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Abstract

Introduction:

Hyaluronan (HA)-based soft-tissue fillers are injectable crosslinked hydrogels aimed to counteract
facial skin aging signs via minimally invasive procedures. The crosslinking step is required to
drastically improve HA residence time in vivo and provide the gel with specific viscoelastic properties
matching the clinical indications. While HA as a raw material and HA fillers are widely studied, little is

reported about crosslinkers themselves used in commercial fillers.

Areas covered:

This article introduces the specifications of the ideal crosslinker in HA fillers. The properties of
commercially used crosslinkers are reviewed. An up-to-date review of innovative hydrogel fabrication

alternatives is conducted, and advantages and drawbacks are discussed.

Expert opinion:

HA fillers are predominantly manufactured using 1,4-butanediol diglycidyl ether (BDDE) which is
considered as the gold standard crosslinker worldwide due to its proven and unrivalled clinical track
record of more than 20 years. Extensive studies have been published covering BDDE-crosslinked HA
fillers’ chemistry, gel properties, and clinical effectiveness and safety. However, new hydrogel
fabrication strategies have emerged, paving the way for innovative alternatives potentially bringing
novel features to HA fillers. Nevertheless, major efforts must still be implemented to assess their

safety, efficacy, stability and suitability for industrialization.

Keywords: Hyaluronan soft-tissue fillers, crosslinker, hyaluronic acid, hydrogel, skin fillers, injectable

gels



Article Highlights

e To manufacture HA fillers, crosslinkers should meet a drastic list of chemistry, stability and
safety requirements due to the highly regulated domain of implantable medical devices. As a
result, only a limited range of candidates are currently used industrially.

e 1,4-butanediol diglycidyl ether is by far the gold standard crosslinker with unrivalled
published scientific and clinical data proving the efficacy and safety of BDDE-crosslinked HA
fillers.

e New HA hydrogel fabrication routes are emerging, mostly at the laboratory scale,
anticipating milder (preservation of HA chains) and more efficient ways to manufacture HA
fillers, while potentially bringing innovative features to the gel network such as new
viscoelastic properties, and thus new product indications.

e These innovative routes of HA hydrogel fabrication require extensive, time-consuming
(several years) and costly toxicological, biocompatibility, and stability assessments of final
products prior to human use.

e While HA filler manufacturers currently provide practitioners with ready-to-use HA gels, new
alternatives foresee the use of easy-to-inject pre-gel solutions which form a gel directly in

situ.



1. Introduction

The use of injectable soft-tissue fillers has become increasingly popular in aesthetic medicine
because it offers an opportunity for facial rejuvenation, as well as plastic and reconstructive
improvements via minimally invasive procedures [1-4]. As long-term resorbable implantable gels,
they are classified as class Il medical devices by most Regulatory Authorities. Fillers are substances
that are injected within or beneath the skin layers in order to restore lost volume, smooth lines,
soften creases, or enhance facial contours. The earliest forms of fillers included permanent silicone
or polymethacrylate implants (the former having been withdrawn in several countries by competent
bodies), and resorbable collagen-based fillers [2,5,6]. The use of these products has raised safety
concerns due to side effects such as overcorrection, inflammatory responses such as late-onset
granulomatous reactions [7], and the need for prior allergy testing. This has therefore led to the
search for safer soft-tissue fillers [5,8,9]. More recently, Hyaluronic Acid (HA)-based gels have
become the gold standard for soft-tissue filling, thanks to their long safety records, biocompatibility,
and low toxicity and immunogenicity profiles, as well as their versatility of applications in

biomedicine and hydrogel design [10].

HA is a linear, naturally occurring polysaccharide, belonging to the class of biochemical compounds
referred to as glycosaminoglycans. It is one of the primary components of the extracellular matrix
and is notably found in synovial fluids and epithelial and connective tissues of vertebrates [11,12]. A
70 kg human body endogenously contains about 15 g of HA and approximately half the quantity is
found in skin layers [13,14]. Its primary structure consists of a repeating carbohydrate sequence: [D-
glucuronic acid B(1—>3) N-acetyl-D-glucosamine B (124)], [15]. Owing to its high molecular weight, it
exhibits many unique physicochemical and mechanical properties, such as regulation of

inflammation, hygroscopicity, and lubrication [11,16]. Error! Bookmark not defined.

Despite its unique biological properties, native HA is known to have poor residence time with a very
short half-life in skin of about 2-4 days, [17,18] as it degrades rapidly by scission of the glycosidic
linkages via the action of endogenous hyaluronidase and reactive oxygen species [19,20]. Moreover,
it has poor elastic properties, limiting its direct use as filler because it is not itself able to lift tissues.
Therefore, there is a need to overcome these limitations by modifying the structure of HA chains,
aiming to obtain HA gels with prolonged residence time and enhanced viscoelastic properties. In fine,
an ideal HA gel should be able to lift tissues in a long-term and reproducible way, easily accompany
dynamic expressions, exhibit good tissue integration and cohesivity, while remaining easy to inject
and biocompatible. One way to achieve these specifications is through chemical modifications and

crosslinking [21]. These result in mechanically and chemically stable materials with improved



viscoelastic properties when compared to the native polymer, but which maintain the
biocompatibility of the raw material and remain resorbable Error! Bookmark not defined.Error!
Bookmark not defined.. Among the different strategies to synthesize a HA gel, the use of
crosslinkers, which are generally small molecules consisting of a spacer and at least two functional
groups designed to bridge HA chains, is the most widely used approach to provide HA with clinically

relevant properties.

Through this review, several questions are approached: what are the ideal crosslinker’s
specifications? Which are the crosslinkers commonly used in HA-based soft-tissue fillers and what are
their properties? And finally, what are the alternatives, their advantages and their drawbacks? This
review is primarily based on a comprehensive review of crosslinking agents used for HA-based fillers.
In order to provide a focused review, innovative alternatives for the design of HA gels were selected
among biomedical applications, but the authors chose to focus on the discussions which are the most

relevant to the clinical practitioner.



2. What are the specifications of the ideal crosslinker?

In HA-based fillers, the crosslinker has a prevailing role of linking HA chains together, thus giving rise
to necessary elastic properties and projection capacity, as well as the property of being long-lasting
properties by slowing the enzymatic degradation kinetics. In order to be effective in the crosslinking
medium, as well as for the crosslink to be stable and safe over time, the crosslinker must meet a

drastic list of requirements reducing the list of eligible molecules.

In terms of chemistry, as HA is highly sensitive to pH or temperature for instance [19], the first
prerequisite is that the crosslinking reaction should occur rapidly and in high yields in mild aqueous
media to limit the degradation of HA and achieve efficient crosslinking. The second requirement is
aqueous solubility. Since the resulting gels are intended for injection, the crosslinking reaction — and
the manufacturing process - must occur, as much as possible, in aqueous solutions to avoid any
traces of organic solvent in the injected gel. Third, the crosslinker must ensure an excellent stability
of the gel ex vivo to ensure a long shelf-life, and therefore the formed bonds - mostly covalent -
should remain stable over a range of storage temperatures. Finally, the amount of crosslinker used in

dedicated manufacturing steps will determine the viscoelastic behavior of the final gel.

In terms of toxicity, the crosslinker, as it must react readily with HA, bears at least two electrophilic
functional groups, which could be an inherent source of cell toxicity of the raw material. Therefore,
the prerequisite for using a crosslinker in an injectable gel is its complete degradation to safe and
inert products under reaction conditions. Any unreacted crosslinker must readily hydrolyze into safe
by-products. The purification steps must eliminate any trace of the crosslinker raw material as well as
its hydrolysis by-products, even if the latter are expected to be far less troublesome. The crosslinking
structure must be metabolized to harmless byproducts during resorption of the gel. Moreover, the

crosslinker should be used in limited amounts.

Finally, in terms of safety, the HA recognition sites (carboxyl moieties), and cleavage sites (glycosidic
bonds) must nonetheless be preserved as much as possible, so as not to completely prevent HA
enzymatic catabolism and thus gel resorption over time, thereby minimizing the risk of delayed
adverse events. Rapid enzymatic degradation is also required in case of emergency (e.g.,
management of vascular occlusion) or remodeling (retouch), using a proper amount of the HA
specific degradation enzyme family: hyaluronidases. Moreover, the crosslinker structure may also
impact gel properties: a polyfunctional crosslinker may lead to a more difficult degradation [22],
whilst a long and hydrophilic crosslinker backbone may result in undesirably large swelling properties

[23].



To date, only a limited number of crosslinkers have met this list of specifications conditioning the

design of safe HA-based fillers. A review of these commercially used crosslinkers is presented.



3. Commonly available chemical crosslinkers for fillers

HA is a polyfunctional biomolecule, and its chemical modifications therefore target the available
functional groups of the disaccharide subunit: one carboxyl group and four hydroxyl groups on the
native HA, or a free amino group which can be accessed by deacetylation of the N-acetyl glucosamine
or two aldehydes produced by oxidative cleavage of the glucuronic acid ring.Error! Bookmark not

defined.

3.1. Brief chronology
1,4-butanediol diglycidyl ether (BDDE, the first linker from the bisepoxide family) was the first
crosslinker to be used in a commercially available HA-based filler. This filler, Restylane, was
introduced in Europe in 1996 and FDA-approved in 2003 and is still sold worldwide [24-26].
Divinylsulfone (DVS)-crosslinked HA fillers Hylaform (HA from rooster comb) and Captique were
introduced on the US market in 2004, while a p-phenylene biscarbodiimide (BCDI)-crosslinked HA
filler Hydrelle (formerly named Elevess) was FDA-approved in 2006; none of these remain on the
market. Diepoxyoctane (DEO, the second linker in the bisepoxide family)-crosslinked HA fillers were
introduced in Europe in 2005 under the name Puragen [27] but are also no longer commercialized.
Finally, polyethyleneglycol diglycidyl ether (PEGDE, the third linker from the bisepoxide family)-

crosslinked HA fillers were recently introduced in Europe in 2012 within the Neauvia product line.

Only BDDE-crosslinked HA fillers are represented today among the approximately twenty HA-based
fillers currently marketed in the US. The same trend is observed among fillers approved on the
Chinese market as of 2019 [28]. Currently in Europe, about 30 international manufacturers
commercialize filler product lines with BDDE as a crosslinker. To the best of our knowledge, only 2

product lines are DVS-crosslinked and 1 product line is PEGDE-crosslinked [29].
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Figure 1. Synthetic pathways of the crosslinking reaction used for the fabrication of commercial soft-

tissue fillers.

3.2. Chemistry
The chemistry of commercially used crosslinkers’ functional groups is detailed in this section, as

summarized in Figure 1.

3.2.1. Bisepoxides
Bisepoxides are a class of chemical crosslinkers for HA in which the epoxide functionalities serve as
electrophiles for the Williamson etherification via ring opening [12]. As mentioned earlier, the
different bisepoxides used as crosslinkers for HA include BDDE, PEGDE, and DEO. Under strong
alkaline conditions (usually at pH 13), bisepoxides react with the hydroxyl groups on the HA chains to
form ether linkages as shown in Figure 1 [30]. Generally, temperatures higher than 40°C over a few
hours of reaction are reported [31,32]. This leads to the modification of hydroxyl groups at different
positions, not necessarily on the primary alcohol [33,34]. The resulting bridge between both HA
chains creates an elastic crosslinked HA hydrogel network. Typically, degrees of modification (MoD),
commonly measured by 'H NMR, are reported between 1 and 10 % for BDDE-crosslinked HA fillers

[35,36], the MoD being defined as the molar ratio of crosslinker to HA disaccharide units. This



parameter represents the total HA modification, although the crosslinker may be either linked to a

single HA strand, or may effectively crosslink two HA chains [36].

3.2.2. Divinyl sulfone
DVS is another crosslinker of interest used to chemically modify the structure of HA into stable three-
dimensional hydrogel networks for various biomedical applications, including soft tissue
augmentation [37]. DVS is a bifunctional electrophile which crosslinks HA in alkaline medium via
ether bond formation between the hydroxyl groups of the HA and the double bonds of DVS via a
Michael-type addition (Figure 1). Under strongly alkaline conditions, the alkaline medium induces the
deprotonation of hydroxyl groups on the HA chains to form alkoxy ions, which react with the electron
deficient vinyl groups of DVS to form ether bonds, resulting in a five-atom sulfonyl-bis-ethyl bridge

between two HA chains [38].

3.2.3. Biscarbodiimide
BCDI can also be used as a bifunctional crosslinker to directly crosslink adjacent HA chains. In this
technique, the carboxyl functionality on the HA main chain is utilized under mildly acidic medium to
form a stable HA acylurea with the biscarbodiimide on both ends in the absence of a nucleophile
(such as amines) or any other polyanionic polysaccharide other than HA itself [39]. The reaction
proceeds by protonation of the carbodiimide, followed by attack of the carboxylate anion on the
carbon atom of the BCDI to form an O-acylisourea intermediate. In acidic medium, the intermediate
then undergoes O-to-N migration to form the more stable N-acylurea depicted in Figure 1. This
reaction is carried out in the presence of a pH buffer usually between pH 4.5 and 5.5. One of the
specifications of this method is keeping the pH of the medium within the required range as
carbodiimides are unstable at lower pH values while the reaction rate is diminished [40]. Since the
rearrangements at both ends of the biscarbodiimide are non-concerted, the O-to-N migration can be
incomplete which would result in a mixture of N-acylurea at both ends, a mixture one N-acylurea and

one O-acylisourea at either end, and O-acylisourea at both ends.

3.3. Manufacturing process related to crosslinkers
3.3.1. Properties of crosslinkers used for marketed gels
Between its functional groups, the crosslinker bears a spacing backbone which has a prevailing role
during the gel manufacturing. Indeed, the solubility of the crosslinker in aqueous media, mainly due
to the spacer physico-chemical properties, must be sufficient to avoid precipitation during
manufacturing and promote efficient chemical bonding with HA. To meet this criterion, molecules
with polar functionality are preferred. For instance, BDDE and DVS both have a LogP of 0.4 conferring

sufficient miscibility in water despite the presence of central butanediol or divinyl chains,



respectively (Table 1). PEGDE is a hydrophilic polymer which has a size distribution (dispersity)
centered around a mean value of several hundreds of daltons, in other words, it is a mixture of
oligomers, which differentiate PEGDE from all the other commercially used crosslinkers. PEGDE has a
negative LogP value which indicates high-water solubility and also an increased capacity to adsorb
water. On the other hand, the less soluble crosslinker is BCDI has a LogP of 2.4. The poor water
solubility of this crosslinker due to the presence of a phenyl ring generally leads to the use of organic
co-solvents during the crosslinking step which requires extensive purification and characterization of

the resulting gel.

Table 1. Summary of the commercially used crosslinkers physico-chemical properties.

Molecule
Molecular weight
Name Chemical Structure LogP® length
(Mw) (g/mol)

(Angstrom)b
1,4-Butanediol diglycidyl o
e e Y Y 202 0.4 14
ether ¥
Poly(ethylene glycol) 1o 1. A Distribution at
vl e -0.8 35°
diglycidyl ether et ’n several hundreds
/0\
1,2,7,8-Diepoxyoctane NN 142 1.5 9
v,
o
Divinyl sulfone S-S 11 0.4 5
p-Phenylene - — g
e G e 214 3.0 6

Biscarbodiimide

®estimated using ALOGPS 2.1 program; ®linear length estimated using Chemdraw program; “for n=7, Mw = 438

g/mol; in extended conformation; effective crosslink length will be shorter; dcrosslinking length N1-N1’

3.3.2. Purification process
Once the chemical modification of HA chains has occurred, the next step involves the purification of
the resulting 3D network. Information about this step is often confidential and specific to each
manufacturer. It is nevertheless of paramount importance to guarantee product safety. Dialysis
remains the gold standard technique to purify HA gels with the use of a semipermeable membrane
to selectively separate unwanted molecules such as crosslinker traces [41]. Another benefit of the
dialysis is regulation of the pH of the hydrogel matrix and the opportunity for ion exchange to
homogenize the ionic strength to obtain isotonic formulations suitable for injection. The

disadvantages of dialysis are its long duration and the large volume of aqueous solution required for



the bath where the gel contained in the membrane is immersed due to the slow diffusion of solutes
within the gel network. Precipitation of the materials with organic solvents may be carried out and
followed by repetitive washing, generally on laboratory scale, to remove unreacted crosslinking
reagents. For instance, PEGDE-crosslinked HA gels might be washed with acetonitrile instead of
water to limit excessive gel swelling as PEGDE-crosslinked gels tend to swell more than BDDE-

crosslinked gels [23].

3.3.3. Shelf life or expiration dating
After the sterilization step, final packaging, and quality controls, release specifications of HA gels
must be stable over time to ensure they can be safely used throughout their shelf-life, i.e., gel’s
properties must remain suitable for their intended use. As medical devices, HA soft-tissue fillers are
required to be labelled with an expiration date that is supported by stability studies determining
product’s shelf-life. It is noteworthy that stability of the final gels depends on the formulation itself
i.e., the stability of the covalently linked crosslinker and on the packaging. Most crosslinked HA fillers
on the market claim a shelf-life of two years upon storage at temperatures ranging between 2 and 25

°C, without remarkable differences introduced by the industrially used crosslinkers.

3.4. Degradation/hydrolysis, metabolism, and toxicity
HA itself has a rapid turnover of 2-4 days in skin [18] due to the activity of a specific family of
enzymes named hyaluronidases [42] and the local production of reactive oxygen species after gel
injection. Crosslinking HA was found to be an effective way to significantly reduce the rate of
degradation of HA and thus to develop long-lasting dermal fillers [43,44]. As a result, crosslinked HA
fillers can last from a few weeks to several months, while remaining nonetheless resorbable. The
preservation of HA natural recognition or cleavage sites during the crosslinking guarantees
resorption of the HA gel over time as well as quick dissolution through hyaluronidase injection in case

of emergency (e.g. vascular occlusion) or of need for retouching.

3.4.1. BDDE / Bisepoxides
The use of BDDE to crosslink HA chains and create an elastic network slows its enzymatic
degradation, presumably by obstructing hyaluronidase access to cleavage sites, but does not prevent
it altogether, since glycosidic bonds remain available for enzymatic cleavage, as they are unaffected

by the covalent ether bond formed between BDDE and HA hydroxyl groups [45].

During the manufacturing process, the epoxide groups, which need to be highly reactive in order to
effectively crosslink HA, bring inherent toxicity to native BDDE as a raw material. According to safety
data sheets provided for BDDE as a raw material, exposure to BDDE may induce irritation and allergic

reactions at greater concentrations than the safety threshold of 2 ppm. As regulated medical device,



fillers are assessed in terms of biocompatibility according to ISO 10993 standard, which requires,
among others, a full biological evaluation including genotoxicity, carcinogenicity, and reproductive
toxicity testing (ISO 10993-3) and evaluation of long-term local tissue effects after implantation (I1SO
10993-6). Residual BDDE is expected to be nearly absent and in any case well below the toxicity
threshold of 2 ppm in the final gel. BDDE readily reacts either with HA hydroxyl groups or with water
of the reaction medium during the crosslinking step. Thus, BDDE which does not react with HA
undergoes fast degradation through hydrolysis under alkaline reaction conditions [46,47]. Eventual
trace amounts of residual crosslinker present after crosslinking will thus continue to hydrolyze later
in the manufacturing process until complete deactivation in the form of hydrolyzed BDDE (a diol-
ether form) which has been shown to be nontoxic and nongenotoxic at the low concentrations met
in fillers [45]. An extensive purification process will nonetheless serve to remove trace amounts of
unreacted BDDE and all other unbound hydrolysis by-products, so that the common acceptable limit
for residual BDDE below 2 ppm is achieved in the finished products. Unless the manufacturer has
poor control over the manufacturing process of a crosslinked-HA gel, there should be no BDDE left
beyond this limit in the finished product. The limit of 2 ppm was originally set as part of Restylane
toxicological assessment [45], which deemed the cancer risk to be minimal for patients injected as
per the product intended use. The rationale was subsequently accepted by the Food and Drug
Administration and the BDDE specification of 2 ppm was extensively re-used for other marketed HA
fillers for minimal cancer risk [48]. As an illustration, open access FDA Summary of Safety and
Effectiveness Data sheets confirm that batch release specifications set by all manufacturers of FDA-
approved HA fillers require a BDDE residual content inferior to 2 ppm. Using novel analytical
techniques, HA filler manufacturers progressively lowered their detection limit below this historical
limit. For instance, a systematic control on every batch of Teosyal RHA® products is performed to
ensure that BDDE, as a raw material, is well below the specification of 1 ppm. In general practice,
Teosyal RHA® products present BDDE residual traces which are below the limit of detection of the

chromatographic method set at 0.2 ppm.

Once implanted in vivo, BDDE derivatives are either crosslinked to 2 HA chains or monolinked to 1 HA
chain, leaving a hydrolyzed and inert pendant form. The ether bonds which are rather stable bonds,
thus providing long-lasting properties to the fillers, can nevertheless be cleaved by a family of
enzymes of the cytochromes P450 family over time [45]. On this subject, an in-depth review of BDDE-
crosslinked HA filler metabolism presents the enzymatic degradation cascade [45]. The sites of the
crosslinker susceptible to degradation are the ether bonds between HA and the reacted BDDE as well

as the ether bonds on the reacted BDDE backbone, resulting in 1,4 butanediol and glycerol, both of



which do not pose any safety risk at observed concentrations and are further naturally eliminated via

the Krebs cycle or by glycolysis, respectively [45].

The other bisepoxides employed in fillers, 1,2,7,8-Diepoxyoctane (DEO) and polyethylene glycol
diglycidyl ether (PEGDE), have similar properties and reactivity to BDDE since the functional epoxide
groups are identical. PEG is used extensively in pharmaceutical sciences to improve drug
bioavailability via nanocarriers or prodrugs. This polymer is known to be eliminated primarily in urine

as is, due to its low Mw, once it detaches from HA.

The toxicity of crosslinkers essentially arise from the reactive epoxide groups which are required to
effectively crosslink HA. As a result, these reactive sites should be effective during the crosslinking
step but then be degraded and eliminated after the purification step, independently of the spacer
linking the epoxide moieties. As an illustration, the DL50 reported on the safety data sheets provided
for current commercially available bis-epoxide crosslinkers, except for PEGDE which was not
available, exhibit very similar toxicities after oral administration to rats, around 1 g/kg. Moreover, a
recent article assessed the toxicity of BDDE and PEGDE directly as raw materials on keratinocytes and
fibroblasts. The authors showed no toxic cellular responses for either crosslinkers at concentrations
below 25 ppm, which represents a concentration 12 times higher than the release specification
usually reported in the literature for dermal fillers [49]. Moreover, manufacturing processes are
increasingly reviewed by authorities and, as analytical methods are getting more efficient, potential
by-products, even obtained under harsh conditions, are systematically monitored [50].
Manufacturers document and evaluate any possible and unwanted molecules through the
development phase of the medical devices design verification and implement release specifications

in line with the regulatory authority if necessary to guarantee a safe final product.

When considering HA fillers in medical practice, the toxicity of BDDE (or other bisepoxides) as native
crosslinker is thus-a much less relevant consideration than that of reacted/hydrolyzed forms

effectively presentin the final gel, along with their released metabolites.

3.4.2. Divinyl sulfone
DVS, as a raw material, was proven to be toxic with a IC50 on human colorectal carcinoma cells of 34
UM due to protein alkylation and protein crosslinking [51]. The safety data sheet of this crosslinker
shows a lower DL50 than bisepoxides, around 30 mg/kg after oral administration in rats. No
minimum acceptable limit for residual DVS has been reported in the literature, but one can expect a
lower threshold than for BDDE. Once reacted, DVS forms a diethyl sulfone group which did not cause

any toxicity up to 10 mM in human colorectal carcinoma cells [51].

3.4.3. Biscarbodiimide



The BCDI crosslinker has received limited attention in the literature [52], and no toxicological data
are available to the best of our knowledge. The main specificity of BCDI compared to bisepoxides or
DVS is the location of its reaction site on HA carboxyl moieties forming an amide bond. Since the
anionic carboxyl groups play a significant role in the charge/hydrophilicity of the HA chains and their
biological recognition by hyaluronidase [53], modifying COO- moieties by ester or amide functions
reduces the enzymatic degradation of HA chains proportionally to the degree of modification
[11,53,54]. As a result, a limited amount of this crosslinker should be employed in the manufacturing
of HA gels in order not to prevent their enzymatic degradability in case of an adverse event.
Moreover, acylurea bonds are known to be less stable than ether bonds, thus the shelf-life stability

of BCDI-crosslinked gels should be weaker than those met with bisepoxides and DVS-crosslinked gels.

3.5. Clinical and post-market surveillance data
In the US only, in 2019, minimally-invasive cosmetic procedures involving hyaluronic acid soft-tissue
fillers reached more than 2.6 million injections as reported by the American Society of Plastic
Surgeons [55]. Based on data extracted from clinicaltrials.gov on September 2020, more than 130
fully completed clinical trials evaluating the efficacy and safety of BDDE-crosslinked HA fillers have
been reported, covering a large variety of indications. Overall, this represents about 12,000 patients
worldwide enrolled in these trials, covering the whole panel of Fitzpatrick skin phenotypes and a
broad range of ethnicities (The trials were selected using product names of HA-based soft-tissue
fillers as key words. All conditions which did not imply aesthetic purposes were excluded). Given that
clinical studies, particularly investigator-initiated trials or post-market follow-up studies, are not
systematically recorded on databases, the actual number of trials and population sizes remain largely

underestimated.

Wang et al. performed a systematic review and meta-analysis evaluating effectiveness and safety of
HA fillers with lidocaine for the treatment of nasolabial folds (NLF), which has been one of the first
treatment target of HA fillers and continue to be a “market-entry” indication [56]. They selected and
analyzed 10 randomized clinical trials, gathering 723 patients injected with BDDE-crosslinked HA
fillers. Beyond the evaluation of filler effectiveness, safety records were systematically reported.
Regardless of the gel formulation, the investigators mainly reported common and mild adverse
events such as swelling, erythema, bruising, itching, and induration [56]. In another indication,
Stojanovic et al. conducted a similar systematic review of the effectiveness and safety of BDDE-
crosslinked HA fillers for lip augmentation [57]. Based on data from 3965 patients enrolled in 22

clinical studies, HA turned out to be both effective and safe for lip fullness treatments, eliciting



mostly mild and transient reactions at injection sites (swelling, contusion, bruising, pain, redness and

itching).

While these minor and local reactions represent the majority of side effects emerging upon HA filler
treatment, more serious adverse events (SAE) have been reported such as hypersensitivity reactions,
late-onset inflammatory reactions (including granulomas), infections, or vascular compromises [58].
None of these AE were ever proven to be related to residual traces of the HA-crosslinking agent.
Hypothetical causes rather include immune or inflammatory responses directed against anaesthetics
included in the formula (cases of immediate reactions), or against HA degradation products released
over time (case of delayed reactions), and — for vascular compromise - improper injection techniques

causing a vessel occlusion. [59-61].

To the best of our knowledge, only one clinical trial involving 74 patients injected into their nasolabial
folds with a DEO-crosslinked HA filler on the one side, and with a DVS-crosslinked HA filler on the
contralateral side, has been reported [62]. In spite of discrepancies in product effectiveness, both
fillers induced comparable side effects in approximately 90% of subjects, which consisted in mild to
moderate and short-lived reactions such as swelling, redness, itching, pain and hardening. Despite
extensive clinical and scientific databases search, no clinical trial pertaining to PEGDE-crosslinked HA

fillers could be retrieved.

As for other categories of crosslinkers, only one clinical trial evaluating a biscarbodiimide-crosslinked
HA filler in 100 patients was retrieved on clinical trial.gov (NCT01147172), which reported mostly
expected treatment reactions (e.g. injection site discoloration, induration, nodule, erythema etc.)
and no serious adverse event. Finally, 6 clinical trials evaluating aesthetic treatments performed with
DVS-crosslinked HA fillers in 370 patients were identified, including the aforementioned split-face
trial with a DEO-crosslinked filler on the contralateral side. One other study (NCT00444626) had
posted results on clinicaltrials.gov, which suggested that the biscarbodiimide-crosslinked filler had a
similar safety profile as the control BDDE-crosslinked filler, as evaluated following spit-face injection

in the NLF of 140 patients.

Though this is not an exhaustive selection as not all clinical trials are duly reported or published, it
provides a large quantity and high-level of evidence of the clinical safety of BDDE-crosslinked HA gels,
based on data gathered throughout their 25-year period of use. Albeit more scarcely evaluated,
commercially available HA fillers manufactured with alternative crosslinkers seem to present

comparable safety profiles.



4. Alternatives

Finding innovative approaches to preparing HA-based hydrogel networks that respect regulatory
requirements to manufacture safe and clinically relevant products is a significant challenge for the
soft-tissue filler industry. Many reviews have been recently published about different strategies to
crosslink HA, proving that a broad range of techniques already exist to fabricate HA networks.
Nonetheless, the spectrum of conditions and linkers used in the industry of soft-tissue fillers remains
very narrow, in part because of the lack of long-term safety record of alternatives [10,16,63]: Any
novelty must be submitted to extensive time and cost-consuming biocompatibility and stability

studies as well as toxicological assessments.

The strategies can be divided into three categories (Fig. 2): 1) direct crosslinking of native HA is the
most straightforward approach, which is the currently employed method in the soft-tissue filler field.
2) A second approach is to modify the HA chain first, either by deacetylation to liberate the free
amine, by oxidation to free up a dialdehyde functionality, or by modification with a linker bearing
new functional groups. It is still necessary to remove all residual traces of the crosslinker plus the
modifying linkers but there are considerable process advantages to this approach such as crosslinking
in milder conditions or bringing new functionalities to the hydrogel network. 3) Finally, a crosslinker-
free approach using the conjugation technique consists in crosslinking two samples of HA which are
previously derivatized with different groups and can then react with each other under mild

conditions.

Figure 2 also represents the different chemical routes which may be employed for the fabrication of
HA hydrogels highlighting the limited area of crosslinkers used in commercial fillers. The main
differences between the different approaches reside in process issues and delivery methods rather
than in toxicity since the functional groups are often identical. In all cases, the active functionalities
have to be completely depleted during the reaction, and any traces of unbound reagents can be
removed completely from the final gel thanks to extensive purifications. However, the metabolic
fate of the crosslinked structure during resorption of the filler will have to be considered and

thoroughly studied.
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Figure 2. Summary of the HA hydrogel fabrication strategies (A) starting from native HA and a
crosslinker, (B) starting from a modified version of HA and a crosslinker, and (C) using the conjugation

technique.

4.1. Covalent crosslinking of native HA
In order to design new crosslinkers for native HA, based on what is currently marketed by

manufacturers, two directions are possible: changing the crosslinker functional groups to use new



chemical routes (Fig. 2A) or changing the crosslinker spacer to modify the physico-chemical
properties of the molecule as well as its functionality. As observed in Table 2, a limited number of
condensation reactions have been reported in the literature as an alternative to etherification by
epoxide opening. Beyond the very classical crosslinking with glutaraldehyde, which toxicity and non-
specificity make it inappropriate for skin filler applications, crosslinking of the alcohol groups with a
maleic anhydride copolymer was reported by Larrafieta et al. [64]. Alternatively, Huin-Amargier et al.
reported the nucleophilic esterification of the HA carboxylate groups with tetraethyleneglycol bis
toluenesulfonate [65]. Finally, de Nooy et al. reported an elegant crosslinking process by in situ Ugi
multicomponent reaction [66]. Nonetheless, there is still considerable room for innovation, even

though innovative crosslinkers are rarely commercially available.

The second approach is to modify the structure of the spacer group. Optimizing the length and
polarity of the spacer can impact the properties of the gel, although no systematic study of the effect
of crosslinker structure on gel properties seems to have been reported. The various efforts using the
oligomeric and hydrophilic PEG chain have been mentioned above and a PEGDE-crosslinked HA filler
product line has recently been marketed, exhibiting high hygroscopicity and compared to BDDE-
crosslinked gels [23]. In addition, Khaleghi et al. have reported the use of polydimethylsiloxane-
diglycidyl ether, a hydrophobic crosslinker, which should be preliminary dissolved in organic solvent

(DMSO) before crosslinking [67].

Each of these crosslinkers raise interesting advantages and challenges from the process point of
view, yet in all cases, the principal issue to be considered in medical practice remains the metabolic
fate of the crosslinker during resorption. The three key rationales for developing new crosslinkers for
native HA are thus: (1) improving the physical properties of the hydrogel filler; (2) improving process
issues, including reaction conditions, crosslinker solubility, and purification conditions, the latter
being a necessarily time-consuming and costly step of the process; (3) improving the metabolic fate
of the crosslinker and crosslinking residues. The perfect crosslinker would add useful properties to
the gel, be perfectly water soluble, react under mild conditions, be easy to extract from the gel, and

be metabolized though well-known and non-toxic pathways.
4.2 Crosslinking of modified HA

Alternatively, it is possible to modify HA prior to crosslinking in order to reveal new reactive
functional groups, with advantages such as high vyields, high selectivity of the complementary
functional groups, the rapidness of crosslinking, or the use of milder crosslinking conditions to better

preserve HA chains (Fig. 2B).



For example, oxidative cleavage of the glucuronic acid ring with periodate reveals two aldehyde
groups, and Schiff-base formation was successfully used to fabricate HA gel networks using adipic
dihydrazide (Table 2) [68]. Another possibility is to covalently derivatize the HA chains with
functionalities that react under mild conditions with various crosslinkers. Amines, phenols,
maleimides, alkenes, dienes, and strained alkynes have been covalently bound to HA, and these
functionalities have been crosslinked by specific enzymatic, traditional, and click-chemistry reactions
(Fig. 2B). Moreover, the crosslinking step can be utilized to incorporate covalently attached
functional molecules such as peptides in the gel structure, thereby bringing new functionalities to the

implant such as cell adhesion through RGD (Arginylglycylaspartic acid) peptide [69].

Physical, non-covalent crosslinks are also widely used in hydrogel fabrication, the main drawback
being the long-term stability of the gel compared to covalent crosslinks. Several studies took
advantage of strong inclusion complexes formed by cyclodextrin macrocycles and adamantane via
guest (adamantane)-host (cyclodextrin) interactions, giving rise to strong supramolecular (non-
covalent) bonds [70,71]. Cyclodextrin, a sugar cycle similar to a barrel, has a hydrophobic cavity able
to form strong interactions with hydrophobic guests such as adamantane [10]. For instance,
Kovacevic et al. synthesized a cyclodextrin-modified HA gel thanks to the inclusion of a di- or

trifunctional adamantane-terminated crosslinkers [72].

Although the crosslinking step can occur under milder conditions, the main challenges of these
approaches remain the preliminary modifications of HA chains required to permit reaction of these
new crosslinkers, which can be difficult to implement industrially without using toxic reagents,
solvents, or catalysts which will demand drastic purification steps and meticulous analytical methods
to monitor their elimination in finished goods. Crosslinkers are also often non-commercially available
and may be difficult to produce industrially. Modified HA and new crosslinkers would also constitute
new raw materials for Regulatory Authorities thereby implying safety evaluation. Moreover, little is
known about reaction by-products, degradation products or metabolites of such structures, or on the

long-term stability and toxicity thereof, thus limiting their immediate use in commercial products.



Table 2. Review of different covalent crosslinking strategies to fabricate HA gels. Conjugation

techniques as well as physical crosslinking are not reported.

Class of Type of reaction HA modification Crosslinker Reagents/catalysts Remarks Referen
reaction ces
Condensation  Hemiacetal/acetal native glutaraldehyde Acetone/water Toxic crosslinker [73]
formation mixture at RT for 24
h

Etherification native Polydimethylsilox at 25 °Cor 37 °C for PDMS, being hydrophobic, is [67]
ane diglycidyl 2h added using DMSO
ether (PDMSDE)

Esterification native Gantrez S97, acid none Solvent-free: solutions were [64]
form of dried over at least 48 h, then in
methylvinylether anoven at80°Cfor24 horina
and maleic microwave for 1 h at 1000 W.
anhydride Subsequently swelled in water
copolymer for 5 h at RT

native PEG ditosylate HA hydrophobized [65]
for reaction in DMSO

Amidification NHS-activated HA PEG diamine EDC, pH 5.4 at RT [74]

Activated CPMI- Diamino propane HA hydrophobized Crosslinking occurring in organic [75]
HA with TBA, CPMI in solvent, subsequent washing in

DMF at 0°C with solvents and water

triethylamine
EDC-activated HA adipic dihydrazide pH 3.5-4.75 [76]

Ugi condensation Native Diisocyanide pH 3.5-4 at RT Require 3 reagents besides HA [66]
formed in situ
with
diaminopentane,
formaldehyde and
cyclohexylisocyani
de

Schiff base hydrazone Oxidized HA adipic dihydrazide sodium periodate, sodium periodate to create [68]
phosphate buffer at aldehyde reactive moieties
room temperature
Enzymatic transglutaminase Peptide-modified 8-arm PEG factor Xllla in reaction of the formation of [77]
enzymatic reaction HA derivatized macromer bearing  presence of calcium fibrin clot occurring during blood
with the residue a lysine donor ions. coagulation
glutamine peptide
Phenol coupling Tyramine- diphenol horseradish favorizing cell adhesion thanks to [69]
modified HA crosslinker peroxidase in RGD
bearing a RGD presence of
peptide hydrogen peroxide
Click thiol-ene reaction Norbornene- dithiothreitol photoinitiator [78]
chemistry modified HA irgacure using UV
light irradiation
UV light and lithium To add viscoelasticity to the gel, [79]
acylphosphinate cyclodextrin, attached to HA, was
photoinitiator physically linked to an
adamanatane thiolated peptide
Diels-Alder Furan- modified PEG-bismaleimide In phosphate buffer The resulting adduct for an [80]
HA alkene which can be further
modified using thiol-ene reaction
azide-alkyne cyclooctyne- 4-substituted PEG at37°Cin Cyclooctyne was used to avoid [81]



modified HA azide crosslinker physiological the presence of copper catalyst

medium

4.3 Conjugation technique of derivatized HA

Many different studies highlighted the gelation of HA without the need for crosslinkers, using the
conjugation technique [10]. The reacting functional groups are similar to the ones used in
HA/covalent crosslinker systems, but this time, both functional groups are directly borne on HA
chains (Fig. 2C). A prerequisite of this technique involves the derivatization of native HA chains with
reactive functional groups. The HA chain derivatives may self-react under specific conditions to form
a gel, such as methacrylate-derivatized HA chains which photopolymerize using UV light and a
photoinitiator [82], or may react thanks to the simultaneous mixing of two modified HA chains
bearing the reactive and complementary functional groups. The advantages of such reactions are
mainly: 1) the ability to crosslink the HA chains in milder conditions 2) the absence of a crosslinker
that must be washed from the gel and 3) the use of a new variety of functionalities on HA potentially
bringing new viscoelastic or biological behavior to the final gel network. The same drawbacks than

covalent crosslinking are foreseen with respect to the preparation of the derivitized HA.

Interestingly, this gelation process may occur directly in situ [83,84]. For instance, the practitioner
would mix the pre-gel mixture before injection or simultaneously inject the solutions using a dual-
barrel syringe injection with modified HA solutions forming a gel once implanted. The main
advantages are the ease of injection of HA derivatives solutions instead of gels which may lower the
extrusion force and the faster purification process of modified HA solutions compared to gel
networks, thanks to a higher diffusion of undesirable molecules. However, main drawbacks might be
the lack of control over the gelation process and resulting viscoelastic properties, inducing potential
safety issues and/or loss of effectiveness for a given clinical application, the toxicity of the unreacted
reactive moieties in vivo since the crosslinking may not be fully achieved with no possible
purifications, and the future of the potentially released reactive moieties. This technique may also
require high amount of HA modifications to improve the reactivity of the compatible functional

groups in complex in vivo environments to achieve relevant viscoelastic properties.

These innovative routes for HA crosslinking pave the way to brand new HA filler materials with
tunable viscoelasticity, self-healing properties, and enhanced adhesion to surrounding tissues,
potentially manufactured using greener and safer raw materials. The duration of in vivo clinical effect

could be fine-tuned by modifying enzymatic recognition sites [53] or by the addition of hyaluronidase



inhibitors embedded in gels [85]. A special attention is nevertheless the capacity to still allow a
prompt and complete filler dissolution, if needed to resolve safety issues or correct aesthetically

displeasing outcomes.

Extensive preclinical studies are nevertheless required to ensure the long-term stability,
biocompatibility and efficacy of such systems, especially regarding the ultimate fate of the reactive
sites and the potential metabolites released in vivo after resorption. Our team is currently working

on another review of literature dealing with conjugation methods to create HA-based gels.

5. Conclusion

Crosslinkers currently used in commercial HA fillers represent a small part of the whole spectrum of
available options for chemically bonding HA chains. This is partly attributable to the challenging
regulatory journey required for bringing new fillers on the market, encouraging manufacturers to rely
on materials and processes that are well-known to the evaluators. The main reasons for using DVS or
bisepoxide crosslinkers, more specifically BDDE, are the associated one-step crosslinking reaction on
native HA which does not require additional chemicals and more than one purification step, the vast
range of product indications which are already covered by fillers manufactured with such processes,
and their proven safety track record. Implementing a new HA hydrogel fabrication strategy is one of
the new challenge filler manufacturers are now facing to bring novelty to the market. New
viscoelastic properties, milder crosslinking conditions to preserve HA chains, new biomechanical
features are among the novel opportunities. However, innovative products require extensive
stability, biocompatibility and clinical studies lasting several years to meet the highest standards.
Indeed, the existing innovative alternatives to traditional crosslinkers are nowadays mostly confined
to laboratory research thus little is known about the long-term stability of resulting hydrogels, or on
their toxicity profile. However, we can expect some of these innovations to reach the market in due

course.



6. Expert opinion

These expert commentary and five-year-view sections were written by Teoxane SA’s R&D

Department, Teoxane being a leading company in HA-based soft-tissue fillers.

BDDE is nowadays the standard crosslinker of HA for its use in fillers in aesthetic medicine. This
crosslinker brings significant advantages. First, the biocompatibility of BDDE-crosslinked HA gels
needs to be extensively demonstrated by manufacturers through biocompatibility and safety studies
conditioning regulatory approvals. BDDE-crosslinked HA was proven to be safe based on more than
25 years of clinical experience, with a rising number of injections carried out each year worldwide.
Besides, BDDE readily reacts with HA to form a gel network by forming inactive and non-toxic ether
covalent bonds with HA. As a result, HA chains are ether-linked by an inert diol molecule which is no
longer BDDE. During the crosslinking step, unreacted BDDE promptly hydrolyzes into an inactive diol
form which is further eliminated by purification steps. BDDE residual traces are either undetectable
in the final gel formulation or at least below the reported safety limit. It is important to note that the
crosslinker as a raw material must be reactive to effectively react with HA and may present toxicity if
tested as a reactive raw material. Nevertheless, this form remains active on a very limited period, the
time needed to manufacture the gel, and is subsequently eliminated through purification steps. It is

therefore of limited relevance to the medical practitioner and the patient.

In addition, the use of BDDE does not have significant drawbacks. Treatment-related side effects
following a HA filler injection are rather linked to the procedure than to the presence of BDDE.
Indeed, adverse events are relatively rare regarding the invasiveness of the procedure and the
growing number of procedures carried out every year [55]. Crosslinking HA with BDDE guarantees
long-lasting effectiveness without jeopardizing filler resorption. Clinical studies evaluating BDDE-
crosslinked HA fillers demonstrated their safety and efficacy at improving various facial aesthetic
features with natural-looking results. In the domain of HA fillers, BDDE features an unrivalled number

of clinical studies, historical safety records, and number of products approved on the market.

Through fine-tuning of the HA crosslinking reaction parameters, BDDE, among other process
parameters, provides manufacturers with numerous opportunities to obtain and adjust fillers
properties, in particular their viscoelasticity, to meet very specific clinical needs and indications.
Moreover, BDDE-crosslinked HA gels may be injected without a massive gel swelling due to their

rather low propensity to absorb water.

Some efforts have been made to use other crosslinkers. However, in the worst case these attempts

have resulted in preclinical, clinical, or commercial failures. In the best case, they could not



outperform BDDE and its safety and efficacy records. Nevertheless, this does not preclude the

prospection for alternative crosslinking solutions. This could even represent an opportunity for

manufacturers to extend the scope of HA hydrogels to innovative applications, new indications, and

improved gel properties.

We, Teoxane, as a market reference in the domain of HA-based soft-tissue fillers, believe in the

following changes regarding crosslinkers employed in the manufacturing of fillers in the future:

a better similarity with natural unmodified HA by lowering crosslinking rates (or HA degrees
of modification) with the goal to achieve clinically relevant viscoelastic properties by
adapting manufacturing processes, as initiated with Teosyal RHA® products manufactured
with a low degree of HA modification while being resilient, cohesive, long-lasting, and more
malleable gels [35].

the use of new effective linkers or conjugation techniques usable in mild crosslinking
conditions to preserve HA chains even better. The unreacted residues, by-products,
metabolites, as well as the stability will have to be meticulously monitored. As the
development timeline is very long, we may expect several patents on this subject coming in
the next five years.

the use of crosslinkers or conjugated moieties that can bring an ancillary action to the filler,
such as interesting features to the gel in terms of mechanical properties, and/or biological

accessory activities.

Besides the scientific challenge to bring innovation on the market, substantial efforts must be done

both evaluating the safety and the performance of new fillers.
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Crosslinkers used in Soft-Tissue Fillers
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Fig 1. Synthetic pathways of the crosslinking reaction used for the fabrication of commercial soft-
tissue fillers.
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Figure 2. Summary of the HA hydrogel fabrication strategies (A) starting from native HA and a

crosslinker, (B) stating from a modified version of HA and a crosslinker, and (C) using the conjugation
technique.
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Table 1. Summary of the commercially used crosslinkers physico-chemical properties.

Molecule
Molecular weight
Name Chemical Structure LogP? length
(Mw) (g/mol) )
(Angstrom)
1,4-Butanediol diglycidyl A
'\_//’\\0/"‘\/”*\/0 ~ 202 04 14
ether o
Poly(ethylene glycol) [ o, A Distribution at
Al i -0.8 35°¢
diglycidyl ether ° ’n several hundreds
)
1,2,7,8-Diepoxyoctane N 142 1.5 9
Y
o
Divinyl sulfone S-S 11 0.4 5
o
p-Phenylene — — J
M=o ) 214 3.0 6
Biscarbodiimide

®estimated using ALOGPS 2.1 program; ®linear length estimated using Chemdraw: program; “for n=7, Mw = 438

g/mol; in extended conformation; effective crosslink length will be shorter; dcrosslinking length N1-N1’



Table 2. Review of different covalent crosslinking strategies to fabricate HA gels. Conjugation

techniques as well as physical crosslinking are not reported.

Class of Type of reaction HA modification Crosslinker Reagents/catalysts Remarks Referen
reaction ces
Condensation  Hemiacetal/acetal native glutaraldehyde Acetone/water Toxic crosslinker [66]
formation mixture at RT for 24
h

Etherification native Polydimethylsilox at 25 °Cor 37 °C for PDMS, being hydrophobic, is [60]
ane diglycidyl 2h added using DMSO
ether (PDMSDE)

Esterification native Gantrez S97, acid none Solvent-free: solutions were [57]
form of dried over at least 48 h, then in
methylvinylether anoven at80°Cfor24 horina
and maleic microwave for 1 h at 1000 W.
anhydride Subsequently swelled in water
copolymer for 5 h at RT

native PEG ditosylate HA hydrophobized [58]
for reaction in DMSO

Amidification NHS-activated HA PEG diamine EDC, pH 5.4 at RT [67]

Activated CPMI- Diamino propane HA hydrophobized Crosslinking occurring in organic [68]
HA with TBA, CPMI in solvent, subsequent washing in

DMF at 0°C with solvents and water

triethylamine
EDC-activated HA adipic dihydrazide pH 3.5-4.75 [69]

Ugi condensation Native Diisocyanide pH 3.5-4 at RT Require 3 reagents besides HA [59]
formed in situ
with
diaminopentane,
formaldehyde and
cyclohexylisocyani
de

Schiff base hydrazone Oxidized HA adipic dihydrazide sodium periodate, sodium periodate to create [61]
phosphate buffer at aldehyde reactive moieties
room temperature
Enzymatic transglutaminase Peptide-modified 8-arm PEG factor Xllla in reaction of the formation of [70]
enzymatic reaction HA derivatized macromer bearing  presence of calcium fibrin clot occurring during blood
with the residue a lysine donor ions. coagulation
glutamine peptide
Phenol coupling Tyramine- diphenol horseradish favorizing cell adhesion thanks to [62]
modified HA crosslinker peroxidase in RGD
bearing a RGD presence of
peptide hydrogen peroxide
Click thiol-ene reaction Norbornene- dithiothreitol photoinitiator [71]
chemistry modified HA irgacure using UV
light irradiation
UV light and lithium To add viscoelasticity to the gel, [72]
acylphosphinate cyclodextrin, attached to HA, was
photoinitiator physically linked to an
adamanatane thiolated peptide
Diels-Alder Furan- modified PEG-bismaleimide In phosphate buffer The resulting adduct for an [73]
HA alkene which can be further
modified using thiol-ene reaction
azide-alkyne cyclooctyne- 4-substituted PEG at37°Cin Cyclooctyne was used to avoid [74]



modified HA azide crosslinker physiological the presence of copper catalyst

medium






