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Abstract

Low fat Cheddar cheese (LFC) with up to 91% fauctidn were prepared using four levels
of sodium alginate (alginate): 0.12 (LFCA1), 0.LFCA2), 0.18 (LFCA3) and 0.23% (w/w)
(LFCAA4). Control full fat cheese (CFFC) and contimlv fat cheese (CLFC) were used for
comparison. Physical characteristics, namely textprofile, microstructure, transverse
relaxation time (3) distribution (measured by low-field NMR) and colwere analysed
periodically during ripening until 180 days. Texdyprofile analysis illustrated a significant
improvement in texture of alginate added LFC (P5P#&s compared to CLFC. The textural
attributes of LFCAL ripened for 30 days were compbr to CFFC ripened for 60 days and
beyond. A close resemblance in textural attribietsveen alginate added LFC and CFFC,
not previously reported when using other fat replac was observed. Scanning electron
micrograph (SEM) images revealed that alginate @ddeCs had smoother surfaces as
compared to CFFC and CLFC, and the dense and corpp@tein matrix characteristic of
CLFC was not observed. Confocal laser scanningaseapy (CLSM) suggested that the fat
particle size, area and volume were affected ihs due to their lower fat level and these
parameters increased during ripening in CFFC. NMBuUlts revealed increase in higher
mobility water fraction in alginate added cheesmpared to CFFC and CLFC. Hunlera
andb values for alginate added LFCs indicated that tiweye whiter than CLFC and less
yellowish than CFFC at the beginning of ripeninge tolor of some of the alginate added
LFCs was comparable to CFFC after 120 days of mgernOverall, addition of alginate
significantly improved the textural, microstructupoperties and color of LFCs, affirming
its potential as a promising texture modifier.

Key words: Low fat cheese; Cheese, Alginate; Chedglennet and Milk
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1 Introduction

Cheese contains complex matrix of milk protein, fattose, water and minerals (Mistry &
Anderson, 1993). Fat provides smoothness andstasct filler between protein network in
cheese. Decreasing the fat content increases tisgtylef protein network and decreases the
moisture to protein ratio in cheese, which consetiyeincreases the hardness in LFC
(Johnson, 2016; Rogers, McMahon, Daubert, Berryra&geding, 2010).Cheese develops
undesirable hard and rubbery texture when fatdsaed (Mistry, 2001; Rogers et al., 2010;
Zisu, 2005). Texture of a food material is an httté resulting from a combination of
physical and chemical properties, and is percemethly by the sense of touch, sight and
hearing (Buffa, Trujillo, Pavia, & Guamis, 2001)od/ and texture of cheese are important
parameters for its consumer acceptance and aeztiefi of its microstructure (Buffa et al.,
2001; Mistry & Anderson, 1993).

A clear understanding of the role of fat and itplaeers in the development of cheese
microstructure is imperative to produce LFC withosither texture (Mistry & Anderson,
1993). There are several reports on the size aageslof milk fat particles in cheese
visualized by scanning electron microscopy (SEMyr(@a, Dias, & Viotto, 2010; Ong,
Dagastine, Kentish, & Gras, 2011, 2012; Wang et2814). Microstructure of reduced fat
cheese and LFC revealed fewer fat particles imgelatretch of protein network, whereas full
fat cheese exhibited the protein network intergmbraith numerous fat particles (Drake,
Boylston, & Swanson, 1996a). Furthermore, low fatdhcheese such as Cheddar may give a
dull appearance due to reduction in light scatteproperties of milk fat particles (Mistry &
Anderson, 1993). Hence, color is also a very ingrarparameter for the quality evaluation
of cheese as it is regarded as a primary factothbyconsumers when making a buying
decision (Pinho, Mendes, Alves, & Ferreira, 2004).

Various modification techniques and strategies hbgen applied to produce LFC with
characteristics comparable to its full fat coundetfBanks, 2004; Chatli, Gandhi, & Singh,
2017; Drake & Swanson, 1995). Approaches towardsraring LFC include increasing

moisture to protein ratio (using various fat repia3, hydrolysing some proteins, altering
protein-protein interactions and creating largéeffilphase (Banks, 2004; Mistry, 2001).
Carbohydrate based fat replacers (starch, pecéita blucan, modified starch etc.) when
added in cheese, strongly bind water (increasiegrbisture to protein ratio) and work in a
manner that mimics the mouth feel of fat (AryanaH&aque, 2001; Diamantino, Beraldo,
Sunakozawa, & Penna, 2014). In addition, proteisedamicro-particulated proteins, whey
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protein isolate, gelatin, egg protein etc.) and l@ised replacers have been used to
manufacture LFC. Several researchers have reportpmvement in textural properties of
low-fat Cheddar cheese using fat replacers sudbaay Lo™, Simpless&”, Novagel™ and
Stella™ and Avicel Plu§ CM 2159 (Kigcukéner, 1996)3-glucan (Konuklar, Inglett,
Warner, & Carriere, 2004; Sahan, Yasar, HayaloHlaraca, & Kaya, 2008) and lecithin
(Drake, Truong, & Daubert, 1999). Among hydrocalgi alginate can be used as a fat
replacer. Few patents (Hine, 1994; Liot & Stenb&#$k,4; Merrill & Singh, 2014) provide
reference to potential use of alginate (gmowader, micro gel or as a slurry) as an
ingredient in low fat cheese, but details dbtaieffect on textural and microstructural
properties of cheese are lacking. No scientificlighlbd research study has utilized alginate
alone as a fat replacer in a low-fat Cheddar cheelse A recent study has included alginate
at a higher concentration (0.3%) to improve prapsrof low-fat Mozzarella cheese made
from buffalo milk (Chatli et al., 2017). Effect @dding alginate on cheese microstructure

was also not included in that study.

In this study, sodium alginate (alginate) was eimoas a fat replacer to prepare low-fat
Cheddar cheese. It was hypothesized that the syitwperties of LFCs would improve due
to the higher water binding capacity of alginataurtRermore, alginate gel particles
(generatedn situ due to cross-linking of alginate molecules by @aesent in milk and any
added calcium chloride) would act like hydratedefilparticles in protein network of the
LFC. Formation ofin situ alginate particles in milk in the presence of*Chas been

confirmed by our recent study (Khanal, Bhandarakigsh, & Bansal, 2017).

The objective of this study was to determine tHeatfof addition of alginate in the cheese
milk on physical characteristics such as texturierostructure and color of low fat Cheddar
cheese and to compare those with the control &illicheese (CFFC) and control low fat
cheese (CLFC).

2 Materials and Methods

2.1 Materials

Commercially available skim milk (0.11g/100 g fatjeam (39.5 g/100 g fat) and skim milk
powder (SMP) (moisture: 3.9 g/100 g, protein: 3@/500 g, fat: 0.8 g/100 g, lactose: 55
g/100 g, minerals: 7.8 g/100 g) were used. Staukture FD-DVS R-707{Lactococcus lactis
subsp. lactis and Lactococcus lactis subsp. creshovas obtained from Chr. Hansen Pty.
Ltd., VIC, Australia. Rennet (Chymax plus, FPC, 200CU /mL) was purchased from
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Cheeselinks, VIC, Australia. Sodium alginate (Gsitedf alginate FD 155) was obtained

from Danisco, NSW, Australia.

2.2 Cheese Making

Alginate added LFCs were manufactured using feuels of alginate. Table 1 shows six
different formulations of milk used to prepare chedncluding CFFC and CLFC. All
samples were prepared in triplicate.

Cheddar cheese was prepared according to the meédsadbed by Bansal et al. (2009) with
some modifications. Briefly, milk was standardisemixing skim milk and cream using
Pearson’s square method (Tamime & Robinson, 20§f)ropriate levels of stock solution
(5 g/ 100 g) of alginate were added to milk to aebithe desired alginate concentration.
Dilution of solids due to addition of alginate stdun was compensated by adding skim milk
powder. The final volume of cheese milk was 20 iL&lh formulations. The cheese milk was
cooled and equilibrated to &2 in cheese vats. FD-DVS R-707 culture was proayat
skim milk at 32°C (50 U / 500 mL) according to méamiurer’s instructions. The propagated
culture (0.1 g/100 g of cheese milk) was mixed weitieese milk homogenously followed by
addition of CaG (1.5 mM) and then incubated at 32°C for 30 minnifie was added at a
rate of 200uL/1000 mL, then the milk was left for 45 min withoany disturbance for
coagulation. Curd was cut into cubes (1.5 amsize) after 45 min and healed for 10 min
without stirring. Then the curd was cooked aiC38ntil the pH reached 6.2, at which point
the whey was drained. After whey drainage, the evad cheddared until the pH reached 5.2.
The curd was then milled, salted at 2.5% (w/w @f ¢hird), moulded and pressed (550 kPa)
for 18 h. The pressed cheese was vacuum-packegtighd plastic bags and ripened a€8
The cheese samples were analysed at day 7 (D7)3@ip30), day 60 (D50), day 120
(D120) and day 180 (D180) from the date of manui@ct

2.3 Compositional analysis

Moisture (Vacuum oven, 925.10), fat (Gerber meth@®D.05,), protein (Kjeldhal method,
2001.14) and total ash (muffle furnace, 923.03teainin cheese were determined according
to method described in AOAC (2005). All composiabrparameters of cheese were

determined at D7 of ripening period.

2.4 Texture profile analysis (TPA)
TPA was conducted according to Lashkari, KhosrowsAal, Madadlou, & Alizadeh (2014)
with some modifications using TA-XT2 Texture AnadygStable Micro Systems, UK). A
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flat probe of 35 mm diameter was attached to the&imgocross head. Cylindrical cheese
samples (12 x 10 mm), taken from a depth of 5 mrhéncheese block at 8°C with a cork
borer, were placed in air-tight plastic bags, keftigerated at € for 4 h to equilibrate and
then set aside at 21 #Clfor 45 min. Samples were compressed in two cgdes at a speed
of 1.2 mm/sec with 33% deformation from the initiagight of the sample. Textural
parameters such as hardness, cohesiveness, gurmmamesviness and springiness were
determined. Cheese samples were analysed for adxtiributes at D7, D30, D60, D120,
D180 of the ripening period. Hardness (N) was réedras the maximum force during the
first compression cycle. Springiness was the herglggined after the first compression.
Cohesiveness was considered as the ratio of peditice area under the second and first
compression cycle. Gumminess was calculated amnéssdx cohesiveness and chewiness
was calculated as gumminess x springiness (FramalSFemenia, Sanjuan, & Rossello,

1999). Each sample was analysed in duplicate.

2.5 Color measurement

Color measurements on cheese were made using MliKalhica Chroma Meter CR-400
(Konica Minolta, INC, Japan). Huntdr, a and b values for color measurements were
determined. The instrument was calibrated with atevtile (Y = 94.93, x = 0.3131, y =

0.3197) (Pinho et al., 2004). Duplicate analysis warried out for each sample.

2.6 Microstructure analysis

2.6.1 Confocal laser scanning microscopy (CLSM) anidhage analysis

Microstructure of cheese was analysed using Olymiplusview FV1000 BX2 upright
confocal laser scanning microscope (CLSM, ZeissliBeGermany). Cheese samples were
prepared according to Auty, Twomey, Guinee, & MhuiNi(2001) with some modifications.
Briefly, cheese samples were cut into 10 mm x 10x1hmm thick strips with a razor blade.
Nile Red (1 mg/10 g in ethanol) was used to labelfat and Rhodamine B (10 mg/100 g in
ethanol) was used to label the protein in cheeses@e the dual images of both fat and
protein, mixtures of Rhodamine B and Nile red (lwBre used. Samples were examined
using 63x magnification objective and confocal mination was obtained by an air-cooled
Ar/Kr laser. Rhodamine B was excited at 555 nm Hild red was excited at 488 nm. The
pinhole diameter was 1 Array Unit. RGB color imad@8sbit, 1024 pixel in size) were
acquired using a zoom factor of 1 with averaging2oZen software was used to acquire
digital images. Images obtained from two differemvelengths were combined in the
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overlaid images in which Rhodamine B stained proggipeared red, Nile red stained fat

appeared green and air pockets along with voideaxegd black.

CLSM micrographs were analysed using ImageJ Sofiw@esearch Services Branch,
Maryland, U.S.A.). Particle counts, area covered amnerage size of fat particles were
determined using “Analyse particles” menu of Imageflware. During image analysis, Pixel
(1024) and area of the sample (101.6 pm) were tsexkt the scale of the images. The
images were then flattened using band pass filtets adjusted with the color threshold to
transform it to a binary image with all fat paréislappearing as black pixels and all protein
appearing as white pixels. The average area, @uhaverage size of fat particles calculated
were only representative of 2D images of the cheesenot the absolute of the whole cheese
samples. Bins for the range of different sized ddtéat particles were created from all the
images to construct histograms to illustrate theritution of fat particles in cheese. This
method has been previously used to compare meametia of fat particles obtained from
laser diffraction and CLSM (Ong, Dagastine, Kenti&hGras, 2010). Image analysis of 3D
images was carried out by (Fiji Is Just) Imaged(ratory for Optical and Computational

Instrumentation, Wisconsin, USA). Images were odeanea green (fat) channel by splitting

the channels and processed by median filter ofx2lpiadius. Images were subjected to
thresholding process prior to determining the vaumecupied by fat particles in 3D images
by 3D object counter. Six replicates micrographeath treatment of cheese were used for

image analysis.

2.6.3 Scanning electron microscopy (SEM)

SEM imaging was carried out according to Aryana &qgde (2001). Briefly, the cheese
samples were sliced in 1 mm x 1 cm x 1 cm striggn@es were first fixed in 2.5%
glutaraldehyde (solution prepared in water at pb) ®vernight at room temperature and
washed three times with water for 10 minutes fwhe&ash. Then, samples were dehydrated
with series of ethanol concentrations from 10 t6%0 Dehydration was performed for 10
minutes for each ethanol concentration. The sanwpées then frozen and fractured under the
liquid nitrogen with a cooled razor blade. Fractusamples were thawed in 100% ethanol
followed by washing in fresh ethanol. Finally, sdespwere critical point dried in a Tousimis
Autosamdri 815 (Tousimis Automatic, Rockville, USAamples were mounted on stubs
with double-sided carbon sticky tape and coatedh waitthin layer (15 mm thickness) of
iridium in a Baltek iridium coater (Baltek, USA). Aigh vacuum SEM (Philips XL30
scanning electron microscope) (Philips, Tokyo, dapt 10 kV was used to view each
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sample at a magnification of 4000x. The SEM wagl usevisually compare the images of

different cheese samples.

2.6.4 Low field-nuclear magnetic resonance (LF-NMR)

The moisture and fat distribution in cheese samfds-C, CLFC and LFCAL at 180 d
ripening time) measured as transverse relaxatina {il;) was determined by LF-NMR. The
T, has been used to represent the water retentiartheese and indicates interactions of
protons within its vicinity (Lilbaek et al., 2008)F-NMR measurement was performed using
a MesoMR23-060V-I NMR analysing system (Niumag @ogtion, Shanghai, China)
equipped with 25 mm diameter probe. The magnetid trength was 0.52 = 0.05 T and the
corresponding resonance frequency for protons wla8 RIHz. Approximately 0.5 g of
sample was placed in NMR tube and then insertdd NMR probe. The Fwas measured
using the Carr-Purcell-Meiboom-Gill (CPMG) sequeneégh 3000 echoes and 4 scan
repetitions. The SIRT algorithm was employed in 10€,000-iterative fitting. The intensity
of the resulting 7T distribution spectrum was normalized by the weighsample. All the

measurements were performed in duplicate.

2.7 Statistical analysis

Data analysis was performed using Minitab-16 dte#ik software (Minitab Inc., USA).
General linear model of analysis of variance (ANOQ\&Ad Tukey’s comparison was used to
study differences between means at 95% confidemie(P<0.05).

3 Results and discussions

3.1 Compositional analysis of cheese

Composition of different cheese samples is showTable 2. As expected, significant
difference (P<0.05) in moisture, fat and proteimteat was observed in all LFCs compared
to that of CFFC. There was a reduction in fat conby 84, 90, 91, 82.5, and 87 % in CLFC,
LFCAL, LFCA2, LFCAS and LFCAA4, respectively, comedrto that of CFFC. Higher level
of protein in all LFCs in this study was in accarda with the findings of Aryana & Haque
(2001); Kumar et al. (2011) and Kavas, Oysun, Ki@kUysal (2004). Higher amount of
protein and moisture in LFCs were also reportedthgr researchers when using different fat
replacers such as Simple88e100, starch and Dairy-Lo™ (Katsiari & Voutsinak994;
Koca & Metin, 2004; Lobato-Calleros, Ramirez-Saguia Vernon-Carter, & Alvarez-

Ramirez, 2014). Moisture content was increasedgimate added LFCs due to higher water
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holding capacity of the alginate. Owing to highexter retention capacity of fat replacers, the
driving force involved to expel the water from tlbeese curd is lowered (McMahon,
Alleyne, Fife, & Oberg, 1996).

3.2 Texture profile analysis (TPA) of cheese

All cheese samples were analysed for the textusedrpeters during ripening from D7 to
D180 (Table 3). At D7, alginate added LFCs showgdificantly (P<0.05) lower hardness,
chewiness and gumminess than CLFC and CFFC, whereiasohesiveness and springiness
did not differ from that of CFFC, except LFCA3 (fgpringiness).

When hardness was compared over the ripening pérood D30 to D180, it decreased
significantly (P<0.05) in all cheese samples asnipg progressed. At each ripening time,
the hardness, gumminess and chewiness of CLFC swgnéicantly higher (P<0.05) than
CFFC, whereas all alginate added LFCs demonstrsitguficantly (P<0.05) softer, less
gummy and less chewy characteristics than both C&#/eC CLFC. The textural attributes
demonstrated were improved with increasing algicateentration, LFCA4 being least hard,
gummy and chewy at each time point. From D30 onsaitte textural attributes of LFCAL
were comparable to that of CFFC that was maturetbfger than 60 days. For example, the
hardness of LFCA1 at D30 was comparable to thaClFC at D60 and so on. Increased
hardness in CLFC compared to CFFC was associatddreduction in fat content and the
resulting high protein density which makes the skdgighly resistant to deformation (Cunha
et al., 2010). The decrease in hardness in algiadtteed LFCs could be attributed to
alginate’s capacity to bind water, thus increagh@moisture content of cheese, and to form
discrete gel particles in situ in the presenceaf @ cheese milk (Khanal et al., 2017) where
fat replacers are used, water plays a role ofiplast in between protein molecules and thus
makes the cheese softer (Sahan et al., 2008).ddiian, interactions between protein and
polysaccharide are crucial to develop the structme stability of the product, and types of
polysaccharide and their charge are responsibigot@rn the nature of these interactions
(Hosseini et al., 2013). Furthermore, higher protntent is another factor for the harder
texture in CLFC. Sahan et al. (2008) illustratedrdase in gumminess in low fat Kashar
cheese added with Avicel Plus® CM 215%eglucan; and Volikakis, Biliaderis, Vamvakas,
& Zerfiridis (2004) with commercial oap-glucan. According to Sahan et al. (2008),

reduction in gumminess was caused by the removalk &fom cheese.

Springiness did not change in each sample overigemning period from D30 to D120.

Similar observation was reported by Sahan et &0&R with other fat replacers in low fat
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Kashar cheese. Springiness decreased (P<0.05)dA%Rnd LFCA4 as compared to CFFC
and CLFC at D120 and onwards, while no significdifterences were observed between
LFCAL, LFCA2, CFFC and CLFC at all time points. Aiitth of alginate affected the
cohesiveness of cheese (Table 3), but the effest degendent on the concentration of
alginate and the age of cheese. CLFC was more iweh@3<0.05) than CFFC at all time
points of ripening period. LFCA1 was more cohestiian CFFC until D120, whereas
LFCAZ2, 3 and 4 were not different with CFFC. At 1 &0 differences in cohesiveness was
detected between alginate added LFCs and CFFC. d&hser protein matrix in CLFC is
associated with higher springiness and cohesive(lesisatoCalleros, Robledartinez,
CaballerePerez, & VernorCarter, 2000). With increasing quantity of alginatecheese,
cohesiveness decreased as compared to CLFC anthédesimilar to CFFC. Other fat
replacers such aB-glucan concentrate (Volikakis et al., 2004), Siegse® D-100 and
Novagel™ NC-200 (Romeih, Michaelidou, Biliaderis, Zerfiridis, 2002) have been also
associated with the decrease in cohesivenessfaratt types of LFCs..

Results of TPA suggested that there was a contsiuoprovement in all textural parameters
in all cheeses during ripening from D7 to D180 déhid was due to on-going proteolysis
(Romeih et al., 2002). Textural attributes changgt increased alginate concentration and
similar trends were reported by adding other falagers such as lecithin (Drake et al.,
1999), Simplesse® and Dairy-Lo™ (Kavas et al., 30B4glucan hydrocolloid suspension

(Konuklar, Inglett, Carriere, & Felker, 2004) andysprotein isolate. Increase in alginate
concentration formed softer rennet gel and resuitedower G' in our previous study,

indicating alginate particles acted as fillers otpin matrix to soften the texture of gel
(Khanal et al., 2017). Texture of cheese is diyestfluenced by water holding capacity

(WHC) of the rennet gel. The WHC of protein gelsnBuenced by the interactions between
milk proteins and sodium alginate. Protein-polysacle interactions that affect WHC

capacity include electrostatic forces, hydrogendsorcovalent bonds, excluded volume,
hydrophobic interactions, ionic bridging and Varr #aals interactions (Chen, Chen, &
Hsieh, 2016; Yao et al., 2018). In case of alginateraction is facilitated by hydrophobic or
hydrogen bonding between proteins and its hydrgkguips of mannuronic or guluronic acid
residues (Chen et al., 2016).

The TPA parameters of LFCALl closely resembled toséhof CFFC; such a close
resemblance in textural parameters of a low faiesbewith full fat cheese has not been
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previously reported when using other fat repladénsake, Herrett, Boylston, & Swanson,
1996b; Koca & Metin, 2004; Konuklar, Inglett, Came, et al., 2004; Oliveira et al., 2010).

3.2 Color measurement

Comparison of Huntek, a andb values within each time point of ripening peri@vealed
significantly lower (P<0.05) andb values of all LFCs than those of CFFC (Table 4)FC
being the lowest, indicating they were darker aass lyellow as compared to CFFC. Similar
decrease . value was also reported by Deegan, Holopainen, Me®ey, Alatossava, &
Tuorila (2014) in reduced fat cheese. Significardiywer b value in CLFC was due to the
difference in yellowness attributed to low fat partage as compared to CFFC (Cunha et al.,
2010). Deep yellow color in CFFC is due to effeetiight scattering by large amounts of fat
globules (Deegan et al., 2014). Theand b values increased by increasing alginate
concentration in LFCs. THevalue of LFCA2, LFCA3 and LFCA4 at D120; and LFCa3d
LFCA4 at D180 were not significantly different (P88) to CFFC. Increase in lightness (L
value) by adding alginate was attributed to inceeas moisture to protein ratio, which
subsequently increases the surface area occupiedsdagtering centres (Rahimi,
Khosrowshahi, Madadlou, & Aziznia, 2007). Furthermaosimilar increase ih value have
also been reported using gum tragacanth and $afas fat replacers in low and reduced fat
Mozzarella cheese by Rahimi et al. (2007) and bglaRu Barbano, & Kindstedt (1998) in
low fat white brined cheese. All LFCs showed siguaiftly (P<0.5) highera values
(negative) compared to that of CFFC at D7, D30 @66 but not at D120 and D180. The
negativea value found in this study indicated tendency & samples towards green color
(Pinho et al., 2004). During ripening, the diffecerbetween L values of CFFC and LFCA3
and LFCA4 were narrowing and the LFCA4 was notificamtly (P<0.05) different than the
CFFC at D120 and D180.

3.4 Cheese Microstructure

Representative 2D (Figures 1, 2 and 3) and 3D Cli®isiges (Figures 4 and 5) clearly
demonstrates that CFFC samples exhibited moreaféities (as expected) and the number of
fat particles decreased in all LFCs samples. Hdicpes are more scattered in D7 samples (as
seen in both 2D and 3D images) and coalesced asimg progressed, especially in CFFC
due to the presence of higher amount of fat as eoedpto LFC samples. Pronounced
clumping and coalescence of fat particles have Ipgewiously reported with increased fat

content in cheese (Guinee, Auty, & Fenelon, 2008 2D images were further analysed to
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determine parameters such as area, size and nuwibé&at particles, whereas 3D images

were used to determine their volume.

Image analysis of CLSM micrographs revealed abuindambers of small particles (ranging
from up t00.5um) in all cheese samples throughout the ripenionggss (Figures 6, 7 and 8).
Fat particles of >0.6 um were present in larger Imermn CFFC as compared to LFCs. As
evident in their respective 2D and 3D images, the of fat particles in CFFC profoundly

increased during ripening from D7 to D180 wheréasrtsize in LFCs increased subtly.

Fat particles in all LFCs were significantly smal{f<0.05) in size, area (in 2D images) and
volume (in 3D images) as compared to CFFC overriffening period (Figures 9 A and B

and D). The size and area of the fat particlesemeed (P<0.05) from D7 to D180 in CFFC
but not in LFCs. The volumes, area and size opé&aticles in alginate added LFCs were not
different from CLFC (except LFCA2 for volume), swgging alginate did not affect these
parameters. The fat particles in this study wengeia as the cheese milk was not
homogenized. Results by Ong et al. (2010) also rtegolarger fat particles (the mean
diameters of up to 9 um) for raw un-homogenisedk.niiarge numbers (P<0.05) of fat

particles were present in CFFC at D7 and D120 agpeoed to D180 (Figure 9 C). Wang, Li,

Wang, & Ozkan (2010) also reported total numbetsarea covered by fat particles in CFFC
were higher due to inclusion of more amount ofifiailk used for cheese preparation. At
D180, number of fat particles detected in CFFC alhd_.FCs samples were not different,

possibly due to coalescence of fat particles in CEEring cheese ripening.

Though CLSM provided information regarding diffecenin effect on fat particle size, area
and volume in all LFCs compared to that of CFFC,amald not able to observe alginate
particles by CLSM despite the use of alginate gjmestaining. Hence, images were further
viewed through SEM in an attempt to visualise tiggnate. The alginate was not observed in
SEM either (Figure 10). However, SEM images rewk@fegure 10) increased smoothness in
cheese with increasing alginate concentration amchaticeable phase separation between
protein and alginate was seen. Due to de-lipidadianing sample preparation for SEM, voids
spaces were left intact where fat particles usdueetm the samples (Aryana & Haque, 2001).
This fact is further evident by CFFC showing mone éarger voids and more open structure
as compared to LFCs. On the other hand, there wdsnae protein network with less
numbers of voids present in CLFC. Similar microstusal images were also observed by
Diamantino et al. (2014); and Lobato-Calleros e{2007) for CFFC and CLFC. The surface



357
358
359
360
361
362
363
364
365
366
367

368
369
370
371
372
373
374
375
376
377
378

379
380
381
382
383
384
385
386
387
388
389

of the LFCAL displayed an increase in porous andngp character, smoothness and
cohesive appearance, this porous microstructurdd cpwvide more space for water
entrapment and result in a softer texture. Additbrlginate could have interfered with the
aggregation of caseins resulting in the formatibnnbomogeneous casein network with
porous and smooth microstructure. Also, alginated@egatively charged polysaccharide
interacts with positively charged proteins at oM @nd forms highly structured open porous
protein network (Chen et al., 2016). The proteitwoek seemed to be covered over in a
cheese having higher alginate concentration. Samal svhite aggregates were scattered
over the protein network (indicated by red arrowFigure 10) in all alginate added LFCs.
Such aggregates were also noted by Drake et @6()3vhen using lecithin as a fat replacer

in reduced fat cheese.

3.5 LF-NMR results

Fig. 11 shows the transverse relaxation timg §pectra of CFFC, CLFC and LFCAL1. The T
and the corresponding peak area can reflect thelitpadnd distribution of molecules (e.qg.,
water and fat) containing hydrogen protons in aeskematrix, respectively. A longer
transverse relaxation time indicates lower bindémgrgy and higher mobility of molecules
containing hydrogen protons. The cheese matrixcedféhe relaxation of protons in water
owing to interactions between macromolecules anttiw&lence, different states of water
molecules yield a spectrum of transverse relaxadiime (T,) (Altan, Oztop, McCarthy, &
McCarthy, 2011). The relaxation is not only affectey water translation and rotation of
molecules, chemical exchange between water moleand biopolymers or other solutes

also have an impact on it (Gianferri, Maioli, Delfi& Brosio, 2007).

Multiple relaxation times in cheese are due tch#terogeneous matrix. The protons in less
mobile and more mobile fractions of water in cheesgesponds to the components with
shorter and longer relaxation time, respectivelitaA et al., 2011). Generally, three peaks
were observed in the, Wistribution spectrum of cheese samples. Thepresk (1) between
the shortest relaxation time of 0.05-2 ms corredpdrio protons of the tightly bound water
molecules accumulated in the large open chann¢hefprotein network (Bordoni et al.,
2011). The second peakog) between the medium relaxation time of 3-30 ms desgnated

to protons of water molecules entrapped insidepttmtein gel- network within the cheese
matrix (Gianferri et al., 2007). Finally, the thipkak (B3) between the longest relaxation
time of 40-400 ms was ascribed to protons of fatewwdes within the cheese matrix. As

shown in Table 5, no significant differences websearved in 7;, T, and b3 relaxation
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times between CLFC and CFFC, while thg, T, and T3 relaxation times of LFCAL were
longer than CLFC and CFFC, suggesting a higher hplbif water and lipid molecules in
LFCAL. This relaxation time data was in accordamath the moisture data in Table 2.
Moreover, no significant differences were obserued,; peak area between LFCA1l and
CLFC, while the 33 (A21) peak area of LFCAl1 and CLFC was larger than ¢haCFFC,
which might be attributed to the lower number ofltophilic compounds (e.g., protein and
water) in CFFC. For the major peak,TA2»), the peak area was not significantly different
between CLFC and CFFC, while the corresponding [@@ak of LFCAl1 was significantly
(P<0.05) larger compared to CLFC and CFFC. Theeeftirese results suggested that the
increase in water content in alginate added lowclfetese was mainly caused by an increase
in the amount of water in fraction,d This increase in higher mobility water fractiam i
LFCA might be responsible for its softer texturalfle 3). In addition, the,§ peak area of
LFCAL, CLFC and CFFC were generally in agreemerth he corresponding fat content
(Table 2). The relaxation time of cheese is seresiid the level of water and ratio of protein
to water (Chaland, Mariette, Marchal, & De Certain@000). Similar kind of easily
distinguishable relaxation time for fat and watestpn molecules was reported by Chaland et

al. (2000) in cheese samples.

4. Conclusions
This study investigates the effect of adding altgirta the development of texture, colour and

microstructure of LFCs. Present results indicated fat reduction in cheese led to increase
in hardness, denser microstructure and poor caeeldpment. Addition of alginate in LFCs
improved these attributes, making alginate addeskesh (at as low as 0.12% addition)
comparable to CFFC. Furthermore, alginate addedslWw€re softer, more cohesive, chewier
and smoother than CLFC and CFFC; and one of thebimations (LFCCAL) closely
resembled CFFC in terms of textural parametersa#f possible to see the relaxation time of
water protons and fat protons by LF-NMR and proglidesights into the existence of fat and
water in cheese. NMR results verified presenceigii amount of higher mobility water in
alginate added LFC which might contribute to itdtesotexture. Study on digestibility,
tribology and sensory properties of alginate addeds will be the focus of future research.
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Table 1. Composition of milk and levels of algmatsed for Cheddar cheese making.

SN Samples code Fat Protein Added
(9/1009) (9/1009) (9 /100 9g)

1 Full fat control cheese (CFFC) 2.92 + 0.038.54 + 0.09 0

2 Low fat control cheese (CLFC) 0.44 + 023.70 + 0.13 0

6 Low fat cheese (LFCA1) 0.48 + 0'013.60 + 0.08 0.12

7 Low fat cheese (LFCA2) 0.47 +0013.68 +0.12 0.17

3 Low fat cheese (LFCA3) 1.08 £ 0:013.74 + 0.06 0.18

4 Low fat cheese (LFCA4) 1.04 + 002 3.78 + 0.08 0.23

Fat and protein content are expressed as the smg@mdard error (n = 6). Means in a single
column with different superscripts are significgrdifferent (P<0.05).
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Table 2. Composition of Cheddar cheese with oraitladded alginate at different levels.

619
oS

Cheese Total fat Total protein Moisture Ash
(9/1009) (9/1009) (9/1009) (g/200¢R0
CFFC 315+0% 295+0.6 345+0.58 4.8 + o.f621
CLFC 5.0+0.% 422 +0.8 419+0.58 59+0.7
LFCA1 3.1+0.2 35.8+0.8 50.3+0.3 5.6 + 0.0822
LFCA2 2.7+0.f 35.6 + 0.4 51.7 +0.7 55+0.F
LFCA3 5.5+0.4 33.0+08 521+03  49+00%3
LFCA4 3.8+0.f° 31.7+0.4 54.6 + 0.5 4.8 +0.2624

All results are expressed as the mean * standesd (@r= 6).Means in a single column with
different superscripts are significantly differ¢R&0.05). DB is on dry basis.



649  Table 3. Textural characteristics of Cheddar cheateor without added alginate at
650 different levels obtained by texture analyser.
Ripening  Sample Hardness (N) Springiness Gumminess (N) Chewiness Cohesiveness
time
D7 CFFC 39.79+0.8 0.94+0.0 28.38 +0.78 26.88 +0.5 0.71+0.08
CLFC 55.19+0.70 0.92 +0.0%® 4582 +138 42.03+1.6 0.82+0.02
LFCA1  32.85+0.49 0.94+0.0%® 24.06 +0.8 22.60+0.7 0.73+0.08
LFCA2  26.26+0.31 0.91 +0.00%3 20.24 +0.3% 18.45+ 0.8 0.77 £ 0.0
LFCA3  24.15+0.72 0.90+0.0% 18.19 + 1.6 16.42 +1.%F 0.75 +0.028
LFCA4 20.04+095 0.92+0.0%® 14.81 +0.45 13.67 +0.5 0.73+0.0%
D30 CFFC 21.70+0.30 0.97 + 0.007 17.81+0.24 17.26 +0.21 0.82 + 0.8%""
CLFC 4455+ 0.45 0.95+ 0.00%" 39.52 + 0.4 37.72+0.49 0.89+0.88
LFCA1  18.17+0.1% 0.95 + 0.00% 15.70 + 0.0 15.02 + 0.086 0.86 + 0.88"
LFCA2  15.26+0.33 0.91 +0.00%%"  12.78+0.28 13.14 + 0.56 0.84 + 0.8%*
LFCA3  8.22+0.08  0.92+0.0%%™ 6.76 + 0.1 6.20 +0.1% 0.82 + 0.8%""
LFCA4  6.27+0.0%  0.90 +0.0f" 5.19 + 0.08" 4.71 +£0.08" 0.82 + 0.8%"
D60 CFFC 19.01+0.20 0.95 +0.03** 15.34 + 0.28 14.56 + 0.32 0.80 + 0.008"
CLFC 44.64 +0.23 0.95+ 0.008™ 39.60 +0.42 37.78 £ 0.48 0.89 + 0.008
LFCA1  17.00+0.09 0.92 + 0.G°%" 14.67 +0.12 13.62+0.1* 0.86 + 0.008™
LFCA2  14.10+0.23 0.92 + 0.008°*"  11.95+0.2% 11.09 +0.22 0.85 + 0.00%*
LFCA3  8.10+0.08 0.91 + 0.007%""  6.70 + 0.0% 6.14 + 0.08 0.83 + 0.005%"
LFCA4 5.70+0.08 0.90 + 0.0 4.66 +0.07" 4.18 +0.08" 0.82 + 0.00F""
D120 CFFC 17.93+0.2% 0.96+0.0%" 14.43 +0.30 13.86 +0.41®  0.81 +0.0%"
CLFC 3741+0.2%5 0.93 + 0.0f0ccet 32.70 £ 0.35 30.50 + 0.37 0.87 + 0.008
LFCA1  14.91+0.2% 0.92+0.008°" 1247 +0.19 11.50 +0.20 0.85 + 0.00%*
LFCA2  12.32+0h 0.92 + 0.00%%""  10.11 +0.06 9.3+0.10 0.82 + 0.00&™"
LFCA3  7.2+0.12" 0.89 + 0.008' 5.7 + 0.08" 5.10 + 0.11" 0.80 + 0.008
LFCA4 541+0.11 0.89 + 0.009% 4.30 +0.08 3.85+0.07" 0.80 + 0.008
D180 CFFC 14.1+0.18  0.94 +0.07* 11.50 + 0.17 10.8 +0.17 0.82 + 0.008%
CLFC 32.7+0.16 0.94 + 0.008°cc® 28.3+0.14 26.6 +0.26 0.90 + 0.00%
LFCA1  10.7+0.20 0.91 + 0.008""' 8.9+0.17 8.1+0.18 0.83 + 0.00%°"
LFCA2  9.2+0.09 0.92 +0.007%  75+0.16 6.9 + 0.0& 0.81 + 0.08"
LFCA3  7.2+0.13" 0.90 + 0.008" 5.7 + 0.08" 5.10 + 0.0%" 0.80+ 0.007
LFCA4 53+0.11 0.87 +0.0% 4.23+0.10 3.4+0.09 0.80 +0.007
651  All results are expressed as the mean + standevd(ar= 6). Means in a single column with
652 different superscripts are significantly differéR0.05).
653 **°denotes comparison between cheeses over the ¢iriwel from D30 to D180.
654 “BC denotes comparison between cheeses at D7.
655
656
657
658
659
660
661
662
663
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665 Table 4. Haunter L, a and b values of cheese adddiy colorimeter.
666

Ripening time Samples L a b

Day 7 CFFC  65.5+0.4 5.5+ 0.4 20.9+0.9
CLFC  44.4:18 4403 9.9+0.6
LFCA1L 52.7+08 -49+0.3 11.3+0.4
LFCA2 582+0.4 -48+0.2 125+0.9
LFCA3 58.7+0.4 -44+0.2 12.7+0.3
LFCA4 60.7+0.9 -48+0.2 12.6+0.3

Day 30 CFFC 64.2+1.8 -5.2+0.8 20.8+0.3
CLFC 456+0.9 -45+0.4 8.5+0.7
LFCA1 535+142 -43+0.3 11.0+0.4
LFCA2 54.0+0.6 -44+0.2 11.0+0.7
LFCA3 586+1.2 -4.4+0.F 12.2+0.7
LFCA4 583+0.8 -4.4+0.2 12.0+0.7

Day 60 CFFC 63.1+23 -55+0.2 20.1+158
CLFC 46.2+0.8 -46+0.3 8.1+0.4
LFCA1L 546+1.2 -46+0.2 11.0+1.6
LFCA2 548+1.2 -4.5+0.58 10.7+0.3
LFCA3 583+22 -4.4+0.72 11.9+0.7
LFCA4 58.8+0.4 -46+0.3 11.7+1.%2

Day 120 CFFC 645+19 -49+0.3 21.0+1.58
CLFC 48.7+0.7 -4.4 +0.04 121+18
LFCA1 59.6+1.0 -49+0.2 15.4+0.8
LFCA2 65.9+0.9 -5.2+0.% 17.1+0.7°
LFCA3  659+0.7 -48+0.3 18.8+0.8
LFCA4 658+0.2 -5.2+0.2 17.5+0.9

Day 180 CFFC 66.0+ 1.1 -4.4+0.F 21.6+0.5
CLFC 49.2+0.2 -40+0.1 10.6 0.9
LFCA1 56.9+1.2 -4.2+0.1 13.0+0.8
LFCA2 58.7+0.3 -42+02 13.5+ 0.4
LFCA3  65.9+0.7 -4.5 +0.04 16.3+0.2
LFCA4 64.1+0.1 -4.3+ 0.3 14.8+1.6°

667 All results are expressed as the mean * standeod(er= 6). Means in a single column
668  within a ripening time block with different superigts are significantly different (P<0.05).
669
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Table 5. The transverse relaxation time) @nd corresponding peak area.

Cheese Relaxation time Peak area

To1 Ty Tos A Az Azz
CFFC 05200 9.3+0.0 81.3+8.0 382+28 2157 +30 627 +42
CLFC 04+0f 9.3+0.0 93.5+9.3 536 +56 2099+ 1768 79 + 28

LFCA1 0.7+03 142+0.0 251.6+140.8 476+43 2521+78 21+5%

Relaxation time are expressed as the mean + sthedar (n = 6). Means in a single column
with different superscripts are significantly diéat (P<0.05).
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Figure captions
Figure 1. 2D images of cheese samples at D7 olotdioen CLSM. Images from A to F are
CFFC, CLFC, LFCALl, LFCA2, LFCA3, LFCA4 cheese saasplrespectively. The fat

particles and protein network are stained greerretdrespectively.

Figure 2. 2D Images of cheese samples at D120mdatdrom CLSM. Images from Ato F
are CFFC, CLFC, LFCAL, LFCA2, LFCA3, LFCA4 cheesanples, respectively. The fat

particles and protein network are stained greerretdrespectively.

Figure 3. 2D images of cheese at D180 samplesrdatdrom CLSM. Images from Ato F
are CFFC, CLFC, LFCAL, LFCA2, LFCA3, LFCA4 cheesanples, respectively. The fat

particles and protein network are stained greerresidrespectively.

Figure 4. 3D Images of cheese (D120) samples adaddnom CLSM. Images from A to F are
CFFC, CLFC, LFCAl, LFCA2, LFCAS3, LFCA4 cheese saesplrespectively. The fat

particles and protein network are stained greerretdrespectively.

Figure 5. 3D Images of cheese (D180) samples aatdiiom CLSM. Images from A to F are
CFFC, CLFC, LFCAl, LFCA2, LFCAS3, LFCA4 cheese saesplrespectively. The fat

particles and protein network are stained greerretdrespectively.

Figure 6. Fat particle size distribution in D7 séesp A-F distributions are for CFFC, CLFC,
LFCAL, LFCA2, LFCA3, LFCA4 cheese samples, respetyi Six replicate images were

used for the distribution analysis of each cheasepe.

Figure 7. Fat particle size distribution in D120ngdes. A-F distributions are for CFFC,
CLFC, LFCAL, LFCA2, LFCA3, LFCA4 cheese samplespectively. Six replicate images

were used for the distribution analysis of eackesle sample.

Figure 8. Fat particle size distribution in D180ngdes. A-F distributions are for CFFC,
CLFC, LFCAL, LFCA2, LFCA3, LFCA4 cheese samplespectively. Six replicate images
were used for the distribution analysis of eackesle sample.

Figure 9. Average size, area and total number topdaticles in 2D images during ripening
(A-C) and volume covered by fat particles at 186btained by 3D image analysis (D) in six
different optical fields. All results are expressedthe mean + standard error (n = 6). Means
in a single figure with different letters are sigrantly different (P<0.05).
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Figure 10. Images of cheeses (at D180 old) obtafred SEM. Images from A to F are
CFFC, CLFC, LFCA1, LFCA2, LFCA3, LFCA4, respectiyelSmall white aggregates are

scattered over the protein network (indicated loyaow) in alginate added cheese.

Figure 11. Transverse relaxation spectra of 18% daged cheese showing distribution of

transverse relaxation time4)Tobtained by LF-NMR.
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Highlights

1. Low fat Cheddar cheese (LFC) with four concentrations of alginate were prepared.

2. Fatleve in aginate added LFC was reduced by up to 91% as compared to control full
fat cheese (CFFC).

3. Textura properties of one of the alginate cheese containing only 3.1% fat were
similar to those of CFFC.

4. Microstructure revealed smoother texture in alginate added LFC compared to control
LFC.

5. Micrographs suggested there was effect on the fat particle size, area and volumein al
LFCs.

6. Higher mobility water fraction was found in alginate added cheese compared to CFFC
and CLFC by NMR.

7. Color of some of the aginate added L FCs was comparable to CFFC after 120 days of
ripening.



