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Abstract

Aging reflects skin appearance drastically, which reduces skin juvenescence. However, the

small molecules underlying skin juvenescence have not been well studied. We aimed to

explore the molecules potentially responsible for young-looking skin. Eleven healthy women

aged 24-59 years were recruited and divided into young and middle-aged groups. Multiple

layers of the stratum corneum from the cheek area were taken by tape-stripping, followed by

desorption electrospray ionization mass spectrometry imaging (DESI-MSI). Overall, five

molecules (m/z 284.33, 340.39, 488.39, 628.37, and 863.65) were highly abundant in young

subjects. Among them, m/z 284.33 and 340.39 were dominantly detected in each layer of all

young subjects. Interestingly, m/z 488.39 and 628.37 were prominent in young subject 4. All

of these molecules were gradually decreased in the successive layers of the stratum corneum

in subjects 3 and 4 of the young group. These molecules could be endogenous, co-related with

youthful skin, or retained from topical cosmetics. Extensive research is indispensable to

characterize them and find the relationship between these molecule’s retention capacity in

the stratum corneum with different skin parameters. Our findings provide a novel perspective

on young skin that could be advantageous in future cosmetic formulations to improve skin

juvenescence.

Keywords: Stratum corneum, DESI-MSI, molecules, skin juvenescence.
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Introduction

Skin is the most visible external attribute of the human being?. It is one of the critical

indicators of aging®3). The aging process significantly impacts the skin’s young appearance®®.

The appearance of the skin is highly correlated to the stratum corneum, which is the outer

layer of the skin. Stratum corneum, in turn, consists of multiple layers in it®. Improved skin

texture and blood flow, prevention of pigmented spot formation, and increased moisture in

the stratum corneum are the external parameters for skin to have beautiful, young-looking

skin”). Keratin is a major component of stratum corneum and constitute more than 85% of the

total proteins in it®). Keratin and associated proteins are deformed over the aging process®19).

However, until now very few studies on the other small molecules in the stratum corneum

underlying skin juvenescence have been done. In this connection, we aimed to discover the

potential small molecules in the stratum corneum that might be responsible for skin

juvenescence. While it is feasible to investigate human skin that has been surgically resected

during some diseases, however in healthy individuals, skin sampling is desired to be

noninvasive!!. Several studies have recently been employed in normal conditions to analyze

skin’1213), Recently, several techniques have been employed to analyze skin conditions by

imaging the skin based on its external appearance’'*).  Apart from these, mass

spectrometry-based studies are a more advanced technique due to providing molecular

information as well'”-18), Among the mass spectrometric methods, the mass spectrometry
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imaging (MSI) analysis adds a new dimension to the biomolecular distribution analysis in the

skin'>23), Currently, multiple MSI modalities are in use, like matrix-assisted laser

desorption/ionization (MALDI)-MSI, secondary-ion mass spectrometry (SIMS) imaging, and

DESI-MSI. Compared to other MSI modalities, DESI-MSI is a rapidly in-situ molecular imaging

technique because it does not require matrix coating on the sample, unlike MALDI-MSI.

Moreover, DESI-MSI is used to detect compounds and visualize their spatial distribution in the

sample in ambient conditions'?427). For straightforward, rapidness, and direct surface

analysis capacity in ambient condition, in this study, we employed DESI-MSI to detect small

molecules of stratum corneum, which are highly abundant in young-aged skin?®).

Materials and Methods

Reagent and chemicals

Acetonitrile, methanol, formic acid, ultrapure water, and isopropanol were purchased
from FUJIFILM Wako pure chemical industries (Osaka, Japan). Leucine enkephalin was
purchased from Waters Corporation (Milford, MA, USA). Sodium formate was obtained from
Sigma-Aldrich Co. LLC (St. Louis, MO, USA).
Ethics

The study was approved by the ethics committee of the Hamamatsu University School of
Medicine (Code: 19-123). Study subjects were provided with sufficient information and signed
informed consent forms before collecting tape-stripped stratum corneum samples. Each
subject’s stratum corneum sample was anonymized by assigning a unique numerical subject
number.

Study subjects and tape stripped stratum corneum samples collection

4
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In this study, 11 healthy Japanese female volunteers participated. Only individuals who

participated in this testing schedule could consent to the stratum corneum sampling and other

test items, and not suffering from skin diseases like eczema or other pathological conditions

were selected. Subjects who recently received special facial care or medication that may affect

the sample collection site (face) were excluded from this study. In addition, only women were

chosen as subjects to eliminate sexual differences between men and women. Six subjects

were categorized as young, aged between 20-30s. (subject number 1 to 6 in the young group).

The other five subjects were between the ages of 40-60s and categorized as middle-aged

(subject number 7 to 11 in the middle-aged group) (Table 1). As a sampling area, we selected

the cheek area of the face. Redness, pores, and spots were scored by photo evaluation, while

skin transparency was scored by visual evaluation. The redness, pores

Table 1. Demographic data of the donors of tape stripped stratum corneum sample

Subject Subject Age
group ID (years)

Redness Pores Spots
(0Oto2 (0to2 (0to 2 transparency

Skin

Skin conditions

scale) scale) scale) (0to 4 scale)
1 27 15 15 05 35 Redness, many bumps due to acne scars, normal skin
tone
2 30 1.5 1.5 0.5 3.5 Many bumps due to worsening acne, normal skin tone
ve 31 0.5 0.5 0.5 3.5 Many bumps due to acne scars, normal skin tone
oung-
aged 4 25 05 05 0 0 Br'ighter skin tone, almost no pigmentation, less uneven
skin surface
5 )8 0 0 0.25 1 Ll.ghter slfln tone with u.nevenness due to fine
pigmentation, less uneven skin surface
6 24 0 0 0 1 Lighter skin tone, few bumps on the skin surface, but
bumps near the nose
Uneven skin tone due to hyperpigmentation, skin
7 59 0 0 2 3.5 surface irregularity is not worse than that of the same
age group, skin tone is darker
3 55 0 5 5 35 Many uneven coIor.s due to plgmentaFlon, uneven skin
surface due to flowing texture, dark skin tone
Middle- Less unevenness in skin tone due to pigmentation than
aged 9 45 0.5 0.5 0.5 2 the same age group, skin surface irregularity about the
same as the same age group, lighter skin tone
10 a1 05 05 05 5 Uneven skin tone due to plgme.ntatlon, .Iess uneven skin
surface than same age group, lighter skin tone
11 43 0 0 0.25 5 Lighter skin tone with very little unevenness due to

pigmentation
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and spots scores were scored on a 5-point scale from 0 to 2 with 0.5 increments. The lower
score of redness, pores, and spots indicates better skin condition and is considered to have a
youthful appearance of the skin. The skin transparency score was scored on a 9-point scale
from 0 to 4 with 0.5 increments. Lower scores indicated higher skin transparency. The skin
with more increased skin transparency is typically considered to have a youthful appearance
of the skin. These redness, pores, spots and skin transparency score evaluation was
constructed based on the “Skin Aging Atlas” exclusive to Asian type?®). Before stratum
corneum sample collection, each subject’s face was thoroughly washed with the same
(commercial) mild cleanser (Table S1) using tap water. After face washing, the subjects were
allowed to acclimate in a constant temperature and humidity-maintained room (room
temperature 20 + 2 °C, humidity 50 + 5%) for 15 minutes at least. The stratum corneum
samples (horny layers of the epidermis) were then collected by 1 cm? tape-stripping by
cellophane tape (CELLOTAPE™, CT-18, NICHIBAN Co., Ltd., Tokyo, Japan) from the cheek four
times from the same spot. Although the thickness of stripped stratum corneum samples was
not measured, we tried collecting stratum corneum samples from each subject with a similar
method to minimize the removed stratum corneum thickness variation between subjects. The
first stripping refers to the stratum corneum's outermost layer, whereas subsequent strippings
refer to the stratum corneum's inner layers. In all cases, the tape-stripped samples were
preserved at -80 °C until mass spectrometric analysis.
DESI-MSI analysis

For DESI-MSI of the stratum corneum sample, tape-stripped samples were mounted on
regular glass slides (Matsunami Glass Ind., Ltd., Kishiwada, Japan). A double-sided tape
(Conductive tape assy, 241-08728-92, Shimadzu Corporation, Kyoto, Japan) was attached to

the glass slide before attaching the non-adhesive side of the stripped tape. The analysis was
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conducted with a quadrupole time-of-flight (Q-TOF) mass spectrometer (Xevo G2-XS Q-TOF,
Waters Corporation, Milford, MA, USA) in positive ionization mode. The selected areas on the
glass slide were scanned with a scan rate and pixel size of 200 um/sec and 200 um x 200 um,
respectively. A solvent pump (ACQUITY UPLC Binary Solvent Manager, Waters Corporation,
Milford, MA, USA) was used to supply the solvent (98:2 methanol/water, v/v) at a flow rate of
2 uL/min. Mass resolving power and mass window were set at 20000 and 0.02 Da, respectively.
The DESI source conditions were optimized as follows: (i) capillary voltage of 3.0 kV, (ii)
nitrogen gas pressure of 0.4 MPa, and (iii) inlet temperature of 120 °C. Analyzer mode was set
as “sensitivity.” Mass spectra were collected in a mass range of m/z 100 to 1000. The sodium
formate solution (500 uM) in isopropanol: water (90:10, v/v) was used to calibrate the DESI
mass spectra externally, and the detector setup was performed using leucine enkephalin
solution (500 uM). The lock mass correction option was used for mass accuracy corrections
using m/z 309.2036 (Na* adduct of diisopropyl sebacate, a typical background peak in mass

spectrometry).

Data analysis

The data acquisition and processing were made using the MassLynx (Version 4.1; Waters
Corporation, Milford, MA, USA) program for DESI-MSI experiments. Raw data derived from
the DESI-MSI experiment was imported into HDImaging software (Version 1.4; Waters
Corporation, Milford, MA, USA). The candidate selection was performed from the list of 300
most abundant m/zs generated in HDImaging software and manually compared the DESI-MSI
ion image between groups (Fig. S3). Thus, we have considered the average intensity between
groups in picking candidates. Background peaks were excluded considering the molecule’s

distribution in the negative control tape sample. This negative control tape sample was the
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only tape sample attached to the glass slide, hence free from the stratum corneum sample.
Region of interest (ROIs) was manually drawn on each sample area to calculate average
intensity using HDImaging software. Average signal intensities of individual pixels of the ROIs

(Fig. S1b) were then compared for relative abundance.

Results

DESI-MSI detected highly abundant molecules in young-aged subjects

In positive ion mode, we analyzed the DESI ion distribution of tape-stripped stratum

corneum samples. We explored the most abundant 300 DESI-MSI peaks between m/z 100 to

m/z 1000 and, on average, found five molecules (m/z 284.33, m/z 340.39, m/z 488.39, m/z

628.37, and m/z 863.65) are highly abundant in the stratum corneum of the young-aged

subject compared to the middle-aged subjects (Fig. 1b to d and Fig. 2b to k). Among them,

m/z 284.33 was 122%, m/z 340.39 was 196%, m/z 488.39 was 345%, m/z 628.37 was 265%,

and m/z 863.65 was 137%, highly abundant in average intensity in young-aged subjects

compared to middle-aged subjects. m/z 414.43 is a molecule shown here as a control, which

was not much different in distribution among the young and middle-aged groups (only 7%

higher in the young group) (Fig. 2I, m). Among all detected candidate molecules, m/z 284.33

and m/z 340.39 were prominently detected in each layer of all young subjects (Fig. 2b, d and

Fig. S2a to h).
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Fig. 1. Average DESI-MSI mass spectrum from tape stripped stratum corneum.
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Young-aged subject 4 showed the most prominent distribution of m/z 488.39 and m/z 628.37

Although the candidate molecules were highly abundant on average in the young subjects,

we discovered the most prominent distribution of m/z 488.39 (Fig. 3a to c) and m/z 628.37

(Fig. 3d to f) in subject number 4 from the young-aged panel. By analyzing the average

intensity of each stratum corneum layer, we also discovered that the intensity was gradually

decreasing in the deeper layers of the stratum corneum (Fig. 2f, h).

Candidate molecules were gradually decreased in deeper layers of the stratum corneum of

young subjects 3 and 4

Although, on average, all candidate molecules are rich in young-aged subjects,

interestingly, they are most abundant in the first stripped stratum corneum of the young

subject 3 (Fig. 4a to e) and 4 (Fig. 4f to j). These molecule’s abundance is gradually decreased

in the subsequent strippings. That refers to the gradual decrease of the candidate molecules

in the deeper layers of the stratum corneum of the young-aged subjects 3 and 4.

10
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182  Fig. 2. Prominent distributions of highly abundant molecules in the tape-stripped stratum

183  corneum samples from young and middle-aged subjects.
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185  Fig. 3. Average intensity of m/z 488.39, m/z 628.37, and m/z 414.43 in each time of tape
186  stripped stratum corneum samples.
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Fig. 4. Stratum corneum’s layer-wise average intensity of the candidate molecules in subject

3 and subject 4 from the young group.

Discussion

In this investigation, we could detect abundant small molecules from the stratum corneum
of young, healthy individuals using the robust measurement ability of DESI-MSI3%31), Unlike
earlier studies that employed DESI-MSI to explore stratum corneum molecular abundance,
our study focused on the cheek area of the face as a representative part of the body to study
age-dependent molecular abundance??. Among the candidate molecules, m/z 284.33 and
m/z 340.39 prominently exist in all stratum corneum of all young subjects (Fig. 2b, d and Fig.
S2a to h). Our finding surmises that these molecules might be highly related to skin
juvenescence. However, our study is limited to positive-ion mode-based detection of the
potential candidate molecules highly relevant for young-aged skin. The addition of negative

13
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ion mode, molecular identification by comprehensive analysis using liquid chromatography-

mass spectrometry, liquid chromatography with tandem mass spectrometry, and further

functional studies are required to determine these molecule’s relationship with young-aged

skin3?). Interestingly subject 4 of the young-aged subjects showed a most prominent

distribution of m/z 488.39 and m/z 628.37 in her stratum corneum (Fig. 3a to f). This most

prominent abundance reflects the unique properties of this young subject, who has a very

smooth skin surface with no pigmentation (Table 1). In the future, it would be beneficial to

deepen the research on this subject to find out the exact relationship between its skin

parameters and the retention capacity of those molecules. Also, we observed a gradual

decrease of the candidate molecules only (Fig. S4 a to f) in the subsequent tape strippings of

subjects 3 and 4. We surmised that some specialty, like reduced cell numbers in the deeper

layers of the stratum corneum of these two subjects, might reflect such distributions??. In the

future, it would be informative to study the exact relationship between these subject’s

stratum corneum and the candidate molecule’s gradual decrease.

This preliminary study shows the differential abundance of some specific molecules in the

stratum corneum of young-aged subjects. This is also supported by the previous studies where

it was evident that the property of the stratum corneum, like age and skin condition, plays a

role in the compositional difference in the skin®19. This study is the groundwork for the

relationship between skin condition and underlying molecular distribution in the stratum

14
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corneum. We successfully detected higher distribution of some small molecules in the young
subjects. In essence, it is indispensable to identify and characterize the candidate molecules
to consider them for inclusion in product development for promoting skin juvenescence. In
the future, our findings may support establishing novel candidate molecules for the skin care

product industry to promote or retain skin juvenescence.

Acknowledgements
This work was supported by MEXT project for promoting public utilization of advanced
research infrastructure (Imaging Platform) [grant number JPMXS0410300220], AMED (Grant

Number 21ak0101179) and research grant from KOSE Corporation, Japan.

Conflicts of Interest
The authors declare no conflict of interest. The funders remain neutral in study design,

data collection and analysis, manuscript writing, or publication decisions.

15



235
236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

References

1. Jablonski NG. The evolution of human skin and skin Color. Annual Review of

Anthropology 2004;33:585-623.

2. Nkengne A, Roure R, Rossi AB, Bertin C. The skin aging index: a new approach for

documenting anti-aging products or procedures. Skin Res Technol 2013;19:291-8.

3. Farage MA, Miller KW, Elsner P, Maibach HI. Characteristics of the aging skin. Adv

Wound Care (New Rochelle) 2013;2:5-10.

4, Ichibori R, Fujiwara T, Tanigawa T, Kanazawa S, Shingaki K, et al. Objective assessment

of facial skin aging and the associated environmental factors in Japanese monozygotic twins.

J Cosmet Dermatol 2014;13:158-63.

5. Bissett DL, Oblong JE, Berge CA. Niacinamide: A B vitamin that improves aging facial

skin appearance. Dermatol Surg 2005;31:860-5.

6. Ya-Xian Z, Suetake T, Tagami H. Number of cell layers of the stratum corneum in

normal skin - relationship to the anatomical location on the body, age, sex and physical

parameters. Arch Dermatol Res 1999;291:555-9.

7. Masuda Y, Kunizawa N, Takahashi M. Methodology for evaluation of skin

transparency and the efficacy of an essence that can improve skin transparency. Journal of

Society of Cosmetic Chemists of Japan 2005;39:201-8.

8. Sun TT, Green H. Keratin filaments of cultured human epidermal cells. Formation of

16



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

intermolecular disulfide bonds during terminal differentiation. J Biol Chem 1978;253:2053-60.

9. Rawlings AV. The Stratum Corneum and Aging. In: Farage MA, Miller KW, Maibach Hl,

eds. Textbook of aging skin. Berlin, Heidelberg: Springer Berlin Heidelberg; 2010:55-75.

10. Wang Z, Man MQ, Li T, Elias PM, Mauro TM. Aging-associated alterations in epidermal

function and their clinical significance. Aging (Albany N Y) 2020;12:5551-65.

11. Mamun MA, Sato S, Naru E, Sakata O, Hoshikawa E, et al. Higher accumulation of

docosahexaenoic acid in the vermilion of the human lip than in the skin. Int J Mol Sci 2020;21.

12. Chen CP, Chen CC, Huang CW, Chang YC. Evaluating molecular properties involved in

transport of small molecules in stratum corneum: a quantitative structure-activity relationship

for skin permeability. Molecules 2018;23.

13. Kichou H, Munnier E, Dancik Y, Kemel K, Byrne HJ, et al. Estimating the analytical

performance of raman spectroscopy for quantification of active ingredients in human stratum

corneum. Molecules 2022;27.

14. Nakashima Y, Sato H, Shioda H, Setou M. Pilot study of measurement method of skin

transparency using smartphone camera. Skin Res Technol 2019;25:906-8.

15. Fischer TW, Wigger-Alberti W, Elsner P. Direct and non-direct measurement

techniques for analysis of skin surface topography. Skin Pharmacol Appl Skin Physiol

1999;12:1-11.

16. Nakamura R, Itai E, Uehara S, Mizuno M, Naru E, et al. Development of mathematical

17



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

model of skin translucency. Journal of Society of Cosmetic Chemists of Japan 2020;54:315-22.

17. t'Kindt R, Jorge L, Dumont E, Couturon P, David F, et al. Profiling and characterizing

skin ceramides using reversed-phase liquid chromatography-quadrupole time-of-flight mass

spectrometry. Anal Chem 2012;84:403-11.

18. Yang M, Zhou M, Wang H, Yang M, Gao Y, et al. Lipidomics reveals the role of

glycoceramide and phosphatidylethanolamine in infantile acne. J Cosmet Dermatol

2021,20:947-54.

19. Sjovall P, Skedung L, Gregoire S, Biganska O, Clement F, et al. Imaging the distribution

of skin lipids and topically applied compounds in human skin using mass spectrometry. Sci Rep

2018;8:16683.

20. Quartier J, Rao W, Slade S, Metral F, Lapteva M, et al. DESI-MS imaging to visualize

spatial distribution of xenobiotics and endogenous lipids in the skin. Int J Pharm

2021;607:120967.

21. Saito Y, Eto F, Takei S, Yao |, Setou M. Imaging mass spectrometry reveals sodium

lauryl sulfate-induced changes in skin lipoquality, principally affecting sphingomyelin. Medical

Mass Spectrometry 2019;3:35-42.

22. Motoyama A, Kihara K. Mass spectrometry in cosmetic science: advanced ionization

techniques for detecting trace molecules in or on human skin. Mass Spectrometry

2017;6:50071-S.

18



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

23. Saito Y, Waki M, Hameed S, Hayasaka T, Setou M. Development of imaging mass

spectrometry. Biol Pharm Bull 2012;35:1417-24.

24, Takats Z, Wiseman JM, Gologan B, Cooks RG. Mass spectrometry sampling under

ambient conditions with desorption electrospray ionization. Science 2004;306:471-3.

25. Takeyama E, Islam A, Watanabe N, Tsubaki H, Fukushima M, et al. Dietary intake of

green nut oil or DHA ameliorates DHA distribution in the brain of a mouse model of dementia

accompanied by memory recovery. Nutrients 2019;11.

26. Mamun A, Islam A, Eto F, Sato T, Kahyo T, et al. Mass spectrometry-based

phospholipid imaging: methods and findings. Expert Rev Proteomics 2020;17:843-54.

27. Motoyama A, Kihara K. Mass spectrometry imaging under atmospheric pressure by

desorption electrospray ionization. Journal of the Mass Spectrometry Society of Japan

2019;67:112-6.

28. Monge ME, Fernandez FM. Chapter 1 An introduction to ambient ionization mass

spectrometry. Ambient lonization Mass Spectrometry: The Royal Society of Chemistry;

2015:1-22.

29. Bazin R, Flament F. Skin aging atlas. Volume 2, Asian type. Paris: MED'COM Publishing;
2010.

30. Mamun MA, Islam A, Hasan MM, Waliullah ASM, Tamannaa Z, et al. The human

vermilion surface contains a rich amount of cholesterol sulfate than the skin. J Dermatol Sci

19



312

313

314

315

316

317

318

319
320

2021;103:143-50.

31. Miyagi M, Fukano H, Atsumi R, Suzuki H, Setou M, et al. Distinct spatial localization of

three types of phosphatidyl choline in rat buccal mucosa identified by matrix-assisted laser

desorption/ionization imaging mass spectrometry. Medical Mass Spectrometry 2017;1:2-9.

32. Hung CF, Chen WY, Aljuffali IA, Lin YK, Shih HC, et al. Skin aging modulates

percutaneous drug absorption: the impact of ultraviolet irradiation and ovariectomy. Age

(Dordr) 2015;37:21.

20



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

Figure legends

Fig. 1. Average DESI-MSI mass spectrum from tape stripped stratum corneum.

(a) full positive-ion mass spectrum ranged m/z 100-1000. (b) Expanded view of masses ranged
200-400 showing detection of m/z 284.33, and m/z 340.39. (c) Expanded view of masses
ranged m/z 400-600 showing detection of m/z 488.39, and (d) Expanded view of masses
ranged m/z 600-800 showing detection of m/z 628.37, and m/z 863.65.

Fig. 2. Prominent distributions of highly abundant molecules in the tape-stripped stratum
corneum samples from young and middle-aged subjects.

(a) Stratum corneum sample orientation in glass slide. (b) DESI-MSI ion images of m/z 284.33,
(c) average intensity comparison of m/z 284.33 between young and middle-aged subjects. (d)
DESI-MSI ion images of m/z 340.39, (e) average intensity comparison of m/z 340.39 between
young and middle-aged subjects. (f) DESI-MSI ion images of m/z 488.39, (g) average intensity
comparison of m/z 488.39 between young and middle-aged subjects. (h) DESI-MSI ion images
of m/z 628.37, (i) average intensity comparison of m/z 628.37 between young and middle-
aged subjects. (j) DESI-MSI ion images of m/z 863.65, (k) average intensity comparison of m/z
863.65 between young and middle-aged subjects. (I) DESI-MSI ion images of m/z 414.43, a
compound showing similar distribution in young and middle-aged subjects, (m) average
intensity comparison of m/z 414.43 between young and middle-aged subjects. All values are
presented as mean = SD and p values were calculated between groups by Student’s unpaired
two-tailed t-test.

Fig. 3. Average intensity of m/z 488.39, m/z 628.37, and m/z 414.43 in each time of tape
stripped stratum corneum samples.

(a) Average intensity of m/z 488.39 in first, (b) second, and (c) third stripped stratum corneum.

Average intensity of m/z628.37 in first (d), second (e), and third (f) stripped stratum corneum.

21



345

346

347

348

349

350

351

352

353

Average intensity of m/z 414.43 in first (g), second (h), and third (i) stripped stratum corneum
as control. All values are presented as mean £ SD.

Fig. 4. Stratum corneum’s layer-wise average intensity of the candidate molecules in subject
3 and subject 4 from the young group.

(a) Average intensity of m/z 284.33, (b) m/z 340.39, (c) m/z 488.39, (d) m/z 628.37, (e) m/z
863.65, and (f) m/z 414.43 (as control) in young subject 3. Average intensity of (g) m/z 284.33,
(h) m/z 340.39, (i) m/z 488.39, (j) m/z 628.37, (k) m/z 863.65, and (I) m/z 414.43 (as control)

in young subject 4.
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354  Supplementary figures

(a) Sample orientation in glass slide measured in DESI-MSI
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(b) ROIs analyzed for average intensity calculation
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355 Fig. S1. ROIs drawn to measure average intensity. (a) sample orientation in glass slide

356 measured in DESI-MSI. (b) ROls drawn.
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357  Fig. S2. m/z 284.33 and m/z 340.39 were prominently detected in each layer of all young

358 subjects. All values are presented as mean + SD.
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359

360 Fig. S3. Volcano plot compares the molecules from young and middle-aged subjects. Log2 fold
361 changes and their corresponding —Logio p-values of 300 most abundant molecules generated
362 by HDImaging software were taken for construction of the volcano plot. Molecules increased
363 more than 2-fold are depicted in blue dots, among them which molecules are detected in all
364 samples and average intensity was higher in young groups are depicted in red dots. All other
365 molecules are not found to be relevant to this study and depicted as gray dots. Student’s

366 unpaired two-tailed t-test was used for the volcano plot construction.
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Fig. S4. Stratum corneum’s layer-wise average intensity of the candidate molecules in

subject 1, 2, 5 and 6 from young group. Average intensity of m/z 284.33 (a), m/z 340.39 (b),
m/z 488.39 (c), m/z 628.37 (d), and m/z 863.65 (e) in young subject 1. Average intensity of
m/z 284.33 (f), m/z 340.39 (g), m/z 488.39 (h), m/z 628.37 (i), and m/z 863.65 (j) in young
subject 2. Average intensity of m/z 284.33 (k), m/z 340.39 (I), m/z 488.39 (m), m/z 628.37
(n), and m/z 863.65 (0) in young subject 5. Average intensity of m/z 284.33 (p), m/z 340.39

(g), m/z 488.39 (r), m/z 628.37 (s), and m/z 863.65 (t) in young subject 6.
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374  Table S1. Constituents of the cleanser used for the face washing before stratum corneum

375  sample collection.

Cleanser constituents

Water (aqua)

Mineral oil (paraffinum liquidum)
Butylene glycol

Glycerin

Alcohol

Polysorbate 80

Glyceryl stearate

Ascorbyl tetraisopalmitate
Lactobacillus/Soybean extract ferment filtrate
Tocopherol

Behenyl alcohol

Carbomer

Cetearyl alcohol
Dimethicone

Lauroyl lysine

PEG-20 glyceryl triisostearate
Potassium cocoyl glycinate
Potassium hydroxide

Silk powder (Serica powder)
Sodium lauroyl glutamate
Stearic acid

Ethylparaben

Methylparaben

Phenoxyethanol
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