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A B S T R A C T   

This study aimed to investigate the potential of Brillouin spectroscopy as a non-contact and real-time tool for 
measuring the viscoelastic properties of agar culture media and using them to determine the percentages of their 
different components. 

The Brillouin spectrum of media samples with varying concentrations of different components was successfully 
acquired. A custom-designed refractometer was employed for assessing the refractive index of the gels. The study 
shows that the Brillouin spectrum and viscoelastic properties of the media vary in dependence on the concen
tration of their different components in a predictable and controllable way and that the variation is different for 
each of the additives tested. 

This approach has the advantage of correlating to the component percentages, providing a non-contact 
method for evaluating the evolution of the culture medium in real-time, without disturbing the growth of 
cells or microorganisms. The results of this study have the potential to encourage the design of new tools and 
methods targeting the prediction, measuring, and control of agar plate behavior during cell culture. This could 
include measuring and maintaining optimal humidity conditions for maintaining suitable agar plates for cell 
culture or monitoring cell growth by measuring the consumption of each substance.   

1. Introduction 

Cell culture is the process of growing cells in a suitable medium and 
controlled environment, and has a wide range of applications, such as 
drug discovery, tissue engineering, biomedical research, and quality 
control [1–8]. 

Agar plates, which are Petri dishes filled with a growth medium that 
has been solidified with agar, are widely used as one of the main me
diums for culturing and studying cells [9]. Agar constitutes a family of 
complex polysaccharides found in the cell walls of some red algae and is 
widely used as a gelling, thickening, and stabilizing agent [10,11]. Agar 
cultures are inexpensive and quick to prepare, chemically and physically 
stable, and provide nutritive support for cell growth [12,13]. They are 
also prone to drying out over time, requiring the use of special 
humidity-controlled incubators to maintain the moisture level. As it is a 
solid-like material, it limits access to real-time information about how 
the different components are being used, without disturbing cell growth. 

Brillouin spectroscopy is a technique that analyzes the inelastic 
scattering of incident light in a given sample [14,15]. Brillouin 

scattering occurs from the interaction of light with the collective modes, 
such as acoustic phonons and magnons, resulting in frequency shifts in 
the range of 0.1–100 GHz, which correlate to the viscoelastic properties 
of the material [16]. 

The analyses of the Brillouin spectra of agar plates allow the 
extraction of important mechanical properties relating to their visco
elasticity, which can be correlated with the percentages of each 
component of the gel. The evaluation of the mechanical properties of the 
cell culture medium can also directly impact how cells behave and 
engage with it. The higher the stiffness, the harder the cell migration will 
be, affecting its growth and functioning. On the other hand, if the cell 
culture medium is softer, it will not provide enough support for cell 
growth [17,18]. Being a non-contact measurement technique, Brillouin 
spectroscopy can provide a unique way to determine the viscoelastic 
properties of the agar plate at any given time without disturbing cell 
growth, not only on the surface but also below the superficial layer, 
depending on the growth medium used, since agar gel is mostly trans
parent [19,20]. 

In this paper, we have used Brillouin spectroscopy to analyze the 
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viscoelastic properties of agar culture media. The influence on the op
tical spectrum of some of the most common components used in cell 
growth media and the possibility of using Brillouin scattering informa
tion to determine the composition of each component of the gels were 
tested. We have also developed a refractometer designed specifically for 
acquiring the refractive index of agar-based gels, which is necessary for 
creating viscoelastic models, in addition to acquiring the Brillouin 
spectrum and measuring density [21]. 

2. Materials and methods 

2.1. Sample preparation 

In this study, four different types of agar gel samples were prepared: 
agar-only, tryptone, yeast extract, and malt extract samples. The agar- 
only samples were prepared using 7 different target concentrations: 
0.5%, 1%, 1.5%, 2%, 2.5%, 3%, and 3.5%. Each sample was prepared by 
adding the target amount of agar powder (measured using a precision 
scale) to 60 ml (accounting for approximately 10 ml of evaporation, 
estimated during the preliminary tests) of distilled water, pre-heated on 
a hotplate at 120 ◦C until the water reached between 95 and 97 ◦C. The 

mixture was stirred until the agar was completely dissolved and then 
heated for 15 min. The mixture was then transferred to a pre-weighed 
and pre-heated glass cuvette (10 mm optical path) and a pre-weighed 
petri dish and allowed to cool to room temperature (22 ◦C). The filled 
cuvette and petri dish were weighed, and the final mass of the gel was 
determined by subtracting the previously measured empty cuvette and 
petri dish mass from the sum of their filled mass. 

The same procedure was used for the tryptone, yeast extract, and 
malt extract samples, but with the addition of the corresponding 
component to the mixture at the same time as the agar powder, both 
being measured using a precision scale to achieve the desired target 
concentrations. The target concentrations for tryptone and yeast extract 
were 0.25%, 0.5%, 1%, and 2%, while for malt extract were 0.5%, 1%, 
2%, and 4%. The target amount of agar powder used for these samples 
was 2%, and 60 ml of distilled water was used for each sample, ac
counting for approximately 10 ml of evaporation. 

The described process was optimized to minimize the effects of water 
evaporation and other losses on the accuracy of the concentration values 
of each component, increasing the reliability of the results. For all 
batches, the required amount of each component was calculated 
considering approximately 50 ml of water, after evaporation. Following 

Fig. 1. Agar samples with yeast extract at different concentrations as the additive: A) transparent cuvettes; B) Petri dishes.  

Fig. 2. Optical setup used in the acquisition of the Brillouin spectra. The 532 nm laser light source (1) generates a narrow-collimated beam that passes through a 
plano-convex lens (2), to avoid beam dispersion, and hits a beamsplitter (3) which sends a small part of the beam to the TFP-2 (4) reference input. The laser light 
beam then passes through a rectangular continuously variable optical density filter (5), hits the silver mirror (6), which sends it to the small right-angle prism mirror 
(7) in the backscattering path, and is focused into the sample (8). The focal point on the sample can be adjusted by an x-axis moving platform (9). The sample 
backscattered light is then gathered by the short focal length collimating lens (10) and focused to the TFP-2 input pinhole by a final gathering lens (11). These lenses 
must be coaxial and have the same diameter. The diameter (20–30 mm) and focal length (360–400 mm) of the final gathering lens (11) must be chosen so that the 
light beam fills only the f/18 entrance aperture of the TFP-2 interferometer. 
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the preparation process, the real concentration of each component was 
recalculated considering the final mass of the gel produced. 

The water heating temperature was chosen to avoid boiling, which 
accelerates evaporation and premature gel solidification on the walls of 
the heating container. The cuvettes (Fig. 1A)) provided a transparent 
and mostly covered container (decreased evaporation) with a known 
optical path length, ideal for the optical measurement techniques used. 
Petri dishes (Fig. 1B)) were only used as a container to hold the 
remaining agar gel from each batch during cooling (needed for 
measuring its final mass). 

All target percentages were based on values commonly used in the 
literature, while providing enough variation to accurately assess the 
impact of concentration on the properties being studied. MediaDive, a 
culture media database that allows for searching growth mediums by 
components and maximum and minimum concentrations, was used to 
determine the appropriate values for each component [22]. 

2.2. Brillouin spectroscopy 

A typical Brillouin spectrum is characterized by an intense central 
peak due to Rayleigh (elastic) scattering and two equally shifted smaller 
peaks (Brillouin), known as Stokes and Anti-Stokes peaks. The frequency 
shift of the Brillouin peaks in relation to the Rayleigh peak is denoted by 
[14]: 

ωB = ±Vq (1)  

where V is the acoustic wave velocity in the studied material and q the 
momentum exchanged in the scattering process [23], which is given by: 

q = 2nkisin
θ
2

(2)  

where n is the refractive index of the material, θ the scattering angle, and 
ki the wave vector of the incident light. The latter depends on the 
wavelength of incident light in vacuum (λi) and is given by: 

ki =
2π
λi

(3) 

Considering a backscattering geometry, θ = 180◦, the momentum 
equation is simplified: 

q = 2nki (4) 

Combining the equations given before, the Brillouin peak’s fre
quency shift is equal to: 

ωB = ±
4πn
λi

V (5) 

For a Brillouin scattering experiment, the spectral width of the laser 
source should be well below the Brillouin linewidth (approximately 1 
MHz or less) to avoid spectral broadening of Brillouin peaks and maxi
mize inelastic scattering [15]. The optical setup used for the acquisition 
of the Brillouin spectra consisted of a 532 nm continuous wave laser 
(Oxxius L1C-532S), a high-contrast tandem Fabry-Pérot (TFP-2 HC, The 
Table Stable Ltd) interferometer system, and a custom-built optical 
mount to send light into the sample and gather the backscattered signal. 
The full setup is represented in Fig. 2. 

The spectrum of each sample was acquired at 3 different points on 
the agar gel. Laser power at the sample was 50 mW, the focus point was 
at around 0.5 mm below the agar/glass interface, and for each acqui
sition, data was acquired until the Brillouin peaks maximum achieved 
around 1200 cumulative counts on the photodetector (acquisitions of 
around 10 min). 

Brillouin peaks from the resulting spectra were fitted by a Damped 
Harmonic Oscillator (DHO) function, the theoretically derived expres
sion of the Brillouin line shape of transparent viscoelastic materials 
acquired at a single q [24,25]. The DHO model used was: 

f (ω) = B +
Io

2 × π ×
ΓB × ω2

B
(
ω2 − ω2

B

)2
+ (ΓB × ω)2 (6)  

where B is the baseline, Io an intensity arbitrary factor, ΓB the peak full 
width at half mean, and ωB the peak frequency. 

2.3. Refractive index measurement 

Due to the nature of agar gel, which develops a hard shell through 
evaporation, there is a potential challenge in obtaining accurate 
experimental data for determining the percentages of each component 
using the viscoelastic properties of agar culture media. 

The refractive index of the samples was determined using a method 
described by Shojiro Nemoto [26]. This method uses a transparent 
cuvette with perfectly parallel walls and a known distance between 
them, which is filled with the transparent material to be tested. A laser is 
then impinged obliquely on the container cell, passing through it. The 
optical path is explained in Fig. 3. 

This method is based on a transmission test and uses an optical path 
that does not contain sample surfaces exposed to the atmosphere. By 
avoiding the constant surface hardening (due to direct air contact) and 
testing the entire 10 mm thickness of the sample, we dilute any influence 
of water evaporation on the sample that could alter the results. 

Eqs. (7)–(9) describe how the displacement is dependent on the 
incidence angle, the cell wall thickness, the distance between the walls, 
and the refractive index of the walls and the material between them. 

δi = di/(sinθ+ cosθ / tanϕi) (7)  

ϕi = θ − sin− 1
[(

n0

ni

)

sinθ
]

, i = 1, 2 (8)  

δi = di

⎡

⎣1 −
n0cosθ

(
n2

i − n2
0sin2θ

)1
2

⎤

⎦sinθ  

δ(n0, n1, n2) =

⎧
⎨

⎩
2d1

⎡

⎣1 −
n0cosθ

(
n2

1 − n2
0sin2θ

)1
2

⎤

⎦+ d2

⎡

⎣1 −
n0cos0

(
n2

2 − n2
0sin2θ

)1
2

⎤

⎦

⎫
⎬

⎭
sinθ

(9) 

Eqs. (10)–(12) show that by measuring the displacement with an 
empty cell and again with the filled cell, the difference between the 
displacements gives the refractive index of the inner material, regardless 
of cell wall thickness and refractive index. 

Δ ≡ δ(n0, n1, n2) − δ(n0, n1, n0) (10) 

Fig. 3. A) Cuvette used (cell). B) Representation of the displacement of the 
beam, due to refraction by the cuvette walls and the material in the interior. n0, 
n1 and n2 represent the refractive index of air, cell walls, and target material, 
respectively. δ represents the displacement and θ the incident angle. 
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Δ = d2

⎡

⎣1 −
n0cosθ

(
n2

2 − n2
0sin2θ

)1
2

⎤

⎦sinθ (11)  

n2 = n0

⎧
⎪⎪⎨

⎪⎪⎩

1 +

⎡

⎢
⎢
⎣

cosθ
(

sinθ − Δ
d2

)

⎤

⎥
⎥
⎦

2⎫
⎪⎪⎬

⎪⎪⎭

1
2

sinθ (12) 

A custom-made refractometer based on the method described above 
was developed in order to automate the experiment of accurately 
determining the refractive index of the samples. Fig. 4 illustrates the 
developed refractometer. 

The refractometer consists of two main parts: the rotary table and the 
scanning x-rail. The rotary table includes a stepper motor and a support 
where the cuvette fits perfectly. This table defines the angle between the 
laser beam and the cuvette, allowing to test several incident angles 
quickly, sequentially, and accurately. The scanning x-rail consists of a 
platform that moves perpendicular to the laser beam in only one di
rection. Combining a stepper motor with an off-the-shelf linear actuator, 
a resolution of 1.467 μm/step was obtained. On the platform, two knife 
edges approximately 3 mm apart block all laser light except between 
them. At the end of the optical path, centered between the two edges, a 

photodetector was placed to detect the transmitted light. For each angle, 
the x-rail moves back and forward, creating a plateau with 2 slopes for 
each pass. An example graph of an acquisition can be seen in Fig. 5. 

For measuring the shift between the displacement of an empty 
cuvette and a filled one, the half-maximum value is considered. How
ever, before calculating this value, the maximum value is corrected by 
averaging the 50 acquisitions centered on the middle of the plateau, in 
order to minimize the effect of noise and hysteresis of the acquisition 
circuit. With a total of 4 slopes for each angle tested, the shift between 
the displacement of the empty and filled cuvettes is calculated for each 
of them and averaged. 

For each sample, 9 different angles were tested: 20◦, 25◦, 30◦, 35◦, 
40◦, 45◦, 50◦, 55◦, and 60◦. Distilled water was used to calibrate the 
device before testing the agar gel samples. For each sample the acqui
sition process was repeated passing through 3 different paths by slightly 
moving the sample in the support, to account for possible inconsistencies 
within the sample. 

2.4. Density measurements 

The initial approach for measuring the density of the samples 
involved filling the cuvettes with agar gel and using the known internal 
volume and mass of the cuvettes to calculate the gel density. However, 
this method proved not suitable for agar gel samples due to the uneven 
surface caused by wall adhesion during the liquid phase and shrinkage 
during cooling, resulting in inaccuracies. So, in this study, we used an 
approximation based on a biphasic ideal mixing model. This model ac
counts for the composition of the gel as a mixture of solid and liquid 
phases, assuming a uniform distribution of each phase. The mixing 
model considers the volume fractions of the solid and liquid phases and 
the corresponding densities of each phase, and can be described by: 

ρ =
mw + mg

Vw + Vg
=

mw + mg
mw
ρw

+
mg
ρg

(13)  

where mw and mg correspond to the mass of water and dry components, 
respectively, and ρw and ρg are the corresponding mass densities. 

Considering a number of solutes greater than 1 (x>1), gel density is 
approximated to: 

Fig. 4. Refractometer developed for determining the refractive index of agar gel samples.  

Fig. 5. Representation of the signal obtained from the refractometer (signal 
from a water sample). 
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ρA =
mw +

∑x
i=1mgi

Vw +
∑x

i=1Vgi
=

mw +
∑x

i=1mgi
mw
ρw

+
∑x

i=1
mgi
ρgi

(14) 

The density of each powdered component was determined using 
liquid displacement since only the bulk density was provided by the 
supplier. To ensure that the components would not dissolve during the 
test, saturated solutions were created for each one and used as the dis
placed liquid. For each solution, a large amount of the respective 
component was added to distilled water and mixed for several minutes. 
The solution was allowed to settle and then decanted and filtered using a 
30 μm pore filter. The density of each saturated solution was measured. 
Finally, in a container of known volume, 3 g of the powder and the 
respective saturated solution were added until the container was filled 
(VT). The density of each component was calculated by: 

ρgx =
mgx

VT − ms
ρs

(15)  

2.5. Viscoelastic model 

Viscoelasticity represents the elastic and viscous characteristics of a 
material when undergoing deformation. This dual nature can be 
described by setting elastic moduli to be complex and frequency- 
dependent [14,15]. Analysis of the Brillouin spectrum can provide, for 
a known material density and refractive index, a unique characterization 
of the material’s mechanical properties, because the sound wave prop
erties (such as their velocity or attenuation) exhibit an intrinsic depen
dence on the viscoelastic properties of the material [21]. 

The general equation governing the propagation of longitudinal 
acoustic waves in a viscoelastic medium, the complex longitudinal 
modulus, M*, is given by: 

M∗(ω) = M′(ω) + iM″(ω) (16)  

where M′ is the storage modulus and M″ the loss modulus. The former 
describes elastic material response to deformation, and the latter refers 
to energy dissipation due to viscous effects [15]. 

The storage modulus and loss modulus can be derived from the 
Brillouin frequency shift ωB and linewidth ΓB by [14]: 

M′(ωB) =
ρ
q2ω2

B (17)  

M″(ωB) =
ρ
q2ωBΓB (18) 

Using Eqs. (3) and (4), storage modulus and loss modulus can be 
rewritten as: 

M′(ωB) =
ρ.λ2.ω2

B

16.n2.π2 (19)  

M″(ωB) =
ρ. λ2ωB.ΓB

16.n2.π2 (20)  

where λ is the excitation light wavelength (532 nm), and ρ and n are 
mass density and refractive index of the material, respectively. Eqs. (18) 
and (19) are valid for backscattering geometry, where the Brillouin shift 
is expressed in units of angular frequency. 

3. Results 

3.1. Sample composition 

Obtaining agar gel with specific concentrations of each component 
can be challenging due to water evaporation during the preparation of 
the sample. Therefore, several target concentrations were defined, 
considering 16.7% water evaporation during the process. 

After cooling to room temperature, the real concentration of each 

component in the gel was recalculated using the final mass of the sam
ple. The concentrations obtained for each sample are represented on 
Table 1. 

3.2. Brillouin scattering 

The Brillouin spectrum of the agar gels exhibited a single peak, 
which is mirrored in the Stokes and anti-Stokes regions. Despite the 
optical clarity of the medium differed significantly from sample to 
sample, the effect of multiple scattering (left side of the spectrum) 
appeared negligible in all of them. This is demonstrated in Fig. 6, which 
shows one of the samples where this phenomenon is most evident. 

Frequency shift and linewidth values were obtained by fitting the 
Brillouin peaks to the DHO model described in Eq. (6). Fig. 7 shows the 
frequency shift and linewidth of the Brillouin spectrum of all samples as 
a function of the mass concentration of the corresponding component. 
The analysis is straightforward for the samples with only agar and water. 
However, for samples with additional components, the graph does not 
represent the amount of agar used. Although the targeted mass con
centration of agar was 2%, the actual concentration was found to be 2 
+/− 0.139% due to unpredictable water evaporation. The results 
correlating to water concentration are shown in the discussion chapter. 
The results revealed an increase in the frequency shift and linewidth 
with increasing polymer concentration. Although recent proposals 

Table 1 
Concentrations of each component of the samples.  

Culture medium Sample 
number 

% of 
agar 

% of 
additive 

% of 
solutes 

% of 
water 

Agar 
(Without 
additive) 

1 0.527 – 0.527 99.473 
2 1.263 – 1.263 98.737 
3 1.606 – 1.606 98.394 
4 2.227 – 2.227 97.773 
5 3.006 – 3.006 96.994 
6 3.011 – 3.011 96.989  
7 3.665 – 3.665 96.335 

Agar + tryptone 8 2.019 0.262 2.281 97.719 
9 1.960 0.504 2.463 97.537 
10 1.868 0.973 2.841 97.159  
11 1.858 1.917 3.775 96.225 

Agar + yeast 
extract 

12 1.966 0.244 2.210 97.790 
13 2.035 0.496 2.531 97.469 
14 1.891 0.975 2.866 97.134  
15 1.948 1.982 3.930 96.070 

Agar + malt 
extract 

16 1.950 0.500 2.450 97.550 
17 2.000 1.001 3.001 96.999 
18 1.915 1.913 3.828 96.172 
19 1.861 3.730 5.591 94.409  

Fig. 6. Example of the anti-Stokes Brillouin peak from the sample with the 
highest concentration of yeast extract, and the fit using the DHO model. 
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suggest that water content primarily influences the Brillouin spectros
copy characteristics of gels, significant differences were observed in agar 
gels with similar concentrations but different compositions, indicating 
that the composition of agar gels also plays a significant role in the 
Brillouin signal. 

3.3. Refractive index 

Although all the samples were prepared using the same protocol, 
some of the samples resulted in more opaque gels with visible defects 
(effect particularly prevalent on the ones containing yeast extract). As a 
transmission method was used for the refractive index calculation, 
diffraction within the sample heavily impacted the results for the 
irregular samples. The refractive index obtained for all samples as a 
function of the water mass concentration is shown in Fig. 8. 

It was observed that higher agar concentrations lead to an increase in 
the refractive index, with values and trend that are similar to those 
obtained for agarose gels [27]. However distinct behaviors were 
observed for each additive. The addition of a low concentration of a 
secondary component was found to slightly reduce the refractive index 
compared to the 2% agar-only control sample. Increasing malt extract 
concentration had a similar effect on the refractive index as increasing 
the agar concentration. On the other hand, adding tryptone had little to 
no effect on the refractive index, except for the aforementioned reduc
tion. The yeast extract samples exhibited the most noticeable defects on 
the gels, and the obtained data reflects this, as they showed no 
discernible trend in refractive index with increasing component 
concentration. 

Since the values obtained for the refractive index were affected by 
the optical defects present on the gels, in order to mitigate the associated 
uncertainty when calculating the storage and loss modulus, values 

Fig. 7. Frequency shift and linewidth of the Brillouin spectra of all samples as a function of the mass concentration of the component under study.  

Fig. 8. Refractive index of all samples as a function of the water mass 
concentration. 

Table 2 
Density of the saturated solutions and powder solutes.  

Material Saturated solution density (g/ml) Powder density (g/ml) 

Agar 1.0004 1.4022 
Tryptone 1.1325 1.9601 
Yeast extract 1.1705 1.7702 
Malt extract 1.1590 1.6573  
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obtained from the linear regression models shown in Fig. 8 were used 
instead. 

3.4. Density 

The results for the density measurements of the saturated solutions 
and powders solutes are displayed in Table 2. 

Additionally, the approximate density values of each agar sample are 

listed in Table 3. These values were calculated using the biphasic model 
presented in Eqs. (13) and (14). 

3.5. Viscoelastic model 

The viscoelastic model described in the methods chapter is reliant on 
both the refractive index and density of the material. Therefore, errors 
arising from optical defects of the samples and uncertainties resulting 
from the density calculation may impact the accuracy of the viscoelastic 
model presented in this study. 

The storage modulus (M′) and loss modulus (M″) were calculated 
using Eqs. (19) and (20), respectively. Fig. 9 shows the M′ and M″ of all 
samples as a function of the mass concentration of the corresponding 
component. 

The results revealed an increase in both M′ and M″ for all tested 
components, albeit at different rates for each component. 

4. Discussion 

The objective of this study was to evaluate the effectiveness of Bril
louin spectroscopy in the real-time determination of viscoelastic prop
erties of agar gels. These properties can help in determining the 
concentration of individual components in the gel, as well as assess the 
suitability of the medium for cell growth. In order to establish a visco
elastic model for Brillouin spectroscopy, the Brillouin spectrum, 
refractive index, and density of the agar gels were analyzed. 

Brillouin spectra of the agar gels exhibited a single Stokes and anti- 
Stokes peak. The frequency shift and linewidth values were obtained 

Table 3 
Density of each agar sample.  

Culture medium Sample number Approximated density (g/ml) 

Agar 
(without additive) 

1 1.0043 
2 1.0066 
3 1.0066 
4 1.0085 
5 0.9994 
6 1.0015 
7 1.0025 

Agar + tryptone 8 1.0050 
9 1.0061 
10 1.0081 
11 1.0128 

Agar + yeast extract 12 1.0046 
13 1.0060 
14 1.0077 
15 1.0123 

Agar + malt extract 16 1.0055 
17 1.0077 
18 1.0112 
19 1.0185  

Fig. 9. Storage and loss modulus for all samples as a function of the mass concentration of the component under study.  
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by fitting the peaks to the DHO model, as described in Eq. (6). The re
sults revealed that an increase in agar concentration leads to an increase 
in both frequency and linewidth. Furthermore, when the agar concen
tration remained constant and the additive concentration was increased, 
a similar trend was observed, regardless of the type of additive. To 
illustrate this relationship, Fig. 10 shows the Brillouin shift and line
width as a function of the water mass concentration. 

Recent studies propose that the Brillouin spectroscopy characteris
tics of gels are mainly affected by the water content [28], which by itself 
could be a useful property to determine using Brillouin spectroscopy, 
since a non-contact and real-time measurement of water concentration 
could be implemented in incubators to better control the agar suitability 
for cell growth. Despite that, the clear differences present in gels of 
similar concentration and different compositions indicate that the 
composition of agar gels can have an impact on the Brillouin signal of 
agar gels. 

Our results indicate that low concentrations of additives in the agar 
gels can lower the frequency shift relative to a gel made with only agar 
and water at the same solute concentration. As the concentration of 
additives increases, the Brillouin shift also increases, although at 
different rates depending on the type of additive (Fig. 10). In terms of 
linewidth, low concentrations of additives do not seem to have a sig
nificant effect. However, at higher concentrations, the increase in line
width is slower compared to agar gels containing only water and agar. 

The refractive index was investigated using a custom-built refrac
tometer that was specifically designed for this study. Although the 
refractometer was intended to provide high accuracy for samples that 
would suffer from water evaporation on exposed surfaces, the 

transmission method presented some challenges. The agar gels obtained 
showed varying levels of transparency, and some had prevalent defects 
that visibly widened the laser beam during the experiment. A compar
ison of the data obtained for different samples is shown in Fig. 11. 

As depicted in the graph, the transparency of the agar gels containing 
only water and agar results in two clear and distinct slopes, similar to 
those obtained from distilled water. However, the addition of yeast 
extract seems to have a significant impact on the transparency, leading 
to poorly defined asymmetric slopes and plateau. This effect signifi
cantly affected the accuracy of the results, as demonstrated in Fig. 8. The 
impact of yeast extract on the refractive index does not show a clear 
trend, probably due to the poor-quality data caused by the defects in the 
samples. Nonetheless, for all additives tested, low concentrations seem 
to decrease the refractive index compared to gels composed only of 
water and agar. Malt extract, in particular, does not show any significant 
additional effect on the refractive index, while increasing the agar 
concentration or adding malt extract provides a similar increase. 

Although surface reflection is the ideal method for obtaining the 
refractive index of an agar plate without disturbing growth, a trans
mission method is preferable for creating a precise correlation with the 
concentrations of the agar constituents. We also investigated the effect 
of the maximum heating temperature on the optical defects of agar gels 
with yeast extract as an additive and found that increasing the tem
perature can mitigate these defects. Adjusting the agar medium recipe 
could be a potential solution to this issue, although it poses the risk of 
premature agar solidification on the heating container walls and a more 
significant effect of water evaporation on the final component 
concentration. 

The biphasic model used for the density approximation of the agar 
gel samples has limitations and may not provide the same level of ac
curacy as direct measurement. However, it allowed us to obtain a 
reasonable approximation of the agar density. The direct density 
measuring techniques available were not practical due to issues such as 
wall adhesion while the agar was liquid, uneven shrinking during 
cooling, and rapid water evaporation. Obtaining accurate real-time 
density measurements on agar plates without disturbing cell growth 
would be challenging. In addition to evaporation, the larger consump
tion of agar components by cells on the surface could create a density 
gradient, making it difficult to obtain accurate measurements using 
techniques such as X-ray, gamma-ray, or ultrasound densitometry. 
Future studies could explore alternative methods for estimating density 
in agar plates, such as ellipsometry or other surface thickness mea
surement techniques, which could potentially provide more accurate 
and real-time measurements. However, given the challenges associated 
with the agar matrix, such as its tendency to form density gradients, the 
use of approximation-based approaches remains necessary in some 
cases. 

The storage and loss moduli were calculated using Eqs. (19) and (20), 

Fig. 10. Brillouin shift and linewidth of all samples as a function of the water mass concentration.  

Fig. 11. Representation of the signal acquired using the custom-built refrac
tometer for a: A) cuvette filled with water; B) cuvette filled with agar gel 
containing only water and agar; C) cuvette filled with agar gel containing the 
highest concentration of yeast extract tested. 
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respectively. Fig. 12 shows the storage and loss moduli of all samples as 
a function of the water mass concentration. 

Distinct trends can be observed in the storage modulus, depending on 
the type of additive added, while the loss modulus seems more depen
dent on the water content. 

In summary, this study shows that the mechanical properties of agar 
gels can be significantly influenced by the inclusion of common addi
tives. The refractive index, density, Brillouin spectrum, and viscoelastic 
properties were found to be dependent on the composition of the agar 
gels, providing insight into the design of culture mediums with optimal 
mechanical properties for cell growth. Furthermore, the study results 
may inform the development of real-time and non-invasive monitoring 
technologies for culture media, enabling the evaluation of cell multi
plication and propagation. 

5. Conclusions 

This study explored the application of Brillouin spectroscopy in 
assessing the viscoelastic properties of agar culture media containing 
different concentrations of some of the most common components. Gels 
with different concentrations of agar, tryptone, yeast extract, and malt 
extract were tested. The Brillouin spectrum and refractive index of all 
samples were measured, and the biphasic model was used to approxi
mate density. Based on these properties, the storage and loss moduli 
were then calculated. 

A custom-designed refractometer was employed to determine the 
refractive index of the gels. The refractometer was optimized to address 
the challenges associated with obtaining accurate measurements in a gel 
with a constantly hardening surface due to water evaporation. 

This study revealed that the viscoelastic properties of agar culture 
media are dependent on the percentage of each component, and that the 
variation of the concentration of each one results in distinct changes in 
the Brillouin spectrum. 

The accuracy of the viscoelastic model may be improved further by 
refining the experimental setup for measuring the refractive index, 
optimizing the agar gel protocol, and improving density measuring. 

In conclusion, our findings provide important insights into the 
development of culture media with optimal mechanical properties for 
cell growth and development of real-time and non-invasive tools for 
monitoring the culture medium during cell growth and propagation. 
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