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Abstract: This study aims to determine the density of two hydrogel-based media, MAA and MAAG,
which are suitable for both irradiation and bacterial growth, considering the presence or absence of
Staphylococcus Aureus (SA) and Escherichia Coli (EC) strains. The viability of EC cells-inoculated
systems was also evaluated to explore potential applications in radiation dosimetry within the 0-10 Gy
range, using spectrophotometric and bacterial culture methods. Mass density measurements were
performed at varying temperatures using two approaches: the first one, based on direct measurements
of mass and volume, yielded densities comparable to liquid water, with uncertainties ranging from
9 to 16 %, while the second approach, employing Archimedes’ principle (mass in air vs. mass in a
liquid of known density), produced more accurate results, with uncertainties between 0.04 and 0.08 %,
thus the second method proved more reliable for density determinations. Furthermore, the feasibility
study of EC-inoculated MAA and MAAG systems for ionizing radiation dosimetry demonstrated
a linear spectrophotometric response to radiation doses across the investigated range, particularly
for samples stored at 25°C. The studied systems were characterized in terms of the corresponding
growth curve and post-irradiation bacterial survival, supporting their potentiality as reliable ionizing
radiation dosimeters.

Keywords: hydrogel-based materials; staphylococcus aureus; escherichia coli; cell culture media mass
density; spectrophotometry; ionizing radiation dosimetry

1. Introduction

The constant development of highly sophisticated techniques in both diagnostic and therapeutic
procedures using ionizing radiation has shown a growing demand for reliable and accurate dosimetry
techniques. Innovative high performance dosimetry methods require materials capable of determining
absorbed dose, even when information on energy and nature of charged particles at the point of
interest is incomplete or fragmentary [1].

On the one hand, novel radiosensitive materials may be used to simulate human tissues and
organs, commonly referred to as tissue-equivalent materials [2-8], or to determine absorbed dose in
water following the international dosimetry protocols TRS-398 IAEA and TG-51 AAPM, in the latter
case referred to as water-equivalent materials [9-13]. Selecting an appropriate dosimetry material re-
quires comprehensive information about its properties, ideally matching the absorption and dispersion
characteristics of the target material to be emulated. Gel dosimeters emerge as the most suitable option
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for designing and implementing dosimeters capable of performing direct measurements of absorbed
dose in aqueous media [10].

International ionizing radiation dosimetry protocols recommend both instrumental and mea-
surements’ calibration be expressed in terms of absorbed dose in liquid water, under normal tem-
perature/pressure conditions [1,14]. Therefore, it is desirable to develop dosimeters with sensitive
volumes made of materials having radiation interaction properties close to those of liquid water, so
that correction factors may not be necessary and beam perturbation is avoided during the irradiation.
Furthermore, water-equivalence dosimeters are necessary to enable consistent benchmarking against
reference dosimetry protocols and to enhance the reproducibility of dose measurements across varying
radiation fields and energies. In this regard, if two materials have similar mass absorption/scattering
properties for photon and charged particles’ beams over a certain energy range, then the corresponding
particle transport and further dose deposition for both materials will be similar [15]. Hydrogels are
three-dimensional (3D) polymer networks that are strongly imbibed by water, whose amount ap-
proaches up to 99 % w/w of the total hydrogel mass [16]. Thus, in terms of radiation-matter interaction,
compounds candidate to dosimetry materials can be considered water equivalent if the corresponding
fundamental physical quantities, such as the mass attenuation coefficient (1/p = In(Iy/I)/px) and
the mass stopping power (S = —dE/pdx), are consistent (typically, less than 1% deviation is accepted)
with those of liquid water -considered as the reference material- within the energy range of interest
[1,2,10]; Iy stands for the incident intensity that penetrates a material of mass density p and thickness x
and [ is the emerging intensity; while E is the average energy dissipated per unit of traveled length in
the compound.

Hence, proper assessment of the bulk mass density (p) of materials of dosimetry interest stands as
extremely important since it allows to establish radiation-matter interaction properties required for
radiological applications, as previously proposed by many authors through multiple approaches [17-
22]. Besides, searching for innovative approaches for developing systems with high tissue equivalence,
the use of microbiological agents distributed in hydrogels is proposed. Bacteria have shown promise
as tools in whole-cell biosensors, leveraging their biochemical complexity, [23] for applications such as
bioremediation tasks [24] and even as therapeutic agents in the fight against cancer [25].

In this context, combining the metabolic activity of microbiological agents with gel-based dosime-
try characteristics [10,26-28] emerges as an innovative approach using biotechnology and molecular
biology procedures as an unconventional alternative to develop a whole cell sensor, also representing
a potential approach to achieve 3D dose mapping within biological environment. Consequently, the
proposed sensor, utilizes bacterial culture media capable of characterizing the absorbed dose through
the survival of these microorganisms [29].

Therefore, this study aims to determine the mass density of two hydrogel-based cell culture media:
i) Medium with Agar-Agar (MAA) and i7) Medium with Agar-Agar and Glucose (MAAG) [29], which
are suitable for both irradiation and bacterial growth, considering the presence or absence of Staphylo-
coccus Aureus (SA) and Escherichia Coli (EC) strains. Thus, accurate assessments of the bulk mass
density of the proposed hydrogel-based bacteria-infused dosimeters have been performed as key in-
formation leading to similarities/discrepancies in radiation attenuation/scattering properties, thereby
ultimately affecting the accuracy of dose measurements. Additionally, considering that SA-inoculated
systems have already been investigated reporting the corresponding dose-response performance [29],
the viability of EC-inoculated systems is evaluated for its potential application in radiation dosimetry
within the 0-10 Gy range, using simple analytic techniques, such as spectrophotometric and bacterial
culture methods.

2. Materials and Methods
2.1. Culture Media and Bacterial Strains

Culture media are intended as a set of essential nutrients that create the conditions for the
development of the microorganisms under study. Based on previous publications [29,30], Agar-
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Agar has been used as the main component and support matrix for culture media solutions. Also,
sodium chloride (NaCl) is added to the solution to promote an isotonic concentration, fostering
conditions similar to those of biological tissues and optimal for microbial growth. In order to provide
sufficient nutrients to promote proper bacterial growth, Agar PCA is used, forming the first medium
(MAA), while the second developed medium, called MAAG, contains a glucose addition to the MAA
formulation. Both compositions are summarized in the Table 1 [29].

Table 1. Concentrations of each studied media [29].

C Supplier Concentration
omponent
and characteristics MAA MAAG
Water Distilled and sterilized 96.947 % w/w 96.446 % w/w
Agar Agar Pura quimica 2.057 % w/w 2.047 % w/w
NaCl Sigma Aldrich 0.135 M 0.134 M
Glucose Cicarelli - 0.484 % w/w
PCA Agar Britania Lab 0.229 % w/w 0.228 % w/w

The media are studied with and without inoculated bacterial content within them, to develop
systems with high tissue-equivalence by using bacteria distributed in hydrogels, since the propor-
tionality between the absorbed dose due to X-rays and the number of colony forming units has been
demonstrated [31].

The first bacterial strain used is Staphylococcus—aureus (SA), an anaerobic, Gram-positive,
coagulase and catalase positive, motionless and non-sporulating bacteria. Its diameter ranges from 0.5
to 1.5 um and tends to form grape-like clusters [32].

The second strain used is Escherichia Coli (EC) ATCC®25922. EC is a Gram-negative bacillus
approximately 1 um long and 0.35 um wide, although it may vary depending on the strain and its con-
ditions. It may have flagella operating as whip-like structures for mobility or pili for surface adherence.
Physiologically, it is an facultative anaerobe capable of growth with or without oxygen, but cannot
grow at extreme thermal or pH conditions [33]. Phylogenetically, it belongs to the Enterobacteriaceae
family and is closely related to pathogens such as Salmonella, Klebsiella and Serratia [34].

2.2. Culture Media’ Preparation and Inoculation

Each medium is prepared, with a reduction of 1 ml of water in the case of samples designated for
inoculation, and sterilized. Those volumes that are not to be inoculated are poured into cells of 1 x 1
x 2 cm3, cataloged and sealed with parafilm. The inoculated media are kept in a water bath at 50 °C to
prevent premature gelation.

For each bacterial strain, two vials are prepared, each containing 1 ml of sterilized distilled water
and inoculated with one loopful of the respective strain. Once homogenized, the volumes of MAA and
MAAG are inoculated accordingly and poured into cataloged cells and sealed with parafilm. A total of
18 samples is prepared, as reported by Figure 1.

Figure 1. Elaborated samples to be further studied.
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The density test is performed for each media, with and without bacteria, at 5, 25 and 37 °C. Once
the samples are prepared, each is maintained at its designated temperature for at least 24 hours. For
streamlined measurement processing, each sample is cataloged as indicated in the Table 2.

Table 2. Sample catalog for density study.

MAA media MAAG media
Strain Tempoerature Catalog Strain Tempoerature Catalog
[°C] [°C]

5 MAAS5 5 MAAG5

Without bacteria 25 MAA 25 Without bacteria 25 MAAG 25

37 MAA 37 37 MAAG 37
5 SA MAAS 5 SA MAAGS5
Stapglr‘;i‘;“us 25 SA MAA?25 Stapzf'llrzf;“us 25 SA MAAG 25
37 SA MAA 37 37 SA MAAG 37
. 5 EC MAAS5 . 5 EC MAAG5
Esc}éecfllfhla 25 EC MAA 25 Escge;ffhla 25 EC MAAG 25
37 EC MAA 37 37 EC MAAG 37

2.3. Mass Density Measurements

Density measurements of each medium in the presence and absence of bacteria at different
temperatures are carried out from two different approaches. It should be noted that, since the water
content in each medium is higher than 96 % w/w, densities are expected to approximate that of liquid
water.

The first approach consists of direct mass and volume measurements of each sample. Mass
measurements are performed with Mettler Toledo ME204 (Mettler-Toledo S.A.E., Espafia) analytical
balance, while volume measurements are carried out by recording the lengths of each side of the cube
that conforms the sample with a & 0.1 cm precision rule. Each measurement is made at least three
times per sample, from which the average is calculated and the density is determined by using the
equation:

m
=5 (1)
where p is the density and m and V are the mass and volume of the sample, respectively.

For the second approach, using the setup shown in Figure 2, the density of the media is determined
from the Archimedes’ principle.

d0i:10.20944/preprints202502.2201.v1
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Figure 2. Setup to assess mass density by means of the Archimedes’ principle.

The procedure is as follows: Firstly, it has to be ensured that the balance is calibrated and zeroed.
Then, the mass in air (17, ,) of the basket that will hold the sample and the mass in air of the basket
containing the sample are weighed (m,,.,). Subsequently, the mass of the basket submerged in a
liquid with known density is performed (1, ,), in this case, heptane with a density pjeptane = 0.710
¢/cm® has been used. Finally, the basket mass containing the sample immersed in heptane (my,,)is
established.

Once these data are known, it is possible to calculate the mass of each sample in air (m,,,) and
immersed in heptane (1, ), the thrust mass (1,) from which it is possible to know the volume of the
sample (V};), and finally determine its density (ps;). Equations (2) to (6) detail the calculations for each
of these parameters. A minimum of three measurements is performed per sample to ensure accuracy.

My, = my,,., — M, 2)

My, = My, — M1, 3)

Me = My, — My, (4)

Vi = —2 = T — Tl ©)
Pheptano Pheptano

Pm = Tf‘l/n: = mmamfﬂmmh * Pheptano (6)

It is worth remarking that maintaining the heptane at the same temperature as the samples during
density measurements at different temperatures is mandatory.

2.4. Microbial Growth Feasibility and Characterization

After determining the density of the corresponding media, EC is cultured in Petri dishes contain-
ing the prepared media to assess whether the strain can grow effectively. The plates are incubated for
24 hat37°C.

If growth is confirmed, its characterization follows a procedure similar to that in [29]. Each culture
media batch is separated into two volumes V1 and V2. Where V1 corresponds to the non-inoculated
samples and is poured into blank cells, while V2 corresponds to the culture material to be inoculated.
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Prepared samples are initially stored at 4 °C for at least 8 hours. Subsequently, the blank samples are
brought to their respective temperatures, while V2 is heated in a water bath at 55 °C with constant
stirring and inoculated by adding 1 mL of distilled and sterilized water, at the same temperature,
containing 2 mg of EC microbiological content per 15 ml of media. Once homogenized, the preparation
is poured into cells to be stored at 4, 25 and 37 °C, respectively.

A total of 3 blank cells and 12 inoculated cells are prepared per media. Absorbance measurements
are performed with a UNICO 51205 spectrophotometer at 800 nm every 15 min after inoculation.

2.5. Dose-Response Preliminary Performance

The absorbed dose along with absorbed dose rate values have been established correctly using a
calibrated ionization chamber system, consisting of a Farmer PTW type ionization chamber, a UNIDOS
electrometer, and the corresponding extension cable, together with the calibration certificate for soft X-
rays beams up to 30 kVp. The water-proof ionization chamber was placed inside a spectrophotometry
vial filled with distilled water to adequately represent the irradiation conditions of the test samples, as
shown in Figure 3.

(a) Lateral view (b) Frontal view

Figure 3. Example of sample position and calibration with ionization chamber.

A preliminary assessment of the dose-response performance is achieved by irradiating the samples
through gelled media with microbiological content in stationary phase, under the following conditions:
3 samples serve as blanks (non-irradiated), 3 samples are irradiated at low doses (1.00 & 0.02 Gy ),
3 samples are irradiated at an intermediate dose level (5.0 & 0.2 Gy) and 3 samples are irradiated
at a high dose (10.0 £ 0.2 Gy). Once irradiated, the samples from each group are stored at different
temperatures, 4, 25 and 37 °C.

The samples were irradiated using an orthovoltage X-ray tube available at the LIIFAMIR* labo-
ratory facilities. A conventional 1 kW power tube (YXLON EVO 225)[35] provided with a tungsten
anode has been configured to operate at 150 kV, 6.0 mA to irradiate samples placed at a source-surface
distance (SSD) of 36.0 + 0.5 cm. Absorbance measurements are recorded before irradiation of the
sample, and post-irradiation measurements are carried out during the first 3 h as well as 24 and 48 h
after irradiation in order to control possible variations over time.

3. Results and Discussion

This section is organized according to the proposed scopes reporting mass density of culture
media in first instance followed by the characterization of microbial assay growth and, finally, a
preliminary approach to the corresponding overall dose.-response to X-ray radiation.
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3.1. Culture Media Mass Density
3.1.1. Mass Density Assessment According to the First Measurement Approach

The results obtained from the first approach are shown in Table 3, where the average mass and
volume measured for each medium and corresponding density are reported. Uncertainties were
calculated from error propagation.

Table 3. First approach’ results for sample mass, volume, and corresponding density.

d0i:10.20944/preprints202502.2201.v1

Sample mass [g] Volume [cm3] o lg/cm?]
MAAS 0.5759 4+ 0.0004 0.60 + 0.06 0.960 £ 0.096
MAA 25 0.5432 4+ 0.0004 0.60 = 0.06 0.905 £ 0.091
MAA 37 0.5027 4+ 0.0004 0.53 + 0.06 0.948 £+ 0.107
SAMAAS 0.4843 4 0.0004 0.60 £ 0.06 0.807 £ 0.081
SA MAA?25 0.4854 4 0.0004 0.57 + 0.06 0.852 £ 0.090
SA MAA 37 0.4136 4+ 0.0004 0.50 + 0.06 0.827 £ 0.099
EC MAAS5 0.5918 + 0.0004 0.70 £ 0.07 0.851 £ 0.087
EC MAA 25 0.6356 + 0.0004 0.70 £ 0.07 0.908 £ 0.093
EC MAA 37 0.5660 £ 0.0004 0.68 + 0.07 0.839 £+ 0.085
MAAGS5 0.4504 4+ 0.0004 0.50 + 0.06 0.901 £ 0.108
MAAG 25 0.4036 + 0.0004 0.40 + 0.06 1.01 £0.15
MAAG 37 0.4507 £+ 0.0004 0.55 + 0.07 0.82 £ 0.11
SA MAAG5 0.4522 4 0.0004 0.60 + 0.06 0.754 £+ 0.075
SA MAAG 25 0.4480 4 0.0004 0.50 + 0.06 0.90 + 0.11
SA MAAG 37 0.3087 4 0.0004 0.40 + 0.06 0.77 £ 0.12
EC MAAG5 0.5823 £+ 0.0004 0.66 + 0.07 0.889 £ 0.091
EC MAAG 25 0.5297 £ 0.0004 0.62 + 0.06 0.861 + 0.088
EC MAAG 37 0.5714 4+ 0.0004 0.70 = 0.07 0.816 £+ 0.083

Notably, no significant mass density differences have been found between media with and without
bacteria according to the corresponding uncertainties. This trend might be expected given that the
variations are due to a combination of the presence or absence of bacteria and the presence or absence
of glucose. Furthermore, since the elemental composition of bacteria generally includes mainly carbon,
hydrogen, oxygen and nitrogen, which are predominant elements in chemical /polymer dosimetry
gels, the differences concerning them are comparable.

As depicted in Figure 4 both media present enhanced density in the absence of bacteria, a trend
consistent across both strains studied. However, given uncertainties ranging from 9 and 16 % of the
final value obtained, stemming from the applied measurement methodology, conclusions based on
this trend may be premature, feature that will be reassessed after reviewing results from the second
measurement approach. Additionally, the mass density of dosimetry gels is comparable to the liquid
water, as widely reported in literature [10,36,37].

Moreover, another remarkable observation is that the density of both media varies with tempera-
ture.
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Figure 4. Temperature dependent of the bulk mass density as compared to the liquid water and well-established
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polymer gel dosimeters at 25 °C (extended with dashed line) according to the first approach.

3.1.2. Bulk Mass Density Assessment According to the Second Measurement Approach

The results obtained from the second approach are summarized in Table 4, presenting the values

of mass in air (1m,,,), mass immersed in heptane (11, ), along with the values obtained for volume (V},,),

mass density (p,;) and corresponding uncertainties.

Table 4. Second approach’ results for sample mass, volume, and corresponding bulk mass density.

Sample M, [g] My, (8] Vi [em3] om [g/cm®]
MAADS 0.5529 + 0.0001 0.1540 + 0.0001 0.5618 + 0.0002 0.9841 + 0.0004
MAA?25 0.5285 + 0.0001 0.1426 + 0.0001 0.5435 £+ 0.0002 0.9723 + 0.0004
MAA 37 0.4937 £+ 0.0001 0.1429 £+ 0.0001 0.4940 £ 0.0002 0.9992 £+ 0.0005
SA MAAS5 0.4640 + 0.0001 0.1285 + 0.0001 0.4724 4+ 0.0002 0.9821 + 0.0005
SA MAA?25 0.4725 4+ 0.0001 0.1276 4+ 0.0001 0.4858 4 0.0002 0.9727 £+ 0.0004
SA MAA 37 0.3976 + 0.0001 0.1149 + 0.0001 0.3982 + 0.0002 0.9985 + 0.0006
EC MAAS5 0.5742 £ 0.0003 0.1687 £+ 0.0003 0.5710 £ 0.0002 1.0056 =+ 0.0005
EC MAA 25 0.6254 4 0.0003 0.1713 + 0.0003 0.6396 + 0.0002 0.9779 % 0.0005
EC MAA 37 0.5533 + 0.0003 0.1575 + 0.0003 0.5575 + 0.0002 0.9924 + 0.0005
MAAGS5 0.4214 4+ 0.0001 0.1172 4+ 0.0001 0.4285 £ 0.0002 0.9834 + 0.0005
MAAG 25 0.3919 £ 0.0001 0.1058 £+ 0.0001 0.4030 £ 0.0002 0.9725 £+ 0.0005
MAAG 37 0.4400 =+ 0.0001 0.1273 + 0.0001 0.4405 =4 0.0002 0.9990 £ 0.0005
SA MAAGS5 0.4261 + 0.0001 0.1187 + 0.0001 0.4329 + 0.0002 0.9842 + 0.0005
SA MAAG 25 0.4291 + 0.0001 0.1163 + 0.0001 0.4405 £ 0.0002 0.9741 + 0.0005
SA MAAG 37 0.2931 £+ 0.0001 0.0834 + 0.0001 0.2953 £ 0.0002 0.9926 + 0.0008
EC MAAG5 0.5675 4 0.0003 0.1675 % 0.0003 0.5634 + 0.0002 1.0073 £ 0.0005
EC MAAG 25 0.5246 + 0.0003 0.1523 + 0.0003 0.5244 + 0.0002 1.0005 = 0.0006
EC MAAG 37 0.5569 + 0.0003 0.1588 + 0.0003 0.5606 + 0.0002 0.9935 + 0.0005

Similar to the findings of the first approach, it can be noted that the final density values do not
exhibit significant differences. However, the second approach shows enhanced precision in both
measurements and density calculations, as may be appreciated in the Figure 5, where almost negligible
variations are shown between the media with and without microbiological content. Data are reported
for both liquid water and different dosimetry gels.
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Figure 5. Temperature dependent of the bulk mass density as compared to the liquid water and well-established
polymer gel dosimeters at 25 °C (extended with dashed line) according to the second approach.

Conversely, it is evident that while the obtained mass density values do not coincide with the
liquid water within corresponding uncertainties, they are closer than those obtained through the first
approach. In addition, the uncertainties achieved from the second approach vary between 0.04 and
0.08 %, which are significantly lower than the uncertainties obtained from the first approach.

Thus, the second approach and its results are considered for guiding future tests and studies,
whether from an experimental, theoretical or computational point of view.

Finally, analyzing the mass density behavior of each medium in the presence and absence of
bacteria, as reported in Figure 6, it is possible to reaffirm that mass density varies as a function of
temperature for both media. In the case of the SA strain, the behavior is similar to that of the media
without microbiological content, while with the EC strain, greater variations occur, especially at lower
temperatures where the density is higher.

1.015 MAA 1.015 CMAAG

1.010 + EC MAA 1.010 [ * SA MAAG
— 1.005 ] SA MAA — 1.005 ! EC MAAG
£ 1.000 £ 1.000 ' .
S~ =
B8 0.995 28 0.995 i

.

e 0.990 2 0990
20985 y 2 0985 i
& 0.980 £ 0.980
) . Q
A 0975 A 0975 :

0.970 - 0.970

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Temperature [°C] Temperature [°C]
(a) MAA media (b) MAAG media

Figure 6. Bulk mass density variations as function of the temperature as obtained from the second approach.

Likewise, as the temperature increases for both media and strains, there is generally an enhanced
similarity between samples with respect to their mass density values.

It should be noted that the low density variation observed in the materials of interest, under the
conditions studied, implies a lower effect on the mass attenuation coefficient and stopping power
[1,2,10] if the materials are compared in terms of radiation-matter interaction. Furthermore, by
presenting densities similar to water, it could be preliminarily inferred that the proposed materials
might present high tissue equivalence if low-density (soft) tissues are considered [38,39].
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3.2. Microbial Growth Characterization

After 24 hours of cultivating and incubating the EC strain in each culture medium, the results of
bacterial growth were visually inspected. As illustrated in Figure 7, growth is confirmed in both media,
highlighting their suitability for microbiological growth, with notable differences, MAAG presenting
greater growth compared to MAA. This result aligns with expectations, since the presence of glucose
in MAAG serves as a primary energy source for microorganisms [40], thus facilitating more effective
bacterial growth.

(a) MAA media (b) MAAG media
Figure 7. EC growth on Petri dish for each culture media.

Based on preliminary characterizations of the proposed culture media [29], optical absorbance
measurements were performed in triplicate for EC samples inoculated at 800 nm, with readings taken
at 15-min intervals. Figure 8 reports the bacterial growth obtained for each culture media. Gaps
between data (missing points) correspond to periods during nights or weekends when measurements
were not feasible.

0.450
+ MAAG 37 « MAAG 25

0.400 | « MAAG 4 MAA 37 FTTITII T
MAA 25 +MAA4

—0.350 F¥ 71 [LTIITIT
g iskiaizd @
I;‘0.300 e T
2 0.250 iids - Lz
-g 0.200
s £
E 0.150 grzett £38 TTI11i1]
< 0.100 _3EEEALEAEAAL FTeT ] ;;:::::; & saf ERERFERE
: I T 1] Thess £ 3% s3EsRTRS
0.050 -;§§§§§ﬁe§£§£§li§§2!2§§; hegaer s
E1
0.000 =
0.0 2.5 5.0 75 225 25.0 27.550.0 52.5120.0 1225 125.0
Time [h]

Figure 8. Absorbance as a function of temperature at different times.

Relevant considerations arise when comparing storage temperatures for the same growing
medium. Direct inspections reveal that, while initial bacterial growth is robust at all temperatures,
over time, samples stored at higher temperatures exhibit higher absorbance, while those stored at 4 °C
demonstrate lower growth compared to those stored at 25 or 37 °C. Unlike the results reported for the
SA strain, where the greatest growth after a period of time occurs at lower temperatures [29].

However, the samples corresponding to the MAAG media present a higher growth rate, favored
by the presence of glucose. Table 5 displays the percentage differences in growth between the two
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media for different temperatures with the EC strain, which is also illustrated in the figure 8. Notably, as
time increases, percentage differences become more pronounced for the MAAG medium, as compared
to the MAA media at the same temperature. Although the highest final growth is reported at a
temperature of 37 °C, the highest percentage differences in growth between media occur at 25 °C,
reaching a value of 153 %, indicating that, at this temperature, the presence or absence of glucose in
the media has a significant impact.

Table 5. EC growth percentage differences.

Time % Difference
[h] 37 °C 25°C 4°C
24 18.64 12.84 4.98
52 39.00 106.49 36.82
121 49.01 153.85 38.91

It should be noted that the percentage differences in growth between media exceed the 25 %
reported for the SA strain in all cases.

3.3. Preliminary Dose-Response Performance of Hydrogel-Based Dosimeters Infused with Escherichia Coli

Absorbance measurements were carried out on each sample before irradiation, immediately after,
and over a post-irradiation period of 50 hours. The response of samples stored at 4, 25 and 37 °C was
evaluated exposing samples to doses of 1,5 and 10 Gy for each medium. As illustrated in the Figure
9a,b on a logarithmic scale, during the first 10 hours after irradiation, the EC strain does not exhibit
a clear dose-response behavior. However, noticeable changes occur after 24 hours, contrasting with
the observations made for the SA strain [29], which displayed a marked response within 2 hours after
irradiation at a specific temperature.

During the measurement process, the base cell is defined as the cell containing non-irradiated
bacteria, and the changes in recorded absorbance take into account not only the medium’s composition
and variations but also the growth and survival of the bacteria.

37°C1Gy +37°C5Gy #37°C10Gy +25°C1Gy +25°C5Gy 37°C1Gy +37°C5Gy «37°C10Gy +25°C1Gy +25°C5 Gy
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(a) MAA media (b) MAAG media

Figure 9. Absorbance differences (AAbs.) as a function of time for each culture medium at different temperatures.

Evaluating the behavior of the studied samples at 26 and 50 hours after irradiation, as illustrated
in the Figure 10, it can be quoted that the samples stored at 4 and 37 °C did not exhibit significant
responses that could eventually be associated with a potential low sensitivity for the studied dose
range. However, samples stored at 25 °C, preliminarily showed a notable response to irradiation within
a period of 26 hours. However, this trend could not be detected after 48 hours.
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Figure 10. Absorbance differences (AAbs.) as a function of dose for each medium at different temperatures.

According to the dose-response trend obtained at 25 °C, a first-order (linear) function has been
proposed to fit the data for the dose range from 0 to 10 Gy for each medium. Figure 11 depicts a typical
example within the dose range of interest, with measurements carried out 26 h after irradiation. The
values obtained from the linear fit correlation parameter (R?) support the proposed first-order approxi-
mation for the dose-response dependence, which aligns with the commonly desirable characteristic for
any dosimetry system. Thereby; it is considered that measurements obtained between 24 and 27 hours
after sample irradiation demonstrate an univoque and evident response to irradiation, unlike the 2
and a half to 3 and a half hours previously reported for the SA strain.

The results reported in Figure 11, although preliminary, may assist in verifying whether there is
indeed an unequivocal correlation response to the dose. Further studies for each system, incorporating
shorter dose intervals within the same range may be performed.
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Figure 11. Dose-response curves within the dose range from 0 to 10 Gy.

4. Conclusions

The present work assessed the bulk mass density of two hydrogel-based cell culture media that
can be used to elaborate bacteria-infused dosimeters: i) Agar-Agar (MAA) and ii) Agar-Agar with
glucose (MAAG), demonstrating also that both gels are suitable for radiation dosimetry and bacterial
growth, considering the presence or absence of Staphylococcus Aureus (SA) and Escherichia Coli (EC)
strains. Bulk mass density assessments were successfully conducted at different temperatures using
two independent approaches: the first, based on direct measurements of mass and volume, which
yielded densities comparable to those of liquid water, with uncertainties ranging between 9 and 16
%, while the second approach, employing Archimedes’ principle, produced more precise estimations
with uncertainties between 0.04 and 0.08 %, thus remarking the second approach as more reliable for
bulk mass density determinations of bacteria-infused hydrogels.
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The minor bulk mass density differences with respect to liquid water observed in the investi-
gated materials indicate promising performance in terms of almost negligible effects on correction
requirements on the mass attenuation coefficient and stopping power for ionizing radiation dosimetry
purposes. Furthermore, having bulk mass density similar to the liquid water, it could be preliminarily
concluded that the proposed bacteria-infused hydrogel-based materials attain high water (soft tissue)
equivalence. In addition, the viability of the systems inoculated with Escherichia Coli was evaluated
for their potential application in X-ray radiation dosimetry within the range of 0 to 10 Gy. Preliminary
results for the dose-response output demonstrated for the Escherichia Coli infused culture media a
noticeable high linear correlation to X-ray radiation doses over the entire studied range, particularly
for samples stored at 25°C. In summary, the studied systems based on hydrogels infused with Es-
cherichia Coli (EC) strains were properly characterized in terms of the corresponding growth curve
and post-irradiation bacterial survival, supporting their potential as effective dosimeters. Ongoing
and future work will allow to expand the present results.
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