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Abstract

The objectives of this study were to develop fluorescent dye-doped silica and
ferromagnetic particles (FDS-NPs) to be used as signal reporter and capturer of
pathogens to replace the time consuming conventional method which the target
cells were means to increase.

Silica fluorescent particles (FDS-NPs) was successfully synthesized using sol-gel
with water in oil microemulsion technique. The particles were round with high
photostability. The surfaces of these nanoparticles were modified to enable
bioconjugation with antibodies. Mole ratio of water to surfactant (W,), surfactant (P),
precursor (TEOS), and catalyst (NaOH) affected formation of the particles. NH,OH
played an important role on the size of particles. Thousands of fluorescent dye
(Rubpy) molecules were encapsulated in the silica matrix, which protected the dye
from photodamaging oxidation. The FDS-NPs were extremely bright and photostable.
Thousands of the antibody labeled FDS-NPs attached themselves to the surface of
the pathogens and could be detected easily under the fluorescence microscopy.

The synthesis of antibody conjugated amino-functionalized magnetic particles
(@amino-MNPs) for enhancing sensitivity of the detection of foodborne pathogens was
also carried out. The amino-MNPs were successfully synthesized using modified
polyol technique at 121 °C, 2 hours/cycle for 3 cycles. The XRD and FTIR patterns
identified the particles as faced center cubic with amino functional groups on the
surface and average 43+9 nm in diameter. Amounts of NaOH affected to the rates of
MNP formation. Results indicated that MNPs coated directly with purified 1gGs against
the pathogen could separate a very low amount of cells of E. coli O157:H7 (1.6
CFU/m0).

In  conclusion, the dye doped bioconjugated silica fluorescent and
ferromagnetic particles were successfully synthesized. The target bacteria were
swarmed by the particles resulting in coated with about 10° of fluorescent dye
molecules. They were easily observed under a fluorescent microscope. It is
envisaged that the FDS-NPs were promising for detection of pathogens in food
samples with great sensitivity than that of the conventional. The particles could also

be employed in the similar tasks for detection and separation.

Keywords : Fluorescent doped-Silica Nanoparticles / Water in Oil Microemulsion

/ Sol-Gel / Antibody / Amino functionalized ferromagnetic particles
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Abstract

The objective of this research was to optimize the synthesis of FDS-NPs to produce
small and uniform size of nanoparticles. The surfaces of these nanoparticles were
also modified to make them more compatible for bioconjugation. By chemical
combining sol-gel with water in oil microemulsion, it was possible to produce
monodisperse, spherical particles with a designed microstructure based on: water to
surfactant molar ratio (Wo), co-surfactant to surfactant molar ratio (P), precursor
(TEOS) and catalyst (NH4OH) parameters. The FDS-NPs were characterized by
transmission electron microscopy (TEM). The results showed that the size of the FDS-
NPs decreased as the concentration of ammonium hydroxide was increased. The
ammonium hydroxide was the main factor to produce smaller and uniform size
nanoparticles. The FDS-NPs generated by doping the thousands of fluorescent dye
(Rubpy) molecules were encapsulated in the silica matrix that also served to protect
the Rubpy dye from photodamaging oxidation. The FDS-NPs were extremely bright
and photostable. Further, the surface of the nanoparticles was modified by using
amine-modification followed by carboxyl-modification through a succinic anhydride
reaction. Carboxyl-modified FDS-NPs reacted with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to immobilize
with antibody on their surface. The antibody labeled FDS-NPs attaches themselves to
the surface of the antigen. Under the fluorescence microscopy the emission of
fluorescein was bright. Under the scanning electron microscopy (SEM) thousands of
FDS-NPs on surface of V. cholerae 0139 could be detected. It is envisaged that the
so-developed method is promising for detection of V.cholerae 0139 as well as other

foodborne pathogens in food samples.

Keywords : Fluorescent doped-Silica Nanoparticles / Water in Oil Microemulsion /
Sol-Gel / Antibody / Vibrio cholerae 0139
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Lanuddy uaziunvasdym wazuniulenans

Hagtudianuneneulunsiamnuiulssismaamaideydunidnelseliiinng
590157 uaziiawlhge Tnserdendnnisdng 9 delidedteidounnsrafiulunarendnnis
Tawn Immunofluorescent antibody technique, Time-resolved immunofluorometric
assay, Immunomasgnetic separation (Wa3 wiaee, 2549), Quantum dot, Plasmon
resonance immunosensors, Flow cytometry wag bioconjugated particles (Zhao et al.,
2004) 1Jugdu

ounA Wgeawsawus Wumadenddysunilafiondldnnamiterduniduiianinag

(%

Tugmslisinga wedaililunsldgaudvasmansnisiieseiionslse insziladild

Sa

audAlun1snEnIuansTIluanaNfieInIInTIE0UBE1HANILINLIT tAENITHULATIE

D

pumAtanmaEniiuasFosasauninnely mndulfluenavesueufivedi
Fumzaaidelsatimnenineg (bioconjugate) Hiueuna eoumeamdniululd
prmmidelsnviinduluingivemns eynefifueuivefidonsgazndlugaduiuueuiiay
vufweadelsadihning waaIN150RTITUMS O IRd N TS esLaslRiulA ag et RLa
Turngidsatusynmameslsuuniudnvilianinsafiueududuvenvadidvuglfeens
alnglddessonisiasyvente
weluladiufiaasnisiinngidelalusslaglidunsifiusiuauieiides

Tdnatuiu waiviuluiadygiuainnsdizaniziislsavasaynasuiadniiuauuin

aad 9 ~ = X a ° P A o & v
Wlwliansaiinauly wsonsiageudiolaluliuiaeild siziindygrududiu
WinleeluAaaiuINUIUT BTN F9UNFReeltiIa IuILegNItes 18-24 37lug Faldianlu
AFAATIENLBENINIEALANLIN tnsazlaianimsizulaiiu 1 F2luavinty

NUNIWBNENT

Rapid method L3ufinms@nwdaud® 1980 fnsuszendldmudlunainuane
wyue B959ulUiandnnisni99adainen wadl Faiadl F2HENd szuvinegidudy
(immunology) uazszULLWMaeTINe (serology) teAnwuaziauIzn1sTnsIuun LAY
nstuidedunidluiedns Wazanmaduasienugnieniedeld lnsaniadesile
gUnal waztumeuildlusunsiadiased (Tansub et al., 2011) FAmaElunismsram
FeqAunidfegnarsitauvaduvssiandsg &l n1snnatinsnziqduniclagds
Modified conventional methods, wataduTlulasulans Huazlulasworse(immune
chromatography ~ and  microarray  technique),  inallan1eszuUing AUy
(Immunological technique), mATiANITYINGLIENA (Molecular biology technique),

nMsvageumeduaiiiteinsgivutingdunid (Automation)
welulafuazmseenuuuvizensldiedesiiolumsaisiandiflnadning  vie
Fesormenuazluanalusumiisiidesnsldedngndesutiugn  dawalilassaisvesiant
AuanRfi AT el vieTinm uazanansothlldlnAndslewdldiny
M3n5193Tademansunme (diagnosis) TNTIUN9E LaIADIEIBNA MIRTIITIATIE
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witeqAunIs (a3 Unamsenauwi, 2500; Zhao et al, 2004) NuMIELBEMIOing
(Wang et al., 2007) LLammﬁmSuﬂ ’ifaqﬁ?uﬁmmwizl,mmiu particles, tubes, wires,
fibers, rods ﬁagﬂﬂmﬂsﬁmmﬁumﬂﬁmﬁ’u"lﬁ
pymavaEnifdesniunlilunddesumnnaiinsginedinmmieninge

Aedelsn  suflvainvanewia (Bruce and Sen, 2005) Gﬁqaunﬂﬂﬂ/\lqaawamuﬁ%ﬁmmmm
An wanguamahaltlunuaneliengimadinmiessananmnsaihluldnuldaidee
Lifiemnuduiivdowad  danuduvesnisFedaids  @wsaninisiseaadliuy
fupsesildde uanfuinalding  aunsonsavidesdunidliuidviuateny Toe
91fEANTUTRINITTMadtuNnIIvTn wasliruanusalunisdnduivanstiluanale
f (Sherma and Whiting, 2005)

2. IngUszaeRuaIn1sivy

2.1 Anwniladenildvinase msduasiziouniavigesisasusisant welildoynaiil
yuiadn adiaueliiniefu uazilant@nismenmianzausensliiduisaaey
Tl

22  Anwiautfveseynerlgooisauitdniiduassituluiusuieun 519
psAUsznoulATIaiRIaYNARILENAALTTNTEAU (excitation wavelength) A2
B19AAUTIINNSIT05uas (emission  wavelength) WazAI1NAIDYYBINTTITB LAY
(photostability) ¥eseynieidaaszils

2.3 siaunoufveisaidelsatmane

2.4 Anwimsiaudasiusziailiiin (surface modification) oyn1AWgeeLTALTUTITAN
wazAnwinisinlululaaueaueuiued (monoclonal antibody) vuRieUAANGDRLTE
WUNGANI (antibody immobilization)

2.4 AnwsgAvinmuesoumaluningiaiasiest Wewdhvine wu Salmonella spp.,
Vibrio cholera 0139, E. coli O157:H7wae C. Jejuni

3. sEidgukazlIsniunisIvY

3.1 MsdanTziounIaBanIngeasaun

msduargioyna  lddaudasislulesiiatursiaiiluiifuves  Bagwe et
al(2004) war Sukhunthachart et al. (2007) USinasansiadfildluszuulailasdsiady
Usgnaumie 7.5 ml cyclohexane, 1.80 ml n-Hexanol, 1.77 ml Triton X-100, 0.48 ml 20
mMRubpy dye solution, 0.10 ml TEOS &g 0.06 ml NH,OH @nwianisfimanzanlunis
daeioymavigeaisaiwuidant eyniaflviadn uazvuinasiiaueiu Tnefnuwg
v94U938619%) 4 Uadey il

1) msUsusnsaulngluavesideansanusaiisin (Wo) wihiu 6, 9 waz 12 Tagls
U3UI0UD9aNTAnKIIRIRIALT
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2) MsUSUERTIEIUlAY LA IRITIETAALSIRIRIFEETAALSIANNY (P) Wihdu 3, 5
way 7 IngliuSinamesansanussiieinnd

3) mMsUSuUSInavesansaerLlunsdaasIEREanT (TEOS) winiu 0.05, 0.10 wag 0.15
Uadans

4) nsUsusnamesiussisenlumsdunsisndant (NHOH) windu 0.03, 0.06
waz 0.09 Naddns
e URNITN1AINRTIINGT AuINemans uninedemalulagnszaoy
NASUYS

n15daAsIzieyNIATEN

1. ﬁﬁawmﬂ FDS-NPs fidaasenildumenasuy formvar carbon coated copper grid
wazUaesliuisluonnia ndsndudionmaneldndss TEM

2. ATIIATWATUIN AUIA UaENIINTEANLMIVDIVUIABUNIA FDS-NPs lagTnvun
Y839YNIABENTBY 30 BUNIA INNMNENY TEM (Jeol Model JEM-1230, USA) iile
wenade (X) LLasmLﬁmwummsgm (SD) UBIUUINBYNIA WATATIUNUAINAT
n3¥eMITasUInoUNIAlaelY Program Origin 7 (USA, 1991-2002)

3.2 M3ATINOUNANGBLTALUTITENT
AnTesnesRUsznauluaynAngeaLsaL LI gaN

MIMTITIATgesAUsENeUYRIslueyAA FDS-NPs Tagteyniaiidunsusian
\NABUL carbon tape wasfnuu holder waznTiadinsziilagléndss SEM-EDS (Leo
Model1455P, Germany)
AATENIATIE3199099YNANGRBLTALRUNTENT

1aun1A FDS-NPs Useanas 5 mg AnsZIideLAIes X-ray Diffractometer (Bruker
Model D8 Advance, Germany) 7i 40 kv Tngld steptime 11111U 0.4 Juiay stepsize
WU 0.02 e
AirszinnuenaauilinssdunazainueeduiiinisiGeuas

MImTallAsEsieAdUldngzi (excitation wavelength) LagzAnLE1IAGY
fifimsFouas (emission wavelength) ¥esansavansdwgesisaduiSeuiiisuiueynia
FDS-NPslaginaunm FOS-NPs3 mg vinlvinszatelu 3 ml 95% Les1ueauavinaisazaned
wigeeisady 20 mM wndeans 10 wihene 95% Lesuea  thawlafiegosiaafiossuuu
Y930UNA FDS-NPs uazansazangdngealsadu nAsiaaATIey excitation War emission
wavelength Tneldiades spectrofluorometer (Hitachi ModelF-2500,Japan)
N1591AT1ENAINALDEVDINTIITBNUEAY (Photostability)

N1INTINATIEVIANUALDYVBINITITRIUANUBIAN ST avIgeaLsadu WIsuiiguiy
ouA"A FDS-NPs Sdunaudiiifie theynim FDS-NPs3 mg snvhlsinsyans (disperse) wagiin
ansazanedigesisadu 20 mM 138919 10 Winehe 95% tevuea thdwlafiegedaatios
AUUUVBIDUNIA FDS-NPs Uaransara1udngeaisadu asiadasisimaudiveinisises
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WeINNe 5 wiluszeginan 60 wi A4 mode photometry) Tnewades spectrofluorometer
ndrnmstarmundiresninfesuaduusazads timedildludninesla Indudary
P0NTAY hazasaindluanizund
3.3 nsAnulamiusziafiiveliAaviaidu uasinueufveiifnaynia

mAteiAnnmsiaulasiussiafifteliAnny fladdusasiolilulnausausuiued
fifeynia FDS-NPs Gs@inwimaaes 2 35 il
3.3.1 m3Raudasiiaynaiidauuadiiavgesiy

Fidumsdulasiussiedfifineynia  FOS-NPs  TiAamjiediu  (amine
functionalized  group)lmeld  (3-aminopropyl) triethoxysilane (APTS)MéJ\‘Imﬂﬁ?uW
glutaraldehyde (uiidonssninseynia FOS-NPs wazuouiued Ingireynia FOS-NPs32
mg @188 deionized water 2 Aduay 1 mM acetic acid 1 A (netlumiosfinnuga
59U 4,500 s0Usieudl igamgil 25 °C (Wunan 10 wifl) shldeyaAnszaemiuly 20
ml vas 1mM acetic acid 7% 10% (3-aminopropyl) triethoxysilane (APTS)LazNIUDEIs
aviane unan 30 wit ileviliAsveiunmiudisoynia FDS-NPs fifnfivyjiediuudy
¢18 deionized water 2 afwaz 0.1 M PBS (pH 7.3) 1 ﬂ%ﬂLﬁUaHﬂ’m FDS-NPs 1
Usenousenyiafiulu 0.1 M PBS (pH 7.3) flgamindl 4°C asaadinnesivyjiefiuiiiintude
1304 FTIR (Perkin Elmer Model Spectrum One, USA) FBunsHIATINa18 (450-4500
cm )
nsAaueuRvsRuuRteynATiiugeii

&19eynA FDS-NPs fiusznaudevsieiiufae 10 ml 0.1 M PBS (pH 7.3) 2 ASaud?
ileyniAnszaely 3 ml 0.1 M PBS (pH 7.3) 7l 10% slutaraldehyde waziweoe
asiiauedl 200 souseUTlagld shaking water bath fiflmsmuaugamalil 18 °C 1Ju
e 2 Hlasdseunadie 0.1 M PBS 2 At nsvarweumaly 1.5 ml 0.1M PBS (pH 7.3)
LaXLIDINUOUAUDAANUTLTY 120 pg/mlTu 1.5 ml 0.1 M PBS (pH 7.3) laziag181
asiiauedl 200 seusiouilagld shaking water bath figaumai 18 “Cillunan 4 $lusdns
auUN1A FDS-NPs ﬁﬁLLauﬁuaﬁﬁﬂagé’m quenching solution 1 e nsggaynAly 5 ml
quenching solution  waziugnegsasinauelagld shaking water bath ﬁﬁmamugu
auniifi 18 °C unian 30 uniidaeyniadie storage buffer 1 asaffuaynia FOS-NPs 7
fuwouivafnagly 3 ml storage buffer (AMUUNTUYBIBUNIA WU 10 mg/ml)
nsAnueuRvaRuLRlayMafidauUadiiAavgasuanda

Fihdumsdiulasiustiafivinuseuginveseynia FDS-NPs TaevliAnugiediu
(amine  functionalized group)  lusuusn LLaszuﬁé"swgmﬁuaﬂ%a (carboxyl
functionalized group) n¥rndunszdumaivendadetiataudaiug N-
hydroxysuccinimide (NHS) uwag  1l-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) uazRauauvafuuinoynialaednuuaiisues Zhao et al. (2004) 3
fiduneu fail
3.3.2 nsfnuUasniussiaiinineynaliAnuyaisuanda
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119un1A FDS-NPs32 mg &1a8e deionized water 2 ASauar 1 mM acetic acid
1 afwidanmsgseyneuds shleumenszanerafulaeld ultrasonic bath Tu 20 ml
983 1 mM acetic acid 7 10% trimethoxysilyl-propyldiethylenetriamine (DETA) Wag
musgasiiave Wunan 30 wit eviliAamyiediudnaeyma FDS-NPs ARvinlviAn)
iluudn e deionized water 2 ASauay N,N-dimethylformamide 1 ads N3¥NLOUNIA
Tu 20 mIN,N-dimethylformamide 7Tl 10% succinic anhydride Lavmusgsaiaye
aelamalulasiau (N, purge) ihunan 6 Halusdaeynia FDS-NPs AusaiiwiliAomy
AsUBNTauds fe deionized water 2 ASauar 0.1 M MES buffer (pH 5.5) 1 aSufi
oyMA FDS-NPs fiuszneusevyaivondaudlu 0.1 M MES buffer (pH 5.5) Migamgdl
a°c ‘5miwﬁmgﬂqﬁ%’uﬁﬁmﬁu‘lﬂEflfé?m%q FTIR 718un5115%39na74 (450-4500 cm )

nsAnuauRvsRuuRtaynAfitugaisuanda

&1seyna FDS-NPs fiuszneusevyasuendasme 0.1 M MES buffer (pH 5.5) 2
pdmdsannsdeuniand vilvieynanszately 3 ml 0.1 M MES buffer (pH 5.5) i
10 mg/ml 489 EDC uaz 10 mg/ml vas N-hydroxysuccinimide (A3 u1v801NA
Wiy 10 mg/ml) wasfinisiugnegnsasinaued 200 sousewfilagld shaking water bath
fiimsruaugamadil 18 “C 1una 30 wiiitelunsnszduvyaiuendadiseynia
$e 0.1 M PBS 2 A%y nszanmaymalu 1.5 ml 0.1M PBS (pH 7.3)

WwisuueuRveRewe Salmonella uay Campylobacter ﬁ%@mmnﬁmﬁm JHRYE
sunedutl affinity column AaRSves W (2549) Intuderweuivermududy
120 pg/ml Tu 1.5 ml 0.1 M PBS (pH 7.3)81904A FDS-NPs fifueufivedanetse
quenching solution 1 A%a Tnedhuisafiruéaseu 4500 seusewit Wunan 10 wiit
gaunnil 18 OCﬂszmstgmﬂIu 5 ml quenching solution uaziinsiugnegsainate &
unAdY storage buffer 1 adslnsiluwissiienuiiaseu 4500 sousewit WWunan 10
unit figaumndl 18 “CiitueyanA FDS-NPs Aueufiuedfneglu 3 ml storage buffer
ATIRABUNMSINzYRIyMAYIgeBIsALYIRaN TR ElAndp sqansImiBidnnsounuTdes
379

4. NANTSIYWALITAING

N13FUATIEUATIATIENENBULVDIBUNANGDBLT ALY UNTENT
4.1. nan1sdauaszieynAngealsaLTU SN Y
msdunnzoynangeaisauisanuily e slilasdiadurimiluiduhutumada
Twawa Ingld@numavestladesineg ¢ Jade feil
1) maviushsdnlneluaveniromsanusifidia (Wo) Wity 6, 9 uay 12 el
USNaseansanussAsianed
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2) MsUSUERTIEIUlag LA IRITIETAALSIRIRIAEETAALSIAYNY (P) WAy 3, 5
was 7 IngliuSinaesansanussfeinmed

3) msUSulSnavesan st ulunsdaasgiaant (TEOS) winfu 0.05, 0.10 wag 0.15
Uadans

4) nsUsulsnamesiussisenlumsdunsisndant (NHOH) wirdu 0.03, 0.06
waz 0.09 Naddns

msduanzioyniavigoaisasuriganiuly (FOS-NPs) Tne3slalasdsiatuniniiluiiy
Suiumataleana Iagliidnsdunsizvives S gi350078 (2551) 1MNNTNAFBINUI
Yadefiusenouse cyclohexane, n-Hexanol, Triton X-100, 20 mM RuBpy dye solution,
TEOS wagNH,OH (NH; 30; wtd%) ﬁlsﬂumﬁéfﬁmswﬁaumﬂ FDS-NPs Tuszuululasdiiadu
yialuhiu fdnvasduasddulamusonemeainld uasdaumaies Aoanunsnas
anudululasdsfaduldunluszunln udsanmsiiuesdlau (Acetone) Lilevignufien
sonuluszuulilasdiadu wuitlussuudiaduiiafios awfansanaenouresounia FDS-
NPs fidnuaadaiaaladdy mnduinistusiemnaznou wavdseynia FOS-NPs o
fdnansanusaiiann uazdduAuilivihuiisensen vdesliukaiianmgiivies 1 u ni3e
thlveufigaumndl 120°C iunan 2 Halus ualviaziBemlaglduviauia wuiteynia FDS-NPs
fidnwaziunsdduaziden neudiaynia FOS-NPs lulaszi aznesazanslu 95%
Ethanol uazviilinszanesaeenainiu (Disperse) lngldia3as Ultrasonic probe azls
ouMA FDS-NPs fiflnanatios nszaremeglu 95% Ethanol agsasia ansathly
AasenuaudRnvetenn1A FDS-NPs Mé’amﬂﬁ?uﬁwaymﬂ FDS-NPs vinn1saauyas
uiRufielmAnuyiladduediu, mjnsuenda ndmnduseunsiilulasiau in1séds
91" FDS-NPs feth Deionized wasiAuluasazats MES buffer ifternlunsan
WALV UazN1INITALFINElANdes TEM uagnIs1a3AsIziA Zeta potential 11
oA FDS-NPs Tvhurisdnadilaenistiusies delildoynia FOS-NPs Afumuazinly

ATIRATIEALATIATS, TnTerivyflandunasinsenionn
Nnuanaaenu ynqdadeinaaesduaszieunia FOS-NPs TussuululasBiaduyiini

Turhifu Sdnwazduansddulasuaunsanemzgiulivasiianueaiios foaunsansany
Julilasdifadulauuluszuula (Ui 1.1)
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JUN 1.1 nmsduasieiounia FDS-NPs srglulasdliatusiinuinluinduiiades

v a = = av o A a
waandtesdlnu (acetone) asldiiengasyuululasdiatuiiaios uwasannznaueunia
FDS-NPs gapznauazilanuazadigialaddu (3Ua 1.2)

JUN 1.2 msanmzneuveteunia FOS-NPs Sanvaziluaaladdy
Worhunmstuwieadioniu uazdseynin FDS-NPs Tagdnsansanussisin wazddiuiu
o 4 t% [ I o a a O < Y
ganuarilisunawisiueINa nantduihlveuiigamgil 120 ~C Wuna 2 9ilus wae

unlaidealagldurisuin sslidnvaslumazidonddy (UM 1.3)

JUN 1.3 eunia FDS-NPs Sanwaizlunsazidenddy

auN1A FDS-NPs faudiasienluniuniee dewilieunianszatedieenaniu (disperse)
Tu 95% ios1uealagldin3es ultrasonicator IsldeuniAngeeisawunginiunluiisiaig
wtgsuIuaaglu 95% o5 1ueaRg A (FUN 1.4)
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JUN 1.4 aunna FDS-NPs (n) fiaw wag (v) ndsilvinszanglu 95% tesuea

dieeun1m FDS-NPs 7idanuaziatiosuviuaseegly 95% les1ueasgiuanss 11
nageunITToadngld black light AAN1IARY 354 nm AANITEOMARY (FUN
1.5)

sUN 1.5 M3iSeauasetounia FDS-NPs Tu 95% Les1uea Lilegnnsedusie
black light 1A11181IAAU 354 nm

2. MmydaTiaMaNURaynAvigaaLsaTuganIuIlY
2.1 MIAATFUIUATIUINYRIRYNANGRBLT A UITANTUTY
2.1.1 mifinyaressnsdulneluavonivieasanussisi (Wo)
nsfnwmaresdnrdnlasluaresiveasanussfisin (Wo) whitu 6, 9 uag 12 i
NAFB3UTIS WA wazNsNTEANEfveIUIneyMA Feilnneilagldndes TEM ifdswens
100,000 i (3U7 1.6) wuiteynia FSD-NPs figusienau uazaaidnadmegnielueyniads
Jud Rubpy 1'7iLmaﬂagjmaluiﬂiqﬁwqmaﬂ%aﬂﬂ LLang‘ﬁ 1.7-1.8 LAAINIINIZANLFIVOIVUIN
oun1A FDS-NPs 71 Wo Wit 6, 9 uay 12 Saedsvesuuineynawiniu 35, 40 uag 51
nm auddy uazdmdenuunasguintu 2, 3 uay 4 audiiy
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gﬂﬁ 1.6

(m) Wo =12
aun1A FDS-NPs aelandes TEM ignsadulagluavedtifeansanuseis
W (Wo) winfiu 6 (n), 9 (@) wag 12 (A) 100 kV (Scale bar = 100 nm)
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70

L Mean = 35 B Wo =12
< 60 SD=2 B2 o =9
2 I Vo =6
E 50
c
()
T 40
g 30 Mean =51
5 sD=4
S
g 20-
C
[0}
S 104 E |
()
o
0 ' 'E T T IIII

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Particle diameter (nm)

sUN 1.7 NIN5NMIVBIVUINOUNIA FDS-NPs Ndnsdlagluaveniee
A15AAUTIRIAT (Wo) iU 6, 9 ua 12
70 —
= X =51
£ 60 - —
= _ X =40 _
504 X=35 =P~
s 3
240 SD=2
S
530 -
(oY
€020 -
g
2 10
<
0
6 9 12
Water to surfactant molar ratio (Wo)
sUN 1.8 Auady uazAdgauuiinigiuvesnunneyn1a FOS-NPs 79nsidiulagly

avestaNsanuIIAsA (Wo) Wity 6, 9 uag 12

Mnmsfinyinavessandilagluaronidomsanussiain (P) Aifisosusna aun
wagmInraefTesILIAeyA FDS-NPs wutilednadulneluavosinsoasanuseis
A7 (Wo) fiAnanad finavinlweunia FOS-NPs fuu1nianas Lagn1snIzanefuaivwineunie
anas  lesnndleviinamesnifluszuulilasiaduanas  warUuasanussfsiadann
woud1 thazanunsniladosnmegld Taensvaredudueuniading meelasanusaiei
JFewmefiazdeusevsyniatniiu sdsualivuinuesoymeit (droplet size) Buduluszuu
lulasdsfaduiivuinidnyinlieynia FDS-NPs Adaaneildivunadnas Sdlinanismaaosd
Faudatuaiteves Bagwe et al. (2004) FslgvinisAnwinaves Wo 71 5, 10 waz 15 WU
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YUMEYMAWINTY 178, 82 Uay 69 nm pudy wagdudeuusasgu winfu 29, 14
uay 4 sy (FUA 1.7-1.8) udliinadiaenndesiuauideves Abarken et al. (2006)
2.1.2 nave99ns1d2ulasluaveIR1tIgEaITanULSIRRIRDE1TAALS AR (P)

N3ANYINAVBIENTIEIULALLNAYBIMIAILETAALTIAIRIRDENTAALSIASAY (P) WU 3, 5
uay 7 fiilariezusne 1uin wazn1snszanefvestuIneyna dsilnilagldndes TEM 1
fdswens 100,000 W sguil 1.9 wuireymevigesisawuviganuiluiisusisnay uavd
Rubpy wnsnegniglusunia uaz mﬂgﬂﬁ 1.10-1.11 Uan9N1INIEINEFIVDIVUINBLAA
FDS-NPs 7 P = 3, 5 wag 7 ﬁmmﬁwawumaumﬂ WINAU 48, 36 ey 61 nm ANUAIAU
LLasdauLﬁmwummgm WINAU 3, 3 Wae 5 ANUaIaU

Ul 1.9 ounA FDS-NPs meldindes TEM fhmdulasluavesintioasanussi
FAsieansanuLsefsiy (P) winiu (n) 3, (¥) 5 wag (M) 7 100 kV (Scale bar =
100 nm)
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% 50 -

O 40‘ Mean =48 Mean =61
£ ] sD=3  SD=5

= ]

S 30-

o

(]

(@]

8

C

[}

o

()

o

sU#1 1.10 NNINTENUMIVBIVUINOUATA FDS-NPS Ndnsdulagluavresindivansan
WSIRANRINBANTARLSIFIRT (P) WinAU 3, 5 way 7

70 — —
- X =48 X=61T7
g 60 - J_
E SD=3 _ SD=§
o 50 1 T X =36
N I
w2 —
s ] =3
2 T
£ 30 A
<
[aB
o 20 4
o0
o]
5 10 -
>
< 0
3 5 7

Co-surfactant to surfactant molar ratio (P)

JUN 111 Aady uavAnleuuuiinggIuressuneyn1a FDS-NPs 18nsidulag
1UAVBIFITIATANLTIANRIADEITANLSIAIERD (P) WINAU 3, 5 way 7

PnnsannaesshdulneluavesiTIsasanL R eaTanLsERa  (P)  fiflde
JUTI9 9w waen1snsEeiivesuineynia FDS-NPs wuirdadedananlianunsauans
ANUFNTUSARUUIN wAEN1INTEEMveteuNAle wilunwideves Bagwe et al. (2004)
Felfvimsfinwinaves P 91 2.7, 5.5 wag 7.7 wuivuneyaAwiniy 97, 82 uag 72 nm
ANUAIAU LLasﬁ’JuLﬁmwummgm WU 14, 13 uay 6 AUANU ABULINBYNIAIZLENES
loAn P ifinTy
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2.1.3 maveswSunadsaedulunisdunsizd@an (TEOS)
MsAnwNaTeIUTINENIReIluNSELATIERERNN (TEOS) 71 0.05, 0.10 uag 0.15 fadans
finadoguing  wum  wasmsnsvanefivesuneyaiieeilagldndes TEM @
fdsvene 100,000 i1 FagURl 1.12 wuiteyann FDS-NPs figUsnanay wagd Rubpy uvsn
agneluaunIn wag mﬂgﬂﬁ 1.13-1.14 4@naNIsNIzLMIVDIVUINDUAIA FDS-NPs i
USunaw TEOS = 0.05, 0.10 wag 0.15 Uadans ﬁﬂ'%aﬁ'aﬁuawmmaqmﬂ WINAU 37, 40 wag

YINAU 4, 3 kag 9 MUaeU

50 NMANUEIAU wardIU e UUIINTFIY |
|

(m) TEOS = 0.15 ml
JUN 1.12  aun1a FDS-NPs aneldndes TEM AiUsunaves TEOS wirfiu (n) 0.05 ml, (v)
0.10 ml wag (A) 0.15 ml 100 kV (Scale bar = 100 nm)
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70

] B T0S = 0.05 ml
60 B
B TEOS = 0.15 ml

50

40 - Mean = 37
1 SD=4

304

204

10+

Percentage of particle number (%)

o T T T T T Ll" T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Particle diameter (nm)

gﬂ‘ﬁ 1.13 mimzmagfmawmmaymﬂ FDS-NPs ﬁU%mmmm TEOS
WinAU 0.1 ml, 0.5 ml tag 0.15 ml

70 —
- X =50
£604 _ —
~ =37 X =40 Sq:g
g 50 -
@ SD=4 51%13 l
2 40 - T .
5 30 -
[aB
S 20 -
o]
5
> 10 4
<

0

0.05 0.10 0.15

Volume of precursor (TEOS) (ml)

sUN 1.14  Auady uavAdetuuninggIuuedruineynia FDS-NPs AUsunauves
TEOS Wiy 0.1 ml, 0.5 ml wag 0.15 ml

MnmsAnynauesuassaiilunsduanesitang (TEOS) fifidesusne wuin wagns
nsvaTefesuIneyn1A FDS-NPs wutnileUSunumes TEOS fuinaufisnnniuazdana
Tfeunafioualuadu 1osnn TEOS Wumsdailunsduameiiant dmudediuium
Gty dwaliAensnmenguiunaiadueyniafingtu  Fddueideneundhills
yhmsAinyinatiina TEOS warlvinafiumndnedu #sil Stober et al. (1968) $1891ui
Uinawes TEOS lifnasievuiaveseynia uddlowfisTunn TEOS avdwnalvivunneynia
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[

dnas aglsfinnn Menuimureymeasglvgduileyiinn TEOS wnndu (Bogush et al.,
1988)

214 wavasUanaiassufisenlunisdunsie @an1 (NH,OH)
msfnvwavesUSinaesluioylonsenlesd 0.03, 0.06 uaz 0.09 Jaddns ﬁﬁwa&iagﬂiw
YUIR LLazmiﬂsm1sJ(s“hﬁuawmmmgmﬂﬁimswzﬁmsﬂ,éfﬂé’aﬂ TEM #ifdwens 100,000
WAy 300,000 Wi FagUR 1.15 wudteynim FDS-NPs fisusisnau wazd Rubpy unsneg
neluaunia wag mﬂgﬂﬁ 1.16-1.17 WAAINIINTEANYMAIVBIUUINBUAIA FDS-NPs fivsune
NH,OH winAu 0.03, 0.06 waz 0.09 aadns ﬁmmﬁlaﬁuawmmaymﬂmﬁu 43, 39 uay 22
nm HINAIRU LLazﬁauLﬁmwummigmwhﬁu 4, 4 1ag 3 MUAIAU

(%) NH,OH = 0.06 ml

Y Ay,
Ead

(m) NH4sOH = 0.09 ml
3UN 1.15 aunia FDS-NPs aelandeas TEM USunaues NH,OH winiu (n) 0.03 m,
(@) 0.06 ml 100 kV (Scale bar = 100 nm) tlag (A) 0.09 ml (Scale bar = 50 nm)
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70

—_ B NH,OH = 0.03 ml
S ]
~ 60+ B8 NH ,OH = 0.06 ml
]
£ I NH ,OH = 0.09 ml
S 50
C <4
(]
T 40+
g ]
« 30+ Mean = 22 ,
o {
@ SD=3 q
g 204 ; Mean =43
€ ] sl Bl sSD=4
8 (BB
& 107 1
a 1l
0- mo KA

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80

Particle diameter (nm)

Ul 1.16 MINTEANBFIVOIVLIABYAA FDS-NPs TiU3anaves NH,OH iy
0.03 ml, 0.06 ml tag 0.09 ml

70
= —
£ 60 X =43 —
N~ = 39
()
50 SD =4
o o] _
S 40 T X =22
R
a 30 A S_I? =3
S 20 - +
[as]
o
> 10 -
<
0
0.03 0.06 0.09
Volume of catalyst (NH,OH)(ml)
o Cdl ol d
E'U‘VI 1.17 ALRAY LLa%ﬁWLUENLUUQJ'WW;%;IU“UEN“UH’]@E)HJ\’]@ FDS-NPsynUsuned

NHL4OH W1Au 0.03 ml, 0.06 ml wag 0.09 ml

MnnmsAnwmavesUiinauenlidoslonsenles  (NHOH) fifldegusns suin  waznis
nsvaefvesTLIAByAA FDS-NPs wudniousana NHOH Sumanfissnnty avdawali
auATTLIALENAY {99910 NH,OH Jusissufjisen hydrolysis uaz condensation Tu
msduagoynatant - MdudleUinumes  NHOH  usnniuisdwmaliingnis
AeUFRefuanntu synedsiouiadnas ddiuafiaenadesiuaiifores Bagwe et al.
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(2004) FsAnwmaveIANUTATU NHOH 71 0.5, 1.0, 1.5 uay 2.0% wuiiwuaeynaAwiIiy
82, 54, 52 Lag 50 AUa1AY LLazd’auLﬁmwummgm WINAU 13, 5, 6 Wag 4 AUa1au

nnmsAnudadeifnasesuing  wakaznsnsznefveuInoyMAluNSELATIE
ounA FDS-NPs Taefinwnavesdmsilneluavesiwoasanussfisin (Wo) Smsaulaely
av8IfTIuaanLS IR IReasanusRTn  (P) Usinamesasaadulunisdunseidan
(TEOS) wazUSunauuasmisaufisenlun1sdaunsnevidant (NH,OH) WU Wo = 6, P = 5,
TEOS = 0.05 ml Wwag NH,OH = 0.09 ml flfadevuineynia Wiy 35, 36, 37 uay 22
NMAIUANU LLazﬂ'wLﬁmwummgmmawmﬂaumﬂ WINAU 2, 3, 4 Lag 3 ANUa1AU 1NRE
mswmaaawudwﬂ%mmmmLLamImﬁsmlamaﬂlmﬁﬁaﬁma@iammmaymﬂmﬂﬂjwﬂaﬁaﬁuﬂ

A15199 1.1 Jadeniinadegusne uazyu1nvedeunIn FDS-NPs

Uady YuALRAY TX) Adrulsauunnnsgiy
(nm) (SD)
6 35 2
Wo 9 a0 3
12 51 4
3 a8 3
P 5 36 3
7 61 5
0.05 37 4
TEOS (ml) 0.10 40 3
0.15 50 9
0.03 43 3
NH;OH (mU) 0.06 39 4
0.09 22 3

aeINANUITENS 4 NiNaRaFUIN WA WAZNIINTEAUMIVBIVUIABUAIALTT FaFeN

oAl ' o = - P o § v = <
angananluusazlade (M5 1.1) Ao anneilnavilieuniafivuiadn wasnns
N3¥218AITIVUINDUNIAAT  UINIINITVRRRIRNwIRBLNemani1senangalunistlulyly
msdupsieiennia FDS-NPs liflvuadn wazadave winngdunmsthluldluaunsia
AT V. cholerae 0139 sl

215  wavasUavwsau
nsanwnavrasladesin Wo = 6, TEOS = 0.05 ml. wag 0.09 ml Nilkase3us1e Yun uae
NMINsEAEMveIneUMAiATEingldndas TEM #imasens 300,000 Wi Asgud
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1.18 wuineuna FDS-NPs digusienauwasd Rubpy unsnegaielueunia wazaingui 1.19
WARINIINTEANAIVBIIUIABUAIA FDS-NPs TALRGET0UINBYNIAWINTY 56 nm ey
AU lBLUUIINTFIUNAY 6

sUT 1.18 ayna FDS-NPs meldndes TEM 9nwavestadsia (Wo = 6, P = 5,
TEOS = 0.05 ml wag NH,OH = 0.09 ml) 100 kV (Scale bar = 50 nm)

70

Wo =6, P =5, TEOS = 0.05 ml,
60+ NH4OH = 0.09 ml

50 1
40
304 Mean = 56
SD=6

20 1

10+

Percentage of particle number (%)

0

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80
Particle diameter (nm)

Ul 1.19 msnszanefivesuineynia FDS-NPs Inavasiladesan Wo = 6,
P =5, TEOS = 0.05 ml uag NH,OH = 0.09 ml

nnsanyHavesatuINTes Wo = 6, P = 5, TEOS = 0.05 ml wag NH,OH = 0.09 ml 4
93U UM UaTNIINTENLFIVBIVUINBUNIA FDS-NPS WU’j’]ﬁ’]LagﬁJGUEN‘*UU’lﬂaigﬂ’lﬂ
WU 56 nm %ﬁﬁmmnﬂdﬁmLaﬁamaaﬁummaumﬂﬁ Wo = 6, P = 5, TEOS = 0.05 ml uag
NH,OH = 0.09 ml Feflawiniu 35, 36, 37 uar 22 nm AuaIU LLazﬁummaumﬂﬁ'
Fupsredlaflounauansnaiu  (SD=6) Felimmnzudmsiaildlunussnadienzide V.
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cholerae 0139 Fsifuantiziinanldlunisdunsizioynia FOSNPs Liielfeyniafiounn
A0 wazariiauefo annyildueslufolansenlusiviniu 0.09 ml

22 wadwseisnasrusznaulusunangeasaluidaniuily
ManTalnsesisiesduszneulueynia FDS-NPs lagvhmsasalinsiesianizan1oe il
aumATAdanatiaziady s Wo = 6, P = 5, TEOS = 0.05 ml uag NH,OH = 0.09 ml

2.2.1 navesdnsdulneluavestnreasaRLIRIAA (Wo) Wiy 6
NNHAMTIATIERIAUTENOUTBITIRlUBYNA FDS-NPs 71 Wo = 6 wuindl Si wag Ru
WU 79.06 wag 1.36 maaaqﬁﬂizﬂammﬁgﬁmm wasiilalSoufiouUsinames Ru AU Si
WUInHIUTIN Ru agusyanm 1.72 % (;J‘Uﬁ 1.20 1519 1.2)

Si

Wo =6

Li_j
Ru

050 Loo L.50 200 2.50 3.00 3.50 4.00 4.50

Energy (keV)

Ul 1.20  smesdUszneuluaynA FDS-NPs 9 Wo = 6

A1319% 1.2 USunausmesausenaulusynia FDS-NPs 7 Wo =6

o FndrutSunalaethutn | dadudSinalaelua
) (%) (%)
C K 28.58 41.45
O K 32.45 35.34
Si K 36.81 22.84
Ru L 2.16 0.37
Total 100.00 100.00

222  WaveI9ns1aulneluavednl1vIgaNsansIReiIfaa1sanwLseneng (P)
WinAU 5
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INNANTIATIEVDIAUTENBUTDIT W IBYNIA FDS-NPS 91 P = 5 wuidndl Si uag Ru iy
74.60 way 1.65 Y09aAUTENBUSMNINUA wazllaSeumeuUsunames Ru fu Si wudndl

U3as Ru 8gUszanal 2.21% (51971 1.2)

Si

]

[
Ru
i

.50 Lon 150 2.0 250

Energy (keV)

J.on 350 4.00 450

gﬂﬁ 1.21 swpsAusznauluennin FDS-NPs fiP=5

M519d 1.3 Usnasinesdusznauluoynia FOS-NPS 1 P = 5

FadrulSunalaetutn | dadiudSinalaelua
i (%) (%)
C K 33.57 47.32
O K 30.11 31.87
Si K 33.82 20.39
Ru L 2.50 0.42
Total 100.00 100.00

2.23 wavasliinmuasaadulunisdansieiding (TEOS) winfu 0.05 ml
NNHANTIATIEsAUTENEUYRIsWlUBYAA FDS-NPs 7 TEOS = 0.05 ml wudndl Si way
Ru wihifu 65.74 uaz 1.77 vesesAusznausIgiavan uazdoiFeuiisuuiuinmes Ru fu
Si wuinUTIN Ru ogfUszanal 2.69 % (3U 1.21 M990 1.3)

[ TEOS =0.05 ml

0

c
Ru
—

[R1] Lo 150 o0 2.50 300 150 4.00

Energy (keV)

UMl 1.22 5imesAUszneluoynA FDS-NPs fiUSana TEOS wirfu 0.05 ml
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a51afl 1.4 USinusigesdusznauluaynin FDS-NPs fiUSanas TEOS Wity 0.05 ml

o FadrulSunadaetwdn | dadautiunalagiua
) (%) (%)

Cc K 35.87 49.74

O K 29.94 31.17

Si K 31.41 18.63

Ru L 2.78 0.46

Total 100.00 100.00

2.2.4 navaUsuaiasaUgisenlun1sduns1zwdani (0.09 ml NH,OH)

IINHANITIATIEVBIAUTENBUVRISN IUOUNIA FS-NPs 7 NH,OH = 0.09 ml wuidndl Si wae
Ru wirfiu 76.81 uag 1.43 90909AUsENaUsINavian LazlelUIeuliieuusuiames Ru fu

Si wundUTI Ru aguseanal 1.86 %

i

0

Si

Ru

NH,OH = 0.09 ml

050

Lo

1.50 2o 2.50 3.00

Energy (keV)

350

.00 450

UMl 1.23  simpsdUszneuluayna FDS-NPs fiUSanas NH,OH 1irfu 0.09 ml

A5197 1.5 USunausmesausenaulusunin FDS-NPs U338 NH,OH iy 0.09 ml

o FadrulSunadaetvdn | dadautiunalaglua
) (%) (%)

Cc K 39.87 53.39

O K 29.77 29.93

Si K 28.64 16.40

Ru L 1.73 0.27

Total 100.00 100.00




225  wavesladyiay
NNHANMTIATIERIAUTENOUBITIRlUBYNIA FDS-NPs fdaanzilaetiadusves
Wo = 6, P =5, TEOS = 0.05 ml wag NH,OH = 0.09 ml wuindl Si ke Ru winiu 63.27
wag 1.39 maqaaﬁﬂizﬂaumaﬁu’mm uazileUFoulfisutTinnmes Ru fu Si wuiniuTun
Ru Usganad 2.19 % (gﬂﬁ 1.24 71379 1.6)

Wo=6,P=5, TEOS =0.05 ml,

NH,OH = 0.09 ml

c
Ru
sl

050 Lo 150 o0 2.50 3.00 350 4.00 450

Energy (keV)
SUTl 1.24 smosAUsznouluayIA FDS-NPs Aiadusauves Wo = 6, P =5,
TEOS = 0.05 ml iag NHsOH = 0.09 ml
M9l 1.6 UTinausinesdusznaulueynin FDS-NPs fitadusanves Wo = 6, P =5,

TEOS = 0.05 ml wag NHsOH = 0.09 ml

o FadulSunadaetmdn | dadautiunalaglua
) (%) (%)

Cc K 35.16 48.65

O K 31.16 32.38

Si K 31.42 18.60

Ru L 2.26 0.37

Total 100.00 100.00

NNHANTIATIZsAUTENUTesWluBYAA FDS-NPs fipnqdladenuin swmesduszney
Tusymamiloudufemsuey sendlau dam uazgiidon udliUSmnadiuandety fgud
1.25 Fvagliinisdaasesiouma FOS-NPs Tagislalasdiadurdathluthifuanunsosii
Tsfiflen Sadussdusznouvesansavansdvigeaisawuriunineglulnssnavesdanils
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Wo =6, P =5, TEOS = 0.05 ml, NH4OH = 0.09 m|
6000

] Si
4000 - c
1 (e}
2000 RU n
0 T T T T N T T T T 1
0 100 200 300 400 500
6000 Si
w0 NH,OH = 0.09 ml
G 2000+ /\ RU al
o 0
T T T T N T T T T 1
S 0 100 200 300 400 500
2 6000 Si TEOS = 0.05 ml
O 4000 A
2 2000 Co j\ RU A
()] 0 T T M T M T T T T 1
= 0 100 200 300 400 500
= 6000 -
& a000{ cC o Si P=5
2000 - A RuU 9
O T T T T T T T T T 1
0 100 200 300 400 500
6000 Si
4000 o Wo =6
2000 c Ru Q
0 T T T T 1
0 100 200 300 400 500

Energy (keV)

Ul 1.25  simesdUszneulusynia FDS-NPs 91nmsdaaszsidl (n) Wo = 6, (1) P =5,
(A) TEOS = 0.05 ml, (4) NH,OH = 0.09 ml wag () Uadusiuve9 Wo = 6,
P =5, TEOS = 0.05 ml gz NH;OH = 0.09 ml

2.3 walwszhlaseaievesaunavigaaLsasuIganIuIly
Msmsainsesiguuuulassana@anivesoyna  FDS-NPs fiela3es XRD  #lldainnis
Hunsgidaelulasdiaturiahludhiuhufumednlvamanandusuil 126 Fais 4
anmeililunsduangieynaiiosduszneulusyuululasdiatuwsndeiy  andnwas
youdunsmivesnanne wuhmsduengildilasehadudinede mngdumives
Funs il 2-theta = 12 way 24 (Husihunisidnvazvesdunsmidaau @unsmildd
Snvueniueonidomineunia FOSNPs duaiidnanndedu Xorays Sadeuvuldan
vianesuvilidunsmildlifidnuusduiieidanu  uwidetidunsmildioudisuiuiia
UINIFIUVDY Joint Committee on Powder Diffraction Standards (JCPDS) Anssenuly
wuidunsmiitlinssiuiinannsgiuves JCPDS laq dmdumsinieseynin FDS-NPs #e
Wlhilpsdiatuiianie Wo = 6 uag P = 5 wuﬂﬂﬁumﬁﬂﬁuﬂzﬂuagﬁw Aumisve
Gunsmil 2-theta = 18 o19asdunaanunainmsdunmeiaanuistulsiauysoided
aerUsznovdulussuulalasddatuinfietunn  warluruddeddenldanefiiviua
NH,OH iy 90 daannuanisdiasight XRD wudlsifiladufuinty wansiniaujasen
nsduaTIzvganlnauysal
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Counts

150 Wo =6, P =5, TEOS = 0.05 ml, NH,OH = 0.09 m|

50 60
NH4OH =0.09 ml

10 20 30 40
M/M\\w a
ﬂMMMNwMWWMIMA , i Lt st st sl st ’
10 20 30 40

50 60
TEOS = 0.05 ml
M :
0 IAI\MAJ‘I\/‘\W\A’V\A\'\N\IA : . Iv\r Arnu i m»\l,\rw/\/’\rw;rnm L EIWLIEN .
150 10 20 30 40 50 p=5 60

N

1
40

P
WD oNGg
[sR-R-N-Ne}
ol il bhibhhhlof bl ©

50 wo=g 60

10 20 30
120
90
60 q
30
04 I/LMWWV\.\MIM /\ ; . IAAA.MMIA Wit Im»«\MI 2
10 20 30

1
40 50 60

o

260 (degrees)

HANTTIATIENLATIEI 1990 I81N1A FDS-NPs A Wo = 6 (A), P = 5 (B), TEOS
= 0.05 ml (C), NH,OH = 0.09 ml (D) waztadusiuvas Wo = 6, P =5,
TEOS = 0.05 ml wag NH.OH = 0.09 ml (E)

2.4 NAATIRIAUEIIAAUNTYNTEAULAZANEIAGUNTNITITDINES

NIATINATIEVANNY1IATUNLENTEAY (excitation wavelength) karAIINEIARUALNTS

1389uas (emission wavelength) vasaunIa FDS-NPs 1WSsuiiguivasazanedngeaisadu

NN 1.27-1.30 wudianugimduildlunisnssduiay ANEIARUNTINITIT0UaI0
asazanedgesisady (Rubpy dye) AU 454 nm kag 603 nm MUAIGIU

Rubpy dye solution

Excitation wavelength = 454 nm

Relative Fluorescent Intensity

Wavelength {nmj

sUN 1.27 anugnndunldlunisnszdu (excitation wavelength) vadansazae

dnlgosLsadu (Rubpy dye)

Rubpy dye solution

Emission wavelength = 603 nm 39



1EM

P

"a

Relative Fluorescent Intensity
|
/

Wavelength {nmj

5UM 1.28 AugMIARUNiinsisasLa 998n31 (emission wavelength) U84
asavangdngesisadu (Rubpy dye)

MNIUA 1.29 wagguil 1.30 mnueAauiilinszdu wazmnugnauiifinigFeauaes
oun1A FDS-NPs flAwinfiu 454 nm uay 605.5 nm Auadiu Janugnnnauildnsydud
Awihiuasazanedigeaisady  uazANueNAAuTnsSuadiunnsnasaransd
vlgeaisafuogeiteddny lunsmaaesildasararedngeaisatuuazaynia FDS-NPs il
ANULTUINALALITY  WAAUTNYBINTSITRIANYRIEYAIA  FDS-NPs  gendtansazaned
WaeelsaTuIIN LﬁaqmﬂimLaqammﬁv\laaaLiﬁ%uﬁ?uumﬂagﬂuhmiwuaa%ﬁm

FDS-NPs

=
]

Excitation wavelength = 454 nm

/

Relative Fluorescent Intensity
|
\

S

. -Wavelmgh {I'I'I'I}

Ul 1.29  mueAAUTildnszdu (excitation wavelength) v838yn1A FDS-NPs
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i — FDS-NPs

i .' Y Emission wavelength = 605.5 nm

.
T,
e

Relative Fluorescent Intensity

pasnlasa

Wavelength (nmj
5UN 1.30  AugIARUNInIsITawas (emission wavelength) ¥840un1A FDS-NPs

2.5 WAIATITNAIUAIDEVDINTLIBIUEY (photostability)
PNUANIINTITIATIENAVIUAIDYVDINITI DIUAVBIANTATaeANgoRLTaT e uLiiguiu
8N FDS-NPs WUIHAINITAIBEINTU 95% wag 99% MIUA1GU aIaININISNTEAUeIY
xenon lamp Juszawiial 60 unil nenisiiesuaesaunia FDS-NPs amsanseglauiy
nhansazanedigesisady Liesaneynia FOS-NPs dlasenswesdandieuntiosnsaaes
alild  warAuduveINTToaIveteMA  FDS-NPs  aindiansazangdngonisadu
\esanluanavesdldunsneglulaseiwesdanluiinugdahliinnunduveinisFos
LAgaNI (FUA 1.31-1.32)

130

Rubpy dye solution
125 |

L
120 W
4
115 -
110

105 +

Relative fluorescent intensity

100 T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (mins)

JUN 131 AUALREYRINISITodaTRIaTAzanedgealTaTY
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280

>
5 275 - Fluorescent-doped silica nanoparticles
3
£ 270 4
c
o 4
[&] b\Q———’—’\k—Q\’/’—Q\F—‘\‘I_{)
D 265 -
o
3
‘o 260
=
3
© 255

250 ———

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (mins)
U 132 AUAIREIRINISiTadLaY Yesansavangdngeslaty

WiguiiguaynA FDS-NPs

2.3 wadaszvinyilenduvatayniangeaisaudaniuily
2.3.1  aynangeaLsauiganiunlunioufaLUasiusAll

idioteunia FDS-NPs fiduasienld  wasdalinunisdaudasiussiniiniieunia

sy ilandusienses FTIR wudsenaulumevylansenda (O-H) Zanuniauen

.:4' -1 Iaa . N oA «:4' v -1 & a

AU 3,600-3,200 cm vigAENT (Si-O-Si) MAMEIMAUMNTY 1,091 cm - wagviarsuaila
{ 1 v -1 o= \ = o Y aa Y

(C=0) Ainuempduiiy 1,634 cm Faduiiafivanstilasiadmanvesddniuansiagy

7l 133 (3U7 1.33)

1 /) o
r §a< /18 "/

B0 T AT [ |58 EcC=0stretch
} / Mo ‘ \ || stretc \T/

50 / &
OH stretch

Transmittance

| sioH !
a0 ‘ |
i stretch }
; |
|/
{
\ [
V)
20+ g Si-O-Si stretch
5&0 1UTDD 1 ETDD 2DEID 25[50 BDlElJ 35;]]
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(nmwdenge) Synthesis of amino functionalized ferromagnetic particles for the rapid

detection of foodborne pathogens
UNANED

av oo ¢ A = o ¢ o’ o | a .

A Tngusrasdiefnwinsduaszvieyniaudivdnnioumyesily (amino
functionalized magnetic nanoparticle, amino-MNPs) Weltns1auLie Escherichia coli
O157:H7 98195957 Inemsduasziildinaiia polyol AnuUas Naamgil 121°C seuas 2
1Y) ° i @ ¢ Yo & = N

L9 WU 1-4 59U wudEsaduasIzioynia MNPs tadnse Usunadedeslansen
laviliiinaninasniinasdon1snesufiiveseuyn1a AAUINTY 2.50% (w/v) NaOH waz
o |aaa ° o ¢ Ao 1 a = v = 13
MUz 3 sou ansadauasisieunia MNPs Nivyesily Tlasafhadugnuien
YUINALNAND VWILFURIUAUINANE 439 nm 8uNIA MNPs ansainiginleusivedse
e £. coli O157:HT (16 CFU in 10 ml) Menunisviliu3aws (IsGs) la wudteuniraiuse
inglanudadmnelaluseauaiglaatuagi 60-120 Wil Jsagditeunian MNPs danunse
Tlunsinszionsetaluanaldegemndale

Abstract

The objective of this study was to synthesize amino functionalized magnetic
nanoparticles (amino-MNPs) for the rapid Escherichia coli O157:H7 detection. The
amino-functionalized magnetic nanoparticles (MNPs) were synthesized using modified
polyol technique at 121 °C, 2 hours/cycle for 1-4 cycles. It was found that the MNPs
were successfully synthesized. Results showed that amount of NaOH affected to the
rates of MNP formation. The addition of 2.50% (w/v) NaOH for 3 reaction cycles
produced desirable structure of amino-MNPs of average 43+9 nm in diameter with
cubic shape. The MNPs were coated directly with purified polyclonal antibodies (IgGs)
against E. coli O157:H7. Results indicated that MNPs could separate a very low
amount of cells of £. coli O157:H7 (1.6 CFU/mL). It was concluded that MNPs were
successfully developed with a high potential to be used for the detection of bacteria

and other bio-molecules in the future.
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Introduction

The identification and detection of microorganisms are of great importance for
medical studies, therapeutic applications, food industry and biological analysis. In
food and medicine, the accuracy and rapid methods to diagnose pathogens in
patients are very essential to further cure them as well as in food industry, a good
microbial detection method will give confidence to the consumers on the product
safety.

Traditional microbiological methods of detecting and enumerating bacteria
usually require several days to yield reliable results. In many cases, the products
have already been used by the consumers before the analyses are completed.
Therefore, alternative assays based on different microbiological methods are
constantly being developed (Vanne et al., 1996). The effective testing of bacteria
requires methods of analysis that meet a number of challenging criteria. Time and
sensitivity of analysis are the most important limitations related to the usefulness of
microbiological testing. Bacterial detection methods have to be rapid and very
sensitive since the presence of even a single pathogenic organism in the body or
food may be an infectious dose (lvnitski et al., 1999). To achieve good detections,
rapid methods are promising one to detection of contaminated microbes in sample
including foods, blood or environment. Most rapid methods utilize principle of
microbiological, chemical, biochemical, or immunological methods. These methods
spend short time consumption, high accuracy, high sensitivity and comfortable but

still require the high number of organism to detectable level.

Review of Literatures

From the current development of technology, nanotechnology, a new
technology of this century has been a role in variety of sciences including
microbiology. The researchers have changed traditional methods into nanoscale and
combine different techniques to develop detection methods. Early applications of
nanotechnology for detection of bacteria were based on surface plasmon resonance
phenomenon of gold or metal nanoparticles. Combination of optical property and
immunological method, these nanoparticles will change color when they accumulate
on antigens (Daniel and Astruc, 2004). Quantum dots, semiconductor nanocrystals,
are famous one in microbiological and biochemical analysis field based on
immnofluorescent technique. It expresses high florescent intensity and narrow
wavelength emission that increase sensitivity of detection (Dwarakanath et al., 2004).
This approach allows one to overcome enrichment time by increasing detection
signals in stead.
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By the combination of sol-gel technology and microemulsion method, Santra
et al. (2001) have created dye-doped silica nanoparticles or sometimes so-called
fluorescent dye-doped silica nanoparticles (FDS-NPs) which encapsulates many
thousands of dye molecules inside the nanoparticles. Superior than quantum dots,
silica nanoparticles are high intensity of the fluorescent signal and high photostability
due to dye molecules were doped within silica matrix. They showed high solubility,
low toxicity and easy conjugation with various biomolecules because of silica
properties that allowed these nanoparticles suitable for biomedical or in vivo
applications. Since the FDS-NPs have been developed, many experiments on
synthesis, characterization and application were continually reported. For examples,
Hun and Zhang (2007) use FDS-NPs for the determination of staphylococcal
enterotoxin C1. Especially in microbial detection works, Zhao et al. (2004) used FDS-
NPs combined with flow cytometry for single bacterial cell quantification and Qin et
al. (2007) had succeeded to use these nanoparticles for the detection of
Mycobacterium tuberculosis.

Magnetic nanoparticles (MNPs) are also of interest among other nanoparticles
due to its various biological applications such as contrast agent for magnetic
resonance imaging (MRI), tissue repair, drug delivery, hyperthermia or magnetofection
(Gupta and Gupta, 2005; Guo et al., 2009). Magnetic separation is also well known for
a long time as a technique to separate target cells or biomolecules from other
components in samples. By the use of immunomagnetic nanoparticles, coated
antibodies on their surface will lead to capture target antigens specifically. When
external magnetic field is exposed, the antigens will be attracted. This technique can
improve sensitivity by concentration of targets and decrease interference from
undesirable substances. Recently, MNPs were made and gained more attention
compared with conventional immunomagnetic beads. Unlike immunomagnetic

beads which have large size over than 1 ym, MNPs are very smaller with the size less
than 100 nm (0.1 ym). That gives these nanoparticles high surface/volume ratio

compared with immunomagnetic beads resulting in more contact surface area to

coat antibodies and capture targets (Cheng et al., 2009).

Therefore, the synthesize and characterize silica nanoparticle (FDS-NPs) and
amino functionalized magnetic nanoparticles (@amino-MNPs) for microbiological
applications were attempted in this study to provide rapid alternative method of

detection and identification.
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Magnetic nanoparticles

Magnetism is an interesting property of materials. Ancient human knew how
to use magnet for navigation. Nowadays, magnetic property is widely used in variety
applications including the nanotechnology in forms of MNPs. These particles are
emerging as a class of novel contrast and tracking agents for medical imaging. When
used as a contrast agent for MRI, MNPs allow researchers and clinicians to enhance
the tissue contrast of an area of interest. With variations in the size, coating thickness,
surface chemistry, and targeting ligands, these nanoparticles can be tailored to target
specific organs, cells, or even molecular markers of different diseases (LaConte et al.,
2005).

MNPs have a high potential for the use in a lot of in vitro and in vivo
applications. In both cases, superparamagnetic particles are of interest because they
do not retain any magnetism after removal of magnetic field. The effectiveness of
the particles depends upon (Gupta and Gupta, 2005) several factors: high magnetic
susceptibility for an effective magnetic enrichment, size of particles which should be
monosized, superparamagnetic behavior, and tailored surface chemistry for specific

biomedical applications, for example.

MNPs show remarkable new phenomena such as superparamagnetism, high
field irreversibility, high saturation field, extra anisotropy contributions or shifted
loops after field cooling. These phenomena arise from finite size and surface effects
that dominate the magnetic behavior of individual nanoparticles. The nanoparticles
display a property defined as superparamagnetism because they have crystal-
containing regions of unpaired spins. These magnetic domains are disordered in the
absence of a magnetic field, but when a field is applied, the magnetic domains align
to create a magnetic moment much greater than the sum of the individual unpaired

electrons.

1. Magnetic behaviors

To clearly understand about MNPs, it must has a knowledge about
magnetism and magnetic properties before. According to Lacheisserie et al. (2002),
they have presented the main types of magnetic behaviors for the following:

1.1 Diamagnetism

Diamagnetism characterizes substances that have only non magnetic
atoms: their magnetization, induced by the field, is very weak, and is opposite to the
field direction. The susceptibility, virtually independent of the field and temperature,
is negative. This magnetism originates from the change in the electronic orbital
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motion under the effect of the applied magnetic field. The first diamagnetic
substance is bismuth that was discovered by Michael Faraday in 1846.
1.2 Paramagnetism

In a large number of cases the magnetism of paramagnetic substances
originates from the permanent magnetic moment of some or all of the constituent
atoms or ions. If these moments have negligible interactions with each other, and
can orient themselves freely in any direction, this is called paramagnetism of free
atoms.

On applying a magnetic field, the average direction of the moments is
modified, and an induced magnetization parallel to the field appears. This
magnetization is lower the higher the temperature, i.e. the larger thermal agitation.
When increasing temperature the variations of magnetization as a function of the
field become more and more linear. The low field susceptibility is positive, become
infinite at 0 kelvin, and decreases when temperature is increased.

1.3 Antiferromagnetism

Antiferromagnetism, macroscopically similar to paramagnetism, is a weak
form of magnetism, namely with a weak and positive susceptibility. However the
thermal variation of the reciprocal susceptibility, measured on a polycrystalline
sample, exhibits a minimum at the so called Néel temperature (Ty), of an antiparallel
arrangement of the magnetic moments. The latter are distributed, in the most simple
cases, into two sublattices, with their magnetization equal and opposite, in such a
way that, in the absence magnetic field, the resulting magnetization is zero.
Antiferomagnetic substances are metal oxide compounds of iron, nickel, cobalt or
manganese.

1.4 Ferromagnetism

A ferromagnet, like a paramagnetic substance, has unpaired electrons.
However, in addition to the electrons' intrinsic magnetic moments tendency to be
parallel to an applied field, there is also in these materials a tendency for these
magnetic moments to orient parallel to each other to maintain a lowered energy
state. Thus, even when the applied field is removed, the electrons in the material
maintain a parallel orientation.

Every ferromagnetic substance has its own individual temperature, called the
Curie temperature, or Curie point, above which it loses its ferromagnetic properties.
This is because the thermal tendency to disorder overwhelms the energy-lowering
due to ferromagnetic order.

Ferromagnetic substances comprise of 5 elements such as iron, cobalt, nickel,
gadolinium and dysprosium.
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1.5 Ferrimagnetism

Like ferromagnetism, ferrimagnets retain their magnetization in the absence of a
field. However, like antiferromagnets, neighboring pairs of electron spins like to point
in opposite directions. These two properties are not contradictory, because in the
optimal geometrical arrangement, there is more magnetic moment from the
sublattice of electrons that point in one direction, than from the sublattice that
points in the opposite direction.

The first discovered magnetic substance, magnetite (Fe;0,), was originally
believed to be a ferromagnet; Louis Néel disproved this, however, with the discovery
of ferrimagnetism. Other ferromagnetic substances are in the form of ferrite
(XOFe;04), when X are Fe, Mn, Co, Ni, Cu, Mg, Zn or Cd.

1.6 Superparamagnetism

Superparamagnetism is a form of magnetism, which appear in small
ferromagnetic or ferrimagnetic nanoparticles. In small enough nanoparticles,
magnetization can randomly flip direction under the influence of temperature. The
typical time between two flips is called the Néel relaxation time. In the absence of
external magnetic field, when the time used to measure the magnetization of the
nanoparticles is much longer than the Néel relaxation time, their magnetization
appears to be in average zero: they are said to be in the superparamagnetic state. In
this state, an external magnetic field is able to magnetize the nanoparticles, similarly
to a paramagnet. However, their magnetic susceptibility is much larger than the one

of paramagnets.

2. Synthesis of magnetic iron oxide nanoparticles
In the last decade, increased investigations with several types of metal oxides
have been carried out in the field of nanosized magnetic particles (mostly

maghemite, gamma-Fe,0; and magnetite, Fe;04), among which magnetite is a very

promising candidate since its biocompatibility has already proven. From many
researches about iron oxide nanoparticles, there are several ways for synthesis
depend on the purpose of applications. However, it could be summarized some of
the favor methods as follows:

2.1 Coprecipitation technique

This is an easy and facile method to generate either FesO, or gamma-Fe,0O5

magnetic nanoparticles. The nanoparticles are prepared by aqueous of ferrous (Fe™)

and ferric (Fe3+) salt at an appropriate molar ratio in base solution (Chatterjee et al.,

59



2003; Sipos, 2006; Hua et al., 2008) The overall reaction may be written as follows
(Gupta and Gupta, 2005):

Fe™ 4 2Fe”" + 80H ——  Fe,0, + 4H,0 (@)

While the reaction is operating, the environment of reactor should be

free-oxygen. Otherwise, Fe;O4 might also be oxidized as
Fe304 + 02502 + 45H20 — > 3Fe(OH)3 (5)

Although this conventional method is easy but it is difficult to control
sizes. Moreover, the particles that obtain usually polydisperse and size distributions
(Sun et al., 2003; Guo et al., 2009).

2.2 Microemulsion technique

Microemulsions are transparent, isotropic and thermodynamically stable
synthesis medium. In particular, water-in-oil microemulsions are formed by well-
defined nanodroplets of the aqueous phase, dispersed by the assembly of surfactant
molecules in a continuous oil phase (Vidal-Vidal et al., 2006). In water-in-oil
microemulsions, the aqueous phase is dispersed as nanodroplets (typically 1-50 nm
in size) surrounded by a monolayer of surfactant molecules in the continuous
hydrocarbon phase. When a soluble metal salt is incorporated in the aqueous phase
of the microemulsion, it will reside in the aqueous nanodroplets surrounded by oil.
These microdroplets will continuously collide, coalesce, and break again (Gupta and
Gupta, 2005). Water-in-oil microemulsions have successfully been used to produce
a variety of nanoparticle shapes and sizes. Nevertheless, it is not known how such
templates control the size and shape of the resulting nanoparticles, and therefore,
this issue still requires further examination. It is known that type and concentration
of surfactant, both oil, and alcohol types, droplet core size, speed of microemulsion
mixing and particle aging, influence particle shape, size and/or growth rate (Bumajdad
et al., 2007).

2.3 Polyol technique

Polyol technique is a promising technique for the preparation of MNPs that
could be used in biomedical applications such as MRI or drug delivery (Guo et al.,
2009). Fine metallic particles can be obtained by reduction of dissolved metallic
salts and direct metal precipitation from a solution containing a polyol. In the polyol
process, the liquid polyol acts as the solvent of the metallic precursor, the reducing
agent and in some cases as a complexing agent for the metallic cations. The metal
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precursor can be highly or only slightly soluble in the polyol. The solution is stirred
and heated to a given temperature reaching the boiling point of the polyol for less
reducible metals. By controlling the kinetic of the precipitation, nonagglomerated
metal particles with well-defined shape and size can be obtained. A better control of
the average size of the metal particles can be obtained by seeding the reactive
medium with foreign particles (heterogeneous nucleation). In this way, nucleation
and growth steps can be completely separated and uniform particles result.

2.4 High-temperature decomposition of organic precursors

The decomposition of iron precursors in the presence of hot organic solvents
which act as surfactants (mostly oleic acid) improved samples with good size control,
narrow size distribution and good crystallinity of individual and dispersible magnetic
iron oxide nanoparticles (Hyeon et al., 2001; Sun et al., 2003).

Although MNPs own well-defined monodisperse size, some disadvantages of
this technique were described by Guo et al. (2009). For examples, require steps for
removing the non-polar solvent from the particles. The nanoparticles with
dimensions on the order of 10 nm, have a low magnetization per particle, so that it
is difficult to effectively separate them from solution or control their movement.
Most importantly, the use of expensive organic agents and high temperature will lead
to the large wastage of material and energy.

3. Magnetic nanoparticles for microbial detection

For detection of bacteria by magnetic particles, the magnetic particles are
usually coated with antibodies which specific to bacterial targets. These particles will
attach on targets and separate them from the environment by attraction of magnet.
This could allow to detect bacteria even if there are very few cells in samples.
Magnetic particles has been used in bioanalysis long time ago, that well known as
immunomagnetic beads. Immunomagnetic beads are typically 1-2 ym in diameter,
they can detect at low level of bacterial cells in the sample and do not require pre-
enrichment or incubation.

However, long-run biological analysis development, nanotechnology was
used to improve detection methods. MNPs, a new nanoparticle of the last decade,
are applied for bacterial detection. Unlike immunomagnetic beads, MNPs are usually
smaller than 100 nm and high surface volume ratio, that allow the particles
excellently attach on targets. Cheng et al. (2009) developed a method for assay of
Escherichia coli (E. coli) using biofunctional magnetic nanoparticles (BMNPs) in
combination with adenosine triphosphate (ATP) bioluminescence or Yang et al.

(2007) developed a method combining nanoparticle-based immunomagnetic
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separation (IMS) with real-time PCR for a rapid and quantitative detection of Listeria

monocytogenes.

Surface modification of nanoparticles

Nanoparticles are widely used for biological applications that almost are
involved with biomolecules. However, several types of nanoparticles cannot directly
conjugate with biomolecules. Thus, it must do something on their surface to allow
biomolecules can immobilize onto the particle surface.

For silica nanoparticles, due to the silica nanoparticle property that has many
hydroxyl groups on the surface. This functional group eases to be modified to
become other functional groups and easily conjugate with other materials especially
biomolecules such as enzymes and antibodies.

MNPs are quite different from silica nanopaticles, their surfaces are inert
because they have no any functional group that can react with biomolecules. This
problem can be solved by coating the nanoparticles with silica layer that allow the
MNPs to have hydroxyl groups the same as that of the silica nanoparticles. Silica
layer will give the MNPs more dispersibility in aqueous phase and can conjugate with
biomolecules.

In the case of coating with protein onto silica nanoaprticles and silica coated
MNPs, it can be done by modifying functional group on particle surface as another

reactive group. The methods are described as below.

1. Cyano group modification

This method uses cyanogen bromide (CNBr) in acetonitrile as a reagent to
react with hydroxyl group on particle surface. When the functional group is modified
to be cyano group, this group will react with amino group of protein. That allow
protein can immobilize onto nanoparticles. The reactions of this method are shown

in Figure 2.1.

H
™~
H_ N_Y

Sj-O- (-—NH)

N_
“OH_CNBr (}OCN (s
Antibod

Figure 2.1 Cyano group modification and coating of antibodies onto silica

nanoparticles. Source: Santra et al. (2001)
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2. Amino group modification
Using 3-aminopropyl trimethoxysilane (APTMS) or 3-aminopropyl triethoxysilane
(APTES), a chemical compound containing amino group, this make the nanoparticles
have an amino group on their surface. These nanoparticles can be further conjugated
with biomolecules especially proteins by using glutaraldehyde that act as interbridge
between amino group of nanoparticles and amino group of proteins. The procedure
of this method are shown in Figure 2.2.
SL}CE)H APTMOS Si-;;Si-(CHz)zNH: glutaraldehyde Si->c(|;Si-(CH2)3N=CH(CHI),CHO
5i-OH Si 0-§i(CH,),N=CH(CH,),CHO

Si- 0-Si-(CH,),NH,
H.N—antibody §i-0-5i-(CH,),N=CH(CH,),C=N—aniibody
o
Si0-Si(CH,),N=CH(CH,),C=N—anthody
Figure 2.2 Amino group modification and coating of antibodies onto silica

nanoparticles. Source: Yang et al. (2003)

3. Carboxyl group modification

To modify carboxyl group, it must be first modified to be amino group with
trimethoxysilyl propyldiethylenetriamine (DETA), succinic anhydride and N,N-
dimethylformamide under nitrogen purge. After carboxyl group containing
nanoparticles are obtained, they are further modified to be carbodiimide with 1-
ethyl-3-3(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and following
activation by N-hydroxysuccinimide (NHS). By using EDC crosslinking, carboxyl group
on the nanoparticles will link with amino group of proteins.

However, in the case of MNPs, there is another method that allow MNPs can
be conjugated with biomolecules including proteins without coated with silica layer.
This technique described by Wang et al. (2006) and Guo et al. (2009), that make the
amino functionalized magnetic nanoparticles (amino-MNPs) have an free amino group
on particle surface using ethylenediamine combined with polyol technique. By this
method, amino group on the surface can be further modified or reacted with

functional group of biomolecules via crosslinking agents.

Zeta potential
The surface charge of a particle depends on its own nature but also on the
surrounding medium. This surface charge affects the ion distribution in the interface
region between the particle and the medium. In fact, different electrical layers form
around each particle, these involving counter-ions present in the solution. The first
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two layers, including the Stern layer, are the most stable. It is only at the outer
surface of the second layer that these particles actually interact with one another.
This is called the slipping plane. One is therefore interested mainly in the electrical
potential measured at the slipping plane, called the zeta potential (C) (Figure 2.3),
rather than the actual surface charge of the particles. It has the feature of varying
with the surroundings and affects the physical, chemical and biological properties of
the particles (Heurtault et al., 2010).
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Figure 2.3 Schematic showing the distribution of ions around a charged particle.
Source: Malvern Instruments Ltd. (2011)

The magnitude of the zeta potential gives an indication of the potential
stability of the colloidal system. A colloidal system is when one of the three states
of matter: gas, liquid and solid, are finely dispersed in one of the others. For a solid
dispersed in a liquid and a liquid dispersed in a liquid, i.e. an emulsion. If all the
particles in suspension have a large negative or positive zeta potential then they will
tend to repel each other and there is no tendency to flocculate. However, if the
particles have low zeta potential values then there is no force to prevent the
particles coming together and flocculating. The general dividing line between stable

and unstable suspensions is taken as follows:
-30 < C < 30 = Unstable and trend to aggregate
40 < < -30 or 30 < € < 40
60 < <-400r40<( <60

—C < -60 or C > 60 = Excellent stability and
dispersibilty

Moderate stability

Good stability and dispersibilty

Note: Unit of zeta potential is mV.
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Three main factors affect to zeta potential are described as follows.
1. pH
Values of pH, conductivity, and concentration of a formulation component of

the sample affect zetapotial. pH tend to be the most important factors that affects
its zeta potential. A zeta potential value on its own without defining the solution
conditions is a virtually meaningless number. If more alkali is added to this
suspension then the particles tend to acquire more negative charge. If acid is added
to this suspension then a point will be reached where the charge will be neutralised.
Further addition of acid will cause a build up of positive charge. Therefore a zeta
potential versus pH curve will be positive at low pH and lower or negative at high
pH. There may be a point where the plot passes through zero zeta potential. This
point is called the isoelectric point and is very important from a practical
consideration. It is normally the point where the colloidal system is least stable.

Conductivity or the thickness of the double layer depends upon the
concentration of ions in solution and can be calculated from the ionic strength of
the medium. The higher the ionic strength, the more compressed the double layer
becomes. The valency of the ions will also influence double layer thickness. A
trivalent ion such as AU will compress the double layer to a greater extent in
comparison with a monovalent ion such as Na'. Inorganic ions can interact with
charged surfaces in one of two distinct ways (i) non-specific ion adsorption where
they have no effect on the isoelectric point. (i) specific ion adsorption, which will
lead to a change in the value of the isoelectric point. The specific adsorption of ions
onto a particle surface, even at low concentrations, can have a dramatic effect on
the zeta potential of the particle dispersion. In some cases, specific ion adsorption
can lead to charge reversal of the surface.

The effect of the concentration of a formulation component on the zeta
potential can give information to assist in formulating a product to give maximum
stability. The influence of known contaminants on the zeta potential of a sample can

be a powerful tool in formulating the product to resist flocculation.

Antigen

An antigen is any substance that can be recognized by the immune system.
Major classes of antigens include proteins, carbohydrates, lipids and nucleic acids.
Antigens of bacteria especially in Gram negative bacteria are classified in three main
groups comprise of somatic (O antigens), capsule (K antigens) and flagella (H
antigens).
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Antibody

Antibodies are members of a family of molecules, the immunoglobulins, that
constitute the humoral branch of the immune system and form approximately 20%
of the plasma proteins in humans. Different populations of immunoglobulins are
found on the surface of lymphocytes, in exocrine secretions and in extravascular
fluids. Antibodies are host proteins produced in response to foreign molecules or
other agents in the body. This response is a key mechanism used by a host organism
to protect itself against the action of foreign molecules or organisms. B-lymphocytes
carrying specific receptors recognize and bind the antigenic determinants of the
antigen and this stimulates a process of division and differentiation, transforming the
B-lymphocytes into plasma cells. It is these lymphoid or plasma cells that
predominantly synthesize antibodies.

An immunoglobulin is a tetrameric polypeptide structure with distinct
biological activity attributed to each end of the molecule. All immunosglobulins are
composed of two identical heavy chain and two identical light polypeptides. Both
heavy chain and light chain molecules have variable and constant domains and
interact via intra- and inter-disulfide linkages. The variable region, termed F(ab'),
(fragment, antibody binding) confers antigen recognition. The constant region, termed
Fc (fragment, crystalline), interacts with cell surface receptors. The heavy chain
contains a hinge domain that confers flexibility to allow optimal binding to antigen
(Actor, 2007).

Immunoglobulins are divided into five major classes according to their H chain
components: IgG (Y), IgA (QL), IgM (u), IgD (0) and IgE (€) as shown in Table 1. There
are two types of light chain, k and L. Individual molecules may contain k or | chains
but never both. In man, the ratio of immunoglobulins containing k or ( light chains is

about 60:40, whereas in mouse the ratio is 95:5.

Table 2.1 Immunoglobulin types (isotypes)

Class Members Functional description

IsG IgG1-1gG4 Predominant antibody found in blood and
lymph. Predominant antibody involved in

material immunity.

IgA IgAl (serum), IgA2  Predominant antibody found in saliva, tears,
(secretory) sweat, milk, intestinal secretions, and colostrum
IgM Macroglobulin First antibody type produced during a clonal

response. Bound to lymphocytes and in serum
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IsD Surface bound Bound to the surface of lymphocytes, very low
concentrations in serum
IgE Parasite protection Has a role in the protection from parasites. Low

levels in serum

Source: Brownlee (2007)

Intermolecular Forces

The selection of immunoglobulins by antigen is governed firstly by the spatial
and temporal properties of both. Assuming that such properties of each coincide,
selection in a mixed solution of antigen and antibodies is governed by the physical
and chemical properties of their interaction, the so-called intermolecular forces. The
molecules are mixed and come into contact with each. If the combination of
attractive and repulsive forces (affinity) between the antigenic determinant and the
antibodies combining site are more attractive than repulsive and strong enough, the
antigen and antibody form a chemical bond. This bond is like a key and lock
relationship where the antigen is the key, and the antibody is the lock. The amount

of energy required to separate the bond is referred to as the bond energy (Table 2).

Table 2.2 Chemical and physical forces involved in antigen-antibody bonding

Force Description

Hydrogen bonds Bonding with hydrogen atoms
lonic Oppositely charged groups
Van der Walls Electron clouds interact

Apolar (hydrophobic)  Seeking minimum energy state in the absence of water
Steric factor/steric Basis of discrimination, non-complementary electron cloud

repulsive resulting in repulsive force

Source: Brownlee (2007)

Fluorescence

Fluorescence refers to the light (luminescence) emitted by molecules during
the period in which they are excited by photon. This emitted light is form the singlet
state and ceases rather abruptly when the exciting energy source is removed. The
afterglow then is less than 10” sec, and it is independent of temperature. This is the
contrary of phosphorescence longer than 10° sec and is temperature dependent.

Molecular emission (fluorescence and phosphorescence) is a particularly

important analytical technique because of its extreme sensitivity and excellent
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specificity. Spectrofluorometric methods can detect concentrations of substances as
low as one part in 1010, a sensitivity 1000 times greater than that of most
spectrophotometric methods. The main reason for this increased sensitivity is that in
fluorescence the emitted radiation is measured directly and can be increased or
decreased by changing the intensity of the exciting radiant energy. An increase in
signal over a zero background signal is measured in fluorometric methods. In
spectrophotometry the analogous quantity, adsorbed radiation, is measured
indirectly as the difference between the incident and the transmitted beams: the
small decrease in the intensity of a very large signal suffers a correspondingly large
loss in sensitivity.

The specificity of fluorescence is the result of two main factors: (a) there are
fewer fluorescent compounds than absorbing ones because all fluorescent
compounds must necessarily absorb radiation, but not all compounds that absorb
radiation emit; (b) two wavelengths are use in fluorometry, but only one in
spectrophotometry. Two compounds that absorb radiation at the same wavelength
will probably not emit at the same wavelength. The difference between the
excitation and emission peaks ranges from 10 to 280 nm.

Materials that possess native fluorescence, those that can be converted to
fluorescent compounds (fluorophores), and those that extinguish the fluorescence of
other compounds can all be determined quantitatively by fluorometry.

The main disadvantage of fluorescence as an analytical tool is its serious
dependence on environmental factors such as temperature, pH, ionic strength,
viscosity, etc., which thus have to be carefully defined and controlled to obtain
reproducible measurements.

1. Photochemical decomposition

Ultraviolet bright light used for excitation may cause photochemical changes or
destruction of fluorescent compound, giving a gradual decrease in the intensity
reading. In a practical sense one can take three measures to avoid photochemical
decomposition: (a) always using the longest-wavelength radiation; (b) measuring the
fluorescence of the sample immediately after excitation, do not allow the exciting
radiation to strike the sample for long periods; (c) protecting photochemically
unstable standard solutions, such as quinine sulfate, from sunlight and ultraviolet
laboratory lights by storing in a black bottle.

2 Quenching
Quenching, the reduction of fluorescence by a competing deactivating process
resulting from a specific interaction between a fluorophore and another substance
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present in the system, is also frequently a recurring problem. The general mechanism
for the quenching process can be denoted as follows:

M+hy =2 M (Light absorption)

M* = M+ hv (Fluorescence emission)

M*+Q =2 Q*+M (Quenching)

Q* 2 Q+ energy

Four common causes of quenching are observed in luminescence

processes: oxygen, impurity, temperature and concentration.
Materials and Methods

l. Preparation of purified IgGs

Purified IgGs against E. coli O157:H7 was prepared from concentrated E. coli
0157 rabbit polyclonal antiserum using affinity chromatography method.
1. Slide agglutination test of antiserum

E. coli O157 antiserum was examined the quality before purification step by
slide agglutination test. The test was prepared by making two adjacent suspensions
of the test organism in drops of saline on a slide. Then, a drop of antiserum was
added to one suspension only and mixed. Examine for agglutination of the
suspension. Positive result exhibited agglutination of the suspension while the turbid
suspension indicated negative reaction.
2. Sample preparation before purification

E. coli O157 antiserum was diluted with 0.85% NaCl (ratio 1:1). Tris-HCL (pH
8.0) was added to maintain pH and then the antiserum solution was precipitated
with saturated (NH4),SO,. The sample was centrifuged at 8000xg, 4 °C for 30 min to
collect the precipitate of mixed protein. The precipitate was dissolved in 1x PBS, pH
7.2 to remove salt or other small molecules, then the sample was further desalted
using centrifugal ultrafiltration device (Vivaspin 20; 30,000 MWCO) for 3 wash cycles.
The product was filtered through a 0.20 um filter before purification step.
3. Purification of IgGs

Mixed protein solution was purified using protein A-sepharose affinity column
(HiTrap Protein A HP, 5 ml). First, a column was equilibrated with 5 column volumes
of binding buffer (20 mM sodium phosphate buffer, pH 7.0). Then, the antiserum was
applied and washed with 5-10 column volumes of binding buffer to remove
impurities and unbound material. The fractions were collected 1 ml per fraction and
measured an amount of protein that was determined by UV absorbance at 280 nm.
After that, the column was eluted with 5 column volumes of elution buffer (0.1 M
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citric acid, pH 3.0). The fractions which had IgGs were neutralized with tris-HCl (pH
9.0) and combined together. Then, IgGs solution was desalted using Vivaspin 20. The
purified lgGs was further determined for protein concentration with Lowry method
(Lowry et al., 1951) and purity with sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

Preparation of bacterial culture

In this study, E. coli O157:H7 was used as a target organism for the detection
with FDS-NPs and MNPs. While E. coli ATCC 8739, E. aerogenes, P. mirabilis, S.
Typhimurium DMST 16809, B. cereus ATCC 11778 and S. aureus ATCC 25923 were
used as challenge organisms to study the specificity of the nanoparticles.
1. Bacterial culture for detection with FDS-NPs

All test bacteria were grown in TSB at 37 °C for 24 h before experiment. The
bacterial inoculum was spread on PCA plate using sterile swab. Then, sterile glass
slide was lied on surface of that agar medium and incubated at 37 °C for 8 h to allow
the bacteria grew and attached on the glass slide. After incubation, the slide was
gently washed to remove unbound cells before detection with FDS-NPs.
2. Bacterial culture for detection with MNPs

All test bacteria were grown in TSB at 37 °C for 24 h before experiment. Serial
10-fold dilution in PBS was used for preparation of cell suspension. Amount of
bacteria which was captured by MNPs was enumerated by spreading on XLD plate
for E. coli O157:H7, E. coli ATCC 8739, E. aerogenes, P. mirabilis, S. Typhimurium
DMST 16809, BC plate for B. cereus ATCC 11778 and BP plate for S. aureus ATCC
25923,

Synthesis of magnetic nanoparticles
1. One step preparation of amino-MNPs

Amino-MNPs were prepared by polyol technique modified from Guo et al.
(2009). The MNPs were modified with amino group from ethylenediamine. Amounts
of NaOH and reaction time at 121 °C were varied to study their effects on
morphology and characteristics of the MNPs.  For the synthesis, 2 g of FeCl;.6H,0
was added into 40 ml ethylene glycol and mixed until the solution was cleared
yellow. Then, 6 g of CH;COONa, NaOH and 20 ml of ethylenediamine were added
and the solution was stirred for 30 min. The mixed solution was further heated in the
autoclave (Sanyo Model MLS-3020, Japan) at 121 °C for 2 h per cycle for 1 to 4

cycles. After the reaction was completed, amino-MNPs were isolated by magnet and
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washed with distilled water and 95% ethanol several times to remove the solvent.

The amino-MNPs were dried, ground with glass rod and stored in a glass bottle.

2. Coating of lgGs onto FDS-NPs

The suspension of amino functionalized FDS-NPs in 1x PBS (2 mg/ml, pH 7.4) with
2.5% ¢lutaraldehyde was stirred at room temperature for 2 h. The particles were
separated by centrifugation and washed with PBS to removed free glutaraldehyde. After
that, they were re-dispersed into 1x PBS. The glutaraldehyde treated FDS-NPs were then
incubated with purified IgGs against £. coli O157:H7 by adjusting the final concentration
of FDS-NPs and IgGs to 2 and 0.1 mg/ml respectively. The suspension was divided to
two portions. One was incubated at 4 °C and the other at 37 °C to study the effects of
temperature. The amount of protein on the particles at 3, 6, 12 and 24 h of incubation
was determined by Lowry method (Lowry et al., 1951). Non-covalent binding of IgGs on
particles was also studied using unmodified FDS-NPs to incubate with IgG solution at the

same conditions as described above.

3. Zeta potential measurement

Effect of ionic strength on aggregations of FDS-NPs in terms of zeta potential was
investigated. Uncoated and IgG coated FDS-NPs were dispersed in 0.1x PBS (0.2 mg/ml),
pH 7.4 (a standard solution) and that containing different NaCl concentrations. FDS-NP
suspension was analyzed for zeta potential with zeta meter. The ionic strength (/) of a

solution was calculated by the equation (1):

13 2

- EECiZi (1)
i=

where ¢; is a molar concentration of " ion present in the solution and z; is its charge.

Stability and dispersibility of particles at each zeta potential (in the unit of mV)
can be interpreted as follows. The C values of -30 to +30 are considered unstable and
tend to aggregate, -40 to -30 and +40 to +30 are moderately stable, -60 to -40 and +60
to +40 are good stability and the values beyond -60 or +60 indicated excellent stability
(Malvern Instrument, 2011).

4. Testing with bacteria

FDS-NPs were tested with targets on the effects of incubation time and particle
concentration and with non-target bacteria in the term of specificity. All samples were
stained with DAPI (a fluorescent dye which binds to DNA of organisms and exhibits blue

71



luminescence when is excited with UV light) before observation to easily distinguish
between particle bound and unbound cells. The samples were observed under
epifluorescent microscope with UV and blue light excitation. Each treatment of all
experiments was performed in triplicate.
4.1 Effect of incubation time

Glass slide with E. coli O157:H7 was flooded with 0.5 ml of IgG coated FDS-NPs
(0.2 mg/ml) and incubated at room temperature at various reaction times (15, 30, 60,
120 and 180 min). After the incubation, the slide was washed to remove unbound
particles and then was stained with DAPI solution. The slide was observed under
epifluorescence microscope. Capture efficiency of FDS-NPs at each incubation time was
assessed as the percentage of bacterial cells attached by particles to the total bacterial
cells in the slide in the same field for 3-5 fields. Capture efficiency was calculated by
the equation (2):

Capture efficiency (%) = (N,/ Ng) x 100 (2)

where N, is number of bright orange dots (FDS-NPs bound cells) and N, is the sum of

bright orange and blue dots (total cells) which were found in the microscopic field.

4.2 Effect of FDS-NP concentration

IsG coated FDS-NPs were dispersed and diluted to 0.2, 0.5 and 1.0 mg/ml in 1x
PBS (pH 7.4). Then, glass slide with E. coli O157:H7 was flooded with 0.5 ml of particle
suspension and incubated for 60 min at room temperature. Then, it was washed with
distilled water to remove unbound particles. The slide was stained with DAPI solution
and observed under epifluorescence microscope. Capture efficiency of FDS-NPs at each
concentration was calculated by the equation (2). Non specific binding of FDS-NPs was
also observed using uncoated FDS-NPs incubated with E. coli O157:H7.
4.3 Specificity

The specificity was tested using the same glass slide method but using non-£.
coli O157:H7 bacteria with 1gG coated FDS-NPs. The attachment was considered non
specific binding of the FDS-NPs.
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Results

1. Morphology and formation of amino-MNPs

Amino-MNPs were prepared by polyol technique using FeCl;.6H,0 as a
precursor of magnetite and ethylenediamine as an amino group source. A suitable
condition for synthesis was studied by varying amount of NaOH and reaction time.
The synthesis of amino-MNPs was conducted in autoclave for 2 h/cycle, for 1 to 4
cycles. The time, temperature and pressure during the reaction are shown in Figure
2.4. Effects of NaOH concentrations (3 levels of 1.25, 2.50 and 3.75% w/v denoted A,
B, and C) in combination with reaction times (2 h/cycle for 1-4 cycles denoted 1, 2, 3
and 4) on morphology and the size determined by TEM.

After preparation, reddish-brown precipitate was found in samples A-1, A-2, B-
2 and C-1 (Figure 2.5) and these samples were not attracted by magnetic force
indicating that magnetic particles were not properly produced. Brown precipitate was
found in samples A-3, dark brown precipitate was found in samples A-4, B-2, C-2, B-3,
B-4, C-3 and C-4. these samples could be attracted by magnetic force indicating that
magnetic particles were already produced. Because samples A-1, A-2, B-2 and C-1
products were without the desired magnetic properties, thus, they were not studied
further under TEM.

The combination of NaOH amount and cycle time gave nanoparticles with
different size and structure. TEM images of MNPs from various synthesis conditions
were shown in Figure 2.6. Treatments A-3 and B-2 showed irregular shape of particles
and wide size distribution (47 + 20 and 45 + 21 nm) (Table 2.3 and Figure 2.5).
Treatments A-4 and C-2 showed quite uniform size of particles but the shape of
some particles stilled uncertain (33 + 9 and 29 + 11 nm). Treatments B-3, B-4, C-3
and C-4 showed high quality structure with cubic shape, low size distribution (43 + 9,
41 + 12,43 + 17 and 39 + 12 nm, respectively). In overall characteristics, MNPs from
sample B-3 were selected for further characterization because of their shape and size

and short reaction time (3 cycles).
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Figure 2.5 Amino-MNP powder at various amounts of NaOH and 2 h reaction cycles.
Letters denote amount of NaOH at A = 1.25%, B = 2.50% and C = 3.75%

while numbers indicate reaction cycle

The formation rates of amino-MNPs depend mainly on amount of NaOH in
the reaction mixture. At 1.25% NaOH, the particles with magnetic properties were
formed (responded to magnet) at 3 reaction cycles, while at the conditions of 2.50
and 3.75% NaOH, the formation could be detected within 2 reaction cycles.
Moreover, the morphology from TEM image at the same reaction times showed that
well-defined particles could be obtained quickly from the conditions with higher
amounts of NaOH.

The reaction time was also studied to understand the formation mechanism
of amino-MNPs. At 1 cycle of reaction of all treatments and 2 cycles of treatment A,
brown precipitate was formed in the reactors but showed no reaction with magnet. It
was indicative that magnetic particles had not formed. At 2 reaction cycles of
treatments B and C and 3 cycles of treatment A, the precipitates turned to black
color and could be attracted by permanent magnet indicating magnetic particles had
been formed. The TEM images at short reaction time showed that the particles were
quite round and irregular shape, poly-dispersion and wider size distribution. With 3
reaction cycles of treatments B and C, 4 cycles for treatments A, well-defined and
narrow size distributions were obtained (Figures 2.6 and 2.7; treatments A-4, B-3 and
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C-3). When the reaction time extended to 4 cycles in treatments B and C, the

morphology and size of particles did not change compared with that of the 3 cycles
reaction time.

Figure 2.6 TEM images at 150000x showing the amino-MNPs prepared at various
amounts of NaOH and 2 h reaction cycles. Letters denote amount of
NaOH at A = 1.25%, B = 2.50% and C = 3.75% while numbers indicate

reaction cycle. The bar in each TEM image represents 100 nm.
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Table 2.3 Parameters and size of amino-MNPs at various conditions

Sample Parameter Size (nm): Average size
NaOH (% w/v) Cycle d = diameter (nm)
A-1 1.25 1 nd nd
A-2 1.25 2 nd nd
A-3 1.25 3 21<d<113 a7 + 20
A-4 1.25 a4 15<d<53 33+9
B-1 2.50 1 nd nd
B-2 2.50 2 15<d<123 45 + 21
B-3 2.50 3 23<d<107 43 + 9
B-4 2.50 a4 19<d<76 41 + 12
C-1 3.75 1 nd nd
C-2 3.75 2 15<d<69 29 + 11
C3 3.75 3 14<d<92 43 + 17
C-4 3.75 a4 15<d<69 39 £ 12

nd = not determined

Guo et al. (2009) also reported that the size of MNPs could be controlled by
adjusting amount of NaOH. The larger amount of NaOH resulted in smaller and
polydispersed particles because of a rapid particle formation. NaOH enhanced the
transformation of EG to acetaldehyde (Joseyphus et al., 2010), a strong reducing
agent. The alkali accelerated the reduction of iron ion to form magnetite. However,
in this study, the size of MNPs at different NaOH did not differ significantly but it
could be concluded that amount of NaOH affected to the rates of magnetic particle

formation.
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Figure 2.7 Size distribution of amino-MNPs which were synthesized at different
conditions

Generally, most polyol methods for producing magnetite particles (Liu et al.,
2006; Cai and Wan, 2007; Ding et al., 2010) were conducted at very high temperature
(>200 °C) and under inert gas to prevent oxidation of magnetite by O, in the
environment. However, the MNPs in this work were produced using autoclave as a
reactor, operating at temperature of 121 °C, high pressure (105 kPa) and without any
inert gas. The results showed that the MNPs could be produced with good size and
structure. This indicated that temperature lower than 200 °C could be used to
produce MNPs with less energy consumption. Although no inert gas was used in the
synthesis, other iron oxide species except from magnetite were not detected. The
autoclave required venting or the exclusion of air (oxygen) from the reaction to
produce the temperature of about 121 °C. These phenomena prevented the
particles from being oxidized by oxygen. However, the effect of high pressure to the

MNP synthesis was not cleared. More investigations were required.

2. Elemental components and structure
Elemental components of MNP product (treatment B-3) were characterized
by SEM-EDS. The results showed that the major elements of amino-MNPs were Fe
(42.87% atomic) and O (55.45% atomic) as shown in Table 2.4 and Figure 2.8. It
confirmed that the MNP product was magnetite because the atomic ratio of Fe:O
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was about 3:3.88 which was similar to the theoretical atomic ratio of magnetite (3:4).
Carbon was also detected at lower than 1.68% atomic implying the existence of
ethylenediamine molecules on particle surface.

XRD was used to characterize the structure and the XRD pattern was shown
in Figure 36. The peaks of amino-MNPs matched well with the XRD pattern of
standard magnetite (Figures 2.9 and 2.10) from the database (ICSD collection code:
084611) that can be indexed to the face-centered cubic crystalline structure with cell
constant a = 8.375 A. The results conformed the findings from the EDS analysis and
morphology of particle from a TEM image. No impurity phase was detected in the
MNP product.

Table 2.4 Elemental components of amino-MNPs

Element Weight % Atomic %
@) 26.61 55.45
Fe 71.81 42.87
C and others 1.58 1.68
Total 100.00 100.00
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3. Magnetic properties

Magnetization curves of amino-MNPs at room temperature are shown in Figure 2.11.
The curves indicated that the MNPs were ferromagnetism but nearly complete
superparamagnetism with a saturation magnetization (Ms) of about 48 emu/g, remanence
(Mr) of 1.7 emu/g and coercivity (Hc) of 23.5 Oe. Moreover, amino-MNPs were well dispersed
in water and also can be separated from the solution by attraction of a magnet (Figure 38).

According to Liu et al. (2006), magnetite particles would exhibit complete
superparamagtetic properties when their size below 25 nm which is a critical size of
magnetite. At this size, each particle has only one magnetic domain, and when a
magnetization curve is plotted, the curve would show intersection at the zero point and has
no remanence and coercivity. Although, the amino-MNPs produced in this work were not
superparamagnetism because their size (43 nm) was larger than critical size and their
ferromagnetic properties were very low, they were sufficient to be used in any biological
applications because they could be well dispersed in aqueous solution and separated by

magnet as well.
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Figure 2.11 Magnetization curves of (A) amino-MNPs and (B) hysteresis loop of

magnetization curve
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Figure 2.12 Photographs of amino-MNPs dispersed in water and after were

separated from the solution by attraction to a magnet

4. Functional groups and chemical bonds of MNPs

The MNPs were modified to attach amino groups onto their surface ready for the
conjugation of any biomolecules. The modified MNPs were analyzed with FT-IR spectroscopy
in order to examine the existence of amino group on particle surface. Figure 2.13 shows the
strong IR band of MNPs at 578.97 and 623.11 cm’ referring to the Fe-O bond split form the
band at 570 cm” of bulk magnetite (Yamaura et al., 2004). This was probably due to the
effect of a very small size of MNPs. The band at 1622.97 and 3426.89 e’ refers to the NH,
bending of free NH, group and N-H stretching vibration, respectively. The bands were the
same as that reported by White and Tripp (2000) and Yamaura et al. (2004).

The band in the range of 3600 to 3000 e’ also refers to O-H asymmetric and
symmetric stretching vibrations and the band in the range of 1630 to 1600 e’ refers to O-
H bending vibration (Asouhidou et al., 2009; Shi et al., 2009) which both overlapped with
the absorption peak of -NH, asymmetric and symmetric stretching vibrations and N-H
bending vibration. These make it difficult to confirm the existence of amino group. However,
in the subsequence experiment of 1eG coating on particle surface, it was found that IgGs
could immobilize on particles via glutaraldehyde crosslinking which must attach amino
group on particle surface. This could confirm the existence of amino group on MNPs. Amino
group on particle surface belongs to the ethylenediamine molecules added as starting
chemical in the MNP synthesis. It was believed that the amino groups from this chemical
absorbed on the MNP surface.
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Figure 2.13 FT-IR spectrum of amino-MNPs

5. Coating of IgGs onto MNPs

Effects of temperature and time to IeG conjugation were studied. An appropriate
condition was determined from amount of immobilized protein on MNPs. The high
concentrated IgG solution (100 pg/ml) was incubated with glutaraldehyde treated MNPs to
obtain a maximum IgG loading capacity of MNPs. Protein assay by Lowry method was used
for determining the total protein on particles.

The results showed average amount of immobilized IgGs on MNPs at 4 °C at 3, 6, 12
and 24 h were 4.67, 6.65, 6.71 and 7.05 pg/mg, respectively, whereas at 37 °C, immobilized
leGs on MNPs at 3, 6, 12 and 24 h were 6.17, 6.15, 6.96 and 7.20 pg/mg, respectively (Figure
2.14). From these results, incubation time had an effect on the amount of IgGs on MNPs.
Longer incubation will give higher immobilized IgGs. Effect of temperature was also
observed. Higher rate of immobilization was obtained from incubation at 37 °C suggested
that high temperature enhanced the rate of chemical reaction between IgGs and particle
surface. However, when the incubation time had passed for 6 h, the amounts of IgGs of both
temperatures were not different.

Since the immobilization of protein onto particles can occur via both physical and
chemical approaches, non-covalent binding was also observed using non-glutaraldehyde
treated MNPs. Surprisingly, the results showed that very higher amount of IgGs on particles
was detected in all conditions that higher than IgGs on glutaraldehyde treated MNPs.
Amount of IgGs after incubation for 3, 6, 12 and 24 h were 4.88, 7.76, 7.88 and 8.78 pyg/mg
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for incubation at 4 °C and were 3.95, 7.83, 7.29 and 7.35 ug/mg for incubation at 37 °C
(Figure 2.14). These results indicated that non-covalent binding occurred in this procedure.
Because non-covalent binding occurred at 4 °C more than 37 °C. Thus, 37 °C and 24 h was
used as the temperature and incubation time in the subsequent experiments to obtain
maximum of 1gGs on particle surface.

Non-covalent binding can occur by many ways such as electrostatic force, van der
Waals interaction or hydrogen bond. According to Aubin-Tam and Hamad-Schifferli (2008),
they described about non-covalent binding between nanoparticles and protein that carboxyl
groups of protein have a strong affinity for the metal ions in the surface of nanoparticles
including MNPs. Moreover, a change in structure and decrease in activity were observed for

the protein when it was conjugated with Fe-based magnetic oxide NPs.
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Figure 2.14 Amount of IgGs on MNPs after incubation at different conditions. “Glu
treated” refers to Glutaraldehyde treated MNPs and “Untreated” refers of

MNPs without any treatments

In this study, MNPs was made to have amino groups on their surface. This facilitate
the bioconjugation of the MNPs. Thus, slutaraldehyde, which is well known as a crosslinking
reagent between two amino groups of protein, was used for MNPs-IgGs conjugation. Two
aldehyde groups on both sides of glutaraldehyde molecule are a reactive group that can
react with amino group via covalent bonding. That allowed IgGs to be immobilized on MNPs.
From the experiment, this technique is easy to manipulate, not require many reagents, short

time consumption with high efficiency.
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6. Zeta potential

Zeta potential was used to demonstrate aggregation of MNPs. From the results, zeta
potential of uncoated amino-MNPs at all ionic strength were below -30 mV (Figure 2.15),
indicating that the amino-MNPs were well dispersed and were more stable when ionic
strength was high. However, after MNPs were coated with IgGs, the zeta potential at each
ionic strength was higher. The changes were stemed from an effect of IgG coated on particle
surface. At low ionic strength, zeta potential of IgG coated MNPs was more than -30 mV. This
means the MNPs will aggregate in these conditions. At ionic strength of 0.167, zeta potential
was -46.7 mV which was in the range of good dispersion and stability. This point was the
most appropriate condition because the zeta potential was the lowest. Moreover, this ion
concentration is close to the physiological ionic strength that is a suitable condition for
antigen-antibody interaction. However, ionic strength of 0.167 is about to the ionic strength
of 1x PBS (ionic strength 0.17). Therefore, be to convenient for preparation, 1x PBS (pH 7.4)

was used as a solution for subsequent experiments.
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Figure 2.15 Zeta potential at various ionic strength of amino-MNPs (uncoated MNPs)
and lgG coated MNPs

7. Testing with bacteria

7.1 Effect of incubation time

IgG coated MNPs (0.2 mg) were incubated with E. coli O157:H7 (1.3 x 10° CFU/m) for
15, 30, 60, 120 and 180 min to obtain an appropriate incubation time. Amount of bacteria
for this experiment was set to the exceed concentration for MNP binding to obtain an

accurate result. From the result, longer incubation time gave more isolated bacteria (Figure
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2.16). However, when the incubation time passed 180 min, the amount of isolated bacteria
was not different from that of the 120 min. This indicated that it reached to the maximum
binding capacity of MNPs. Thus, 120 min was used as the incubation time in the subsequent

experiments.
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Figure 2.16 Effects of incubation time on the binding of 1gG coated MNPs onto
E. coli O157:H7. The initial concentration of bacteria was 1.3 x 10
CFU/ml

7.2 Effect of MNP concentration

IsG coated MNPs were incubated with various amount of E. coli O157:H7 to assess
their capture efficiency. It was found that 1.0 mg MNPs gave the highest capture efficiency
value compared with 0.5 and 0.2 mg MNPs and could detect even small amount of bacterial
cells in 10 ml suspension while 0.2 and 0.5 mg MNPs could not (Table 2.5). That means that
the sensitivity of MNPs could be increased by increasing the amount of MNPs. However,
when considered at each amount of MNPs for bacteria capture, amount of E. coli O157:H7
cells did not associate to the capture efficiency of MNPs because the capture efficiency
values distributed and were not arranged in order of cell concentrations.

To ensure whether E. coli O157:H7 were captured by MNPs via antigen-antibody
interaction, uncoated MNPs were incubated with the target bacteria. Captured cells were
calculated as per cent error of capture. The result showed capture efficiency of all trials
were not greater than 0.3% indicating that very few of cells were captured by uncoated
MNPs (Table 2.6). This capture was non-specific binding and could be occurred by weak

interaction between surface of bacterial cells and surface of MNPs such as electrostatic
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force. However, for this experiment, it was confirmed that the bacterial cells were captured

by IgGs on MNP surface rather than other interactions.

Table 2.5 Capture efficiency of IeG coated MNPs to E. coli O157:H7

Amount of IgG coated Initial cells Capture efficiency
MNPs (mg) (%)
0.2 CFU/ml 162000 12.13 + 0.68
16200 12.05 + 4.00
1620 33.33 + 4.98
162 9.88 + 1.23
16 16.46 + 10.86
CFU/10 ml 16 0
0.5 CFU/ml 162000 26.28 + 3.43
16200 62.23 + 13.08
1620 19.32 + 4.16
162 20.16 + 1.25
16 30.86 + 12.35
CFU/10 ml 16 0
1.0 CFU/ml 162000 41.46 + 2.01
16200 96.37 + 2.43
1620 35.10 + 0.33
162 48.56 + 9.81
16 45.27 + 5.44
CFU/10 ml 16 6.17 + 3.56
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Table 2.6 Capture of uncoated MNPs to E. coli O157:H7

Amount of uncoated Initial cells (CFU/mL) Capture efficiency (%)
MNPs (mg)
0.2 213000 0.11 £ 0.01
2130 0.23 + 0.05
0.5 213000 0.13 + 0.00
2130 0.08 + 0.04
1.0 213000 0.14 + 0.00
2130 0.13 + 0.05

In general, high capture efficiency could be obtained from suspension with low
amount of bacterial cells because there are sufficient MNPs for capture with all cells as in
the study of Yang et al. (2007) and Cheng et al. (2009). However, the result from this
experiment showed some irregularities. The guidelines for microbiological quality of ready-
to-eat foods (Gilbert et al., 2000) recommended the absence of E. coli 0157 in 25 g of
sample. This means the important principle for detection of this pathogen is not how many
cells but is the presence or absence. From the result, IgG coated MNPs could isolate small
amount of cells of 16 CFU in 1 ml or 16 CFU in 10 ml of sample if MNPs increased to 1.0
mg. These indicated high sensitivity of MNPs for E. coli O157:H7 detection. Although the
MNPs could detect low amount of target cells, but the sensitivity can be improved to obtain
higher efficiency by using other methods for antibody coating onto particle surface. Cheng et
al. (2009) used avidin-biotin interaction to coat antibody onto particle instead of direct

coating and this improved the efficiency of MNPs to higher than 80% for E. coli detection.

7.3 Specificity of IgG coated MNPs

Specificity of MNPs was investigated by incubation of 1gG coated MNPs with non-£.
coli O157:H7 both Gram negative and positive bacteria. For Gram negative bacteria, capture
efficiency were 1.48%, 7.51%, 14.55% and 1.93% for E. coli ATCC 8739, E. aerogenes, P.
mirabilis and S. Typhimurium DMST 16809, respectively. For Gram positive bacteria, capture
efficiency were 39.00% and 26.67% for B. cereus ATCC 11778 and S. aureus ATCC 25923
(Table 2.7).
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Table 2.7 Capture of 1gG coated MNPs to non-£. coli O157:H7

Bacteria Initial cells (CFU/ml)  Capture efficiency
(%)
E. coli ATCC 8739 4460 1.48 + 0.16
E. aerogenes 2050 751 £0.76
P. mirabilis 5440 14.55 + 1.30
S. Typhimurium DMST 16809 3760 1.93 + 0.18
B. cereus ATCC 11778 1800 39.00 + 6.24
S. aureus ATCC 25923 3510 26.67 + 1.36

7.4 Comparison of specificity of 1gG coated FDS-NPs and MNPs

Capture to non-£. coli O157:HT of 1eG coated FDS-NPs and MNPs were similar. Both
nanoparticles showed high non-specific binding to non-target bacteria especially P. mirabilis,
B. cereus ATCC 11778 and S. aureus ATCC 25923 (Figure 2.17).

Cross reaction of particles to non-target bacteria is an undesirable effect for bacterial
detection. From the result, the possible reasons to explain about this event was the
antibody which was used in this study. IgGs against £. coli O157 was polyclonal antibody
prepared from animals (rabbit). Thus, it will recognize a specific antigen at various different
epitopes and its degree of specificity is variable. That may cause of the cross reaction which
was found in this experiment. The way to solve this problem was using monoclonal
antibody instead. Monoclonal antibody is a highly specific antibody produced in large
quantity by the clones of a single hybrid cell formed in the laboratory. It recognizes only
one epitope of a specific antigen. Thus, cross reaction to non-targets may be minimized if
monoclonal antibody was used instead. However, to obtain an accurate cause of cross
reaction of FDS-NPs and MNPs, more investigationis needed. That includes the study in

depth of characteristic of IgGs, particle surface and bacterial surface.
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Figure 2.17 Comparison of specificity of 1eG coated FDS-NPs and MNPs.

Conclusion

For MNPs, this study showed a facile technique for the synthesis of MNPs with amino
group within single step. Amino-MNPs with different size were prepared via polyol technique
using autoclave as a reactor. The reaction could occur under lower temperature as
compared to other reports. The results showed that the amount of NaOH had an effect on
the speed of MNP formation. XRD and EDS analysis confirmed that the amino-MNPs were
pure magnetite with nearly superparamagnetic properties. FT-IR analysis showed the
existence of amino group on particle which is necessary for conjugation with biomolecules.
Glutaraldehyde was used as cross-linker between IgGs and particle surface that allowed IgGs
could coat on amino-MNPs. Loading capacity of IgGs on particle surface was about 7.20
ueg/me when incubated with IgGs at 37 °C for 24 h. I1gG coated MNPs showed high sensitivity
which 1 mg MNPs could detect 16 CFU of E. coli O157:H7 in 10 ml of PBS when incubated
for 120 min. This technique can help detection method by decreasing the enrichment time
which is necessary in conventional methods. However, a problem of MNPs was they had
cross reaction to non-target bacteria especially in Gram positive bacteria that might because

of using polyclonal antibody and interaction between particle surface and bacterial surface.

90



References

Asouhidou, D.D., K.S. Triantafyllidis, N.K. Lazaridis and K.A. Matis. 2009. Adsorption of Remazol
Red 3BS from aqueous solutions using APTES- and cyclodextrin-modified HMS-type
mesoporous silicas. Colloids Surf., A 346 (1-3): 83-90.

Brownlee, J. 2007. Antigen-antibody interaction. CIS Technical Report 070427A. 1-5.

Bumajdad, A., J. Eastoe, M.I. Zaki, R.K. Heenan and L. Pasupulety. 2007. Generation of metal
oxide nanoparticles in optimised microemulsions. J. Colloid Interface Sci. 312 (1): 68-75.

Cai, W. and J. Wan. 2007. Facile synthesis of superparamagnetic magnetite nanoparticles in
liquid polyols. J. Colloid Interface Sci. 305 (2): 366-370.

Cheng, Y., Y. Liu, J. Huang, K. Li,W. Zhang, Y. Xian and L. Jin. 2009. Combining biofunctional
magnetic nanoparticles and ATP bioluminescence for rapid detection of Escherichia coli.
Talanta 77 (4): 1332-1336.

Daniel, M.C. and D. Astruc. 2004. Gold nanoparticles: assembly, supramolecular chemistry,
quantum-size-related properties, and applications toward biology, catalysis, and
nanotechnology. Chem. Rev. 104 (1): 293-346.

Ding, J., K. Tao, J. Li, S. Song and K. Sun. 2010. Cell-specific cytotoxicity of dextran-stabilized
magnetite nanoparticles. Colloids Surf., B. 79 (1): 184-190.

Gilbert, R.J., J. de Louvois, T. Donovan, C. Little, K. Nye, C.D. Ribeiro, J. Richards, D. Roberts and
F.J. Bolton. 2000. Guidelines for the microbiological quality of some ready-to-eat foods
sampled at the point of sale. Commun. Dis. Public. Health. 3 (3): 163-167.

Guo, S., D. Lj, L. Zhang, J. Li and E. Wang. 2009. Monodisperse mesoporous superparamagnetic
single-crystal magnetite nanoparticles for drug delivery. Biomaterials 30 (10): 1881-1889.

Gupta, AK. and M. Gupta. 2005. Synthesis and surface engineering of iron oxide nanoparticles
for biomedical applications. Biomaterials 26 (18): 3995-4021.

Heurtault, B., F. Schuber and B. Frisch. 2010. Pharmaceutical applications of nanoparticle
carriers, 1097-1119. In P. Boisseau, P. Houdy and M. Lahmani, eds. Nanoscience:
nanobiotechnology and nanobiology. Springer, Berlin.

Hyeon, T., S. S. Lee, J. Park, Y. Chung and H.B. Na. 2001. Synthesis of highly crystalline and
monodisperse maghemite nanocrystallites without a size-selection process. J. Am. Chem.
Soc. 123 (51): 12798-12801.

Ivnitski, D., I. Abdel-Hamid, P. Atanasov and E. Wilkins. 1999. Biosensors for detection of
pathogenic bacteria. Biosens. Bioelectron. 14 (7): 599-624.

Lacheisserie, E.T., D. Gignoux and M. Schlenker. 2002. Magnetism. Kluwer Academic Publisher,
Norwell, Massachusetts.

LaConte, L., N. Nitin and G. Bao. 2005. Magnetic nanoparticle probes. Materialstoday 8 (5): 32-38.

Liu, X., M.D. Kaminski, Y. Guan, H. Chen, H. Liu and A.J. Rosengart. 2006. Preparation and
characterization of hydrophobic superparamagnetic magnetite gel. J. Magn. Magn. Mater.
306 (2): 248-253.

91



Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall. 1951. Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193 (1): 265-275.

Santra, S., P. Zhang, K. Wang, R. Tapec and W. Tan. 2001. Conjugation of biomolecules with
luminophore-doped silica nanoparticles for photostable biomarkers. Anal. Chem. 73 (20):
4988-4993.

Shi, BF, Y.S. Wang, Y.L. Guo, Y.Q. Wang, Y. Wang, Y. Guo, ZG. Zhang, XH. Liu and G.Z Lu. 2009. Aminopropyl-
functionalized silicas synthesized by W/O microemulsion for immobilization of penicillin G
acylase. Catal. Today 148 (1-2): 184-188.

Sun, S., H. Zeng, D.B. Robinson, S. Raoux, P.M. Rice, S.X. Wang and G. Li. 2003. Monodisperse
MFeO (M = Fe, Co, Mn) nanoparticles. J. Am. Chem. Soc. 126 (1): 273-279.

White, L.D. and C.P. Tripp. 2000. Reaction of (3-aminopropyl)dimethylethoxysilane with amine
catalysts on silica surfaces. J. Colloid Interface Sci. 232 (2): 400-407.

Yamaura, M., R.L. Camilo, L.C. Sampaio, M.A. Macédo, M. Nakamura and H.E. Toma. 2004.
Preparation and characterization of (3-aminopropyl) triethoxysilane-coated magnetite
nanoparticles. J. Magn. Magn. Mater. 279 (2-3): 210-217.

Yang, H.H., H.Y. Qu, P. Lin, S.H. Li, M.T. Ding and J.G. Xu. 2003. Nanometer fluorescent hybrid
silica particles as ultrasensitive and photostable biological labels. Analyst 128 (5): 464-466.

seuugie Tassnnsil 2
Wt lasansii 2
6.05.958 AeLfueA
AMAIYIRATTINGT ANEINYIANANT UNINGIRENBATAIERS
Inséwl 0-2579-2400 Wsans  0-2579-2351 E-mail: fscikrt@ku.ac.th

FI239UTY
2.2.1 A%, DI YUNYA
#19198%7INeN aeIYINeAEns ANsfaUAansLayINeImans

UAMINGIRENYATAENST INYUVANNILEY

3. uAsUgy Wsfnn 034-281-105-6  Luesnielu 7668 Insans 034-281-057
e-mail: ffaswoc@ku.ac.th wag chorl9@yahoo.com

2.2.2 5A.03.U52N8 GRLfNeA

APIYIRATVINGT A INIANENT WInedemAlulagnszaunasuYs

@l 126 DUUUTEYIRIIA WYIIUNNUA LWAYNAT AF8NN 10140

Insénil: nsans:02-470-8885 E-mail Address: pravate.tui@kmutt.ac.th
2.2.3 sadeiod Afna {3989

AATVIR@TIINGT AULINGINANT UMINGITENYATANENT V1YY
s 0-3435-1895, 0-3428-1105 19158150-3428-1057

E-mail: fscicvk@ku.ac.th, chaivatk@email.com

92


mailto:fscikrt@ku.ac.th
mailto:ffaswoc@ku.ac.th
mailto:chor19@yahoo.com
mailto:chaivatk@gmail.com

