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ABSTRACT: Our current understanding of the mechanical properties of nanostructured biomaterials is rather limited to
invasive/destructive and low-throughput techniques such as atomic force microscopy, optical tweezers, and shear rheology.
In this report, we demonstrate the capabilities of recently developed dual Brillouin/Raman spectroscopy to interrogate the
mechanical and chemical properties of nanostructured hydrogel networks. The results obtained from Brillouin
spectroscopy show an excellent correlation with the conventional uniaxial and shear mechanical testing. Moreover, it is
confirmed that, unlike the macroscopic conventional mechanical measurement techniques, Brillouin spectroscopy can
provide the elasticity characteristic of biomaterials at a mesoscale length, which is remarkably important for understanding
complex cell-biomaterial interactions. The proposed technique experimentally demonstrated the capability of studying
biomaterials in their natural environment and may facilitate future fabrication and inspection of biomaterials for various

biomedical and biotechnological applications.
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nparalleled challenge exists in designing the next
generation of mechanically resilient biomaterials for
recently emerging biomedical applications, including
regenerative medicine, cancer research, bioenergy, bioelec-
tronics, and medical diagnostics.l’2 However, conventional
mechanical tests, either macroscopic techniques such as shear
rtheology or microscopic approaches such as atomic force
microscopy, require forces to be applied on the biomaterials’
surface. Therefore, those techniques may not be suitable for

~5 Noncontact

real-time and continuous measurements.’
elastography, on the other hand, is usually limited by their
spatial resolution and is inadequate for microscopic or

. 6-8 . .
mesoscopic assessment.” = Clearly, there is a pressing need
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for a noncontact and reliable mechanical testing method
capable of filling the existing technology gap.

In this report, we demonstrate the capabilities of recently
developed dual Brillouin/Raman microspectroscopy to simulta-
neously interrogate the mechanical and chemical properties of
hydrogel networks. This technique opens an opportunity to
interrogate physicochemical properties of biomaterials and cell-
matrix interactions in situ. Specifically, this technique
demonstrates local heterogeneity within nanostructured hydro-
gels, which up until now researchers only speculated. Our
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Figure 1. Investigating mechanical properties of polymeric hydrogel using Brillouin spectroscopy. (a) Covalently cross-linked hydrogels were
fabricated from gelatin methacrylate (GelMA) by exposing the prepolymer solution to UV radiation. The images show optical characteristics
of hydrogels with increasing GeIMA concentration. (b) Scanning electron microscopy images indicate the presence of a highly porous and
interconnected network in dried hydrogels (scale bar = 10 gm). The increase in GelMA concentration results in an increase in the pore wall
thickness (¥p < 0.05). (c) Brillouin spectra of hydrogels with different GeIMA concentration. The effects of GelMA concentration on Brillouin
signal and frequency are shown (*p < 0.05). (d) Positive correlation between the Brillouin moduli and the storage/loss moduli was observed.

approach provides experimental evidence that local hetero-
geneity exists in biomaterials at a mesoscale length.

As a viscoelasticity-specific optical technique, spontaneous
Brillouin spectroscopy has been utilized for material character-
izations.””'* Inelastic interactions between the incident electro-
magnetic wave and the intrinsic thermal phonons of the
material results in Brillouin scattering. Due to these
interactions, the incident electromagnetic wave experiences a
frequency shift, which is associated with the material’'s sound
speed or longitudinal/viscous modulus. Once this frequency
shift is determined via experiment, the longitudinal and viscous
moduli can be derived accordingly (longitudinal modulus:
E = plzyﬁz p/lzuBAuB

4n’ 4n?
mass density of the material, A is the incident wavelength, vy is
the Brillouin shift, Avg is the line width of the Brillouin shift,
and n is the optical refractive index of the material.

Brillouin spectroscopy offers a nondestructive and non-
contact approach with submicron spatial resolution to probe
viscoelastic characteristics of materials when compared to other
viscoelasticity-specific imaging techniques. In this sense,
Brillouin spectroscopy can provide comprehensive under-
standing of the interactions between the biomaterials and the
surrounding biological components.' In this study, we utilize
dual Brillouin/Raman approach to simultaneously obtain
Raman and Brillouin spectra, without sacrificing the acquisition

, viscous modulus: E” = ). Here, p is the

7691

time or system complexity. The Raman spectral signatures can
be used to determine the chemical characteristics of the
biomaterials, whereas the Brillouin signal can be used to assess
mechanical characteristics of biomaterials.

Unlike Raman spectroscopy, which has been investigated
extensively during the past decades, Brillouin spectroscopy
faces many challenges in its instrumentations and applications.
The main hurdles of practical Brillouin imaging/sensing are the
long acquisition time and the strong background induced by
elastic scatterings. Recently, we have advanced a background-
free Brillouin spectroscopic analysis using a virtually imaged
phased array (VIPA) and a CCD camera.”””"" The bleed-
through elastic light scattering was successfully suppressed
using an appropriate atomic/molecular absorption filter. We
have also incorporated a Raman spectroscopy detection
channel into the Brillouin microscope, making dual Brillouin/
Raman sensing/imaging possible.15

The spatial resolution of Brillouin spectroscopy allows one to
probe the mechanical characteristics of biomaterials at the
mesolength scale. It is important to measure properties at
mesolength scale because repair and regeneration of damaged
tissues fall between micro- and macrolength scale. For example,
biomaterials’ surface dictates foreign body reactions, and
fibrosis, cell—cell interactions, and cell-matrix interactions
have been shown to control and regulate neo-tissue formation,
which are all mesoscopic phenomena. Simultaneous inves-
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tigation of both chemical and mechanical properties of
biomaterials in a nondestructive manner can be used to
interrogate the cell-biomaterial interactions over an extended
period. Moreover, it is also possible to monitor the resorption
of biomaterials and tissue in-growth within the biomaterial
scaffold using Brillouin spectroscopy. The properties of
materials will influence the Brillouin shift and Brillouin line
width, so it is important to calibrate the system to specific
biomaterials or tissue type. In addition, a nondestructive and
noncontact approach of Brillouin spectroscopy can be used for
in situ assessments of the mechanical properties during
biomanufacturing and 3D printing.

RESULTS AND DISCUSSION

We first synthesized covalently cross-linked hydrogels from
denatured collagen (gelatin) to mimic different tissue stiffness
(Figure la). Photo-cross-linkable gelatin methacrylate
(GelMA) was obtained by modifying the amine groups present
on the gelatin backbone with methacrylic anhydride, according
to our previous reports.'” >" GelMA hydrogels have many of
the features of native extracellular matrix, including cell
attachment and matrix protease-responsive peptide motifs, as
well as elastic mechanical properties that can be tuned via cross-
linking, making them appealing materials for engineered tissues.
Further, GeIMA hydrogels can be microfabricated using various
methodologies such as photolithography, bioprinting, self-
assembly, and microfluidic techniques to generate constructs
with controlled composite architectures. We and others have
shown that GelMA mechanical properties can be further tuned
through the addition of nanoparticles that influence the
sensitivity of attached cells to mechanical stimuli, including
material stiffness and dynamic loading.”*~>’ To mimic
biomechanical properties of tissue structures, we selected
different concentrations of covalently cross-linked GelMA
hydrogels (3, S, 10 and 15% w/v). The structural and
mechanical properties of these polymeric hydrogels were
investigated and correlated with Brillouin and Raman spectra.
The optical instrumentation used in those experiments is
shown in Figures S1 and S2.

We captured the microscopic morphology of the dried
hydrogels using scanning electron microscopy (SEM). All the
covalently cross-linked hydrogels (dried) exhibited a porous
and interconnected network (Figure 1b). The pore sizes range
from 3 to 10 pym among all the samples (Figure S4a).
Interestingly, the wall thickness of the pores showed a positive
correlation with the polymer concentration. The increase in
wall thickness is attributed to higher wt % of polymer in the
hydrogel network that results in enhanced cross-linking. The
increase in cross-linking density reinforces the hydrogel
network and results in an increase in mechanical stiffness.

Next, we assessed the viscoelastic properties and chemical
characteristics of the hydrogel network using the dual Brillouin/
Raman system. Examples of the Brillouin spectra are illustrated
in Figure lc. A typical Brillouin spectrum consists of three
peaks: an elastic peak located in the center and two Brillouin
peaks, representing the Stokes and anti-Stokes components,
located on the left and the right side of the elastic peak. The
quantitative information can be extracted from the spectrum
according to the position and the line shape of the Brillouin
peaks (see Supporting Information and the Determination of
Brillouin Shift section). We utilized an iodine cell as a narrow-
band notch filter'® to minimize the unwanted elastic signal that
was bleeding through the spectrometer. The absorption cell can
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distort the line shape of the Brillouin peaks (see Supporting
Information). For example, in Figure 1c, the anti-Stokes part of
the Brillouin spectrum was partially absorbed by the iodine cell.
However, by carefully taking those sudden features into
account, we were able to retrieve the position of Brillouin
lines with an accuracy of +1 MHz.**

The sampling points were randomly selected across the
hydrogel samples. Although heterogeneity can be revealed by
SEM images, the Brillouin shift was almost insensitive to the
position across the samples. We attribute this observation to a
relatively large light—matter interaction volume defined by our
optical system. In our case, according to the numerical aperture
of the objective lens (NA = 0.25), a typical focal volume was
~2.6 X 2.6 X 8.5 ym? (for a focusing lens with the NA = 0.25),
which is sufficient to cover an average-sized pore and its
surrounding walls. In this sense, the Brillouin scattering signal
was induced by both the walls and the pores. Nevertheless, the
Brillouin shifts/moduli show sensitivity to the GelMA’s
concentration.

The Stokes peaks are zoomed in for better comparison
(Figure 1c) to emphasize the relationship between the Brillouin
shift and the hydrogel concentrations. In order to quantify the
correlation between Brillouin shift/modulus and the GelMA
concentration, we performed at least 25 measurements on five
different hydrogels. A positive correlation between the Brillouin
shift and the polymer concentrations was observed (Figure 1c).
Nevertheless, the Brillouin line width, which is associated with
the viscous properties of hydrogel network, does not strictly
correlate with the GelMA concentration (Figure S4d).

In this study, we also utilized conventional mechanical testing
(shear rheology) to characterize the quasi-static mechanical
properties of the hydrogel network and to validate data
obtained from Brillouin spectroscopy. The viscoelastic proper-
ties of the hydrogel network derived from the shear rheology
technique can be described by the storage modulus (Eg') and
the loss modulus (Eg"). Here, the subscript “S” denotes that the
moduli are measured by static/quasi-static techniques. Both the
storage and loss moduli of the polymeric network exhibit a
positive association with the GelMA concentration (Figures 1d
and SS). This is expected, as the increased GelMA
concentration results in enhanced cross-linking density. More-
over, the increase of the wall thickness of the hydrogel network
also contribute to the elevated stiffness.

The positive association between the shear moduli and
Brillouin moduli is illustrated in Figure 1d. Here, we treated
cross-linked hydrogels as aqueous solution filled with collagen
fibers. Following previous studies, the index-density factor p/n*
for the hydrogel is expected to be a constant (p/n* = 1.57 g/
cm®).”® Unlike quasi-static techniques such as compression or
shear rheology, Brillouin spectroscopy provides the elastic
modulus of the hydrogel network in the high-frequency regime
(~1-10 GHz). This is mainly attributed to the acoustic
dispersion of the hydrogel network. For example, the
longitudinal modulus obtained from Brillouin spectra is orders
of magnitude higher than those obtained from quasi-static
analytical techniques. Conventional elastic moduli can be
correlated with Brillouin moduli using, Ey’ = 10°(Eg’)*,*® where
Eg' and Eg' are the Brillouin and quasi-static elastic moduli,
respectively. Both “a” and “b” are material-dependent
coefficients, and we have taken a = 8.3059 + 0.0003 and b =
0.0175 + 0.0013 for our calculations. Overall, the results

identified in Figure 1d confirmed that the elasticity of hydrogels
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Figure 2. Investigating mechanical properties of nanoengineered hydrogels using Brillouin spectroscopy. (a) Fabrication process of

nanocomposite hydrogels. Inset shows Raman spectra, confirming the presence of nHAp (~960 cm

~1, indicator of PO,"). (b) SEM images for

nanocomposites with different nHAp concentrations and its effect on the wall thickness. The optical transparency of hydrogels is reduced due
to addition of nHAp, as shown in the insets. (c) Brillouin spectra and frequency as a function of nHAp concentration (*p < 0.05). (d)
Correlation between the Brillouin spectroscopy results and the rheology measurements (*p < 0.05).

network can be assessed using Brillouin spectroscopy in a
nondestructive manner.

To further extend the applicability of Brillouin spectroscopy
toward mineralized tissues, we fabricated nanocomposite
hydrogels loaded with hydroxyapatite nanoparticles (nHAp)
and covalently cross-linked GeIMA hydrogels. nHAp is present
in mineralized tissues such as bone, dental enamel, and dentin.
We combined nHAp (0—4% w/v) with the GelMA prepolymer
solution prior to the photo-cross-linking procedure to mimic
mineralized tissue (Figure 2a). The microstructures of
nanocomposite hydrogels were characterized using SEM
(Figure 2b). The microscopic morphology, including the wall
thickness and the pore size of nanocomposite hydrogels
(Figures 2b and S6a). We did not observe any significant
change in pore size and pore thickness due to addition of nHAp
to GelMA. This might be due to limited interactions between
nHAp and GelMA, similar to previously reported studies.”’ To
validate the presence of nHAp within the hydrogel network, we
analyzed Raman spectra for the nanocomposite hydrogels
(Figures 2a and S6b,c). Due to the strong autofluorescence
emissions from the samples, we only concentrate on Raman
peaks for phosphate (v; PO,” ~ 960 cm™) contributed by
nHAp, C—H bonds (2600—3000 cm™") contributed by GelMA,
and O—H bonds (~3100—3400 cm™') originating from
surrounding water molecules. Among the nanocomposite
samples, we identified a positive association between the
nHAp concentration and the phosphate peak (960 cm™)
strength. At higher nHAp concentrations (>3 wt %/v), the
strength of all Raman peaks was reduced due to the increased
turbidity of the sample. The use of Raman along with Brillouin
can be used to simultaneously determine extracellular matrix
remodeling and formation of mineralized tissue.
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The Brillouin spectra of the nHAp-reinforced hydrogels were
recorded and analyzed (Figure 2c). The presence of nHAp
nanoparticles leads to a stronger elastic scattering (Figure S7),
which makes it necessary to correct for elastic background
scattering (Figures 2c and S7). Since the size of nanoparticles is
substantially smaller than the probing volume in Brillouin
microscopy, and the distribution of nanoparticles is considered
to be random, we neither expected nor experimentally observed
any additional resonances associated with those nanoparticles
or their interaction with the surrounding medium. Once again,
the Brillouin frequency shifts due to material characteristics can
be precisely identified by detecting the center of Brillouin
peaks. We also observed that the line width of the Brillouin
peak was much broader than that of their pure GelMA
counterparts (Figures 2c, 7 and S8), and the reduced accuracy
of its determination was likely affected by the limited signal
strength.

We observed a negative association between the nHAp
concentration and the Brillouin shift (Figure 2d). These results
suggested that the addition of nHAp to GelMA decreased
elasticity of the hydrogel network at microscopic length scale.
The quasi-static elastic modulus obtained by shear rheology
demonstrates a positive correlation with nHAp concentration
(<2%) (Figures 2d and S8c,d). At higher nHAp concentration,
no significant difference in storage and loss moduli was
observed. This behavior is drastically different when compared
to Brillouin measurements. According to the Brillouin shift, the
addition of nHAp to GelMA reduces the Brillouin moduli. This
contradiction can be explained in terms of the hydrogel
networks” heterogeneity at different length scales. In the
Brillouin microscopy studies, we only probed a local micro-
scopic area confined by a focal region, whereas the shear
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Figure 3. Assessment of local heterogeneity in mechanical properties of a bulk hydrogel network. (a) Illustration of the relationship between
numerical aperture and the corresponding focusing spot size. (b) Solid line: the focusing spot size as a function of the numerical aperture of
the objective lens. Boxes: the measured wall thickness for pure GelMA and GelMA + nHAp samples are plotted as a reference. The left four
pairs of boxes are measured from pure GeIMA samples, and the right three pairs of boxes are measured from nanocomposite hydrogel
samples. (c) Brillouin shift and line width for spots randomly selected from the sample (*p < 0.05). The numerical aperture of the objective
was 1.00. The focusing position was determined via the optical image simultaneously captured during the experiment by a separate camera.
(d) Statistics results of the Brillouin shift acquired from random points with different objective lens (*p < 0.05). The results corresponding to

the higher numerical aperture objective lens give a stronger fluctuation.

rheology technique investigates the hydrogel stiffness at
macroscopic (~1—10 cm) length scale. These results suggest
that the nanocomposite hydrogels show heterogeneous
mechanical properties at different length scales.

To further elucidate the effect of the heterogeneity of the
nanocomposite hydrogels, we acquired Brillouin shift using
objective lenses with different numerical apertures. The spot
size affects the interrogation volume (Figure 3a), and this is
particularly important when probing inhomogeneous samples.
To investigate the relationship between the spot size and
Brillouin shift, we employed two objective lenses with distinct
numerical apertures (NA = 0.04 and 1.00) (Figure 3b). Their
corresponding focus spot sizes are ~16 X 16 X 300 and ~0.6 X
0.6 X 0.5 um. Based on the SEM images (Figures 1b and 2b), it
is expected that the larger spot size, which is affordable by a
lower numerical aperture objective (NA = 0.04), will provide
the averaged information over an area of 16 um?’ whereas the
smaller spot size (NA = 1.00) with a spot size <1 ym will cover
only a small fraction of the area (Figure 3a,b and Figure 2b). To
validate this hypothesis, we randomly selected 36 points on
nanocomposite hydrogels (1% nHAp). The acquired Brillouin
shift results are plotted in Figures 3c and S9. When utilizing
smaller focusing spot size, the values for Brillouin shift were
widely distributed. The statistical comparison is given in Figure
3d. For the low NA (NA = 0.04) lens, the Brillouin shift was
74421 + 0.0200 GHz and for the high-NA (N.A.=1.00) lens,
the Brillouin shift was 7.4322 + 0.1164 GHz. The averaged
Brillouin shift acquired by the two objective lenses did not
exhibit significant difference (p > 0.0S, Figure 3d). However,
the standard deviations of these two data sets were different by
approximately a factor of S-fold. This indicates that the
Brillouin shift is highly sensitive to the microscopic position in
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the nanocomposite hydrogel networks, reflecting the hetero-
geneity of their mechanical properties. We note that the
increase of the numerical aperture of the objective lens would
cause a line-broadening effect in Brillouin spectroscopy.
However, under the backscattering configuration that is
adopted in our experiment, the absolute Brillouin shift is
insensitive to the numerical aperture of the objective lens.””

CONCLUSION

Overall, we have shown that dual Brillouin/Raman spectros-
copy can be used to probe the mechanical and chemical
properties of nanostructured hydrogel networks. The non-
contact and noninvasive nature of Brillouin spectroscopy
highlights its capabilities for in situ and in vivo applications,
including monitoring tissue regeneration and diagnosing
cancer. Specifically, we characterized the mechanical stiffness
of pure and nanocomposite hydrogels using Brillouin spectros-
copy. For the pure polymeric hydrogels, Brillouin shifts agreed
with the storage modulus of the hydrogel network obtained via
conventional techniques. Meanwhile, for hydrogels loaded with
nanoparticles, a heterogeneous distribution of mechanical
stiffness at micrometer length scale was observed. Unlike
macroscopic characteristic techniques, Brillouin spectroscopy
enables investigators to assess the viscoelasticity of the hydrogel
at the mesolength scale that ranges from submicron to tens of
microns, which would help to better understand biomaterials’
microscopic viscoelasticity. This technique can be used to
determine the mechanical/chemical characteristics of a range of
hydrogel biomaterials. Moreover, with the assistance of Raman
measurement, investigators are able to monitor the chemical
information on the sample without additional operations. The
dual Brillouin/Brillouin spectroscopy may assist future
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fabrication and in situ inspection of functional biomaterials in
various biomedical applications.

EXPERIMENTAL SECTION

Preparation of Polymer Hydrogels and Nanocomposites.
Polymer hydrogels were prepared by covalently cross-linking them in
the presence of UV light. Briefly, 3, 5, 10, and 15% GelMA were
dissolved in 0.25% photoinitiator solution (Ciba IRGACURE 2959,
Ciba Specialty-Chemical, USA) at 60 °C. The prepolymer mix was
then subjected to UV exposure (320—500 nm) at an intensity of 1.44
W/cm? for 90 s to obtain covalently cross-linked hydrogels (Omnicure
$200, Lumen Dynamics). Hydroxyapatite nanopowder purchased
from Sigma-Aldrich, USA, was used to fabricate nanocomposite
hydrogels. Briefly, 10% (w/v) solution of nHAp stock was prepared in
distilled water and allowed to uniformly disperse under sonication for
15 min. A 5% (w/v) solution of Ge]MA was prepared in photoinitiator
solution, and an appropriate volume of nHAp stock was added to
make the final volume up to 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4%. The
nanocomposite solution was then cross-linked under UV exposure at
1.44 W/cm? for 90 s to obtain nanocomposite hydrogels.

Morphological Characterization of Hydrogels. Scanning
electron microscopy was performed to study the pore size distribution
and wall thickness of polymer hydrogels/nanocomposites. Samples for
SEM characterization were frozen in liquid nitrogen prior to
lyophilization for 36 h. Completely dried samples were broken with
forceps to expose the cross section and mounted onto carbon-taped
SEM stubs. Dried samples were sputter-coated with Au/Pd (~31 nm)
prior to imaging under SEM (JEM 5000 SEM, Nikon Instruments) at
an acceleration voltage of 10 kV. Pore size distribution and wall
thickness of the samples were calculated using Image] (NIH, USA).

Mechanical Characterization. The viscoelastic properties of the
polymer hydrogels and nanocomposites were analyzed by a MCR
theometer (Anton Paar, USA) using a 10 mm flat geometry. Time-
dependent storage and loss moduli (G’ and G”) were obtained by
subjecting the material to 1% strain at 10 rad/s. The UV light was
turned on after 30 s and kept on until the moduli were stabilized (180
s). Strain sweep was performed where the material was subjected to
0.1—10% strain at 10 rad/s, and the respective stress response was
obtained from the sample.

Optical Setup. The Brillouin spectrometer follows the exper-
imental setup is shown in Figure S1. A 532 nm single-frequency laser
(GMSL-532-100FHA) with center wavelength (531.9587 nm +0.3
pm), nominal output line width (~640 kHz), and maximum output
power of 100 mW was obtained from Lasermate Inc. Unwanted
optical feedback from the setup was prevented using an optical isolator
(BB-8-05-1-090) obtained from Electro-Optics Technology. The
backscattered light was directed toward a confocal pinhole by placing
a polarizing beam splitter along the beam path. A microscope objective
lens was used to focus the pump onto the sample and to collect the
backscattered light. To rotate the polarization of the back-reflected
beam by 90°, we placed a Faraday optical rotator (Electro-Optics
Technology, Inc.) before the objective lens. The backscattered beam
was split by a long-pass filter and sent to a conventional Raman
spectrometer and a VIPA spectrometer (for Brillouin spectra analysis).
The sample was not damaged by incident radiation during experiments
as the power was less than 40 mW.

The VIPA spectrometer followed the design set forth by Scarcelli et
al.** The input beam was coupled into an iodine absorption cell heated
to ~130 °C (Figure S2). The undesired molecular emission and
remaining Raman signal were filtered using a 532 nm line filter. When
probing the pure GelMA hydrogels, the laser emission wavelength
corresponds to the absorption line #660 of the iodine molecules
according to Simmons and Hougen.”® Therefore, the anti-Stokes peaks
as shown in Figure le were partially absorbed by the iodine molecules.
Because of this, we utilized the Stokes peaks for the purpose to
retrieving the Brillouin shifts. Nevertheless, when probing the GelMA
+ HAP hydrogels, the laser was repaired and its emission wavelength
hopped to another value (absorption line #642, according to Simmons
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and Hougen®®), and we selected anti-Stokes peaks to retrieve the
Brillouin shifts.

Determination of Brillouin Shift. In this study, we determined
the Brillouin shift through an empirical method. We followed the
paraxial approximations for both air-spaced and solid-spaced VIPAs
reported in previous reports.””*° The output at focal plane can be

expressed as
dr¥cos 6,
nf{'

(1)
0, is solely dependent on the tilting angle of the VIPA. Usually, the
tilting angle is less than 1°% 4, b, d, ¢, and r, are empirical parameters.
Here, r, is the overall shift of the CCD camera (compared to the
center of the periodical structures). Therefore, the positions of the
elastic peaks will satisfy the following condition:

1

A, r) =
2dr tan GW"I — n’sin 6,

nj fL

1+F sinz(%[Zd cos 6, —

1
T 1+asin’(b—d(r + 1) — e(r + 1r)*)

y(b+d(r+ 1) +e(r + ro)z) =(m+Drn

@)

Here, m and [ are both integers. In this particular case, m = ¢/(4 X
FSR) ~ 16934, and | = 0, 1, 2,.... (c is the light speed).

A typical Brillouin spectrum is given in Figure S3b. The Brillouin
peaks are present beside the elastic peaks. The position and the line
width of the peaks can be determined using a nonlinear fitting
algorithm. We used Lorentzian function to fit the peaks, according to
eq 1. In this way, the distance between the elastic peak and the
neighboring Brillouin peak, Ar, can be determined. The Brillouin shift
vp can be simplified according to the following expression:

. (m+ Dz _
b+d(r+ Ar + 1) + e(r + Ar + 1)

L

(m + Drx

B b+d(r+ Ar + 1) + e(r + Ar + 1)
(m+ Drx

b+ d(r + 1)) + e(r + 1,)°

~BAr + CAr* + DAr® + ...

(©)

This expression can be expanded into Taylor series because Av is
usually much smaller than v,. Based on the spacing of the elastic peaks,
we know Ar when Av is integer multiples of the free spectral range
(FSR) of the VIPA. For example, the spatial and the spectral distances
between peaks 1 and 2 in Figure S3a are r,; and FSR = 33.334 GHz,
respectively. Similarly, for peaks 1 and 3, their spatial distance is r,; +
135, whereas their spectral distance is 2 X FSR = 66.668 GHz. Based on
these data, we can solve the parameters B, C, D,... in eq 3. Practically,
the distances between different peaks are expressed in pixel numbers.
In our experiment, the pixel number is 1600 using full vertical binning
setup. An example pixel—spectral correspondence is shown in Figure
S3b. Here, we used all four elastic peaks (the central peaks of the
triplet structures) to determine the correspondence curve.

Statistical Analysis. The data are presented as mean + standard
deviation. One-way analysis of variance with Tukey’s posthoc test for
pairwise comparison was performed to obtained statistical difference
between samples. Statistical significance is designated with *p < 0.0S.
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