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Direct Quantification of Natural 
Moisturizing Factors in Stratum 
Corneum using Direct Analysis in 
Real Time Mass Spectrometry with 
Inkjet-Printing Technique
Katsuyuki Maeno

Proper hydration of the stratum corneum, the skin’s outermost layer, is essential for healthy skin. 
Water-soluble substances called natural moisturizing factors (NMF) are responsible for maintaining 
adequate moisture in the skin and are closely associated with a variety of the skin’s functions. 
Therefore, quantitative analysis methods for NMF are indispensable when attempting to clarify one 
of the mechanisms of hydration and its effect on the skin. This study sought to develop a quick and 
simple analytical technique, which can quantify NMF from the skin without the need for extraction or 
separation, using direct analysis in real time-mass spectrometry (DART-MS). The goal was to deliver 
a high quantitative capability, so a unique inkjet printing technique was employed to evenly coat a 
stable isotope-labeled internal standard (SIL-IS) on tape-stripped skin. This technique allowed for the 
quantification of 26 NMF with established calibration curves and comparatively high linear correlations. 
The speed of measurement was found to be advantageous as 100 strips of tape can be measured in 
roughly 2 hours. The effectiveness of the inkjet coating was also verified by comparing its precision 
with that of conventional pipetting. This new technique can be an alternative method to quantify NMF 
rapidly and perhaps allow for a clearer elucidation of their function in skin.

Ambient mass spectrometry (MS), such as direct analysis in real time (DART)1,2, desorption electro spray ioniza-
tion (DESI)3,4, low temperature plasma (LTP)5, and paperspray6, is an ambient ionization method that reduces the 
time, equipment, and expertise needed for sample preparation and chromatography separation. There are port-
able applications with ambient MS because measurement procedures are simple and quick to execute7–10. Solid 
or liquid samples can be measured simply by placing them in the gap between the ion source and the inlet of the 
mass spectrometer. DART-MS is considered an effective ambient plasma ionization method that can dramatically 
reduce analysis time for the routine screening of samples. Therefore, DART-MS has been successfully applied in a 
variety of fields such as foods11, food packaging12, forensic analysis13, additives in plastics14, contaminants in soil15, 
pesticides16, metabolites17,18, drugs19, nucleotides20, and mycotoxins21. The DART ion source can supply a stream 
of electrically discharged gas (typically excited He or N2) and samples are hit directly by those gases or indirectly 
via other reactions with water molecules to form the ionized components that lead to the MS1,2. Since the time 
of the DART method’s development, a lot of qualitative applications have arisen by combining DART with high 
resolution MS22–24 and ion mobility25. While quantitative applications were initially few, they are now increasing 
through the use of stable-isotope-labeled (SIL) internal standards (SIL-IS) and other techniques22,26–30.

We developed a method to quantitatively analyze natural moisturizing factors (NMF) using DART-MS and 
SIL-IS in our previous study31. NMF, such as urea, pyrrolidone carboxylic acid, lactic acid, urocanic acid, and 
various amino acids, are water-soluble compounds with low molecular weights that exist in the epidermis32,33. The 
epidermis, the upper layer of skin, has the ability to produce NMF and they are responsible for maintaining ade-
quate hydration of the stratum corneum (SC), the outermost part of the epidermis34–37. Proper hydration is essen-
tial for healthy skin in terms of elasticity, enzyme activity, and barrier function38–42. In addition, NMF are involved 
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in some diseases, such as ichthyosis and atopic dermatitis43,44. Therefore, the mechanisms of NMF production and 
the relevant enzymes associated with them have become a prominent area of focus and study. In measuring NMF, 
SC samples are collected simply by tape-stripping and are quantified using liquid chromatography-mass spec-
trometry (LC-MS) or gas chromatography-mass spectrometry (GC-MS). Tape-stripping is a technique to take a 
SC sample using adhesive tape. The procedure is as follows. A tape is firmly adhered to the skin, pressed with the 
fingers over the entire area covered by the tape, and then removed from the skin. While a large quantity of sample 
skin is obtainable thanks to this simple method, the chromatographic techniques require lengthy analyses and 
cannot meet current levels of demand. In order to overcome this issue, we used DART coupled with time-of-flight 
(TOF) MS and were able to quantify 12 NMF in the previous report31.

However, there were still 2 issues to be tackled. One was that only 12 NMF among 26 were quantified because 
some components were too few to detect in the samples. In addition, leucine and isoleucine were not sepa-
rable without chromatographic techniques. The second was the lower accuracy resulting from the addition of 
SIL-IS. Ambient mass spectrometry methods, such as DART-MS, are more susceptible to ion suppression/
enhancement45,46, and the tissue-specific ion suppression effect still provides challenges for quantitative analy-
sis47. Although SIL-IS are thought to be essential for quantitative analysis, they are difficult to coat evenly as the 
SC samples are solid.

We employed a triple quadrupole (TQ) MS suitable for quantitative analysis, owing to its high sensitivity using 
multiple reaction monitoring (MRM). NMF that are undetectable using TOF MS can possibly be detected using 
TQ. In addition, more selective identification can be achieved using the product ions formed via the collisions. 
For example, leucine and isoleucine have the same molecular composition. Thus, they cannot be distinguished 
without chromatographic separation. However, the product ions induced by collision-induced dissociation are 
different. They can be separated in an identical fashion using TQ. Furthermore, an inkjet printing technique was 
used to realize homogeneous deposition and coating of the SC samples to improve the accuracy. This technique 
has been already utilized in the field of imaging MS (IMS) for matrix additions48, calibration standards49, and 
SIL-IS50. However, our inkjet technique is unique and superior in terms of both the precision and volume of 
ejected droplets, allowing for highly customized coating patterns.

Described below are the steps to be taken to establish the quantification method for NMF in the SC using 
the inkjet printing technique and TQMS. Introduced is a novel procedure for high-throughput and quantitative 
analysis using DART-MS.

Results and Discussion
Workflow of the NMF quantification.  The goal of this study was to establish and optimize a procedure 
for NMF quantification in the SC which is faster and simpler than conventional techniques and which includes 
all the steps needed from sample collection to data analysis. The established workflow is shown in Fig. 1. First, 
SC samples were collected from various parts of the body from volunteers with tape stripping using D-squame 
tape (Cuderm Corporation, Dallas, TX, USA) with a diameter of 22 mm (Fig. 1a). The tape was originally slitted 
so that the tapes could easily be cut into rectangular strips for DART-MS measurement later. The tape stripping 
was conducted several times on the same area of skin to examine the depth profile of NMF. Then, the amount 
of total proteins in the SC adhered to the tape was measured using a SquameScan 850 A instrument (Heiland 
electronic, Wetzlar, Germany, Fig. 1b)51. Since the amount of SC taken from the skin varies, it is not possible to 
attribute the amount of NMF to the quality of SC or the amount of SC. Knowing the weight of SC removed is 
beneficial to distinguish those 2 factors, and we used the amount of total proteins as a key indicator in this study. 
Since the amount of total proteins measured is considered to be proportional to the amount of SC removed, that 
value was used to normalize the amount of NMF measured using DART-MS21. After that, the tape was placed in 
the inkjet device and coated with a SIL-IS mixture solution (Fig. 1c). A square shape area with one side of 11 mm 
(a green square area in the tape in Fig. 1c) was coated so that the area used for the DART-MS measurement could 
be included. One nL of the SIL-IS mixture solution was ejected from the inkjet head and dropped on the surface 
of the tape containing the SC. The droplets were designed to lie in a laterally and longitudinally aligned grid 
pattern of spots with a distance of 220 μm between each droplet (Fig. S1). Each droplet quickly evaporated and 
dried. The final concentration of the coated SIL-IS was 1 nmol/cm2 on the tape for each SIL-IS. 81 tapes (9 × 9) 
can be accommodated on the stage part of this device and coated within 1 hour at one time. Then, the tape was 
cut into 2 rectangular strips (20 × 2 mm) (Fig. 1d). The strip was attached to the top of a quartz prism (Fujiwara, 
Tokyo, Japan) with the adhesive side facing up. 10 strips were attached onto the same prism at intervals of about 
10 mm between each strip. The prism was placed between the DART ion source and the MS detector so that the 
excited and heated helium gas from DART hit the surface of the tape strips on the prism. The helium gas reacts 
with atmospheric water molecules to produce ionized water clusters [(H2O)n + H]+. These protonated water clus-
ters can then react with the NMF and SIL-IS to form protonated cations and then flowed into the ceramic tube 
inlet for MS analysis (Fig. 1e). Heated helium is needed to evaporate NMF in the SC and SIL-IS coated on the 
SC adhere to the strips before ionization. The prism moved automatically at a speed of 0.2 mm/s in a direction 
perpendicular to the flow of helium gas. We chose a distance of 10 mm between 2 tapes and set the speed of the 
prism at 0.2 mm/s so that the signals of all the NMF and SIL-IS were consumed before the peak of the next tape 
appeared. The area hit by the helium gas was approximately 0.1 cm2 (10 × 2 mm), which was measured using 
heat-sensing tapes (NiGK, Saitama, Japan) placed on the quartz prism instead of the D-squame tape. Fig. S2 
shows a typical total ion current chromatogram for one prism. MRM chromatograms measured with optimized 
MRM methods for each NMF were produced, and the peak area was used to determine the amount of NMF. 10 
tapes are measured at one time within about 10 minutes.

MRM method selection for NMF and SIL-IS.  A number of recent studies have shown that DART forms 
abundant (de)protonated analytes [M ± H]± via a proton transfer from background ions such as H3O+(H2O)n and 
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O2 to the analytes M with relatively low internal energy29,52. That is also applicable to NMF. Another group has 
confirmed that almost all amino acids produce (de)protonated molecules at the dominant ion peaks52. Our study 
also obtained the same result. Therefore, (de)protonated molecules of NMF and SIL-IS were used as precursor 
ions for the MRM conditions. However, specific MRM methods for NMF and SIL-IS must be applied because 
chromatographic separation is not possible and they are only distinguishable using MS. It is probable that a 
method optimized for a specific NMF or SIL-IS will detect others because most NMF and SIL-IS have a carboxylic 
group and an amino group in common and their molecular composition or structures, such as aspartic acid and 
asparagine, glutamic acid and glutamine, are similar to each other. We discovered about 10 optimized MRM con-
ditions for each NMF and SIL-IS through an MRM optimization tool installed in LCMS8040 and confirmed the 
selectivity of each MRM method as follows. A solution containing 100 ppm of each of the NMF and SIL-IS was 
measured under the MRM conditions optimized for each NMF and SIL-IS by placing a capillary tube with a small 
amount of each solution between the DART ion source and the MS. We managed to find specific MRM condi-
tions for almost all NMF and SIL-IS except for leucine and isoleucine, as shown in Table 1. Leucine and isoleucine 
are structural isomers that share the same chemical formula. Therefore, both molecules produce similar product 
ions and are difficult to distinguish without chromatographic separation. Fig. S3 shows the specificity result of 
leucine and isoleucine with the best MRM methods optimized for each of the 2. The MRM method optimized for 
isoleucine (m/z 132.1 > m/z 57.1) detects isoleucine by the product ion m/z 57.1 originating from the branched 
structure. However, it also detects leucine with a relatively small peak compared to isoleucine. Leucine and iso-
leucine are considered to be present in SC in the same representative amounts, as shown in the GC-MS result, so 
we decided to use this method for isoleucine. On the other hand, the MRM method optimized for leucine (m/z 
132.1 > m/z 43.1) detects only leucine by the product ion m/z 43.1. In addition, some NMF, such as cysteine, 
glycine, lactic acid, urea, alanine, do not give enough product ions to be detectable. Therefore, selected ion mon-
itoring (SIM) for (de)protonated ions was used instead of MRM. In this study, we employed some SIL-IS with 
only one isotope label because of the low price. However, a mass of a naturally occurring isotope in the NMF to be 
measured can overlap the mass of its SIL-IS. Therefore, theoretical isotope ratios of NMF were calculated and the 
amounts of NMF affecting the amounts of SIL-IS were taken into consideration to make the calibration curves.

Calibration curves for NMF.  A summary of the calibration curves of the 26 NMF is shown in Table 1. A 
validation process was performed by determining the linear range, precision, and limit of quantification (LOQ) 
based on the procedure defined by the Food and Drug Administration (FDA). Blank tapes coated with the mix-
ture solutions of NMF and SIL-IS by LaboJet were used to determine the validations. Matrix-specific validation 
is often desired owing to the presence of different interfering components. Due to the presence of unknown 
amounts of endogenous NMF in this study, the SC cannot be used directly as a blank. Furthermore, the SC is a 
heterogeneous solid sample and cannot be separated into several even portions. Therefore, different approaches, 

Figure 1.  Workflow of the NMF measurement. (a) SC sample is taken from skin with an adhesive tape. (b) 
Amount of total proteins in the SC adhered to the tape is quantified by infrared densitometry and used to 
normalize the value of NMF. More specifically, the amount of NMF quantified by DART-MS is divided by the 
amount of proteins, which is considered to be proportional to the amount of SC. (c) The SIL-IS mixture solution 
is coated on each tape with LaboJet. The SIL-IS mixture solution is coated inside the green square. (d) A tape is 
cut into a rectangular strip and attached onto a prism with a double-faced adhesive tape. 10 tapes are placed on 
the same prism. (e) The prepared prism is set between a DART ion source and a MS detector so that excited and 
heated helium gas hits the strips. NMF and SIL-IS are evaporated and ionized and go into the MS detector.

https://doi.org/10.1038/s41598-019-54454-x


4Scientific Reports |         (2019) 9:17789  | https://doi.org/10.1038/s41598-019-54454-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

such as surrogate analytes and standard additions, could not be employed. The slopes, intercepts, and correlation 
coefficients are shown as characteristic parameters of linearity in the range from 0.05 to 25 nmol/cm2. All the 
NMF were detectable (S/N > 3) at 0.05 nmol/cm2, except for lactic acid, urea, arginine, glycine, cysteine, and 
glutamic acid, which were detectable at 0.25–0.5 nmol/cm2. The low detectability can be ascribed to their low vol-
atility or SIM methods. Good linear correlations for all of the NMF in a given concentration range were obtained 
between the peak area ratio of the NMF to IS and the amount of NMF applied to each piece of tape. Repeatability 
(intraday) was also assessed by measuring the tape 8 times. The relative standard deviation (RSD) was calculated 
for all concentration levels as an indicator of the intra-assay precision and only the maximum RSD values among 

NMF

MRM or SIM
condition

SIL-IS

MRM or SIM
condition Dynamic

range
[nmol/cm2] Slope ± SD Intercept ± SD R2

%RSD LOQ
[nmol/
cm2]Transition EV Transition EV

NMF conc.
[nmol/cm2] 25 5 2.5 1.25 0.5 0.25 0.1 0.05

Val 118.10 > 72.20 
(+) -12 ValSIL 119.10 > 73.15 

(+) −11 0.05–25 7.9 ± 0.34 3.9 ± 0.59 0.998 4 5 9 7 13 10 2 14 0.23

Asn 131.05 > 113.10 
(−) 14 AsnSIL 133.10 > 115.10 

(−) 16 0.05–5 8.0 ± 0.21 −0.39 ± 0.039 0.979 — 16 14 4 2 11 6 10 0.60

Asp 132.05 > 115.05 
(−) 15 AspSIL 137.00 > 92.05 

(−) 13 0.05–5 1.4 ± 0.1 0.43 ± 0.074 0.964 — 7 12 3 6 11 10 5 0.57

Cit 174.10 > 131.10 
(−) 13 AsnSIL 133.10 > 115.10 

(−) 16 0.05–2.5 0.69 ± 0.042 −0.013 ± 0.023 0.991 — — 15 14 11 3 7 5 0.86

Cys 122.05 (+) — MetSIL 151.10 > 61.05 
(+) −22 0.5–5 1.8 ± 0.26 0.93 ± 0.15 0.958 — 15 31 9 8 — — — 2.6

Gln 147.10 > 84.10 
(+) −18 AsnSIL 135.10 > 75.10 

(+) −15 0.05–5 43 ± 1.5 0.2 ± 2.5 0.987 — 5 11 14 5 13 10 20 0.38

Glu 146.05 > 102.10 
(−) 15 GluSIL 147.10 > 103.10 

(+) −15 0.25–5 1.8 ± 0.26 2.0 ± 0.31 0.833 — 13 15 13 11 15 — — 1.2

Gly 76.1 (+) — AlaSIL 91.10 > 45.10 
(+) −15 0.5–5 3.5 ± 0.67 −1.3 ± 0.31 0.974 — 19 12 4 15 — — — 3.7

His 156.10 > 110.05 
(+) −15 HisSIL 159.10 > 113.10 

(+) −15 0.05–25 3.4 ± 0.29 3.3 ± 0.74 0.99 8 11 17 14 18 8 19 6 0.34

Ile 132.10 > 69.10 
(+) −16 LeuSIL 133.10 > 87.10 

(+) −11 0.05–25 1.0 ± 0.19 −0.15 ± 0.28 0.998 18 4 8 6 17 16 10 8 0.46

Leu 132.10 > 43.10 
(+) −26 LeuSIL 133.10 > 87.10 

(+) −12 0.05–25 0.5 ± 0.063 0.24 ± 0.11 0.999 12 14 25 11 10 10 3 22 0.20

Lys 147.10 > 67.15 
(+) −25 LysSIL 149.10 > 57.15 

(+) −25 0.05–5 5.6 ± 0.69 0.33 ± 0.53 0.938 — 13 34 5 6 13 11 11 0.43

Met 150.05 > 56.15 
(+) −17 MetSIL 151.10 > 61.05 

(+) −22 0.05–5 8.7 ± 0.33 −0.016 ± 0.66 0.993 — 6 14 12 4 9 24 12 0.37

Orn 133.10 > 70.15 
(+) −17 LysSIL 149.10 > 67.15 

(+) −25 0.05–2.5 120 ± 11 9.7 ± 5.3 0.928 — — 7 3 9 8 8 10 0.70

PCA 128.10 > 84.05 
(−) 14 PCASIL 133.10 > 89.10 

(−) 15 0.05–5 1.7 ± 0.12 0.64 ± 0.11 0.978 — 7 10 8 4 18 6 3 0.12

Phe 166.10 > 120.05 
(+) −15 PheSIL 171.10 > 125.15 

(+) −15 0.05–5 8.9 ± 0.1 1.4 ± 0.2 0.992 — 2 4 7 9 7 8 13 0.073

Pro 116.05 > 70.10 
(+) −16 ProSIL 117.10 > 71.10 

(+) −16 0.05–25 5.1 ± 0.41 −0.16 ± 0.83 0.999 8 22 42 13 7 6 14 17 0.22

Ser 106.05 > 60.05 
(+) −11 SerSIL 105.10 > 74.10 

(−) 15 0.05–25 31 ± 1.7 −0.033 ± 0.39 0.899 21 12 18 5 15 3 19 4 0.15

Thr 120.05 > 56.00 
(+) −15 AsnSIL 133.10 > 115.10 

(−) 16 0.05–5 4.0 ± 0.21 2.2 ± 0.23 0.896 — 5 8 11 6 6 5 11 0.14

Trp 205.10 > 188.10 
(+) −11 TrpSIL 207.10 > 189.00 

(+) −10 0.05–5 2.9 ± 0.51 0.82 ± 0.51 0.835 — 16 56 12 18 14 12 8 0.37

Tyr 182.10 > 91.10 
(+) −28 TyrSIL 183.10 > 137.15 

(+) −13 0.05–5 8.8 ± 1.3 0.43 ± 1 0.993 — 16 35 4 8 18 8 14 0.37

UCA 137.10 > 93.05 
(−) 14 AspSIL 137.00 > 92.05 

(−) 13 0.05–5 4.8 ± 0.43 2.1 ± 0.17 0.921 — 8 10 8 8 5 9 6 0.32

LA 89.1 (−) — LASIL 92.1 (−) — 0.5–5 1.6 ± 0.26 0.96 ± 0.18 0.974 — 15 24 5 5 — — — 3.9

Urea 61.0 (+) — UreaSIL 62.0 (+) — 0.25–5 0.39 ± 0.038 0.13 ± 0.024 0.948 — 10 14 11 10 6 — — 1.2

Arg 175.10 > 70.10 
(+) −17 LysSIL 149.10 > 57.15 

(+) −25 0.25–5 0.51 ± 0.035 −0.084 ± 0.18 0.97 — 7 11 15 12 18 — — 1.7

Ala 88.0 (−) — AlaSIL 91.10 > 45.10 
(+) −15 0.05–5 2.3 ± 0.21 0.38 ± 0.8 0.969 — 9 16 9 6 8 10 15 0.34

Table 1.  Summary of method validation parameters for 26 NMF. The actual concentration values used are 0.05, 
0.1, 0.25, 0.5, 1.25, 2.5, 5, 25 nmol/cm2. Amino acids are described with three-letter abbreviations. Cit, citrulline; 
Orn, ornithine; PCA, pyrrolidone carboxylic acid; UCA, urocanoic acid; LA, lactic acid; (+), positive ion mode; 
(−), negative ion mode; EV, electrical voltage; R2, correlation coefficient; LOQ, limit of quantification.
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all of the concentrations are shown. The data indicates relatively good intraday precision. The LOQ was deter-
mined based on a signal-to-noise ratio (S/N) of 10, where the signal is the peak intensity of each NMF extracted 
from the chromatogram. The amount of NMF depends on the place of the body and also the amount of SC taken. 
Looking at the SC in the forearm and cheek, the amounts of arginine and lactic acid present were lower than their 
LOQ, respectively, so these must be improved in the future.

Comparison of addition techniques of the SIL-IS mixture solution (LaboJet vs Micropipetto).  
To demonstrate how effective the LaboJet coating is, we compared the IS addition by Labojet with the 
Micropipetto used in the previous study31. D-squame tapes coated with a concentration of 1 nmol/cm2 on the tape 
for each NMF were prepared in the same way as in Fig. 2. Then, the SIL-IS mixture solution was added onto the 
tape using 2 different coating methods, LaboJet and Micropipetto. For the LaboJet addition, the SIL-IS mixture 
solution was applied onto the tape in the same way as in Fig. 2. For the Micropipetto addition, 1 μL of 100 nmol/
mL of the SIL-IS mixture solution was applied within the central 2 × 5 mm area (0.1 cm2) of the tape, which is 
the area He gas hit, as shown in the previous report31. So, the final amounts of SIL-IS added by both methods on 
the tapes were the same, 1 nmol/cm2. After that, both tapes were set on the prism and measured by DART-MS in 
the same way as described in Fig. 1 6 times, respectively. %RSD for all NMF measured with the LaboJet addition 

Figure 2.  Preparation for standard tapes for calibration curves. Pink square areas of D-squame tapes are 
coated with the NMF mixture solutions with different concentrations. (A pink color density represents the 
concentration of the NMF mixture.) Then, the blue square areas are coated with the SIL-IS mixture solution 
with a concentration of 1 nmol/cm2 on a tape. After that, those tapes are set on the prism and measured by 
DART-MS.

Figure 3.  Comparison of 2 addition methods for the SIL-IS mixture solution. Tapes were measured 8 times for 
each method respectively.
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technique were smaller than those with the Micropipetto addition (Fig. 3, Table S1). He gas hits an area of about 
0.1 cm2 (2 mm × 5 mm) on the tape. For the addition by Micropipetto, it is possible that the added SIL-IS mixture 
solution is not evenly coated and the quantified values are likely to be higher than the actual values or fluctuate 
as shown in Fig. 3. In addition, the area of tape He gas hit is not necessarily constant. The DART ion source (He 
gas), the top of the prism, and the MS detector are designed to lie on a straight line. If the position of the DART is 
higher, even by a few mm, than the optimized position, the He gas passes over the tape on the prism and results 
in an area of tape smaller than 0.1 cm2 being hit by the gas. On the contrary, if the position of DART is lower than 
the optimized position, the He gas hits a lower position of the tape and the area getting hit becomes larger than 
0.1 cm2. In both cases, the ratio of the amount of NMF to the amount of SIL-IS could vary because SIL-IS is not 
coated evenly on the tape and exists at random at certain positions in the area the He gas is hitting. Therefore, 
the fluctuation of the height of DART leads to a larger %RSD as well as higher quantified values. Lysine, tyrosine, 
and serine showed much larger %RSD. The values of the area of NMF divided by the area of SIL-IS were higher 
than those of other NMF. Theoretically, the ratio of the area of NMF to the area of SIL-IS should be one. That has 
still not been elucidated and is under investigation. However, our hypothesis is that the physical characteristics 
of NMF have something to do with the result (isoelectric point, volatility, polarity, etc.). On the other hand, the 
ratio of the amount (area) of SC to the amount of SIL-IS measured by LaboJet is always the same regardless of the 
position that the He gas hits. This result proved that Labojet coating is essential for a precise, direct quantification 
of solid samples.

Comparison of quantitative NMF values obtained by DART-MS and GC-MS.  A standard addi-
tion technique is commonly used to overcome any matrix interferences occurring between the target mole-
cules and matrix in a sample. However, this technique involves adding known amounts of standard to one or 
more aliquots of the processed samples. It cannot be applied to solid samples, such as the SC because the SC is 
a heterogeneous sample and identical samples cannot be prepared. Therefore, we employed another analytical 
method for the NMF quantification to verify our technique. The amounts of NMF measured by DART-MS 
were compared with those measured by a conventional GC-MS method. This GC-MS method has been pre-
viously validated, but it is designed to measure only amino acids53–55. Therefore, the amounts of amino acids 
obtained by the 2 methods were compared. A tape-stripped SC sample was cut in 2, with one half measured 
by DART-MS and the other by GC-MS, as described in Materials and Methods. These 2 areas were next to 
each other. Therefore, we assumed that these 2 areas contained the same levels of amino acids. Figure 4 shows 
the amounts of amino acids with profiling obtained by DART-MS and GC-MS. We measured 12 samples 
in total (the 2nd, 3rd, and 4th tapes from 4 volunteers) with each method. Some amino acids showed good 
agreement in the values between DART-MS and GC-MS. However, the ratio of the recovery of amino acids 
obtained by DART-MS to the one obtained by GC-MS was not consistent. Most of the amino acids showed 
that the amounts obtained by DART-MS were 2 to 5 times larger than those obtained by GC-MS. One possible 
explanation for this difference is that amino acids are extracted from a liquid for the GC-MS, while they are 
simultaneously evaporated and ionized by heated and excited He gas for the DART-MS. It is possible that the 
latter method has a higher extraction efficiency. Another explanation for the result is that a difference in the 
states of NMF and SIL-IS in the SC solid sample affects the recovery obtained by DART-MS because the NMF 
are originally present in the SC while the SIL-IS are added on the SC and penetrate into the SC. Therefore, 
the positions at which NMF and SIL-IS exist cannot be the same. Basically, NMF should be in the same depth 
and state as SIL-IS. Further study is necessary to elucidate the difference of the recovery. An example of NMF 
compositional profile in the SC taken from the cheek using DART-MS is shown in Fig. 5a. All values are shown 
in Table S2. Among the 26 NMF, the values of arginine, cysteine, and lactic acid were lower than the LOQ and 
were undetectable. Therefore, the remaining 23 NMF were quantified using the calibration curves described 
above. The NMF compositional profile was not so different from the one which was already reported56. Serine, 
pyroglutamic acid, citrulline, glycine, alanine and urea were present in the SC as major components. An NMF 
depth profile in the SC was also examined (Fig. 5b). Most of the NMF showed an increasing trend with the 
depth of the SC. In contrast, urea, which is the NMF originating from sweat, showed a decreasing trend. 
Although these trends have already been shown by other studies, our DART-MS technique provided further 
confirmation of these trends35,56.

Figure 4.  Comparison of the quantitative NMF values obtained by DART-MS and GC-MS. An individual 
quantitative value for each SC stripped tape obtained by DART-MS and GC-MS.
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Conclusions
A novel analytical method for the rapid and easy quantification of NMF in the SC was successfully achieved 
by combining the DART-MS technique and SIL-IS coating technique using LaboJet. DART-MS is a rapid and 
easy-to-use analytical technique. However, quantification precision is a disadvantage of DART-MS. We improved 
that by employing a new SIL-IS coating technique with LaboJet and proved that SIL-IS, coated evenly in a retic-
ular pattern with nanoliter droplets, generated low %RSD of quantitative values and could be used to enhance 
the precision of the DART-MS quantification technique. Good linear correlations were also obtained for the 
calibration curves of 26 NMF with this coating technique. The developed DART-MS technique does not require 
pretreatment, such as liquid extraction and chromatographic separation. This result means a reduced analysis 
time compared to conventional techniques, with only 2 hours being required to measure 100 samples. To the best 
of our knowledge, other than this study, there is no report on direct quantification of NMF in the SC. At present, 
we are aiming to advance this DART-MS technique to on-site analysis by shortening the SIL-IS coating time. 
Furthermore, DART-MS is not limited to NMF analysis. It can detect other components, such as lipids, in the SC.

Materials and Methods
Materials and preparation.  All of the amino acids (alanine, arginine, asparagine, aspartic acid, cysteine, 
glutamic acid, glutamine, glycine, proline, serine, tyrosine, histidine, isoleucine, leucine, lysine, methionine, phe-
nylalanine, threonine, tryptophan, valine, ornithine, and citrulline), pyroglutamic acid, urocanic acid, urea, and 
lactic acid were purchased from Wako (Osaka, Japan). All of the SIL-IS were purchased from JUNSEI (Tokyo, 
Japan). Deionized water was produced in-house using a Milli-Q gradient water purification system (Merck 
Millipore, Darmstadt, Germany). The SIL-IS mixture solution containing all of the SIL compounds was prepared 
in deionized water with each having a final concentration of 0.5 μmol/mL. The NMF mixture solutions containing 
all of the amino acids and pyroglutamic acid, urocanic acid, urea, lactic acid were prepared in deionized water 
with a final concentration ranging between 0.025–12.5 μmol/mL for each compound.

DART-MS.  DART-MS measurements were performed using a DART ion source (IonSence, Saugus, MA, 
USA) and a triple quadruple mass spectrometer LCMS8040 (Shimadzu, Kyoto, Japan). The ion source was oper-
ated in positive ion mode at 500 °C. Helium was used as the ionizing gas at a flow rate of 3 L/min. A MS ion source 
was not used (Ionization voltage, off; Nebulizing gas, off; Drying gas, off). The desolvation line temperature was 
set at 250 °C. All spectra were acquired in a mass range of m/z 50–600. The positive/negative switching mode 
was used in correspondence to the components. A dwell time of all of the MRM and SIM methods for NMF and 
SIL-IS was 10 ms and a loop time, which is the time between data points, was 0.8 s. One peak consists of about 12 
data points on average, although peak width varies depending on the molecule.

LaboJet.  The SIL-IS mixture solution and the NMF mixture solution were printed on the SC samples evenly 
using LaboJet2000 (MicroJet, Nagano, Japan). It has a piezoelectric system that can dispense a droplet ranging 
from 1 pL to 1 nL precisely. The volume of the droplet can be varied by changing the electric voltage applied to the 
piezoelectric dispenser. Operating conditions for the piezoelectric dispenser varied slightly day-to-day depending 
especially on atmospheric pressure and temperature. To demonstrate the homogeneity and stability, and therefore 
resulting high accuracy, of the amount ejected with LaboJet, masses of 100,000 droplets of water were determined 
by weighing them with an analytical microbalance each time before the coating; the mass of 100,000 droplets of 
water is 100 mg. We always made sure that the value was within a 1% error margin. This inkjet device not only 
dispenses a precise amount of fluid but places the droplet on an accurately aimed location. Therefore, droplets 

Figure 5.  NMF profiles obtained by DART-MS. (a) The NMF compositional profile. Each percentage is the 
average of 12 tapes. (b) The NMF depth profile. L2 is an average NMF value of all the 2nd tapes from the 4 
volunteers. L3 is an average NMF value of all the 3rd tapes from the 4 volunteers. L4 is an average NMF value of 
all the 4th tapes from the 4 volunteers.
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can be deployed with a set distance between each other in a pre-determined pattern. When coating SIL-IS, it was 
ensured that no droplet would overlap the other droplets around it and there were always the same number of 
droplets, or the same amount of SIL-IS in a certain area of the sample, which made a grid pattern of spots inside a 
rectangular area, as shown later. This inkjet technique was also used to make a pseudo-skin sheet to establish and 
evaluate this new analytical method, along with the SIL-IS coating.

MRM method optimization for NMF and SIL-IS.  MRM conditions (mainly electrical voltage [EV] 
values and product ions) for NMF and SIL-IS were set using an MRM optimization technique equipped with 
LCMS8040 by flowing each 10 ppm solution. Some components were too small to be fragmented, so a selected 
ion monitoring (SIM) mode was adapted instead of the MRM mode. SIL-IS are the best IS for precise quantifica-
tion, where one or more atoms are replaced by heavy stable atoms, such as D, 14C, 15N, 18O, and so on. However, 
some components do not have the SIL-IS. In that case, we employed another SIL-IS which has a similar structure 
and characteristics to the component to be measured.

Comparison on the quantitative NMF values obtained by DART-MS and GC-MS.  To compare 
the data from our DART-MS technique with a conventional one, we employed a GC-MS method using EZ:faast 
(Phenomenex, CA, USA). EZ:faast is an easy-to-use kit that contains everything needed for sample clean up, 
derivatization, and analysis of amino acids by GC-MS53. All of the volunteers in this study were healthy Japanese 
adults in their 30 s. Informed consent was obtained from all of them. This human study was approved by the 
Shiseido Committee on Human Ethics and all methods were carried out in accordance with relevant guidelines 
and regulations. SC samples were obtained from the cheeks of the 4 volunteers by tape stripping with D-squame 
tape. Tape-stripping was performed 4 times on the same location of the cheek and the 2nd, 3rd, and 4th tapes were 
used for measurements. Each tape was cut in 2, one (5 × 2 mm) is for DART-MS measurement and the other 
(10 × 5 mm) is for GC-MS measurement, which were next to each other. For the GC-MS measurement, the strip 
was analyzed by EZ:faast as follows: Each strip was immersed in 500 μL of 10 mmol/L HCl, and the amino acids 
were extracted by sonication for 5 min and incubation for 24 hours54. Then, the supernatant was obtained by cen-
trifugation and analyzed by GC-MS. A GCMS-QP2010 Plus (Shimadzu, Kyoto, Japan) gas chromatograph-mass 
spectrometer was used to quantify the amino acids.

Data availability
Datasets generated during and/or analyzed in the current study are not publicly available but can be requested 
from the author.
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