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Abstract: The inhibition of Escherichia coli ATCC 25922 (E. coli), Staphylococcus aureus ATCC6538
(S. aureus), Salmonella Enteritidis ATCC 13076 (S. Enteritidis), and Listeria monocytogenes DSM12464
(L. monocytogenes) is one of the main aims of the food industry. This study was the first in which
the use of ultrasound and microwave power were applied to optimize the values of the bioactive
components, amino acids, and mineral compositions of tangerine juice and to inhibit Escherichia coli,
Staphylococcus aureus, Salmonella Enteritidis, and Listeria monocytogenes. The response surface method-
ology (RSM) was used to describe the inactivation kinetics, and the effects of ultrasound treatment
time (X1: 12–20 min), ultrasound amplitude (X2:60–100%), microwave treatment time (X3: 30–40 s),
and microwave power (X4:200–700 W). The optimum parameters applied to a 5-log reduction in E. coli
were determined as ultrasound (12 min, 60%) and microwave (34 s, 700 W). The optimum condition
ultrasound–microwave treatment was highly effective in tangerine juice, achieving up to 5.27, 5.12,
and 7.19 log reductions for S. aureus, S. Enteritidis, and L. monocytogenes, respectively. Ultrasound–
microwave treatment increased the total phenolic compounds and total amino acids. While Cu,
K, Mg, and Na contents were increased, Fe and Ca contents were lower in the UM-TJ (ultrasound–
microwave-treated tangerine juice) sample. In this case, significant differences were detected in
the color values of ultrasound–microwave-treated tangerine juice (UM-TJ) (p < 0.05). The results of
this study showed that ultrasound–microwave treatment is a potential alternative processing and
preservation technique for tangerine juice, resulting in no significant quality depreciation.

Keywords: tangerine juice; bioactive compounds; Escherichia coli; ultrasound; microwave

1. Introduction

Citrus, including varieties with high economic value, is a plant family endemic to
subtropical climates. Citrus fruits have benefits for human health, such as antioxidant, anti-
inflammatory, antitumor, and antimicrobial activities, due to their bioactive compounds
(carotenoids, flavonoids, vitamins, and essential oils) [1,2].

Food safety is a global health concern, and pathogenic diseases from bacteria are
very important. Fruit juices can support the growth microorganisms such as spoilage
microorganisms and foodborne pathogens because they contain a wide variety of im-
portant and complex nutrients [3]. Escherichia coli (E. coli) is a Gram-negative bacillus
that causes intestinal and extraintestinal illness in humans [4]. E.coli has good adhe-
sion ability to surfaces and internalization in fresh products [5]. There are hundreds of
identified E. coli strains, and they cause diverse intra-abdominal, newborn meningitis,
urinary tract infections, skin, soft, and pulmonary infections, and intestinal pathologies [6].
Staphylococcus aureus (S. aureus) is among the most impactful foodborne bacterial pathogens.
S. aureus can cause septicemia, toxic shock syndrome, fatal endocarditis, and food poison-
ing [7]. Salmonella Enteritidis (S. Enteritidis) spp. is one of the most frequent foodborne
pathogens. Salmonella can survive at low pH [8]. Salmonellosis infection, as a serious
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health concern, causes gastroenteritis, vomiting, diarrhea, nausea, headache, typhoid fever,
septicemia, and death [9]. Listeria monocytogenes (L. monocytogenes) is a stress-resistant food-
borne gram-positive pathogen. Although the incidence of listeriosis cases is low, due to the
severity of the disease, it has a high fatality rate [10–12].

The main fruit juice technology applied is heat treatment. Due to thermal processing,
the quality of fruit juice, many compounds can easily be affected [13]. There has been a trend
towards new application technologies to prevent the negative impact of pasteurization on
the quality characteristics of fruit juices [14].

Ultrasound treatment is a nonthermal technology that is defined as the application
of soundwaves with a frequency of ~20 kHz that pass over the human hearing thresh-
old [15,16]. Ultrasound technology has provided good results in terms of maintaining
the concentration of bioactive compounds, and the physicochemical, microbiological, and
sensory qualities as preservation alternatives for fruit juices [13]. Several fruit and vegetable
juice matrices have been studied, such as beetroot [17], pomegranate [18], blackberry [19],
apple [20], cloudy apple [21], Chinese bayberry [22], strawberry [23], soursop nectar [24],
persimmon [25], and pumpkin juice [26]. Microbial inactivation depends on the ultrasound
processing parameters, the type of microorganism, and the food matrix [27]. Due to the
low lethality of ultrasound, this technology is frequently combined with other innovative
techniques to provide higher inhibition [28–30]. Microwave energy causes dielectric heating
induced by the rotation of dipoles in foods and brings about the breakdown of the cell
walls [31]. Microwaves are electromagnetic waves whose frequencies vary from 300 MHz
to 300 GHz [32]. There are several studies in the literature on the advantages and effects
of microwaves on food quality [33–35]. Microwave treatment has advantages, such as a
lower equipment surface temperature, energy efficiency, rapid volumetric heating, uniform
heating, and the possible preservation of food quality, thus making it more efficient than
conventional heating. A combined process using ultrasound and microwave power can be
a good alternative to pasteurization [3,36].

When reviewing the literature, it was found that there was a lack of research on the
combination of ultrasound and microwave being applied and modeled with response
surface methodology (RSM) in tangerine juice. In this particular study, Gümüldür tan-
gerine (Citrus unshiu Marcovitch) with geographical indication was preferred. The aim of
the present study was to optimize a combined microwave and ultrasound process using
response surface methodology to achieve E. coli inactivation (five logarithmic cycles) in
tangerine juice. At the same time, the amino acids, phenolic compounds, and minerals com-
ponents in tangerine juice treated with thermal pasteurization and ultrasound–microwave
were compared.

2. Materials and Methods
2.1. Obtaining the Tangerine Juice

The type of mandarin used in the study was Gümüldür tangerine (Citrus unshiu Marcovitch)
with geographical indication. Tangerines were collected from a local producer (İzmir, Turkey).
The tangerines were washed in running water and peeled, and the seeds were removed. They
were then cut into two pieces and squeezed using a blender, without any preservative, (Waring
Commercial Blender Model HGB2WTS3, St. Louis, MO, USA) to obtain the juice. This was
used as a control (without pasteurization or ultrasound–microwave treatment). The control
sample was stored in bottles at−18◦C until analyses were performed.

2.2. Microbial Strain Preparation and Inoculation in Tangerine Juice

E. coli ATCC 25922, S. aureus ATCC6538, S. Enteritidis ATCC 13076, and L. monocytogenes
DSM12464 (Tekirdag Namik Kemal University Nutrition and Dietetic Department Collec-
tion) were used in this study. All pathogen strains were stored at −80 ◦C in brain heart
infusion (BHI, Oxoid Ltd., Basingstoke, UK) with 20% glycerol. A loopful of each culture
was inoculated in tryptic soy broth (Merck, Darmstadt, Germany) for 24 h at 37 ◦C, while
the culture of L. monocytogenes was incubated in aseptic conditions at 30 ◦C for 48 h. Three
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sequential transfers were performed to reinvigorate the bacteria. The concentrations of the
cultures were adjusted to 109–1010 CFU/mL using the McFarland standard turbidity. Next,
100 mL of tangerine juice was individually inoculated with an aliquot of 1 mL of E. coli,
S. aureus, S. Enteritidis, and L. monocytogenes to obtain a final concentration of approximately
107–108 CFU/mL.

2.3. Thermal Pasteurization, Ultrasound, and Microwave Treatments

Tangerine juice was pasteurized at 85 ◦C for 2 min in a water bath (WB-22-P Germany)
and then cooled to 4 ◦C. This was the pasteurized tangerine juice [13]. The use of ultrasound
as a pre-treatment before microwave is more effective than when used in post-treatment [3].
Microwave treatment after ultrasound treatment was selected for the study since more
effective results were obtained in the preliminary analyses. At the same time, in our
preliminary studies, U-time (ultrasound treatment time), amplitude, M-time (microwave
treatment time) and microwave treatment values were determined to achieve the effective
inhibition of test bacteria. The ultrasound treatment was performed in an ultrasonic bath
using tangerine juice inoculated with E. coli, S. aureus, S. Enteritidis, and L. monocytogenes
(26 kHz, Hielscher Ultrasonics Model UP200St, Berlin, Germany) at 60%, 80%, and 100%
amplitude for 12, 16, and 20 min. Fruit juice samples were brought to room temperature
before processing. Next, irradiation was carried out in a microwave (Samsung ME711K,
Kuala Lumpur, Malaysia) at 200, 450, and 700 W for 30, 35, and 40 s.

2.4. Microbial Analysis

Due to the dilution process, the samples (pasteurization, ultrasound–microwave) were
rapidly cooled before plating. Right after the microwave and pasteurization treatments,
and the control sample aliquots (1 mL) of tangerine juice were serially diluted to 108, 107,
106, 105, 104, 103, 102, and 101 CFU/mL and spread-plated in triplicate onto Trypticase
Soy Agar (Merck, Darmstadt, Germany) culture medium in a standard Petri dish (90 mm).
After 48 h at 37 ◦C, the surviving bacterial count was determined. The inactivation effects
of the logarithmic cycles were estimated by log10 N, where N is the microbe level at the
end incubation time.

2.5. Modeling Inactivation

The response surface method (RSM) was used to determine the effects of the com-
bination treatments of microwave and ultrasound on the inhibition of food pathogens
of tangerine juice. The results and experimental design were analyzed using Minitab
Statistical Analysis Software (Minitab version 18.1.1, Minitab Inc., Pittsburgh, PA, USA).
Box–Behnken Design (BBD) was used to optimize the process variables. As the four input
factors, the ultrasound time, ultrasound amplitude, microwave time, and microwave power
were used. The levels and parameters of the inputs are shown in Table 1. According to the
coded values formulated in Table 1, a total of 31 experiments were performed to optimize
the process variables presented in Table 2.

Table 1. Independent variable values and their corresponding proportions used in RSM.

Independent Variable
Level

−1 0 1

U-time (min, X1 ) 12 16 20

Amplitude (%, X2 ) 60 80 100

M-time (s, X3) 30 35 40

Microwave power (Watt, X4) 200 450 700
U-Time: ultrasound treatment time, M-Time: microwave treatment time.
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Table 2. Experimental studies on the inhibition of pathogens proposed by Box–Behnken Design
(BBD) and experimental design matrix and response based on predicted values.

Sa
m

pl
e

Encoded
Independent Variables Dependent Variables (Log Reduction)

Ultrasound Microwave Response 1 Response 2 Response 3 Response 4

X
1-

Ti
m

e
(m

in
)

X
2-

A
m

pl
itu

de
(%

)

X
3-

Ti
m

e
(s

)

X
4-

Po
w

er
(W

) E.coli ATCC
25922 (Log
CFU/mL)

S. aureus
ATCC 6538

(Log
CFU/mL)

S. Enteritidis
ATCC 13076

(Log
CFU/mL)

L. monocyto
genes DSM
12464 (Log
CFU/mL)

Experi
mental
Data

RSM
Pre-
dicted

Experi
mental
Data

RSM
Pre-
dicted

Experi
mental
Data

RSM
Pre-
dicted

Experi
mental
Data

RSM
Pre-
dicted

1 12 60 30 700 3.81 3.61 3.75 3.93 3.88 4.00 5.88 6.03

2 20 100 40 700 6.68 6.32 6.36 6.33 6.07 6.10 8.00 8.16

3 20 100 30 200 0.44 0.42 0.48 0.49 0.55 0.53 1.55 1.55

4 12 100 40 700 6.25 6.13 6.13 6.24 5.86 5.99 8.00 8.15

5 20 80 35 450 1.85 1.86 1.72 1.96 2.00 2.23 3.78 3.87

6 20 60 40 700 6.23 6.13 6.11 6.26 5.84 5.99 8.00 8.14

7 20 100 30 700 3.93 3.85 3.85 4.16 3.97 4.15 6.03 6.12

8 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

9 12 60 40 200 0.58 0.50 0.51 0.39 0.63 0.60 1.59 1.64

10 20 60 30 200 0.35 0.31 0.22 0.29 0.43 0.44 1.5 1.48

11 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

12 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

13 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

14 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

15 12 80 35 450 1.83 1.77 1.72 1.88 2.03 2.18 3.84 3.85

16 16 80 35 200 0.56 0.55 0.49 0.55 0.61 0.64 2.01 2.07

17 20 60 40 200 0.60 0.54 0.54 0.45 0.64 0.63 1.64 1.64

18 20 100 40 200 0.63 0.67 0.56 0.56 0.67 0.70 1.65 1.66

19 16 60 35 450 1.83 1.76 1.73 1.86 1.96 2.07 3.84 3.89

20 16 100 35 450 1.86 1.88 1.74 1.99 1.87 2.15 3.89 3.93

21 12 100 30 700 3.87 3.71 3.82 4.07 3.94 4.08 5.95 6.09

22 16 80 30 450 0.97 0.79 0.81 0.44 0.81 0.9 2.73 2.88

23 20 60 30 700 3.85 3.68 3.78 4.00 3.90 4.03 5.90 6.05

24 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

25 12 100 30 200 0.42 0.36 0.38 0.41 0.49 0.49 1.51 1.51

26 16 80 35 700 5.11 5.02 4.90 5.28 4.73 5.12 7.53 7.61

27 12 60 30 200 0.18 0.32 0.05 0.23 0.36 0.45 1.47 1.45

28 16 80 35 450 1.83 1.73 1.70 1.67 1.98 1.94 3.85 3.90

29 16 80 40 450 1.98 2.11 0.83 1.6 1.66 1.95 4.04 3.99

30 12 60 40 700 6.21 6.01 6.03 6.18 5.79 5.93 8.00 8.15

31 12 100 40 200 0.61 0.56 0.55 0.48 0.64 0.63 1.64 1.64

The response data were applied using the quadratic equation to suit the polynomial
equation, as follows:

ypredicted = β0 + ∑k
l=1 β1X1 + ∑k

I=1 βiiX2
i + ∑

1
∑k

<j=2 βijXiXj + εi (1)

where ypredicted represents the predicted response, β0 is the constant coefficient, Xi and Xj
are the variables, βi is the ith linear coefficient of the input factor Xj, βii is the ith quadratic
coefficient of the input factor Xi, βij is the coefficient for the different interactions between
input factors Xi and Xj (i 6= j), and εi is the error of the model.
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2.6. Determination of Bioactive Compounds

The total phenolic contents (TPCs) of the tangerine samples were detected using the
Folin–Ciocalteu method. All analyses were performed in triplicate. The absorbance was
measured on a UV–VIS spectrophotometer (SP-UV/VIS-300SRB, Spectrum Instruments,
Victoria, Australia) at a wavelength of 765 nm. After the measurement, the results were
expressed as milligrams of gallic acid equivalents per liter (mg GAE/L) [37]. The total
flavonoid content (TFC) was determined according to the colorimetric technique [38]. The
concentrations were calculated colorimetrically using a UV spectrophotometer (Spectrum
Instrument, SP-UV/VIS-300SRB, Victoria, Australia) at 510 nm. The antioxidant capacity
of the tangerine juice was determined using the CUPRAC method (Cu (II) ion-reducing
antioxidant capacity), previously described by Apak et al. (2006) [39]. The DPPH scaveng-
ing activity method was used to determine the antioxidant activity of the tangerine juice
samples, as described by Grajeda-Iglesias et al. (2016) [40].

2.7. Analysis of Amino Acids

The amino acid composition was determined using a method described by Bilgin et al.
(2019), with slight modification [41]. Briefly, chromatographic separation was completed in
an analysis time of 7.5 min with gradient-programmed mobile phases A and B and a flow of
0.7 mL/min. MS/MS analyses were conducted on an Agilent 6460 triple quadruple LC-MS
(Agilent Technologies, Waldbronn, Germany) equipped with an electrospray ionization
interface. The mass detector parameters were as follows set: gas temperature 150 ◦C, gas
flow 10 L/min, nebulizer pressure 40 psi and capillary voltage +2000 volts. Analyses were
performed with three replicates for each sample. The results are expressed in mg/100 mL.

2.8. Analysis of Minerals

The mineral content of the tangerine juice was determined using a method previously
described by Sezer et al. (2019) [42]. For the samples, aluminum (Al), silver (Ag), cobalt (Co),
calcium (Ca), copper (Cu), chromium (Cr), iron (Fe), manganese (Mn), magnesium (Mg),
sodium (Na), zinc (Zn), nickel (Ni), and lead (Pb) content analyses were performed with a
simultaneous inductively coupled plasma atomic emission spectrometer (Thermo Scientific
iCap 6000 Dual view, Cheshire, UK). Cadmium (Cd) and potassium (K) quantity analyses
were performed with a flame atomic absorption spectrophotometer (Thermo Scientific iCE
3000 Series, Cheshire, UK).

2.9. Determination of Color Parameters

The change in color was checked using a Hunter Lab colorimeter (Color Measuring
Device PCE-CSM 5, Marl, Germany). L* is a measure of light and darkness, a* indicates
redness-greenness, and b* indicates yellowness-blueness. The chroma (C), hue angle (h),
and ∆E (total color change) were expressed according to Equations (2)–(4). Analyses were
performed with three replicates for each sample.

Chroma =
(

a2 + b2
)1/2

(2)

h (hue angle) = tan−1(b/a) (3)

∆E =
(
(∆L)2 + (∆a)2 + (∆b)2

)1/2

(4)

2.10. Statistical Analysis

The experimental data were processed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA)
and SigmaPlot 12.0 Statistical Analysis (Systat Software, Inc., San Jose, CA, USA) to indicate
the variables with statistically significant effects (p < 0.05). The model fit the experimen-
tal data, and all the experiments were carried out in a random order. Variance analysis
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(ANOVA) was performed. The Pearson correlation coefficients were calculated with Orig-
inPro version 2020b (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Optimization Conditions Inhibition of Pathogens

The experimental and predictive results of the inhibition of the pathogen values in the
tangerine juice samples at different amplitudes and microwave times are given in Table 2.
The experimental data obtained were subjected to the second-order polynomial regression
model. The results of the RSM optimization via the second-order polynomial regression
model for the E. coli, S. Enteritidis, S. aureus, and L. monocytogenes responses are given in
Equations (5)–(8).

Table 3 shows the analysis of variance (ANOVA) for E. coli, S. aureus, S. Enteritidis,
and L. monocytogenes. The linear effects of X3 (p < 0.001) and X4 (p < 0.001) applied to the
tangerine juice samples on E. coli, S. aureus, S. Enteritidis, and L. monocytogenes values were
found to be statistically significant. The R2 values of the model used in the study for E. coli,
S. aureus, S. Enteritidis, and L. monocytogenes were found to fit at 99.85, 99.11, 99.71, and
99.98 levels, respectively (Table 3).

Table 3. Analysis of variance in a regression model of the central combination test.

Source DF
Adj
SS

Adj
MS F-Value p-Value Adj

SS
Adj
MS F-Value p-Value Adj

SS
Adj
MS F-Value p-Value Adj

SS
Adj
MS F-Value p-Value

E.coli ATCC 25922 S. aureus ATCC 6538 S. Enteritidis ATCC 13076 L. monocytogenes DSM 12464

Model 14 116.80 8.34 754.12 0.000 114.461 8.1758 127.77 0.000 98.99 7.07 387.14 0.000 144.41 10.32 4750.77 0.000

Linear 4 103.91 25.98 2348.09 0.000 99.394 24.8484 388.34 0.000 89.49 22.37 1224.89 0.000 137.57 34.39 15839.34 0.000

X1 1 0.04 0.04 3.2 0.092 0.025 0.0252 0.39 0.539 0.01 0.01 0.6 0.450 0.00 0.00 0.74 0.402

X2 1 0.06 0.06 5.48 0.033 0.071 0.0713 1.11 0.307 0.02 0.02 1.25 0.279 0.01 0.01 4.38 0.053

X3 1 7.90 7.90 714.24 0.000 6.127 6.1266 95.75 0.000 4.97 4.97 272.32 0.000 5.60 5.60 2577.92 0.000

X4 1 95.91 95.91 8669.42 0.000 93.17 93.1705 1456.09 0.000 84.48 84.48 4625.37 0.000 131.96 131.96 60774.32 0.000

Square 4 7.96 1.99 179.78 0.000 10.648 2.662 41.60 0.000 6.33 1.58 86.63 0.000 3.09 0.77 355.81 0.000

X2
1 1 0.02 0.02 1.69 0.212 0.163 0.1627 2.54 0.130 0.18 0.18 10.08 0.006 0.01 0.01 2.11 0.165

X2
2 1 0.02 0.02 2.1 0.167 0.175 0.1754 2.74 0.117 0.07 0.07 3.99 0.063 0.00 0.00 0.14 0.714

X2
3 1 0.20 0.20 17.75 0.001 1.095 1.0953 17.12 0.001 0.69 0.69 37.6 0.000 0.57 0.57 261.29 0.000

X2
4 1 3.05 3.05 275.66 0.000 3.895 3.8951 60.87 0.000 2.20 2.20 120.22 0.000 2.18 2.18 1004.32 0.000

2-Way
Interaction 6 4.94 0.82 74.36 0.000 4.419 0.7366 11.51 0.000 3.18 0.53 28.98 0.000 3.76 0.63 288.36 0.000

X1X2 1 0.01 0.00 0.43 0.519 0 0.0002 0.00 0.951 0.00 0.00 0.11 0.742 0.00 0.00 0.12 0.737

X1X3 1 0.00 0.00 0.24 0.631 0 0 0.00 0.987 0.00 0.00 0.05 0.822 0.00 0.00 0.37 0.552

X1X4 1 0.01 0.01 0.5 0.492 0 0.0003 0.00 0.949 0.00 0.00 0.08 0.777 0.00 0.00 0.03 0.860

X2X3 1 0.00 0.00 0.03 0.874 0.007 0.0066 0.10 0.752 0.00 0.00 0.01 0.920 0.00 0.00 1.5 0.239

X2X4 1 0.00 0.00 0.34 0.566 0.002 0.0018 0.03 0.868 0.00 0.00 0.06 0.811 0.00 0.00 0.03 0.866

X3X4 1 4.92 4.92 444.6 0.000 4.411 4.4105 68.93 0.000 3.17 3.17 173.54 0.000 3.75 3.75 1728.13 0.000

Error 16 0.18 0.01 1.024 0.064 0.29 0.02 0.04 0.00

Lack of Fit 10 0.18 0.02 * * 1.024 0.1024 * * 0.29 0.03 * * 0.04 0.00 * *

Pure Error 6 0.00 0.00 0 0 0 0 0.00 0.00

Total 30

R2 99.85% 99.11% 99.71% 99.98%

Adj R2 99.72% 98.34% 99.45% 99.95%

Pred. R2 99.07% 96.28% 98.95% 99.89%

X1: Ultrasound time; X2: ultrasound amplitude; X3: microwave power; X4: microwave time df: degrees of freedom.
R2; coefficient of determination. p < 0.05, significant differences; p < 0.01, very significant differences. * Doesn’t
matter in statistical calculation.

The optimum ultrasound–microwave conditions with RSM were determined for
the inactivation (five logarithmic cycles) of E. coli (Table 4). The optimum operational
parameters were found to be ultrasound (12 min, 60%) and microwave (34 s, 700 w).
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Table 4. The optimization values according to RSM.

Variable Setting

X1- Time (min) 12

X2- Amplitude (%) 60

X3- Time (s) 34

X4- Power (W) 700

Response (UM-TJ) Fit SE Fit 95% CI 95% PI

E.coli ATCC 25922 (log CFU/mL) 5.00 0.0909 (4.8072; 5.1928) (4.7052; 5.2947)

S. aureus ATCC 6538 (log CFU/mL) 5.27 0.219 (4.803; 5.730) (4.558; 5.975)

S. Enteritidis ATCC 13076 (log CFU/mL) 5.12 0.117 (4.868; 5.363) (4.737; 5.494)

L. monocytogenes DSM 12464 (log CFU/mL) 7.19 0.0403 (7.1021; 7.2729) (7.0569; 7.3181)
CI: confidence interval; PI: prediction interval.

Central composite design (CCD) response surface methodology (RSM) was applied to
improve the inhibition properties of the pathogens in the tangerine juice. The experimental
values for the inhibition of the pathogens by processed tangerine juice are given in Table 2.
Table 3 shows the results of the variance analysis of the data in Table 2, as well as those
of the regression analysis. The ANOVA results were used to evaluate the success of the
model. The E. coli model, with a high F-value (754.12) and associated low p-value (<0.0001),
indicated that the RSM model was highly fitted. It also proved that the model is suitable for
the optimization and estimation of variation since the p-value and the F-value of the lack of
fit are insignificant. In addition, it had high responses with the coefficient of determination
value (99.85%) and the adjusted coefficient of determination value (99.72). A quadratic
polynomial regression equation was prepared by RSM to evaluate the relationship between
the ultrasound–microwave treatment parameters and the E. coli inhibition parameters in
Table 2. The equation is given below (5).

E. coli ATCC 25922 (log CFU/mL) = −6.51− 0.207X1 − 0.0413X2+
0.689X3 − 0.02244X4 + 0.00531X2

1 + 0.000237X2
2 − 0.01100X2

3+
0.000017X2

4 + 0.000217X1 X2 + 0.00064X1X3 + 0.000019X1X4+
0.000042X2X3 + 0.000003X2X4 + 0.000444X3X4

(5)

Analyses of the independent variables revealed that X1, X3, X4, X2
3 , X2

4 , X2X3, and
X2

2 were all statistically significant (p < 0.05, p < 0.001). Three-dimensional response
surface plots were drawn to more intuitively show the effect of the ultrasound–microwave
combination application on E. coli inactivation (Figure 1). The results in the figure show that
E. coli inactivation was positively correlated with the ultrasound–microwave parameters.
It was determined that E. coli inactivation in the tangerine juice increased at longer and
higher X1, X2, X3, and X4 values. The optimization conditions of 12 min of ultrasound time,
60% amplitude, 34 s of microwave time, and 700 W power application were determined to
validate the predictive model (Table 4). Under these conditions, the E. coli was reduced to
5.0 log CFU/mL. Based on the optimum conditions, the inactivation value was determined
as 5.1 log CFU/mL after three replicate experiments. These results confirm that the model
was reliable, practical, and accurate in this study.
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Figure 1. Three-dimensional response surface plots showing the influence of process factors on E. coli
ATCC 25922: (X1) ultrasound time (min); (X2) ultrasound amplitude (%); (X3) microwave time (s);
(X4) microwave power (W).

Similarly to this study, Kernou et al. [3] reported that an 8-log reduction in E. coli
ATCC 25922 was obtained in orange juice using microwave at 900 W for 30 s after 20 min
of ultrasound treatment. Zia et al. (2019) reported that microwave treatment significantly
increased microbial inactivity as compared to ultrasound and control of the sugar cane
juice [43]. According to Traore et al. (2020), the ultrasound treatment of cabbage significantly
inactivated E. coli and Salmonella spp. The authors correlated the loss of the metabolic
potentiality to the loss of bacterial membrane integrity [44]. Samani et al. (2018) used RSM
for the optimization of sour cherry juice, reducing the E. coli content to zero, with minimum
energy consumption and maximum vitamin C retention. The researchers found that the
optimization values were 352.21 W of microwave power, a 49.94 ◦C temperature, 475.13 W
of ultrasound power, and 6 min of exposure time [45].

As shown below, a quadratic polynomial regression Equation (6) was created by RSM
to evaluate the relationship between the ultrasound–microwave treatment parameters and
S. aureus inhibition in Table 2.

S. aureus ATCC 6538 (log CFU/mL) = −20.59− 0.499X1 − 0.0936X2+
1.762X3 − 0.02314X4 + 0.01565X2

1 + 0.000650X2
2 − 0.02599X2

3+
0.000020X2

4 + 0.000049X1 X2 + 0.00005X1X3 + 0.00004X1X4−
0.0000203X2X3 − 0.000002X2X4 + 0.000420X3X4

(6)
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The results show that the appropriate model for S. aureus in tangerine juice adjusted
the coefficient of determination around the value (99.11%) and the corrected coefficient of
determination value (98.34%) (Table 3). The ANOVA indicated that the microwave time
and power (X3 and X4) and microwave time (X2

3) interactions were the most important
parameters (p < 0.001). The response surface plots showing the effects of the independent
variables on S. aureus inhibition in tangerine juice are shown in Figure 2. It was observed
that increases in the independent factors (X1, X2, X3, X4) increased the inhibition effect
on S. aureus. It was determined that S. aureus was reduced to 5.27 log CFU/mL. Three
replicates of the experiments were performed based on the optimum preparation conditions
for S. aureus. A value of 5.20 log CFU/mL was determined in the repeated result for the
reliability of the model.
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Similar to our study, Hashemi et al. (2019) reported that after microwave 800 W,
the inactivation time of S. aureus was 70 s in cantaloupe juice [46]. Shaw et al. (2021)
reported that 80D resulted in an approximate 4-log reduction in S. aureus with pulsed
microwave radiation treatment [47]. He et al. (2021) investigated the inactivation effect
of (3.33 W/mL, 3 min) and thyme essential oil nanoemulsion (TEON) (0.375 mg/mL)
treatment, reducing S. aureus populations by 3.21 log CFU/mL [48]. Similar results were
found by Soleimanzadeh et al. (2018), which indicated a 37.5 µm amplitude, 14 min
ultrasound treatment caused a 6 CFU/mL reduction in S. aureus [49]. Another study
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showed that ultrasound treatment (600 W, 5 min) and then heating (63 ◦C, 5 min) could
reduce S. aureus to 1.58 log CFU/mL in milk [50].

Equation (7) shows the optimal quadratic polynomial model for S. Enteritidis of
tangerine juice obtained from the response surface methodology.

S. Enteritidis ATCC 1307 (log CFU/mL) = −15.19− 0.556X1−
0.0671X2 + 1.382X3 − 0.01733X4 + 0.01665X2

1 + 0.000419X2
2 − 0.02058X2

3+
0.000015X2

4 + 0.000141X1 X2 + 0.00039X1X3 + 0.000010X1X4−
0.000035X2X3 + 0.000002X2X4 + 0.000356X3X4

(7)

The results determined the value of the coefficient of determination (99.71%) and
the corrected coefficient of determination (99.45%) of the fit model in tangerine juice for
S. enteritidis (Table 3). The results of the independent variables X3, X4, X2

1 , X2
3 , X2

4 , and
X3X4 show statistical significance (p < 0.05, p < 0.001). A high F-value (387.14) and low
p-value (<0.0001) were detected in the S. Enteritidis model, and the RSM model was found
to be highly predictive. Thus, the S. Enteritidis optimization was proven to be satisfactory.
The response surface plots showing the effects of the independent variables on S. Enteritidis
inhibition in tangerine juice are shown in Figure 3. It was determined that S. Enteritidis
decreased by 5.12 log CFU/mL with combined ultrasound and microwave treatment under
optimization conditions. The success of the experiment was proven by determining a value
of 5.20 log CFU/mL in the repeated result for the reliability of the model.
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Similar to this research, microwave heating at 220 to 660 W reduced Salmonella spp.
numbers in tahini by 0.5 to 4.8 log10 CFU/g, with a range from 6.18 to 0.50 min D-values [51].
Huang et al. (2006) reported that high pressure processing and ultrasound treatments could
achieving of 3.2 log cycles reduction for S. Enteritidis. [52]. Xiufang et al. (2020) found that
ultrasound caused a reduction in 3.31 log cycles in S. Typhimurium at 968 W/cm2 and
35 ◦C for 20 min in liquid whole egg [53]. Ferrario and Guerrero (2016) reported a 6.3 log
CFU reduction in S. Enteritidis in ultrasound (600 W, 20 kHz) and pulsed-light (3800 V,
1.27 J/cm2)-treated apple juice [54].

As shown below, a quadratic polynomial regression Equation (8) was created by RSM
to evaluate the relationship between the ultrasound–microwave treatment parameters and
L. monocytogenes inhibition, as shown in Table 2.

L. monocytogenes DSM 12464 (log CFU/mL) = −19.93 + 0.0958X1+
0.0009X2 + 1.2634X3 − 0.015928X4 − 0.00263X2

1 + 0.000027X2
2−

0.01870X2
3 + 0.000015X2

4 + 0.000050X1 X2 − 0.000354X1X3−
0.000002X1X4 − 0.000143X2X3 + 0.000000X2X4 + 0.000387X3X4

(8)

The results show the value of the L. monocytogenes model coefficient of determina-
tion in tangerine juice (99.98%) and the corrected coefficient of determination (98.95%)
(Table 3). In the ANOVA results, it was determined that the microwave time (X3) and
microwave power (X4) were the most important parameters in their interactions (p < 0.001).
Interactions between the same independent parameters were also found to be significant
(p < 0.001). In the two-way interaction, only X3X4 was found to be statistically significant
(p < 0.001). The response surface plots showing the effect of independent variables on the
inhibition of L. monocytogenes in tangerine juice are shown in Figure 4. As seen in Table 3,
the high F-value (754.12) and low p-value (<0.0001) of the L. monocytogenes model were
more satisfactory than for the other pathogens (p < 0.0001). It was determined that the
L. monocytogenes in decreased by 7.19 log CFU/mL under the optimization conditions. The
highest level of inhibition was obtained compared to the other pathogens. Based on the
optimum preparation conditions for L. monocytogenes, a value of 7.10 log CFU/mL was
determined for the reliability of the model in triplicate experiments.

Similar reductions to those found in this study were found by Picouet, et al. (2009);
after microwave treatment at 652 W and 35 s, a 7-log reduction in Listeria innocua in apple
purée was achieved [55]. Das et al. (2020) used an RSM model for the optimization of a
5-log decrease in the L. monocytogenes count in bottle gourd (Lagenaria siceraria) juice and
found that the condition was 750 W of microwave yield power, a 70 ◦C temperature, 80%
amplitude, and 15 min [56]. According to Siguemoto et al. (2018), under treatment by
microwave radiation at 1000 W (P′abs = 1.57 W/mL) for 130 s, a 5-log reduction in the
L. monocytogenes in apple juice was reported [57]. In a study by Park et al. (2018), treating
fresh-cut endives with ultrasound (40 KHz and 140 W) decreased L. monocytogenes by
0.40 log CFU/mL [58]. The higher values obtained in this study may be due to both the
differences in the fruit juices applied and the application of the ultrasound treatment before
microwave treatment.

As shown in Table 2, the treatment of 20 min, 100 amplitude, 40 s, and 700 W had the
highest inhibitory effects on the tested pathogens. Pathogen inactivation by ultrasound and
microwave treatment has been investigated in many studies for liquid food safety [59–62].
In a sample group receiving 700 W microwave treatment, the numbers of L. monocytogenes
were not detectable after 35 s. In a study by Trujillo-Mayol et al. (2019), L. monocytogenes was
more sensitive to ultrasound–microwave-treated avocado peel extracts than S. aureus [63].
Similarly, in another study, L. monocytogenes was observed to become more sensitive to heat
treatment after growth in an acidifying growth medium [64]. In addition, it can be seen in
Table 2 that E. coli was the most resistant to ultrasound–microwave treatment than the other
tested pathogens. In a previous study, the results showed that Salmonella Typhimurium
and L. monocytogenes had lower heat resistance and acid adaptability compared to E. coli in
orange juice [65]. Similarly, Mendes-Oliveria (2020) and Song and Kang (2016) observed
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that E. coli showed more resistance than Salmonella spp. to microwave heating [33,66]. It
was also reported that the susceptibility of pathogens did not only depend on the use of
treatment such as ultrasound, but was also affected by the food matrix [67]. The data in
the literature on the effects of microwave treatment on the survival of microorganisms
are vary because the process parameters are different [68]. In the literature, the primary
mechanisms for microbial inactivation using ultrasound are acoustic cavitation and acoustic
streaming. These mechanisms can inactivate pathogens by mechanical, thermal, and
chemical effects [16]. Microwave, which carries out heating by converting electromagnetic
energy into heat through selective absorption and dissipation, differs from conventional
heating by convection and conduction. There is no holding period because microwaves
generate heat constantly [57]. Increasing the ultrasonic power and duration may cause
the destruction of microorganism cells by ultrasonic waves. With increasing wave power,
the number of bubbles formed in the liquid increases, and this causes an increase in
cavitation, which explains the reason for the inhibition of pathogens. In addition, the
rapid temperature effect created by microwave power and time explains the effect of the
ultrasound–microwave combination on pathogens.
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3.2. Determination of Bioactive Compounds

Phenolic compounds are plant secondary metabolites that consist of aromatic rings
coupled to one or more hydroxyl group [69]. The results of the TPC, TFC, DPPH, and
CUPRAC values in the tangerine juice samples are given in Figure 5. The TPC, TFC,
DPPH, and CUPRAC increased after the ultrasound–microwave treatment. These results
show that the ultrasound–microwave treatment was the most impactful when compared
to pasteurization in the tangerine juice samples. A high positive correlation was found
between the total phenols and total antioxidants (Figure 6). Several researchers have
found higher phenolic compounds and antioxidants in ultrasound–microwave-treated
brown macroalgae compared to ultrasound and microwave separately, and have also
found higher flavonoid compounds in ultrasound–microwave-treated Eucommia ulmoides
leaves [70,71]. Plazzato et al. (2020) reported that the total phenolic and flavonoid contents
(317 mg GAE and 120 mg QE) of frozen peach waste were enhanced by increasing the
microwave power, ultrasound amplitude, and treatment time [72]. Likewise, Trujillo-Mayol
et al. (2019) reported that the ultrasound–microwave treatment resulted in higher TPC
(281.4 ± 0.2 mg GAE), TFC (62.0 ± 0.4 mg QE), and DPPH (779.1 ± 0.6 µg TEAC) in
avocado peel extracts [63]. Furthermore, Alonso-Carrillo et al. (2017) reported significantly
higher total phenolic contents and higher radical scavenging ability in Satureja macrostema
using ultrasound–microwave [73]. Lohani and Muthukumarappan (2021) reported that
when sorghum flour was exposed to high-energy ultrasound, it increased the free phenolic
content too [74]. The increase in bioactive compounds as a result of the combination applied
to tangerine juice may be caused by the destruction of the cells by the cavitation effect,
which is caused by the ultrasound amplitude and instantaneous temperature increase.
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Figure 5. Total phenolic content (A), total flavonoid content (B), radical scavenging activity (C), and
cupric reducing antioxidant capacity (D) of untreated tangerine juice (C-TJ), thermally pasteurized
tangerine juice (P-TJ), ultrasound–microwave-treated tangerine juice (UM-TJ). Characters atop bars
indicate statistically significant differences. Analyses were performed with three replicates. (ns: no
significant; * p < 0.05; ** p < 0.01), *** p < 0.001).
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3.3. Analysis of Amino Acid

Ultrasound-microwave treatment did not change the amino acid composition of tan-
gerine juice, except in cystine and histidine, but significant increases were observed in
the amounts of alanine, arginine, proline, glycine, ornithine, lysine, methionine, pheny-
lalanine, leucine, isoleucine, tyrosine, serine, threonine, and valine compared to the C-TJ
and P-TJ samples (Table 5). Proline, arginine and aspartic acid were detected in all sam-
ples as major amino acids. Proline has important metabolic and physiological roles such
as in the synthesis of hydroxyproline, arginine, ornithine, polyamines, glutamate, and
protein, the regulation of gene expression and cell differentiation, signaling via some reac-
tions, and scavenging oxidants [75]. Furthermore, Noman et al. (2020) reported that after
ultrasound–microwave enzymatic hydrolysis treatment, leucine, tyrosine, valine, methion-
ine, phenylalanine, isoleucine, and histidine were increased but threonine, arginine, lysine,
serine, glycine, alanine, and proline were decreased in Chinese sturgeon (Acipenser sinensis),
in disagreement with the results of this study [76]. Das et al. (2020) reported, similar to the
present study, that alanine, arginine, glutamic acid, serine, tyrosine, methionine, isoleucine,
and phenylalanine were increased in bottle gourd (Lagenaria siceraria) juice using microwave
followed by ultrasound (MW-US) treatment compared to pasteurization [56]. The key role
of the amino acid increase was the exposure of more regions inside the molecules to external
conditions after the reactions occurring during ultrasound treatment. This accelerated
proteolysis and then more peptide bonds were broken in the amino acids [77].
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Table 5. Effects of C-TJ, P-TJ, and UM-TJ on free amino acids (mg/100 mL).

Amino Acid Content (mg/100 mL)
Samples

C-TJ P-TJ UM-TJ

Alanine (Ala) 13.84 ± 0.01 b 10.68 ± 0.02 a 18.79 ± 0.01 c

Arginine (Arg) 105.58 ± 0.1 b 90.59 ± 0.16 a 115.64 ± 0.36 c

Aspartic Acid (Asp) 46.22 ± 0.07 b 25.97 ± 0.01 a 80.69 ± 0.04 a

Cysteine (Cys) n.d n.d 0.01 ± 0.01

Glutamic Acid (Glu) 7.74 ± 0.01 b 4.78 ± 0.00 a 13.45 ± 0.01 a

Glycine (Gly) 1.39 ± 0.01 a 1.46 ± 0.00 b 1.53 ± 0.00 c

Histidine (His) n.d n.d 0.22 ± 0.00

Isoleucine (Ile) 0.17 ± 0.01 b 0.08 ± 0.00 a 1.00 ± 0.00 c

Leucine (Leu) 0.55 ± 0.01 b 0.43 ± 0.00 a 2.01 ± 0.00 c

Lysine (Lys) 1.55 ± 0.01 b 0.75 ± 0.00 a 7.07 ± 0.01 c

Methionine (Met) 0.15 ± 0.01 b 0.10 ± 0.00 a 0.69 ± 0.01 c

Ornithine (Orn) 3.27 ± 0.00 b 2.65 ± 0.01 a 3.86 ± 0.01 c

Phenylalanine (Phe) 0.43 ± 0.01 a 0.33 ± 0.01 a 2.43 ± 0.05 b

Proline (Pro) 202.41 ± 0.06 b 143.09 ± 0.09 a 220.40 ± 0.24 c

Serine (Ser) 13.26 ± 0.00 b 9.60 ± 0.00 a 16.77 ± 0.06 c

Threonine (Thr) 2.57 ± 0.01 b 1.51 ± 0.02 a 3.85 ± 0.01 c

Tyrosine (Tyr) 0.82 ± 0.00 b 0.31 ± 0.00 a 1.68 ± 0.00 c

Valine (Val) 1.12 ± 0.00 b 0.70 ± 0.00 a 3.01 ± 0.00 c

Totals (mg/100 mL) 401.02 ± 0.04 a 293.01 ± 0.23 b 493.05 ± 0.48 c

The results are presented as the mean ± standard deviation (n = 3). C-TJ: untreated tangerine juice P-TJ: thermally
pasteurized tangerine juice; UM-TJ: ultrasound–microwave treated tangerine juice. a–c Values with different letters
within each line are significantly different (p < 0.05).

3.4. Analysis of Minerals

Minerals are important for biological actions and are essential nutrients for hu-
mans [78]. The results of the minerals analyses of the C-TJ, P-TJ, and UMT-TJ samples
are indicated in Table 6. Decreases were detected in Cu, Fe, Zn, Mn, Na, and Mg with
thermal pasteurization. K was dominant in juices, and significant differences were de-
tected in the PT-TJ and UMT-TJ samples compared to the control sample; the values were
2281.62 ± 0,10 mg/L and 1981.56 ± 0.16 mg/L, respectively. After ultrasound–microwave
treatment, significant increases in Zn, Mg, Na, and Cu were detected compared to the
control juice sample. The main reason for the change in mineral substances is cavitation in
ultrasound treatment. A high negative correlation was found between Mn and K (Figure 6).
The increases in the concentrations of Mg and Zn are in accordance with the investigations
reported by Erdal et al., (2022), who found a similar influence and significant reductions in
Ca when ultrasound–microwave treatment was applied to gilaburu vinegar samples [62].
Wang et al. (2020) reported similar increases in US–UV treated mango juice, but our results
regarding Ca showed the opposite trend to that study [79]. The ultrasound process can
form different species, and a longer sonication time can reduce ions in the liquid phase. The
increase in minerals can result in the destruction of the cellular structure during ultrasound
treatment, and the migration of the minerals in the cells to the solution [80,81].
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Table 6. Effects of C-TJ, P-TJ, and UM-TJ on minerals (mg/L).

Minerals (Minerals (mg/L)
Samples

C-TJ P-TJ UM-TJ

Ag n.d n.d n.d

Al 0.05 ± 0.00 a n.d 0.05 ± 0.00 a

Ca 125.49 ± 0.01 a 106.45 ± 0.01 b 81.16 ± 0.01 c

Cd n.d n.d n.d

Co n.d n.d n.d

Cr n.d n.d n.d

Cu 0.60 ± 0.01 b 0.26 ± 0.00 c 1.05 ± 0.00 a

Fe 1.68 ± 0.01 a 0.78 ± 0.15 b 1.13 ± 0.01 b

K 1834.16 ± 0.06 c 2281.62 ± 0.10 a 1981.56 ± 0.16 b

Mg 41.96 ± 0.03 b 27.96 ± 0.02 c 54.16 ± 0.01 a

Mn 0.27 ± 0.00 a 0.17 ± 0.00 b 0.26 ± 0.00 a

Na 9.32 ± 0.00 b 8.12 ± 0.01 c 9.46 ± 0.00 a

Ni n.d n.d n.d

Pb n.d n.d n.d

Zn 0.64 ± 0.00 b 0.46 ± 0.00 c 0.86 ± 0.01 a

The results are presented as the mean ± standard deviation (n = 3). C-TJ: untreated tangerine juice P-TJ: thermally
pasteurized tangerine juice; UM-TJ: ultrasound–microwave treated tangerine juice: n.d: not detected. a–c Values
with different letters within each line are significantly different (p < 0.05).

3.5. Color Analysis

The color parameters (L*, a*, b*, C, h◦, and ∆E) of control (untreated), ultrasound–
microwave and pasteurization-treated tangerine juice samples are shown in Table 7. The
b* values show a high correlation with the bioactive compounds (Figure 6). When the
a* values of the samples were examined, no significant differences were found between the
P-TJ and UM-TJ values (p > 0.05). The L* and b* values were higher in the UM-TJ group
compared to those in the C-TJ group (p < 0.05). Thus, it can be concluded that ultrasound–
microwave treatment results in a lighter and increasingly yellow appearance. Pérez-
Grijalba et al. (2018) and Zia et al. (2019) also reported that ultrasound–microwave
treatment ensured increased L*, a*, and b* color parameters in blackberry juice and sug-
arcane juice [43,82]. It was similarly reported that the L* value increased as a result of
thermosonication treatment in quince juice and tomato juice enriched with anthocyanin.
Contrary to our study, the researchers also found an increase in the a* value [83,84]. The
application of ultrasound–microwave treatment led to a higher luminosity value, with
significant differences (p <0.05). Similar results were reported by Alves et al. (2020) in
ultrasound-treated (35 kHz, 750 W,60 ◦C, 10 min) tangerine juice [13]. In fruit juices, there
may be increases in L* values after the partial precipitation of suspended particles due to
the homogenizing effect of ultrasound treatment [85]. Statistically significant differences
were found between the b* values of the samples (p < 0.05). Das et al. (2020), in parallel
to our study, found b* value increases in ultrasound–microwave-treated (70 ◦C 750 W,
80% amplitude, and 15 min) bottle gourd (Lagenaria siceraria) juice [57]. Raju and Deka
(2018) reported that the b* value was decreased after thermosonication treatment in blood
fruit (Haematocarpus validus) juice [86]. On the contrary, an increase was detected after
ultrasound–microwave treatment was applied to tangerine juice. To better define the effects
of pasteurization and ultrasound–microwave treatments on tangerine juice, the variations
in total color change (∆E) were examined. The P-TJ (4.88 ± 0.42) and UM-TJ (5.59 ± 1.17)
groups showed fewer ∆E changes and had similar advantages. When the overall results
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were examined, the effects of the ultrasound–microwave treatment on the tangerine juice
were significant.

Table 7. Analysis results of color values of L*, a*, b*, C, and h◦ of C-TJ, P-TJ, and UM-TJ samples.

Analyzes Samples

C-TJ P-TJ UM-TJ

Color

L* 50.24 ± 0.74 a 52.85 ± 0.72 b 55.72 ± 0.61 c

a* 12.36 ± 0.58 b 9.90 ± 0.42 a 11.30 ± 0.36 b

b* 14.46 ± 0.25 b 11.26 ± 0.28 a 15.50 ± 0.12 c

Chroma (C) 19.02 ± 0.56 b 15.00 ± 0.47 a 19.19 ± 0.21 b

Hue angle (h◦) 49.49 ± 0.85 a 48.68 ± 0.69 a 53.91 ± 0.94 b

∆E - 4.88 ± 0.42 5.59 ± 1.17
C-TJ: untreated tangerine juice P-TJ: thermally pasteurized tangerine juice; UM-TJ: ultrasound–microwave treated
tangerine juice; ∆E: total color change. a–c Values with different letters within each line are significantly different
(p < 0.05).

4. Conclusions

In this work, the effects of ultrasound and microwave on the inhibition of E. coli,
S. Enteritidis, S. aureus, and L. monocytogenes, and furthermore, on the contents of bioactive
compounds and amino acids, the mineral composition, antioxidant activity, and color in
tangerine juice were evaluated. The RSM optimization fit well with the measured experi-
mental results. The significant parameters of ultrasound–microwave-treated tangerine juice,
thermal pasteurization-treated tangerine juice, and control tangerine juice were compared.
E. coli was the most resistant to the ultrasound–microwave treatment than the other tested
pathogens. The ultrasound–microwave treatment also contributed to the increase in the
total amino acids, polyphenols, and flavonoids, which were not observed for Ca or Fe. A
high correlation was determined between phenolic and flavonoids and antioxidants. The
results show that ultrasound and microwave processing technologies can ensure the food
safety of tangerine juice. In future studies, ultrasound and microwave treatment effects,
such as sensory properties and aroma profile, should be examined.
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