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Skin dryness and irritant contact dermatitis induced by the prolonged use of surgical gloves are issues faced by 
physicians. To address these concerns, manufacturers have introduced surgical gloves that incorporate a mois-
turizing component on their inner surface, resulting in documented results showing a reduction in hand der-
matitis. However, the spatial distribution of moisturizers applied to surgical gloves within the integument 
remains unclear. Using matrix-assisted laser desorption/ionization (MALDI)–mass spectrometry imaging 
(MSI), we investigated the spatial distribution of moisturizers in surgical gloves within artificial membranes. 
Recently, dermal permeation assessments using three-dimensional models, silicone membranes, and Strat-M 
have gained attention as alternative approaches to animal testing. Therefore, in this study, we established an in 
vitro dermal permeation assessment of commercially available moisturizers in surgical gloves using artificial 
membranes. In this study, we offer a methodology to visualize the infiltration of moisturizers applied to surgical 
gloves into an artificial membrane using MALDI–MSI, while evaluating commercially available moisturiz-
er-coated surgical gloves. Using our penetration evaluation method, we confirmed the infiltration of the mois-
turizers into the polyethersulfone 2 and polyolefin layers, which correspond to the epidermis and dermis of the 
skin, after the use of surgical gloves. The MSI-based method presented herein demonstrated the efficacy of 
evaluating the permeation of samples containing active ingredients.
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INTRODUCTION
Surgical gloves are one of the most important personal 

protective equipment to protect both patients and health-
care workers from cross-infection. Skin health problems of 
healthcare workers due to prolonged wearing of surgical 
gloves are known as occupational skin disease.1) Irritant 
contact dermatitis (ICD), caused by a reduction in the 
skin barrier function of the hands, is a problem plaguing 
healthcare workers.2–4) Since the outbreak of the COVID-19 
pandemic, approximately 80% of healthcare workers have 
experienced symptoms of occupational ICD.4) This problem 
not only reduces surgical performance but can also lead to 

healthcare-associated infections due to the colonization of 
normal flora on the skin of the injured hand.5) Therefore, 
ICD-related hand dermatitis is not only a skin problem but 
can also not be overlooked because it can increase the risk of 
infection and contamination. Prevention and control of hand 
dermatitis is closely related to the prevention of infection. 
Hand care with moisturizers, such as hand cream, is recom-
mended to prevent hand dermatitis caused by ICDs.6) Cur-
rently, products with moisturizing ingredients coated on the 
inner surface of surgical gloves are available in the market. 
The moisturizing effect of these coated ingredients has been 
demonstrated by self-assessment tests by healthcare workers, 
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showing a reduction in hand dermatitis.7) In addition, these 
components have been detected and quantified by liquid 
chromatography–mass spectrometry (LC-MS) from the stra-
tum corneum collected by tape stripping8,9) and from extracts 
of cultured skin10); however, these results do not indicate 
to which layer of the skin the moisturizing component has 
penetrated. Therefore, the distribution of moisturizers coated 
on surgical gloves in the skin remains unknown. We used 
matrix-assisted laser desorption/ionization (MALDI)–mass 
spectrometry imaging (MSI) to confirm that the moisturizer 
coated on surgical gloves reached the penetration of moistur-
izer applied to surgical gloves into the artificial membrane. 
We confirmed that each layer of the artificial membrane, 
polyethersulfone 1 (PES1), polyethersulfone 2 (PES2), and 
polyolefin, corresponds to the corneal epithelium, epidermis, 
and dermis of the skin (Fig. 1A) and that the moisturizer 
reached the PES2 and polyolefin layers. To date, MALDI-MSI 
has been used to measure skin-derived compounds, applied 
drugs,11–15) and allergenic components on the surface of 
gloves.16) However, there have been no measurements of the 
penetration of glove-coated moisturizers into the skin.

In recent years, animal testing of cosmetics has been 
banned in many countries and regions owing to the estab-
lishment of alternative animal testing methods. In the Euro-
pean Union, animal testing for cosmetics and ingredients 
was banned in 2013.17,18) Similar measures are being imple-
mented in other countries and regions, highlighting the need 
to develop alternative methods and ethical considerations. 
In addition, the Animal Welfare Law has been revised and 
enforced, and the 3Rs (reduction, refinement, and replace-
ment) have been rigorously enforced. Under these circum-
stances, research on alternative methods for animal testing 
has been widely conducted, and in vitro skin permeation 
tests using three-dimensional models, silicone membranes, 
and Strat-M (artificial membranes) have attracted much 
attention.19–35)

In this study, we used an artificial membrane in an in vitro 
skin permeation test with glycerol and panthenol, which are 
commonly used as moisturizing ingredients and are coating 
components of moisturizer-coated surgical gloves, serving as 

representative examples. We also investigated how moistur-
izing ingredients, including these two compounds, permeate 
the artificial membrane from a humectant-coated surgical 
glove.

EXPERIMENTAL

Chemicals and reagents
Lotion for use as standard and surgical gloves (Protexis PI 

Blue with Neu-Thera) were provided by Cardinal Health K.K. 
(Tokyo, Japan). 2,5-Dihydrobenzoic acid (DHB; 98% purity), 
α-cyano-4-hydroxycinnamic acid (CHCA), and 9-aminoac-
ridine were purchased from Merck (Darmstadt, Germany). 
Platinum (Pt) was purchased from the Hitachi High-Tech 
Fielding Corporation (Tokyo, Japan). All solvents, including 
formic acid, were of LC-MS grade and purchased from Fujif-
ilm Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Penetration test
The permeabilization procedure is illustrated in Fig. 

1A. An artificial membrane (Fig. 1B; SKBM02560; Merck 
Millipore, MA, USA) had three thin layers. The membrane 
was placed on a plastic rod in a culture dish, and 200 μL 
lotion as a standard solution was dropped onto the PES1 
side of the artificial membrane. For the surgical glove test, 
the inside of a 2 × 2 cm2 surgical glove was placed in con-
tact with the PES1 surface of the artificial membrane, and 
the glove was held tightly enough to prevent pressure per-
meation. The gloves were kept at room temperature (RT) 
(approximately 25°C) and 37°C (the membranes were pre-
warmed at 37°C), and the membranes were collected 24 and 
72 h after the addition of a drop of the standard solution. 
Surgical gloves were collected at 18, 36, and 72 h after con-
tact with the artificial membrane.

Sample preparation
The collected artificial membranes were quartered with an 

ethanol-wiped microtome blade, placed in a Cryomold No. 2 
(Sakura Finetek, Tokyo, Japan) filled with 3% carboxymethyl 
cellulose with the PES1 layer of the artificial membrane on 

Fig. 1.  (A) Comparison of the structures of the artificial membrane and human skin. Refer from https://bit.ly/3TicdCq. (B) Photographs of the perme-
ation tests. A plastic culture dish was placed on a plastic rod and an artificial membrane was placed on top. A gap was created between the bot-
tom of the dish and the membrane to prevent diffusion of the components that penetrated the dermis. In addition, the dish was covered with a 
lid to keep the surgical gloves and the artificial membrane in close contact. PES, polyethersulfone. 
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top, and frozen at −80°C for 10 min to prepare the frozen 
block. The frozen blocks were placed on a microtome (Leica 
CM 1950; Leica Microsystems, GmbH, Nussloch, Germany), 
and 15-μm thin sections were collected on a cryofilm (2C9; 
SECTION-Lab, Yokohama, Japan). Sections were collected 
on a conductive transparent glass (indium tin oxide [ITO] 
glass, SI0100N without MAS coating; Matsunami Glass, 
Osaka, Japan) as the sample plate for MALDI-MSI, to which 
a conductive double-sided tape (CN4490; 3M, Tokyo, Japan) 
was attached. The cryofilm and surgical gloves were applied 
before and after the permeation treatment.

Metal coating
Surface-assisted laser desorption ionization mass spec-

trometry (SALDI) is increasingly used to measure non-
conductive, thick samples such as surgical gloves and 
compounds such as glycerol that are difficult to ionize by 
MALDI. One problem with MALDI is that it is difficult to 
detect the component of interest in nonconductive, thick 
samples due to charge up on the intercept during ioniza-
tion. It has also been found that spatial resolution and 
reproducibility depend on the crystals in the matrix and 
that reproducibility is low due to the lack of control over 
the crystal formation process. On the other hand, SALDI 
enables highly sensitive imaging of nonconductive and 
thick samples. Solvent-free sputtering methods using metal 
nanoparticles as a matrix uniformly deposit metal nanopar-
ticles, resulting in high spatial resolution and reproduc-
ibility. Metal nanoparticles such as Ag36,37) and Au38) have 
been used as matrices in SALDI-MSI, but Pt nanoparticles 
have been reported to have a higher ionization efficiency 
than other metals.39) It has also been reported that hybrid 
SALDI (matrix enhanced [ME]-Pt-SALDI) of an organic 
matrix and a thin metal matrix used in MALDI is highly 
sensitive for detecting amino acids40) and phospholipids.41) 
ME-Pt-SALDI was used for the present sample and target 
compounds based on this information. In order to enhance 
ionization efficiency of glycerol and panthenol, a Pt coating 
(target-to-sample distance: 30 mm, current: 25 mA, vac-
uum: 8 Pa, coating time: 120 s, film thickness: 20 nm) was 
deposited onto the ITO glass using ion sputtering (E-1045; 
Hitachi High-Tech Fielding Corporation).

MALDI matrix application
A CHCA matrix solution was prepared by dissolving 10 

mg CHCA in 1 mL acetonitrile:ultrapure water (7:3, v/v) and 
adding 0.1% formic acid to the solution. Using an air brush 
(HT-391; WAVE), 200 µL of the CHCA matrix solution/slide 
was sprayed onto the Pt-coated sample plate.42)

MALDI-MSI analysis
After a matrix layer was formed on the sample surface, 

measurements were performed using an iMScope TRIO 
(Shimadzu, Kyoto, Japan). Mass calibration was performed 
using DHB as the external standard. For measurements using 
artificial membranes, a section was cut from each of the three 
treated artificial membranes for each condition and the area 
around the center of the section (which would be the center 
of the treated artificial membrane) was measured. For mea-
surements using a surgical glove, the back of the glove was 
cut to 2 × 2 cm and the inside measured. For the data on 
artificial membranes and surgical gloves, three regions were 

created on three artificial membranes and three regions were 
created on one surgical glove. Data acquisition points of 25 
μm were created for each region. IMAGEREVEAL MS (Shi-
madzu, Kyoto, Japan) was used to extract the peak intensities 
from the resulting mass spectra and acquire MSI images.

Data analysis
The raw data acquired were converted to IMDX format 

using the IMDX Converter software. The converted IMDX files 
were processed using IMAGEREVEAL to extract mass spectra 
from the region of interest (ROI) defined at the intersection 
of the total ion chromatogram (TIC) image, followed by data 
normalization (TIC normalization) on all ROIs to obtain 
mass spectra independent of TIC and technical bias. Glycerol 
(m/z 115.03) or panthenol (m/z 228.12) was selected from this 
spectrum and an MS image was obtained. Statistical analysis 
was performed using GraphPad Prism (GraphPad Software 
Inc., Boston, MA, USA) and two-way analysis of variance 
(ANOVA) of ROI mean ion intensity values (target ion inten-
sity of the entire ROI/number of measurement points). Stan-
dard deviations were used for error bars to show and compare 
data variability. We considered a difference between two sam-
ples to be significant if the significance level was less than 5% 
and the error bars between each sample did not overlap (small 
standard deviation and small scatter in the data).

RESULTS AND DISCUSSION

Imaging of standard moisturizing components in 
artificial membranes

Figure S1 shows the mass spectra of glycerol, panthenol, 
and negative control (CHCA only) using the standard sam-
ples. Figure 2 shows the distribution and peak intensities of 
the humectants in the artificial membrane 24 and 72 h after 
starting the penetration test using standard humectants. 
Glycerol showed no difference in distribution at RT (Fig. 
2A) and 37°C (Fig. 2B), and penetration into the polyolefin 
was observed 24 h after the start of penetration. Panthenol 
showed greater penetration of the PES1 into the polyolefin 
at 37°C (Fig. 2D) than that at RT (Fig. 2C). The negative 
control results are shown in Figure S2. Panthenol remained 
in the PES1 24 h after the onset of penetration, whereas it 
penetrated the polyolefin at 72 h, indicating greater pene-
tration into the polyolefin at 37°C than that at RT. The peak 
intensities in the artificial membrane under each condition 
are shown in Figs. 2E (glycerol) and 2F (panthenol). The mass 
spectra for each condition are shown in Figure S3. For both 
components, no significant difference in peak intensity was 
observed in terms of permeation time; however, there was 
a significant difference in peak intensity depending on the 
temperature. The peak intensity of penetration into the arti-
ficial membrane was significantly higher at 37°C than that 
at RT, suggesting that moisturizing components penetrate 
more easily when the temperature is closer to human body 
temperature. The penetration time indicated that glycerol 
penetrated the polyolefin more easily than panthenol. This 
may be because glycerol is a small compound with a molec-
ular weight of less than 100 Da, which makes it easier to 
pass through the PES1 that has a barrier function. Because 
the PES2 and polyolefin are easily penetrated by hydrophilic 
compounds, glycerol and panthenol are believed to penetrate 
the polyolefin after passing through the PES1.
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Fig. 2.  Permeation of moisturizing components in artificial membranes at RT or 37°C for 24 and 72 h. (A–D) The distribution of the humectants in the 
membrane: glycerol at (A) RT and (B) 37°C, and panthenol at (C) RT and (D) 37°C. Glycerol has penetrated the dermis after 24 h of penetration 
treatment. (E and F) Comparison of the peak intensities of the (E) glycerol and (F) panthenol in the artificial membranes at RT and 37°C. The 
peak intensities of both compounds were significantly higher at 37°C than those at RT, but there was no difference due to the permeation time. 
*p <0.05, scale bar: 25 μm. a.u., astronomical unit; MSI, mass spectrometry imaging; PES, polyethersulfone; RT, room temperature. 
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Imaging of glove-coating moisturizing 
components using artificial membranes

Figure 3 shows the peak intensities of the moisturizing 
components in the artificial membrane 72 h after the start 
of the permeation test using surgical gloves coated with 
moisturizing components. The peak intensity of glycerol 
could be detected in the artificial membrane 36 h after the 
start of permeation, whereas that of panthenol could not be 

detected, even after the permeation treatment was continued 
for up to 72 h. The peak intensity of the moisturizing com-
ponent coated on the surgical gloves in the artificial mem-
brane did not differ significantly with temperature; however, 
the peak intensity tended to be higher at 37°C than that 
at RT. Figure 4A shows the distribution of glycerol in the 
artificial membrane at different penetration times. Glycerol 
remained in the PES1 18 h after the onset of penetration but 

Fig. 3.  Peak intensities of (A) glycerol and (B) panthenol in the artificial membranes treated at RT for 72 h with surgical gloves coated with moisturiz-
ing components. ND, not detected; RT, room temperature. 

Fig. 4.  Penetration of moisturizing components into artificial membranes 18 and 36 h after treatment with surgical gloves coated with moisturizing 
components at RT. (A) Distribution of glycerol from the surgical gloves to the membrane. After 18 h of treatment, most of the distribution was 
near the PES2, and at 36 h, the distribution ranged from the PES2 to the polyolefin. (B) Comparison of peak intensities. The peak intensity was 
significantly higher at 36 h than that at 18 h. *p <0.05, scale bar: 25 μm. a.u., astronomical unit; MSI, mass spectrometry imaging; PES, poly-
ethersulfone; RT, room temperature. 
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Fig. 5.  Comparison of the peak intensities of the residual moisturizing components on the surface of the surgical gloves. The ion intensities of (A) 
glycerol and (B) panthenol were significantly decreased on the surface of surgical gloves 36 and 18 h after treatment, respectively. *p <0.05, 
****p <0.0001. 

Fig. 6.  Penetration evaluation results of glycerol standard at (A) RT and (B) 37°C. Penetration evaluation results of panthenol standard at (C) RT and 
(D) 37°C. (E) Penetration evaluation results of glycerol in a surgical glove coating. The ion intensity of each layer is expressed as a percentage of 
the peak intensity of the entire artificial membrane (PES1 + PES2 + polyolefin). PES, polyethersulfone; RT, room temperature. 
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had penetrated the polyolefin after 36 h. The peak intensity 
in the artificial membrane was significantly higher at 36 h 
than that at 18 h (Fig. 4B). To support these results, the mass 
spectra at each treated time are shown in Figure S4. These 
results suggest that the moisturizing components coated on 
the surgical gloves penetrate more readily at temperatures 
close to the human body temperature and penetrate the 
polyolefin over time.

Because a large percentage of the moisturizer coated on 
the surgical gloves was glycerol and a small percentage was 
panthenol, we assumed that the amount of panthenol that 
penetrated the artificial membrane was so small that the 
peak could not be detected; therefore, the remaining mois-
turizer component on the surgical gloves was measured. 
The peak intensity of glycerol on the surface of the surgical 
gloves decreased significantly after 36 h (Fig. 5A) and that 
of panthenol decreased significantly after 18 h (Fig. 5B). 
These results indicate that glycerol begins to permeate from 
the surgical gloves to the surface of the artificial mem-
brane (PES1) at 18 h and penetrates the polyolefin at 36 
h. Panthenol penetrated the membrane surface 18 h after 
penetration.

Evaluation of the penetration of moisturizing 
compounds

The ion intensity of each layer was expressed as a percent-
age of the peak intensity of the entire artificial membrane 
(PES1 + PES2 + polyolefin), and the penetration of mois-
turizing ingredients into each layer was evaluated (Fig.  6). 
Among the standard moisturizing ingredients, glycerol 
showed no significant difference in penetration time within 
the same layer; however, the percentage of glycerol in the 
PES2 and polyolefin tended to increase from 36 to 72 h, 
whereas the percentage in the PES1 decreased (Figs. 6A and 
6B). Panthenol also showed no significant difference in 
penetration time in the same layer, but the percentage of 
panthenol in the polyolefin tended to increase at 72 h com-
pared with that at 36 h (Fig. 6C). The percentage of panthenol 
in the PES2 was higher at 37°C (Fig. 6D) than that at RT 
(Fig. 6C). Under both temperature conditions, the percentage 
of panthenol in the PES1 decreased over time. These results 
indicate that the standard moisturizing ingredients penetrate 
the PES1 and reach the polyolefin over time. The percent-
age of glycerol penetrating the membrane from the surgical 
gloves is shown in Fig. 6E. The percentage of glycerol in the 
PES1 at 36 h was lower than that at 18 h, whereas the per-
centages in the PES2 and polyolefin increased significantly. 
These results indicate that glycerol penetrated inward from 
the PES1 and reached the PES2 with contact time.

In this study, we proposed a method to visualize and 
evaluate the distribution of glycerol, a moisturizing com-
ponent coated on surgical gloves, in artificial membranes 
using MSI. After contact between the surgical gloves and 
artificial membrane, glycerol penetrates the PES1 and is 
distributed in the PES2 and polyolefin. The peak intensity 
decreased over time on the surface of the surgical gloves 
and increased over time on the membrane. These results 
suggest that glycerol penetrated the artificial membrane. 
The method presented in this study is expected to be viable 
for evaluating the permeation of samples containing active 
ingredients, such as the distribution of active ingredients in 
patch drugs.
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