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Abstract: Fillers based on crosslinked hyaluronic acid (HA) are becoming increasingly important
in the field of aesthetic medicine, for example for treating wrinkles or for volumizing purposes.
However, crosslinking agents are usually associated with toxicity and adverse reactions. The aim
of this study is the development of an innovative technology to manufacture high performance
HA-based fillers using minimal amounts of crosslinking agent. In this work, new fillers based on
HA, functionalized with different amounts of 1,4-butanediol diglycidyl ether (BDDE) (degree of
modification ranging between 3.5% and 8.8%) and formulated with a lactose modified chitosan (CTL),
were investigated. The relative quantities of these polymeric building blocks in the formulations were
20-25 and 5 mg/mL for HA and CTL, respectively. Due to its cationic nature, CTL could interact with
the anionic HA and enhance the elastic properties of the filler. Fillers manufactured with this novel
technology (HACL-CTL) were characterized and compared with several fillers available in the market.
In particular, resistance against hyaluronidase, swelling, cohesivity and rheological properties were
investigated. Cohesivity, resistance to hydrolysis and swelling of HACL-CTL were comparable to
commercial products. However, HACL-CTL fillers showed excellent elastic performance that reached
94% of elasticity in response to shear stresses. Surprisingly, these fillers also showed a resistance to
compression higher than that of currently marketed products, making them very promising for their
lifting effect.
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1. Introduction

Hyaluronic acid (HA) is a linear polysaccharide abundant in skin and connective
tissues composed of N-acetyl-D-glucosamine and D-glucuronic acid linked by alternating
-(1,4) and B-(1,3) glycosidic bonds. Hyaluronic acid-based dermal fillers are commonly
used in aesthetic medicine because of their biocompatibility, biodegradability and non-
immunogenicity [1]. The half-life of linear HA in the skin is about 12 h because of its rapid
degradation by the enzyme hyaluronidase and by reactive oxygen species (ROS) [2,3]. To
improve its resistance to hydrolysis, HA is cross-linked by different strategies [4], so that,
once injected into the tissues, the filler can last for months or over a year [5]. The most
widely used cross-linker is 1,4-butanediol diglycidyl ether (BDDE) [6,7] because of its safety
at low concentrations. The epoxy groups of BDDE in alkaline conditions react preferentially
with the primary hydroxyl group in the HA backbone, thus forming an ether bond [6].

The degree of cross-linking affects not only the stability, but also the rheological
properties of the filler, like viscosity, viscoelasticity and cohesivity. Viscosity plays a key
role during the injection of the filler because the lower the viscosity, the easier it is to
extrude the gel through a needle. Furthermore viscosity, together with cohesivity, affects
the tendency of the gel to remain at the injection site or to spread into the tissues. For
these reasons, a dermal filler should preferably have high viscosity at low shear forces
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and low viscosity at high shear forces [8,9]. Viscoelastic properties are fundamental for
dermal filler applications and aesthetic medicine specialists prefer to use different types of
fillers for each area of the face, based on their characteristics: no product is suitable for all
types of applications [10]. While the viscous modulus (G') describes the viscous character,
the elastic modulus G/ is related to the ability of the gel to recover its shape after a shear
deformation; this elastic response to stresses is essential for applications in areas of the face
that are particularly stressed by the facial muscles [11,12]. For example, fillers with low
elastic modulus (G’) are suitable for the treatment of superficial wrinkles, while fillers with
higher G’ are more suitable for the treatment of deeper lines and to obtain a volumizing
effect [13].

In recent years, researchers have been trying to develop safe and stable high-performance
fillers [10,14-16]. In this work, we analyze fillers (HACL-CTL) in which a lactose modified
Chitosan, CHITLAC® (CTL), is incorporated into the structure of cross-linked hyaluronic
acid (HACL), in order to enhance the rheological properties of the gel. CTL is a chitosan
derivative obtained through a reductive N-alkylation of primary amines by lactose moieties.
In contrast to chitosan, it exhibits an improved solubility at neutral pH [17] and interesting
biological properties [18-21]: for example, it induces aggregation of chondrocytes stimu-
lating production of collagen and glycosaminoglycans [22]. CTL can be fully degraded
by lysozyme [23] and partially by hyaluronidase [22], both enzymes commonly occurring
in the human body. Due to its cationic nature, CTL in solution can interact with polyan-
ions, such as alginate or hyaluronic acid, forming a polyelectrolyte complex [24-28]. A
recent study [22] demonstrated that interactions between HA and CTL modify the chemico-
physical properties of these polysaccharides: in particular a reduction of the charge and
an increase of both elastic and viscous moduli were observed. This complex between HA
and CTL has given promising results in the treatment of osteoarthritis, inducing a decrease
in cartilage damage and synovial membrane inflammation. This treatment gave better
results than the viscosupplementation of HA alone [29]. Moreover, the combination of HA
and CTL showed many interesting biological effects, e.g., an attenuation of macrophage-
induced inflammation, an inhibition of metalloproteinases expression and an antioxidant
activity [30].

The scope of this work is to evaluate how the presence of CTL in the structure of an HA
hydrogel affects the rheological performances of the gel. Resistance against hyaluronidase,
swelling, cohesivity and rheological properties are investigated in order to assess the viabil-
ity of these materials to use as dermal fillers, also by comparison with some commercially
available products.

2. Results and Discussion
2.1. Development of HACL-CTL Technology

One of the aims of this study was to determine if the addition of Chitlac (CTL) could
affect the properties of a cross-linked hyaluronic acid (HACL) and if a filler with outstanding
performance could be obtained. With this in mind, first of all fillers based on the same
HACL gel, with and without CTL, have been studied for comparison. The different samples
were characterized by fixed CTL concentration, different concentration and molecular
weight of HA used in the reticulation process and distinct degree of HA modification
(MoD%) with BDDE. For the purpose of this study, HACL gels have been obtained from
medium molecular weight hyaluronic acid (MMW) and high molecular weight hyaluronic
acid (HMW). The synthesized samples are shown in Table 1 with the relative results of
viscoelastic measurements.

Samples are coded as follows: molecular weight of HA—HACL—CTL—MoD.

Molecular weight of HA is indicated in the sample code as MMW or HMW. CTL
appears in the name of the sample only if Chitlac is added to the formulation. As may
be seen in Table 1, the quantity of HA in the formulation is always 20 mg/mL, except in
sample MMW-HACL-CTL-7.0(25), where it is 25 mg/mL. CTL content is always, when
this component is present, equal to 5 mg/mL.
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Table 1. Synthetic parameters and viscoelastic results of several samples. * Viscoelastic measurements
were performed ata 1 Hz.

HA CTL MoD% Mw HA ’ 1 Elasticit

Sample (mg/ml)  (mg/mL) (%) (kDa) G’ (Pa) G' (Pa) (%) y tan &
MMW-HACL-3.5 20 0 35 800-1500 27 +1 15+1 64 +4 0.56 £+ 0.04
MMW-HACL-7 20 0 7.0 800-1500 91+4 16 +1 85+6 0.18 + 0.01
MMW-HACL-CTL-3.5 20 5 35 800-1500 35+£2 18+1 66 £+ 4 0.51 + 0.04
MMW-HACL-CTL-7.0 20 5 7.0 800-1500 141 +£7 22+1 86+ 6 0.16 £ 0.01
MMW-HACL-CTL-8.8 20 5 8.8 800-1500 643 +32 45+2 93+6  0.07+0.01
MMW-HACL-CTL-7.0(25) 25 5 7.0 800-1500 425 £21 54£3 89 L6 0.13 £ 0.01

HMW-HACL-CTL-7.0

20 5 7.0 >2000 374 £ 19 24+1 94+ 6 0.06 + 0.01

* HA: hyaluronic acid concentration; CTL: Chitlac concentration; MoD: degree of modification as defined in par.
4.8; Mw HA: molecular weight of hyaluronic acid; G': elastic modulus; G'’: viscous modulus; tan &: loss factor.

Comparing samples MMW-HACL-3.5, MMW-HACL-7, MMW-HACL-CTL-3.5 and
MMW-HACL-CTL-7.0, it is clear that the addition of CTL influences the mechanical behav-
ior of the filler: in particular a statistically significant (t test p-value < 1 x 10~°) increase
of the elastic modulus G’ and of the percentage of elasticity is observed with the same
MoD%. This elasticizing effect is also observed from the value of the loss factor (tan 5),
that is lower in samples containing CTL. Tan § is expressed by the ratio G’ /G/, therefore a
decrease in its value reflects an improvement of the elastic behavior [13]. These data suggest
that the electrostatic interactions between CTL and HA, due to their cationic and anionic
nature respectively, allow us to obtain fillers with excellent viscoelastic performances and a
structure that is more responsive to stresses.

Results of the rheological measurements of the samples MMW-HACL-CTL-3.5, MMW-
HACL-CTL-7.0 and MMW-HACL-CTL-8.8 show that, by increasing the MoD% and keeping
the polymer concentration constant, the elastic behavior improves. The value of G'’ also
increases, but not as much as G’; consequently, tan 6 decreases and the elasticity percentage
becomes higher. So, as expected, by increasing the cross-linking agent amount, the structure
becomes more rigid and more effective in responding elastically to the stresses to which
it is subjected. In particular, sample MMW-HACL-CTL-8.8 shows a surprising elasticity
equal to 93%; however, such a highly cross-linked structure can be difficult to extrude with
a syringe needle. Therefore, injectability and safety concerns suggest the choice of samples
with lower MoD%.

HA concentration is another parameter that greatly affects the rheological properties:
increasing the concentration of HA from 20 mg/mL (MMW-HACL-CTL-7.0) to 25 mg/mL
(MMW-HACL-CTL-7.0(25)) produces a tripling of G’ and a two and half fold increase of
G”; the percentage of elasticity consequently results higher. However, such a gel is difficult
to inject, so it is not very suitable for medical purposes.

Finally, the influence of the molecular weight was evaluated. It was reported [16] that
cross-linking of a high molecular weight HA is more effective and gives better results than
cross-linking of a lower molecular weight polymer. It is therefore not surprising to see that
sample HMW-HACL-CTL-7.0, made with a HMW HA, has a G’ of 374 Pa, which is much
higher than the G’ of MMW-HACL-CTL-7.0 (141 Pa), made with MMW HA. However,
while G’ increases by 165%, G’ increases by only 9%, resulting in an exceptional elasticity
percentage of 94%.

2.2. Characterization of the Most Promising HACL-CTL Fillers

This preliminary study identified the most relevant preparation parameters that affect
the rheological performances of HACL-CTL fillers. As shown in Table 2, fillers with a fixed
concentration of 20 and 5 mg/mL for HA and CTL, respectively, and different MoD, were
characterized and compared to commercial products (MKT). Together with rheological
properties, resistance against hyaluronidase, swelling and cohesivity were investigated.
Chosen commercial products can be divided into two subgroups characterized by two
different brands and manufacturing technology: MKT1, MKT2 and MKT3 belong to the
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same group and share a production technology where reticulation with BDDE is performed
on an HA matrix composed by two distinctive molecular weights [9], while MKT4, MKT5
and MKT6 belong to another market player and are manufactured according to the resilient
hyaluronic acid (RHA) technology [10].

Table 2. Viscoelastic properties at 1 Hz of selected samples produced in this work and of some com-
mercial samples (MKT 1-6). * Sample MMW-HACL-CTL-5.7 was prepared with medium molecular
weight hyaluronic acid, while HMW-HACL-CTL-3.8, HMW-HACL-CTL-6.8 and HMW-HACL-CTL-
7.0 with high molecular weight hyaluronic acid.

Sample HA (mg/mL) CTL (mg/mL) MoD% (%) G’ (Pa) G" (Pa) Elasticity (%) tan &
MMW-HACL-CTL-5.7 20 5 5.7 141 +7 22+1 86 £ 6 0.16 + 0.01
HMW-HACL-CTL-3.8 20 5 3.8 164 +£8 37+2 82+6 0.22 £0.02
HMW-HACL-CTL-6.8 20 5 6.8 232 +£11 34+2 87+ 6 0.15+0.01
HMW-HACL-CTL-7.0 20 5 7.0 374 £ 19 24+1 94+ 6 0.06 £ 0.01

MKT1 25 0 17.7 179 £9 22+1 89 £ 6 0.12 +£0.01

MKT2 25 0 14.0 489 £ 24 133 +7 79+6 0.27 4+ 0.02

MKT3 25 0 222 625 £ 31 4512 93+ 6 0.07 £ 0.01

MKT4 23 0 51 183 £9 55+3 77£5 0.30 & 0.02

MKT5 23 0 6.0 [10] 232 +£11 52+3 82+6 0.22 £0.02

MKT6 23 0 6.8 [10] 308 £+ 15 40+2 88 £ 6 0.13 £ 0.01

* HA: hyaluronic acid concentration; CTL: Chitlac concentration; MoD: degree of modification as defined in par.
4.8; G': elastic modulus; G'’: viscous modulus; tan &: loss factor.

As shown in Table 2, sample HMW-HACL-CTL-3.8, although less cross-linked, has
a better elasticity than sample MMW-HACL-CTL-5.7 due to the higher molecular weight
of HA. The results of samples HMW-HACL-CTL-3.8, HMW-HACL-CTL-6.8 and HMW-
HACL-CTL-7.0 show that by increasing the MoD%, G’ increases, while G’ decreases. As a
result, a great increase is observed of the elastic percentage, which is always greater or equal
than all the commercial samples examined (the difference is statistically significant between
samples MKT2 and MKT4, with a p-value < 0.04, whereas it is statistically indistinguishable
from the other market reference products). This can also be observed from the tan 6 value,
that goes from 0.22 for the less cross-linked sample to 0.06 for the most cross-linked one.

Results therefore highlight that, despite a lower HA content (20 vs 23 and 25 mg/mL),
fillers produced with the HACL-CTL technology can reach or even overcome the elasticity
values of commercial fillers. For instance, sample HMW-HACL-CTL-3.8, which is the one
with the lowest value of elasticity obtained (82%), is as elastic as the soft gels MKT2 and
MKT4 (p-value 0.57). Additionally, varying the BDDE amount and therefore the MoD%,
viscoelastic properties can be modulated in order to satisfy all the needs for each type of
application. For example, fillers with a high G’ like HMW-HACL-CTL-7.0 (374 Pa) could
be used as a strong volumizer and for the treatment of deep wrinkles, while HMW-HACL-
CTL-6.8 has a lower G’ value (232 Pa), but are still high enough to make it suitable for the
treatment of wrinkles of lesser depth and for the volumization of particular areas, such as
lips. Finally, HMW-HACL-CTL-3.8 could be an efficient soft gel for superficial treatments.

For a more complete characterization, only MKT1, MKT2 and MKT3 were considered
among the commercial materials, to highlight the differences between products manufac-
tured with the same technology but with a different degree of crosslinking. Therefore,
HACL-CTL fillers and MKT1, MKT2 and MKT3 have been subjected to enzymatic degra-
dation tests that involve incubation with BTH 5 U/mL at 37 °C. Soluble fractions ranging
from 50% to 80% after 5 h of incubation are commonly reported [10]. As shown in Figure 1,
sample MKT2 seems to be the more resistant to hyaluronidase. Its initial soluble fraction
is 5.9% and it doubles to 10.8% after 5 h. On the contrary, the degradation of MKT3 is
extremely fast: after 30 min the soluble fraction is 19.6% and after 5 h it increases to 46.6%.
HACL-CTL fillers have a very similar trend to MKT1 and have shown good resistance to
degradation with a soluble fraction between 16.3% and 19.7% after 5 h. This highlights
that HACL-CTL fillers, once implanted, have a longevity which is similar to that of fillers
already introduced on the market. The filler degradability by hyaluronidase is important
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too, because overfilling or wrong placement of the gel can be corrected by administration
of the enzyme, so a balance between degradability and stability is fundamental [10].
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Figure 1. Hyaluronic acid (HA) soluble fraction after incubation with Bovine Testicular Hyaluronidase
(BTH) 5 U/mL at 37 °C at different times (0, 30, 60 and 300 min). MKTx samples are commercial
products analyzed for comparison. For clarity and to aid comparison, error bars are shown only for
some of the samples. Lines are included only to guide the eyes.

Swelling, i.e., the water uptake capacity of the gel, is inversely proportional to the
crosslinking degree: a stronger cross-linked filler is able to absorb a lower quantity of
solvent than a soft one. After injection, the filler for the first two months tends to swell,
increasing the volume at the injection site [5]. Only later, the volume starts to decrease due
to the bio-resorption process. It is therefore essential that the filler does not swell excessively
to avoid aesthetic defects following the treatment. Swelling measurements of HACL-CTL
fillers are reported in Table 3. Samples MMW-HACL-CTL-5.7, HMW-HACL-CTL-3.8 and
HMW-HACL-CTL-6.8 have statistically indistinguishable values (p-value > 0.6), while the
most cross-linked HMW-HACL-CTL-7.0 has the lowest swelling i.e., 89 (p-value < 0.00045).
These values are comparable, or even lower, with those reported in the literature [9] for
many commercial fillers. For instance, currently marketed products show swelling values
ranging from 100 for highly cross-linked products to more than 300 for lightly cross-linked
gels [9]. This confirms that HACL-CTL samples do not swell excessively, avoiding aesthetic
defects that could follow the treatment [5].

Table 3. Swelling results of HACL-CTL fillers in phosphate buffer solution at 37 °C.

Sample Swelling
MMW-HACL-CTL-5.7 184 £ 19
HMW-HACL-CTL-3.8 177 £12
HMW-HACL-CTL-6.8 178 £15
HMW-HACL-CTL-7.0 89+ 8

Cohesivity describes the affinity between the gel molecules and is due to internal
adhesion forces between HA units: non cohesive gels tend to dissociate [11]. Furthermore
it describes the tendency to maintain an homogeneous distribution after injection and
depends on HA concentration and crosslinking degree [10-12]. Cohesivity is usually ex-
pressed with a scale between 1 and 5, where 1 means fully dispersed and 5 means fully
cohesive [31]. Cohesivity measurements (Figure 2) show that samples MKT1 and MKT2
have a good cohesivity, in particular MKT1 maintains a cohesivity score of 5, that drops to
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4 after 5 min. On the contrary, MKT3 is the sample with the worst cohesivity, in fact it col-
lapses to 2 after only 30 s. These data agree with what is reported in the literature [10,32,33]:
there is an inverse correlation between G’ and cohesivity. The correlation seems to be
the same for HACL-CTL fillers: HMW-HACL-CTL-3.8, with a G’ of 164 Pa, has a good
cohesivity; HMW-HACL-CTL-6.8 with a G’ of 232 Pa has an intermediate cohesivity and
HMW-HACL-CTL-7.0 with a G’ of 374 Pa is the least cohesive. Sample MMW-HACL-CTL-
5.7, even if it has the lowest value of G’ (141 Pa), has an intermediate cohesivity: probably
the difference in the trend is due to the lower molecular weight of HA, because a MMW
HA was used instead of a HMW HA.
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Figure 2. Cohesivity score in deionized water at 0, 30, 60 and 300 s of (a) commercial samples and
(b) HACL-CTL fillers. Lines are added only to guide the eyes. Data regarding samples MMW-
HACL-CTL-5.7 and HMW-HACL-CTL-6.8 are superimposed. Cohesivity scores are the following:
1: fully dispersed; 2: mostly dispersed; 3: partially dispersed, partially cohesive; 4: mostly cohesive;
5: fully cohesive.

The normal force (Fy) exerted by the gel when compressed is related to the capacity to
resist vertical compression and to lift the tissues; it is reported [34] that Fy tends to increase
with the volumizing capacity of the filler. Effectively, as shown in Table 4, the normal force
exerted by HACL-CTL fillers increases with G/, which is a common parameter used to
predict the mechanical properties of the gel: high values of G’ are correlated with a strongly
cross-linked gel, suitable to deep implantation and with a good volumizing capacity. This
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trend can also be observed for samples MKT1, MKT2 and MKTS3, that are produced with the
same manufacturing technology. Instead, for samples MKT4, MKT5 and MKT6, made with
another technology, there is a deviation from the trend because MKTS5 has a higher value
than MKT6. Maybe this could be due to other parameters, like the cohesivity of the gel,
that can affect the measurement of the compression behavior [34]. In any case, these results
show that the value of F\y depends on the type of manufacturing technology and highlight
that HACL-CTL fillers exert a normal force higher than marketed products, suggesting a
better lifting capacity. Indeed, sample MMW-HACL-CTL-5.7, among all the HACL-CTL
fillers, has the lowest Fy value (1.90 N), but still higher than all the examined commercial
samples (t-test always showed a statistically significant difference with a p-value < 0.0008).
It is also described how HA-based fillers, after implantation, stimulate the production
of collagen by fibroblasts due to an elongation in the morphology of the cells [35-37].
This phenomenon is related to the mechanical forces applied by the filler and could be
predicted by the value of the normal force exerted by the gel [34]. Therefore, in addition to
a greater lifting effect on the tissues, the HACL-CTL fillers could also favor the production
of extracellular matrix components by activating the fibroblasts. However, cell cultures,
biocompatibility and in vitro tests would be needed to confirm this latter hypothesis.

Table 4. Normal force (Fy) exerted and elastic modulus (G’) at 1 Hz of HACL-CTL fillers and
commercial products.

Sample Fn (N) G’ (Pa)
MMW-HACL-CTL-5.7 1.90 £ 0.05 141 +7
HMW-HACL-CTL-3.8 2.31 £ 0.07 164 £ 8
HMW-HACL-CTL-6.8 2.63 £0.13 232 £11
HMW-HACL-CTL-7.0 2.84 £0.03 374 £19

MKT1 0.77 + 0.06 179 £ 9

MKT?2 0.83 + 0.03 489 + 24

MKT3 1.53 £0.11 625 £ 31

MKT4 1.12 £ 0.08 183 +9

MKT5 1.62 £ 0.02 232 £11

MKT6 1.47 £ 0.27 308 £15

3. Conclusions

Fillers based on crosslinked hyaluronic acid are becoming increasingly important in
the field of aesthetic medicine. In this work, we studied a novel manufacturing technol-
ogy (HACL-CTL) to obtain fillers with improved rheological performance, exploiting the
electrostatic interactions between a lactose modified chitosan and cross-linked hyaluronic
acid. In particular, HACL-CTL fillers showed an excellent elasticity, displaying a dynamic
structure able to respond effectively to stresses. By varying the degree of modification with
BDDE, it is possible to modulate the properties of the filler obtaining both soft and hard
gels, suitable for different applications. Finally, HACL-CTL fillers exert values of normal
force much higher than competitors, suggesting a surprising ability to lift the tissues.

4. Materials and Methods
4.1. Materials

Lactose modified Chitosan, Chitlac® and hyaluronic acid were kindly provided by
Jointherapeutics. Chitlac® has a molecular weight and a substitution degree close to 1 MDa
and 60%, respectively. Medium molecular weight hyaluronic acid (MMW) ranges from 800
to 1500 kDa, while high molecular weight hyaluronic acid (HMW) exceeds 2000 kDa. BDDE
was purchased from Tokyo Chemical Industry (Tokyo, Japan). PPI water was purchased
from S.A.L.F. Spa (Bergamo, Italy). Commercial fillers (MKT) were purchased from two
different leader of the market, so the groups MKT1-3 and MKT4-6 were produced with
two different manufacturing technology: MKT1, MKT2 and MKT3 belong to the same
group and shares a production technology where the reticulation with BDDE is performed
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on a HA matrix composed by two distinctive molecular weights [9], while MKT4, MKT5
and MKT6 belong to another market player and to the resilient hyaluronic acid (RHA)
technology [10].

4.2. Preparation of HACL and HACL-CTL Fillers

HACL and HACL-CTL were provided by Jointherapeutics and were prepared ac-
cording to the literature [38]. Briefly, HA was cross-linked with BDDE as described in the
literature [2,16]. Then the bulk was buffered with phosphate saline buffer and a solution of
Chitlac was added. Several samples were prepared varying the HA concentration (20 and
25 mg/mL), its molecular weight (MMW and HMW) and the amount of BDDE. After the
synthesis, all the samples were steam sterilized in an autoclave with a 121 °C/15 min cycle.

4.3. Oscillatory Shear-Stress Test

The oscillatory test shear-stress test was performed with a rheometer (Kinexus lab+,
Malvern Instruments, Malvern, UK) equipped with a 2 cm parallel plates geometry (gap
0.5 mm). Measurements were made at 20 °C in frequency sweep mode in the range
0.01-10 Hz by applying a shear stress of 5 Pa within the linear viscoelastic region (LVER).
Three replicates were performed on each sample. The LVER was identified in amplitude
sweep stress controlled mode with a frequency of 1 Hz and varying the shear stress from
0.1 to 10,000 Pa.

The percentage of elasticity (E%) of the filler is calculated with the following for-
mula [13]:

G/

E% = el x 100, (1)
where G’ is the elastic modulus and G’ is the viscous modulus. The loss factor (tan 8) is
the ratio G’ /G’ and indicates whether the gel is more elastic or more viscous: if tan § < 1
elastic behavior prevails [11].

4.4. Enzymatic Hydrolysis

The filler was incubated in the presence of a bovine testicular hyaluronidase (H3884)
solution (BTH 5 U/mL) at 37 °C with no stirring. At different incubation time (0, 30 min,
1 h, 5 h) the sample was filtered on a PTFE membrane filter with a 0.45 pm pore size and
the aqueous phase was recovered and diluted to determine the HA content by carbazole
assay [39]. Then, 1 mL of the solution was mixed with 5 mL of disodium tetraborate 0.025 M
in sulphuric acid (96%) and was heated at 98 °C for 10 min. Then, 0.2 mL of a 0.125% (w/7v)
carbazole solution in ethanol were added and the solution was heated at 98 °C for 15 min
obtaining a pink/purple solution. The absorbance was measured at 530 nm by UV-Vis
spectroscopy (Cary 100 UV-Vis) and the HA soluble fraction was calculated as:

HA concentration in the permeate (=8

Soluble fraction (%) = mL)~1OO. 2
f (%) total HA concentration (%) @

The enzymatic degradation was monitored following the increase in the soluble
fraction during the incubation time.

Uncertainty in soluble fraction values were assessed by repeating the hydrolysis
tests of selected samples (MKT2, HMW-HACL-CTL-6.8 nd HMW-HACL-CTL-7.0) 3 times
and was found to always be less than +£2%. This was taken as the uncertainty on all
remaining samples.

4.5. Swelling

Of each sample, 1g was weighted and then incubated in 10 mL of phosphate buffer
solution at 37 °C. When the equilibrium swelling was reached, the solvent in excess was
removed and the gel was weighted. The swelling degree [9] was calculated as:
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. g\ _ Hydrated sample mass (g)
Swelling ( ) ~ Drysample mass (g) @)

Three replicate measurements were performed for each sample.

4.6. Cohesivity

Cohesivity depends on the affinity between gel molecules and represents the ability
of the filler to not dissociate and maintain an homogeneous distribution after injection [8].
The filler was mixed with a colorant and loaded into a syringe, then it was extruded into a
600 mL beaker containing deionized water under stirring. The cohesivity was evaluated
at 0, 15, 30, 70 and 300 s by using the five-point visual Gavard-Sundaram Cohesivity
Scale [31]: 1: fully dispersed; 2: mostly dispersed; 3: partially dispersed, partially cohesive;
4: mostly cohesive; 5: fully cohesive.

4.7. Normal Force Measurement

Measurements were carried out with a rheometer (Kinexus lab+, Malvern Instruments)
equipped with a 2 cm parallel plates geometry. The normal force was measured at rest for
a gap between the parallel plates of 0.15 mm. Three replicates were taken for each sample.

4.8. Degree of Modification (MoD%)

Under alkaline conditions, the epoxy groups of BDDE react with the hydroxyls of
HA to form derivatives of 1,4-dibutanediol dipropan-2,3-diolyl ether (BDPE). These can
bind to HA with both ends, allowing the effective cross-linking of polymeric chains, or
only with one end, forming a sort of pendant. The degree of modification (MoD%) is
the stoichiometric ratio between the sum of mono- and double-linked BDPE residues and
HA disaccharide units [10]. The degree of modification was determined by IH-NMR
spectroscopy (Bruker 200 MHz) after acid hydrolysis. In particular, the samples were
diluted to 4 mg/mL of HA with HC1 0.1 M and were kept under stirring at 75 °C overnight.
The samples were then cooled to room temperature, neutralized with NaOH 0.25 M and
precipitated with isopropanol. The precipitate was isolated, dried in an oven at 45 °C and
dissolved in D,O for 'H-NMR analysis. The degree of modification (MoD%) was calculated
from the integrals of the signals at 1.5 and 1.9 ppm using the following formula:

I(1.5 ppm) /4

MoD (%) = 779 ppm) /3

100. 4)
4.9. Statistical Tests

In order to assess the statistical significance of comparisons between the data regarding
different samples, 2 sample t-tests, with pooled variance, using a 2-tailed distribution, were
applied at a 95% confidence level.

Author Contributions: Conceptualization, V.C. and G.B.; investigation, E.D.; writing—Original draft
preparation, E.D.; writing—Review and editing, V.C. and G.B.; funding acquisition, G.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Jointherapeutics Srl (Padova, Italy).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Goldie, K.; Voropai, D. Hyaluronic Acid in Dermal Fillers. In Dermal Fillers; Goldberg, D.J., Ed.; Karger: Basel, Switzerland, 2018;
Volume 4, pp. 36-46. [CrossRef]

2. Al-Sibani, M.; Al-Harrasi, A.; Neubert, R. Characterization of Linear and Chemically Cross-linked Hyaluronic acid using Various
Analytical Techniques Including FTIR, ESI-MS, H1 NMR, and SEM. |. Biochem. Anal. Stud. 2018, 3, 1-8. [CrossRef]


http://doi.org/10.1159/000479135
http://doi.org/10.16966/2576-5833.115

Gels 2022, 8, 326 10 of 11

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Stern, R.; Kogan, G.; Jedrzejas, M.J.; Soltés, L. The many ways to cleave hyaluronan. Biotechnol. Adv. 2007, 25, 537-557. [CrossRef]
[PubMed]

Schanté, C.E.; Zuber, G.; Herlin, C.; Vandamme, T.F. Chemical modifications of hyaluronic acid for the synthesis of derivatives for
a broad range of biomedical applications. Carbohydr. Polym. 2011, 85, 469-489. [CrossRef]

Ryu, H.; Kwak, S.; Rhee, C.; Yang, G.; Yun, H.; Kang, W. Model-based prediction to evaluate residence time of hyaluronic acid
based dermal fillers. Pharmaceutics 2021, 13, 133. [CrossRef] [PubMed]

De Boulle, K.; Glogau, R.; Kono, T.; Nathan, M.; Tezel, A.; Roca-Martinez, ].X.; Paliwal, S.; Stroumpoulis, D. A review of the
metabolism of 1,4-butanediol diglycidyl ether-crosslinked hyaluronic acid dermal fillers. Dermatol. Surg. 2013, 39, 1758-1766.
[CrossRef]

Fidalgo, J.; Deglesne, P.; Arroyo, R.; Septlveda, L.; Ranneva, E.; Deprez, P. Detection of a new reaction by-product in BDDE
cross-linked autoclaved hyaluronic acid hydrogels by LC-MS analysis. Med. Devices Evid. Res. 2018, 11, 367-376. [CrossRef]
Gavard Molliard, S.; Bon Bétemps, J.; Hadjab, B.; Topchian, D.; Micheels, P.; Salomon, D. Key rheological properties of hyaluronic
acid fillers: From tissue integration to product degradation. Plast Aesthetic Res. 2018, 5, 17. [CrossRef]

La Gatta, A.; De Rosa, M.; Frezza, M.A.; Catalano, C.; Meloni, M.; Schiraldi, C. Biophysical and biological characterization of
a new line of hyaluronan-based dermal fillers: A scientific rationale to specific clinical indications. Mater. Sci. Eng. C 2016, 68,
565-572. [CrossRef]

Salti, G.; Fundaro, S.P. Evaluation of the rheologic and physicochemical properties of a novel hyaluronic acid filler range with
excellent three-dimensional reticulation (XTR™) technology. Polymers 2020, 12, 1644. [CrossRef]

Choi, M.S. Basic theology of dermal filler. Arch. Plast Surg. 2020, 47, 301-304. [CrossRef]

Michaud, T. Rheology of hyaluronic acid and dynamic facial rejuvenation: Topographical specificities. J. Cosmet. Dermatol. 2018,
17,736-743. [CrossRef] [PubMed]

Santoro, S.; Russo, L.; Argenzio, V.; Borzacchiello, A. Rheological properties of cross-linked hyaluronic acid dermal fillers. J. Appl.
BioMater. Biomech. 2011, 9, 127-136. [CrossRef] [PubMed]

Lee, H.; Hwang, C.; Kim, H.; Jeong, S. Enhancement of bio-stability and mechanical properties of hyaluronic acid hydrogels by
tannic acid treatment. Carbohydr. Polym. 2018, 186, 290-298. [CrossRef] [PubMed]

Yag-Howard, C.; DeNigris, J. Novel Filler Technique: Hyaluronic acid and Calcium hydroxylappetite mixture resulting in
favorable esthetic and longevity outcomes. Int. |. Women’s Dermatol. 2021, 7, 817-819. [CrossRef] [PubMed]

Xue, Y.; Chen, H.; Xu, C; Yu, D.; Xu, H.; Hu, Y. Synthesis of hyaluronic acid hydrogels by crosslinking the mixture of high-
molecular-weight hyaluronic acid and low-molecular-weight hyaluronic acid with 1,4-butanediol diglycidyl ether. RSC Adv.
2020, 10, 7206-7213. [CrossRef] [PubMed]

Vecchies, F.; Sacco, P.; Marsich, E.; Cinelli, G.; Lopez, F.; Donati, I. Binary solutions of hyaluronan and lactose-modified chitosan:
The influence of experimental variables in assembling complex coacervates. Polymers 2020, 12, 897. [CrossRef]

Marsich, E.; Borgogna, M.; Donati, I.; Mozetic, P.; Strand, B.L.; Salvador, S.G.; Vittur, F,; Paoletti, S. Alginate /lactose-modified
chitosan hydrogels: A bioactive biomaterial for chondrocyte encapsulation. J. Biomed. Mater. Res. Part A 2008, 4A, 364-376.
[CrossRef]

Donati, I.; Stredanska, S.; Silvestrini, G.; Vetere, A.; Marcon, P.; Marsich, E. The aggregation of pig articular chondrocyte and
synthesis of extracellular matrix by a lactose-modified chitosan. Biomaterials 2005, 26, 987-998. [CrossRef]

Marcon, P.; Marsich, E.; Vetere, A.; Mozetic, P.; Campa, C.; Donati, L; Vittur, F.; Gamini, A.; Paoletti, S. The role of Galectin-1 in the
interaction between chondrocytes and a lactose-modified chitosan. Biomaterials 2005, 26, 4975-4984. [CrossRef]

Travan, A.; Marsich, E.; Donati, I.; Foulc, M.; Moritz, N.; Aro, H.T.; Paoletti, S. Polysaccharide-Coated Thermosets for Orthopedic
Applications: From Material Characterization to In Vivo Tests. Biomacromolecules 2012, 13, 1564-1572. [CrossRef]

Ladie, R.; Cosentino, C.; Tagliaro, I.; Antonini, C.; Bianchini, G.; Bertini, S. Supramolecular structuring of hyaluronan-lactose-
modified chitosan matrix: Towards high-performance biopolymers with excellent biodegradation. Biomolecules 2021, 11, 389.
[CrossRef] [PubMed]

Ren, D.; Yi, H.; Wang, W.; Ma, X. The enzymatic degradation and swelling properties of chitosan matrices with different degrees
of N-acetylation. Carbohydr. Res. 2005, 340, 2403-2410. [CrossRef] [PubMed]

Medelin, M.; Porrelli, D.; Rose, E.; Scaini, D.; Travan, A.; Antonio, M.; Cok, M.; Donati, I.; Marsich, E.; Scopa, C.; et al. Acta
Biomaterialia Exploiting natural polysaccharides to enhance in vitro bio-constructs of primary neurons and progenitor cells. Acta
Biomater. 2018, 73, 285-301. [CrossRef] [PubMed]

Marsich, E.; Travan, A.; Feresini, M.; Lapasin, R.; Paoletti, S.; Donati, I. Polysaccharide-Based Polyanion-Polycation-Polyanion
Ternary Systems in the Concentrated Regime and Hydrogel Form. Macromol. Chem. Phys. 2013, 214, 1309-1320. [CrossRef]
Donati, I; Feresini, M.; Travan, A.; Marsich, E.; Lapasin, R.; Paoletti, S. Polysaccharide-based polyanion-polycation-polyanion
ternary systems. A preliminary analysis of interpolyelectrolyte interactions in dilute solutions. Biomacromolecules 2011, 12,
4044-4056. [CrossRef]

Donati, I.; Huag, 1.].; Scarpa, T.; Borgogna, M.; Draget, K.I.; Skjak-Braek, G.; Paoletti, S. Synergistic effects in semidilute mixed
solutions of alginate and lactose-modified chitosan (chitlac). Biomacromolecules 2007, 8, 957-962. [CrossRef]

Donati, I.; Borgogna, M.; Turello, E.; Casaro, A.; Paoletti, S. Tuning supramolecular structuring at the nanoscale level: Nonstoi-
chiometric soluble complexes in dilute mixed solutions of alginate and lactose-modified chitosan (Chitlac). Biomacromolecules
2007, 8, 1471-1479. [CrossRef]


http://doi.org/10.1016/j.biotechadv.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17716848
http://doi.org/10.1016/j.carbpol.2011.03.019
http://doi.org/10.3390/pharmaceutics13020133
http://www.ncbi.nlm.nih.gov/pubmed/33494145
http://doi.org/10.1111/dsu.12301
http://doi.org/10.2147/MDER.S166999
http://doi.org/10.20517/2347-9264.2018.10
http://doi.org/10.1016/j.msec.2016.06.008
http://doi.org/10.3390/polym12081644
http://doi.org/10.5999/aps.2020.00731
http://doi.org/10.1111/jocd.12774
http://www.ncbi.nlm.nih.gov/pubmed/30311427
http://doi.org/10.5301/JABB.2011.8566
http://www.ncbi.nlm.nih.gov/pubmed/22065390
http://doi.org/10.1016/j.carbpol.2018.01.056
http://www.ncbi.nlm.nih.gov/pubmed/29455990
http://doi.org/10.1016/j.ijwd.2021.09.008
http://www.ncbi.nlm.nih.gov/pubmed/35028387
http://doi.org/10.1039/C9RA09271D
http://www.ncbi.nlm.nih.gov/pubmed/35493875
http://doi.org/10.3390/polym12040897
http://doi.org/10.1002/jbm.a.31307
http://doi.org/10.1016/j.biomaterials.2004.04.015
http://doi.org/10.1016/j.biomaterials.2005.01.044
http://doi.org/10.1021/bm3002683
http://doi.org/10.3390/biom11030389
http://www.ncbi.nlm.nih.gov/pubmed/33808040
http://doi.org/10.1016/j.carres.2005.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16109386
http://doi.org/10.1016/j.actbio.2018.03.041
http://www.ncbi.nlm.nih.gov/pubmed/29621637
http://doi.org/10.1002/macp.201300057
http://doi.org/10.1021/bm201046p
http://doi.org/10.1021/bm060856h
http://doi.org/10.1021/bm0610828

Gels 2022, 8, 326 11 of 11

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Salamanna, F.; Giavaresi, G.; Parrilli, A.; Martini, L.; Nicoli Aldini, N.; Abatangelo, G.; Abatangelo, G.; Frizziero, A.; Fini, M.
Effects of intra-articular hyaluronic acid associated to Chitlac (arty-duo®) in a rat knee osteoarthritis model. J. Orthop. Res. 2019,
37,867-876. [CrossRef]

Tarricone, E.; Mattiuzzo, E.; Belluzzi, E.; Elia, R.; Benetti, A.; Venerando, R.; Vindigni, V.; Ruggieri, P; Brun, P. Anti-Inflammatory
Performance of Lactose-Modified Osteoarthritis Model. Cells 2020, 9, 1328. [CrossRef]

Sundaram, H.; Rohrich, R.J.; Liew, S.; Sattler, G.; Talarico, S.; Trévidic, P.; Molliard, S.G. Cohesivity of hyaluronic acid fillers:
Development and clinical implications of a novel assay, pilot validation with a five-point grading scale, and evaluation of six US
food and drug administration-approved fillers. Plast Reconstr. Surg. 2015, 136, 678—686. [CrossRef]

Edsman, K.L.M.; Wiebens;jo, AM,; Risberg, AM.; Ohrlund, ].A. Is There a Method That Can Measure Cohesivity? Cohesion by
Sensory Evaluation Compared With Other Test Methods. Dermatol. Surg. 2015, 41, S365-5372. [CrossRef] [PubMed]

Fagien, S.; Bertucci, V.; Von Grote, E.; Mashburn, ].H. Rheologic and Physicochemical Properties Used to Differentiate Injectable
Hyaluronic Acid Filler Products. Plast Reconstr. Surg. 2019, 143, 707e-720e. [CrossRef] [PubMed]

Gavard Molliard, S.; Albert, S.; Mondon, K. Key importance of compression properties in the biophysical characteristics of
hyaluronic acid soft-tissue fillers. ]. Mech. Behav. BioMed. Mater. 2016, 61, 290-298. [CrossRef]

Wang, F; Garza, L.A.; Kang, S.; Varani, J.; Orringer, J.S.; Fisher, G.J.; Voorhees, J.J. In vivo stimulation of de novo collagen
production caused by cross-linked hyaluronic acid dermal filler injections in photodamaged human skin. Arch. Dermatol. 2007,
143, 155-163. [CrossRef] [PubMed]

Quan, T.; Wang, F; Shao, Y,; Rittié, L.; Xia, W.; Orringer, J.S.; Voorhees, ].].; Fisher, G.J. Enhancing structural support of the dermal
microenvironment activates fibroblasts, endothelial cells, and keratinocytes in aged human skin in vivo. J. Investig. Dermatol.
2013, 133, 658-667. [CrossRef]

Paliwal, S.; Fagien, S.; Sun, X.; Holt, T.; Kim, T.; Hee, C.K.; Van Epps, D.; Messina, D.J. Skin extracellular matrix stimulation
following injection of a hyaluronic acid-based dermal filler in a rat model. Plast Reconstr. Surg. 2014, 134, 1224-1233. [CrossRef]
[PubMed]

Bianchini, L.G. Callegaro, Miscele di Polisaccaridi e Poliamminosaccaridi con proprieta Reologiche Migliorate. Italy Patent
Application n® 102021000012737, 2021, submitted.

Bitter, T.; Muir, H.M. A modified uronic acid carbazole reaction. Anal. Biochem. 1962, 4, 330-334. [CrossRef]


http://doi.org/10.1002/jor.24259
http://doi.org/10.3390/cells9061328
http://doi.org/10.1097/PRS.0000000000001638
http://doi.org/10.1097/DSS.0000000000000550
http://www.ncbi.nlm.nih.gov/pubmed/26618466
http://doi.org/10.1097/PRS.0000000000005429
http://www.ncbi.nlm.nih.gov/pubmed/30921116
http://doi.org/10.1016/j.jmbbm.2016.04.001
http://doi.org/10.1001/archderm.143.2.155
http://www.ncbi.nlm.nih.gov/pubmed/17309996
http://doi.org/10.1038/jid.2012.364
http://doi.org/10.1097/PRS.0000000000000753
http://www.ncbi.nlm.nih.gov/pubmed/25415091
http://doi.org/10.1016/0003-2697(62)90095-7

	Introduction 
	Results and Discussion 
	Development of HACL-CTL Technology 
	Characterization of the Most Promising HACL-CTL Fillers 

	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of HACL and HACL-CTL Fillers 
	Oscillatory Shear-Stress Test 
	Enzymatic Hydrolysis 
	Swelling 
	Cohesivity 
	Normal Force Measurement 
	Degree of Modification (MoD%) 
	Statistical Tests 

	References

