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Abstract

Background: Phosphate additives are used in many processed foods as stabilisers and
emulsifiers. They are present in up to 65% of processed meat products. However, consumer
preferences for more natural and less processed foods has resulted in the growth of clean
label trends, meaning shorter ingredient declarations using fewer ingredients that are
unfamiliar to the consumer. Due to the unique characteristics of phosphates, their removal,
while maintaining product quality, is challenging.

Scope and Approach: In this review, phosphate additive-types are discussed, with particular
emphasis on their application in processed meat products. Through homeostasis, excess
phosphate is readily excreted by individuals with healthy kidney function, but it is
acknowledged that there is now a desire to find more acceptable ingredient alternatives. The
use of aternative, non-synthetic, ingredients in processed meats such as starch, proteins,
seaweeds, hydrocolloids and fibres, as potential phosphate replacers are discussed. Such
ingredients may not impart the same quality attributes in meat products as provided by
phosphates when used singly, however, adopting hurdle approaches of combining alternative
ingredients with novel processing technologies, such as power ultrasound and high pressure
processing, may provide the meat industry with alternatives.

Key findings and conclusions. The key finding of this review is that the interaction between
novel technologies and ingredients has not been studied extensively, yet there is evidence for
their combined potential. For future studies, non-synthetic ingredients like fibres and starches
could be combined with novel processing technologies to improve the interaction between
meat proteins and alternative ingredients.
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Abstract

Background: Phosphate additives are used in many processeds fasdstabilisers and
emulsifiers. They are present in up to 65% of pseed meat products. However, consumer
preferences for more natural and less processeatk fbas resulted in the growth of clean
label trends, meaning shorter ingredient declamatioising fewer ingredients that are
unfamiliar to the consumer. Due to the unique attaréstics of phosphates, their removal,
while maintaining product quality, is challenging.

Scope and Approach: In this review, phosphate additive-types are disedswith particular
emphasis on their application in processed meadyats. Through homeostasis, excess
phosphate is readily excreted by individuals witkalthy kidney function, but it is
acknowledged that there is now a desire to findenamceptable ingredient alternatives. The
use of alternative, non-synthetic, ingredients rocpssed meats such as starch, proteins,
seaweeds, hydrocolloids and fibres, as potentiaisjpihate replacers are discussed. Such
ingredients may not impart the same quality attebuin meat products as provided by
phosphates when used singly, however, adoptingdagmproaches of combining alternative
ingredients with novel processing technologieshsag power ultrasound and high pressure
processing, may provide the meat industry withraligves.

Key findings and conclusions. The key finding of this review is that the inteiaot between
novel technologies and ingredients has not beathestiextensively, yet there is evidence for
their combined potential. For future studies, ngntetic ingredients like fibres and starches
could be combined with novel processing technobgeeimprove the interaction between
meat proteins and alternative ingredients.

Keywords. Phosphate removal, water holding capacity, powexsound, high pressure
processing.
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1. Introduction

Phosphates are essential for human health as teegquired for growth, maintenance and
repair of cells and tissues, signalling, energgdfar and other important functions. They are
involved in many metabolic pathways and are naufalind in the form of organic esters in
foods like egg, meat, potatoes and cereals. Inrgeriee Recommended Dietary Allowance
(RDA) of phosphorus (P) for a healthy adult is m§/day (Winger, Uribarri & Lloyd, 2012;
Calvo & Uribarri, 2013). Commonly, higher quantstiare consumed but excess phosphate is
readily excreted by the kidneys. However, individuaith poor kidney function such as
those with chronic kidney diseases (CKD) must dios®nitor their dietary intake of
phosphate to avoid an occurrence of hyperphospl@a{&alvo & Uribarri, 2013; Kalantar-
Zadeh et al., 2010; Ritz, Hahn, Ketteler, Kuhimatamann, 2012). This is particularly
important with the increased use of inorganic Pl@ioimg additives, such as phosphate
(P20s) in processed foods (Winger, Uribarri & Lloyd, 2)1

Inorganic phosphates are generally regarded agG&AS) by the United States Food and
Drug Administration (FDA) and are used as an eifectood additive in many processed
food products such as meat, ham, sausages, clhaesed fish, beverages and baked
products. Phosphate addition in US is regulateBD#x regulations that controls the
maximum usage levels in food products (Dykes eR8al19). According to the Scientific
Committee of Food by European Communities, thebésteed maximum tolerable daily
intake of phosphates is 70 mg/kg body weight exg@@éss P (Commission, 1991). Since
1990, due to increased consumption of processeatsfddintake has doubled from 500
mg/day to 1000 mg/day in the American diet (Kalaiztadeh et al., 2010). Studies of Leon,
Sullivan, & Sehgal (2013) showed that processed famtributed to an extra 700-800 mg of
P intake per day and also reported that almost d¥Bést-selling groceries in America
contained phosphate additives.

The increase in the use of phosphates in procéssdd may be due to their unique
characteristics which often improve product qualRiiosphates serve as buffers,
sequestrants, acidulants, bases, gel accelergysrshnts, precipitants and ion-exchange
agents. In the EU, phosphates are classified ir\tithtive Directive (Regulation EC
1333/2008) as belonging to various functional dassich as emulsifier, stabiliser,
sequestrants and thickeners and their use is gedmit several processed food categories.
Phosphates serve several functions in processedsongaas stabilizing pH, increasing water
holding capacity (WHC), decreasing cooking losroving texture and sensory qualities
and more (Dykes et al., 2019) As per the EU letisieon food additives, the maximum
allowed concentration of phosphates in processeat preducts is 5000 mg/kg expressed as
P,Oscontent (EC. No. 1333/2008, 2008).

There is a growing concern over the sustainablgeusdphosphates in food sectors in recent
times. The European Food Safety Authority (EFSA@r#ists has estimated that the total
intake of phosphates from food has exceeded tle¢ydalvel set by EFSA. With the current
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average dietary phosphate consumption rate, teeatsstis have claimed that the dietary
exposure to phosphorus level might exceed the #adaepdaily intake level in infants,
children and adolescents with high phosphate Wgtefs, 2019). Also, in recent times, there
is a general shift towards alternative ingrediemt®od products with the emergence of
consumer trends such as health concerns, sustéynahd convenience (Asioli et al., 2017).
For sustainable processing, alternatives to syietpabsphates (e.g. valorisation of
functional ingredients from coproducts and wasteashs) could offer an opportunity
towards a sustainable circular economy in the f&ator. Consumer preference towards
natural and less processed food has resulted igrtiveth of clean label trend. The term clean
label first appeared during 1980s which means fwoducts without any E-number additives
on the food label where the E numbers stands fdesor the food additives permitted to
use within the European Union by the European FRafdty Authority (Asioli et al., 2017).
Although, with the growing trend, the term ‘cleatél’ does not possess any clear definition
(Asioli et al., 2017). Ingredion (2004) guides cldabelling in Europe as the products that
are positioned as natural, organic and/or free fadulitives/ peservatives which is very
similar to the approach of ‘natural labelling’ byited States Food and Drug Administration
(FDA) to refer to the products containing no actdl or synthetic additives in them.

In recent years, the clean label trend has becaoreipent as many new food products
contain fewer inorganic additives (Asioli et al01Z). However, it is important that
consumers understand that a functional ingredsertt) as FOs, is only added to the EU
Additive Directive by complying with the conditiolset out in Regulation 1333/2008. In
addition, the Additive Directive sets safe limits the permitted levels of these ingredients in
food products. Nonetheless, there remains an sttereeplacing the functional properties of
phosphates with clean label alternatives. In thass, the chosen ingredient must have
techno-functionality. The European Food Safety Aty (EFSA) describe ingredients as
chemical substances that are added to food asafditives, food enzymes, flavourings,
smoke flavourings and sources of vitamins and nalsexhile additives are any substances
that are not normally consumed as a food itselfrestchormally used as a characteristic
ingredients of food, whether or not it has nutatixalue, the intentional addition of which to
food for a technological purpose in the manufacgtprecessing, preparation, treatment,
packaging, transport or storage of such food resuwlit or its by-products becoming directly
or indirectly a component of such foods (Regulai883/2008). Also, with the uncertainty
in the clear definition of natural antimicrobiat®lourants, sweeteners or antioxidants
(Carocho et al., 2015), it is more challengingédirte natural techno-functional ingredients
when also other aspects like GM-free and allergeeasonsidered. In that sense, there is
difficulty in truly classifying ‘clean-label’ ingréients. Henceforth, all possible alternative
ingredients irrespective of clean label status Heaen discussed in this review in the later
sections.

Various attempts have been made to replace phaspimateat with suitable ingredients like
starches, proteins, seaweeds, hydrocolloids anelsfiy ounis & Ahmad, 2015;Resconi,
Keenan, Barahona, et al., 2016a). However, the Empeplacement of phosphate in meat
with alternative ingredients may have negativeatff®en appearance, texture and other major
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product characteristics. For example, use of tiaech as a phosphate replacer in whole
muscle cooked hams affected the appearance anorgepslities of meat (Resconi, Keenan,
Barahona, et al., 2016a). Similar results wereinbthwhen the amount of phosphate added
to meat was reduced without adding any functiongitaédients (Glorieux, Goemaere, Steen,
& Fraeye, 2017). Studies have shown that alteraddehnologies can be effective in
enhancing the quality of meat processed with addtednative ingredients. Among the
technologies, high pressure processing (HPP) prtved effective in improving the
functionality of meat products by altering the msiaticture. The application of HPP in meat
products can modify the protein spatial structesulting in solubilisation of myofibrillar
proteins. This can reduce the quantities of saltsgnosphates required in processed meat
(Tamm, Bolumar, Bajovic, & Toepfl, 2016). For exdmpeduced-salt cooked ham was
produced without any changes in WHC and textureguaisalt replacer (KCl) and HPP at
100 MPa (Tamm, Bolumar, Bajovic, & Toepfl, 2016)m8arly, ultrasound (US) technology
has been widely used to assist effective ingrediettibution and diffusion within food
matrices. For example, US has been shown to aatelgre diffusion of salt (McDonnell,
Allen, Duane, Morin, Casey, & Lyng, 2017) and seftlacers in pork tissue (Ojha, Keenan,
Bright, Kerry, & Tiwari, 2016).

In line with the trend for healthier processed mgabmprehensive reviews exist on
strategies for sodium reduction (Inguglia, ZhanigvaFi, Kerry, & Burgess, 2017) and nitrite
reduction (Bedale, Sindelar, & Milkowski, 2016)pmocessed meats. However there is lack
of research on phosphate reduction. The objecfitiei®review is to discuss the potential of
alternative ingredients and novel processing teldgies to reduce phosphates in processed
meats.

2. Phosphatesin Processed M eat

Phosphates used in processed meat products asalthef phosphoric acids containing the
positively charged metal ions of sodium or potassiWarious legislations, depending on the
country, exist on phosphate additive use in foadsfarther information on this can be found
in Dykes et al. (2019). As per European legislatiéosd grade phosphates are not permitted
in fresh meat however they can be added in a lthatecentration to meat preparations and
meat products (Regulation (EC) 853/2004). Accordothe Food and Agriculture
Organization (FAO) and World Health OrganisationH®) food standards, the maximum
permitted level of phosphates in finished produetsole pieces or cuts and processed
comminuted meat products is approximately 5041 mg#pressed in s (Codex Standard
192, 1995, Balestra & Petracci, 2019)

2.1. Types of Phosphates Used in M eat

Several forms of molecular forms of phosphat€gpexist and they are selected depending
on their required function in the food matrix. Pploates are classified according to the
number of phosphorus atoms sharing oxygen atommalla & Godber, 2002). They are as
ortho- or monophosphates with one phosphate maedul or pyrophosphates with two
phosphate molecules, triphosphates with three ptatspnolecules and polyphosphates with



159
160
161

162
163
164
165
166
167
168
169
170
171
172

173

174
175
176
177

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

193
194
195
196
197

more than three phosphates molecules. The motestnlectures of phosphates are ring or
metaphosphates, chain /linear phosphates or blmached phosphate structures with a
combination of ring and linear phosphates.

Only linear phosphates are permitted to be us@daoessed meats. The commonly used,
Graham'’s salt (sodium hexametaphosphate) is arlptezsphate with s content of about
60-70% (Feiner, 2006; Lampila & Godber, 2002). Sadiripolyphosphate (STPP) is
commonly mixed with sodium hexametaphosphate (SHMW®&asodium pyrophosphate
(TSPP) or sodium acid pyrophosphate (SAPP) folirusaeat products like ham, bacon,
frankfurters, bologna, precooked breakfast sausagdisatessen meats, breaded chicken
products and injected poultry pieces (Lampila, J0D#fferent types of phosphates are used
for different meat products based on the produntgss and formulation as explained by
Long et al. (2011). For example, long- chain polygphates with better solubility are used to
prepare brine solutions for ham whereas short-euagphosphates are used for emulsified
products like sausages where the added phospltites the protein instantly (Feiner, 2006).

2.2. Functionality of phosphatesin meat

Phosphates have various functions such as buffesiager-binding, emulsification, colour
stability, oxidation inhibition, antibacterial agly and protein dispersion properties but are
most commonly used in meat products for their eifyig) and stabilising capabilities,
which largely affect the water holding capacity (Ngn, Gal, & Bunka, 2011).

Water holding capacity is the ability of meat protduto retain its inherent water when an
external pressure or force is exerted upon it, elfag during its storage period thereby
affecting weight and juiciness (Gyawali & IbrahigQ16;). In general practice, salting is one
of the oldest techniques for preserving meat amedito increase water holding capacity
which is obtained only when low quantity is addEdiger, 2006). Phosphates additives may
interact against water losses due to several widgnnechanisms importantly, phosphates
affect the intrinsic pH of meat by moving from tiseelectric point (pl). For this reason, most
phosphates used in meat products as alkaline (ebaf, 2011), with the exception of
sodium acid pyrophosphate which is acidic in naturé@ are used for various functions
(Lampila, 2013). This increase in pH results inithereased electrostatic repulsion between
the proteins allowing for water entrapment (PuogriRuusunen, & Vainionpaa, 2001). This,
in turn, results in swelling of the muscle fibreglactivation of proteins. This swollen and
active protein traps and immobilises water addatié¢aneat. Hence, the WHC is increased
and this is especially true in case of polyphosgphike SHMP and STPP (Glorieux et al.,
2017).

Phosphates also increase the WHC of meats by fequngshe metal ions such as’Ga

Mg?*, Fé* and F&' present in the actomyosin complex (Long et al1,130When added,
phosphates can bind with ions present in the aadsimycomplex which is formed during
rigor mortis. Dissociation of actomyosin into acéind myosin increases the solubilisation of
meat proteins through depolymerisation of thick #nd filaments which leads to increased
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WHC, emulsifying and gelling properties (Glorieuxa¢, 2017; Puolanne & Halonen, 2010).
This can also have a positive impact on the tektiraracteristics of meat products.

Phosphates also work synergistically with NaClifioproved product quality. This is mainly
due to the positive effect of NaCl on the solupitf myofibrillar proteins. The Cions
induces electrostatic repulsion between the medéjms and results in swelling of the meat.
Generally, a minimum concentration of 0.6M of NaCtequired to extract myofibrillar
proteins from the muscle but this amount of Na@l lba effectively reduced by adding
phosphates (5000 mg/kg) to meat product formulatidhus, by phosphate facilitating
actomyosin dissociation, myosin becomes more esasllybilised by NaCl which in turn
immobilises large amounts of added water. Studi€&chbwartz & Mandigo (1976) proved
the synergic effect of salt (0.75%) and STPP (02426n restructured pork in improving the
WHC, eating texture, aroma, flavour, cooking losd iiciness upon storage at -Z3for

four weeks when compared to salt alone. Later, Kin8gParsons (1988) were one of the first
to provide a detailed description on the structar@nges to the myofibril following NaCl
and polyphosphate treatments. Numerous studiescaerned out which demonstrate this
synergy and the WHC properties of added phosplosi@seat products (Puolanne et al.,
2001; Sen, Naveena, Muthukumar, Babiji, & Murthy02)0

Phosphates and NaCl also helps the emulsion s$yatilmeat products by allowing myosin

to form a tacky protein substance upon mixing, kn@s the exudate which forms a gel upon
heating (Lampila, 2013). This helps in binding feces of meat in production of reformed
products. This development of water- fat- protamuésion matrix is also critical in

frankfurter and bologna production. The applicatddphosphates and NaCl in meat
formulations results in myosin solubilisation thHeyerienting its hydrophobic tail around fat
droplet and binding its hydrophilic end with wafeampila & McMillin, 2017). When

heated, the myofibrillar proteins undergo sevetraicsural changes which can strengthen the
gel structure and emulsion stability, thereby iasieg WHC and reducing cooking loss.
However, the temperature ranges for the structraakitions are dependent on several
factors within the protein system (e.g., speciék,ipnic strength, ingredients) (Chen et al.,
2017). To prove the emulsifying property, Anjaneyuharma, & Kondaiah (1990) studied
the effect of blends of phosphates (65% TSPP, 1B%®P and 17.5% SAPP) on buffalo
meat patties with added 2% NaCl. The results shamedoved emulsifying capacity and
emulsion stability with increased WHC.

The chelating properties of phosphates also prosadee anti-oxidative ability. Lipid
oxidation may be inhibited by phosphates chelatit metal ions that otherwise could
catalyse oxidation of proteins like haemoglobin &pidi like phosphor-lipids. Therefore,
their inclusion in products could play a role irypenting colour degradation and generation
of rancid off-flavours (Feiner, 2006; Long et &011; Dykes et al., 2019). Studies of
Fernandez-Lopez, Sayas-Barbera, Perez-Alvarez,aada-Catala (2004) showed that
addition of sodium tripolyphosphate (0, 0.15 or0943} on pork meat reduced lightness and
stabilised the percentage of oxymyoglobin. Howerereffect was seen on redness,
yellowness, chroma and hue saturation of meat cofiudies by Baublits, Pohlman, Brown,
& Johnson (2005, 2006); Fernandez-Lopez, SayaseBarPerez-Alvarez, & Aranda-Catala,
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(2004) help in understanding the functions of plhas@ mixtures on colour properties of
meat products.

Phosphates can also act as preservative with $lagtieriostatic effect against some gram-
positive bacteria. However, it is less significanimeat products as greater concentration of
phosphates or additional preservatives will be ireguor effective antibacterial activity
(Feiner, 2006; Long et al., 2011).

3. Strategiesto reduce phosphatesin meat products

Consumer’s awareness of food additives and tharests towards clean label food products
has led to a need to reduce and/or remove phospaateoften, replace them with various
functional ingredients that can serve as fillersdbrs, emulsifiers and stabilisers. This can be
achieved by product reformulation and/or procesdifivation. Figure 2 summarises
strategies for replacing phosphates in meat willalsie phosphate replacers and novel
processing technologies. Various novel technologiediscussed in brief, while emphasis is
placed on the discussion of US and HPP which shove mpotential in the application of
phosphate-free meat products. Thus, this revielWdigituss the possible ingredient and
technology approaches for phosphate reduction at pr@ducts with respect to specific
guality characteristics including water-binding,dsion stability, sensory, texture, colour
and oxidative status.

3.1 Ingredient strategiesfor phosphate reduction in processed meat

There are various alternative functional ingredidnt phosphates available such as native
and modified starches, proteins, fibres, hydrocddipseaweeds, vegetable powders,
carbonate salts and high pH alkaline solutionss€&hegredients have potential to off-set
some quality losses when phosphates are removwediaced (Resconi, Keenan, Barahona, et
al., 2016b; Glorieux, Goemaere, Steen, & Fraeyg7PAlternative ingredients can be
added in small quantities to replicate some offtimetionalities of phosphates in meat
products. As discussed earlier, the ingrediengsective of their clean label status are
discussed in this section for their ability to e the various techno-functionality of
phosphates such as WHC and cook yield, emulsidmlisgatextural and sensorial properties.
Table 2 lists the various ingredients that candexlias phosphate replacers based on their
ability to produce specific techno-functionalitynmeat products.

3.1.1. Water-binding and emulsifying properties

One of the main techno-functionalities of phosps@temeat products is increasing the water
holding capacity (WHC) and cooking yield (NguyerglG& Bunka, 2011). Ingredients like
starches, proteins, fibres, hydrocolloids and lbhicaate salts can also improve WHC and
cook yield when used in meat products (Petracal.e2013). Many studies have been made
on these ingredients to improve the WHC of meatipcts without any added phosphates
(Resconi, Keenan, Garcia, et al. 2016b; Prabhu &aKu2014; Casco et al., 2013; Sousa et
al., 2017). For example, the study of Wachiragiale(2016) investigated the phosphate
replacing ability of sodium bicarbonate at low cenitation for freezing of white shrimp
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(Penaeus vannamei). The shrimps were treated with sodium bicarbodeHCQ), lysine

and sodium bicarbonate — lysine mixture at varimarscentrations and frozen. Results of
thawing yield, cooking yield, colour, textural vakiwere compared with those of sodium tri
polyphosphates (STPP) treated shrimps. It was adedlthat the shrimps treated with
NaHCG;/lysine each at 1% (w/v) improved the water holdmagacity and cooking yield
(100.45%, w/w) similar to that of STPP treated sk®101.73%, w/w), proving that
NaHCQ; can act as a possible phosphate replacer. Irdg bjuCasco et al. (2013),
SavorPhos - mixture of citrus flour that is richfilore content, all-natural flavourings and
less than 2% sodium carbonate is used as phosgpdéeer in water and oil-based
marinades in rotisserie birds and boneless-skifiesast. SavorPhos when used in water
marinade resulted in equal performance in WHC awdk ¢doss as that of control phosphate
blend whereas when used in oil marinade, it in@@dHC and decreased cook loss. The
study of Bertram, Meyer, Wu, Zhou, & Andersen (2088icidated to the structural changes
induced by sodium bicarbonate (NaHgGalt (NaCl) and tetrasodium pyrophosphate
(Na,O;P,) in enhanced pork by use of low-field nuclear netgnresonance and confocal
laser scanning microscopy. It was found that soddicarbonate (NaHC$) resulted in
increased solubilisation of proteins and a higtegrde of swelling of the myofibril, resulting
in increased yield and reduced cooking loss (Berteaal., 2008).

Similarly, starches have potential to affect theemdinding properties of meat. In the study
made by Genccelep et al. (2015), both physicaltyaremically modified starches are used
to study the steady state and dynamic rheologyeatremulsions. In the study, acid modified
starch (AMS), dextrinized modified starch (DMS) agiré gelatinised modified starch (PGS)
is compared with native potato starch (NPS). Freeresults, it was concluded that the meat
emulsions with PGS is a good thickener and carskd as a stabilizer for meat emulsions
due to their higher water and oil binding capaqugsticle size, intrinsic viscosity and
solubility than NPS. Thus, there is evidence thatches can be modified to impart specific
characteristics in meat products. It should beadhttat physically modified starches are
modified without enzymatic hydrolysis and chemicaisl therefore, are classified as native
starches, while often having more functionalityriimative starches.

Similar to WHC, studies have been made to provesthelsion stabilizing property of
different ingredients in meat emulsions. Nativedtas, fibres, seaweeds, vegetable powders
and hydrocolloids can be used to improve emulsiability in meat batters (Petracci et al.,
2013). Studies of Youssef & Barbut (2011) reveaked the addition of soy protein isolates
to lean meat emulsion batters increased moistteatien; increased emulsion stability and
decreased cook loss. Similarly, Paglarini et &18) studied the influence of carrageenan on
WHC of meat emulsion gels at different concentragimixture using Plackett —-Burman
design. Results of WHC tests revealed that carreageaddition increased the WHC of
emulsion mixture and improved emulsion stabilityahother study made by Younis &
Ahmad (2015), apple pomace powder obtained frontegmocessing used as a functional
ingredient in buffalo sausages effectively improteel emulsion stability, water activity and
cooking yield.
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While research has shown that many ingredientsrzaease the water-binding and
emulsification of meat matrices, as shown in Téhlprotein solubilisation and muscle
binding remain a challenge when phosphates arevennd hat is because these ingredients
do not act on the acto-myosin complex like phospl@tabhu & Husak, 2014). One specific
challenge is in binding of pieces to create refampeducts as for it is difficult to form a
sticky exudate without phosphate, for which transghinase could be an option (Feiner,
2006; Lampila, 2013).

3.1.2. Texture and sensory characteristics of phatepfree meat products

Phosphates plays a major role in the textural ptegseof meat products. Many studies have
assessed the effect of different ingredients ondkieiral and sensory characteristics of meat.
In a study made by the Cox & Abu-Ghannam (2013)jraglseaweedl. elongata, at

different concentrations (0, 10, 20, 30 & 40%) ezbpatties resulted in improved water
binding properties, decreased the cooking loseesased tenderness and sensory properties.
Similar results were obtained when theelongata (5.5%) was incorporated in frankfurters
and breakfast sausages whereby the hardness amohebe of the products were also
enhanced upon their addition (Lopez-Lopez, CofraResz-Capillas, & Jimenez-Colmenero,
2009). A recent study by Choe et al. (2018) usimger mushroom powder

(Flammulinavel utipes) as a phosphate replacer in emulsion-type saushgeged that adding
1% of mushroom powder inhibited lipid oxidation gmduced better textural characteristics
in sausages.

Though the ingredients have various advantagesptdcing phosphates, there are some
negative attributes imparted in the meat produeis.example, although there was improved
water holding capacity and decreased cooking angedosses, studies revealed that
incorporating pea proteins in meat products produmegative impact on the textural attribute
(Pietrasik & Janz, 2010; Sun & Arntfield, 2012)u@ies of Resconi, Keenan, Garcia, et al.
(2016b) suggested that a reduction in phosphateeboan be made by adding significant
amount of starch to the reformed hams without comising the quality. However, a
reduction in the sensory quality was observed witersphates are completely replaced by
rice or potato starch. Hence, some ingredients Hawgnstrated potential and could be
optimised with further research but it remains lgrajing to replace phosphates due to their
multifunctionality in meat products.

3.1.3. Colour and oxidative stability

In principle, phosphates play a small role in colfitrg the lipid oxidation and improving the
colour stability of the meat products (Choe et2018). While the majority of research has
been conducted with emphasis on other quality petens, some research has been
conducted on the effect of phosphate alternatimesotour and oxidative stability. In a study
of Choe et al. (2018) it was shown that there isigaificant colour difference in the
emulsion type sausages when added with winter rmnaghpowder. In contrast, in the study
made by Choi et al. (2016), addition of apple poerfdare to fat-reduced chicken sausages
affected the colour of the product. Thus, the colafthe meat products may vary according
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to the type of ingredients used as some ingredieatshave naturally darker colour than the
meat or phosphates and thereby contribute to tleeigondependent of oxidative status.

In general, studies of high pH alkaline solutionshsas sodium chloride, ammonium
hydroxide, sodium hydroxide solutions show potdntaeplace phosphates in the meat
enhancement solutions (Parsons et al., 2011a; maes@l., 2011b; Rigdon et al., 2017).
Using the high pH alkaline solutions as enhancerselution increase the pH of the meat
system resulted in increased water holding capaaiyroved tenderness and colour. For
example, study of Parsons et al., (2011a) usingne lsontaining 1% ammonium hydroxide
(AHT) in beef strip loins demonstrating that phosigs can be replaced with improved
colour and retail display properties. However, tluthe increased pH, the microbial load of
the AHT strip loins were higher when compared ®dbntrol. Hence, care must be taken to
optimise the pH without affecting the shelf lifetbe product

In relation to oxidative stability, studies of Badshio, & Ohshima, (2008) demonstrated an
increase in pH and a decrease in oxidation whenobmiushroom extract containing
ergothioneine was added to beef and fish meatsitiqu®ving the retail display
characteristics. Also, the study of Choe et al1l@Ghowed there is no significant difference
between the oxidation of sausages treated withg#tadss or winter mushroom powders.
Thus, ingredients which do not modify colour anti@aadative activity could contribute
towards phosphate reduction in meat.

3.2 Processing technologies for phosphate reduction in processed meat

The consumer demand for high quality and less psaokfoods with minimal ingredients
and additives has resulted in the shift towardswative non-thermal clean processing
technologies like power ultrasound, high presspli@sma technology, pulsed X- ray,
ultrafiltration and electrical methods. These nberinal technologies can overcome the
disadvantages of thermal technologies by maintgitlie sensory and nutrient value and
ensuring microbial safety of the processed foodguglia et al., 2017). The mechanisms of
some technologies could assist in phosphate rexfuctimeat products when used alone or in
combination with phosphate alternatives. Cold aphesic plasma, pulsed UV light and
ozone are used as surface treatment and mainlyfaissdrface decontamination of
pathogens in meat products (Troy et al., 2016)sdeuelectric fields (PEF) and Shockwave
(SW) are two emerging technologies for meat apptinaBoth technologies have the
potential to rupture the meat matrix and therebyl@¢amprove ingredient interaction with the
proteins. A study by Toepfl, Heinz and Knorr, (2D@&monstrated that PEF could improve
the WHC, yield and texture of injected hams contggmphosphate. Similarly, while SW has
not been assessed directly for phosphate remavalsiudy on sausages containing various
levels of salt (1.8-1.9 % or 2.2-2.4 % NacCl), Swatment reduced the cook loss by 2% in
the 1.8-1.9% NaCl sausages (Heinz, 2014). Recenphensive reviews of the
mechanisms and potential of PEF and SW for theetésation of meat exist (Troy et al.,
2016; Warner et al., 2017). However, their appiazabn the processed meat is limited.
Hence, ultrasound (US) and high pressure proce$kiRg) will be discussed in more detail.
Specific focus is put on their interaction witheattative ingredients in creating minimally
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401 processed meats with reduced or removed phosphiaiteh is a novel approach to cleaner
402 labelled processed meats.

403  3.2.1 Power Ultrasound

404  Power ultrasound is a non-thermal processing tdoggdhat uses sound energy of

405  frequencies higher than human audible range (>2) kHd lower than microwave

406 frequencies (10 MHz). The detailed information amious physical and chemical

407 mechanisms that causes ultrasonic effects canumel fim several comprehensive reviews

408  (Alarcon-Rojo, et al., 2015; Alarcon-Rojo, et &019). Studies have been conducted using
409 ultrasound for microbial inactivation in meat (Kagigal., 2017a), meat tenderness (Warner et
410 al., 2017; Chang et al., 2015), accelerated meaiggsing like brining and curing

411  (McDonnell, Lyng, Arimi, & Allen, 2014; Ojha et al2016). In terms of the possibility of

412  US in a phosphate reduction strategy, this coudtlde improved functionality of ingredients
413  for meat application by pre-treatment with US, ioyed ingredient distribution within the

414  meat matrix or the effect of US on meat qualitygoaeters when applied to the manufactured
415  product.

416  3.2.1.1. Water-binding and ingredient distributmoperties

417  US can also be used to modify the WHC and oil mgjdiapacity (OHC) of added alternative
418 ingredients without any adverse effect on theipprties. Studies of Resendiz-Vazquez et al.
419 (2017) showed that there is a significant changberWWHC and OHC of jackfruit seed

420 protein isolates when treated with high intensityasound for 15 min at 20 kHz with power
421  input level of 200, 400 or 600 W. Further, Kohrakt(2016) studied the effects of US on the
422  water absorption capacity of added ingredients. Mth@ groups of ingredients (proteins and
423  polysaccharides) were treated in an ultrasonic math at 40 kHz frequency for 15 and 30
424  min, significant increases in the water absorptiapacity (WAC) for polysaccharides were
425 observed. In a recent study, Pinton et al. (20a9hd that 18 min of US (25 kHz, 230W)

426  could account for a 50% reduction in phosphatel$evemeat emulsions.

427  US has been shown to accelerate mass transfahmtoeat matrix. Studies of Ozuna, Puig,
428  Garcia-Perez, Mulet, & Carcel (2013) assessedppbcation of ultrasound on pork brining
429  kinetics and found that US increased the NaCl hedrioisture effective diffusivities.

430  Similarly, research by McDonnell, Lyng, Arimi, & &In (2014) proved that meat curing time
431 can be reduced by up to 50% by operating US at-pdale on pork curing. In the same

432  study, there was no significant effect on the dyaind sensory properties of sonicated meat.
433  QOjha et al. (2016) also showed that ultrasoundrreat during pork brining could accelerate
434  the diffusion of a commercially available salt g@r which targets sodium replacement.

435  Thus, US can accelerate the diffusion of salt aygbibly, other additives in meat during

436  brining.

437  Therefore, this combined ability of US to reduceitide requirements, improve ingredients
438  distribution in meat products and increase thetfonality of ingredients could be applied as
439  hurdle approach towards phosphate reduction in preatucts and warrants further

440  investigation.
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3.2.1.2. Texture/sensory properties

Application of ultrasound through a biological stiwre produces compressions and
depressions in the microstructure resulting intediain and studies have indicated that this
results in microstructural changes to the meatiméiro et al., 2009). A number of
experiments have studied the effect of ultrasounthe textural properties of meat (Alarcon-
Rojo et al., 2015). As discussed in a comprehenswview by Warner et al. (2017) the effect
of US on meat texture is dependent on many prawg@gsirameters, thus, the results in the
literature are variable. Similarly, Pinton et &019) found that the efficiency of ultrasound
in meat processing was dependent on processingptaes when applying US (25 kHz,
230W) for 9 or 18 min to meat emulsions. It imsnd that 18 min of US could off-set
defects caused by up to 50% phosphate reductiduding increased cohesiveness and
higher texture scores in sensory analysis. On titver dvand, other authors have found no
change to textural properties of meat sonicatethduorining, however they did find
accelerated diffusion of NaCl (McDonnell et al. 12). Therefore, there is evidence that US
has the ability to reduce additivequirements, improve ingredients distribution affeset
quality defects caused by phosphate reduction. Mekyéhe optimisation of several process
parameters is required when applying US to meat.

3.2.1.3. Oxidative stability

Ultrasound treatment can lead to the formationred fadicals that might accelerate lipid
oxidation in meat products. Studies showed thatgukigh intensity ultrasound on meat
products increases the lipid and protein oxidati@t could affect the textural properties
(Chang et al., 2015; Kang et al., 2017b; AlarconeRet al., 2019). However, they can be
controlled using various factors like pressure,gerature and ultrasound settings (Pinton et
al., 2019). In the study made by Pinton et al. @0there is no increased lipid oxidation
when cooked meat emulsions were treated with witiagpower of 25kHZ for 9 and 18

mins. Thus, optimisation of processing parametesiportant to maintain quality
parameters.

4.2. High Pressure Processing

High Pressure Processing (HPP) is another imponamithermal processing technology.
HPP subject food products to very high hydrostatessure from 300-600 MPa and mild
temperatures (<4&) which can inactivate micro-organisms and enzyimésod products
without any effect on product colour, flavour andritional composition (O'Flynn et al.,
2014). More detailed information on effects of HRPchanism on meat products are found
in several studies (Hygreeva & Pandey, 2016; Chah,e2017).

3.2.2.1. Water-binding properties

HPP can cause conformational changes in protesualrig to protein denaturation,
aggregation or gelation which helps to improvefthretionality of comminuted meat
products. In doing so, HPP also plays a majorirolmproving the water holding capacity of

12
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meat products. Various studies have reported oefteet of HPP on the water binding
capacity (WBC) of meat products (Zheng, Han, Yafig, & Zhou, 2018). Pressurisation of
meat products resulted in an improvement in gehfog properties of meat proteins thus
enhancing the WHC and textural characteristics @htnproduct. Results from various studies
showed that HPP increased the emulsion stabiligywmess, cohesiveness, hardness,
gumminess and decreased cooking and purge lossahproducts (Inguglia et al., 2017).
Studies of Crehan, Troy, & Buckley (2000) asseskeceffect of HPP on frankfurters with
various salt levels and reported notable improvamienthe juiciness and textural properties.
Studies have also shown that HPP plays a majolinakplacing additives in meat products
by promoting the cohesive properties of meat pedidHeat set gels formed after HPP
treatment in comminuted meat products have imprebedacteristics with both low and

high salt concentrations (lkeuchi, Tanji, Kim, &Ziki, 1992). Grossi et al. (2012) studied
the effect of HPP treatment on salt-reduced sassagke carrot fibre and/or potato starch as
salt replacers. Pork sausages with different foatms of salt, carrot fibre and/or potato
starch were treated with 400, 600, or 800 MPa faniftutes at 5 or 48C. Results of WBC
tests proved that the incorporation of HPP andvafoectional ingredient improved the

water holding capacity of low salt sausages tcstmae level as high salt sausages. From the
experiment it was concluded that HPP at 600 MPaednce the salt content of hydrocolloid
containing pork sausages from 1.8 to 1.2% withoytreegative impact on the WBC, texture
and colour. Similar results were obtained whenrealticed hams were treated with 100 MPa
(Tamm et al., 2016).

3.2.2.1. Texture and sensory properties

O'Flynn et al. (2014) investigated the use of tpgssure processing on phosphate-reduced
breakfast sausages and its effect on physicocheamdasensory characteristics. Sausages
with 0, 0.25, 0.5% phosphate content were manufedtusing the raw minced pork meat
which was pre-treated with HPP at 150 or 300 MP& faninutes. Analysis found that HPP
treated phosphate-free sausages had improved emstsibility compared to the non-HPP
treated control. However, a slight decrease inuloeness was observed for the sausages
treated with HPP. From the comprehensive resultes concluded that the administration of
HPP treatment at 150 MPa for 5 minutes had a pesgtifect in reducing the phosphate
content in low fat breakfast sausages to 0.25%owitAny negative impact on the functional
characteristics. Despite various successful reselidences from experiments showed that
there were some negative effects on the sensorg@reptability characteristics on the meat
products. Decreased functional properties in sassagre observed when they are treated
with HPP at 300 MPa (O'Flynn et al., 2014). Apgiiea of high pressure over 400 MPa
reduced the WHC in meat batters thus affectingéresory characteristics of the meat
product.

3.2.2.3. Colour and oxidative stability

The study of Fuentes et al., (2010) showed thdicgtipn of high hydrostatic pressure of
600 MPa for 6 minutes increased the lipid and pnad&idation in vacuum packaged Iberian
dry cured ham. Similar increase in the protein lgrid oxidation were obtained when high

13
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pressure of 600 MPa was applied to the cooked andyround beef for 5 minutes (Jung et
al., 2013). Other disadvantages of HPP are a rinhuict sensory properties due to the
resistance offered by food enzymes and pressusgaresbacterial spores resulting in
spoilage of food (Inguglia et al., 2017). This Hights the importance of optimisation
processes which is suitable for processing parasete

Nonetheless, the ability of HPP to solubilise artlaet myofibrillar proteins, improve WHC
and ingredient interaction in meat helps in thaiotidn of additives like phosphates. Indeed,
there are a lack of studies assessing the interactiHPP and alternative ingredients as
phosphate replacers in meat products.

5. Conclusion (Future Trends)

With focus on consumer’s preference towards clabgllhealthier food products, this review
discussed the potential options available to crpaieessed meat with reduced or removed
phosphate additives. Different potential phosphapéacers and advanced processing
technologies were outlined to overcome the phogghadded in meat products. Although
studies proved that there were many advantagestwate alternative techniques, there are
often negative effects on the quality of the meatipcts. Studies on phosphate reducing
strategies should be made considering the physgroical and sensory characteristics of
processed meat products. Combining novel technedddie HPP and US with potential
phosphate replacers could be one possible solwiowever, cost -analysis study of these
technology usage would be required in order to entheir commercial viability in the
future.

Funding: This work was conducted as part of the REGECH project which is kindly
supported by the Teagasc - The Agriculture and Fa®¢elopment Authority of Ireland as
part of the Walsh Fellowship Scheme and Teagagediéunding
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Table 1. List of phosphates used in meat products with corresponding P,0; content adapted from Nguyen et
al. (2011) and Lampila & McMillin (2017)

Common names Chemical structure pH (1% P,0s content E* number
solution) (%)
Monosodium phosphate % 4.4-4.8 59.2 E339(i)
Ho™ o Na*
OH
Disodium phosphate 2 8.6-9.4 50.0 E339(ii)
HO’T\O Na*
O Na*
Trisodium phosphate 9 11.9-12.5 43.3 E339(iii)
/P\ -
Na* 0" 0O Na*
O Na*
Tetrasodium pyrophosphate o O 9.9-10.7 53.4 E450(iii)
NaO—FID—O—l?—ONa
ONa ONa
Sodium acid pyrophosphate o 0 4.0-4.4 64 E450(i)
HO-P-0O-P-OH
ONa ONa
Sodium tripolyphosphate or oc o o 0 9.5-10.2 57.9 E451(i)
N =z
pentasodium phosphate N"\o>i/ \Z/ \Z<o/"a
Na/ Né \Na
Sodium hexametaphosphate Na(;g\:/o\igf 6.3-7.3 69.6 E452(i)
| 1 /O
+ 1 /O O\'?\/ +
Na" "0 0. ,OO. Na
RO,
Na*'0 00 O'Na
Potassium monophosphate , . oH 4.4-4.8 52.1 E340(i)
K O—Iﬁ‘—OH
Dipotassium phosphate OH 8.6-9.4 40.8 E340(ii)
K*o'—!'?—o’K+
0}
Tripotassium phosphate Q 11.9-12.5 334 E340(iii)
K" "0~ R\_O'+K+
O K
Tetrapotassium o 0 10.0-10.5 43.0 E450(v)
KO-P-0-P-OK
rophosphate | |
pyrop P OK OK
Potassium tripolyphosphate (ﬁ 9.5-10.2 47.5 E451(ii)

7:Q=—v=0C

-




*E numbers — stands for the codes for the food additives permitted to use within the European Union by the
European Food Safety Authority. Roman numerical in the E numbers denotes the different type of phosphate
with same cationic group. For example, E339 (i), (ii), (iii) denotes the different types of sodium phosphate
groups while E450 (i), (iii) denotes the different sodium pyrophosphates.



Table 2 List of different ingredients that can used as a potential phosphate replacer based on the techno-functionality they impart in different meat products.

Techno -
functionality

Ingredients

Meat product

Effects

Reference

Water holding
capacity & cook
yield

Potato starch and
sodium carbonate

Rice starch and fructo-
oligosaccharides

SavorPhos containing
citrus fibre

Pea and carrot fibre

Seaweed H. elongata

Dehydrated beef protein
Cuttlefish gelatine

Pea protein

Rye bran, oat bran and
barley fibre

Carrageenan

Pork loin

Cooked hams

Marinades for rotisserie
birds and boneless-skinless
breast

Comminuted meat products

Beef patties

Brines for beef steaks
Turkey meat sausages

Comminuted meat products

Low-fat sausages and
meatballs

Tumbled meat products

Improved cook yield

Improved WHC and negative cook yield

Same WHC and cook yield when
compared to the control

Increased WHC

Improved water binding and cooking
yield

Decreased total fluid loss
2.5% increase in WHC

Improved WHC and decreased cook and
purge loss

Oat bran (6%) increased gelling
properties, decreased frying loss in

sausages while rye bran (2.1%) improved

sensory characteristics

Improved cook yield, WHC

Prabhu & Husak (2014)

Resconi, Keenan, Barahona, et al.
(2016a)

Casco et al. (2013)

Petracci et al. (2013)

Cox & Abu-Ghannam (2013)

Lowder et al. (2011)
Jridi et al. (2015)

Pietrasik & Janz, 2010; Sanjeewa,
Wanasundara, Pietrasik, & Shand
(2010)

Petersson, Godard, Eliasson, &
Tornberg (2014)

Petracci et al. (2013)



Sugarcane dietary fibre

Carrageenan
Sodium bicarbonate

Microbial
transglutaminase

Sodium bicarbonate

Sodium bicarbonate

Low-fat meat batter

Turkey sausages

Cooked chicken breast fillets

Pork batter gel

Marination of broiler breast

meat

White shrimp

Increased water and fat-binding. 2%
sugarcane dietary fibre resulted in
comparable acceptability to the control

Increased WHC
Increased WHC and texture properties

Decreased cooking loss with increase in
transglutaminase concentration

Higher water retention and improved
cook yield

Improved WHC and cook yield

Zhuang, Han, Kang, Wang, Bai, Xu, &
Zhou (2016)

Ayadi et al. (2009)
Mudalal et al. (2014)

Pietrasik & Li-chan (2002)

Petracci et al. (2012)

Wachirasiri et al. (2016)

Emulsion
stability

Apple pomace powder

Apple pomace powders

Carrageenan

Makgeolli lees fibre

Pig plasma
transglutaminase

Mushroom powder
Agaricusbisporus

Buffalo sausages

Reduced fat chicken
sausages

Meat emulsion gels

Reduced fat pork
frankfurters

Low-salt chicken meat balls

Meat emulsion batters

Improved emulsion stability and water
activity

Increased emulsion stability

Increased emulsion stability

A 10% fat reduction can be achieved,
with similar product characteristics, by
2% fibre addition

Increased gel strength and increased
emulsion stability

Increase in emulsion stability

Younis & Ahmad (2015)

Choi et al. (2016)

Paglarini et al. (2018)

Choi, Park, Kim, Hwang, Song, Choi,

Kim (2013)

Tseng, Liu, chen (2000)

Kurt & Genccelep (2018)




Textural and
Sensory Quality

Winter mushroom
powder

Rice starch and potato
starch

Soy hull pectin and
insoluble fibre

Wheat fibre

Citrus fibre

H. elongata

Seaweeds L. japonica

Sodium carbonate and
inulin

Potassium carbonate

Ammonium hydroxide
(1%)

Alkaline electrolysed
water

Emulsion type sausages

Reformed ham

Beef burger patty

Reduced meat and fat
burger patty

Uncured all-pork bologna
and oven-roasted turkey

breast

Frankfurters and breakfast

sausages

Fat reduced pork patties

Restructured poultry steaks

Pork meat

Brine for beef strip loins

Pork loin

Inhibited lipid oxidation and better
textural properties

Reduction in sensory qualities were
observed when phosphate is completely
removed

Pectin minimized water loss and texture
defects

Up to 3.75 g fibre addition achievable
with the same sensory acceptance as the
control

Products had similar physical, chemical
and sensory characteristics to products
with phosphates in them

Enhanced hardness and chewiness

Improved textural and sensory qualities

Same sensory and textural qualities

Increased sensory quality

Improved display quality

Negative textural and sensorial
properties
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Kim, Miller, Lee, & Kim (2016)
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Carvalho, Rodrigues, Trindade (2019)

Powell (2017)

Lopez-Lopez, Cofrades, Ruiz-Capillas, &
Jimenez-Colmenero (2009)

Choi et al. (2012)

Oztiirk and Serdaroglu (2017)

LeMaster et al (2019)

Parsons et al. (2011a)
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Figure 1. Some important functionalities of phosphates in meat products

*However, the quantities used in meat are not high enough to have a significant bacteriostatic

effect.
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Figure 2. Phosphate replacing strategy in meat products using phosphate replacers and novel
processing technology



Highlights:

* Phosphates are highly functional additivesin meat products

* Alternative ingredients cannot fully replace the effect of phosphates in meat

* Novd technologies can be combined with ingredients for better functionality in meat
» Power ultrasound can accelerate ingredient diffusion and dispersion in meat

» High pressure processing can improve meat-protein interaction with ingredients



