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We describe the first application of confocal Brillouin and 

Raman microscopy to ex vivo human epithelial tissue - 

Barrett’s oesophagus. This non-invasive label-free approach 

provides high-resolution mechanical mapping with chemical 

specificity, opening the route to a new integrated method for 

multiple biomedical and bioengineering applications, and 

potentially in vivo real-time diagnostics. 

Brillouin spectroscopy, based on the inelastic light scattering from 

thermally activated acoustic phonons,1 measures elastic properties of 

a material. Despite an extensive use in material science,2-4 Brillouin 

spectroscopy has only sparingly been applied to biomedical studies, 

essentially confined to proteins,5-9 eye10 and bone11 partly due to 

material transparency. Among biomechanical techniques for tissue 

structure detection, elastography is especially promising,12 although 

improvements are expected in sensitivity and image distortion. 

Nanoindentation by atomic force microscopy (AFM)13 offers 

enhanced resolution, however it requires contact and suitable tips. 

Coupling Brillouin spectroscopy to confocal microscopy offers a 

versatile non-contact method for mechanical mapping at a cellular 

scale. This approach has been applied to bone14, 15 and, through 

advanced imaging, to mice eye16 and in vivo human eye.17, 18  

Probing complex heterogeneous materials such as biological tissues 

is challenging because spatially resolved chemical information is 

required. For instance, the composition of atherosclerotic lesions is 

relevant to understanding the pathogenesis of the disease and clinical 

outcome. This information can be achieved by vibrational 

spectroscopy such as Raman scattering or IR absorption when 

coupled to a microscope.19, 20 Raman microscopy has the advantage 

of narrow bands, low scattering of water and short excitation wave 

lengths, thus it is especially suited for biomedical applications.21, 22 

Here, we describe the first application of confocal Brillouin and 

Raman microscopy to ex vivo epithelial tissues. In this example we 

explore Barrett’s oesophagus, which is a change in the lining of the 

oesophagus which raises the risk of oesophageal adenocarcinoma by 

around 100 times.23 Mechanical mapping of tissue at high spatial 

resolution and with added chemical specificity is reported, 

demonstrating the possibility to combine the two techniques for a 

simultaneous mechanochemical mapping of biomaterials. This 

should open up new advances for in vivo and real-time diagnosis of 

pathology. 

Brillouin scattering is typically measured in the gigahertz range, thus 

requiring high-contrast spectrometers with highly monochromatic 

lasers. A tandem multipass Fabry-Perot interferometer has been 

introduced to circumvent the problems of low sensitivity and 

overlapping orders of interference.24 The result is a high-contrast 

spectrometer of the kind used here.25, 26 A microfocused approach 

was applied to the experiment, thus enabling an exquisite level of 

detail to be gained in mechanical mapping. The drawback of slow 

measurements may be overcome applying fast scanning techniques 

in combination with multivariate statistical analysis of the 

hyperspectral datasets. 

In this Communication, we present Brillouin and Raman spectra of 

glandular material and fibrillar regions forming the lamina propria 

mucosa of Barrett’s oesophagus. This shows variations in the 

measured stiffness across the epithelial tissue at a sub-micrometre 

level, and how these changes correlate with the local chemical 

composition and structure. We measured Brillouin spectroscopic 

maps by point-to-point scanning the surface of the specimen 

(histological cross-section) and obtained images showing the 

distribution of different parameters within the damped acoustic 

oscillator model. Finally, we quantified the acoustic wave 

attenuation and apparent velocity across a fibrillar region, and 

demonstrated the complementary between attenuation and frequency 

shift at this location. 

Methods 

A freshly excised oesophageal biopsy sample was collected during routine 

endoscopy, mounted on acetate paper and snap frozen in liquid nitrogen. It 

was then cryosectioned, mounted on a calcium fluoride substrate and stored 

in a freezer (–80°C) until required for analysis. It was then removed for the 
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microscopic analysis. The thickness of the air dried section was 

approximately 5 µm. 

Brillouin spectra were collected with a microfocused setup26 using a tandem 

3+3 Fabry-Perot interferometer.24 We used a single-mode Excelsior Diode-

Pumped Solid-State (DPSS) laser with 532 nm wavelength and 5 mW output 

power measured at the sample. A Zeiss dark-field objective (numerical 

aperture 0.75, working distance 4.7 mm) focuses the incident laser beam 

perpendicularly on the surface of the sample and collects the backscattered 

light which is sent to the interferometer for frequency analysis. LED light 

with 455 nm wavelength in combination with a CCD camera were used to 

illuminate the sample at grazing incidence, thus exalting the edges of the 

structures. The lateral resolution of this setup is approximately 250 nm. The 

spectral resolution is 0.1 GHz. Spectra were acquired in the range –30 to 30 

GHz (–23 to –12 GHz for the two-dimensional map) with 1500 scans per 

spectrum. The measurement of Brillouin maps required the sample position 

to be stabilized against lateral drifts, which may occur during long time 

acquisitions. This is realized selecting a reference area within the illuminated 

region (through the red-yellow boxes in the figures) and using an image 

recognition software which supplies a feedback signal to the positioning 

stage. Approximately 10 minutes per spectrum was the time required to 

achieve a good signal-to-noise ratio. Fit analysis with a damped harmonic 

oscillator25 was applied to the spectra. 

Raman spectra were collected with a Renishaw system 1000 confocal 

microscope equipped with an 830 nm laser and a Leica 100× objective. The 

spectrometer was used in semi-confocal mode with a 50 µm slit, 

backscattered light was dispersed through a 300 grooves/mm grating onto a 

NIR sensitive deep depletion CCD detector. The spectral resolution was 10 

cm–1. Spectra were acquired in the range 300–2000 cm–1 using a 10 s 

exposure time and ten accumulations to achieve a good signal-to-noise ratio. 

A fast scanning approach coupled to state-of-the-art hyperspectral data 

analyses has been shown to be effective at providing signals sufficient to 

distinguish tissue type and pathology.20 Attention was paid in obtaining site 

matched data from both Raman and Brillouin experiments, and this was 

achieved using patterns of tissue edges. Raman spectra were corrected for the 

energy sensitivity of the spectrometer using a fluorescent green glass 

standard, the baseline was subtracted with a 3rd order polynomial fit and the 

resulting profiles were normalised to the total integrated intensity in the range 

500–1800 cm–1. 

Results and Discussion 

Fig. 1 shows a typical Brillouin scattering spectrum of glandular 

material within the lamina propria of ex vivo Barrett’s oesophagus. 

 

Fig.1 Brillouin scattering spectrum of glandular material within the lamina propria of an ex vivo 
section of Barrett’s oesophagus. Brillouin peak maxima are at ± 19 GHz. The narrow peaks at 
about 6.5 GHz and 13.0 GHz are due to weak extra-modes of the laser. 

 

The spectrum presents an intense central peak due to the elastic 

scattering and a set of equally shifted peaks, which are the Stokes 

and anti-Stokes parts of a Brillouin doublet. In an elastic medium, 

the Brillouin doublet is predicted at frequency shift ω = ± cq with 

respect to the elastic peak, where c is the acoustic wave velocity and 

q = 2nki the momentum exchanged in the backscattering process, 

with n the refractive index of the material and ki the wave vector of 

the incident light.25 The line broadening observed in Fig. 1, 

originating from damped acoustic modes, indicates the viscoelastic 

nature of the material which is related to the presence of hydration 

water. Bound water is known to be a key constituent of tissues and is 

especially relevant to protein structure and aggregates. In this 

condition, the apparent sound velocity is obtained by the 

characteristic frequency ωb of a damped harmonic oscillator25 as c = 

ωb/q. 

To define the chemical composition, micro-Raman spectra of the 

epithelial tissue were also measured (Fig. 2). 

 

Fig. 2 (a) Optical image of a gland/connective tissue interface of Barrett’s oesophagus 
acquired with dark-field illumination. Parallel fibrils are visible on the left hand side. The dotted 

green line indicates a 20 µm segment along which Brillouin spectra were measured every 0.5 

µm. The red-yellow boxes define a reference area for sample stabilization. (b) Intensity 
distribution of stacked Brillouin spectra across the scanned segment. Lines identify selected 
spectra (c). (d) Optical image acquired with white light illumination. Numbers indicate the 
regions from which a Raman spectrum was extracted (e). (f) Expanded view of the C–C 
stretching region. Numbers indicate the wavenumber in the observed resonances (see text). 

 

Figs. 2(a,d) show optical images of the regions analysed by confocal 

Brillouin and Raman microscopy. The morphology of the specimen 

is clearly visualised in dark-field illumination (Fig. 2a), which exalts 

the edges of tissue structures. A fibrous/non-fibrous interface was 

the region selected for characterization. The dark branched pattern 

across both images was identified as the calcium fluoride substrate, 

having no signal in these spectral regions (black spectrum in Figs. 

2c,e). An intensity map of Brillouin spectra collected through a 

linear scan across the interface is displayed in Fig. 2(b). Selected 

spectra from distinct parts of the interface show differences in the 

Brillouin peak (Fig. 2c), with the fibrous region (red spectrum) 

having a higher intensity and lower frequency peak than the non-

fibrous one (green spectrum). Raman spectra from regions either 

side of the interface in Fig. 2(d) are complex and denote a 

combination of biochemical constituents (Fig. 2e). Spectral 

assignment based on previous studies19-23, 27, 28 revealed a proline-

rich composition (peaks at 727, 860 and 972 cm–1, due to coupled 

=C–H bending and C–C stretching modes) which plausibly 

corresponds to type I collagen forming fibrils (Fig. 2a) within the 

extracellular matrix. On the other hand, spectrum 2 shows 
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characteristic peaks of nucleic acids (DNA backbone at 1058 and 

purine bases at 1587 cm–1) and therefore it can be assigned to 

epithelial cells. A more accurate analysis of tissue constituents will 

be the focus of a further work aimed at extending the results of the 

present feasibility study. Fig. 2(f) shows a zoom of the spectra in the 

C–C stretching region. Here, a peak at 940 cm–1 in spectrum 1 

identifies hydrated type I collagen.29 The presence of hydration 

water in the fibrils is discussed below. By analogy, the peak at 949 

cm–1 in spectrum 2 may be assigned to free (non-water bound) 

carbon backbones. 

Micro-Brillouin two-dimensional mapping of a structured glandular 

region was also performed (Fig. 3). 

 

Fig. 3 (a) Optical image of a glandular region of Barrett’s oesophagus acquired with dark-field 
illumination. A fibrous matrix embedding oval-shaped structures (cells) is visible therein. The 

dotted green box indicates an area of 12×12 µm
2
 where Brillouin spectra were acquired using 

a 1 µm step-size. The red-yellow boxes define a reference area for sample stabilization. The 
asterisk is the location from which a Brillouin spectrum was extracted (b): symbols indicate the 
measured spectrum whilst the blue line is the result of a least-square fit with a damped 
harmonic oscillator function. (c,d) Images showing the distribution of fitted intensity and 
frequency shift of the Brillouin peak across the scanned area. 

 

Fig. 3(a) is an optical image of the tissue at this location, 

showing oval-shaped cells, embedded in a fibrous matrix. A 

Brillouin map was acquired from an area of the specimen 

including both constituents. Fig. 3(b) shows a selected spectrum 

extracted from a fibrillar region and related fit analysis using a 

damped harmonic oscillator model (see Methods). Fit results 

were plotted across the scanned area and Figs. 3(c,d) were 

obtained. They show the heterogeneous tissue structure through 

complementary images of the Brillouin peak integrated 

intensity (Fig. 3c) and frequency shift (Fig. 3d). It can be seen 

that higher scattering regions correspond to lower frequency 

ones and vice versa (see also Fig. 2c). We can assign the red-to-

green regions in Fig. 3(c) to the fibrous matrix of the 

connective tissue, whilst red-to-green regions in Fig. 3(d) 

correspond to epithelial cells. This assignment is in line with 

previous results of histological imaging of epithelial tissue.20 

To quantify the attenuation and apparent velocity of the acoustic 

waves across the same area, we derived the images in Fig. 4. 

 

Fig. 4 Images showing the distribution of (a) tan(δ) and (b) acoustic wave apparent velocity 

across the scanned area shown in Fig. 3a. Tan(δ), the ratio of imaginary-to-real part of the 
elastic modulus, was obtained as the ratio of fitted width-to-frequency of the Brillouin peak 
and shows relatively high values in correspondence of broader Brillouin peak, meaning 
stronger acoustic wave attenuation. The apparent velocity was derived from the fitted Brillouin 

peak frequency and shows a complementary distribution to that of tan(δ), indicating higher 
velocity in correspondence of lower attenuation of the acoustic waves and vice versa. 

 

We obtained tan(δ), the ratio of imaginary-to-real part of the 

elastic modulus, as a ratio of width-to-frequency of the 

Brillouin peak.30 This quantifies the acoustic wave attenuation 

across the measured region of the sample. The image in Fig. 

4(a) corresponds to that of the peak width distribution (the 

stronger the attenuation the broader the peak; data not shown). 

Taking n = 1.5 as the refractive index of the tissue,31 we also 

computed the apparent velocity of the acoustic wave (c = ωb/q) 

across this region (Fig. 4b) and found a complementarity with 

the attenuation image (Fig. 4a). A lower velocity is correlated 

to a stronger attenuation (broader peak), hence suggesting a 

plasticizing effect of hydration water within the fibrous 

collagen-rich matrix of the epithelial tissue, i.e. a shift of the 

structural relaxation to higher frequencies with increasing water 

content. The structural relaxation is ubiquitous in glass-forming 

materials25 and, in our sample, is expected to give the 

maximum of attenuation and velocity dispersion in the MHz 

frequency region. An increase of concentration of water can 

move the dispersion region toward the GHz range here 

explored by Brillouin light scattering, thus decreasing sound 

velocity and increasing attenuation. Water is key to the 

conformation and structure of collagen in tissues. Upon 

cryosectioning, the water content of a tissue drastically 

changes. There is essentially no bulk water left in air dried 

tissue sections. However, collagen-bound water may still be 

present (as well as some rehydration water depending on 

humidity conditions). Here, higher Brillouin scattering intensity 

(Fig. 3c) associated with lower acoustic velocity (Fig. 4b) 

suggests a swelling of the tissue due to collagen-bound water 

within fibrillar regions. The opposite - lower scattering 

intensity with higher velocity - is observed for epithelial cells in 

this cross-section. 

Conclusions 

We described the first application of confocal Brillouin and 

Raman microscopy to ex vivo epithelial tissues, in this case 

Barrett’s oesophagus. A characterization of the tissue stiffness, 

composition and their variations across the lamina propria 

mucosa was obtained. Brillouin scattering spectra, originating 

from damped acoustic phonons, revealed the viscoelastic nature 

of the material putatively due to water hydration. The evidence 

of hydrated (type I) collagen fibrils forming the extracellular 

matrix and of embedded epithelial cells was provided by 

Raman scattering spectra at a gland/connective tissue interface. 

The heterogeneity in tissue structure, stiffness and composition 
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was then identified through this high resolution approach. 

While the elasticity is expected to change following excision 

from the living organ (then cryosectioning and air drying), the 

method revealed changes in the tissue at a cellular level and is 

therefore a valuable tool for histological analysis. Micro-

Brillouin mapping of a glandular region of Barrett’s 

oesophagus showed signatures of high scattering intensity in 

correspondence of low frequency shift, and this was attributed 

to the specificity in water hydration. Quantitative results in 

terms of acoustic wave attenuation and apparent velocity were 

obtained, thus highlighting the role of bound water within 

collagen fibrils. The observed anti-correlation between velocity 

and attenuation suggests that hydration water has a plasticizing 

effect on the collagen-rich connective tissue which is revealed 

through a blue-shift of structural relaxation frequencies with 

increasing the water content. 

These results demonstrate the feasibility of applying a 

combined micro-Brillouin/Raman methodology to 

simultaneously map the mechanical, structural and chemical 

properties of biomedical tissues. No fixative or 

cryopreservative was used in sample preparation, however the 

effect of different procedures will be investigated in a further 

study. The method has potential for in vivo diagnosis32-34 of 

pathology, for example atherosclerosis which involves 

elasticity changes as well as altered structure and composition 

of the arterial wall.35-37 However, this is likely to be 

implemented using bimodal point measurements initially, with 

further technological advances required to enable in vivo 

imaging. 
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