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Abstract
With the drying process, the water activity and moisture content of the foods are reduced, so the growth of microorganisms 
in the foods is largely prevented/postponed. But low-aw foods should not be considered sterile they can be contaminated by 
fungi and other contaminants during the drying process under unhygienic conditions. If drying is not done to a sufficient 
degree of moisture during food processing and storage, where dried foods are processed, sometimes the minimum value is 
reached for the growth of microorganisms. In dry foods, some pathogens, yeast and molds can continue to grow during stor-
age, transport and transportation until the sale and they causing spoilage. They can even cause health problems if enough 
pathogen or spore cells remain viable. Considering this situation today, it is attempted to obtain high-quality dried foods 
with good microbiologically and chemically properties. For this purpose, various drying methods have been developed. 
Most studies suggest that when foods are pre-treated with the ascorbic acid or sodium metabisulfite or applied with various 
combined methods such as UV irradiation, supercritical carbon dioxide  (SCO2), low-pressure superheated steam drying 
(LPSSD), and infrared (IR) drying, they can be effective on inactivation of microorganisms. We have reviewed in this study 
how these methods made dried products efficient of microbial inactivation and microbiologically safe.

Keywords Food safety · Microbial inactivation · Bacterial survivor · Drying methods · Dried fruits and vegetables · 
Emerging technologies in food processing

Introduction

Dried vegetables in the eighteenth century was one of the 
first-recorded industrially dried foods. With the wars that 
emerged over time, the drying industry has improved. In 
the Crimean War between 1854 and 1856, it was reported 
that they met the nutritional requirements with dried veg-
etables sent from the countries of the British army. During 
World War I, 4500 tons of dehydrated food (green beans, 
cabbage, carrots, potatoes, spinach, corn, radish, and soup 
mixtures) were sent from Europe to the battlefields by ships 
from the United States [1]. In the USA, fruit drying has 
shown a significant leap in the late 1800s and early 1900s, 
and natural drying systems have been replaced by artificial 

drying systems. In the periods before World War II, roller 
and spray dryers were used and the most dried products in 
these systems were milk and eggs. Military use has played 
an essential role in the recognition and popularization of 
drying. Drying was carried out naturally only with the sun 
in the old dates. However, it is no longer preferred because 
of the hygienic factors such as sun rays being effective 
only in certain periods of the year, needing large areas and 
long time, insecticide, and pollination. Nowadays, with the 
advancement of technology, drying processes can be carried 
out with many different methods [2].

Drying methods most commonly used in the food indus-
try, sun drying, conventional dryers (tray, tunnel, drum), 
spray dryers, fluidized bed dryers, freeze, vacuum or micro-
wave drying [3]. In addition to these methods, microwave-
vacuum, microwave-freeze, puffing, instant controlled 
pressure drop (DIC), superheated steam (SSD), infrared 
radiation (IR), radiofrequency, electrohydrodynamic (EHD), 
ultrasonic, supercritical  CO2 drying and combinations of 
these methods are some novel technologies used for good 
quality dried food products [4, 5].
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Fruits and vegetables have become rich in proteins, carbo-
hydrates and many vitamins, minerals also they are sources 
of fiber for humans. Diets are balanced and beneficial to 
health when they are rich in fruits and vegetables. They can 
also prevent some important vitamin (such as C and A) defi-
ciencies and reduce the risk of various diseases [6–8]. With 
increases of the awareness in the consumer, consumption of 
fresh and raw foods and increasing demand for these prod-
ucts continue every year [9]. Despite all these good func-
tions for health, these raw foods may be contaminated with 
molds, fungi, or various pathogen microorganisms such as 
Escherichia coli O157:H7, Listeria monocytogenes, Staph-
ylococcus aureus, and Salmonella spp. [7, 10]. This con-
tamination usually results from contact with soil, dust, and 
wastewater during harvest and post-harvest periods [6, 7]. 
These microorganisms may cause various serious diseases 
such as diarrhea, vomiting, cramps, even death. Generally, 
microflora in vegetables is associated with Gram-negative 
bacteria while the fruit flora generally consists of yeasts and 
molds [11]. Due to this microorganism load, there are some 
disadvantages of vegetable and fruit consumption without 
any treatment. Among them, short shelf life, they should be 
more easily degraded due to microbial load, and are likely 
to cause food poisoning or foodborne infection [7, 8]. There-
fore, nowadays, various drying methods are used to preserve 
the properties of food and without high heat treatment. The 
drying process prevents the growth of these microorganisms 
due to contamination or naturally found in fruits and veg-
etables and cause food deterioration, and also contributes to 
stopping an enzymatic or non-enzymatic browning reaction 
[5, 12]. Drying of fruits and vegetables helps prolong shelf 
life with reduced microorganism viability, also decrease 
packaging requirements and transport weight [13]. Gener-
ally, the minimum aw at which microorganisms can grow is 
0.60, but these numbers are variable, for example, halophilic 
bacteria can grow at 0.75, but these numbers for most bacte-
ria are about 0.87 [14]. Therefore. low water activity (aw) of 
dried fruits and vegetables is generally at 0.70 [15]. Despite 
these advantages of low-aw foods, various microorganisms, 
including food-borne pathogens, can survive these processes 
[14]. Low-aw foods are not sterile and can be contaminated 
by fungi and other contaminants during the drying process 
under unhygienic conditions, even, these microorganisms 
may be present in the primary product. Also, if drying is not 
done to a sufficient degree of moisture during food process-
ing and storage, where dried foods are processed, sometimes 
the minimum value is reached for the growth of microorgan-
isms. As a result of this situation, some pathogens such as 
Staphylococcus aureus can remain in dry foods longer and 
continue to grow during storage, transport and transportation 
until the sale and they causing spoilage [14, 16].

There may be various molds that are already present in 
dried vegetables or that come with contamination during the 

drying process, they can cause foodborne disease, in par-
ticular, they can produce various toxins such as aflatoxin in 
dried figs. Mycotoxins can affect consumer health and food 
quality, and as a result of these conditions, the commercial 
value of the products may be lost [16, 17].

In this study, we reviewed that the pre-treatments and 
applications applied to reduce the microbial loads of dried 
products, prolong their shelf life and improve their qual-
ity. Although aw and moisture content are low compared 
to other food groups, it should be known that there may 
be development of microorganism when dried foods suffer 
from moisture when they are stored under unhygienic dry-
ing conditions, contamination and/or storage conditions. To 
shed light on the fruit and vegetable drying industry and 
highlight its importance for public health, we conducted a 
review study showing how effective the various methods 
are in terms of microorganism inactivation and food quality.

Results and discussion

Some applications and pretreatments 
for microorganism inactivation

Pretreatment means that the humidity of the agricultural 
products will be removed faster before they dry; it might be 
done for preservation/enhancement of colors, flavors, and 
nutritional values. It is the whole of physical and chemical 
processes that are carried out to ensure hygienes by pre-
venting possible microbial activities on them and to obtain 
shape and size characteristics in accordance with the stand-
ards [18].

Most studies have shown that pretreating with an acidic 
solution (ascorbic, citric acid, etc.) or sodium metabisulfite 
dip also enhances the destruction of potentially patho-
genic bacteria during drying and storage, including E. coli 
O157:H7, Salmonella spp. and Listeria monocytogenes, and 
enhance the safety of dried fruits [19, 20]. However, sulfur 
and sulfite compounds may lead to asthmatic reactions in 
some people.

There are some studies of inactivation of microorgan-
isms by dipping or soaking a product in ascorbic acid [21, 
22], citric acid [22, 23], lactic acid [24], and acetic acid 
[25, 26]. These solutions can help reduce the number of 
normal flora and pathogenic microorganisms and also 
reduce the enzyme activity that causes browning [27]. 
Additionally, alkaline solution (NaOH,  Na2CO3,  K2CO3) 
applied by dipping or spraying, salting, and immersion 
in NaCl solution used in drying of fruits and vegetables 
are of great importance [28–30]. These can be applied 
alone or in combination with other methods, for exam-
ple, the application of citric acid + salt in drying tomatoes 
[31]. Blanching is one of the most widely used methods 
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of inactivation of microorganisms. It can be performed in 
different ways such as dipping in hot water, hot or boil-
ing solutions containing acids and/or salts, or steam for 
few minutes [32]. Some gases such as ozone and chlorine 
dioxide are used in dried products to prevent microbial 
growth [33, 34].

Thanks to the cavitation created by ultrasound, micro-
organisms have the effect of killing cell walls by breaking 
them [35, 36]. While ultrasound alone is not enough to 
inhibit all microorganisms in the environment, its effect 
increases when combined with heat and pressure. These 
applications are thermosonication, monosonication, and 
monothermosonication [37].

High hydrostatic pressure (HHP) application: it is 
applied as a non-heat treatment technology that can reduce 
the number of microorganisms and increase the shelf life 
by improving microbial reliability in many foods such as 
fruit jams, fruit juices, guacamole, sauces, oysters and 
packaged cured ham [38].

Ultraviolet (UV) irradiation is applies for fungal decon-
tamination and degradation of aflatoxin in dried fig fruits 
and IR heat to the bacterial spores resulted in an excellent 
killing efficiency especially of highly heat-resistant micro-
bial spores (Bacillus subtilis, Aspergillus niger) [39–41]. 
The combination of IR heating with UV irradiation mark-
edly accelerated killing efficiency of microorganisms [42]. 
Irradiation technology is an effective method of steriliza-
tion that preserves the nutritional properties of foods and 
is used to extend the shelf life [43].

Cold plasma treatment (CPT) is a potential alternative 
nonthermal processing technology for decontamination of 
foods [44]. Cold plasma is formed by the stimulation of 
some gases  (O2, He, Ar,  H2, etc.) under vacuum and at 
room temperature by applying an electric current or elec-
tromagnetic radiation. Radiofrequency, microwave, UV, 
and X-ray can also be used in cold plasma production [45, 
46]. The other nonthermal processing technology pulsed 
electric field (PEF) treatment involves the application 
of electric field to fluid foods placed between two elec-
trodes in batch or continuous flow system which is used 
for inactivation of microorganisms, to decrease the activ-
ity of enzymes and extend the shelf life of foods without 
significant loss of flavor, color and nutrients [47–49]. The 
other applications of electromagnetic fields for nonther-
mal inactivation of microorganisms are high-voltage arc 
discharge (HVAD) and pulsed light (PL) [50].

Supercritical carbon dioxide  (scCO2) is a low-tempera-
ture novel drying technique which combines the extraction 
of water from fruits and the reduction of the microbial load 
and thus preserves the original properties of the fruits [51, 
52]. Table 1 shows the results of microorganism inactiva-
tion by the studies using different drying methods.

Effect of drying process on microorganisms 
and survival mechanisms of microorganisms in low 
water activity

Microbial cell viability is more stable in dry state; there-
fore, dry heat is less effective than moist heat in microbial 
inactivation [53, 54]. In fact, during the drying process, 
various changes are observed in the structure of the micro-
organism. For example, cell wall damage and protein dena-
turation happens by removal of water [55, 56].

Some acids in foods (such as acetic or ascorbic acid) 
can affect the thermal stability of bacteria, but they at the 
same time increase the ability of microorganisms to sur-
vive during dehydration [57, 58]. For this reason, such 
components (sugars, polypeptides, polyalcohols, amino 
acids) use during the drying of various strains like starter/
pure cultures [59, 60]. Some foods with such components 
can also be called low-acid foods. Acid-rich fruits have 
a low pH, which, when combined with various methods, 
speeds up the death of the microorganism. Therefore, the 
survival of microorganisms during drying can be related 
to the structure of the food [58].

The growth of microorganisms in foods is largely pre-
vented/delayed by drying. However, since dry foods have 
hygroscopicity and the moisture content is not constant, 
the relative humidity in the air in the storage is important. 
When the relative humidity and moisture content balance is 
disturbed, a suitable moisture environment is created espe-
cially for mold growth. After drying, there may be enough 
pathogens and spore cells to cause the disease, even they can 
remain viable for months and this can cause health problems 
[14, 16].

Microorganisms (especially some pathogens) can survive 
low water activity [61]. Therefore, a more efficient process 
like combined methods is required to inactivate or kill the 
microorganisms during drying [62]. Various technologies 
are applied to foods for the inactivation of the microorgan-
isms. Some of these methods are temperature and pressure 
changes, atmospheric changes by increased carbon dioxide 
or azote concentrations, and electromagnetic waves [57].

By drying processes, bacteria are confronted with stress 
environments such as high or low temperature, higher osmo-
lality, and acidic pH. The response of microorganisms to this 
type of stress environment is in the form of preventing cellu-
lar damage rather than repair [63]. Some of these responses 
are the accumulation of osmoprotectant molecules, biofilm 
formation, and filamentation [58]. In an environment with 
low water activity, intracellular and extracellular osmolar-
ity should be balanced to prevent dehydration. To this end, 
bacteria accumulate various osmoprotectants (such as KCl, 
glutamate, and trehalose) that help limit cell water loss [61]. 
When bacteria dried, the strength of the resonance of water 
molecules is less effective due to the low water amount. 
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Also, this situation helps prevent the denaturation of mem-
brane proteins even at high temperatures [64].

Biofilms are composed of microcolonies that are known 
to adhere to each other and/or surfaces or interfaces enclosed 
in a highly hydrated polymeric matrix [65]. Bacteria form 
biofilms consisting of extracellular polysaccharides, 

proteins, and nucleic acids to be protective when the stress 
environment is formed [58].

Another response to stress conditions is structural change 
that is often seen in bacteria when exposed to stress. This 
change is reduction in cell size or cell elongation. Low water 
activity can cause filament formation, but this formation 

Table 1  The results of microorganisms inactivation by the studies using different drying methods

Drying method Microorganisms Food Conditions Effect/approximate 
reduction log (cfu/g)

References

Convective air drying L. monocytogenes Peach slices 6 h at 60 °C 5.30 DiPersio et al. (2004)
Convective air drying E. coli O157:H7 Apple slices 6 h at 62 °C 3.50 Burnham et al. (2001)
Microwave freeze 

drying
Mesophilic bacteria Cabbage slices 6 h at 100 Pa 700 W 0.90 Duan et al. (2007)

Freeze drying Mesophilic bacteria Cabbage slices 15 h at 100 Pa Almost no reduction Duan et al. (2007)
Convective air drying S. anatum Cabbage slices 3 h at 60 °C 4.50 Chiewchan and Mora-

kotjinda (2009)
Convective air drying S. anatum Cabbage 2.5 h at 50–70 °C 4.50 Haware et al. (2009)
Convective air drying S. anatum Cabbage slices 4 h at 70 °C 6.30 Phungamngoen et al. 

(2011)
Vacuum drying S. anatum Cabbage slices 1.5 h at 70 °C 10 kPa 3.30 Phungamngoen et al. 

(2011)
LPSSD drying S. anatum Cabbage slices 1.75 h at 70 °C 10 kPa 6.70 Phungamngoen et al. 

(2011)
Convective air drying S. typhimurium Carrot slices 6 h at 60 °C 1.65 cfu/g DiPersio et al. (2007)
Microwave vacuum 

drying
Total aerobic count, 

yeasts and molds
Carrot slices 58 min 15 kPa 1800 W 1.7 and 1.5–2.2 Yaghmaee and Durance, 

(2007)
Microwave + microwave 

vacuum drying
Total aerobic count, 

yeasts and molds
Carrot slices 12 then 46 min 15 kPa 

1800 W
4.0 and 1.3–3.9 Yaghmaee and Durance, 

(2007)
Catalytic infrared 

drying
Mesophilic bacteria Onion 40 min at 80 °C 1.7 Gabel et al. (2006)

Conventional drying E. coli O157:H7 Tarhana 36 h at 55 °C 2.0 Dağlıoğlu et al. (2002)
Microwave drying E. coli O157:H7 Tarhana 36 h 1500 W 4.0 Dağlıoğlu et al. (2002)
Convective air drying E. coli O157:H7 Apple slices 6 h at 62.8 °C 3.0 Derrickson-Tharrington 

et al. (2005)
Acid treatment + con-

vective air drying + 
E. coli O157:H7 Apple slices 6 h at 62.8 °C 6.0 Derrickson-Tharrington 

et al. (2005)
Acid treatment + con-

vective air drying + 
S. typhimurium Apple slices 6 h at 60 °C 4.3 and 5.2 DiPersio et al. (2003)

Supercritical carbon 
dioxide (scCO2)

Yeasts, molds and 
Mesophilic bacteria

Herbs 0-150 min 10 MPa at 
40–50 °C

2.0 and 4.0 Zambon et al. (2018)

Ozone gas Yeasts, molds and 
E.coli Mesophilic 
bacteria

Figs 13.8 and 1.7 mg  L−1 Complete inactivation Zorlugenç et al. (2008)

Ozonated water Yeasts, molds and 
E.coli Mesophilic 
bacteria

Figs 7.5, 15, 30 min 0.16–1.57–2.09 Zorlugenç et al. (2008)

Ozonation E. coli Figs 0.1, 0.5, 1.0 ppm 
36 min at 20 °C, 70% 
relative humidity

1.0–2.0–3.5 Akbaş and Özdemir 
(2008)

Ozonation Bacillus cereus Figs 0.1, 0.5, 1.0 ppm 
36 min at 20 °C, 70% 
relative humidity

2.0–3.0–3.5 Akbaş and Özdemir 
(2008)

Ozonation Bacillus cereus and 
spores

Figs 1.0,5.0,7.0and 9.0 ppm 
36 min at 20 °C, 70% 
relative humidity

0.5–1.0–1.5–2.0 Akbaş and Özdemir 
(2008)
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does not increase cell number, and causes increased over-
all biomass [66]. When exposed to refrigeration tempera-
tures, E. coli and Salmonella enterica subsp. enterica sero-
vars Enteritidis and S. typhimurium are known to develop 
filaments [67]. Thanks to these resistance mechanisms, 
microorganisms can get rid of disinfection and contact the 
surfaces; therefore, they cause contamination of food. For 
this reason, different combinations are developed in drying 
methods.

Are drying processes successful in the inactivation 
of microorganisms on dried food?

Drying is a frequently used process to protect food products. 
This process based on dehydration significantly reduces the 
water activity of the food, thereby helping to delay the kinet-
ics that affect the deterioration of the food [21, 26]. Some 
acidic fruits can have a low pH, which can be damaging to 
microorganisms, and due to their complex structure, there 
may be serious changes in the survival of microorganisms 
during the drying of fruits. Unfortunately, fruits and vegeta-
bles have many compounds which are increasing the surviv-
ability of the microorganisms during dehydration, certain 
sugars such as sucrose and amino acids can increase the 
ability of bacteria to survive in the preservation processes 
[60, 68]. For this reason, different technologies have been 
added to the drying processes for the inactivation of micro-
organisms, and additions have been made to stress factors 
such as low water activity.

One of these technologies is the pretreatment application 
before drying. Using different acid solutions is one of them. 
Burnham [70] reported that they dried the Gala apple in 
two different ways. Just dehydrating treatment of apple at 
62.8 °C for 6 h provided approximately a 3.2 log reduction 
of E. coli O157:H7 populations; however, when the slices 
were pre-dried with 3.4% ascorbic acid solution, the number 
of microorganisms was about twice as much logarithmic 
decline. Derrickson-Tharrington [20] compared convective 
air drying and various acid pretreated drying processes. In 
the convective air drying, while the E. coli O157: H7 popu-
lation decreased by about 3 logarithms, this count was an 
average of 6 logarithms in acid applications and almost all 
pathogens were inactivated. Dipersio [19] indicated that pre-
treatment with metabisulfite or acidic solutions enhanced the 
inactivation of Salmonella during dehydration and storage. 
Pathogen load on slices treated with these acids was reduced 
approximately 4.3 and 5.2 log cfu/g, respectively. Bang [71] 
investigated how the combination of  ClO2 and mild dry heat 
treatments affect microorganism inactivation. At the end of 
the study, the results show that this method inactivates total 
aerobic bacteria, E. coli O157: H7, mold and yeast on radish 
seeds. Also, the application of 200 to 500 mg/ml  ClO2 for 
radish seeds reduced the total aerobic bacteria by about 5.1 

log. And when samples were treated with 200 and 500 mg/
ml  ClO2, air dried, and heated, E. coli O157:H7 was reduced 
to an undetectable level (< 0.8 log cfu/g). Results show that 
this combined process will be useful to enhance the micro-
biological safety of radish sprouts.

DiPersio [21] determined the effect of drying peach slices 
with 4.18% sodium metabisulfite, 3.40% ascorbic acid, and 
0.21% citric acid solutions on the viability of L. monocyto-
gens. Initially, this microorganism number was 7.9 log cfu/g. 
Immersion in the sodium metabisulfite solution reduced pop-
ulations by 5.43 log cfu/g, acetic acid 6.15 log cfu/g, and cit-
ric acid 5.25 log cfu/g after 6 h of dehydration. DiPersio [72] 
showed that in Nantes carrot slices pre-treatment with acid 
solution reduced viability in Salmonella spp. Also by Chiew-
chan and Morakotjinda [26] reported that the same results 
in white cabbage slices for Salmonella spp. Hawaree et al. 
[62] determined how hot-air drying temperature (~ 70 °C) 
affects Salmonella anatum on the surface of cabbage. They 
determined that with longer drying time and higher drying 
temperature the water activity of the vegetable decreased and 
reduction rate increased. All these results show that convec-
tive air drying at low temperatures (~ 60 °C) alone is not 
an effective method than combining with various solution 
pre-treatments.

Bacterial species have different sensitivity to heating and 
drying processes [54]. Therefore, researchers obtained dif-
ferent viability during thermal drying. Convective air drying 
process is carried out at 40–80 °C at atmospheric pressure 
in various dryers (tray, cabinet, tunnel, conveyor belt dryer). 
The drying time should be between a few hours and a day, 
and the temperature of the product to be dried should not be 
higher than the drying air [68]. Drying under the sun is the 
best-known method used in reducing the moisture content of 
agricultural products and preventing deterioration that may 
occur during storage. Solar radiation is used as an energy 
source in this natural drying. The material is rotated to con-
tinuously affect every point and increase drying efficacy, 
and one of the known disadvantages is long drying times 
[68, 72]. Kudjawu et al. [73] reported on the natural micro-
flora of various dried vegetables by sun-drying method, and 
the results showed that the most common microorganisms 
in dried vegetables are mold and Bacillus spp. They also 
isolated lactic acid bacteria and coliforms. These results 
demonstrate that this microflora may have come from the 
raw material, the equipment on the processing line and the 
warehouse and that it is necessary to disinfect fresh vegeta-
bles before drying them in sun dryers. Bai et al. [74] have 
investigated the effectiveness of osmotic dehydration and 
cold infusion combination in the inactivation of related bac-
teria using blueberries. At the end of the study, no bacteria 
strain remained alive except for Enterococcus faecium in 
the samples dried at 40 °C by adding sugar. The combined 
process provided approximately an 6 log reduction of all 
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tested bacterial strains. All these results showed that osmotic 
dehydration is successful for the inactivation of pathogens at 
40 °C or at 23 °C and followed by air-drying at 100 °C. Con-
sidering these results, classical drying methods take a long 
time and are inadequate in inactivation. Therefore, recently 
combined methods have been developed and used.

Vacuum drying which reduces the humidity of the 
food is the removal of moisture from food products takes 
place under low pressure. Then water vapor is constantly 
removed from the drying vessel [75]. To take advantage 
of this feature, Phungamngoen et al. [53] determined and 
compared the effects of various drying methods (convec-
tive air drying, vacuum drying, and low-pressure SSD) 
on the heat resistance of Salmonella spp. attached on the 
surface of white cabbage. The results showed that drying 
methods were highly effective on the inactivation rate of 
Salmonella spp. Also, they indicated that the inactivation 
rate was significantly higher for vacuum and low-pressure 
SSD. When the results were evaluated, they stated that the 
most effective method for reducing the number of Salmo-
nella spp. is LPSSD. This drying method can be effective in 
microorganism inactivation as the steam temperature is over 
100 °C. Yaghmaee and Durance [76] compared a combina-
tion of vacuum microwave drying and atmospheric pressure 
microwave processing in freshly grated carrots and parsley. 
In the vacuum microwave process for freshly grated car-
rots, approximately 1.7 log reduction in total aerobic counts 
and 1.5 and 2.2 log reduction in yeast and mold population, 
respectively, for parsley, reduction was 2.5 for total aero-
bic count and 2.7 for both yeast and mold population. They 
obtained a higher microbial reduction with the combination 
process, that is, at only atmospheric pressure. And they have 
an opinion that these results may be due to reaching a higher 
temperature at atmospheric pressure than under vacuum.

Microwave technology in drying food can penetrate and 
heat food without any additional thermal material [16, 77]. 
There are a lot of studies on the reduction of microorgan-
isms in various foods using microwaves. And these works 
show that microwave radiation reducing microbial cells in 
food. Some pathogens like E. coli, S. faecalis, C. perfrin-
gens, S. aureus, Salmonella, and Listeria spp. are known to 
inactivate by microwave heating [78]. One of these studies 
is by Daglioglu et al. [79]. They compared microwave and 
conventional drying on the inactivation of some pathogens 
in tarhana. For this purpose, they inoculated tarhana with E. 
coli O157:H7, S. aureus and E. coli O157:H7 + S. aureus, 
separately. Microwave drying almost killed all S. aureus, 
they were 102 cfu/g at the end of the fermentation process 
and the number of E. coli O157:H7 decreased approxi-
mately 2 logarithmic at the end of the 3rd day, also at the 
end of the process, it was observed that they completely 
lost their vitality. They concluded that microwave drying 
was more efficient than the conventional method. Guirguis 

[80] determined the microbiological and mycotoxin quality 
of various fruits after being dried and exposed to further 
microwave treatment. The results showed that most sam-
ples were contaminated with aerobic mesophilic bacteria, 
molds and yeasts count as well as spore-forming bacteria. 
However process succeeded inactivation of the pathogens, 
any pathogens were not detected. But microwave treatment 
was not enough success against mycotoxins. The destruc-
tion mechanism of microorganisms by the microwave is not 
fully understood. But general thought is a thermal effect 
of microwave radiation however some researchers say the 
opposite of this thought. Kozempel et al. [81] indicated that 
microwave stress is more effective than conventional heat 
for microorganisminactivation.

Similar to microwave energy, infrared is absorbed by 
foodstuffs and is then converted to heat. Infrared radiation 
can destroy DNA, RNA, ribosome, cell envelope and pro-
teins of the microorganism by thermal inactivation and is 
therefore widely used to inactivate bacteria, spores, yeasts 
and molds in solid foods. Among the factors affecting micro-
bial inactivation are food temperature, depth, moisture con-
tent and microorganism type. This method was applied to 
potatoes, kiwi, apples, onions, and other vegetables [82–84]. 
Gabel et al. [85] compared catalytic infrared dehydration and 
air convection heating. Their results showed that in both dry-
ing methods at 80˚C, the aerobic plate counts decreased the 
same and approximately 1.7 log cfu/g; however, for yeasts 
and molds, a significant difference was observed between 
these two drying methods. However, when yeast and mold 
counts take into account samples dried by the catalytic infra-
red (CIR) had significantly lower than those by the forced 
air convection (FAC). In the CIR dryer microorganism’s 
inactivation was greater because it has greater heat fluxes. 
Supercritical liquids, whose behavioral properties resemble 
gaseous but are similar to liquids in terms of density, have 
been used as extraction solvents in the food industry since 
the early 1980s. Also their diffusivity is better than that of a 
liquid and has good mass transferability.

Most food process uses supercritical carbon dioxide 
 (scCO2) as the solvent because they are accepted Safe 
(GRAS) When this liquid is applied for 15 min at 150 bar 
operating pressure, it shows the same effect with high hydro-
static pressure the same temperature and at 3000 bar, and 
provides the same microbial reduction [68, 86]. Calvo and 
Torres [87] used the high-pressure  CO2 for the inactivation 
of the natural microbiota in paprika and an evaluation of 
its effects on product quality. For the method to be effec-
tive, first on the presence of water, and a higher water con-
tent required and pressure should be at relatively low levels 
(60–100 bar) for the contribute to sporicidal mechanism 
inactivation. Also to avoid a loss of product quality, tem-
perature should be on average 85–90˚C. When these condi-
tions are met the method could be a useful alternative to 
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traditional moist–heat treatments or hydrostatic processes. 
Zambon et al. [88] indicated that using supercritical carbon 
dioxide  (scCO2) as a drying agent is effective in microbial 
inactivation in herbs. Study results show that after treatment 
yeasts and molds undetected (< 2 log cfu/g), and meso-
philic bacteria significantly reduced, up to 4 log cfu/g, but 
remained above the limit of quantification. In this regard, 
results show that  scCO2 drying was an effective method in 
microbial inactivation.

Bourdoux et al. [68] inoculated E. coli O157: H7, Sal-
monella and Listeria monocytogenes in the coriander, and 
dried by applying supercritical  CO2 and freeze-drying, then 
they compared the results. Sample dried by  scCO2 at 35 °C 
for 150 min at 80 bar. At the end of the process, the aerobic 
plate count, yeasts and molds, and the Enterobacteriaceae 
were reduced by 2.80, 5.03, and 4.61 log cfu/g, respectively. 
But the total count of mesophilic aerobic spores was not 
significantly reduced. The pathogens were reduced by > 5.18 
log cfu/g. As for the freeze-drying results is; reductions 1.23, 
0.87, and 0.97 log cfu/g, respectively. The freeze-drying 
results are 1.53 for E. coli O157:H7, Salmonella 2.03, and 
for L. monocytogenes 0.71 log cfu/g. They concluded that 
 scCO2 can be used for drying while offering a good inac-
tivation of these pathogens, as well as most of the bacte-
ria in the vegetative form naturally occurring on coriander. 
Michelino et al. [52] examined that supercritical carbon 
dioxide  (scCO2) drying in combination with high power 
ultrasound (HPU) to enhance the microbial inactivation on 
coriander leaves. Study results show that  scCO2 drying can 
inactivate microorganisms especially yeast and molds. By 
the treatment, mesophilic bacteria reduced down to 4 Log; 
however, they remain always above the quantification limit. 
HPU +  scCO2 process significantly better for the inactivation 
of mesophilic bacterial spores. And it demonstrates that the 
potential to ensure a better inactivation of microorganisms 
compared to  scCO2 treatment alone.

One of the drying methods is freeze-drying in which the 
water is removed from the material by sublimation. Freeze-
dried products have minor changes in color, flavor, chemical 
composition, and texture; therefore, this method is consid-
ered the best dehydration technique. However, it does not or 
very slightly damages microorganisms [16]. Li et al. [89] 
studied the effects of four different drying methods on bacte-
rial viability and storage stability of probiotic-enriched apple 
snacks. These methods are air drying, freeze-drying, freeze-
drying followed by microwave vacuum drying, and air dry-
ing followed by explosion puffing drying. They concluded 
that the most suitable method is freeze-drying followed by 
microwave vacuum drying. Probiotic bacteria remained 
above  106 cfu/g for 120 days at 25 °C. Duan et al. [90] deter-
mined how long the microorganism survived in white cab-
bage by combining microwave and freeze-drying methods. 
Results showed that the microwave treatment showed like 

sterilization effect. They believe that these results may be 
due to thermal and biological effects on microorganisms. 
Also, freeze-drying method alone was not enough, con-
trarily, the microbial population increased, due to the long 
sublimation phase. Therefore, lyophilization is a preferred 
drying method for the storage of pure strains.

Gamma irradiation has long been used for the steriliza-
tion of dried vegetables. It is known that irradiation does not 
cause toxic hazards when it is not more than 10 kGY, also 
it is effective in killing pests, preventing sprouting, delay-
ing maturity, and improving food qualities [91]. Park et al. 
[92] investigated that microbial inactivation effect/qualities 
by gamma-irradiated freeze-dried apples, pears, strawber-
ries, pineapples, and grapes. These fruits were gamma-
irradiated at 0, 1, 2, 3, 4, 5, 10, 12, and15 kGy. At the end 
of the study, microorganisms were not detected in samples 
except for grapes apples, strawberries, pears, pineapples and 
grapes after in 1, 4, 4, 5, and 12 kGy of gamma irradiation, 
respectively, and results showed that freeze-dried fruits can 
be sterilized with a dose of 5 kGy, except for grapes, which 
require a dose of 12 kGy. Kortei et al. [93], for the fresh 
and dried mushroom (Pleurotus ostreatus) decontamination, 
used the gamma radiation. Dried mushrooms were irradiated 
at doses of 0, 0.5, 1, 1.5 and 2 kGy. They analyzed samples 
for the B. cereus, S. aureus, Salmonella spp., yeasts, and 
mold counts, and results show that the Gamma radiation is 
effective for the inactivation of the Salmonella spp., coli-
forms and S. aureus. Also, researchers indicated that D10 
values for Bacillus cereus on the dried mushrooms recorded 
2.50 kGy and 1.90 kGy respectively.

Another method is cold plasma treatment. This method, 
which contains ultraviolet (UV) photons, positive and nega-
tive ions and free radicals, can inactivate microorganisms 
in food without a high temperature increase [94]. Lee et al. 
[95] investigated the inactivation of the microorganism on 
the fresh vegetables and dried fruits by the microwave-
powered cold plasma treatment. Results showed that tested 
pathogens inactivated, and also when pH reduced enhanced 
inactivation. Hertwig et al. [96] determined the inactivation 
effect of the air-plasma method on the microbial flora of 
various vegetable powders. Study results show that these 
methods provided approximately 4.0 logarithmic reduction. 
Only crushed oregano samples reduce was lower than other 
samples. They reported this result may be due to the initial 
native microbial load.

Ozone treatment is generally used for the prevention of 
bacterial growth and fungal decay, also the destruction of 
pesticides and chemical residues and degradation of afla-
toxin from agricultural products [34, 97, 98]. Zorlugenç 
et al. [34] determined the inactivation efficiency of gase-
ous ozone and ozonated water on microbial flora and afla-
toxin B1 content of dried figs. The samples were exposed 
to13.8 mg  L−1 ozone gas and 1.7 mg  L−1 ozonated water 
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for 7.5, 15, and 30 min and they determined aerobic meso-
philic bacteria, E. coli, coliform, yeast and mold counts. 
At the end of the study, mesophilic bacteria were not com-
pletely inactivated whereas E. coli, coliforms, and yeast 
were completely destroyed. Also ozone applications were 
sufficient for inactivation of all molds and degradation of 
aflatoxin B1. They remarked that gaseous ozone was more 
effective than ozonated water for the reduction of aflatoxin 
B1. Akbaş and Özdemir [99] in their study investigated the 
effect of ozonation on the inactivation of E. coli, B. cereus, 
and B. cereus spores in dried figs. Dried figs exposed to the 
ozone. At the end of the study, pathogen numbers reduced 
by approximately 3.5 log at 1.0 ppm ozone concentration. 
Also, researchers emitted that this method can be effective 
especially in the reduction of vegetative cells in dried figs. 
Although ozone is extremely soluble in water, among the 
causes of these results; there are several factors such as tem-
perature, pH, ozone bubble sizes, flow rate, and contact.

Conclusion and future trend perspectives

Dry foods are considered generally microbiologically clean 
and safe, by consumers. However, these foods can be con-
taminated with foodborne pathogens, and this contamination 
can lead to foodborne outbreaks. During the drying process 
and at the end, aw is adjusted to the level that microorgan-
isms cannot survive. However, various reasons such as not 
being able to dehumidify enough during the process, inap-
propriate storage after the procedure, inappropriate packag-
ing selection, and high initial microorganism load are the 
main causes of health risks.

To protect consumer health and at the same time elimi-
nate/minimize these health risks, formulas such as combined 
drying methods or pretreatment are being developed. Among 
these pre-treatments, various solutions such as NaCl, citric 
acid, ascorbic acid, sodium metabisulfite, sulfur, and blanch-
ing are preferred. Sulfur and sulfite compounds can cause 
asthmatic reactions in some people; however, especially 
sodium metabisulfite and acid treatments are effective in 
drying food. Also, ascorbic acid is one of these acids and the 
most preferred. It is generally considered as GRAS and helps 
to keep the color of dried fruits by preventing browning.

The use of combined technologies needs further inves-
tigation in terms of barrier effects. These technologies are; 
In addition to conditions such as drying time, temperature 
profile, pressure profile, pre-treatment, and initial number 
and type of target microorganism, it should first be evaluated 
individually for its effect on microbial inactivation. After 
this evaluation, its effectiveness should be compared with 
pasteurization/sterilization processes. In addition, some 
parameters are important for these developed methods to be 
effective. These include the microbiological load and quality 

of the raw material, processing and storage conditions, as 
well as the right packaging selection.

The drying methods developed in recent years and created 
by combining various combinations give good results both 
in terms of microorganism inactivation and preserving the 
nutritional quality of the food.

Especially for the surface decontamination of fruits such 
as fig, was found to be effective to the combination of Infra-
red heating with UV irradiation. Considering the results 
of the studies, sterilization by irradiation stands out as an 
effective method for inactivating microorganisms in dried 
fruits at a level close to 100%. Also among these combined 
methods, low-pressure superheated steam drying (LPSSD) 
attracts a lot of attention. When evaluated on the basis of 
microorganisms, it is seen that LPSSD is one of the most 
effective methods to decrease Salmonella spp. The effect of 
this drying method is thought to be due to the steam tem-
perature being over 100 °C .

Dried foods should not be considered immediately safe 
for pathogens, it is important for human health, to behave 
cautiously considering factors such as the method used in 
production, harvest quality of food. In addition to the effec-
tive implementation of procedures such as HACCP and good 
manufacturing practices, personnel hygiene and prevention 
of contamination are among the topics to be considered to 
ensure the safety of dried foods.
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