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Abstract

Bioactive peptides have numerous health benefits, although if taken orally they may
be digested during gastrointestinal (Gl) transit. Encapsulation is an established
method for oral delivery of bioactives. However, many current approaches arise
from pharmaeutical applications and may be unsuitable for food due to the
materials used, cost and scale of production. Therefore, in this project we set out to
create a simple and cledabel encapsulation system, suitable for use in the food
industry, which coulddeliver bioactive peptides to the colon. One potential elean
label entrapment material is resistant starch, which is the portion of starch that resists
digestion in the upper GI tract but can be digested by bacteria in the colon. As a
model bioactive pepde, the well characterised antimicrobial peptide nisin was used,;
this peptide is normally digested during Gl transit. To prepare the nisin a simple
purification process was developed, which produced a powder contay3iagp

nisin from a nisin producing duire and also enriched a commercial nisin
preparation over 3fbld to a purity of y58%. The digestion of nisin was
characterisedirf vitro) and 6 nisin fragments (4 of which are bioactive) were
identified in the digestion products; it was also observednisan formed a complex

with bile salts that effected its digestioNisin was entrapped in starch through
multiple approaches based on spray coatingspray drying and gel entrapment. A
simple approach based on gel entrapment was the most succedstulvaa shown

in vitro to be capable of protecting a portion of the entrapped nisin during transit in
the upper GI tract. Using a murine model, it was determinedvo that a nisin
entrapped in starch gel diet significantly (p < 0.001, n = 10) affdtiedelative
abundance of 3 times as many genera from the lower Gl tract than a control nisin in

starch diet, despite the mice consumirni@ld less nisin than the control diet.
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Chapter 1

Literature review: Oral delivery of bioactive

proteins and peptides



1.1 Abstract

The oral route is the most accaple way to administer therapeutic
compounds;however few bioactive proteins and peptides achieve a therapeutic
effect when ingestedThere are two major challenges in oral delivery of most
bioactive proteins and peptiglevhen transit through thgastrointestinal tract (GIT)
is requiredthe challenges protectionfrom digestion andvhensystemic deliverys
required the challenge &bsorptionA range of strategies to enable the oral delivery
of proteinaceous bioactivese discussed in this reviemcluding the use opro-
peptides, stictural modification of the protein/peptide protease inhibitors,
absorbance/permeation enhancers, bioadhesive systemalsion/lipid based
systems, nanoparticle based systems and controlled release syBempse the
rangeof tools availableto enableoral delivery, there areelatively few systemsin
commercial use or in commercial developmentfor applications in food or
pharmaceutical product3he diversity between commercial systems designed for
the same or similar proteins and peptidaswsthat clear optimal systemgor oral
delivery of proteins and peptideare yet to be developedhus there is much

potential for further research in this field.

1.2. Introduction

Multiple studies have showthat theoral delivery of bioactivess preferred

over more invasive routes such as inject{&tewart et al., 2036 However few

bioactive proteins and peptides amally delivered effectively; only 4% of FDA

approved therapeiat peptides are orally administered, with the majority being

2



administer intravenously, subcutaneouslyirdramuscularly(45%, 33%, and 14%

respectively){Usmani et al., 20?7T0 availl of their health benefisfter ingestion

many bioactive proteins amueptidesrequiredelivery toa specificlocation in the

GIT, as in the case d@he colonic delivery o€iclosporin{fKeohane, Rosa, Coulter, &

Griffin, 2016}, or they require absorptiontmthesystemiccirculation as in the case

of insulin {Oramed Pharmaceuticals, 2018Thaefore there aretwo primary

challengesfor the oral delivery of most bioactive proteins and peptid@amely
protection from pH and proteases during tratmsibugh the GIT andbsorption from
the GIT.Both of these challenges do not occur in all proteins and peptides; a peptide

can have docal activity in the GIT or their site of absorbance could be the mouth

Bernstein, ZOOW:retzen et al., 2016

Some bioactive peptides are stable at low pH and havehement resistant

to digestionsuch aghosein which cleavagesites for particular enzymes are absence

or inaccessibility as inthe caseof isoleucineproline-proline (IPP) (FitzGerald &

Meisel, ZOOT andplecanatidgPitari, 2013. However the vast majority of bioactive

peptides are susceptible to digestion dugagtreintestinal transi{SeguraCampos

ChelGuerrero, BetancuefAncona, & HernandeEscalante, 20Q)1including peptides

with significant potential health benefits such as ins{#ionia & Sharma, 20}4nd

pediocin(Kheadr et al., 20]}0

Protein/peptide djestion begins in the stomach; gastric aéhaturesand
unfolds most proteirs, thus allowing proteolytic enzyme®etter access to their
respectivecleavagesites. The protease pepsin is secreted instbenachand is
capable of cleavingl0-15% of the peptide bondslepending on thangested
proteins/peptidesThe majority of protein/peptide digestion occurs in the small

intestine, primarily due to proteases produced by the paambich ae secreted



into the small intestinérypsin, chymotrypsinelastase and carboxypeptidases A and

B). Additionally there are aminopeptidaskcated on the surfad@rush borderpf

theepithelium{Goodman, 2010

Proteinaceous materials are absorbed throwgttierocytes iftestinal
absorptivecells) that arelocated in theepithelium of thesmall intestine. The uptake
mechanisms ra designed for amino acidslipeptidesand tripeptides.Without
resorting to absorbance enhancers or cell penetragpgdes there are limited
possibilities for the uptake of larger peptidgsimarily via theantigen sampling

mechanism ofmicrofold cells (M cells) and by passive diffusion diighly lipid-

soluble peptides intenterocytegMiner-Williams, Stevens, & Mougha2014.

Carbohydrate digestion and absorption homans (excluding the GIT

microbiota) is essentially limited to simple sugars, digestible dextrins, digestible

starches andlycogen{Lunn & Bulttriss, 200}. Carbohydrate digestion begins in the

mouth withthe digestion of complex carbohydrates withD O L Yabyase which

is subsequentlydeactivatd by the acidic pH of the stomach. Carbohydrate digestion
continues in the small intestine withamylasethat is produced by the pancreas
This cleavessomplexcarbohydratesto di-, tri-, and oligosaccharideSome dietary
carbohydates such as the disaccharides sucrose and lactose do not reaquyrkase

digestion. Theli-, tri-, and oligosaccharideme broken down to monosacharides by

brush border enzymes and then absorbed by the entergGgedman, 2010

Digestion of lipids begisin the mouth with lingual lipase and contisua
the stomach with lingual lipase and gasiigase although only 15% of dietary
lipids are digested at these stagesthe small intestinbile salts emulsify the lipids
while pancreaticlipase and co-lipase work in conjunctionto digest lipids The

products of lipolysisare transportedoy bile salt micelles to the enterocytes



Goodman, 2010|Minekus et al.,, 2014 An overview of protein/peptide

carbohydrate and lipjdligestion and absorptiors given in Fig1.1.

Ingestion

Proteins Carbohydrates Lipids

\ Digestion +M outh
pH: 7 Transit time: 2 min

Salivary .-amylase

Digestion *Stomach . .
Lingual lipase

pH: 3 Transit time: 2 h

Pepsin
Gastric lipase

Digestion +Small intestinal cavity

pH: 7 Transit time: 2 h

Trypsin, chymotrypsin, elastase

Digestion +Small intestinal and carboxypeptidases

epithelial brush border
Amino peptidases
Oligosaccharidases

Absor ption
Substances absorbed by e nterocytes in small intestine

Pancreatic .-amylase

Bile, pancreatic lipase and
pancreatic co-ipase

Mono-, di- and tripeptides Monosacharides Fatty acids and monoglycerides

Fig. 1.1. An overview ofprotein/peptidecarbohydrateandlipid digestion and absorption. Based on
[Minekus et al. (2014andGoodman (201Q)




The difference beteen proteins and peptides is purely one of size; generally
molecules with more than 50 amino acid resgl@ae referred to as proteins,

however there is no cleaut definition with bioactives such as insulin being referred

to as a peptide and as a prntf@oonan, ZOOF For brevity the word peptide will be

used in this review to refer to proteins and peptides, as the majority of proteinaceous
bioactives mentioned in this new are smaller than 50 amino acids.

The oral delivery of bioactive peptides is a challenge for both the food and

the pharmaceutical industrigosgerau & Hoffmann, 2013 .au & Dunn, 201y

Mohan et al., 2015 The development of oral delivery systems firagative peptides

dates to at leastthe 1920s when studie on oral insulin delivery were performed

Harrison, 192R The treatment of diabete®ntinues to be one of the main drivers

of research in oral peptide delivewyith severakystemsn commercial development

for the oral delivery of insulirfDiabetology, 2017gDiasome Pharmaceuticals, 2017

Oramed Pharmaceuticals, 2QB®zzilli, Raskin, & Parkin, 2030

The primary strategies employed in the oral delivery of bioactive peptides are
pro-peptides structural modification of the peptide protease inhibitors,
absorbance/permeation enhancers, bioadhesive systemalsion/lipd based

systems, nanoparticle based systemscandrolled release systems

1.3. Delivery systems

1.3.1. Pro-peptides

The prepeptide strategy involves ingesting a protein or peptide whose

subsequendigestion in the gastrointestinal tract will produce peptides that are
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bioactive this can occur during the digestion of many common foodstuith as

milk (Hartmann & Meisel, 20Q7 The antimicrobialpeptidelactoferricn, which is

active against Gram positive and negative bacteriproducedluring thedigestion

of the milk proteinlactoferrin by pepsinn the stomachGifford, Hunter, & Vogel,

2009. The antioxidant LVGDEQAVPAVCVPhas beerproduced throughhe (in

vitro) gastric and small intestinal digestion wiussels(Jung et al., 20Q7 while

antihypertensiveeptidesER and RPR were produced through timevitro) gastric

and small intestinal digestion of porfEscudero, Sentandreu, Arihara, & Tolc1ra,

2010.

The antihypertensivdactotripeptidesisoleucineproline-proline (PP) and

valine-proline-proline (VPP) are produced by both processing and gastrointestinal

digestion of milk proteia (Boelsma & Kloek, ZOOF They have received much

interest as in addition tdeing sufficientlyshort to beabsorbedhormally, they have

significantresistance to digestion as they have no cleavage sites for pepsin, trypsin,

chymotrypsin or elastas1é500dman, 2010and their Gterminal PrePro gives them

a general resistance to digestive enzymes including proline speciftdgsss

FitzGerald & Meisel, 2000 However a review by the European Food Safety

Authority (EFSA) of 25 human intervention studies concluded there was no evidence

of an effect of IPP and VPP on blood press{fEESA panel on dietetic prodts

nutrition and allergies, 20}2

1.3.2. Sructural modification

The linking of a peptide to one or more polyethylene glycol (PEG) chains is

termedPEGylation{Veronese& Pasut, 200p The PEGylation opeptides suchsa




calcitonin glucagonlike peptidel (GLP-1) and insulin has been associated with

greater proteolytic resistance and systemic retentitimout a negative impact on

absorption or activityCalceti, Salmaso, Walker, & Bernk&chnurch, ZOOTChae

et al., 2008Youn et al., ZOOF

Replacing l-amino acids amino acids with theinantiomers@-amino acids)

increases the proteolytic resistance of a peftféag & Xu, 201§ an example of

which isthe antidureticdesmopressifCvetkovic & Plosker, 2005

Cyclisation of peptides increases proteolytic resistéaycmaking the N and
C terminals, which are normally targets for paysis, less accessible for
exopeptidasesadditionally cyclisation can allow stabilisation of comhatiors in

which polarresidues are exposed, making the molecule more lipid soltrhie

allowing absorption by passive diffusion, as in the case of cyclospp\ietsenet

al., 2017%. Methods used in producing cyclic peptides include creating an amide

bond between the N and C terminals of the peptide and forming lswuths as

disulfide, lactam, lactone and ether bridgestween the side changéamino acids

Li & Roller, 2003.

The By, absorption pathay can be used to absorb peptides by conjugating

the peptides to B. This has been succes$julisedto enhance the absorbance of

insulin (Clardy-James, Allis, Fairchild, & Doyle, 20}2Howeverthis approach is

limited by the quantity of B, that can be absoeh WR dMérie Sych,

Lacroix, & Stevens, 20)@andneeds to be performed in conjunction with a strategy

to prevent proteolysigPetrus, Fairchild, & Doyle, 2009

1.3.3. Enzyme inhibitors



The mechanism that inhibitorgsse toinhibit the action of a

protease include

binding to the protease such that its structure is distdstading to the protease in

the place of the substrabe depriving the protease of an esial coefactor such as a

metal ion{(BernkopSchnurch, 199|1Dtlewski, Jelen, Zakrzewska,

& Oleksy, 2?.05

A large range ofinhibitors have beertrialled for peptide delivery ranging from

traditional inhibitors suchrypsin soybean inhibitoBBowmanBirk inhibitor (BBI)

and elastatinal to more recentlgharacterisedinhibitors such asovomucoids

Aga

rwal, Nazzal, Reddy, & Khan, 20dLaskowski et al., 195

8Marschutz &

Bern

kopSchnurch, 200(QTozaki et al., 199]7 Theae aresafetyconcerns regarding

the side effects of inhibitorsncluding disruption of the digestion of nutritive

proteins and thatimulation of pratase secretion caused by a femk regulation

which results inhypertrophy and hyperplasia of the pancreasl ultimately

cancerousumours with prolonged use of inhibitcTBernkopSchnurch, 19&18

1.3.4. Absorptionpermeatiorenhancers

Absorption enhancers used in the delivery of peptideside bile, (Michael

et al., 2009, chitosan(Thanou, Verhoef, & Junginger, 2001cell permeating

pepti

deqMorishita et al., 200) fatty acids{Leonard, Lynch, McKenna, & Braydep,

2006

Maher, Leonard, Jacobsen, & Brayden, 30@3rfactantqAlama et al., 2016

and

chelating agen[ﬁ/lorishita et al., 199Finc|uding citric acid

Welling et al.,

2014.

Despite differences ithe initial effect such aschelating agentsdepleting

intracellular calcium and chitosan drawing the zona occludeng (ZO-1) and

occludin into the cytoskeletpmost of theabsorptionenhancers ultimatglachieve



their function through the openingof the epithelial tight junctions{Alama et al.

2014|Leonard et al., 20Qpviaher et al., 2008Michael et al., ZOOH)I\/Iorishita et al.

—

1993 |Smith, Wood, & Dornish, 2004Thanou et al., 20QiWelling et al., 201

Other absorption mechanisms used for peptide delivemgclude increasing

membrane fluidityusing surfactants and inducingacropinocytosis usingell

penetrating peptidd€PF) (Alama et al., ZOJ.ﬁNorishita et al., 200/

The concentration othe absorption enhancer needs to be carefully adjusted
to strike a balance betwe#redegree of absorption and toity; also there is always

the risk of unwanted molecules being absorbed alongside the molecule of interest

Aungst, 2014Whitehead, Karr, & Mitragotri, 2008

One approach being used to circumvemtiisueof nonspecific absorbance
is directly conjugating a nu#gnt suchas vitamin B, or By (biotin) to the peptide or

the peptide containing delivery system, which are then abteki® advantage dhe

absorbance system foratmutrient(Petrus et al., ZOTIQhang et al., 20]'4

1.3.5. Bioadhesive systems

These systems increase the residence/contact time of the peptide at the site of
absorption; which increases the amount absorBsdmples includghose using
lectins, polyacrylates and polysaccharides such cagosan and hydroxyethyl

cellulose, with adhesioroccurring to the mucus layer or the epithelial cells

BernkopSchnurch & Krajcek, 1998 |Gabor, Schwarzbauer, & Wirth, 2002

Grabovac, Guggi, & Bernkepchnurch, 20(11Zhang etal., 2004.

Much of the recent bioadhesive research has beerthiomers which are

producedby addition ofa thiol group bearing side chains to polymers such as

10



chitosan. They are capablgf forming covalent bonds with the cysteinerich

subdomains of mucus glycoproteinsvhich is a stronger interaction than

conventional bioadhesivedBernkopSchnurch, 20(15 Bonengel & Bernkog

Schnurch, 2014

1.3.6. Protective matrices/coating=sarriers with controlled release

A peptide can be protected from digestion during GIT transit by entrapping it
within a protective matrix However this matrix could inhibipeptide activity and
absorption. Threfore a mechanism for releasing the peptide from the miatrix
requiredsuch as release thttriggered due to pH (pH releasgstemy, release that
happens contirally at a controlled rate (time releasgstem$ or releasedue to
digestion by colonic bacterianfcrobial release systems

The matrces in a pH release system are formulated to swell or dissolve at a

particular pH, thus releasing the peptidatural plymersused in pH release system

include alginate chitosan and shelli@eorge & Abraham, ZOTIZ]ing et al., 201J7

Kraisit et al., 2018 The most commonly studied polymer for pH releagstem is

methacrylateand its derivatives includingoly(methacrylic aciel-ethylene glycol)

Kamei et al., 2009Tuesca, Reiff, Joseph, & Lowman, 20@hd opolymersof 2-

hydroxyethyl methacrylate and methacrylic afiahkam, 200p with a particular

interest in the commercial Eudrdyiange{Jain, Panda, & Majumdar, 20(larais

etal., 2013

The difference between the acidic pH in the stomach and neutral pH in the

small intestine makes it possible to use pH triggeredasel to target the small

intestine (Wang & Zhang, 2012 However targeting of the colon with a pH

11



triggered release is more challengingiraghe ileum of the small intestine thpdd
reachepH 7.5 , then in the caecum/ascending catairops to pH 6.4and thenit

rises along the colon to pH 7.0 in the descendingngc@dditionallythere are person

to person variations in these vaquEvans et al., 1998 Due to this, delivery

systems for theolon with a pH based release are normally designed so that they

begin releasing in the ileum of the small intestine and are often referred to-as ileo

colonic delivery systems instead of colonic delivery systgvcConnell, Short, &

Basit, 2008; this results in exposure to the proteases of the small intestine. An
additional difficulty regarding pH based il@olonic release ighat the delivery

systemis not exposed to pH ¥ for long enough to achieve release in a portion of

individuals(lbekwe et al., 2008bekwe et al., 2006

Time release systems are normally based on a matrixcémaswellin an
aqueoussolution By altering the composition of the matrix including the degree of

crosslinking and thickness, the rate of swelling and thus the rate of peptide release

can be controlledThe naturalpolymes chitosan(Yuan, Jacquier, & O'Riordat

-

201§ ard alginate(Liu, Chen, Xie, & Zhang, 20Q3have been used in systefhor

the colonicdeliveryof insulin andoee venom peptide respectively. In gels composed

of crosslinked alginateandchitosan the ratio ofalginate to chitosan determined the

rate of releasef bovine serine albuminBSA) (Xu et al., 200). Time release

systems for the colonic delivery of insulin have also been produced based on

hydroxypropyl methylcelluloseHPMC) and polymethacrylatgDel Curto et al.

201%(Maroni et al., 201p

Time release systems have been combined with pH reasems(Del

Curto et al., 2014Liu et al., 2003. This appoachis of particular use in colonic

12



delivery, as by having an outer pH release coating, time release can be delayed until

the small intestine, which allows a greater portiothefpeptide to reach the colon.

There are approximately 4 x10™ bacteria inthe colon

Sender, Fuchs, 4

o

Milo, 2016 and these consume wathescapes digestion orirgligestiblein theupper

gastrointestinal trac11Chassard & Lacroix, 20]

) 3Thisfact allowsfor the possibility

of using microbial releaseystemsfor colonic delivery,based on materials that are

not digestiblein the upper gastrointestinal tract but can be digested by colonic

bacteria.

There wasoriginally much interest irezopolymer based microbial release

systemdor colonic delivery{Saffran et al., 199prozaki et al., 200§ howeverthere

are recent concerns that the metabolism of these can resultpatentially

carcinogenic byproducts|Claus, Guillou, & EllereSimatos, 2016

Safer nicrobial release system®r colonic delivery of peptidehave

thereforebeen developedbased on polymers afommonly used and foegrade

polysaccharides includinghitosanpectinand starch

Atyabi, Inanloo, & Dinarvand,

2004|Fetih et al., 200|1F3u et al., 201

|Zhang, Alsarra, & Neau, 20

)2

Chitosan is prepared by the deacetylation of chdirstructural biopolymer

found in theexoskeleton of arthropods and in the cell walls of fungi and yedkti,

Paul, & Sharma, 20Q9This is necessary as chitin is insolulie@lmost all common

solventswhereas chitosan is soluldelow pH 6

Pillai et al., ZOOP Solid gels are

primarily produced through using a crosslinking agent suclhglasaraldehyde

Mirzaei, Ramazani, Shafiee, & Danaei, 2

DB throughionic interactions with an

oppositely charged polymer such as pet1ﬁrh1en et al., ZOT Chitosan has the

additional advantages that it is mucoadhei@eabovac et al., 2005and an

absorbance enhancg8mith et al., ZOOrl Peptides incorporated into chitosan based
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colonic delivery systems include insuTMuan et al., 201)8and calcitonin(Fetih et

al., 2009.

Pectins are a mixture of polysaccharides that are found in plantFoell.
pectins he procedure requiredo create a solidgel depends on tiredegree of

methylesterification (DM), which in turn depends the source of the pectin

Sriamornsak, 20Q3High DM (>60%) pectins form gelat pH 2.8to 3.5 andhigh

soluble solidswhereas low M (<40%) pectingequire calcium or another divalent

cation for gelationBelitz, Grosch, & Schieberle, 2008riamornsak, 2093 Pectin

has been used for the colonic delivery of nigilgurlu, Turkoglu, Gurer, & Akarsu,

2007 andinsulin{Cheng & Lim, 2004

Starch is comprigkof the glucosgolymersamylose and amylopectiBoth
amylose and amylopectare comprised dinear chains of glucose linked by1,4
glycosidic bondsand these chains abeanched by.-1,6 glycosidic bond§Fig. 1.2).
Amylose is infrequently branched whigenylopectin is brarfedat 10 nm intervals.

In its nativeform, starchis arrangednto semicrystalline starch granules, which are
R W R in diafeterIf these granules areehedin the presence of water,
theamylose and amylopectilissociatewhich leads to thgranule exudingmylose

and absorbing watercausing them teswell and ultimately dissipateSubsequent
cooling of the solution causes tlanylose and amylopectiio re-associate, turning

the solution into aolid gel. These two stages are referred to as gelatinisation and

retrogradationFig 1.3). The strength of thgel is primarily related to its amylose

content1AIcézaFAIay & Meireles, 201§Wang, Li, et al., 201p
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Fig. 12. Structure of amylose (A) and amylopectin (B).

Heating Cooling Storage

Fig. 1.3. Schematic representation of starch gelatinisation and retrogradatierstages are as follows: native
starch granules (A), swelling of granules during initial gelatinisation (B), amylose leaching and disruption of
starch granules during further gelatinisation (C}association of amylose during initial retrogradation) (D
increased association of amylose andssociation of amylopectin during further retrogradation. Image obtained
from|Goesaert et al. (2006)
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The portion of starch that resists digestion in the small intebtihean be

fermented by the colonic microbiohY WHUPHG pUHVLVWDQW VWDUFK

starch sourcend type(Bird, LopezRubio, Shrestha, & Gidley, 20p9Resistant

starch is classified into 4 typeg/pe 1resistant starcifRS1)is resistantdue to
physically inaccessility , type 2 resistant starch (RS2)resistant due to being in a

granular form, type 3 resistant starch (RS3) is resistant due to retrogradation and type

4 resistant starcfR34) is resistat due to chemical modificatiofBajilata, Singhal,

& Kulkarni, 2009.

When starch (or its component polymers) are used as a protective coating for
colonic delivery, they are normally combined with a binder/plasticizer to control

swelling in aqueous solution and increase structural integvitih the most studied

beingethyl cellulosg{Freire et al., ZO]ﬁMcConnell et al., 2007 Peptides that have

been incorporated into starch based colonic delivery systems inbkmiocyte

growth factor{(Pu et al., 201land insulin{Situ, Chen, Wang, & Li, 2034 with

triacetin and 1,zbropanediol as their respective binder/plasticizer.

1.3.7. Nanopatrticles

A nanopatrticle is a particle that is measured on a nanometre (nm) scale and

usually refers to particles below Im (Buzea, Pacheco, & Robbie, 2007The

primary advantage of nargizeddelivery systems for peptides iseth capacity o

pass through the mucus and epithelial barriers, particularly if the appropriate

absorbance/permeation enhancers are affixed on their SL1||m1‘te, Hanes, &

Ensign, 201p There are a large range of materi@eluding polylactic acid (PLA),

polyethylene glycol (PEG), chisan and alginate) and techniques (including
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emulsificationsolvent evaporation, interfacial polymerization and supercritical fluid
technology) being investigated to produce nanoparticles for peptide debwigny

the optimum material and technique depende both the properties of the peptide

and the desired properties of the proc1Rﬂis, Neufeld, Ribeiro, & Veiga, 20p6

Initial protection during GIT transit is provided using the approaches

described previously such as by PEGylation, protease inhilatatgoatings with

pH mediatd dissolution{Date et al., ZOITHe et al., 201j{Malhaire et al., 2016

Zhang et al., 20]17

To limit impedanceby the mucus layetwo common approachasedare
having aparticle surface whose net charge is newral coating the surface with
low molecular weight PEGTo transverse the epithelial cell layer there has been
some success using conventional absorbance enhancers incorporated in the

nanoparticle, particularhCPPs;, however the approaches yielding the most interest

are exploitation of the endocytosis and transcytosis syqlamsiquist & Artursson

2014|Malhaire et al., 2016 Incorporation of vitaminB;, onto the surface of insulin

loaded nanoparticlesallowed them to use the 1B transport system and be

endocytosed byintestinal enterocytes{Chalasani et al., 20T170ne particularly

promising transcytosis approach is incorporating Fc iritee surface of the

nanoparticles which results in them being transported across the intestinal

epithelium(Pridgen et al., 2033It is also possible for nanoparticles to be taken up

by the M cells in the Peyer's patches in the saraeneras any antigen entering the
body, howeverwhile sane authors have highlighted the potential of this approach,

others have claimethat thereareinsufficient M cells in the body to make this an

efficient uptake rate (Date et al., ZO]ﬁLundquist & Artursson, 2018Malhaire et

al., 2014.
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1.3.8. Lipid based systems including emulsions

Although lipids are not a specific system per sey ersatile properties give

them a functional role in a wide range of systehgids allow the solubiliation of

1

hydrophobigpeptidessuch asalcitonin and cyclosporirTﬁ\guirre, Rosa, Coulter, 4

Brayden, 201Choc, 199Y.

The rate of peptide release is determined iy tateof digestionof the
emulsion byipolysis The longer the chain length of the fatty acids in an emuylsion

the greatethe resistance of the emulsion to lipolysis. Thereftirerate of release

can e controlled through the composition of the emulsTGriroux, Robitaille, &

Britten, 2019. Thereare many ways that lipids can enhance the uptake of peptides;

the fatty acid derivativesaprylate and capratandilate tight junctiongdLeonard ef

al., 2006 |Maher et al.,, 2009 nanoparticles made from lipids such as

phosphatidylcholinean be absorbed into alldey endocytosis and passive diffusion

Rao, Agarwal, & Shao, ZOT)&nd by complexing a peptide witsodium N[8-(2-

hydroxybenzoyl) amino] caprylate (SNAC) a lipophilic complex can farhich is

capable of transcellular absorptifi?rem Victor, Paul, & Prakash Sharma, 2014

It is possible to incorporate hydrophilic peptides suchnaslin in a lipid

system through water in oil (w/o) or water in oil in water (w/od@uble emulsions

CardenasBailon, OsorieRevilla, & GallardeVelazquez,2015 |Li et al., 2017

Mutaliyeva et al., 201)7

Seltemulsifying systemscommonly described aselfemulsifying drug

delivery systems (SEDDS), are mixtures of peptides, lipids and surfactants that once

dispersed in an agueous solution amittly agitaed form emukions{Kohli et al.,
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201Q. The emulsion droplets are commonly naswed (Kohli et al., 201¢r. Two

commercial oral delivery systems (NeOfaland SmPiff) use SEDDS for the

delivery of aclosporin (Keohane et al., 201¢Ritschel, 199 By altering the

composition of the SEDDs and by the choicedfigientsit is possible to modulate

the rate of digestiorby lipase redue@ mucus impediment enhane epithelial

absorptiorandcontrol therate of releas@ _eonaviciute & Bernkogschnurch, 2016

Two otherlipid based techniques that have attracted interestadice Igid

nanoparticles(SLN) and liposomes. SLN are distinguished by benamoesized

particles that areomposed of lipids that are solid at room and body temperahis

allows greater control over peptide release compared to other lipid sy§&iesrke

Moritz & Moritz, 2019.

Liposomesare comprised of an aqueous core that is enclosed

by a lipid

bilayer. In their native statehey have low stabilityduring gastrointestinal transit

Wu, Lu, & Qi, 2019 and recent studies using them for oral peptide delivery have

examined how their stability and absorption can be imprdwedncorporating

excipients Incorporating biotin into the membrane of nisin containing liposomes

increased theiin vivo intestinal absorptioncompared to the controls, due to the

biotin inducing endocytosis in enterocytfiﬂ‘uang et al., 20]T4 Liposomes coated

with carbopol, chitosan or thiomers had enhanced muceadhess which

increased thdn vivo or ex vivo absorption of calcitonin containinjposomes

Gradauer et al.,, 2013Takeuchi, Matsi, Yamamoto, & Kawashima,

20p3

Incorporating bile salts into liposomes that contained insulin increased their oral

bioavailabilityin ratsby protecting the liposomes from physiological bile s

et al., 2012 DiasomePharmaceuticalare currently developing a liposome

system for oral insulin deIiverfGeho, Geho, Lau, & Gana, 2909
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1.4. Commercial oral peptide delivery systems

Fig. 1.4.A selection of commercially availabtzally deliveredbioactive peptides. From left to right and top to

bottom: ciclosporin Neoraf, Novartis), pancreatic enzymes (CREON®, Abbottecpnatidle 7UXODQFH E
Synergy Pharmaceuticals)uriasin (LunaRich Reliv), vDQFRP\FLQ )LUYDQTE &XWLVSKDUPD
(Minirin®, Ferring Pharmaceuticals)inaclotide (Linzes§, Ironwood Pharmaceuticals in collaboration with

Allergan) anctyrothricin (Lemocirf, Gebro Pharma).

An overview of orally delivered bioactive peptides that are commercially
available(Fig. 1.4)or approaching commercialisatiare listed in Table.1. In cases
where several manufactgreoroduce the same peptide with the same delivery
approach, only onmanufacturers listedfor brevity.

Many systems depend on peptides that have structural properties that make
them suitable for colonic delivery such lasing cyclicandbr containingD amino
acids; this severely limits the number of peptit@swhich these systemsould be

suitable
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The approaches that do not depend on the structural properties of the peptide
tend to use complex delivery systems whicdmbineseveral strategies such as an
outer coating with controlled release, protease inhibitors and absorbance enhancers
into a single system. This complexity may makeh a system onlguitablefor a
high value produg¢tsuch as pharmaceutical products or supplements

Despite the structural similarity of many peptides in Table and the
frequent goal of absorption in the small intestinalifferent delivery approach is
used for each peptideven the Eligefi system which is uskfor bothcalcitonin and

semaglutide usea different absorbance enhancer for each pepttd€NAC for

calcitonin andSNAC for semaglutidgDavies et al., 201|Karsdal et al., 20?1The

range of approaches beinyestigated even at a commercial stagdows that the
field is highly dynamic, constantlydevelopingand there isstill much research
required befae standard delivery systemsuitable for a range of peptidese be
achieved

Finally it is notable thathere is apparently only one colonic targeting system

being commerciallydevelopedSmPil® {(Keohane et al., 2038 thus it is an area

ripe forfurtherresearch.
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Table 1.1. Orally delivered bioactive peptide systems that are commercially available or in commercial
development.

Peptide Brand Condition Development Target Delivery system References
being treated Stage
Delivery systemr
Company
Calcitonin  Eliger® Osteoporosis Phase 3 Absorption Protease inhibitoKarsdalet al. ]
(salmon clinical trial in small  that also functions(2011)
calcitonin Emisphere completed. intestine. as an absorbance
(sCT)) Technologies enhancer.
Technologies
(2018)
Calcitonin ~ 7%5,$@E  Osteoporosis Phase 3 Absorption Protective outer
(salmon clinical trial insmall  coating with pH BioPharma
calcitonin Peptelligenc® completed. intestine. controlled release (2015)
(sCT)) Protease inhibitor
Colaberation that also function{Binkley et al. _]
between Enteric as an absorbance (2012)
BioPharma and enhancer.
Tarsa
Therapeutics
Ciclosporin  Neoraf’ Transplant ~ Commercially Absorption Cyclic peptide in
rejection available. insmall  self emulsifying Beglinger, and
Novartis intestine. nano sized Kissel (1992)
particles.
Attivi (2012)
[Choc (1997)
Ciclosporin ~ SmPilf® Ulcerative Phase 2 Absorption Protective outer
colitis clinical trials in colon  coating with time (2016)
Sigmoid Pharm completed. (peptide controlled release
remains  Cyclic peptide in
locally). self emulsifying Pharma (2017)
nano sized
particles.
DesmopressiiMinirin® Nocturia Commercially Absorption Chemical
available in upper  modification Bradnam (2015
Ferring small including an L to
Pharmaceutical intestine. D amino acid
substitution. Plosker (2005)
Insulin &D SV X O L (Diabetes Phase 2 Absorption Protective outer
clinical trials in upper coating with pH (2017a)
$[FHVVE are ongoing. small controlled release
intestine. Proteasénhibitors[Diabeblogy |
Diabetology and absorbance (2017b)
enhancer.
Insulin Hepaticdirectec Diabetes Phase 2 Absorption Liposome based
vesicleinsulin clinical trials in small  nanoparticle with (2014)
(HDV-I) completed. intestine. absorbance
enhancer.
Diasome Pharmaceutical:
Pharmaceutical (2017)
(2009)
2
Insulin OraF/\QE Diabetes Phase 3 Absorption Absorbance
clinical trials in buccal enhancers. (2010)
Generex are ongoing. mucosa.
Biotechnology
(2008)
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ORMD-0801
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Oramed
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Linzes€®
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Ironwood

Pharmaceutical
andAllergan
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Chiasma

CREON®

Abbott

7TUXODQF

Synergy
Pharmaceutical

NN9924
Eliger®

Collaboration
between Novo
Nordisk and
Emisphere

Ceredis?

Mitsubishi

Tanabe Pharme

Diabetes Phase 2 Absorption Protective outer
clinical trials in small  coatingwith pH  Pharmaceutical
completed. intestine. controlled release (2017)
Protease inhibitor:
and absorbance
enhancer. Pharmaceutical
(2018)

Heart disease Commercially Absorption Protease inhibitoLule etal. |
(excessive available. insmall  The peptide has a(2015)
cholesterol) intestine. 3 amino acid moti

that induces
Under macropinocytosis.Lumen (2007)
investigation a

a cancer Reliv (2018a)

treatment
Reliv (2018b
Irritable bowel CommerciallySmall and Protective outer

syndrome available. large coating with pH  and Liu (2013)
(IBS) intestine  controlled release
(not Cyclic peptide.
absorbed). (2016)

Pharmaceutical
and Allergan
(2018)

Acromegaly  Phase 3 Primarily Protective outer
clinical trials absorbed coating with pH (2014)
are ongoing. in small  controlled release
intestine.  Cyclic peptide
which possess
amino acids in D

configuration in et al. (2015)

lipid with

absorbance

enhancer.
Exocrine Commercially Small Protective outer
pancreatic available. intestine  coating with pH  Munck, and
insufficiency (not controlled release Caras (2010)

absorbed).

Chronic CommerciallyProximal  Cyclic peptide thgPitari (2013}
idiopathic available. small has pH stability
constipation intestine  (although its
(CIC) (not activity is pH

absorbed). dependent). Al-Salama and
Syed (2017)

Diabetes Phase 3 Absorbed Protease inhibito

clinical trials in stomachthat also functions(2017)

are ongoing. as an absorbance
enhancer. Novo Nordisk
(2018)

SpinocerebellaCommercially Absorbed Structurally
ataxia available. insmall modified. As a Meena, Jain,
intestine. tripeptide normal and Bansal
absorption is (2011)
possible.
Kinoshita et al.
(1998)
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Tyrothricin ~ Lemocirf Throat Commercially Throat (noiPrimarily
(thisis a infections available. absorbed). comprised of Staiger (2016)
group of Gebro Pharma cyclic peptides
closely with a number of
related amino acids in D (2018)
peptides) configuration.
Vancomycin ) LUY D Q T CClostridium  Commercially Small and Cyclic
difficile- available. large glycopeptide.
Cutispharma  associated intestine
diarrhea (not (2018)
absorbed).
Enterocolitis
caused by
Staphylococcu

aureus

1.5. Conclusions

The lack of systems for the oral delivery of bioactive peptides limits the
potential health benefits of these peptides, particularly those that could be applied
locally in the GIT. There is a large range of tools that cad oral delivery of
bioactive peptideshoweververy few delivery systemsespecially colon targed
systemsthat reach commercial developmenthere exists a need to develop oral
delivery systems, padilarly ones that are simple to produce yet suitable for a range

of peptidesto take advantage of the full potential of bioactive pepimlése future
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Chapter 2

A simple method for the purification of nisin

Fully published as:
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2.1.Abstract

Nisin, an antimicrobial peptide showing activity against a broad range of
Gram positive bacteria is widely used as a food preservative and has potential as a
therapeutidor a range of infectious diseases. Have present a simple purification
method, based on a saltiogt approach, which can produce a powder containing
~33% nisin from a nisinproducing culturén a whey permeatbased medim. This
process removes ovOB% of the lactic acid, NaCl, lactose and #osin proteins
from the celifree culture supernatant. The approach can also enrich a commonly
used commercial nisin preparation overf8l@l to a purity of ~58%. These are
higher purities than comparable pwhied methods. The simplicity of this approach

facilitates its use in research and also its saple

2.2. Introduction

Nisin is an antimicrobial peptiderodued by strains ofLactococcus lactis

subsp.lactis (Abee & DelvesBroughton, ZOOF Nisin hasbeen grantedenerally

Recognized As Safe (GRAS) status by tHe Food and Drug Administration (FDA)

US Food and Drug Administration, 1£Tw1d is widely used as a food preservative

Abee & DelvesBroughton, ZOOFin foodstuffs ranging from cheese and soups to

beer and sausag@BelvesBroughton, 200p It is produced by a range cbmpanies

including DWPont under the brand name NisafirDSM under the brand name

Delvo®Nis and @r. Hansen under the brand namédri€in© Nisin has been

investigated as a treatment for a range of infectlmesKwaadsteniet, Doeschate,| &

Dicks, ZOOSﬂHeunis, Smith, & Dicks, 201R.e Lay et al., 201 as a cancer therapy
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Kamarajan et al., 201%nd proposed as a growth supplementpfaultry (Jozefiak

et al., 2013 Nisin has the greatest solubiland stability at pH 3.5, with solubility

and stability decreasing with increasing ;TEIavies et al.,, 1998Rollema et al.

1999. Heating nisin to 115 °C for 20 min at pH 3 results in less than 5% loss in

activity (Davies et al., 195183nd this makes it suitable for higieat processing such

as spay drying. Due to the level of interest in nisimany approaches for the
production and purification of nisin have been develppeselection of which are
described inrable2.1.

Nisin producing strains are commonly grownsitandard growth medisuch

as M17(Abts et al., 201r1, and MRS medim (Meghrous et al., 19£ﬂPriouIt et al.,

200Q, with glucose as the carbon soutceproduce isin. In this study, L. lactis

NZ9800 pLP712 (nisinA producing strainvas grownin a medum consising of

whey permeatsupplemented with yeaektractas previously describe@Bouksaim

et al., 1998Desjardins, Meghrous, & Lacroix, 200Xia, Chung, Yang, & Youset,

2009. Whey permeate is primarilyater, lactose and mindsaand iswhat remains

afterthe whey proteinbave been harvestédm whey(Song, Kim, Lee, & Hwang,

2007.

Due to dfferencesin the methods of reporting results ihe publications

listed inTable2.1, for example describing nisin purity in terms of total proTeiiao

et al., 2019 or in terms of total solid¢Slootweg, Liskamp, & Rijkers, 20} 3direct

comparisos are difficult Howeversome cleatrendsareapparentPurifications that
used acommercial preparation as thatarting material achieved greater yields and

purity than those performed on the produatsa nisinproducingculture when the

same purification method was applied to bgabts et al., 201{lJozala et al., 2033

The highest purity was achieved by chromatographic and antim&d approaches
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Abts et al., 201flJozala et al., 2018Meghrous et al., 199}Prioult et al., 200r)

however these approaches also gave the Ilowest yieldSon

chromatographic/antibody based approadfmzalezToledo et al., 20]11llozala e

al., 2013/ Kelly, Reuben, Rhoades, & Roller, 2Q®&lootweg et al., 201Xiao et al.,

201Q, many d which were phase separatioachievedhigher yield and would be

easierto scale uphowever they had a relatively lower puri®f the publishedhigh

yield approachewluene(Kelly et al., ZOOT), dichloromethangSlootweg et al., 2033

andethanol({Xiao et al., 201pgave the highest purity, however thgeof tolueneor

dichloromethanes not ideal from a safety perspective.

Saltingoutis a method cmmonly used for protein purification amebrks by
salts drawing water molecules away fréne hydrophobic regions iproteirs and
peptides These hydrophobic regions then interact with each ptiesulting in

aggregatethat precipitate out of solutic1r$copes, 1994 However,pH, temperature,

salt concentration and the concentration of the protein or peptide of interest in the

solution all affecthe effectiveness of the salthogit (Scopes, 1994

While saltingout has benused in extracting nisin frorulturebroth to the

authors knowledgthis has only been used as initial stageof a longerpurification

processwith ammonium sulphate being the salt commonly y&egarathi, Bankar,,

& Ananthanarayan, 20Q@/eghrous et al., 1997In the method described hethe

effectivenes®f a simple saltingput procedure usingodium chloride to extractisin
from the cell-free supernatarCFS) of a nisin producing cultusnd acommercial

nisin preparations outlinedandcomparedo equivalent published methods.
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Table 2.1 Published purification approaches for nisin

After purification

Approach Starting materia Scale of i, Purification  peference
Format nisin factor (on tota
conteni . .
componen protein basis)
Ammonium sulphate -
precipitation followed by a Nisin producin
series of reversed phase culturg 9 Solution Hg Pure ~1600
chromatographies culminating
in reversed phase HPLC
Ammonium sulphate
precipitation followed by Nisin producing . _
hydrophobic interaction and g culture Solution n/a n/a 11
permeation chromatography
Hydrophobic interaction Commercial nisir . N
chromatography preparatiof” Solution ug/mL - Pure 210 al., 2011
Hydrophobic interaction Nisin producing . _
chromatography culture Solution ug/mL - Pure 770 al., 2011
) Commercial nisir . o Abts et al.
Cation exchange preparati Solution mg >98% n/a 501
. Nisin producing . Abts et al.
Cation exchange culture Solution mg n/a n/a 501
Antibody-coated magnetic Nisin producing Solution ug 6306 ~1100 Prioult et
beads culture al., 200d
Expanded bed ion exchange Nisin producing . A a0 Cheigh et
chromatography culture Solution my 4.6% 31 al., 2004
Agueous twephase micellar Commer_mal nisir ¢ | ition mg/mL ~0.29% n/a
system preparatidff] al., 201
Agueous twephase micellar  Nisin producing . M 10
system culture Solution pg/mL  ~0.196] n/a T
. Commercial nisir Spray dried .
Ethanol extraction preparatidf powder n/a 53%] 4.4 2010
... Powder (by
Toluene extraction Croem;?ztrifil%! nisir rotary mg ~519F] n/a etal.
prep evaporatior
. . Commercial nisir Lyophilised 0
Dichloromethane extraction preparatidﬂ“ powder mg 34/E| n/a al 201

|Gonza|ez
mg  ~0.396] n/a Toledo et
al., 201

Nisin producing Lyophilised

Adsorptiorrdesorption culture powder

L

2Powder is 2.5 % nisin (w/w) on a total solids basis
® From SigmaAldrich (St. Louis, Missouri, US)

€% w/w on a total protein basis

996 w/w on a total solids basis

€% w/w on a total mass basis

f FromMP Biomedicals $olon, Ohio, US)

9 From DuPontBeaminster, UK

" FromChr. Hansen A/S (Harsholm, Denmark)
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2.3. Materials and methods

2.3.1. Production of nisin from a culture

For the preparation othe supplemented veli permeate (SWPinedium
dried whey permeatéWP, Kerry Group Naas Ireland) and yeast extract (YE
Merck Millipore, Darmstadt, Germany) ave reconstitutd in distilled water to a
final concentration 06% (w/v) WP and 2% (w/v)YE.

Fermentations werearried outin a FerMac 310/60 Bioreactor Fermenter
(Electrolab Biotech Tewkesbury, Gloucestershire, YKThe 5 L vessel was
autoclaved twice at 121C for 15 min, with a one day waiting period between
autoclaving to allow any surviving bacterial spores to germinate. The vessel was
then filled with 4 L of SWP medium and autoclaseddescribed above

L. lactis NZ9800 pLP712 which had been stocked in 20% glycerol (v/v) at

80 °C, was propagated twice in M1Terzaghi & Sandine, 19F%roth (Oxoid,

Basingstoke, UKsupplemented with 0.5% lactoéWR, Dublin, IrelandXLM17),
before 2 mL was used to inoculate 100 mL of SWP mediune. ifioculum was
grown overnight in 100nL of SWP medium at 30 °C and the fermenter was then
inoculated with 80 mL of the overnight culture.

The bioreactor was ruat 30°C and pH 6.0 (controlletly addition of 6M
NaOH)for 16 h.Mixing was performed byraimpeller withfour inclined flat blads
at 2xg. The cells were removduly centrifugation at 11,2°Ag for 20 min at £C and

the CFSwas collected.
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2.3.2. Purification of nisin from a culturéermenate

Starting with 760 mL aliquots of the CFS, the pH was adjusted to 7 and the
NaCl concentration was determined by conductivity. Each CFS aliquot was adjusted
to a final NaCl concentration of 2.27 M, volume of 80Q and pH of 7.This was
centrifuged for 2 h at 4C and 16,908g. The supernatant was discard€gdr each
800 mL of volumebefore centrifugatiorthe pellet wasuspendeth waterin a final
volume of30 mL. The pH of the suspended pellet veajustedo 7. The suspended
pellet was centrifuged for 2 h at°€ and 16,900<g. The supernatant watiscarded
andthe pellet wagollected

Freezedrying was performed on a Virtis Advanta@®P ScientificGardiner,

New York, US) with the sampledjusted to a pH of 3 usindClI.

2.3.3. Purification of nisinfroma commerciahisin preparation

Nisaplin® (DuPont Beaminster, UK (720 g) was suspended in watdp a
total volumeof 2580 mL and centrifuged at 16,90@ for 15 min the supernatant
was discarde@nd thepellet was suspended in water to giveotal volume of860
mL. Thiswascentrifuged at 16,90@xfor 15 min the supernatant was discarded and
the pelletwas suspended in 400 mL of watefhe pH was adjusted to and
maintainedbetween 3and3.5 using HCht all stages of tprocess

The solution was spray dried on a-1®1 spray dyer (Buchi, Flawil,
Switzerland using an inlet temperature of 18C and the flow rate adjusted to

maintain an outlet tempetae of 92°C.

45



2.3.4.Cell counts

Viable cell countsvere determined inulturesamples byerially diluting the
culture in maximum recovery diluent (MRIDxoid Ltd., Basingstoke, UK and
dilution plating on MRS agar (Oxoidd., Basingstoke, UKand LM17 agarNlerck
Millipore, Darmstadt, GermanyThe plates were incubated at 30 for 48h and

results expressed as colony forming units/mL (cfu/mL)

2.3.5. Lactose andactic acid quantification

Lactose andlactic acid concentrationswere determinedusing high

performance liquid chromatography (HPLC) based on published methods

Desjardins et al2001|Xia et al., 200p A Waters 2695 separation module with a

Waters 248 d X D @sorbanceletectorand a Waters 24 1#fractiveindexdetector
running on WatersEmpower software (Waters, Dublin, Irelandyvas used in
conjunction witha Rezex@& RHM-Monosaccharide, 8% cross linked H+, 300.80
mm column from PhenomenexXMacdesfield, UK). The mobile phase, 03®M
H.SO,, wasrun at a flow rateof 0.5 nlL/min and at 6(°C. Lactose was detected by
refractive index and lactic acid bgbsorbance at 21@m. The samples were

quantified from the area of the peaks using standard curves.
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2.3.6. Nisin quantification byreversedphase- high performanceliquid

chromatography (RFHPLC)

The concentration of nisin was determined usRB-HPLC based on

published methodgBuonocore et al., 2003Chollet, Sebti, MartialGros, &

Degraeve, ZO(TBRP-HPLC was carried out using a Waters €2695 separation module

with a Waters 2489 UV/visible detector, rungimn Waters Empower software
(Waters Dublin, Ireland) and eeversed phasgupiter 5 um, C18 300A, 250 mm x

4.6 mmcolumnfrom PhenomenexMacclesfield, UK) Solvent A was 0.1% (v/v)
trifluoroacetic acid (TFA) $igmaAldrich, Arklow, Ireland in Milli-Q® water
(Merck Millipore, Carrigtwohill, Ireland) and solvent B was 90% (v/v) HPL§?ade
acetonitrile(Thermo Fisher Scientific, Dublin, Irelandpntaining 0.1% TFA (v/v)

in Milli -Q® water A linear gradient from 22.2% B to 55.6%d8er 30 minwas run

at a flow rate of 1.0 mL/minNisin was detected by absorbance at 214 nm and its
peak corresponded to approximately 36% acetonitiilisaplin® was used to
generate a standard curve and the amount of nisin was calculated from the area of the
peak at 214 nmThe concentration of nisin iNisaplii® was 1.826 nisin (w/w)

(DuPont,personal communicatiQ2019.

2.3.7. Matrix-assisted laser desorption/ionization time of flight mass

spectrometrf{MALDI TOF MS)

The moleculamassof theRP-HPLC fractioncorresponding to the nisin peak

was determined usinglALDI TOF MS using anAxima TOF (Shimadzu Biotech,

~N

Kyoto, Japaphas previously describe16ield etal., 201
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2.3.8. Nisin quantification byactivity assay

The biological activity of rsin was estimated by agar diffusiaactivity

assag (Ryan, Rea, Hill, &Ross, 199p L. lactis subsp.cremoris HP (Lambie,

Altermann, Leahy, & Kelly, ZOT,Hhe indicator strainwas grown overnight iM17

broth (Oxoid, Basingstoke, UK) containing 0.5% lactose (VWR, Dublin, Ireland)
(LM17). LM17 agarwastempered to 483C andseeded with 0.5% of the indicator
strain. Twenty millilitre aliquots of the seeded agar were dispensed into sterile petri
dishes, these were allowed to solidify and wells of 5 immiameterwere bored in

the agarSerialtwo-fold dilutions of the samples were dispensed into the wells in 50
puL aliquots ad the plates were incubated overnight at°8 The activity of the

nisin resulted in zones of inhibition surrounding the welsin was quantified

based ora published methofBernbom &al., 2009 by plotting the area of the zone

of inhibition against the log othe nisin concentration of a serial dilution of

Nisaplin® to generate a lineastandard curveNisin activity was also expressed as

arbitrary units (AU) in terms oAU/mg (Ryan et al., 19?6which was calculated as

the reciprocal of the lowest dilution that gave a definite zone of inhibition

2.3.9. Conductivity

The concentration of Nd@n the sample was determined using a Muifte®
P3 conductivity meter (WTWWeilheim, Germany)n conjunction with a NaCl

standard curve
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2.3.10. Quantification of otal protein

Total protein was quantified using the Kjeldahl metTtﬁD, 20@Y using a

.M HOW H F @nalyser in conjunction with a MHOWHF &E VDPSOHU

Warrington, Cheshire, UKwith 6.25used as the conversion factor.

2 4. Results anddiscussion

Two purification methods were developetd produce an enrichedisin
powder using either a culture supernatant or a commercially available nisin
preparationas the source of nisin (Fig.1). In the case of the culture supernatant
nisin was produced by growing lactis NZ9800 pLP712in a supplementedVP
mediumundercontrolled conditions of pH (6.0) and temperature@Pfor 16h. At
the end of the fermentation the viable cell cowats 2.86 x 10° (+ 0.23 x 10°)
cfu/mL. Both purification methods involved using NaCl to precipitate the nisin
peptides. In the case dfd commercial preparation there was sufficient NaCl present
in the Nisaplin® (~93% w/w) such that additional salt was not required tecsdlthe
nisin. As nisin is most stable at pH33, it was preferable to perform the saltmng
at this pH. The coremtration of nisin in the commercial sample (TaBl2) was
sufficient for precipitation by saltingut at a pH of 8.5 The lower initial
concentration of the nisin from the nisin producing culture (T&#¢ required a
higher pH (7.0) for efficienprecipitation using the saltingut method.During the
purification procedure the concentration of nisirswaeasured usingP-HPLC. The

nisin peak in th&kRP-HPLC chromatognas (Fig. 2.2) was confirmed using MALDI
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TOF massspectrometrywhich showed massof 3354.09Da (Fig. 2.2), correlaing

with the calculated mass of 3354.07 foanisin (Abts et al., 201r1

Cell-free supernatant from a nigimoducing culture Commercial nisin preparation (Nisaptin
Adjusted to pH 7 and 2.27 M NaCl Suspended at pH3.5
Centrifuged for 2 h at 4 °C and 16,9@Dx Centrifuged for 15 min at 16,989
Pellet suspended at pH 7 Pelletsuspended at pH3.5
Centrifuged for 2 h at 4 °C and 16,9@0 Centrifuged for 15 min at 16,9809
Pellet suspiltinded atpH 3 Pellet suspended at pH335
Freeze dried Spray dried

Fig 2.1. Flow chart of purification from the celtfee supernatant of aisin producing cultureon left) and
purification from a commercial preparation (on right).

Table 2.2. Purification of nisin using the saltingut approach from the CFS of a nignoducing culture (.
lactis NZ9800 pLP712) and a commercial preparafiisaplin®)
Purification of nisin from a nisin producing culture  Purification of nisin from a commercial preparatic

Composition Composition Composition Composition
before purificatior after purification before purificatior after purificatior
(CFS) and drying (Nisaplir®) and drying

Volume (mL) 760 n/a
Total solids (mg) 62,500 (+ 2,20C 64.2 (£5.6) Total solids (g) 720 109 (x 0.5
Lactic acid (mg) 37,200 (+450) 11.4 (x0.5)
NaCl (mg) 12,400(+ 1300  2.85(x0.30) NaCl (g) 669 (+ 6.0 1.60 (+0.08
Total protein (mQ) 8,350 (£ 120  46.7 (¥11.0) Total protein (g) 27.7(x0.6 7.83(x0.07
Lactose (mg) 4,520 (#110) 1.10(=0.14)
Nisin (mg) 25.9 (+0.7) 21.3 (+4.7) Nisin (g) 13.1 6.29(x0.44

MHDQ “ 6' Q « H[FHSW IRU ODFW R \ifiéredd@ Get@eibefvre Rnd &fteQutfication WK H G
and drying are statistically significanp (< 0.05) for each component, excepsin from a nisin producing
culture.
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Fig. 2.2 RP-HPLC chromatograms of the purification products from a nisin producing culture (A) and a
commercial nisin preparation (BYlisin eluted at 24.7 min corresponding to approximately 36% acetonitrite. RP
HPLC nisin peak analysed by magsectrometry(C). Molecular mass (3354.09 Da) correlates with that of nisin
(3354.07 Da).

Table 2.3 Summary of the properties of the produztpurification using the saltingut approach
After purification

. : Scale of Purification
Approach rting material - -
pproach - Starting materia Format nisin Nisin content factor (on total
component protein basis)
. Nisin producing Lyophilised Ontotal solids basis 33.3%
Saltingout culture powder mg On total protein basis 45.7% 148
Saltingout Commercial nisir Spray dried On total solids basis 57.7% 1.70
¢ preparatioh powder 9 On total protein basis 80.3% )

" From DuPontBeaminster, UK
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Prior to purification the major nonnisin components of th€FS other than
water, werdactic acid NaCl, lactose proteins and peptidesh&purification process
removel over 99% of each of these nrarsin componentsesulting in a powder
containing approximately 33% nisin (Table2.2). Using the same princip] a
commercial nisin preparatiomas enrichedrom 1.82% nisin to approximately 58%
nisin. The major nomisin component inNisaplin® is NaCl and this approach
removes over 99% of the NaClable 2.2). The nisin concentration of the product
purified from Nisapliff on a % w/w basis was7.06 (+0.51) when measuteoy RP-
HPLC and 58.04 (#.05) when measured kiyre biologicalactivity assay. The
similarity of these results validates bathsaymethods. Tts also shows that nisin
activity is not lost during processin@able 2.3 presents the saltingut approach in
the format used in Tabl2.1 for the published purification approach&ghen the
activities of the purified products are expressed as AU/mg nisinptivdied product
from a nisin producing culture 84,296 (£173, n = 3) AU/mgwhereas theurified
productfrom acommercial preparation 2,272 & 812, n = 4)AU/mg.

As spraydrying is the mostcommon methodusedto dry solutions or

suspensions in the food indus(T&'angam, 20]11 it was usedin the case of the

commercial nisin powdethoweverdue to the small volume dhe nisin purified

from a culture, this was freeairied (Fig. 2.1). Purification yield was calculated by
expressing the amount of nisin in the purified product as a perceoitage total
amount of nisin before purification and thus expressing how much of the original
nisin was retained throughtthe procss.Purifying nisin from a culture gave a yield

of 82%, whereas in the case of the commercial nisin powder the yield was 48%
(Table 2.2). The lower yield for nisin purified from a commercial powder can be

attributed to the spray dryingtageasthe losses at this stage represgsio of the
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original nisin. Laboratory scale spray drying is noted for its high sample losses

Maury et al., 200pSoares e Silva et al., 2Q12owever &rger spray dryers have

much higher yields than laboratory scale dryérgiaz-Ul Islam, Edrisi, & Langrish

2013; for example the industrial spray drying of milk is normally pemed with

yields in excess of 95%mtiaz-Ul Islam et al., 201B Therefore it is likely the

yields would be muclgreaterif the processvasscaledup.

2.5. Conclusion

The saltingout approachpresentechereprodu@s powdes containing 33or
58%nisin, from a culturesupernatant or a commercial nisin preparatiespectively.
When compared to othehnigh yield approachesthat have equivalent starting
materials, tk saltingout approactygives higher puriy; in addition itdoesnot require
organic solvents such asluene or é&hloromethaneand the simplicity of the

approach facilitates scalep.
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Chapter 2 supplementary material (unpublished)

S2.1 Introduction

Due to the presence of a non nibiacterialpeptide(European Food Safety

Authority, 200§ in the commercial nisin preparati¢Nisaplin®), it was attempted to

purify the nisin from the other protein components of ttemmercial nisin

preparatiorusing cation exchangast protein liquid chromatography (FPLC)

S22. Materials and methods

The cation exchange FPLC procedwas developedased opAbts et al.

(2011) with several modificatiom including using 8 times the column volume in
order to upscale the procedure

FPLC wascarried out using an AKTA purifier and a XK26/20 column (40
mL column volume) containing a SP Sepha®sEast Flow cation exchange
chromatography resitall FPLC components from GE Healthcare, Little Chalfont,
UK). The flow rate was 5 mL/min and the pejas were detected by absorbance at
214 nm.

To prepare the sample for FPLE,5 g of Nisapliff was desalted overnight
using benzoylated dialysis tubing,@20 dalton molecular weight cut off, D7884,
SigmaAldrich, Arklow, Ireland) in 50 MM acetic acigd pH 35. The desalted
Nisaplir® solution had its total volume brought to 10@Q msing 50 nM acetic acid

pH 4.0 andvas loaded onto the FPLC column. Unbound material was eluted with 6
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column volumes o200 nM NaCl, 50 mM acetic acigpH 4.0. The nisin was eluted
with 13 column volumes o400 mM NaCl, 50 mM acetic acid pH 4.0. Finally the
column was washed withcolumn volumes of 50 M acetic acid 1 M NaCl pH 4.0.
The elution products were analysed by-RPLC which wagerformedas decribed
in section2.2.6. withthe single modification that the linear gradient from 22.2% B to
55.6% was run over 15 min

To remove the salt from thaurified nisinin the 400 nM NaCl elutg it was
precipitated with 20% (v/v) trichloroacetic aqiiCA) overnight at 4 °C. To remove
the TCA the purified nisin was washed twice with 4 °C acetone. To obtain the dry
mass of the pellet it waseeze driedThe nisin content was quantified by RFPLC
as described in section 2.2.8he molecularmassof the nonnisin peptide was
determined by M\LDI TOF MS analysisof its RRHPLC peak as described in

section2.2.7.

S2.3 Results

The nonnisin bacterial peptide was determined to have a molemdasof
2351 Da. by MALDI TOF MS.In the chromatogram oRNisaplin® sample (Fig.
S2.1A) the nonnisin bacterial peptide elet 11.4 min (26% acetonitrilgndthe
nisin elutel at 18.6 min (40.4% acetonitrile)rThe developedFPLC procedure
successfully separat¢hese2 peptides with the nenisin peptide elutingn 200mM
NaCl, 50 mM aceticacid, pH 4.0 and the nisin elutingn 400 mM NaC] 50 M
aceticacid,pH 4.0(Fig. S2.J).

The feed stock for this process w&s g ofNisaplin® (118.3 mg of nisi
and the end produce after freeze drying Aadass 083 mg which was determined

to contain26.56 mg of nisir{32% nisinw/w) by RRHPLC.
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Fig. S2.1 RP-HPLC chromatogramsf Nisalpir® (A), the 200 vl NaCl, 50 mM acetic acid, pH 4BPLCelute
(B) and the 400 i NaCl, 50 mM acetic acid, pH 4.BPLCelute (C).

S2.4 Conclusion

Although this approach wasiccessfullyable toextract nisin from theon
nisin peptidesn Nisaplin®, the yieldswere too low, particularly with regard to the

process time requirefbr the procedure to be suitable for our purposes.
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Chapter 3

Simulated gastrointestinal digestion of nisin
and interaction between nisin and bile
Fully published as:
Gough, R., O'Connor, P. M., Rea, M. C., Gorsatta, B., Miao, S., Hill, C.&

Brodkorb, A. (2017). Simulated gastrointestinal digestion of nisin and interaction

between nisin and bil&WT - Food Science and Technology, 880537.
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3.1.Abstract

Nisin, an antimicrobial peptide showing activity against many Gram positive
bacteria, is widely used as a food preservative. The simulated gastrointestinal
digestion of nisin(variant A) was studied using thie vitro INFOGEST digestion
method. Following al, gastric and small intestinal digestion, there was no intact
nisin in the system and the nisin was primarily digested by pancreatin. After
digestion, six nisin fragments-{ll, 112, 120, 121, 129 and 132) were identified
by reversed phase high paminance liquid chromatograpland mass spectroscopy
and four of these nisin fragments-ZQ, 121, 129 and 132) demonstrated low
antibacterial activity againstactococcus lacti$lP in agar diffusion activity assays
Additionally, it was observed that bile salts form a complex with niShis was
examined byatomic force microscopy, turbidity and dynamic light scattenmvigich
showed that this interaction resulted in significantly larger bile salt micelles. The
presence of bilealts at physiological levels significantly altered the relative amounts
of the nisin fragments-12, 120 and 129 produced during am vitro digestion.

This study highlights the importance of including bile in simulated digestions of
antimicrobial pepties in order to obtain a more accurate simulation ofrthavo

digestion products and their activity.

3.2. Introduction

Nisin is a 34 amino acid antimicrobial peptide produced by strains of

Lactococcus lactisubsp.lactis that is active against manyr&n-positive bacteria

and is widely used as a food preservaf{@barsallaoui, Oulahal, Joly, & Degraeye,
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2019. Nisin is extremely stable at pH 3 and can be autoclaved at this pH with <5%

loss of activity{Davies et al., 19518whereas above pH 6 it is unstable even at room

temperaturgKelly, Reuben, Rhoades, & Roller, 2900

The discovery that nisin is inactivated by pancrea1ﬂ'rreinemann &

Williams, 196§, primarily due to its chymotrypsin componddarvis & Mahoney

1969, was a factor in nisin being awardéegnerally Recognized As Saf€RAS)

status by theUS Food and DrugAdministration (FDA (US Food and Drug

Administration, 198 and the European Food Safety Authoi{BFSA) declaring

that nisin is safe for use in fo1European Food Safety Authority, Z(T%ith its

assigned Enumber being E 234European Commission, 20l1it has been

demonstrated more recently that nisin is also cleaved by the trypsin component of

pancreatiChan et al., 1916 However these studies focused on pancreatic enzymes

and did not take into account the other components of the digestive system such as
bile.

Bile salts, the major functional componaexitbile, are biological surfactants
which are involved in the digestion and absorption of lipids in the small intestine; in

particular they transport the products of lipolysis in bile salt micelles to the sites of

absorption{Bauer, Jakob, & Mosenthin, 2005or the most common human and

porcine bile salts, micelle formation takes place in two stapgsirophobic

interactions between bile salts results in primary micelles, which then interact via

hydrogen bonding to form secondary miceIIFéandrac et al.,200q |Partay,

Jedlovszky, & Sega, 200[/Small, 196f. The minimum bile salt concentration

required for micelle formation is termed the critical micelle concentration (CMC).
As the concentration of sodium ions affects the CMC, experiments ilgtedits are

commonly performed i).15M Na’ solutions to simulate physiological conditions
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Hofmann & Hagey, 2008 In a 0.15M Na’ solution, most bile salts have a CMC

below 10mM (Hofmann & Roda, 1984 10 mM is also the bile salt concentration

recommended for simulating physiological conditions duringvitro digestion

Minekus et al., 2014

Previous digestion studies on nisin have focussed on pacceyatymes
from the small intestine and those that investigated the nisin fragments produced by

digestion used enzymes individually and often used digestions in excess of 20 h

Chan et al.,, 199gHeinemann & Williams, 194¢gJarvis & Mahoney, 1969

Slootweg, Liskamp, & Rijkers, 2013In order to study how nisin is digested under

more physiologically relevant conditions, the INFOGEST method, a recently

developedstandardized static method for the digestion of To'nhekus et al.,, 2014

was utilised. This method isghconsensus of an international network of scientists

and is based on physiological conditions with each digestion comprising an oral,

gastric and intestinal stad®linekus et al., 2014 This approach would establish

which nisin fragments are produced under physiological conditions and also their
biological activity. In addition, by performing versions of the digestiathout
individual digestion components, the importance of -posteolytic components

such as bile on the digestion profile of nisin could be established.

3.3. Materials and methods

3.3.1. Materials

All reagents were obtained from SigrA&drich (Arklow, Ireland) unless

otherwise stated. For the simulated digestions the specific SMpnah products
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used were: salivary amylase (A1031), pepsin (P6887), bile (B8631) and pancreatin
(P7545). Tweeh80 was obtained from Merck Millipore (Darmstadt, Germaiije
nisin preparation used was NisaflitDuPont, Beaminster, UK(nisin variant A;

UHIHUUHG WR DV p@sLakt).Qriis WiasUsRriced Py altivg lout as

previously describe¢Gough et al., 20]’7

3.3.2. Simulated thestion

Simulated oral, gastric and small intestinal digestions were performed as

described in the INFOGEST methgilinekus et al., 201M Five variationsof the

digestion were performed: (i) nisin with all digestion components, (ii) nisin with all
digestion components except bile, (iii)) nisin with all digestion components except
pancreatin, (iv) nisin with all digestion components except pepsin, bile and
pancreatin, (v) all digestion components but no nisinleastthree replicates were
performedfor each of these five digestion setupke initial nisin concentration was
chosen so that the nisin concentration in the digestion product would be suféicient
quantification by reversed phasehigh performance liquid chromatography (RP
HPLC). The digestion containing nisin and all digestion components was performed
as follows: for the oral stage 5 mL of an 8.7 mg/mL nisin solution was combined
with simulatel salivary fluid (SSF) and salivary amylase (75 U/mL in final oral
solution) to a final total volume of 10 mL,; this was incubated at 37 °C for 2 minutes.
For the gastric stage, the sample pH was adjusted to 3 using dilute HCI and
combined with simulated gtic fluid (SGF) and pepsin (2,000 U/mL in final gastric
solution) to a final total volume of 20 mL,; this was incubated at 37 °C for 2 hours.

For the small intestinal stage the pH was adjusted to 7 using dilute NaOH and
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combined with simulated intestinfllid (SIF) and bile (10mM bile salts in final
intestinal solution) and pancreatin (100 TAME U/mL in final intestinal volume) to a
final total volume of 40 mL, this was incubated at 37 °C for 2 hours. The digestion

products were snafpozen in liquid nitogen.

3.3.3. Determination otheeffect d thepresence of bile during digestion

ontheactivity ofthedigestion products

To determine the fiect of the presence of bile during digestion dhe

activity of the digestion producta simplified digestion method based|bhnekus et

al. (2014)was used; nisin was incubated with pancreatin in a MOPS buffer at pH 7
and 37 °C for 2 h with bile added either before or after digestion, with an equivalent
volume of water added to samples that did notivedeile. The final constituents in
each sample, in a total volume of 0.5 mL, were 100 pg/mL nisin, bile at a bile salt
concentration of 0.81M, pancreatin at a concentration such that its trypsin activity
was 100 TAME units per mL, 5&M MOPS, 0.15M NaCl and the pH was 7The

digestion products were analysed by activity assay as described in segtion 2.

3.3.4. Reverseghase- high performanceliquid chromatography (RP

HPLC)

RP-HPLC was carried out on a Jupiter, 5 um, C18, 300 A, 250 mm x 4.6 mm

column from Phenomenex (Macclesfield, UK) with an acetonitiilee(mo Fisher

Scientific, Dublin, Irelandpradient as described previoug{yough et al., 20]l7|n
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the case of digested nisin, fractions were collected throughout the gradient to

determine the nisin fragments producedligestion.

3.3.5. Matrix-assisted laser desorption/ionization time of flight mass

spectrometry (MALDI TOF MS)

The molecular mass of the RPLC peak weredetermined usind/ALDI

TOF MS using a\xima TOF mass spectrometer (Shimadzu Biotech, Kyoto, Japan)

as previously describi@ield et al., 202).

3.3.6. Activityassay

Biological activity was estimated by agar diffusion activity assggsan,

Rea, Hill, & Ross, 19516in agar plates seeded wittactococcus lactissubsp.

cremoris HP which wereprepared as described previousyough et al., ZO]T7

Serial twofold dilutions of the samples were rfmed in0.15M NaCl, 50mM
MOPS, pH 7. In specific cases a surfact@B M bile salts, 8nM Tweerf 80 or
0.2mM 7ULWRIDE was included in the diluentKH VDPSOHYV | ZHI
dispensed into the wells and the plates incubated overnight at 3mé@ctivity of

nisin resulted in zones of inhibition surrounding the wells. Activity is expressed as

the PLQLPXP LQKLELWRU\ FRQFHQWU[TmanFeQaL,ag(Te LQ WH!

MIC was calculated by plotting tharea of the zone of inhibition &ach dilution

stageagainstthe log of the nisin concentratig@ernbom et al., 20Q6these had a

linear relationship and the MIC was calculated from the equation of the line.
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3.3.7. Atomicforce microscopy (AFM)

For AFM, samples comprised X0M bile salts,0.15M NaCl, and 50mM
0236 DW S+ ZLWK RU ZLWKRXW J P/ QLVLQ 7KH

J P/ ZDV FKRVHQ DV WKLV LV ZLWKLQ WKH UDQJH WKI

after consumption of a nisin containing foodsTlIivaesBroughton, ZOOTMinekus

et al.,, 2014 $OLTXRWYV I ZHUH GH $Bwd WithGuria€@sy R U H\

dried in a desiccator and subsequently stored at ambient conditions to ensure
equilibrated hydration. AFM images were obtained with an Asylum Research MFP
3D-AFM (Asylum Research UK Ltd., Oxford, UK) using A@ode in ambient air.

An duminium reflex coated cantilever with a tetrahedral tip (AC 240), spring
constant of 1.8 N/m (Olympus Optical Co. Ltd., Tokyo Japan), working frequency of
50-90 kHz, and scan rate of 815Hz was used at a 512 x 512 resolution. The radius

of curvature othe tetrahedral tip was 10 (£ 3) nm.

3.3.8. Turbidity

Turbidity was measured at 600 nm as {igahmane, Lasia, & Zhao, 2008

using a Cay 100 Bio Spectrophotometer with temperature contldgilent
TechnologiedrelandLtd., Little Island, Ireland). The samples were prepared at pH 7

in a 50mM MOPS buffer containing 0.18 NaCl and analysed at 37 °C.
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3.3.9. Dynamiclight scattering

Z-average was measured thypnamiclight scattering (DLS) using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). The samples were prepared in 0.15
M NacCl, adjusted to pH 7 using NaOH, filtered through a 0.22 uM PVDF filter

(Gilson Scientific, LutonJJK) and analysed at 20 °C

34. Results and discussion

3.4.1. Simulated digestion

Oral and gastric digestion of nisin without pepsin resulted in a 6% (£ 0.6, n =
3) reduction in intact nisin when measured byHRPLC and the inclusion of pepsin
brought he total reduction to 16% (x 2.2, n = 5); this limited digestion in the oral

and gastric stages correlates with published results which show that nisin is primarily

digested in the small intesthf@rvis & Mahoney, 1949

Gastrointestinal digestion without proteases or bile resulted in >50% loss in
intact nisin (Table3.1). As the oral and gastric stages caused limited reduction in
nisin, this reduction can primarily be attributed to the small intestinal pH of 7 and

temperature of 37 °C, as above pH 6 nisin is unstable with a temperature dependent

decomposition rat¢Kelly et al., ZOOT). It was noted that pH and temperature were

not entirely responsible for the reduction in detectable nisin and that the simulated
intestinal fluid, in particular its sodm bicarbonate component, played a minor role

(data not shown).
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Performing the small intestinal stage of digestion with bile and/or pancreatin
resulted in no intact nisin being detectable byH#ALC (Table3.1) and the products
of digestions that includedile had greater antibacterial activity than similar

digestions without bile.

Table 3.1.Products ofn vitro gastrointestinal digestions of nisin.

Starting material Oral, gastric and small intestinal digestion Analysis of digestion products
% nisin(RP-HPLC)  MIC (or MIC
equivalent)
Nisin solution All components 0% (x 0) 22 pg/mL (£ 5)
Nisin solution All components except bile 0% (+ 0) 41 pg/mL (£ 2)
Nisin solution All components except pancreatin 0% (+ 0) 0.9 pg/mL (+ 0.2)
. . All components except pepsin, bile and o

Nisin solution pancreatin 48% (£ 2) 2.9 yg/mL (+ 0.5)
H,O (ho nisin)  All components n/a 82 pg/mL (x 21)
Nisin solution Not digested 100% 1.8 pg/mL (+ 0.1)

The digestion products were analysed by-HALC and agar diffusion activity assay. The amount of nisin
detected by RIHPLC is expressed as a % of the total initial nighetivity is expressed as theinimum
LQKLELWRU\ FRQFHQWUDW LIBMMIQ jgived fér the Frq@uets of diyebtions without nisin;
6' LQ EUDFNHWYV Q -

The highest antibacterial activity was in digestions without pancreatin; this

correlates with previous reports that pancreatin is primarily responsible for nisin

digeston (Heinemann & Williams, 196r5 However in digestions with all

components except pancreatin, there was no intact nisin detected BRIRP The
high antibacterial activity implies that intact nisin was present and suggests another
digestion component may hkeffecting the behaviour of nisin on the RIPLC
column, thus interfering with its detection. This component appeared to be bile, as

digestions without bile or proteases had detectable nisin in their products.

3.4.2. Analyss of nisin fragments

As the products of digestions involving pancreatin demonstrated antibacterial

activity that could not be accounted for by the bile or digestive enzymes, the activity
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was likely due to fragments of nisin. To determine which nisin fragments were
produced andvhich of these were bioactive, the digestion products were separated
by RRHPLC and the fractions collected (Fi§1B). The fractions were analysed
using MALDI-TOF mass spectrometry and by activity assay (8). Digestions

with pancreatin produced pegdes with molecular masses corresponding to the
theoretical and published molecular masses of nisin fragmeifts 20, 1-21, 129

and 132 and also a peptide with a molecular mass within two daltons of the

theoretical mass of nisin fragmenill (Tabk 3.2).
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Absorbance at 214 nm

22.5 23

23.5

25
Elution time (min)

25.5 26 26.5 27 27.5 28

Fig. 3.1.RP-HPLC chromatograms of (A) undigested nisin and (B) the products of nisin digestion without bile
(S) and with bile included # yeRegions where nisin fragments and intact nidinted are highlighted. The
effect of including or excluding bile from a digestion with respect to the amount of nisin fragm&nis-29

and 120 produced is highlighted.

Table 3.2.Nisin fragments detected in the products of digestion.

Nisin fragment

Observed / predicted Antibacterial

molecular mass (Da) activity

Effect of inclusion of bile in digestion on height of
corresponding peak in RRPLC chromatogram

1-11
1-12
1-20
1-21
1-29

1-32

1023 /1021
1151 /1158
1881 /1881
2013 /2012
2810/ 2809

3159/ 3157

None detected

None detected

Yes
Yes

Yes

Yes

Peak height not determinable due to background interfer
from co-eluting bile and pancreatin

1.9 (+ 0.3) fold decrease (p = 0.0009)
1.4 (+ 0.1) fold increase (p = 0.02)
Not significant (p = 0.06)

3.5 (= 0.3) fold increase (p < 0.0001)

Peak height not determinable due to background interfer:
from co-eluting pancreatin

Mean fold increases and SD are derived from three se¢plidates; p values are in brackets.

han et al. (1996)
Slootweg et al. (20138)
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Fig. 3.2.Mass spectrometry analysis and ag