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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.
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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 «2 (=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


https://pubmed.ncbi.nlm.nih.gov
https://www.sciencedirect.com
https://scholar.google.com
https://clinicaltrials.gov/

Polymers 2023, 15, 1020

4 of 39

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,
endo 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
o 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
Tendon Getinge (Goteborg, Sweden) www.getinge.com, accessed on 14
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
Plant Leaves CollPlant (Rehovot, Israel) www.collplant.com, accessed on 14

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.1., 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, Nithya®, Linerase® (Euroresearch, Milan, Italy), Salvecoll-E® (Nearmedic
Italy S.r.l., Como, Ttaly), 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)(NCTO00655356)[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 a1-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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Table 2. Summary of clinically available type I collagen-based injectable formulations.

Source Manufacturer Product Additives Applications Ref.
Euroresearch S.r.l. Nithya - Integumental [163]
(Milan, Italy)
www.euroresearch.it, accessed on 14 February 2023 Linerase - Integumental [164-167,179]
Nearmedic Italy S.r.l. (Como, Italy) ; g _
wwwisalvecoll.com, accessed on 14 February 2023 Salvecoll-E Integumental (601
Biocollagen gel Type III collagen, bone spongy powder Musculoskeletal -
Equi /pe age: o
quine Biocollagen crunch Type ]L] collagen, bone powder, Musculoskeletal -
one spongy chips
Bioteck Spa ActivaBone CLX gel Bone powder, exur, Vitamin C Musculoskeletal -
(Arcugnano, Italy) AclivaBone Demineralized bone.mat?ix, bone powder, exur, Musculoskeletal _
www.bioteck.com, accessed on 14 February 2023 Injectable Paste Vitamin C
ActivaBone Demineralized bone matrix, bone powder, bone
. A Musculoskeletal -
modulable paste cortical and spongy granules, exur, Vitamin C
ActivaBone Crunch Demineralized bone m.atrlx, bone .pow.der, cortical Musculoskeletal _
and spongy chips, exur, Vitamin C
Bioteck Spa
(Arcugnano, Italy) CHondroGrid - Musculoskeletal [112]
www.bioteck.com, accessed on 14 February 2023
Integra LifeScience Corp. Integra Flowable Wound Matrix Glycosaminoglycans Integumental [88]
(Princeton, NJ, USA)
www.integralife.com, accessed on 14 February 2023 Helitene - Soft tissues [129]
Rofil Medical International (Breda, The Netherlands) Resoplast Lidocaine hydrochloride Integumental -
Suneva Medical
(San Diego, CA, USA) ArteFill Polymethylmethacrylate, lidocaine Integumental [75,77-85]
www.sunevamedical.com, accessed on 14 February 2023
Bovine Datascope Corp., (Montvale, NJ, USA) VasoSeal - Cardiovascular [128]
BioMimetic Therapeutics, LLC (Franklin, TN, USA) {3 -tricalcium phosphate, recombinant human 97 90_
wwwibiomimetics.com, accessed on 14 February 2023 Augment platelet-derived growth factor-BB Musculoskeletal 197,99-111]
KOKEN Co., Ltd. (Bunkyo-ku, Tokyo, Japan) Integumental, 26 87113
www.kokenmpc.co.jp, accessed on 14 February 2023 Atelocell Type lll collagen gastrointestinal (86,87,113,114], NCT01060943
B. Braun
(Crissier, Switzerland) Gelofusine - Cardiovascular [126,127]
www.bbraun.com, accessed on 14 February 2023
Allergan, Inc. Zyplast Glutaraldehyde Integumental [6,76,83,89-92,95,96,98,116,117,119,180]
(Dublin, Ireland) Zyderm - Integumental [6,83,89,90,93,94,118,120,180]
www.abbvie.it, accessed on 14 February 2023 Contigen glutaraldehyde Gastrointestinal and genitourinary [115,121-125]
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Table 2. Cont.

Source Manufacturer Product Additives Applications Ref.
Dental Skin Vitamin C, magnesium gluconate, pyridozine Skin [181]
BioRegulation chlorhydrate, riboflavin, thiamine chlorhydrate
Dental ATM . EY
BioRegulation Hypericum Musculoskeletal [130]
MD-HIP Calcium phosphate Musculoskeletal [131]
MD-ISCHIAL Rhododendron Musculoskeletal [132]
MD-KNEE Arnica Musculoskeletal [133,143,144]
GUNA MD-LUMBAR Hamemelis Musculoskeletal [132,134,135]
(Milan, Ttaly) MD-NECK SiliFio Musculoskeletal -
www.guna.com, accessed on 14 February 2023 MD-SHOULDERS Iris Musculoskeletal [145,146]
MD-SMALL JOINTS Viola Musculoskeletal -
MD-THORACIC Cimifuga Musculoskeletal -
MD-MATRIX Citric acid, nicotinamide Soft tissues [135,136,160]
MD-MUSCLE Hypericum Musculoskeletal [130,132-137,146,160]
MD-POLY Drosera Musculoskeletal -
MD-NEURAL Citrullus Musculoskeletal [132,134,160]
g Ascorbic acid, magnesium gluconate, pyridoxine .
MD-TISSUE chlorhydrate, riboflavin, thiamine chlorhydrate Soft tissues -
Joint Biomaterials S.r.l.
(Mestre, Italy) CartiRegen Fibrin glue Musculoskeletal -
www.joint-biomateriali.it, accessed on 14 February 2023
Ubiosis COLTRIX CartiRegen - Musculoskeletal -
(Gyeonggi-do, Republic of Korea)
www.ubiosis.com, accessed on 14 February 2023 COLTRIX TendoRegen - Musculoskeletal -
Swine i i itami
- Glucose, CaCl, amino acids, vitamin B, Y n -
Sewon Cellontech Co,, Ltd. CartiFill fibrin glue Musculoskeletal [138,139], NCT02539030, NCT02519881
(Seoul, Republic of Korea) CartiZol Glucose, CaCl, amino acids, vitamin B Musculoskeletal [140], NCT02539095
www.sweell.com, accessed on 14 February 2023 RegenSeal - Musculoskeletal
TheraFill - Integumental [86,87]
Sunmax Biotechnology Co., Ltd. (Tainan, Taiwan) Facial Gain Lidocaine Integumental NCT03844529
www.sunmaxbiotech.com, accessed on 14 February 2023 Collagen Implant I - Integumental -
Evolence . .
(Skillman, NJ, USA) Dermicol-P35 Ribose Integumental [2,147-149], NCT00929071, NCT00891774
Mentor Corp. . _ N 5015
(Santa Barbara, CA, USA) Fibrel Integumental [150,151]
Tissue Science Labs. >, _ . . ca 150
(Aldershot, UK) Permacol Gastrointestinal [153-159]
EternoGen, LLC L S -
(Columbia, MO, USA) RPC Pure Collagen Ethylenediamine tetraacetic acid Integumental [67]
Aspid S.A. de C.V.
(Mexico City, Mexico) Fibroquel Polyvinylpyrrolidone Musculoskeletal [161,162], NCT04517162
www.aspidpharma.com, accessed on 14 February 2023
ColBar LifeScience Ltd. (Tel Aviv, Israel) Evolence Ribose Integumental [147,152]

www.ortho-dermatologics.com, accessed on 14 February 2023
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Table 2. Cont.

Source Manufacturer Product Additives Applications Ref.
Fascia Biosystem . . . ira
(Beverly Hills CA USA) Fascian Lidocain Integumental [6,168,171]
Fibrocell Science
(Exton, PA, USA) Isolagen therapy - Integumental NCT00655356
www.fibrocell.com, accessed on 14 February 2023
Inamed Corporation Cosmoplast Glutaraldehyde, lidocaine hydrochloride Integumental [6,169]
Human (Santa Barbara, CA, USA)
www.inamed-cro.com, accessed on 14 February 2023 Cosmoderm lidocaine hydrochloride Integumental [6,169]
Life Cell Corp. Dermalogen Type af\fi VI collagen, elastin, fibronectin, Integumental [170]
(Branchburg, NJ, USA) chondroitin sulfate, and other proteoglycans
g NJ, Cymetra Elascin, glycosaminoglycans, Lidocaine Integumental [6,118,172-175]
yme hydrochloride egu R
Collagenesis, Inc., Autologen Elastin, fibronectin, glycosaminoglycans Integumental -
(Beverly, MA, USA) Dermologen - Integumental [173]
Vesco Pharmaceutical Co. Ltd.
Plant (Bangkok, Thailand) Collagen C 1000 Vitamin C Integumental
www.vescopharma.com, accessed on 14 February 2023
Monoderma
Silkworm (Milan, Italy) Fillagen Hyaluronic acid, carboxymethylcellulose Integumental [178]
www.monoderma.com
Taumed
n.d. (Rome, Italy) Karisma Hyaluronic acid, carboxymethylcellulose Integumental -
www.taumed.it, accessed on 14 February 2023
nd LABO International S.r.1. (Padova, Italy) Fillerina con Hyaluronic acid Integumental _
-d. www.labosuisse.com, accessed on 14 February 2023 3D collagen Y gume
Hebey Mepha Pharm Group Co., Ltd. (Shandong, Hebei, China) >
n.d. www.mephacn.com, accessed on 14 February 2023 Collagen Plus - Integumental -
n.d. erre V. 3 eutroskin itamin ntegumental .
d Plgrrg([T\)/Ial:ll:\tFI;z::\(;z‘;tones N K Vi c Integ 1
Elements Pharmaceuticals S S
n.d. (Shijiazhuang, Hebei, China) www.elementspharma.com, accessed on 14 February 2023 Ele-collagen Vitamin C, Vitamin B6 Integumental -
Globus Medical
n. d. (Audubon, PA, USA) Kinex Bioactive gel Bioglass, hyaluronic acid Musculoskeletal -

www.globusmedical.com, accessed on 14 February 2023
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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. Integumental 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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Tendinitis -

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].
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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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Table 3. Clinical trials details (i.e., participants, injections number, volume and administration time (weeks (w)) and adverse events recurrence on collagen based

injectable formulations for skin rejuvenation from 2000 to 2022.

Collagen Source Equine Swine Bovine Human
g 5
D 3 = = = - = k] £
g % g g 3 E z 6 5 g & %
Product Name = g £ 5 4 & = 3 % g g &
z g b = ] % S = M g g 3
o] A~ = & £ ] S =
A (o) El o
& 3
1 @
Number
) 1 2 2 1 1-2 1-2 2 2 1 1 1 1 n. d. 1 1 2 1 1 3 1-3 1 1 1 1 1 1 1 14 3
Volume = n 15- 15-
Injection (mL) 2-5 22 2 4 n.d. 0.6 1 1 1 n.d. n. d. 30 1 2 2 2.56 n. d. 30 2 1.6 1 n. d. 1.8 2 1 n. d. n.d. 1 n.d.
specifica-
tion Amount n 52— 53— 70— 56—
(mg) 80 77 70 d n.d. 21-42 70 70 35 n.d. n. d. 105 30 60 60 89.6 n. d. 105 210 168 35 n. d. 54 70 35 n. d. n. d. n. d. n.d.
Interval - n n. n n n.
(in. /weeks) 05/w 0.5/w 4 0.5/w 0.25/w 0.04/w  0.25/w n.d. n.d. n.d. n. d. 0.5/w d 4 1/w n.d. n. d. 0.8/w 05/w n.d. n. d. d a4 n.d. n.d. n.d. 0.3/w 0.6/w
Observation 24 48 48 24 32 n.d. 8 1 1 240 18 12 24 48 12 52 48 24 24 12 136 24 48 6 24 6 100 29
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Severe 0 0 149 0 0 0 0 0 0 0 1 0 n. d. 0 0 1 n. d. 0 0 0 0 0 0 0 0 n. d. 0 0 0
i\éi):re n.d. 5 0 16 154 0 0 0 0 38 0 18 n. d. 12 1 0 n. d. 1 n. d. 124 109 n. d. 18 5 1 n. d. 1 42 32
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Pain 9 1 58 58 4
Infection 12 9 1 8
Papule/
v 80 17 14 7 24 391 75 8 1 1 1 4/31 14
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Nodule/ 1 16 369 15 52 1 7
lumpiness
Bruise v 27 1 1 241 66 51 20 1 5
Adverse Edema/
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Hemorrhage 3 10
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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
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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 Improvenr}ent of functlo.na} b.ram Unknown nd. NCT02767817
MCSs recovery in cases of brain injury
Gelofusine Flun?l 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
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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] (NCT01212809) 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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Table 5. Collagen injection specifications (number, volume and time), adverse events recurrence (severe and non-severe) and other details from most recent clinical
trials on musculoskeletal, gastro-intestinal, urinary, circulatory apparatus and others from 2000 to 2022.

Injection Specification

Observation Time

Adverse Events

Applicati i P Participant
pplication Product Disease Nu(::)ber Volume (mL) In];/vl;;me (Weehe) articipants (n) Severe Mild Ref.
1 3-6 1 36 14 0 36 [108]
) 1 6-9 1 12 7 0 0 [110]
Augment Non fused foot and ankle 1 19 1 5 2 0 0 [109] NCT00583375
1 n.d. 1 52 132 75 27 [101], NCT01305356
Arthritis 1 1-9 1 52 394 136 n. d. [102], NCT00583375
Cartifill Knee cartilage 1 1 1 96 52 0 5 [139], NCT02539030
arti Cartilage lesion 1 3 1 6 1 0 0 [138]
CartiZol Osteoarthritis 1 3 1 24 101 0 7 [140]
artiZo Chondromalacia, osteoarthritis 1 n. d. 1 n. d. n. d. n d. n. d. NCT02539095
: . 3 2 24 70 0 3 [142]
ChondroGrid Osteoarthritis 3 6 0.5/w (2w),0.25/w (1 w) 2 20 0 0 [112]
. L. 3 15 1/w 24 n. d. n. d. n. d. NCT04019782
Fibroquel Osteoarthritis 5 2 1/w 24 10 0 nd [182]
Linerase Gingival 3 14 15/w n.d. 18 0 0 [167]
recession
MD-Hip Osteoarthritis 1 2 1 96 24 0 [131]
MD-Knee, MD-Muscle Osteoarthritis 10 n.d. 2/w(2w), 12 30 0 0 [133]
1/w (6 we)
MD-Lumbar, 2/w 2 w)
Musculoskeletal MD-Muscle, Lumbar spine pain 5 20 1/W a w), 6 73 0 0 [134]
apparatus MD-Neural witw.
MD-Knee, MD-Matrix Sprained knee 6 n.d. 2/w 3 10 0 0 [143]
MD-Muscle or MD-Matrix Piriformis 1-3 nd nd nd. 28 0 0 [136]
syndrome
MD-Lumbar, MD-Ischial Chronic pain due to arthrosis, myalgia 1 1 1 10 71 0 0 [132]
MD-Lumbar, . 2/w(2w), -
MD-Matrix Back pain 10 n. d. 1/w (6w) 8 1 0 0 [135]
MD-Lumbar, 2/w2w)
MD-Muscle, Lumbar joint block 9 n. d. 1 /W = W)/ 7 1 0 0 [135]
MD-Matrix whw
MD-Muscle, MD-Neural Muscle pain 1 1 1 10 53 0 0 [132]
MD Shoulder Caleific 4 n.d. 1/w 6 10 0 0 [145]
supraspinatus tendinitis
g M Shoulders 2/w(2w),
MD-Shoulder, MD-Muscle periarthritis 10 n.d. 1/w (6w) 8 22 0 0 [146]
MD Muscle Myofascial pain 2 2 1/w 2 18 0 9 [130], NCT03323567
RegenSeal Plantar fasciitis n.d. n.d. n.d. n n.d. n.d. n.d. NCT02539082
8 Rotator cuff tears 1 1 1 48 62 0 0 [141]
n.d. Rotator cuff tears 4 8 1/w 72 1 0 0 [183]
n.d. Osteoarthritis 1 2 1 24 n.d. n.d. n.d. NCT04998188
Atelocell Vocal folds 1 0.5-1.3 1 12 155 0 0 [114]
teloce] paralysis 1 0.5-13 1 12 40 0 0 [113]
Cymetra Vocal folds 1 1 1 4 8 0 0 [203]
Yy paralysis 1 nd. 1 2 1 1 0 [173]
Dermologen Laryngoplasy 2 n.d. 0.7/w 4 1 1 0 [173]
Fecal 1 15 1 6 28 0 8 [204], NCT01528995
incontinence n. d. n. d. n. d. 48 14 0 0 [155]
Gastro-intestinal 1 n.d. 1 36 1 0 0 [157]
apparatus Permacol Anal fistula 1 nd 1 18 28 0 7 [156]
1 n. d. 1 12 1 0 0 [153]
Rectovaginal fistula 1 n. d. 1 8 1 0 0 [154]
Anorectal
Salvecoll-E fistula 1 2 1 48 70 0 0 [60]
Zyderm Laryngeal 1 0.2-0.5 1 2 7 0 1 [118]
paralysis
Zyplast Laryngoplasy 1 n.d. 1 24 100 0 [116]
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Table 5. Cont.

Injection Specification ob ion Ti Adverse Events
Applicati i i ITi servation Time Partici
pplication Product Disease Number Volume (mL) Inj./Time (Weeks) articipants (n) Severe Mild Ref.
(n) (w)
_ Sphincter 15 24 0.05/w 84 63 0 0 [188]
Contigen lncontllnence
" Urethra 14 14 1 172 58 0 0 [187]
hypermobility
Neurogenic bladder 14 n.d. n.d. 192 20 0 0 [190]
lysfunction
Linerase Ll‘d‘e“ 6 27 2/ Wleeg @w), 8 1 0 1 [165]
urinary system oo /8w
a o]
n.d. ejaculation 2 6 1/year 96 1 0 0 [198]
n. d. Bilateral vesicoureteral reflux 1 25 1 144 1 1 0 [223]
n. d. Stress urinary incontinence 1-2 n. d. 0.25/w 36 40 0 1 [185]
nd Premature 1 nd 1 12 8 0 0 [212], NCT02644447
ovarian failure
n.d. Erectile nd n.d. n.d nd. n.d nd n.d. NCT02745808
disfunction
Blood volume 1 n.d. 1 n.d. n.d. n.d. n.d. NCT02808325
Fluid 1 500 1 nd. n.d nd. n.d. NCT04637308
Gelofusine retention
Circulatory system © ” Severe sepsis. 1 500 1 13 608 n d. n. d. [127], NCT02715466
Abdominal nd. nd nd. nd. nd nd. nd NCT01515397
surgery
Blood volume 1 10 mg/k 1 n.d. 5 0 0 [230], NCT02631356
Blood volume 1 1L 1 4h 12 0 0 [214], NCT00868062
Fibroquel COVID-19 due hyperinflammatory 10 15 14/w ‘(i i?,i?) 12/w 12 45 0 3 [162], NCT04517162
syndrome 7 105 7/w 1 35 0 0 [161], NCT04517162
Flow‘ﬁ;ﬁ""“‘i Hand scar due to severe burns 1 3-6 1 24 8 0 0 s8]
others Helitene Organ protection during ablation 1 10-30 1 12 3 0 0 [128]
Linerase Vitiligo 6 27 0.5/w 12 5 0 0 [164]
MD Neural, MD Matrix, MD Muscle mix Facial nerve palsy 16 13 2/w 8 21 0 8 [160], NCT04353908
n. d. Decompensated cirrhosis n.d. n. d. n.d. n n.d. n.d. n. d NCT02786017
n. d. Brain injury 1 n.d 1 n. d. n. d. n. d. n.d NCT02767817
n.d. Ischemic cardiomyopathy 1 n.d 1 48 50 1, heart failure 0 [226], NCT02635464
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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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