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Abstract

Ultrasound has been used as an alternative and enhancer approach for the inhibition of microorgan-
isms in recent years. The purpose of the current study was to determine the inactivation of Streptococcus
sanguinis and Proteus mirabilis bacteria species via ultrasound. For this purpose, bacterial suspensions
with 5x10°, 1.5x10%, and 3x10* colony forming unit (cfu/ml) concentrations were ultra-sonicated with 30
kHz frequency and 100 W power ultrasound for various sonication time periods. As a result, time-dependent
inhibition rates were observed with bacteria concentration differences. The specific energy (y) of different
concentrations of S. sanguinis and P. mirabilis was also calculated. The rate constant of ultrasonic inhibi-
tion was evaluated in the linear region against sonication time. Then, the t-test was applied to all of the data.
The results of 5x10°, 1.5x10% and 3x10* cfu/ml for S. sanguinis and P. mirabilis were statistically signifi-
cant at <p= 0.02, 0.02, 0.006 for S. sanguinis, and at <p=0.003, 0.004, 0.003 for P. mirabilis, respectively.
Keywords: ultrasound, bacteria, time-dependent inactivation, specific energy, Proteus mirabilis, Strepto-
coccus Sanguinis.

Pe3rome

[Ipe3 mocneqHuTe TOAMHM YATPA3BYKbT C€ M3MOJI3BA KAaTo aJTEPHATUBEH M YCHJIBAI MOAXON 32
WHXUOMpaHe Pa3BUTHETO Ha MHUKpoopraHu3Mmu. Llenta Ha HACTOAMIOTO M3cienBaHe € Ja ce eeKkTa Ha
yITpa3ByKa BbPXY Pa3BUTHETO HA OakTepuute Streptococcus sanguinis n Proteus mirabilis. 3a Ta3u uemn,
OakTepuanHu cycreHsuu ¢ koHueHtpaipn 5x10°, 1.5x10* u 3x10* exunum obpasysamm konoHuu (cfu/
ml) ca oOpaborenu ¢ yntpassyk ¢ 30 kHz yecrora u 100 W 3a pa3nu4nu neproan ot Bpeme Ha 00paboTka.
HabGmronaBa ce nHxnubupaHe B 3aBUCUMOCT OT BpEMETO Ha 00paboTKa M KOHIICHTpAIUATa Ha OaKTEPUUTE.
N3zuncnena e cbio cnennduyHara eneprus (Y) Ha pa3InuHy KOHIEHTpauuu Ha S. sanguinis n P. mirabilis.
CkopocTHaTa KOHCTAaHTa Ha MHXUOMPAHETO C YATPA3BYK € OLICHEHA B TMHEWHATa 001acT CIPSMO BPEMETO
Ha 00paboTka. KbM BCHUKM AaHHU € IpUiIokeH t-TecThT. Pesyararute ot 5x10°, 1.5x10* u 3x10* cfu/mi 3a
S. sanguinis n P. mirabilis ca onpeneneHn KaTo CTaTUCTUYECKH 3HAYMMHU choTBeTHO npu <p= 0.02, 0.02,
0.006 3a S. sanguinis u ipu <p=0.003, 0.004, 0.003 3a P. mirabilis.

Introduction

Most microorganisms cause many problems  products, ultraviolet light, and heat treatment. For
so inactivation of microorganisms is of significant  this reason, ultrasound applications have been add-
importance (Piyasena ef al., 2003). Over the years,  ed to ozonation or UV irradiation for the disinfec-
researchers have studied to develop effective meth-  tion of bacteria (Piyasena et al., 2003). To this end,
ods. Generally, ultraviolet (UV) light, electrical,  various ultrasound equipment has been developed

mechanical, chemical (chlorination, ozonation),  and improved.
thermal (pasteurization), and ultrasound treatments Known as one of the four sound categories,
have been tested for effective disinfection (Piyase-  ultrasound refers to frequencies greater than 20

na et al., 2003; Schwartz et al., 2003; Gibson et al.,  kHz, that is, sounds higher than the upper limit
2008; Hulsmans et al., 2010; Madron et al., 2012; of human hearing (Thompson and Doraiswamy,
Jin et al., 2013). Some microorganisms become re- 1999). For many years, ultrasound has been used
sistant to available disinfection techniques, such as  as a standard method in microbiology. When ultra-
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sound is applied to a liquid medium, bubbles are
produced by the ultrasonically induced cavitations
in the solution. Cavitation bubbles in liquid media
generate physical effects, such as microstreaming,
high shear force, shock waves, and in addition,
chemical reactions such as free radicals, and hydro-
gen peroxide (Li et al., 2016). By acting on the cell
wall of bacteria, radicals weaken its structure and
bring it to the level of disintegration (Piyasena et
al., 2003).

The collapse of bubbles during cavitation gen-
erates localized hot spots of high temperature and
pressure. In the implosion process, when the vapor
contained in the bubble is compressed rapidly, it
causes heat generation due to thermodynamics. As
a result of the swift implosion, a localized hot spot
occurs and then a little heat is transferred to the sur-
rounding liquid. In these hot spots, it is estimated
that temperatures equivalent to about 5000°C, and a
pressure of about 1000 atm are reached. As a result
of the interactions between the microorganisms and
cavitation bubbles, microorganisms are disintegrat-
ed and destroyed by ultrasonic waves (Arrojo and
Benito, 2008; Gogate and Kabadi, 2009).

Sonication or ultrasound irradiation alone has
become a preferred method in recent years as it can
provide powerful disinfection under suitable am-
bient pressure and temperature conditions without
the need for any chemical compound. If ultrasound
is utilized alone, however, significant ultrasonic
intensities are required to achieve 100% inhibition
rates. The inhibition process of microorganisms by
ultrasound has been explained by the physical and/
or chemical changes that occur during ultrasonic
irradiation (Zupanc et al., 2019). While the mecha-
nism is not clear, according to Pandur et al. (2022),
the cell wall structure and bacterial physiological
conditions are the key factors that affect the effi-
ciency of bacterial sonolysis by ultrasound. Further-
more, Ananta et al. (2005) declared that the effects
of ultrasound can be different on Gram-negative
and Gram-positive bacteria owing to the morpho-
logical characteristics of the cell. Also, Koda et al.
(2009) tested the inhibition rate of ultrasound at 20
and 500 kHz on Escherichia coli (Gram-negative)
and Streptococcus mutans (Gram-positive) bacteria
and observed different survival curves between E.
coli and S. mutans at the highest power sonication.
Loske et al. (2002) studied bacterial species that
have different cell walls by using underwater shock
waves and offered a similar suggestion.

In this study, a Gram-negative bacterium,
Proteus mirabilis, and a Gram-positive bacterium,

Streptococcus sanguinis, were selected. S. sangui-
nis is a key factor in the attachment of other oral
microorganisms which colonize the oral cavity and
tooth surface, pioneering the formation of dental
plaque, development of caries, and periodontal
diseases (Caufield et al., 2000; Zhu et al., 2018).
P. mirabilis, a Gram-negative bacterium, part of
the Enterobacteriaceae family and widely found in
soil and water, can cause infections of the urinary
tract of humans (Jansen et al., 2003). The purpose
of the current study was to determine the effects
of ultrasound treatment with different sonication
times on the viability of different concentrations
of the Gram-negative bacterium P. mirabilis and
Gram-positive bacterium S. sanguinis. Following
this purpose, the new aspect of the present study is
the use of a 30 kHz and 100 W horn-type sonicator
for logarithmic inactivation, especially for oral bac-
teria: P. mirabilis and S. sanguinis. Also, it exam-
ines the effects of time and specific energy-depend-
ent ultrasonic irradiation on the survival curves of
P. mirabilis and S. sanguinis.

Material and Methods

Bacterial cultivation and preparation of bacterial
suspensions

S. sanguinis and P. mirabilis bacterial strains
were obtained from Yeditepe University, Microbi-
ology Lab., and were incubated in Luria-Bertani
(LB) broth for 24 h at 37°C. The incubated bacte-
rial suspensions were prepared for 5x10°, 1.5x10%,
and 3x10* colony forming units (cfu/ml) following
the McFarland standards in physiological distilled
water at 625 nm wavelength optical density (OD)
by spectrometric measurements (Beckman Coulter,
Germany).

Ultrasound treatment setup

Ultrasonic irradiation was applied using a
horn-type sonicator with 30 kHz frequency and 100
W power, according to Sesal and Kekec (2014a).
The following equations were used to calculate the
values (1-4). R: diameter of sonotrode probe, P:
power (Watt), BC: bacteria concentration, V: sam-
ple volume, t: time. According to Equation (4), the
specific energy increases as the bacterial population
decreases.

. 7 R?
Specific area of sonotrode (A4) = 1 1
Ultrasonic  power (0) = % 2

. . P
Ultrasonic  density (d) = = 3
Specific energy (7) = Pt 4
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Treatment on bacteria

Bacterial suspensions (100 mL) with differ-
ent concentrations of S. sanguinis and P. mirabilis
were ultra-sonicated for the 5, 10, 15, 20, and 30
minutes using an ultrasonic probe submerged into
the bacterial suspensions as explained in the setup
section, in triplicate. After sonication, the samples
were inoculated on growth media and incubated
overnight at 37°C. Incubated colonies were count-
ed by the colony counter according to the colony
counting method. The number of cfu after the ul-
trasonic irradiation treatment of P. mirabilis and
S. sanguinis bacteria was calculated. The average
survival ratio measured from each run was given as
(N/NO). The average of trials was calculated. The
data were standardized to a value of 100 percent
cfu for the graphical display. The findings of each
experiment were compared to those of the control
group. In the linear area of logarithmic bacterial
populations against sonication time, the rate con-
stant of ultrasonic inactivation was calculated us-
ing Equation (5) below, where ku is the ultrasound
equation constant, t is time, NO is the starting, and
N is the final bacterial population (Thompson and
Doraiswamy, 1999).

Log (N/NO)av = -2.303kut

Statistical analysis

The time-dependent inhibition rate of the
samples was analyzed by using a 1-Tailed t-test in
SPSS 15.0 for Microsoft Windows.

Results

The inactivation of bacteria was anticipat-
ed to be more effective as the specific energy in-
creased. The time-dependent specific energy levels
from high to low were determined at concentrations
of 5x10%, 1.5x10% and 3x10* cfu/ml, respectively
(Fig. 1). The specific energy (y) W.sec/cfu in differ-
ent concentrations of S. sanguinis and P. mirabilis
is shown in Fig. 1. Specific energy levels in all con-
centrations were observed to reach their maximum
between the 20" and 30" minutes. The specific en-
ergy of the lowest bacterial concentration (5x10%c-
fu/ml) was around eight-fold greater than that of
3x10* cfu/ml, and roughly four times greater than
that of 1.5x10* cfu/ml, respectively.

The survival ratio of 5x103, 1.5x10%, and
3x10* cfu/ml concentrations of P. mirabilis and S.
sanguinis against sonication time at the constant
frequency and power are shown in Fig. 2-4. The
logarithmic bacterial death rate increased for P.
mirabilis depending on sonication time. After the
20" minute, a significant increase in death rates was

)
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Fig. 1. The specific energy values observed at dif-
ferent bacterial concentrations depending on time

detected for the 5x10° and 1.5x10* cfu/ml samples.
On the other hand, in samples with a higher con-
centration of bacteria, the mortality rate decreased.
When the sonication time ended at the 30" minute,
changes in the population were observed from 3.70
to 2.93 log for 5x10° cfu/ml, 4.18 to 3.54 log for
1.5x10* cfu/ml, and 4.48 to 3.91 log for 3x10* cfu/
ml for each concentration of P. mirabilis bacterium.
In addition, the decreases were calculated as -0.77
log, -0.64 log, and -0.57 log, respectively. In com-
parison to P. mirabilis, S. sanguinis showed a low-
er rise in mortality rates in all samples. When the
sonication time ended at the 30" minute, changes in
the population were observed from 3.70 to 3.45 log
for 5x10° cfu/ml, 4.18 to 4.03 log for 1.5x10* cfu/
ml, and 4.48 to 4.36 log for 3x10* cfu/ml. When
this change was analyzed, the decrease rates were
calculated as -0.25, -0.15, -0.12 log for the 5x10°,
1.5x10%, and 3x10* cfu/ml samples, respectively.
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Fig. 2. The time-dependent logarithmic inactiva-
tion rate of S. sanguinis and P. mirabilis at a con-
centration of 5x10* cfu/ml

The T-test was carried out by using all data.
Test results for 5x10°, 1.5x10* and 3x10* cfu/ml
concentrations of S. sanguinis were determined sta-
tistically significant based on the <p =0.02, <p =
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Fig. 3. The time-dependent logarithmic inactiva-
tion rate of S. sanguinis and P. mirabilis at a con-
centration of 1.5x10* cfu/ml
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Fig. 4. The time-dependent logarithmic inactiva-
tion rate of S. sanguinis and P. mirabilis at a con-
centration of 3x10* cfu/ml

0.02 and < p = 0.006 values, respectively. Similar-
ly, the results of 5x10°%, 1,5x10%, and 3x10* cfu/ml
samples of P. mirabilis were obtained statistically
significant with <p =0.003, <p =10.004, and <p =
0.003 values.

Discussion

Due to its environmentally friendly effect,
ultrasound is preferred in disinfection, especial-
ly in the 20 kHz and 500 kHz range (Thompson
and Doraiswamy, 1999; Joyce et al., 2003; Gogate
and Kabadi, 2009; Zhu et al., 2018; Zhang et al.,
2021). In this regard, in the current study, the bac-
terial suspensions with 5x10°, 1.5x10%, and 3x10*
cfu/ml concentrations of P. mirabilis and S. san-
guinis bacterial species were ultra-sonicated with a
frequency of 30 kHz and 100 W power under dif-
ferent sonication time conditions. For the ultrasonic
treatment, an ultrasonic probe was used, which is
more commonly preferred in industrial applications
owing to its ability to produce much more acoustic
power than an ultrasonic bath (Hoo et al., 2022).
On the other hand, high-intensity ultrasound, with
its low frequency (20-100 kHz) and high power
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density (10-1000 W/cm?), is more destructive and
has an important place in cell disruption in the in-
dustry (Hoo et al., 2022). Hence, ultrasound of 30
kHz and 100 W was applied. Additionally, Koda et
al. (2009) showed that the logarithm of the surviv-
al ratio of E. coli and S. mutans against irradiation
time at the frequency of 500 kHz decreased linearly,
whereas, in our previous study by Sesal and Kekec
(2014b), we observed a similar time-dependent ef-
fect for E. coli at the frequency of 30 kHz. At the
same time, low-frequency ultrasound was observed
to have a stronger effect on the removal of P. mi-
rabilis biofilms (Mott et al., 1998). Consequently, a
statistically significant time-dependent increase in
the mortality rate of S. sanguinis and P. mirabilis
after ultrasonic irradiation with 30 kHz frequency
and 100 W power was observed for all concentra-
tions.

Also, the effect of specific energy-dependent
ultrasonic irradiation on the survival curves of P.
mirabilis and S. sanguinis bacteria was evaluated.
The results revealed that the specific energy in-
creased depending on the time and varied depend-
ing on the bacterial concentration of the sample.
The specific energy was analyzed according to the
time graphs for all concentrations: 5x10°cfu/ml had
eight-fold greater specific energy than 3x10* cfu/
ml, and roughly four times greater than 1.5x10* cfu/
ml. The concentration of bacteria decreased due to
death, and the rate of increase of specific energy
increased even more. Therefore, the specific energy
increased much more at all concentrations between
20-30 minutes.

The logarithmic bacterial death rates increased
time-dependently due to the decrease in concentra-
tion for both bacteria. In other words, the lower the
bacteria density, the more effective ultrasound irra-
diation was. The increase in specific energy, which
is directly proportional to applied power and the
duration of the application, causes cavitation col-
lapse induced ultrasonically, damaging the bacterial
membrane. Therefore, the membrane fails to func-
tion and/or diffuse out its cellular content, and thus
the cellular content increases in the solution (Yan
et al., 2010; Huang et al., 2017). Depending on the
increase in bacterial aggregates, a time-dependent
de-clumping process was observed after applying
ultrasonic irradiation. Also, it was observed that the
mortality rate for both bacteria dropped between
the 10™ and 20™ minutes. Additionally, although the
death rate at 3x10* cfu/ml concentration at the 20™
minute was higher than that of the 1.5x10* concen-
tration, it showed a 1.5x10* higher mortality rate at



the 30" minute. According to Joyce et al. (2003),
sonication has two different effects in this case.
Firstly, the bacterial clusters in the suspension are
dispersed and turned into single bacteria; secondly,
the killing of bacteria occurs with the breakdown of
single bacteria, which are separated. Therefore, a
competition between both killing and de-clumping
bacteria in the solution brings about the overall ef-
fect of ultrasound.

The mortality rate increased between the20™
and 30™ minutes in both bacteria at all concentra-
tions. When the sonication time ended at the 30™
minute, the decreases were calculated as -0.77 log,
-0.64 log, and -0.57 log for the 5x10°, 1.5x10%, and
3x10* cfu/ml samples of P. mirabilis; -0.25, -0.15,
-0.12 log for the 5x10°, 1.5x10%, and 3x10* cfu/ml
samples of S. sanguinis, respectively. S. sanguinis
showed a lower rise in mortality rates in all samples
compared with P. mirabilis. Chu et al., (2001) ob-
served that after the 30" minute of sonication, the
cell walls were almost completely damaged and that
longer sonication times resulted in a total cell wall
collapse. Furthermore, it is stated that cavitation af-
fects inactivation by causing permanent damage to
the cell wall, and thus, despite the use of high bacte-
rial densities, inactivation percentages of > 99 per-
cent were achieved after 45 minutes (Amabilis-So-
sa et al., 2018). For this reason, mortality rates can
be impacted by the cell wall structure of Gram-pos-
itive organisms, which normally has a thicker and
more tightly adherent layer of peptidoglycan than
Gram-negative organisms (Drakopoulou et al.,
2009). Herein, when mortality rates were compared
by Gram-status, it was determined that Gram-posi-
tive S. sanguinis had a lesser increase in death rates
in all samples in comparison with Gram-negative P.
mirabilis. In particular, the strong effect increased
after 10 minutes in P. mirabilis, while it increased
after 20 minutes in S. sanguinis. Amabilis-Sosa et
al. (2018) attributed the higher mortality rate of
Gram-positive Bacillus subtilis than the Gram-neg-
ative coliforms to the strong effect of cavitation
due to the spacing between membrane layers of
Gram-positive bacteria. Besides, in our previous
study, Gram-negative E. coli were inactivated by
time-dependent ultrasound, whereas Gram-positive
S. aureus were not affected at all (Sesal and Kekec,
2014a). Similarly, Drakopoulou ef al. (2009) found
that Gram-negative bacteria, such as total coli-
forms, fecal coliforms, and Pseudomonas spp.
were more affected by sonication than Gram-posi-
tive Clostridium perfringens and fecal streptococci.
In addition, it has been observed that cavitation is
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more effective in cases of remodeling, weakening,
or absence of the peptidoglycan structure (Pandur
et al.,2022). On the other hand, according to Gao et
al. (2014), microbes with a thicker and softer cap-
sule, rather than the Gram-status, are more resistant
to ultrasonic deactivation. Additionally, when the
kill rates of Gram-negative bacteria P. gingivalis
and Gram-positive bacteria S. aureus were com-
pared, no significant relationship to the Gram-sta-
tus was discovered (Kamineni and Huang, 2019).
Some studies claimed that Gram-negative bacteria
were more susceptible to ultrasound inhibition than
Gram-positive bacteria, whereas others found no
relationship between the Gram-status and ultrason-
ic inactivation. Further studies are needed to eluci-
date the reasons.

Conclusion

In conclusion, the sonication parameters uti-
lized in the current paper are likely to be excellent
for Gram-negative bacteria disinfection, especial-
ly when utilized for long periods. Nowadays, ul-
tra-sonication is widely used in hospital steriliza-
tion. Ultrasonic cleaning units are common in clin-
ical facilities, and are used on a variety of equip-
ment, particularly dental and surgical instruments.
Therefore, it is necessary to determine the process
that will inactivate Gram-positive bacteria for more
effective sterilization of devices used for such pur-
poses. However, the effect of the different specif-
ic energy levels generated by ultra-sonication and
the duration of sonication on microbial degradation
needs to be studied more extensively.
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