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A B S T R A C T

In this study, skin sampling by tape stripping for lipid analysis was optimized by examining the lipid profiles of 
the stratum corneum (SC), focusing on the composition and levels of ceramides (Cer), diacylglycerols (DG), and 
triacylglycerols (TG), using nanoflow ultrahigh performance liquid chromatography-tandem mass spectrometry. 
Significant variations in the number and composition of the identified lipids, particularly Cer and neutral lipid 
species, were observed across different skin locations, including the forearm, forehead, cheek, and neck. Analysis 
of the layer-to-layer lipid profiles of the seven consecutive layers revealed a gradual decrease in DG and TG levels 
from the outermost to the innermost layers, with certain Cer subclasses showing increases in the second to fourth 
layers and subsequent decreases. Comparative analysis of lipid profiles from adjacent spots demonstrated sta
tistical consistency and persistent differences between spots. Pooling layers were evaluated as an alternative 
method for representing SC layers, and their efficiencies were assessed by varying the number of pooled layers. 
We found that pooling five consecutive layers was effective in terms of the number and levels of identified lipids. 
Additionally, investigations into the matrix effect and extraction efficiency upon pooling layers indicated that 
pooling up to five layers did not significantly affect ionization suppression or reduce extraction recovery.

1. Introduction

The skin functions as a primary physical barrier against the external 
environment and plays a vital role in maintaining physiological func
tions, such as preventing water loss. The skin has a layered structure, 
with the outermost layer referred to as the stratum corneum (SC), which 
is mainly composed of lipids. This lipid-rich composition significantly 
influences the regulation of skin function and contributes to maintaining 
homeostasis [1–3]. Research on cutaneous lipid metabolism has a wide 
range of applications in various diseases, such as skin disorders like 
ichthyosis and atopic dermatitis [4,5].

Lipids, a diverse class of organic molecules, are essential for various 
biological processes such as energy storage, cell growth, signal trans
duction, and cell membrane structure. They encompass a wide range of 
compounds that can be categorized into eight subclasses. The structural 
diversity of lipids arises from factors such as head groups, aliphatic 
chain length, degree of unsaturation, and presence of double bonds. 
Access to a comprehensive database and lipid library is available 
through LIPID MAPS (http://www.lipidmaps.org/data/structure/index. 

php) [6,7]. Lipidomics, a branch of omics science dedicated to the 
comprehensive study and analysis of lipids within biological systems, 
plays a pivotal role in elucidating lipid functions in physiological and 
pathological processes. This field has recently become increasingly 
important as it provides valuable information for diverse research areas, 
including metabolism, biomarker discovery, and serious diseases [6]. 
Currently, the most effective tool for lipidomic analysis is liquid chro
matography (LC) coupled with electrospray ionization-tandem mass 
spectrometry (ESI-MS/MS) due to its sensitivity, high mass accuracy, 
and high resolution. Although lipidomic analysis is commonly con
ducted in cells [8] and tissues [9], such as brain [10,11] and liver [12,
13], as well as in plasma [14,15], serum [16,17], urine [15,18], and 
saliva [19,20], research on skin lipidomics remains limited. Skin lipid 
analysis has vast potential for diverse applications. Beyond its funda
mental role in skin health and barrier function, insights from skin lip
idomics can inform various fields such as understanding the mechanisms 
underlying skin conditions and developing cosmetic or therapeutic 
strategies. Insights from skin lipidomics can also enhance our under
standing of skin health, disease, and responses to environmental factors.
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Tape stripping is considered one of the most efficient methods for 
skin sampling because of its simplicity and non-invasiveness and has 
gained popularity in SC research [21–23]. However, several factors, 
such as the type of tape, anatomical location, and applied pressure, can 
influence the amount of lipids removed by each adhesive tape strip [24,
25]. Furthermore, there is currently no standardized protocol for skin 
lipid sampling. This study aimed to optimize a skin sampling method 
using tape stripping for lipid analysis. It examined the lipid profiles of 
different skin locations (the forehead, forearm, cheek, and neck) and 
analyzed the differences in the lipid patterns of sequentially stripped 
layers and adjacent spots at the same location using nanoflow ultrahigh 
performance liquid chromatography-electrospray ionization-tandem 
mass spectrometry (nUHPLC-ESI-MS/MS). The effectiveness of lipid 
extraction from the skin was further investigated to optimize the number 
of pooling layers for sampling, based on the number of identified lipids 
and their levels, along with the limit of detection, matrix effect, and 
extraction recoveries when pooling the layers.

2. Experimental

2.1. Materials and reagents

Three lipid standards used as internal standards for skin lipid anal
ysis were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA): 
Cer d18:1-D7/24:0, diacylglycerol (DG) 15:0_18:1-D7, and tri
acylglycerol (TG) 15:0/18:1-D7/15:0. Three additional lipid standards 
(Cer d18:1(d7)/24:1, DG 1,3–18:0(d5), and TG 17:0/17:1/17:0(d5)) 
were used as calibration standards for method validation. Mobile phase 
solvents for nUHPLC (H2O, CH3CN, CH3OH, and isopropyl alcohol 
(IPA)), and methyl-tert-butyl ether (MTBE) were purchased from 
Avantor Performance Materials (Center Valley, PA, USA). Ionization 
modifiers (NH4HCO2 and NH4OH) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Fused silica capillary tubes with an inner diameter 
of 100 μm and an outer diameter of 360 μm from Polymicro Technology, 
LLC (Phoenix, AZ, USA) were used to prepare analytical columns. Two 
types of packing materials for nUHPLC were used to pack columns: 
Watchers® ODS-P C-18 particles (3 μm and 100 Å) from Isu Industry 
Corp. (Seoul, Korea) to fabricate a self-assembled frit (~10 mm) at the 
needle tip of the pulled-tip capillary column, and Bridged ethylene 
hybrid (BEH) shield C18 particles (1.7 μm and 130 Å) from Waters 
(Milford, MA, USA) to pack the main part (7 cm) of the column. The BEH 
Shield C18 particles were unpacked using an ACQUITY UPLC® BEH 
Shield C18 column (2.1 mm × 100 mm) purchased from Waters.

2.2. Human skin samples

Skin samples were collected using a tape-stripping procedure from 
two healthy female volunteers. This study was approved by the Insti
tutional Review Board of Severance Hospital (IRB No. 7001988-202302- 
BR-1785-02) and conducted in accordance with the current version of 
the Declaration of Helsinki. For skin sampling, D-Squame® (CuDerm, 
Dallas, TX, USA), an adhesive disc with a diameter of 22.0 mm, was 
placed on the sampling location, and uniform pressure (225 g/cm2) was 
applied to the disc for 10 s using a D500 D-Squame Pressure Instrument 
from CuDerm, a spring-loaded device providing uniform pressure. The 
disc was then removed from the skin using tweezers and gently placed 
adhesive side up in a 25 mL glass vial. It should be careful to keep the 
disc from collapsing by itself. When the adhesive surfaces of the tape 
come into contact with each other or with the vial, it can lead to 
incomplete extraction of lipids since they are not fully exposed to the 
extraction solvent. These vials were stored at a temperature of − 80 ◦C 
until lipid extraction.

For lipid profiling at different skin locations, sampling was per
formed at four locations (forearm, cheek, neck, and forehead), and the 
first layer at each location was utilized. To optimize the number of 
pooled layers of lipid samples at the same location, five tape strips were 

collected sequentially from the same spot on the volar forearm (VF). 
Seven consecutive layers were collected from the same spot on the VF to 
assess any variations in the lipid profiles between layers. A designated 
sampling spot was marked on the skin surface to repeat the protocol at 
the same location. To investigate differences in lipid profiles at adjacent 
skin locations, three consecutive layers were collected from three 
adjacent locations on the VF.

2.3. Lipid extraction

Skin lipids were extracted using MTBE/CH3OH as previously 
described [26,27]. Each tape stripped from the SC was placed in a 25 mL 
glass vial containing 300 μL of methanol. After 5 m of sonication, the 
tape was removed, and each solution was spiked with 15 μL of the in
ternal standard (IS) mixture. This mixture was prepared by mixing the 
three lipid standards (Cer d18:1-D7/24:0, DG 15:0_18:1-D7, and TG 
15:0/18:1-D7/15:0) at a concentration of 10.0 nmol/mL each in (1:1, 
v/v) CHCl3/CH3OH and stored in a freezer at − 20 ◦C before use. This 
corresponded to the addition of 150 nmol of each IS to each tape extract. 
Then, 1.0 mL of MTBE was added to the solution. After shaking the 
mixture for 1 h with a vortex mixer, 250 μL of MS-grade H2O was added 
and followed by 10 min of shaking. Subsequently, the mixture was 
centrifuged at 1000×g for 10 min for phase separation, and the super
natant organic layer containing the lipids was transferred to a new vial 
using a pipette. An additional 300 μL of MTBE was added to the 
remaining aqueous layer to extract residual lipids. The mixture was 
sonicated using a tip for 2 min, followed by centrifugation at 1000×g for 
10 min. The supernatant was collected and combined with the organic 
layer. The combined organic solution was evaporated under N2 gas using 
an Evatros mini evaporator (Goojung Engineering, Seoul, Korea), and 
the dried powder was dissolved in 150 μL of (18:1:1, v/v/v) MeOH: 
CHCl3:H2O. The dissolved lipid extract was stored at − 80 ◦C until 
nUHPLC-ESI-MS/MS analysis.

2.4. Lipid analysis with nUHPLC-ESI-MS/MS

Lipid identification and quantification were accomplished using a 
nUHPLC-ESI-MS/MS system (Ultimate 3000 RSLCnano System coupled 
with a Q Exactive mass spectrometer via ES071 Nanospray Flex Ion 
Source from Thermo Scientific, San Jose, CA, USA). The analytical col
umn was connected to a nanoViper capillary tube (i.d., 20 μm) from the 
injector using a MicroTee from IDEX Health & Science LLC (Oak Harbor, 
WA, USA), and the remaining port was connected to a Pt wire for the ESI 
voltage [28]. The compositions of mobile phase solutions were 
H2O/CH3CN (9:1, v/v) for A, and IPA/CH3OH/CH3CN/H2O 
(7:1.5:1:0.5, v/v/v/v) for B. Both solutions were supplemented with a 
mixture of ionization modifiers, 0.5 mM NH4HCO2 and 5 mM NH4OH, 
for lipid detection in both positive and negative ion modes during MS 
analysis. For each nUHPLC-ESI-MS/MS run, 0.3 μL of the lipid extract 
was injected at 100 % A with a flow rate of 800 nL/min. A 32 min-long 
binary gradient elution began by increasing the composition of mobile 
phase B from 1 % to 75 % over 5 min, and further to 80 % over the next 5 
min, then to 99 % B. It was maintained at 99 % B for 15 min and then 
reduced to 0 % B. Subsequently, the column was maintained at 0 % B for 
5 min, after which the flow rate was reduced to zero and maintained for 
2 min to reset the pressure to 0 bar for the next run. The MS scan range 
was adjusted to 40–1100 m/z for the positive ion mode and 400–1700 
m/z for the negative ion mode. ESI voltages of 3.0 and 1.5 kV for the 
positive and negative ion scan modes, respectively, were applied to the 
MS system, with the heated ion transfer tube temperature set at 350 ◦C. 
The full MS scan mode with data-dependent MS/MS acquisition was 
used to identify the lipids. The instrumental parameters for the MS ex
periments are listed in Table S1 in the Supplementary Material. While 
nUHPLC-ESI-MS/MS runs were primarily performed in the positive ion 
mode for the identification and quantification of all Cer, DG, and TG 
species, the same LC run was also performed in the negative ion mode 
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for the structural determination of Cer[EO] using MS/MS spectra. The 
lipid molecular structures of Cer, DG, and TG were identified by Lip
idMatch [29] within a tolerance of 5 ppm of precursor ion mass along 
with retention time utilizing the LIPID MAPS database. Lipid quantifi
cation was performed by calculating the normalized peak area, which is 
the peak area of a lipid species relative to that of an IS specific to each 
lipid class. The relative quantification of skin lipids was illustrated with 
the flow chart in Scheme S1a at Supplementary Materials. Peak area 
calculations were performed using the Xcalibur software (Thermo Fisher 
Scientific).

2.5. Method validation

Calibration standard solutions were prepared with a pooled skin lipid 
solution by varying the concentration of the three calibration standards 
(Cer d18:1(d7)/24:1, DG 1,3–18:0(d5), and TG 17:0/17:1/17:0(d5)) to 
nine different concentrations (10–4000 pmol/mL). Each solution was 
then added to the IS mixture, as listed in Table S2. The pooled skin lipid 
solution was prepared by mixing five lipid solutions, each obtained by 
adding 300 μL of methanol to vials containing the tapes followed by 5 
min of sonication to detach skin tissue from each tape. This procedure 
was designed to prevent the tapes from collapsing when two or more 
tapes were simultaneously pooled in a vial. Each calibration solution 
was then extracted using the previously described extraction procedure 
and analyzed using nUHPLC-ESI-MS/MS (n = 5 for each). The limit of 
detection (LOD) and limit of quantification (LOQ) were based on signal- 

to-noise ratios of 3 and 10, respectively. The signal of each lipid species 
was determined by the normalized peak area relative to the IS.

3. Results & discussion

3.1. Lipid profiles of four different skin locations

Because skin lipids are primarily composed of various Cer species, as 
well as DG and TG, nUHPLC-ESI-MS/MS run conditions were selected to 
effectively resolve different Cer species, as shown in the base peak 
chromatogram (BPC) of 21 standard Cer species in Fig. S1 of the Sup
plementary Material. The Cer subclasses in this study were categorized 
according to the LIPID MAPS classification. Cer subclasses are deter
mined by the combination of a fatty acid from one of three types 
(nonhydroxy (N), alpha-hydroxy (A), and ester-linked omega-hydroxy 
(EO)) and a sphingoid base from among five types (sphingosine (S), 
dihydrosphingosine (DS), phytosphingosine (P), 6-hydroxysphingosine 
(H), and 4,14-sphingadiene (SD)). Therefore, Cer[NS] represents a 
combination of nonhydroxy fatty acid (N) and sphingosine (S). The 
separation of the skin lipid extract sample in both positive and negative 
ion modes is depicted in Fig. S2, obtained under the same nUHPLC run 
condition used in Fig. S1.

Lipid compositions of SC layers from four different skin locations 
were examined by comparing the lipid compositions based on Cer, DG, 
and TG only. This approach was taken because the number of glycer
ophospholipids (GPLs) identified from SC layers was relatively low, and 

Fig. 1. Bar graphs representing the number of identified lipids from eight ceramide (Cer) subclasses, diacylglycerol (DG), and triacylglycerol (TG) at a) four different 
skin locations (forearm, forehead, cheek, and neck), and b) seven different layers obtained from sequential stripping at the volar forearm.
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their levels were much lower than those found in serum or other tissues. 
Fig. 1a shows bar graphs comparing the number of identified lipids in 
the Cer subclasses and neutral lipid classes (DG and TG) from the SC of 
four different body locations (forearm, forehead, cheek, and neck). 
These graphs indicate that the numbers of skin lipids identified at the 
four different body locations differ significantly. The total numbers of 
identified lipid classes were 251, 229, 172, and 163 in the first SC layer 
of the forearm, forehead, cheek, and neck, respectively (Table S3a). The 
decrease in the number of identified lipids in the cheek and neck 
resulted from a significant reduction in Cer species, 52 for the cheek and 
49 for the neck, which were approximately half of those found in the 
other two locations (115 for the forearm and 98 for the forehead). 
However, the number of neutral lipids in the forehead, cheek, and neck 
decreased by only approximately 12 % compared to that in the forearm, 
highlighting a marked disparity in lipid composition across different 
body locations.

3.2. Layer-to-layer variation in lipid profiles of SC

Moreover, layer-to-layer variations in lipid composition were 
examined by collecting skin layers from seven sequential samplings at 
the same spot on the VF. Fig. 1b compares the number of lipids identified 
in seven sequential VF layers. The identified numbers of Cer, DG, and TG 
decreased gradually from the outermost layer to the inner layers and 
more rapidly after the 5th layer (Table S3b). However, TG and some Cer 
subclasses, such as Cer[NDS] and Cer[NS], showed sudden increases at 
the 3rd, 5th, and 2nd layers, respectively. Changes in the relative 
amounts of each lipid species were compared among layers by plotting 
normalized amounts (peak area ratio of each lipid species to the IS) for 
two Cer subclasses ([NS] and [NDS]), DG, and TG in Fig. 2. The 
remaining plots for four other Cer subclasses are presented in Fig. S3. 

Lipid molecular structures of each subclass shown in Fig. 2 were selected 
as high-abundance species, defined as species with a relative abundance 
greater than 100 % divided by the number of lipids quantified in each 
class. Fig. 2 illustrates some trends in the lipid class population. For 
instance, the levels of the two Cer subclasses ([NS] and [NDS]) increased 
slightly from the outermost layer, reached a maximum in the third or 
fourth layer, and then decreased toward the inner layers. A similar trend 
was observed for the four other Cer subclasses ([AP], [AS], [NSD], and 
[NP]) as shown in Fig. S3. However, neutral lipids such as DG and TG 
(Fig. 2) were found to be at maximum levels in the first layer and then 
decreased. It was also noted that neutral lipid levels in the even- 
numbered layers (the second, fourth, and sixth layers) were lower 
than those in the preceding odd-numbered layers, a pattern not observed 
in Cer species. By an approximate estimation of lipid concentration 
based on the concentration of IS, a range (0.05–1.50) of normalized 
amounts in Fig. 2 for each individual species corresponds to about 
0.015–0.45 pmol. Since the injection amount of each run was equivalent 
to 1/500th portion of the lipid extracts of a stripping tape, individual 
lipid levels per stripping tape were estimated to be approximately 
7.5–225 pmol. A more accurate calculation of lipid concentration was 
performed using a calibration curve, along with the determination of the 
detection limit and matrix effect.

3.3. Lipid profiles of SC layers among adjacent spots

Lipid profiles and their levels in different layers revealed that 
selecting a single layer does not represent the characteristic lipid profiles 
of the SC. Pooling several layers can serve as an alternative method for 
preparing a representative skin lipidome sample; however, the optimal 
number of layers to be pooled needs systematic evaluation by comparing 
the efficiencies of the pooled layers collected through sequential 

Fig. 2. Plots of normalized amounts (vs. IS) of individual lipid species in each subclass observed from the seven layers sequentially collected from the same spot on 
the volar forearm. Plots of the remaining four Cer subclasses are in Fig. S3.
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stripping. If a comparison is made between the first layer and the 
pooling of three or five sequential layers from the outermost skin, 
samples should be collected from at least three different spots on the 
same body location: a single layer from one spot, three sequential layers 
from another spot immediately adjacent to the first, and another five 
sequential layers from a third spot adjacent to the first two, positioned 
triangularly. This approach assumes that the lipid profiles in adjacent 
spots of the same body location are statistically similar. Adjacency in 
lipid profiles was examined by comparing the relative levels of 22 high- 
abundance species among the three adjacent spots on the VF. Samples 
were collected by pooling the first three layers from three spots (A, B, 
and C), as depicted in the inset of Fig. 3. Among these 22 species, 12 
showed no statistically significant differences in their levels across the 
three spots (p > 0.05, marked with “n” in Fig. 3), while 8 among the 
remaining 10 species displayed statistically similar levels in two of the 
adjacent spots. Although more than half of the species illustrated in 
Fig. 3 exhibited statistical agreement in their relative lipid levels among 
the three adjacent spots, differences between spots still persisted. 
Therefore, pooling layers from nearby spots proved to be inefficient.

3.4. Effect of pooling layers on lipid profiles of SC

Alternatively, pooling layers can be organized such that skin layers 
are sequentially collected from only one spot. Each skin sample from 
these layers was then divided into several portions in a homogeneous 
manner to be mixed with portions from other layers. In this approach, 
the physical division of the stripped tape may not ensure the homoge
neity of the lipid profiles; therefore, lipid extraction should be carried 
out for each layer individually, and then the final extract from each layer 
should be mixed with the same volume of organic solvent. An equal 
portion of each layer extract was mixed to prepare three sets of samples: 

the first layer extract only (hereafter referred to as the first layer sam
ple), a mixture of the 1st to 3rd layers (the three-layer sample), and 
another mixture of the 1st to 5th layers (the five-layer sample). The 
prepared lipid extract mixtures were analyzed by injecting the same 
volume (0.2 μL) for the three samples. This was equivalent to a single- 
layer analysis for each of the three samples because the final volume 
increased during mixing. The pooling scheme is illustrated in Scheme 
S1b. However, when the analysis was performed by increasing the in
jection volume according to the number of mixed layers (i.e., 0.6 μL for 
the three-layer sample), the accumulated lipid amounts of the mixture 
were revealed, as if several stripped tapes were inserted into one vial, 
extracted, reconstituted at the same final volume as a single tape 
extraction, and injected with 0.2 μL. This method might induce a matrix 
effect due to the accumulation of multiple layers in the same vial, which 
will be discussed later.

Fig. 4 illustrates the bar graphs of the normalized amount (vs. IS) of 
nine high-abundance species (6 Cer’s, 2 DG’s, and a TG) from a spot on 
the VF, obtained from the single-layer sample, the three-layer sample, 
and the five-layer sample by: a) fixing the injection volume at 0.2 μL, 
and b) increasing the injection volume to 0.2, 0.6, and 1.0 μL according 
to the mixed number of layers. The number of unique and common lipid 
species in each sample is compared in the Venn diagram on the right side 
of the bar graphs in Fig. 4. The number of identified lipid species in DG, 
TG, and each subclass of Cer are listed in Table 1, which shows that the 
total number of identified lipids increased by approximately 11 % with 
an increase in pooling layers (from 256 to 285 or 287 for experiments a 
and b in Fig. 4). Overall, 294 lipid species (98 Cer’s, 31 DG’s, and 165 
TG’s) were identified, and their detailed molecular structures are listed 
in Table S4. Neither experiment (fixed or varied injection volumes) in 
Fig. 4 showed a critical difference in the number of identified lipids. By 
comparing the relative amount of most species (vs. each IS) from the 
three sets of samples in Fig. 4, few species marked with “n” were sta
tistically similar in their levels between the first layer and the three-layer 
samples. However, most species in the five-layer sample (Fig. 4) showed 
statistically different levels compared to the first- or three-layer samples. 
The same comparisons were made with several low-abundance lipid 
species (16 Cer’s, two DG’s, and three TG’s) in Fig. S4, showing that the 
measured amount of each species from the five-layer sample was, on 
average, approximately 15.3 % higher than that from the first layer 
sample. This comparison suggests that pooling five sequential layers is 
advantageous for sampling the SC layers to maximize the number of 
lipids to be analyzed and quantified.

3.5. Matrix effect and extraction recovery in pooling layers and LOD/ 
LOQ

Matrix effect (ME, %) and extraction recovery (RE, %) were calcu
lated using the following formulas: ME (%) = (Asa/An -1) × 100 and RE 
(%) = Asb/Asa × 100 where Asa, Asb, and An represent the normalized 
peak areas (vs. IS) of a lipid standard (1 nmol/mL) spiked after extrac
tion (Asa), before extraction (Asb), and in neat solution (no extraction, 
An), respectively. Each lipid standard was spiked into skin lipidome 
samples with varying numbers of accumulated layers. Instead of directly 
mixing five stripped tapes, pooled tapes were created by mixing the 
dissolved skin components at the very first isolation step, which were 
detached from each tape using methanol to prepare pooled matrix 
samples equivalent to 0.5, 1.0, 1.5, 2, 3, and 5 layers. Three lipid stan
dards (Cer d18:1(d7)/24:1, DG 1,3–18:0(d5), and TG 17:0/17:1/17:0 
(d5)) were spiked before or after extraction of the matrix samples. Fig. 5
shows a plot of the matrix effect and extraction recovery against the 
number of stripped tape layers. A negative ME (%) indicates ionization 
suppression of skin lipids due to the influence of the matrix, as listed in 
Table S5. It appears that ionization suppression by the skin matrix was 
not as serious as − 3.5 % for DG and − 6.7 % for TG up to the accumu
lation of two tapes, reaching a maximum of − 6.0 to − 8.8 % when five 
tapes were pooled. Therefore, the matrix effect was not critical when 

Fig. 3. Lipid profiles of three adjacent spots (A, B, and C) on the volar forearm, 
represented with the normalized amounts (vs. IS) of 22 high-abundance Cer, 
DG, and TG species. "n" represents a p-value greater than 0.05 from the t-test.
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five tapes were pooled. Recovery tests showed that extraction effi
ciencies of Cer and TG with the five-layer sample matrix were approx
imately 92 %, whereas those of DG were relatively low (approximately 
84 %).

LOD values for skin lipids, based on calibration parameters for each 
lipid class, were calculated as 0.077, 0.107, and 0.132 pmol/μL for Cer, 
TG, and DG, respectively, in the current nUHPLC-ESI-MS/MS analysis, 
as listed in Table S6. The LOQ values ranged from 0.257 to 0.440 pmol/ 
L. A total of 45 Cer’s, 15 DG’s, and 33 TG’s were detected as S/N > 3 
based on analysis of the five-layer sample, while the numbers of quan
tifiable lipids were 41 Cer’s, 14 DG’s, and 30 TG’s.

4. Conclusion

This study aimed to optimize the tape-stripping method for skin 
lipidome analysis, with a primary focus on enhancing the accuracy and 
efficiency of lipid profiling. Through a systematic evaluation of 
sequential tape stripping and pooling methods, we obtained valuable 
insights into the dynamics of skin lipid composition. These findings 
revealed significant variations in lipid profiles across different 
anatomical regions, emphasizing the importance of site-specific analysis 
in skin lipidomics research. Moreover, layer-to-layer variations in lipid 
composition highlighted the dynamic nature of the stratum corneum 
and emphasized the need for tailored sampling strategies. Based on these 
results, a refined tape-stripping protocol is proposed that minimizes 
variability and enhances the robustness of lipid analysis. This contri
bution not only advances the field of skin lipidomics but also sets the 
stage for future research aimed at elucidating the role of skin lipids in 
various areas such as health and disease. The significance of this 
research lies in its potential to deepen our understanding of skin lipid 
composition and functionality in skin-related diseases, thereby 
contributing to the development of precise therapeutic strategies in the 
future. Moving forward, further investigations should concentrate on 
refining sampling techniques and exploring the clinical implications of 
skin lipidomics.
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Fig. 4. Effect of pooling layers sequentially obtained from a spot on the volar forearm on the normalized amount (vs. IS) of nine high-abundance Cer, DG, and TG 
species, and the identified number of lipids by a) fixing the injection volume at 0.2 μL and b) increasing the injection volume to 0.2, 0.6, and 1.0 μL according to the 
mixed number of layers. The Venn diagram represents the number of identified lipids from the single-layer, three-layer, and five-layer samples.

Table 1 
The number of identified lipids from pooled layers (3 or 5 layers) compared to 
the 1st layer for a spot in VF as shown in Fig. 4.

a) fixed injection volume b) varied injection volume

the 1st 
layer

the 1st- 
3rd 
layers

the 1st- 
5th 
layers

the 1st 
layer

the 1st- 
3rd 
layers

the 1st- 
5th 
layers

injection 
volume 
(μL)

0.2 0.2 0.2 0.2 0.6 1.0

Cer[AdS] 2 3 4 2 3 4
Cer[AP] 12 11 11 12 12 12
Cer[AH] 2 3 3 2 3 3
Cer[AS] 5 5 6 5 5 6
Cer[ASD] 4 4 5 4 4 5
Cer[NDS] 15 15 15 15 15 16
Cer[NP] 9 9 9 9 8 9
Cer[NH] 3 3 3 3 3 3
Cer[NS] 21 21 25 21 25 25
Cer[NSD] 11 12 13 11 12 13
DG 27 27 30 27 27 31
TG 145 159 161 145 162 160
Total 256 272 285 256 279 287
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