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Abstract
Background/Aim: Poly-Lactic acid (PLA) fillers are widely used for facial and body volume restoration because of their 
collagen-stimulating properties. However, early inflammation, oxidative stress, and variable long-term remodeling remain 
as concerns. Vitamin C and glutathione support collagen synthesis and redox homeostasis but degrade rapidly in 
conventional systems. This study evaluated a PLA filler incorporating Ethyl ascorbic acid (Vitamin C) and glutathione 
stabilized within an InCube® microlattice (PLA-IC) focusing on antioxidant stability, collagen induction, and tissue response.
Materials and Methods: PLA-IC were prepared by combining PLA microspheres with microlattice-encapsulated vitamin 
C and glutathione. Scanning and transmission electron microscopy and selected-area electron diffraction were used 
to characterize particle morphology and structure. Antioxidant stability was examined using high-performance liquid 
chromatography and DPPH radical-scavenging assays during long-term storage. In vivo, SKH mice received 
subcutaneous injections of PBS, commercial PLA filler, or PLA-IC. Surface volume changes were measured by Primos 
imaging, and histology was used to assess inflammation, neovascularisation, and collagen deposition over 12 weeks.
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Introduction

Injectable poly-Lactic acid (PLA) has become an important 
biostimulatory filler in aesthetic plastic surgery (1). Its 
ability to induce gradual collagen formation allows 
sustained volumization and skin quality improvement, 
making it widely used for midface rejuvenation, contour 
enhancement, and correction of age-related lipoatrophy 
(2, 3). Despite its established clinical utility, variability in 
early inflammatory responses, inconsistent collagen 
induction, and patient-specific differences in tissue 
remodeling remain challenges that affect predictability of 
outcomes (4, 5).

A key factor contributing to this variability lies in the 
biological environment into which PLA is introduced. 
The degradation of PLA generates lactic acid oligomers, 
lowering the local pH and promoting oxidative stress (6, 
7). Excess oxidative stress can impair fibroblast function, 
hinder collagen synthesis, and prolong inflammation 
influencing nodule formation, delayed edema, or 
suboptimal biostimulatory effects (8, 9). Therefore, 
strategies that stabilize the microenvironment and 
support cellular activity during the early phases of PLA 
remodeling may improve both safety and treatment 
consistency.

Vitamin C and glutathione are central to dermal 
homeostasis (10, 11). Vitamin C facilitates collagen 
hydroxylation and matrix organization, while glutathione 

maintains intracellular redox balance and regulates 
inflammatory signaling. Their combined activity has the 
potential to optimize the regenerative milieu around 
PLA particles. However, both molecules degrade rapidly 
when exposed to oxygen, moisture, or heat, making 
incorporation into injectable fillers difficult (12, 13). 
Conventional encapsulation methods such as hydrogels, 
emulsions, or polymer coatings extend stability only 
modestly and are often incompatible with long-term 
storage required for commercial facial fillers (14).

Microlattice encapsulation provides a structural 
solution to this limitation. The ordered lattice physically 
isolates sensitive molecules, minimizing oxidative 
degradation while allowing controlled release. Integrating 
vitamin C and glutathione in this stable microlattice, 
and subsequently combining them with PLA particles, 
may protect the antioxidants during storage and after 
injection, modulate the local biochemical environment, 
and enhance fibroblast-driven collagen synthesis. Such 
an approach could refine the tissue response to PLA and 
potentially improve clinical outcomes.

The objective of this study was to develop a PLA filler 
incorporating microlattice-encapsulated vitamin C and 
glutathione (PLA-IC) and to evaluate its physicochemical 
stability and biological effects. We assessed long-term 
antioxidant stability, characterized material morphology, 
and examined the volumizing effect, collagen deposition, 
and tissue reactions in a murine model. These findings 

Results: Microlattice encapsulation preserved vitamin C and glutathione for 277 days and maintained strong DPPH-
scavenging activity for up to 200 days. In vivo, PLA-IC showed significantly greater volumizing effect than standard 
PLA filler between weeks 4 and 12. Masson’s trichrome staining demonstrated higher collagen density in the PLA-IC 
group, reaching nearly twice that of conventional PLA at 12 weeks. H&E sections revealed reduced inflammatory 
infiltration and minimal neovascularisation in PLA-IC-treated tissues.
Conclusion: Microlattice-based incorporation of vitamin C and glutathione enhances the antioxidants stability and 
overall biostimulatory performance of PLA filler. Compared with conventional PLA, PLA-IC demonstrated improved 
volume retention, increased collagen formation, and a more controlled tissue response, indicating potential advantages 
for aesthetic applications and warranting clinical evaluation of safety and efficacy.

Keywords: Poly-Lactic acid filler, PLA filler, antioxidant encapsulation, vitamin C and glutathione stability, 
neocollagenesis.
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provide insight into whether antioxidant-enhanced PLA 
formulations can improve the consistency and quality of 
biostimulatory soft-tissue augmentation.

Materials and Methods

Preparation of PLA-IC. PLA-IC was prepared by mixing PLA 
particles (InCube 701®, LabInCube Co., Ltd., Cheongju, 
Republic of Korea) with microlattice-encapsulated 
vitamin C (InCube 301®, LabInCube Co., Ltd.), microlattice-
encapsulated glutathione (InCube Glu®, LabInCube Co., 
Ltd.), and sodium hyaluronate (HA; AWA Biopharm Co., 
Ltd., Shandong, PR China). A phosphate-buffered aqueous 
solution (pH 7.0) was prepared from monobasic and 
dibasic sodium phosphate. The final suspension contained 
82.9% PLA particles, 0.56% microlattice-encapsulated 
vitamin C, 0.17% microlattice-encapsulated glutathione, 
and 11.2% HA (w/w). The mixture was gently stirred until 
homogeneous and then frozen to dry.

Scanning electron microscopy (SEM). Particle morphology 
and size were examined using field-emission scanning 
electron microscopy (FE-SEM; JSM-7600F, JEOL Ltd., 
Tokyo, Japan) at the Chronic and Metabolic Diseases 
Research Center of Sookmyung Women’s University. Two 
preparation methods were used: (1) dry powder samples 
were mounted on copper tape on aluminum stubs and 
sputter-coated with platinum; (2) powder samples were 
dispersed in saline, drop-cast on silicon wafers, vacuum-
dried, and sputter-coated before imaging. For particle size 
analysis, at least 200 microspheres were randomly 
selected, and a log-normal distribution model was used 
to describe particle size distribution.

Transmission electron microscopy (TEM). The morphology 
and internal structure of the vitamin C and glutathione-free 
microlattice capsules were evaluated using TEM and 
selected area electron diffraction (SAED; JEOL Ltd.). 
Samples were dispersed in an organic solvent by sonication 
and dropped onto copper grids. After vacuum drying, TEM 
images and SAED patterns were acquired at 200 kV.

Glutathione content assay. Glutathione stability in the 
microlattice system was assessed by high-performance 
liquid chromatography (HPLC). Microlattice-encapsulated 
glutathione, approximately 7 g, was placed in a 15 ml conical 
tube and stored at 20±5°C and 60±5% relative humidity 
(RH) for 277 days. Glutathione content was measured 
immediately after loading and after 277 days of storage.

The HPLC system (Shimadzu Prominence HPLC-UVD, 
Shimadzu Corp., Kyoto, Japan) was equipped with a UV 
detector set at 210 nm and a 4.6×250 mm, 5 µm particle 
size C18 reversed-phase column maintained at 30°C. The 
mobile phase consisted of potassium dihydrogen phosphate 
and sodium 1-heptanesulfonate in water, adjusted to pH 3.0 
with phosphoric acid and supplemented with methanol. The 
flow rate was set to achieve a glutathione retention time of 
approximately 5 min. The injection volume was 10 µl.

For sample preparation, 25 mg of microlattice-
encapsulated glutathione was dissolved in 50 ml of 
distilled water. A glutathione standard solution (0.05 
mg/ml) was prepared in the mobile phase. Glutathione 
content (%) was calculated using the following equation:

Glutathione content (%) = [mSTD × (Asample/ASTD) × 0.05/mSample] × 100%

Antioxidant stability of vitamin C and glutathione. 
Antioxidant stability was evaluated by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging assays 
(ALLPASSBIO, Daegu, Republic of Korea). To examine 
antioxidant stability within the PLA-IC formulation, vials 
were stored at 20±5°C and 60±5% RH for up to 200 days. 
Samples were collected at 70, 120, and 200 days. For each 
test, one vial was dissolved in 4 ml of distilled water and 
mixed 1:1 (v/v) with 0.2 mM DPPH solution. After 30 min 
of incubation in the dark, absorbance at 517 nm was 
measured. L-ascorbic acid (1 mg/ml) was used as a positive 
control. DPPH scavenging activity (%) was calculated as:

DPPH scavenging activity (%) = (1- ASample/AControl) × 100%

Animal experiments. All animal procedures were approved 
by the Institutional Animal Care and Use Committee of 
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Seoul National University Bundang Hospital (approval 
number: BA-2502-409-004-01) and conducted in 
accordance with institutional and national guidelines. Five-
week-old male SKH mice (20–25 g; BioOrient, Seongnam, 
Republic of Korea) were housed in a specific pathogen-free 
facility under a 12-h light/dark cycle at 24°C and 55% 
relative humidity, with free access to food and water.

A total of 45 mice were randomly allocated to three 
groups: PBS, commercial PLA filler, and PLA-IC. Each group 
included 15 animals. In each mouse, 100 µl of the assigned 
material was injected subcutaneously into the dorsal skin. 
At 0 (baseline, immediately after injection) and 2, 4, 8, 12 
weeks, Primos images (Canfield Scientific, Parsippany, NJ, 
USA) were obtained for all animals, and three mice per 
group were euthanized at each time point for histological 
analysis. Thus, each group had n=15, 12, 9, 6, and 3 mice 
contributing to volume measurements at 0, 2, 4, 8, and 12 
weeks, respectively.

H&E staining. Paraffin-embedded sections from each time 
point were deparaffinized in xylene and rehydrated through 
graded ethanol (100%, 95%, 90%, 80%, and 70%). Sections 
were rinsed in distilled water and stained with hematoxylin 
for 5 min, followed by a bluing reagent for 10-15 s. Eosin was 
applied for 30 s to stain cytoplasmic and extracellular 
components. Sections were dehydrated in 95% and 100% 
ethanol, cleared in xylene, and mounted with coverslips. 
Images were captured using an Olympus optical microscope 
(Olympus Corporation, Tokyo, Japan). Neovascularization 
and inflammatory cell infiltration were evaluated semi-
quantitatively. Neovascularization was assessed by 
measuring the percentage of tissue area occupied by blood 
vessels. This was done by selecting 3 representative areas of 
each section and calculating the vessel area fraction using 
image analysis. Inflammatory cell infiltration was assessed 
by counting the number of inflammatory cells, such as 
lymphocytes, in 3 high-power (400×) fields per section and 
averaging these counts to compare among groups.

MT staining. Masson’s trichrome staining was performed for 
tissue samples. Sections were incubated in Bouin’s solution 

overnight at room temperature, rinsed, and stained with 
Weigert’s hematoxylin for 10 min. Cytoplasm and muscle 
fibers were labeled with Biebrich scarlet–acid fuchsin, 
followed by differentiation in phosphomolybdic–
phosphotungstic acid. Collagen fibers were stained with 
aniline blue and briefly rinsed in water. After treatment with 
1% acetic acid, slides were dehydrated, cleared in xylene, and 
mounted. Collagen deposition was quantified using ImageJ 
software (NIH, Bethesda, MD, USA). For each mouse, 1 
trichrome-stained section of the injection site was analyzed. 
Three non-overlapping fields of view within the implant 
region were selected, and a color threshold was applied to 
identify aniline blue–stained collagen. The collagen-positive 
area (% of field area) was measured in each field and 
averaged per section as an indicator of collagen density.

Statistical analysis. All data are presented as 
mean±standard error (SE), analyzed using GraphPad 
Prism 9 (GraphPad Software, Boston, MA, USA). Statistical 
analysis was performed with SPSS (v.20, IBM Corp., 
Armonk, NY, USA). The normality of the data was assessed 
using the Shapiro-Wilk test, along with kurtosis and 
skewness measures. The pairwise comparisons between 
groups at each time point for Primos volumetric and 
histological data were performed using Bonferroni-
corrected post hoc tests following the two-way Analysis of 
Variance (ANOVA). Missing data due to scheduled 
euthanasia were handled by the mixed-model structure, 
which uses all available measurements for each animal 
without imputing later time points. Significance was 
defined as p<0.05 after correction.

Results

Characterization of filler particles. SEM images of PLA 
particles (InCube 701®) showed smooth, spherical 
microspheres with uniform morphology (Figure 1A). SEM 
analysis of PLA demonstrated a median particle size of  
49.67 µm and a mean size of 50.39 µm, with most particles 
in the 40–60 µm range, indicating a relatively narrow size 
distribution (Figure 1B). SEM images of PLA-IC before 
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hydration revealed similarly smooth, spherical particles 
(Figure 1C), while images of hydrated particles in saline 
provided additional detail of surface structure, further 
confirming the uniformity and distinct morphology of the 
particles (Figure 1D). The microlattice capsules designed to 
carry vitamin C and glutathione exhibited well-defined 
morphology on TEM (Figure 1E). SAED patterns revealed 
distinct diffraction rings, indicating an ordered internal 
arrangement consistent with a microlattice structure (Figure 
1F). This organization supports stable encapsulation of 
active molecules within the filler matrix.

Biopropertical analysis of PLA-IC. HPLC analysis 
demonstrated that glutathione content in the microlattice 
encapsulation remained essentially preserved after 277 
days of storage at 20±5°C and 60±5% RH, indicating good 

chemical stability over a prolonged period (Figure 2A). 
DPPH assays showed strong radical scavenging activity of 
encapsulated vitamin C and glutathione (Figure 2B). For 
vitamin C and glutathione in the microlattice encapsulation, 
DPPH scavenging capacity remained high throughout the 
evaluated storage period. Within the PLA-IC formulation, 
antioxidant activity was maintained for up to 200 days, with 
minimal decline at 70, 120, and 200 days. These findings 
suggest that microlattice encapsulation effectively 
preserves antioxidant function during long-term storage in 
a filler-compatible format. As this was a single-run 
qualitative assessment, no statistical analysis or error bars 
were applicable.

Volumizing effect and collagen deposition. Primos 
volumetric analysis (Figure 3A, B) showed similar initial 

Figure 1. Characterization of the filler particles. (A) SEM image showing the dry PLA microspheres with a uniform spherical morphology and smooth 
outer surface (scale bar: 10 µm). (B) Particle size–distribution analysis indicating a narrow diameter range, consistent with a relatively homogeneous 
particle population. (C) SEM image of PLA-IC particles before hydration, demonstrating intact spherical geometry (scale bar: 10 µm). (D) SEM image 
of PLA-IC particles after suspension in saline, illustrating preserved morphological integrity under hydrated conditions (scale bar: 1 µm). (E) TEM image 
showing the internal structural features of InCube® (scale bar: 1 µm). (F) SAED pattern exhibiting concentric diffraction rings, reflecting an ordered 
internal arrangement within the InCube® microstructure (scale bar: 51 nm). SEM, Scanning electron microscopy; TEM, transmission electron microscopy; 
SEAD, selected area electron diffraction; PLA, poly-Lactic acid; PLA-IC, PLA filler with microlattice-encapsulated vitamin C and glutathione.
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volume elevation in all groups at day 0 (p>0.05). At 2 
weeks, a reduction in volume was observed in each group. 
Subsequently, a gradual increase in skin surface elevation 
was noted over the 12-week period with the PLA-IC group 
showing the most pronounced increase in volume. 
Between weeks 4 and 12, the PLA-IC group exhibited 
significantly greater volume gain compared with the 
conventional PLA group (p<0.01). The mean volume 
increment from week 4 to week 12 was approximately 
+6.77 mm³ in the PLA-IC group versus +4.76 mm³ in the 
PLA group, indicating superior volume enhancement with 
the antioxidant-enhanced formulation.

Masson’s trichrome staining revealed progressive 
collagen deposition in all groups (Figure 3C, D). The 
PBS group showed an early increase in collagen at 4 
weeks, followed by a decline thereafter. The PLA group 
demonstrated a gradual, sustained increase in collagen 
density. The PLA-IC group exhibited the highest collagen 
intensity at every evaluated time point, with nearly two-fold 
higher collagen deposition compared with PLA at 12 weeks. 
These findings indicate that PLA-IC enhances collagen 
formation beyond that achieved by standard PLA filler.

Histological analysis. H&E staining allowed assessment of 
neovascularization and inflammatory cell infiltration. At 
baseline, neo-vessel formation presence was minimal in 
all groups. Over time, the PBS group showed little change 

in neovascularisation. The PLA group exhibited a marked 
increase in neo-vessel area at 2 and 4 weeks, exceeding 
1.5% of the tissue area, followed by a gradual reduction 
at later time points. In contrast, the PLA-IC group showed 
consistently lower neovascularization at all time points 
compared with PLA, suggesting a more controlled 
vascular response at the injection site (Figure 4A, B).

Inflammatory cell counts were negligible at baseline in 
all groups. In the PBS group, inflammatory cells remained 
elevated at all time points. The PLA group showed a 
peak in inflammatory infiltration at 2 weeks, followed 
by gradual resolution. The PLA-IC group had fewer 
inflammatory cells at each time point compared with both 
PBS and PLA, indicating a milder and better-regulated 
tissue reaction to the filler (Figure 4C, D). These findings 
suggest that the PLA-IC filler promotes a more controlled 
tissue response, with minimal neovascularization and 
inflammation, compared to both the PBS and PLA groups.

Discussion

In this study, we developed and characterized a PLA-IC 
microsphere system incorporating vitamin C and 
glutathione using the microlattice encapsulation 
(InCube®), and we evaluated its physicochemical stability, 
regenerative capacity, and tissue compatibility in vivo. The 
findings demonstrate several advantages of PLA-IC over 

Figure 2. The stability of glutathione content and DPPH scavenging activity of the filler over time. (A) Glutathione content remained stable after 277 
days of storage under ambient environmental conditions, with no difference compared with baseline (0 day) (n=1). (B) DPPH radical scavenging activity 
of the PLA-IC formulation decreased at 70 and 120 days, but substantial activity was still present at 200 days (n=1). DPPH, 2,2-diphenyl-1-picrylhydrazyl; 
PLA-IC, poly-lactic acid filler with microlattice-encapsulated vitamin C and glutathione.
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conventional PLA fillers and contribute to the growing 
evidence that biochemical augmentation of polymeric 
fillers can enhance their performance in soft-tissue 
remodeling: 1) microlattice encapsulation provided long-
term chemical and functional stability of glutathione and 
vitamin C; 2) PLA-IC induced greater collagen deposition 
and superior collagen-associated volumizing effect 
compared with a conventional PLA filler; and 3) PLA-IC 
was associated with reduced neovascularization and a 
lower inflammatory cell burden in a murine model.

The long-term stability of encapsulated antioxidants 
is particularly relevant for clinical use (14, 15). PLA fillers 

are often stored and used over extended periods, and any 
incorporated bioactive molecules must remain effective 
during this time. However, vitamin C and glutathione are 
known to degrade rapidly in aqueous and even in polymeric 
matrices, with previous reports indicating substantial 
loss of activity within days to weeks due to oxidation and 
hydrolysis (16, 17). Studies employing liposomes, PLGA 
nanoparticles, or HA hydrogels have achieved modest 
improvements, but rarely beyond 30 - 60 days of stability 
(18-21). In contrast, the maintenance of glutathione 
content for 277 days and preserved DPPH activity for 200 
days in this study indicates that the microlattice structure 

Figure 3. Continued
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effectively shields these molecules from environmental 
degradation. These results exceed the stability ranges 
reported for conventional antioxidant-delivery systems 
and suggest that the microlattice architecture effectively 
isolates sensitive molecules from environmental 
degradants. For aesthetic practice, this suggests that a PLA 
filler prepared with microlattice-encapsulated antioxidants 

can be manufactured and stored under routine conditions 
without rapid loss of function.

In vivo, PLA-IC induced a markedly more favorable 
tissue response than traditional PLA fillers. Previous 
investigations have shown that PLA microspheres generate 
a transient inflammatory reaction involving macrophages 
and multinucleated giant cells, which contributes to collagen 

Figure 3. The volumetric and histological analyses of filler injections over a 12-week period. (A) Representative Primos three-dimensional skin-surface 
images at 0 day and at 2, 4, 8, and 12 weeks after subcutaneous injection of PBS, PLA, or PLA-IC. (B) Time course of surface volume changes 
[mean±standard error (SE)]. All groups showed similar initial volumes at day 0 and a pronounced decrease at 2 weeks. From 4 to 12 weeks, the PLA-IC 
group exhibited a secondary increase in surface volume after the initial decline, which is characteristic of this formulation. (C) Representative Masson’s 
trichrome–stained sections at each time point, illustrating the progressive accumulation of collagen (blue) around the injection sites in the three groups. 
(D) Quantitative analysis of collagen-positive area, expressed xas fold-change relative to baseline (0 week). Collagen area increased over time in all 
groups, with the largest values observed in the PLA-IC group at later time points. *p<0.05, **p<0.01, and ***p<0.001 compared with control group using 
two-way ANOVA. MT staining images were taken at 400´ magnification. PBS, Phosphate-buffered saline; PLA, poly-lactic acid; PLA-IC, PLA filler with 
microlattice-encapsulated vitamin C and glutathione.
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synthesis but may also lead to swelling, nodularity, or 
inconsistent clinical outcomes (22-24). In contrast, the PLA-
IC group exhibited lower inflammatory cell infiltration and 
reduced neovascularization at all time points, consistent 
with a less active local inflammatory response (25, 26). 
TEM and TEM-SAED analyses further confirmed that PLA-
IC possesses an ordered microlattice architecture capable of 
efficiently loading, protecting, and releasing vitamin C and 
glutathione in a controlled manner, supporting its function 
as a stable delivery platform. Such controlled release likely 
attenuates local oxidative stress and dampens downstream 
inflammatory cell recruitment, thereby contributing to the 
overall milder tissue response observed in vivo.

The enhanced collagen deposition observed with PLA-
IC is also notable. Whereas conventional PLA fillers rely 
predominantly on a foreign-body reaction to stimulate 
fibroblast activity (27), the inclusion of vitamin C and 
glutathione appears to synergize with PLA-mediated 
biostimulation (28). Vitamin C facilitates collagen 
hydroxylation and fibrillar organization (29, 30), while 
glutathione prevents oxidative impairment of fibroblast 
function (31, 32). This synergism likely contributed to 
the significantly greater collagen density and improved 
volume retention observed in PLA-IC compared with 
standard PLA. The magnitude of improvement, nearly 
two-fold higher collagen deposition at 12 weeks, is 

Figure 4. Continued
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greater than what has been reported for hybrid fillers 
incorporating HA (33), calcium hydroxyapatite (34), or 
bioactive ceramics (35). In addition, the newly formed 
collagen fibers were well-organized and exhibited a 
morphological pattern closely resembling native dermal 
collagen at 12 week through H&E staining, suggesting 
a regenerative rather than purely volumizing response. 
Clinically, this indicates potential for long-term tissue 

integration, improved dermal quality, and more durable 
aesthetic outcomes resulting from biologically driven 
remodeling rather than simple space-filling. These 
findings indicate that biochemical reinforcement can 
enhance both the quality and the consistency of long-term 
tissue remodeling.

Observations from other biomaterial studies provide 
additional context for our findings and support the 

Figure 4. Histological analysis of tissue samples stained with H&E. (A) Representative H&E-stained sections showing neovascularization at 0 day and 
at 2, 4, 8, and 12 weeks in each group. (B) Quantification of neo-vessel area (%). The PLA group showed pronounced neovascularization at 2 and 4 
weeks, followed by a decline at later time points. The PLA-IC group exhibited lower neo-vessel area throughout the observation period. (C) Representative 
H&E-stained sections illustrating inflammatory cell distribution at each time point. (D) Quantification of inflammatory cell counts. Inflammatory cells 
increased at 2 and 4 weeks in the PLA group and subsequently decreased. The PLA-IC group showed consistently lower inflammatory cell counts over 
time compared with PLA. Data are presented as mean±standard error (SE). *p<0.05, *p<0.01, and ***p<0.0001 compared with the control group using 
two-way ANOVA. Images were taken at 400´ magnification for (A) and 800´ for (C). PBS, Phosphate-buffered saline; PLA, polylactic acid; PLA-IC, PLA 
filler with microlattice-encapsulated vitamin C and glutathione.
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notion that modest alterations in material architecture 
can lead to discernible differences in tissue responses. 
Pantermehl et al. demonstrated that hyaluronic acid–
based fillers with comparable chemical composition but 
differing structural or rheological features exhibit distinct 
cytocompatibility profiles, indicating that relatively small 
formulation changes may influence cellular tolerance 
and early material–tissue interactions (36). Likewise, 
Jung et al. reported that collagen scaffolds with different 
microstructural configurations provoke variable 
inflammatory and remodeling patterns, underscoring the 
relevance of matrix organization in guiding host responses 
(37). These findings are consistent with our observation 
that incorporating a microlattice-encapsulated antioxidant 
system into PLA, without altering the base polymer, was 
sufficient to modify the local inflammatory milieu and 
support a more ordered pattern of collagen deposition. 
Differences in tissue behavior across implantation sites 
reported by Burckhardt et al. further emphasize that 
biocompatibility outcomes depend not only on the material 
itself but also on the biological environment, as the same 
scaffold elicited distinct inflammatory and vascular 
responses in subcutaneous versus calvarial settings 
(38). Additionally, the angiogenic analyses by Salvante et 
al. showed that collagen-rich scaffolds tend to promote 
controlled neovascularization, whereas synthetic polymers 
are more likely to induce inflammation-associated vascular 
responses unless appropriately engineered (39). Taken 
together, these studies align with our results and suggest 
that targeted microarchitectural modification of PLA, such 
as through antioxidant-loaded microlattice structures, 
may enhance tissue compatibility and contribute to more 
favorable soft-tissue remodeling outcomes.
Study limitations. First, all in vivo data were obtained from 
a small animal model with a limited follow-up period of 12 
weeks. Although this timeframe is sufficient to detect 
differences in early collagen formation and tissue response, 
PLA fillers in clinical practice are expected to provide 
effects for more than one year (40). Longer-term and large-
animal studies are needed to determine how antioxidant 
stability influences late-phase degradation, collagen 

maturation, and potential delayed adverse events. Second, 
only one formulation and injection volume were evaluated. 
Dose-response relationships, different injection planes, and 
combination treatments with other fillers or energy-based 
devices were not explored. Third, due to the small sample 
size (n=3 per group at each time point), tests of normality 
had low power, and results should be interpreted cautiously. 
This is an inherent limitation of the study’s exploratory 
nature. We acknowledge that non-parametric analyses 
might be more appropriate for such small samples. 
However, the observed group differences were large and 
consistent, and they aligned with the trends identified by 
parametric tests.

Finally, clinical trials will be required to translate these 
findings into practice. Comparative studies between PLA-
IC and existing PLA fillers should assess not only objective 
outcomes such as volume enhancement and skin elasticity 
but also patient-reported satisfaction and rates of adverse 
events, including nodules and prolonged edema. These data 
will be essential before broad adoption in medical practice.

Conclusion

A PLA filler incorporating microlattice-encapsulated 
vitamin C and glutathione demonstrated favorable 
physicochemical and biological properties in a murine 
model. The formulation maintained long-term antioxidant 
stability, enhanced collagen deposition, improved  collagen-
associated volumizing effect, and elicited a more controlled 
inflammatory and vascular response compared with a 
conventional PLA filler. These preclinical results suggest 
that PLA-IC may offer advantages as a biostimulatory filler 
for aesthetic soft-tissue augmentation. Further work in 
larger animals and clinical studies will be necessary to 
confirm safety and efficacy in patients.
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