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Skin ageing is a complex and multifaceted biological process that involves the accumulation of 
senescent dermal fibroblasts. While fractional microneedle radiofrequency (MNRF) is widely used 
for skin rejuvenation, the underlying molecular mechanisms are unknown. This study aimed to 
investigate the efficacy of fractional MNRF in altering the cellular milieu of aged skin and to evaluate 
clinical skin improvements. Thirty female volunteers aged ≥ 60 years with visible periorbital wrinkles 
received four consecutive treatments of either microneedling or MNRF on randomly assigned facial 
sides. Based on biophysical measurements, MNRF treatment improved wrinkles, elasticity, hydration, 
and transepidermal water loss compared to baseline. Histological analysis revealed that the MNRF-
treated sides exhibited increased proliferation of non-senescent fibroblasts, a reduced number of 
senescent fibroblasts, and elevated collagen and elastin levels, compared to the MN-treated sides. In 
additional analyses, differences in collagen density and hydration between the two sides of the face 
were statistically significant only in subjects with a marked reduction in senescent fibroblasts in MNRF-
treated sides. Our data suggest that, compared to MN, MNRF induces greater clinical and histological 
improvements in aged skin, likely by altering the dermal fibroblast milieu through the dual effect of 
eliminating senescent fibroblasts and increasing the number of non-senescent fibroblasts.
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Skin ageing is a complex, multifaceted biological phenomenon characterised by numerous structural, cellular, 
and molecular alterations that are driven by intrinsic and extrinsic factors. There are multiple well-known 
clinical manifestations of skin ageing, such as increased skin laxity, wrinkles, atrophy, roughness, dyschromia 
and loss of skin volume, elasticity, and hydration1,2. Although the intrinsic and extrinsic skin ageing processes 
are biologically distinct, they mutually influence each other and involve common histological features and 
functional changes, such as reduced collagen synthesis and increased collagen degradation3,4.

Cellular senescence, a state of permanent growth arrest and resistance to apoptosis, is a key hallmark of 
ageing that plays a deleterious role in impeding tissue repair and regeneration, inducing chronic inflammation, 
and breaking down the extracellular matrix (ECM) via the release of senescence-associated secretory phenotype 
(SASP) factors5,6. Recent studies have shown that ageing phenotypes can be successfully improved in various 
age-related diseases by removing senescent fibroblasts using senolytic agents7–9. Moreover, there have been 
several reports regarding the elimination of senescent dermal fibroblasts using energy-based systems. Fractional 
laser resurfacing performed on natural and photoaged skin decreased the levels of DNA damage markers in 
the dermis and corrected the inappropriate UVB response of epidermal keratinocytes10. In addition, the use 
of fractional microneedle radiofrequency (MNRF) in pulsed wave mode has been shown to be effective in the 
removal of senescent fibroblasts in melasma and senile lentigo, resulting in a skin-lightening effect11–14. However, 
to date, no study has examined the changes in the composition of senescent and non-senescent fibroblasts and 
statistically analysed the differences after MNRF application in a sufficiently large cohort of subjects.
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Therefore, our study aimed to explore the potency of fractional MNRF in altering the milieu of dermal 
fibroblasts in aged skin and to evaluate clinical skin improvements. To assess the biological impact of 
radiofrequency, we compared the performance of microneedling (MN) alone with that of MNRF in a split-face 
design.

Results
Study population and baseline characteristics
As shown in Fig.  1, 30 subjects were initially recruited for this study. Of these 30 volunteers, 1 individual 
discontinued participation before the end of the treatment, resulting in a final sample of 29 subjects completing 
the clinical trial. Histological evaluation was limited to 26 subjects due to specimen loss and technical issues. 
Table 1 shows the baseline characteristics of the 29 subjects. The study population consisted entirely of Korean 
women, with a mean age of 65.8 ± 2.6 years (mean ± standard deviation).

Study Subjects, n = 30

Age, years (range) 60–71

(Mean ± SD) (65.8 ± 2.6)

Gender (n)

Male 0

Female 30

Table 1.  Demographic characteristics of the subjects. n, number of subjects; SD, standard deviation.

 

Fig. 1.  Study flow chart.
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Clinical improvements in aged skin after MNRF treatment
Noticeable skin changes from the initial assessment to the 5-month timepoint (2-month follow-up) were found 
on the MNRF-treated side compared to on the MN-treated side (Fig.  2). The MNRF-treated side showed a 
progressive improvement in both deep and fine wrinkles. Similar but mild improvements were observed on the 
MN-treated side.

To evaluate the skin biophysical parameters, statistical analyses were performed to compare baseline values to 
those observed at the 3- and 5- month timepoints (Table 2). A quantitative measurement of periorbital wrinkles 
using Visioscan and Visiometer showed improvement over time on both sides, but these advances appeared 
more quickly and were more profound on the MNRF-treated side. At the 5-month timepoint, both sides showed 
improvements in the Visioscan measurements. However, at 3 months, a statistically significant difference was 
seen only in the MNRF-treated side, and the difference at 5 months was even more pronounced on the MNRF-
treated side. Consistent with the Visioscan findings, the Visiometer data for the MNRF-treated side showed a 
noteworthy reduction in skin roughness (R1), maximum roughness (R2), and average roughness (R3) at both 
3 and 5 months. A significant decrease was observed in the arithmetic average roughness (R5) at 5 months. 
However, on the MN-treated side, which showed less improvement compared to the MNRF-treated side, only 
the maximum roughness (R2) was reduced at both 3 and 5 months, while improvements in skin roughness (R1) 
and average roughness (R3) were observed exclusively at 5 months.

The assessment of skin elasticity revealed that most indicators that improved were on the MNRF-treated 
side. The elasticity parameters that improved at both 3 and 5 months on the MNRF-treated side were gross 
elasticity (R2) and elastic portion (R7). At 5 months, there was a considerable elevation in net elasticity (R5) and 
significant decline in minimum amplitude (R1) and last minimum amplitude (R4).

In the assessment of skin hydration and TEWL, there was a notable increase in hydration and decrease in 
TEWL on the MNRF-treated side at 5 months. The melanin and erythema index values showed no statistically 
significant differences at the two time points compared to at the initial visit on both the MN- and MNRF-treated 
sides.

Changes in the cellular milieu of the dermis following MNRF treatment
Skin treated with MNRF exhibited an increase in the number of total dermal cells compared to MN-treated 
skin of the same individual (Fig. 3a). To identify the cell types of the dermal cells that increased in number, 
we performed immunofluorescence staining for HSP47, a representative fibroblast marker. The subsequent 
quantification revealed a substantial increase in the number of HSP47+ fibroblasts (Fig.  3b). To determine 
whether inflammatory cells also contributed significantly to the increased dermal cell count, co-staining 
for CD45, a general leukocyte marker, and CD68, a pan-macrophage marker, was performed. Some skin 
specimens demonstrated an increase in one or both markers; however, these changes were not statistically 
significant (Fig. 3c). Therefore, the dermal cells that increased in number after MNRF treatment appeared to be 
predominantly fibroblasts.

Repopulation of senescent fibroblasts by non-senescent fibroblasts induced by MNRF
To further investigate changes in the characteristics of dermal fibroblasts following MNRF treatment, the 
senescence marker, p16INK4A, was immunolabelled with HSP47 (Fig. 4a). The quantitative assessment revealed 
not only a significantly lower percentage of p16INK4A expression among HSP47+ fibroblasts observed in the 
MNRF-treated skin (Fig. 4b) but also a reduced absolute number of p16INK4 A+HSP47+ cells compared to that 
in the MN-treated skin (Fig. 4c). A similar reduction was observed in the number of dermal p16INK4A+ cells 
in MNRF-treated skin (Fig. 4d). However, on quantifying senescent epidermal cells, the number of p16INK4 A+ 
epidermal cells did not differ significantly between MN- and MNRF -treated skin samples (Fig. 4e). As previously 
noted, there was a marked increase in the number of HSP47+ fibroblasts on the MNRF-treated side, and further 
analysis revealed that most cells did not express p16. This indicated that p16INK4 A  4 A  −HSP47+ non-senescent 

Fig. 2.  Split-face comparison in a 69-year-old woman treated with MN or MNRF on each side of the face.
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fibroblasts significantly increased after MNRF treatment (Fig. 4f). Taken together, in response to MNRF, the 
proportion of senescent fibroblasts decreased, while being simultaneously replenished and exceeded by non-
senescent, freshly proliferated fibroblasts.

Improvements in the skin ageing phenotype promoted by MNRF treatment and its 
association with senescent fibroblasts
Procollagen-1 was immunostained to determine whether de novo collagen synthesis in dermal fibroblasts was 
activated in MNRF-treated skin, and a notable increase in the number of procollagen-1+ cells was observed 
compared to that in MN-treated skin (Fig. 5a). Quantitative analysis of dermal collagen deposition (Fig. 5b) and 
elastin fluorescence intensity (Fig. 5c) also revealed a marked increase in the papillary dermis of MNRF-treated 
skin. Neither collagen deposition nor elastic fibre density in the reticular dermis differed significantly between 
the two facial sides. These findings suggested that MNRF primarily affects the papillary dermis by stimulating 
neocollagenesis and neoelastogenesis.

Remarkable epidermal changes were also observed on measuring the epidermal thickness (Supplementary 
Fig. S1a) and performing immunofluorescence staining for the proliferation marker, ki-67 (Supplementary Fig. 
S1b). Quantitative results indicated that MNRF induced an increase in the number of proliferating epidermal 
cells, contributing to the thickening of the epidermis.

To investigate whether MNRF-induced skin changes are associated with alterations in the senescent fibroblast 
milieu, we divided the subjects into two groups based on the difference in the number of p16INK4 A+HSP47+ 
senescent fibroblasts between the two facial sides. The first group, MNRF-responders, included individuals in 
the upper 50% of the delta value, demonstrating a significantly decreased number of p16INK4 A+HSP47+ cells/
mm² on the MNRF-treated side compared to MN-treated side (mean ± SD of MNΔMNRF; 147.0 ± 51.3). The 
second group, MNRF-non-responders, comprised subjects in the lower 50%, showing a minimal reduction or 
an increase in the number of p16INK4 A+HSP47+ cells/mm² on the MNRF-treated side compared to MN-treated 
side (mean ± SD of MNΔMNRF; 4.1 ± 33.0). Through subgroup analysis, we compared the differences in skin 

MN MNRF

Baseline 3 month
Statistical
Significance 5 month

Statistical
Significance Baseline 3 month

Statistical
Significance 5 month

Statistical
Significance

Wrinkles

Visioscan 98.76 ± 8.26 95.60 ± 10.81 ns(p = 0.284) 93.35 ± 10.78 s(p = 0.015) 99.01 ± 8.30 93.31 ± 10.96 s(p = 0.0005) 91.11 ± 11.40 s(p < 0.0001)

Visiometer

R1 1.43 ± 0.29 1.35 ± 0.22 ns(p = 0.073) 1.23 ± 0.18 s(p = 0.0004) 1.45 ± 0.23 1.31 ± 0.22 s(p = 0.046) 1.19 ± 0.14 s(p = 0.042)

R2 1.11 ± 0.30 1.02 ± 0.20 s(p = 0.027) 0.89 ± 0.18 s(p = 0.0004) 1.07 ± 0.25 0.92 ± 0.21 s(p = 0.003) 0.85 ± 0.16 s(p = 0.0001)

R3 0.66 ± 0.17 0.63 ± 0.11 ns(p = 0.242) 0.58 ± 0.10 s(p = 0.008) 0.64 ± 0.13 0.58 ± 0.11 s(p = 0.024) 0.55 ± 0.09 s(p = 0.021)

R4 0.45 ± 0.07 0.45 ± 0.07 ns(p = 1.000) 0.45 ± 0.06 ns(p = 1.000) 0.45 ± 0.06 0.43 ± 0.07 ns(p = 0.681) 0.43 ± 0.08 ns(p = 0.743)

R5 0.20 ± 0.04 0.20 ± 0.05 ns(p = 1.000) 0.20 ± 0.04 ns(p = 1.000) 0.22 ± 0.05 0.21 ± 0.05 ns(p = 0.429) 0.18 ± 0.03 s(p = 0.005)

Elasticity

R0 0.25 ± 0.06 0.24 ± 0.06 ns(p = 0.920) 0.22 ± 0.07 ns(p = 0.130) 0.25 ± 0.06 0.25 ± 0.06 ns(p = 0.982) 0.22 ± 0.06 ns(p = 0.125)

R1 0.10 ± 0.04 0.10 ± 0.04 ns(p = 1.000) 0.09 ± 0.04 ns(p = 0.150) 0.11 ± 0.03 0.10 ± 0.03 ns(p = 0.445) 0.09 ± 0.03 s(p = 0.005)

R2 0.60 ± 0.08 0.58 ± 0.07 ns(p = 0.482) 0.61 ± 0.08 ns(p = 1.000) 0.56 ± 0.07 0.60 ± 0.07 s(p = 0.013) 0.62 ± 0.07 s(p = 0.0001)

R3 0.28 ± 0.06 0.27 ± 0.07 ns(p = 1.000) 0.25 ± 0.08 ns(p = 0.109) 0.28 ± 0.07 0.28 ± 0.06 ns(p = 0.795) 0.26 ± 0.07 ns(p = 0.112)

R4 0.14 ± 0.05 0.14 ± 0.05 ns(p = 1.000) 0.12 ± 0.05 s(p = 0.024) 0.15 ± 0.04 0.13 ± 0.04 ns(p = 0.451) 0.12 ± 0.04 s(p = 0.007)

R5 0.48 ± 0.14 0.46 ± 0.11 ns(p = 0.163) 0.50 ± 0.14 ns(p = 0.829) 0.45 ± 0.14 0.48 ± 0.11 ns(p = 0.177) 0.52 ± 0.13 s(p = 0.005)

R6 0.68 ± 0.19 0.69 ± 0.19 ns(p = 1.000) 0.69 ± 0.18 ns(p = 1.000) 0.68 ± 0.19 0.66 ± 0.16 ns(p = 1.000) 0.71 ± 0.18 ns(p = 1.000)

R7 0.28 ± 0.06 0.27 ± 0.05 ns(p = 0.809) 0.29 ± 0.06 ns(p = 1.000) 0.27 ± 0.05 0.29 ± 0.05 s(p = 0.040) 0.30 ± 0.05 s(p = 0.002)

R8 0.15 ± 0.03 0.14 ± 0.03 ns(p = 0.249) 0.13 ± 0.04 ns(p = 0.103) 0.14 ± 0.04 0.15 ± 0.03 ns(p = 0.094) 0.14 ± 0.04 ns(p = 0.459)

R9 0.03 ± 0.01 0.03 ± 0.01 ns(p = 1.000) 0.03 ± 0.01 ns(p = 0.276) 0.03 ± 0.01 0.03 ± 0.01 ns(p = 1.000) 0.03 ± 0.01 ns(p = 1.000)

Hydration 59.28 ± 7.49 61.71 ± 8.91 ns(p = 0.1000) 61.71 ± 10.50 ns(p = 0.635) 59.61 ± 8.05 64.04 ± 8.69 ns(p = 0.081) 64.27 ± 9.10 s(p = 0.016)

TEWL 11.23 ± 2.60 10.42 ± 2.52 ns(p = 0.347) 10.11 ± 2.84 ns(p = 0.091) 11.35 ± 2.86 10.49 ± 2.34 ns(p = 0.338) 10.03 ± 2.10 s(p = 0.046)

Melanin Index 163.30 ± 43.85 168.71 ± 39.59 ns(p = 0.069) 173.24 ± 33.54 ns(p = 0.056) 161.25 ± 39.29 165.53 ± 39.12 ns(p = 0.945) 169.45 ± 33.78 ns(p = 0.327)

Erythema Index 227.96 ± 76.42 223.90 ± 74.40 ns(p = 0.762) 217.55 ± 78.74 ns(p = 0.449) 230.78 ± 59.00 230.69 ± 69.51 ns(p = 0.538) 227.12 ± 66.87 ns(p = 0.538)

Table 2.  Changes in wrinkles, elasticity, hydration, TEWL, melanin index and erythema index induced by 
treatment with MN or MNRF. Mean ± SD. In bold, statistically significant differences with baseline. Skin 
wrinkling parameters measured by Visiometer: R1, Skin roughness; R2, Maximum roughness; R3, Average 
roughness; R4, Smoothness depth; R5, Arithmetic average roughness. Skin elasticity parameters measured 
by Cutometer: R0, Maximum amplitude; R1, Minimum amplitude; R2, Gross elasticity; R3, Last maximum 
amplitude; R4, Last minimum amplitude; R5, Net elasticity; R6, Portion of viscoelasticity; R7, Elastic portion; 
R8, Complete relaxation (R0-R1); R9, Tiring effect (R3-R0). ns, not statistically significant; s, statistically 
significant; SD, standard deviation; MN, microneedling; MNRF, microneedle radiofrequency; TEWL, trans 
epidermal water loss.
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ageing-related indicators between the two sides of the face in responders, who exhibited pronounced differences 
in senescent fibroblasts, and in non-responders, who did not. Collagen density and hydration showed significant 
differences between the two sides only in the responders (Fig. 5d). This indicated that the reduction in senescent 
fibroblasts was closely associated with collagen density and hydration.

Comparison of adverse skin effects after MN and MNRF treatments
Treatment-related side effects were evaluated by the subjects and dermatologists before and after the treatment 
sessions. The adverse reactions are shown in Table 3. Although some side effects were experienced more often 
on the MNRF-treated side, no significant differences in the frequencies of developing immediate erythema, 
oedema, bruising, pruritus, or a tingling sensation were observed between the two sides (p > 0.05). The reported 
adverse reactions were graded as mild in intensity and well tolerated by all subjects. The durations of adverse 
events were comparable between the MN and MNRF treatments, ranging from 10 min to 7 days. These skin 
reactions were mostly managed well by cold compression.

Discussion
Fractional MNRF is a minimally invasive, non-ablative procedure performed with a device that employs 
a standard microneedle therapy system (MTS) to transmit RF energy directly to desired skin depths using 
microneedles15. In recent years, considerable attention has been focused on fractional MNRF as a method for 
skin rejuvenation. Although numerous studies on MNRF have examined its efficacy for tightening the skin 
and diminishing facial rhytids16–18, there is limited research exploring the underlying cellular and molecular 
processes that lead to the observed enhancement in clinical appearance.

Fig. 3.  Changes in the cellular milieu in the dermis following MNRF treatment. (a) Quantification of the total 
cell number in the dermis after MN and MNRF treatments. (b) Representative images of immunofluorescence 
staining for the fibroblast marker, HSP47 (red), and DAPI (blue) in the skin treated with MN and MNRF. The 
graph on the right indicates the number of HSP47-positive dermal fibroblasts after MN and MNRF treatments 
(n = 25). (c) Representative images of immunofluorescence staining for the leukocyte marker, CD45 (green); 
and macrophage marker, CD68 (red); and DAPI (blue) in skin treated with MN and MNRF. The graphs on 
the right represent the number of CD45-positive leukocytes and CD68-positive macrophages in the dermis 
after MN and MNRF treatments (n = 25). Original magnification ×400. Statistical significance: **p < 0.01, ns 
indicates no significance.
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When MNRF is applied, the resulting thermal damage triggers an active wound healing response and 
initiates a cascade of growth factors, leading to the de novo synthesis of collagen, elastin, and hyaluronic acid19,20. 
Previous reports have indicated that complete healing after MNRF occurs within a timeframe ranging from 2 
to 10 weeks21–23. In this study, we obtained tissue samples 8 weeks after the final treatment session to investigate 
the changes in the cellular milieu of the dermis. Our findings revealed no statistically significant differences in 
the presence of inflammatory cells, including leukocytes and macrophages, between the facial sides treated with 
MN and MNRF. Additionally, the observed increase in procollagen-1, collagen, and elastin levels in the papillary 
dermis and thickening of the epidermis indicated that the wound healing process had been completed, and 
subsequent skin rejuvenation was successfully initiated.

As ageing progresses, the overall quantity of dermal fibroblasts decreases, whereas the proportion of 
senescent fibroblasts increases24,25. In the present study, we demonstrated that MNRF treatment significantly 
lowered the count of p16INK4 A+ senescent fibroblasts in aged skin, compared to MN. Since a previous study 
demonstrated the presence of cleaved caspase-3- and TUNEL-positive cells 3 days after MNRF treatment, 
RF thermal energy-induced apoptosis has been proposed as an explanation for the reduction in senescent 
fibroblasts following MNRF application13 The reduction in the number of senescent dermal fibroblasts would 
lead to a decline in the release of SASP factors7,26. This would eventually diminish chronic inflammation and 
reduce the levels of proteolytic enzymes, thereby halting ECM breakdown24. Concurrent with the reduction 
in the number of senescent fibroblasts, a significant increase in non-senescent fibroblasts occurred during the 
wound healing process, leading to enhanced collagen and elastin production. Further analysis revealed that 
greater improvement in collagen density and hydration was observed in individuals with more pronounced 
changes in the composition of senescent fibroblasts after MNRF application, implying that the reduction in 
senescent fibroblasts is not merely a phenomenon induced by MNRF but also a mechanism that improves skin 
ageing. We propose that the underlying process of MNRF in modulating the fibroblast milieu is that RF thermal 
energy induces non-specific apoptosis of dermal fibroblasts (both senescent and non-senescent), followed by the 
proliferation of regenerated non-senescent fibroblasts, ultimately leading to de novo synthesis of collagen and 
elastin. However, this hypothesis needs to be validated by additional experimentation.

In addition to histological investigations, skin rejuvenation was clinically assessed using biophysical 
measurements. While both treatments showed improvements over time, MNRF induced earlier and more 
pronounced effects in most parameters including wrinkles, elasticity, hydration, and TEWL. Microneedling 
also yielded some improvement, particularly in wrinkle reduction, though to a lesser extent. Notably, the 
improvements in hydration and TEWL metrics observed with MNRF suggest a potential enhancement in 
barrier function. Moreover, no significant changes in the melanin and erythema index on either side of the face 
represent a minimal risk of post-inflammatory hyperpigmentation.

Fig. 4.  Repopulation of senescent fibroblasts by non-senescent fibroblasts after MNRF treatment. (a) 
Representative images of immunofluorescence staining for the senescence marker, p16INK4A, and fibroblast 
marker, HSP47, after MN and MNRF treatments. The graphs on the right represent the results of the 
quantitative assessment of the (b) percentage of p16INK4A-positive cells among HSP47-positive dermal 
fibroblasts, (c) number of p16INK4A- and HSP47- double positive dermal fibroblasts, (d) p16INK4A-positive 
dermal cells, (e) p16INK4A-positive epidermal cells, and (f) p16INK4A-negative HSP47-positive dermal fibroblasts 
in the skin treated with MN and MNRF (n = 25). Original magnification ×400. Statistical significance: ***p < 
0.001, ****p < 0.0001. ns indicates no significance.
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In our study, we evaluated the skin-rejuvenating capabilities of MNRF in comparison with those of MN 
alone. Various intrinsic factors, including variations in wound-healing capacity, skin ageing, and skin barrier 
function, as well as extrinsic factors such as UV exposure and personal lifestyle, are likely to influence individual 
responses to MN and MNRF treatments. To mitigate the potential impact of these confounding variables, we 
conducted a split-face comparison with a large study group and applied paired statistical tests to assess the effects 
of MN and MNRF within each individual. Although MN by itself is a well-known anti-ageing treatment for facial 

Adverse reactions

No. of affected subjects/
total No. of patients (%)

MN MNRF
Statistical 
Significance

Immediate erythema 0/29 (0.00) 4/29 (13.79) ns(p = 0.056)

Edema 0/29 (0.00) 2/29 (6.90) ns(p = 0.246)

Bruise 1/29 (3.45) 1/29 (3.45) ns(p = 0.754)

Pruritus 1/29 (3.45) 1/29 (3.45) ns(p = 0.754)

Tingling sensation 0/29 (0.00) 1/29 (3.45) ns(p = 0.500)

Table 3.  Adverse reactions after treatment with MN and MNRF. ns, not statistically significant; MN, 
microneedling; MNRF, microneedle radiofrequency.

 

Fig. 5.  Improvements in the skin ageing phenotype promoted by MNRF treatment and its association with 
senescent fibroblasts. (a) Representative images of immunofluorescence staining for procollagen-1 (red) and 
DAPI (blue) after MN and MNRF treatments. The graph on the right indicates the number of procollagen-1-
positive cells after MN and MNRF treatments (n = 25). Original magnification ×400. (b) Representative images 
of dermal collagen deposition using Masson’s trichrome staining in the skin treated with MN and MNRF. 
The graphs on the right represent the results of the quantitative assessment of dermal collagen density in the 
papillary and reticular dermis after MN and MNRF treatments (n = 26). Scale bar = 50 μm. (c) Representative 
images of immunofluorescence staining for elastin (green) and DAPI (blue) after MN and MNRF treatments. 
The graphs on the right represent the results of the quantitative assessment of dermal elastic fibres in the 
papillary and reticular dermis after MN and MNRF treatments (n = 25). Scale bar = 50 μm. (d) The graphs 
indicate the evaluation of collagen density of papillary dermis (left) and hydration (right) in the skin treated 
with MN and MNRF of MNRF- responders (n = 12) and non-responders (n = 13). MNRF- responders and 
non-responders were distinguished based on differences in the number of senescent fibroblasts. Statistical 
significance: *p < 0.05, **p < 0.01, ****p < 0.0001. ns indicates no significance.
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rhytides27,28, MNRF treatment surpassed the extent of MN alone, producing notable improvements in both 
clinical and histological aspects. To the best of our knowledge, this study is the first prospective investigation 
with a considerable number of participants to demonstrate and report alterations in the phenotype of skin 
ageing resulting from senescent cell elimination and subsequent replacement by newly generated fibroblasts 
after MNRF application.

However, our study has some limitations. First, we lacked pre-treatment skin tissue samples from each 
subject, preventing us from evaluating changes in the tissue from the initial to post-treatment state. In addition, 
we could not evaluate long-term effects after MNRF treatment because we completed clinical measurements and 
obtained tissue 2 months after the last treatment. While other studies have reported that treatment effects persist 
for 6 months following a single session29,30, we are unable to address concerns regarding the longevity of these 
skin enhancements, their long-term safety, or their potential impact on future skin ageing processes. Future 
research should consider conducting extended trials to examine the long-term effects of MNRF.

In summary, our study compared the performance of MN and MNRF treatments on aged skin, providing 
a comprehensive understanding of their differential effects on skin rejuvenation at the cellular, histological, 
and clinical levels. In particular, our results suggest that, compared to MN, MNRF more effectively promotes 
skin rejuvenation by facilitating senescent cell removal and stimulating the proliferation of non-senescent 
cells -mechanisms likely underlying its superior histological and clinical outcomes. These findings indicate its 
potential in the treatment of skin conditions associated with increased senescent fibroblasts, such as melasma and 
idiopathic guttate hypomelanosis, and are expected to contribute to the ongoing development and advancement 
of energy-based methodologies for skin rejuvenation, ultimately combating skin ageing.

Materials and methods
Study design
A 5-month-prospective, double-blind, spilt-face, randomised controlled clinical trial was conducted at the 
Department of Dermatology of Seoul National University Hospital (Seoul, Korea) between February 2022 and 
March 2024. The study was conducted in accordance with the Declaration of Helsinki and was approved by 
the Institutional Review Board of Seoul National University Hospital (No. 2101-109-1190). Thirty volunteers 
aged ≥ 60 years with visible fine wrinkles in the periorbital area were enrolled after providing written informed 
consent. The bilateral periorbital areas of each subject were randomly assigned to receive either MNRF or MN 
treatment, and the study was conducted with both the subjects and evaluators blinded to the assignments. A 
computer-based random number allocator was used for the randomisation. The subjects then underwent 4 
sequential sessions of either MN or MNRF treatment on a random side of their face. The treatment procedure 
involved 4 sequential sessions conducted at 4-week intervals, followed by a final assessment 8 weeks after the 
final treatment. During each visit, standardised digital photographs were obtained using consistent camera 
settings (EOS90D; Canon, Tokyo, Japan) and illumination conditions.

MN and MNRF treatments
According to the randomisation table, half the face of each subject was treated with MN and the other half with 
MNRF (Sylfirm X; Viol Co., Ltd., Seongnam, Korea). The treatment was applied to a consistent area between 
the lateral canthus and hairline, extending from the eyebrow above to the zygomatic area below. On the MNRF 
treatment side, the continuous mode (CW4, 300 ms exposure) was used with a 1-mm microneedle depth and 
energy levels ranging from 3 to 5 (2.42–2.74 J/shot) for one pass, while on the MN side, only microneedling was 
performed at the same depth with an energy level of 0. After the procedure, the subjects were monitored for 30 
min to check for potential adverse skin reactions in the treatment area.

Measurements of biophysical characteristics of the skin
Biophysical skin parameters, including wrinkles, elasticity, hydration, transepidermal water loss (TEWL), 
melanin index, and erythema index, were measured at baseline and at 3 and 5 months. All clinical skin 
measurements were performed by a single investigator to ensure data consistency. Each parameter was measured 
in triplicate in the same fixed periorbital area, and the mean values were used for subsequent analyses. Further 
information regarding the instruments used for the measurements is provided in Supplementary Materials and 
Methods section online.

Tissue collection and histological analysis
Matched 2-mm punch biopsy specimens were obtained from each side of the face 2 months after the final 
treatment for the histological and immunohistochemical evaluation. The tissue samples were fixed in 10% 
buffered formalin and embedded in paraffin. Following deparaffinization and rehydration, standard protocols 
were employed to perform Masson’s trichrome (MT) and hematoxylin and eosin (H&E) staining in 4-µm paraffin 
sections. Epidermal and full skin thicknesses were evaluated from H&E-stained sections, and collagen deposition 
in the papillary and reticular dermis was quantified from the MT-stained images. Detailed quantitative analysis 
methods are presented in the Supplementary Materials and Methods section online.

Immunohistochemical analysis
4-µm paraffin sections were deparaffinized, rehydrated in ethanol, and subjected to heat-mediated antigen 
retrieval in pH 9 Target Retrieval Solution (S2367; Dako, Carpinteria, CA, USA) or pH 6 Citrate Buffer (CBB999, 
ScyTek Laboratories, Logan, UT, USA) at 120 °C for 10 min using a pressure cooker. After permeabilization 
with 0.1% Triton X-100 for 10 min, a serum-free blocking solution was added for 10 min at room temperature. 
The samples were incubated overnight at 4 °C with the following primary antibodies: HSP47, 1:1000 (ab226052; 
Abcam, Cambridge, UK); CD45, 1:200 (13917, Cell Signaling Technology, Danvers, MA, USA); CD68, 
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1:200 (M0814, Dako); p16INK4A, prediluted (805–4713, Ventana Medical Systems, Oro Valley, AZ, USA); 
procollagen-1, 1:50 (SP1.D8; DSHB, Iowa City, IA, United States); elastin, 1:1000 (ab77804; Abcam); and ki-67, 
1:1000 (ab16667; Abcam). Subsequently, they were incubated with fluorescent-labeled secondary antibodies for 
1 h at room temperature. After staining with DAPI (1 µg/ml), immunofluorescence images were acquired using 
a Confocal Microscope (Leica STED CW; Leica Microsystems, Wetzlar, Germany). Detailed protocols for image 
analysis are outlined in the Supplementary Materials and Methods section online.

Statistical analysis
Comparison of interval changes in clinical skin parameters between baseline, 3 months, and 5 months was 
performed using repeated-measures analysis of variance. If the normality hypothesis of the data was rejected 
by the Shapiro-Wilk test or if the sphericity hypothesis of the data was violated according to Mauchly’s test, the 
generalised estimated equation analysis or Wilks’ Lambda multivariate test was performed. Subsequent post 
hoc analysis was conducted using the paired t-test or Wilcoxon signed-rank test with Bonferroni correction for 
multiple comparisons. For split-face comparison of histological findings, a paired t-test or Wilcoxon’s signed-
rank test was employed, contingent upon normality validation using the Shapiro-Wilk test. The chi-squared (χ2) 
test was conducted to compare the frequencies of adverse skin reactions following MN and MNRF treatments. 
Statistical significance was set at a p-value of < 0.05. SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA) was 
used for all the statistical analyses.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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