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Abstract: In this study, liquid egg, albumen, and egg yolk were artificially inoculated with E. coli.
Ultrasound equipment (20/40 kHz, 180/300 W; 30/45/60 min) with a circulation cooling system
was used to lower the colony forming units (CFU) of E. coli samples. Frequency, absorbed power,
energy dose, and duration of sonication showed a significant impact on E. coli with 0.5 log CFU/mL
in albumen, 0.7 log CFU/mL in yolk and 0.5 log CFU/mL decrease at 40 kHz and 6.9 W absorbed
power level. Significant linear correlation (p < 0.001) was observed between the energy dose of
sonication and the decrease of E. coli. The results showed that sonication can be a useful tool as
a supplementary method to reduce the number of microorganism in egg products. With near-infrared
(NIR) spectra analysis we were able to detect the structural changes of the egg samples, due to
ultrasonic treatment. Principal component analysis (PCA) showed that sonication can alter C–H,
C–N, –OH and N–H bonds in egg. The aquagrams showed that sonication can alter the properties
of H2O structure in egg products. The observed data showed that the absorbance of free water
(1412 nm), water molecules with one (1440 nm), two (1462 nm), three (1472 nm) and four (1488 nm)
hydrogen bonds, water solvation shell (1452 nm) and strongly bonded water (1512 nm) of the egg
samples have been changed during ultrasonic treatment.

Keywords: ultrasound; egg; yolk; albumen; NIR; E. coli; aquaphotomics

1. Introduction

Proteins are essential for human nutrition and among a wide variety of sources, egg is
one of the best, which has numerous beneficial properties [1]. In the food industry it is also
a widely used ingredient for different purposes.

Hen egg yolk consists of approximately 50% water, 30% lipids and 16% protein [2].
Due to its nutritional, organoleptic and functional properties, this is a widely used ingredi-
ent in various food products [3].

Egg white is a viscous biological fluid, which has antibacterial properties due to its
physicochemical characteristics and antimicrobial proteins. Water in albumen represents
88.5% and proteins account for ~10% of composition. It contains about 40 different proteins,
such as ovalbumin, lysozyme, ovomucoid, ovotransferrin. Ovalbumin, which constitutes
about 54% of the total egg white protein, is mainly responsible for gelation [4–7].

Liquid egg is widely used to manufacture processed foods. However, the shelf life
of these liquid products is quite low and in order to extend the shelf life they go through
different processes. During industrial thermal processing egg proteins can be altered,
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leading to an undesirable functionality loss [8]. The coagulation of proteins at higher
temperatures, also limits the pasteurization of egg to lower temperatures and longer
duration [2,9]. This limitation can cause microbiological hazards, such as Escherichia coli
contamination [10].

Therefore, there is a growing demand for more environmentally friendly technolo-
gies for food processing which can provide various functions in food quality and stabil-
ity [11–13].

Many studies deal with the topic of using non-thermal or minimal processing technolo-
gies in an attempt to target microorganisms in foods, causing them to be more susceptible to
other non-thermal processes or decrease the number of cells [14–17]. This emerging interest
in using non-thermal technologies such as ultrasound to inactivate microorganisms in
foods has led to many studies to investigate their efficacy and mechanisms of inactivation.
These studies report that sonication alone or combined with other processes have a high
potential to replace or assist traditional thermal processing methods and consider necessity
of further research [18,19].

To measure the efficiency of minimal processing on structure and quality, in many
studies scientists use non-destructive measurement techniques. There are many non-
destructive techniques that can be used to measure quality properties of food such as
electronic nose [20,21], ultrasound [22], near-infrared spectroscopy [23,24], ultraviolet-
visible spectroscopy [25] and hyperspectral imaging [26].

Near-infrared spectroscopy (NIR) is able to analyze solid and liquid samples with
no or minor pretreatment and it can be implemented in continuous methodologies [27].
Moreover, it can detect multiple chemical and structural compounds. The spectra itself cor-
responds to overtones and combinations of the fundamental molecular vibrations, however
coupled with chemometrics it makes it possible to extract valuable information regarding
the composition [28]. Furthermore, analysis of the NIR spectrum with aquaphotomics
reveals information about covalent OH and hydrogen bonds. This method allows the
structural changes, interactions and conformations in the contained water to be described
by the absorption bands that are related to the overtones, vibrations and combinations of
stretching of –OH [29,30].

The objective of this study is to determine the effect of ultrasound on microbiolog-
ical contamination, particularly E. coli in egg samples. A further aim of this study is to
investigate the sonication-caused structural changes with NIR spectrum analysis.

2. Materials and Methods
2.1. Materials

Three types of egg products such as whole liquid egg, egg yolk and egg white were
investigated, supplied by Capriovus Kft. (Szigetcsép, Hungary). The products are made
from “A” classified (as determined in 589/2008/EC regulation) homogenized and pas-
teurized fresh hen eggs. The samples were stored at 0–4 ◦C in 1 L plastic jugs before the
dilution and measurements. Before every measurement the content of each individual jug
was shaken, then the samples were poured into a bowl and gently mixed together.

2.2. Ultrasonic Treatment

The effect of ultrasound (US) treatment at different frequencies, power and duration
on the physical, microbiological properties of egg was investigated using an ultrasonic
bath (HBM Machines, Netherlands). The equipment is capable of delivering up to 300 W
of power at 20/40 kHz frequency.

For sonication treatment the samples were prepared in two ways:

- for microbiological measurements 180 mL of the samples were poured into a 200 mL
glass container after homogenization.

- for NIR measurements 18 mL of the samples were diluted with 162 mL of distilled
water in order to obtain 10% (w/w) emulsions. We used the diluted samples in order
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to evaluate the NIR spectra from an aquaphotomics point of view, as in the case of
aquaphotomics it is a common method to use solutions of water and samples [29,30].

In both cases, the samples were separated into five further groups depending on the
applied ultrasound parameters (Figure 1).

Sensors 2021, 21, x FOR PEER REVIEW 3 of 17 
 

 

- for NIR measurements 18 mL of the samples were diluted with 162 mL of distilled 
water in order to obtain 10% (w/w) emulsions. We used the diluted samples in order 
to evaluate the NIR spectra from an aquaphotomics point of view, as in the case of 
aquaphotomics it is a common method to use solutions of water and samples [29,30]. 
In both cases, the samples were separated into five further groups depending on the 

applied ultrasound parameters (Figure 1). 

 
Figure 1. Treatment groups. 

These groups were separated into three more subgroups depending on the duration 
of the treatment (30 min, 45 min and 60 min). The ultrasound equipment was filled up 
with 16 L of tap water to ensure sonic conductivity and the containers were put into this 
media; 12 sealed, 200 mL glass containers were placed in the equipment at the same time. 
It was crucial to maintain a reasonably low temperature during the whole treatment, thus 
a circulation system with an external buffer was built (Figure 2). A tank, filled with iced 
water, was placed next to the ultrasound equipment and a submerged pump circulated 
this medium through the bath. This system is able to maintain the temperature at 18 ± 2 
°C during the whole treatment. Untreated samples were subjected to the same tempera-
ture conditions as the sonicated ones. 

Figure 1. Treatment groups.

These groups were separated into three more subgroups depending on the duration
of the treatment (30 min, 45 min and 60 min). The ultrasound equipment was filled up
with 16 L of tap water to ensure sonic conductivity and the containers were put into
this media; 12 sealed, 200 mL glass containers were placed in the equipment at the same
time. It was crucial to maintain a reasonably low temperature during the whole treatment,
thus a circulation system with an external buffer was built (Figure 2). A tank, filled with
iced water, was placed next to the ultrasound equipment and a submerged pump circulated
this medium through the bath. This system is able to maintain the temperature at 18 ± 2 ◦C
during the whole treatment. Untreated samples were subjected to the same temperature
conditions as the sonicated ones.
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To evaluate the absorbed ultrasonic power in the samples, preliminary experiments
were carried out using distilled water. The water was poured into a 180 mL glass container.
The lid of one container was drilled and a Pt100 temperature sensor was placed into the
media through this hole. Twelve water samples were put into the equipment without the
circulating system to measure the temperature change in the containers. Temperatures
were measured at 180 W and 300 W power at 20 kHz and 40 kHz frequencies for 60 min.
The measurements were carried out 4 times at every setup. The sample holder with the
sensor was placed at different locations within the bath in every repeat. The absorbed
power (W) was then determined calorimetrically according to the following equation [31]:

P = mCp

(
dT
dt

)
t=0

(1)

where m is the mass (kg), Cp (kJ·kg−1·K−1) is the specific heat capacity of distilled water and
(dT/dt) is the rate of the change of temperature during the sonication process, determined
by temperature changes in 30 s. The actual ultrasonic power dissipated in the liquid has
been calculated to be 3.7 ± 0.1 and 6.9 ± 0.1 W, at 180 W and 300 W equipment power
respectively for both frequencies.

The energy dose (J) of treatment was calculated by the multiplication of treatment
duration (s) and the absorbed power (W).

2.3. Preparation of Artificial Inoculation

For microbiological measurements, 180 mL of samples were artificially inoculated
with Escherichia coli (ATCC 25922). 180 µL of 1.5 × 108 CFU/mL (determined by optical
density) E. coli suspension was used for inoculation of the prepared samples.

A selective and differential medium (ChromoBio COLIFORM, BioLab) was used to
determine the colony forming units (CFU) of E. coli and distinguish E. coli colonies from
other microorganism. This agar indicates the presence of E. coli with blue color (Figure 3).
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Figure 3. Blue discoloration of E. coli colonies on ChromoBio Coliform agar.

The agar was prepared according to the manufacturer’s instructions.
A tenfold serial dilution was performed after sonication. 0.1 mL of the appropriate

dilutions were transferred and spread on the surface of ChromoBio Coliform agar plates.
Plates were incubated at 37 ◦C for 24–48 h. Control samples of liquid egg, yolk and albumen
inoculated with E. coli before sonication were investigated in the same way. The control
group was measured 3 times for liquid egg, yolk and albumen. Each sample was prepared
in three replicates resulting 468 samples in total considering the different treatment groups.
For visualization and analysis, the logarithm of the CFU was taken into account.
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2.4. Near-Infrared Measurements

Near-infrared spectral analysis was carried out using a bench top (MetriNIR Research,
Development and Service Co., Budapest, Hungary) spectrometer. The transflectance spectra
were measured in the wavelength range of 740–1700 nm with the resolution of 2 nm. Spectra
acquisition was performed using METRINIR measurement software v0.9.0.394 (Metrika
Inc., Budapest, Hungary). Temperature can greatly influence the observed data, therefore
it was crucial to maintain a constant temperature. To ensure this, a water cooled cuvette
with a sample layer thickness of 0.4 mm was used. For NIR measurements, the 10 % (w/w)
samples were taken into account. The samples were prepared in triplicate and randomly
scanned by taking four consecutive scans of each, at 18 ◦C. That sums up to 540 samples
for NIR measurements and from each sample four spectra were observed (2160 spectra).

2.5. Data Analysis

In order to detect whether the duration and treatment setups of sonication have
a significant effect on microbiological properties, Two-way analysis of variance (ANOVA)
was applied with Tukey honest significant difference (HSD) and Games–Howell tests at
p < 0.05 significance level. Homogeneity of variance was tested by Levene’s test. The linear
regression method was used to analyze the correlation between the energy dose of the
treatment and the changes of log CFU/mL of E. coli.

In NIR data analysis the first step is to visualize the raw spectral data to detect outliers
and to decide which pretreatment method is necessary to enhance the information relevant
to the research. The Savitzky–Golay smoothing filter with second order polynomial with
data frames of length 21 and no derivation was applied to the spectra, then for the baseline
shift correction multiplicative scatter correction (MSC) was used.

The results of the NIR spectra of the samples were evaluated with principal component
analysis (PCA). With PCA it is possible to break down large amounts of data into a few
new variables, which contain the majority of variance of the original data [32]. It provides
information on outliers, specific trends or whether there are groups in the data. In order to
reduce the noise of the spectra, wavelength range of 950–1650 nm was taken into account.
PCA models were built separately for liquid egg products and within these groups four
models were calculated for treatment setups, which are summed up in 12 models.

Using PCA scores linear discriminant analysis (LDA) was performed to find a linear
combination of features that may characterize the structure changes in the samples during
sonication. The class variables were the durations of the different treatment setups (sim-
ilarly as in PCA) in each liquid egg product, resulting in 12 models. A training dataset
(recognition model) was used to build a prediction for the treatment duration effect. Two-
third of the whole dataset was used to build this model. The accuracy of this predicting
model was validated using threefold cross validation (data splitting and model building
were performed three times), the average accuracy was calculated from the confusion
tables obtained.

According to research of Tsenkova et al. [33,34] spectral range from 1300 to 1600 nm
that contains the main 12 water matrix absorbance coordinates (WAMACs—water matrix
coordinates) was adopted for our data analysis. Aquagram interpretation method was
used to visualize the spectral pattern of our dataset. A classical aquagram is a radar chart
displaying normalized absorbance at selected water bands.

Analysis of microbiological data was carried out by SPSS statistics 25 (IBM, Armonk,
New York, NY, USA) and Microsoft Excel (Microsoft, Redmond, Washington, WA, USA)
and NIR spectra analysis was done by RStudio 1.1.463 (RStudio Inc., Boston, MA, USA)
with the “aquap2” [35] package.

3. Results
3.1. Microbiological Measurements

The results showed a slight reduction of E. coli in the egg samples respecting the
treatment durations. The most prominent difference was observed at 60 min of treatment.
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At 40 kHz and 6.9 W of ultrasound treatment the reduction was 0.5 log CFU/mL in whole
egg liquid, 0.7 log CFU/mL in yolk and 0.5 log CFU/mL in albumen.

The observed data showed that the control group was significantly (p < 0.005) dis-
tinguishable from every treated group. This means that sonication within the applied
parameters has a slight, but significant effect on the survival of E. coli in liquid egg prod-
ucts. The Tukey test showed that the treatment setup and the duration of sonication have
significant impact on E. coli log CFU/mL decrease alone. The interaction of these two
properties were not significant.

The impact of sonication was detectable even on 20 kHz with 3.7 W power level.
The analysis of the treatment setups compared to each other has also showed a significant
difference in many cases.

The effect of treatment with 40 kHz and 6.9 W was significantly distinguishable
from the albumen samples treated at 20 kHz and 6.9 W (p = 0.03) and 20 kHz and 3.7 W
(p = 0.006), respectively.

Egg yolk showed a significant difference between samples treated at 20 kHz and 3.7 W
and samples treated at 40 kHz and 3.7 W (p = 0.01), and between the samples sonicated at
20 kHz with the power of 3.7 W and 40 kHz with 6.9 W (p = 0.001), respectively.

The treatment setups showed no significant difference compared to each other in the
case of egg liquid.

Durations of sonication also have a significant effect on E. coli decrease. In the case of
45 and 60 min of treatment Tukey test showed that, the impact of sonication was significant
compared to the control group regardless to the treatment setup or the egg product. 30 min
sonication showed a significant effect on liquid egg and albumen at every setup, but in the
case of yolk the impact was not significant.

E coli decrease was evaluated vs. absorbed power (W), frequency of sonication (kHz),
duration (min) and the dose of treatment (kJ) (Figure 4).

 
                                     (a)                                                                                                (b) 

   
                                     (c)                                                                                                (d) 

Figure 4. Log colony-forming unit (CFU)/mL decrease by absorbed power (a), frequency (b), time (c)
and energy dose (d) for all samples.
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The absorbed power levels showed a significant impact on E. coli count. The applied
3.7 and 6.9 W were sufficient to achieve a significant decrease compare to the control.

Frequency levels of 20 kHz and 40 kHz were significantly distinguishable from the
control group. The 20 kHz and 40 kHz were also significantly different from each other
(p = 0.002) according to the Games–Howell test.

Applied dose levels significantly differ from control group. The significant effect of
energy dose of the sonication was detectable even on the lowest level (6.66 kJ). However,
the groups close to each other were not significantly distinguishable from each other.
The Games–Howell test showed that higher levels of dose were significantly distinguishable
from lower levels of dose.

Negative correlation was observed between the energy dose of sonication and the
decrease of E. coli (Figure 5). The slopes, R2, and F values of the models for all cases are
summarized in Table 1.
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Table 1. Slopes values, standard deviation (SD) of the slopes, F values and coefficient of determination
(R2) values of the models.

Group Frequency
Slope of the

Model
(log CFU/kJ)

SD of the
Slope F Value R2 Values

Albumen 20 kHz −0.018 0.002 55.238 0.7152
Albumen 40 kHz −0.025 0.003 58.093 0.7253

Yolk 20 kHz −0.015 0.004 18.486 0.5322
Yolk 40 kHz −0.021 0.003 42.844 0.6607

Liquid egg 20 kHz −0.021 0.002 120.311 0.8454
Liquid egg 40 kHz −0.024 0.003 86.761 0.7997

Although, the parameters presented in Table 1, show a moderately strong correlation
(due to the high variability of the microbiological measurement results), in all experiments
significant linear model was found (p < 0.001) between the dose and the lethal effect.
The highest energy dose of sonication with 24.48 kJ was able to reduce the E. coli by 0.5 log
CFU/mL in whole egg liquid, 0.7 log CFU/mL in yolk and 0.5 log CFU/mL in albumen
Although the difference between the effect of frequencies was not significant, we found
that treatments at 20 kHz were systematically less effective than at 40 kHz.

We noted that treatments were less effective for yolk (the difference is not significant
between the treated egg products).

3.2. Results of the Near-Infrared (NIR) Measurements

The PCA models built using NIR spectra of egg samples show that the first two prin-
cipal components describe the variance between 85% and 99% for all models. The higher
duration was visually more separable. In particular, the 60 min treatment groups were
distinguishable from lower duration groups through PC1 and PC2. The wavelengths that
contributed to the formation of the first two principal components are listed in Table 2
based on the models. Figure 6 represents an example of the loading plots where the
wavelengths highly contributing to the formation of PC1 and PC2 were acquired.
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Table 2. The contributing wavelengths for principal component analysis (PCA) based on loading values.

Egg Product Treatment Setup Wavelengths

C–N C–C –OH N–H

Albumen

20 kHz, 3.7 W 1074 1194 1407, 1482, 1512 1620
20 kHz, 6.9 W 1052, 1100 - 1412, 1508 1554
40 kHz, 3.7 W 1078 1184 1384, 1462, 1512, 1548 -
40 kHz, 6.9 W 1066 - 1342, 1412, 1440, 1513 1560

Yolk

20 kHz, 3.7 W - 1214 1504 1660
20 kHz, 6.9 W 1026, 1070 - 1374, 1502 -
40 kHz, 3.7 W 1066 1206 1462, 1504 -
40 kHz, 6.9 W 1060 1206 1384, 1452, 1534 -

Liquid egg

20 kHz, 3.7 W 1058, 1158 - 1374, 1426, 1488, 1546 -
20 kHz, 6.9 W 1051, 1156 1208 1398, 1476, 1548 -
40 kHz, 3.7 W 1060 - 1412, 1520 1616
40 kHz, 6.9 W 1056 1210 1406,1492,1544 -
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The exact molecules that changed are not determined, although there are wavelengths
that related to –OH bonds in the range of 1300 to 1600 nm that can be analyzed further with
aquaphotomics and the water molecule structures and conformations can be characterized.

To visualize WAMACs the raw spectral data from 1300 to 1600 nm were used to create
aquagrams (Figure 7).

Aquagrams showed that sonication can alter the properties of H2O structure in egg
products. There is an increasing trend in albumen and yolk at wavelengths 1412, 1426, 1440,
1452, 1462, 1488 nm especially at 40 kHz and 6.9 W according to the duration of sonication.
A well traceable decreasing trend did not occur in the case of albumen at 1342, 1364 and
1374 nm. This decreasing trend did not occur in the case of yolk, but an increase was
observed at 1342, 1364 and 1374 nm. Absorbance trend for liquid egg showed a different
trend compared to the yolk and albumen. An increase in absorbance was observed at 1412,
1426, 1440, 1452, 1462 nm. The absorbance at 1364, 1374 and 1384 in the case of 60 min
sonication showed an increase in liquid egg. These trends were also apparent with on the
other treatment setups at a slightly lower tendency.
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3.3. Linear Discriminant Analysis

The model built with LDA showed that sonication durations can be differentiated,
especially in the case of 60 min of treatment. The accuracy of training and validated
prediction models are shown in Table 3.

Classification results of the LDA models (Table 4) showed no overlapping between
the control group and the 60 min treated groups in albumen, yolk and egg liquid in
both training and validation models. These models shows that sonication duration and
treatment setups have differentiating effect on liquid egg products. Sixty minutes of
sonication was distinguishable from the control group in every case regardless of the
treatment setup in both training and validation models. The samples treated for 45 min
showed misclassification with the control group in the case of liquid egg at 40 kHz and
6.9 W treatment (5.02%) and treated at 20 kHz with 6.9 W (16.67%) and at yolk samples
at treated at 40 kHz with 6.9 W (4.5%) and at 20 kHz with 6.9 W power (16.62%) in the
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training model, respectively. Based on the models 30 min of sonication overlapped in
almost every case with the control group.

Table 3. The accuracy of the observed models.

Group Treatment Recognition Prediction

Albumen A 93.97% 83.33%
Yolk A 87.29% 79.61%

Liquid egg A 75.57% 64.04%

Albumen B 100.0% 92.13%
Yolk B 68.61% 66.35%

Liquid egg B 90.80% 55.67%

Albumen C 96.86% 86.07%
Yolk C 90.09% 92.77%

Liquid egg C 100.0% 88.38%

Albumen D 89.03% 86.67%
Yolk D 91.39% 61.46%

Liquid egg D 91.40% 61.47%

Table 4. Classification table of the acquired linear discriminant analysis (LDA) models.

Albumen

Prediction(%) Validation(%)

Treatment A 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 100 0 0 0 100 16.75 0 0
30 min 0 100 0 0 0 58.25 0 0
45 min 0 0 97.75 21.86 0 8.25 100 24.95
60 min 0 0 2.25 78.14 0 16.75 0 75.05

Treatment B 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 100 0 0 0 100 0 21.04 0
30 min 0 100 0 0 0 100 5.22 0
45 min 0 0 100 0 0 0 68.51 0
60 min 0 0 0 100 0 0 5.22 100

Treatment C 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 100 12.55 0 0 100 16.75 0 0
30 min 0 87.45 0 0 0 58.25 0 0
45 min 0 0 100 0 0 8.25 100 24.95
60 min 0 0 0 100 0 16.75 0 75.05

Treatment D 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 83.38 9.14 0 0 83.25 8.99 0 0
30 min 16.62 72.71 0 0 16.75 72.75 0 0
45 min 0 0 100 0 0 0 94.79 4.12
60 min 0 18.14 0 100 0 18.26 5.21 95.88

Yolk

Prediction(%) Validation(%)

Treatment A 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 79.12 19.94 0 0 75.00 30.03 0 0
30 min 20.88 70.01 0 0 25.00 60.06 16.62 0
45 min 0 10.04 100 0 0 9.91 83.38 0
60 min 0 0 0 100 0 0 0 100

Treatment B 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 50 25 28.57 0 58.25 41.75 28.57 0
30 min 33.38 62.5 9.5 0 25 50.00 14.29 0
45 min 16.62 12.5 61.93 0 16.75 8.25 57.14 0
60 min 0 0 0 100 0 0 0 100

Treatment C 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 91.62 31.27 0 0 91.75 12.41 8.25 0
30 min 8.38 68.73 0 0 8.25 87.59 0 0
45 min 0 0 100 0 0 0 91.75 0
60 min 0 0 0 100 0 0 0 100
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Table 4. Cont.

Treatment D 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 81.86 9.13 7.14 0 63.66 27.32 33.29 0
30 min 13.64 90.87 0 0 9.02 63.66 28.57 10.04
45 min 4.5 0 92.86 0 27.32 9.02 28.57 0
60 min 0 0 0 100 0 0 9.57 89.96

Liquid Egg

Prediction (%) Validation (%)

Treatment A 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 75 54.57 18.14 0 83.25 72.75 9.02 0
30 min 25 45.43 0 0 16.75 18.26 36.34 0
45 min 0 0 81.86 0 0 8.99 54.64 0
60 min 0 0 0 100 0 0 0 100

Treatment B 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 77.83 4.12 0 0 55.67 16.75 30.38 0
30 min 5.5 87.5 2.15 0 0 58.25 39.11 0
45 min 16.67 8.38 97.85 0 44.33 25 8.74 0
60 min 0 0 0 100 0 0 21.77 100

Treatment C 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 100 0 0 0 90.98 37.45 0 0
30 min 0 100 0 0 9.02 62.55 0 0
45 min 0 0 100 0 0 0 100 0
60 min 0 0 0 100 0 0 0 100

Treatment D 0 min 30 min 45 min 60 min 0 min 30 min 45 min 60 min
0 min 37.52 18.14 5.02 0 37.59 18.26 25.04 0
30 min 0 31.79 7.5 0 12.41 36.24 14.99 0
45 min 62.48 50.07 87.48 0 50 45.5 59.97 0
60 min 0 0 0 100 0 0 0 100

The validation model showed a slight overlap between 60 min and 45 min at 40 kHz
with 6.9 W treatment (5.22%) and 20 kHz with 3.7 W treatment in albumen (5.21%), in liquid
egg treated at 20 kHz and 6.9 W (21.77%) and yolk samples that are treated at 40 kHz with
the power level 6.9 W (9.57%), respectively. In two cases the 60 min and 30 min groups
showed an overlap in albumen treated at 20 kHz with 3.7 W (16.75%) and at 40 kHz with
6.9 W absorbed power (18.26%).

The 30 min treated samples were overlapping in almost every case with the untreated
ones in both training and prediction models.

The overlapping occurring at higher durations may be caused by the applied power level.

4. Discussion
4.1. Microbiological Measurements

Frequency, absorbed power, energy dose, and duration of sonication showed signifi-
cant impact on E. coli decrease. We observed 0.5 log CFU/mL in albumen, 0.7 log CFU/mL
in yolk and 0.5 log CFU/mL at 40 kHz and a 6.9 W absorbed power level. Observed data
show sonication alone was not able to reduce the E. coli at an acceptable quantity, especially
at this level of power and duration. This confirms previously reported results by Inguglia
et al. [36].

According to European regulation the acceptable level of E. coli contamination in egg
products is between 1 to 2 log CFU/mL (2073/2005/EC). This level was not reached from
the initial level of 5 log CFU/mL in our experimental design with the applied treatment
setups, but extending the linear model we can assume that an about seven times higher
dose of sonication would be able to reduce the E. coli by 5 log CFU/mL (although the
standard deviation would be much higher).

Our results are in accordance with studies reporting that ultrasound as a combined
treatment has a huge potential to inactivate microorganism [37–39].

The lethal effect of sonication on E. coli indicates that this process can be an efficient
complementary technology to aid heat treatment for industrial purposes. Furthermore
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the experimental setting necessitated the application of a non-continuous process, but in
an industrial setting a continuous process is preferred, which can allow more efficient
utilization at an increased power level, therefore decreasing the required sonication time.

4.2. NIR Measurements

With near infrared spectrum analysis we were able to detect changes in liquid egg
products caused by sonication. The models built based on principal components were able
to detect the impact of different treatment setups and durations. With PCA analysis we
obtained wavelengths that are related to molecular bonds that contribute to these changes.

The observed contributing wavelengths (Table 2) are related to different bonds in
the liquid egg, yolk and albumen. Thus, it can be presumed that bonds that refer to
these wavelengths are altered during the sonication process. Based on the research of
Tsenkova et al., Muncan et al., Mayo et al. and Szigedi [33,34,40,41] the bonds associated
with C–N valence vibrations are moderately strong for primary amines and are found in
the range of 1040 to 1080 nm. The absorption bonds of secondary amines are of medium
intensity around 1140 to 1180 nm. Typically, the valence and deformation vibrations
of the C–C bonds are found in the range of 1100 to 1300 nm. The wavelength range
1300–1550 nm refers to the first harmonic range of the –OH valence vibration. The bonds
for N–H deformation vibrations are strong for primary amines at the range between 1590
to 1650 nm. The absorption bonds of the deformation vibrations of secondary amines are
of medium intensity in the range of 1550 to 1650 nm.

Based on the contributing wavelengths the C–N, C–C, –OH and N–H were altered
during the sonication in almost every group.

Further investigation of water molecule structures and conformations at wavelength
1300 to 1600 nm was performed based on the research of Tsenkova et al. [33,34]. The ob-
served data at 1412 nm showed that the free water absorbance of the albumen, yolk and
liquid egg increased during ultrasonic treatment, while on the other hand the highly
bonded water absorbance decrease based on the wavelength 1512 nm in yolk.

The changes at the wavelengths 1440, 1452, 1462, 1476 and 1488 nm show that the
water molecules with one, two, three and four hydrogen bonds and water solvation shell
absorbance have increased in egg products during the treatment. However, the trend in the
case of liquid egg samples treated for 60 min at wavelengths 1476 and 1488 nm, that related
to water molecules with three and four hydrogen bonds, was not verified by the aquagram.

The water solvation shell and symmetrical stretching vibration also showed an in-
creased absorbance at the wavelengths 1364, 1374 nm in the case of liquid egg samples
treated for 60 min.

In the presented research we have not aimed to determine the sonication effect on
definite molecules and physical and techno-functional properties. The studies of Stefanivic
et al., Xie et al. and Jovanovic et al. [42–44] report enhancement in foaming, emulsification
properties and protein hydrolysis in egg products, due to sonication treatment, that may
be traceable with near infrared spectral measurements as well. This highlights that our
further investigations can be aimed at these property changes and a relationship between
NIR spectral analysis.

5. Conclusions

Although sonication used at lower level of power had a significant effect on Escherichia
coli degradation, the acceptable level was not reached. In an industrial environment there
are more powerful and continuous methods of sonication, where the power absorbed
by the samples can be much higher, therefore those setups have more of an effect on
microbiological contamination. It is crucial to optimize the applied frequency, power and
duration of treatment, because it can cause structural changes in eggs, as well. The NIR
spectroscopy measurements showed that the duration of the treatments significantly af-
fected the contained water molecules in egg. Models built by PCA scores showed that
60 min of treatment even at lower power level is 100% distinguishable from untreated
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samples. That indicates NIR spectroscopy can be a useful tool for monitoring the changes
in egg products treated by ultrasound.
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