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Graphical abstarct 

 

Highlights 

 Synergisms among food preservation processes improve food safety 

 Mild heat increase the lethal effects of non-thermal technologies 

 EOs improve lethality of both thermal and non-thermal treatments 

 Promising synergisms are obtained by the interaction of chemical constituents 

 

Abstract 

This article provides an overview of recent published information on the subject of 

synergistic lethal effects that emerge from the combination of physical and/or chemical 

processes applied to enhance food safety. 

Despite important recent advances in non-thermal technologies, the greatest synergistic 

lethal effects emerge from combining them with traditional, relatively mild heat 

treatments. The combined application of antimicrobials has shown that their main 

constituents interact effectively, and great synergistic effects have been described with 

the capacity of either inhibiting or inactivating pathogens. Moreover, natural 

antimicrobials are more effective when pathogens are previously damaged sublethally 

by the application of physical technologies. Such combinations allow for a considerable 

reduction of treatment intensity and costs, along with a noticeable improvement in food 

quality and safety. 
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Introduction 

In the food safety sector, a successful synergism arises when two or more processes 

(hurdles) are applied simultaneously and/or successively, and the bacteriostatic or 

bactericidal effect obtained against pathogens is greater than that obtained by the 

hurdles applied separately (Figure 1). Valuable synergisms have been described and 

analysed in the last two decades [1,2], ever since Leistner and Gorris [3] described the 

“hurdle theory”. The present paper provides an overview of recent literature on the 

occurrence of synergisms when physical and/or chemical hurdles are combined in order 

to be applied as a tool for designing more effective treatments to improve food safety. 

Synergisms resulting from the combination of physical technologies 

Thermal inactivation has played a major role in food preservation; nevertheless, the 

adverse effects of high-intensity heat treatments on food quality have led researchers to 

develop alternative non-thermal technologies. Among them, High Hydrostatic Pressure 

(HHP), Pulsed Electric Fields (PEF), ultraviolet light (UV), ultrasound (US), and Pulsed 

Light (PL) have attracted great interest in view of their capability to inactivate 

microorganisms without altering the organoleptic and nutritional properties of foods. 

HHP, like heat treatments, affects several kinds of cell structure, causing disruption of 

cell envelopes and protein denaturation with the purpose of inducing cell death. The 

other four non-thermal technologies are mainly focused on one target: PEF and US 

cause damages in cell envelopes, while UV and PL induce cellular lesions in genomic 

DNA. However, the high resistance displayed by certain pathogenic microorganisms 

under specific environmental conditions is restricting those technologies’ use. Thus, the 

search for new, complex processes that combine different technologies in order to 
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guarantee food safety and improve quality and shelf-life continues to represent a major 

challenge. 

Despite advances in non-thermal technologies, most of the proposed synergisms 

continue to combine them with the application of mild heat (Table 1). The combination 

of HHP with heat is one of the most effective known synergisms. According to Ates, et 

al. [4], >6-logs of Listeria monocytogenes were inactivated when HHP (625 MPa) and 

heat (40 ºC) were applied to model soup. A great synergism was also observed against 

bacterial spores: while HHP (600 MPa) caused the inactivation of only 0.5-logs of 

Bacillus cereus spores in beef slurry, it succeeded in inactivating 4.9-logs in 

combination with heat (70 ºC) [5]. 

PEF achieves a higher lethality when applied together with mild heat. Katiyo, et al. [6] 

demonstrated that PEF (35 kV/cm) at 50 ºC inactivated >5-logs of Escherichia coli and 

Salmonella Enteritidis in apple juice. 

Mild heat also enhanced UV lethality. UV-C (10.6 kJ/m2) at 45-50ºC caused 6-logs 

reduction of E. coli in juice carrot-orange blend after 15 min, compared to single UV-C 

treatment (2.5-logs) [7]. Gayan, et al. [8] observed a 20-70% increase in the lethality of 

foodborne pathogens (E. coli, Salmonella Typhimurium, L. monocytogenes and 

Staphylococcus aureus) in several liquid foods, such as vegetable and chicken broth or 

orange and apple juice, thanks to the combination of UV with heat. This was brought 

about thanks to DNA damage caused by reactive oxygen species.  

An increased lethality was also achieved by the simultaneous application of US and 

mild temperatures, called thermosonication (TS). Interesting synergisms after TS (20-24 

kHz/400-750 W/50-58 ºC) were demonstrated in juices, reducing 5-logs of E. coli, as 

recommended by the FDA [9,10]. Li, et al. [11] were able to ascertain that sublethal 

injuries caused by heat in the membrane of S. aureus were the underlying cause. 
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In addition, synergistic effects were observed among non-thermal technologies, such as 

HHP and UV applied successively. Pretreatment with UV light (0.82-8.45 J/cm2) prior 

to HHP (300-600 MPa) led to relevant synergisms against pathogens (L. 

monocytogenes, S. aureus, E. coli O157:H7 and S. Typhimurium) in apple juice, 

achieving >6-logs at the maximum treatment intensity [12]. 

However, a consecutive treatment of US (20 kHz/600 W) and PL (0.0175 J/mL) against 

E. coli and S. Enteritidis in apple juice only resulted in an additive effect [13]. 

The successive combination of more than two physical technologies also displayed 

interesting results. A synergism was observed when applying HHP, US, and heat, in that 

order: a 5-min treatment (350 MPa/560 W/40ºC) achieved 5.85-logs of E. coli 

inactivation [14]. A greater rate of inactivation is thereby achieved thanks to the 

microbial sublethal damages caused by the first treatments.  

Synergisms resulting from the combination of antimicrobial 

compounds 

Many synergisms resulting from the combination of several chemical compounds are 

currently being described (Table 1). Widespread consumer rejection of synthetic 

compounds have led to an increase in this type of investigation. Certain studies thus 

describe the combination of traditional food preservatives, such as nitrites [15] or 

sodium hypochlorite [16], with natural compounds and organic acids in order to 

decrease the doses applied. 

Research in natural antimicrobials is being particularly encouraged, since they are 

attracting worldwide interest as an alternative to synthetic preservatives. Among them, 

plant essential oils (EOs) and their individual constituents (ICs) are being extensively 

studied; their negative effects on organoleptic properties nevertheless restrict their use 
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in foods to a certain extent. Recent studies have observed that combinations among 

EOs/ICs lead to synergisms that permit the reduction of doses applied. According to 

Barbosa, et al. [17], antimicrobial properties of oregano and rosemary EOs were 

enhanced by their simultaneous application: apart from a bacteriostatic effect, a greater 

bactericidal effect against pathogens such as L. monocytogenes, E. coli and S. Enteritidis 

was ascertained in broth and leafy vegetables. Other authors reported similar synergistic 

effects between Cymbopogon citratus and Allium cepa EOs at low doses in spinach and 

lettuce in order to avoid consumer rejection of foodstuffs [18]. With the purpose of 

reducing EO doses, certain authors have calculated the optimal ratio among different 

EOs in order to achieve the greatest antimicrobial effect with the lowest amount of EOs 

[19].  

Not all combinations of natural antimicrobials resulted in a synergistic bactericidal or 

bacteriostatic effect: the combination of mustard and cinnamon EO [20] only led to 

additive effects. Thus, the effect achieved by combining EOs depends on the specific 

compounds, their mechanisms of inactivation, and the food matrix. Furthermore, 

synergistic effects were described when EOs were added to edible coating and films 

(active packaging) with modified atmosphere packaging for purposes of food 

preservation [21-24]. 

Enhanced antimicrobial effects were also detected when combining EOs with other 

preservatives such as nisin in milk [25,26], organic acids in leafy vegetables [16,27], 

chitosan in laboratory broth [28] or cold nitrogen plasma applied to eggshell or lettuce 

[29,30]. Conversely, only a negligible bactericidal effect was observed when combining 

EOs with electrolyzed water (EW) against E. coli in nutrient broth medium [31]. Cold 

plasma also developed a strong synergism when applied in combination with organic 

acids and SDS in red chicory against E. coli and L. monocytogenes [32]. 
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Other natural antimicrobials synthesized by microorganisms, such as nisin, displayed 

interesting bacteriostatic and bactericidal effects in combination with citric acid against 

Cronobacter sakazaki and E. coli [33]. Bacteriostatic synergistic effects resulting from 

the combination of nisin, lactobionic acid, and thymol against L. monocytogenes were 

also observed [26]. The magnitude of the synergism depended on the target bacteria, 

mainly because of divergent characteristics of envelopes in Gram-positive and Gram-

negative bacteria. For instance, combined treatments of nisin and high-pressure carbon 

dioxide caused a higher inactivation of S. aureus than of E. coli [34]. 

These studies not only describe the potential of treatments combining different chemical 

compounds for purposes of food preservation, but also assist researchers in identifying 

the main constituents that determine the efficacy of each antimicrobial substance, and 

the mechanism of interaction that justifies each synergism. In this regard, efficient food 

preservation strategies can be designed by coordinating molecular biology techniques 

with computer analysis in order to identify target structures, involved metabolic 

pathways, and microbial response to treatments [35,36]. In contrast with physical 

technologies, however, the lethal activity of antimicrobial compounds is highly 

influenced by the amount of bacterial concentration present in the foodstuffs [37]: when 

interpreting results, this must be taken into account.  

Synergisms resulting from the combination of physical technologies 

and antimicrobial compounds 

The search for new preservation processes that guarantee food safety and improve food 

quality has led research into combining physical technologies with food preservatives, 

particularly with natural antimicrobial compounds (Table 1). The synergism observed is 
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brought about by alterations of microbial cell envelopes via physical technologies, 

which facilitate the access of antimicrobials to the target [38]. 

The notable bactericidal effect of EOs/ICs in combination with mild heat has been 

widely demonstrated [39] against planktonic and sessile cells that usually present a high 

resistance to common disinfectants [40]. Cell membrane disruption and loss of cell 

membrane potential are considered to be the main causes of bacterial inactivation by 

heat and ICs [41]. 

The combination of EOs/ICs with non-thermal technologies also results in synergistic 

lethal effects. Wang, et al. [42] observed a synergism between PEF and carvacrol 

against S. aureus, even when carvacrol was added to the recovery agar medium. This 

effect was associated with cell permeabilization by PEF, allowing the access of 

carvacrol to genomic DNA. An improved antimicrobial activity of EOs/ICs combined 

with PEF has been described for mandarin and cauliflower infusion (5%) against S. 

Typhimurium at 20 kV/cm, or citral (0.2 µL/mL) against E. coli (30 kV/cm) [43]. 

Nevertheless, under the same experimental conditions, EOs applied with heat were 

more effective than EOs with PEF [39]. 

HHP has been combined with EOs, leading to divergent results. Sanz-Puig, et al. [44] 

reported a synergistic effect against S. Typhimurium when HHP (200 MPa) was 

combined with cauliflower or mandarin infusion. However, L. monocytogenes 

inactivation by HHP (200-300 MPa) was not improved when combined with thyme 

extract [45]. Thus, a synergistic, additive, or antagonistic effect of HHP lethal activity 

can be observed in combined processes depending on the antimicrobial compounds 

applied, their mode of action, and dosage [46]. Moreover, de Carvalho, et al. [47] 

demonstrated that the addition of Mentha piperita EO in the form of nanoemulsions 
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improves the lethality of mild heat, PEF, or HHP treatments against E. coli O157:H7 in 

tropical fruit juices. 

Successful synergism between physical and chemical processes is sometimes due to the 

bactericidal effect of the physical technology and the subsequent bacteriostatic effect of 

the antimicrobial during food shelf-life. For example, whilst US (130 W/20 kHz) 

reduced the initial microbial contamination in skim milk, citrus extract delayed growth 

of survivors [48]. Moreover, the application of gamma radiation at low doses (0.5-1 

kGy), followed by the application of small amounts of oregano or lemongrass EO with 

citrus extract and lactic acid, was effective in controlling food pathogens in cauliflower 

such as L. monocytogenes and E. coli [49]. Those authors also tested the application of 

UV-C (5-10 kJ/m2) in combination with the same compounds, and obtained a less 

effective but nonetheless promising alternative treatment against E. coli. 

Apart from EOs/ICs, other natural preservatives such as organic acids and bacteriocins 

have been tested in combination with physical food preservation technologies. Thus, a 

synergy between UV-A and gallic or lactic acid inactivated 4.7-logs of E. coli, whereas 

the individual treatments, applied separately, reduced <1-log of initial population [50]. 

According to Wang, et al. [51], once gallic acid reaches the cytoplasm, it induces the 

formation of reactive oxygen species (ROS) together with UV-A, thereby resulting in 

lethal oxidative damage. With regard to bacteriocins, the combination of nisin with PEF 

(30kV/cm) caused up to 3.7-log10 or 1.8-logs reduction of exponential- and stationary-

phase E. coli cells, respectively [52]. 

One of the chemicals that is attracting great interest in combined treatments is EW. 

Synergies between EW and HHP were observed in the inactivation of B. cereus spores: 

although separate treatment with EW (44 mg/L of available chlorine) or HHP (500 

MPa) inactivated only <1-logs, a combined treatment reached a 4-logs reduction [53]. 
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Likewise, Luo and Oh [54] reported a considerable lethal effect by combining EW (28-

30 mg/L) with heat (60 ºC) and US (40 kHz/400 W), thereby inactivating ca. 4.5-logs of 

S. Typhimurium and L. monocytogenes in 5 min. In that case, the damages on the cell 

membrane caused by heat and US might facilitate the access of EW, thereby enhancing 

its lethality. However, the lethal effect of EW (4 mg/L of free available chlorine) on E. 

coli and L. monocytogenes was not influenced by heat: bactericidal activity was similar 

at 20 and 50 ºC [55]. Likewise, the simultaneous application of EW with US or UV did 

not display any relevant synergism against L. monocytogenes [56]. 

The above-described synergistic lethal effects between physical and/or chemical 

treatments are of great value and might help decrease doses of antimicrobials or reduce 

treatment intensity, thereby preventing undesirable effects on food quality while 

ensuring food safety.   

Conclusions 

This review has summarized some of the most relevant recent publications in the field 

of combined treatments that associate physical and/or chemical processes for purposes 

of food preservation. Hundreds of papers related to this topic have been published over 

the last two years, reflecting the food industry’s interest in providing consumers with 

safe food of the highest quality. Such strategies are considered successful when they can 

take advantage of synergistic effects against food pathogens. Among the evaluated 

hurdles, heat and EOs showed the greatest synergistic effects when applied 

simultaneously. Moreover, it is noteworthy that, although most studies focus on non-

thermal technologies for food preservation, some of those technologies’ most interesting 

lethal effects are currently being obtained by combining them with traditional mild heat 

treatments. The high potential of the latter resides in their ability to cause sublethal 

damages in bacterial survivors that enhance the action of other preservation 
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technologies. Thus, the described synergisms allowed an overall reduction of treatment 

intensities or doses, which helped maintain organoleptic and nutritional food properties. 

Nevertheless, combinations of non-thermal technologies with preservatives, such as 

nisin or EW, have also displayed notable synergisms that deserve further evaluation as 

promising alternatives to traditional treatments in the food industry. 

Conflict of interest 

 

The authors declare no conflict of interest. 

 

 

Acknowledgements 

This study received financial support from Spanish Ministry of Economy, Industry and 

Competitiveness (Project AGL2015-69565-P), from FEDER, the European Social Fund, 

from the Aragonese Office of Science, Technology and University Research (Number 

A03-17R), and from the Spanish Ministry of Sports, Culture and Education: the latter 

provided D. Berdejo and E. Pagán with grants to carry out this investigation. 

 

References and recommended reading 

Papers of particular interest, published within the period under review, are highlighted 

as: 

• of special interest 

•• of outstanding interest 

  

ACCEPTED M
ANUSCRIP

T

http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/paper


References 

[1] Khan I, Tango CN, Miskeen S, Lee BH, Oh D-H: Hurdle technology: A novel 

approach for enhanced food quality and safety - A review. Food Control 

2017, 73:1426-1444.** 
In this review, physical technologies and chemical preservatives currently applied or of 
potential use for purposes of food preservation are extensively discussed in an easily 
comprehensible, well-structured overview that comprises a great number of significant 
scientific publications. 
[2] Singh S, Shalini R: Effect of Hurdle Technology in Food Preservation: A 

Review. Crit Rev Food Sci Nutr 2016, 56:641-649. 
[3] Leistner L, Gorris LGM: Food preservation by hurdle technology. Trends Food 

Sci Technol 1995, 6:41-46. 
[4] Ates MB, Rode TM, Skipnes D, Lekang O-I: Modeling of Listeria monocytogenes 

inactivation by combined high-pressure and mild-temperature treatments 

in model soup. Eur Food Res Technol 2016, 242:279-287. 
[5] Evelyn, Silva FVM: Modeling the inactivation of psychrotrophic Bacillus cereus 

spores in beef slurry by 600 MPa HPP combined, with 38-70 degrees C: 

Comparing with thermal processing and estimating the energy 

requirements. Food Bioprod Process 2016, 99:179-187. 
[6] Katiyo W, Yang R, Zhao W: Effects of combined pulsed electric fields and mild 

temperature pasteurization on microbial inactivation and physicochemical 

properties of cloudy red apple juice (Malus pumila Niedzwetzkyana 

(Dieck)). J Food Saf 2017, 37. 
[7] Garcia Carrillo M, Ferrario M, Guerrero S: Study of the inactivation of some 

microorganisms in turbid carrot-orange juice blend processed by 

ultraviolet light assisted by mild heat treatment. J Food Eng 2017, 212:213-
225. 

[8] Gayan E, Jesus Serrano M, Alvarez I, Condon S: Modeling optimal process 

conditions for UV-heat inactivation of foodborne pathogens in liquid foods. 
Food Microbiol 2016, 60:13-20.* 

This paper shows that the combined treatment of ultraviolet light and heat delivers truly 
interesting results in the inactivation of pathogenic bacteria in liquid foods. To quantify 
the synergism observed between UV and heat, the authors carried out a modeling of the 
experimental results with the purpose of optimizing the combined treatment to achieve 
the greatest synergistic effects. 
[9] Pokhrel PR, Bermudez-Aguirre D, Martinez-Flores HE, Garnica-Romo MG, Sablani 

S, Tang J, Barbosa-Canovas GV: Combined Effect of Ultrasound and Mild 

Temperatures on the Inactivation of E. coli in Fresh Carrot Juice and 

Changes on its Physicochemical Characteristics. J Food Sci 2017, 82:2343-
2350. 

[10] Garud SR, Priyanka BS, Negi PS, Rastogi NK: Effect of thermosonication on 

bacterial count in artificially inoculated model system and natural 

microflora of sugarcane juice. J Food Process Preserv 2017, 41. 
[11] Li J, Suo Y, Liao X, Ahn J, Liu D, Chen S, Ye X, Ding T: Analysis of 

Staphylococcus aureus cell viability, sublethal injury and death induced by 

synergistic combination of ultrasound and mild heat. Ultrason Sonochem 

2017, 39:101-110.* 

ACCEPTED M
ANUSCRIP

T



This study demonstrates the synergistic effect between ultrasound and heat in 
inactivation treatments against S. aureus. The authors performed microbiological assays 
in selective medium, staining with fluorochromes, and cytometry along with 
microscopy analysis: they found that the amount of sublethal damage in the cell 
membrane is one of the main factors in the synergism between ultrasounds and heat. 
[12] Shahbaz HM, Yoo S, Seo B, Ghafoor K, Kim JU, Lee D-U, Park J: Combination 

of TiO2-UV Photocatalysis and High Hydrostatic Pressure to Inactivate 

Bacterial Pathogens and Yeast in Commercial Apple Juice. Food Bioprocess 

Tech 2016, 9:182-190. 
[13] Ferrario M, Guerrero S: Effect of a continuous flow-through pulsed light system 

combined with ultrasound on microbial survivability, color and sensory 

shelf life of apple juice. Innov Food Sci Emerg Technol 2016, 34:214-224. 
[14] Zhu J, Wang Y, Li X, Li B, Liu S, Chang N, Jie D, Ning C, Gao H, Meng X: 

Combined effect of ultrasound, heat, and pressure on Escherichia coli 

O157:H7, polyphenol oxidase activity, and anthocyanins in blueberry 

(Vaccinium corymbosum) juice. Ultrason Sonochem 2017, 37:251-259. 
[15] Ghabraie M, Khanh Dang V, Huq T, Khan A, Lacroix M: Antilisterial effects of 

antibacterial formulations containing essential oils, nisin, nitrite and 

organic acid salts in a sausage model. J Food Sci Tech Mys 2016, 53:2625-
2633. 

[16] Poimenidou SV, Bikouli VC, Gardeli C, Mitsi C, Tarantilis PA, Nychas GJ, 
Skandamis PN: Effect of single or combined chemical and natural 

antimicrobial interventions on Escherichia coli O157:H7, total microbiota 

and color of packaged spinach and lettuce. Int J Food Microbiol 2016, 220:6-
18. 

[17] Barbosa IdM, da Costa Medeiros JA, Rima de Oliveira KA, Gomes-Neto NJ, 
Tavares JF, Magnani M, de Souza EL: Efficacy of the combined application of 

oregano and rosemary essential oils for the control of Escherichia coli, 

Listeria monocytogenes and Salmonella Enteritidis in leafy vegetables. Food 

Control 2016, 59:468-477. 
[18] Ortega-Ramirez LA, Silva-Espinoza BA, Vargas-Arispuro I, Gonzalez-Aguilar 

GA, Cruz-Valenzuela MR, Nazzaro F, Ayala-Zavala JF: Combination of 

Cymbopogon citratus and Allium cepa essential oils increased antibacterial 

activity in leafy vegetables. J Sci Food Agric 2017, 97:2166-2173. 
[19] Ouedrhiri W, Balouiri M, Bouhdid S, Moja S, Chandi FO, Taleb M, Greche H: 

Mixture design of Origanum compactum, Origanum majorana and Thymus 

serpyllum essential oils: Optimization of their antibacterial effect. Ind Crops 

Prod 2016, 89:1-9. 
[20] Clemente I, Aznar M, Silva F, Nerin C: Antimicrobial properties and mode of 

action of mustard and cinnamon essential oils and their combination 

against foodborne bacteria. Innov Food Sci Emerg Technol 2016, 36:26-33. 
[21] Krepker M, Shemesh R, Poleg YD, Kashi Y, Vaxman A, Segal E: Active food 

packaging films with synergistic antimicrobial activity. Food Control 2017, 
76:117-126. 

[22] Kapetanakou AE, Skandamis PN: Applications of active packaging for 

increasing microbial stability in foods: natural volatile antimicrobial 

compounds. Curr Opin Food Sci 2016, 12:1-12.** 
This review summarizes the latest advances in the use of natural compounds for the 
development of active packaging in order to enhance the microbial stability, improve 

ACCEPTED M
ANUSCRIP

T



the safety, and prolong the shelf life of foodstuffs. It provides an overview of a great 
number of successful experiments in active packaging with the use of natural 
compounds, and points out this strategy’s great potential as a method for food 
preservation. 
[23] Atares L, Chiralt A: Essential oils as additives in biodegradable films and 

coatings for active food packaging. Trends Food Sci Technol 2016, 48:51-62. 
[24] Ahmed I, Lin H, Zou L, Brody AL, Li Z, Qazi IM, Pavase TR, Lv L: A 

comprehensive review on the application of active packaging technologies to 

muscle foods. Food control 2017, 82:163-178. 
[25] Zhao X, Shi C, Meng R, Liu Z, Huang Y, Zhao Z, Guo N: Effect of nisin and 

perilla oil combination against Listeria monocytogenes and Staphylococcus 

aureus in milk. J Food Sci Tech Mys 2016, 53:2644-2653. 
[26] Chen H, Zhong Q: Lactobionic acid enhances the synergistic effect of nisin and 

thymol against Listeria monocytogenes Scott A in tryptic soy broth and 

milk. Int J Food Microbiol 2017, 260:36-41. 
[27] Chai C, Lee S, Kim J, Oh S-W: Synergistic Antimicrobial Effects of Organic 

Acids in Combination with Carvacrol Against Shigella sonnei. J Food Saf 

2016, 36:360-366. 
[28] Marangon CA, Martins VCA, Leite PMF, Santos DA, Nitschke M, Plepis AMG: 

Chitosan/gelatin/copaiba oil emulsion formulation and its potential on 

controlling the growth of pathogenic bacteria. Ind Crops Prod 2017, 99:163-
171. 

[29] Cui H, Ma C, Li C, Lin L: Enhancing the antibacterial activity of thyme oil 

against Salmonella on eggshell by plasma-assisted process. Food Control 

2016, 70:183-190. 
[30] Cui H, Ma C, Lin L: Synergetic antibacterial efficacy of cold nitrogen plasma 

and clove oil against Escherichia coli O157:H7 biofilms on lettuce. Food 

Control 2016, 66:8-16. 
[31] Sow LC, Tirtawinata F, Yang H, Shao Q, Wang S: Carvacrol nanoemulsion 

combined with acid electrolysed water to inactivate bacteria, yeast in vitro 

and native microflora on shredded cabbages. Food Control 2017, 76:88-95. 
[32] Trevisani M, Berardinelli A, Cevoli C, Cecchini M, Ragni L, Pasquali F: Effects of 

sanitizing treatments with atmospheric cold plasma, SDS and lactic acid on 

verotoxin-producing Escherichia coli and Listeria monocytogenes in red 

chicory (radicchio). Food Control 2017, 78:138-143. 
[33] Campion A, Morrissey R, Field D, Cotter PD, Hill C, Ross RP: Use of enhanced 

nisin derivatives in combination with food-grade oils or citric acid to 

control Cronobacter sakazakii and Escherichia coli O157:H7. Food Microbiol 

2017, 65:254-263. 
[34] Li H, Xu Z, Zhao F, Wang Y, Liao X: Synergetic effects of high-pressure carbon 

dioxide and nisin on the inactivation of Escherichia coli and Staphylococcus 

aureus. Innov Food Sci Emerg Technol 2016, 33:180-186.* 
This study demonstrated the notable synergistic effects of combined treatments of high-
pressure carbon dioxide and nisin, applied simultaneously against S. aureus. 
Conversely, only a slight effect against E. coli was observed. According to the authors, 
the outer membrane of Gram-negative bacteria counteracts the synergism between those 
two technologies, which had proved successful against S. aureus (which is Gram-
positive). 

ACCEPTED M
ANUSCRIP

T



[35] Chueca B, Perez-Saez E, Pagan R, Garcia-Gonzalo D: Global transcriptional 

response of Escherichia coli MG1655 cells exposed to the oxygenated 

monoterpenes citral and carvacrol. Int J Food Microbiol 2017, 257:49-57. 
[36] Chueca B, Renzoni A, Berdejo D, Pagan R, Kelley WL, Garcia-Gonzalo D: 

Whole-Genome Sequencing and Genetic Analysis Reveal Novel Stress 

Responses to Individual Constituents of Essential Oils in Escherichia coli. 
Appl Environ Microbiol 2018, 84. 

[37] Somolinos M, Garcia D, Condon S, Mackey B, Pagan R: Inactivation of 

Escherichia coli by citral. J Appl Microbiol 2010, 108:1928-1939. 
[38] Chueca B, Pagán R, García-Gonzalo D: Transcriptomic analysis of Escherichia 

coli MG1655 cells exposed to pulsed electric fields. Innov Food Sci Emerg 

Technol 2015, 29:78-86. 
 
[39] Pagan E, Berdejo D, Espina L, Garcia-Gonzalo D: Antimicrobial activity of 

suspensions and nanoemulsions of citral in combination with heat or pulsed 

electric fields. Lett Appl Microbiol 2018, 66:63-70.* 
This study describes the improvement of the antimicrobial properties of citral in form of 
a nanoemulsion when it is applied simultaneously with heat and pulsed electric fields. 
The results suggest that the use of nanoemulsions of natural compounds could maintain 
or even increase the strong synergistic effects already achieved by antimicrobials in 
conjunction with physical technologies. 
[40] Espina L, Berdejo D, Alfonso P, Garcia-Gonzalo D, Pagan R: Potential use of 

carvacrol and citral to inactivate biofilm cells and eliminate biofouling. 
Food Control 2017, 82:256-265. 

[41] Kim S-S, Kang D-H: Combination treatment of ohmic heating with various 

essential oil components for inactivation of food-borne pathogens in 

buffered peptone water and salsa. Food Control 2017, 80:29-36. 
 [42] Wang L-H, Wang M-S, Zeng X-A, Zhang Z-H, Gong D-M, Huang Y-B: 

Membrane Destruction and DNA Binding of Staphylococcus aureus Cells 

Induced by Carvacrol and Its Combined Effect with a Pulsed Electric Field. 
J Agric Food Chem 2016, 64:6355-6363.* 

The results reported in this paper demonstrate the potential of pulsed electric fields to 
enhance the bactericidal effect of carvacrol against S. aureus. The authors show that 
carvacrol exerts its effect via two mechanisms: it increases the membrane permeability 
also brought about by pulsed electric fields, and binds directly to genomic DNA. 
[43] Sanz-Puig M, Santos-Carvalho L, Cunha LM, Consuelo Pina-Perez M, Martinez A, 

Rodrigo D: Effect of pulsed electric fields (PEF) combined with natural 

antimicrobial by-products against S. Typhimurium. Innov Food Sci Emerg 

Technol 2016, 37:322-328. 
[44] Sanz-Puig M, Moreno P, Consuelo Pina-Perez M, Rodrigo D, Martinez A: 

Combined effect of high hydrostatic pressure (HHP) and antimicrobial 

from agro-industrial by-products against S. Typhimurium. LWT - Food Sci 

Technol 2017, 77:126-133. 
[45] Bleoanca I, Saje K, Mihalcea L, Oniciuc E-A, Smole-Mozina S, Nicolau AI, Borda 

D: Contribution of high pressure and thyme extract to control Listeria 

monocytogenes in fresh cheese - A hurdle approach. Innov Food Sci Emerg 

Technol 2016, 38:7-14. 

ACCEPTED M
ANUSCRIP

T



[46] Li H, Ganzle M: Effect of hydrostatic pressure and antimicrobials on survival 

of Listeria monocytogenes and enterohaemorrhagic Escherichia coli in beef. 
Innov Food Sci Emerg Technol 2016, 38:321-327. 

[47] de Carvalho RJ, de Souza GT, Pagán E, García-Gonzalo D, Magnani M, Pagán R: 
Nanoemulsions of Mentha piperita L. essential oil in combination with mild 

heat, pulsed electric fields (PEF) and high hydrostatic pressure (HHP) as an 

alternative to inactivate Escherichia coli O157: H7 in fruit juices. Innov 

Food Sci Emerg Technol 2018, 48:219-227.  
[48] Bevilacqua A, Speranza B, Iorio MC, Loi M, Sinigaglia M, Corbo MR: UN-

INACTIVATION of foodborne bacteria: Screening in distilled water and 

combination with citrus extract in skim milk. LWT - Food Sci Technol 2016, 
70:135-141. 

[49] Tawema P, Han J, Vu KD, Salmieri S, Lacroix M: Antimicrobial effects of 

combined UV-C or gamma radiation with natural antimicrobial 

formulations against Listeria monocytogenes, Escherichia coli O157: H7, 

and total yeasts/molds in fresh cut cauliflower. LWT - Food Sci Technol 2016, 
65:451-456. 

[50] de Oliveira EF, Cossu A, Tikekar RV, Nitin N: Enhanced Antimicrobial Activity 

Based on a Synergistic Combination of Sublethal Levels of Stresses Induced 

by UV-A Light and Organic Acids. Appl Environ Microbiol 2017, 83. 
[51] Wang Q, de Oliveira EF, Alborzi S, Bastarrachea LJ, Tikekar RV: On mechanism 

behind UV-A light enhanced antibacterial activity of gallic acid and propyl 

gallate against Escherichia coli O157:H7. Sci Rep 2017, 7:8325. 
[52] Novickij V, Staneviciene R, Grainys A, Luksa J, Badokas K, Krivorotova T, 

Sereikaite J, Novickij J, Serviene E: Electroporation-assisted inactivation of 

Escherichia coli using nisin-loaded pectin nanoparticles. Innov Food Sci 

Emerg Technol 2016, 38:98-104. 
[53] Wang L, Xia Q, Li Y: Synergistic effects of high pressure processing and 

slightly acidic electrolysed water on the inactivation of Bacillus cereus 

spores. Int J Food Sci Technol 2017, 52:2429-2435. 
[54] Luo K, Oh D-H: Inactivation kinetics of Listeria monocytogenes and Salmonella 

enterica serovar Typhimurium on fresh-cut bell pepper treated with slightly 

acidic electrolyzed water combined with ultrasound and mild heat. Food 

Microbiol 2016, 53:165-171. 
[55] Liu Q, Tan CSC, Yang H, Wang S: Treatment with low-concentration acidic 

electrolysed water combined with mild heat to sanitise fresh organic 

broccoli (Brassica oleracea). LWT - Food Sci Technol 2017, 79:594-600. 
[56] Miks-Krajnik M, Feng LXJ, Bang WS, Yuk H-G: Inactivation of Listeria 

monocytogenes and natural microbiota on raw salmon fillets using acidic 

electrolyzed water, ultraviolet light or/and ultrasounds. Food Control 2017, 
74:54-60. 

 

  
ACCEPTED M

ANUSCRIP
T



Figure legends 

 

Figure 1. Lethal effect obtained by the combination of two different food preservation 

processes (hurdle). Additive effect: An effect in which two hurdles used in combination 

produce a total effect the same as the sum of their individual effects; Antagonistic 

effect: An effect arising between two hurdles that produces an effect smaller than the 

sum of their individual effects. Synergistic effect: An effect arising between two hurdles 

that produces an effect greater than the sum of their individual effects (green area). 
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Hurdle 1  + Hurdle 2                   Additive effect

Hurdle 1  + Hurdle 2             Synergistic effect

Hurdle 1  + Hurdle 2                   Antagonistic effect
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Table legends 

 

Table 1. Compilation of scientific publications of combined treatments classified based 

on the synergistic effects among physical technologies and/or chemical preservatives. 

The letters in the axes indicate the preservation method studied and the numbers showed 

in the table correspond to the scientific publications displayed as references in the 

present review. 
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Physical technologies

Physical technologies and 
chemical preservatives

Chemical preservatives

Synergistic effect

No synergism

Table 1. Compilation of scientific publications of combined treatments classified based on the synergistic effects among physical technologies and/or
chemical preservatives. The letters in the axes indicate the preservation method studied and the numbers showed in the table correspond to the scientific
publications displayed as references in the present review.
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