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Raman microimaging of murine lungs: insight into the 

vitamin A content 

K. M. Marzec,*1 K. Kochan,1,2 A. Fedorowicz,1 A. Jasztal,1 K. Chruszcz-Lipska,3        

J. Cz. Dobrowolski,4,5 S. Chlopicki,1,6 M. Baranska1,2 

 

The composition of mice lung tissue were investigated using Raman confocal microscopy with 

532 nm excitation wavelength supported with different experimental staining techniques as 

well as DFT calculations. This combination of experimental and theoretical techniques allows 

for the study of the distribution of lung lipofibroblasts (LIFs), rich in vitamin A, as well as the 

chemical structure of vitamin A. The comparison of the Raman spectra derived from LIFs 

with the experimental and theoretical spectra of standard retinoids showed the ability of LIFs 

to store all-trans retinol, which is partially oxidized to all-trans retinal and retinoic acid. 

Moreover, we were able to visualize the distribution of other lung tissue components including 

surfactant and selected enzymes (lipoxygenase/glucose oxidase). 

 
1. Introduction 

The group of retinoids, which includes retinol, retinal, retinoic acid, 

retinyl esters and derivatives of these structures, is collectively 

recognized as vitamin A or vitamin A metabolites. The use of 

retinoids in prevention of diseases is well documented in animal 

models as well as in clinical trials1,2. Recently number of reports 

suggested the role of vitamin A in the regulation of lung 

development and integrity. Indeed, tretinoin, also known as all-trans 

retinoic acid, an active metabolite of vitamin A, regulates lung 

morphogenesis and development3 as well as the homeostasis in 

prenatal, neonatal and early postnatal stages4. It was also recently 

reported that retinoic acid stimulates immature lung fibroblast 

growth via a platelet-derived growth factor (PDGF)-mediated 

autocrine mechanism5. Retinoic acid and other substances belonging 

to the vitamin A group act synergistically to increase the content of 

lung retinal esters during normoxia and reduce hyperoxic lung 

injuries in newborn mice6. The importance of this group of 

compounds has also been evidenced in mature organisms. Studies 

have shown that prenatal retinoid deficiency leads to airway 

hyperresponsiveness in adult mice7. Retinoic acid can also induce 

alveolar repair in adult rats with elastase-induced emphysema, 

partially cure emphysema in tight-skin mouse mutants, and improve 

dexamethasone-impaired alveologenesis in adult mice outside the 

temporally restricted period of alveologenesis8-10. All-trans-retinoic 

acid has also been proven to induce repairs in the lung of adult 

hyperoxic mice, reducing transforming growth factor- β1 (TGF- β1) 

mediated abnormal alteration4. 

Even though there are myriad reports which present the impact of 

exogenous retinoids on lung development and its alternations, there 

is a limited amount of research focused on the behavior of their 

endogenous content. It is known that the lung lipid interstitial 

fibroblasts (LIF, also referred to as lipocytes, Ito cells, vitamin A-

storing cells) are capable of converting retinol to an acidic 

retinoid11,12 and are involved in rodent lung development, 

homeostasis, and its injury/repair. Only a few years ago, the 

presence of lipofibroblasts in the human lung was clearly 

demonstrated with the use of morphological, molecular and 

functional characterization13. Such vitamin A-storing cells play a 

critical role in alveolar development by coordinating lipid 

homeostasis, de novo synthesis of surfactant phospholipids14,15, 

retinol oxidation, and the production of more biologically active 

metabolites11.  

This work presents a series of morphological, biochemical and 

molecular investigations of the vitamin A content in LIFs in mice 
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lung tissue. The combination of the methods used allowed us to 

demonstrate the distribution of vitamin A, pulmonary surfactant and 

selected enzymes (lipoxygenase/glucose oxidase) inside lung tissue. 

The comparison of Raman spectra of vitamin A-storing cells with 

the experimental and theoretical spectra of standard retinoids, 

demonstrated that LIFs are able to accumulate retinol and induce 

oxidation and isomerization of retinoids. 

2. Materials and methods 

2.1. Tissue preparation and histological staining 

The lungs were isolated from C57BL/6J mice (N=5) and mounted in 

isolated lung setup (HSE) as described elsewhere16. During isolation 

the lungs were perfused with constant flow (1.2 ml/min) with buffer 

(albumin 4%, HEPES 0.3% dissolved in Dulbecco's Modified Eagle 

Medium) and ventilated with positive pressures to keep tidal volume 

close to 0.2 ml. After 10 minutes of washing out (to remove the most 

of the blood cells from pulmonary circulation) the lungs were fixed 

with 4% buffered formalin via trachea (15 minutes), removed from 

thorax with heart en block and sunk in 4% buffered formalin for 6 

hours. After fixation, they were mounted for the next 6 hours in 

a tissue freezing medium (Leica, Germany) with distilled water (1:1) 

and finally embedded in the Optimal Cutting Temperature (OCT) 

medium and frozen at -80°C. The measurements were performed on 

several cross-sections of lungs taken from the middle section of the 

organ (at the hilum level). The 5 µm thick cross section slides of 

lungs were put on CaF2 slides. For reference, lung tissues were 

stained with the hematoxylin and eosin (H&E) staining method 

which permitted the visualization of the morphology and cellular 

heterogeneity of the tissue. The Martius, Scarlet Red and Methyl 

Blue method (MSB) was used for the connective tissue visualization, 

while the Oil Red O (ORO) to present the fraction of lipids. All 

investigations presented in this work conforms with the Guide for 

Care and Use of Laboratory Animals published by the US National 

Institutes of Health and the experimental procedures used in the 

present study were approved by a local Animal Research Committee 

(permit no 53/2009). 

2.2. Raman measurements and analysis 

The Raman measurements of tissue were recorded using a WITec 

confocal CRM alpha 300 Raman microscope (Jagiellonian Centre 

for Experimental Therapeutics – JCET, Krakow). The spectrometer 

was equipped with an air–cooled solid–state laser operating at 532 

nm and a CCD detector, cooled to –60°C. The laser was coupled to 

the microscope via optical fiber with a diameter of 50 µm. A dry 

Olympus MPLAN (100x/0.90NA) objective was used. The scattered 

radiation was focused on a multi–mode fiber (50 µm diameter) and a 

single monochromator (focal length of 300 mm and aperture ratio 

equal to f/4). The monochromator of the spectrometer was calibrated 

using radiation from a calibrated xenon lamp (Witec UV-light 

source). Additionally, standard alignment procedure (single point 

calibration) was performed before measurement with the use of the 

Raman scattering line produced by a silicon plate (520.5 cm–1). The 

integration time for a single spectrum was 0.3 s and the spectral 

resolution equaled 3 cm–1. Raman measurements and data analysis 

were performed using WITec software (WITec Plus). All Raman 

maps based on the integration of marker bands presented in this 

work were obtained from the band area above the background 

without any spectra pre–processing. The areas above the straight line 

appointed between two frequencies of the beginning and the end of 

the spectral region of the specific band were measured. Cluster 

analysis presented in this work (Figures 1D and 3) was always 

carried out after cosmic spike removal and background subtraction 

(2nd order, polynomial in the spectral region of 100-3500 cm-1). K – 

Means Clustering (KMC) in the Manhattan-distance formulation was 

used. 

The following standard substances, supplied by Sigma-Aldrich were 

measured using 532 nm wavelength (catalog number in parentheses): 

hemoglobin from bovine blood (08449), retinol (95144), all trans-

retinal (R2500), retinoic acid  (R2625), oleic acid (O1008), L-α-

Phosphatidylcholine from egg yolk, lyophilized powder (P3556), 

glucose oxidase from Aspergillus niger, lyophilized powder, 

(G7141), lipoxidase from Glycine max, soybean, lyophilized powder 

(L7395). The measured glucose oxidase is a dimer, which consists of 

2 equal subunits, each containing one flavin adenine dinucleotide 

(FAD) moiety and one iron. The soybean lipoxidase enzyme is also a 

non-heme iron enzyme which catalyses the dioxygenation of 

arachidonic acid and linoleic acid. 

2.3. DFT calculations 

Density functional theory (DFT) calculations were carried out using 

the Gaussian 09 program package17 to support the analysis of 

experimental spectra. The geometries of the biologically active 

isomers of retinol, retinal and retinoic acids were fully optimized by 

using the 6-31G(d,p) basis set at the B3LYP level of theory18,19. No 

imaginary frequencies were found showing that the calculated 

molecules are true energetic minima. Theoretical Raman intensities 

(IR) were obtained from the Gaussian Raman scattering activities (S) 

according to the expression )()(10 14
0

12
iRAI iii

−−
−= ννν where ν0 is 

the excitation wavenumber (532 nm) and νi is the calculated 
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wavenumber of the normal mode i20. Prior to the comparison of the 

calculated wavenumbers with the Raman counterparts the latter were 

scaled down by the factor of 0.978 for the fingerprint region (1800-

900 cm-1) to account for anharmonicity effects, basis set and electron 

correlation. 

3. Results and discussion 

3.1. Lung tissue composition assessed with Raman microimaging 

(RS) and histological staining 

To properly visualize the morphology and cellular heterogeneity of 

lung tissue, different staining methods were used. Figure 1A presents 

the microphotographs of lung tissue stained with the H&E, which 

stains cells’ nuclei (blue) and cytoplasm (pink). It is also possible for 

H&E to differentiate the class of RBCs (dark pink), however they 

are better visualized with the MSB method where RBCs are stained 

in yellow and lung cells’ nuclei in red (Fig.1C). The ORO staining is 

commonly used to visualize fraction of lipids. Since vitamin A is 

present inside pulmonary cells rich in lipids, it will be also stained 

with this method. However, not all lipid-rich cells contain vitamin A. 

That is why, even ORO staining stood as a reference method for 

vitamin A-containing cells, other lipid components of lungs may 

interfere with the results. Lipofibroblasts, which contain vitamin A, 

are also rich in numerous lipid droplets containing triglycerides and 

other lipids. Moreover, such lipids can be transferred from LIFs to 

the pneumocyte type II cells and used in the synthesis of lung 

surfactant (LS)21,22. It is known that pneumocytes type II contain 

lamellar bodies, which store such surfactant. LS, which have lipidic 

characteristics, are necessary to reduce surface tension in lungs, 

however they do not stain with ORO. Previous studies showed that 

LS consist of phosphatidylcholine (main fraction), 

phosphatidylglycerol, phosphatidylethanolamine, cholesterol23 as 

well as glycerophosphoglycerol and glycerophosphoinositol24. 

However, this composition may be changed by various factors and 

diseases.  

  
Figure 1. A microphotograph (x40) of a cross section of a middle section of lungs stained with (A) the hematoxylin and eosin (H&E), (B) 
the Oil Red O (ORO), and (C) the Martius, Scarlet Red and Methyl Blue method (MSB). (D) The KMC results: distribution of the 3 main 
classes and their average Raman spectra.   

Reassuming, ORO may stain the lipid droplets in LIFs containing or 

not vitamin A, as well as lipids which were transferred to 

pneumocytes type II. Because pneumocytes type II are minor in 

number, we can assume that ORO staining provides information 

mainly about the presence of LIFs. Lipids, which are stained with 

ORO, constitute a large part of the cytoplasm of cells in the lung 

tissue.  This can be observed in Figure 1B. More examples of ORO 

and H&E staining of mice lungs, which confirm the presence of lipid 

droplets, are presented in Figure 1S (Supplementary Materials). 

Raman microimaging was applied to detect and differentiate 

between lung tissue rich in vitamin A (Figure 1D) and the other lipid 

components. Raman images of the lung tissue enable the detection of 

different components within a specified area (see Figure 2). For all 

of the imaged parts of lung tissue (Figure 2), the integration over the 

CH stretching region was carried out first (maps 1-4E).  Such 

integration allows the visualization of the distribution of the sum of 
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all organic components (signal from tissue). Within this area we 

were able to detect various tissue components like red blood cells 

(RBCs), lung surfactant (LS), selected enzymes 

(lipoxygenase/glucose oxidase) and vitamin A. Detection of all 

components was made possible through the use of integration over 

the specific marker bands (Figure 2) as well as with the use of k-

means cluster analysis (KMC) (Figure 3). The average Raman 

spectra of obtained classes as well as single Raman spectra extracted 

from the high concentration of RBCs, LS, enzymes and vitamin A, 

were compared with the Raman spectra of the standard compounds 

and presented in Figure 3. 

   
Figure 2. (1&4A) Microphotographs of the cross sections of a middle part of lungs taken from a control mouse with the (1-4B) 
labeled investigated area. Raman mapping: Integration maps of: (C) CH stretching band approx. in the region 2800-3020 cm-1 

(organic matter), (D) a band centered at 1130 cm-1 or 745 cm-1 (Hb inside red blood cells-RBCs), (E) a band centered at 1598 cm-1 
(vitamin A), (F) a band centered at 2852 cm-1 (lung surfactant, LS) and (G) a band centered at 850 cm-1 (lipoxygenase, LOX or/and 
glucose oxidase, GOX). The yellow color corresponds to the highest relative intensity of the integrated band or distribution of 
compound/group of compounds. Raman measurements for the fragments presented in Figures were carried out with a sampling 
density of 1.7 µm (for row 3 it was 0.5 µm). The single spectra extracted from the tissue with high concentration of vitamin A, LS 
enzymes and Hb compared with spectra of standard compounds are presented in Figure 3. 

 
Interestingly, even when lungs were washed with buffer before 

fixation, the tissue still contained some RBCs (for all measured 

samples). To image RBCs inside the tissue we used the 

integration of the band at 750 cm-1, which corresponds to the 

ν15 mode (pyrrole breathing, in plane stretching)25 (Figure 2, 

maps 1D-4D). The average Raman spectrum of RBCs’ class 

(red class, Figure 3) and a single Raman spectrum extracted 

from RBC agree with the spectrum of hemoglobin (Hb, Figure 
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3D). The higher contribution of the CH stretching bands (2800-

3050 cm-1) in the case of RBCs class compared to spectrum of 

pure Hb is connected with the presence of additional proteins 

and some other lung components (cytoplasm and nuclei of lung 

cells). 

Although the KMC results were carried out after background 

removal, cluster mean spectra of Hb have a substantial 

background. Such remaining backgrounds may originate from 

the strong resonance enhancement of the  Raman signal of Hb, 

as the use of the excitation wavelength of 532 nm is in 

resonance with the electronic transitions of Hb. On the other 

hand, the use of this excitation wavelength also has an effect on 

the observation of the pre-resonance Raman spectrum of 

retinols. Contrary to Hb, additional background is not observed 

in the class of vitamin A. This suggests, that there is an 

additional factor in the background increase in the case of Hb 

class. It was previously reported that heme inside RBCs, 

converts absorbed photons into heat and therefore generates a 

strong photothermal signal, which may have an impact on the 

additional increase of Hb background26.  

 
Figure 3. The KMC results for four areas of the lung tissue presented in Figure 2 with the main classes. Classes include vitamin A (green), 
RBCs (red), lung surfactant (yellow), enzymes (blue) and the class of cytoplasm and nuclei (grey). Black class corresponds to substrate 
signal and is removed as outliers. The average spectra (AS) of the respective main classes of tissue obtained from the K-means clustering 
were compared with the single Raman spectra (SS) extracted from lung tissue from high concentration of each class and Raman spectra of 

Page 5 of 10 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

 

6 | J. Name., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 

the standard compounds: retinoic acid (RA), retinal (RAL), retinol (ROL), lipooxygenase (LOX), glucose oxidase (GOX), hemoglobin (Hb), 
oleic acid (OA) and L-α-phosphatidylcholine (PC).  
 

Raman maps 1E and 2E, obtained by the integration at around 

1599 cm-1 (marker band of vitamin A), are in agreement with 

the images of ORO staining. The size and distribution of the 

vitamin A droplets correspond to those observed in ORO 

staining. This is in agreement with previous studies showing 

that vitamin A is mainly located in lipid droplets of LIFs11,12. 

The average Raman spectrum of vitamin A class (green class, 

Figure 3) as well as single Raman spectrum extracted from 

LIFs (Figure 3A) correspond to the combination of the spectra 

of retinol (ROL), retinal (RAL) and retinoic acid (RA). 

However, there is a noticeable difference between the spectral 

profile of the average Raman spectrum of vitamin A class and a 

single vitamin A spectrum extracted from the tissue. This 

suggests differences in the composition of vitamin A within the 

measured tissue and may be connected with different oxidation 

state of retinoids. To study this aspect, the detailed analysis of 

the most intensive single spectra extracted form LIFs were 

carried out with the support of DFT calculations, which is 

presented below (see section 3.2.).  

The lipid fraction connected with the presence of lung 

surfactant (LS) in the lung tissue was possible to detect with the 

use of Raman spectroscopy when higher special resolution was 

used (Figure 2, map 3F). The average Raman spectrum of the 

lipid-rich class (yellow class, Figure 3) as well as a single 

Raman spectrum extracted from lipid-rich parts of tissue 

(Figure 3C) correspond to the spectrum of fatty acids (for 

example oleic acid, OA) or phosphatidylcholine (PC). The 

typical bands can be observed at 1266, 1309, 1745 and 2850 

cm-1. According to previous studies, described in the 

introduction, such a composition suggests, that this class can be 

assigned to LS. As PC was found to be the major compound in 

LS fraction of mouse lungs, we believe that the elongated spots 

observed, rich in the LS, may belong to the lamellar bodies 

inside type II pneumocytes.  

 
Figure 4. The single Raman spectra extracted from the lung tissue areas of high concentration of vitamin A, compared with the Raman 
spectra of standard compounds of all-trans retinol, all-trans retinal and all-trans retinoic acid.  
 

Raman images obtained from a different lung section (Figure 2, 

maps 1-4) show some changes in general tissue composition. 

We were able to detect either vitamin A (Figure 2, maps 1E-2E) 

or different groups of chemicals, which we assigned to a class 
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of enzymes (Figure 2, map 4G). The single Raman spectrum 

extracted from areas of high enzyme concentration, as well as 

the average Raman spectrum of the whole enzyme class (blue 

class, Figure 3), shows similarities to the Raman spectrum of 

the standard spectra of both lipoxygenase enzyme (LOX) and 

glucose oxidase enzyme (GOX) (Figure 3B). Single spectra of 

these enzymes show bands typical for proteins (amide I and III, 

Phe, CH-stretching region) as well as strong bands likely 

related to the vibrations of non-heme iron ligand. The presence 

of the bands at 1077 cm-1 and 350 cm-1, along with the relative 

intensity of the bands at 1241 cm-1 to that at 850 cm-1, suggest 

that the blue class of tissue is LOX. Even though the presence 

of the band at 1664 cm-1 in the average Raman spectrum of 

enzymes class may suggest the presence of GOX, this band 

may also originate from the other protein signal of the tissue. If 

such a band would correspond to the C=C stretches in 

unsaturated lipids, we should also observe a band at 3012 cm-1 

in the spectrum extracted from the tissue, which is not a case. 

Moreover, it was previously reported that LOX catalyses the 

dioxygenation of polyenoic fatty acids and its action may be 

affected by retinol, all-trans-retinoic acid and 13-cis-retinoic 

acid27. That fact and the profile of the Raman spectrum of 

observed enzymes supports that this is LOX, however further 

studies and immunohistochemical staining is necessary to fully 

confirm the origin of the spectral signal that we attributed to 

LOX or GOX. 

 
Figure 5. The theoretical Raman spectra of the biologically active isomers of (A) retinol and (B) retinal in the fingerprint region (1800-900 
cm-1). Spectra were simulated by the Lorentzian functions centered at the DFT(B3LYP)/6-31G(d,p) calculated wavenumbers scaled by 0.978 
and with fwhm equal to 10 cm-1.  
 

3.2. Relative content of vitamin A derivatives and their 

isomers assessed with Raman spectroscopy and DFT  

The comparison between the single Raman spectra of vitamin 

A extracted from different LIFs of lung tissue, with the spectra 

of all-trans retinol, all-trans retinal and all-trans retinoic acid 
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(Figure 4), allowed us to define the content of lung LIFs. The 

position of the most intensive band of the extracted spectra of 

vitamin A varied in the region of 1590-1600 cm-1. This band 

corresponds to stretching vibration of the C=C bonds of four of 

the most common isomers of retinol, which suggests that the 

majority of vitamin A is in the form of retinol. The all-trans as 

well as mono-cis isomers of retinoids like 9-cis, 11-cis and 13-

cis belong to the biologically active structures. It is well known 

that some trans-cis isomerization of these molecules can be 

found in different organ tissues28-30. However, the comparison 

of the theoretical spectra of different retinol isomers (Figure 

5A) with experimental spectra extracted from the tissue 

indicates the presence mainly of the all-trans retinol.  

The bands at 1664, 1347 cm-1 and 975 cm-1 in some of the 

extracted spectra can be assigned to the presence of retinal. 

Moreover, the calculations indicate that retinal occurs in the 

trans arrangement of the C=C–C=O group. In the case of 

theoretical spectra of retinals with the cis arrangement of the 

C=C ̶ C=O group, the band at around 1600 cm-1 is spilt into 

doublet or triplet.  This is not observed in the experimental 

spectra extracted from the tissue. The comparison with the 

theoretical spectra of different biologically active isomers with 

trans arrangement of the C=C–C=O group of retinal suggests 

the dominance of all-trans retinal (Figure 5B). Most of the 

spectra of the vitamin A obtained from the tissue show a 

doublet (or band with a shoulder) at 1280 and 1290 cm-1, which 

suggests that spectra originate from the all-trans retinal and/or 

all-trans retinol. However, the presence of two single bands at 

1280 and 1315 cm-1, as well as the increase in intensity of the 

band at 1166 cm-1 (in some of the spectra extracted from tissue) 

also indicate the occurrence of retinoic acid in minor amounts. 

4. Conclusions 

The presented results demonstrate the capability of 

Confocal Raman Spectroscopy (RS) for a detailed examination of 

the biochemical composition of single cell type within murine lung 

at the molecular level.  The potential of this method for such 

investigations enables a detailed insight into biochemical 

composition of these cells in situ inaccessible by other techniques. 

Confocal Raman mapping correlates to a very good extent with 

histological staining, which is a classic method to stain for lipids or 

other gross tissue constituents. However, spectroscopic results 

provide additional insight into the biochemical composition of 

various cells within the lungs. In the present work we explicitly 

confirmed the presence of vitamin A within LIFs, as well as 

visualized lung surfactant (LS) produced by pneumocytes type II. 

Finally we identified selected enzymes (LOX/GOX) inside the lung 

places of unknown cellular origin. Accordingly, Raman 

spectroscopy provided the biochemical fingerprint at least of some 

cellular-specific areas of highly complex, multicellular lung tissue 

containing more than 40 types of cells. In the present work we 

combined the measurement results with results of DFT calculations 

that allowed us to conclude that within the lung tissue vitamin A is 

present mostly in the form of the all–trans retinol, although the 

presence of all–trans retinal and retinoic acid has also been detected.  
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Figure S1. A microphotograph (x40) of a part of cross section of middle part of lungs of control C57 mice stained with (A) the 

Oil Red O (ORO), and (B) the ORO and the hematoxylin and eosin (H&E) method. 
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