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Abstract

Aesthetic medicine has progressed from the early 2000s fascination with bio-stimulation to
the current dominance of hyaluronic acid (HA) fillers, prized for immediate, predictable,
and reversible volumizing effects. Recently, demand for more natural results, stronger
emphasis on skin quality, and increased post-pandemic self-scrutiny have renewed interest
in regenerative strategies, sometimes called the “second wave of bio-stimulation.” This
trend highlights the need for clearer terminology and a cautious, evidence-based reading
of proposed biological mechanisms. This narrative review proposes a framework in which
bio-regeneration denotes a hypothesized, controlled induction of physiological processes,
fibroblast activation, collagen and elastin synthesis, extracellular matrix remodeling, and
immune modulation, potentially producing sustained improvements in dermal structure
and function beyond simple filling. Among emerging technologies, polyethylene glycol
diglycidyl ether (PEGDE) cross-linking is reported to create a stable, flexible HA scaffold
with homogeneous tissue integration, favorable rheology, thermal stability, and a reduced
inflammatory profile, supporting safer multimodal use with energy-based devices. The
framework is illustrated with PEGDE-crosslinked HA combined with low-concentration
calcium hydroxyapatite (CaHA), exemplified by a PEGDE-HA filler containing CaHA
microspheres plus glycine and L-proline. These formulations aim to deliver immediate
correction via HA and delayed stimulatory effects possibly driven by gradual CaHA expo-
sure and macrophage-associated signaling. Available clinical, imaging, and histological
observations, including prospective ultrasound and biopsy assessments, suggest progres-
sive dermal thickening and predominant type I collagen expression, without pathological
inflammation or granuloma formation. Although evidence remains preliminary and largely
non-comparative, findings are compatible with controlled remodeling and resolving in-
flammation; however, the underlying mechanism and any ‘regenerative’ versus ‘reparative’
classification require controlled comparative studies.

Keywords: bio-regeneration; PEGDE-crosslinked hyaluronic acid; calcium hydroxyapatite
(CaHA); neocollagenesis; regenerative aesthetics
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1. Background

At the beginning of the 2000s, the field of aesthetic medicine experienced what could
be described as the so-called “peak of bio-stimulation.” At that time, physicians and re-
searchers were particularly interested in treatments that were not only volumizing or filling
but also able to trigger endogenous regenerative processes within the skin. Techniques
using autologous materials, such as platelet-rich plasma (PRP), and early collagen stimula-
tors like poly-L-lactic acid (PLLA) or calcium hydroxyapatite (CaHA), were perceived as
innovative because they addressed skin quality, not just contour.

Later, this trend gradually declined and, for many years, was overshadowed by the
rapid development and popularity of hyaluronic acid (HA) fillers. HA fillers quickly
became the gold standard on facial rejuvenation because of their safety profile, reversibility,
and immediate, predictable results. This practical advantage, combined with strong com-
mercial promotion and patient demand for fast “lunchtime procedures”, led to a shift away
from bio-stimulatory concepts and toward primarily volumetric correction.

Over the past decade, aesthetic ideals have progressively evolved toward a more
natural, balanced appearance. This shift has been influenced by multiple factors, including
changing media narratives, the public visibility of actors and public figures favoring
subtle and natural-looking results over overfilled appearances, and the emergence of new
generational concepts emphasizing skin quality, authenticity, and healthy aging.

The COVID-19 pandemic represented a significant phase that accelerated this ongoing
transformation. Increased digital communication and self-observation further heightened
patient awareness of skin quality and facial harmony, while clinicians simultaneously
recognized the limitations of purely volumetric approaches. Although effective in contour
correction, these techniques may not fully address the progressive decline in skin quality
associated with aging.

Together, these factors rekindled interest in regenerative and bio-stimulatory strate-
gies, including advanced CaHA formulations, hybrid HA-dermal fillers, and energy-based
devices used alone or in combination with injectable therapies. This renewed focus on phys-
iological tissue improvement is often described as the “second wave of bio-stimulation,” a
term commonly used to denote a stronger scientific understanding of aging biology and a
growing body of objective clinical evidence.

“In the early 2000s, bio-stimulation reached its peak, but then declined as fillers took
over. With COVID, however, bio-stimulation made a comeback—this time in a different way,
supported by stronger scientific understanding of the aging process and more evidence.”

The practical considerations and treatment suggestions presented in this section reflect
the clinical experience of the co-authors, selected to ensure broad geographic representation
and long-standing involvement in aesthetic medicine. The authors have long-standing
clinical experience with the majority of currently available biostimulators and dermal filler
technologies, including PEGDE-HA and CaHA-based systems. In addition, they regularly
participate as faculty and/or speakers in national and international scientific meetings
and congresses across Europe, Latin America, and Asia, contributing to professional
education and exchange of evidence-based clinical practices. This background is intended
to support the scientific credibility and clinical relevance of the statements provided,
while acknowledging that recommendations should be interpreted within the limits of a
narrative review.
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2. Definition of Bio-Stimulation/Bio-Revitalization/Bio-Regeneration

One of the key challenges in the field of aesthetic medicine is the lack of a unified
definition. Different authors have used “bio-stimulation,” “bio-revitalization”, or “bio-
regeneration,” interchangeably, which creates confusion. Considering the diversity of
definitions and interpretations, as well as the limited understanding of the underlying
biological mechanisms of many commonly used products, it is necessary to first establish a
working definition that can be applied consistently.

Bio-stimulation should be understood as the ability of a product or treatment to trigger
the body’s own physiological processes that contribute to restoration of skin structure
and function.

It implies activation of fibroblasts and stimulation of collagen and extracellular matrix
production, rather than simply acting as a filler.

Bio-revitalization refers to the restoration of skin vitality by supplying essential sub-
stances (such as hyaluronic acid and cofactors) that improve hydration, elasticity, and
cellular function.

Bio-regeneration is a broader term, which may include bio-stimulation but also covers
immunomodulation, angiogenesis, and metabolic improvements.

To advance the field, it is essential to establish a common language. The current
understanding of bio-regeneration and bio-stimulation is no longer what it was two decades
ago. Today, it refers to a physiologically oriented, evidence-based process rather than a
purely marketing concept.

Proposed conceptual definition:

“Bio-regeneration in aesthetic medicine refers to the controlled and progressive induction
of physiological processes, including fibroblast activation, collagen and elastin synthesis,
and dermal matrix remodeling, which result in improvement of skin quality, elasticity,
and structural integrity. Bio-regeneration encompasses these mechanisms and extends
to the modulation of cellular and immune responses that are thought to contribute to
long-term tissue health.”

3. Why Bio-Regeneration?

Bio-regeneration in aesthetic medicine is a conceptual, biologically oriented approach
that aims to restore skin structure, function, and vitality by targeting the extracellular matrix
(ECM) and its cellular components [1]. Central to this process is the stimulation of fibrob-
lasts, which produce collagen, elastin, and other ECM proteins essential for maintaining
skin elasticity, firmness, and youthful appearance [2,3]. Physiological bio-regeneration goes
beyond simple volumization, supporting vascularization, ECM remodeling, and metabolic
balance, thereby promoting gradual and controlled improvements in skin function rather
than merely achieving superficial aesthetic changes. By engaging biomechanical receptors
on fibroblastic membranes, bio-regenerative approaches may influence cellular behaviour,
supporting collagen production, myofibroblast differentiation, and extracellular matrix
remodeling, thereby contributing to improved skin structure and resilience [4].

Within this framework, physiological bio-regeneration is positioned as a strategy that
directly targets the cellular and extracellular changes underlying skin aging. The approach
addresses both intrinsic and extrinsic aging mechanisms. Physiological skin aging is grad-
ual, characterized by slow collagen loss, decreased fibroblast activity, reduced cell turnover,
and diminished hydration, leading to mild progressive loss of elasticity and volume. Patho-
logical aging, accelerated by chronic inflammation, oxidative stress, hormonal changes,
and metabolic imbalances, results in excessive collagen degradation, impaired wound
healing, structural collapse, and increased skin fragility [5-8]. Bio-regeneration therapies
are intended to harness the body’s natural regenerative potential to counteract these pro-
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cesses, enhance skin elasticity, hydration, and circulation, and supporting long-term tissue
homeostasis [9].

Injectable treatments, such as bio-stimulating hyaluronic acid, calcium hydroxyap-
atite, polycaprolactone (PCL), poly-D,L-lactic acid (PDLLA), or poly-L-lactic acid (PLLA),
provide direct cellular activation and ECM remodeling [1,10]. Device-based technologies in-
cluding fractional lasers, microneedling, microneedling radiofrequency (RF), high-intensity
focused ultrasound (HIFU), and infrared (IR) light, offer controlled stimulation that com-
plements injectables [11,12]. Biologically active compounds, such as biomimetic peptides,
growth factors, and platelet-rich plasma (PRP), can further enhance regenerative responses
and optimize outcomes. These interventions aim to reduce wrinkles, restore lost volume,
improve skin texture, and prevent aging-related changes, all while supporting physiological
repair mechanisms [13-15].

Personalization is a cornerstone of effective bio-regeneration. Every patient is unique,
and aging is multifactorial, involving intrinsic factors (genetics, natural fibroblast slow-
down), extrinsic factors (UV exposure, pollution, lifestyle), and metabolic or inflammatory
influences (chronic inflammation, glycation, hormonal shifts) [7]. Understanding each
patient’s skin, aging pattern, and specific needs allows clinicians to select the optimal
combination of therapies and techniques, ensuring safe, effective, and long-lasting results.
True physiological bio-regeneration works with the body, not against it, leveraging bio-
compatible stimulators, synergistic multi-modal approaches, and respect for the skin’s
healing cycles to achieve both structural and aesthetic improvements.

In the past, the dominant “anti-aging” approach was aimed at masking visible signs
of aging. The focus was primarily on correction, using surgical procedures or line-filling
hyaluronic acids, often resulting in unnatural or short-lived effects [16]. The paradigm
was defined by a “fight against aging.” Today, and looking forward, the emphasis is on
healthy aging and regenerative aesthetics. The goal is not simply to conceal, but to support
skin biology and tissue homeostasis. Modern tools including PEGylated hyaluronic acid,
calcium hydroxyapatite, bio-stimulators, and energy-based technologies may allow for
physiological regeneration, natural rejuvenation, and long-term improvements in tissue
quality. This represents a shift from symptom management to biological stimulation, from
restoring shape to restoring biology.

4. PEGDE as a Cross-Linking Agent

Among the agents currently applied for cross-linking in soft tissue fillers are Bu-
tanediol Diglycidyl Ether (BDDE), 1,8-Diepoxyoctane (DEO), Divinyl Sulfone (DVS), and
Polyethylene Glycol Diglycidyl Ether (PEGDE). Manufacturers employ these agents differ-
ently, varying the degree of cross-linking, the ratio of cross-linker to HA, and the final HA
concentration. These technical differences are decisive for the viscoelastic properties of each
gel, which directly shape the clinical effect and durability of the aesthetic outcome [13,14].
Alongside anatomical knowledge, appropriate technique, and patient selection, choosing
the right filler formulation remains a cornerstone of safety and complication prevention.

One of the more recent developments in filler technology is the application of PEGDE
as a cross-linker. Experimental data indicate that PEGDE may improve both the perfor-
mance and the safety profile of HA-based fillers. As polymers, PEGDE and HA together
create a three-dimensional, scaffold-like matrix, which allows the filler to integrate homoge-
neously with the surrounding tissue [15,17,18]. PEGDE-crosslinked fillers show favorable
rheological features such as viscosity, cohesiveness, and adaptability, supporting both
natural integration and predictable handling [19-21].

In a preclinical comparative study, PEGDE-crosslinked HA hydrogels exhibited higher
storage modulus, reduced swelling, and greater resistance to hyaluronidase-mediated
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degradation than BDDE-crosslinked HA, alongside more favorable fibroblast spreading,
supporting the notion that PEGDE cross-linking may confer enhanced physicochemical
stability and tissue-compatible cell-matrix interactions [22].

Commercial introduction of PEGDE as a cross-linking platform has therefore opened
new possibilities in aesthetic procedures. Unlike traditional cross-linking chemistries, PEG
produces a more uniform and flexible network, which enhances the mechanical resistance
and thermal stability of the resulting gels [23-27]. Its well-documented biocompatibility
is another key advantage, associated with reduced local inflammatory signalling and
low immunogenicity. This is of particular relevance in high-risk or delicate anatomical
areas. Moreover, these properties make PEGylated fillers well-suited for combined use
with energy-based technologies such as IR, laser, or RF within the same session, without
compromising safety or tissue integrity [23-27]. Two features stand out in particular: their
thermodynamic stability and their ability to limit local inflammatory activation.

The ability of a filler to withstand heat is especially relevant when treatments involve
devices that deliver energy to the skin. The thermal resistance of an HA gel depends largely
on its cross-linking system. Studies have shown that PEGDE-crosslinked fillers are more
resilient to heat than BDDE-based products [27]. This becomes critical when combining
HA fillers with infrared, RF, or HIFU, as thermal degradation of the filler matrix can mimic
mechanical stress and trigger endogenous hyaluronidase activity. In parallel, tissue damage
induced by heat can provoke inflammation, further accelerating enzymatic degradation [28].
In this context, PEGylated fillers offer a margin of safety by retaining structural stability
and minimizing the risk of inflammatory breakdown during multimodal procedures.

Safety is another domain where PEGDE appears to provide a tangible advantage.
Any dermal filler, regardless of composition, may elicit local recruitment of neutrophils,
monocytes, and macrophages, with downstream fibroblast activation. The inflammatory
profile is shaped by each component of the formulation: HA, water content, and the cross-
linker itself. While HA is a natural polysaccharide, its degradation fragments may display
pro-inflammatory activity. Water can also influence osmotic balance locally, contributing to
irritation. The cross-linker therefore plays a key role in the overall immunological response.
PEGDE, in contrast to more traditional agents, has shown immunomodulatory properties:
it appears to blunt proinflammatory pathways and may even exert local anti-inflammatory
effects [26,29].

In vitro research supports this, showing that PEGDE-HA fillers reduce immune cell
recruitment, reactive oxygen species formation, and expression of cytokines such as TNF
and IL-8 under both resting and stimulated conditions [26,30,31]. This suggests a lower
risk of immune-mediated adverse reactions, including granuloma formation or cellulitis,
and may even promote an anti-inflammatory immune phenotype [30,31].

These findings have been reinforced in vivo: PEGylated fillers demonstrate diminished
antigen presentation, reflected by lower counts of CD4+ and CD8+ T cells, B cells, and
macrophages in the surrounding tissue. Both retrospective and prospective studies have
confirmed this reduced immune activation [25,26]. Long-term clinical experience likewise
supports their high safety, with no reports of granulomas, foreign body reactions, or related
complications over three years of follow-up [31].

5. PEGDE-HA + CaHA and the Possible Mechanism of Bio-Regeneration

PEGDE-crosslinked hyaluronic acid combined with calcium hydroxyapatite, glycine,
and L-proline is intended to combine immediate volumizing effects with a delayed bio-
stimulatory response, consistent with a conceptual dual-phase mechanism of action that
integrates both immediate volumizing and long-term bio-stimulatory effects.
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Upon injection, the PEGDE-crosslinked hyaluronic acid matrix provides immediate
tissue hydration, subtle volume restoration, and contour enhancement [32]. Its rheological
and viscoelastic properties generate a transient mechanical lifting and support effect within
the dermal and subdermal layers, contributing to early aesthetic improvement [20,24].
At the same time, the low-concentration CaHA microspheres (10-12 um) remain evenly
dispersed within the PEGDE-HA matrix, potentially forming a three-dimensional scaffold
that may help maintain local tissue tension and may contribute to mechanical stimulation
of fibroblasts through controlled micro-strain [33].

As the PEGDE-crosslinked hyaluronic acid gradually degrades, CaHA particles be-
come progressively exposed to the surrounding tissue [33]. This delayed exposure is
hypothesized to contribute to a controlled remodeling response, potentially involving
collagen deposition and signals associated with vascular changes. Interactions between
macrophages and small-sized CaHA particles have been proposed to promote the release
of mediators such as transforming growth factor-31 (TGF-p1) and platelet-derived growth
factor (PDGF), which may, in turn, support gradual fibroblast activation and collagen
synthesis [34]. This mechanistic hypothesis is biologically plausible in light of animal data
showing that HA-hydroxyapatite composite fillers increase collagen type I and elastic
fiber synthesis alongside upregulation of TGF-f3 /Smad-associated signaling (e.g., EGFR,
Smad2/3, procollagen, elastin and fibrillin expression) in a nude mouse model [35].

Although the precise in vivo mechanism remains under investigation, available pre-
clinical evidence is consistent with a dual-phase model. The initial phase is characterized
by immediate, predominantly mechanical correction, likely supported by the intrinsic
water-binding behavior of HA hydrogels, consistent with the rapid clinical improvement
observed directly after injection [36]. The secondary phase may be associated with biologi-
cally mediated tissue remodeling. Morphological and ultrastructural analyses of human
skin several months after injection of a PEGylated filler revealed uniform tissue integration
without encapsulation or inflammatory reactions, along with fibroblast changes suggestive
of increased extracellular matrix production [19]. Supporting these findings, in vitro studies
have shown that PEG-cross-linked HA containing low concentrations of CaHA significantly
upregulates collagen synthesis in human fibroblasts, indicating a potential bioactive role of
CaHA beyond volumization [37]. Nevertheless, in the absence of controlled comparator
arms (e.g., HA alone, CaHA alone, or sham treatment), the relative contribution of PEGDE
cross-linking, CaHA content, and procedural factors cannot be determined with certainty.

PEGDE-HA + CaHA has been reported to address both dermal and subcutaneous
tissue concerns, particularly in the correction of mid-face volume deficits [36]. The effects
of PEGDE-HA + CaHA may not be limited to collagen production, but extend to vascular-
ization, immune modulation, and broader tissue physiology [26,38], reflecting its potential
role in bio-regeneration. The formulation itself also plays an important role in supporting
these outcomes, and includes the amino acids proline and glycine, which act as osmolytes
to help control hydrogel swelling after implantation. Proline, an osmoprotectant, mitigates
water stress and supports turgor balance, while glycine contributes to cell volume regu-
lation and stabilization of the hydrogel structure, preventing uncontrolled swelling [39].
Beyond their physicochemical role, proline and glycine also enhance tissue hydration and
softness, functioning as humectant and emollient agents. Together, these properties support
the stability of the hydrogel, particularly with respect to its viscoelastic behaviour and
thermodynamic balance [39].

6. Clinical Evidence

The in vitro and in vivo data described above provide strong biological rationale sup-
porting the hypothesis that the combination of hyaluronic acid and calcium hydroxyapatite
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may promote sustained improvements in skin quality, consistent with a dermal remod-
eling process rather than solely transient volumetric effects. Clinical experience further
suggests durable, long-lasting outcomes [23]. In addition, a recent systematic review re-
ports that combined HA-CaHA formulations demonstrate greater biostimulatory potential
than hyaluronic acid alone, although substantial heterogeneity across study designs and
experimental models limits direct comparison [40].

High-frequency ultrasound (HF-USG) studies have consistently demonstrated measur-
able increases in dermal thickness following treatment with PEGDE-crosslinked hyaluronic
acid-based fillers, both with and without calcium hydroxylapatite, accompanied by re-
duction of the subepidermal low-echogenic band (SLEB). As these parameters are widely
accepted non-invasive markers of intrinsic and extrinsic skin aging, their modulation after
treatment has been interpreted as reflecting improvements in dermal hydration, collagen
organization, and overall skin quality [41].

Clinical imaging and long-term observational studies further indicate that PEGDE-
crosslinked fillers integrate homogeneously within the tissue, without evidence of irregular
distribution, nodular accumulation, or encapsulation, and are associated with structural
changes consistent with collagen-related dermal remodeling [23,36,37]. The incorporation
of CaHA into PEGDE-HA formulations has been associated with enhanced collagen-related
responses, suggesting that CaHA contributes to the durability and bio-regenerative profile
of these combinations beyond the rheological properties of hyaluronic acid alone [37,42].

Histological analyses from clinical settings provide convergent evidence supporting
a controlled and transient tissue response following PEGDE-HA + CaHA administra-
tion. Early post-injection evaluations, performed approximately 21 days after treatment,
demonstrate moderately increased fibroblast activity, early collagen deposition, and mild in-
flammatory infiltration; findings considered consistent with a physiological tissue response
rather than pathological inflammation [25].

Longitudinal immunohistochemical assessments indicate that markers of immune
cell infiltration, including CD8, CD34, and CD68, decrease progressively over time, sup-
porting resolution of the early immune response without progression to chronic inflam-
mation [26,38]. Similar histological and clinical safety profiles have been reported in both
healthy individuals and patients with autoimmune conditions, including Hashimoto’s
thyroiditis, treated with PEGDE-HA-based fillers, with follow-up periods extending up to
150 days and no evidence of delayed inflammatory reactions or granuloma formation [26].
Notably, PEGylated hydrogels have been shown to protect calcium hydroxyapatite particles
from immediate phagocytosis, thereby enabling their gradual release over time [37,43,44].
This observation is clinically relevant for practitioners, as the persistence of foreign ma-
terials such as soft tissue fillers can, in some cases, be associated with adverse immune
reactions, including granuloma formation.

Prospective Clinical and Histological Study

A previously unpublished, prospective clinical and histological study, conducted
in an independent laboratory, evaluated the biological and clinical effects of PEGDE-
crosslinked hyaluronic acid combined with calcium hydroxyapatite. Fourteen healthy
volunteers received a single subdermal injection and were followed for nine months.
The study design included serial high-frequency ultrasound imaging, skin biopsies with
histological and immunohistochemical analyses, electron microscopy, and longitudinal
laboratory assessments.

Sustained clinical improvement and high patient satisfaction were observed through-
out the follow-up period. High-frequency ultrasound demonstrated a progressive, time-
dependent increase in dermal thickness, with mean values rising by approximately 7.8% at
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Mean skin thickness (mm)

30 days, 22.2% at 4 months, and 30.6% at 9 months (Figure 1). These structural changes oc-
curred in the context of homogeneous tissue integration and in the absence of pathological
neovascularization or granuloma formation.

Mean Skin Thickness Over Time After PEGDE-HA + CaHA Injection

0.23

0.22

0.21

0.20

0.19

0.18

*ok

Before

30d 4m 9m
Timepoint

Figure 1. Mean total skin thickness measured by high-frequency ultrasound at baseline and at
30 days, 4 months, and 9 months after injection of PEGDE-crosslinked HA with CaHA. A progressive,
statistically significant increase in dermal thickness was observed over time (one-way ANOVA,
p < 0.001), with the most pronounced improvement at 9 months; n = 14. Error bars indicate standard
deviation; asterisks denote significant differences versus baseline (* p < 0.05; ** p < 0.01).

Histology and immunohistochemistry offered detailed mechanistic insights. IHC
demonstrated a selective, time-dependent increase in type I collagen, with staining intensity
becoming most pronounced at nine months (Table 1). In contrast, collagen types III, IV, and
VII remained stable and unchanged throughout the study period. Type VII collagen, a key
component of anchoring fibrils at the dermal-epidermal junction, ensures stable adhesion
between the epidermis and dermis; its unchanged expression indicates that no injury-
induced basement membrane repair was triggered [45,46]. Similarly, type IV collagen,
essential for the structural integrity of basal membranes, showed consistent expression at
all time points, confirming that no mechanical or inflammatory disruption occurred [47].

Table 1. Semi-quantitative evaluation of type I collagen expression in skin biopsies.

Group n Baseline 1 Month 4 Months 9 Months
Women (30-56 y) 7 ++ to +++ ++ to +++ +++ +++
Men (34-54 y) 7 ++ to +++ ++ to +++ +++ +++

Type I collagen expression was assessed by immunohistochemistry and graded on a semi-quantitative four-point
scale: 0 = none, ++ = moderate, +++ = strong. This evaluation is semi-quantitative and subject to inter-observer
variation; no automated quantification was performed.

The absence of detectable upregulation of type III collagen, commonly associated
with early inflammatory or reparative wound-healing responses, suggests a remodeling
pattern that does not prominently involve classical injury-driven repair cascades. However,
this interpretation remains inferential and should not be construed as definitive evidence
distinguishing regenerative from reparative mechanisms.
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Electron microscopy corroborated these findings, revealing a predominance of mature
type I collagen fibrils and activated fibroblasts in close proximity to hydroxyapatite particles,
without foreign-body giant cells or macrophage-mediated reactions. Systemic laboratory
parameters remained stable over time, with no signs of immune perturbation, and adverse
events were limited to transient, mild injection-site reactions (Table 2).

Table 2. Dynamics of cytokine and IgE levels.

Parameter Sex Before 1 Month 9 Months
IgE, IU/mL Women 50.86 + 21.88  62.86 = 2098  55.14 + 22.03
Men 6771 £ 19.69 7071+ 17.94  76.14 + 22.99
TNF-«, pg/mL Women 1.00 &= 0.0 1.00 = 0.0 1.00 £ 0.0
Men 274+ 058 2.97 + 0.32 1.20 + 0.1
IL-6, pg/mL Women 0.87 £ 0.16 0.93 & 0.37 0.97 + 0.31
Men 1.00 + 0.0 1.00 £ 0.0 1.00 + 0.0
IL-4, pg/mL Women 157 £ 027 2.71 + 048 1.00 £ 0.0
Men 2.00 + 0.0 2.00 + 0.0 2.00 + 0.0
IL-10, pg/mL Women 244 + 031 349 + 0.95 147 £ 022
Men 0.80 & 0.09 4.04 + 253 0.73 + 0.21
HsgpNosta;‘;;’;SL Women 2.00 4 0.0 2.00 £+ 0.0 2.00 + 0.0
Men 329 + 1.19 12.29 & 5.94 543 + 1.75
I“d‘;‘gfrﬁN'V' Women  850.00 +81.62 914.43 +54.34 770.14 + 132.37

Men 753.71 £126.69 896.86 + 137.61 685.00 &= 152.66

Values are shown as mean =+ standard error of the mean (SEM) and median (Q25-Q75). Cytokines measured
by ELISA. Abbreviations: TNF-o—tumor necrosis factor alpha; IL—interleukin; IFN-y—interferon gamma;
IgE—immunoglobulin E.

Independent preclinical data provide an external line of support for the collagen
I-dominant response observed in this human study. In a nude mouse model, crosslinked
hyaluronic acid-hydroxyapatite composite fillers were associated with increased collagen
type I expression and elastic fiber formation [35].

Taken together, these findings suggest that PEGDE-crosslinked HA combined with
CaHA functions as a volumizing filler with additional biological activity that may support
long-term dermal remodeling, while preserving basement membrane integrity and avoid-
ing pronounced inflammatory responses. However, in the absence of controlled comparator
arms (e.g., HA alone, CaHA alone, or sham-treated sites), causal attribution to PEGDE
cross-linking, CaHA content, or their interaction cannot be established with certainty.

Several limitations should be acknowledged. The study was conducted in a small
cohort (n = 14) without randomization or placebo controls, limiting statistical power and
causal inference. Collagen expression was assessed using semi-quantitative immunohis-
tochemistry, which may introduce inter-observer variability, and automated quantitative
image analysis was not performed. Finally, longer-term follow-up is required to assess
durability beyond nine months. Nonetheless, these data provide preliminary evidence of a
consistent tissue response and support further investigation in larger, controlled studies
with appropriate comparator groups and extended follow-up.

7. Positioning of PEGDE-HA + CaHA Among Other Options

The mechanism of action of currently marketed poly-L-lactic acid (PLLA), calcium
hydroxyapatite CaHA or hyaluronic acid products carries important clinical implications,
particularly with respect to injection technique, optimization of aesthetic outcomes, and
minimization of adverse events [48]. When administered into the skin or subcutaneous tis-
sue, these agents gradually increase tissue volume, correcting wrinkles and sagging [49,50].
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Each treatment session stimulates collagen production, with the magnitude depending on
both concentration and injected volume, which must be individually tailored. Repeated
sessions progressively enhance extracellular matrix deposition, improving skin firmness
and contour.

Unlike PLLA, CaHA provides immediate effects due to the carrier carboxymethyl
cellulose gel [48]. The glycerine in the gel can induce transient edema lasting 24-72 h [49].
Thanks to its viscosity, density, and cohesiveness, CaHA allows effective tissue lifting and
instant contouring. It is also suitable for supraperiosteal application and for restoring
volume in areas of bone resorption [49,50].

Because the clinical effects of biostimulators may take weeks to manifest, it is crucial
to allow sufficient time between sessions to permit the biological response. Additional
treatments are typically scheduled at intervals of at least four weeks to avoid overcorrec-
tion [48]. Response time and degree of correction are influenced by patient-specific factors,
including age, sex, skin quality, phototype, and lifestyle. Histological studies in animal
models have shown that intradermal injections produce greater collagen formation than
subdermal delivery; however, they are also associated with a higher incidence of palpable
nodules and undulations, which can generally be managed conservatively with digital
massage or saline/lidocaine infiltration [50,51].

From a practical standpoint, PLLA requires hydration several hours before injection,
whereas CaHA can be administered directly or combined with lidocaine immediately prior
to use. CaHA offers both immediate and long-lasting volumizing effects, though initial
edema may occur due to the glycerine content. In contrast, PLLA’s immediate post-injection
effect arises from the diluent volume and subsides within 24-48 h, with the true effect
emerging gradually as neocollagenesis induces dermal thickening [52].

PEGDE-HA + CaHA represents a novel approach, being the first PEGDE-crosslinked
hyaluronic acid filler to integrate CaHA within a single matrix. This dual mechanism dif-
ferentiates it from conventional HA suspensions and standard CaHA-based biostimulators.
The PEGDE-crosslinked HA component provides hydration, elasticity, and volumetric sup-
port, while also acting as a scaffold that ensures homogeneous dispersion of CaHA particles,
thereby providing a more controlled stimulus for fibroblast activation and neocollagenesis.

Evidence increasingly indicates that particle morphology plays a decisive role in
CaHA behaviour. Beyond particle size alone, factors such as shape, surface characteristics
and aggregation significantly influence macrophage uptake, with smooth and spherical
particles being less susceptible to phagocytosis than irregular ones [44]. Traditional CaHA
fillers, typically containing particles in the range of 25-45 um, are therefore understood
to induce neocollagenesis primarily through mechanical fibroblast stimulation and the
gradual degradation of relatively large particles. More recent perspectives expand this
view. Turkevych proposed that, in addition to direct fibroblast activation, CaHHA may also
interact with adipocytes and fibroblasts within subcutaneous white adipose tissue (sWAT),
potentially modulating local biomechanics and broadening its bio-regenerative impact
beyond classical collagen induction [43].

Within this evolving framework, the PEGDE-crosslinked HA-CaHA matrix in this
formulation, incorporating smaller CaHA particles of 8 to 12 um uniformly dispersed within
the dense HA network, may contribute to controlled particle exposure and moderated
release kinetics. This architecture may limit immediate contact with phagocytic cells
and reduce rapid clearance, allowing the particles to remain bioactive over an extended
period and sustain a regenerative stimulus. The prolonged release profile and durable
bio-stimulatory effect were demonstrated in the 2023 study by Zerbianti et al. [36].

CaHA concentration also appears to play a crucial role, as very low concentrations
(1-3%) may influence the formation and secretion of exosomes from surrounding cells,
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contributing to long-term improvements in skin appearance [43,53]. Furthermore, the
combination of hydroxyapatite and hyaluronic acid exerts a synergistic effect: HA enhances
extracellular matrix hydration and facilitates uniform dispersion of CaHA particles within
the tissue. This may promote consistent tissue integration and could explain the absence of
local accumulations, granulomas, or fibrosis, supporting both the safety and efficacy profile
of PEGDE-HA + CaHA.

Histological assessments of PEGDE-HA + CaHA confirmed the absence of inflamma-
tory infiltrates, foreign-body giant cells, and macrophage-driven reactions. Systemic labo-
ratory analyses further demonstrated stable cytokine profiles and preserved IFN-y produc-
tion, findings that argue against granulomatous or immunosuppressive responses [26,33].
Clinically, this mechanistic advantage translates into a more predictable safety profile, with
a markedly reduced risk of nodules, fibrosis, and delayed adverse events.

8. Practical Guidance and Clinical Algorithm
Based on expert opinions, PEGDE-HA + CaHA is particularly recommended in:

8.1. General Aging & Skin Quality

e  Patients with early to moderate signs of skin aging, where dermal quality improvement
is a primary goal;

e Patients seeking improvement in firmness, elasticity, hydration, and skin texture, in
addition to subtle contouring;

e Patients seeking preventive treatment to counteract accelerated aging.

8.2. Corrective & Reparative Indications

e Cases requiring mild volumization combined with bio-regeneration, especially in
delicate facial zones;

e Patients with skin imperfections, including acne scars, stretch marks, and post-
surgical scars.

8.3. Special Clinical Situations

e  Patients with compromised tissue quality (after illness or oncological treatment), where
regenerative support is valuable;

e Patients with autoimmune conditions (e.g., Hashimoto’s thyroiditis), provided that
eligibility and safety are carefully assessed by the treating physician [26].

e Patients experiencing significant weight loss, including those treated with GLP-1
receptor agonists, where loss of subcutaneous tissue and skin quality deterioration
require supportive regenerative therapy;

e  Menopausal patients presenting with skin dullness, dryness, and reduced vitality
due to hormonal changes, where bio-regeneration can help restore hydration and
dermal balance.

8.4. Treatment Strategies

e  Situations where multi-modal therapy is indicated, combining injectables with energy-
based devices (infrared, fractional laser, RF) within the same session to enhance
synergistic regenerative effects;

e  Cases where gentle stimulation of fibroblasts is desired to support long-term tissue
homeostasis without overcorrection.

e  When repeated sessions are required for biostimulatory products, consensus rec-
ommendations commonly use multi-week intervals between sessions to allow the
biological response to evolve, supporting a staged, lower-risk approach.
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Other options, such as pure HA fillers or CaHA suspensions, may be considered when
the therapeutic goal is limited to volumetric correction or to strong bio-stimulation without
the need for hydration and elasticity. PEGDE-HA + CaHA thus fills a unique therapeutic
niche by combining regenerative and corrective effects in a single product.

9. Conclusions

Physiological bio-regeneration represents an evolving paradigm in aesthetic medicine,
shifting the focus from purely volumetric correction toward sustained improvement in skin
structure, function, and quality through the controlled induction of endogenous processes.
Within this conceptual framework, PEGDE-crosslinked hyaluronic acid combined with
low-concentration calcium hydroxyapatite may represent a coherent technological and
biological strategy, providing immediate structural support and hydration followed by a
delayed, low-inflammatory stimulatory effect potentially associated with fibroblast activa-
tion and selective type I collagen enhancement. Available clinical, imaging, and histological
observations, although preliminary and largely derived from small, non-comparative
cohorts, consistently indicate homogeneous tissue integration, progressive increases in
dermal thickness, and the absence of pathological inflammation or granuloma formation:
findings that are compatible with a remodeling-oriented response rather than a classical
injury-driven wound-healing process. Nevertheless, the methodological limitations of the
current evidence base underscore the need for robust controlled trials with quantitative
endpoints and longer follow-up to confirm underlying mechanisms, durability, and opti-
mal clinical indications, ensuring that the bio-regenerative concept remains grounded in
physiology and evidence rather than terminology alone.
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