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Abstract
Lettuce (Lactuca sativa) is one of the most consumed vegetables, being an important source of carotenoids and polyphe-
nols. Sanitization is a crucial step in fresh-cut production to ensure product safety, where non-thermal technologies like 
ultrasound (US) can enhance disinfectant effects. This study assessed the impact of combining peracetic acid (PAA) and 
power ultrasound (US) on the disinfection of fresh-cut lettuce and its quality parameters. Lettuce was treated with PAA 
(80 mg L−1, 5 min) and PAA—US (5 min) at different acoustic power densities (APD) and frequencies: 25 W L−1 at 25 kHz 
and 45 kHz, and 45 W L−1 at 37 kHz and 80 kHz. Microbial load reduction ranged from 1.6 to 2.1 log CFU g−1 for treated 
lettuce. While combined technologies generally improved microbial reduction, no clear trend was observed for APD or 
frequency variations. Wash water quality indicated the need for decontamination to prevent cross-contamination. Total 
Antioxidant Capacity (TAC), Total Phenolic Content (TPC), and lutein increased compared to untreated lettuce, possibly 
due to treatment-induced abiotic stress. Total chlorophyll decreased after treatment. Power US showed potential for 
disinfecting fresh-cut lettuce, inducing positive changes in relevant bioactive compounds with no significant impact on 
visual quality. Further optimization is needed to enhance microbial inactivation compared to PAA alone.
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1  Introduction

Fresh vegetables are an essential part of human diet. In recent years, there has been an increasing demand for fresh-cut 
produce, being leafy vegetables the most consumed products. Particularly, lettuce (Lactuca sativa) is a leafy vegetable 
with important nutritional value, containing vitamins, minerals and phytonutrients [1]. Fresh-cut lettuce is the third most 
consumed vegetable in the US, and China is the largest producer in the world, representing 56% of world production [1]. 
Lettuce is one of the most difficult leafy vegetables to decontaminate since its curly and rough surface is very susceptible 
to microbial adhesion limiting shelf life [2].

Disinfection step is one of the most important operations in fresh-cut vegetables production, where sanitizers are 
applied to reduce or eliminate microbial hazards. Chlorine-based compounds, in the range of 50–200 mg L−1 of active 
chlorine, are the most popular disinfection chemicals used in industry, with maximum exposure times of 5 min [3].
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Some countries have banned chlorine-based compounds becauseof health risk associations with by-products for-
mation during disinfection processes [4, 5]. Alternative chemical-based disinfectants are peracetic acid (PAA), chlorine 
dioxide, electrolyzed oxidising water, hydrogen peroxide and ozone, among others. PAA is a weak acid commercially 
available as a mix of peracetic acid, acetic acid, hydrogen peroxide and water. It is a common substitute of chlorine 
because it is not expensive and has the advantage of decomposing rapidly into oxygen and acetic acid, which are gener-
ally recognized as safe (GRAS) [4, 6]. The Food and Drug Administration (FDA) allowed up to 80 mg L−1 peracetic acid in 
water used in washing process of fruit and vegetables (21 CFR 173.315) [7]. Pahariya et al. [] support that PAA can achieve 
higher microbial reductions and lower browning effects on lettuce leaves when compared with disinfection treatments 
applying acidified sodium chlorine and 100 mg L−1 sodium hypochlorite solutions for 1 to 5 min, showing that PAA is a 
good substitute to chlorine-based sanitizers [8].

At present, effective and eco-friendly preservation processes are needed for improving shelf-life and reducing nutri-
tional losses of ready-to-eat, fresh-cut produce [9]. Non-thermal technologies such as power ultrasound (US) have gained 
popularity in the food industry due its capacity to inactivate microorganisms by cavitation effect and the ability of detach 
objects that adhere to the surface by cavitation bubbles [10]. Power ultrasound in combination with sanitizers has the 
ability to improve food decontamination by enhancing the antimicrobial effect of some chemical disinfectants [7]. Com-
bining disinfection technologies is a convenient strategy for fresh-cut production, since a combination of chemical and 
physical factors can work simultaneously or sequentially seeking higher decontamination efficiency with milder effects 
on product quality (hurdle approach) [2].

In Rosário et al. [11] conducted a study where strawberries were exposed to a combined treatment of chemicals (acetic 
acid, peracetic and sodium dodecylbenzenesulfonate) and physical treatment (ultrasound—40 kHz, 500 W L−1) at 7 °C for 
5 min. They observed that the combination of US and PAA (40 mg L−1) showed the best results in terms of reducing natural 
microbiota, while having no appreciable impact on physicochemical properties or sensory quality changes. Furthermore, 
Lu et al. [12] studied the effect of ultrasound (25 kHz, 26 W L−1, treatment times of 1–4 min at ambient temperature) on 
secondary metabolites on tomato fruits. They found that application of US could have a beneficial health effect, enhanc-
ing the accumulation of some secondary metabolites and increasing antioxidant capacity. Combined application of US 
and PAA has been previously evaluated in lettuce by Oliveira Silveira et al. [4], who obtained reductions of 3 log CFU 
g−1 for Salmonella Typhimurium when applying PAA (50 mg L−1) and US (40 kHz, 500 W) to inoculated fresh-cut lettuce 
for 5 min, reporting no differences on product physicochemical characteristics such as pH, color and sensory attributes.

Since combined disinfection technologies can induce changes in phytochemical and sensory characteristics of the 
product, an evaluation of different process conditions focusing on microbial inactivation but also on nutritional and 
sensory changes of fresh-cut products is needed.

In this context, the aim of this study was to evaluate the effect of power ultrasound in combination with peracetic 
acid on the microbial load and quality of fresh-cut lettuce (cv. Vera), focusing on changes in phytoconstituents which 
represent lettuce nutritional quality. Different frequencies (f ) and acoustic power densities (APD) were evaluated. For 
this objective we proposed three hypotheses: (i) combined treatments will have higher effects than PAA alone on prod-
uct microbial quality; (ii) changing acoustic power density and frequency in combined washing treatments will have 
an impact on microbial reduction iii) US application will have an impact in phytochemical content showing differences 
among power densities and frequencies.

2 � Materials and methods

2.1 � Plant material

Ripe green lettuce (Lactuca sativa cv. Vera) was obtained from a farm located in Paysandú (Uruguay), cultivated for com-
mercial purpose and following good agricultural practices (GAP). Outdoor grown lettuce was transported directly from 
farm to the laboratory of Tecnología de Alimentos (Departamento de Química del Litoral (DQL), CENUR Litoral Norte, 
UdelaR), and processed immediately.

Leaves with absence of defects (external and damaged leaves were eliminated) were selected to form a homogenous 
batch. Core was removed with a stainless-steel knife and lettuce leaves were cut in transversal long strips of 2–3 cm 
width. Cut lettuce strips were randomly assigned to the different disinfection treatments (c.f Sect. 2.2). A total of 24 
heads (4 kg approximately) were used in the experiments. Non-disinfected cut lettuce was used as reference of fresh 
(untreated) lettuce.
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2.2 � Wash disinfection step

A combination of power ultrasound and peracetic acid solution (PAA—US) was used in wash disinfection of cut lettuce. 
Peracetic acid solution (80 mg L−1) was prepared using a commercial formula of 3.5–5.5% acetic acid, 9–12% hydrogen 
peroxide and 23–30% distilled water. Treatment time was fixed in 5 min [13, 14].

Disinfection treatment was carried out in two stainless steel ultrasound units, assisted with a recirculating pump to 
facilitate convection (17 L min−1) (Elma, Germany): Transsonic TI-H, working at frequencies of 25 kHz and 45 kHz, and 
Elmasonic P, working at frequencies of 37 kHz and 80 kHz. Transsonic TI-H unit worked at a nominal operating power of 
100 W, while Elmasonic P worked at a nominal operating power of 120 W. In total, five treatments were applied on fresh-
cut lettuce: PAA alone (considered as control) and four combined PAA—US treatments, as shown in Table 1.

A ratio of 1/15 w/w cut lettuce to solution was used in ultrasonic baths. Initial solution temperature was 16.0 ± 0.7 °C. 
After application of PAA—US treatments, excess water was eliminated from samples using a domestic salad spinner. Sole 
chemical disinfection (80 mg L−1 PAA) was assayed as control treatment, in order to discriminate the combined effect of 
both disinfection technologies. In control experiments, cut lettuce/solution ratio, temperature and treatment time was 
kept the same as described for combined PAA—US treatments.

2.3 � Calorimetric determination of ultrasound parameters

The method commonly used for scaling the delivered power involves using power per unit of volume. For each experi-
ment, ultrasound power dissipation (P) was determined calorimetrically recording temperature vs. time, and was calcu-
lated with Eq. 1 as previously described by Irazoqui et al. [15]. Specific energy was calculated as acoustic power density 
(APD) [16–18] using Eq. 2:

where m and V  are the mass and volume of ultrasonicated disinfection solution, CP is the specific heat capacity of water 
(4.18 J g−1 K−1), ΔT  is the increase of temperature during the process and Δt is process time. ΔT  ranged between 1.8 and 
1.9 °C for 100 W nominal power and between 2.9 and 3.1 for 120 W nominal power, Δt was fixed in 5 min for all treatments.

2.4 � Wash water solution parameters

PAA concentration, pH and conductivity of the PAA solution in the ultrasonic bath was measured before and after wash 
disinfection step. For pH measurement, a digital pH meter PHS-3C (Orion, Belgium) was used. Conductivity was deter-
mined using a pocket conductivity, salinity and TDS meter EcoTestr™ CTS (Oakton, USA). Peracetic acid concentration 
was determined by iodometric titration. Microbiological quality of disinfection solution after treatments was evaluated 
as described in Sect. 2.5.1. All measurements were performed at room temperature in triplicate.

(1)P = mCP

(

ΔT

Δt

)

(2)APD =
P

V

Table 1   Treatments and 
experimental conditions used 
in the study

a See Sect. 3.1 for APD experimental determination

Exp. Number PAA (mg L−1) Nominal 
power (W)

f (kHz) Volume (L) APD (W L−1)a Treatment name

1 80 – – 3.0 – PAA
2 80 100 25 3.0 25 P25_25
3 80 100 45 3.0 25 P25_45
4 80 120 37 3.0 42 P42_37
5 80 120 80 3.0 42 P42_80
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2.5 � Lettuce quality parameters

2.5.1 � Microbiological analysis

10 g of cut-lettuce samples were homogenised for 1 min with 90 mL of sterile saline solution (0.85%) to generate the dilu-
tion 10–1 in sterile stomacher bags. Official methods AOAC 990.12 and AOAC 997.02 for Petrifilm™ (3 M™, USA) were used 
for total mesophilic counts (TMC) and yeast (YC) and mold (MC) counts respectively [19, 20]. AFNOR 3 M 01/0609/97 for 
Petrifilm™ (3 M™, USA) was used for enterobacteriaceae counts (ENT) [21]. Incubation conditions were 35 ± 1 °C for 48 ± 3 h 
for aerobic mesophilic and for 24 ± 2 h for enterobacteriaceae count plates, while for yeast and mold counts incubation 
conditions were 25 ± 1 °C for 5 d. Two dilutions were prepared for each replicate. Microbial reductions were calculated 
and expressed as log CFU g−1. Microbial counts in untreated lettuce (c.f. Section 2.1) were determined as reference.

2.5.2 � pH and color measurement

Lettuce samples were evaluated immediately after treatments. pH determination was performed using a digital pH meter 
in the filtered extract obtained after grinding 0.5 g mL−1 of lettuce in distilled water for 2 min using a domestic mixer. 
Color measurements were analysed by direct reflectance readings using a surface colorimeter model CR-400 (Konica 
Minolta, USA). Calibration was performed using a white standard and D65 illuminant was used. L*, a* and b* parameters 
were obtained and total colour difference ( ΔE ) was calculated by Eq. 3, where “0” indicates values for untreated and “t” 
for treated lettuce samples:

Browning index [] was calculated also by Eq. 4:

Leaf and stem regions were analysed separately. For each treatment, 10 readings of each replicate were performed.

2.5.3 � Electrolyte leakage

Electrolyte leakage rate (ER) was determined to quantify tissue deterioration as reported by Salgado et al. [22]. Briefly, 
5 g of lettuce sample was stirred with 100 mL deionized water in an orbital shaker at 100 rpm (DragonLab, China). Electri-
cal conductivity was measured at 1 min ( C1 ) and 60 min ( C60 ). Samples were then autoclaved (121 °C, 25 min) and total 
conductivity ( CT ) was measured after cooling. ER (%) was calculated by Eq. 5:

2.5.4 � Chlorophylls determination

Lettuce samples were freeze-dried in a freeze dryer (DW-10, China). Freeze-dried samples were processed in a coffee 
mill to obtain a homogeneous fine powder. For chlorophyll and carotenoid extraction (Sect. 2.5.5), 0.1 g of dried sample 
was extracted in 10 mL of 80% acetone. Mixture was vortexed for 1 min, sonicated for 10 min and finally centrifuged at 
5500 × g for 5 min. Supernatant was separated and, if necessary, dilutions were made [12, 23].

Chlorophyll a (Chl A), chlorophyll b (Chl B), total chlorophyll (Chl T) was calculated by equations applied by Kotíková 
et al. [24] and proposed by Lichtenthaler and Wellburn [25], measuring absorbance at 470, 646 and 663 nm with a Genesys 
10S UV–VIS spectrophotometer (Thermo Fisher Scientific, USA) [24, 25]. Results were expressed as mg g−1 (dry mass).

(3)ΔE =

√

(

Lt − L0

)2
+

(

at − a0

)2
+

(

bt − b0

)2

(4)I =
100 ∗ (x − 0.31)

0.17
, where x =

a∗ + 1.75L∗

5.645L∗ + a∗ − 3.012b∗

(5)ER (%) =

(

C60 − C1

)

CT

× 100
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2.5.5 � Carotenoid analysis by HPLC–DAD

Qualitative and quantitative analysis of carotenoids were performed using an Ultimate 3000 HPLC (Thermo Scientific) 
equipped with an automatic injector and diode array detector (DAD 3000). A reverse-phase C18 column (Agilent Eclipse 
Plus, 1.8 µm and 4.6 × 100 mm) was used. Mobile phase consisted of water (solvent A) and acetonitrile (solvent B) and 
the flow rate was 1.2 mL min−1. Elution program was a multistep gradient as follows: 5% A / 95% B for 0–3 min, 100% B 
from 3 to 45 min and 5% A/95% B from 46 to 50 min. Chromatograms were recorded at 448, 454 and 474 nm. Injection 
volume was 3 µL. Identification of carotenoids from the extracts obtained in Sect. 2.5.4 was carried out by comparing 
their retention time and UV spectrum with beta-carotene (99% purity, HPC Standards GMbH, Germany), zeaxanthin 
(97% purity, ChromaDex., USA) and lutein (92% purity, PhytoLab GmbH & Co., Germany) standards. Quantification was 
performed when matches were found with an external standard calibration curve built for each identified compound 
in the range 0 to 50 mg L−1. Results were expressed as mg g−1 of dry sample.

2.5.6 � Total phenolic content and total antioxidant capacity

Extraction procedure consisted in dissolving 0.25 g of freeze-dried sample in 8 mL of extraction solution acetone: water: 
acetic acid (70:29:1 v/v/v). Mixture was vortexed for 1 min, sonicated for 30 min, mixed for 2.5 min with a Micro Ball Mill 
(Grinder, China) at 650 rpm and sonicated again for 10 min. Finally, mixture was centrifuged at 5500 × g for 15 min at 
10 °C. Supernatant was transferred to a 10 mL volumetric flask and brought to volume with the extraction solution.

Folin–Ciocalteau assay was used to quantify total phenolic content (TPC) as described by Singleton et al. (44). 100 µL 
of extract was incubated with 3000 µL of sodium carbonate (2%) and 50 µL of Folin-Ciocalteu reagent. Mixture was mixed 
and kept in the dark for 60 min at room temperature. Absorbance changes were measured using a Genesys 10S UV–VIS 
spectrophotometer (Thermo Fisher Scientific, USA) at 750 nm using the extraction solution as blank. A calibration curve 
was prepared with gallic acid standard (0–800 mg L−1). TPC was expressed as mg gallic acid equivalents (GAE) per g of 
dry sample.

Total Antioxidant Capacity (TAC) was estimated by ABTS method according to Re et al. [26]. 7 mmol L−1 of ABTS solution 
was activated with 140 mmol L−1 of potassium persulfate solution. Solution was stored at room temperature in the dark 
for 14–16 h before use. Afterwards, ABTS·+ solution was diluted with buffer phosphate (5 mmol L−1, pH 7.4) to obtain an 
absorbance of 0.70 ± 0.02 at 734 nm. A calibration curve was prepared with a Trolox standard (0–200 µmol L−1). 300 µL 
of sample (or standard solution) was added to 2700 µL of ABTS·+ solution and absorbance was measured at 734 nm after 
10 min using a Genesys 10S UV–VIS spectrophotometer (Thermo Fisher Scientific, USA). Results were expressed as µmol 
of Trolox equivalents (TE) per g of dry sample.

2.6 � Experimental design and data analysis

First, an exploratory analysis was performed evaluating principal component analysis and cluster to determine the direc-
tion of the variance among the samples. Also, a MANOVA test was performed with a Pillai test to evaluate which variables 
had an impact when treatments were applied. Finally, ANOVA test was performed for each variable when significant 
differences were found. Results from all measured parameters were analysed considering treatments as variation fac-
tor. Significant differences between mean values were determined by applying Tukey test. Differences were considered 
significant when p < 0.05. All statistical analyses were performed using R Studio.

3 � Results and discussion

3.1 � Calorimetric determination of ultrasound parameters

Delivered power (P) and acoustic power density (APD) were calculated for the different frequencies and nominal power 
applied for the combined treatments. Initial temperature was 15.9 ± 1.4 °C and after treatments final temperature aver-
aged 18.4 ± 0.8 °C. Table 2 shows nominal power, frequency, dissipated power and acoustic power density obtained for 
the four combined PAA—US treatments applied.

As observed in Table 2, for each of the two nominal power levels used (100 and 120 W), similar average power density 
(APD) was obtained despite the different frequencies applied. Based on these results, our study considered an average 
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APD of 25 W L−1 for a nominal power of 100 W and an average APD of 42 W L−1 for a nominal power of 120 W. This average 
APD will be the one considered in subsequent analysis of the data obtained for each experiment.

3.2 � Wash disinfection solution quality parameters

Measurement of wash disinfection solution parameters can give information about the disinfection process and can also 
help determine if and when further treatment of residual wash water solution is necessary to avoid cross-contamination 
in the case water is to be re-used during the process.

Initial PAA concentration was 79.56 ± 0.71 mg L−1, which corresponded to an initial pH of 2.97 ± 0.06. As expected, 
PAA concentration in disinfection solution decreased significantly after disinfection step for all treatments applied 
(p-value < 0.0001). PAA consumption ranged between 22.1 and 24.3%, and no significant differences were observed 
between control (PAA alone) and PAA—US treatments (p = 0.868). Also, negligible effect of APD or frequency was 
observed in PAA consumption (p > 0.05).

Meanwhile, conductivity after treatments was higher for PAA—US treatments than in control experiments (PAA alone). 
PAA—US treatments showed between 50 and 61% higher conductivity in wash disinfection solution after treatments. An 
increase in conductivity following disinfection treatments could be associated with removal of soil and plant exudates. 
This could be explained by the cavitation effect produced by ultrasonic waves, where tiny bubbles implode on lettuce 
surface, enhancing removal of dirt, soil particles and plant exudates with respect to sole PAA disinfection. No significant 
effect of APD nor frequency was observed on disinfection solution conductivity (p > 0.05).

As for microbial quality of wash disinfection solution, Table 3 shows total mesophilic (TMC), enterobacteria (ENT), 
mold (MC) and yeast (YC) counts of the wash disinfection solution after treatment application.

No growth was observed for either enterobacteria or yeasts after the application of any of the tested treatments. These 
microbes were also significantly reduced in lettuce leaves (cf. Section 3.4), showing that all applied treatments led to the 
inactivation of enterobacteria and yeasts. Meanwhile, total mesophilic and mold counts in wash water were lower than 
2 log CFU mL−1, with no significant differences between PAA—US treatments and control. Considering the potential re-
use of wash water during disinfection process, further treatments should be considered in washing solutions to avoid 
cross-contamination [26]. Consistent with our findings, Ssemanda et al. [27] reported difficulties for achieving inactiva-
tion of aerobic plate count (APC) when applying US and linked this to the formation of natural microflora biofilms and 

Table 2   Nominal power, 
frequency, dissipated power 
and average acoustic power 
density (APD) calculated 
for the different PAA—US 
treatments applied

Results are expressed as average ± standard deviation for treatments applied in triplicate (n = 3). Same let-
ters in same column represent values which are not significantly different (Tukey test, p > 0.05)

Nominal power (W) f (kHz) Dissipated power (W) APD (W L−1) Treatment name

100 25 82 ± 3a 23 ± 4a P25_25
100 45 83 ± 8a 26 ± 3a P25_45
120 37 137 ± 3b 43 ± 6b P42_37
120 80 128 ± 25b 41 ± 9b P42_80

Table 3   Total mesophilic Count (TMC), Enterobacteria (ENT), Mold Count (MC), and Yeast Count (YC) in wash disinfection solution after con-
trol (PAA) and combined PAA—US treatments: 25 W L−1 at 25 kHz and 45 kHz (P25_25 and P25_45), and 42 W L−1 at 37 kHz and 80 kHz 
(P42_37 and P42_80)

Numbers in parentheses represent replicates below detection limit out of the total number of replicates. For replicates below the detec-
tion limit, the detection limit was used in the calculation of means and standard deviations. Data are expressed as the mean of three rep-
licates ± standard deviation (n = 3). Same letters in same column represent values which are not significantly different (Tukey test, p > 0.05)

Treatment log TMC (log CFU 
mL−1)

log ENT (log CFU mL−1) log MC (log CFU mL−1) log YC (log CFU mL−1)

PAA 1.65 ± 0.11a  < 1.00 (3/3)a 0.89 ± 0.36a  < 1.00 (3/3)a

P25_25 1.61 ± 0.21a  < 1.00 (3/3)a 1.03 ± 0.36 (1/3)a  < 1.00 (3/3)a

P25_45 1.54 ± 0.22a  < 1.00 (3/3)a 1.19 ± 0.36a  < 1.00 (3/3)a

P42_37 1.47 ± 0.22a  < 1.00 (3/3)a 0.68 ± 0.14a  < 1.00 (3/3)a

P42_80 1.76 ± 0.23a  < 1.00 (3/3)a 0.98 ± 0.24a 0.77 ± 0.40 (1/3)a
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the ability of microbes to add-on to leaf matrix [27]. This may explain why US can effectively remove mesophiles, yeast 
and molds from lettuce surface but not destroy them, resulting in viable counts remaining in the water after processing.

Meanwhile, regarding the potential for cross-contamination during disinfection process, Huang et al. [28] studied the 
prevalence of Salmonella in wash water. They found that treatments involving chlorine wash combined with pulsed light 
and ultrasound could keep Salmonella in wash water below the detection limit when processing inoculated lettuce [28]. 
Therefore, ultrasound could be employed to enhance the microbial quality of wash water after disinfection treatments. 
Although our results for wash water quality are preliminary since only microbial quality was considered, it is important 
to recognize that eliminating microorganisms from fresh produce does not guarantee their complete inactivation and 
further wash water decontamination has to be considered.

In sum, combined PAA—US treatments assayed in this work showed no differences in PAA consumption or microbial 
counts in wash water compared to control treatment. These combined technologies were only more effective than control 
treatment in removing dirt and plant exudates. Differences with previously published results for fresh-cut lettuce may be 
attributed to the specific US conditions assayed in each study. Importantly, our results indicate the need for considering 
the washing solution quality when contemplating water reuse during the disinfection process.

3.3 � Effect of APD and frequency on lettuce quality parameters: PCA and cluster study

A PCA test was performed with all quality parameters assayed in treated lettuce to determine whether they are affected 
by treatments and if there are correlations between them. Principal Component 1 (PC 1) represented 45.8% of the total 
variance, while second component (PC 2) represented 14.4% of the total variance. Adding a third component (PC 3) 
resulted in 11% additional representation of total variance. The three components presented eigenvalues greater than 
one (according to Kaiser criterion). The first two components allowed describing 60% of total variance, which represents 
a high explanation of the data, but adding a third component (71% of total variance) allowed to explain Total Phenolic 
Content and Browning Index with good modules (cos2 > 0.6). Nonetheless, pH and electrolyte leakage could not be 
well represented by these three dimensions. The two principal coordinates associated with parameters included in PCA 
analysis are shown in Fig. 1.

Fig. 1   PCA correlations with Dim 1 (PC1) and Dim 2 (PC 2) (right) and coordinates associated with each variable (left)
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As can be appreciated, microbiological loads and carotenoids had a strong and positive correlation with PC1 and a 
positive but low correlation with PC2 (First quadrant). In contrast, chlorophylls had a strong and positive correlation with 
PC1 but a negative correlation with PC2 (fourth quadrant), where chlorophyll A was principally explained by PC2. Total 
Phenolic Content, Antioxidant Capacity, color difference, lutein and lutein-like compounds had a strong and negative cor-
relation with PC1 (second and third quadrant). As was mentioned before, PC3 helped to explain the variance associated 
with Total Phenolic Content, showing a positive correlation, as well as Antioxidant Capacity and Browning Index (leaves 
and stem). In sum, the first two components can represent most of the variance associated to the studied variables. The 
third component is needed to have a better explanation of TPC and B.I., while pH and electrolyte leakage could not be 
well represented by any of these components. Also, it can be noted that positive PC1 can be associated with parameters 
which were negatively affected by disinfection treatments, whereas negative PC1 is associated with parameters which 
were positively affected by these treatments.

When a cluster analysis was performed, two groups were differentiated: the first one linked non-treated lettuce with 
treated lettuces at low frequencies (25 and 37 kHz). The other group involved lettuce treated at high frequencies (45 
and 80 kHz).

A MANOVA test was performed to evaluate if measured variables were affected by assayed treatments. All lettuce 
parameters assayed presented p-values lower than 0.01 (**, Pillai test), with the exception of pH (p = 0.017) and %EC 
(p = 0.696). An ANOVA for each variable and study of the treatment effects are presented below.

3.4 � Effect of ultrasound on microbiological quality of lettuce

Figure 2 shows microbial loads in fresh-cut lettuce leaves before and after the different disinfection treatments applied. 
Untreated lettuce (raw lettuce) counts were 6.67 ± 0.17, 5.66 ± 0.11, 5.16 ± 0.23 and 5.80 ± 0.21 log CFU g−1 for total meso-
philic, enterobacteria, mold and yeast counts respectively. Control (PAA alone) treatment and combined PAA—US treat-
ments significantly reduced microbial loads with respect to untreated lettuce, with reductions ranging between 1.6 to 
2.1 log CFU g−1 (Tukey test, p < 0.001). Microbial reductions obtained in lettuce samples after disinfection treatments are 
in accordance with several published works, where it has been reported that sanitation step allows achieving 1 to 2 log 
cycles reduction on microbial load [29]. Fan et al. (2019) obtained similar reductions of 2.21, 1.35 and 1.88 log CFU g−1 
for total number of colonies, mold and yeast and total coliforms respectively, when applying a combined ε-polylysine 
(0.4 g L−1) and ultrasound treatment (23 W L−1, 10 min) to fresh-cut lettuce [10]. Oliveira Silveira et al. (2018) reported 
a significant reduction of 2.1 log CFU g−1 for mesophilic aerobes when treating lettuce (var. Crispa) with peracetic acid 
(50 mg L−1) for 5 min [4]. As for the effect of ultrasound, previous studies have shown that US application (130 W, 42 kHz) 
improved microbial reduction with respect to sole chlorine disinfection for process times longer than 10 min [15]. In 
other related work, Huang et al. (2018) simulated cross-contamination with inoculated lettuces and obtained a significant 

Fig. 2   Microbial counts for 
untreated (Raw Lettuce) and 
the five treatments assayed: 
disinfected lettuce with 
peracetic acid alone (PAA), 
combined PAA—US at 25 
W L−1 and 25 kHz (P25_25), 
combined PAA—US at 25 
W L−1 and 45 kHz (P25_45); 
combined PAA—US at 42 W 
L−1 and 37 kHz (P42_37) and 
combined PAA—US at 42 
W L−1 and 80 kHz (P42_80). 
Values are expressed as 
average ± standard deviation 
(n = 3). Same letters in same 
graph represent values which 
are not significantly different 
(Tukey test, p > 0.05)
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reduction of inoculated bacteria after treatment with ultrasound (42 kHz, 100 W) for 10 min [28]. Recently, Banach et al. 
(2020) reported limitations associated with PAA disinfection during fresh-cut processing of lettuce inoculated with E. 
coli. Contact time and dose of PAA were reported to be relevant factors and they showed that once E coli. is introduced 
during washing, it remains attached to lettuce [30]. In previous unpublished work conducted in our laboratories, it was 
observed that the application of ultrasound alone did not lead to a significant reduction in microbial load, even when 
the process time was extended up to 10 min. Oliveira Silveira et al. [4] found reductions of 0.6 and 0.3 log CFU g−1 for 
mesophilic aerobic bacteria and molds and yeast respectively when lettuce was treated with US alone (40 kHz, 500 W, 
5 min), showing that disinfectant effect of US in lettuce is limited [4].

In the present work, combined treatments resulted in higher microbial reductions than sole chemical disinfection only 
in some experimental conditions: an additional reduction of 0.8 log CFU g−1 was obtained in lettuce treated with 25 W 
L−1, showing a synergic effect of chemical disinfection and US in these conditions. In combined treatments, a significant 
effect of APD was found for TMC, MC and YC, where treatments applying 25 W L−1 presented, in general, lower counts 
than treatments applying 42 W L−1. However, no clear trend in the effect of frequency on microbial loads could be drawn 
out from data obtained. Different results were obtained for ENT, where no significant differences were found between 
applying sole chemical disinfection or combined US-PAA treatments. In this case, ENT counts showed a reduction aver-
age of 2.31 log CFU g−1 in all treatments applied. Results obtained for microbial loads in lettuce show that in the present 
work, conditions for a clear US effect on microbial load could not be determined.

Microbial reduction obtained in lettuce leaves for TMC and MC was very similar to the loads recovered in the disinfec-
tion solutions (cf. Section 3.2), suggesting that during disinfection step there is a physical removal from lettuce surface 
rather than an inactivation of these groups of microorganisms. Microbial load obtained in residual wash disinfection 
solution could be attributed to transfer of microorganisms from lettuce surface and corresponds to microorganisms 
which could not be inactivated either by PAA or US. Contrarily, ENT and YC are not recovered in residual wash water, 
meaning that disinfection treatments applied allowed removal and inactivation of these microorganisms (cf. Section 3.2).

Results obtained in the present work could be rendered positive from a classical disinfection point of view. The truth 
is that the global rise in foodborne illnesses related to fresh-cut vegetables, especially lettuce, underscores the need for 
urgent action [31, 32]. However, in the last years, concern has risen on the effect of traditional and green disinfection alter-
natives on the ecological balance of produce. Evidence suggests that the natural microbiota can inhibit gram-negative 
microorganisms, and lactic acid bacteria have been used for fresh-cut produce decontamination associated principally 
to their antimicrobial-producing capability [13, 33].

Public health concerns will continue to prompt exploration of multidisciplinary disinfection strategies, with a focus 
on greener alternatives with greater impact on produce preservation but with milder effects on quality and the envi-
ronment. Further studies are necessary to comprehend how natural microflora control foodborne pathogens and how 
this knowledge can be used in disinfection processes. Continued investigation in these areas is crucial for advancing 
alternative disinfection approaches in fresh-cut lettuce. Additionally, exploring water disinfection in the produce wash-
ing process warrants deeper exploration.

3.5 � pH, electrolyte leakage and color

Lettuce pH did not change significantly after disinfection treatments, obtaining an average of 5.97 ± 0.05. Results obtained 
are in contrast with those reported by Oliveira Silveira et al. [4], who found a reduction in pH values after treatment with 
peracetic acid (50 mg L−1) and the combination of peracetic acid and ultrasound (40 kHz, 500 W, 5 min) [4]. However, 
the study carried out by Lafarga et al. [34] did not show differences in pH when treating various vegetables (including 
lettuce) with ultrasound at 40 kHz and 250 W for 20 min [34].

Meanwhile, electrolyte leakage has been reported as a measurement of tissue deterioration or damage. In this work, 
PAA and PAA—US treatments yielded similar values of ER in lettuce leaves, averaging 2.11 ± 0.92%. Comparable values 
were reported by Palma-Salgado et al. [35] when Romaine and Iceberg lettuce were treated with various disinfection 
solutions and US for 1 min [35]. Huang et al. [28] did not observed visible damage on lettuce surface when US treat-
ments were applied for less than 10 min. However, when ultrasound treatment was extended to 20 min, injured surfaces 
became evident, raising ER values [28]. Based on these observations, US treatment time applied in the present work did 
not produce significant tissue damage.

Visual quality is one of the most important attributes in ready-to-eat vegetables, where color is a key physical param-
eter that impacts consumer acceptability. Our study assessed CIE Lab color parameters (L*, a*, b*), total color differences 
( ΔE ) and browning index (B.I.) in lettuce stem and leaf. Results indicated a significant color difference between treated 
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and untreated lettuces. However, there were no significant differences observed between PAA treatment and the com-
bined treatment of US and PAA, whether measured as ΔE  or as B.I., on stem and leaf zones. Color variation in treated 
lettuces manifested higher L* values (representing lightness) and b* values (indicating blueness) compared to raw let-
tuce. Meanwhile a* value was lower, indicating higher greenness compared to untreated lettuce.

Azam et al. [1] reported similar results, where no significant differences were obtained when applying different ultra-
sonic conditions to lettuce and attributed minor color differences to changes in lettuce surface [1]. Oliveira Silveira et al. 
[4] found some differences in a* values, where US-treated lettuce was greener than untreated lettuce and attributed 
these color differences to damages caused by hot spots and free radicals formed during cavitation [4]. Previous reports 
with confocal images evidenced that ultrasound treatment (130 W, 42 kHz) could affect lettuce’s waxy layer (cv. Vera), 
but no differences on sensory attributes were found on processing day [15].

3.6 � Chlorophyll content

Figure 3 illustrates the impact of PAA—US and PAA disinfection treatments on chlorophyll content in lettuce samples. 
The disinfection treatments notably affected chlorophyll content (p = 0.0245).

Regarding chlorophyll A (Chl A) content, treated lettuce exhibited similar levels to untreated lettuce, except for lettuce 
treated with 42 W L−1 and 80 kHz (P42_80), which showed the lowest content of this compound.

Chlorophyll B (Chl B) was also significantly influenced by disinfection treatments, with a more pronounced degradation 
in the case of ultrasound application. An average reduction of 41 and 43% in Chl B was found when applying an APD of 
25 W L−1 and 42 W L−1 respectively. However, PAA disinfection alone did not show significant differences with respect 
to untreated lettuce samples (p-value < 0.001). In treatments employing 42 W L−1, increasing US frequency from 37 to 
80 kHz negatively impacted Chl B content. A similar trend was observed in the case of 25 W L−1 treatments: an increase 
in ultrasound frequency corresponded to a slight reduction in Chl B content, although in this case it wasn’t statistically 
significant.

Meanwhile, results of total chlorophyll content primarily reflected the variations found for Chl B, with reductions of 
up to 39% observed in lettuce treated with 42 W L−1 at 80 kHz. Decrease in total chlorophyll content could be linked to 
oxidation processes, with a direct action of reactive oxygen species (ROS) [36]. These ROS are reported to be generated 
during the application of power ultrasound, as free radicals formed when cavitation bubbles collapse [37]. Chlorophylls 
are pigments responsible for the green coloration, therefore differences in lettuce chlorophyll content could be visually 
manifested, especially in terms of greenness. In our work, no significant differences were observed in color measurement 
(color differences and browning index) for lettuce stems and leaves in US-treated samples. Consequently, the reduction 
in chlorophyll observed in treated lettuce did not have a significant impact on stem and leaf color. Other studies found 
in the literature show no significant differences in chlorophyll content when comparing fresh-cut lettuce treated with 

Fig. 3   Chlorophyll A (Chl A), 
Chlorophyll (Chl B) and total 
chlorophyll (ChlT) content 
for untreated (Raw lettuce) 
and for the five treatments 
assayed: disinfected lettuce 
with peracetic acid alone 
(PAA), combined PAA—US at 
25 W L−1 and 25 kHz (P25_25), 
combined PAA—US at 25 
W L−1 and 45 kHz (P25_45), 
combined PAA—US at 42 W 
L−1 and 37 kHz (P42_37) and 
combined PAA—US at 42 
W L−1 and 80 kHz (P42_80). 
Values are expressed as 
average ± standard deviation 
(n = 3). Same letters are not 
significantly different (test de 
Tukey, p > 0.05)
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ε-polylysine (PL), US and combined PL and US [10]. Meanwhile, Azam et al. [1] reported an initial chlorophyll content of 
7 mg g−1 in raw Romaine lettuce (considering 95% of water), with an approximately 5% reduction after applying vari-
ous US treatments for 8 min [1]. In our study, untreated (raw) lettuce exhibited an average total chlorophyll content of 
5.12 ± 0.10 mg g−1, with Chl B being more affected by disinfection treatments than Chl A. Our results are consistent with 
reported research, emphasizing the influence of different treatments on chlorophyll levels. We suggest that the observed 
reduction might not be significant enough to appreciably affect the visual appearance of lettuce.

3.7 � Carotenoid profile

Green leafy vegetables are widely recognized for being an important source of carotenoids, renowned for both their 
antioxidant capacity and provitamin activity [38, 39]. The carotenoid profile in lettuce samples was assessed by HPLC 
analysis (Fig. 4).

With the standard compounds available, only lutein (Peak 1) was identified, with no matches found for zeaxanthin or 
beta-carotene. As can be observed in Fig. 4, lutein emerges as the most predominant carotenoid in the analysed lettuce 

Fig. 4   Chromatogram example of lettuce sample at 474 nm with lutein peak identified at 4.08 min for lettuce sample and standard
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(cv. Vera). Our results are in accordance with those of Caldwell & Britz [38], who also reported no zeaxanthin in the carot-
enoid profiles of eight lettuce varieties, highlighting violaxanthin and lutein as the major components.

At 474 nm, several “carotenoid-like compounds” were observed. Through HPLC MS–MS, four peaks subsequent to 
lutein were identified and recognized as having a lutein-like formula. Table 4 presents the lutein content determined by 
quantifying Peak 1 and the content of lutein-like compounds quantified by establishing a relationship between their 
peak area and the lutein peak area.

Significant increases in both lutein content and lutein-like compounds were observed after PAA disinfection and some 
combined disinfection treatments compared to untreated lettuce (Raw lettuce). For PAA disinfection and combined 
disinfection treatments at 45 and 80 kHz frequencies, lutein content was notably enhanced, representing a more than 
200% increase compared to untreated lettuce. On the other hand, lettuce treated at 25 kHz and 37 kHz exhibited similar 
lutein content to untreated lettuce. In both applied power densities (APD) assayed, an increase in frequency resulted in 
a rise in lutein content. However, increasing APD from 25 to 42 W L−1 led to a reduction in average lutein content.

It is important to emphasize that lutein consumption plays a vital role in protecting vision. Lutein serves as a preventive 
agent against cataract formation and macular degradation, highlighting the importance of controlling its degradation 
during food processing [40]. The results obtained indicated that treated lettuce exhibited higher contents compared 
to untreated lettuce, demonstrating the beneficial effects of processing fresh-cut lettuce. Nevertheless, it is essential to 
study specific processing conditions to avoid potential detrimental effects.

3.8 � Total phenolic content (TPC) and total antioxidant capacity (TAC)

Results for TPC and TAC following the disinfection treatments are shown in Fig. 5. In terms of TPC, untreated lettuce exhib-
ited an average of 5.57 ± 0.35 mg gallic acid per gram dry sample. This value is in accordance with previous reports, where 
total phenols ranged between 3.64 and 51.8 mg gallic acid per g dry sample for different lettuce varieties (assuming 
95% of water content) [41]. Concerning TPC in treated lettuce, a significant increase in phenolic content was observed, 
except for the 25 kHz treatment. PAA treatment showed the greatest TPC increase (100%), while US-treated lettuce 
demonstrated a 28% and 71% average increase with 25 W L−1 and 42 W L−1 APD respectively. Yu et al. [42] reported 
similar results when treating whole lettuce leaves with ultrasound (25 kHz, 26 W L−1) for 1–3 min, achieving a significant 
enhancement of between 26 and 35% in phenolic content compared to untreated lettuce [42]. Consistent findings were 
reported by Lafarga et al. [34], who obtained higher TPC values for various vegetables, including lettuce. They reported 
a 55% higher TPC in lettuce treated with US (40 kHz, 250 W, 20 min) [34].

In the case of TAC, untreated lettuce showed an average value of 81.3 ± 1.7 µmol Trolox equivalent per gram dry sam-
ple. Treated lettuce presented an increase of approximately 50% in TAC compared to untreated lettuce, except for the 
treatment with frequencies of 25 kHz, where no significant difference was observed. Lafarga et al. (2019) reported no 
significant differences in TAC between treated lettuce (40 kHz, 250 W, 20 min) and untreated lettuce employing FRAP tech-
nique. However, when the TAC assay was conducted using DPPH technique, treated lettuce revealed higher values [34].

From the results obtained in the present work, it is evident that both TPC and TAC experienced a significant 
increase after combined PAA—US treatments. As previously mentioned, lutein is the main carotenoid in lettuce, and 
carotenoids are known for their antioxidant properties. The results demonstrated an increase in lutein after treat-
ments assayed, which could contribute to the observed increments in TAC for treated lettuce. This observation may 

Table 4   Lutein and lutein-like 
compound content (µg g−1) 
for the different disinfection 
treatments

Values are expressed as average ± standard deviation (n = 3). For each column, same letters are not signifi-
cantly different (Tukey test, p > 0.05)

Treatment Lutein (µg g−1) Lutein-like 
compounds 
(µg g−1)

p-value  < 0.001  < 0.001
Raw lettuce 45.4 ± 3.8c 55.8 ± 1.2c

PAA 110.9 ± 10.2ab 66.7 ± 0.3a

P25_25 51.5 ± 3.2c 58.3 ± 0.5bc

P25_45 129.2 ± 17.1a 70.0 ± 4.9a

P42_37 39.5 ± 5.2c 64.3 ± 1.8ab

P42_80 89.7 ± 7.2b 65.6 ± 1.3a
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be attributed to stress induced by the exposure of lettuce to US and PAA treatments. Several reports have indicated 
that different chemical and/or physical treatments generate abiotic stress, activating secondary pathways such as 
the biosynthesis of phenolic compounds and other metabolites with antioxidant properties [12, 34, 42, 43].

Results from our work highlight the relationship between stress responses and the improvement of antioxidant 
compounds in lettuce, offering valuable insights into the potential benefits of the applied disinfection treatments.

4 � Conclusion

The present study provides new insights into the impact of power US on the quality of fresh-cut lettuce during 
disinfection process. Combined PAA—US treatments demonstrated enhanced microbial inactivation, particularly 
for selected microorganism groups (TMC, MC and YC). However, no discernible trend was observed with increasing 
APD or frequency. Interestingly, there were no significant differences noted in PAA consumption or microbial loads 
in residual wash water between PAA sole disinfection and combined PAA—US treatments. Microbial loads obtained 
in the wash water underscore the importance of treating wash water after disinfection steps to ensure safety.

In terms of product quality, instrumental color measurement remained unaffected by combined PAA—US treat-
ments. However, these treatments positively influenced the levels of bioactive compounds, leading to an increase in 
lutein content, TPC and TAC, potentially attributed to induced abiotic stress. Particularly, an increase in APD resulted 
in a decrease in total lutein and an increase in TPC. Meanwhile, the degradation of chlorophylls was evident in US-
treated samples.

The obtained results suggest that power US can be effectively applied for the disinfection of fresh-cut lettuce, with the 
added benefit of inducing positive changes in relevant bioactive compounds while showing no appreciable effects on 
visual quality. Further experiments are needed to optimise the application of combined PAA—US treatments to achieve 
a more significant enhancement in microbial inactivation compared to PAA disinfection alone.
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Fig. 5   Total phenolic content (left) and total antioxidant capacity (right) for untreated (Raw lettuce) and for the five treatments assayed: dis-
infected lettuce with peracetic acid alone (PAA), combined PAA—US at 25 W L−1 and 25 kHz (P25_25), combined PAA—US at 25 W L−1 and 
45 kHz (P25_45), combined PAA—US at 42 W L−1 and 37 kHz (P42_37) and combined PAA—US at 42 W L−1 and 80 kHz (P42_80). Values are 
expressed as average ± standard deviation (n = 3). Same letters are not significantly different (test de Tukey, p > 0.05)
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