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Abstract: There is currently increased interest in the use of alternatives to autoclaved culture media,
in order to maintain the properties of the media, while saving energy and time. In this study, we
assess a new system for culture media preparation, using a conventional microwave with a water bath
and a glass bottle with a rubber cap that allows depressurization. Sterilization, using the proposed
system (1000 W, 3 to 20 min), was compared with autoclaving for the preparation of tryptone soy
agar (TSA), tryptone soy broth (TSB), Sabouraud 4% dextrose agar (SDA), and violet red bile glucose
agar (VRBG). Microwave exposure for 7 min yielded sterile TSA plates. The productivity of both
sterilization methods was assessed using the pour plate method, and significant increases in the
growth of certain micro-organisms after using a microwave were observed for every culture medium,
especially those that were sterilized by boiling (VRBG). The kinetics of microbial destruction showed
that Escherichia coli and Bacillus subtilis spores were destroyed after 3 and 7 min in a microwave,
respectively, while three decimal reductions were obtained for Geobacillus stearothermophilus spores
after 15 min in an autoclave. This new sterilization method could be a feasible, rapid, and economical
method to prepare microbiological media, with a quality similar to that obtained through autoclaving.

Keywords: microwave; autoclave; sterilization; rubber perforable cap; productivity; microbial
destruction; microbiological culture media

1. Introduction

In the present era of rapid methods (including molecular and serological ones), the
method involving culture and isolation is still recommended by the current regulations for
the microbiological analysis of food, medical products, and so on, in order to assess key
characteristics of the micro-organisms, such as their antibiotic microbial sensitivities [1–3].
One key element is the sterilization of culture media and related materials to ensure
the isolation of micro-organisms. However, autoclaving, as a sterilization method, is
associated with certain drawbacks, such as high energy and equipment costs, long cycles,
and the occupancy of considerable laboratory space, making it potentially unaffordable for
laboratories around the world. Moreover, it is known that common autoclaving conditions
can degrade key nutrients (such as peptones, agar, yeast extracts, and so on) and generate
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toxic compounds to which micro-organisms are sensitive [4]. The generation of reactive
oxygen species (ROS) or products of Maillard reactions (such as melanoidins) has been
reported as compromising the culturability of certain sensitive species [1,5–8].

A reduction in the autoclaving conditions, or the separation of agar from the rest of the
components during autoclaving [6], have been demonstrated to increase the productivity
of different media, particularly for key sensitive species.

There is also interest in the use of alternatives to the autoclave for sterilizing culture
media, which could maintain the properties of the medium and even increase microbial
growth and selectivity [6,8]. Alternative sterilization methods could include filtration,
ionizing radiation, or microwave sterilization. However, filtration is not a viable option
for large amounts of media and cannot eliminate viruses, while ionizing radiation (e.g.,
gamma radiation) is not a feasible and economical option for most laboratories [9,10], and
is typically reserved for key culture media or ingredients.

Microwave technology has been gaining increasing interest as a potential alterna-
tive method for the sterilization of culture media, as it can produce high-quality media,
while saving significant time and energy, and is considerably more affordable than auto-
claves [11–13].

It is known that microwave irradiation can destroy micro-organisms though thermal
and non-thermal effects [14–18]. However, in the current routine by microbiological labo-
ratories, its use is limited to melting certain solid media or to regenerate media intended
for anaerobic growth, such as sulfite polymyxin sulfadiazine (SPS). To date, however, few
studies have explored the utility of microwaves to prepare culture media from dehydrated
ingredients in comparison with autoclaves. In a previous study, the use of microwaves was
demonstrated to be an efficient alternative for the preparation of Sabouraud dextrose agar
(SDA) [7]. However, the additional devices required to ensure safety (for gas elimination)
and to maintain the tightness of the media container during the microwave process are
issues that have not yet properly been assessed. In normal conditions, common bottles do
not resist the generated pressure and, due to the loosening of normal caps, leaks of the
medium from the container are common.

In the present study, the use of a microwave was compared to autoclave sterilization
for the production of common microbiological culture media, including tryptone soy agar
(TSA), tryptone soy broth (TSB), Sabouraud 4% dextrose agar (SDA), Sabouraud dextrose
broth, and violet red bile glucose agar (VRBG), through the implementation of an innovative
device based on the use of a water bath made out of polycarbonate, and an easily perforated
rubber cap, allowing medium depressurization. A commonly used power level (1000 W)
and different exposure times (min) were assessed.

2. Materials and Methods

Manufacturing of culture media
All media (TSA, TSB, SDA, Sabouraud dextrose broth, and VRBG) were manufactured

at Reactivos para Diagnóstico (RPD), S.L. (Sentmenat, Barcelona, Spain) from dehydrated
ingredients, which were mixed in 250 mL of deionized water and resuspended, and
sterilized using the following: (1) moist heat (121 ◦C for 15 min) in an autoclave (AES-150
model, Raypa, Barcelona, Spain) or by boiling (VRBG); (2) a water bath in a microwave,
in a glass bottle with a special rubber cap, specially designed for this purpose (Figure 1).
The cap was punctured with a 28 mm sterile needle, and capped with a sticker to allow gas
elimination and to prevent contamination. For the microwave method, the bottle with the
rehydrated medium was placed in a polycarbonate tube (14 cm high and 8 cm in diameter)
filled with water (Figure 1), covering the whole part of the filled bottle, similar to a water
bath. This tube allowed a homogeneous temperature distribution and a safety barrier to
be created. The cycles were programmed, with different durations (from 3 to 20 min), at
1000 W, in a conventional microwave oven (Cecotec ProClean 5110 Inox, Valencia, España).
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Figure 1. Design of the cap on the bottle for sterilization of culture media in a microwave oven
equipped with a water bath.

The only difference in the resulting culture media was the sterilization method. The
reference media were sterilized using common autoclaving conditions, as specified by the
manufacturer. The TSA and SDA were autoclaved at 121 ◦C for 15 min, and the VRBG
was boiled for 1 min until completely dissolved. Using the microwave method, all culture
media were sterilized in a microwave oven, as mentioned above. Solid culture media were
maintained in bottles at room temperature, until being dispensed onto Petri plates (with
the bacterial inoculum, using the pour plate method or without it using spiral inoculation).

All culture media were pH adjusted, if necessary (to pH values of 5.6 ± 0.2 for SDA;
7.3 ± 0.2 for TSA, and 7.4 ± 0.2 for VRBG), to achieve the physicochemical properties
required for each medium.

Micro-organism strains used
The microbial strains used in the productivity and selectivity assays were obtained

from a reference strain collection (American Type Culture Collection, ATCC). The reference
strains were sub-cultured once to obtain stock strains, from which the stock and working
cultures were prepared. The strains used (Table 1) were those recommended in ISO
11133:2014/amended 1:2018 for the quality control of TSA, TSB, SDA, Sabouraud dextrose
broth, and VRBG [19].

Table 1. Micro-organisms and culture media tested.

Culture Media Assay Micro-Organism ATCC 1 WDCM 2

TSA
Productivity

assays

Escherichia coli 8739 00012
Candida albicans 10231 00054

Pseudomonas aeruginosa 9027 00026
Staphylococcus aureus 6538 00032
Aspergillus brasiliensis 16404 00053

Bacillus subtilis 6633 00003
Listeria monocytogenes 13932 00021

Salmonella enterica subsp.
enterica ser.

Typhimurium
14028 00031

Clostridium perfringens 13124 00007
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Table 1. Cont.

Culture Media Assay Micro-Organism ATCC 1 WDCM 2

TSB
Qualitative

assays

Bacillus subtilis 6633 00003
Pseudomonas aeruginosa 9027 00026

Staphylococcus aureus 6538 00032
Escherichia coli 8739 00012

Salmonella enterica subsp.
enterica ser.

Typhimurium
14028 00031

SDS
Productivity

assays

Aspergillus brasiliensis 16404 00053
Candida albicans 10231 00054

Saccharomyces cerevisiae 9763 00058

Sabouraud
dextrose broth

Qualitative
assays

Candida albicans 10231 00054
Escherichia coli 8739 00012

Aspergillus brasiliensis 16404 00053

VRBG

Productivity
assays

Escherichia coli 8739 00012
Salmonella enterica subsp.

enterica ser.
Typhimurium

14028 00031

Pseudomonas aeruginosa 9027 00026
Escherichia coli 25922 00013

Selectivity
assays

Enterococcus faecalis 19433 00009
Staphylococcus aureus 6538 00032

1 American Type Culture Collection; 2 World Data Center.

Inocula preparation
The stock culture strains were maintained in either TSA (bacteria) or SDA (molds and

yeasts) slant tubes (RPD S.L.) under refrigeration. The inocula of the studied culture were
prepared according to ISO 11133 [19]. Each strain was verified before use in non-selective
media (TSA for bacteria, and SDA for molds and yeasts) and then cultured in appropriately
selected and differential media, according to ISO 17025:2017 (ISO 17025) [20]. Stock dilu-
tions were prepared in maximum recovery diluent (RPD S.L.) using turbidimetry (around
0.5 McFarland units) (DEN-1B densitometer, Grant Instruments, Cambridgeshire, UK),
from which serial dilutions were prepared using the same diluent. For the productivity
assays, serial dilutions were prepared to inoculate 50–120 CFU per plate. For the selec-
tivity assays (S. aureus and E. faecalis species), serial dilutions were prepared to inoculate
≥104 CFU per plate, according to ISO 11133:2014/amended 1:2018 [19].

Productivity assays
Productivity assays were performed using the pour plate method, according to the

corresponding ISO (ISO 4833-1:2014 [21]; ISO 21149:2017 [22]; ISO 16212:217 [23]; ISO 21528-
2:2004 [24]) and European Pharmacopoeia (Ph. Eur., 10th ed.) [3], with the culture media
required for each strain (Table 1). A microbial suspension (1 mL) containing 50–120 CFU
(with a precision limit of ±20 CFU) was plated on sterile Petri dishes, and then the culture
medium was poured onto the Petri dish and mixed with the inoculum.

In the productivity assays, to ensure the exact CFU were inoculated by the pour plate
method in each Petri dish, a microbial suspension containing 50–120 CFU (100 µL) was also
inoculated in the TSA or SDA, using the spiral plate method (Eddyjet, IULmicro, Barcelona,
Spain), as a control.

Selectivity assays
Selectivity assays for VRBG were performed using the pour plate technique, according

to ISO 6579 [25], ISO 21528-2:2017 [24], and ISO 11133:2014/amended 1: 2018 [19], with
S. aureus (ATCC, equivalent to WDCM 00032) and E. faecalis (ATCC 19433, equivalent to
WDCM 00009), inoculated at ≥104 CFU (1 mL).

Seeding method
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Two different assays, quantitative (solid media) and qualitative (liquid media), were
performed to compare the quality of the media sterilized using both methods with differ-
ent micro-organisms (Table 1). In the quantitative assays, samples of 1 mL were plated
in triplicate onto sterile Petri dishes, using the pour plate method. Then, the medium
(20–25 mL), after melting in a boiling bath, was added once it was cooled to 40–45 ◦C, in
both sterilization methods. In the qualitative assays, 1 mL (50–120 CFU) was inoculated in
triplicate in broth bottles (TSB and Sabouraud dextrose broth, 250 mL) and then incubated
for the required time and temperature.

The TSA plates and TSB bottles were incubated at 32.5 ± 2.5 ◦C for 24–48 h, the SDA
plates and Sabouraud dextrose broth at 22.5 ± 2.5 ◦C for 2–5 days, and the VRBG plates
and broth at 37 ± 2.5 ◦C for 24–48 h. For each medium and strain, inoculation was repeated
in triplicate.

To provide a quality control for the qualitative assays (broth), 50 µL of each strain was
inoculated in a sterile TSB bottle, sterilized in an autoclave, and incubated at 30 ± 1 ◦C for
24–48 h.

Colony count
The colony count was performed either manually or using an automatic colony counter

(SphereFlash®, IULmicro, Barcelona, Spain).
Physicochemical properties
To check that each culture medium had the required pH values, the pH was mea-

sured with a pH meter (Crison GLP21, Barcelona, Spain), before and after sterilization
(before pouring onto a sterile Petri dish). The pH was measured at different times after
sterilization in a microwave oven (7 min, 10 min, 13 min, and 15 min) and after autoclaving
sterilization (control).

Assessment of temperatures achieved in the microwave during sterilization
The temperature of the glass bottle was measured with an infrared thermometer

(Helect, Shenzhen, China) every 10 s during the sterilization cycle, as an indicative measure
of the degrees reached inside the microwave oven.

Sterility test
In order to determine the necessary duration at which the culture medium was com-

pletely sterile in the microwave oven equipped with a water bath, 250 mL bottles of TSA
were produced, and several sterilization durations (3 min, 5 min, and 7 min) were tested
at 1000 W, without inoculating the micro-organisms in the medium. Dehydrated culture
medium was mixed with 250 mL of deionized water, after which the bottle was closed with
the special cap and sticker (Figure 1) and placed in a water bath in a microwave oven for
the mentioned durations. The resulting plates were incubated at 32.5 ± 2.5 ◦C for 24–48 h.

With the media prepared for the optimal exposure time to obtain sterile plates, a quality
control of the sterility test was performed, according to ISO 11333 (ISO 11133:2014/amended
1:2018) [19], keeping the plates and broth for 7 days, as follows: the TSA plates and TSB
bottles were incubated at 32.5 ± 2.5 ◦C, the SDA plates and Sabouraud dextrose broth at
22.5 ± 2.5 ◦C, and the VRBG plates at 37 ± 2.5 ◦C.

Kinetics of microbial destruction in the microwave oven
The bacterial strain Escherichia coli ATCC 8739 was obtained from slant tubes (RPD S.L.).

Spores from Bacillus subtilis ATCC 6633 were obtained after a thermal shock at 80 ◦C for
10 min after 7-day cultures (maintained at 32.5 ± 2.5◦C) and Geobacillus stearothermophilus
ATCC 7953 spores were taken from ampoules (Sterikon® plus bioindicator, MERCK, Rah-
way, NJ, USA). Then, 50 µL of suspension containing 106 CFU/mL bacteria or spores was
injected into a test bottle (5 × 104/bottle), which was exposed to a microwave at a power of
1000 W for periods of time ranging from 2.5 min to 20 min (depending on the destruction
of each strain), with measurements taken every 30 s. The suspension was then cooled and
poured into a sterile Petri dish and left to solidify. After incubation at 32.5 ± 2.5 ◦C for 48 h
(E. coli ATCC 8739 and B. subtilis ATCC 6633) and 56 ± 2.5 ◦C (G. stearothermophilus ATCC
7953), the number of colonies was obtained. These tests were performed in triplicate.

Statistical Analysis
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The data were analyzed using R software version 4.3.1. Generalized linear mixed mod-
els were used to model the bacterial counts (CFU), in which the linear predictor contains
random effects, as well as fixed effects. Colonies (response) were modeled using Poisson’s
distribution, and in the case of overdispersion, the negative binomial distribution model
was used. The different media were compared pairwise through multiple comparisons,
using the Tukey method.

The pH values of the different media, both reference and modified, were compared us-
ing the ANOVA test. The different media were compared pairwise, with a post hoc analysis
using the Tukey test. A p-value less than 0.05 was considered statistically significant.

3. Results
3.1. Sterility Test

To assess the capacity of the sterilization method using a microwave oven equipped
with a water bath as a valid method similar to autoclave sterilization, it was first necessary
to establish the duration at which the culture medium (TSA), without the addition of micro-
organisms, was completely sterile. For this purpose, after comparing various durations
(3, 5, and 7 min), in which complete dissolution of the dehydrated medium in deionized
water was obtained, it was concluded that at 7 min, the medium was completely sterilized.

After exposure for 3 min in the water bath in the microwave and incubation at
32.5 ± 2.5 ◦C for 7 days, 66.66% of the TSA plates were contaminated, while 58.33% of the
TSA plates were contaminated at 5 min, and an absence of contamination (out of 12 plates)
was reported at 7 min, indicating that the culture medium was sterilized.

3.2. Temperature Analysis

Analysis of the temperature of the glass wall of the bottle in the water bath, from 0
to 15 min, showed that the temperature increased with the exposure time of the culture
medium in the microwave oven, in an exponential manner (Figure 2). When the bottle
was placed in the microwave oven for 15 min, a wall temperature higher than 130 ◦C was
reached. After exposure for the duration that allows complete sterilization, set at 7 min
according to the above results, approximately 90 ◦C was reached, which is lower than the
autoclaving temperature (usually 121 ◦C for 15 min).
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Figure 2. Registered temperature of the glass bottle wall over time, measured with an infrared
thermometer, during microwave treatment at different times.

3.3. Quality Control and Effect of Sterilization in a Microwave Oven vs. Autoclave on the
Productivity of SDA

In the analysis of productivity using the pour plate method, significant differences
were observed depending on the exposure time in the microwave concerning C. albicans
and S. cerevisiae, while for A. brasiliensis ATCC 16404, the productivity results were similar
in all media, regardless of the exposure time in the microwave oven, with CFU counts
similar to those obtained for the autoclave media (Figure 3).
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Figure 3. Bar graph showing the mean CFU obtained in SDA prepared with conventional sterilization
(control, in an autoclave (or by boiling)), and in a microwave oven for 7 min (7′), 10 min (10′), 13 min
(13′), and 15 min (15′), after inoculation using the pour plate method, for C. albicans, S. cerevisiae, and
A. brasiliensis.

For C. albicans ATCC 10231, significant differences in the mean number of CFU were
observed among the different durations assayed (p < 0.001; GLM), specifically among the
different microwave oven exposure times, as follows: 7 min vs. 10 min, 7 min vs. 13 min,
and 7 min vs. 15 min (p = 0.001; Tukey) (Figure 3). The highest productivity occurred in
the media sterilized for 10 min (56.20 ± 5.07 CFU), followed by 15 min (55.73 ± 4.54 CFU),
13 min (55.13 ± 2.52 CFU), and 7 min (40.80 ± 7.68 CFU). No statistically significant dif-
ferences in the productivity obtained in the medium sterilized in the autoclave (121 ◦C,
15 min) (47.4 ± 1.14 CFU) were observed in comparison to the productivity obtained in the
microwave oven at the different exposure times (Figure 3).

In S. cerevisiae ATCC 9763, a significantly higher CFU count was observed as the
exposure time in the microwave increased, as follows: 7 min vs. 13 min (p = 0.019; Tukey)
and 7 min vs. 15 min (p = 0.015; GLM) (Figure 3), with the highest productivity at 15 min
(57.87 ± 6.13 CFU), followed by 13 min (57.66 ± 2.64 CFU), 10 min (55.93 ± 9.02 CFU),
and 7 min (49.87 ± 6.77 CFU) (Figure 3). In the media sterilized through autoclaving, no
significant differences were observed between the autoclaved media (59.40 ± 10.23 CFU)
and any of the media exposed to the microwave (Figure 3).

3.4. Quality Control and Effect of Sterilization in a Microwave Oven vs. Autoclave on the
Productivity of TSA

For the TSA (Figure 4), the mean number of CFU were similar between the microwave
exposure time and the use of the autoclave.

As shown in Figure 4, for E. coli, C. albicans, and S. ser. Typhimurium, no statistically
significant differences were observed in the productivity at the different exposure times in
the microwave oven, and the productivity obtained in the autoclave was similar to that of
the microwave oven, regardless of the exposure time.

For S. aureus ATCC 6538, similar growth was obtained with the different exposure
times in the microwave oven, but a significantly lower number of CFU were obtained in the
autoclave (67.80 ± 7.73 CFU) vs. the microwave oven, as follows: 7 min (83.73 ± 3.60 CFU;
p = 0.005; Tukey), 10 min (86.87 ± 9.32 CFU; p < 0.001; Tukey), 13 min (86.93 ± 3.21 CFU;
p < 0.001; Tukey), and 15 min (82.33 ± 1.70 CFU; p = 0.013; Tukey).

This trend was also observed for B. subtilis ATCC 6633, with an even bigger difference
in the growth in comparison to the autoclave (61.80 ± 20.01 CFU), as follows: 7 min
(92.20 ± 6.29 CFU; p < 0.001; Tukey), 10 min (88.93 ± 7.20 CFU; p < 0.001; Tukey), 13 min
(87.73 ± 8.44 CFU; p < 0.001; Tukey), and 15 min (88.20 ± 1.40 p < 0.001) (Figure 4).
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Figure 4. Bar graph showing the mean CFU obtained in TSA prepared with conventional sterilization
(control, in an autoclave (or by boiling)), and in a microwave oven for 7 min (7′), 10 min (10′), 13 min
(13′), and 15 min (15′), after inoculation using the pour plate method, for E. coli, C. albicans, S. aureus,
B. subtilis, L. monocytogenes, A. brasiliensis, P. aeruginosa, S. ser. Typhimurium, and C. perfringens.

For L. monocytogenes ATCC 13932, although less growth in all media was reported, this
trend was also observed, with significantly higher productivity in the microwave oven vs.
the autoclave (35.60 ± 23.37 CFU), as follows: at 7 min (45.47 ± 1.36 CFU; p = 0.030; Tukey),
10 min (48.53 ± 2.31 CFU; p = 0.002; Tukey), 13 min (44.20 ± 1.40 CFU; p = 0.010; Tukey),
and 15 min (46.60 ± 1.11 CFU; p = 0.012; Tukey) (Figure 4).

For A. brasiliensis ATCC 16404, the lowest growth was observed at 7 min in the
microwave oven (9.67 ± 3.97 CFU). Significantly lower CFU counts were obtained in
comparison to the autoclave (27.20 ± 4.38 CFU; p < 0.001; Tukey) at the following times:
7 min (9.67 ± 3.97 CFU), 10 min (12.53 ± 5.21 CFU), and 13 min (14.33 ± 4.50 CFU)
(Figure 4).

For two bacteria, P. aeruginosa ATCC 9207 (reclassified as Pseudomonas paraeruginosa)
and C. perfringens ATCC 13124, higher productivity was observed using the autoclave vs.
the microwave oven. For P. aeruginosa ATCC 9207, a significantly higher CFU count was
obtained in the autoclave in comparison to 15 min of exposure in the microwave oven
(68.60 ± 15.61 CFU vs. 57.13 ± 9.58 CFU; p = 0.034; Tukey). The productivity in the media
sterilized in the microwave oven decreased with the exposure times, as follows: 10 vs.
15 min (66.67 ± 12.23 CFU vs. 57.13 ± 9.58 CFU; p = 0.005; Tukey) and 13 vs. 15 min
(65.13 ± 5.67 CFU vs. 57.13 ± 9.58 CFU; p = 0.026; GLM) (Figure 4).

For C. perfringens ATCC 13124, a gradual decrease in productivity was observed
across the exposure times in the microwave oven, with statistically significant differences
(p = 0.009; Tukey) between the autoclave-sterilized media (52.60 ± 2.70 CFU) and the media
sterilized in the microwave oven for 15 min (27.40 ± 21.33 CFU).

3.5. Quality Control and Effect of Sterilization in a Microwave Oven vs. Boiling on the
Productivity of VRBG

For E. coli ATCC 25922, S. ser. Typhimurium and P. aeruginosa, significantly higher
growth in the medium exposed to the microwave was observed in comparison to the boiled
media (Figure 5).

For S. ser. Typhimurium ATCC 14028, the highest productivity was observed at 10 min
(66.27 ± 49.98 CFU), followed by 13 min (50.27 ± 20.24 CFU), 7 min (40.27 ± 12.88 CFU),
and 15 min (36.07 ± 21.99 CFU), with significant differences between the durations of 7
and 10 min (p = 0.049; Tukey), and 10 and 15 min (p = 0.009; Tukey).
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Figure 5. Bar graph showing the mean CFU obtained in VRBG prepared with conventional steriliza-
tion (control, in an autoclave (or by boiling)), and in a microwave oven for 7 min (7′), 10 min (10′),
13 min (13′), and 15 min (15′), after inoculation using the pour plate method, for E. coli ATCC 8739, S.
ser. Typhimurium, E. coli ATCC 25922, and P. aeruginosa.

For E. coli ATCC 25922, similar CFU values were obtained at 7 min (116.67 ± 26.95 CFU),
10 min (93.73 ± 10.72 CFU), and 13 min (92.93 ± 7.69 CFU), with a significant decrease at
15 min (65.80 ± 9.61 CFU) vs. the rest of the times (7 vs. 15 min; p < 0.001; 10 vs. 15 min;
p = 0.002 and 13 vs. 15 min; p = 0.003; Tukey). The growth in the boiled medium was
very low.

For E. coli ATCC 8739, higher productivity was obtained in the boiled medium. In
this case, the growth in the media exposed for 7 min in the microwave oven was very low
(20.27 ± 0.64 CFU) in comparison to the rest of the durations (p < 0.001; Tukey), as follows:
10 min (84.67 ± 4.06 CFU), 13 min (88.00 ± 22.01 CFU), and 15 min (94.60 ± 16.03 CFU)
(Figure 5).

All media were equally selective against S. aureus ATCC 6538 and E. faecalis ATCC
19433, without differences according to the sterilization method or the exposure time.

3.6. Effect of Sterilization in a Microwave Oven vs. Autoclave on Liquid Culture Media

Bottles of TSB and Sabouraud dextrose broth were inoculated with the corresponding
micro-organisms (Table 1). After incubation for periods of 24 h (TSB) and 48 h (Sabouraud
dextrose broth), growth (turbidity) was observed in all of them, without any differences
regarding the sterilization method or the exposure time.

3.7. Kinetics of Microbial Destruction in the Microwave Oven

The kinetics of microbial destruction were evaluated for E. coli ATCC 8739, B. subtilis
ATCC 6633, and G. stearothermophilus ATCC 7953, after being added to the rehydrated media.

For E. coli ATCC 8739, the highest reduction in the CFU count was observed after an
exposure of 3 min, while after 4 min, total destruction of the micro-organism was observed
when the medium was sterilized in the microwave oven (Figure 6).

For the spores of B. subtilis ATCC 6633, the time needed to reach three decimal reduc-
tions was approximately 4.5 min, reaching 0.33 ± 0.58 CFU/bottle, when the medium was
exposed for 7 min (Figure 7).

For the spores of G. stearothermophilus ATCC7953, the time to reach three decimal
reductions was about 10.5 min (Figure 8). At this time, the temperature of the glass bottle
was 100–110 ◦C, as reported above (Figure 2). Although the spores were not completely
eliminated, as shown in Figure 6, spore destruction started at around 5 min, and between 5
and 7 min, the highest destruction occurred, with temperatures of around 90 ◦C.
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3.8. Effect of Sterilization in a Microwave Oven on Medium pH

The pH of the medium was measured after sterilization in all cases, before pouring it
onto sterile Petri dishes without microbial inocula.

No significant differences in the pH values were observed in the different media,
according to the sterilization method or the exposure times (Figure 9). Only a slight
decrease in pH value was observed over the exposure times in the microwave oven, with a
tendency to acidify the culture medium. For the TSA, similar values were obtained in all
media. For the SDA, lower pH values were reported in the autoclaved media and in the
media exposed for 15 min in the microwave oven. For the VRBG, higher pH values were
obtained in the autoclaved media, and similar pH values were observed in all microwaved
media (Figure 9).
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conventional methods (autoclaving/boiling) or using microwave exposure for different durations.

4. Discussion

The sterilization of microbiological culture media using a conventional microwave
could become a simple and affordable method for most laboratories. However, when
establishing a new protocol for the sterilization of culture media, several parameters must be
considered, particularly exposure times and safety issues, as microwaves are not specifically
designed for this purpose. Most of the studies carried out to study the sterilization capacity
of microwave ovens have been performed on food samples, for which the maintenance
of sterility is not necessary [26,27], or on surgical materials [28]. Previous studies have
described the effects on micro-organisms (either live or in their sporulated form) when
they are sterilized in a microwave oven, being thermal and non-thermal [7,11,12]. Only the
study performed by Bazana et al. assessed the utility of a microwave for the preparation of
SDA, adding a UV treatment during the gelling process [7].

In our study, for the first time, an innovative and simple system for the preparation of
culture media was developed, based on the use of a water bath made from polycarbonate
covering the rehydrated media, in order to ensure the homogeneous distribution of the
temperature and to act as safety containment to avoid any possible event related to high
temperatures and possible container breakage.

To evaluate the new sterilization system, we assessed the microbiological properties
of media prepared in a microwave (for different exposure times) in comparison with those
of autoclaved media.

We started by first establishing the minimum power and time required for the complete
sterilization of the culture medium (TSA), while measuring the temperature of the culture
medium as it was exposed to the microwave oven.
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We established that an exposure duration of 7 min at a power of 1000 W was sufficient
to sterilize the culture medium. Based on the improvement observed in the growth of an
important number of species in media exposed to a microwave, in comparison to the same
autoclaved media, we can suggest that these conditions are softer than the autoclaving
conditions and, thus, less degradation of nutrients and less generation of toxic compounds,
such as reactive oxygen species (ROS), would occur under this microwave treatment.

Due to contamination risk and the bottle design, temperature measurement was
only possible on the glass bottle, being an indirect measure of the temperature reached
in the culture medium. Glass was the selected material for the bottle as it maintains the
temperature of the culture medium during the sterilization and resists pressure increases.

Regarding the temperature measurement, a sustained exponential increase was ob-
served over time. At the minimum sterilization time (7 min), the temperature of the glass
bottle was around 90 ◦C, thus indicating a higher temperature of the culture media at
this time.

When comparing the temperature curves of the autoclave and microwave oven, a
higher temperature was reached in both at 15–16 min [29]. However, the whole sterilization
process was drastically reduced in the microwave method as, after 7 min, sterilization
was achieved and the process of gas elimination was quicker, whereas the whole process
in the autoclave, including the temperature increase, sterilization (commonly 21 min),
and pressure decrease, may take up to 1.5 h [29]. Moreover, in the autoclave, higher
pressures are likely to be reached than in the microwave system, due to the larger size of the
autoclave and the autoclaving conditions. This is the most notable difference between the
two devices, making sterilization in a microwave oven a faster and safer process, without
the inconvenience of needing to wait for the pressure to decrease. Further studies are
needed to assess the pressure and temperature variations inside the microwave system,
including the culture medium, similar to the existing measurements of these parameters in
autoclaves [29–31].

A comparison of media productivity using both systems was performed with culture
media (solids and liquids) widely used in laboratories for the microbiological quality
analysis of food, cosmetics, and pharmaceutical products. In addition, the media exposed
for the different exposure times in the microwave were assessed, with an overall view of
how the sterilization method and sterilization times affected the microbiological properties
of the culture media.

The tendency of yeasts in an SDA medium to grow better in a microwave-sterilized
medium than in an autoclaved medium could be attributed to the generation of toxic
compounds; for example, due to Maillard reactions, the culture media darkens, being
produced after the long exposure of the medium to high temperatures [4,5,12], which can
inhibit the growth of certain micro-organisms [7,32,33]. Culture media containing simple
sugars, such as SDA, are more likely to generate these Maillard reaction compounds than
other culture media, and this process could be more pronounced in the autoclave than in the
microwave system [7]. For SDA, a correlation of medium browning with the exposure time
in the microwave was observed. Exposures of 7–10 min rendered a clearer medium than
the rest of the exposure times and the autoclave method. This could explain the increased
growth, in certain cases, in media exposed to the microwave versus the autoclave.

For both yeasts (i.e., C. albicans and S. cerevisiae), increased growth was observed
with longer exposure times in the microwave oven, possibly due to their tolerance to pH
variations [34]. On the other hand, the growth of A. brasiliensis in SDA was very similar
in all conditions assayed. Growth in regard to SDA sterilized with this system deserves
further research, as increased productivity could speed up detection in microbiological
controls, food, and medicinal products that are characterized as requiring prolonged
periods of incubation.

Improvements in the growth of some micro-organisms were also observed in the TSA
sterilized in the microwave, particularly S. aureus, B. subtilis, and L. monocytogenes, probably
due to the lower generation of toxic compounds, such as ROS, the oxidation of certain
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compounds produced to a greater extent at higher temperatures, and the Maillard reaction
between the agar and peptones [6]. The increased growth of S. aureus and L. monocyto-
genes could be particularly relevant for detection in food and clinical samples, where the
usefulness of the microwave system should be tested with respect to the corresponding
selective media.

In the cases of P. aeruginosa, C. perfringens, and A. brasiliensis, lower growth was
observed in the TSA sterilized in the microwave compared to the autoclaved media. TSA is
not the optimum medium for the growth of A. brasiliensis and, as reported above, growth
in regard to SDA prepared with the new system yielded similar growth to the autoclaved
SDA. In the case of C. perfringens, in routine practice, selective culture media are used, such
as SPS or tryptose sulfite cycloserine (TSC), which could also be assessed using this system.

In the case of P. aeruginosa, the lower growth detected in the microwave media could
also be an advantage for the manufacturing of certain selective media, in which the inhibi-
tion of Pseudomonas often constitutes a challenge, as it concerns samples used for the analysis
of water samples, where Pseudomonas is often the main interfering micro-organism [8].

Finally, for the selective media VRBG, which is commonly prepared by boiling, relevant
growth increases were observed, particularly for E. coli ATCC 25922, S. ser. Typhimurium,
and P. aeruginosa. This could be attributed to the fact that, in the conventional method,
it is necessary to wait until all the components are well dissolved in the medium, after
which it is boiled. In contrast, in the novel microwave oven sterilization method, the
medium is heated only during the microwave oven exposure time. Furthermore, it was
observed that the exposure time with the best microbial growth results was 10 min for
S. ser. Typhimurium, E. coli ATCC 25922, and P. aeruginosa. In this medium, the darkening
of the medium was also correlated with the exposure time in the microwave. In a previous
study, the properties of this medium also improved with the separation of the components
(agar vs. the rest of ingredients) during the autoclaving process [6].

Using the microwave method, liquid media (TSB and Sabouraud dextrose broth) were
also analyzed, as they are routinely used in microbiological quality laboratories. All media
sterilized in the microwave oven performed in the same way as the media sterilized in
the autoclave for all micro-organisms tested. As both media contain glucose, in future
studies, it is necessary to quantify the microbial growth obtained, as a lower degradation
of glucose could have occurred in the media prepared in the microwave, thus favoring
microbial growth. Improvement of the enrichment media is relevant, for example, in the
analysis of food. In the case of the detection of L. monocytogenes in food, at present, there is
interest in finding alternatives to the Fraser medium. Identification of the best method for
medium sterilization could also contribute to obtaining higher recovery rates.

Regarding pH values, we reported that SDA particularly increased its acidification
after 15 min of exposure, likely due to the thermal degradation of glucose, which is in
agreement with other previous studies [7].

Regarding the study of microbial destruction using the microwave system, live bacte-
ria (E. coli) and bacterial endospores (from B. subtilis and G. stearothermophilus) were used.
In the case of the spores of G. stearothermophilus, added at 5 × 104 spores/bottle, complete
destruction was not obtained at 7 min. It should be noted that these endospores are highly
thermoresistant and used as a biological sterilization indicator [35] during autoclaving
cycles. However, they are not commonly found in dehydrated culture media and germinate
at temperatures higher than 45 ◦C. For these reasons, their presence at a low concentration
in dehydration media would not indicate interference during the most common microbio-
logical analysis. However, more studies should be carried out to optimize their complete
elimination using this system.

When the medium was contaminated with the endospores of B. subtilis ATCC 6633,
the time needed to reach three decimal reductions was approximately 4.5 min, with a count
of 0.33 ± 0.58 CFU remaining when the medium was sterilized in the microwave oven
for 7 min. Considering that dehydrated media would not contain high concentrations of
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Bacillus endospores, these results should not represent an issue, although more studies
should be performed to optimize this destruction.

Finally, as expected, complete destruction was obtained for E. coli ATCC 8739 with
an exposure time of 4 min, in agreement with previous studies [17]. It should be noted
that, according to our experience, Pseudomonas could also be found in dehydrated media.
Therefore, the inclusion of this bacteria in future microbial destruction studies would be
of interest.

An important aspect of the microwave system is safety. The puncture of the rubber
cap and the application of the sticker allows for depressurization, prevents medium con-
tamination, and avoids medium leakage. To increase safety, other safety strategies could
be added, such as the delayed opening of the door, allowing for depressurization before
opening, and a polycarbonate cover for the water bath. Other safety issues to take into
account include avoiding the introduction of metallic materials and certain types of plastic.

With the optimized microwave system, validation studies should be performed in
the same way as autoclave sterilization validation studies to assess the efficiency of the
new method, according to validation guidelines (ISO 11133:2014/amended 1:2018 (ISO
11133)) [19]. This system also deserves to be included in the applicable regulations.

In summary, in comparison to classical autoclave sterilization, the work performed
with a microwave offers different advantages, such as time saving, as well as immediacy,
increased sterilization capacity, and better microbiological properties of certain media,
likely due to the lower generation of toxic compounds. Other advantages can be foreseen,
such as energy and cost savings, that require assessment in future work. This system could
become a common sterilization method for most microbiological media, although more
studies should be carried out to confirm this.

5. Conclusions

Although future assays should test the chemical properties that occur in the culture
medium after sterilization in a microwave oven, this study about the sterilization capacity
of a microwave oven and the maintenance and improvement of productivity in some micro-
organisms is a good starting point for further studies on this novel sterilization method.

In conclusion, the results from this study have demonstrated that common media
prepared in a microwave, equipped with a polycarbonate water bath and the use of a bottle
with rehydrated media, a perforable rubber cap, and a sticker, were sterile after an exposure
time of 7 min and had comparable or better microbiological properties than autoclaved
media. This system could serve as a basis for developing a more affordable and rapid
method to prepare culture media in routine laboratory practices.
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