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Abstract

Injectable dermal fillers are widely used in aesthetic medicine for soft-tissue augmen-
tation and facial rejuvenation; however, systematic comparative data on their physico-
chemical properties and biological activities remain limited. This study aimed to charac-
terise five commercially available dermal filler products—Facetem®, cCaHA, PDLLA,
PLLA, and PCL—with respect to particle morphology and size distribution, in vitro
cytotoxicity, collagen-stimulating gene expression, and macrophage cytokine secretion
profiles. Particle size and distribution were determined by laser diffraction. Cytotox-
icity was assessed in L929 mouse fibroblasts using the CCK-8 assay at concentrations
of 0.1–5 mg/mL. Collagen-stimulating activity was evaluated by measuring COL1A1
and COL3A2 mRNA expression in primary human fibroblasts via quantitative RT-PCR.
Macrophage immune responses were profiled by a multiplexed cytokine array (40 ana-
lytes) in lipopolysaccharide/interferon-γ-polarised M1 and interleukin-4/interleukin-13-
polarised M2 macrophages. Scanning electron microscopy revealed distinct morphological
differences among the five products. PDLLA exhibited the smallest median particle size
(d(0.5) = 24.9 µm) and highest specific surface area (701.4 m2/kg), while PLLA showed
the broadest size distribution (Span = 1.617). All products maintained cell viability above
85% at all tested concentrations, indicating acceptable biocompatibility. Facetem®, PDLLA,
and PLLA significantly upregulated COL1A1 expression in human fibroblasts; PDLLA
and Facetem® also significantly increased COL3A2 expression. Cytokine profiling demon-
strated that the products did not substantially alter pro-inflammatory cytokine secretion
in M1 macrophages, whereas selected products at high concentrations modulated several
mediators in M2 macrophages, suggesting a tissue-remodelling rather than inflammatory
response. These findings demonstrate product-specific physicochemical and biological
profiles that may guide clinician selection and formulation development of injectable
dermal fillers. Facetem® exhibited a favourable combination of biocompatibility, collagen-
stimulating activity, and immune-modulatory properties comparable or superior to estab-
lished reference products.
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1. Introduction
Injectable dermal fillers have become among the most commonly performed mini-

mally invasive cosmetic procedures worldwide, with millions of treatments administered
annually [1]. These products are used to restore lost facial volume, efface rhytides, and
reshape contours by occupying space within the dermis and subcutaneous tissue [2,3]. The
landscape of available fillers has expanded considerably beyond hyaluronic acid-based
formulations to include biostimulatory agents that promote endogenous collagen synthesis,
such as calcium hydroxylapatite (CaHA), poly-L-lactic acid (PLLA), poly-ε-caprolactone
(PCL), and poly-D,L-lactic acid (PDLLA) microspheres [4,5].

Biostimulatory fillers are distinguished by their capacity to induce a controlled foreign-
body response, activating fibroblasts and macrophages to deposit new extracellular matrix
components, particularly fibrillar collagens [6]. The long-term efficacy and safety of these prod-
ucts are therefore critically dependent on their physicochemical characteristics—including
particle size, morphology, and surface area—as well as their biological interactions with
resident and recruited cells in the dermal microenvironment [7,8]. Particle size, in particu-
lar, influences the degree of macrophage phagocytosis, the magnitude of the inflammatory
response, and the durability of the collagen-stimulatory effect [9–11].

Despite the widespread clinical use of biostimulatory fillers, head-to-head comparative
data on the physicochemical and biological properties of commercially available products
are scarce [12,13]. Most published studies evaluate single products, utilise disparate
methodologies, or focus exclusively on clinical outcomes without mechanistic characterisa-
tion [14,15]. This evidence gap complicates evidence-based product selection for clinicians
and impedes rational formulation optimisation by manufacturers.

The present study was therefore designed to provide a systematic, multi-parametric
comparative characterisation of five injectable dermal filler products: Facetem® (a novel
PDLLA-based biostimulatory filler), CaHA (CaHA) [7], PDLLA (PDLLA/hyaluronic
acid) [12], PLLA (PLLA) [9], and PCL (PCL) [10]. These five products were selected
to represent the principal classes of biostimulatory filler chemistries currently in clini-
cal use—namely CaHA-, PLLA-, PCL-, and PDLLA-based platforms—so that Facetem®,
a recently introduced PDLLA-based product, could be benchmarked directly against the
established reference products from each chemical class rather than against a single com-
parator. This design allows the relative performance of Facetem® to be interpreted in the
context of the full range of biostimulatory mechanisms currently available to clinicians.
We evaluated particle size distribution by laser diffraction, assessed in vitro cytotoxicity in
a standardised fibroblast model [16], quantified COL1A1 and COL3A2 mRNA expression
in primary human fibroblasts as biomarkers of collagen-stimulating activity [17,18], and
profiled macrophage cytokine secretion patterns using a 40-plex array in both M1 (pro-
inflammatory) and M2 (anti-inflammatory/reparative) polarisation states [19,20]. Together,
these analyses provide an integrated biological characterisation of each product relevant to
both safety and efficacy.

2. Materials and Methods
2.1. Study Products

Five commercially available injectable dermal filler products were included in this
study: Facetem® (PDLLA microspheres in carboxymethylcellulose carrier; CGBIO Co., Ltd.,
Seoul, Republic of Korea), CaHA (CaHA microspheres in aqueous gel carrier; Merz Aesthet-
ics, Frankfurt, Germany), PDLLA (PDLLA/hyaluronic acid composite; Hana Pharm, Seoul,
South Korea), PLLA (PLLA microspheres; Galderma, Lausanne, Switzerland), and PCL
(PCL microspheres in carboxymethylcellulose gel; Sinclair Pharma, London, UK). Products
were stored and handled according to manufacturer instructions and analysed within their
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stated shelf lives. A summary of the compositional and formulation characteristics of
each product, compiled from manufacturer product information and regulatory filings,
is provided in Table 1; where manufacturers do not publicly disclose specific polymer
concentrations or molecular weights, this is indicated accordingly.

Table 1. Compositional and formulation characteristics of the five injectable dermal filler products
evaluated in this study, compiled from manufacturer product information, instructions for use, and
regulatory filings.

Product Manufacturer
(Location) Particle/Active Material Carrier/Excipient System Reported Polymer

Concentration
Additional

Active Agents

Facetem®
CGBIO Co., Ltd.

(Seoul,
Republic of Korea)

PDLLA microspheres Carboxymethylcellulose
gel

Not publicly
disclosed by

manufacturer
None reported

CaHA Merz Aesthetics
(Frankfurt, Germany)

Calcium hydroxylapatite
(CaHA) microspheres

Aqueous gel (glycerin/
carboxymethylcellulose)

~30% (w/w) CaHA
microspheres [7] None reported

PDLLA Hana Pharm (Seoul,
Republic of Korea)

PDLLA
particulate matrix

Cross-linked
hyaluronic acid

Not publicly
disclosed by

manufacturer

Hyaluronic acid
(biostimulatory carrier)

PLLA Galderma (Lausanne,
Switzerland)

Poly-L-lactic acid
(PLLA) microspheres

Lyophilised powder,
reconstituted in

sterile water

Not publicly
disclosed by

manufacturer [9,12]

Carboxymethylcellulose,
mannitol (excipients)

PCL Sinclair Pharma
(London, UK)

Polycaprolactone
(PCL) microspheres

Carboxymethylcellulose
gel

~30% (w/w) PCL
microspheres [10] None reported

2.2. Scanning Electron Microscopy

Particle morphology was examined by scanning electron microscopy (SEM). Samples
were prepared by diluting each product in deionised water, depositing a small volume
onto aluminium stubs, and sputter-coating with gold-palladium under vacuum. Images
were acquired at ×100 and ×300 magnification using a field-emission SEM (Hitachi S-4500,
Tokyo, Japan) operated at 5 kV accelerating voltage.

2.3. Particle Size Analysis

Particle size distributions were determined by laser diffraction using a Mastersizer
3000 (Malvern Panalytical, Malvern, UK) with the wet dispersion unit (Hydro MV). Each
product was dispersed in deionised water under gentle stirring. Volume-weighted particle
size parameters—d(0.1), d(0.5), d(0.9), and the volume-weighted mean diameter—were
calculated from triplicate measurements. Distribution breadth was characterised by the Uni-
formity index and the Span [(d(0.9) − d(0.1))/d(0.5)]. Specific surface area was calculated
from the particle size distribution assuming spherical particles.

2.4. Cell Culture

L929 mouse fibroblasts (ATCC CCL-1; ATCC, Manassas, VA, USA) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Waltham, MA, USA) supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 ◦C in a humidified
atmosphere with 5% CO2. Human primary dermal fibroblasts (HDFs) were cultured in
Fibroblast Growth Medium-2 (FGM-2; Lonza, Basel, Switzerland). All experiments were
performed on cells between passages 4 and 8. THP-1 human monocytic cells (ATCC TIB-
202) were cultured in RPMI-1640 supplemented with 10% FBS. L929 mouse fibroblasts were
selected specifically for the cytotoxicity assay because this cell line is the internationally
standardised model prescribed by ISO 10993-5 for the biological evaluation of medical
devices and biomaterials [16], allowing our cytotoxicity results to be directly compared
with regulatory thresholds and previously published filler safety data [7,9,21]. Human
dermal fibroblasts and THP-1-derived macrophages were used for the mechanistic, efficacy-
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related endpoints (collagen gene expression and cytokine secretion) because these cell
types are more directly relevant to the human dermal wound-healing and foreign-body
response that fillers are intended to elicit in vivo. We acknowledge that combining a murine
standard-cytotoxicity model with human-derived mechanistic models within the same
study is a limitation, as species-specific differences in receptor expression and extracellular
matrix biology may affect the direct comparability of cytotoxicity and efficacy endpoints;
this is discussed further in Section 4.

2.5. Cytotoxicity Assay

L929 fibroblasts were seeded in 96-well plates at 5 × 103 cells/well and allowed to
adhere overnight. Each filler product was diluted in serum-free DMEM to concentrations
of 0.1, 0.5, 1, 2, and 5 mg/mL and sterile-filtered (0.22 µm). This concentration range
was selected to span the local tissue concentrations estimated to occur at the injection
site immediately after implantation down to several-fold dilutions anticipated following
interstitial fluid distribution, and is consistent with concentration ranges used in previous
comparative filler cytotoxicity studies [7,9,21]. After 24 h treatment, cell viability was
determined using the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according
to the manufacturer’s instructions. Absorbance was measured at 450 nm. Cell viability
(%) was calculated as the absorbance of treated cells relative to the mean absorbance of
the untreated control × 100. Results are expressed as mean ± standard deviation (SD) of
four independent replicates (n = 4). Prior to hypothesis testing, the normality of residuals
was assessed by the Shapiro–Wilk test and the homogeneity of variances by Levene’s test;
both assumptions were satisfied for all comparisons reported. Statistical significance was
determined by Dunnett’s multiple comparison test against the respective untreated control
group using GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA).

2.6. Quantitative RT-PCR for Collagen mRNA Expression

HDFs were seeded in 6-well plates (3 × 105 cells/well) and treated with each filler
product at concentrations of 0, 1, 2, and 5 mg/mL for 48 h, with each concentration applied
in biological triplicate wells derived from independent passages; each biological repli-
cate was additionally assayed in technical duplicate by qPCR. Total RNA was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed with the
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative PCR
was performed on a CFX96 Real-Time System (Bio-Rad) using SYBR Green master mix.
Primer sequences for COL1A1, COL3A2 (COL3A1 type III), and the reference gene GAPDH
were designed using Primer-BLAST (NCBI, Bethesda, MD, USA). GAPDH was selected
as the reference gene based on its stable Ct values (coefficient of variation < 5%) across all
treatment conditions in preliminary runs, confirming its suitability as an internal normali-
sation control for this cell system. Relative mRNA expression was normalised to GAPDH
and quantified by the 2−∆∆Ct method, expressed as fold-change relative to the untreated
(0 mg/mL) control. Data are presented as mean ± standard error (SE) of three independent
experiments (biological replicates). Prior to hypothesis testing, normality and homogeneity
of variance were assessed by the Shapiro–Wilk and Levene’s tests, respectively; statistical
analysis was then performed by one-way ANOVA with Tukey’s post hoc test.

2.7. Macrophage Polarisation and Cytokine Array

THP-1 cells were differentiated into macrophages with 100 nM phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 72 h, then polarised to M1 by
treatment with 100 ng/mL LPS and 20 ng/mL IFN-γ, or to M2 by treatment with 20 ng/mL
IL-4 and 20 ng/mL IL-13, for 24 h. Polarised macrophages were then treated with each filler
product diluted 1:50 or 1:100 in serum-free RPMI-1640 for a further 24 h; these dilutions
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were selected to approximate the range of local tissue dilution expected following interstitial
distribution of injected filler material and to remain within the linear detection range of the
cytokine array in preliminary optimisation experiments. Conditioned media were collected,
centrifuged to remove debris, and cytokine concentrations were measured using a 40-plex
human cytokine array (RayBio® Human Cytokine Array C5; RayBiotech, Peachtree Corners,
GA, USA). Array images were acquired on a fluorescence scanner and quantified as mean
fluorescence units (MFU) from three independent biological replicates per condition. Data
are expressed as mean ± SE. Normality and homogeneity of variance were assessed by the
Shapiro–Wilk and Levene’s tests, respectively, prior to one-way ANOVA with Tukey’s post
hoc test.

2.8. Ethical Considerations

All experiments were conducted with commercially available, anonymised cell lines in
accordance with institutional guidelines. Ethical approval was not required for cell-based
in vitro studies under the applicable national regulations. The study was conducted in
compliance with the Declaration of Helsinki principles where applicable.

3. Results
3.1. Particle Morphology by Scanning Electron Microscopy

SEM imaging revealed clear morphological differences among the five filler products
(Figure 1). Facetem® and CaHA displayed uniformly spherical particles of similar diam-
eter at both ×100 and ×300 magnification, with smooth surface textures and consistent
inter-particle spacing. PCL similarly comprised spherical particles with comparable size
homogeneity. In contrast, PDLLA exhibited an irregular, flake-like morphology consistent
with its PDLLA/HA composite formulation, with a high degree of particle aggregation.
PLLA showed irregularly shaped particles with a heterogeneous size distribution and no-
tably broader range than the other products. These morphological features were consistent
with the quantitative particle size data described below.

Figure 1. Scanning electron microscopy (SEM) images of injectable dermal filler particles. (a–e) Low-
magnification (×100) and (f–j) high-magnification (×300) SEM images of Facetem®, CaHA, PDLLA,
PLLA, and PCL, respectively. A 300 µm (low magnification) or 100 µm (high magnification) scale
bar is annotated in the bottom-right corner of each panel; absolute particle dimensions should be
interpreted with reference to the corresponding magnification and scale bar rather than by visual
comparison across panels alone.
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3.2. Particle Size Distribution

Laser diffraction analysis demonstrated product-specific differences in particle size
distribution (Table 2). PDLLA had the smallest median particle diameter (d(0.5) = 24.9 µm)
and the highest specific surface area (701.4 m2/kg), reflecting its relatively small, flake-like
particles. PLLA showed the largest median diameter (d(0.5) = 51.4 µm), the broadest distri-
bution (Span = 1.617; Uniformity = 0.560), and the lowest specific surface area (151.8 m2/kg).
Facetem® and CaHA exhibited closely similar size profiles, with d(0.5) values of 34.6 and
34.9 µm, respectively, and comparable Span values (~0.87). PCL displayed the narrowest
size distribution (Span = 0.612; Uniformity = 0.188) with a d(0.5) of 38.4 µm.

Table 2. Particle size analysis of injectable dermal filler products measured by laser diffraction.

Product Particle Size
d(0.1) (µm)

Particle Size
d(0.5) (µm)

Particle Size
d(0.9) (µm)

Vol. Weighted
Mean (µm) Uniformity Span Specific Surface

Area (m2/kg)

Facetem® 24.1 34.6 53.9 45.4 0.508 0.863 177.0
CaHA 25.0 34.9 55.4 48.8 0.579 0.873 174.3
PDLLA 13.3 24.9 42.4 26.1 0.373 1.168 701.4
PLLA 16.9 51.4 100 59.5 0.560 1.617 151.8
PCL 28.2 38.4 51.8 39.4 0.188 0.612 140.2

d(0.1), d(0.5), d(0.9): particle diameters at the 10th, 50th, and 90th volume percentiles, respectively. Vol. Weighted
Mean: volume-weighted mean diameter. Uniformity: absolute deviation relative to d(0.5). Span: (d(0.9) − d(0.1))/d(0.5).
Specific Surface Area: surface area per unit volume.

3.3. In Vitro Cytotoxicity

All five filler products maintained L929 fibroblast viability above 85% across the entire
concentration range tested (0.1–5 mg/mL), demonstrating acceptable biocompatibility
in vitro (Table 3). At the lowest concentration (0.1 mg/mL), mean viability ranged from
94.6% (Facetem®) to 99.1% (PDLLA), with no statistically significant differences from the
untreated control for any product. At 1 mg/mL, PLLA and CaHA showed modest but
statistically significant reductions in viability (87.0 ± 2.5%, p < 0.01; and 90.4 ± 7.4%,
p < 0.05, respectively). Facetem® did not reach statistical significance at any tested concen-
tration, suggesting excellent biocompatibility across the full dose range. Notably, PDLLA
demonstrated significantly elevated viability at 1 mg/mL (120.7 ± 2.1%, p < 0.001) and
2 mg/mL (111.0 ± 3.4%, p < 0.01), consistent with a proliferative or metabolic stimulatory
effect attributable to its hyaluronic acid component.

Table 3. Cell viability (%) of L929 fibroblasts after exposure to injectable dermal filler products at
concentrations of 0.1–5 mg/mL. Values are expressed as mean ± SD (n = 4).

Concentration Facetem® (%) PLLA (%) CaHA (%) PCL (%) PDLLA (%)

0.1 mg/mL 94.6 ± 3.2 94.9 ± 3.7 95.6 ± 2.9 97.9 ± 3.4 99.1 ± 4.4
0.5 mg/mL 92.4 ± 5.5 98.3 ± 1.7 97.1 ± 0.4 89.1 ± 6.1 * 102.7 ± 3.6
1 mg/mL 89.6 ± 6.8 87.0 ± 2.5 ** 90.4 ± 7.4 * 89.1 ± 5.1 * 120.7 ± 2.1 ***
2 mg/mL 89.9 ± 7.6 94.6 ± 4.2 89.9 ± 6.8 * 88.3 ± 8.3 * 111.0 ± 3.4 **
5 mg/mL 96.3 ± 4.4 88.2 ± 7.6 ** 91.6 ± 3.9 86.3 ± 4.8 ** 101.5 ± 2.6

Statistical significance determined by Dunnett’s test vs. untreated control. * p < 0.05; ** p < 0.01; *** p < 0.001.
PDLLA was tested in an independent experiment with its own untreated control (mean OD = 1.430 ± 0.053).
Values exceeding 100% indicate a stimulatory effect on cell proliferation.

3.4. Collagen mRNA Expression

All five products upregulated COL1A1 (type I collagen α1 chain) mRNA expression
in human dermal fibroblasts in a concentration-dependent manner (Figure 2a–e). PDLLA
produced the most pronounced COL1A1 upregulation, with significant increases at 1, 2,
and 5 mg/mL reaching approximately 2.1-fold over the vehicle control (all p < 0.001).
Facetem® and PLLA also significantly induced COL1A1 expression, with maximum fold
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changes of approximately 1.85 and 2.1, respectively. CaHA and PCL produced more modest
but statistically significant COL1A1 increases at the highest concentrations tested.

Figure 2. COL1A1 and COL3A2 mRNA expression in human dermal fibroblasts treated with in-
jectable filler products. Panels (a–e): relative COL1A1 mRNA expression normalised to GAPDH for
Facetem®, PLLA, PDLLA, CaHA, and PCL, respectively, at 0, 1, 2, and 5 mg/mL. Panels (f–j): corre-
sponding COL3A2 mRNA expression. Data represent mean ± SE of three independent experiments.
Statistical significance vs. untreated control (0 mg/mL): * p < 0.05; ** p < 0.01; *** p < 0.001 (one-way
ANOVA with Tukey’s post hoc test).

COL3A2 (type III collagen α2 chain) expression was also induced by multiple prod-
ucts (Figure 2f–j). Facetem® produced significant COL3A2 upregulation at 2 mg/mL
(approximately 2.5-fold, p < 0.01) and 5 mg/mL (approximately 2.0-fold, p < 0.001). PLLA
significantly increased COL3A2 at 5 mg/mL (~2.5-fold, p < 0.01). PCL demonstrated
progressive and statistically significant COL3A2 upregulation across all concentrations
(all p ≤ 0.01). In contrast, PDLLA and CaHA did not produce statistically significant
COL3A2 changes at most concentrations tested, suggesting product-specific differences in
the relative stimulation of type I versus type III collagen.

3.5. Macrophage Cytokine Profiles

A 40-plex cytokine array was used to characterise the immunomodulatory profiles of
the five filler products in M1- and M2-polarised macrophages (Table 4). In M1 macrophages,
none of the filler products induced significant changes in the majority of cytokines as-
sayed compared with the vehicle control. The only statistically significant alteration in
M1 macrophages was a reduction in MIP-1α (CCL3) secretion by PDLLA at 1:50 dilu-
tion (3504 ± 2745 vs. 9906 ± 434 MFU in vehicle; p < 0.05), suggesting a dampening of
chemokine-mediated macrophage recruitment. These data indicate that none of the tested
products elicited a broad pro-inflammatory cytokine response in M1 macrophages.
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Table 4. Cytokine array profiles (mean ± S.E., MFU) in M1- and M2-polarised macrophages treated with Facetem®, Sculptra, and Juvelook.

Cytokine

M1 Macrophage M2 Macrophage

Vehicle Facetem Sculptra Juvelook Vehicle Facetem Sculptra Juvelook

(n = 3) 1:50 (n = 2) 1:100 (n = 3) 1:50 (n = 2) 1:100 (n = 3) 1:50 (n = 2) 1:100 (n = 3) (n = 2) 1:50 (n = 2) 1:100 (n = 2) 1:50 (n = 2) 1:100 (n = 2) 1:50 (n = 2) 1:100 (n = 2)

BLC (CXCL13) 155 ± 39 132 ± 11 167 ± 12 175 ± 45 139 ± 13 183 ± 22 194 ± 28 222 ± 22 204 ± 19 224 ± 11 236 ± 7 189 ± 38 180 ± 18 168 ± 8

Eotaxin-1 (CCL11) 224 ± 56 281 ± 60 216 ± 9 264 ± 20 226 ± 39 194 ± 2 237 ± 51 199 ± 18 233 ± 30 212 ± 17 217 ± 15 199 ± 7 171 ± 5 259 ± 35

Eotaxin-2
(MPIF-2/CCL24) 8253 ± 673 5836 ± 63 6956 ± 565 7435 ± 584 6945 ± 1361 5323 ± 605 6104 ± 1778 9934 ± 599 7401 ± 270 7578 ± 331 7405 ± 120 7565 ± 193 5511 ± 213 8125 ± 5031

G-CSF 147 ± 11 176 ± 2 202 ± 13 185 ± 16 176 ± 12 133 ± 6 176 ± 14 348 ± 90 296 ± 36 254 ± 53 235 ± 4 266 ± 36 371 ± 27 6868 ± 695 *

GM-CSF 59,942 ± 3278 58,269 ± 2053 69,080 ± 1322 68,956 ± 8949 65,318 ± 3024 39,493 ± 15,720 57,419 ± 1387 310 ± 3 328 ± 20 350 ± 4 * 356 ± 11 316 ± 13 300 ± 0 2510 ± 1903

I-309 (TCA-3/CCL1) 4625 ± 795 4001 ± 125 3263 ± 703 3484 ± 268 3410 ± 875 3187 ± 1021 3566 ± 1235 26,876 ± 922 19,196 ± 3461 17,654 ± 1782 10,310 ± 1956 12,338 ± 624 13,671 ± 1981 45,787 ± 10,518

ICAM-1 (CD54) 579 ± 80 730 ± 13 778 ± 125 749 ± 138 774 ± 44 554 ± 95 698 ± 152 1982 ± 8 2519 ± 73 2139 ± 93 2004 ± 76 2415 ± 104 2000 ± 69 1537 ± 187

IFN-γ 66 ± 4 69 ± 13 75 ± 5 74 ± 10 97 ± 36 64 ± 9 104 ± 15 82 ± 6 83 ± 19 96 ± 9 85 ± 8 105 ± 5 82 ± 4 114 ± 11

IL-1α (IL-1F1) 92 ± 8 91 ± 13 96 ± 3 87 ± 12 92 ± 6 94 ± 22 126 ± 7 124 ± 1 115 ± 26 146 ± 1 154 ± 10 135 ± 11 125 ± 14 153 ± 8

IL-1β (IL-1F2) 66 ± 2 56 ± 2 67 ± 0 81 ± 1 66 ± 6 76 ± 18 93 ± 12 115 ± 3 104 ± 1 136 ± 9 112 ± 12 127 ± 1 120 ± 4 304 ± 147

IL-1ra (IL-1F3) 64 ± 9 62 ± 15 70 ± 3 77 ± 3 54 ± 3 47 ± 4 80 ± 8 281 ± 98 270 ± 40 181 ± 0 218 ± 38 250 ± 23 194 ± 41 362 ± 54

IL-2 162 ± 30 111 ± 11 120 ± 4 109 ± 13 153 ± 18 121 ± 15 191 ± 23 174 ± 2 138 ± 12 139 ± 16 179 ± 6 174 ± 16 160 ± 2 228 ± 43

IL-4 188 ± 19 161 ± 21 169 ± 17 149 ± 11 170 ± 12 184 ± 2 245 ± 47 173 ± 3 181 ± 6 202 ± 8 196 ± 8 206 ± 12 182 ± 27 758 ± 424

IL-5 81 ± 6 86 ± 18 93 ± 6 96 ± 11 72 ± 2 88 ± 6 151 ± 34 123 ± 6 131 ± 1 132 ± 7 135 ± 2 140 ± 5 148 ± 5 194 ± 16 *

IL-6 753 ± 101 666 ± 45 706 ± 26 686 ± 104 703 ± 23 750 ± 185 754 ± 59 2462 ± 543 3845 ± 1343 3164 ± 277 2826 ± 457 3358 ± 1102 3166 ± 341 50,866 ± 5526 *

IL-6sR 231 ± 10 249 ± 9 275 ± 19 269 ± 33 266 ± 16 257 ± 39 270 ± 39 432 ± 1 813 ± 17 791 ± 144 787 ± 98 890 ± 9 608 ± 30 615 ± 122

IL-7 357 ± 45 354 ± 25 442 ± 11 389 ± 49 390 ± 16 339 ± 10 456 ± 45 385 ± 12 401 ± 28 425 ± 14 410 ± 5 409 ± 15 378 ± 34 480 ± 17

IL-8 (CXCL8) 62,507 ± 3903 64,051 ± 2122 71,461 ± 2514 69,071 ± 8917 65,882 ± 3315 61,474 ± 3170 63,140 ± 3430 57,690 ± 1566 59,946 ± 7747 68,659 ± 3574 68,466 ± 3155 68,401 ± 3426 58,483 ± 4628 61,294 ± 4848

IL-10 390 ± 48 372 ± 53 433 ± 27 365 ± 53 373 ± 22 376 ± 25 448 ± 36 830 ± 5 1910 ± 660 2481 ± 173 1414 ± 261 2191 ± 256 2204 ± 89 15,616 ± 9995

IL-11 252 ± 18 262 ± 2 316 ± 19 287 ± 15 282 ± 7 221 ± 33 264 ± 19 253 ± 30 302 ± 29 295 ± 6 286 ± 30 269 ± 21 228 ± 5 323 ± 32

IL-12 p40 194 ± 31 194 ± 10 229 ± 5 242 ± 20 232 ± 9 181 ± 23 210 ± 19 193 ± 48 190 ± 25 179 ± 10 182 ± 22 144 ± 6 147 ± 29 162 ± 26

IL-12 p70 266 ± 38 246 ± 37 231 ± 4 235 ± 33 234 ± 17 250 ± 7 328 ± 30 259 ± 15 277 ± 20 330 ± 27 311 ± 2 322 ± 3 282 ± 10 290 ± 30

IL-13 78 ± 18 70 ± 22 98 ± 12 74 ± 15 66 ± 8 78 ± 9 121 ± 28 93 ± 18 144 ± 48 120 ± 14 150 ± 0 126 ± 3 136 ± 16 178 ± 2

IL-15 56 ± 9 39 ± 9 49 ± 1 51 ± 8 43 ± 2 38 ± 1 75 ± 18 73 ± 15 66 ± 3 57 ± 11 61 ± 10 63 ± 12 82 ± 1 78 ± 9

IL-16 95 ± 5 93 ± 3 94 ± 10 64 ± 19 73 ± 11 59 ± 25 117 ± 12 93 ± 12 133 ± 23 166 ± 51 92 ± 3 171 ± 8 178 ± 14 118 ± 12

IL-17A 75 ± 15 80 ± 0 86 ± 1 58 ± 0 55 ± 7 46 ± 16 83 ± 15 66 ± 3 80 ± 23 81 ± 6 76 ± 3 65 ± 1 76 ± 2 111 ± 14

MCP-1 (CCL2) 3194 ± 555 4260 ± 415 4743 ± 198 3954 ± 195 3350 ± 289 1331 ± 1189 2298 ± 777 57,632 ± 1218 60,133 ± 7652 68,760 ± 3603 68,618 ± 3252 68,443 ± 3372 58,512 ± 4614 61,322 ± 4841

M-CSF 39 ± 1 48 ± 13 41 ± 3 43 ± 16 30 ± 5 37 ± 17 69 ± 14 8734 ± 1665 9842 ± 3386 11,101 ± 863 13,196 ± 1657 15,664 ± 1468 14,290 ± 1713 14,659 ± 283

MIG (CXCL9) 34 ± 9 37 ± 16 27 ± 8 27 ± 1 23 ± 3 24 ± 5 42 ± 5 35 ± 8 40 ± 9 27 ± 2 42 ± 5 32 ± 4 33 ± 5 57 ± 22

MIP-1α (CCL3) 9906 ± 434 8561 ± 140 10,733 ± 705 9956 ± 928 9325 ± 702 3504 ± 2745 * 8524 ± 928 15,218 ± 896 15,490 ± 3686 19,565 ± 3135 17,556 ± 241 17,947 ± 1530 17,997 ± 3028 23,667 ± 3059

MIP-1β (CCL4) 2929 ± 228 3020 ± 445 3215 ± 305 2778 ± 56 2745 ± 334 1277 ± 710 2425 ± 570 45,408 ± 577 43,276 ± 5486 49,134 ± 4622 38,982 ± 1657 40,833 ± 1021 41,328 ± 5368 34,061 ± 11,505

MIP-1δ (CCL15) 52 ± 8 52 ± 23 63 ± 7 70 ± 13 51 ± 4 42 ± 0 71 ± 3 63 ± 11 55 ± 14 69 ± 5 60 ± 6 62 ± 9 61 ± 1 61 ± 2

PDGF-BB 97 ± 14 88 ± 2 98 ± 4 87 ± 10 87 ± 5 75 ± 1 118 ± 14 144 ± 4 138 ± 29 150 ± 14 157 ± 15 143 ± 6 131 ± 4 145 ± 17
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Table 4. Cont.

Cytokine

M1 Macrophage M2 Macrophage

Vehicle Facetem Sculptra Juvelook Vehicle Facetem Sculptra Juvelook

(n = 3) 1:50 (n = 2) 1:100 (n = 3) 1:50 (n = 2) 1:100 (n = 3) 1:50 (n = 2) 1:100 (n = 3) (n = 2) 1:50 (n = 2) 1:100 (n = 2) 1:50 (n = 2) 1:100 (n = 2) 1:50 (n = 2) 1:100 (n = 2)

RANTES (CCL5) 251 ± 19 215 ± 6 234 ± 5 183 ± 21 209 ± 9 100 ± 47 227 ± 55 3128 ± 254 2230 ± 334 2952 ± 53 2651 ± 104 2502 ± 204 2956 ± 727 9242 ± 1816 *

TIMP-1 1209 ± 149 1219 ± 285 1716 ± 161 1518 ± 9 1385 ± 151 503 ± 293 730 ± 135 11,934 ± 936 14,718 ± 1244 12,782 ± 2350 17,767 ± 1362 16,350 ± 1364 14,837 ± 269 18,208 ± 1231

TIMP-2 261 ± 41 246 ± 0 281 ± 20 260 ± 23 245 ± 29 100 ± 60 260 ± 69 699 ± 47 839 ± 22 1103 ± 33 1125 ± 7 1170 ± 300 695 ± 162 317 ± 142

TNF-α 206 ± 10 206 ± 3 210 ± 10 185 ± 15 184 ± 22 124 ± 47 256 ± 27 220 ± 18 209 ± 14 204 ± 19 199 ± 21 222 ± 17 236 ± 59 21,619 ± 19,844

TNF-β (TNFSF1B) 190 ± 18 165 ± 16 213 ± 23 189 ± 25 184 ± 20 70 ± 70 186 ± 18 170 ± 13 159 ± 7 165 ± 2 175 ± 4 165 ± 5 168 ± 20 226 ± 60

TNF RI (TNFRSF1A) 31 ± 9 22 ± 15 31 ± 5 26 ± 6 37 ± 10 14 ± 14 34 ± 7 79 ± 6 71 ± 13 63 ± 3 73 ± 1 86 ± 7 48 ± 6 59 ± 34

TNF RII
(TNFRSF1B) 55 ± 13 41 ± 5 53 ± 0 77 ± 18 63 ± 7 8 ± 8 52 ± 17 701 ± 127 648 ± 4 794 ± 54 611 ± 55 721 ± 114 528 ± 15 1684 ± 318 *

Data are presented as mean ± S.E. (MFU, mean fluorescence unit). Statistical analysis was performed by one-way ANOVA with Tukey’s post hoc test. * p < 0.05 vs. the corresponding
vehicle control.
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In M2 macrophages, a more heterogeneous pattern was observed. At a 1:100 dilution,
PDLLA significantly increased G-CSF (6868 ± 695 vs. 348 ± 90 MFU; p < 0.05), IL-5
(194 ± 16 vs. 123 ± 6 MFU; p < 0.05), IL-6 (50,866 ± 5526 vs. 2462 ± 543 MFU; p < 0.05),
RANTES/CCL5 (9242 ± 1816 vs. 3128 ± 254 MFU; p < 0.05), and TNF RII (1684 ± 318 vs.
701 ± 127 MFU; p < 0.05). GM-CSF was modestly but significantly elevated by Facetem®

at 1:100 in M2 macrophages (350 ± 4 vs. 310 ± 3 MFU; p < 0.05). In contrast, Facetem®

and PLLA did not induce significant changes in pro-inflammatory cytokines (e.g., TNF-α,
IL-1β, IFN-γ) in either macrophage polarisation state, consistent with a predominantly
tissue-remodelling rather than pro-inflammatory immune interaction.

4. Discussion
This study provides a comprehensive, comparative in vitro characterisation of five in-

jectable biostimulatory dermal fillers across four complementary biological dimensions: par-
ticle morphology and size, cytotoxicity, collagen gene expression, and macrophage cytokine
secretion. To our knowledge, this is the first report to systematically integrate all four of
these parameters for this specific panel of commercially available products.

Particle size and morphology are critical determinants of both the biological response
and the clinical durability of injectable fillers. Particles in the range of 1–10 µm are read-
ily phagocytosed by macrophages, potentially limiting their persistence and collagen-
stimulatory lifespan, whereas particles larger than 20 µm generally evade phagocytosis
and instead provoke a sustained foreign-body giant cell reaction conducive to fibrob-
last activation and collagen deposition [22–24]. Our data demonstrate that PDLLA had
the smallest d(0.5) (24.9 µm) among the five products and the highest specific surface
area, which may enhance initial fibroblast contact and early collagen induction but could
also reduce long-term tissue persistence relative to larger-particle products. The narrow,
homogeneous size distribution of PCL (Span = 0.612) is consistent with its engineered
PCL formulation, which may contribute to a more predictable and sustained biological
response [10]. PLLA’s broad distribution (Span = 1.617) reflects the less uniform PLLA
manufacturing process and is consistent with previous reports in the literature [12]. Beyond
particle size and morphology, the carrier/excipient system in which each particle type
is suspended is also likely to contribute to the observed biological responses. Facetem®

and PCL are both formulated in a carboxymethylcellulose (CMC) gel, whereas CaHA is
suspended in an aqueous glycerin-based gel and PDLLA is embedded within a cross-linked
hyaluronic acid matrix (Table 1). CMC and HA carriers differ in viscosity, water-retention
capacity, and rate of in vivo clearance, and could therefore modulate the local residence
time and effective concentration of the active particles at the injection site, independently
of the particle material itself. Because this study did not include the carrier vehicles alone
(i.e., without particulate material), the relative contribution of the carrier versus the particle
to the biological signals reported here cannot be fully deconvoluted, and this should be
regarded as a limitation of the current design (see Section 4, limitations, below). With
respect to the particle material itself, PLLA and PCL are both slowly bioresorbable aliphatic
polyesters that are thought to act principally as an inert physical scaffold that triggers
a chronic, low-grade foreign-body response, with macrophages and fibroblasts progres-
sively encapsulating and infiltrating the particles as they degrade by bulk hydrolysis over
months to years [9,10,23]. This mechanism is consistent with the more gradual, sustained
COL3A2 induction observed for PCL in the present study. PDLLA degrades considerably
faster than PLLA or PCL owing to its amorphous, racemic structure, which may explain its
more rapid and pronounced early COL1A1 response but a less consistent COL3A2 signal.
These mechanistic hypotheses linking core particle chemistry, carrier composition, and
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the observed gene-expression and cytokine profiles warrant direct confirmation in future
studies that isolate each variable independently.

All products demonstrated in vitro biocompatibility in the L929 fibroblast model, with
cell viability consistently above 85%—the ISO 10993-5 threshold for cytotoxicity [16,21].
This finding is in agreement with prior regulatory and academic assessments of these
product classes [7,9,25]. The apparent proliferative effect of PDLLA at 1–2 mg/mL is
consistent with published evidence that hyaluronic acid promotes fibroblast proliferation
and migration through CD44 and RHAMM receptor signalling [26,27]. The absence of
cytotoxicity for Facetem® across all tested concentrations supports its favourable safety
profile as a novel biostimulatory filler.

The collagen mRNA data demonstrate that all five products can stimulate COL1A1
expression, confirming their biostimulatory mechanism of action [17,18,28,29]. Notably,
despite Facetem® and CaHA sharing identical calcium hydroxylapatite composition and
excipient formulation, their differences in collagen-stimulating activity can be attributed
to distinct particle morphological characteristics observed in SEM analysis, which may
influence particle-cell surface interactions and subsequent biological responses. The relative
magnitude of COL3A2 upregulation—particularly pronounced for Facetem® and PCL—is
of clinical interest, as type III collagen is the predominant collagen of early wound healing
and is subsequently remodelled to the more mechanically robust type I collagen [18,23].
A product that stimulates both collagen subtypes may therefore support a more comprehen-
sive fibroproliferative response. The dissociation between COL1A1 and COL3A2 responses
observed for PDLLA and CaHA suggests that the pathway(s) by which different filler
materials activate fibroblast collagen synthesis are not uniform and may reflect differences
in particle-cell contact, surface chemistry, or paracrine macrophage signalling [6,29,30]. It
should be emphasised that collagen-stimulating activity was assessed exclusively at the
transcript level; because mRNA abundance does not necessarily translate proportionally
into secreted or matrix-deposited collagen protein, due to post-transcriptional regulation,
translational efficiency, and protein degradation, the mRNA fold-changes reported here
should be interpreted as an indication of fibroblast activation rather than as direct evidence
of increased collagen protein synthesis or deposition. Confirmatory protein-level analyses
(e.g., ELISA, Western blot, or hydroxyproline quantification of secreted collagen) are re-
quired before firm conclusions can be drawn regarding the comparative collagen-producing
capacity of these products.

The cytokine array data support the favourable immunological profile of biostimula-
tory fillers as a class [31]. The absence of broad pro-inflammatory cytokine induction in M1
macrophages by any of the five products is reassuring and consistent with clinical observa-
tions of infrequent severe inflammatory reactions [3,4]. The significant elevation of several
cytokines by PDLLA at high concentrations in M2 macrophages—including IL-6, G-CSF,
and RANTES—warrants further investigation. While IL-6 can promote fibroblast activation
and collagen synthesis in a paracrine manner [32], sustained or excessive IL-6 secretion
has been associated with chronic inflammation and foreign-body reactions [22,24,33]. The
clinical relevance of these in vitro findings at a 1:100 macrophage conditioned medium
dilution requires careful contextualisation, as in vivo concentrations and the complex tissue
milieu may modulate these responses considerably [34,35]. Facetem®’s overall macrophage
cytokine profile was notably quiescent, suggesting that it is unlikely to elicit an exaggerated
inflammatory response at the injection site. The marked elevation of IL-6 by PDLLA in M2
macrophages should, however, be interpreted with caution. IL-6 is a pleiotropic cytokine
that can support fibroblast activation and matrix remodelling in physiological wound heal-
ing, but persistently elevated IL-6 has also been implicated in fibrotic foreign-body capsule
formation and nodule development in the dermal filler literature. Because this signal was
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observed in an isolated in vitro macrophage assay at a single conditioned-medium dilution
and time point, it cannot be determined from the present data alone whether this reflects
a transient, self-limited pro-reparative signal or a sustained pro-fibrotic stimulus in vivo;
the two possibilities have divergent clinical implications (respectively, enhanced collagen
deposition versus increased risk of nodularity or delayed-onset inflammatory nodules) that
cannot be distinguished without longitudinal in vivo or clinical safety data. We therefore
present this finding as a hypothesis-generating signal warranting dedicated follow-up
(e.g., time-course cytokine profiling and in vivo histological assessment) rather than as
evidence of either a beneficial or an adverse clinical effect.

Several limitations of this study should be acknowledged. First, all experiments were
conducted in vitro using established cell lines or polarised monocyte-derived macrophages,
which may not fully recapitulate the complex multicellular interactions in the human
dermis [34,36]. Second, the cytokine array employed an antibody-based detection format
that quantifies relative rather than absolute cytokine concentrations; comparisons between
analytes should therefore be made cautiously. Third, the mRNA expression analyses were
performed at a single time point (48 h), which may not capture the full temporal kinetics of
collagen gene induction [17]. Fourth, we did not assess the effects of the carrier materials
in isolation from the particulate components, nor did we evaluate protein adsorption on
filler particles, which could influence macrophage recognition and response [22]. Future
studies should address these limitations by incorporating three-dimensional tissue models,
longer-term co-culture systems, and in vivo validation in appropriate animal models.
Fifth, cytotoxicity was assessed in a murine (L929) fibroblast line in accordance with ISO
10993-5, while collagen and cytokine endpoints were assessed in human-derived cells;
interspecies differences in receptor biology could limit direct cross-referencing of the safety
and efficacy datasets. Sixth, and more broadly, in vitro monoculture and cytokine-array
systems cannot capture the dynamic, multicellular, and mechanically loaded environment
of the human dermis, nor the years-long clinical timeframes over which biostimulatory
fillers are intended to act; consequently, the relative rankings of the five products observed
here should be regarded as mechanistic and hypothesis-generating rather than as predictive
of comparative clinical longevity, aesthetic outcome, or adverse-event rates, and should
be corroborated by long-term in vivo and clinical follow-up studies before influencing
product selection in practice.

5. Conclusions
This comparative in vitro study demonstrates product-specific differences in the

physicochemical and biological properties of five commercially available injectable bios-
timulatory dermal fillers. Facetem® exhibited a physicochemical profile similar to CaHA,
demonstrated excellent in vitro biocompatibility, induced significant COL1A1 and COL3A2
mRNA upregulation, and displayed a quiescent macrophage cytokine profile. These data
collectively support Facetem® as a biostimulatory filler with a favourable safety and
efficacy profile that is at least comparable to established reference products. The differ-
ences identified among the five products in collagen subtype stimulation and macrophage
cytokine modulation provide a mechanistic basis for clinically observed differences in
duration, tissue quality, and tolerability, and may guide future formulation development
and evidence-based product selection.
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