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A B S T R A C T

Background: To visualise and characterise skin architecture, the tissue usually has to be destroyed and

labelled.

Objectives: The use of Fourier transform infrared (FTIR) spectroscopy as a label-free, minimally sample

destructive method to define hair follicular structure has been explored and demonstrated in this paper.

Methods: Human scalp skin cryosections were imaged using FTIR microscopy and the data was

subsequently analysed with N-FINDR spectral unmixing algorithm.

Results: This resulted in an excellent distinction of known hair follicle tissue layers, which could be

discerned based on their molecular structure.

Conclusion: The development of a minimally sample-destructive, label-free spectroscopy based

technique that can differentiate layers of cells in the dermal papilla and connective tissue sheath in

the mesenchyme of the hair follicle paves the way forward to identifying spectral markers important in

wound healing and stem cell therapies.

� 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

With the purpose of defining skin architecture and to
characterise its appendages, the tissue usually has to be destroyed
and labelled. For efficient use of such precious tissue samples, a
label-free intravital method to image and characterise the skin and
its appendages is required. The hair follicle is an optimal model
system for exploring such label-free tissue/cell imaging and
characterisation methods, as the hair follicle has a defined and
well-characterised anatomical structure, and its cell types are well
studied. Distinct cell types are clearly segregated in their
respective compartments.

While staining the hair follicle sections with haematoxylin and
eosin allows clear visualisation of the different follicular compart-
ments (example in Fig. 1), it does not present their molecular
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features. Immunohistochemistry utilising specific antibodies
permits the elucidation of information of specific proteins but
prior knowledge is required and is a largely time-consuming and
laborious process. Vibrational spectroscopy, on the contrary,
allows the examination of molecular contents in a cell/tissue
sample without labelling or prior knowledge of the cells [1].

Fourier transform infrared (FTIR) spectroscopy is a label-free
technique that has been applied to the studies of different types of
biological samples, to elucidate the molecular differences between
cell and tissue types [2–7]. Since the infrared (IR) light does not
damage samples and the IR absorbance directly correlates to the
concentration of the functional group, not only is FTIR spectrosco-
py minimally sample-destructive and label-free. As the samples do
not have to be labelled, they are reusable for further analyses. FTIR
spectroscopy is moreover semi-quantitative; the intensity of the
peaks correspond to the concentration of the vibrational groups,
and highly sensitive to molecular changes in biological samples [2–
7]; shifts in peak positions reflect changes in molecular structures
of the vibrational groups. Analyses of spectra from biological
samples can yield information on their contents in terms of
proteins, nucleic acids, lipids and carbohydrates. Information on
y Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. (A) Microscopic image of an anagen VI human hair follicle (proximal part

only) in a skin section, stained with haematoxylin and eosin. The staining helps

define the hair follicular compartments but does not provide information on

chemical composition. Scale bar: 100 mm. DP (dermal papilla, demarcated by the

dotted white line), CTS (connective tissue sheath), IRS (inner root sheath), ORS

(outer root sheath) and M (hair follicle matrix cells) belonging to the epithelium.

K. Lau et al. / Journal of Dermatological Science 63 (2011) 191–198192
the conformation of lipids, proteins and nucleic acids can
furthermore be extracted, by analysing their ‘signature bands’.
For example, the secondary structure of the proteins can be
deduced by the position of maximum IR absorptions in the amide I
and amide II bands [2,3]. By further use of multivariate data
analysis, major differences in the ‘finger print’ region (around
1800–800 cm�1) between samples can be revealed. Such combi-
nations of techniques are extremely powerful for identifying
‘abnormal’ cells in a tissue sample, such as malignant cells [4–6]
and for analysing the molecular differences between stem/
progenitor cells and their more mature counterparts [2,7–9].

The aim of this work is to explore the potential use of FTIR
spectroscopy to study single cells in the hair follicle, first by
examining the employability of FTIR microspectroscopy and
multivariate data analyses for discerning the tissue layers of the
hair follicle, purely by means of their spectral differences. In this
study we implemented N-FINDR spectral unmixing algorithm to
achieve this [10]. Briefly, N-FINDR determines the most extreme or
pure spectra within the data set, which are termed ‘endmembers’
(further elaborated in Section 2) [10]. Secondly, it was examined
whether the locality of the so-called endmembers provided by this
spectral unmixing algorithm matched the positions of the tissue
layers in the visible image. Thirdly, the level of correlation between
the spectral features and the biological features of each compart-
ment was inspected.

The hair bulb is of particular interest since it contains the
connective tissue sheath (CTS) and the dermal papilla (DP) where
multipotent stem cells are located [11–15]. These cells had been
shown to differentiate into adipocytes, osteocytes, chondrocytes,
haematopoietic, neuronal and smooth muscle cells [13,16–20]. The
distinct cell populations in different compartments – epithelial
cells, CTS cells, DP cells and adipose tissue – further rendered the
hair bulb suitable for addressing the above-mentioned questions
we aimed to tackle.

Although previously a lateral cross-section of a hair follicle has
been imaged using FTIR [21], it was neither characterised nor were
the tissue compartments defined by the collected spectra. To our
knowledge, this is the first report on using FTIR and multivariate
analysis to discern tissue layers in a longitudinal hair bulb section.
This report illustrates the biomolecular information extracted from
the spectra of the individual clusters from the FTIR map, and
discusses their biological significance in relationship to function.
Four samples originating from the two different patients and
different hair follicles were examined to confirm the reproducibil-
ity of the employed method.

2. Materials and methods

2.1. Sample origin

Human scalp skin was donated by routine facelift plastic
surgery patients. All experiments were carried out according to the
Helsinki guidelines, in compliance with national regulations for
the experimental use of human material. The excised skin strips
were transported in Williams E medium (Biochrom, Cambridge,
UK) on ice and were subsequently cut into blocks before snap-
freezing in liquid nitrogen and stored at �80 8C.

2.2. Skin section preparation

Snap-frozen skin strips were cryosectioned at 5 mm thickness
and skin sections containing anagen VI hair follicles were mounted
onto MirrIR low ‘e’ microscope slides (Kevley, OH, USA), which are
coated with a silver reflective coating and further coated with tin
oxide which minimizes the oxidation of the silver. The sections
were fixed with 4% paraformaldehyde (in phosphate saline buffer)
at room temperature for 20 min and washed 3 times with fresh
reagent to remove the embedding compound and thus minimise
spectral contamination.

2.3. Sample selection

FTIR measurements were performed on sections of hair follicle
of which the shape and completeness were satisfactory. Four data
sets (each data set acquired from a different section; Table 1) are
presented in this paper, with data set 1 presented in the main text
in details, and the rest are shown in the Supplementary Data. Data
set 1 was acquired from a hair follicle from Patient A, while data
sets 2–3 were from Patient B. Data sets 2 and 3 were acquired from
different sections of the same hair follicle (approximately 10 mm
apart).

2.4. FTIR measurement

The FTIR measurements were performed on a Perkin Elmer FTIR
2000 instrument in trans/reflection mode. Using Pemge30
software, a visible microscopy image was obtained to enable the
specification of map area. A map region was established around the
hair bulb (Fig. 2) of a 5 mm thick skin section, since we were
particularly interested in the mesenchyme of the hair follicle. The
interferograms were collected at a spectral resolution of 8 cm�1.
We applied an aperture size of 20 mm � 20 mm and a step size of
15 mm. During the map scan, 64 interferograms were co-added per
spectrum, spanning the frequency range of 4000–700 cm�1, and a
background measurement was performed after every 5 spectra to
minimize noise and water vapour signals.

2.5. Data analysis

The spectra were processed and analysed using MatLab software
(Mathworks, USA). The spectra in data set 1 displayed Mie
scattering artefacts [22], which severely affected the baseline in
the 4000–2500 cm�1 region, consequently only the 1800–
1000 cm�1 region was used in the ensuing analysis. The spectra
were smoothed (13 points) and linear baseline corrected. Three
regions in the map were omitted to remove artefacts from the
evaluation (see blackened areas in Fig. 2) where perturbation due to
liquid nitrogen refill was evident. N-FINDR, a spectral unmixing
method similar to vertex component analysis (VCA) [23] and



Table 1
Detected peak positions and the corresponding vibrational groups.

Wave number value (cm�1) Vibrational group (s) Refs

Endmember

1 2 3 4 5

1744 1744 1744 1744 1744 Carbonyl ester (C55O) (lipid) [30,31]

1648 1648 1648 1648 1648 Amide I

(C55O) (C–N) (N–R2) (protein)

[3,28,32]

1540 1532 1536 1532 1532 Amide II

(N–R2) + (C–N) (protein)

[3,32]

1452 1452 1448 1448 1448 CH2 and CH3 deformation vibrations due

to lipid contribution

[3,32]

1376 1388 1388 1388 1384 Methyl [32]

1284,1236 1284, 1240, 1204 1280,1232, 1204 1232 1276, 1228, 1204 Amide III

C–N stretching, (N–R2) and C–C stretching

[3,32]

* * * (*Collagen where triplet is present)

1156 1164 1160 1160 1160 C–OH in proteins

C–O in carbohydrates

[51]

– 1084 1080 1080 1084 Phosphodiester symPO2
� stretching [33,51]
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Fig. 2. (A) Microscopy image of an anagen VI human hair follicle in an unstained skin

section, mounted on a Kevley low ‘e’ slide, is shown. The purple hue comes from the

reflection of the thin silver coating. The red box indicates area of the hair bulb map

scanned by FTIR. Scale bar: 100 mm. The tissue layers can be distinguished by eyes

and are indicated by the labels SC (subcutis), DP (dermal papilla, demarcated by the

dotted white line), CTS (connective tissue sheath), and M (hair follicle matrix cells)

belonging to the epithelium. (B) Chemical image based on the integrated intensity

of the band at 1648 cm�1 (amide I). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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iterated constrained endmembers (ICE) algorithm [24], was applied
to the pre-processed data to extract five endmembers [10]. The
algorithm assumes that ‘‘pure’’ spectra are present in the dataset
and that they span the largest volume in the n-dimensional volume
spanned by the spectral points of all the spectra present in the data
set. Those assumed pure spectra are termed endmembers. In the
implementation of N-FINDR a dimension reduction using principal
component analysis (PCA) [25] was applied to the data set before
calculating the largest volume. In the dimension reduced data set
the positions of the ‘‘pure’’ spectra were found and the so-called
endmembers extracted from the non-dimensionally reduced
dataset. It must be noted that a pure spectrum does not refer to
a pure compound. Rather, it can refer to a mixture of compounds,
which can be detected in the sample. Ideally in our studies, the pure
spectra refer to different tissue compartments.

All other spectra in the data set are then described as linear
combinations of the found endmember spectra. This is achieved by
a least squares fit with a non-negativity constraint of the
endmembers to each spectrum in the data set. Each spectrum is
then assigned an abundance value for each endmember that can be
plotted in abundance maps. High abundances for one endmember
in a spectrum indicate highly similar spectral features to the
endmember and its spectrum. Overlapping of the components in
the image map indicates a constitution of different spectral
components in the spectra.

An evaluation was conducted to ensure the optimal number of
endmembers was chosen. This was performed through PCA, which
served to clarify the number of endmembers required to explain
>99.95% of the spectral variance of the entire data set. To
determine this number, the baseline corrected IR spectra (input
spectra) were compared with the linear combination of the
endmember spectra (output spectra) at the same point.

3. Results

3.1. Overall morphology and protein distribution according to IR

spectra

The FTIR map scanned hair bulb is as shown in the visible image
in Fig. 2A with a red box indicating the mapped area. The hair bulb
map scanned area, to trained eyes, clearly contains the tissue layers
dermal papilla (DP) which is in the centre, matrix cells surrounding
the DP which belong to the epithelium, connective tissue sheath
(CTS) which wraps around the hair follicle, separating the hair
follicle from its surrounding adipose tissue, with the outermost
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Fig. 3. The pure spectra of endmembers 1, 2 and 5 are shown in the left column, and

the abundance maps of the endmembers shown in the right column. The spectra

display infrared absorption intensity in arbitrary units against wavenumber values.

The positions of the peak are as labelled and the vertical yellow lines serve to mark

out bands assigned to the same vibrational groups. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
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cuticle of the CTS intercalating with the adipose tissue. According
to the chemical map plotted based on the integrated intensity of
the band at 1648 cm�1 (Fig. 2B), which is assigned to amide I,
protein is the most abundant in the centre where its locality
corresponds to the DP. The intensity of amide I is graded by its
colour showing downward gradation in the order of red, yellow,
green and blue. A decrease in the intensity of amide I can be seen,
from the centre outwards.

3.2. Specific FTIR spectra correspond to distinct hair follicle

compartments as shown in data set 1

Using N-FINDR, five endmembers were determined for data set
1, three of which are presented in details (Fig. 3), with the rest
briefly presented; further details can be found in Supp Data (Supp
Fig. 1). Assignments of the IR absorption bands from which the
chemical information can be interpreted, are tabulated in Table 1.

Endmember 1 has local abundances situated at the periphery of
the hair bulb and has a low overall IR absorbance indicating the
tissue is thin and porous where endmember 1 is present. The C55O
band peaked at 1744 cm�1 assigned to the ester carbonyl group of
fatty acids is very high relative to the absorbance displayed in the
other endmembers, showing lipid as a major component in the
periphery. Because there is also presence of proteins, indicated by
the amide I and II bands, and amide III at 1236 and 1284 cm�1,
endmember 1 is likely to represent the spectra collected from the
subcutis (SC) around the hair follicle, with some of the outer cuticle
of CTS included.

Endmember 2 has local abundances in the upper centre of the
map (Fig. 3), correlating to the location of DP. Its major bands
peaked at 1644 and 1528 cm�1 (amide I and II) show high
absorbance values compared to the amide I and II signals of the
other endmembers (Fig. 3). The strong presence of amide I being
the centre of the hair follicle is consistent with the chemical
image based on the integrated intensity of amide I (Fig. 3B). The
amide I band is a combination of three modes including
n(C55O) + n(C–N) + n(NH2), while the amide II band which peaks
at 1532 cm�1 is primarily composed of two modes n(C–
N) + n(NH2), with a shoulder at 1516 cm�1, as has been verified
using the second derivative of the spectrum. The peaks in amide I
with minima at 1644 and 1580 cm�1 indicate strong presence of
b-sheet secondary structure protein, correlating with known
intense immunostaining for anti-fibronectin found in the DP in
an anagen follicle [26,27]. Fibronectin is predominantly of b-
sheet secondary structure at room temperature [28,29]. The
endmember exhibits a broad relative intense feature with a
maxima at 1240 cm�1, suggesting collagen and phosphate
groups from nucleic acid remnants [5] are both present and
the breadth of the peak is due to their overlapping in the
spectrum [4]. Hence, endmember 2 is likely to represent spectra
from the DP cells.

Endmember 5 has high abundances in the periphery of the
mapped area and shows a relatively high amount of lipid, as
indicated by the strong band at 1744 cm�1, assigned to ester
carbonyl mode of lipids [30,31]. It also naturally has a large amount
of protein, as evinced by the intensity of the bands at 1648 and
1532 cm�1 [3,28,32]. The peaks at 1276, 1228 and 1204 cm�1 are
typically present in collagen [32,33]. The weak profile of the
collagen triplet between 1300–1200 cm�1 in endmember 5
suggests that collagen is not a major protein component.
Endmember 5 comprises of lipids, proteins, collagen and
carbohydrate (1156 cm�1), and lies in the left periphery of the
mapped area, strongly suggesting that endmember 5 represents
CTS connected to the SC. The major difference between end-
members 1 and 5 lies in the proportion of proteins in the
endmember and the overall IR absorbance.
Position-wise, endmember 3 (Supp Fig. 1) being situated
between endmember 1 (SC) and 2 (DP), is distinctive of CTS. This
is supported by the strong presence of amide I and II and the so-
called collagen triplet, less intense C55O band. Endmember 3 likely
represents CTS proximal to the DP.

Endmember 4 is characterised by its high amide I to carbonyl
ester ratio, which indicates that proteins are the main component
in this endmember. In the second derivative spectrum its peak
within the amide II band at 1512 cm�1 (data not shown) can be
attributed to intracellular keratins, of which presence is known in
the hair follicle epithelium [34,35]. Therefore, endmember 4 likely
represents the hair follicle matrix cells of the epithelium.
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Fig. 4. (A) The abundance maps of endmembers 1 (red; SC), 2 (green; DP) and 5 (blue; CTS) are displayed on one map. The overlapping areas between blue and green indicate

pixels with characteristics of both endmembers 2 (DP) and 5 (CTS) in their spectra. Overlapping is found neither between endmembers 1 (SC) and 2 (DP), nor 1 (SC) and 5

(CTS). (B) The abundance maps of endmember 2 (green; DP), 3 (lilac; CTS) and 4 (yellow; M) are plotted on the same map. Slight overlapping can be found between

endmembers 2 and 3, as well as 2 and 4. SC, subcutis; DP, dermal papilla; CTS, connective tissue sheath; M, hair follicle matrix cells. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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3.3. N-FINDR abundance maps in relation to hair follicular anatomy

By assigning a colour to each endmember and showing their
abundance distribution, a spatial presentation of endmembers was
achieved (Fig. 4). The presentation of the abundance of end-
members 1 (SC), 2 (DP) and 5 (CTS) in Fig. 4A shows no overlapping
between endmembers 1 (SC with some outer CTS cuticle), and
endmember 2 (pure DP). A small degree of overlapping between
endmembers 2 (DP) and 5 (CTS) exists, and does also between
endmembers 1 (SC) and 3 (CTS) (Fig. 3B). The distribution of
endmembers 3 (CTS) and 4 (epithelium) can also be seen in Fig. 4B.
The brownish pixels correspond to overlapped endmembers. By
displaying the abundance maps of endmembers 2 (DP), 3 (CTS) and
4 (epithelium), it can be clearly seen that endmember 4
(epithelium) is located in between (Fig. 3B). The spatial informa-
tion of the endmembers relates to one another in such a way that
they resemble the positions the tissue layers are found in the
mapped hair bulb (Fig. 2A).

4. Discussion

To enable the study of cells in the hair follicle in a label-free and
minimally sample-destructive manner, a method that permits the
observation and identification of cells within the hair follicle was
developed and demonstrated by FTIR mapping and N-FINDR.
Without labelling, the chemical information of each layer was
evidently extracted from the endmember spectra. The aperture
size of 20 mm and interval of 15 mm provided a spatial resolution
sufficiently small to differentiate between layers, yet large enough
to produce good signal-to-noise ratios in the spectra. The
parameters did not enable single cell lateral resolution, but as
the aim of this work was to discern tissue compartments, higher
resolution was in this case not sought.

4.1. Biological relevance of the N-FINDR results

The human anagen VI hair follicle is well extended into the SC
and the hair follicle mesenchymal stem cells (MSCs) are known to
differentiate into a number of lineages including adipocytes
[13,16,18]; paraformaldehyde was thus chosen as a fixing agent
to preserve the lipid features in our sample.
Our data show that the centre of the follicle is lipid poor and
protein rich (see endmember 2, Fig. 3). Thus, our report is in line
with a published study where FTIR spectroscopy imaging was
applied on a skin tissue sample, in which a cross section of the hair
follicle was captured [21].

By using a combination of FTIR spectroscopy and N-FINDR
spectral unmixing analysis, the CTS and the DP could be
differentiated as they express different endmembers. The litera-
ture has shown that CTS and DP fibroblasts contain different
properties and functions (Table 2). For instance, the expression of
cell surface markers differs; the protein expression of CD10 in vivo

by CTS and the absence of which in the DP and the surrounding
interfollicular dermis [36,37]. Functionality-wise, the DP cells (but
not the CTS cells) produce and release anagen inductive signals
such as WNT and bone morphogenic protein signalling molecules
[38,39], and continue to stimulate hair growth by releasing
signalling molecules such as insulin-like growth factor 1 and
fibroblast growth factor 7 towards the matrix cells [40]. The FTIR
data are therefore consistent as N-FINDR clearly separated the DP
and the CTS into distinct entities; and have shown the highest
protein level was found in the DP among the tissue layers,
consistent with its role of actively synthesising signalling
molecules essentially composed of protein.

The CTS is composed of fibroblasts and a collagenous matrix
characteristic of connective tissues. It functions as a tissue sheath
surrounding the hair follicle and separates the follicle from its
neighbouring SC. Due to the connection of the CTS outer cuticle to
the adipose of the SC, the spectra obtained from the region
(endmembers 1 and 5) reflected a high lipids level as expected.
The MSCs in the CTS have already been shown to be able to
differentiate into multi-lineages including adipocytes in vitro

[13]. The increase in lipid contents towards the outer layers of the
CTS as reflected by our spectra, supports a published hypothesis
which suggested that the hair follicle mesenchyme was a source of
pre-adipocytes that could be found distributed around the hair
follicle, both during hair follicle development in foetal/neonatal
animals, as well as in adults [41]. It was deemed highly
conceivable that the pre-adipocytes contributing towards the
perifollicular subcutaneous adipose tissue originate from the hair
follicle mesenchyme and this phenomenon may well continue
into adulthood [41]; our data is clearly in agreement with this
hypothesis.



Table 2
The properties of DP cells, in comparison to CTS cells, are tabulated below.

Only found in DP cells Found in both CTS and DP cells

In utero (originally present as a condensed body of mesenchymal cells) DP cells induce

hair follicle placode development into hair germ during hair follicle formation

in foetal and neonatal skin, as well as in adult (murine) repaired wounds[52]

DP and trichogenic CTS cells in vivo have been shown to upregulate

alkaline phosphatase protein and smooth muscle actin

expression [53–56]

DP cells signal towards the hair follicle epithelium before a catagen (regression phase)

to anagen (growth phase) transition is initiated [40,45]

Cultured DP and CTS cells both spontaneously aggregated and

had similar morphology [56,57]

Both isolated DPs and CTS were able o induce de novo folliculogenesis

when implanted into sub-epidermal skin [58–60]
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According to the immunohistochemistry results in the litera-
ture, the DP should contain an ample amount of collagen in its
extracellular matrix [26,27,42–44]. The reason the collagen triplet
in endmember 2 is not as prominent as that in endmember 4 (CTS)
may be attributed to the presence of phosphate groups from
nucleic acid remnants and lipids [4], broadening what normally
should appear as a triplet. Nevertheless, the peak is 1240 cm�1

centred, where the maxima of the collagen triplet lies [32], and is a
clear indication of presence of both collagen and nucleic acids,
reflecting the high level of transcription. The high level of
transcription is in line with the knowledge of DP being an actively
signalling centre [40,45].

4.2. Suitability of using N-FINDR on hair follicle spectra

The N-FINDR abundance maps exhibit a transition of char-
acteristics between different endmembers in the hair bulb. Due to
the aperture size and the step size, it is inevitable that some spectra
consist of absorbance from cells in adjacent layers. Although this
could be thought of an instrumental limitation since reducing the
aperture size would also decrease the IR light reaching the sample,
resulting in a lower signal-to-noise ratio, the results also reflect the
transitional nature of tissue layers. For instance, where both DP
and CTS overlap (Fig. 4B), it is clear that the contributions of either
endmember are low, indicating this transitional zone is the inter-
DP/CTS boundary. While DP and CTS fibroblasts are distinguishable
from each other, they are also inter-exchangeable [46,47] and CTS
is capable of regenerating a DP [48,49]; thus some fibroblasts may
display both DP and CTS characters. Transitioning between
endmembers 3 and 5 is as predicted, as the CTS gradually becomes
more cuticle-like and interlaces with the surrounding SC. For the
mixing of endmember 4 (epithelium) with endmembers 2 and 3
(DP and mesenchyme), although distinct boundaries between
epithelial and mesenchymal layers can usually be drawn,
mesenchymal cells have been reported to interact with the
follicular epithelial cells [26]. Such interaction is mediated via
direct cell contact through a punctuated basement membrane, and
by extending cytoplasmic processes of mesenchymal cells into the
epithelial layer [26]. Moreover, CTS cells are known to penetrate
the glassy membrane between the outer root sheath of the
epithelium and the CTS to initiate cell contact with the epithelial
cells at the beginning of anagen [26].

While endmember extraction methods effectively show where
spectra display mixed spectral characteristics and to what extent,
analytical tools such as unsupervised hierarchical clustering
analysis and K-means clustering are also powerful [4,50]. However,
since these clustering methods result in hard borders, and our
spectra were recorded using aperture larger than an average cell
size, N-FINDR was chosen for a more realistic interpretation.

By applying N-FINDR to data sets acquired from different hair
follicles from two patients, as well as two sections from the same
hair follicle (see Supp. Data), the reproducibility of N-FINDR is
evidently demonstrated. Due to the different shapes and orienta-
tion of the hair follicles within the skin, no two hair follicles look
the same. The abundance maps of the endmembers in different
data sets are thus not identical. Nevertheless, the major tissue
layers were discernible by the FTIR spectral analysis.

4.3. Perspectives for the use of FTIR microspectroscopy in the hair

biology field

Having proven the employability of FTIR microspectroscopy to
distinguishing tissue types, the next immediate aim is to identify
and characterise single cells, based on their molecular fingerprints,
by improving the spatial resolution. This will be realised by the
help of focal plane array-, attenuated total reflection- and
Synchrotron-FTIR technologies, as well as Raman spectroscopy.
Future work points towards the identification of hair follicle stem
cells with FTIR spectroscopy and depicting their participation in
dermal wound healing.

5. Conclusions

The main purpose of this study was to demonstrate the
feasibility of applying FTIR spectroscopy and spectral unmixing
algorithms to tell apart major tissue layers in the hair follicle.
Having proven this applicability, we are confident that increases in
resolution will allow more minor details to be distinguished. The
potentials of vibrational spectroscopy for examining molecular
changes in the hair follicle have hereby been demonstrated and can
be applied in the future to an array of studies.

FTIR microspectroscopy and multivariate analysis have been
successfully applied to mapping human anagen VI hair follicle end
bulbs. To the best of our knowledge, this report demonstrates for
the first time the applicability of FTIR spectroscopy to discerning
the follicular tissue layers, based on their spectral variation, which
can be molecularly assigned. Thus, the molecular information of
the individual tissue layers can be simultaneously extracted
directly. By comparing the spectral features to the known
biological characteristics, the assignment of the clusters to the
tissue layers was confirmed. Though possible for visualising the
tissue layers, microscopy alone can neither directly elucidate
molecular information (unless the samples are stained), nor
provide a quantification of compounds. FTIR microspectroscopy,
on the other hand, can be used as a minimally sample-destructive,
non-labour intensive and semi-quantitative method.
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