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Anotace:

Predlozena disertacni prace se zabyva biofunkcionalizaci/biokonjugaci mikro- a nanocastic na
bazi kovi ajejich naslednym vyuzitim v modernich bioanalytickych metodach.
Biofunkcionalizaci magnetickych mikroc¢astic byly pfipraveny dva druhy magnetickych nosicu.
Tyto nosice byly pouzity pro izolaci a prikkaz bakterialnich buné¢k v mlécnych vyrobcich nebo
pro prukaz specifickych protilatek v séru pacienti s Alzheimerovou chorobou. Pro
elektrochemicky prikaz bakteridlnich bunék byly pfipraveny biokojugdty na bdzi zlatych
nanocastic. Bylo experimentalné ovétreno, Ze konjugované bioaktivni slozky reagovali specificky

s povrchem bakteridlnich buné¢k a umoznili jejich kvantifikaci v analyzovaném vzorku.
Klic¢ova slova:

Biofunkcionalizace, biokonjugéty, imunosorbenty, imunomagneticka separace, rychly prikaz

bakterii v potravinach
Anotation:

This thesis deals with the biofunctionalization/bioconjugation of metallic-based micro- and
nanoparticles and their subsequent use in modern bioanalytical methods. Two types of magnetic
carriers were prepared by biofunctionalization of magnetic microparticles. Carriers were used to
isolate and detect bacterial cells in dairy products or to detect specific antibodies in the serum of
Alzheimer's patients. Gold nanoparticles based bioconjugates were prepared for electrochemical
detection of bacterial cells. It was experimentally verified that the conjugated bioactive
components reacted specifically with the bacterial cell surface and allowed their quantification in

the analyzed sample.

Key words:

Biofunctionalization, bioconjugates, immunosorbents, immunomagnetic separation, rapid

detection of food-borne bacteria



Souhrn

Disertacni prace popisuje feSeni 3 védecko-vyzkumnych tkold, jejichz spolecnym jmenovatelem
byla povrchova modifikace magneticky aktivnich materiali nebo konjugace bioaktivnich molekul
se znackou poskytujici signal vhodny pro detekci, kvantifikaci. Vzdy se také jednalo o nastroje

efektivné vyuzitelné pti analyze biologickych materialti.

Byly pfipraveny a experimentaln¢ ovéfeny protokoly pro vyrobu magnetického nosice
(imunosorbentu) vhodného pro vysoce specifickou izolaci bakteridlnich bun¢k z mlécénych
vyrobkd. Konkrétné se jednalo o bakterie Salmonella spp. Imunosorbent byl charakterizovan z
hlediska koloidni, skladovaci a operacni stability, cytotoxicity, vazebné cinnosti, selektivity a
specifity a nasledné byl vyuzit pro imunomagnetickou separaci Salmonella spp. ze vzorki mléka,

a to jak ve vsadkovém, tak i v mikrofluidnim uspotfadani.

Druhym typem nosi¢e byly superparamagnetické mikrocastice, na jejichz povrchu byly
kovalentné navazany molekuly amyloid beta peptidu (AP) o délce 42 aminokyselin. Cilem bylo
pouzit tento nosi¢ pro prikaz a kvantifikaci specifickych anti-Ap protilatek. Tyto protilatky se
vyskytuji v mozkomiSnim moku a/nebo v séru nékterych pacientd s Alzheimerovou chorobou.
Tradi¢ni metoda ELISA doplnénd o biofunkcionalizované magneticky aktivni Castice byla
vyvinuta s cilem ovéfit, zda vyskyt téchto specifickych protilatek koreluje s vyssi hladinou
patologickych forem AP peptidi v mozkové tkani, mozkomiSnim moku pacienti

s Alzheimerovou chorobou.

Specifické protilatky nebo oligonukleotidy byly konjugovany se zlatymi nanocasticemi. Cilem
bylo experimentalné ovéfit rizné metody biokonjugace a ziskat tak biokonjugat poskytujici
elektrochemicky signdl. Vybrané biokonjugaty byly poté testovany jako signdl generujici slozka

u nove vyvijeného elektrochemického biosenzoru.



Summary

The thesis describes the solution of 3 scientific research tasks, in which the surface modification
of magnetically active materials or the conjugation of bioactive molecules with a label providing
a signal suitable for detection and quantification was the common denominator. They have been

used as tools for effective analysis of biological materials.

Protocols for the production of a conjugate suitable for highly specific isolation of bacteria cells
from dairy products have been prepared and experimentally verified. Specifically, they were
Salmonella spp. Immunosorbent was characterized in terms of colloidal, storage, operational
stability, cytotoxicity, binding efficiency, selectivity and specificity. The magnetically active
carrier was subsequently used for the immunomagnetic separation of Salmonella spp. from milk

samples in both batch and microfluidic arrangements.

The second type of carrier was superparamagnetic microparticles, on the surface of which 42
amino acid amyloid beta peptide (A) molecules were covalently bound. The aim was to use this
carrier for the detection and quantification of specific anti-Af antibodies. These antibodies occur
in the cerebrospinal fluid and / or serum of some patients with Alzheimer's disease. The
traditional ELISA method supplemented with biofunctionalized magnetically active particles was
developed to verify whether the presence of these specific antibodies correlates with higher levels
of pathological forms of AP peptides in brain tissue, cerebrospinal fluid of patients with

Alzheimer's disease.

Specific antibodies or oligonucleotides were conjugated with gold nanoparticles. The aim was to
experimentally verify various methods of bioconjugation to obtain a bioconjugate providing
sufficient electrochemical signal for sensitive detection. Selected bioconjugates were then used as

a signal generating component of the newly developed electrochemical sensor.
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UVOD

Rychlé, ucinné, dostatecné citlivé a robustni detekcéni techniky hraji klicovou roli ve
vCasné diagnostice nejriznéjSich onemocnéni. S ohledem na ochranu lidského zdravi ma
podobny vyznam i rychly prikaz bakterialnich kontaminaci v potravinach. V soucasné dob¢ je jiz
v praxi k dispozici cela skéla bézné dostupnych diagnostickych technik a detekénich metod. Patii
sem napi. zobrazovaci techniky, biochemické testy, imunochemické metody, molekularné-
biologické techniky nebo mikrobiologické konfirmace. AvSak i nadale je snaha vyvinout a
nasledné v praxi uplatnit kvalitativné nové metodické pfistupy a detek¢éni systémy. Parametry
jako Casova nebo finanéni naroc¢nost bioanalyzy, pracnost provedeni nebo toxicita a celkova
spotieba drahych reagencii, to vSe jsou i v dnesni dobé faktory ovliviiujici kone¢né uplatnéni a
rutinni provozovani analytickych metod v praxi.

V klinické diagnostice stejné jako v analyze potravin je dnes velkym trendem vyvijet
metody, které jsou schopny poskytnout koneény vysledek v co nejkrat§im c¢ase, jsou
nizkonakladové, pfistrojové nenarocné, snadné na provedeni a maji minimalni naroky na objem
vzorku. Tyto metody obecné pracuji na principu takzvaného point of care testovani (in vitro
testovani v misté péce o pacienta, testovani u lizka). Typickym zastupcem tohoto typu testovani
jsou mikrofluidni analyzatory typu Lab-on-a-chip (laboratof na ¢ipu). Hlavnim rysem téchto
analyzatort je integrace veskerych dil¢ich ukont, které jsou provadéné pii bézném testovani
v laboratofi do miniaturni pfenosné platformy. Aby vSak bylo mozné tyto platformy vytvofit
a pouzivat, je nutné zachovat citlivost, specifitu a robustnost dané metody. Proto se pfistupuje
k vyuziti novych technologii a materiald, které maji v této oblasti ohromny potencial.

Velké pokroky v materidlovém inzenyrstvi jiz nékolik desetileti oteviraji dvefe novym
technologiim at' uZ v chemickém nebo v elektrotechnickém primyslu, v zemé&délstvi,
v biotechnologiich nebo v medicingé. V dneSni dobé& jiz existuje nepieberné mnozstvi
(nano)technologii, diky kterym je mozZné pfipravit Sirokou Skalu materidlti rizného slozeni, tvaru
a velikosti a diky tomu i rizného uplatnéni.

V oborech jako jsou biotechnologie nebo biomedicina se dnes nejvétsi mérou uplatiiuji
materidly v rozmérech nano aZz maximalné¢ nékolik jednotek mikrometri. At uZz se jedna
o organické Castice, jako jsou liposomy, dendrimery, polymerni micely piipadné anorganickeé

Castice kovili, vzdy se s vyhodou vyuziva jejich vlastnosti Casto souvisejicich s jejich velikosti,
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tvarem a typem materialu.

Velmi rozsifenou skupinou jsou pak ¢astice na bazi kovu, které si upevnily své postaveni
jak na poli detekce, tak i v oblasti terapie. Jednd se predevSim o magnetické Castice, zlaté
a stiibrné nanocastice nebo kvantové tecky. VySe zminéné materidly urené pro aplikace
v diagnostice, katalyzu biotechnologickych procesi nebo v biomedicinském vyzkumu maji
ruznou strukturu, kterd uzce souvisi s ocekdvanou funkci a ucelem, ke kterému jsou tyto
materidly urCeny. I kdyz maji materidly na bazi kovli v bioanalyze rtizna uplatnéni, i tak maji
nekteré spolecné vlastnosti. Jsou jimi kovové jadro nesouci urcité fyzikalné-chemické vlastnosti
a biopolymerni obalka. Tato obalka poskytuje v mnoha ptipadech ¢asticim koloidalni stabilitu
ve vodnych roztocich, biokompatibilitu a pfedevsim moznost kovalentni vazby s nejriznéjSimi
ligandy. Pokud jsou na Céstice navazany bioaktivni latky, jako jsou napf. peptidy, proteiny
(nejcastéji protilatky nebo enzymy) nebo nukleové kyseliny, mizeme tyto komplexy oznacit jako
tzv. biokonjugaty, pfipadné biofunkcionalizované nosice, které se dnes nachazi ve stiedu vyvoje
modernich diagnostickych metod, ale i terapeutickych postupii.

V moderni laboratofi se pro analyzu biologickych materidll dnes bézné pouzivaji
biofunkcionalizované ¢astice jako pevna fdze pomoci niz Ize hledanou latku snadno a rychle
izolovat, purifikovat nebo zakoncentrovat. K témto procesiim se pouziva nejen tradicni
centrifugace nebo filtrace, ale noveé 1 magnetické pole. Superparamagnetické vlastnosti ¢astic jsou
dany pfitomnosti kovového jadra na bazi oxidl Zeleza. Pokud jsou na povrch magnetické castice
navazany specifické protildtky, pak hovofime o tzv. imunosorbentech. Protilatka zajisti
specifickou vazbu hledané latky na povrch imunosorbentu a analyt je poté ze vzorku pomoci
vnéjSitho magnetického pole oddélen. Imunomagnetickd separace je snadna, rychla a citliva
separac¢ni metoda, kterd se v poslednich letech stala velmi oblibenou a ¢asto vyuzivanou.

Nanomateridly na bazi kovl jsou ¢asto soucasti i tzv. biokonjugéatii. Nanomaterial zde
zastava funkci znaCky generujici signal a bioaktivni molekula zajiStuje specifickou interakci
s latkou, kterou chceme prokazat, ptipadné kvantifikovat. Volba kovu, materialu, ktery byl pro
vyrobu biokonjugati zvolen, zavisi na typu detektoru. Napft. pro fluorescen¢ni detekci je soucasti
konjugatu kvantova tecka definované velikosti, pro elektrochemickou detekci jsou to zase
nanocastice obsahujici atomy nékterych kovl, napf. Zn, Pb, Cu, Au. Diky modernim
technologiim dnes existuje velké mnozstvi protokoli na jejich vyrobu. V literatufe bylo popsano

mnoho moznosti jak tyto ¢astice povrchové modifikovat a jak na jejich povrch zavadét reaktivni
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funkéni skupiny pro kovalentni vazbu s bioaktivni molekulou. Tyto biofunkcionalizované

materidly se pak stavaji nedilnou a Casto klicCovou soucasti modernich analytickych metod.
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1 TEORETICKA CAST

1.1 Biokonjugace a biofunkcionalizace modernich materiali

Terminy biokonjugace a biofunkcionalizace obecné popisuji procesy, pii kterych dochézi
ke spojeni dvou, ptipadné i vice molekul, pficemz alespon jedna z vazanych molekul nese urcité
biologické vlastnosti [1]. Mezi nejcastéji pouzivané biologicky aktivni molekuly patii peptidy
[2,3], proteiny [4,5] (enzymy [6]), nukleové kyseliny [7], atd. Ty mohou byt konjugovany se
Sirokou skalou jinych molekul nebo materiali. Nejcastéji to byvaji nano- a mikro- ¢astice [8-10],
syntetické polymery [11], fluorescencni znacky [12] nebo 1é¢iva [13]. Dalo by se fici, Ze tyto
procesy jsou uritym propojenim mezi biologii, chemii a fyzikou, jelikoz se zde vyuziva
(bio)chemické, piipadné fyzikalni vlastnosti jedné molekuly a zaroven biologickych vlastnosti
molekuly druhé.

Vyvinuto a experimentalné ovéieno bylo jiz nepfeberné mnozstvi konjugacnich strategii,
pomoci nichZz jsou vySe uvedené molekuly vzdjemné vazany, a to jak nekovalentné, tak
kovalentn€. Mezi nekovalentni interakce patii elektrostatické interakce, m-m interakce, zachyceni
v polymerech a van der Waalsovy interakce. Ackoli pro vytvofeni vazby vyZaduji nizkou
aktivacni energii, jejich hlavni nevyhodou je nizka stabilita, a tedy i spolehlivost. Naproti tomu
kovalentni vazby poskytuji konjugéity vysoce stabilni, jez jsou schopny odolévat extrémnim
vlivim reakcniho prostiedi, jako jsou napiiklad extrémni hodnoty pH, vysoké koncentrace
detergentli, chaotropnich ¢inidel a soli ve vodnych roztocich. Dalsi alternativou jsou interakce,
kde sice neni vytvofena kovalentni vazba, avSak svoji intenzitou se kovalentni vazbé& blizi. Témi
jsou napfiklad bioafinitni interakce zprosttedkované systémem biotin/avidin (streptavidin) [14].
Skala moznosti, jak vytvofit tyto konjugované komplexy je velice §iroka (Obrazek 1).

Takto vzniklé komplexy lze nésledné vyuzit zejména pro tyto ucely:
e Zachyceni, odstranéni, ¢iSténi Siroké Skaly analyta [15,16]
e Stanoveni a kvantifikaci Siroké $kaly analytd [17-19]
e Sledovani a zobrazeni (napf. tkani in vivo a in vitro) [20-22]

e Terapie, in vivo diagnostika [23-25]
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Magneticka castice
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Obrazek 1: Rizné podoby konjugétt vzniklych spojenim biomolekuly (A) s riznymi ¢asticemi pfipadné jinymi

molekulami (B).

Diky velké popularité¢ obori materidlového inZenyrstvi a nanotechnologie se do stfedu
zajmu dostala priprava a vyuziti ¢astic na bazi kovu, které se zacaly uplathovat v mnoha
aplikacich od diagnostiky az po terapii [26-29]. Hlavnimi vyhodami pfi préaci s materialy na bazi
kovi je rozmanitost jejich fyzikalné-chemickych vlastnosti, jako je napf. bod tani, elektrostaticka
a tepelnd vodivost, absorpce a rozptyl svétla, magnetismus [30]. V ptipad¢, Ze uvazujeme pouZit
tyto systémy v diagnostice nebo pii terapii, je mozné volit takovy material, ktery neni toxicky a je
tzv. biokompatibilni. Nespornou vyhodou u mikro- a nanocastic je i velky specificky povrch, na
néjZ lze navazat velké mnozstvi riznych molekul, ptesnéji biomolekul, coz jim pfinasi velmi
pestré vyuziti. V biomediciné se z téchto divodl nejvice uplatiluji napt. zlaté [31] a stiibrné
nanocastice [32], kvantové tecky [29] a magnetické mikro- nebo nanocastice [33].

Zavadéni funkénich skupin na povrch magnetickych castic se nazyva povrchova
modifikace anéslednd vazba ligandu biologické povahy se oznacuje terminem
biofunkcionalizace. Z magnetické Céstice se tak stdva magneticky nosi¢. V procesu magnetické
separace pak magneticka castice slouzi jako pevna faze pro ukotveni bioaktivni latky, kterd
s izolovanou latkou vytvaii biospecifkcky par a vnéjSi magnetické pole je potom pouzito
k oddéleni této pevné faze zroztoku (ze vzorku biologického materialu) diky
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superparamagnetickym vlastnostem cCastic.

Za nanocastice se obecné povazuji ty, s minimalné 1 rozmérem v rozsahu 1-100 nm. [34].
Diky velkym pokrokiim v syntéze, modifikaci a nadsledné biokonjugaci kovovych nanocastic
se nabizi velmi Siroka Sala jejich vyuziti od separace [16], cilené dopravy 1éCiv [35], genové
terapie [36], radioterapie [21], zobrazovaci in vivo techniky az po detekci [22]. Pokud tedy
hovotfime o biokonjugatu, mame na mysli biomolekulou (nejcastéji protilatkou, peptidem,
enzymem, nukleovou kyselinou) oznacenou nanocéstici. Biologickd molekula zajisti kontakt
s okolnim prostiedim a nanocastice je diky svym specifickym fyzikdlnim a chemickym
vlastnostem schopna poskytnou méfitelny signal, ktery je detekovan.

Diky velké variabilité v pfiprave jak magnetickych nosict, tak i biokonjugati nanocastic
lze ziskat nepfeberné mnozstvi jejich riznych variant. Navic je lze mezi sebou kombinovat
(Obrazek 2) a vytvofit tak vysoce selektivni a specificky biosenzor pro detekci riznych analyti.

Nespornou vyhodou je i moznost jejich integrace do miniaturizovanych mikrofluidnich systému.

Nanocastice poskytujici specificky signal ,
PEsRYHLIELSE YEIE BIOKONJUGAT

Sekundarni protilatka

Antigen

Primarni protilatka

NOSIC (IMUNOSORBENT)

Magneticka castice

Magnet/Elektroda

Obrazek 2: Komplex kombinujici magneticky nosic a signal generujici biokonjugat.
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Obrazek 3 znazoriuje procesy biofunkcionalizace a biokonjugace tak, jak jsou predkladany v této

disertacni praci.

MIKROCASTICE BIOMOLEKULA NANOCASTICE
~0.5-10 um T 1-100 nm

BIOFUNKCIONALIZACE BIOKONJUGACE

y %0 BIOKONJUGAT
NOsIC v ?/’ G) @ - poskytnuti
- purifikace, izolace, ;N & ifickéh
transport \ \ @ SpeClTickeno
‘ ( méritelného
g Y signalu pfi
% '\ detekci

Obrazek 3: Vazba biologickych molekul na mikro- a nanocastice.

Tato prace se zabyva biofunkcionalizaci magnetickych mikro€astic za Ucelem piipravy
specifickych a i¢innych magnetickych nosict, které jsou nasledné vyuzity pro specifickou izolaci
bakterii pfipadné proteinti. Vedle toho jsou optimalizovany postupy pro pfipravu biokonjugat

zlatych nanocastic, které jsou vyuzity k detekci bakteridlnich bun€k.
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1.2 Biofunkcionalizace magnetickych castic

r wr

1.2.1 Magnetické ¢astice — vlastnosti a chovani v magnetickém poli

Magnetické castice diky svym fyzikdlnim a chemickym vlastnostem disponuji
ohromnymi benefity. Ackoli i v odborné literatufe jsou b&zné¢ oznaCované jako Castice
magnetické, v prevazné veétSin€é se jedna o Castice superparamagnetické, které vykazuji
magneticky moment pouze v piitomnosti vnéjsiho magnetického pole. Pfi absenci magnetického
pole by tedy Castice mezi sebou nemély interagovat a vytvaret tak nezadouci agregaty. Dulezitou
vyhodou je, ze diky superparamagnetickym vlastnostem je mozné Castice znovu resuspendovat,
pokud na né prestane magnetické pole piisobit. K pfipravé superparamagnetickych castic se
nejcastéji pouzivaji oxidy Zeleza, magnetit Fe,O3; nebo maghemit (y-Fe,Os). Oproti ostatnim
oxidim kovu, které se k vyrob& kovovych €astic vyuzivaji, maji navic oxidy zeleza nespornou
vyhodu diky své biokompatibilit¢ a biodegradabilit¢ [37]. Nedilnou slozkou castic je
i nemagneticka c¢ast, kterou mohou byt rozlicné organické nebo anorganické molekuly, obalujici
magnetické jadro a zajist'ujici koloidni stabilitu a rozpustnost [38]. V bioaplikacich se vétSinou
pouzivaji magnetické ¢astice o velikostech 50 nm az 10 um [39]. Podle velikosti 1ze tyto Castice
rozd€lit na mikro- a nano-. Toto rozdéleni pak souvisi pravé sjejich vyuzitim v rGznych
oblastech. Magnetické nanocastice uplatiiuji sviij velky potencial predevsim v medicinalnich in
vivo aplikacich, a to v oblastech diagnostiky [40] a terapie [41]. Naproti tomu magnetické
mikrocastice ve velikostech pohybujicich se od stovek nanometrii do jednotek mikrometri, se
uplatiiuji zejména in vitro, napfiklad pfi imunomagnetické separaci (IMS) nebo diagnostice

bunék [42], proteini [43] a patogennich mikroorganismu [44].

1.2.2 Syntéza magnetickych Castic

Pro ptipravu magnetické slozky cCastic se nejCastéji pouzivaji nasledujici metody: (I)
spolusrazeci (koprecipitacni) reakce soli zeleza (II) termicky rozklad organickych prekurzora
obsahujicich Zelezo [45-47]. Krom¢ vySe zminénych metod, mohou byt tyto magnetické Castice
ptfipraveny zcela odliSnou biogenni metodou, kdy jsou produkovany magnetotaktickymi nebo
kov redukujicimi bakteriemi [48]. VSechny vySe zminéné metody vedou k syntéze vysoce

kvalitnich magnetickych ¢astic slozenych z oxidd kovi. Druhou slozkou c¢astice jako takové je
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jeji nemagneticka slozka, kterou jsou rozlicné organické ale i anorganické latky [49]. Samotné
Castice obsahujici pouze oxidy Zeleza jsou vysoce chemicky aktivni a snadno oxidovatelné na
vzduchu, coz ma za nasledek ztrdtu magnetismu. Proto je nutné povrch téchto Castic pokryt
vrstvou, ktera zajisti stabilitu ¢astic béhem skladovani a naslednych aplikaci a zabrani jejich
oxidaci a vzajemné agregaci. Podle vzajemného uspotadani téchto dvou slozek vznikaji ¢astice

s raznou morfologii (Obrazek 4).

(a) (b) (c)

Obrazek 4: Morfologické typy magnetickych polymernich mikrocastic. (a) ¢astice s mnohocetnymi magnetickymi
jadry pfitomnymi na povrchu ¢astice, (b) Castice typu jadro-plast, (c) ¢astice s mnohocetnym magnetickymi jadry

obklopenymi polymerem [46].

1.2.3 Povrchova modifikace magnetickych ¢astic

Povrchova modifikace ¢astic se provadi z n¢kolika diivodi. Jsou jimi zdbrana samovolné
agregace Castic ve vodném prostiedi a zvyseni jejich koloidni a chemické stability [50], zavedeni
vhodné funkéni skupiny nebo raménka pro naslednou vazbu ligandu (biomolekuly) [51],
zabranéni vysoké nespecifické sorpce proteini popiipadé bunck z komplexnich biologickych
vzorkl, pfipadné zamezeni sorpce samotnych €astic na vnitini stény reakénich nadob [52,53].
Castice lze modifikovat riznymi typy organickych molekul nebo surfaktantii, polymerii nebo
anorganickych latek, jako jsou oxidy kiemiku (silika), oxidy nebo sulfidy kovl [49]. Molekuly
jsou na povrch castic zavadéné bud’ piimo pii syntéze nebo ligandovou vyménou. Pokud je
povrch magnetickych ¢astic modifikovan organickymi molekulami pfipadé surfaktanty, 1ze podle
jejich povahy funkcionalizované ¢astice rozdélit do tif zakladnich skupin: rozpustné v oleji
(lipofilni), rozpustné ve vod¢ (hydrofilni) a ¢astice kombinujici ob€ vlastnosti (amfifilni) [49].
Klasickym ptikladem vyuZzivané lipofilni molekuly je kyselina olejova, kterd dokaze vytvofit

silnou ochrannou vrstvu, ¢imz davd vzniknout jednotnym a monodisperznim magnetickym
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casticim. Kyselina olejova se sklada z C18 fetézce a obsahuje dvojnou cis vazbu mezi 9. a 10.
uhlikem. Pravé pfitomnost této dvojné vazby je dulezita pro stabilitu Castice, jelikoz kyselina
stearova se stejnou délkou fetézce avSak absenci této dvojné vazby po navazani na Céstice neni
schopna jejich stabilizace [54,55].

Vétsi pozornost je vSak sméfovana k pfipravé hydrofilnich ¢astic, které jsou
biokompatibilni, biodegradabilni a s minimdlni toxicitou. Nejvice pouzivanou anorganickou
slouceninou pro modifikaci magnetickych castic je silika [56]. Takto modifikované Castice maji
nekolik vyhod. Jsou stabilni, je u nich potlaCena vzijemna agregace, jsou biokompatibilni,
hydrofilni a Ize u nich velmi snadno kontrolovat tloustku vznikl¢ obalové vrstvy [57]. Velmi
Casta je funkcionalizace ¢éastic pomoci polymert. Tato modifikace zvySuje odpudivé sily mezi
muzeme rozdélit na syntetické a piirodni. Mezi ptirodni patii napfiklad dextran, chitosan nebo
zelatina, mezi ty syntetické pak fadime polyethylenglykol (PEG), polyvinylalkohol (PVA),
polyakrylamid (PAA) nebo alginat. Ze zde uvedenych polymerii se pro bioaplikace nejvice
vyuziva modifikace polyethylenglykolem tzv. pegylace [58]. PEG je neutrdlni, malo reaktivni,
vysoce hydrofilni molekula, kterd zvySuje biokompatibilitu povrchli a zabrafiuje nespecifické
sorpci [52,59]. Diky tomu, Ze neni schopen vyvolat imunologickou reakci a neni toxicky, je ¢asto
pouzivan vin vivo aplikacich. Kdispozici je Siroka Skdla komeréné dostupnych
polyethylenglykolli a to jak linearnich, tak i rizné vétvenych, modifikovanych, homo- nebo
heterobifunkénich. Pomoci nich 1ze na povrch Castice zavést téméf jakoukoliv terminalni funkéni
skupinu a vytvofit tak unikatni Castici, kterd co nejlépe splituje pozadavky pro danou aplikaci.
Zavedené funkéni skupiny na povrchu Castic nasledné slouZi k biofunkcionalizaci, tedy navazani

riznych biomolekul.
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1.2.4 Vazba ligandi na povrch magnetickych castic

Povrchové navazané ligandy dévaji magnetické castici unikatni vlastnosti, kterych se pak
vyuziva v naslednych aplikacich. Na povrch ¢astic je Ize vazat jak nekovalentné, tak i kovalentné
Po vazbé ligandu se magneticka castice stdva ucinnym nosi¢em jeho specifickych vlastnosti. Na
obrazku 5 je schematicky zndzornén magneticky nosi¢ s riznymi ligandy navdzanymi na svém

povrchu.

Fluorescenéni znacka

b a
Protilitka 1@:*

'g Léivo
’ Obal jadra Castice,
! / povrchova modifikce

\ LLL |

Oligonukleotid

Obrazek 5: Schéma magnetického nosice s riznymi ligandy: protilatky, proteiny, nukleové kyseliny, enzymy,

Raminko

Radionuklid

fluorescencni znacky, radionuklidy a 1éCiva.

Nejstarsi, nejjednodussi a také finan¢né nejméné narocnou metodou je piima fyzikalni
sorpce proteini na zdklad¢ elektrostatickych interakei, ktera nevyzaduje pfedem Zadnou
piedchozi chemickou modifikaci ligandu. Je vSak méné spolehliva a mélo stabilni ve srovnani
s imobilizaci pomoci kovalentni vazby [60].

Naproti tomu pii imobilizaci ligandu kovalentni vazbou lze ziskat nevratné ukotveni,
které je velmi pevné, stabilni a schopné odolavat i extrémnim podminkdm jako je teplota, pH,
vysoky tlak a dalsi. Kovalentni vazba je tedy v soucasné dobé nejvyuZzivanéjsi imobilizacni

technikou. Zakladem pro vznik této vazby je pfitomnost funkcnich skupin (napf. aminovych,

karboxylovych, hydroxylovych nebo thiolovych) na povrchu nosi¢e. Pisobenim rtiznych
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aktiva¢nich a konjugacnich cinidel dojde k aktivaci téchto skupin a ty jsou poté schopny vazat
ligandy pfes jejich vhodné funkéni skupiny. Pro tyto reakce bylo vyvinuto velké mnozstvi
ruznych aktivacnich a konjugacnich cCinidel liSicich se tim, v jakych podminkach (pH, teplota,
vodné/organické prostiedi) pracuji s nejvétsi ucinnosti. Tyto podminky jsou nastavovany
pfedevSim s ohledem na bioligand, ktery je v reakci vyuzit. Ten totiz nesmi byt degradovan
a musi si zachovat svou aktivitu a funkcnost i po navazani, aby neztratil schopnost biospecifické
interakce [14]. Na obrazku 6 jsou piehledné shrnuty piiklady nejcastéjSich metod vyuzivanych
pro kovalentni navdzani biomolekul na povrch magnetickych castic s riznymi funk¢nimi
skupinami. Pokud je na povrchu ¢astice karboxylova nebo hydroxylova skupina, je pro vazbu
vyuzita tradi¢ni karbodiimidova metoda vazby [14], ktera probiha tim zptisobem, ze 1-ethyl-3-(3-
dimethylaminopropyl)karbodiimid (EDC) aktivuje hydroxylové skupiny nosi¢e a méni je na
reaktivni imidokarbonaty. Ty pak reaguji s aminoskupinami ligandu. Pfidavkem sodné soli N-
hydroxysulfosukcinimidu do reakce se zvysi rozpustnost aktivniho imidokarbonétu a zaroven se
prodlouzi i jeho stabilita, ¢imz se zvysi pravdépodobnost reakce s aminoskupinou. Podobné lze
vyuzit i epichlorhydrin, ktery aktivuje hydroxylovou skupinu tak, Ze vytvoii reaktivni
epoxidovou skupinu, ktera se véaze s nukleofilnimi slouceninami obsahujicimi amino,
hydroxylové nebo thiolové skupiny [14,61]. Pro vazbu na castice s aminovou skupinou
se vyuziva nejCastéji bifunkénich €inidel jako je glutaraldehyd, tetrachlor-p-benzochinon nebo
dianhydrid kyseliny benzentetrakarboxylové. V pfipadé¢ glutaraldehydu dochazi mezi
aldehydovou a aminovou skupinou k tvorb& Shiffovy baze a druha volna aldehydové skupina
glutaraldehydu zlstava volna pro navazani biomolekuly pfes jeji aminovou skupinu stejnou
reakci. Nékdy se provadi redukce Schiffovy baze borohydridem sodnym, kdy diky odstranéni

dvojnych vazeb vznik4 stabilnéjsi vazba.
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Obrazek 6: Schematické znazornéni nejbéznéjSich strategii vyuzivajicich se pro kovalentni vazby biomolekul na

povrch ¢astic s riznou funkéni skupinou.
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1.2.5 Metody charakterizace magnetickych ¢astic

Souhrnné by se dalo fici, Ze idealni magneticka ¢astice by méla mit potfebné magnetické
vlastnosti, uniformni velikost s rovnomérnou distribuci, dobfe definovanou morfologii a vysokou
miru povrchové funkcionalizace. Mezi zdkladni vlastnosti popisujici magnetické Castice patii
jejich struktura, velikost, tvar, povrchovy naboj a slozeni. Tyto vlastnosti jsou pak klicové pfi
budoucim vyuziti ¢astic pro rtizné aplikace, a je tedy dilezité mit tyto informace k dispozici.

Pro charakterizaci fyzikalnich a chemickych vlastnosti magnetickych ¢astic se pouziva

fada experimentalnich technik (Obrazek 7).
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Obrazek 7: Schematické znazornéni metod pouzivanych pro charakterizaci magnetickych castic s odpovidajicimi

zaznamy. Pfevzato a upraveno podle [62-65].

Velikost Castic a jeji distribuce, ma zésadni vliv na vlastnosti jakéhokoliv nano-/mikro-
materidlu. Rutinné vyuzivanou metodou je fotonova korelacni spektroskopie (PCS) oznacovana
jako dynamicky rozptyl svétla (DLS). Metoda DLS je zalozen na interakci svétla s ¢asticemi o

rozmérech od 1 nm aZ po nékolik mikrometrl, které v koloidnich suspenzich podléhaji
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Mg¢ti se svétlo rozptylené molekulami vzorku v ase [66]. Dalsi ¢asto vyuzivanou metodou je
metoda laserové difrakce. Pfi této metod¢ jsou Castice métfeny v prutocné cele, kterou prochazi
laserovy paprsek. Vlivem castic dochazi k difrakci paprsku na jejich povrchu pod thlem, ktery je
nepiimo umérny jejich velikosti [67].

Mezi hojné vyuzivané zpusoby charakterizace Castic a obecné mikro- a nanomateriali
patii mikroskopické metody. Pomoci téchto metod se ¢astice zobrazuji piimo, a proto l1ze diky
nim urcit jejich tvar a velikost. V soucasné dob¢ existuje fada mikroskopickych metod od cisté
optickych az po elektronické techniky. Pomoci svételného mikroskopu, ktery stoji na uplném
zacatku vyvoje mikroskopickych technik, v§ak nebylo mozné zobrazovat ¢astice v rozmérech
jednotek nanometrtt z hlediska omezeni vinovych délek svételnych zdrojii. Muselo se tedy
ptistoupit k elektronové mikroskopii, kde se na rozdil od svételné mikroskopie jako zdroj vyuziva
tok elektronti [68]. Elektronovou mikroskopii lze rozdé€lit na dva typy: transmisni elektronova
mikroskopie (TEM) a rastrovaci (skenovaci) elektronova mikroskopie (SEM). Pfi metodé¢ TEM
je prozafovan cely vzorek najednou, proto je nutné, aby byl vzorek dostatecné tenky. Uvadeéna
rozliSovaci schopnost TEM se pohybuje pfiblizn€ od 1 nm do 10 pm [69]. Naproti tomu u SEM
se charakteristika povrchu vzorku ziskavd ze sekundarnich elektronli emitovanych z povrchu
vzorku. RozliSovaci schopnost SEM je fddové od 2 nm do 50 um [69,70]. Dalsi skupinou
mikroskopickych metod je mikroskopie skenujici sondou (SPM). Pfi téchto metodach se pracuje
v oblasti tzv. blizkého pole, kdy dochéazi k t€snému pfiblizeni méfici sondy k sledovanému
vzorku. Diky této malé vzdalenosti mezi hrotem sondy a méfenym vzorkem lze dosahnout
rozliSeni pod takzvanou difrakéni mezi. Lze vSak ziskat pouze lokélni informaci o vzorku. Mezi
nejvyznamnéj$i varianty SPM patii skenovaci tunelovd mikroskopie (STM) a mikroskopie
atomarnich sil (AFM) [70,71].

Zeta potencial je oznaceni pro elektrokineticky potencidl v koloidnich systémech, ktery
pusobi na hranici mezi povrchovou vrstvou ¢astice a okolni kapalinou. Jeho hodnota naznacuje
potenciondlni stabilitu koloidniho systému a poukazuje tak na pifipadnou agregaci ¢astic nebo
jakoukoli interakci s jinymi materialy [72]. Obecné vysoké hodnoty, at’ uz kladné, nebo zaporné,
vedou ke stabilizaci ¢astic, zatimco hodnoty blizici se nule obvykle vedou k agregaci ¢astic [73].
Hranice mezi stabilni a nestabilni suspenzi se zpravidla uvadi pfi hodnoté zeta potencidlu
+30 mV, respektive -30 mV [72,74].

Metody zalozené na rentgenovém zafeni poskytuji informaci o vlastnostech povrchu
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ajeho modifikacich, krystalové struktuie nebo elementarnim slozeni castic. Mezi metody
zalozené na rentgenovém zafeni patii rentgenova absorp¢ni spektroskopie (XAS), rentgenova
fluorescence (XRF), rentgenova fotoelektronova spektroskopie (XPS) a rentgenova difrakcni
analyza (XRD). VySe uvedené metody jsou casto kombinovany s metodami elektronové

mikroskopie [70,68].

1.2.6 Magneticka separace jako nastroj purifikace a izolace specifické latky ze

vzorku

Proces purifikace a izolace specifickych molekul je vyuzivan téméf ve vsech
biotechnologickych  odvétvich. Nejcastéji se vyuziva chromatografickych  [75,76]
a elektroforetickych metod [76], ultrafiltrace [77], centrifugace [78], precipitace a dalSich. Tyto
metody se voli predevs§im podle povahy surového vzorku, narokd na cistotu vyizolovaného
produktu a samoziejmé¢ s ohledem na budouci aplikaci. VySe zminéné techniky se bézné
vyuzivaji v komerénich laboratofich k purifikaci syntetizovanych peptidd, protilatek, enzymn,
oligonukleotidd, ale také 1é¢iv.

Naproti tomu v modernich bioanalytickych metodach si v poslednich letech vedle téchto
metod vybudovala své postaveni magneticka separace. Ta kombinuje vyhody afinitni
chromatografie s vlastnostmi magnetickych ¢astic, a diky tomu je specifickd, selektivni, rychla,
lze ji integrovat do Cipi, prutocnych cel a automatizovat ji [79,80]. Biofunkcionalizaci povrchu
magnetické Castice ziskdme magneticky nosi¢ (sorbent) umoziujici specifickou a selektivni
izolaci cilovych molekul [81]. Tato izolace miize byt pozitivni, za ucelem ziskat dané cilové
molekuly, ptipadné negativni, kdy dochazi k odstranéni neZadoucich molekul ze vzorku (Obrazek

8).
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Obrazek 8: Zakladni rozdéleni magnetické separace na pozitivni a negativni selekci. 1) Vzorek obsahujici cilovy

analyt 2) Pfidani magnetického nosice do vzorku a jeho specifickd vazba na cilovy antigen 3) Magneticka separace
komplexu sorbent-analyt. A) Pozitivni selekce (na nosi¢i byl zachycen stanovovany antigen, v supernatantu ziistavaji
nezadouci slozky vzorku) B) Negativni selekce (v supernatantu ziistava analyt, ktery ma byt stanoven, na nosici byl

odseparovan nezadouci analyt). Pfevzato a upraveno podle [82].

Jelikoz se vétSinou magneticka separace vyuziva k zakoncentrovani a separaci analytu pfi
zpracovani vzorku, rozSifenéj$i je pozitivni izolace. Magnetické Castice, které jsou
funkcionalizované ligandy se specifitou k cilovému antigenu, jsou snadno resuspendovatelné
v celém objemu vzorku, a tim 1 dobie pfistupné pro reakci. Po zachyceni antigenu ze vzorku lze
Castice pomoci vnéjSitho magnetického pole zakoncentrovat a odseparovat tak zbytek vzorku
obsahujici nenavdzané (nezddouci) Casti. Superparamagnetické Castice vykazuji magneticky
moment pouze v pfitomnosti vnéjsiho magnetického pole. Proto po odstranéni magnetického pole
a pridani roztoku Ize ¢astice opet snadno resuspendovat. Diky této snadné a rychlé manipulaci se
vyrazné zkracuje Cas pripravy vzorku k analyze [16]. Ohromnou vyhodou magnetické separace
je, Ze neni potieba dalsiho procesu, jako je centrifugace, precipitace ptipadné filtrace vzorku. Po
navazani cilové molekuly na magneticky nosi¢ lze bud’ tuto ¢astici podrobit eluci za ucelem
ziskani Cisté molekuly, se kterou se mtize dale pracovat, ptipadné Ize cely komplex (magneticka
Castice-analyt) zavést do riznych biosenzorti [83] a mikrofluidnich ¢ipt [84,85], kde je

zachyceny analyt stanoven.
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Nejjednodussim provedenim je magnetickd separace ve vsadkovém uspotadani.
V zavislosti na povaze a objemu analyzovaného vzorku mize separace probihat v riznych typech
laboratornich nadob. Nejcastéji to jsou mikrozkumavky o objemu 0,5-2 ml, mikrotitracni
desticky nebo centrifuga¢ni zkumavky (15 a 50 ml) [16]. Typu nadoby je pak piizptisoben
i magneticky separator (Obrazek 9). Diky vlastnostem magnetickych ¢astic lze analyt z velkého
objemu vzorku pifevést do objemu mensiho, naptiklad z 25 ml do 100 pl [83] a s ¢asticemi dale
pracovat ve zkumavkach piipadné je integrovat do miniaturizovanych platforem. S piichodem
arozvojem mikrofluidnich technik byla magnetickd separace ze vsadkového uspotadani
integrovana do prito¢nych cel a mikroCipd. Uvnitf mikro€ipa se pracuje fadove s mikrolitrovymi,
nanolitrovymi, ale 1 mens$imi objemy, coz znan¢ sniZuje naroky na mnozstvi vzorku a dalSich
reagencii. Navic lze separace v pritoku automatizovat a propojit s dal§Simi miniaturizovanymi
technikami a vytvofit tak tzv. laboratofe na ¢ipu (LOC). Princip magnetické separace probihajici

v mikrofluidnim zafizeni bude podrobnéji popsana v kapitole 1.6.2.

Obrazek 9: Razné typy komeréné dostupnych magnetickych separatorti konstruované pro 1) mikrozkumavky (Cell
Signaling Technology, Inc.), 2) PCR desticky (SP Scienceware - Bel-Art Products), 3) centrifugacni zkumavky
(Chemicell), 4) mikrotitra¢ni desticky (Chemicell).

Podle velikosti gradientu magnetického pole potiebného pro separaci magnetickych Castic
délime magnetickou separaci na nizkogradientovou magnetickou separaci [86] (LGMS)
a vysokogradientovou magnetickou separaci [87] (HGMS). V bioanalyzach se pro separaci

a purifikaci vyuziva jak LGMS, tak HGMS.
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Vysokogradientovd magnetickd separace vznika uvnitt kolony, které je naplnéna ndhodné
zapletenymi magneticky citlivymi vlakny a obklopend elektromagnetem. Po aplikaci
magnetického pole se okolo vldken vytvofi velky gradient magnetického pole, coz vede
k zachyceni magnetickych ¢astic z roztoku praveé na povrch téchto vlaken [88]. Ackoli HGMS je
Casto vyuzivana, jeji velikou nevyhodou jsou vysoké ndklady spojené s instalaci a provozem.
Dalsi a velmi vyznamnou nevyhodou z hlediska diagnostickych metod je fakt, ze zachycené
magnetické castice na magnetickych vldknech lze pomérné té€zce odstranit [89,90]. Proto se
HGMS vyuziva ptredevsim pro selektivni odstranéni bunék [16], proteinii [91] nebo kontaminantt
z zivotniho prostfedi jako jsou radionuklidy [92], ionty tézkych kovt [93] pfipadné nepolarni
organické kontaminanty [94]. Pro diagnostické metody, kde slouzi magnetické Castice k separaci
a purifikaci vzorku lze s vyhodou vyuzit LGMS, kterd je z hlediska uspofddani mnohem
jednodussi nez HGMS. U LGMS je nehomogenni magnetické pole vytvofeno za pomoci
permanentniho magnetu pfilozeného ke zkumavce, ptipadné ke kandlku mikrofluidniho Cipu.
Magnetické Castice jsou pomoci magnetickych sil pfitahovany do mista, kde je magneticky
gradient nejvyssi, tudiz do tésné blizkosti magnetu. Po oddaleni magnetu magnetické pole zmizi
a &astice mohou byt opét snadno resuspendovany v roztoku [95]. Uginnost LGMS pak zavisi na
tvaru, sile a postaveni magnetli. Mezi velké vyhody jejiho vyuziti patfi pfedevSim nenaro¢né
pristrojové vybaveni a s tim spojend i financni dostupnost, snadné¢ provedeni a pii spravném
vybéru permanentnich magnetil 1 vysoka Uc¢innost zachyceni ¢astic. Diky tomu se LGMS stala

velmi vyuZivanou jak ve vsadkovém, tak i v mikrofluidnim uspotadani.

1.2.6.1 Faktory ovlivitujici ucinnost imunomagnetické separace

Velmi dileZitou roli v rychlosti a G¢innosti LGMS hraji také parametry magnetickych
¢astic. Pfi optimalizaci procesu magnetické separace a vybéru vhodnych magnetickych castic
musi byt tato skute¢nost brana v potaz.

Jednim z dilezitych parametrii je jejich velikost. Jak jiz bylo vySe uvedeno, pro izolaci
cilovych analyti z komplexnich biologickych vzorkl se vyuZivaji ¢astice o velikosti od jednotek
nanometri do nékolika jednotek mikrometr [39]. Magnetickd rychlost urcujici dobu separace
linedrné roste s velikosti ¢astic. Znamena to, ze pti pisobeni magnetického pole o stejné intenzité
jsou rychleji separovany magnetické Castice s veétsi velikosti [95,96]. Napiiklad Lin a kol. ve své
préci pouzili pro separaci E. coli O157:H7 nanocastice o velikostech 180 nm a 30 nm. Bakterie

oznacené vétsimi ¢asticemi byly z roztoku vychytany za 2 minuty na rozdil od téch oznacenych
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30 nm casticemi, pro jejichz separaci bylo potieba 60 minut [97]. Obecné by se dalo fici, ze
pokud se zavadi rychla screeningovd metoda, tak se preferencné voli ¢astice s vétsi velikosti
kvali kratSimu casu potiebnému pro jejich separaci. Ackoli jsou vétsi Castice vhodné z hlediska
rychlosti separace, maji v porovnani s mensimi ¢asticemi né¢kolik nedostatkli. Zaprvé je to pomér
plochy povrchu k objemu ¢astic, ktery je u mikrocastic naopak niz$i nez u nanocastic[98].
Znamena to, ze u vétSich castic dochazi k redukci vazebné kapacity, coz se projevi snizenim
ucinnosti vazby. Dal§im problémem je sedimentace, ktera je piimo umérna velikosti Castic
[99,16]. Z tohoto divodu je béhem specifického vychytavéani cilovych molekul nutné neustalé
michani suspenze magnetickych castic, aby bylo docileno co nejvétsiho rozptyleni v celém
roztoku. Oproti velkym casticim jsou ty malé v roztoku 1épe rozptyleny, coz jim zajistuje
rychlejsi reakéni kinetiku [100].

Dalsim faktorem, ktery by se mél brat v Givahu, je prostorova zédbrana castic, kterd
ovliviiuje predevsim separaci bunék [101]. Na povrch membrany cilové buiky mulze byt
navazano veétsi mnozstvi nanocastic oproti mikrocasticim z diivodu nizs§i prostorové zabrany
(Obrazek 10). Z toho vyplyva, Ze mensi castice lze pouzit pro detekci struktur, které se na
povrchu bunék vyskytuji s vyssi Cetnosti a naopak veEtsi Castice pouzit pro struktury které se na

povrchu vyskytuji s nizsi hustotou.

membrana _—
cilové buiiky

magnetické
Castice

?30nm

Obrazek 10: Schematické znazornéni pomeéru rizné velikych magnetickych castic k povrchu eukaryotické bunky.

Ptevzato a upraveno podle [95].
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Nekteré srovnavaci studie uvadi o trochu vyssi Gc¢innost separace pomoci nanocastic
[102,103]. Avsak nevyhodou by mohla byt jejich vétsi nestabilita pti dlouhodobém skladovani
[102]. Proto pii optimalizaci nové metody magnetické separace je z hlediska efektivity
a u¢innosti separace nutné¢ brat v ivahu vSechny vySe zminéné faktory a omezeni a vybrat

vhodny kompromis.
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1.3 Vyuziti magnetickych nosi¢ii v modernich analytickych metodach

Diky Siroké Skale velikosti a snadné biofunkcionalizaci a biokonjugaci 1ze magnetické

Castice vyuzit pro aplikace in vitro, tak i in vivo [104] (Obrazek 11).

Hypertermie

Terapie

Cilena doprava léCiv

In vivo

Zobrazovani pomoci
magnetické rezonance

Diagnostika
Aplikace
biofunkcionalizovanych
magnetickych castic

Separace

Invitro Diagnostika

Detekce

\ r

Obrazek 11: Aplikace biofunkcionalizovanych magnetickych ¢astic v biotechnologii a biomedicing.

In vivo aplikace magnetickych nanodastic

V ptipadé¢ in vivo aplikaci se funkcionalizované magnetické nanocastice staly velmi
atraktivnim nastrojem diagnostiky a cilené terapie [24,40,105] a v téchto odvétvich zazivaji velky
rozvoj. Pozornost védcil je upirand k nddorovym onemocnénim, kde by vyuZiti magnetickych
nano¢astic mohlo byt vhodnou alternativou kjiz rutinné zavedenym diagnostickym
a terapeutickym postuptm.

Utinné a co nejpiesnéjsi zobrazeni nadorové tkand ma zasadni vyznam jak v diagnostice,
tak inasledném sledovani UCinnosti 1écby. Pro tyto ucely se vyuzivd mnoho zobrazovacich
technik, mezi které patii rentgen, ultrazvuk, magneticka rezonance (MRI), pocitatova tomografie

(CT) nebo pozitronova pocitatova tomografie (PET) [106]. Magnetické nanoc¢éstice se v oblasti
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diagnostiky jevi jako vhodné diky jejich schopnosti zvysit kontrast pti MRI [107,108]. Diky
svym magnetickym vlastnostem se mohou za pomoci externiho magnetického pole selektivné
hromadit v misté nddoru a poméhaji tak poskytovat informace o jeho rozsahu.

V piipad¢ cilené terapie, a to nejen pii lécbé nadorfi, jsou magnetické nanocastice
vyuzivany hned zné¢kolika divodi. Zaprvé je to jejich velky povrch umoziujici navazani
vysokého mnozstvi terapeutické latky. Dale pak jejich schopnost rozptyleni a rychly transport
v tekutindch souvisejici s jejich nanorozméry [104] a v neposledni fadé jejich aktivita
v magnetickém poli. Pomoci magnetu tak 1ze docilit piimé dopravy lé¢iva do mista ureni uvnitt
organismu [24]. U vétSiny chemoterapeutickych 1é¢ebnych postupti je hlavni nevyhodou jejich
systémové podani, kdy jsou chemoterapeutika zatézi pro cely organismus. Takto nespecifické
podani vede ke wvzniku mnoha nezddoucich vedlejSich ucinki [40]. Pokud je vSak
chemoterapeutikum navdzdno na povrch magnetické nanocastice, mize byt cilen¢ transportovano
do urcité tkané. Pro posileni schopnosti cilit na urcitou buitkku jsou magnetické nanocastice
nesouci chemoterapeutika navic konjugovany se specifickymi protilatkami, které reaguji
s predem urcenou tkani [109-111].

Stejné¢ jako s chemoterapeutiky mohou byt magnetické nanocéstice konjugovany
naptiklad s radioaktivnimi izotopy nebo radionuklidy [21,112]. Ionizujici zéafeni z radionuklidi
poskozuje molekuly deoxyribonukleovych kyselin (DNA) uvniti bun¢k nadorové tkané v jejich
bezprostiedni blizkosti, inhibuje jejich proliferaci nebo dokonce indukuje bunécnou smrt, tzv.
apoptozu. Navazanim na magnetické nanocastice je zajiSténo specifické zakoncentrovani do
cilového mista, ¢imz se =zabrani nechténému poSkozeni zdravych tkani [22]. DalSim
terapeutickym pfistupem vyuZivajicim magnetické nanocastice je hypertermie. Pii aplikaci
stiidavého magnetického pole Castice absorbuji a pfeméiluji energii na teplo, které zplsobi
selektivni ohfev v okoli nddorové tkanég, ktera je infiltrovana magnetickymi nanoc¢ésticemi [113].
Tento ohfev zpusobi nekrozu v cilové tkani [114]. Tuto metodu lze s vyhodou vyuZit pfi 1écbé
nadort vyskytujicich se hluboko uvniti tkané.

Ackoli v poslednich letech doSlo ve vyzkumnych laboratofich k velkym pokrokim,
z prevazné Casti jsou veskeré aplikace vyuzivajici magnetické nanocastice ve fazi preklinickych
studii. Pro GspéSné zavedeni magnetickych nanocastic do klinické praxe je zapotfebi splnéni
urcitych klicovych kritérii. Magnetické nanocéstice by mély byt sloZzeny vyhradné z netoxickych

materidlii, ptfipadné z materiala schopnych biodegradace na slozky, které mohou byt z organismu
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posléze zcela odstranény jatry a ledvinami. M¢ly by byt biokompatibilni a hydrofilni. Navic by
mély mit dostate¢né velky specificky povrch pro navazani vysokého mnozstvi terapeutické latky
a schopnost jejiho uvolnovani kontrolovatelnym zptisobem. Neschopnost splnéni vyse uvedenych
kritérii je pak velkou komplikaci a brzdou pii zavadéni aplikaci vyuzivajicich magnetické
nanocastice do klinické praxe. Studie prohlubujici znalosti v oblasti magnetickych nanocéstic
a zamétujici se predevsim na jejich chovani v biologickych systémech jsou tak velkym piislibem

pro zavedeni metod vyuzivajicich magnetickych c¢astic do klinické praxe.

In vitro aplikace magnetickych ¢astic

Co se tyCe in vitro aplikaci, Ize magnetické Céstice vyuzit jako sorbenty k purifikaci,
separaci a transportu analytu [115-117] béhem analyzy, coz je hlavnim a nejvyznamnéjSim
vyuzitim magnetickych nosi¢ii. Diky nim lze splnit pfisné pozadavky na Cistotu analyzovanych
vzorkll a zaroven rozsifit Skalu testovanych materidlti z divodu zvySeni citlivosti a zlepSeni

bioanalytickych charakteristik testovanych vzork.

1.3.1 Magnetické nosice pro izolaci bakterialnich bunék

Metody slouZici k detekci bakterialnich bunék ze vzorku zahrnuji nékolik krokt, kterymi
jsou: pomnozeni, separace a samotna detekce [118,119]. Mezi nejcastéji pouzivané metody pro
separaci bakteridlnich bun¢k patii filtrace [120], centrifugace [121] a IMS [122]. Jak u filtrace
(oddéluje bunky na zdkladé velikosti), tak 1 u centrifugace (oddéluje bunky na zdkladé
hmotnosti), je ¢astou slabinou neschopnost oddé€leni bun¢k s podobnymi fyzikalnimi vlastnostmi.
Z tohoto diivodu se v praktickych aplikacich stala velmi popularni separa¢ni metodou IMS, ktera
umoziuje separaci bakteridlnich bun¢k prostrednictvim specifické reakce antigenu s protilatkou.
[44,123-131]. Navic jde diky svému rychlému provedeni ruku v ruce s trendem posledni doby,
kdy je kladen stale vétsi diraz na rychlost analyzy z divodu v€asné diagnostiky, pfipadné co
nejrychlejSiho zamezeni Sifeni nezddoucich bakterialnich kontaminaci. V mnohych studiich je
snaha o vyvinuti tak citlivé kombinace IMS a detekéni techniky, aby mohlo byt pomnoZeni
vzorku zkradceno na minimalni dobu, ¢i dokonce Uplné vynechano[82,83,132-136]. Ackoli IMS je
velmi efektivnim a elegantnim feSenim, opét je tu ur€ité omezeni v souvislosti s povahou vzorku.
Jedna se predevs§im o tuhé vzorky potravin, kdy se musi vzorky dostatecné homogenizovat, aby

byl mozny pohyb magnetickych ¢astic v prostiedi vzorku a nedochazelo k nezddouci sorpci
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magnetickych ¢astic na ¢astecky Spatné¢ homogenizovaného vzorku. Na obrazku 12 je na casové
ose znazornéna klasickd mikrobiologickd konfirmace zahrnujici identifikaci bakterie ve vzorku

s pomnozenim v porovnani s detekci vyuzivajici IMS.

Oh Vzorek
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Obrazek 12: Schematické znazornéni Casové narocnosti detekce bakterii pomoci konvenénich mikrobiologickych

metod v porovnani s detekci vyuzivajici IMS.

Je zfejmé, Ze vyuziti IMS k izolaci bun€k vyrazné zkracuje dobu analyzy oproti
klasickému pfistupu. Rychla, UCinnd a citliva magnetickd izolace bunék je pak spojena

s nasledujicimi detek¢nimi technikami.
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Mikroskopické techniky

Pro vizualizaci bakterii zachycenych pomoci magnetickych Ccastic lze vyuzit také
mikroskopické techniky. Magnetické Castice s navazanou protilatkou mohou shlukovat bakterie
a vytvorit tak organizované struktury typu rozet nebo komplexnéjsi aglutinaty viditelné pomoci
svételného mikroskopu [137]. Tato metoda je vSak celkem zastarala a lze ji povazovat spiSe za
orientacni, jelikoz moderni metody nabizi mnohem vétsi rozliSeni a vyssi citlivost. Pokud je
komplex magnetickda castice-bakterie oznacen sekundarni protilatkou, ktera je konjugovana
s fluorescen¢ni znackou, miize se k zobrazeni pouzit fluorescen¢ni mikroskopie [138]. Bakterie
navazané na magnetické castice mohou byt také zobrazeny pomoci SEM [103,138,139]. Na
snimku ze skenovaciho elektronového mikroskopu (Obrazek 13) mizeme vidét naptiklad rozdil
v pouziti rizné velkych magnetickych ¢astic [103]. Kdy v pfipad¢ mikrocastic o velikosti 2,8 um
dochazi spiSe k navazani vétsiho mnozstvi salmonelovych bun¢k o velikosti (~0,7-1,5 pum) na
povrch castice [103]. Naproti tomu v pfipad€ nanocastic o velikostech 300 nm a 880 nm dochézi
spiSe k navazani n€kolika magnetickych ¢astic na membranu jedné buiky [103,140]. Snimky ze
skenovaciho elektronového mikroskopu poskytuji informace o redlné situaci, tedy jakym
zpusobem dochazi k zachyceni bakterii zvolenym magnetickym imunosorbentem. To musi byt
brano v Givahu pfi sestavovani biosenzort vyuzivajicich IMS k izolaci bakterii ze vzorku. Musi se
zohlednit velikost pouZitych ¢astic, velikost cilovych bungk, ale také etnost specifické struktury
na povrchu bunky, proti které bude imunosorbent namifen (vice viz. kapitola 1.2.6.1). Mohlo by
se stat, Ze bakterie bude zcela obsazena magnetickymi ¢asticemi a uz nebude mit volné misto pro
vazbu dalsi detek¢ni protilatky (konjugatu), ktera je zodpovédnd za tvorbu signilu pro dany

detektor. Doslo by tak ke sniZeni citlivosti detekce.
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Obrazek 13: Snimky ze skenovaciho elektronového mikroskopu. A) (méfitko 1 pm) a B) (méfitko 100 nm)
magnetické submikronové Castice (0.88 pm) s navazanou salmonelovou bunkou [140]. C) (méfitko 200 nm)
magnetické nanoc¢astice (300 nm) a D) (méfitko 5 pm) mikrocastice (2.8 pm) a navazanou salmonelovou burikou

[103].

Kultivaéni metody

Zachycenim bakterie na magnetickou castici neni ovlivnéna jeji Zivotaschopnost
a bakterie je tedy schopna za odpovidajicich podminek rtst a dale se mnozit. To znamena, Ze
bakterie nemusi byt po IMS z ¢astic uvolnény, ale mohou byt spolecné s ¢asticemi kultivovany
jak v tekutych médiich, tak i na Zivnych padach [103,140-142]. Pfi pocitani narostlych jednotek
tvotici kolonie (CFU) na miskach se vSak musi zohlednit fakt, Ze bakterie a magnetické Castice
tvofi agregaty. Znamena to tedy, Ze kolonie narostla na misce nutné¢ nemusi pochazet z jedné
buiiky, ale pravé ze shluku nékolika bakterii na magnetickych casticich. Proto se doporucuje
vedle frakce magnetickych ¢astic vyockovat i frakci odebranou po inkubaci s imunosorbentem,
promyvaci frakci a piivodni vzorek [103,142], aby se dal vypocet témito hodnotami korigovat.
Z tohoto divodu se tedy vétSinou po IMS doporucuje vyuzit metody molekularné biologické
[143,144], imunochemické [145] ptipadné elektrochemické, u kterych je navic moznost

automatizace, miniaturizace a integrace do Cipu [83,140,142].
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Molekuldrné biologické metody

Jednou z nejcitlivéjsich a nejdostupnéjsich molekularné biologickych technik pro detekci
bakterialnich bunék je fetézova polymerazova reakce (PCR). Dochézi pfi ni k rychlé amplifikaci
nukleovych kyselin detekovanych bakterii z relativné malého mnozstvi materialu. Idealnim cilem
k identifikaci bakterii je amplifikace a sekvenovani genu 16S rRNA, ktery je vysoce specificky
pro kazdy bakteridlni druh [146]. Citlivéjsi metodou s moznosti kvantifikace je polymerdzova
fetézova reakce v redlném cCase (RT-PCR) [144,147,148] Ackoli obé tyto metody jsou citlive,
poskytuji spolehlivé vysledky a staly se hojn¢ vyuzivanymi, v piipadé realnych vzorka se
objevuje nékolik prekazek, které mohou ovliviiovat vysledky. At uz se jedna o vzorky potravin,
¢i klinické vzorky, ve vétsin€ ptipadl obsahuji jen mald mnozstvi stanovovanych bakterii, vedle
toho je v nich obsaZzeno mnoho kontaminantii, kter¢ PCR reakci inhibuji. Ve vétSiné piipadi je
tedy nutné pfed samotnou PCR provést urcité kroky vedouci k zakoncentrovani malého mnozstvi
bakterii a zaroven k odstranéni nezadoucich inhibitortl. ReSenim téchto prekazek je IMS, kdy Ize
tyto komplikace vyfesit v jednom kroku. Bakterie jsou pak z magnetickych ¢astic bud’ uvolnény,
naptiklad za pomoci 10mM roztoku maltézy [44] a ndsledn€é denaturovany vysokou teplotou
(95°C), nebo mize byt tento denaturacni krok proveden ptimo s komplexem magneticka Castice-
bakterie [148]. V obou pfipadech jsou magnetické ¢astice od zbylého roztoku odseparovany
pomoci magnetu, aby neinhibovali dalsi reakce. Uvolnéna DNA je po denaturaci vkladdana do
PCR reakce a vzniklé produkty amplifikace jsou nasledné detekovany.

Pomérné modernéjsi metodou neZ je RT-PCR je metoda izotermalni amplifikace zprostfedkovana
smyckou (LAMP) [149]. Jedna se o metodu, ktera na rozdil od RT-PCR probihé za izotermalnich
podminek. Oproti konvencni metodé¢ PCR, je rychlej$i a zéaroven citlivgjsi [149]. Uplatnéni
nalezla pfedev§im v klinické praxi, kde uZ jsou optimalizovany funkéni sady pro komer¢ni

vyuziti [150].

Metody zalozené na reakci se zna¢enou sekundarni protilatkou

Dalsi moznosti je oznaceni vyizolovanych bakterii pomoci sekundéarni protilatky, ktera je
konjugovana s riznymi znackami (tzv. konjugat), (Obrazek 14). Detekéni metoda se pak odviji
od znacky, kterd byla pouzita. Komplex magneticka Castice-bakterie reaguje tedy s konjugatem
specificky namifenym proti dané bakterii. Vystavba takovychto imunokomplexii je zédkladem

biosenzort, které v detekci bakterii zazivaji veliky rozvoj.
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Obrazek 14: Vyuziti rizné€ konjugovanych sekundarnich protilatek pro naslednou detekci izolované bakterie pomoci

imunosorbentu. MC - magneticka ¢astice.

Je-li protilatka znacena enzymem, muze byt pro konecnou fazi detekce pouzita
spektrofotometrie [145], barevnd zména méfené¢ho roztoku je pfimo Umérnd mnozstvi
bakteridlnich bunék zachycenych na povrchu ¢astic. Je-li znackou elektrochemicky aktivni latka,
lze bakterialni bunky prokazovat elektrochemicky [103,151], kdy se méfi pokles proudové
odezvy. Brandao a kol. [103] popsal ve své praci elektrochemicky imunosenzor pro detekci
S. Typhimurium v mléce. Izolace bakterii ze vzorku byla provedena za pomoci mikro-
i nanocastic a jako elektrochemicky aktivni znacka byl pouzit enzym kienova peroxiddza (HRP).
Bez piedchoziho pomnoZeni doséhl v ptipad€ magnetickych mikrocastic limitu detekce (LOD)
538 CFU/ml a 291 CFU/ml v ptipad¢é nanocastic. Celkova doba analyzy byla pouze 1 hodinu.
Avsak pro dosazeni LOD, ktery by spliioval legislativu, kdy 25 ml mléka nesmi obsahovat ani
jednu bakterii, musela byt pted IMS zatazena osmihodinovd pomnozovaci faze vzorku.

Dalsim typem znacky mohou byt fluoreskujici polovodicové nanokrystaly bézn€ znamé
jako kvantové tecky. Ty maji schopnost emitovat zateni po pfedchozi excitaci. Pro detekei je tedy
zapotiebi piistrojii schopnych méfit fluorescenci. Vyuzivaji se tak spektrofluorimetry poskytujici
fluorescenéni spektra, pfipadné fluorescencni mikroskopy poskytujici snimky se zvyraznénymi
strukturami [152]. Podoba emisnich spekter je dana jak sloZzenim, tak i velikosti kvantovych
teCek. Proto pfi pouziti riznych kvantovych tecek navazanych na riizné protilatky mize byt vedle
sebe detekovano i1 vice typl baterii v jednom vzorku [138]. Kvantové teCky se vSak daji
detekovat také elektrochemicky. Nejcastéji pouzivanou metodou je anodicka rozpoustéci square

wave voltametrie (SWASV). Po rozpusténi kvantovych teCek v kyselém prostiedi se deteku;i
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kovové ionty uvolnéné z jejich struktury. Po vlozeni vhodného potencialu na pracovni elektrodu
dojde na jejim povrchu k redukci téchto kovli a proudové odezvy se zaznamenaji pii jejich
nasledné oxidaci [153].

Jednou z méné¢ Castych znacek miizou byt nanokrystaly TiO, [154]. Detekce probiha nepiimo,
kdy je métena absorpce nenavazanych protilatek znacenych TiO2 nanokrystaly v UV-VIS oblasti
spektra.

Velmi pouzivanou znackou diky svym optickym a elektrochemickym vlastnostem,
biokompatibilité a nizké toxicité jsou zlaté nanocastice. Pokud jsou soucasti elektrochemickych
biosenzord, probihd méfeni na uhlikové elektrodé metodou diferencni pulzni voltametrie.
Naptiklad Alfonso a kol. [139] pouzili takovy typ imunosenzoru pro detekci S. Typhimurium
(LOD 143 CFU/ml).

Dalsi zajimavou imunochemickou metodou detekce je metoda oznacovana terminem
immunoblot kolonii [155]. Komplex magnetickd castice-bakterie je vyockovan na selektivni
pudu, po inkubaci nutné k naristu kolonii jsou tyto kolonie z misky pfeneseny na
nitrocelulé6zovou membranu a nasledné inkubovdny se sekundarni protilatkou znacenou

enzymaticky.
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1.4 Biokonjugaty na bazi zlatych nanocastic

1.4.1 Zlaté nanocastice

Zlat¢ nanocastice (AuNPs) jsou definované jako stabilni koloidni roztok shluki
jednotlivych atomil zlata v rozsahu velikosti od 1 do 100 nm [156]. Diky témto velmi malym
rozmérim vykazuji v porovnani se zlatem ve své elementarni podobé odlisné fyzikalni
achemické vlastnosti [31]. AuNPs se staly hojné uzivanymi v oblasti biomediciny
a biotechnologie pfedev§im diky svym jedineCnym fyzikalné-chemickym vlastnostem jako je
jejich velikost, tvar, optické a elektronické vlastnosti, velky specificky povrch, vynikajici
biologickd kompatibilita, chemicka stabilita a minimalni toxicita. [157,158]. Na poli biomediciny
se jejich rozmanité aplikace daji rozde€lit do né€kolika hlavnich oblasti. Rutinné se pouzivaji
v mikroskopickych zobrazovacich metodach [159], dalsi oblasti je jejich vyuZiti v terapii [160-
162], kde zastavaji své misto jako cilené nosice 1éCiv, jez po ozatfeni uvolni transportovanou latku
do cilového mista v organismu. Uplatiiuji se také v hypertermické terapii, jelikoz jsou schopny
usmrtit cilové (zhoubné) buiiky diky své schopnosti silné se zahtat po interakci se silnymi
svételnymi pulsy [163,164]. Uplatiuji se také v diagnostice, kde se vyuZzivaji jako
elektrochemicky ptipadné opticky aktivni znacky k detekci nukleovych kyselin [165,166],
proteini[167,168], nadorovych bunék [169], ale naptiklad 1 bakteridlnich bunck [139].

1.4.2 Syntéza zlatych nanocastic

Existuje n€kolik postupi pro syntézu AuNPs jak v nepolarnim, tak i v polarnim prostiedi
[170,171]. Diky riznym metodam pfipravy vznikaji AuNPs rozdilnych tvarl, velikosti
a disperzity. Obecné jsou AuNPs syntetizovany redukci prekurzort obsahujicich zlatité ionty za
pritomnosti reduk¢nich a stabilizac¢nich Cinidel. Mezi nejcastéji vyuzivané metody patii redukce

citratem a Brust-Schiffrinova metoda.

Redukce pomoci citratu

Jedna se o tzv. Turkevichovu metodu, ktera byla popsana jiz v roce 1951 [172]. Je to
velmi jednoducha metoda probihajici ve vodném prostiedi, pfi které jsou syntetizovany sférické
Castice. D¢je se tak redukei kyseliny chlorozlatité za ptitomnosti redukéniho Cinidla. Tim byva
nejcastéji citrat, ktery je zodpovédny za vznik monodisperznich AuNPs [172,173]. Citrat pfi této
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metod¢ zastava tedy dve role. Nejprve se chova jako redukéni Cinidlo, které pfeméni zlatité ionty
na Castice zlata a nasledné po absorpci na takto vzniklé castice je stabilizuje a zabrafiuje tim
jejich dalsimu narastu. Pokud je pii reakci pfitomna vyssi koncentrace citratu, dochazi ke
stabilizaci jiz malych Castic zlata, které jim jsou zcela pokryty. Naproti tomu pii nizké
koncentraci citratu nedochéazi ke kompletnimu pokryti a stabilizaci ¢astic, tim padem céstice dale
narustaji a dochézi tak ke vzniku nanocastic s vétSim pramérem [172]. Velikost ¢astic je pfi
syntéze ovlivilovana nejen koncentraci samotného citratu, ale pomérem citratu a zlata [174,175].
Navic je velikost ovliviiovana i silou reduk¢niho ¢inidla. Citrat je relativné slabym redukovadlem
oproti naptiklad borohydridu sodnému vyuzivanému v Brust-Schiffrinové metod¢€. Proto jsou pfi
citratové metod¢ syntetizovany vétsi ¢astice (>10 nm) v porovnani s ¢asticemi o velikostech do

5 nm vznikajicich Brust-Schiffrinovou metodou [176].

Brust—Schiffrinova metoda

Touto metodou jsou syntetizovany monodisperzni AuNPs v rozmezi velikosti od 1,5 do
5 nm. Céstice vznikaji rovnéz redukci prekurzort zlata, oviem v tomto piipadé probiha redukce
v organické fazi a jako reduk¢ni €inidlo je pouzit borohydrid sodny. Vzniklé cEastice jsou
stabilizovany organickou monovrstvou alkanthiolatu, napt. dodekanthiolu, a jsou tedy rozpustné
v nepolarnich rozpoustédlech. Monovrstva alkanthiolatli mtize byt pomoci substituce nahrazena
jinymi ligandy. Podle jejich povahy mohou byt AuNPs opatieny specifickymi vlastnostmi, jako
je povrchovy ndboj, rozpustnost ve vodé popiipadé mohou byt na jejich povrch zavedeny

specifické funkéni skupiny nebo biomolekuly pro néasledné bioaplikace. [177].

1.4.3 Funkcionalizace zlatych nanoé¢astic

Velmi rozSifenou a univerzalni metodou je funkcionalizace AuNPs molekulou
polyethylenglykolu (PEG). Tento hydrofilni polymer s nizkou imunogenicitou lze s vyhodou
vyuZzit pro rizné biomedicinské aplikace. VyuzZiva se heterobifunkéni PEG, ktery na jednom
konci molekuly nese thiolovou skupinu, ptes kterou je snadno vdzan na zaporn¢ nabity povrch
zlaté nanocastice. Molekulou na druhém konci polymeru muze byt napiiklad biotin, lektin,
fluorescenc¢ni znacka. Ptipadné to mohou byt i1 rtizné funkcni skupiny jako je naptiklad aminova

nebo karboxylovéa skupina, které jsou nasledn€ vyuzity pro vazbu bioaktivni molekuly [178-180].
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1.4.4 Biokonjugace zlatych nanocastic

Podle Pearsonovy teorie slabych a silnych kyselin a bazi je zlato jako takové
klasifikované jako slaba kyselina, ktera je schopna tvofit silnou vazbu se slabou Lewisovskou
bazi [181]. Zlaté nanocastice pripravené nejcastéji pouzivanou Turkevichovou metodou jsou
tvofeny jadrem z atomi zlata obklopenych vrstvou slabé absorbovanych ionti citratu. Tento
negativni nadboj na povrchu slouzi ke stabilizaci ¢astic a brani jejich vzéjemné agregaci [182].
Nicméné tyto ¢astice jsou velmi citlivé k vliviim okolniho prosttedi jako je pH, teplota, pfipadné
sloZzeni rozpoustédla. Z toho vyplyva, Ze biokonjugace Castic, ktera je nutnd k naslednym
bioaplikacim je vyhodna i z hlediska stabilizace téchto Castic v roztoku. Metody pouzivané
k biokonjugaci AuNPs biomolekulami jsou zalozeny na elektrostatickych adsorpcich, afinitnich
interakcich nebo kovalentnich vazbach [183]. V pfipadé elektrostatickych interakci dochdzi
k prosté sorpci pozitivné nabitych proteinti na povrch AulNPs stabilizovanych anionickymi
ligandy jako je jiz zmifovany citrat [184]. Afinitni interakce jsou zprostfedkované systémem
biotin/avidin (streptavidin), kdy jsou biotinylované biomolekuly vazany na AuNPs s navdzanym
streptavidinem [185]. Kovalentni interakce na povrch AuNPs jsou zprostiedkované thiolovymi
skupinami, které jsou v biomolekuldch bud pfirozené ptitomné, popiipadé jimi jsou tyto
biomolekuly umeéle funkcionalizovany. Pii biokonjugaci AuNPs se vyuzZivd pifedevSim
bifunkénich ligandd, pfi¢emz jeden konec slouzi k pfimému ukotveni na povrch zlaté nanocastice
a druhy je pak volné pfistupny pro specifickou interakci. Nejcasteji vyuzivanymi biomolekulami
pfi biokonjugaci AuNPs jsou oligonukleotidy a protilatky, ale rovnéZz se vyuZivaji 1 peptidy

(Obrazek 15).
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Biomolekula Aplikace Reference

At gl Cileni na buriky, cileny transport 1é¢iv [178,179]
(PEG)
. Cileni na bunky, stimulace makrofaghh a produkce

Peptid prozanétlivych cytokint, zobrazovani bun¢k [186,187]
Cilena genova terapie, regulace exprese transgend,

DNA detekce specifickych genti napf. v mikrobiologii, [188-190]
zobrazovani,

Protilatka Imunoanalyzy, diagnostika a cilena 1écba, [191,19]

Obrazek 15:Souhrn nejcastéji pouzivanych biomolekul pro biokonjugaci zlatych nanoéastic a jejich aplikace.

Biokonjugace zlatych nanodastic s oligonukleotidy

V roce 1996 byly publikovany prvni prace zabyvajici se vazbou DNA na povrch AuNPs
[192,193]. Byly pouzity thiolované oligonukleotidy, které byly na povrch AuNPs vazany pies
siru za vzniku stabilni Au-S vazby. DNA molekuly jsou na povrchu ¢astic navdzany s vysokou
Cetnosti, coz zarucuje ¢asticim stabilitu dokonce i v roztocich o velmi vysoké iontové sile [194].

Klicovy fakt pti biokonjugaci AuNPs oligonukleotidy pfes Au-S vazbu je ten, ze povrch
nanocastic je zaporné nabity stejné tak jako celd molekula DNA. Tato skutecnost tedy vede ke
vzniku odpudivych sil mezi ¢asticemi a molekulami DNA. Pokud je pouZit roztok o vysoké
koncentraci chloridu sodného, jehoZ pfitomnost by méla zaporny naboj na povrchu castice
odstinit a zpfistupnit ho tak pro vazbu DNA, dochdzi vSak vlivem iontovych vazeb
k nezddoucimu shlukovéani téchto castic. Tento problém byl vyfeSen procesem postupného
zasolovani roztoku AuNPs s oligonukleotidy, kdy na zacatku je v roztoku pfitomna urcita
molarni koncentrace AuNPs a oligonukleotidl a az postupnym piidavanim soli dochazi k vazbé
oligonukleotidi na povrch AuNPs. Diky tomu, ze jsou oligonukleotidy oproti soli stéle
v nadbytku, nedochazi k shlukovani castic. Bylo dokazéno, Ze mnozstvi navazanych
oligonukleotidi na povrch ¢astic je tmérné vysledné koncentraci chloridu sodného [20,195,196].
Tento proces vazby s postupnym zasolovanim vede ke vzniku stabilnich biokonjugatl, avSak

celkova doba biokonjugace je 1-2 dny [18].
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DalSim uskalim pfi vazbé DNA s AuNPs je, Ze u ¢astic vétSich nez 50 nm dochdzi ke
snizeni ucinnosti konjugace [197,198]. Proto byly vyvinuty postupy pro vétsi Castice az do 250
nm, které jsou béhem procesu biokonjugace stabilni diky piitomnosti surfaktantu v reakci.
V tomto piipadé jsou nejprve na AuNPs sorbovany molekuly surfaktantu (napt. dodecylsulfat
sodny) zajistujici jejich stabilitu vici vysokym koncentracim ptiddvané soli [195]. Pozdé&ji byla
publikovana prace s vyuzitim neionogenniho fluorovaného surfaktantu (Zonyl™ FSN-100), kdy
byl vazebny cas zkracen na 2 hodiny a roztoklM chloridu sodného byl pouzit dokonce
v jednorazovém piidavku [199]. Pouziti surfaktanti pfi biokonjugaci sice vede ke zvySeni
ucinnosti vazby, avSak jejich pouziti je diky jejich cytotoxicit¢ pro nasledné aplikace
v biomediciné nevhodné.

Zhang se svymi kolegy se ve své praci kromé vlivu pfidané soli na uspéSnou biokonjugaci
zacal zabyvat 1 vlivem pH reakéniho pufru. Vysledkem byl protokol pro vazbu oligonukleotidi
na povrch AuNPs v prostfedi 10 mM citratového pufru pH 3 s 0,3M roztokem chloridu sodného.
Takto konjugované ¢astice jsou stabilni dokonce i v prosttedi o pH 7,6 s ptidavkem 1M roztoku
chloridu sodného, ve kterém by AuNPs ptfed navazanim DNA molekul agregovaly [182].

Z dosud publikovanych praci tedy vyplyvd, Ze pro uspéSnou vazbu thiolovanych
oligonukleotidi na povrch AuNPs je nutné s ohledem na nasledujici aplikaci vénovat pozornost:
I) pH vazebného roztoku, které ma pii nizkych hodnotach vliv na redukci denzity povrchového
naboje, II) koncentraci pfidavané soli (nejcastéji chlorid sodny), III) ptidavku surfaktantu, kde

vSak musi byt zvaZena nasledna aplikace kvili pfipadné cytotoxicité.

Biokonjugace zlatych nanocastic s proteiny

Na kovalentni vazbé mezi proteiny a AuNPs se podili volné thiolové skupiny
cysteinovych zbytkl uvnitt molekul proteint. Této jednoduché interakce Ize vyuzit naptiklad pfi
vazbé redukovanych protilatek. Velmi populdrni strategii pro pfipravu imunologicky aktivnich
povrchi je enzymatickd fragmentace imunoglobulinu G (IgG) za vzniku monovalentnich
fragment protilatky [200-203]. Tyto F (ab”) fragmenty vznikaji po Stépeni molekuly IgG
pepsinem a naslednou redukci 2-merkaptoethylaminem (2-MEA) (Obrazek 16). Mala velikost
fragmentu je vyhodna z hlediska potlaceni prostorové zabrany, navic je zde vylouceno riziko

Mrwe

odstépen. Vznikd tak Castice s orientované navazanym fragmentem protilatky. Navic bylo
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dokézano, Ze tento imunologicky aktivni povrch vykazuje vySsi vazebnou aktivitu k antigenu,
nez povrch s nespecifickou sorpci [204]. Dalsim, rozsifenéj§im piikladem kovalentni vazby, je
vazba protilatek na AuNPs modifikovanych PEG s karboxylovymi funk¢nimi skupinami [205].
Na takto modifikované Céstice jsou pak protilatky vazany za pomoci karbodiimidové konjugacni

metody (viz. kapitola 1.2.4) [206,207].

F(ab’)2

Vazebné misto pro antigen ; H : \u ..~{ ;
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Obrazek 16: Schéma strategii pouzivanych pro ptipravu F(ab") a F(ab) fragmentt z celé molekuly Imunoglobulinu G
[208].
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1.5 Vyuziti biokonjugati na bazi zlatych nanocastic

Vyuziti biokonjugati AuNPs se da stejné jako u magnetickych castic rozdélit na in vivo
a in vitro aplikace. Existuje celd fada védeckych praci popisujicich vyuziti AuNPs jako soucast
kolorimetrickych a elektrochemickych senzord. Konkrétni aplikace je pak zavisla na ligandu,

ktery je na Castici navazan (Obrazek 17).

¥ I @0-
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b oo ( . Zlaté nanotdstice s navizanow
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Obrazek 17: Vyuziti zlatych nanocastic v bioaplikacich. A) Biodetekce B) Zobrazovaci techniky-zobrazeni nadorové
bunky pomoci zlaté nanocastice konjugované s fluorescenéni znackou. C) Umlceni genu-zablokovani syntézy

urcitého proteinu pomoci zlaté nanocastice nesouci komplementarni siRNA za vzniku komplexu nesouciho umléujici

komplex. Pfevzato a upraveno podle [187].
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In vivo aplikace biokonjugdt na bazi zlatych nanocastic

Zlat¢ nanocCastice mohou byt vyuzity bcéhem terapie riznych onemocnéni.
Nejvyznamnéj$i je asi jejich vyuziti pro cilenou dopravu 1éciv [35,209]. Je to piedevSim
z ditvodu jejich biokompatibility a snadné konjugace s riznymi ligandy [210]. Nicméné vedle
téchto vyhod musi byt brana v Gvahu jejich nachylnost k agregaci a problémy spojené s jejich
manipulaci ve vnitinim fyziologickém prostiedi [171,211]. Slibnym feSenim je pravé konjugace
AuNPs s biomolekulami, které obecné zlepsi jejich stabilitu, biokompatibilitu a rozpustnost.
Klicovou roli pfi cilené dopravé 1éciv pak hraji zejména aminokyselinové zbytky proteint
navazanych na AuNPs, které jsou zodpovédné za lokalizaci Castice uvnitt buiiky, a také jejich
signalni peptidy, které jsou pak zodpovédné za uspé$nou interakci s importiny a transportem pies
jaderné membrany [212,213]. V této souvislosti jsou nejvice studované peptidové sekvence Tat
proteinit pochazejicich z viru lidské imunitni nedostate¢nosti (HIV) [214] a integrin vazajici
domény [215], jelikoz nabizi zajimavy a slibny potencial pro cilenou dopravu 1é¢iv do jadra
bunky. Patel a kol. ve své praci popisuji ptipravu biokonjugatu slozeného z AuNPs, HIV Tat
proteinu a protismyslné oligonukleotidové sondy. Za pomoci tohoto biokonjugéatu bylo dosazeno
75% tspéSnosti v regulaci genové exprese [216]. DalSim piikladem je wvyuziti AuNPs
konjugovanych s hovézim sérovym albuminem (BSA) [217]. Bylo prokazéno, Ze takto
konjugované castice vykazuji vyraznou stabilitu v roztocich s meénici se hodnotou pH
a koncentraci elektrolytu [218,219]. Po nasledném navazani aminoglykosidickych antibiotik na
tyto Castice byl pozorovan silngjsi antibakteridlni uc¢inek ve srovnani s pouZitim jen samotnych
antibiotik. Pravdépodobné byl diky BSA usnadnén vstupu Castice pies bunétnou sténu, diky
¢emuz byl baktericidni Gi€inek lokalizovan ptfimo do bunky [219]. AuNPs mohou byt vedle BSA
a terapeutika konjugovany se specifickymi protilatkami, které mohou byt namifeny napiiklad
proti rakovinovym buiikdm, ¢imz se nabizi slibna varianta v cilené 1é¢bé nadorovych onemocnéni
[220].

Zlaté nanocastice lze také vyuzit pii fototerapii nadorovych, ale i infek¢nich onemocnéni.
Diky fenoménu zvanému povrchova plazmonova rezonance maji AuNPs aZz o nékolik tada
zvySenou schopnost absorpce viditelného a infracerveného svétla oproti konvencnim laserovym
fototerapeutickym Cinidlim. Absorbovanou energii jsou pak schopny pfeménit na teplo, a tim
nicit okolni nadorovou tkan. Pokud jsou pouzity AuNPs konjugované se specifickou protilatkou,

vznika velmi specifické a u¢inné ¢inidlo pro fototermalni terapii [221].
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In vitro aplikace biokonjugati na bazi zlatych nanodastic

In vitro se biokonjugaty AuNPs vyuzivaji v modernich analytickych metodéach, kam patii
predevSim imunoeseje, biosenzory a riazné rychlé chromatografické testy. Zde slouzi jako
samotné kolorimetrické a elektrochemické znacky, piipadné se podili na zesileni signalu pii
detekci. U obou typd detekci se vyuzivd unikatnich vlastnosti AuNPs, diky nimz je pfi
stanovovani riiznych analyti dosahovano vysokych citlivosti. Ligandy biologické povahy
konjugované s Casticemi zajisti specifické oznaceni cilové molekuly a AuNPs slouzi jako signal
generujici molekula.

Hlavni mechanismus kolorimetrickych detekci spociva v déji zvaném povrchova
plazmonova rezonance a zavisi na vzdalenostech mezi Casticemi. V pfipad¢, ze vzdalenosti mezi
Casticemi jsou mensi nez samotny primér Castice, dochdzi k jejich agregaci a vazbé mezi
povrchovymi plazmony sousednich ¢astic [222]. Vznik agregace zavisi na okolnim prostiedi, ve
kterém se Castice nachazi a projevuje se barevnou zménou roztoku castic z ¢ervené na modrou,
pozorovatelnou i pouhym okem. Pomoci UV-VIS spektrofotometrie se poté méii absorpce zateni
o odpovidajici vlnové délce, kterd je zpiisobend pravé povrchovou plazmonovou rezonanci
[192,223,224]. Agregaci AuNPs s naslednou kolorimetrickou detekci lze vyuzit pii detekci
molekul DNA, napftiklad pfi odhalovani genetickych mutaci [225], ale 1 pfi identifikaci patogenti
[189,226]. Uz v roce 1996 Mirkin popsal detekci jednovldknového oligonukleotidu za pomoci
dvou riznych sond oznacenych AuNPs. Kazda z téchto dvou sond byla komplementarni prave
k poloviné stanovované¢ho oligonukleotidu. Pokud doSlo k vzdjemné hybridizaci mezi
stanovovanym oligonukleotidem a sondami, vznikla polymerni sit’, uvnitt které¢ se AuNPs vazané
na sondach pfiiblizily natolik, Ze doslo k jiz vySe zminéné agregaci vedouci k barevné zméné
roztoku [192].Tato barevna zména tedy indikovala pfitomnost stanovovaného oligonukleotidu ve
vzorku. AuNPs se také vyuZivaji ke kolorimetrické detekci proteinti. Lze pfipravit AuNPs
konjugované s celou Skalou sacharidl a vyuzit je k detekci proteinti, které maji schopnost tyto
sacharidy vazat. Stupen agregace AuNPs pak odpovida koncentraci stanovovaného proteinu.
Tuto metodu lze vyuZit k vysoce citlivé kvantitativni detekci lektinil [227]. Zajimavym vyuZitim
barevné zmény agregovanych AuNPs je studium protein-proteinovych interakci [228].

Dalsi vyuziti nachazi AuNPs pfi vyvoji vysoce citlivych elektrochemickych detek&nich
metod, a to diky své katalytické aktivit¢ a vysoké vodivosti. Pii pfimé detekci jsou AuNPs

adsorbovany na povrch elektrického prevodniku, kde dochazi nejdiive k takzvané "predoxidaci”
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AuNPs, za vzniku elektroaktivnéjSiho zlatit¢ho iontu. Déje se tak za vysokych oxidacnich
potencidlli v pfitomnosti kyseliny chlorovodikové. Vznika komplex AuCly, ktery je nasledné
reverzné redukovan na Au (0). Analytickym signalem, ktery vyjadiuje pocatecni koncentraci
AuNPs, je dobfe definovany katodicky pik, ktery se generuje pravé diky vySe uvedenym jevim
na elektrodé¢ [229,230]. Tato metoda byla uspéSné vyuzita v mnoha systémech ve spojeni
s tiSténymi elektrodami a vykazovala velmi dobré vysledky [139,229,230,231].

Je vSak dilezité poznamenat, Ze elektrochemickd detekce je silné ovlivnéna velikosti
AuNPs. Malé¢ castice jsou diky Brownovu pohybu a pomalejsi sedimentaci vice ve vznosu, tim
padem dale od elektrody a dochazi tak k vyraznému snizeni signdlu v porovnani s vétSimi
Casticemi. Aby se predeslo tomuto faleSnému snizeni signalu, je potfeba zajistit tésny kontakt
AuNPs s elektrodou. Pokud je tato podminka splnéna, nedochédzi k Zddnym omezenim a bylo
dokonce vypozorovano, Ze vyssi signaly poskytuji pak ¢astice s mensim rozmérem. Je to zfejmé
zpusobeno pomérem povrchu oproti velikosti ¢astic, ktery je u nanocastic vysoky [232]. Jako
vhodnym feSenim, diky kterému by se predeslo potizim spojenych s nedostate¢nou sedimentaci
malych nano€astic na povrch elektrody, se ukdzalo vyuziti IMS. Diky magnetickym Casticim
muze byt analyt ze vzorku specificky izolovan, a pokud je pii nasledné elektrochemické detekci
pod elektrodu vloZen permanentni magnet, magnetické Castice jsou pfitahovany do jeho blizkosti
a je tak zajiStén t€sny kontakt detekovaného vzorku s povrchem elektrody.

Takto sestaveného biosenzoru bylo vyuzito jak pro detekci bakterii, tak i naptiklad virt.
Afonso a kol. ve své praci popisuji biosenzor pro detekci salmonelovych bunék v mléce. Diky
kombinaci IMS a elektrochemické detekce byli schopni detekovat 143 CFU/ml, kdy cela analyza
trvala pouhych 90 mint [139]. Wang a kol. pouZili biosenzor na stejném principu pro stanoveni
E. coli O157:H7. Ve srovnani s konven¢nimi metodami, které trvaji 2 - 4 dny, bylo za pomoci
tohoto biosenzoru detekovano 10 CFU/ml za méné€ nez jednu hodinu [233]. Saihy a kol. sestavili
stejny biosenzor pro detekci viru Influenza A subtyp HON2. Diky kombinaci magnetické
separace a elektrochemické detekce ziskal rychlou, citlivou metodu s malou spotifebou vzorku

a nizkym detekénim limitem [234]
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1.6 Magnetické nosice a biokonjugaty jako soucast ,JLab-on-a-chip“

platforem

Diky rychlému rozvoji v oblasti mikrofluidiky a nanotechnologii se velkym trendem
v poslednich desetiletich stala obecné miniaturizace a automatizace analytickych metod. Znalosti
v oblasti mikrofluidiky se tak staly zdkladem pro vytvofeni miniaturnich systému, kde je pratok
malého mnozstvi kapaliny (od mikro- az po pikolitry) uvnitf mikrokanalki pfesné fizen
a kontrolovan pomoci elektrokinetickych nebo tlakovych sil [235]. Vysledkem jsou systémy
zahrnujici vSechny kroky analyzy od zavedeni vzorku po jeho detekci na jedné platformé
o velikosti né€kolika milimetrd nebo centimetrti. (Obrazek 18). Tyto vysoce integrované
miniaturni platformy obsahuji mikroventily, pumpy, mixéry a elektrody, coz spole¢né tvofi
systém, ve kterém dochézi k procestim, jako je obohaceni, separace, mixovani a kone¢nd detekce

vzorku [236].
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Obrazek 18: Obecné schéma Lab-on-a-chip systému.

Tyto systémy oznacované jako laboratofe na Cipu se t€8i velkému zajmu ve védeckych
laboratofich. V soucasné dobé je vidét intenzivni snaha o zavedeni téchto systémil i do bézné
praxe a vyuzit tak beze zbytku jejich ohromny potencial. Hlavnimi vyhodami jsou rychlost
analyzy vzorku, snadné obsluha a provedeni analyzy, nizkd spotieba vzorku a reak¢nich ¢inidel
souvisejici s velikosti platformy a malymi objemy kanalkd vedouci samoziejmé ke snizeni
nakladii na analyzu. V neposledni fad¢ je to pak moznost paralelnich analyz a automatizace.
Automatizace, miniaturizace a integrace na jedné platform¢ navic zajisti vySSi citlivost

a reprodukovatelnost stanoveni [237,238]. Aby mohla byt miniaturizovana mikrofluidni zatizeni
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pouzitelnd a komeréné dostupna pro Sirokou skupinu koncovych uzivatelli, je nezbytna jejich
masova vyroba za pomérné nizkou cenu. Pfi volbé materidlu musi byt brano v tvahu nékolik
aspektl, jako je snadnd vyroba, nizké vyrobni néklady a robustnost findlniho zafizeni. Z tohoto
divodu se vétSina Cipt vyrdbi zplastovych materidld [239] jako napfiiklad
poly(dimethylesiloxan) (PDMS) [240], poly(methylmetakrylat) (PMMA) [241], polykarbonat
(PC) [242], polyimid (PI) [243].

1.6.1 Uloha magnetickych &astic uvniti Lab-on-a-chip platforem

Magnetické Castice jsou uvnitt mikrofluidnich Cipii obecné vyuzivany hned k nékolika
procestim. Jsou jimi: michéni tekutiny [244], selektivni zachyceni specifickych analyti procesem
IMS a s tim spojeny transport analytll uvnitt ¢ipu. Jelikoz michani tekutin uvnitt kanalka ¢ipt se
bézné provadi pasivné, a to za pomoci rizné geometrie kanalkd [245], nejvyznamnéjsi je vyuziti
magnetickych castic pravé k separaci analytu ze vzorku. Integrace biofuncionalizovanych
magnetickych ¢astic do mikrofluidniho zatizeni vyrazné zvysuje specificky povrch pro zachyceni
analytu uvnitt ¢ipu. Diky tomu je zajiSténa vysoka ucinnost zachytu, kterd je dokonce vyssi
v porovnani s piipadem, kdy je k zachyceni analytu vyuZzit samotny povrchu €ipu s navazanym
specifickym ligandem [246]. Navic diky tomu odpadaji slozité kroky, které jsou pro
funkcionalizaci povrchu ¢ipu potiebné.

Pro udrZeni magnetickych ¢astic uvnitt ¢ipu se vyuZiva bud’ permanentnich neodymovych
magnetl, pifipadné elektromagnetd. Jak jiZ bylo vySe uvedeno, s pouzitim elektromagnetu souvisi
nekolik vyhod, ale 1 nevyhod. Mezi vyhody patii pfesné nastaveni gradientu elektrického pole
amoznost jeho okamzitého zapnuti a vypnuti. Mezi nevyhody patii nutnost urcitého
pfistrojového vybaveni, coZ souvisi s vy$§imi ndklady a navic pfi generaci magnetického pole
dochdzi k zahtivani systému. JelikoZ magnety jsou uloZeny externé a obklopuji mikrofluidni €ip,
muZe dochazet k nechténému zahtivani vzorku uvnitt systému a neptiznivému ovlivnéni analyzy.
Naproti tomu permanentni magnety generuji pouze nizky magneticky gradient, jeho silu nelze
nijak regulovat a v pfipadé generovani magnetického pole se musi ptikladat, ptipadné oddalovat
od ¢ipu. Avsak pii jejich pouziti nedochdzi k zahiivani systému a navic je jejich pouziti levné
a pomérné snadné. Co maji oba typy magnetil spole¢né je, ze svou silou a usporadanim okolo
¢ipu ovliviiuji chovani a usporadani magnetickych ¢astic uvnitt zatizeni [247].

Existuje n€kolik typli uspofadani magnetickych ¢astic uvnitt ¢ipu (Obrazek 19). Jednim
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z nejjednodussich je zachyceni magnetickych castic uvniti kanalku Cipu jesté pied aplikaci
vzorku a reagencii. Dojde k tvorbé takzvaného plaku castic. Pii prichodu vzorku je na
magnetickych ¢asticich zachycen analyt a po odstranéni magnetického pole mize byt magneticky
nosi¢ s navazanym analytem dale unaSen do dals$i Casti ¢ipu, kde dochazi bud’ k dalSimu
zpracovani vzorku, ptipadné k detekci [248]. Dalsim piikladem je systém, kdy jsou po aplikaci
vertikdlniho magnetického pole Castice samy organizovany do fetizkli na pfedem vytvotrenych
magnetickych kotvach [249]. Novou a zajimavou variantou je mikrofluidni ¢ip uvnitf néjz jsou
magnetické ¢astice neustale ve vznosu. Jednd se o magnetem stabilizované fluidni loze, kdy na
Castice pusobi tazna sila protékajiciho vzorku a v opacném sméru magneticka sila, coz zptsobuje

neustalou cirkulaci ¢astic v ¢ipu [80,142].
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Obrazek 19: Schematické zndzornéni mikrofluidnich Cipti s magnetickymi Casticemi: A) imunomagneticka separace

uvnitt kanalku (Castice tvoii zatku) [248] B) mikrofluidni magneticky stablizované fluidni loze [142] C) fetizky

magnetickych Castic na magnetickych kotvach [249].
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1.6.2 Vyuziti magnetickych nosicli a biokonjugata pri detekci bakterialnich bunék

uvniti Lab-on-a-chip platforem

K detekci a identifikaci mikroorganismt uvnitt mikrofluidnich ¢ipti mohou byt pouzity
ruzné analytické metody. Podle nutnosti pouziti specifickych znacek je miizeme obecné rozdélit
do dvou skupin. Prvni skupinou jsou metody, které po separaci mikroorganismu nevyzaduji
zadné specifické znaCeni nutné k nasledné detekci. Jsou jimi techniky molekuldrni biologie
[246,250] nebo naptiklad hmotnostni spektrometrie [251]. Zatimco do druhé skupiny tadime
metody, které vyzaduji jesteé specifické oznaceni izolovanych mikroorganismii za pomoci
konjugatu. Sem muiZeme zafadit metody fluorescencni spektrometrie [252] a elektrochemické
techniky.

Pokud je jako detekéni technika uvnitt ¢ipu pouzita PCR metoda, musi byt zajisténa
pecliva kontrola vSech reak¢nich podminek, jako je pfesna teplota, zavadéni primert, ale
i ostatnich reagencii. Tyto mikrofluidni Cipy jsou vyuzivany ptfedev§im jako point-of-care
techniky (POCT), coz jsou rychlé a snadné in vitro testy provadéné v misté péfe o pacienta.
Naptiklad Ganesh a kol. ve své studii vyvinuli integrovany systém pro detekci E.coli. Po kratkém
pomnoZeni za soucasné probihajici IMS (25 minut) byl vzorek zaveden do Cipu, kde probé&hla
magnetickd separace ¢astic se zachycenou bakterii, ktera byla nasledné detekovana pomoci PCR.
Pomoci tohoto pomémné jednoduchého usporadani byli schopni detekovat 10° CFU/ml za méng
neZ 2 hodiny [246]. Tyto slibné vysledky ukazuji, Ze kombinaci a miniaturizaci IMS a PCR lze
ziskat integrovany systém, ktery by mohl slouZit k snadné a rychlé detekci bakterialnich bunék.
Aby vSak bylo dosazeno piisnych pozadavkii pro detekci bakteridlnich bunék v realnych
vzorcich, je zapotiebi citlivost této metody jesté zvysit.

Stejné jako PCR metoda miliZze byt vyuzita i LAMP metoda. Jak jiz bylo vySe uvedeno,
oproti PCR se jedna o modern¢jsi, rychlejsi, ale 1 citlivéj$i metodu [149]. Sun a kol. vyvinuli Cip
s osmi komorami pro souc¢asnou detekci Salmonella spp. v osmi vzorcich potravin. Opét zde byla
vyuzita kombinace s IMS pro zakoncentrovani vzorku. Pomoci tohoto systému bylo detekovano
10 CFU/ul za méné nez 40 minut[250].

Pokud jsou do mikrofluidniho ¢ipu integrované elektrody, vzniké systém s velmi citlivou
elektrochemickou detekci. Chen a kol. ve své praci popisuji vyvoj platformy pro rychlou

kombinovaného mikrofluidniho zafizeni dosahli limitu detekce 10> CFU/ml za 1 hodinu [253].
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Velmi zajimava je prace, kterd popisuje konstrukci mikrofluidniho zafizeni pro detekci
Salmonella typhimurium na principu megnetoimunoanalyzy. Bakterie jsou ze vzorku separovany
pomoci magnetickych nosi¢ procesem IMS, nasledné jsou oznaceny protildtkami
konjugovanymi s AuNPs a celé¢ tyto komplexy jsou zavedeny do mikrofluidniho zatizeni, kde
jsou zachyceny na tisténé uhlikové elektrodé¢ (SPCE). V tomto zafizeni byla mozna paralelni
detekce osmi vzorki. Celd analyza trvala 72 minut a bylo dosazeno LOD 7,7 bunék/ml [85].

Ve vySe popsané platformé je propojeno uziti magnetickych nosici a biokonjugati
AuNPs a jejich nasledné zavedeni do Cipu. Na piikladu této platformy lze v praxi shrnout vyhody
imunosorbentll a biokonjugatii popisovanych v teoretické ¢asti této disertacni prace. Magneticky
imunosorbent zde slouzi k zakoncentrovani a separaci bakteridlnich bunék ze vzorku. Protilatky
navazané na magnetické ¢astici zajist'uji selektivitu a specificitu a diky superparamagnetickym
vlastnostem ¢astic muze byt zachycend bakterie velmi snadno oddélena od ostatnich
kontaminujicich slozek roztoku. Biokonjugat AuNPs zde slouzi jako elektrochemicky aktivni
znacka, kdy protilatky navazané na AuNPs zajisti selektivni oznaceni bakteridlnich bunck
a samotna zlatd nanocastice je zodpovédna za citlivy signdl vznikly po jeji oxidaci a nasledné
redukci na SPCE v prosttedi kyseliny chlorovodikové.

V souvislosti s ochranou lidského zdravi je vyvoj takovychto LOC platforem, které jsou
snadné, rychlé, pfenosné a dostatecné citlivé velmi dilezity pro plosné a rychlé testovani rozsahlé
Skaly vzorkil sriiznymi analyty. Pro sestaveni takovéhoto funkéniho, vysoce integrovaného
systtmu je nutnd optimalizace vSech dil¢ich c¢asti platformy a stejn€ tak i jednotlivych
metodickych postuptli. Klicovy je vyvoj nosicl, biokonjugéti a vyroba mikrofluidniho zatizeni.

ZavrSenim je pak jejich ucelné propojeni.
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2 CILE DISERTACNI PRACE

Vyzkumné tkoly realizované v ramci doktorského studia byly zaméfeny na
biofunkcionalizaci/biokonjugaci kovovych mikro- a nanocastic pro naslednou aplikaci
v modernich bioanalytickych metodach. Konkrétné se jednalo o biofunkciolanizaci magnetickych
mikrocastic a biokonjugaci AuNPs za pouziti specifickych protilatek, syntetickych peptidi
a oligonukleotidii jako biologicky aktivnich ligandii. Celé prace je rozdélena do tech diléich cilt
(Obrazku 20).

Hlavnim cilem prace byla pfiprava a vyuziti magnetickych imunosorbentli, které byly
vyvijeny za ucelem separace bakteridlnich bunék z mlécnych vyrobkl. Tyto experimenty byly
provadény v ramci dvou na sebe navazujicich evropskych projekti LOVE-FOOD, ¢. projektu
317742, a LOVE-FOOD2MARKET ¢&. projektu 687681. Byly testovany nasledné vybrany
vhodné komeréné dostupné magnetické Céstice a protilatky a optimalizované podminky jejich
vzajemné konjugace za ucelem piipravy co nejvhodnéjsSich imunosorbentii. Nasledné byla
testovana jejich vazebnd ucinnost, koloidni, opera¢ni a skladovaci stabilita a potencionalni
cytotoxicita. Pfipravené¢ magnetické nosi¢e byly pouzity pro IMS bakterii z mléka.
S pfipravenymi imunosorbenty byly optimalizovany prostupy pro zachyt bakterii jak ve
vsadkovém, tak i v mikrofluidnim uspofadani z rznych objemii vzorku od 50 pl az po 25 ml.
Vrcholem vsech téchto dil¢ich krokd byl vysledny priikaz bakterii vyizolovanych ze vzorku za
pomoci vySe zminénych imunosorbentii na dvou detek¢nich zatizenich: I) na LOC platformé se
senzorem pracujicim na principu povrchové akustické viny, II) na tiSténé elektrod€ pracujici na
principu anodické rozpoustéci voltametrie. Sou€asné probchla 1 GspéSna integrace vyvinutého
magnetického imunosorbentu do mikrofluidniho magnetického loze.

Vedle ptipravy magnetickych nosic¢li s protildtkami bylo dil¢im ukolem optimalizovat
postupy pro piipravu magnetickych ¢astic s imobilizovanymi syntetickymi peptidy. Tyto nosice
byly pfipraveny za ucelem izolace specifickych protilitek ze séra pacientl
s neuredegenerativnimi chorobami, konkrétn¢ s Alzhemierovou chorobou.

Poslednim tkolem byla pfiprava biokonjugéati AuNPs. Byly optimalizované postupy pro
vazbu jak na funkcionalizované nanocéstice, tak 1 na Castice bez funkcnich skupin. Jako
biologicky aktivni ligandy byly pouZity specifické protilatky a syntetické oligonukleotidy.
Biokonjugaty AuNPs a specifickych protilatek byly nasledné vyuzity jako znacky pii
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elektrochemické detekci Listeria monocytogenes izolované za pomoci magnetického nosice,

jehoz ptiprava byla soucasti vyse uvedeného dil¢iho cile.
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Obrazek 20: Schematické znazornéni dil¢ich cild disertacni prace.
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3 DOSAZENE VYSLEDKY A DISKUZE

V této casti disertatni prace jsou shrnuty a komentovany vysledky z pfipravy
biofunkcionalizovanych/biokonjugovanych kovovych mikro- a nanocastic s jejich néslednou
aplikaci v modernich bioanalytickych metodach. Vysledky prace a vSech realizovanych
experimentll jsou detailné popsany a diskutovany v recenzovanych odbornych Cclancich
publikovanych v hodnotnych odbornych periodikach. Dil¢i vysledky byly béhem studia
prezentovany také formou plakatovych sdéleni a pfednaSek na narodnich a mezindrodnich

konferencich.
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3.1 Komentovany uvod k ¢lankim ¢. I a II

Velka c¢ast disertani prace zahrnuje experimenty, které¢ byly provadény v ramci dvou na
sebe navazujicich evropskych projektt LOVE-FOOD (2012-2016) a LOVE-FOOD2MARKET
(2016-2019). Vystupem téchto projektli bylo vyvinout vysoce integrovanou, pienosnou
a uzivatelsky ptivetivou platformu pro pritkaz bakterii v mlécnych vyrobcich, kdy na konci bude
funkéni prototyp, pomoci kterého bude mozné detekovat pouhou jednu bakteridlni buiiku ve 25
ml vzorku za méné neZ 4 hodiny. VSechny optimalizacni kroky byly provadény se Salmonella
spp. a optimalizované postupy nasledné aplikovany na dal$i bakterie (Listeria monocytogenes,
Escherichia coli a Bacillus cereus). Nasim dil¢im tkolem v ramci projekti byla piiprava
magnetickych imunosorbentli, které budou slouzit ke specifické izolaci bakterii ze vzorku
a budou kompatibilni s celou platformou, coz je také hlavni naplni a prvnim cilem ptredkladané
disertacni prace. V ramci optimalizaci bylo testovano nékolik komer¢né¢ dostupnych
magnetickych nosic¢li a komeréné syntetizovanych protilatek, s cilem vyvinout co nejstabilngjsi
a nejefektivnéjsSi nosi¢. JelikoZ naSe pracovist€ ma bohat¢é a dlouholeté zkuSenosti
s magnetickymi nosi¢i, pfi vybéru vhodnych ¢astic byly brany v tivahu zejména zkuSenosti
z minulych let. Pii vybéru specifickych protilatek byla brana v uvahu jejich afinita k danym
bakteriim, ale také jejich cena a dostupnost na trhu. U imunosorbenti byla testovana jejich
koloidni, opera¢ni a skladovaci stabilita, cytotoxicita, vazebnad ucinnost, specifita, selektivita
a dalsi potfebné parametry. NosiCe byly fadné ocharakterizovany a vysledkem byly 4 specifické
a ucinné imunosorbenty pro zachyt 4 riznych bakterii. Publikovany byly pak jen nejzajimavé;si
a inovativni vysledky, které tato obsahla prace v ramci realizace védecko-vyzkumnych projektt
pfinesla.

V uvodu prvniho projektu byl na partnerském pracovisti, Curie Institute v Pafizi vyvinut
aposléze patentovan novy typ mikrofluidniho ¢&ipu pracujici na principu magneticky
stabilizovaného fluidniho loze. Tento Cip byl vyvinut za ufelem zachytu bakteridlnich bun¢k
v mikrofluidnim uspotadani. V ramci stdze na partnerském institutu byla optimalizovand metoda
IMS salmonelovych bunék uvnitt ¢ipu za pomoci nami pfipraveného imunosorbentu (Obrazek
21). Bylo dosazeno velmi dobrych vysledki vazebné u¢innosti imunosorbentu, vZdy dosahovala

minimalné 90%. Imunosorbent vykazoval 1 vybornou selektivitu, kdy i v pfipadé stondsobného
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prebytku kompetujici bakterie E. coli byla Gi¢innost zachytu salmonelovych bunék 99,3 + 0,5 % a
nespecificka vazba E. coli pouze 2,1 £ 0,8 % (Clanek I).
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Obrazek 21: Schematické znazornéni imunomagnetické separace salmonelovych bunék uvnitf magneticky

stabilizovaného fluidniho loze.

Vzhledem k tomu, Ze v prib¢hu projektu bylo paralelné pracovano s nékolika variantami
¢ipd, od vyse uvedeného postupu se z ne¢kolika opodstatnénych diivodl upustilo a hledala se jina
alternativa.

V pribéhu druhého projektu v partnerské laboratofi Institute of Molecular Biology
and Biotechnology—FORTH, Heraklion, Kréta vyvinuli integrovanou LOC platformu pro detekci
bakteridlnich buné€k na trovni nukleovych kyselin spojujici amplifikace DNA metodou LAMP
s akustickou detekci. JelikoZ normovany vzorek podle ISO standardil je 25 ml mléka, nebylo
jednoduché propojit fazi zakoncentrovani vzorku s dalsi ¢asti platformy. NaSim dilem prace bylo
optimalizovat postup pro izolaci bakteridlnich bunék ze vzorku o objemu 25 ml a nésledné vse

propojit s vyvinutou LOC platformou tak, aby byl postup co nejucinnéjsi a nejjednodussi.
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Vramci stdze v mikrobiologické laboratoii dalSiho projektového partnera Institute Pasteur
v Pafizi, byly optimalizovany podminky pro pomnozeni salmonelovych buné¢k a postupy pro IMS
bunék ve vzorku mléka o objemu 25 ml. Jako nejucinngjsi se ukazal postup, kdy béhem
pomnozovaci faze probihala soucasné¢ i IMS. Vychazelo se z poznatku, ze bakterie zachycené na
magnetické ¢astici jsou schopné se dale mnozit, proto nedochazelo k inhibici jejich rstu. Tento
experimentalné oveteny postup IMS byl spojen s LOC platformou a vznikl tak mikro-nano-bio
akusticky systém pro detekci patogenu z redlnych vzorka potravin (Obrazek 22). Pomoci tohoto
systému bylo mozné prokéazat kontaminaci mléka s citlivosti na 1 bakteridlni bunku ve 25 ml
vzorku mléka. Ohromnym benefitem byla predevsim ¢asova nenaroc¢nost, kdy pomnozovaci faze

trvala 3 hodiny a koneény vysledek byl tedy obdrzen za méné nez 4 hodiny. (Clanek II).
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Obrazek 22: Schematické znazornéni propojeni imunomagnetické separace z velkého objemu s Lab-on-a.Chip

platformou vedouci k detekci 1 bakteridlni buniky ve 25 ml mléka s pomnozovaci fazi v délce 3 hodiny.
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3.2 Komentovany uvod k ¢lanku ¢&. ITT

Rychl4, v€asnd a dostate¢né citlivd metoda hraje klicovou roli v prikazu kontaminace
bakterialnimi bunikami. Klasické kultivacni metody, tak jak jsou uvedeny v kapitole 1.3.1, patii
v béZzné praxi stdle mezi nejvice pouzivané a lze je povazovat za zlaty standard. Jsou vSak
pomérné Casoveé narocné zvlasté vzhledem k dobé potiebné pro pomnozeni v zivnych médiich
a nartst kolonii na miskach. Z tohoto diivodu byla v ramci nasi laboratofe optimalizovana nova
metoda, ktera by potenciondlné mohla klasické metody nahradit. Cilem bylo vyvinout rychly
a ucinny biosenzor pro prikaz bakterii Salomonella spp. na Grovni celé buiky. Pro sestaveni
ucinného nastroje pro detekci bylo v naSem ptipad¢ vyuzito kombinace IMS s elektrochemickou
detekci. Jak jiz bylo v naSich ptedeslych studiich ovéfeno, IMS za pomoci ndmi vyvinutého
imunosorbentu je rychlou a zarovein velmi selektivni metodou pro izolaci a zakoncentrovani
bun¢k ze vzorku s ucinnosti vyssi nez 90 %. IMS se pii sestavovani imunosenzorti pro detekci
komerén¢ dostupnych imunosorbentll s riznou specifitou. AvSak ne vzdy je za pomoci
komeréniho imunosorbentu dosazeno pozadujici u¢innosti zadchytu, coz se vyznamné projevi na
citlivosti metody. K detekci se béZné vyuzivaji techniky molekularni biologie (predev§im PCR)
[257,258], optické metody [154], ale 1 elektrochemické senzory [259]. V pfipadé¢ PCR se jedna
sice o velmi citlivou metodu, avSak pfistrojové a technicky pomérné naro¢nou. Optické metody
jsou sice velmi rozsifené, avSak také potiebuji specifické a narocné pfistrojové vybaveni.
Elektrochemické senzory, které se dnes v kombinaci s IMS hojné vyuzivaji, se tedy jevi jako
vhodné jak z hlediska citlivosti, tak i z hlediska snadného a rychlého provedeni. AvSak vzdy je
prostor pro inovace, at’ uz za ucelem zjednoduSeni metody, zvySeni citlivosti detekce, pfipadné
potlaceni nezadoucich vlivl jako je napiiklad vysoké pozadi.

Nasim cilem bylo vytvofit unikatni kombinaci velmi specifického a selektivniho
magnetického nosi¢e s elektrochemicky aktivnim konjugatem poskytujicim velice citlivou
detekci. Zvolili jsme pftistup, kdy byly bakteridlni bunky separovany ze vzorku pomoci
magnetickych castic s protilatkou procesem IMS, a souCasné oznaceny pomoci elektrochemicky
aktivniho konjugatu. Konjugatem byla v tomto pfipad¢ protilatka stejné specifity jako na
magnetickych ¢asticich zna¢ena CdTe kvantovymi teCkami, ale pro zvyseni intenzity signélu byl

do konstrukce konjugatu zakomponovan multifunkéni dendron. Tato kombinace doposud nebyla
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vyuzita pro zadnou aplikaci a my jsme ji zvolili hned z n€kolika divodi. CdTe kvantové tecky

vevr

byly navazany na N-konci dendronu, zatimco protéjsi C-konec s 8 karboxylovymi skupinami
zlstal volny a zajistil stabilni a pravdépodobné i vicendsobnou vazbu na protilatky. Navic doslo
k eliminaci nezadouci nespecifické sorpce konjugatu, kterd bézn¢ vede k vysokym odezvam pii
testovani tzv. negativnich kontrol (ovéfeni nespecifické reakce testované bez ptitomnosti
stanovované bakterie). Za pomoci tohoto imunosenzoru (Obrazek 23) byly detekovany 4

salmonelové buniky v 1 ml mléka.
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Obrazek 23: Schematické znazornéni imunosenzoru spojujiciho proces imunomagnetické separace

s elektrochemickou detekci.
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3.3 Komentovany uvod k ¢lankim ¢. IVa'V

Rychlda a vCasnd diagnostika je klicovym krokem k zahdjeni 1écby a potlaceni
patologickych procest téméf u vSech chorob. Detekce protilatek proti AB1-42 (anti- AB1-42
IgG/IgM) jako potenciondlnich biomarkeri Alzheimerovi choroby je dnes provadéna pomoci
metody enzymové imunoanalyzy na pevné fazi (ELISA) [260,261]. V soucasné dobé¢ se hledaji
nové modifikace tradi¢ni imunoanalytické metody s cilem zvysit citlivost a specifitu detekce.
Jednim z feSeni mize byt zvySeni specifického povrchu, kde dochdzi k reakci mezi antigenem
a stanovovanymi protilatkami. Za ucelem zvysit citlivost detekce anti AB1-42 protilatek byly
misto povrchu jamek mikrotitracni desticky k fixaci antigenu (AB1-42) pouzity magnetické
mikroc¢astice. Tento typ uspotfadani ptinesl n€kolik vyhod. Magnetické mikroc¢astice s vysokym
specifickym povrchem mohou byt na rozdil od stény jamek mikrotitraéni desticky homogenné
rozptyleny v celém reakénim objemu, kdy vétsi plocha tzv. mezifazového rozhrani umozni
rychlejs$i tvorbu biospeficickych pard. Inkuba¢ni doby tak mohou byt vyrazné zkraceny.
Protokoly pro provedeni magnetické ELISA metody oznacované zkratkou MELISA byly
optimalizovany pro vsadkové provedeni v jamkach mikrotitraéni destiCky (C¢lanek IV) a vedle
toho byly na modelovém systému provedeny i pilotni experimenty pro integraci MELISA metody
do ¢ipu (Clanek V).

Zasadnim ukolem byla pfiprava magnetickych castic funkcionalizovanych antigenem,
syntetickym AP1-42 peptidem. Vzhledem k tomu, Ze sérum je velmi komplexni biologicky
material, byl pfi pfipravé nosict kladen velky diraz na kontrolu nespecifické sorpce nezédoucich
slozek séra na povrch nosic¢e. Vzhledem k malé velikosti ligandu bylo nutné zajistit prostorovou
dostupnost vazebného mista pro prokazované protilatky. Vhodnym feSenim se ukdzalo vazat
ligand pfes tzv. raminko tvofené bifunk¢éni molekulou PEG. Experimentalné bylo potvrzeno, Ze
raménko zvySilo vazebnou kapacitu magnetického nosice. Optimalizovany protokol byl poté

pouzit pro analyzu celé série vzorkill pacienti s jiz prokdzanou Alzheimerovou chorobou.
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3.4 Komentovany uvod k ¢lanku €. VI

Soucasti této disertacni prace byl i vyvoj biokonjugétii na bazi AuNPs vhodnych pro
elektrochemické senzory. Pro pfipravu biokonjugati byly pouzity jak nemodifikované, tak
i AuNPs povrchové modifikované karboxylovou skupinou. Povrchové nemodifikované AuNPs
byly pouzity pro vazbu synteticky pfipravenych DNA oligonukleotidi s reaktivni thiolovou
skupinou. Kombinaci vysoké specifity DNA oligonukleotidi a unikatnich optickych
a fyzikélnich vlastnosti AuNPs vznikd DNA sonda, kterou lze vyuzit jako signédl generujici
slozku biosenzoru.

Pro vzéajemnou konjugaci AuNPs s oligonukleotidy byla vyuzita Au-S vazba vznikajici
mezi thiolovou skupinou oligonukleotidu a atomy zlata. Diky vysoké afinité thiolové skupiny se
zlatem vznikd velmi stabilni konjugét. Pti funkcionalizaci AuNPs pomoci oligonukleotidii ptes
Au-S vazbu je klicovy fakt, Ze povrch nanocastic je zdporné nabity stejné tak, jako celd molekula
DNA, coz vede ke vzniku odpudivych sil. Tomu lze zabranit procesem postupného zasolovani
roztoku béhem reakce pomoci chloridu sodného, ktery negativni naboj na povrchu AuNPs
zastini. Rozhodujici je vSak nejen zvoleny vazebny pufr, ale 1 jeho hodnota pH, ¢emuZ je nutno
behem optimalizace v€novat pozor. Zabyvali jsme se tedy optimalizaci co moZna nejvhodné;jsiho
protokolu vedouciho k uispésné ptipravé AuNP-oligo DNA konjugatu. Vysledkem byly 4 rtizné
protokoly, které byly nasledné porovnany z hlediska jejich G¢innosti.
zavedenou specifickou funkéni skupinu. Funkéni skupiny jsou na povrch AuNPs zavadény napf.
pomoci PEG. Tento typ povrchové modifikace pfinasi navic tu vyhodu, Ze AuNPs ziskdvaji
povrchovy naboj, ve vodnych roztocich nemaji tendenci agregovat a vykazuji koloidni stabilitu.
Podle zavedené funkéni skupiny se poté voli zplisob vazby ligandu. Ukolem bylo navazat na
povrch AuNPs specifické anti-Listeria protilatky, konkrétné molekuly IgG. Tyto specifické
konjugaty protilatek s AuNPs byly nasledné testovany jako potencialni elektrochemicky aktivni
znaCky pro prikaz bakterii Listeria monocytogenes. Experimentdlné¢ byla ovéfena funkcnost
tohoto konjugatu, kdy bylo stanoveno 10* CFU/ml. Elektrochemické experimenty potvrdily, Ze
AuNPs v porovnani napf. skvantovymi teckami poskytuji vtomto uspofadani nizsi

elektrochemické odezvy (fadove desetiny jednotek pA) [232]. Vyzvou v rdmci dal§iho vyzkumu
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bude zvysit mnozstvi AuNPs navdzanych na 1 molekulu IgG. Jediné tak bude mozné dosdhnout

pozadované citlivosti méfeni.
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1 Introduction

Electrophoresis 2018, 39, 526-533
Research Article

Advanced immunocapture of milk-borne
Salmonella by microfluidic magnetically
stabilized fluidized bed

The success of microfluidic immunocapture based on magnetic beads depends primar-
ily on a sophisticated microscale separation system and on the quality of the magnetic
immunosorbent. A microfluidic chip containing a magnetically stabilized fluidized bed
(WMSFB), developed for the capture and on-chip amplification of bacteria, was recently
described by Pereiro et al.. The present work shows the thorough development of anti-
Salmonella magnetic immunosorbents with the optimal capture efficiency and selectivity.
Based on the corresponding ISO standards, these parameters have to be high enough to
capture even a few cells of bacteria in a proper aliquot of sample, e.g. milk. The selection
of specific anti-Salmonella IgG molecules and the conditions for covalent bonding were
the key steps in preparing an immunosorbent of the desired quality. The protocol for im-
munocapturing was first thoroughly optimized and studied in a batchwise arrangement,
and then the carrier was integrated into the wMSFB chip. The combination of the unique
design of the chip (guaranteeing the collision of cells with magnetic beads) with the ad-
vanced immunosorbent led to a Salmonella cell capture efficiency of up to 99%. These high
values were achieved repeatedly even in samples of milk differing in fat content. The rate
of nonspecific capture of Escherichia coli (i.e. the negative control) was only 2%.

Keywords:
Capture efficiency / Immunomagnetic separation / Microfluidicimmunocapture /
Microfluidic magnetically stabilized fluidized bed / Milk-borne bacteria

DOI 10.1002/elps.201700257

diagnostic assays [4]. This technique is especially useful for
the isolation of cells due to its gentleness ensuring a high

Immunomagnetic separation (IMS) is an effective tool for
the selective isolation, purification, and preconcentration of
the target analyte—peptides, proteins, or whole cells like bac-
teria [1-3]. This approach substantially increase the detec-
tion probability and thereby the sensitivity of detection or
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logical and Biochemical Sciences, Faculty of Chemical Technol-
ogy, University of Pardubice, Studentska 573, 53210 Pardubice,
Czech Republic
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Abbreviations: Ab, antibodies; CE, capture efficiency; hulgG,
human immunoglobulin G; IMS, immunomagnetic separa-
tion; Promag-KPL, Promag microspheres biofunctionalized
with the polyclonal anti-Salmonella Ab from KPL; nMSFB,
microfluidic magnetically stabilized fluidized bed

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

viability of captured cells [5]. IMS has also become a widely
applied approach in the field of food microbiology, where
the IMS of pathogens from various complex food matrices
such as meat [6-8], eggs [9, 10], fruits [11, 12], or dairy prod-
ucts [10, 13, 14] has been reported.

IMS is not a detection method in itself. It is usually con-
nected with end-detection methods such as plating, PCR /real-
time PCR [8,15], ELISA [16], lateral flow tests [13], and so
on[11,17,18]. IMS is typically performed batchwise—tubes or
flasks—Dbut due to the magnetic properties of the immunosor-
bents it can also be automated and carried out in a microflu-
idic format. The detection methods compatible with microflu-
idics (such as PCR) enables the development of miniaturized,
automated, and portable platforms integrating the preconcen-
tration step (IMS) and the final detection of food pathogens.
There is still a need for the development of such portable
devices for the routine and rapid monitoring of food quality in
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order to prevent massive foodborne pathogen outbreaks [19].
This effort is supported by the recent increase in published
papers dealing with the rapid biosensor-based immunocap-
ture and detection of foodborne pathogens [20-22].

Specificimmunosorbents, i.e. superparamagnetic micro-
spheres grafted with antibodies of the desired specificity, ap-
plied for the IMS of bacteria must meet at least the follow-
ing requirements: excellent immunoreactivity with the target
bacteria and minimal nonspecific adsorption of the abundant
food matrices and accompanying nontarget bacteria. The ad-
vantage of using antibodies (Ab) immobilized on magnetic
beads inside the microfluidic chips over Ab immobilized di-
rectly on the inner surface of the chips is the potentially
higher specific surface area of beads and the possibility to
wash them away for further analysis. When inserting the
immunosorbent into the microfluidic chips, the following
additional demands are placed: (i) high colloidal stability un-
der various conditions; (ii) satisfactory magnetic response
of the immunosorbent enabling rapid operation times; and
(iii) minimal adhesion of the immunosorbent onto the inner
walls of microfluidic devices. However, such immunosor-
bents that meet all the aforementioned criteria, especially
those for the immunocapturing of foodborne bacteria, are
not always commercially available. While there are numer-
ous papers dealing with the development of different assays
for the immunodetection of bacteria in food, there are not
enough works describing the step-by-step development of an
immunosorbent compatible with microfluidic systems.

The goal of this study was to develop an efficient mag-
netic immunosorbent with specificity for Salmonella enter-
ica serovar typhimurium (S. typhimurium), a representative
of common foodborne pathogens. Attention was paid to
the choice of superparamagnetic microspheres and the anti-
Salmonella Ab. The capture efficiency (CE) of S. typhimurium
achieved with our Promag-KPL immunosorbent was thor-
oughly evaluated in a batchwise arrangement in a model
buffer. IMS for artificially spiked milk differing in fat content
was then performed. Finally, the advanced immunosorbent
was applied for microfluidic IMS of S. typhimurium from the
whole milk in a novel microsystem—a microfluidic magnetic
fluidized bed [23], further denoted as a wWMSFB chip. This
work thus can be considered as a guideline for the prepara-
tion of the immunosorbent for the microfluidic isolation and
preconcentration of any foodborne pathogen from complex
liquid matrices, particularly milk.

2 Materials and methods
2.1 Chemicals and antibodies

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), the
sodium salt of N-hydroxysulfosuccinimide (sulfo-NHS), and
2-(N-morpholino)ethanesulfonic acid (MES) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s
phosphate-buffered saline (PBS) was from Gibco, Life
Technologies (Waltham, MA, USA). Other chemicals were of

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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analytical grade and obtained from Penta (Chrudim, Czech
Republic). All buffers were prepared from ultrapure water fil-
tered through a TKA Smart2Pure system (Thermo Scientific
TKA, Niederelbert, Germany). Skimmed UHT (fat content
0.5%), semi-skimmed UHT (fat content 1.5%), whole ultra-
heat treatment (UHT) milk (fat content 3.5%) as well as high-
temperature pasteurized milk (fat content 1.5%) were bought
from a common grocery store.

Primary Ab for immobilization: (i) Mouse monoclonal
Ab: anti-LPS IgG2a monoclonal Ab Clone No M9011222
was acquired from MyBiosource (San Diego, CA, USA) and
(i) Polyclonal Ab: goat anti-Salmonella sp. was provided by
KPL (Gaithersburg, MD, USA). Nonspecific IgG from human
serum (hulgG) was purchased from Sigma—Aldrich.

2.2 Magnetic microspheres

Micromer®-M - PEG-COOH particles (2 wm) were pur-
chased from Micromod Partikeltechnologie GmbH (Rostock,
Germany), ProMag™ 1 Series COOH Surfactant Free (fur-
ther denoted as Promag, 0.88 wm) were from Bangs Labo-
ratories, Inc. (Fishers, IN, USA), SIMAG-Carboxyl particles
(1 pm) were from Chemicell (Berlin, Germany), and Dyn-
abeads M-270 Carboxylic Acid (2.8 wm), Dynabeads MyOne
Carboxylic Acid (1 wm), and Dynabeads® anti-Salmonella
were from Dynabeads, Thermo Fisher Scientific (Waltham,
MA, USA).

2.3 Bacterial cultures

Salmonella enterica serovar typhimurium ATCC 43971 from
the Institut Pasteur Collection (CIP), Paris, France and Es-
cherichia coli ATCC 25922 from the Czech Collection of Mi-
croorganisms, Brno, the Czech Republic, were cultured at
37°C in LB broth (BD Difco, Franklin Lakes, NJ, USA) or
LB agar, nutrient agar No. 2 (HiMedia, Mumbai, India), or
Chromocult Coliform Agar (Merck, Darmstadt, Germany)
accordingly. For IMS, an overnight culture (18-24 h) of
S. typhimurium or Escherichia coli was resuspended in a phys-
iological solution to an optical density of 0.5 of McFarland
(~1-2 x 10 CFU/mL) and diluted in PBS containing 0.05%
v/v Tween 20 (PBS-T) or in milk, respectively, up to the re-
quired concentration (10' CFU/mL).

2.4 Preparation of magnetic immunosorbent

One milligram of Promag microspheres was washed five
times with 0.1 M MES (1 mL; pH 5) and activated with EDC
(7.5 mg in 0.25 mL of 0.1 M MES pH 5) and sulfo-NHS
(1.25 mg in 0.25 mL of the same buffer), and filled up to 1
mL with the same buffer, and then incubated (room temper-
ature, rotation, 10 min). The microspheres were washed with
1 mL of 0.1 M MES pH 5, unless stated otherwise 25 pg of
the anti-Salmonella Ab (KPL or MyBiosource; see 2.1) was
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added to the microspheres, the volume was filled up to 1 mL
and immobilization continued overnight at 4°C with rotation.
The immunosorbents were washed twice with 0.1 M MES
pH 5, once with the same buffer containing 1M NaCl, and
five times with 0.1 M MES pH 5.

To estimate the maximum binding efficiency of Ab on
different microspheres (see 2.2), 100 pg of hulgG Ab was im-
mobilized onto their surface (1 mg of each microspheres) us-
ing the same protocol as with the immobilization of the anti-
Salmonella Ab. The binding efficiencies were determined
indirectly using SDS-PAGE with densitometry. Immobilized
IgG was determined from the difference in the densities of
IgG in the initial solution and the total IgG in the supernatant
after immobilization and washing. Binding efficiencies were
expressed as the percentage of hulgG molecules immobilized
onto surface of the beads versus the initial amount of hulgG
used for immobilization (i.e., 100 pg).

2.5 Immunomagnetic separation and viable cell
count

2.5.1 Batch immunomagnetic separation

Prior to using 0.5 mg (unless stated otherwise) of prepared
anti-Salmonella microspheres (with KPL or MyBiosource Ab)
or 20/100 pl of commercial Dynabeads® anti-Salmonella,
beads were washed thrice with 1 mL of sterile PBS-T. The
washed beads were gently mixed with 1 mL of PBS-T or milk
spiked with S. typhimurium or the mixture of S. typhimurium
+ E. coli, and incubated (10 min, rotation). Then, the beads—
bacteria complexes were magnetically separated (3 min)
and washed twice with 1 mL of PBS-T, resuspended in 100 L
of the same buffer, and spread-plated on either nutrient
agar No. 2 or on Chromocult Coliform Agar (Merck). All
plates were incubated at 37°C for 18-24 h before bacteria
enumeration.

2.5.2 Microfluidic immunomagnetic separation

The microfluidic IMS was performed in a pMSFB chip
following the literature [23, 24], with the exception of
the surface-capture support replaced with our Promag-
KPL immunosorbent. Briefly, 50 pg of prepared Promag-
KPL immunosorbent was washed with PBS containing
1% w/v BSA and twice with PBS-T, and introduced to
the triangular-shaped chamber of the chip. Fifty micro-
liters of whole UHT milk artificially spiked with S. ty-
phimurium of the desired concentration were loaded into
the inlet and passed through the fluidized Promag-KPL
at a constant flow rate of 1 pL/min. The immunosorbent
was then washed with 40 pL of PBS-T at a flow rate of
1.5 pL/min. Experimental observation was performed us-
ing a Nikon TI-E inverted microscope (Nikon, Tokyo, Japan).
All unbound bacteria were collected in the tubing which
was connected directly to the chip outlet and were spread

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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plated. This empty tubing was finally rinsed with 100 pL
of PBS-T, and this washing fraction was also plated for
bacteria enumeration. Beads—bacteria complexes were also
flushed from the chip and spread plated. Unbound bacte-
ria, washing fractions, and beads—bacteria complexes were
plated either on LB agar or Chromocult Coliform Agar (af-
ter IMS from mixed cultures of E. coli and S. typhimurium)
accordingly and incubated for 18-24 h at 37°C before
enumeration.

2.5.3 Capture efficiency

CE was calculated as the average of the total number of
cells captured with the immunosorbent relative to the total
cell count used for immunomagnetic separation. All aver-
age numbers of CFUs and SDs were calculated in at least
triplicate.

2.5.4 SEM

Beads—bacteria complexes were captured on polycarbonate
isopore membrane filters with a pore size of 0.2 wm (Merck)
and imaged by the SEM instrument JEOL JSM 7500F (JEOL
Ltd., Tokyo, Japan). For the best imaging performance, the
SEM specimens were fixed with glutaraldehyde and dehy-
drated through a graded ethanol series. The usual protocol for
the preparation of bacteria has already been described in [25].
To produce an electrically conductive surface for SEM, speci-
mens were sputter-coated with gold thin film (~10 nm) using
Leica EM ACE 200 sputter (Leica, Wetzlar, Germany).

3 Results and discussion

3.1 Selection of magnetic microspheres and specific
antibodies

It was initially necessary to specify criteria for the selection of
suitable magnetic particles for microfluidic systems. Atten-
tion was focused on microspheres in the size range between
1 and 3 pm, which is a suitable size for in vitro laboratory
diagnostics [26] and at the same time suitable for microflu-
idics [27]. We preferred microspheres with terminal carboxyl
functional groups which are suitable for covalent biofunction-
alization using carbodiimide chemistry. Five different com-
mercial microspheres from different suppliers (see 2.2) were
chosen and compared. Since the Ab are usually the most
expensive component of the prepared immunosorbent, bind-
ing capacity of the microspheres was first evaluated using the
model hulgG. The highest binding efficiencies (82%) were re-
peatedly achieved with Promag microspheres. The binding ef-
ficiencies of hulgG on the surface of other beads (Dynabeads
MyOne, Dynabeads M270, SIMAG-Carboxyl, and micromer-
M-PEG-COOH) were significantly lower: 43, 55, 34, and 17%,
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respectively. Then the behaviour of Promag particles in a
microfluidic PDMS chip, i.e. their stability and very low ag-
gregation or adsorption on the walls of channels, was exam-
ined and found to be excellent (data not shown). Therefore,
these particles were chosen for biofunctionalization with the
specific anti-Salmonella Ab.

The most important parameters which considered dur-
ing the selection of the anti-Salmonella Ab were high im-
munoreactivity, purity, and integrity of the Ab. The mono-
clonal Ab used for IMS carries the risk that specificity of
the Ab will be restricted to bacteria with the common anti-
genic epitopes, which might not be present, e.g. in old or
stressed cultures [3]. Therefore, polyclonal Ab seems to be
a better choice for the immunocapturing of bacteria. How-
ever, to the best of our knowledge, they are only com-
mercially available as a pool of purified IgG fraction, and
not as immunogen affinity-purified Ab. When such Ab are
used for particle biofunctionalization, specific as well as
nonspecific Ab will naturally appear on the surface of the
bead, which can negatively affect their CE. All these as-
pects were considered, studied in detail, and earlier pub-
lished by Kucerova et al. [28]. Based on these previous find-
ings, monoclonal Ab from MyBiosource and polyclonal goat
Ab from KPL were selected for immobilization on Promag
microspheres.

3.2 Development of anti-Salmonella
immunosorbent

Both monoclonal MyBiosource and polyclonal KPL Ab were
immobilized on Promag microspheres by the strategy based
on carbodiimide coupling, which enables direct but random
Ab immobilization. The immobilization of Ab was followed
by the batch IMS of S. typhimurium, using the procedure
adapted from recommendations from Dynal Thermo Fisher
Scientific (see 2.5). The method applied for the enumera-
tion of captured cells, i.e. the evaluation of the quality of the
immunosorbent, was the standard spread-plate and count
method. Although this method was time consuming and
the quantity of captured cells could be in theory underes-
timated since more than one bacterium could bind to one

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Microfluidics and Miniaturization 529

Figure 1. SEM images of
Promag-KPL immunosorbent
with captured S. typhimurium.

5/11/2017

100nm vz4
GB_HIGH WD 15.9mm 08:31:08

-
1.00kV SEI

bead, it was selected as a convenient and cheap method that
provided reproducible results in our study. Moreover, as we
confirmed by the SEM imaging of beads—bacteria complexes,
the IMS usually leads to the situation where one bacterium
is embedded with several beads, and thus immunosorbents
(Fig. 1).

Monoclonal Ab from MyBiosource immobilized on Pro-
mag particles proved to be inappropriate for S. typhimurium
immunocapturing at all; the capture rate never exceeded
more than 3%. In contrast, the CE achieved after the afore-
mentioned carbodiimide conjugation of KPL Ab (25-50-75—
100 pg of Ab) on Promag microspheres (1 mg) was very
high and did not fall below 89.5 £+ 3.3% after IMS from
102 CFU/mL. It was also found that the lowest tested concen-
tration of Ab (25 pg) used for the biofunctionalization of par-
ticles was sufficient and kept for all remaining experiments.
This immunosorbent is denoted below as “Promag-KPL”.

3.3 Evaluation of Promag-KPL immunosorbent in
batchwise arrangement

Microfluidic immunocapturing using Promag-KPL was pre-
ceded by thorough evaluation in a batchwise arrange-
ment. Generally, when a dense suspension of bacteria
(>10° CFU/mL) is mixed with the immunosorbent, high cap-
ture rate is expectable due to the high probability of collision
between cells and Ab present on the particles. Nevertheless in
our work, the high sensitivity (i.e. the ability of capture even
units of cells) of the immunosorbent was one of the required
properties, since the immunosorbent is going to be used for
capturing of foodborne pathogens. Therefore, the effect of an
increasing concentration of S. typhimurium applied for IMS
using Promag-KPL on the CE was investigated (Figure 2).
The following CE were achieved for specific concentrations
of S. typhimurium (from 10* to 10° CFU per reaction volume,
ie. 1 ml): 69.2 £ 23.5, 86.2 & 12.6, 63.2 &= 3.8, 64.9 &+ 4.5,
and 69.3 £ 3.5% (Figure 2). These results were in agreement
with the literature [11], where it was also demonstrated that
higher concentrations of bacteria are not a limiting factor
significantly affecting CE. In parallel, Promag microspheres
bearing hulgG (Promag-hulgG) were applied as a control
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Figure 2. Effect of increasing concentration of S. typhimurium
(CFU/mL) on number of specifically (using Promag-KPL) or non-
specifically (using Promag-hulgG) captured cells (batchwise ar-
rangement, buffer, reaction volume: 1 mL).

carrier for monitoring the specificity of the immunocapture.
After the IMS from 10° CFU/mL using such an immunosor-
bent, only 1.0 + 0.3% CE was attained (see Fig. 2), which
indicates high specificity during immunocapture.

To compare the CE achieved with our developed Promag-
KPL immunosorbent in a batchwise arrangement with the
commercial one, Dynabeads® anti-Salmonella, IMS in PBS-T
buffer from 10* CFU/mL was then performed. When 100 pL
of Dynabeads suspension was used for IMS and the standard
protocol suggested by Dynal was followed, a CE of 30.0 £ 9.5%
was achieved, while when 20 pL of the same suspension of
beads was applied, only 15.3 & 3.8% captures were observed.
These results were below our expectations, since the authors
typically demonstrated much higher CE. Indeed, Zheng et al.
[8] achieved 39.5 + 1.88% CE after IMS from a pure culture
with 20 wL of Dynabeads suspension and after 10 min of
bead-bacteria incubation time. In addition, Brandao et al.
[29] reported CEs from 92 to 100%, depending on the initial
concentration of S. typhimurium used for IMS.

The selectivity of the developed Promag-KPL was also
investigated by performing the same experiment in the pres-
ence of an excess of E. coli strain used as the competing
bacteria (see Fig. 3). Since E. coli is taxonomically close to
S. typhimurium, a certain immunoreactivity was expected with
the polyclonal Ab used which, therefore, could slightly cross-
react. With a 1:1 ratio, the nonspecific capture of E. coli us-
ing Promag-KPL was 5.1%, and with an increasing surplus
of E. coli the CE decreased to 0.9% (see Fig. 3). The CE of
S. typhimurium was affected when the ratios of the compet-
ing bacteria applied to the IMS was increased to 1:1000 and
1:10 000 (Salmonella/E.coli). These results confirmed the high
sensitivity and selectivity of Promag-KPL.

Finally, after all these experiments, the CE of S. ty-
phimurium was evaluated in real food samples such as milk
differing in fat content (0.5-3.5%) and type of thermal treat-
ment (UHT vs. pasteurized). Here, we demonstrated that
complex milk, i.e. an emulsion of a colloid of butter fat
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Figure 3. Effect of increasing concentration of competing bacte-
ria (E. coli) on capture efficiency of S. typhimurium using Promag-
KPL (batchwise arrangement, buffer, reaction volume: 1 mL).

globules and water with dissolved carbohydrates and pro-
teins, does not affect the CE of S. typhimurium. Apparently,
the abundant milk protein micelles and lipids did not cover
the binding sites of Ab on Promag-KPL. No correlation was
found between fat content of milk and the CE of S. ty-
phimurium. Indeed, the following CEs were obtained (IMS
from 10° CFU/mL): 83.5 + 4.1, 70.1 & 2.8, 72.5 + 1.0, and
91.3 £11.2% for skimmed UHT, semi-skimmed UHT, whole
UHT, and high-temperature pasteurized milk, respectively.
The fat present in milk can interfere with some detection tech-
niques based on DNA analysis, such as real-time PCR [30,31],
so IMS does not only serve as a tool for the preconcentration
of target bacteria, but also avoid sample preparation such as
delipidation.

3.4 Immunocapture of S. typhimurium in the
rMSFB chip

The IMS of S. typhimurium from spiked milk was then
performed in a microfluidic chip without any prior sample
treatment. For this purpose a newly developed and recently
published wWMSFB chip was employed [23, 24] (Figure 4A).
This chip was inspired by large fluidized-bed reactors and is
based on the dynamic recirculation of magnetic microspheres
which are in equilibrium due to opposing magnetic and drag
forces, resulting in a high bed porosity and recirculation cou-
pled to resistance to clogging. The wuMSFB chip is made from
PDMS and consists of one inlet, one outlet, and an internal
1-cm-long triangle-shaped chamber specifically dimensioned
for bacteria capture and possible subsequent on-chip cultiva-
tion; the height of all the chip channels and the chamber is
50 wm. The permanent magnet is positioned externally. For
details, see [23].

During the capture step, the Promag-KPL immunosor-
bent was homogenously spread across the chamber (see
Fig. 4B) and recirculated. Even if high concentrations of
S. typhimurium (e.g. 10° CFU/mL) were passed through the
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Figure 4. Images of uMSFB chip (A) Macrophotography of chip
with Promag-KPL (50 ng). (B) Microphotography of the main
chamber of the chip during S. typhimurium immunocapturing
from whole milk using Promag-KPL (50 pg). Scale bar 1 mm.

fluidized bed, the immunosorbent did not aggregate as a
result of captured bacteria, as can happen in batch pro-
cesses [3]. The presence of milk did not significantly affect
behaviour of the particles; the globules of fat present in milk
were visible under the microscope but did not cause any prob-
lems during bacteria capturing.

For this study, the spread-plate and count method, as
with IMS in Eppendorf tubes, was applied to evaluate the
CE in the wuMSFB chip. Nevertheless, in-line IMS with on-
chip cultivation and quantification by bed expansion, which
can be easily followed with a low-end camera, was recently
demonstrated in this chip [23]. Other detection techniques
integrated with the microfluidic immunocapture of bacteria
were reported over the past few years, such as fluorescent
dyes [32, 33] or quantum dots-based immunoassays [20, 21],
light scattering [34], surface-plasmon resonance [35], or PCR-
based techniques.

The CE of S. typhimurium using Promag-KPL im-
munosorbent in the wMSFB chip was evaluated directly in
whole UHT milk. As with batch IMS, the milk was spiked
with an increasing concentration of S. typhimurium (from
10! to 10° CFU per reaction volume, i.e. 50 wL, which cor-
responds to 2 x 10°-2 x 10° CFU/ml), followed by IMS
(see Fig. 5A).Excellent capture rates were achieved even in
low-concentrated suspensions (92.5 £+ 5.4%), and they did
not fall under 90% (with the exception of the highest tested
bacterial concentration). To evaluate the effect of the minia-
turized reaction volume and distinguish it from the effect
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Figure 5. Capture efficiencies of S. typhimurium in milk using
Promag-KPL in wWMSFB chip (reaction volume: 50 pL). (A) The
effect of increasing concentration of S. typhimurium on its CE in
chip and tube. (B) The effect of presence of competing bacteria
(E. coli) on capture efficiency of S. typhimurium in chip.

of microfluidics, a parallel batch experiment under exactly
the same conditions (50 pg of immunosorbent in 50 wL
of milk, capture time 50 min) was performed in Eppendorf
tubes (Fig. 5A, column tube). It is evident from the results
that the miniaturized format of the IMS (both in tubes and
wMSFB) significantly improved the achieved CE compared to
our standard protocol in the batchwise arrangement (0.5 mg
of immunosorbent in 1 mL of milk, capture time 10 min;
Fig. 2). Microfluidic immunocapturing seems to work with
higher efficiency for denser bacterial suspensions (10* and
10° CFU per reaction volume, corresponding to 2 x 10° and
2 x 10° CFU/mL), compared to IMS in tubes. Other advan-
tages of microfluidic IMS making it preferable to batch are
the possibility of automating the protocol, to accurately dose
the required sample volumes, control the flow rate, and run
the experiments under strictly reproducible conditions.
After that, an aliquot of milk was artificially spiked with
a mixed culture of S. typhimurium and E. coli in two different
ratios (1:1 and 1:100) to confirm the selectivity of the Promag-
KPL immunosorbent in the uMSFB chip (Figure 5B). Both
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achieved CE exceeded our expectations; the surplus (100:1) of
competing bacteria increased the CE of S. typhimurium to as
high as 99.3 £ 0.5%. The nonspecific capture of E. coli was
negligible and only reached 2.1 + 0.8%.

These excellent capture rates achieved with Promag-KPL
in the pMSFB chip are even more notable after comparing
them with Dynabeads® anti-Salmonella under exactly the
same conditions, a CE of around 71 + 8% was achieved in
whole UHT milk with the commercial immunosorbents (for
details see Fig. 2 in [23]).

4 Concluding remarks

This study deals with the development of an efficient mag-
netic immunosorbent for the microfluidic immunocaptur-
ing of milk-borne pathogen, S. typhimurium. The character-
istics of the Promag-KPL immunosorbent were thoroughly
investigated in a batchwise arrangement. After that, the im-
munocapture of S. typhimurium was performed in a uMSFB
chip. The Promag-KPL proved to be stable and highly spe-
cific towards S. typhimurium cells, while nonspecific cap-
ture proved to be insignificant. It was demonstrated that the
miniaturized format of the assay increases the capture rate of
S. typhimurium, and the immunosorbent showed an excellent
compatibility with microfluidic device. It was confirmed that
the quality immunosorbent is a fundamental condition for
an efficient microfluidic immunocapturing. The higher CE
is achieved with IMS and the lower LOD can be reached by
the subsequent end-detection technique. With the presented
microfluidic system, the naked-eye quantification of captured
bacteria can be performed directly in the uMSFB chip [23],
but this same immunosorbent is compatible with other end-
detection techniques that can be selected for optimal short
assay time, low LOD, and compatibility with IMS module.
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ARTICLE INFO ABSTRACT

The fast and efficient detection of foodborne pathogens is a societal priority, given the large number of food-
poisoning outbreaks, and a scientific and technological challenge, given the need to detect as little as 1 viable
cell in 25 gr of food. Here, we present the first approach that achieves the above goal, thanks to the use of a
micro/nano-technology and the detection capability of acoustic wave sensors. Starting from 1 Salmonella cell in
25ml of milk, we employ immuno-magnetic beads to capture cells after only 3h of pre-enrichment and sub-
sequently demonstrate efficient DNA amplification using the Loop Mediated Isothermal Amplification method
(LAMP) and acoustic detection in an integrated platform, within an additional %2 h. The demonstrated 4 h
sample-to-analysis time comes as a huge improvement to the current need of few days to obtain the same result.
In addition, the work presents the first reported Lab-on-Chip platform that comprises an acoustic device as the
sensing element, exhibiting impressive analytical features, namely, an acoustic limit of detection of 2 cells/pl or
3 aM of the DNA target and ability to detect in a label-free manner dsDNA amplicons in impure samples. The use
of food samples together with the incorporation of the necessary pre-enrichment step and ability for multiple
analysis with an internal control, make the proposed methodology highly relevant to real-world applications.
Moreover, the work suggests that acoustic wave devices can be used as an attractive alternative to electro-
chemical sensors in integrated platforms for applications in food safety and the point-of-care diagnostics.

Keywords:
Lab-on-a-chip
Molecular diagnostics
Acoustic biosensor
Salmonella detection

1. Introduction

The application of micro-nano/technologies in the life sciences has
brought a paradigmatic change in the area of molecular diagnostics and
the analysis of genetic biomarkers, especially when combined with a
Lab-on-Chip (LOC) platform for target analyte detection. (Jain, 2003;
Rosi and Mirkin, 2005) Ultra-sensitive, label-free, fast and integrated
systems employing a biosensor as the detection platform have been
developed for the analysis of a variety of nucleic acid analytes, in-
cluding cancer biomarkers such as circulating tumor DNA (Das et al.,
2016), pathogens, such as Salmonella (Cinti et al., 2017), Escherichia coli
and Staphylococcus aureus (Ahmed et al., 2013; Safavieh et al., 2014),
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and infectious diseases, such as influenza virus (Ferguson et al., 2011),
Mycobacterium tuberculosis and Klebsiella pneumonia (Luo et al., 2014).
One of the critical challenges in the development of point-of-care (POC)
integrated systems is the sample preparation which is normally re-
quired prior to amplification and detection. With the exception of few
works (Das et al., 2015; Ferguson et al., 2011; Patterson et al., 2013a),
the majority of the reported LOC systems employ synthetic or bench-top
purified genetic material spiked in the working solution, thus, avoiding
steps such as cell lysis and nucleic acid extraction. In addition, the vast
majority of the LOC reported applications employ electrochemical
sensors for analyte detection, normally combined with the hybridiza-
tion of the amplified target to a surface-bound probe (Hsieh et al., 2015;
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Labib et al., 2016; Patterson et al., 2013b; Sage et al., 2014).

Food safety is one of the current societal priorities given the very
large number of food-poisoning outbreaks and incidences that occur
annually worldwide. Today, culture colony counting is the standard
method used for food-pathogen detection. While the big asset of the
microbiological method is its high sensitivity and low cost, the main
disadvantage is that it suffers from laborious and time consuming
protocols, requiring several days (2—5) per pathogen. Alternative
molecular diagnostics methods such as PCR and immune-tests have also
been developed. These methods take 13-16 h for analysis, are also la-
borious and require trained personnel for operation. The development
of new methodologies advancing the state of the art in foodborne pa-
thogen detection is a challenge for scientists and technologists for two
reasons. The first is related to the high complexity of food samples
(Mortari and Lorenzelli, 2014), i.e., a matrix containing high con-
centrations of nutrients and cells (for example, milk contains 3.5% fat,
3.5% proteins, 5% carbohydrates and 10%-10° cells/ml), as opposed to
urine or serum. The second concerns the legislation worldwide which
requires the “absence of bacteria” in food quantities as large as 25 gr
(Cinti et al., 2017). The latter requirement imposes the necessity for a
pre-enrichment step for the microbial growth of viable cells. Moreover,
for the development of integrated platforms, the 25 gr (or ml) of sample
is a huge amount for miniaturized microfluidic channels, having typical
volumes of 10-200 pl. For these reasons, although integrated platforms
have been used extensively for applications related to human diseases,
they have not been applied to food analysis yet, at least for real life
applications starting from 25 gr (ml) of the food sample. Indeed, the
pre-enrichment step included in some works, combined with PCR and
micro-sensor based DNA detection, was performed in a modular rather
than integrated way (Khemthongcharoen et al., 2015).

In this work, we present for the first time a micro-nano-bio acoustic
system that overcomes the existing barriers for the application of mi-
crosystems and integrated platforms to food quality control and pro-
vides the means for ultra-fast, sensitive and cost-effective analysis, al-
ways within the existing legislation framework. The system takes
advantage of magnetic immunobeads for capturing bacteria from milk
and a LOC platform for the isothermal amplification of target-DNA in a
microfluidic chamber followed by detection with a surface acoustic
wave (SAW) sensor. Acoustic sensors are an attractive alternative to
electrochemical devices, since they also offer label-free detection, have
a planar geometry which can be easily integrated with microfluidics,
and can be produced in extremely competitive prices since they are
used as components in mobile phones (Bo et al., 2015). In addition, it
has been shown that acoustic wave devices are sensitive to the con-
formation (Mateos-Gil et al., 2016; Papadakis et al., 2010, 2012;
Tsortos et al., 2008, 2016) and way of attachment (Milioni et al., 2017;
Wiseman and Frank, 2012) of surface-bound molecules; this novel
concept allows the design of highly specific genetic assays for DNA-
amplicons of a pre-defined geometry (Papadakis et al., 2013) and/or a
distinct way of binding (flat versus floating) (Milioni et al., 2017). Here,
acoustic detection is combined with the Loop Mediated Isothermal
Amplification (LAMP) method in a LOC and shown to be able to suc-
cessfully detect as little as 1 Salmonella cell in 25 ml of milk within only
4h of total analysis time. An overview of the complete procedure is
depicted in Fig. 1.

2. Materials and methods
2.1. Reagents

The sodium salt of N-hydroxysulfosuccinimide (sulfo-NHS), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), 2-(N-morpholino)

ethanesulfonic acid (MES), Tween 20, were purchased from Sigma
Aldrich (St. Louis, MO, USA). Polyclonal antibodies: goat anti-
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Fig. 1. The complete procedure for the detection of food pathogens comprises
the following steps: (1) 25 ml of milk are mixed with 1 mg of magnetic particles
functionalized with antibodies and incubated at 37°C for 3h; (2) and (3)
Enriched bacterial cells are captured by an external magnet, washed with buffer
and resuspended in 25 pl of a solution containing Triton-X 100 for lysis and the
LAMP ingredients; and, (4) The 25 pl is injected in the LOC where isothermal
DNA amplification is performed at ~65 °C for 30 min followed by rapid acoustic
detection (~60s) using a SAW sensor. Results can be presented as a “Yes” or
“No”, or as a real-time graph.

Salmonella sp. Ab were from KPL (Gaithersburg, MD, USA). ProMag™ 1
Series COOH surfactant free magnetic beads (0.8, 1.0 and 3.0 um) were
from Bangs Laboratories, Inc. (Fishers, IN, USA). All others chemicals
were reagent grade and obtained from Penta (Chrudim, the Czech
Republic). Water used for preparation of buffers was filtered through a
TKA Smart2Pure system (Thermo Scientific TKA, Niederelbert,
Germany). Whole UHT milk (fat content 3.5%) were bought in a
common grocery. PLL(25)-g-PEG(2) was purchased from Nanocs Inc
(New York, USA).

2.2. Growth cell protocol and numeration

All experiments have been performed with an attenuated strain of
Salmonella enterica serovar Thyphimirium. Salmonella was grown
overnight in Luria-Bertani (LB) medium; cultures were subsequently
measured spectrophotometrically (ODgoo) and adjusted at ODggo:1
corresponding to a cell concentration of 1-1,5 x 10° CFU/ml. Serial
dilution of the above cells suspension by LB was carried out to reach a
concentration of 100 CFU/ml; the latter was used to spike 25 ml of milk
with 1-25 CFUs. The spiked milk was incubated under agitation at
37 °C and the growth was followed every hour by plating 2 X 100 pl of
the culture on LB agar plate from 3 to 10h. Plates were incubated
overnight before numeration. Three independent cultures were num-
erated for each time growth.

2.3. Preparation of magnetic immunosorbent

Magnetic immunosorbent was prepared as described previously
(Srbova et al., 2018). Briefly, goat anti-Salmonella sp. antibodies KPL
were immobilized on the magnetic particles following a 2 step carbo-
diimide reaction; 1 mg of particles was washed with 0.1 M MES pH 5
and then pre-activated with EDC (7.5 mg in 0.25 ml of 0.1 M MES pH 5)
in combination with sulfo-NHS (1.25 mg in 0.25ml 0.1 M MES pH 5) in
a total volume of 1 ml. After 10 min of incubation the magnetic carriers
were washed with 1 ml of 0.1 M MES pH 5 and then incubated with
25 ug of the anti-Salmonella Ab overnight and at 4 °C. Functionalized
particles were washed with 0.1 M MES pH 5 (x2), 0.1 M MES pH 5 with
1 M NacCl (x2) and 0.1 M MES pH 5 (x5). The capturing efficiency of S.
Typhimurium was characterized and found to be satisfactory even in
the presence of an excess of E. coli bacteria (Srbova et al., 2018).



G. Papadakis et al.

2.4. Immunomagnetic separation of salmonella in milk

1 mg of immunosorbent was mixed with 25 ml of whole UHT milk
spiked with 1-25 CFU of Salmonella. After incubation for 2.5, 3.0 and
3.5h at 37°C under shaking, the particle-bacteria complexes were
placed on a magnetic separator for 20 min, followed by washing with
1 ml of PBS buffer containing 0.05% Tween 20 (PBS-T) (x2). For ver-
ifying the capture efficiency, magnetically separated particles were
resuspended in 100 pl of the same buffer and plated on nutrient agar.
After cultivation for 18-24 h at 37 °C, bacteria enumeration took place.

2.5. Fabrication of SAW array

A SAW array (16 X 16 mm) comprising a 4-acoustic channel design
was fabricated on a ST quartz (YXI/36°) and subsequently fully char-
acterized as described before (Papadakis et al., 2017a); briefly, each
sensor included patterned 150 nm thick aluminium electrodes followed
by a split-finger geometry resulting in a 8 pm electrode period and a
32 um acoustic wave length, i.e., an operating frequency of 155 MHz. A
waveguiding layer was formed by spin coating a S1813 photoresist
(Shipley, U.S.) guiding layer over the entire array. A follow up photo-
lithographic step was included for opening the electrical pad access
after exposure to UV light. Typical insertion losses of the fabricated
devices in air were in the 25 dB range.

2.6. Fabrication of the microfluidic card and docking station

The microfluidic cards were created from 75pm thick polyolefin
foils structured by a CNC cutter and heat-laminated to a 6-layer stack in
the micro-fluidics rapid-layer-manufacture service of Jobst
Technologies GmbH, Germany. Delta-shaped ultra-narrow low loss
seals to the SAW chip of < 100 pum seal width were created from MED-
6215 silicone of NuSil Technology LLC, USA and directly attached to
the cards using a precision milled PMMA mold. The docking station was
created by precision CNC machining of polycarbonate parts and PCBs,
reactive molding of seals from MED-6215, components soldering for
contact to SAW chip and heaters, and final assembly. The docking
station also houses a 5 X 5.5 cm2 printed circuit board (0.8 mm thick)
where two resistive microheaters were fabricated to provide (through
Joule heating) the temperature necessary for DNA amplification
(Moschou et al., 2014). The microheaters were patterned in the inner
(18 pm thick) copper layer of the PCB (Kaprou et al., 2016). The copper
tracks, 200 um wide, were designed meandering-like to provide an
electrical resistance of approximately 40 Q. In order to maximize the
temperature uniformity across the heating zone, an external copper
layer (18 um thick) of the PCB was used, and during LOC operation was
brought into thermal contact with the microfluidic card containing the
microchambers for LAMP-based DNA amplification. The designed mi-
croheaters were industrially realized at PCB manufacturers, and to
provide the desired temperature during operation, they are connected
to a temperature controller unit.

2.7. LAMP amplification protocol

Bacterial cells resuspended in PBS buffer were lysed for 10 min with
0.01% Triton-X 100. The Salmonella invasion gene invA was targeted by
a set of six primers (Chen et al., 2011), two outer (F3 and B3), two inner
(FIP and BIP) and two loop (Loop-F and Loop-B). F3: CGGCCCGATTT
TCTCTGG, B3: CGGCAATAGCGTCA-CCTT, FIP: GCGCGGCATCCGCAT
CAATATGCCCGGTAAACAGATG-AGT, BIP: GCGAACGGCGAAGCGTAC
TGTCGCACCGTCAA-AGGAAC, Loop-F: GGCCTTCAAATC-GGCATC
AAT, Loop-B: GAAAGGGAAAGCCAGCTTTACG. The LAMP reagent mix
in a total volume of 25 pl contained 12.5 ul WarmStart 2 X Master Mix
(New England BioLabs), 1.8 uM FIP and BIP, 0.1 uM F3 and B3, 0.4 uM
Loop-F and Loop-B, and 1ul lysed cells in PBS. The minimum required
time for successful DNA amplification from ~50 cells was 20 min at
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63 °C. LAMP products were analyzed using electrophoresis on a 2%
agarose gel containing GelRed™ (Biotium) and visualized under UV
light.

2.8. Acoustic detection protocol

Surface functionalization was performed by injecting 90 ul of PLL-g-
PEG (0.1 mg/ml) in 10 mM Tris pH 7.5 followed by buffer rinsing. The
LAMP reactions were subsequently injected and rinsed with buffer. All
steps were performed at a flow rate of 20 ul/min. The surface of the
sensor could be cleaned several times by rubbing gently with a cotton
stick. Real time amplitude and phase changes were monitored using an
Agilent Network Analyzer or the electronic measuring system (SAW
reader) developed by SENSeOR (Rabus et al., 2013).

3. Results and discussion
3.1. Optimizing pre-enrichment and cell capture with magnetic-beads

Our initial aim was to assess the minimum time needed for pre-
enrichment in order to comply with the need to grow and detect even
one viable cell if present in the sample but, also, have in the end enough
bacteria for subsequent LOC amplification and detection. We chal-
lenged the traditional foodborne pathogen bacteria pre-enrichment
method which includes, first, growth in a non-selective medium fol-
lowed by a selective enrichment step in order to enhance the number of
target cells versus competitor microorganisms. Starting from 1 to 25
cells in 25 ml of milk, we performed different pre-enrichment times
varying from 3 to 10h at 37 °C without adding any growth medium
(selective or non-selective). Around three hours is the minimum time
required for cell growth given that cells normally go through an initial
lag phase of 2h before they start growing. From the growth kinetics,
(Fig. 2/a) it was observed that around 500 CFUs were reached after 3h
of culturing and approximately twice as many within 4.5h. In a
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Fig. 2. (a) Salmonella growth curves obtained directly in 25ml of milk after
incubation at 37 °C for up to 10 h; note that after 6 h of incubation Salmonella
cells stop growing and are lysed. (b) Plating results showing the absolute
number of Salmonella bacteria extracted with the magnetic immunobeads as a
function of the culture time starting from ~1 cell in 25 ml of milk; the capturing
efficiency corresponds to N, / Ny x 100, where N, is an average total number of
cells captured with the immunosorbent (CFU/ml) and N, is an average total
number of cells counted after plating of the original cell suspension (growing
without beads) (CFU/ml). In all cases, immunobeads were added at the be-
ginning of the enrichment step.
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following step, magnetic beads functionalized with polyclonal anti-
Salmonella Typhymurium antibodies were added in milk cultures spiked
with Salmonella cells. In search of the optimum conditions for bacteria
cells capturing, the following parameters were taken into account: size
of nano-particles (0.8, 1.0 and 3.0 um), amount of particles (1.0, 0.5
and 0.2 mg) added in 25 ml of milk, time at which beads were added in
the sample (at the beginning or end of the culture period) and cross-
reactivity with other cells. Immuno-ProMAG beads (0.88 um; 1 mg)
were selected due to their uniform size, good colloidal stability in food
matrices and excellent specificity, even in the presence of an excess of
E. coli cells (Srbova et al., 2017). Moreover, it was repeatedly confirmed
that bacteria cells were able to grow and divide even when they were
captured on the surface of the beads. For this reason, samples con-
taining immunobeads from the start of incubation were cultured for
2.5, 3.0 and 3.5h and then put into contact with a magnet for 20 min.
Re-suspended beads were plated and colonies enumeration showed an
average of 85% capturing efficiency for all growth times tested (Fig. 2/
b).

3.2. LAMP amplification inside cell lysates and acoustic detection

Based on the previous observations, it was estimated that for a
minimum pre-enrichment step of 3 h, approximately 400 bacterial cells
would be captured for further injection in the LOC system. The ability
of the LAMP method to specifically and rapidly amplify the Salmonella
invasion gene target (invA) from whole cell lysates was investigated.
Given the fact that thermal lysis was not possible due to the instability
of Bst polymerase at elevated temperatures, Triton X-100, a nonionic
detergent commonly used during DNA extraction, was employed for
chemical lysis. After performing several tests, it was concluded that a
final concentration of 0.004% Triton X-100 within the LAMP cocktail
was sufficient to lyse up to 10° cells within 10 min (SI, Fig. S1).
Moreover, acoustic experiments verified that this concentration of the
detergent did not affect the surface or signal of the biosensor during the
measurement. Cells could also be lysed separately outside the LAMP
cocktail with 0.1% — 1% Triton X-100 within 5 min but, in this case,
acoustic measurements could not be performed due to the high con-
centration of the detergent. Following cell lysis within the LAMP
cocktail, amplification was performed and found to be efficient and
capable of amplifying DNA within 15 min directly from 10 CFUs and
without prior DNA extraction (SI, Fig. S2).

The capability of the LAMP for rapid amplification in crude samples
was subsequently combined with the detection capability of a 155 MHz
acoustic wave device based on a Love wave configuration (Rasmusson
and Gizeli, 2001); the latter is a waveguide geometry which, in this
case, comprised a thin (1.2 um) photoresist (§1813) layer deposited on
the surface of a shear horizontal SAW device. The sensor surface was
pre-functionalized with a PLL-g-PEG copolymer which can be physi-
cally adsorbed onto bare gold as well as other polymeric materials (such
as photoresist) at physiological pH (Papadakis et al., 2017b). This co-
polymer has also been shown to allow the selective immobilization and
simultaneous acoustic detection of DNA molecules in the presence of
other proteins or cell debris as is the case with bacteria-cell lysates. We
performed acoustic measurements with LAMP amplicons produced off-
chip and after chemical lysis of 10° Salmonella cells in 25 pl of the LAMP
cocktail. Acoustic changes monitored through a network analyzer
showed that amplified DNA could be successfully detected directly from
the complex mixture, without pre- or post-amplification purification
steps. It was also observed that changes in the acoustic wave energy,
here recorded as amplitude (Fig. 3/a), were more sensitive than phase
measurements (Fig. 3/b) and could be used to differentiate positive
from negative samples. This difference results from the fact that dsDNA
amplicons, found to adsorb loosely and with a flat configuration on the
PLL-g-PEG surface (Fig. 3/c), are more dissipative than the non-specific
components present in the solution (Papadakis et al., 2017b). Indeed,
while the latter also bind to the surface as indicated by the high mass-
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sensitive phase signal, these molecules adsorb directly on the polymer
surface and in a quite tight manner (Fig. 3/d), resulting in a distin-
guishable lower energy dissipation signal.

In order to verify that the acoustic detection is possible even after a
short (3 h) pre-culturing step, we performed the whole process of bac-
terial growth and capturing, DNA amplification and acoustic detection
and managed to detect 5 starting CFUs in 25 ml of milk within 4 h in
total. When we tested various numbers of cells in the range of
150-1000 CFUs (according to plate enumeration), we found that the
change in the amplitude for the positive samples was
0.361 = 0.029 dB while for the negative samples 0.207 + 0.039dB. It
is apparent, that implementing a very short pre-enrichment step is
feasible due to the high capturing efficiency of magnetic beads in
combination with the efficiency of the LAMP method with whole cell
lysates and the impressive performance of the acoustic DNA detection
platform in complex samples.

3.3. Efficiency of amplification and acoustic detection in the docking station

For the development of a rapid detection assay of foodborne pa-
thogens, the DNA amplification and detection steps were integrated
into a LOC system for automatic operation. The ability of a SAW device
to operate when the surface is in contact with a 4-channel microfluidic
chip has been demonstrated in the past (Mitsakakis et al., 2008;
Mitsakakis and Gizeli, 2011). In this work, a disposable plastic micro-
fluidic card (Fig. 4/a) was fabricated where two DNA amplification
processes could take place inside two micro-chambers; the same card
could also lead the liquid from each amplification chamber over the
surface of the 4 SAW sensors array (S1-S4). The good quality of the
acoustic signal, a prerequisite for the development of a reliable and
reproducible LOC system, was ensured after extensive optimization of
the geometry of the plastic card/SAW contact area and type of material
used for the gasket (Papadakis et al., 2017a). A docking station for the
micro-fluidic cards with integrated resistive microheaters (Fig. 4/b)
was created by precision CNC machining. In order to avoid the possi-
bility of contamination of the LOC, the fluidic inlets were introduced on
the disposable card so that liquid was loaded directly using a pipette
tip. Finally, a portable unit comprising the SAW sensor reader and
control units for driving the fluidics (micro-pump) and temperature
controller (micro-heaters) was developed (Rabus et al., 2013) together
with a Graphical User Interface (GUI).

The efficiency of LAMP amplification inside the microfluidic
chambers was first tested by using cards made of three different ma-
terials, i.e., polycarbonate (PC), poly(methyl)methacrylte (PMMA) and
polypropylene (PP), and compared to the LAMP efficiency obtained
inside a standard microcentrifuge tube in the thermocycler. In all three
materials, the amplification was successful and the efficiency was ap-
proximately 87 + 7% of the respective one inside the tube. The dif-
ference of 13 = 7% is probably due to the bigger surface-to-volume
ratio of the meander-like microchambers, the lack of uniform heating
since the resistive microheaters were located only below the chip and a
small degree of evaporation that was evident.

Furthermore, the acoustic response of the biosensor when in contact
with the microfluidic card inside the docking station was evaluated
with respect to the acoustic detection of LAMP amplicons produced
without pre- or post- purification on the PLL-g-PEG functionalized
surface. Through the GUI of the system, it was possible to monitor in
real-time the injection of the completed amplification reaction over the
4 sensors in a sequential manner. The injection was performed with
20 pl/min flow rate that corresponds to a 60 s end-point detection step
(Fig. 4c). In this way, four measurements could be recorded for each
sample which significantly minimized the risk of false results or failed
measurements. For all the experiments, amplitude change was pre-
ferentially monitored as the most sensitive signal for DNA detection. In
addition, for comparison, the amplitude signal changes of positive
samples under examination were normalized based on the respective
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Fig. 3.(a) and (b): Amplitude and phase
acoustic signals obtained during the detection
of dsDNA amplicons produced during LAMP of
10° Salmonella cells (positive) and samples
containing no cells (negative) using an acoustic
waveguide device functionalized with PLL(25)-
g-PEG(2); (c) schematic representation of the
device surface upon addition of a positive
sample that contains ds DNA amplicons, cell
lysates and LAMP ingredients; and, (d) as be-
fore but for a negative sample, i.e., only the
LAMP ingredients.
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Fig. 4. (a) Left: Schematic drawing of the disposable plastic card with two isothermal DNA amplification micro-chambers; each LAMP comprises a 55.5 mm long x
1.5 mm wide and 0.3 mm high microfluidic chamber of 25 ul with one inlet for sample injection and an extended path at the other end that flows over the 4-sensors of
the acoustic biochip (ufl for LAMP 1 and pf2 for LAMP 2). The second LAMP compartment can be used for testing either a second sample or as a control (LAMP
reagents). Right: Photograph of the plastic card on top of the SAW biochip; (b) Photograph of the docking station comprising one acoustic biochip and the plastic card
with the 2 amplification chambers. The plastic card lies above a PCB, where a microheater is fabricated for on-chip heating. The empty (yellow) space on the left can
be used to house another biochip with 2 extra LAMP chambers for the eventual detection of 4 samples per docking station, or three samples and one control. (c) Real-
time binding curves of LAMP reactions flowing sequentially over the 4 sensors (S1 to S4) of the acoustic device through pfl (see Fig. 4/a). The red and black lines
correspond to changes in phase and amplitude, respectively. Both phase and amplitude are measured in bits (arbitrary units). The shadowed part corresponds to the
time interval during sample flow over the surface, in between buffer flow.
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changes of negative samples; i.e., without bacteria in the amplification
mixture. The normalized signals shown in Fig. 5, thus, indicate the ratio
of positive amplitude value (dB)/average negative reference value (dB).

For the evaluation of the acoustic response, LAMP reactions per-
formed in a thermocycler for 15 or 30 min with Bst2.0 warm start (ws)
polymerase were compared. A high number of Salmonella cells (10°)
was initially spiked in the 25yl of the reaction. The normalized am-
plitude change showed that in 30 min the response was higher than in
15 min (Fig. 5/a). By keeping a constant 30 min amplification time we
also measured decreasing starting numbers of bacteria in the reaction
down to 10 CFUs (Fig. 5/b). For 10* and 10° CFUs the signal was very
close, indicating a saturation of the surface by the produced amplicons.
For 10 CFUs there was a decrease but still significantly higher (at least
double) from the baseline (Fig. 5/b). To investigate further the limit of
detection of the acoustic sensor in the LOC by using the new portable
SAW reader, we performed a time comparison assay with 10% CFUs, this
time using the Bst2.0(ws) kit. Since 10 additional minutes of amplifi-
cation (20 vs 30 min) resulted in significantly higher acoustic signal
(Fig. 5/c), we subsequently incubated reactions for 30 min containing
50, 102 and 10 CFUs (Fig. 5/d). Acoustic data showed a decrease in the
signal with decreasing number of cells and 50 cells were considered as
the limit of detection. Between 10% and 10° CFUs there was no
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significant difference indicating, again, that LAMP amplicons reached
saturation after 30 min of incubation.

3.4. Integrated amplification and acoustic detection in the LOC

After completing the evaluation of the acoustic response inside the
LOC but with off-chip amplification reactions, the integrated LAMP
amplification and acoustic detection was performed to estimate the
total detection efficiency of the system. For this purpose, 10 Salmonella
whole cells were mixed with the lysis/LAMP cocktail, as described
previously.

The mixture was loaded in the system and the procedure was
completed within 30 min, including amplification and acoustic detec-
tion. The normalized acoustic signal of 19 measurements is depicted in
Fig. 6. Based on the presented data, positive reactions in the LOC gave a
signal that on average was 2.1 + 0.6 times above the control baseline.
The previously measured signal when LAMP was performed outside the
LOC was 3.1 = 0.3 times higher. This difference, as well as the greater
variation ( = 0.6) in the measurements observed within the LOC can
be attributed to the reduced amplification efficiency in the microfluidic
chips described previously.

However, even with this lower amplification efficiency, the signal is
still twice the one observed with the negative samples and can be used
to detect reliably the presence of even 50-100 cells in 30 min according
to the results presented in Fig. 5/d.

4. Conclusions

The current work demonstrates the first reported LOC platform that
employs an acoustic wave device as the detection module. While the
combined procedures of amplification and acoustic detection have been
demonstrated in applications using PCR or other isothermal DNA am-
plification methods along with the SAW (Kordas et al., 2016) or QCM
(Grammostianou et al., 2017; Ittarat et al., 2013; Jearanaikoon et al.,
2016; Karamollaoglu et al., 2009; Prakrankamanant et al., 2013) de-
vices, never before has the integration of the two been achieved in a
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microfluidic channel and inside a LOC system. Obstacles, regarding the
efficient operation of the acoustic chip when clamped inside a LOC as
well as the ability/sensitivity of the acoustic signal when in contact
with a complex medium, have been the reason for the lack of in-
corporation of acoustic devices in such platforms. While the solution to
the first obstacle requires optimization of the design and material of the
fluidics card (Papadakis et al., 2017a), the latter is more complex and
cannot be addressed through the traditional use of acoustic devices as a
mass-sensor. The novel biophysical approach applied here that exploits
the hydrodynamic nature of acoustic detection (Milioni et al., 2017;
Tsortos et al., 2015) is apparently a more powerful detection mode for
molecular diagnostic. Moreover, the ability to discriminate the sample
signature from “noise”, allows the direct detection of dsDNA amplicons
avoiding the cumbersome steps of denaturation and subsequent hy-
bridization. Through acoustic energy measurement we have achieved
an impressive limit of detection of DNA derived from 50 cells in 25 pl of
the reaction sample, i.e. a LOD of 2 cells/ul or ~3 aM of DNA target;
this was achieved in a crude sample and without the use of any pur-
ification step.

Moreover, we demonstrated a micro-nano-bio- acoustic metho-
dology which enables the detection of Salmonella cells in milk. The
successful combination of a 3 h pre-enrichment step in the presence of
immunobeads of high capturing efficiency together with the integrated
DNA-amplification and acoustic detection results in a sample-to-answer
time of only 4 h. This performance breaks not only the barrier of same-
day results but also achieves analysis time within the same working
shift. Using our methodology and integrated platform, we have
achieved the detection of 1 cell in 25 ml of milk. While electrochemical
systems have been used in the past for Salmonella analysis (Campuzano
et al., 2017; Cinti et al., 2017; Ferguson et al., 2009; Hsieh et al., 2012;
Li et al., 2012; Lubin et al., 2006; Patterson et al., 2013b; Yan et al.,
2016) to the best of our knowledge this is the first time that a metho-
dology employing a LOC platform is demonstrated with real food
samples and by also including the necessary pre-enrichment step. The
combination of the advantages of on-chip DNA amplification with the
detection power of surface acoustic wave sensors paves the way to the
creation of a new generation of products for rapid and label-free DNA
analysis, not only for food safety but also for point-of-care diagnostics.
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With regard to global food safety and preventing the spread of diseases caused by foodborne pathogens or their toxins,
there is an increasing need for simple and rapid methods for the screening of such pathogens. We aimed to develop a
fast and efficient biosensor for the screening of milk samples contaminated by Salmonella spp. and provide a quick and
cost-effective method as an alternative to the time-consuming conventional cultivation- or PCR-based approaches. We
exploited a simple but highly specific technique whereby bacterial cells were separated immunomagnetically, with
subsequent reaction with conjugate; i.e. specific IgG molecule labelled with an electrochemically potent indicator.
The unique structure of this indicator exploits the benefits of hyperbranched dendron molecules and heavy metal-
derived quantum dots (QDs). Square-wave anodic stripping voltammetry (SWASV) using of screen-printed carbon
electrodes with in situ formed Bi(III) film (BiSPCE) was used for the detection and quantification of metal ions released
from the QDs (CdTe) after their acidic dissolution. The metal ion signals proportionally correlate with the amount of
captured bacteria cells. By this method, the presence of Salmonella spp. was proven in 2.5 h even in minimal number of
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bacterial cells (4 CFU) in 1 mL of the sample.

1. Introduction

Foodborne illnesses caused by pathogens and their toxins pose a serious
threat to human health. Many pathogens have been identified to cause of
these diseases, but in most cases, Salmonella spp., Listeria monocytogenes,
Campylobacter jejuni, and Escherichia coli are responsible for foodborne dis-
eases [1]. There is no doubt about the importance of conventional methods
used in pathogens detection. However, nowadays, in a world full of modern
and automatic analyzers, novel time-saving, easy, cost-effective, and even-
tually, multiplex methods for pathogen detection are urgently required
[2,3]. The methods established for the detection of pathogenic bacteria
are traditional culture and colony counting. These are often combined
with both polymerase chain reaction (PCR) and immunology assay to ob-
tain more robust results [4-6]. Although these methods are considered as
the golden standard for pathogen detection, they are associated with the
limitations such as the complexity of the analysis and the requirement of
long time periods, i.e., up to several days, from the sample collection to
final confirmation [7]. Thus, development of a rapid method allowing the
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detection and identification of pathogens, while maintaining a high speci-
ficity and sensitivity is now of great importance in the health.

Electrochemical biosensors, which are portable and low-cost, offer the
possibility of simple and rapid detection of bacteria without the time-
consuming pre-cultivation and isolation phase [8,9]. Table 1 summarizes
some selected examples of the use of electrochemical biosensors for rapid
detection of bacterial cells.

Moreover, modern electroanalytical techniques using screen-printed
electrodes can allow analysis using only one drop of the sample, while
maintaining high sensitivity and multiplicity [18]. Although biosensors
offer many benefits for pathogens detection, there is still scope for improv-
ing their sensitivity, compared to that in traditional methods. With regard
to food safety, the development of advanced biosensor is complicated due
to complexity of food samples. Milk matrix (which this work focuses on)
contains high concentration of nutrients and cells, which can negatively in-
fluence the detection of pathogens. Moreover, it is necessary to ensure com-
pliance with the legislation mandated by the international organization for
standardization (ISO). In fact, ISO standard for Salmonella spp. in milk and
milk products (ISO 6785:2001) correspond to a total absence of bacteria in
standard sample volume i.e. 25 mL.

In this work we developed an electrochemical immunosensor for the de-
tection of pathogens in milk, particularly Salmonella typhimurium
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Table 1
Different detection modes of electrochemical biosensors for foodborne pathogen
detection.

Detected bacteria ~ Detection method  Limit of detection (CFU/mL)  Reference
E. coli 0157:H7 Impedimetry 2 x 10° [10]
Salmonella spp. 1 x 10°

E. coli Potentiometry 10 [11]
Salmonella spp. Amperometry 10 [12]
E. coli 0157:H7 Conductometry 7.9 x 10! [13]
Salmonella spp.

Salmonella spp. Amperometry 21 [14]
E. coli 0157:H7 Amperometry 81 [15]
E. coli Amperometry 50 [3]
L. monocytogenes 10

S. typhimurium Impedimetry 4.8 x 10° [16]
E. coli Impedimetry 10'-107 [17]

(Salmonella). Knowing that we need to detect even a few bacterial cells in a
large volume of sample, we exploited the combination of electrochemical
sensing with specific and selective magneto-immunocapturing technique
[19,20]. Undoubtedly, the choice of a suitable electrochemically active
signal-generating label has been crucial for our success. Quantum dots
(QDs), which are semiconductor nanocrystals, are currently being used in
various applications for their luminescent features; they are also used in
the field of biosensors, owing to their excellent electrical properties and
ability to provide high current responses [21]. They have already been
used as part of biosensors for bacteria detection but are preferred for use
as fluorescence signal-generating labels [22-24]. Polymeric dendrons
were selected for QDs attachment as a representative of nanomaterials con-
tributing to signal amplification through multilabelling of antibodies. Ap-
plication of dendrons for labelling of biomolecules has already been
reported [25,26]. Our experiments confirmed that the unique combination
of a conjugate components, precisely specific IgG antibodies labelled with
electrochemically active CdTe/COOH quantum dots (QDs) attached to bi-
functional dendron molecule (Ds), served as an excellent tool for the spe-
cific and enough sensitive detection of bacterial cells.

2. Materials and methods
2.1. Reagents and chemicals

Sodium borohydride, trisodium citrate, cadmium chloride, sodium tel-
lurite, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), the sodium
salt of N-hydroxysulfosuccinimide (sulfo-NHS), 2-(N-morpholino)
ethanesulfonic acid (MES), bovine serum albumin (BSA), Tween 20, bis-
muth(Ill) nitrate pentahydrate, Polyester 2,2-Bis(hydroxyl-methyl)
propionic acid (bis-MPA) dendron with 8 carboxyl and 1 amine (generation
3) (MPA dendron 8C/1A) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Specific antibodies: polyclonal goat anti-Salmonella spp. IgG
were from KPL (stock solution 1 mg/mL) (Gaithersburg, MD, USA).
ProMag™ 1 Series COOH Surfactant-free superparamagnetic particles
(0.745 pum) were procured from Bangs Laboratories, Inc. (Fishers, IN,
USA). All other chemicals were of reagent grade and obtained from Penta
(Chrudim, the Czech Republic). Whole UHT milk (fat content 3.5%) was
purchased from a common grocery.

2.2. Bacterial strains and their cultivation

Salmonella enterica subsp. enterica Serovar Typhimurium ATCC 43971
from the Institut Pasteur Collection (CIP) (Paris, France) was cultured
on nutrient agar No. 2 (HiMedia, Mumbai, India) at 37 °C. For
immunomagnetic separation, the 18-24-h culture of Salmonella was resus-
pended in a physiological solution until an optical density of 0.6 McFarland
was attained and diluted with PBS-Tween (0.1 M pH 7.4, 0.05%) buffer or
UHT whole milk to the required concentration. The exact concentration of
the bacterial suspension was quantified by the standard plating method.
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2.3. Preparation of magnetic immunosorbent

Anti-Salmonella spp. antibodies were immobilized onto magnetic parti-
cles using a common two-step carbodiimide method with zero-length cross-
linker EDC and sulfo-NHS according protocol published previously [21].
Briefly, magnetic particles (1 mg) were washed five times with MES buffer
(0.1 M, pH 5, 1 mL) and carboxyl groups were activated by EDC (12 pg in
0.25 mL of MES buffer) and sulfo-NHS (1 pg in 0.25 mL of MES buffer)
addition, followed by the use of MES buffer to attain a final volume of
1 mL reaction volume with and incubation (30 min, room temperature,
with rotation). After subsequent washing with MES buffer (twice, 1 mL),
anti-Salmonella spp. IgG molecules (25 pg) were added; a reaction volume
of 1 mL was attained using MES buffer, followed by incubation overnight
at 4 °C with rotation. Unbound IgG molecules were washed away stepwise
with MES buffer (twice, 1 mL), Tris-HCI (once, 0.1 M, pH 8, 1 mL), MES
buffer containing 1 M NaCl (twice, 1 mL), and MES buffer (five times,
1 mL). Immobilization efficiency was estimated from densitometric evalua-
tion of fractions before and after immobilization analyzed by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with silver
staining.

2.4. Preparation of electrochemically active probe and anti-Salmonella

IgGDs—CdTeQDs

In first step, polymeric dendrons (250 pg) resuspended in pure metha-
nol (stock solution 1 mg/mL) were mixed with CdTe/COOH QDs (28 pL
of stock solution) which were preactivated by addition of EDC (0.5 mg in
100 pL of ultrapure water). Next, the solution was heated to 80 °C until vis-
ible aggregation (5 min). After centrifugation (8000 rpm, 3 min) and super-
natant removal, the pellet was dissolved in 30 pL of phosphate buffer
(0.1 M, pH 7.3). Subsequently, EDC (0.2 mg in 10 pL of ultrapure water)
and anti-Salmonella spp. antibodies (50 pg) were added followed by incuba-
tion (5 mins) with gentle agitation at room temperature. The solution was
then adjusted to a final volume of 1 mL with phosphate buffer (0.1 M,
pH7.3).

2.5. Electrochemical detection of Salmonella cells after magneto-
immunocapturing

Magnetic immunosorbent (0.1 mg in 100 pL) was mixed with 100 pL of
suspension containing 4500, 1110, 286, 73, and 16 Salmonella CFUs/mL in
PBS-Tween (0.05%) buffer or 36, 16, 8, and 4 Salmonella CFUs/mL in the
case of UHT whole milk. Thereafter, 20 pL of the electrochemically active
probe was added, followed by incubation for 1 h at room temperature
under rotation conditions. The resulting anti-Salmonella IgG — Salmonella
— anti-Salmonella IgGP% %47 complexes were magnetically separated
and washed five times with PBS-T buffer (1 mL). To be sure, there is no
non-specific sorption of QDs on the surface of magnetic particles that
would lead to false positivity, negative controls were prepared and ana-
lyzed at the same way as positive samples except addition of the bacteria.
All electrochemical measurements were performed using a portable elec-
trochemical interface PalmSens (PalmSens, The Netherlands) controlled
by the PSTrace 4.8 software and connected with screen-printed three-
electrode sensors with a carbon working, a carbon auxiliary, and a silver
pseudoreference electrode (C-C-Ag/AgCl, SPCE, DropSens, Spain) modified
by an in-situ formed bismuth film (BiSPCE, 500 ppb Bi(III)). The Cd(II) ions
released from the core of QDs were monitored by square-wave anodic
stripping voltammetry (SWASV) after the acidic dissolution of
immunocomplexes in 90 pL of 0.1 M hydrochloric acid for 3 min. The cur-
rent response provided by Cd(II) ions is directly proportional to amount of
Salmonella spp. cells present in the sample. Parameters of the voltammetric
measurement were optimized as follows: deposition potential: —1.0 V for
120 s, potential range: from —1.0 Vto —0.15 V, step potential: 0.003 V,
amplitude: 0.02805 V, and frequency: 25 Hz.
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2.6. Plate count method for quantification of the captured bacteria cells

Evaluation of magneto-immunocapture efficiency was performed by
standard bacteria growing in Petri dishes with subsequent plate count
method. Nutrient agar No. 2 (HiMedia, Mumbai, India) was used for plating
the control sample (i.e.; bacteria suspension), fraction after incubation with
immunosorbent, washing fractions and particles with captured cells. After
18-24h of growth at 37 °C, all the grown colonies were counted and related
to the total number of CFU deduced from control samples (capture effi-
ciency %).

3. Results and discussion

The aim of this study was to develop a simple, rapid and sufficiently spe-
cific and sensitive method for screening potential bacterial contamination
as an alternative to the conventional methods. The principle of our devel-
oped system is shown in Fig. 1; our system involved the magneto-
immunocapturing of target bacterial cells together with specific labelling
using an electrochemically active probe (I). The subsequently created
anti-Salmonella 1gG - Salmonella - anti-Salmonella IgGPsCdTeQPs
immunocomplexes are magnetically separated (I) and finally analyzed by
square-wave anodic stripping voltammetry (III).

The great benefit of magnetic immunosorbent for specific and selective
capturing Salmonella Typhimurium as a representative of common food-
borne pathogens has already been verified within our previous work
[28]. We confirmed that the selectivity of this immunosorbent was excel-
lent; no or minimal cross-reactivity in the presence of E. coli as competing
bacteria. It was selected due to taxonomic similarity with Salmonella
Typhimurium. The cross-reactivity was less than 2% in 100-fold surplus
of competing bacteria. Moreover, the immunosorbent can be used for ana-
lyzing a wide range of sample volumes (50 pL, 0.5 mL, 25 mL) without af-
fecting the capturing efficiency, which is an important parameter in food
samples analysis [28-31]. For preparation of the immunosorbent, specific
polyclonal rabbit anti-Salmonella IgG antibodies were immobilized by stan-
dard two-step carbodiimide-mediated covalent amide bond using N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) in reaction ratio 12:1.
Covalent immobilization provides highly stable final immunosorbent. The
evaluation of anti-Salmonella IgG immobilization efficiency based on densi-
tometric evaluation of SDS-PAGE analysis of the fractions before and after

I. Magneto-immunocapturing of target

Il. Magnetic separation of anti-Salmonella 1gG
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immobilization (Fig. 2) confirmed the optimal amount of immobilized an-
tibodies (25 pg/1 mg; immobilization efficiency more than 95%).

For the preparation of sensitive electrochemically active probes, poly-
meric dendrons modified with quantum dots were exploited. Commercially
available bifunctional dendrons synthesized of polyester bis-MPA with de-
fined number of functional groups (1 amino/8 carboxyl) were combined
with CdTe/COOH QDs (cadmium content 0.6 mg/mL, verified by ICP-
OES) prepared according to already published protocol [32,33].
Bifunctionality of dendrons allowed their functionalization with QDs on
its N-side, whereas the opposite C-side with eight carboxylic groups en-
sured their stable, and presumably, multi-site attachment onto antibodies.
This unique combination has not yet been used for any application. More-
over, the insertion of dendrons improved the elimination of non-specific
sorption of the labelled antibodies (anti-Salmonella IgGPS €4T?Ps) Jeading
to high current responses of negative controls (data not shown).

As mentioned previously, current ISO standards for the detection of Sal-
monella in milk and milk products (ISO 6785:2001) indicates the absence of
bacteria in a standard sample volume, i.e., 25 mL. For this purpose, samples
with different amounts of artificially added bacteria cells were thus tested.
The results were compared with those for the negative control (milk with
no contamination).

First experiments were performed only in PBS-Tween (0.05%) buffer.
To appropriate amount of immunosorbent (100 pg, corresponding to
amount of anti-Salmonella IgG 2,45 pg), artificially contaminated samples
were added (see Section 2.5). The presence/absence of captured Salmonella
cells was subsequently revealed via labelled specific anti-Salmonella™
CdTeQDs ¢onjugates. Selection of the used amount of conjugate (50 times di-
luted; 20 pl of the suspension) was based on previous experiments [27] and
the benefit of used nanomaterial was taken into account. For electrochem-
ical analysis of cadmium ions (Cd(II)) released from QDs after their acidic
dissolution, the disposable screen-printed carbon electrodes modified
with bismuth film (BiSPCE, in situ formed, 500 ppb) were used. Square-
wave anodic stripping voltammetry (SWASV), as per conditions specified
in Section 2.5 and as optimized in our previous work [27], was used as
the detection method. Current responses at potential —0.84 V were evalu-
ated. Slight shift in the peak maximum occurred depending on the dispos-
able electrode. Fig. 3 shows the SWASV voltammogram for the detection
of different amounts of Salmonella cells (expressed as CFU/mL) in the
buffer. Results showed that the current values for positive samples (n =
3) were clearly higher than the analytical noise (0 pA) achieved by

1Il. Electrochemical detection — Square-wave

lla 1gGP=CdTeQds  anodic stripping voltammetry
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Fig. 1. Scheme of the arrangement of the developed electrochemical immunosensor for detection of whole Salmonella spp. cells.
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Fig. 2. SDS-PAGE analysis of fractions for estimation of anti-Salmonella 1gG
immobilization efficiency. MM — molecular mass standard; OS - fraction before
immobilization; BF — fraction after immobilization; W1-W3 — washing fractions.
10% polyacrylamide separation gel, 5% polyacrylamide focusing gel, silver
staining, samples mixed with Laemmli sample buffer (1:1, v/v); separation
conditions 180 V, 30 mA per gel.

repeating the measurements of the negative control (n = 4). Analysis of
negative controls prepared as identically as samples, with omitting the ad-
dition of the bacterial cells, and with a thorough washing to eliminate
unreacted reagents, showed minimal non-specific sorption of conjugates
to naked immunosorbent. Any non-specific sorption would generate unde-
sirable false positive results. The results obtained in this experiment con-
firmed the ability of the biosensor to detect contamination with 16 CFU/
mL Salmonella cells in the buffer sample.

Subsequently, the functionality of the whole system was verified using
real food samples. UHT whole milk samples were artificially spiked with
different amounts of Salmonella cells 36, 16, 8 and 4 CFU/mL. Samples
were prepared and analyzed in the same way as that in case of the model

259 ___ 4500 cFUML

----1100 CFU/mL
--286 CFU/mL

--- 73 CFU/mL

16 CFU/mL
Negative control

15

1/ pA

peak height / pA
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PBS-based samples. The results (Fig. 4) confirmed the suitability of this
novel methodology to detect low amount of Salmonella cells in actual
milk samples. In the voltammograms in Fig. 4 is shown, that difference
was obtained between the positive samples and analytical noise (0 pA,
n = 4) repeatedly, confirming the ability of the biosensor to detect bacterial
contamination. Compared to the other works listed in Table 1, we achieved
a much higher sensitivity, exactly bacterial counts as low as 4 CFU/mL.

4. Conclusion

With regards to the requirements of food safety, we intended to develop
rapid electrochemical immunosensor combining the specificity of magneto-
immunocapturing with the sensitivity of electrochemical detection. Unique
nanostructures-based indicator consisted of bifunctional polymeric
dendron molecule modified with electrochemically active QDs was devel-
oped for labelling of captured Salmonella cells. As advantages can clearly
be considered that arrangement of our proposed methodology enabled
analysis in a limited sample volume, and we were able to detect the contam-
ination of milk samples by Salmonella spp. cells in count as low as 4 CFU/mL
Achieved results confirmed that our biosensor enables to detect the con-
tamination with bacteria cells of only a few CFU/mL. Owing to its simplic-
ity and timelessness, this biosensor may serve as a reliable tool for the rapid
screening of bacterial contaminants in milk. An indisputable advantage of
this methodology is the possibility of simple change of used antibodies,
and thus specificity of biosensor pointed for detecting common pathogens.
Although the versatility and robustness of this methodology is obvious, as
well as the potential for the use outside the laboratory, next experiments
will be focused on multi-pathogen detection.
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Fig. 3. Square-wave voltammograms and evaluated current responses (inset graph) of Salmonella spp. isolated from model solution (PBS-T buffer). Concentrations of
Salmonella artificially added to samples: 4500, 1100, 286, 73 and 16 CFU/mL. Measurements were performed with BiSPCE using the electrochemical detection conditions

specified in the experimental part (n = 3).
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4. Square-wave voltammograms and current responses (inset graph) of the

detection of Salmonella cells from milk using our electrochemical immunosensor.
Concentrations of Salmonella artificially added to the samples: 36, 16, 8, and
4 CFU/mL. Measurements were performed with BiSPCE using electrochemical
detection conditions specified in the experimental section (n = 3).
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In this paper, the development of a new affinity carrier was the key point for the
anti-amyloid [ 1-42 antibodies detection in human serum, as the potential marker of
the Alzheimer’s disease. Magnetic solid-phase preparation comprised the amyloid
P 1—42 peptide immobilization on the superparamagnetic carboxyl beads that had been
modified by bisamino-polyethylene glycol spacer to gain terminal amine groups and
subsequently analyzed by the zeta potential measurement. The following immobilization
of the amyloid B 1-42 peptide onto the modified superparamagnetic beads was
performed by the carbodiimide chemistry. Nonspecific sorption of serum contaminants
was prevented by using of bovine serum albumin. The developed magnetic carrier was
analyzed by scanning electron microscopy. The amyloid [ 1-42 peptide bioaffinity
carrier was applied for detection of natural anti-amyloid [ 1-42 antibodies in human
serum. A comparison with spacer-free bioaffinity carrier has confirmed a divergent
optical density values for control serum sample. The new bioaffinity carrier was applied
to the detection of anti-amyloid [ 1-42 antibodies in control serum and in sera of
patients with neurodegenerative disorders.

Keywords: Anti-amyloid 3 1-42; Magnetic bioaffinity carrier; Immobilization
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Introduction

Development of efficient methods for fast, simple, and selective isolation of
specific antibodies of clinical or diagnostic significance still represents a great
challenge for researchers. The determination of anti-amyloid 3 antibodies (anti-A3
Abs) in biological material is typically carried out by the universal and highly
specific enzyme-linked immunosorbent assay (ELISA), where ligand — a specific
antigen, is bound onto a surface of microtiter plates [1,2], or by the newly
developed thiophilic chromatography [3]. In the recent years, the use of magnetic
spherical carrier as the solid phase has also gained popularity in the ELISA
systems. The magnetic ELISA brings a high comfort of fast and simple magnetic
separation during the individual steps of the respective methods. An increase in
the sensitivity of the magnetic ELISA method is directly related to the
magnification of specific surface of the spherical particles [4—6]. The selection of
suitable magnetic particles for the individual applications depends on their
magnetic properties. Thus, the materials from which they are made as well as their
size are essential [7]. Magnetic ELISA has been evaluated as accurate, less
time-consuming and more sensitive than conventional ELISA [8,9]. Magnetic
ELISA combines advantages of using the immunomagnetic beads with classic
method ELISA having potential to increase the accuracy and specificity in
comparison with usual immunotests [9].

Recently, more and more studies deals with the role of autoimmunity in the
pathogenesis of Alzheimer’s disease (AD). It has been found that human IgG
repertoire contains naturally occurring antibodies to amyloid beta (AB), which
may play a role in the pathogenesis, as well as in the treatment of AD [10-12].
AP peptide is about 4 kDa large molecule and being generated by proteolytic
cleavage of amyloid precursor protein in the plasma membrane by [ and
y-secretase [13]. This cleavage gives rise to several isoforms of A of which 40/42
hydrophobic amino acid peptide tends to polymerize and form the plaque [14].
Specifically, the N-terminal anti-A} Abs were effective in removing plaques
because only N-terminal parts could be easily accessible to antibodies [15-18].
Therefore, immunochemical detection of natural anti-Af} antibodies (nAB-Abs) in
human serum is connected to the therapeutic potential strategy of the AP-Abs
found in intravenous immunoglobulin (IVIg) for the treatment of patients with
AD [11,19-21].

Based on these facts, we had prepared a magnetic bioaftinity carrier composed
of amine containing superparamagnetic beads with immobilized AP 1-42 peptide
and applied the resultant bioaftinity carrier in the pilot experiment for the detection
of the N-terminal AB-Abs antibodies in human sera.
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Materials and Methods
Reagents, chemicals and magnetic microspheres

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), the sodium salt of
N-hydroxysulfosuccinimide (sulfo-NHS), 2-(N-morpholino)ethanesulfonic acid
(MES), bovine serum albumin (BSA) and poly(ethylene glycol)
bis(3-aminopropyl) terminated (NH,-PEG-NH,) spacer (MW 1,5 kDa) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All the other chemicals were
of reagent grade and obtained from Penta (Chrudim, Czech Republic). Water used
for preparation of buffers was filtered through a TKA Smart2Pure system (Thermo
Scientific TKA, Niederelbert, Germany). Peptide AR 1-42 (MW 4,514 kDa) was
purchased from Apronex (Vestec, Czech Republic). Human patient sera were
provided from the National Institute of Mental Health (Klecany, Czech Republic).
All patients, whose samples had been analyzed, signed the informed consent.
Control sera were provided by healthy donors — volunteers from the University of
Pardubice.

ProMag™ 1 Series COOH Surfactant Free (further denoted as Promag,
0.88 um) were purchased from Bangs Laboratories (Fishers, IN, USA). Magnetic
suspension agitations and separations were performed using a Grant Bio PTR-30
rotator (Wolf-Laboratories, Pocklington, York, UK) and a Dynal MPC-S magnetic
separator (Biotech, Prague, Czech Republic).

Preparation of the magnetic immunosorbents

To prepare the immunosorbent, A 1-42 peptide was immobilized to the carboxyl
superparamagnetic microparticles by I) two-step carbodiimide method or II) one-
step carbodiimide method [22] with the aid of polyethyleneglycol (NH2-PEG-NH2)
as the homobifunctional linker. In both cases, magnetic particles (1 mg) were washed
4 times with a 0.1IM MES (pH 4.5) and activated with EDC in 0.25 mL
(0.0391 molL™" in 0.0IM MES; pH 4.5) and sulfo-NHS in 0.5 mL
(5.76:10 3 mol L™! in 0.01M MES; pH 4.5) and incubated 10 min. at room
temperature under rotation. Subsequently, magnetic carrier was washed with 1 mL
of 0.IM MES (pH 4.5), in case (I) Ap 1-42 was added (50 pg), filled up to 1 mL
with 0.01M MES (pH 4.5), and incubated overnight at 4 °C on a rotator. After
overnight incubation, the functionalized particles were blocked with 1 mL 1% BSA.
In case (IT) NH2-PEG-NH2 (0.003 mg) was added, filled up to 1 mL with 0.01M
MES (pH 4.5), and incubated overnight at 4 °C on a rotator. After overnight
incubation particles modified with PEG were washed with 1 mL of 0.1M MES
(pH 4.5) and activated again with EDC and sulfo-NHS as described above.
Subsequently, magnetic carrier was washed with 1 mL of 0.1M MES (pH 4.5), AB
1-42 was added (50 pg) and filled up to 1 mL with 0.01M MES (pH 4.5). After
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overnight incubation at 4 °C on a rotator, the functionalized particles were blocked
with 1% BSA (1 h, RT, rotation) and washed 10 times with 0.1M PBS buffer
(pH 7.4). Storage conditions were as follows: 4 °C, with addition of 0.01% NaNj.

SEM analysis of magnetic particles

Superparamagnetic microparticles were dried at a temperature of 37 °C and
imaged by the SEM instrument JEOL JSM 7500F (JEOL, Tokyo, Japan). To
produce an electrically conductive surface for SEM, specimens were sputter-
coated with thin gold film (~10 nm) using Leica EM ACE 200 sputter (Leica,
Wetzlar, Germany).

Zeta potential measurement

A zeta potential analyzer (Malvern Instruments, Worcestershire, UK) was used in
the zeta measurememt protocols. The zeta potential of the beads was measured in
a phosphate buffer made 10 and 100 mM in concentration and pH adjusted from
3 to 11 using either HCI or NaOH. The total volume for all the measurements was
1 mL, and the concentration of the beads chosen as 3:10~* %. Each measurement
included 2x12 cycles of uniform measurements and one mixing step to prevent
magnetic particles from settling and sedimentation.

Detection of anti-Af} Abs in serum using the magnetic bioaffinity carrier

100 uL of diluted sera (1:100) was added to 0.05 mg of magnetic particles
functionalized with the AP 1-42 peptide and the resultant mixture incubated for
1 hour in 37 °C under shaking. Afterwards, the particles were washed 3 times
with 1 ml 5% BSA in PBS-T buffer. 100 puL of goat anti-human IgG labeled
with HRP and diluted 1:16 000 was added and incubated with particles another
one hour at 37°C under shaking. Subsequently, the particles were washed three
times with 5% BSA in PBS-T buffer and twice with PBS buffer. 100 pL of
substrate solution — 0.1M acetate buffer (pH 5.5), 0.03% H,0, with 0.3 mM
3,3',5,5'-tetramethylbenzidine (TMB; 6 mg mL™' in DMSO) acting as a
chromogen was added and incubated for 15 min at 37 °C in dark. The reaction
was stopped by adding 50 pL. 1M H,SO4 and the absorbance measured using a
Multiscan RC ELISA reader (Labsystems, Helsinki; Finsko) at a wavelength of
492 nm. The results were obtained in three replicates. All the samples and all
three measurements of each sample were used to evaluate the data.
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The averages were calculated from the values measured as the replicates.
Data showed a violation of data normality, and Kruskal-Wallis test was used for
statistical evaluation; P-values <0.05 being considered statistically significant.

Results and discussion
Immobilization of the amyloid 3 1-42 peptide to magnetic beads

Naturally occurring AB-antibodies recognize the A epitope at its N-terminus, amino
acids 1-15 [18]. To detect free natural N-terminal A Abs, we immobilized the
peptide AR 1-42 by the C-terminus to the magnetic carrier. First, the ProMag
carboxyl beads were modified by the bisamino-polyethylene glycol (NH,-PEG-NH,)
spacer, which was followed by the A 1-42 peptide immobilization. The scheme
of the AP 1-42 peptide immobilized to superparamagnetic beads is in the Fig. 1.
C-terminus Amyloid B 1-42 peptide bioaffinity carrier will allow one to detect
specifically N-terminal A} Abs from human serum. Another great advantage of
using a spacer before the peptide immobilization was formation of an affinity
ligand binding space near the beads.

Fig. 1 Schema of the Af 1-42 peptide immobilization using of the bisamino-polyethylene
glycol spacer to the magnetic carboxyl beads

NH2-PEG-NHb», bisamino-polyethylene glycol

To prevent nonspecific interaction of the magnetic beads after amine
modification, the concentration of the bisamino-polyethylene glycol spacer was
optimized. Zeta potential, as a measure of the magnitude of the repulsion or
attraction between beads, was measured for each concentration chosen. Its
measurement provided insight into the dispersion mechanism.

45



Slovékové M. et al. (1): Sci. Pap. Univ. Pardubice, Ser. A 25 (2019) 41-52

The results in Fig. 2 showed that the spacer did not significantly reduce the
stability of the Promag magnetic particles. Beads modified with the lowest
amount of spacer (3 pg) are still well stable and least susceptible to an aggregation
from all other bindings of bisamino-polyethylene glycol spacer.

Bioaffinity
100 pg 12 ng Promag carrier

0
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)
— -15 |
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£ 20 -
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40

Fig. 2 Zeta potential analysis of Promag beads with different amounts of the bisamino-
polyethylene glycol spacer and the A3 1-42 peptide bioaffinity carrier in 0.01M
PBS buffer pH 7.4

Average of at least 12 repetitions

The magnetic beads functionalization with bisamino-polyethylene glycol
spacer was followed by the immobilization of AR 1-42 peptide via C terminus by
two-step carbodiimide chemistry. Tricine SDS-PAGE analysis confirmed binding
efficiency of the AP 142 peptide to the amine modified magnetic beads (not
shown). Further, the bead surface and bead size of the prepared magnetic affinity
carrier were analyzed by the scanning electron microscopy to ensure unchanged
particle size for use in magnetic ELISA method. Beads featured in Fig. 3A
confirmed a spherical shape without hints of surface changes. No change in ligand-
bound particles was observed for the magnetic bioaffinity carrier.

The size of the beads before and after preparation of the bioaffinity carrier
was then calculated from the SEM images (Figure 3B). Size of the individual
beads before its modifications was 0.906 um (£0.057); acquired bead sizes being
close to the bead size stated by the manufacturer (0.88 pm). There was no
significant change in size after the modification by the spacer and peptide.
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Detection of anti-A antibodies in human serum

The newly developed AP 1-42 peptide magnetic bioaffinity carrier was applied to
detect natural N-terminal AB-Abs in the sample of control human serum (diluted in
ratio of 1:100).

I%%

ipm  PC10 4/20/2016
SEM WD 18.3mm 11:00:22

lpm  PC10 4/20/2016
SEM WD 18.3mm 10:58:39

Fig.3 Scanning electron microscopy of the bioaffinity carrier (A), bead size
measurement (B)

To compare this developed system, we prepared the AP 1-42 peptide
bioaffinity carrier without a bisamino-polyethylene glycol spacer. The spacer free
AP 1-42 peptide bioaffinity carrier was prepared using the two-step carbodiimide
method. Both bioaffinity carriers were blocked with 1% BSA to prevent adsorption
of serum proteins to the carrier and simultaneously used for specific antibodies
detection. Data, expressed as the mean optical density (OD) values = SEM,
responded to the solution after colorimetric anti-human IgG HRP conjugate
development. The detection method and the evaluation have been taken from the
previous report [1]. The interpretation of results on the Fig. 4 shows that the greater
the OD value of the peptide carrier, the higher level of the anti-Ap 1-42 Abs can
be detected in the human serum.
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Fig. 4 Influence of the A} 1-42 peptide magnetic bioaffinity carrier preparation method
to acquired values anti-A} Abs detected in control serum

OD values are acquired from three repetitions

Acquired values optical densities have shown that the spacer-free
bioaffinity carrier had a significantly lower absorbance than the response of the
spacer modified bioaffinity carrier. The peptide binding sites for spacer-free
carriers compared to the spacer modified bioaffinity carrier were probably less
accessible to anti-AP 1-42 Abs. Data suggest a significant positive effect of the
bisamino-polyethylene glycol spacer use on the immobilized peptide availability
to the specific antibody binding sites. Yet another possible explanation can also
be the appropriate N terminal orientation of the immobilized AP 1-42 peptide
related to the presence of natural anti-Af3 1-42 Abs in the control serum.

In the next experiment, the A 142 peptide magnetic bioaffinity carrier
was used for analysis of different human serum samples. Bioaffinity carriers were
blocked with 1% BSA. The aim of this pilot experiment was to observe different
levels of specific antibodies known from the literature [16,18]. Serum samples
included six randomly selected controls and fourteen patient sera from which six
had belonged to patients with mixed cognitive impairment (MKP) and eight to the
patients suffering from Alzheimer’s disease (AD). Patient sera were provided by
the National Institute of Mental Health in Klecany (see Materials and methods)
and the designations of AD and MKP were based on confirmed clinical diagnoses.
The sera tested were diluted at a ratio of 1:100.
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Fig. 5 Box plot of acquired values anti-A3 Abs detected in control and patients sera
using the A 1-42 peptide magnetic bioaffinity carrier

MKP, mixed cognitive impairment, AD, Alzheimer disease, Values are acquired from
three repetitions

Values of optical densities have been acquired from three analysis
repetitions of each sample and are plotted in Fig. 5. The antibody levels measured
in the control sera group showed a large dispersion. Similarly, large dispersion of
data was evident from sera from patients with AD. A single group of MKP patient
data gave homogeneous results. The developed magnetic bioaffinity carrier used
for the anti-A3 Abs detection was able of detecting anti-Af Abs with some
differences between the groups of sera. The differences in the acquired data have
been found not statistically significant (Kruskal-Wallis, p-value 0.2697). The low
number of data and the sera examined did not allow us to evaluate the importance
of the anti-Af3 Abs in serum.
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Conclusions

A magnetic bioaffinity carrier with the amyloid 3 1-42 peptide has been
developed and tricine-SDS-PAGE used for verification of the immobilization
efficiency. Also, SEM was used for verification of the particle size before and
after ligand modification. The concentration of bisamino-polyethylene glycol
spacer being necessary during peptide immobilization has been optimized and
verified by beads zeta-potential measurements. Properties of the amyloid 3 1-42
peptide bioaffinity carrier with spacer have proven to be useful as a solid phase
for the detection of anti-amyloid antibodies in human serum. Detection of
anti-amyloid beta antibodies in serum controls and patients with AD and MKP in
the pilot experiment did not revealed statistically significant differences between
the control samples and those obtained from patients with AD.

Shortcuts

AP amyloid beta

AB-Abs anti-A beta antibodies

AD Alzheimer’s disease

ELISA enzyme-linked immunosorbent assay
HRP horse radish peroxidase

IgG immunoglobulin G

MKP mixed cognitive impairment

OD optical density
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Abstract

In recent years, microfluidics has shown considerable promise for improving diagnostics and biology
research. Certain properties of microfluidic technologies, such as rapid sample processing and the precise
control of fluids in an assay, have made them attractive candidates to replace traditional experimental
approaches [1]. Here, an example of such application is presented: ELISA that uses magnetic particles as
the solid phase (MELISA) implemented into a microfluidic device. The microfluidic Rhombic chamber chip
(120 pl chamber volume, hydrophilized) in ChipGenie® edition-P holder (microfluidic ChipShop, Jena, D)
with strong integrated magnets enabling to fix the magnetic particles in reaction chamber and arrange them
as a fluidized bed was employed. The behaviour and colloidal stability of 11 various types of
superparamagnetic particles varying in composition and diameter (0.5-100 ym) were compared. Parameters
as optimal amount of magnetic particles inside the chamber, rate of aggregation, clogging the chip channels
and stability of magnetic cloud inside the chip were evaluated. The microparticles with the best parameters
were then coated with specific antigen (chymotrypsin) and traditional MELISA with such bioactive carrier and
variously diluted porcine serum was performed in microplate arrangement and simultaneously in microfluidic
chip. Only the final step, measurement of sample absorbance was performed off-line in microplate
spectrophotometer. Our results repeatedly confirmed that MELISA can be easily adopted for microfluidic
version drawing all benefits associated with the miniaturization.

Keywords: ELISA, Microfluidics, Magnetic Particles, Lab-on-Chip

1. INTRODUCTION

The magnetic particles (MPs) have numerous properties that make them suitable for wide-spread use in
various applications from imaging to drug delivery: ease of manufacturing, manipulation in fluid and a wide
range of commercially available MPs diameters, ranging from nanoparticles (50 nm) to microparticles (up to
tens of ym) [2]. One of the possible applications of MPs is a magnetic solid phase enzyme-linked
immunosorbent assay (MELISA). The principle of the method is the same as for commonly used enzyme-
linked immunosorbent assay (ELISA) except: the binding ligand is bound on the surface of MPs instead of
walls of microtitration plate [3], the 96-well plate magnetic separator is applied for separation of the MPs
during washing steps and the microplate-shaker for homogenous dispersion of MPs. The MELISA
arrangement brings advantages such as robustness of ligand amount per well compare to inaccuracy of
adsorbed ligand in microtitration plate. Moreover, the dispersed MPs have higher interaction with the target
ligand in the sample ensuring better and faster kinetics of the reaction [4] and thus higher sensitivity.
Therefore this technique is used for example for detection of antibodies that are not detectable with
conventional ELISA [5]. Both conventional methods ELISA and MELISA are quite laborious and time-
consuming since require humerous washing steps, accurate pipetting, placing on shaker etc. The use of
microfluidics to perform sandwich immunoassays permits one to specifically address these drawbacks. The
low scale of these devices reduces the volumes and diffusion distances inside the micro-channels, therefore
decreasing the duration of the successive incubation periods especially in combination with ligand-coated
MPs and easy fluid manipulation [6-8]. The aim of this work was to optimize the MELISA protocol for
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detection of antibodies for on-chip application. Simple commercial microfluidic set from microfluidic ChipShop
was employed. This device provides easy liquid application, automatic mixing of the MPs and high ratio of
used MPs vs. chamber volume. Therefore, this setup enables one to capture specific antibodies on the
surface of the magnetic biofunctionalized microparticles that can be (i) eluted and subsequently detected
and/or (ii) directly detected by MELISA protocol upon the application requirements. Both MELISA
arrangements (in microtitration plate and/or in microfluidic chip) were performed simultaneously under the
same conditions and the results were subsequently compared. The preliminary results of on-chip MELISA for
detection/isolation of anti-chymotrypsin antibodies are presented in here.

2. EXPERIMENTAL

2.1. Magnetic particles

Magnetic bead cellulose MT200 with hydroxyl functional group, size 80-100 ym (lontosorb, Usti n. Labem,
CZ, EU); magnetic hypercrosslinked poly(styrene-co-divinyloenzene) microspheres (HMP-S-MG4) with
sulfite functional group, size 5.7 pym [9] and magnetic poly(glycidyl methacrylate) albumin-coated
microspheres with carboxyl and/or amino functional group, size 4.5 ym (PGMA-ALB) [10] were obtained from
Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Prague, CZ, EU;
Micromer microparticles with carboxyl or amino functional group, size 3 ym and 4 ym (Micromod, Rochester,
NY); Dynabeads with carboxyl functional group, size 1 ym or 2.8 ym (Thermo Fisher Scientific, Waltham,
MA); SIMAG particles with amino functional group, size 0.5 um or 1 ym (Chemicell, Berlin, D) and Sera-
Mag® Speed Beads with carboxyl functional group, size 0.771 ym or 0.816 um (Seradyne, Indianapolis, IN).

2.2. Microfluidic device

The microfluidic Rhombic chamber chip (120 pl chamber volume, hydrophilized) contains two microfluidic
chambers with two inlets and two outlets, the dimensions are mentioned in Fig. 1a. The chip fits into
ChipGenie® edition-P holder (microfluidic ChipShop, Jena, D, see Fig. 1b) with two strong integrated
magnets enabling fix the magnetic particles in reaction chamber and arrange them as a fluidized bed. The
magnets inside the chip holder move forward and backward below the microfluidic chamber and keep the
fluidized bed moving left and right thus efficient mixing inside the chip is ensured.

2.3. MELISA in microtitration plate

Suspension of magnetic biofunctionalized carrier was added into microtitration plate (25 pg/well) in sample
buffer (PBS pH 7.4 with 0.05% Tween and 0.1% BSA). 100 ul of porcine hyperimmune serum prediluted by
the sample buffer in range 1:30,000-1:120,000 was added and 1h incubation at RT under agitation followed.
Subsequently, the particles were three times washed by PBS pH 7.4 with 0.05% Tween and 5% BSA using
the magnetic separator for 96 well plates (MagnetoPURE96, Chemicell, Berlin, D). Then, 100 ul of goat anti-
porcine 1gG marked with HRP (Sigma-Aldrich, St. Louis, MO) diluted in ratio 1: 16,000 in bicarbonate buffer
pH 9.5 with 0.05% Tween and 0.1% BSA was added and incubation for 1h at RT under agitation followed.
The particles were washed by PBS pH 7.4 with 0.05% Tween and 5% BSA three times and then two times
with PBS pH 7.4. After that, 100 pl of substrate solution (0.003% H20:2 in 0.1M acetate buffer pH 5.5 with 0.1
mg/ml of substrate TMB from Immunotech Beckman Coulter, Marseille, F) was added per well. The
incubation took 15 min at RT in dark. The reaction was stopped by adding 50 yl 1M H2SO4 and the
absorbance was measured at 450 nm in microplate spectrophotometer (LabSystems Multiskan RC, Thermo
Fisher Scientific, Waltham, MA).

2.4. On-chip MELISA

The suspension of magnetic biofunctionalized carrier (1 mg in sample buffer) was added into microfluidic
chamber via orthogonally placed syringe underneath the inlet of the chip. The magnet was switched on.
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Other steps were similar to 2.3. except the washing step (continuous injection of 300 pl) and final off-line
step (adding 50 yl 1M H2S0O4 and microplate spectrophotometer measurement).

3. RESULTS AND DISCUSSION

3.1.  On-chip behaviour and properties of various magnetic particles

Magnetic particles are made of different materials, undergo various surface modifications (pegylation,
polymerization, insertion of functional groups and/or bridges enabling efficient binding of target ligands) and
therefore have diverse behaviour and colloidal stability inside the microfluidic chip (Fig. 1). In this work,
eleven superparamagnetic particles varying in material, structure and diameter (0.5-100 uym) were
compared. Initially, aliquot of 10 mg particles was taken from the stock solution and applied one by one
(milligram) into the chip. Parameters as optimal amount of magnetic particles inside the chamber (in other
words how much of the beads can be applied inside the chamber) and the maximal capacity without losing
the magnetic particles were evaluated. In addition, rate of particles aggregation, clogging the chip channels
by the aggregates, stability of the fluidized bed (leaking the particles out of the chip) and speed of the cloud
shift (how fast the fluidized bed moves form the inlet to the outlet when the magnet is moving left and right)
were observed.

Fig. 1 (a) The microfluidic Rhombic chamber chip (120 yl chamber volume, hydrophilized); (b) ChipGenie®
edition-P chip holder (microfluidic ChipShop, Jena, D). (c) Microfluidic chamber filled with 1 mg and/or (d) 5
mg of superparamagnetic microparticles (PGMA-ALB, 4.5 um in PBS pH 7.4) forming a fluidized bed.

Table 1 summarizes these observations. The MPs that have the optimal parameters, such as wide working
range of amount of the applied particles, low/no leaking of the particles form the chip, no aggregation of the
particles, no clogging in the microfluidic channels, and that moreover had slow shift of the fluidized bed are
highlighted in the table (grey) and are overall evaluated as (+). Other magnetic beads suffered especially
from leaking form the chip in spite of small amount of particles inserted, also from aggregation inside the
chamber and fast shift of fluidized bed caused by moving the magnets underneath the chip forward and
backward. Generally, small particles (size 0.5-1.0 ym) leaked out of the chip from the beginning as well as
the biggest one (size 80-100 um). Probably, this is due to the low iron oxide content inside each of the small
particle. In case of the big particles, we suppose that the weight vs. size ratio decrease the stability inside the
chamber and the particle kinetics export them out of the chip. The particles of size 2.8 to 4.5 ym performed
the highest stability and were evaluated as the most suitable for this microfluidic device.
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Table 1 Properties of various superparamagnetic particles observed in microfluidic ChipGenie® edition-P
Rhombic chip

Size Opt. Max. Shift Overall
Name (pm) (mg) (mg) Particle leaking Agg.* | Clogg.* speed eval.”
SIMAG-NH2 0.5 2-4 6 From the beginning yes no fast -
Seradyn 0.771 1-2 4 From the beginning no no very fast -
Seradyn 0.816 1-2 5 From the beginning yes no very fast -
From the beginning
SIMAG-NH2 1 1-4 10 strongly yes no middle -
From the beginning
Dynabeads 1 1-2 4 strongly no no fast -
Dynabeads 2.8 2-8 10 From 8 mg weakly no no slow +
Micromer 3 2-5 10 From 5 mg weakly no no middle +
Micromer 4 2-8 10 From 9 mg weakly no no middle +
PGMA-ALB 4.5 1-6 10 From 8 mg weakly no no slow +
From the beginning
HMP-S-MG4 5.7 1-5 9 weakly no at 9 mg slow -
lontosorb M-OH | 80-100 1-2 6 From 3 mg strongly yes at 6 mg fast -

* Agg. — aggregation; Clogg. — clogging; Eval. — evaluation

3.2. On-chip MELISA

Micromer particles (4 ym in diameter and amino functional group) were selected as the most suitable
according to previous experiments for the MELISA application inside the microfluidic chip. The microparticles
were coated with specific antigen (chymotrypsin) and such bioactive carrier (1 mg) was applied
simultaneously into the reaction chamber of microfluidic chip and into the microtitration plate (see Fig. 2). So
far, the incubation time was for both arrangements the same although we plan to shorten the incubation time
for on-chip application.

Stop one Stop two Stop threo Step four Step five
Dispense immunocapture Add sample (serum with  Add detection antibody Color development Color measurement
beads inside the device specific antibodies)

¥

Fig. 2 Principle of MELISA (Magnetic Enzyme-Linked Immunosorbent Assay) inside the microtitration plate
and/or the microfluidic chip (ChipGenie® edition-P, ChipShop, Jena, D).

The preliminary results from MELISA performed in microtitration plate and in the microfluidic chip are
presented in Fig. 3. The same protocol for determination of anti-chymotrypsin antibodies in hyperimmune
porcine serum was repeated in three subsequent days on always fresh aliquot of the bioactive carrier with
immobilized chymotrypsin. The data from the three measurements in microtitration plate and their trend lines
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are shown in Fig. 3 (black symbols). The coefficient of determination (R2) were for day 1 (0.986), for day 2
(0.906) and for day 3 (0.845). The standard deviation between the three measurements in microtitration plate
for each serum dilutions were: 1:30,000 (0.057); 1:40,000 (0.120); 1:60,000 (0.081); 1:80,000 (0.065);
1:120,000 (0.029). The results from the on-chip application, for serum dilution 1:30,000, are also presented
in Fig. 3 (colored sympols) and their values went along the trend of the results from the microtitration plate.
The highest values were achieved in the day 2 as well as the lowest values in day 3. The standard deviation
among the three subsequent measurements in microfluidic setup was 0.183. Such variability between the
measurements were probably due to the technique of the final sample volume uptake from the outlet of the
device. We are now about to develop a robust technique which would enable us to reach the more
reproducible results.
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Fig. 3 The results from MELISA determination of anti-chymotrypsin specific antibodies in hyperimmune
porcine serum (high titer of specific antibodies to chymotrypsin). The measurement of 5 different serum
dilutions was repeated in 3 subsequent days. The black symbols correspond to results from MELISA on
microtitration plate and the colour symbols correspond to on-chip MELISA (only for dilution 1:30,000).
The day one (triangel), the day two (square), the day three (rhombus).

In these preliminary results 1 mg of magnetic biofunctionalized carrier was employed for fluidized bed
formation inside the microfluidic chamber. In the future experiments we would like to use higher amount of
particles up to maximal limit for the microfluidic chamber to test the maximal capacity of the device for
specific antibody capture and detection via on-chip MELISA. Moreover, we would like to test the stop-flow
repetitive sample addition and incubation with the biofunctionalized carrier in on-chip arrangement,
preconcentrate the specific antibodies inside the chamber and perform a subsequent elution and collection
of the isolated specific antibodies for further analysis or experiments. In the future, we would like to apply the
improved and optimized microfluidic setup for anti-amyloid 3 antibodies isolation/detection from the Ivig
samples since such natural antibodies have potentially neuro-protective effect and therapeutic potential for
the treatment of patients with Alzheimer disease [11].

CONCLUSION

The on-chip MELISA is an efficient and easy method applied for specific antibody isolation and detection.
The preliminary data presented here were obtained with the model system represented by chymotrypsin and
the specific anti-chymotrypsin antibodies isolated from hyperimmune porcine serum. The promising results
encouraged us in future work that we would like to focus on improving the sample uptake from the chip with
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the aim to enhance the data reliability and robustness. In addition, modification of the procedure for
maximization of the amounts of isolated specific antibodies in minimal volume ensuring low diffusion and
dilution of the target antibodies will be tested. This technique has high potential for automation and
parallelization that enables to perform more efficient and thus significantly less time-consuming assay.
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With the advent of micro- and nanotechnology, major advances and breakthroughs have
taken place in many areas, such as biotechnology, medicine, pharmacy or material
industry. Gold nanoparticles (AuNPs) with their unique optical and physical properties
as well as biocompatibility have already proved themselves to be powerful tool in
biological applications. In this work, AuNPs were selected as a potential
electrochemically active label. With the aim to use them as an electrochemical active
tag, two types of AuNPs were tested and suitable protocols for their functionalization
were optimized. Non-functionalized AuNPs were modified with thiolated DNA
oligonucleotides using Au-S bond. Such conjugates could be potentionally used as a
DNA probe. Functionalized AuNPs containing carboxyl groups were also modified, but
with specific antibodies. In this case, the goal was to optimize suitable protocol for
effective modification performed with carbodiimide crosslinker enabling direct and
covalent immobilization. Finally, quality of AuNPs-1gG was defined by experiments via
detection of bacterial cells in model samples.

Keywords: Gold nanoparticles; Bioconjugation; Label; Immunosensor

Introduction

Gold nanoparticles (AuNPs) are defined as a stable colloidal solution of clusters
of individual atoms of gold in the size range from 1 to 100 nm [1]. Because of
their very small dimensions, they differ in physical and chemical properties

* Corresponding author, P< Pavla.Murasova@upce.cz
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compared to other small species or gold in common elementary form; in fact,
AuNPs behave like a giant molecule [2]. In addition, this form of gold is
characterized by a high absorption coefficient which ensures sufficiently high
sensitivity for optical detection [3]. Thanks to yet another unique feature, which
is surface oscillation (used for signaling, imaging and sensor technology), AuNPs
are advantageously used in the field of biomedicine and biotechnology. They are
routinely used in microscopic imaging methods or in therapy as drug delivery
systems. Their use is also important in diagnostics to detect not only biomolecules
as nucleic acids or proteins but also whole bacteria cells [4].

For modification of AuNPs by oligonucleotides, different types of chemical
bonds can be used. One of the most common linkages between thiolated
oligonucleotides and gold molecule is the Au-S binding. Due to the high affinity
of the thiol group toward gold atoms, a very stable conjugate is then formed [5].
AuNPs are negatively charged, as well as the entire DNA molecule, resulting in
the repulsive forces. This can be avoided by the process of gradually salting the
solution with sodium chloride during the reaction [6—7]. The binding buffer and
pH are also decisive, needing to be optimized.

Another type of binding between AuNPs and biomolecules could be via
additional functional groups. These can be immobilized onto the surface of
AuNPs by functionalizing heterobifunctional polyethylenglycol (PEG) with a
thiol group at one end of the chain. On the second end of the chain, one can attach
e.g. biotin, lectin, fluorescent label or different functional groups, such as amino
group (-NH,) or carboxyl group (-COOH) subsequently applicable, for example,
to bind the protein [8].

The main goal of this work was to optimize the binding strategy for
modification of AuNPs with thiolated oligonucleotides or specific antibodies.
Two different types of AuNPs, two different bonds and two different types of
biomolecules were selected for preparation of conjugates potentially usable as a
signal generating molecule for electrochemical biosensors.

In one case, we used particles of colloidal gold without any functional
group on their surface to prepare the DNA-oligonucleotides conjugates as a
potential probe for detection of food borne pathogens by using a piezoelectric
biosensor. Four different protocols for binding between thiolated DNA
oligonucleotides and AuNPs basically rising from previously published papers
had been applied [9—-11]. In the second part of this work, AuNPs functionalized
with PEG introducing carboxyl groups on their surface were modified by specific
anti-Listeria antibodies. This second type of conjugate was finally tested as a part
of electrochemical immunosensor for detection of whole bacterial cells in some
model samples.
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Materials and methods
Reagents and Chemicals

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), the sodium salt of
N-hydroxysulfosuccinimide (sulfo-NHS), 2-(N-morpholino)ethanesulfonic acid
(MES), N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES),
acrylamide, N,N’-methylen-bis-acrylamide, N,N,N’,N -tetramethylendiamine
(TEMED), ammonium persulfate, glutaraldehyde, silver nitrate were purchased
from Sigma-Aldrich. Other chemicals were of analytical grade and obtained from
Penta (Chrudim, Czech Republic). All buffers were prepared from ultrapure water
using a TKA purification system (model "Smart2Pure"; Thermo Scientific TKA,
Niederelbert, Germany).

Gold nanoparticles, magnetic particles, antibodies, and oligonucleotides

A suspension of gold nanoparticles (with 10 nm in diameter) stabilized in citrate
buffer was purchased from Sigma-Aldrich. PEG-AMINO 3500 functionalized
gold nanoparticles (20 nm) were from Orion High Technologies (Madrid, Spain).
A pure proteome Protein "A" magnetic beads were from Merck. Polyclonal
antibodies (polyAb): rabbit anti-Listeria ssp. antibodies (concentration: 4-5 mg mL ™)
were provided by Virostat (Portland, ME, USA). 5'-Thiol (C6)-CAA ATC TTA
TTT TCT TTT CAC CTT CTC TCT-Cy3-3" DNA oligonucleotides were from
Friz Biochem (Neurid, Germany).

Probe oligonucleotide-gold nanoparticles conjugation

For conjugation of AuNPs with oligonucleotides four different protocols were
used; for details, see Table 1. Thiolated DNA oligonucleotides were treated with
TCEP for 45 min. to cleave the disulfide bounds. Thereafter DNA oligo-nucleotides
were desalted using an NAP-5 column and mixed with the AuNPs in ratio 46:1
(AuNPs:oligo). After incubation, the samples were spin for 30 min. under 13 000 rpm,
the supernatant with unbound DNA oligonucleotides was removed, conjugates
washed one time and resuspended in the appropriate buffer. For quantification of
the bound DNA oligonucleotides, a fluorescence spectrophotometric method was
used. Due to this, fluorescently labeled oligonucleotides were used for these
optimizing steps. All the measurements were performed using an Infinite M200
well-plated reader (Tecan, Salzburg, Austria). The concentration of bound
oligonucleotides was calculated from the respective calibration curve.
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Table 1 Overview of binding protocols / procedures

Gold nanoparticles  Oligonucleotides Binding

Concentration Concentration of

[Snl rznei of AuNP in oligonucleotides in Protocol
reaction [nmol] reaction [nmol]
1 Incubation for 4 h under 37 °C; in water; salt stabilization
0.1M NacCl, overnight 38 °C
) 10 mM citrate-HCI buffer pH 3; lab. temp. incubation 10 min.;
10 730 5 salt stabilization 0.3 M NacClj; lab. temp. incubation 20 min
3 5 mM HEPES buffer pH 9; 16 h incubation at lab. temp.; than
salt stabilization 0.1 M NaCl.
4 10mM PBS buffer pH 7.4, 16 h incubation at lab. temp.; add 0.01%

SDS, salt stabilization 1M NaCl, 30 min incubation at lab. temp.

Conjugation of gold nanoparticles with antibodies

Anti-Listeria antibodies were immobilized on the surface of AuNPs by one- or
two-step carbodiimide method in different ratio of AuNPs and antibodies. In the
case of one-step method, all the reagents were mixed at the same time (300 pg of
EDC, 50 pg of sulfo-NHS, 30 ug of AuNPs and 15 resp. 30 pg of antiodies
depending on the ratio chosen). In the case of two-steps method, particles were
firstly preactivated with EDC and sulfo-NHS for 10 minutes, washed, and
antibodies were added to pre-activated particles at the aforementioned ratios.
Particles with antibodies were incubated overnight moderately rotated at 4 °C.
After incubation, the particles were washed and the complex antibody-AuNPs
purified on Pure proteome protein "A" magnetic particles to remove the unbound
(naked) AuNPs. The binding efficiencies were determined indirectly using a
standard of tris/glycin SDS-PAGE, followed with silver staining and
densitometric detection. The amount of immobilized antibodies was calculated
from the difference in the densities of antibodies in the initial solution and the
total antibodies in the supernatant after completing the immobilization and
washing steps. Prepared conjugates were checked by electrochemical detection
via conditions specified in the next paragraph.

Electrochemical detection of Listeria ssp. bacteria cells

Magnetic immunosorbent with specific anti-Listeria antibodies (0.1 mg, prepared
according to previously published [12]) was mixed with 50 puL. of PBS buffer
containing 0.05% Tween 20 (PBS-T) spiked with 500 Listeria CFU and with
75 pL of the electrochemically active probe (75 pL containing 7.5 pg of AuNPs
and 7.5 resp. 3.75 pg of Ab).
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In the case of negative control, 50 uL of PBS-T buffer was used instead of
bacteria suspension. Incubation for 1 hour at room temperature took place under
rotation regime. After that, the resulting magnetic particle-bacteria-conjugate
complexes were magnetically separated and washed five times with 1 mL of
PBS-T buffer. All electrochemical measurements were performed with a portable
PalmSens interface (PalmSens, GA Houten, The Netherlands) controlled by
software PSTrace 4.8 (the same manufacturer) and connected with a screen-printed
three-electrode system with carbon as the working and auxiliary electrodes and a
silver pseudo-reference (DropSens, Spain) completing the cell.

The Listeria cells were detected after 5 min. incubation in the presence of
100 uL 0.1 M HCI. The Au(IlIl) ions were monitored by square-wave cathodic
stripping voltammetry (SWCSV) coupled with the SPC-3-EL-cell. Parameters of
the SWV ramp were as follows: deposition potential, 1.2 V for 180 s; condition
potential, 0.15 V for 120 s; potential range, 1.2 V — 0.0 V vs. ref.; step potential,
—0.003 V; pulse amplitude, 0.02805 V; and SWV-frequency, 25 Hz.

Results and discussion

In this work, we have tested potential of AuNPs as an electrochemically active
label especially for their unique optical and physical properties. Our goal was to
prepare conjugates using different types of particles and different types of analyte
bound onto their surface.

AuNPs are usually prepared by citrate reduction method and stabilized via
the negative charges by citrate ions [13—14]. Under standard conditions, the DNA
molecules are highly negatively charged and being repelled by AuNPs. To screen
the negative charge of AuNPs, a solution with high concentration of NaCl should
be added although this addition of highly concentrated salt may lead to the
irreversible aggregation of particles. This problem can be solved by the process
called "salt aging", when such a salt is gradually added together with the
molecules of DNA. While DNA is still at an excess against the salt, the
aggregation of particles is then prevented. In this work, four various protocols
working with different buffers and different processes using the salt aging method
were performed and compared; see Table 1. The proposed procedures were taken
from the literature and modified. For optimizing steps, the DNA molecules
labelled with fluorescent tag Cy3 were used for easier determination of capture
efficiency, when the intensity of fluorescence correlated with the concentration of
bound DNA oligonucleotides. The capture efficiency expressed by numbers of
DNA chains bound on the surface of AuNPs was calculated from calibration
curve. Because there exists a mathematical relationship for predicting suitable
saturation of the nanoparticles surface with oligonucleotides, we could compare
our results with theoretical assumption. Namely, one should bound around
68 £ 10 chains per one unit of AuNP with diameter 10 nm.
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We were not far from this prediction, so there was no need to change the
protocol to increase the capture efficiency. Except the binding in water (63 chains
of DNA per one AuNP), there were no significant differences among the
individual protocols; see Fig. 1. The most effective was the procedure with 10mM
PBS containing 0.01% SDS used as the detergent avoiding undesirable
aggregation of AuNPs. We could estimate that, by this protocol, 154 of DNA
oligonucleotide chains were bound on the surface of one nanoparticle. For future
application, protocol with citrate buffer was chosen. As we have estimated, around
134 of DNA oligonucleotide chains were bound on the surface of one
nanoparticle. Moreover, from the sufficient binding efficiency, this protocol was
not time-consuming and the conjugates could be prepared in 1.5 hours.

200 -

160
140 -
120
100 -
80 -
60 -
40
20 -
0 . T |

water 10 mM citrate-HCl 5 mM HEPESpH 9 10 mM PBSpH 7.4
pH 3

chains/1 AuNP

Number of DNA oligonucleotides

Fig. 1 Immobilization of reduced oligonucleotides on AuNPs in four different buffers

Second part deals with the modification of AuNPs by antibodies via
crosslinker. On the surface of AuNPs containing functional groups, the specific
anti-Listeria antibodies were bound. One- or two-step carbodiimide methods were
tested. In addition, the different ratios of AuNPs and antibodies (1:1 or 2:1, resp.)
were optimized. The advantage of one-step method is the absence of washing
which extends analysis time. On the other hand, this washing step removes
redundant reagents that could affect the subsequent procedures so we had to
evaluate the quality and quantity of final product. The binding efficiencies were
estimated by the SDS-PAGE via densitometry evaluation. Binding efficiencies
were expressed as the percentage of molecules of antibodies immobilized onto the
surface of AuNPs versus the initial amount of antibodies used for immobilization.
As shown in Fig. 2, concerning the one-step method, the capture efficiency of
antibodies was around 68 % (initial ratio of AuNPs:Ab was 1:1) and in the case
of two time surplus of AuNPs (initial ratio 2:1) the capture efficiency was around
60 %. In the case of two-step method, the binding efficiency was substantially
lower, being around 36 % resp. 31 %.
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Fig. 2 SDS-PAGE analysis followed by silver staining Lanes

1 — molecular weight marker (10-250 kDa); 2 — initial experiment (sample);
3 — binding fraction of one step carbodiimide method — AuNPs:Ab ratio 1:1;
4 — binding fraction of one step carbodiimide method — AuNPs:Ab ratio 2:1;
5 —binding fraction of two steps carbodiimide method — AuNPs:Ab ratio 1:1;
6 — binding fraction of two steps carbodiimide method — AuNPs:Ab ratio 2:1.

Prepared conjugates (contaminated by naked AuNPs) were purified by
magnetic particles containing protein "A". This substance specifically bound
antibodies via their Fc fragments so that the conjugates had consisted of
antibodies and AuNPs could be captured. Naked AuNPs that might affect
subsequent experiments were thus separated off. To control the nonspecific
sorption of AuNPs on carrier with protein "A", the aliquot of naked particles was
used. In Fig. 3, one can see a voltammogram with the efficient quantitative elution
of conjugated molecules from carrier with protein "A". In the case of all four
conjugates, the current signals were monitored being typical for gold with
appropriate peak height (—1.049,-0.695,—1.2, and —1.759 pA). These results have
suggested us successful preparation and purification of anti-Listeria conjugates.

The functionality and usability of these conjugates were then verified by
model samples with Listeria cells. For preliminary experiments, two conjugates were
used (prepared by one- or two steps method with initial ratio of AuNPs:Ab 2:1).
Conjugates were mixed together with anti-Listeria magnetic immunosorbent and
sample spiked with Listeria cells. During 60 min. incubation, Listeria cells should
be captured by magnetic immunosorbent and so caught cells were labelled with the
conjugates at the same time. After incubation, these complexes were captured from
the samples (due to magnetic immunosorbent), washed, and the signal generated
from electrochemically active conjugate measured on SPCE. In Fig. 4, a
voltammogram with positive and negative control is drawn clearly showing the
differences. The signals of both negative controls were nearly 0 pA and for positive
samples provided signals —0.157 pA and 0.165 pA, resp. These results indicate that
the prepared conjugates give rise to an electrochemically measurable signal enabling
to distinguish the samples with Listeria cells from negative samples.
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Fig. 3 Square-wave voltammograms of conjugates prepared one- or two-step
method and with different ratio of AuNPs and anti-Listeria antibodies

Measurements were performed with SPCE under conditions for electrochemical detection
specified in the experimental part ("Materials and methods").
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Fig. 4 Square-wave voltammograms of Listeria-cells detection with the aid of

conjugates prepared and serving as a part of biosensor

Initial ratio of AuNPs:Ab is 2:1, both one- and two- steps method are compared.
Measurements were performed with SPCE under conditions for electrochemical detection
specified in Experimental. Voltammogram with negative control is inserted.
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Conclusions

This work deals with the modification of AuNPs for their future use as a signal
generating unit in biosensor configurations. Two types of AuNPs were chosen.
Non-functionalized nanoparticles were used for conjugation with thiolated DNA
oligonucleotides to create the DNA probe. This bond utilizes the affinity of
surface of the colloidal AuNPs and thiol-conjugated DNA oligonucleotides. The
main problem was to be repulsion between the negatively charged nanoparticles
and DNA strains, which could however be eliminated using salt-aging protocol.
In this work, we successfully modified AuNPs by thiolated oligonucleotides with
four various protocols. Such prepared DNA probe could then be used in other
applications; e.g., for detection with piezoelectric biosensor.

The second type of AuNPs had had functional carboxyl groups. On such
type of particles, various proteins should be bound with the help of carbodiimide
crosslinker via the respective amino groups. We have tried to optimize the most
effective procedure that would provide the most useful conjugate. Such
conjugates are meant to be applied as the electrochemically active part of
biosensor for detection of bacteria. Regarding this, we were able to prepare the
conjugates of AuNPs and anti-Listeria antibodies. These conjugates were found
electrochemically active and, during preliminary experiments, it was confirmed
that they could be used as a part of electrochemical biosensors for detection of
bacteria cells.

Acknowledgement

This work was supported by the European Union's LOVE-FOOD 2 MARKET
project under the contract No. 687681.

References

[1]  Parida U.K., Biswal S.K., Nayak P.L., Bindhani B.K.: Gold nano particles for
biomedical applications. World Journal of Nano Science and Technology 2 (2013)
47-57.

[2]  Zhang X.: Gold Nanoparticles: Recent advances in the biomedical applications.
Cell Biochemistry and Biophysics 72 (2015) 771-775.

[3] ParidaU.K., Nayak P.L.: Biomedical applications of gold nanoparticles: opportunity
and challenges. World Journal of Nano Science and Technology 1 (2012) 10-25.

[4] Das M., Shim K.H., An S.S.A., Yi D.K.: Review on gold nanoparticles and their
applications. Toxicology and Environmental Health Sciences 3 (2011) 193-205.

[5] SuS., Zuo X.L., Pan D., Pei H., Wang L.H., Fan C., Huang W.: Design and
applications of gold nanoparticle conjugates by exploiting biomolecule-gold
nanoparticle interactions. Nanoscale 5 (2013) 2589-2599.

117



Murasové P. et al.: Sci. Pap. Univ. Pardubice, Ser. A 24 (2018) 109-118

[6]
[7]
[8]
[9]

[10]

[11]

[12]

[13]
[14]

118

Hurst S.J., Lytton-Jean A.K.R., Mirkin C.A.: Maximizing DNA loading on a
range of gold nanoparticle sizes. Analytical Chemistry 78 (2006) 8313—-8318.
Herne T.M., Tarlov M.J.: Characterization of DNA probes immobilized on gold
surfaces. Journal of the American Chemical Society 119 (1997) 8916—-8920.
Tiwari P., Vig K., Dennis V., Singh S.: Functionalized gold nanoparticles and
their biomedical applications. Nanomaterials 1 (2011) 31-63.

Hill H.D., Millstone J.E., Banholzer M.J., Mirkin C.A.: The role radius of
curvature plays in thiolated oligonucleotide loading on gold nanoparticles. ACS
Nano 3 (2009) 418-424.

Zhang X., Servos M.R., Liu J.: Instantaneous and quantitative functionalization
of gold nanoparticles with thiolated DNA using a pH-assisted and surfactant-free
route. Journal of the American Chemical Society 134 (2012) 7266—7269.

Chen S., Wu V.C.H., Chuang Y., Lin C.: Using oligonucleotide-functionalized
Au nanoparticles to rapidly detect foodborne pathogens on a piezoelectric
biosensor. Journal of Microbiological Methods 73 (2008) 7-17.

Srbova J., Krulisova P., Holubova L., Pereiro 1., Bendali A., Hamiot A.,
Podzemna V., Macak J., Dupuy B., Descroix S., Viovy J.-L., Bilkova Z.:
Advanced immunocapture of milk-borne Salmonella by microfluidic
magnetically stabilized fluidized bed. Electrophoresis 39 (2018) 526-533.
Turkevich J.: Colloidal gold. Part II. Gold Bulletin 18 (1985) 125-131.

Kimling J., Maier M., Okenve B., Kotaidis V., Ballot H., Plech A.: Turkevich
method for gold nanoparticle synthesis revisited. Journal of Physical Chemistry
110 (2006) 15700-15707.



5 ZAVER

Predlozend disertani prace se zabyvala biofuncionalizaci magnetickych mikrocastic
a konjugaci zlatych nanocastic s bioaktivni slozkou. Vzniklé nosice a biokonjugaty byly vyvijeny
jako soucast analytickych metod, kde se kombinovaly fyzikalni a chemické vlastnosti kovovych
¢astic s biologickymi vlastnostmi ligandi vazanymi na jejich povrchu. Navazanim specifickych
protilatek nebo peptidii na povrch magnetickych Castic vznikly tzv. nosice, které byly pouzity
napt. ke specifické izolaci a purifikaci bakteridlnich bun¢k ze vzorki mléka nebo vybranych
mlécnych vyrobkl nebo k izolaci klinicky vyznamnych protilatek ze vzorkt lidského séra. Zlaté
nanocastice a jejich elektrochemické vlastnosti byly vyuzity pro piipravu biokonjugati jako
jednu z ¢asti elektrochemického senzoru pro piimy prikaz patogennich bakterii v mléce.

Nejvetsi cast prace byla vénovana piipravé imunosrobenti na bazi magnetickych
mikrocastic a jejich pouziti pro izolaci bakteridlnich bun¢k ze vzorkt mléka. Zde se jednalo o
kombinaci kratkodobé pomnozovaci faze a imunomagnetické separace. Cilem bylo eliminovat
¢asov€ naronou pomnozovaci fazi (fadové desitky hodin) doposud v praxi bézné pouZivanou.
Pomoci nami vyvinutého imunosorbentu bylo dosazeno velmi dobrych vysledkii vazebné
ucinnosti. Byly optimalizovany podminky ucinné izolace z normovanych 25 ml vychoziho
vzorku, v naSem piipadé kravského mléka nebo homogenizovaného syru Ricotta. Imunosorbent
dale vykazoval vybornou selektivitu i v pfitomnosti kompetitivni bakterialni kultury, ktera byla
v mnohonasobném piebytku. Déle bylo experimentalné potvrzeno, Ze tento nosic lze pouzit i jako
integralni soucast mikrofluidniho zafizeni. Prikaz patogennich bakteridlnich bunék probihal
na LOC platformé spolu s integrovanymi korky lyze bakteridlnich bunék s DNA amplifikaci
a akustickou detekci. Tato metoda poskytla v souladu s legislativou dostatecnou citlivost pro
prukaz bakteridlnich bun¢k, kdy celkovy ¢as analyzy nepiekrocil 4 hodiny. Mohlo by se tedy
jednat o vhodnou variantu pro terénni testovani potravinovych, ale 1 klinickych vzorkd, kdy nelze
vyuzit klasickych konfirmaénich metod. Navic s ohromnym benefitem tspory Casu a bez nutnosti
slozitého pfistrojového vybaveni.

Vedle modernich biosenzorti a LOC platforem se magnetické nosice mohou s vyhodou
pouzivat i u tradi¢nich metod, jakymi je napt. metoda ELISA. Magnetické nosi¢e zde mohou byt

vyuZity jako pevna faze za ucelem zvySeni citlivosti metody a zkraceni inkubacnich dob
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v jednotlivych krocich imunoeseje. V naSem ptipad¢ jsme tuto metodu vyuzili k detekce anti-Ap
1-42 protilatek ze sér pacientti s Alzheimerovou chorobou. Stézejnim krokem byla pfiprava
magnetického nosi¢e. Nami sestavena magnetickd ELISA se ukazala jako vhodné alternativa,
avSak jest¢ je nutné vice zapracovat na povrchové modifikaci magnetického nosice, piedevsim
z hlediska nespecifické sorpce nezadoucich proteint a balastnich slozek ze séra, které piisobi pfi
stanoveni velmi rusive.

V dalsi fazi vyzkumu jsme se rozhodli experimentalné ovéfit, zda je mozné sestavit
biosenzor pro pritkaz bakteridlnich bun¢k vyskytujicich se v malych koncentracich v komplexnim
a vysoce heterogennim materialu. Nase strategie se opirala o kombinaci velmi specifického
a selektivniho magnetického nosic¢e (popsan¢ho vyse) s elektrochemicky aktivnim konjugatem.
Konjugiatem byla v tomto pifipadé anti-salmonelova protilatka znaend CdTe kvantovymi
teCkami, ale pro zvySeni intenzity signdlu byl do konstrukce konjugitu zakomponovan
i multifunk¢éni dendron. Ukézalo se, Zze kombinaci kvantovych te¢ek a dendronti vznikla citliva
elektrochemicka znacka, jejiz vyuziti nebylo doposud nikde publikovano. V kombinaci s uc¢innou
izolaci pomoci magnetického nosice vznikl tedy velmi citlivy imunosenzor s moznosti vyuziti
pro rychlou a levnou detekci bakteridlnich kontaminaci. Vedle toho byly jako potencionalni
elektrochemické znacky testovany i konjugaty na bazi AuNPs pro prikaz kontaminace bakterii
Listeria monocytogenes. AvSak nase dosavadni vysledky neposkytuji pottebnou citlivost.
rozhoduje o jeho analytickych parametrech, je konjugat nesouci signal generujici znacku. Dalsi
vyhodu pfindsi 1 spojeni elektrochemického senzoru s imunomagnetickou separaci, kdy ziskame
analyt v dostate¢né koncentraci a kvalité¢. Moznost integrovat cely syst¢ém do LOC platformy je
dalSim benefitem, ktery tato technika pfinds$i. Mohou tak vzniknout integrované detekéni
platformy na principu LOC pro rychlé a pfesné testovani vzorkil, coZ dnes hraje s ohledem na

ochranu lidského zdravi kli¢ovou roli.
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