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Chapter 26

Identifying the Spatial Distribution of Vitamin E, Pulmonary 
Surfactant and Membrane Lipids in Cells and Tissue  
by Confocal Raman Microscopy

J. Renwick Beattie and Bettina C. Schock

Summary

Every organ compromises of several different cell types. When studying the effects of a chosen com-
pound within this organ or tissue uptake, localisation, metabolism, and the effect itself can be expected 
to differ between cells. Using the example of Vitamin E in pulmonary tissue we introduce confocal 
Raman Microscopy as a superior method to localise lipid-soluble compounds within tissues and cells. 
We describe the analyses of vitamin E, its oxidation products, and metabolites as well as pulmonary 
surfactant phospholipids in fixed lung tissue sections. Examples of main structural membrane lipids 
(PC, cholesterol) and an example of a lipid-signalling molecule (ceramide) are also included. Confocal 
Raman microscopy is a non-destructive optical method of analysing chemical and physical composition 
of solids, liquids, gases, gels, and solutions. The method is rich in information allowing discrimination of 
chemically similar molecules (including geometric isomers) and sensitive monitoring of subtle physical 
interactions. Additionally, Raman spectroscopy is relatively insensitive to water allowing the analysis of 
aqueous solutions and suspensions typical in biochemistry. In contrast, Raman spectroscopy is sensitive 
to non-polar molecules making it ideal for lipidomics research.

Key words: Raman Microscopy, Cell Imaging, Membrane Lipids, Vitamin E, Surfactant lipids, 
Subcellular lipid distribution, Lipid metabolites, Lipid signalling

Every organ compromises of different cell types with specialised 
function. The lung, for example, has over 30 different cell types 
and some of these cells, such as alveolar type-II cells are known to 
have a higher content/uptake of alpha-tocopherol (aT), a form 
of vitamin E, than, for instance, alveolar type-I cells or bronchial 
epithelial cells (1–3). Furthermore, tocopherols are differentially 

1. Introduction

1.1. Localisation  
and Distribution  
of Molecules Within  
Tissues and Cells
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metabolised depending on the cell type (4, 5). Differential uptake 
and metabolism of a compound are of particular interest when 
investigating its therapeutic potential.

Using Raman microscopy we are able to localise different 
molecules in a tissue section and to determine cell-specific uptake 
of compounds, their localisation, and metabolism. Identifying 
the spatial distribution and sub-cellular localisation and metab-
olism provide important information additionally to the over-
all (e.g. anti-inflammatory, anti-proliferative, or pro-apoptotic) 
effect. For instance, the phospholipid structure (e.g. saturated or 
unsaturated PC) can have a significant impact on the drug–cell 
interaction as shown for nystatin, an antifungal drug (6).

Conventionally, the effects of nutrients, supplements, or 
drugs are tested by analyses of the compound within a whole 
tissue, but its spatial distribution is generally not investigated. 
In the case of tocopherols, uptake and metabolism can be deter-
mined using specially labelled compounds (e.g. deuterated tocophe-
rols) (7, 8). For instance, when rats with experimental acute lung 
injury inhaled aT, a reduction of some major pro-inflammatory 
cytokines (proteins and mRNA) was observed (9) confirming the 
overall immunomodulatory effect of aT. However, the cells were 
mostly affected by aT have not been investigated. Similarly, aero-
solised aT in an animal burn and smoke inhalation injury model 
improved the pulmonary gas exchange (10), an effect that has 
also been observed using nebulised albuterol or anticoagulants 
(11, 12).

Aerosol delivery is a specific and fast way to administer 
agents to the lungs and into the pulmonary circulation. In any 
case, knowledge about the cell-specific uptake, metabolism, and 
potential interference with co-localised compounds is of great 
importance to exclude adverse effects of any therapeutic agent. 
This will be of particular significance in the light of new develop-
ments into personalised drug therapy.

In this chapter we will introduce confocal Raman micros-
copy to localise lipid-soluble compounds within tissue, especially 
lung cells and tissue. We shall be using the example of measur-
ing vitamin E, its oxidation Products, and metabolites as well as 
pulmonary surfactant phospholipids in fixed lung tissue sections. 
Examples of main structural membrane lipids (PC, cholesterol) 
and an example of a lipid-signalling molecule (ceramide) are also 
included.

Lipids in eukaryotic cells have several very different functions: 
storage of energy, formation of barriers (cellular membranes), 
active transport of molecules and ions, and signal transduction 
messengers (13). The major lipids in eukaryotic cell membranes 
are glycerophospholipids, sphingolipids, and cholesterol, with 
phosphatidyl-choline (PC) accounting for over 50% of the 

1.2. Membrane Lipids
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phospholipid fraction. The lipid composition and saturation of 
the acyl chain of the membrane as well as the cholesterol content 
determines its fluidity, which is important for membrane protein 
function (eg. recepters) and may also affect the membranes inter-
action with drugs (6).

Phospholipids that occur in smaller quantities in the mem-
brane are as important. For example, phosphatidyl-ethanolamine 
(PE) has a smaller sized polar head group, which when PE is 
included into the PC bilayers causes a curvature stress onto the 
membrane. This is important for budding, fission, and fusion 
(14), as well as major components of vital cell functions such 
as apoptosis, proliferation, phagocytosis, and secretion. Bioac-
tive lipids such as eicosanoids and sphingolipids are key signalling 
and regulatory molecules. Ceramide is considered the “central 
hub” of sphingolipid metabolism and mediates many cell stress 
responses including differentiation, cell senescence, inflamma-
tion, and apoptosis (15). For instance, ceramide accumulation 
is associated with upregulation of cyclooxygenase (COX)-2 and 
prostaglandin E2 (PGE2) in aged mice (16). Recently Teich-
gräber et al. reported that ceramide accumulation in murine cystic 
fibrosis (CF) cells contributes to the chronic pro-inflammatory 
state of CF epithelial cells (17). Indeed, using Raman microscopy 
we show a more varied distribution in human epithelial CF cells 
(Fig. 5).

Pulmonary surfactant is produced by alveolar type-II cells in the 
alveoli. It is a complex mixture of lipids and proteins that forms 
a surface-active film at the air–liquid interface of alveoli and is 
capable of reducing the surface tension to nearly 0 mN/m. In 
the upper airways it may function as a lubricant between the 
sol and gel phase of the airway mucus. Human pulmonary sur-
factant contains approximately 70% saturated and unsaturated 
PC, 10% phosphatidyl glycerol (PG), 10% surfactant-associated 
proteins, and 3% cholesterol. The remaining mass is made up by 
other phospholipids (18). Saturated PC at room temperature is 
more gel like, while the addition of unsaturated PC or choles-
terol makes the surfactant film more liquid or fluid. Such changes 
in the surfactant composition can occur rapidly in response to 
environmental stresses and occur physiologically in heterother-
mic animals (19). During acute lung injury, cholesterol and pro-
tein concentrations increase in lung lavage fluid of rats (20) and 
in vitro studies have shown that increasing the cholesterol con-
centration in pulmonary surfactant above the physiological levels 
(e.g. to 20%) abolishes surfactant functions (20, 21).

Alpha-tocopherol (5,7,8-trimethyltocol, aT) is the predominant 
form of vitamin E in mammals and while it has other biological 
roles, its importance originates from its radical scavenging activity: 

1.3. Pulmonary  
Surfactant

1.4. Vitamin E
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the chromanol ring reacts with lipid peroxyl radicals to form an oxi-
dised a-tocopheroxyl free radical thereby inhibiting the propaga-
tion of those radicals and stabilising polyunsaturated fatty acids 
in lipoproteins and cell membranes and therefore reduces the 
release of arachidonic acid from the membrane and its metabo-
lism to prostaglandins (22–24).

In the lung, aT concentrations are tightly regulated through 
active uptake and secretion by alveolar type-II cells (2, 3) and 
aT is concentrated within the surfactant containing lamellar 
bodies (1). In the extracellular space it is present at the air–liquid 
interface as part of the surfactant phospholipid bilayer acting as a 
first line of defence against inhaled reactive oxygen species. Here 
it may protect surfactant lipids from peroxidation (25–27) and 
may reduce the oxidative stress onto the underlying cells. Using 
Raman microscopy and HLPC–EC analyses we found that an 
exogenous surfactant preparation (BLESTM) normally used in 
newborns suffering from respiratory distress syndrome contains 
0.066 ± 0.019 and 0.059 ± 0.014 nmol aT/mg PL, respectively. 
Work by Atkinson and co-workers indicate that tocopherols may 
enhance curvature stress or even counteract similar stresses gen-
erated by other lipids (28). If so, tocopherols such as aT may 
play a critical role in vital cell functions where budding, fission, or 
fusion is involved and knowledge of its concentrations and distri-
bution in the membrane would be crucial to confirm its biologi-
cal impact. However, it is unknown if aT exhibits any additional 
therapeutically benefit in the surfactant preparations. Similarly, 
very little is known about the concentration, distribution, and 
function of aT in lipid rafts. Cushieri et al. showed that aT-
succinate inhibits endotoxin-mediated transport of phosphates to 
lipid rafts, which provides an alternative explanation of the anti-
inflammatory action of aT (29).

Generally, identification of lipids and lipid-soluble membrane 
components (such as vitamin E) in biological samples involves the 
extraction of such with organic solvents (30, 31) and the addition 
of antioxidants (e.g. butylated hydroxytoluene or ascorbic acid) 
to prevent oxidation of the analyte during processing. Traditional 
lipids were analysed using thin-layer chromatography (TLC), were 
a mixture of extracted lipids separated by different adsorption to 
the solid phase due to their different solubility in the solvent.  
The same principle applies to any column chromatography and the 
latter, especially high-pressure liquid chromatography (HPLC), 
has now replaced most of the TLC analyses. However, there are 
many advantages of using TLC (which cannot be discussed here) 
and in skilled hands the methods is still very useful. Similarly to 

1.5. Analyses of Lipids 
and Lipid-Soluble 
Compounds
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membrane lipids, pulmonary surfactant lipids can be analysed 
using these methods.

Vitamin E is most commonly analyzed using HPLC with 
electrochemical (EC), fluorescence, or UV detection (32, 33) 
or liquid chromatography–mass spectroscopy (LC–MS) (34). 
HPLC–EC has a sensitivity in the nmol range (32), while mass-
spectroscopic methods are more sensitive (LC–MS, pmol range 
(35)). However, the concentrations of metabolites, nitration, or 
oxidation products together with aT add valuable information 
about the redox balance in biological samples, but their determi-
nation requires separate isolation and analyses (35, 36).

It is important to note that the determination of the con-
centration of aT or membrane lipids in specific cells or cell frac-
tions (e.g. mitochondrial membranes) requires the application of 
stringent laborious isolation procedures (37, 38). This approach, 
however stringently and precisely it is performed, has still one 
major disadvantage when studying biological effects on cells and 
tissues; namely having to extract the lipid-soluble compounds in 
order to quantify them will exclude vital information about its 
spatial distribution from the investigator. While metabolites may 
be analysed separately, no information can be obtained about the 
co-localisation with other (lipid-derived) compounds or those 
involved in metabolism. Furthermore, separate extractions and 
analyses may be rather time consuming reducing the applicability 
to follow kinetics of uptake and metabolism, again especially with 
co-localisation of other lipids of interest.

Other methods involve labelling of lipid membrane-associated 
proteins using e.g. fluorescence antibodies. However, using confo-
cal laser scanning microscopy, this would only “indirectly” identify 
functional groupings such as lipid rafts (39, 40). Antibodies against 
aT and cholesterol (USBiological, Antibodies-online GmbH,  
Germany) (41) have been developed, but their reactivity with 
“free” aT or steroid is poor. Recently, time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) was used to visualise a number of  
lipid compounds, including vitamin E (42). While TOF-SIMS 
achieved similar levels of spatial resolution to Raman Micros-
copy (around 1 mm), it, like all other methods mentioned above, 
destroys the sample.

Raman spectroscopy analyses the vibrations of a molecule after 
excitation with monochromatic (laser) light. The amount of 
energy removed from the incident light is directly related to the 
chemical structure as well as any intra- or intermolecular inter-
actions that may affect the freedom of this vibration. The light 
scattered from the sample is collected and separated into different 
energies giving a Raman spectrum, which is rich in information on 
both the chemical and physical properties of the sample. Con-

1.6. Raman  
Spectroscopy
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sequently Raman spectroscopic methods have been extensively 
applied to the study of a wide range of lipid systems including  
fatty acid analysis, essential oils, and hydrophobic vitamins  
(1, 43–46). Figure 1 shows the Raman spectra of selected lipid 
compounds that play a major role in lipid membranes and physi-
ological surfactants.

The discrimination power of Raman spectroscopy is briefly 
illustrated in Fig. 2, which shows the Raman signals obtained 
from neat samples of four tocopherolic compounds. Indicated by 
arrows are a number of changes in the Raman spectrum that are 
a direct consequence of the changes in molecular structure. For 
example, gT is identical to aT except that it lacks a methyl group 
at the top of the aromatic ring (position 5), and this difference 
results in the disappearance of the aT mode at 485 cm–1. The 
2 e– oxidation product, aTQ differs in that the chromanol ring 
has been destroyed and replaced by a quinine group, and this is 
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Fig. 1. Raman spectra (633 nm excitation) and chemical structures of some main exem-
plary structural membrane lipids: (a) DPPC, (b) Ceramide (C2-ceramide) as ana example 
of a lipid signalling molecule, (c) Cholesterol, and (d) Pulmonary surfactant (BLESTM, lung 
surfactant extract). 
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reflected in the Raman signal by the loss of the doublet at 1,585 
and 1,615 cm–1 and the appearance of a much stronger doublet 
at 1,633 and 1,655 cm–1. The 1 e– oxidation product of aT has 
had the phytyl chain removed and replaced by an acid group, 
resulting in the disappearance of the strong doublet at 2,845 
and 2,865 cm–1, which is a characteristic doublet of extended 
branched aliphatic chains. Table 1 summarises the typical Raman 
shifts for a range of common lipid molecules (1, 47–51).

In addition to the high information content, Raman spec-
troscopic methods offer many further benefits. For example, it is 
non-destructive and water is a very weak Raman scatterer allow-
ing analysis in aqueous environments. Additionally the optical 
nature of the Raman methodology allows it to be combined with 
a very wide range of standard microscopic procedures and there-
fore allows the method to be incorporated very non-invasively 
into an existing experimental setup. All that is required is that the 
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Fig. 2. Raman spectra (633 nm excitation) and chemical structures of chromanol 
molecules (a) a-tocopherol (b) g-tocopherol (c) a-tocopherol quinone (d) a-3¢-
carboxyethylhydroxychromanol (a-CEHC) and (e) a-tocopherol in cell homogenate. 
Significant changes in the Raman signal, of a-tocopherol quinone, compared to 
a-tocopherol,  are indicated by arrows, and these changes can be directly related to 
the change in the chemical structure.
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Table 1  
Some Raman band assignments for common moieties in lipids (1, 47–51)

Band position Assignment Notes

3,100–3,600 OH Sensitive to hydrogen bonding strength

3,060 CH stretch Sensitive to conjugation and geometric isomers

3,030 CH3 stretch In choline headgroup

2,960 CH3 asymmetric stretch

2,930 CH2 asymmetric stretch Ratio of intensity to mode at 2,850 cm–1 is commonly used 
as a marker of polymethylene chain conformation

2,870 CH3 symmetric stretch

2,850 CH2 symmetric stretch

1,710–1,750 COOR Carbonyl stretch in ester, used as molar reference band 
in fatty esters

1,550–1,700 COO–, C = O Position and width dependant on strength of hydrogen 
bonding

1,670 Trans isolated C = C Correlation between intensity and number of trans C = C  
in molecule

1,660 Cis isolated C = C Correlation between intensity and number of cis C = C 
in molecule

1,630–55 Quinone, conjugated 
dienes

1,607–30 Aromatic, conjugated 
trienes

1,582–7 Aromatic ring

1,515–1600 Conjugated C = C, Length correlated with Raman shift

1,410–1490 CH2 Decreases with increasing hydrophobicity. Sensitive to 
intermolecular forces, i.e. crystallinity. Correlates with 
polymethylene chain length.

1,400–1420 COO– Sensitive to hydrogen bonding strength

1,380 CH3 twist

1,300 CH2 twist Position sensitive to intramolecular forces, i.e. chain 
conformation. Intensity correlates with chain length

1,250–12,70 =C–H in cis Band gives very weak intensity for trans isomers.

1,260 PO2
– asymmetric 

stretch

1,020–1,130 C–C, N, O stretch. Sensitive to intramolecular forces. Characteristic pattern 
of three bands within linear polymethylene chains. 
Intensity correlates with polymethylene chain length.

(continued)
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user is able to direct a laser onto the sample and collect the light 
scattered from it. Table 2 summarises the key advantages and 
disadvantages of Raman spectroscopic methods.

These advantages have allowed Raman spectroscopy to be used 
to investigate a range of tissues both in vitro and in vivo (52–54).  

Band position Assignment Notes

1,090 PO2
– symmetric stretch

880–965 C–C Terminal HxC–CH3 and C–C adjacent to C = O

875 C–N stretch Choline group, trans conformation

761 OPO symmetric stretch Diphospho-ester

720/770 C–N totally symmetric 
stretch

Sensitive to conformation in the choline headgroup, 
high Raman shift for trans, low for cis

<200 Whole molecule Related to whole molecule motion, translation, rotation, 
breathing, etc.

Table 1 
(continued)

Table 2  
Advantages and disadvantages of Raman spectroscopic 
techniques

Advantages Disadvantages

Minimal interference from water Weak effect

Non-contact, non-invasive. Expensive

All physical states of matter Can be time-consuming

Minimal sample preparation Hi-tech

Non-destructive Fluorescence can interfere

Spatial resolution diffraction 
limited

Processing tools underdeveloped

Measure < 1 pg material

Rich chemical and physical infor-
mation content

Instrumentation highly adaptable

Special techniques extend: Sensi-
tivity (e.g. Surface Enhanced 
RS), Specificity (e.g. Resonance 
RS), Spatial resolution (e.g. Tip 
Enhanced RS)
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Combining Raman spectroscopy with optical microscopy offers 
these advantages on a micron-scale of spatial resolution, with-
out lengthy sample processing and/or the addition of (bio)
chemicals.

In order to explore other lipid constituents or lipid bilayers 
it is not necessary to make changes to the Raman methodology, 
but calibration with a suitable approach for that constituent and 
recording its reference Raman spectra under the same conditions 
is required. It should be noted that sample preparation is not 
dictated by the needs of the Raman spectrometer, but rather by the 
conditions under which the sample is in a relevant state. Further-
more, as Raman microscopy can differentiate the main constituents  
of membrane lipids (sphingolipids, ceramide, cholesterol, PC), 
the method may also be applied to visualise microdomains such 
as cholesterol and sphingolipid-enriched lipid rafts. Using water 
immersion objectives will enable the visualisation of the organisa-
tion and interaction with functional proteins within such domains, 
providing a novel method to study the role of lipid rafts in e.g. 
endocytosis and membrane signalling (55).

Because of the complexity of the information measured by Raman 
spectroscopic methods, it is commonplace to employ multivariate 
statistics in order to simplify the data and home in on only the 
information that is relevant. Qualitative analysis is most com-
monly carried out using principal component analysis (PCA), 
which identifies the limited range of basic spectral signals that, in 
various combinations, account for all the signals within the data-
set. The results of most interest from PCA are the basic spectral 
signals (loadings) and the scores, which reflect the relative con-
tribution of these basic spectral signals to each sample spectrum. 
Partial least squares (PLS) regression is the most commonly 
applied quantitative analysis, which correlates the sample spec-
trum with a reference parameter. The regression coefficients are 
the spectral bands that were used to correlate with the reference 
value, and are an excellent way of checking the correlation based 
on direct spectral measurement of the target analyte. An excellent 
introduction to multivariate statistics is available from Umetrics 
AB (Umea, Sweden) (56, 57).

1. Horiba Jobin-Yvon LabRam HR800 Raman confocal 
microscope. (see Note 1)

2. A 633-nm excitation laser (10 mW at sample, focused beam 
diameter <1 mm, see Note 2).

1.7. Multivariate 
Statistics

2. Materials

2.1. Equipment
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3. A “window” (range of the spectrum detectable in one acquisi-
tion) of 800–3,100 cm–1 see Note 3

4. A 300 groove mm−1 diffraction grating (giving 12 cm−1 spec-
tral resolution).

5. Microscope objectives (see Note 4, magnification 10×, 50×, and 
100×; e.g. Olympus M-plan NA0.9, confocal hole 600 mm).

6. A 0.1-mm step size motorised, computer-controlled xyz stage.
7. Labspec™ (Jobin-Yvon, Villeneuve d’Ascq, France) to record 

and process the optical and spectral images.
8. Software capable of performing multivariate analyses (PCA, 

PLS), such as “The Unscrambler” (Camo, Oslo, Norway).
9. A more detailed and technical account of Raman instrumenta-

tion is available (58).

Pure reference samples for any lipid species to be targeted should 
be used.
1. dl-alpha-Tocopherol and Cholesterol (SIGMA, UK).
2. Palmitic acid methyl ester (PAME) (SIGMA, UK).
3. Carboxyethylhydroxychromanol, a-CEHC.
4. C2-Ceramide (BIOMOL International LP, UK).
5. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine, saturated DPPC 

(Avanti Polar Lipids (no 850355), USA).
6. Bovine lung extract surfactant, BLES™ (BLES Biochemical 

Inc. Canada).
7. CaF2 microscope slides (Crystrans, Poole, UK, see Note 5).
8. N2 (or other inert gas) to flush the sample to prevent  

oxidation during signal aquisition.
9. Standard methods were applied for cell culture and homog-

enising of tissue (1).

1. First obtain pure reference material for the substances of 
interest and a sample containing the reference material in 
the relevant matrix. Record their Raman spectrum; the 
exact procedure will be dependant on the instrumentation 
employed.

2. Because Raman spectroscopy is sensitive to physical interac-
tions it is important to measure the reference materials under 
a range of conditions and within a relevant matrix (see Note 6). 
As an example, Fig. 2a shows the Raman spectra obtained 

2.2. Reagents  
and Supplies

3. Method

3.1. Calibrating the 
Raman Signal ( See 
Note 6)
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from the pure reference material (aT) as well as the reference 
material in cell homogenate (Fig. 2e). Because Raman spec-
troscopy is based on UV, visible, or NIR radiation it is possible 
to measure a sample through any substance transparent to the 
excitation wavelength. This has the consequence that Raman 
experiments can easily be performed using chambers or incu-
bators that control local environment. This opens the pos-
sibility of probing chemical and physical changes occurring in 
response to temperature, humidity, controlled atmospheres, 
and pressure.

1. Because we are calibrating a spectroscopic method rather than 
directly measuring a parameter it would be ideal to prepare a 
sufficiently large set of samples to allow for a separate calibra-
tion and validation set (2:1 ratio of samples). If it is unrealistic 
to prepare sufficient samples for two sets, then cross validation 
can be used on a single set of data, though this may have a 
tendency to be slightly optimistic about model performance. 
The calibration should be performed over a realistic range 
of concentrations reflecting the range encountered in vivo 
(remembering, if the target analyte is likely to be localised, 
that its local concentration may be greater than the average 
concentration within the whole tissue).

2. To calibrate the analyses for both the Raman signal within 
biological matrix and quantification of aT, we supplemented 
lung epithelial cells in culture with increasing concentrations 
of aT (0–50 mM, dissolved in ethanol) and determined the aT 
concentration of a cell homogenate by HPLC-ECD (1). The 
homogenate should be in the same state as the tissue to be 
mapped (e.g. wet or dehydrated). A portion of the homoge-
nate (10 ml) was also placed into a 0.8-mm diameter well in 
CaF2 or aluminium and dried under N2.

3. Record Raman spectra from a representative grid over the 
homogenate and then average the spectra for each sample  
(see Note 7). The signal-to-noise ratio (S/N) of the band 
around 2,930 cm–1 from the average spectrum of each sample 
should be at least 50 for the calibration. Remove the back-
ground signal from the Raman spectra (see Note 8), normalise 
the spectra by dividing each point by the average intensity of 
the spectrum (see Note 9) then input the data into the statisti-
cal package, along with HPLC-measured parameters.

4. Carry out a PLS regression, incorporating wavelength selec-
tion to create a more robust model. Compare the regression 
coefficients with the spectra of the pure reference compounds 
as shown in Fig. 3 (see Note 10).

3.2. Validation  
of the Spectroscopic 
Analyses
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Select a suitable area of the sample. If the target analyte is highly 
localised it is possible to use a low-spatial resolution (5–10 mm 
spacing) scan over a large area; follow the remaining procedure 
and then repeat in higher resolution in an area identified from 
the initial screen as containing the target analyte. The individual 
spectra used to quantitatively predict the target analyte should 
have an S/N of at least 10.

1. It is not recommended to normalise the spectral intensity of 
mapped data before qualitative analysis. Import the data into 
the statistics package and perform a PCA. Identify principal 
components (PCs) relating to target analytes by comparing the 
loadings with the reference spectra recorded initially. These 
loadings contain a positive and a negative constituent, which 
can make interpretation difficult. In order to visualise the 

3.3. Acquiring  
the Raman Data  
of the Sample

3.4. Qualitative  
Mapping
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Fig. 3. Interpreting the regression coefficients used in a PLS regression of the Raman signal 
against HPLC-determined a-tocopherol concentration in A549 cells supplemented with a 
range of tocopherol concentrations. (a) Raman signal of pure a-tocopherol (b) regression 
coefficients used to transform the Raman signal into the predicted a-tocopherol concen-
tration (c) the Raman signal of an unsupplemented A549 cells multiplied by −1 for com-
parison with negative coefficients.
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spectra related to the component it is necessary to average the 
most extreme scores and their corresponding spectra for each 
loading.

2. For the highest rank PCs these spectra will match the sig-
nals of the constituents contributing to the PC, but for lower 
ranked PCs these signals will not necessarily be the dominant 
band shape within the spectrum. Add the loadings onto the 
extreme high score spectrum and subtract the loadings from 
the extreme low score spectra until just before negative bands 
start to appear in the spectrum. The process is illustrated in 
Fig. 4 and it is clear that the spectral constituents contributing 
to the PC are easier to identify, allowing the identification of 
a-tocopherol and a-tocopherol quinone signals in nitrogen-
flushed and unflushed tissues, respectively. The scores of the 
PCs can be mapped using their original coordinates in order to 
obtain a pseudo-image like those shown in Fig. 5a and 6 e–j.
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Fig. 4. Extracting spectral signals from PCA. Spectral loadings containing tocopherolic 
signals from (a) N2flushed lung section and (b) unflushed lung section. The negative con-
tributor to the loadings makes it difficult to confidently assign the tocopherol. By adding 
the loadings to the average high score spectra the tocopherol signals contributing to the 
high score samples (c + d) are clear. The position of the arrowed band in (c) matches 
with that of the aromatic mode in a-tocopherol, while that of (d) matches a-tocopherol 
quinine, indicating that without a N

2 flush, oxidation of the a-tocopherol can occur.
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Fig. 5. Raman mapping of human bronchial epithelial cell lines with and without a CFTR 
mutation (HBE and CFBE, respectively) and PCA analyses for the lipid signalling mol-
ecule ceramide. (a) The light microscopic image, Raman map (Intensity) and Raman 
map after processing for PC8 scores (ceramide). (b) A summary plot of the PC8 scores 
for ceramide. 
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Fig. 6. Raman maps for a number of biochemical constituents identified in mouse lung during PCA. (a) Bright-field image 
of mouse lung at ×50 magnification (10-mm section after fixation with 4% PFA and short-term storage in 5% sucrose). 
(b) Histological appearance of the same mouse lung section after haematoxylin/eosin (HE) staining. (c) Raman map with 
2-mm spacing of the same mouse lung section (×100) showing nuclear protein (green), heme (red), and a-tocopherol 
(blue). (d) Insert shown in (b) at ×100 magnification after HE staining. (e–l) Raman maps of the insert shown in (a) at 
0.8-mm spatial resolution: (e) protein/DNA (green); (f) heme (red); (g) a-tocopherol (cyan) and g-tocopherol (magenta); 
(h) a-tocopherol quinone (yellow-green due to overlap with red) and heme (red); (i) a-tocopherol (cyan) and a-CEHC 
(magenta); (j) pulmonary surfactant (yellow); (k) a-tocopherol/palmitic acid (turquoise); (l) a-tocopherol/protein (green). 
Figure 6a–d and g–j reprinted with permission from (1).  
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Process the data in the same way as the calibration data was 
processed but exclude any signals wka signal-to-noise ratio below 
10 as these are below detail in limit. Import the data into the 
statistics package and perform a prediction using the PLS regres-
sion model created during the calibration step. Use the original 
mapping coordinates to reconstruct a pseudo-colour image of 
the predicted analyte as shown in Fig. 6k and l.

1. In order to interpret the Raman spectra from the sample under 
study, it is essential to have a comprehensive database of rep-
resentative spectra available for comparison. Use of spectral 
database software will compare the sample spectrum with the 
reference spectra and report which reference spectra are most 
similar to the sample. In some cases it may not be possible to 
obtain a pure reference spectrum of the target analyte, in which 
case a spectral database will not be applicable. Alternatively, 
the sample spectrum can be compared with published spectra, 
tables of assignment and comprehensive vibrational analyses of 
related molecules. Despite its age, Tu’s book on Raman spec-
troscopy in biology remains a very comprehensive reference for 
typical spectral signals of a wide range of biochemicals (59).

2. As mentioned above, it is imperative that physical interactions 
and states are replicated accurately between the sample for 
the reference spectrum and the form that is found naturally 
within the sample. In Fig. 2 spectra a and e compare aT in 
the neat liquid and in association with cells, and it is clear 
that the physical interactions within the cells cause measurable 
changes in the Raman spectrum. Understanding the relation-
ship between physical interactions and the Raman signal of 
lipids allows careful probing of lipid structure in membranes 
as well  as chemical composition (60).

3. Because of the close link between the Raman spectrum and 
the chemical structure of the analyte it is possible to speculate 
on the origin of an unidentified signal. If a reference sample 
of the suspected molecule is obtained then it can be accounted 
for in the original data without the need to re-record the 
sample data (61).

4. Raman spectroscopic methods are a point of focus method 
and the intensity of light scattered from the sample is affected 
by a vast range of interferences (58). It is therefore impor-
tant to understand the principal source of signal variation in 
the data. When mapping a small area of a sample relatively 
quickly as in (1), the principal source of intensity variation is 
likely to be due to the absolute amount of molecules in the 
sampling volume – but will also be sensitive to the morphol-
ogy of the sample. In Fig. 5 we show the absolute Raman 
signal of ceramides in human bronchial epithelial cells using 

3.5. Quantitative  
Mapping

3.6. Interpretation  
of Results
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the widely used cell lines HBE and CFBE (D. Gruenert,  
San Francisco, USA). Raman microscopy shows a more varied 
distribution in the CF cell line, which may suggest that these cells 
are in a higher activation state as increased incorporation and 
movement of ceramides within lipid rafts is required for bacterial 
internalisation, induction of apoptosis, and controlled release of 
cytokines and membrane receptor activation. In Fig. 6 the maps 
c–j are constructed from the PCA scores of non-standardised 
spectra, and consequently they reflect the absolute number of 
each molecule with the sampling volume at each point. Thus 
the concentrations of most materials appear higher in the cen-
tre of cells due to the fact there is more material there than 
at the edge. However, it is rarely the case that the absolute 
number of moles is of interest, but rather the concentration of 
the analyte with respect to its matrix or to another constituent. 
For quantitative analysis by Raman spectroscopy it is impera-
tive that the data is appropriately normalised (62). Figure 6 
maps k and l show the distribution of aT relative to protein 
and surfactant, respectively. It is clear that by ratioing the ana-
lyte signal to another constituent, a completely different type 
of information is gained. Comparison of Fig. 6g (aT in cyan) 
with j and k shows that although the largest total amount of 
aT molecules is in the centre of the cell, when expressed rela-
tive to the surfactant the concentration appears to be higher in 
the lining of the alveolus, the site of highest oxidative stress.

1. For larger samples (e.g. 100 ml of extracted material) a macro 
Raman instrument is preferable, with spot sizes available from 
50 to 500 mm in diameter. For discussion on the relative mer-
its of micro- and macro-Raman instrumentation, see (60).

2. For fluorescent samples use of 785-nm excitation is typically 
recommended. For non-fluorescent samples 633 nm offers 
the benefit of enhanced Raman scattering efficiency, optical 
transmission, and detection efficiency as well as allowing use 
of extra-white glass as a substrate if cost is an important con-
sideration. Accurate measurement of beam diameter is essen-
tial for determining spatial resolution. Measure the Raman 
spectrum along a line projecting over the vertical edge of a 
silicon wafer and measure the distance between 95 and 5% 
signal intensity – this distance represents the 2-standard devia-
tion diameter of the beam intensity.

3. The size of the spectral window is inversely related to the spec-
tral resolution of the instrument.

4. Notes
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4. For tissue mapping or low volume extracts a confocal Raman 
microscope is required, allowing measurement from volumes of 
the order of 1 mm3, <1 pg of material (see Note 2). When using a 
high magnification objective, a water immersion lens is required 
for use on hydrated samples to avoid refraction problems at the 
sample surface. Raman methods can be easily incorporated into 
a plethora of configurations, allowing the sample to be probed  
under almost any condition imaginable. Use of water immersion  
objectives or an inverted configuration immediately opens the 
possibility of probing living tissue and cells. Phase contrast 
Normaski and other contrast enhancing methods can be incor-
porated to help the user visualise unstained biological materials, 
making the selection of analysis area easier.

5. The main issues associated with choosing a suitable substrate 
for the sample are minimal spectral features and as low a 
broadband signal as possible. CaF2 slides give a very low back-
ground, with a single sharp peak around 325 cm–1, making 
them an ideal substrate for many applications, but are expen-
sive. If high throughput demands a cheaper alternative extra 
white slides (Menzel-Gläser, Braunschweig, Germany) give 
a much higher background than CaF2, but when compared 
with quartz these have smaller spectral features but compara-
ble intensity of broadband background. Standard glass gives 
broadband signal intensity around three times that of extra 
white glass. However, if the excitation wavelength is in the 
NIR (>750 nm) then glass (standard or extra white) gives a 
very strong emission that swamps the Raman signal so that 
CaF2 or quartz must be employed.

6. It is important to design the calibration to measure the ana-
lyte in relevant circumstances. Supplementation studies ensure 
biological relevance, but the cell lines used must have bio-
chemical properties similar to the situation in situ. For exam-
ple, two calibrations allow prediction of aT/protein and aT/
surfactant ratios. Supplemented (alveolar type II-cells A549) 
created a prediction of aT/protein ratio. A separate calibra-
tion of standardised mixtures of aT and palmitic acid methyl 
ester were used to create a prediction of aT/surfactant ratio. 
In this later situation the dominance of palmitic acid in lung 
surfactant allowed modelling using a simpler and cheaper sys-
tem, but using pulmonary surfactant instead of palmitic acid 
would also be valid.

7. It is most useful to record multiple (minimum ten for confocal 
microscope systems) spectra from different regions of the sample 
to check for consistency. PCA will highlight any deviations such 
as impurities, polymorphism, or domain formation. Using this 
approach any detectable impurities can be eliminated from the 
signal post acquisition, leaving the pure signal of the target 
analyte.
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 8. The raw data acquired from a Raman experiment is not a pure 
Raman spectrum, but contains contributions from optical 
 phenomena other than Raman, such as fluorescence. For 
this reason it is necessary to eliminate this low information 
broadband signal from the data set prior to quantitative anal-
ysis. A large number of methods exist, with excellent review 
available in (63) and some promising new automated meth-
ods (61, 64).

 9. The absolute Raman intensity is very difficult to measure 
reproducibly, being dependant on a very large number of 
factors (58, 62) and for this reason it is necessary to stand-
ardise the intensity prior to quantitative analysis.

 10. The positive bands in the regression coefficients should 
match distinctive bands in the target analyte, while the nega-
tive bands should match distinctive bands in the cells or tissue 
under study. If the bands do not match those in the reference 
material, the model is depending on a cross correlation that 
may not apply in independent samples. Wavelength selec-
tion ignores Raman shifts that are unreliable for predicting 
the target analyte, either because the target analyte shares 
intensity with the cell or because there is a third constituent 
unrelated to the analyte.
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