LETTERS

Confocal Brillouin microscopy for
three-dimensional mechanical imaging

GIULIANO SCARCELLI'2 AND SEOK HYUN YUN'-2*

"Wellman Center for Photomedicine, Harvard Medical School and Massachusetts General Hospital, 55 Fruit Street, Boston, Massachusetts 02114, USA
2Department of Dermatology, Harvard Medical School and Massachusetts General Hospital, Boston, Massachusetts 02114, USA

*e-mail: syun@hms.harvard.edu

Published online: 9 December 2007; doi:10.1038/nphoton.2007.250

Acoustically induced inelastic light scattering, first reported in
1922 by Brillouin!, allows non-contact, direct readout of the
viscoelastic properties of a material and has widely been
investigated for material characterization?,  structural
monitoring® and environmental sensing’. Extending the
Brillouin technique from point sampling spectroscopy to
imaging modality would open up new possibilities for
mechanical imaging, but has been challenging because rapid
spectrum acquisition is required. Here, we demonstrate a
confocal Brillouin microscope based on a fully parallel
spectrometer—a virtually imaged phased array—that improves
the detection efficiency by nearly 100-fold over previous
approaches. Using the system, we show the first cross-sectional
Brillouin imaging based on elastic properties as the contrast
mechanism and monitor fast dynamic changes in elastic
modulus during polymer crosslinking. Furthermore, we report
the first in situ biomechanical measurement of the crystalline
lens in a mouse eye. These results suggest multiple applications
of Brillouin microscopy in biomedical and biomaterial science.

The mechanical properties of biological tissues and
biomaterials are closely related to their functional abilities®, and
thus play significant roles in many areas of medicine. For
example, coronary arteries hardened by calcification can cause
heart problems, mechanically weakened bones resulting from
osteoporosis represent a serious orthopaedic concern, and the
stiffness of the extra-cellular matrix influences drug delivery and
cell motility’. As such, the ability to measure mechanical
properties non-invasively in vivo at the microscopic (cellular)
scale would have a wide range of biomedical applications, as well
as uses in material science and engineering®’.

Conventional mechanical tests, such as dynamic mechanical
analysis and rheometry, require mechanical forces to be applied
to samples through contact and, although accurate and
comprehensive, they are therefore not well suited to in situ high-
resolution measurements. Miniaturized mechanical methods have
become increasingly sophisticated'®, but they are still limited to
surface measurement. Elastography is a promising technique used
to extract mechanical information from structural deformation
images'!; however, sensitivity to the assumed stress distribution
and physiological motion limit spatial resolution and
measurement precision. Acoustic techniques, such as ultrasound
and acoustic microscopy, are non-invasive and can offer
microscopic resolution. However, these techniques tend to be
effective only for samples with simple internal structures'?,
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because the detected signals (acoustic echoes) originate from the
spatial derivative of the acoustic impedance to be measured,
rather than its absolute magnitude.

Spontaneous Brillouin scattering is an inelastic scattering
process arising from inherent density fluctuations, or acoustic
phonons, in the medium (Fig. 1la). Brillouin spectroscopy
measures spectral changes upon scattering, providing direct
information on the phonon’s properties that are closely related to
the viscoelastic properties of the medium (see Methods).
Previously, Brillouin spectroscopy has been used successfully to
measure the viscoelastic properties of samples ex vivo, including
collagen fibres'>, bone'>, cornea and crystalline lens'®'.
Nevertheless, this technique has remained a point sampling
method, mainly because the measurement time to perform
imaging was too long, typically minutes per spectrum (pixel).

A challenge in Brillouin spectroscopy is separating Brillouin
light from elastically scattered light, which arises from Rayleigh
and Mie scattering or reflections from optical components. This
can be orders of magnitude stronger than Brillouin scattered light
in most biological tissues. In addition, the Brillouin frequency
shift, in the order of GHz (0.1-0.5 cm™ '), is too small to resolve
with conventional spectrometers. For high spectral resolution and
extinction, Brillouin spectroscopy has relied on multiple-pass
scanning Fabry—Perot (FP) interferometers!®, grating-based
monochromators'® and optical beating methods?®. These scanning
approaches are slow, however, as they measure individual spectral
components sequentially. A non-scanning parallel approach has
been demonstrated recently using an angle-dispersive FP etalon>2..
However, at each beam incidence angle, only a specific
narrowband spectral component is transmitted and detected,
while the rest is reflected. Consequently, in both the non-scanning
and the scanning approaches, the throughput efficiency is
fundamentally limited to less than 1/ where F denotes the
finesse of etalon; this results in a trade-off between measurement
resolution and acquisition speed.

To circumvent this problem, we developed a fully parallel
dispersive imaging spectrometer based on a virtually imaged
phased array?>?* (VIPA) (Fig. 1b; see also Methods). Our custom-
built VIPA spectrometer featured high finesse of up to 56 and high
throughput efficiency over 80%, and has a free spectral range
(FSR) of 33.3 GHz. The spectrometer was integrated into a home-
built confocal microscope set-up (Fig. 1c). Using a single-mode
fibre ensured strict confocality, flexible beam delivery, and minimal
stray light in the spectrometer. We used a dual-axis configuration®*
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Figure 1 Principle and schematic of the experimental set-up.

a, lllustration of Brillouin light scattering originating from acoustic phonons
(waves). b, Schematic of spectrometer based on a VIPA. ¢, Schematic of the
confocal Brillouin microscope system.

with 6° beam cross angle to reduce backscattered light and to achieve
high spatial resolution with a low numerical aperture (NA). Epi-
confocal detection, on the other hand, can maximize light
collection. The three-dimensional resolution, measured by sliding
the interface of two materials with distinctly different Brillouin
shifts over the beam focus, was 6 um (x) X 6 pum (y) x 60 pm (z).
The resolution can be improved by increasing the NA. However, a
high NA (>0.5) will involve noticeable Brillouin line broadening
as a result of the dependence of the frequency shift on the
scattering angle, as well as through the reduced acousto—optic
interaction length (axial resolution)®.

Figure 2a shows a typical spectrometer output obtained from
distilled water with a CCD integration time of 1s and laser
power of 10 mW on the sample. We optimized the number of
diffraction orders to effectively one within the transmission
window (dotted line) by spectrometer design. The acquired
spectrum shows the Stokes and anti-Stokes Brillouin lines at both
sides of a central elastic scattering line (Fig. 2b). About
100,000 photons contributed to each Brillouin line. The electrical
readout noise level of the camera was between 5 and 30 photons
depending on the gain level used. We measured the frequency
sensitivity (the root-mean-square error) to be +7 MHz Hz~ /2,
which corresponds to +4 MPa (40.1% error) for 1 s integration.

We also tested various liquid and solid samples (Fig. 2¢) and
obtained Brillouin shifts and linewidths that agree with
previously published data®?. The majority of the scattered light
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Figure 2 Brillouin spectra of various samples. a, Typical CCD output obtained
from distilled water. b, The width of the transmission profile (dotted line)
matched to the FSR to maximize the signal. ¢, Calibrated optical spectra:
experimental data (red circles); overall curve fit based on lorentzian functions
(solid green line); and a curve fit to the Stokes Brillouin spectrum (blue dashed line).
The measured Brillouin shifts and linewidths are 7.46 GHz and 0.79 GHz for water,
5.57 GHz and 0.46 GHz for methanol, 9.23 GHz and 1.97 GHz for benzyl alcohol and
benzyl benzoate (BABB), and 15.6 GHz and 0.26 GHz for acrylic glass (Plexiglas).

had the same polarization state as the input laser beam. The
efficiency of Brillouin scattering varies depending on the elasto—
optic tensor of the material, beam directions, and optical and
acoustic polarizations®. All of our experiments described here
used isotropic materials in the quasi-epi detection (back-
scattering) configuration. As a result, we observed only the
Brillouin lines associated with longitudinal acoustic phonons.
The amplitude of scattering from transverse (shear) acoustic
phonons is zero in the backward direction.

To demonstrate Brillouin imaging, we used an acrylic intraocular
lens placed in a cuvette filled with viscous polymer for optical index
matching (Fig. 3a). A total of 230 (x) x 44 (z) spectra were acquired
with a CCD integration time of 0.5 s and laser power of 3.5 mW,
as the sample was translated stepwise over an area of
32mm (x) X 1.3 mm (z). Figure 3b shows an image created by
mapping the measured frequency shifts vy The cross-section of
the acrylic lens appears at the centre in dark red (v = 14.6 GHz),
the surrounding medium in blue (v = 11.5 GHz), and a part
of the polystyrene cuvette at the left top in light red (v = 14.4 GHz).
At the interface between different materials, the spectrum
exhibits two Brillouin peaks corresponding to the individual
materials. We defined the Brillouin shift as the weighted centroid
of the peaks, so that the boundaries of objects are highlighted
with a colour gradient. The lens and cuvette have similar
Brillouin shifts, barely discernable in Fig. 3b, but their elasto—
optic constants and thus Brillouin scattering efficiencies are
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Figure 3 Cross-sectional Brillouin image of an intraocular lens. a, Picture of the sample used. To visualize the outline of the lens clearly, the picture was taken
before filling the cuvette with index-matching viscous polymer. The imaged area is 3.2 mm (x) x 1.3 mm (2). b, Image based on measured frequency shifts,
corresponding to a cross-sectional map of elastic modulus. ¢, Image created by using Brillouin scattering magnitudes as contrast. d, Representative cross-sectional
line profiles taken along the dotted line in b and ¢. Arrows indicate which y axis scale applies.

substantially different. The difference produces a high contrast
between the two objects in the image created by mapping the
Brillouin magnitude at a shift of 14.5 GHz (Fig. 3c). The
intraocular lens was almost invisible to the naked eye because of
index matching; however, the Brillouin images clearly visualize it
using the elastic properties as the contrast mechanism. Cross-
sectional line profiles are shown in Fig. 3d.

In addition to facilitating imaging, rapid measurement of
Brillouin spectra can enable the dynamic changes in material to
be monitored. Crosslinking collagen and biopolymers in situ is
an emerging technique in tissue engineering wused for
constructing structurally and mechanically optimized cell
scaffolds?”. To test whether our system can monitor the modulus
change by crosslinking, we measured the Brillouin spectra
of optical adhesive polymer in response to UV curing light.
Figure 4 depicts the Brillouin shifts measured continuously over
time with 1 s CCD integration time. The UV lamp was turned on
at r=0 and off at r=100s. During this period, we observed
rapid dynamic changes characterized by an initial decrease of
Brillouin shift followed by a steady increase. The further increase
with a reduced slope after t+ =100 s is due to post-illumination
crosslinking. After 24 h, the polymer appeared to reach a steady
state. The right y axis denotes the elastic modulus calculated
from the measured Brillouin shifts assuming a constant density
of p=12gcm 3 and a refractive index of n = 1.56 (the actual
variation of these parameters amounts to less than 1%
uncertainty in the elastic modulus estimation). This experiment
demonstrates the capability of monitoring dynamic mechanical
changes non-invasively in situ by Brillouin spectroscopy with
high temporal resolution (1 s).

Brillouin scattering is in principle similar to Raman scattering.
The molecular chemical properties of a sample can be determined
from Raman scattering by measuring THz optical phonons, rather
than GHz acoustic phonons, with a conventional grating-based
spectrometer. Although Raman imaging has been investigated
actively for biomedical sensing and diagnosis?®, the effort to
extend Brillouin spectroscopy to a practical imaging modality has
been impeded by a dearth of sub-GHz-resolution and high-
throughput spectrometers. The VIPA-based spectroscopy we have
demonstrated here offers a solution to this bottleneck, providing
significantly enhanced Brillouin signals compared with those
produced using previous approaches>'®!?. Combined with a
fibre-optic confocal microscope, this advance has enabled us to
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Figure 4 Real-time monitoring during UV-induced crosslinking of polymer.
Four distinct phases are observed, characterized by a constant Brillouin shift
before curing (—100s to 0 s), dynamic changes during UV illumination (0 s to
100 s), an increase during post-illumination crosslinking (100 s to 250 s), and a
steady state after being fully cured (after 24 h). The elastic modulus was
calculated from the measured Brillouin frequency shift.

monitor dynamic changes in a polymer through crosslinking and
to obtain cross-sectional images using the mechanical properties
as the contrast mechanism.

The main limitation of the single-VIPA spectrometer is low
extinction of the Rayleigh signal, about —30 dB in the Brillouin-
shift region. To test the feasibility of biomechanical measurement,
we improved the extinction to —55dB using a tandem VIPA
and performed an in situ experiment with the eye of a mouse,
post mortem (Fig. 5a; see Methods). Along the optic axis of the
eye, we acquired spectra at a depth interval of 100 pm with
7 mW optical power and 10 s integration time. Figure 5b depicts
the measured Brillouin frequency shift. We found that the
Brillouin shifts of the aqueous and vitreous humours were about
7.55+0.20 GHz, close to the 7.40+0.01 GHz of distilled water.
In the crystalline lens, the Brillouin shift increased from the
outer layers (cortices) towards the centre (nucleus). This result
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Figure 5 In situ characterization of the crystalline lens in a mouse eye.

a, Left: Schematic of the murine eye. Right: images of the crystalline lens
extracted after measurement. The arrow indicates the beam entrance direction.
b, Brillouin frequency shifts measured at various depths along the central optic
axis (blue circles), showing a twofold increase from the outer layers (cortices)
towards the lens centre (nucleus). Error bars represent the measurement
uncertainty. C, cornea; A, aqueous humour; L, lens; V, vitreous humour;

and R, retina.

is consistent with previous measurements of excised lenses
in vitro'®7, obtained using a multipass FP scanning interferometer
with higher power levels of 10-25mW and a much longer
integration time of 10 min per spectrum. Here we measured
Brillouin scattering from the intact eye, to our knowledge for the
first time, suggesting the possibility of in vivo biomechanical
studies of the crystalline lens and cornea. Measuring their
viscoelastic properties non-invasively with —micrometre-scale
resolution would greatly enhance our ability to understand their
roles in a variety of ocular problems, such as presbyopia®, and to
improve cornea tissue bonding and cataract surgery®’. Further
improving extinction, for example by cascading more VIPA stages,
should make it possible to visualize and monitor the
biomechanical properties of other tissues in situ at the cellular level.

METHODS

BRILLOUIN SIGNAL AND VISCOELASTIC MODULUS

Spontaneous Brillouin scattering involves optical frequency shifts, upward and
downward, by the annihilation and creation of a phase-matched acoustic
phonon, respectively. The Brillouin frequency shift vy for an isotropic material
can be expressed as?

2
Vg = TnV cos(6/2)

where V= \/m is the acoustic velocity, E the elastic modulus (Young’s
modulus for solids and bulk modulus for liquids), p the density, n the refractive
index, A the optical wavelength and 6 the scattering angle (Fig. 1a). The linewidth
A (full-width at half-maximum, FWHM) of the Brillouin spectrum is related to
the acoustic attenuation coefficient a through A = aV/ . These parameters are
related to storage modulus M’ and loss modulus M" through'® M’ = pV? and
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M" = pV?A/vg. The measured complex modulus would be the same as the
values obtainable by hypothetical dynamic mechanical analysis at the GHz
frequency range.

VIPA

The VIPA is a solid etalon with three different surface coatings. The front surface
is highly reflective, except for a narrow beam entrance window, which has an
antireflection coating. The back surface is partially reflective. An input beam,
line-focused by a cylindrical lens, enters the etalon at an angle through the
transparent window, makes multiple internal reflections, and produces an array
of output beams with increasing phase delays. As in a diffraction grating, the
interference among the phased array beams provides angular dispersion so that
different frequency components are emitted at different angles??. High
throughput is assured because nearly all the photons arriving at the VIPA are
eventually transmitted forward and can be detected. This is a significant
advantage over a conventional angle-dispersive FP etalon where light enters
through a highly reflective surface. A tandem VIPA is constructed by using two
identical VIPA etalons with orthogonal orientations and relay lenses in between.
Our custom-made VIPA etalons were made of a silica substrate

(25 mm x 25 mm X 3 mm) with dielectric coatings. The reflectivity values for
the front and back surfaces were 99.9% and 95%, respectively. The beam
entrance window was 5 mm wide and the beam entrance angle was about 1.6°.

BRILLOUIN SYSTEM

The laser used was a single-frequency frequency-doubled Nd-YAG laser
operating at 532 nm (Torus, Laser Quantum). An achromatic lens (focal
length = 30 mm) focused the laser light to the sample with NA = 0.03. The
polarization of the input beam was linear, perpendicular to the scattering plane
(that is, s-polarization). In the spectrometer, we used cylindrical and aspherical
lenses with a long focal length of 200 mm to match the transmission profile to
the FSR (Fig. 2b). We used an electron-multiplied CCD camera (Cascade 650,
Photometrics). A 38-mm cylindrical lens in front of the CCD camera was used to
maximize the pixel values by focusing the spectrally dispersed light into a line
image. We determined the Brillouin parameters from the CCD output by curve
fitting with lorentzian functions. To reject fluorescence and Raman scattered
light generated from the sample, we used a 3-nm dielectric bandpass filter in
front of the spectrometer.

BRILLOUIN IMAGING

The intraocular lens (Alcon) was made of acrylate-methacrylate copolymer and
was transparent at 532 nm (90%). To match the refractive index and thereby
avoid excessive Fresnel reflection at the interfaces, we filled the cuvette with
uncured UV adhesive (Norland 61, n = 1.52). We processed the data and
produced images with custom software written in Matlab involving lorentzian
curve fitting, 3 x 3 median filtering, and standard hue-saturation-value

colour mapping.

DYNAMIC MONITORING

The sample was UV adhesive (Norland 61) ina 1 cm X 1 cm X 4.5 cm cuvette.
The laser beam was delivered through a side wall of the cuvette. A UV curing
lamp (Opticure, Norland) illuminated the sample from a distance of 8 cm with
an intensity of ~4 mW cm ™2 We acquired spectra continuously with a CCD
frame rate of 1 Hz. At a low laser power of 3.5 mW we did not observe any sign of
crosslinking induced by the probe beam itself.

BRILLOUIN MEASUREMENT OF THE EYE

We performed the Brillouin measurement with the eye of a C57BL/6 mouse
(18 months), within 20 min of killing, with the eye remaining in place.

A coverslip was placed on the anterior surface of the cornea with methylcellulose
to minimize corneal refraction. The laser beam entered the crystalline lens
through the centre of the pupil. We acquired Brillouin spectra as we moved the
sample axially with steps of 100 wm. Immediately after the measurement, the
eyeball was surgically removed from the animal and dissected to measure the
dimensions of the crystalline lens in vitro.
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