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Abstract

Skin repair is a significant aspect of human health. While the makeup of healthy stratum corneum 

and epidermis is generally understood, the mobilization of molecular components during skin 

repair remains largely unknown. In the present work, we utilize multi-modal, in-situ, mass 

spectrometry and immunofluorescence imaging for the characterization of newly formed 

epidermis following an initial acute wound for the first 96h of epithelization. In particular, TOF-

SIMS and confirmatory MALDI FT-ICR MS (/MS) analysis permitted the mapping of several 

lipid classes including phospholipids, neutral lipids, cholesterol, ceramides, and free fatty acids. 

Endogenous lipid species were localized in discrete epidermal skin layers, including the stratum 

corneum (SC), stratum granulosum (SG), stratum basale (SB), and dermis. Experiments revealed 

that healthy re-epithelializing skin is characterized by diminished cholesterol sulfate signal along 

the stratum corneum towards the migrating epithelial tongue. The spatial distribution and relative 

abundances of cholesterol sulfate are reported and correlated with the healing time. The multi-

modal imaging approach enabled in-situ high-confidence chemical mapping based on accurate 
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mass and fragmentation pattern of molecular components. The use of post-analysis 

immunofluorescence imaging from the same tissue confirmed the localization of endogenous lipid 

species at high spatial resolution (~ few microns).

Graphical Abstract

Introduction

Skin tissue repair and barrier restoration is a significant aspect of human health. The outer 

epidermal skin layer functions as a barrier, which protects against pathogens and prevents 

trans-epidermal water loss.1 Cutaneous wound repair is a multifaceted process which 

involves a sequence of biological events, characterized by an inflammatory response 

followed by proliferation and subsequent remodeling of the wounded tissue. In order for 

wounds to heal properly, temporal regulation of inflammatory, proliferative and remodeling 

phases of wound healing are essential, where disruption to any stage of this progression 

leads to complications and formation of non-healing chronic wounds.2 Non-healing chronic 

wounds impact ~26 million people with diabetes mellitus (DM) worldwide, with 1 of 3 DM 

patients developing a foot ulcer during their lifetime; resulting in an approximate cost of $58 

billion annually in the US alone3–5. Moreover, wounds that achieve closure can be perceived 

as in remission, since up to 2 of every 3 ulcers re-occur within 5 years5, which can be 

associated with ineffective barrier restoration. Keratinocytes, as major cellular component of 

epidermis, require tight regulation during wound healing and undergo multiple phenotypic 

changes including migratory, where keratinocytes must first migrate to cover the wound 

surface, and then proliferate and differentiate into a stratified protective epithelium to restore 

barrier.2, 6

Historically, mouse models have been used to study wound healing for potential therapeutic 

applications.7 Despite the large overlap between molecular and cellular mechanisms, a body 

of literature addressed significant anatomic and physiologic divergence found between 

human and the widely used rodent models2, 4, 8–12 The wound healing process between the 

two species is biomechanically and biologically different, from hair pattern and cycle, 

thickness of dermal and epidermal layers, to speed and mechanisms of wound closure 

(rodent skin heals by contraction primarily, whereas human skin heals by re-
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epithelialization). As a result, many potential therapeutic agents have shown efficacy in 

animal models but not in clinical trials, which impeded development of effective therapies.
2, 8–10, 12 There has been a notable increase in utilization of ex vivo human wound models. 

The translatability of human ex vivo wound model is very high as documented by recent 

studies ranging from infection and immunity, scar formation, angiogenesis, hair follicle 

neogenesis, wound re-epithelialization,13–17 as well as for cosmetological application, such 

as penetration of active components into human skin.18–20

It has been shown that SC lipids are comprised of ceramides, free fatty acids, and 

cholesterol.21–23 Changes in skin metabolites with age have also been documented, 

supporting the idea that de-regulation of lipids may lead to loss of skin elasticity or anti-

oxidant capability.24 While the makeup of healthy stratum corneum and epidermis is mostly 

understood, the role of lipids involved in skin repair has not been extensively studied. In 

atopic eczema patients, decreased free fatty acid (FFA) chain length has been observed in the 

SC of non-lesional skin but especially in lesional regions.25 Recently, it was demonstrated 

that long chain fatty acids and cholesterol were correlated with faster recovery from 

transepidermal water loss and SC hydration.26 While bulk methods such as Raman 

spectroscopy and liquid chromatography have shown promises in the study of the wound 

healing research,27–28 they lack the specificity to identify and map molecular components 

during the skin healing process. On the other hand, Mass Spectrometry Imaging (MSI) has 

been shown to be very informative, generating molecular maps with high spatial resolution 

(e.g., using TOF-SIMS19–20) and the distribution of a wide variety of molecular components 

(e.g., using matrix-assisted laser desorption-ionization, MALDI29–30). When complemented 

with traditional fluorescence microscopy for secondary confirmation31–33, MSI have been 

successfully applied to the study of biological problems combining spatial localization and 

high mass resolution measurements.34 Recently, MALDI was applied for the study of a 

living skin equivalent model with a focus on incisional wound healing.30 Several authors 

have demonstrated the suitability of the SIMS platform for applications in skin research 

including the penetration of topically applied ceramides,20 fatty acids,19 pharmaceuticals,35 

and age-related SC lipids.36

In the present work, for the first time we evaluate the molecular distribution as a function of 

the epidermis healing for an ex-vivo human skin acute wound using multi-modal imaging. 

Specifically, we show the unique advantages of in-situ endogenous lipid markers and 

secondary immunofluorescence confirmation for the localization of cholesterol sulfate as a 

function of the epithelization time with high spatial (TOF-SIMS) and high mass resolution 

(MALDI-FT-ICR MS).

Experimental Section

Ex-vivo human skin wound protocol

Healthy human skin specimens were obtained as discarded tissue from reduction surgery 

procedures in accordance to institutional approvals as previously described.37 University of 

Miami Institutional Review Board (IRB) determined that such protocol does not constitute 

Human Subject Research per 45 CFR46.101.2. Human skin specimens from these reduction 

surgery were used to generate acute wounds as previously described.37–38 Briefly, human 
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skin was obtained following an abdominoplasty procedure from age matched healthy male 

donors. Skin was excised to remove the subcutaneous layer before excising a circular disk 

using an 8 mm biopsy punch. A smaller, 3 mm medial punch in the center was used to 

induce an acute wound, corresponding to removal of epidermis. Tissues were grown on air-

liquid interface and supplemented daily with growth media containing Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with Fetal Bovine Serum (FBS), antibiotic/

antimycotic (Figure 1 a and b). Tissues were harvested by flash freezing at the time of 

wound induction (0h), or 48h, and 96h after wound induction. A cryotome was used to 

section tissue perpendicular to the initial acute wound, resulting in 12 μm thick slices thaw-

mounted onto conductive Indium-tin oxide (ITO) coated glass slides. Alternating tissue 

slices were taken for Hematoxylin and Eosin staining and TOF-SIMS analysis, respectively.

TOF-SIMS imaging

Slides containing tissue sections were kept frozen at −80 °C until dehydration. Tissues 

mounted on ITO slides were freeze-dried over dry ice in a custom-built vacuum drier 

equipped with a cold trap for 2 hours. Samples were allowed to warm to room temperature 

before transferring into the analytical chamber of the mass spectrometer. TOF-SIMS 

experiments were carried out on a TOF-SIMS5 instrument (ION-TOF, Münster, Germany), 

fitted with a bismuth NanoProbe column operated at 25 keV, selected for Bi3+ clusters,39–40 

and an electron flood gun to reduce charging during analysis. The TOF-SIMS instrument 

was operated in the “high current bunched” (HCBU) mode, described elsewhere.33, 41 A 

typical spatial resolution of < 2.6 μm (20% to 80% of maximum on tissue) and a resolving 

power of m/Δm ~8,000 at a m/z of 465 were observed. Experiments were carried out at 

primary ion doses of 3 × 1012 primary ions•cm−2 over selected 400 × 400 μm regions of re-

epithelialized tissue, directed by parallel H&E staining and post-analysis fluorescence 

microscopy. Data were collected and processed using the ION-TOF SurfaceLab 6.4 

(Münster, Germany).

Rehydration and Immunofluorescence labeling

Following TOF-SIMS analysis, samples were fixed in ice cold acetone for 2 min and air 

dried prior to staining. Samples were blocked for 1hr with 2.5% normal goat serum in 

Phosphate Buffered Saline supplemented with 0.01% Tween (PBSt), prior to incubating with 

Rabbit anti-Cav1 (1:100, Sigma Aldrich, St. Louis, MO, USA, cat # HPA049326) and 

mouse anti-filaggrin antibodies (1:200 Abcam, Cambridge, UK, cat# ab3137) overnight at 

4oC and then with either Alexa 488 anti-rabbit or Alexa 594 anti-mouse secondary 

antibodies (Life technologies, Carlsbad, CA, USA) and mounted using Prolong Gold 

Antifade with DAPI (Life Technologies). Immunofluorescent and phase contrast images 

were obtained using a Keyence BZ-X700 inverted microscope (Osaka, Japan) and compared 

to TOF-SIMS-based imaging.

MALDI FT-ICR MS Imaging

Parallel skin tissue samples were prepared on ITO coated slides and dehydrated similar to 

TOF-SIMS samples described above. Cholesterol sulfate standard (Sigma-Aldrich) was 

prepared in methanol and used to obtain reference spectra. Samples were then coated with 9-

aminoacridine (Sigma-Aldrich) via sublimation (200 × 152 mm apparatus, p/n Z258717, 
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Sigma-Aldrich). Briefly, 300 mg of 9-aminoacridine (9-AA) was added to the bottom of the 

sublimation chamber. Next, the sample slide was fixed to the cold finger using double-sided 

carbon tape for heat transfer. The apparatus was then assembled and the cold finger filled 

with an ice slush. Sublimation was carried out for 9 minutes at a sand bath temperature of 

190 °C and pressure of 6 mbar.

MALDI imaging was carried out in a SolariX 7.0T FT-ICR MS instrument (Bruker 

Daltonics Inc., Billerica, MA). A Smartbeam Nd:YAG laser was operated at 500 Hz at a 

laser power of 40% and focus set to ‘minimum.’ A total of 800 shots were collected at each 

spectrum, with a step size of 50 μm for tissue imaging experiments. For MS2 confirmation 

of the cholesterol sulfate standard, an isolation window of 1 m/z and a CID energy of 40 eV 

was used.

Results and Discussion

Re-epithelialization of Ex-vivo human skin

Ex -vivo human tissue sections were obtained such that each slice reveals epidermis, dermis, 

and regions of re-epithelialized skin. As demonstrated by Figure 1 (C–E), the epithelial 

tongue migrates inward from the edge of the initial ~3 mm wound crater as a function of 

incubation time in the air-liquid interface previously described. Using Immunofluorescence 

(IF) staining, the stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS), 

and stratum basale (SB) of the epidermis can be clearly observed (Figure 1 F). Antibodies 

against Filaggrin (red), a significant epidermal protein, primarily stained the lipid envelope 

of corneocytes of the SC, and to a lesser extent, the SG. DAPI (blue), an AT-region DNA 

fluorescent dye, was observed to stain nuclei of keratinocytes of the SG and SS. Antibodies 

against Cav-1 (green), a scaffolding protein, were observed to stain cells of the SB.37

Upon wounding, basal keratinocytes proximal to the wound need to first start proliferating 

and then migrating into the wound bed in order for the wound to close efficiently. These 

migrating keratinocytes are what is referred to as the migrating epithelial tongue. In order 

for these cells to move, they need to reorganize their cytoskeletal architecture and change 

expression pattern of key intermediate filaments and integrins, as well as expression and 

activation status of key microfilaments and microtubules.42 Briefly, resting basal 

keratinocytes express keratins 5 and 14, which upon wounding become activated by release 

of pro-inflammatory cytokine IL-1 at the wound edge and start expressing keratins 5 and 

16.42 This results in a hyperproliferative and migratory keratinocyte phenotype which 

maintain their active status by secreting various growth factors and cytokines (including 

TNF-alpha and TGF-alpha). When the wound becomes closed, keratinocytes again change 

their cytoskeletal architecture and start expressing keratin 17 in order to contract and 

reorganize the provisional basement membrane and recruit fibroblast to the wound site to 

produce TGF-beta and start producing more collagen as part of the remodeling phase of 

wound healing, which also signals to the keratinocytes to change their architecture again and 

start expressing their resting keratins 5 and 14. Interestingly, we have previously shown that 

Caveolin-1 negatively regulates both proliferation as well as migration of keratinocytes and 

thus its expression needs to be spatially (at the wound edge) and temporally (during 

inflammatory & proliferative stages of wound healing) downregulated, thus allowing 
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keratinocytes to both divide and migrate into the wound bed.37 Expression of caveolin-1 

needs to be restored to homeostatic levels to prevent development of scar tissue, as well as 

numerous hyperproliferative skin disorders.

Control experiments on skin dehydration/rehydration

Taken together, phase contrast and IF provide an avenue for verifying the sample integrity 

following a freeze-drying procedure, while also allowing for epidermal layers to be 

referenced in relation to endogenous markers. It has been shown that freeze-drying can 

prevent the loss of diffusible ions and endogenous lipids.43 Since MSI sample preparation 

are tissue specific, control experiments were performed to evaluate the viability of this 

freeze-drying process for the skin sections.

TOF-SIMS and immunofluorescence images are shown from the same tissue slice (Figure 

2); note that in-situ analysis implies that immunofluorescence images correspond to sections 

hydrated/stained after TOF-SIMS analysis. Fatty acids FA 24:0, 25:0, and 26:0 [M-H]- ions 

co-localize with Filaggrin in the SC. In addition, adenine [M-H]- ions (m/z 134.1) also 

colocalize with DAPI in region of the nuclei in the epidermis. A comprehensive list of 

negative mode secondary ions is shown in Table 1. Considering the good correspondence 

between the images, this freeze-drying was considered effective for preserving the 

epidermis.

TOF-SIMS imaging

Positive mode TOF-SIMS analysis of ex-vivo human skin reveals a structured assembly of 

lipids, including cholesterol, ceramides, and sphingosine and phosphocholine (Table S1). 

Negative mode TOF-SIMS reveals short-chain fatty acids (≤ C18), long-chain fatty acids (≥ 

C20), cholesterol sulfate, α-tocopherol, and sphingomyelin (Table 1). The SC, SG, 

corneocytes of the viable epidermis, and the dermis can be represented by long-chain fatty 

acids, cholesterol sulfate, adenine, and sphingomyelin, respectively (Figure 3). 

Complementary analysis of the same field of view is shown in supplementary Figure S2, 

where the cholesterol sulfate signal is detected.

The distribution of fatty acids and cholesterol sulfate is expected, as the stratum corneum is 

known to be comprised of mostly ceramides, cholesterol, and free fatty acids.1 In the 

positive polarity, cholesterol and various ceramides are observed as [M-H2O+H]+ and [M

+Na]+, respectively. Cholesterol sulfate, which is secreted from keratinocytes and migrates 

toward the lamellar membrane of the SC,1 is here observed in the SG and SC in agreement 

with previous reports.44

MALDI FT-ICR MS Imaging

The localization and TOF-SIMS assignment of the cholesterol sulfate were confirmed with 

MALDI FT-ICR MS imaging (accurate mass) and fragmentation studies using a standard. 

MALDI FT-ICR MS imaging from a 96 h epithelialized skin tissue section showed the 

localization of cholesterol sulfate, as well as endogenous markers FA 24:0 and 26:0 of the 

stratum corneum (Supplementary Figure S3), in good agreement with the TOF-SIMS 

observations. The MS/MS analysis of the cholesterol sulfate standard showed the typical ion 
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fragment ion SO4H- (Supplementary Figure S4 and S5), in good agreement with the on- 

tissue analyses MALDI-FT-ICR MS/MS analysis and TOF-SIMS observations 

(Supplementary Figure S4). Cholesterol sulfate was also previously observed and in human 

skin epidermis using MALDI-TOF imaging and confirmed using post-source decay MS/MS.
45

TOF-SIMS imaging of re-epithelialized skin

Using a Cav-1 stain, the wound edge of re-epithelialized skin tissue can be precisely 

determined.37 From left to right, the disruption of IF labeled basal keratinocytes indicates 

where the initial biopsy occurred (Figure 4).

In addition, it can be observed from TOF-SIMS secondary ion images that stratification of 

characteristic lipids of each epidermal layer is disrupted at the migrating epithelial tongue.

Cholesterol sulfate distribution in acute wounds

Cholesterol sulfate is a precursor excreted by keratinocytes of the SG layer, which becomes 

transformed by steroid sulfatase into cholesterol as it migrates toward the SC as a vital 

component of the permeability barrier.1, 44 When a tissue region is analyzed in both TOF-

SIMS polarities, cholesterol sulfate (negative ion mode) and cholesterol (positive ion mode) 

are co-localized in the epithelium (Figure 3).

From the TOF-SIMS analysis, cholesterol sulfate density in the epidermis appears to peak 

between the SG and SC. In Figure 5, cholesterol sulfate is mapped across a 400 μm area of 

skin tissue near the site of the initial acute wound. In areas of unwounded epidermis (e.g., 0h 

tissue section shown in Figure 5), cholesterol sulfate signal is relatively uniform. Along the 

epithelial tongue, however, cholesterol sulfate expression is diminished as a function of 

distance from the initial wound edge. In order to determine trends in cholesterol sulfate 

across various SIMS analyses, analyzed tissue areas were virtually divided in 100 μm 

segments, roughly equivalent to the distance epithelialized every 24h of incubation. The 

secondary ion yield (YSI) of the m/z of 465.3 was integrated per segments and summarized 

as a boxplot in Figure 5. Data from multiple replicate analyses from 48h and 96h 

epithelialized tissue are considered. As a general trend, diminished cholesterol sulfate 

towards newly formed epithelial tissue is observed. One implication of such epithelialization 

dynamics may be related to the incorporation of caveolin-1 into the membranes of the basal 

layer of the epidermis.

Caveolin-1 is the primary structural component of caveolae, which are specialized lipid rafts, 

found in areas of the cell membrane that are enriched in cholesterol (and sphingomyelins). 

However, caveolin’s stability is tied to its localization within caveolae and thus levels of 

cholesterol.46–47 Caveolin-1 has been demonstrated to function as a negative regulator of 

proliferation,48–49 and elevated caveolin-1 levels have been reported to be characteristic of 

reduced corneal re-epithelialization capacity.50 Previous studies have shown that cholesterol 

depleting agents (including methyl-b-cyclodextrin, statins and cyclosporins) disrupt 

formation of caveolae by preventing caveolin-1 from binding to cholesterol (and 

sphingomyelin) rich regions in the membrane, causing caveolin-1 oligomers to depolymerize 

into monomers which then get poly-ubiquitinated and proteasomally degraded.37 Whether 
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HMG-CoA reductase, or other enzymes responsible for synthesis of cholesterol are also 

downregulated during wound re-epithelialization remains to be answered, however that is 

not the scope of the current study. Still, attenuation of cholesterol should lead to attenuation 

of caveolin-1 in the basal layer, thereby facilitating the rate of re-epithelialization.

Conclusions

The use of multi-modal, in-situ mass spectrometry and immunofluorescence imaging 

allowed for the study of the ex-vivo acute wound healing epithelization by correlating 

cholesterol, cholesterol sulfate, FA and lipid signals with the high selectivity of 

immunofluorescence staining for discrete epidermal layers (SC, SG, SS, SB) from the same 

tissue section. The high spatial resolution MSI images allowed for precise visualization of 

skin layers and provides a useful tool for localizing key molecular components during the 

process of human skin repair. For example, the potential of endogenous markers (e.g., fatty 

acids ≤ FA 20:0, adenine m/z 134.1, and sphingomyelin m/z 687.5 C38H76N2PO6
-) to 

differentiate layers of the skin is shown. Moreover, accurate mass and tandem MS/MS from 

tissue slices allowed for the confirmation of TOF-SIMS assignments of molecular signals 

(e.g., cholesterol sulfate in skin sections). Experiments demonstrated that cholesterol sulfate 

signal is diminished in the SC from the wound edge towards the epithelial tongue. These 

results are in good agreement with previous observations of attenuation of caveolin-1 in the 

basal layer and suggest the possibility of using cholesterol sulfate as a biomarker by which 

human skin epithelization may be evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Tissue disks incubating in an air-liquid interface. (B) Schematic representation of biopsy 

punch and resulting disk. (C-E) H&E staining of parallel tissue sections. (F) Fluorescence 

microscopy using Filaggrin, Cav-1, and DAPI to delineate the stratum corneum, 

granulosum, spinosum, and basale of the epidermis.
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Figure 2. 
Phase contrast, fluorescence, and secondary ion images of an unwounded region of skin 

tissue. Negative ion images of cholesterol sulfate, adenine, α-Tocopherol, FA 24:0, 25:0, 

26:0 are of the form [M-H]-. The ion at 168.0 m/z is used here to represent the 

Sphingomyelin headgroup. A comparison between fluorescence and SIMS overlay 

demonstrates the fidelity of endogenous lipids as biomarkers for epidermal layers.
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Figure 3. 
TOF-SIMS imaging of unwounded skin tissue in positive mode detection. (A) Composite of 

the m/z channels shown in panels B-D. The m/z of 184 is shown to represent PC headgroup 

(B). For (C) cholesterol [M-H2O+H]+ ion is shown. Images D and E are constructed as the 

sum of various channels of the same lipid class, shown in Supplementary Figure S1 and 

listed in detail in Supplemental Table 1.
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Figure 4. 
Optical, SIMS imaging, and fluorescence imaging of re-epithelializing skin tissue. The ‘U’ 

and ‘R’ denote unwounded and re-epithelialized areas of 48h incubated skin, respectively. 

Individual secondary ion images comprising the SIMS overlay are shown in the middle row. 

Secondary ion images of sphingomyelin is represented as the of ion at 168.0 m/z. Here, 

signal of fatty acids 20:0–28:0 were combined and shown as a summed secondary ion 

image.
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Figure 5. 
Cholesterol sulfate progression in re-epithelializing tissue. The top row shows SIMS 

overlays of FA 20:0–28:0 (Red), cholesterol sulfate (yellow), adenine (blue), and 

sphingomyelin (grey). The red dashed line denotes the wound edge, as corroborated by 

microscopy. A typical linescan plot of the 96h re-epithelialized tissue (denoted with an *) in 

the lower left shows the integrated y-area intensity of cholesterol sulfate as a function of 

distance. Profiles were divided into quarters roughly equivalent to 24 h of re-epitheliazation, 

approximately 100 μm segments. In the lower right, a boxplot shows the minimum, 

maximum, lower quartile, upper quartile, median (line) and mean (circle) of observations 

pooled from 48h and 96h incubated tissues according to distance from the initial wound. 

N=7 for −100–200 μm; N=6 for 201–300; N=4 for 301–400 μm.
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