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Abstract

Background Atopic dermatitis (AD) is characterized by skin barrier defects that are often measured by biophysical tools that observe the 
functional properties of the stratum corneum (SC).

Objectives To employ in vivo infrared spectroscopy alongside biophysical measurements to analyse changes in the chemical composition of 
the SC in relation to AD severity.

Methods We conducted an observational cross-sectional cohort study where attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy measurements were collected on the forearm alongside surface pH, capacitance, erythema and transepidermal water 
loss (TEWL), combined with tape stripping, in a cohort of 75 participants (55 patients with AD stratified by phenotypic severity and 20 healthy 
controls). Common FLG variant alleles were genotyped.

Results Reduced hydration, elevated TEWL and redness were all associated with greater AD severity. Spectral analysis showed a reduc-
tion in 1465 cm–1 (full width half maximum) and 1340 cm–1 peak areas, indicative of less orthorhombic lipid ordering and reduced carboxylate 
functional groups, which correlated with clinical severity (lipid structure r = –0.59, carboxylate peak area r = –0.50).

Conclusions ATR-FTIR spectroscopy is a suitable tool for the characterization of structural skin barrier defects in AD and has potential as a 
clinical tool for directing individual treatment based on chemical structural deficiencies.

What is already known about this topic?

• The skin of patients with atopic dermatitis (AD) is characterized by atypical lipid levels and structure, diminished natural moisturizing 

factor (NMF) and filaggrin deficiency.

• As a result of these structural alterations, normal skin barrier function is reduced.

• Purpose-built probes or assays are typically used to monitor and quantify biochemical changes, such as pH, moisturization factors, 

hydration and transepidermal water loss (TEWL), on the epidermal surface as a result of the onset of dermatitis.

What does this study add?

• Characteristics from the mid-infrared spectra collected from participants’ skin provided molecular insight into the pathogenesis 

of AD.

• Lipid- and carboxylate-associated mid-infrared peaks were strongly associated with biophysical measurements, including skin hydra-

tion, NMF and TEWL.

• Peaks analysis also indicated a filaggrin deficiency, caused by genetic deposition or inflammatory action.

• Early detection of a genetic predisposition to AD would allow for preventative measures to be undertaken.
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2 Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

Atopic dermatitis (AD) is a common chronic skin condition 

characterized by inflammatory lesions and is linked to the 

development of comorbidities such as food allergies and 

asthma.1 Skin affected by AD exhibits multiple physiological 

abnormalities of the stratum corneum (SC), including altered 

lipid lamellae composition, reduced filaggrin expression and 

decreased levels of natural moisturizing factor (NMF).1,2 

These defects negatively affect permeability barrier function, 

commonly measured by transepidermal water loss (TEWL), 

skin surface pH and capacitance; however, little pathological 

insight is gained from these tools alone at the molecular level.1

Attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR), a form of molecular spectroscopy 

optimized for the analysis of surfaces, offers potential as a 

rapid, noninvasive research tool to analyse the molecular 

make-up of the SC.3–5 This study focused on the in vivo 

analysis of skin barrier (SB) structure and function in a cohort 

of adult participants with AD ranging from almost clear to 

severe and compared them with a healthy control group, 

using ATR-FTIR spectroscopy as a complementary molec-

ular tool to gold-standard biophysical and biochemical tech-

niques. The aims were to further characterize the structural 

defects that predispose people to AD, to test the capability 

of ATR-FTIR as a clinical tool to rapidly assess the specific 

chemical changes in the SC structure of patients with AD, 

to identify biomarkers linked to AD risk and to inform the 

design of future SB interventions.

Materials and Methods

Study design and setting

An observational cohort study was undertaken to compare 

the structure, function and chemical composition of the SB 

of patients with AD and healthy controls. A target of 80 par-

ticipants was set (60 patients with AD and 20 healthy  control 

participants). Recruitment was open to male and female vol-

unteers, who, if they met the specified inclusion  criteria, 

were recruited on a first-come, first-served basis (Table 

S1; see Supporting Information). Participants underwent a 

 single skin assessment of the right and left volar forearms 

at the Sheffield Dermatology Research Facility between 

January and May 2015.

Outcomes

The primary outcomes were the change in molecular com-

position measured by ATR-FTIR, and the biophysical and 

biochemical properties of the SC in patients with AD vs. 

healthy controls using gold-standard assessment tools com-

monly used in dermatological studies. Secondary outcomes 

included the modulating effect of FLG mutations and emol-

lient use by participants.

Biophysical measurements

All measurements were collected at 19–24 °C and 30–60% 

relative humidity. Participants were asked not to apply 

AD-specific topical treatments within 12 h and other topical 

treatments 1 week prior to measurement collection. Before 

any measurements were taken, participants exposed their 

test sites for 20 min. Capacitance, redness and skin surface 

pH were measured using a corneometer CM825, mexam-

eter MX18 and pH meter PH905 (CK Electronic, Cologne, 

Germany), respectively, in triplicate. TEWL was measured 

in duplicate by Aquaflux (Biox Systems, London, UK) as a 

measure of SB function.

Skin tape stripping

Sites were subjected to skin tape stripping (STS) after all sur-

face measurements were taken. STS involved the repeated 

application and removal of polyacrylate ester adhesive discs 

(D-Squame discs; CuDerm, Dallas, TX, USA). To ensure a con-

sistent pressure (225 g cm–2) over the entirety of the disc, a 

plunger device was applied for 5 s following the application. 

TEWL and spectroscopy measurements were taken after 

every 4 sequential tape strips until 20 serial tape strips were 

removed. The amount of protein removed by tape stripping 

was quantified using infrared densitometry (SquameScan 

850A; Heiland Electronic, Wetzlar, Germany). Equating 100 µm 

cm–2 protein to 1.9 ± 2 µm SC removed by STS allowed the 

measurement depth to be estimated. The total SC thickness 

of each participant was estimated through the relationship 

between mass removed and TEWL, based on Fick’s first law, 

following the methodology detailed elsewhere.6–9

Attenuated total reflection Fourier transform 
infrared spectroscopy

Measurements were taken using a Nicolet™ iS50 spectrom-

eter (Thermo Fisher Scientific, Waltham, MA, USA) fitted 

with a silver halide probe (Flexispec PIR900; Art Photonics, 

Berlin, Germany) and a mercury cadmium telluride detec-

tor cooled with liquid nitrogen prior to sampling. Nitrogen 

gas purged the device at 25 psi for the duration of scan-

ning to remove interference from local atmospheric gases. 

A single measurement was taken on each site, consisting 

of 32 scans collected for both skin measurements and back-

ground at 2 wavenumber resolution. Quantification of peak 

intensity and location was done using OMNIC 9.0 software 

(Thermo Electro, Madison, WI, USA). All quantitative peak 

intensities were calculated relative to the amide II bond of 

protein at 1550 cm–1 to account for different contact pres-

sures. Owing to the penetration depth of ATR-FTIR being 

approximately 1 µm, STS was undertaken to profile the SC, 

as in previous studies.10

FLG genotyping

Genomic DNA was extracted from buccal swabs using a 

QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). The five 

common FLG variant alleles were genotyped with a multiplex 

kit (Mentype; Biotype Diagnostic, Dresden, Germany) and 

3730 sequencer (Applied Biosystems, Foster City, CA, USA).

Laboratory analysis of natural moisturizing factor

Discs 1–3 and 4–6 were pooled, extracted in metha-

nol, dried and resuspended in 125 µL of water. Duplicate 

samples (25 µL) were injected into a high-performance 

liquid chromatography (HPLC) system (Shimadzu, Kyoto, 

Japan) equipped with an Aqua C18 column (Phenomenex, 
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3Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

Macclesfield, UK) to measure pyrrolidone carboxylic acid 

(210 nm) and urocanic acid (270 nm). The same sample was 

used to quantify the free amino acid pool by o-phthalalde-

hyde derivitization.11 The sum of each component was nor-

malized to the SC mass removed by STS to give a single, 

composite measure of NMF (discs 1–6).

Visual scoring

Visual assessments of dryness, redness and overall disease 

severity [SCORing Atopic Dermatitis (SCORAD) and Eczema 

Area and Severity Index (EASI)] were recorded for each par-

ticipant before biophysical measurements were collected 

(Tables S2, S3; see Supporting Information). EASI score grad-

ing boundaries for group assignments are provided in Table 1.

Statistical analysis

Data from all 75 participants were analysed using PRISM 

9 (GraphPad Software, La Jolla, CA, USA). Comparisons 

between healthy participants and AD severity groups 

were made using a one-way ANOVA and Tukey’s post-

test. Correlation analysis was reported using Pearson or 

Spearman r values, as indicated. The threshold for statisti-

cal significance was P < 0.05. Results are presented as the 

mean (SD) unless otherwise stated.

Results

In total, 75 participants consented to take part, and all com-

pleted the study. The demographic characteristics of the 

study group, stratified by AD severity, are shown in Table 1. 

The mean EASI scores were 3.40, 11.65 and 34.70 for the 

mild, moderate and severe AD groups, respectively. As 

the severity of AD increased, forearm skin sites exhibited 

lower capacitance (a measure of hydration), with a signifi-

cant 11.9 arbitrary unit (AU) decrease from healthy to severe 

skin (Figure 1a). TEWL and objective redness increased by 

14.3 g m–2 h–1 and 83.0 AU, respectively, from healthy to 

severe AD skin (Figure 1b, c). On average, skin surface pH 

increased from 4.78 in healthy skin to 5.12 in AD skin, but 

the difference was not statistically significant (Figure 1d). 

SB integrity was determined by STS in conjunction with 

TEWL measurements (Figure 1f, g). The depth reached in 

the SC with STS decreased from 3.78 µm to 2.94 µm, with 

an increase in AD severity from healthy to severe (Figure 1e). 

With controlled SC removal, TEWL increased at a greater 

rate in people with increased AD severity – indicative of 

weaker SC integrity – with the exception of those in the 

severe group. This was supported by comparing the area 

under the curve (AUC), with a significant +94.39 AU mean 

difference seen between people in the healthy and moder-

ate AD groups (P = 0.004; Figure 1g).

Average ATR-FTIR spectra from forearm sites for partici-

pants in each AD severity group showed broad differences 

in absorption at the skin subsurface and were used to iden-

tify spectral components for further analysis (Figure 2a, b). 

For example, at 2850, 1465 and 1740 cm–1, the amount and 

conformational order of SC lipids were analysed. Increased 

AD severity resulted in a concomitant increase in absorption 

at 2850 cm–1, highlighting a higher prevalence of total lipids 

relative to protein in severe AD (0.39 AU) vs. healthy skin 

(0.22 AU; Figure 3a). A decrease in second-derivative full 

Table 1 Cohort demographics

Set analysis

AD severity
Clear 

(healthy; n = 20)
Almost clear 

(n = 11) Mild (n = 23) Moderate (n = 14) Severe (n = 7) All (n = 75)

Age (years)
 Mean (SD) 24.72 (6.65) 26.71 (12.71) 24.48 (7.78) 24.36 (10.27) 44.69 (24.06) 26.55 (12.05)
 Range 20–45 19–60 18–53 19–54 19–73 18–73
Sex (n)
 Male 5 3 5 8 4 25
 Female 15 8 18 6 3 50
Fitzpatrick skin type, 

median (range)

2.5 (1–4) 3 (1–4) 3 (1–4) 3 (1–4) 2 (2–4) 3 (1–4)

FLG mutation (n) 0 0 6 4 2 12
EASI
 Score boundaries 0 0.1–1 1.1–7 7.1–21 21.1–50 0–50
 Mean (range) – 0.44 (0.20–0.80) 3.40 (1.20–7.00) 11.65 (7.15–18.45) 34.70 (21.10–45.30) 8.69 (0.20–45.30)
Objective SCORAD, 

mean (range)

– 9.55 (3.70–16.75) 17.71 (7.60–34.50) 32.82 (16.70–62.50) 54.87 

(46.50–66.60)

24.61 

(3.70–66.60)
Dryness score (right and left mean volar forearms at baseline)
 Mean 0.00 0.10 0.21 0.61 1.08 0.30
 Median (range) 0.00 (0.00–0.00) 0.00 (0.00–1.00) 0.00 (0.00–1.50) 0.00 (0.00–1.00) 0.00 (0.00–3.00) 0.00 (0.00–3.00)
Redness score (right and left mean forearms at baseline)
 Mean 0.00 0.00 0.14 0.63 0.81 0.24
 Median (range) 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–1.00) 0.50 (0.00–0.75) 0.00 (0.75–1.50) 0 (0.00–1.50)
AD lesion (right and left forearms)
 Lesion 0 0 9 18 9 36
 No lesion 40 22 37 10 5 114

Emollient use < 24 h 

prior to skin 

assessment, n (%)

0 4 (36) 7 (30) 8 (57) 5 (71) 24 (32)

AD, atopic dermatitis; EASI, Eczema Area and Severity Index; SCORAD, SCORing Atopic Dermatitis.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
d
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

e
d
/lla

d
4
1
6
/7

4
5
1
5
7
1
 b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 2

6
 M

a
rc

h
 2

0
2
4



4 Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

Figure 1 Biophysical measurements of the skin barrier (SB). (a) Skin hydration measured as capacitance; (b) SB function measured as 

transepidermal water loss (TEWL); (c) objective redness; (d) skin surface pH; (e) cumulative protein removed as a result of skin tape stripping (STS) 

from 0 to 20 tape strips; (f) TEWL combined with STS as a measure of SB cohesion; (g) SB integrity measured as TEWL area under the curve 

(AUC) 0–6 µm from the surface of the stratum corneum in response to STS. Box-and-whisker plots depict the minimum, lower quartile, median, 

upper quartile and maximum values of each group. ‘+’ indicates the mean. Asterisks indicate the results of a one-way ANOVA with Tukey post-test: 

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. AU, arbitrary units; ns, not significant.
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5Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

width at half maximum (FWHM) peak area at 1465 cm–1 

(9.84 AU vs. 6.72 AU), combined with a significant shift in 

absorption frequency at 2850 cm–1, was observed between 

healthy skin (2850.38 cm–1) and severe AD (2851.06 cm–1), 

indicative of a more disordered lipid structure with increas-

ing AD severity (Figure 3d, g). As the ATR-FTIR technique 

is limited to a scanning depth of about 1 µm, a greater SC 

depth was analysed by combining measurements with STS. 

Figure 2 Chemical changes related to disease severity measured by attenuated total reflection Fourier transform infrared spectroscopy. Averaged 

forearm spectra of all participants within each severity group, after four serial tape strips removed, stratified by (a, b) atopic dermatitis (AD) severity or 

(c, d) use of emollient within 24 h prior to the study visit. Highlighted peaks correspond to functional groups indicative of (a) total lipid, (b) lipid esters, 

(c) amide I, (d) amide II, (e) total z-plane lipid, (f, g) carboxylates and (h) polyalcohols. Difference spectra highlight the chemical changes between (a, b) 

severe AD/healthy skin and (c, d) emollient use. (e, f) Spectra of two commercially available topical emollients are presented. AU, arbitrary units.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
d
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

e
d
/lla

d
4
1
6
/7

4
5
1
5
7
1
 b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 2

6
 M

a
rc

h
 2

0
2
4



6 Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

Figure 3 Differences in lipid composition of the skin of people with atopic dermatitis (AD) and healthy controls. Measurement of (a–c) total lipid 

amount via peak area, (d–f) lamellar lipid structure by lipid peak centre of gravity, (g–i) medial lipid structure (z-plane) through the second derivative 

area and (j–l) lipid esters through peak area relative to amide II by attenuated total reflection Fourier transform infrared spectroscopy. Spectroscopic 

parameters were measured after (a, d, g, j) four serial tape strips, (b, e, h, k) repeated until 20 tape strips were attained with (c, f, i, l) the average 

across 6 µm of stratum corneum presented. Box-and-whisker plots depict the minimum, lower quartile, median, upper quartile and maximum values 

present in each group. ‘+’ indicates the mean value. Outliers plotted as individual points. Asterisks indicate the results of a one-way ANOVA with 

Tukey’s post-test: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. FHWM, full width at half maximum; ns, not significant.
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The observed trend of decreased absorbance at 2850 cm–1 

and 1740cm–1 with STS suggested decreasing lipid and 

lipid ester abundance with increasing depth (Figure 3e, k). 

Overall, similar increases in lipid amount with a disordered 

structure were noted between the skin samples of healthy 

controls and those with severe AD across the full ∼6 µm SC 

analysed (Figure 3c, f, i). However, there was no difference 

seen in lipid esters between the groups at both the subsur-

face and throughout the SC (Figure 3j, k, l).

Functional groups linked to SC water content were also 

assessed via ATR-FTIR peak analysis and broadly showed 

reduced components of skin hydration associated with AD 

(Figure 4). The amide I/II peak ratio (an indirect measure 

of water content) showed significantly decreased hydration 

in the severe AD group (1.85 AU) compared with healthy 

participants (1.99 AU) across the full SC analysed (Figure 

4c). Peaks at 1410 cm–1 and 1340 cm–1, indicative of carbox-

ylate groups common to the constituents of NMF, showed 

changes with increased disease severity at both the sub-

surface and throughout the SC (Figure 4g–l). For example, 

throughout the ∼6 µm depth analysed, significant reduc-

tions in 1410 cm–1 and 1340 cm–1 peak areas were observed 

between healthy and severe AD skin (mean difference 

0.049 AU and 0.015 AU, respectively). Spectral NMF deri-

vation at 1340 cm–1 was validated by laboratory analysis of 

NMF from STS across the cohort (Figure S1; see Supporting 

Information). Here, a significant association was observed 

between both methods of NMF quantification (r = 0.55; 

P < 0.001), with a reduced 1340 cm–1 peak area observed in 

FLG variant allele carriers vs. wild-type carriers, regardless 

of disease status.

A third of participants applied a topical emollient to the 

skin within 24 h prior to the assessment.

By stratifying via emollient use, peaks associated with 

water, lipid and polyalcohol were shown to be elevated as a 

result of recent emollient application (Figure 2c, d), and the 

spectra of two common emollients also exhibited prominent 

peaks associated with water and lipid content (Figure 2e, f), 

as well as glycerol in the case of Cetraben® (Thornton & 

Ross, Huddersfield, UK).12 To ensure the ATR-FTIR results 

were not significantly affected by emollient use, the analy-

sis was repeated only in those with no recorded emollient 

use 24 h prior to assessment. As with the full cohort, the 

lipid amount was elevated and lipid structural alterations, as 

well as NMF depletion, were seen in patients with severe 

AD. However, the amount of polyalcohols was significantly 

lower (0.067 AU) in the severe AD groups with no emollient 

applied, and skin hydration also showed a greater statistical 

difference (P = 0.042 vs. P = 0.001) between healthy con-

trols and those with severe AD across the SC (Figure S2; 

see Supporting Information).

Correlation analysis was performed to associate spectro-

scopic features with biophysical measurements and clini-

cal scoring of disease severity (Figure 5). EASI score was 

strongly correlated with Z-plane lipid structure (r = –0.59) 

and carboxylate peak area (r = –0.50), supporting our prior 

observation of reduced lipid ordering and low NMF with 

exacerbated disease severity (Figure 5a, b). Furthermore, 

z-plane lipid structure is associated with SB function and 

integrity (TEWL20 AUC, r = –0.57; Figure 5c), in addition to 

carboxylate peak area (r = 0.50; Figure 5d). An increased 

carboxylate peak area at 1340 cm–1 was strongly related to 

greater skin hydration and reduced skin dryness, as deter-

mined spectroscopically (r = 0.70 and r = –0.47, respectively; 

Figure 5e). SB integrity (TEWL AUC) was inversely asso-

ciated with spectroscopic skin hydration and lipid z-plane 

structural changes (r = –0.57; Figure 5e).

Discussion

SB breakdown is a key feature of AD. Using a variety of ana-

lytical instruments, our results showed that the clinical scoring 

of disease is associated with the biophysical properties of the 

skin, with a weakening of skin permeability barrier function and 

integrity correlating with an escalation of severity. Molecular 

analysis using in vivo ATR-FTIR highlighted concomitant struc-

tural differences between clinical groups relating to lipid and 

NMF components up to an SC depth of 6 µm, highlighting 

pathological skin changes associated with disease severity 

that were rapidly determined with minimal invasiveness.

TEWL is used widely in dermatological research as a 

measure of SB function, and the results obtained in this 

study (i.e. that increased AD severity results in a higher 

recorded TEWL reading) are in agreement with other in vivo 

studies that assessed TEWL in participants with conditions 

that affect the structural integrity of the SC, such as AD.13–15

The increase in peak location, derived through centre of 

gravity (COG), to a higher wavenumber of the ∼2850 cm–1 

lipid peak, with an increase in AD severity, as well as the 

association shown when correlating this COG with TEWL, 

is consistent with the results of other in vitro and in vivo 

studies,7,15–19 which have shown that a shift in absorbance 

is caused by a change in conformation packing order, from 

an orthogonal towards a more liquid disordered phase. This 

alteration of lipid packing order is linked to SB function and, 

therefore, to the severity of AD onset.

Our results showed increased levels of lipid relative to 

protein present in the skin of participants with severe AD 

vs. healthy controls, even after the exclusion of participants 

who had used an emollient within 24 h prior to skin assess-

ment. This may appear to contradict other research in the 

area, which has linked SC lipid depletion to AD pathogene-

sis; however, the Raman spectrometer used in the study of 

Janssens et al. scanned at an increased SC depth than in 

the present study (4–10 µm vs. ≤ 1 µm prior to STS),20 and 

it was noted that a greater lipid/protein ratio was present 

nearer the surface of the skin.21 With increased SC depth, 

the difference between relative lipid amounts in various AD 

severity groups was seen to decrease, which is in agree-

ment with the findings of Janssens et al.20 Ishikawa et al. 

also highlighted that although total absolute ceramide (Cer) 

levels decreased in patients with AD, the amount of Cer[AS] 

increased.22 Shortening of ceramide chain length with an 

increase in AD severity has previously been identified in 

other studies, with lipids of chain lengths of < 34 carbon 

atoms being far more common in people with severe AD 

than in controls.15,16,20,22 Previous work has shown that AD 

treatment with emollients containing ceramides increased 

the lipid/protein ratio at ∼2850 cm–1 vs. standard emollient 

treatment.23 Thus, a high abundance of short-chain lipids 

may impact and increase IR absorbance, affecting the lipid/

protein ratio, even if absolute lipid amounts present in the 

SC decrease, as expected, with AD.
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8 Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

Figure 4 Differences in the nonlipid composition of the skin of participants with atopic dermatitis and healthy controls. Peak area analysis relative to 

amide II showing (a–c) stratum corneum (SC) hydration, (d–f) polyalcohols such as glycerol and (g–l) carboxylate components of natural moisturizing 

factor (NMF) by attenuated total reflection Fourier transform infrared spectroscopy. Spectroscopic parameters were measured after (a, d, g, j) 

four serial tape strips, (b, e, h, k) repeated until a total of 20 serial tape strips was attained with (c, f, i, l) the average across the first 6 µm of SC 

presented. Box-and-whisker plots depict the minimum, lower quartile, median, upper quartile and maximum values present in each group. ‘+’ 

indicates the mean value. Outliers are plotted as individual points. Asterisks indicate the results of a one-way ANOVA with Tukey’s post-test: *P < 0.05; 

**P < 0.01; ***P < 0.001; ****P < 0.0001). ns, not significant.
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9Characterization of skin barrier defects in AD with ATR-FTIR, S.F. Williams et al.

Figure 5 Correlation and component analysis of spectral features and visual skin assessments. (a) Mean stratum corneum (SC) z-plane lipid 

structure with Eczema Area and Severity Index (EASI) score. (b) Carboxylate amount with EASI score. (c) Mean SC total z-plane lipid with skin barrier 

integrity. (d) Mean total z-plane lipid structure with carboxylate amount. (e) Correlation matrix of biophysical measurements and spectral features. 

AUC, area under the curve; FWHM, full width at half maximum; HPLC, high-performance liquid chromatography; N/A, not applicable; NFM, natural 

moisturizing factor; TEWL, transepidermal water loss. ****P < 0.0001.
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Medial lipid structural packing was assessed via the peak 

centred at 1465 cm–1. Studies have shown that decreased 

FWHM measurements are caused by the transition from 

orthorhombic lipid packing to lower-order hexagonal pack-

ing, as well as a reduction in lipid chain length, which is 

also associated with lower SB integrity.15,18,19 The results 

seen here concur with those in the literature, with reduced 

orthorhombic packing seen in severe AD groups vs. less 

severe AD and healthy skin throughout the SC. A high asso-

ciation was seen when correlating FWHM at 1465 cm–1 

with TEWL, dryness and NMF abundance, suggesting this 

peak’s potential for use as a marker of SB integrity and SB 

NMF production defects resulting in the dry, scaly lesions 

typical of AD.

Dry, cracked skin is a symptom of AD, with increased 

dryness measured by capacitance associated with a more 

severe onset.24 Hydration measurements using ATR-FTIR 

via the amide I/amide II peak ratio showed reduced water 

levels in AD throughout the SC, with an overall correlation 

with capacitance observed.10,25 The abundance of NMF con-

tributes to the maintenance of SC hydration.

We assessed carboxylate group prevalence in the SC 

via absorbance at 1340 cm–1 and 1410 cm–1 wavenumbers, 

which were validated against direct measurements of NMF 

via HPLC. This indirectly measured NMF with ATR-FTIR, 

as carboxylic acid, produced via filaggrin metabolization, is 

a known component of NMF production.2,4,20 In agreement 

with other studies,4,15 we have shown greater NMF deple-

tion throughout the SC with an increase in AD severity.

Low NMF is associated with AD lesional skin, and FLG 

variant allele carriers suggest, in agreement with other 

 studies, that filaggrin production is important in the regu-

lation of a healthy SB, and gene mutations resulting in a 

lack of active filaggrin can contribute to the pathogenesis of 

AD.14,26–28 Given the role of filaggrin in NMF production and 

the clustering of filaggrin mutants’ skin sites with lesional 

and increased severity of AD, the close relationship between 

carboxylates, lipid structure, NMF and skin hydration shown 

in the correlation analysis validates our hypothesis that 

filaggrin mutations are linked to skin pathologies typically 

associated with eczema, such as skin dehydration.2,4 This 

clustering of FLG mutants with lesional skin sites also shows 

promise for FTIR-detected downregulation of filaggrin in the 

SC, resulting in NMF depletion, without the need for sample 

collection and lengthy laboratory analysis. As a deficiency of 

filaggrin is caused by genetic predisposition and/or inflam-

matory action, most strongly exhibited at lesional sites, if 

used on people prior to the onset of AD, we can qualitatively 

assess filaggrin production to identify AD risk.2,29,30

Correlations with the EASI score suggested that the car-

boxylate and lipid functional groups assessed contribute to 

the visual appearance of the skin and may impact the sever-

ity of AD. The combined assessment of lipid structure and 

amount of carboxylate, with the separation of FLG mutant 

and AD lesional skin from controls, further showed the link 

between filaggrin production and AD. This was validated 

by the correlations shown, with carboxylate amount and 

lipid structure inversely associated with both skin hydration 

and EASI. Uninvolved AD skin clustering close to healthy 

controls indicated that lipid structure alterations and NMF 

depletion are most severe within the AD lesions compared 

with the surrounding skin.

This was an adequately sized study cohort, similar to 

other in vivo observational studies of AD14,18,20; to achieve 

the study’s objectives, however, recruitment was biased 

towards patients with mild AD and lacked those exhibiting 

more severe symptoms. Volunteers were permitted to use 

emollients to combat symptoms within 24 h prior to their 

study visit if required, which impacted the analysis. Affected 

areas included peaks at 2850 cm–1 and 1040 cm–1 relating 

to chemical bonds found in lipids and polyalcohols such as 

glycerol, which overlap with prominent peaks found in two 

emollients recommended for AD treatment.31 It is likely that 

restricting emollient use further would have discouraged 

participation and may have further exacerbated recruitment 

to the severe AD group; we showed similar results after the 

exclusion of emollient users.

To maximize study participation, participant age was 

not restricted beyond excluding those < 18 years old, as 

there are links between SB function, thickness and TEWL 

with skin growth.32 Studies have shown a similar elevation 

in TEWL, indicating reduced barrier function, in children 

with increasing AD severity, and we believe the structural 

changes monitored here would also be applicable to SC 

functional changes in children.33,34 This study did not involve 

volunteers with Fitzpatrick skin types from V to VI, who are 

far less likely to carry FLG mutations.35 We have shown here 

that FLG mutations were not an exclusive driver in filaggrin 

deficiency, ascertained through NMF abundance, and that 

lipid structural changes, which can affect all skin types with 

AD, are relevant to filaggrin production.

We have provided molecular characterization of the lipid 

defect in the SC of participants with AD vs. controls through 

ATR-FTIR. Associations between spectral features and sur-

face biophysical measurements, such as carboxylate and 

amide I–II peak relationships correlating with the laborato-

ry-assessed NMF volume from the skin surface, indicate the 

potential of ATR-FTIR as a multifunctional tool capable of 

collecting measurements typically recorded by purpose-built 

devices and/or time-consuming and costly laboratory assays. 

Through the combined assessment of peaks associated with 

lipid structure and carboxylate amount, filaggrin deficiency – 

through either genetic predisposition (FLG mutations) through 

inflammatory action, which is related to the presence of NMF 

in the SC, skin hydration and overall severity of AD – has been 

identified with ATR-FTIR. This highlights the potential use of 

ATR-FTIR as a clinical bedside tool that could rapidly identify 

biomarkers important in the progression of AD and help direct 

individual treatment on a case-by-case basis. Identification of 

biomarkers such as filaggrin deficiency in children could help 

identify those at risk of developing AD so that preventative 

measures may be enacted.
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