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Microbial and Mycotoxin Decontamination of Red Pepper (Capsicum annuum L.) using 

Selected Emerging Food Processing Technologies  

Abstract 

Mycotoxins are natural secondary metabolites of fungi occurring in foods which can cause 

adverse health effects. Contamination of foods with microorganisms and mycotoxins can occur 

at various stages along the value chain, and spices are not exception. Red pepper (Capsicum 

annuum L.) is one of the major spices consumed globally, recognized for its distinctive aroma, 

color, pungency and nutritional value. It also significantly contributes to the national economy 

for high producing countries like Ethiopia. However, natural contamination and occurrence of 

fungi with subsequent production of aflatoxins (AFs), ochratoxin A (OTA) and other mycotoxins 

in red pepper have posed a serious concern in the food system. Though mycotoxin contamination 

of red pepper has been evidently studied and well documented, studies regarding efficient 

decontamination techniques are scant. Therefore, this study aimed to investigate the impact of 

selected emerging food processing technologies (electron beam (e-beam), pulsed light (PL) and 

high pressure processing (HPP)) on the decontamination of naturally occurring microorganisms 

and mycotoxins in red pepper. Initially, the physicochemical, functional, thermal, oxidative 

stability and rheological properties of red pepper powder and paste were characterized. The 

compositional analysis showed that the red pepper powder contained 14.50, 44.00 and 7.57 

g/100 g of crude fat, crude fiber and ash, respectively. The concentration of total phenols (TP), 

carotenoids and antioxidants activity of the powder were 1.04 g GAE/100 g, 374 mg c/100 g 

and 38.61 μmol TE/g, respectively. Findings on functional properties revealed that the bulk and 

tapped density were 395.1 kg/m
3
 and 583.4 kg/m

3
, respectively, indicating higher 

compressibility of the powder. In contrast, Hausner ratio (1.48), Carr‘s index (32%) and angle of 

repose (45°) indicated poor flowability of the powder. Particle size distribution also indicated 

that the volume weighted mean values D[4,3] of the powder and paste were 262.20 and 201.46, 

respectively. Emulsifying, oil and water absorption capacities of the powder were 47.5%, (1.41 

to 1.73) g/g and (0.86 to 2.29) g/g, respectively. Higher glass transition temperature was 

observed for the powder (62.54 °C) than the paste (45.64 °C). The induction period indicated 

that red pepper was more stable against oxidation in powder form (5.2 h) than in paste (3.2 h). 

Rheological analysis revealed that the paste exhibited shear-thinning behavior at 25 °C. As 
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aforestated, red pepper is an important spice with vital nutritional composition and techno-

functional properties, and with immense potential for industrial application and product 

development. However, in recent years, frequent contamination with fungi and mycotoxins 

posed health concerns and hampering the export market. Thus, investigations on efficient 

decontamination techniques are critical. The first evaluated treatment was e-beam with variable 

doses of up to 30 kGy. Significant (P<0.05) reduction of yeasts, molds and total plate counts 

(TPC) were observed upon e-beam treatment, dose-gradient wise. Treatment at 6 kGy 

significantly (P<0.05) reduced yeasts and molds by 3.0 and 4.4 log CFU/g, respectively. 

Similarly, TPC was reduced by 4.5 log CFU/g at 10 kGy. Inactivation of yeasts and molds 

followed first-order kinetics, while TPC exhibited non-linear model fitted to Gompertz function 

(R
2
 = 0.9912). E-beam treatment was not efficient for the degradation of AFs but indirectly 

controlled their production by inactivation of mycotoxigenic molds. In fact, at the maximum 

e-beam treatment of 30 kGy, OTA was reduced by 25% retaining >85% of TP, carotenoids and 

antioxidants activity. Importantly, ‗slight differences‘ with the treatments on total color 

difference (ΔE*) were observed. Overall, e-beam treatments up to 10 kGy were effective in 

decontaminating the natural microbiota with minimal adverse effects on the physicochemical 

qualities of red pepper powder. The other decontamination treatment investigated in this study 

was PL. Red pepper powder was exposed to PL treatments up to 61 pulses, with an overall 

fluence ranging from 1.0 to 9.1 J/cm
2
. The highest fluence applied (9.1 J/cm

2
, 61 pulses, 20 s) 

resulted in 2.7, 3.1 and 4.1 log CFU/g reduction of yeasts, molds and TPC from 4.6, 5.5 and 6.5 

log CFU/g, respectively. At the same fluence level, aflatoxin B1(AFB1), total AFs and OTA 

were reduced by 67.2%, 50.9% and 36.9%, respectively. There was a proportional increase in 

temperature from the absorbed PL energy, reaching maximum of 59.8 °C. The inactivation of 

both microorganisms and mycotoxins followed first-order kinetics (R
2
>0.95). With the lowest 

fluence (1.0 J/cm
2
), carotenoids and antioxidants activity reduced significantly (P<0.05). 

However, at higher fluence of 6.9 and 9.1 J/cm
2
, TP concentration increased. For all investigated 

PL intensities, there was a significant (P<0.05) change in color values of L* and b*. However, 

there was ―slight differences‖ in the ΔE* compared with untreated sample. The other emerging 

technique evaluated for decontamination of microorganisms was HPP. Predictive models of HPP 

treatments were developed and holding time (30–600 s) and pressure (100–600 MPa) were 

optimized. Treatment at 527 MPa for 517 s reduced TPC by 4.5 log CFU/g. Yeasts and molds 
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counts were reduced to 1 log CFU/g at 600 MPa for 315 s. Within the treatment range, TP, 

carotenoids and antioxidants activity were 0.28 to 0.33 g GAE/100 g, 96.0 to 98.4 mg c/100 g 

and 8.70 to 8.95 μmol TE/g, respectively. Slight increase in these attributes by 2.5–6.7% was 

observed with increasing holding time and pressure. The ΔE* values up on treatments ranged 

from 0.2 to 2.8, which was within the category of ‗imperceptible‘ to ‗noticeable‘. Experimental 

results were fitted satisfactorily into quadratic model and higher R²
 
values (0.8619–0.9863) and 

non-significant lacks-of-fit (p-value > 0.05) proved good prediction of the model. The optimum 

treatment of red pepper paste was at 536 MPa for 125 s for maximum desirability (0.622). 

Validation experiments confirmed comparable percentage of relative errors (0.7 to 16.7%) 

among predicted and experimental values. With the approaches of the present study, e-beam, PL 

and HPP could be used as alternative technologies for the decontamination of naturally occurring 

microorganisms and mycotoxins in red pepper with minimal changes in quality attributes.  

Keywords: Red pepper; Electron beam irradiation; Pulsed light; High pressure processing; 

Aflatoxin B1; Ochratoxin A; Kinetic modeling; Optimization.   
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CHAPTER 1: INTRODUCTION 

1.1. Background 

Mycotoxins are secondary fungal metabolites frequently occurring in foods, which cause adverse 

health effects to consumers (Karlovsky et al., 2016). The most important mycotoxigenic fungi 

belong to the genera Aspergillus, Alternaria, Claviceps, Fusarium, Penicillium and Stachybotrys. 

Major types of mycotoxins include aflatoxins (AFs), trichothecenes, fumonisins (FBs), 

zearalenone (ZEA), ochratoxins and ergot alkaloids (Richard, 2007). Foods can be contaminated 

with these mycotoxins at various stages along the value chain (Bennett and Klich, 2003b). In 

several parts of the world, the prevalence of mycotoxins in foods is a critical problem which 

undermines the efforts of public health and development. Consumption of mycotoxin 

contaminated foods may lead to retarded growth, liver and kidney diseases, suppression of 

immune system and death in both humans and animals. International and national development 

strategies to bring greater agricultural and industrial developments, food security and healthier 

lifestyles would be undermined unless the levels of mycotoxins in foods are effectively 

controlled (Williams et al., 2004).  

Spices are natural products that are valued for their distinctive aromas, colors and flavors, and 

are one of the major ingredients in food formulations and processing around the world (McKee, 

1995). Like several other agricultural commodities, spices may be susceptible to a broad range of 

microbiological contaminants before, during and post-harvest stages (McKee, 1995; Kocić-

Tanackov et al., 2007). In recent times, the natural contamination and occurrence of mycotoxins 

in spices has been documented with different studies (Jacxsens and De Meulenaer, 2016; Garcia 

et al., 2018a; Motloung et al., 2018; El Darra et al., 2019; Potortì et al., 2020). Pepper is one of 

the most widely consumed spices which belong to the nightshade family Solanaceae and the 

genus Capsicum. It is consumed in the form of a vegetable or spice (Salari et al., 2012), and 

contains various essential nutrients and bioactive compounds (Asnin and Park, 2015). Red 

pepper has been frequently reported among the most susceptible substrates for fungal attack with 

consequent production of AFs, ochratoxin A (OTA) and other mycotoxins (Marín et al., 2009; 

Salari et al., 2012; Yogendrarajah et al., 2014; Ham et al., 2016; Costa et al., 2019). 

Mycotoxins contamination is unavoidable, and hence numerous strategies including physical, 

chemical and biological methods for its detoxification have been reported. Conventional thermal 
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treatment is the most commonly used physical method of food preservation established to 

enhance the safety of foods but it can cause adverse effects on the nutritional and sensory 

characteristics of foods. A keystone of the problem is that mycotoxins are generally very stable 

and are rarely eliminated by thermal treatment (Kabak, 2009). Thus, in order to avoid such 

undesirable effects of thermal treatment and to improve the safety of foods, emerging non-

thermal food technologies such as irradiation, pulsed light (PL), ultra sound, cold plasma, high 

pressure processing (HPP), pulsed electric field (PEF) are recently receiving much attention.  

Irradiation has been among the most effective and emerging techniques to improve the safety and 

extend the shelf life of foods (Jeong et al., 2013). Irradiation involves exposure of food sample to 

a radiation source, among which, electron beam (e-beam) or cobalt-60 (
60

Co) being the most 

common. E-beam is emitted by linear accelerators (LINAC) with commercial electricity, while 

60
Co functions by generating gamma rays. Moreover, irradiation of foods with e-beam is 

growing due to its convenience, safe and lower cost than irradiation with 
60

Co (Freita-Silva et al., 

2015). The efficiency of e-beam treatment for the decontamination of toxigenic and pathogenic 

microorganisms in foods have been demonstrated by several studies (Nemţanu et al., 2008; 

Ramathilaga and Murugesan, 2011; Hertwig et al., 2018; Gryczka et al., 2020). Under certain 

conditions, e-beam can also have the potential to reduce the amounts of mycotoxins such as 

aflatoxin B1 (AFB1) (Liu et al., 2016b; Liu et al., 2018) and zeralenone and OTA (Luo et al., 

2017; Yang et al., 2020). 

As a feasible alternative to conventional techniques, PL is another innovative technology for 

preservation of foods. It uses high-energy and short-duration pulses of broad spectrum light 

within the wavelength ranging from 200 to 1100 nm (Kramer and Muranyi, 2014; Barba et al., 

2018). As a result of high-energy pulses, PL treatment alters the DNA, proteins, membranes and 

other cell structures of microbes leading to death. The inactivation effect of PL on 

microorganisms in foods was demonstrated by several previous studies (Lagunas-Solar et al., 

2006; Sauer and Moraru, 2009; Kramer et al., 2019; Lee et al., 2020). Some other studies have 

also shown the potentiality of PL for the decontamination of mycotoxins such as aflatoxin B1, 

ochratoxin, deoxynivalenol (DON) and ZEA (Moreau et al., 2013; Wang et al., 2016b; Wang et 

al., 2018).   
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HPP is one of the emerging technologies that involves the subjection of foods to high hydrostatic 

pressure of 100–600 Mega Pascal (MPa) for inactivating microorganisms and certain enzymes 

(Huang et al., 2015). As an alternative to traditional thermal treatment, HPP has potential to 

prepare foods with 'fresh-like' qualities and enhanced functionalities (Akhmazillah et al., 2013). 

Moreover, studies reported that the application of HPP showed reduction of mycotoxins such as 

citrinin (CIT) and patulin (PAT) in foods (Tokuşoğlu et al., 2010; Hao et al., 2016). HPP 

typically alters the structure of mycotoxins resulting in degradation, although its efficiency 

commonly depends on the availability of water and initial concentration of mycotoxins in the 

treated product and the intensity of exposure (Smith and Girish, 2012). 

In a recent review, Karlovsky et al. (2016) suggested that the development of decontamination 

techniques should be a priority of research for high-risk foods. The various types of processing 

technologies and the wide range of commodities as well as mycotoxins necessitate prioritization 

between applications. Moreover, focus of further research efforts should also consider 

consumption rates of the commodities, occurrences of mycotoxins and their detrimental toxicity 

profiles of the same. Although there are several approaches that have been used for 

decontamination of mycotoxigenic fungi and mycotoxins, they have been criticized for their 

lower efficiency and safety issues. In this study, therefore, ways to deal with this problem using 

selected emerging food processing technologies were investigated.  

1.2. Statement of the Problem 

Foods are the primary sources of human exposure at any stage along the value chain to 

hazardous agents, physical, chemical and biological, to which no individual in developed as well 

as developing nations alike is spared. In Ethiopia, low productivity of agriculture is among the 

root causes of health risk, poverty, food insecurity and nutritional deficiencies in both rural and 

urban poor. Many crops grown in Ethiopia especially groundnut, soybean, corn, sorghum, wheat, 

millets and spices are susceptible to fungal contamination that are able to produce mycotoxins. 

Among various mycotoxins, AFs and OTA occur in these crops and similar others. These 

mycotoxins are harmful to human beings and animals and cause adverse health effects ranging 

from acute poisoning to long-term chronic illness and death. Although mycotoxins are detected 

at significant amounts in several staple food products, the harmful impacts of immediate and 

long-term exposures are not well understood in Ethiopia. 
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Red pepper is one of the most consumed spices in Ethiopia principally valued for its high 

pungency and red color. Apart from its role in daily diets, it is a commercial and industrial crop 

that creates opportunities for employment and significantly contributes to the national economy. 

However, several reports showed that red pepper from Ethiopia has been frequently 

contaminated with high levels of AFs and OTA and rejected by importing countries. Losses from 

rejected shipments that fail to meet the standards and lower prices for inferior quality can 

devastate Ethiopian domestic and export markets. For instance, the rejection of red pepper 

originated from Ethiopia estimated over ten million US dollars by the European markets in 2017 

due to high levels of AFs and OTA is a prime example for its national economic and future trade 

impacts. Losses from human and animal diseases and deaths, reduced productivity of animals, 

medical and veterinary costs, preventive measures, decontamination costs, cost of analysis, 

economic loses for producers due to contamination are some aspects of the economic and social 

impacts. Due to the current regulatory requirement in the export market, development of 

standards are underway by the Ethiopian Standards Agency  to establish maximum regulatory 

limits for AFB1 and total AFs (B1, B2, G1, G2) in red pepper to better meet the safety 

requirements. So far, there are lots of previous works to control mycotoxin contamination of red 

pepper at pre-harvest, handling and storage conditions. However, limited work has been done to 

reduce AFs and OTA to acceptable level during processing of red pepper. Thus, it is critically 

important to investigate the impact of selected emerging food processing technologies (e-beam, 

PL and HPP) for reducing mycotoxigenic fungi and their toxins in red pepper.   

1.3. Research Questions 

 Do e-beam, PL and HPP treatment process variables have potential to reduce microbial 

and AFs and OTA contents of red pepper to safe level? 

 Do process variables of e-beam, PL and HPP have effect on the qualities of red pepper? 

 What are the optimum values of HPP treatment process variables for maximum reduction 

of microorganisms and retention of red pepper qualities? 

 What kind of model predicts kinetics of microbial and AFs and OTA inactivations during 

treatment of red pepper?  
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1.4. Objectives of the Study  

General objective: 

 To study the impact of selected emerging food processing technologies on the reduction 

of naturally occurring microorganisms and mycotoxins in red pepper 

Specific objectives:  

 To characterize the physicochemical, functional, thermal, oxidative stability and 

rheological properties of red pepper powder and paste 

 To investigate the impact of e-beam treatment dose on the inactivation of microorganisms 

and AFs and OTA in red pepper powder 

 To investigate the impact of PL treatment time and dose on the inactivation of 

microorganisms and AFs and OTA in red pepper powder 

 To investigate the impact of holding time and pressure of HPP and optimization of 

process variables on the inactivation of microorganisms in red pepper paste  

 To develop predictive models for the inactivation kinetics of microorganisms and 

degradation kinetics of AFs and OTA during treatment of red pepper 

1.5. Research Hypotheses  

General research hypothesis: Selected emerging food processing technologies (e-beam, PL and 

HPP) can inactivate microorganisms and AFs and OTA without significant loss of red pepper 

qualities.   

Specific research hypotheses leading to achievement of the study objectives are provided 

below. Hypothesis testing was done at a significance level of 0.05. 

Hypothesis 1: E-beam treatment dose affects the microbial and AFs and OTA levels in red 

pepper powder.  

H0: Mean log reduction of microorganisms and mean reduction of AFs and OTA 

contents at treatments of e-beam dose are not significantly different.  

Ha: Mean log reduction of microorganisms and mean reduction of AFs and OTA 

contents at treatments of e-beam dose are significantly different. 
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Hypothesis 2: Treatment time and dose affect the microbial and AFs and OTA levels in red 

pepper powder during PL treatments.  

Hypothesis 3: Pressure and holding time affect the microbial level in red pepper paste during 

HPP treatments. 

Hypothesis 4: HPP treatment variables can be optimized for maximum reduction of 

microorganisms while maintaining the qualities of red pepper.  

Hypothesis 5: Inactivation kinetics of microorganisms and degradation kinetics of AFs and OTA 

can be modeled for treatment of red pepper with e-beam, PL and HPP. 

1.6. Organization of the Dissertation 

The dissertation is organized in 8 chapters as outlined below:  

Chapter 1 of the dissertation provides the general introduction which highlights the background 

of the study, statement of the problem, research questions, objectives and hypotheses of the 

study.  

Chapter 2 presents the review of related literatures to the study. It gives an overview about red 

pepper crop, the production and consumption of red pepper in the world, Africa, and Ethiopia in 

particular, a brief description of red pepper as a source of nutrients and bioactive compounds, the 

factors affecting the incidence of mycotoxigenic fungi and mycotoxins and their safety and 

regulatory aspects. The chapter also describes the techniques for decontamination of 

microorganisms and mycotoxins including conventional and selected emerging food processing 

technologies and creates some fundamental understanding on the kinetic models and 

optimization for microbial and mycotoxin inactivation. Finally, the review of literature is 

summarized to conclude the remarks and show research gaps.  

Chapter 3 gives materials and methods commonly used for the different experiments. It briefly 

describes about sample collection and preparation, analytical methods for determination of 

various parameters and statistical methods for data analysis.      
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Chapter 4 provides comprehensive data on the physicochemical, functional, thermal, oxidative 

stability and rheological properties of red pepper powder and paste, which may serve as a 

foundation for future research.   

Chapter 5 addresses the influence of e-beam treatment on naturally contaminated red pepper 

powder. It provides the findings of e-beam treatment on the microbial and mycotoxin levels in 

red pepper powder and their inactivation kinetics and changes observed on the physicochemical 

qualities. 

Chapter 6 concentrates on the findings on the effect of PL on naturally occurring 

microorganisms and mycotoxins in red pepper powder with their inactivation and degradation 

kinetics. 

Chapter 7 focuses on modeling and process optimization of HPP for the inactivation of naturally 

occurring microorganisms in red pepper paste using response surface methodology (RSM).   

Chapter 8 is the final chapter. It provides general conclusions and recommendations based on 

the findings of the study.           
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CHAPTER 2: LITERATURE REVIEW 

2.1. Overview of Red Pepper Crop  

Red pepper belongs to one of the most valuable plant families called Solanaceae and the genus 

Capsicum (Shaha et al., 2013; Kim et al., 2014). Recently, the existence of 35 Capsicum species 

is reported (Carrizo García et al., 2016). C. annuum, C. frutescens, C. chinense, C. pubescens, 

and C. baccatum represent the five most commonly domesticated and economically important 

vegetables around the world (González-Pérez et al., 2014); among which C. annuum is very 

popular and the most widely cultivated crop followed by C. frutescens (Nadeem et al., 2011). 

The genus Capsicum is among the oldest edible vegetables known and indigenous to subtropical 

and tropical America where archaeological evidences indicate its use as a spice since 6000 BC 

(Govindarajan and Salzer, 1985; Basu et al., 2003; Perry et al., 2007). Its fruit was referred by a 

number of terms, including "pepper", "red pepper‘, "paprika", "cayenne", "sweet red pepper" and 

"tabasco" (Suzuki and Iwai, 1984). However, according to the report by Ethiopian Export 

Promotion Agency, ―red pepper‖ is the term commonly used to describe all hot peppers 

approved by the American Spice Trade Association (EEPA, 2003). The fruit is fiery red or 

orange that sometimes exceeds a length of four inches and usually hand-picked when it gets 

ripen. It is then sun-dried, but in Europe and United States, artificial drying is common. The fruit 

can be ground as a whole or after the stalks, seeds and placenta parts are removed to increase the 

fruit color and lower its pungency (Wien, 1997).  

EEPA documented that the history of pepper in Ethiopia is probably the oldest of any other 

vegetable crop (EEPA, 2008). Despite the lack of documented evidence, it was most likely 

introduced to Ethiopia by the Portuguese in the 17
th

 century (Huffnagel, 1961). The pepper 

species which are grown extensively in Ethiopia are C. frutescens and C. annuum. C. frutescens 

is the hot chilli pepper, essential part of traditional cooking in most parts of the flora area, and 

cultivated throughout Ethiopia. C. annuum fruits are used green as ingredients in cooked dishes 

and raw as a component in the fasting food (called ―Beyayenetu‖). The ripe fruits, which are very 

hot, are dried and powdered and used as a component of the mixed spice (known as ―Berbere‖) 

and in the spicy sauce (known as ―Awazie‖), both are very frequently used in Ethiopian cooking 

(Hedberg et al., 2006).   



 
9 

 

2.2. Production and Consumption of Red Pepper in the World and Africa  

Pepper is grown in warm climate regions of the world, including tropical and subtropical Africa, 

Asia, Southern and Central Europe and Northern America (Thampi, 2004). According to the 

report in the Food and Agricultural Organization Statistics database (FAOSTAT), the production 

of pepper in the world has grown considerably over the past 20 years (1997–2017), from 17 to 36 

million tons of fresh types and 2 to about 4.5 million tons of dry ones (FAOSTAT, 2017). In a 

similar pattern, a 35% increase in surface cultivated area is reported over the last 20 years, 

estimated around 3.8 million hectares. Fresh pepper is produced by 126 countries around the 

world. China is the leading producer followed by Mexico producing over 18 and 3.5 million tons 

per annum, respectively (FAOSTAT, 2017). On the other hand, India is the leading producer of 

dry pepper followed by Thailand, with estimated production of about 2 and 0.35 million tons, 

respectively. Regionally, Asia contributes about 67.3% of the total global production of fresh 

pepper and 70.3% of dry pepper (Figure 2.1).       

 

Figure 2.1. Regional share on global production of fresh and dry pepper. 

 Source: FAOSTAT (2017) 

Global pepper consumption is estimated about 398,000 tons and it is growing rapidly. G1obal 

scenario is presented in Figure 2.2. China and India are the top consumers, with about 49,000 

and 59,000 metric tons, respectively, in 2014 (Nedspice, 2015). Global consumption rate is 2-3% 

and Asia and Middle East have a consumption rate of 3–4%. Moreover, red pepper is widely 

consumed nearly by 25% of the global population on a regular basis (Bode and Dong, 2011; 

Sharma et al., 2013). Valued for its color, aroma, taste and pungency, red pepper is commonly 

used to alter the color and flavor of stews, soups, sausages, snacks, cheese, sauces, pizzas, salad 
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dressing and confectionary products, as well as for pharmaceutical or physiological functions 

(Nieto‐Sandoval et al., 1999; Li et al., 2009; Topuz et al., 2009). Moreover, there is an 

increasing trend with the economic value of pepper production since 1991, making it a good 

source of income for producers in several countries and playing a key role in the global trade. 

Recently, it is reported that dry pepper worth 3.8 billion US dollars, whereas fresh pepper worth 

30,208 billion US dollars (FAOSTAT, 2017). An increasing economic value of four and six 

times higher in dry pepper and fresh pepper was recorded over the past 25 years, respectively.  

 

Figure 2.2. Global consumption of pepper by region. 

Source: Nedspice (2015) 

Production and consumption of pepper is also well-known in Ethiopia (Roukens, 2005). 

According to the Central Statistical Agency (CSA) of Ethiopia, total pepper production in the 

country was 2,700,000 quintals with a cultivated area over 147,000 ha in 2015/16 production 

year (CSA, 2016). Furthermore, 3,300,000 quintals were collected in an area of 180,700 ha in 

2016/17 production year (CSA, 2017). In terms of consumption, Ethiopians have a marked 

preference for dark red pepper and is valued essentially for its high pungency. The ground 

product is an important coloring and flavoring component in many traditional food items 
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including ―wot‖, while the green pod is served as a vegetable alongside of other foods. Apart 

from the key role in daily diet, cultivars with deep red color and large pods have higher demand 

in the commercial market for industrial processing and to some extent, Ethiopia exports red 

pepper extracts to Europe (Vijayalaxmi and Sreepada, 2014). 

2.3. Red Pepper as a Source of Nutrients and Bioactive Compounds 

Red pepper is a valuable agricultural commodity, not only due to its economic benefits but also 

because of its nutritional and medicinal values. Over the last two decades, much attention has 

been paid with growing interest for bioactive compounds in natural matrices for their 

biochemical and functional characteristics. This fact coupled with an increasing awareness of 

consumers on healthy foods and advancements in analytical techniques have promoted the 

interest in red pepper as a source of bioactive compounds (Figure 2.3). Pepper is a rich source of 

various bioactive compounds including capsaicinoids, polyphenols, flavonoids, carotenoids, 

vitamins, volatile oil, fatty oils in varying concentrations along with fibers, proteins and mineral 

elements (Bosland and Peppers, 2000; Durucasu and Tokuşoğlu, 2007; Derry et al., 2017). The 

intake of bioactive compounds from foods is an important health-protecting factor that prevents 

common human diseases. As consumption continues to grow, red pepper can contribute relevant 

amount of nutrients to the diet (Marín et al., 2004). 

Due to the growing interest, mature fruit of red pepper is consumed in fresh or processed form 

such as paprika, paste and oleoresin. The combined attributes of color, taste and pungency 

contributes to its popularity (Kim et al., 2002). However, intensity of the red color is used to 

evaluate the quality of pepper at the commercial market. Capsanthin and capsorubin are the two 

major pigments responsible for the intense and distinctive red color of pepper (Kim et al., 2004). 

These pigments belong to carotenoids, which are partly esterified with fatty acids and found in 

the chloroplast of red pepper. The carotenoids convert the properties of chromophores as yellow 

or red fractions. The yellow fraction mainly consists of antheraxanthin, β-carotene, 

β-cryptoxanthin, capsolutein, violaxanthin and zeaxanthin which are biosynthetic precursors of 

the red fraction and only β-carotene and β-cryptoxanthin have vitamin A activity among the 

pigments (Hornero-Méndez et al., 2000). Carotenoids are beneficial to human health due to their 

antioxidant and free-radical scavenging activities, which help to prevent cardiovascular disease, 

cancer, eye disorders, skin degeneration and aging (Russo and Howard, 2002).  
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Figure 2.3. Chemical structures of bioactive compounds present in Capsicum annum varieties. 

  Source: Fiedor and Burda (2014); Materska (2014); Whiting et al. (2012)  

Capsaicinoids are a group of pungent components distinctive to the fruits of Capsicum plants. 

All of the capsaicinoids present in Capsicum fruits are 9–11 carbon vanillylamides of branched 

fatty acids. The major capsaicinoid present in red pepper is capsaicin (69%) followed by 
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dihydrocapsaicin (22%). Nordihydrocapsaicin, homocapsaicin and homodihydrocapsaicin are 

also found but in smaller amounts (Barceloux, 2009). Both capsaicin and dihydrocapsaicin are 

the most pungent capsaicinoids with equivalent value of 16.1 10
6
 Scoville Heat Unit (Dong, 

2000). Capsaicinoids have strong physiological and pharmacological properties. Another 

functional and nutritional constituent of pepper fruit is Vitamin C, which is evidenced for its 

antioxidant and biological activities (Rietjens et al., 2002). In general, the amount of bioactive 

contents of red pepper vary depending on the variety or cultivar, the ripening stage, the part of 

fruit (placenta, pericarp, and seeds), the climatic and storage conditions as well as processing 

practices (Jayaprakasha et al., 2012).  

2.4. Microbial and Mycotoxin Contamination of Red pepper 

Mycotoxins are secondary metabolites of fungi that can be present in food and feed and are toxic 

to humans and animals (Eckhardt et al., 2014; Iqbal et al., 2014; De Ruyck et al., 2015; Vipotnik 

et al., 2017). Aspergillus, Penicillium, Fusarium, Claviceps and Alternaria are the most common 

genera of fungi that produce mycotoxins (De Ruyck et al., 2015). There are over 400 different 

kinds of mycotoxins, but only about 10 to 15 are known to be of public health concern (Turner et 

al., 2015). These include AFs, ZEA, DON, OTA, FBs, and PAT that can have significant 

negative implications for  food safety, human health and the economy (Campagnollo et al., 2015; 

Oteiza et al., 2017; Amirahmadi et al., 2018; Khaneghah et al., 2018; Heshmati et al., 2019). In 

this context, given the substantial economic losses, mycotoxins may have detrimental effects on 

human and animal health, including carcinogenicity, hepatotoxicity, neurotoxicity, mutagenicity, 

dermatotoxicity, estrogenicity, teratogenicity and immunosuppression (Amirahmadi et al., 2018; 

Khaneghah et al., 2018). In developing countries, mycotoxins contribute a major share to food 

losses (Udomkun et al., 2017a). Mycotoxins are also influencing or even impeding exportation, 

reducing livestock and crop farming production (Leung et al., 2006). According to the Food and 

Agricultural Organization (FAO), about 25% of food crops in the world are significantly 

contaminated with mycotoxins every year (FAO, 2013). It is also reported that nearly 5 billion 

people across the world are exposed to mycotoxins (Atherstone et al., 2014). Based on the total 

number of hazard notifications, the Rapid Alert System for Food and Feed (RASFF) of the 

European Union (EU) ranked mycotoxins in second place (RASFF, 2017).   
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Spices and other agricultural crops, meat and dairy products are identified to be the major 

sources of mycotoxins (Darwish et al., 2014). Among several mycotoxins, AFs remain to be a 

global challenge resulting in economic losses, human and animal health as well as damage to 

agricultural products (Zain, 2011; Abd-Elghany and Sallam, 2015). It is produced primarily by a 

group of Aspergillus species including A. flavus, A. parasiticus (Jager et al., 2013; Atherstone et 

al., 2014; Bernáldez et al., 2014; Iqbal et al., 2014; Udomkun et al., 2017b), A. minisclerotigenes 

and A. parvisclerotegenus and rarely by A. nomius (Udomkun et al., 2017b). These fungi can 

grow in a wide range of food products and are found all over the world (Jager et al., 2013). The 

major AFs commonly isolated from foods are AFB1, B2, G1, and G2 (Figure 2.4) (Leong et al., 

2012). AFs are highly toxic, teratogenic, mutagenic and carcinogenic and in 1987, it is 

categorized as group 1 human carcinogen by the International Agency for Research on Cancer 

(IARC) (IARC, 2012). 

 

Figure 2.4. Chemical structures of aflatoxin B1, B2, G1 and G2. 

 Source: da Rocha et al. (2014) 

Although there have been a lot of studies on AFs in agricultural products, very few studies 

focused on spices which are becoming popular in our regular diet and contribute to the economy. 

Fungal and AFs contamination of spices may occur in the field, during harvest, drying, transport, 
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storage and processing stages (Elshafie et al., 2002). Red pepper is among the major spices 

which are most susceptible for AFs contamination and maximum contamination have been 

reported during drying and storage of red pepper (Kabak and Dobson, 2017).  

Following AFs, OTA is the most prevalent mycotoxin detected in red pepper samples. OTA 

contamination is a serious problem around the world because of its carcinogenic, nephrotoxic 

and immunotoxic potential. OTA has been categorized as group 2B carcinogen by the IARC due 

to its carcinogenic activity in animal experiments (IARC, 1993). OTA is a chlorinated 

isocoumarin compound in its structure (Figure 2.5). Contamination of red pepper and its 

products with OTA have been reported in previous studies such as dried chilli pod (Jalili and 

Jinap, 2012; Yogendrarajah et al., 2014), chilli powder (Ozbey and Kabak, 2012; Iqbal et al., 

2013a; Rotsisen et al., 2016), red pepper flakes (Tosun and Ozden, 2016), chilli sauce (Iqbal et 

al., 2011), sweet pepper (Çağındı and Gürhayta, 2016; Gambacorta et al., 2018), and paprika 

(Hernandez Hierro et al., 2008; Ahn et al., 2010; Santos et al., 2010). Although several fungi 

species have been identified as OTA-producing, A. ochraceus, A. niger and P. verrucosum are 

reported frequently (Bellí et al., 2004).  

 

Figure 2.5. Chemical structure of ochratoxin A. 

   Source: Stott and Bullerman (1975) 

Several studies in different parts of the world have investigated contamination of red pepper with 

fungi and mycotoxins. The RASFF reported 41 cases of pepper contamination with mycotoxins 

in Europe in 2017 and 2018 alone, where 30 of the notifications were rejections at the border, 5 

as alerts, and 6 are as information. RASFF (2018) also found that 33 and 8 of the notifications 

were related to AFs, and OTA, respectively. According to Bokhari (2007), A. niger followed by 
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A. flavus predominated the red pepper from Saudi Arabia. Penicillium followed by Rhizopus and 

A. niger were reported to be the predominant genera in ground red pepper from Turkey 

(Erdogan, 2004). Aydin et al. (2007) also found that AFB1 was detected in all 100 samples from 

Istanbul, Turkey, and 18 of them are above the maximum tolerable limit (MTL) of 5 μg/kg. In 

Hungary, Fazekas et al. (2005) analyzed 70 samples and detected AFB1 (18 samples) and AFB2 

(10 samples), where 7 of them were found to be above the MTL of 5 μg/kg. In Korea, Lee et al. 

(2013) reported that AFs were detected in 15 of the 18 ground red pepper samples but all below 

the MTL. Whereas, 19 samples were contaminated with OTA and only 1 (17.16 μg/kg) exceed 

the MTL. In a similar study of 192 samples, AFs were detected in 2 and OTA in 42 samples, 

where 6 of them were found above the MTL for OTA (Kim et al., 2009). In Ethiopia, substantial 

amount of AFB1 (250–525 μg/kg) was detected in 8 of the 60 ground red pepper samples 

collected from markets, shops and stores (Fufa and Urga, 1996). Based on several previous 

studies, processed pepper products such as crushed pepper, ground pepper and paprika are more 

prone to AFs contamination as compared with fresh pepper (Iqbal et al., 2011; Khan et al., 2014; 

Gherbawy et al., 2015).   

2.5. Factors Affecting the Incidence of Fungi and Mycotoxins in Red Pepper 

Spices are widely cultivated in tropical climatic conditions with high temperature, humidity, and 

rainfall, which are suitable for mycotoxin production and contamination. Moreover, they are 

often dried on the ground in the open air under unsanitary conditions, which promotes mold 

growth and the production of mycotoxins (Martins et al., 2001). Absence of cleaning practices of 

freshly-harvested pepper pods as well as the conventional open-drying system promotes the 

chance of fungal and subsequent mycotoxin development in red peppers. Figure 2.6 depicts the 

critical factors favoring fungal growth and mycotoxin contamination during pepper production 

chain (Richardson, 2013).  

In the production chain, both the drying and storage stages are critical. Sun drying of pepper is 

still the most widely used method in Africa, Asia and Central and South America due to its lower 

operating costs. Pods are affected by temperature fluctuations, dust exposure, wind, and insect 

infestation during the drying process. This window of opportunity enables fungal growth, 

especially with xerophilic/xerotolerant types (Aspergillus and Penicillium spp.) (Hossain, 2003). 
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These species are isolated very frequently from Capsicum products at the processing factory, 

supermarkets, retail markets and restaurants (Sanzani et al., 2016). 

 

Figure 2.6. Critical factors favoring fungal growth and mycotoxin contamination during the 

pepper production. 

    Source: Richardson (2013) 

At the final moisture content of dried red peppers (10–12%), they are also susceptible to 

reabsorption of moisture if exposed to high ambient humidity upon longer storage periods. This 

creates a new fungal attack and production of mycotoxins, posing a risk of toxicity as well as a 

detrimental impact on the quality of red pepper such as aroma and taste (Oztekin et al., 2006). 

Favorable climatic conditions, improper storage conditions, lack of farmers and consumers 

awareness, technological constraints, and most of all, poverty are all potential causes for higher 

levels of mycotoxins in African countries. On the contrary, lower levels of mycotoxins in 

developed countries may be attributed to the implementation of strict regulatory limits, advances 

in post-harvest technology, and farmers and consumers awareness (Ertas et al., 2011; Cano-
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Sancho et al., 2013; Ismail et al., 2016; Oliveira et al., 2016). Controlling hygienic conditions, 

humidity, temperature, and water activity (aw) during the drying, storage, packaging, and 

transportation stages is, therefore, critical to ensure low fungal and mycotoxins contamination.  

2.6. Food Safety and Regulatory Aspects of Aflatoxins and Ochratoxin A 

The levels of AFs and OTA in contaminated foods are monitored around the world due to their 

high toxicity and prevalence. More than 120 countries are said to have regulations for AFs in 

food and feed. The primary goal of establishing maximum permissible limits for AFs in various 

food commodities is to safeguard the health of consumers. Variations in AFs regulations have a 

significant influence on the global food trade. Commodities which can be accepted by certain 

countries may not be accepted by other countries because of the variations in their maximum 

permissible limits for AFs within countries. Socioeconomic status, agricultural profile, climatic 

conditions, food security status, relevant data on the occurrence of AFs, instrumental techniques, 

business prospects and political situation are all possible factors that determine legal limits for 

AFs (Bui-Klimke et al., 2014). Accepted levels vary from 0 to 30 µg/kg and 0 to 50 µg/kg for 

AFB1 and total AFs (AFB1 + AFB2 + AFG1 + AFG2) in foods, respectively (FAO, 1997; van 

Egmond and Jonker, 2004). While many countries have defined their respective maximum 

permissible limits, international standard agencies like the Codex Alimentarius Commission and 

FAO have established the most commonly accepted limits. 

Total AFs in foods for direct human consumption is limited to 4 μg/kg by the European 

Commission (EC), which applies to over 29 countries including Germany, France, and Italy. 

Over 17 countries including Brazil, Mexico and USA adopted the MTL of 20 μg/kg for AFs in 

foods. The most widely accepted MTL for AFB1 by more than 29 countries including Germany, 

France and the Netherlands is 2 μg/kg (EC, 2010). The other most commonly accepted MTL for 

AFB1 by more than 21 countries including Israel and Italy is 5 μg/kg. The EC also adopted the 

MTL of mycotoxin in spices, such as in Capsicum fruits at 5.0 μg/kg for AFB1 and 10 μg/kg for 

total AFs (EC, 2012b). The EC established the MTL for OTA in a number of food items in 2006 

(EC No. 1881/2006) and 2010 (EU No. 105/2010) given the large number of items contaminated 

by OTA and its toxicological property against humans and animals. Several spices, including 

paprika, pepper, and ginger, were included in the legislation. The level of OTA in each 

commodity is determined by the expected frequency of consumption and the target consumer in 
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the population, with infant foods having one of the most stringent regulations (0.5 µg/kg). 

Following EU directives or those developed by the Codex Alimentarius, a number of countries 

have established OTA limits. 

Some African countries like South Africa, Morocco, Egypt or Zimbabwe have their regulations 

(Stoloff et al., 1991; van Egmond and Jonker, 2004). The application of these measures has 

helped in limiting the mycotoxicoses risk. Nevertheless, this incurs additional costs for quality 

control and eventual rejection of foods once arrived at the destination. In fact, the risk of 

contaminated foods to be consumed locally aftermarket rejection or use for feeding animals is 

important leading to the possibility of exposure to high levels of contamination. In some 

countries, it‘s unfortunate that many agricultural products originally destined for export are often 

put aside and destroyed due to their high mycotoxin content thus affecting the economy of 

producing countries (Vasanthi and Bhat, 1998; Wu, 2006). Many of the countries exporting their 

food products are developing or underdeveloped countries, where monitoring of the entire 

production chain from farms to the final products is still a challenge (Cardwell, 2000).  

2.7. Decontamination Techniques for Microorganisms and Mycotoxins  

Reducing mycotoxin contamination and its subsequent health risk could be possible with the 

application of pre- and post-harvest techniques and re-visiting policy measures (Wu et al., 2013; 

Awad et al., 2010). This is especially relevant in Africa, where there are relatively inefficient 

regulatory controls (Strosnider et al., 2006), lack of sufficient information on risks and limited 

knowledge on decontamination techniques of mycotoxins along the food value chain. Due to the 

high stability of mycotoxins and their associated degradation products, efficient decontamination 

of mycotoxins remains a challenge. Various mycotoxin control strategies including physical, 

chemical or biological methods have been thoroughly investigated for the past several decades 

(Kabak et al., 2006; Jouany, 2007). Some of the conventional and emerging decontamination 

methods are summarized below.  

2.7.1. Conventional Methods 

2.7.1.1. Physical Methods 

Physical decontamination techniques such as sorting and cleaning of contaminated portions are 

critical steps to substantially reduce the mycotoxin levels in foods with no risk of generating 
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toxic degradation by-products (Luo et al., 2018; Agriopoulou et al., 2020). Studies have reported 

that PAT, AFs and FBs levels in fruit products can be significantly reduced up to 99% by sorting 

and removing infected or contaminated fruits (Skudamore and Banks, 2004; Luo et al., 2018). 

Mycotoxin levels can be reduced by soaking and washing of contaminated grains in water. 

Because of their low density, the mycotoxin-contaminated portions float and can simply be 

removed. Several studies have demonstrated that washing of contaminated grains reduced AFs 

and OTA (Skudamore and Banks, 2004; Luo et al., 2018; Agriopoulou et al., 2020). However, 

application of such decontamination techniques on a larger scale is often impractical, labor 

intensive and inefficient (Udomkun et al., 2017b).  

Boiling, cooking, roasting, extrusion, microwave heating and irradiation are also types of 

physical decontamination techniques. Heat treatment is widely used for food preservation and 

mycotoxin inactivation using this method is a viable choice. However, under normal heat 

treatment conditions applicable to foods, mycotoxins are relatively heat-stable and challenging to 

destroy (Bullerman and Bianchini, 2007a). Extrusion is one of the most widely used heat 

treatment processes in the food industry which is capable to inactivate mycotoxins. For instance, 

it is reported that AFs can be reduced by 50–80% (Bullerman and Bianchini, 2007b). Given the 

heat-stability of mycotoxins such as AFs (Jager et al., 2013), the efficacy of mycotoxin 

degradation using thermal treatments is usually influenced by several factors including treatment 

temperature, exposure time, moisture content and type of food (Rustom, 1997). Radiation 

techniques such as sunlight, ultraviolet (UV) light and gamma rays have been studied for 

degradation of mycotoxins. Due to the photosensitive nature of AFs, efficient degradation of 

AFB1 with sunlight in olive and groundnut oil was reported by Mahjoub and Bullerman (1988). 

In liquid medium, AFB1 was observed to be more sensitive to irradiation treatments than in solid 

medium. Moreover, AFB1 has shown reduced mutagenicity and cytotoxicity in aqueous medium 

after UV treatment (Liu et al., 2011). 

2.7.1.2. Chemical Methods 

Chemical treatment approaches are based on structural degradation of mycotoxins using 

oxidizing agents (e.g., ozone and hydrogen peroxide), hydrolytic agents (e.g., acids, bases and 

aldehydes) or different types of gases. Studies demonstrated that bases such as ammonia and 

sodium hydroxide inactivated mycotoxigenic fungi and detoxified AFs, OTA and FBs to a level 
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below detection limit (He and Zhou, 2010; Luo et al., 2018; Peng et al., 2018; Agriopoulou et 

al., 2020). Similarly, organic acids such as propionic acid, formic and acetic anhydride have 

been used for treatment (Karlovsky et al., 2016; Luo et al., 2018). Aiko et al. (2016) studied the 

degradation effects of AFB1 using different organic acids including diluted acetic acid, citric 

acid, and lactic acid under conditions simulating cooking with lactic acid being the most 

effective in biotransforming AFB1 into AFB2 and AFB2a forms. AFs were transformed in to 

hemiacetal derivatives after treatment with hydrochloric acid (HCl), acetic acid-thionyl chloride, 

formic acid-thionyl chloride, trifluoroacetic acid and acetic anhydride (Karlovsky et al., 2016). 

HCl was reported to reduce AFB1 by 19.3% within 24 h, while propionic and formic acids were 

effective for the reduction of OTA (Čolović et al., 2019).  

Ozone has been used to degrade AFB1 by more than 90% in animal feed (Prudente and King, 

2002). Maeba et al. (1988) also reported efficient degradation of AFs B2 and G2, FBs, OTA, 

PAT and ZEA by ozone. However, due to the generation of toxic by-products, reduction of 

essential nutrients, reduction of germination energy, alteration of color and taste (Peng et al., 

2018), potential health, safety and environmental risks (Alberts et al., 2019), chemical treatments 

have limited applications for mycotoxin degradation in food and feed.  

2.7.1.3. Biological Methods 

Biological approaches for decontamination of mycotoxins using microorganisms, enzymes or 

herbal products have been an attractive alternative, given the ‗natural‘ appeal as compared to the 

chemical methods (Alberts et al., 2009; Zahoor and Ali Khan, 2016; Adebo et al., 2017; Luo et 

al., 2018; Hu et al., 2019). Due to their antifungal properties, probiotic bacteria and lactic acid 

bacteria are effective detoxifying agents against mycotoxins by controlling fungal growth and 

associated toxin development (Shetty and Jespersen, 2006). Furthermore, soil bacteria 

demonstrated the ability to eliminate or degrade AFs in foods and feeds (Rai et al., 2012). 

Mycotoxin degradation is also possible with fungal species from the genera Aspergillus, 

Penicillium, Alternaria, Armillariella, Candida, Absidia, Mucor, Dactylium, Trichosporon, 

Pleurotus, Rhizopus and Peniophora. However, unknown toxicity of degradation by-products as 

well as unpredicted effects of microorganisms adversely affecting food quality limit their 

application for mycotoxin decontamination (Juodeikiene et al., 2012; Vijayanandraj et al., 2014; 

Adebiyi et al., 2019). On the other hand, enzymes are effective for the decontamination of 
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mycotoxins due to their specificity (Karlovsky et al., 2016; Tian et al., 2016). Some enzymes 

having detoxifying property such as oxidoreductases and hydrolases have been commercialized 

(Lyagin and Efremenko, 2019). Moreover, genetic engineering is used to decontaminate AFs, 

where a gene coding for AFs resistance is introduced into cultivated crops for disease resistance 

and toxicity removal (He and Zhou, 2010). However, such genetic modification and biocontrol 

interventions still have some concerns for potential application (Adebiyi et al., 2019). 

Fermentation is also a popular food processing method which may be used as a viable alternative 

to minimize the level of mycotoxins in foods (Juodeikiene et al., 2012; Adebiyi et al., 2019; 

Adebo et al., 2019). However, some of the metabolites produced during the process of 

fermentation as well as formation of toxic products pose a serious threat to food safety 

(Juodeikiene et al., 2012; Adebiyi et al., 2019; Adebo, 2020).  

Spices and aromatic essential oils have been used to control the growth of mycotoxigenic fungi 

and decontaminate mycotoxins. For instance, Singh et al. (2019) reported that ethanolic extract 

from Premna integrifolia leaves prevented toxicity in mice liver due to AFB1 by avoiding 

oxidative stress and apoptosis. Mycotoxins can be decontaminated with herbs including black 

pepper, ginger, onion, garlic, cinnamon, green tea, fenugreek seeds, coriander, chamomile, black 

seeds and basil seeds (Haque et al., 2020). Several studies reported that extracts from Curcuma 

longa was effective to prevent toxicity and mutagenicity of AFs in broiler birds and in vitro tests 

(Gowda et al., 2008; Hosseini and Hosseinzadeh, 2018; Khan et al., 2019). Essential oils derived 

from plants have been shown to inhibit the growth of fungi such as A. flavus, A. parasiticus and 

Fusarium spp. as well as the development of associated mycotoxins (Do et al., 2015; Cheli et al., 

2017). Despite their efficiency to control fungal growth and mycotoxin development, poor 

bioavailability, insolubility, high volatility and oxidation instability restrict the application of 

herbal extracts (Loi et al., 2020).  

2.7.2. Emerging Food Processing Technologies  

Most of the conventional methods, as mentioned in the previous sections, do not achieve the 

intended efficiency, have detrimental effects on the nutritional and organoleptic properties, and 

in certain cases, there have been concerns about the safety and adverse environmental impacts. 

These challenges coupled with the ever-growing consumer demand for ‗fresh-like‘, preservative-

free and safe foods have led to the development of improved and innovative food processing 
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techniques for microbial and mycotoxin decontamination. Recently, alternative non-thermal food 

processing technologies such as irradiation, HPP,  PL, PEF, UV light, cold plasma, and similar 

others have gained more interest in the microbial and mycotoxin decontamination of foods 

(Apichartsrangkoon et al., 2014; Balasubramaniam et al., 2015; Chaikham and Prangthip, 2015). 

Some of these emerging technologies are described below.  

2.7.2.1. Electron Beam Irradiation 

Irradiation has recently been established as an efficient decontamination technique offering bio-

safety or phytosanitary of food products (Lung et al., 2015; Kyung et al., 2019). Gamma, X-ray 

and e-beam irradiation are the main types of food irradiation technologies used worldwide with a 

mechanism to ‘‘kick‘‘ electrons out of their orbital shells on atoms, thereby ‘‘ionizing‘‘ the 

atoms (Simas et al., 2010; Pillai and Shayanfar, 2017). In this context, X-ray and e-beam 

technologies are examples of ionizing radiation technology which have been applied in the food 

industry. These technologies use commercial electricity as a source of electrons and truly on-off 

technologies as compared with gamma irradiation which uses radioactive materials. Moreover, 

short processing time, high effectiveness, inline processing, little necessary heat, dosage control 

and low equipment costs are some of the benefits of using e-beam (Liu et al., 2016b). 

E-beam is the process of generating electrons off a cathode in a vacuum environment from 

commercial electricity. The electron gun fires the electrons in series, forming a beam of electrons 

(Figure 2.7). The beam of pulsed electrons with positively and negatively charged cavities is 

carried across a radio frequency wave length, which increases the speed of beam as it travels 

through the accelerator. The speed of electrons is increased to 99.99% that of light at the energy 

not exceeding 10 MeV. This breaks molecular or atomic bonds and releases free electrons and 

ions that react with additional particles, charged molecules or atoms, to release secondary ions 

(Clemmons et al., 2015).  
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Figure 2.7. Schematic representation of a LINAC-style accelerator for food processing. 

        Figure courtesy of Yang Bin, Tianjin, China. 

E-beam can be used to control the growth of microorganisms in foods with direct or indirect 

effect to their physiological metabolism and chemical reactions, inducing injury or death. Once 

microorganisms are exposed to e-beam, they create energy transfer within their bodies, which 

causes breakdown of chemical and molecular bonds (e.g., breakage in DNA structure, and 

denaturation of membrane proteins and enzymes). As a result, the cells are unable to perform 

normal physiological metabolism processes and lose the ability to replicate and divide 

chromosomes leading to aging and death (Miller, 2005). The e-beam, on the other hand, can 

ionize water molecules generating unstable free radicals that destroy other cellular metabolic 

pathways, promoting intracellular oxidation, and causing cell injury and death. Sometimes after 

irradiation, mutation can occur as a result of sublethally injured cells. This will create greater, 

less or similar level of virulence or pathogenicity from parent organisms. For instance, Shea and 
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Health (2000) observed resistant microbes to irradiation when cultures were subjected to 

prolonged treatments of radiation. As a result, determining safe irradiation doses to effectively 

inactivate microorganisms is critical. The D10-value, or the dose needed to inactivate 90% of a 

microbial population, is one of the most commonly used parameters to compare the sensitivity of 

microorganisms to irradiation. The amount of radiation absorbed by the food is estimated in kilo 

Grays (kGy), which is the quantity of energy per unit area (Satin, 2002; Brewer, 2009). The time 

of exposure for the product is monitored by adjusting the speed of the conveyor belt passing 

under the e-beam.  

E-beam is a cutting-edge and innovative processing technology that has gained popularity for 

decontamination of mycotoxins in the last decade. However, the efficiency of the technology on 

tested mycotoxins in the literature is not conclusive (Jalili et al., 2012; Calado et al., 2014). 

Efficient decontamination of AFB1 in coconut agar with e-beam was demonstrated by 

Rogovschi et al. (2009). Lung et al. (2015) also observed that free radicals attacked the terminal 

furan rings of AFB1 and created seven radiolytic products with reduced biological activities. The 

mechanism of detoxification is that, hydrogen radicals formed from water ionization react with 

the CH chain of the mycotoxins molecules, forming new free radicals capable for further 

degradation. Reports by FAO and World Health Organization (WHO) indicated that food 

irradiation with a total dose of up to 10 kGy has been considered safe and effective since 1981 

(FAO and WHO, 1981). However, doses greater than 10 kGy were later deemed appropriate for 

a variety of niche products and markets (FAO and WHO, 1999). Food composition, water 

content, type and concentration of mycotoxin, and species of microorganism are all important 

factors to consider while determining the effectiveness of e-beam and the required dose for 

processing. Based on the current international regulation, all foods treated with irradiation must 

be labeled with international Radura symbol (Figure 2.8) and the note ‗‗Food treated by 

irradiation process‖ (Toffa et al., 2013). 

 

Figure 2.8. Radura symbol. 

        Source: Ehlermann (2009) 
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2.7.2.2. Pulsed Light Processing 

PL is an emerging technology for inactivation of spoilage and pathogenic microorganisms in 

foods such as yeasts, molds, bacteria and viruses, thereby prolonging the shelf life (Ramos-

Villarroel et al., 2012). It has recently been reported to be an efficient decontamination method 

for mycotoxins on food surfaces (Pankaj et al., 2018; Wang et al., 2018). The technique uses 

short and high-intensity flashes (10
–6

-0.1 s) of a broad spectrum of light with wavelengths 

ranging from 200 to 1100 nm, which includes UV, visible, and infrared (IR) lights (Mahendran 

et al., 2019). Electrical energy is preserved in a capacitor and released in a short time over an 

inert gas (e.g. xenon) in the lamp to generate PL (Mahendran et al., 2019). A schematic diagram 

of PL system is shown in Figure 2.9. 

 

Figure 2.9. Schematic diagram of the PL system. 

   Source: Cheigh et al. (2013) 

The mechanism of microbial inactivation and mycotoxin degradation with PL is a multi-target 

process which includes photochemical, photothermal and/or photophysical effects (Gomez-

Lopez et al., 2007; Pankaj et al., 2018). PL inactivation involves absorption of UV light by the 
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DNA that induces formation of pyrimidine dimers and prevents the development of new DNA 

chains (Rowan, 2019). The energy obtained as a result of UV photons and the IR radiation could 

raise the temperature of the food surface during treatment, leading to microbial inactivation 

(Nicorescu et al., 2013). Cell membrane destruction is also the photophysical approach for PL 

inactivation process. Furthermore, PL treatment may cause breakdown of mycotoxin molecules 

and loss of mutagenic activity. Abuagela et al. (2018) demonstrated that detoxification of AFB1 

in peanut with PL might be due to the disruption of double bond in the terminal furan ring and 

the opening of lactone ring.   

Previous studies reported that the voltage applied, fluence, number of flashes, the distance 

between sample and lamps, the spectral range of flashes, exposure time, the composition of 

foods and the type and amount of microorganisms are the major factors affecting the efficacy of 

PL (Zenklusen et al., 2018; Koch et al., 2019). However, both fluence and number of pulses 

appear to be the most important factors to achieve the desired inactivation.  

For equivalent microbial inactivation levels, PL is very efficient and is 4 to 6 times faster than 

the continuous UV light (Moreau et al., 2013). According to Maftei et al. (2014), about 4 log 

cycles reduction of naturally occurring molds on wheat grains were observed after PL treatment 

at 51.2 J/g. Several studies investigated the effect of PL on mycotoxin degradation. Moreau et al. 

(2013) obtained a reduction of 29.89%, 88.43%, 14.26% and 40.97% of AFB1, OTA, DON and 

ZEA after a single flash of PL treatment, respectively. Wang et al. (2016b) found reduction of 

AFB1 and AFB2 in rice ranging from 39.2 to 90.3% and complete elimination of mutagenicity 

with PL treatment. Total AFB1 and AFB2 levels on peanut treated with PL at 1.2 J/cm
2 

were 

reduced by 78.1% with no significant (P>0.05) change in the quality of the product (Abuagela et 

al., 2019). AFB1 and AFB2 in rough rice were reduced by 75.0% and 39.2%, respectively, after 

PL treatment at 0.52 J/cm
2
/pulse for 80 s; while AFB1 and AFB2 in rice bran were reduced by 

90.3% and 86.7%, respectively, after 15 s (Wang et al., 2016a). In a different study, 8 flashes of 

PL (1 J/cm
2
 during one 300 ms flash) reduced 92% of AFB1 in water (Moreau et al., 2013). In 

several studies, the potential of PL treatment has been demonstrated for degradation of AFs 

without toxic degradation products. However, further research is required to improve the 

efficiency of degradation, evaluation in variety of food matrices as well as assessment on the 

safety of degraded products.   
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2.7.2.3. High Pressure Processing 

HPP is a commercially available non-thermal food processing technique with little or no adverse 

effects on the quality of foods (Cullen et al., 2012). The technique uses high pressures, 

commonly from 100 to 600 MPa for several minutes, for inactivation of spoilage or pathogenic 

microorganisms as well as extending the shelf life of liquid or solid foods (Huang et al., 2015). A 

typical HPP unit consists of a high-pressure vessel with an enclosure, a material handling system, 

a pressure generation system, a pressure transmitting medium and a temperature-sensing device 

(Figure 2.10) (Balci and Wilbey, 1999). The internal volume of treatment vessels in the food 

industry usually ranges from 50 to 525 liters.  

 

Figure 2.10. Schematic diagram of HPP. 

         Source: Zhao et al. (2017) 
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There are three basic principles governing the behavior of foods under pressure. The Le 

Chatelier‘s principle states that any reaction, phase transition, conformational change, 

accompanied by a decrease in volume is enhanced by pressure (Ledward, 1995). The principle of 

microscopic ordering states that an increase in pressure at constant temperature increases the 

degrees of ordering of molecules of a given substance. When compared with heat treatments, one 

of the major benefits of the technology is that the effect of pressure is not influenced by the 

shape and size of products. Fortunately, the classical limitation of heat transfer must be 

considered. During compression, reversible increase in adiabatic heat is about 3 °C/100 MPa in 

several food items. This can be a little higher reaching 8–9 °C/100 MPa in the case of foods 

containing high fat (Toepfl et al., 2006). The isostatic principle states that when products are 

compressed with uniform pressure from all directions, they are returned to their original shape 

when the pressure is released (Olsson, 1995).  

HPP inactivates microorganisms by altering the cell wall, cell membranes, proteins and enzyme-

mediated cellular functions (Simpson and Gilmour, 1997). Pressure-induced treatment primarily 

affects cell membranes, resulting in changes in cell permeability, organelle disturbance, transport 

systems, failure to sustain intracellular pH and loss of osmotic responsiveness. The efficiency of 

HPP treatment on biological systems is influenced by the pressure intensity, holding time, 

process temperature, type and amount of microorganism, package integrity, product temperature, 

aw, pH and food composition (Barbosa-Cánovas et al., 1998; Morris et al., 2007).  

Treatments previously applied to reduce mycotoxins in foods, such as apple, have been found to 

bring detrimental effect on the quality properties of products including clarity, sugars, color, pH, 

and °Brix (Gökmen et al., 2001; Kadakal and Nas, 2002; Janotová et al., 2011). This indicates 

that further intervention may be necessary to decontaminate mycotoxins while preserving the 

quality of products. Methods developed particularly to reduce mycotoxins have been suggested 

to replace conventional techniques or to be included as part of a hurdle approach during 

processing. HPP is a technique that was originally developed to reduce microorganisms but has 

now been studied as a method to reduce mycotoxins in foods (Avsaroglu et al., 2015). However, 

there are only few reports on mycotoxins degradation using HPP. PAT is among the mycotoxins 

that have been frequently studied with HPP. Hao et al. (2016) reported that PAT in juice was 

reduced by 31% when treated at 600 MPa for 300 s. Pulsed HPP treatments from 300 to 500 
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MPa for 5 min and temperatures ranged from 30–50 °C has been reported to reduce PAT up to 

62.11% in apple juice contaminated artificially with 5, 50, and 100 ppb of the mycotoxin 

(Avsaroglu et al., 2015). HPP appears to work mainly on the hydrophobic and electrostatic 

interactions, rather than the covalent bonds found in PAT molecules (Patterson, 2005). HPP has 

also been shown to reduce DON and ZEA levels in maize ranging from 17 to 100% when treated 

at 550 MPa/45 °C for 20 min (Kalagatur et al., 2018). Tokuşoğlu et al. (2010) have 

demonstrated that HPP treatment at 250 MPa/35°C for 1 min significantly reduced CIT in black 

table olives. As also reported by Woldemariam and Emire (2019), DON and ZEA in agricultural 

commodities were possible to be decontaminated with HPP. 

2.8. Kinetic Models and Optimization for Microbial and Mycotoxin Inactivation  

Mathematical models are increasingly being used to describe and predict the growth, survival 

and inactivation behaviors in a particular environmental condition. There are four common types 

of survival curves used to explain thermal and non-thermal inactivation. These are linear, curves 

with shoulders, curves with tails, and curves of sigmoid shape. The first order model describes 

the linear curve, while different non-linear models (Modified Gompertz, Log logistic, Weibull, 

and Fermi) describe non-linear curves (shoulder, tail, and sigmoidal) (Devlieghere et al., 2009). 

The most common kinetic models are described below.   

2.8.1. Modeling of Survival Curves 

First-order kinetic model 

This model assumes that all cells or spores in a population are equally resistant to inactivation 

treatments, resulting in a linear relationship between the logarithm of the number of survivors 

and treatment time (Schaffner and Labuza, 1997). First-order kinetics is expressed with the 

following equation 2.1:  

   
 

  
  

 

 
              (2.1)  

where;    is the initial number of cells (colony forming unit per ml, CFU/ml),   is the number 

of survivors after an exposure time   (CFU/ml).   is the time required for one log reduction in 

the number of cells (min) and   is the time (min). 
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Log-logistic model 

Equation 2.2 was proposed by Cole et al. (1993) to describe the non-linear inactivation of 

microorganisms: 

       
   

                   
                                     (2.2) 

where;   = upper asymptote in log CFU/ml;   = lower asymptote in log CFU/ml;   = position of 

the maximum slope, i.e. the log time required to achieve the maximum rate of inactivation in log 

min;   = maximum slope, i.e. the maximum rate of inactivation in log CFU/ml/log min.  

Since      at t = 0 is not defined, a small t (t = 10
–6

) can be used to approximate t = 0. To avoid 

the direct use of initial numbers,       can be calculated from the following equation 2.3:  

        
   

                 
             (2.3)  

Now, the final equation (Eq. 2.4) can be written as follows:  

   
 

  
              

   

                   
 

   

                 
       (2.4) 

Modified Gompertz model 

Originally, Gibson et al. (1988) proposed the modified Gompertz equation (2.5) below to model 

growth curves, and it was later used to model inactivation kinetics (Linton et al., 1999). 

   (
 

  
)                                       (2.5) 

where;    is the initial number of organisms (CFU/g) and    is the number of survivors (CFU/g) 

after treatment;  ,  ,   ,    are model parameters. 

Weibull model 

The Weibull model considers population heterogeneity and assumes that each microorganism in 

a population responds to a lethal agent differently. Thus, the survival curve is composed of many 

inactivation curves, resulting in a nonlinear curve (van Boekel, 2002). The Weibull model is 

given by the equation 2.6 below. 

   
 

  
                   (2.6) 

where; b and n are scale and shape factors (Peleg and Cole, 1998). 
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Arrhenius-type models 

The effect of temperature on reaction rates of chemical and/or biological processes is explained 

using Arrhenius-type models, which are deemed important in a number of scientific fields 

(Pérez-Rodríguez, 2013). A well-known and simplified mathematical form is equation 2.7: 

         ⁄
              (2.7) 

where;   is the reaction rate,   is the collision factor,    is the activation energy of the reaction, 

  corresponds to the gas constant (8.314 J K-1  mol
-1

) and   is the temperature in Kelvin. 

Equation 2.7 can be linearized taking logarithms of both sides yielding equation 2.8: 

            
  

  
              (2.8) 

2.8.2. Kinetic Modeling of Mycotoxin Degradation 

The degradation ratio of mycotoxins can be calculated using equation 2.9 (Zhang et al., 2011a; 

Wang et al., 2018): 

                                                       (2.9)            

where; E is the degradation ratio of mycotoxin (%);    is the initial mycotoxin concentration 

(𝜇g/kg) and    is the mycotoxin concentration (𝜇g/kg) at time t (s). 

2.8.3. Model Validation 

Validation is the process of assessing the performance of a model to predict the behavior of the 

real system. For internal and external validation, predictive microbiology employs a variety of 

statistical indices. The following parameters could be used to validate various models: 

Coefficient of determination  

Coefficient of determination (R
2
)
 
indicates

 
the proportion of the total variability explained by the 

model, thus the closer the R
2
 is to one, the better the adequacy to describe data (Ross, 1996). R

2 

is calculated using the equation 2.10 below. 

      
     

     
              (2.10) 
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Root mean square error 

The root mean square error (RMSE) is a measurement of model residuals (i.e. least squares) used 

to assess the adequacy of a model to describe observed values. The smaller the RMSE value, the 

better the model to fit the data (Ross, 1996). RMSE can be calculated using the equation 2.11 

below.  

      √
∑                     

 
                      (2.11) 

where; n is the number of observations. 

Accuracy and bias factors  

Ross (1996) proposed the accuracy factor (Af) and bias factor (Bf) to assess accuracy of 

predictive models. The larger the Af value, the less accurate is the average estimate, while a value 

of 1 indicates that the model produces a perfect fit to these data. For Bf, a value of 1 means that 

observations are equally distributed above and below predictions, values <1 means that predicted 

values are lower than observations (i.e. fail-dangerous model), whereas values >1 indicate that 

predicted values are higher than observations. The acceptable Bf value for a predictive model can 

be 0.75–1.25. Af and Bf can be calculated using equations 2.12 and 2.13, respectively.  

     
(∑

|   (
         
        

)|

 
)

            (2.12) 

     
(∑

   (
         
        

)

 
)

             (2.13) 

2.8.4. Optimization and response surface methodology 

Response surface methodology (RSM) is a set of statistical techniques for designing 

experiments, developing models, analyzing the effect of variables and finding for the optimum 

conditions (Nwabanne and Igbokwe, 2012). RSM is based on the use of second-order and 

expressed with the following equation 2.14. 

     ∑      ∑      
  ∑           

     
 
   

 
                    (2.14) 

where; y is the predicted response,    is the model intercept, and   ,    , and     are the 

regression coefficients for the linear, quadratic, and interaction effects of the model, respectively. 

   and    are the factors and   is the number of factors (Ghorbannezhad et al., 2016).  
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During optimization using RSM, the models may not always be a second-order. Also, all systems 

with curvature may not be explained by a second-order. Thus, regression coefficients of a model 

that are not statistically significant must be omitted from the equation and those which are 

statistically significant must be considered (Myers et al., 2016). 

2.9. Concluding Remarks 

Red pepper is one of the most consumed spices in the world. Its production has been increasing, 

making it a good source of income for producers in several countries and playing a key role in 

international trade. Due to its various chemical compositions, red pepper is valued for color, 

aroma and pungency and it is a good source of bioactive compounds including carotenoids, 

phenolics, vitamins C, E and provitamin A that can offer health benefits for consumers. On the 

other hand, however, frequent contamination of red pepper with mycotoxigenic molds and 

mycotoxins such as AFs and OTA has been reported in several countries across the world.  

Contamination of agricultural crops with mycotoxins has significant economic and social 

consequences. Rejected products from export markets that fail to satisfy expectations and 

standards of importing countries as well as cheaper prices for inferior qualities can devastate the 

economy of developing countries. AFs and OTA are also global public health concerns due to 

higher risk of causing cancer. Moreover, these mycotoxins have teratogenic, hepatotoxic, 

cytotoxic and genotoxic effects on the health of consumers. These mycotoxins are strongly 

associated to growth impairment such as wasting and stunting, and the health consequences are 

regularly recorded in African countries where their contamination is more prevalent. Thus, 

control of AFs and OTA contamination is critical not only for health reasons, but also for 

improving the economies of the countries affected. Physical, chemical, and biological 

approaches have been used to reduce and control mycotoxins in foods. However, efficient 

decontamination of AFs and OTA remains a challenge as both of them are heat-stable. On the 

other hand, there is also a growing consumer awareness and interest for ―fresh-like‖, 

preservative-free and safe food and this has led to the development of innovative food processing 

techniques for microbial and mycotoxin decontamination. Hence, it is critical to reduce microbial 

and mycotoxin levels in red pepper while maintaining its qualities. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1. Sample Collection and Preparation  

Dried whole red pepper (C. annuum L., Mareko fana variety) of 10 kg was purchased from local 

market in Addis Ababa, Ethiopia, in August 2019. Foreign matters were manually removed and 

water was uniformly sprayed on the sample in the ratio 3.5:1 (red pepper:water, m/v) to increase 

the moisture content. The wet sample was incubated at 30 °C for 7 days to facilitate growth of 

naturally present microorganisms and enhance production of mycotoxins. Then, the sample was 

sun-dried and coarsely crushed using cutter mixer (Hobart, USA) after removing the stalks. The 

crushed sample was milled by using laboratory scale hammer mill (Perten Instruments, Finland) 

and homogenized using the mixer. Finally, the ground pepper was sieved through 0.5-mm mesh 

size and packed in polyethylene bags. Samples were stored for one week after preparation and 

transported at ambient conditions until further treatment and analysis. After treatment, samples 

were stored at 4 °C.   

3.2. Microbiological Analysis  

Microbial analysis of e-beam treated and untreated red pepper powder samples were carried out 

to determine viable cells of yeasts and molds (method: ASU 01.00-37 1991-12A, German official 

collection of analysis procedures) and total plate counts (TPC) (method: ASU L00.00-88/2 2015-

06A). Briefly, about 10.0 g of sample was taken into a flexible and sterile bag filter and 90 mL of 

maximum recovery diluent (Oxoid, Thermo Fisher Scientific, Waltham, MA, USA) was added. 

The mixture was homogenized with stomacher (Interscience, France) for 1 min and the sample 

was serially diluted and plated on agar plates (ThermoFisher Scientific, Dreieich, Germany). The 

plating was done with Whitley automated spiral plater (WASP 2) (Don Whitley Scientific, 

Lähden, Germany) on Yeast extract Glucose-Chloramphenicol-agar (YGC) for both yeasts and 

molds and Plate Count (PC) agar for TPC. Then, PC plates were incubated at 30 ± 1 °C for 72 ± 

3 h and YGC plates at 25 ± 2 °C for 4 days. The number of colonies on a plate was estimated 

using automatic colony counter (DW Scientific, UK) and results were expressed as colony-

forming units per gram of sample (CFU/g) which is calculated using equation 3.1:  

    ⁄  
               

                           
           (3.1)  
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3.3. Aflatoxins and Ochratoxin A Analysis 

Red pepper powder sample of 7.5 g was diluted with an acetonitrile/water/acetic acid mixture 

(80:19:1) and shaken for 45 min to extract the mycotoxins. The mixture was centrifuged and an 

aliquot of the supernatant was diluted with 1% acetic acid and the stable isotope marked analyte 

analogues. The solution was filtered with a 0.25-µm regenerated cellulose syringe filter 

(Macherey-Nagel, Germany) and cleaned online by means of the SPARK ACE module in 

combination with the corresponding immunocartridge (Immunoprep
®

 online Aflatoxin or 

Immunoprep
®
 online Ochratoxin, R-Biopharm, Glasgow, UK). Samples (injection volume, 250 

μL) were quantified by means of Liquid Chromatography-Mass Spectrometry/Mass 

Spectrometry (LC-MS/MS) (LC: R-Biopharm, Glasgow, UK; MS/MS: Torrance, California, 

USA; Column: Phenomenex Kinetex 2.6 μm Polar C18 100×3 mm, Torrance, California, USA) 

against an external calibration and corrected by stable isotope dilution assay procedures. 

Acetonitrile (100%, gradient grade (LiChrosolv
®
)) and acetic acid (100%) were obtained from 

VWR, Germany. Methanol (100% LC-MS grade HiPerSolv
®
, VWR, Germany) and ultrapure 

water (Milli-Q, MERCK KGaA, Germany) were used for mobile phase. Standard mycotoxins 

13
C17 Aflatoxin B1, 

13
C17 Aflatoxin B2, 

13
C17 Aflatoxin G1, 

13
C17 Aflatoxin G2, 500 ng/mL and 

13
C20 Ochratoxin A, 10 µg/mL each in acetonitrile were obtained from Biopure, Emmendingen, 

Germany.  

3.4. Determination of Physicochemical Qualities of Red Pepper 

3.4.1. Total Phenols 

The content of total phenols (TP) in red pepper powder was determined using Folin-Ciocalteu 

(F-C) colorimetric method. Briefly, 2.0 g of the sample and 20 mL of extraction solvent (70-mL 

methanol (99.9%, Merck KGaA, Germany) + 2-mL formic acid (99–100%, VWR, Germany) + 

28-mL H2O) were mixed in a beaker with magnetic stirrer for 2 h and incubated overnight at 

10 °C. The mixture (2 mL) was centrifuged (Universal 320 R, Hettich Zentrifugen, Germany) at 

21,380 × g for 15 min.  Extract of 0.2 mL was mixed with 1 mL of F-C reagent (Merck KGaA, 

Germany) and allowed to stand for 6–8 min. Then, aqueous Na2CO3 (800 μL, Merck KGaA, 

Germany) was added to the extract and mixed using vortex. After 2 h, the absorbance was 

measured at 760 nm using spectrophotometer (SPECORD 40, Analytik Jena AG, Germany). 

Gallic acid (98%, Acros Organics, Germany) was used as a chemical standard and L(+)-ascorbic 
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acid (AppliChem, Germany) as a quality control. The content of TP was expressed as mg of 

gallic acid equivalents (mg GAE/100 g). 

3.4.2. Carotenoids  

Carotenoids content of red pepper powder was determined using photometric method. About 1.0 

g of sample was mixed with 20 mL of methanol (99.9%, Merck KGaA, Germany) and shaken 

for 10 min (250 shakes/min) with shaker (SM-30, Edmund Bühler GmbH, Germany). The 

mixture was subsequently centrifuged (Universal 320 R, Hettich Zentrifugen, Germany) at 8,965 

× g for 10 min at 20 °C. The supernatant was decanted into a volumetric flask (100 mL). The 

procedures were repeated with 20 mL, 15 mL, 15 mL, 10 mL, 5 mL and marked with methanol 

up to 100 mL level. The extract was filtered with 0.45-μm membrane filter and absorbance was 

measured at 470 nm with spectrophotometer (SPECORD 40, Analytik Jena AG, Germany). 

Carrot juice was used as a control. Carotenoid contents were expressed as mg -carotene (mg 

c/100 g).  

3.4.3. Antioxidants Activity  

The antioxidants activity of red pepper powder was determined using Trolox equivalent 

antioxidant capacity (TEAC) assay. This method is based on measuring scavenging capacity 

upon reduction of blue color due to reaction between cation radical of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS
•+

) and antioxidants present in the sample. A sample 

of about 2.0 g was mixed with 20 mL of extraction solvent (70-mL methanol (99.9%, Merck 

KGaA, Germany) + 2-mL formic acid (99–100%, VWR, Germany) + 28-mL H2O) and stirred in 

a beaker with magnetic stirrer for 2 h. The extract was centrifuged (Universal 320 R, Hettich 

Zentrifugen, Germany) at 21,380 × g for 15 min and the supernatant was decanted. About 10 μL 

of supernatant and 1 mL of ABTS
•+ 

(≥ 98%, HPLC grade, Sigma Aldrich, Germany) was mixed 

into the cuvette and absorbance was measured at 734 nm using spectrophotometer (SPECORD 

40, Analytik Jena AG, Germany). Trolox ((+/-)-6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid) (Sigma Aldrich, Germany) was used as a chemical standard and L(+)-ascorbic 

acid (AppliChem, Germany) as a quality control. Results were expressed as μmol Trolox 

equivalent (TE) per gram of sample (μmol TE/g).  
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3.4.4. Color 

Color change of each sample was measured using spectrophotometer (CM-600d, Konica 

Minolta, Japan) as described by Li et al. (2016). Red pepper powder of 6 g was uniformly spread 

in a cuvette and color was measured at different points (n=10). Color was expressed in CIELab 

color space system and quantified in terms of L*, a*, b* mean values. Each measurement was 

conducted at CIE standard illuminant D65 and viewing angle 10° at room temperature (20 ± 2 

°C). The total color difference, △E*, was calculated using equation 3.2:  

     √ 2
0

2
0

2
0 )()()(   bbaaLL           (3.2) 

where; L* is lightness of treated sample; L*0 is lightness of untreated sample; a* is (+) 

redness/greenness (-) of treated sample; a*0 is (+) redness/greenness (-) of untreated sample; b* 

is (+) yellowness/blueness (-) of treated sample; and b*0 is (+) yellowness/blueness (-) of 

untreated sample.     

3.5. Statistical Data Analysis  

The experimental data were subjected to analysis of variance (ANOVA) using JMP software 

version 13 (SAS Institute Inc., Carry, NC, USA) or Design-Expert software, version 10 (Stat-

Ease Inc., MN, USA). Means were compared for their significant difference at P<0.05. Models 

were fitted using SigmaPlot version 14 (Systat Software, Inc., CA, USA) and regression analysis 

was carried out using MS Excel 2010. Measurements were done at least in triplicates and results 

were reported as mean ± standard deviation (SD).    
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CHAPTER 4: PHYSICOCHEMICAL, FUNCTIONAL, OXIDATIVE 

STABILITY AND RHEOLOGICAL PROPERTIES OF RED PEPPER 

(Capsicum annuum L.) POWDER AND PASTE 

Abstract 

Red pepper (Capsicum annuum L.) is one of the major spices consumed globally, recognized for 

its aroma and nutrient properties, and of a major economic value for high producing countries. 

However, characterization of its techno-functional properties and in-depth understanding is 

needed to produce food of high quality and stability. Thus, this work focused on the 

physicochemical, functional, thermal, oxidative stability and rheological properties of red pepper 

powder and paste. The red pepper powder contained 14.50 g/100 g, 44.00 g/100 g and 7.57 g/100 

g of fat, crude fiber and ash, respectively. The concentration of TP, carotenoids and antioxidants 

activity of the powder were 1.04 g GAE/100 g, 374 mg c/100 g and 38.61 μmol TE/g of the 

powder, respectively. Functional properties revealed lower bulk density (395.10 kg/m
3
) and 

higher tapped density (583.38 kg/m
3
) demonstrating the improvement of compressibility of the 

powder. Hausner ratio (1.48), Carr‘s index (32%) and angle of repose (45°) indicated that the 

powder was characterized by a poor flowability. Results on particle size distribution also 

indicated that the volume weighted mean values D[4,3] of the powder and paste were 262.20 and 

201.46, respectively. Maximum emulsifying capacity of the powder was recorded at 47.5% of 

oil. Oil and water absorption capacities varied from 1.41 to 1.73 and 0.86 to 2.29 g/g of initial 

weight, respectively. Higher glass transition temperature (62.54 °C) was observed for the powder 

than the paste (45.64 °C). As expected, the induction period indicated that red pepper was more 

stable against oxidation in powder (5.2 h) than in the paste form (3.2 h). Rheological analysis 

revealed that the paste exhibited shear-thinning behavior at 25 °C. Overall, understanding of the 

properties of red pepper could contribute to enhanced quality control and help attain its intended 

purposes.  

Keywords: Red pepper; Powder; Paste; Stability; Chemical property; Functional property; 

Physical property.  
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4.1. Introduction 

Red pepper (Capsicum annuum L.), genus Capsicum, family Solanaceae, is one of the major 

spices consumed globally (Singh et al., 2018) and a key ingredient valued for its unique aroma, 

pungency, color (Garcés-Claver et al., 2007), and recognized for its nutritional benefits (Sarafi et 

al., 2017). It is also a good source of fiber, protein, lipid, minerals, vitamins and phenols 

(Campos et al., 2013; Derry et al., 2017). Moreover, several phytochemicals like ascorbic acid, 

tocopherols, capsaicinoids, carotenoids and flavonoids are also found in red pepper (Kim et al., 

2019). These phytochemicals have functional health benefits in preventing oxidation of 

biomolecules, and it is claimed that they can contribute in preventing diabetes, cancer, heart 

disease and lower serum cholesterol level (Marangoni and Poli, 2010; Yang et al., 2012).  

Red pepper has also huge economic value (Kim et al., 2019), especially for high producing 

countries in Africa and Asia. According to FAOSTAT (2018), estimated annual global 

production of dry pepper was 4.1 million ton in an area of 1.7 million ha. India, China, Thailand, 

Ethiopia, Pakistan, Bangladesh, Myanmar, Viet Nam, Ghana and Côte d'Ivoire are the top 10 

major dry pepper producing countries (FAOSTAT, 2018). The dry pepper production in Ethiopia 

was estimated at 300,000 tons in a total area of 150,000 ha. Like other producing countries, 

Ethiopia cultivates different red pepper varieties all year-round, and C. annuum L. is among the 

varieties most extensively grown and consumed (Samira et al., 2013). In most of the cases, due 

to ease of handling and safety, red pepper is distributed, consumed or exported to EU in powder 

form and used as a cooking ingredient or in industrial applications.  

The use of granular materials such as powders is beneficial for multiple reasons in industrial 

applications (Richard et al., 2005). Shape, size, aspect ratio, sphericity, porosity, true density, 

bulk density and angle of repose (AoR) are only few of several useful powder properties to be 

considered when designing and manufacturing systems for handling, processing, storage, 

transportation as well as to be considered for final product quality (Kashaninejad et al., 2006; 

Owolarafe et al., 2007). Determination of functional properties of food powders such as 

flowability, is also important to avoid major issues such as sticking and agglomeration, during 

production, storage and transportation. In the literature, it was suggested that flowability can be 

described by different parameters such as Hausner ratio (Hr), Carr‘s index (CI), AoR (α) and 

flow index (Teunou et al., 1999; Owolarafe et al., 2007; Liu et al., 2008). Functional properties 
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of food powders are also linked to the interaction between water/oil and powder (Moure et al., 

2006).  

Low moisture content of food powders allows for improved microbial stability and reduces 

quality degradation rate but can, however, take place with or without change in physical 

appearance of powder, depending on their physical state and chemical composition. 

Autoxidation is one of the most common problems in fat/oil containing foods (Hu, 2016). As 

autoxidation occurs quite slowly under ambient conditions, accelerated methods can be used to 

estimate the shelf life of such products in a relatively short period of time. Consequently, in-

depth understanding of the oxidative stability of low moisture foods is required to produce high 

quality stable food products with desired shelf life.  

The study of thermodynamic properties of food powders such as heat capacity (Cp), enthalpy (H) 

and glass transition temperature (Tg), may provide information relevant for product development 

and quality improvement (Leyva-Porras et al., 2020). Similarly, knowledge on rheological 

properties of food products and ingredients is essential during processing, storage and for 

obtaining desired texture (Vercet et al., 2002; Tehrani and Ghandi, 2007). The design and 

optimization of different food processing equipment such as pumps, mixers, heat exchangers, 

etc., require reliable data on rheological properties of foods to be processed (Crandall and 

Nelson, 1975; Tanglertpaibul and Rao, 1987; Stoforos and Reid, 1992; Vercet et al., 2002).  

Several previous studies investigated microbiological and mycotoxin contamination and 

approaches for decontamination of red pepper. Salari et al. (2012) assessed the total aerobic 

mesophilic count, coliforms, yeasts and molds and AFs and OTA of 36 samples of Iranian red 

pepper collected from a farm. Ham et al. (2016)  analyzed fungal counts and AFs, OTA and CIT  

contents of 30 ground red pepper samples in Korea. González et al. (2017) also evaluated the 

total aerobic mesophilic bacteria, coliforms, yeasts and molds in paprika from various local 

producers in Catamarca, Argentina.  Ezekiel et al. (2019) determined aflatoxin levels of 70 chili 

peppers in Nigeria collected from farmers‘ stores and local markets, and Wikandari et al. (2020) 

assessed fungal and AFs and OTA contamination in dried chili provided from traditional and 

modern markets in Indonesia. Moreover, Choi et al. (2020) evaluated the influence of steaming, 

gamma and UV irradiation on the reduction of thermoduric and total aerobic bacteria in red 
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pepper powder. Byun et al. (2019) investigated the effects of gamma, X-ray and e-beam 

irradiation on the reduction of A. flavus on red pepper powder and gochujang from Korea. Abdi 

et al. (2019) also compared cold atmospheric pressure plasma as an alternative technique to 

gamma irradiation for the inactivation of Escherichia coli, Bacillus cereus and A. flavus in red 

pepper powder from Iran. Lee et al. (2020) studied the effect of PL plasma on the inactivation of 

indigenous bacteria in red pepper powder purchased from a local grocery store in Korea, and 

Woldemariam et al. (2021) investigated the influence of e-beam treatment on TPC, yeasts, 

molds, AFs and OTA in naturally contaminated red pepper powder from Ethiopia.  

Other studies investigated selected physicochemical properties of red pepper such as 

capsaicinoids content and proximate composition (Orellana-Escobedo et al., 2013), content of 

minerals (Romero-Dávila et al., 2015; Tefera and Chandravanshi, 2018), carotenoids, 

capsaicinoids and ascorbic acid (Topuz and Ozdemir, 2007), carotenoid and vitamin C (da 

Silveira Agostini-Costa et al., 2017), antioxidants (Mamedov et al., 2017), polyphenol content 

and antioxidant capacity (Parnea et al., 2018), pigment composition and color value (Kim et al., 

2008). Yet, comprehensive studies related to the physicochemical, functional, thermal, oxidative 

stability and rheological properties of red pepper powder and paste are limited. Therefore, the 

present study aimed to give an overall data on the physicochemical, functional, oxidative 

stability, thermal, and rheological properties of red pepper powder and paste.  

4.2. Materials and Methods 

4.2.1. Sample Collection and Preparation  

Sample collection and preparation was done according to the method described in section 3.1, 

except spraying water and incubation steps.   

4.2.2. Physicochemical Quality Analysis of Red Pepper Powder 

4.2.2.1. Proximate Compositions 

4.2.2.1.1. Moisture Content  

For the moisture content determination, an evaporating dish was covered with 30.0 g of sea sand 

(Busch Quarz GmbH, Germany) and pre-dried with a glass rod (Federal Office for Consumer 

Protection and Food Safety of Germany, L18.00-23). About 5.0 g of sample was weighed into 

the dish using Mettler Toledo XS204 balance (Sartorius Lab instruments GmbH, Switzerland). 
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The sample and the sea sand were then rubbed evenly in the dish placed on a white sheet. It was 

dried for 4 h at 103 ± 2 °C in a drying oven (Memmert UL 50, Schwabach, Germany). 

Afterwards, it was cooled down and weighed. Commercial pasta product was used as a control. 

The moisture content    in g/100 g of the sample was determined using equation 4.1:  

    
             

  
              (4.1) 

where;    is initial sample weight in g and    is mass after drying in g.  

4.2.2.1.2. Crude Protein  

Dumas method was used to determine the crude protein content of red pepper powder (L17.00-

18 2013-18 213-08, Federal Office for Consumer Protection and Food Safety of Germany). 

About 1.0 g of sample was weighed in a metal vial and combusted at 900 °C using Vario MAX 

CN (Elementar analysensysteme GmbH, Langenselbold, Germany) equipped with thermal 

conductivity detector. L-glutamic acid (Merck KGaA, Germany) and pork meat with 12% 

protein were used as reference material and quality control, respectively.    

4.2.2.1.3. Crude Fat  

Crude fat content was determined by Caviezel method using Turnkey fat determination system 

with Gas Chromatography (GC) (BÜCHI fat determination B-820; Autosampler, BÜCHI fat 

determination B-821, Germany) (DGF CIII 19 (00), German Society for Fat Science). About 3.0 

g of red pepper powder sample was weighed in a digestion beaker and mixed with 0.2 g of 

tridecanoic acid (98%, abcr GmbH, Germany) internal standard (IS), 1.5 g of potassium 

hydroxide pellets (Merck KGaA, Germany) and 45 mL of 1-butanol (VWR chemicals, France). 

Digestion was done at 200 °C for 40 min with multiple heating magnetic stirrer (VELP 

Scientifica, Italy) connected to reflux condenser. After 30 min of extraction, 40 mL of sodium 

dihydrogen phosphate (650 g, 99–101.0%) and formic acid (86 mL, 85%) solution (ApliChem, 

Germany) was added and stirred for another 3 min. The solution was allowed to stand until the 

aqueous phase was separated from the organic phase. Pork fat (0.7 g, 99.8%) (Hänseller, AG, 

Switzerland) was used as a reference material. The organic phase that contain the IS and the fatty 

acids was injected into the GC. GC conditions were: carrier gas H2, pressure 56 kPa, flow rate 6 

mL/min, oven and column temperature 130 °C, injection volume 2 μL, injection temperature 

220 °C, glass column, flame ionization detector (FID) detector at 260 °C. After GC separation, 
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the peak areas from the IS and fatty acids were used to estimate the fat content and a pre-

determined factor was used to automatically convert the fat content to triglycerides.   

4.2.2.1.4. Crude Fiber  

The crude fiber content of red pepper powder was determined using the methods of Prosky et al. 

(1988) and Lee et al. (1992). Duplicate samples (1.0 g each) were weighed and 40-mL buffer 

(Tris (Hydroxymethyl) aminomethane and 2-morpholinoethanesulphonic acid monohydrate, 

TRIS-MES, pH 8.2) (Merck KGaA, Germany) was added into each beaker with magnetic stirrer. 

It was stirred until the sample was optically completely dispersed. After complete dispersion, 

50 μL heat-stable -amylase solution (200 A, Megazyme, Ireland) was added while stirring. 

Beakers were covered with aluminum foils and heated at 98–100 °C in a shaking water bath and 

continuously agitated for 30 min. The beakers were taken out of the hot water bath and cooled to 

60 ± 1 °C. Afterwards, 100 μL protease solution (200 A, Megazyme, Ireland) was added and 

again incubated for 30 min in the bath at 60 ± 1 °C. The pH was adjusted to 4.5 using 0.561 N 

HCl (Honeywell | Fluka, Germany). About 200-μL amyloglucosidase solution (200 A, 

Megazyme, Ireland) was added while stirring and incubated at 60 ± 1 °C for 30 min in the bath 

with continuous agitation. It was filtered in a fiber filter bag (C. Gerhardt GmbH & Co. KG, 

Germany) and the residue was washed twice with four volumes of 95% ethanol (TH.Geyer, 

Germany) preheated at 60 °C and with 10-mL distilled water preheated to 70 °C. The residue on 

a crucible was dried overnight at 103 °C and cooled in a desiccator for 1 h. One sample residue 

was analyzed for protein using Kjeldahl method (factor: N × 6.25) and the other duplicate was 

analyzed for ash content based on oven drying method at 550 °C for 5 h. Crude fiber content was 

calculated from the differences of protein and ash contents.           

4.2.2.1.5. Ash Content  

Ash content was determined based on the standard procedure of the Federal Office for Consumer 

Protection and Food Safety of Germany (L53.00-4). About 5.0 g was weighed in a dry crucible. 

Pre-ashing of the samples was carried out in a muffle furnace (Nabertherm P330, Germany) by a 

temperature program, changing from start temperature (<150 °C) to end temperature (550 °C) 

heated up linearly within 10 h. The incineration took place over 4 h at the final temperature of 

550 °C and was later on cooled in a desiccator for 1.5 h. Milk powder was used as a control. The 

ash content of the sample was calculated according to equation 4.2 and was expressed in g/100 g:  
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               (4.2) 

where;    is sample weight in g,    dried crucible mass in g and    crucible mass with ash.   

4.2.2.1.6. Utilizable Carbohydrates  

Utilizable carbohydrates (CHO) were calculated by difference using equation 4.3:  

                                                                         

                                                                      (4.3)  

4.2.2.2. Total Phenols 

TP content was determined according to the method described in section 3.4.1.   

4.2.2.3. Carotenoids  

Carotenoids content was determined according to the method described in section 3.4.2. 

4.2.2.4. Antioxidants Activity  

Antioxidants activity was determined according to the method described in section 3.4.3.   

4.2.2.5. Color Value 

Color values (L*, a*, b*) were determined according to the method described in section 3.4.4.   

4.2.2.6. pH Value  

The pH value of red pepper powder was determined according to Choi and Lee (2017).  About 

45 mL of distilled water was added to 5.0 g of sample and homogenized for 1 min. The solution 

was kept for 1 h at ambient temperature and the pH value of the supernatant was determined by 

using a pH meter (Mettler Toledo, China).     

4.2.2.7. Water Activity 

The water activity (aw) of red pepper powder was determined using water activity meter (SE aw 

Lab Schulz Elektronik, Hohenkirchen, Germany) at room temperature. The aw value represents 

the ratio between the vapor pressure p of the water-containing medium and that of the pure water 

po. In practical terms, this means measuring the relative air humidity (RH) which is established 
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as a state of equilibrium over the water-containing substance in a closed room at a defined 

temperature. The aw was estimated using equation 4.4:  

              ⁄⁄              (4.4) 

4.2.3. Analysis of Functional Properties of Red Pepper Powder 

4.2.3.1. Bulk and Tapped Densities  

Bulk density of the red pepper powder was measured by a funnel method according to Meghwal 

and Goswami (2013). The powder was poured into a measuring cylinder (volume 100 mL, height 

to diameter ratio of 2.5:1) using a conventional funnel. The top layer of the powder was carefully 

flattened with a strip of iron. The weight and volume of the powder in the cylinder were recorded 

and equation 4.5 was used to calculate the bulk density of the powder.  

        ⁄               (4.5) 

where; ρb is the bulk density (kg/m
3
), mp the mass of the powder (kg), Vp the volume of the 

powder (m
3
). 

Likewise, the tapped density was measured using the same method with bulk density, but 

manually tapping the cylinder vertically until the height of powder in the cylinder does not 

change (Santomaso et al., 2003). The tapped density of red pepper powder was determined 

according to Ghodki and Goswami (2016) using equation 4.6: 

        ⁄                (4.6) 

where; ρt is the tapped density (kg/m
3
), mt the tapped mass of the powder (kg), Vt the tapped 

volume of the powder (m
3
).    

4.2.3.2. Determination of Porosity 

Porosity reflects the number of pores in the bulk material and was measured according to 

Mohsenin (1970). Mean values of tapped density and bulk density were used to calculate the 

porosity (ε (%)) of red pepper powder with equation 4.7:  
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      *   
  

  
+                  (4.7) 

4.2.3.3. Particle size Distribution and Specific Surface Area Analysis 

Particle size distribution of red pepper powder was determined using laser diffraction particle 

size analyzer (Mastersizer 2000; Malvern Instruments Ltd., Worcestershire, UK) according to the 

method described by Sun et al. (2019). The powder was dispersed in air (ISO 13320-1) and in 

water (ISO 13320-1) for the paste. In particle size distribution curve, D10, D50, and D90 

representing 10%, 50%, and 90% were used to describe the volume of particles undersize, 

respectively. The volume distribution was also used to determine the volume weighted mean 

(D[4,3]) and the specific surface area (m
2
/g).    

4.2.3.4. Determination of Powder Flowability  

4.2.3.4.1. Hausner ratio and Carr’s index 

Hausner ratio (Hr) and Carr‘s index (CI) are commonly used parameters to determine the 

flowability of food powders (Jinapong et al., 2008). Both Hr and CI were calculated by taking 

the tapped density and bulk density of red pepper powder using equations 4.8 and 4.9, as 

described by Meghwal and Goswami (2013) and (Fitzpatrick, 2013), respectively:  

        ⁄               (4.8)  

                                 (4.9)  

4.2.3.4.2. Angle of Repose  

AoR for red pepper powder was determined using a cylinder (height to diameter ratio: 0.8:1.0) 

placed in a plexiglass tube (cylinder diameter to inside diameter of the tube: 0.8:1.0; height of 

cylinder to height of tube: 1.0:3.0) and positioned in the middle. About 50% of the plexiglass 

tube was filled with the powder and the tube was slowly removed (n = 5) and the powder forms a 

cone on the cylinder end face. The AoR ( ) of the red pepper powder was estimated according to 

Meghwal and Goswami (2013) from the radius and height of the cone using equation 4.10:  

                         (4.10) 
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where; r is the radius of cylindrical base (mm) and h is the height of the conical pile of the 

powder (mm).  

4.2.3.5. Emulsifying Capacity 

Suspension of red pepper powder and water (1:3, m/v) was prepared and kept for 2 h contact 

time. About 50.0 g of the water phase was filled into a cylindrical plastic tube and dispersed 

using Ultra-Turrax (n = 11,000 min
-1

, IKA Staufen, Germany) with an addition of predetermined 

quantity of sunflower oil within 30 s. The mixture was mixed (n = 13,000 min
-1

) for 1 min at 

25 ± 2 °C. The amount of oil was quantified based on a visible film or stability after 30 min. If 

there was a visible oil film after 30 min, the oil quantity was reduced; or, if the emulsion was 

stable after 30 min, the oil quantity was increased. Emulsifying capacity was the highest 

percentage of oil which enabled an emulsion without visible oil layer.    

4.2.3.6. Oil and Water Absorption Capacities  

For determination of oil and water absorption capacities, red pepper powder was mixed with 

sunflower oil (1:3, m/v) and kept for 2 h of swelling time. The suspension was filled in 15 mL 

plastic centrifuge tubes and centrifuged using Sorvall RC 6+ (Thermo Fisher Scientific, 

Waltham, USA) at different centrifugal accelerations (1000, 2500, 5000, 7500, 10000, 12500, 

15000 × g) for 10 min at 25 ± 2 °C. The mass of the supernatant from each centrifugation step 

was measured. Oil absorption capacity is the function of remaining oil depending on centrifugal 

acceleration and expressed as gram of oil absorbed per gram of sample (g/g). The same 

procedures were followed for determination of water absorption capacity, except water was used 

instead of the oil.  

4.2.4. Thermal Properties of Red Pepper Powder and Paste 

Thermal properties of the powder and the paste were analyzed using Differential Scanning 

Calorimeter, DSC 250 (TA Instruments, New Castle, USA) according to Noda et al. (2004). A 

sample of 10 mg was weighed into aluminum pan; it was hermetically sealed with Tzero Press 

(TA Instruments, New Castle, USA) and kept standing at room temperature for 1 h before 

heating in DSC. Indium was used to calibrate the analyzer and an empty pan as a reference. 

Sample pans were heated from 25 to 95 °C at the rate of 2.5 °C/min with modulation of 

0.4 °C/min. The change in heat capacity was tracked with the changes in the heat flow. The heat 



 
49 

 

flow was measured as the energy required to maintain a zero temperature difference between the 

sample and the reference material. Thermal properties, such as onset (To), mid (To), end points 

(Te), peak (Tp) of glass transition temperature (Tg) and enthalpy were analyzed and recorded.          

4.2.5. Oxidative Stability Analysis of Red Pepper Powder and Paste  

Oxidative stability was performed using a rancimat test in which 1.0 g of powder and 3.0 g of 

paste samples were subjected to accelerated oxidative conditions using 892 Professional 

Rancimat (Metrohm AG, Herisau, Switzerland). The oxidative stability was investigated up to 

120 °C with airflow rate of 20 L/h. Measuring vessels were filled with 60 mL of deionized water 

to monitor electrical conductivity. Electrical conductivity (μS/cm) was plotted against time (h) to 

determine the induction period (IP) by tangent method at the inflection point.   

4.2.6. Rheological Properties of Red Pepper Paste  

Rheological properties were assessed using Rapid Visco Analyzer (RVA) (AR 2000, TA 

Instruments, New Castle, USA) based on the method described by Chen et al. (2014). Parallel 

plate geometry (40 mm), both cross-hatched with 500 μm slit, was used for oscillatory and 

steady shear measurements at 25 °C. Steady shear tests were carried out with shear stress ranging 

from 0 to 400 Pa and shear rate range of 1–1000 s
−1

. Rheological parameters including storage 

modulus (G′), loss modulus (G′′), complex viscosity (ƞ*) and loss factor (tan δ) were measured 

for the red pepper paste. The frequency sweep tests were performed in the frequency range of 

1-50 rad/s at a constant stain of 3%.  

4.2.7. Data Analysis  

All experiments and analyses were done at least in triplicates. Regression analyses were carried 

out using Microsoft Excel 2010. Results are presented as mean ± SD.    

4.3. Results and Discussion 

4.3.1. Physicochemical Properties of Red Pepper Powder  

4.3.1.1. Proximate Compositions 

The physicochemical properties consisting of moisture, crude protein, crude fat, crude fiber, ash 

and utilizable carbohydrate contents of red pepper powder are presented in Table 4.1. The crude 
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protein, crude fat, crude fiber and ash contents of red pepper powder in this study appeared 

higher than the reported values for dried C. annuum L. by FAO (FAO, 2011). Similar results of 

proximate compositions particularly crude fat, crude fiber and ash contents of red pepper were 

reported by earlier studies (Bhandari et al., 2016; Sharma et al., 2017; Kim et al., 2019). The 

variations in the proximate compositions could be due to the growing conditions, variety, season, 

differences in production and processing, and storage practices or analytical methods used.  

Table 4.1. Physicochemical properties of red pepper powder.  

Parameters Values 

Moisture content [g/100 g] 3.12 ± 0.02 

Crude protein [g/100 g] 16.17 ± 0.06 

Crude fat [g/100 g] 14.50 ± 0.13 

Crude fiber [g/100 g] 44.00 ± 1.15 

Ash [g/100 g] 7.57 ± 0.16 

Utilizable carbohydrates [g/100 g] 14.65 ± 1.41 

Total phenols [g GAE/100 g] 1.04 ± 0.03 

Carotenoids [mg c/100 g] 374 ± 3 

Antioxidants activity [μmol TE/g] 38.61 ± 0.42 

Color L*: 44.46 ± 0.22 

a*: 17.79 ± 0.28 

b*: 13.92 ± 0.28 

pH 5.62 ± 0.03 

aw at 20 °C 0.263 ± 0.003 

 

The red pepper powder had a slightly acidic pH of 5.62 and aw of 0.263, the latter being an 

intrinsic factor that influences the shelf life of agricultural commodities such as spices, and often 

is an indicator of quality (Bradley, 2010), as free water will be less available for biochemical 

deteriorations. Low moisture content in red pepper powder also indicates limited deterioration as 

a result of microorganisms and prolonged shelf life (Dashak et al., 2001). In this study, the 

moisture content of the red pepper powder is within the range of most food powders, commonly 

about 5% or less (Intipunya and Bhandari, 2010). According to Tuyen et al. (2010), dried food 
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powders having aw <0.6 are less susceptible for microbiological and biochemical deteriorations 

during storage.    

4.3.1.2. Total Phenols, Carotenoids and Antioxidants Activity 

The TP, carotenoids and antioxidants activity of the red pepper powder were 1.04 g GAE/100 g, 

374 mg βc/100 g and 38.61 μmol TE/g, respectively (Table 4.1). Previous reports on 

phytochemical composition of red pepper include TP content (495.26 mg/100 g) and carotenoids 

content (133.65 mg/100 g) in powdered red pepper (Tripathi and Mishra, 2009); TP content 

(0.842 mg GAE/kg) in dried chili Centil powders (Hussain et al., 2020); TP content ranging from 

2.35 to 2.75 g/100 g in chili samples (Krithika et al., 2014) and phenolic content varying from 

568 mg to 1032 mg GAE/100 g in fresh and processed peppers (Alvarez-Parrilla et al., 2011). 

These variations might be associated with different factors such as the type and physical form of 

the sample, genetics, environmental conditions and analytical methods.   

β-carotene is one of the major carotenoids with antioxidant activity found in pepper fruits (Marin 

et al., 2009). There is a significant positive correlation between TP and antioxidant activity of 

fruits and vegetables (Reddy et al., 2010). Medina-Juárez et al. (2012) reported antioxidant 

activity of 34.44 ± 0.43 and 33.60 ± 1.35 μM TE/g of fresh weight for Bell and Caribe extracts, 

respectively. Antioxidants have a key physiological function in biological processes. Proteins, 

lipids or nucleic acids can be oxidized by free radicals and reactive oxygen species (ROS) and 

initiate many types of degenerative diseases. Foods containing antioxidative compounds can 

reduce lipid oxidation, thus decreasing the risk of potential oxidative stress-based diseases 

(Tanaka et al., 2012; Pojer et al., 2013). In this study, high antioxidant activity was determined 

in the red pepper powder comparable to several other fruits and vegetables (Apak et al., 2007). 

Differences in antioxidants activity as measured in our study and compared to values reported in 

the literature, can be attributed to differences in the presence of other antioxidant substances 

including tocopherols and ascorbic acid. 

4.3.1.3. Color 

Color of red pepper products is the most vital quality attribute that determines the overall quality 

and subsequently the final market price (Topuz et al., 2009). In our study, the red pepper powder 

had color value of L* as 44.46, a* (+17.79) and b* (+13.92), indicating the dominance of the 
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bright red color with tendency to yellow (Table 4.1). The red color of red pepper is due to the 

occurrence of carotenoid pigments like capsanthin, capsorubin, β-carotene, cryptoxanthin, 

violaxanthin, zeaxanthin, etc. (Krithika et al., 2014). These substances can be easily degraded 

under certain conditions of processing and storage, thus resulting in the deterioration of the 

typical red pepper color and with that related quality and market value.   

Traditionally in Ethiopia, red pepper fruits are sun dried and can be stored for several months, 

ground to powder or flakes. Once dried and ground, stability of the carotenoids in the red pepper 

powder is usually reduced (Isidoro et al., 1995). This loss of color could be attributed to the 

degradation of carotenoids during drying and storage (Lee and Kim, 1989). The stability of 

carotenoid pigments depends on cultivars, initial concentration of carotenoids, residual aw, 

endogenous antioxidants and enzyme activity, but also on drying and processing (Minguez-

Mosquera and Hornero-Mendez, 1994).  

4.3.2. Functional Properties of Red Pepper Powder 

4.3.2.1. Bulk and Tapped Densities 

The bulk density and tapped density of the red pepper powder were 395.10 kg/m
3 

and 583.38 

kg/m
3
, respectively (Table 4.2), similar to the results reported in previous studies (Kang et al., 

2012; Oh et al., 2013). The porosity (ɛ) of the powder was 32.3%. High bulk density is desired as 

it is related to lower packaging, storage, and transportation costs (Caric and Kalab, 1987). Lower 

bulk density and higher tapped density indicate the development of inter-particulate interactions, 

which suggest the enhancement of compressibility of the powder. The reason is that powders 

which are more cohesive have stronger attractive forces against gravity. This helps particles to 

keep themselves around free spaces and creates additional voids in the bulk during pouring of 

powder that leads to increased volume (Fitzpatrick, 2013). Particle size reduction could 

contribute to lower bulk density. However, the action of tapping brings extra force to overcome 

such cohesive attractions and cause particles to fall towards void spaces, thereby decreasing the 

volume of powder.  
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Table 4.2. Functional properties of red pepper powder.   

Parameters Values 

Bulk density [kg/m
3
] 395.10 

Tapped density [kg/m
3
] 583.38 

Hausner ratio [Hr] 1.48 

Carr‘s index [CI, %] 32 

Porosity [ɛ, %] 32.3 

Angle of repose [ , °] 45 

4.3.2.2. Flowability 

Flowability is one of the key food powder properties that indicates their free flow during 

handling, processing, transportation and usage conditions. Flowing properties can be expressed 

in terms of Hausner ratio (Hr) and Carr‘s index (CI) (Lebrun et al., 2012). The authors reported 

that food powders having a Hr greater than 1.34 and CI greater than 25% can be considered as 

‗poor‘ in flowability. Similarly, AoR () can be used to estimate the flowability of food 

powders, in which powders with α from 45 to 55° are ‗cohesive‘ (Carr, 1976). In our current 

study, Hr and CI for red pepper powder were 1.48 and 32%, respectively (Table 4.2). 

Measurement of AoR of red pepper powder was found to be at α = 45° (Figure 4.1). Hence, the 

values of CI, Hr and AoR demonstrated that the red pepper powder was less able to flow freely. 

Powder flowability can be directly related to particle size (Barbosa-Cánovas et al., 1987), as 

particles having uniform size enable improved flow and adhesion properties compared to non-

uniform particle size (Ratanatriwong, 2004). These properties are useful in commercial 

applications when designing and manufacturing systems for handling, processing, storage, 

transportation as well as to avoid major issues like sticking and agglomeration (Kashaninejad et 

al., 2006; Owolarafe et al., 2007). 
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Figure 4.1. Angle of repose () of red pepper powder using cylinder method. 

4.3.2.3. Particle Size Distribution and Specific Surface Area 

The particle size distribution of cumulative volume undersize centiles (D10, D50, and D90) for red 

pepper powder and paste are shown in Figure 4.2. The volume weighted mean (D[4,3]) of the 

powder and the paste were 262.20 and 201.46, respectively. Detailed particle size distribution 

analysis is presented in Appendices A and B. In all of the measurements, the volume undersize 

and weighted mean of the powder was higher than that of the paste due to the swelling and 

increase of particle size as a result of water absorption. On the other hand, the specific surface 

area of the powder (0.0612 m
2
/g) was found to be much lower than that of the paste (0.213 

m
2
/g). With the increasing surface area, the probability of formation of inter-particle bonding 

tends also to increase as a result of improved accessibility of the binding sites. Particle size has a 

significant influence on absorption of moisture including parameters like texture and viscosity 

(Jozinović et al., 2012). Moreover, the finer particle sized powders have more ability and 

stability for mixing with other spices or ingredients (Zhao et al., 2011). 
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Figure 4.2. Particle size distribution curve for: (a) red pepper powder and (b) red pepper paste. 
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4.3.2.4. Emulsifying Capacity 

The emulsifying capacity of the red pepper powder increased progressively with the increasing 

amount of oil and decrease of the water phase (Figure 4.3). However, a reduction of emulsifying 

capacity was observed when the amount of oil increased to 50% and 60%. The maximum 

emulsifying capacity was recorded when there was no breaking point between the two mixtures. 

Thus, the highest percentage of oil which enabled the emulsion without visible oil layer was 

47.5% with the corresponding water phase of 52.5%. Emulsifying capacity can be influenced by 

the amount of proteins present in the sample and increased hydrophobicity (Du et al., 2014). It 

could be also attributed to the capacity of some proteins to reduce the interfacial surface tension 

involving water and oil in the emulsion. The greater shear force applied during the assessment 

could also have impact on reduction of oil droplets, thus increasing the surface area depending 

on the amount of protein. This property could be useful feature in food formulations such as 

meat sausages.    

 

Figure 4.3. Measurement of emulsifying capacity at different proportions of water phase to oil. 
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4.3.2.5. Oil and Water Absorption Capacities  

Oil absorption capacity (OAC) at different levels of centrifugal accelerations ranged from 1.406 

to 1.733 g/g, and water absorption capacity (WAC) ranged from 0.859 to 2.290 g/g of initial 

weight of the red pepper powder (Figure 4.4). With increasing centrifugal acceleration, there was 

no significant change in the OAC, except at the beginning of the centrifugation process. In 

contrast, water absorption decreased progressively with observed stability at the highest 

centrifugal acceleration. In the literature, it was suggested that the lower OAC of powder could 

be explained by the limited amount of non-polar protein side chains that would bind the side 

chains of hydrocarbons of the oil (Chandra et al., 2015). The increased WAC of the powder 

could be attributed to the swelling of fibers and other carbohydrates. The smallest particle sized 

powder may have the largest surface area and more hydrophilic groups of the powder exposed, 

causing an easier interaction of powder with water (Zhao et al., 2011). It has been reported that 

OAC can have an impact on the texture and sensory properties of some foods (Haque et al., 

2016).  

  
Figure 4.4. Oil and water absorption capacities of red pepper powder at various levels of 

centrifugal accelerations. 
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4.3.3. Thermal Properties 

The thermal properties of red pepper powder and paste are presented in Figure 4.5. By analyzing 

the DSC thermogram, the glass transition temperatures (Tg) of the powder were determined at 

To = 42.85 °C, Tm = 62.54 °C and Te = 82.22 °C with peak temperature (Tp) at 63.14 °C. 

Whereas, the Tg of the paste were To = 37.70 °C, Tm = 45.64 °C and Te = 53.58 °C with Tp at 

47.63 °C. Although there are onset, mid- and end-point temperatures, several studies considered 

the mid-point temperature of a thermogram as Tg (Roos, 1995). Enthalpies of the powder and the 

paste at the onset temperatures were 4.44 J/g and 0.10 J/g, respectively. The Tg for the paste was 

lower compared to the powder, within the tested range of temperature. Temperature change 

significantly influences the properties of biomaterials (Sridhar and Sommer, 2013). The low Tg 

implies potential weak intermolecular interactions in the red pepper paste. As the red pepper 

powder is subjected to the glass transition temperature Tg, it changes its state from amorphous to 

crystalline (or vice versa). Moreover, the sample becomes brittle below glass transition 

temperature range by converting the amorphous phase into crystalline which might also result in 

smaller particles. The reason for this kind of behavior can be that, above the Tg the molecules 

could move more freely.  
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Figure 4.5. Glass transition temperatures of: (a) red pepper powder and (b) red pepper paste. 

4.3.4. Oxidative Stability 

The oxidative stability of the red pepper powder and the paste was measured by monitoring the 

electrical conductivity under accelerated oxidation conditions. The changes in the electrical 

conductivity during the test are shown in Figure 4.6. As it can be seen from the figure, there was 

no significant change in the conductivity up to the inflection point of the curve. However, 

significant increase was observed in the second stage of oxidation, considering the described 

two-stage oxidation (Labuza and Dugan Jr, 1971), where the first stage is the initiation phase 

(low-slope) and the second stage (higher-slope) is the propagation phase. Induction period (IP) is 

used to indicate the stability described at the maximum derivative of the electrical conductivity 

of water. The IP value was considerably higher for the powder than that of the paste, which was 

5.2 h against 3.2 h. This implies that the powder was more stable against oxidation, compared to 

the paste. The higher the IP value, the more stable is the food product under similar Rancimat 

conditions (Li et al., 2018). The relatively higher oxidative stability of the powder could be 
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ascribed to the low aw, where water is tightly bound to the surface of food and as such is less 

available for reactions.    

 

Figure 4.6. Oxidative stability of red pepper powder and paste. 

4.3.5. Rheological Properties 

4.3.5.1. Time-dependent Flow Behavior  

The relationship between shear stress and shearing time was determined for red pepper paste. A 

characteristic viscoelastic behavior was observed for the paste as in the typical time-dependent 

curve, consisting of the onset of shear and the maximum shear stress (stress build-up region), and 

the equilibrium stress value (stress decay region) (Figure 4.7). As it can be seen from the figure, 

there was a rapid decrease of shear stress but gradually slower until it reached equilibrium. This 

decrease is a typical behavior of time-dependent suspensions that might be attributed to 

destabilization of colloidal particles, and alignment or loss of solids structure due to the applied 

shear force (Ramos and Ibarz, 1998).  
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Figure 4.7. Time dependency curve for red pepper paste. 

4.3.5.2. Dynamic shear properties 

Frequency sweep tests were conducted to evaluate storage modulus (G′), loss modulus (G″) and 

complex viscosity (ƞ*) of red pepper paste. The ratio of G″ to G′ was used to estimate the loss 

factor (tan δ), which describes the viscoelastic behavior. Figure 4.8 depicts changes in G′, G′′ and 

ƞ* as a function of angular frequency (ω) measured at 25 °C. With an increase in ω, the 

magnitude of G′ as well as G″ increased, where the values of G′ were considerably higher than 

that of G″ for the corresponding values of ω, indicating dependency of frequency. Moreover, it 

was observed that the paste exhibited weak gel-like behavior, related to the greater magnitudes 

of G′ (1826–2720 Pa), compared to G″ (558–1070 Pa) in the frequency range of 1–50 rad/s.  
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Figure 4.8. Dynamic shear properties of red pepper paste. 

Values of tan δ also indicated that elastic properties of red pepper paste were dominant over 

viscous ones in the values ranging from 0.29 to 0.39 (Figure 4.9). Increase in the tan δ values 

with the corresponding frequency indicated the proportional increase of loss modulus, G″. The 

dominant elastic function offers enhanced retention of shape during handling and cooking 

suggesting matrix structure is not weak and easily deformable. Further, linear regression analysis 

was carried out for the dynamic rheological data plotted ln (G', G") against ln ω (rad/s) (Figure 

4.10). According to Ross-Murphy (1984), true gels have zero and weak gels have positive slopes 

in the same plot. 
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Figure 4.9. Viscoelastic property of red pepper paste. 

  
Figure 4.10. Frequency dependency on red pepper paste properties. 
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Rheological properties, in particular apparent viscosity, can be used as a reference for estimating 

the performance during food processing (Salvador et al., 2002). The relationship between the 

results of viscosity and shear rate revealed that viscosity of red pepper paste decreased with 

increasing shear rate indicating shear-thinning behavior (Figure 4.11). Due to the adoption of 

actual processing conditions, our findings on rheological properties would be valuable for 

processing and developing red pepper composites for new food product formulations. Shear-

thinning behavior of a product has also certain benefits in food processing, related to–price 

efficiency and energy consumption during mixing and pumping (Inglett et al., 2014).  

 

Figure 4.11. Shear-thinning behavior of red pepper paste. 

4.4. Conclusions  

The physicochemical, functional, thermal, oxidative stability and rheological properties of 

Ethiopian red pepper powder and paste were determined. The results demonstrated that the red 

pepper is rich source of nutrients, and possess phytochemicals which can further be exploited for 

food formulations. Red pepper had also valuable features that could bring many functional roles 

and enhance the textural integrity of food products. Generally, understanding the properties of 
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red pepper powder and paste can lead to better quality control during processing and using in 

different applications. Overall, the results indicated that red pepper could be used as a source of 

essential nutrients while improving the functional properties of food formulations. Further, 

complementary studies on the effect of ripening degree, different drying processes and related 

pre-treatments, storage and conditioning on the qualities of red pepper would be valuable.   
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CHAPTER 5: INFLUENCE OF ELECTRON BEAM TREATMENT ON 

MICROORGANISMS AND MYCOTOXINS NATURALLY PRESENT IN 

RED PEPPER (Capsicum annuum L.) POWDER AND ITS 

PHYSICOCHEMICAL QUALITY CHANGES  

Abstract 

The impact of e-beam treatment on microorganisms and mycotoxins naturally present in red 

pepper powder and physicochemical quality changes were investigated. Samples were treated 

with variable doses of up to 30 kGy. Treatment at 6 kGy indicated significant (P<0.05) 

decontamination of yeasts and molds by 3.0 and 4.4 log CFU/g, respectively. A reduction of 4.5 

log CFU/g of TPC was observed at 10 kGy while the treatment at 30 kGy resulted in the highest 

decontamination of TPC by 5.7 log CFU/g. Inactivation of yeasts and molds followed first-order 

kinetics with D10-value of 1.96 and 1.31 kGy, respectively, whereas, inactivation kinetics of TPC 

exhibited non-linear model and better fitted to Gompertz function (R
2
 = 0.9912). E-beam 

treatment did not significantly reduced AFs concentration but indirectly controlled their 

production by the inactivation of mycotoxigenic molds. Indeed, reduction of 25% OTA was 

recorded at 30 kGy retaining >85% of TP, carotenoids and antioxidants activity. Moreover, 

treatment impact on total color difference (ΔE*) indicated ‗slight differences‘ compared to non-

treated sample. Overall, e-beam treatments up to 10 kGy were efficient in decontaminating the 

microorganisms naturally occurring in red pepper powder with minimal detrimental effects on 

the physicochemical qualities, suggesting the application of this emerging technology to ensure 

safety of spices.    

Keywords: Electron beam; Irradiation; Inactivation; Mycotoxin; Red pepper powder.  

5.1. Introduction 

Red pepper (Capsicum annuum L.) in the form of dry and powder products is among the most 

consumed spices worldwide. Red pepper powder has been used for centuries due to its color, 

distinctive pungency, flavor, and stimulating taste. It also has a vital role in well-being, dietary 

habits and boosting appetite (Byun et al., 2019). Specially, the natural red color of the powder is 

the decisive component that contributes to its high commercial and economic value (Arimboor et 
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al., 2015). Moreover, red pepper powder is a good source of bioactive compounds, such as 

carotenoids, vitamin C, phenolics, with strong antioxidant properties (Asnin and Park, 2015). In 

Ethiopia, it is used as part of mixed spice (known as ―Berbere‖) and in the spicy sauce (known as 

―Awazie‖), both of which are used to make most of the ethnic foods in the country (Hedberg et 

al., 2006).  

Spices and herbs are highly liable to frequent contamination by fungi and bacteria during pre- 

and post-harvest stages of production (WHO, 1994). The contamination is prevalent throughout 

the value chain during growing, handling, drying, grinding and storage.  Rendlen (2004) reported 

that spoilage, as well as outbreaks, are often common due to bacteria and fungi, even with small 

amount of spices added to food. Aspergillus spp. is one of the most commonly found microbial 

populations in red pepper Hammami et al. (2014). Among which,  A. flavus is  the dominant 

species contaminating red pepper (Byun et al., 2019) and associated with subsequent production 

of AFs (Kabak and Dobson, 2017). In many parts of the world AFs might be a concern due to 

their toxic, teratogenic, mutagenic and carcinogenic properties (Iqbal et al., 2014). Yet, they are 

particularly prominent in tropical and subtropical areas where temperature and humidity for mold 

growth and toxin production are optimum. Similarly, AFs contamination of agricultural food 

products is a common and serious problem in Ethiopia. For instance, contamination of red 

pepper powder with significant amount of AFB1 ranging from 250 to 525 μg/kg was reported in 

the country by Fufa and Urga (1996). The other type of mycotoxin, OTA primarily produced by 

A. ochraceus and Penicillium verrucosum, is also a serious problem in a large variety of 

foodstuffs including spices (Di Stefano et al., 2015). It is a known nephrotoxic and carcinogenic 

mycotoxin (Bennett and Klich, 2003a). Once produced by the respective fungi, mycotoxins are 

highly stable (Luo et al., 2017). Therefore, efficient and realistic techniques for decontamination 

of microorganisms and mycotoxins should be identified.  

Various physical and chemical treatments have been used to prevent microbial contamination 

and production of mycotoxins in red pepper, such as steaming and fumigation with ethylene 

oxide. However, these techniques have limited applications as steaming involves further 

decontamination step and fumigation is banned in several countries due to safety concerns 

(Horváthová et al., 2007; Rico et al., 2010). In recent times, special attention has been paid to 

non-thermal preservation technologies with little or no effect to the quality of food products 
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(Etter et al., 2018). In this regard, irradiation has substituted fumigants and thermal treatments as 

an efficient way to enhance the safety of foods with reduced adverse effects on the 

nutritional/bioactive components (Lung et al., 2015). Ionizing radiation treatments using e-beam 

(Nemţanu et al., 2008; Ramathilaga and Murugesan, 2011) and gamma irradiation (Gupta et al., 

2011; Khattak, 2012) are effective treatments for inactivation of pathogenic and toxigenic 

microorganisms in foods. Several studies evaluated the influence of irradiation on the 

inactivation of microorganisms in spices such as black pepper, red chili, oregano, rosemary, sage 

and turmeric powder (Legnani et al., 2001; Iqbal et al., 2013b; Yu et al., 2017; Esmaeili et al., 

2018). Others also compared the influence of gamma ray, e-beam and X-ray radiation sources on 

total bacterial populations in black pepper powder by Park et al. (2014), and red pepper powder 

(Byun et al., 2019). In addition, certain surrogates are suggested (Henz et al., 2020). Under 

certain circumstances, ionizing radiation can also directly minimize the levels of mycotoxins, 

such as AFB1 and OTA in black pepper (Jalili et al., 2010),  black and white pepper (Jalili et al., 

2012) and red pepper (Yu et al., 2017).  

E-beam technology has an advantage over gamma irradiation that, uses no radioactive sources 

(Black and Jaczynski, 2006), can be turned on or off instantly (Urgiles et al., 2007), and it 

delivers equivalent dose in few seconds (Fan et al., 2017). In fact, in the last decade, increasing 

costs of 
60

Co sources and rising consumer awareness towards radioactive substances have 

created conducive conditions for the application of e-beam irradiation (Jung et al., 2015). 

According to WHO (1981), irradiation of foods up to 10 kilo Gray (kGy) does not produce toxic 

residues and nutritional losses. However, irradiation up to 30 kGy has been approved in countries 

like USA for dried foods including red pepper powder (Olson, 1998). Microbiological 

decontamination using e-beam basically involves either direct hit of the RNA or DNA molecules 

(Barkai-Golan and Follett, 2017) or indirectly affecting the structure of molecules as a result of 

radiolysis of water (Skowron et al., 2014). Furthermore, for designing an efficient e-beam 

treatment as a decontamination technique for food products, it is essential to evaluate predictive 

models that describe the behavior of microorganisms with respect to food quality factors. These 

include the Fermi Distribution (Elez‐Martínez et al., 2006), the Weibull distribution (Bermúdez-

Aguirre et al., 2009) or the Gompertz function (Ding et al., 2010). Although e-beam technology 
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is a well-established technique for decontamination of medical devices and packaging materials, 

its routine application for the treatment of foods is limited (Lung et al., 2015).  

Most of the previous studies on irradiation used gamma rays to examine the quality changes of 

spices. Studies related to the treatments of naturally contaminated microorganisms and their 

toxins in spices using e-beam irradiation have rarely been reported. Also, several findings of e-

beam irradiation on microbiological and physicochemical qualities of spices are sometimes 

contradictory. Furthermore, given the various nutritional and health benefits and high per capita 

consumption of red pepper powder in Ethiopia, there is lack of information on the impact of 

different treatments, especially e-beam irradiation. Hence, the aim of the present study was to 

investigate the influence of e-beam treatment doses on microorganisms and mycotoxins naturally 

present in red pepper powder and its physicochemical quality changes. Microbial inactivation 

kinetics and predictive models were also examined to establish the relationship between 

inactivation and treatment dose.  

5.2. Materials and Methods 

5.2.1. Sample Collection and Preparation  

Sample collection and preparation was carried out according to the method described in section 

3.1.   

5.2.2. Experimental Design and E-beam Treatment 

E-beam treatments of red pepper powder samples were carried out at room temperature 

(20 ± 2 °C) with radio frequency (RF) LINAC, type CIRCE III (Thomson-CSF-Linac 

Technologies S. A., Orsay, France) at the facilities of DIL at the Max Rubner-Institut (MRI) in 

Karlsruhe, Germany. The LINAC CIRCE III system is shown in Appendix Figure C. The 

accelerator could generate three energy levels (5, 7.5 and 10 MeV), and the maximum average 

beam power is 10 kW. The following process parameters were chosen for the execution of the 

experiment: beam energy 5 MeV, e-beam pulse repetition rate 150 Hz, conveyor surface distance 

under the irradiation beam 350 mm and scanning width fixed at 560 mm. The achieved 

calculated beam power was 2100 + 100 W. E-beam process parameters and operation conditions 

during e-beam treatments are shown in Table 5.1. 
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Table 5.1. Process parameters and operating conditions of the LINAC system during treatment.  

Intended 

dose 

[kGy] 

Number of 

irradiations 

Belt 

speed 

[mm/s] 

Scanning 

width 

[mm] 

Bending 

ratio  

[%] 

Beam 

power 

[W] 

Voltage 

[V] 

Actual dose 

delivered 

[kGy] 

2 1 64 571 89 2169 15560 2.11 ± 0.07 

4 1 32 560 87 2236 15555 4.18 ± 0.13 

6 1 22 567 90 2211 15570 6.07 ± 0.19 

8 1 16 566 89 2127 15590 8.15 ± 0.25 

10 1 13 562 88 2200 15565 10.48 ± 0.70 

15 3
a
 25 565 89 2129 15575 15.88 ± 0.98 

30 3
b
 13 556 89 2185 15575 30.45 ± 0.92 

a
Three irradiations with 5 kGy.  

b
Three irradiations with 10 kGy.  

The e-beam was equipped with electromechanical conveyor belt system with process control and 

pallets (75 cm × 75 cm) having maximum speed of 1000 mm/sec. The e-beam can deliver dose 

ranges of 250 Gy – 50 kGy. About 250 g of sample was packed in sterile PE plastic bag with 

dimensions 20 cm (width) × 30 cm (length) for each e-beam treatment and the untreated samples, 

and spread to an average thickness of 1.5 cm. The packed samples were stacked in a single layer 

during e-beam treatment. Various target levels of doses (0 (untreated), 2, 4, 6, 8, 10, 15 and 30 

kGy) were applied to the samples by regulating the conveyor speed. The dose received was 

measured using alanine pellet dosimeters which were taped on the sample bags to control 

uniformity of irradiation treatments. Dosimeter readings were analyzed with Electron 

Paramagnetic Resonance (EPR) at Aerial-CRT, Illkirch-Graffenstaden, France. The untreated 

samples were exposed to similar conditions with treated samples except the e-beam treatment. 

Irradiated samples were labeled with ―radura‖ symbol and all samples were stored at 4 °C until 

further analysis.  

5.2.3. Microbiological Analysis  

5.2.3.1. Microbial Counts 

Microbial counts were done according to the method described in section 3.2.      
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5.2.3.2. Molds Isolation and Identification 

Serially diluted samples were cultivated on YGC agar and incubation times and temperatures 

remain the same as described previously in section 2.3.1. Molds with different phenotypes were 

picked from the original plate with an inoculating loop and spread out onto a fresh plate in order 

to achieve pure colonies. Plates were then sealed with parafilm and transported with a cooling 

thermal pack to an external laboratory. Matrix-Assisted Laser Desorption Ionization–Time of 

Flight Mass Spectrometry (MALDI-TOF MS) technique was used to identify mold isolates at 

AniCon Labor GmbH (Höltinghausen, Germany) and Lafu GmbH (Delmenhorst, Germany).     

5.2.4. Microbial Inactivation Kinetic Studies 

5.2.4.1. Model Fitting 

Inactivation of yeasts and molds by e-beam treatment was quantitatively analyzed by using first-

order kinetics (Eagerman and Rouse, 1976). The logarithm of microbial reduction (N/N0) 

(equation 5.2) were plotted as a function of applied doses (kGy) in order to obtain inactivation 

curves. The slopes for individual inactivation plots for yeasts and molds were determined by 

fitting linear regression model using MS Excel 2010 (Microsoft corporation, USA), following 

which the D10-values (dose required to reduce the initial microbial population by 90%) were 

calculated by taking the negative reciprocal of the slope of the regression equation 5.1.     

   (
 

  
)                    (5.1) 

where;    is the initial number of organisms (CFU/g) and    is the number of survivors at 

e-beam dose (CFU/g);   is the rate constant (kGy
-1

) for a given treatment condition,   is the 

irradiation dose.  

Inactivation kinetics of TPC by e-beam was fitted with non-linear regression model using 

Gompertz function and model parameters were determined by using equation 5.2:   

   (
 

  
)                                       (5.2) 

where;    is the initial number of organisms (CFU/g) and    is the number of survivors at 

e-beam dose (CFU/g);  ,  ,   ,    are model parameters. 
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5.2.4.2. Model Evaluation 

The model was evaluated for the goodness-of-fit using R
2
and RMSE (Ross, 1996) and R

2 
is given 

by equation 5.3:  

      
     

     
              (5.3) 

where;       and       are residuals sum of squares and total sum of squares obtained from 

equations 5.4 and 5.5, respectively:  

       ∑         
 

              (5.4) 

       ∑       ̅  
                         (5.5) 

where;   ,  ̅ and    are the observed values, mean value of observed data and modeled values, 

respectively. R
2 

of
 
1 indicates a perfect fit.  

RMSE is a measure of the standard error in the estimation and given by equation 5.6:  

      √
∑                     

 
           (5.6) 

where; predicted is model value, observed is observed value, and ‗ ‘ is the total number of 

observed values. 

The performance of the model was also assessed with accuracy factor (  ) and bias factor (  ) 

as suggested by Ross (1996). The    can be estimated using equation 5.7: 

     
(∑

|   (
         
        

)|

 
)

             (5.7) 

where; definition of terms as described earlier. A perfect fit of the model has    value of 1 with 

zero error. Predictions are less accurate when    values are larger.  

The    can be estimated using equation 5.8: 
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(∑

   (
         
        

)

 
)

             (5.8) 

where; the terms are as previously defined. A    of 1 indicates a ‗perfect fit‘. A    larger than 1 

implies ‗over fit‘ where model predictions are higher than observed. In contrast, a    below 1 

implies ‗under fit‘ where predictions are lower than observed.  

5.2.5. Aflatoxins and Ochratoxin A Analysis 

AFs and OTA contents were determined according to the method described in section 3.3.   

5.2.6. Physicochemical Quality Analysis of Red Pepper Powder 

5.2.6.1. Moisture content  

The moisture contents (MC) of irradiated and untreated red pepper powder samples were 

measured using dry oven method (AOAC, 2000). Each sample (5 g) was evenly spread over a 

moisture dish for uniform drying and placed in a drying oven (Memmert-UL 50, Germany) at 

103 ± 2 °C for 3 hrs. The moisture content was calculated using equation 5.9. Results were 

reported in dry basis (db).  

        
                     

          
                (5.9)  

5.2.6.2. Total Phenols  

TP content was determined according to the method described in section 3.4.1.   

5.2.6.3. Carotenoids  

Carotenoids content was determined according to the method described in section 3.4.2.   

5.2.6.4. Antioxidants Activity 

Antioxidants activity was determined according to the method described in section 3.4.3.   

5.2.6.5. Color 

Color was determined according to the method described in section 3.4.4.   
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5.2.7. Statistical Data Analysis  

The experimental data were subjected to one-way ANOVA using JMP version 13 (SAS Institute 

Inc., Carry, NC, USA) and means were compared with Tukey HSD test to evaluate the 

significant difference between studied parameters at P<0.05. Models were fitted to the 

experimental data and parameters were estimated using linear and non-linear regression 

procedures of MS Excel (2010) and SigmaPlot version 14 (Systat Software, Inc., CA, USA), 

respectively. Measurements were done at least in triplicates and results were reported as 

mean ± SD.    

5.3. Results and Discussion    

5.3.1. Inactivation of Microbial Load in Red Pepper Powder by E-beam  

The effect of e-beam treatment doses on the inactivation of initial microbial load in red pepper 

powder samples was investigated. The untreated sample had an average initial microbial count of 

4.0 and 5.4 log CFU/g of yeasts and molds, respectively. The sample was contaminated primarily 

of Aspergillus spp. and Rhizopus spp. (Appendix Figure D), which is similar with previous 

reports on red pepper powder (Ham et al., 2016; Fatimoh et al., 2017; Salari et al., 2018; 

Frimpong et al., 2019). Among Aspergillus spp., A. flavus complex was identified in the red 

pepper powder samples and the findings are in line with earlier investigations by Adegoke et al. 

(1996) and Byun et al. (2019).  

Microbial load was significantly (P<0.05) reduced with e-beam treatment as compared to the 

untreated sample and the reduction was proportional to irradiation doses (Figure 5.1). At 

treatment dose of 4 kGy, the initial yeast count was reduced by 2.0 log CFU/g as compared to a 

higher reduction of 3.4 log CFU/g of molds. Nonetheless, an irradiation dose of 6 kGy was 

required to significantly (P<0.05) decontaminate the initial count of yeasts and molds by 3.0 and 

4.4 log CFU/g below the limit of detection (<1.0 log CFU/g), respectively. Recent study with 

e-beam treatment at 5 kGy reduced yeasts and molds in turmeric powder by 4 log CFU/g 

(Esmaeili et al., 2018). Byun et al. (2019) also demonstrated that e-beam treatment reduced A. 

flavus by >4 log in red pepper in a dose-dependent manner. The levels of irradiation doses 

effective to decontaminate the initial fungal load in this study were within the ranges reported by 
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other authors in various foods, for instance, 3-10 kGy (Farkas, 2006) and 4-8 kGy (Iqbal et al., 

2013b).   

 

Figure 5.1. Inactivation curves of yeasts and molds for the applied irradiation doses. 

Efficiency of e-beam inactivation of TPC in red pepper powder samples significantly (P<0.05) 

increased with increasing treatment dose. For instance, 4.5 log reduction of TPC from an initial 

count of 6.7 log CFU/g was achieved at a dose of 10 kGy (Figure 5.2). Similar studies indicated 

that gamma irradiation with 10 kGy inactivated the total number of aerobic bacteria by 4-5 logs 

(Rico et al., 2010). Esmaeili et al. (2018) also reported that microbial counts were not detected in 

turmeric powder at the highest dose of 15 kGy. No growth of total aerobic microbes was found 

in samples irradiated with a dose of 10 kGy (Jung et al., 2015). Another study reported that a 

dose of 10 kGy was not enough to completely decontaminate mesophilic bacteria due to the high 

initial microbial load and favorable growth conditions (Al-Bachir, 2017). On the other hand of 

our study, there was no significant (P>0.05) difference in TPC between the 10, 15 and 30 kGy 

treatments. However, the 30 kGy dose treatment provoked the highest decontamination of red 

pepper powder samples, reducing the TPC by 5.7 log below the detection limit. This significant 

reduction in microbial counts might be due to the direct effect resulting in the breakdown of 
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bonds in the RNA/DNA molecule of microbial cells inducing sublethal injury or death (Barkai-

Golan and Follett, 2017). The levels of doses used in our study are within the range of maximum 

permissible limit of 30 kGy approved for the irradiation of spices by the Food and Drug 

Administration (FDA) (Pauli and Tarantino, 1995). 

 

Figure 5.2. Inactivation curve of TPC at various e-beam doses. 

5.3.2. Microbial Inactivation Kinetics and Model Fitting  

The regression analysis between log reduction and applied dose indicated that yeasts and molds 

inactivation followed a linear, first-order kinetic model with R
2
 of 0.9828 and 0.9857, 

respectively (Figure 5.1). The molds exhibited lower e-beam resistance and the survivors were 

below the limit of detection when treated at a dose of 6 kGy. Thus, under this scenario 4 data sets 

were used and the R
2
 was greater than 0.95. The slope of the linear regression was used to 

determine the D10-values in the graph of log survival fraction versus applied dose. The calculated 

D10-values of yeasts and molds were 1.96 and 1.31 kGy, respectively. By comparing the 

D10-values, it‘s possible to explain the radiosensitivity of microbes. The D10-value for yeasts was 

approximately 0.65 kGy higher than the molds. Comparable D10-values ranged between 1.09 to 
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1.59 kGy for indigenous fungal populations in dried fruits and nuts were reported by Ic et al. 

(2007). The smaller the D10-value, the higher sensitivity of microorganisms to irradiation (Song 

et al., 2014) which might be associated with various mechanisms associated in counteracting the 

stresses (Etter et al., 2018).  

Inactivation curves for TPC obtained by plotting the log microbial reduction against applied 

doses were fitted to Gompertz function using non-linear regression procedure to determine the 

dependency of inactivation on irradiation dose (Figure 5.2). The estimated values for a, b, x0 and 

y0 model parameters were 20.58, –13.63, –3.598 and –5.74, respectively. Inactivation curve of 

TPC was non-linear (concave upward without shoulder) where it was rapid at the beginning of 

the treatment, but gradually reduced as compared to the yeasts and molds that showed linear 

pattern. The absence of the shoulder experienced could imply the presence of sensitive TPC and 

the tail component towards the end of the curve (10–15 kGy) could be linked to the presence of 

resistant microbes. However, the number of microorganisms was below the detection limit at the 

highest treatment dose (30 kGy). This variation in the sensitivity of microbes to irradiation 

treatments could be due to the substrate compositions (Patterson and Loaharanu, 2000); growth 

stage and type of species (Maity et al., 2011); and absorbed dose (Jung et al., 2015). However, it 

has been underlined that the cells that survive irradiation treatments are more susceptible to 

environmental conditions such as pH, temperature, deficiency in nutrients, etc.  than untreated 

microbial cells (Hald, 2011).  

The adequacy of the predictive model was evaluated by comparing R
2
, RMSE, Af and Bf. R

2
 and 

RMSE of the fit were 0.9912 and 0.1735, respectively. The Gompertz model was appropriate 

enough to represent the observed data due to the high R
2 

value (>0.95) and low RMSE. 

Moreover, good prediction results were obtained from the plot of predicted against observed 

inactivation data and there was no visual tendency for the distribution of residuals (Figure 5.3). 

The deviation from the line of equivalence to a point of the graph is a measure of inaccuracy 

which can be calculated by the Af. As a result, the average estimations were different by a factor 

of 1.0585 from the values observed which signifies 5% error in TPC inactivation indicating the 

Gompertz model accurately predicted the data. The Bf measures how much the observed values 

lie above or below the line of equivalence. Accordingly, the Bf was 0.9810 indicating the model 

‗under fits‘ the inactivation of TPC at the studied levels of irradiation doses.    
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Figure 5.3. Observed versus predicted plot for TPC. 

5.3.3. Impact of E-beam on Aflatoxins and Ochratoxin A  

The influence of e-beam on AFB1 and total AFs degradation in red pepper powder is shown in 

Table 5.2. The initial AFB1 and total AFs concentrations were 6.5 μg/kg and 10.7 μg/kg, 

respectively. There was no significant (P>0.05) difference in AFB1 and total AF concentration 

between treatment doses. However, reducing the fungal population in red pepper powder could 

substantially lower the risk of exposure to toxins. A study by Temcharoen and Thilly (1982) 

reported that a quite high dose between 50 and 100 kGy is needed to inactivate AFs present in 

some food commodities. Thus, as suggested by Kume et al. (2009), the inactivation of 

mycotoxigenic molds with irradiation is essential before AFs development.  

The content of OTA in red pepper powder varied from 118.1 to 156.7 μg/kg (Table 5.2). The 

increase in treatment dose reduced the concentration of OTA. With the maximum treatment dose 

of 30 kGy, OTA was reduced by 25%. Similarly, Jalili et al. (2010) reported a mycotoxin 

reduction of less than 30% at 30 kGy. The OTA reduction might be by the direct degradation due 

to splitting and changes of molecules at a particular e-beam dose. The moisture content of red 

pepper also plays a significant role in the degradation of OTA by irradiation where water 

radiolysis leads to the production of intensely reactive free radicals (H• and HO•) (Le Caër, 
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2011). The radicals can damage the terminal furan ring in the OTA structure, resulting in 

products with reduced biological activity (Aquino et al., 2005). Ghanem et al. (2008) also 

demonstrated that the initial concentration of OTA had a negative impact on its degradation. The 

red pepper powder samples of this study were heavily contaminated with OTA and with very 

low initial moisture content (3.58%). Jalili et al. (2012) observed that gamma radiation of white 

and black pepper with moisture content of 12% and 18% resulted significant (P<0.05) reduction 

on mycotoxin levels of 45.87% and 55.27%, respectively. This report is not in line with our 

results, which can be explained that the low moisture content might not support significant 

effects of irradiation against mycotoxins.  

Table 5.2. Impact of e-beam treatment on AFB1, total AF and OTA in red pepper powder.  

Dose [kGy] AFB1 [μg/kg] Total AF [μg/kg] OTA [μg/kg] 

0 6.5 ± 2.3
a
 10.7 ± 3.7

a
 156.6 ± 54.8

a
 

2 3.8 ± 1.3
a
 10.1 ± 3.5

a
 130.2 ± 45.6

a
 

4 3.6 ± 1.3
a
 10.4 ± 3.6

a
 131.1 ± 45.9

a
 

6 3.6 ± 1.3
a
 10.2 ± 3.6

a
 127.7 ± 44.7

a
 

8 3.6 ± 1.3
a
 9.1 ± 3.2

a
 132.4 ± 46.3

a
 

10 4.1 ± 1.4
a
 10.9 ± 3.8

a
 131.1 ± 45.9

a
 

15 3.9 ± 1.4
a
 9.8 ± 3.4

a
 125.4 ± 43.9

a
 

30 4.3 ± 1.5
a
 11.1 ± 3.9

a
 118.1 ± 41.3

a
 

CV [%] 36.1 34.9 35.1 

Note: Data are expressed as mean ± SD of triplicate analysis and means connected by the same lowercase 

letters with in a column are not significantly (P>0.05) different. CV: Coefficient of variation.  

5.3.4. Influence of E-beam on Physicochemical Qualities of Red Pepper Powder  

5.3.4.1. Effect of E-beam Treatment on Moisture Content  

The influence of different levels of treatment doses on the moisture content of red pepper powder 

is shown in Table 5.3. Moisture content ranged from 3.51 to 3.65% and there was no significant 

(P>0.05) effect on moisture content up on e-beam treatment doses. Results were in agreement 

with Lee et al. (2015) and Byun et al. (2019) in which moisture content of red pepper powder 

was unchanged after e-beam treatment. This could be due to the low temperature during e-beam 

treatment.  
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Table 5.3. Physicochemical characteristics of red pepper powder at various levels of e-beam treatment doses.   

Dose 

[kGy]  

Moisture 

content 

[%] 

Total phenols 

[g GAE/100 g] 

Carotenoids 

[mg c/100 g] 

Antioxidants 

activity 

[μmol TE/g] 

Color values 

L* a* b* ΔE* 

0 3.58 ± 0.06
a
 1.04 ± 0.03

a
 374 ± 3

a
 38.61 ± 0.42

a
 44.46 ± 0.22

a
 17.79 ± 0.28

a
 13.92 ± 0.28

d
 0.00 

2 3.56 ± 0.04
a
 1.03 ± 0.02

ab
 374 ± 2

a
 37.28 ± 0.35

ab
 43.92 ± 0.35

b
 17.62 ± 0.28

a
 14.22 ± 0.28

cd
 0.64 

4 3.58 ± 0.01
a
 1.03 ± 0.02

ab
 371 ± 4

a
 37.44 ± 0.16

ab
 44.01 ± 0.24

b
 17.70 ± 0.28

a
 14.49 ± 0.27

bc
 0.73 

6 3.65 ± 0.04
a
 1.02 ± 0.01

ab
 366 ± 8

ab
 38.18 ± 0.10

ab
 43.98 ± 0.23

b
 17.60 ± 0.19

a
 14.45 ± 0.25

bc
 0.74 

8 3.65 ± 0.07
a
 1.01 ± 0.01

ab
 362 ± 9

ab
 37.38 ± 0.52

ab
 44.07 ± 0.19

b
 17.64 ± 0.24

a
 14.72 ± 0.41

ab
 0.90 

10 3.57 ± 0.03
a
 1.00 ± 0.08

ab
 354 ± 3

ab
 37.09 ± 1.04

ab
 44.02 ± 0.21

b
 17.59 ± 0.24

a
 14.60 ± 0.28

abc
 0.83 

15 3.62 ± 0.09
a
 0.99 ± 0.01

ab
 345 ± 4

bc
 37.16 ± 1.31

ab
 44.03 ± 0.22

b
 17.57 ± 0.24

a
 14.80 ± 0.47

ab
 0.94 

30 3.51 ± 0.05
a
 0.88 ± 0.12

b
 325 ± 6

c
 35.93 ± 0.12

b
 43.90 ± 0.24

b
 17.63 ± 0.32

a
 15.02 ± 0.48

a
 1.24 

CV [%] 1.7 5.5 1.6 1.7 0.6 1.5 2.4 33.1 

Note: Data are expressed as mean ± SD of triplicate analysis and means not connected by the same lowercase letters with in a column 

are significantly (P>0.05) different. CV: Coefficient of variation.   
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The average temperature of the samples before e-beam treatment was 20 ± 1 °C and the rate of 

increase in temperature during treatment was 2.5 °C at a dose of 10 kGy. In a similar study, a 

relatively higher product temperature increase (5 °C) was reported by Sádecká (2007) at a dose 

of 10 kGy. In contrast, Rico et al. (2010) observed a decrease in moisture content of dried red 

pepper with gamma irradiation at a dose of 10 kGy. Even though conventional thermal 

preservation techniques reduced the moisture content of foods to the required level and prevent 

microbial growth, there may be quality loss of the final product.  

5.3.4.2. Impact of E-beam Treatment on Total Phenols  

E-beam treatment at different doses had significant (P<0.05) effect on the TP content of red 

pepper powder (Table 5.3). It is observed that the TP contents of red pepper powder samples 

were between 0.88 to 1.04 g GAE/100 g. There was only a significant (P<0.05) reduction in the 

TP (15%) at the highest e-beam treatment dose (30 kGy) as compared with other treatments. 

Koseki et al. (2002) reported a reduction in TP content of dehydrated rosemary irradiated with 

10–30 kGy doses. Jamshidi et al. (2014) found no significant reduction of TP content in 

Echinacea purpurea and Cinnamomum zeylanicum up to 15 kGy dose with gamma irradiation. 

In contrast, Variyar et al. (1998) reported an increase in TP contents of nutmeg and clove after 

gamma irradiation. This might be due to enhanced extraction and permeability as a result of 

stress response of tissues. This facilitates contact between enzymes and substrates, eventually 

leading to the formation of phenolic compounds (Moreno et al., 2006). Generally, the difference 

in the TP contents of spices could be due to the type, environmental conditions, physical form of 

the sample, composition of phenolic content, irradiation dose, type of solvent, method of 

extraction and temperature (Khattak and Simpson, 2008).   

5.3.4.3. Influence of E-beam Treatment on Carotenoids  

The carotenoids concentration in the red pepper powder was 374 mg c/100 g (Table 5.3). There 

was no significant (P>0.05) difference in c content upon treatments (2-10 kGy) as compared 

with the untreated sample. But, the concentration significantly (P<0.05) reduced with 15 and 30 

kGy treatments. The reduction might be attributed to the induction of free radicals and the 

process of oxidation which leads to epoxide and peroxy radicals. Similarly, Kim et al. (2005) 

reported the high sensitivity of carotenoids to gamma irradiation in dose-dependent manner. 
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Meanwhile, treated samples with 2-10 kGy, 6-15 kGy, 15 and 30 kGy, there was no significant 

(P>0.05) difference in c contents. Similarly, Sebastião et al. (2002) and Wen et al. (2006) 

reported that c contents of dehydrated parsley and lyceum fruit were unchanged with irradiation 

doses up to 20 and 14  kGy, respectively.  

5.3.4.4. Effect of E-beam Treatment on Antioxidants Activity  

The antioxidant activity of red pepper powder up on various levels of treatment doses is 

presented in Table 5.3. The antioxidant activity of the untreated red pepper powder was 

38.61 ± 0.42 μmol TE/g. There was only a significant (P<0.05) reduction in the antioxidant 

activity (7%) with the highest e-beam treatment dose (30 kGy). Consistent with our findings, 

decrease in the free radicals scavenging activity after irradiation of plant extracts was reported by 

Sajilata and Singhal (2006). This reduction might be associated with the radiolysis or oxidation 

processes following irradiation (Fernandes et al., 2016). Other studies reported either an increase 

in the free radical scavenging activity (Khattak and Simpson, 2008) or a non-significant effect 

(Pérez et al., 2011) after irradiation of plant extracts. The variations in the findings of irradiation 

on the antioxidant activities of spices and herbs could be due to variations in the environmental 

and geographical conditions, types of plants, chemical compositions, solvent types and methods 

of extraction, phenolic compositions, type of irradiation source, irradiation dose, that require 

additional investigation (Alothman et al., 2009). Differences in antioxidant activity can also be 

attributed to differences in the quantities of other antioxidant substances including tocopherols 

and ascorbic acid. Antioxidants have a key physiological function in biological processes. 

Proteins, lipids or nucleic acids can be oxidized by free radicals and reactive oxygen species 

(ROS) and initiate many types of degenerative diseases. The antioxidants activity is the major 

factor that governs the effectiveness of foods to minimize the prevalence of chronic diseases 

such as heart disease and cancers (Rather et al., 2019).  

5.3.4.5. E-beam Treatment on Color  

Changes in the color of the red pepper powder at different treatment doses are presented in Table 

5.3. It was observed that for L* values, lightness qualities of samples reduced significantly 

(P<0.05) dose gradient-wise. In contrast, the positive b* values indicating yellowness increased 

significantly (P<0.05) with irradiation dose except with the 2 kGy treatment. The positive a* 
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values indicating the redness of the powder was not changed significantly (P>0.05) up on 

treatments. Bambirra et al. (2002) reported significantly lower a* and b* values with increased 

gamma irradiation doses in turmeric powder. Horváthová et al. (2007) described that increasing 

irradiation dose resulted a decrease in a* values of black pepper. On the other hand, Song et al. 

(2014) observed that color values of red and black pepper were not significantly influenced with 

gamma irradiation at doses of 2, 3, and 5 kGy. As previously described in sections 5.3.4.2 and 

5.3.4.3, red pepper powder samples exhibited reduction in TP and carotenoids, which provide the 

color of the samples. This might be the reason for the reduction of redness of the powder. 

Moreover, the increase in yellowness could also be attributed to the degradation of red 

carotenoids which is preferably favored towards the degradation of yellow carotenoids as 

postulated by Pérez-Gálvez et al. (2000).   

Total color difference (ΔE*) indicated that there was an increase in the color value of red pepper 

powder (i.e. from 0.64 to 1.24) as the irradiation dose increased. According to Young and 

Whittle (1985), ΔE* values 0-0.5, 0.5-1.5, 1.5-3.0, 3.0-6.0 and 6.0-12.0 indicate a 

‗imperceptible‘, ‗slight‘, ‗noticeable‘,  ‗remarkable‘ and ‗extremely remarkable‘ differences, 

respectively. Also, ΔE* values above 12 indicates color of ‗different shade‘. In the present study, 

all samples subjected to e-beam treatment doses of 2-30 kGy indicated ‗slight differences‘ in 

color as compared to the untreated sample. Similarly, Byun et al. (2019) reported ΔE*  values 

(0.73-1.26) indicating ‗slight difference‘ in color change of red pepper powder when gamma 

irradiated at 3.5 kGy. Therefore, small values of ΔE* in the present study indicated that total 

color difference could be used as one of the quality indicators for red pepper powder.     

5.4. Conclusions 

In this study, e-beam treatment was effective to reduce the microorganisms naturally present in 

red pepper powder, where the degree of inactivation strongly depended on treatment doses. 

E-beam treatment at 6 kGy resulted in significant (P<0.05) decontamination of the initial counts 

of yeasts and molds to safe level (1 log CFU/g), while the treatment at 30 kGy resulted in the 

highest decontamination of TPC by 5.7 log CFU/g. The examined models predicted the 

microbial inactivation kinetics well. The results support the view that e-beam treatment within 

the ranges of investigated doses was not effective for the degradation of AFB1 and total AFs but 

restrained the generation of mycotoxigenic fungi. In contrast, OTA was reduced with increasing 
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treatment dose. The maximum dose applied (30 kGy) retained more than 85% of the TP, 

carotenoids and antioxidants activity. Moreover, the effect of e-beam treatment on the total color 

difference (ΔE*) indicated only ‗slight differences‘, as compared to the untreated sample. With 

the approach of the present study, it can be concluded that e-beam treatments up to 10 kGy had a 

positive influence on the reduction of naturally occurring microorganisms and could enhance the 

safety of red pepper powder with reduced detrimental effects on its physicochemical qualities.   
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CHAPTER 6: IMPACT OF PULSED LIGHT TREATMENT ON 

NATURALLY OCCURRING MICROORGANISMS AND MYCOTOXINS 

IN RED PEPPER (Capsicum annuum L.) POWDER 

Abstract 

The impact of PL treatment on naturally occurring microorganisms and mycotoxins in red 

pepper powder and changes in its physicochemical quality were investigated. Powder samples 

were exposed to different PL treatments up to 61 pulses, with an overall fluence ranging from 1.0 

to 9.1 J/cm
2
. The highest fluence applied (9.1 J/cm

2
, 61 pulses, 20 s) resulted in 2.7, 3.1 and 4.1 

log CFU/g reduction of yeasts, molds and TPC, where initial microbial loads were 4.6, 5.5 and 

6.5 log CFU/g, respectively. At the same fluence level, maximum reduction of 67.2%, 50.9% 

and 36.9% of AFB1, total AFs and OTA were detected, respectively. A proportional increase in 

temperature of the samples was observed from the absorbed PL energy, reaching maximum of 

59.8 °C. The inactivation of both investigated microorganisms and mycotoxins followed first-

order kinetics (R
2
>0.95). The delivery of higher fluence at 6.9 and 9.1 J/cm

2 
did not cause 

degradation but rather a significant (P<0.05) and apparent increase of TP. In contrast, the lowest 

investigated fluence (1.0 J/cm
2
) led to a significant (P<0.05) decrease in carotenoids content and 

antioxidant activity compared to the untreated powder sample. The color values (L* and b*) 

exhibited significant (P<0.05) changes for all investigated PL intensities, except for the a* values 

which was only affected by the highest fluence. However, the values for the total color 

difference (ΔE*) revealed only ―slight differences‖, compared to the untreated sample. In 

conclusion, higher reduction of microbial load and mycotoxins in red pepper powder could be 

achieved, when higher treatment intensity was applied suggesting PL as a potential technology 

for decontamination of red pepper powder and other spice powders. 

Keywords: Decontamination; Kinetic model; Mycotoxin; Physicochemical quality; Pulsed light; 

Red pepper powder.  

6.1. Introduction 

Red pepper (Capsicum annuum L.) is the second most consumed spice worldwide following 

black pepper (FAOSTAT, 2018). The red pepper has been popularly used in gastronomy due to 
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its exotic characteristics of aroma, taste, pungency and color (Costa et al., 2019). As a food 

ingredient, it is typically consumed fresh or in form of dry powder (Rico et al., 2010). Moreover, 

red pepper has high nutritional value and is known for its phytochemicals including phenolics, 

carotenoids, vitamin C and other compounds with antioxidant properties (Kothari et al., 2010; 

Asnin and Park, 2015).  

As a produce of agriculture, red pepper can be frequently contaminated by fungi, especially by 

mycotoxigenic species (Rotsisen et al., 2016; Singh and Cotty, 2017; Gambacorta et al., 2018). 

Some studies reported the contamination of red pepper with high amounts of fungi, primarily 

belonging to Aspergillus, Fusarium, Penicillium and Alternaria species (Santos et al., 2011; 

Hammami et al., 2014; Jeswal and Kumar, 2015; Ham et al., 2016; Garcia et al., 2018b). It has 

also been widely documented that red pepper can be often contaminated with mycotoxins in 

different parts of the world (Ahn et al., 2010; Iqbal et al., 2011; Asai et al., 2012; Iqbal et al., 

2013a; Hammami et al., 2014; Set and Erkmen, 2014; Gherbawy et al., 2015; Jeswal and Kumar, 

2015; Ham et al., 2016; Rotsisen et al., 2016; Khazaeli et al., 2017; Singh and Cotty, 2017). AFs 

and OTA are amongst the most important contaminants with respect to the potentially present 

groups of mycotoxins in pepper and pepper products (Costa et al., 2019). According to IARC, 

AFs are potentially carcinogenic, mutagenic and immuno-suppressive agents (IARC, 1993). On 

the other hand, OTA is among the most prevalent mycotoxin detected in red pepper samples and 

is also recognized as carcinogenic, immunotoxic and nephrotoxic. Some previous studies have 

already reported possible high levels of AFs (Gherbawy et al., 2015; Rotsisen et al., 2016; Singh 

and Cotty, 2017) and OTA (Ozbey and Kabak, 2012; Iqbal et al., 2013a; Rotsisen et al., 2016) in 

red pepper powder. 

The EC has established a legislation for mycotoxins in food and feed, including AFs regulations 

in Capsicum fruits, with Maximum Tolerable Limits (MTL) set at 5.0 μg/kg for AFB1 and 10 

μg/kg for total AFs (EC, 2012a). Recently, also level of OTA in spices has been included in the 

legislation with MTL of 20 μg/kg for Capsicum powder (EU, 2015). Moreover, the MTL of 

OTA for Capsicum blended products is 15 μg/kg. Other countries might have different 

regulations, but the values are often in comparable range. In contrast, Ethiopia as one of the 

leading exporters and consumers of red pepper, has no legislation nor regulation for the levels of 

AFs and OTA in spices. Consequently, this can lead to adverse health effects and huge economic 
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losses with frequent product recalls due to mycotoxin contamination (Ayelign and De Saeger, 

2020). For instance, in 2017, red pepper powder from Ethiopia worth 10 million USD was 

rejected by European markets due to high levels of AFs and OTA (Getnet, 2018). Thus there is a 

need to tackle the issue of mycotoxin contamination and investigate potential technologies for 

their reduction. However, there is only limited number of studies and approaches to tackle these 

issues, especially if the products are in a powder form. 

Certain non-chemical and non-thermal techniques for microbial and mycotoxins control have 

gained some interest from stakeholders in the food sector. Pulsed light (PL) is one of the 

technologies extensively investigated for decontamination of surfaces, particulate and powdered 

foods (Ramos-Villarroel et al., 2012; Stoica et al., 2013). It applies short-time light pulses of 

high intensity with an intense broad-spectrum (200–1100 nm) (Barba et al., 2018). The 

mechanisms involved in microbial inactivation is related to the rich content of broad-spectrum 

UV, its photochemical and/or photothermal effects (Elmnasser et al., 2007; Gomez-Lopez et al., 

2007). The photochemical mechanism entails the alteration of DNA and pyrimidine base 

structure by the UV component of the spectrum (Giese and Darby, 2000), which leads to 

microbial inability of reproduction and death (McDonald et al., 2000; Panico, 2005; Wang et al., 

2005). The photothermal mechanism has been attributed to the energy generated from UV 

photons, causing a short, quick, and local increase in temperature of the sample surface (Whekof, 

2000). In each of these mechanisms, the influence of PL on microorganisms seems to be related 

to alteration of the molecules absorbing UV light, making it as a possible candidate for 

decontaminating mycotoxins concentrated on the surface of materials.  

PL treatment technique is a relatively young technique, so far applied for decontamination of 

surfaces of packaging materials and studies related to its impact on naturally occurring 

microorganisms and mycotoxins and their destruction kinetics are limited. Moreover, studies on 

impact of PL treatment on bioactive compounds and antioxidants in red pepper powder are 

scarce. Thus, it is of great significance to investigate if such innovative technique could enhance 

food safety while preserving nutritional and bioactive compounds. In this context, the aim of this 

study was to investigate the impact of PL treatment on naturally occurring microorganisms and 

mycotoxins in red pepper powder and on changes in selected physicochemical properties of the 

indicated spice.   
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6.2. Materials and Methods 

6.2.1. Sample Collection and Preparation  

Sample collection and preparation were done according to the method described in section 3.1.  

6.2.2. Experimental Design and PL Treatment 

A batch PL system (SteriPulse-XL
®

 RS-3000 system, Polytec GmbH, Waldbronn, Germany) 

was used to conduct the treatments as shown in Appendix Figure E. The device stores electrical 

energy in capacitors up to 2500 W and releases it in the form of light pulses at a pulse rate of 3 

pulses per second. Xenon lamp was used to generate a broad-spectrum of radiation ranged from 

200 to 1100 nm (Appendix Figure F). The treatment chamber is placed below the lamp, equipped 

with an air cooling system and had a wire rack to put the samples for treatment at 11 different 

distances from the lamp varying from 1.93-14.63 cm. UV PowerPuck® (Electronic 

Instrumentation and Technology, Inc. Sterling, USA) and UV-C-Radiometer RM 12 (Opsytec 

Dr. Gröbel GmbH, Germany) were used to measure the applied fluence. At a distance of 1.93 cm 

from the light source, the resulting fluence was 1.27 J/cm
2
/pulse. The treatments of red pepper 

powder varied for PL fluence (1.0–9.1 J/cm
2
), treatment time (2–20 s) and/or number of pulses 

(7–61). It is worth mentioning that all the investigated fluences were within the values approved 

by the FDA, which is a total cumulative treatment of 12.0 J/cm
2
 (FDA, 2015). Sample of 2 g was 

spread in a thin layer over a petri dish (Ø: 8.4 cm) and exposed to an energy E of 0.1494 

J/pulse/cm
2
 at effective distance d (lamp – sample) of 9.55 cm. The fluence (J/cm

2
) used as a 

function of time t (s) was given by equation 6.1:  

                                        ⁄         (6.1) 

An IR thermometer (Testo SE & Co. KGaA, Germany) was used for measuring the temperature 

of the samples before and immediately after each PL treatment. Following PL treatments, both 

treated and untreated red pepper powder samples were either directly analyzed or stored at  4 °C 

until further analysis. 

6.2.3. Microbiological Analysis  

Microbial analysis was done according to the method described in section 3.2.   
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6.2.4. Microbial Inactivation Kinetics 

The inactivation kinetics of yeasts, molds, and TPC were fitted to a first-order reaction kinetic 

model which is expressed using equation 6.2: 

   
 

  
                  (6.2) 

where;   is the number of microbes that survived the PL treatment,    is the initial number of 

microbes before PL treatment,   is the first-order rate constant and   is the fluence.  

D10-value is expressed as the decimal reduction dose (fluence) resulting in 90% inactivation in 

the number of microorganisms present in the sample. It was calculated by taking the negative 

reciprocal of the slope of the inactivation curve, and represented by equation 6.3: 

    
 

     
               (6.3) 

6.2.5. Aflatoxins and Ochratoxin A Analysis 

AFs and OTA contents were determined according to the method described in section 3.3. 

6.2.6. Aflatoxins and Ochratoxin A Degradation Kinetics 

AFs and OTA degradations were modeled using the following first-order reaction given by 

equation 6.4: 

                              (6.4) 

where;    and    are mycotoxins concentrations, at time t and zero, respectively;   is the fluence 

and   is the first-order rate constant. 

6.2.7. Physicochemical Quality Properties of Red Pepper Powder 

6.2.7.1. Total Phenols  

TP content was determined according to the method described in section 3.4.1.   

6.2.7.2. Carotenoids  

Carotenoids content was determined according to the method described in section 3.4.2. 
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6.2.7.3. Antioxidant Activity  

Antioxidants activity was determined according to the method described in section 3.4.3. 

6.2.7.4. Color 

Color was determined according to the method described in section 3.4.4.    

6.2.8. Statistical Data Analysis  

The experimental results were analyzed using one-way ANOVA with JMP version 13 software 

(SAS Institute Inc., Carry, NC, USA). Tukey HSD test was applied to compare the differences 

between means at a significance level of P<0.05. Experimental data were fitted using linear 

procedures of MS Excel 2010. Measurements were done at least in triplicates and results were 

reported as mean ± SD.    

6.3. Results and Discussion    

6.3.1. Impact of PL Treatment on Inactivation of Microorganisms in Red Pepper Powder  

Impact of PL treatment at different levels of fluence on inactivation of naturally occurring 

microorganisms in red pepper powder was characterized by higher microbial inactivation at 

higher fluence (Figure 6.1). For instance, the level of inactivation of yeasts with an initial load of 

4.6 log CFU/g increased from 0.3 to 2.7 log CFU/g when 1.0 J/cm
2
 (7 pulses) and 9.1 J/cm

2
 (61 

pulses) were applied, respectively. Inactivation of molds with initial count of 5.5 log CFU/g also 

increased from 0.5 log CFU/g to 3.1 log CFU/g at the same treatment conditions. It has been 

reported that, the predominant naturally occurring mold in the red pepper powder is A. flavus 

(Woldemariam et al., 2021). Significant (P<0.05) differences in inactivation of yeasts and molds 

were observed at fluence 4.6 J/cm
2
 (31 pulses) and 2.4 J/cm

2
 (16 pulses) resulting in a reduction 

of 1.8 and 1.9 log CFU/g, respectively. Similar trends were observed for TPC with an initial load 

of 6.5 log CFU/g. In this case, the rate of inactivation correspondingly increased from 0.1 log 

CFU/g (1.0 J/cm
2
, 7 pulses) to 4.1 log CFU/g (9.1 J/cm

2
, 61 pulses), where significant (P<0.05) 

inactivation of TPC was observed at fluence level of at least 4.6 J/cm
2
 (31 pulses) with a 

reduction of 3.5 log CFU/g.  
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Figure 6.1. Survivors of yeasts, molds and TPC in red pepper powder samples treated with PL. 

The effectiveness of PL to inactivate bacteria, yeasts and molds in various foods has been 

demonstrated in several previous studies (Gomez-Lopez et al., 2005; Farrell et al., 2011; Maftei 

et al., 2014; Xu and Wu, 2016; Hwang et al., 2017; Valdivia-Nájar et al., 2018; Tao et al., 2019). 

Gomez-Lopez et al. (2005) evaluated the impact of PL treatment on inactivation of yeasts, 

molds, bacterial spores, and reported different levels of reductions varying between 1.2 and 5.9 

log units when samples placed at 12.8 cm from the strobe were treated for 45 or 180 s, equivalent 

to 675 and 2700 pulses. Farrell et al. (2011) also reported up to 8.7 log reduction for a range of 

different pathogenic bacteria when treated up to 150 pulses using a lamp discharge energy of 7.2 

J at a distance of 8 cm from the light source. Similarly, Maftei et al. (2014) reported a 3–4 log 

reduction of molds on wheat grain by PL treatments of up to 40 flashes and a fluence of 0.4  

J/cm
2 

per pulse.  Fine and Gervais (2004) reported 0.70 and 2.93 log reductions of 

Saccharomyces cerevisiae upon treatment of inoculated black pepper and wheat flour at a 

fluence level of 31.12 J/cm
2 

(64 pulses), respectively.  
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The most accepted hypothesis for the mechanisms of PL inactivation includes a combination of 

photochemical and photothermal mechanism (Takeshita et al., 2003; Wuytack et al., 2003). The 

light energy absorbed by the red pepper powder increased proportionally with the fluence 

applied and thus increased temperature (Table 6.1). This could be due to the interaction of light 

with the sample and thereby conversion into heat energy as described in the Beer-Lamberts law 

(Palmieri and Cacace, 2005). In this study, immediate heating of samples was apparent, as the 

temperature of the red pepper powder samples increased from 19.0 °C (untreated) to 59.8 °C at 

maximum treatment intensity of 9.1 J/cm
2
. In the PL treatment, temperature increment has been 

reported as the critical factor that could limit its applications, at least for heat sensitive products 

(Elmnasser et al., 2007). Many studies reported that the desired inactivation effect of both 

microorganisms and toxins can be obtained by applying PL treatment times longer than 1 min. 

However, long duration of treatments that increase the temperature of products could eventually 

have a detrimental effect on the nutritional and physical attributes (Jun et al., 2003; Gómez‐

López et al., 2005; Ozer and Demirci, 2006).  

Table 6.1. Temperature change during PL treatment of red pepper powder samples. 

Time [s] Number of pulses Fluence [J/cm
2
] Temperature [°C] 

0 0 0 19.0 ± 0.8 

2 7 1.0 25.4 ± 1.0 

5 16 2.4 30.6 ± 0.8 

10 31 4.6 41.5 ± 1.3 

15 46 6.9 48.4 ± 1.1 

20 61 9.1 59.8 ± 0.7 

Data are expressed as mean ± SD of triplicate analysis. 

6.3.2. Inactivation Kinetics of Yeasts, Molds and TPC 

The inactivation of yeasts, molds and TPC in red pepper powder is shown in Figure 6.2. The 

calculated D10-values were 3.0, 2.6 and 2.1 J/cm
2
 for yeasts, molds and TPC, respectively. Low 

D10-values indicate that PL has a great potential for microbial inactivation in red pepper powder. 

As it can be seen from the inactivation kinetics (Figure 6.2), yeasts were more resistant to PL 

treatments compared to naturally occurring bacteria, which is also reported in the study of Levy 



 
93 

 

et al. (2012). The goodness-of-fit of the model was evaluated using R
2
 and RMSE values. The 

first-order kinetic model confirmed a good-fit for the data (R
2
>0.95), indicating that the 

inactivation was significantly (P<0.05) influenced by the applied fluence or number of pulses. 

Moreover, the low RMSE values for yeasts (0.2623), molds (0.2236) and TPC (0.2306) of the 

model predicted the data accurately.  

 

Figure 6.2. Inactivation of yeasts, molds and TPC in red pepper powder samples treated with PL. 

6.3.3. Effect of PL treatment on Mycotoxins Degradation 

The reduction of AFB1, total AFs and OTA in red pepper powder samples induced by PL 

treatments at different fluence levels is shown in Figure 6.3. A significant (P<0.05) degradation 

of mycotoxins was observed at a treatment intensity of 2.4 J/cm
2 

(16 pulses, 5 s) and the 

degradation increased with increasing treatment intensity in all investigated mycotoxins. At 

maximum treatment intensity of 9.1 J/cm
2
 (61 pulses, 20 s), a 67.2% reduction of AFB1 (from 

13.3 to 4.4 μg/kg), 50.9% reduction of total AFs (from 38.3 to 18.8 μg/kg) and 36.9% reduction 

of OTA (from 239.5 to 151.2 μg/kg) was achieved. Reduction of mycotoxins by PL treatment 
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was reported by some previous studies. For instance, Wang et al. (2016a) observed 75.0% 

reduction of AFB1 and 39.2% of AFB2 in rough rice at 0.52 J/cm
2
/pulse for 80 s. The authors 

also reported a reduction of 90.3% of AFB1 in rice bran by applying the same treatment for 15 s. 

Abuagela et al. (2018) reported 82% and 91% reduction of total AFs in peanuts (with and 

without skin, respectively) following PL treatment for 5 min with a treatment system that 

delivers 1.2 J/cm
2
/pulse at 9 cm distance from the light strobe. Similarly, Moreau et al. (2013) 

reported a degradation up to 92.7% and  98.1% of AB1 and OTA in solution after eight flashes 

of PL treatment that generated a light flux of 1 J/cm
2
, respectively. 

 

Figure 6.3. Reduction of AFB1, total AFs and OTA in PL-treated red pepper powder samples. 

As illustrated in Figure 6.3, AFB1 was more sensitive to photo-induced degradation as compared 

to OTA. This is probably due to the opening of lactone ring and C8 C9 double bond in the 

terminal furan ring in the structure of AFB1 (Abuagela et al., 2018). The efficacy in the 

degradation of AFs and OTA was primarily due to the higher fluence of PL treatment. Beside 
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treatment intensity, the degradation rate of mycotoxins can be influenced by additional factors 

such as the broad-spectrum of PL wavelengths. In comparison to the conventional singular 

wavelength performance of UV lamps, PL generates wavelengths of 222 nm, 265 nm, and 

362 nm which can be absorbed by AFB1, leading to its improved degradation efficiency (Jubeen 

et al., 2012). Although the impact of PL is a broad-spectrum, it is essential to consider the 

possible contributions of IR and visible wavelengths on the degradation of mycotoxins.     

Several studies have reported that applying high energy of the PL treatment could result in heat 

generation of the samples (Jun et al., 2003; Ozer and Demirci, 2006; Gomez-Lopez et al., 2007; 

Gómez et al., 2012). Beside the UV effect, this local photothermal effect have been also 

attributed to the inactivation of microorganisms (Elmnasser et al., 2007; Gomez-Lopez et al., 

2007). On the other hand, the degradation of mycotoxins that occurred at lower temperatures 

could be attributed primarily to the photochemical effects of the PL. As previously mentioned in 

section 6.3.1, the highest temperature recorded for red pepper powder sample during PL 

treatment was 59.8 °C. The thermal stability of AFB1 and OTA are reported to be very high and 

the onset of their degradation takes place above 160 and 180 °C, respectively (Raters and 

Matissek, 2008). Consequently, we can assume that the temperature of red pepper powder during 

the PL treatment in our study was far below this reported critical degradation temperature, and 

could not significantly contribute to degradation of AFs and OTA.  

6.3.4. Degradation Kinetics of Mycotoxins 

The plot of ln (Ct/C0) against PL fluence at different initial concentrations of AFB1, total AFs 

and OTA is given in Figure 6.4. A first-order kinetic model was applied to regress the AFs and 

OTA degradation under PL treatment. The degradation rate of all investigated mycotoxins 

increased with increasing PL fluence. As can be seen from the figure, the high regression 

coefficients (R
2
>0.95) and low RMSE values of AFB1 (0.0661), total AFs (0.0442) and OTA 

(0.0270) demonstrated that the first-order kinetic model fitted well and accurately described the 

degradation of the mycotoxins. To estimate the degradation rates of the mycotoxins to PL 

fluence, the D10-values were calculated. The D10-values of AFB1, total AFs and OTA were 9.4, 

13.1 and 21.6 J/cm
2
, respectively, indicating AFB1 as the most sensitive one among the 

investigated mycotoxins.          
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Figure 6.4. Degradation kinetics of AFB1, total AFs and OTA in PL-treated red pepper samples. 

6.3.5. Impact of PL Treatment on the Physicochemical Properties of Red Pepper Powder 

The physicochemical properties of untreated and PL-treated red pepper powder along with 

processing conditions are presented in Table 6.2 and described below. 

6.3.5.1. Effect of PL Treatment on Total Phenols 

The content of TP in the untreated and treated red pepper powder samples ranged from 0.94 to 

1.02 g GAE/100 g, and was significantly (P<0.05) influenced at higher PL treatment intensities 

of 6.9 and 9.1 J/cm
2
 (Table 6.2). Interestingly, the application of higher fluence did not 

essentially result in reduction of TP, but rather a slight increase was observed. However, the 

concentration of TP was not statistically significant (P>0.05) within the lower fluence range of 

1.0–4.6 J/cm
2
. The photo-induced increase of TP in different food products was also reported in 

tomato fruits treated at 1 to 8 J/cm
2
 (Pataro et al., 2015), in spinach treated at 20 and 40 kJ/m

2
 

(Agüero et al., 2016), in cantaloupe treated at 0.3, 0.6, 0.9 and 1.2 J/cm
2
 (Koh et al., 2016), and 

in shiitake powder treated at 26.2, 52.4 and 78.5 kJ/m
2
 at a distance of 6 cm (Chien et al., 2017). 

The increase in the amount of TP was attributed to the possible formation of polyphenols such as 

flavonoids triggered by abiotic stresses as a result of PL (Koh et al., 2016). 
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Table 6.2. Physicochemical characteristics of red pepper powder at various fluence levels of PL treatment.   

Time 

[s] 

Number 

of 

pulses  

Fluence 

[J/cm
2
]  

Total phenols 

[g GAE/100 g] 

Carotenoids 

[mg c/100 g] 

Antioxidant 

activity  

[μmol TE/g] 

Color values 

L* a* b* ΔE* 

0 0 0 0.94 ± 0.01
c
 366 ± 1

a
 39.41 ± 0.52

a
 44.30 ± 0.13

a
 19.40 ± 0.25

a
 14.73 ± 0.09

b
 0.00 

2 7 1.0 0.95 ± 0.01
bc

 358 ± 2
b
 38.81 ± 0.36

a
 44.09 ± 0.07

b
 19.35 ± 0.13

ab
 15.23 ± 0.05

a
 0.55 

5 16 2.4 0.96 ± 0.01
bc

 357 ± 2
b
 37.35 ± 0.20

b
 44.05 ± 0.13

b
 19.30 ± 0.18

ab
 15.23 ± 0.18

a
 0.57 

10 31 4.6 0.96 ± 0.02
bc

 351 ± 1
c
 37.31 ± 0.12

b
 44.02 ± 0.08

bc
 19.20 ± 0.16

ab
 15.40 ± 0.05

a
 0.76 

15 46 6.9 0.97 ± 0.01
b
 352 ± 2

c
 36.88 ± 0.19

b
 44.00 ± 0.19

bc
 19.28 ± 0.19

ab
 15.43 ± 0.07

a
 0.78 

20 61 9.1 1.02 ± 0.02
a
 348 ± 2

c
 36.49 ± 0.44

b
 43.84 ± 0.22

c
 19.15 ± 0.04

b
 15.40 ± 0.12

a
 0.86 

CV [%]   1.4 0.4 0.9 0.3 0.9 2.1 5.3 

Note: Data are expressed as mean ± SD of triplicate analysis and means not connected by the same lowercase letters with in a column 

are significantly (P>0.05) different. CV: Coefficient of variation.   
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6.3.5.2. Influence of PL Treatment on Carotenoids  

The content of carotenoids in the untreated and treated red pepper powder samples ranged from 

348 to 366 mg c/100 g (Table 6.2). The lowest fluence (1.0 J/cm
2
) resulted in a significant 

(P<0.05) decrease of carotenoids, compared to the untreated sample. However, samples treated at 

1.0 and 2.4 J/cm
2
 did not exhibit significant (P>0.05) difference in content of carotenoids, but 

only to higher fluence. When samples treated at 4.6 to 9.1 J/cm
2 

fluence are compared to each 

other, there was also no significant difference. These results are in line with  the findings of 

Aguiló-Aguayo et al. (2017), who reported non-significant effect on the content of β-carotene in 

PL-treated carrots for fluences greater than 4.52 J/cm
2
.  

6.3.5.3. PL Treatment on Antioxidant Activity  

Antioxidant activity in the untreated and treated red pepper powder samples ranged from 36.49 

to 39.41 μmol TE/g (Table 6.2). A significant (P<0.05) decrease of antioxidant activity was 

observed for all investigated PL treatments compared to untreated sample, except the lowest 

treatment intensity (1.0 J/cm
2
). Although there was a slight apparent decrease of the antioxidant 

activity within the fluence range of 2.4–4.6 J/cm
2
, there was no significant difference among 

these samples. Similarly, a decrease in antioxidant activity (in TE) of PL-treated apple juice at a 

fluence of 1.17 J/pulse/cm
2
 for 8 s was previously reported (Mandal et al., 2020). In another 

study with PL impact on mushrooms, a fluence dependent decrease of the antioxidant activity 

was reported after the treatments at 4.8, 12 and 28 J/cm
2
 (Oms-Oliu et al., 2010).  

6.3.5.4. Impact of PL Treatment on Color  

The L*, a* and b* color attributes of red pepper powder samples as influenced by PL treatment 

are presented in Table 6.2. Significant (P<0.05) difference was observed in lightness (L*) for all 

PL-treated samples, where the L* values slightly decreased with increasing fluence. In terms of 

a* value that indicates the red and green color, there were no changes observed or measured, 

except the sample treated at the highest fluence (9.1 J/cm
2
). In this case, lower a* value was 

measured when compared to the untreated sample. On the other hand, b* values of the treated 

samples increased and were significantly (P<0.05) affected by the PL treatment, compared to the 

untreated sample. When only treated samples were compared to each other, there was no 

significant (P>0.05) difference between them.  
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The total color difference expressed as ΔE* of treated red pepper powder samples ranged from 

0.55 to 0.86 (Table 6.2). According to the color classification (Young and Whittle, 1985),  all 

calculated ΔE* values of the treated samples were under the category of ―slight differences‖ 

compared to the untreated sample. This demonstrates that investigated intensities of the PL 

treatments did not have a significant impact on color of red pepper powder. As previously 

mentioned in section 6.3.5.2, red pepper powder exhibited a reduction in carotenoids, which 

might have contributed to the ―slight differences‖ of its color.  

6.4. Conclusion 

The impact of PL treatment on naturally occurring microorganisms and mycotoxins, as well as 

impact on physicochemical quality changes in red pepper powder were investigated. The results 

demonstrated that the PL treatment was able to reduce the naturally occurring microorganisms 

without major loss of selected physicochemical properties of the powder. The highest fluence 

(9.1 J/cm
2
) applied to the samples reduced TPC by 4.1 log CFU/g with initial loads of 6.5 log 

CFU/g. Maximum degradation of 67.2% of AFB1 was recorded at the same level of treatment. 

The modeled inactivation rates in this study followed first-order reaction kinetics, demonstrating 

that treatment time, number of pulses and fluence were major parameters in the inactivation of 

microorganisms. Similar can be said for the light induced and treatment dependent degradation 

of mycotoxins, where significant decrease was observed. Despite promising results obtained in 

the study, for large scale application, future studies are needed, in particular to assess possible 

solutions to increase exposure of powders and particles. 
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CHAPTER 7: MODELING AND OPTIMIZATION OF HIGH PRESSURE 

PROCESSING FOR THE INACTIVATION OF NATURALLY 

OCCURRING MICROORGANISMS IN RED PEPPER (Capsicum annuum 

L.) PASTE 

Abstract 

The study aimed to develop predictive models and optimize high pressure processing of red 

pepper paste using response surface methodology. Central composite rotatable design was 

employed to determine the impacts of holding time (30–600 s) and pressure (100–600 MPa) on 

the inactivation of naturally occurring microorganisms while maintaining the quality. Results 

revealed that treatment at 527 MPa for 517 s reduced TPC by 4.5 log CFU/g. Yeasts and molds 

counts were reduced to 1 log CFU/g at 600 MPa for 315 s. TP, carotenoids and antioxidants 

activity ranged from 0.28 to 0.33 g GAE/100 g, 96.0 to 98.4 mg c/100 g and 8.70 to 8.95 μmol 

TE/g, respectively. Slight increase (2.5–6.7%) in these attributes was observed with increasing 

holding time and pressure when compared with untreated sample. Total color difference (ΔE*) 

values (0.2 to 2.8) were within the category of ‗imperceptible‘ to ‗noticeable‘. Experimental 

results were fitted satisfactorily into quadratic model and higher R²
 
values (0.8619–0.9863) and 

non-significant lacks-of-fit (p-value > 0.05) proved good prediction. The optimization process 

suggested treatment of red pepper paste at 536 MPa for 125 s for maximum desirability (0.622). 

Validation experiments confirmed comparable percentage of relative errors (0.7 to 16.7%) 

between predicted and experimental values. In light of the findings obtained, this technique 

could be considered as an effective treatment for the inactivation of naturally occurring 

microorganisms in red pepper paste with minimal changes in its qualities.  

Keywords: High pressure processing; Inactivation; Microorganisms; Modeling; optimization; 

Red pepper paste.  

7.1. Introduction 

Pepper (Capsicum annuum L.), which belongs to the family of Solanaceae, is widely cultivated 

and consumed globally (Wang et al., 2017). It may be consumed fresh, dried, fermented or 

cooked (Pino et al., 2007). Red pepper is highly recognized as one of the varieties owing to its 
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coloring, flavoring and aromatic properties (Dong et al., 2014; Montoya-Ballesteros et al., 2014). 

In Ethiopia, the powder and derived forms of red pepper are widely used as a seasoning agent in 

the preparation of traditional foods. Red pepper  is a rich source of diverse phytochemicals 

including carotenoids, phenolics, vitamin C, vitamin E, flavonoids, alkaloids, capsaicinoids and 

quercetins in varying concentrations (Bae et al., 2012; Derry et al., 2017; Wang et al., 2017). 

Moreover, due to their health benefits such as anti-inflammatory, hypolipidemic, hypoglycemic, 

analgesic and antioxidative effects,  interest in these phytochemicals has been rising (Srinivasan, 

2005; Bley et al., 2012; Victoria-Campos et al., 2015).  

Generally, spices are frequently added as raw ingredients in many ready-to-eat foods. 

Meanwhile, they are also effective transmission vehicles of pathogens that pose a potential 

public health threat (Dewey-Mattia et al., 2018). The contaminated spices may result in product 

recalls and severe foodborne illness (Syamaladevi et al., 2016). Red pepper and its products are 

not exceptions, and reported to be frequently contaminated with microorganisms to varying 

degrees (molds, yeasts, and bacteria) during pre-and post-harvest processes (Jung et al., 2015; 

Sanatombi and Rajkumari, 2019). Consequently, it is of great importance to inactivate the 

microorganisms in red pepper before consumption as also recently suggested by several authors 

(Kyung et al., 2019; Sanatombi and Rajkumari, 2019; Zhang et al., 2020).   

A number of studies have reported on inactivation of foodborne pathogens in red pepper and 

pepper-based products. Some techniques have been applied, such as radio frequency heating 

(Jeong and Kang, 2014; Hu et al., 2018; Ling et al., 2019), cold plasma (Mošovská et al., 2018), 

combined near-IR heating with UV light treatments (Cheon et al., 2015) and e-beam radiation 

(Woldemariam et al., 2021). However, studies related to red pepper paste decontamination using 

HPP are limited.  

HPP is among the most promising, fastest growing and commercially available innovative non-

thermal food processing methods that have gained more interest and has been demonstrated to 

successfully mitigate the natural microorganisms in food products with little or no quality 

changes (Mújica-Paz et al., 2011; Balasubramaniam et al., 2015; Barba et al., 2015; Marszałek et 

al., 2015; Huang et al., 2017; Gharibzahedi et al., 2019; Putnik et al., 2019). Several researchers 

have reported the inactivation of yeasts, molds and bacteria using HPP in different kinds of foods 
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(Guerrero-Beltrán et al., 2011; Varela-Santos et al., 2012; Liu et al., 2014). Recently, it has also 

been confirmed as an efficient treatment technique for many food products such as fruit juice and 

purée (Yuan et al., 2018b; Wibowo et al., 2019), milk (Bogahawaththa et al., 2018; Stratakos et 

al., 2019), meat (Guillou et al., 2017), cheese (Evert-Arriagada et al., 2018) and fish (Ekonomou 

et al., 2020).  

The mechanism of HPP inactivation involves the damage of membrane and cell wall leading to 

the release of microbial cell components into extracellular environment. It also brings protein 

aggregation as a result of unfolding and denaturation in microbes, where the changes are 

irreversible at high pressure (Simpson and Gilmour, 1997; Briones-Labarca et al., 2011). 

According to Barba et al. (2012), the impacts of HPP vary due to the type of food matrix and 

intensity of treatment, suggesting each matrix to be investigated independently. Currently, 

pressure range from 100 to 600 MPa with holding time of one to several minutes are used for the 

application of HPP in the food industry depending on the type of food matrix (Jiménez-

Colmenero and Borderias, 2003; Barba et al., 2012; Jabbar et al., 2014; Balasubramaniam et al., 

2015; Marszałek et al., 2015; Putnik et al., 2019; Kumari and Farid, 2020). Moreover, HPP is 

becoming very popular in the food industry not only due to its preservation potential but also due 

to its capacity to enhance functional properties (Balasubramaniam and Farkas, 2008; Unni et al., 

2011). Treatment with HPP also facilitates extraction and results in improved retention of 

different phytochemicals (Corrales et al., 2008; Patras et al., 2009a; Bimakr et al., 2011).  

Increase in operating pressures rises the price of HPP equipment which suggests to optimize 

process conditions (Farkas and Hoover, 2000; Torres and Velazquez, 2005). Thus, it is important 

to study the relationship between holding time and pressure and determine optimal process 

conditions for desirable inactivation of microorganisms while preserving the nutritional and 

organoleptic qualities of foods (Avsaroglu et al., 2006). Currently, response surface 

methodology (RSM) is one of the most popular techniques for modeling and optimization in the 

area of food processing to evaluate the association between a range of controlled variables and 

observed values owing to its higher efficiency, simplicity and comprehensive theories (Yilmaz 

and Zorba, 2010). It is also a cost-effective technique for collecting data by minimizing the 

number of experiments (Ghosh and Hallenbeck, 2010; Krishnaiah et al., 2015). As one of the 

designs in RSM, central composite rotatable design (CCRD) takes several points which are 
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necessary to statistically validate the fitted model and lack-of-fit of the model (Mendonça et al., 

2012).  

In several previous studies, RSM was employed efficiently to predict the impact of HPP on the 

inactivation of microorganisms and various food quality characteristics. However, studies 

characterizing the efficacy and impact of HPP on red pepper paste have not been getting much 

attention. Hence, the present study was intended to develop predictive models and optimize HPP 

at various levels of holding time and pressure using RSM for the reduction of naturally occurring 

microorganisms in red pepper paste while maintaining the physicochemical properties.  

7.2. Materials and Methods 

7.2.1. Sample Collection and Preparation  

Sample collection and preparation was carried out according to the method described in section 

3.1. For HPP treatment, the powder was mixed with distilled water for 2 minutes in the ratio of 

1:3 (powder:water, m/v) using lab-scale mixer (KRUPS 3Mix 700, China) and packed in flexible 

polyethylene terephthalate (PET) bottles (Nipak BV, Lopik, Netherlands). Samples were 

analyzed for microbiological and physicochemical qualities immediately after HPP treatment.    

7.2.2. Experimental Design and HPP Treatment 

A CCRD (Cochran and Cox, 1957) with two independent variables (holding time and pressure) 

of HPP was used to study the response pattern of microbial and physicochemical qualities of red 

pepper paste. Holding time was taken as the isobaric holding period without the time consumed 

for pressure build up and decompression during HPP cycle. Preliminary experiments were 

carried out in order to define the experimental ranges. For this study, pressure ranging from 100 

to 600 MPa and holding time of 30 to 600 s were used. As the design ranges were established, 

five-levels of the two variables were coded to lie at ±1 for the factorial points, 0 for the center 

points and ± α for axial points as shown in Table 7.1.  
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Table 7.1. Experimental variable ranges with actual and coded levels using CCRD.   

 

Independent variables 

 

Units 

Levels of coded variables 

–α Low Center High +α 

–1.414 –1 0 +1 +1.414 

Holding time s 30 114 315 517 600 

Pressure MPa 100 174 350 527 600 

The distance between the axial points to the center point was ± 1.414, and calculated using 

 = (2
n
)
1/4

, where n is the number of variables. The codes were calculated as a function of the 

range of interest of each factor. Based on CCRD, the experimental runs comprised of 10 trials (4 

factorial points, 2 center points and 4 axial points). Experiments were performed as a single 

block and the order of runs within the block was randomized. 

Packed red pepper paste samples (300 mL each) were placed in to a perforated basket and loaded 

to a pressure chamber. The chamber was filled with water as a pressure transmitting medium at 

which the temperature of the incoming water was set at 11 °C. According to compression 

heating, an increase in water temperature of approximately 3 °C for every pressure increase of 

100 MPa was reported by Balasubramaniam et al. (2015). Therefore, the water temperature was 

expected not to exceed 30 °C after treatment of red pepper paste samples at 600 MPa. Pressure 

treatment was performed using a pilot scale, batch system Hyperbaric 55 L HPP unit (Appendix 

Figure G) having a 20 cm vessel diameter with operating range up to 630 MPa and throughput 

around 250 kg/h (NC Hyperbaric, Spain) at DIL, Quakenbrueck, Germany. The pressure was 

released after the required holding period was completed and treated samples were unloaded 

from the pressure vessel.  

7.2.3. Response Surface Modeling, Process Optimization and Validation 

The effects of independent variables, holding time and pressure, on the selected responses have 

been assessed and the regression models were developed by the use of RSM. Experimental data 

obtained were fitted to a second-order (quadratic) polynomial response surface function using 

equation 7.1: 

     ∑    
 
    ∑    

 
    ∑     

  
    ∑     

  
    ∑ ∑       

     
   
          (7.1) 



 
105 

 

where;   is the response value,   and   are the codded values,   is the number of independent 

variables,   is the error term,   ,    and   ,     and    ,    , are the constant, linear, quadratic and 

interaction regression coefficients, respectively.  

Process optimization was carried out by employing numerical optimization technique to obtain 

the optimum HPP conditions. Process and response variables were optimized for minimum level 

of microorganisms and maximum retention of physicochemical attributes of the samples. 

Further, validation experiments were carried out under optimized process conditions and the 

percentage relative error between predicted and experimental values of responses was calculated 

using equation 7.2 (Tripathi and Mishra, 2011):  

                    *
                

         
+                         (7.2)  

7.2.4. Microbiological Analysis  

Microbial analysis was done according to the method described in section 3.2.   

7.2.5. Physicochemical Quality Analysis of Red Pepper Paste 

7.2.5.1. Total phenols  

TP content was determined according to the method described in section 3.4.1.   

7.2.5.2. Carotenoids  

Carotenoids content was determined according to the method described in section 3.4.2.   

7.2.5.3. Antioxidants Activity  

Antioxidants activity was determined according to the method described in section 3.4.3.   

7.2.5.4. Color 

Color was determined according to the method described in section 3.4.4.   

7.2.6. Statistical Data Analysis  

The relationship between independent variables and dependent variables was analyzed following 

response surface regression procedure of Design-Expert software, version 10 (Stat-Ease Inc., 

MN, USA). ANOVA with F-test was performed to obtain the coefficients of the regression 
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equation and the empirical correlation between independent and dependent variables. The model 

included the variables of polynomial regression at a significance level of P<0.05. The values of 

R
2
, adjusted R

2
, and predicted R

2
, lack-of-fit and adequate precision ratio were generated in 

order to evaluate model adequacy. Response surface plots were drawn from the equations to 

further visualize the relationships of variables within the domain for desired response. Numerical 

optimization was implemented by desirable minimization or maximization of the necessary 

variable. Measurements were done at least in triplicates and results were reported as mean ± SD.    

7.3. Results and Discussions    

7.3.1. Effect of HPP on Microbiological Quality of Red Pepper Paste  

The effects of holding time and pressure on the microbiological quality of red pepper paste were 

investigated. The highest reduction of TPC by 4.5 log CFU/g from the initial count of 6.6 log 

CFU/g was observed at 527 MPa for 517 s (Table 7.2). The yeasts and molds counts were 

reduced to the detection limit (1 log CFU/g) from the initial count of 5.0 and 4.8 log CFU/g for 

samples treated at 600 MPa for 315 s, respectively (Table 7.2).  

Table 7.2. Effect of HPP on the microbiological quality of red pepper paste. 

Run Holding time  

[s] 

Pressure  

[MPa] 

Microbial load, Log [CFU/g] 

TPC Yeasts Molds 

1 114 174 6.2 ± 0.0  4.3 ± 0.6 4.6 ± 0.5 

2 517 527 2.1 ± 0.0 1.6 ± 0.5 1.2 ± 0.4 

3 30 350 6.2 ± 0.1 4.0 ± 0.1 3.8 ± 0.5 

4 600 350 4.6 ± 0.3 2.6 ± 0.1 2.5 ± 0.5 

5 315 350 3.7 ± 0.1 3.8 ± 0.2 3.8 ± 0.2 

6 517 174 6.2 ± 0.2 4.2 ± 0.0 4.7 ± 0.5 

7 315 600 3.2 ± 0.6 1.0 ± 0.0 1.0 ± 0.0 

8 315 100 6.4 ± 0.1 4.8 ± 0.4 4.2 ± 0.2 

9 315 350  3.6 ± 0.1 3.1 ± 0.2 2.2 ± 0.2 

10 114 527 5.9 ± 0.0 2.8 ± 0.2 2.0 ± 0.2 

Untreated – – 6.6 ± 0.1 5.0 ± 0.0 4.8 ± 0.1 
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Yeasts and molds are comparatively sensitive to HPP treatment than TPC. Similar observations 

were reported by Yuan et al. (2018a) who observed significant reduction of yeasts and molds 

below 1 log CFU/g and aerobic bacteria to < 2 log CFU/g after HPP treatment of aronia berry 

purée at 400 and 600 MPa for 5 min. Zhang et al. (2011b) also reported that pressurizing yellow 

peaches at 600 MPa for 5 min reduced yeasts and molds below the detection limit. The 

inactivation of microbes at high pressures could be due to the microporation of cell membranes 

which adversely influencing permeability properties, denaturation of proteins and inactivation of 

enzymes leading to cell injury and death (Cheftel, 1995; Smelt, 1998; Garriga et al., 2004). 

7.3.1.1. Response Surface Modeling of TPC Inactivation with HPP  

Experimental results were analyzed in order to determine the effect of different levels of holding 

time and pressure on TPC, and fitted with the following quadratic equation 7.3: 

                                               (7.3) 

where; A is holding time, B is pressure. 

ANOVA results of the fitted quadratic model for TPC along with the significance of model terms 

and corresponding p-values are presented in Table 7.3. A, B, AB, A
2
 and B

2 
are significant 

model terms at P<0.05. The model F-value of 57.43 implies the model is significant with high 

correlation coefficient (R
2
 = 0.9863). This implies that 98.63% of the data variation was 

explained by the model and only 1.37% of the total variation was not explained. Le Man et al. 

(2010) suggested that R
2
 value should not be below 0.75 for a model to be adequate. Koocheki et 

al. (2009), however, argued that a high value of R
2
 does not necessarily indicate a good 

regression model and that such assumption could be taken on the basis of higher adjusted R
2 

value. According to Meyers et al. (2006), the difference in values of adjusted R
2
 and predicted R

2
 

shall be less than 0.20.  

In this study, the predicted R
2
 of 0.9031 is in reasonable agreement with the adjusted R

2
 of 

0.9691. The high value of the adjusted R
2 

demonstrated a highly significant model implying the 

predicted and experimental values were in good agreement. Therefore, the model adequately 

predicted the observed data in the domain of the variables. Lack-of-fit F-value of 19.99 implies 

that it is not significant. There is only a 16.26% chance that an F-value this large could occur due 
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to noise. Adequate precision ratios greater than 4 indicate adequate model discrimination 

(Tripathi and Mishra, 2011). Thus, the ratio of 19.647 demonstrates an adequate signal 

suggesting that the model could be used to navigate the design space.  

Table 7.3. ANOVA for response surface quadratic model for TPC.  

Source Sum of squares Df Mean square F-value p-value 

Model 21.88416 5 4.376831 57.43034 0.000814
a
 

A-Holding time  4.584334 1 4.584334 60.15308 0.001489
a
 

B-Pressure 9.950013 1 9.950013 130.5585 0.000335
a
 

AB 3.613912 1 3.613912 47.41974 0.002331
a
 

A
2
 3.50488 1 3.50488 45.98908 0.002468

a
 

B
2
 1.516723 1 1.516723 19.9016 0.011151

a
 

Residual 0.304845 4 0.076211   

Lack-of-fit 0.299845 3 0.099948 19.98963 0.162616
b
 

Pure error 0.005 1 0.005   

Corrected total 22.189 9    

a
Significant at P<0.05.   

b
Not significant at P<0.05.   

Three-dimensional response surface was plotted to evaluate the interaction between the variables 

for maximum reduction of TPC (Figure 7.1). As the pressure and holding time increased, the 

inactivation of TPC increased. Interaction effect between holding time and pressure had 

significantly (P<0.05) reduced the TPC in red pepper paste samples. This is a clear evidence for 

the dependence of microbial inactivation on holding time and pressure with their curvilinear 

relationship between the parameters. However, operating at low holding time and high pressure 

as reported in several previous studies could be favorable for TPC inactivation.  
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Figure 7.1. Response surface 3D plot of TPC inactivation as a function of holding time and 

pressure. 

7.3.1.2. Response Surface Modeling of Yeasts and Molds with HPP  

The variables and responses were analyzed to develop a suitable model. Quadratic and linear 

model equations 7.4 and 7.5 were established for yeasts and molds counts, respectively, at 

various levels of the holding time and pressure:  

                                                    (7.4) 

                                   (7.5) 

Based on ANOVA of the developed model for yeast and mold counts, the models are significant 

as a result of F-values of 19.50 and 21.84, respectively. A and B model terms are significant for 

yeasts and only the B term is significant for molds, where other terms are non-significant. In 

Figure 7.2, it can be seen that pressure had a more pronounced impact than that of holding time. 

The "Lack of Fit F-value" of 0.40 having p-value of 0.7876 for yeasts indicates the lack-of-fit is 

not significant. There was a 78.76% chance that a "Lack of Fit F-value" this large could occur 

due to noise. The models for yeasts had higher R
2
 value (0.9606) than molds (0.8619). In the 
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case of yeasts, the predicted R
2
 of 0.7754 is in reasonable agreement with the adjusted R

2 
of 

0.9113; i.e. the difference is < 0.20. Adequate precision ratio of 11.773 implies an adequate 

signal and the model could be used to navigate the design space.  

Similarly, the adjusted R
2 

of 0.8224 is in reasonable agreement with the predicted R
2
 of 0.7567 

for molds. Adequate precision ratio of 11.745 implies an adequate signal. The "Lack of Fit F-

value" of 0.14 having p-value of 0.9610 indicates the lack-of-fit is not significant for molds. 

There was a 96.10% chance that a "Lack of Fit F-value" this large could occur due to noise. In 

both cases, however, pressure had significant impact in controlling the yeasts and molds count in 

red pepper paste samples.  

 

Figure 7.2. Response surface 3D plot of yeasts inactivation as a function of holding time and 

pressure. 
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7.3.2. Effect of HPP on the Physicochemical Properties of Red Pepper Paste 

7.3.2.1. Impact of HPP Treatment on Total Phenols  

The effect of HPP on the physicochemical qualities of red pepper paste samples is presented in 

Table 7.4. The TP content of the red pepper paste ranged from 0.28 to 0.33 g GAE/100 g of 

sample. An increasing trend was observed among TP content at higher levels of pressure with 

longer holding times. An increase of 6.7% was obtained in TP content at both 527 and 600 MPa 

when compared with the untreated sample. Increase in the TP content of various food samples 

after HPP treatment has been documented by many authors. Varela-Santos et al. (2012) reported 

that HPP treatment of fresh pomegranate juice from 350 to 550 MPa for 30 to150 s significantly 

increased the TP content in the range of 3.38 to11.99%. Patras et al. (2009b) also observed a 

10% increase in TP content when strawberry purée was treated at 600 MPa/25 °C. Treatment of 

garlic paste at 400 MPa coupled with 5 °C showed 12% increase in TP content (Roldán-Marín et 

al., 2009). HPP treatments at 400 and 600 MPa resulted in significant increase of 4.3 and 5.3% 

TP content in onion paste, respectively (Unni and Chauhan, 2018). This increase in TP content 

could be due to the enhanced extraction of some phenolic compounds as a function of 

instantaneous pressure (Van Eylen et al., 2009; Varela-Santos et al., 2012). Further, the increase 

in TP in this study could be explained by the disruption of hydrophobic bonds with cell 

membrane and cell wall which might lead to improved cell permeability and mass transfer, 

releasing matrix-bound phenolics, as also reported by other authors (Patras et al., 2009a; Wang 

et al., 2012).   

The TP content for the entire domain was modeled through a linear regression as shown with 

equation 7.6. Both A and B are highly significant model terms, indicating holding time and 

pressure contributed to the change in TP content. The model is highly significant, while the lack-

of-fit is not significant.  The data fitted well with the established model with R
2
 of 0.8653. The 

adjusted R
2 

of 0.8268 is in reasonable agreement with the predicted R
2
 of 0.7755. Adequate 

precision ratio of 12.019 implies an adequate signal.  

                                (7.6) 
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Table 7.4. Effect of HPP on the physicochemical qualities of red pepper paste. 

Run  

 

Holding time 

[s] 

 

Pressure 

[MPa] 

 

Total phenols 

[g GAE/100 g] 

Carotenoids 

[mg c/100 g] 

Antioxidants 

activity 

[μmol TE/g] 

Color values 

L* a* b* ΔE* 

1 114 174 0.28 ± 0.03 96.5 ± 0.2 8.71 ± 0.13 30.01 ± 0.05 12.91 ± 0.11 7.85 ± 0.08 2.1 

2 517 527 0.33 ± 0.01 98.4 ± 0.3 8.78 ± 0.05 31.82 ± 0.10 13.46 ± 0.10 7.04 ± 0.07 2.8 

3 30 350 0.28 ± 0.03 97.2 ± 0.7 8.81 ± 0.08 30.03 ± 0.07 13.67 ± 0.12 8.89 ± 0.10 0.2 

4 600 350 0.32 ± 0.02 97.9 ± 0.9 8.73 ± 0.15 31.94 ± 0.11 12.84 ± 0.07 5.88 ± 0.07 2.6 

5 315 350 0.31 ± 0.02 97.3 ± 0.6 8.85 ± 0.06 30.94 ± 0.76 13.12 ± 0.06 7.55 ± 0.18 2.3 

6 517 174 0.32 ± 0.02 97.7 ± 0.8 8.83 ± 0.05 31.30 ± 0.11 12.94 ± 0.12 6.35 ± 0.11 2.4 

7 315 600 0.33 ± 0.01 98.3 ± 0.7 8.91 ± 0.02 31.83 ± 0.10 13.75 ± 0.16 7.50 ± 0.08 1.8 

8 315 100 0.28 ± 0.02 96.7 ± 0.1 8.75 ± 0.13 29.89 ± 0.09 12.62 ± 0.04 7.51 ± 0.09 2.6 

9 315 350 0.29 ± 0.03 97.1 ± 0.4 8.78 ± 0.12 30.97 ± 0.05 13.22 ± 0.13 7.84 ± 0.13 2.5 

10 114 527 0.32 ± 0.02 97.3 ± 0.5 8.95 ± 0.03 30.99 ± 0.08 14.12 ± 0.05 8.34 ± 0.06 0.6 

Untreated – – 0.29 ± 0.01 96.0 ± 0.3 8.70 ± 0.02 29.99 ± 0.05 12.84 ± 0.06 8.90 ± 0.03 -- 
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7.3.2.2. Effect of HPP Treatment on Carotenoids 

Carotenoids content of the red pepper paste ranged from 96.0 to 98.4 mg βc/100 g of sample 

(Table 7.4). A non-significant increase in carotenoids (2.5%) with increase in pressure and 

holding time was observed at higher ranges of treatments. Similarly, several authors reported 

statistically non-significant changes in the total carotenoids or β-carotene of HPP-treated food 

products such as carrot and broccoli (McInerney et al., 2007), papaya beverage (Chen et al., 

2015), pumpkin purée (González-Cebrino et al., 2016) and mango pulp (Liu et al., 2016a). This 

could be due to the limited effect of HPP on covalent bonds in low molecular mass compounds 

like carotenoids. In contrast,  De Ancos et al. (2000) revealed that HPP treatments of rojo 

brillante purée at 50 and 300 MPa for 15 min at 25 °C and HPP treatments of sharon purée at 50 

and 400 MPa at the same time and temperature resulted in a significant increase in the carotenoid 

content of 9 to 27%.  

The carotenoids content for the entire domain was modeled through a linear regression as shown 

with equation 7.7. As observed from ANOVA, the estimated F-value (23.76) indicates a highly 

significant (P<0.0008) regression model. Both A and B model terms are highly significant, 

whereas the lack-of-fit was not statistically significant due to the lower F-value (3.67). The data 

were also in good fit with developed model having R
2
 of 0.8716. The adjusted R

2 
of 0.8349 is in 

reasonable agreement with the predicted R
2
 of 0.7385. Adequate precision ratio of 12.553 

implies an adequate signal.  

                                       (7.7) 

7.3.2.3. Influence of HPP Treatment on Antioxidants Activity 

The antioxidants activity of the red pepper paste ranged from 8.70 to 8.95 μmol TE/g of sample 

(Table 7.4). A slight increase in the antioxidants activity can be observed with increase in 

pressure (Figure 7.3). An increase of 2.9% was obtained in antioxidants activity. Increased 

antioxidants activity could be attributed to the release of antioxidant compounds into the 

extracellular environment as a result of cell wall disruption triggered by HPP treatment. 

Moreover, the increase in antioxidants activity could be associated with the increase in TP and 

carotenoids contents observed in this study. Similar findings have been published demonstrating 

an increase in antioxidants activity of food products after HPP treatment. The influence of HPP 
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treatments from 400 to 600 MPa coupled with 10 to 30 °C for 15 min on the antioxidants activity 

of blackberry, carrot and tomato purées was investigated by Patras et al. (2009a) and Patras et al. 

(2009b). The authors reported a significant increase in antioxidants activity for all HPP-treated 

blackberry (29 to 68%), carrot (22 to 37%) and tomato (8 to 27%) purées in comparison to 

untreated samples. In a different study, García‐Parra et al. (2011) evaluated HPP treatment of 

nectarine purée at 450 and 600 MPa coupled with 10 °C for 5 and 10 min and observed 

significantly higher values of antioxidants activity when compared with the untreated sample. 

Following HPP treatment of cashew juice at 250 MPa for 3 min, Queiroz et al. (2010) also 

observed an increase in antioxidants activity by 40%. 

 

Figure 7.3. Response surface 3D plot of antioxidants activity as a function of holding time and 

pressure. 

The antioxidants activity of red pepper paste was modeled with a quadratic regression as shown 

with equation 7.8. Based on ANOVA, the model is significant as a result of F-value of 1065. The 

factors that had significant effects (P<0.05) on antioxidants activity were the linear term (B) and 

the interaction term (AB). The linear term (A) and the quadratic terms (A
2
 and B

2
) did not make 

any significant contribution towards antioxidants activity. The "Lack of Fit F-value" of 0.17 with 
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p-value of 0.9036 indicates non-significant lack-of-fit. There was a 90.36% chance that a "Lack 

of Fit F-value" this large could occur due to noise. The higher value of R
2
 (0.9301) suggests a 

good fit and that only 7% of variation for the response could not be explained by the model. 

Adjusted R
2 

(0.8427) is in reasonable agreement with the predicted R
2
 (0.6458). Adequate 

precision ratio of 10.518 implies an adequate signal and the model could be used to navigate the 

design space.  

                                                                      (7.8) 

7.3.2.4. Effect of HPP Treatment on Color  

The CIELab values of the untreated red pepper paste were L* = 29.99, a* = 13.84, and b* = 8.90 

(Table 7.4). At all the combinations of pressure-holding time, the L*, a*, b* and ΔE* values 

ranged from 29.89 to 31.83, 12.62 to 14.12, 5.88 to 8.89 and 0.2 to 2.8, respectively. A slight 

increase of L* and a* values were observed at treatments of higher pressure and holding time. In 

the 3D response surface plot, however, it is illustrated that holding time had lower contribution 

for the change of a* values relative to pressure (Figure 7.4). In contrast, higher pressure 

treatments resulted in decreased b* values. Moreover, with increasing holding time and pressure, 

the values of ΔE* was observed to increase (Figure 7.5). According to Cserhalmi et al. (2006), 

ΔE* values of samples can be categorized as 'imperceptible‘, 'slightly noticeable', 'noticeable', 

'well visible' and 'great' to the corresponding lower limit of 0, 0.5, 1.5, 3 and 6, respectively. 

Thus, ΔE* values in our study were within the range of ‗imperceptible‘ to ‗noticeable‘.  

Findings of the study are in line with several reports on fruit products. Litchi arils (Phunchaisri 

and Apichartsrangkoon, 2005), tomato purée (Sánchez‐Moreno et al., 2006), Granny Smith 

apple purée (Landl et al., 2010), and mango pulp (Kaushik et al., 2014) have already been 

confirmed to show increased L* values with increasing pressure. The a* values of HPP-treated 

tomato and carrot purées from 400 to 600 MPa coupled with 10 to 30 °C for 15 min were higher 

than untreated samples (Patras et al., 2009a; Patras et al., 2009b). Similarly, Unni and Chauhan 

(2018) observed increased a* values of onion paste when treated from 200 to 600 MPa. In 

another study by Eroman Unni et al. (2014), garlic paste treated from 200 to 600 MPa 

demonstrated a significant decrease of b* values. The higher values of a* in our study suggest 

that the red pepper paste samples are rich in yellow-red-colored components, which is in 

agreement with the higher amount of carotenoids reported earlier in section 7.3.2.2.  
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Figure 7.4. Response surface 3D plot of a* as a function of holding time and pressure. 

 
Figure 7.5. Response surface 3D plot of ΔE* as a function of holding time and pressure. 
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ANOVA of the L* color values revealed that the linear model equation 7.9 is highly significant 

(P<0.0001). The A and B model terms were also highly significant indicating holding time and 

pressure made significant changes towards L* values. The "Lack of Fit F-value" of 120.53 with 

p-value of 0.0696 indicates non-significant lack-of-fit. There was a 6.96% chance that a "Lack of 

Fit F-value" this large could occur due to noise. The model had higher R
2
 value of 0.9406 

suggesting a good fit of the model. Adjusted R
2 

of 0.9236 is in reasonable agreement with 

predicted R
2
 of 0.8594. Adequate precision ratio of 19.172 indicates an adequate signal and the 

model can be used to navigate the design space.  

                                (7.9) 

ANOVA of the a* color values revealed that the quadratic model equation 7.10 is highly 

significant (P<0.0069). The linear model terms (A and B) are significant indicating holding time 

and pressure made significant changes towards a* values. In contrast, the interaction and 

quadratic model terms (AB, A
2 

and B
2
) are not significant. The "Lack of Fit F-value" of 5.12 

with p-value of 0.3115 indicates non-significant lack-of-fit. There was a 31.15% chance that a 

"Lack of Fit F-value" this large could occur due to noise. The model had higher R
2
 value of 

0.9595 suggesting good fit of the model. Adjusted R
2 

of 0.9088 is in reasonable agreement with 

predicted R
2
 of 0.7197. Adequate precision ratio of 12.979 implies an adequate signal and the 

model can be used to navigate the design space.  

                                               (7.10) 

ANOVA of the b* color values revealed that the linear model equation 7.11 is highly significant 

(P<0.0002). The linear model term (A) is significant indicating holding time made significant 

changes towards b* values; while the B term is not significant. The "Lack of Fit F-value" of 2.35 

with p-value of 0.4616 indicates non-significant lack-of-fit. There was a 46.16% chance that a 

"Lack of Fit F-value" this large could occur due to noise. The model had higher R
2
 value of 

0.9097 suggesting good fit of the model. Adjusted R
2 

of 0.8839 is in reasonable agreement with 

predicted R
2
 of 0.8086. Adequate precision ratio of 15.127 implies an adequate signal and the 

model can be used to navigate the design space.  

                             (7.11) 
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ANOVA of the color values revealed that the quadratic model equation 7.12 for ΔE* is highly 

significant (P<0.0027) (Table 7.5). The linear (A and B), the interaction (AB) and the quadratic 

(A
2
) model terms are significant indicating holding time and pressure made significant changes 

towards ΔE* values. Only the quadratic model term (B
2
) of pressure is not significant. The "Lack 

of Fit F-value" of 2.69 with p-value of 0.4151 indicates non-significant lack-of-fit. There was a 

41.51% chance that a "Lack of Fit F-value" this large could occur due to noise. The model had 

high R
2
 value of 0.9750 suggesting good fit of the model. Adjusted R

2 
of 0.9438 is in reasonable 

agreement with predicted R
2
 of 0.8312. Adequate precision ratio of 14.765 implies an adequate 

signal and the model can be used to navigate the design space.  

                                               (7.12) 

Table 7.5. ANOVA for response surface linear model for ΔE* color values. 

Source Sum of squares Df Mean square F-value p-value 

Model 7.08 5 1.42 31.25 0.0027
a
 

A-Holding time  4.56 1 4.56 100.66 0.0006
a
 

B-Pressure 0.59 1 0.59 13.08 0.0224
a
 

AB 0.85 1 0.85 18.86 0.0122
a
 

A
2
 0.96 1 0.96 21.19 0.0100

a
 

B
2
 0.017 1 0.017 0.37 0.5750

a
 

Residual 0.18 4 0.045   

Lack-of-fit 0.16 3 0.054 2.69 0.4151
b
 

Pure error 0.020 1 0.020   

Corrected total 7.26 9    

a
Significant at P<0.05.   

b
Not significant at P<0.05.   

7.3.3. Process Optimization and Model Validation 

The optimum processing conditions for HPP treatment of red pepper paste were studied by RSM. 

The criteria chosen to optimize process and response variables were based on desirable responses 

as presented in Table 7.6.  
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Table 7.6. Criteria set for optimization of process and response variables for HPP treatment of 

red pepper paste.  

Process and response variables Goal Lower range Upper range 

Holding time (s) In range 30 600 

Pressure (MPa) In range 100 600 

TPC (CFU/g) Minimize 2.1 6.4 

Yeasts (CFU/g) Minimize 1.0 4.8 

Molds (CFU/g) Minimize 1.0 4.7 

TP (g GAE/100 g) Maximize 0.28 0.33 

Carotenoids (mg c/100 g) Maximize 96.5 98.4 

Antioxidants activity (μmol TE/g) Maximize 8.71 8.95 

ΔE* Minimize 0.2 2.8 

 

The criteria for numerical solution were analyzed by running the optimum solution with the 

highest desirability in order to evaluate the validation of the model. Validation experiments were 

carried out using the optimized solution and average values of responses compared with 

predicted ones are presented in Table 7.7. Based on the results, the percentage of relative errors 

varied from 0.7 to 16.7%. Although the highest percentage of relative error was for total color 

difference, both the predicted and experimental values are within the range of 'slightly 

noticeable', i.e. 0.5–1.5. Thus, the results verify that the experimental data were comparable with 

the predicted data. Moreover, optimization of HPP conditions suggest that the maximum 

desirability (0.622) can be achieved through treatment of the red pepper paste at 536 MPa for 

125 s. Pressure-time history during treatment of samples under optimized conditions is illustrated 

in Figure 7.6.  
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Table 7.7. Model validation with optimum HPP treatment conditions on the microbiological and physicochemical qualities of red 

pepper paste. 

 Holding 

time [s] 

Pressure 

[MPa] 
Microbial load, Log [CFU/g] 

Total phenols     

[g GAE/100 g] 

Carotenoids 

[mg c/100 g] 

Antioxidants 

activity 

[μmol TE/g] 

ΔE* 

 

TPC Yeasts Molds 

Predicted 125 536 3.3 2.5 2.1 0.34 97.7 8.95 0.6 

Experimental  125 536 3.4 ± 0.2 2.3 ± 0.1 2.3 ± 0.3 0.33 ± 0.01 96.6 ± 0.2 9.01 ± 0.02 0.7  

Relative error (%)   3.0 8.0 9.5 2.9 1.1 0.7 16.7 
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Figure 7.6. Pressure-time history for optimized HPP treatment of red pepper paste at 536 MPa 

for 125 s. 

7.4. Conclusions  

Results demonstrated that holding time and pressure significantly reduced the TPC, yeasts and 

molds counts. The technique was also found to enhance retention of phytochemicals such as TP, 

carotenoids and antioxidants activity. Whereas, ‗noticeable‘ changes for ΔE* values was 

observed within the domains of holding time and pressure. The models developed as function of 

holding time and pressure could be used to successfully predict the quality characteristics of the 

paste. This technique offered an optimum solution for red pepper paste treatment at 536 MPa for 

125 s with a desirability of 0.622 with reduced number of experiments. The validation data 

successfully verified the adequacy of the model for prediction of optimum response values. 

Owing to its efficacy, HPP could be used as an alternative preservation technique to enhance the 

microbiological safety of red pepper paste and develop healthier food products for consumers. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

8.1. Conclusions 

In this study, the impact of selected emerging food processing technologies (e-beam, PL and 

HPP) on the decontamination of naturally occurring microorganisms and mycotoxins in red 

pepper was investigated. In addition, the physicochemical, functional, thermal, oxidative stability 

and rheological properties of red pepper powder and paste were evaluated. Red pepper contained 

appreciable amounts of nutrients and phytochemicals which can further be exploited for food 

formulations. It had also valuable functional roles that can lead to better quality control during 

handling, conveying, feeding, processing, mixing, packaging and transportation.  

One of the investigated decontamination techniques, e-beam, was effective to reduce the 

microorganisms naturally present in red pepper powder. In the investigated ranges of doses, TPC 

were most resistant to e-beam treatments followed by yeasts and molds. The examined kinetic 

models satisfactorily predicted the microbial inactivation. Although e-beam treatment did not 

caused significant degradation of AFs and OTA in the current approach, it restrained the 

generation of mycotoxigenic fungi while maintaining the physicochemical qualities of red 

pepper powder. However, a higher dose (>30 kGy) could be required for the degradation of AFs 

in such commodities. Generally, e-beam treatments up to 10 kGy had a positive influence on the 

reduction of naturally occurring microorganisms with minimal effects on its physicochemical 

qualities.   

Similarly, the PL treatment significantly reduced the microbial load and mycotoxins level in red 

pepper powder. First-order reaction kinetic models described well both decontaminations. PL 

treatment time, number of pulses and fluence contributed a key role in the decontamination 

process. Apparently, greater effect of decontamination could be achieved at higher PL fluence. 

The results also suggested that the application of pulsed light at 9.1 J/cm
2
 is a promising formula 

for microbial decontamination of red pepper powder. Interesting enough, higher fluence retained 

the TP concentration with only ―slight differences‖ in the ΔE* values of the powder.   

In the other study with HPP, holding time and pressure significantly reduced TPC, yeasts and 

molds counts in red pepper paste. The technique also enhanced retention of TP, carotenoids and 

antioxidants activity with noticeable changes in ΔE* values. The quadratic models developed as 
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function of holding time and pressure could be used to successfully predict the quality 

characteristics of the paste. With reduced number of experimental runs, this technique provided 

optimum solution at 536 MPa for 125 s with a desirability of 0.622. Validation experiments 

effectively demonstrated the adequacy of the model suggesting HPP as an alternative non-

thermal technique for microbial decontamination of red pepper paste. 

Overall, e-beam and PL enhanced the safety and desirability of red pepper powder by reducing 

natural microbial contamination and production of mycotoxins with minimum adverse effects on 

the physicochemical qualities. Similarly, HPP could also be used as an alternative microbial 

preservation technique of red pepper paste and develop healthier food products.  

8.2. Recommendations 

The following future study areas are recommended based on the findings of the present study:  

 Evaluation of the effects of ripening degree, drying process, storage, pre-treatments and 

conditioning on the qualities of red pepper.   

 Identifying mechanisms of inactivation of microorganisms and degradation of 

mycotoxins.  

 Evaluation of the impact of moisture levels on the degradation of mycotoxins upon e-

beam treatment. 

 Development of possible solutions to increase exposure of all sides of powders and 

particles to prevent ―shadowing effect‖ of PL treatment.  

 Optimization of PL conditions for utilization of synergistic photochemical and 

photothermal decontamination without unnecessary exposure to thermal effects.  

 Develop integrated approaches of HPP with other preservation techniques to enhance the 

decontamination efficiency of mycotoxins  

 Identifying the nature and toxicity of mycotoxin degradation products or combination 

with the components of red pepper  

 Establishment of maximum tolerable limit for mycotoxins in spices and enforcement of 

regulations, particularly in countries like Ethiopia.   
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APPENDICES 

 

Appendix Figure A. Particle size distribution of red pepper powder using laser diffraction 

analyzer. 

 

Appendix Figure B. Particle size distribution of red pepper paste using laser diffraction analyzer. 
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Appendix Figure C. The e-beam system with LINAC Circe III at MRI, Karlsruhe, Germany. 

 

 
Appendix Figure D. Mold isolates from naturally contaminated red pepper powder. 
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Appendix Figure E. SteriPulse-XL
®
 RS-3000 PL system at DIL, Quakenbrueck, Germany. 

 

 

Appendix Figure F. Spectral distribution of the SteriPulse-XL
®
 RS-3000 PL system. 
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Appendix Figure G. HPP unit-55 L at DIL, Quakenbrueck, Germany. 

 

 

 

 

 

 

 

 

 

 

 

 

 


