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Abstract. Characterization of the biochemical composition of normal
bronchial tissue is a prerequisite for understanding the biochemical
changes that accompany histological changes during lung cancer de-
velopment. In this study, 12 Raman microspectroscopic mapping ex-
periments are performed on frozen sections of normal bronchial tis-
sue. Pseudocolor Raman images are constructed using principal
component analysis and K-means cluster analysis. Subsequent com-
parison of Raman images with histologic evaluation of stained sec-
tions enables the identification of the morphologic origin (e.g., bron-
chial mucus, epithelium, fibrocollagenous stroma, smooth muscle,
glandular tissue, and cartilage) of the spectral features. Raman spectra
collected from the basal side of epithelium consistently show higher
DNA contributions and lower lipid contributions when compared
with superficial epithelium spectra. Spectra of bronchial mucus reveal
a strong signal contribution of lipids, predominantly triolein. These
spectra are almost identical to the spectra obtained from submucosal
glands, which suggests that the bronchial mucus is mainly composed
of gland secretions. Different parts of fibrocollagenous tissue are dis-
tinguished by differences in spectral contributions from collagen and
actin/myosin. Cartilage is identified by spectral contributions of gly-
cosaminoglycans and collagen. As demonstrated here, in situ analysis
of the molecular composition of histologic structures by Raman mi-
crospectroscopic mapping creates powerful opportunities for increas-
ing our fundamental understanding of tissue organization and func-
tion. Moreover, it provides a firm basis for further in vitro and in vivo
investigations of the biochemical changes that accompany pathologic
transformation of tissue. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1805555]
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1 Introduction
The prognosis for patients with lung cancer essentially de
pends on the stage of the disease at the time of diagnosi
Because of this, there has been a shift in diagnostic and ther
peutic standards from a focus on cancer that presents itse
clinically, toward premalignant lesions@i.e., dysplasia and car-
cinoma in situ ~CIS!#. A number of optical techniques are
being evaluated as tools for detection of premalignant bron
chial tissue. Different studies have reported that laser-induce
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fluorescence endoscopy~LIFE!, when used as an adjunct t
standard white light bronchoscopy~WLB!, resulted in higher
overall sensitivity for detecting dysplasia and CIS when co
pared with WLB alone.1–5 However, this improvement in sen
sitivity is associated with a statistically significant decrease
specificity.5 Hence, there is a need for additional tools that c
detect premalignant epithelial changes with higher sensitiv
and specificity, and therefore could facilitate the treatmen
lung cancer. To make it possible to detect biochemical al
ations that accompany the development of lung can
knowledge about the biochemical composition of differe
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Koljenovic et al.
structures in normal lung tissue is essential. Raman spectro
copy provides information about the molecular composition,
molecular structures, and molecular interactions in tissue,6–9

but so far this technique has not been used to study bronchi
epithelium.

Raman spectroscopy is a nondestructive optical technique
based on inelastic scattering of light by the molecules in a
sample. Since different types of tissue will vary in their over-
all molecular composition, their Raman spectra will also be
different, and can therefore be used as tissue-specific spectr
scopic fingerprints. Pathologic changes in molecular compo
sition or structure are reflected in the spectra, enabling deve
opment of diagnostic tools based on Raman spectroscop
Application of Raman spectroscopy as a nondestructive tech
nique for ex vivo and in vivo tissue characterization~e.g.,
normal, precancerous, cancerous tissues! has shown signifi-
cant progress in recent years.6–16 Miniaturization of flexible
fiber optic probes that are suitable for Raman spectroscopy
opening new pathways towardin vivo clinical applications,
e.g., in cardiology and oncology.15,16A complicating factor is
heterogeneous structure and chemical composition of tissue
For a thorough understanding of tissue Raman signals, it i
necessary to analyze the contribution of different structures i
the tissue to the overall Raman signal.In vitro Raman mi-
crospectroscopic mapping studies of thin tissue sections pro
vides a clear insight into this matter and allows anin situ
biochemical analysis at a micron scale. So far, only one
study14 on lung tissue using Raman spectroscopy has bee
reported. However, that study, which addressed the feasibilit
of measuringin vivo Raman spectra without fluorescence
background using 1064-nm excitation and a newly develope
InP/InGaAsP multichannel detector, did not focus on a de
tailed characterization of the chemical composition of norma
lung tissue.

We report on the use of Raman microspectroscopic map
ping experiments and hematoxilin and eosin~HE! staining of
unfixed thin sections of normal human bronchial tissue, to
identify tissue regions with different chemical composition
and to relate these regions to tissue morphology. This inves
tigation serves as a starting point for a study of malignan
transformation of bronchial epithelium, and furthermore,
sheds light on the issue of composition and origin of the bron
chial mucus.

2 Materials and Methods
2.1 Sample Handling
The tissue specimens that were used in this study originate
from resection material obtained during surgical procedures a
the Department of Cardiothoracic Surgery of the Erasmus MC
Rotterdam. After excision, tissue samples were snap frozen b
immersion in liquid nitrogen and kept at280 °C until further
use. For sectioning, these frozen samples were mounted o
the cryotome stage using Tissue Tek®. Care was taken to on
embed the side of the sample needed for mounting to avoi
contamination of the rest of the specimen by Tissue Tek®
Mounted samples were cut into 20-mm-thick sections and
placed onto calcium fluoride(CaF2) microscope slides. The
passively dried, unfixed tissue sections were used without fur
ther treatment. To confirm whether tissue was normal and t
identify different structures within the bronchial wall, 5-mm-
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thick adjacent sections were cut before cutting 20-mm sec-
tions. Adjacent sections were stained with HE and histopat
logically evaluated. Bright-field images of the unstained tiss
sections revealed heterogeneity in tissue structure, wh
could be linked to the structural heterogeneity observed in
stained adjacent sections. This assessment was used to
regions for Raman mapping. To provide a direct comparis
of the Raman mapping results with histology, the 20-mm tis-
sue sections were HE stained as well, after Raman map
measurements were completed. To confirm whether the tis
morphology was consistent over the thickness, compari
with adjacent sections was performed for all 20-mm sections
after they have been microscopically scanned and HE stai
In this study, a total of 12 Raman mapping sessions w
performed on ten unstained cryosections of normal bronc
tissue derived from eight patients.

The Medical Ethics Review Board of the Erasmus M
approved the study, and written informed consent was
tained from each patient.

2.2 Reference Spectra
Reference Raman spectra were obtained of triolein, deox
bonucleic acid~DNA!, collagen type 1, actin, and tryptopha
~Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands!.
These compounds were used without further purificati
DNA ~from calf thymus! was dissolved in demineralized wa
ter ~20 mg/ml!. In addition, we also recorded the spectra
the tissue embedding agent used in this study~Tissue Tek®!.

2.3 Raman Microspectrometer
A near-infrared multichannel Raman microspectrometer, b
in-house, was used to collect the Raman spectra of tis
sections. This Raman system was recently described
detail.17 Briefly, laser light of 847 nm was focused on th
sample by an 803 objective, optimized for use in the nea
infrared ~NIR! spectral region~MIR-plan 803/0.75, Olym-
pus, Japan!. Raman signal was collected in the spectral int
val from 400 to 1800 cm21, with a spectral resolution of 8
cm21.

Automatic scanning of unstained cryosections~20 mm! of
bronchus tissue was enabled by anxyz-motorized, computer-
controlled sample stage~Leica DM STC, Cambridge, UK!.
The laser light was focused below the surface of the tissu
such a depth that the signal intensity was maximized.
each Raman mapping experiment, the tissue area and
scanning step size were selected. Thereby the area of int
was divided up into small square areas~hereafter termed Ra
man pixel!. Spectra were obtained consecutively from the t
sue in each of these Raman pixels with a resolution that
ied between 1 and 12mm in different experiments. The 803
microscope objective focused the laser light to a spot of l
than 1mm2. To obtain a spectrum that is representative of
tissue in a Raman pixel, the area of the Raman pixel w
scanned during each spectral measurement. Tissue sam
were excited with 90 to 110 mW of laser power during Ram
experiments. Spectra were obtained using 10 s of signal
lection time per Raman pixel.

Acquisition of Raman spectra and microscopic sta
movement was controlled by the WiRE 1.2 software~Ren-
ishaw! running under Grams/32 Spectral Notebase Softw
9 No. 6
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Raman microspectroscopic mapping studies of human bronchial tissue
~Galactic Industries Corporation, Salem, New Hampshire!.
Raman mapping software was implemented in Array Basic
~the internal software platform of Grams! and controlled the
Leica microscope unit and the microscope stage.

2.4 Data Analysis

2.4.1 Pretreatment of spectra
Following data acquisition, the spectra were first calibrated
and corrected for the wavelength-dependent signal detectio
efficiency of the Raman setup, as described earlier.18 Interfer-
ing background Raman signals originating in the optical ele
ments in the laser light delivery pathway and theCaF2 slide
measured separately were subtracted from the tissue Ram
spectra.

2.4.2 Raman maps
Pseudocolor Raman maps were constructed from the spectr
dataset using multivariate statistical techniques. The first de
rivative of the spectra was calculated~using the Savitzky-
Golay method with a smoothing window of nine points! and
the resulting spectra were subsequently scaled so that all th
derivative spectra of a map had zero mean and unit standa
deviation ~autoscaling or standard normal variate scaling!.18

In this way, the influence of any slowly varying fluorescence
or background scatter in the spectra, which is noninformative
was minimized.

To orthogonalize and reduce the number of parameter
needed to represent the signal variance in the spectral datas
principal component analysis~PCA!19 was used. PCA finds
the orthogonal directions in spectral space~principal compo-
nents or PCs! that describe the major sources of spectral vari-
ance. The first PC reflects the average spectrum: each subs
quent PC is orthogonal to the former and describes a
continuously decreasing part of the total variance in the
dataset. These PCs are then used as new coordinates, and
spectra in the dataset are expressed as scores on these n
coordinates~PCA scores!. The scores on the first PCs, to-
gether accounting for 99.9% of the variance captured, serve
as input for K-means cluster analysis~KCA!.20 Cluster analy-
sis was performed to find groups of spectra that have resem
bling spectral characteristics. KCA was used here because
can easily handle the large amounts of data obtained durin
Raman mapping experiments.

KCA divides the dataset in a predetermined number o
clusters by the following procedure~with N being the number
of clusters!. First, N spectra are chosen at random from the
dataset. These spectra are taken as initial cluster centers. Th
the distance of all spectra to these cluster centers is calculate
and the spectra are assigned to the nearest cluster~center!.
Then for each cluster, a new center is calculated, being th
average of all spectra assigned to that cluster. This procedu
is repeated until a stable solution is reached. This procedur
has recently been used and described in severalin vitro Ra-
man studies.11,12

A Raman spectrum presents the overall molecular compo
sition of the measurement volume in the tissue, because a
molecules in the measurement volume contribute to the Ra
man signal. Spectra that are highly similar, and therefore wer
obtained from tissue areas of very similar molecular compo
sition, end up in the same clusters. The cluster-membersh
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information was plotted as a pseudocolor map by assignin
color to each cluster. The location of differently colored are
in the pseudocolor Raman maps was compared with the
stained tissue section.

Depending on the size of the selected area and map
resolution, the number of pixels per Raman map varied fr
50 to 900 pixels for five Raman maps of small areas with
different bronchial structures~mapped with 1-mm resolution!
and from 1620 to 12544 pixels in seven experiments, wh
larger tissue regions were mapped~with 4.4- to 12-mm reso-
lution!, comprising epithelium and submucosa.

2.4.3 Raman difference spectra
Information about differences in biochemical composition
the various tissue structures can be obtained from posi
difference spectra, which are calculated by scaled subtrac
of the cluster averages from each other in such a way that
difference spectrum does not show negative Raman featu

2.4.4 Spectral modeling
A routine least-squares fitting procedure was performed
obtain information about the differences in chemical comp
sition between various histologic structures. The Raman sp
tra of individual histologic features were fitted with the spe
tra obtained from surrounding tissue plus the reference spe
of one or more compounds~i.e., collagen, actin, triolein, and
DNA!. This ~nonrestricted! fitting procedure resulted in posi
tive or negative fit contributions of the reference spectra t
point out higher or lower concentrations of the correspond
compounds in tissue structures that were compared. Rela
scattering cross sections were not determined, and there
all fit contributions are presented as arbitrary units and no
weight percentages.

3 Results
To provide an impression of the normal bronchial histolog
standard paraffin sections~HE stained! were prepared. Photo
graphs are displayed in Fig. 1. Figure 1~A! shows the basic
structure of the bronchial wall segment that comprises a c
ated columnar epithelium~indicated E! with underlying
lamina propria~indicated Lp, pointed with arrow! and subepi-
thelial tissue termed submucosa~indicated S!. The pseudos-
tratified bronchial epithelium@Fig. 1~B!# is made up of severa
cell types with the nuclei at the different heights within th
epithelium. Bronchial epithelium is coated by a liquid lay
termed bronchial mucus, which plays an important role in
defense of the respiratory tract from inhaled airborne partic
that are trapped in this epithelial lining and constantly clea
by the action of ciliary epithelial cells. Due to the stainin
procedure, bronchial mucus is mostly washed away and th
fore visible as a discontinuous epithelial coat in Figs. 1~A!
and 1~B!. The submucosa contains variable amounts
smooth muscle~indicated Sm!, a partial cartilaginous ring~in-
dicated C! and fibrocollagenous stroma with variable quan
ties of glands~indicated G! and gland ducts~indicated Gd!.
The bronchial glands are of the seromucous type and ha
branched architecture with secretory cells arranged in isla
termed acini. These glands are located superficially
deeply in the submucosa between and beneath cartilagi
plates. They empty into the bronchial lumen through short
medical Optics d November/December 2004 d Vol. 9 No. 6 1189



Koljenovic et al.
Fig. 1 (A) Micrograph (original magnification, 310) of a HE-stained section showing a transversally cut bronchial wall segment with the pseudos-
tratified columnar ciliated epithelium (indicated E), underlying lamina propria (indicated Lp, pointed by arrow), and submucosa (indicated S). Note
the seromucous glands (indicated G), band of smooth muscle (indicated Sm), a large, longitudinally cut, excretory gland duct (indicated Gd), and
a part of cartilage plate (indicated C), in submucosa. (B), (C), and (D). Micrographs showing (original magnification, 360) the histological structure
of bronchial wall in more detail. (B) Within the epithelium it is evident that the most of the nuclei are located at the basal side. Lamina propria (Lp)
is also visible. Bronchial mucus is mostly washed away and therefore visible as a discontinuous epithelial coat. (C) Seromucous glands (G) with the
(main) excretory duct (Gd). (D) Excretory gland duct at a transversal cut with surrounding fibrocollagenous stroma. (Note pink-stained bronchial
secretion in the lumen of gland duct.)

Fig. 2 (Following page) Raman microspectroscopic mapping experiments. (A1) Microphotograph of an unstained section of bronchial wall. Note
the presence of a hair-like structure (asterisk, Tissue Tek® artifact) and the liquid layer lining the epithelium (triangle). (B1) A gross overview Raman
map based on KCA using 16 clusters. Spectra (4248) were obtained at a resolution of 6 mm and each spectrum is represented by one pixel. Cluster
1 consists of the spectra obtained at the edge of the tissue section where no tissue was present. A hair-like structure and bronchial mucus (i.e., the
liquid layer lining the epithelium) are represented by clusters 2 and 3, respectively. Clusters 4 and 5 correspond with the pseudostratified bronchial
epithelium. The superficial part of epithelium, consisting of cytoplasmic components, is represented by cluster 4, cluster 5 represents the basal part
that is nuclei rich. Clusters 7 and 15 coincide with submucosal fibrocollagenous stroma tissue, and cluster 8 coincides with a band of smooth
muscle (due to loss of tissue during staining procedure not well preserved in HE section). Cluster 9 represents the fibrocollagenous tissue surround-
ing a transversally cut gland duct. Furthermore, there is a good correspondence of glandular tissue (i.e., seromucous glands and their ducts) with
clusters 4, 10, 12, 14, and 16. Note that cluster 3 indicates both the bronchial mucus lining the epithelium and the secretions within the lumen of
gland ducts. (C1) HE stain of the same tissue section showing a segment of the bronchial wall with epithelium (E) and underlying submucosal tissue.
Due to the staining procedure, bronchial mucus and gland secretions were washed away. (A2) Unstained bronchial tissue section containing
numerous glands (indicated G) and a partial cartilage (indicated C). (B2) A pseudocolor map (480 spectra, 8-mm resolution) based on KCA using 13
clusters. The secretory glands (main clusters 6 and 7), fibrocollagenous stroma (clusters 4, 5, 9, and 10), and the cartilage tissue (clusters 12 and 13)
are clearly distinguishable and can be easily relocated in the HE-stained section. (C2) HE staining of the same tissue section showing secretory
glands (G) and slightly blue stained cartilage (C). The gland secretions were washed out after HE procedure, as shown in Fig. 1(C). (A3) Unstained
section of an area consisting of a part of the bronchial epithelium and a part of the submucosa. (B3) Raman spectra (4598), obtained at a 4.4-mm
resolution, were analyzed by KCA using 11 clusters resulting in a pseudocolor map. At this higher resolution, the basal epithelial side is captured
by several clusters (clusters 1 to 5), indicating small areas with higher/lower nuclear contents. Cluster 6 coincides with the luminal epithelial side.
(C3) HE-stained section with the clearly visible lamina propria (Lp) that separates bronchial epithelium from underlying submucosal tissue.
1190 Journal of Biomedical Optics d November/December 2004 d Vol. 9 No. 6
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Koljenovic et al.
long ducts, depending on their location in the bronchial wall.
Glands and gland ducts are shown in more detail in Fig. 1~C!
and a transversally cut gland duct is shown in the medium
power micrograph in Fig. 1~D!.

3.1 Pseudocolor Raman Maps
The results of three Raman mapping experiments, which ar
representative of the 12 mapping experiments that were ca
ried out, are shown in Fig. 2. After scanning of the unstained
tissue sections@Figs. 2(A1), 2(A2), and 2(A3)], the acquired
Raman spectra were analyzed by principal component analy
sis ~PCA! followed by K-means cluster analysis~KCA!. This
procedure groups similar spectra in one cluster. Each cluste
was assigned a color resulting in a pseudocolor Raman ma
@Figs. 2(B1), 2(B2), and 2(B3)]. The HE staining caused
some loss and displacement of tissue, but the overall morpho
logic aspect of the bronchial wall was preserved@Figs. 2(C1),
2(C2), and 2(C3)]. Comparison of these HE-stained sections
with corresponding adjacent sections revealed that in all sec
tions measured, the tissue morphology was consistent over th
thickness of 20mm. This implies that the morphological ori-
gin of the spectra that were recorded was well defined. In Fig
2(B1), a Raman map with a pixel size of 636 mm is dis-
played. A comparison of this pseudocolor map with the im-
ages of the unstained@Fig. 2(A1)] and the HE-stained@Fig. 2
(C1)# tissue section shows that different colors in the Raman
map correspond with distinct histologic features in the bron-
chial epithelium and submucosal tissue. The hair-like struc
ture ~asterisk! and the bronchial mucus lining the epithelium
~triangle! that are visible in the unstained section clearly co-
incide with clusters 2 and 3 of the Raman map. Such hair-like
structures were frequently observed in the unstained section
but were washed away together with the bronchial mucus dur
ing the standard HE-staining procedure and proved to be a
tifacts. The Raman spectra of this structure~not shown! con-
tain signal contributions of both the medium in which the
tissue was embedded before sectioning~Tissue Tek®, spec-
trum shown later! and of the bronchial mucus. The bronchial
epithelium is divided up into two clusters in the pseudocolor
Raman map. Cluster 4 coincides with the superficial part, an
cluster 5 with the basal part of epithelium. This division re-
flects the fact that the nuclei are predominantly located on th
basal side of the epithelium. Therefore cluster 5 will be re-
ferred to as the nuclear epithelial cluster and cluster 4 will be
referred to as the cytoplasmic epithelial cluster. The fibrocol-
lagenous stroma tissue~clusters 7 and 15! and smooth muscle
~cluster 8! are clearly distinguished from glands and their ex-
cretory ducts~clusters 4, 10, 12, 14, 16!. It is evident that the
luminal content~i.e., gland secretions! of large gland ducts
@indicated Gd in Fig. 2(B1)] coincides with cluster 3 associ-
ated with the bronchial mucus at the epithelial surface. Due to
the staining procedure that washes away the secretory co
tents from glands and their ducts, these structures appe
empty in the HE-stained section, as shown in Fig. 2(C1).

Figures 2(A2), 2(B2), and 2(C2) show a region with nu-
merous glands and cartilage@Fig. 2(A1)] scanned with 8-mm
resolution. Again the gland secretions were washed out afte
routine staining. The Raman map@Fig. 2(B2)] and HE section
@Fig. 2(C2)] correspond well. Clusters 6 and 7 in the Raman
map represent the inner parts of most glands. Cartilage tissu
1192 Journal of Biomedical Optics d November/December 2004 d Vol.
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@indicated C in Fig. 2(C2)] is captured by clusters 12 and 1
in the Raman map.

A more detailed Raman map of bronchial epithelium@Fig.
2(B3)] was obtained at a resolution of 4.4mm. As is evident
from the HE-stained section@Fig. 2(C3)], epithelium is sepa-
rated from submucosa by a clearly visible lamina propria
dicated by cluster 8. Also in this Raman map, there is a cl
division between the luminal side of the epithelial cells~clus-
ter 6! and the basal side of the epithelial cells, which at t
higher resolution is captured in several clusters~clusters 1 to
5!.

3.2 Spectral Analysis

3.2.1 Bronchial mucus
The average spectrum obtained from bronchial mucus at
epithelial surface is displayed in Fig. 3 spectrum A@cluster 3
in Fig. 2(B1)]. Comparison with a spectrum of pure triolei
~Fig. 3 spectrum B! reveals a strong overlap. The differenc
of the spectra of bronchial mucus and triolein~Fig. 3 spec-
trum C! reveals peaks at;1159 and;1525 cm21, which
suggests the presence of carotenoids21 in bronchial mucus.
These carotenoid signal contributions were found in tiss
samples from four patients. The phenylalanine peaks at 6
1002, and 1031 cm21 and tyrosine peaks at 643, 833, and 8
cm21 were observed in the tissue specimens of all patie

Fig. 3 Raman spectrum of bronchial mucus. A: cluster-average spec-
trum obtained from bronchial mucus (BM) at the epithelial surface
from the unstained tissue section as shown in Fig. 2(A1) [cluster 3 in
Fig. 2(B1)]. B: Raman spectrum of pure triolein shows a striking corre-
spondence with BM spectrum. C: difference spectrum BM minus tri-
olein. The Raman peaks at ;1159 and ;1525 cm−1 suggest the pres-
ence of carotenoids. Spectral contribution from proteins is suggested
by peaks assigned to phenylalanine (at 623, 1002, and 1031 cm−1)
and tyrosine (at 643, 833, and 849 cm−1), indicated by arrows. Com-
parison with the Raman spectrum of pure tryptophan (D) reveals that,
although the presence of tryptophan signal contributions cannot be
completely excluded (gray bars), there is no clear evidence of the
lysozyme presence in the difference spectrum.
9 No. 6
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Raman microspectroscopic mapping studies of human bronchial tissue
This suggests that there is a slight contribution of proteins in
the spectra of bronchial mucus. Lysozyme is an importan
antibacterial constituent of bronchial secretions.22–24 The Ra-
man spectrum of lysozyme is characterized by strong signa
contributions of tryptophan~Fig. 3 spectrum D!.25 For com-
parison we have obtained the Raman spectrum of pure tryp
tophan. This shows that, although the presence of tryptopha
signal contributions cannot be completely excluded~Fig. 3,
gray bars!, the difference spectrum does not provide clear
evidence of the presence of lysozyme.

3.2.2 Epithelium
As illustrated by Figs. 1 and 2, the pseudostratified bronchia
epithelium consists of a single layer of cells with most of the
nuclei located on the basal epithelial side. The averaged spe
tra of the nuclear epithelial cluster@cluster 1 in Fig. 2(B3)]
and the cytoplasmic epithelial cluster@cluster 6 in Fig. 2(B3)]
are shown in Fig. 4~spectra A and B, respectively!. To inves-
tigate the underlying differences in molecular composition, a
difference spectrum~spectrum C! between these two cluster
averages was calculated~nuclear epithelial cluster minus cy-
toplasmic epithelial cluster!. The difference spectrum reveals
prominent Raman peaks at 501, 727, 784, 1096, and 157
cm21, which can be assigned to DNA~spectrum D, gray bars!.
As expected, the nuclear epithelial cluster contains a highe
DNA concentration than the cytoplasmic epithelial cluster. In
the same way, the nuclear epithelial cluster was subtracte
from the cytoplasmic epithelial cluster, resulting in the differ-
ence spectrum shown in Fig. 4 spectrum E. The strong band
at 1262 and 1305 cm21 are most likely due to fatty acid signal
contributions and therefore are probably indicative of a highe
concentration of lipids in the cytoplasmic epithelial cluster. A
higher protein concentration in this cluster can be deduce
from the presence of protein small peaks assigned to phen
lalanine~621, 1004, and 1033 cm21! and tyrosine~644, 831,
and 852 cm21!. Furthermore, the Raman bands in the 1546 to
1583 cm21 region are indicative of the presence of
hemeproteins15 such as catalase.24

3.2.3 Submucosa
Various spectral clusters were found in the submucosa, in
cluding those that represent groups of secreting glands an
their ducts@Fig. 2(B1), main clusters 10, 4, 12#, fibrocollag-
enous stroma with smooth muscle bands@Fig. 2(B1), clusters
7 and 8, respectively#, and cartilage@Fig. 2(A3), clusters 12
and 13#.

Fibrocollagenous stroma. The differences in chemical
composition of the main fibrocollagenous stroma cluster
@cluster 7 of Fig. 2(B1)# and smooth muscle bands@cluster 8
of Fig. 2(B1)# were analyzed by means of a least-squares fi
procedure~Fig. 5!. Fibrocollagenous stroma contains a high
concentration of collagen and smooth muscle contains a hig
concentration of actin and myosin.23,24Actin and myosin have
similar Raman spectra.26 The average spectrum of cluster 7
was fitted with the average spectrum of cluster 8 and the
spectra of pure collagen and actin, which are shown as the fi
spectra~spectra B, C, and D! after multiplication by the fit
coefficients that resulted from the least-squares fit. Fit residua
is shown in Fig. 5 spectrum E. Therefore a positive/negative
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spectrum signifies that more/less of that compound is pre
in cluster 7 than in cluster 8. It follows that in fibrocollag
enous stroma, the concentration of collagen was higher
the concentration of actin was lower than in smooth mus
For clarity, the spectra of pure collagen~spectrum F! and pure
actin ~spectrum G! are also shown.

Glands and gland ducts. Figure 6 displays a comparison o
a cluster-averaged Raman spectrum obtained from the ti
layer lining the lumen of the glands and their ducts@spectrum
A, cluster 12 in Fig. 2(B1)# with spectrum of bronchial mucus
at the epithelial surface and from gland duct@spectrum B,
cluster 3 in Fig. 2(B1)]. A high spectral resemblance is ev

Fig. 4 Raman spectra obtained from the bronchial epithelium. A: av-
erage spectrum of nuclear epithelial cluster [cluster 1 in Fig. 2(B3)]. B:
average spectrum of cytoplasmic epithelial cluster [cluster 6 in Fig.
2(B3)]. C: the difference spectrum between these two spectra (nuclear
epithelial cluster minus cytoplasmic epithelial cluster) shows many
spectral features (gray bars) of DNA. D: Raman spectrum of pure
DNA. E: the difference spectrum cytoplasmic epithelial cluster minus
nuclear epithelial cluster. The presence of protein signal contributions
is suggested by spectral features of phenylalanine (621, 1004, and
1033 cm−1) and tyrosine (644, 831, and 852 cm−1), indicated by ar-
rows. The prominent bands at 1262 and 1305 cm−1 imply the signifi-
cant signal contributions of lipids in the cytoplasmic epithelial cluster.
Furthermore, the Raman bands in the 1546 to 1583 cm−1 region are
indicative of hemeproteins such as catalase.
medical Optics d November/December 2004 d Vol. 9 No. 6 1193
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Fig. 5 The differences in chemical composition between fibrocollag-
enous stroma and smooth muscle analyzed by means of a least-
squares fit procedure. The average spectrum of fibrocollagenous
stroma [spectrum A, cluster 7 in Fig. 2(B1)] was fitted with the average
spectrum of smooth muscle [cluster 8 in Fig. 2(B1)] and the spectra of
pure collagen and pure actin. The fit spectra (spectra B, C, and D) are
the average spectra of smooth muscle and of collagen and actin, re-
spectively, which are shown after multiplication by the fit coefficients
that resulted from the least-squares fit. The fit residual (spectrum E)
suggests a higher collagen contribution and lower actin contribution
in fibrocollagenous spectrum than in smooth muscle spectrum. For
comparison with the fit spectra, the Raman spectra of pure collagen
(spectrum F) and of pure actin (spectrum G) are also shown. For clarity
of presentation, collagen spectrum was divided by factor 8 and actin
spectrum by factor 10.
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dent. Raman spectra collected from the periphery of gland
duct @spectra C and D, clusters 4 and 10 in Fig. 2(B1)] are
also shown. It is notable that there is a decrease in lipid signa
contribution from the luminal side of the gland duct toward its
periphery. Prominent Raman bands of lipids~gray bars! are
present at 1301, 1440, 1656, and 1746 cm21. Furthermore, we
have analyzed whether there was Tissue Tek® contaminatio
of the spectra we have obtained. As displayed in Fig. 6 spec
trum E ~open bars!, Raman spectrum of Tissue Tek® shows
specific bands at 633, 916, 1364, and 1734 cm21, which do
not contribute to the spectra recorded from bronchial mucu
or from gland tissue. The tissue area captured in cluster
@Fig. 2(B1)] demarcates a transition area between fibrocollag
enous tissue and gland duct tissue. The spectrum of the tra
sition area~Fig. 7 spectrum A! can be almost completely re-
1194 Journal of Biomedical Optics d November/December 2004 d Vol.
l

-
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constructed from the spectrum of the fibrocollagenous stro
@cluster 7 of Fig. 2(B1)] and the spectrum of the bronchia
mucus on the epithelial surface@cluster 3 of Fig. 2(B1)], as is
evident from the very small fit-residual~Fig. 7 spectrum D!. It
suggests that some of the bronchial gland secretion diffu
into the fibrocollagenous tissue surrounding the ducts. The
spectra~e.g., averaged spectra from fibrocollagenous stro
and from bronchial mucus! are shown after multiplication by
the fit coefficients~Fig. 7 spectra B and C!.

Cartilage. The Raman signal obtained from the cartilage@un-
stained tissue section; Fig. 2(A2)] is shown in Fig. 8~spec-
trum A!. Significant Raman bands, which are mainly due
collagen~spectrum B!, are highlighted~gray bars!. Further-
more, Raman peaks at 413, 974, 1062, and 1337 cm21 ~ar-
rows! suggest the presence of chondroitin sulfate,27 which be-
longs to the group of sulfated glycosaminoglycans~GAGs!.

Fig. 6 Raman spectra obtained from bronchial mucus and from bron-
chial gland secretions. A: average spectrum obtained from bronchial
mucus at the epithelial surface [cluster 3 in Fig. 2(B1)]. B, C, and D:
the cluster averages from the excretory gland duct, collected from the
luminal surface toward the periphery of the duct [clusters 3, 4, and 10
respectively, in Fig. 2(B1)]. There is a very high resemblance between
spectra of bronchial mucus and spectra obtained from the tissue layer
at the luminal side of the gland duct. Prominent Raman bands of lipids
at 1301, 1440, 1656, and 1746 cm−1 (gray bars) show a decrease in
signal from the luminal side of the duct toward its periphery. For
comparison, spectrum obtained of pure Tissue Tek® is shown (E).
Open bars highlight the absence of Tissue Tek® specific bands (at
about 633, 916, 1364, and 1734 cm−1) in the spectra shown in A to D.
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Raman microspectroscopic mapping studies of human bronchial tissue
Fig. 7 Average spectrum of the tissue area [cluster 9 in Fig. 2(B1)]
between fibrocollagenous stroma and gland duct (A) was fitted with
the average spectrum of fibrocollagenous stroma [cluster 7 of Fig.
2(B1)] and the spectrum of bronchial mucus [cluster 3 of Fig. 2(B1)].
The fit-spectra B and C are the average spectra of fibrocollagenous
stroma and of bronchial mucus, respectively, which are shown after
multiplication by the fit coefficients. The fit residual (D) implies that
some of the secretion from the gland duct diffuses into the surround-
ing fibrocollagenous stroma.
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~Note the strong band at 1062 cm21, which can be identified
as the symmetric stretching vibration of theOSO3

2 group.27!

4 Discussion
To date, only a few studies have addressed the lipid compo
sition of bronchial mucus. Neutral lipids were the predomi-
nant lipids in normal airway secretions studied by Bhaska
et al.28 In other studies, phospholipids represented the main
content of bronchial mucus, and cholesterol was the principa
neutral lipid.29 Slomiany et al. reported that bronchial secre-
tions consisted of similar quantities of neutral lipids and
glycolipids.30 Here we demonstrate that detailed analysis of
Raman spectra~see Fig. 3! obtained from bronchial mucus
reveals triolein as the major component of bronchial mucus
This is in line with studies describing neutral lipids as the
primary compound of bronchial mucus. Furthermore, the Ra
man bands in the 1546 to 1583 cm21 region~Fig. 4 spectrum
E! are indicative of the presence of hemeproteins such a
enzyme catalase in the cytoplasm of bronchial epithelial cells
This finding could be explained by secretion of antioxidants
such as catalase by bronchial epithelium, to provide protec
tion against potentially injurious agents.24 In comparison with
the nuclear epithelial cluster, higher lipid and protein signal
contributions and lower DNA signal contributions~Fig. 4!
were observed in the cytoplasmic epithelial cluster. As ex-
pected, collagen and actin/myosin were the major discrimina
tors between fibrocollagenous stroma tissue and smoot
muscle, although spectral features remain in the fit residua
~Fig. 5 spectrum E!. This is most probably due to the fact that
Journal of Bio
-
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aside from differences in collagen and actin concentrati
these histological structures contain different amounts o
number of other compounds such as glycosaminoglyca
supportive cells~e.g., fibroblasts and fibrocits in fibrocollag
enous stroma, myofibroblasts in smooth muscle!, elastic fi-
bers, and fat. Characteristic Raman spectra of cartilage, w
is mainly composed of glycosaminoglycans~GAGs! that are
associated with collagen fibers,27 were also obtained.

Contradictory reports on the origin of lipids in the bron
chial mucus have been published. In our study, a very h
resemblance between the cluster-averaged Raman spectr
tained from the bronchial mucus at the epithelial surface a
the luminal content of the glands and their ducts was fou
~Fig. 7!. This implies that bronchial mucus is probably prim
rily produced by submucosal glands and transported to
epithelial surface via gland ducts. This is in line with repo
claiming that the tracheobronchial mucus is mainly secre
by the airway secretory cells, although it may also cont
some components from alveolar sources.28,31,32Some authors
suggest the existence of conductive airway surfactant that
different biochemical and surface-tension properties co
pared to alveolar surfactant.32,33

We have studied tissue samples that were snap frozen
rectly after collection and performed the Raman analy
without any preceding processing~e.g., dies, labels!. Although
some artifacts were recognized@see Figs. 2(A1) and 2(B1)]
that were due to the use of Tissue Tek® as an embedd
agent~see Sec. 2 Materials and Methods!, spectral analysis
revealed that there was no spectral contamination, neithe
the bronchial mucus nor of the tissue. This was very eas

Fig. 8 Raman spectrum obtained from the bronchial wall cartilage.
Comparison of Raman average spectrum of cartilage (spectrum A)
with the spectrum of pure collagen (spectrum B). Spectral regions of
the most prominent resemblance are highlighted by gray bars. For
clarity of presentation, the collagen spectrum was divided by factor 6.
Furthermore, the Raman bands visible at 413, 974, 1062, and 1337
cm−1 (arrows) can be assigned to sulfated glycosaminoglycans (GAGs)
such as chondroitin sulfate.
medical Optics d November/December 2004 d Vol. 9 No. 6 1195
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confirm, since Tissue Tek® specific bands were not present i
the spectra we collected~Fig. 6 spectrum E, open bars!. Other
approaches to study the composition of bronchial lining secre
tion, like those on material obtained after laryngectomy or
tracheotomy, tracheal aspirates, bronchopulmonary washing
sputum, surgically removed bronchogenic cysts, and secretin
cell cultures are hampered by potential contamination of the
sample by alveolar components or sputum.32,34 In addition,
sometimes only a fraction of the bronchial secretions was in
vestigated~e.g., soluble phase only or fibrillar network only!.
It is clear that the uncertainty whether the sample that is bein
analyzed is actually representative of bronchial mucus is
taken away byin situ analysis on unfixed tissues.

5 Concluding Remarks
In this study we analyze the Raman spectra obtained from
snap frozen human bronchial tissue sections. Raman mappin
experiments are performed and directly compared with the
histology of the tissue sections. By precise linking of spectra
features with the histologic structures, information about the
~differences in! molecular composition of these structures is
revealed. Hence, Raman spectroscopy may become an impo
tant tool in increasing our fundamental understanding of bio
logical structures and their aberrations. A clear illustration of
the power of such an approach is the straightforward way in
which the main composition and source of the bronchial mu
cus could be analyzed. In various studies it was suggested th
in diseases such as chronic bronchitis, asthma, and cystic
brosis, the bronchial hypersecretion is accompanied b
changes in biochemical composition of bronchial
mucus.22,29,31Likewise, the presence of~pre-! malignant tissue
may affect the formation and/or composition of the bronchial
mucus. These are topics of continued research efforts in th
area. In futurein vivo measurements, most likely by means of
fiber optics, the tissue volumes from which a signal will be
obtained will be much larger than in this study. This implies
that several different tissue layers and structures will contrib
ute to the Raman signal that will be obtained. The detailed
information obtained in this study is valuable for the interpre-
tation of such spectra. With similar studies to be performed
for pathologic conditions of bronchial tissue, such as malig-
nancies and premalignant tissues, the development ofin vivo
diagnostic applications can be put on a solid basis.
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