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ABSTRACT

Ultrasonic processing of fermented milk products bi@ated much interest in current research
on dairy products. This has been employed in cedtumilk products to enhance the
emulsification of milk fat and to intensify the feentation process. Benefits including
remarkable product stability, reduced processimg tand enhanced quality are being recorded.
Ultrasound (US) altered the colour and flavour peadf milk; however, the effect of US-
induced fermentation on the synthesis of flavoumpounds in milk has not been reported in the
literature. This review paper presents a comprahersgenario on the impact of power US on
the fermentation profile and quality of ultrasoniizg@rocessed dairy products. A theoretical
background on US and details of its effect on tle¢atmolic performance of lactic acid bacteria
are presented. Finally, it describes how the quatiributes of fermented milk gels are modified

due to the intensification of the fermentation gexwith US.
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1. I ntroduction

Ultrasound (US) refers to sound waves above a &egyof 20,000 Hz, which are not
detectable by the human ear, and can be dividedhnée main categories based on frequency
range: (i) power US (20-100 kHz); (iii) high-frequoy US (20 kHz — 2 MHZz) and (iii)
diagnostic (1-10 MHz) (Awad, Moharram, Shaltoutkés & Youssef, 2012; Martini, 2013b).

Power US has energy intensities between 10 and 06672, When power US travels
through a medium, it causes significant physical ememical changes through a phenomenon
called “acoustic cavitation” that induces the fotioia of cavities (Martini, 2013a). This has been
widely employed in the food industry for technokegsuch as drying, deforming, microbial
inactivation and emulsification (Charoux, Ojha, ©fiell, Cardoni, & Tiwari, 2017; Kumatr,
Karim, & Joardder, 2014). The application of powks in emulsification/homogenisation and
microbial inactivation in milk has been extensivedyiewed by Awad et al. (2012), Chemat and
Khan (2011) and Paniwnyk (2017) and, thereforesidatof the focus of this paper.

Intensification of milk fermentation using power i§Ssanother area of interest in the
dairy industry. Fermentation is the most time- sggburce-consuming stage during the
manufacture of cultured milk products. Numerougagesh studies have revealed that power US
can enhance the fermentation rate of lactic actidbiza (LAB) by modifying their metabolism
while improving the quality characters such as whatéding capacity (WHC), texture profile
and syneresis of fermented milk gels (Riener, NGopnin, Morgan, & Lyng, 2010; Sfakianakis,
Topakas, & Tzia, 2015; Shershenkov & Suchkova, 20@6wever, the application of power US
in dairy fermentation has not yet been adequataliewed in the literature. While a recent

review by Ojha, Mason, O’Donnell, Kerry, and Tiwé&D17) revealed some avenues of
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applying US in milk fermentation, the objectivetbis review is to provide a comprehensive
analysis of recent studies on power US towardsawipg the overall fermentation profile of

dairy products.

2. Ultrasound apparatusfor fermentation experiments and acoustic cavitation

The major components of a US generation systeraragdectrical power generator,
transducer(s), and an emitter (Bermudez-Aguirrebiddo & Barbosa-Canovas, 2011); the
electrical generator supplies the required enevgun the transducer at a certain frequency. The
US transducer consists of a piezoelectric matdratl converts electrical oscillations into
mechanical vibrations of a similar frequency. Theaonfunction of the emitter is to discharge
the US wave from the transducer into the mediumredeer, the transducer can also amplify the
ultrasonic vibrations.

Ultrasonication devices are classified as eithexalli(US probe) and indirect types (US
bath) as shown in Fig. 1. In the direct type, atiowenergy is directly dissipated from the
transducer to the sample and this is approximdi@lytimes higher than the energy intensity of
indirect sonication (Marcela, Silvana, Fabiana, &an& Lisiane, 2018). In this system, a horn
is attached to the transducer to amplify the signal bring it to the sample. The tip of the horn,
often a separate attachable device known as arsdeotadiates the ultrasonic waves into the
sample. The higher cavitational intensity acquii@dess volume makes probe sonicators more
appropriate for laboratory scale operation thah Bahicators. In the case of indirect mode, US

is introduced to the sample indirectly through onenore transducers that are attached to the
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walls or at the bottom of a vessel. US energydgattly dissipated from the transducer to the
sample through a coupling fluid, most often wagar(cheti & Gogate, 2017).

When US waves pass through a liquid medium it eseatseries of compression (positive
pressure) and expansion cycles (negative presfuehg the negative pressure cycle, gaseous
impurities in the liquid medium such as pre-exigtiubbles that are coated with contaminants,
solid particles with trapped gases or tiny crevioethe walls of the vessel lead to the disruption
of the liquid medium and nucleation to form gaslilab (Leong, Ashokkumar, & Kentish,

2016). These bubbles start to grow in size duedtfied diffusion and bubble-bubble
coalescences.

Rectified diffusion is the uneven transfer of mémsugh the air/liquid boundary during
the rarefaction and compression phase of the seand cycle (Church, 1988). There are two
major causes for this uneven mass transfer, natasda effect” and “shell effect” (Leong et al.,
2016). The “area effect” means that the bubble laaharger surface area during the expansion
cycle, which increases the diffusion of gas anglesd vapour into the bubbles, but these are not
fully expelled during the subsequent compressiasplwhere the surface area is comparatively
smaller. The “shell effect” refers to the increaséhe thickness of liquid shell that covers the
bubble upon contraction, whereas the thicknessce=dduring the expansion phase. The
concentration gradient of gas is low when the balblals a thick mass transfer boundary layer
and vice versa and this results in a net accunomatf mass into the bubble. Once the US energy
provided is not adequate enough to retain the vaploase inside the bubble, the local pressure
declines to some point below the saturated vaprasgspre of the liquid. As a result, a rapid
condensation occurs and the condensed moleculedecablently, creating shock waves and

generating very high temperatfbbas, Hayat, Karangwa, Bashari, & Zhang, 2013artpet
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al., 2017). The implosion of cavitation bubbles g@tes an excessive amount of heat and the
temperatures within the bubbles that could go upb@®-6000 K within a short period of time
(Ashokkumar, 2011).

The creation, expansion and implosive collapseiofarbubbles in ultrasonically
irradiated liquids is known as acoustic cavitatjdorley & Bhandari, 2007). If cavitation occurs
close to a firm surface, the bubbles may break asstmcally and create fast-moving liquid jets
that may create localised surface damage. Therseasral physical effects generated in the
medium during the oscillation and implosion of ¢atron bubbles such as shock waves, shear
forces, micro-jets, turbulence, etc. (Bermudez-Aguet al., 2011; Louisnard & Gonzalez-
Garcia, 2011). Depending on the conditions used as@amplitude, temperature, pressure, and
the composition of the medium, several mechanisanse activated including increase of the
temperature, surface instability, generation ofaigin and friction, increase of mass transfer,
generation of free radicals and disruption of n&terials (Ashokkumar, 2011; Martini, 2013b;

Salazar, Chavez, Tur6, & Garcia-Hernandez, 2009).

3. Application of power ultrasound in lactic fermentation of milk

Application of both low power ultrasound (LPU) goolwer US in fermentation has been
reported in the literature. LPU has power inteasitielow 1 Werfi and is commonly used for
non-destructive analysis in the food industry tareleterise food components, often on quality
assurance lines and to monitor fermentation prese@$ovoa-Diaz et al., 2014) and is not a
focus for this review paper. On the other hand (®ith power intensities above 10 Wéin

alone (sonication) or in combination with exterpeéssure (manosonication), heat
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(thermosonication) or both pressure and heat (nhan@iosonication) has been reported to
influence the lactic fermentation in cows’ milk ysmilk and sweet whey and is outlined in

Table 1.

4. Effect of power ultrasound on fermentation time

Reducing the fermentation time in cultured dairgducts by US is one of the most
promising approaches that has been identified pusly in the literature (Bardké, Jakopou,
Herceg, Karlow, & Bozant, 2015; Nguyen, Lee, & Zhou, 2009; Riener et &1,

Sfakianakis et al., 2015; Shimada, Ohdaira, & Mawgz, 2004; Wu, Hulbert, & Mount, 2001).
For yoghurt, fermentation time is defined as thiernval between the time of addition of cultures
and the time at which the pH of the yoghurt reagité<.7 (Puvanenthiran, Williams, &
Augustin, 2002). Reduction of the fermentation timedps decrease production time and cost.
This can also be used to improve the consistendyttentexture of the milk gels. Shorter
fermentation time is reported to reduce the exténeéarrangements within the yoghurt gel
network that are caused by electrostatic repulsamaisthe dissolution of colloidal calcium
phosphate crosslinks. As a result, whey separatidnformation of large pores are decreased
compared with longer fermentation times (Peng, 2010

It was observed that the application of US (20 KE&Q W, 270 W and 450 W) for 8 min
to a mixture of Jersey and Holstein milk (samp#e gi50 mL) after inoculation with yoghurt
cultures followed by the fermentation reduced grenentation time by 30 min in set type
yoghurt (Wu et al., 2001). Similarly, Dolatowskia8nik, and Stasiak (2007) reported a

reduction of set yoghurt production time up to 4@%h the use of US. Further, the sonication of



175  reconstituted skimmed milk (15%, w/v) inoculatedivBifidobacterium sp at 20 KHz and 100
176 W for 15 min that was followed by the fermentatadr87 °C reduced the fermentation time by
177  11-26% (Nguyen et al., 2009). More recently, threnfntation of reconstituted sweet whey (6%
178  of the dry matter) by a US treated culturd_attobacillus acidophilus with 84 W for 150 s was
179  reported to reduce fermentation time by 30 min (R&c et al., 2015). In contrast, a few authors
180  have reported that ultrasonication led to a reduaabr total elimination of the lag phase of the
181  growth curve of lactic acid bacteria (LAB) in mikthout influencing the total duration of

182  fermentation. Sfakianakis et al. (2015) observedraplete disappearance of the lag-phase of the
183  lactic acid bacteria during the fermentation of-poaicated skimmed bovine milk (fat: 0.1%

184  wiw, SNF: 14% w/w) with power US (750 W at 500 nansple volume, 1500 kWi 10 min)

185  without affecting the total fermentation time. Mover, sonication of raw skim milk (fat

186  content: 0.1%) during the fermentation using arastinic water bath (45 kHz, 200 W, 17 kWm
187 ¥ significantly reduced the pH during the lag phesmpared with the untreated sample without
188  affecting the duration of fermentation process (&l al., 2016b).

189 Apparently, the effect of US on fermentation timaymely on process parameters such
190 as acoustic intensity, frequency, treatment dunatioe point of application (before inoculation
191  or after inoculation) and the composition of milk.an initial investigation, Shimada et al.

192  (2004) found that the fermentation time of a kefilture (time at which the pH reaches 4.5) was
193  shortened exponentially when the sonication frequevas increased from 28 kHz to 200 kHz
194  during fermentation. Consequently, authors suggdebt ultrasonic waves promoted the

195 fermentation process under conditions where caeitavas not generated, and was suppressed

196  when cavitation occurred. However, the influencéacfors such as different milk composition,
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starter culture used and process parameters orffigation kinetics have not been reported in
the literature to date.

Several mechanisms are proposed to describe tefrpbwer US in inducing the
fermentation process. Some authors suggested thea®improve membrane permeability of
starter bacteria, so allowing the release of igtatar enzymes such @isgalactosidaséeEC
3.2.1.23) from the cell (Ewe, Abdullah, Bhat, KayiéLiong, 2012; Nguyen et al., 2009; Wang
& Sakakibara, 1997; Wu et al., 2001). Another madra, proposed by Shimada et al. (2004)
and Piyasena, Mohareb, and McKellar (2003), is arglight local temperature rise due to the
heat derived from ultrasonic absorption may activhe lactic bacteria and shorten the
fermentation time. Moreover, Pitt and Ross (20@@jgested that US may accelerate the supply
of oxygen and nutrients for microorganisms andease the discharge of waste products from
the cells, thus enhancing microbial cell growthdifferent mechanism was hypothesised by
Nguyen et al. (2009), who demonstrated that timewdtitory effect of fermentation was due to
the leakage of some cellular contents sudprgalactosidase, complex photolytic systems and

some growth factors from the ruptured bacteridsaghder sonication.

5. Effects of ultrasound on cell membrane per meability

Sonoporation describes the progressive openinigeotell membrane due to micro-
bubble cavitation upon US exposure of cells (LekeéacDe Cock, Deckers, De Smedt, &
Moonen, 2014; Maciulevius et al., 2016). The micro-bubbles create mi¢reasning and/or
liquid jets (Maciulewius et al., 2016), which generate a strong sheaefthat breaks the

chemical bonds in the cell membranes (Tabatabdwo&azavi, 2008), puncture cell surfaces

10
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and create cell membrane pores (membrane pernsedinih). To date, there have been several
mechanisms proposed to understand the interactiomcoo-bubbles with cell membranes that
leads to sonoporation such as: (i) push and pidtedf micro-bubble, (ii) micro-streaming
(liquid flow around micro bubbles) that tears thed membrane, and (iii) penetration of micro
bubbles into a cell. The recent literature repotted relatively small oscillation amplitude at
lower US intensities exhibited higher impact on ¢k membrane, compared with non-adhered
micro-bubbles (Lentacker et al., 2014).

Furthermore, it has now been suggested that, &partthis mechanical stress, some
chemical effects induced by US are also respongiblpore formation. For example, stable
micro-bubble oscillations can induce the formatdrree radicals and molecular products such
as HO, (Gao, Hemar, Ashokkumar, Paturel, & Lewis, 2014apQ3 ewis, Ashokkumar, &
Hemar, 2014b)which play a vital role in lipid bilayer relocati@and membrane disruption
through lipid peroxidation. Furthermore, it wascatevealed that peroxidation of membrane
lipids (Ewe et al., 2012; Lentacker et al., 201dd aonformational unfolding of proteins that are
located on the surface of the cell membrane inereambrane fluidity and membrane
permeabilisation upon US treatment (Ewe et al. 220@rom the available literature, it is clear
that a low level of sonoporation can be used taawg the permeability of cell membranes,
resulting in improved mass transfer of substratesss the microbial cell membrane and
efficient removal of by-products of cellular metéibm, which eventually improves microbial
growth (Ojha et al., 2017). However, to achievedhsired level of cell permeabilisation and to
avoid cell death, ultrasound process parameters Ineusrecisely quantified and controlled,
because an excessive level of sonoporation cartéeamteakage of cellular content because of

the physical disruption and eventually lead to detth (Ojha et al., 2017).

11



243 Using microscopy, the effect of power US (20 kHz,m8in) on cell wall permeability of
244  lactic acid bacteria has been investigated by sévesearchers (Cameron, McMaster, & Britz,
245  2008; Shershenkov & Suchkova, 2015; Tabatabaie &&#avi, 2008). LAB that were exposed
246  to US treatment showed both pore formation andilegldamage (Ewe et al., 2012). Three types
247  of micro-damage, namely micro-cracks, micro-voidd euptures, have been identified in cell
248  membranes of LAB (Tabatabaie & Mortazavi, 2008).iAdtlepth analysis of the effect of power
249  US (20 KHz) on the extent of structural damagéfacidophilus was performed using

250 transmission electron microscopy (TEM) by Cameroal.2008) as shown in Fig. 2. It was
251 demonstrated that an US treatment of 5 min leatistio external and internal cell damagé.io
252 acidophilus where the cell terminus had been trimmed and anlomber of liposome-like

253 vesicles were presented inside the cells.

254 Moreover, flow cytometric analysis revealed thatid&eased both membrane

255  permeability and fluidity of LAB (Ewe et al., 2012)jhese changes may result from

256 emulsification of cell membrane lipids (lipid perdation) due to intracellular cavitation or

257  associated air bubbles. Therefore, it can be stggéisat the coagulation time of milk is

258  shortened by US as pore formation in bacterialroelinbranes increases cell membrane

259  permeabilisation and enhances the cellular trangonetabolites. However, it was observed
260 that the changes associated with the bacteriahreathbrane were more prominent with

261 increasing treatment amplitudes and treatment idms{Ewe et al., 2012). Therefore, the

262 optimum conditions for such ultrasonication parareshould be carefully determined before
263  applying sonication to the fermented dairy products

264

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

6. Effect of ultrasound on growth and cell viability of lactic acid bacteria during

fermentation

Depending on the intensity and the duration of caion, US has shown both
acceleration and inhibition effects on proliferatand viability of microbial cells. Application
of US (25 kHz, 160 W for 10 minhcreased the cell biomass and fibrinolytic enzyreluction
in Bacillus sphaericus due to de-agglomeration of cell clusters and imprognt of nutrient
utilisation (Avhad & Rathod, 2015). Similarly, Warfghi, Zhou, Yu, and Yang (2003) observed
an increased proliferation ability 8accharomyces cerevisiae upon US treatment due to
enhanced membrane permeability. Lanchun et al.3)2d@ind that US treatment &f cerevisiae
during the lag phase and exponential phase enhaetlagrowth and proliferation by
overcoming the mass transfer limitations with teaeyation of strong convection through
micro-streaming. Moreover, Dahroud et al. (201&vedd that US treatment at 60% amplitude
for 15 s increased the logarithmic phase duratrmhgrowth ofLactobacillus casei subsp casei
in MRS broth (Fig. 3).

The inhibition effect is due to unrepairable celluhjuries such as breaking and shearing
of the microbial cell wall when exposed to intekk® Gao et al., (2014b) suggested that this
was mainly due to the mechanical forces and thespre changes generated through the violent
collapse of micro-bubbles within the microbial edfintracellular cavitation) that eventually
resulted in a cell death (Piyasena et al., 2008)il&1y, this can damage the cytoplasmic
membrane, which results in the leakage of intrataalicontents and coarseness of the cell
membrane by the deposition of cell debris on thiéase of other cells (Huang et al., 2017). The

intensity of US and the duration of the sonicastiould therefore be carefully selected for

13
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application in probiotic dairy products where thable cell count (VCC) is a critical parameter
in determining the shelf-life. The growth and viapiof LAB under various ultrasonication
conditions, observed by different researchers amengarised in Table 2.

An inhibitory effect on the VCC of lactobacilli wabserved by Wang and Sakakibara
(1997) during continuous sonication (200 kHz, Ik m 2) within the fermentation period.
Interestingly, sonicated fermentation did not aftbe proliferation ability of the lactobacilli
cells that survived and the cell counts rose wieeméntation continued under static conditions.
However, the initial reduction of VCC may resultarslower acidification during the
fermentation process, leading to extended fermientame.

Some research findings revealed that the frequandfor power of ultrasonication that
exerts a lethal effect towards microbial cellsependent on the type of microorganism; different
strains have a different response to US (Huany,e2Gl7). Therefore, it can be expected that
US may affect the viability of different lactic adbacteria to different extents. Though the
effectiveness of ultrasonication on cell viabildgn be simply assessed through enumeration of
microbes before and after treatment, differencdd¢Srparameters used in previous studies make
comparison of results difficult. Additionally, theeare several other variables that influence the
effect of US on growth and viability of microorganis such as process parameters (temperature,
amplitude, pressure and duration of sonication)thacghysical and biological properties of the
microorganism (growth phase, size, capsule thicknesc. (Gao et al., 2014b; Puvanenthiran et
al., 2002; Vercet, Oria, Marquina, Crelier, & LopBaesa, 2002). Similarly, volume of food
being processed and the properties of the foodh aacomposition, viscosity and size of
particulates, may influence both the stimulatiod aractivation effects of US on

microorganisms (Piyasena et al., 2003); this wasraumther investigation. There is, however,
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another important factor, i.e., the level of in@tidn, which determines the effectiveness of
sonicated fermentation; inoculum rates differeatrfthose used in commercial manufacturing
might produce different results during sonicatathintation, but this is not reported in the

literature.

7. Effect of ultrasound on enzyme activity

B-Galactosidaseg3fgal, B-D-galactoside galactohydrolase or lactase) is tHerma
intracellular enzyme possessed by LAB to catallgsehiydrolysis off-D-galactoside to galactose
(Hermanson, 2013). Several authors found that d8la@ated the activity d¢f-galactosidase in
the LAB (Ewe et al., 2012; Nguyen et al., 2009; \YaBakakibara, Kondoh, & Suzuki, 1996).
This stimulation activity may be due to the colieeteffects of US such as: (i) enhanced
membrane permeabilisation of LAB causing the rededsntracellular enzymes into the
substrate network (Ewe et al., 2012; Wang & Salkakip1997), (ii) reduction of the activation
energy of the enzymes (Delgado-Povedano & de C&db) and (iii) alteration of the
characteristics of the enzyme and the substratertg enhance the exposure of active sites of
membrane-bound enzymes to substrates (Ewe eDaR; Pluang et al., 2017).

Alteration of the enzyme structure upon US treatmeas observed by Ma et al. (2011)
with free cellulase where thehelix structure was partially deformed and thed@an coil
content and the number of surface tryptophan resieere increased upon US treatment (24
kHz, 15 W, 10 min). It might be assumed that thengfes to the unique structure of the enzyme
and/or the substrate should reduce the activith@enzyme owing to failure in forming specific

enzyme-substrate complexes. However, some comigassults were achieved with cellulase
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where the enzyme activity was increased by 18.1 % WS treatment compared with untreated
cellulase (Wang et al., 2012). Similar findingstwiespect to increased enzyme activity were
reported by Huang et al. (2017) where the degréwyaifolysis of US treated rice proteins was
improved due to significant changes to the mictmstire of the substrate. Although it was
proposed that US with suitable intensity and freqpyamproves efficiency of enzymolysis due
to sonochemistry effects such as cavitation, @edh and magnetostrictive effects on the
molecular conformation of enzymes and substrates)dr experiments are warranted to
elucidate the exact mechanism behind the accalarafiaffinity between the enzyme and the
substrate upon sonication.

It has been claimed that process parameters sudiiraison of sonication and amplitude
have different influence towards activity of intedlalar and extracellular enzymes (Nguyen et
al., 2009). Bacterial cells treated with increasetblitude US for shorter duration (1 min)
showed significantly higher intracellular enzyméiaties, whereas higher amplitude and longer
duration (3 min) were favourable with respect tovety of extracellular enzymes. This was due
to an increase in lipid peroxidation by higher aituple and longer duration of US treatment
which eventually enhanced membrane permeabilitgohtrast, prolonged exposure to
sonication (30 min) reduced the activitypafalactosidase iB. longum possibly due to
decreased cell viability (Nguyen et al., 2009).

Moreover, it was observed that the effect of USpss parameters on enzyme activity
varied with the particular strain of LAB used. TBisain-dependent effect upon sonicated
fermentation was assumed to be influenced by salrvate, the inherent ability of the LAB
strain to producg-galactosidase and growth phase. The effect of @iféerent strains of the

LAB was exhibited by Nguyen et al. (2009) wh&i&dobacterium breve andBifidobacterium
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infantis were more resistant to US and showed higher fetatien rate, even though they had
lower enzyme activity. Wang and Sakakibara (198pprted similar findings in that
Lactobacillus delbrueckii subspbulgaricus showed higheg-galactosidase activity (1.5 unit;
where 1 unit op-galactosidase activity was defined as the amolititeoenzyme that liberated 1
pmol o-nitrophenol fromo-nitrophenyl$-p-galactopyranoside per éraf sample per min)
compared with.b. acidophilus (0.05 unit) upon sonicated fermentation (200 kHz2 kW nv):
Further, they revealed the releas@-@falactosidase under sonicated fermentation wasipemt
in Lb. delbrueckii subsp. bulgaricus during the exponential phase of growth where dielsion

is active.

Additionally, the activity of3-galactosidase was dependent on several othergzroce
conditions such as pH, temperature, ionic streagthpresence of inhibitors. Stability ®f
galactosidase was optimum at pH 6.0-7.0 for the I0AMBng & Sakakibara, 1997; Wang et al.,
1996). When the pH varied from this optimal rarthere was a significant drop in enzyme
activity. Wang et al. (1996) observed that thewatgtiof extracellula3-galactosidase decreased
by 90% and 57% when the pH changed from 6.5 t@bdbfrom 7 to 8, respectively. However, it
was reported that the intracellufggalactosidase was comparatively more resistantaltree
protective mechanism of the bacterial cell membramech isolates the internal content of the
microbial cell from the external environment. Ferththis favourable pH range for the optimum
activity of B-galactosidase was influenced by some other vasahlch as temperature and
presence of ions. At 25 °C, the enzyme was relgtstable at all pH levels, whereas, at higher
temperatures (51 and 56 °@)galactosidase was stable only at pH 6 and 7. Rtesaf cations
such as Naand K affect the stability and activity @galactosidase differently. Nacts as a

strong inhibitor of thg-galactosidase enzyme where lactose was the sigh€h@mpared with
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Na’, the stability of3-galactosidase was higher with the presence’ §Kkeft & Jelen, 2000).
Apparently, sonication enhanced fligalactosidase activity of LAB and the maximum atyi
of B-galactosidase could be achieved if sonicated fetatien was carried out under optimum

conditions.

8. Effect of ultrasound on lactose metabolism

High-intensity US was used to accelerate lactoskdtysis in milk through the
modification of metabolic performance of LAB (Dahrbet al., 2016; Kreft & Jelen, 2000;
Nguyen et al., 2009; Toba, Hayasaka, Taguchi, &chdal990; Wang et al., 1996; Wang &
Sakakibara, 1997). Several authors reported thadadd8lerated both consumption of lactose and
production of glucose, galactose and oligosacchayidnd the effect was improved with
prolonged sonication. Lactose consumptiorBiydobacterium sp.andLactobacillus sp. was
enhanced 2—4 times compared with non-sonicatedlsarfigguyen, Lee, & Zhou, 2012; Toba et
al., 1990; Wang et al., 1996). Moreover, it wasasbed that consumption of lactose was notable
when sonication was initiated at the beginningeofifentation. In contrast, lactose consumption
by non-sonicated cultures started at a later (exupidsl phase) stage of growth. However, the
inoculum levels of the LAB differed between expegimts, ranging from 3% to 5% and hence the
effect of initial concentration of the LAB cells dime lactose metabolism upon sonication was
not adequately explained. It was assumed that aboircaccelerated lactose consumption by
extracellula3-galactosidase released by sonoporation (Nguyeh,&012). US accelerates both
hydrolysis and transfer reactions of lactose mdisino where more simple sugars such as

glucose and galactose are available for the bacteurther, availability of partially pre-
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hydrolysed lactose, in return, may enhance the groivLAB (O'Leary & Woychik, 1976).
There may be some other process parameters spth gsmperature and the presence of
inhibitors, etc., which affect the enzyme activatyd thus the rate of lactose metabolism. Even
though sonication resulted in the highest levelextfacellula-galactosidase activity, lactose
metabolism was low at pH 4.7 (Wang & Sakakibar®7)9However, the degree of lactose
hydrolysis increased by 13.2% when fermentation eeaised out at controlled pH.

Several authors showed that enhanced lactose gtralpon sonicated fermentation
depended on bacterial strains used. For an exadggdeges of lactose hydrolysis with.
delbrueckii subspbulgaricus (39.9%) and_actobacillus helveticus (35%) were higher thalb.
delbrueckii subsplactis (38.1%) and_b. acidophilus (19.6%) under same conditions (Wang &
Sakakibara, 1997). Comparable findings were reddsfeNguyen et al. (2012) who showed that
lactose consumption by differeBitfidobacterium sp were significantly different. This could be
explained by the fact that different LAB strainvéalifferent inherent abilities to hydrolyse
lactose since they have various degrees of tralastgaylation activities and survival rates.

Moreover, US can be used to enhance productiotieifty of hydrolysed lactose milk,
which is suited to lactose-intolerant individudltie application of periodic sonication
(sonication and static incubation) under pH coitegrbtonditions have reportedly reduced the
lactose content of milk inoculated wilh. delbrueckii subsp bulgaricus (B-6 and B-5b) andlb.
helveticus (LH-17) by up to 71-76%, whereas lactose hydrslysinon-sonicated milk was only
up to 39-51% (Toba et al., 1990; Wang & SakakibB28,7). Therefore, the development and
implementation of continuous sonication technigdsng fermentation may help produce

lactose-hydrolysed fermented milk under indusscile.
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9. Effect of ultrasound on texture and sensory attributes of fermented dairy products

Fermented milk gels should have a smooth and unitexture without defects such as
weak body, wheying-off and lumpiness (Lucey & Sing897). US can influence the sensory
properties of fermented milk products either nagsdyi or positively. US treatment before
inoculation improved textural characteristics affiented products whereas, sonication during
fermentation caused textural defects as summains€dble 3 and further discussed below in

subsections 9.1 to 9.4.

9.1. Formation of visible particles

Lumpiness (the presence of large protein aggregatik®rsely affects the texture of
fermented milk products. This occurs due to higtubation temperature, extreme whey protein
to casein ratio and certain types of starter becfeucey & Singh, 1997). Sonication during
fermentation was also reported to induce the faonaif lumps (d > 0.9 mm) in stirred yoghurt
(Korzendorfer, Nobel, & Hinrichs, 2017; Nobel, Reptkorzendorfer, Hitzmann, & Hinrichs,
2016a; Nobel et al., 2016b). Two possible mechasidemonstrated for this are (i) lower zeta
potential associated with low pH conditions (below) may enhance the formation of new
bonds and (ii) the disruption of casein-whey prommplexes that exposes thiol-groups in
whey proteins may enhance cluster formation (Kdddefer et al., 2017; Nobel et al., 2016b).
According to the observations made by Nobel ef28l16b), sonication of a stirred yoghurt
sample during fermentation (pH 5.4-5.3) using USK#z, 17 kW n, 5 min) increased the

size of large visible particle from 1.25 mm to 1. Additionally, the number of particles per
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449 100 g was increased from 506 to 2360 over the sdfn@ange. These colloidal particles within
450 the yoghurt gel structure were felt as soft graind were broken up by subsequent low pressure.
451  The oscillations themselves may induce particlenfiion as demonstrated by Korzendorfer,
452  Temme, Schlicker, Hinrichs, and N6bel (2018) wheepbked lumpiness in set yoghurts along
453  with the vibrations (25—-1005 Hz) during the gelatiprobably due to the increase in collision
454  probability of aggregating milk proteins.

455 Sonication-induced lumpiness in fermented milk geds influenced by several other
456  conditions such as pH, dry matter (DM) content dredtype of starter culture used

457  (Koérzendorfer et al., 2017). Moreover, sonicatiodticed lumpiness was observed only within
458  the pH range of 5.4 to 5.1 which is known as thé&ital pH range’(Nobel et al., 2016b). Over
459  this range, the whey proteins attached to the sardé casein micelles reach their isoelectric
460  point, resulting in lump formation. However, sorioa may cause reversible interaction within
461  particles above pH 5.4 and casein micelles werafietted by sonication below pH 5.1 since
462  they may already be stabilised within the gel nekwbig. 4 illustrates the macroscopic

463  transmission images of stirred yoghurt gels soattat 40 KHz and energy density of 17 kW m
464  >for 5 min under different pH values during fermeiun.

465 However, stirred-milk gels with low DM content warere susceptible to sonication-
466  induced lump formation, whereas milk gels with Dbhtent of more than 14.2% were not

467  affected by sonication under any pH condition @¢Mobel et al., 2016a). Therefore, fermented
468  gels produced from sheep and buffalo milk, whichehlaigher dry matter content compared with
469  cow milk, might give different results on sonicatimduced lumpiness, but this has not been
470  reported to date. In addition, Korzendorfer e{2017) observed that LAB with high levels of

471  exopolysaccharide production reduced the formatidarge particles. This may be due to the
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472  attachment of exopolysaccharides to casein pastiblt makes an incompatibility between the
473  exopolysaccharides and casein-modified gel stracand thus behave as spacers to reduce the
474  lump formation (Kdrzendorfer et al. (2017).

475

476  9.2.  Whey separation and syneresis

477

478 Whey separation can be defined as the presenchef (milk serum) on the surface of
479  acid milk gels mainly due to the shrinkage of tleé(gyneresis) (Lucey, 2004)onditions that
480 result in whey separation in cultured productshagh incubation temperature, extreme whey
481  protein to casein ratio, low solids content andgi¢sl mishandling of the products. In addition,
482  fermented gels produced from milk with a high numiiidarger fat globules, such as buffalo
483  milk, showed porous gel network and thus excesshwey separation (Nguyen, Ong, Kentish, &
484  Gras, 2015).

485 Sonication improved WHC and reduced the synerdsistojoghurts and fermented

486  beverages. Wu et al. (2001) observed a prominer¢ase in WHC when the cow milk was

487  treated with US (20 kHz, 225-450 W) for 6—8 mirlat°’C compared with the yoghurt obtained
488  through conventional homogenisation. Comparabldiriigs were reported by Erkaya et al.

489  (2015) who showed that the thermosonication (60-8®B5 KHz, 1-5 min) of a fermented

490 beverage called “Ayran” on the day following th&pooduction reduced serum liberation by
491  31% compared with heat treatment at 90 °C for 1 mims was further verified by Vercet et al.
492 (2002) using manothermosonication (117 pm amplijt@@ekHz frequency, and 2 kg &m

493  pressure) of cow milk for the production of set lyogs; syneresis was reduced by 14.8%

494  compared with the control that was thermised &t@@or 15 s and homogenised.
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The effect of US over conventional homogenisatinowhiey separation and syneresis
may be due to sonochemistry effects, mainly tow#ndsnilkfat globule (MFG) and milk
proteins. US improves WHC through strong cavitatod results in a greater rupturing of the
MFG compared with conventional pressure milk honmiggion that subsequently increased the
surface area of MFG and the associations with éiseins. Moreover, US causes modifications
to the structure of botfr-lactoglobulin andr-lactalbumin, which are the major whey proteins in
bovine milk. Chandrapala, Zisu, Kentish, and Ashokkr (2012) reported that whey proteins
are unfolded into monomeric units due to partiabghge of intermolecular hydrophobic
interactions either reversibly or irreversibly degdig on the intensity of the US treatment.
Shanmugam, Chandrapala, and Ashokkumar (2012)\@atsénat these partially denatured whey
proteins were aggregated among themselves or widr &ree caseins, mainkycaseins, to form
aggregates upon US treatment at 20 kHz and 20 Wjféo 60 min. These soluble aggregates
further interacted with casein micelles to form etligr aggregates by thiol-disulphide exchange
reactions between the denatured whey proteinshenddaseins of the micelles. The significant
increase in the surface area of MFG upon sonica&idranced the association of modified whey
proteins and casein micelle with the MFG membradmugen & Anema, 2017). As a result,
thiol groups and the hydrophobic regions of amicidsare exposed toward water molecules in
the surrounding environment. This enhanced the VdHGe milk proteins and serum liberation
was reduced. Nevertheless, pasteurisation and iotieeise heat treatments that were often
accompanied with milk before or after the US treattrmay cause considerable changes to the
serum proteins and thus alter the WHC,; this is lyadescribed in the literature.

However, both prolonged sonication and mechanisalidances during gel formation

has been reported to have a negative impact diogeation and WHC (Korzendorfer et al.,
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2017, 2018; Zhao et al., 2014). Moreover, prolongmuication led to dissociation of whey
proteins from micellar aggregates (Shanmugam, Qlpath, & Ashokkumar, 2012). Similarly,
prolonged sonication (20 KHz, 20 W, for 30 min)wedd the size of MFG where the surface
available for aggregation was further decreased;wtesulted in a weak gel network with
greater syneresis (Zhao et al., 2014). Moreovevag reported that low frequency vibrations
(1000 Hz) during the early stages of gelation itesal considerable loss of structure and a weak

body, leading to further occurring of syneresis r@&ndorfer et al., 2018).

9.3. Texture

Textural properties are typically related to theisture of the milk gel. Structure of set-
yoghurt is established through crosslinkingeafasein on the surface of casein micelles with
denatured whey proteins, mosfyfactoglobulin, which entraps the MFG and milk seru
(Lucey, 2004). Shear stress and the temperatweeluigng sonication resulting in a significant
modification in the physicochemical properties aaromolecules such as milk fat and protein
and thus alter the consistency and textural progseof fermented milk products. Sonication
reportedly has a significant reduction in the siE®8FG and proteins compared with pressure
homogenisation; Nguyen and Anema (2017) obsendstine of the diameter of MFG from
375 nm to 200 nm during the first 5 min of the W&tment (22.5 kHz and 50 W) of bovine
milk (18 g). MoreoverNguyen and Anema (2010) reported a reduction irsttes of casein
micelles by about 10—20 nm during the sonicatioskiinmed milk at 60—70 °C for 5 min due to
the solubilisation ok-casein and denaturation of whey proteins. Theegfibis anticipated that

the structure of milk gels, which greatly reliestbe nature of MFG and the denaturation and
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aggregation state of proteins, and thus the teipuogerties of milk gels, will be affected upon
US treatment (Ahmed, Ramaswamy, Kasapis, & Boy89p0

Several researchers have found that high amplgodeation applied either before or
after inoculation of starter cultures significanihgreases the viscosity and firmness of set
yoghurt (Nguyen & Anema, 2010; Riener et al., 2(8f&kianakis et al., 2015). This was mainly
due to the homogenisation of MFG and denaturatieem proteins by US treatment (Abbas
et al., 2013; Nguyen & Anema, 201 The substantial reduction of the size of MFG may
facilitate the integration of fat into the proteiatwork, while their increased surface area by
more than 50% favours the crosslinking betweearfdtunfolds the peptide chains of whey
proteins and subsequent formation of whey-wheyveimely-casein aggregates, during gel
formation (Nguyen & Anema, 2017; Shanmugam et&l1,2). It can be assumed that the
formation of soluble aggregate between denaturesyyhoteins and casein micelles leads to an
increase in viscosity. Moreover, denatured wheygmns have reduced repulsive charges and
therefore, easily aggregate. These denatured winégips associated with casein micelles may
act as bridging material between casein micellesthns firmer yoghurt gels were formed
easily. This effect is conventionally achieved I®ating the milk before fermentation to higher
temperature such as 90 °C for 5-10 min.

Similarly, manothermosonication was reported t@gase the viscosity and firmness of
set-gels (Vercet et al., 2002). This might be dusame modification to the MFG membrane
upon manothermosonication where the interactioteiwveen MFG and/or casein micelles were
enhanced. However, based on their findings, NgayehAnema (2010) concluded that most of
the benefit from US treatment over the modificatibriexture properties was due to the heat

generated, and non-thermal effects of sonicatisalted in minor improvements over
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conventional heating. A contradictory observatiaswnade by Riener et al. (2010) who
indicated that a different kind of molecular intgtian may occur during gelation of
thermosonicated milk rather than the denaturatfomh@y proteins and this was responsible for
the viscosity modification compared with convensibheat treatment. This hypothesis was
further confirmed by the subsequent findings ofdame author that thermosonication of 200
mL full-fat milk for 10 min at 400 W led to more &# protein denaturation compared with
heating at 90 °C for 10 min (52.2% versus 28.1%).

Furthermore, US homogenisation showed considerifigrent impact towards the
texture of set-gels compared with conventional gues milk homogenisation. Sfakianakis et al.
(2015) observed a significant increase of the fursdosity of set yoghurts with US
homogenisation (20 KHz, 562 and 750 W, and 500 compared with two-stage pressure milk
homogenisation (30 and 5 MPa). They suggestedX8dteatment caused whey proteins to
denature and both self-aggregate and aggregateagtin micelles and form insoluble high
molecular weight material, whereas no significdrdrgge in the soluble protein content was
observed with pressure homogenisation. Apparetitéy/lUS treated milk sample was exposed to
a strong heating as sonication itself increasedetmperature up to 87 °C in addition to the
subsequent heating to 80 °C for 20 min compared priegssure homogenisation that had only
the latter heat treatment. This extensive heatingStreated milk may result in comparatively
higher denaturation of proteins and was not desdrily the authors.

Scanning electron microscopic analysis revealetthigaset-gels produced from
thermosonicated milk (45 °C, 10 min, frequency B kshowed a honeycomb-like structure
where casein micelles were more interconnectedtangores were larger compared with the

untreated milk gels (Riener et al., 2010). As altethe gel texture and viscosity were improved
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in ultrasonicated milk gel sample. Untreated mighksgshowed highly cross-linked network
structure and few pores were interspaced througheugel structure. However, ultrasonication
during gelation reduced the strength of stirreckrgégls and Kérzendorfer et al. (2017) observed
a reduction in 28% of the maximum force requireguacture the gel. Accordingly, it can be
concluded that US was an alternative to homogeaisand heat treatment in yoghurt
production, modifying the textural properties ofgparts mainly through modifications to MFG
and milk proteins. However, the degree of the maodlifons to fat and protein were significantly
different as a result of US compared with the core@al method, possibly due to the

sonochemistry effects associated with the US.

94.  Sensory attributes

Effect of thermosonication on the colour of Ayraasarecently investigated by Erkaya,
Baslar, Sengil, and Ertugay (2015). It was found that fertagon of Ayran followed by
thermosonication at 80 °C for 5 min caused a shgtitiction in L* value (lightness in Lab
colour space) compared with heat treatment forrlanhP0 °C. Significant loss of L* in Ayran
may be due to the acceleration of non-enzymatiwbirog and the structural changes in milk
proteins due to heat and low pH conditions. Howgthes b* (colour opponents blue—yellow in
Lab colour space) value was significantly increasbén the duration and temperature of
thermosonication increased. However, they haveepurted the influence on other sensory
attributes such as the flavour of the product.

Similarly, several authors reported that US altkessensory quality of fresh milk

(Chouliara, Georgogianni, Kanellopoulou, & Kontomwsn 2010; Marchesini et al., 2012, 2015).
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A recent study was conducted by Marchesini et2811%) on the generation of volatile
compounds in US treated milk; it was found thatagonication of 100 mL milk und@d kHz

and 160.4 J5power intensity for more than 100 s led to thedpmtion of volatile compounds,
mainly, dodecanoic acid, octanoic adiejodecalactone and decanoic acid methyl ester.eThes
compounds were responsible for the metallic, butdthery and sharp off-flavours in milk upon
sonication. Hence, it was suggested that ultrastioic beyond 100 s was not appropriate for
milk that is intended for direct consumption. Carable results were reported by Riener, Noci,
Cronin, Morgan, and Lyng (2009) and Chouliara e{2010), showing that ultrasonicated
pasteurised milk resulted in a “rubbery” odourddiburnt” and “foreign” off-taste. However,
Vercet et al. (2002) founded that this offensivedked” flavour distinguished during
manothermosonication of milk, was not detectablemtine milk was fermented into set-
yoghurts. This might be due to the masking of “cabkflavour by the flavour compounds
generated through fermentation. As yet, the impéattrasound assisted fermentation on the

synthesis of flavour compounds by LAB has not begorted in the literature.

10.  Assessment of realistic conditions used for ultrasonication of fermented dairy

products

US has numerous applications in the dairy industngh as particle size reduction,
monitoring of the fermentation process, reductibthe fermentation time, etc. Thus, the
appropriate frequency, amplitude and exposure tifitbe US treatments should be carefully
determined for each unique application. The frequeri US could be easily controlled in

acoustic experiments since the US apparatus geserdration at the set frequency. In
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comparison, the intensity of US is difficult to ¢om during experiments because the milk
particles close to the emitter of the sonicatordgity have greater pressure oscillations
compared with the particles further awasyenergy is dissipated as heat. Moreover, tfestas
enhanced by the bulk mixing of the particles dugagitation, resulting in an uneven exposure
of particles to US. Hence, it was suggested tretathount of particle mixing should be
considered together with the intensity and exposare in US treatments (Leong, Martin, &
Ashokkumar, 2018). Similarly, the acoustic energgmsity is reported differently in the
experiments in the literature. Some sonicatorslayga the energy intensity (total energy drawn
by the ultrasonic device per unit volume of malgiacessed in J mt) whereas, in others, it
was calculated using the amplitude of US, the serfaea of the emitter and the treatment time.
However, a particular energy density can be atthinetreating the sample for a long time with
a low level of amplitude or short time durationngshigh level of amplitude. This may bring
about different extents of physical and chemicalnges in the milk and thereby variation in
chemical alterations or degradation in the ferm@manmilieu. Moreover, the chemical and
physical effects of US depend on the propertigh®imedium. The viscosity and the density of
the medium greatly affect the speed and the infgoéithe pressure (Leong et al., 2018).
Therefore, compositional variation among the méknples used for the US experiments may

have a considerable impact on the results obtained.

11.  Feashbility of using ultrasound technology in industrial-scale production processes

The effectiveness of US to enhance or replacerdiftfood processes such as

emulsification, homogenisation, extraction, cryigation, freezing, meat tenderisation,
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656  dewatering, low temperature pasteurisation, defogmactivation and inactivation of enzymes,
657  particle size reduction and viscosity alteratiomenbeen investigated by several authors (Welti-
658 Chanes, Morales-de la Pefia, Jacobo-Velazquez, &imRelloso, 2017). A recent approach

659  was to enrich plant foods with bioactive compoubgshe induction of stress conditions using
660 US (Del Rosario Cuéllar-Villarreal et al., 2016).

661 Advantages of high-powered US over conventionat@sees are higher product yields,
662  shorter processing times and improved product chexiatics (Patist & Bates, 2008). However,
663  the main technological limitations that makes tbaiag-up of laboratory applications of US in
664  to industrial scale is the increase of the US hibameter without reducing the vibration

665 amplitude (Kiss et al., 2018). In industrial apptions, a larger horn diameter is preferred to
666  produce a larger cavitation zone. However, rededirigs on “Barbell horns” shed light upon
667 the scaling-up of US devices where the diametéh@horn and the amplification of US were
668  simultaneously improved without any undesirable&fbn the product quality (Peshkovsky,

669 2017).

670 In addition, overheating of transducers during targus processing and poor uniformity
671  are other restrictions. This limitation can be @eene by using an appropriately designed reactor
672  chamber that guarantees the direction of the litige treated through the cavitation zone

673  without bypassing. Moreover, a suitable temperatorgrol and/or cooling system should be
674 installed to the reactor chamber. Peshkovsky (28agyested that process efficiency of scaled-
675 up US processors could be enhanced by mountingaddy8 devices in a series or two Barbell
676  horns on to a common reactor chamber.

677 However, there are several unsettled scale-upastgdhk, such as irregular cavitation field

678  distribution during the installation of transducerscurved surfaces that may be essential for
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distillation columns (Kiss et al., 2018). The emytent of US technology to the food industry
still faces considerable challenges mainly duééolimitations in conventional US processes
that have partly been resolved with the inventibthe Barbell horn. Nevertheless, further
improvements with precise construction proceduresmaethods may accelerate the adoption of

US in the commercial setting.

12. Summary and future per spectives

US technology has been employed in dairy streanmgeasify fermented milk product
processing by reducing the processing time, minngigigredient and additive requirements and
lowering the resources required. Production of aulé gels having good gel strength, smooth
body and texture and little or no syneresis withaihg hydrocolloid stabilisers is a challenging
task in the industry. Use of US has proved to gead alternative for stabilisers in fermented
milk gels. Further, US treatment minimised the regraent of milk solids that are usually
incorporated into the raw milk to strengthen thgtyart gel. Moreover, US treatment has been
reported to shorten the fermentation time of nhloigh enhancing the metabolic activity of
LAB. Meanwhile, it was noted that different bacééspecies showed different responses to the
US treatmenti-or exampleSreptococcus sp. form longer chains tharactobacillus sp. under
US influence. Therefore, it is important to re-defoptimum growth conditions such as
temperature and inoculation rates for the US tcebfeB starter cultures for fermented milk
products; thisieeds further investigation. Moreover, power US @y useful tool to overcome
most of the inherent defects associated with boiffalghurt, which is significantly more

thixotropic and exhibits greater syneresis and @ostructural stability than that made from
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702 bovine milk. However, this could be achieved if frecess parameters of sonication such as
703  frequency, acoustic intensity and pressure ardudbreelected. Hence, the optimisation of

704  sonication parameters to get desirable gelatiorfemmdentation kinetics warrant further studies.
705
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Figurelegends

Fig. 1. Main components of laboratary-scale ultrasoundogsv (a) ultrasound probe; (b)

ultrasound bath.

Fig. 2. Transmission electron micrographs.attobacillus acidophilus untreated (a) and

ultrasonicated (b—d); bar = 1000 nm. Adapted fromm€ron, McMaster, and Britz (2008).

Fig. 3. Growth curve ot.actobacillus casel subspcasei ATTC 39392 in MRS broth treated
with ultrasound #; amplitude 60%, 15 s, 10 g'lpeptone) and control sample without

ultrasound M): (a) ODsoo NM; (b) bacterial counts. Adapted from Dahroudle(2016)

Fig. 4. Transmission images of stirred yoghurt samplescated at different pH values
during fermentation. Average sample mass: 13 g:a@eelayer thickness: 1.2 mm. Adapted

from No6bel et al. (2016a).



Tablel

Application of high-intensity US to lactic fermetitan of milk.

Applications

Ultrasonic conditions

Type of ba@eand growth medium

Main effects observed Referenc

Accelerate lactic acid production

Stimulate milk fermentation of
bifidobacteria

Enhance cell production of lactic
and propionic acid bacteria for
industrial purposes

Whey fermentation with selected
dairy cultures

50 mL sample s@sicated at
amplitudes of 20%, 40% and 60% for
15, 30 and 45 s every 2 h during
fermentation using an ice bath

100 mL of inoculated milk was
sonicated before fermentation at 100
W, 20 kHz for 7 min., 15 min. and 30
min. using an ice bath, energy density
420, 900 and 1800 J riL

Sonication during fermentation using
a fermenter with a flow rate of 10 mL
s' at 880 kHz and 0.1-0.7 W ¢hfor
100-120 s

Sonication of cultures before
inoculation at 84 W and 102 W

for 75 s and 150 s with a 12 mm
diameter probe and frequency of 20
kHz. Sonication temperatures:

37 °C for La-5 and 43 °C for YC-380

Kinetics of sugar and organic acid100 mL of inoculated milk sonicated

production during milk
fermentation

Isoflavones bioconversion ability
of lactobacilli in biotin-
supplemented soymilk

before fermentation with 20 kHz and
an amplitude o£100 W for 7 min, 15
min and 30 min at 30-40 °C; energy
density 420, 900 and 1800 J L

Lb. casei subspcasel ATTC 39392 in
permeate powder medium (Pegah
Co.,Tabriz, Iran)

B. breve ATCC 15700,
B. infantis, B. longum (BB-46) andB.
animalis ssp lactis (BB-12) in skim milk

Lc. lactis (VPKM B-2092),Lb. plantarum

(VPKM B-4173), andProp. acidipropionici

(VPKM B-2092) under submerged
cultivation

Str. thermophilus, Lb. delbrueckii subsp
bulgaricus andLb. acidophilus (La-5) in

thermosonicated whey (480 W, 8 min, 55

oC)

B. breve ATCC 15700,

B. infantis, B. longum (BB-46) andB.
animalis ssp lactis (BB-12) in skimmed
milk

10 mL sample sonicated at 30 kHz, 20Lb. acidophilus (BT 1088),Lb. fermentum

W, 60 W and 100 W for 60, 120 and
180 s before inoculation with a 3 mm
diameter sonotrode; energy density

120-1800 J mt

(BT 8219),Lb. acidophilus (FTDC 8633)
andLb. gasseri (FTDC 8131) in soy milk

Increased production of lactic acid, cell
reproduction and substrate consumption
Increased growth indexes (specific growth rate and
logarithmic phase duration)

Increased the membrane permeability (3%)

Dahroud et al. (2016)

Reduced fermentation time fBr breve, B.

infantis and BB-12

Promoted growth of bifidobacteria

Lower the lactose concentration and higher the
amount of oligosaccharides

Increased the activity @fgalactosidase

Nguyen, Lee, and Zhou
(2009)

Increased the biomass of cells producing lactic arfdurnikin, Silantyeva, and
propionic acid Ereshchenko (2016)

Shorter time of fermentations
Increased viable cell count
Improved sensory properties

Baruki¢, Jakopowt,
Herceg, Karlow, and
BoZant (2015)

Accelerated lactose hydrolysis and accelerate
transgalactosylation

Decreased acetic acid: lactic acid

Decreased total acetic and propionic acids: lactic
acid

Nguyen, Lee, and Zhou
(2012)

Induced lipid peroxidation

Increased membrane fluidity and permeability
Increased growth

Enhance@-glucosidase activity of lactobacilli
Promoted bioconversion of glucosides to
aglycones in soymilk

Ewe, Abdullah, Bhat,
Karim, and Liong (2012)



Yoghurt fermentation

Lactose hydrolysis and the cell
viability of lactic acid bacteria in
sonicated

fermentation

Enhancement of lactose
hydrolysis by sonication to
produce hydrolysed lactose
fermented milk

Compare ultrasonic

homogenisation and conventional inoculation at 20 kHz and output

homogenisation
on fermentation kinetics

Investigate the correlation
between exopolysaccharide

150 mL of inoculated milk soatied
before fermentation at 20 kHz and
450 W, 225 W and 90 W for 1, 6 and
10 min. using a 13 mm diameter
probe; energy density 36—-1800 JmL

Sir. thermophilus, Lb. bulgaricus,
Bifidobacterium andLb. acidophilusin
cows’ milk

Sonication during fermentation using
a 400 crifermenter at 200 kHz, 135
W and 17.2 kW i for 30 min, 37 °C

Lb. delbrueckii subspbulgaricus B-5b,Lb.
helveticus LH-17, Lb. delbrueckii subsp
lactis SBT-2080 andLb. acidophilus SBT-
2068 in reconstituted non-fat dry milk

Sonication during fermentation using
a 500 cmfermenter at 200 kHz, 135
W and 17.2 kW for 30 min, 37 °C

Lb. delbrueckii subspbulgaricus B-5b in
10% (w/v) non-fat dry milk

500 mL milk sample sonicated before Str. salivarius subsp.

thermophilus and Lb. delbrueckii subsp
power of 150, 262, 375, 562, and 750 bulgaricusin skimmed bovine milk
W for 10 min without temperature

control using a 13 mm probe; energy

density180-900 J mt.

100 mL milk sample sonicated during Lb. delbrueckii ssp. bulgaricusandStr.
fermentation using an ultrasonic bath thermophilusin skimmed cows’ milk

synthesis ability of starter cultures(35 kHz, 300 W) for 5 min.

and the effect of sonication
during fermentation
of yoghurt

Effect of different ultrasonic
frequencies on fermentation
kinetics of Kefir

Effect of mild sonication
intensities at different
temperatures

Effect of the presence of Nand
K* ions on the stability and
enzyme activity of sonicated
cultures under various
temperature and pH levels

Impact of sonication on lactose
hydrolysis

500 mL milk sample was sonicated  Str. lactis, Str. cremoris, Streptococcus
during fermentation using an diacetylactis, Leu. cremoris, Lb. plantarum
ultrasonic bath at four 28, 40, 100 andandLb. casei in cows’ milk

200 kHz and 14 kPa sound pressure at

30°C

500 mL of cultures were sonicated  Lb. delbrueckii ssp bulgaricusLB-12 in
before inoculation at 20 kHz and 8.07,skimmed milk

14.68, 19.83 and 23.55 W &mt 4,

22 and 40 °C

50 mL of inoculated milk sample was Lb. delbrueckii ssp bulgaricus LB 11842 in
sonicated at 75 W for 4 min. usinga skimmed milk

19-mm probe

in an ice water bath; energy density

360 J mL*

5 mL of milk was sonicated during
fermentation at 20 KHz for 20 min, 0

Lb. delbrueckii subspbulgaricus B-6, Lb.
delbrueckii subspbulgaricus B-5b or Lb.

Faster acid development
Increased water holding capacity
Decreased syneresis

Decreased fermentation time

Wu, Hulbert, and Mount
(2001)

Lower viable cell counts
Higher totalp-galactosidase activity
High degree of lactose hydrolysis

Wang and Sakakibara
(1997)

Released intracellulf-galactosidase
Higher lactose hydrolysis activity
Decreased cell viability

Wang, Sakakibara, Kondoh,
and Suzuki (1996)

Low pH reduction rate

Low duration of pH lag phase

Higher coagulum viscosity

Formation of protein molecule aggregates

Sfakianakis et al. (2015)

Korzendorfer, Nobel, and
Hinrichs (2017)

Induced syneresis in set-gels
Increased particle numbers under low
exopolysaccharide production

Fermentation time shortened exponentially with
frequency

Shimada, Ohdaira, and
Masuzawa (2004)

14.68 W critimproved the bile tolerance, growth
and protease activity

Moncada, Aryana, and
Boeneke (2012)

Stability of theB-galactosidase activity in
sonicated cultures was higher in K+
Enzyme was relatively stable at all pH levels at 25
°C

Stability of the enzyme higher at pH 6 and 7 under
51 and 56 °C

Kreft and Jelen (2000)

Higher glucose level
71-74% of the initial lactose was hydrolysed

Toba, Hayasaka, Taguchi,
and Adachi (1990)



°C helveticus LH-17 in milk

Influence of sonication before 18 g of milk was sonicated before Str. thermophilus
fermentation on the properties of inoculation at 22.5 kHz and 50 W up Lb. delbrueckii subspbulgaricusin
acid milk gels of skimmed milk  to 30 min. with (20-70 °C) and skimmed milk

without temperature control; energy

density 5000 J§

Comparison of traditional heat  Milk was sonicated before inoculation Yogotherm yoghurt culture 77570 in
treated and thermosonicated milk at 24 kHz and 400 W for 10 min. with skimmed milk

in terms of their gelation a 22 mm diameter tip at 45 °C

properties

Intensify the fermentation process25 mL of milk sonicated at the Lc. lactissubsplactis, Lc. lactis subsp
of cows’ milk beginning and after 2 h fermentation cremoris

using a 2.5 mm probe for 1-3 min.; 30
kHz and from 2 W to 8 W; energy
density 4.8-57.6 J mL

Increased syneresis

Increased in firmness (final'G

Whey proteins denaturation

Reduced casein micelle size

k-Casein dissociated from the micelles

Higher gelation pH

Firmer structure
Honeycomb-like microstructure
Low storage modulus (G)

Accelerated fermentation process by 10%
Increased shelf-life

Reduced syneresis

Increased viscosity

Enhanced thixotropic properties and structure
characteristics

Nguyen and Anema (2010)

Riener et al. (2010)

Shershenkov and Suchkova
(2015)




Table2

Growth and viability of LAB upon US treatment.

Treatment conditions Types of LAB/microorganisms

s@wed effects on VCC and growth

References

40 mL milk sample sonicated with a 13 mm probe at.b. acidophilus
20 kHz, 750 W for 10 min after inoculation; 24-26
°C; energy density 11.25 kJ mL

100 mL of whey was thermosonicated with 12 mm Total plate count
probe; 20 kHz, 480 W and 85 W&hfor 8 min, 55
°C; energy density 2.3 kJ L

100 mL pasteurised whey with 0.08% (w/v) culture Streptococcus thermophilus

was treated with 12 mm probe sonicator at 20 kHz Lb. delbrueckii subspbulgaricus
and 84 W for 150 S before inoculation under 43 °C;

energy density 0.126 kJ riiL

Continuously sonication of the cell suspension&t 8 Lc. lactis, Lb. plantarum, Prop.
kHz and 0.3-0.5 W cifor 100-120 s acidipropionici

50 mL sample sonicated at an amplitude of 60% forLb. casei subsp casei
15 s every 2 h during fermentation using an icé bat

10 mL cell suspension sonicated with 3 mm probe dtb. acidophilus, Lb. fermentum, Lb.

30 kHz, 20 W, 60 W and 100 W for 60, 120 and 18Qgasseri

s before fermentation; energy density 0.12—1.8 kJ

mL?

100 mL inoculated milk treated at 20 kHz and 50 WB. breve, B. infantis, B. longum,
for 7-30 min and 40 °C before fermentation; energyB. animalis ssp lactis

density 0.21-0.9 kJ mt_

Sonication while fermentation using a 400°%cm Lb. delbrueckii subsp. bulgaricus
fermenter at 200 kHz, 135 W and 17.2 kW for 30 Lb. helveticus, Lb. delbrueckii
min, 37 °C subsplactis, Lb. acidophilus
Sonication while fermentation using a 400%cm Lb. delbrueckii subspbulgaricus

fermenter at 200 kHz, 135 W, 17.2 kWPn87-39 Lb. helveticus, Lb. delbrueckii
°C for 30 min followed by the incubation in static ~ subsplactis, Lb. acidophilus
state (without sonication, agitation and pH control

Reduced by log 0.82

Reduced by lg@

Increased by log 2

Increased viability by 28.6, 9, and 16.7 times
respectively

Increased biomass production and substrate
consumption by25%

Increased viable counts by p9cfu mL™* with

Cameron et al. (2008)

Barukic et al. (2015)

BaruKi¢ et al. (2015)

Durnikin et al. (2016)

Dahroud et al. (2016)

Ewe et al. (2012)

higher amplitudes and longer durations whereas

the low amplitude of short duration decreased in

viability

Cell counts reduced with the processing time

Cell viability decrease in the later period of
sonicated fermentation sonication.

Cell viability increased during the static
incubation

Ngusteal., 2009

Wang and Sakakibara
(1997)

Wang and Sakakibara
(1997)




Table3

Impact of US on sensory attributes of fermentedydaioducts.

Product Typeof starter culture

Sonication equipment

Sonication condition

Properties after sonication Reference

Set yoghurt and
stirred- yoghurt

Lb. delbrueckii ssp
bulgaricus, Str. thermophilus

Yo-Mix 215

YC-471

(Danisco Deutschland
GmbH, Niebull, Germany)

Stirred yoghurt

Set yoghurt Sr. thermophilus, Lb.
bulgaricus

Set yoghurt Str. thermophilus, Lb.
bulgaricus,
Bifidobacterium, Lb.
acidophilus

Ayran Sr. thermophilus

(fermented milk  Lb. bulgaricus

drink)

Set yoghurt YBCN 143

Stirred yoghurt  Yo-Mix 215 (Danisco
Deutschland GmbH, Niebull,

Germany)

Ultrasonic water bath (RK
1028/ H; Bandelin
electronic GmbH& Co.
KG, Berlin, Germany)

Ultrasonic water bath
(USC1200TH, VWR
International GmbH,
Darmstadt, Germany)
Piezoelectric source,
Hielscher,

Germany

Model CP502,
Cole-Parmer Instrument
Company, USA

Ultrasonic bath; Model
No. RK103H, Bandelin,
Berlin, Germany

Branson 450 sonicator

Ultrasonic bath
(RK1028H; Bandelin
electronic GmbH & Co.
KG, Berlin, German

35 kHz and 300 W for 5 min at 42
°C during fermentation

45 kHz, 200 W and 17 kW frfor 5
min at 42 °C during fermentation

20 KHz, 30 min before fermentation

150 mL inoculated milk sonicated
before fermentation at 20 kHz and
450 W for 8 min using a 13 mm
diameter probe; energy density 1.44
kImL*

300 mL sample treated at 35 kHz
and 60-80 °C for 1, 3 and 5 min

Manothermosonication of 6milk
circulated and treated at 32 mLnjn
20 kHz and 12 s under 2 kg ém
pressure, 40 °C

100 mL milk sample sonicated at 35
kHz, 300 W, 15 Wriat 42°Cfor 5
min during fermentation; energy
density0.9 kJml™

Set yoghurt:

Increased syneresis

Reduced firmness

Stirred yoghurts:

Increased large particles (d > 0.9 mm)
Higher viscosity

Kdrzendorfer et al. (2017)

Increased large particles Nobel et al. (2016b)

Improved the gel texture
Improved viscosity
Decrease in milk turbidity and lightness

Tabatabaie, Mortazavi, and
Ebadi (2009)

Reduce syneresis
Improve viscosity

Wu et al. (2001)

Increased the viscosity
Decreased serum separation
Whiter in colour

Erkaya, Balar, Sengul, and
Ertugay (2015)

Firmer structure Improved texture
Higher gumminess and chewiness
Less structure loss upon compression

Vercet et al. (2002)

Induced the formation of large particles, no N6bel, Protte, Kérzendorfer,
significant effect of the sonication to the  Hitzmann, and Hinrichs (2016a)
yoghurts above 14.2% dry matter
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