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Abstract:

Background: Rhamnogalacturonan | (RG-I) is composed otkbbae of repeating
disaccharide units —2)-a-L-Rhap{1—4)-a-D-GalpA{1— with neutral sugar sidechains
consisting of arabinose and galactose with variahlenti types and chain lengths,
corresponding to the hairy regions of pectin. This palgharide is abundant in the
primary cell walls of fruits and vegetables.

ScopeandApproach: Biological functionsof RG-l in immunomodulation and functional
properties as a supplement and pharmaceutical expdwiea increased commercial
interest in RG-I extraction from fruit and vegetable waldt@vever, conventional
extraction methods use harsh acid treatments that ym@lrdhe side chain®f RGI.
Innovative extraction technologies have been devdldpepreserveRG| structure with
better biological function. Therefore, the present revisi focus on the influence of
conventional and innovative methods exemsthe RG region of pectin from fruits and
vegetables.

Key Findings and Conclusions: Non-thermal processitigagound, dielectric barrier
discharge plasma, and enzymatic treatm@nguperiorto conventional and thermal
processing (relying on high pressure, microwave suiocritical water extractionsih
extracting branchedRG-1 from frut and vegetables waste for food and pharmazdut

applications.

Keywords: RG-Il, pectin, fruit and vegetable waste, innovativdraetion, biomass
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1. Introduction

The fruit and vegetable processing industry produce® lamountsof by-products
such as peels, seeds and shells (Schieber, 2017zgrft}t Bruyn, Cooper, Budarin, &
Clark, 2013) that contain abundant bioactive components inctudantioxidants
(polyphenols, dietary fibers), pigments, flavor compounpioteins, essential oils,
enzymes, and dietary fibers (Trigo, Alexandre, Saraiv&infado, 2019). Pectin is one of
the most abundant componerits food processing waste and biomassproducts, thus,
optimizing pectin extraction and recovery is importaotfully valorize these feedstock

resources (Shalini & Gupta, 2010).

Pectin is a complex, colloidal heteropolysaccharaenposed of structurally distinct
regions or domains which include homogalacturonan (HG), rhamaogaonan (RGI),
rhamnogalacturonanRG-1) (Fig. 1). HG, accounting for approximate §5% of pectin,
is a linear polymerof a-1,4 linked galacturonic acid that partially methyl-esterifie dat
C-6 and O-acetylated in positions 2 and 3 (Mohné®8R HG has dominated pectin
researcldueto its abilty to form gelsin the presencef calcium, dependingon the extent
and pattern of methyl esterification (Celus, Kyomugashoey, Grauwet, & Hendrickx,
2018). RGH, accounting for20-35% of pectin, is composedof a backboneof repeating
galacturonic acid and rhamnose (Rha) disaccharide witraheside chains attached to
the O-4 position and sometimes the O-3 posit@iha-L-Rhap backbone units. Between
20% and 80% of the Rha residues are substitui@dC-4, dependingon the plant sources
well asthe extraction conditions used (Kaya, Sousa, Crepfsaensen, & Ralet, 2014).
Like HG, RG-l may also be methylated aadetylated (Sun et al, 2019). RG-
accounting for 2t0% of pectin, is composedof a HG backbone thak heavily branched
with many complex side chains containing Raegbinose (Ara) and galactose (Gal),
other minor sugars such as fucose, glucuronid, anethyl-esterified glucuronic acid,

apiose, 2-O-methylxylose, and 2-O-methylfuco$¥=Il is considered the most
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conserved domains among pectin molecules (Nordezji, Akram, Rasul, Mansha,
Yaqoob, et al., 2017). Dueto its linear structure HG is often referredas the ‘smooth
region’, while branched regions includingRGl, RGIl and xylogalacturonan (XG) are
referredto as belonging to the ‘hairy regions’ (Pfaltzgraff, Bruyn, Cooper, Budarin, &
Clark, 2013). Pectins extensively usedh the food industryasan emulsifier, stabilizer,
geling agent, thickening agent and color-protectagent (Cheret al., 2015). Pectin also
has promiseas a bioactive, pharmaceutical ingredient for drug defiveissue

engineering, and the formatioof hanoemulsions (Chen, Guo, Zhang, Wan, Yang, & Yang,
2018). The demand for pectin is increasing approxima#eBfo annualy (Raji,

Khodaiyan, Rezaei, Kiani, & Hosseini, 2017), drivendgynand in plant-based, clean

label food ingredients and the increased functionatitpharmaceutical products.

For large and structurally complex biopolymers, extractioethods have a strong
influence on the composition, structural, physicoclkamiand bioactive properties, and
determine their application and valire the market. Traditionally, the degre#
esterification (DE) and GalA content effegtztin’s applications as a geling and
thickening agent because of their different influencehégel forming mechanisnof
pectins (Mari¢, Grassino, Zhu, BarbaBrn¢i¢ M., & Brnéi¢ R., 2018). The commercial
final pectin products often require a high GalA conteB®®4)6 and a specific degreaf
methylation (DM) (>55% for high methylation pectinsdar55% for low methylation
pectins), in order to obtain the optimal gglinproperties. Commercial pectins are
traditionally obtained from food processify-products including citrus peels, apple
pomace, and sugar beet pulp (Putnik, Bursac Kovac&®eazek Jambrak, Barba, Cravotto,
Binello, et al., 2017) using harsh acid extraction conditiors low pH values (1.5-3.0)
and elevated temperatures (BIB °C) over several hours (Koubala, Mbome, Kansci,
Mbiapo, Crepeau, Thibaultetal., 2008). These commercial extraction conditionsuireq
high solid to liquid (S/L) ratios, large amountsf solvents, anctanresult in substantial

adverse environmental impact including high energy \water utiization. Recently, the
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food industry has expandegkctin’s application from a geling agerb an emulsifier,

stabilizer, and thickening agent addition, pectin, andRG-l in particular, has attracted
attention as a bioactive component for funcliof@d or pharmaceutical applications.
Thus, reconsideratiorof extraction methodss necessaryo optimize pectin functionality

and bioactivity.

RGTI’s bioactivity is attributed to its molecular weight, composition and structure.
Important criteria include the Gal, Ara, Rha and GalA teuts, the degree of methylation
and acetylation, and branching pattern (Ralet et@05)2 RG-I enriched pectin putative
bioactivities include prebiotic potential (KhodaeierRandez, Fliss, & Karboun&016)
and potentialas a pharmaceutical componedue to its immunomodulatory (Zhangt al.,
2012) and anti-apoptotic activities through inhibitiosf galectin-3 function (Zhangt al.,
2016). The RG-I type pectin with abundant side chatlading alpha-L-1,5-arabinan,
beta-D-1,4-galactan, arabinogalactan | (AG-1) and arghlactan 11 (AGH), exhibiting
strong binding activitiesto galectin-3 (Cu et al., 2019). Neutral Gal side chaio$ RGH
region was proveno selectively bindto recombinant galectin-3 (Gunning, Pin, & Morris,
2013) through which arrested cell cyclf B16F10 celsin G2/M phase and induced
apoptosis (Vayssadetal., 2010). High Gal contermt RG region is important for pectin
to inhibit cell prolferation and the indugtioof apoptosis (Shakhmatov, Toukach,
Michailowa, & Makarova, 2014). Besides, the Gal/Ara orai also a critical parameter
for the immunopotentiation activityf pectin oligomers (Leclere, Cutsem, & Michiels,
2013). Therefore, thers anincreased interesh methods for the extraction and
preparation of oligomeric pectins containing fewer HGoresy and enriched IRGH

regions with branched neutral side chains specifically.

RGI enriched pectincaneither be obtained directly from various purified plant cell
walls under specific mild extraction conditions or fromiracted pectins using

endopolygalacturonase (Endo-PG) modification in pssimmbination with pectin



144  methyl esterase and side chain degrading enzymes gKhd Karboune, 2014).

145  However, enzymatic methods are difficult and expensivepscale at the industrial scale,
146  studies and novel methods for the commercial produatioRG-l enriched pectins need
147  to be developed. Various innovative thermal extraction mégles have been studied
148  extract pectin more efficiently. These technologies oslyindirect heatingy pressure,

149  electric or magnetic field, microwavesyr light (Jérébme, Chatel, & Oliveira Vigier, 2016),
150 rather than conventional heating (Pereira & VicenteQROIhese methods are more

151  effective at lower temperatures (Perez-Andres, Charoux, Culeriwari, 2018) and

152 enable shorter extraction times, and lower solvent nemeints, and result in higher

153  Yyields along with the recoveryf RGH rich pectins (Alba, Laws, & Kontogiorgos2015;
154  Methacanon, Krongsin, & Gamonpilas, 2014; Wang, ChNén, Wang, Liao, & Hu,

155  2007). However, most of the studies using these itivevaechnologies involve acid

156  condttions, adversely impacting thG-| regions, and particularly the degree and lengths

157  of RG-I branches, within the pectin product.

158 Although numerous studiesn pectin extraction from fruit and vegetable waste have
159  been carried out, few considered the influerafeextraction methodon pectin structure,
160  especialy the recovery of RG-l enriched pectins. dihe of this review is to highlight

161  the impact of both conventional and innovative extraction tealesgon the structural
162  changesn RG enriched pectin antb provide anapproach for the combined application

163  of different extraction methods for RG-I enriched pectin recpv

164 2. Conventiona extraction method

165 2.1 Thermal/non-thermal treatment in acid, alkaline or chelating agent solutions

166 Conventional pectin extraction is water based butsredie different chemical
167  additives. Direct boiingis the most conventional method for industrialized ipect

168  extraction, however, it takes several hours to obtagoca yield (Li, Jia, Wei, & Liu,
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2012). During the long heating process, the pectinuodergo thermal degradation by
beta-elimination of the HG backbone and significant debranching, leadiogpectins of
inferior quality. Thus,to reduce extraction time, heatirg generaly accompaniely the
addition of different chemicals that faciltate pectin release from c¢ell wall. The
influence of extraction solvent composttioron pectin structure has been comparad
many studies (Chan & Choo, 2013; Koubala, Kianstbome, Crépeau, Thibault, &
Ralet, 2008). The structural diversity of pumpkintraoted using various solvents has
been demonstrated (Kostalova, Hromadkova, & Ebringerova, 2014). The authors used
hot water, ethylenediaminetetraacetic acid (EDTAlyted HCI, dilute and concentrated
NaOH solutions to isolate pectins. The first thre@esubs extract pectins with
considerable polymolecularity and reduced RG-I contgt-28%) compared to thadf
alkali-extracted (39.3-49.6%) pectin, consistent yitvious research (Yapo, Lerouge,
Thibault, & Ralet, 2007). Because of the high xylosateat in the alkali-extracted pectin,
alkaline extraction is thought to promote the co-etiva of hemicelluloses sucas
xyloglucan and glucuronoxylanln the studyof (Kurita, Fujwara, & Yamazaki, 2008),
citrus peel pectin was extractegd water acidified with 0.030 1 M citric acid. Using 0.5
M citric acid under neutrapH at 65 °C, the maximum proportionof RG-| obtained was
57.5%. Pectin extracted with citric acid showed aelb®M (8.4%) and higher molecular
weight distributions (5o 2000 kDa), indicating the citric acid dichot degrade pectin
(Kurita, Fujwara, & Yamazaki, 2008). Chelating agentshsas oxalate, can solubilize
pectin having a higibM andof high molecular weights (Kaya, Sousa, Crepeau, Sorensen
& Ralet, 2014), as previously reported (Hadfield, Rose.eY@Berka, & Bennett, 1998)
and later verified (Koubala, Kansci, Mbome, Crépeawhdlti, & Ralet,2008; Lim, Yoo,
Ko, & Lee, 2012). Chelating agent extractions are ingzady the number of ionic
linkages in plant tissue pectin, relatead the Ca* content and the distributionnf free acid
groupsin the HG pectin domain. More pectin (yieldf 15.59%)is extracted with

hydrochloric acid compared with water extraction (yiefd0.95%)or sodium
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hexametaphosphate extraction (yield of 5.17%), angehén yield is positively
associated with decreasing pH, suggesting that tleetinp can bind to the
cellulose-hemicellulose netwotky hydrogen bonding (Ueno, Tanaka, Hosino, Sasaki, &

Goto, 2008).

Different stabilty of uronic acid residues and their linkagas different pH values
can determine the different structural features of pectiraetedby acid or alkaline
extraction. GalA-Rha or Rha-GalA linkages are less esttilaln GalA-GalA, besides, Ara,
Gal, Rha are successively acid-labile sugars, whild\ Gathe most resistant to acid
hydrolysis (Kaya, Sousa, Crepeau, Sorensen, & R2aM#4; Thibault, Renard, Axelos,
Roger, & Crépeau, 1993). Under strongly acidic conditigpsi<2) and high
temperatures (>68C), linkages between uronic acid residues are more stiadofe
inkages between uronic acid and neutral sugars (Wb8#i7). Therefore, pectin
extracted with alkaline solvent under low temperatoas much higheRG-1 content with
retained neutral side chains compatedhat of harsh acid extraction. Citrus peel residue
was treated with 0.6% NaO#&t 32 °C stirring for 10 min, thepH value was then adjusted
to 6-7. The pectin obtained contained 82.9%>1 region (comparedo 44% that of HCI
treatment at pH 3-4) with highly branched side chaibsording to monosaccharide
analysis and AFM image(Zhangtal., 2018). KOH treatment lead$o less degradatiorof
Ara and Gal side chains and, the debranchafigAra side chains was more significant
comparedto Gal side chains under harsh alkaline conditionggesting that Ara residues
are more susceptible to altered conditions than Galuess(Khodaei & Karboune, 2014)
Alaline extracted pectin also has lower moleculaeight, its RG| region contentis
usualy 2-5 times compared to pectins exégolith other conventional extraction
methods. (Fishman, Chau, Cooke, Yad&v,Hotchkiss, 2009). Molecular weighis
reduced due t@-elimination reaction, which cleaves glycosidic diges between

methylated galacturonic acid units (Albersheim, Neuké&nbeuel, 1960).
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In summary,RG1 content and its neutral side chains difierdifferent plant
materials anddue to the useof different extraction conditionsAs shown in Table 1,
potato pulp, citrus peel, sugar beet and oi-pumpéne the best plant materials fRG
recovery. Hot water and acid extracted pedinsually highin HG content (GalA > 65%)
and affords a highDM and DA. Low pH stimulates protopectin (water-insoluble
precursorof pectin existsin plant tissues ) hydrolysis (Sakamoto, 1995), prom@ed
and Mg?* removal , and increasesotopectin’s solubility, thus, enabling higher isolated
yields of HG enriched pectin. Alkaline extracted pectin usualgs high RG-1 content
(49.6%-82.5%, dependingon temperature and pH), lowDM (resulting from
saponification reaction) and low yields. Alkali caussdA instability, enriching the
extracted fractions witlRG-| oligomers branched with arabinan and galactose didéns.
Alkaline treatment lead$o pectin decomposition, therefore, the resulting prodiartnot
be precipitated with alcohol, resulting reducgelds (Yeoh, Shi, & Langrish, 2008).
Organic acid/chelating agent extracted pedircharacterizedoy high molecular weight
and low DM. Becausef their lower dissociation constant comparedmineral acids,
organic acids have lower hydrolyzing capacity. The Rearitent of pectin extractetly
organic acids often falls between pectins extratigtiarsh mineral acids ara alkaline

conditions.

3. Innovative extraction technology

3.1 Ultrasound extraction (UE)

Ultrasound referdgo the sound waves with frequencies higher tRarkHz, beyond
the thresholdof human auditory detection (frori6 Hz up to 16 kHz) andis mainly
characterized by frequency (kHz range-MHz rangd)veavelength (Koubaa,
Rosello-Soto, Zlabur, Jambrak, Brncic, Gringf al., 2015). Its transmission depenuls
medium, suchassolid, liquid or gas. The transmission process includes expansion

(puling molecules apart) and compression cycles (pgshnolecules together)n liquid
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medium, cavities grow and then collapse when theativeg pressure exerted exceeds the
liquid’s partial tensile strength. This proceasswhich bubbles form, grow and collapsse
known as “cavitation”. During phytochemical extraction, sound waves creassitation
bubbles near the tissue material, thus, breaking dbercell walls and causing enhanced
solvent entrance into the cells, thereby helpingelease cell contents. This technique has
been used for pectin extraction (Bayar, BoualeguAchour, Kriaa, Bougatef, &
Kammoun, 2017).UE has been uset extract pectin from Opuntia ficusindica cladodes
(Bayar, Bouallegue, Achour, Kriaa, Bougatef, & Kammoun, 720Artocarpus
heterophyllus fruit peels (Moorthy, Maran, llakyAnitha, Sabarima, & Priya,2017)
tomato waste (Grassino, Brncic, Vikic-Topic, Roca, e Brncic, 2016), orange peels
(Hosseini, Khodaiyan, Kazemi, & Najar2019) and industrial wastef Musa balbisiana

(Maran, Priya, Al-Dhabi, Ponmurugan, Moorthy, & Sivarajes, 2017).

Ultrasonic treatment disrupts the cellulose network @Y &viang, Hu, Xiao, & Wu,
2018), thus, the pectin yield obtaindyy combined enzymatic/ultrasonic method (31.1%)
is about 1.540 3.5-times higher than those from separate enzymatiaation (9.4%)or
acid extraction (5.4%)In addition to increasing yields (Liew, Ngoh, Yusoff, & Teoh,
2016), sonication has an effect on pectin strectand the bioactive properties of the

pectin (Wang, Ma, Jiang, Hu, Zhi, Chest,al., 2016; Zheng, Zeng, Kan, & Zhang, 2018).

Sonochemistry severely degrades pectin microstructurd thés degradation mainly
occursin the RG side chain andHG backbone. Pectin extracted usidg under
0.41W/mL, 60°C for 28 min in water contained 41% RG-| content (Ma, W&iwen,

Ismail, Wang, Lv, et al., 2018; Wang, et al., 201@creased sonochemical treatment
leads to decreased molecular weight and a narrower ufaslegveight distribution for
extracted pectinAs the ultrasonic time increases, the decline matenolecular weight
slows down, indicating the acoustic cavitation bagebranching action with less impact

on the main backbone structumr@ pectin. If ultrasonic timeis relatively short, there stil
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will be long side chain fragments; the molecule (Ogutu & Mu2017; Wang, et al.,
2016). After ultrasound treatment, the molar ratfoGalA/(Fuc + Rha + GIcA + Ara +
Gal + Xyl) decreases demonstrating degradation of HGawed to RG: The

proportion of RG in the remaining molecular fragments are higher (WahgJ., 2017),
suggesting sonication enriches the pectin extradt R@&1. Ultrasonic wavegan break
the covalentbond between pectin and th@npectic polysaccharides, thereby improving
pectin purity (Wangget al., 2017). TheDM of pectinis also reduced because the ester
functional group is more susceptible to sonochemidtdcts, while the DA remains
substantially unchanged. Additionally, Fenton preessare a highly efficient method for
extracting RG-1 enriched ultra-low molecular weight pec€ombined treatment with
ultrasound and Fenton reagent at low temperature impitegoroportion of pectirRG
from 36% to 79%, degrades pectin to 5.2 KD and acails the degradation process

it takes place within35 min (Zhi, Chen, Li, Wang, Huang, Liu, et,aR017). An
ultrasound-accelerated metal-free Fenton chemistryngelpn HO./ascorbic acid, was
usedto develop an ultrafast approactio prepareRG enriched low molecular weight
pectic polysaccharide (letal, 2019). The ultrasound was shotenenhance the
efficiency of H,O./ascorbic acid system for pectin degradation (fit9th kDato 7.9 kDa
within 60 min) through both chemical effects (increased the hytiroadicals amount
and lowered activation energy ob®h decomposition) and mechanical effects
(disaggregated polysaccharide clusters). More importaritlyevealed that free radicals
preferentially act on the GalA backbonen the HG region whie maintaining th&kGH
region, the highest RG-I content of resulting fragmenesached 93.7%. Ultrasound has
been usedo assist pectin modification (Matal., 2018; Zhi, et al., 2017) decrease pectin
molecular weight efficiently and highly enrich RG-I dongi inducing higher contentsf
galactose-containing pharmacophores in modified petttrefore, enhancing the

bioactivity of pectin (Ma, et al., 2018).

Ultrasonic approaches have potential in processingnmamafication of RG-I
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enriched pectin using alkaline solvent, combinedhwiénton process and is promising

for extracting RG-I enriched ultra-low molecular weight tpecPectin extracted by UE
often with high purity and low DM (Table 2). UE alsmables higher efficiency, lower
energy consumption, reducing the usfechemical reagents, selective extraction, faster
activation, and lower extraction temperatures (Chemamb@at, Sicaire, Meulemiestre,
Fabiano-Tixier, & Abert-Vian, 2017). However, theie poor uniformity of ultrasound
waves reaching dispersed sample because the ultraggandity decreases with distance
from the emitter, leadingo poor pectin uniformity and variation between batches (Wang

& Weller, 2006).

3.2 Enzyme-assisted extraction (EAE)

Pectin, cellulose, hemicellulose and protein intessith eachother, resultingin the
entangled networlof the plant cell wall. The cellulose/xyloglucan netwis embedded
in a matrix of pectin along with a protein network (Panouile, Thiba & Bonnin, 2006).
Enzymes catalyzing hydrolysis have selectivity #itter reduces the amounf
solvent/chemical needeat increase the yield for the same amoohtsolvent. Enzymes
work either to degrade pectin or deconstruct plantveall to isolate pectin, which
faciltates the pectin extraction process. Throughhtlugolysis of celluloseor
hemicelluloses, pectin trapped within the cellulosatrix can be released. The most
commonly used enzymes during pectin extraction procassude cellulase,
hemicelulase, protease;amylase, pectin methyl esterase, endopolygalactasegna

B-glucosidase (Khodaei & Karboune, 2013; Khan, NakkeetaUmesh-Kumar, 2013)

Potato cell wall is potentially a rich RG-I pectin szl The effects of reaction
parametersf endoP G-catalyzedisolation of potato cell wallRG and their interactions
by response surface methodology (RSM) have been investig&hodaei, Fernandez,
Fliss, & Karboune,2016; Khodaei & Karboune, 2013). The cell wall concentratiand

amountof enzyme are the most significant parameters affectingnpgield, Gal and Ara



327  content. Under optimal conditions, 0.48) of cell wall material /ml buffer and81 units
328 of endoPG /g cell wall material, RG| enriched (90%RG-| proportion) pectin with high
329 Gal content (72%) was recovered from potato cell watizyBhatic treatment lead®
330 recovery of intact RG-I with higher molecular weight. Téféect of combined

331 physicallenzymatic treatments on the physical-chemjroperties of pectin extracted
332 from Yuza pomace were compared with chemicaly-extragbedtin (Lim, Yoo, Ko, &
333 Lee, 2012). Pectin of low methoxyl content and redugscbsity that containe®5%

334 galacturonic acid was recovered with an extnractyield (7.3%) without additional
335 chemical agents, whose yield was comparable witmiciag extraction (8.0%) (Table 3).
336  However, theRG region wasot elevated (17.1%) because fh@lucanase used mainly

337  focus on the cellulose hydrolysis.

338 Contrasts have been drawn between EAE and conventixiedction methods.

339 Enzymatic, water, and acid extractiof pectin from kiwifrut pomace has been

340 comparedby evaluating their neutral sugar composition, pectifdyi&alA content,

341  molar mass, viscosity and degreebranching (Munoz, Almagro, 2017). Pectin extracted
342  with Celluclast 1.5L (including cellulasespolygalacturonase, pectin lyase and
343 rhamnogalacturonan lyase), conduct®5 °C (pH 3.70) for30 min, showed the highest
344  yield (~4.5% w/w) when compared to the yield of wdiased and acidic extraction

345 methods (~3.6-3.8% wi/w). Hydrolysis of cellulose letal¢he release of pectin trapped
346  within the cellulose matrix. Enzymatically extracteekctin has lowest degres

347  branching (a side chainis carriedby one of every 50 GalA residues) compareapectin
348 from acid and water extraction metho@sside chainis carriedby one of every48 and45
349  GalA residues, respectively), owing to possilsliele chains hydrolysis causdy the
350 rhamnogalacturonan lyase. EAE and three conventigaskin extraction methods using
351 green tea leaf (GTLpsa model material were compardal obtain high yield leaf pectin
352 with better viscosity and geling properties (Zhasigal., 2020). Comparetb hot water,

353 acid, or FoodPro® CBL, Viscozyme® L and alkaline conditionan effectively extract



354  GLT pectin with a yieldof 8.5% and 9.2%, respectively. Viscozyme® L extraal hgh
355 contents of RG-I and RG-Il pectin with some hydralyzade chains (Table 3), thus,
356  exhibiting poor viscosity andno geling properties. FoodPro@&BL extract had simiar
357  propertiesto that of hydrothermal extract, which has highelG content. RG| pectin is
358 only located in primary cell wal, whie HG pectinclates in both lamella layer and

359  primary cell walls (Mualkrishna & Tharanathan, 1994)isdézyme® L, a mult-enzyme
360 complex containing a wide range of carbohydrases, egrade the cell wall more

361  thoroughly than FoodPro® CBL, therefore releasing more RGtinpeEAE and

362 conventional acid extractiomf apple pomace were also compared (Wikiera, Mika, &
363  Grabacka, 2015). Celluclast 1.5L, at concentration mgnfyom 25-70 pL per 1 g, was
364 used to treat apple pomace for 18 h at860pH 4.5, while acid extraction with sulfuric
365 acid performedat 85 °C for 3h. Even the lowest concentratiaf Celluclast 1.5L resulted
366 in 15.3% recovery of pectin significantly less contataal with glucose, however, this
367  pectin was richer in arabinose and fucose, typical ofl R@8d RGH fractions,

368 respectively. In an earlier report (Yoo, Mika, & Grabackdl5a), three different

369 commercially available enzymatic preparations (Cellacl&xonase and Viscoferm) were
370 used to extract pectin from apple pomace, resultingectins rich inHG

371 (55.59%-61.49%). Celluclast extraction afforded highgeld (19%) than Viscoferm
372 (18%) and Econase (12%) extractions. In additipectin recoveredby Celluclast
373  extraction was higheiin neutral sugar content (Cellucladf7% vs Econase 13%,

374  Viscoferm 17%). Xylanase and cellulase also promotet piell wall degradation,

375 enhancing extraction effectiveness.

376 The enzyme-assisted extracted pectin structure diffeeghgieased on the plant

377 materials and enzymes that are use&I| enriched pectinis recoveredin high purity
378 becauseof the specificity of enzymatic hydrolysis, although longer reaction tini@8-30
379 h) and low substrate concentrations (0.04-1%, w/v) areiresh (Khodaei, Karboune, &

380 Orsat, 2016). EAE affords a numbef advantages including oriented extractioh high



381  purity of extract; elimination of harsh extraction caodt with reduced equipment
382  corrosion; some specific pre-treatments (e.g., the ren@ivalgars and color pigments)
383 are elminated. There are also some drawbacks, currentjiable enzymes cannot
384 completely hydrolyze plant cell walls, therefore lim@i high yield pectin extractionn
385 addition, the low concentration of substrate makeesaplof the extraction process

386 difficut (Khodaei, Karboune, & Orsa016)

387 3.3 Subcritical water extraction (SWE)

388 Sub/supercritical extraction relies on distinctive etatf a solvent achieved when
389  subjectedto a pressure and temperature conditions below/beyonuticalcpoint (a

390 pressure and temperature for which the gas and liquakegiio not exist). Subcritical
391  water has unique properties: the hydrodmmd between water molecules weakexssthe
392 temperature increasing, and the dielectric constamichangein a great range. The ion
393  product of water (k) dramatically increases as the temperature increasz®téC

394 (Marshall & Franck, 1981). Therefore, subcritical waseeffective for the extractiorof
395  both polar andhonpolar compounds, including cellulose, essentisl (Carr,

396  Mammucari, & Foster, 2011), and pectin extraction frotrugipeels (Tanaka, Takamizu,

397  Hoshino, Sasaki, & Goto, 2012; Ueno, Tanaka, HosBmsaki, & Goto, 2008) (Fig. 2).

398 Subcritical water extractiorof pectin has been applieth apple pomace and citrus
399 peels and the effedf temperatureon pectin properties has been investigated (Wang &
400  Lu, 2014). During SWE, side sugar chains of recoveretnpicreased (Tabld) while

401 the protein content decreased with increasing temperdtigher tharl30°C. The apple
402  pomace pectin possibly had more proportiohhairy regions and side chains, owitm
403  slightly higher ratio of Rha/GalA (indicating relative R®ackbone abundance) and

404 (Gal+Ara)/Rha (indicating neutral sugar sides chains ang®) compared to that

405  citrus pectin. Besides, the Gall/Ara was higher wittmperature increases for both citrus

406 and apple pomace pectin, indicating the strongerta@sis to high temperature of Gal
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comparedto Ara (Table 4). The protein contewf pectin was significantly lower than
pectin extracted by conventional method ngwio protein degradation caudad
subcritical waterjt was firstly increased from 1.01% 2.09% when temperature
increasing from100°C to 120°C, then decreasetb 0.24% when temperature increasing
to 170°C. Therefore, the protein was first separated and hydrolyzeth raw material
while the degradation was not severe at relative ldemperature. Because protein either
inked to pectin or existedin free form (Garnaet al., 2007), the decreasé protein with
temperature increase indicates that pectin interastgswith proteinsin subcritical water.
The highDE (68.9%-71.9%)of extracted pectin demonstrates probably unesterified
and/or low esterified pectin was hydrolyzed during exiwac This is in contrasto

previous reports (Liew, Teoh, Tan, Yusoff, & Ngd018) that pectin was recovered from
pomelo peels through dynamic subcritical water extmachas lowDE (38.2%). These
conflicting results are mainhdue to different temperatures and times udmdthese two
researchers with the former relyirgn 140 °C, 5 min and the latter relyingn 120 °C, 140
min. Therefore, exposure time high temperature malge animportant factor for
demethylation. In another study (Ueno, Tanaka, Hossasaki, & Goto, 2008), pectin
was separated from the flavedd citrus junos using a semi-continuous flow reactor. The
influence of flow rate and temperature on pectin extract@s then investigated. Pectin
was rapidly extractect 160 °C at 20 MPa with flow ratesof 7.0 mL/min, during which
there wasno decompositionof HG. During the extraction process, potassium wagalut
reflecting the initial destructiorof the cell wall and membranby the subcritical water
followed by pectin extraction. In a subsequent study (Tanaka,mizka Hoshino, Sasaki,
& Goto, 2012), a wider temperature range of B80-°C was tested and the fraction

collected at 160C contained mostly HG enriched pectin.

The extraction process for apple pomace pectin extracsing SWE has been
optimized (Wang & Lu, 2014). The physicochemical &mtttional properties of the

resulting pectin were compared with the commercial eappimace pectin. Under the
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optimum conditions,an extraction temperaturef 140 °C, an extraction timeof 5 min,
and a S\W ratioof 1:14 , the resulting pectin has higher neutral sugeatents and lower
molecular weight, GalA content, am@M than commercial apple pectin, whigh mainly
attributed to the hydrolysis @ectin’s backbone chain. Interestingly, the amount of Ara in
RG1 was lower due to the hydrolysis and degradation, whichn be ascribedto other

biomass hydrolysis in subcritical water (Lu, YamauPMnaiboonsilpa, & Saka, 2009).

SWE can be used to extract oligosaccharides (DP>MHdhaG as its main
component (65% of GalA) directly from the passion pea&ti 150°C within 4.5 minor
175 °C within 5.5 min (Klinchongkon, Khuwijitjaru, Wiboairikul, & Adachi, 2017).
Under harsher conditions (hotter, longer tima)bcstical water results in pectin
hydrolysis into oligosaccharides thednbe recovered. A comprehensive investigatioh
how temperature, water flow rate and pressure effectgsectin extraction efficiency has
been described (Hoshino, 2014). SWE effectively enatblesseparatiorof pectin and
celulose or hemicellulose. At 120 °C, commercial pectin product with high molecular
weight (635 kDa)can be obtained, whileat 140 °C or higher, lower molecular weight
(12-15 kDa) pectin is extracted having improved biclagiactivity. At a range from
120-140 °C and 430 MPa, pectin yield and puritys the highest. Correctly controlling the
extraction temperature during sub-critical extractanresultin pectinsof higher purity

with desirable properties.

Pectin obtainedoy SWE at high temperature (set value often higher thé0 °C) is
enrichedin GalA, lacksRGI, has a high DM, a low molecular weight aisdobtained in
relatively lower yield among innovative extraction huets (Table 4). Pectin yields are
lower as pectin is decomposed into monosaccharides small molecules under longer
times at higher temperatures. The most outstanding advard@@WVE, is the elimination
of required chemicato-solvents and, another advantaigethe higher qualityof extracts

and shorter process times (Curren & King, 200h).addition, its GRAS status makes
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subcritical wateran ideal pectin extraction processes for pharmaceutical ratritional
applications, particularly for the extensive usfepectinsin drug delivery applications
(Nova, Nothnagel, Thurn, Travassos, Herculano,emiturt, et al, 2019). However,
improper control of process condtions leads péztin chain hydrolysis, therefore,
resulting in poor qualty and low yields (Khajavi, Kimura, Oomori, Mat®, & Adachi,

2005).

3.4 Dielectric barrier discharge plasma extraction (DBD)

The past few decades have witnessed increased istéretsie application of
nonthermal plasma extraction in food processing. Dieledvarrier discharge (DBD)
plasma, a kind of non-thermal plasma, has been wigsdd in enzyme inactivatioor
microbiological decontamination during the food proges<Fig. 3). DBD is abldo
break down specificbonds for the destructionof the secondary structurer to realize
chemical modifications of side chains through theoactif the myriad of chemically
active species constituting the plasma (Misra, Paragat, & Ishikawa, 2016). DBD
canalsobe usedto degrade biomacromolecules including the chitosarteiprand
polysaccharides (Hou, Dong, Yu, Li, Ren, Zhang, et2808). High-energy electron
producedby DBD colloids into water molecule, producing hydroxiykee radical, which

attacks on the pectin chains and degrade the petdifower molecule.

RSM has been useth optimize the pectin extraction conditions from pokoeel
using DBD (Zhang, 2014). A maximum Yyielof pectin (27%)canbe efficiently obtained
under the following conditions, input voltage of 40pM, 2, 5.5 min and S/L 1:30 (g/mL).
However, longer extraction times (>5.5 miojy extreme high voltage abow0V reduce
recovery and pectin yieldas pectin degradation occurs during longer expogsarplasma
or extreme high energy throughout the system. DBD tredtmas then optimizedto
degrade pectin, and contributes mainlyto breakHG region, slightly degrade side chins

in RG- region. The pectin had lower linearity and corgamuch higherRG- content of
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71.3% compared to 36.5% of the original one, while ((BalA+Ara)/Rha ratio was
slightly decreasetb 1.4 comparedo the original 2.4In addition, theDE was loweredto
37.3% from 54.7%. The oxidative cleavage indudsdDBD plasma selectively focuses
on break downof GalA attacking theHG region but retain theRG-I domain intact.In
addition, high input voltage is beneficial RG-I enriched pectin with low molecule
weight preparation becaudte produces enhanced electric field intensity which ksab
more high-energy electron coliding into water molectd produce much more hydroxyl
free radical. However, the specific mechanism of this kdeavn stil awaits further

exploration.

The application of DBD plasma for pectin extraction hast attracted much
attention, thus, there is limited research on thigtdfhe most interesting aspeatt
oxidative degradatiorby DBD plasmais its selectivity HG domains and its preservation
of RG| domains. DBD plasma degradation requires low enempsumption anadanbe
used without additional chemical agents. Therefors,donsidered a very promising
method for the recovergf RGI enriched pectin from plant materials. However, some
shortcomings restricting practical applicatiari DBD plasma needb be addressed such
as the high cost and short life time of the plasmaepsupply and the changs

physicochemical properties in the remediation process.

3.5 Microwave-assisted extraction (M AE)

Microwaves have been used processing tool and have played a crucial ioléhe
food science and technology. Microwavesan be industrially used for: i)
microwave-assisted extraction (MAH)) drying of foodstuffs; andii) enzyme inhibition
and inactivation, and microorganism inactivation (Dehmpya, Farshad, & Khakbaz
Heshmati, 2018). Itis used as auxiiary method camfpirwith chemical solvento
extract bioactive compounds such as pectin, polypleressential oils from food

residues (Rashed, Ghaleb, Li, Nagi, Hua-wei, \Waum-et al., 2018). MAE process
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efficient and requires small amounts solvent. No temperature gradient resuless is
commonly observedn conventional heating, and the temperature distributrathin the
solvent is homogeneous, ensuring uniform pectin guéitagherian, Ashtiani,

Fouladitajar, & Mohtashamy, 2011). The energy of theaees produced by irradiation

of microwave leads moleculeto vibrate and enhances their separation. The elaborate
mechanism of microwave extraction is described in eadigiews (Adetunji, Adekunle,

Orsat, & Raghavan, 2017; Mari¢, Grassino, Zhu, Barba, Brn¢i¢ M., & Brn¢i¢ R., 2018)

MAE combined with acid solvent have been extengivgtudied. Pumpkin powder
has been microwave-extracteat 120 °C for 3 min, resultingin doubling of pectin yield
without lossof pectin quality (Yoo, Lee, Baet al.,, 2012), representingnadvance over
acid extraction discovered. The yield, GalA contemigd DE of extracted pectin increases
with increased microwave power and heating times (B#@gheAshtiani, Fouladitajar, &
Mohtashamy, 2011)In addition, molecular weighis reducedasheating timeor poweris
increased and the impadf poweris dominant. Under optimum conditons microwave
power of 700W; irradiation time of 165 s; pHluea 1.5; a high yield (18.13%)f
pistachio green hull pectin can be achieved éKaz Khodaiyan, Labbafi, Hosseini, &
Hojati, 2019). The resulting pectin has lo@E (12.1 + 2.72%) and molecular weight
(1.659 kg/mol), and a high percentagleHG (64%) andit was less linear than grapefruit
peel pectin extracted using conventional means.tidddily, followed by irradiation
time and microwave power, pH is the pivotal factor iotjpey pectin DE. The reduction
of DE in under stringent conditions (low pH, high microwaveven and long irradiation
times), is probably because of de-esterification of gadanic acid chains (Pasandide,

Khodaiyan, Mousavi, & Hosseini, 2017).

MAE extraction under mild condition is gaining incrisgs attention. Microwave
combined with alkali has been usexextract galactan-richRG| enriched pectin from

potato pulp (Khodaei, Karboune, & Orsat, 2016; Ue€ramaka, Hosino, Sasaki, & Goto,
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2008). The influence of different extraction parameterpemiin yield and the structural
properties of pectin were studied. A trade-off made between thdifangdted impactof
high KOH concentration/solid to liquid (S/L) ratio aleeh power/extraction time was
crucial to the efficient extractionof galactan-richRG-1 and the limitation of branching.
Optimum conditions were: S/L ratiof 2.9% (w/v) with 1.5 MKOH, microwave power
36.0W, for 2.0 min, and afforded a maximum yiedd intact galactan-riclRG1 of 21.6%
and productivity of 192.0 g/L. The increasef S/L and microwave power accelerated the
physical rupture of cell wall increasing the concatiin of arabinan released into the
iquid phase, while Rha conterg mainly impactedby concentrationof KOH and the
power applied. With increased power a&@H concentration, th&G-| backbone wil be
hydrolyzed. For MAE sugar beet pectin, the neutrahgsaccharide recovery order was
Ara > Rha > Gal > Glc > Xyl > Fuc (Fishman, Chau, & Gnok009). Simultaneous
extraction of citrus pectin and essential oils from waste orangelendn peel using only
water as dispersing medium and microwavas energy source was examined (Fidalgo,
Ciriminna, Carnaroglio, Tamburino, Cravotto, Grilo, et @016). DE and HG content
depend mostly on the plant source and the extragtionedure, respectively. Fresh

lemon derived pectin has alower DE compared to freshigerderived pectin. Pectin
containing HG regions, recovered by microwave-assistydrodiffusion was highein
RG1 content, while this trend was reversed under hysiidation. HG region organizes
more easily; resultingn aggregated structures, while the lateral chah®fRG-1 regions
hinders aggregation, yielding more filamentous structufeésnerally, microwave-assisted
pectin extraction under alkaline conditions featurgbeni RG| and neutral sugar, and
lower molecular weight, whiclis opposite to the propertiesof pectin extracted with HCI
or water. Since some plant materials are good s®ouofdor highly branched structures
consisting of neutral sugars, the usd# mider extraction solventds promising for the

recovery of RG-I enriched pectin.
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3.6 High pressure processing extraction (HPE)

Ultrahigh pressure consists of pressure boost stageumasaintaining stage and
pressure relief stage (Fig. 4) (Huang, Hsu, Y&ngyang, 2013; Jolie, Christiaens, Roeck,
Fraeye, Houben, Buggenhougt al,, 2012). In the first stage, the pressure outside rises
quickly, usually in a coupleof seconds, from atmospheric pressure accelerating cell wal
breakage and solvent permeation. The pressutken maintainedat a certain level for
some timeto improve recovery yield. Finally, the pressusereturnedto atmospheric
pressuren the relief stage. The intracellular pressure drops Fhémum ultrahigh
pressure to atmospheric pressure causing the cells tesdpand, and some
nortcovalent bonds are broken and the 3D structure of mieleds opened, leading
active ingredients to better combine with the extngcgolvent. Shorter pressure relief
times induce greater impact force, resulting in a highdraction rate, reducing
extracting time and improving efficiency with low energgnsumption (Huang, Hsu,

Yang,& Wang, 2013).

High pressure causes partial side chain degradatidmouvitdestroying primary
structure. The molecular weight change depends opréssure particularly at levelef
250 Mpa to 550 Mpa (Peng, Mu, Zhang, Sun, Chen, &9W6). High hydrostatic
pressure doesiot impact molecular weightout high pressure homogenization leattds
significant molecular weight decrease, caused byttbag mechanical forces (Xie,
Zhang, Lan, Gong, W& Wang, 2018). Under high pressure, the size of a molecule
becomes larger and the microstructure becomes looserfilarhents become slender, the
blocks tendo shatter, and the overall density becomes reducedh-pr@ssure treatments
of 200 MPa, at 25 °C for 5 min, affords pectin richen RG1 (42%) than the untreated
original pectin sample RG-I (36%), based on monosacehaishlysis, and AFM analysis
showed side chains degradatimf the pectin (Xie, Zhang, Lan, Gong, Wu, & Wang,
2018).



590 HHP showsde-esterification because the C-O edtend is sensitive to mechanical
591 force (Xie, Zhang, Lan, Gong, Wu, & Wang, 2018). A kijhssure enzymatic process
592  reducedDE by half in 15 min comparedto 120 min in a normal process (Zhao, Guo,
593 Pang, Gao, Liao, & Wu, 2015HHP has a different impactn viscosity and rheology.
594  High pressure can change the viscoelastic charaderaftipectin with a reductiorin

595  viscosity butanincreasein elasticity (Zhang, Xie, Lan, Gong, & Wang, 2018).eTjpectin
596  of high-pressure enzymatic extraction performed betteviscosity and geling ability,
597  which is probably the resulof its methoxyl content (Zhao, Guo, Pang, Gao, Liao\V&,
598  2015). Moreover, under high pressure, enzymatic hydrolgsastly increases because
599  pectin’s structure is open under high pressure making it maressile to enzymaticsoo
reactions (Guo, Han, Xi, Rao, Liao, Hu, etal., 201}, this high pressure treatment 601 does
not change the molecular structure and viscosity op#win product (Naghshineh,602 Olsen, &

Georgiou, 2013).

603 In summary, pectin recovered from HPE has a comparabkentosf HG and RG-604
(RGI content was a lite higher than coriemal acid extraction) with slightlysos
degraded neutral side chains, and decreased taoleeweight and DE. If operated a&be
room temperature, the pectin side chains can belglighttected since they have low 607 thermal
stability. High pressure combined with enzymeatment is best for efficier#o8 pectin
extraction. There is still no research studying dbsbination of proper enzymeso9 selection
or mid solvent conditions in HPE extractiod mectin. Because of the 610 protection of
RGI by mider extraction conditions, the combinage of HPE withe11alkaline solvent to

enrich RG-|l should be feasible.

612  4.Hybrid extraction methods

613 An increasing trend has seen a synergistic abetwo or more innovativesi14
technologies during the pectin extraction. Fexample, ultrasound-subcritical watets

enhancement (Chen, Fu, & Luo, 2015), microwave-ultradoanhancement (Liew, Ngoh,



616 Yusoff, & Teoh, 2016), ultrasound-enzyme enhancement (NadRatBod, 2017), werei7
used for the pectin extraction. The ultrasounain @nhance the mass transfer whilts

microwave enhance heat transfer during extraction process.

619 Pectin-enriched material from sugar beet pulp was egtaaeging subcritical watero
combined with ultrasonic-assisted treatment (Chen&Rwo, 2015). The extract pectirs21 (with
54.6% HG region and 35.9% RG-I) contained much moreraleuwtide chains and 622 Rha
(4.5%) compared to pectin (Rha content of 0.4%%6]. extracted by merely623 sub-critical
water. The maximum vyield (24.63%) was atthinender the optimum 624 reaction
conditions: L/S ratio 44.03, extraction pressure 10MPa and extraction timee25 30.49 min.
The lower Mw and higher neutral sugar (30.9%%$.2ilustrate the 626 ultrasonic
pretreatment could attack on the backbongeotin’s HG region. It’s important 627 to optimize
and standardize the combination of two or mgaaticular innovative 628 extraction
technologies to enable the selective recovery of irpeBectin  extracted frome29 pomelo peel
using sequential ultrasound-microwave (UMAE) assigtddaction method3o has the highest
yield (36.3%) and lowest DE value (59.8%) compared WIE (yield 631 14.3%, DE 64.4%),
MAE (yield 27.7%, DE 64.1%) and microwave-ultrasourssisted 632 extraction ( yield 30.5%,
DE 67.0%). Besides, pH hasthe most significantaghpon 633 pectin yield while microwave
power for DE.(Liew, Ngoh, & Yusoff, 2016). Thes34 hemicelulase was combined with
ultrasound for pectin extraction from discarded carregs. The highest yield was 27.1% compared
to that of merely using cellulase (12.4%) that pess se help to release the pectin from
celulase matrix. The extract pectin has lowE [B37 (24.0-49.9%) with geling capacity
(Encalada et al., 2019).

638 Although the hybrid extraction has been proverenhance pectin yield, few studies

639  have clarified their effects on the RG-I region, which nieeither research.



640 5. Comparison between conventional extraction and innovative extraction on
641 pectin structure

642 The fundamentalsof conventional methods differ from innovative extraction

643  methods, leading to different pectin structure and cigparecovery yield.

644 Conventional extraction methods rely on various kinftlhemical additives reagent
645 in heated higher temperature to destroy the cell wallralease the pectin, with a pectirsss
recovery yield ranging from 0.6%-25.6%. During the exibacprocess, pectin structures47
undergoes modification because of reaction wittiraetants. Pectin can be degradae
either by high temperature or harsh acid duringd axtraction, and it undergoes &a9
saponification reactionduring alkali extraction. Besides, the totaly eese stability of6s0
GalA, GalA-GalA and Rha, Rha-GalA, GalA-Rha whéacing with acid and alkalies1
solvents, determines whether the pectin is HG or RGrthed to great extent. The hot 652
water and acid extracted pectin is HG region domin®at9%-95.0%) with few neutral6s3 side
chains and high DE (21.5%-85.7%) while the alkalr@oted pectin is RG-I regiones4 dominant
(49.6%-82.5%) with neutral side chains in varying bramcidegrees and low 655 DE (~10%).
A comprise needed to be made between having a md@nunquality with 656 higher RGH
content but low vyield at high pH and having pogoality with higher HG 657 content but
higher yield at a low pH. Therefore, selectively cammg innovative 658 extraction
methods with alkali/acid solvent for specific HRBG enriched pectin 659 extraction enables

higher efficiency and quantity production.

660 The innovative extraction methods leads te tbell structure changes IB61
electromagnetic, sound waves, high pressure schalige plasma, different extracties
methods produce pectin with distinctive structuieatures, with enhanced yield varies
from 6.5% to 28.1%. UAE, DBD and EAE belong to the -tieermal relied methods, 664 while
HPE, MAE and SWE are based on thermal technologiese promising for HG orees RG

enriched pectin efficient recovery respectively. R@&-l content of pectin obtained



666 by non-thermal based methods ranges from 38.3% 3%Qvhile the GalA content of 667
pectin extracted by thermal based methods varies fram®@@ 85.7%. The free radical 668
polymerization and oxidative degradation respelgtivcaused by ultrasound treatmeed
and DBD plasma both tend to attack GalA units in H@ion and protect RG-I region 670
relatively. Among thermal based extraction methosigbcritical water extracted pecéni has
the lowest RG-I content (Rha content of 0.5%-0.6%), wteletin obtained by MAEe672 and HHP
has comparative HG and RG-I region content, whigieyaas acid or alkalis73 solvent used.
Besides, accurate extraction condition contrl SWE especially674 temperature and
time is vital for uniformity quality and good yield oégtin. Even minor 675 change between 120

°C to 140°C for different time exerts influence on pectin structures7e and DM.

677 6. Conclusion and perspectives

678 Recent research has extended our understanding of ttienstlgp between pectia79
source, processes and the extraction of specific stesctiand functionality in recoveredeso
pectins. Acid, subcritical water or microwave treatmem high temperature are suitables1 for
HG enriched pectin extraction whie alkalne agtion under reduced temperatuse2 can be
used to isolate intact RG-l1 domains. However, extraaioRG-1 enriched pectines3 is enhanced
by the use of multiple innovative extraction methodsefificient recovery 684 and purity. This
is particularly important for the emerging utiizatioof RG-I enrichedsss pectin and oligomers
as prebiotics and immunomodulators, cardiovasculbeade andese fibrosis treatment. The
free radical inspired by ultrasound treatment andxtiiative 687 degradation of DBD plasma
both selectively attack GalA units and hikssure 688 treatment leads to the breakdown
of C-O bonds and protect side chains of RGelgs Moreover, enzyme extraction is specific
and depends on the site of action of the selectad enzymes. Operating at low temperatures (25-
60 °C), these technologies can be combinedi with one another or with alkaline solventsas

promising methods for the targeted



692  recovery of RG-I enriched pectins.

693 However, considering the complexity of RG-1 and fewdists investigating thes4
influence of innovative technologies (especialy utkasl, DBD plasma) on structure, a695
concrete mechanism of these needs furthexploraton. The content of Galegs
pharmacophores, linear Ara, as wel as RG-l gibains, is important for biologicade7
activity. A combination of innovative technologig¢e control the proper ratios of Gal/Arass and

chain length warrants further study. There are a nurobehallenges and prospects.

699 (@) Improvement and standardization of analytical mettiodpectin refined structure

700 Pectins from plant materials have chemically diversecttral units as well as7a1l
wide distribution of molecular masseghus, researchers face chalengingo2
chromatographic separations and complicated stalcttharacterization studies. The3 RG
| domain (%) is often defined based on the molar corgémbonosaccharide residue®4 and it
changes with different analytical methods. standardization of analyticalos approaches

is required for better accurate definition REGI.

706  (b) Improvement of pure RG-I isolation

707 Intact pure RG-I region with specific sidechains is hardsolate. Current studies on
708 RG bioactivity are normally based on HG and R@Gixtures. In addition, certairog
proteins in the sidechains are hard to remove. ldetidfitaand isolation of new enzymes710
produced by bacteria through co-culture, are mkede selectively degrade galactansi
branched arabinans and RG-Il backbones and may repeeggoinising way to isolate 712 pure
RGI domains (Martens, Lowe, Chiang, Pudlo, Wu, MigNuet al.,2011; Ndeh, 713 Rogowski,

Cartmell, Luis, Basle, Gray, et al., 2017) .



714  (c) Targeted extraction of specific region (RG-I or HG) enricpedtins through the

715  combined use of innovative technologies

716 Targeted recovery of pectins through the combined usmm@iative technologies717
represents a new trend in isolating the structural memaf pectins. This is significant 718 for
production of pectin with specific structure considgrafistinct functionality of HG719and RG-
| domain. Plant material and extraction teclgyloselected both need to 1m® considered.
Potatoes, ginseng, and citrus peels are ald gomurces of RG-I enricherk1 pectin (Gao,
Zhi, Sun, Peng, Zhang, Xue, et al, 2013nhod&ei & Karboune, 2013722 Khodaei &
Karboune, 2014; Zhang, Chen, Li, Yan, Ye, et &182. Compared to citrus723 peels, pectin
from sugar beets has a higher DA, a larger neutral cordegar, a lower 724 molecular weight
and less feruloyl groups (Li, Jia, Wei, & Liu, 2012)aijo peel pectin725 has also been reported
to exhibit low GalA and high neutral sugars (Nagel,M{uebler, 726 Bogner, Kienzle, Elstner,

et al., 2015; Koubala, Kansci, Mbome, Crépeau, Thiba& 727 Ralet, 2008).

728 Future research needs to focus on the combined icatmph of innovative729
nortthermal technologies (ultrasound, DBD plasmanzyme) under mid alkaline 730
conditions to efficiently enrich the recovery of pesti with RG-lI domains. Considerings1
difference in the resistance of Ara, Gal and Rha residubgdrolysis, if imited Ara of 732 RG
| were desired, a pH > 2.1 but <7.0 should be usedselectively remove the Ara733 while
retaining Gal. For HG enriched pectin recovery,rom@ve or subcritical wates4under high

temperature (above 6%) and acid solvent represents a promising method.

735  (d) Further structure-function exploration

736 The linear Ara of RG-I pectin from sugar bemtn better enhance thes7
immunostimulatory activity through the Sykindse-dependent pathway better than

branched Ara, due to the increased particle formdipithe alignment of debranched



739 linear arabinan (Meierink, Rosch, Taverne, Vene@@appen, Schols, et al, 2018)0
RGI-4 isolated from ginseng pectin by epdlygalacturonase hydrolysis andsi
combination of ion exchange and gpérmeation chromatography has high anti-
galectin-3 activity (Gao, et al., 2013; Yu, Zhang, Liu, Sun, Liu, et al., 2010).743 Future
studies need to focus on the specific domain @tabolic pathways in vivo tm4 better

understand the role of specific domain &G-I on immunomodulation,745 anti

proliferation, and anti-cancer activity.

746
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Table 1 Effect of conventional water-based extraction on RG-lidreahd structure of pectin from fruit and vegetable waste

Plant material Treatment Extraction solvent EXtractio condrions HG RG HG/RG-I DM(%) DA (%)  Yield (%) Reference
C min (%) (%)
Ponkan peel Cw water 25 900 47.8 36.4 1.30 51.2 0.0 2.9 (Colodel, Vriesmann, & Petkowicz, 2018)
HW water 100 120 54.6 40.7 1.30 52.6 0.4 12.4
CLA 0.5% ammonium oxalate 25 240 43.7 53.8 0.80 34.1 0.2 7.2
OA Citric acid, pH 2.5 70 30 22.9 72.0 0.30 38.4 0.2 0.6
Oil-pumpkin HW distiled water 60 120 55.5 28.0 2.00 na na na (Kostalova, Hromadkova, & Ebringerova, 2013)
CLA 0.05M EDTA, pH 4 25 120 95.0 1.4 67.9 na na na
MA 0.003M HClI 60 30 82.0 6.8 12.1 na na na
AL 0.25M NaOH 35 60 38.3 49.6 0.90 na na na
AL 1.32M NaOH 60 60 5.7 39.3 0.15 na na na
Orange peel MA 0.5% HCI, pH 1.7 82 50 nc nc nc 70.8 2.2 2.9 (Yordan Georgiev, 2012)
Citrus peel MA 0.4% HCI, pH 3-4 28 40 45.6 44.0 1.04 56.0 nd 4.2 (Zhang et al., 2018)
AL 0.6%NaOH, pH 6-7 32 10 8.6 82.5 0.10 10.0 nd 18.9
Ponkan peel MA HNO3, pH 1.6 100 100 81.7 16.2 5.04 85.7 0.1 25.6 (Colodel, Vriesmann, Teofilo, & Petkowicz, 2018)
Citrus peel OA 0.5M Citric acid, pH 7 65 120 19.9 57.5 0.35 8.4 na 7.4 (Kurita, Fujiwara, & Yamazaki, 2008)
Citrus peel Cw water 25 30 60.6 9.8 6.18 76.5 5.5 5.8 (Yapo, Lerouge, Thibault, & Ralet, 2007)
CLA 1% w/v Potassium oxalate, pH 4 25 90 69.5 8.1 8.58 73.7 2.3 14.7
MA 0.05M HCI 85 90 52.9 20.2 2.62 65.1 3.0 27.3
AL 0.05M NaOH, pH 5 40 90 43.1 16.5 2.61 10.0 na 4.8
Yuza pomace OA 0.25% oxalic acid/ammonium 85 60 71.2 10.7 6.65 41.0 na 8.0 (Lim, Yoo, Ko, & Lee, 2012)
oxalate, pH 4.6
Orange peel MA Mid HNO3, pH 2.1 72 180 79.5 20.5 3.88 na na 90.7 (Kaya, Sousa, Crepeau, Sorensen, & Ralet, 2014)
MA Harsh HNQG, pH 1.6 70 420 83.3 16.70 5.00 na na 92.7%
OA Mild citric acid, pH 4.6 85 90 79.9 20.10 3.98 na na 85.3
OA Harsh citric acid, pH 3.5 72 150 80.4 19.60 4.10 na na 92.9
Potato pulp MA Sulphuric acid, pH 2.04 90 60 35.1 60.77 0.58 26.68 10.51 8.38 (Yang, Mu, & Ma, 2018)
OA Citric acid, pH 2.04 90 60 33.4 61.49 0.54 21.51 9.21 14.34
OA Acetic acid, pH 2.04 90 60 28.5 65.03 0.44 37.45 15.38 4.08
Kiwifruit pomace OA 1% Citric acid, pH 2.2 50 60 80.6 12.96 6.22 na na 3.83 (Yuliarti, Goh, Matia-Merino, Mawson, & Brennan, 2015)
Cw Water, pH 3.6 25 30 80.9 15.21 5.32 na na 3.62
Apple pomace MA Sulphuric acid, pH 2.0 85 180 55.5 11.90 4.67 56.10 7.20 8.2 (Wikiera, Mika, & Starzynska, 2015)
Grapefruit peel MA 0.5MHCI, pH 1.5 80 90 60.9 32.11 1.87 69.03 3.65 na (Wang et al., 2016)
Sisal waste MA HCI, pH 1.5 100 90 48.7 6.11 7.97 33.12 na 5.40 (Yang, Wang, Hu, Xiao, & Wu, 2018)
Grapefruit peel MA HCI, pH 1.5 80 90 60.6 31.54 1.92 55.31 4.00 21.10 (Wang et al., 2017)

HW:Extraction using hot water; CW: Extraction using cold water; MAtraction using mineral acids; OA: Extraction using organic adidsExtraction using alkaline solvent; CLA: Extraction using chelatiggnts
DM, degree of methyl-esterification. DA, degree of acetylation

The molar percentage of homogalacturonan(HG) and rhamnogalacturonan afR@eé) iwere calculated as the following formula:
HG (%)=GalA(mol%)-Rha (mol%)

RG-| (%)=~ 2Rha(mol%)+Ara(mol%)+Gal(mol%)

nc: nc indicates that this value can not be calculated from thgigatain the article.

na: naindicates that this index was not analyzed in the correspondifey art



Table 2 Effects of ultrasound-assisted extraction or US treatomeRG- fraction and structure of pectin from fruit and vegetablstev

Plant material Frequency Extraction conditions HG(%) RG1(%) HG/RG-I Neutral sugar DM(%) DA(%) Yield(%) Reference
/pectin material /Power (%)
O Time(min)  Solvent
Grapefruit peel 0.41W/mL 60 28 Water 49.16 41.09 1.20 42.64 58.78 3.98 na (Wang et al., 2016)
Waste grapefruit peel 20 kHz 67 28 HCI, pH 1.5 54.73 38.31 1.43 39.14 65.37 3.86 23.49 (Wang et al., 2017)
Sisal waste 20 kHz 70 60 Ammonium oxalate 59.75 5.29 11.29 37.72 44.35 na 11.90 (Yang et al., 2018)
Citrus pectin 18 W/mL 20 30 Citric acid-phosphate,pH4 57.96 34.76 1.67 32.73 36.66 1.56 na (Ma et al., 2018)
Sour orange peel 150W 30 10 Citric acid, pH 1.5 62.50 33.20 1.88 34.70 na na 28.07 (Ma et al., 2016)
Citrus pectin 3.8W/mL 30 5 Water, 6g/L HO.;0.5mM ferrous 6.02 79.07 0.08 70.62 30.35 3.77 na (Zhi et al., 2017)
3.8W/mL 30 35 Water, 6g/L HO.;0.5mM ferrous 14.66  72.00 0.20 64.37 36.76  4.12 na
Citrus pectin 11.4W/mL 20 60 50 mM HOz2; 10 mM ascorbic acic 4.77 91.77 0.05 82.69 na na na (Li etal., 2019)
11.4wW/mL 30 60 50 mM HOz2; 10 mM ascorbic acit 2.27 92.60 0.03 84.57 na na na
11.4W/mL 50 60 50 mM HO2; 10 mM ascorbic acic 0.90 93.70 0.01 85.64 na na na




Table 3 Effects of enzyme-assisted extraction on RG-I fractiostadture of pectin from fruit and vegetable waste

Extraction condions

Plant material Enzyme HG(%) RGI(%) HG/RG-I Neutral sugar (%) Gal(%) Ara(%) DM (%) Yield (%) Reference
m| Time, h pH
Yuza pomace fungal B-glucanase 40 1 nm 53.1 17.1 3.10 17.6 4.3 10.0 46.3 7.3 (Lim etal., 2012)
Potato pulp EndoPG 35 24 nm 25.7 73.2 0.35 61.7 55.0 11.2 na 37.9 (Khodaei & Karboune, 2013)
Potato pulp EndoPG 35 30.4 nm  6.00 90.3 0.07 79.7 71.8 7.9 na 9.5 (Khodaei & Karboune, 2014)
EndoPG 35 12 nm  14.00 85.2 0.16 82.8 81.2 1.6 na 63.9
Gold kiwifruit Celluclast 1.5L 25 0.5 nm 82.91 14.15 5.86 15.27 6.86 3.87 na 4.48 (Yuliarti et al., 2015)
Apple pomace Celluclast 1.5L 50 18 45 60.70 15.4 3.94 35.4 4.9 8.3 57.3 15.48 (Wikiera, Mika, & Starzynska, 2015)
Apple pomace Celluclast 40 3 4.5 55.59 10.51 5.29 16.76 2.42 6.15 na 18.95 (Wikiera, Mika, & Grabacka, 2015)
Econase 40 3 45 58.86 8.31 7.08 13.35 2.08 4.28 na 11.78
Viscoferm 40 3 45 61.49 10.06 6.11 16.64 2.78 5.56 na 17.86
Sisal waste Celluclast 1.5L 50 20 4 54.02 5.47 9.88 26.67 0.15 0.06 48.11 9.40 (Yang et al., 2018)
Citrus pectin Pectinase 50 30 4 47.33 44.10 1.07 41.47 11.20 4.76 56.98 1.58 (Ma et al., 2018)
Citrus pectin(US-pre) Pectinase 50 30 4 42.70 46.91 0.91 45.63 11.67 4.12 39.60 1.56 (Ma et al., 2018)
Green tea leaf Viscozymé& L 30 3 45 nc nc nc 56.3* 19.14* 9.46* 22.4 8.5 (Zhang et al., 2020)
FoodPré& CBL 30 3 45 nc nc nc 25.4* 3.45* 5.20 40.9 5.1

Endo-PG (Endopolygalacturonase)
Celluclast 1.5L (cellulases, polygalacturonase, pectin lyase anthdgalacturonan lyase); Viscozyfne (Multi- enzyme complex containing a wide range of carbohydrases, including arabanase, cellulase, B-glucanase,

hemicellulase, and xylanase); FoodP@BL (mainly contains cellulase)
#Yield was expressed the weight percentage of extract to thealkel eight.

* Monosaccharides content was expressed the mass ratio insteadrofatiol

nm: nm indicates that this condition was not mentioned in the article.



Table 4 Effects of microwave, DBD plasma extraction on R@dtfon and structure of pectin from fruit and vegetable waste

Extraction conditions

Plant material Power (W) Solvent GalA(%) Rha (%) GaltAra HG (%) RGI (%) HG/RG-I DM (%) Yield (%) Reference
O min
microwave
Polemo peel 1100 Water Heating 2 70* 1.5* 24.3* nc nc nc 29.7 6.5 (Wddtdapap, & Mischnick, 2019)
1100 200mM HCI, pH 1.0 Heating 2 82.2* 0.6* 13.7* nc nc nc 82.5 16.1
1100 50mM NaOHpH Heating 2 85.7* 1.1* 13.8* nc nc nc na 24.2
12.1
Sugar beet pulp 1200 50% NaOH, pH 11.5 100 10 13.4* 20.7* 64.1* nc nc nc 6.4 na shm#Rj Chau, & Cooke, 2009)
Pistachio green hull 700 16mMSI0y, pH Heating 2.75 66 2.7 29.9 63.7 35.3 1.80 12.1 18.13 (Kazemi, Khodaiyanhb%fi,a?019)
15
DBD _plasma
DBD plasma
Input voltage
Fresh pokan peel 40V HCI, pH 1.88 80 60 35.63 20.97 29.40 14.66 71.34 0.21 37.25 27.1(xhang,2018)

* Monosaccharides content was expressed the mass ratio insteadrof atiol



Table 5 Effect of subcritical water extraction on RG-I struetfrpectin from fruit and vegetable waste

Extraction conditions

Plant material Power(MPa) GalA(%) Rha(%) Ara (%) Gal(%) GallAra DM (%) Yiel(Po) Reference Remarks
| min
Citrus peel nm 100 5 60.77* 0.50* 2.38* 0.80* 0.33 71.88 19.78 (Wang, Chen, & Lu, 2014)
nm 120 5 68.88* 0.48* 3.10* 2.52* 0.81 74.74 21.95
nm 140 5 52.33* 0.62* 4.44* 4.59*% 1.03 68.88 19.21
Apple peel nm 130 5 44.37* 0.67* 2.99*% 4.23* 1.41 83.41 13.33 (Wang & Lu, 2014)
nm 150 5 40.13* 0.79* 2.33* 4.58* 1.96 85.99 16.68
nm 170 5 20.67* 0.41* 1.39* 5.40* 3.88 89.69 10.05
Apple pomace nm 140 5 48.20* 0.66* 2.07* 5.44* 0.38 60.23 17.55 (Wang et al., 2014)
Sugar beet pup 10.7 120.72 30.5 59.12* 4.48* 21.66* 5.32* 0.25 55.20 24.63 (Chen, Fu,215bp, UAE+SWE

*The monosaccharide content was expressed as the mass ratioafistedal ratio
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Figures:

Figure. 1 Schematic representatioof the structureof pectin, showing the HGRGI and RGII

domains. The structuref HG andRGI| backbones are highlighted.
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Figure. 2 Basic scheme for subcritical water extraction [adaptedrdg to (Hoshino,
Tanaka, Terada, Sasaki, & Goto, 2009) and (Ueno, Bamhédsino, Sasaki, & Goto,
2008)]
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10  Figure. 3 Schematic of dielectric barrier discharge [adapted acgptdinMisra, Pankaj,

11  Segat, & Ishikawa, 2016)]
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13 Figure. 4 Schematic diagram of ultrahigh pressure extraction ddeidapted according to

14  (Xi, Shen, Li, & Zhang, 2011)]
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Highlights :

RG1 is in the hairy region of pectin and has demonstratedbdmal functions
Different extraction methods exert an influence onitia Gtructure of pectin

Harsh extraction conditons gives pectin rich in homagaf@nan but degrades
RGI

Plasma/enzyme-assisted extraction or mid alkaline ewinagives RG-I pectins

Combined non-thermal extraction gives pectins rich inrae&RG-|






