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STRESZCZENIE

Streszczenie

Choroby nowotworowe stanowia jedna z najczestszych przyczyn zgonow
na $wiecie, a wykrywalno$¢ nowych przypadkéw z roku na rok ciggle wzrasta. Jednym
z podstawowych powodéw wysokiego odsetka $miertelnosci jest zbyt pézna diagnostyka
pacjentow. W zwiazku z tym, wcigz poszukuje si¢ potencjalnych biomarkerow
nowotworowych, a takze nowych metod majacych zastosowanie w diagnostyce
i leczeniu tej zagrazajacej zyciu choroby.

Celem rozprawy bylo opracowanie  fluorescencyjnych  systemow
bioczujnikowych opartych na jednoniciowych sondach oligonukleotydowych, ktore
zastosowano do wykrywania potencjalnych biomarker6w nowotworowych: (i) ekspresji
genu surwiwiny na poziomie mMRNA oraz (ii) monitorowania poziomu stgzenia
adenozyno-5'-trifosforanu (ATP) w ludzkich komoérkach. W pracy wykorzystano dwie
linie komérkowe: komoérki nabtonka gruczolakoraka okreznicy SW480 oraz prawidlowe
komorki nablonka okreznicy CCD841 CoN.

Przeprowadzone badania miaty na celu dokonanie oceny nastepujacych hipotez:
H1: Wykrywanie ekspresji genu surwiwiny w komorkach nowotworowych moze by¢
prowadzone za pomocq sondy nukleotydowej typu ,,sygnalizator molekularny”
z sekwencjq komplementarng do sekwencji mRNA odpowiadajgcej za kodowanie
surwiwiny.
H2: Zwigkszone zapotrzebowanie energetyczne komorek nowotworowych moze byé
wykrywane poprzez ~monitorowanie poziomu stezenia ATP w komorkach

za pomocq systemu bioczujnikowego opartego o aptamer, ktory wigze sie z ATP.

Zakres badan obejmowal opracowanie oraz testowanie systemoOw
bioczujnikowych znakowanych barwnikiem fluorescencyjnym, opartych
o sondy nukleotydowe typu ,.sygnalizator molekularny” (ang. molecular beacon)
oraz sondach aptamerowych. W przeprowadzonych badaniach wykorzystano
m.in spektroskopie fluorescencyjna, zjawisko fluorescencyjnego rezonansowego
przeniesienia energii oraz mikroskopie optyczna z filtrami fluorescencyjnymi. Pierwszy
etap doswiadczen polegat na scharakteryzowaniu dziatania sond, w tym: wyznaczeniu
limitu detekcji, selektywnosci oraz sprawdzeniu stabilnosci w réznych temperaturach.

W kolejnym etapie opracowano skuteczng metode transfekcji komorek sonda
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STRESZCZENIE

nukleotydowa przy uzyciu dwoch nanono$nikow: tlenku grafenu i liposomow.
Ostatecznie umozliwito to wykrycie ekspresji genu surwiwiny na poziomie mRNA,
odréznienie komoérek nowotworowych od prawidlowych, a takze monitorowanie
poziomu stezenia ATP modulowanego inhibitorami syntazy ATP oraz glikolizy.
Przedstawione wyniki wpisujag si¢ w nurt obecnych badan dotyczacych
poszukiwania nowych metod detekcji oraz terapii chorob nowotworowych. Wskazuja
mozliwo$¢ potencjalnego zastosowania systemow fluorescencyjnych do wykrywania
biomarkeréw nowotworowych, jak réwniez wykorzystania nanomateriatdw jako

nosnikéw do wprowadzania lekow i sond nukleotydowych do komorek.

Stowa kluczowe: sondy oligonukleotydowe, ATP, surwiwina, inhibitory syntazy ATP
i glikolizy, spektroskopia fluorescencyjna
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ABSTRACT

Abstract

Cancer is one of the most common causes of death worldwide, and the detection
of new cases is constantly increasing every year. One of the main reasons for the high
mortality rate is the late diagnosis of patients. Therefore, the potential cancer biomarkers
as well as the new methods for diagnostics and treatment of this deadly disease are still
being sought.

The aim of this thesis was the development of fluorescent biosensing systems
based on single-stranded oligonucleotide probes, which were used for the detection
of potential cancer biomarkers: (i) expression of survivin mMRNA and (ii) monitoring the
level of adenosine-5'-triphosphate (ATP) concentration in human cells. Two cell lines
were used in the study: human colon adenocarcinoma cells SW480 and normal epithelial
cells CCD841 CoN.

The conducted investigations carried out in this thesis aimed to assess
the following hypotheses:

H1: Detection of survivin gene expression in cancer cells can be performed using
a molecular beacon probe with a sequence complementary to the mRNA sequence
responsible for survivin coding.

H2: Increased energy demand of cancer cells can be detected by the monitoring
of ATP concentration level in cells using the biosensing systems based
on the aptamer that binds to ATP.

The scope of the research included the development and testing of the biosensing
systems attached with a fluorescent dye, based on the molecular beacon and aptamer
probes. In conducted research the following methods were used: fluorescence
spectroscopy, fluorescence resonance energy transfer and optical microscopy with
fluorescent filters. Firstly, the biosensing systems were characterized by determination
of the detection limit, selectivity and stability at various temperatures. Then, an effective
method of transfecting cells with a nucleotide probe using two nanocarriers: graphene
oxide and liposomes was developed. Finally, the expression of survivin mRNA
was determined, the tumor cells were distinguished from the normal cells,
and the concentration of ATP levels modulated by ATP synthase and glycolysis inhibitors

was monitored.
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ABSTRACT

The presented results are consistent with current research concerning the new
methods for cancer detection and therapy. They indicate the potential of fluorescent
biosensing systems utilizing for the cancer biomarker detection and application

of nanomaterials as the carriers for drugs and oligonucleotides probes delivery into cells.

Keywords: oligonucleotide probes, ATP, survivin, ATP synthase and glycolysis
inhibitors, fluorescence spectroscopy
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WYKAZ NAJWAZNIEJSZYCH SKROTOW

Wykaz najwazniejszych skrotow

Sonda aptamerowa

Apt(ATP)

(ang. Aptamer ATP)

2-DG 2-deoksy-D-glukoza
(ang. 2-deoxy-D-glucose)

ABP Sonda aptamerowa
(ang. Aptamer beacon probe)

ATP Adenozyno-S_ -tnfosfc_;ran
(ang. Adenosine-5 -triphosphate)

CCD 841 CoN Linia komorkowa ludzkich koTnore-k nablonka okreznicy
(ang. Human normal colon epithelial cells)

CTP Cytydyno_-S_ -trlfosf(_)ran
(ang. Cytidine-5-triphosphate)

Dabcvl Kwas 4-(4’-dimetylo-aminofenyloazo)benzoesowy

y (ang. 4-((4 -(dimethylamino)phenyl)azo)benzoic acid)

DMEM Medium hodowlane, Dulbecco zmodyfikowane przez Eagle’a
(ang. Dulbecco’s Modified Eagle Medium)

EMEM Medium hodowlane, minimalna niezbedna pozywka Eagle'a
(ang. Eagle's minimal essential medium)
6-Karboksyfluoresceina

FAM .

(ang. 6-Carboxyfluorescein)

FRET Fluorescencyjne rezonansowe przeniesienie energii
(ang. Fluorescence Resonance Energy Transfer)

GO Tlenek grafenu .

(ang. Graphene oxide)

GTP Guanozyno-S.-trlfosfqran
(ang. Guanosine-5 -triphosphate)

e Intensywno$¢ fluorescencji
(ang. Fluorescence intensity)

ju Jednostki umowne

- (ang. Arbitrary units)

Joe 5’-dichlorodimetoksyfluoresceina

(ang. 5 -dichloro-dimethoxy-fluorescein)
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Lipofektamina

Lip - ) )
(ang. Lipofectamine)

MB _ Sonda nukleotydowa typu ,,sygnalizator molekularny”
(ang. Molecular Beacon)

MRNA _ RNA matrycowy, kwas rybonukleinowy matrycowy
(ang. messenger RNA)

OMC i Ollgomy_cyna _
(ang. Oligomycin)

s Oligonukleotyd komplementarny do ,,petli” sondy

. -

(ang. Complementary oligonucleotide, target strand)

Oligonukleotyd z jednym niekomplementarnym do ,,petli”
St1 - sondy nukleotydem

(ang. Target strand with 1-mismatch)

Oligonukleotyd z dwoma niekomplementarnymi do ,petli”
St - sondy nukleotydami

(ang. Target strand with 2-mismatches)

Oligonukleotyd niekomplementarny do ,,p¢tli” sondy

Stne - (ang. Noncomplementary oligonucleotide, noncomplementary
target strand)

Surwiwina
(ang. Survivin)

Sur -

Linia komérkowa ludzkich komorek nabtonka gruczolakoraka
SW480 - okreznicy
(ang. Human colon cancer cells)

Docelowy oligonukleotyd, docelowy jednoniciowy fragment
tDNA - DNA
(ang. target DNA)
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I. WSTEP TEORETYCZNY

|. Wstep teoretyczny

1. Choroby nowotworowe

Choroby nowotworowe s3 silnie zwigzane z  niekontrolowanym
oraz nieprawidlowym podzialem komorek organizmu, jak réwniez z unikaniem przez
nie apoptozy. Istnieje ponad 100 typow nowotworow, sklasyfikowanych zgodnie
z pierwotnym umiejscowieniem w tkankach. Pod wzgledem zachowania biologicznego,
mozna rozrozni¢ zmiany nieztosliwe (lagodne) oraz zlosliwe. Nowotwor tagodny
pozostaje w swojej pierwotnej lokalizacji, nie powoduje naciekOw na okoliczne tkanki
oraz nie rozprzestrzenia si¢ do odleglych miejsc w ciele gospodarza. Inaczej jest
ze zmianami zlosliwymi. Moga one nacieka¢ na okoliczne zdrowe tkanki. Potrafig
rowniez rozprzestrzenia¢ si¢ po calym ciele poprzez ukiad krwionos$ny lub uktad
limfatyczny, tworzac ogniska wtorne, tzw. przerzuty. Mozna wyr6zni€ jeszcze zmiany
o zlosliwosci miejscowej. Sg to nowotwory, Ktore nie maja zdolnosci do dawania
przerzutdw, jednakze ognisko pierwotne zachowuje si¢ jak zmiana ztosliwa, ktéra moze
powodowac naciekania na okoliczne prawidlowe tkanki. Ze wzgledu na rodzaj komorek,
z ktorych wywodzg si¢ nowotwory, mozna wyrdznic: raki (nowotwory ztosliwe komorek
nablonka, obejmuja okoto 90% nowotworéw ludzkich), migsaki (nowotwory tkanek
miekkich, tj. acznej: thuszczowej, chrzgstnej czy kostnej) oraz chloniaki i biataczki
(nowotwory uktadu krazenia: limfy i krwi, ktore stanowig okolo 8% nowotworow
ludzkich). Nowotwory klasyfikowane sa rowniez wedlug narzadow, z ktorych
si¢ wywodzg. Wyrdzniamy raka phuc, raka piersi, raka jelita grubego czy raka watroby.

Zdolnos¢ nowotworow ztosliwych do tworzenia przerzutow sprawia, ze choroba
ta moze by¢ trudna do wyleczenia, a jej rokowania gorsze niz dla nowotworu
zlokalizowanego. Rozprzestrzenianie si¢ zmian ztosliwych do odlegtych miejsc ciata
czesto ostabia lub uniemozliwia ich leczenie miejscowe. Zmiany tagodne mozna zwykle
usung¢ chirurgicznie (Cooper, 2000; Sapierzynski, 2012).

Wedhig statystyk przedstawionych przez Swiatowa Organizacje Zdrowia
(ang. World Health Organization, WHO) w 2019 roku, choroby uktadu krazenia
1 choroby nowotworowe przyczynily si¢ do najwigkszej liczby zgondéw na Swiecie
(WHO?, 2023; Wilcox i wsp., 2024). W Polsce wedlug danych o umieralnosci i zgonach
opublikowanych przez Glowny Urzad Statystyczny (GUS), w 2021 roku choroby

te rowniez byly gldwnymi przyczynami $mierci 1 odpowiadaty za ponad polowe
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I. WSTEP TEORETYCZNY

wszystkich odnotowanych zgonéw (Zrodto danych GUS, 2022). Wedhuig szacunkow
opracowanych przez Migdzynarodowa Agencj¢ Badan nad Rakiem, w 112 na 183 kraje
choroby nowotworowe s3 pierwsza badz druga najczgstsza przyczyna S$mierci,
a w kolejnych 23 krajach zajmuja trzecie badz czwarte miejsce (Sung i wsp., 2021). Fakt
ten sprawia, ze w wielu krajach nowotwory coraz cze¢sciej wymieniane sg jako glowna
przyczyna zgonow, przed umieralnoscia z powodu udaru mozgu czy choroby wiencowe;j
(Bray i wsp., 2021). W 2022 roku odnotowano 20 min nowych przypadkéw oraz prawie
10 mln zgonow na raka. Wsrod najczesciej diagnozowanych typdw nowotworow mozna
wyrozni¢ raka ptuc (12,4%), piersi (11,5%), jelita grubego (9,6%), prostaty (7,3%)
oraz zoladka (4,8%). Natomiast za gléwng przyczynge zgondw z powodu raka
odpowiadajg rak phluc (18,7%), jelita grubego (9,3%), watroby (7,8%) i piersi u kobiet
(6,8%) co graficznie przedstawiono na Rysunku 1. Szacuje si¢, ze w 2050 roku globalne
obcigzenie chorobami nowotworowymi wyniesie ponad 35 min przypadkow.
W poréwnaniu z 2022 rokiem nastapi wzrost zachorowalnosci 0 75%. Przewiduje
si¢ rowniez, ze w 2050 roku $miertelnos¢ na choroby nowotworowe wyniesie ponad
18 mln, co oznacza wzrost wzgledem 2022 roku o 80% (WHO?, 2022). Gwaltowny
wzrost zachorowan oraz zgonow, niewatpliwie jest spowodowany niezdrowymi
i szkodliwymi dla organizmu nawykami zywieniowymi, siedzagcym trybem zycia oraz
zwickszajacg si¢ dlugoscig zycia. Wykazano, ze w 2019 roku ludzie zyli o ponad 6 lat
dtuzej w poréwnaniu z rokiem 2000. Sredni czas zycia wzrést do ponad 73 lat w 2019
roku w poréwnaniu z poziomem prawie 67 lat w 2000 roku (WHO?3, 2020). Wydhizony
czas zycia moze wiec powodowaé wigkszg zachorowalno$¢ ludzi na rézne choroby,

w szczegoOInosci na choroby nowotworowe.
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@ Rak piersi

11,5%
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50,1%
Rak prostat
7,3%
Rak watroby — Rak zotadka
4,3% 4,8%
Rak ptuc
18,7%
Inne
45,9%

Umieralno$¢

Rak zotadka
6,8%

piersi
6,8%

Rak trzustki e
4,7%

Rysunek 1. Procentowe przedstawienie nowych przypadkow zachorowan (A) oraz umieralnosci (B)
narozne typy chorob nowotworowych w 2022 r. na $wiecie. Dane podane dla obu plci oraz catego przekroju
wiekowego. Zrédlo: opracowanie wlasne na podstawie: danych WHO?, 2022,
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2. Noworwor jelita grubego

Jednym z najczgsciej wystepujacych nowotworow zlo§liwych na §wiecie jest rak
jelita grubego. Wedlug statystyk Swiatowej Organizacji Zdrowia w 2022 roku
byl diagnozowany u co trzeciego pacjenta. Przewiduje si¢, ze w 2050 roku rak jelita
grubego zostanie zdiagnozowany u ponad 3,5 mln 0s6b i przyczyni si¢ do ponad 1,84 min
zgonéow (WHO?, 2022).

Guz gldwnie jest umiejscowiony w okreznicy sktadajacej sie z: wstepnicy,
poprzecznicy i zstgpnicy (Deptata, 2017). Wedlug obserwacji, zachorowalno$¢ na raka
jelita grubego wzrasta wraz z wiekiem. Wigkszos¢ przypadkow jest diagnozowana u 0sob
po 50-tym roku zycia, a tylko 12% chorych stanowig osoby mlodsze (Siegel i wsp., 2020).
Wozrost zachorowalnos$ci u osob starszych, zwlaszcza seniorow, sugeruje, Ze nowotwor
ten rozwija si¢ w organizmie przez wiele lat nie dajac zadnych objawow. Ponadto ludzie
miodzi rzadko poddawani sa badaniom przesiewowym tj. inwazyjnemu zabiegowi
kolonoskopii. Powoduje to, Ze rak jelita grubego najczesciej jest wykrywany w péznym
stadium choroby, a to przyczynia si¢ do niskiej przezywalnosci. Mimo zastosowania
zaawansowanego leczenia chirurgicznego czy chemioterapii pojawia si¢ znaczacy
odsetek nawrotdéw nowotworu u pacjentow juz zdiagnozowanych (Marmol i wsp., 2017;
Andrew i wsp., 2018). Chemioterapia moze dodatkowo wywota¢ wiele niepozgdanych
dziatan i objawdéw ubocznych zwigzanych z owrzodzeniem przewodu pokarmowego,
uszkodzeniem nerek (Ungprasert i wsp., 2015; Jagieta i wsp., 2021), utratg stuchu,
szumami usznymi, brakiem réwnowagi (Rybak i wsp., 2007; Pearson i wsp., 2021),
zwiekszong oporno$ciag na leczenie (Siddik, 2003; Alfarouk i wsp., 2015), nadci$nieniem,
zmeczeniem, reakcjami alergicznymi skory dioni i stop, biegunkg (Zaniboni i wsp.,
2016), nudnosciami i wymiotami (Gupta i wsp., 2021). Sprawia to, ze nicustannie
poszukuje si¢ nowych, skutecznych i mniej inwazyjnych metod, ktore moga mie¢ swoje

zastosowanie we wczesnej diagnostyce i leczeniu raka jelita grubego.

3. Cechy nowotworow

Komorki nowotworowe posiadaja mechanizmy zabezpieczajace je przed
zaprogramowang $miercig komorki oraz zdolno$¢ do nieograniczonej proliferacji,
tworzenia wiasnego uktadu naczyniowego, przerzutowania i naciekania okolicznych
tkanek, przeprogramowania metabolizmu komérkowego, wymykania si¢ spod nadzoru

immunologicznego (Hanahan i Weinberg, 2011; Hanahan, 2022). Rozwdj nowotworow

STRONA 24




I. WSTEP TEORETYCZNY

i kancerogeneza sg uwarunkowane licznymi procesami, ktore przedstawiono w Tabeli 1

(Feitelson i wsp., 2015).

Tabela 1. Wykaz najwazniejszych czynnikow wplywajacych na kancerogeneze. Zrodlo: opracowanie
wlasne na podstawie: Feitelson i wsp., 2015.

Czynnik Wplyw na kancerogeneze

Promowanie przetrwania komorek
w warunkach stresu np. niedotlenienia, pod
Autofagia wplywem nasilonej glikolizy,
w  odpowiedzi na  rozregulowang

proliferacje

Promowanie niekontrolowanej proliferacji
Biatka cyklu komodrkowego komorek poprzez nieprawidlowa ekspresje

biatek cyklu komorkowego

Aktywowanie czynnikow indukowanych
hipoksja (HIFs) promujacych podziaty
Hipoksja macierzystych komorek nowotworowych
oraz angiogenezg, wywieranie wptywu

na metabolizm komoérek nowotworowych

Wpltyw na wzrost nowotworu

oraz mozliwo$¢ przerzutowania  dzieki

interakcji  migdzy komoérkami  zrgbu
Mikrosrodowisko guza o ‘

(np. fibroblastami i komorkami uktadu

odpornosciowego) a komoérkami

nowotworowymi

Powstawanie i nawrdt nowotworu oraz jego
rozprzestrzenianie  nast¢pujace  dzieki
Nowotworowe komorki macierzyste wysokiej samoodnawialnosci komorek,
wysokiej chemioopornos$ci i ograniczone;j

apoptozie

Promowanie rozwoju nowotworowych
Przejscie epitelialno-mezenchymalne _
komoérek macierzystych
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Aktywacja szlakow sygnatowych

wspierajacych niekontrolowane podziaty
Szlaki transdukcji sygnatu

komoérek nowotworowych (Wnt, Notch,

IGF, PI3K/Akt, NF-kB, Hh)

Promowanie wzrostu NOWOtWOrow

) hormonozaleznych poprzez aktywacje
Zaburzenia hormonalne ) )

estrogenowych i androgenowych $ciezek

sygnalowych

Wspomaganie przezycia oraz proliferacji

] ) komorek nowotworowych w warunkach
Zmiana metabolizmu komorkowego . o )
stresu np. niedotlenienia i wczesnej

karcenogenezy

Uzyskanie wszechstronnego zrozumienia oraz poznania wszystkich mechanizmow
molekularnych 1 komérkowych sprzyjajacych nowotworzeniu, niewatpliwie przyczyni
si¢ do wczesniejszego wykrywania chorob nowotworowych, skutecznej diagnostyki,
wdrozenia nowych lekow i doboru terapii przeciwnowotworowych, a to zapewni
pacjentom wickszy komfort leczenia, zahamowanie postepu choroby lub calkowite

wyleczenie.

4. Diagnostyka choréb nowotworowych

W przypadku nowotwordéw, wczesna diagnostyka i dobrze dobrana terapia moze
uratowac zycie. Badania wykazaly, ze przezycie pacjentow znacznie wzrasta, gdy rak
zostanie wykryty we wczesnym stadium, poniewaz nowotwOr mozna usungc
chirurgicznie lub wykorzystaé tagodniejsze metody leczenia. Srednio 5-letnie przezycie
pacjentow po wykryciu choroby na wczesnym etapie wynosi 91%, podczas gdy
na p6znym etapie wynosi juz tylko 26% (Chen® i wsp., 2020). Niestety wcigz okolo 50%
nowotworow jest rozpoznawanych w zaawansowanym stadium (Crosby i wsp., 2022).
Ogromne znaczenie w leczeniu ma wykrycie nowotworu na mozliwie najwczes$niejszym
etapie rozwoju. Obecnie stosowane badania przesiewowe w kierunku kilku typow
nowotworow, takich jak: kolonoskopia, tomografia komputerowa, mammografia,
badanie antygenu specyficznego dla prostaty, badanie cytologiczne (Gales i wsp., 2024)
wykazuja powazne ograniczenia, wsrod ktoérych wyrézniamy m.in. inwazyjnos¢, wysoki

koszt oraz niska doktadno$¢ diagnostyczng na wczesnym etapie choroby. W zwigzku
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z tym, wcigz poszukuje si¢ skutecznych, nieinwazyjnych metod badania przesiewowego
dla ré6znych typéw nowotworow. Opracowywane i testowane w ostatnich latach nowe
systemy do weczesnej diagnostyki, dokladnego okreslania stopnia zaawansowania
choroby, okreslania odpowiedzi nowotworu na dziatanie zaproponowanego leczenia
np. chemioterapii czy monitorowania post¢gpu choroby, bazujace na wykrywaniu
biomarkero6w nowotworowych m.in. w ptynach ustrojowych pacjentéw (tj. krew, mocz,
Izy) lub wycinkach tkanek organizmu, stanowa ciekawg alternatywe (Bohunicky i Mousa,
2010; Ahmad i wsp., 2023; Das i wsp., 2024). Biomarkery nowotworowe mogg miec¢
rézne pochodzenie molekularne, tj. DNA (np. onkogeny, specyficzna mutacja,
translokacja, amplifikacja lub utrata heterozygotycznosci), RNA (np. miRNA) lub biatko
(np. hormony bialkowe, autoprzeciwciata). W Tabeli 2 wymieniono przyklady
powszechnie stosowanych biomarkerow nowotworowych w diagnostyce, monitorowaniu
terapii, ocenie skutecznosci leczenia oraz w wykluczeniu badZz wczesnym wykryciu
nawrotu choroby. Pomimo postepow jakie poczyniono w ostatnich latach, wcigz wiele
sktadowych procesow nowotworzenia nie zostalo doglebnie wyjasnionych. Sukces
terapii nowotworowych silnie zwigzany jest ze znalezieniem odpowiednich biomarkerow
nowotworowych, ktore charakteryzuja si¢ wysoka ekspresjg 1 swoistoscig. Niewatpliwie
przyczyni si¢ to do ulepszenia medycyny precyzyjnej, terapii spersonalizowanej

oraz przyspieszy klasyfikacje kliniczng pacjentéw chorych na nowotwory.

Tabela 2. Przyktady najczesciej badanych ludzkich biomarkeréw nowotworowych. Zrédto: opracowanie
wilasne na podstawie: Bohunicky i Mousa, 2010; Alharthi i wsp., 2021; Gawel i wsp., 2022; Zhou i wsp.,
2024.

Nowotwoér Biomarker*
Jajnika CA125, CEA, hCG, HE4
Jelita grubego CEA, EGFR, CA19-9, KRAS
Piersi CA15-3, CA27-29, CEA, EGFR, BRCAL, BRCAZ,
Phuc CEA, KRAS
Prostaty PSA
Przetyku SCCA
Trzustki CA19-9, CA27-29, CEA, KRAS
Watroby AFP, PIVKA-II
Zotadka CA27-29, CEA, ZEB2
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*AFP: Alfa-fetoproteina; CA: Antygen nowotworowy, CEA: Antygen karcinoembrionalny;
EGFR: Receptor nablonkowego czynnika wzrostu; hCG: Gonadotropina kosmowkowa; HE4: Podfrakcja
czwarta ludzkiego bialka z komodrek nabtonkowych najadrza; LDH: Dehydrogenaza mleczanowa;
NSE: Neuroswoista enolaza; PIVKA-II: Biatka indukowane niedoborem witaminy K-1I; PSA: Swoisty

antygen sterczowy; SCCA: plaskonabtonkowy antygen nowotworowy

5. Potencjalne biomarkery nowotworowe
5.1. Surwiwina

Hamowanie apoptozy w rozwoju nowotworu petni kluczowa role. Nie tylko
przyspiesza nowotworzenie, ale takze prowadzi do opornosci na dziatanie lekow (Shahar
i Larisch, 2020; Cetraro i wsp., 2022; Shi i wsp., 2024). W zwigzku z tym, wiele terapii
przeciwnowotworowych opiera si¢ na przywrdceniu skutecznosci procesu apoptozy,
ktora pozwoli na wyeliminowanie komorek nowotworowych.

Surwiwina jest bialkiem, ktore nalezy do rodziny inhibitorow apoptozy
(IAP, ang. inhibitors of apoptosis). Sklada si¢ ze 142 aminokwasow i kodowana jest
przez gen BIRCS5 zlokalizowany na chromosomie 17q25 zawierajacy 3 introny i 4 eksony
(Warrier i wsp., 2020). Oprocz dziatania antyapoptycznego, bialko to odgrywa role
w proliferacji, przerzutowaniu i angiogenezie (Sanhueza i wsp., 2015). W najwiekszym
stopniu ulega ekspresji w fazie G2/M cyklu komoérkowego (Zhao i wsp., 2000).
Odkrycie i charakterystyke genu surwiwiny w 1997 roku przypisuje si¢ laboratorium
Profesora Altieri (Ambrosini i wsp., 1997).

Surwiwina ulega eckspresji w tkankach embrionalnych i plodowych.
W  zroznicowanych komoérkach dojrzatego organizmu wykazuje natomiast niskg
ekspresje. Wysoka ekspresje surwiwiny odnotowano w prawie wszystkich ludzkich
nowotworach zto§liwych, w tym m.in. raku jajnika, raku jelita grubego, raku pecherza
moczowego, raku ptuc i raku piersi (Sanhueza i wsp., 2015; Pachimatla i wsp., 2024;
Wang® i Greene, 2024). Tabela 3, przedstawia wyniki pomiaréow ekspresji surwiwiny
na poziomie mMRNA i biatka, uzyskane za pomoca immunohistochemii i technik reakcji
tancuchowej polimerazy (RT-PCR, RT-qPCR). Przedstawione wyniki wskazuja,
ze surwiwina zaro6wno na poziomie MRNA jak i biatka moze stanowi¢ potencjalny

biomarker nowotworowy.
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Tabela 3 Ekspresja genu surwiwiny w roznych typach nowotwordow na poziomie mRNA i biatka

Nowotwor Ekspresja (%0) Literatura
Jajnika 74 (Cohen i wsp., 2003)
(Kalliakmanis i wsp.,
Jelita grubego | 88,3-93 2010; Hernandez i wsp.,
2011)
o (Tanaka i wsp., 2000;
Piersi 70,7-90,2 )
Nasu i wsp., 2002)
(Monz6 i wsp., 1999;
Phuc 85,5-88,7 _
Cho i wsp., 2015)
Pecherza (Lehner i wsp., 2002;
57,8-94 o
moczowego Shariat i wsp., 2007)
Przetyku 80 (Grabowski i wsp., 2003)
) (Sarela i wsp., 2000;
Trzustki 76,9-88 )
Satoh i wsp., 2001)
Zotadka 68 (Yu iwsp., 2002)

W ostatnich latach wykazano zwiekszong ekspresje genu surwiwiny na poziomie
mRNA (Ratajczak® i wsp., 2018; Ratajczak® i wsp., 2018; Chavoshi i wsp., 2023)
oraz biatka (Hernandez i wsp., 2011; Jakubowska i wsp., 2016) w komorkach nablonka
raka jelita grubego. Chen i wsp. na podstawie uzyskanych wynikoéw stwierdzili,
ze czgstos¢ wystepowania ekspresji mRNA surwiwiny dobrze koreluje z ekspresjg biatka
(Chen? i wsp., 2004). Kruszniewska-Rajs i wsp. wykazali zwickszong ekspresje
surwiwiny na poziomie mRNA i biatka w surowicy krwi i ptynie otrzewnowym
u pacjentek z surowiczym rakiem jajnika (Kruszniewska-Rajs i wsp., 2023). Al -Yahya
1 wsp. pokazali natomiast zwickszong ekspresj¢ mRNA 1 biatka surwiwiny
w komorkach raka piersi (Al-Yahya i wsp., 2024).

Surwiwina jest wykrywana zarbwno w cytoplazmie, jak i jadrze komoérkowym.
W zalezno$ci od swojej lokalizacji w komoérce wykazuje rdzne funkcje. W jadrze, biatko
to reguluje podziat komorek, podczas gdy ekspresja cytoplazmatyczna jest zwigzana
z cytoprotekcja i zywotnoscig komorek nowotworowych (Stauber i wsp., 2007). Ponnelle

I wsp. wykazali wyzsza czesto$¢ wystepowania ekspresji surwiwiny w cytoplazmie
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(41%) w porownaniu z jej lokalizacja w jadrze (39%) w komoérkach raka jelita grubego
(Ponnelle i wsp., 2005). Podobny rezultat otrzymali Jakubowska i wsp. u pacjentow
z rakiem jelita grubego. Ekspresja surwiwiny byla czgstsza w cytoplazmie komorek
(81,5%) w porownaniu z jadrem komorkowym (63,1%) (Jakubowska i wsp., 2016).
Shintani i wsp. (Shintani i wsp., 2013) oraz Qi i wsp. (Qi i wsp., 2009), wykazali
natomiast czgstsze wystepowanie dodatniej ekspresji surwiwiny w jadrze komoérkowym
w poréwnaniu z cytoplazmg komorek nowotworowych. Dodatkowo Qi 1 wsp.
zaobserwowali, ze nadmierna ekspresja surwiwiny cytoplazmatycznej wigze
si¢ z gorszym rokowaniem, w stosunku do ekspresji surwiwiny jadrowe;j
(Qi 1 wsp., 2009). Zwickszenie ekspresji Surwiwiny zaréwno cytoplazmatycznej,
jak 1jadrowej wskazuje na bardziej agresywne fenotypy nowotwordéw z zaawansowanymi
stadiami choroby, ktorym stosunkowo czesto towarzysza synchroniczne odlegle
przerzuty (Vay i wsp., 2022). Niestety, nadmierna ekspresja surwiwiny u pacjentow
z chorobami nowotworowymi, wiaze si¢ ze zwigkszong opornoscig na chemioterapie,
nawrotami choroby i krotszg przezywalnoscia pacjentow (Wang i Greene, 2024).
W zwigzku z tym, istotnym wydaje si¢ opracowanie nowych systemow shuzacych
do szybkiego wykrywania ekspresji surwiwiny na poziomie mRNA Iub biatka. Utatwig
one odpowiednie leczenie na najwczes$niejszym etapie rozwoju choroby nowotworowe;.
Ponadto, obnizenie ekspresji surwiwiny w komoérkach, moze by¢ przedmiotem badan
terapii przeciwnowotworowej. W wyniku zastosowania inhibitoréw surwiwiny mozliwe

bedzie wznowienie procesu apoptozy komoérek i zahamowanie rozwoju nowotworu.

5.2. Adenozyno-5'-trifosforan

Przeprogramowanie gtéwnych szlakow metabolicznych stanowi kluczowg ceche
wiekszosci komoérek nowotworowych. Badania przeprowadzone w ciggu ostatniej
dekady wykazaty, ze adaptacje metaboliczne s3 $ciSle wymagane do wzrostu i progresji
guza (Herst i wsp., 2022; Nakahara i wsp., 2023). Przeprogramowanie metaboliczne stato
si¢ rOwniez znakiem rozpoznawczym komorek nowotworowych (Hanahan i Weinberg,
2011). Wykazano, ze komérki nowotworowe pozyskuja ogromng ilo$¢ energii potrzebnej
do nieprzerwanej proliferacji, gltownie na drodze glikolizy nawet w warunkach
normoksji. Zjawisko to zwane jest efektem Warburga (glikoliza tlenowa) i zostato
zaproponowane przez niemieckiego biochemika Otto Warburga w 1920 roku
(Pelicano i wsp., 2006; Hanahan i Weinberg, 2011; Bononi i wsp., 2022). Jego wynikiem

jest synteza mleczanu z glukozy w procesie fermentacji mlekowej. Przedstawiony
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metabolizm komorek nowotworowych jest odmienny od metabolizmu komorek
prawidlowych, ktore produkuja uniwersalne no$niki energii - czasteczki adenozyno-5'-
trifosforanu  (ang. Adenozyno-5-trifosforan, ATP) na drodze mitochondrialnej
fosforylacji oksydacyjnej (ang. Oxidative phosphorylation, OXPHOS). Wstepne
obserwacje Warburga sugerowaly, ze metabolizm komoérek nowotworowych zostat
zmieniony w wyniku uszkodzenia mitochondridw. Pdzniejsze badania wykazaty jednak,
ze mitochondrialna fosforylacja oksydacyjna wystepuje w wielu liniach komorek
nowotworowych. Preferowana glikoliza tlenowa jest wiec wynikiem zachodzacych
mutacji oraz zmian w szlakach sygnatowych, ktore reguluja pobieranie i wykorzystanie
glukozy, a nie defektu mitochondriow (Yeung i wsp., 2008; Gogvadze i wsp., 2010;
Martins Pinto i wsp., 2023).

Wykazano rowniez, ze komorki nowotworowe wywolujace przerzuty do innych
narzadow wymagaja zwigkszonej produkcji ATP (Elia i wsp., 2018). Adaptacja
metaboliczna ogranicza si¢ wiec nie tylko do metabolizmu glukozy. Wiaze si¢ rowniez
z uzaleznieniem komoérek od dodatkowych skiladnikéw odzywczych, w tym
aminokwasow i lipidow, ktore stuzg jako inne Zrodla energii niz cukier. Badania
przeprowadzone na mysich komorkach raka nabtonka okr¢znicy, wykazaty specyficzny
mechanizm adaptacyjny tych komoérek. Komorki powodujace przerzuty do watroby
uwalniaty kinazg kreatynowg typu B do przestrzeni zewnatrzkoméorkowej watroby, ktora
katalizowata reakcje kreatyny produkowanej przez watrobe i zewnatrzkomorkowego
ATP. Prowadzito to do wytworzenia fosfokreatyny i ADP. Fosfokreatyna byta nastepnie
wychwytywana przez komorki przerzutowe raka okreznicy i1 wykorzystywana
do wewnatrzkomoérkowej fosforylacji ADP do ATP (Loo i wsp., 2015; Bergers i Fendt,
2021).

Xie i wsp. wykazali, ze rodzaj metabolizmu komoérek nowotworowych silnie
zalezy od srodowiska. W normalnych warunkach hodowli komorkowej dominuje efekt
Warburga. Po dodaniu kwasu mlekowego do pozywki hodowlanej i stworzeniu
warunkow kwasicy mleczanowej, komorki rakowe wykazuja fenotyp nieglikolityczny.
Dominuje wtedy zuzycie tlenu i wytwarzanie znikomych ilosci mleczanu. Pokazuje
to  wyjatkowa  zdolno$¢  komodrek  nowotworowych do  przystosowania
sic do zmieniajagcego $rodowiska, €O umozliwia ich przezywalno$¢ i1 rozwdj
(Xie i wsp., 2014).

Ostatnie badania wykazaty, ze w niektorych typach nowotworow tj. biataczkach,

chloniakach, gruczolakoraku przewodowym trzustki, czerniaku z wysokim podtypem
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OXPHOS i raku endometrium, moze wystagpi¢ wytwarzanie czasteczek ATP podczas
mitochondrialnej fosforylacji oksydacyjnej nawet podczas aktywnej glikolizy
(Ashton i wsp., 2018). Mostoslavsky i wsp. wskazali, ze komorki, ktore przeprowadzaty
glikolize nie dzielity si¢. Ich gldéwnym zadaniem byla ochrona przed nadmierng
akumulacjg reaktywnych form tlenu oraz wspieranie nowotworowych komoérek
macierzystych. Prowadzito to do rozrostu nowotworu (Sebastian i wsp., 2022).

Zrozumienie w jaki sposoéb komoérki nowotworowe regulujag metabolizm, moze
by¢ wigc kluczem do skutecznego ukierunkowania terapii przeciwnowotworowej
(Li* i wsp., 2020).

Ze wzgledu na wysokie stezenie ATP w mikrosrodowisku guza, moze sta¢ si¢ 0no
potencjalnym celem terapeutycznym w leczeniu chordéb nowotworowych (Fiorillo i wsp.,
2021). Wykazano podwyzszony zewnatrzkomorkowy poziom ATP w zakresie 100 uM
w mikrosrodowisku nowotworu, podczas gdy w prawidlowych warunkach
fizjologicznych, ATP wystepuje w znikomych ilosciach od 10 do 100 nM (Gilbert i wsp.,
2019; Mimoto i wsp., 2020). Monitorowanie produkcji ATP wydaje si¢ wiec by¢ waznym
aspektem w ocenie progresji, a takze agresywnosci nowotworu oraz okreslenia stadium
jego rozwoju.

Terapia lekowa jest wazng metodg leczenia pacjentéw chorych na nowotwory.
Lekooporno$¢ powaznie wpltywa na czas przezycia 1 jako$¢ zycia pacjentow.
Coraz wiecej dowodow wskazuje, ze gldwne szlaki metaboliczne komoérek
nowotworowych, zaréwno fosforylacja oksydacyjna jak i glikoliza, mogg leze¢ u podstaw
opornosci na leki |1 wywiera¢ znaczagcy wplyw na Skuteczno$¢ terapii
przeciwnowotworowych (Marcucci i Rumio, 2021; Zhao i wsp., 2022). Leczenie
ukierunkowane na fosforylacje oksydacyjng oraz glikoliz¢ moze w szczegdlnosci
wyeliminowa¢ nowotworowe komoérki macierzyste i op6zni¢ nabycie lekooporno$ci.
Wykazano, ze zastosowanie inhibitorOw mitochondrialnej syntazy ATP oraz glikolizy,
zakloca adaptacje metaboliczng komérek nowotworowych. Hamowanie produkcji ATP,
moze Wiec prowadzi¢ do skutecznej terapii przeciwnowotworowej (Sheng i wsp., 2024).

Odkryto wiele naturalnych i syntetycznych inhibitorow syntazy ATP. Wsrod nich
mozna wymieni¢, m.in. oligomycyn¢ (ang. Oligomycin) oraz aurowertyne B
(ang. Aurovertin B) (Wang® i wsp., 2021). Do inhibitorow glikolizy zaliczamy m.in.
2-deoksy-D-glukoze (ang. 2-deoxy-D-glucose, 2-DG) i 3-bromopirogronian
(ang. 3-bromopyruvate, 3-BP) (Cunha i wsp., 2023). Pacheco-Valazques i wsp.
zaobserwowali, ze inkubacja komorek MDA-MB-231 i MDA-MB-468 z oligomycyna,
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zmniejsza proliferacje, a takze zdolno$¢ do migracji 1 inwazji komorek bedacych
modelem do badania potrdjnie ujemnego raka piersi (Pacheco-Velazquez i wsp., 2018).
Podobny wynik otrzymali Lin i wsp. pracujac na komoérkach raka jelita grubego SW480
I SW620 (Lin i wsp., 2018). W przypadku aurowertyny B, rowniez wykazano silne
dziatanie antyproliferacyjne na komorki MDA-MB-231 (Wu i wsp., 2020). Dodatkowo
inhibitor ten umozliwia wykrywanie komorek raka okreznicy, poniewaz stymuluje
ekspresje  ligandow NKG2D na  komorkach  nowotworowych.  Wptywa
to na rozpoznawanie ich przez komoérki NK (ang. Natural killer cells, ,naturalni
zabbjcy”) uktadu odpornosciowego (Zhu i wsp., 2018). Simon i wsp. wykazali natomiast,
ze zastosowanie inhibitora 2-DG powoduje zahamowanie glikolizy w komorkach
czerniaka B16-F10 oraz raka piersi MDA-MB-231 i zapobiega metastazie komorek
(Simo6n i wsp., 2024). Badania Lei i wsp. pokazaly, ze leczenie skojarzone 2-DG
z o-TOC (bursztynian a-tokoferolu, ang. a-tocopheryl succinate) znaczaco zwiekszylo
skuteczno$¢ terapii przeciwnowotworowej, w porOwnaniu z monoterapig. Badanie
to przeprowadzono na komorkach nabtonka raka okrgznicy HT29 (Lei i wsp., 2017).
Ponadto, pokazano obiecujgce dzialanie przeciwnowotworowe inhibitora 3-BP w mysich
komorkach raka trzustki Panc-2. Inhibitor hamowat enzym heksokinazy II (HK2) szlaku
glikolitycznego w komorkach nowotworowych powodujac zahamowanie produkcji ATP
(Roy i wsp., 2022). Przedstawione wyniki pokazujg, ze wykorzystanic zmian
w metabolizmie komoérek nowotworowych jako celu terapeutycznego, moze by¢ szansg
na wyleczenie pacjentow 1 ulepszenie konwencjonalnych metod leczenia chordob

nowotworowych.

6. Spektroskopia fluorescencyjna

Spektroskopia fluorescencyjna wykorzystuje zjawisko fluorescencji polegajace
na promienistym oddaniu energii zaabsorbowanej przez czasteczke (fluorofor).
Czasteczka nieabsorbujaca energii jest gldwnie ograniczona do singletowego stanu
podstawowego So. Kiedy pochlonie kwant $wiatla (foton) o wystarczajacej energii
przechodzi na singletowy stan wzbudzony (Si1). Powr6t do podstawowego stanu
singletowego (So) poprzez przejcie promieniste wigze si¢ z emisjg promieniowania.
Energia wyemitowanych fotondw jest nizsza niz energia fotonow zaabsorbowanych,
poniewaz czg$¢ zaabsorbowane] energii zostaje rozproszona w procesach
niepromienistych. Widmo fluorescencji jest wigc przesunigte w kierunku fal dtuzszych

w stosunku do widma absorpcji. Czas trwania fluorescencji jest rzedu 1071° s do 10’ s.
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Drugim rodzajem przejscia promienistego zwigzanego z emisjag fotondéw
jest fosforescencja. Polega ona na przejsciu ze wzbudzonego stanu trypletowego (T1)
na podstawowy stan singletowy (So), co nastgpuje po przejsciu migdzysystemowym
ze wzbudzonego stanu Si. Widmo fosforescencji jest przesunigte jeszcze mocniej
w kierunku fal dluzszych. Fluorescencja zanika jednoczesnie z koncem wzbudzenia,
natomiast w przypadku fosforescencji emitowane $wiatto utrzymuje si¢ jeszcze po jego
zakonczeniu (Valeur i Berberan-Santos, 2011; Zacharioudaki i wsp., 2022). Opisane
powyzsze zjawiska zachodzace we fluoroforze, schematycznie przedstawit Aleksander
Jablonski w 1933 roku, na tzw. diagramie Jablonskiego (Rysunek 2A) (Frackowiak,
1988).

Spektroskopia fluorescencyjna jest jedng z najbardziej wszechstronnych technik
biofizycznych stosowanych w wielu dziedzinach nauki, np. naukach chemicznych,
biologicznych, medycznych. W tej czutej metodzie mozna bada¢ zmiany konformacyjne
1 struktur¢ biomolekul oraz oddzialywania mig¢dzyczasteczkowe na poziomie
nanoskopowym. Analizowane jest to poprzez otrzymane widma wzbudzenia i emisji
oraz maksima emisji, a takze zjawisko wygaszania i anizotropi¢ fluorescencji (Lakowicz,

1980; Camarca i wsp., 2021; Dos Santos Rodrigues i wsp., 2023).
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Rysunek 2. (A) Diagram Jabtonskiego; (B) Schemat fluorescencyjnego rezonansowego przeniesienia
energii (FRET). Zroédto: opracowanie whasne na podstawie: Frackowiak, 1988; Simkova i Stanék, 2012.

7. Fluorescencyjne rezonansowe przeniesienie energii
Proces fluorescencyjnego rezonansowego przeniesienia energii

(ang. Fluorescence Resonance Energy Transfer, FRET), wystgpuje pomigdzy dwoma
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rodzajami $wiattoczulych czasteczek: donorem i akceptorem (Rysunek 2B). Zjawisko
to opiera si¢ na mechanizmie bezpromienistego przeniesienia energii od donora
(fluorofor) znajdujacego si¢ w stanie wzbudzonym do akceptora bedacego w stanie
podstawowym. Fluorofor przechodzi do stanu wzbudzonego w wyniku absorpcji
nadmiaru energii, a podczas powrotu do elektronowego stanu podstawowego, emituje
promieniowanie. Jesli czasteczki znajduja si¢ blisko siebie, akceptor o nizszym stanie
energii wzbudzonej moze przyjaé energic wyemitowang przez fluorofor (donor)
1 emitowa¢ fotony o nizszej energii niz fotony, ktére emitowalby donor. Jezeli
akceptorem jest czgsteczka wygaszacza, to w wyniku zderzenia ze wzbudzonym donorem
nastepuje jego deekscytacja i zjawisko wygaszania fluorescencji. Zjawisko to po raz
pierwszy zostalo zaobserwowane i opisane przez niemieckiego fizyka Theodora Forstera
w latach czterdziestych XX wieku (Forster, 1948; Park i wsp., 2023; Liang i wsp., 2024).
Do najwazniejszych warunkéw jakie muszg by¢ spetnione, aby nastgpito zjawisko FRET
naleza: (i) bliska odleglo$é czasteczki donora i akceptora (zazwyczaj < 100 A)
oraz (i1) nalozenie widma emisji donora z widmem absorpcji akceptora.

Zjawisko FRET bardzo czgsto wykorzystywane jest w badaniach dotyczacych

oddziatywan miedzy biomolekutami 1 ich dynamiki.

8. Bioczujniki

Bezustannie poszukuje si¢ szybkich, tanich, doktadnych 1 malo inwazyjnych
metod shizacych do  wykrywania biomarkerow nowotworowych. Wydaje
si¢, ze wszystkie powyzsze kryteria speiniajg bioczujniki (ang. biosensors). Zgodnie
z nomenklaturg Mi¢dzynarodowej Unii Chemii Czystej i Stosowanej (ang. International
Union of Pure and Applied Chemistry, IUPAC) bioczujniki to ,urzadzenia, ktore
wykorzystuja okreslone reakcje biochemiczne, w ktorych posrednicza izolowane
enzymy, ukfady odpornosciowe, tkanki, organelle lub cate komorki, w celu wykrywania
zwigzkow chemicznych, zwykle za pomocg sygnatow elektrycznych, termicznych
lub optycznych” (IUPAC, 1992). Bioczujniki sg zbudowane z dwoch podstawowych
czedci: (i) warstwy analitycznie aktywnej (warstwy receptorowej), ktora rozpoznaje
badany analit i $wiadczy o selektywnos$ci bioczujnika oraz (ii) przetwornika, ktory
przetwarza otrzymany sygnat chemiczny na mierzalny parametr analitycznie uzyteczny
i odpowiada za czulo$¢ biosensora (Cicha i wsp., 2022; Polat i wsp., 2022).

Na Rysunku 3, przedstawiono schemat budowy typowego bioczujnika.
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\.) \\)> \> Aptamery Absorpcja, emisja fal elektromagnetycznych Optyczny
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\> \) \> ’  Przeciweiala miana masy 1ezoelektryczny
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\ ’ ’ Elektroch
\)\> \> ) Bakterie elektroaktywnych lub natadowanych czasteczek ekirochemiczily
\) | Wirusy - .
</ \> \> Zmiana temperatury Termiczny
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[ z analitem] [ analitycznie aktywna ] [ Badany sygnat ] [ Przetwornik ]

Rysunek 3. Schemat budowy bioczujnika. Zrédto: opracowanie whasne na podstawie: Huanga i wsp., 2021.

Bioczujniki najczesciej klasyfikowane sa ze wzgledu na uzyty element
biologiczny, ktory znajduje si¢ w warstwie receptorowej oraz na rodzaj zastosowanego
przetwornika. W zwiazku z tym, wyr6zniamy m.in.:

(i) Dbioczujniki oparte o kwasy nukleinowe, ktorych dziatanie opiera
si¢ na komplementarnosci zasad nukleotydowych wystepujacych w reagujacych
ze sobg pojedynczych niciach DNA 1 RNA,

(i) immunoczujniki, ktorych dziatanie oparte jest na reakcji typu antygen-
przeciwcialo,

(iii) biosensory enzymatyczne nalezace do grupy bioczujnikéw katalitycznych, ktorych
dziatanie opiera si¢ na reakcji enzymu z substratem,

(iv) bioczujniki optyczne, w ktorych mierzone sg zmiany wlasciwosci fal
elektromagnetycznych. Naleza do nich np. bioczujniki fluorescencyjne,
kolorymetryczne, bioczujniki  wykorzystujace technike  powierzchniowo
wzmocnionej spektroskopii Ramana,

(v) bioczujniki elektrochemiczne mierzace m.in. zalezno$¢ pradu od przylozonego
potencjatu, do ktérych zaliczamy np. bioczujniki amperometryczne,

(vi) bioczujniki piezoelektryczne, w ktorych mierzona jest czgstotliwo$é drgan
krysztalu kwarcu w zalezno$ci od masy zaadsorbowanej/zdesorbowanej

na/z powierzchni elektrody napylonej na krysztat.

8.1. Aptamery
Aptamery (lac. ,aptus” - przyczepiony, dopasowany) to krotkie fragmenty
jednoniciowych kwaséw nukleinowych DNA lub RNA (oligonukleotydy). Wigzg si¢ one

z czasteczkami  docelowymi z duzym powinowactwem (nawet ~10 pM)
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i specyficznoscig. Aptamery uzyskuje si¢ dzigki mechanizmowi selekcji in vitro
w procesie SELEX (ang. Systematic Evolution of Ligands by EXponential enrichment),
poprzez izolacje z bibliotek kombinatorycznych zawierajagcych 10 roznych
oligonukleotydow (Famulok i Mayer, 1999; Canoura i wsp., 2022; Yang i wsp., 2023).
Aptamery sg strukturalnie i funkcjonalnie stabilne w szerokim zakresie warunkow
pomiarowych: sily jonowej, pH i temperatur. Ponadto, tatwo ulegaja modyfikacji
chemicznej i funkcjonalizacji. Aptamery moga taczy¢ si¢ z kwasami nukleinowymi
(SIRNA, mIRNA), biatkami, czasteczkami lekow, nanoczastkami, barwnikami
fluorescencyjnymi  (FAM) czy czasteczkami wygaszaczy, ktore rozpraszaja
zaabsorbowang energi¢ $wietlng w postaci ciepta (Dabcyl) (Rysunek 4). Sprawia to,
ze aptamery staly si¢ interesujagcym narzedziem w badaniach majacych zastosowanie
w diagnostyce, monitorowaniu zmian chorobowych, a nawet celowanej terapii
przeciwnowotworowej (Venkatesan i wsp., 2023). W zaleznosci od modyfikacji
aptamery moga by¢ wykorzystywane jako elementy receptorowe w biologicznej
warstwie detekcyjnej bioczujnikow optycznych, elektrochemicznych
lub piezoelektrycznych i systemach bioczujnikowych.

W ostatnich latach duzym zainteresowaniem cieszy si¢ zastosowanie sond
aptamerowych bogatych w guaniny, zdolnych do faldowania si¢ w stabilne struktury
G-kwadrupleksu (G-4). Formy G-4 uktadaja si¢ w warstwowe kwartety guaninowe, gdzie
cztery guaniny ulozone s3 w jednej ptaszczyznie i sg stabilizowane przez wigzania
wodorowe Hoogsteena. Wykazano, ze tego rodzaju sondy wyrdzniajg sie¢ wigksza
selektywnoscig i czutoscig (Roxo i wsp., 2019; Figueiredo i wsp., 2023; Xiao i wsp.,
2023).

Sekwencje DNA 1 RNA specyficzne do wigzania czasteczek ATP byty odkryte
w latach 90-tych ubieglego wieku przez grupe profesora Szostaka (Huizenga i Szostak,

1995). W wyniku wigzania z ATP, sondy aptamerowe zmieniajg swoja konformacje
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tworzac strukture G-4. Obserwowane jest takze fluorescencyjne rezonansowe

przeniesienie energii mi¢gdzy obiema molekutami (Rysunek 4B)

Stan ON Stan OFF

| 7/
»N¢ Barwnik fluorescencyjny

%FAM

Rysunek 4. Schemat dziatania i przyktady modyfikacji aptameréw stuzacych do wykrywania ATP.
(A) sonda aptamerowe modyfikowana na jednym koncu sekwencji czasteczka barwnika FAM;
(B) sonda aptamerowa modyfikowana na jednym koncu sekwencji czasteczka barwnika FAM a na drugim
czasteczka wygaszacza Dabceyl, pomiedzy ktorymi zachodzi bezpromieniste przeniesienie energii.
Zrodlo: opracowanie wiasne na podstawie: Ratajczak® i wsp., 2019; Ratajczak® i Stobiecka, 2023.

8.2. Sondy nukleotydowe typu ,,sygnalizator molekularny”

Sondy nukleotydowe typu ,,sygnalizator molekularny” (ang. molecular beacon,
MB) to jednoniciowe czasteczki kwasu nukleinowego, ktore sa wykorzystywane
do wykrywania obecnosci okreslonej komplementarnej sekwencji DNA lub RNA. Sondy
sktadajg si¢ z 4 glownych czgsci: (i) ,petli”, komplementarnej do poszukiwanej
sekwenciji, (ii) ,.trzonu”, ktory tworza komplementarne do siebie nukleotydy znajdujace
sic¢ na koncach sekwencji oligonukleotydowej, (iii) czasteczki barwnika
fluorescencyjnego na koncu 5°, (iv) czasteczki niefluorescencyjnego wygaszacza
na koncu 3’ (Rysunek 5). W roztworze, sondy przyjmuja charakterystyczng zamknieta

strukture ,,spinki do wlosow” (ang. hairpin). Czasteczki fluoroforu oraz wygaszacza
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znajduja si¢ wtedy blisko siebie (Rysunek 5A). Fotony emitowane przez barwnik
fluorescencyjny sa catkowicie absorbowane przez czasteczke wygaszacza W wyniku
fluorescencyjnego rezonansowego przeniesienia energii (FRET) (stan OFF).
W obecnosci sekwencji oligonukleotydowej komplementarnej do ,,petli” nastepuje
zmiana konformacji sondy w wyniku hybrydyzacji. Powoduje to oddalenie czasteczki
barwnika fluorescencyjnego od czasteczki wygaszacza 1 emisj¢ sygnalu

fluorescencyjnego (Rysunek 5B) (Tyagi i Kramer, 1996; Han i wsp., 2013).

() ® @

Petla
:G:n —

Trzon

; Stan OFF Stan ON

INE
Barwnik fluorescencyjny ‘ Wygaszacz
. JOE Dabcyl
S

Rysunek 5. Schemat dziatania sondy nukleotydowej typu ,,sygnalizator molekularny”. (A) zamknicta
struktura sondy w formie ,,spinki do wloséw” (hairpin) (stan OFF); (B) struktura otwarta sondy powstata
po potaczeniu z komplementarnym oligonukleotydem (stan ON). Zrodto: opracowanie wiasne
na podstawie: Ratajczak® i wsp., 2018; Ratajczak® i wsp., 2018.

Sondy nukleotydowe typu ,,sygnalizator molekularny” posiadaja wiele zalet.
Przede wszystkim sg bardzo specyficzne i z duza czulo$cig wykrywaja komplementarne
sekwencje oligonukleotydowe w czasie rzeczywistym (Bidar i wsp., 2021). W zwiazku
z tym, znalazly zastosowanie jako skuteczna metoda shizaca do wykrywania
biomarkeréw chorobowych wystgpujacych w postaci mRNA w zywych komorkach.
Utworzenie dupleksu sonda-mRNA wyzwala emisj¢ fotondw przez czasteczki
fluoroforu. Do badania wlasciwosci i dziatania sond stosuje si¢ najczesciej spektroskopie
fluorescencyjng (Lu i wsp., 2022). Otrzymany sygnatl fluorescencyjny mozna okresli¢
ilosciowo 1 skorelowa¢ z poziomem ekspresji gendéw na poziomie mRNA. Sondy maja

wigc ogromny potencjat jako przelomowe narzedzia stuzace do wczesnego wykrywania
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nowotworow. Ponadto, mogg stanowi¢ tez nowg generacj¢ nieinwazyjnych metod

diagnostycznych w spersonalizowanej opiece zdrowotnej (Huang® i wsp., 2024).

9. Nanonosniki

Liposomy, micele, nanomaterialy na bazie wegla, metali czy polimerow,
a takze nanosystemy oparte na alouminach to jedne z najlepiej zbadanych i powszechnie
stosowanych nanono$nikow w ostatnich latach. Wykorzystywane sa w medycynie
zarowno w diagnostyce jak i terapii nowotworoéw (Hester i wsp., 2023; Kumbhar i wsp.,
2023). Ze wzgledu na kluczowa role nanomaterialdow jakg jest ukierunkowane
dostarczanie i uwalnianie srodkéw terapeutycznych do komorek najwazniejszymi
ich cechami sg rozmiar 1 tadunek. Wlasciwosci te wpltywaja na rozpuszczalnosé,
agregacje, biokompatybilno$¢ i zdolno$¢ nanoczastek do przemieszczania si¢ przez
bariery biologiczne. Rozmiar nanono$nikow powinien by¢ wigkszy od 4 nm,
aby nanoczastki nie ulegty filtracji i oczyszczaniu przez nerki. Rozmiar nanomateriatdow
wigkszy niz 10 nm, chroni nanoczastki przed ponownym przedostaniem si¢ do naczyn
lub wydostaniem poza naczynia krwionosne do normalnych tkanek. Goérna granica
wielko$ci nanono$nikoOw zwigzana jest natomiast ze srednim rozmiarem otworoOw mig¢dzy
komorkami $rodblonka naczyniowego guza i wynosi 400 nm (Zi i wsp., 2022).
W zwigzku z tym, preferowany rozmiar nanonosnikdw powinien wynosi¢ w granicach
od 10 do 200 nm (Awad i wsp., 2023; Batool i wsp., 2023).

Zaréwno silnie dodatnie, jak i silnie ujemnie natadowane nanonosniki sg podatne
na szybkie oczyszczanie przez uklad siateczkowo-$rodblonkowy (ang. reticulo-
endothelial system, RES). Z tego powodu wazne jest projektowanie nanono$nikow
z neutralnym lub lekko ujemnym potencjatem zeta (Yu i wsp., 2010; Ejigah i wsp., 2022).
Ponadto, powszechng metodg zmniejszania rozpoznawania nanono$nikow przez RES,
jest pokrywanie powierzchni nanomateriatbw warstwa hydrofilowa. Czastki
hydrofobowe i natadowane ulegaja bowiem w krwiobiegu wiekszej opsonizacji
w porownaniu do czastek hydrofilowych i neutralnie natadowanych. Utatwia to proces
fagocytozy przez leukocyty (Salmaso i Caliceti, 2013; Vangijzegem i wsp., 2023)

1 usuwanie nanomaterialow z komorek.

9.1. Liposomy
Liposomy to pecherzyki fosfolipidowe sktadajace si¢ z jednej lub kilku warstw

lipidowych oraz wewnetrznej czesci hydrofilowej. Ich $rednica miesci si¢ W granicach
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od 50 do 500 nm. Ze wzgledu na skfad i strukture identyczng z blonami komorkowymi,
ich najwazniejszymi zaletami sg biokompatybilno$¢, latwos¢ modyfikacji i znikoma
toksyczno$¢. Ponadto, liposomy majg zdolno$¢ przenoszenia zwigzkoéw lipofilowych
I hydrofilowych (Nsairat i wsp., 2022; Sameer Khan i wsp., 2024).

W zwiazku z powyzszym, nanonosniki liposomalne sa szeroko stosowane jako
systemy dostarczania lekéw. Chronig przenoszone preparaty przed hydroliza co wydhiza
biologiczny okres ich péttrwania (Sousa i wsp., 2018; Sang i wsp., 2021). Poza tym,
poczyniono wiele wysitkbw w celu opracowania inteligentnych no$nikoéw, ktore
dostarczajg substancje aktywne do komorek w odpowiedzi na zewngtrzny
lub wewngtrzny wyzwalacz (np. temperature, pH, site jonowg) (Chen® i wsp., 2024).
Modyfikuje si¢ rowniez powierzchni¢ liposoméw m.in glikolem polietylenowym
(ang. polyethylene glycol, PEG) w celu zminimalizowania usuwania ich przez uktad
siateczkowo-srodblonkowy (Su i Kang, 2020).

Oprocz dostarczania lekow, trwaja intensywne badania dotyczace wykorzystania
liposomow jako nos$nikéw kwasow nukleinowych, biatek i1 peptydéw. Znakowane
fluoroforem oligonukleotydy wprowadzone do komoérek za pomocg liposomow,
umozliwiaja wykrywanie biomarkerow nowotworowych na poziomie mRNA 1 moga
stuzy¢ do monitorowania postepu leczenia (Fernandes, 2023; Gao i wsp., 2023; Nsairat i
wsp., 2023; Wong i wsp., 2024).

9.2. Tlenek grafenu

Nanomateriaty na bazie grafenu cieszg si¢ duzym zainteresowaniem w badaniach
biomedycznych. Stosowane s3 jako nanonos$niki do dostarczania lekéw/kwasow
nukleinowych a takze wykorzystywane sg przy opracowywaniu bioczujnikow. Dzieje si¢
tak, poniewaz wykazuja interesujace wilasciwosci fizykochemiczne, takie jak duza
powierzchnia o dwuwymiarowej strukturze planarnej, stabilno$¢ termiczna i chemiczna,
biokompatybilno$¢ oraz zdolno$¢ do wiazania i przenoszenia czasteczek na powierzchni
(Li® i wsp., 2021). Mechanizm wychwytywania czasteczek lekow/gendow opiera
si¢ na fizysorpcji poprzez oddzialywania van der Waalsa, oddzialywania =n-nt
lub oddziatywania hydrofobowe.

Wiasciwosci tlenku grafenu (ang. Graphene oxide, GO) zalezg od metody jego
syntezy (Jitickova i wsp., 2022). GO posiada zdolno$¢ do wygaszania fluorescencji

1 wysoka wydajno$¢ transferu energii. Ponadto wykazuje wilasciwosci amfifilowe,
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biokompatybilnos¢ i tatwos¢ modyfikacji chemicznej (Ababay Ketema i Delele Worku,
2023).

Dzigki tym cechom shizy jako platforma nosna dla fluorescencyjnych sond
oligonukleotydowych. Adsorpcja jednoniciowego kwasu nukleinowego na powierzchni
GO nastegpuje poprzez oddzialywania n-m i wigzania wodorowe (Chen i wsp., 2022;
Chauhaniwsp., 2023; Li®iwsp., 2024). Wygaszenie fluorescencji fluoroforu przez tlenek
grafenu nast¢gpuje na drodze bezpromienistego rezonansowego transferu energii
(Paul i wsp., 2016; Ratajczak? i Stobiecka, 2017; Battisti i wsp., 2023).

Tlenek grafenu uzywany w niskim stezeniu wykazuje rdéwniez nieznaczng
toksyczno$¢. Jaworski 1 wsp. pokazali, ze po 24 godzinach inkubacji komorek raka piersi
HS-5 z r6znymi stezeniami GO (od 5 do 100 pg/ml), nie zauwazono znaczacego
obnizenia zywotnosci komoérek i znacznego wzrostu poziomu reaktywnych form tlenu
(ang. reactive oxygen species, ROS) (Jaworski i wsp., 2021). Badania Cebadero-
Dominguez przeprowadzone na myszach, takze nie dowiodly cytotoksycznosci tlenku
grafenu w st¢zeniu 250 pg/ml (Cebadero-Dominguez i wsp., 2023). W badaniach Adrews
I wsp. pokazujacych wptyw GO na uktad oddechowy i sercowo-naczyniowy wykazano,
ze ekspozycja 14 mtodych zdrowych ochotnikow na dziatanie tlenku grafenu w stezeniu
200 pg/m przez 2 godziny byta dobrze tolerowana i nie powodowata zadnych skutkow
ubocznych (Andrews i wsp., 2024).

GO oddzialuje takze ze szlakami sygnalizacji komorkowej zaangazowanymi
W progresje nowotworu i przerzuty. Tlenek grafenu moze modulowa¢ ekspresje genow
na poziomie mMRNA i biatek zwigzanych z proliferacjg komorek, apoptoza, angiogeneza
i dziataniem uktadu odporno$ciowego. Interakcje te mogg hamowaé wzrost nowotworu
i poprawia¢ skuteczno$¢ innych metod leczenia (Tang i wsp., 2018; Barba-Rosado i wsp.,
2024).

10. Przyklady zastosowania fluorescencyjnych sond do wykrywania surwiwiny
oraz adenozyno-5'-trifosforanu

Zainteresowanie zastosowaniem bioczujnikdw stuzacych do wykrywania
biomarkero6w nowotworowych w ostatnich latach wciaz wzrasta. Stanowia one bowiem
relatywnie tanie urzadzenia analityczne, charakteryzujace si¢ wysoka czuloscia,
selektywno$cia oraz stosunkowo Ilatwym sposobem przygotowania. Powoduje
to, ze bioczujniki moga by¢ korzystng alternatywa dla obecnie stosowanych

zaawansowanych i drogich metod biologii molekularnej.
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Od kiedy odkryto, ze surwiwina peini funkcje reorganizatora cyklu zycia komorki
prowadzacego do niezakldconego wzrostu raka 1 przerzutdw, cieszy si¢ duzym
zainteresowaniem ws$rod badaczy. Obecnie, sekwencja nukleotydowa mRNA kodujaca
surwiwing jest badana jako cel terapii przeciwnowotworowej i biomarker nowotworowy.

Ostatnie odkrycia wykazaly, ze mikrosrodowisko nowotworu charakteryzuje
si¢ zwickszonym stezeniem ATP. Wysoka produkcja ATP jest rowniez glownym
wyznacznikiem do tworzenia agresywnych fenotypoéw komoérek nowotworowych.
W zwiazku z tym, monitorowanie produkcji ATP przez komorki jest obecnie nowym
interesujgcym kierunkiem w leczeniu nowotworow.

Ponizej przedstawiono, przyklady wykrywania genu surwiwiny na poziomie
mRNA, a takze adenozyno-5’trifosforanu w komorkach nowotworowych.

Adinolfi 1 wsp. wykorzystali w swoich badaniach sondy typu ,,sygnalizator
molekularny” do wykrywania mRNA surwiwiny w ludzkich komoérkach raka ptuc A549.
Sondy wprowadzane byly do ludzkiej linii komoérek przy uzyciu nanoczgstek
polimerowych z polimetakrylanu metylu (Adinolfi? i wsp., 2017; Adinolfi® i wsp., 2018).
Wang 1 wsp. przedstawili system sktadajacy sie z dwoch oligonukletydéw znakowanych
barwnikiem fluorescencyjnym, ktére wprowadzane byty do komorek raka szyjki macicy
HeLa przy uzyciu nanoczgstek zlota, ktore dziataty jako wygaszacz (Wang?® i wsp., 2019).
Z Kkolei, Peng i wsp. zaproponowali fluorescencyjny system oparty na aptamerach
do wykrywania mRNA surwiwiny w ludzkich komoérkach HeLa oraz w komorkach
jajnika chomika chinskiego CHO (Peng i wsp., 2024).

Chu 1 wsp. opracowali bioczujnik sktadajacy si¢ z aptameru ATP ze znacznikiem
fluorescencyjnym ROX oraz nanoczastek weglika tytanu (TC), ktore wykazuja doskonatg
skuteczno$¢ wygaszania. W obecnos$ci ATP aptamer znakowany ROX byt uwalniany
z powierzchni TC, co prowadzilo do wuzyskania sygnalu fluorescencji ROX.
Przedstawiono réwniez, ze tak przygotowana sonda TC/Apt moze zosta¢ wykorzystana
do dokfadnego rozréznienia ATP w réznych probkach, w tym zywych komorkach,
ptynach ustrojowych (np. surowicy mysiej, moczu myszy i surowicy ludzkiej)
oraz mysich modelach (Chu i wsp., 2021). Chen i wsp. opracowali sond¢ aptamerowg
stuzaca do wykrywania ATP, ktéra charakteryzowala si¢ wysoka selektywnoscia
wzgledem innych nukleotydéw. Ponadto wykazano jej dzialanie w surowicy ludzkiej
(Chen® i wsp., 2022). Kolejny fluorescencyjny system bioczujnikowy zaproponowany

zostal przez Jouha i wsp. W badaniu tym, sygnat fluorescencyjny wygaszany byt przez
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dwuwymiarowe szkieletowe struktury kowalencyjne organiczne (COF) (Jouha i wsp.,

2023). Naukowcy selektywnie wykryli ATP i trombing.
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I1. Cel rozprawy doktorskiej, zakres badan i hipotezy

1. Cel rozprawy doktorskiej i zakres badan

Celem naukowym rozprawy doktorskiej bylo:

1) Opracowanie fluorescencyjnego systemu bioczujnikowego opartego o sonde
oligonukleotydowq typu ,,sygnalizator molekularny”, stuzgcego do wykrywania

sekwencji nukleotydowej mRNA, kodujgcej surwiwing w komorkach nowotworowych.

Zakres badan wykonanych w publikacjach [P1] oraz [P2] podczas opracowania

powyzszego systemu bioczujnikowego obejmowat:

1) Opracowanie i scharakteryzowanie dziatania sondy Sur-MB-Joe:

a) optymalizacja warunkow pomiaru (stezenie sondy, temperatura i czas
pomiaru),

b) badanie stabilnosci sondy Sur-MB-Joe w r6znych temperaturach,

C) okreslenie selektywnoSci opracowanego systemu bioczujnikowego,
poprzez reakcje sondy z  syntetycznymi oligonukleotydami:
komplementarnym (St), niekomplementarnym (Stnc), posiadajacymi
w swojej sekwencji jeden (St1) lub dwa (St2) niekomplementarne
do ,,petli” sondy nukleotydy,

d) okreslenie czulo$ci detekcji opracowanego systemu bioczujnikowego,

e) wyznaczenie statej wygaszania dla supramolekularnego uktadu GO@Sur-
MB-Joe,

f) badanie oddzialtywan supramolekularnych pomiedzy barwnikiem Joe
i wygaszaczem Dabcyl sondy nukleotydowej a tlenkiem grafenu
z wykorzystaniem metody kwantowej dynamiki molekularne;.

2) Scharakteryzowanie powierzchni tlenku grafenu za pomoca skaningowej
i transmisyjnej mikroskopii elektronowej.

3) Teoretyczne obliczenia  struktury i danych termodynamicznych
komplementarnych  oligonukleotydow przy wuzyciu oprogramowania
UNAFold.

4) Opracowanie nowego mechanizmu interakcji sondy Sur-MB-Joe

z komplementarnymi oligonukleotydami.
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5) Obrazowanie ekspresji genu surwiwiny na poziomic mRNA w komorkach
nabtonka gruczolakoraka okrgznicy SW480 oraz w komoérkach nablonka
okreznicy CCD841 CoN przy uzyciu mikroskopu optycznego odwrdconego

z zestawem do fluorescenc;ji.

2) Opracowanie fluorescencyjnego systemu bioczujnikowego opartego o aptamer,

stuzgcego do monitorowania poziomu stezenia ATP w komorka nowotworowych.

Zakres badan wykonanych w publikacjach [P4] oraz [P5] podczas opracowania
powyzszego systemu bioczujnikowego obejmowat:
1) Opracowanie i scharakteryzowanie dziatania sond aptamerowych:

a) optymalizacja warunkow pomiaru (st¢zenie sond, czas pomiaru),

b) badanie stabilnosci aptameru ABP w roznych temperaturach,

C) wyznaczenie drugorzedowych struktur oraz temperatur topnienia
charakterystycznych dla sond aptamerowych za pomocg teoretycznych
obliczen przy uzyciu programu UNAFold,

d) wyznaczanie stalych wygaszania aptamerow,

e) okreslenie selektywno$ci opracowanych systeméw bioczujnikowych,
poprzez reakcje aptamerow z réznymi trifosforanami nukleotydow: UTP,
GTP, CTP.

2) Badanic zmian stabilno$ci kompleksu aptamer-nukleotyd w rdéznych
temperaturach.

3) Wykrywanie stezenia ATP w lizacie komorkowym otrzymanym z komorek
nablonka gruczolakoraka okreznicy SW480, po inkubowaniu komorek

z inhibitorem mitochondrialnej syntazy ATP — oligomycyng (OMC) [P4]

oraz inhibitorem glikolizy, 2-deoksy-D-glukoza (2-DG) [P5].

4) Obrazowanie dziatania sondy aptamerowe;j stuzgcej do wykrywania st¢zenia

ATP w komorkach nablonka gruczolakoraka okreznicy SW480 przy uzyciu

mikroskopu optycznego odwrdoconego z zestawem do fluorescencji.
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2. Hipotezy

Przeprowadzone badania miaty na celu dokonanie oceny nastgpujacych hipotez:

H1: Wykrywanie ekspresji genu surwiwiny w komorkach nowotworowych moze
by¢ prowadzone za pomocq sondy nukleotydowej typu ,,sygnalizator molekularny”
z sekwencjq komplementarng do sekwencji mRNA odpowiadajgcej za kodowanie
surwiwiny.

H2: Zwigkszone zapotrzebowanie energetyczne komorek nowotworowych moze
by¢ wykrywane poprzez monitorowanie poziomu stezenia ATP w komorkach za pomocg

systemu bioczujnikowego opartego o aptamer, ktory wigze sie z ATP.

Zaklada sie¢, ze uzyskane wyniki stanowi¢ bedg solidng podstawe dla dalszych
badan podstawowych i klinicznych w celu potencjalnego zastosowania opisanych
systemoOw bioczujnkowych jako nowych, efektywnych oraz czulych metod
wykorzystywanych do wykrywania biomarkerow nowotworowych na wczesnym etapie

choroby.
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I11. Materialy i metody badan

1. Materialy
1.1. Odczynniki

Odczynniki uzyte do sporzadzania buforéw: Tris chlorowodorek (Tris-HCI),
chlorek magnezu (MgCl>), chlorek sodu (NaCl), wodorofosforan sodu (Na:HPOa),
diwodorofosforan potasu (KH2PO.), inhibitory: oligomycyna i 2-deoksy-D-glukoza
(2-DG) oraz trifosforany  nukleotydow:  adenozyno-5’-trifosforan  (ATP),
cytydyno-5’-trifosforan (CTP), guanozyno-5’-trifosforan (GTP) i urydyno-5’-trifosforan
(UTP) oraz trypsyna z EDTA zakupione zostaly w Sigma-Aldrich (St. Louis, MO, USA).
Do przeprowadzenia transfekcji komoérek uzyty zostat tlenek grafenu zawieszony
w wodzie w jednowarstwowych platkach ($rednica (um): 0,5-2; grubo$¢ (nm): 0,6-1,2)
otrzymany z ACS Materials, LLC, (CA, USA) oraz zestaw odczynnikow do transfekcji
Lipofectamine 3000 lub Lipofectamine™ LTX Reagent with PLUS™ Reagent
zakupiony z Life Technologies (MA, USA).

1.2. Linie komorkowe
Badania przeprowadzono na ludzkiej linii komorek nabtonka gruczolakoraka
okreznicy SW480 (ATCC CCL-228) oraz prawidtowej ludzkiej linii komoérek nablonka
okreznicy CCD 841 CoN (ATCC CRL-1790). Linie komoérkowe zakupione zostaly
w ATCC (LGC Standards Sp.z.0.0, Lomianki, Polska) i dostarczone przez dr. Bartlomicja

Krazinskiego z Uniwersytetu Warminsko-Mazurskiego w Olsztynie.

1.3. Charakterystyka sond i oligonukleotydow

Sekwencje sondy nukleotydowej typu ,,sygnalizator molekularny” (Sur-MB-Joe)
stuzacej do wykrywania sekwencji nukleotydowej mRNA kodujacej surwiwing
oraz krétkich oligonukleotydéw zastosowane w publikacjach [P1] i [P2] oraz sekwencje
sond aptamerowych wykorzystanych do monitorowania zmian stezenia ATP uzyte
w publikacjach [P4] (Apt(ATP)) oraz [P5] (ABP), zostaly zsyntetyzowane przez:
Pracowni¢ Sekwencjonowania DNA i Syntezy Oligonukleotyddéw, Instytutu Biochemii
i Biofizyki Polskiej Akademii Nauk (IBB PAS), Warszawa, Polska (St, St.1, St-2, SurMB,
Apt(ATP)) lub FUTURESynthesis, Poznan, Polska (Stnc, ABP). Sekwencje zostaty
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przedstawione w Tabeli 4. Oligonukleotydy zostaly oczyszczone za pomoca metody

HPLC, a skala syntezy wynosita 0,2 pmole.

Tabela 4. Zestawienie sekwencji sondy typu ,,sygnalizator molekularny” (Sur-MB-Joe) wykorzystanej
do wykrywania mRNA surwiwiny, krotkich oligonukletydéw oraz sond aptamerowych Apt(ATP) i ABP
stuzacych do monitorowania zmian stezenia ATP wykorzystanych w badaniach

Modyfikacje
Nazwa Sekwencja 5° — 3’
5 3
Sur-MB-Joe CCTGGCCCAGCCTTCCAGCTCCTTGCCAGG Joe Dabcyl
St CAAGGAGCTGGAAGGCTGGG - -
Sta CAAGGAGCTGCAAGGCTGGG - -
St2 CAAGGAGCTCCAAGGCTGGG - -
Stne CCCAGCCTTCCAGCTCCTTG - -
TCTCTCACCTGGGGGAGTATTGCGGAGGAA
Apt(ATP) - FAM
GGT
ATTCTCTCACCTGGGGGAGTATTGCGGAGGA
ABP FAM | Dabcyl
AGGTAT

2. Metody badan
2.1. Pomiary fluorymetryczne

Pomiary widm fluorescencyjnych wykonane w publikacjach [P1], [P2], [P4]
i [P5] zarejestrowano przy uzyciu spektrofluorymetru LS55 (Perkin Elmer, Waltham,
MA, USA) z impulsowym zrodlem $wiatla ksenonowego o mocy 20 kW
1 fotopowielaczem. Podczas badan, szeroko$¢ szczelin wzbudzenia 1 emisji ustawiono
na 5 nm, a predkos$¢ skanowania na 500 nm/min przy dtugosciach fal emisji od 200
do 600 nm, z rozdzielczo$cig 1 nm. Badane roztwory umieszczano w kuwetach o dlugosci
drogi optycznej rownej 10 cm. Dhugos$¢ fali wzbudzenia dla sondy nukleotydowej typu
,,Sygnalizator molekularny” wynosita A = 520 nm [P1, P2], a dla aptameru A = 480 nm
[P4, P5].

2.2. Hodowla komdrek
Komoérki SW480 hodowane byly w medium hodowlanym DMEM

(pozywka Eagle zmodyfikowana przez Dulbecco, ang. Dulbecco’s Modified Eagle’s
Medium) (PAA, Immuniq, Polska), a komérki CCD841CoN w medium hodowlanym
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EMEM (Minimalna pozywka niezb¢dna Eagle'a, ang. Eagle's minimal essential medium)
(ATCC, LGC Standards, Wielka Brytania) wzbogaconych 10% dodatkiem bydlecej
surowicy plodowej (FBS) oraz 1% dodatkiem mieszaniny antybiotykow: penicyliny
i streptomycyny (Sigma-Aldrich, USA) oraz 1% dodatkiem L-glutaminy (Sigma-Aldrich,
USA) w inkubatorze Shel Lab Model 2123/TC (Cornelius, OR, USA) w temperaturze
37°C przy zawartosci CO2 5% oraz wilgotnosci >95%. Do pasazowania, w celu
oderwania komorek od powierzchni szalki hodowlanej wykorzystano 0,25% roztwor
trypsyny z EDTA (Sigma-Aldrich, USA). Wszystkie czynnosci wykonywane z uzyciem
komorek prowadzono w warunkach sterylnych w komorze laminarnej; II klasy
bezpieczenstwa (Alpina, Polska).

Komorki hodowane byly na szalkach hodowlanych o wymiarach 60 mm x 15 mm
w 4 ml medium hodowlanego. Badania przeprowadzono, gdy pokrycie powierzchni
szalki komoérkami wynosilo okolo 80%, a stezenie koncowe komoérek ok. 1x10°

komorek/ml.

2.3. Transfekcja komorek

Do transfekcji komorek SW480 oraz CCD 841 CoN w publikacji pierwszej [P1]
uzyto specyficznego odczynnika do transfekcji Lipofectamine™ 3000 wykorzystujagcego
zaawansowang technologi¢ nanoczgstek lipidowych. Transfekcje przeprowadzono
wedlug procedury producenta. Na poczatku przygotowano roztwory skladajace
si¢ ze 195 pl medium hodowlanego DMEM zmieszanego z 5 ul roztworu odczynnika
Lipofectamine™ 3000 (roztwor A) oraz 195 ul medium hodowlanego DMEM
zmieszanego z 4 pl roztworu odczynnika Lipofectamine™ 3000 i 1 pl sondy Sur-MB-
Joe o stezeniu 100 pM (roztwor B). Nast¢pnie oba roztwory zmieszano i inkubowano
w temperaturze pokojowej przez 5 minut. Po okreslonym czasie, roztwor dodano
do przemytych $wiezym medium hodowlanym komorek i inkubowano w temperaturze
37°C przez 4 godziny.

Transfekcja komorek SW480 za pomoca czasteczek tlenku grafenu [P2], nastapita
poprzez dodanie do komorek roztworu zawierajacego 268 pl tlenku grafenu o stezeniu
100 ng/ml, 1 pl roztworu sondy Sur-MB-Joe o stgzeniu 100 uM 1 131 pl medium
hodowlanego DMEM. Calo$¢ inkubowano w temperaturze 37°C przez 4 godziny.

W celu wprowadzenia do komoérek SWA480 [P4] aptameru Apt(ATP),
wykorzystano mieszaning skladajaca si¢ z 521 pl roztworu zawierajacego sonde

Apt(ATP) o stezeniu 49 nM, odczynnik do transfekcji Lipofectamine LTX and PLUS
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Reagent oraz medium hodowlane DMEM. Calo$¢ inkubowano przez 2 godziny

w temperaturze 37°C.

2.4. Aparatura i oprogramowanie

Ekspresje genu surwiwiny na poziomie mRNA w komorkach gruczolakoraka
okreznicy SW480 oraz komoérkach nablonka okreznicy CCD841 CoN za pomoca
opracowanej sondy nukleotydowej Sur-MB-Joe, obserwowano przy uzyciu optycznego
mikroskopu odwréconego, Nikon Eclipse TE300 z zestawem filtrow fluorescencyjnych
B-2A (450 — 490 nm), a rejestracja uzyskanych zdje¢ z wykorzystaniem aparatu Canon
Power Shot A640 zamontowanym na mikroskopie.

Wyznaczanie energii swobodnej, struktur drugorzegdowych 1 temperatury
topnienia dla oligonukleotydow oraz sond aptamerowych przeprowadzono przy pomocy
oprogramowania UNAFold z aplikacjg Quikfold (Instytut RNA, Uniwersytet Albany,
Albany, NY, USA) stuzacego do przewidywania pofaldowania i hybrydyzacji kwasow
nukleinowych.

Struktury chemiczne tlenku grafenu, barwnika Joe i wygaszacza Dabcyl,
oraz symulacje interakcji migdzy nimi wykonano w oparciu o obliczenia kwantowo —
chemiczne przy uzyciu programu Spartan 14 (Irvine, CA, USA).

Morfologia powierzchni tlenku grafenu scharakteryzowana zostala przy uzyciu
transmisyjnego mikroskopu elektronowego JEM 1011 (JEOL, Japonia) z analizatorem
EDS INCA (Oxford) oraz skaningowego mikroskopu elektronowego JSM-6390LV
(JEOL, Japonia). Zdjecia wykonano w Pracowni Badan Mikroskopowo — Elektronowych
Instytutu Medycyny Doswiadczalnej 1 Klinicznej im. M. Mossakowskiego PAN

w Warszawie.
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IV. Omowienie najwazniejszych wynikow otrzymanych
podczas wykonywania prac eksperymentalnych

Opracowanie  fluorescencyjnego systemu bioczujnikowego opartego o sonde
oligonukleotydowq typu ,,sygnalizator molekularny”, stuzgcego do wykrywania

sekwencji nukleotydowej mRNA kodujgcej surwiwing w komorkach nowotworowych

Problem badawczy podjety w publikacjach [P1] oraz [P2] dotyczyt mozliwo$ci
wykrywania ekspresji genu surwiwiny na poziomie mRNA w zywych komorkach
poprzez zastosowanie fluorescencyjnej sondy nukleotydowej typu ,,sygnalizator
molekularny” (Sur-MB-Joe). Badania zostaly przeprowadzone na komoérkach nabtonka
gruczolakoraka okr¢znicy SW480 oraz komorkach nabtonka okrgznicy CCD841 CoN.
Sonda Sur-MB-Joe zostala wprowadzona do komorek za pomoca liposomow [P1]
lub tlenku grafenu [P2]. Sekwencja zastosowanej w doswiadczeniach sondy
przedstawiona jest w Tabeli 4 i sklada si¢ z antysenownej sekwencji oligonukleotydowej
komplementarnej do sekwencji mRNA kodujacej surwiwing.

Przedstawiona w publikacjach sonda nukleotydowa Sur-MB-Joe przyjmuje
W roztworze zamknieta struktur¢ przypominajacag ,.spinke do wlosow” (stan OFF).
Obserwowana intensywnos$¢ fluorescencji (lrL) jest niska i wynosi Iri= 26 j.u.
W wyniku dodania komplementarnego do sekwencji ,,petli” sondy oligonukleotydu
(Ciona = 100 nM), zachodzi proces hybrydyzacji prowadzacy do utworzenia struktury
dwuniciowej. Hybrydyzacja powoduje zmian¢ konformacji sondy Sur-MB-Joe
oraz oddalenie czasteczki barwnika Joe od czasteczki wygaszacza Dabcyl. W zwigzku
z tym, po wzbudzeniu dupleksu nast¢puje wyzwolenie sygnatu fluorescencyjnego
barwnika Joe, (stan ON) i ponad 20-krotny wzrost zarejestrowanego sygnatu
fluorescencyjnego, IrLmaks. = 561,2 j.u. (Rysunek 5).

W doswiadczeniu sprawdzajagcym wplyw temperatury na stabilno$¢ sondy
Sur-MB-Joe zauwazono, ze w temperaturach od 30°C do 50°C intensywno$¢ emisji
fluorescencji dla barwnika Joe szybko wzrasta i stabilizuje si¢ po ok. 9 minutach.
Wskazuje to na zmiang konformacji sondy poprzez dehybrydyzacje komplementarnych
nukleotydow na koncach sekwencji oligonukleotydowej i otwieranie si¢ jej struktury
pod wplywem temperatury. Nalezy jednak zaznaczy¢, ze intensywno$¢ fluorescencji

jest prawie 8-krotnie mniejsza (IrL = 69,5 j.u. dla temperatury 50°C po 21 minutach)
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w poréwnaniu z wartosciami uzyskanymi w obecnosci komplementarnego
oligonukleotydu w temperaturze 23°C.

Sonda Sur-MB-Joe wystepuje w roztworze jako zamknigta struktura z niska
intensywnoscig Il = 14,5 j.u., z powodu zjawiska FRET zachodzacego miedzy
czasteczkami barwnika i wygaszacza. Podczas interakcji sondy z roznymi stezeniami
tlenku grafenu (GO) obserwowano redukcje sygnatu fluorescencyjnego barwnika Joe.
Podczas tworzenia supramolekularnego uktadu GO@Sur-MB-Joe, tlenek grafenu dziatat
jak dodatkowe czasteczki wygaszacza. Intensywno$¢ obnizyla si¢ do wartosci
IFL=29,2 j.u. dla 370,8 nM stezenia pierScieni tlenku grafenu. Na podstawie otrzymanych
wynikOw wyznaczono stala wygaszania Sterna — Volmera, ktéra wyniosta
Ksv = 2742 + 21 M™1. Wskazuje to na statyczny proces wygaszania fluorescencii.

W celu zbadania jaki rodzaj interakcji migdzy tlenkiem grafenu 1 barwnikiem Joe
moze powodowal  proces  wygaszania, przeprowadzono symulacj¢ dla
supramolekularnego uktadu GO@Joe z wykorzystaniem metody kwantowej dynamiki
molekularnej. Wykazano, ze pomigdzy molekutami Joe i powierzchnig tlenku grafenu
tworzg si¢ wigzania wodorowe oraz wystepuja oddziatywania n—n miedzy pierscieniami
aromatycznymi rownolegle utozonych obu czasteczek. Podobne wyniki otrzymano
w  wyniku symulacji dokonanej dla supramolekularnego uktadu GO@Dabcyl.
Oddzialywania supramolekularne miedzy czasteczkami barwnika 1 wygaszacza a GO,
Wwzmacniajg sit¢ wigzania sondy Sur-MB-Joe do powierzchni tlenku grafenu. Dodatkowo
scharakteryzowano powierzchni¢ tlenku grafenu, wykorzystujac technike transmisyjne;j
(TEM) 1 skaningowej (SEM) mikroskopii elektronowej. Na otrzymanych zdjeciach
mikroskopowych zaobserwowano mocno pofaldowane, pojedyncze pflatki tlenku
grafenu.

W kolejnych doswiadczeniach, sprawdzono czutos¢ detekeji sondy Sur-MB-Joe.
W obecno$ci wzrastajacego stezenia komplementarnych do ,petli” sondy
oligonukleotydow (tDNA), zauwazono znaczacy wzrost emisji fluorescencji barwnika
Joe. Z uzyskanych danych mozliwe bylo wyznaczenie granicy wykrywalnosci tDNA
wynoszacej LOD = 26 nM, korzystajac ze standardowej reguty trzech sigm (S/N = 30).
Po dodaniu wzrastajagcych st¢zen komplementarnych oligonukleotydow tDNA
do supramolekularnego ukladu Sur-MB-Joe@GO nastapita hybrydyzacja tDNA z sonda
Sur-MB-Joe. W wyniku zmiany konformacji sondy z zamknigtej struktury ,,spinki
do wloséw” (stanu OFF) do sztywnej, otwartej struktury dupleksu, nastagpito oddalenie

czasteczek fluoroforu i wygaszacza od siebie. Doprowadzito to do desorpcji utworzonego
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dupleksu DNA z powierzchni tlenku grafenu i wyzwolilo sygnat fluorescencji barwnika
Joe (stan ON, IrL = 963,1 j.u. po 30 minutach). Granica wykrywalnos$ci tDNA wyniosta
LOD =16 nM (S/N = 30).

Wykazano réwniez duzg selektywno$¢ opracowanego ,sygnalizatora
molekularnego”. Interakcja sondy z oligonukleotydami, ktére posiadaly w swojej
sekwencji jeden (St.1) lub dwa (St2) nieckomplementarne do ,,petli” sondy nukleotydy,
spowodowata znaczny spadek sygnatu fluorescencyjnego powstatego dupleksu Sur-MB-
Joe-docelowy oligonukleotyd. Sygnat fluorescencji dla St1 wynidst odpowiednio
lrLst: = 1814, ju. a dla Sio, lrLst2 = 147,4 ju. Interakcja Sur-MB-Joe
z niekomplementarnym oligonukleotydem (St.nc) nie wywotata zadnych zmian w sygnale
fluorescencyjnym w porownaniu do sygnalu otrzymanego dla samej sondy.
W temperaturze 61°C, sygnat fluorescencji obserwowany dla supramolekularnego uktadu
GO@Sur-MB-Joe z docelowymi oligonukleotydami St.1, St-2 i Stnc spadt ponizej 100 j.u.
Powodem jest stabe wigzanie docelowych sekwencji z sondg Sur-MB-Joe i wygaszenie
fluorescencji barwnika Joe przez tlenek grafenu. Dla komplementarnego oligonukleotydu
otrzymany sygnat fluorescencyjny wyniost powyzej 800 j.u. Efekt ten jest zwigzany
z hybrydyzacja sondy Sur-MB-Joe z oligonukleotydem i1 uwolnieniem powstatego
dupleksu z powierzchni tlenku grafenu. Otrzymane wyniki wskazujg na opracowanie
doskonatej metody stuzacej do rozr6zniania sekwencji nici oligonukleotydowych, ktore
r6znig si¢ jednym nukleotydem.

Uzyskano, takze roznice w charakterystyce krzywych temperatur topnienia
otrzymanych w zakresie od 23°C do 91°C dla sondy Sur-MB-Joe oraz jej dupleksow
utworzonych w obecnosci oligonukleotydow: komplementarnego (St), calkowicie
niekomplementarnego (Stnc) Oraz ze zmienionym jednym (St1) lub dwoma (Si2)
nukleotydami. Najwickszy wplyw na charakterystyke topnienia Sur-MB-Joe uzyskano
w obecno$ci komplementarnego oligonukleotydu. W przypadku badania tego dupleksu,
pomiary wykazaly nieodwracalng trzystopniowa charakterystyke topnienia (OFF-ON-
ON). Podczas zmniejszania temperatury do 23°C, sonda Sur-MB-Joe nie powracata
do poczatkowej zamknietej konformacji, a sygnal fluorescencyjny byl utrzymywany
na wysokim poziomie (stan ON). Sugeruje to powstanie silnego i trwatego dupleksu
Sur-MB-Joe z komplementarng sekwencja. Zgodnie z oczekiwaniem, krzywe
temperatury topnienia otrzymane dla dupleksu sondy z niekomplementarnym
oligonukleotydem byly takie same jak dla sondy bez dodatku oligonukleotydu.

Otrzymane wyniki potwierdzaja, ze sonda Sur-MB-Joe przechodzi zmiany
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konformacyjne od stanu OFF do stanu ON czyli wraca do zamknigtej struktury ,,spinki
do wloséw” (stan OFF) w temperaturze pokojowej. Krzywe temperatur topnienia
otrzymane dla Sur-MB-Joe w obecnosci St.1 1 St2, wskazujg na znacznie stabszg interakcje
docelowych oligonukleotydow z sonda i zwigkszong temperature topnienia.

W nastgpstwie otrzymanych wynikéw, zaproponowano nowy mechanizm
interakcji sondy nukleotydowej z komplementarnymi oligonukleotydami. W oparciu
o teoretyczne obliczenia struktury komplementarnych oligonukleotydéw i otrzymane
dane termodynamiczne przy uzyciu oprogramowania UNAFold wykazano,
ze ww. oligonukleotydy tak samo jak sonda Sur-MB-Joe, przyjmujg zamknietg strukture
,»spinki do wioséw”. Proces hybrydyzacji i biorozpoznania nast¢puje wiec podczas
reakcji typu ,,spinka do wlosow — spinka do wloséw” (hairpin — hairpin). Sugerowany
model rozszerza stosowany do tej pory klasyczny model Tyagi—Kramera, w ktorym
komplementarny oligonukleotyd wystgpujacy w postaci liniowej faczy si¢ z sondg majaca
zamknietg strukture ,,spinki do wlosow” (hairpin).

Nastepnie oceniono mozliwos$¢ wykorzystania opracowanej sondy nukleotydowe;j
do wykrywania sekwencji nukleotydowej mRNA kodujacej surwiwing w zywych
komorkach. Sonda Sur-MB-Joe =zostala wprowadzona do komoérek nablonka
gruczolakoraka SW480 oraz prawidlowych komorek nabtonka okreznicy CCD841 CoN
za pomocg liposoméw (Sur-MB-Joe@Lip) [P1] lub tlenku grafenu (GO@SurMB-Joe)
[P2]. Po 4-godzinnej inkubacji komérek SW480 z Sur-MB-Joe@Lip lub GO@SurMB-
Joe, za pomocg odwrdconego mikroskopu optycznego z filtrem fluorescencyjnym,
zarejestrowano sygnat pochodzacy z fluorescencji fluoroforu Joe w cytozolu. Emisja
nastgpita w konsekwencji oddalenia czgsteczki barwnika od czasteczki wygaszacza
w zwigzku ze zmiang konformacji sondy Sur-MB-Joe wywotang procesem hybrydyzacji
z czasteczkami mRNA kodujacymi surwiwing obecnymi w cytozolu komorek (stan ON).
Po wprowadzeniu sondy do komodrek CCD841 CoN nie zarejestrowano sygnatlu
fluorescencyjnego. Otrzymany wynik jest zgodny z oczekiwaniami i $wiadczy o braku
ekspresji genu surwiwiny na poziomie mRNA w prawidlowych komdrkach nablonka
okre¢znicy. Sonda nie zmienia swojej konformacji 1 wystgpuje w postaci zamknigtej
struktury (stan OFF). Otrzymane wyniki §wiadcza o wysokiej ekspresji genu surwiwiny
na poziomie mRNA w komoérkach nowotworowych SW480 oraz skutecznej transfekcji
komorek przy uzyciu liposomow i tlenku grafenu.

Opracowane przeze mnie systemy bioczujnikowe, stuzace do wykrywania

sekwencji mRNA kodujacej surwiwing, stanowig obiecujace i pomocne narzedzie
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do wczesnego diagnozowania nowotworow. Moga by¢ podstawa do tworzenia nowych
terapii 1 przyczyni¢ si¢ do zwigkszenia przezywalnosci chorych.

W publikacji przegladowej [P3], omowiono dynamiczny rozwoj metod stuzacych
do wczesnego wykrywania zmian nowotworowych opartych na detekcji biatka
lub mRNA kodujacego surwiwing. Zarowno biatko jak i mRNA stanowig biomarkery
nowotworowe. Przeglad ten podsumowuje osiggnigcia naukowcoéOw uzyskane podczas
projektowania i opracowywania optycznych, piezoelektrycznych
oraz elektrochemicznych systemow bioczujnikowych 1 mikroprzeplywowych.
W publikacji zwrocono uwage na doktadno$é, selektywnos$¢ i czulo$¢ otrzymanych
urzadzen. Szczegdlng uwage poswiecono takze metodom detekcji biomarkerow
nowotworowych opartych na reakcji antygen-przeciwciato i procesie hybrydyzacji DNA.
Podkreslono rowniez wykorzystanie roznych nanomateriatlow, takich jak: nanoczastki
zlota, mezoporowate nanoczastki krzemionkowe, tlenek grafenu 1 nanoczastki
polimerowe, w przygotowaniu czujnikow biologicznych. W publikacji przedstawiono,
takze mozliwo$¢ wykorzystania nieinwazyjnej biopsji ptynnej w nowoczesnej
diagnostyce i terapii, poprzez detekcje surwiwiny w egzosomach i krazacych komoérkach

nowotworowych znajdujacych si¢ w krwiobiegu.

Opracowanie fluorescencyjnego systemu bioczujnikowego opartego o0 aptamer,

stuzgcego do monitorowania poziomu stezenia ATP w komorka nowotworowych

Problem badawczy podjety w publikacjach [P4] oraz [P5] dotyczyt mozliwosci
monitorowania poziomu stezenia adenozyno-5'-trifosforanu (ATP) w komdrkach,
poprzez zastosowanie opracowanych fluorescencyjnych sond aptamerowych. Do badan
wykorzystano komorki nablonka gruczolakoraka okreznicy SW480 oraz komérki SW480
inkubowane z roéznymi stezeniami inhibitora syntazy ATP, oligomycyna [P4]
lub inhibitorem glikolizy, 2-deoksy-D-glukoza (2-DG) [P5]. Sekwencje aptamerdw:
Apt(ATP) [P4] i ABP [P5] zastosowanych w pomiarach zostaly przedstawione
w Tabeli 4. Aptamery mialy sekwencje oligonukleotydowa specyficzng do laczenia
z czasteczkami ATP modyfikowang na jednym koncu fluoroforem FAM. Aptamer ABP
[P5], posiadat dodatkowo czasteczke wygaszacza Dabceyl oraz na obu koncach sekwencji
komplementarne do siebie nukleotydy, pozwalajace utworzy¢ strukture ,spinki

do wlosow”.
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Sondy aptamerowe w wyniku wzbudzenia barwnika FAM przy dlugosci fali
Swiatta A = 480 nm, wykazuja wysoki sygnat fluorescencyjny rejestrowany przy dlugosci
fali ok. L = 516 nm (stan ON). Dla sondy ABP intensywno$¢ fluorescencji wynosita
IrL = 904,5 j.u. i ustabilizowala si¢ w ciggu 15 min. W obecnosci czasteczek ATP,
konformacja sondy zmieniala si¢ w strukture G-kwadrupleksu (G-4). Forma ta powstata
poprzez pofatdowanie pojedynczej nici aptameru bogatej w reszty guaninowe.
W utworzonym kompleksie aptamer-ATP, dochodzi rowniez do fluorescencyjnego
rezonansowego przeniesienia energii mi¢dzy czasteczkg barwnika a czasteczkami
guaniny w sondzie Apt(ATP) [P4] lub czasteczka Dabcyl w sondzie ABP [P5]. Prowadzi
to do wygaszania fluorescencji FAM (stan OFF).

Drugorzgdowe struktury sond aptamerowych wyznaczono za pomoca
teoretycznych obliczen przy uzyciu oprogramowania UNAFold, ktére stuzy
do przewidywania pofaldowania 1 hybrydyzacji kwasow nukleinowych. Wykazano,
ze opracowane sondy mogg przyjmowac cztery struktury z matymi petlami
przypominajacymi ,,spinke do wlosow”. Wszystkie charakteryzuja si¢ ujemna energia
swobodng Gibbsa, co swiadczy o duzej stabilnosci termodynamiczne;.

Podczas badania trwalosci struktury aptameru ABP w zakresie temperatur
od 23°C do 91°C, wykazano powstawanie odwracalnej, trzystopniowej (OFF-ON-OFF)
charakterystyki topienia sondy. Podczas zmiany temperatur od 23°C do 67°C,
intensywnos$¢ wzglednego sygnatu emisji sondy wzrosta od F/Fo = 1 do F/F, = 1,498,
co $wiadczy o oddaleniu fluoroforu FAM na koncu 5° od wygaszacza Dabcyl
znajdujacego si¢ na koncu 3’ 1 wyzwoleniu fluorescencji barwnika. Dalszy wzrost
temperatury od 67°C do 91°C sprawil, ze zarejestrowany wzgledny sygnat
fluorescencyjny zmalat do poziomu F/Fo = 1,205. Uzyskane wyniki wskazuja, ze wraz
ze wzrostem temperatury, pojedyncza ni¢ oligonukleotydowa aptameru przyjmuje
przypadkowa, losowa konformacj¢. Prowadzi to do wygaszania fluorescencji poprzez
zjawisko FRET migdzy czasteczkami barwnika i wygaszacza.

W doswiadczeniu badajacym czutos¢ sondy aptamerowej Apt(ATP) wykazano,
ze po dodaniu r6znych stezen ATP, nastapito wygaszenie emisji barwnika sondy. Sygnat
fluorescencyjny obnizyt sie¢ mocno z wartosci IrL = 898,2 j.u. do wartosci IrL = 295,5 j.u.
odpowiednio dla 0 pM oraz 333 puM stezenia ATP. Obliczona stala wygaszania
Sterna-Volmera wyniosta Ksy = 5700 £ 200 M 1. Z otrzymanych wynikéw wyznaczono
takze dolng granice¢ wykrywalno$ci st¢zenia ATP, ktora rowna byta LOD = 24 uM
(S/N = 30). Obnizenie stezenia sondy Apt(ATP) do 16,7 nM, spowodowato mozliwo$¢
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wykrycia 17 pM stezenia ATP. W przypadku sondy ABP, po dodaniu réznych stezen
ATP, wyznaczony limit detekcji dla ATP wyniést LOD = 54,2 uM. Podwyzszajac
temperature pomiaru do 40°C, granica wykrywalno$ci st¢zenia ATP obnizyla
si¢ do LOD =27,4 uM (S/N = 30).

Selektywnos$¢ opracowanych aptameréw sprawdzono w obecnos$ci innych
trifosforanéw nukleotydow: CTP, GTP 1 UTP. Otrzymane wyniki pokazaty,
ze interferenty powoduja znacznie stabsze wygaszanie fluorescencji barwnika FAM
sondy Apt(ATP) w poréwnaniu z ATP. Najnizsze obnizenie sygnatu sondy wywotat
nukleotyd GTP (18,6%), nastepnie UTP (29,8%) oraz CTP (35,7%). Dodatek ATP
wywolat wygaszenie fluorescencji o 67,1%. Wskazuje to na wysoka selektywnos¢
opracowanej sondy aptamerowej. W przypadku sondy ABP, réwniez wykazano,
ze interakcja aptameru z ATP indukuje mocniejsze wygaszanie fluorescencji
niz w przypadku innych nukleotydow. Zaobserwowana skuteczno$¢ wygaszania
fluorescencji (ang. fluorescence quenching efficiency, QE) w 23°C dla ATP wyniosta
QE = 32%, podczas gdy dla CTP 1 UTP 25%, a dla GTP 20%. Wyzsza temperatura
pomiaru (40°C) spowodowata wigksze wygaszanie fluorescencji sondy po interakcji
z czasteczkami ATP, ktore wyniosto 42%. Wygaszanie dla pozostalych nukleotydow
zmniejszylo si¢ do 18%, 14% i 18% odpowiednio dla CTP, GTP i UTP. Otrzymane
wyniki wskazuja, ze proponowana sonda aptamerowa ABP zapewnia dobrg selektywnos$¢
1 czuto$¢ wzgledem ATP.

W wyniku badania zmian stabilnosci kompleksu aptamer ABP-nukleotyd
w réznych temperaturach, zaobserwowano, ze podczas skanowania temperatury od 23°C
do 49°C, wzgledny sygnal fluorescencji barwnika FAM, obnizyl si¢ z F/Fo = 1
do F/F, = 0,867. Wskazuje to na zmian¢ konformacji aptameru ABP. Podczas tgczenia
sondy z czasteczkami ATP, zmniejsza si¢ odlegtos¢ pomigdzy barwnikiem FAM
a wygaszaczem Dabcyl. Umozliwia to zaj$cie pomigedzy nimi zjawiska FRET. W trakcie
dalszego podwyzszania temperatury, powyzej 51°C, wzgledny sygnat fluorescencji ABP
stopniowo wzrastal. W temperaturze 69°C osiggnat maksymalny poziom F/F, = 1,247,
po czym nastgpit spadek do F/Fo = 1,02 w 91°C. Spowodowane bylo to zmiang
konformacji sondy najpierw do calkowicie otwartej, a nast¢pnie przypadkowej, losowe;j
struktury, w ktorej moze dochodzi¢ do przeniesienia energii migdzy blisko znajdujacymi
si¢ molekutami fluoroforu i1 wygaszacza. Dla innych nukleotydow, kompleksy aptamer
ABP-nukleotyd miaty charakterystyke identyczng jak sama sonda. Swiadczy to o stabej
interakcji aptameru z UTP, GTP i CTP.
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Podczas przeprowadzonych badan wykazano réwniez, ze pomimo wzrostu
temperatury podczas doswiadczenia, wigzanie czasteczek ATP do sondy ABP, powoduje
spadek fluorescenciji, a dla pozostatych nukleotydow wzrost sygnatu. Najwicksza roznica
w otrzymanych wynikach obserwowana byta dla temperatur w zakresie od 40°C do 50°C.
Oznacza to, ze opracowana metoda zapewnia doskonatg selektywnos$¢ aptameru, a takze
stuzy rozréznieniu poszczegolnych nukleotydow.

Nastepnie zbadano uzyteczno$¢ opracowanych sond w lizacie komoérkowym,
ktory zostal otrzymany z komorek nablonka gruczolakoraka okreznicy SW480.
Wykazano, ze sygnat fluorescencji barwnika FAM w lizacie po dodaniu ATP zmniejszyt
si¢ 0o 16%, co potwierdza mozliwos¢ dzialania sondy Apt(ATP) w roztworze
zawierajacym 300-krotnie rozcienczony lizat z komorek nowotworowych.

Za pomocg sondy ABP wykazano roznice w stgzeniu ATP w lizatach
komoérkowych, ktore otrzymano z komoérek inkubowanych bez oraz z dodatkiem
inhibitora glikolizy (roztwor 10 mM 2-deoksy-D-glukozy (2-DG)) przez 24 godziny.
Za pomocg metody dodatku wzorca, wyznaczono stezenie ATP w lizacie komérkowym.
W lizacie otrzymanym z komorek poddanych dzialaniu inhibitora glikolizy wynosito
ono 30,9 uM, natomiast w lizacie z komorek, ktore nie byly inkubowane z 2-DG, stezenie
ATP wyniosto 45,25 puM. Otrzymany wynik wskazuje na obnizenie produkcji ATP
0 31,7%.

W kolejnych doswiadczeniach oceniono mozliwo$¢ wykorzystania sondy
aptamerowej Apt(ATP) do monitorowania st¢zenia ATP w zywych komoérkach nabtonka
gruczolakoraka okreznicy SW480. Zastosowano oligomycyne, antybiotyk, ktory jest
inhibitorem syntazy ATP 1 dziala na kompleks V w mitochondrialnym tancuchu
oddechowym. Poczatkowo komorki byty inkubowane z 1 lub 5 puM stezeniem
oligomycyny przez 20 godzin. Nast¢pnie wprowadzono do nich za pomocg liposomow
aptamer. Uzyskane wyniki jednoznacznie pokazaty zwigkszenie intensywnos$ci sygnatlu
fluorescencyjnego, ktdry pochodzit z barwnika FAM, w cytozolu komoérek poddanych
dziataniu oligomycyny. Sygnat emisji zwigkszyt si¢ o 5,2% dla 1 pM stezenia
oligomycyny oraz o 11,9% dla 5 pM w pordwnaniu z sygnatem otrzymanym
dla komorek, ktére nie byly inkubowane z inhibitorem syntazy ATP. Swiadczy
to 0 zahamowaniu produkcji ATP przez uzyty antybiotyk. W wyniku powstania mniejszej
liczby czasteczek ATP, nastgpuje stabsze wygaszenie fluorescencji barwnika FAM

wprowadzonego do komdrek aptameru Apt(ATP).
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IV. OMOWIENIE NAJWAZNIEJSZYCH WYNIKOW
OTRZYMANYCH PODCZAS WY KONYWANIA
PRAC EKSPERYMENTALNYCH

Opracowane przeze mnie systemy bioczujnikowe oparte o aptamery, stanowia
obiecujace i pomocne narzgdzie w terapii przeciwnowotworowej. Wskazujac, iz poprzez
monitorowanie stezenia ATP w lizacie i cytozolu komoérek, mozna oceni¢ postep rozwoju

nowotworu.
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Podsumowanie

Na podstawie otrzymanych wynikow opisanych w czterech oryginalnych

publikacjach naukowych [P1], [P2], [P4] i [P5] mozna wysungé nastgpujace wnioski

1 wyr6zni¢ najwazniejsze dokonania:

1.

Opracowanie czulego 1 selektywnego fluorescencyjnego systemu

bioczujnikowego opartego o sonde nukleotydowa typu ,.sygnalizator

molekularny”, ktory jest zdolny do:

a) wykrycia komplementarnego oligonukleotydu w stezeniu 26 nM,

b) rozrdzniania sekwencji oligonukleotydowych rdéznigcych si¢ jednym
nukleotydem,

c) wykrywania sekwencji nukleotydowej mRNA kodujacej surwiwing,
w zywych komorkach nablonka gruczolakoraka okrgznicy SW480,

d) rozrézniania komorek nowotworowych od prawidtowych.

Opracowanie skutecznej metody transfekcji komorek sondg nukleotydowsa

przy uzyciu dwodch nanonos$nikow: tlenku grafenu i liposomow.

Odkrycie, ze komplementarne oligonukleotydy (Si), z jednym (St1)

lub dwoma (St2) niekomplementarnymi do ,petli” sondy nukleotydami

oraz niekomplementarne oligonukleotydy (St.nc), posiadaja tak jak sonda

Sur-MB-Joe drugorzedowg strukture przypominajacg ,,spinke do wiosow”.

Zaproponowanie nowego mechanizmu interakcji sondy Sur-MB-Joe

z komplementarnymi oligonukleotydami, gdzie biorozpoznanie nastgpuje

podczas reakcji typu ,spinka do wlosow - spinka do wlosow”

(hairpin—hairpin).

Wykazanie wystepowania oddzialywan supramolekularnych pomiedzy

barwnikiem Joe, wygaszaczem Dabcyl 1 powierzchnig tlenku grafenu.

Opracowanie selektywnych fluorescencyjnych systemow bioczujnikowych

opartych o aptamery, ktore sa zdolne do:

a) wykrywania ATP w roztworze buforowym w stezeniu 17 puM przez
aptamer Apt(ATP) [P4] i w stezeniu 27,4 uM przez aptamer ABP [P5],

b) odrdzniania poszczegdlnych nukleotydow,
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C) monitorowania zmian poziomu stezenia adenozyno-5'-trifosforanu (ATP)
w komoérkach nabtonka gruczolakoraka okreznicy SW480 poddanych
dziataniu 1 uM i 5 uM stezeniu oligomycyny,

d) wykrycia st¢zenia ATP w lizacie komérkowym otrzymanym z komorek
hodowanych bez oraz z dodatkiem inhibitora glikolizy, 2-deoksy-D-
glukozy (2-DG).

7.  Wyznaczenie drugorzedowe;j struktury aptamerdw przypominajacej ,,spinke
do wlosow” za pomocg oprogramowania UNAFold.

8. Wzmocnienie/wygaszenie sygnalu fluorescencyjnego  opracowanych
systemow bioczujnikowych moze stanowi¢ sygnat analityczny.

9. Podwyzszenie temperatury pomiaru zwigksza skuteczno$¢ wygaszania
fluorescencji aptameru w obecnos$ci ATP 1 zmniejsza ja dla pozostatych

nukleotydow.

Opracowana przeze mnie metoda analityczna oparta na fluorescencyjnych
sondach nukleotydowych, wyrdznia si¢ duza czutoscia, szybkoscig odpowiedzi i moze
stanowic alternatywe dla obecnie stosowanych metod biologii molekularnej. Wykazatam,
ze za pomocg zaproponowanych systemoéw bioczujnikowych mozna wykrywac ekspresje
genu surwiwiny na poziomie mRNA, monitorowa¢ zmiany poziomu stezenia ATP
oraz rozr6znia¢ komorki nowotworowe od zdrowych. Przedstawitam réwniez mozliwo$¢
zastosowania dwoch nanono$nikow: tlenku grafenu oraz liposoméw, do wprowadzania
sond nukleotydowych do wnetrza komorek.

Reasumujgc, przedstawione w niniejszej rozprawie doktorskiej wyniki badan
pozwolity na pozytywna weryfikacje postawionych hipotez.

Uzyskane przeze mnie rezultaty prac badawczych stanowig istotny wktad w ksztaltujacy
si¢ obecnie kierunek w zakresie tak diagnostyki, jak i terapii choréb nowotworowych,

a takze opracowywania skutecznych systemow dostarczania lekow.
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Abstract: The anti-apoptotic protein survivin is one of the most promising cancer biomarkers
owing to its high expression in human cancers and rare occurrence in normal adult tissues. In this
work, we have investigated the role of supramolecular interactions between a graphene oxide
(GO) nanosheet nanocarrier and a survivin molecular beacon (SurMB), functionalized by attaching
fluorophore Joe and quencher Dabcyl (SurMB-Joe). Molecular dynamics simulations revealed
hydrogen bonding of Joe moiety and Dabcyl to GO carriers that considerably increase the SurMB-GO
bonding strength. This was confirmed in experimental work by the reduced fluorescence background
in the OFF state, thereby increasing the useful analytical signal range for mRNA detection.
A new mechanism of hairpin-hairpin interaction of GO@SurMB with target oligonucleotides
has been proposed. A low limit of detection, LOD = 16 nM (S/N = 3), has been achieved for
complementary tDNA using GO@SurMB-Joe nanocarriers. We have demonstrated an efficient
internalization of SurMB-Joe-loaded GO nanocarriers in malignant SW480 cells. The proposed
tunability of the bonding strength in the attached motifs for MBs immobilized on nanocarriers,
via structural modifications, should be useful in gene delivery systems to enhance the efficacy of gene
retention, cell transfection and genomic material survivability in the cellular environment.

Keywords: graphene oxide nanosheet nanocarrier; hairpin-hairpin interactions; survivin mRNA;
molecular beacon probe; SW480 cancer cells

1. Introduction

The interactions of diagnostic and therapeutic oligonucleotides with nanocarriers used for
their delivery have recently been the focus of theranostic research [1]. The strength of these
interactions and transport modality provide the framework for gene retention [1-3] and protection
while in transport, and facilitate their controlled release. From among the various nanocarriers
studied for delivery systems, including gold nanoparticles [4-6], liposomes [7-10], micelles [11],
exosomes [12], graphene oxide [2,13-19] and others [20,21], herein we focus specifically on the binding
of molecular beacon (MB) probes to graphene oxide (GO) nanosheet nanocarriers and the mechanism
of hybridization of the GO-bound molecular beacon (GO-MB) with target strands. Recently, we have
demonstrated the ability of a hairpin MB to interact with a hairpin-structured target oligonucleotide [8],

Nanomaterials 2018, 8, 510; doi:10.3390/nano8070510 www.mdpi.com/journal /nanomaterials
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thus extending the Tyagi-Kramer model [22] of MB interaction with linear oligonucleotides. Therefore,
the mechanism considered here is the hairpin-hairpin interaction of GO-bound MB with target strands,
followed by the duplex DNA desorption from GO nanocarriers [23-26]. The aim is to investigate the
feasibility of tuning the GO-MB binding strength to protect MBs against nucleases, while enabling
unhindered antisense oligonucleotide release and hybridization with mRNA in the cytosol of cells.

The use of MBs allows not only the detection and imaging of specific mRNAs overexpressed in
cancer cells, but also enables the prevention of their post-transcriptional translation to unwanted
proteins, such as the proliferation enhancing and anti-apoptotic AIP-group proteins [27,28].
The oligonucleotide drugs are usually administered in the form suitable to act as a short interfering
RNA (siRNA) or micro-RNA (miRNA), which are non-coding RNAs able to exert gene silencing
action on mRNA via complex biochemical pathways [29]. While the use of siRNA and miRNA is
being studied extensively, it is evident that an alternative way based on capturing mRNA using MB
oligonucleotides in target-controlled delivery is also a viable solution for cancer treatment.

Survivin (Sur) is an anti-apoptotic and proliferation enhancing protein [30] and member of an
apoptosis inhibitor protein (AIP) family, which is overexpressed in cancer cells [31]. The expression of
survivin mRNA and the survivin protein in colorectal cancer was recently investigated using molecular
biology methods, including reverse transcription-polymerase chain reaction (RT-PCR)[32,33],
Western blot [33] and ELISA [34] assays, as well as immunohistochemical staining [35].

In this work, we have employed a molecular beacon-based optical biosensing system as an
alternative method for the detection of survivin mRNA in colorectal cancer cells. Colorectal cancer is
one of the three most common cancers in the world. The survivin molecular beacon (SurMB) probe
used in this study consisted of a single-stranded oligonucleotide with a Joe fluorescence dye and
Dabcyl quencher attached to the 5" and 3’ ends of the strand, respectively. The loop of the probe was
an antisense oligonucleotide targeting survivin mRNA. The interactions of this SurMB-Joe probe with
a GO nanocarrier (GO@SurMB-Joe) have been studied to determine if there are any supramolecular
forces able to bind the Joe or Dabcyl moieties to a GO carrier, which have never been investigated
before. These interactions are important for holding the probe on a nanocarrier and protecting it against
digestion by nucleases [36]. The molecular dynamics simulations (MD) were performed to gain new
insight into the supramolecular interactions of SurMB-Joe with GO nanocarriers, and its basic operation
principles. In this study, the mechanism of the hairpin-hairpin interaction of the GO-bound SurMB-Joe
with target oligonucleotides was investigated for the first time, following the single-nucleotide
polymorphism sensitivity determination. In vitro studies of intracytoplasmic Sur mRNA detection in
SW480 colorectal cancer cells using GO@SurMB-Joe nanoprobes were also performed.

2. Results and Discussion

2.1. Hairpin Structures of SurMB-Joe, tDNA Target, and the Hybridization Product

The ability of a hairpin MB to interact with a hairpin-structured target oligonucleotide (tDNA)
has recently been demonstrated [8], and a hairpin-hairpin interaction model was proposed to extend
the Tyagi—Kramer model [22] of molecular beacon interactions with a linear target oligonucleotide.
Our calculations—performed using the UNAFold software—indicate that the target oligonucleotide
(tDNA), complementary to the loop of SurMB, preferentially forms a stable small-loop hairpin
structure instead of relaxing to a linear conformation. Figure 1A presents the sequence and the
most thermodynamically stable hairpin structure of SurMB-Joe, with negative Gibbs free energy of
formation AG®syrvBjoe = —4.26 kcal/mol [37]. The loop sequence of the probe was composed of an
antisense oligonucleotide targeting the survivin mRNA region [38]. Figure 1B presents the sequence
and hairpin structure of tDNA with formation energy AG°ippna = —2.33 kcal/mol. The general
schemes of the principle of SurMB-Joe operation and its interactions with tDNA and graphene
oxide (GO) nanosheet nanocarriers are depicted in Figure 1C,D. According to our model, in the
first step, the hybridization of one leg of tDNA with molecular beacon loop occurs (Figure 1C),
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followed by the melting of a target oligonucleotide stem and, finally, full hybridization of tDNA with
the SurMB-Joe loop. Upon the hybridization process, the opening of the molecular beacon structure
takes place, followed by desorption of the formed DNA duplex from the surface of GO carriers,
restoring the fluorescence signal of Joe dye (Figure 1D). Since GO is such a strong quencher, the duplex
DNA must be desorbed before its fluorescence is restored. The adsorption/desorption processes of
linear DNA onto/from a GO platform were studied recently by Wu et al. [23] and Park et al. [3],
but the conformation and melting temperatures have not yet been considered. On the other hand,
the attachment of a small quenching graphite nanoparticle (NP) to the end of a MB strand was applied
by Piao et al. [36]. Although the use of GO is gaining popularity in DNA sensing applications [39],
the exact conformation of DNA strands has rarely been evaluated [37].
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Figure 1. Structures and sequences of (A) survivin molecular beacon with a fluorophore Joe (SurMB-Joe)
and (B) target oligonucleotide (tDNA) complementary to loop of MB; (C,D) Principle of molecular
beacon operation, interactions of SurMB-Joe with GO and tDNA.

2.2. Supramolecular Interactions of SurMB-Joe Components with GO Nanocarriers

At the room temperature and in the absence of a complementary target oligonucleotide, SurMB-Joe
remains in the OFF conformation with very low residual fluorescence intensity due to the close
proximity of the Joe fluorophore to the Dabcyl quencher. Upon the interaction with a GO carrier,
which acts as a supplementary quencher, a further reduction of the already low fluorescence
of SurMB-Joe is observed, as seen in Figure 2. The intensity decreases from Ig; ; = 29.2 a.u. to
Irp1 = 14.5 a.u. after addition of GO to the level of 370 uM (GO rings), as illustrated in Figure 2A,B.
On the basis of these data, the Stern-Volmer quenching constant was determined using the dependence:

IrLo/IpL, = 1+ KsyQ, 1)

where g o and g, are the fluorescence intensities of SurMB-Joe (the donor) at the emission maximum
Amax = 548 nm, in the absence and presence of GO nanocarriers (acting as the acceptors), respectively;
Kgy is the Stern—Volmer quenching constant, and Q is the GO quencher concentration. The value
of Ksy obtained from the slope of the plot of Iro/IfL vs. Q = Cgo,rings, presented in Figure 2C,
is: Ksy = 2742 + 21 M~ 1. This relatively high value of Ksy indicates on the static quenching mode.
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Figure 2D presents the plot of quenching efficiency E vs. Cgorings- The quenching efficiency was
calculated from the dependence:
E=1—Ir/IrL0 2

To confirm the modality of the quenching interactions, we considered if the collisional frequency
of molecules involved is high enough to achieve the observed high quenching efficiency. In the
specific case of GO nanosheets, the mobility of GO is practically null, so the only factor influencing the
collisional frequency is associated with the MB colliding with GO. However, with the concentration
of MB in the nanomolar range, the frequency of collisions is so low [40] that the probability
of dynamic quenching becomes insignificant. Moreover, single-stranded oligonucleotides are
known to assemble on GO, which points to static—rather than dynamic—quenching. Furthermore,
we considered supramolecular forces between the fluorophore Joe and GO, which also indicates the
static quenching mode.
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Figure 2. (A) Fluorescence spectra for SurMB-Joe after addition of GO at different concentrations
CGOorings (MM): (1) 0, (2) 61.8, (3) 123.5, (4) 1854, (5) 247.3, (6) 308.9, (7) 380.8; (B) dependence of IgL vs.
CGOyrings; (C) Stern—Volmer plot of Igr 0/ IFL Vs. CGOrings; (D) dependence of quenching efficiency E
on CGorings; (E) top and (F) side views of GO-Joe supramolecular structures with H-bonds marked
with red dashed lines; (G) top and (H) side views of GO-Dabcyl supramolecular structures with
H-bonds marked with red dashed lines. Joe: 6-Carboxy-4’,5'-dichloro-2’,7'-dimethoxyfluorescein
N-hydroxysuccinimide ester; Dabcyl: 4-((4-(Dimethylamino)phenyl) azo) benzoic acid. Conditions:
Csurms = 100 nM; buffer: 10 mM PBS, pH 7.4; room temp.

To evaluate what kind of interactions between the fluorophore Joe and a GO nanosheet
carrier may cause static quenching of Joe, we have performed molecular dynamics and quantum
mechanical calculations for ensembles of GO@Joe. As shown in Figure 2E,F, up to two hydrogen



PUBLIKACJE STANOWIACE ROZPRAWE DOKTORSKA
ORAZ OSWIADCZENIA WSPOLAUTOROW
PUBLIKACJA 2

Nanomaterials 2018, 8, 510 50f12

bonds (marked with red dashed lines) can be formed between the Joe molecule and a GO nanosheet.
In Figure 2F, a stacking configuration of the supramolecular ensemble GO@]Joe is also shown. Hence,
the ability of Joe to form supramolecular ensembles with GO nanosheets is consistent with the static
quenching mode.

Supramolecular interactions of Joe with GO nanocarriers are important to the overall MB binding
to GO, as they increase the total MB binding strength. We have also investigated if the Dabcyl
quencher can contribute to the binding strength of MBs to GO nanocarriers. The molecular dynamics
and quantum mechanical calculations performed for ensembles of GO@Dabcyl have revealed that
supramolecular interactions do occur. In Figure 2G-H, the formation of hydrogen bonding between
Dabcyl and GO is shown. It is seen that one hydrogen bond is established between the nitrogen
of Dabcyl and the hydrogen of the carboxylic group of GO, and another hydrogen bond is formed
between the hydrogen of the carboxylic group of Dabcyl and the oxygen of the carboxylic group of
GO. The stacking configurations of GO@Dabcyl supramolecular structures are also viable, as shown in
Figure 2H. This means that both the fluorophore Joe and quencher Dabcyl contribute to the total binding
strength of the MB oligonucleotide to the GO nanocarrier, in addition to the MB's single-stranded
DNA contribution. The enhancement of the overall binding strength of MB to the GO nanocarrier
by supramolecular interactions of Joe fluorophore and Dabcyl quencher to the GO nanocarrier is a
significant development which improves the efficiency of the genomic material delivery to cells for
diagnostic, imaging, and therapeutic purposes. The increased strength of MB binding to GO also
results in the reduced fluorescence in the OFF state, thereby increasing the useful analytical signal for
mRNA detection.

2.3. Desorptive Hybridization of GO-Bound SurMB-Joe with Complementary tDNA Target and Mutants

Figure 3A shows that the fluorescence signal of GO@SurMB-Joe ensembles increase from
Irp,1 =145 a.u. in the absence of tDNA, to Ig 7 = 963.1 a.u. after 30 min of interaction with a
100 nM complementary tDNA (curves 1 and 7, respectively). Figure 3B shows the dynamic range
for complementary tDNA determination, with the detection limit of 12 nM, from the intersection of
lines, and 16 nM, using the standard three-sigma method for complementary target oligonucleotides.
The strong fluorescence observed upon addition of a complementary target tDNA strand is due to
the formation of a stiff, open conformation of the SurMB-tDNA duplex, warranting large separation
between the fluorophore Joe and quencher Dabcyl, and subsequent detachment of the SurMB-tDNA
duplex from the GO surface. The control experiments using mismatched and noncomplementary
oligonucleotides were also performed at different temperatures. The results are depicted in Figure 3C,D.
It is seen in both cases that the interactions of GO@SurMB-Joe ensembles with mismatched and
non-complementary targets are much weaker than those with a complementary target. At 37 °C,
the fluorescence signals for targets with one and two mismatches are 193.7 and 156.9 a.u., respectively,
which are considerably lower than the fluorescence signal observed upon addition of a complementary
oligonucleotide (309.5 a.u.). At 61 °C, fluorescence observed upon addition of mismatched target
oligonucleotides decreased below 100 a.u., due to melting of weak associations between GO@SurMB
and targets, while that for a complementary target increased to over 800 a.u., providing an excellent
discrimination against the mutants. These results indicate that the GO@SurMB-Joe probe exhibits a
single-nucleotide polymorphism sensitivity.
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Figure 3. (A) Fluorescence spectra for SurMB-Joe@GO ensembles after addition of complementary
tDNA with different concentrations, C;pna (nM): (1) 0, (2) 16.7, (3) 33.3, (4) 50, (5) 66.7, (6) 83.3, (7) 100;
(B) Dependence of fluorescence peak intensity Igy. vs. Cipna; (C,D) Comparison of fluorescence peak
intensities for SurMB-Joe@GO ensembles upon addition of a complementary target, targets with 1-
and 2-mismatches, and non-complementary oligonucleotides at the temperatures: (C) 37 °C and (D)
61 °C; Conditions: Csyrmp = 100 nM; Cgoring = 370.8 uM; buffer: 10 mM PBS, pH 7.4, room temp.
(A,B), temperature scan from 22 °C to the indicated temperature (C,D).

2.4. Detection of Survivin mRNA in Colorectal Cancer Cells SW480 Using GO@SurMB-Joe Nanoprobes

In further studies, we have investigated the transfection of SW480 cells with GO@SurMB-Joe to
assess the feasibility of applications of these nanocarriers for gene delivery and detection of survivin
mRNA in colorectal cancer cells.

The optical and fluorescence microscopy images obtained for the SW480 cell line are presented in
Figure 4A. Successful transfection of SW480 cells with GO@SurMB-Joe and detection of Sur mRNA
is clearly seen in Figure 4B. The green fluorescence image shows that after 4 h of incubation with
GO@SurMB-Joe, the fluorescence signal appears in the cytoplasm of SW480 cells. It indicates that
SurMB-Joe has been internalized in the cancer cells and, due to the strong expression of survivin mRNA
in these cells, the fluorescence emission from the Joe fluorophore could be observed. The imaging
was made possible by the hybridization of the molecular beacon with specific regions of the survivin
mRNA sequence, followed by a disassembly of the formed SurMB-Joe-mRNA duplex from the GO
carrier. The efficiency of transfection was analyzed using luminosity histograms. The histograms
presented the number of pixels (counts) vs. luminosity within the green channel. The total number
of pixels analyzed (total counts) was ca. 5.665 x 10° per image. The spectrum for SW480 cancer cells
transfected via the GO platform shows lower luminosity than that of a standard for SW480 cells with
Lipofectamine, which affords 50% transfection efficiency. Therefore, assuming this efficiency as the
standard, we can estimate the internalization efficiency for the GO@SurMB, by comparing the obtained
experimental luminosity values.

In the negative tests performed, the transfection of SW480 cells with bare graphene oxide
nanocarriers (Figure 4D) and with molecular beacon alone (Figure 4F) resulted in negligible
fluorescence signal in comparison to that obtained for GO@SurMB-Joe carriers (Figure 4B).
These experiments show that graphene oxide nanocarriers at 67 ng/mL concentration make it a feasible
platform for cancer diagnostics and gene delivery. At concentrations of GO higher than ca. 17 ug/mL,
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the inner filter effects interfere with measurements of fluorescence emission, and therefore other
analytical methods would need to be employed to assess the feasibility of using higher nanocarrier
doses. The inner filter effect observed at higher concentrations of GO is due to the high absorption
of UV-Vis light by the GO nanocarriers, leading to the decrease of the intensity of the excitation beam
in measurements of SurMB fluorescence in comparison to the case of the absence of GO. Results of
the experiments described above validate the GO nanocarriers ability to transfer an oligonucleotide
payload through a cell membrane, as well as corroborate the hairpin-hairpin interaction model [8] for
GO-bound MBs in desorptive hybridization with hairpin mRNA targets, which is an extension of the
original Tyagi-Kramer model developed for MBs interacting with linear oligonucleotide targets.

100 um

100 pm

100 um

Figure 4. Optical (left panel) and fluorescence (right panel) images of SW480 cells: (A,B) cells
transfected with GO@SurMB-Joe; (C,D) cells transfected with GO alone; (E,F) cells transfected with
SurMB-Joe; transfection time: 4 h.

2.5. Mechanism of Hairpin—Hairpin Interactions in Desorptive Hybridization of GO@SurMB-Joe and tDNA

In Figure 5, the structure and morphology of graphene oxide nanocarriers used in experiments is
presented. The model structure of a GO nanosheet nanocarrier, with the following functional groups:
three carboxylic groups (-COOH), four hydroxyl groups (-OH) and three carbonyl groups (-C=0),
is presented in Figure 5A. From the scanning electron microscopy (SEM) images (Figure 5B), it is seen
that the GO nanosheets have a flake-like shape with rippled structure. The transmission electron
microscopy (TEM) images show a wrinkled and corrugated morphology of GO.

Figure 5D presents an overview of the cellular uptake of GO carriers loaded with SurMB-Joe
(GO@SurMB-Joe) into malignant SW480 cells. In this image, the hybridization of SurMB-Joe with
survivin mRNA, present in cytosol of cancer cells, is depicted, following the hairpin-hairpin interaction
principle. The opening of the molecular beacon structure is initiated upon this hybridization,
and it is followed by the formed duplex DNA/RNA desorption from the surface of a GO carrier,
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restoring the fluorescence signal of a Joe dye. Endocytosis is the most frequently occurring mode of
internalization, and occurs when membrane receptors recognize compounds which are required by
the cell. Alternatively, internalization by transfection is also well-known and widely utilized, such as
in gene delivery applications. This mode of internalization proceeds when an oligonucleotide is bound
to a transfer molecule which is able to pass through the membrane and, thus, can carry the genomic
material into the cytosol through the membrane. Due to their high affinity to lipids, graphene oxide
nanocarriers are able to interact directly with the membrane, thereby permitting the passing of their
cargo through the membrane. This happens at low concentrations of GO nanocarriers, as used in this
work, at ca. 65 ng/mL. The high affinity of GO to lipid membranes has recently been confirmed for
high concentrations of GO [41]. When GO concentrations are high (>10 ug/mL, up to 200 ug/mL),
GO will embed itself in the membrane and may even cause the formation of a pore in the membrane.
On the basis of these considerations, and to cover the functionalization of GO with poly-L-lysine (PLL),
under study, which we have already investigated for modifying gold nanoparticles for gene delivery
via transfection, we consider the transfer of SurMBs by the GO nanocarriers as proceeding mainly
via the transfection mechanism, but with the possibility of endocytosis. In the case of endocytosis,
the liposomes which carry the GO@SurMBs will be rapidly perforated by GO drawing up the lipids
from the liposome membrane, with the remaining part of the pathway occurring in the same way as
in the case of transfection. Please note that liposomes tightly encasing GO@SurMB cannot survive
long enough to trap the nanocarrier since GO interacts with the lipid membrane and draws the lipids,
destroying the tiny membrane. The above "gelum" model is not exploring the problem of complex
intracellular distribution of survivin mRNA, signaled by Bao and colleagues [42], but rather attempts
to emphasize the process of hairpin-hairpin interaction of the target mRNA with the GO-bound
MB, which has not been considered before. The importance of complex intracellular distribution
of Sur mRNA warrants further studies, including colocalization experiments with lysotracker and
other markers, to verify the complex intracellular trafficking of genomic material. This trafficking is
particularly important in cancer metastasis driven by intercellular communication [12], whereby the
genomic material is exported from the cancer cells via exosomes to infect or reprogram distant healthy
cells. As a result, the complex intracellular trafficking of genomic material is the subject of ongoing
studies in our labs. Furthermore, the model discussed above does not take into account the fact that
the real cellular membrane tension is heterogeneous [43]. The heterogeneity of membrane tension is
due to the lipid flow resistance associated with the net of cytoskeleton-bound transmembrane proteins,
which make the drug-carrying nanocarrier internalization uneven over the membrane surface.

The schematic in Figure 5D includes both the transfection and endocytosis as parallel pathways,
and which pathway will be predominant in a given system will depend on the details of the nanocarrier
functionalization. For instance, functionalization of GO with poly-L-lysine (PLL) will make transfection
predominant, while pegylation may favor the endocytosis mechanism. After adding a complementary
target oligonucleotide to the well-quenched GO@SurMB-Joe assemblies, a large increase in fluorescence
intensity is observed. This is consistent with the interaction mechanism that we have encountered in
recent studies of molecular beacon delivery nanocarriers for detection of survivin mRNA in U-87 MG
human malignant glioma cells [2], whereby a single-stranded oligonucleotide immobilized on GO
nanocarriers hybridized with the complementary target, forming a duplex which then desorbed from
the nanocarrier (Figures 1D and 5D).
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SWA480 cell

Figure 5. (A) Structure of a model graphene oxide nanosheet nanocarriers (GO); (B) SEM image of GO
nanocarriers; (C) TEM image of GO; (D) Principle of the internalization of the GO-bound SurMB-Joe
(GO@SurMB-Joe) to SW480 cells.

3. Materials and Methods

3.1. Chemicals

The survivin molecular beacon (SurMB), which is an antisense oligonucleotide-targeting survivin
mRNA with a sequence of 5'-Joe-CCTGGC CCA GCC TTC CAG CTC CTT GCCAGG-Dabcyl-3'
(SurMB-Joe), and the oligonucleotide complementary to the loop of SurMB-Joe (St), with a sequence of
5'-CAA GGA GCT GGA AGG CTG GG-3/, were synthesized by the Laboratory of DNA Sequencing
and Oligonucleotides Synthesis, Institute of Biochemistry and Biophysics of the Polish Academy
of Sciences (IBB PAS, Warsaw, Poland) and FutureSynthesis (Poznan, Poland), respectively. The purity
of these oligonucleotides was tested by high-performance liquid chromatography (HPLC). Single-layer
graphene oxide nanosheet nanocarriers (GO) dispersed in water were purchased from ACS Materials,
LLC (Medford, MA, USA). All chemicals were of analytical grade purity. Aqueous solutions were
prepared with freshly deionized water with 18.2 MQ) cm resistivity (Hydrolab Sp. z 0.0. Sp.K., Straszyn,
Poland). All concentrations of added reagents cited in this paper are final concentrations obtained
after mixing.

3.2. Apparatus

The fluorescence spectra were recorded using Spectrometer model LS55 (Perkin Elmer, Waltham,
MA, USA), with 20 kW pulsed Xenon light source and a photomultiplier tube detector. The excitation
and emission slit widths were set to 5.0 nm and scan speed to 500 nm/min. The measurements
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were performed in 10 mM PBS buffer, pH 7.4. The excitation wavelength was set to Aex = 520 nm.
The fluorescence cell images were acquired with a Nikon Eclipse TE300 inverted light microscope
with a blue B-2A fluorescence filter with a 30-50 nm bandwidth excitation filter, long-pass dichromatic
mirror and long-pass barrier filter. Images were recorded digitally using a Canon Power Shot A640
scope-mounted camera. All images were made with exactly the same exposure. They were then
exported to Photoshop Elements and the brightness and contrast of all images were adjusted using the
Levels function for green channel by shifting the black limit from 0 to 26 of the green luminosity scale
which effectively enabled removing the trace background luminosity. The molecular dynamics (MD)
simulations of interactions of GO with Joe and Dabcyl were performed using Spartan 14 software
(Wavefunction, Irvine, CA, USA). The calculations of MB and target nucleotide structures, their folding
energies, and melting temperatures were performed using the University of Albany web server
DINAMelt providing the program UNAFold ver. 3.9 with a Quikfold application (RNA Institute,
University of Albany, Albany, NY, USA).

3.3. Cell Culture

The human colon cancer cell line SW480 was purchased from ATCC (LGC Standards Sp. z.0.0.,
Lomianki, Poland) and was cultured in culture medium containing Dulbecco’s modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), in a humidified atmosphere of
5% CO; in the air at 37 °C using a Shell Lab Model 2123-TC CO, Incubator (Cornelius, OR, USA).
The SW480 cells were subcultured every 2-3 days. After experiments, the used cells were collected
and disposed appropriately.

3.4. Cell Transfection

Transfection experiments with SW480 cells were conducted with graphene oxide nanocarriers
(GO@SurMB-Joe). In this case, 268 uL of 100 ng/mL (3.7 uM, rings) GO solution was mixed with 1 puL
of 100 uM SurMB-Joe and 131 uL of DMEM and added to the cells, followed by 4 h incubation.

Supplementary Materials: Details of chemicals and the graphene oxide nanosheet nanocarriers concentration,
in terms of the concentration of graphene rings, are available online at http:/ /www.mdpi.com/2079-4991/8/7/510/
sl.
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MATERIAL AND METHODS
Chemicals

Survivin molecular beacon (SurMB-Joe) was antisense oligonucleotide targeting survivin mRNA
with sequence 5’-Joe - CCTGGC CCA GCC TTC CAG CTC CTT GCCAGG - Dabceyl-3 and
oligonucleotide complementary to loop of SurMB-Joe (tDNA), with sequence 5’-CAA GGA GCT
GGA AGG CTG GG-3’ have been synthesized by the Laboratory of DNA Sequencing and
Oligonucleotides Synthesis, Institute of Biochemistry and Biophysics of the Polish Academy of
Sciences (IBB PAS, Warsaw, Poland) and FutureSynthesis (Poznan, Poland), respectively. The
purity of these oligonucleotides was tested by HPLC. Single layer graphene oxide nanosheet
nanocarriers (GO) dispersed in water with thickness 0.6-1.2 nm and single-layer ratio >80%, were
purchased from ACS Materials, LLC (Medford, MA, USA). Sodium phosphate dibasic (NaxHPO4)
and potassium phosphate monobasic (KH2POs) were obtained from Sigma-Aldrich Chemical
Company (St. Louis, MO, USA). The human colon cancer cell line SW480 was purchased from
ATCC (LGC Standards Sp. z.0.0., Lomianki, Poland). Fetal bovine serum (FBS), L-glutamine,
penicillin/streptomycin and Dulbecco’s modified Eagle’s Medium (DMEM) were obtained from
cell culture company PAA (Immuniq, Warsaw, Poland). Aqueous solutions were prepared with
freshly deionized water with 18.2 MQ cm resistivity (Hydrolab Sp. z 0.0. Sp.K., Straszyn, Poland).
All concentrations of added reagents cited in this paper are final concentrations obtained after

mixing.
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Concentration of graphene rings

The molar mass of a graphene ring was assumed from the following equation published in our
earlier work [1]:

M(graphene ring) = ncacMc (1)
where nc is the number of carbon atoms in the graphene ring, ac is the fraction of each carbon
atom belonging to the given ring, and Mc =12 g/mol is the atomic mass of carbon.

Thus, M = 6*(1/3)*12 = 24 g/mol.

The content of oxygen in graphene oxide has been determined to be p = 11 weight %, so the molar
mass of an average GO ring is approximately: Mco.rings = 24/(1 - p/100) = 26.97 g/mol. Thus, Ccos
=1 mg/mL = (1/26.97) M = 37.08 mM (of GO rings).

1. Ratajczak, K.; Stobiecka, M., Ternary Interactions and Energy Transfer Between
Fluorescein Isothiocyanate, Adenosine Triphosphate, and Graphene Oxide Nanocarriers. J. Phys.
Chem. B 2017, 121, 6822—6830.
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ARTICLE INFO ABSTRACT

The development of biosensors for cancer biomarkers has recently been expanding rapidly, offering promising
biomedical applications of these sensors as highly sensitive, selective, and mexpenswe bioanalytical tools that
can provide alternative methodology to that afforded by the advanced h d | techniq In
this review, we focus particularly on the d ion of a ber of \he hibitor of apoptosis proteins (IAP)
family, protein survivin (Sur), a ubiquitous re-organizer of the cell life cycle with the ability to inhibit the
apoptosis and induce an enhanced proliferation leading to the ummpeded cancer growth and metastasis. Herein,

Keywords:

survivin protein

Survivin mRNA
Electrochemical biosensors
Nanogravimetric piezosensor
Optical sensors

Cancer biomarkers

tec

we critically evaluate the progress in the devel of novel bi g and bi for the de-
tection of two survivin (Sur) bmmarkers the Sur protein and its messenger RNA (Sur mRNA), including im-
electroch 1 piezo- and imped rs, electrochemi-l: ence bi geno-

sensors based on oligonucleotide molecular beacons (MBs) with fluorescent or electrochemical transduction, as
well as the microfluidic and related analytical platforms based on solution chemistry. The in-situ applications of
survivin biomarkers' detection technologies to equip nanocarriers of the controlled drug delivery systems with
MB-based fl e i capability, apoptosis control, and mitigation of the acquired drug resistance are
also presented and critically evaluated. Finally, we turn the attention to the application of biosensors for the
analysis of Sur biomarkers in exosomes and circulating tumor cells for a non-invasive liquid biopsy. The prospect
of a widespread screening for early cancers, based on inexpensive point-of-care testing using biosensors and
multiplex biosensor arrays, as a means of reducing the high cancer fatality rate, is discussed.

1. Introduction Survivin (Sur) is the smallest member of the IAP family which in-

cludes eight members (Altieri, 2008b; Ebrahimiyan et al., 2018;

In the battle with ever expandlng and largely incurable cancer
growth and is, plaguing the } population today, early
detection of carcinogenesis is vital and brings hope of survival to pa-
tients. Since the early cancer detection needs to be carried out in a
widespread testing at the points-of-care and doctor offices, the tradi-
tional diagnostic procedures involving advanced instrumentation
should be d with i ive and widely available testing
platforms. Hence, the development of biosensors capable of detecting
cancer biomarkers is highly desirable. Many biomarkers specific to
various cancers have been discovered and can be used in cancer diag-
nostics. Some of the most common to all types of cancers are the
markers of the inhibitor of apoptosis proteins (IAP) family and, in
particular, survivin which became a forefront cancer biomarker (Altieri,
2001; 2008b; Fan and Chen, 2017; He et al., 2018; Nguyen et al., 2019;
Wang et al., 2017; Xu et al., 2018).

* Corresponding author.
** Corresponding author.

Schimmer, 2004): cIAP1, cIAP2, NIAP, IAP-like protein 2 (ILP2), X-
linked inhibitor of apoptosis (XIAP), survivin, livin, and BRUCE. The
wild type survivin splice WT S (16.5kDa) consists of four exons and
three introns (Fig. 1) and forms a chain of 142 amino acids (Ambrosini
et al., 1997). In solution, it forms a bow tie-shaped homodimer (Altieri,
2008a; Chantalat et al., 2000; Muchmore et al., 2000; Verdecia et al.,
2000), as illustrated in Fig. 1A. The role of Sur in cancer biology and the
methods of Sur gene detection have recently been evaluated in a series
of excellent reviews (Andersen et al., 2007; Chen et al., 2016; Chiou
et al., 2003; Dallaglio et al., 2012; Fangusaro et al., 2006; Johnson and
Howerth, 2004; Li et al., 2018; Sah et al., 2006; Wheatley and Altieri,
2019). Sur plays a crucial role in regulation of cell division, prolifera-
tion and the cell cycle control (Altieri, 2003; Khan et al., 2009; Mita
et al., 2008; Wolanin and Piwocka, 2007). It is strongly expressed in
embryos and malignant tumors but very weakly in the normal

E-mail addresses: magdalena stobiecka@sggw.pl (M. Stobiecka), slawomir jakiela@sggw.pl (S. Jakiela).
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Fig. 1. (A) Structure of survivin dimer. Reprinted with permission from (Chantalat et al., 2000); (B) Five splice variants of survivin; (C) Schematic exhibition of
survivin roles in apoptosis and cellular proliferation. Reprinted with permission from (Ebrahimiyan et al., 2018).

differentiated cells, evidently showing that Sur is involved in the rapid
growth and proliferation of cells. The inhibition of apoptosis and en-
hancement of cell proliferation distinguish cancer cells from normal
cells. Due to its active role in tumor growth and metastasis, Sur became
a prime cancer biomarker (Gleichenhagen et al., 2018; Khan et al.,
2012; Konopka et al., 2009; Rodel et al., 2012; Su, 2016). In Fig. 1C, the
basic effects of survivin on cell life are characterized. It has been de-
monstrated that knocking Sur out of cells would cause an apoptosis
process (Olie et al., 2000). Hence, the Sur protein and Sur mRNA have
become extensively investigated in view of their potential utilization as
selective targets for cancer therapy (Blanc-Brude et al., 2003; Ferrario
et al., 2007; Frassanito et al., 2019; Garg et al., 2016; Ghadimi et al.,
2012; Kanwar et al., 2011; Mazur et al., 2018; Mobahat et al., 2014;
Pennati et al., 2008; Ryan et al., 2009; Smolewski and Robak, 2011).
This review summarizes the achievements of the scientists and
clinicians in the field of optical and electrochemical biosensing systems
and biosensors utilized for the detection of Sur protein and Sur mRNA
biomarkers for most common human cancers based on antigen-anti-
body interactions and DNA hybridization processes. Particular attention
has been paid to the methods of detection and the design of molecular
beacon probes, genosensors based on solid electrodes and nano-
particles, nanogravimetric and chemiluminescence survivin im-
munosensors, as well as the microfluidic systems. The reports published
on the development of biosensors and biosensing systems for the de-
tection of Sur biomarkers are highly advanced but non-frequent, likely
because the number of research groups involved in developing the
biosensors for Sur protein and Sur mRNA is now only beginning to
increase. Hence, more developments will likely be published soon. The
assessment of the prospective biosensors and biosensing systems, pro-
posed until now, indicates that the biosensor technology for the de-
tection and monitoring of Sur biomarkers is ready to enter the stage of
expansion and may be able to offer new solutions for a widespread,

59

non-invasive, early cancer detection initiatives which are one of the key
elements of a successful treatment of neoplasia. This new technology
may also be able to help in diagnosing and therapy of pre-metastatic
cancers utilizing non-invasive procedures based on exosomes.

2. Prospective biosensing platforms

The anti-apoptotic IAP proteins, and especially Sur, are over-
expressed in all types of malignant tumors. In Table 1, recent studies
reporting the expression of Sur in different cancer cell lines are listed
and the methodology utilized in the detection process, together with
conditions of the detection, are presented. The listing includes also the
limit of detection (LOD) achieved. As can be seen, most of the methods
used for survivin detection are based on molecular biology techniques,
including reverse transcription polymerase chain reaction (RT-PCR)
(Chu et al., 2012; Fu et al., 2008; Han et al., 2012; Jin et al., 2019),
enzyme-linked immunosorbent assay (ELISA) (Chen et al., 2018;
Gleichenhagen et al., 2018; Kappler et al., 2003), Western blot (WB)
(Yang et al.,, 2003), and immunohistochemical (IHC) (Jakubowska
et al., 2016; Li et al., 2019; Lorenzettia et al., 2019) methods.

The early cancer detection requires testing of many high-risk pa-
tients, including those exposed to carcinogens or radiation, patients
carrying genetic inheritance, having lowered immune defenses or
otherwise of a high risk due to the lifestyle or vulnerable phenotype.
Therefore, a range of prospective biosensing platforms must be con-
sidered to narrow down the choices to the most effective, low cost, and
robust platforms which are simple to operate in the environment of
highly accessible points-of-care and doctor offices. Here, we describe
and evaluate different approaches based on the detection of Sur protein
and Sur mRNA biomarkers which are by far the most common signature
of the malignant tumors. In comparison with the current molecular
biology techniques and methods based on sophisticated instrumental
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Table 1
Expression of survivin in various cancer cell types and published methods of Sur protein and Sur mRNA detection.
No. Types of cancer Cell lines Sur target Method of detection”” Quantification/LOD+"" Ref.
1 Oral squamous carcinoma  H376 protein ELISA 70 = 28nM (5.8 = 2.3 ng/mg protein in Konopka et al. (2009)
lysate)
HSC-3 protein ELISA 146 = 35nM (12.0 * 2.9 ng/mg protein
in lysate)
H413 protein ELISA 153 = 11nM (12.6 = 0.9 ng/mg protein
in lysate)
2 Astrocytoma us7 MG protein Nanogravimetric 1.87 £ 0.7 nM in cell lysate (Stobiecka et al.,
immunosensor 1.7 = 0.8nM in 10 mM PBS 2016a,b)
3 Nasopharyngeal carcinoma CNE-2 mRNA RT-PCR 2.48 x 10 relative expression level Fu et al. (2008)
4 Prostate cancer PC-3 protein ELISA 4.44 pM (73.3 pg/mL) Khan et al. (2009)
5 Ovarian cancer ns. protein IHC ns. Turan et al. (2014)
6 Breast cancer MCF-7 C¢DNA MB-GN 3nM Piao et al. (2012)
protein ELISA 3.8 pM (63 pg/mL) Khan et al. (2009)
4 Pancreatic cancer MIAPaCa-2, BXPC-3, protein WB n.s. Yang et al. (2003)
Pancl
Capanl protein ELISA 15.0 pM (246.9 pg/mL) Khan et al. (2009)
Pancl protein ELISA 1.24 pM (20.4 pg/mL)
8 Colorectal cancer LoVo, SW480, mRNA, RT-PCR ns. Chu et al. (2012)
Colo 320, HT-29 protein WB
SW480 mRNA RT-PCR ns. Sarela et al. (2000)
SW480 tDNA MB 16nM in buffer (Ratajczak et al.,
2018a,b)
9 Neuroblastoma CHP134, IMR32, mRNA NB n.s. Islam et al. (2000)
SH-SY5Y, SK-N-AS
10  Bladder cancer 5637 protein ELISA 395nM (32.6 ng/mg of protein) Kappler et al. (2003)
SW1710 protein ELISA 73nM (6.0 ng/mg of protein)
HT1197 protein ELISA 108 nM (8.9 ng/mg of protein)
11 Rhabdomyo-sarcoma A-204 protein ELISA 34nM (2.8 ng/mg of protein) Kappler et al. (2003)
12 Hepatocellular carcinoma  n.s. protein IHC ns. Jin et al. (2014)
13 Malignant melanoma A375 mRNA RT-PCR n.s. Carpi et al. (2014)
14 Cervical cancer SiHa, Hela mRNA MB ns. Xue et al. (2011)
Hela protein ELISA 295 * 35nM (24.3 = 2.9ng/mg protein)  Konopka et al. (2009)
15  Gastric cancer ns. protein THC n.s. Dizdar et al. (2017)
SGC 7901 protein WB ns. Yang et al. (2004)
mRNA RT-PCR

* Quantification/LOD is provided in molar concentration and it is recalculated from other units

is 0.2 g/mL of cell volume (concentrations in original units are also provided).
* Detection limit: n.s. - not specified.
» ELISA - enzyme-linked immunosorbent assay.

MB-GN - molecular beacon with spherical graphite nanoparticle.

MB - molecular beacon.

RT-PCR - reverse transcription polymerase chain reaction.

f WB - Western blot.

# NB - Northern blot.

b IHC - i ictoohemical hod

c
d

e

techniques, such as mass spectrometry, the prospective biosensor-based
methodologies, discussed in this section, provide alternative, lower
cost, more robust, faster, competitively sensitive, and more scalable
devices which are easier to handle by untrained personnel and are
suitable to detect Sur protein and Sur mRNA biomarkers in widespread
early cancer screening framework.

2.1. Solid electrodes and
Sur mRNA

ticles-based bi s for the detection of

: 4

One of the most effective methods of detection of the over-
production of Sur protein in the framework of in vivo or in vitro mea-
surements is based on an indirect testing involving the expression of Sur
mRNA. The massive expression of Sur mRNA results in overproduction
of Sur protein in the intracellular process of mRNA translation into a
protein. Thus, the high level of Sur mRNA is indicative of over-
production of Sur protein. The detection of Sur mRNA is performed
using Sur mRNA genosensors (or: Sur genosensors, in brief). These
genosensors consist of oligonucleotide probes with antisense sequences
encoding a fragment of Sur mRNA. The probes are immobilized in the
active recognition layer of the biosensors. The most common sequences
of the oligonucleotide survivin probes and targets are presented in
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ing that the ge content of proteins in cells

Table 2.

Sur mRNA in cells has recently been analyzed by the Xu's group (Liu

et al., 2012) using an “on-off-on” switchable electrochemical biosensor
based on labeled stem-loop DNA probes attached via thiolate groups to
a gold electrode. The Authors have shown that ferrocene (Fc) tagged
DNA probes can be used for survivin mRNA detection inside human
hepatoma cells line SMMC-7721 using electrochemical techniques.
Upon DNA duplex formation the ferrocene moiety was moved to a distal
location from the surface of the electrode resulting in a decrease of the
electrochemical signal. In the presence of calcium ions, the interaction
of the duplex with cells caused further decreasing of the signal. After
the lysis of cells with Triton X-100 lysing buffer, only the Fc tagged
DNA probes remained on the electrode. The advantage of this method is
that two opposing signals, electrochemical and fluorescence, are gen-
erated, thereby increasing the method reliability. However, the re-
quirement of cell capture on the sensor surface may lead to a higher
noise due to the varying number of cells attached. On the other hand,
different kinds of cells could also be distinguished using these bio-
sensors (Fig. 2).

Liu and coworkers have developed an electrochemical DNA bio-

sensor for the detection of Sur mRNA (Liu et al., 2013a). The biosensor
was based on a sulfhydryl modified capture probe, self-assembled on a
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and fl e essays in solution.

No.

ol id for

survivin

Method

LOD

Ref.

1

MB 5-(ATTO647N)CGACGGAGAAAGGGCTGCCACGXCG(BBQ)-3" X = C6-dT Thio
Target 5"-CCCCTGCCTGGCAGCCCTTTCTCAAGGACC-3’
Random sequence 5-ATCGGTGCGCTTGTCG-3"
Linear probe 5-(ATTO647N)GAGAAAGGGCTGCCA(Thiol)-3"
Sur MB 5”-Joe-CCTGGC CCA GCC TTC CAG CTC CTT GCCAGG-Dabcyl-3"
Complementary target 5-CAA GGA GCT GGA AGG CTG GG-3’
MB1 5-FITC-AGACAGTTGAGAAAGGGCTGCTG
TCTAAAAAA- (CH2)3-SH -3
DNA target 1 (MB1 perfectly matched) 5-CAGCCCTTTCTCAA -3"
DNA target 2 (MB1 single-base mismatched) 5-CAGCCCTGTCTCAA -3’
Probe
5-6-FAM-CCT GGC CCA GCC TTC CAG CTC CTT GCC AGG-Dabcyl-3"
Target
5"-CAA GGA GCT GGA AGG CTG GG-3’
Probe DNA

’-Ferrocene-C6-CCGGCACAAGG AGCTGGAACCATGCCGG-C6-HS-3"
Antisense oligonucleotide

5-6-FAM-CCCAGCCTTCCAGCTCCTTG-3’ (5 phosphatic bases from both endings were modified by

thiosulfates)

Target in human SMMC-7721
CAAGGAGCTGGAAGGCTGGG.

Target in mouse MEF
TAAGGAATTGGAAGGCTGGG

forward 5- CCACTGCCCCACTGAGAAC-3"
reverse 5-TGGCTCCCAGCCTTCCA-3"
Target

Survivin cDNA from 27 to 43 nucleotide
Survivin cDNA from 33 to 50 nucleotide

probe

5’-Cy3-CTGAGAAAGGGCTGCCAGTC TCAG-Dabcyl-3”
5"-FITC-TGGTCCTTGAGAAAGGGCGA CCA-Dabcyl-3”
Donor MB:
5'-/Cy3/GAGAAAGGGCTGCCATTCTC/BHQ-2/-3"
Acceptor MB:
5'-/BHQ-3/ACCACGTAGAGATGCGGTGGT/Cy5/-3"
Target:

"-ATGGGTGCCCCGACGTTGCCCCCTGCC TGGCAGCCCTTTCTC aagg ACCACCGCATCTCTAC

ATTCAAGAACTGGCCC-3"
Target:

5-ATGGGTGCCCCGACGTTG CCCCCTGCC TGGCAGCCCTTTCTC aagg ACCACCGCATCTCTAC

ATTCA AGAACTGGCCC-3"

Donor MB:

5"-/Cy3/GAGAAAGGGCTGC CATTCTC/BHQ-2/-3"
Acceptor MB:

’-/BHQ-3/ACCACGTAGAGATGCGGTGGT/Cy5/-3"
Donor MB:

’-/FAM/GAGAAAGGGCTG CCATTCTC/BHQ-2/-3"
Acceptor MB:
5"-/BHQ-3/ACCACGTAGAGATGCGGTGGT/Cy3/-3"
antisense oligonucleotide for cell viability and apoptosis detection (S1) 5
CCCAGCCTTCCAGCTCCTTG3”
antisense oligonucleotide labeled with FITC (F-S1)

S5FITC -CCCAGCCTTCCAGCTCCTTG3’ chemical synthesized target survivin strand (S2)

5’CAAGGAGCTGGAAGGCTGGG3' random oligonucleotide labeled with FITC (F-S3)
SFITC -TCTCCCCAGGACGCTCTCCT3’

Probes

5-GTT CTT GGA TGT AGA GAT GC-3"

5-GCT TCT TGA CAG AAA GGA A-3’

5-CAA CGT CGG GGC ACC CAT-3"

Probe

5"-Cy3-CGACGGAGAAAGGGCTGCCACG/thiol-dT/CG-BHQ2-3"

Probe Recognition sequence:

5"-CTT GAG AAA GGG CTG CCA AAA AA-SH-3’

Reporter sequence: 3-CCC GAC GGT T-Cy5-5"

Target: 3-GAA CTC TTT CCC GAC GGT-5

SurMB-Joe 5-Joe-CCTGGC CCA GCC TTC CAG CTC CTT GCCAGG-Dabcyl-3"
St 5”-CAA GGA GCT GGA AGG CTG GG-3’

St-1 5"-CAA GGA GCT GCA AGG CTG GG-3’

St-2 5-CAA GGA GCT CCA AGG CTG GG-3"

St-nc¢ 5-CCC AGC CTT CCA GCT CCT TG-3"

SurMB 5”-FAM - CCT GGC CCA GCC TTC CAG CTC CTT GCC AGG - Dabcyl-3’
St 5-CAA GGA GCT GGA AGG CTG GG-3"

St-1 5"-CAA GGA GCT GCA AGG CTG GG-3"

St-2 5"-CAA GGA GCT CCA AGG CTG GG-3’

Optical fiber sensor

Fluorescence MB

Fluorescence MB

Fluorescence MB

DPV

RT-PCR

Fluorescence MB

Dual FRET MB

Dual FRET MB

Microfluidic system with
fluorescence assay

Flow cytometry

Peptide-linked molecular
beacons
Fluorescent nano-flares

Fluorescence MB

Fluorescence MB

0.57 nM

16nM

ns.

2nM

ns.

ns.

ns.

ns.

ns.

(48 = 1.8)
x 10° copies
2.1-6.5uM

ns.

ns.

ns

24n0M

Giannetti et al. (2015)

Ratajczak et al.
(2018b)
Qiao et al. (2011)

Stobiecka and Chalupa

(2016)

Liu et al. (2012)

Peng et al. (2005)

Yang et al. (2005)

Santangelo et al.
(2004)

Wang et al. (2011)

Li et al. (2013)

Yang et al. (2004)

Nitin et al. (2004)

Seferos et al. (2007)

Ratajczak et al.
(2018a)

Stobiecka et al.
(2016b)
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Fig. 2. (A) A circular ‘ON-OFF-ON’ Fc-DNA-based electrochemical switch for mRNA sensing. (B) DPVs obtained in 10 mM PBS (pH 7.4) with (1) Fc-DNA, (2) DNA
duplex, (3) after reaction with SMMC-7721 cells in the presence of Ca®*, (4) after treatment with lysis buffer. Adopted with permission from (Liu et al., 2012).

three-dimensional nanostructure of a graphene-gold nanocomposite
which was deposited on the surface of a glassy carbon electrode. Upon
capture, the target was flanked by the capture and biotinylated reporter
probes creating the “sandwich-type” detection strategy. The electro-
chemical current signal was enhanced by horseradish peroxidase (HRP)
enzyme conjugated with streptavidin attached to the biotinylated re-
porter when target was captured on the electrode. This highly amplified
DNA biosensor has shown excellent sensitivity and selectivity with
LOD = 3.4 fM. However, the disadvantage of the amplifying strategy
based on electrochemical enzymatic currents is the limitation of this
genosensor usage to the cell lysates. The genosensor was successfully
applied for the analysis of PCR samples.

High signal amplification in the detection of Sur mRNA was also
investigated by Li et al., (2015). The Authors have utilized the ability of
the duplex-specific nuclease (DSN) enzyme to cleave a double-stranded
DNA or a DNA in DNA:RNA heteroduplexes causing the bio-bar-code
probe with cadmium sulfide nanoparticles (CdS-NPs) to release the NPs
to the solution. The electrochemical signal was measured using anodic
stripping voltammetry technique. This doubly-amplified genosensor has
shown an ultra-high sensitivity and selectivity with LOD of 0.48 fM
(Fig. 3). The use of DSN nuclease poses, however, certain problems
when attempting to utilize the method in vivo since the presence of
intracellular nucleases and double-stranded DNA may interfere in
cleaving the duplexes of the mRNA with capture probes. Also, the up-
regulated glutathione in cancer cells may interfere or even block the
electrode surface in ASV transduction process. Due to the high

sensitivity of this genosensor, an extra effort for the sample pretreat-
ment, for instance in a microfluidic framework may be worth trying.
Recently, an optical biosensor for Sur mRNA detection based on a
fiber nanotip coupled with molecular beacons was developed by
Giannetti et al., (2015). The Authors have reached the limit of detection
of 0.57 nM for a complementary target. This genosensor offers an ad-
vantage of a high sensitivity and design simplicity. It is simple to op-
erate and therefore may be utilized without highly trained personnel.

2.2. Microfluidic and gated systems based on biosensors for the detection of
Sur protein and Sur mRNA

Microfluidic lab-on-a-chip biosensing devices integrate and minia-
turize multiple stages of analytical procedures, thereby enabling high
throughput and highly reproducible and inexpensive testing.
Furthermore, lateral flow paper-based microfluidic biosensors offer
versatility and simplicity, making them very useful in points-of-care
and doctor offices.

Li et al., (2013) have described the detection of intracellular Sur
mRNA biomarker using antibody-based microfluidic microchannel de-
vices. The microchannel was first modified with prostate stem cell an-
tigen (PSCA) monoclonal antibody for prostate cancer cells detection.
Then, using a graphene-oxide-poly(ethylene glycol) bis(amine) as the
nanocarrier of fluorescein isothiocyanate-labeled oligonucleotide, en-
coded for recognition of Sur mRNA, the biomarker detection was car-
ried out. Here, the advantage of microfluidic detection platform clearly
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Fig. 3. (A) Schematic representation of the sensing interface for the label-free electrochemical detection of mRNA with dual-amplification of duplex-specific nucl
and bio-bar-code. Anodic stripping y of (a) baseline, (b) DNA and (¢) mRNA. Reprinted with permission from (Li et al., 2015).
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Fig. 4. (A) Schematic illustration the capture of target cells in an anti-PSCA modified microchannel device (step 1) and the fluorescence assay of survivin mRNA (step
2). (B) Fluorescence intensity of survivin target S2 detection from (1) 0 to (9) 2 x 10 10 M; INSET: Dependence of Iy vs. Csy; (C) Microscope images of mixed cell
samples of flow at rates (a) 0, (b) 10 and (c) 20 puL/min. Adopted with permission from (Li et al., 2013).

%WOEX: 495 nm @

Sur survivin gold nanoparticles
AuNP@Cit -
% SFITc . quenched dye * excited dye
® T
ansg
70
0.60} AUNP + FITC level
o enseene . . eee 60 Fmonosur = 5.4 pmol/em?
055 | 50
i
: "
H N
w050} ! T 3
i b3
i v 2 mona.ce = 0.455 nmol/em?
i
045 H
! 10
ILOD = 240 pM
i 0 ©
0.40 = - L L L L L
0.0 0.5 1.0 1.5 0 500 1000 1500 2000 2500
C,0 MM Time, s
Fig. 5. (A) Principle of gated fluorescence resonance energy transfer (§RET); (B) Dependence of the gRET efficiency on survivin concentration; (C) Nanogravimetric
transients of citrate (Cit) adsorption on Au piezoelectrode followed by a survivin (Sur) film formation. Adopted with permission from (Stobiecka and Chalupa, 2015).
lies in the ability to selectively capture cancer cells in a microfluidic populations from body fluids using a microfluidic device has been de-
channel for further internalization of genosensor nanoprobes in the veloped by Abreu 2016a, 2016b. The in situ immunocytochemical
collected cells. The Authors have estimated the survivin mRNA content evaluation using an optimized panel of five biomarkers, including
in a single cell as (4.8 = 1.8) x 10° copies (Fig. 4). DAPI, pan-CK, vimentin, survivin, and CD45, was performed. The cell
A comprehensive method for the isolation of distinct cancer cell capture efficiency of the microfluidic platform was determined by
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Fig. 6. (A) The schematic presentation of the logic-controlled “AND” system; (B) Differential pulse voltammograms upon different input signals: (a) (0,0), (b) (0,1),
() (1,0), (d) (1,1); (C) Bar diagrams for Co(phen); >* peak current changes; (D) Table for the AND logic gate; (E) Circuit for the AND logic gate. Reprinted with

permission from (Liu et al., 2013b).

counting the number of the entrapped fluorescent cells, followed by
staining with the cell-permeable dye Calcein AM. This work demon-
strates that an inexpensive microfluidic detection platform employing
multiple biomarkers can serve as the efficient cancer screening method
based only on non-invasive body fluids testing.

Wang et al., (2015) have shown that the target Sur mRNA after
hybridization with ssDNA probe can trigger the release of luminophore
Ru(bpy)s>* encapsulated in the positively charged mesoporous silica
nanoparticles functionalized with 3-aminopropyltriethoxysilane and
the negatively charged ssDNA. The reaction of luminophore with the
coreactant tripropylamine in the solution has given an

64

electrochemiluminescence (ECL) signal proportional to the concentra-
tion of Sur mRNA. The Authors have found Sur mRNA level to be in the
range 0.5-50 fM with a limit of detection of 0.1 fM. The ECL biosensor
based on DNA bio-gate with the mesoporous silica nanoparticles system
provided high signal amplification owing to the duplex-specific nu-
clease used in the investigations for specific digestion of the ssDNA in
the DNA-RNA heteroduplexes. The proposed assay offers the advantage
of a very high sensitivity to Sur mRNA due to the applied amplification
paradigm. The complexity introduced with the amplification scheme
may however lead to some interference from the biological matrix.
Another kind of the gate system, the gated plasmon-enhanced
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resonance energy transfer (gRET) for the detection of survivin p
was developed by Stobiecka and Chalupa, (2015). The Authors have
demonstrated that the resonance energy transfer occurring between a
fluorescent dye and gold nanoparticles can be modulated by the width
of gates (channels) in the shell of protein surrounding the nanoparticle
core. In the experiments, citrate-capped gold nanoparticles were used
in conjunction with a fluorescein isothiocyanate dye and Sur protein
forming sub-monolayer films on AuNPs. Despite of the electrostatic
repulsive forces between these components, the method was ultra-
sensitive to survivin with LOD = 240 pM (Fig. 5).

A logic-controlled “AND” mode biosensor for detection of two dif-
ferent cancer biomarkers: prostate-specific antigen and Sur mRNA was
designed by Liu et al., (2013b). The biosensor was based on the im-
mobilization of primary capture antibody Ab, and secondary detection
antibody Ab, - DNA complexes onto the mercaptopropionic acid-func-
tionalized gold nanostructured film formed on the Au electrode surface.
The electrochemical signal obtained after intercalation of Co(phen);**
ions into DNA duplex, formed upon hybridization of the Sur antisense
oligonucleotides with Sur mRNA strands, was measured using differ-
ential pulse voltammetry technique. The Authors have demonstrated
that faradaic current generated by the intercalation agent increases
only when both biomarkers are detected in the sample (Fig. 6), thus
resembling a logic AND gate operation principle. The advantage of the
logic gate system is in the simple YES/NO answer to the diagnosis of
cancer. However, when the input signals are close to the threshold
values, any change in background level or noise in the electrochemical
output reading may lead to false positive or false negative results. In the
former case, further testing using methods with analog output may
solve the problem.

2.3. Nanogravimetric and chemiluminescence based bi s for the
detection of Sur protein
Recently, Stobiecka et al., (2016a) have developed a
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p »sensor for direct detection of Sur protein using electro-
chemical quartz crystal nanobalance. The gold piezoelectrode was
modified with a self- bled layer of aminoh hiol mole-
cules and covalently bound monoclonal anti-survivin antibodies. The
proposed sensor was constructed layer-by-layer with monitoring of the
resonance frequency of the piezoresonator and cyclic voltammetry
characteristics for each layer. The Authors were able to detect Sur
protein with LOD = 1.7 nM. The of piezoi
applicability for the analysis of U87 MG cell line lysate was also pre-
sented (Fig. 7). The advantage of the combined piezometric and elec-
trochemical testing is the assurance of the sensor responses which is
equivalent to embedding of an internal control to the sensory system.
Yang et al., (2018) have used magnetic particles-based chemilumi-
nescence enzyme immunoassay for the detection of Sur protein and
ion of the diagnostic value of urinary Sur for bladder cancer and
renal cell carcinoma. The method was based on a double-antibody
sandwich immunoreaction and luminol-H,0, chemil
system. One kind of monoclonal antibodies against Sur was coupled to
magnetic beads and the second one was labeled with horseradish per-
oxidase (HRP). After interaction with Sur, the luminescence signal was
measured. The achieved limit of detection for Sur was LOD = 57 pM
(0.949 ng/mL), competing well with ELISA, as tested with 90 clinical
urine samples. Thus, this highly sensitive amplified method has a po-
tential for non-invasive cancer screening.

)Sensor

ence

2.4. Molecular beacon (MB) probes-based fluorescence biosensing systems
for the detection of Sur mRNA

Recently, extensive studies have been performed with molecular
beacon (MB) probes consisting of an oligonucleotide strand labeled
with a fluorophore and a quencher. The sequence of this loop-stem
structured probe is complementary to a part of the Sur mRNA sequence.
The use of oligonucleotide molecular beacons encoded for recognition
of Sur mRNA is becoming one of the leading cancer diagnostic tools.
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Fig. 8. (A) Scheme of mechanism of a dual FRET MB. Hybridization of donor and acceptor MBs to mRNA target upon donor excitation (490 nm); (B) Laser scanning
confocal fluorescence microscopy images of 5637 and HDF-a cells incubated with MBs for survivin mRNA detection. Reprinted with permission from (Wang et al

2011).

The different kinds of molecular beacon probes are described in this and
the next sections. The advantage of these biosensing systems is that they
enable direct monitoring of the expression of Sur mRNA in situ.

Wang and coworkers (Wang et al., 2011) have detected survivin
mRNA in bladder cancer (BCa) cell lines 5637, 253 J, and T2, as well as
in exfoliated cells in urine samples from patients with BCa using sur-
vivin-targeting dual fluorescence resonance energy transfer molecular
beacon. The Authors have used a pair of molecular beacons with se-
quences complementary to survivin mRNA. One MB with FAM or Cy3
fluorophore and BHQ-2 quencher was acting as the donor and second
MB with BHQ-3 quencher and Cy3 or Cy5 fluorophore was acting as the
acceptor. After hybridization with target oligonucleotide, the fluores-
cence resonance energy transfer (FRET) between the donor and ac-
ceptor fluorophores has occurred upon the donor excitation, showing
clearly the fluorescence signal. The Authors used also the human
dermal fibroblasts-adult cells as a negative control which has shown
almost no fluorescence signal in contrast to BCa cells (Fig. 8).

Molecular beacons with different fluorophores (FITC and Texas
Red) and Dabcyl quencher have been designed for simultaneous de-
tection of mRNA of survivin and cyclin D1 tumor markers in breast
cancer cell lines: SKBr-3, MDA-MB-231, MCF-7 and MDA-MB-435 by
Peng et al., (2005). The expression of these genes was also confirmed by
real-time RT-PCR and survivin protein by Western Blot analysis. The
Authors have also studied the Sur gene expression in situ in frozen
breast cancer tissue sections, as well as in viable cells and in cells
treated with EGF, docetaxel, and p53. The fluorescent signal was very
low for both molecular beacons in a normal immortalized human

mammary epithelial cell line.

The survivin mRNA was also detected in colorectal cancer cells
SW480 using molecular beacon probe modified with Joe fluorescence
dye and Dabcyl quencher by Ratajezak et al., (2018a). The Authors
have proposed a new model of interactions of MB with complementary
oligonucleotides based on the hairpin—hairpin interactions of oligo-
nucleotides. They have shown an efficient transfection of malignant
SW480 cells with molecular beacon probes using liposomal nano-
carriers, which resulted in a strong green emission from internalized
Sur mRNA corroborating the overexpression of survivin mRNA. Similar
experiments with healthy human-colon epithelial cells CCD 841 CoN
have shown only negligible expression of survivin mRNA. A single
nucleotide polymorphism sensitivity and a low detection limit of 26 nM
for complementary targets have been achieved (Fig. 9).

Recently, Xue et al., (2011) have used MBs that target a wild-type
survivin mRNA for the diagnosis of cervical cancer. The molecular
beacon probes were covalently linked with FITC or Cy3 fluorescence
dyes and Dabcyl quencher. The Authors have shown, that both MB
probes were able to detect the expression of survivin and generated
strong fluorescent signals corresponding to the survivin mRNA in cy-
toplasm and nucleus of the cervical cancer cell lines HeLa and SiHa.
They have also found that the expression of Sur mRNA in the normal
human dermatological fibroblast cells was negligible. The fluorescent
signal generated by MB was consistent with results obtained using
Western blotting, RT-PCR, and immunocytochemical staining method.
Survivin expression was also detected in clinical smear samples ob-
tained from patients with cervical cancer using MB with 61.4% (27/44)
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Fig. 9. (A) Fluorescence emission spectra of SurMB-Joe recorded with complementary tDNA; (B) Dependence of Iy, max VS Cipna. Conditions: Csyempjoe = 100 nM,
buffer: 10 mM PBS, pH 7.4; Aex = 520 nm. Cypna (nM): from 0 to 100; (C) Optical (left) and fluorescence (right) microscopic images of SW480 cells (top panel) and
CCD 841 CoN cells (bottom panel) transfected with SurMB-Joe; (D) Mechanism of hairpin —hairpin interactions for SurMB-Joe with target. Reprinted with per-
mission from (Ratajczak et al., 2018a).

sensitivity and 72.7% specificity (34/44). Adinolfi et al. 2014, 2017 have used the polymethylmethacrylate
Carpi et al., (2014) have found that treatment of human malignant nanoparticles (PMMA-NPs) with adsorbed molecular beacons for the
melanoma A375 cell line and human metastatic melanoma 501 Mel cell detection of Sur mRNA in A549 human lung adenocarcinoma epithelial

line with MBs encoded for recognition of Sur mRNA, have induced cells. A molecular beacon equipped with an ATTO 647N fluorescence
apoptosis of these cells. This process was investigated by measuring the dye and a Blackberry Quencher was utilized for Sur mRNA monitoring.
dissipation of mitochondrial membrane potential, internucleosomal Authors have shown that the MB loaded onto PMMA-NP carriers were
DNA fragmentation, and changes in nuclear morphology, revealed by effectively internalized into A549 cells generating fluorescent signal in
DAPI staining. The effect of MB on survivin gene expression and protein the presence of survivin mRNA expression.

expression was investigated using real-time PCR and Western blot ex- Recently, Klymchenko's group (Melnychuk and Klymchenko, 2018)
periments. proposed a highly sensitive nanoantenna nanoprobes for the detection
According to Piao et al., (2012), the MB with graphite nanoparticles of Sur mRNA. The nanoprobe consists of a rhodamine-loaded poly

is a robust molecular probe for the detection of survivin mRNA in (methylmethacrylate-co-methacrylic acid) nanoparticle functionalized
human breast cancer MCF-7 cells. It can also be utilized for real-time with Cys5 dye-modified short oligonucleotides. The Authors have

monitoring of gene expression and survivin mRNA level quantification. shown, that the rhodamine dyes donate the energy to Cy5 acceptors via
The Authors have shown that the intensity of fluorescence signal of MB FRET process resulting in the strong red-light emission at 670 nm. Upon
was increased after the addition of docetaxel which can up-regulate the hybridization with a target nucleic acid, the FRET process is blocked
survivin gene expression. and restoration of the green emission signal from the nanoantenna is

observed. The Authors have achieved an excellent LOD = 5 and 0.25
pM, for the operation in solution and on the surface of a single particle,

2.5. Probes attached to membrane peneLruble nanocarriers of graphene respectively.

oxide, polymers and pl particles based bi 1g system for the The group of Tang has assembled the gold nanoparticles (AuNPs)

detection of Sur mRNA with a bi-molecular beacon molecules (bi-MBs) for mRNA detection in
breast cancer cells (Qiao et al., 2011). The molecular beacons for

Recently, the Stobiecka's group has shown that a graphene oxide identification of Sur mRNA and cyclin D1 mRNA were labeled with
nanosheet (GON) can be used as the nanocarrier of MB (GON@MB) for FITC and Cy5, respectively. The tests have shown that the AuNP/bi-MB
survivin mRNA detection in human malignant glioma cell 87 MG probes can be used for simultaneous detection of the expression of
(Stobiecka et al., 2016b) and colorectal cancer cell line SW480 cancer genes in SK-BR-3 cells.

(Ratajczak et al., 2018b). The Authors have achieved the limits of de-

tection of 24 nM and 16 nM, for these cell lines, respectively. The GONs

were characterized using resonance elastic light scattering, Raman 2.6. Detection of Sur in exosomes and circulating tumor cells (CTCs)
spectroscopy, SEM and TEM, and their efficacy was evaluated by MTT

cell viability testing (Fig. 10). Survivin localizes in cytoplasm, mitochondria and the nucleus.
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Recently, the Wall's group has shown that survivin is released from
cancer cells, such as HeLa (Khan et al., 2011) and prostate cancer pa-
tient plasma (Khan et al., 2012) via exosomes. Kreger et al. have de-
monstrated that the treatment of highly aggressive MDAMB231 breast
cancer cells with paclitaxel induced the formation of exosomes enriched
with survivin (Kreger et al., 2016). Also, the flow cytometry images
indicate that the serum-derived exosomes from patients with malignant
gliomas contain Sur protein on their surface (Galbo et al., 2017)
(Fig. 11).

In addition to exosomes, survivin was also detected in circulating
tumor cells (CTCs). Therefore, the analysis of CTCs can provide valu-
able information for the prediction of metastasis and recurrence of
cancers, such as the gastric and colorectal cancer (Yie et al., 2008), non-
small cell lung cancer (Yie et al., 2009) and breast cancer (Yie et al.,
2006). These results confirm that the exosomes and CTCs offer a great
potential for clinical diagnostics and therapy by investigations of cancer
biomarkers without invasive biopsies.

3. Conclusions

A remarkable progress in the development of various types of bio-
sensors and biosensing systems for the detection of survivin protein and
survivin mRNA observed recently has become the basis for a new po-
tential approach for advancing our ability to a widespread early cancer
screening. Since the Sur biomarkers are so ubiquitous and are expressed

68

y strand; Cypna[nM]: from 0 to 100; Adopted with permission from (Stobiecka et al., 2016b).

in all types of cancers, the ability to inexpensively perform an early
cancer screening is a promising direction enabling the selection of an
appropriate therapeutic intervention for the increased survivability rate
and reduced overall mortality. Since the expressed survivin has also
been found in CTCs and exosomes, the biosensing platforms may be-
come, in not too distant future, the leading technology for the non-
invasive early cancer detection. The importance of detecting Sur bio-
markers in exosomes and circulating tumor cells is associated with
metastasis of tumors which is the key challenge to be dealt with and the
main cause of the high mortality rate.

In the development of future biosensing platforms for the detection
of Sur protein and Sur mRNA, special attention has to be paid to the
high sensitivity, robustness, and biocompatibility. Among these, the
sensitivity can further be increased by employing some of the recently
developed amplifying multi-tier paradigms in which the basic detection
process generates a product that is then detected by a higher-tier am-
plifying analytical detection process which generates in turn a new
product with concentration related to the original analyte, and so on. In
case of in vivo analysis, the biocompatibility of sensing process is of
utmost importance, as the immunoresponse may be detrimental to the
analysis, especially when longer term monitoring of analytes is re-
quired. Finally, the robustness is necessary due to the analysis of
complex biological samples and in the absence of extensive separation
procedures (which is usually the case in biosensor technologies), the
minimized impact of the matrix is required. Novel detection modalities
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Fig. 11. (A) Immunohistochemical stains for survivin; (B) Electron microscopic image of exosomes isolated from the baseline serum sample; (C) Imaging flow
cytometry plots of CD9 + /GFAP + /Sur + exosomes in patient with late tumor progression after the doses of survivin vaccine. Adopted with permission from (Galbo

et al,, 2017).

aiming at the enhancement of sensitivity and rapid response, such as
those employing bio-gates, sub-monolayer protein gates, or logic gates,
as well as the microfluidic-based and multi-sensor array-based detec-
tion systems offer an expanded field of biosensor technology for further
development and utilization in early cancer screening.

In summary, the biosensors and biosensor arrays, self-standing or in
form of microfluidic for the detection of survivin and other cancer
markers are becoming a promising platform capable to advance our
ability to diagnose cancer and help in selecting appropriate types of
therapy. With early cancer screening, the survivin detection technology
should see in near future a decrease in mortality rates for a range of
cancer types.
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Abstract

Adenosine triphosphate (ATP) is the main energy source in cells and an important biomolecule participating in cellular reactions
in living organisms. Since the ATP level changes dynamically reflecting the development of a debilitating disease or carcino-
genesis, we have focused in this work on monitoring of the oligomycin (OMC)-modulated ATP synthase inhibition using a
fluorescent-switching DNA aptamer designed for the detection of ATP (Apt(ATP)), as the model for studies of dynamic ATP
level variation. The behavior of the ATP aptamer has been characterized using fluorescence spectroscopy. The Intramolecular
fluorescence resonance energy transfer (iFRET) operates in the proposed aptamer from the FAM dye moiety to guanines of the
aptamer G-quadruplex when the target ATP is present and binds to the aptamer changing its conformation. The iFRET process
enables the detection of ATP down to the limit of detection, LOD = 17 uM, without resorting to any extra chemi-amplification
schemes. The selectivity coefficients for relevant interferent triphosphates (UTP, GTP, and CTP) are low for the same concen-
tration as that of ATP. We have demonstrated an efficient transfection of intact cells and OMC-treated SW480 colon cancer cells
with Apt(ATP), using microscopic imaging, iIFRET measurements, and cell viability testing with MTT method. The applicability
of the switching DNA aptamer for the analysis of real samples, obtained by lysis of SW480 cells, was also tested. The proposed
Apt(ATP) may be considered as a viable candidate for utilization in measurements of dynamic ATP level modulation in cells in
different stages of cancer development and testing of new drugs in pharmacological studies.

Keywords Adenosinetriphosphate - ATP aptamer - Oligomycin - ATP synthaseinhibition - Intramolecular fluorescence resonance
energy transfer (iIFRET) - Microscopic images

Introduction cardiovascular diseases [3], Huntington’s disease [4], hypoxia
[5, 6], and inflammatory diseases [7]. The depletion of intra-
cellular ATP level has been found to promote the necrosis
pathway in cells over the apoptosis process [8-10]. On the
other hand, the increased extracellular ATP level is character-
istic for the tumor sites and its microenvironment [11-14].

Recently, it was also shown that the ATP acts as a hydrotrope

Adenosine triphosphate (ATP) is the key molecular energy
supplier for cellular reactions [1, 2]. The deviations in ATP
level have been attributed to serious diseases, including
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to help solubilize hydrophobic proteins [15]. Therefore, mon-
itoring of ATP content in living cells has become an important
tool for characterization of cell homeostasis and assessment of
ATP production in different stages of the diseases [16, 17].
Consequently, sensitive and inexpensive analytical methods
for probing of intracellular ATP levels are highly desired.
Among many methods of ATP determination reviewed re-
cently [14, 18-20], the methods based on ATP aptamer mo-
lecular beacons are the most convenient, sensitive, and
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biocompatible. The unique features of aptamers are due to the
inherent nucleic acid biorecognition ability and sensitive fluo-
rescence resonance energy transfer (FRET) detection system
[21]. Owing to these features, the aptamer molecular beacons
find diverse applications in many fields. Recently, the
fluorescein-labeled aptamer was utilized for the detection of
one of the most toxic mycotoxins aflatoxin B, (AFB,) [22].
AFB, was also detected by Ye and coworkers [23] using fluo-
rescence polarization (FP) assay with graphene oxide for sig-
nal enhancement. Su et al. [24] have utilized the FAM—
aptamer—G-quadruplex construct for the detection of organic
compound melamine widely applied in manufacturing of plas-
tics. Hence, the sensing platforms for ATP detection based on
aptamers have been selected for this investigation.

The DNA and RNA sequences for specific ATP binding
were first introduced by the Szostak’s group [25, 26] in the
1990s. Since that time, numerous modifications of ATP
aptamers with fluorescent or electrochemical tags were pro-
posed for the design of biosensors [27], as well as the electro-
luminescence [28] and chemiluminescence assays [29-31] for
the detection of ATP. Exemplary aptasensors for sensitive de-
tection of ATP down to pM range are presented in Table 1.
With the variety of sensing systems available for ATP determi-
nation, the selection of the sensing platform depends largely on
the conditions of the analysis. The methods offering ultra-high
sensitivities may be useful when high sample dilution is re-
quired due to the biological matrix effects. However, for real-
time sensing in cells, less sensitive but robust systems possibly
based on a single probe molecule would be required. The latter
approach is especially desired since the intracellular ATP con-
tent is often very high and can reach up to 150 mM [47].

Since a model system mimicking biochemical processes
leading to ATP generation is required for monitoring of dy-
namic changes in ATP production assessment, we have devel-
oped a system based on SW480 colon cancer cells with mod-
ulation of ATP synthase inhibition by exogenous oligomycin
(OMQ). In cells, ATP is mainly produced by ATP synthase
[48, 49]. This enzyme is also involved in the major pathway of
proton flow into the mitochondrial matrix. To our knowledge,
there are no publications on the effect of oligomycin (OMC)
on ATP contents in living cells studied using fluorescent
Apt(ATP) biosensing techniques. In recent studies, the ROS
generation and uncoupling of the Warburg effect in SW480
cells have been achieved by treatment with a natural flavonoid
morin [50] and a decrease in GSH and ATP levels have been
found using HPLC analysis applied to cell lysate. A selective
detection of ATP in mitochondria and lysosomes has been
reported by Swamy et al. [51] using fluorescent probes of
rhodamine derivatives with thiourea.

In the present work, our investigations have focused on
exploring the utilization of fluorescent “On-Off” switching
DNA aptamer for monitoring of ATP in untreated and
OMC-treated SW480 cancer cells. In our aptaprobe designs,

@_ Springer

we have employed a fluorescein (FAM)-labeled DNA aptamer
(Apt(ATP)) without any further sensitivity amplification. The
oligomycin-modulated ATP synthase inhibition was investi-
gated using intramolecular fluorescence resonance energy
transfer (iIFRET), microscopic imaging, oxygen consumption
measurements, and MTT viability test. In the presence of ATP,
the aptamer changes conformation and binds with ATP
forming an aptamer-ATP complex showing strong FAM fluo-
rescence quenching due to the proximity to guanine
nucleobase in the new aptamer conformation. We have ana-
lyzed the specificity and selectivity of the Apt(ATP) against
interferents of similar structure, such as GTP, UTP, and CTP.
The utility of the developed aptaprobes for detection of ATP in
SW480 cell lysate samples was also evaluated. The proposed
method has a potential for utilization in measurements of cel-
lular ATP production in different stages of disease such as
cancer development.

Materials and methods
Chemicals

Fluorescein (FAM)-labeled DNA aptamer for the recognition of
ATP with the following sequence 5-TCTCTCACCTGGGG
GAGTATTGCGGAGGAAGGT-FAM-3' has been synthesized
by the Laboratory of DNA Sequencing and Oligonucleotides
Synthesis, Institute of Biochemistry and Biophysics of the
Polish Academy of Sciences (IBB PAS, Warsaw, Poland). The
purity of this oligonucleotide was tested with HPLC. Oligomycin
A, adenosine 5'-triphosphate disodium salt hydrate grade I
(ATP), guanosine triphosphate (GTP), cytidine 5'-triphosphate
disodium salt (CTP), uridine 5"-triphosphate trisodium salt dehy-
drate (UTP), trizma hydrochloride (Tris-HCI), hydrogen perox-
ide solution (H,0,), magnesium chloride (MgCl,), carbonyl cy-
anide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and sodium
chloride (NaCl), 0.25% Trypsin-EDTA solution were obtained
from Sigma-Aldrich Chemical Company (St. Louis, MO, USA).
Fetal bovine serum (FBS) was obtained from Gibco
(Rockville, MD, USA). Penicillin/streptomycin and
Dulbecco’s modified Eagle’s Medium (DMEM) were obtain-
ed from the cell culture company PAA (Immuniq, Warsaw,
Poland). All chemicals were of analytical grade purity.
Aqueous solutions were prepared with freshly deionized water
with 18.2 MQ cm resistivity (Millipore, Poland). All concen-
trations of added reagents cited in this paper are final concen-
trations obtained after mixing, unless otherwise noted.

Apparatus
The fluorescence spectra were recorded using Spectrometer

model LS55 (PerkinElmer, Waltham, MA, USA), with
20 kW pulsed Xenon light source and a photomultiplier tube
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detector. The excitation and emission slit widths were set to
5.0 nm and scan speed to 500 nm/min. The measurements
were performed in 20 mM Tris-HCI buffer + 100 mM NaCl
+ 5 mM MgCl, solutions with pH 7.4. The excitation and
emission wavelengths were set to Aoy =480 nm and A, =
516 nm, respectively.

The images of fluorescence emission of the aptamer probe
from transfected cells were acquired with a Nikon Eclipse
TE300 inverted light microscope with a B-2A fluorescence
filter with a 30-50 nm bandwidth excitation filter, long-pass
dichromatic mirror, and long-pass barrier filter. The images
were recorded digitally using a Canon Power Shot A640
scope-mounted camera. All images were made with the same
exposure. The images were then imported into Adobe
Photoshop Elements 2019 for enhancement of lighting by
adjusting the Levels function for green channel to clear the
background below level 17 and saturating the high light above
the level 141.

The cell oxygen consumption after addition of oligomycin
to SW480 cell culture was measured at 37 °C using a Clark-
type electrode and an Oroboros-2k high-resolution respirom-
eter (Oroboros, Innsbruck, Austria).

The calculations of polymorphic structures of Apt(ATP)s,
their folding energies, and melting temperatures were per-
formed using the University of Albany web server
DINAMelt providing the program UNAFold ver. 3.9 with a
Quikfold application (RNA Institute, University of Albany,
Albany, NY, USA).

Cell culture

The experiments with oligomycin-modulated ATP synthase
inhibition were performed using SW480 cell line purchased
from ATCC (LGC Standards Sp. z.0.0., Lomianki, Poland).
The cells were cultured in DMEM (Dulbecco’s modified
Eagle’s Medium) with added 10% FBS (fetal bovine serum,
Gibco, Rockville, MD, USA) and were maintained in a hu-
midified air atmosphere containing 5% CO, at 37 °C (Shel
Lab Model 2123-TC CO; Incubator Cornelius, OR, USA).
Every 2-3 days, the cells were further subcultured. The cells
remaining after the experiments were handled according to
safety protocols.

Cells transfection with Apt(ATP) @LIP

Transfection experiments were conducted on SW480 cells
using commercial transfer agents Lipofectamine® LTX and
PLUS™ Reagent (Life Technologies, USA) which formed
liposomes able to cross a cell membrane. In the presence of
Apt(ATP), these agents formed liposomes loaded with ATP
aptamer (Apt(ATP)@LIP). To deliver ATP aptamers into the
SW 480 cells, 521 uL of transfection solution containing
aptamer, Lipofectamine, Plus Reagent solutions, and

@ Springer

DMEM were added to the cells (1.6 10° cells/mL), so that
the final concentration of aptamer was 49 nM. Different con-
centrations of oligomycin (final concentration 1 or 5 uM)
were added to the cells 20 h before the transfection of cells
with Apt(ATP)@LIP. After adding the transfection solution,
cells were incubated for 2 h at 37 °C, followed by washing and
resuspension in the DMEM (3.5 mL) and recording of cell
images. Next, a trypsin solution was added (0.5 mL, 0.25%
solution) to detach cells and fluorescence measurements were
performed. For the data collection and analysis, a PerkinElmer
FL WinLab™ software was used.

Cell viability

MTT test was performed to determine the cell viability
following transfection of SW480 cells with ATP synthase
inhibitor, oligomycin (OMC). Typically, cells (1.6 x 10°
cells/mL) were incubated in 2 mL culture medium con-
taining OMC with different concentrations (0, 0.3, 1, and
5 uM) for 20 h. After the incubation, an aliquot of 100 puL
of 5 mg/mL of yellow MTT reagent was added to the
SW480 cells in a CO, incubator. The tetrazolium salt
MTT is reduced in the mitochondria of metabolically ac-
tive cells to a formazan product enabling to evaluate the
cells’ viability. After 3 h of exposure, the cells were de-
tached from the culture dish by trypsin and centrifuged at
153 rcf to pellet the cells. Then, 1500 uL of a lysis buffer
containing dimethyl sulfoxide and ethanol (DMSO:
EtOH = 1:1) was added to 500 uL of cell suspension to
dissolve the insoluble purple formazan product. After
15 min of incubation at 37 °C, the samples were diluted
with Tris-HC1 buffer and absorbance measurements at
570 nm were performed.

Measurements of oxygen consumption

The measurements of oxygen consumption after the addition
of oligomycin were performed using the procedure reported
carlier [52]. Briefly, after trypsinization, SW480 cells were
harvested by centrifugation at 200g for 5 min, resuspended
in serum-free culture medium at a concentration of 1 x 10°
cells/mL, and placed in testing chambers.

The solutions of oligomycin tested (0.3 uM and 1 uM)
were added to the chambers after the respiratory flux had been
stabilized. Next, after the mitochondrial oxygen consumption
depletion, FCCP (1 uM) was added as a positive control to
uncouple oxidative phosphorylation. Results are presented as
means + S.E.M. Paired ¢ tests were performed to evaluate the
differences before and after addition of compounds. A value of
P <0.05 was accepted as being significant. The number of
experiments (7 = 3) means three separate experiments.
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Cell lysis

To obtain the cells lysate, ca. 1.6 x 10° cells/mL were washed
with PBS buffer and 1 mL of trypsin was added for 15 min at
37 °C for detaching of cells from the culture dish. Then, the
centrifugation at 1600 rpm for 10 min was performed and the
supernatant was discarded. Then, 1000 pL of a solubilization
solution containing 20% (w/v) SDS (200 mg/mL), 50% (v/v)
DMEF (36.55 mg/mL), 2% (v/v) acetic acid, and 25 mM HCl
was added. Next, 10 puL of cell lysate with final dilution 1:300
was added to measurement buffer (20 mM Tris-HCI, 100 mL
NaCl, 5 mM MgCl,) with Apt(ATP). Then different concen-
trations of ATP (33.3, 66.7, 100, and 133.3 uM ATP, final
concentration) were added and fluorescence measurements
at excitation wavelength \., =480 nm were performed.

Results and discussion
Detection of ATP using fluorescent ATP aptamer

The mechanism of operation of ATP aptamer (Apt(ATP)) is
depicted in Fig. la. In the presence of ATP, the aptamer binds
with ATP forming an aptamer-ATP complex, and exhibits
strong FAM fluorescence quenching by intramolecular

fluorescence resonance energy transfer (iIFRET). In a Tris-

HCI buffer solution of pH 7.4, corresponding to the intracel-
lular pH of SW480 cells, the Apt(ATP) shows a fluorescence

emission with maximum at A.,, =516 nm for excitation at

Aex =480 nm, as illustrated in Fig. 1 b, curve 1. Upon the

addition of adenosine triphosphate solution (Fig. 1b, curves
2 to 11), the fluorescence signal of Apt(ATP) is strongly
quenched due to the expected interactions of Apt(ATP) with
ATP. The conformation of Apt(ATP) is changed and iFRET
from the FAM dye moiety to guanines of the aptamer G-
quadruplex occurs. The quenching efficiency approaches
67%, as the ATP emission intensity decreases steadily with

increasing Carp from /g o=898.2 a.u. to fgp ;) =295.5 a.u.

(Fig. lc). The quenching function /gy ¢//g; is linear for the
concentration range from 0 to 333 uM ATP as indicated in
the Stern-Volmer plot in Fig. 1 d. The slope of the fitting line
in this figure represents the quenching constant Ksy; according
to the Stern-Volmer equation:

IvLo/Ire = 1+ Ksy Cq

(1)

where the quencher concentration Cy, is given by the concen-
tration of ATP: Cy = Carp The value of Ky determined from
the experimental data is Kgy =(5.7£0.2) x 10°M .

The limit of detection LOD for adenosine triphosphate,

determined by iFRET from the dependence of fluorescence
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Fig. 1 a Principle of ATP aptamer operation. b Fluorescence spectra for
ATP aptamer after addition of ATP at different concentrations, Carp
(mM): (1) 0, (2) 0.033, (3) 0.066, (4) 0.1, (5) 0.13, (6) 0.16, (7) 0.2, (8)
0.23,(9) 0.26, (10) 0.3, (11) 0.33. ¢ Dependence of /g vs. Carp d Stern-

Volmer plot. e Dependence of /g vs. Carp for Cap=16.7 nM.

Dependence of log (/g o - IrL)/Ig vs. log Carp: conditions: Cap=

66.7 nM; 20 mM Tris-HCI with 100 mM NaCl and 5 mM MgCl,,
pH 7.4; Aex =480 nm, A\, =516 nm
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quenching of Apt(ATP) on the ATP concentrations by a 30
method, is LOD =24 puM. A higher sensitivity of Apt(ATP)
was achieved by lowering the aptamer concentration to
16.7 nM. Under this condition, LOD =17 uM was obtained,
as shown in Fig. 1 e. These results indicate a good sensitivity
of Apt(ATP) toward ATP and this sensing method is compa-
rable with recently published results for single-component
ATP probes [53-55].

The size of the binding site () between Apt(ATP) and ATP
was determined from the slope of the logarithmic plot (Fig. 1f):

lOg [([FL.O"IFL)/IFL] = IOg Ky +n IOgCQ (2)

The plot provides the value of the binding site size, n = 0.8,
indicating that the ratio of aptamers to ATP molecules in a
complex is approximately 1:1. This is consistent with the data
obtained by other researchers [26, 29, 56]. Upon the interac-
tion with ATP, aptamer changes conformation and assumes a
new tertiary structure due to the intramolecular and intermo-
lecular interactions such as aromatic stacking and hydrogen
bonding between Apt and ATP molecules [29, 57]. According
to the works of Szostak and coworkers [26], the ATP molecule
is bound in a binding pocket of the aptamer above the G-
quadruplex and between two adenines belonging to the two
free oligonucleotide chains. The conformational changes after
the interactions with ATP were also observed for DNA three-
way junction system [56].

A response of an Apt(ATP) probe to the higher concentra-
tions of ATP, in the millimolar range, is presented in Fig. S1 in
the Electronic Supplementary Material (ESM). The measure-
ments under these conditions are characterized with a lower
probe sensitivity, necessary to cover the larger dynamic range,
including the elevated ATP levels in some cells under extreme
conditions.

Initial aptamer conformations in the absence
of target ATP

The potential secondary structures of the oligonucleotide
aptamer for ATP (Apt(ATP)), in the absence of the ATP li-
gand, have been studied using UNAFold software [58, 59].
The obtained results are presented in Fig. 2a. For Apt(ATP)
sequence used in the experiments and without FAM fluores-
cence dye, for 100 nM Apt(ATP) in 100 mM NaCl with 5 mM
MgCl, solution at 25 °C, four structures of Apt(ATP) were
found. All structures had a negative Gibbs free energy of
formation. The most thermodynamically stable was structure
1 with AG®=—1.7 kcal/mol. The calculated thermodynamic
data for the formation of conformational structures of
Apt(ATP) and the respective equilibrium constants obtained
from the dependence AG® =-RTInK are presented in Table 1.
The tertiary structure of ATP aptamer designed according to
Szostak et al. [26] and used in experiments is depicted in Fig.

@ Springer

2 b. The structures 2 and 4 may switch directly to the tertiary
structure upon interaction with target ATP because their loops
are composed of G-rich sequences which can fold into the
characteristic G-quadruplex structure.

It follows from the analysis of thermodynamic data in
Table 2 that Apt(ATP) structure 1 is predominant in a salt
solution and it is also the most resistant to the formation of
the G-quadruplex necessary to bind ATP ligands. The likely
mechanism of ATP binding by the aptamer is thus via transi-
tion of Apt 1 to Apt 2, binding ATP, and completing the
conformation change to structure 5.

Intracellular ATP determination via liposomal
transfection of cancer cells with Apt(ATP)

Further investigations were focused on monitoring of the ATP
synthase inhibition, modulated with oligomycin, in SW480
colorectal cancer cells, using ATP-sensing DNA aptamer.
The decrease in ATP production due to the inhibition of
ATP synthase can be readily discernible using the DNA
aptamer. Simultaneous sensing and imaging of ATP in un-
treated and treated SW480 cells have been realized through
inverted light microscope. A scheme of the cellular uptake of
ATP aptamer with FAM fluorescence dye is presented in
Fig. 3 a. In this scheme, a transfection of SW480 cells with
Apt(ATP) using Lipofectamine carriers, Apt(ATP)@Lip, is
shown. Thus, the ATP aptamer is delivered via a liposomal
endocytosis to SW480 cells [60]. The Apt(ATP) with FAM
fluorescence tag generates a strong green emission signal in-
duced by the presence of intracellular ATP. The method ap-
plied was not targeting the organelles. Fluorescence probes for
selective detection of ATP in mitochondria and lysosomes
were investigated by Swamy et al. [51]. After entering the cell
and interactions with ATP, inherently present in cytosol, a
decrease in fluorescence signal of Apt(ATP) is observed due
to the changes in conformation of Apt(ATP) and quenching of
FAM dye (Fig. 3b—d). The interaction of cells with OMC
causes a decrease of the production of ATP which is reflected
in the observed increase of the aptamer fluorescence due to the
weaker quenching at lower ATP concentration (Fig. 3f, g, j).

In Fig. 3, presented are cell images in the light-dark
field (b—d) and in the dark field (e—g). The intensity of a
green emission signal, related to the emission of FAM
fluorophore, is correlated with Apt(ATP) introduced to
cells after 135 min of incubation. It is seen that transfec-
tion with non-treated cells has shown the weakest green
signal as compared with cells treated with oligomycin.
The morphology of untreated SW480 cells is presented
in Fig. 3 h and the dark field image of these untreated
cells (control) is shown in Fig. 3 i, with no discernible
fluorescence observed, as expected. After the interaction
with OMC, the morphology of cells was not changed (da-
ta not shown). The data obtained in Fig. 3 b—g were
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Fig. 2 a Four secondary structures of Apt(ATP) obtained in 100 mM NaCl with 5 mM MgCl, solution at 25 °C using UNAFold program. b Tertiary

structure of Apt(ATP)

confirmed by fluorescence measurements. The relative
fluorescence signal of FAM of Apt(ATP) in transfected

cells is presented in Fig. 3 j. The experiment with untreat-
ed cells (0 uM of OMC) was performed as a control. It is

Table 2 Thermodynamic data for

the formation of conformational Apt(ATP) AG® kcal/mol AH® kcal/mol AS® cal/(mol K) £ °C K
polymorphic structures of

Apt(ATP) calculated for 100 nM Structure 1 =17 —-2230 —69.09 49.6 17.7
APY(ATP) + 100 mM NaCl Structure 2 - 131 ~25.70 —81.80 410 9.14
e Structure 3 ~1.06 ~26.90 ~86.67 372 599
- Structure 4 -0.99 ~23.30 -74.83 382 532

Calculated using the UNAFold program
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Fig. 3 a Schematic view of the formation of Apt(ATP)@LIP for ATP
recognition and ATP detection in cells. b-g Detection of ATP content in
fixed SW480 cells untreated and treated with 1 and 5 uM concentration of
oligomycin (OMC) for 20 h and transfected with Apt(ATP)@LIP for
135 min, b-d light-dark field, e-g dark field. h Morphology of the

clearly seen that the addition of oligomycin at concentra-
tion 1 and 5 uM, respectively, per 20 h, is manifested by
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the increase of relative fluorescence signal about 5.2%
and 11.9%, respectively. It indicates that the ATP
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production is diminished and therefore less binding be-
tween ATP and Apt(ATP) occurs and higher fluorescence
signal of Apt(ATP) is observed. At the 0.05 level, these
values are significantly different. Hao et al. [61] have
shown that the treatment of H1299 cell line with
oligomycin at concentrations of 100 and 1000 ng/mL re-
sults in a complete elimination of the respiration in 1 h.
The authors have also shown that ATP levels were fully
rebalanced within 4 h of the oligomycin treatment sug-
gesting that the loss of oxidative phosphorylation
(OXPHOS) of ATP was replaced with the increased gly-
colysis of ATP. Therefore, in our experiments, after 20 h
of OMC treatment, the extra ATP production in SW480
cells by OXPHOS and glycolysis processes is likely to
contribute to the non-linear dependence of Apt(ATP) sig-
nal on OMC concentration. The measured fluorescence
signal of Apt(ATP) depends directly on ATP
concentration.

Complex Il

Complex |
H* H*

NADH + H*
NAD* FAD

Complex llI

Modulation of oxygen consumption in cells with ATP
synthase inhibitor oligomycin

Data obtained by fluorescence measurements and microscopic
images concerning the effect of oligomycin on mitochondrial
ATP synthase and inhibition of ATP production were further
confirmed by oxygen consumption in SW480 cells. In normal
cells, ATP is mainly produced through oxidative phosphorylation
(OXPHOS) in mitochondria and through glycolysis. However,
in various cancer cells, the OXPHOS capacity is reduced and
glycolysis is enhanced [62]. It is well known that oligomycin
(OMC) is an inhibitor of mitochondrial FO ATP synthase activity
(Fig. 4a). OMC blocks the flow of protons. We have found that
the application of 0.3 pM OMC to SW480 cells results in a
threefold decrease in mitochondrial oxygen consumption rate,
as calculated from the changes in oxygen concentration flux
(Fig. 4b). For higher doses of oligomycin (1 uM), additional
inhibition of respiration level was observed but value was not
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Fig. 4 a Schematic illustration of mechanism of oligomycin (OMC)
action in mitochondrial respiratory chain site. b Effect of OMC and
FCCP on mitochondrial oxygen consumption reflecting ATP synthase
activity in SW 480 cell line. ¢ Structure of OMC. d Structure of FCCP.
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Fig. 5 a Dependence of normalized fluorescence intensity of an ATP
aptamer on concentration of nucleoside triphosphates: (1) ATP, (2) CTP,
(3) UTP, (4) GTP. b Block diagram of selectivity coefficient for analytes

significant in comparison with oligomycin at 0.3 uM value, in-
dicating that 0.3 uM OMC had the maximum effect. The mito-
chondrial oxygen consumption decreased from the control nor-
malized baseline rate of 100 pmoL/(s mL) for untreated cells to
30.8 pmoL/(s mL) and 20.5 pmoL/(s mL) for 0.3 and 1 uM of
oligomycin, respectively. The results were obtained immediately
after OMC addition and indicate that the 20-h action of
oligomycin on cells reported in previous experiments caused a
total inhibition of ATP production. Interestingly, when a 1 uM
mitochondrial oxidative phosphorylation uncoupler FCCP acti-
vator of proton conductance through the plasma membrane was
applied, the activity of mitochondrial respiratory chain was par-
tially restored and mitochondrial oxygen consumption increased
to 36.6 pmoL/(s mL). Therefore, our experimental data confirm
that oligomycin can be used to modulate the mitochondrial ATP
synthase inhibition and ATP production. These data are support-
ed by the Hao et al. studies performed on H1299 cancer cells

100

A

Cell viability, %

20 -

untreated + 0.3 uyM +1pM +5uM

cells OMC OMC OMC
Fig. 6 The results of MTT cell viability tests for cells treated with
0.3 uM, 1 uM, and 5 uM OMC:; positive control: (OMC) =0 uM;
negative control: (H0,)=8 M

H,0,
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[61]. Suppression of mitochondrial production of ATP due to
OMC was also reported for SW620 cells by Lin et al. [63].

Selectivity of the ATP aptamer-based fluorescence
assay

The specificity of Apt(ATP) enables detection of ATP in complex
biological samples. To evaluate the ATP aptamer selectivity
against other nucleoside triphosphates such as GTP, CTP, and
UTP, which are potential interferents, the selectivity tests were
performed. The effect of the addition of nucleotides to a solution
of Apt(ATP) is illustrated in Fig. 5 a. It is seen that addition of
nucleoside triphosphates other than ATP with increasing concen-
trations results in weaker quenching of fluorescence emission of
Apt(ATP) than that observed for ATP by iFRET. From the se-
lected interferents, the weakest quenching was observed for GTP

115

110

led T

1.05 |

1.00

0 20 40 60 80 100 120 140
Cpr 1M

Fig. 7 Test of Apt(ATP) sensitivity to the addition of ATP to a lysate
solution of SW480 cells
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(18.6%) and strongest for CTP (35.7%), which compare favor-
ably with that for ATP (67.1%).

The selectivity coefficients calculated for nucleoside tri-
phosphates are shown in Fig. 5 b for 330 uM solutions of
each triphosphate and 66.7 nM aptamer probe in 20 mM
Tris-HCl saline buffer, pH 7.4. The values of selectivity coef-
ficients, marked at each bar, range from 0.532 to 0.277.

Cell viability decrease in OMC-treated cells

The effect of OMC treatment on cell viability was investigated
using SW480 colon cancer cells. Since OMC inhibits ATP
synthase, the cells treated with OMC are depraved of energy,
and thus, their viability should be lower than that for untreated
cells. The cell viability tests for untreated cells and those treat-
ed with OMC have been performed using a standard colori-
metric MTT assay and the results are presented in Fig. 6. The
test for untreated SW480 cells was used as the positive control
and it shows 100% cell viability. It is seen that the addition of
0.3 uM of oligomycin for 20 h to SW480 cell line causes a
negligible change in cell viability in comparison with control
sample (untreated cells). The addition of oligomycin with
1 uM and 5 uM concentrations caused 15.5% and 20.1%
decrease in cell viability, respectively. Lin and co-workers
have shown that no obvious differences in cell viability be-
tween untreated SW620 cells and those treated with 12.6 and
25.2 uM OMC for 24 h were observed. They obtained 35.3%
signal decrease with 25.2 uM OMC after a 48-h treatment
[63]. In Fig. 6, we have also included a negative control with
H-0,. A cell viability decrease of 76.1% was observed. These
results are corroborated by recently published data.
Tharakan’s group has shown that the blood-brain barrier en-
dothelial cells treated with high concentration of H,O, (>
10 mM) have shown a significant decrease in cell viability
and induction of apoptosis [64]. Kaushik et al. have found that
the reactive oxygen species (ROS) such as H,O, generated by
soft jet plasma and chemically induced ROS systems de-
creased the viability and intracellular ATP values of cancer
T98G (glioblastoma), A549 (lung adenocarcinoma), normal
HEK293 (embryonic kidney), and MRCS5 (lung fibroblast)
cells. Also, the ROS increased the apoptotic population [65].

Sensing of ATP in cancer cell lysate

The applicability of the proposed Apt(ATP) probe for the
analysis of ATP in real samples was also tested using the cell
lysate obtained by lysis of SW480 cancer cells. In Fig. 7,
measurements of Apt(ATP) fluorescence upon the addition
of ATP to the cell lysate diluted 1:300 in 20 mM Tris-HCI +
100 mM NaCl + 5 mM MgCl, buffer are presented. The
experiments were carried out using the diluted original lysate
sample and samples spiked with 33, 66, 99, and 133 uM ATP
(final added concentration). It is shown that the fluorescence

signal of Apt(ATP) in lysate decreases by 16% for 133 uM
ATP addition, confirming high sensitivity of the aptamer
probe in 300-fold diluted cancer cell lysate. The high regres-
sion coefficient of the linear fitting to the experimental data,
R>=0.964, indicates that the mechanism of intramolecular
FRET remains operating in the lysate solution. The linear
fitting equation is given by /o//=1+1.32 1073 Crp where
Carp is given in (uUM).

Conclusions

The production of ATP is a key factor driving the life process-
es which strongly depend on energy supply. We have demon-
strated that ATP production modulation by ATP synthase in-
hibitor, oligomycin, and the increased intracellular ATP level
due to carcinogenesis can conveniently be monitored with a
robust fluorescence “On-Off” switching aptamer probe, with-
out any other added reagents or analyte labelling. We have
successfully transfected living SW480 colon cancer cells with
Apt(ATP), enabling fluorescence monitoring of intracellular
ATP. The modulation of ATP production was correlated with
oxygen consumption measurements in living cells and chang-
es in cell viability tested using MTT method. Our results in-
dicate that the Apt(ATP) has high selectivity toward ATP and
good discrimination against non-specific interactions with cy-
tosol and lysate components. Hence, the developed method-
ology may be applied in pharmacological studies and cancer
research for convenient monitoring of dynamic ATP level
modulation by new drugs under development and in the as-
sessment of cancer growth rate.
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Detection of ATP using fluorescent ATP aptamer (Apt(ATP))

A response of an Apt(ATP) probe to the higher concentrations of ATP, in the mM
range, is presented in Figure S1. The measurements under these conditions are
characterized with a lower probe sensitivity, necessary to cover the larger dynamic

range, including the elevated ATP levels in some cells under extreme conditions.
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Fig. S1 (A) Fluorescence spectra for ATP aptamer after addition of ATP at different
concentrations from 0 to 5 mM; (B) Dependence of Iy vs. Carpin a wide range from 0
to S mM ATP; (C) Linear part of the dependence of Igp vs. Catp
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Abstract: Early cancer screening enables timely detection of carcinogenesis, and aids in prompt clini-
cal intervention. Herein, we report on the development of a simple, sensitive, and rapid fluorometric
assay based on the aptamer probe (aptamer beacon probe, ABP) for monitoring the energy-demand
biomarker adenosine triphosphate (ATP), an essential energy source that is released into the tumor
microenvironment. Its level plays a significant role in risk assessment of malignancies. The operation
of the ABP for ATP was examined using solutions of ATP and other nucleotides (UTP, GTP, CTP),
followed by monitoring of ATP production in SW480 cancer cells. Then, the effect of a glycolysis
inhibitor, 2-deoxyglucose (2-DG), on SW480 cells was investigated. The stability of predominant
ABP conformations in the temperature range of 23-91 °C and the effects of temperature on ABP
interactions with ATP, UTP, GTP, and CTP were evaluated based on quenching efficiencies (QE) and
Stern-Volmer constants (Kgy). The optimized temperature for best selectivity of ABP toward ATP was
40 °C (Kgy = 1093 M~ !, QE = 42%). We have found that the inhibition of glycolysis in SW480 cancer
cells by 2-deoxyglucose resulted in lowering of ATP production by 31.7%. Therefore, monitoring and
modulation of ATP concentration may aid in future cancer treatment.

Keywords: aptamer beacon probe (aptaprobe, ABP); ATP detection; biosensing assay; fluorescence
spectroscopy; SW480 cancer cells; 2-deoxyglucose (2-DG) glycolysis inhibitor

1. Introduction

In view of the rising numbers of cancer cases around the world, extensive efforts
have recently been devoted to developing novel effective cancer treatments, addressing
specific features of carcinogenesis, tumor growth, and metastasis. Cancer is currently the
leading cause of death worldwide, with 19.3 million new cases and near 10 million deaths
reported in 2020 [1]. Colorectal cancer (CRC) is the third-most common malignancy and
the second-most deadly cancer type worldwide. The global number of new CRC cases
(colon, rectal, anal) is predicted to reach 3.2 million in 2040, based on projections of aging,
population growth, and human development [2]. It is estimated that over 153,000 new CRC
cases will be diagnosed in the United States in 2023 [3].

Due to fast tumor growth, invasion into neighboring cells, and cancer cells” migration,
early diagnosis and prompt treatment are crucial in the fight against cancer [4]. The timely
detection of cancer biomarkers, even before symptoms appear, plays a pivotal role in
successful cancer treatment. To achieve this end, a widespread cancer screening has been
advised. Due to the large number of subjects involved in such a cancer screening, the
methods used for cancer biomarker detection must fulfill the requirements of low cost,
simple operation, and high sensitivity and reliability. Therefore, it is of great urgency
to develop biosensing probes for prognostic cancer biomarker detection in early cancer
screening. In previous studies [5-7], we have designed highly sensitive biosensing systems
for the detection of cancer biomarkers, including the anti-apoptotic protein survivin and its
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mRNA. The proposed systems were based on fluorescent molecular-beacon probes, and
were applied for testing SW480 human colorectal cancer cells. We have also designed an
immunosensor based on monoclonal antibodies against protein survivin [8]. In the present
work, we have focused on the development of a new biosensing platform for monitoring
adenosine triphosphate (ATP), whose production is upregulated in cancer cells to sup-
port the elevated demands for energy supply needed by fast-growing and proliferating
cancer cells.

The adenosine triphosphate plays a key role in many biologically important pro-
cesses [9], such as proliferation [10], metabolism [11,12], differentiation [13] and
apoptosis [14], where the main function of ATP is to provide energy to cellular processes,
including facilitating energy transfer, intracellular signalling, and the synthesis of proteins,
DNA, and RNA [15].

Recently, it has been found that the ATP level is also increased in the tumor microen-
vironment (TME). The ATP is released into the TME by the tumor itself, as well as by
the host cells, and can be involved in the migration and activation of immune cells, in
addition to supporting the metabolism and growth of tumor and stromal cells. Thus, TME
ATP is often considered to be a biochemical hallmark of the host-tumor interface [16-18].
Yang et al. [19,20] have shown that extracellular ATP can promote breast carcinoma inva-
sion, and plays a vital role in mediating breast cancer chemoresistance. Salvestrini et al. [14]
have discovered that the activation of ATP plasma membrane ion channels (P2X7R) with
high doses of ATP can induce acute apoptosis of myeloid leukemia (AML) blast cells.
Fiorillo et al. [15,21] have found that the ATP-high MDA-MB-231 cells exhibit a 20-40-fold
and 15-60-fold increase in their ability to undergo cell migration and invasion, respectively,
relative to the ATP-low cell population. Furthermore, it appears that in the drug-resistant
cells, mitochondrial ATP production is dysregulated, leading to enhanced aerobic glycoly-
sis and elevated intracellular ATP levels, as well as increased levels of hypoxia-inducible
factor-1 alpha (HIF-1x) [22].

Therefore, due to its active role in carcinogenesis, ATP may be considered a non-
specific cancer biomarker that may become a new suitable molecular target in cancer
therapy, enabling the hinderance of metastasis and cancer propagation. In addition, the
determination of the intracellular ATP concentration in biological samples is crucial for
monitoring of disease progression.

It has generally been accepted that one of the hallmarks of neoplastic diseases is the
change in energy metabolism, with an upsurge in glycolysis, producing energy-carrying
ATP molecules, at the cost of the usual oxidative phosphorylation (OXPHOS), even under
normoxic conditions. This change, known as the Warburg effect, provides a vast amount
of energy that cancer cells need for extensive proliferation [23-25]. The modulation of
ATP production in cancer cells by glycolysis inhibitors may become a novel approach
to control cancer growth and proliferation. Martin et al. [26,27] have reported that can-
cer treatment in combination with ATP-depleting agents and anticancer drugs markedly
enhanced tumor regression, e.g., MAP = 6-methylmercaptopurine riboside (MMPR) + 6-
aminonicotinamide (6-AN) + N-(phosphonacetyl)-L-aspartic acid (PALA) with two anti-
cancer agents: 5-fluorouracil (FU) + Adriamycin (Adr) [28], MAP + FU [29]. Wang et al. [30]
have also shown that the depletion of ATP can be considered a therapeutic strategy for
cancer treatment. The authors have utilized micelles composed of branched polyethylene
glycol (bPEG), Pluronic P123 cationic multiblock copolymer, and low molecular weight
polyethyleneimine (PEI) (PSPP/PTX/siRNA) as a codelivery carrier of small interfering
RNA (siRNA) against polo-like kinasel (PLK1) and paclitaxel (PTX) for effective reversal
of cancer multidrug resistance (MDR) in vitro and in vivo. Song et al. [31] have applied a
smart nanoagent based on the assembly of quantum dots (QDs), tannic acid (TA), and dox-
orubicin (DOX) chemodrug (QDs@TA-PEG/DOX) for depleting intracellular ATP content
and increasing cells’ chemosensitivity.

The decrease of intracellular ATP production by treating cancer cells with 2-deoxyglucose
(2-DG) was recently reported by Kaushik et al. [32], who applied luciferase and luciferin-
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based assay and observed a 12% and 16% intracellular ATP level decrease in THP-1 and
U937 human leukemic cancer cell lines, respectively, when treated for 24 h with 1 mM
2-DG. The treatment of human lung A549 carcinoma cells with 20 mM 2-DG for 2.5 h also
resulted in ca. 30% ATP level suppression [33]. According to Maximchik et al. [34], the
treatment with 20 mM 2-DG caused about a 25-30% drop in the ATP level in HCT116
human colorectal carcinoma cell line, and a 60-80% ATP level drop in the SK-N-BE(2)
neuroblastoma cell line. Sahra et al. [35] have observed a 60% decrease of intracellular ATP
concentration in LNCaP androgen-sensitive human prostate adenocarcinoma cells treated
for 24 h with 1 mM 2-DG.

The results presented above indicate that the excess energy production associated with
cancer progression can be restrained by applying inhibitors of glycolysis. These inhibitors
suppress the intracellular ATP level and contribute to the retardation of tumor growth
and metastasis.

In studies of processes leading to the suppression of energy supply, the measurement
of the level of ATP, the main energy source, becomes the key factor for successful assessment
of the progress achieved. Therefore, together with the monitoring of biomarkers specific to
various cancer types, the monitoring of ATP is one of the most important issues. Although
a range of assays and biosensing platforms for ATP determination have been proposed,
a highly sensitive, inexpensive, and rapid method is desired for possible application in
widespread cancer screening. Among these methods, some of the most promising are
listed below.

Recently, several methods for the detection of ATP, based on aptamers, have been
proposed. The aptamers used included synthetic DNA or RNA oligonucleotides that bind
with high affinity and specificity to the targeted molecules [36-38]. The first successfully
selected DNA aptamer that binds adenosine and ATP in solutions was outlined in 1995 by
Huizenga and Szostak [39]. This aptaprobe, which consisted of two small Watson-Crick
helices and two G-quartets, is still one of the most-studied aptamers for ATP detection.
However, some changes and modifications of these aptamers have recently been proposed
and utilized in more complex biosensing systems and biosensors to achieve a lower limit of
detection for ATP, at the cost of simplicity and rapidity of the assay operation [40-43]. The
complex assay developed by Guo [44], based on two aptamers and a multiplication circle,
was able to achieve a remarkably low limit of detection for ATP: 38 nM. Zhou et al. [45] have
developed a platform based on surface-enhanced Raman spectroscopy (SERS). The authors
have utilized split aptamers (apt1 and apt2) attached to a nanolayer of gold nanoparticle-
decorated graphene oxide (GO/AuNP) and gold nanoparticles (AuNP), respectively. In
the presence of ATP, interactions with split aptamers on AuNP have occurred, leading to
a closer proximity between nanomaterials. This results in enhanced SERS signals for the
detection of ATP, and a very low limit of detection: LOD = 0.85 pM ATP.

Due to the complex nature of neoplasia, associated with the effects of multiple fac-
tors such as genes, proteins, and biologic pathways, it is necessary to develop analytical
biosensing platforms based on different panels, specific to different relevant biomarkers.
Such a multi-panel platform can offer a high reliability for cancer diagnostics and screening.
Recently, growing evidence indicates that the use of panels of biomarkers offers a significant
improvement in cancer diagnostic accuracy [46—48].

In our previous studies, we have developed biosensing systems based on molecular
beacons and biosensors for the detection of survivin mRNA and other cancer biomarkers [4-6].
We have also shown that the fluorescein modified ATP aptamer may be used for monitoring
ATP levels in untreated and oligomycin-treated cancer cells [49].

In the present work, we have developed a novel aptamer beacon probe (aptaprobe,
ABP) modified with fluorescein (FAM) at the 5 end, and quencher (Dabcyl) at the 3’ end of
the DNA oligonucleotide with G-quadruplex structure. The new aptamer beacon probe
consists of a single-stranded oligonucleotide loop and a duplex stem, formed by self-
complementary ends of the strand containing two bases, thus resembling a specific hairpin
structure. The sequence of ABP was based on the DNA strand originally developed by
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Huizenga and Szostak [39] that involved the G-rich 27-nucleotide sequence of ATP-binding
aptamer 5'-ACCTGGGGGAGTATTGCGGAGGAAGGT-3'. This strand was extended in
the present work with the addition of seven nucleotides—ATTCTCTC—at the 5’ end, and
two nucleotides—AT—at the 3’ end of this sequence. Since the loop of ABP is rich in
guanines, during the interactions with ATP, the square planar structure of the characteristic
G-quadruplex can be formed (Scheme 1). Upon binding of ATP to ABP, the FAM fluorescent
dye and the Dabcyl quencher, which are attached at the ends of ABP sequence and are
widely separated from each other, get closer together, enabling an efficient Forster resonance
energy transfer (FRET), resulting in FAM fluorescence quenching, as depicted in Scheme 1.
First, we have performed physicochemical investigations of this aptamer probe in buffer
solutions. Our initial aim was to evaluate the effects of several experimental parameters
including the incubation time of aptaprobe and the experimental temperature on biosensing
assay performance. The ATP aptamer selectivity against other nucleoside triphosphates
such as GTP, CTP, and UTP was also evaluated on the basis of quenching efficiencies
(QE) and Stern-Volmer constants (Kgy). Furthermore, testing of the assay developed
using biological samples was performed. The SW480 human colorectal cancer cells lysate
(300-fold diluted) and lysate from SW480 cells treated with 2-deoxyglucose glycolysis
inhibitor (300-fold diluted) were used for this purpose. We have demonstrated that the
proposed simple and rapid fluorometric assay based on DNA aptamer beacon can be
designed and used for the detection and monitoring of intracellular ATP levels in cancer
cells for diagnostics and prognostication. The obtained results also indicate that further
investigation is warranted to follow the modulation of ATP levels by glycolysis inhibitors
as a potential cancer treatment.

Scheme 1. Schematic view of the conversion of the aptamer beacon probe (ABP) from the random
coil conformation to the G-quadruplex in the presence of ATP. The random coil ABP is in equilibrium
with predominant structures 1-4, presented in Figure 1.
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Figure 1. (A) Fluorescence emission spectrum for aptamer beacon probe (aptaprobe, ABP) for
Aex = 480 nm; (B) Dependence of the fluorescence emission intensity of aptaprobe on time for
peak emission at Ay = 517 nm; (C) The melting characteristics for aptaprobe, Aem =517 nm; (D,E)
Electronic and chemical structures of the fluorophore fluorescein; (D) Quencher Dabcyl (E) attached
to the ends of the aptaprobe nucleotide sequence; electron density surfaces (d = 0.08 a.u.) with
mapped electrostatic potential (color coded: from negative-red to positive—blue); (F) main theoretical
aptaprobe structures with their melting temperatures. Conditions: Cagp = 133 nM, A¢y = 480 nm,
buffer solution: 20 mM Tris-HCI + 100 mM NaCl + 5 mM MgCl,, room temperature 21 °C.

2. Results and Discussion
2.1. Characterization of the ATP Aptamer Beacon Probe

The aptamer beacon probe (ABP) designed in this work consists of a single-stranded
37-mer oligonucleotide, with the strand sequence: 5'-ATTCTCTCACCTGGGGGAGTATTG-
CGGAGGAAGGTAT-3, and a fluorophore-quencher pair attached to the ends of the
strand. The fluorophore (fluorescein, FAM) of the pair was bonded to the 5 end of the
oligonucleotide strand, and the quencher (Dabcyl) was bonded to the 3’ end of the strand.
The electronic and chemical structures of FAM and Dabcyl are presented in Figure 1 in
panels D-E, with the electrostatic potential mapped on the constant electron density surface
for d = 0.08 a.u. The quantum mechanical calculations have revealed that the conformation
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of the oligonucleotide strand of the aptaprobe is dependent on the temperature of the
medium, ionic strength of the buffer electrolyte, and the concentration of Mgz* ions. To
determine the temperature ranges of the predominant conformations of ABP, the theoretical
melting temperatures for the predominant conformations were calculated. They are listed
together with the most stable ABP structures in Figure 1E The calculations were carried out
using UNAFold 3.9 program with Quikfold application provided at the DINAMelt web
server of the University of Albany, New York [50,51]. The program is based on the unified
base-pair theory. The obtained results indicate that the ABP can form four different small-
loop hairpin structures, with melting temperatures from 37.1 °C for structure 1, 40.9 °C for
structure 2, 43.4 °C for structure 3, to 49.6 °C for structure 4. These calculations corroborate
the recent studies of the Myong group [52], indicating that the efficient formation of the
G-quadruplex needs the help of ATP. Although the formation of a G-quadruplex is a
thermodynamically favorable process for a random DNA strand, it requires some extensive
bending of the DNA strand, and thus it is kinetically hindered. Hence, the faster formation
of simpler, although metastable beacon forms, presented in Figure 1F, prevails in absence
of other interacting species. However, these structures are metastable in the presence of
ATP, and formation of the G-quadruplex is feasible due to the strong bonding of ATP to the
guanines of ABP. It must be emphasized that aptamer structures 14, although predominant
in temperature ranges up to 49.6 °C (see: Figure 1), are in thermodynamic equilibrium with
the random coil structure of ABP, such as the one shown in Scheme 1, left panel.

The fluorescence emission spectrum for 133 uM DNA aptaprobe in a TRIS-HCl buffer
at room temperature of 21 °C is presented in Figure 1A. A well-defined emission peak at
A =516 nm with intensity of 904.5 a.u. is observed. This peak is ascribed to the intrinsic
fluorescence of FAM dye attached to the aptamer strand. As seen in Figure 1B, the peak
emission intensity stabilizes within 15 min and then remains unchanged. Therefore, all
subsequent experiments were performed after 15 min of ABP stabilization. At room
temperature, the predominant conformation of the aptamer is represented by structure 1 in
Figure 1F. In this structure, the distance between fluorophore FAM and quencher Dabcyl is
large, and as such, no intra-molecular fluorescence quenching is expected.

To evaluate the stability of ATP aptamer structure and its conformation changes,
the influence of temperature on the operation of the aptamer beacon was investigated.
As shown in Figure 1C, the temperature scan from 23 °C to 91 °C, with a scan rate of
2 deg/min, produced a reversible three-state (OFF-ON-OFF) melting characteristic of ABP.
A similar phenomenon was observed for molecular beacon (MB) complementary to survivin
mRNA [53]. It is seen that during the temperature scan from 23 °C to 67 °C, the intensity
of the emission signal increases from F = 1 a.u. to F = 1.498 a.u. The distance between
FAM dye at 5" end of the aptamer and Dabcyl quencher at 3’ end increases, resulting in the
increasing emission of the light by the fluorophore. Interestingly, upon further temperature
increase from 67 °C to 91 °C, the fluorescence does not remain constant but decreases
slightly to the level of F = 1.205 a.u. It becomes clear that with increasing temperature, the
flexible single-stranded DNA aptamer assumes dynamically random conformations. The
distance between FAM dye at the 5 end of the aptamer and Dabcyl quencher at the 3’ end
can momentarily come close enough to each other during the random arms’ waving to
cause the self-quenching by the FRET process. The melting temperature of the highest-
temperature stable conformation of ABP (structure 4) is tm = 49.6 °C, which means that
above this temperature, the concentration of conformation 4 is less than that of the random
coil structures. The experimental apparent melting temperature fm app, determined by
the simplex fitting algorithm, is slightly higher than theoretically predicted for aptamer
structure 4, and equals 51.4 + 1.2 °C (Figure 1C). This value is slightly higher than that of
structure 4, since conformations 1-3 are still present at temperatures above their melting
points at low concentrations and contribute to the measured fluorescence emission. It is
worth noting that for a shorter 27-nucleotide ATP-binding aptamer, originally developed
by Huizenga and Szostak [39], the experimentally obtained melting temperature was
45.2 + 0.5 °C, as determined by Slavkovic et al. [54] using UV melting curves. Therefore,
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the aptamer beacon probe developed in the present work shows somewhat higher stability
at elevated temperatures than the benchmark probe of Huizenga and Szostak [39].

2.2. Temperature Dependence of the Interactions of Aptamer Beacon Probe with ATP and
Other Nucleotides

In the presence of ATP, the temperature dependence of the aptaprobe fluorescence
changes dramatically, as illustrated in Figure 2A, line 1. The fluorescence intensities were
normalized according to the equation:

Lnorm =F/F, ()]

where F is the fluorescence intensity of aptamer in the presence of nucleotides, and F is
the fluorescence intensity of ABP alone in buffer solution.

031

02

01}

(FIF)-1

01

Temperature, °C

T.°Cc

Figure 2. (A) Melting characteristics for the aptamer beacon probe with ATP (red, 1) and other
nucleotides: GTP (green, 2), UTP (blue, 3), and CTP (violet, 4); INSET: pictorial view of changing
conformations of aptaprobe alone and aptaprobe with ATP; arrows indicate direction of temperature
scan. (B) The dependence of (F/Fy)-1 vs. temperature for aptaprobe alone (black bar, 1), and
aptaprobe interactions with nucleotides: remaining bars in each group: ATP (red, 2), CTP (violet,
3), UTP (blue, 4), and GTP (green, 5). Conditions: Cagp = 133 nM, C, ¢ = 625 uM; Agx = 480 nm,
temperature scan: 23-91 °C; buffer solution: 20 mM Tris-HCI + 100 mM NaCl + 5 mM MgCl,.

During the temperature scan from 23 °C to 49 °C, performed after mixing of ATP with
the aptamer beacon, the relative ABP fluorescence signal F/F, decreased steadily from 1 to
0.867 (Figure 2, line 1, red), indicating the binding of ATP to the aptamer, concomitant with
the aptamer undergoing conformation change. In the new ABP conformation, facilitating
the aptamer beacon probe-ATP complex formation, the distance between the FAM dye
and Dabcyl quencher becomes smaller, enabling the FRET process between them to occur.
Hence, due to the high binding affinity of the aptamer to ATP, resulting in the enhanced
FRET, the fluorescence intensity decreased despite the temperature increase, confirming
the higher thermal stability of the ABP-ATP complex, in comparison to the bare aptamer
conformations. During further temperature scan, above 51 °C, the fluorescence signal of
ABP recovered, gradually increasing to reach the maximum level F/F, = 1.247 at the peak
temperature t, = 69 °C, followed by a decrease to F/F, = 1.02 at 91 °C due to the aptamer
melting and formation of randomly coiled ABP structure.

In further studies, the effects of other nucleotides, including UTP, GTP, and CTP, on
the operation of the aptamer beacon were examined (Figure 2, lines 2-4). Unlike in the
case of ATP (line 1, red), other nucleotides (GTP, line 2, green; UTP, line 3, blue; CTP, line 4,
violet) do not cause remarkable changes in the aptamer probe melting characteristics after
interactions of these nucleotides with the aptamer. It indicates, that in the cases of UTP,
GTP, and CTP, the interactions of the aptamer with target nucleotides are much weaker in
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comparison to those with ATP, and no ABP-nucleotide complex is formed, leading to an
unobstructed three-state transition, OFF-ON-OFF process, upon heating. Thus, the melting
curves look similar to those for the bare aptamer (Figure 1C). These results confirm that
the proposed aptamer probe binds specifically with ATP. We have observed his type of
behavior, manifested by the increased quenching with increasing temperature, in other
random coil DNA structures [53].

Figure 2B shows the dependence of the relative fluorescence change (F/Fo)-1 on
temperature for ABP interactions with ATP, UTP, GTP, and CTP. It is clearly seen that
binding of the aptamer with ATP results in a fluorescence decrease, while for the aptaprobe
alone and for aptaprobe binding with other nucleotides, the fluorescence signal increased.
The decrease in fluorescence for aptamer beacon probe-ATP solutions was the largest for
temperatures in the range from 40 °C to 50 °C, providing an excellent selectivity for ATP
and best discrimination against other nucleotides. These findings indicate that the proposed
aptamer probe offers a good selectivity and sensitivity.

2.3. Selectivity of the Biosensing System

Testing of the selectivity of aptamer beacon probe was performed with triphosphate
nucleotides, as illustrated in Figure 3. It is clearly seen that the interactions of aptaprobe
with ATP at 23 °C induced stronger quenching of fluorescence than those of ABP with
other nucleotides (Figure 3A,B). The observed aptaprobe fluorescence quenching efficiency
(QE) for ATP was QE = 32%, while that for other nucleotides was 25%, 25%, and 20%,
for CTP, UTP, and GTP, respectively. It indicates a higher affinity of the aptamer for
ATP in comparison with that of other nucleotides. However, the difference between QE
values for ATP and the remaining nucleotides at 23 °C was insufficient for discrimination
against the effects of other nucleotides and effective ATP determination. To gain more
insight into the nature of the binding of the aptaprobe with nucleotides and to optimize
conditions for the expansion of the gap between QE for ATP and other nucleotides, the
Stern-Volmer quenching dependencies were investigated. As such, we have determined the
Stern-Volmer quenching constants Ksy for ATP, UTP, GTP, and CTP. As shown in Figure 3B,
to determine the quenching constant Ksy, the values of the ratio F,/F were plotted against
the concentration of different nucleotides C,,,,q. According to the Stern-Volmer equation,
we have:

Fo/F =1+ KsvCpucl 2)

where F, and F are the fluorescence intensities for the aptamer beacon probe in the ab-
sence and the presence of nucleotides, respectively; Ksy is the quenching constant, and
Chudl is the concentration of the respective nucleotide—ATP, CTP, UPT, or GTP—acting as
the quencher.

The fluorescence quenching data obtained for 23 °C have revealed that the Stern-
Volmer quenching constants are Kgy =721 £ 31 M~! for ATP, Ksy =540 £+ 49 M~! for CTP,
Kgy =540 + 33 M~! for UTP, and Ksy = 405 & 28 M~ for GTP. These results confirm the
highest affinity of the aptamer beacon probe towards ATP molecules.

Due to the largest fluorescence signal decrease for interaction of ABP with ATP in the
temperature range of 40 °C to 50 °C, a temperature of 40 °C was chosen for subsequent
experiments. At 40 °C, the fluorescence quenching efficiency (QE) of aptaprobe towards
ATP was significantly higher in comparison to that of room temperature, and the value of
QE = 42% was obtained (Figure 3C). In contrast, for other nucleotides such as UTF, GTP,
and CTP, much lower values of QEs were achieved at 40 °C, approaching QE = 18% for
CTP, QE = 14% for GTP, and QE = 18% for UTP. Hence, by optimizing the experimental
conditions, we were able to increase the response of the ABP towards ATP, while at the
same time, the ABP response towards other nucleotides decreased significantly.

In order to see how Stern-Volmer quenching constants and the quenching process
are affected by temperature, the interactions of aptaprobe with ATP and other nucleotides
including UTP, GTP, and CTP have been investigated at 40 °C (Figure 3D). We have found
that the value of the Stern-Volmer quenching constant for ATP (Figure 3D, line 1) increased
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1.52-fold to Kgy = 1093 £ 43 M1, in comparison to the value of Ksy obtained at room
temperature (Kgy = 721 + 31 M 1). These results clearly indicate that a stronger binding
affinity of ATP to the aptamer beacon probe is observed at higher temperature. The increase
of Ksy with temperature is likely to be due to the activation of the aptamer conformational
transformation, enabling stronger ATP binding. On the other hand, the values of the
Stern-Volmer quenching constants for UTP, GTP, and CTP nucleotides decreased at 40 °C to
Ksv =367 + 42 M~! for CTP (Figure 3D, line 2), Ksy = 307 + 45 M~ for UTP (Figure 3D,
line 3), and 240 + 15 M~! for GTP (Figure 3D, line 4), respectively. These results additionally
confirm the high specificity of aptaprobe toward ATP in comparison with UTP, CTP, and
GTP nucleotides.

[1-FIF]* 100, %

23°C ® | «f 23°C

[1 - FIF] * 100, %

200 300 400
C uM

‘anatytes’

Figure 3. Fluorescence quenching efficiency of aptamer beacon after interaction with 625 uM solutions
of nucleotides (ATP, CTP, GTP, UTP) at (A) 23 °C and (C) 40 °C; The Stern-Volmer plot of Fo /F vs. Cpyqi:
(1) ATP, (2) UTP, (3) CTP, (4) GTP, at (B) 23 °C and (D) 40 °C; Conditions: Cagp = 133 nM,
Aex =480 nm; solution: 20 mM Tris-HCI buffer + 100 mM NaCl + 5 mM MgCl,.

These results corroborate the data obtained in earlier experiments, and indicate that
aptamer beacon probe is specific and suitable for the detection of ATP.

2.4. Detection of ATP Molecules

The feasibility of the determination of ATP using the developed aptamer beacon probe
was investigated using melting temperature measurements and fluorescence spectroscopy.
As illustrated in Figure 4A, the interactions of ATP molecules with the aptamer beacon
probe resulted in quenching of aptamer FAM fluorescence by 32% for 625 uM ATP, at 23 °C.
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Figure 4. (A) Normalized fluorescence emission spectra of aptamer beacon for different concentra-
tions of ATP; (B) The dependence of F/F, vs. Catp; (C) The dependence of F,/F vs. Carp showing
the 30 LOD with a dashed line; (D) Dependence of quenching efficiency E on Catp; conditions: Catp
[uM]: (1) 0, (2) 125, (3) 250, (4) 375, (5) 500, (6) 625; Cagp = 133 nM, A¢x = 480 nm; solution: 20 mM
Tris-HCl buffer + 100 mM NaCl + 5 mM MgCl,, temperature 23 °C.

The dependence of F/F, vs. Carp is presented in Figure 4B. Upon the addition of
ATP to the sensing system, a fluorescence change that is inversely proportional to the ATP
concentration increase from 0 to 625 uM was observed. The Stern-Volmer plot is presented
in Figure 4C. The linear fitting was performed for the obtained experimental data, obtaining
the following calibration line equation:

Fo/F=1+0.72 x 1073 Carp 3)
where Carp is expressed in [uM]. The LOD, determined for the standard 3¢ deviation is:
LOD = 30/slope = 3 x 0.013/0.00072 = 54.2 uM 4)

The quenching efficiency (0-0.32) of the aptamer beacon for different concentrations
of ATP is shown in Figure 4D. It is seen that at 23 °C, the plot of quenching efficiency
E vs. Carp is linear in the investigated ATP concentration range.

By increasing the temperature to 40 °C, the ATP detection limit can be further de-
creased to LOD = 27.4 uM ATP, as is shown in Figure 5A. In Figure 5B, the dependence of
E vs. Catp is depicted. Obviously, the higher temperature causes much greater fluorescence
self-quenching (42%) of the ABP-ATP complex than that observed at a lower temperature
(31%), for the same 625 uM ATP concentration.
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Figure 5. (A) The dependence of F,/F vs. Carp showing the 3¢ LOD with a dashed line;
(B) Dependence of quenching efficiency E on Co1p; conditions: Carp [uM]: (1) 0, (2) 125, (3) 250, (4) 375,
(5) 500, (6) 625; Cagp = 133 nM, Ay = 480 nm; solution: 20 mM Tris-HCl buffer + 100 mM NaCl + 5 mM
MgCly, temperature 40 °C.

A comparison of the aptamer sequences, conditions, and detection limits reported
recently for ATP sensors and assays based on DNA and RNA aptamers is presented in
Table 1. The sensitivity and operational simplicity of the fluorescence turn-off aptaprobe
biosensing system developed in this work are competitive to other biosensing assays listed
in this table.

Table 1. Examples of ATP detection using fluorescence turn-on aptamer beacon probes.

ATP Detection

No. Fluorescence Aptaprobe Cprobe, MM Buffer Solution (LOD), [uM] References
1. Cy5-TGGAAGGAGGCG TTA TGA 9% 300 mM NaCl_,rfv()e:r\lh;loTns-HcL 0.1% " -
2 GGG GGT CCA > 4 ==

pH=83
DNAI1-
GGGTTGGG/iSp9/ACCTGGGGG- 12
AGTA is-HCl
2 » o
DNA2- pri2
CCCTGCGGAGGAAGGT/iSp9/G- 4
GGTAGGG
3 TCTCTCACCTGGGGGAGTATTGC- 0.0667 20 mM Tris-HCI, 100 mM NaCl, 5 mM 17 [49]
) GGAGGAAGGT-FAM i MgCl,, pH7.4
FAM- 20 mM Tris-HCl buffer,
4. ATTCTCTCACCTGGGGGAGTATT- 0.133 100 mM NaCl 27 This work
GCGGAGGAAGGTAT-Dabceyl 5mM MgCly, pH 7.4
25mM
5 ATACCTGGGGAGTATAGCTGTGT- 05 Tris-HCl, 10 1571
) GACGCAACACTAGCGGAGGAAGGTAT : 120 mM NaCl, 5 mM KCl, :
3 mM MgCly, 0.02% Tween20, pH 7.4
6 GUCGCACGUAGUGG- 15 10 mM Tris-HCl buffer, pH 7.2, 100 mM % 58]
) PyUGUGUGUGUGGUGCGAC . NaCl, 10 mM MgCl, g
7 GUCGCACGPyUAGUGG- 15 10 mM Tris-HCl buffer, pH 7.2, 100 mM 820 58]
) UGUGUGUGUGGUGCGAC . NaCl, 10 mM MgCl, i
FAM-
8. ACCTGGGGGAGTATTGCGGAGG- 0.5 15 mM Tris buffer, pH 8.5 28 [59]
AAGGT Tyo
g; IAMACCTOG GGG AGTATTGOG 20 15 mM Tris buffer, pH 8.5 19 159]

GAG GAA GGT-NH,
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2.5. Determination of ATP in Cell Lysate Matrix Using Standard Addition Procedure

In the next step towards monitoring ATP levels in cancer cells, the applicability of the
proposed biosensing assay was tested in the presence of SW480 cancer cell lysate, diluted
300-fold in buffer solution. The lysate of cancer cells treated with 10 mM 2-deoxyglucose
(2-DG) for 24 h was also used in testing. The concentration of ATP in lysate solutions
was determined using a new method derived from the basic Stern-Volmer Equation (2).
This method enables simultaneous determination of the Ksy quenching constant in the
presence of the lysate matrix and the ATP concentration in the lysate. For this purpose, the
Stern-Volmer equation has been rewritten in the form:

Fo/F =1 + KsyCres + KsyCadded ©)

where Cres is the unknown concentrations of ATP introduced to the sample from lysate,
and C,qded is the concentrations of ATP added in the standard addition procedure. In the
series of solutions analyzed, the term 1 + KgyCres remains constant, so we define it as:

Kres =1 + KgyCres (6)
The new form of the Stern-Volmer equation:
Fo/F = Kres + KsvCadded @)

indicates that the graphs of the Stern-Volmer function Fo/F plotted against the added
quencher concentration C,44eq Will no longer pass through the terminal point 0,1, which
is now replaced with a new critical point 0, Kres. This new characteristic point is critical
since it is dependent on the concentration of the “hidden” quencher (ATP) in the lysate and
enables its determination.

This determination can be performed either graphically, as illustrated in Figure 6, or
by calculation using the formula:

Cres = (Kres — 1)/Ksv ®)

15

1.7 300-fold diluted cell lysate

16

300-fold diluted cell lysate
with 2-DG

14}

15

141

FJF

13 W c=309uM
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Figure 6. (A) The standard addition procedure for detection of ATP concentrations in cell lysate
(n=3) (A) and lysate of cells treated with 10 mM 2-DG for 24 h (n = 2); (B) Conditions: Cogp =133 nM,
Carp [uM]: (1) 0, (2) 125, (3) 250, (4) 375; Aex = 480 nm; solution: SW480 cells lysate 300-fold diluted
in 20 mM Tris-HCl buffer with 100 mM NaCl + 5 mM MgCl,.

The solution from cell lysate (300-fold diluted in buffer solution) was spiked with
an ATP solution to obtain increasing ATP concentrations: 125 uM, 250 uM, and 375 uM.
The experiments were repeated triply for untreated cells and twice for treated cells. It
was found that the obtained relative standard deviation (RSD) for ATP determination was
between 5.87% and 9.88 % for untreated SW480 cell lysate, and between 3.86% and 4.17%
for lysate from cell treated with 2-DG (Table 2). The obtained results indicate that the
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inhibition of glycolysis in SW480 cancer cells by 10 mM 2-deoxyglucose (2-DG) for 24 h
results in lowering of ATP production by 31.7%. Similar results were obtained by Choi and
Lee [60]. The authors have shown ca. 20% ATP depletion in HeLa cells treated with 10 mM
concentration of 2-DG for 24 h. Zhao et al. [61] observed a decrease of ATP synthesis by ca.
25% after treatment of WT 9-7 cells with 5 mM 2-DG for 48 h.

Table 2. The relative standard deviation (RSD) for ATP in 300-fold diluted cell lysates (n = 2-3).

Samples Added, utM RSD (%)
125 5.87
lysate from untreated SW480 250 9.01
cancer cells
375 9.88
125 417
lysate from SW480 cancer cells 250 3.86

treated with 2-DG

375 4.15

This means that the effective control of the excess energy production, necessary for
cancer progression, can be achieved by suppressing the intracellular ATP level, enabling
the inhibition of the tumor growth and metastasis.

In our previous studies, we have utilized an “On-Off” switching DNA aptamer for
transfection of the SW480 cancer cells, using Lipofectamine carriers, for monitoring of ATP
levels in untreated and oligomycin-treated SW480 cells [49]. The images of fluorescence
emission from the aptamer probe in transfected cells were successfully acquired with a
Nikon Eclipse TE300 inverted light microscope with fluorescence filters. Therefore, the
aptasensor developed in the present work has potential for future utilization in imaging
of ATP in cancer cells. It can also aid in the development of new methods of energy
production modulation, enabling the inhibition of cancer growth and metastasis. Hence,
the proposed biosensing assay may enable the development of new anticancer therapies
based on reprogramming the energy production in cancer cells.

3. Materials and Methods
3.1. Chemicals

The novel DNA aptamer beacon probe, designed for recognition of ATP, consisted of a
37-mer oligonucleotide strand and a fluorophore-quencher pair (FAM-Dabcyl) attached to
the ends of the strand with the following sequence: 5'-FAM-ATTCTCTCACCTGGGGGAG-
TATTGCGGAGGAAGGTAT-Dabcyl-3'. It was synthesized by the FUTUREsynthesis Sp.
z 0.0. Poznan, Poland. The purity of this oligonucleotide was tested with HPLC. Adeno-
sine 5'-triphosphate disodium salt hydrate (ATP), guanosine 5'-triphosphate sodium salt
hydrate (GTP), cytidine 5'-triphosphate disodium salt (CTP), uridine 5'-triphosphate
trisodium salt dihydrate (UTP), trizma hydrochloride (Tris-HCl), magnesium chloride
(MgCl,), sodium chloride (NaCl), and 2-deoxyglucose (2-DG) were obtained from Sigma-
Aldrich Chemical Company (St. Louis, MO, USA). All chemicals were of analytical grade
purity. Aqueous solutions were prepared with freshly deionized water with 18.2 MQ) cm
resistivity (Millipore, Poland). All concentrations of added reagents cited in this paper are
final concentrations obtained after mixing, unless otherwise noted.

3.2. Instrumentation

The fluorescence spectra were recorded using Spectrometer model LS55 (Perkin Elmer,
Waltham, MA, USA), with a 20 kW pulsed Xenon light source and a photomultiplier tube
detector. The excitation and emission slit widths were set to 5.0 nm and scan speed to
500 nm/min. The excitation wavelength was set to Aex = 480 nm. The measurements were
performed in 20 mM Tris-HCl buffer + 100 mM NaCl + 5 mM MgCl, solutions with pH 7.4.
During the temperature dependence experiments, the temperature was scanned stepwise
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with a step height of 2 °C, and measurements were performed after 1 min of waiting at
each temperature.

3.3. Cell Culture

The experiments with cancer cells were performed using a SW480 cell line purchased
from ATCC (LGC Standards Sp. z.0.0., Lomianki, Poland). The cells were cultured in
DMEM (Dulbecco’s modified Eagle’s Medium) with added 10% FBS (fetal bovine serum,
Gibco, Rockville, MD, USA) and were maintained in a humidified air atmosphere contain-
ing 5% CO; at 37 °C (Shel Lab Model 2123-TC CO; Incubator Cornelius, OR, USA). Every
3 days, the cells were further subcultured. The cells remaining after the experiments were
handled according to safety protocols.

3.4. Cell Lysate

SW480 cells were detached from the culture dish by 2 mL trypsin-EDTA at 37 °C for
5-10 min and centrifuged twice in PBS solution at 0.9 RPM for 3.5 min to pellet the cells. Then,
1500 pL of a lysis buffer containing dimethyl sulfoxide and ethanol (DMSO:EtOH = 1:1) was
added to the cells’ pellet and centrifuged at 4 °C for 10 min at 14,000 g. The supernatant
obtained was 10 times diluted with Tris-HCl buffer and used as a stock solution of the cell
lysate in the following experiments. Next, 100 uL of cell lysate with final dilution 1:300
was added to the measurement buffer (20 mM Tris-HCI, 100 mM NaCl, 5 mM MgCl,) with
ABP. Then, solutions with different concentrations of ATP (125, 250, and 375 uM ATP, final
concentration) were added and fluorescence measurements, at the excitation wavelength
Aex =480 nm, were performed.

In experiments with glycolysis inhibitors, the SW480 cell line culture was first exposed
to 10 mM 2-DG for 24 h, followed by the cells’ lysis.

3.5. Calculations

The calculations of predominant aptaprobe structures and their melting temperatures
were performed using the University of Albany web server DINAMelt, providing the
program UNAFold ver. 3.9 with a Quikfold application (RNA Institute, University of
Albany, Albany, NY, USA).

The curve fitting to the experimental data points was carried out using the simplex
routine embedded in the Origin graphing software (OriginLab Corp., Northampton, MA,
USA, https://www.originlab.com/).

4, Conclusions

In this work, we have developed a rapid and highly sensitive aptamer beacon probe
for fluorescent detection of ATP in cancer cell lysate. The proposed aptamer beacon probe
is based on the single-stranded oligonucleotide specific to ATP molecules, and is function-
alized with a fluorescent dye (FAM) and a quencher (Dabcyl) at the opposite ends of the
probe strand. The likely interferents, such as molecules with similar chemical structure,
including GTP, CTP, and UTP, have also been investigated. Several experimental param-
eters, including the incubation time of ABP and the effect of experimental temperature
on the biosensing assay performance, were investigated using quenching efficiency (QE)
and Stern-Volmer constants (Ksy). We have found that the best selectivity of the aptamer
beacon probe toward ATP was observed at 40 °C, for which the parameters Ksy = 1093 M1
and QE = 42% were obtained. The proposed biosensing assay enables the detection of ATP
concentration in a 300-fold diluted cells’ lysate, obtained from both the untreated SW480
cancer cells, as well as from cells treated with 2-deoxyglucose (2-DG). We have shown that
the applied treatment with 2-DG glycolysis inhibitor results in lowering of ATP production
by 31.7%. The obtained results indicate that ATP may act as a non-specific cancer biomarker
in a multi-panel platform for cancer diagnostics and screening. We have demonstrated
that the proposed aptamer beacon probe for fluorometric monitoring of ATP level modula-
tion can serve as a powerful tool in future cancer treatments based on controlling energy
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sources in cancer cells and the tumor microenvironment. Since ATP is also formed in many
processes other than the cellular respiration, such as in the beta-oxidation, ketosis, lipid-
and protein-catabolism, as well as under anaerobic conditions [62], further investigations of
slowing down ATP production in cancer cells, which is required for their extensive energy
needs for proliferation and metastasis, are warranted.
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