-1642 cm 1 1642-1650 cm 1 1650-1660 cm 1 1660-1680 cm 1 1680-1700 cm~1
T 7 36 35 16 5
N 4 19 54 19 4
[55] ASC 30 25 24 21 B}
[55] PSC 26 26 30 17
[38] ASC 24 14 20 33 9
[53] ASC 52 16 14 13 5

4.4. X-rays Structural Analysis

As reported in the literature [32,39,65] type I collagen has a typical 2D diffraction
pattern characterized by the presence of the equatorial diffraction signal g, = 0.56 A
d, = 11.21 A (Figure 4, along the black arrow) ascribable to the lateral packing of collagen
molecules inside the fibrillary structure, and the meridional diffraction signals q; = 2.24 A
d; = 2.8 A (Figure 4, along the red arrow) related to the axial distance between amino acid
residues in the triple helical conformation.
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Figure 4. On the left the 2D WAXS patterns on N and T samples. The black and the red arrows show
the directions along which the equatorial and the meridional diffraction signals, respectively. On the
right the 1D diffraction profiles of both samples. The equatorial peak (qp) is marked with the black
line. The magenta lines show the peak positions of Ultralene sachet.

On fish skin collagen, in both T and N patterns, the meridional diffraction peak was
no longer visible. In N, a preferential orientation of the equatorial signal (q2), marker
of the molecular lateral packing retention, was clearly detectable as two small arcs with
high signal intensity distributed along the same direction marked with the dashed arc, the
equator (Figure 4, N). In the diffraction pattern of T (Figure 4, T), the observed equatorial
qo signal along the black arrow was characterized by signal intensity distributed as a
continuous ring, marker of no preferential orientation, and, therefore, of a reduced packing
order in the molecule. Comparing the 1D WAXS diffraction profiles, it was observed that
the equatorial diffraction peaks at g ~ 0.56 & 0.03 A~ corresponded to the average value
of d-spacing of 11 A in both samples. However, as shown in Table 3, the FWHM of the
qz in T is higher than in N ones, leading to a lower extent of the crystalline domain in
T (37 £ 3 A) thatin N collagen (52 + 6 A), thus a reduced lateral packing and molecular
orderin T.

Table 3. Mean values of lateral packing (qz) of collagen molecules in the samples in the reciprocal
space (A~1) and the corresponding values in the direct space (A). The FWHM value of the analyzed
diffraction peaks is also shown, and the relative value of the crystalline domain for the lateral packing.
The mean values were obtained from the mean of the experimental values measured for each sample.

; i 1 3 "
Sample Reciprocal Space (A1) Direct Space (A)
q2 Equatorial FWHM d, Equatorial Cristalline Domain
T 0.55 +0.03 0.169 £ 0.002 11 37+3
N 0.57 £ 0.03 0.120 4+ 0.001 11 52+6

4.5. Thermal Properties

Representative thermograms of T and N are shown in Figure 5. While heating, the
inter-chain hydrogen bonds of the right-handed superhelix break and the triple helix
unfolds in random chains. The endothermal peak present within the temperature range of
0-100 °C was attributed to the T4 of collagen [33] that was about 32.6 + 0.2 °C for T and of
35.5 £ 0.1 °C for N (p = 0.00006) [66]. According to the literature, Tq was found to be lower
than that of land animals [9,34] and comparable to that of Tilapia skin derived collagen
(Figure 6) [12,13,22-24,44,45,51,52,54,56-59,66]. The higher T4 value of N reflected its
higher native structure preservation compared to T, confirmed also by the higher enthalpy
necessary for the transition (T: 0.33 £ 0.05J/g, N: 0.53 £ 0.06 J /g, p = 0.01) and by the
higher amount of cross-linked {3+ chains (see Section 4.1) [67].
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Figure 5. Representative DSC thermograms of T (red) and N (black) samples showing the endother-
mic phenomena of type I collagen denaturation.
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Figure 6. Correlation of the denaturation temperature with the hydroxyproline content (left) and the
molecular weight (right), and comparison of T (red) and N (black) data with literature data on ASC
(green) and PSC (grey) [12,13,22-24,44,45,51,52,54,56-59,66].

According to several studies, there is a direct correlation between the thermal stability
of the proteins and their amino acid content [18,67,68]. In particular, the Ty is directly
related to the imino acid content [22] and the non-helical region extent, which are respon-
sible of the order and the structural compactness of the protein [59]. In this sense, the
higher hydroxyproline and imino acid content of N (184 residues/1000) compared to T
(168 residues/1000) might contribute to explaining its higher T4 value. Concerning the
molecular weight, though SDS-PAGE revealed a higher molecular weight of T compared to
N, this did not correspond to higher thermal resistance. Despite these experimental pieces
of evidence, the analysis of the literature data did not show any clear correlation between
protein molecular weight and T4 (Figure 6, left) on the one hand and between the protein
amino acid composition and T4 (Figure 6, right) on the other. Reasonably, other parame-
ters, such as growing conditions, extraction procedures (e.g., working temperature, acid
treatment, pepsin-based treatment, mechanical fragmentation), and analytical techniques,
may affect protein denaturation temperature [9,33,60,69,70].

4.6. Wettability

It is known that cell-material interactions are affected by surface properties and a
moderate wettability is optimal for cell adhesion and proliferation [71]. The contact angle
instantly recorded on T and N film was of 77 & 5° and 86 =+ 4°, respectively (p = 0.025)
(Figure 7). The slightly higher hydrophilicity of T samples might contribute to different
cell responses.
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Figure 7. Instant contact angle on T (left) and N (right) substrates.

4.7. Mechanical Properties

Tensile tests were performed to investigate the mechanical properties of T and N sub-
strates. As expected, tensile curves were characterized by a linear elastic region, followed
by a non-elastic region and a rupture region (Figure 8). Although both formulations are
composed only of native type I collagen, the slight differences found in their molecular
structure strongly affected their mechanical behavior. The constitutive bond of T was found
to be statistically different from N in terms of E, 0max, and . In particular, while E and
Omax Values of T (Et: 0.5 & 0.1 MPa, omax 1: 0.8 & 0.1 MPa) were found to be about three
times lower than N (En: 1.6 & 0.2 MPa, omaxN: 2.5 £ 0.7 MPa) (p = 0.002 and p = 0.01,
respectively), e was found to be about 1.5 times higher than that of N (e, 7: 85 + 12 %, ¢, N
59 £ 6 %, p = 0.02). These results suggest that the N-based substrate is characterized by
higher stiffness, likely due to the broad conservation of its native structure and too strong
inter-chain interactions of collagen molecules. However, a lower ¢, corresponds to a higher
E value of N collagen. On the other hand, the T-based substrate displays greater elasticity
as it reaches higher ¢, values but lower E. This behavior might be associated with the
lower structural conservation degree that promotes the formation of inter- and intra-chain
interactions between collagen molecules.
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Figure 8. Representative stress-strain curves of T film (red) compared to N film (black).

4.8. Biocompatibility

Two cellular assays, MTT and Live/Dead, were performed to assess the cytocompat-
ibility of the two materials. The two assays provide a collective estimation of the health
status of the cells upon colorimetric evaluation of the activity of cytoplasmic and mito-
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chondrial enzymes and of the integrity of the cell membrane. Thin collagen films were
casted into culture plates, and 3T3 mouse fibroblasts were seeded over them. In both tests,
cells seeded into standard multiwell plates were used as a control. Figure 9 reported cells
viability percentage over time for both T and N. After 3 days, it looks that the viability of
the cells grown over the two substrates was much lower than that of control cells, being
equal to 54% and 29% in the case of T and N, respectively. At 6 and 12 days, the viability
raised up to 100% for cells grown over the T substrates, while it reached 66% and 92% in the
case of cells seeded over N collagen, respectively. From day 6, cells recovered their viability
reaching values close to control samples. This cellular resilience likely indicates that the
substrates do not exert a toxic effect, but rather the topography and structural features
of the collagen films affect the adhesion and the replication phase of the cells, as already
reported [72-74]. Interestingly, the differences between the metabolic response of cells
grownon T and N at days 3 and 6, respectively, were statistically significant, supporting the
evidence of a different affinity between materials and cells. To shed light on the interactions
between the substrates and the cells, optical images of cells seeded over T, N and standard
plates, respectively, were acquired (Figure S1). After 1 and 3 days, the fibroblasts grown
over the T film showed the typical elongated morphology of these cells while the density
was slightly lower than control samples. On the other hand, after 1 day, cells seeded on N
film looked spherical, an indication of weak adhesion, while after 3 days, as cell density
increased, both elongated and spherical cell clusters coexisted. This heterogeneous cell
culture was maintained up to day 6, while at day 12 cell distribution was similar to that of
the control.
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Figure 9. MTT viability assay of 3T3 cells grown over T (red bars) and N (black bars) was performed
after 3, 6, and 12 days. Data were reported as the percentage viability of the samples over the control
cells (i.e., cells grown on standard plates). (*) indicates statistical significance with p < 0.01.

Live/Dead assay was performed under the same experimental conditions. As shown in
Figure 10, fibroblasts looked viable in both samples and at all the imaged times (Figures 52-54).
Few dead cells were detected, as reported in the inset of Figure 10. The morphology and
the distribution of the cells were in agreement with the previous images and confirmed
that the results of the MTT assay did not indicate inherent toxicity of the biomaterials but a
delayed replication time as compared to the control.

The quantitative analysis of the fluorescent pixels by the Image J Software 1.52t (NIH,
USA) allowed us to estimate the number of living cells. The histograms in Figure 11 showed
that the percentage number of viable cells over the total cells was very similar in all the
samples. Based on these findings, we concluded that the T and N were biocompatible but
presented different surface topography that affected cellular adhesion and replication time.
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Figure 10. Live/Dead assay of 3T3 cells grown over T and N was performed after 3, 6, and 12 days.
The images correspond to the overlapped fluorescent channels (green for calcein signal and red for
ethidium homodimer) and the bright field. The inset in the upper-central panel shows some dead
cells among the live ones. Note: in the panels in which cells are localized on different focal lanes
(elongated on the bottom plane and clustered on the upper plane), the green fluorescent channel has
been slightly reduced to allow the detection of the dead cells. Please, refer to the images of Figures
52-54 for the original signal intensity for each fluorescent channel. Scale bar is 125 um.
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Figure 11. Live/Dead assay of 3T3 cells grown over T (red bars) and N (black bars) substrates
performed after 3, 6, and 12 days. The data are presented as the average percentage of live cells over
the number of total cells. The analysis was performed through Image J Software over three different
fluorescent images for each sample and measuring the green (i.e., live cells) and red (i.e., dead cells)
pixels of each image.
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5. Discussion

Collagen is the most abundant structural protein of animal tissues that provides
strength and structural stability on the one hand and performs highly specialized regulatory
functions on the other. The interesting structural and biological properties of collagen,
besides its biodegradability, high biocompatibility, and low immunogenicity [2-7], made it
one of the most widely required biomaterials for food and healthcare applications, including
medical care, pharmaceutics, and cosmetics [75].

The increasing demand for collagen brought to the examination of several extraction
sources, including mammals (i.e., bovine, swine, equine, ovine, rodents), birds, and ma-
rine organisms (i.e., fish and invertebrates), with the aim of finding the optimal one in
term of biocompatibility, safety, and availability [9]. The best extraction source is repre-
sented by mammals for the high sequence homology with human collagen [3]. However,
mammals-derived collagen use is limited because of issues such as the high immune re-
sponse rate, zoonosis transmission risks, and religious/cultural constraints [3,8,9]. Due to
these restrictions, alternative safer sources were investigated.

In this perspective, marine organisms seemed to be free from all the aforementioned
limitations [9,13] and attracted interest as safe and abundant sources for collagen extrac-
tion [9,11,12]. In particular, among fish species, Nile tilapia (Oreochromis niloticus) and its
byproducts (i.e., skin, scale, bone) are emerging as alternative sources for collagen isolation.
Being one of the World’s most representative species of the fisheries and aquaculture food
sector for its fast growth speed, adaptability, reproducibility in captivity, easy feed, and easy
processing [22,25,26] it offers a huge quantity of byproducts (70-85% of the total weight of
catch) that could be exploited to develop waste recovery technologies to obtain high added-
value products and at the same time to reduce the environmental pollution related to their
breeding and processing [10,19,20]. Additionally, eco-sustainable aquaponic systems give
the possibility to obtain hazardous-free Tilapia biomass with an additional added value
and controlled properties over time. Thus, the possibility to valorize the huge quantity
of fish industry waste and byproducts as collagen source makes Tilapia-derived collagen
eco-friendlier and particularly attractive in terms of profitability and cost-effectiveness.

In this work, type I collagen extracted according to a proprietary process from the skin
of aquaponics-derived Tilapia was characterized from a chemical, physical, mechanical, and
biological point of view and compared with a commercially available isoform. Particular
attention was paid to its native structure preservation since it is widely known that it not
only influences bioengineering parameters but also cell-biomaterial interaction and thus
cell processes [65,76-78].

First of all, the protein integrity and the presence of other protein species were eval-
uated. The revealed electrophoretic pattern confirmed the purity of the extracts and the
extraction process accuracy since there were only two bands visible of about 120 kDa and
110 kDa attributable to «1(I) and «2(I) chain of type I collagen [23,45,46,52,54-56]. In partic-
ular, T was found to have a molecular weight slightly higher than N (T: «1 = 120 &= 3 kDa,
2 =110 & 2 kDa; N: «1 =116 £ 2 kDa, 2 = 106 & 1 kDa) and a content of high molecular
weight components lower than N (T: 0.28 &= 0.11; N: 0.77 £ 0.16). The conversion of more
cross-linked chains (3, ) into non-cross-linked monomer chains («x1, «2) directly indicated
a greater efficacy of T extraction method in disassembling fibril units [23].

The integrity of T secondary structure and its ultrastructure was evaluated by means
of FT-IR and WAXS. The presence of the three amide contributes (amide I: 1644 cm~! for T,
1652 cm ™! for N; amide II: 1541 cm™! for T, 1551 cm ™! for N; amide III: 1241 cm™! for
T, 1243 cm ™! for N) allowed to confirm the protein identity, that was attributable to type
I collagen, comparable to N and according to literature data about Tilapia skin derived
collagen [12,21,24,38,44,45,49,50,52,53,55-57,63]. The amides shift suggested that T had a
lower degree of molecular order than N, besides a lower «-helix content (T: 35%; N: 54%).
However, from the deconvolution of the amide I came out a slightly lower but not sta-
tistically different triple helix content of T from N (T: 55 & 7%, N: 59 £ 2%), suggesting
the employment of less tightened extraction conditions and better preservation of native
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collagen structure of N. Higher partial preservation of the native lateral packing of collagen
molecules in N with respect to T was observed through WAXs measurements. However,
the presence of a clear equatorial signal in T collagen allowed us to identify the presence of
native structure, although it is less organized than the N one. Indeed, the continuous ring
intensity distribution of the equatorial diffraction signal in T, associated with the decrease
of the extension of the crystalline domain, obtained by the peak analyses, is a clear marker
of the presence of lateral packing arrangement of triple helices. While in N collagen triple
helices are arranged by a preferential orientation in a larger crystalline domain.

In order to ascribe protein structural differences to compositional variations, protein amino
acid composition was also investigated. The amino acid composition of T was found to be
comparable to N, and the literature data on Tilapia skin collagen [22-24,44,45,50-52,54,57-59],
common aquatic organisms [3,9], and to be very similar to land mammals [3]. Thus, both
T and N were found to be rich in glycine (T: 325/1000 residues; N: 345/1000 residues),
proline (T: 112/1000 residues; N: 127/1000 residues), alanine (T: 123/1000 residues; N:
142 /1000 residues), and hydroxyproline (T: 56/1000 residues; N: 57/1000 residues). The
imino acid content of T (168/1000 residues) and N (184/1000 residues) revealed a greater
N structural rigidity since a higher pyrrolidine rings content imposes more restrictions on
the polypeptide chain conformation.

To investigate how the collagen isolation procedure affects its thermal stability, thermal
behavior was investigated. Thermograms revealed a T4 value of T (32.6 £ 0.2 °C) that was
similar to that one of N (35.5 £ 0.1 °C) and according to literature data about Tilapia skin-
derived collagen [12,13,22-24,44,45,51,52,54,56-59,66]. In addition, the lower denaturation
enthalpy value of T compared to N (T: 0.33 & 0.05J/g; N: 0.53 + 0.06 ]/ g) indicated that
lower energy is required to start the protein unfolding process in T collagen, likely due to
slightly lower preservation of the native structure than N. This result is accordance with
the SDS-PAGE, FT-IR and WAXS findings. According to several studies, there is a direct
correlation between protein thermal stability and their imino acid content [18,67,68] and
non-helical region extent [59]. While the imino acid content might contribute to explain
protein Ty value, any correlation with protein molecular weight was found. Additionally,
literature data analysis did not show any clear correlation between protein T4, amino
acid composition, and molecular weight. Reasonably, other parameters, such as growing
conditions, extraction procedures, and analytical techniques, may strongly affect protein
features [9,33,69] and deeply affect data comparative analysis. Anyhow, Ty is key parameter
to validate Tilapia-derived collagen as a raw biomaterial for healthcare applications, and
its lower value than that of land animals [9,34] restricted its use. Nevertheless, various
strategies have been developed for improving fish collagen thermal stability. Among
these, recalling to chemical cross-linking (e.g., carbodiimides, genipine) [79] allowed to
successfully increase fish collagen T4 up to body temperature and thus to show great
promise for biomedical or clinical use.

Cellular studies indicate that T substrates are highly biocompatible and support the
adhesion, growth, and spreading of fibroblasts. In addition, the topography of the substrate
looks to play a crucial role in determining the interactions among the substrate and the
cells. The comparison of the two collagen substrates shows that adhesion of the fibroblasts
over T occurs faster than over N rapidly. On the other hand, the tensile tests showed that
T substrates are softer than N, and several literature studies evidenced that fibroblasts
generally prefer stiffer surfaces [80,81]. Interestingly, the experimental evidence suggests
that beyond surface stiffness, the structure and the organization of collagen-based substrates
affect the interaction with the cells.

6. Conclusions

Type I collagen is one of the most widely used biomaterials for healthcare applications
for its well-known advantages. Its increasing demand brought to the examination of several
extraction sources, with the aim of finding the optimal one in term of biocompatibility, safety,
and availability. Although the discovery of numerous alternatives, the best extraction source
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is currently represented by mammals. However, several issues limited their use. In this
circumstance, marine organisms seemed to be free from many limitations and promising
raw materials sources for collagen extraction. Among fish species, Nile tilapia byproducts
emerged as an alternative source for collagen isolation because of their abundance from
fisheries and aquaculture plants. The recovery from eco-sustainable aquaponic systems
gave the possibility to obtain hazardous-free Tilapia biomass with additional added value
and controlled properties.

In this perspective, type I collagen was characterized from a chemical, physical, me-
chanical, and biological point of view and compared with a commercially available isoform.
Particular attention was paid to its native structure preservation since it is widely known
that it influences not only bioengineering parameters but also cell-biomaterial interaction
and thus cell processes. All analyses confirmed that the proprietary process optimized for
type I collagen extraction allowed to isolate pure native collagen and preserve its native
conformational structure. The slight differences observed between T collagen and the
commercial preparation may be due to different breeding conditions, besides extraction
and purification procedures, resulting in collagen molecular organization alteration and
thus in its bioactivity modification. These evidence, in combination with the positive feed-
back of the cellular studies, suggested that type I collagen from aquaponics-raised Tilapia
skin could be a suitable high-controlled alternative biomaterial for healthcare application.
The bioactivity of fish collagen makes its use in multiple forms (including native, gelatin,
and peptide form) in rapid expansion for specific biomedical pharmaceutical, cosmetics,
nutraceutical, nutricosmetic, and food applications. Although fish collagen has been pro-
posed as an alternative biomaterial for tissue engineering applications, there is a lack of
literature data about its immunogenicity. The host immunologic response is a critical aspect
when considering it for clinical implementation since the success of a biomaterial-based
formulation for healthcare applications is directly related to the immune response to the
selected material. Based on these findings, further studies should be performed to evaluate
the immunogenicity response triggered by the isolated type I collagen. Additionally, to the
best of our knowledge, no studies were available on the effective lower cost of fish-derived
collagen compared to mammalian-derived collagen, an accurate cost-effectiveness study
should be performed.
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ethidium homodimer, respectively. Figure S3. Live/dead assay of 3T3 cells performed after 6 days
growth over T and N substrates. Control samples are reported as well (C). The first column refers to
the overlaid channels, while the others correspond to the bright field, to the green channel of calcein
and to the red channel of ethidium homodimer, respectively. Figure S4. Live/dead assay of 3T3 cells
performed after 12 days growth over T and N substrates. Control samples are reported as well (C).
The first column refers to the overlaid channels, while the others correspond to the bright field, to the
green channel of calcein and to the red channel of ethidium homodimer, respectively.
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Abstract: Directed formation of the structure of the culture of living cells is the most important
task of tissue engineering. New materials for 3D scaffolds of living tissue are critical for the mass
adoption of regenerative medicine protocols. In this manuscript, we demonstrate the results of the
molecular structure study of collagen from Dosidicus gigas and reveal the possibility of obtaining a
thin membrane material. The collagen membrane is characterized by high flexibility and plasticity as
well as mechanical strength. The technology of obtaining collagen scaffolds, as well as the results of
studies of its mechanical properties, surface morphology, protein composition, and the process of
cell proliferation on its surface, are shown in the given manuscript. The investigation of living tissue
culture grown on the surface of a collagen scaffold by X-ray tomography on a synchrotron source
made it possible to remodel the structure of the extracellular matrix. It was found that the scaffolds
obtained from squid collagen are characterized by a high degree of fibril ordering and high surface
roughness and provide efficient directed growth of the cell culture. The resulting material provides
the formation of the extracellular matrix and is characterized by a short time to living tissue sorption.

Keywords: collagen scaffolds; mechanical properties; physicochemical properties; morphology;
composition; cell viability; molecular structure; Dosidicus gigas; X-ray tomography; SynchrotronLike

1. Introduction

Collagen is the main protein of connective tissue, which consists of three subunits in
the form of an alpha helix [1-3]. The size of the turns of the fibrillar structure of collagen is
67 nm (D-period). There are 20 types of collagen proteins; the main type is type I collagen
(collagen I) [4]. Collagen proteins have the property of self-structuring in solution and in
the process of drying and lyophilization [5], which makes it possible to obtain collagen
materials, particularly matrices, which have an ordered structure and are similar to the
connective tissues of the human body [6-8]. Self-assembly of collagen molecules into
supramolecular structures—fibrils—is the main process of collagen matrix formation [9].
Collagen I is used in medicine for early healing, skin buildup [10], as suture material, and
as artificial skin [11]. Implantable materials obtained from collagen type I do not induce an
immunological rejection; such materials are highly biocompatible and capable of controlled
degradation [12]. Collagen scaffold materials can be obtained from collagen I solutions by
casting, lyophilization, electrospinning, and coagulation. The use of this technology makes
it possible to obtain collagen materials with an adjustable fiber size, which is used to obtain
substrates in cell technologies [13]. The formation of structures similar to native collagen
is difficult for the technologies that are available today. Electrospinning and deposition
technologies cannot establish the long-range orientation of collagen fibers [14]. Collagen
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films obtained by lyophilization are not able to copy the extracellular matrix of living
biological systems [15,16]. Today, the investigation of tissue proliferation processes and
cell differentiation is carried out by real-time X-ray tomography technology [17-20]. At the
same time, investigations of scaffolds’ surface topography for tissue engineering based on
collagens of various origins are known [21,22]. The results of investigations of collagen
molecules’ surface topography have made it possible to estimate the value of the D-period
of fibrils, which is 68 £ 0.8 nm for collagen proteins [23]. Parameters of X-rays generated by
synchrotrons are of particular importance for the research fields of regenerative medicine
and cell and tissue engineering, as well as for the investigation of atomic and electron
environments of composite bioorganic macromolecules [24-28]. Previously, we studied
the molecular structure features of collagen from Dosidicus gigas [29]. At the same time,
there exist results giving evidence that materials based on collagen proteins of hydrobionts
inhabiting the South Atlantic are highly durable and biocompatible [30,31]. We focused
our attention on the study of the living cell proliferation process on the surface of scaffolds
obtained from Dosidicus gigas collagens, because the high availability of raw materials for
obtaining collagen will allow the introduction of tissue engineering technique as a generally
available method of therapy. We have investigated the characteristics of collagen proteins,
their molecular structure features, amino acid sequences of their peptides, the strength of
the surface and prepared collagen matrix morphology, as well as the proliferation process
with the identification of the tissue formation area using soft X-ray radiation generated by
a synchrotron source.

2. Materials and Methods

Commercially available reagents, nutrient media, and cell cultures were used in this
research according to standard protocol. Cell imaging reagents were from Thermo Fisher
and used according to the manufacturer’s protocols.

2.1. Extraction of Collagen

Extraction of acid-soluble collagen was carried out according to the method published
in [32]. The skin of the hydrobiont Dosidicus gigas was separated from the mantle and
lyophilized at —20 °C and a pressure of 0.03 mbar. Lyophilized skin was homogenized
on an IKA mechanical disperser at 2600 rpm. The powder weighing 50 g was placed in
a flat-bottomed flask. For the extraction of non-collagen proteins and lipids, 250 mL of
PBS buffer solution, pH 8.4, containing 2000 U of trypsin and 2500 U phospholipase A
was added. The mixture was sonicated (2.4 kHz, 200 W) for 1 min every hour at room
temperature for 6 h. Collagen proteins were separated by centrifugation at 2500 rpm and
transferred to a 500 mL flat-bottomed flask containing 300 mL of 0.2 M NaOH and mixed
for 6 h. Next, collagen proteins were precipitated by centrifugation at 2500 rpm and the
resulting precipitate was used to isolate acid-soluble collagen. To obtain 300 mL of acid-
soluble collagen, a 3% solution of acetic acid was added to the precipitate and mixed for 3 h
under periodic sonication of ultrasound with the same parameters as above. The insoluble
fraction was separated by centrifugation at 1500 rpm. The resulting colloidal solution was
neutralized by 0.2 M NaOH to pH 7.4, and the precipitate of type I collagen was isolated
by centrifugation at 3500 rpm. The precipitate washed by three portions of distilled water
until the acid reaction disappeared, and then the obtained sample was lyophilized.

2.2. Preparation Collagen Scaffold

The technology for obtaining collagen material was developed. Collagen weighing
10 g was suspended in 50 mL of a 3% glycerol solution in distilled water under ultrasound
treatment. The suspension was placed on a Teflon substrate and air dried at 120 °C in
a convection dryer chamber until the moisture content in the sample was less than 3%
under constant conditions. Moisture content was controlled by the standard gravimetric
method. The sample was dried to a constant weight and the mass fraction of moisture
was calculated as the difference in the masses of the sample before and after drying. The
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measurements were carried out in two repeats. Additionally, the moisture content was
monitored using near-infrared spectroscopy. After scaffold drying, it was sterilized in UV
at a wavelength of 280 nm and a temperature of 40 °C. The resulting collagen sheets were
used to obtain ready-to-use cell scaffolds.

2.3. Mechanical Properties of Collagen Scaffold Investigation

The mechanical properties of the collagen scaffolds were estimated according to [33].
Tensile properties of 3D collagen matrices were measured using a modified Minimat 2000
mini-materials tester (Rheometric Scientific, Inc. (https://www.ssgca.com/), Piscataway,
NJ, USA) and by standard testing procedures for matrices of low mechanical strength. One
end of each specimen was attached to a stepper motor-controlled linear actuator and the
other end was attached to a load cell. For these experiments, a load cell designed with
a sensitivity of 0.0003 N was utilized. Clamps offset the loading axis and allowed the
matrix to be submerged longitudinally within a bath of PBS, pH 7.4, at approximately
37 °C. For most experiments, the extension speed was 10 mm/min and the strain rate was
38.5 percent/min.

2.4. Atomic Force Microscopy

The study of the topography of the fibrillar structure and surface of collagen matrices
was carried out according to [34]. AFM imaging and indentation of collagen fibrils were
performed using a Nanowizard AFM (JPK Instruments, Berlin, Germany) and SOLVER P47
(NT-MDT, Russia). All measurements were taken in air at room temperature. Aluminum-
coated silicon AFM cantilevers (resonance frequency up to 150 kHz and nominal spring
constant up to 4.5 N/m (NSC12 tip-C, MikroMasch, Tallinn, Estonia)) and gold-coated
silicon AFM cantilevers (resonance frequency up to 150 kHz and nominal spring constant up
to 6.1 N/m (NSG 03, NT-MDT, Moscow, Russia)) were used. These cantilevers were chosen
to match the stiffness of collagen for optimizing the sensitivity and signal /noise ratio (SNR).
For imaging collagen fibrils without damage, the relatively high stiffness of the cantilevers
required the use of intermittent contact mode (also known as tapping mode). After taking
a topographic image of the fibril, the force mapping mode (also known as force volume
mode) was used to perform quasi-static indentations. The 64 x 64 indentation curves, con-
sisting of 256 data points each, were taken on a square area. The area’s dimensions were
1.5 x 1.5 mm =+ 0.5 mm, optimized in each experiment to balance approximately the num-
ber of data points taken on the fibril and on the substrate. The time for both the approach
and retraction of the cantilevers was set to 0.2 s (5 Hz), with zero delay in between.

2.5. Scanning Electron Microscopy

Collagen scaffolds were fixed overnight at 4 °C with 3% glutaraldehyde in 0.05 M
phosphate buffer (PB) at pH 7.2. Following extensive rinsing with the same buffer at 4 °C,
blocks were soaked for 1 h in 0.5% tannic acid in PB at 4 °C. Then, they were rinsed four
times in the same buffer for 15 min at 4 °C and post-fixed with 1% osmium tetroxide in
PB for 1 h at 4 °C. Samples were washed in distilled water, dehydrated in a graded series
of ethanol, and freeze-dried in a Balzers Union CPD 020 (Balzers, Liechtenstein) using
the procedure of critical point drying. Images of collagen scaffolds were obtained with
scanning electron microscopy (SEM) in the bright field mode by Jeol JSM-6390 (Japan) with
an accelerating voltage of 5 kV (low vacuum mode). As SEM demands a conductive surface
to obtain an image, samples were covered with a platinum thin film (calibrated 30 nm)
sputtered by the magnetron set-up Jeol JFC-1600 (Japan).

2.6. Amino Acid Content by HPLC

For the preparation of dabsyl-cloride derivatized amino acids (dabsyl-AA), each amino
acid mixture was dissolved in 0.1 N HCl solution . Dabsyl-Cl (26 mg) was dissolved in
20 mL of acetonitrile. A 0.1 M NaHCOj3 solution (pH 8.3) and a 0.05 M Na,HPOy solution
(pH 7.0) were separately mixed with an equal volume of ethanol. A 0.5 mL aliquot of amino
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acid solution was placed in a test tube and mixed well with 0.5 mL of NaHCOj3 solution
and 2 mL of dabsyl-Cl solution. The test tube was incubated in a 70 °C water bath for
15 min before 3 mL NayHPO,/ethanol solution was added to stop the reaction. Dabsyl-AA
mixtures were resolved with a LiChroCART 125-2 Superspher 100 RP-18 column (Merck)
end detection on a UV /VIS detector. The sample size was 10 pL. The flow rate was
0.5 mL/min. Both solvent A (H,O) and solvent B (acetonitrile) contained 0.1% (v/v) formic
acid. The gradient was programmed as follows: 15% B for 3 min, linear gradient from 15%
to 85% B for 60 min, and 85% B for 7 min. The relationship of the responding peak area
and the concentration of each dabsyl-AA was calculated with Excel software (Microsoft
Co., Seattle, WA, USA). Next, 100 mg of the collagen matrix was hydrolyzed in 6 N HCI
and sealed in hydrolysis tubes under nitrogen atmosphere and incubated in an oil bath at
108 °C for 24 h. For the hydrolysate of the collagen matrix used for dabsyl-AA derivates,
the preparation was as described above, and amino acid content was determined on HPLC
with a UV /Vis detector.

2.7. Size Exclusion Chromatography

Size exclusion chromatography was performed by following [35] on chromatography
system (Biorad, NGC) equipped with a fraction collector and a photometric detector.
Fractionation was carried out on the column (ENRICH SEC 650 10 x 300 mm, BioRad)
using 25 mM of acetate buffer as an eluant and a flow rate of 1 mL/min. Detection was
carried out at a wavelength of 210 nm. To the column was applied 5 mL of a collagen
colloidal solution in 25 mM of acetate buffer by means of a constant flow pump to a site
exclusion chromatography column, followed by fractionation.

2.8. SDS-PAGE

Electrophoresis under a denaturing condition in the presence of sodium dodecyl
sulfate (SDS-PAGE) was carried out according to the modified Laemmli method [36] in the
presence of 8% polyacrylamide. Powdered samples of collagen (5 mg) were dissolved in
1 mL of 0.02 M sodium phosphate buffer (pH 7.2) containing 1% (w/v) SDS and 3.5 M of
freshly prepared urea at 1 mg/mL concentration. The samples were mixed gently at 4 °C
for 2 h to dissolve collagen and placed on PAGE. Protein markers produced by Thermo
Scientific in the range of 10-200 kDa (product number 26614) and 20-120 kDa (product
number 26612) were used as standards.

2.9. FTIR Spectra Registration

FTIR spectra were obtained using an FT-IR ATR Alpha spectrometer equipped with
an attenuated total reflectance unit (Bruker, Germany) and an InGAs detector. For FTIR
spectra acquisition, the system was used in point mode (aperture of 250 x 250 um) with a
2.0 cm ™! resolution and using 30 scans in transmittance mode (n = 35 spectra), and spectra
acquisitions were performed under complete N2 purge of the analytical system.

2.10. MALDI-TOF

All mass spectra data were acquired by the MALDI-TOF mass spectrometer Autoflex
(Bruker Daltonic, Germany). MALDI-TOF settings were as follows: high-voltage output on
ion source - 19.5 and 18.45 kV; high voltage output on first reflector - 8 kV; frequency of
Nd:YAG laser - 1 GHz (500 shots). The process of lyophilization of collagen was carried out
in a freeze dryer (Labconco Triad) in standard mode.

2.11. Cell Culture

Cell cultivation was carried out in parallel with [37,38]. The collagen matrix was
placed into the wells of an 18-well plate, and 2 mL of DMEM culture medium containing
glutamine, ceftriaxone, and penicillin was added. A suspension of HEK cells in 1 mL of
DMEM containing 500 units of cells was added to each well and incubated for 4 days in an
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incubator at 37 °C and 5% CO, partial pressure. The collagen matrix was removed, treated
with appropriate dyes, and visualized using confocal microscopy.

2.12. MTT Assay for Toxic Effect Determination

The effects of the collagen matrix on cell viability were determined using the MTT
colorimetric test. For the MTT test, collagen scaffold disks 30 mm in diameter and 60 pm
thick were used. The MTT protocol was optimized to increase well volume from 200 pL
to 2000 pL. The discs were cut from edge to center once to form a 5 mm high cone. The
cone was placed on a culture plate with cells 60 mm in diameter. The culture medium
containing the cells was added in a volume of 2 mL (so that the cones were completely
submerged). Cultivation was carried out in an incubator in a CO; atmosphere. The culture
plates were placed on an orbital shaker to simulate the movement of the culture fluid. HEK
cells were diluted with the growth medium containing 100 uM of CoCl, for chemically
induced hypoxia to 3.5 x 10* cells per mL, and the aliquots (7 x 10° cells per (200 uL) were
placed in individual wells on 96-well multiplates (Eppendorf, Germany) and incubated
for 24 h. The next day, the cells were treated with synthesized compounds separately at
a concentration of 100 uM and incubated for 72 h at 37 °C in 5% CO, atmosphere. Each
compound was tested in triplicate. After incubation, the cells were then treated with 40 uL
of MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 5 mg mL~!
in PBS) and incubated for 4 h. After an additional 4 h of incubation, the medium with MTT
was removed and DMSO (150 pL) was added to dissolve the formazan crystals. The plates
were shaken for 10 min. The optical density of each well was determined at 560 nm using
the ClarioStar microplate reader (BMG Labteh, Germany). The tested collagen matrix was
evaluated for the antiproliferative action in three separate experiments.

2.13. Fluorescent Dying

Cells cultured on a collagen scaffold were fixed with a 4% paraformaldehyde solution
in PBS, washed with PBS + 0.5% Triton X-100, and washed with PBS. Cells were incubated
with Mitotracker Red, DAPI, and FITC for 30 min according to the manufacturer’s protocol
and washed with PBS. The obtained stained specimen was examined by confocal laser
fluorescence microscopy.

2.14. Visualization of Extracellular Matrix

Unstained 3D matrices of type I collagen were polymerized on cover glasses and
imaged using confocal refection microscopy as previously described [39], employing a
direct Carl Zeiss LSM 800 confocal using either the 10x Plan-Neofluar (NA = 0.3), a
20x water immersion Plan-Apochromat (NA = 1.0) objective, or a 63 water immersion
C-Apochromat (NA = 1.2).

2.15. Study of Cell Culture on the Surface of a Collagen Matrix at a Laboratory Complex,
“SynchrotronLike”

The cells obtained on the surface of the collagen matrixes were fixed with a solution
of the formalin and then studied by a high-resolution X-ray radiography technique on
a scientific and educational multifunctional system for synchrotron studies called "Syn-
chrotronLike" [40]. The main element of the system is the MetalJet D2+ 70 kV microfocus
X-ray source from Excillum [41]. A liquid gallium-indium alloy with a characteristic line
of 9.251 keV (Ga K«l) is used as an anode in this source. The minimum size of the X-ray
source is 5 pm, and the maximum power of the electron gun is 250 W. This results in a
source brightness of 10'°-10" photons/sec/mm?/mrad?/(0.1%AX/A), which 