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Abstract
Project Code : RGU6180001
Project Title : Paper-based devices for rapid sensing of bacterial contamination in foods
Investigators : Tirayut Vilaivan and co-workers
E-mail Address : vtirayut@chula.ac.th
Project Period : 1 year (15 August 2018 - 14 August 2019 extended to 14 February 2020)

Contamination of bacteria in food and drink which causes food poisoning is not only a
nationwide important problem in terms of safety of local consumers but is also important worldwide
since Thailand major incomes are from the tourism industry whereby Thai food, especially street food
plays an important role. Besides, Thailand is also a world major food exporter. Examples of foodborne
pathogens that can be found frequently and create high impact include Listeria monocytogenes,
Escherichia coli O157:H7, Staphylococcus aureus, Salmonella enterica, Bacillus cereus, Vibrio spp.,
Campylobacter jejuni, and Clostridium perfringens The contamination can result from several factors
including raw materials, process, and hygiene of the food preparation etc. Accordingly, the detection of
contamination is highly important. The standard methods for the detection of bacterial contamination in
food have one or more limitations including long waiting time, low specificity and sensitivity, inability to
distinguish between similar bacterial strains, the requirement of expensive instruments and/or highly
trained personnel. As a result, it is necessary to develop new diagnostic methods for the detection of
bacterial contamination in foods that are convenient, rapid, do not require complicated instruments nor
highly trained personnel while can still provide accurate results that are comparable with the standard
methods, and should be able to identify the bacteria at species levels. This project aims to develop
novel devices and methods for the detection of nucleic acids as an alternative for the detection of
bacterial contamination in foods. The research was divided into two sub-projects, both involve
amplification of the nucleic acids that are specific for the bacterial strains of interest and the success of
the nucleic acid amplification is evaluated via paper-based devices that are easy to use and do not
require special equipment for the experiment, collect and interpret the data in a similar way to the
widely used immunochromatographic devices.

The first sub-project involved the use of PNA probes immobilized on filter paper in combination
with an enzymatic colorimetric reaction to develop a sensing device for the detection of B. cereus in food
with high sensitivity and specificity. The device was designed to be used easily by including a frame and a
photographing stage suitable for any smartphones. The second sub-project employed a cationic DNA-
binding dye in combination with a DNA amplification technique called loop-mediated isothermal
amplification (LAMP) to give a DNA sensing system that can be judged by naked eyes both in the PCR
tube and on the paper. The efficiency of the method for the detection of contamination of E. coli and
the enterotoxin A-producing stain (SEA) of S. aureus in food samples. The results show that the LAMP-dye
combination in the PCR tube and on the paper can detect E. coli and S. aureus SEA with high specificity

but the sensitivity should require further improvement.

Keywords: paper-based analytical devices; DNA; bacteria; PNA; LAMP; food safety; DNA

binding dye; colorimetry; nucleic acid testing
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e Seflenuidesgs AafugpamnssuonsludssmalnedesidudesdinaUseiugunimems
dieliAneudaondusefuslnauazidsoon fegrmwenidenelsafinuldvosuariinansenugs 1y
Listeria monocytogenes, Escherichia coli O157:H7, Staphylococcus aureus, Salmonella
enterica, Bacillus cereus, Vibrio spp., Campylobacter jejuni, Wag Clostridium perfringens 013
JuilouvesdenalsaiAntuldainuarsdads Wuldduningiu nszuiums uasireudelunis
wi3pnowns “a Tuthy i BuespulunismseemsiioauteuwuediFedanisvin Taudns
fausnidie (cultural methods) Ns14389MsBuyTuAnen (immunological methods) kagnisnadoy
m’iﬁuqﬂiim (nucleic acid based methods) (Rohde et al., 2017) Imm’liﬁmu&mt,%}amﬂa’mwﬁ
Foamsnsndeuihidlaeldomnsimeiefimunzay susemsnadeunmuauifimsiiaivontod
Fauanld Feildodeieldnauiu (57 fu) wmsdosseuuaiidonia Jausimeduionided
ligosnisoraasayld hesonsuwidou Saulnde detection limit 1 nanAedodldioglu
USunmuAeutnann (100 addng) Wikalinsfimnifeduuusiissdu 10-100 1alad uasdanldas
(~500 UWABNINTI) F3TlendnIBAe BN Buyluine) Feendendnnisandivesusuivedi
Fuweduidofiaula warlfieuluifideudofuuoufveilunsiliAndisimesunsduiude
Uagtuiiyansiadnsalugy ELISA uaw reverse passive latex agglutination (RPLA) Wiatusassilg
agannsaniniinisdanenide LwiﬁﬁmmLLwaLﬁaqmﬂéfumlumimﬁmLLauauaﬁﬁm uanant M3
T%LLaumuamami‘]mmLim cross reactivity Wag reproducibility \{l8991n batch-to-batch variation
(Baker, 2015) Bniswdlsilld¥uauiouniuuasiidnenmiinzaunuiiiinsdausnionios
yeduyluinededsnsanalusefuansiugnisy Wesanlianudumnzuazaiuiligs Jadasund
sgshlfansguuvuionsasadeudduluaresansiugnssulaenss Mela3os Next Generation
Sequencing F3nsiiusiaglfnnugniosusiugias warlitoyaiasBenunn uafiialddiegann Tl
aansavinludnwae routine, high throughput 1o uaﬂmﬂﬁﬁagaﬁiﬁuﬁ%amﬁammﬂ WANDIAUN
LﬁummﬁwL?JULL@SI@]’MI@amimﬁa;’Jﬁmsﬂzﬁﬁé]’aqﬁmmL‘?J'mﬁmzymwwmq 3nisnsndadenisld
weluladues polymerase chain reaction (PCR) WhenelunsiiuySunafiduefisumefudulagy
yiliduniominslonzvosuafiFefiaulaazasiaaey Jaazgnimunlasnisesnuuulngiuesi
wszan uagdzdesdinniluasvasulasmaiaadidnlaslvitafiogainudiaveanisiiiy
UTnuiiBue uasATAeUILIAYEY PCR product MAnduinaenndestuiinassduniels us



wadaifldiaatuu (3-3.5 $aluslunsvin PCR way 0.5-1 daluslumsiaszsinalaenisineg) uas
anvlilanunsonenuerAmuuanaaldisERu speces Whauelidlosniuesasiinruadiendaiu
Tuunensdl Satnaednduiidetondemnaiadufisi@iy 1Wun159 nested PCR %Sen15¥in probe
hybridization s3ee1aldinaila real time PCR figntoanuuulnsiuesnielnsuiisinie uasina
M34in PCR product fisnmglasnisisosuas Inendnnisudanadia real time PCR 2glinafifinany
andasusiugngs vhldazninnng uiiifediinfesoddiaiesdiounsinenmainddsaiune St
fafosedyaansidamdnagdlunsinszitazuana
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Mndinanfamegiuidiaududuiissiestauiimnsnidedadeuvaiizere
Tsanfeuvaiieinanansivluemns Mvhldazann 1aas LideansedesdieNdudou uagyaainsd
fmuidergews luusiorfuflinanmegeuiiuiud WeuAsdldiuitmannsgiu Gioeis
foumsaz et ldfesediu species (Law et al, 2015) lTunuideifigaymanefiasiauisns
nendevasugnsslmiffdnsazamednadedumadenlunsnneitdedeuuniiiere
TsevidauuaiiFefinanansfinluoms Tasenuidoasuisoondudesdiuges aesdmanioios
funaiuUinuamsitugnasuiisnmetuidefiadle wagasaaouanudiiavomisfiuTuuas
ftugnssutiu Tasvedadunmsimumeluladifegudludugunsainsatauunszaunsemietand
fgnsuduildanuldine Lifesnnsiesesdefidudeulunismaass 81u wazuvana Wulderfuuay
yoaeumsduylulasninnidldfuegaunsvats venanisoranuintunauresniaaien
fhetrauarmansatalilugunsaituien Ssgunsalludnuaedinaniasldfunuemduuniy
Foq uazSuiindndusismireluBandedtud  widiulvgjazdrinegluniaisvesgunsal
priamensunnddegadlaaansofnunieaziBenuaziegaiiieateslfainienarsénsda (Cho
et al, 2017)

smiddeludiuusnnielddelasanms 'msiauigunsainnatafiduegunszauileuside
rolsaluemslasedefiduelnsy’ azorfendnmaiudnaasiusnssulaomaia PCR uag
pyRaoUnNTAnaIsiugnssufidnnzlaglivdnnisves probe hybridization  lasAnggidei
wielulafvosasideunuuasiugnssuiisoniuwdindiandsnuedaniefidue Aldsunsatuayu
yudeanam. wegwaidesiumuiinifosunans (2 sev) yuidesjath (DBG5580007) Wit
917la (RTA5280002) WazA1ans a19633ufiau (DPG5780002) FenuiriBuieniinlvaifiwauniy
Aofislsantafisuedautinlandumionifiueuaridueifsmingludonduslundvenis
FUTATURALDULOLALDISLAULD DY DI TILAZTUNIZLANZS (Vilaivan, 2015) LAz dANSUnsANATD
W& (Lowe and Vilaivan, 2006) setufislsandaiduedadlaudfmnsauiaglfidulnsuiionns
PTIIIATILRAFULUAYDIENTHUGNITUAFBINITANINTUNIZLINLDIE 1TUNTIUUNAINLUANFNS
spwinfduetimunedfidduainduiisamdiuma Soildeniagliledlnianalolndlnsy
jalu nenninisfifiduedudalfesnaudeusanminlilisnd ufesesnuuulnsulidaueinn
i Fudunsandunu wasifiuarusumsinnzaniosninsuiiduasusnusraruunndisves
Hrnefifidrduivaialunisiuwmidddniitnsuiion sl aueideldvszavanudnialuns
fimunszuunsniaasiugnssufiendefislsaadaiiue dulnsulunanvate suuuuity nsuiFes
Lasfinovauesrenisiinlausea (Boonlua et al.,, 2011; Ditmangklo et al., 2013; Dangsopon et al.,

2016; Yotapan et al,, 2016; Nim-anussornkul and Vilaivan, 2017) E;Uﬂ’iajmmijﬂalﬁul,ai%w



wadaed i (Jampasa et al., 2014; Jampasa et al., 2018; Kongpeth et al., 2016; Teengam et
al., 2017a; Thipmanee et al, 2016) LLasqﬂﬂscﬁmwi’mﬁLﬁuwwmwwﬁmﬁami’éfammmi
Wasudsealan (Laopa et al., 2013; Jirakittiwut et al., 2015; Teengam et al., 2017b) F3Ms
ndsgadidnenmanlunsiauniudadasidniagudmsudldnuill Tnsauediteldrosen
mAfedluldfunsmnaidadommisumddonisasanisnaneiugivilfiAnlsasdatide a1eld
nsatiuayuIteangudnnuludaiumelulagdininnisnsunng (avm.) UszdnUaudszuno

2560 Benardossunuinslifduelnsurisliaudinizdiuniifibue warannsousnues
ANLUANFA19YBY single  mismatch DNA Iifigaumgiivies aazgiseiadeitismsfnaniuies
annsonuszendldlunisamageudenelsaluamslidae

TusmiAdetaundenido Bacillus cereus Lﬁ“flwfhmeuaaL?gaﬁﬁ]zﬁwmmaaulmaqﬂmaﬁmaﬁm
Fogunsgauiiendeiiduelulsuinlawdulnsu Toe Bacillus cereus \HunuafiFounsuuan
sUSUUUIIS wazanansaadaaUeslalunnedlivnguninatoivlen waiFesdeadinmuily
Tufuuagiingnuenanuuiu ewnsus sauludssyiis Jadndudenelsalummsiitiauddyan
Taglonglulssimanfiasugiafeidesiundnsananumanssy 1wy Ussmalng AnuguLsevesns
rielsAan Bacillus cereus (04119138318 enterotoxin TilkalasnsIAoNyELazILLAY LAz
AertesiulusiunarsviadedwaliiAnviosirsludniifosgndoundugs Tumaiugnssumud
Bacillus cereus dnulnasnnu Bacillus thuringiensis, Bacillus anthracis, Wwag Bacillus
mycoides 2819110 (McDowell and Friedman, 2017; Sanchez-Maldonado et al.,, 2018) ﬁ\‘iﬁ?u
nszUIuNIRTIIMINITULUeu Bacillus cereus flannsoienAIMLANGNITENIN Bacillus cereus
fuaneviugfinandnediu Mildie azen san32 wazdaldared Tnglvinanisnsavaouiusiugigs
Hudaiimslizumatau waranzdidoidoinnslimeluladvesiiduelnsuifamnudumegaies
noulandena

mAdeludufiaosnelidelasinis "UARTeN LAMP vunseawiiunaideuSunnened
meludupeuieniionisnsadonelsaluetms *  averdomada loop-mediated isothermal
amplification (LAMP) LiteifisiSunnansitugnssy wedadedelnaiesfising 4-6 1du wasdu
wmafla isothermal amplification 3slaisfudadldiades thermal cycler sfidaldiusouluudves
ALY ANLTUNZI1209 wazUszAvBanlumsifindTnamsitugnssufimilenin PCR Tngay
faunsruunsiuUinaiduouasasatademdlieguugunanigiunseatsiuien wens
yudawaztivinuazmnuazusendn lasazendeld@dendisinnudumziuaidueaogiiniunis
FuTinauarliniaudsunUasivionisdewuasiisunaldmesalunisusienudniaresnis
WuvTafidue UfATeimundaudtuldiiedisiidesnisnnaruieduninfiauinnmans

wuﬁﬂi‘smazémwaﬁﬁwmL‘LJa'ﬁ Wanelutuneunyl JUNNIEAUNITATIVILAUTIDINU Y38 0 0

(%

Aua (point-of-care) LLﬁ”ﬂ’]’ﬁWGAM’la%ﬂmi’Jﬁla’lLiﬁ]i‘d ImEJﬂauwmuﬂmvm%lmﬂsvawmmmLiﬁlms
Uszgndldinaila LAMP LwamimmfnaLLavamauamﬁummmmmﬂ 30 1394 fegTY YARTIA VIP
Safe Plus @3 E. coli 0157 53ufenuuuuynnsiadueunelsmenduyilaeves Staphylococcus
aureus ﬂ'aiiﬂmmsLﬂuﬁwt,%aﬂ%mmﬁﬁmmﬁ’]wmLLazm'mhajJﬂm&Jmimmmmﬁﬂ LAMP L17u
nsleddeusasaslungy styryl dye Ftanndulnevniilasans AelauAans1a15E33u AU

(DPG5780002) (U315 dulysaiuy wagany, 2560) lnua1unsansiaduidalaluiielsununusaiiy



Wudu 1-10 colony forming units (CFU) Tdalunisasiatiesnin 30 und waglidududeddd
A A a & ~a & o v N v
389 thermal cycler wagiAsasaadianinslni@a Junoun1syinlade deain wazansiaiinlgdnang
Unansiegs uwidiagluzurenisin LAMP luvasanaaed uazduiosdltunaunisiiuddauiensianin
waensiinUSuafiduend ddlirssazaindndmsunsidanulunieauin luswidelliveds
Aean1siageanlagn1TmUIYAnTIllduiedwu laen1siauiyansialvedlusuuuy paper
. da s & ¢ oy o @ o v | ] v & o

chip niilnsies Wulesl uwavddoudniazy Tugduuunseuld wazdiedonisldan nmsiushw uas
nsvuds naenduaInTaltulaslaeglduaziusenaunisluseauriadu

Escherichia coli \Junuailsannulaludldvesnunazdnd wazlivindunsiensenalsa
aglsfinnu @ £ coli wanwaneugiinelsafinde wu 15Aga9132923 lsaidaiuanessnau nsin
Weolunssuaiden wazlsrszuumaiutaanzdnau Wudu lnslsagaaiszsrninannsvuiou
voselugmakaringy JsaunsawuingulaniunalnnisnelsauazanuuzeinisvesUls a1y
enterotoxigenic £. coli (ETEC) iluaneiugiadaasivisun enterotoxin vibiiine1n1sviessas
wuudesundu arewanduln wag enterohaemorrhagic E. coli (EHEC) @319a5fiw Shiga viliiiin
91N1571093293ULs aesdugniden Wadeaunaan waglanedeunau viliiiansdetiale (Al
et al., 2012; Brooks et al., 2005) vi1l# European Commission 59 EU 39ilvavaAuvuysune £
coli Tuilodulazguiloiiu 50-500 wag 500-5000 colony forming units (CFU) @iansi a1uanau
mesiin13ns19du £ coli Nonavuleudsdnlunazdrdyeeneds vlilulagiuieiddeunuie
ANAIUITN1INTIV E. coli BeanlUsAuY enzyme-linked immunosorbent assay (ELISA) Lagan
@19 ugNIIUYY polymerase chain reaction (PCR) uaw real-time PCR ag1¢lsfid §elaifigansan
dnsannnmazain Tdaude Tdnatlunisvisnda srumaldseadan lddeserderesujifminis/
R VPR L SRR PTG LN R PHITEG Mg AUl LaZANT NN Mewnilanudfedde
IS [ LY Aa va o ! dy ° U . dy 5 A
Tinguszasaginungansiandauautfnmandll dmsunsin £ coli Yuidauluemisuasipseddy

@157 staphylococcal enterotoxin A (SEA) annuuaiilse S. aureus wulavaluluau
21n1¢ Maiumela wazvurmtivesywdIvibiiAnn1svudeuluemisladeg ninfudseniu

Aa 2 ¥ v o | ° = I
DIMIINAU ‘ViiEﬂ“Uﬂ’J’]ﬂJiEJuLLﬁsiz‘&JzL’Jaﬂuﬂ’ﬁﬂjﬂlmL‘W‘ENWEJG]EJﬂ’]iVI’Ia’]EJ SEA «anuAIugau 100
parwaea tetduaids 30 unil wasisyeu 143.3 asAnwawded Wuan 9 Judl dnviakuaiiise
yipiasgylaluaniizanuauszauliuna Iunihbidenseasivilgnuulalusimsiivainvane
dalugflaun emsuseanluiunaslivodudsios 1w un weuda Aanise vuueu lean3u was
Wodnd lnwe1msnil SEA Yuleudniindu sa uazanmesund vilvigudauazguiiaa lansiu
Fremsiudl SEA Yuileusgviliinlsnenmsilufivled (Arsudin et al, 2010) nstesiuuay
& a o faaa a a a a
muaulsremslufivain S. aureus aneitusigueuwmalmanTuviiae (sea) Nau1sanan SEA
AU UNSULIUAUINNAULAZ AILINADYN b LUAISEUNEDIMNS NI I UNISUEUNIBIUDNIIST
Ugsanuda lasemisislineamgiivesduiaiuiuneusulseniu aasiiverm shilugdund
Ao A o v A o o X o faa a A a

aaungildnieldl S. aureus Wind I NS S. qureus @eNUGNT sea @1XNTONER SEA WoaTey
luemsNgaumgiisening 15.6 uag 46.1 aeAlLwaldod uazkanlnanaamgll 40 asmLgaidea
arsiwilneliAnlneiuguilaaladielasuludsunamaus 100 uilunsusie 100 nSuvedemT Lay
FNULIATHIUDMIINUAIIB TS EUNEUSLNARY 915Ul wazUgegnudiutgiiu fiaq
lufinnsUuilauwas S. aureus 11NN 100 Wadunse CFU #ansue1nis 91n15ua9bsalawkn aasu



Aauld Uanvies vieudu Uandaluvios gansysradui Wunzeds wazeraiionnssindus wu Uan
Aswy Wkeaan wudu Jen Wielidonuuluganise lasangluininuazdge1g1n1519 UL
fatwdediala

2. NMINUNIUITIUNTTY
aunsalasdengigunszavuaznsUszgndldiuidanalse
pUnsalanalinssigunszavldgniilildsunuiestudeliviunidleenguitenes
Whitesides (Martinez et al,, 2007) ilosnnnszanuuiagifisngn anunsauiudsunyiledidu
e uaslinuaudifimionisgaduredina viliveslnaanunsnndeuiluvunssaiuls Tuudd
a’ﬁlaa’j’lﬁgﬂﬂiﬂjm%ﬁmﬂizmw immunochromatographic strip #3e lateral flow device (LFD) 1Ju
dudanilsvesgunsainganlinseigiunszauiifsuuuumsienssilidudeuiesaint mslnaly
Arnsfsinazdinazasvindmaneisinges wiaunsalgiunseavlugandsaiunsaiaiuinig
yhanlidudounniu wuanusanuauluuuniofianisesnisinaldlaenisaiedeamnalua
(flow channels) san1sAunly (wax printing) uonanianansathtunszavanUsznouiuiy
%uﬂ ﬁﬂﬁLﬁmqﬂﬂﬁzﬁmmi’mlugUﬂszmwﬁLﬁuawuﬁa (Martinez et al, 2008) &sanunsaviutdile
pannvaenudfuiunouludnsasiinruald Wy mawisudogs nsnrindiedne daenavii
lonanehmnenseudu (Martinez et al., 2010; Fernandes et al., 2017) aunsaigiunszaulagn
hiszgndldlunsamatnidenelsa daeravhldlasnsnmataaudivisusznsveaiolaenss
iy nvnzvssUszauuiiui (Creran et al, 2014) vidon1snanieulesifisnnzianzasweanguvion
VTdvesuuaiisy 1w £ coli (Wanouled B—galactosidase ey B—glucuronidase), Enterococcus
sp. (wanteulwsl B-glucosidase), Streptococcus aureus (Wamtaulwsl protease) %ﬂLﬁlaLﬁ@Uﬁﬁ%m
fuduamsaiisumedeieulesiazviliAnndnsusinnsatalaeniiua1aind Jokerst et al, 2012;
Hossain et al, 2012; Adkins et al,, 2017; Suaifan et al., 2017) n3alagujjiseniaaiiliviii
(Adkins et al., 2017) N13nTI9iRMETEN1eBuLlUINeT Ingeduneuiued (Li et al., 2011; Terao et
al., 2013; Yonekita et al., 2013) vi¥auenmiosfisniziuie Bruno, 2014) Fegnafitnaulanils
ideldoonuuugUnsnifianmsannainderelsaluemnsis 10 vialdnfeutulngldinaluladves
upconverting phosphor da3uliaglugie 10>-10° CFU/mL wazilaiudnigeglugie 80-100%
(Zhao et al, 2016) FBvsduyluinguaznisareuluiiiiyadufeannsonsainuuafiFels
Tnensdlaglidesiinisrionsegna (whole cell detection) wifigadesfedafinuliAeudis 39
Fududesdituneurasnis enrichment dvoraldinanuuily 12 dalus 8niuiladenisnsan tnlusedy
asfugnssuvUgUnsalgIunsEay 8fandnilannligandt lesannansaifindunaans
fiugnssusnemaia PCR vidomadaduiilndiAssiu uazdinnnudumnzinnzasgenindnassising
sudrnnidesnnifunsanatalussduarsiugnisy wilidedefedosdtunounisatauaziiia
USunaansiugnssuneu (Dineva et al,, 2007) agslsiny Sumouiildinansn 2-3 dlus aelaiuy
W15 enrichment
gUNIalnTIATIRNGIUN ST NS UNTITIRa TN UGN T TURenannsYaslauslawdulnsy
msnTainasiugnssuuugunsaigiunszaseailagofeleusladulnsuiidume iy
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sU MInTawuuiidesendulauslnatulnsudiulngazerfanisaieiiueledlnindlelnad
Junzluguuuuves array dWeodulnsudwmsududatumiduatvaneg (Call et al, 2003; Rasooly
et al, 2008; Severgnini et al, 2011) Feinsndudesinaainisaeene Wy aannSeuas
(Fluorescein, Cy3, Cy5 etc) wiolulafiu islianusansiatalilagldinaianisdouas wienisi
THAnaTsmeouley (enzymatically generated colorimetric reaction) Iumjm peroxidase %3
alkaline phosphatase Iagnsinaainanuisavinbdlienninlaenisinaaindilnswesaildlunisiu
YSHnauasiugnssu Freg1wesnuiseiiisaenty uves Noor and Krull (2013), Aratjo et
al. (2012), Song et al. (2014), Zhou et al. (2014), Glavan et al. (2016) wazusnNTEIFTI L
guUnsningI9TRansWugnIIlLUgULULYRS LFD (Posthuma-Trumpie et al, 2009) Fsdulvajende
1&NN15Y84 sandwich hybridization assay lngldoyniemesiunlunionisineainuiadu
aumﬂm%muﬁammﬂﬁwﬁﬁmmﬁaﬁﬂﬁﬁm?ﬁ (Glynou et al., 2003; Litos et al., 2007; Mao et
al, 2009) Sadfdenaslidesinsinaanfinsulediegie uenanisiamnsainanulivesnis
ns1aaldda 3 orders of magnitude Inonnsldeunianesiidauysseieules horse radish
peroxidase Vlwanunsansiatamduetmunglddsedu 10 M Tneludeddindesdienidudon
(He et al, 2011) dodrdnvesmaiinUinamsiugnisusemaia PCR Guipsendeiaios thermal
cycler anunsavanidesidlagldmadia isothermal amplification L9u recombinase polymerase
amplification (RPA) (El-Shahawi et al., 2016; Magro et al., 2017) %38 loop-mediated isothermal
amplification (LAMP) (Kongkasur|yacha| et al,, 2017; Kaewphlnlt et al,, 2013) wonanidalaiinns
WmmaﬂﬂimmaﬁnmLauLauumvmwmu’mwmaumiwaimmmLauLaLLa ¥ InlAsLATA
LFD l‘dmsJmﬂ,uqﬂﬂsm%uLmmmwﬂmmmlmsmﬂmmmsuu (Choi et al,, 2015; Choi et al,
2016a; Choi et al,, 2016b; Tang et al, 2017; Xu et al, 2017) waluladiwanidisuiinsunlly
numsumMsaRatenolsaluemstuda fegiady  sRsIem Listeria sp ua Listeria
monocytogenes Tuf1981991915 (Blazkova et al. 2009a; Blazkova et al. 2009b) n15lY LAMP-
LFD Lﬁammmvf@ Toxoplasma gondii 1ummsﬁ%§<ﬂgﬂ (Lalle et al,, 2018) TuUszwalnerenil
fingemngeuasitugnesuluzukuures LFD dionisamaiaidernelsnegiing fegratuauide
Y99 Inay Junsds uazAng (2560)
walulagniduleiugunsalnsradnnzigiunseane
Tusufinanudreduimunagldinaluladvesiiue vioweufved  iedusduans
fugnssuvendenelsafiiiunisfiuuim amnuds Tudrsuszana 20 Idiuanldfinsiaunledlnd
sedlolndueundeniilannusunisdefiiue Fuinannisunuiilasiadavesfieondlsluanaas
gasiduememdlng fsuellnuaios wazuansaudinsdudaimioniimdue eluwives
Auudas ez zanze Suddfnenmiiedlddulauslaatulnsuunuiduesldfulaeiily
TneivdngiuinslifiduensuidanuudusdunsiviageanmnsatiofiuUszansamueanis
nvraTamisuetvanglddgetu (Pokorski et al, 2005; Zhang and Appella, 2007) fifaoes
wnuefldfsuedulauslaatulnsudmsunsiatansadanddnfidudmune Fdaeiluazdos
p3afiBuelnsuunTansesdu Wy dalwimeswdeaisuou nivandlad Faaeudy udewediues
(Brandt, 2004) MntuFaildleusladiuiduedmnauasasatalaemaiasiieg Wy fegragy
Wil Surface Plasmon Resonance (SPR), 113057393An15t50auaa nedalimuSauvaaidue



uaninilonnauudansavesnsfuanazanuumiziangasiininniinsldfduelulnsufd
nanuudisuRelassaiafiunAnUszgauiiosanlifingweaminvesiidulesinlvamnsald
wénmIngvinduiliamsailideldmaueunidulngy Wy msnsrainannyweainavesiiiy
wiunleusladiufBuelnsusaewmailn TOF-SIMS (Arlinghaus et al, 1997; Brandt et al., 2006)
msnnaiadyyrumaeiilwihfiinanddentszauinvizeddouniuldansiufduwenislouia
YosfilduanuALduLe (Raymond et al,, 2005; Yildiz et al., 2013; Hejazi et al., 2010) #San1s
nrvinannsiureseymaiuiovesnluiiuszquanauienmsvenedygralasnisanazneu
yoalane (Pokorski et al,, 2005; Kim et al., 2010) tWudu virbilusndusasldndnnisved sandwich
hybridization assay ufagilnAdesununniifetestunsimugunsalnnainasiugnisugu
nszawlugunes aray (Choi et al, 2017) udffliAdedosmnnildfiduedulnsy Tnguenainau
FuniiaiafuinuILugl (Hoffmann et al, 1997) ‘1’7imﬁaﬁauu&iLi‘]uwamuﬁmmﬂﬁawﬁﬁamwm
ﬂmw:ﬁﬁmaﬂ ﬁgﬂ??u (Laopa et al, 2013; Jirakittiwut et al., 2015; Teengam et al, 20173;
Teengam et al, 2017b) luguves LFD fiierdesiuiiduelnsuiisdlnuiivsaodurhiuiilesy
SRR (Sayers et al, 2018; Xu et al, 2018) Tnesfsaestudusnilul) a.a. 2018 wasldfidule
yiaRaANAD aegPNA  fiilUsrAndamsniislsandamibuefinnedifelifmumedisdaiios
(Vilaivan, 2015) Gauandlisiuinnisldfidueiedulnsuumuiduelugunsainsainasiugnssy
FIuNTEAETlUSULUY array way LFD dailfAnulahnnin wififdediafismeiazuandimiiuia
wnAnidululfuasaumsaeAnuiiauseluduoesi
aUN3AINIATINFIUNTEAENTUATIRTInEITWUINTTUIAERdBNANN1S LAMP
Ffainanluwdrindupounilsildudosdelunsenalieseiidendestuaisiugnisy fo
msfifeufiuUTinuasiugnssudemaia PCR Gedsadeindod thermal cycler agnslsfinu
Fosndatamnsovandeddlngldinada isothermal amplification LU recombinase polymerase
amplification (RPA) (El-Shahawi et al., 2016; Magro et al., 2017) VED) loop-mediated isothermal
amplification (LAMP) (Kongkasuriyachai et al., 2017; Kaewphinit et al., 2013) TngnIEmALA
LAMP Gavinléigumniiasiianienidlisidufesadoindon thermal cycler Bnitagiliiuszansam
rosmsifiuUiinuesiiduefigiuagdunizianzandt PR uonanddld by-product  Ae
magnesium pyrophosphate #aganagnauliasazatsu Fdlisuonanudisavesnisiiy
Usinauiidueldimediates agnelsiinny mssurasmeaUaninanuguuenznoudunalaein 3ad
finuldadeuviafnaatadulunismnyiandndusifistu ededuaibuazeusimngly
MylATwine fegiatu msldoyniamesiisziuunlufisdsineiduelnsuiidume (Arunrut et
al, 2013; Suebsing et al, 2013) n15M4@dau hydroxynaphthol blue (HNB) sUdsuulasdlan
Uunawesaniideuloseuludjizen vliamnsansiaseuanudniavesujiselaanuiuiaves
Mg flanas (Goto et al,, 2009; Bearinger et al., 2011) uaﬂmﬂﬁé’qﬁﬂ'rﬂ{ﬁmLauﬁﬁlﬁaﬁmﬁﬁ%m
funeauniivanUaesosnuunduindu blue phosphomolybdenum complex (Zhang et al,
2014) MsldadouEouafisnzfURLS UL 19U SYBR Green (Parida et al, 2005; Hill et al,
2008) 30 Gel red (Herrera-Vasquez et al., 2018) fiihfulnensafufiduedidundndnmifiingin
LAMP v‘iﬂﬁt,ﬁmﬂm%mmﬁﬁua'gLﬁaémwamEf[,éfm%'aamwmg%‘ nsld silver nanoplate fUaevud
dlefusuiiBue (Chaumpluk and Suriyasomboon, 2014) #3adgau crystal violet (CV) fluann



Hu sulfite adduct il usiileduiufidueazinnangrosnuesmydalng Aindufing-thidu
ol (Miyamto et al., 2015) ?z’fwé’ﬂms*ﬁmmmﬂﬂﬂﬂisqﬂmﬂlﬂumim’sﬁﬁm LAMP Uunseaule we
dulngjazidunsvhufizeluvasannass udninandasininsaiavunszaslnognisasud
AaEALUAN (Zhang et al., 2015; Hongwarittorrn et al., 2017; Roy et al., 2017) %qmﬂmmsmﬂ'u
Uhinnfidueunzmnnrinfiduefiietuludssnalufeilugunsaidudeifazhlnldauld
dzmnnnBausatusiognsluniideves Seok et al. (2017)

Tngagu nams1adouqdunidiemaia LAMP  dldifissgunsailiinaufou fivas 60-65
pernalied uavansosuNalimIenUa Fn1mseaevilsdinumnzautunsasialusesu
yioaiuuas w 9agua anulagendn Weidlsudumedia PCR (0.01-1 fg DNA vs 0.2-10 fg DNA)
(Techathuvanan et al,, 2010; Suebsing et al.,, 2013; Ranasinghe et al., 2015) iﬁmmﬁ’lm’lzgﬂ
5357 418 wazsaliuns lneaaede (WK, NS) lé’ﬂ’wmﬁq@m’m’j’mﬁaﬁamﬂiuia%m LAMP
Fundusunniediaty yaamalsafanemuiemaia LAMP-nano gold (1350udn 1iesh
Uguds uazang, 2559) uaddliineiauigunsaidnsaguuunsemuildauldazain uaglinad
Wieuwihfunissih LAMP - Unilunasannass Sniainsregnafienundrsdusandiifiuinanunse
Bonldadouiivannvanedmsunmatandndasiiiinturioanasnnuiiser LAMP lidasdufidu
10 uuniliden vieveannleseu warduinvednnudululiasldddonfiduevindug fdunsnei
Isea lenafisegnuaz/mieliuszdvsamieuivefininddesitinsldauiumaia LAMP og
W7 fredrmisieddouyda styryl dye ﬁﬁﬁﬁwmﬁﬁumﬁauwﬁwiﬁaﬁﬁuﬁﬁauﬁLfSuLa
(Bohlander and Wagenknecht, 2015; Lee et al., 2003) LLazﬂmzéﬁﬁﬂlﬁmsLLﬁ@ﬁﬁLﬁlﬂﬂ&l%é’ﬂmi
waviannsaldfnnuuise) LAMP lunaeanaaetliiduegned (usms auysalus uazmne, 2560)

3. IQUszasA
1. Werumaisuavasaduenazldiduinsawmungdnsunsaiawuaiissuuiauluaims
P 1y I'4 v A @ e v Y ) Iy [ a a ‘gl’
2. eWawigunialnsradndduegiunseavitdanulaiedmiunsiaiauuailisevui ouly
1MNS
4{' a a a 6 v r-gl’ a a LY 1 a
3. L‘waﬂizLuuﬂizawﬁmwmaqqﬂmmmaﬁ]’mmiﬂuwammLLUﬂMLisﬂumasmfm

‘ﬁl v L4 [ ¥ 1 £y ¥ £ 4
a. \eanzUuuugunsalnsivialiegludnuugniewldau

4. ilemneniiselngagy

Tnssmsifeiuaduaedasnisdos RendestumaiiuBmuasiugnssuiisimngtuie
flaula uazarnaeuaudiSavesnsiuiinuasiugn sty Tasagautunsiaumaluladd
Ineannudaneiddeildiugu am. feundhiludugunsainsafnuunsgauilldaulidne
Liideanisiaiesilendudeulunismaass 81u wazulana lnsseazidoanisdiiunuresusas
TnssnsanansoagUléssd (anunsogneazBeamsdnmsvesiiusarlnsnistoslunenuan)



Tasamsgandi 1 : mawaugunsainsaiafiBulsgunszmuietdidenalsaluamnsinsande
Aduelnsu
Tassnsiififoniiertestunistaudmnneiafiduesunsznvaniiduelnsu oy
UsggndannuFizenmsndsiidutovunszmwiildwmunanegisieidoslungsids (Laopa et al.
2013; Jirakittiwut et al. 2015; Leekrajang, 2019) iieldnsaa¥n Bacillus cereus dududeralsaly

[
Y

psnd1Ayslanis wazdanulndianiaiugnssuiu Bacillus  @1eWugduegauIn Al
N3¥UIUNINTIIINTUTBU B. cereus NANUNTOLENAIUUANAINTENIN B. cereus TUAETUTH

]
v

na1tneRu Miladne dean sI057 wasialdaned lnelinanisnsiaaeuiiuiugige iludadAty
lnsanziidedauufigiuiinisldmalulagvesislsandaiiouelnsuniianudinizgs (Vilaivan,
2015) Unagianzauiulandganan

9UN3alnTI9TaTe B. cereus NMmuTuNeldlasinIsiusznaumeiiduelnsuiiniauy
N3EANYNTEINNIUNITANKUIAIY carboxymethylcellulose iialudinuiadunyansuenddniianunse
a aaa [y 1 a a & aaa & o a = ) (% a ya o
WaudAseniungesiluvesiiidwelalagujiseelunfuuas dadundnnisiauggidelunis
UsgiuglaimunduiioinguszasAduunnounds Uirakittiwut et al. 2020) lay BapnuzgIelaly
Toyan1s@iansaund iiedndenduiiluondnualves B. cereus 11 2 Mifie GrofL (chaperonin) uas

. Yo A a A v & A a = N a

MotB (flagella motor protein) wazlafmdanduniuaudninilafedu 165 rRNA danuldluiuaiise
My wagldiaduivavesdudinanuiesniuuipuelnswesdmsuiinlsnundue wasitdu
wlnsudmiuszysmuues B. cereus Inglugunsalnsainudaziulsznousmefilduelnsuniimie
v oa o o a v v a a a Y aa v
fuduiaaaesinued B. cereus wazduauay Tunsldnuasdeuiuusinamdwesnisds PCR tngly
Inswesnfnnainselulefuueniu 3 g dwsuiauTuiuvesdiu GroEl, MotB uaz 165 rRNA
AuEIAU wagd1 PCR amplicon flalulausladiviiielnsudenSsoguunseauiaamgiivies au
v ° aaa Y o v ¢ ¢ A @ aa a &
man1sviufisenasiedlesldiouledieanlatneanandeunaduainsun1inu winiiviie B.
cereus Tusagemsaziiugainseiudunsauims nszuiunsiiondanisvenedygiuasinss
(PCR waznsldioulesl) Jnaevilvinisnsiainiifianulinas

TuanAdelafigaianudisavesnisesnuuulnswesdmsuiuisauinaunsaiinuiunng
wuelslasdinnudnmziatzasiu B cereus lngldinalinlaadianlnglyida deuansliiulauaes
PCR amplicon 7flvuanssiuieanuuul) uagiimudnwizduanig B. cereus nanfeazliiin

a a aa = Y . an Y] A o v 9 o & A da ya o

nINUTUIALDWe n38lA amplicon NliassiuvuianmuIalidmsuesuninmiulndtadu
WU Bacillus  wliadue AnUUILlaRgatndnnisvesnsnTvinlagligunsaigiunseny danuin
Tananuiaalinnusenis uwasuniaedu 16s rRNA Aldyaralddesdauindieiisuiu
dnaesdunude wazlanageuainulininula (sensitivity) ¥0an15053970 Aren15iUauUSUUYDIR
LOULARULUUVBINTZUIUAIS PCR AIUA 0.5 — 100 ng WuIaansaiukaladaiau winaaudusm
Ngaitld (0.5/2.5 ng DNA/reaction dwsudu GroEL uaz MotB muasivu) edliianunsaindadnin

'
o

Mgaveen1snTIviald venlauddinuin Feraeiduaslavinisnaassiiudy iiemdaininves
gunsainsviasialy wonantidalausziiudseaninmuainisiauregunsalnsiaingiunseany

L El
U U 1

fuA9819939 Fududnansuaiiniunis spike sewdio B. cereus 1 1000 CFU/g Fadusaias
WNIFIUVBINTIINYIANAnSNTNndITuamsgliiiunsussanlinissieiiueil 91w 25
M08719 kALAIBENAIUANEN 1 MBE1Y Tenan1InTIIanuIRaUINAUsaeduag e daaulumn
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[

frogadifinsidudeasly TuvaeABueuni 165 rRNA tu whaglduailddudiouwidundn
faaes uaflFdyaiunnisinaunifiunddunnnsd waglumesnmuaudildlfifudoadlys
Tldyeaifidhuvtsvesdiu GroEL uwas MotB Adushudnsuudiewves B, cereus eIy e
219 ﬁ@umuqm 165 LLam'iwa'mﬁLLUﬂﬁﬁaﬁuﬂuﬁjauag Fadunstuduinnisilidiiudyyiames
GroEL wag MotB \Uu true negative laglalldiinaintaymseninansyuaunis PCR

yhefign aazgideldeenuuuyatasnussggunsningintn Tasldnszuunsfinsiluauiia
diovilvimslinugunsainmainaznandu slumsviudy annsuidiou vhiufoatanudaonde
wnduannsannsduiatuiesnaazannadildlunssuiunisnsiate wazdldoaniuuuiu
dwiuienmgunsal lunsdififesnshlurunssuaunmsiinnginnsiold Tnsendondnnisfan
Tuanudiiuiu Inewiudenanilaeenuuuliauisadreninlalasldfivesaunsninuinds wasd
spvauagsumisiined Sntsdsanunsuiusedumnuglfiftelimnyauiuaunsalnuusasu s
yagUnsniUszneudnanannsavialdinuiniavingld

Iasenisdas 2: YR30 LAMP uunseaendunaidalsunualsanigludunauheinenis
AsITNDlIAlUIWT
Tassnsitieadestunisiaumaiianisnsiainnuteenunaldsusunalalneode
wann1siinUsuafdwedlsUjiserguiufiewmnlolemeusanounailiadu (loop-mediated
isothermal amplification, LAMP) saufiuddeuililasunlasdnsonisisouas ethluiauneidu
¢ & aa = Aa A a a o & o v 1o oV w
gunIalnTIIBanuAfiSenelsAvsouuaiiseNnGnasienUuUeuluamsnlvkautdug wasvile
avnIn 730457 Lidedldinsesdlenduden way/v3ouransfidanudeiviy walusuwuuiiluaen
PN a a0 aaa 1o & W vy A s a
VAABIRATFIUNTTATY MISLUSIIAOWelasUfAZe1 LAMP ludndusedddiniaunasuealyifa
(thermal cycler) wagditalaluSeudunalulivainiudng AMNIUNIZL1Lae wagUseansainlunis
WinUSunaasiugnssufimilondn PCR Mudfeuldiumly nsldnusuiuddenyszquindsd
AU NI AuALduLeated lawn 4-(d-(N,N-diethylamino)-2-(4-(trimethylammonium)-
. .. 2+ i o ‘:’{ { va o o 14 ]
butoxy)ethenyl)-1-methylquinolinium ~ (4QL™)  Mimudulunguuesdideiesvinliaunsausd

De

Yaa

AudngaveIntsiinUiuaiiueldnnisuasuwlasdfienunalddisauaiunuiezldis
wadEnlnslnEda Tnedeidenunduthmnevesnsasiatalaun Escherichia coli Fafununiiise
fnuldlugldvesaunazdn lnsusaeiusiinelsafiode 1y Tsagaansedns uenand £ coli 8
Huisdguonntevesmaniouemns lnensuinermaninsunnsldtmuaimsgliiiu 3-100
MPN (most probable number)/n3uu9301113 %uﬁuﬂizLﬂwmaﬂawwWi (NSUAINYIANFRSNITWINNE,
2560) wazdedlinuagluiay (Hefiaaans) Snhmnewilsiews Staphylococcal aureus Fewuld
sluluin th e1ma madumels wegvufmdaesyud ldAemsdudouluemnsldieg v
aeiiugannsaaisansiiv staphylococcal enterotoxin A (SEA) Zeyuaanufeuldd suumsgiu
YansIinemaninsumg enmsiwieuiieuilnafiu o1msugeaniialy uagUssgnudunidy
Faslsifinsundiouves S. aureus 1N 100 WaAGHSD CFU fonduemis
Tueiseidldaduiuavasinsiwesass PCR waz LAMP ldannionansansds dmsu £ coli
(Stratakos et al., 2016) wagdm3u S. aureus (sea) AldiannTusiosluros fifinsvosisedals
?jmmau?m%ﬁ'mﬁriaumﬁﬂﬁué’a (W55 auyIalue LazAne, Petty patent no. 1603001252) lu
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srgzusnlafigainisiiin LAMP sregalnswestsiulunnzvewmasanaaes lngldvgumgiiuas
nandimnzay I@ﬁWUdﬁL%@ﬁﬂﬁ@ﬂﬁﬂ’]’wﬁLMNWS&&JG}SQﬁJuﬁ@QﬂJMQﬁ 63 °C uazlianiujjisen 30
unit Mnthudaldwenenumaneivgriilvanmnsafinnunisdsudliesns real time lagld3sns
wanAdeundrlufuUfAzen LAMP 1ag uwinuiiddeslusuniumaiieujiien LAMP Safoadou
FBasidurh LAMP BhaSareu ud3aduddon QL™ Tnelsusuussdadiuvesuandnsion LAMP
sodden auldnsiAsuulasidaauiian udnhluwIsudsuiuismanassuldunnsly LAmP
Fafudden HNB nsld LAMP saufuiaadianlasinida (LAMP-GE) uazds PCR sauiuiaadianing
19334 (PCR-GE) Gvdniufisanado nuinds LAMP-4QL” Wanalafiouivinfuds LAMP-HNB uas
PCR-GE Tagogil 33.9 dnurvesitdule Jaeeninds LAMP-GE fiasnsansininadlulade 3.39
duumesmidule uasaomnsdiiarudinziazasias neianswdsuddsumnztudofinnaia
Wity

SlolsszilulszavBamuesds LAMP-4QL” Tuvassmaassdniand aldiudsuainnisyi
UFAseluvaenueguugunszAy (paper-based LAMP) (Seok et al., 2017)  tieifumsiiamnys
psanlmnzavdensirlvldluneausiazgansainniu Tnesdnanizlnawes FIP duduns
A3en5eming biotin way streptavidin fignedeuunszany drlnsueiuaziedsiimdeifuasiulu
ANEETATaNeY wamiﬂiuﬁuﬂsz%w%mwLﬁaqﬁuwudwa'}miaﬁwﬁﬁ%m LAMP vunszauwls usilal
aINTLNANAILANANTEIHAVINLazHaauUld dauindedden 4QL” ampininantasidau
Tngjfneguugiunszaunnniegludiut fafunismsanudiisresmahuiaserdatesinms
yandnfasiinneguunsealivanesninuisduiteliafusuAiBueléfdu daneldniieding
FLANTOUENLYZANMULANANITENINHAUINLATRAaUMEA LU AR UT1TRIY wazaunsodudu
lagmen1sinA1n1saanauwadlugia 400 - 700 nm Wu3Is LAMP dwsu £ coli vugunseany
annsansanialdfesziumgnd 33.9 dnundiduie nmelunaiufizen 60 wnit delanalldieuin
funsvihufisetlunzansaraneilding 45 uidl d1u3s LAMP dwifu S, aureus uunszan
annsansanialddesziumgai 100 dnundidue melunaufizen 60 wiit damnaltesnda
msvhufAsolunasafianunsansiainldfesefuignd 33 duunidue melunaidies 45 wi
ogslsfmarulilumsnsraeuideiiseiuissnsedlumnsgugrdsomandonuilnaiilude 1
AU 100 CFU - dlanduemns Saharannsathunldnsmansiuidewvesdenelsaluomsuen
el URnsnselunpauula

nntuddldsefiuussansamueaaia  LAMP ngmﬂismﬂumsmmmmaUm"ﬁau
199 S, aureus ludegnailenyUsian Mivanaaauiuitimue 45 dregne tagldFdon aoL”
Wisuiflsuiudden Novel Juice (N)) FufudfoniFosuasiifidmineludended uaziiioudv
wadin LAMP-GE wuinnisld LAMP $anfudden a0l sisednsiivudeuls 7 degraann 9
fhogsiignusdidinmsuudeulnewmaiin LAMP-GE ({ false negative 2 #ae819) lumuziiddon NJ
ﬂq%/lé’gﬂﬁamzq 9 fretne leruan specificity -vesddeuriiansazld 100% us sensitivity ves
paper-based LAMP-4QL”" fidnwdfiaa 78% Fasini1 paper-based LAMP-NJ #il¥f sensitivity GNAN
100% Fauansliliuinssuu paper-LAMP @mnsaldaulaass uadioraimudeluladnlnenisma
foufifimaAsuddaauiuni 4oL iWleifiunnirashvesnmansratalvingsty
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5.1.3.1 us s auysaiug, S3gms latad, @3n1ue Juniusvey, nuns Anuisaiing, yiyds Avdinde
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FvnlAsINIseeY 2

H3lATanTseey 1

HYaeidelasinstey 1

A3mlasanseoy 2
nedelATINIsEs 2
UanUseygyen)
HYiedfelasanistos 2
[aaU3ggns - dusa
QUECRITANEP)
HYIedelasiniseey 2
(fanU3ygynen)

a o

HYIgdelasiniseey 2
(AanUsugen - 41159
NSANYILED)

AUSAW
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Y

—

v ¢ & A a a . PN v a & A =
5.3.1 WULLUUQUﬂim@i'ﬂf\]ﬂqLﬂj@LLUﬂVILiﬁ]sﬁu@ Bacillus cereus V]@r]ﬁEJWLQULQIWTUVWWQ‘UUﬂigﬂ']U

lngusznaumeiduelnsuiidwmeiugu GrokL, MotB ¥ed B. cereus wazBu 165 rRNA Viaglu

sunuvuildnulaazain Inseudunouwiuaesy uazlausaliudssaninmiuiiegieasalusedu

WosUfusns (TRLY)
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5.3.2 N3SUIBATIINYBUUATISY Escherichia coli Wag Staphylococcal aureus aneRUGNNES
staphylococcal enterotoxin A (SEA) Iagld35 LAMP saufiuddeufidwe Tuguwuuvasniizens (€

coli way S. aureus) (TRL3)
1 2 3 4 5 6

500 b,
300 by
200 b
100 by

5.33 nssisnmanideuuaiise Escherichia coli uax Staphylococcal aureus a@nwiiugiinGs
staphylococcal enterotoxin A (SEA) lngld35 LAMP saufuddeudidue lugluuugiunszaiy lag
figaiindnnistuidiofisass (TRL3) wdlddsuidudsedvBamdufognsaiduseiuios joans
WNENIVeS S. aureus InedimuinUseavanmludaves sensitivity Seaaiinisusuls

P 1 2 3 4 5 6 7 8 9 10 11
12 13 14 15 16 17 18 19 20 21 22

34 35 36 37 38 39 40 41 42 43 4 45
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Tnaw Funs@s wavane "wansafiSuevontenolsafiuanmanaiwhouaud’
https://www.thailandtechshow.com/view_techno.php?id=474 (WndadleTuil 16 wweu 2561)

WSS auysaiug, Ssgvs ladad, lean yn9, yyds Audands, 153008n1 Nesivguds, 351050l slletu
"n3TUAENIR T U UIBlsenTusineues Staphylococcus aureus nelsmarmsiluiiwluida
USinushomadaguuiiemalelumesuoaueumdiladusiutudfeuSeuas laaiidvesyansing
1703000138 (Judu1ve 27 uns1au 2560)

15304EN Wesivgude uaranie "gansaalsafanneaiu (EMS) mewmailn LAMP Nano gold"
https://www.thailandtechshow.com/view_techno.php?id=512 (Wndadloudl 19 wweu 2561)
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Yalasensges nsimwgUnsalnsvinfiduegiunssmuiieusidenslsalusmnsiagendeiiduelnsy
52eLa1lATINT 15 danau 2561 - 14 Fwneu 2562 (Iasueudi@liveneniantia 14 nua1ius 2563)
3189UTUYIAMATURN 15 Favnaw 2561 DUl 14 nuAmius 2563

Wamtilasanseoy
Helag. steg Usalusiind AMATVUALN AUEINGIMNENT THIAINTAUINGIRY
g3aulasang
3A.A3. 39830 1A F3ATNG AATIFATIINGT AMLING AN PAINTAUNTING Y
.05, WAt Bt ngia aedniEnd eaginermans wnineideudina
UealgNa IszNinfial MY NAN AMEINGIAENT PBINTAUINGTGY
umin

Tassnsiifsdestumsiaunienafiduegunssarvaniiiuelngy nevssgndannuiazenns
m?qﬂLﬁuLa‘uuﬂizmwﬁlﬁﬁwmmas}’]maLﬁaaiuﬂa;mié’a (Laopa et al. 2013; Jirakittiwut et al. 2015;
Leekrajang, 2019) Lﬁ%ﬂ‘ﬁmw’iﬂL%@fﬁ@liﬂh@ﬁ%ﬁﬁéﬁig Suldn Bacillus cereus 19¢ B. cereus WukuaTiSawn
suuan JUTLUUU wezannsaadalesldfluamgilimnzfuninataivin weaidesdadtnwuialulufu
wazdingnuenanuudu emnsus saluisseie Semdudenelsaluomsiifmuddgunn lnsamglulssme
filasugRaiedestundnnanianuasnssy 1y UssnAlne anuguuswesniselsaain B. cereus 1oau19n
3314 enterotoxin Aifinalngnssreuyuduazuial uazdufdesiulusiuansvindsdsmaliAnviossasludnd
\Asgnisuudiugs Tuneiugnssunudn 8. cereus fienalnd@nity Bacillus thuringiensis, Bacillus anthracis,
wag Bacillus mycoides 2819170 (McDowell and Friedman, 2017; Sanchez-Maldonado et al,, 2018) ﬁﬂﬁ?u
nszvILMInTINsUtiou B. cereus fianuTsansnAmLLANANSIEIINg B. cereus fuaneviugfinanidediu 1
vildine agaan 59157 uazdanlidnen Tnglinanisasivasuiiutugigs Wudsiiaasld Fumsia was
Auzideilannigiuinnisldmaluladvesiislsandaiiduelnsufidanudumeas (Vilaivan, 2015) drazasuland
AINE7

Tnendnnisusziviaunsainmainde B. cereus vadlasamsil fvladAgegfinsndsidueinsuuy
nsEAuRnkUIAIEU AT sIAGeURIwaglaauunsEA1EaIY carboxymethylcellulose (CMC) Tagil ca” \fush
Paelunsaisdunsitentunszany defedulfiseniidnisdunvinneulunguifedu (Orelma et al, 2012) uag
Iiumsfausulgsannesoanefidelunmsussavginsatnlulasinisdunnieunds Uirakitiwut et al
2020) mﬂﬁu%w‘f’]miﬁmLLinyjﬁaﬁﬁu carboxyl Ul CMC g fa8UfA3e1n15 coupling Useian carbodiimide
(EDC ua NHS) Tnefifduelnsuiigninuusienyesfluduinadlolnd ndandunsunsdreansilaviiufizen
oonly Aezlinszaudauysififdusinsugnaieges1snnns (wwunmi 1)

S
O:('."j\\ Ky \

050 N (PNA) O NHL.
COOH ys
OH OH OH cme _ —l— EDCMNHS ,L‘ NHLys . ,L‘
l—' in CaCly (aq) I_I in water I_I in carbornate buffer, pH 10 I_I

WHUAIWA 1 TURBUNISASITIEWEINTULUNIZANANSBINgNAnWUIAY carboxymethylcellulose

N8N lANTEANEIALUI RS IFIeLBULEINTULED TunBUsBNIABNISUNAUAITaYa8fIa8197Tans
Wugnssuegldlnensafigamaiivies Budussinnuinlianmsfinuiluefinvesrns{ide lnewnziunisussivg
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'
= = o

fmsreiadmiudusdatifle Uirakitiwut et al. 2020) Feiivhladdyegiinislifauelnsuddinnudume
zasfigandunuiifiduelnsy wazannsaveedygnaldfonssuiunailiandfissheouled alkaline
phosphatase (wnunmil 2) Ingluniswieusiegnaiuainnsnisin PCR Tnenisidlnswesiifinisinaain biotin
w01 lriou ndsUFATeN PCR azlé amplicon 7ifl biotin mssans Gsazdufufituelnsuiioguunszauiieenuuy
unilelidfuivaganiufuuisdinves amplicon the andufiezinmsuudaelusiu streptavidin Mideusoriu
woulwl alkaline phosphatase (ALP-streptavidin) R streptavidin uindunsizeTiLduswarSunIzazsn
U biotin sileulesignriseguunsenuriuSunsiSeTsEIng PNA-DNA Way biotin-streptavidin Sunowugaving
dunisasredyudlneede substrate veaeulesifiingt tufe 5-bromo-a-chloro-3-indolyl phosphate
(BCIP) F9agiAnuUiien hydrolysis Tissieioules mudeufisen redox seillesiu co-substrate 1éun p-
nitroblue tetrazolium chloride (NBT) iniduansdthitudy iesmneuladanusasinisidasuudasdves
Tuana substrate léduuannnidunuluanaeulsiegrunniadadunisnsaiaiinisesdygia anns
wenedyanadensiinan (PCR wazmsidioulesd) Suiliisnsataiiianul (sensitivity) figaann
> D
>

Substrates

Q °Q

e
S 5 L, °
S Q

—_—
(o] NH (o] NH
o] ¢ o] _¢"
= ) =

WHUATW 2 nszurumMIyhiRAndyanadveinisduiusyrinsiduelnsuiasiduetving. aeduns = by
BINTU; @Ry = aLﬁuLaLﬂmma; B = biotin; S = streptavidin; ALP = alkaline phosphatase; substrates =
5-bromo-4-chloro-3'-indolyphosphate (BCIP)

-

waawnn1sUsERvgasadu Aavilunegeuiudiegnensdduguuuun o ddldesurgludiunanisnaass
warauTeHaNMIVAaBsalY

WNIMeaes
1. msfnvmsimsaunaiodumdduiduevemueiidaiielfituaiemnglunisssy 8. cereus

shemnufinmihvestmsauaiilullagdu aunsnhyudeyaifaunldnmsdnseaisuanu
willewvesdwuinndlelng suluds in silico approach dhuldlunisusuiiunariinszsisa iom
AruuanatsvesBuludsdintmnadefoutuaddindu lunimasesesiigutoyailunauysoives
B. cereus LLazgu‘] VLé’ﬁuﬁumﬂgmsﬁmﬂaué“ﬂ Ao KEGG: Kyoto Encyclopedia of Genes and Genomes:
https://www.genome.jp/kegg/catalog/org_list.ntml ImEJVTWﬂ’]ﬁLﬂi’wﬁg’lu%ay“aLLazﬁu‘m Open
reading frame (ORF) lu B. cereus Taggjainlu ORF fiuansUafifudannnisyin BLASTN fidniletiieuiiu
ﬂﬁjﬁﬁa Bacillus suusenoulusie Bacillus mycoides, Bacillus psuedomycoides, Bacillus anthracis,

Bacillus thuringensis wag Bacillus subtilis
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Mntiuthdsuianalelnsaes ORF Whnenndadeaiisvdwuindlelndedsazidenlagld
NM59ALSENLTIBUTDY 2 dana3¥iu As Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) uag
Clustal W multiple sequence alignment (https://www.genome.jp/tools-bin/clustalw) UFLIUVD4
Thadlolndiuansamuandndly ORF  9ggnimiiiasizviednsaziden ievmuinuiieraidu semi
conservative %38 distinct pattern Wieldlunstvunuazosnuuulnsedsely
nsaffauenasiugnIsuasms s s siugnTsIIndewuafie B cereus uanidoduiiioato

downiFouvafideililumadedtaeglungudenolsanmu wsu. Welsauazivaindnt wa.
2558 nsyvunsiisdesiuderelsanmualutuneuiitndufesihunsiusedasnnenssuns
AIUANANUUADASENNITINNYDIANEINIMENT THIAINTAINNTINERY (SC CU-IBC-012/2018) laeil
IA.AT.305U NAD A3ASMT  91NANAINRaTIIMeT  AgIvenmans  pnansalivninedy  Ju
HAnTunIvan

miL?iymLwﬂﬁL%'amaﬁué:ﬁﬁaqmimaau Usenauluene  Bacillus  cereus,  Bacillus
megaterium, Bacillus sublilis, Escherichia coli, Staphylococcus aureus Tue11s Nutrient Broth (NB)
e 9115 Luria-Bertani (LB) i 37 ssmiwaidua meldiedonaendl 200 sou/andt Wunan 16 Falus
anthaiunatn genomic DNA Tagldyn kit GF-1 (Vivantis) sadBmsfirvunlilnedudn vhns
ATINABUAMATHIAYANLUIAYEEY genomic DNA AldlaevihBianlnslngda shmssuluinansiiues
nlsa (1% wv) wagTnnnundudusazarndavdlagldunluasey awnlnsinlnsiines

Genomic DNA filgiinunfuusinuu (template) Wiawfinsuduthmne fie GroEL uag MotB
s2ueld 165 rANA 1 internal control Tnensvufisegnieindiueisa dediane et

_ umeuil 1 predenaturation (95 ssrwalTea 5 unil)

_ umeuit 2 FaUsznaudie denaturation (95 ssrnwaided 30 3un#l) annealing (50 oen

waldea 30 Junil) wae extension (72 srniaided 30 Junil) ¥dh 35 seu

- dupoudl 3 termination (72 ssrwaidea 5 wil)]

TudvesnsmaasaiindewunfiBeadusetnedniu nsvuumsissdelutasdudu
LWULAINUANIZFU IﬂEJLé‘ymauﬂizﬂ"qag”lun’ﬁm%aﬁwz mid log phase W&39vINSLEN (1000
CFU/g 41) adludneghednun (25 ¢ Fldviliasnidomenssuiums autoclave nfouudadl 121
ssmwalduaduna 15 ud Tnsusasiogaasinisfivewnsvan LB wWvasuilusuau 225 mL v
MUl 37 ssrnwades meldiaSeaugil 200 sou/und Wuna 5 Falus ntuduieseganih
n13a1in genomic DNA m'inaaummu’%qmél,l,azqmmwLsziu@mﬁ’umw’;uﬂmﬁymsi’haéfu
NSASIMLOULBINTUAIUUNTEAUAALUT

winszanulpsulansifluansazaneiiussnausie  carboxymethyl cellulose (CMC) A
gy 2 me/mL uay Cacl, avandudu 10 mM Tuth DI Usanms 20 mL wasiwguueioaenil 80 seu
found 1unan 90 und Aausunsyawanetn, ansavans CaCl, ANULNTY 10 mM Lozt Tnousias
seuvhuueSegn  sevar 5w antunhnszenwanusluansazany 1-ethyl-3-(3-
dmethylammopropyl) carbodiimide (EDC) mmmu‘uu 0.1 M wag N-hydroxysuccinimide (NHS) e
L‘U?A‘?J‘u 0.4 M Tuth DI U3uns 20 mL waziwgumaIonvend 80 seusiounit WWuwian 20 unit dredeh
vwasenwer 10 Wit HdlluukerouilunTiisue WisuasayanInIgIuTesiue Insufiny
Wt 50 M Tuthilessludiidasueruntmiies (pH 10) Arundudiy 0.05 M vemansazanevesiiiule
Tnsudsinms 0.2 pL AmdudSinaiiduelnsu 10 pmol asuugeslumseiitmualivunssay sty
ﬁﬂﬂ’ldlﬂuﬂémﬁﬁmm%uqqLfJunm 1 Ay @19918 phosphate buffer (pH 7.0) AIMLINTY 10 MM
U335 20 mlL vuA3eagn 10 widl
nsuansdygranisduiuvesiilduelnsutasfduedmunemensissufiselnindveaeulssl

USuannnseauiisssiduelnsulaeilvudluasazanefivsenaudne 033X SSC wae
0.017% SDS Wuan 5 wifl sewhaunenaneiduelneiansavans 0.33X SSC wag 0.017% SDS
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Uiau 100 pL Tumaen microcentrifuge Tulsirnufeuiigumndl 95 °C 1Wunan 5 wiil ududu PCR
product Us1nes 10 pl aslulumass microcentrifuge wéaduste 5 wiit antuthlurlugraiudadu
na1 2 Wit thnsgawannisusvannaudluansazatgluvasn microcentrifuge Jaduansazanedls
Munsuenaneiueindeigliidumefeudmueiuisdiiwiu Taswgifinnuss 100 seusiowdt (u
a1 15 Wil flgamaiivies (25 °C) vuedenasn MnduFniludulasudlundesiiil 2 SSC uay 0.1%
sDS feglumanasiveniinnmia 100 soustoud Wuen 10 it sudmumiinssmuitiunisleusled
wénudluansazanefivszneusie alkaline phosphatase-streptavidin conjugate (KPL, Gaithersburg,
MD) Aadudiu 0.1 me/mL Tu 2X SSC i 0.19% SDS vejfy Uunsaaving 2 mL aniutiluiegnil
auE 100 seusowndl Wunan 15 wiitvueSeandn &1 2X SSC wag 0.1% SDS Wuwan 5 widl
wag Genius buffer (Tris AMALTNTU 100 MM, pH 9.5, MgCl, AMULTNTY 5 mM, NaCl Aa2Mutdsvu 100
mM) Wunan 5wt andunEn substrate TlRAnagUsEneuseansazaeves p-nitroblue
tetrazolium chloride (NBT) Aaaidadiu 0.42 ¢/L wag 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
(KPL, Gaithersburg, MD, USA) aaidadu 0.21 ¢/L USu1ms 200 ul waz Genius buffer 200 L W
nsvaeirumsleuslnduazdraudiluasazated uavweniinnnuida 100 seustewnd Wuan 30 wil
mudensaesetalessludiduing 5 wifl vdunseaeliuds wazaunurSeeenn dnAnTuazas
ogldvansdunsimnuiulluiile

5. msUssRvinseudmiugunsaiiasmnunnsnnniuaznstuiinam felniesiiuiauia

wadansiuiauliiuuy Fused Deposition Modeling (FDM) gnianldlunisudnuaenussy
gunsalnsratagiunszany laeld¥amiu  acrylonitrile butadiene styrene (ABS) lunselvasUannussy
gUnsafiu ndmnfiasiudlfinngaly acetone WovhlRmestaniumuarannisidusswinssossie
youunsisidadusssumnivounada FOM 1§ Uaenuilsiuldinarfissivssana 30 wit uaglivan
Uszana 10 ndu AnludunuianUszina 8 v Tuvagiinmsndauviudufogisdmiunmadionm awld
nanlumsisiuiuduvilepazegiivszina 6 dalue liwaafnuszinas 120 n3u Amdusiuyuen
nanaRnUszann 100 Unseyn

NAN1SNAABILAZBAUTIIHANITNARDY
1. nMsAnwmsthansaumaAiadumaduRiduevesuaiiGeiie THiduniewanelunisszy B. cereus

nmsimsanludosiu angfifeldfasandendouwuaiiGonolsaluemisiiidenisinermansin
Bacillus cereus mL‘fJuL%aéfuLLUUIumiﬂ’sumQﬂﬂsaimuﬁmﬁqﬂa"n Tasnsnsaniaeiido B. cereus 4 4l
auddy Wesani@udedelsaiinuldluems ilfiAnenisendeu (Emetic syndrome) uaz ARGIVLL
(Diarrhea syndrome) NSUAVEIANAASNITUINNE NTENTIEITITUGY m‘wummmﬁmﬁuaqLsualfmlumu 100 7/g Iu
2115U39@N wag 1000 CFU/g mmummswiﬂmmumiﬂﬁa (nsuIMEAERSNISLIME, 2560) N3ATITNULTE
mﬂanammumamqLﬂumm’]aqﬂumimmmimmim‘miLﬂuwwiumqwﬁlmamqmssamﬂww

3INN153AT1ER Open reading frame (ORF) vawinauiluvauysallu 8. cereus \Seafiguiunaualyd
Tu3va Bacillus Wy Bacillus mycoides, Bacillus psuedomycoides, Bacillus anthracis, Bacillus thuringensis
way  Bacillus subtilis (ﬁuﬁumﬂg?u%yja KEGG: Kyoto Encyclopedia of Genes and Genomes:
https://www.genome.jp/kegg/catalog/org_list.html) WUl ORFs ‘1'7iL’T]uLﬂmmsJ%’nmemﬂmmmﬁhwaqé’ﬁuﬁ
maiaiwﬁuﬂam A® ORFs U84 heat-inducible genes, cytochrome P450 wag flagella motlle protein LLaULJJa‘vn
mMwTeAdedn Tnesaiiovedsesdonvesion 36 ad%d wuidiiies 2 ORFs iflauuanse fie ORF 7
AuUATIHE GroEL (chaperonin) wag MotB (flagella motor protein) lakansfnagansiseaiiisuesdu GroFL
93 36 aUTAlY JUT 1 uag 2
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GroEL - GTA GGA AGC ACA G

AAAGAAAACACAAC T : c c cac GAAGAAAC 1164

; AAATCCGTGCGCAATTAGAAGAAAC- ey

AAATCCOTGCACAATTAGAAGAAACAAC 1164

S AAATCCGCGCOCAATTAGAAGAAACTAC 1164

TGTAGTTGAAGGTATEGGAA sarc < GCAATTAGAAGAAACTAC 1164
TGTAGTTGAAGGTATEGGAA
AAAGAAAACACAACTGTAGTTGAAG Roora
AAAGAAAACACA e BooAA

AAAGAAAACACAACTGTAGTTGAAGGT@TACCAAGE

stor_GBAA_0267/1-1735 e TeTAGTTIGAAGGTETACCAAGE AAATCCGTG 1164

rszJIT,AAqotlT‘QJAA“C AaaTCCGT 1164

CTGTAGTIGAAGGTETAGCAAGE c c GGTCAAATCCGTG 16

eracTrcAAcaT@TNG ACAUAACAAA
sn;ncaunc:.s;nn GARCAAATCGAA CGCATCGGTC
ToTAGTTGAAGGTETRGC [EACAGAACAAATCGAA GCATCGGT
GTAGTTGAAGGTETAG e GCATCGGT
GCATCGGT
acarcaear
GCATCGGTCAAATCCGTGCGCAATTAGAAGAAACAAC
ecarcesrc COTGCOCAATTAGAAGAAACAAC
GeATCGGTC
GeATCEGTC
ecarcearc
c GCATCGGTC GTGCGCAATTAGAAGAAACA
GTAGTTGAAGGTATEGOAA L c
AAAGAAAACACAACTGTAGTTIGAAGGTATE GTCAAATTICGTGCGCAATTAGAAGAARACA
AAAGAAAACACAACTGTAGTTGAAGGTATEGGAA AAATECGTGCACAATTAGAAGAAACA
AAAGAAAACACA GTAGTTGAAGGTATE
AAAGAAAACACAACTGTAGTTGAAGGTATEGOAA
AAAGAAAACACAACTGTAGTTGAAGGTATRGOAA

N e

UM 1 nsdnseaiisuresdduiuavesuTiangu GrotL Tu B. cereus dviuunideatidduilng doetums
Wugnssu lald Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) IngarduLuanitwiziu 8.
cereus gnszUTiuILT

MotB — CGA ACG TTAAGC C

GAGAGOATACUCONGTANGCGTCATTATAGTAGATAAT
AGASOATACEocllaTANGE : GATAAT
ATATCGACASOATACOOOMGTANGCOTCOTTATAGTAGATAAT
ATATCOAGAGOATACHOGHGTAAGCOTCATTATAGTAGATAA
GAGACGATACOGHITAAGCATCATTATAGTAGATAAT
AGAGGATACGGGMOTAAGCATCOTTATACTAGATAATTY
AGAGIATACOGGLIGTAAGCGTCGITATAGTAGATAAT
CGACAGAATACHAGROTANGEATCITTATAGTAATAAT
A COGACACOATACOOOLIGTAAGCATCOTTATASTAGATAA
NTATCOAGAGOATACGOONATAAGEaTCATTATAGTAGAT ANT
TATATCOAGAGOATACOGOMGTANGCOTCOTTATAGTAGATAAT
TATATCOAGAGGACACNGONGTAAGTATCOTTATAGTAGATAR
TATCOGOA UA\‘AgA\-c"GTAAbca-lcc“?;«')\1‘AaA AAT
\,AOA'.\.A‘A"AGG”GTAA.cutn
A.A‘JAx)\»AYAcAuﬂ:‘r.AA_;'*
afla

om.\unnlaur\zru
ATATCOAGAAGATACAGGHGTAAD
ATATCOAGAGGATACAGOGTANGCATC

ATATCOAGAGAATACKGOHGTAAGCATCATTATA
AATOTATATCOAGAGOATACAGSHOTAAGCATCATTATA
TCOAGAGGATACAGSHGTAAGCOTCITTATA

298 GTGAATOTATAT

GAGAGGATACEGS GCTAAAGA
19

ntey_found

Corasneus

GATACA

GAATOTATATCOAOAGS

] ' '
IS s

U 2 nsdnleaiiudduiuavesusiimgu MotB lu B. cereus \igufuwuailiSealTdauiilndidseiunis

Y o

Wugnssy legld Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) IngaduLuaninwiziv 8.
cereus gnszUTiuILT

uenandusanaiuds anzdidedildfosaundenduduiindudelfiluiauny Weduduinniveass
Tuudavads Uszaunadisavsolilnesndadounsndeudy q senld wu msiuvafiduelididaiosnn
amzvesmah PCR ldwnzan Tagluiidlfidondu 165 rANA FuduBuiivsinglusuafiGennedn Sdduiuad
foutna conserve warlisruauthiinn Mnmslienesimaaasauna wuihEnaivezaulfuduiinudey
s¥mI19 U529/30/E533R Uag U515/519F dauandlugud 3
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KEY: totally conserved conserved  variable highly variable > 75% variable

variable regions priming sites :

10 20 30 40 50 60
AAATTGAAGAGTTTGATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAACGGT

. ESF E9F . .
20 100 110 120 130

AACAGGAAGAAGCTTGCTTCTTTGCTGACGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGAT

150 160 170 180 190 200

GGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGGGGGACCTTC

220 230 240 250 260 270

GGGCCTCTTGCCATCGGATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGGCGAC

290 300 110 320 330 Ja0

GATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAC

34/41F I
360 370 180 390 400 a1 E334/4IF

GCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAAGGCCT

430 440 450 460 470 480

TCGGGTTGTAAAGTACTTTCAGCGGGGAGGAAGGGAGTAAAGTTAATACCTTTGCTCATTGACGTTACCC

500 510 520 530 540 550
GCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAA
| US29/34/ES33R ” US15/519F |

600

570 610 620

JUN 3 ddiuiuaveuiiiniu 165 rRNA lulwsaislen AlddufmBuduanudiiveanismaaes

Nndoyaning augideddldeenuuudiiuanda (recognition sequence) %wxgﬂlﬂumia%’wﬁé‘ma
Tnsu fnanuinniiu GrofL uax Mot niewviadu 165 RNA lfiduimunu uenaind dsldeenuuudfuiua
dwdumadulwsiwes (primen iiteldlunisiinsuiufidueseuiizeignlenedwelsa (polymerase chain
reaction, PCR) dmsunisnsiain B. cereus @efiduelnsudoll Inonszuiunisasiansanaintadedidud
gousuhly 1wy msmuauUinaa 6/C luddulnsweslilisnnudeteniiuly mseenuuuiitelilians
amplicon Alsifnnalngvieidniuly Wusu Seanusaagunaniseeniuuldauandumsnsdi 1

M13199 1 Teyavesduiagyhnmsiiuduudygrudmsunismeaesisdiienslse B. cereus

gu USLLANAAULUA A1RULUE v
amplicon (bp)
A1fuandn 5’-GTAGGAAGCACAG-3’
GroEL diuiiduelngy  N-GTAGGAAGCACAG-C -
(guﬂﬂgg) Forward primer 5’-CTGTAGTTGAAGGT-3’ =300
Reverse primer 5’-CACGAGTTGAGTT-3’
A1auanan 5’-CGAACGTTAAGCC-3’
MotB diufiduelngy  N-CGAACGTTAAGCC-C -
(guﬁd%y) Forward primer 5’-GTGAATGTATATCGA-3’ =300
Reverse primer 5’-CTGCATATCCTAC-3’
Aiuand 5’-CAGCCGCGGTAA-3’
16S rRNA auiBuelnsy  N-CAGCCGCGGTAA-C ~100

(Buatunu) Forward primer  5’-GACGGTACCTAACCA-3’
Reverse primer 5’-TGGCAAGCGTTATCC-3’
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viaanlddeyadnanuds auzdidedslisudniumsnaaeuanudululdvesnmslddduiuavesiu
fanan Tngvhnutuneuisnison@rinewuuansgiu Sulduinisadafiduemegisinidenelsnaiennu
swazBesludinIBnismeass (nfeunsatndueanatidlndidsaiiennaeunudums) wagmsiinyIuod
WBuiede PCR Tnsnanagouidosfunuin ndnisusulgsnmsfionmnzan Sidulwaweidildeenuuulianusn
thlugnisiiudauves amplicon fiflvualndifesiuiininliate (sUf 4) Fsusnainnisls amplicon fuzqns
waeddauinnuds UssiuddyfonsifiuusunasanaagyiliAn PCR amplicon fiflvunafinssfuiieenuuuly
WamzIndegnsiiduiefiinen 8. cereus Wity @kemun 3 umasléiun ATCC 1729, MU wag CU) Tnoaliddi
TndAdlu genus 1ieafufiaglall amplicon Aiflvunamieaiu 3ol product e 1wilunsdl MotB (3Uf 48)

Nnuadna Jaagdladn primer gadananuagdanumnzanlunslddudegdmiunisnsiaduiefidue
Tnsusiald

()}
o >
A) ~ 3
O )
E22 =33 23
v own LYy Y L 4 D
S >3 =2 = 3 OF E}nQSJ o
Y ¥ 5 5 ¥ 5 F S 5
¥ 2 28 3 g8 O
bp Mo @ of 6 of &6 & i Wi
-4
1600 — -
-“-
500 —8 e e
- - <€— Target band
(300 bp)
B)
(03]
(&N
r~ -]
— O
U 0 £
¥ o o D -
== =30 20
T VoSV, S BV |
SIEE3:5 8 Q
- O O = O @ = =
¥y 2 2823 e 38 8
bp M< o of of o§ & o o5 Ui
b
1500 =—
1000 —
500 —
- = - <€— Target band
(300 bp)

sUn
Y

4 wan133u gel electrophoresis YaIWaRST PCR Bu A) GroEL uag B) MotB Ui 1.2% (w/v) agarose gel i
NYUAIYH

® . Y] . Ay & a
g SYBR ™ Safe DNA gel stain tWaguguauInvad amplicon 1989015 (Useunad 300 bp ea0ansel)
2. MUY B. cereus fwaunsaigrunszaulagldibuainsy

nasanmstuduiinswesnesnuuuliamnsali amplicon Aflvuinaennassiviieaniuuld Judela

19gspdlaiuIndifisesnisegluaty amplicon waliie tuneudalifienisin amplicon Aenanilunsia

wgsmeiowelnsuillssenwuulilisduvanassiuasuand Inserdenannislidymrudniseoeulel
105U AT9AY (WWun WA 2)

g
3
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FunOULINTBININAADY 13UINMT PCR Wuiisafunmsnaaesinediu uiddeulnswesilulnswedi
finaann biotin #u 5" wnu eneaeulnswesirsiizsununsifius s uefegimiol maﬂﬁﬂgm
Tnsweddananafinissumutii uandsanmsufussanneililunssuiuns PCR uwdr Ghulsdrdyfenisiiy
$1uu PCR U 50 cycles lsuriu 35 cycles) Wnarduiiumelasedunils tnefindndusidrafssuundia
\dnties (3U7 5) Faainnszuaunisdaduuaylidyanadunuaind 2 Ty %Lﬁu’jwmaﬁiﬂ”mamﬁm%ﬁlﬂﬁqwé
100% lilfdutgmusdedndla omnezdedugndnuensefiduelnsuiinieuunsenunsesegudd annua
\Josdusandn ﬂz:uzpﬁ%’ﬂ?ﬁdlé’ﬁwama31fm‘l,5ﬂuﬂ’liﬁusnﬂé’igzgwtﬁa‘[.ﬁl.ﬁm amplicon dmsuldaurely lagla
¥dludnvasienfuiuiivdosnaosty

bp oW M 1 2 3 a 5 6
N
=t
—
ot
1500 — .
1000 = _——
500 = — > <€ Non-specific band
- . - . @ <— Target band

Primer dimer =3 (300 bp)

;Jllﬁ 5 1an155u gel electrophoresis U sWand PCR 8u GroEL Tu B. cereus Uu 1.2% (w/v) agarose gel ﬁgﬂ
faused SYBR® Safe DNA gel stain Tnenslalnsiesuuuund (lane 1-3) uazlnsiwasuuufnaain biotin (lane
4-6) uagn13lgunas genomic DNA Auanm1eiu (lane 1,3 = ATCC 1729; 2, 4 = MU; 3-6 = CU)

NaN1INaRINTIaTA PCR amplicon fefiiuelnsufinssuunsyane osdunudt nsdlves GroEL uay
MotB Wnailulumuena udeiadihtuduiuuinadiiifduelnsuiifdwuuasimneivaduansinnunls
Tupseit 1 udlsiiAndaygnaile 9 Auusuidfduelnsudu 9 (Ui 6) egrslsfau msvufy amplicon fian
910 165 RNA thy wuddayeiaddiladeudnigou whagldmenemuiuussdduiuaes primer Alduazniizdun
wd aghalsfionu dyanadildnessdunaiiuls ﬂmz;ﬁ%’a?Ns?fmﬁu’tﬂ%’amwﬁﬁm%’u 165 rRNA Tunansnou

PCR amplicons from B. Cereus ATCC

Primers for: GroEL 16s MotB
‘ g 4 ‘
GroEL ® ‘
16s
MotB | | ®

JUN 6 NMEE9UNI0INTITATIUNTEAYLAAINNTAAEYBIBUNIENLEY

nsvaaeslududandonudimgiaamesgunsainsaiade 8. cereus iWsufuwuaiiFedu lnsas
ihidueveusazatfduniiusuesduii 3 WU MAHUAURUNTAINTIAIN INNANTITNAABIFYYIUVDN
THSU GroEL wae MotB Samznseawiinaaeuiiu 8. cereus whﬁ?uﬁ%’lﬁﬁzyigmiué’ﬂwmsa;mﬁﬁf’]L’EuL‘ﬁm (g‘uﬁ
7A-B) FedanndoaiuBu GroEL uay MotB iiuslu 8. cereus dnudyaamintngu 165 T wuidsmeidyayn
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' v ' 53 X o A ¢ v . PN = % o
ABUTNEBY UANUTINUUNTEMwnageuiunaldd eniiu £ coli (35U 70) Feaenndasiunaves gel
electrophoresis filal@nansatiudiuiuvesdy 165 RNA vesidueaniuaiilse £ coli la

PCR amplicons from GroEL primers
B. Cereus ATCC  B. Sub B. Mega E. Coli S. Aureus

A

PCR amplicons from MotB primers
B. Cereus ATCC B. Sub B. Mega E. Coli

L) €5} B.oes £u

GroE!

C PCR amplicons from 16S primers
B. Cereus ATCC B. Mega B. Sub S. Aureus E. coli
e i ) E &

JUN 7 nMsneaesuansaudiend g (specificity) vesnsuansdayannasBune B. cereus Wisuiualddsng q
A) mwnggunsalnTinindulngu GrokL B) awanggunsalniaiadulnsu MotB uaz C) amaiegunsalngiada
AUTWTU 165 rRNA Wiaunw gel electrophoresis

Al (sensitivity) weansasiata ferludnuilsnmantifidfavesinsiaiaii auzdideldins
naadeunalafenIsUdsuUinuesiiBulefuLuuTenIEuINs PCR Raud 05 — 100 ng iilevnany
Uszansnmlunisvenedoygyiu Namsmmaaqﬁqgﬂﬁ' 8 WU 1B GroEL waw MotB Thdaaiireudrady
Funawiuldaou wilugaiimnudusinfigaitld (0.5/2.5 ng DNA/reaction d1m3uBu GrofL wag MotB awasv)
Jedfldannsaiadndrfndngnveamsnsaiald wivenlsiinmsasaindamilgann uiduihdunaininad
Bueiimnivlunduilieuduvesdyaaandesas feu anzi{iduazvinsmaasaiisdy Tasagsjadulud
Vinafidueiitesatludn itevaaeudndrinuesgunsalniainsely
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GroEL primer from B. cereus ATCC

GroEL

—_—
amount of DNA per reaction (ng) bp M 100 7550 2510 5 25 1 0.5 ng/ul
100 75 50 25 10 5 2.5 1 0.5
2000:
3y —
:-; i €7 44
5.4 s | At 23 300
& hd o
7 ) )
¥ - S -

MotB primer from B. cereus ATCC

amount of DNA per reaction (ng) Mot8

bp M 100 75 50 25 10 5 25 ng/pl
100 75 50 25 10 5 2.5
2000
p A
et e} rr i}
-l %( 4 25 1o 23 LR
] 300
£ - ™ @ . @ »

JUT 8 nminsvaaeuTadninn1snsiainvesdiu GroEL (Uu) way MotB (a19) Wedsuulassinaumiduefuuuy
Y9INTXUIUNT PCR (nmsnuunluudazdunanssa gel electrophoresis)

% ; ¢ o8 K e B ¥ 1o
1 ) reed -V ;
® |& o g e o o | o
3 el T A o -
. d » - s I 4
Wik B 5

L] | v

7 . . e (» |® (o
\ = ¥ e 3 1 2 1% l 3
e |0 ® @ ° ® |o ® | &
s £ L] ® @ u @ ¥ ®
- ® L L ] ® ) L @ L ®
8 5 [ 3 [ =¥
. ® ® ® ®
23 W i L W
® [ ® * ®

JUN 9 nmnsiigallsgavsamiumsifuie (spike) asldlumegadnansundnuiu 25 feegs wiaunsiiegns
AUAN

TunpundfyNanvein1sUsEiviaunsalingadn lauinsiigatiuseansamnisnsininludiognnss &

{ o

odudeuninmansainnniteuiardidomnitaiovesumindiduniendes flenafinasuniumsiuuiund
Buedemeia PR wiosumumsnsaialasldgunsaigiunsyay lunismaaeufuiesh saidldifiuite 6
cereus asldluognstiansundiuau 25 @eenefl 1000 CFU/S uazfiegnamuaudn 1 fegna Jsuanis
nsradalimanuiinalinnusenisiuandusuil o SuandidiuingUnsainsininfivsshugtuannsonsiatady
FeaosBufitosmslaosnstnalunndests lurasiituniugu 165 mNA T uliaslidyarailiduieurhiy

L]
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wdnisans wilidyaniusnmenouniiundddunnad uaslufogsnuauiivieunmsadafiueain
fetheimmuduneuduieiusiegaduudlidfinigiiu 8. cereus aal‘u Alailsidyaaiddeddnludu GroEL
uay MotB Adususinsuiionues B, cereus wiifudynmaney iduaiuau 165 uanriorafiuuafiGedu
Uutﬁauagj Fadunstuduinnsiiliiiuduaaues GroEL wae Mot 1Ju true negative Taglildinandaywm
F¥MI9NTLVIUNTS PCR

3. miUszhusuaanussagunIainTiauazvdsdwiumsldauniasuny

Tutuneuaning auzdideldhnmsussAvgynvasnussggunsainsaiauazadedimiunsldnuass
iesnmnihgunsalnnaingunszarvanlilaeassazyilienlumsquansazaiouazniseneen uaze1ndenis
Haulaeialy fsesiimandudu deswiomsuidiou uariivsuifuFesaudaonsvesiufiRannsdutady
fegnauararnaiflilunssuiumanmatn augdideiddeanuuulasnusspfuesnsznuiuiaudilam
fanan Tneanziideldeanuuuliasnussgimihiidunsugldansazarsluludang duilrlidndusodld
maugldansarasuendiann nsBaukugunsnistunsznvannsoaenuiunszatadluludefeanuuul e
Tnglddedlinnbadsindgmussfisoniifululdseninnnivaisazaneilioonly lnsununwdiassanui
uansUaenussggUnsaigiunseavuandlilusui 10A uaznmueseunsaladauansliluguil 108

A

- £
LUEWALIULGRINIZATY

X d. o
isiidwmivldansazane

JUN 10 ununmdaes 3 87 (A) nioun1nade (B) uansniseenuuulasnussygunsaigiunseasuarn1silu
NMYULUIIYATATAY

'
[ = a ¢

aghslsfinnu wiazdvasnussgiivanzunnisnaniuds wanisiiudggiaiiensiasieiiu v1ense

L]

Fuduazdoserdunisienmdyaugavugunssipunszarvdmiunmstuiinteyassninins vieiiledwiolud

[

Aiermasell lullaglundesnfinnwnduanisnivuianuasidenanazanuandagaiissmadnivingusyassy

U o q KU q
@

fenana egslsiniunisiedegrsuuldzuazduinsdninsdowamazdisnin azililanniifinaninls
auaNe Wy dwvisiegslilasginalanin wwinisneiienvsdaled yuuesninlinminiussuiuy e
fege wavkvesvsininienvszuatadtedtaned udu anziidedsldosnuuuwriududiegsdmsuaienin

N LeLNUgAing

TnevdnnsUssivsiu fssiuddoiisesdisds Idun Wauldiulnsdwinniu Sihwinun warlides
o1fuvasiuialilifindy Fahlugnseenuuumuguil 1A Tneuviudushognsdmiuanenmlignesnuuulimiile
Milnsdwiuazsiogsadluvuwiuiunda fmmanmsteamassainduiegsiisfesnisdienimwed Tnsdw
wagieEg 1wy 60 sriieuiuwlseRuylilidesielikasansssumdanasiudunegaliegiaiisane uas
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P lllA9 N SAN NN NAIUUAIDET FuTRITRITnfI0819a8U5USUSEAUTUad b lrsassulnsAnnNd
uauanieiule uenanturesdaialdgnesniuuinassuuuiiesessuialnsdniniindesegnaiunisuay
InsAnsinindesegfiyuvanniod (MMITWUFUN 11B waznmilannisaeuuiunuguil 12)

A

WA TTUYIA

daslinfnatng

o o &
Yuszavtuadld

.‘._,. e

e e e B e

e O

——————

JUN 12 nmeneaunsalnsininanndeswednsényt iphone 8 (A) nwifiuvesgUnsainsiainlulaenussy (B)
amdinanzusnaniinslidyy o Suandiiiunnuaudadigann

4. ‘U‘VIHS‘U wazukusuluaunan

LYY

Iﬂiﬂﬂ’]'ﬁu ‘Uiuﬁ‘Uﬂ’J']lJﬁ"lLiﬁﬂ‘Uﬂ"Ii‘Uiuﬂ‘U%E]Uﬂimfﬂi%]’)(ﬂﬁ Wmf\]']ﬂEJuVl’w]’]LW']u‘UEN B. cereus 91U 2

=

g1 lown GroEL  wag MotB IﬂEJI‘UL‘V]WI‘HI&EJ‘ZJ’eN‘WL@uL@IWiU%ﬂi&UUﬂizﬂﬂwi’mﬂUﬂ’]iﬁS’]ﬂﬁIﬂEﬂ‘UL@ﬂl% s
@11150m52979 B. cereus laagnaiathinazditinigiana lnglanaaauniuiieg19ase 31y 25 faegne Wik
gndesiaiun wazldesnuuuaunsaldmiunsininliegluguuuuiildauliie egrdlsinnu dussiduiiniug

v

ANZAITETUTUUTY/ Ay Lilanfu sl
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1. msvsulssdyanadldann 165 RNA eldifuiamueu Wianudaaudeu

2. MIMsANY selectivity vosn1snTIainseavalddlviasuiiuanysal

3. mwhnsAnw sensitivity Snads iilevndnsiinnisnsaataiiuriaievesgunsalil

wasanyinisAneauasudiu sxdndunisweunsianusgiaduniniseely Wy myandnsing/ey
anguns war/vseRNuiluNsanTIvINMIsEAuIUIYIF

LONA158199

Jirakittiwut, N.; Panyain, N.; Nuanyai, T.; Vilaivan, T.; Praneenararat, T. RSC Adv. 2015, 5, 24110-24114.

Jirakittiwut, N.; Munkongdee, T.; Wongravee, K.; Sripichai, O.; Fucharoen, S.; Praneenararat, T.; Vilaivan, T.
Microchim Acta 2020, accepted.

Laopa, P.S,; Vilaivan, T.; Hoven, V. P. Analyst 2013, 138, 269-277.

Leekrajang, M.; Sae-ung, P.; Vilaivan, T.; Hoven, V.P. Colloids Surf. B. 2019, 173, 851-859.

McDowell, R. H.; Friedman, H. Bacillus cereus from StatPearls via NCBI Pubmed,
https://www.ncbi.nlm.nih.gov/books/NBKA59121/ (accessed 16 April 2018.)

Orelma, H.; Teerinen, T.; Johansson, L.-S.; Holappa, S.; Laine, J. Biomacromolecules 2012, 13,1051-1058.

Sanchez-Maldonado A. F.; Lee, A.; Farber, J. M. Annu. Rev. Food Sci. Technol. 2018, 25, 9, 177-208.

Vilaivan, T. Acc. Chem. Res. 2015, 48, 1645-1656.

NAMGIMAASNTUNNG NTLNTNESITUAY LNUTAMNNTNIGaTIINg W MsLAE MYLEdLRAD1S RT3

(W.A. 2560).
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Holasannstes UFASET LAMP uunsemwiteunadsUSinasednidlutuneudsuiionsnsadenslsaly
91113

52eLa1lATINT 15 dawnau 2561 - 14 Fwneu 2562 (Iasueusi@liveneniantia 14 nua1wius 2563)
swawluaereudiudl 15 Aomaw 2561 Be¥udl 14 quaius 2563

Wamiilasinseoy
IA.05. UTINT aNysaiue MATYITIINE ANEINGIMIENS PNAINTAUNTING T
g3aulasang
WNITUEN WHesivgudy AudTuImNTIkamALLla BTN LY A
u.a. loan1 3019 AN AEINEIAIERS PANTAIIINING1RY
wa. #3n1ud Junsuszeu AT AEINIAERS PNAINTAIUNIN Y
WA NUNT ANUITARNY AMAIYNAN AUEINGIANENT PAINTAUNINENGY
WA, yryds fudlendo AMAIYNAN AULINGANENT PAINTAUNINENGY
unin

TnssnsiiAeadestumsiamaiansasetafiduefienunaduinuldlasedddousiudsuuuasd
yiemadosaniodufusuugunssinsamiBenslsaluoms a 9ngua Tasdnsmmneifiofauisnimsa
AaduideuvaiiFedelsaviouuaiieiinanasiviiuudouluewns fvkautiugt wasvildazan s ludes
HeTesiefitudou uaz/misynainsiisinnnudsingy Saduiuvesmsfaussuunafinyiuumdueld
Uifsenguiewnlolemevsaneundiliady (loop-mediated isothermal amplification, LAMP) Falusnduses
THaseaneduealaia (thermal cycler) Feiidolsiuoulundvasnnudte anusmiziatzas wazUszansnnly
nsiiUnaasitugnssufimiondt PCR saufumsasiafaidueildanmsifiuUbmnasnansedioudssy
mﬂsﬁqﬁmwm"'}wazﬁuﬁLSuLamaﬁ TAuA 4-(4-(N,N-diethylamino)-2-(4-(trimethylammonium)butoxy)ethenyl)-
1-methylquinolinium QL") fifmuiulunduvestifeies Tnglinsidsunaddfisrunaldfonidlums
Ustrudniivesnafiuuiinauiidue venanddsldfimaiaunnisenadelmildasaniulasnsiudsuan
nsvifAzelunasnuneguugiunsea (paper-based LAMP) sumdnnisiauslag Seok et al. (2017) Lite
WineuazaInua e funsaTIasERuiosiu wie o 9aqua (point-of-care) waznsiangyansaduiagy
wntu Tnsreunthiaueidsldussavarudnianisussgndldmadanand onmsadouazanayavsing
1IN 10 Fos Megnatu Aunvuyanmadueumelsenduviiaeues Staphylococcus aureus folsABIMNT
Hufwdsinaifanusunzuazailgdasnsiunnmeiowautidrtunsldddoudemas lusmiafotandy
msiusesenlnensldddon QL™ filledufuAidueasgasrinliiAnnsiasudndanaiuldseaian 3
aduguuuuilinlumeauuldagmnninisldddoudomuas drsndudodfuaehluumasnsedu ainduasih
szuunsrindiimuilddandnluadadugunsainsatalugiuuugiunssniwdiniunsndunelsavonde S
aureus wawie E. coli lunanfnusions

Escherichia coli {HunuaiiFeiinuldlusldvesnunazdnd ufdnlngazliviliansunmevionolsn us
A1 E. coli wanwanewusiinelsafinite 1ty 13A9e91383% TsmBeruavassniau msfndelunszuaien uarlse
srvumaduilaangdniay Hudu venanid £ coli mLﬂumuwmamuwaamimsaummslm Ing
nauAngEansnsumSlA T muauasguliiAu 3-100 MPN (most probable number)/nsuuaamis Jurfy
Us1nn99301915 (NSaAvenmansnsunme, 2560) wazdedimuiagluiniy (lofiadans) a1siy staphylococ-
cal enterotoxin A (SEA) anuuailias Sphylococcal aureus danuldialuluiiu v ern1a madiumela wazuu
Amdsasuysd Snsdaasgldluaniizanudusedudiunats Suilfdondoasivignnuldluoimisi
wannvany wasrilmAanisuuidiovluemsliine Tasanzegrebamniulssmuomsiiau vieldauieuuas
szpvnalunisupdldifteswedtontsvians SEA Gawuarudeuldd uenvinidomsiin sEA Juideustndndu s
wazanmosUnd vilvgnanuazguilan ldnswiomnstul sea JuidlouegilhAnlsrommadufiuld
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(Argudin et al, 2010) MAIATFIUYBINTHINEIMANSIISUNNG D1VsTESaLeUslRRY 01sUTsaNTIIlY
uazUsanudauiiu dedlifinsuuiiounes s. aureus wnndn 100 wadwde CFU densuems

TnevdnnsUssivsgunsainsiaindedelseedasinsiiiiiladdyegiimaiuuninafiduelnemada
LAMP wazddeuduamgiiiaunsansainfdueiihunsiiuiinudeddoudsequandalanus g fufidue
mmj Toun 4-(4-(N,N-diethylamino)-2-(4-(trimethylammonium)butoxy)ethenyl)-1-methylquinolinium (4QL2+)
(Ut 1) BelFmsFeuntasifieunaldsenivaandaing waau) Wuiibu wavan) Tumstsianudiiaves
nsifisUnamiduessnsdiduiviiduemegildnnmaiiuduu Jadudeldivieudlediouivadenses
wasfinnuzdifoléwanunountnil (Srveydnstng deitldnarluuddelifeddundstuliouay? uasddoudun
ﬁm*aﬁ;:iﬂ’wmmriau W hydroxynaphthol blue (HNB) wiaimaiiaduq WU TinAIUYY Forsaeanaiiay
myfalasdenainnsiudsuntasanududures M waznisanaznauvesundideulnlsneas deaiin
wavdn/autasulding Wesnldlfdunmsiauimamesiiduelnenss

4QL2+
Ui 1 lasaswesddonaln3auseguin 4-(4-(NN-diethylamino)-2-(4-(trimethylammonium)butoxy)ethenyl)-

1-methylquinolinium (4QL")

/N1NAADI
1. @enusuuaiGe
aneiugiuAiSenaualasuIIINAAIRRTIIME AULINEIANERS IEINTAINNINGISE (1IN0 1)

1neLde £. coli iaualavinnisiniziaeslu Nutrient Broth (NB) sl 37°C Wuiian 18-24 4alus dau
Staphylococcus spp. Hanualavinisinngidsslu Tryptic Soy Broth (TSB) Un# 37°C, 200 rpm tJuiian 18-24
a9

P o & N oA al
M19199 1 aneuguuaiisenldlunisnnaes

auNugLUATILSe Strains

Escherichia coli ATCC 25922
Escherichia coli MCCU 0349
Enterobacter cloacae N/A
Staphylococcus aureus ATCC 25923
Staphylococcus aureus MCCU0357
Staphylococcus aureus MCCU0370
Staphylococcus epidermidis ATCC 12228
Staphylococcus saprophyticus ATCC 15305

2. MITNALENEITNUTNTTU

dHosmnideuvafizedlilumiateiineglundudenolsanu v,  Welseuasfivaindnd  w.e.2558
nszvumsifedestudenslsatmunlutunouifsindudoshunsiusedasauznssumseunueiy
Uaonsien1aginmuenusIng1mans Junaainsaliunineds (SC CU-IBC-013/2018) lngll 5A.AT.U5 T auysal
Uz INNIAIVITATIINGT ALYINeIREns Punasnsaluvivends Wugdndunismwdn
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nsafifidueande: afafiSuevemnasiusuuafidefimededuomavan Tnsnmagaidod
wnzdsduomnaivan 1 fedansuauiu TE buffer 1 fadanslunaen 1.5 fadans antudlusuiigumgd 95
asmwaidea 10 wiit trlduwiesdt 13,000 rpm 10 Wit anduivdndaiiedu fdwe wiuuy wasfiviidy
loftarinldlifgamail -20 ssmiwaldea
nsatafweaInMedi: dfegiensdina 1 nfuunatafouesgimeu lneuauiu TE buffer
1 fiodanslunaon 1.5 faddns wanlmdfuuazuadniios tlutuwviesdi 13,000 rpm 10 wiit wndugadiui
fis whazanenznaudie 100 lulasAnsues 19 Tritonx 100 tilufufigumafl 95 ssmieaidoa 10 writ udnily
Huwiesit 13,000 rpm 10 Wit ndugadiulasensildvasslyal iufigumgd -20 ssmuwaidea dmiuldidud
LPTGIEINY
myinenududutazanaiansvesidue: mamiasvesiiduediadniildlneindnisganduas
260 war 280 WITLIIAT (Ay, Waw gy n1ud1s) Tneldia3as Nanodrop spectrophotometer (Nanodrop2000,
Thermo Scientific, New York, UK) %ammu‘%ajwéﬂuaﬂﬁLSuLamsﬁé’mwmmaa A260 : A280 aglurg 1.8 - 2.0
drunsinanududuresiidueasldinies Qubit®3.0 Fluorometer (Thermo Scientific, Malaysia) #992n57970
angiduemes mntniludunnlnegns
anududuvesiidueaisg (ng/pl) = A260 x 50 x dilution factor
3. NsNUIUIAIE TGN TIY
3.1 nseanuuulnsiwes
A ETngUsrasdlunsltinatia LAMP lumsnsiaduidiouueitiSe £ coli uay S. aureus fivuidlou
Tuomnslasmastiudiinamsiugnssuveats Ssfomninawesdmiumeda LAMP dsUsznoulude 2 inner
primer, 2 outer primer ag 2 loop primer s umesedeusasin Tnelwswesdmiude £ coli $1985n
N0 Stratakos et al. (2017) fisuwizse £ coli phosphate regulon gene A (phoA gene) ﬁﬁi”ll,wwgﬁiav;ﬂ
aeTiuses £ coli dnllnsmeddmsu S. aureus 198unaneyaVETRSIavT 1603001252 vesAmzEITe (U
WS augizﬁuz LazAe, 2560) fsunzsiodu sea w04 S. aureus maﬁuﬁ:ﬁmammsﬁw staphylococcal
enterotoxin A (N1 4)
3.2 mavaUianuasugnssulagds PCR
UFATeN PCR vhilU3uassiumesufizen 25 lulasins Usenaudae EmeraldAmp® GT PCR Master Mix
(TakaRa Bio, Shiga, Japan) 12.5 lulasans forward waz reverse primers g9y 0.3 lulasluans (5797 2) uae
Fduedunuy 1Wiedes thermal cycler Tnefaniznsvidfzendsd
PCR &3 E. coli 13191 Initial denaturation 94 °C i{uiian 2 undt mudae 30 seutes
Denaturation  94°C 1¥unan 2 Junt
Annealing  64°C tJuan 1 w1l
Extension  72°C turian 1 wiil
uay extension 7 72°C unan 7 unil
PCR @915 S. qureus 131110 Initial denaturation 94°C \uian 2 Wit snude 30 seuves
Denaturation 94°C 1¥urian 2 3unil
Annealing  55°C tJuian 2 uni
Extension  72°C ifurian 1 wail
Ly extension 71 72°C Wuman 7 w1l
Mntuthwansa PCR 19 9E0UANENSV8INVIURAZeN Iaeld 1.75% agarose gel Suiaadianivs
TrlsBad 100 V WWurian 35 udi uazguaneliuasy
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15197 2 Oligonucleotide primers @15 PCR

Bacteria (gene) Primer names Primer sequences (5°-3’) Reference
E. coli{phor) EcphoAF3 | 5-AAGTTGAAGGTGCGTCAAT-3’ otratakos et al.
2017
Ec phoA B3 5’-CTTGTGAATCCTCTTCGGAG-3’
S. aureus (sea) SEA-F 5’-TTGGAAACGGTTAAAACGAA-3’ Petty patent no.
1603001252
SEA-R 5’-GAACCTTCCCATCAAAAACA-3’

3.3 nstiuUSinauEswugnssulagds LAMP

Iwswe$ LAMP Useneusig FIP, BIP, F3, B3, LF wag LB (37 3) uwiazUfATen LAMP azfiuFuinssau
15 luilasdns FeUszneuse F3 uway B3 ageas 0.2 lulasiuand FIP uas BIP agheas 0.8 lulasluans LF uax LB
pg9ay 0.4 lulasluans d1msu LAMP E. coli wag F3 uag B3 ag1ay 0.2 lulasluans FIP uag BIP #g19ay 1.6 Ll
1asluans LF wag LB agneay 1.6 lulasluans dmsu LAMP S. aureus muaae dNTPs 1.4 fadluais, 0w 0.3 Ly
an3, wunil@eudaua 6 Tadluans, Bst DNA polymerase 8 eiin wazdduauduuu 1 lulpsdns luvasaii@ons
R 0.2 Aadans Imaﬁwmsmaauqmmﬁﬁ 61, 63 uag 65 perwalTsALAYSYEEaTlUNNTUNT 30, 45 wag 60
il evngamgiiuarsreznatlumsuniimnzaulunsiiaufazen Tasfinnsanandianudimzuazeal
(detection limit) asiageurandasaionarannsiasudvesddansized a0l Tnerwansdoe LAMP 2
lulasdnsnaududden 2 lulasluans uazWeauadnwimesldusulvlivsuinssiun 10 lulasdns audiunisauuy
YouAnSaaiieesnlsavadianinslisdaiimrnududu 1.75% 100 Taad WDHunan 30 wiil

A15199 3 Oligonucleotide primers dwmsunsiinUsinumduememaia LAMP

Bacteria Primer Primer sequences (5’-3’) Reference
(gene) names
E. coli (phoA) | Ec phoA F3 | 5-AAGTTGAAGGTGCGTCAAT-3’ Stratakos et al.,
Ec phoA B3 | 5-CTTGTGAATCCTCTTCGGAG-3’ 2017
Ec ohoA FIP 5’GTGATCAGCGGTGACTATGACCT/iBiodT/TTCTCGAT
cphe GAAGCCGTACA -3’ GTGATCAGCGGTGA
Ec ohoA BIP 5’ ATTGTCGCGCCGGATACCCTCATCACCATCACTGCG- | CTATGACCTCTCGA
cpne 3 TGAAGCCGTACA
Ec phoA
5’-AGCGTGTTGCCATCCTTT-3
LoopF
Ec phoA
5’-CAGGCGCTAAATACCAAAGATG-3’
LoopB
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A15199 3 Oligonucleotide primers dwsunmsifindsunuAduememaia LAMP (s9)

Bacteria Primer Primer sequences (5°-3’) Reference
(gene) names

S. aureus SEA F3 5’- TCTATTATTACAATGAAAA -3’ Petty patent no.
(sea) 1603001252

SEA B3 5’- ATTGATAACCATAATAAGCA -3’

SEA _FIP 5'CTGTAAAAAAGCCTTTAAACAATATT/iBiodT/TGCTA
AAACTGAAAATAAAGAGAG -3’

SEA BIP 5'GGTATAACGATTTATTAGTAGATTTTTATACAAGTCT
ACTTTTTTCCCTT -3

SEA LF 5’- TGCTAGTTAAAAATGTCGTATGAT -3’

SEA LB 5’- GATTCAAAGGATATTGTTGAT -3’

4. pMsinseuddaudule 4-(4-(N,N-diethylamino)-2-(4-(trimethylammonium)butoxy)ethenyl)-1-
methylquinolinium @@qL™)
4.1 N589AT12H 1,4-dimethylquinolinium iodide
ey d-methylquinoline (0.66 mL, 5 mmol) waz iodomethane (0.62 mL, 10 mmol) Tunasanaasindy T
aw¥euit 90 °C iunan 12 Hilus nseafuvesdvdndesilideBnsosayninia Sevewddildelawia
dwesuasinliwiaineldguanie azlanansiae 1,4-dimethylquinolinium iodide 1.4188 g
4.2 NM58AT1Z4  4-(N,N-diethylamino)-2-(4-(trimethylammonium)butoxybenzaldehyde
W& d-(diethylamino)-2-hydroxybenzaldehyde (0.4831 g, 2.5 mmol), Inuvalduunisueiun (0.691 g, 5 mmol)
uaz 1,4-lalusludamu 0.36 mL, 3 mmol) lu anhydrous DMF (3 mL) Auflgamgiiviondunan 3 $9lus thues
neuildundotneelanaslsimuuazaindetiierndn DMF mﬂﬁ?uismsJé’]’w‘hasawaaﬂmasi,cﬁqﬁgzy'lmﬁ uay
vhansliuavslneisaednilasunlnnsil twdnsasiilduasansluymsslalnsiiusu 5 my) Walasiwfianiiu
(1 mL) ﬂuﬁqmmﬁﬁmﬁ]unm 12 $alus semedvinazaneneldgana drandnsiasinldselaeiadnes as
lanansiua 0.5750 ¢
4.3 N1358AT129 4-(4-(N,N-diethylamino)-2-(4-(trimethylammonium)butoxy)ethenyl)-1- methyl
quinolinium @@qL™)
azay 1,4d-dimethylquinolinium iodide (0.2850 g, 1 mmol) wag 4-(N,N-diethylamino)-2-(4-
(trimethylammonium)butoxybenzaldehyde (0.3870 g, 1 mmol) lueniusa (5 mL) linnussulaenisinand
Hhunan 12 il ﬂsaaLﬁusumLLsﬁaﬁﬂfwQumﬂﬁléfﬁqaﬁ%‘niaaqzyiy’]mﬂ Saveadaitlametuay ethanol
auadu uazviliuaneldayannia axldindnias 4L 0.1310 ¢ (20% yield) m.p. = 216-217 °C; 'H NMR
(400 MHz, DMSO) O 8.96-6.26 (m, 11H, aromatic region), 4.43 (s, 3H, N'-CH,), 4.23 (s, 2H, (CH);N"-CH,-),
3.50 (s, 6H, -N-(CH,CHs),), 3.09 (5, 9H, -N"<(CH,),), 1.95 (s, aH, -N-(CH,CH),), 1.19 (s, 6H, -O-CH,CH,")
5. Wisuiflsuanusuwag  (specificity) uazadula (sensitivity) ¥2935 LAMP-4QL™ fiu3% LAMP-GE,
LAMP-HNB uaz 35 PCR
‘LumsmaaummﬁmwwLﬁai’mjizﬁw%ﬂww‘Lumiﬁmﬁﬁ%mﬁaﬂﬁmamﬂﬁiaﬁLSuLasumL%aLﬂmmanﬂmEJ
itusuazdodlinaaviofifueventodugililidmne lnsaldfmuauuinduwuafifeiidomnimsaaoy
vangaeiuguarsmuguauidunuaiieduaiildlisimzdelnsiwesaly (1319 0) Tasagihmaildainis
LAMP-4QL" i3uiilsuifu LAMP-HNB wagi8unnsg1u LAMP-GE, PCR-GE
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dmdumaneaeunuiliagyih 10-fold serial dilutions levnAnandiduvesfiduetiosfianiidsanansn
AaUR3enls dwsu £ coli agldmiduenes £ coli ATCC 25922 anandudusewing 3.39x1084 3.39 duund
Bueduluy wazd sy S, aureus ldRBWeU0 S. aureus ATCC 25923 aundudusening 3.3x10° 84 3.3
AP UeAURUY mnaaumiLﬁmﬂﬁﬁ%aﬂmaﬂwsﬁﬂt,ﬂmﬂﬁl,ﬂ?iauﬁsuaa 40L”" wazUSouifiouiuds LAMP-HNB,
LAMP-GE Wag PCR-GE

a13199 4 wueiSenlddudmuauuinuagsanuauay Tunsmeaauaudime

wuATILSY FATUALIUIN FIAUALAY
E. coli Escherichia coli ATCC 25922 Enterobacter cloacae N/A
Escherichia coli MCCU 0349 Staphylococcus aureus ATCC 25923

S. aureus Staphylococcus aureus ATCC 25923 Staphylococcus epidermidis ATCC 12228
Staphylococcus aureus MCCU0357 Staphylococcus saprophyticus ATCC 15305

Staphylococcus aureus MCCU0370

6. NINAIUN paper-based LAMP
6.1 MsfauUadlassaianszauuazan iz sudmiu paper-based LAMP
Jumsfinwaudfvazyszdnsnimaes LAMP vunszae tae LAMP-primer azgnfinuunszaiusinglule
A (biotin) wazansUun1IAu (streptavidin) YagUunuinufisensening Streptavidin wag biotin @1unsaunly
fmafalunsasaliesesiang q Wiussansamia iesmnluiussfuuiiaaes non-covalent 1iide
Fuilagyinisin streptavidin vunszay lneanuladlasiasiaiussvesgaglaauunseauaie TEMPO, 1-ethyl-
3-(-3-dimethylaminopropyl) carbodiimide (EDC) iag N-hydroxysuccinimide (NHS) Pniuazin LAMP-primer
#ae biotin  wazthluvenuunszauiiiia streptavidin wéa iilelslnsiwesgndafneguunseany antduiy

aaa

dulszneuvesfiser LAMP duq Aewhluvlugumgiiivenzan udishunsisaeuniudisavesnisi
Ufisenseddou
6.2 n1sl4ddon 4QL™ 9aufiu paper-based LAMP

widhsdwanngivnzanlunsliddon 4QL” Tumsmsanaeuanudualunsiufisen LAMP vy
F1unTEAy WieliaunsaifuauuanAssErIsaUInLasRaaulfeg L uTian
6.3 nagaua21ula (sensitivity) Y89 paper-based LAMP

dmFunsvageauaiuliagyin 10-fold serial dilutions ievnanuifuduvesiiduletesiigniianunsn
\AinUdATenlé Tnenns spike 1o £ coli wae S. aureus ATCC 25923 adluiiiony anuiduduseaing 3.30x10° fs
3.39x10" dunAduedunuy uaz 3.3x10° 89 3.39x10° dundiduedunuy audsu aantunsaeaounis
Lﬁm‘dﬁﬁ%a’ﬂmamié’ammmsmgauﬁmaﬂ 40L”" wagtUSuuifioutuds LAMP-HNB, LAMP-GE way PCR-GE
7. msUsafiuuszansamnisasanidielufitegneemsase

Aunsiusesaiidenadalnglians n= (p (1-p) 2V’
1ng n = sample size
p = percentage picking a choice (MNNSNUMMUSHIITINY auuRSevaziinufie 0.05-0.15)
z = the z-score (1.75 for a 95% confidence interval) W@y
e = margin of error (0.1)
ot n = 44.55 fregrensiifevariinuie 0.05 uay n = 39.05 fedunsalsosaziinuie 0.15

asuimslainnuiegiemsedstlesdian n = 45 feeng

N UUsEANTANY0IYRNTIAlAEN1IATIANTR S. aureus T@319a1iiY enterotoxin A Tua s Avi
Nniileny Usznnuyta nen uazeg1s nfruemssumslungavm 9w 45 fege lagldszeziianlunisuy
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v v 2 o v v 14 .
45 wil uagnsvaeunamisddey 0L Wisuiflsuiunisnsianadieddonfiduengeaisawus Novel Juice
(GeneDireX, Inc.)

HANSNARBILATRAUTIEHAN VNGBS
1. mamannziiwanzaslunisitufizen LAMP
1.1 anzmanzanlun1sinuisen LAMP dwsu E. coli

Mnlnsiesfidnmgsodu phoA ves £ coli ynanewug Me158an1naAdenes Stratakos et al. (2017)
waznaisevesnisinuisidaslifiSuoataneiunes £ coli ATCC 25922 lunismanmsiffialun1siujase,
LAMP TagvinnsmaassusniU§izenilenmgdl 61, 63 waz 65 asrniwaidoa Wuwian 15, 30, 45 uay 60 U7l nu
puvnifiafigadlianusinizuasanuly uarannsnlinavanldlngldssosnanduiignfiogumgd 63 oeen
walded 19a1 30 unil

M 12 3 4 5

-~

“ o

[ )
500 bp——w n
300 bp——
200 bp—— -
100 bp——

. 9. f.
Uil 2 nanfusivesUfAzen LAMP 7 n) 61 ssmwaldoa v.) 63 ssmwaldoa wag ) 65 osrvalda Tu
spggainnaty; oM uaUASueNATEIL 100 bp, W01 FaAuANAy, UNAT2 Tisseznatuy 15 unil, wnaiis
30 Ufl, W0Ria 45 Wi wag waafia 60 Wi mudey TneldRiBueduluuUSIN 3.39x10° copies/reaction

1.2 anzanzanlun1sinuisen LAMP dwsu S. aureus

Nnlwswesisumzdedu sea w09 S. aureus aeWudfinAnansiy f1sBananeydndingiani
1603001252 ¥04AMHITY (USINT auysaluziagany, 2560) LavnaIdsvesmsAnuluadstaddasueadn
VETUIBAT S. aureus ATCC 25923 T,ﬂEJmivmamﬂuﬁwﬁﬁ%mﬁqmwgﬁ 61, 63 WAy 65 paAwaLded LuLan
15, 30, 45 g 60 Ui nugmMgliTATigadmIum NI IMzuazal uazfiannsaifanauinlilasldszezinan

P

duiignregamgll 63 ssmwaioa 19aan 30 Wil (Ul 3)
M 1 2 3 4 5 M 1 2 3 4 5

. ' v.

a

JUN 3 ndndueivesuisen LAMP 1 n) 61 aseniwalded v) 63 asrnvalfied uay a) 65 sernvaideua lu

szezaTinnaiu lnaau M uwuiduennsgiu 100 bp, vineiay 1 famuauay, 2 fisseziaiiy 15w, 3 30
= = = °o w vl v a 3
wifl, 4 45 Wi uaz 560 Wil awuddu Tagldfduesuiuuain S aureus ATCC 25932 U3unau 3.3 x 10

copies/reaction
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2. Ujji3en LAMP saufuddou 4QL2+ (lunaan PCR)
2.1 U1 LAMP saufiudideu aoL”" melutunauien

Luaﬂmﬂmswmmmsmﬂgﬂ%m LAMP Imamﬁamwgmmu,amﬂaaaummmﬁwaaﬂgﬂimlﬂmeﬂ,u
fupouenazdiwantunoulumansaeuuarananudssanniniansiuteuld §ide3ddvaasmanmei
wanzaulunsviufazen LAMP saufuddeuiisumedenidueldun aQl’ “Toelddtenlundonivasiusznay
LAMP 3uq wiihluduiiieliAnufiter Tneneaouiimnudadud 30, 40 wag 50 lalasluans Gawanisvaaes
MugUR 4 nuidinnausnsswemauInkazNaauidntiosfinutuiud 30 lulasluand uidreudrsanadesan
anududuvesdm evndndnse LAMP fldlunsaeaeulngliiaadidalnslnidanuin fiflsanasauiniiaany
utud 30 llasluansvihduiivsnguuuremandas LAMP Sshaziinainmsiiddenluduiulnsmeiviefidu
wdfuuuy demalilududinmaifniisen LAVP vilvideornuduturesddoushas UiAsen LAMP Fudalddy
og1lsfn fnrunduduvesddousnagliannsodunaiumiuunnisessauinldfoniva Fuhlildansn
Hagou 40L™ Saufunmsviufisen LAMP neludumeudenls

Dye : 30 uM 40 uM 50 um
* = + =& =

AA KA AR

nauLu

1}
%

]

]
(¢

URILIN

f. 9.
JUN 4 mMviiTen LAMP wieurduddeu n) naainnisgnisilfsuudasvesddeunsuuaynasniiufiten ves
FetImUANUINLAFIENAILANAY Way 9) Naarneadianlastn3da Tnnnududud 30, 40, 50 uaz was 0 lu
Tasluans anugdiu sl 19RSwean £ coli ATCC 25922 10 ng (muauuIn) wazindy (AIuALAY)

2.2 Ujjifsen LAMP saufiu@idon 4QL2+ WU 2 Tumay

Mnnsinuinddon aQL” EJ‘UENﬂﬁLﬂG]UQﬂiEH LAMP $reimaiaesuduntanisnsnaeuidy 2 tuneu
fio FunaiuUiuuiduefomeda LAMP uazdunsnmadeunadiedden Tnglunsnsaaeunasylddden
At 50 lulastuand wag LAMP product 2 lulasans ilesainwdnfasialdannisiiufazen LAMP finw

¥

Wutugann winldddenadlulnnsdazidunnauldaiunsauenauuandisvesmauinld vaugidgiiudmin
anuduturesddersnnifuluiileieufuunnavemanias LAVP enadwmaliiAnnaauuassls iesandiad
Lilédurundnstasimdond shlvisununsdanndiasuld
2.2.1 ANMUTUNIRILAFMTUNIAT E. coli
dmsuaeiusuuniisefilinaasududunanisnaasunununauin Téud Adueves £ coli anestug ATCC
25922 waz MCCU0349 fildanmsafinuey wazdmiuideildvadeunaau Aemduainuuniiteiu ilily £
coli loun E. cloacae, S. aureus, S. epidermidis Lavtndu nuin waildannds LAMP-4QL>" skauinianigi
Buieves £ coli iy F9nseiuis LAMP-HNB wagBunnsgiu LAMP-GE 3vasuléd3s LAMP-aQL™ Tunns
#3798 phoA 189 E. coli Tilfaudimegs (Ui 5)
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1 2 3 4 5 1 2 3 4 5
A A B A A A A a A A
n .

e—
| —
= =
500 bp— =
i — -
300 bp——‘ el 500 bp——-
200 b I —
100, [ 2000,
P—™ -
100 bp— s
fl. d.

;nlﬁ 5 HANSVARDUANLTIINEYBINIATINN E. coli 1neFB n) LAMP-4QL™" %) LAMP-HNB A) LAMP-GE Was )
PCR-GE 1n® 403 M LnULaUROUeNInIgIY, vaneiay 1 Aediet e £ coli ATCC 25922, 2 fe E. coli
MCCU0349, 3 @8 E. cloacae N/A, 4 79 S. aureus ATCC 25923 waz 5 Ao S. epidermidis ATCC 12228
AIUAIFU

2.2.2 ANUIUNWIZLRNZIFMTUNITATID S. aureus
dmiuameiusuuaiiFeilivaaoudusunanisnadeuaunuaavinldun fduieves S aureus anevug
ATCC 25923, MCCU0357 uaz MCCU0370 ﬁiéfmﬂmiaﬁ’wmu Lazdeilivnaeunaay Aediduanuuaiiise
EJuG] laun 5 epidermidis, S. sa,orophyt/cus E. Co(/ LLa”mﬂau wuin waitléands LAMP- 4QL T eavinenIgi
Buevende . aureus mawuﬁmmammiwmmuu mmnﬂmﬁ LAMP-HNB uag35u1m5g1u LAMP-GE 3aa3ulan
3 LAMP-4QL”" Tun15057aviu sea 109 S. aureus uummmmm%qmmu
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200 bp——
100bp . = - -

<
.

f. 3.

gﬂﬁ 6 HANSNAGDUAILTLWIEVDINTNTIIM S. aureus 1ae5 n) LAMP-4QL”" ) LAMP-GE ) LAMP-HNB uag
9) PCR-GE o ua3 M LLamLLauﬁLSuLammsg'm, LY 1 AR89 S. aureus ATCC 25923, 2 Aa S. aureus
MCCU0357, 3 9 S. aureus MCCU0370, 4 fia S. epidermidis ATCC 12228, 5 A9 S. saprophyticus ATCC 15305
uay 6 Ao E. coli ATCC 25922 pnuandiu

2.2.3 anulidmsunisnsaa E coli

s wansaeifldainnisiiud3inaleeds PCR waznsuaududuiivivounds tundeansiiany
Wudulugag 10° = 107 wisdewiouwi 3.39x10° 89 3.39x10" dnunfdue 9ty LAMP-4QL™ wuin
anudududitesiigaiifianunsaiinufitels fe 33.9 dumesidueitming (U 7) Fstianulawiiiuiuis
LAMP-HNB ua£33 PCR usitfosndnas LAMP-GE (3.39 d1iun) e1aiilessnainds LAMP-4QL” ilunisguaannaina
wanA1YesdReaUan ildmndnisidsunlaaiisadntesasylidanelaen luraeiins LAMP-GE dodld
1304 gel electrophoresis Liteldnszugliiinuenmumnanuenvesdiduuaiidue uasilugnaneliuasy
WliudasdnsafinUsnanfisadniesfiawnsadiusauvemansusiladanit sgnslsin anuanunsalunisnsiata
999 LAMP-6QL”" 91 33.9 dwuniidule 5mf1|,ﬁmwaLLé”qﬁm%’umsmwi’mmmsgfmnWiUuLﬁaumaaﬁa E. colilu
9IS
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1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
AR A AA A g A AR AR A A A AR A A
U A
1 2 3 4 5 6 ; | 2 3 4 5 6 i & 2 3 4 5 6
A AR A A A A A A A & A A m A A A 3z &

<
[y
N
w
j» <
w

[

"0

[} o
A
1
B |
i

- :
(]
el 500bp—r= ‘ 500bp—-: b 0 B
300 bp—— - 300 bp—= 300 bp—: AT R R
200 bp— s 200 bp—— = 200 bp—— : ‘ =
100 bp— 100 bp——w= - - . 100 bp—ww
% % al
M 1 2 3 4 5 6 gﬂ‘i’?i 7 wan1svadeuaHlIveINIATIINNTe £ coli ATCC
W G 25922 19833 (1-A) LAMP-AQL™" fivaan n) 30 wift v) 45 wifl
= : . waz A) 60 W1 (3-2) LAMP-HNB ‘ﬁL’JaWIﬂ) 30 w19 2) 45 Wi
500 bp —— - 4 way a) 60 W17l (v-a1) 1aeds LAMP-GE #iL3a1 %) 30 u1#l @) 45
300bp -« e e W9 wag ) 60 Wil ay () 1meds PCR (30 50U) 1y M unu
200bp— . LaURLBWENAIFIY, 1 AefmuaNay, 2 A 3.39 x 10" dwund
100bp— . Bue, 3 fie 3.39 duniiBwe, 4 Ao 3.39 x 10 duwiiEwe, 5
& Ao 3.39 x 10" duwmibule uag 6 @ 3.39 x 10° duumidule
AIUAIAU

2.2.4 anuldmIun1INeIn S. aureus

Mnmsthwdadasiildannaivdimulag?s PR wagvsuarududuiiniuound sudeandiianu
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lasluans nanudlianunsanenanuuanaessniauInwazaaule
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Side view
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Fluorescent hybridization probes are important tools for rapid, specific and sensitive analysis of genetic
mutations. In this work, we synthesized novel alkyne-modified styryl dyes for conjugation with pyrrolidinyl
peptide nucleic acid (acpcPNA) by click chemistry for the development of hybridization responsive fluo-
rescent PNA probes. The free styryl dyes generally exhibited weak fluorescence in aqueous media, and
the fluorescence was significantly enhanced (up to 125-fold) upon binding with DNA duplexes. Selected
styryl dyes that showed good responses with DNA were conjugated with PNA via sequential reductive
alkylation-click chemistry. Although these probes showed little fluorescence change when hybridized to
complementary DNA, significant fluorescence enhancements were observed in the presence of structural
defects including mismatched, abasic and base-inserted DNA targets. The largest increase in fluorescence
quantum yield (up to 14.5-fold) was achieved with DNA carrying base insertion. Although a number of

Received 4th July 2019, probes were designed to give fluorescence response to complementary DNA targets, probes that are

Accepted 10th September 2019
DOI: 10.1039/c90b01492f

responsive to mutations such as single nucleotide polymorphism (SNP), base insertion/deletion and
abasic site are less common. Therefore, styryl-dye-labeled acpcPNA is a unique probe that is responsive

rsc.li/obc to structural defects in the duplexes that may be further applied for diagnostic purposes.

its simplicity and efficiency in terms of sensitivity and speci-
ficity.”> In addition, it can provide information about the con-
centration and location of the nucleic acid target in real-time

Introduction

Detection of genetic variations or mutations including single

nucleotide polymorphism (SNP), base deletion, abasic site,
insertion and tandem repeats has important applications in
many areas." Although the continuously developed sequen-
cing-based methods have provided very detailed information
at a reasonable time scale and cost over the past few years, a
large investment in terms of instruments and skilled operators
is still required and these methods often provide too much
information that requires complicated analyses. On the other
hand, the use of fluorescent hybridization oligonucleotide
probes that are capable of detecting specific nucleic acid
targets in homogeneous solution is still of importance due to
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Chulalongkorn University, Phayathai Road, Patumwan, Bangkok 10330, Thailand.
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tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c90b01492f

9712 | Org. Biomol. Chem., 2019, 17, 9712-9725

and non-invasive fashion that cannot be equaled to that pro-
vided by other methods. The first generation hybridization
probes consist of an oligonucleotide strand carrying two dyes
that interact differently in response to the hybridization-
induced conformational change, leading to a fluorescence
change in response to the presence or absence of the target.’
Later, singly-labeled probes have been developed whereby the
dye must be able to change its fluorescence upon hybrid for-
mation.” This can be achieved by employing the interaction of
the dye with double-stranded DNA (dsDNA) via intercalation or
groove binding, or by sensing of the local environment change
such as polarity. Examples of such environment-sensitive dyes
which have been successfully used to develop hybridization
responsive oligonucleotide probes are pyrene® and thiazole
orange (TO)®® or related cyanine dyes.’

Styryl dyes are a class of fluorescent dyes that consist of an
electron-deficient N-alkylated heterocyclic ring and an elec-
tron-rich aromatic ring connected to each other via a double
bond to create an extended n-conjugated system.'®"" The excel-
lent fluorescence properties of styryl dyes that are dependent
on the environment make them useful as optical sensitizers,"?

This journal is © The Royal Society of Chemistry 2019
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as sensors for various ions or small molecule targets such as
cyanide,">' silver,'® hydrogen peroxide,'®'” and thiols,"® for
biomolecular labeling,'®*° and bioimaging application.*'"*?
Although certain styryl dyes are known to bind to DNA with
concomitant fluorescence enhancement,>*?® their use has
been limited to DNA staining and very few of these dyes have
been further developed into fluorescent hybridization probes.
In this context, the Wagenknecht group had prepared a click-
able quinoline-indole cyanine (CyIQ) dye and incorporated it
into DNA probes, but the singly-labeled probe showed only a
small response to DNA targets.>® Therefore, an additional dye
such as thiazole red (TR) was required and the fluorescence
resonance energy transfer (FRET) principle was employed to
create a wavelength-shifting probe that can change its color
from yellow (CyIQ) to red (TR) upon hybridization with comp-
lementary DNA due to the change in FRET efficiencies
between the two dyes.”” A similar wavelength-shifting probe
has been applied for the detection of adenosine using a
labeled adenosine aptamer.>®

However, oligonucleotide probes are readily degraded by
nucleases, and their target specificities are not always
ideal.”>?® Several synthetic oligonucleotide analogues have
been developed in order to address these problems. Peptide
nucleic acid (PNA) is a remarkable example of an oligo-
nucleotide analogue in which the deoxyribose-phosphate
backbone of DNA is completely replaced by a peptide-like
backbone. PNA not only offers excellent chemical and biologi-
cal stabilities, but it also recognizes complementary nucleic
acid targets with even greater affinity and specificity compared
to natural nucleic acids.*** PNA is therefore a promising can-
didate for the development of fluorescent probes for the
homogeneous detection of nucleic acid both in vitro and for
real-time detection in living cells.*® Pyrrolidinyl PNA with an o/
B-dipeptide backbone deriving from proline/2-aminocyclopen-
tane carboxylic acid (acpcPNA) is a new generation of PNA that
binds to DNA with higher affinity and specificity compared to
aegPNA because of the more rigid conformation.** Several
singly-labeled fluorogenic acpcPNA probes have been devel-
oped by using fluorescence nucleobases®>° or by backbone
modification with pyrene,*” carbazole,*® thiazole orange®® and
Nile red.” Only one example of styryl-dye-labeled acpcPNA
probe was reported, and it was used in combination with
another label on the DNA strand for the monitoring of strand
displacement and invasion into DNA duplexes.*!

The main objective of this study is to investigate the poten-
tial of using styryl-dye-labeled acpcPNA as a new fluorescent
probe for DNA sequence analysis. Alkyne-functionalized styryl
dyes were synthesized and conjugated to the backbone of
acpcPNA via the sequential reductive alkylation-click chemistry
previously developed in our group.** Next, the optical pro-
perties of the styryl-dye-labeled acpcPNA probes were investi-
gated in the presence of various DNA targets. In contrast to
our expectation, the styryl-dye-labeled acpcPNA probes were
more responsive to the presence of structural defects, most
notably base insertion, than to perfectly complementary DNA
targets. This suggests potential application of the developed

This journal is © The Royal Society of Chemistry 2019
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styryl-dye-labeled acpcPNA probes for the detection of base
insertion in the DNA targets.

Results and discussion
Synthesis of clickable styryl dyes

A library of styryl dyes bearing a propargyl group for further
conjugation to the azide-modified acpcPNA backbone via click
chemistry®® was first synthesized. Synthesis of styryl dyes
required two building blocks: an N-alkylated heterocyclic
ring system carrying an acidic methyl group (2-methyl-
benzothiazolium and 4-methylquinolinium salts) and an aro-
matic aldehyde carrying different aromatic ring systems
(benzene with various electron-donating or -withdrawing sub-
stituents, thiophene, carbazole, coumarin, and pyrene). In the
first step, 2-methylbenzothiazole and 4-methylquinoline were
reacted with propargyl bromide or methyl iodide (when the
propargyl group was to be attached elsewhere in the dye mole-
cule) to afford N-methyl/N-propargylbenzothiazolium (a, b,
and ¢) and N-propargyl/N-methylquinolinium (d and e) salts.
Next, these salts were condensed with an appropriate aromatic
aldehyde via an aldol-type reaction to afford the alkyne-
modified styryl dyes in 15-97% yield. The reactions were
carried out either in acetic anhydride®* or in refluxing ethanol.
Counterion exchange to PFs  was carried out when the
bromide or iodide salts of the products did not spontaneously
precipitate. The primary amino-substituted dye 5a was pre-
pared and stored in the N-Boc-protected form (5), but the
optical properties were measured after the removal of the Boc
group by treatment with trifluoroacetic acid (TFA). With the
exception of a known compound 3," all other alkyne-modified
styryl dyes have not been previously reported in the literature.
The synthetic scheme of these novel clickable benzothiazolium
(1-17) and quinolinium (18-19) styryl dyes is shown in
Scheme 1.

Optical properties of free styryl dyes

Dependency of optical properties of structurally related styryl
dyes on both polarity and viscosity of the medium has been
well-recognized.**** The absorption properties of 3 as a repre-
sentative styryl dye in solvents with different polarities (water,
MeOH, MeCN, DMSO, EtOAc and THF) clearly show its solvato-
chromic behavior (Fig. 1A, Table S17). The plot of the absorp-
tion energy vs. the ET(30) solvent parameter shows a good cor-
relation (Fig. S337). The observed negative solvatochromism
(blue-shifted absorption maxima in more polar solvents) indi-
cates better stabilization of the ground state dye relative to the
excited state, which is typical of n — n* donor-acceptor dyes.*®
On the other hand, no clear correlation between the emission
energies and solvent polarity could be deduced. This may be
explained by the presence of multiple twisted excited states
that can contribute to the fluorescence emission.*”*® It should
also be noted that the ET30 parameter reflects the combi-
nation of solvent properties based on a single reference dye
which may not necessarily be the same as the styryl dyes being
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Fig. 1
recorded in 10 mM sodium phosphate buffer pH 7.0.

investigated. Hence, a multi-parameter correlation such as the
Kamlet-Taft solvatochromic scale may be necessary for more
precise analyses,*® but this is beyond the scope of the present
work.

The fluorescence quantum yield of 3 as the free dye was
generally small (&g = 0.001-0.02) which could be ascribed to
the rapid internal rotation leading to the enhanced radiation-
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(A) Absorption and (B) fluorescence spectra of styryl dye 3 in various solvents. Conditions: [3] =
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1 pM, dex = 525 nm. The spectra in water were

less decay of the excited states. This was supported by the
strong fluorescence increase of the dye in high viscosity media
such as glycerol (Fig. S347). A significant fluorescence increase
together with red-shifting of the absorption maxima was also
observed in non-viscous low-polarity solvents, such as ethyl
acetate and THF (Fig. 1B, Table S17). The fluorescence increase
in these cases may also involve a local change in micropolarity
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Table 1 Optical properties of alkyne-modified styryl dyes: absorption maxima Amax(abs), extinction coefficients (¢), emission maxima Amax(em), fluo-

rescence quantum yield (®) and fluorescence enhancement ratio (F/Fo)?

Amax (Nm) D’ Brightness? &; (DNA)
Dye e (x10* M "em™) abs em FIE, Dye +DNA Dye +DNA r (dye)
1 1.3 297 475 1.0 n.d. n.d. n.d. n.d. n.d.
2 3.5 399 498 0.5 n.d. n.d. n.d. n.d. n.d.
3 6.2 533 605 25.6 0.001 0.032 81 1.9x10° 32.0
4 4.1 486 590 23.4 0.009 0.142 3.6 x 10” 4.6 x10° 15.8
5a 3.5 477 579 14.3 0.003 0.036 1.1 x 10% 1.2 x10° 12.0
6 6.9 519 584 41.1 0.003 0.134 2.1x10% 9.2 x10° 44.7
7 3.1 516 671 17.9 <0.001 0.002 ~3 60 >20
8 2.3 578 628 20.8 0.005 0.083 1.0 x 10% 1.8 x10° 16.6
9 2.7° 387° 447 1.2 n.d. n.d. n.d. n.d. n.d.
10 3.0 413 514 1.0 0.003 0.003 81 77 1.0
11 0.8 439 529 0.8 n.d. n.d. n.d. n.d. n.d.
12 2.2° 373°¢ 450 1.3 n.d. n.d. n.d. n.d. n.d.
13 7.6 551 639 3.4 0.043 0.162 3.3x10° 1.2 x 10* 3.8
14 2.8 479 632 1.0 0.010 0.011 2.8 x 10” 2.9 x 10” 1.1
15 1.2°¢ 281° 552 0.8 n.d. n.d. n.d. n.d. n.d.
16 2.8 292 376 1.1 n.d. n.d. n.d. n.d. n.d.
17 1.7 468 595 4.3 n.d. n.d. n.d. n.d. n.d.
18 4.4 541 702 37.8 <0.001 0.024 26 1.0 x 10° >24
19 3.3 537 668 124.8 0.001 0.102 40 2.8x10° 102

“ Conditions; [Dye] = 2 uM, [DNA] = 1 pM; [DNA(in bp)]: [Dye] = 15: 1; all measurements were performed in 10 mM sodium phosphate buffer pH

7.0 unless otherwise stated. dsDNA =

5-CGCGGCGTACAGTGATCTACCATGCCCTGG-3'

+ 3'-GCGCCGCATGTCACTAGATGGTACGGGACC-5'.

b Fluorescence intensity with dsDNA (F) and without dsDNA (F,). © See the ESIt for the details of the fluorescence quantum yield (@) calculation.
4 Brightness = & x ®p. ©In MeOH. n.d. = not determined due to the very weak fluorescence intensity or small fluorescence response with DNA.

that can affect the rate of non-radiative decay of the excited
states of the dye molecules.*® Although quenching due to self-
aggregation of the dyes can be proposed as an alternative fluo-
rescence change mechanism,*>*° the absorption maxima and
molar absorptivity of 3 in aqueous buffer solution were essen-
tially constant over the concentration range of 0.1 to 5 uM
(Fig. S357), indicating no aggregation of the dye at the experi-
mental concentrations. Such sensitivity of absorption and fluo-
rescence properties of styryl dyes to the environment suggest
their potential utility as a label for the development of hybrid-
ization responsive fluorescent probe.

The fluorescence quantum yields and fluorescence enhance-
ments of all clickable styryl dyes in the presence of a random
sequence 30 base pair DNA duplex (dsDNA) were determined in
aqueous phosphate buffer. The ratio of the dye and DNA was
first optimized by titration of 3 into a fixed concentration of a
30 bp dsDNA (1 pM) (Fig. S361). The fluorescence was rapidly
increased until the concentration of 3 reached 2 pM (equivalent
to 15 bp per dye molecule) which indicated the saturation of all
available binding sites. Therefore, all subsequent experiments
were performed at a concentration dye = 2 pM and dsDNA =
1 pM. Based on the non-linear fitting of the titration curve of 3
with dsDNA, a binding constant of 6 x 10* M~ was estimated,
which was in good agreement with the values of related dyes
reported in the literature.>>>*

Next, the optical properties including absorption maxima
[Amax(abs)], molar extinction coefficients (¢), fluorescence emis-
sion [Ama(em)] and fluorescence quantum yield (@g) of all
alkyne-modified styryl dyes in aqueous phosphate buffer were
investigated in the absence and presence of dsDNA (Table 1).

This journal is © The Royal Society of Chemistry 2019

Although most of the styryl dyes are weakly emissive in the free
state as shown by the very low fluorescence quantum yields,
the fluorescence emission intensities of dyes 3-8 and 18-19
were significantly increased (14 to 125-fold) in the presence of
dsDNA (Table 1, Fig. 2). In contrast, no or very small fluo-
rescence enhancement was observed for dyes 1-2 and 9-17
(Table 1). The increase in fluorescence emissions/quantum
yields upon binding of the styryl dyes to dsDNA can be
explained by both the restriction of internal bond rotation and
the change in local micropolarity around the dye molecule as a
result of intercalative or groove binding. To further confirm
that the fluorescence increase of the styryl dye is selective to
DNA, dye 3 was tested with two other anionic polymers includ-
ing heparin and poly(styrenesulfonate) at a similar dye/nega-
tive charge ratio. No fluorescence change was observed with
heparin, and a smaller response was observed in the case of
poly(styrenesulfonate) (Fig. S37t). Considering the presence of
both negative charge and hydrophobic/aromatic moiety in poly
(styrenesulfonate), such a non-specific interaction is not
entirely unexpected and has been observed in other DNA-
binding dyes.>® Nevertheless, the results clearly indicate that
the dye responds to DNA in a fairly selective fashion.

Conjugation of styryl dyes to acpcPNA probes by click
chemistry

Since styryl dyes bind to any DNA sequences without speci-
ficity, combination with a probe such as PNA was necessary to
target specific DNA sequences. The dyes that showed a good
response with dsDNA including 3-8 and 18-19 were therefore
selected for PNA labeling to create a hybridization responsive

Org. Biomol. Chem., 2019, 17, 9712-9725 | 9715
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Scheme 2 Conjugation of styryl dyes to the backbone of acpcPNA by click chemistry.

probe, with the assumption that the dyes that show good
responses to the DNA duplex would bind to PNA-DNA duplexes
in the same way. The selected dyes were post-synthetically con-
jugated onto the backbone of azide-modified acpcPNA by

9716 | Org. Biomol. Chem., 2019, 17, 9712-9725

click chemistry in the presence of tetrakis(acetonitrile)
copper(l) hexafluorophosphate/tris((1-benzyl-1H-1,2,3-triazol-
4-yl)methyl)amine (TBTA) (Scheme 2).*° The progress of the
click reaction was conveniently monitored by MALDI-TOF MS
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(Fig. s38t1). Two model acpcPNA sequences (T9 and M10)
bearing various styryl dye labels were synthesized and charac-
terized by MALDI-TOF MS (Table 2). It should be noted that
the acidolytic cleavage of the PNA labeled with dye 5 from the
solid support resulted in the simultaneous deprotection of the
Boc group to give dye 5a carrying a free NH, group. The yields
of isolated products (ranging from 4 to 19% at a 0.5 pmole
scale) were somewhat lower than the typical range (10-30%)
for the synthesis of unlabeled acpcPNA. This could be attribu-
ted to the inefficiency of the click reaction because some styryl
dyes were partially decomposed under the reaction conditions,
as well as to some loss during reverse-phase HPLC purification
at such small scale syntheses.

Optical properties and DNA binding studies of styryl-dye-
labeled acpcPNA probes

All synthesized PNA probes and their respective hybrids with
complementary, single mismatched, base-inserted and abasic
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DNA targets were evaluated in terms of thermal stabilities and
optical properties. The thermal stability data showed that the
styryl-dye-labeled acpcPNA retained the ability to strongly hybri-
dize with complementary DNA (Table 3). The specificity of the
recognition of the DNA target by the PNA probe was confirmed
by the large decrease in thermal stability in the presence of
non-complementary DNA targets carrying single base mis-
match (—23 to —30 °C for T9 and —17 to —25 °C for M10), base
insertion (—13 to —26 °C for T9 and —6 to —19 °C for M10) and
abasic site (—18 to —25 °C for T9 and —16 to —26 °C for M10).
Interestingly, DNA targets with base insertion appeared to give
a consistently smaller T}, decrease when compared to other
types of mismatches. The effects can be most clearly observed
in probes M10-5a, M10-18 and M10-19 (Table 3).

The single-stranded PNA probes were generally more fluo-
rescent by an order of magnitude when compared to the free
dyes (Table 3). For example, the fluorescence quantum yields
(®p) of dye 3 in the free form and when incorporated into the

Table 2 Yield of isolated products and mass (MALDI-TOF) data of styryl-dye-labeled acpcPNAs obtained via sequential reductive alkylation-click
reaction

PNA Sequence (N — C) tr“ (min) yield” (%) m/z (caled) m/z (found)
T9-3 Ac-TTTT(3)TTTTT-LysNH, 33.3 19 3598.0 3599.8
T9-5a Ac-TTTT(5a)TTTTT-LysNH, 32.3 14 3569.9 3570.9
T9-6 Ac-TTTT(6)TTTTT-LysNH, 34.4 11 3656.1 3656.5
T9-8 Ac-TTTT(8)TTTTT-LysNH, 32.4 10 3650.1 3648.3
T9-18 Ac-TTTT(18)TTTTT-LysNH, 33.7 15 3592.0 3594.6
T9-19 Ac-TTTT(19)TTTTT-LysNH, 34.1 11 3650.0 3651.6
M10-3 Ac-GTAGA(3)TCACT-LysNH, 31.2 9 3977.4 3978.4
M10-4 Ac-GTAGA(4)TCACT-LysNH, 30.4 12 3977.4 3980.7
M10-5a Ac-GTAGA(5a)TCACT-LysNH, 31.3 12 3949.3 3952.9
M10-6 Ac-GTAGA(6)TCACT-LysNH, 31.0 16 4035.5 4034.7
M10-18 Ac-GTAGA(18)TCACT-LysNH, 33.9 4 3971.4 3971.4
M10-19 Ac-GTAGA(19)TCACT-LysNH, 33.4 14 4029.4 4029.1

“HPLC conditions: C18 column, 4.6 x 150 mm, 3 p, gradient 0.1% TFA in H,O:MeOH 90:10 for 5 min then linear gradient to 10:90 over
30 min, flow rate 0.5 mL mln’1 260 nm. Purlfled by HPLC (>90% purity), spectrophotometrically determined based on the scale of the
synthesm

Table 3 Thermal stability and fluorescence data of styryl-dye-labeled PNA probes with various DNA targets®”

m (AT,) (°C) D(ds)/Di(ss)’
Jex Jem oo Single Base- Single Base-

PNA (nm) (nm) (ss) Complementary mismatched inserted  Abasic =~ Complementary —mismatched inserted Abasic
T9-3 525 595  0.018 73 45 (—28) 50 (—=23) 49 (—24) 0.7 2.1 5.6 6.8
T9-5a 487 571 0.027 73 46 (-27) 53 (=20) 50 (—23) 0.9 6.2 8.7 8.6
T9-6 525 586  0.040 73 43 (-30) 56 (—17) 48 (—25) 0.8 1.1 1.4 1.1
T9-8 565 622 0.001 68 45 (-23) 55 (=13) 50 (—18) 0.7 1.4 1.2 1.1
T9-18 560 682  0.006 73 45 (—28) 57 (—16) 48 (—25) 1.4 2.9 4.8 3.8
T9-19 568 668  0.023 71 41 (-30) 45 (-26) 50 (=21) 0.7 1.0 1.1 0.8
M10-3 525 602  0.019 52 35 (=17) 33(-19) 36(-16) 3.2 4.1 11.9 3.6
M10-4 510 588  0.065 57 41 (-17) 41 (-17) 38 (-19) 1.5 2.4 3.1 3.3
M10-5a 487 577  0.026 59 38 (-21) 54 (—6) 40 (-19) 1.8 4.2 14.5 3.6
M10-6 525 592 0.049 59 35 (- 24) 42 (-17) 40 (-19) 1.5 2.9 4.5 3.3
M10-18 560 692  0.007 59 34 (=25) 45 (-14) 33 (-26) 1.6 2.3 3.6 2.2
M10-19 568 663  0.025 60 35 (=25) 49 (-11) 37 (-23) 1.6 2.9 2.0 2.4

“DNA sequences for T9 series: complementary = dAAAAAAAAA, mismatched = dAAAATAAAA, base-inserted = dAAAACAAAAA, abasic
dAAAAXAAAA; for M10 series: complementary = dAGTGATCTAC, mismatched = dAGTGCTCTAC, base-inserted = dAGTGACTCTAC, abasic
dAGTGXTCTAC. ” Conditions: Phosphate buffer pH 7.0, [PNA] = 1.0 pM, [DNA] = 1.2 pM. “See the ESIf for the details of the ﬂuorescence
quantum yield (@) calculation.
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PNA probe T9-3 were 0.001 and 0.018, respectively. This can be
explained by the interaction between the dye and the PNA
molecule, which resulted in a change in local microenvi-
ronment and restriction of the internal rotation of the dye.
This proposal was supported by the significant red-shifting of
the absorption maxima of the dyes in the single-stranded PNA
probes relative to the free dyes under the same conditions
(Tables 1 and S27). Such dye-PNA interactions had been pre-
viously observed®® and were indeed the basis of the working
principle of many singly-labeled PNA beacons.*?

The fluorescence quantum yields of the single-stranded
PNA probes changed only a little in the presence of the comp-
lementary DNA target for all dyes tested (3, 4, 5, 6, 8, 18 and
19) regardless of the PNA sequence (0.7-1.4 fold for T9 and
1.5-3.2 fold for M10). This is in sharp contrast to our original
expectation and could reflect the different interactions
between the dye and PNA-DNA vs. DNA-DNA duplexes
(vide infra). On the other hand, significant increases in the
fluorescence were unexpectedly observed in certain PNA
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probes including T9-3, T9-5a, M10-3 and M10-5a in the pres-
ence of DNA targets carrying mismatch, base insertion and
abasic site (Table 3). For example, probe T9-3 gave 2.1, 5.6 and
6.8-fold increase in quantum yields for the mismatched, base-
inserted and abasic DNA targets, respectively, while the
quantum yield was decreased by 0.7 fold with the complemen-
tary DNA. For both PNA probe sequences, dyes 3 and 5a which
bear structural resemblance showed the most significant fluo-
rescence change in the presence of these “defective” DNA
targets. In the case of mix-sequence PNA probes M10-3 and
M10-5a, the best responses were observed for the base-inserted
DNA, which showed the increase in fluorescence quantum
yields of 11.7-14.5 fold (Fig. 3, Table S27). These changes were
much higher than the mismatched and abasic targets, and the
fluorescence change can be visible by the naked eye under UV
light (Fig. 3C). The structurally related dyes 4 and 6 whereby
the position of the alkyne attachment was on the benzene ring
rather than on the benzothiazole ring showed strong fluo-
rescence enhancement as a free dye upon binding to DNA, but
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(315 nm) at [PNA] = 5 uM, [DNA] = 6 uM; see Table 3 for the DNA sequences.
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not when attached to the PNA probes. This suggests the
crucial role of the position of the dye attachment. Likewise,
despite their good responsiveness to dsDNA as the free dyes,
the rather sterically hindered dyes 8, 18 and 19 when incorpor-
ated into the PNA probes showed little fluorescence change
towards all types of DNA targets.

Since these styryl dyes exhibit solvatochromic properties,
additional insightful information about the local environment
of the dyes in different types of PNA-DNA duplexes could be
obtained from the absorption spectra. Pronounced red-shifting
in the absorption maxima of the PNA probes (13-22 nm for
M10-3 and 28-29 nm for M10-5a) was observed upon binding
with DNA targets carrying a single base insertion or abasic site
located near the position of the dye (Fig. 3A and B). This indi-
cates that the dye in these defective PNA-DNA duplexes experi-
enced a less polar environment compared to the complemen-
tary duplex, whereby such large red-shifting was not observed.
Importantly, when the base insertion or the abasic site was
located away from the position of the dye, only small red-shift-
ing of the absorption maxima (Fig. 3A) along with a very small
fluorescence change was observed (Fig. 3A, Table S2t). The
experiments with DNA carrying different base insertion 5'-
AGTGANTCTAC-3' (N = C, A, T, G) confirmed that the large fluo-
rescence increase and the red-shifting of the absorption spectra
were general for all base-inserted DNA targets (Table S2t). A
negligible fluorescence change was observed in the case of the
non-complementary DNA target (1.2 fold), thus further confirm-
ing the specificity of the fluorescence enhancement.

The results presented so far revealed that the styryl-dye-
labeled PNA probes gave distinctive optical responses to the
base insertion, and smaller extents for the abasic site and
single base mismatch, but not to complementary DNA targets
as most conventional hybridization probes do. The confor-
mation of different types of PNA-DNA duplexes was further
investigated using circular dichroism (CD) experiments (Fig. 4).
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The CD spectra revealed that in all cases the hybrid was formed
as shown by a marked difference between the spectra of the
duplex and the sum of the spectra of the free probe and DNA
target. Interestingly, the CD spectrum of the duplex with the
base-inserted DNA target showed a positive band between 250
and 300 nm as a distinctive feature that was not observed in
other types of PNA-DNA duplexes suggesting subtle structural
difference among these duplexes. No induced CD signal in the
region of dye absorption could be observed in all cases. Strong
induced CD has been observed in certain styryl dyes-DNA com-
plexes and was attributed to the formation of chiral aggre-
gates,® but there are also styryl dyes-DNA complexes that show
very small®® or no induced CD at all.** Although the reason for
this is unclear at present, the absence of the induced CD signal
in this case is not unique and should warrant further studies.

Applications of styryl-dye-labeled acpcPNA probes for the
detection of base insertion

To demonstrate potential applications of the styryl-dye-labeled
PNA probe for the detection of base insertion mutation, the
sequence of Liddle’s syndrome whereby a single cytosine base
insertion in the f-subunit of the human epithelial sodium
channel gene was chosen as a test case.”> We investigated the
optical properties of acpcPNA probe M12-5a (Ac-CCCAGT(5a)
GTTGGG-LysNH,) in the presence of wild type DNA (5-
CCCAACACTGGG-3', Ty, >80 °C) which are fully complemen-
tary to the probe, and the Liddle’s syndrome sequence which
contained a single G base insertion (5-CCCAACGACTGGG-3',
Tm = 62 °C). The fluorescence data showed that the M12-5a
probe gave a larger increase in the fluorescence quantum yield
by 6-fold (®r = 0.157) relative to the single-stranded probe (& =
0.026) after hybridized with the Liddle’s syndrome DNA
(Fig. 5A). A smaller increase in the fluorescent quantum yield
was observed with the wild type DNA (2.4-fold, @ = 0.063).
Moreover, the absorption spectra showed a more pronounced

151
B ----- free probe
—— complementary
—— mismatched
10 ——base inserted

——abasic

CD (mDeg)

250 300 350 400

Wavelength (nm)

Fig. 4 CD spectra of (A) M10-5a + base-inserted DNA in comparison with the sum of the two components (B) M10-5a in the absence and presence
of complementary, mismatched, base-inserted and abasic DNA targets. Conditions: 10 mM sodium phosphate buffer pH 7.0 at 20 °C; [PNA] =

2.5 uM, [DNA] = 3.0 pM; see Table 3 for the DNA sequences.
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(A) Fluorescence spectra and (B) UV-vis spectra of PNA probe M12-5a in the presence of wild type and Liddle's syndrome DNA in 10 mM

sodium phosphate buffer pH 7.0; [PNA] = 1.0 uM, [DNA] = 1.2 pM, lox = 487 nm. Inset shows photographs under UV light (315 nm) at [PNA] = 10 pM,

[DNA] = 12 uM.

red-shifting in the case of the Liddle’s syndrome sequence
(25 nm, Apax = 525 nm) than the wild type DNA (5 nm, Apax =
505 nm) relative to the free PNA probe (lnax = 500 nm)
(Fig. 5B). Due to the small fluorescence signal difference
between the base-inserted and complementary DNA targets, a
quantitative measurement of the signal with appropriate cali-
bration may be necessary for practical applications.
Nevertheless, this example clearly showcases the potential
applicability of the styryl-labeled PNA probes in distinguishing
between base insertion mutation and wild type DNA targets.

Structural insights into the interaction of styryl dyes with
PNA-DNA and DNA-DNA duplexes

To gain further understanding of the interaction of styryl dyes
and PNA-DNA vs. DNA-DNA duplexes, fluorescence experi-
ments between free styryl dyes (3 and 18) and various
unlabeled acpcPNA and DNA hybrids were investigated. The
experiments showed that the fluorescence of both dyes was
almost unchanged in the presence of the complementary
PNA-DNA hybrid (Fig. S397). This behavior is in contrast with
DNA-DNA duplexes whereby significant fluorescence increases
were observed for both dyes (Table 1), indicating the difference
in the binding of styryl dyes to DNA-DNA and PNA-DNA
duplexes. This is consistent with the fact that a very little fluo-
rescence change was observed with styryl dye-labeled acpcPNA
probes, thus making these probes less useful for the detection
of complementary DNA target as originally intended. On the
other hand, significant fluorescence increases of both dyes
were observed with the hybrids of PNA and mismatched, base-
inserted and abasic DNA (Fig. S397), indicating that the dye
can only interact with the PNA-DNA duplexes when there is a
defect in the structure that may facilitate the interaction
between the dye and the duplex. It is known that typical inter-
calators and groove binders interact less strongly with
aegPNA-DNA than DNA-DNA duplexes.’® A cyanine dye DiSC2
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(5) can aggregate within the minor groove aegPNA-DNA duplex
templates,”” but the same aggregation was not observed with
aegPNA variants containing a substituent that can block the
minor groove, and therefore prevent the dye binding.>®

To explain the unexpectedly small response of the styryl-
dye-labeled acpcPNA probe towards its complementary DNA
target, the interactions between DNA-DNA and acpcPNA-DNA
duplexes with the styryl dye 3 were explored by molecular mod-
eling. The minor groove of the DNA-DNA duplex (PDB ID =
4c64)*° was wider (~6 A) and much deeper (~5 A) compared to
the corresponding acpcPNA-DNA duplex®® (width ~2-3 A and
very shallow) (Fig. S40At). The dimension of the groove
suggests that the styryl dyes should fit nicely into the minor
groove of DNA-DNA duplexes. A docking simulation with
Autodock Vina®"®* revealed that both 3 and 18 fit well into the
minor groove of the DNA-DNA duplex, whereas the backbone
of acpcPNA blocked styryl dyes from binding in the minor
groove of the acpcPNA-DNA duplex (Fig. S40Bf). Collectively,
these in silico studies were in agreement with experiments in
which fluorescence intensities of styryl dyes significantly
enhanced in the presence of complementary DNA-DNA but not
PNA-DNA duplexes.

Although previous experimental studies with structurally
related styryl dyes indicated that they predominantly interact
with dsDNA by groove binding,®*®* the intercalative binding
d.>>% Molecular dynamics (MD)
simulations were performed to gain further understanding of
the interactions between the dyes and the PNA-DNA duplexes.
The MD structure averaged along 10 000 structures of the last
10 ns MD trajectory for each system illustrated in Fig. 6
revealed that, for the M10-5a-DNA duplex carrying a base inser-
tion, the styryl dye was located in the PNA-DNA duplex and par-
tially stacked with the adjacent base pairs, while the inserted
cytosine base pointed outside the duplex. It can thus be con-
cluded that the presence of a defect in the structure creates a

mode has also been observe
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Fig. 6 Averaged MD structures of M10-5a binding to (A) base-inserted and (B) complementary DNA. See Table 3 for the DNA sequences.

binding site that allows the dye to fit in, resulting in the
observed fluorescence enhancement. Similar effects had been
previously observed in other acpcPNA probes, although with a
decrease in fluorescence®*” or a much smaller degree of fluo-
rescence increase.’® In contrast, only part of the dye molecule
was placed in the minor groove of the complementary M10-
5a-DNA duplex. This leads to a larger fluctuation of the dye
molecule in the complementary compared to the base-inserted
duplexes as confirmed by the root-mean-square deviation
(RMSD) of atomic positions. The RMSDs of dye structures in
the MD trajectory with respect to its averaged structure, which
refers to a change in the simulated dye structures along a
simulation time, were 0.5 + 0.2 and 0.8 + 0.3 A for the base-
inserted and complementary duplexes, respectively. Such a
large degree of flexibility is in good agreement with the
observed small response of the probe to complementary DNA.

Conclusion

In this work, we successfully synthesized novel alkyne-modi-
fied styryl dyes and conjugated them onto the conformation-

This journal is © The Royal Society of Chemistry 2019

ally rigid pyrrolidinyl PNA by click chemistry. The alkyne-
modified styryl dye exhibited low fluorescence in the free
state but yielded large fluorescence enhancement (up to
125-fold) in the presence of DNA. The styryl-dye-labeled
acpcPNA probes retained the ability to bind to their comp-
lementary DNA target, but the fluorescence change was
small. On the other hand, the probes yielded strongly
enhanced fluorescence with mutated DNA carrying base mis-
match, abasic site and, most notably, base insertion. Based
on spectroscopic studies and modeling, we propose that the
defect in the PNA-DNA duplex structure provides a binding
site that can accommodate the styryl dye located nearby, thus
resulting in the observed fluorescence enhancement. The
unique fluorescence response of the styryl-dye-labeled
acpcPNA probes can be considered to be a valuable addition
to only a few reported examples of fluorescent oligo-
nucleotide probes that are responsive to base insertion®® or
abasic sites®”®® in the DNA targets. As a result, the present
styryl-dye-labeled acpcPNA probes are potentially useful for
the detection of specific types of mutated DNA targets such
as base insertion mutations that generally do not respond to
conventional probes.
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Experimental
Synthesis of clickable styryl dyes

All styryl dyes were synthesized by condensation of 2-methyl-
benzothiazolium or 4-methylquinolinium salts and an appro-
priate aldehyde in acetic anhydride at 90 °C for 8-10 h
(Method A for 1-4, 6, and 8-14) or in refluxing ethanol for 8 h
(Method B for 5, 7, and 15-19). They are generally isolated
with the same counterion as the benzothiazolium or 4-methyl-
quinolinium salt used (iodide for N-methyl and bromide for
N-propargyl salts). In some cases when the product did not
precipitate, the counterion was replaced with PF,~ by the treat-
ment of the bromide or iodide salts with ammonium hexa-
fluorophosphate in methanol.
(E)-2-(2-(4-(2-Propynyloxy)phenyl)ethenyl)benzo[d]thiazole (1).
Yield 15% (3 steps, from 2-methylbenzothiazole); 'H NMR
(400 MHz, CDCL;): 6 7.90 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.3 Hz,
1H), 7.45 (d,J = 8.7 Hz, 2H), 7.40 (d, J = 16.4 Hz, 1H) 7.38 (t,] =
7.7 Hz, 1H), 7.21 (d, J = 16.2 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H),
4.65 (s, 2H), 2.47 (s, 1H); >*C NMR (100 MHz, CDCl;): § 167.3,
158.6, 153.8, 137.2, 134.2, 129.0, 128.9, 126.3, 125.2, 122.8,
121.4, 120.4, 115.4, 78.2, 75.9, 55.9; HRMS (MALDI-TOF): m/z
caled for CygH4,NOS™: 292.0796 [M + H]" found: 292.0796.
(E)-3-Methyl-2-(2-(4-(2-propynyloxy)phenyl)ethenyl)benzo[d]
thiazolium iodide (2). Yield 32%; "H NMR (400 MHz, DMSO-
de): 6 8.39 (d, J = 8.1 Hz, 1H), 8.24 (d, J = 9.1 Hz, 1H), 8.20 (d,
J = 16.2 Hz, 1H), 8.05 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 15.8 Hz,
1H), 7.84 (t, J = 7.8 Hz, 1H), 7.76 (t, ] = 7.8 Hz, 1H), 7.16 (d, J =
7.8 Hz, 2H), 4.93 (s, 2H), 4.32 (s, 3H), 3.65 (s, 1H); *C NMR
(100 MHz, DMSO-d): 6 172.0, 160.7, 148.4, 142.0, 131.9, 129.3,
128.3, 127.6, 127.4, 124.2, 116.7, 115.6, 111.7, 78.8, 78.6, 56.0,
55.9, 36.3, 18.5; HRMS (MALDI-TOF): m/z caled for
C10H;6NOS': 306.0947 [M]" found: 306.0952.
(E)-2-(2-(4-(Dimethylamino)phenyl)ethenyl)-3-(2-propynyl)
benzo[d]thiazolium bromide (3). Yield 81%; 'H NMR
(400 MHz, DMSO-dy): & 8.32 (d, J = 8.0 Hz, 1H), 8.16 (d, J = 15.2
Hz, 1H), 8.13 (d, J = 8.7 Hz, 1H), 7.95 (d, J = 8.8 Hz, 2H), 7.82
(t, J = 7.8 Hz, 1H), 7.74-7.67 (m, 2H), 6.89 (d, J = 8.8 Hz, 2H),
5.78 (s, 2H), 3.72 (s, 1H), 3.15 (s, 6H); *C NMR (100 MHz,
DMSO-ds): 6 189.8, 171.4, 153.9, 151.6, 140.4, 133.4, 129.0,
127.5, 126.6, 124.1, 121.5, 115.6, 112.1, 111.0, 105.2, 78.1, 76.0,
37.6; HRMS (MALDI-TOF): m/z caled for CyoH;oN,S': 319.1263
[M]" found: 319.1265.
(E)-3-Methyl-2-(2-(4-(N-methyl-N-2-propynyl)phenyl ))ethenyl)
benzo[d]thiazolium iodide (4). Yield 70%; "H NMR (400 MHz,
DMSO-de): 6 8.34 (d, J = 7.9 Hz, 1H), 8.14 (d, J = 8.8 Hz, 1H),
8.10 (d, J = 15.8 Hz, 1H), 7.95 (d, J = 8.8 Hz, 2H), 7.81 (t, ] =
7.7 Hz, 1H), 7.75-7.67 (m, 2H), 6.96 (d, J = 8.9 Hz, 2H), 4.34 (s,
2H), 4.27 (s, 3H), 3.24 (s, 1H), 3.09 (s, 3H); *C NMR (100 MHz,
DMSO-d): § 171.6, 152.2, 149.8, 141.9, 132.4, 128.9, 127.6,
127.0, 123.8, 122.7, 116.1, 113.0, 107.7, 79.4, 74.8, 41.0, 38.0,
35.8; HRMS (MALDI-TOF): m/z caled for C,oH1oN,S™: 319.1263
[M]" found: 319.1270.
(E)-2-(2-(4-(N-tert-Butoxycarbonylamino)phenyl )ethenyl)-3-
(2-propynyl)benzo[d]thiazolium bromide (5). Yield 82%; "H
NMR (400 MHz, DMSO-dg): & 9.93 (s, 1H), 8.46 (d, J = 8.1 Hz,
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1H), 8.31-8.23 (m, 2H), 8.04-7.99 (m, 3H), 7.91 (t, J = 7.8 Hz,
1H), 7.81 (t, J = 7.8 Hz, 1H), 7.67 (d, J = 8.5 Hz, 2H), 5.93 (s,
2H), 3.79 (s, 1H), 1.51 (s, 9H); “*C NMR (100 MHz, DMSO-d,):
5 172.6, 152.4, 150.3, 144.3, 140.5, 131.5, 129.6, 128.4, 127.7,
124.5, 118.0, 116.4, 110.6, 80.0, 78.7, 75.7, 38.4, 28.0; HRMS
(MALDI-TOF): mj/z caled for C,3H,3N,0,S™: 391.1480 [M]"
found: 391.1471.
(E)-2-(2-(4-(Diethylamino)-2-(2-propynyloxy)phenyl Jethenyl )-
3-methylbenzo[d]thiazolium iodide (6). Yield 69%; '"H NMR
(400 MHz, DMSO-d¢): 6 8.24 (d, J = 7.4 Hz, 1H), 8.06 (d, J =
15.2 Hz, 1H), 8.05 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 9.2 Hz, 1H),
7.75 (t, J = 7.9 Hz, 1H), 7.64 (t, ] = 7.7 Hz, 1H), 7.54 (d, J =
15.2 Hz, 1H), 6.54 (dd, J = 9.1, 2.0 Hz, 1H), 6.34 (d, J = 2.0 Hz,
1H), 5.08 (s, 2H), 4.15 (s, 3H), 3.75 (s, 1H), 3.53 (q, J = 7.0 Hz,
4H), 1.19 (t, J = 7.0 Hz, 6H); ">*C NMR (100 MHz, DMSO-dq):
5 171.1, 159.7, 153.4, 143.9, 142.0, 133.0, 128.7, 127.0, 126.3,
123.6, 115.6, 111.1, 106.5, 105.0, 95.0, 79.0, 78.7, 56.3, 44.5,
35.2, 12.6; HRMS (MALDI-TOF): m/z caled for C,3H,5N,0S":
377.1682 [M]" found: 377.1684.
(E)-2-(2-(4-(N,N-Diphenylamino)phenyl)ethenyl)-3-(2-propy-
nyl)benzo[d]thiazolium bromide (7). Yield 58%; 'H NMR
(400 MHz, DMSO-d,): 6 8.41 (d, J = 8.0 Hz, 1H), 8.26-8.20 (m,
2H), 7.94 (d, J = 8.9 Hz, 2H), 7.92-7.85 (m, 2H), 7.78 (t, J =
7.6 Hz, 1H), 7.46 (t, ] = 7.8 Hz, 4H), 7.27 (t, ] = 7.5 Hz, 2H), 7.23
(d,J = 7.5 Hz, 4H), 6.93 (d, J = 8.8 Hz, 2H), 5.86 (s, 2H), 3.76 (s,
1H); *C NMR (100 MHz, DMSO-dg): § 172.2, 151.8, 150.3,
145.3, 140.5, 132.2, 130.0, 129.4, 128.2, 127.4, 126.3, 126.0,
125.6, 124.4, 118.8, 116.2, 109.1, 78.5, 75.7, 38.1; HRMS
(MALDI-TOF): m/z caled for C3oH,3N,S™: 443.1576 [M]" found:
443.1579.
(E)-3-(2-Propynyl)-2-(2-(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-
ij]quinolin-9-yl)ethenyl)benzo[d]thiazolium hexafluoro-
phosphate (8). Yield 78%; "H NMR (400 MHz, DMSO-dq):
5 8.23 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.94 (d, J =
14.7 Hz, 1H), 7.75 (t, J = 7.8 Hz, 1H), 7.63 (t, ] = 7.6 Hz, 1H),
7.52 (s, 1H), 7.49 (d, J = 14.7 Hz, 1H), 5.67 (s, 2H), 3.70 (s, 1H),
3.41 (m, 4H), 2.74 (m, 4H), 1.91 (m, 4H); "*C NMR (100 MHz,
DMSO-dg): § 169.9, 151.4, 148.6, 140.4, 131.0, 128.8, 127.0,
126.1, 123.8, 121.5, 120.8, 115.0, 102.8, 77.8, 76.2, 49.8, 37.0,
26.8, 20.4; HRMS (MALDI-TOF): m/z caled for C,,H,3N,S™:
371.1576 [M]" found: 371.1579.
(E)-2-(2-(4-(Benzoyloxy)phenyl)ethenyl)-3-(2-propynyl)benzo[d]
thiazolium bromide (9). Yield 67%; 'H NMR (400 MHz, DMSO-
ds): 8 8.51 (d, J = 8.0 Hz, 1H), 8.40 (d, J = 15.7 Hz, 1H), 8.35 (d,
J = 8.5 Hz, 1H), 8.23-8.17 (m, 5H), 7.96 (t, = 7.8 Hz, 1H), 7.86
(t, /] = 7.8 Hz, 1H), 7.80 (t, J = 7.5 Hz, 1H), 7.66 (t, J = 7.7 Hz,
2H), 7.58 (d, J = 8.6 Hz, 2H), 5.98 (s, 2H), 3.82 (s, 1H); >*C NMR
(100 MHz, DMSO-d,): § 172.7, 164.2, 153.8, 149.0, 140.6, 134.3,
131.8, 131.4, 129.9, 129.8, 129.0, 128.8, 128.6, 128.1, 124.7,
123.0, 116.8, 113.5, 78.9, 75.6, 38.7; HRMS (MALDI-TOF): m/z
caled for C,5H,3NO,S™: 396.1058 [M]" found: 396.1054.
(E)-2-(2-(4-Methoxyphenyl)ethenyl)-3-(2-propynyl)benzo[d]
thiazolium hexafluorophosphate (10). Yield 60%; 'H NMR
(400 MHz, DMSO-de): 6 8.44 (d, J = 8.1 Hz, 1H), 8.34-8.26 (m,
2H), 8.08 (d, J = 8.6 Hz, 2H), 7.99 (d, J = 15.6 Hz, 1H), 7.91 (t,
J =7.6 Hz, 1H), 7.81 (t, ] = 7.7 Hz, 1H), 7.17 (d, J = 8.6 Hz, 2H),
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5.91 (s, 2H), 3.90 (s, 3H), 3.78 (s, 1H); >’C NMR (100 MHz,
DMSO-dg): § 172.8, 163.4, 150.4, 140.5, 132.5, 129.6, 128.4,
127.6, 126.8, 124.5, 116.4, 115.0, 110.4, 78.6, 75.7, 55.8, 38.4;
HRMS (MALDI-TOF): m/z caled for C;oH;,NOS™: 306.0947 [M]"
found: 306.0962.
(E)-2-(2-(2,4-Dimethoxyphenyl)ethenyl)-3-(2-propynyl )benzo
[d]thiazolium bromide (11). Yield 84%; '"H NMR (400 MHz,
DMSO-d): 6 8.40 (d, J = 8.1 Hz, 1H), 8.32-8.25 (m, 2H), 8.12 (d,
J = 8.7 Hz, 1H), 7.98 (d, J = 15.6 Hz, 1H), 7.89 (t, J = 7.8 Hz,
1H), 7.78 (t, J = 7.7 Hz, 1H), 6.79 (d, J = 8.8 Hz, 1H), 6.76 (s,
1H), 5.86 (s, 2H), 4.01 (s, 3H), 3.93 (s, 3H), 3.79 (s, 1H); °C
NMR (100 MHz, DMSO-dg): § 173.0, 165.7, 161.4, 144.8, 140.6,
132.4, 129.5, 128.2, 127.3, 124.4, 116.3, 115.5, 109.9, 107.8,
98.4, 78.6, 75.6, 56.4, 56.0, 38.2; HRMS (MALDI-TOF): m/z
caled for CyoH;sNO,S": 336.1053 [M]" found: 336.1058.
(E)-2-(2-(4-Nitrophenyl)ethenyl)-3-(2-propynyl)benzo[d]thia-
zolium bromide (12). Yield 70%; "H NMR (400 MHz, DMSO-
de): 6 8.56 (d, J = 8.1 Hz, 1H), 8.48-8.38 (m, 5H), 8.35 (d, J =
8.7 Hz, 2H), 7.99 (t, ] = 7.8 Hz, 1H), 7.89 (t, ] = 7.8 Hz, 1H), 6.04
(s, 2H), 3.84 (s, 1H); "*C NMR (100 MHz, DMSO-dg): § 172.1,
148.9, 146.6, 140.6, 139.8, 130.7, 130.6, 130.1, 129.1, 128.6,
124.9, 124.2, 117.2, 117.0, 79.1, 75.5; HRMS (MALDI-TOF): m/z
caled for CygH;3N,0,S": 321.0692 [M]" found: 321.0685.
(E)-2-(2-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl Jethenyl)-3-
(2-propynyl)benzo[d]thiazolium bromide (13). Yield 60%; "H
NMR (400 MHz, DMSO-dg): 6 8.65 (s, 1H), 8.42 (d, J = 8.0 Hz,
1H), 8.29 (d, J = 8.5 Hz, 1H), 8.12 (m, 2H), 7.88 (t, J = 7.8 Hz,
1H), 7.77 (t, J = 7.8 Hz, 1H), 7.61 (d, J = 9.1 Hz, 1H), 6.90 (dd,
J =9.1, 1.8 Hz, 1H), 6.70 (s, 1H), 5.75 (s, 2H), 3.81 (s, 1H), 3.56
(q,/ = 7.0 Hz, 4H), 1.18 (t, J = 7.0 Hz, 6H); ">C NMR (100 MHz,
DMSO-d,): § 172.3, 159.4, 157.4, 153.6, 148.8, 146.0, 140.6,
132.1, 129.5, 128.2, 127.4, 124.5, 116.1, 111.9, 111.1, 110.3,
109.1, 96.6, 78.7, 75.3, 44.7, 38.7, 12.4; HRMS (MALDI-TOF):
m/z caled for C,5H,3N,0,8": 415.1475 [M]" found: 415.1468.
(E)-3-(2-Propynyl)-2-(2-(1-pyrenyl)ethenyl )benzo[d|thiazolium
bromide (14). Yield 38%; "H NMR (400 MHz, DMSO-d): § 9.31
(d,J =15.1 Hz, 1H), 9.00 (d, J = 8.3 Hz, 1H), 8.91 (d,J = 9.2 Hz,
1H), 8.55-8.31 (m, 9H), 8.20 (t, J = 7.8 Hz, 1H), 7.97 (t, ] = 7.7
Hz, 1H), 7.88 (t, J = 7.4 Hz, 1H), 6.08 (s, 2H), 3.83 (s, 1H); *C
NMR (100 MHz, DMSO-d,): § 172.2, 145.9, 140.6, 134.1, 130.8,
130.6, 130.2, 130.1, 129.8, 129.7, 128.7, 128.2, 127.4, 127.2,
127.2, 127.0, 126.9, 125.8, 125.5, 124.6, 124.0, 123.5, 122.7,
116.7, 114.6, 78.9, 75.8, 38.7; HRMS (MALDI-TOF): m/z caled
for C,gH;gNS™: 400.1154 [M]" found: 400.1149.
(E)-2-(2-(1-Naphthyl)ethenyl)-3-(2-propynyl)benzo[d]thiazo-
lium bromide (15). Yield 49%; "H NMR (400 MHz, DMSO-d):
5 9.06 (d, J = 15.5 Hz, 1H), 8.58-8.53 (m, 2H), 8.48 (d, J =
7.4 Hz, 1H), 8.39 (d, J = 8.5 Hz, 1H), 8.30 (d, J = 15.5 Hz, 1H),
8.25 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.98 (t, J =
7.8 Hz, 1H), 7.88 (t, ] = 7.8 Hz, 1H), 7.80-7.75 (m, 2H), 7.69 (t,
J = 7.4 Hz, 1H), 6.04 (s, 2H), 3.84 (s, 1H); "*C NMR (100 MHz,

DMSO-dg): & 172.4, 146.1, 140.6, 133.4, 133.2, 131.0,
130.6, 129.9, 129.0, 128.8, 128.3, 127.8, 127.6, 126.8, 125.8,
124.7, 123.5, 116.8, 115.4, 78.9, 75.6, 38.8; HRMS

(MALDI-TOF): m/z caled for Cy,H 6NS': 326.0998 [M]" found:
326.1001.
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(E)-2-(2-(5-Phenylthiophen-2-yl)ethenyl)-3-(2-propynyl )benzo
[d]thiazolium bromide (16). Yield 73%; "H NMR (400 MHz,
DMSO-dg): § 8.58 (d, J = 15.3 Hz, 1H), 8.47 (d, J = 8.1 Hz, 1H),
8.29 (d, J = 8.3 Hz, 1H), 8.04 (d, J = 3.5 Hz, 1H), 7.92 (t, J =
7.9 Hz, 1H), 7.83 (m, 5H), 7.54 (t, J = 7.3 Hz, 2H), 7.50-7.45 (t,
J = 7.3 Hz, 1H), 5.92 (s, 2H), 3.82 (s, 1H); "*C NMR (100 MHz,
DMSO-de): § 171.8, 151.9, 142.4, 140.5, 138.4, 137.8, 132.5,
129.6, 129.6, 129.5, 128.5, 127.7, 126.2, 126.0, 124.6, 116.4,
110.8, 78.8, 75.7, 38.4; HRMS (MALDI-TOF): m/z calcd for
C,,H NS, " 358.0719 [M]" found: 358.0717.

(E)-2-(2-(9-Methyl-9H-carbazol-3-yl)ethenyl)-3-(2-propynyl)
benzo[d]thiazolium bromide (17). Yield 97%; 'H NMR
(400 MHz, DMSO-d,): 6 8.91 (s, 1H), 8.49 (d, J = 15.5 Hz, 1H),
8.41 (d, J = 8.8 Hz, 1H), 8.29-8.23 (m, 3H), 8.10 (d, J = 15.5 Hz,
1H), 7.87 (t, J = 8.3 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.76 (t, ] =
7.9 Hz, 1H), 7.69 (d, J = 8.2 Hz, 1H), 7.56 (t, /] = 7.7 Hz, 1H),
7.34 (t, J = 7.7 Hz, 1H), 5.91 (s, 2H), 3.96 (s, 3H), 3.77 (s, 1H);
3C NMR (100 MHz, DMSO-d,): § 172.5, 152.4, 143.5, 141.4,
140.5, 129.4, 128.2, 128.2, 127.4, 126.9, 125.1, 124.4, 124.2,
122.8, 122.0, 120.4, 116.2, 110.3, 110.2, 109.3, 78.6, 75.8, 38.3,
29.4; HRMS (MALDI-TOF): m/z caled for C,5H;oN,S": 379.1263
[M]" found: 379.1258.

(E)-4-(2-(4-(Dimethylamino)phenyl)ethenyl)-1-(2-propynyl)
quinolinium bromide (18). Yield 74%; 'H NMR (400 MHz,
DMSO-de): 6 9.19 (d, J = 6.8 Hz, 1H), 9.07 (d, J = 8.4 Hz, 1H),
8.41-8.38 (m, 2H), 8.29-8.22 (m, 2H), 8.03 (d, J = 15.6 Hz, 1H),
7.95 (t, J = 7.6 Hz, 1H), 7.90 (d, J = 8.9 Hz, 2H), 6.84 (d, ] = 8.9
Hz, 2H), 5.82 (s, 2H), 3.89 (s, 1H), 3.09 (s, 6H); *C NMR
(100 MHz, DMSO-dg): & 154.4, 152.6, 146.1, 145.5, 137.5, 134.9,
131.8, 128.6, 126.7, 126.0, 123.0, 118.8, 114.0, 113.0, 111.9,
80.1, 76.3, 45.6, 39.7; HRMS (MALDI-TOF): m/z caled for
Cp,H, N, "t 313.1699 [M]" found: 313.1696.

(E)-4-(2-(4-(Diethylamino)-2-( propynyloxy)phenyl)ethenyl )-1-
methylquinolinium bromide (19). Yield 81%; 'H NMR
(400 MHz, DMSO-d,): 6 9.00 (d, J = 6.8 Hz, 1H), 8.85 (d, J = 8.0
Hz, 1H), 8.32 (d, J = 8.4 Hz, 1H), 8.24-8.15 (m, 3H), 8.06 (d, ] =
15.6 Hz, 1H), 7.97 (t, J = 8.1 Hz, 1H), 7.87 (d, J = 9.0 Hz, 1H),
6.50 (dd, J = 9.0, 2.1 Hz, 1H), 6.38 (d, J = 2.1 Hz, 1H), 5.06 (s,
2H), 4.42 (s, 3H), 3.78 (s, 1H), 3.50 (q, J = 7.0 Hz, 4H), 1.19 (t,
J = 7.0 Hz, 6H); >C NMR (100 MHz, DMSO-d,): § 159.0, 153.3,
151.6, 146.5, 139.5, 138.8, 134.4, 132.4, 128.4, 125.8, 125.6,
119.0, 113.2, 112.8, 112.2, 105.6, 95.4, 79.2, 78.8, 56.0, 44.2,
43.8, 12.6; HRMS (MALDI-TOF): m/z caled for C,sH,,N,0O":
371.2118 [M]" found: 371.2117.

Synthesis of styryl-dye-labeled acpcPNA probes

The (3R,4S)-3-aminopyrrolidine-4-carboxylic acid (APC)-modi-
fied acpcPNAs were synthesized manually on Tentagel S-RAM
resin from the respective Fmoc-protected monomers (A%, C*,
T, and G) and spacer (APC™ and ACPC) at 1.5 pmol scales as
described earlier.>® After completion of the synthesis, the
N-terminal Fmoc group was removed and capped by acetyl-
ation. The resin was split into 0.5 pmol portions and the side-
chain protecting groups of nucleobases A and C (Bz) and the
APC spacer (Tfa) were removed by treatment with 1:1
ammonia-dioxane at 65 °C overnight. The deprotected APC-
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modified acpcPNA was reacted with 4-azidobutanal (30 equiv.)
in the presence of NaBH;CN (60 equiv.) and HOAc (60 equiv.)
in MeOH (100 puL) at room temperature overnight.*>® The azide-
modified acpcPNA on the solid support was split into 0.5 pmol
portions for labeling experiments. This azide-modified
acpcPNA was reacted with alkynyl-modified styryl dye (15
equiv.) in the presence of tetrakis(acetonitrile) copper(1) hexa-
fluorophosphate (30 equiv.) in DMSO/'BuOH (3:1) at room
temperature overnight. After the reaction was completed as
monitored by MALDI-TOF mass spectrometry, the PNA was
cleaved from the solid support by treatment with trifluoroace-
tic acid (TFA) (500 pL, 30 min, 3 times). The cleavage solution
was combined and dried under a stream of nitrogen and the
crude styryl-dye-labeled acpcPNA was precipitated by the
addition of diethyl ether and purified by reverse-phase HPLC.
The HPLC experiments were performed using a Water Delta
600™ system equipped with a gradient pump by using 0.1%
TFA in H,O : acetonitrile (9:1 to 1:9) as a mobile phase. The
purified styryl-dye-labeled acpcPNA were characterized by
MALDI-TOF mass spectrometry using a Microflex MALDI-TOF
mass spectrometer (Bruker Daltonics) using a-cyano-4-hydroxy-
cinnamic acid (CCA) as a matrix.

MD simulation

To investigate the positioning of the styryl dye in the styryl-dye-
labeled acpcPNA-DNA duplex, molecular dynamics (MD) simu-
lations of M10-5a binding to the base-inserted and comp-
lementary DNA targets were carried out in an aqueous solution
with the OL15 force field.”® The starting structures of the simu-
lated systems, atomic point charges and missing force field
parameters of styryl dye and acpcPNA units, and the setup of
the simulations were constructed in a similar manner to that
of previous work.****”! MD simulations were performed using
the Sander module in the AMBER 2017 suite program.”> The
production runs were carried out for 20 ns and the coordinates
were stored every 1 ps, totally 20 000 simulated structures.
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Peptide nucleic acid (PNA), a synthetic DNA mimic that is devoid of the (deoxy)ribose-phosphate backbone yet
still perfectly retains the ability to recognize natural nucleic acids in a sequence-specific fashion, can be em-
ployed as a tool to modulate gene expressions via several different mechanisms. The unique strength of PNA
compared to other oligonucleotide analogs is its ability to bind to nucleic acid targets with secondary structures
such as double-stranded and quadruplex DNA as well as RNA. This digest aims to introduce general readers to the
advancement in the area of modulation of DNA/RNA functions by PNA, its current status and future research

opportunities, with emphasis on recent progress in new targeting modes of structured DNA/RNA by PNA and

PNA-mediated gene editing.

Introduction

The ability to control the genetic expressions of any living organ-
isms has broad implications in various areas, especially in therapeutics
and biotechnology. The universality of genetic codes allows modulation
and manipulation of gene expressions by the targeting of DNA or RNA
in a sequence-specific fashion. This can be achieved by direct binding to
the nucleic acid targets or by promoting/inhibiting the functions of
other control elements that interact with the nucleic acid targets at any
stage of the transcription/translation processes or even at the epige-
netic level. The key advantage of targeting nucleic acids over proteins
lies in its simplicity since the interactions between nucleic acids can be
predicted by a few simple base-pairing rules that are highly specific and
predictable. In principle, as long as the desired target DNA/RNA se-
quence is unique in the genome of interest, one can straightforwardly
design a nucleic acid or analog that can specifically bind to that target
region without interfering with other parts and other non-nucleic acid
targets. The agent that specifically binds to the DNA/RNA target is a
critical component to the success of such process. In this respect, it
should be noted that natural DNA or RNA are not suitable for this
purpose, and generally require chemical modification to improve bio-
logical stabilities and other properties such as binding strengths.

The term PNA, originally standing for “polyamide nucleic acid”
rather than “peptide nucleic acid” as commonly used nowadays, was
first introduced in 1991 to describe an oligomer of N-2-ami-
noethylglycine with the nucleobase attached via a methylene carbonyl
linker."”? This aminoethylglycine PNA system became known as
aegPNA to distinguish it from other PNA subsequently developed, al-
though it is often being referred to as “PNA”. Among several modified

E-mail address: vtirayut@chula.ac.th (T. Vilaivan).

https://doi.org/10.1016/j.bmcl.2020.127064

oligonucleotides and analogs, PNA is unique in the sense that the entire
sugar-phosphate backbone is completely replaced by a peptide-like
backbone. Quite surprisingly, not only PNA can retain the ability to
recognize DNA/RNA following the highly specific Watson-Crick base
pairing rules, it does so with a much higher affinity and even better
specificity than natural DNA/RNA and most other oligonucleotide
analogs. Besides, PNA can sequence-specifically interact with struc-
tured DNA/RNA targets in various ways. This point is especially im-
portant for targeting cellular nucleic acids, which are often present in
structured forms under physiological conditions which make them not
freely accessible. These features of PNA together with its excellent
stability towards nucleases and proteases make it a potential candidate
for controlling gene expressions via the antisense/antigene approaches,
and more recently, gene editing. This digest summarizes the important
landmark events (Scheme 1) starting from explaining different modes in
which PNA can bind to structured DNA targets, then discussing the
principle and current achievement in using PNA to control gene ex-
pression and to induce gene editing, and ending with cellular delivery
of PNA, followed by conclusion and outlooks.

Targeting DNA duplexes with PNA

PNA can bind to double-stranded DNA (dsDNA) via base pairing in
several different modes (Scheme 2). DNA triplex invasion is perhaps the
most reliable and the most widely utilized strategy for the targeting of
dsDNA by PNA. This binding requires a long stretch of purine bases on
one of the DNA strands, which forms Watson-Crick base pairs with one
PNA strand and Hoogsteen base pairs with another PNA strand. Tar-
geting guanine requires protonation of the cytosine base on the
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0960-894X/ © 2020 Elsevier Ltd. All rights reserved.
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Scheme 1. Timeline of important events in the area of PNA research (left: fundamental technology, right: application).
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Scheme 2. (A) The structure of a duplex formed between PNA and DNA (B) Base pairing schemes involved in the triplex formation/invasion and structures of C+
analogs (J and M+ ) (C) Different modes of targeting DNA duplexes by PNA.
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Hoogsteen PNA strand, which can occur only at low pH. Substitution of
the cytosine with pseudoisocytosine (J), which remains protonated over
a broad pH range, allows the triplex invasion at physiological pH.* The
invasion efficiency can be further increased by incorporating acridine
or polylysine,” or by joining the two PNA strands via a flexible linker to
form a bis-PNA that takes advantage of the more entropically favorable
intramolecular binding.® Although being more kinetically favored, the
PNA-DNA,, triplex initially formed by the binding of PNA to the major
groove of dsDNA eventually converts to the more thermodynamically
stable invasion complex.® Although highly sequence-specific in both
cases, the recognition of dsDNA by PNA through the triplex formation
and the triplex invasion has a sequence limitation in which a long
stretch of homopurine/homopyrimidine duplex is required. The con-
ceptually related tail-clamping strategy which involves both triplex and
duplex invasion by PNA can reduce this constraint but a short stretch of
purine bases is still required.®”

The double duplex invasion strategy is more relaxed regarding the
sequence requirement, but it is necessary to modify the nucleobase so
that the PNA-PNA duplex is destabilized while the PNA-DNA duplex
stability is improved. While the 2,4-diaminopurine:2-thiouracil (D-U®)
“pseudocomplementary” base pair can reliably replace A-T, the
equivalent pseudocomplementary base pairs for G-C remain elusive
(Scheme 3). Although some progress has been made in recent years, the
presently available pseudocomplementary G-C pairs such as N°-
methoxy-Z,6-diaminopurine:N4-benzoylcytosine (K*-CB%) are still far
from ideal since both PNA-PNA and PNA-DNA duplexes with such
pseudocomplementary G-C pairs are destabilized, and the K* can pair
equally well to both C and T.® This means that targeting dsDNA by
pseudocomplementary PNA (pcPNA) pairs is limited to sequences with
relatively high A-T content. Additional modification of the PNA strands
with multiple positive charges that can further destabilize PNA-PNA
duplexes and stabilize the PNA-DNA duplexes by electrostatic interac-
tions allows DNA double-duplex invasion even in GC rich (up to 80%)
regions.” Alternatively, the PNA with a bulky pyrrolidine-based back-
bone that cannot form stable self-pairing hybrids offers a solution for
the double duplex invasion of dsDNA in a more general sequence
context without the requirement of base modifications.'® Efficient
double duplex invasion by such inherently pseudocomplementary
pyrrolidinyl PNA has been demonstrated in the context of short syn-
thetic DNA oligonucleotides, but it remains to be seen how general the
process is for longer DNA sequences and under physiologically relevant
conditions.'™'? It should be noted that the double-duplex invasion of
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dsDNA by pcPNA is generally ineffective under physiological condi-
tions. However, several strategies are available to address this problem
including modification of either or both of the PNA strands with nuclear
localization signal peptide (NLS),"® ruthenium complex,'® pyrrole/
imidazole polyamide,'® or photo-crosslinker'® that can provide addi-
tional stabilization of the invasion complex by electrostatic interaction,
intercalation, groove binding or covalent bond formation, respectively.
Interestingly, under molecular crowding conditions typically found
inside the cells, double-duplex invasion of dsDNA by pcPNA became
favorable even under high salt conditions.'”

When compared to the triplex invasion or double-duplex invasion,
the invasion of DNA duplex by single-stranded PNA (single-strand in-
vasion) is much less efficient.'® Several approaches have been proposed
to improve the efficiency of the duplex invasion by single-stranded
PNA. These include the use of additional components that can stabilize
the invasion complex such as the use of PNA openers,'® single-stranded
binding proteins.>>?! or ribonuclease A.?*> Although proof-of-principle
experiments have been demonstrated in vitro, the requirement to co-
deliver these additional components for in vivo/in cellular applications
remains a challenge. The improved DNA affinity of the con-
formationally preorganized yYPNA®® makes the single-strand invasion of
dsDNA by yPNA more efficient. Originally, the yYPNA backbone was
used in combination with an affinity-enhancing moiety such as acri-
dine®* or G-clamp®>?° to enhance the single-strand invasion efficiencies
of short (10mer) yPNA oligomers. It was subsequently found that un-
modified yYPNA with sufficient length (15-20mer) can also invade
dsDNA over a wide sequence context.”” Very recently, Shigi et al. ob-
served an efficient single-strand invasion of dsDNA by aegPNA carrying
partial D/U° modifications.?® Evidence of single-strand invasion by
aegPNA conjugated to a nuclear localizing peptide was also demon-
strated by the Ce(IV)-EDTA-promoted DNA hydrolysis of the exposed
single-stranded DNA.?° Although the efficiency in terms of yield and
speed remains to be improved, the fact that such invasion is feasible for
GC rich sequences under physiologically-relevant conditions employing
only conventional PNA with minimal modifications is notable.

Ly et al. have recently introduced a new mode of dsDNA targeting
by designing a set of bifacial nucleobases that can be inserted in be-
tween the A-T, C-G, T-A, and G-C pairs and specifically recognize the
respective nucleobase on each side (Scheme 4).%° The formation of such
base triplets would provide additional binding energy that compensates
for the breaking of the original base pairs. The concept of such Janus
bases has previously been explored in the PNA context,®"*>* but this is
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Scheme 3. Examples of pseudocomplementary base pairs.
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Scheme 4. (A) Structure of (R)-miniPEG yPNA (B) Recognition of duplex DNA by bifacial PNA (C) The design of Janus base capable of recognition of all canonical
DNA base pairs.
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Scheme 5. Targeting of quadruplex DNA by PNA: (I) Invasion leading to quadruplex disruption (II) Invasion to form mix PNA-DNA quadruplexes (III) Loop binding,
and (IV) Binding to the opposite C-rich strand.

the first complete isosteric base set that can be combined for specific providing a steric clash that suppressed the self-pairing of the Janus
recognition of any canonical Watson-Crick base pairs with the ability to bases — a common problem in other systems. Such Janus base miniPEG
distinguish between A-T/T-A and C-G/G-C pairs. Molecular dynamics yPNA as short as 6 bases can efficiently invade dsDNA under physio-
simulations confirmed that the use of yYPNA backbone was essential in logical conditions with much faster kinetics (time scale in the order of
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Scheme 6. Controlling gene expression with PNA via antisense and antigene approaches.

10 mins) than conventional DNA duplex invasion (time scale in the
order of several hours to days). Complementarities between the central
Janus base on the PNA strand and the nucleobases on both DNA strands
are essential for the effective invasion. This can be regarded as a uni-
versal approach to recognize dsDNA that can overcome most of the
limitations associated with other modes of DNA duplex invasion cur-
rently available. It remains to be seen how this system performs in
biological contexts.

Targeting DNA G-quadruplexes with PNA

Guanine-rich DNA sequences that contain a series of three to four G-
base runs separated by a short nucleobase spacer can potentially exist in
G-quadruplex structures. The ubiquitous presence of these sequences in
non-coding but functional regions such as promoters and telomeres in
the human genome suggests their regulatory roles, and therefore tar-
geting these sequences should have important implications in the gene
regulation.®® While several G-quadruplex small molecule ligands are
available, they generally do not offer sufficient specificity to distinguish
between closely related quadruplex-forming sequences. PNA offers a
unique advantage in this respect as a potential candidate for sequence-
specific targeting DNA G-quadruplexes.®* There are at least three pos-
sible modes in which PNA can interact with G-quadruplexes: invasion
by C-rich PNA leading to the disruption of the quadruplex, invasion
leading to the formation of mix PNA-DNA quadruplexes, and loop
binding (Scheme 5). Instead of direct binding to the G-quadruplex, the
G-rich PNA can bind to the opposite C-rich DNA strand in the DNA
duplex thereby promoting the formation of G-quadruplex.

The DNA G-quadruplex invasion first observed by Datta and
Armitage in 2001 follows the first scenario, whereby a C-rich PNA
bound to a single-stranded DNA G-quadruplex causing its disruption to
form a PNA-DNA duplex under low ionic strength conditions.>®> PNA
sequences carrying at least two G, tracts can invade DNA G-quad-
ruplexes by the formation of mix PNA-DNA quadruplexes, which has

been repeatedly observed in single-stranded G-quadruplexes.®®*”

Modification of the nucleobase®® or PNA backbone®**° can facilitate
the targeting of DNA G-quadruplexes by modulating the propensity of
homo- vs hetero-quadruplex formation. The simultaneous formation of
DNA G-quadruplex was shown to facilitate the single-strand invasion of
PNA into dsDNA, which is otherwise very difficult.*' Komiyama and Xu
demonstrated invasion of a DNA carrying a quadruplex forming se-
quence by a short (8mer) G-rich unmodified PNA and its subsequent
scission by Ce(IV)-EDTA induced hydrolysis.42 In this case, both the
quadruplex invasion and binding to the C-rich region in the opposite
DNA strand were essential for the invasion process, and the specificity
was sufficient to target and cleave only one site in the entire human
genome.

Targeting structured RNA with PNA

PNA can bind to double-stranded RNA targets via triple helix for-
mation®® or triplex invasion.***> PNA-RNA, triplexes are more stable
than PNA-DNA, triplexes and thus a specific recognition of very short
dsRNA was achieved with as short as 6 bases PNA sequence. Similar to
the case of DNA, the recognition of dsRNA by PNA through the
Hoogsteen base pairing also requires protonation of cytosine, hence the
triplex is only stable at low pH. Stable triple helix formation under
physiological conditions was made possible by the replacement of cy-
tosine with the more easily protonated 2-aminopyridine (M +, see the
structure in Scheme 2).*° Not only this base replacement resulted in
superior binding than both cytosine and the permanently protonated
pseudoisocytosine, but the cellular uptake was also enhanced pre-
sumably due to the cationic nature of the M+ -modified PNA."” The
replacement of cytosine with thio-pseudoisocytosine enabled the se-
lective targeting of duplex RNA without the competing PNA-RNA du-
plex formation.*® With additional base modifications, the RNA duplex
recognition by triplex-forming PNA can be expanded beyond the
polypurine sequence.*® C-rich and G-rich PNA sequences can also bind
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Scheme 7. The concepts of gene editing mediated by (A) PNA invasion and (B) PNA-based artificial DNA cutter.

to RNA quadruplexes, resulting in the formation of PNA-RNA duplexes
and mixed PNA-RNA quadruplexes, respectively.>® Given the potential
importance of regulatory roles of structured RNA targets, the ability to
target RNA in a sequence-specific and position-dependent fashion by
PNA opens up new directions of research that may allow precise control
of the translation process.”"->

Controlling gene expressions with PNA

Shortly after the discovery of PNA, its applications in controlling
gene expression have been actively explored.>® Although considerable
success has been achieved to the point of potential commercial devel-
opment,®® progress in this area is relatively slow compared to con-
ventional antisense oligonucleotides (ASOs) or newer competing tech-
nologies such as RNA interference (RNAi), where many have already
been approved or are under clinical development.>® The topic is only
discussed briefly to show the principle (Scheme 6), with some recent
advancement highlighted and the readers should consult other more
specific reviews for more detailed examples.*®>"->

Unlike several other ASOs that can recruit RNase-H to degrade the
target mRNA strand or siRNA that can catalytically degrade the bound
RNA target via the RNA-induced silencing complex (RISC), antisense
PNA can only inhibit the translation process through the steric
blockage. As a result, a stoichiometric amount of the PNA is required
and the effectiveness is dependent on the stability of the PNA-RNA
hybrid. However, the PNA structure can be modified by incorporating
phosphate or other types of oligonucleotides to enable the RNase-H-
mediated cleavage pathway.”>°° In addition to direct binding with

mRNA, PNA can be used to control the gene expression by modulating
the splicing of pre-mRNA, or by targeting other regulatory elements
such as microRNA (miRNA). As an example, an antisense PNA designed
to mediate exon skipping of a pre-mRNA encoding the dystrophin
protein could restore the protein expression (up to 40%) in dystrophin-
deficient mice as a model for Duchenne Muscular Dystrophy (DMD)
treatment.®’ Targeting miRNA by PNA has potential applications in the
area of cancer therapy.®” In one example, the new generation miniPEG
yYPNA was found to be a more potent inhibitor of miRNA-210 than
regular PNA, and targeting miRNA-210 could significantly reduce the
growth of human tumors in mouse models.®® In another example, the
combined treatment of two PNA sequences designed to target miRNAs
involved in the caspase-3 mRNA regulation was effective in inducing
apoptosis of the temozolomide-resistant T98G glioma cell line.®*
Despite being potentially more powerful, the targeting of DNA -
which is structured, well-packed within the chromosome that is located
inside the nucleus — by antigene PNA is more difficult compared to the
antisense approach. While transcription arrest by PNA was demon-
strated in vitro long time ago,°” the antigene effect of PNA inside living
cells was not reported until 2000 - whereby PNAs conjugated to NLS
protein were shown to inhibit c-myc expression.®® The invasion of DNA
may not be mandatory since short mix-base PNA sequences that do not
normally invade dsDNA under physiological conditions could still exert
the antigene effects, presumably by intercepting the open complex
formed during the initiation of the transcription process.®” Experiments
involving suppression of tumor growth by an anti-c-myc PNA in animal
models have also been achieved.®® The targeting of DNA by PNA can
also be used to activate gene expression (the “progene” approach). For
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example, a y-globin gene targeting PNA sequence conjugated to two
short peptides acting as a cellular delivery domain and an artificial
activator domain was shown to increase the level of mRNA and protein
expression in mouse models and human primary peripheral blood
cells.®?

In addition to the classical antisense/antigene concepts, the recent
demonstration that PNA conjugated with epigenetic factors can reg-
ulate histone methylation suggests the possibilities of using PNA to
control gene expression at the epigenetics level.”’

PNA-mediated gene editing

Disturbance of the DNA structure by introducing strand breakage or
other types of lesions is a strategy that can be used to provoke genome
editing through the natural DNA-repair machinery. Triplex-forming
oligonucleotides were shown to induce targeted-mutagenesis and re-
combination of DNA in mammalian cells more than 20 years ago by
Glazer et al.”"”? In 2002, site-specific gene editing in cell-free extracts
was achieved when a triplex-forming PNA was co-administered with a
single-stranded donor DNA either covalently linked to the PNA or as a
separate entity (Scheme 7A).”> Correction of a splice-site mutation in
the (-globin gene in human cells by triplex-forming PNA/donor DNA
was subsequently realized in 2008.”* The mechanism of the gene edit
was thought to involve the nucleotide excision repair (NER) pathway
that was known to be responsible for repairing DNA helix-distorting
lesions as shown by the modulation of the gene editing efficiency by an
NER factor called XPA (xeroderma pigmentosum complementary group
A protein).”>”> While the efficiency was rather low (up to 0.4%), these
pioneer studies paved the way towards the exciting new area of using
PNA as a potential tool for precise genome editing. Considerable pro-
gress has been made during the past decade and the topic has been the
subject of several recent reviews.”>”%”””® Detailed protocols for tar-
geted genome modification via triple helix formation were also pub-
lished.”®*° Only highlights of new developments during the past few
years are included here (Table 1 and additional discussion below) to
demonstrate the present status of the technology.

The applications of triplex-forming bis-PNA or tail-clamp PNA as
shown in Table 1 were limited by the requirement of short (8-10 bp)
purine stretches located close (up to several hundred bps) to the tar-
geted modification site. The use of pcPNAs allows for a more relaxed
sequence requirement but this strategy still requires the presence of
some A + T bases (at least 40%) for efficient duplex invasion. Up to
0.012% gene correction frequency was obtained and this could be im-
proved to 0.78% when the pcPNA/donor DNA was administered with S-
phase cell synchronization and histone deacetylase (HDAC) inhibitor.®”
The use of the high-affinity miniPEG yPNA allows sequence-unrest-
ricted targeting and gene editing by single-stranded PNA without the
requirement of base modification. Up to 0.8% gene editing frequency
was observed ex vivo, although it should be noted that the formulation
of the delivery nanoparticles played critical roles here. In vivo experi-
ments showed the gene editing frequency at 0.1% for the correction of
the IVS2-654 (C- > T) mutation in mouse bone marrow with less than
10~ * fold off-target frequency.®®

Even though short mix-sequence unmodified aegPNA strands are
unlikely to invade dsDNA under physiological conditions, Bertoni et al.
showed that the administration of short PNA oligonucleotides into mice
muscle cells could repair the single point mutation in the DMD gene at
frequencies of ~3-7% which were much higher than that achieved by
conventional oligonucleotides.®” The gene repair boosted the expres-
sion level of full-length dystrophin to 1-2% of the wild-type cells in
vitro.”® Transplantation of the gene-edited stem cells to mice models
showed a stable production of dystrophin-positive muscle fibers. In this
case, the gene editing mechanism is likely to be different from the
approach developed by Glazer et al. above since no donor DNA was
required and the gene correction occurred in the PNA-binding region. It
appears that the information used for the gene correction derived from
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the PNA sequence itself, although how this could be transferred to the
DNA is still not fully understood.

The combination of pcPNA and Ce'-EDTA complex as an artificial
DNA cutter (ARCUT) was found to induce double-strand breaks at a
specific location in a dsDNA strand by Kmoiyama et al.”™°* This tech-
nology can be used for gene editing purposes like other targetable en-
donucleases such as zinc-finger nucleases, transcription activator-like
effector nucleases (TALENs) and CRISPR-Cas9. In the presence of donor
dsDNA, the targeted gene repairs by homologous recombination have
been achieved with high efficiency (> 50%) and with sufficiently high
specificity to target a single site in the human genome in cultured cells
(Scheme 7B).%%%4

Cellular delivery of PNA

Despite the favorable binding properties of PNA, the poor cellular
uptake and rapid clearance in vivo impair its potential use in ther-
apeutics. The introduction of PNA into the cells is, therefore, another
critical factor that determines the eventual successful use of PNA to
modulate the biological functions of cellular nucleic acids. The carrier
must not only carry the PNA into the cells/nuclei but should also effi-
ciently release it. In some delivery methods, the PNA was permanently
trapped inside endosomes and therefore could not exert the desired
biological effects despite apparent good uptake.’® Unfortunately, while
several delivery methods are available, only a few studies system-
atically compare different methods side-by-side. Early delivery tech-
nologies involve mechanical delivery, conjugating the PNA to a pep-
tide-based delivery module (such as polylysine, cell-penetrating
peptides, NLSs or ligands for specific receptors),”®°”**? or by mod-
ification of the PNA backbone to include positive charges.'?'0'-102
However, these delivery techniques are not easy to implement for in
vivo applications and/or in large scales like clinical studies. Non-
covalent approaches for PNA delivery such as direct transfection (only
applicable to negatively-charged PNA),'%® co-transfection with DNA,'%*
a synthetic transporter'®® or nanoparticles-based delivery technology
offer a solution to these problems.°® The particles may be formed by a
variety of materials including peptides,'®” biodegradable polymers,'°®
lipids,'*° carbonaceous.’'® and other inorganic materials.'*’'*%1!3
Recently, oncolytic adenovirus (OAds) was employed for the cancer-cell
specific delivery of a quadruplex-disrupting PNA that targets proto-
oncogene promotors, and synergistic cytotoxic effects of the PNA and
the OAds were observed.''® For gene editing applications, early ap-
proaches for PNA delivery employed electroporation or nucleofection.
This was subsequently superseded by the use of poly(lactic-co-glycolic
acid) (PLGA) particles which were made from FDA-approved mate-
rials."'® The PLGA nanoparticle technology not only allowed simulta-
neous delivery of PNA and DNA but also increased the efficiency of the
intracellular gene modification by over 60 folds compared to the nu-
cleofection method.'*® The polymer materials can be further modified
to enhance the gene editing efficiency, for example by combination
with poly B-amino ester (PBAE)®® and cell-penetrating/nuclear loca-
lizing peptide.®* This nanoparticles-based delivery strategy is also ef-
fective for in vivo delivery via intravenous and nasal administrations
(see Table 1).

Conclusion and outlooks

PNA is a unique class of oligonucleotide mimics that shows dis-
tinctive features from other conventional oligonucleotide analogs. The
strong and specific base-pairing properties, the ability to recognize
structured nucleic acid targets through various binding modes, and the
chemical and biological stabilities led to the initial expectation that
PNA should be a promising candidate as therapeutic agents that operate
at the gene level. However, despite almost 30 years having passed since
the first introduction of PNA, advancing the antisense/antigene PNA
from proof-of-concept to practical uses is still a long way to go. The
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inherently non-catalytic mode of action together with the issues of in-
efficient delivery and poor bioavailability necessitate high dosage and/
or repeated administration of PNA in animal experiments. The efficacy
and physiological stability still need further improvement before the
PNA-based antisense/antigene therapy as well as the more recently
developed PNA-mediated epigenetic controls can be moved on to
clinical stages.

On the other hand, the discovery that PNA could induce gene
editing has revived the excitement in the therapeutic potentials of PNA
in recent years. Unlike the antisense and antigene approaches, the effect
of gene editing is permanent (i.e., once the gene is corrected, no more
PNA administration is necessary). Even though the issues associated
with the in vivo use of PNA mentioned above has not yet been fully
resolved, the gene edit can be performed ex vivo on isolated stem cells
before injection to the patient. Having said that, with the use of con-
formationally preorganized yPNA and an advanced nanoparticles-based
delivery technique, successful gene editing and restoring of the gene
function have already been achieved in vivo.*>®¢ At present, the
technological advancement of the PNA-mediated gene editing is still far
from being competitive with the well-established CRISPR-Cas9 or its
variants,'*”-'*® whereby efficacy and safety have already been de-
monstrated in clinical trials.''® For the purpose of therapeutic uses, off-
target gene modification is another area of potential concern given that
triplex-forming oligonucleotides can induce spontaneous mutagen-
esis.”’ While the off-target effects have been estimated to be very low
based on studies in a limited number of partially homologous genes, the
safety cannot be ascertained without more thorough studies. Despite
these shortcomings, the PNA-mediated gene editing technology offers
promising potentials for therapeutic applications and beyond e.g. syn-
thetic biology, plant, and animal breeds development. There are still
rooms for further improvements with more understanding of mechan-
isms of the gene repair process, the use of new delivery formulations,
PNA modifications (currently only standard PNA and yPNA have been
extensively explored) and new modes of DNA targeting (currently only
the tail-clamp PNA has been extensively explored) or combinations
thereof.
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Abstract

Saphylococcus aureus strains carrying enterotoxin A gene (sea) causes food
poisoning and cannot be distinguished from non-pathogenic strains by the culture method.
Here, we developed a rapid, specific and sensitive visual detection of sea using loop-
mediated isothermal amplification (LAMP) combined with nanogold probe (AuNP) or styryl
dye (STR). LAMP-AuNP and LAMP-STR can detect as low as 9.7 fg (3.2 sea copies) and

7.2 sea copies, respectively, which were lower than PCR (97 fg or 32 sea copies). The
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excellent performance of the new assays was demonstrated in food samples using crude DNA
lysates. While the culture method detected 10* CFU/g in ground pork and 10 CFU/mL in
milk in 5-7 days, LAMP-AuNP could detect down to 10 CFU/g for both samples in 27
minutes. Analyzing 80 pork and milk samples revealed that the LAMP-AuNP showed 100%
sensitivity, 97-100% specificity and 97.5-100% accuracy, which were superior to the culture
method, and comparable to PCR but without requirement of a thermal cycler. Furthermore,
our LAMP-AuNP can detect sea in a range below food safety control (<100 CFU/g). The
LAMP-STR can quantitate Sea in the range of 10-1,000 CFU (7.2-720 copies). Our crude

DNA lysis combined with LAMP-AuNP/STR assay present effective point-of-care detection.

I ntroduction

Saphylococcus aureus strains with the staphylococcal enterotoxin A gene (Sea)
bacteriophage, is a common cause of foodborne disease and outbreaks worldwide including
the United States and countries of the European Union'”. In Thailand, one of the largest
outbreaks was reported in 2009 when 573 people became ill after consumption of
contaminated sticky rice custard®. S aureus s commonly found in soil, water, air, as well as
human respiratory tract and skin. The sea toxin is relatively heat stable (e.g. up to 100°C for
30 min) therefore, food contamination generally occurs when cooking is performed without
sufficient hygiene. Frequently reported contaminated foods include dairy products (milk,
cheese, ice cream, etc.), and fresh and cooked meat’™®. Importantly, contaminated food may
not be easily identified by sensory evaluation such as odor or appearance. Clinical symptoms
from sea food poisoning include vomiting, abdominal cramps, diarrhea, and dysentery, often
within 1-6 h after consumption. Occasional symptoms include sweating, chills, rectal

bleeding, and shock’"!. The severity of illness depends on the concentration of the toxin.

.5.1.1.3
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Consumption of merely 20-100 ng of sea toxin can cause clinical symptoms and more than
that may be fatal, therefore a sensitive detection of sea is very important for the food safety
control. Detection is usually performed using culture based on a selective Baird-Parker
medium'?, with a limit of < 100 bacterial colony forming unit (CFU) per g or mL of food and
drink'*"°. Nonetheless, this culture method supports both the growth of sea and non-sea
strains, and thus lacks specificity in detecting the pathogenic Sea strains. In addition, some

food ingredients can affect the ability to culture leading to false negative results.

An alternative method for highly specific analysis of a food-borne pathogen is the
nucleic acid-based assay, which generally requires an amplification prior to the detection to
achieve the desired sensitivity. Recently, LAMP presents an attractive alternative to a more
traditional amplification method like PCR due to its low cost, ease-of-use and rapidity. Most
importantly, the expensive thermal cycler and specialized kits for DNA extraction and
purification are not required. The strand displacement characteristic of the Bst DNA
polymerase and the loop-intercalating primers allow amplification of the targets at a single
temperature with high sensitivity (e.g. 10-100 genome copies), and the product can be
visualized, albeit indirectly, by the formation of magnesium pyrophosphate as a white
precipitate'®. Goto et al.> has previously developed a LAMP technique to detect sea, seb, sec
and sed genes, and reported that it is more sensitive and specific than PCR by an order of
magnitude™'”. Still, previous analyses of LAMP results indirectly performed by monitoring
the formation of magnesium pyrophosphate precipitate showed limited accuracy since the
precipitate formation affects the reading accuracy. The alternative analysis by agarose gel-
electrophoresis requires electrophoresis instrumentation, extra laboratory time (0.5-1.5 h),
safety issues due to exposure to high voltage and ethidium bromide, and perhaps false

positive due to misamplification'®. Here, we present the use of a nanogold-appended sea
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probe (AuNP), which is specific for the target DNA, to eliminate the false positive problem.
The high molar extinction coefficient of the AuNP supports simple visualization by naked
eyes, and the functionalization with the probe increases the specificity of the assay19'24.
Together, we designed new LAMP primers based on additional sea sequences from GenBank
(https://www.ncbi.nlm.nih.gov/nucleotide/) along with two inner loop primers that can speed
up the amplification by parallel-amplifying DNA loops outward on both ends® and
determined the optimal reaction conditions. The LAMP-AuNP assay was validated by testing
with food samples that are commonly found contaminated (ground pork and milk) to show
improved specificity and sensitivity”*>® compared to the standard nucleic acid-based assay
(PCR). We also demonstrated that the combination of a simple crude DNA lysis method and
LAMP is appropriate for point-of-care and resource-restrained diagnostics. Further, since the
visual reading from LAMP-AuNP cannot quantitate the number of bacterial CFU (or copy),
which is important when the contamination level is below the food and drink safety control
(< 100 CFU) but which the hypersensitive LAMP can detect **°, an alternative detection

employing a cationic styryl dye (STR) as a fluorescent DNA stain®’"!

was developed for
quantifying the LAMP product. The LAMP-STR can quantify sea levels below 100 CFU,
which a conventional culture method could not detect. Our two methods therefore help

improve early identification of contaminated meat and dairy products to mitigate outbreaks of

food poisoning.

Materials and M ethods

Bacteria strainsand culture
All bacteria strains were provided by the Department of Microbiology, Faculty of

Science, Chulalongkorn University; Department of Medical Sciences, Ministry of Public

.5.1.1.3
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114  Health; and Bamrasnaradura Infectious Diseases Institute, Ministry of Public Health

115  (Supplemental Table 1). S aureus ATCC 13565 and ATCC 25923 strains contain Sea,

116  representing a positive control. All other S. aureus strains and other bacteria species contain
117  no sea and were used as negative controls. All bacteria strains were cultured in tryptic soy

118  broth (Himedia, Mumbai, India) at 37°C"".

119

120 DNA extraction by commercial kit

121 GF-1 Bacterial DNA Extraction Kit (Vivantis, California, USA) was used to extract
122 DNA from bacteria culture for preparation of strains, and from ground pork and milk samples
123 for PCR. Following manufacturer’s protocols, 1 mL of bacterial cultures or 1 mL of aqueous
124  extracts from minced ground pork (1 g/ 9 mL ddH,O) was centrifuged at 13,000 rpm 30 min
125  at 4°C to pelletize the bacterial cells. The pellet was then resuspended in Buffer R1

126  (Vivantis), and lysozyme and proteinase K were added to lyse the bacterial cell membranes.
127  The purified DNA was eluted in 50-100 pL of elution buffer (10 mM Tris-Cl, pH 8.5) and

128  stored at -20°C.

129

130 S.aureussea PCR

131 The PCR reaction for S aurFigure eus sea (15 puL) uL comprised 12.5 uLL

132 Emerald Amp® GT PCR Master Mix (TakaRa Bio, Shiga, Japan), 0.3 uM primers SEA-F and
133 SEA-R (Supplemental Table 2), and 100 ng DNA (unless specified). Thermocycling

134  conditions were as follow: 94°C 2 min, followed by 35 cycles of 94°C 2 s, 55°C 2 min and
135  72°C 1 min, and final extension at 72°C 7 min**>*. The PCR product was analyzed by 1.75%

136  agarose gel electrophoresis (120 base pairs (bp) amplicon).

137
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S. aureus sea LAM P assays by Goto et al.?and our designed primers

Our designed LAMP primers were based on multiple sequence alignment of sea and
non-sea sequences from GenBank. The 11 sea sequences were ATCC13565 (GenBank
accession no. M18970), ATCC25923 (EF520720.1), MW2 (NC003923.1), TW20
(FN433596.1), phiNM3 (DQ530361.1), phiSal19 (KJ596420.1), Z172 (CP006838.1),
MSSA476 (BX571857.1), MRSA252 (BX571856.1), ST228 (HE579073.1), and T0131
(CP002643.1). Primer Explorer V4 (Eiken Chemical, Tokyo, Japan;
http://primerexplorer.jp/elampn4.0.0/index.htmL) along with manual design were performed.
The primers specificity was validated by BLASTN against GenBank nucleotide database.
The sequences of primers from Goto et al.” and our designed LAMP primers were compared
(Supplemental 2). The LAMP reaction (15 pL) comprised 1.6 pM each of primers FIP, BIP,
LF and LB, 0.2 uM primers F3 and B3, 1.4 mM dNTP (SibEnzyme Ltd., Novosibirsk,
Russia), 0.3 M betaine (Sigma-Aldrich, St. Louis, MO, USA), 6 mM MgSQO,, 8 U Bst DNA
polymerase (New England Biolabs Inc., MA, USA), 1x ThermoPol™ Reaction Buffer (New
England Biolabs Inc.), and 100 ng DNA (unless specified). The reaction conditions (shortest
incubation time with highest sensitivity and correct specificity) were optimized using
incubation temperatures of 60, 63 and 65°C, and incubation periods of 15, 30, 45 and 60 min.
Heating at 80°C for 2 min was next applied to terminate the reaction. The LAMP products

appeared as intercalating bands of various bp sizes by 1.75% agarose gel electrophoresis.

Preparation of nanogold probe and optimization for our LAMP-AuNP

The Probe-Sa_SEA (Supplemental Table 2) used for LAMP product detection was
manually designed, and checked specificity by BLASTN against the GenBank nucleotide
database. Gold nanoparticles of 20 nm diameter (Sigma-Aldrich) were appended to the Probe-

Sa_SEA following methods of Jaroenram et al.”> and Somboonna et al.?. In brief, 50 puL of

.5.1.1.3
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the Probe-Sa_SEA and 10 mL of gold nanoparticles were hybridized at 150 rpm and 50°C in a
hybridization oven (Thermo Scientific, New Jersey, USA), for 22 h. Next, 1 mL of 100 mM
PBS, 10 uL of 10% SDS and 500 pL of 2 M NaCl, at 50°C, were added, and the mixture was
hybridized at 150 rpm and 50°C for another 4 h. The mixture was centrifuged at 13,000 rpm
4°C for 30 min. The clear solution was removed, and the precipitate was re-suspended in 10
mM phosphate buffer (100 mM NaCl and 0.01% (w/v) SDS), and centrifuged again. The
pellet was finally re-suspended in 10 mM phosphate buffer (100 mM NaCl and 0.01% (w/v)
SDS) to give the gold nanoparticles-probe solution (AuNP) that showed the absorbance of
0.3-0.4 at 525 nm, and was stored protected from light at 4°C. To determine the optimal
conditions for the colorimetric LAMP-AuNP reaction, mixtures with different volume ratios
of LAMP:AuNP (1:9 to 9:1) (10 uL total volume) were incubated at 63°C for 10 min, and
0.01-1 M MgSO, was then added. When a sufficient concentration of Mg”* was present in the
absence of the LAMP product, the AuNP agglomerated and changed its color. However, the
positive LAMP products hybridize with the AuNP via their specific complementary strands,
and the agglomeration induced by the salt addition was inhibited’*****. The LAMP-AuNP
results could be interpreted by naked eyes via their color: red/purple (positive) or clear/very
light purple (negative), which could be further confirmed by UV-vis spectrophotometry.
Controls included AuNP only, AuNP with MgSQO,, and no template control (DNA was
replaced by ddH,0O). The AuNP only shows the same color as the positive LAMP results,
while the AuNP with salt and no template control with salt show the same color as the
negative LAMP results. All controls showed the expected colors for all tests (data not

shown).

.5.1.1.3
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186  Comparison of specificity and sensitivity among S. aureus sea PCR, LAMP, and LAMP-
187  AuNP methods

188 LAMP assays by Goto et al.> (60°C 30 min), as well as our LAMP (63°C 15 min) and
189 LAMP-AuNP (5:5 vol./vol.) were carried out at the optimal conditions. Bacterial strains
190 including S aureus (sea), S aureus (no sea), and other food poisoning bacteria
191  (Supplemental Table 1), were tested for specificity. No template control referred the LAMP
192  reaction where DNA was replaced by ddH,O. For sensitivity, 10-fold serial dilutions of S
193  aureus (sea) DNA, or from live culture, were used as template to determine the minimum

194  limit of detection.

195

196  Crude DNA lysisfor ground pork and milk

197 Simple and rapid crude DNA lysis protocols for ground pork and milk were adapted
198  from Reischl et al.** and Sowmya et al.*. For ground pork and milk, the sample was stirred
199  in a pellet pestle stirrer, and 1 mL of the liquid suspension was aliquoted into a

200  microcentrifuge tube and centrifuged at 13,000 rpm 10 min. The supernatant was discarded,
201  the pellet was suspended in 100 pL 1% Triton X-100 (Sigma-aldrich), heated at 95°C 10 min,
202  centrifuged at 13,000 rpm 10 min, and the supernatant was used as a DNA template for

203  LAMP. The supernatant was stored at -20°C.

204

205  Comparison of specificity and sensitivity for S. aureus sea assays between culture and
206 crude DNA lysis coupled with LAMP-AuNP methods using ground pork and milk

207  spiked-in live bacteria culture

208 S aureus sea strains ATCC13565 and ATCC25923 were cultured until an ODggo equal

209 to 1 (10® CFU) was obtained'’. Samples with 10-fold serial dilutions were prepared ranging
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210  from 10’ to 10 CFU/mL, and 1 mL of each was spiked-in and mixed with 1 g pork or 1 mL
211 milk samples, respectively. The samples were previously autoclaved and verified sea-free by
212 sea PCR. For the pork samples, 9 mL of ddH,O were further added. For culture assay, the
213  samples were analyzed by a certified ISO/IEC 17025 laboratory, Food Research and Testing
214  Laboratory (FRTL, Faculty of Science, Chulalongkorn University), following the FDA's

215  Bacteriological Analytical Manual (BAM) for S aureus protocols

216  (https://www.fda.gov/food/laboratory-methods-food/bam-staphylococcus-aureus) that

217  include: cultivation on selective Baird-Parker agar, followed by biochemical tests (oxidase
218 test, catalase test, coagulase test and mannitol salt agar growth, and S. aureus should result
219  catalase-positive and the rests are negative). For the LAMP-AuNP assay, the DNA was crude

220  lysis, amplified and detected according to the protocols described above.

221

222 Study design to compar e the perfor mance between the culture and our crude DNA lysis

223 coupled with LAMP-AuUNP assays

224 To determine the performance of the culture and our crude DNA lysis coupled with
225  LAMP-AuNP methods, the extraction of DNA with GF-1 Bacterial DNA Extraction Kit

226 (Vivantis) followed by sea PCR was used as the reference method. Statistically required

227 sample numbers (N) were calculated according to the equation: N = (p (1-p) z°)/e’, given p at
228  an average incidence of 18% (reported by Food Sanitation Division, Department of Health, in
229 2007 and 2008°°, and Bureau of Epidemiology, in 2009°), z score of 1.65 for 90% confidence
230 interval, and e of 10% for margin of error. This yielded an N of 40.18. Therefore, we used 40
231 ground pork and 40 milk samples purchased from local markets in Bangkok (Samyan and
232 Kingpetch districts) and nearby provinces (Nakhon Pathom and Suphan Buri). The assay

233 efficacy was calculated based on the following equations: sensitivity = true positive + (true
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234  positive + false negative), specificity = true negative + (true negative + false positive), false
235  positive = 1 — specificity, false negative = 1 — sensitivity, and accuracy = (true positive + true
236  negative) + total samples. Verification of all samples included a minimum of two

237  independently confirmed GF-1 Bacterial DNA Extraction Kit (Vivantis) followed sea PCR™.
238

239 LAMP-STR for colorimetric quantitation

240 The optimization experiments for LAMP-STR included testing different styryl dyes
241 structures®’, different dilutions, and different LAMP product diluent-to-STR diluent

242 (vol./vol.), that yielded the best fit data (R*, goodness of fit) for the regression equation

243 analysis. In brief, the fluorescent DNA-binding styryl dye stock solution (20 pM) was diluted
244  in phosphate buffer (pH 7.0); the LAMP product was diluted in double distilled water, then
245  the appropriate LAMP-to-STR ratio was mixed by vortexing, the fluorescent red color

246  (positive) result was visualized under a 315 nm UV light and the photograph was taken.

247  Imagel] software (National Institutes of Health, Bethesda, Maryland, USA,

248  https://imagej.nih.gov/ij/) was used to convert the image into numerical data by determining

249  the color intensity from the fluorescent image.

250
251  Results

252  Optimal isothermal conditions of sea LAMP assays by Goto et al. and our designed

253  primers

254 The conditions were first optimized over a temperature range of 60-65 C and
255  incubation periods of 15-60 min using 100 ng genome of S. aureus strains sea as template,

256  and our designed LAMP primers that consisted of two inner loop primers (Supplemental
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Table 2, Sa_SEA LF and Sa_SEA LB) versus Goto et al.’s LAMP primers” that contain only
one inner loop primer (SEA_LB). Our LAMP primers showed the appearance of LAMP
products as early as 15 min at 60, 63 and 65 C incubations. Goto et al.’s LAMP primers
meanwhile showed the earliest observable amplification at 30 min (Supplemental Figure 1).
Noted without inner loop primers, both Goto et. al.’s and our LAMPs showed the same
optimal isothermal condition at 30 min and 65 C (data not shown). The tentative isothermal
conditions (15 min, and 60, 63 or 65 C for our LAMP; 30 min, and 60, 63 or 65 C for Goto
et. al.’s LAMP) were further selected based on specificity and sensitivity evaluations. A total
of 14 foodborne bacterial strains (Supplemental Table 1, 2 sea and 12 non- sea) served as
standard controls for sea PCR, as well as Goto et al.’s and our LAMP specificity evaluation.
All methods could correctly identify positive (PCR product appeared as a single band at ~120
bp, LAMP product appeared as multiple bands of different sizes) and negative control strains
showed no bands (data not shown). This confirms the BLASTN results that our LAMP
primer sequences were specific to only S aureus sea (see Materials and Methods, details on
the primer design requirement). For sensitivity determination, 10-fold serial dilution
containing 9.7 ng to 0.97 fg of S aureus ATCC13565 genome served as templates. We
selected 30 min at 63°C as the isothermal condition for Goto et al.’s LAMP, and 15 min at
63°C for our LAMP since these are the conditions that the smallest amount of template could
be successfully amplified in each case. Hence, the detection limit of sea PCR and Goto et
al.’s LAMP were found to be 0.097 pg (32 sea copies) while our LAMP was 9.7 fg (Figure
1). The limit of detection results suggested a 10-fold increase in sensitivity for our LAMP
compared to both PCR and Goto et al.’s LAMP. Proper specificity was found for all methods

(Figure 2).

.5.1.1.3
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Specificity and sensitivity of our LAMP-AuNP

Next, we attempted to combine our LAMP with AuNP probe to allow visual color
detection through the specific complementary binding between the LAMP product and our
designed sea oligonucleotide probe (Supplemental Table 1, Probe-Sa_SEA) attached to gold
nanoparticles. The LAMP products corresponding to positive and negative samples were
mixed with the AuNP probe at different ratios of 1:9 to 9:1 (vol./vol., total volume = 10 pL),
and different amounts of salt (MgSQ,), and the appropriate condition was selected where a
significant color difference between positive (red/purple) and negative (clear/very light
purple) could be clearly observed by naked eyes within 1-2 min. The optimal condition was
found to be 5:5 of LAMP:AuNP (vol./vol., 5 uL/5 pL) and 5 pL of 0.5 M MgSQ,. Noted that
other ratios also caused the color change, but at a slower rate (up to 10 min), for examples the
3:7 and 4:6 LAMP:AuNP (vol./vol) (Supplemental Figure 2). At 1:9 ratio of LAMP:AuNP,
the LAMP product was not present in sufficient amounts to inhibit the aggregation of the
AuNP probe, while at too high amounts of the LAMP product (e.g. at 8:2 or 9:1), the color of
the AuNP probe was difficult to observe. Hence, the ratio of 5:5 was most appropriate for the
optimal detection since both positive and negative results could be judged relatively quickly
within 1-2 min. The color difference as observed by naked eyes was confirmed by UV-vis
spectrophotometry reading (wavelength scanning from 400 nm to 700 nm): positive peak at
~550 nm corresponded to red-purple color and negative results were observed as no peak
(clear) or very minor peak (very light purple) (Supplemental Figure 2, at 5:5 LAMP-to-
AuNP). This appropriate LAMP:AuNP condition was used to evaluate specificity and
sensitivity. Fourteen bacterial strains, in Supplemental Table 1, served as control for
specificity evaluation, and our LAMP-AuNP correctly identified the positive and negative
controls (Figure 3A). In term of sensitivity, the LAMP-AuNP results as determined by naked

eyes were fully consistent with our LAMP results as determined by agarose gel

.5.1.1.3
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electrophoresis, showing a limit of detection as low as 9.7 fg, or equivalent to 3.2 sea copies
(Figures 1C and 3B). The color visualization of the LAMP-AuNP product was also further

confirmed by UV-vis spectrophotometry (Figure 3C)2O'21’24.

Crude DNA lysis coupled LAMP-AuUNP assay is hyper sensitive and effectivein real

ground pork and milk sampletests

We evaluated the feasibility of using the assay for the point-of-care diagnostic by
employing DNA samples obtained from simple crude DNA lysis instead of from DNA
extraction kits as a template for the LAMP-AuNP assay. In the crude DNA lysis, we
compared different lysis buffer (TE Buffer’®, 0.25 N NaCl and 0.0125% SDS™, and 1%
Triton X-100®) from a minimum of three independent experiments and found that 1% Triton
X-100 gave the highest DNA yield as determined by Nanodrop spectrophotometer. The
average yield of crude DNA extracted by TE buffer, 0.25 N NaCl and 0.0125% SDS, and 1%
Triton X-100 was 1.34, 1.68 and 1.99 ng/uL, respectively. Therefore 1% Triton X-100 was
used for the preparation of the crude DNA lysates. Live cultures of individual bacterial
strains in Supplemental Table 1 were used to spiked ground pork at 10° CFU/g and milk at
10° CFU/mL, and our crude DNA lysis coupled with LAMP-AuNP assay was evaluated for
specificity in comparison with the culture method due to its wide use and acceptance as an
ISO/IEC 17025 standard assay for S aureus diagnostics in local settings in Thailand. Our
method correctly identified positive and negative results for S aureus sea, and the culture
method showed positive results for all S aureus sea and non-sea strains (Table 1). For
sensitivity evaluation, ground pork and milk with 10-10° CFU/g and CFU/mL of S aureus
(sea) were tested. The culture method could detect as low as 10* CFU/g whereas our assay

could detect as low as 10 CFU/g of sea in ground pork samples. For milk samples, both the
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culture and our assays could detect as low as 10 CFU/mL (Table 2). Here, the nature of food
matrices affected the limit of detection to culture S aureus. It should be noted that there were
differences in the sample preparation for the two assays. To maintain the bacterial viability
for culture, the sample preparation method for culture is simply a mixing step between
ground pork and ddH,O to obtain a liquid suspension without the use of harsh reagents or
heat, so that live S aureus could remain in pork debris. On the other hand, the method of the
crude DNA lysate preparation for LAMP required a mild detergent (Triton X-100) and

boiling.

Next, we determined the statistical efficacy of our assay, and compared with the
culture method. A total of 80 ground pork and milk samples were analyzed and the standard
DNA-based diagnostic method (commercial DNA extraction kit (GF-1 Bacterial DNA
Extraction Kit, Vivantis) and sea PCR??) was used as the reference. The validity of the
commercial DNA extraction kit combined sea PCR** assay was first verified with ground
pork and milk samples spiked with S. aureus sea at 10° CFU/g and 10> CFU/mL,
respectively, as well as with live cultures of individual bacterial strain employing a similar
experimental setup as in Table 1. The reference method properly identified positive and
negative samples in all cases. Our assay could correctly detect sea positive and negative
ground pork samples, giving identical results to the reference method (100% sensitivity,
100% specificity, 0% false positive and false negative, and 100% accuracy). For milk
samples, our assay showed one false-positive resulting in the decrease in specificity (97%)
and accuracy (97.5%). On the other hand, the culture assay showed only 0-40% sensitivity,

90-97% specificity and 75-90% accuracy (Table 3).
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Appendix 2: Manuscript No. 5.1.1.3

354 LAMP-STR for sea colorimetric quantitation

355 The LAMP-AuNP method, while showing excellent specificity and sensitivity, could
356  not easily quantitate the results. Small amounts of contamination may be present (e.g. <100
357  CFU), which could be in the borderline case and can be acceptable under certain

358 circumstances. However, a highly sensitive method that is qualitative in nature would simply
359 indicate that such sample is positive. Hence, there are needs for a method that allow

360  quantitation of small amounts of DNA. In this context, we developed a new cationic

361  fluorescent styryl dye (STR) (Figure 4A) that can brighten up in the presence of DNA. Such
362  dyes can be used in combination with the developed LAMP method to detect and quantitate
363  low level of LAMP products. Several styryl dyes were screened (data not shown), and only
364 the cationic benzothiazolium dye designated as STR (see synthesis details in Supplementary
365  Information™) was identified as the most appropriate dye that can respond to the presence of
366 LAMP product by showing bright orange fluorescence when visualized under UV light. At 5
367 uM of the dye STR and 80-fold dilution of the LAMP product (Figure 4B), the assay can
368  correctly identify the S. aureus sea from negative controls (non-template and E. coli).

369  Moreover, a different level of color intensity was observed at different amounts of the DNA
370  template, suggesting the possibilities of performing a semi-quantitative analysis. A minimum
371  of 5 independent experiments containing 0, 10, 100 and 1,000 CFU LAMP products were
372 thus analyzed and the linear calibration plot between the fluorescent intensity (Y variable)
373  and the log CFU (X variable) was obtained (Figure 5A). To back confirm our derived

374  quantitative equation, the live S aureus (sea) culture (10, 100 and 1,000 CFU), the genomic
375  DNA at the limit of detection of the LAMP-AuNP method (9.7 fg, or 3.2 copies), and the
376  negative LAMP by the negative control strains or no template were evaluated. Our LAMP-

377  STR was able to quantitate 10-1,000 CFU of S aureus (sea), and for 3.2 copies LAMP the
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color intensity was found too small to be differentiated from the background density (Figure

5B).

Discussion

While not every enterotoxin type (such as type F) plays a significant role in food
poisoning outbreaks in humans, the staphylococcal enterotoxin A represents the most
commonly detected enterotoxin type associated with food poisoning outbreaks in humans,
and in a minimal dose such as 20 ng can cause diseases*’. Staphylococcal enterotoxin A
contamination is prevalent in meats, milk, eggs and foods high in fat. Conventional method
involves culturing on selective Baird-Parker agar, in which S, aureus colonies should appear
shiny black and circular surrounded by clear zone. S. aureus confirmation may be optionally
performed by four biochemical tests (catalase, oxidase, coagulase and mannitol salt tests).
Yet the culture method cannot differentiate Sea from non-sea strains. This method is also
labor and time intensive (2-4 days), expensive (> 10 USD per test), and the sensitivity and
specificity were limited compared to the DNA-based diagnostic. In DNA diagnostics,
although PCR gives excellent performance in terms of sensitivity and specificity, the major
limitation is its requirement of an expensive thermal cycler and 3-4 h diagnostic time. This
study developed a combined crude DNA lysis as a means for sample preparation with S
aureus sea LAMP-AuNP and LAMP-STR that offers similar performance to PCR but much
faster (< 1 h) and required no thermal cycler or electrophoresis instruments. LAMP offers a
simple, rapid and effective target amplification, while AuNP (visual color) and STR

(fluorescent) offer easy color readouts.
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401 The two inner loop primers, LF and LB, that we designed could accelerate the DNA
402  amplification by producing loop amplicons from multiple sized LAMP amplicons from the
403  inside outward to both ends. This increased the amount of LAMP product, so the assay time
404  was reduced by a half from 30 to 15 min compared with Goto et al.’s LAMP (and our LAMP
405  without inner loop primers, data not shown), and the limit of detection according to gel

406  electrophoresis was also higher®***>*

(from 97 fg to 9.7 fg genome, or equivalent 3.2 sea

407  copies). To enable point-of-care and resource-constrained diagnosis, AuNP functionalized
408  with a probe complementary to the LAMP product was employed to replace the agarose gel
409 electrophoresis for the detection of the specific LAMP products. This allows naked eyes

410  detection with high accuracy due to the complementary binding between the target (in LAMP

411 product) and the probe*'™*

. Moreover, since the Bst DNA polymerase used in LAMP is much
412 less sensitive to inhibitions than the Tag DNA polymerase typically employed in PCR, the
413  sample preparation can be greatly simplified. The crude DNA lysis from real food samples,
414 which often contain inhibitor to the culturing or the Tag DNA polymerase in PCR'7?%4#
415  was successfully employed. This study selected ground pork and milk as food samples, given
416  that ground pork often showed problems with the culture method, and both ground pork and
417  milk required commercial DNA extraction kits for the PCR method. While the efficiency of
418  the culture method was biased to sample types (poor limit of detection and assay accuracy for
419  ground pork samples), our crude DNA lysis coupled with LAMP-AuNP showed a better limit
420  of detection and a much higher assay accuracy for both ground pork and milk samples (10
421 CFU/gor mL, and 97.5-100% accuracy). Our assay accuracy was comparable to using

422 commercial DNA extraction kit together with the PCR methods. Despite the fact that

423  enterotoxin A accounts > 50% of causes in some areas, the ability to detect every enterotoxin

424 type gene that causes food poisoning is important. With appropriate primers and reaction
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condition, our assay can be adapted for detecting and quantitating other enterotoxin type

genes even in a minimal contamination.

Recently, several LAMP-based assays have developed to detect foodborne pathogens,
such as staphylococci®, Listeria monocytogenes'®, Vibrio parahaemolyticus'” and
Escherichia coli*®. Whilst our research reported the similarly high assay sensitivity and
specificity, our LAMP-based assay targeted the major enterotoxin gene Sea, a direct detection
to the pathogenic S. aureus strain with sea, and compared the complete assay efficiencies
including detection limit, sensitivity, specificity, false positive, false negative and accuracy,
between culture methods and our crude DNA lysis coupled LAMP-AuNP methods, in both
laboratory and real food sample tests with either spiked-in or natural S aureus sea
contaminations (statistical number of samples). Our assay also contained the double inner
loop primers to allow a rapid 15 min LAMP reaction time, and had combined STR
quantitation methods, so the total detection time starting from raw sample to analyze data in

color readout is within 1 h.

Conclusion

The data supported the reliability of our assay for S aureus sea without the
requirement of a commercial DNA extraction kit nor expensive instruments like a thermal
cycler, electrophoresis apparatus, and spectrophotometer. Only a simple heat block or water
bath and readily available reagents are sufficient to perform our diagnostic at the point-of-
care settings in less than 1 h (30 min crude sample lysis, 15 min LAMP, and 7 min AuNP
steps) with minimal expertise required, yet giving high accuracy and hypersensitivity. Our

assay was effective with various types of samples including DNA, live bacterial culture, pork

.5.1.1.3
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and milk spiked-in live bacterial culture, and throughout a statistic number of market samples
surveillance (pending Thai petty patent no. 16030012151 for LAMP-AuNP). An additional
assay, LAMP-STR, was also developed to quantitate low levels of S aureus sea
contamination between 10-1,000 CFU (pending Thai petty patent no. 1703000138). This
facilitates the case when < 100 CFU/g or mL diet is acceptable so the LAMP-STR will allow

proper management of diets with contamination but under the control standard.
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606

607
608  Figure Captions

609  Figure 1. Limit of sea detection by (A) PCR, (B) Goto’s LAMP incubation period 30 min
610 and temperatures 60, 63 and 65 °C, and (C) our LAMP incubation period 15 min and

611  temperatures 60, 63 and 65 °C, using S aureus ATCC13565 as template.

612  Lane M represents 100 bp DNA ladder (GeneDireX Inc.); N, no template control; 1, 9.7 ng;
613  2,0.97 ng; 3, 0.097 ng; 4, 9.7 pg; 5, 0.97 pg; 6, 0.097 pg; 7, 9.7 fg (equivalent to 3.2 sea

614  copies); 8, 0.97 fg.
615

616  Figure 2. Specificity of sea detection by (A) PCR, (B) Goto's optimal LAMP condition (60

617  °C 30 min), and (C) our LAMP optimal condition (63 °C 15 min).

618  Lane M represents 100 bp DNA ladder (GeneDireX Inc.); N, no template control; 1, S

619 aureus ATCCI13565; 2, S aureus ATCC25928; 3, S aureus ATCC144925; 4, S epidermidis
620 ATCCI12228; 5, S saprophyticus ATCC15305; 6, V. funissii; 7, S flexneri; 8, E. coli

621  ATCC25922;9, E. coli ATCC35218; 10, S typhimurium ATCC14026; 11, E. cloacae; 12, A.

622  sobria; 13, E. faecalis ATCC25912.
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623

624  Figure 3. (A) Specificity, and sensitivity determined by (B) visual color and (C)

625  spectrophotometry of LAMP-AuNP.

626 In A, tube N represents no template control; 1, S aureus ATCC13565; 2, S aureus ATCC
627  25923; 3, S aureus ATCC25928; 4, S aureus ATCC144925; 5, S epidermidis ATCC12228;
628 6, S saprophyticus ATCC15305; 7, V. funissii; 8, S. flexneri; 9, E. coli ATCC25922; 10, E.
629 coli ATCC35218; 11, S typhimurium ATCC14026; 12, E. cloacae; 13, A. sobria; 14, E.

630 faecalis ATCC25912.

631 InBandC, S aureus ATCC13565 DNA was as template; lane 1, 9.7 ng/uL; 2, 0.97 ng/uL;

632  3,0.097 ng/uL; 4, 9.7 pg/uL; 5, 0.97 pg/uL; 6, 0.097 pg/uL; 7, 9.7 fg/uL; 8, 0.97 fg/uL.
633

634  Figure4. (A) Chemical structure of STR dye, and (B) photograph of STR dye (5 uM) with

635  various LAMP samples at 80-fold dilution under UV light (315 nm).

636  Tube 1 represents no LAMP product; 2-4 are LAMP products obtained from crude lysis DNA

637 of S aureus ATCC13565 (10, 100 and 1,000 CFU); 5, E. coli (1,000 CFU).
638

639  Figureb. Accepted quantitative equation from 315 nm UV irradiation reading to CFU by (A)
640  Goodness of fit (R*) of 0.99 from 5 independent experiments, and (B) blind testing with
641  LAMP samples of known S aureus sea concentrations (10, 100 and 1,000 CFU) and other

642  Dbacterial species (negative).
643

644



645

646

647

648

649

650

651

Tables

Table 1. Specificity comparing between culture method by ISO/IEC 17025 laboratory and
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our crude DNA lysis coupled LAMP-AuNP on ground pork and milk samples spiked-in live

individual bacterial strain at 10> CFU per g of ground pork (or mL of milk).

Record result of culture method was CFU/g (ground pork) or CFU/mL (milk), and when the

culture resulted < 10 CFU the analysis was recorded undetermined as “+/-”.

Pork LAMP-AuNP Milk Culture LAMP-AuNP
Culture (CFU/qg) (CFU/mL)
S aureus +(3,000,000) + S aureus +(360,000) +
ATCC13565 ATCC13565
S aureus + (< 110,000,000) + S aureus + (< 110,000,000) +
ATCC25923 ATCC25923
S aureus + (< 110,000,000) - S aureus ATCC | +(<110,000,000) -
ATCC25928 25928
S aureus + (< 110,000,000) - S aureus + (< 110,000,000) -
ATCC144925 ATCC144925
S epidermidis +/- (< 10) - S epidermidis +/- (< 10) -
ATCC12228 ATCC12228
S. saprophyticus +/- (< 10) - S saprophyticus +/- (< 10) -
ATCC15305 ATCC15305
V. funissii +/- (< 10) - V. funissii +/- (< 10) -
S flexneri +/- (< 10) - S flexneri +/- (< 10) -
E. coli +/- (< 10) - E. coli +/- (< 10) -
ATCC25922 ATCC25922
E. coli +/- (< 10) - E. coli +/- (< 10) -
ATCC35218 ATCC35218
S typhimurium +/- (< 10) - S typhimurium +/- (< 10) -
ATCC14026 ATCC14026
E. cloacae +/- (< 10) - E. cloacae +/- (< 10) -
A. sobria +/- (< 10) - A. sobria +/- (< 10) -
E. faecalis +/- (< 10) - E. faecalis +/- (< 10) -
ATCC25912 ATCC25912
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Table 2. Sensitivity comparing between culture method by ISO/IEC 17025 laboratory (10-

10° CFU per g of ground pork, or mL of milk) and our crude DNA lysis coupled LAMP-

AuNP (1-10° CFU per g of ground pork, or mL of milk) using spiked-in live S. aureus

ATCC13565.
Pork Culture LAMP-AuNP Milk Culture LAMP-AuUNP
(CFU/g) (CFU/qg) (CFU/mL) (CFU/mL)

10° +(3,000,000) + 10° +(360,000) +
10* +(320,000) + 10* + (34,000) +
10° +- (< 10) + 10° +(1,900) +
10? +- (< 10) + 10> +(235) +

10 +/-(<10) + 10 +(20) +

1 N/A* - 1 N/A -

N/A represents data is not available, because 1 CFU spiked-in experiment was not performed

for the culture method.

.5.1.1.3
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660  Table 3. Comparison of assay efficacies between culture method by ISO/IEC 17025

661  laboratory and our crude DNA lysis coupled with LAMP-AuNP, against reference Sea

662  detection method (GF-1 Bacterial DNA Extraction Kit (Vivantis) followed by sea PCR)24’3O
663  on 40 ground pork and 40 milk samples surveillance from local markets in Bangkok and

664  nearby provinces

Crude DNA
Reference sea Culture method extraction coupled
Samples | detection method LAMP-AuNP
(number)
Positive | Negative | Positive | Negative
Positive (7) 0 7 7 0
Negative (33) 3 30 0 33
Sensitivity 0.00 1.00
Pork Specificity 0.90 1.00
False Positive 0.10 0.00
False Negative 1.00 0.00
Accuracy 0.75 1.00
Positive (5) 2 3 5 0
Negative (35) 1 34 1 34
Sensitivity 0.40 1.00
Milk Specificity 0.97 0.97
False Positive 0.03 0.03
False Negative 0.60 0.00
Accuracy 0.90 0.975

667
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IASENeIms 18 gnemnsiiinuuidiousn £ coli iy fhne dniden fnade wuiue uils 1Hedns
wayia ownsisnduidion s. aureus wu ledniuazi
Tullagtu BuespulumsnrmewnsiionadudiounuaiiSedianitvan Wuimsdauende
(cultural methods) N151495n1483yTuAne1 (mmunological methods) LagnN1INARDUETS
#gN35U (nucleic acid based methods)? imamsﬁmwnL%amnmmsﬁﬁmm5m=s'm_aauﬁﬁléﬁm81°if
onsimsfeiivuzan audemsveaeuanautinidiaiiveadendauenld ddidedudold
naw (5-74) iedesseuuaidmasy fmnusumsduilomndeiilideniseraeiyldne
sensuuteu fmnulaviedaditalunisasiansn ndnfededddfagduymudeudiann
(100 finddns) Winalinsfimadativiunasisssy 10-100 Talad uasilenlddress (~500 umsto
M3Rs39) ToAfeudnTBAe meduyluinen dwendovdnnisandivesaufvedfisnnsiuided
aule uarlfievluifidousiofunsuivedlunsviliAndidumeiumsiuiuide Jegtuivnmsa
d1salugiuuvitesaediliufizonanisiotsasssuinuouive fuasiauiiau (enzyme linked
immunosorbent assay, ELISA) kagiansnsiamuauitaulaenisindaunauiivafirowsufiauuuan
Lﬁﬂ?ﬂﬁﬂﬂﬂ’]iLﬁﬂﬂ’!‘iLﬂﬂuﬂﬁuﬂiuﬂﬂﬂﬁﬁuﬂau (reverse passive latex agglutination, RPLA) w35
LLNQu‘ﬂ’ﬂ,ﬂﬂuﬁl’lﬂi'ﬂﬂﬁ’)ﬂ?’m"l'iﬂ@]LLEJﬂL‘UE) uffisaunadssrndunulunisndnusuivediis
Uan9nil n'rs‘bml,aumuaﬂmaﬂﬁaaauﬂmvzmaaLLaumuaﬂmmﬂmuwwmﬂmnmﬂgniaﬁumw
wouflauiifidwunsaozilulndifes warlunislinath (reproducibility) nsdianulsinviveyly
aumuazaus v e uiveAeoxldlundazas Snsudeilésumudunniuasd
fngnmiiasanunuiiitnisdanendeniedinduyluine AeTn1sminluszdvansfuanssu
iesnldanudumzuazanulige ddngunfivsrinldaesgunuufienisamadeudduivavesans
Wugnssulagn s ﬁ'wm‘%“'a@Lwﬂiu‘laﬁmiémﬁwﬁ’uma';'u“l,mi (next generation sequencing) 330154
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Y9 2 UBIUIY T WA

° i It

uizfianugniouiudigs uarlieyanasdenunn wififidldiegann luaunsasiiluiedy
wislunipauuld mﬁuamaaﬂmmwuau’luﬂwuuﬂa ﬂgﬂimaﬂimwaamaua (polymerase
chain reaction, PCR) ww'gEJ‘Lumiquﬂsmmmamawwwwmau’lﬂawuwLﬂumsawmamwwu
vouuaitiSefiaulasrasasou Sgnimunlasniseonuuulnsie fimnsay uasesfosiimaily
arnaaulaavedeaadidnlnslidaiogrudidaremsfiuUiafiiue uasnsvaeuuna
vamdnfusiiAntuhaonadasiuiimsanduield uinadaidlinanny (3.5 dluslumsvi
PCR wae 0.5-1 Faludumsiiasesinalaonisvineg) fodldiedoddionasemainiitisemune 8n
ﬁqé’qﬁaqmﬁ’aqﬂmn‘sﬁﬁmmﬁﬂmmuqﬂuﬂ'iﬁtﬂﬁsﬁLLastawa

nnfinamniomnasiuidelieuduiufiasfestaunitnsansitefudouuaiidure
I'imﬁaLmﬂwwamwaﬂmswﬂumms Miildazan s Lifesmsiedestiofdudou uasymanns
Piauderny Lﬂuwm‘uawgnsmaﬂLmnamwlai%mauaauauwawmw (loop- mediated
isothermal amplification, LAMP) vdalm'1Lﬂumaq’l‘umsaamawaa“tfuma (thermal cycler) @ Fe5ive
TiuSeulundeesmnudiy anudumzaieas uasdszdnsamlunsiinudunuastugnssui
wileninjisengnidwodiueisa IndldWannsyuunsiinuinufidue uarludvsdasdldsiauns
sfudfoudaasedt MlkamnsansiedafidueMiunisifinuiuasedfouussquindsd
anudsiuAidueaes Wd 4-(4-NN- Taeniiandlv)-2-(@-Ansumiasludeutimendiend
fia)-1-umfiamiludifon (6QL2) (3U7 1) Ima‘lﬁmsmﬁHuLnJadﬁ'ﬁ'dmma"tﬁﬁwmLﬂa"flum'im?g
auduSaresmsiiuUTinafiiue Sumnsiuniseessdutiesiu wle w 9ngua (point-of-care)
LLavm'ﬁwsuuwaﬁmmaamwaiﬁ Imaﬂauwmuﬂmumwlws zauanudansUsygndldivaia
uawd titemsnadiolazaneudvitannudan 10 Fee fhathatu PURUUYARTIE MO UNE LN
andurilaievad Staphylococcus aureus olsremadufis i Snaiimudmsiaranl
aslasmisuunmadauandiiriunsliddessowas luavsinsillafinsiandesonlnunisléa
flon 4QL* FuiledufivfidueansgoziliAsnisasudidunnivlddenid Saduzuuud
THluseiuvipaiulfazanninislddonFosuas Ineldadrsunuudmdunsn £ coli uae S
aureus Buriatsa Tusnsuazefu

E. coli \JunuaiiSeiinuldludldvasrunardnd £ coli finaeaneiudiidelsafiniio wa
Tsrgannsei lsaoduauedniau nsindelunssuaden waslsassuumaduilaanzdniay
Judu Tadlsrgansssrafinannstuiiouseaieluemsuasiiy erfivu lewmslsfiondiofin
Slela (ETEQ) iumeiugitasrsansiin Fonoumslsvendu vliAnomnsiessrswuuidaundy
thewaadu uas leumelsBlusindlala (EHEC) afwarsfindm yliAnenisiessiaguuse
feiduyniden Wadeauniuan waglanedeundy imliiansidediald vleuznssundnng
45 (European Commission, EU) Sefidiedsdutsunm £ coti luifleduuastuideruiiu 50-500
8y 500-5000 d11ulalail (colony forming units, CFU) sionsy auddiu ﬁwm&g%wmma%’u E.
coli ﬁmﬂﬂmﬁauﬁqa‘hLfJuLLasa‘f"]ﬁ'fy,aEJ"N‘e‘ia

awﬁwmmﬂmaﬂaﬂﬁmaum alivanduls (staphylococcal enterotoxin A, SEA) 210
wuefide . aureus wulshluluiu 1h evna madumels wazuuRmidwewyediailmanms
Umﬂaulummﬂmma mﬂ's‘uUsmmawmwﬂwia’[mmﬂmaw,l,a“ivavLaaﬁiuﬂﬂiﬂsaluquawama
m3vhany SEA Savueudau 100 ssrueadoa Tiduneds 30 unft wasfisziv 1433 asen
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P 3 UBIITUIUY T W

waldea Wuna 9 3uad Snfauveiideviniivigliluanisaudusesuliuneas 3uilide
mamﬁwwmnwulﬁ'lummiwmﬂwma Taun mmiﬂivmw“l,wuuaummammua8 WU UN LU
uds fiamin auaeu loandy wasiilednd \Hudu I'mamm'iwua'lswwmmuw‘{aﬂaﬂﬂaLauméﬂwaﬂ
Fuovudleutniindy sa wavanwmamsuni liinanuasdusing lunsudewnsduiiansie
aumﬂvﬂaﬂaﬂﬂaLaumaiwaﬂsﬁmaﬂumauaamlwmmimmmimuwwlm msUssiunazaiunulse
owslufiwain S. aureus awwuﬁ‘wuautaumaiimansmuma (sea) launsandnansivauwny
‘vﬂaﬂaﬂﬂaLauma'lswansamaﬂaﬂaaﬂumiUuLUaumnﬂu wazdwindan arsfviieliAnlmety
wuﬂm‘tmua‘tmﬂuﬂimgumu,m 100 ulunfusie 100 n3UT849IMTS LATAINUINTFIUOINNT
s wsiwdeudteusinadu a*rmsﬂaaanwﬂﬂ LLﬁuU‘iﬁaﬂLLmLL‘ULfm #adlsiinsvudouves
S. aureus 1NN 100 WWASU30 wmanaqﬂia‘[aumamaﬂg (colony forming units, CFU) stan3u
215 8IN5VR9LsAlALA mﬁau AALE 'U'mﬁaq Vin LAy quﬁﬂluﬁaq gaansydaadui Ju
ayA31 uazenafenn1sdaudug iy Uandswe wlesen wundu Jen vieflifeadulugaaise
Tnewmludndnuavigieigoinsonsunsdsiudedinld
mﬁwmmmﬁuﬂgﬂmmamwla'lmmauaauauwawLﬂﬂuuuauﬂﬂn‘%mgﬂwwaﬁLuaﬁaéfmﬁuﬁé’auﬁ
Wuesneg 4QL% ien1ssunanagaulffeailan
maRametaldaansosuraldsenudafidussansamusiust sanse lideanstunay
vieirdnaflofigeenndudounsauiBilfwmnsmiluididaswentosfiinsuarluneauy Tay

orffamsidsudundiendaunsieifisumsdefidueansd QL2 wauluaﬁasawwémﬁwﬁﬁlﬁ
mnugjﬁ%maﬂmﬁtamw"tahmamaauauwﬁ‘?dm%’u (LAMP) wae Ugﬂsmanieuwaammﬂ (PCR) Gavin
wuﬂwL“Llum'uwmwmL'swaamimﬂgﬂimmummumaumwau’[m Tnansdduiufidueanegd
lﬂmnﬂ'ﬁqummur,l,a'ww'1'[;1»1mﬂﬂqmJatJuLLUaaawmmmummu‘tﬂmammm nANABI NG
(waav) Ludthidu (mauan)
ANBUTLATANYMNBTE U SERYS
nsUstAvsiiAfunssuBnsesmamidienelsalupwnsuaseiesiudemaiian i

Vinamsiugnssusuiudfenfidueansg Saduiannnmidinsasamuuafide £ coli wee S
aureus Vuilioulusmsuasiaiosdy fMewmairguuiiosvlelumersansumaiady (MIUffisen
gnldwedielsa) Wasudvediendiduie 4QL? Tavadundndsivosfiseuauduazigonsly
Soydndume TagTBnmsalussduiiduaiifiouiloio £ coli yanewuduas S. oureus &ne
Wugfittarsi (iloann s aureus meiufilifimsivansanuliill) Basameaeemn Tk
Heseldnu lifeddirsadiefgendutou uasusendadliang

A mInevesnsUssivgl Aaifowau3insnrauuaiiSonelsafidnnutudouly
aMNSUALLAR B (E. coli uas S. aureus) wuulmishamadrguuiiaivlelameonsauoundfiady
wieUffisegnlgnefivess Wisuivedianduaseiidumedefiduamegivimadiuuiu
wasainsagunashemivan hiseddiesosdleamnzns lidudunseselld undldsveziailunis
52T mnedwiunsassuidluieiAnsuasluninauta
n1sUmnensUssRuglasauysel

msusEinfiideatunsaiinimmaidenslsalusmsuazieisshiudematiamsii

UhinamnsugnssusufudfeudiSulomed dwssnovsiusedumeudsd
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W 4 V899U 7 Wi

nsfl 1: wudisanguufiawvlolumensatoundatu (wand) Tufudfonfdueaans
q Fauszneusetunould
n. s undndusilvogluguvesvadiuies 1-10 lulasing
9, tiewdndasionsande n. iduasluasasarewandiioud fussnousiugae
- l@wiwastwsiues Ec phoA F3 (@ulus 5'- AAGTTGAAGGTGCGTCAAT -3°)
uaw Ec phoA B3 (57- CTTGTGAATCCTCTTCGGAG -3°) dmiunsiaitia £ coli w3 SEA F3 (§1ify
lUd 5’- TCAATTTATGGCTAGACGGT -3°) wag SEA_B3 (5'- CTTGAGCACCAAATAAATCG -3°) dmidu
AsY9de S. aqureus aehwas 0.1-1 lulasTuand
- Buueslwsiusd Ec phoA FIP (5'-
GTGATCAGCGGTGACTATGACCTCTCGATGAAGCCGT ACA -3’} uay Ec phoA BIP (5°-
ATTGTCGCGCCGGATACCCTCATCACCATCACTGCG -37) dmisumsaanite £ coli wie SEA_FIP (@neiu
LWd 5°- GATCCAACTCCTGAACAGTTACAATACA GTACCTTTGGAAACG -3°) uaz SEA BIP (5'-
CTGATGTTTTTGATGGGAAGGTTCCCGAAGG TTCTGTAGAAGT -37) dusuns il S. aureus pena
av 0.5-5 lulasluans
- gUlwswe3 Ec phoA LF (5°- AGCGTGTTGCCATCCTTT -3°) wag Ec phoA LB
(5’- CAGGCGCTAAATACCAAAGATG -3") duiunsaiiie £, coli %30 SEA LF (Srdfuiud 5’
CGTCAGTTAAAAATGTCGTATGAT-3’) ua SEA LB (5’- AGAGGGGATTAATCGTGTTTCA -3°) d15u
as1ade S. aureus athwas 0.5-5 lulasTuang
- a1sheandirdlelng Insvaswn (deoxynucleotide triphosphates, dNTPs)
0.5-5 fiadluand
- @15LuAndu 0.1-3 luans
- gsasansuunildondaia 1-10 Nadluans
- woulesl Bacillus stearothermophilus (Bst) Mdwa Twaluadisa (DNA
polymerase) 3-20 w178
- Silasimnsndudu 1 i (Tris-HCL 20 Dadluans, (NH4)2504 10 fiadluans,
KCL 10 fia@luans, MgSO4 2 Hadluans, Triton X-100 0.1 wWestdud, pH 8.8)
_ shnduieuusBunnsslald 15 lulesdnas
- shdunauands 2. quilgamgil 60-65 ssrnwaldua Luinan 30-90 wfl
A. hasevinalnedndasug Usunes 2 lulasdns naulutivdolunsatmines 7.5
lulesfiny wazddou 0.5 lulasdns Wimnududugaevasddou aQL? whiu 50 lulasludnf uas
suraden s Tnedihuanmanagevay Shduuanmanaaauuin wneieinsUuden
gauafiiuiidaintsnsany

= aaa ] = o] £, 1 ar o o o 1t ar
n3el 2: wuuufiisengnlawediueisa (ide1d) sufvddeufdueaegdusenaude

PUNBUA
n. wseadadueilvegluguvadraiusuims 1-10 lalasing

o =Y or '3 |7 -9 cl = al } 78
9. WLaWaAANTIa15aNwe n. WuasluarsazatswandiUdeud AUsEnauTILeLe
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W 5 899U 7 Wi

- ‘lnswie$ Ec phoA F3 uae Ec phoA B3 dwifuasiadie £, coli vialwsiued SEA-

F way SEA-R dmiuasiade . aureus atsay 1-1 lailslugnd

- arshnendfiindleind lnsWoan (deoxynucleotide triphosphates, dNTPs)
0.2-2 fiadluans

- 8ulwl Tag fldwe wedlwelsa (Tag DNA polymerase) 5-20 e

- PrliasAmadudu 10 wi

- avavansuuniiBauraslsd 1-2 fadluans

- awavanediuefiataldanshedddiTiniifomnisnseasy 1 Sulendy - 500

wluns
- inauieUsuuiumssaulvla 25 lalaséng
o ] 3 @ oy oy - = 5 =2 o @’
- hadssneuviavusunijisenlneldinTouresuealua Tae Adens dwmiu £

coli 153910 95°C 1 HuLan 2-4 il A e 30 SaUTD4

Junswenaefawe (Denaturation)  94-96°C 1Junan 30-60 Juf

24

JunsiveedlnsupiuazAlduweusiuuy (Annealing) 60-65°C 1utian 40-60 Jundt

p
¢

JunsFuATIsiaLSuLeanslwl (Extension) 70-72°C luan 1-1.45 yrdt
& as e 1 . o =
 uazdunisdansisinbueansval (extension) M 72°C Wuan 7-10 urdl

AFod dwsy S. aureus 15uan 94°C 1ulian 2-4 wH MY 30 TAUYBS

FunIsuenaeiime (Denaturation) 94-96°C tutnan 2-20 Aundi
FJunsduredinseiuazduausivuu (Annealing) 50-55°C tluwian 2-4 unil
FunsFaeszvinduleanslval (Extension) 70-72°C \Juwan 1-4 unfl

wastunIsELas1EiBueaalvl Extension)? 72°C Wulan 7-10 uait

A. Aesziinalaghndnsus Usunes 2 lnlesdes nanluihvseluvsatviwes 7.5
lulasdns uasddau 0.5 TulasBnslinnududugaevesddon 401 wiiu 50 lulasluansuas
SuHamEmUaIUA Inediiauaninanegauay Sidulamaanagauuineddinisuwlou

oo o
YBIUUATII B TIARINTATIFEBY
e ¥ 1 2 o w = - = ot
2. nrsisnsasravdenelialuensuaviAToshumenalansiinuinassiugnasu

Swivitoufidueasg mudefiodns 1 Adunmeteuddoudidwanes 4-@-NN- lawoviianil)-
2Aa-(onaumfnaulinden)imendiandiia)r-1-uvfiaenlufidon (6QL%) Uszneudnetunauded
n.n1ssaased 1,4-lawdiardludiiion leloled Tnonas 4-wfiamiludu (0.66 Jadadns, 5
fiadlua) uazlelalnumdu (0.62 Taddns, 10 fadlus) luvessmeasslinden Tanudeudl 90 °C
e 12 il nseafuresdedivin ildmeiBnsomynynia Sevendilitelaeiadines
wazvilsiwmangldanaina asldudnieil, o lamfiariluidlen Telalad 1.4188 nu
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W 6 899U 7 WA

9. Msduasied N N-laefandl-2-@-nnafarludon)dmendivuadiles) lnewuas
a(lavevianiilu-2-lansonFiuunadiled (0.4831 n$y, 2.5 fadlua), Inunaldouasusius (0.691
n3y, 5 fiadlua) uas 1,4-laluslufunu (0.36 Haddng, 3 fadlua) Tuneulensa DMF (3 faddas)
auflgamgfioudunan 3 il theswaniilduniFesrwndlarasisimuavatngeiuierin
DMF annﬁuwmaﬁqﬁmzmaaanma’tsﬁ’egfy,fynmﬁ wazviansliusandlneinoduilaslnng i
ihudnfnsifldunazarglumvselalasiiausy (5 fadaas) Bulasiufaniy ( faddns) Aud
gamgivendunan 12 Al sumedvhazanameliguanie Srudadasiiléelanfadines
Pzleindndt 0.5750 nSu

A. NM3daATIEA 4-(4-(N N- laveniiandlu)-2-@-(astumivanlufon)Smeandeniita)-1-
wnilamiludillen (4QL2+) Tavazany 1,4-lamfariludidion Tolalad (0.2850 nsy, 1 Nadlua) uas
4-(N N-ltaniianiilw-2-(4-(Insiumiinanlsflon)fmendiuusailed (0.3870 n$y, 1 fiadlua) Ty
evuea (5 faddns) Wenufoulaemsindndidunie 12 $lus nseafivresudediitueila
HeBnaesgainid Srevewdeilddmiuasionusamudiiy uasilduianelfaaania
glanAndngt 4QL2 0.1310 g (20% Taenbviin) m.p. = 216-217 °C; 'H NMR (400 MHz, DMSO) &
8.96-6.26 (m, 11H, aromatic region), 4.43 (s, 3H, N*-CHas), 4.23 (s, 2H, (CH)sN*-CHy), 3.50
(s, 6H, -N-{CHaCH3)2), 3.09 (s, 9H, -N*-(CHa)s), 1.95 (s, 8H, -N-{CH,CH3)y), 1.19 (s, 6H, -O-CHCH,-).
msldussloviannisussfivg

wadlefifautuanusunslumsaseaoy annsad Ul lunsesemuuaiideundloy
E. coli wag S. aureus uasdarsinalngnisendieniar suanwalugud 3 was 4 waifiunis
iWhszfansssuinveslsannnisuuiiaugdunidluingiuniendnfusiomisuaziniosiy
Tngiwznsdindvinatefodufite wWesinmmatrlasodon1sldugaseniauiuuans
Wugnssu Felsanulas
masunaglilisulange

gﬂﬁ 1 WNuMWLEMINISEuATIsE Sy 4QL*

SU 2 namsnazeun1sAsudvedddon 4QL* Tumsarmasuamudndalumsyhuiise)
Tngldddoumnudutugaving 50 lulasiuans TudSumssan 10 lulaséas

waond 1 : &fouludh
viaond 2 : #feuluniniosiflvnaay (Staphylococcus aureus)
waonfl 3 : dfavlundnsiasflvinauan Escherichia coli)

sUit 3 namsnassUANLTIINE (specificity) vaavadauautivdsudvasdiion lums
AT £, coli wiguiigusznin () demiar (v) uenansiugnssushenseualwihuuusiuiuey
Alse

vasansowaafl 1-2 : nandewandiifuuan (positive control) w84 E. coli ATCC
25922 way E. coli MCCU 0349 smuanau

naanuieuaafl 3-4 : nandauauliliuay {(negative control) W84 Enterobacter
cloacae uay Staphylococcus qureus ATCC 25923 snud1au

vaaavsaunafi 5 : nandeuandiifvavrania
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9N 7 w9499 7 Wi

ey M : uaufdueunigiu (19 OneMARK 100, GenDireX, Inc)
= o re . a s a P o
3UN 4 waniInegeuANUINNg (specificity) aaunaiianandilisudvsidioy aQL2
unsmsiam S, aureus Wiguiflgusening (n) feandawas (9) masanssiugnisudie
nszualifuuusuiuesnlsea
o = a Fr .. S
5 vaaansalaIn 1-3 : nanasuaudiiduuln (positive control) U84 S, aureus NilEu
sea lAUn S. qureus ATCC 25923, S. aureus MCCU 0357 Uag S. aureus MCCU 0370 siugdiu
™ o - & o .
naennIauadfl 4-5 : nandnnandfduau (negative control) wa4 Staphylococcus
epidermidis ATCC 12228 wa Staphylococcus saprophyticus ATCC 15305 auginu
al 1=y o sJ g 1
vigoansawmf 6 : mandnuaudiiduavraninlan
10 wna M : uouiBuennsgiu (5 OneMARK 100, GenDireX, Inc.)
o a  gcdesdd
Bnslunisehvinanga
= ni 1 L A A o = s
wilpuiinamliudiluwidennUnisensussivilavauysel

15
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W 1 989971U7U 3 Wi

Jafiadv’
1. nsimﬁmsmfmmwana‘[sﬂ'lua'nwﬁLLaum-iaamumammmmsmuﬂimmmﬁwuﬁn'mr
fuwfuAdoufidueanyg Feusvnouriudefunausd
nsed 1: uuwgﬂsmaﬂmmamw‘LaTeﬁmauaaLLauwawmw (uant) Tafuddeoufiouons
fl Fausznauseduneustsl
n. w3sundniasiliegluguvosvaiuiuing 1-10 lulasdng
9. Yrowandnsiermnsainds n. iduaduansasarsuaniildeud fivssnousiuse
- e MWIesIWse3 Ec phoA F3 (fhéulua 5'- AAGTTGAAGGTGCGTCAAT -37)
waE EC phoA B3 (5'- CTTGTGAATCCTCTTCGGAG -37) dwsussiaite £, coli v SEA_F3 (16
Lud 5’- TCAATTTATGGCTAGACGGT -3°) uag SEA B3 (5’- CTTGAGCACCAAATAAATCG -3°) dwsu
ATIED S. aureus pgsae 0.1-1 lulasTugnd
- Butuestwsiwed Ec phoA FIP (5'-
GTGATCAGCGGTGACTATGACCTCTCGATGAAGCCGT ACA -37) uae Ec phoA BIP (5'-
ATTGTCGCGCCGGATACCCTCATCACCATCACTGCG -3') dusumsiaida £, coli Wi SEA FIP (&1éiu
L& 5'- GATCCAACTCCTGAACAGTTACAATACA GTACCTTTGGAAACG =37} wag SEA BIP (5’-
CTGATGTTTTTGATGGGAAGGTTCCCGAAGG TTCTGTAGAAGT -37) dmsunsiaidle S. aureus a1
az 0.5-5 lulasluang
- gUlwaies Ec phoA LF (5’- AGCGTGTTGCCATCCTTT -3°) uaw Ec phoA LB
(5'- CAGGCGCTAAATACCAAAGATG -3°) dusussaaite £ coli wie SEA_LF (@nsiuiua 5'-
CGTCAGTTAAAAATGTCGTATGAT-3) uas SEA LB (5’- AGAGGGGATTAATCGTGTTTCA -3°) d1su
ATI9I38 S. aureus etz 0.5-5 TulasTuans
- avshpendfadlolnd lnswedainn (deoxynucleotide triphosphates, dNTPs)
0.5-5 Nadluans
- @1siuandy 0.1-3 luans
- avsavansuuntifoudaia 1-10 dadluans
- toulwsl Bacillus stearothermophilus (Bst) fitdie Indiuasisa (ONA
polymerase) 3-20 u3e
- driilafiinnudud 1 wih (Tris-HCL 20 Tadlugng, (NH4)2504 10 fiadluans,
KQU 10 fiadluand, MgSO4 2 dadluans, Triton X-100 0.1 iesidud, pH 8.8)
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20th

SYMPOSIUM #TETSymp

Oral Programme

Tuesday, 18 June 2019
15:00-18:00 Conference registration
18:00-19:00 Welcome Reception

Wednesday, 19 June 2019
08:30-09:00 Conference registration
08:30-08:40 Symposium welcome

08:40-9:30 [INVO1] Selective Catalytic Functionalization Reactions
John Hartwig, Berkeley College of Chemistry, USA

9:30-10:20 [INV02] Training Native Electrophiles
Yimon Aye, Ecole Polytechnique Fédérale de Lausanne, Switzerland

10:50-11:40 [INVO03] Control of Chemistry and Biology in Four Dimensions
Karl Gademann, University of Zurich, Switzerland

11:40-12:30 [INV04] Nature's Medicine Chest: Opportunities for Synthesis
Margaret Brimble, The University of Auckland, New Zealand

12:30-13:30 Lunch

13:30-14:20 [INVO05] Title to be announced
Lee Cronin, The University of Glasgow, UK

14:20-15:10 [INV06] Innovation at MSD for the Synthesis of Complex Active Pharmaceutical Ingredients
Rebecca Ruck, MSD, Process Research & Development, USA

15:40-16:05 [0.01] Contributed oral presentation
16:05-16:30 [0.02] Contributed oral presentation
16:30-16:55 [0.03] Contributed oral presentation

20th Tetrahedron Symposium
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Thursday, 20 June 2019

8:30-9:20  [INVO7] Title to be announced
Angela Russell, University of Oxford, UK

09:20-10:10 [INVO8] Pyrrolidinyl Peptide Nucleic Acids: Synthesis, properties and applications
Tirayut Vilaivan, Chulalongkorn University, Thailand

10:10-10:20 Exhibitors announcements

10:50-11:40 [INV0O?] Reprogramming the Reactivity of Iron in Cancer
Raphael Rodriguez, CNRS - INSTITUT CURIE, France

11:40-12:30 [INV10] Chemical Synthesis of Secondary Metabolites
Ryan Shenvi, The Scripps Research Institute, USA

13:30-14:20 [INV11] Modifications of Nucleic Acids: Identification and Functional Studies
Xiang Zhou, Wuhan University, China

14:20-14:45 [0.04] Contributed oral presentation

14:45-15:10 [0O.05] Contributed oral presentation
15:10-15:35 [0.06] Contributed oral presentation
15:35-16:00 Workshop (Reaxys)

Friday, 21 June 2019

08:30-09:20 [INV12] Title to be announced
Richard Payne, The University of Sydney, Australia

09:20-10:10 [INV13] The RaPID Way to Devise Biologically Active Peptides and Biologics
Hiroaki Suga, The University of Tokyo, Japan

10:40-11:30 [INV14] Title to be announced
Noah Burns, Stanford University, USA

11:30-12:20 [INV15] Turns and Twists Along the Path of Reactivity-Driven Method Development
Hosea Nelson, University of California, Berkeley, USA

20th Tetrahedron Symposium
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GRCATTENDEES HAVE RECEIVED CALLS AND EMAILS FROM INDIVIDUALS OR BUSINESSES CLAIMING TO BE AFFILIATED WITH HOTELS IN THE
AREA OF GRC CONFERENCE VENUES. SOME CLAIM TO BE AUTHORIZED BY GRC. THESE CALLERS AND BUSINESSES ARE NOT AUTHORIZED BY
GRC. DETAILS ARE AVAILABLE BY  » clicking here (/_resources/common/userfiles/file/Alerts/Alert_Housing_2019_1.pdf).

Gordon Research Conference

ql/ Nucleosides, Nucleotides and Oligonucleotides

Small Molecules and Oligomers for Biomedical Research and Clinical Applications
June 23 - 28,2019

Chair

Bruce A. Armitage

Vice Chairs

Katherine L. Seley-Radtke and Muthiah Manoharan

Salve Regina University
100 Ochre Point Avenue
Newport, RI, US

Venue

Office Manager: Zach Moniz

Office Manager Email: SalveRegina_SM@grc.org
Office Phone: 401-341-4855

Application Information

The application deadline for this meeting was May 26, 2019. You may still submit an application, which may be considered by the conference chair if there is still room
available.

Conference Description

The Nucleosides, Nucleotides and Oligonucleotides (NNO) Gordon Research Conference is dedicated to understanding the fundamental chemistry and biology of its title

compounds and developing technology for the diagnosis and treatment of human disease. Nucleosides and nucleotides are important chemical probes, pharmaceutical lead
compounds and clinically approved drugs for the treatment of a variety of metabolic, infectious and genetic diseases. Separately, they are also essential precursors to many
classes of oligonucleotides, which are widely used in molecular and chemical biology and, increasingly, in the clinic as diagnostics and therapeutics. Emerging areas like gene

editing and mRNA therapeutics are being built on the knowledge and experience utilizing the monomers and methods developed for NNOs.

The 2019 edition will be the 20th offering of the NNO GRC and will reflect the evolution of the field and the current explosive growth of NNO based therapeutics, from its
original focus on purine chemistry and biology to the much broader current scope. The conference will bring together academic, industrial and government scientists to
present and discuss the latest research concerning the design, synthesis and characterization of both small molecules and oligomers. Notably, industrial representation at the
meeting is typically three times the GRC average, providing collaboration opportunities for established scientists and giving students networking opportunities that could
prove beneficial in future job searches. The scientific program will begin with a keynote lecture on therapeutic oligonucleotides and the eight subsequent sessions will cover
topics that include the discovery and development of anticancer and antiviral drugs, small molecule recognition of DNA and RNA, nucleic acids chemical biology, backbone-
modified oligonucleotides and DNA modification and repair. In addition, several poster presentations will be selected for short talks based on the abstracts submitted. Finally,
the NNO GRC is further enhanced by a vibrant social environment, a GRC Power Hour to discuss issues faced by women in science, and an affiliated Gordon Research Seminar
(GRS) to promote discussion and networking by students and postdocs.

Related Meeting

This GRC will be held in conjunction with the "Nucleosides, Nucleotides and Oligonucleotides (GRS)" Gordon Research Seminar (GRS). Those interested in attending both

meetings must submit an application for the GRS in addition to an application for the GRC. Refer to the associated GRS program page for more information.

Conference Program

2:00 pm - 9:00 pm Arrival and Check-in
6:00 pm - 7:00 pm Dinner
7:30 pm - 7:40 pm Introductory Comments by GRC Site Staff / Welcome from the GRC Chair

7:40 pm - 9:30 pm Keynote Session: mRNA Therapeutics
Discussion Leader: Anastasia Khvorova (University of Massachusetts Medical School, USA)

7:40 pm - 7:45 pm Opening Remarks 0


https://www.grc.org/nucleosides-nucleotides-and-oligonucleotides-grs-conference/2019/
https://www.grc.org/_resources/common/userfiles/file/Alerts/Alert_Housing_2019_1.pdf

7:45pm - 8:35 pm

pen)dix 3: International Presentation No. 6.1.2.2

Melissa Moore (Moderna Therapeelcs, USA
"mRNA as Medicine"

@@gﬁ%—[@\g@% HAVEREGEIMED CALLS AND EMAILS FROM INDIVIDUALS OR BUSINESSES CLAIMING TO BE AFFILIATED WITH HOTELS IN THE
AREA OF GRC CONFERENCE VENUES. SOME CLAIM TO BE AUTHORIZED BY GRC. THESE CALLERS AND BUSINESSES ARE NOT AUTHORIZED BY
8:50 pm - 9:0@ymu. DETANCSARK Rgktag (oRYPostelidking elfe (/_resources/common/userfiles/file/Alerts/Alert Housing 2019 1.pdf).

9:00 pm - 2:05 pm
9:05 pm-9:15 pm
9:15 pm - 2:20 pm

9:20 pm - 9:30 pm

Discussion

Short Talk Selected from Poster Abstracts

Discussion

General Discussion

7:30am-8:30am

9:00 am - 12:30 pm

9:00am - 9:25 am

9:25am-9:35am

9:35am - 10:00 am

10:00 am - 10:10 am
10:10 am - 10:20 am
10:20am - 10:25 am
10:25am-10:55am

10:55am-11:20am

11:20am-11:30am

11:30am - 11:55am

11:55am-12:05 pm
12:05pm-12:15pm
12:15 pm-12:20 pm
12:20 pm - 12:30 pm
12:30 pm - 1:30 pm
1:30 pm - 4:00 pm

3:00 pm - 4:00 pm

4:00 pm - 6:00 pm
6:00 pm - 7:00 pm

7:30 pm - 9:30 pm

7:30 pm-7:55pm

7:55pm-8:05pm

8:05 pm-8:30 pm

8:30 pm - 8:40 pm

Breakfast

Small Molecule Recognition of DNA and RNA

Discussion Leader: Jennifer Heemstra (Emory University, USA)

Amanda Hargrove (Duke University, USA)
"Deciphering Patterns in Selective Small Molecule:RNA Interactions"

Discussion

Steven Zimmerman (University of lllinois at Urbana-Champaign, USA)
"Targeting DNA and RNA Repeats that Cause Disease with Small and Not So Small Molecules"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

Coffee Break

Jay Schneekloth (National Cancer Institute, NIH, USA)
"Insights into Targeting Nucleic Acid Tertiary Structure with Small Molecules"

Discussion

W. David Wilson (Georgia State University, USA)
"Base Pair Sequence and Minor Groove Shape in the Design of New Types of Cell-Permeable, DNA-Binding Agents"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

General Discussion

Lunch

Free Time

The GRC Power Hour™

The GRC Power Hour™ is designed to address challenges women face in science and issues of diversity and inclusion. The program supports
the professional growth of all members of our communities by providing an open forum for discussion and mentoring.

Organizer: Katherine Seley-Radtke (University of Maryland, Baltimore County, USA)

Poster Session

Dinner

Synthesis and Applications of Modified Oligonucleotides
Discussion Leader: Subha Das (Carnegie Mellon University, USA)

Daniel Appella (National Institute of Diabetes and Digestive and Kidney Diseases, NIH, USA)
"Cyclopentane Locked Peptide Nucleic Acids"

Discussion

Eriks Rozners (Binghamton University, SUNY, USA)
"Amide-Modified RNA Synthesis, Structure and RNA Interference Activity"

Discussion


https://www.grc.org/_resources/common/userfiles/file/Alerts/Alert_Housing_2019_1.pdf
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Ichiro Hirao (Institute of B\oengm!3 g and Nanotechnology, A*STAR, Singapore)

"Genetic Alphabet Expansion for Xenobiology"

8:40 pm - 9:05 pm

@Bgﬁ%—[@l\ﬂ@% HAVEREGEIMED CALLS AND EMAILS FROM INDIVIDUALS OR BUSINESSES CLAIMING TO BE AFFILIATED WITH HOTELS IN THE
AREA OF GRC CONFERENCE VENUES. SOME CLAIM TO BE AUTHORIZED BY GRC. THESE CALLERS AND BUSINESSES ARE NOT AUTHORIZED BY
2:15pm- 9:2%gRu. DETANCSARIK Agettag froRYPosteliddinE hee (/_resources/common/userfiles/file/Alerts/Alert_Housing_2019 1.pdf).

9:25 pm - 2:30 pm

7:30am-8:30am
8:30 am - 9:00 am

9:00 am - 12:30 pm

9:00 am - 9:25 am

9:25am-9:35am

9:35am - 10:00 am

10:00 am - 10:10 am
10:10am - 10:20 am
10:20am - 10:25 am
10:25am-10:55am

10:55am-11:20am

11:20am-11:30am

11:30am-11:55am

11:55am-12:05 pm
12:05pm-12:15pm
12:15 pm - 12:20 pm
12:20 pm - 12:30 pm
12:30 pm - 1:30 pm
1:30 pm - 4:00 pm
4:00 pm - 6:00 pm
6:00 pm - 7:00 pm

7:30 pm - 9:30 pm

7:30 pm-7:55pm

7:55pm-8:05 pm

8:05 pm - 8:30 pm

8:30 pm - 8:40 pm

8:40 pm - 9:05 pm

92:05pm-9:15 pm
9:15pm-9:25 pm

9:25 pm - 2:30 pm

Wednesday

Discussion

Breakfast
Group Photo

Nucleoside/Nucleotide Drug Development

Discussion Leader: Katherine Seley-Radtke (University of Maryland, Baltimore County, USA)

Steven Almo (Albert Einstein College of Medicine, USA)
"The Many Faces of SAM"

Discussion

Izzat Raheem (Merck, USA)

"HIV Nucleoside Reverse Transcriptase Translocation Inhibitors to Enable Extended Duration Dosing"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

Coffee Break

Suzanne Peyrottes (CNRS/ University of Montpellier , France)
"New Series of Acyclic Nucleoside Phosphonates as Potent Antimalarials"

Discussion

Piet Herdewijn (KU Leuven, Belgium)
"Phosphonate Nucleosides and Oligonucleotides"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

General Discussion

Lunch

Free Time

Poster Session

Dinner

Synthetic Oligonucleotide Therapeutics
Discussion Leader: Muthiah Manoharan (Alnylam Pharmaceuticals, USA)

Phil Baran (The Scripps Research Institute, USA)
"Aiming for Ideality in the Synthesis of Oligonucleotides”

Discussion

Anastasia Khvorova (University of Massachusetts Medical School, USA)
"RNAi-Based Modulation of Gene Expression in CNS"

Discussion

Peter Glazer (Yale University, USA)
"Gene Editing by PNA Nanoparticles"

Discussion
Short Talk Selected from Poster Abstracts

Discussion


https://www.grc.org/_resources/common/userfiles/file/Alerts/Alert_Housing_2019_1.pdf
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7:30am-8:30 am Breakfast

9:00am - 12:30 pm Fluorescence Imaging Agents

GRCATTENDEES HAV%%&%@%EIE&@H_W%g&gﬁ%%ég]g%&%@g@ @@;ﬁbN ESSES CLAIMING TO BE AFFILIATED WITH HOTELS IN THE

AREA OF GRC CONFERENCE VENUES. SOME CLAIM TO BE AUTHORIZED BY GRC. THESE CALLERS AND BUSINESSES ARE NOT AUTHORIZED BY
9:00 am - 9:255RE. DETStegexRMAgeYhisEUb By s\ clickingduere (Hitesdlrcesfaommon/userfiles/file/Alerts/Alert_ Housing_2019_1.pdf).
"Stacking-Induced Fluorescence Increase as a Versatile Probe of DNA Structure and Dynamics"

9:25am-9:35am

9:35am - 10:00 am

10:00 am - 10:10 am
10:10 am - 10:20 am
10:20 am - 10:25 am
10:25am-10:55am

10:55am-11:20 am

11:20am-11:30am

11:30am-11:55am

11:55am-12:05 pm
12:05pm-12:15 pm
12:15 pm-12:20 pm
12:20pm - 12:30 pm
12:30 pm - 1:30 pm
1:30 pm - 4:00 pm
4:00 pm - 6:00 pm
6:00 pm - 7:00 pm

7:00 pm - 7:30 pm

7:30 pm - 9:30 pm

7:30 pm-7:55pm

7:55pm-8:05 pm

8:05 pm-8:30 pm

8:30 pm - 8:40 pm

8:40 pm - 9:05 pm

9:05pm-9:15 pm
9:15pm-9:25 pm
9:25 pm - 2:30 pm

Thursday

7:30am-8:30am

9:00 am - 12:30 pm

92:00am - 9:25 am

Discussion

Tirayut Vilaivan (Chulalongkorn University, Thailand)

"Cationic Styryl Dyes for Dual-Mode Colorimetric and Fluorescence Sensing of DNA"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

Coffee Break

Yitzhak Tor (University of California, San Diego, USA)
"Isomorphic Fluorescent Nucleosides, Nucleotides and Oligonucleotides"

Discussion

Marit Nilsen-Hamilton (lowa State University, USA)
"Employing the Functions of Aptamers Inside Cells"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

General Discussion

Lunch

Free Time

Poster Session

Dinner

Business Meeting

Nominations for the Next Vice Chair; Fill in Conference Evaluation Forms; Discuss Future Site and Scheduling Preferences; Election of the

Next Vice Chair

Nucleic Acid Structure
Discussion Leader: Danzhou Yang (Purdue University, USA)

Millie Georgiadis (Indiana University School of Medicine, USA)
"Structural and Functional Properties of Artificial Nucleic Acids"

Discussion

Janez Plavec (National Institute of Chemistry, Slovenia)

"Exciting Tetrahelical Structures of G-Rich DNA Repeats Beyond G-Quadruplexes”

Discussion

Deborah Wuttke (University of Colorado Boulder, USA)

"Tying up the Ends: The Role of Affinity and Specificity in the Maintenance of Telomeres"

Discussion
Short Talk Selected from Poster Abstracts

Discussion

Breakfast

Nucleic Acids Chemical Biology
Discussion Leader: Webster Santos (Virginia Tech, USA)

Tracy Brooks (Binghamton University, SUNY, USA)

"Biology and Therapeutic Potential of the MYC and kRAS Promoter G-Quadruplexes"


https://www.grc.org/_resources/common/userfiles/file/Alerts/Alert_Housing_2019_1.pdf
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9:25am-92:35am Discussion

9:35am - 10:00 am David Corey (University of Texas at Dallas, USA)
GRC ATTENDEES HAVEREGEVERS Abd SANT EMA RO NEABRIWALS AR BISINESSES CLAIMING TO BE AFFILIATED WITH HOTELS IN THE
AREA OF GRC CONFERENCE VENUES. SOME CLAIM TO BE AUTHORIZED BY GRC. THESE CALLERS AND BUSINESSES ARE NOT AUTHORIZED BY

10:00 am - 10dR@NDETRIESUSREAVAILABLE BY  » clicking here (/_resources/common/userfiles/file/Alerts/Alert Housing_2019 1.pdf).

10:10 am - 10:20 am
10:20am - 10:25 am
10:25am - 10:55 am

10:55am-11:20 am

11:20am-11:30am

11:30am - 11:55am

11:55am-12:05 pm
12:05pm~-12:15pm
12:15 pm - 12:20 pm
12:20pm - 12:30 pm
12:30 pm - 1:30 pm
1:30 pm - 4:00 pm
4:00 pm - 6:00 pm
6:00 pm - 7:00 pm

7:30 pm - 9:30 pm

7:30 pm-7:55pm

7:55pm-8:05pm

8:05 pm - 8:30 pm

8:30 pm - 8:40 pm

8:40 pm - 9:05 pm

9:05 pm-9:15 pm
9:15pm-9:25 pm

9:25 pm - 2:30 pm

7:30am-8:30am

9:00 am

Short Talk Selected from Poster Abstracts
Discussion
Coffee Break

Naoki Sugimoto (FIBER, Konan University, Japan)
"The Watson-Crick World Is Not Enough”

Discussion

Danith Ly (Carnegie Mellon University, USA)
"Design of Bivalent Nucleobases for Targeting Double-Stranded DNA and RNA"

Discussion

Short Talk Selected from Poster Abstracts
Discussion

General Discussion

Lunch

Free Time

Poster Session

Dinner

DNA Modification and Repair
Discussion Leader: Natalia Tretyakova (University of Minnesota, USA)

Sarah Delaney (Brown University, USA)
"DNA Repair in Nucleosomes"

Discussion

Patricia Opresko (University of Pittsburgh, USA)
"The Impact of Oxidative DNA Base Damage on Telomere Maintenance”"

Discussion

Cynthia Burrows (University of Utah, USA)
"Base Modifications at the Intersection of DNA Repair and Gene Expression”

Discussion
Short Talk Selected from Poster Abstracts

Discussion

Breakfast

Departure

Contributors

Research reported in this publication was supported by the National Center For Advancing Translational Sciences of the National Institutes of Health under
Award Number R13TR002767. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National
Institutes of Health.


https://www.grc.org/_resources/common/userfiles/file/Alerts/Alert_Housing_2019_1.pdf

=5 '

Symposium
on Nucleic Acid W)
chemlstrv /i

* .
.

November 07 (Thu-) - November 09 (Sat), 2019




Appendix 3: International Presentation No. 6.1.2.3

Symposium on Nucleic Acid Chemistry

Programme

November 07 (Thu) - November 09 (Sat), 2019

Venue
Pohang University of Science and Technology, Pohang, Korea

Organizer
Prof. Byeang Hyean Kim
Department of Chemistry, Division of Advanced Materials Science

Organized by
Laboratory for Modified Nucleic Acid Systems,
Department of Chemistry, POSTECH
&
Supported by
Basic Science Research Institute (BSRI)
Division of Advanced Materials Science (BK21*), POSTECH




Appendix 3: International Presentation No. 6.1.2.3

SYMPOSIUM ON NUCLEIC ACID CHEMISTRY

Nov. 7th THU

PROGRAMME

Nov. 8th FRI

19:30

Welcome Dinner

09:00-09:10
Opening Ceremony

Session |
Chairperson: Kyeong Kyu Kim

09:10 - 09:40 Naoki Sugimoto
09:40 - 10:10 Dong-Eun Kim
10:10 - 10:40 Xiaogang Qu

10:40-11:10
Coffee Break

Session 1
Chairperson: Naoki Sugimoto

11:10- 11:40 Tirayut Vilaivan
11:40-12:10 Seung Soo Oh

09:30 - 20:00
12:10-14:00
Lunch Networking Day
(Individual Discussion
Session Il and Excursion)

Chairperson: Dong-Eun Kim

14:00 - 14:30 Zhen Xi
14:30 - 15:00 Kazuhiko Nakatani
15:00 - 15:30 Young Jun Seo

15:30 - 16:00
Coffee Break

Session [V
Chairperson: Zhen Xi

16:00 - 16:30 Kyeong Kyu Kim
16:30- 17:00 Xiang Zhou
17:00 - 17:30 Takashi Morii

18:00 -
Banquet
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Pyrrolidinyl Peptide Nucleic Acids: From Design to Applications

Tirayut Vilaivan

Department of Chemistry, Faculty of Science, Chulalongkorn University, Phayathai Road, Pathum-
wan, Bangkok 10330, Thailand.

vtirayut@chula.ac.th

Peptide nucleic acid (PNA) is a class of nucleic acid mimic whereby the (deoxy)ribose phosphate back-
bone is completely replaced by a peptide-like structure. Despite such a drastic structural change, PNA
can still form remarkably stable and specific Watson-Crick base pairing with natural nucleic acids, yet it
shows several unique properties due to the absence of negative charge on the backbone systems. The
simplicity of the PNA structure allows facile modification to further improve binding properties or incor-
porate additional functions into the PNA molecule. While many of such modifications did not meet the
expectations, the conformationally constrained pyrrolidinyl PNA bearing a nucleobase-modified proline/
cyclic B -amino acid dipeptide backbone developed by our group is an outstanding example of a new
generation of PNA that shows superior base-pairing behavior compared to the original PNA as well as
several other unique properties. This presentation will summarize the accounts on the development of
such conformationally constrained PNA system in our laboratory during the past two decades, starting
from the design, synthesis, structure-properties relationship and ending with diagnostic and biological

applications.
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pervision of the late Professor Gordon Lowe, FRS. He started his career at De-
partment of Chemistry, Chulalongkorn University in Bangkok since 1996. He
is currently a professor of chemistry at Chulalongkorn University. He published
140 peer-reviewed original and review articles and received several prestigious
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1) Development of synthetic methodology
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Pyrrolidinyl Peptide Nucleic Acid for Paper-Based DNA Biosensors

Tirayut Vilaivan*

Department of Chemistry, Faculty of Science, Chulalongkorn University, Phayathai Road,
Patumwan, Bangkok 10330, Thailand
*E-mail: vtirayut@chula..ac.th

Abstract: Pyrrolidinyl peptide nucleic acid (pyrrolidinyl PNA) is a class of
DNA mimics carrying an alternating proline and cyclic beta-amino acid
backbone instead of the usual deoxyribose phosphate of DNA. Its
conformationally constrained structure with an uncharged backbone
contributes to several unique DNA binding characteristics especially the very
strong binding affinity with excellent mismatch discrimination ability, which
is not only better than natural DNA but also outperforms other types of PNA
reported to date. Properties and applications of pyrrolidinyl PNA as a probe
in combination with electrochemical, colorimetric and fluorescence detection
for sensitive and specific detection of various DNA targets of interest in a
paper-based format that can be performed under non-stringent conditions.

Keywords: PNA; DNA: Biosensor: Paper-based Device
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Mimicking Peroxidase-like Activity of Nitrogen Doped Carbon Dots
(N-CDs) Coupled with Microfluidic Paper-based Analytical Device
(nPAD) for Smart Sensing of Cholesterol from Whole Blood

Purim Jarujamrus*", Nattasa Kitchawengkul2, Akarapong Prakobkij2,
Wipark Anutrasakda’®, Suticha Chunta®

Department of Chemistry and Center of Excellence for Innovation in Chemistry, Faculty of
Science, Ubon Ratchathani University, Ubon Ratchathani, 34190, Thailand.
Nanomaterials Science, Sensors & Catalysis for Problem-Based Projects. Faculty of Science
Ubon Ratchathani University, Ubon Ratchathani 34190, Thailand.
Department of Chemistry, Faculty of Science, Chulalongkorn University, Payathai Road,
Patumwan, Bangkok 10330, Thailand.
'Department of Pharmaceutical Chemistry, Faculty of Pharmaceutical Sciences, Prince of
Songkla University, Hat Yai, Songkhla 90112, Thailand.
*E-mail: purim.j@ubc.ac.th

Abstract: This work, a simple hydrothermal synthesis of nitrogen doped
carbon dots (N-CDs) as peroxidase enzyme mimic for colorimetric
determination of cholesterol by using a microfluidic paper-based analytical
device (LPAD) was developed. The obtained N-CDs were characterized by
various techniques such as transmission electron microscopy (TEM) .
Scanning electron microscopy tandem energy-dispersive X-ray spectroscopy
( SEM-EDS), X-ray photoelectron spectroscopy ( XPS), and X-ray powder
diffraction (XRD). These techniques can clearly confirm the formation of
nitrogen doped on carbon dots surface. N-CDs could break H»O», leading to
the formation hydroxyl radicals (OH’). After that, 2.,2'-azino-bis(3-
cthylbenzothiazoline-6-sulfonic acid)-diammonium salt (ABTS) is converted
(0 ABTS"', thereby enabling the colorimetric detection of a colored product
due to the ABTS is oxidized by OH". This approach provides a high affinity
between the N-CDs and the ABTS substrate (with the Michaelis—-Menten
constant (KM) of 0.018 mM). Herein, the analysis of cholesterol via OH" was
performed by monitoring the color change on pPAD based on the Red,
Cireen, Blue (RGB) color system by using a smartphone installed with the
developed application as a colorimetric analyzer under controlled lighting
wyatem. The detection zone of pPAD was fabricated as circular shape (7 mm
i diameter) by using a simple wax printing technique. The analysis using
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C3_013_OA: DESIGN, SYNTHESIS AND STRUCTURE-PROPERTIES STUDIES OF CATIONIC
STYRYL DYES FOR DNA SENSING APPLICATIONS

Kotchakorn Supabowornsathit, Tirayut Vilaivan*

Organic Synthesis Research Unit, Department of Chemistry, Faculty of Science,
Chulalongkorn University, Phayathai Road, Patumwan, Bangkok 10330, Thailand

*e-mail: vtirayut@chula.ac.th

Abstract: Fluorescence dyes that can selectively bind and light up in the presence of DNA have
found widespread applications as visualization tools in molecular biology. However, the
choices of commercially available dyes are limited, and there are issues such as high cost,
toxicity and poor selectivity among different types of DNA structures and sequences. Styryl
dyes, conjugated organic molecules which consist of an electron-rich aromatic ring system
connecting to an electron-deficient heteroaromatic ring system via one or more conjugated
double bonds, have recently emerged as an attractive candidate as biological staining agents
due to their superior and tunable optical properties as well as low toxicity compared to
conventional intercalating dyes. In this study, novel cationic styryl dyes were designed with
the aim to improve the binding efficiency with DNA targets which contain negatively-charged
phosphate backbone. Optical properties of the newly synthesized dyes, both in the absence
and presence of various sequence and structural types of DNA targets, were investigated to
determine structural-properties relationships. The preliminary data revealed that core
structures of the dyes play a significant role in determining the fluorescence properties and
responsiveness of the dyes towards different DNA sequences and structures. For example,
preferential fluorescence enhancement for AT-rich over CG-rich DNA duplexes was achieved
for dyes with alkoxy as the electron donating substituent, whereas much less selectivity was
observed with dialkylamino substituent. In addition, significant bathochromic shift in the UV
absorption in addition to the fluorescence enhancement of some dyes were observed in the
presence of DNA targets. These changes in optical properties are selective for DNA over other
biological molecules such as bovine serum albumin (BSA) protein. A preliminary investigation
of the mechanism of the absorption and fluorescence change will also be discussed. Hence,
the novel cationic styryl dyes could serve as new tools for dual-mode DNA sensing with
excellent tunable characteristics, selective for DNA detection and could be utilized for various
biomedical applications.

In the presence of DNA target
. 4) Bathochromic shift in
Electron-deficient UV absorption

heteroaromatic

ring system Styryl part "4
X

R- N ]
Electron-rich Wavelength (nm)
aromatic rmg system :
: ]
Complementary electronic propertie. Fluorescence

enhancement

Absorbance

X = Electron donating group(s)
R = Alkyl and substituted alkyl groups

Intensity (a.u.)

Wavelength (nm)

Figure 1. General structure of styryl dyes and their DNA sensing approaches

246

The 45" Congress on Science and Technology of Thailand (STT 45)



' ayy® . 2078
/ Science
Na7)J) Society

A of Thailand
aunausneMaasuiousinAng
uws:ususIUDUN

A Nheno

X
ref"lnolog‘{ i




Appendix 3: National Presentation No. 6.1.3.2

C3_INV0O1 C3_IN

Tirayut Vilaivan

Department of Chemistry, Faculty of Science, Chulalongkorn
University, Phayathai Road, Patumwan, Bangkok 10330, Thailand
e-mail; vtirayut@chula.ac.th

QUINOLINE-BASED STYRYL DYES FOR DUAL-MODE
COLORIMETRIC AND FLUORESCENCE SENSING
OF DNA

Styryl dyes consist of two aromatic ring systems with complementary electronic

properties linked togetherviaa conjugated mt-system, usually a double bond.They have been cher
extensively used as histological staining dyes. Applications of styryl dyes, either alone or in . fron
combination with DNA probes for fluorescence sensing of nucleic acids is known, although of b_‘
only limited examples are available. Mostimportantly, most of previously reports focusedon _de”
fluorescence sensing. With the aim for developing a simple to use assay for DNA, a series of I
cationic styryldyes have been synthesized andtheir optical properties studiedinthe absence PS‘F
and presence of single- and double-stranded DNA. It was serendipitously discovered thatin int
addition to over 100-fold fluorescence enhancement, binding of certain quinoline-based tent
styryl dyes resultedin a significant shift of absorption spectra yielding a clear color change con
visible by naked eyes. The absence of fluorescence and color change in the presence of con
random proteins such as BSA suggests that the change in optical properties of the styryldye wa
is specific to DNA binding. This immediately suggests the possibility of using these dyes for S¥
DNA sensing purposes. Applications ofthese dyes, either ontheir ownor in combination with rep
an external probe such as peptide nucleic acid (PNA) to allow sequence-specific detection of IS @
DNA with single mismatch resolution will be demonstrated. fro
\
»
|
!
Tirayut Vilaivan obtained his D.Phil. in Organic Chemistry from Oxford in 1996. He is currently -
a Professor of Chemistry at Department of Chemistry, Chulalongkorn University. His D
research interests include organic synthesis and its applications as tools to explore the d
unnatural world. One of his well-known discovery is a new DNA mimic called pyrrolidiny! a
peptide nucleic acid. He also received several awards, including the prestigious Thailand ’;

Outstanding Scientist Award 2014 and TRF Distinguished Research Professor 2014.
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