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A B S T R A C T   

The skin is the largest organ and a crucial barrier for protection against various intrinsic and extrinsic factors. As 
we age, the skin’s components become more vulnerable to damage, forming wrinkles. Among different pro
cedures, hyaluronic acid-based hydrogel has been extensively utilized for skin regeneration and reducing 
wrinkles. However, it has limitations like low retention and weak mechanical properties. In this study, we 
suggested the poly(L-lactic acid) (PLLA) microparticles containing alkaline magnesium hydroxide and nitric 
oxide-generating zinc oxide and rejuvenative hyaluronic acid (HA) hydrogels including these functional mi
croparticles and asiaticoside, creating a novel delivery system for skin rejuvenation and regeneration. The 
fabricated rejuvenative hydrogels have exhibited enhanced biocompatibility, pH neutralization, reactive oxygen 
species scavenging, collagen biosynthesis, and angiogenesis capabilities in vitro and in vivo. Additionally, an 
excellent volume retention ability was demonstrated due to the numerous hydrogen bonds that formed between 
hyaluronic acid and asiaticoside. Overall, our advanced injectable hydrogel containing functional microparticles, 
with controlled release of bioactive molecules, has a significant potential for enhancing the regeneration and 
rejuvenation of the skin.   

1. Introduction 

The skin is the largest organ in the body and functions as an essential 
protective barrier against microorganisms and dehydration. However, 
with age, the skin becomes more vulnerable to damage [1,2] due to 
decreased fibroblasts and extracellular matrix (ECM) components, 
leading to wrinkles, volume depletion, and sagging skin [3]. In addition, 
an inflammatory response can expedite skin senescence and induce 
apoptosis [4]. Therefore, it is essential to inhibit inflammatory response 
and stimulate angiogenesis for skin repair and regeneration [5,6]. In 
biomedical applications leading to skin regeneration, hyaluronic acid 
(HA)-based hydrogels have gained significant attention due to their 
biocompatibility, biodegradability, and ease of chemical modification 
[7–9]. In cosmetology, HA dermal filling agents are commonly used for 

facial rejuvenation, offering non-invasive and minimally traumatic op
tions [3]. However, HA-based hydrogels have limitations, such as rapid 
degradation, poor long-term mechanical properties, and a short half-life. 
Several studies enhanced the durability and mechanical strength of HA. 
You et al. fabricated copper/tannic acid nanosheets with a cross-linked 
matrix of alginate and gelatin and had an elongated retention time [10]. 
Sallstrom et al. reported that laponite, a nano-composite synthesized by 
hectorite nano clay, was loaded with HA and manufactured by a 
printing-then-curing approach [11]. Abu-Hakmeh et al. suggested 
sequential gelation by oxidative reaction of hydrogen peroxide (H2O2) 
and horseradish peroxidase (HRP) to increase mechanical strength [12]. 
However, despite chemical cross-linking and enzymatic modifications, 
the duration of HA in the body remains shorter [13]. 

To address this issue, biodegradable polymer microspheres improved 
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the longevity of cross-linked HA fillers [14,15]. Among these biode
gradable polyesters, poly(L-lactic acid) (PLLA), FDA-approved for med
ical devices, exhibited a slow degradation rate due to its semi-crystalline 
and hydrophobic characteristics [16]. Nevertheless, when PLLA was 
implanted in the body, it generated acidic byproducts of lactic acid 
hydrolysis, leading to tissue inflammation and necrosis [17]. Magne
sium hydroxide (MH) was utilized to overcome these limitations due to 
nontoxic inorganic particles that have a pH-neutralizing effect on acidic 
byproducts and could suppress the inflammatory response [18–21]. 

Nitric oxide (NO) is an endogenously synthesized signaling molecule 
primarily produced by nitric oxide synthase (eNOS) in endothelial cells, 
playing critical physiological roles in regulating and regenerating 
numerous tissues and organs [22]. In the dermal microenvironment, NO 
promotes collagen biosynthesis and wound healing by enhancing 
angiogenesis [23]. Several studies have demonstrated that NO can be 
generated by enzyme-mimic catalysis activity in metals and metal ox
ides, with zinc oxide (ZO) displaying the most significant generation 
effects [24]. ZO continuously generates NO by a redox reaction with NO 
donor in the presence of blood making it the subject of interest in various 
fields, including biotechnology, medicine, biology, and physics [25]. 
Moreover, NO generated from ZO in the dermal region plays an essential 
role in wound repair, participating in an inflammatory response, 
angiogenesis, and collagen production [23,26]. 

Asiaticoside (ATS) is a triterpenoid compound isolated from Centella 
asiatica, and it has been clinically proven to stimulate wound healing 
and skin regeneration by promoting collagen synthesis, angiogenesis, 
and cell proliferation [27]. ATS stimulates fibroblasts, forming collagen 
and elastin, and it also activates the TGF-β receptor I kinase-independent 
Smad pathway, inducing type 1 collagen synthesis [2]. 

In this study, poly(L-lactide) (PLLA) microparticles (PMZ) loaded 
with functional inorganic particles, such as surface-modified magnesium 
hydroxide and zinc oxide, that inhibit inflammation, and produce NO for 
a prolonged period through dual mechanisms, respectively were pre
pared. A rejuvenating hydrogel incorporating microparticles and ATS 
was developed with a sustained release system. In vitro experiments 
were conducted to verify the biocompatibility and anti-inflammatory 
effects in human dermal fibroblasts (hDFs) and human umbilical vein 
endothelial cells (HUVECs). Additionally, the hydrogel was implanted 
into the dermal region of mice for 16 weeks to evaluate angiogenesis, 
collagen formation, and volume retention ability in vivo. 

2. Materials and methods 

2.1. Materials 

Poly(L-lactide) (PLLA, Mw 240 kDa) was procured from Green 
Chemical (Korea). Polyvinyl alcohol (PVA), magnesium hydroxide [Mg 
(OH)2; MH], oleic acid (OA), zinc oxide [(ZnO); ZO], α-lipoic acid (ALA), 
glutathione (GSH), and S-nitroso-N-acetyl-DL-penicillamine (SNAP) 
were purchased from Sigma-Aldrich (USA). The cross-linked hyaluronic 
acid hydrogel with divinyl sulfone (DVS) was provided by BioPlus Co., 
Ltd (Korea). Dichloromethane (DCM) was obtained from Daejung Co. 
Ltd. (Korea). Asiaticoside (ATS), 4-amino-5-methylamino-2′,7′-difluor
ofluorescein diacetate (DAF-FM DA), 2,2-diphenyl-1-(2,4,6-t2,4,6-trini
trophenolzyl (DPPH), and 2′, 7′-dichlorofluorescein diacetate (DCF-DA) 
were purchased from Cayman Chemical (USA). Human dermal fibro
blasts (hDFs) were purchased from the American Type Culture Collec
tion (PCS-201-012, ATCC, USA). Human umbilical vein endothelial cells 
(HUVECs) and EGM-2 media were purchased from Lonza (Switzerland). 
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 
and phosphate-buffered saline (PBS) solution were purchased from 
Hyclone (USA). The Universal RNA Extraction Kit was purchased from 
Bioneer (Korea). The antibiotic antimycotic solution (AA), TRIzol re
agent (15596018), SYBR Green PCR Master Mix (Applied Biosystems), 
Live/Dead staining Kit (Calcein AM/EthD-1), and Pierce™ BCA Protein 
Assay Kit were obtained from Gibco (Thermo Fisher Scientific, USA). 

Cell-count Kit (CCK-8) was obtained from Dongin LS (Korea). Prime
Script RT Reagent Kit (Perfect Real Time) was purchased from Takara 
(Japan). 

2.2. Preparation and characterization of pH neutralized and NO- 
generating microparticles 

MH was surface modified with oleic acid to enhance its dispersity 
and stability within the hydrophobic polymer matrix (MO). MH (3 g) 
was added to 70 mL hexane with OA (750 mg). The mixture was reacted 
at 70 ◦C for 4 h under stirring. The unreacted OA was removed by 
centrifugation. The ZO was conjugated with ALA to improve dispersity, 
stability, and NO generating ability, as in our previous study (ZA) [25]. 
The ZO (1.5 g) was added to 50 mL chloroform with 1.5 g ALA and 
reacted at 60 ◦C for 24 h with continuous stirring. The unreacted ALA 
was eliminated by centrifugation. The size distribution of synthesized 
MO and ZA was analyzed by dynamic laser scattering (DLS; Malvern, 
UK). The attenuated total reflection-Fourier transform infrared spec
troscopy (ATR-FTIR; PerkinElmer, USA) was used to investigate the 
specific chemical structure of the MO and ZA within the range between 
600 and 4000 cm− 1 with a resolution of 4 cm− 1 over 32 scans. The 
combined ratio of the MO and ZA was estimated by thermogravimetric 
analysis (TGA; PerkinElmer, USA). 

The pH neutralized and NO-generating microparticles were fabri
cated by the oil-in-water emulsion solvent evaporation method. A 
discontinuous phase solution was prepared by adding 40 mg MO and 20 
mg ZA to 10 mL DCM in which 200 mg PLLA were dissolved, and a 
continuous phase solution was prepared by dissolving 2 % (w/v) PVA in 
deionized water. The discontinuous and continuous phase solutions 
were mixed and homogenized at 1500 rpm for 3 min (Silverson Ma
chines Ltd, U.K.). An evaporator (N–1300, Eyela, Japan) was used to 
remove DCM from the emulsion for 60 min under a vacuum. The PLLA 
microparticles were harvested with a size of less than 25 and 75 mm 
using a sieve and washed by centrifugation at 3500 rpm for 10 min. 

Surface morphology and element mapping of functional micropar
ticles were visualized using scanning electron microscopy (SEM; S-4800, 
HITACHI, Japan). The sizes distribution of microparticles was measured 
using Laser Diffraction (Mastersizer 2000, Malvern Instruments Ltd, 
UK). The ratio of inorganic particles within the functional microparticles 
was analyzed by TGA. The release amounts magnesium and zinc in the 
functional microparticles was measured by inductively coupled plasma- 
optical emission spectroscopy (ICP-OES, Optima 8000, Perkin Elmer, 
MA, USA). The sustainability of NO generated by microparticles was 
investigated using a DAF-FM DA fluorescent probe and chem
iluminescence nitric oxide analyzer (NOA; Sievers NOA 208i, GE 
Analytical Instrument, USA). The microparticles (10 mg) were immersed 
in PBS solution for 7 days. Fluorescent images were visualized using a 
fluorescent-labeled organism bioimaging instrument (FOBI; CellgenTEK 
Co., Korea) with 50 μM DAF-FM DA, 50 μM GSH, and 50 μM SNAP at 
37 ◦C for 2 h, and quantitative fluorescence intensity was measured by 
irradiating excitation (λmax 495 nm) and emission (λmax 515 nm) 
frequencies. 

2.3. Preparation and characterization of rejuvenative hydrogels 
containing functional microparticles 

ATS (500 μg) was dispersed in 40 μL PBS solution and blended with 
60 μL hydrogel and 2 % microparticles. FE-SEM analysis was performed 
to observe the distribution and morphology of microparticles in the 
hydrogels and freeze-dried before the measurement. The rheological 
properties of hydrogels were analyzed using a strain-controlled rheom
eter, ARES-G2 (SN#4010-0255, TA Instrument, USA) with a frequency 
range of 0.1–10 Hz at 25 ◦C. The hydrogels were filled in a 1 mL syringe 
equipped with a 26 G needle, and injectable force was measured using a 
universal testing machine (UTM; T0-101, TEST ONE, Korea) at a flow 
rate of 30 mm/min. To investigate the release behavior of ATS, 150 μL 
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sample was immersed in 3 mL PBS solution at 37 ◦C for 28 days, and the 
supernatant was collected. The released ATS amount was determined 
with high-performance liquid chromatography (HPLC, LC 1100, Agilent, 
Germany) with an Agilent Eclipse column (5 μm, 4.6 × 150 mm C-18). 
The mobile phase consisted of acetonitrile, water, and methanol (57:38: 
5) with a 1 mL/min flow rate. The sample injection volume was 10 μL 
and the UV detection wavelength was 217 nm for 2 min. 

2.4. Evaluation of cell proliferation 

hDFs and HUVECs were cultured in DMEM media and EGM-2 media 
bullet Kit supplemented with 10 % FBS and 1 % AA, respectively. Both 
cells were grown under a humidified atmosphere at 37 ◦C with 5 % CO2. 
The hDFs (1 × 104 cells/well) and HUVECs (3 × 104 cells/well) were 
seeded in a 24-well plate, and 30 μL/mL hydrogels were placed in each 
well with indirect diffusion technique using 24-well inserts, respec
tively. Some wells seeded with HUVECs were additionally treated with 
10 μM GSH and 10 μM SNAP at 0 and 12 h. After 24 h, cell proliferation 
was measured using a Live/Dead (Calcein AM/EthD-1) staining Kit and 
CCK-8 following the manufacturer’s instructions. An LSM880 (Zeiss, 
Germany) was used to obtain the Live-Dead fluorescent images. 

2.5. ROS scavenging effect 

Prior to use, DPPH (0.25 mM) was dissolved in 95 % ethanol. Sub
sequently, 100 μL hydrogel was added into 1 mL DPPH solution and 
shaded from the light for 24 h under gentle shaking. The absorbance was 
measured using a SpectraMax M2 Microplate Reader (Molecular De
vices, USA). The hDFs were seeded onto 24-well plates and treated with 
an indirect diffusion technique. The generated reactive oxygen species 
(ROS) from the cells was visualized using 20 μM DCF-DA for 45 min at 
37 ◦C, and the nuclei of cells were stained using Hoechst. Each well was 
washed with PBS solution 2 times and DCF-DA positive cells were 
imaged using fluorescence microscopy. 

2.6. RNA extraction and quantitative real-time PCR 

The cells (hDFs and HUVECs: 2 × 105 cells/well) were seeded into a 
6-well plate and hydrogels were placed in each well using 6-well inserts. 
Total cellular RNA was extracted using Universal RNA Extraction 
following the manufacturer’s instructions. Extracted RNA concentration 
was determined by a spectrophotometer and reverse-transcribed to 
complementary DNA using PrimeScript RT Reagent Kit following the 
documentation provided. qRT-PCR was carried out using each primer 
set and SYBR Green PCR Master Mix and a QuantStudio 3 real-time PCR 
(Applied Biosystems, USA) instrument. The expression of gene values 
was normalized with the 18s rRNA and calculated using the 2− ΔΔCt 

method. The following primer sequences (forward; reverse) were used: 
18s: 5′-cctggataccgcagctagga-3′; 5′-gcggcgcaatacgaatgcccc-3′ 
SOD-1 (superoxide dismutase-1): 5′-aaacctcagccctaacggtg-3′; 5′- 

acatcaatcccagcagtgg-3′ 
CAT (catalase): 5′-gaccactggagctggtaacc-3′; 5′-ctgtgtcagctgaacccgat- 

3′ 
BAK (BCL-2 antagonist-1): 5′-agacctgaaaaatggcttcg-3′; 5′- 

cggaaaacctcctctgtgtc-3′ 
BCL2 (B-cell lymphoma protein-2): 5′-agtacctgaaccggcacct-3′; 5′- 

gccgtacagttccacaaagg-3′ 
P16 (tumor suppressor gene P16): 5′-ctactgaggagccagcgtcta-3′; 5′- 

ctgcccatcatcatgacct-3′ 
P53 (tumor suppressor gene P53): 5′-ccctttttggacttcaggtg-3′; 5′- 

aggccttggaactcaaggat-3′ 
COL1A1 (collagen type 1): 5′-gggattccctggacctaaag-3′; 5′-ggaa

cacctcgctctcca-3′ 
COL3A1 (collagen type 3): 5′- gctaaccttgatgctataactacga-3′; 5′- 

tggtggtaaaggcgaaatg-3′ 
MMP1 (matrix metallopeptidase1): 5′-gctaaccttgatgctataactacga-3′; 

5′-tttgtgcgcatgtagaatctg-3′ 
Elastin: 5′-ttggagttggtgctggtgtt-3′; 5′-gctgctccatatttggctgc-3′ 
TGF-β (transforming growth factor-β): 5′-gacttttccccagacctcgg-3′; 5′- 

ataggggatctgtggcaggt-3′ 
α-SMA (α-smooth muscle actin): 5′-gaagaggacactgcctt-3′; 5′- 

tcccagttggtgatgatgcc-3′ 
HIF-1α (hypoxia-inducible factor-1α): 5′-tttttcaagcagtaggaatt-3′; 5′- 

gtgatgtagtagctgcatga-3′ 
eNOS (endothelial nitric oxide synthase): 5′-atccagtgccctgcttca-3′; 5′- 

gcagggcaagttaggatcag-3′ 
VEGF (vascular endothelial growth factor): 5′-actggaccctggctttactg- 

3′; 5′-tctgctccccttctgtcgt-3′ 
ANGPT1 (angiopoietin 1): 5′-tccacataggaaatgaaaagca-3′; 5′-cag

caccgtgtaagatcagg-3′ 
IL-6 (interleukin-6): 5′-gatgagtacaaaagtcctgatcca-3′; 5′-ctgcagc

cactggttctgt-3′ 
IL-8 (interleukin-8): 5′-agacagcagagcacacaagc-3′; 5′- 

atggttccttccggtggt-3′ 
IL-1β (interleukin-1β) 5′-tacctgtcctgcgtgttgaa-3′; 5′- 

tctttgggtaatttttgggatct-3′ 
COX-2 (cyclooxygenase-2): 5′-gcaattattccccatgaacg-3′; 5′-gggact

taatcaacgcaagc-3′ 

2.7. Collagen biosynthesis capability evaluation 

Western blot was performed to investigate the expression of collagen 
biosynthesis-related protein. The cells were rinsed with PBS solution 2 
times and lysed at 4 ◦C using RIPA lysis buffer. The lysates were vortexed 
and incubated at 4 ◦C for 30 min and finally centrifuged at 13,000 rpm 
for 10 min at 4 ◦C. The protein concentration was determined using the 
Pierce™ BCA Protein Assay Kit. The proteins were cooked with 4x 
Laemmli sample buffer at 105 ◦C. The samples were loaded onto a 10 % 
SDS-PAGE gel and transferred to nitrocellulose membranes. The mem
branes were blocked with 5 % skim milk (BD Difco, USA) in TBST (Tris- 
buffered saline with Tween-20). Primary antibody, COL1A1 (sc-59772, 
Santa Cruz, Biotechnology, USA, 1:200 dilution), and GAPDH (5174T, 
Cell signaling Technology, USA, 1:1000 dilution) were incubated over
night at 4 ◦C on the membranes. After 24 h, the membranes were washed 
in TBST for 30 min and labeled with anti-mouse (7076S, Cell signaling 
Technology, USA, 1:5000 dilution) and anti-rabbit (7074P2, Cell 
signaling Technology, USA, 1:5000 dilution). Finally, the immunore
activity was assessed with the ECL Select™ Luminal Solution (Cytiva, 
USA). 

The expression of collagen biosynthesis-related protein was visual
ized to immunocytochemistry analysis. The hDFs were planted at a 
density of 3 × 104 cells on a 24-well plate and the PLLA hydrogels were 
treated. After 24 h, the cells were washed with PBS solution, fixed with 
4 % PFA solution for 15 min, permeabilized with 0.3 % triton for 30 min, 
and finally blocked by 1 % BSA solution for 30 min. Cells were probed 
with a COL1A1 antibody (Santa Cruz Biotechnology, USA) in 5 % BSA/ 
0.1 % Triton X-100 solution at 4 ◦C overnight. After rinsing with PBS 
solution and treated secondary antibody (Alexa-Fluor 568 goat anti- 
rabbit; Molecular Probes Inc., USA) in 5 % BSA/0.1 % Triton X-100 
for 1 h at room temperature. Following 3 times washed with PBS solu
tion and mounted using Vectashield mounting medium/DAPI (Vector, 
USA). The cells were visualized using fluorescence microscopy. 

2.8. Angiogenic ability assessment 

To verify the migration of HUVECs by hydrogel, the cells were 
cultured in 6-well plates at a density of 1 × 104 cells until a confluent 
monolayer. The grown cells were scratched with a sterilized 1 mL 
micropipette tip and washed using PBS solution 2 times to remove cell 
debris. Also, hydrogels were treated using 6-well inserts with 10 μM GSH 
and 10 μM SNAP. After 14 h, each well was observed using an optical 
microscope (CKX53, Olympus, Japan). The wound closure area was 
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quantified using NIH Image J software (National Institutes of Health, 
USA) and calculated as a percentage compared to the area of the initial 
wound. 

To evaluate the angiogenic ability of PLLA hydrogels in HUVECs, 
250 μL Matrigel matrix (356234, Corning) was coated on a 24-well plate 
at 37 ◦C incubator for 1 h [22]. The cells (1.2 × 105 cells per well) were 
grown for 16 h onto a Matrigel matrix. After 16 h, the cells were stained 
with 4 μM Calcein AM and incubated for 15 min. The formed tube was 
visualized by fluorescence microscopy and quantified using by NIH 
Image J software. 

2.9. Animals and histological evaluation 

The animal experimental protocols were evaluated and approved by 
the Institutional Animal Care and Use Committee of CHA University 
(IACUC230122). The mice used in the study were 8-week-old (BALB/C, 
Orient Bio Inc., Korea). The mice were anesthetized with 2 % isoflurane 
(TerrellTM Isoflurane, Piramal Critical Care Inc., USA). Following 
shaving, 100 μL of hydrogels were injected into the left and right dorsal 
regions of the subcutaneous tissue using 26 G needles. After 4, 8, and 16 
weeks, mice were sacrificed and evaluated. The tissues were fixed in 4 % 
paraformaldehyde for 3 days and embedded in paraffin. The paraffin 
cross-sectioned to 5 μm thickness was stained with Hematoxylin and 
Eosin (H&E) and Masson’s Trichrome (MT; VitroVivo Biotech, USA) 
following the manufacturer’s instructions. mRNA was isolated using 
TRIzol reagent from the tissue of mice, and reverse-transcribed to 
complementary DNA using PrimeScript RT Reagent Kit following the 
documentation provided. qRT-PCR was carried out using each primer 
set and SYBR Green PCR Master Mix. The expression of gene values was 
normalized with the 18s rRNA and calculated using the 2− ΔΔCt method. 
The following primer sequences (forward; reverse) were used: 18s (5′- 
gccgctagaggtgaaattctt-3′; 5′-cgtcttcgaacctccgact-3′), interleukin-6 (IL-6; 
5-acggccttccctacttcaca-3′; 5′-catttccacgatttcccaga-3′), interleukin-1β (IL- 
1β; 5′-agttgacggaccccaaaag-3′; 5′-agctggatgctctcatcagg-3′), collagen type 
1 (COLA1A; 5′-ttctcctggcaaagacggac-3′; 5′-ttctcctggcaaagacggac-3′), 
collagen type 3 (COL3A1; 5′-cagccaggtcgagatggatc-3′; 5′-gccacgttcac
cagtttcac-3′), Elastin (5′-aaatatggtgctgctggcct-3′; 5′-ctcttccggccacaggattt- 
3′), α-smooth muscle actin (α-SMA; 5′-tggacgggatctcacagact-3′; 5′- 
gaagcgctcgttgccaatag-3′), hypoxia-inducible factor-1α (HIF-1α; 5′- 
caggctgctgtaacgatgaa-3′; 5′-ctctatccacatcaaagcaa-3′), angiopoietin 1 
(ANGPT-1; 5′-ggaagatggaagcctggat-3′; 5′-accagagggattcccaaaac-3′), 
vascular endothelial growth factor (VEGF; 5′-caggctgctgtaacgatgaa-3′; 
5′-gctttggtagggtttgatcc-3′). Immunofluorescence staining was performed 
with anti-CD31 (ab28364, Abcam 1:500) and VCAM-1 (sc-13160, Santa 
Cruz Biotechnology, USA, 1:100) as primary antibodies (4 ◦C overnight), 
and Alexa Fluor 488 and 555 (1:200) secondary antibodies. After 
staining the nuclei with Hoechst, the images were acquired through 
confocal microscope (Leica TCSSP5II, Germany). 

2.10. Statistical analysis 

All experiments were repeated at least three times. The results are 
shown as the means ± SD. Statistically significant differences were 
evaluated by one-way ANOVA with post hoc analysis (Tukey method) 
using GraphPad Prism 7.0 software (GraphPad Software Inc., USA). #p 
< 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 were regarded as 
statistically significant differences. 

3. Results and discussion 

3.1. Characterization of pH neutralized and NO-generating microparticles 

As mentioned previously, MH has the ability to pH-neutralize acidic 
by-products of polyester. However, hydrophilic inorganic particles such 
as MH and ZO have poor dispersibility and stability in organic solvents 
and polyester matrices. To improve dispersibility, many approaches 

have been reported for the surface modification of inorganic particles 
using stearic acid, ricinoleic acid, and silane [28–30]. Herein, the MH 
was surface-modified with OA as a hydrophobic substance to synthesize 
MO nanoparticles. The characterization of the MO is shown in Fig. S1. 
Outstanding dispersibility in organic solvent was exhibited in MO 
compared to the immediate precipitation of MH (Fig. S1A). The size of 
MO in the organic solvent was 358.7 ± 3.3 nm, and MH was precipitated 
in size larger than micro, making it impossible to measure (Fig. S1B). To 
demonstrate that MH and OA were chemically bonded, FTIR and TGA 
were performed. In Fig. S1C, O–H stretching vibration (3270 cm− 1) 
derived from MH and symmetric, asymmetric stretching (C–H), and a 
carbonyl group (C––O) (2923, 2854, and 1708 cm− 1, respectively) 
derived from OA were observed in FTIR spectrum of MO [31,32]. The 
conjugation ratio of OA on the MH surface was quantified at 3.65 % 
through TGA analysis (Fig. S1D). 

As in our previous study, ZO was conjugated with ALA by a bidentate 
chelating reaction to synthesize ZA nanoparticles with NO-generating 
increased by combination of two generative mechanisms and 
improved dispersibility [25]. The ZA was highly dispersible in organic 
solvent and had a size of 118.8 ± 5.2 nm (Figs. S2A and B). Asymmetric 
stretching (C–H), symmetric stretching (C–H), carbonyl group (C––O), 
and O–H stretching (2927, 2865, 2844, and 3468 cm− 1, respectively) 
derived from ZO and ALA were detected in the FTIR spectrum of ZA, 
with 8.92 % ALA bound in the ZA (Figs. S2C and D) [33,34]. 

The prepared surface-modified inorganic nanoparticles (MO and ZA) 
were loaded in PLLA microparticles by an oil-in-water emulsion solvent 
evaporation method to fabricate MO-containing (PM) and MO/ZA- 
containing (PMZ) PLLA microparticles (Scheme 1). The morphology of 
pH neutralized and NO-generating microparticles and the distribution of 
surface-modified inorganic nanoparticles within them were visualized 
using SEM and EDS mapping (Fig. 1A). The functional microparticles 
had spherical in shape comparative uniform size. The Mg element 
mapping shown in PM and PMZ and the Zn element mapping shown in 
PMZ were detected in the same shape as microparticles, which means 
that MO and ZA are evenly spread in the particles. In general, the size of 
microparticles injected subcutaneously is limited to more than 40 μm 
because it can induce capillary embolism, whereas large-sized particles 
can cause foreign body sensation [35]. Therefore, the functional mi
croparticles were prepared with the oil-in-water emulsion-solvent 
evaporation method and harvested using sieve within 45–50 μm. The 
sizes of PLLA, PM, and PMZ were 45 ± 0.04, 49.88 ± 0.14, and 49.58 ±
0.36 μm, respectively (Fig. 1B). The MH and ZO loading amounts in 
functional microparticles were measured by TGA and ICP-OES analysis 
(Fig. 1C and Table S1). The MH loading ratio of PM microparticles was 
22.83 % ± 0.51 when calculated considering the molecular weight 
decrease during thermal decomposition [35]. The ratio of the thermal 
decomposition products of PMZ was 25.77 % ± 0.89. The ratio of MH to 
ZO in PMZ was unknown because MH is thermally decomposed, whereas 
ZO is not. The exact ratio of MH and ZO in the PMZ was investigated by 
ICP-OES. The amounts of MH and ZO within PMZ were 231.14 ± 5.17 
(23.11 %) and 108.19 ± 4.64 μg/mg (10.82 %), respectively, and these 
results are consistent when compared with the thermogram of PMZ. The 
loading efficiency of MH and ZO within the functional microparticles 
was 104.38 % and 101.27 %, respectively. 

The real-time catalytic NO-releasing capacity was investigated using 
NOA under 50 μM SNAP and 50 μM GSH (Fig. 1D). The NO generated by 
PLLA increased to 84.96 pM but ceased to generate afterward. On the 
other hand, both PM and PMZ showed initial maximum NO fluxes of 
285.86 and 372.79 pM, respectively, and maintained average NO fluxes 
of 63.21, and 211.07 pM, respectively. Sustained NO generation also 
observed in PM, but the highest and most sustained NO concentration 
was found in the PMZ, likely due to NO-generating ability of metal ox
ides such as MH and ZO, with ZO showing the highest generation [24]. 
In addition, ZA included in PMZ generates more potent NO through 
surface-modification with ALA. As shown in Fig. 1D (b) and Fig. S3, the 
long-term NO generated by the functional microparticles was visualized 
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Scheme 1. Schematic illustration of the rejuvenative hydrogels containing functional microparticles. (A) Surface-modification of MH and ZO and fabrication of the 
pH neutralized and NO-generating microparticles. (B) Preparation of the rejuvenative hydrogels containing functional microparticles. 

Fig. 1. Characterization of pH neutralized and NO-generating microparticles. (A) SEM and EDS mapping images (scale bar: 50 μm). (B) Size distribution. (C) TGA 
thermograms. (D) Real-time monitoring of NO generation flux using NOA (a) and quantitative fluorescence intensity was assessed using DAF-FM after immersion for 
7 days (b) at 37 ◦C in PBS solution in the presence of NO donor. 
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(a) and quantified (b) by NO-sensitive fluorescent dye (DAF-FM). 
Fluorescence intensity was more robust in the PMZ, indicating higher 
NO production capacity. There was no notable variance in NO genera
tion between 0 and 7 days across all groups. 

3.2. Characterization of the rejuvenative hydrogels containing functional 
microparticles 

Each PLLA, PM, and PMZ was mixed in an HA-based hydrogel to 
improve stability with a controlled release in the skin (PLLA@HA, 
PM@HA, and PMZ@HA, respectively). Additionally, the PMZ@HA 
included ATS (PMZ@HA/ATS) can effectively stimulate collagen pro
duction, antioxidant activity, and angiogenesis. Fig. 2 shows the char
acterization of the rejuvenative hydrogel containing the functional 
microparticles (PLLA@HA, PM@HA, PMZ@HA, and PMZ@HA/ATS). 
Fig. 2A displays SEM images of the rejuvenative hydrogel containing the 
functional microparticles. The spherical microparticles were revealed 
within the hydrogel in SEM images of PLLA@HA, PM@HA, PMZ@HA, 
and PMZ@HA/ATS, whereas only the porous structure of the hydrogel 
was observed. PMZ@HA/ATS had fewer pores than the other groups, 
with ATS occupying some pores, which might affect the hydrogel’s 
mechanical properties. In addition, HA-based hydrogel contains 

numerous hydroxyl and carboxy groups, and ATS has 13 hydroxyl 
groups per molecule. Therefore, many hydrogen bonds can be formed 
between these two molecules, and the formed hydrogen bonds induce 
intermolecular entanglement and enhance viscosity [36,37]. 

The evaluation of rheological properties of rejuvanative hydrogels 
containing the functional microparticles, including the storage (G′) and 
the loss (G″) modulus, was conducted by adjusting the frequency 
(Fig. 2B). G′ and G” of all groups increased in proportion to frequency, 
with the highest increase observed in the PMZ@HA/ATS. Additionally, 
G′ was higher than G″ in all groups, and the difference between G′ and G″ 
became larger with increasing frequency. All groups’ viscosity-to-elastic 
modulus (tan δ) of all groups maintained less than 1. Through these 
results, it was found that elastic behavior was dominant to viscous 
behavior in the rejuvenative hydrogels containing functional micro
particles, the PMZ@HA/ATS has the most notable elasticity, and the 
presence of microparticles has no effect [38]. For clinician convenience, 
it is essential to keep the injection force constant when injecting 
hydrogel into the dermis [39]. In Fig. 2C, the mean injection force of HA, 
PLLA@HA, PM@HA, PMZ@HA, and PMZ@HA/ATS was 7.51 ± 0.29, 
8.26 ± 0.03, 8.10 ± 0.24, 8.22 ± 0.18, and 9.64 ± 0.27 N, respectively. 
It slightly increased due to the presence of the functional microparticles 
and ATS, but it did not affect the maintenance the injection force. The 

Fig. 2. Characterization of the rejuvenative hydrogels containing functional microparticles. (A) SEM images for NO-generating microparticles in hydrogel (scale bar: 
200 μm). (B) Rheological properties; storage modulus (G′) and loss modulus (G″) (a) and Tan δ (b) under different frequencies. (C) Injection force (a) and mean 
injection force (b). (D) Cumulative release behavior of ATS from hydrogel in PBS solution at 37 ◦C. **p < 0.01 and #p < 0.0001 indicate statistically significant 
differences, respectively. 
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release profile of ATS from PMZ@HA/ATS was measured for 4 weeks at 
37 ◦C (Fig. 2D). The ATS was almost wholly released in 7 days with an 
initial boosting. 

3.3. Biocompatibility and ROS scavenging capacity of rejuvenative 
hydrogels containing functional microparticles 

The biocompatibility of the rejuvenative hydrogels containing 
functional microparticles was investigated using Live/Dead staining and 
CCK-8 assay (Fig. 3A and B). There was no significant morphological 
difference in Live/Dead fluorescent images of live cells in all groups, and 
the highest number of cells was observed in the PMZ@HA/ATS. Dead 
cells were rarely observed in all groups. The cell viability increased in 
the PMZ@HA and PMZ@HA/ATS for 5 days, compared to the HA, 
PLLA/HA, and PM/HA. Superior biocompatibility of the rejuvenative 
hydrogels containing functional microparticles was demonstrated 
through non-cytotoxicity and increased cell proliferation to hDFs. In 
addition, the inflammatory response has been contemplated as a crucial 
challenge in the progress of effective biomaterials. HA is a natural 
polymer synthesized in the human body and has high biocompatibility. 
However, as mentioned above, the surrounding tissue is acidified by 

lactic acid, a by-product of PLLA, which leads to inflammation and skin 
necrosis. Thus, the expression of inflammatory cytokines (IL-8, IL-6, IL- 
1β, and COX-2) was assessed by treating the degradation products of 
PLLA microparticles in hDFs (Fig. S4). As a result, the expression of 
inflammatory-related genes increased in PLLA compared to the control. 
However, the expression of inflammatory-related genes was reduced by 
the PM and PMZ because ZA and especially MO neutralized acidic by- 
products. 

Abnormal accumulation of intracellular reactive oxygen species 
(ROS) can cause tissue damage through oxidative stress and cellular 
damage. Additionally, since ROS reacts with the generated NO to pro
duce nitrate, a toxic substance, the ROS scavenging properties of NO- 
generating biomaterials is essential [40]. The free radical removal 
ability of the rejuvenative hydrogels containing functional microparti
cles was explored using DPPH, including free radicals (Fig. 3C). The 
proportion of DPPH activities decreased to 98 %, 87 %, 72 %, and 61 % 
over HA, respectively. The intracellular ROS in hDFs was visualized 
using DCF-DA as a ROS-specific fluorogenic marker (Fig. 3D). The most 
robust green fluorescence was observed in PLLA@HA. In contrast, 
negligible green fluorescence was shown in the other groups. The 
appearance of these results is related to pH neutralization effect and ROS 

Fig. 3. In vitro evaluation of biocompatibility and ROS scavenging effects in hDFs to rejuvenative hydrogels containing functional microparticles. (A) Live-Dead assay 
images (scale bar: 500 μm) and (B) cell proliferation at 1, 3, and 5 days. (C) DPPH radical scavenging activity and (D) DCF-DA fluorescence images (scale bar: 500 
μm). (E) mRNA expression level of ROS-related (SOD-1 and CAT), (F) senescence-related (P53 and P16), and (G) apoptosis-related (BAK and BCL2) genes. *p < 0.05, 
**p < 0.01, ***p < 0.001, and #p < 0.0001 indicate statistically significant differences, respectively. 

S. Lee et al.                                                                                                                                                                                                                                       



Materials Today Bio 24 (2024) 100890

8

scavenging ability of inorganic particles such as MH and ZO, but may be 
influenced by the released Zn ions. It has been known that superoxide 
and H2O2 can be scavenged by SOD1 and CAT, respectively [41,42]. The 
SOD1 typically depends on zinc and copper ions and prevents the 
transmutation of NO into nitrate [41,43]. As the concentration of zinc 
ions increases intracellularly, it accelerates the transformation of 
peroxide radical anions into H2O2. Sequentially, H2O2 is converted to 
H2O by CAT and removed [44,45]. This enhanced process of ROS 
scavenging was evident in the upregulation of ROS scavenging-related 
genes (SOD1 and CAT) in the zinc-including groups (Fig. 3E). In 
particular, the expression of related genes was investigated since 
excessive ROS production and weakened antioxidant mechanisms 
induce cell senescence and apoptosis in skin tissues [39]. 

In Fig. 3F, the expression levels of cellular senescence-related genes 
(P53 and P16) significantly decreased in the PM@HA, PMZ@HA, and 
PMZ@HA/ATS, compared to the HA and PLLA@HA. Fig. 3G displays the 
expression levels of apoptotic-related genes. The expression of BAK as a 
proapoptotic-related gene was downregulated in the PM@HA, 
PMZ@HA, and PMZ@HA/ATS. In contrast, the expression of BCL-2 as 
an antiapoptotic-related gene was the highest in the PMZ@HA/ATS. 
These results implied that the rejuvenative hydrogels containing func
tional microparticles possess excellent anti-inflammatory and ROS- 

scavenging properties as a dermal injecting hydrogel. 

3.4. Collagen biosynthesis by rejuvenative hydrogels containing functional 
microparticles 

Collagen provides structure and support to tissues, especially in the 
skin. Therefore, as the injected hydrogel is decomposed, collagen pro
duction is essential for maintaining function and restoring the skin 
volume [18]. In Fig. 4, collagen biosynthesis by the rejuvenative 
hydrogels containing functional microparticles was investigated. The 
expression levels of collagen biosynthesis-related (COL1A1, COL3A1, 
and TGF-β1), and elastin formatting-related (Elastin) genes were upre
gulated in PMZ@HA and PMZ@HA/ATS. The mRNA expression levels 
were most highly up-regulated in PMZ@HA/ATS, and the expression 
levels of TGF-β1 and Elastin slightly increased in PM@HA. The TGF-β is 
well-recognized as the regulator of collagen production and wound 
repair systems modulated by ATS [2]. The expression and activation of 
the TGF-β1 were also regulated by NO and related redox species [46]. 
Elastin rebounds stretched or compressed skin and, together with 
collagen, keeps the skin’s flexibility and resilience. The expression levels 
of MMP1 progressively decreased in PM@HA, PMZ@HA, and 
PMZ@HA/ATS. Since the skin mainly comprises collagen type 1, the 

Fig. 4. In vitro collagen biosynthesized effect of rejuvenative hydrogel containing the functional microparticles in hDFs. (A) mRNA expression levels of collagen 
biosynthesis-related (COL1A1, COL3A1, TGF-β, and Elastin) and collagen degradation-related (MMP1) genes. (B) Western blot analysis and (C) representative 
immunocytochemistry (ICC) staining images for collagen biosynthesis-related (COL1A1) protein expression (scale bar: 100 μm). *p < 0.05, **p < 0.01, ***p < 0.001, 
and #p < 0.0001 indicate statistically significant differences, respectively. 
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protein marker related to collagen biosynthesis (COL1A1) was inten
sively evaluated. The expression of COL1A1 was upregulated in the 
PMZ@HA/ATS (Fig. 4B). Representative visualized fluorescent images 
of the expression of COL1A1 were also the highest in PMZ@HA/ATS 
(Fig. 4C). Biosynthesis and degradation of collagen were regulated by 
the rejuvenating hydrogels containing the functional microparticles and 
could be effective for the rejuvenation and regeneration of skin tissues, 
just as NO and ATS promoted collagen deposition and wound healing in 
many studies [23,47]. 

3.5. Angiogenic efficiency of the rejuvenative hydrogel containing 
functional microparticles 

Maintaining intact blood vessels in the skin is essential for promoting 
skin regeneration [48], so the angiogenic effect of the rejuvenative 
hydrogels containing functional microparticles was verified in Fig. 5. 
The proliferation and migration of HUVECs were analyzed in the pres
ence of a NO donor (Figs. S6 and S7). The cell proliferation and 
migration ability increased in groups capable of generating NO, and the 
most significant increase occurred in PMZ@HA/ATS. A tube-formation 
assay verified the vessel-generating capacity of PMZ@HA/ATS 
(Fig. 5A). The total tube length and the number of branching points in 
representative fluorescent images and associative quantitative gradually 
rose in PM@HA, PMZ@HA, and PMZ@HA/ATS due to the synergistic 
effects of NO and ATS promoting VEGF secretion [49,50]. To demon
strate the synergistic effects of NO and ATS, mRNA expression of 
NO-related (HIF-1α), pro-angiogenic markers (ANGPT-1 and VEGF) and 
endothelial activity-related (eNOS) was evaluated as shown in Fig. 5B, 
and expression levels of all genes were upregulated in PMZ@HA and 
PMZ@HA/ATS. The NO induces the hypoxia-response but inhibits 
HIF-1α degradation by prolyl hydroxylation reaction. Consecutively, 
HIF-1α triggered the induction of VEGF [51,52]. Although the 

expression level of HIF-1α did not indicate a difference between the 
PMZ@HA and PMZ@HA/ATS, the expression of ANGPT-1 and VEGF 
was higher in the PMZ@HA/ATS, supporting the promotion of VEGF 
expression by ATS. Due to the influence of such gene expression, genes 
related to endothelial cell activity was also the highest in 
PMZ@HA/ATS. 

3.6. Volume retention ability and histological assessments 

To demonstrate volume retention and skin regeneration, the 
remaining hydrogel and histological evaluation were performed at 4, 8, 
and 16 weeks after subcutaneous injection of the rejuvenative hydrogels 
containing functional microparticles into mice. To investigate the effects 
of the rejuvenative hydrogels containing functional microparticles in the 
tissue, H&E and MT were performed (Fig. 6C and D and Figs. S9 and 
S10). Compared to native group (N), no abnormal morphological 
changes were observed in the rejuvenative hydrogels containing func
tional microparticles, and several blood vessels and thickened collagen 
walls were more visually observed in the PMZ@HA and PMZ@HA/ATS. 
In addition, the expression of inflammatory factors was effectively 
suppressed by MO and ZA (Fig. S11). 

Fig. 7A represents the mRNA genes expression after 16 weeks of 
injection. The expression levels of collagen biosynthesis-related genes 
(COL1A1, COL3A1, and Elastin) were gradually upregulated in 
PMZ@HA and PMZ@HA/ATS (Fig. 7A(a)). However, an abnormal 
overexpression of collagen may induce fibrosis. As fibrosis progresses, 
hyperplasia of smooth muscle cells is induced in tissues from the muscle 
layer to the fat layer [4]. SMA expression and the contractile ability are 
reduced by hyperplasia of smooth muscle cells [53]. In other words, 
decreased α-SMA expression could be associated with the development 
of fibrosis. Therefore, we investigated the gene expression of α-SMA 
(Fig. 7A(b)). Expression of α-SMA was downregulated in PLLA@HA, 

Fig. 5. Angiogenetic ability evaluation by NO generation of rejuvenative hydrogels containing functional microparticles using HUVECs. (A) Representative fluo
rescent images of stained with calcein AM (a), quantification of total tube length (b), and the number of branching points (c) of the tubule-forming assay (scale bar: 
200 μm). (B) The mRNA expression levels of NO generation-related gene (HIF-1α) and angiogenesis-related genes (ANGPT-1, VEGF, and eNOS). *p < 0.05, **p <
0.01, ***p < 0.001, and #p < 0.0001 indicate statistically significant differences, respectively. 
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whereas other groups were similar to native. Although the expression of 
collagen biosynthesis-related genes increased significantly in 
PMZ@HA/ATS, the expression of α-SMA was maintained, proving that 
fibrosis was not induced. Expression of NO-related (HIF-1α) and 
angiogenesis-related genes (ANGPT1 and VEGF) were upregulated in 
PMZ@HA and PMZ@HA/ATS, similar to in vitro mRNA evaluation 
(Fig. 7A(c)). Fig. 7B displays the protein expression of COL1A1, being 
highest in PMZ@HA/ATS. In Fig. 7C, immunofluorescent (IF) staining 
was conducted to demonstrate the VCAM-1-mediated immune response 
in the blood vessels by the rejuvenative hydrogels containing functional 
microparticles. DAPI and CD31 were used as markers as nuclear and 
vascular endothelial cells, respectively. Expression of VCAM-1 in the 
PLLA@HA was observed with strong fluorescence, whereas gradually 
lower expression was found in the PM@HA, PMZ@HA, and 
PMZ@HA/ATS. VCAM-1 is inducible and predominantly expressed in 
endothelial cells and macrophage membranes. VCAM-1 expression 
activated by inflammatory cytokines results in the accumulation of 
VCAM-1 adhesion molecules in endothelium and membranes [54]. MO 
diminished the PLLA-induced inflammatory response in the 
PMZ@HA/ATS and consequently had a remarkable effect on main
taining healthy blood vessels with NO generation. Overall, the 
PMZ@HA/ATS can regenerate the skin through collagen biosynthesis 
and angiogenesis without causing fibrosis. 

4. Conclusions 

We successfully fabricated surface-modified inorganic particles, pH 
neutralized and NO-generating microparticles, and the rejuvenative 
hydrogels containing functional microparticles, a novel delivery system 
for rejuvenation and regeneration of skin tissue. The functional micro
particles provided pH neutralized and NO generation effects and it was 
demonstrated in in vitro and in vivo that the rejuvenative hydrogels 
containing functional microparticles and ATS improved volume reten
tion, ROS scavenging effects, collagen biosynthesis, anti-inflammation, 
and angiogenesis capabilities by synergistic effects. These regenerative 
hydrogels containing the functional microparticles hold significant 
promise in the field of wound healing, as they promote substantial skin 
regeneration without inducing fibrosis. Meanwhile, in the cosmetology, 
it seems to be able to draw attention by reduced wrinkles and main
tained excellent volume. In summary, our injectable PMZ@HA/ATS 
with controlled release of bioactive molecules presented a cutting-edge 
technology for skin regeneration and facial rejuvenation. It believes that 
this advancement holds significant potential for enhancing the overall 
well-being and appearance of individuals seeking effective and non- 
invasive solutions for skin rejuvenation. 

Fig. 6. Histological assessment after subcutaneous injection of rejuvenative hydrogels containing functional microparticles into mice. (A) Schematic illustrations of 
the in vivo experimental images. (B) Quantitative residual volumes of hydrogel at 4, 8, and 16 weeks. (C) Hematoxylin and Eosin (H&E) staining and (D) Masson’s 
Trichrome (MT) staining images of the dermal tissues at 16 weeks (scale bar: 1 mm). 
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