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a b s t r a c t

Background: Pressure ulcers (PUs) are chronic wounds that are detrimental to the quality of life of patients. 
Despite advances in monitoring skin changes, the structure and function of skin cells over the site of 
pressure ulcers are not fully understood.
Objective: The present study aims to evaluate local changes in the properties of superficial corneocytes in 
category 1 PU sites sampled from a cohort of hospitalised patients.
Methods: Cells were collected from a PU-compromised site and an adjacent control area and their topo
graphical, maturation and mechanical properties were analysed.
Results: Corneocytes at the PU-compromised site were characterised by higher levels of immature cornified 
envelopes (p  <  0.001) and greater amounts of desmoglein-1 (corneodesmosomal protein) (p  <  0.001) 
compared to the adjacent control area. The cells at the control site presented the typical ridges-and-valleys 
topographical features of sacrum corneocytes. By contrast, the PU cells presented circular nano-objects at 
the cell surface, and, for some patients, the cell topography was deformed. CEs at the PU site were also 
smaller than at the control site. Although differences were not observed in the mechanical properties of the 
cells, those of the elderly patients were much softer compared with young subjects.
Conclusion: This is the first study investigating the changes in corneocyte properties in category I pressure 
ulcers. Superficial cells at the PU sites showed altered topographical and maturation characteristics. Further 
studies are required to elucidate if these changes are a consequence of early loss of skin integrity or a result 
of mechanical and microclimate insults to the skin surface.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Japanese Society for Investigative 
Dermatology. This is an open access article under the CC BY license (http://creativecommons.org/licenses/ 

by/4.0/).

1. Introduction

A pressure ulcer (PU) has been defined as localised damage to the 
skin and/or underlying tissue, as a result of pressure alone or in 
combination with shear, usually occurring over a bony prominence 
and may also be related to the application of a medical device or other 
objects [1,2]. However, as suggested by late Emeritus Professor Dan 
Bader in his recent editorial “The last hurrah”, there has been a recent 
overemphasis on deep tissue injury (DTI) in the literature [3,4]. This 

ignores the fact that most PUs are classified as category I and II and 
are initiated at the superficial dermal and epidermal layers, with in
teractions of pressure, shear, friction and moisture [5]. Although the 
role of the dermis on the architecture and mechanical function of the 
skin has been studied [6,7], the potential role of the epidermis, and 
particularly that of the Stratum Corneum (SC), is usually neglected.

The SC can be considered a thin stiff film of dead cells on top of 
softer viable tissues [8–10]. At low relative humidities (RH 30–40 
%), the SC acts as a polymer in a glassy state, with Young’s moduli 
values of the order of GPa [8], i.e., a factor of 105 greater than that of 
the dermis [11]. As a result of the characteristic mechanical prop
erties, the role of the SC, and that of its main cells (corneocytes), on 
early indications of skin damage should be investigated with a focus. 
Indeed, corneocytes suffer a maturation process as they move up
wards in the SC, with the loss of intercellular junctions (corneo
desmosomes, CDs) and the maturation of the cornified envelope (CE) 
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[8]. Recently, the authors have characterised the changes in the 
properties of these cells in healthcare professionals following the 
prolonged application of respirator protective equipment (RPE) [12]. 
The results revealed higher levels of immature CEs and desmoglein- 
1 (Dsg1), a cadherin-type cell-cell adhesion molecule found in 
stratified epithelial desmosomes, at the sites of mechanical load 
exposure from the respirator application (cheek) compared to a 
control site [12].

The current authors investigated changes in biophysical para
meters of skin and the inflammatory cytokine responses in a cohort 
of hospitalised patients presenting with category I PUs [13,14]. Sig
nificant spatial changes in skin barrier function were revealed 
(transepidermal water loss), and evident upregulation in proin
flammatory biomarker IL-1 , suggesting that the tissue homeostasis 
was compromised. However, to date there has not been any in
vestigation of the changes in the properties of skin cells from the 
sites of PUs. Therefore, the aim of the current study was to char
acterise the maturation and mechanical properties of corneocytes 
over the site of a category I PU from a sub-group of a cohort pre
senting such PUs from our previous study [13].

2. Materials and methods

2.1. Study protocol

The current investigation represents a secondary analysis from a 
cohort observational study conducted by Abiakam et al. in a large 
teaching hospital in the UK [13]. It was approved by the Health 
Research Authority committee (IRAS 301685) and written informed 
consent was obtained from patients prior to commencing the study. 
Corneocytes were collected from the investigation sites, i.e., PU- 
compromised area and a control site, located 10 cm lateral to the PU 
site (Fig. S1a) from a sub-set of patients (n = 17) from the original 
cohort of 30 who presented with category 1 PUs. These were located 
in either the sacrum (n = 11) or buttocks (n = 6) of the patients (Fig. 
S2), who were either in elderly care or surgical hospital wards. From 
this subset of patients, about 24 % of them developed later stages of 
PU during the data collection period (up to 2 weeks). Cells were 
collected via tape stripping (Sellotape, UK) (Fig. S1b – first tape strip 
was used), by pressing the tape gently onto the skin with gloved 
hands and removing via peeling. Each tape strip was cut into three 
equal parts and used for topographical and mechanical analysis via 
Atomic Force Microscopy (AFM) (Fig. S1d), and for assessment of CE 
maturation and corneodesmosomes distribution (Fig. S1e and S1f).

2.2. Atomic force microscopy

Atomic force microscopy (AFM) imaging and nanoindentation 
experiments were performed in air (Nanowizard 4, JPK). Standard 
imaging tips (NCHV-A, Bruker AFM Probes, Inc), with a nominal 
spring constant of 40 N/m and resonance frequency of 300 kHz, were 
used. Cell roughness was measured as root mean square height 
deviations (Sq) and arithmetic mean height deviations (Sa) from 
fitted mean planes using Gwyddion software [15], by analysing three 
random regions of 25 µm2 per cell. The geometry of each AFM tip 
was calibrated as described in the Supplementary Information (S2). 
Corneocytes were extracted from the tape by pressing the tape onto 
a microscope glass slide by overnight incubation in xylene. Cells 
attached to the slide were imaged in Tapping Mode (512 ×512 pixels, 
40 ×40 µm). Nanoindentation experiments consisted of 64 indents 
on an 8 × 8 matrix, with points spaced 625 nm apart. Five cells were 
evaluated per sample. Force curves consisted of loading-pause-un
loading cycles, with a maximum applied force of 1–2 µN. When this 
force setpoint was reached during loading, the cell was allowed to 
relax for a period of 4 s at a constant height. After this period, the 
AFM probe was retracted from the surface. The Young’s modulus of 

corneocytes was calculated using the Oliver-Pharr analysis, as de
scribed in the Supplementary Information (S3).

2.3. CE maturity assay: CE extraction and immunostaining for 
involucrin and Nile red staining for lipids

Cornified envelopes were isolated from the tape using an es
tablished methodology [16] and processed using a standardised 
protocol [12]. In summary, half of each tape was extracted with 
750 mL of dissociation buffer containing 100 mM Tris-HCl pH 8.0, 
5 mM EDTA (ethylenediaminetetraacetic acid), 2 % SDS (sodium 
dodecyl sulphate) and 20 mM DL-dithiothreitol (Sigma Aldrich 
Dorset, UK). The tapes were extracted in the dissociation buffer for 
10 min at 75 °C and centrifuged at room temperature for 10 min at 
5000 g. The extracted CEs were washed three times and suspended 
in 1 × PBS buffer (Sigma Aldrich Dorset, UK). Extracted CEs were 
transferred onto a Polysine-coated microscope slide (5 µL, VWR In
ternational Ltd, Leicestershire, UK) and incubated overnight in a 
humidity chamber at 4 °C with a primary monoclonal antibody 
against involucrin (1:100, mouse anti-human involucrin SY5, 
ABCAM, Cambridge, UK). The antibody solution was washed with 
PBS three times for 5 min before adding the secondary antibody 
Alexa-Fluor 488-labeled goat anti-mouse IgG antibody (1:200, 
ABCAM, Cambridge, UK) for 60 min at room temperature (in the 
dark). The slides were washed with 1 × PBS (three times for 5 min) 
and a cover slip was mounted with 20 µg/mL Nile red (Sigma Aldrich, 
Dorset, UK) in 75 % glycerol solution (w/w).

2.4. Immunostaining for Dsg1

The prevalence of corneodesmosomes was indirectly measured 
by immunostaining of desmoglein-1 (Dsg1). The immunostaining 
protocol for Dsg1 was adapted from a previous study [12]. Here, 
corneocytes were extracted from the tape onto a glass slide via 
overnight immersion in xylene to avoid residual fluorescent back
ground from the tape (Fig. S1c). Attached cells were washed with 1 ×
PBS (10 min) and incubated with a P23 mouse monoclonal antibody 
against the extracellular domain of Dsg1 (Progen, Heidelberg, Ger
many) at 4 °C overnight. This was followed by incubation with Alexa- 
Fluor 488-labeled goat anti-mouse IgG antibody (1:200, ABCAM, 
Cambridge, UK), for 60 min at room temperature in the dark. The 
samples were mounted with anti-fade fluorescence mounting 
medium (ABCAM, Cambridge, UK).

2.5. Image analysis

Optical image analysis was performed as previously described 
[12]. Briefly, five non-overlapping images were taken in total for 
each CE and Dsg1 sample at a 10× objective magnification and 
analysed using a Leica DMRBE microscope (Leica Microsystems, 
USA) equipped with PL-Fluotar 5 × /0.12 and 10 × /0.30 lenses 
mounted with a Cool-LED pE-300 series blue-illumination source at 
the wavelength of 460 nm and with a Motic Pro 252 microscope 
camera. Images were analysed using ImageJ® version 1.53a (National 
Institutes of Health, Bethesda, MD, USA).

CE maturation was evaluated using a sequential approach [12]. 
Images were converted to either an 8-bit map (for total cell number 
count) or divided in RGB channels (to count cells staining for Alexa- 
Fluor 488, i.e., positive to involucrin). The Huang threshold followed 
by the Watershed command was applied to define CE borders and 
the cells with a surface area of 300–2000 µm2 were counted. For the 
distribution of Dsg1, the ratio of pixels expressing Dsg1 to the total 
area in pixels was counted in two random regions of interest (ROIs) 
of 70 × 70 µm containing corneocytes.
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2.6. Statistical analysis

Raw data were imported into IBM® SPSS® Statistics (version 27) 
for analysis and assessed for normality using probability plots and 
the Shapiro-Wilk test for each site, which revealed a normal dis
tribution for morphological and maturation properties (% INV+ and 
Dsg1) and a non-normal distribution for the Young’s modulus. 
Accordingly, a t-student or Mann-Whitney test was employed to 
investigate whether the anatomical sites presented differences in 
morphological and maturation properties, and moduli values, re
spectively. Tests were considered statistically significant at a 5 % 
level (p  <  0.05).

3. Results

A cohort of 17 patients (13 males and 4 females) presenting with 
category 1 PUs were recruited for the study. Patients were of a white 
ethnic background and ages ranging between 71 and 95 years (mean 
age = 86.4  ±  6.7 years) with a mean height and weight of 
1.69  ±  0.08 m and 66.0  ±  17.7 kg, respectively. 41 % were bedridden 
and 59 % needed assistance with mobility. Moreover, 24 % of the 
patients presented a history of PUs and 59 % were incontinent for 
urine or faeces, or both.

3.1. Corneocytes at PU site presented altered topography and size 
compared to the control site

Representative topographical images obtained using TM AFM of 
superficial corneocytes collected at a site of category1 PU and a 
control site (10 cm adjacent to PU site) from six of the 17 patients are 
presented in Fig. 1. All images for the patient cohort can be found in 
the Supplementary Information (Fig. S5). At the control site, cor
neocytes were characterised by ridges and valleys, with average 
roughness values (Table 1). However, some patients presented cir
cular nano-objects (CNOs) at the cell surface (Fig. S5 – P8, P11, P17). 
Patient 9 presented deformed topography without visible re
cognisable features (Fig. 1).

By contrast, at the PU site, most patients exhibited visible 
changes in topography, frequently presenting CNOs (Fig. 1 – P2, P5, 
P10, P17, Fig. S5 – P2, P3, P5, P6, P8, P10, P11, P12, P14, P16, P17), or 
deformed topography (Fig. 1 – P9, P16). These differences between 
the PU and control sites were quantified as an increase in Sq 

roughness values (Table 1, Fig. S4), with averages of 84.1  ±  18.1 nm 
at the PU site compared to the control site of 55.4  ±  18.5 nm 
(p  <  0.001).

The size of corneocytes were measured using AFM and the size of 
isolated CEs from double staining against INV+ and with Nile red 
(Table 1). Corneocytes were smaller at the PU site compared to the 

Fig. 1. AFM analysis of superficial corneocytes revealed differences in the topography at the sites of the category 1 PUs. At the control sites, cells showed typical features of ridges, 
valleys, and peaks, with only a few patients presenting altered cell topography (e.g., P6 and P17). Cells at the PU sites exhibited an abundance of CNOs indicated by white arrows 
(e.g., P5, P6, P10) or a deformed topography (P9). The results for 8 patients are shown, but representative images for all 17 patients can be found in Supplementary Information. 
Surface height profiles and 3D plots for P10 can be found in Fig. S4.
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control site, although a statistically significant difference was only 
found for isolated CEs (p  <  0.05).

3.2. Levels of immature CEs were elevated at category 1 PU site

The level of immature CEs was studied at the PU and control 
sites, as the ratio between INV+ CEs and the total number of CEs. The 
results are shown in Fig. 2 for the patients showing the greatest 
changes between the two sites. Representative microscopy images 
for all patients can be found in the Supplementary Information
(Fig. S6).

Most patients, except P1, P3 and P4, had higher levels of im
mature CEs at the PU site compared to the control site (Figs. 2, 3a 
and S6). There was a significant difference (Fig. 3b, p  <  0.001) in 
levels of immature CEs between the PU (mean ±  standard deviation 
= 44.7  ±  12.1 %) and control site (mean ±  standard deviation = 
26.9  ±  10.1 %) within the cohort.

3.3. Levels of Dsg1 were elevated at category 1 PU site

Representative images from the immunostaining of Dsg1 are 
shown in Fig. 4 for the patients showing the largest changes between 
the two sites of investigation, with the entire image data set for the 
17 patients provided in the Supplementary Information (Fig. S7).

A honeycomb pattern of Dsg1 was prevalent for control site 
samples, except for participant P9 and P12 whose samples had a 
uniform distribution of Dsg1 signal over the cell surface. In contrast, 
at the PU sites, Dsg1 was present not just at the cell periphery, but 
also in the central regions of the cells for all patients except P7, P12 
and P14. Individual data are shown in Fig. 3c and show greater levels 
of Dsg1 for 12 out of 17 participants (namely P2, P3, P4, P6, P7, P8, 
P10, P11, P13, P15, P16 and P17). Indeed, the average Dsg1 value for 
the PU site samples was 43.7  ±  14.6 %, which was significantly 
higher (Fig. 3d, p  <  0.001) than for control site samples 
(25.8  ±  10.6 %).

Table 1 
Cell roughness and area. AFM cell area was obtained from larger TM AFM images of 
individual corneocytes while FM CE area was calculated from isolated CEs and double 
stained against INV+ and with Nile red. Roughness values measured from TM AFM 
images of corneocytes in a 20 × 20 µm area. Sq (root mean square height) and Sa 

(arithmetic mean height) of three 5 × 5 µm regions (n = 5 cells per site per partici
pant). Results are presented as mean ± 1 SD. FM = Fluorescence Microscopy. 

Parameter Control Site PU site p-value

Sa (nm) 55.4  ±  18.5 84.1  ±  18.1 < 0.001
Sq (nm) 44.3  ±  14.9 67.6  ±  14.8 < 0.001
AFM Cell Area (nm2) 963.7  ±  149.4 884.9  ±  188.0 ns
FM CE Area (nm2) 667.5  ±  110.7 593.8  ±  90.4 < 0.05

Fig. 2. PU corneocytes presented high levels of immature CEs. Imaging of the control and PU sites of the superficial CEs using a double staining: immunostaining against INV 
(green) and Nile red (red) against lipids to quantify the degree of CE maturation for patients 5, 6, 8, 9, 10, 12, 13 and 15. The control site corneocytes stained strongly with Nile red, 
while the PU corneocytes presented less lipids at the surface as observed by staining green to INV. Scale bar = 50 µm.
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3.4. Corneocytes at category 1 PU sites present similar stiffness values 
to the control site

The Young’s modulus of the corneocytes was measured using 
AFM and the results are presented in Fig. 5. There were no significant 
differences in the cell stiffnesses between the two sites (Fig. 5b). 
However, there was a high degree of inter-subject variability 
(Fig. 5a), with coefficients of variation of 43 % and 46 % for the 
control and PU sites, respectively. For example, at the PU site, while 
patients P2, P12, P13, P14 and P15 had relatively larger values of the 
modulus (medians were 514, 530, 435, 586 and 598 MPa, respec
tively), other patients, such as P3, P9, P10, P11 and P17 had lower 
moduli values (medians were 175, 195, 193, 152 and 140 MPa, re
spectively).

4. Discussion

The mechanisms underlying the superficial changes in skin over 
a PU site are still not fully understood and the role of the SC in both 
loss of tissue integrity and recovery have been mostly neglected. In 
this context, the aim of the present study was to investigate the 
properties of corneocytes collected from a category 1 PU and an 
adjacent control site. The maturation, topography, area and stiffness 
of corneocytes were analysed to characterise local changes in cell 
properties. The results revealed altered topography of PU corneo
cytes, characterised by the presence of CNOs, which was reflected in 
increased cell roughness values. Moreover, changes in the matura
tion properties of cells at the PU sites were observed, with increased 
levels of immature CEs and Dsg1. These differences could correspond 
to local changes in the skin barrier function and be a potential 
marker for diagnosing early signs of damage.

There was a trend for the average size of the corneocytes via AFM 
topography to be greater than those obtained by fluorescence mi
croscopy of extracted CEs (Table 1). This may be due to the multi- 

step process used to extract CEs from the tape and separating them 
individually. Although the level of structural changes provoked by 
the extraction protocol was not studied, some changes to the keratin 
matrix are expected due to the denaturing nature of some materials 
(e.g., SDS), which may render a less rigid form. Nonetheless, both 
methods resulted in similar size trends, i.e., corneocytes at PU sites 
were generally smaller than those at the control site. The lack of a 
statistical significance in the case of AFM data may be due to the 
number of cells analysed, which were five per subject and body site, 
whereas 10 times more CEs were analysed per subject and body site.

The topographical analysis of superficial corneocytes revealed 
changes in the surface features and morphology of cells in category 1 
PUs (Fig. 1 and Table 1). Cells at the control site were generally 
smooth (Table 1), characterised by cross-over ridges and valleys 
(Fig. 1). By contrast, PU corneocytes were rough (p  <  0.001), pre
senting CNOs over the cell surface. Two patients, P9 and P16, dis
played a distorted cell surface with little or no distinct topographical 
features (Fig. 1). CNOs have been previously detected for certain skin 
conditions [17–20], such as Atopic Dermatitis [18]. They have also 
been associated with the exposure of chemicals on the skin such as 
sodium dodecyl sulphate [20]. In those studies, the presence of such 
structures was related to changes in the skin barrier function (TEWL) 
[18,20]. Indeed, in our previous published study, a significant in
crease in TEWL was registered at the PU sites, while control sites 5 
and 10 cm away generally conformed to normative values [13].

Furthermore, CNOs have been previously shown to harbour cor
neodesmosin, a glycoprotein located in the core of corneodesmo
somes [18,21]. These structures were suggested to likely be involved 
in cell-to-cell attachment [17]. Interestingly, in addition to the in
crease in CNOs, an increase in the levels of Dsg1 (a component of 
corneodesmosomes) was also found at the PU sites compared to the 
control sites (Figs. 3c, d and 4). This non-peripheral distribution 
(homogenous pattern) of Dsg1 has been suggested to lead to 
cracking of the SC with the formation of hexagonal scaling clinical 

Fig. 3. Individual data for the levels of immature CEs and Dsg1. (a) Individual level of % INV CEs and (c) % Dsg1 associated with the 17 patients. The cohort results are shown in 
plots (b) and (d) for % INV+ and % Dsg1, respectively as box-and-whisker plots. The box boundaries indicate the 25th and 75th percentiles, while the whiskers represent the 10th 
and 90th percentile. The median is represented by the line (—). Independent sample t-tests were performed. ***p  <  0.001.
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features when the skin is subjected to lateral-pulling forces [22]. The 
consequences of increased levels of Dsg1 in PU corneocytes should 
be further investigated, since an increase in SC cohesion (cells 
strongly attached to each other) may influence skin resistance to 
pressure and shear forces.

Moreover, the current study has revealed an increase in the level 
of immature CEs at the PU sites (p  <  0.001). Increased levels of 
immature CEs have been previously observed in irritated skin [23]
and scaly inflammatory dermatoses [24,25] and related to impaired 
barrier function [23]. The formation of a mature CE is a complex 
process regulated by factors such as a calcium gradient and certain 
cytokines. These signalling molecules control the expression of 
structurally important proteins involved in building the CE (inter
leukin-31), as well as in the lipid composition of the CE (interferon-

) and in cell-to-cell adhesion (interleukin-1 , IL-1 ) [25]. A com
plimentary analysis of the category 1 PU patients in the present 
study revealed an upregulation of IL-1 , compared to a negative 
control site [14]. Therefore, the increased level of immature CEs 
found in this study may be due a cytokine action on certain sig
nalling pathways, namely the release of pro-inflammatory proteins.

The study of corneocyte stiffness revealed considerable inter-subject 
variability, with the Young’s moduli ranging from 60 to 640 MPa at the 
control site, and 140–600 MPa at the PU site (Fig. 5a), but without 

significant differences between the PU and control sites since the 
median values at both sites 310 MPa (Fig. 5b). Previous studies of 
isolated SC have observed an increase in the values of the Young’s 
modulus of SC with age [26,27]. In fact, CEs from aged skin have been 
observed to present a reduced amount of loricrin and filaggrin, and an 
increase in small proline-rich proteins [28]. Moreover, the reduced levels 
of filaggrin may compromise the keratin assembly and cross-linking. 
Further research should analyse the modulus of corneocytes from el
derly healthy subjects, enabling comparisons with hospitalized in
dividuals. This would establish maturation and mechanical property 
thresholds for healthy and compromised skin.

The current study is limited by the relatively small sample size 
(17 patients) and a homogeneous cohort of elderly Caucasian in
dividuals, which limits the generalisability of the results to other age 
groups and ethnic backgrounds. Furthermore, corneocytes were 
collected from a control site away from the PU site, but there was no 
control for elderly healthy subjects. Previous studies have shown 
that cells from aged skin are usually thinner and larger in area [29], 
but with no alteration of the number of CNOs [30]. Moreover, due to 
ethical constraints of the study, biopsies were not taken from the 
skin of deeper layers, preventing histological evaluations. This is 
something to consider in future studies in order to corroborate 
changes in deeper layers of the SC and epidermis.

Fig. 4. PU samples presented higher levels of Dsg1 staining. Distribution of Dsg1 at the surface of superficial corneocytes as an indirect measure of CDs. Most patients had a typical 
honeycomb pattern with Dsg1 mostly at the cell periphery of the control site. However, the corneocytes at the PU sites showed varying degrees of a more uniform distribution of 
Dsg1 over the cell surface across the cohort. Scale bar = 100 µm.
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Detecting early skin damage is vital for effective preventive 
strategies. However, even experienced clinicians face the challenges 
of a subjective evaluation by visual observations to detect PUs 
[31,32]. Prior theories overlooked SC’s role in tissue integrity. This 
research finds early skin damage affects corneocytes, prompting 
investigation into underlying pathways. Determining if they stem 
from inflammation or microclimate/mechanical forces that remove 
the outermost cell layers could provide deeper insights into PU 
causes.

In summary, the present study revealed distinct changes in the 
topographical, maturation and CE area properties of superficial 
corneocytes in category 1 PUs when compared to a healthy adjacent 
site. Topographic features in the PU sites included the presence of 
CNOs, as well as increased levels of Dsg1 in the central surface re
gions of the cells. Moreover, an increase in the levels of immature 
CEs was observed, in the absence of mechanical stiffness differences. 
Thus, this study demonstrates that early skin damage can be char
acterised by changes in superficial skin cells, which are active 
components of the first skin barrier i.e., the SC. Future research 
should focus on the changes of elderly skin cells compared to those 
from young skin, and different skin damage mechanisms e.g., 
moisture, biochemical and mechanical, to understand the role of the 
SC in maintaining skin tissue integrity.
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