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FORMATION AND SAFETY OF FURAN COMPOUNDS IN
ULTRASOUND PROCESSESD CHICKEN

ABSTRACT

Furan compounds formed during thermal processing of foods are a
significant concern due to their potential carcinogenic effects. This
review examines the role of Ultrasonication, an emerging non-
thermal food processing technique in influencing the levels of furan
compounds in processed chicken. Ultrasonication employs high-
frequency sound waves to induce cavitation, which can alter
chemical reactions and physical properties of food products. Furan
compounds are byproducts of thermal processing in foods, formed
through a number of precursors and reaction pathways,
predominant of which is the Maillard reaction and poses significant
health risks. Studies have shown that Ultrasonication enhances
Maillard reaction resulting in the formation of Maillard Reaction
Products (MRPs) such as Furan. Using high frequency sound waves
to create cavitation bubbles which disrupt chemical bonds and
promote free radical formation, ultrasonication can promote and
inhibit furan formation by interacting with unsaturated fatty acids
and other precursors in chicken. Factors such as sonication
intensity, duration, processing conditions such as temperature, pH
and chicken composition influence the formation of furan and furan
levels in ultrasound processed chicken. By consolidating recent
findings, this review aims to provide an understanding of
Ultrasonication as a non-conventional, safer and healthier food
processing alternative to traditional thermal processing methods.
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INTRODUCTION

Food quality and food safety is a great concern when processing
food for preservation (Jadhav et al.,, 2021). “Conventional food
preservation processes expose food to a very high temperature
which reduces the contamination or microbial load in food, but also
results in some undesirable changes in food. These undesirable
changes in food include loss of nutritional components that are
temperature sensitive, change in the texture of food due to heat,
and changes in the organoleptic characteristics of food”
(Hernandez-Hernandez et al., 2019). Research has shown that
foodstuffs consumed by people are often a source of food
contaminants (Maher & Nowak, 2022). According to Codex
Alimentarius, a contaminant is defined as “any substance not
intentionally added to food or feed for food-producing animals,
which is present in such food or feed as a result of the production
(including operations carried out in crop husbandry, animal
husbandry, and veterinary medicine), manufacture, processing,
preparation, treatment, packing, packaging, transport or holding of
such food or feed, or as a result of environmental contamination.
This term does not include insect fragments, rodent hairs, and other
extraneous matter” (Codex Alimentarius, 2019). Heating of
foodstuff is a common practice that allows food preservation,
avoids spoilage, develops taste and aroma and improves
digestibility. During such thermal processes, process contaminants
such as furan and alkylfurans can be formed. ( Frank et al., 2020).

FOOD PROCESSING METHODS



“According to the heat input during processing, food processing
methods are generally divided into two categories: thermal
processing and non-thermal processing” ( Shujun et al.,, 2019).
“Thermal processing normally requires high temperature generated
by heating, whereas non-thermal processing is often conducted by
high-pressure, sonication, pulsed-electric field, microwave, infrared
and cold plasma. Non-thermal processing methods utilize physical
phenomena such as pressure waves, sonication, high hydrostatic
pressure, and electric/electromagnetic fields” (Knoerzer 2016;
Wang et al, 2019). “Innovative thermal and non-thermal
technologies have displayed immense potential owing to their wide-
scale application in food processing” (Taha et al.,, 2023). “Non-
thermal processing is an emerging and innovative technology for
the advancement or replacement of conventional processing
technologies. Its aim is to deliver higher quality, value or better
consumption-oriented food products” (Cartus and Shrenk 2017).
“Rising consumer awareness has increased demands for fresh,
higher quality, and microbiologically safer and stable foods and has
promoted research on non-thermal methods of food preservation”.
(Li et al., 2021)

“Among these various emerging technologies, ultrasound is gaining
popularity due to its capacity to preserve natural freshness, taste,
and nutritional elements in food while consuming less energy”
(Wang et al., 2019).

This review examines ultrasonication, an emerging non-thermal
food processing technique, its applications, process mechanisms,
shortcomings and role in the formation and levels of furan
compounds in processed chicken. The goal of this review is to help
researchers improve on ultrasound technology for various industrial
food processing applications by highlighting its advantages and
disadvantages, as well as its role in furan formation. Various studies
and articles have highlighted the extensive application of ultrasound



technology in the food industry but not much research have been
done on the impact of ultrasound treatment on food safety and
food processing contaminants such as furan. In addition, the toxicity
of some transformation products generated during ultrasound
treatment is often ignored by researchers, which may bring serious
food safety risks.

MAILLARD REACTION

“One of the key reactions encountered in the course of food
processing is the Maillard reaction. Maillard reaction (MR) is a non-
enzymatic reaction that occurs when the carbonyl group of reducing
sugars reacts with the amino group of amino acids, polypeptides, or
proteins, resulting in the natural production of Maillard Reaction
Products (MRPs) as shown in Figure 1” (Chen et al., 2019; Fu et al,,
2020). “These reactions may affect the colour, flavour, and aroma of
the food product, cause the formation of toxic compounds (e.g.,
acrylamide, furans and hydroxyl propyl furfural), and decrease its
digestibility and nutritional value” (Dagostin 2017). “Maillard
Reaction has been studied for over a hundred years since French
Chemist Louis-Camille Maillard first reported it in 1921” (Chen et al.,
2019). “This reaction takes place as a whole network of various
reactions that form several early, intermediate and advanced
compounds” (Chasataporn et al., 2019). “It is commonly found in
food processing and storage, contributing to the formation of food
flavour and colour and many bioactivities such as antibacterial,
antihypertensive, and antitumour activities” (Fu et al., 2019). “In
general, Maillard reaction is one of the major food protein-
modifying reactions which occur during the thermal processing of
Chicken” (Hang Yu et al., 2020).
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Fig. 1: Scheme of the Maillard reaction adapted from Hodge (1953), Oliveira et al.,
2012

“Contrary to conventional belief however, maillard reaction can also
occur at relatively low temperatures, e.g. during storage at room
temperature” (Yu et al., 2020). “Previous studies on the principle
and mechanism of Maillard reaction have shown that its reaction
rate is dependent on various conditions, e.g. combination and types
of reactants, concentration of reactants, initial pH, water activity,
reaction temperature, reaction time, etc”. (Yu et al., 2020). “Among
the above-mentioned conditions, the nature of reactants majorly
determine the rate of the reaction. For example, the rate of Maillard
reaction is inversely proportional to the size of reducing sugar
molecule. It therefore means that the rate of maillard reaction in
some processes increase with a decrease in the size of the reducing
sugar molecule” (Hang Yu et al., 2020).



On the reverse however, maillard reaction also generates negative
products and food contaminants (Hang Y. et al., 2020), meaning that
there are some negative effects associated with it. “Maillard
reaction produces flavour and aroma compounds in chicken, but
their formation is frequently accompanied by undesirable reactions
that can result in various hazardous products, such as heterocyclic
amines (HCAs), acrylamide (AA), furan, lipid and protein oxidation
products” (Khan et al.,, 2022). “These toxic substances can be
produced in industrial food processes and during ordinary
household cooking as both high temperatures (>150°C) and
prolonged heating promote their formation. It therefore means that
avoiding dietary exposure to them is near impossible for the general
public. As a result, these toxic substances may pose serious health
risks, and inhibiting their formation has been a long-term strategy
for developing safe and healthy foods” (Khan et al., 2022). “The
most reported chemical hazards contain a-dicarbonyl compounds,
furan, trans fatty acids ( TFAs), heterocyclic amines (HAs) and
acrylamide” (Wang, S. et al., 2019).

FURAN

“Furan and its derivatives, one of the naturally occurring
compounds formed in many heat-processed foods is a heterocyclic
organic compound consisting of a five- membered aromatic ring
with four carbon atoms and one oxygen. It is a cyclic dienyl ether
with a low boiling point of 31.4°C and is poorly soluble in water.
These compounds have low odour thresholds and significantly
contribute to the sensory properties of heated foods and beverages
above 150°C” (Koszucka& Nowak, 2019).



“Various precursors including polyunsaturated fatty acids (PUFAs),
amino acids, carbohydrates, ascorbic acid, under thermal or
oxidative conditions can form furan via different thermally driven
mechanisms as shown in Fig. 2” (Batool et al., 2020).
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Fig. 2. Different stages of furan formation. Adapted from Perez Locas, C.,
&Yaylayan, V. A. (2004). Origin and mechanistic pathways of formation of the
parent Furan, A food toxicant.

“Furan can be formed in foods from various naturally occurring
precursors via chemical reactions including the thermal
decomposition of carbohydrates, thermal oxidation of
polyunsaturated fatty acids (PUFAs), thermal decomposition of
ascorbic acids and reducing sugars” (EFSA, 2017; Gill et al., 2016).
“Dietary intake is the main route of exposure to furan and its
derivatives” (Minorczyk et al., 2023)



FURAN COMPOUNDS IN PROCESSED FOOD

“Furan containing compounds are plenty in food, perfumes,
synthetic pharmaceuticals, natural herbal medicines, and
environmental pollutants” (Knutsen et al., 2017; Delost et al., 2018).
“Furan has attracted worldwide attention due to its carcinogenity
and frequent occurrence in a variety of thermally driven foods, such
as different coffees, baby foods, cereals and meat products” (EFSA
2017;FSA, 2018). “However, diminishing its content in foods using
different strategies would be considered challenging due to its
different precursors and formation pathways” (Batool et al., 2020).
Hence, there is great need to optimize the methods and find some
reasonable solution to problems related to furan formation in food
processing.

Studies carried out by Batool et al (2020) show that during food
processing several factors could have played significant roles in
influencing furan formation from these precursor systems. “These
key factors include heating time, water, sugar to amino acid ratio,
temperature, pressure, metals, oxidation conditions, pH, reaction
types and irradiations” (Charkraborty et al. 2015; Dhakal et al. 2017;
Hu et al. 2016 ; Shen et al. 2015). “In industrial processes, at
temperature around 200°C, the furan levels increases with increase
in temperature” (Santonicola and Mercogliano 2016). However,
when it exceeds the value of 200°C the concentration of furan is no
longer dependent on the temperature values. On the other hand, in
domestic cooking, furan formation is dependent on the type of
cooking as reported by Santonicola and Mercogliano (2016), where
frying at 150°-200°C generated higher levels of furan, compared to
baking. Furan seems likely to form in browned products, especially
if the water activity is low as high levels of furan were found in
bread toasted from brown to a very dark colour. So it is therefore
safe to assume that a combination of higher temperatures and



lower water content leads to a higher furan content (Santonicola
and Mercogliano 2016).

“Furan levels may form at various pH and temperatures in
experimental model systems and pH has a significant effect on
thermally induced furan formation when temperature is greater
than 110°C” (Santonicola and Mercogliano 2016). “At pH 7.00,
higher levels of furan were observed than at pH 9.40 and 4.18,
suggesting that pH is an important factor influencing furan
formation as a function of temperature” (Santonicola and
Mercogliano 2016). “For instance, after heating for 30 minutes at
150°C in experimental model, the furan concentration at pH 7.00,
9.40 and 4.18 was found at 304, 238 and 40ng/mL, respectively”
(Santonicola and Mercogliano 2016).

“Time and temperature are process variables that have been shown
to have certain impacts on furan formation. Higher temperature can
trigger thermal degradation of carbohydrates, further producing
furan precursors. Furan formation increases with increase in heating
time during processing due to enhanced Malliard reaction or
thermal degradation of chicken constituents” (Zahra et al., 2020).

“Lipids oxidation is most likely one of the most studied pathways of
furan formation in Ultrasound processesed chicken. This study was
carried out by simulating different model systems. The (E)4-
hydroxybut-2-enal formed as the resulting intermediate
degradation product, cyclised to 2,3-dihydro-2- furanol, triggering
furan formation after water removal” (Batool et al., 2020).

“According to reports, the main fatty acids (FAs) in chicken are
palmitic acid, oleic acid and linoleic acid, and the contents of
unsaturated fatty acids (UFAs) in chicken fat are higher than those in
other animal fats” (Pena-Saldarriaga et al., 2020). “Chicken fat plays
a crucial role in forming species-specific flavours, and the oxidation



of lipid during heating is the main factor responsible for the
production of volatile organic compounds” (Han et al., 2023).

ULTRASONICATION

“As one of the few non-thermal processing techniques that can
reduce processing time, ultrasonication is the process of using
ultrasound technology in food processing. It is the application of
ultrasound itself at low temperatures to heat sensitive products”
(Prasad et al., 2022). “Ultrasonication can save energy and improve
the quality of chicken when compared to traditional thermal
technology” (Minju & Kwang-Geun 2023). Conventional processing
methods have been extensively investigated to reduce
contaminants in chicken but none of them are completely
satisfactory (Alister et al., 2018) as such methods cannot effectively
remove harmful substances or may cause secondary pollution (Yigit
&Velioglu, 2019). “Also, some extreme treatment conditions may
affect the sensory quality of food or cause food contamination. In
recent years, ultrasound has been widely used in meat processing
because of its environmental friendliness, safety, and energy
conservation” (Zhao et al., 2022). “It has also been widely reported
to be able to degrade organic pollutants in the field of
environmental science” (Debabrata & Sivakumar, 2018; Kida et al.,
2018)

“Ultrasonication is an emerging technology that uses sound waves
of above 20kHz for a wide range of applications in the food industry.
It has numerous advantages, proffering energy efficiency and
economic feasibility” (Bhat et al., 2021). “Ultrasound technology is
an emerging, highly efficient and gentle non-thermal
environmentally friendly technology which not only improves
processing efficiency and the quality of products, but also saves
cost” (Shaofeng, et al., 2021). It has been widely studied by the food
industry for conditions such as drying (Da Silva et al. 2019), and



sterilization (Cao et al., 2018). “Ultrasound has a disinfecting effect
on meat, for example, ultrasound bath (30 kHz) can reduce the
number of microorganisms on the surface of fish more quickly,
without significant effect on the quality of the fish” (Pedros-Garrido
et al., 2017).

APPLICATION OF ULTRASOUND IN FOOD PROCESSING

“In the field of food science, ultrasound has been extensively
applied in many processes such as emulsification, drying, freezing,
and microbial inactivation as a very effective and highly efficient
technique of food processing (Table 1). At present however, the
application of ultrasound technology is in the primary stage of
evaluation, and some challenges in the field of food processing need
to be solved to improve its application” (Yuan et al., 2021)

Table 1: Applications of ultrasound for food products

Applications  Conventional Advantages Products References
methods
Extraction Maceration Less time Aromas Zmanipooor et
Percolation Higher yields, Polyphenols al., (2020)
lower minerals Umana et al,
temperatures (2020)
Marinating Brine Less time, Vegetables, Shi et al., (2020)
Improving Meat
organoleptic
quality, product
stability
Drying Hot gas stream, Less time, Fruits, Guo et al(2020)
freezing Improving heat vegetables
transfer and
organoleptic
quality
Freezing Freezer Less time Meat Tian et al (2020)
Emulsification Mechanical Less time, Emulsions Li et al (2020)
treatment better stability  (Ketchup,




mayonnaise...)
Fermentation Microorganisms Improving Wine
rhelogical
properties
Improving
organoleptic
quality
Enzymatic Pasteurization  Improving Milk
and organoleptic Vegetables
quality Fruits
Microbial Sterilization Retaining
inactivation Sanitizers bioactive
substances
Cooking Fryer Less time Meat
Stove Improving heat Vegetables
transfer and
organoleptic
quality

Zhang
(2020)

Wang
(2020)

Miano
(2018)

et

et

et

al.,

al.,

al.,

ULTRASOUND: MECHANISM AND SYSTEM

“Ultrasound is defined as a soundwave at a frequency that exceeds
the hearing limit of the human ear” (20kHz) (Yu et al., 2020). “The
alternating speed of this wave depends on the ultrasonic frequency”
(Yuan et al., 2021). “When acting on a liquid medium, the
ultrasound wave generates positive and negative pressure which
produces periodic compression and expansion on the liquid medium
molecules. In the stage of negative pressure expansion, the
ultrasonic wave will produce tiny bubbles or cavities in the liquid
medium. These cavities keep absorbing acoustic energy until they
reach a critical size and break violently, releasing high energy as
shown in Figure 3. This phenomenon is called cavitation effect”
(Yuan et al., 2021). “The free radicals produced by the cavitation
effect were proved to be the main reason for contaminant
degradation by ultrasound and the degradation efficiency is related



to ultrasonic frequency, power and other parameters” (Yang et al.,
2019).
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Figure 3: Acoustic cavitation generated by ultrasound devices. (Taha et al.,
2020).

“Ultrasonic wave-producing systems consist of a generator, a
transducer, and an application system as shown if figure 4. A
generator produces mechanical or electrical energy while a
transducer converts this energy into sound energy at ultrasonic
frequencies”. (Bhargava et al., 2021).

Fig: 4: Probe-based HIUS-assisted cooking system.



1) Ultrasound generator and control panel; 2) Ultrasonic probe; 3) Horn; 4)
Container; 5) Heat generator; 6) Meat sample (Mahmoud S.F, et al.,
2022)

CLASSIFICATION OF ULTRASOUND

“Ultrasonication technology uses sound waves above the human
audible range from 20kHz to 10MHz, and based on this, treatments
are categorized into low intensity(100kHz-10MHz, <1W/cm?) and
high intensity (20-100kHz, > 1W/cm?) (Bhat et al, 2021b). The energy
can be delivered at a single frequency or as a more efficient multi-
frequency process. Frequencies less than 100kHz and power
intensity in the range of 1-1000W/cm? are generally used for food
and protein related applications” (Bhat et al., 2021).

“The application of ultrasound in the food industry is further
categorized into two approaches; low energy and high energy
approaches depending upon the sound power (W), sound intensity
(W/m?), or sound energy density (Ws/m3) used” (Prasad et al.,
2022). “An ultrasound frequency higher than 100kHz and intensity
below 1W/cm? is preferred for low-energy applications that
normally do not change the physical or chemical properties of the
material through which they propagate” (Bhargava et al., 2021). “On
the other hand, high energy (power ultrasound) applications use
frequencies between 20 and 100kHz, and higher intensities, within
the range of 10-1000W/cm? which can alter physicochemical
properties or the structure of a material” (Charoux et al., 2021).
Today ultrasound is most efficiently applied in various forms of food
processing (Charoux et al., 2021, Chew et al., 2021) as it provides
several benefits, such as more efficient mixing, faster energy
transfer, easier cleaning and operation process, small equipment
size, selective extraction, and faster response to extraction control
(Boateng and Nasiru 2019).



EFFECT OF ULTRASOUND ON FOOD QUALITY

“Although ultrasonication can achieve microbial safety and
decontamination, the nutritional and sensorial quality of the final
product must be ensured” (Yuan et al., 2021). Many researchers
have evaluated the effect of ultrasound on food quality, and it was
found that ultrasound may have positive or negative effects on food
quality depending on the processing conditions employed. For
example, ultrasound can have a positive effect on the textural
properties of meat (Shi et al., 2020), but a negative effect on other
food properties including colour, flavour, or nutritional value at high
power levels (Yuan et al., 2021).

While Ultrasonication has demonstrated efficacy in diverse
applications, its specific impact on furan content in chicken remains
an intriguing area of exploration.

FURAN AND ULTRASOUND PROCESSED CHICKEN

“Ultrasound-assisted cooking can increase the type and amount of
volatile compounds in chicken by promoting lipid and protein
oxidation” (Cao et al., 2018). Studies carried out by Cao et al. (2018)
showed that, the physical and chemical effects caused by ultrasound
may have negative effects on food because hydroxyl radicals
produced by the cavitation effect caused degradation of ascorbic
acid and a decrease in total phenol content. For chicken, due to its
lipid content, ultrasound induced lipid degradation will not only
produce unpleasant odors, but also secondary reaction products
which will reduce the nutritional quality and safety of the chicken
(Cao et al., 2018). Considering the seemingly inevitable release of
toxic compounds such as Furan in the course of processing chicken
for consumption, ultrasound processed chicken is therefore a risk
for humans, especially for infants, the elderly and immune-
suppressed persons.



“The efficiency of ultrasound in the processing of chicken depends
on the ultrasound characteristics (e.g., frequency and intensity),
ambient conditions (e.g., pH and temperature) and molecular
properties of the reactants” (Zhu et al., 2019). “Therefore, extrinsic
control parameters such as frequency, ultrasonic intensity,
treatment time and temperature play important roles in the
chemical effects of ultrasound” (Yuan et.al, 2021). “In recent
decade, effects of ultrasonication on maillard reaction have
gradually drawn attention in the food science domain. As one of the
most important chemical reactions in the food systems, the MR
generates important and distinctive Maillard Reaction Products
(MRPs) during food processing. Ultrasonication as an emerging
technology is therefore expected to promote positive but inhibit
negative attributes brought by the MR” (Hang et al., 2020).

“Studies conducted so far have shown that Ultrasonication as a
processing method is a cleaner alternative to thermal processing
and have also shown the advantages of ultrasonication as a non-
thermal processing method as shown in Table 2. There is however a
lack of comprehensive understanding of its effect on furan content
due to the numerous pathways to furan production and the
numerous factors that affect these reactions” (Siewe et al., 2020).

Table 2: Advantages and disadvantages of Ultrasonication for
chicken treatment.

S/No Advantages Disadvantages
1. High energy efficiency The large-scale implementation is still a
challenge
2. Ultrasonic devices are easy to It is still complicated to find the
clean and operate. optimum ultrasound condition ( power,

duration, volume of treated sample,

frequency, etc.) for

various




applications.

3. Ultrasound treatment is Ultrasound devices could release traces
considered green technology as of toxic substances, thus
it can induce chemical toxicological studies are required when
reactions  without external using ultrasound with food products.

chemical reagents.

4, The induction of both chemical Ultrasound probes are easily damaged,
and physical effects makes thus maintenance is recommended

sonication an ideal method for annually.
specific application such as
emulsion polymerization

(Zhang et al., 2018; Taha et al., 2020; Yuan et al., 2021)

So far, Ultrasonication has been adopted as an alternative
technology for food processing. However, studies on maillard
reaction model systems show that ultrasonication plays an
important role in promoting the intermediate stage and final stages
of maillard reactions. Ultrasonication promotes the generation of
coloured and volatile MRPs, as well as MRPs with higher antioxidant
capacity (Hang Yu et al., 2020). One significance of ultrasonication is
its ability to partially replace conventionally thermal treatment,
therefore leading to a decrease of processing time and
temperature. As a result of decreasing treatment duration, higher
content of nutrients and functional ingredients would be preserved
in the ultrasound processed chicken (Hang Yu et al., 2020). The MR
during ultrasound treatment is inhibited to a certain level as well,
preventing loss of essential components in the final products. As a
result of the inhibited MR, less content of coloured MRPs, off-
flavours(e.g. HMF, 2-FM-Lys, 2-FM-Arg, etc.) are formed in the
processed chicken with the assistance of US. It is important to state
that US-MR is a double-edge sword for the final products (Hang Yu
et al., 2020).

The speed of an ultrasonic pulse depends on the acoustic properties
of the medium, and the speed of sound propagation is greater in



solids than in liquids and higher in liquids than in gases (Kasaai
2013). This therefore means that the speed of sound propagation in
chicken is great, thereby enhancing cavitation, transforming
electrical energy into vibrational energy, which is mechanical energy
that has been transmitted through a sonicated medium. Part of the
input energy is lost through conversion to heat, and the rest can
produce cavitation (Alarcon-Rojo et. al., 2018).

The influence of ultrasound pretreatment on the extent of Maillard
reaction (MR) and the properties of Maillard Reaction Products
(MRPs) of chicken liver protein (CLP) and its hydrolysate (CLPH)
were investigated by Chen et al., (2020). The result showed that the
extent of Maillard reaction of Ultrasound processesed chicken liver
protein hydrolysate was more than that of the other two Maillard
reaction products; chicken liver protein hydoxylate and sonicated
chicken liver protein hydroxylate. Ultrasound processing increased
the utilization of amino acids and enriched the variety of volatile
compounds in all groups. Furfural was the major heterocyclic
compound in the MRPs. The study reported the contents of furfural
in CLPMs, and CLPHMs, and SCLPHMs as 627.97mg/mL,
649.78mg/mL and 668.51mg/mL respectively, indicating higher
furfural content in the sonicated chicken liver protein hydroxylate
(Chen et al., 2020).

So far, Ultrasound-alone treatment has been seen to be effective in
removing chemical contaminants. However, a combination
approach has advantages when the prolonged treatment of a single
technology may result in adverse effects. This is seen in recent
studies documenting the synergistic effects of ultrasound with other
techniques such as ultraviolet (Wang et al., 2020), and thermal
treatment (Kida et al., 2018). In most cases, combining two or more
approaches enhances the production of hydroxyl radical, the most
powerful reactive specie. Hydroxyl radical is generated through the



various formation pathways of furan including the breakdown of
water during ultrasound induced cavitation. These hydroxyl radicals
generated contribute to the initiation of chemical reactions
including those involved in furan formation (Wang et al., 2020).
Hydroxyl radicals react with various precursors in the chicken such
as amino acids and sugars, facilitating a series of complex reactions
that lead to the formation of furan compounds. It therefore means
that in order to control the intensity, duration, and the resultant
effect of ultrasound processing, it is important to optimize
processing conditions in managing the formation of reactive species
like hydroxyl radicals. A detailed understanding of these
mechanisms will aid in tailoring ultrasound processing of chicken to
minimize undesired reaction formation and food contaminants such
as furan, while still maintaining the benefits of this non-thermal
technique in the processing of chicken.

Studies carried out by Lee & Lee (2023) “showed that
ultrasonication greatly increased (p<0.05) the furan compounds in
black soymilk. The highest total concentration of furan was in the
black soymilk sample ultrasound treated at 90% amplitude for 5
minutes”. “This increase may be due to the increased efficiency of
the Maillard reaction” (Lee & Lee, 2023). “Studies on maillard
reaction model systems have shown that ultrasound promotes
maillard reaction” (Yu et al., 2020). “During ultrasound treatment,
molecular mobility increases and protein structures change,
exposing reactive groups on the surface, thereby promoting
Maillard reactions and enhancing the formation of furan

compounds” (Zhao et al., 2022).

“Many researchers have evaluated the effect of Ultrasound on food
quality, and it was found that Ultrasound may have positive or
negative effects on food quality depending on the processing
conditions employed. Processing conditions such as frequency,
output power, temperature, pH and crucial time have a crucial



impact on the ultrasound process and the concentration of furan
produced”  (Shi et al, 2020). Therefore reporting
promoted/inhibited maillard reaction products such as furan in the
US-MR is not enough at this stage, and more studies should be
carried out accordingly considering the result of the complexities of
the MR mechanisms (Hang et al., 2019)

Despite recent advances made in the field, research results still vary.
Some findings seem to position High Intensity Ultrasonication (HIU)
as a promising technology for the processing of chicken in the food
industry, especially with regards to the release of MRPs such as
furan and its derivatives. Others on the other hand, stress the need
for more research particularly when the effect interacts with other
variables in the tissue (Alarcon-Rojo et. al., 2018).

CONCLUSION

It is important to note that the US-MR is a double-edged sword for
the final products as furan and its derivatives are very likely to be
formed through the US-MR. Although there are very limited studies
concerning the formation of Furan in ultrasound processed chicken,
it is strongly recommended to carry out a safety assessment of final
products when maillard reaction is extensively involved. It is also
necessary to adopt the proper ultrasonication processing conditions
for balancing both positive and negative aspects brought by the US-
MR thereby inhibiting the formation of furan and other food
processing contaminants. It is also important to further explore
effects of ultrasonication on processed chicken and the formation of
furan through kinetic study. Although some maillard reaction steps
have been proved to be promoted and inhibited by ultrasonication,
there are still uncertainties especially with the formation of furan.



This review indicates that Ultrasonication may have a dual role in
influencing furan levels in processed chicken, a role that is
contingent on parameters such as intensity, duration, and
temperature of the ultrasonication process. Further studies are
necessary to fully understand the mechanisms involved in the
ultrasonication of chicken and the subsequent production of furan
in order to establish safe industrial processing guidelines for the
effective use of ultrasonication. The introduction of other
technologies and further research is needed to find mitigation
strategies which lead to the same quality without affecting the
safety of the product. With continued research and advancements,
ultrasonication could become a standard method for enhancing
food safety and quality in the poultry industry, offering a healthier
option for consumers.

Disclaimer (Artificial intelligence)
Option 1:

Author(s) hereby declare that NO generative Al technologies such as Large Language
Models (ChatGPT, COPILOT, etc) and text-to-image generators have been used during
writing or editing of manuscripts.

| Brisibe Doubra Perpetua hereby declare that no generative Al technologies such as
Large Language Models (ChatGPT, COPILOT, etc) and text-to-image generators have
been used during writing or editing of manuscripts.

Option 2:

Author(s) hereby declare that generative Al technologies such as Large Language
Models, etc have been used during writing or editing of manuscripts. This explanation
will include the name, version, model, and source of the generative Al technology and
as well as all input prompts provided to the generative Al technology

Details of the Al usage are given below:

1.



REFERENCES

Adams, C., Bouckaert, F., Van Lancker, B., De Meulenaer, N., De
Kimpe. (2011) Amino acid catalysis of 2-alkylfuran formation from
lipid oxidation-derived a,B-unsaturated aldehydes Journal of
Agriculture and Food Chemistry. 59 11058-11062.

Alarcon-Rojo,A.D., Carrillo-Lopez,L.M., Reyes-Villagrana,R., Huerta-
Jiménez, M., Garcia-Galicia,l.A. (2018). Ultrasound and meat quality:
A Review, UltrasonicsSonochemistry, doi: https://doi.org/
10.1016/j.ultsonch.09.01)

Anese M., Suman M. (2013) Mitigation strategies of furan and 5-
hydroxymethylfurfural in food. Food Research International, 51:
257-264)

Antti G., Pentti P.,, Hanna K.,(2008) Ultrasonic degradation of
aqueous carboxymethylcellulose: effect of viscosity, molecular
mass, and concentration, Ultrasonic sonochemistry (15) 644-648.

Barba, F.J.; Esteve, M.J.; Frigola, A. (2012). HighPressure Treatment
Effect on Physicochemical and Nutritional Properties of Fluids Foods

During Storage: A Review. Comprehensive Review of Food Science
and Food Safety. 11, 307-322[ Google Scholar].

Batool, Z., Xu, D., Zhang, X., Li, X., Li, Y., Chen, Z,, Li, B., Li, L. (2020).
A review on furan: Formation, analysis, occurrence, carcinogenicity,
genotoxicity and reduction methods. Critical Reviews in
FoodScience and Nutrition.



BeateKettlitz, Gabriele Scholz, Viviane Theurillat, JorgCselovszky,
Neil R. Buck, Sue O’ Hagan, Eva Mavromichali. (2019). Furan and
Methyfurans in foods: An update on occurrence, mitigation, and
Risk assessment. Comprehensive reviews in Food science and Food
safety. D0i:10.1111/1541-4337.12433

Bhat, Z., Morton, J., Kumar, S., Bhat, H., Bekhit, A., Jayawardena, R.,
Brennan, C ( 2022). Ultrasonication as an emerging technology for
processing of animal derived foods. A focus on invitro protein
digestibility. Trends in food Science and Technology.124. 309-322

Bhargava, N., Mor, R.S., Kumar, K., Sharanagat, V.S. (2021) Advances
in application of ultrasound in food processing: A review.
Ultrasonics Sonochemistry. 70

Bravo, K.S., Ramirez, R., R., Durst, R, Escobedo-Avellaneda,Z.J.,
Welti-Chanes, J., Sanz, P.D., & Torres , J.A. (2012), Formation risk of
toxic and other unwanted compounds in pressure-assisted
thermally processed foods. Journal of Food Science , 77(1), R1-R10.

Boateng, E.F., and Nasiru, M.M. (2019). Applications of ultrasound
in meat processing technology: a review. Food science and
Technology. 7(2).

Cao J., Zhou C., Wang Y., Sun Y.M Pan D. (2018). The effect of
oxidation of G-actin and its binding ability with aroma compounds in
carp grass skeletal muscle. Food Chemistry, 240, page 346-353.

Cao, X., Zhang, M., Mujumdar, A.S., Zhong, Q. Wang, Z. (2018).
Effects of Ultrasonic pretreatments on quality, energy consumption
and sterilization of barley grass in freeze drying. Ultrasonication-
Sonochemistry. 40, 333-340

Cao, X., Zhang, M., Mujumdar, A.S., Zhong, Q. Wang, Z. (2018).
Effects of Ultrasonic pretreatments on quality, energy consumption



and sterilization of barley grass in freeze drying. Ultrasonication-
Sonochemistry. 40, 333-340

Cengiz, M.F., Certel, M. (2014) Effects of Chlorine, Hydrogen
peroxide, and ozone on the reduction of mancozeb residues on
tomatoes. Turkish Journal of AgricultureFor. 38, 371-376

Chansataporn W., Nopharatana M., Samuhasaneetoo S.,
Siriwattanayotin S., Tangduangdee C. (2019). Effects of temperature
on the main intermediates and products of the Maillard reaction in
a chicken breast meat model system. International Journal of
Agricultural Technology, Volume 15(4): 539-556

Charoux, C.M,, Inguglia, E.S., O’'Donnell, C.P., Tiwari, B.K. (2021).
Ultrasonic waves: Inactivation of foodborne microorganisms using
power ultrasound. In Innovative Food Processing Technologies,
Knoerzer, K., Juliano, P., Smithers, G., Eds.; Elsevier: Cambridge, UK

Chen, X., Zou, Y., Wang, D., Xiong, G., Xu, W. (2020). Effects of
ultrasound pretreatment on the extent of Maillard reaction and the
structure, taste and volatile compounds of chicken liver protein,
Food Chemistry doi:
https://doi.org/10.1016/j.foodchem.2020.127369)

Chen K., Yang X., Huang Z., Jia S., Zhang Y., Shi J.,, Hong H., Feng L.,
Luo Y.(2019). Modification of gelatinhydrolysatesfrom grass carp (
Ctenopharyngodonidellus) scales by Maillard reaction: Antioxidant
activity and volatile compounds. Food Chemistry 295, 569-578

Chew, S.C.,, Ali, M.A.(2021). Recent advances in ultrasound
technology applications of Vegetable oil refining. Trends in Food
Science and Technology. 116, 468-479

Cho, H., and LeeK.G.. (2014). Formation and reduction of in Maillard
reaction model systems consisting of various sugars/amino


https://doi.org/10.1016/j.foodchem.2020.127369

acids/furan precursors. Journal of Agricultural and Food chemistry
62(25), 5978-82

CXS 193-1995, Codex Alimentarius, International Food Standards,
General Standard for Contaminants and Toxinns in Food and Feed.
Food and Agriculture Organization (FAO): Rome, Italy; World Health
Organization (WHO): Geneva, Switzerland, 2019

Dagostin, J.L.A.(2017). Blanching as an acrylamide mitigation
technique.InNew perspectives on Food Blanching; Springer: Cham,
Switzerland. pp. 95-122.

Da silva, E.S., Brandao, S.c.r. Da Silva, A.l., Coelho, A.C.D., Azoubel,
P.M.(2019). Ultrasound-assisted vacuum drying of nectarine. Journal
of Food Engineering, 246, 119-124

Debabrata, P., & Sivakumar, M. (2018).Sonochemical degradation of
endocrine-disrupting organochlorine pesticide Dicofol:
Investigations on the transformation pathways of dechlorination
and the influencing operating parameters. Chemosphere, 204, 101-
108

Dhakal, S., V.M,. Balasubramaniam, j, C. Cocuron, A. P, Alonso, E.
Agcam, and S. Kamat. (2017) Pressure-thermal kinetics of furan
formation in selected fruit and vegetable juices. Food and
Bioprocess Technology 10(11), 1959-69.

European Food Safety Authority J. (2009). 7.
http://www.efsa.europa.eu/sites/default/files/scientific output//fil

es/main_documents/304r.pdf(accessed July, 2018

European Food Safety Authority (2017). Risks for public health
related to the presence of furan and methylfurans in food. EFSA
Journal, 15,5005.


http://www.efsa.europa.eu/sites/default/files/scientific_output/files/main_documents/304r.pdf(accessed
http://www.efsa.europa.eu/sites/default/files/scientific_output/files/main_documents/304r.pdf(accessed

Frank, N., Dubois, M., Huertas Perez, J.F. (2020). Detection of Furan
and five Alkylfurans, including 2-pentylfuran in various food
matrices. Journal of Chromatography. Volume 1622.

Fu, Y., Zhang, Y.H., Soladoye, O.P., Aluko, R.E. (2020). Maillard
reaction products derived from food protein-derived peptides:
insights into flavour and bioactivity. Critical Review of Food Science
Nutrition. 60, 3429-3442

Han, D., Deng, S., Wang, H., Huang, F., Fauconnier, M., Li, H., Zheng,
J., Meng, L., Zhang, C., Li, X. (2023). Lipid oxidation and flavour
changes in saturated and unsaturated fat fractions from chicken fat
during a thermal process.

Hernandez-Hernandez, H.M., Moreno-Vilet, L., Villanueva-
Rodriguez, S.J. (2019). Current status of emerging food processing
technologies in Latin America: novel non-thermal processing
Innovative Food Science Emerging Technology. 58:102233

Jadhav, H.B., Annapure, U.S., Deshmukh, R.R (2021). Non-thermal
technologies for food processing. Frontal Nutrition. Volume 8

Lee,H. and Feng,H. (2011). Effect of power ultrasound on food
quality. In Food Engineering Series. Pages 559-582

Feng, H., Barbosa-Canovas, G., Weiss, J.(Eds.). (2011) Ultrasound
Technologies for Food and Bioprocessing. New York, NY: Springer

Fu, Y., Zhang, Y., Olugbenga, P.S., Rotimi, E.A (2019). Maillard
reaction products derived from food protein-derived peptides:
insights into flavour and bioactivity. Critical Reviews in Food Science
and Nutrition

Gill, S., Kavanagh, M., Cherry, W., Barker, M., Weld, M., Cooke, G.M.
(2016). Furan and its derivatives in foods: Characterizing the hazard.
Toxicology Letter 259S, S63-S68.



Hang Yu, Qilizhong, Yang Liu, Yahui Guo. YunfeiXie, Weibiao Zhou,
Weirong Yao, (2020) Recent advances of ultrasound-assisted
Maillard reaction. Ultrasonics Sonochemistry, Volume 64.

H. Feng, G. Barbosa-Canovas, J. Weiss (Eds.), Ultrasound
Technologies For Food and Bioprocessing, Springer, New York, NY,
2011, pp. 559-582

Kasaai,M.R. (2013). Input power-mechanism relationship for
ultrasonic Irradiation: Food and polymer applications. Natural
Science. 05 14-22. doi:10.4236/ns.2013.58A2003

Khadhraoui, B., Ummat, V., Tiwari, B., Fabiano-Tixier, A., Chemat, F.
(2021). Review of ultrasound combinations with hybrid and
innovative techniques for extraction and processing of food and
natural products. Ultrasonics, Sonochemistry. 76

Khan A.l, Wang C., Cai K., 2022. Hazardous substances from food
processing: Formation and control, biotoxicity and mitigation. Food
Chemistry,Fronteirs Nutrition, Volume 9

Kida, M., Ziembowicz., S., &Koszelnik, P. (2018), Removal of
organochlorine pesticides (OCPs) from aqueous solutions using
hydrogen peroxide, ultrasonic waves, and a hybrid process.
Separation and Purification Technology, 192, 457-464.

Knoerzer, K. (2016) Nonthermal and innovative food processing
technologies. In: Reference Module in Food Science. Elsevier ,
Amsterdam

Koszucka, A. & Nowak, A. (2019) Thermal processing food-related
toxicants: a review, Critical Reviews in Food Science and Nutrition,
59:22, 3579-3596, DOI: 10.1080/10408398.2018.1500440

Lee, M., and Lee, K (2023). Effect of ultrasound and microwave
treatment on the level of volatile compounds, total polyphenols, total



flavonoids, and isoflavones in soymilk processesed with black soybean (
Glycinmax(L.)Merr.), Ultrasonics-Sonochemistry. Volume 99

Li, W., Gamlath, C.J., Pathak, R., Partin, G.J.0., Ashokkumar, M.
(2021). Ultrasound- The Physical and chemical effects integral to
food processing. Innovative Food Processing Technologies, K.,
Juliano, P., Smothers, G., Eds., Elsevier Inc. Cambridge, UK, pp. 329-
358

Lineback, D.R., & Stadler, R.H. (2009) Introduction to food process
toxicants. In D.R. Lineback & R. H. Stadler(Eds).Process-induced food
toxicants(pp,3-21) Hoboken, USA: Wiley

Lukai, M., Qiuxuan, H., Yuanxin, Q., Huifan, L., Jihong, W., Guogin, L.,
Charles, B., (2021). Food matrixes play a key role in the distribution
of contaminants of lipid origin: A case study of malondialdehyde
formation in vegetable oils during deep frying. Food Chemistry,
Volume 347

Maher, A. and Nowak, A. (2022). Chemical Contamination in bread
from food processing and its environmental origin. Molecules.
27(17)

Mahmoud S.F, Hamed S., Peyman A.C., Maryam B., 2022. Power
Ultrasound in the meat industry (freezing, cooking and
fermentation): Mechanisms, advances and challenges, Ultrasonics
Sonochemistry , Volume 86, 106027

Mariotti, M., Granby, K., Fromberg, A., Risum, j., Agosin, E., 7
pedresch, F. (2012). Furan occurrence in starchy food model
systems processed at high temperatures: effect of ascorbic acid and
heating conditions. Journal of Agricultural and Food Chemistry. 60,
10162-10169

Miano, A.C., Sabadoti, V.D., Augusto, P.E.D. ( 2018). Enhancing the
hydration process of common beans by ultrasound and high



temperatures: Impact on cooking and thermodynamic properties.
Journal of Food Engineering, 225, 53-61.

Miele, A., Rizzon, L.A., Queiroz, S.C.D.N.d, Gianello, C.(2015)
Physicochemical composition, minerals, and pesticeide residues in
organic grape juices. Food Science Technology. 35, 120-126

Mildner-Szkudlarz, S., Rozanska, m., Piechowska, P., Waskiewicz, a.,
Zawirska-Wojtasiak, R. (2019). Effects of polyphenols on volatile
profile and acrylamide formation in a model wheat bread system.
Food Chemistry. 297

Minju, L., Kwang-Geun, Lee. (2023) Effect of Ultrasound and
microwave treatment on the level of volatile compounds, total
polyphenols, total flavonoids, and isoflavones in soymilk processed
with Black soybean. Ultrasonics Sonochemistry, Vol 99, 1350-4177

Minorczyk, M., Czaja, K., Starski, A., Korcz, W., Liszewska, M.,
Lewinski, R., Robson, M.G., Postupolski, J., strucinski, P. (2023).
Assessment of Furan and its derivatives intake with home prepared
meals and characterization of associated risk for Polish infants and
toddlers. Foods. 12(19), 3618

Nie, S., Huanga, J., Hua, J., Zhang, Y., Wang, S., Li, C., Marcone, M.,
Xie, M. (2013). Effect of pH, temperature and heating time on the
formation of furan in sugar-glycine model systems. Food Science
and human Wellness Volume 2, pp 87-92

Nowacka, M. &Wedzik, M ( 2016). Effect of Ultrasound treatment
on microstructure, colour and carotenoid content in fresh and dried
carrot tissue. Applied Acoustics. Volume 103, pages 163-171

Oliveira F., Coimbra J., De Oliveira E.B, Giraldo-Zuniga A, Rojas E,
(2012). Food Protein-Polysaccharide Conjugates obtained via the



Maillard reaction: A Review. Critical reviews in Food Science and
Nutrition. 56(7)

Oz, E. (2020). Effects of smoke flavouring using different wood chips
and barbecuing on the formation of polycyclic aromatic
hydrocarbons and heterocyclic amines in salmon fillets. PLoS ONE

Oz et al., 2021(The impact of fat content and charcoal types on
quality and the development of carcinogenic aromatic hydrocarbons
and heterocyclic aromatic amines formation of barbecued fish.
International journal of food science and technology. 56, 954-964.

Parker,J.K. (2015). Introduction to aroma compounds in foods, in:
Flavour Development, Analysis and Perception in Food and
Beverages, Elsevier, pp. 3-30

Pena-Saldarriaga, L.M., Fernandez-Lopez, J., Perez-Alvarez, J.A.
(2020). Quality of chicken fat by-products: Lipid profile and colour
properties. Foods. 9(8), 1046.

Prasad, C., Pallavi, S., Sajeev, R.S., Tarsem, C.M and Amit, K.J (2022).
Application of High-intensity Ultrasound to improve food processing
efficiency: A Review. Foods 11(1).

Rastogi,N. K. (2011). Opportunities and challenges in application of
ultrasound in food processing. Critical Review Food Science
Nutrition. 51, 705-722.

Santonicola, S. and Mercogliano R. (2016) Occurrence and
Production of Furan in Commercial foods. Italian Journal of Food
Science. Volume 28

Shaofeng Y., Changjian L., Yichi Z., Hang Y., Yunfei X., Yahui G,
Weirong Y.(2021). Ultrasound as an emerging technology for the
elimination of chemical contaminants in food: A review, Trends in
Food Science & Technology 109, 374-385.



Shaofeng Y., Changjian Li., Yichi Z., Hang Y., Yunfei X., Yahui G.,
Weirong Y., 2021. Ultrasound as an emerging technology for the
elimination of chemical contaminants in food. Trends in Food
Science & Technology, 109, 374-385

Shujun Wang, Hanbin Xu, Huiyu Luan, and lJingjing Cai, 2019
Chemical Hazards in Thermally Processed Foods.
https:doi.org/10.1007/978-981-13-8118-8 1.

Siewe, F.B., Kudre, T.G., Bettadaiah, B.K., Bhaskar, N. (2020). Effects
of ultrasound-assisted heating on aroma profile, peptide structure,
peptide molecular weight, antioxidant activities and sensory
characteristics of natural fish flavouring. Ultrasonics -
Sonochemistry. 65

Taha, A., Mehany, T., Pandiselvam, R., Anusha Siddiqui, S., Mir, N.A,,
Malik, M.A, Hu, H. (2023). Sonoprocessing: Mechanisms and recent
applications of power ultrasound in food. Critical Reviews in Food
Science and Nutrition. 64(17), 6016-6054.

Taha, A., Ahmed, A., Ismaiel, M.., Ashokkumar, X., Xu, S.P., Hu, H.
(2020). Ultrasonication emulsification: An overview on the
preparation of different emulsifiers-stabilized emulsions. Trends in
Food Science and Technology. 105, 363-377.

Van Lancker, F., Adams, A., Owczarek, A., De Meulenaer, B., & De
Kimpe, N., (2011). Mechanistic insights into into furan formation in
Maillard model systems. Journal of Agriculture and Food
Chemistry,59(1),229-235, http://doi.org/10.1021/jf102929u).

Wang, S., Xu, H., Luan, H., Cai, J. (2019). Chemical Hazards in
thermally produced foods. Springer ISBN 978-981-13-8117-1.).


http://doi.org/10.1021/jf102929u

Xiao, W., Dengyong, L., Chao, Du., Shuangyu. M. (2021).
Characteristics and formation mechanism of key volatile compounds
in sugar-smoked chicken. Journal of Food Science and Technology

Yang, L., Xue, J., He, L., Wu, L.(2019). Review on ultrasound assisted
persulfate degradation of organic contaminants in wastewater:
Influences, mechanisms and prospective. Chemical Engineering
Journal

Yigit, N. and Velioglu, Y.S. (2019). Effects of processing and storage
on pesticide residues in foods. Critical reviews in Food Science and
Nutrition. 60(1), 1-20

Yu, H., Zhong, Q,, Liu, Y., Xie, y., Zhou, W, Yao, W (2020) Recent
advances of ultrasound-assisted Millard reaction. Ultrasonics-
Sonochemistry. Volume 64

Yu, H., Liu, Y, Li, L., Guo, Y., Xie, Y., Cheng, Y., (2020). Ultrasound-
involved emerging strategies for controlling foodborne microbial
biofilms. Trends in Food Science & Technology, 96,91-101

Yu, H, Seow, Y.X., Ong, P.K., Zhou, W. (2018). Kinetic study of high-
intensity ultrasound-assisted Maillardreactionin a model system of
d-glucose and glycine. Food Chemistry. Volume 269, pages 628-637

Yuan, S, Li, C., Zhang, Y., Yu, H., Xie, Y., Guo, Y., Yao, W. (2021).
Ultrasound as an emerging technology for the elimination of
chemical contaminants in food: A review. Trends in Food Science &
Technology. Volume 109, pages 374-385

Zahra Batool, Dan Xu, Xia Zhang, Xiaoxi Li, Yuting Li, Zhiyi Chen, Bing
Li & Lin Li (2020). A review on furan: Formation, analysis,
occurrence, carcinogenicity, genotoxicity and reduction methods,
Critical Reviews in Food Science and Nutrition

Zhao, X., Qj, J., Fan, C., Wang, B., Yang, C., Liu, D. (2022). Ultrasound
treatment enhanced the ability of the porcine myofibrillar protein to



bind furan compounds: Investigation of underlying mechanisms.
Food Chemistry. 384

Zhao, S., Huang, Y., McClements, D.J., Liu, X., Wang, P., Liu, F.
(2022). Improving pea protein functionality by combining high-
pressure homogenization with an ultrasound-assisted Maillard
reaction. Food Hydrocolloids. Volume 126

Zhu, F., Li, H., (2019), Modification of quinoa flour functionality using

ultrasound, Ultrasonics Sonochemistry, 52, 305-310

Zuhaib F. Bhat, James D. Morton, Alaa EI-Din A. Bekhit, Sunil Kumar,
Hina F. Bhat, 2021, Emerging processing technologies for improved
digestibility of muscle proteins, Trends in Food Science &
Technology, Volume 10, Pages 226-239



