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Wykaz stosowanych skrotow

BALF — ptyn z plukania oskrzelowo-pg¢cherzykowego (ang. Bronchoalveolar Lavage Fluid)
pobrany odpowiednio z ptuca objetego zmiang chorobowa/nowotworem (CBALF) oraz z ptuca

nieobjetego zmiang chorobowa (0BALF)

Cryo-TEM - kriogeniczna transmisyjna mikroskopia elektronowa (ang. Cryogenic

transmission electron microscopy)
EVs — pecherzyki zewnatrzkomorkowe (ang. Extracellular Vesicles)

f-NTA — fluorescencyjna analiza $ledzenia nanoczastek (ang. Fluorescence Nanoparticle

Tracking Analysis)
NDRP — niedrobnokomorkowy rak ptuc (ang. non-small cell lung cancer, NSCLC)
nFC — cytometria przeptywowa w nanoskali (ang. Nanoscale Flow Cytometry)

SEC - chromatografia wykluczenia (ang. Size Exclusion Chromatography, SEC)



Streszczenie

Wyzwania zwigzane z charakteryzacja metodami fluorescencyjnymi pecherzykow
zewnatrzkomorkowych do zastosowan klinicznych na przykladzie plynu z plukania
oskrzelowo-pecherzykowego i osocza pacjentéw z podejrzeniem niedrobnokomorkowego

raka phuc.

Ostatnie badania pokazuja, ze mate pecherzyki zewnatrzkomorkowe (ang. Extracellular
Vesicles, EVs) wydzielane przez wszystkie typy komorek, Sa zaangazowane w komunikacje
miedzykomoérkowa poprzez przenoszenie biatek, lipidow 1 materiatu genetycznego miedzy
komorkami oraz ze odzwierciedlajg stan fizjologiczny komoérek parentalnych. EVS wystepuja
we wszystkich typach ptynow biologicznych, przez co mozna je pobraé¢ od pacjentow w sposob
maloinwazyjny W postaci tzw. ,,ptynnej biopsji" jako zroédto biomarkerow diagnostycznych czy

prognostycznych réznych chorob.

Jednakze, z uwagi na swoja heterogenno$¢ oraz mate rozmiary, wykorzystanie EVs jako
biomarkeréw nastrecza wielu problemow technicznych. Wigkszo$¢ metod charakteryzacji
stosowanych w przypadku komorek nie moze zosta¢ uzyta w przypadku EVs. W ostatnich
latach powstato kilka nowych metod, dedykowanych analizie wielkosci, stezenia
I molekularnego sktadu EVS. Szczegoélnie przydatne wydaja si¢ by¢ metody fluorescencyijne,
takie jak fluorescencyjna analiza $ledzenia nanoczgstek (ang. Fluorescence Nanoparticle
Tracking Analysis, f-NTA) oraz cytometria przeptywowa w nanoskali (ang. Nanoscale Flow
Cytometry, nFC). Pozwalaja one na odréznienie EVs od tta i czynnikow zaktocajacych typu
lipoproteiny 1 korona biatkowa, szczegdlnie czeste przy izolacji EVs z plynéw biologicznych.
Weigz jednak metody te wymagajg optymalizacji oraz walidacji by mozna byto je wykorzystaé
do dokfadnej i rzetelnej analizy EVs, ktora jest podstawa rozwoju przysziosciowych

zastosowan EVs jako biomarkerow w praktyce klinicznej.

W niniejszej pracy podj¢to probe optymalizacji 1 walidacji analizy iloSciowej oraz fenotypowej
EVs izolowanych z plyndéw biologicznych - osocza oraz ptynu z plukania oskrzelowo-
pecherzykowego (ang. Bronchoalveolar Lavage Fluid, BALF), z uzyciem metody f-NTA —
jednej z najnowszych metod charakteryzacji pecherzykow zewnatrzkomorkowych. Te badania
oryginalne zostaly opublikowane jako Publikacja nr. 1 przedstawionego cyklu. Celem badan
bytlo opracowanie protokotu izolacji EVs zwymienionych plynéw biologicznych oraz
protokotu barwienia fluorescencyjnego do dokladnej analizy stezenia oraz skladu

molekularnego (obecnos¢ tetraspanin) EVs metodg f-NTA pod katem przysztych zastosowan



EVs jako biomarkerow diagnostycznych i/lub prognostycznych. Jako przyktad schorzenia
0 duzym znaczeniu klinicznym wybrano niedrobnokomorkowy rak ptuc (NDRP) — po pierwsze
z uwagi na istniejgce juz doniesienia o mozliwej roli EVs jako biomarkeréow dla tego typu
nowotworu, po drugie z uwagi na mozliwos¢ pozyskania od pacjentéw z podejrzeniem NDRP

wspomnianych dwoch typoéw ptynu biologicznego, osocza i BALF.

Opracowano i zoptymalizowano metode izolacji EVs z BALF oraz warunki barwienia
fluorescencyjnego barwnikiem lipidowym oraz przeciwcialami specyficznymi dla wybranych
tetraspanin jako biomarkerow matych EVs pod katem pozniejszej analizy f-NTA. Porownujgc
pomiary wszystkich czastek w §wietle widzialnym NTA z pomiarami EVs po barwieniach
fluorescencyjnych dowiedziono, ze znakowanie fluorescencyjne dla specyficznych markeréw
pecherzykow, takich jak tetraspaniny, jest niezbedne do identyfikacji ,,prawdziwych” EVs
izolowanych z zanieczyszczonych, heterogenicznych prébek biologicznych oraz
do precyzyjnej i wiarygodnej analizy ilosciowej i molekularnej EVs. Wykazano przy tym silny
wplyw zanieczyszczen takich jak lipoproteiny na barwienia fluorescencyjne i nastepujaca
analize f-NTA EVs. Ponadto waznym rezultatem pracy byla pierwsza tak kompleksowa
charakteryzacja ilosciowa i jakosciowa EVs pochodzacych z BALF tak obszernej grupy
pacjentow z NDRP (34 pacjentow) przy uzyciu klasycznych metod charakteryzacji EV jak
i nowatorskiej metody f-NTA. Wykazano, ze EVs pochodzace z osocza r6znig si¢ wielkoscia,
stezeniem i profilem tetraspanin od tych obecnych w BALF. Co ciekawe, wbrew oczekiwaniom
nie stwierdzono roznic dotyczacej wielkosci, stezenia i fenotypu EVs pochodzacych z pluca
chorego (objetego zmiang nowotworowq) oraz z ptuca zdrowego. W obrebie badanej grupy
34 pacjentéw na tym etapie badan nie stwierdzono korelacji miedzy mierzonymi parametrami

EVs a dostgpnymi danymi klinicznymi.

Podsumowujac, pokazano, ze znakowanie fluorescencyjne EVs dla okreslonych markerow
pecherzykow w potaczeniu z analiza NTA w trybie rozproszenia i fluorescencji umozliwia
precyzyjne okreslenie stezenia, rozmiaru, dystrybucji i fenotypu powierzchni ,,prawdziwych”
EV izolowanych z heterogenicznych ptynéw biologicznych. Przeprowadzona analiza f-NTA
EVs pochodzacych z BALF w porownaniu z EVS pochodzacymi z osocza ujawnita, ze metoda
ta jest odpowiednia tylko dla stosunkowo czystych probek EVs izolowanych z BALF lub
Z nadsaczu z hodowli komoérkowych. W przypadku preparatow EVs z osocza lub surowicy,
0 bardzo niskich poziomach EVs w stosunku do zanieczyszczajacych lipoprotein, konieczne
jest wpierw usunigcie tych zanieczyszczen, przed barwieniem fluorescencyjnym 1 analizg

f-NTA. Zagadnienia zwigzane z optymalizacja i weryfikacja fluorescencyjnych metod analizy
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pecherzykéw  zewnatrzkomorkowych do przysztych zastosowan klinicznych wraz
Z kompleksowym przegladem aktualnie dostepnego piSmiennictwa na ten temat zostaly
przedstawione w Publikacji nr. 2 cyklu, ktora stanowi czg$¢ pogladowa niniejszej pracy
doktorskiej.

Szczegdtowe poznanie profilu EVS z BALF na bazie przedstawionego w pracy protokotu
analizy f-NTA pozwoli na identyfikacje potencjalnych markerow diagnostycznych
I prognostycznych i moze przyczyni¢ si¢ do stworzenia bardziej spersonalizowanych,

skuteczniejszych terapii przeciwnowotworowych.
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Abstract

Challenges in characterization of extracellular vesicles by fluorescence-based methods for
clinical applications using bronchoalveolar lavage fluid and plasma from patients with

suspected non-small cell lung cancer as examples.

Recent studies show that small Extracellular Vesicles (EVs), secreted by all cell types, are
involved in intercellular communication by transferring proteins, lipids and genetic material
between cells and reflect the physiological state of the parent cells. EVs are found in all types
of biological fluids and can therefore be collected from patients in a minimally invasive manner
as a so-called "liquid biopsy" as a source of diagnostic or prognostic biomarkers for various

diseases.

However, due to their heterogeneity and small size, the use of EVs as biomarkers poses many
technical problems. Most characterization methods used for cells cannot be applied to EVs.
In recent years, several new methods have been developed to analyze the size, concentration
and molecular composition of EVs. Fluorescence-based methods, such as fluorescent
nanoparticle tracking analysis (f-NTA) and nanoscale flow cytometry (nFC) appear to be
particularly useful. They make it possible to distinguish EVs from background and interfering
factors such as lipoproteins and the protein corona, which are particularly common when EVs
are isolated from biological fluids. However, these methods need to be optimized and validated
to be used for accurate and reliable analysis of EVs, which is the basis for developing future

applications of EVs as biomarkers in clinical practice.

In the present study, we attempted to optimize and validate the quantitative and phenotypic
analysis of EVs isolated from biological fluids (plasma and bronchoalveolar lavage fluid,
BALF) using the -NTA method, one of the latest cutting-edge methods for characterizing
extracellular vesicles. This original research was published as Publication No.1 of the presented
series. The purpose of this research was to develop a protocol for the isolation of EVs from
biological fluids and a fluorescent staining protocol for the accurate analysis of the
concentration and molecular composition (presence of tetraspanins) of EVs by the f-NTA
method, in terms of future applications of EVs as diagnostic and/or prognostic biomarkers,
Non-small cell lung cancer (NSCLC) was chosen as an example of a disease of high clinical

relevance, firstly because of existing reports on the possible role of EVs as biomarkers for this
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type of cancer, and secondly because of the possibility of obtaining of the previously mentioned

two types of biological fluids, plasma and BALF, from patients with suspected NSCLC.

A method for isolation of EVs from BALF and conditions for fluorescent staining with a lipid
dye and antibodies specific for selected tetraspanins as biomarkers of small EVs were
developed and optimized for subsequent f-NTA analysis. By comparing measurements of all
particles visible under scatter light NTA with measurements of EVs after fluorescent staining,
it was demonstrated that fluorescent labeling for specific vesicle markers such as tetraspanins
is essential for the identification of "true” EVs isolated from contaminated heterogeneous
biological samples and for precise and reliable quantitative and molecular analysis of EVs. The
strong influence of contaminants such as lipoproteins on fluorescent staining and subsequent
f -NTA analysis of EVs was demonstrated. In addition, an important result of the work was
a first such comprehensive quantitative and qualitative characterization of BALF-derived EVs
from such a large group of NSCLC patients (34 patients) using classical EV characterization
methods as well as the novel f-NTA method. Plasma-derived EVs were shown to differ in size,
concentration and tetraspanin profile from those present in BALF. Interestingly, contrary to
expectations, no differences in size, concentration and phenotype were found between EVs
derived from the diseased lung (affected by the cancer lesion) and the healthy lung. Within the
study group of 34 patients at this stage of the study, no correlation was found between the

measured EV parameters and available clinical data.

In conclusion, fluorescent immunolabeling of EVs for specific vesicle markers in combination
with NTA analysis in scatter and fluorescence modes allows precise determination of the
concentration, size, distribution and surface phenotype of "true" EVs isolated from
heterogeneous biological fluids. An f-NTA analysis of BALF-derived EVs compared to
plasma-derived EVs showed that this method is only suitable for relatively pure EV samples
isolated from BALF or cell culture filtrate. For plasma- or serum-derived EV preparations with
very low levels of EVs relative to contaminating lipoproteins, it is necessary to first remove
these contaminants prior to fluorescent staining and f-NTA analysis. Issues related to the
optimization and validation of fluorescence-based methods for the analysis of extracellular
vesicles for future clinical applications, together with a comprehensive review of the currently
available literature on the subject, are presented in Publication No. 2 of the series, as the review

part of this dissertation.
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A detailed understanding of the profile of EVs from bronchoalveolar lavage fluid (BALF)
on the basis on the f-NTA analysis protocol presented in this work will allow the identification
of potential diagnostic and prognostic markers and may contribute to the development of more
personalized, more effective cancer therapies.
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Wstep

Pecherzyki zewnatrzkomorkowe jako nosniki informacji

W ostatnich latach wiele uwagi poswiecono badaniom nad nos$nikami informacji miedzy
komorkami, jakimi sg uwalniane z komoérek mate pecherzyki zewnatrzkomorkowe (ang.
Extracelular Vesicles, EVs) wielkosci 30-300 nm (1). W hodowlach in vitro zaobserwowano
wytwarzanie EVs przez wigkszo$¢ typow komorek. In vivo wykazano ich obecno$¢ we krwi,
w plynie z ptukania oskrzelowo-pecherzykowe (ang. Bronchoalveolar Lavage Fluid, BALF),
w plynie stawowym, w moczu, w S$linie, w plynie mozgowo-rdzeniowym, w wodach
ptodowych oraz w mleku (2). W sktad pecherzykoéw wchodzg miedzy innymi mRNA, miRNA,
biatka i lipidy z komorki, z ktérej pochodza. EVS s3 wytwarzane zaréwno przez komorki
prawidlowe, jak i patologiczne (3). EVs pochodzenia nowotworowego uczestniczg w procesie
regulacji mikrosrodowiska guza, poprzez transfer bialek i materialu genetycznego migdzy
komoérkami. Co ciekawe, w stanach patologicznych ich liczba rosnie, a wiec zwigkszone
stezeniec EVs w krwi czy innych ptynach biologicznych moze by¢ wczesnym markerem
diagnostycznym dla nowotworu w ramach w tzw. ptynnej biopsji (4-6).

Postepy w Diagnostyce i Leczeniu Raka Pluc

Rak ptuc jest agresywnym nowotworem ztosliwym o bardzo niekorzystnym rokowaniu
Z duzym odsetkiem zgondéw. Kazdego roku 1.8 miliona ludzi na $§wiecie jest diagnozowanych,
a 1.6 miliona ludzi umiera z powodu tej choroby. Pigcioletnie przezycie wacha si¢ mi¢dzy
4 a17% (7). Najczestsze postacie raka ptuc to niedrobnokomorkowy rak ptuca (NDRP) oraz
drobnokomorkowy rak pluca (DRP), wystepujace odpowiednio w ok. 80 1 ok. 20%
przypadkow. Z kolei najczestsze typy NDRP to rak gruczotowy i rak ptaskonabtonkowy (8).
Z uwagi na dlugotrwaly rozwoj bez widocznych objawow, choroba ta jest czgsto rozpoznawana
dopiero w zaawansowanym stadium, kiedy niemozliwe jest juz leczenie chirurgiczne. \WWczesne
biomarkery diagnostyczne mogtyby znacznie poprawi¢ wykrywalnos$¢ tego nowotworu
i umozliwi¢ wdrozenie wczesnego leczenia, kiedy rokowania sa duzo korzystniejsze.
W licznych pracach wykazano, ze dla wielu typéw nowotworow, w tym tez dla NDRP, takimi
wczesnymi potencjalnymi markerami mogag by¢ EVs (9, 10). Z uwagi na to, ze komorki
nowotworowe wydzielaja znacznie wigcej EVs w poréwnaniu do komorek zdrowych, pacjenci
z réznymi nowotworami charakteryzuja si¢ zwickszonym stezeniem EVs pochodzenia
nowotworowego w roznych ptynach biologicznych, jak np. krew obwodowa, ktére mozna

analizowa¢ w malo inwazyjny sposob. W przypadku pacjentéw z podejrzeniem NDRP sg oni
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kierowani na bronchoskopi¢ diagnostyczng. Podczas tej procedury moze zosta¢ im dodatkowo
wykonane ptukanie oskrzelowo-pecherzykowe i pobrany BALF, w ktorym EVs, ze wzgledu
na blisko$¢ guza, moga pojawiac si¢ na wezesniejszym etapie choroby i w wyzszym stezeniu
niz w krwi obwodowej, a takze moga one lepiej odwzorowywac¢ sktad mikrosrodowiska
nowotworu. Spodziewano si¢ wigc, ze EVs pochodzace z osocza, a tym bardziej z BALF, moga

by¢ dobrym kandydatem na wczesny marker diagnostyczny dla NDRP.

Do niedawna jedynym stosowanym rozwigzaniem stosowanym w terapii NDRP byly
chemioterapia i radioterapia (7, 11). Dzigki zglebianiu biologii nowotworéw i rozwoju
nowoczesnych technik badawczych, coraz lepiej rozumiane sg przyczyny oraz mechanizmy
rozwoju chorob nowotworowych, a dzigki temu mozna projektowac coraz bardziej dopasowane
i skuteczniejsze terapie. Postep ten umozliwia tworzenie leczenia spersonalizowanego (terapie
biologiczne/terapie celowane) (12, 13). Przyktadem terapii celowanych sa leki bedace
inhibitorami receptora naskorkowego czynnika wzrostu (ang. EGFR), takie jak Osimertinib
oraz zastosowanie Lorlatinibu, ktory jest inhibitorem kinazy chioniaka anaplastycznego (ang.
ALK) (13). Leki te hamuja rozwdj choroby nowotworowej, mozna je stosowa¢ w domu
W postaci tabletek 1 maja mniej skutkow ubocznych niz chemioterapia czy radioterapia.
Niestety tego typu terapie sprawdzaja si¢ tylko u niewielkim odsetku pacjentow, u ktorych
stwierdzono okre§lone mutacje genetyczne. Co wigcej, pomimo poczatkowej poprawy,

Z czasem u tych pacjentow wytwarza si¢ lekoopornosc¢ i nastepuje dalsza progresja choroby.

W ostatnim czasie w leczeniu NDRP zaczeta by¢ stosowana immunoterapia - nowe
podejécie terapeutyczne wykorzystujace inhibitory punktow kontrolnych (np. szlak
PD -1/PD-L1), ktore wzmacniajg naturalng reakcj¢ immunologiczng do walki z nowotworem
(14). Przyktadami lekoéw tego typu sa Pembrolizumab i Durvalumab (15, 16). Niestety
skuteczno$¢ immunoterapii u poszczegoélnych pacjentow jest bardzo zrdéznicowana
I prawdopodobnie silnie zalezy od stopnia supresji uktadu odpornosciowego, szczegdlnie
W mikrosrodowisku nowotworu. Dodatkowo, stosowanie tego typu terapii czgsto wigze si¢
z zwigkszonym ryzykiem silnie toksycznego dziatania (17). Terapi¢ te nalezy dobiera¢ pod
katem statusu immunologicznego danego pacjenta. Poznanie sktadu molekularnego EVs, ktore
sa odzwierciedleniem wydzielajacych je komorek, takze komoérek immunologicznych, moze
pozwoli¢ na okreSlenie stopnia immunosupresji u danego pacjenta i zadecydowac,
czy immunoterapia bedzie u niego skuteczna. Zbadanie i monitorowanie profilu EVs
u konkretnych pacjentow w trakcie terapii moze wigc dostarczy¢ informacji 0 odpowiedzi na

leczenie i pozwoli¢ na ewentualne modyfikacje terapii (18-23). Stad tez szczegoétowe poznanie
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liczby i profilu EVs z BALF, aw szczegolnosci EVs pochodzenia nowotworowego, moze
przyczyni¢ si¢ do stworzenia bardziej spersonalizowanych, skuteczniejszych terapii

przeciwnowotworowych w NDRP.

Charakteryzacja EVs z wykorzystaniem metod fluorescencyjnych

Aby moc wykorzystywac obecne w ptynach biologicznych pacjentéw EVs jako biomarkery
diagnostyczne lub prognostyczne, konieczne jest opracowanie wiarygodnych i powtarzalnych
protokotéw ich izolacji 1 analizy ilosciowej 1 jakosciowej. Ze wzgledu na maty rozmiar 1 duzg
heterogenno$¢ pecherzykéw obecnych w plynach biologicznych, a takze na trudnoSci
w uniknigciu zanieczyszczen W postaci agregatow biatek, lipoprotein czy biatkowej korony
podczas izolacji EVs z plynéw biologicznych, konieczne jest odpowiednie opracowanie

i walidacja metod izolacji oraz charakteryzacji EVs.

Przed przeprowadzeniem procesu analizy EVs, w wigkszosci wypadkéw nalezy
przeprowadzi¢ proces separacji pecherzykow od innych sktadnikéw znajdujacych sig
w ptynach biologicznych. Metody stosowane rutynowo do izolacji EVs z hodowli
komorkowych w przypadku pltynéw biologicznych muszg zosta¢ zoptymalizowane
indywidualnie do kazdego ptynu biologicznego, z uwagi na jego unikalny sktad i wlasciwosci,
w tym obecno$¢ sktadnikéw zakidcajacych pomiar oraz zrdéznicowany rozmiar oraz profil

biatkowy EVs. W zalezno$ci od typu pltynu biologicznego, stosuje si¢ rozne metody izolacji.

W przypadku osocza najczesciej stosowang metodg jest chromatografia wykluczenia (ang.
Size Exclusion Chromatography, SEC) (24), ktora pozwala frakcjonowaé czastki ze wzgledu
na ich wielkos¢. Istotne jest, ze liczba lipoprotein w osoczu o jest o kilka rzedow wielkos$ci
wigksza niz liczba EVs, a lipoproteiny mogg by¢ wspotizolowane z EVs podczas procesu
separacji, co prowadzi do potencjalnego zanieczyszczenia lub zaktdcenia procesu barwienia
EVs. SEC pozwala na oddzielenie lipoprotein o $redniej i maltej gestosci (IDL i LDL) oraz
lipoprotein o duzej gestosci (HDL) ze wzgledu na ich réznicg w wielkos$ci, ale nie usuwa
lipoprotein o bardzo matej gestosci (VLDL) i chylomikronow (25-28). Niezaleznie od metody
izolacji, udowodniono ze w przypadku probek osocza zaleca si¢ pobieranie probek krwi
naczczo w celu zmniejszenia zanieczyszczenia lipoproteinami (29). W przypadku analizy
$ledzenia nanoczastek (NTA), w jej konwencjonalnej wersji z pomiarem w $wietle widzialnym
(tzw. ang. ‘scatter mode”) nie mozna odr6zni¢ EVs od lipoprotein a takze od agregatow biatek
czy innych zanieczyszczen o podobnej wielkosci. Przedstawiona ponizej Publikacja nr. 1 jest

jedna z pierwszych prac potwierdzajacych te teze i pokazujaca roznice w pomiarach EVs

16



z uzyciem NTA z udziatem §wiatla rozproszonego oraz z uzyciem zmodyfikowanej wersji NTA
w trybie fluorescencji (ang. Fluorescence Nanoparticle Tracking Analysis, f-NTA),
Dodatkowo, ostatnio zauwazono, ze znakowanie samymi barwnikami lipofilowymi
nie pozwala odrozni¢ EVS od lipoprotein oraz, ze lipoproteiny wptywaja na dokladnosé

i specyficzno$¢ znakowania (26), co tez zweryfikowano w przedstawionej pracy.

BALF ma zupetnie inny sktad i dostepna klinicznie objetos¢ w stosunku do osocza, dlatego
wymaga innego podejscia w przypadku izolacji EVs. Plyn ten charakteryzuje si¢ wysoka
lepkoscia, utrudniajacg stosowanie metody SEC, dodatkowo BALF nie zawiera lipoprotein, czy
wysokiego stgzenia bialek, ktore zaklocatyby pozniejszy pomiar. W czasie opracowywania
metody nie byto dostepnej metody SEC dla duzych objetosci ptynu, a proby zagegszczenia go
nie powiodly si¢ ze wzgledu na jego wysoka lepkos¢é. Z uwagi na doniesienia literaturowe

zdecydowano si¢ wige w tym przypadku zastosowac ultrawirowanie (UC) do izolacji EVs (30).

Bezposredni pomiar matych EVs za pomoca konwencjonalnej cytometrii przeptywowe;j jest
niemozliwy, poniewaz ich rozmiar jest ponizej granicy wykrywalno$ci instrumentow (31-33).
Co wiecej, ich maly rozmiar ma rowniez pewne implikacje na sposob znakowania
fluorescencyjnego EVS oraz wymusza czegsto inne procesy barwienia i plukania niz

w przypadku komorek.

Aby sprosta¢ tym wyzwaniom, opracowano kilka bardzo czutych metod, ktore sa w stanie
bezposrednio mierzy¢ EV znakowane fluorescencyjnie. Najczesciej stosowanymi metodami sg
f-NTA i cytometria przeptywowa w nanoskali (ang. Nanoscale Flow Cytometry, nFC).
Dodatkowo, niedawno pojawity si¢ inne metody, ktdore moga by¢ stosowane w ograniczonym
zakresie do charakteryzacji EV, takie jak te oparte na tzw. bezposredniej stochastycznej
rekonstrukcji optycznej (dSTORM) lub tzw. jednoczasteczkowym interferometrycznym
sensorze obrazowania odbiciowego (ang. Single-Particle Interferometric Reflectance Imaging

Sensor, SP-IRIS) potaczonym z mikroskopig fluorescencyjna.

Dodatkowo, z uwagi na mate rozmiary EVs, czgsto pokrywajace si¢ wielkoscia
Z czynnikami zaklocajacymi zawartymi w probcee, takimi jak lipoproteiny oraz sktadniki tta
(agregaty bialek, krysztaly soli), konieczne jest przeprowadzenie réznych pomiaréw
kontrolnych (zbadanie samego tta, buforu, liza probki w celu sprawdzenia specyficznosci
sygnatu, itd.), aby prawidlowo zweryfikowa¢ wyniki. W przeciwienstwie do standardowego
NTA, ktore mierzy liczbe wszystkich czastek obecnych w roztworze, metody fluorescencyjnej

analizy EVs pozwalaja na odroznienie EVs od zanieczyszczen oraz tha probki.
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Zalozenia i cel pracy

Dotychczasowe badania sugeruja, ze profil EVs w ptynach biologicznych moze zostaé
wykorzystany do wczesnego wykrywania nowotworéw oraz pdzniejszego monitorowania

immunologicznego oraz kontroli postgpow w terapii w przypadku NDRP (9, 10, 18).
Praca ta ma na celu:

e Opracowanie metody izolacji EVs z BALF.

e Pordwnanie ilosciowe 1 jakosciowe profilu EVs z krwi 1 BALF.

e Por6éwnanie cBALF z oBALF - czy nowotwor wplywa na cate ptuca, czy sg to odregbne
srodowiska?

e Okreslenie czy ilo§¢ EVs w krwi i/lub BALF moze by¢ markerem diagnostycznym?

e Przeglad dostepnych metod analizy EVs z wykorzystaniem technik fluorescencyjnych.

e Przedstawienie zalet i wad poszczegdlnych metod fluorescencyjnych.

e Przedstawienie réznic migdzy barwieniem komorek, a EVS.

e Okreslenie wptywu metody izolacji oraz zanieczyszczen na uzyskane wyniki.

Niniejsza rozprawa obejmuje cykl dwoch publikacji. W Publikacji nr. 1 przedstawiono
dostgpne metody izolacji EVs z ptynow biologicznych oraz szczegdlowo uzasadniono wybor
metod izolacji EVs w przypadku krwi obwodowej i BALF 34 pacjentow z podejrzeniem NDRP.
Nastepnie przeprowadzono szczegoétowa charakteryzacje EVs wyizolowanych z BALF oraz
krwi obwodowej za pomoca metod Western Blot, Cryo-TEM oraz cytometrii opartej
na kulkach magnetycznych, zgodnie z wytycznymi Mig¢dzynarodowego Towarzystwa
Pecherzykow Zewngtrzkomorkowych (34). Ponadto przeprowadzono pomiar st¢zenia,
wielkosci, a takze charakteryzacj¢ pecherzykow z wykorzystaniem barwienia membranowego
oraz za pomoca przeciwcial na specyficzne biatka egosomalne (CD63, CD9, CD81) nowatorska
metodg f-NTA. Poréwnano wyniki dla pluca objetego zmianami chorobowymi, pluca
zdrowego oraz osocza. Przeprowadzono takze eksperymenty kontrolne, tj. analiz¢ f-NTA
probek EVs po lizie, po usuwaniu lipoprotein oraz po usunigeciu subpopulacji EVs
zawierajacych tetraspaniny. Dokonano takze proby korelacji wynikéw z danymi klinicznymi
pacjentow. Przeprowadzone badania pozwolity na zaobserwowanie kluczowych parametrow

majacych wptyw na dane uzyskane w wyniku analizy EVs z uzyciem metod fluorescencyjnych
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1 pozwolity na pdzniejsze przygotowanie pracy przegladowej omawiajace] wszystkie

te parametry.

W Publikacji nr. 2 szczegbétowo omdéwiono metodyke jakg powinno si¢ zastosowaé przy
analizie EVs za pomoca metod fluorescencyjnych, aby uzyska¢ jak najbardziej rzetelne
informacje o wlasciwosciach EVs do pdzniejszego zastosowania EVs jako biomarkerow
w aplikacjach klinicznych. Przesledzono istnicjgce metody fluorescencyjne pozwalajgce
na okreslenie wielkosci i stezenia EVS oraz na charakteryzacj¢ ich sktadu. Szczegdtowo
omowiono czynniki jakie nalezy wzig¢ pod uwage planujac analize EVs, tak aby wyniki
oddawaty miarodajne informacje na temat wielkosci, stezenia oraz sktadu i funkcjonalnosci
EVs. Uwzglednienie przedstawionych czynnikow przy fluorescencyjnej analizie EVs, pozwoli
w dhuzszej perspektywie, na prowadzenie lepszej jakosci badan naukowych oraz uzyskanie
bardziej zweryfikowanych informacji, ktére mozna zastosowa¢ do medycznych aplikacji,

w tym do ptynnej biopsji w NDRP.

19



Kopie opublikowanych prac
1. Dlugolecka M, Szymanski J, Zareba L, Homoncik Z, Domagala-Kulawik J, Polubiec-

Kownacka M, et al. Characterization of Extracellular Vesicles from Bronchoalveolar Lavage
Fluid and Plasma of Patients with Lung Lesions Using Fluorescence Nanoparticle Tracking
Analysis. Cells. 2021;10(12).

20



Article

Characterization of Extracellular Vesicles from Bronchoalveolar
Lavage Fluid and Plasma of Patients with Lung Lesions Using
Fluorescence Nanoparticle Tracking Analysis

Magdalena Dlugolecka (7, Jacek Szymanski 23, Lukasz Zareba 3(*, Zuzanna Homoncik 3,

Joanna Domagala-Kulawik 4(7, Malgorzata Polubiec-Kownacka ° and Malgorzata Czystowska-Kuzmicz

check for

updates
Citation: Dlugolecka, M.; Szymanski,
J.; Zareba, L.; Homoncik, Z.;
Domagala-Kulawik, J.;
Polubiec-Kownacka, M.;
Czystowska-Kuzmicz, M.
Characterization of Extracellular
Vesicles from Bronchoalveolar Lavage
Fluid and Plasma of Patients with
Lung Lesions Using Fluorescence
Nanoparticle Tracking Analysis. Cells
2021, 10, 3473. https://doi.org/

Academic Editor: Lucas Treps

Received: 18 October 2021
Accepted: 7 December 2021
Published: 9 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,%

Chair and Department of Biochemistry, Doctoral School, Medical University of Warsaw, Banacha 1,
02-097 Warsaw, Poland; magdalena.dlugolecka@wum.edu.pl

Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3, 00-664 Warsaw, Poland;
j-szymanskil997@gmail.com

Chair and Department of Biochemistry, Medical University of Warsaw, Banacha 1, 02-097 Warsaw, Poland;
lukaszzareba0l@gmail.com (L.Z.); homoncik.zuzanna@gmail.com (Z.H.)

Department of Internal Medicine, Pulmonary Diseases and Allergy, Medical University of Warsaw,
Banacha 1a, 02-097 Warsaw, Poland; jdomagala@wum.edu.pl

Department of Surgery, Institute of Tuberculosis and Lung Diseases, Plocka 26, 01-138 Warsaw, Poland;
m.polubiec@igichp.edu.pl

*  Correspondence: mczystowska@wum.edu.pl

Abstract: The current lack of reliable methods for quantifying extracellular vesicles (EVs) isolated
from complex biofluids significantly hinders translational applications in EV research. The re-
cently developed fluorescence nanoparticle tracking analysis (FL-NTA) allows for the detection
of EV-associated proteins, enabling EV content determination. In this study, we present the first
comprehensive phenotyping of bronchopulmonary lavage fluid (BALF)-derived EVs from non-small
cell lung cancer (NSCLC) patients using classical EV-characterization methods as well as the FL-
NTA method. We found that EV immunolabeling for the specific EV marker combined with the
use of the fluorescent mode NTA analysis can provide the concentration, size, distribution, and
surface phenotype of EVs in a heterogeneous solution. However, by performing FL-NTA analysis of
BALF-derived EVs in comparison to plasma-derived EVs, we reveal the limitations of this method,
which is suitable only for relatively pure EV isolates. For more complex fluids such as plasma, this
method appears to not be sensitive enough and the measurements can be compromised. Our parallel
presentation of NTA-based phenotyping of plasma and BALF EVs emphasizes the great impact of
sample composition and purity on FL-NTA analysis that has to be taken into account in the further
development of FL-NTA toward the detection of EV-associated cancer biomarkers.

Keywords: fluorescence nanoparticle tracking analysis; extracellular vesicles; bronchoalveolar lavage
fluid; plasma; non-small-cell lung cancer

1. Introduction

In recent years, a lot of attention has been given to studies of extracellular vesicles
(EVs) as a potential diagnostic and prognostic biomarker for many diseases including
cancer. Since tumor-derived EVs can be found in large numbers in the biological fluids of
cancer patients and their molecular cargo represents the tumor genotype and phenotype,
they have undergone extensive research as a new variant of a liquid biopsy in cancer
treatment [1].

In the case of non-small cell lung cancer (NSCLC), the bronchopulmonary lavage
fluid (BALF) seems to be a good source of EVs from the tumor microenvironment [2].
BALF is currently extensively studied as a source of lung cancer-specific genetic or protein
biomarkers [3]. Some reports suggest that BALF-derived biomarkers might be superior to
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serum biomarkers because they appear earlier during the cancer progression and at the
higher concentrations [4]. The same can be true for BALF-derived EVs. Because of tumor
proximity, EVs released by tumor cells may appear in BALF in the earlier disease stage and
the higher concentration than in peripheral blood and reflect the tumor microenvironment
more accurately. Therefore, a thorough study on the composition and function of BALF-EVs,
representing EVs from the tumor microenvironment in NSCLC patients, can contribute to
the development of biomarkers for patient therapy.

To develop clinically-viable EV-based diagnostic or prognostic screening assays, ac-
curate and reproducible methods to evaluate the total concentration, size distribution,
and single-particle phenotyping of EVs are urgently needed. Precise analysis of particles
as small as EVs presents many technical challenges. In 1903, Prof. Richard Zsigmondy
introduced the “Ultramicroscope”, which uses scattering light to visualize nanosized par-
ticles [5]. Thanks to this invention, many years later, dynamic light scattering (DLS) was
developed [6]. It allowed for the calculation of the average size of nanosized particles
but was unable to track individual particles simultaneously [7]. Within the last decade,
nanoparticle tracking analysis (NTA) has emerged as the state-of-the-art method for the
size and concentration characterization of exosomes and extracellular vesicles, overcoming
the downfalls of the DLS method [7,8]. Particles are visualized by laser light, and the
scattered light is recorded by a sensitive camera (CMOS/CCD) placed under the 90° angle
to the irradiated plane [9]. This angle allows for the detection and tracking of the Brownian
motion of particles sized from 10 to 1000 nm. Particles are detected, and their path is
recorded. Using the Einstein-Stokes equation, the hydrodynamic diameter (size) of each
particle present in the device’s cell unit is calculated [8,10]. Single NTA-based measure-
ments in scatter mode allow for the quantification and size determination of nanosized
particles, usually in the range of 40-1000 nm. However, they are unable to distinguish
between EVs and other particles within their size range including protein aggregates, cell
debris components, and lipoproteins [10]. Unfortunately, none of the currently available
EV separation methods from biological fluids such as BALF or plasma is able to fully
purify EVs from these contaminations. Therefore, the NTA-based scatter signal can only
provide an estimation of the total particle number of EV-enriched fractions obtained from
biological fluids. Recently, more advanced NTA instruments allowing for fluorescence
detection have been developed. The number of membranous particles that likely represent
EVs after staining with fluorescent lipophilic dyes or the number of specific exosomes or
EV populations after fluorescent antibody staining for specific markers can be estimated in
fluorescence mode [11].

Here, we have undertaken one of the first attempts at a comprehensive phenotypical
characterization of BALF-EVs in comparison to plasma EVs. First, we characterized both EV
types using established analytical methods such as western blotting, cryo-TEM, and bead-
assisted flow cytometry, following the MISEV 2018 recommendations and standards [12].
Next, we performed NTA measurements in both scatter mode and fluorescence mode
using the ZetaView device (Particle Metrix, Inning am Ammersee, Germany). The EVs
were stained with the lipophilic dye Cell Mask Deep Red (CMDR, Thermo Fisher Scientific,
Waltham, MA, USA) and fluorescence-labeled antibodies against some tetraspanins as
typical exosome markers. Such analysis allowed us to determine the actual number and
size of true EVs and investigate their composition in more detail (e.g., by determining the
percentage of classical exosomes). Hereby, we developed an experimental setup based on
fluorescence nanoparticle tracking analysis (FL-NTA) that can reveal the amount of bona
fide EVs in isolates from heterogeneous particle solutions such as biological fluids.

2. Materials and Methods
2.1. Patients
The study group consisted of 34 patients (16 men and 18 women) consecutively

enrolled with indications for BAL. The inclusion criterion was suspicion of lung cancer.
During the diagnostic procedure, all patients were before anti-cancer treatment. Exclusion
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criteria involved contraindication to bronchoscopy, lack of patient agreement, ongoing
anti-cancer treatment, immunosuppressive therapy, and infection. Patients were 42-80
years old, and the mean age was 66. Twenty-five patients were later confirmed with NSCLC
after the diagnostic procedure. Three patients needed further diagnostics (two with no
continuity of observation and one had the suspicion of NSCLC). Six patients turned out to
have a different diagnosis than NSCLC including sarcoidosis, SCLC, and Pecoma cancer.
The material (BALF and whole blood) was collected at the Institute of Tuberculosis and
Lung Diseases in Warsaw from fasted patients. Ten mL of each patient’s whole blood
was collected in vacuum blood collection tubes with EDTA (Vacutest Kima, cat. 13060,
Arzergrande, Italy) and mixed. Within 1 h, the blood was transported at room temperature
to the Medical University of Warsaw for plasma separation.

2.2. BAL-Procedure

BAL was performed according to recommendations of the Polish Respiratory Soci-
ety [13] at the Institute of Tuberculosis and Lung Diseases in Warsaw. A 100 mL sample
of saline (at body temperature) was injected in 20 mL doses via a bronchofiberoscope to
the small bronchus, leading to the lesion affected by cancer (cBALF) and symmetrically
to the same segment of the opposite lung (0BALF). The mean volume of recovered fluid
was 30.5 mL £ 9.2 mL. The exclusion criteria for further BAL fluid analysis were: recovery
fluid less than 30%, presence of more than 10% of epithelial cells, blood contamination,
macroscopically visible mucus. After the BAL-procedure, BALF was transported at 4 °C
within 1 h to the Medical University of Warsaw for further processing.

2.2.1. Choosing EV Separation Method

For plasma EVs, we used centrifugation and homemade size-exclusion chromatog-
raphy (SEC) columns and for BALF EVs, we chose differential ultracentrifugation as a
suitable isolation method. The selection of isolation methods is described in detail in
Section 4.1.

2.2.2. Separation of EVs from Plasma of BAL Patients Using Homemade Mini-SEC
Columns

Plasma was obtained from the patient’s whole blood sample by density centrifuga-
tion with the Lymphoprep™ (Stemcell, Kéln, Germany) gradient as described before [14].
Briefly, about 5 mL of Lymphoprep™ was pipetted into a 15 mL tube, and the 5 mL of
undiluted blood was carefully layered over the Lymphoprep™. The tubes were centrifuged
(Eppendorf 5804R centrifuge and swing out rotor A-4-44, Hamburg, Germany) at 750 g for
30 min at room temperature (RT) with a disabled brake. After the centrifugation step, the
upper layer of plasma was carefully aspirated with a Pasteur pipette to a new tube. After
another centrifugation step (Eppendorf 5804R centrifuge and fixed-angle rotor F-45-30-11)
at 2000x g for 10 min at RT, the supernatant was centrifuged again (Eppendorf 5804R
centrifuge and fixed-angle rotor F-45-30-11) at 10,000 x g for 30 min at 4 °C. Finally, the
plasma was filtered using a 0.22-pm filter (qpore, PES-membrane, Heidelberg, Germany),
aliquoted, and either stored frozen at —80 °C until further processing or directly used
for EV-isolation. The homemade mini-SEC columns were prepared as described by Lud-
wig et al. [15] using Sepharose CL-2B (GE Healthcare, cat.17-0140-01, Chicago, IL, USA).
Columns were stored at 4 °C filled with PBS (Gibco, cat. 70011-036, Invitrogen, Waltham,
MA, USA, diluted with MiliQ water to 1x) with 0.05% sodium azide (Acros Organics,
cat. 190381000, Antwerp, Belgium) as a preservative. Columns were reused up to three
times. A 1 mL aliquot of the precleared and filtered plasma was thawed and applied to
the mini-SEC column. After the sample entered the column, 2 mL of PBS (Lonza, Basel,
Switzerland) was added, and 3 mL of void volume was collected (fractions 1-3, 1 mL each).
Then, 4 mL of PBS was added, and EV-enriched fractions (1 mL each) were collected in
separate tubes. EV fractions 5 and 6 were pooled (see Figure S1). Plasma EVs were either
immediately analyzed or concentrated by centrifugation (Merck, Amicon® Ultra-2 mL
Centrifugal Filters, Darmstadt, Germany; Eppendorf 5804R centrifuge and swing out rotor
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A-4-44) at 4000 x g for about 30 min at RT, and stored in 10 pL aliquots at —80 °C until
further processing. The mean volume of the concentrated EV fraction was 111.6 £ 40.4 uL.

2.2.3. Separation of EVs from BALF Using Differential Ultracentrifugation

BALF from the lung affected with either cancer or another lesion (cBALF) and from
the opposite lung (0BALF) was strained through gauze and precleared by centrifugation
(Eppendorf 5804R centrifuge and swing out rotor S-4-72) at 1000x g for 10 min at RT and
then at 2500 g for 20 min at RT. Then, to break down the mucus, 2.5 mg of DTT (Sigma-
Aldrich, Saint Louis, MO, USA, in water solution) was added, and the samples were shaken
at 600 RPM 37 °C for 30 min. Afterward, samples were centrifuged (Beckman Coulter
Optima XPN-80 Ultracentrifuge and SW32 Ti Swinging-Bucket rotor, Brea, CA, USA;
Beckman Coulter tubes 355631) at 25,000 x g for 40 min at RT. After that, the supernatant
was collected and filtered using a 0.22 pm filter (Sartorius or GF, cellulose acetate double-
membrane, Gottingen, Germany). Then, EVs were pelleted by ultracentrifugation at
110,000 g for 2 h at 4 °C (k,q; = 511.3). The EV-pellet was washed by ice-cold PBS and
further centrifuged (Type 70.1 Ti Fixed-Angle Titanium Rotor; Beckman Coulter tubes
355603) at 110,000x g for 1 h at 4 °C (kaqj = 522.6). The EV-pellet was dissolved in PBS
according to the starting BALF volume (at least 20 uL of PBS for every 1 mL of BALF)
and stored in 10 pL aliquots at —80 °C until further processing. The mean volume of
concentrated EV fraction was 77.0 & 25.3 uL.

2.3. Immunocapture and Fluorescence Labeling of EVs for Flow Cytometry

An aliquot of BALF-EVs corresponding to 2 mL of BALF or 50 pL of nonconcentrated
plasma-EVs (pooled fraction 5 and 6, 20 pg of protein) were bound to CD63, CD9, and CD81
coated Dynabeads (Invitrogen, cat. 10606D, 10620D, and 10622D, respectively) following
the manufacturer’s protocol. Briefly, the EV sample volume was adjusted to 100 pL using
isolation buffer (PBS with 0.1% BSA, filtered through a 0.22 um filter). Then, 20 uL of
Dynabeads were washed with isolation buffer and added to each EV sample. Samples were
incubated ON with shaking (600 RPM) at 4 °C. The following day, the Dynabead-bound
EVs were stained with either the specific markers (see Supplementary Table S1) or the
isotype controls for 1 h at RT with mild shaking (600 RPM), then washed with isolation
buffer and analyzed by flow cytometry.

2.4. Flow-Cytometric Analysis of EVs

Flow cytometry was performed on a BD FACSVerse 8 Color Flow Cytometer (BD,
Franklin Lakes, NJ, USA) with BD FACSuite Software v.1.0.6. FCS files were then analyzed
with FlowJo Software (LLC, Ashland, OR, USA). The stained bead-coupled EVs were
resuspended in 150 pL PBS. A single-bead gate was set based on the FCS and SSC scatter
and a minimum of 1500 beads were acquired. Gating strategies are shown in Figure S2.

2.5. Western Blotting of EVs

The protein content of the EVs separated from BALF, and the EV's concentrated from
pooled fractions 5-6 from plasma was measured with the BCA Protein Assay Kit (Pierce,
cat.23227) according to the manufacturer’s instructions. The EV amount corresponding
to 100 uL of plasma or 4 mL of BALF was taken for SDS-PAGE. Samples were denatured
for 5 min at 95 °C in reducing sample buffer (homemade). Proteins were separated on a
12% acrylamide gel and transferred into a nitrocellulose 0.2 um membrane (GE Healthcare,
Chicago, IL, USA), then blocked with either 5% non-fat milk(Sigma-Aldrich) or 5% BSA
(Sigma-Aldrich) at RT for 1 h. Incubation with primary antibodies (recognizing Calnexin,
Tsg101, Syntenin, CD9, or CD81, see Supplementary Table S1) was performed ON at
4 °C, followed by incubation with appropriate secondary HRP-conjugated antibodies (see
Supplementary Table S1) for 2 h at room temperature. The chemiluminescence signal was
achieved using the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, cat. 34095). Image acquisition was performed using a ChemiDoc Imager (Biorad,
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Hercules, CA, USA) with Image Lab Software (Biorad). Experiments were repeated at least
three times.

2.6. Transmission Electron Microscopy

Imaging of EVs was conducted with the use of cryogenic transmission electron mi-
croscopy. Two to three pL of each sample (concentrated EVs from plasma, cBALF-EVs, and
0BALF-EVs of one patient) were vitrificated in liquid ethane using the Thermo Fisher Sci-
entific Vitrobot (blot time = 2 s, blot force = 0, blot total = 1) on TEM grids (Lacey Carbon or
Quantifoil R2/2 copper, 200 mesh), previously glow-discharged (30 s, 25 mA) in a PELCO
EasiGlow system. The grid freezing was conducted immediately before placing them
into the Thermo Fisher Scientific cryo-electron microscope Glacios 200 kV in cryogenic
conditions. For data analysis, EPU 2.7 software for single particle analysis and Image]
software were used. For imaging, a Falcon3EC camera in linear mode without single-frame
fractionation was used with a total electron dose per sample of 50 e/A2, defocus —3.0 um,
—2.5 um, —2.0 um. For the Lacey carbon grid, a magnification of 72,000x with a pixel
size 0.19 nm (1.9 A) and of 52,000 with a pixel size 0.24 nm (2.4 A) was used, and for the
Quantifoil R2/2 grid, a magnification of 92,000 with pixel size 0.15 nm (1.5 A) was used.

2.7. NTA-Scatter Measurement

EV size distribution profiles and concentration measurements in EV samples separated
from BALF and plasma (nonconcentrated pooled fraction 5 and 6) were obtained using the
ZetaView PMX220 (Particle Metrix) instrument equipped with a 488 and 640 nm laser and
ZetaView 8.05.11 SP4 software. In accordance with the ZetaView manual, polystyrene 100
nm beads (Particle Metrix) were used for the daily calibration and instrument performance
check. EV samples were diluted in PBS (Lonza) to obtain approximately 350 particles
per frame. This concentration was chosen as an optimal concentration of EVs for the
labeling experiments. The measurements in scatter mode were performed at RT at 11
positions in two cycles with the following settings for plasma and BALF-EVs—Sensitivity:
80, Shutter: 100, Minimal Brightness: 30, Trace length: 15, Min Area: 10, Max Area:
1000 nm/Class: 5, Classes/Decade: 64, Resolution: medium. The camera sensitivity was
adjusted to also detect dim particles at a minimal background noise (measured in PBS). All
settings were kept the same for all analyzed samples of a given sort (BALF-EVs, plasma-
EVs) to minimize variability. At least three measurements of each sample were performed.
For the daily calibration and reproducibility measurements, the following commercially
available beads were used: (Particle Metrix, cat no 110-0020), YG488 beads (FluoSpheres™
Carboxylate-Modified Microspheres, Invitrogen, cat. no. F8803, 1ot.1835064), and DR660
beads (FluoSpheres™ Carboxylate-Modified Microspheres, Invitrogen, cat. no. F8807,
10t.1893532). For all beads, the manufacturer’s dedicated settings for scatter measurements
were used:

PS100 beads—Sensitivity: 60, Shutter: 100, Minimal Brightness: 30, Trace length: 15,
Min Area: 10, Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Resolution: medium.

YG488 and DR660 beads—Sensitivity: 60, Shutter: 100, Minimal Brightness: 30, Trace
length: 15, Min Area: 5, Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Resolution:
medium.

The day-to-day repeatability and precision of the size and concentration measurements
in scatter mode were quantified by performing daily measurements of the 100 nm PS100
beads and calculating the coefficient of variation (Supplementary Figure S3c,f).

2.7.1. Fluorescent Labeling of EVs

For membrane labeling of EVs, the lipophilic membrane dye CMDR (Invitrogen) was
used. The CMDR concentration for labeling was optimized experimentally on plasma-EVs
(non-concentrated and concentrated) and BALE-EVs (see Supplementary Figure S4). The
optimal final concentration for NTA, which ensured maximal EV-staining with a particle
size corresponding to the size measured in scatter and a minimal background (only CMDR
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in PBS), was established as 4 ng/mL (Supplementary Table S1). The antibody concentra-
tion for tetraspanin-labeling and FL-NTA was adjusted by performing serial dilutions of
antibodies in PBS and measurement in FL-NTA. The highest antibody concentration, which
did not give high background, was chosen for each antibody as the optimal final dilution
for the NTA measurement (Supplementary Table S1).

2.7.2. Fluorescence-NTA

Prior to immunolabeling, all EV samples were measured in scatter mode to establish
particle concentration. Before staining, predilution of EV sample/antibody/dye was
prepared if needed. The EV-sample’s predilution was adjusted to achieve the highest
concentration in range (about 350 particles per frame) for measurement in the scatter
mode after final dilution post-labeling and differed according to the original concentration
of a given EV sample. Fluorescence labeling was performed using prediluted EVs and
prediluted antibody /CMDR in an approximately 9:1 ratio in a total volume of 10-50 uL
for 2 h at RT in the dark. Then, the EVs were further diluted in PBS (usually 1:1000) and
measured on NTA at RT at 11 positions in one cycle with the following settings:

For staining with antibodies:

F488, Sensitivity: 95, Shutter: 100, Minimal Brightness: 25, Trace length: 7, Min Area:
10, Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Resolution: medium.

For staining with CMDR:

F640, Sensitivity: 91, Shutter: 100, Minimal Brightness: 25, Trace length: 7, Min Area:
10, Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Resolution: medium. All immunola-
beled samples were first evaluated in fluorescence mode with the function “low bleach”
on, immediately followed by evaluation in scatter mode to minimize photobleaching. At
least three measurements of each sample were performed.

For YG488 beads:

F488, Sensitivity: 80, Shutter: 100, Minimal Brightness: 20, Trace length: 7, Min Area:
5, Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Resolution: medium.

For DR660 beads:

F640, Sensitivity: 80, Shutter: 100, Minimal Brightness: 20, Trace length: 7, Min Area:
5, Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Resolution: medium.

The day-to-day repeatability and precision of the size and concentration measurements
in fluorescence mode were quantified by performing daily measurements of the YG488
and DR660 beads and calculating the coefficient of variation (Figure S3a,b,d—f).

The isolation procedures and analysis methods of plasma and BALF-EVs used in this
study are summarized in Figure 1.
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Figure 1. Summary of EV characterization methodology.

2.8. Lysis of EVs

RIPA lysis buffer (Millipore, cat. no. 20-188, Merck) was used to lyse EVs obtained
from the cell line NCI-H1975 (Hansa BioMed Life Sciences, cat. nr. HBM-NCI-H1975-100/5,
Tallinn, Estonia). The 9 uL mixtures of EVs, after immunolabeling with CD9, CD63, CD81,
and CMDR antibodies individually, were divided, and half of each was filled with PBS
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to the total volume of 1 mL to obtain optimal 1:1500 EV dilution. NTA-fluorescence was
performed as described previously. The residues were incubated with 0.5 pL RIPA (10%
solution) on ice for 30 min. After the lysis, PBS was added to the total 1 mL volume
of each sample, giving the same optimal EV dilution, and FL-NTA measurements were
repeated. The control sample was prepared in the same way, but RIPA was replaced with
PBS for 30 min incubation on ice. Additionally, an appropriate dilution of RIPA in PBS was
prepared to check whether RIPA solution alone interferes with NTA.

2.9. Subcellular Particles (Particularly Lipoproteins) Removal

Removal of subcellular particles was performed using the ExoQuick-LP for Lipopro-
tein Pre-Clear & Exosome Isolation Kit (System Biosciences, cat. no. EXOLP5A-1, Palo
Alto, CA, USA) according to the manufacturer’s instructions with some modifications.
Briefly, plasma was centrifuged at 2000 g for 10 min, RT, and then the supernatant was
centrifuged at 10,000x g for 30 min at 4 °C. The supernatant was filtered through a 0.22 pm
filter (qpore, PES-membrane). Subsequently, to remove any trace amounts of fibrinogen,
thrombin from human plasma (Sigma-Aldrich, cat. no. 605190-100U-M) was added (final
concentration 5 U/mL) and incubated for 5 min, RT, mixing gently. The supernatant was
collected after centrifugation at 10,000 rpm for 5 min, RT, and 100 pL of the supernatant
was added to beads prepared earlier according to the manufacturer’s instruction. Then, the
sample was incubated for 3 h at 4 °C with rotation and then placed on a magnetic separator
DynaMag-2 (Invitrogen, cat. no. 12321D) for 2 min, RT to remove bead-bound lipoproteins.
The lipoprotein-cleared plasma sample was transferred into a new tube. Next, both the
cleared plasma sample and control sample (plasma after only double centrifugation and
filtration) were filled with PBS up to 1 mL and isolated using homemade mini-SEC columns,
as described above. Next, the concentration of EVs from the cleared plasma sample (-LP)
and control sample (CTRL) was measured by NTA. Finally, the diluted samples were
labeled in the dark for 2 h at RT. Then, the FL-NTA measurements were performed.

2.10. Removal of Selected EV Populations by Immunomagnetic Isolation

We performed a magnetic separation of EV-subpopulations based on the expression
of tetraspanins of a patient’s BALF-EVs sample with subsequent NTA measurements.
BALF-EVs were isolated from the patient’s BALF using the method described above. CD63-
specific (Invitrogen, Exosome-Human CD63 Isolation/Detection Reagent) and CD9-specific
(Invitrogen, Exosome-Human CD9 Flow Detection Reagent) magnetic beads were washed
with an assay buffer (PBS with 0.1% BSA), according to the manufacturer’s instructions
using a magnetic rack (Invitrogen, DynaMag™-2 Magnet). In the next step, two separate
samples for every bead-type consisting of 10 uL of the patient’s BALF-EVs sample, 90 uL
of assay buffer, and 40 uL of the washed CD63 or CD9 specific beads, respectively, were
prepared. The samples were mixed overnight (Topscien, TMM-5 Magic Mixer, Jiangshan,
Ningbo, China) at 4 °C. The following day, the samples were spun for a few seconds and
placed on the magnetic rack for 2 min to separate beads from the solution. Thereafter, the
solutions were collected (unbound EV populations), and scatter and FL-NTA measurements
were performed to detect CD63+, CD9+, and CMDR+ EVs. Furthermore, the residual
magnetic beads were eluted from the adhered exosomes by incubation for 30 min at RT in
100 pL elution buffer (System Biosciences, Exo-Flow Elution Buffer). Subsequently, eluted
magnetic beads were separated by placing the sample on a magnetic rack for 2 min. The
residual fluid with exosomes was collected (eluted CD63+ and CD9+ populations) and
underwent the same NTA measurements as samples from the unbound populations. A
control sample represented the same unseparated patient-derived EVs. Additionally, we
prepared a background control sample consisting of PBS instead of the patient’s EVs and
60 uL of both magnetic beads that underwent the same magnetic separation protocol.
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2.11. Statistical Analysis

Statistical analysis was conducted using Excel (Microsoft, Redmond, WA, USA),
GraphPad Prism (San Diego, CA, USA), and Statistica Software (StatSoft, Tibco, Palo Alto,
CA, USA). The p value < 0.05 was considered significant. The quantitative analysis of data
from NTA measurements was performed as follows:

Samples were measured in three repetitions. All samples were measured in scatter
mode before and after labeling with dyes. Peak size (Mode-the value of size that appears
most often in the collected statistical data analyzed by the Zeta View software) was chosen
as the particle size in most samples. When the Mode could not be calculated by the instru-
ment software, the Median (X50) size was taken for calculations. The mean concentration
of EVs in the original sample was calculated and presented as the concentration of particles
per 1 mL of plasma or 1 mL of BALF, respectively. The distribution of data was tested using
the Shapiro-Wilk test. In the case of a normal distribution of the data, the paired two-tailed
student’s t-test for dependent variables for comparisons of the concentrations and sizes of
plasma EVs and BALF EVs was conducted. When there was no normal distribution of the
data, the Wilcoxon matched pairs signed rank test for dependent variables was conducted.
Nonparametric correlations of Spearman were calculated for associations between the
concentration of particles and protein concentration.

2.12. EV-TRACK

Transparent Reporting and Centralizing Knowledge in Extracellular Vesicle Research
(EV-TRACK) is an online crowdsourcing knowledgebase (http://evtrack.org, accessed
on 2 February 2021) that centralizes EV biology and methodology intending to stimulate
the authors, reviewers, editors, and funders to put experimental guidelines into practice.
After uploading of the requested experimental parameters on the EV-TRACK platform, an
EV-TRACK ID is assigned and an EV-metric is calculated. It is a feature designed to reflect
the level of check-up in validation experiments and reporting of experimental parameters.
It is presented as a percentage of fulfilled components from a list of nine, which were
argued by the EV-TRACK consortium to be indispensable for unambiguous interpretation
and independent replication of EV experiments [16,17].

We have submitted all relevant data of our experiments to the EV-TRACK knowledge
base (EV-TRACK ID: EV200181). Our EV-metric is up to 63% for plasma and 67% for
BALF-EVs of NSCLC patients.

3. Results
3.1. Characterization of Plasma/BALF EVs from NSCLC Patients

The process of selecting isolation methods and their detailed descriptions is described
in the Materials and Methods section.

After the separation of EVs from plasma and BALF, we performed characterization
experiments of the obtained EVs following MISEV guidelines [12].

Figure 2 shows that the separation of EVs from both sources was effective. In Figure 2a,
we can see that the exosomal markers Tsg101, CD9, CD81, and syntenin were detectable
in both plasma-EVs and BALF-EVs. The non-EV marker calnexin is visible only in the
cell lysate, which proves a good EV separation process and the lack of contaminating ER
components. We checked the morphology of the separated EVs by cryo-TEM imaging
(Figure 2b). In both BALF-EV samples, we found single round structures, comparing a
clearly visible double-layer membrane with a thickness of 4 nm. The morphology and
membrane thickness corresponded to the structures known as small EVs. Only a few such
vesicles of 150 to 200 nm in size were visible per field, and only occasional clusters of EVs
were seen. Most of the observed EVs were single EVs of a spherical shape. However, multi-
vesicular particles with smaller double-membrane vesicles inside a bigger vesicle could
also be observed such as in the presented cBALF-EV sample (Figure 2b). The much smaller,
visible single-membrane dark irregular vesicles were not true vesicles, but frozen ethane
as the solvent. In contrast, in the plasma-EV sample, there were many vesicles visible per
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field. However, only very few presented the typical size and double-membrane of true
EVs. Most of the visible particles were single-layered, electron-dense, and had a smaller
size than EVs (<50 nm). They mostly appeared in aggregates, and many of them displayed
a typical striped inside structure. Based on previously reported cryo-TEM analyses of EV
preparations, we concluded that these particles are lipoproteins and protein aggregates
(especially the stripped structures, typical for lipoproteins; see also the cryo-TEM picture at
smaller magnification in Figure S7b). Bead-assisted flow cytometry analysis of the presence
of tetraspanin at the EV surface confirmed the results obtained by western blotting. BALF
EVs captured by tetraspanin beads showed a higher percentage for all three exosomal
markers (97.2% CD63, 61.4% CD9, and 26.3% CD81 positive particles) than plasma EVs
(39.2% CD63, 40.7% CD9, and 1.7% CD81 positive particles). The supplementary data for
gating strategy and flow cytometry analysis of the single bead type with BALF EVs are
shown in Figure S2.

Cell BALF EVs plasma EVs
plasma EVs BALF EVs lysate
L3 La NG Pt3  Pt3  Pt4  Pt4 O beads only
CBALF OBALF CcBALF OBALF isotype
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Figure 2. Characterization of plasma/BAL EVs from NSCLC patients. (a) Immunoblot analysis of EVs from plasma and
BALF of two NSCLC patients (Pt.3, Pt.4), a normal donor (NC), and a cell lysate. The loaded EV amounts correspond to
100 pL of the patients’ plasma or 4 mL of the patients’ BALF, respectively. As a control, 10 pg of a cell lysate from the SEMK2
cell line was loaded. Full blots from (a,b) are provided in the Supplementary Materials. (b) Cryo-TEM imaging of EVs from
cBALF, oBALF, and plasma from a NSCLC patient. (c) Flow cytometry of EVs from BALF and plasma attached to a mix of
anti-CD63, anti-CD9, and anti-CD81 magnetic beads and then labeled with fluorescent anti-CD63, anti-CD9, and anti-C81
antibodies, respectively.

3.2. NTA of Plasma and BALF EV's in Scatter Mode

Our NTA-analysis in scatter mode of EVs separated from plasma and BALF showed a
different particle distribution of both EV types. A representative particle size distribution
of plasma and BALF EVs from one patient is shown in Figure 3a. The BALF-EVs present a
broader size distribution and are less numerous than plasma EVs from the same patients.
The pairwise comparison of EVs isolated from all analyzed patients revealed that the
concentration of plasma-EVs (mean + SD: 2.44 x 10" £ 4.71 x 10! particles/mL of
plasma) was significantly higher than the concentration of BALF EVs (mean + SD: cBALF:
8.85 x 108 + 1.30 x 10%; oBALF 1.22 x 10° £ 1.68 x 10° particles/mL of BALF) for all
patients (Figure 3b). Our identified mean total particle numbers in plasma corresponded
very well to the mean particle amounts detected by Mork et al. directly in platelet-free
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interval 1.4 x 10'1-1.2 x 10'?, Mork 2017). There was no significant difference between the
concentration of EVs in cBALF and oBALF. The mode size of EVs from plasma (mean +
SD: 98.43 + 10.13 nm) was bigger than the detected particle mean size in PFP (62 nm) by
Mork et al., but comparable to the particle mean size of postprandial samples (93 nm) [18].
Our detected mode size of plasma particles was significantly smaller than the mode size
of BALF-EVs (mean + SD: ¢cBALF: 171.95 + 23.72 nm; oBALF 166.60 + 13.82 nm) for all
patients (Figure 3c). There was no significant difference between the mode size of EVs in
cBALF and oBALF.
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Figure 3. NTA of plasma and BALF EVs in scatter mode. (a) Distribution of number and size of detected particles in scatter
mode of plasma and BALF-EVs. A representative NTA histogram of one patient is shown. (b) Mean concentration of EVs
from plasma, cBALF, and oBALF for all patients. (c) Mode size of EVs from plasma, cBALF, and oBALF for all patients.
(d) The concentration of particles measured in scatter mode depend on the volume of EV sample taken for the measurement.
A line from simple linear regression with CI and R? was plotted for both types of EVs. (e) Protein concentration calculated
for one mL of plasma or BALF. (f) Correlation between the concentration of particles and protein concentration for plasma
and BALF-EVs. Graphs (b,c,e) present a Tukey plot for all patients. **** refers to p value < 0.0001, ns refers to p value > 0.05
from the Wilcoxon test-paired comparison (b,e) and t-test-paired comparison (c).

To check the NTA-measurement linearity in scatter mode, we performed measure-
ments of different EV amounts. The results (Figure 3d) showed that there was a linear
correlation (R? for BALF EVs was 0.9565 and for plasma EVs 0.9885) between the EV
amount and NTA-signal in scatter mode. Protein concentration of plasma EVs (mean 4 SD:
147.45 4+ 105.99 ng/mL of plasma) was significantly higher than the concentration of BALF-
EVs (mean + SD: ¢cBALF: 0.91 £ 1.21; oBALF 0.99 + 1.06 ng/mL of BALF) for all patients
(Figure 3e) and was comparable to EV-protein concentrations obtained by other researchers
using the same isolation methods (e.g., by Dong et al., who reported a concentration of
160.27 + 14.81 pg/mL [19]). Our obtained BALF-EV protein concentrations were in a
similar range as concentrations for EVs obtained by ultracentrifugation from cell culture
or urine by Dong et al., but significantly lower than for BALF-EVs isolated from cystic
fibrosis, asthmatic, and primary ciliary dyskinesia patients by Rollet-Cohen et al. [20].
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In this case, the authors obtained EV protein concentrations from around 43 ng/mL for
asthma to around 158 pg/mL. However, the difference may be due to differences in pre-
analytical handling, isolation method (no wash-step after EV pelleting like in our case),
and a different patient cohort. In our study, there was no significant difference between
the protein concentration of EVs in ¢cBALF and oBALF. For both BALF EV types, there
was a meaningful correlation between the concentration of particles on NTA and protein
concentration (Spearman correlation rg = 0.82 for cBALF EVs and rs = 0.77 for oBALF EVs,
p < 0.0001) (Figure 3f). In plasma EVs, a similar correlation between those two factors was
lacking (Spearman correlation rs = 0.26 for plasma EVs, p > 0.05).

3.3. Membrane Labeling of Plasma and BALF EVs

The size distribution of particles after CMDR labeling (final concentration during
NTA measurement 4 ng/mL CMDR, see Supplementary Figure S4) for both EV types
(plasma and BALF) in FL-NTA was similar to scatter mode and is represented in Figure 4a.
Concentration measurements of different EV volumes after CMDR labeling in fluorescent
mode (640 nm) also showed linear dependency as it was in scatter (Figure 4b). R? for
BALF-EVs in CMDR was 0.9387 and for plasma EVs 0.9610. Labeling of EV samples with
CMDR revealed that BALF-EVs had a significantly higher percent of particles positive for
CMDR (cBALF 50.9% and oBALF 49.3%) than plasma EVs (30.9%) (Figure 4c). There was
no meaningful difference between the percent of CMDR positive particles in cBALF-EVs
and oBALF-EVs. The mode size of EVs positive for CMDR was significantly higher than
in scatter mode for all EV types (Figure 4d). However, plasma-EVs were still significantly
smaller (mean + SD: 117.32 £ 17.93 nm) than both BALF-EV types (mean + SD: cBALF:
183.23 £ 32.70 nm; oBALF 175.80 £ 17.01 nm), and interestingly, cBALF-EVs were mean-
ingfully larger than oBALF-EVs in the CMDR staining (Figure 4e). Similar to the scatter
mode measurement, for both BALF-EV types, there was a correlation between the concen-
tration of particles and protein concentration in FL-NTA at 640 nm (Spearman correlation
rs = 0.74 for cBALF-EVs and rs = 0.72 for oBALF-EVs, p < 0.0001) (Figure 4f). There was no
significant correlation between these two factors (Spearman correlation rg = 0.23, p > 0.05)
in plasma-EVs.
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Figure 4. CMDR labeling of EVs. (a) Distribution of particles in scatter and fluorescent mode (640 nm) for EVs from plasma

and cBALE A representative NTA histogram of one patient is shown. (b) Concentration of particles measured in fluorescent

mode (640 nm) depending on the volume of the EV sample taken to measure the BALF and plasma EVs of one patient.
A line from simple linear regression with CI and R? was plotted for both types of EVs. (c) The percent of CMDR-positive
particles in comparison to all particles visible in scatter mode for all analyzed EV types. (d) Comparison of EV mode

sizes measured in scatter and after CMDR labeling within the three analyzed EV types. (e) Comparison of the mode sizes
measured after CMDR labeling of the three analyzed EV types. (f) Correlation between the concentration of particles and
protein concentration for plasma and BALF-EVs after CMDR staining. Graph (c) presents mean and SD for all patients.

Graphs (d,e) presents a Tukey plot for all patients. *** refers to p value < 0.0002, * refers to p value < 0.05, ns refers to

p value > 0.05 from ¢-test-paired comparison.

3.4. Antibody Labeling of Plasma, BALF, and NSCLC Cell Line EVs

After fluorescence staining against typical exosomal tetraspanins (CD63, CD9, CD81),
the plasma-derived EVs showed a very different profile in FL-NTA in comparison to BALF-
EVs and cell line-derived EVs (cl-EVs), which were more similar to each other (Figure 5).
The measured signal from the exosomal markers CD63, CD81, and CD9 was very weak and
mostly below the detection limit for plasma-EVs. Only in a few plasma-EVs samples (three
out of 34), the signal from CD9 was detectable, but much lower than in scatter or CMDR
(Figure 5a). In BALF-EVs, in most cases, all tetraspanin-positive EVs were well detectable,
though their distribution explicitly shifted toward smaller sizes (Figure 5b). Antibody
labeling against tetraspanins of commercially available standard EVs derived from the
NSCLC cell line (cl-EVs) showed similar results, albeit the particle size distribution was
slightly narrower (Figure 5c). A closer analysis of the size distributions after dividing
the particles into six size fractions provided more differences between the three analyzed
EV types (Figure 5d—f and Supplementary Table 54). The size distribution of the CMDR+
particles closely corresponded to the size distribution of all particles measured in scatter
mode within every EV type. After the fluorescent staining for tetraspanins and FL-NTA
analysis, the size distribution of tetraspanin-positive EVs shifted for all EV types, as already
previously mentioned, clearly to the left toward smaller particle sizes. In plasma-EVs,
around half of all CD9 positive particles (52.17%) lie within the size range of typical
exosomes between 50-100 nm. In the case of BALF- and cl-EVs, this percentage was a little
lower and was around 40-45%. For all EV types, the fluorescence staining for tetraspanins
exposed a fraction of very small EVs under 50 nm that was not previously visible in
scatter mode and after membrane staining. In the case of plasma-EVs, this population
accounted for almost 20% of all CD9+ particles. In the case of BALF- and cl-EVs, this
fraction was around 10-15%. The size distributions of BALF- and cl-EVs of all particles
as well as CMDR+ and tetraspanin-positive particles corresponded largely to each other.
Additionally, the size distributions of CD9, CD63, and CD81 positive particles of BALF-
and cl-EVs were very similar. The exact percentages of all particle fractions are listed in
Supplementary Table S4.
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Figure 5. Size distributions from FL-NTA of particles in scatter and fluorescent mode (488, 640 nm) after immunolabeling of
EVs against EV specific markers CD63, CD81, and CD9 and membrane marker CMDR. (a—c) Representative distributions
measured in scatter and fluorescence mode of EVs from plasma (a), oBALF (b), and NSCLC cell line (c). The upper graphs
present absolute numbers of particles measured by NTA, and the lower present the concentration of particles per one mL of
plasma/BALF/NSCLC cell line EVs. The concentration of particles per one mL of each biological fluid is calculated by
Particle Matrix software as Concentration = Number/(Area x depth). The component “Area x depth” differs between
measures and is constant in the single measurement. Its value depends on outliers during each measurement. This

“measured volume” effect leads to a different curve profile between the number absolute graphs and concentration graphs.
(d—f) Concentration of particles—fraction of all particles [%] in six size fractions (<50 nm, 50-100 nm, 100-150 nm, 150-200
nm, 200-250 nm, >250 nm) for plasma (d), BALF (e) and cell line EVs (f). For all exact percent values, see Supplementary
Table S4.

3.5. FL-NTA Characterization of BALF EVs

The fluorescent staining of BALF-EVs and their FL-NTA analysis showed linearity
with particle concentrations for all analyzed tetraspanins (Figure 6a). R? from linear
regression for particles positive for CD63 was 0.9868, for CD9 0.9357, and for CD81 0.9611.
Comparison of concentrations of particles per one mL of BALF for cBALF and oBALF
showed no significant differences for all markers between these two groups (Figure 6b).
No significant differences were also detected in the percent of fluorescent particles in these
two groups (Supplementary Figure S5a). The representative percentages of fluorescent
particles of cBALF-EVs are presented in Figure 6¢. The percent of fluorescent particles in
comparison to all particles visible in scatter was high in CMDR (50.9%) and CD9 (56.0%),
lower in CD63 (35.5%), and the lowest in CD81 (8.2%). According to measured particle
sizes, most detected differences between cBALF and oBALF were not meaningful. Only
in the case of CMDR labeled particles did cBALF-EVs turn out to be slightly bigger than
oBALF-EVs (Supplementary Figure S5b).
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Figure 6. FL-NTA characterization of BALF EVs. (a) Concentration of BALF-derived particles measured in fluorescent mode
(488 nm) after labeling with tetraspanin markers depending on the EV sample volume taken for the measurement. A line
from simple linear regression was plotted and R? was placed in the table for each tetraspanin marker. (b) Concentration
of particles calculated per one mL BALF for cBALF-EVs and oBALF-EVs for all patients in FL-NTA. (c) The percent of
fluorescent particles in comparison to all particles visible in scatter mode for cBALF EVs for all patients. (d) Measured mode
sizes of particles in the scatter and fluorescent mode (488, 640 nm) for cBALF EVs for all patients. (e) Particle/protein ratio
of plasma and BALF-EVs in the scatter and fluorescent mode. (f) Correlation between the concentration of particles and
protein concentration of tetraspanin-positive cBALF-EVs. Graph (c) presents the mean and SD for all patients. Graphs (d,e)
present the Tukey plot for all patients. **** refers to p value < 0.0001, ** refers to p value < 0.0021, ns refers to p value > 0.05
from t-test-paired comparison (d) and Wilcoxon test-paired comparison (e).

However, the particle sizes differed significantly depending on the type of fluorescent
marker. The CMDR-positive EVs in cBALF EVs were detected as being meaningfully
larger (mean + SD: 183.23 £ 32.70 nm) than particles detected in scatter (mean + SD:
171.95 £ 23.72 nm). In contrast, all the particles positive for CD63, CD9, and CD81
showed much lower sizes (mean 4+ SD: CD63: 100.76 + 38.62 nm; CD9: 104.21 + 22.11
nm; CD81: 115.81 + 46.01 nm) than those detected in scatter (Figure 6d). The particles
positive for CD63, CD81, and CD9 were all similar in size. The individual size for all
measured plasma and BALF EV samples are listed in Supplementary Table S3. Based
on the measured protein concentrations of the EV samples (see Supplementary Table S5),

the particle/protein ratio for all EV types in scatter and after fluorescent labeling was
calculated. The obtained particle/protein ratios were 100 times higher for plasma than the

ratio reported by Dong et al. and 10 times higher for BALF-EVs than ratios obtained for
cell culture or urine EVs [19]. Our ratios showed no significant differences between all EV
types (Figure 6e). Nonetheless, there was a strong positive correlation between tetraspanin-

positive particle concentration and protein concentration for BALF-EVs (Figure 6f). For
cBALEF, the Spearman correlation was rs = 0.81, p < 0.0001 for CD63 EVs, rs = 0.65 p < 0.0001
for CD9 EVs, and 15 = 0.81, p = 0.0074 for CD81 EVs. For oBALF, the Spearman correlation

was 15 = 0.69, p < 0.0001 for CD63 EVs, rs = 0.71 p < 0.0001 for CD9 EVs, and rs = 0.75,

p = 0.0007 for CD81 EVs.
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3.6. Control-Experiments for FL-NTA
3.6.1. RIPA Lysis of EVs

In order to ensure that our fluorescent staining of the EV membrane and tetraspanins
identified true EVs during FL-NTA measurements, we applied differential detergent
lysis [21] with RIPA of a representative standard EV sample (commercially available,
lyophilized EVs derived from the NSCLC cell line, with confirmed presence of exosomal
markers), expecting that fluorescent signals connected to true EVs should disappear after
detergent lysis [22]. Additionally, the scatter signal should either shift left toward smaller
sizes (disruption of whole EVs into smaller fragments) or decrease when the fragmentized
EVs fall under the instrument’s detection limit. Our goal was to confirm that NTA properly
detect EVs in our samples and our labeling methods are specific.

Indeed, the mean particle concentration decreased in scatter mode from 1.73 x 1011
+1.75 x 1010 particles/mL before treatment to 5.24 x 1010 4+ 9.90 x 10? particles/mL in
RIPA treated samples. Overall, there was a 65-73% decrease in the particle concentration in
scatter mode after the treatment depending on labeling type (Figure 7a). The fact that the
particles were still detectable after RIPA lysis could be caused by a too low concentration of
RIPA or by a too-short time of lysis. In the fluorescent mode, the decrease in detected parti-
cles was so pronounced that the number of fluorescent particles after treatment dropped
down below the NTA detection limit. Before the treatment, the percent of fluorescent
particles compared to all particles visible in scatter mode fluctuated depending on the
marker (CMDR 55.92 + 1.66%, CD63 36.54 + 5.29%, CD81 34.60 + 1.15%, and CD9 88.46 +
0.38%), and after the treatment, there was no detectable fluorescence (Figure 7b).
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Figure 7. RIPA lysis of standard EVs derived from the NSCLC cell line. (a) The concentration of particles measured in scatter
mode after labeling with CMDR and fluorescent antibodies against tetraspanin markers before and after incubation with
RIPA lysis buffer. (b) The percent of fluorescent particles in comparison to all particles visible in scatter mode before and
after incubation with RIPA lysis buffer. (c) The concentration of particles measured in scatter mode after labeling before and
after incubation with PBS (control). (d) The percent of fluorescent particles in comparison to all particles visible in scatter
mode before and after incubation with PBS as the control). Graphs (a—d) present the mean and SD from three replicates.
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In contrast, for samples treated with PBS instead of RIPA (control), there was only a
slight decrease after the treatment in scatter mode (the mean concentration in scatter mode
before the treatment was 1.70 x 10! +2.19 x 10'° particles/mL and after the treatment 1.58
x 10! 4 1.60 x 10'? particles/mL) (Figure 7c). Control samples also remained fluorescent
after the treatment. The overall difference in fluorescence for the control samples was
only 2.94% for CMDR, 0.72% for CD63, and 6.67% for CD81. For unknown reasons, the
fluorescence for CD9 increased by 38.33% after the treatment (Figure 7d). The sizes of the
particles in both RIPA and the control samples remained the same before and after the
treatment (Figure 56).

This experiment confirmed that our labeling methods really stained exosomal markers
and that we measured true EVs.

3.6.2. FL-NTA Measurements of Tetraspanin-Labeled EVs after Inmunomagnetic Removal
of EV Subpopulations

To further prove the correctness of the performed tetraspanin-specific FL-NTA mea-
surements of our EV samples, we investigated whether the removal of selected tetraspanin-
positive EV subpopulations from the analyzed sample would be reflected by a decrease in
the corresponding fluorescent signal in FL-NTA. For this experiment, we chose an oBALF-
EV sample with a relatively high expression of CD63 and CD9 (we omitted CD81 due to
the relatively low expression in BALF-EV samples). We removed either CD63 positive or
CD9 positive EVs using magnetic beads coated with anti-CD63 or anti-CD9 antibodies,
respectively. Next, we performed fluorescent labeling against CD63, CD9, and membrane
labeling with CMDR.

The fluorescent staining and subsequent FL-NTA analysis of the CD63+ EV-depleted
fraction revealed a decrease in detected CD63 positive particles (in comparison to all
particles measured in scatter mode). Fluorescence dropped from 92% to 68% after depletion.
There was also a slight decrease in the number of CD9 positive particles from 63% to 50%
(Figure 8a). Accordingly, the depletion of CD9+ EVs resulted in a higher decrease in
detected CD9 positive particles and a smaller decrease in CD63 particles. The number of
CD63 and CD9 positive EVs dropped to 80% and 31%, respectively. For unknown reasons,
we observed an increase in the relative percentage and absolute numbers (data not shown)
of CMDR positive particles.

Measurements of the negative control samples with PBS instead of EVs resulted in
no signal in both scatter and fluorescence mode (data not shown). We also eluted the
bead-bound EVs using a commercial elution buffer and stained them accordingly with
CMDR and tetraspanins. We could measure the eluted beads in scatter mode, whereas
the measurements in fluorescence mode detected no or only low and not reproducible
percentages of fluorescence-positive particles (both for tetraspanins and CMDR—data not
shown). This could be due to several reasons. First, the relatively low number of captured
EVs imposed a low end-dilution of the sample for the NTA-measurement. It caused a
higher than usual dilution of the fluorescent antibodies or CMDR at the time of staining,
which could decrease the staining efficiency. Additionally, we suspected that the used
elution buffer negatively impacts the CMDR and tetraspanin staining since we observed a
decrease in the fluorescent signals after EV staining in the presence of the elution buffer
only (data not shown).

Interestingly, comparing the size of the particles detected in scatter mode of the bead
depleted EV-fractions with the corresponding CD63+ or CD9+ eluted EV-fractions, we once
again obtained a confirmation of the smaller size of tetraspanin-positive EVs. The mode size
of the particles remaining after bead depletions measured in scatter mode was only slightly
larger than the control (168.9 & 4.6 nm for the CD63 unbound and 170.2 & 5.0 nm for the
CD9 unbound population vs. 166.8 &= 3.7 nm for the control). The captured EVs’ mode size
was significantly smaller (135.8 £ 2.3 nm for the eluted CD63+ and 136.4 & 1.8 nm for the
eluted CD9+ population; see Figure 8b). The determination of the captured EVs’ mode size
in fluorescent mode was hindered by the low particle number and therefore not statistically
assured for all measured samples. However, the measured mode sizes between 80-120 nm
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in single samples of the captured CD63+ and CD9+ EVs (data not shown) corresponded to
the size of previously detected tetraspanin-positive particles in whole EV preparations, as
described above.
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Figure 8. Depletion of EV-subpopulations by immune-magnetic bead separation. (a) The percent of fluorescent particles
in comparison to all particles visible in scatter mode for oBALF-EVs of one patient. The first three bars represent the
percentage CD63 positive particles, and bars 4-6 represent the percentage of CD9 positive particles relative to particles in
scatter. (b) Measured mode sizes of particles in scatter mode of oBALF-EVs of one patient. (c,d) Distribution of number and
size of detected particles in scatter mode of o BALF-EVs of one patient for the CD63 beads (c) and CD9 beads (d) experiment.
For graphs (a-d), the colors stand for the following sample types: control sample (black), fraction unbound to CD63 beads
(pink), fraction eluted from CD63 beads (blue), fraction unbound to CD9 beads (green), and fraction eluted from CD9 beads
(violet). Graph (a) presents the mean and SD from three repetitions. Graph (b) presents the mean and SD from twelve
repetitions. Graphs (c,d) present the mean from three repetitions. **** refers to p value < 0.0001, ns refers to p value > 0.05,
from t-test-paired comparison.

Admittedly, the number of captured EVs was relatively low, looking at the measured
concentrations in scatter (Figure 8c,d) and the still high percentage of tetraspanin-positive
particles in the unbound-fraction. Obviously, further optimization of the method would
be required to obtain better results. A longer incubation time or different bead-EV ratio
could increase the captured EV number. However, since this experiment was intended
only as a proof-of-concept and was not designed to provide exact values, we did not
aim for complete removal of all CD63 or CD9 positive EVs or exactly checked the effi-
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ciency of EV removal. In summary, this proof-of-concept experiment verified our FL-NTA
immunolabeling technique for the detection of tetraspanin-positive EVs.

3.6.3. Impact of Plasma Lipoproteins on FL-NTA Measurements

To verify our assumption that the high lipoprotein content in our plasma EV-isolates
interferes with CMDR labeling and prevents the detection of tetraspanin-positive EVs in
FL-NTA, we removed lipoproteins from plasma prior to EV isolation. After lipoprotein
removal (-LP) and EV isolation by SEC, we did not observe a change in total particle
concentration or size of the particles in scatter mode compared to the control (CTRL),
where there was no lipoprotein removal step before the isolation. Mean concentration in
-LP was 4.10 x 100 £ 2.19 x 10 particles/mL and in CTRL it was 4.08 x 10'° 4-3.40 x 10°
particles/mL. However, we observed a significant increase in CMDR-positive particle
concentration (Figure 9a,b). The mean concentration of CMDR+ particles in -LP was 3.83
x 100 + 2,50 x 10° particles/mL and in CTRL 2.58 x 10'° 4+ 2.77 x 10” particles/mL.
Measurement of the content of CMDR+ particles by FL-NTA of EVs separated from plasma
of four different patients after removing lipoproteins showed a significant increase in
CMDR positive particles in comparison to the control samples in three patients (Figure 9c¢).
In the case of the staining for tetraspanins, we unfortunately obtained non-reproducible
results (data not shown). For the plasma-EV samples for which no tetraspanins could
previously be detected by NTA, lipoprotein removal did not improve the detection. For
other EV samples where CD9 positive EVs could be initially detected, the percentage of
CD9+ EVs increased in the -LP sample. However, this result was not explicitly reproducible
for all tested samples.
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Figure 9. Lipoprotein removal from plasma EVs. (a) Distribution of particles in the scatter and fluorescent mode (640 nm)
for plasma EVs of a representative patient during NTA measurement (CTRL). (b) Distribution of particles in the scatter and
fluorescent mode (640 nm) for plasma EVs of a representative patient during NTA measurement after lipoprotein removal
(-LP). (c) The percent of CMDR positive particles in comparison to all particles visible in the scatter mode of plasma EVs
before and after lipoprotein removal. Graphs (a,b) present the mean from four replicates. Graph (c) presents the mean and
SD from three (Pt1) to six (Pt2—4) replicates.

3.7. Correlation of BALF or Plasma-EVs Characteristics with NSCLC Patient Diagnosis

Given that within our small patient cohort, six patients during the diagnosis process
turned out to have a lung lesion other than NSCLC, and in three patients the lung tumor
could not be unequivocally confirmed, we decided to look at the potential of any of the
investigated EV-related markers to differentiate between NSCLC patients and patients
with other lung lesions. However, for none of the investigated parameters of both plasma
and BALF-EVs (total particle number, particle size, CMDR+ particle number, tetraspanin-
positive EV number, etc.), was a significant difference observed. We also could not find
a correlation of the investigated EV-metrics with any of the clinical parameters (data not
shown). One reason could be the small size of the patient cohort, which did not allow
statistical significance to be reached. Another reason is that plasma and BALF-derived
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EVs from patients contain both cancer-derived as well as normal EVs, so that general
EV-markers may not be powerful enough to diagnose NSCLC patients.

4. Discussion
4.1. Selection of Isolation Methods for Plasma- and BALF-EVs

In the last several years, EVs have emerged as a promising new version of a liquid
biopsy in cancer treatment. Playing a fundamental role in cell communication within the
tumor microenvironment and mediating immunoinhibitory and pro-tumorigenic signals,
they are under intensive research as potential biomarkers in diagnosis, prognosis, and
treatment response or as therapeutic drug carriers.

It seems that plasma or serum-derived EVs are the easiest accessible sources of EV-
based biomarkers. Unfortunately, their molecular characterization and translation into
the clinic have been impeded by challenges to isolate EVs with sufficient yield and pu-
rity. This is because plasma contains a high concentration of proteins (mostly albumin,
35-55 mg/mL) and several orders of magnitude more lipoproteins (~10'®/mL) than EVs
(~107-10% /mL) [23]. Several methods have been described for the separation of EVs. which
vary in purity and yield of the received EV isolate. SEC is the most common method for
EV enrichment from plasma since it removes the most contaminating proteins and allows
for the purification of EV-enriched fractions from LDLs and HDLs. The method results in
relatively pure and intact EVs, are broadly described in the literature, and are already well
established in our laboratory, in contrast to differential ultracentrifugation (UC), which is
not recommended for isolating EVs from plasma [24,25]. Therefore, we used centrifugation
and homemade SEC columns for plasma EVs.

Another promising source of tumor derived EVs in lung cancer patients seems to be
BALF. Unfortunately, BALF and plasma have a completely different composition and vol-
ume, and therefore each requires a unique approach for EV separation. Because BALF does
not contain lipoproteins or high amounts of protein, we did not expect high contaminations.
At the time of method development, there was no available SEC method for large volumes
of fluid and our attempts to concentrate it were unsuccessful because of its high viscosity.
Since the literature suggests UC as a good isolation method for BALF, we decided to use
it [26]. During method optimization, we also performed an additional SEC purification
step of the resuspended BALF-EV pellet after UC and compared it to EVs isolated only
by UC. We found no differences in the EV profile measured by NTA (size), but noticed a
substantial drop in EV recovery, which would leave not enough material for all planned
analyses (data not shown). For these reasons, we decided to omit this step.

4.2. Characterization of EVs in the Context of Standardization and Previous Reports

The importance of standardization and parameter monitoring was strongly empha-
sized by Vestad et al. [27]. Even small changes can lead to different measured concentrations
and sizes of particles. Mork et al. [28] noticed in their paper the loss of quality when one
analyzed EV-enriched particle fractions after a freeze-thaw cycle. We performed our NTA
experiments on freshly isolated EV preparations from frozen plasma. However, in the case
of BALF, NTA experiments were performed on previously isolated and frozen EV samples
for technical reasons. However, our cryo-TEM pictures of thawed EVs from BALF proved
that the phospholipid bilayer remained intact, and the EVs kept their usual shape and
integrity (Figure S7a).

Using MISEV-recommended “classical” EV characterization methods, we showed that
our EV separation methods were effective. We managed to detect classical transmembrane
(CDY, CD81) and cytosolic (Tsg101, syntenin) EV-markers in both plasma and BAL-EVs
and excluded secretory pathway contaminants (calnexin). Our NTA analysis in the scatter
mode of both EV types suggested that plasma may be a better source of EVs in lung cancer
patients since in comparison to BALF, it contained approximately 500 to 250 times more
particles per mL of more homogenous size and around 3.5 times more exosomal proteins.
Rodriguez et al. [29] similarly noticed higher particle numbers in BALF than in plasma,
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however, there, the obtained particle number was 5-10 times lower in BALF and 1000 times
lower in plasma compared to our results. This could be explained by the different isolation
methods and pooled samples used by Rodriguez. In contrast, we performed all of our
analyses pairwise, comparing plasma, oBALF, and cBALF EVs separately for every patient.
The lower EV numbers in BALF were expected since BALF is not a “true” biological fluid,
but is obtained by diluting some original biological material with saline solution and
contains much fewer EV donor-cells.

4.3. Membrane Labeling Reveals EV Sample Purity

Our further NTA-based identification of “true” EVs based on CMDR membrane
staining and tetraspanin detection showed that a substantial proportion of the particles
measured by NTA in scatter mode, especially in the case of plasma, were of non-vesicular
origin and rather represented protein aggregates and lipoproteins than EVs. Membrane
labeling revealed that BALF contained a higher proportion of true EVs than plasma, with
around 50% of CMDR-positive particles in BALF in comparison to only 30% in plasma.
Indeed, our cryo-TEM analysis already showed significantly higher contamination of
the plasma-derived EV-sample with protein aggregates and single-membrane vesicles in
comparison to the BALF sample; although rare per field, only double-membrane bona-fide
EVs were visible.

Additionally, we noticed that the EV mode size increased after labeling with CMDR
by around 10-20 nm in all of our EV sample types, which is in line with the observations
after EV labeling with PKH [30] or the FM dye [31]. An explanation for this observation
may be the intercalation of CMDR molecules into the EV membrane, causing an increase in
size. In addition, particularly smaller particles probably representing protein aggregates
that are not stained with CMDR, contribute to a smaller mode size in scatter mode and are
eliminated in the fluorescence measurement. Furthermore, our preliminary experiments
optimizing the dye concentrations showed a strong particle size increase at very high
CMDR concentrations. This points to the possibility of the aggregation of CMDR particles
that are then detected by the NTA, causing a shift in the particle size distribution toward
bigger sizes, as also observed by Wu Y et al. [32].

4.4. Lipoprotein Influence on EV-Membrane Labeling and NTA-Analysis

The results discussed above point to the possibility that our SEC method does not
provide a full separation of plasma EVs from lipoproteins due to the overlap in size, which
was already previously observed [33-35]. The lipoproteins in plasma are composed of
very-low-density lipoproteins (VLDLs), intermediate and low-density lipoproteins (IDLs
and LDLs), high-density lipoproteins (HDLs), and chylomicrons, which all interfere with
the characterization of EV preparations from this source including NTA measurements [23].
Measuring particles directly in plasma by NTA, Gardiner et al. shown that lipoproteins
may account for more than 98% of particles [10].

SEC-isolation of EV fractions removes contaminating HDLs and LDLs due to their
small size below 30 nm. However, bigger VLDLs and chylomicrons may still be present, as
evident by their triglyceride or Apo-B content [36]. To address this issue, we performed
additional western blot analysis of our EV isolates for the presence of lipoprotein marker
Apo-B. We managed to detect it in our plasma EV samples, but not in the BALF EVs or cell
lysate (Supplementary Figure S8).

Although staining with membrane dyes may help exclude some impurities mimicking
EVs from analysis, it will not fully differentiate between true EVs and lipoproteins or even
protein aggregates. Recently, it has been discovered that fluorescent lipophilic membrane
dyes such as PKHs, DiD, or Cell Mask dyes, which are commonly used to identify true
EVs, are not specific to the vesicular membrane and can be incorporated into any lipid
structure including lipoproteins and also bind to free proteins [37]. Takov et al. showed
that fluorescent dye transfers to the target cell after staining of the small EVs (sEVs)
obtained from plasma by SEC did not correlate with sEV content. The authors observed a
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similar or even higher fluorescent uptake of vesicle-poor but protein-rich SEC fractions.
They concluded that lipoproteins and free proteins unavoidably co-isolated with sEVs
significantly contribute to the fluorescent membrane dye’s transfer and uptake by target
cells [35].

So far, no studies have investigated the impact of lipoproteins on NTA measurements
after membrane dye staining. In our case, we observed a lower percentage of CMDR-
positive particles in plasma-EV samples in comparison to the BALF-EV samples. We
suspected that the lipoproteins present in our plasma EV samples interfered here with
the staining and NTA-measurement. They may compete with true EVs for dye binding,
interfere with EV labeling, and contribute in an undefined way to the CMDR+ particle
count detected by NTA. Furthermore, some of the remaining LDLs and HDLs not removed
by SEC could also incorporate the dye, reducing the available dye amount for EV staining.
However, due to their small size, they would be under the ZetaView instrument’s detection
limit. Based on the previous reports and our results, we concluded that lipophilic dyes
might not be reliable for labeling small EVs from plasma unless an entirely pure population
without proteins and lipoproteins of EVs is obtained, which given the currently available
isolation methods has not been achieved thus far.

Attempts to increase the purity of EV preparations from plasma by including ad-
ditional gradient separation or differential UC have only been partially successful [38].
This also has some implications for sample collection since EV-enriched plasma samples
collected in the postprandial state demonstrated an increase in total particle numbers in
NTA [28,39—41]. On one hand, which exposes the possible strong interference of lipopro-
teins with NTA-measurements and, on the other hand, the need to analyze plasma EV
samples in the fasting state. In our case, food intake before blood draw was not a strict ex-
clusion criterion in our patients’ group, however, most of the blood samples were routinely
drawn in the fasting state. The strong interference of lipoproteins with NTA-measurements
also implies that direct measurements of EVs in unpurified plasma by NTA in scatter
mode, even though it is technically possible and has already been performed by sev-
eral researchers [10,18,22], may lead to a high overestimation of the actual EV numbers
and have to be interpreted with caution. To further complicate the issue, recently, an
in vitro association of LDLs with EVs and their interference with vesicle analysis has been
observed [22].

4.5. Antibody Labeling Show Significant Differences between Plasma and BALF EVs

Given the CMDR-labeling inaccuracy in EV number evaluation, we performed staining
of our EV samples with fluorescent antibodies directed against tetraspanins as classical
small EV or exosomes markers. We detected expression of all tested tetraspanins on
BALF-derived EVs, with the amount of detected CD9-positive particles being the highest
and corresponding to the amount of detected CMDR+ vesicles and the amount of CD81
positive particles being the lowest. Interestingly, all tetraspanin-labeled samples detected
in fluorescent mode showed a decreased mean size in comparison to the whole vesicle
population in scatter mode or the CMDR+ population. On one hand, this was expected
since tetraspanins are regarded to be predominantly markers of smaller EVs of endosomal
origin, named exosomes. It seems that in our BALF-EV population, preferably the smaller
exosomal EVs around 100 nm express tetraspanins, and their presence is becoming less
common the larger the EVs. On the other hand, we were surprised to note that the detected
tetraspanin-positive particle size distribution curve did not fully overlap with the scatter
or the CMDR+ distribution curves and shifted toward smaller sizes. Understandably, the
smallest tetraspanin-positive EVs were not detected in the scatter mode or after CMDR
staining. One explanation for this phenomenon could be the technical limitation of the NTA
instrument. In highly polydispersed samples such as EV preparations from biological fluids,
large and therefore strongly light-scattering particles overshadow the smaller particles and
exhibit halo effects in scatter mode. Additionally, in comparison to polystyrene beads, EVs
have a very low refractive index. Thus, they may lie under the ZetaView instrument’s
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detection limit in scatter mode and may also be too small to incorporate enough CMDR dye
to be detected in the fluorescent mode. After labeling with tetraspanin-specific fluorescent
antibodies, bigger tetraspanin-negative particles become invisible, whereas the smaller
tetraspanin-positive EVs become traceable in the fluorescent mode. Similar observations
were made by other researchers. Oesterreicher et al. detected higher EV-specific CD63 and
CD81 marker expression in the small vesicle range (<200 nm) than in the intermediate and
large ranges [42]. Staining with quantum dots for CD9 of canine MSC-derived EVs resulted
in the detection of small particles ranging in size from 30-100 nm, which were significantly
less numerous in scatter mode [43]. The authors concluded that these smaller fluorescent
particles could be CD9 positive small EVs not visible in scatter or free quantum dots and
quantum dots aggregates. Here, by evaluating the fluorescence background of the control
samples (fluorescent antibodies only) and adjusting the instrument settings accordingly,
we could largely exclude the detection of free antibodies or antibody aggregates. In our
study, the peak shift in fluorescent mode can be attributed to tetraspanin-bearing small
EVs not detectable in scatter mode (which also explains the over 100% scatter/fluorescent
mode particle ratios of some samples). Our control NTA-measurement of CD63 and CD9
labeled BALE-EVs after EV-depletion by CD63- or CD9-specific magnetic beads confirmed
that we detected true CD63 or CD9 positive EVs in fluorescence NTA since EV-depletion
markedly reduced the tetraspanin-specific fluorescence.

In contrast, we could not detect any tetraspanins in our plasma EV samples at the
same staining conditions except only single samples. We believe that the reason lies in the
high concentration of contaminating lipoproteins, which do not express tetraspanins, but
are detected in the scatter mode of the instrument. Since we have to adjust the dilution of
the sample for measurement based on the particle count in scatter mode, the lipoprotein
contamination of the plasma-EVs impose a high sample dilution factor to stay within the
optimal measurement range of the instrument. This dilution is then too high to detect the
low abundant tetraspanin-positive EVs in fluorescent mode. However, biological reasons
may also be possible (e.g., plasma EVs may have less tetraspanin-epitopes on their EV
surface than BALF-EVs and may therefore be less detected by the instrument. Indeed,
direct phenotyping of plasma-derived EVs by nano flow cytometry revealed a very low
percentage of tetraspanin-positive EVs, which barely exceeded 4% [19]. Furthermore,
only ultracentrifugation and SEC with ultrafiltration as EV-isolation methods resulted in
detectable numbers of tetraspanin-positive EVs. In contrast, EVs from the cell culture
supernatant or urine showed significantly higher tetraspanin expression rates between
25-40%, which is comparable to our results obtained from BALF. An increase in sample
input for the measurement to reach the detection level is not feasible for NTA since a too
concentrated sample will fall out of the instrument’s linear range.

Sodar et al. showed that even after applying the most efficient and purifying EV
isolation methods currently available, the obtained EV samples still contained at least one
order of magnitude less “true” EVs in comparison to the contaminating lipoproteins and
protein aggregates [22]. Therefore, we decided to remove lipoproteins from the plasma
sample prior to our standard EV isolation using a commercially available kit. We observed
an increase in the % of detectable CMDR-positive particles in most cases, indicating
that the presence of lipoproteins in the EV isolates indeed interfered somehow with EV
membrane staining. Unfortunately, the staining against tetraspanins after lipoprotein
removal provided somewhat contradictory results (in some samples an increase, in others
no change—data not shown). Right now, we do not know exactly what the mechanism of
lipoprotein interference during EV labeling and FL-NTA detection is, but our experiment
confirms that it has an impact on the results. Mork et al. performed a similar experiment,
but the NTA-measurements were performed directly in platelet-free plasma (PFP) without
EV-isolation and only in scatter mode. Lipoprotein removal resulted in a median reduction
of 62% of the measured particle concentration, once again emphasizing the fact that scatter
NTA-measurements do not only detect true EVs [18].
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4.6. NSCLC Patients Differentiation

None of the investigated general EV-parameters could differentiate between NSCLC
patients and non-NSCLC patients or correlated to any clinical parameter. Although several
studies have already shown a correlation between total EV levels in plasma and disease
activity and progression [44], recently the EV research has moved toward the investigation
of more specific EV-cargo as a diagnostic or prognostic marker (e.g., the presence of
immunosuppressive factors, cancer-specific molecules or miRNAs). In our ongoing studies,
we plan to further characterize the molecular cargo of BALF-EVs in the context of EV-
mediated immunosuppression in the lung TME in a much larger cohort of NSCLC patients.
We are convinced that a comprehensive examination of the molecular composition of BALF-
EVs might provide specific EV-cargo signatures that will be more accurate and reliable
diagnostic or prognostic biomarkers than any single soluble BALF or plasma biomarker.

4.7. Conclusions

In summary, in this study, we presented the first comprehensive phenotyping of
BALF-derived EVs from lung cancer patients using classical EV-characterization methods
as well as the relatively new FL-NTA method. In addition, we have shown that EV
immunolabeling for specific EV markers combined with the differential use of the scatter
mode and fluorescent mode NTA analysis can provide the concentration, size, distribution,
and surface phenotype of bona fide EVs in a heterogeneous solution. By performing
FL-NTA analysis of BALF-derived EVs in comparison to plasma-derived EVs, we have
revealed that this method is suitable only for relatively pure EV isolates such as BALF or
CCM. In particular, EV preparations from plasma or serum, with very low EV levels in
comparison to contaminating lipoproteins, are less suitable for FL-NTA phenotyping, and
even membrane-specific labeling might strongly overestimate EV numbers. The different
composition of BALF-EV versus plasma EV samples and its impact on NTA analysis are
summarized in Figure 10. Development of applicable purification methods for these EV
preparations to remove lipoproteins, as has recently been attempted by Onodi et al. [45],
and further refinement of the immunolabeling process and optimization of the FL-NTA
settings are needed for the analysis of such polydispersed EV preparations. Further
development of FL-NTA based EV-phenotyping toward the detection of more specific
cargo such as cancer-biomarkers will advance our understanding of the composition and
quality of different EV preparations. This is indispensable before a conclusive statement
about their biological function and clinical significance can be made.
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Supplementary data:

Supplementary Table S1. Fluorescent label, antibodies, isotype controls, and secondary antibody used for

NTA, flow cytometry, and Western blot analysis

Antibody/dye
CellMask™ Deep
Red plasma mem-

brane stain
PE

PE
PE
FITC

PE
APC

Mouse IgG1 « Iso-
type Control -PE
Mouse IgG2b x Iso-
type Control -APC
Mouse IgG2b x Iso-
type Control-FITC
Anti-ALIX
Anti-Calnexin
Anti-CD9

Anti-CD81
Anti-NY-ESO-1
Anti-Synthenin

Anti-Tsg-101
Biotin Anti-Ali-
poprotein B
HRP
HRP

HRP

Source, Catalog number:

Invitrogen™ Thermo Fisher Sci-
entific, C10046

Invitrogen™ Thermo Fisher Sci-
entific, MA1-19650
Biolegend, 349506
Biolegend, 312106

Beckman Coulter, IM1755U

BD Pharmingen™, 556020
Beckman Coulter, A87789
eBioscience™, 12-4714-82
eBioscience™, 17-4732-81
eBioscience™, 11-4732-81

abcam, ab117600
abcam, ab13504
Invitrogen™ Thermo Fisher Sci-
entific, 10626D
Invitrogen™ Thermo Fisher Sci-
entific, 10630D
Santa Cruz Biotechnology, Sc-
53869
abcam, ab19903
abcam, ab30871
Abcam, ab20898

Thermo Fisher Scientific, A16078
Thermo Fisher Scientific, A16110

Santa Cruz Biotechnology, Sc-
2020

Antigen
Membrane
Stain

CD63

CD81
CD9
CD9

CD63
CDs81

Isotype Con-
trol PE
Isotype Con-
trol APC
Isotype Con-
trol FITC
ALIX
Calnexin
CD9

CD81
NY-ESO-1

Synthenin
TSG-101
Apo-B

mouse anti-
bodies
rabbit antibod-
ies
donkey anti-
goat antibod-
ies

Dilution

1:1250000

1:5000

1:40000

1:6000

1:20

1:20

1:20

1:10

1:10

1:10

1:1000

1:2000

1:500

1:1000

1:200

1:1000

1:1000

1:1000

1:10000

1:10000

1:10000

Application
NTA

NTA

NTA
NTA
Flow cytome-

try
Flow cytome-

try
Flow cytome-

try
Flow cytome-

try
Flow cytome-

try
Flow cytome-

try
WB

WB
WB
WB
WB
WB
WB
WB
WB

WB

WB



Supplementary Table S2. Concentration of particles for 1 mL of plasma/BALF in scatter, membrane, and tetraspanin labeling

Pt

[S—
D20 XN U A WN =

QW W W W WRNDNDNNRNDNDNRNDNDND SR = = e el
B WO N = O WOV WDNRFRE OOV OO U WN

Scatter
[particles
x107/mL pla-
smay]
6600.0
4733.3
3466.7
41866.7
6666.7
24000.0
22533.3
1033.3
4533.3
9066.7
8000.0
28666.7
122000.0
26796.0
6066.7
26400.0
32266.7
8133.3
28533.3
2113.3
4466.7
1980.0
6800.0
34000.0
10666.7
16200.0
2133.3
1960.0
12533.3
39600.0
260000.0
2573.9
8800.0
15466.7

Plasma EVs
CMDR
[particles x10-
7/mL plasma]

2333.3
1966.7
2600.0
6080.0
1873.3
6933.3
7866.7
56.0
1493.3
4466.7
3166.7
2000.0
24666.7
9034.7
3866.7
7333.3
9466.7
2160.0
2733.3
333.3
2533.3
613.3
546.7
15066.7
3333.3
7466.7
810.0
600.0
5866.7
13333.3
30666.7

3800.0
1566.7

CD9

[particles x10-
7/mL plasma]

2533.3

3600.0

540.0

Scatter
[particles
x107/mL

BALF]

136.0
68.0
1.0
4.5
153.3
91.8
5.0
34.7
106.7
52.8
96.7
118.8

23.6
19.2
114.2
35.3
16.7

147.0
33.0
14.1

122.0
15.0
31.1
35.7

148.5
34.0
46.7
198.0

739.2
39.1
111.2
37.9

CMDR
[particles
x107/mL

BALF]

86.0
17.1
0.4
25
33.7
56.5
2.8
15.1
62.1
62.4
59.3
58.6

11.9
9.2
75.8
14.4
7.1

39.5
4.7
54

25.1
7.0

22.6

12.7

54.1

32.0

44.0

137.0

177.8
17.2

50.0

27.1

cBALF EVs
CD63 CDS81
[particles [particles
x107/mL x107/mL
BALF] BALF]
55.7 41.6
10.3
0.4 0.2
0.4
13.7
25.1 8.6
0.5
77 33
45.7
66.4
54.0 44.0
212.7
16.0 10.0
16.8 1.3
153.8 66.7
19.1
4.1
125.0 10.2
10.0 1.1
15
56.0 8.6
34
9.1 42
8.5
60.3 73
3.8
178.0
257.0 39.6
12.9 3.8
12.2 51
5.6

CD9
[particles
x107/mL

BALF]
123.0
39.7
0.7
0.2
21.1
40.0
14

12.6

127.8

70.4

62.7

63.7

37.0
36.7
143.6
14.3
8.5

163.0
21.4
1.9
115.0
8.2
16.7
9.6
82.0

30.0
159.0
369.6

20.4

20.5

9.3

Scatter
[particles
x107/mL

BALF]

101.3
29.0
40.0

143.6
97.5
55.6
42.6
56.7
12.5

2253

125.2
47.6

4.1
24.7

145.7
35.4
50.0
36.0
19.9
34.7
26.0

566.0
11.3
15.0
76.0

2333

267.8
15.9
80.7

265.0
766.7
12.9

413.3
84.3

CMDR
[particles
x107/mL

BALF]

27.2
73
14.7
92.8
68.1
37.1
19.3
29.3
5.0
269.3
61.3
22.3
0.8
18.6
81.4
18.2
28.5
17.5
11.6
9.5
73
216.0
35
9.0
54.9
96.0
89.3
9.8
36.7
172.0
142.0
74
122.0
49.5

oBALF EVs
CD63
[particles
x107/mL
BALF]
80.8
6.9
64.1
54.2
36.0
80.4
10.7
85
2.0
69.3
5.3
15.1
09
16.9
829
19.1
44.0
11.9
25.4
19.0
10.9
159.2
25
43
20.7
156.5
110.0

285.0
360.0
29
82.0
16.0

CD81
[particles
x107/mL

BALF]

28.7

55
17.6
13.2

52

44

9.5
6.6

1.2
90.0
0.6

29

23.0
30.4

65.3

16.0

CD9
[particles
x107/mL

BALF]

147.7

10.6

48.0

69.1

20.8

22.8

26.2

74.7

73

110.7

12.3

13.5

19

27.1

138.6

21.4

37.0

16.8

14.6

20.1

26.7

238.0

17.1

77

58.1

255.4

130.7

60.0
229.0
440.0

3.2
174.7
21.7



Supplementary Table S3. Size of particles for 1 mL of plasma/BALF in scatter, membrane, and tetraspanin labeling

O N U WN - ~

W W W W WNDNDNDNDNDNNNDNDNDRPL R R R P2 =R s
B WON PR, OOV NANUGE WNRFRE OOV ONOOUG R WN = OoO

Scatter
[nm]
94.6
102.7
99.6
109.2
834
98.9
104.4
914
1124
102.9
98.4
89.5
95.3
119.1
104.3
109.2
107.5
106.1
112.8
95.0
83.7
93.9
102.2
89.4
84.3
83.8
89.6
95.5
107.3
107.6
113.7
84.5
85.4
89.1

Plasma EVs
CMDR
[nm]
105.9
113.2
98.4
154.5
102.0
123.8
117.5
117.3
129.0
106.0
108.0
128.5
1144
132.1
110.6
131.3
118.9
126.5
154.8
122.1
88.9
110.7
140.6
98.1
95.6
88.9
101.8
119.1
117.0
128.3
158.5

93.9
115.3

CD9
[nm]
88.6

77.8

103.5

Scatter
[nm]
195.8
167.0
217.9
147.4
140.0
159.6
179.0
152.7
196.3
196.3
154.1
166.2

191.6
158.3
163.6
185.1
211.2

169.0
177.2
163.5
150.2
185.9
153.6
157.5
159.3
235.1
129.8
189.2
168.0
139.1
172.4
170.6

CMDR
[nm]
193.9
181.1
243.0
154.0
128.2
161.6
162.8
164.8
192.0
192.0
161.3
175.3

208.4
169.8
174.9
188.0
256.5

209.1
214.7
188.8
218.9
218.9
156.6
169.7
167.9
242.8
97.8
184.8
170.8
151.6
181.3
182.0

cBALF EVs
CD63
[nm]
80.9
83.5
274.2
105.2
84.3
104.4
161.5
92.9
103.0
103.0
79.0
81.9

80.2
102.6
80.0
86.7
84.3

79.3
84.9
97.1
78.4
121.5
82.7
87.0
82.6
166.5

91.2
84.2
78.0
105.8
96.9

CD81
[nm]
79.6

227.5

79.2

96.0

89.4

196.1
109.4
92.3

87.8
117.8

93.7

159.1

83.7

79.8
145.8

CD9
[nm]
93.2

105.1
185.6
125.5
102.1
103.0
138.0
100.6
100.1
100.1
90.6

96.8

84.0
90.2
81.5
102.1
88.1

87.4
89.0
140.9
81.5
109.5
97.9
109.3
97.3

824
122.0
98.8
80.9
126.5
120.6

Scatter
[nm]
197.3
153.7
1514
161.4
167.7
151.1
179.5
150.4
158.8
170.5
161.0
164.3
173.6
189.0
166.2
156.7
173.4
189.0
169.3
161.8
171.8
160.1
179.4
173.4
150.8
147.3
162.5
186.3
181.7
184.2
148.1
144.3
153.4
174.9

CMDR

[nm]
201.2
171.0
177.5
170.4
178.9
152.1
206.6
160.2
165.4
164.2
164.7
169.8
169.7
195.1
175.6
162.4
172.1
182.6
179.9
198.7
192.9
159.9
217.6
196.0
157.7
155.8
178.4
184.9
173.4
191.5
149.0
147.9
166.2
187.8

oBALF EVs
CD63
[nm]
78.9
95.7
78.0
85.5
107.6
88.8
97.7
87.0
94.1
78.6
83.2
92.9
131.2
85.5
112.0
76.1
80.7
86.6
76.3
78.6
93.6
894
83.7
97.1
80.8
78.8
89.5

90.0
89.8
82.7
94.7
103.7

CD81
[nm]
84.5

84.8
176.0
160.0

78.4

176.2

79.0
92.7

152.4
157.2
91.3

205.9

222.9
170.6

93.4

107.6

CD9
[nm]
89.7
95.7
81.5
97.1
125.3
929
108.3
84.0
113.3
85.4
86.9
111.8
120.0
91.5
98.3
85.8
92.7
106.2
82.0
82.0
90.6
98.3
88.4
921
80.6
87.0
91.3

79.4
103.3
89.4
107.8
102.2
127.9



Supplementary Table S4. The concentration of particles — the fraction of all particles [%] in six size fractions (< 50nm, 50-100 nm, 100-150 nm, 150-200 nm, 200-250 nm,

>250 nm) for plasma, BALF, and cell line EVs

plasma EVs
Scatter CD9
[nm] [%] [%]
<50 1.44 19.59
50-100 42.54 52.17
100-150 38.44 26.00
150-200 11.97 1.12
200-250 347 0.00
> 250 2.14 1.12

CMDR
[%]
2.52
37.18
39.74
13.10
4.42
3.03

Scatter
[%]
0.42
7.11
24.04
25.37
18.54
24.53

CD63
[%]
8.42
43.28
24.94
12.21
5.78
5.37

oBALF EVs
CD9
[%]
7.67
37.21
27.18
15.12
6.48
6.34

CD81
[%]
13.96
39.52
23.26
9.30
4.65
9.30

CMDR
[%]
0.56
5.83
20.84
24.40
18.35
30.02

Scatter
[%]
0.62
15.18
39.07
25.80
11.04
8.28

NSCLC Cell line EVs
CD63 CD9 CD81
[%] [%] [%]
12.88 16.69 9.75
44.02 46.96 39.90
20.55 23.75 30.25
11.73 7.70 12.04
6.95 3.00 3.62
3.85 1.90 4.43

CMDR
[%]
1.09
19.77
36.18
23.14
10.76
9.06



Supplementary Table S5. Concentration of protein for 1 mL of plasma/BALF

Patient no. The concentration of The concentration of The concentration of
protein in plasma EVs protein in cBALF EVs protein in oBALF EVs
[ug/mL of plasma] [ug/mL of BALF] [ug/mL of BALF]

1 31.99 1.47 2.21
2 121.86 0.42 0.08
3 149.72 0.16 1.03
4 16.71 0.04 1.37
5 248.20 1.03 0.52
6 130.64 0.44 0.23
7 306.93 0.14 0.42
8 116.34 0.23 0.34
9 51.35 0.96 0.08
10 109.58 2.77 4.01
11 236.44 0.95 1.82
12 172.83 1.41 0.21
13 177.31

14 211.36 0.13 0.23
15 67.22 0.07 0.50
16 112.19 1.79

17 146.98 0.42 0.45
18 8.56 0.63 0.42
19 193.37 0.33 0.33
20 80.91 3.08 0.72
21 185.18 0.53 0.27
22 74.51 0.10 2.32
23 20.41 3.05 0.22
24 70.36 0.12 0.16
25 85.66 0.14 0.35
26 155.36 0.21 2.26
27 101.06 0.93 1.67
28 70.73

29 84.90 0.84 241
30 139.12

31 545.66 5.46 3.24
32 248.62 0.20 0.00
33 250.16 0.24 1.58
34 292.43 0.05 0.11
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Supplementary figure S1. EVs isolation from plasma - particle/protein ratio

Isolation of EVs from plasma was performed as described in Materials & Methods
using 3 homemade columns (prepared 1 day before) and one new commercial Izon
qEV/70 nm column. Fractions 1-8 (1 mL each) from the SEC columns were collected and
measured for particle content by the NTA method and for protein content by the BCA
method (Pierce). Most enriched in particles were fractions 4, 5 and 6 (mean concentration
+ SD was: F4: 540 x 109+ 5.13 x 10% F5: 1.70 x 10"+ 6.17 x 109, F6: 7.55 x 100+ 1.79 x 10
particles/mL) (Fig. S 1a). The protein concentration was below the detection limit of our
BCA method in the first 4 fractions, was low in fractions 5-6, and increased rapidly in
fractions 7-8 (Fig. S 1b). The particle/protein ratio was most beneficial (highest) in frac-
tions 5 and 6 (ratio = SD was: F5: 8.40 x 10°+ 1.53 x 10°% F6: 8.42 x 108+ 1.01 x 108 parti-
cles/mL) (Fig. S 1c).
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g 54.95%
S
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F1 F2 F3 F4 F5 F6 F7 F8 F4 F5 F6

Fig. S1. EVs separation from plasma on SEC - particle/protein ratio. (a) The concentration of particles in fractions 1-8 from 3
home-made SEC columns and one commercial Izon column after separation of EVs from plasma. (b) The concentration of protein
measured in 1-8 fraction for each column. (c) Particle/protein ratio in each fraction. (d) CMDR positive particles' fluorescence from
all visible in the scatter of plasma EVs in fractions 4,5 and 6 from SEC. The experiment from figures (a-c) was conducted on two
biological samples with three replicate measurements each. Graph d presents Mean and SD from two replicates. The experiment
from graph (d) was created from measurements taken at Sensitivity 93.

Those results led us to further investigations on fractions 4, 5, and 6. We have per-
formed membrane labeling of fractions 4, 5 and 6. The results showed that in F4 there was
34.15%, in F5 54.95%, and in F6 42.00% CMDR positive particles of all visible particles in
scatter (Fig. S1d). All three fractions were enriched in EVs, but higher concentration of
particles, the measurable concentration of protein, and higher percent of CMDR positive

6



particles led us to choose fractions 5 and 6, which we pulled for further analysis of the
NSCLC patient’s plasma-EV samples.

Supplementary figure S2. Flow cytometry of BALF-EVs after coupling to CD63-, CD9-
and CD81-specific magnetic beads
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Fig. S2. Flow cytometry analysis of 0 BALF-EVs bound to magnetic Dynabeads coated with antibodies against tetraspanins. Fig-
ures (a & b) present examples of gating strategy and overlay creation. Gates were set first on single beads visible in the forward and
side scatter, then on singlets. The gate for tetraspanin-positive events was set based on isotype control labeling so that a maximum
of 5% of the isotype control was included in the gate. Samples with beads only, isotype labeled sample, and tetraspanin labeled
sample were overlayed. (a) CD63 beads. (b) A mix of CD63, CD9, and CD81 beads. (c) One type of beads (CD63, CD9, or CD81)
bound to oBALF-EVs and labeled with CD63-PE, CD9-FITC, and CD81-APC. The highest percentage and MFI for a given tetraspanin
were usually achieved with beads specific for this given tetraspanin. An exemption were CD81-beads, where only up to 40% of beads
captured any vesicles. EVs captured by CD9 beads showed the highest percent for all three markers (98.4% CD63, 98.7% CD9, and
72% CD81 positive particles). In the case of the CD63 beads, the highest percent had CD63 positive particles (98.9%), whereas there
were only 8.02% CD9 and 15.3% CD81 positive particles. CD81 beads showed 37.4% of CD63, 37.3% CD9 and 30.8% CD81 positive

particles.



Supplementary figure S3. Analytical variability of the NTA measurements
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Fig. S3. Variability of the measured size and concentration of standard beads on NTA. (a) The size of YG488 particles in F488
(black) and scatter (blue) mode. (b) The size of DR660 particles in (black) and scatter (blue). (c) The size of PS100 particles in scatter
mode - single data from calibration beads from 24 days. (d) The concentration of YG488 particles in (black) and scatter (blue). (e) The
concentration of DR660 particles in F660 (black) and scatter (blue). (f) The mode size of PS100, YG488, and DR660 in the scatter mode
with calculated Mean, SD, SEM, and CV. Graphs (a, b, d, e) were prepared from 3 replicate measurements performed for 8 days.
Graphs (a, b, d, e) present the mean and SD of each replicate. MEAN =+ 2 SD area is colored grey. MEAN value is marked with the
black dotted line. The expected value from the beads certificate is marked with the grey dotted line (expected) with + SD area colored
blue. All graphs were created from measurements in settings described in Materials & Methods dedicated to each type of beads.



Supplementary figure S4. Optimization of dye concentration for measurements

Staining mixtures were prepared by adding different amounts of CMDR (final con-
centration for NTA measurement 0.5/1/2/4/6/8/10 [ng/mL]) to a constant appropriate
amount of EVs sample (optimal for NTA measurement after final dilution). Mixtures were
filled with PBS to a total volume of 10 pl. Samples were incubated for 2 h at RT in the
dark. Then, the samples were diluted in PBS and measured on NTA. The optimization
experiment was conducted on nonconcentrated (pulled fraction 5 and 6) and concentrated
plasma-EVs (pulled fraction 4-6) from Healthy Normal Control and on BALF-EVs from
NSCLC patient (Fig. S4).

a b c
plasma EVs plasma EVs concentrated BALF EVs
100% 100%
100%
80% 80%
g 0% 8 eo% g
8
g i g
S 5 5 50%
2 % 2 % .
20% 20%
0% 0% 0%
0 2 4 10 0 2 4 6 8 10 0 2 4 6 8
CMDR concentration [ng/mL] CMDR concentration [ng/mL] CMDR concentration [ng/mL]
d e f
plasma EVs plasma EVs concentrated BALF EVs
160 300 260
240
140
- 200
E = Fluorescence T = Fluorescence F 220 * Fluorescence
E; 120 — Scatter % — Scatter E. = Scatter
- N N
7] ® @ 200
100
100
180
80 0 160
0 2 4 10 0 2 4 6 8 10 0 2 4 6 8
CMDR concentration [ng/mL] CMDR concentration [ng/mL] CMDR concentration [ng/mL]

Fig. S4. Optimization of CMDR concentration. (a-c) CMDR positive particles' fluorescence from all visible in scatter for fresh, pulled
fraction 5 and 6 of plasma EVs (a), concentrated, thawed, pulled fractions 4-6 of plasma EVs (b), and BALF EVs (c). (d-f) The mode
size of particles in scatter and fluorescence for fresh, pulled fraction 5 and 6 of plasma EVs (d), concentrated, thawed, pulled fractions
4-6 of plasma EVs (e), and BALF EVs (f). Experiments were conducted on 3-6 replicate measurements. Graphs (a-f) present Mean
and SD. Graphs (a) and (d) were created from measurements in settings described in Materials & Methods. Graphs (b, ¢, e, f) were
created from measurements taken at Sensitivity 93.

The results showed that in plasma-EVs (both concentrated and nonconcentrated), the
fluorescence reaches the highest percent for 4 ng/mL of final CMDR concentration on NTA
(nonconcentrated: 52.67 + 4.51%, concentrated:68.9 + 4.90%), and then drops when more
CMDR is present (Fig. S4a, b). For plasma-EVs the difference between particles' size in
fluorescent and scatter mode was the smallest at 4 ng/mL. CMDR (A mean size: noncon-
centrated:5.42 nm, concentrated:1.1 nm) (Fig. S4d, e). In the case of BALF-EVs, the con-
centration of particles in fluorescent mode reached a plateau at concentration 3 ng/mL
CMDR (Fig. S4c). The difference between particles' size in fluorescent and scatter mode
was the smallest at 2-5 ng/mL CMDR (Fig.S4f). The concentration 4 ng/mL CMDR was
chosen as optimal for further staining experiments.



Supplementary figure S5. Antibody labeling of cBALF and oBALF EVs
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Fig. S5. Antibody labeling of cBALF and 0BALF EVs. (a) The percent of fluorescent particles in comparison to all particles visible
in scatter mode for cBALF and oBALF EVs for all patients. (b) Measured mode sizes of particles in scatter and in fluorescent mode
(488, 640 nm) for cBALF and oBALF EVs for all patients. Graph (a) present Mean and SD for all patients. Graph (b) presents the
Tukey plot for all patients. * refers to p value < 0.05, ns refers to p value > 0.05 from Wilcoxon test-paired comparison.



Supplementary figure S6. RIPA lysis of NSCLC Cell line EVs - size
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Fig. S6. RIPA lysis of EVs. (a-b) Particles’ mode size after labeling with CMDR and tetraspanin markers of NSCLC Cell line EVs
before and after incubation with RIPA lysis buffer measured in the scatter mode (a) and fluorescent mode (b). (c-d) Particles” mode
size after labeling with CMDR and tetraspanin markers of NSCLC Cell line EVs before and after incubation with PBS (Control)
measured in the scatter mode (c) and fluorescent mode (d). Graphs a-d present Mean and SD from three replicates.

11



Supplementary figure S7. Cryo-TEM images of thawed cBALF EVs

a b
cBALF EVs plasma EVs

Fig. S7. Cryo-TEM images of thawed cBALF EVs. (a) Thawed cBALF EVs. There is a visible double phospholipid bilayer. (b) Plasma
EVs. Besides EVs, particles with different morphology, like lipoproteins and aggregates, are visible.
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Full blots from Fig.2 (a)

Merged (chemiluminescence and colorimetric) blots with described protein ladder: Characterization of plasma/BAL EVs form NSCLC patients.
Immunoblot analysis of EVs from Plasma and BALF of two NSCLC patients (Pt.3, Pt.4), a normal donor (NC) and a cell lysate (SEMK2). Each
lane with plasma EVs represents the amount of protein present in 100 ul of patients” plasma which was taken for the isolation. Each lane with
BAL EVs represents the amount of protein present in 4 ml of Patients’ BALF (from healthy or cancer lung) which was taken for the isolation. Cell
lysate lane was loaded with 10 pg of protein from cell lysate.
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Supplementary figure S8. Lipoprotein marker Apo-B
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Raw pictures from Cryo-TEM from Fig. 2 (b)
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Factors to consider before
choosing EV labeling method for
fluorescence-based techniques

Magdalena Dlugolecka ® and
Malgorzata Czystowska-Kuzmicz ® *

Chair and Department of Biochemistry, Medical University of Warsaw, Warsaw, Poland

A well-designed fluorescence-based analysis of extracellular vesicles (EV) can
provide insights into the size, morphology, and biological function of EVs, which
can be used in medical applications. Fluorescent nanoparticle tracking analysis
with appropriate controls can provide reliable data for size and concentration
measurements, while nanoscale flow cytometry is the most appropriate tool for
characterizing molecular cargoes. Label selection is a crucial element in all
fluorescence methods. The most comprehensive data can be obtained if
several labeling approaches for a given marker are used, as they would
provide complementary information about EV populations and interactions
with the cells. In all EV-related experiments, the influence of lipoproteins and
protein corona on the results should be considered. By reviewing and considering
all the factors affecting EV labeling methods used in fluorescence-based
techniques, we can assert that the data will provide as accurate as possible
information about true EV biology and offer precise, clinically applicable
information for future EV-based diagnostic or therapeutic applications.

KEYWORDS

extracellular vesicles, f-NTA, nanoscale flow cytometry, fluorescent staining, corona,
lipophilic dyes, lipoproteins

1 Introduction

Small extracellular vesicles (EVs) are sized 30-150 nm and play a significant role in cell-
to-cell communication because they are secreted by all eukaryotic cells and carry a specific
cargo of lipids, nucleic acids, and proteins derived from the origin cell (Colombo et al.,
2014). They are present in all body fluids and can be easily obtained by minimally invasive
methods. Because EVs contain molecular cargo similar to that of the parent cells, they seem
to be a promising source of biomarkers as so called “liquid biopsy” (Imanbekova
et al., 2022).

Direct measurement of sSEVs using conventional flow cytometry is impossible because
their size is below the limit of detection of the instruments (Arraud et al., 2016; Botha et al.,
2021; van der Pol et al., 2022). Moreover, their small size also has some implications in the
way we can label EVs and how labeling impacts the measurement. Often, there is no
possibility of washing the unbound dye/antibody; we can only dilute it, but it is still present
and may interfere with results.

To address these challenges, several highly sensitive instruments capable of directly
measuring fluorescently labeled small EVs have been developed. Methods on which the
performance of these instruments is based, with the focus on fluorescence-based
Nanoparticle Tracking Analysis (f-NTA) and Nanoscale Flow Cytometry (nFC), are
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An experimental flow chart of an exemplary fluorescence-based analysis of EVs. Created with BioRender.com.

presented in this review. Subsequently, important fluorescent
labeling parameters influencing EV measurement, such as
labeling efficiency, specificity, and impact on EV functionality,
are discussed. Next, factors that may interfere with EV analysis,
such as lipoproteins and the protein corona (PC) will be considered.
Finally, mistakes commonly made during the planning and
conducting of fluorescent labeling experiments of EVs, as well as
typical pitfalls and misinterpretations of results, are discussed. A
flowchart presenting the steps of an exemplary fluorescence-based
analysis of EVs and listing the interfering factors that should be
considered is shown in Figure 1.

2 Fluorescent methods

The most frequently used methods capable of directly measuring
fluorescently labeled particles smaller than 300 nm are f-NTA and
nFC, which are discussed in more detail in this chapter.
Additionally, other methods that can be applied to a limited
extent for EV characterization have recently been developed,
such as those based on direct stochastic optical reconstruction
(dSTORM), or a
imaging sensor (SP-IRIS) coupled with fluorescence microscopy.

In brief, the dSTORM method allows for single-molecule
localization

single-particle interferometric reflectance

super-resolution microscopy (with an optical
resolution of ~20 nm) using regular, photostable, and bright
organic fluorophores (Endesfelder and Heilemann, 2015;
Chambers et al., 2021; Zhang et al., 2023). Notably, Bagc1 et al.
described a novel approach for characterizing EVs using the
dSTORM method, in which particles are immobilized on a
microscope slide prior to antibody staining of specific EV
proteins. They wused the reflectance mode of a confocal
microscope to locate the EVs plane precisely. They then
identified EVs labeled with specific proteins in the fluorescence

mode of confocal microscopy. This approach allowed them to

Frontiers in Bioengineering and Biotechnology

distinguish labeled proteins on EVs from free proteins. The
disadvantage of this method is that it requires fixation and
immobilization of EVs, which affects their functionality. In
addition, the true size of EVs cannot be measured and is not
suitable for identifying single EVs because of the diffraction limit
of confocal microscope (Bagci et al., 2022). In turn, SP-IRIS coupled
with fluorescence microscopy allows multiplexed characterization
and digital counting of EV's caught on a solid chip in the form of a
microarray (Avci et al., 2015; Daaboul et al., 2016; Mizenko et al.,
2021; Breitwieser et al., 2022).

Examples of the most common instruments with a short
description of their advantages and disadvantages, along with
representative references, are presented in Table 1.

2.1 Fluorescent NTA

It is well established that NTA in the scatter mode is a very
sensitive method for measuring the concentration and size of
particles in the nanometric size range. This method uses
Brownian motion (random movement) of particles in a solution
for measurement. Brownian motion is strictly related to the
hydrodynamic size of particles. Because smaller particles move
faster than larger ones, NTA software can calculate the
hydrodynamic diameter using the Stokes-Einstein equation
(Malloy and Carr, 2006).

In addition, by counting the particles in a known volume of the
sample within the flow cell, the software calculates the concentration
of the particles. Moreover, during NTA measurements, light is
scattered by the nanoparticles, which enables their visualization
using a microscope. The scattering effect depends on the refractive
index of the nanoparticles and the solution in which they are
dissolved. The differences in the refractive indices of the different
particles enabled the differentiation of these nanoparticles in NTA.
However, the value of the refractive indices significantly affects the
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TABLE 1 Instruments capable of direct measurement of nanosized particles with fluorescence detection.

advantages

high resolution, real-time
analysis; short time is needed
for sample preparation and
measurements (<1 h); EVs
can be analyzed in their
native form in solution

disadvantages

limited sensitivity to smaller
particles (<50 nm), biases the
detection of larger particles, less
precise in heterogenous samples

containing differently sized
vesicles, sample hast to meet the
detection concentration range,

possibility of co-localization
studies still under development

References

Desgeorges et al. (2020),
George et al. (2021), Bagci et al.
(2022)

EVs can be analyzed in their
native form in solution, high
sensitivity

requires trained personnel,
careful sample preparation,
limited concentration range for
measurements, technical issues
related to measurements of
sample in flow, difficulties in
determining the size of particles
in heterogenous samples

Dragovic et al. (2011), Koksal
et al. (2023)

high spatial resolution, single
molecule sensitivity, co-
localization studies possible,
intra-vesicular staining
possible

limited to relatively small
sample volumes, EV
concentration of sample has to
be known, low through-put

Roseborough et al. (2023),
Zhang et al. (2023)

quick, automated platform,
enables biomarker
colocalization, low sample
volume, no need for sample
purification

limited to specific particle
types — only detected by
tetraspanin antibodies

Bachurski et al. (2019),
Breitwieser et al. (2022),
Bhagwan Valjee et al. (2024)

high sensitivity, multi-color
analysis, flexibility

variable performance
depending on sample quality,
high background interference,
limited sensitivity to dim
particles, swarming effect

George et al. (2021), Mizenko
et al. (2021), Salmond et al.
(2021)

high resolution, high
throughput, unmixing,
removal of autofluorescence

high background interference,
limited sensitivity to dim
particles, swarming effect

Welsh et al. (2021), Voss et al.
(2022), Aibaidula et al. (2023)

Name of the company size range of throughput®
instrument particles
ZetaView NTA Particle Metrics 10 nm-2000 nm low high
Nanosight (NS300, LM10, NTA Malvern 10 nm-2000 nm low medium
LM20, LM14) Panalytical
Nanoimager dSTORM ONI 10 nm-2000 nm medium low
ExoView SP-IRIS coupled with NanoView from 20 nm low medium
fluorescence Biosciences
microscopy
Cytoflex nFC Beckman not specified medium high
Coulter
Aurora/Northen Lights nFC Cytek not specified medium high
Biosciences
ImageStream nFC Luminex not specified high high
Corporation

imaging flow cytometry,
multiparametric analysis
direct EV measurement in
biological fluids

complex data analysis using
dedicated idea software, need
for high quality computer
equipment for data storage and
analysis, complex
optimalisation for every single
dye or Ab

Corso et al. (2019), Tertel et al.
(2020), Botha et al. (2021),
Tertel et al. (2022), Wu et al.
(2023)

(Continued on following page)
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TABLE 1 (Continued) Instruments capable of direct measurement of nanosized particles with fluorescence detection.

Name of the company size range of throughput? advantages disadvantages References
instrument particles
CellStream nFC Merck Millipore not specified low high high sensitivity limited options for advanced Zheng et al. (2023), von
multiparametric analysis applications, unintuitive Lersner et al. (2024)
direct EV measurement in | software, need for high quality
biological fluids computer equipment for data
storage and analysis, complex
optimalisation for every single
dye or Ab
nanoFCM nFC NanoFCM Inc not specified low medium high sensitivity, rapid limited sample throughput, Fortunato et al. (2022), Chen
analysis, colocalization accuracy relies on calibrating et al. (2023)
analysis using silica beads causes bias
MoFlo Astrios-EQ nFC Beckman not specified high high high sensitivity, single cell | limited to specific applications, Morales-Kastresana et al.
Coulter sorting complex operation (2017), Morales-Kastresana
et al. (2019)
Apogee A50-Micro nFC Apogee Flow 100-1000 nm medium high linear detection of particles, = high initial investment, need for Gomes et al. (2018), Padda
Systems multiplex detection negative and positive controls, et al. (2019), Botha et al.
need to modify the gains for (2021), Roseborough et al.
each PMT (2023)
Gallios nFC Beckman from 100 to 150 nm medium high high sensitivity compared to | unspecific signal from unbound | Arraud et al. (2016), George
Coulter (fluorescence threshold conventional FC, dye and dye aggregates, risk of et al. (2021)
triggering, calculated value) reproducible, simplicity of swarming effect, only stained
use, can be applied do EV:s visible, detection of 300 nm
unprocessed biological fluids | fluorescent beads with efficiency
of 50% + 2%, limited sensitivity
of sEVs
Influx (modified for small- nFC BD Biosciences = from 100 nm (fluorescence | customized high high sensitivity, multicolor | unspecific signal from unbound = Nolte-’t Hoen et al. (2012), van
particle detection) threshold triggering) antibody labeling dye and dye aggregates, risk of der Vlist et al. (2012)
swarming effect, only stained
EVs visible, lack of
reproducibility because of
custom made equipment
FACS Canto (custom nFC BD Biosciences from 70 to 80 nm customized high high sensitivity high cost for custom made Stoner et al. (2016)

constructed)

(fluorescence threshold
triggering)

equipment, unspecific signal
from unbound dye and dye
aggregates, risk of swarming
effect, only stained EVs visible,
lack of reproducibility because
of custom made equipment

“More details on cost and throughput are available on the website: https://exrna.org/resources/ercc2-tech-detail/?particles=&methods=.
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instrument’s precision and resolution. Larger nanoparticles, which
have a higher refractive index, scatter light more intensely, making
them easier to detect and track. Smaller particles with a relatively
small refractive index present in the same sample may not be
detected or underestimated in their number, as their signal will
be covered by larger particles. Populations with a close size range
may not be distinguished and will be considered as one population.
Therefore, the analysis of heterogeneous particle solutions, such as
biofluids, with conventional scatter-based NTA may be difficult.
Furthermore, if the refractive index of the nanoparticles is close to
that of the solvent, they may be more difficult to detect because they
scatter light less efficiently (Malloy and Carr, 2006; Filipe et al., 20105
Gardiner et al., 2014; van der Pol et al., 2014; Midtvedt et al., 2020;
Kashkanova et al., 2022).

Consequently, the sensitivity and use of light scattering are
limitations of conventional NTA because particulates with a
similar refraction index and/or size cannot be differentiated from
actual EVs. These can be dust or powder, plastic particles,
lipoproteins, or other impurities. They can influence both
concentration and size measurements. NTA has a strictly defined
concentration range in which samples can be measured, and in most
cases, the sample must be diluted to meet this concentration range.
Notably, the solvent used may contain particles that are visible in the
NTA, which may affect the results. Therefore, it is crucial to prepare
appropriate controls, such as size and concentration calibration using
commercial PS beads (with a certificate of size and concentration) and
buffer-only controls (for instance, phosphate-buffered saline, PBS). In
addition, one should check the quality of plastics and always use fresh
deionized water or other buffers as instrument rinse solutions and
sample diluents (Snyder et al., 2021). Another important requirement
of NTA that ensures the accuracy and reproducibility of the readout is
to maintain the same conditions for each measurement, which have
been previously optimized for a given sample type (temperature,
sensitivity, frame rate, threshold, etc.). These conditions should be
reported when results have been published. Even if one meets all these
requirements to improve reproducibility, it is important to remember
that EVs are very heterogeneous and polydisperse, and their size
distribution on NTA usually does not follow a Gaussian or log-normal
distribution. The population of smaller EVs may be covered by a
population of larger EVs with a higher refractive index, and
populations in a close size range may not be distinguished and will
be considered as one population.

This imperfection of the traditional light scatter-based NTA was
noticed, among others, by a team investigating urinary EVs,
comparing the impact of different isolation methods (different
of ultracentrifugation (UCF),
chromatography, PEG precipitation and ultrafiltration) on chosen

combinations size-exclusion
EV analysis methods (NTA, flow cytometry, transmission electron
microscopy) (Droste et al., 2021). The authors showed that EV
enumeration by NTA was highly affected by typical urine non-
vesicular impurities like uromodulin. Another group confirmed that
protein aggregates, such as albumin, which are created in urine, were
visible on NTA as small particles undistinguishable from urinary
EVs (McNicholas et al., 2017). Therefore, scatter-based NTA is
highly dependent on the chosen EV isolation method that
determines the levels of co-isolated non-vesicular impurities. This
is particularly true for biological fluids, where impurities are usually
highly abundant. Indeed, the impact of myosin aggregates, IgG
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NTA
measurements has been reported previously (Filipe et al., 20105
Hoover and Murphy, 2020).

To increase the specificity and sensitivity of NTA measurements

immunoglobulins, and alpha-synuclein on scatter

and prevent the detection of non-EV particles, additional fluorescent
labeling of particles was introduced for NTA. Fluorescent NTA
(f-NTA), which measures particles in fluorescent mode, enables
the visualization of only particles that are specifically fluorescently
labeled. Using lipophilic or nucleic acid-specific dyes, we can detect
particles that have biological membranes or DNA/RNA cargo,
whereas fluorescent antibodies allow the detection of specific EV-
surface antigens and phenotypic characterization. Whereas traditional
light-scatter-based NTA measurements offer only an estimation of the
total particle number in a solution, f-NTA enables the measurement of
individual particle fractions determined through specific fluorescent
labeling. Furthermore, small EVs that reflect insufficient light to be
detected in scatter mode may become visible after labeling in the
fluorescent mode owing to their fluorescence. Therefore, f-NTA may
be a solution for the main drawbacks of conventional NTA, such as
underestimation of the content of small EVs in a heterogeneous
particle solution and poor distinction between “real” EVs and
impurities of similar size. However, many factors that can
influence readout and introduce bias remain, as outlined below.

2.1.1 Fluorophore properties and instrument
settings

The most well-known aspects that may affect the fluorescent
staining of EVs, but also affect traditional cell analysis, are the
stability and intensity of the fluorophore. In the case of {-NTA, this
impact is even more pronounced, since the measurement lasts
longer than on a flow cytometer; therefore, the fluorophore needs
to emit fluorescence longer for signal collection and is more prone to
photobleaching. Modern NTA devices are equipped with a special
function (for instance, the “low bleach” option in the ZetaView
device, or laser pulsing on and off in synchronization with the
camera shutter in the case of the Nanosight NS300) to prevent
photobleaching. To lessen the impact of photobleaching, it is
important to use bright and stable fluorochromes like Alexa
Fluor (488, 647), Cyanine Dyes (Cy3, Cy5) or quantum dots
(Thane et al., 2019; Desgeorges et al., 2020; Fortunato et al,
2021). Although the relative high sensitivity of the NTA
instruments enables to detect the much lower fluorescent signal
of EVs, in comparison to cells (usually 2-3 magnitudes lower), but
on the other hand it also means a higher susceptibility to
background noise and contaminations (Midekessa et al., 2021).
The sensitivity of the instrument for the fluorescence signal can
usually be set by the brightness threshold setting. In the fluorescent
mode, it affects the distribution, number, and size of the detected
particles and the zeta potential (Midekessa et al, 2021). It is
important to balance the dye concentration and fluorescence
threshold based on appropriate controls (dye-only control and
solvent-only control) before the measurement of actual samples.

2.2 Nanoscale flow cytometry
A noteworthy advancement in Flow Cytometry (FC)

instrumentation  utilized for EV  analysis involves the
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implementation of nanoscale FC (nFC, nanoFACS). This upgrade of
conventional flow cytometry includes special enhancements in
optical and fluidic systems, which allows for more accurate and
targeted analysis of EVs (Lian et al, 2019). In this technology a
fluorescence threshold triggering instead of side scattered light (SSC)
triggering is used (Gomes et al., 2018; Padda et al.,, 2019; Salmond
et al,, 2021). The wavelength of visible light is longer, which causes
lower resolution, however the usage of fluorescence and a shorter
wavelength — 405 nm, enables a better resolution. Simultaneously,
the use of fluorescence triggering determines that, from the
beginning, only distinct labeled populations of EVs are visible.
The lack of a “scatter mode” in nFC differs from NTA, where
the sample can be measured simultaneously in both the scatter and
fluorescent modes. On the other hand, the nFC method enables
often measurements directly in the original biological samples
without EV isolation, which cannot be done in case of NTA
because of high background (Gorgens et al, 2019). Moreover,
combining nFC with size exclusion chromatography (SEC)
purification after labeling enables to keep a low false positive
event rate, because SEC washes unbound dye or antibody from
the sample (Aibaidula et al., 2023). Thanks to nFC, characterization
of the molecular EV cargo, and colocalization of different markers
on single EVs is possible. However, similar to NTA, several factors
must be considered for a successful nFC analysis. The importance of
the specificity and effectiveness of EV labeling and the removal of
unbound dye and dye aggregates are discussed in detail in the
labeling section. Other factors are discussed below.

2.2.1 EV size characterization using nFC

EV size characterization in scattered light using nFC remains
biased because the reference beads from polystyrene and silica,
which are available on the market so far, have higher refractive
indices (RI) than EVs. This results in inaccurate measurements both
in term of size and concentration (Gul et al.,, 2022). Recently a new
kind of reference - hollow organosilica beads (HOBs) have been
evaluated (Deumer et al., 2024). In the study authors used HOBs
with different shell thickness and determined the size distribution
and their concentration using several techniques including Small-
Angle X-ray Scattering (SAXS), Atomic Force Microscopy (AFM)
and Single Particle Inductively Coupled Plasma Mass Spectrometry
(spICP-MS). They then used two different flow cytometers, A60-
Micro, Apogee, and Nothern Lights, Cytek, for flow cytometry
measurements and NS300, Malvern Panalytical, for NTA. The
determined side scattering cross-sections in the case of HOSs
were two orders of magnitude smaller than those for the PS
beads but similar to that of EVs. Moreover, the measured RI
value could be tuned by adjusting the shell thickness of the
HOBs and for 11-HOB it was about 1.363-1.373 - which is
similar to the RI of EVs in human urine. These results are
promising for the future use of nFC for size measurements of EVs.

An indirect way to perform EV quantitative measurements on
nFC was described by von Lersner et al., 2024. The authors used Di8-
ANNEPS-stained EVs in serial dilution with addition of dextran to
evaluate the advantages of the so-called molecular crowding (MC).
Detecting single extracellular vesicles (EVs) in a flow cytometer
often requires a significant dilution of the source material to prevent
the detector from being overwhelmed by multiple particles.
However, this dilution reduces the molecular density, which can
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increase the nonspecific interactions between microparticles and
macromolecules. Therefore, the authors used dextran to compensate
for the reduction in protein and other buffering components caused by
the sample dilution. They found that it improved single-particle
detection of labeled beads and EVs by 100%-400%. They
established a 3.25% final concentration of dextran as the optimal
condition for particle detection, which was also verified using
synthetic beads. Moreover, in their study they developed a method
named “EV Fingerprinting”, that determines separate EV populations
using dimensional reduction of multiparametric data collected by nFC
(von Lersner et al, 2024). This method allows to identify and
characterize distinct EV populations in complex biological samples.
EV fingerprinting uses multiparametric analysis of the fluorescence
data of EVs stained with a lipophilic dye that is sensitive to the
membrane environment. Di-8-ANEPPS changes its fluorescence
properties depending on the order of the lipid membranes, allowing
EVs to be distinguished based on their size and structure of their lipid
membrane. Thus, it is possible to obtain more detailed information on
EV heterogeneity than with traditional cytometric methods.

2.2.2 Impact of the swarming effect in nFC

An important factor in nFC is the swarming effect, which means
that many single particles are detected as one event by a flow
cytometer (Libregts et al, 2018). When many small molecules
pass through the detector simultaneously, their signals can
overlap. This results in one large signal being recorded instead of
several smaller ones, which can lead to incorrect conclusions
regarding the size and number of measured particles and the
mean fluorescent intensity (MFI) of the detected molecules. The
swarming effect was detected by comparing the fluorescence
intensities of different sample concentrations. If the ratio of the
particle number to MFI remains constant, there is no swarming
effect; however, if the intensity increases rapidly, many particles are
measured together. To prevent swarming low flow rates and serial
dilutions of the samples are recommended (Kuiper et al., 2021).

2.2.3 MESF standardization

The fluorescent signal from the nFC is reported in arbitrary units,
which cannot be compared between the instruments. To enable
validation of measurements and comparison between different flow
cytometers and laboratories, a so called MESF (Molecules of
Equivalent Soluble Fluorophore) calibration with standard MESF
beads must be performed (Schwartz et al., 2002; Padda et al., 2019;
Kuiper et al., 2021; Hajji et al., 2022). Fluorescence intensity given in
MESF units can be then compared to other flow cytometers.

2.2.4 Novel instruments

Notably, there are some custom-made nFC instruments that
enable the detection of nanoscale particles; however, the
repeatability between instruments constructed in this manner is
unknown. There are also newly developed instruments dedicated to
small-particle analysis using nFC that may provide valuable
information about EV molecular cargo after proper validation.
All these instruments are listed in Table 1. However, their
performance requires time to be comprehensively evaluated and
compared to other instruments, along with the establishment and
evaluation of consistent labeling protocols (Lopez-Pacheco et al.,
2021; Salmond et al., 2021).
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2.2.4.1 Imaging flow cytometry

Another type of FC that provides higher fluorescence
sensitivity and resolution than traditional FC and can be used
for EV analysis is imaging flow cytometry (IFC). The main
change in conventional FC is the way in which the optical
signal is detected and processed. These cytometers use charge-
coupled device (CCD) cameras, which have lower noise and
than PMTs
cytometers. Additionally, IFC instruments have a so-called

broader dynamic range from conventional
time delay integration (TDI) of pixel intensities on CCD
cameras and slower flow rates; therefore, the signal has longer
integration for each particle, which increases the sensitivity.
Moreover, the images of all events in all channels are stored
so that they can be processed for further data analysis (Botha
etal., 2021). Still, most EV's are below the diffraction limit and are
visualized as diffraction-limited spots.

IFC encounters several technical issues related to signal
processing, that cause the necessity for appropriate calibration,
gating strategy, controls and serial dilutions (Woud et al., 2022;
Welsh et al., 2023; Wu et al., 2023). Interestingly, in case of IFC,
staining intensity and sample recovery vary depending on the
temperature of the incubation with fluorescent antibodies (Tertel
et al., 2020). To prevent coincident detection in imaging FC,
Woud et al. proposed a specific gating strategy, were they
collected events displaying 0 or 1 fluorescent spot on acquired
images. This ensured that they analyzed only single particles and
not multiple particles. The authors also suggested standardizing
SSC signal intensities for the estimation of particle sizes and
colocalization of at least two fluorophores to assess the presence
of two markers on the same particle. They underlined the
importance of a detergent-treated sample as a control; the
disappearance of the signal after detergent treatment ensures
that the detected fluorescent events are associated with lipid
membranes of biological origin (Woud et al., 2022).

2.2.4.2 Spectral flow cytometry

An additional type of FC for EV characterization is spectral flow
cytometry (SFC) (Aibaidula et al., 2023). In which optical signals are
collected from the full emission spectrum, not only from the section
where each fluorochrome has an emission peak. Collecting the
entire spectrum reveals differences in the pattern between
fluorophores with similar emission peaks and allows more
fluorochromes to be used to stain a single sample. These
spectrometers apply a spectral unmixing procedure to unravel the
signal from each fluorophore. However, the use of SFC for EV
analysis is limited by the small surface area and dim signals of EV's
similar to nFC (Welsh et al., 2023).

3 Labeling

3.1 Sample handling: impact of EV isolation
method, sample concentration and
background

EV labeling protocols are often based on protocols and dyes that
were initially dedicated to cells. However, owing to the several orders
of magnitude smaller size of EVs, these protocols must be adapted to
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meet the special requirements and challenges connected to EVs,
which are discussed in more detail later in this chapter.

In general, it is important to optimize dye concentration,
staining temperature, and EV purification methods before
Midekessa et al.
showed, for example, that the size of fluorescent particles

conducting actual sample measurements.

decreases and their number increases with higher concentrations
of the lipophilic dye Cell Mask Green (CMG) (Midekessa et al.,
2021). Those differences may be related to the differences in
apparatus sensitivity in the scatter and fluorescent modes.
Because of the low refractive indices of sEVs, they may not
reflect enough light to be detected in the scatter mode; however,
after labeling, the fluorescent signal is much more intense, and these
particles can be detected in the fluorescent mode. Because, as
mentioned above, particular impurities affect fluorescent staining
and subsequent f-NTA measurements, the chosen EV isolation
method will influence the subsequent staining and f-NTA results.
Midekessa et al. observed that the number of CMG-stained EVs
increased slightly with the incubation temperature. This can be
explained by the higher fluidity of the double phospholipid bilayer of
EVs at higher temperatures, which favors intercalation of dye
molecules into the membrane. The EV purification method
impacted their NTA results - in the case of combination of
tangential flow filtration (TFF) and SEC the authors detected
fewer particles but with a bigger size than using only the SEC
method (Midekessa et al., 2021). The authors explained that these
results showed the impact of the purification method used for EV
preparation on f-NTA measurements—-by combining TFF and SEC
they obtained a different particle composition in the analyzed
sample, which was reflected by the EV profile detected by NTA.

Interestingly, Koksal et al. mentioned that every precipitation
and centrifugation step during EV preparation for analysis due to
mechanical stress influences the EV conformation and activity of
surface markers. Consequently, fewer EVs can be detected using
fluorescent antibody labeling methods (Koksal et al., 2023). The
authors admitted that f-NTA is a time-consuming and operator-
specific method. The duration of the entire analysis must be within
the range of fluorochrome optimal glowing properties to prevent the
impact of photobleaching. The samples were protected from light
during the entire protocol for all the washing and measurement
steps. Altogether, the difficulties described above limit the
applicability of f-NTA as an EV analytical method, particularly in
the clinical context.

Another important factor affecting NTA results is the sample
concentration. Although the sample dilution factor is considered by
the analysis software for concentration calculations, one must be
within the optimal concentration range of the sample for the
measurement. Sataga-Zalewska et al. noticed that too high or too
low sample dilution during measurement distorts the determination
of the total number of particles per milliliter (Salaga-Zaleska et al.,
2023). Too many particles in the field of view during NTA
measurement can lead to particle interaction, collision, and
overlapping, which may interfere with particle movement and
give unreliable results (Yahata et al, 2021). It is also a known
effect in flow cytometry measurements of EVs and is recognized as
the swarming effect. Therefore, the sample concentration for the
measurement must be carefully optimized. Furthermore, in the case
of f-NTA, the optimal concentrations for the scatter and fluorescent
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modes may be different. In most cases, we aim to determine the
absolute number or percentage of our fluorescent-positive particle
(EV) population relative to the total particles, and a measurement in
both modes (scatter and fluorescent) of exactly the same sample
loaded into the flow cell is needed. The concentration of the sample
optimal for scatter light analysis may be too low for measurement in
fluorescent mode, especially if the percentage of the fluorescent-
positive EV population is low, for example, the number of
tetraspanin CD9 positive EVs-Thus, we have too few fluorescent
particles in the field of view for accurate concentration calculations
by the software. In contrast, when we adjust the sample
concentration to be optimal for fluorescence measurement, it
might be too high for the scatter mode, where many more
particles will be detected by the instrument, and there is a risk of
the swarming effect. Furthermore, the optimal sample dilution for
an f-NTA measurement also depends on the background of the dye
or fluorescent antibody and sample impurities.

Often, as previously mentioned, other compounds are co-
isolated with EVs, such as large protein complexes, soluble
proteins, and cell culture media components. These compounds
can significantly influence the effectiveness of the labeling and
results. Their influence is discussed in the third section of this
review. There should always be a negative (the sample containing
the solvent without EVs, but treated and labeled the same way as
EV sample) and a background control (the sample containing only
the solvent or the sample matrix) to provide reliable results
(Fortunato et al, 2021). In addition, depending on the dye or
type of fluorescent antibody, staining may also give a more or less
high background signal in the fluorescent mode due to the
aggregates detectable by the
instrument, unspecific binding to sample contaminants, or

formation of micelles or

other undefined reasons. This background influence can be
reduced by a high dilution of the sample after staining for
NTA
requirement for this is an initially highly concentrated EV

measurement on the instrument. However, the
sample for the staining step, which ensures that after the high
dilution for measurement (at least 100 times), the EV number in
the field of view remains sufficiently high to be in the range
required for the measurement. Therefore, it is necessary to
balance the initial EV sample concentration for staining, dye or
antibody concentration, and dilution for measurement to obtain
an optimal result, which has been shown in our study (Dlugolecka
et al,, 2021). Alternatively, a washing step can be performed after
staining to remove unbound dye or antibody (discussed in detail
below); however, this step is not always applicable and can
contribute to the loss of EV samples.

3.2 EV labeling efficiency, nonspecific
labeling

EV labeling techniques used for fluorescence analysis by f-NTA,
nFC, or other methods present many challenges. One of the
important issues is labeling efficiency. During analysis, the
concentration of total particles in scatter (on NTA) and labeled
particles (f-NTA) can be compared, but the actual efficiency of
labeling “real” EVs is unknown (Dlugolecka et al., 2021). The total
particle concentration, in fact, counts particles that are EVs and are
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labeled, particles that are EV's but because of labeling efficiency will
not be labeled and particles that are not EVs. Researchers must be
aware of this during the data analysis.

Interestingly, Chen et al., using nFC, noticed a large variation in
the labeling performance of lipophilic dyes or lipophilic membrane
probes, probably because of the heterogeneous nature of EVs and the
differences in their lipid composition. Their results showed that the
labeling efficiency of EVs differed according to different biological
sources, such as different cell lines, and varied within individuals for
EVs from plasma (Chen et al.,, 2023).

Similar observations were made by Tertel et al., who compared
the efficiency and specificity of common EV dyes. They stained
MSC-derived EVs with a few conventionally used dyes (BODIPY TR
ceramide, calcein AM, CFDA-SE, PKH67, and Exoria) and analyzed
them by Imaging FC. Additionally, to determine specificity, labeled
objects were treated with detergent NP-40. Only events that
disappeared after detergent treatment were considered true EVs.
The objects labeled with CCFDA-SE and BODIpY TR ceramide
were not affected by detergent treatment; therefore, the authors
concluded that those were not small EVs. Calcein AM failed to stain
any object. Only PKH67 and Exoria dyes successfully stained EV's
based on light-scattering properties and detergent control. Co-
labeled
tetraspanins showed that, in the case of MSC-derived EVs Exoria

staining  using  fluorescently antibodies  against
was more specific to tetraspanin-positive particles than PKH67. The
authors also mentioned that the labeling results differed depending
on the source of EVs and their molecular content. For instance,
different cell types secrete EVs with varying esterase contents, which
limits the utility of CFSE as a dye for cell types with low intracellular
and intra-vesicular esterase concentrations (Tertel et al., 2022).
Notably, Melling et al. performed an interesting study in which
they labeled EV's previously tagged with mEmerald-CD81 with two
types of dyes, PKH26 and C5-maleimide-Alexa633. They performed
colocalization tests for both the dyes and CD81 using confocal
microscopy. The results showed that most of the tagged EVs were
not labeled with either PKH26 (only 4.6% * 1.6 was labeled), or C5-
maleimide-Alexa63 (35.4% + 1.8 was labeled) (Melling et al., 2022).
The authors noticed that a significant fraction of the dye was not
associated with EVs. They observed additional particles by NTA and
confocal microscopy in the dye controls, which corresponded to
macromolecular dye self-aggregates and micelles. Notably, after an
additional cleaning step using SEC, the authors noticed the
elimination of this maleimide signal and the reduction of the
PKHZ26 signal in the dye controls. A substantial amount of signal
from both dyes was detected after an analogous cleaning step with an
Exospin column. The authors suggested that EV-staining dyes can
form large molecular aggregates, but certain techniques can be
employed to minimize their occurrence (Melling et al., 2022).
The formation of micelles and aggregates in the PKH26 dye was
also reported by Morales-Kastresana et al., 2017. The researchers
observed a higher event rate in the EV sample labeled with
PKH26 on nFC and NTA than in the unstained EV sample. A
non-EV control (PBS + PKH dye) also showed a differentiated
particle distribution, corresponding to the presence of micelles or
PKH26 aggregates (Morales-Kastresana et al., 2017). Furthermore,
the authors also assessed CESE as an EV dye and observed that there
was no evidence of micelle or aggregate formation, since the
concentration and size distribution of the labeled sample
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remained similar to that of the unstained EVs. However, there was a
shift in the fluorescence of the background reference noise events on
the nFC, which corresponded to the unbound dye. To reduce
background fluorescence, the authors used several techniques
(SEC, UCEF, sucrose cushions, or CFSE sequestration with BSA-
coated beads) and reported that SEC was the most effective in
removing unbound labels (Morales-Kastresana et al., 2017).

Additionally, Fortunato et al. emphasizes that, for example,
CFSE can give an unspecific signal from the contamination with
soluble esterases (Fortunato et al., 2021). Loconte et al. analyzed EV's
labeled with several dyes: MG-488, CFDA-SE, or labeled through the
expression of a mp-sfGFP and evaluated uptake experiments by
spectral flow cytometry and imaging flow cytometry. They found
that EVs labeled with MG-488 were present in all cell types, EVs
stained with CFSE were only visible in a minor subset of cells, and
EVs labeled with mp-sfGFP were mostly detected in CD14"
The authors stated that all combined methods
provided complementary
et al.,, 2023).

Some studies have described possible solutions to increase the

monocytes.

information about EVs (Loconte

efficiency of lipophilic dyes. Cha et al. proposed reducing the NaCl
concentration of the buffer during labeling to 20 mM NaCl to help
lipophilic dyes enter the membrane (Cha et al., 2023). They explain
that lipophilic dyes are not getting efficiently incorporated into
vesicle membranes in an aqueous buffer because of their low water
solubility. At lower salt concentrations, the dye was more dispersed
and better available for vesicle membrane incorporation. After
labeling, they suggested increasing the ionic strength to 150 mM
NaCl because the dye forms macromolecular aggregates that can be
easily separated from vesicles by regular syringe filtration using
0.2 pum filters. A comparison between conventional staining and salt-
change staining showed a much higher efficiency of the salt-change
method. It has been shown to work with several types of vesicles and
lipophilic dyes, such as Dil, DiD and PKH67 (Cha et al.,, 2023).
Moreover, their experiments showed that, using the salt change
method, less dye is needed for satisfactory results, and because there
is a small amount of dye molecules per vesicle, the impact of the dye
on vesicle characteristics such as size and functionality is minimal.

In antibody labeling, the selection of a specific type and clone is
critical, as their performance can vary depending on the assay type
and conditions. To assist in the selection of the appropriate antibody
and to minimize the need for extensive optimization studies, the EV
Antibody Database has been established (Morey et al, 2024).
Although currently limited, the database is open access and is
intended to provide detailed information on assay variables and
protocols in the future, to support the sharing of relevant antibody
data in EV research. It includes information on antibodies tested in
Western blots, flow cytometry, and other assays, helping researchers
eliminate inefficient antibodies from their protocols and select more
effective ones. Also, the proper antibody to sample ratio during the
staining process is critical to results, and this information can also be
included in the database.

According to staining with fluorescent antibodies directed
against certain EV surface markers, the observed variability in
staining efficiency is an effect not only on the staining
performance of a given antibody, but also on the heterogeneous
marker expression of EV populations. Interestingly, Spitzberg et al.
performed a multiplexed analysis of EVs using high-resolution
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microscopy (MASEV), the method of direct stochastic optical
reconstruction (dSTORM), and self-made microfluidic devices
(Spitzberg et al, 2023). In which the authors investigated
whether common EV markers used in bulk methods, such as
and ELISA, are
concentrations in all EVs or if some EVs are enriched in specific

Western  blotting present in variable
proteins. Their analysis revealed that there is in fact a heterogeneous
distribution of specific markers across all EV groups. The most
abundant protein was CD9 (47.9%) in the PANC-1 cell line. They
also evaluated the concomitance of the different biomarkers in each
vesicle. The results revealed that many of the tested EVs had a low
percentage or no tetraspanins depending on the cell line. This
implies that in the case of affinity purification of EVs using one
of the tetraspanin markers from biological fluids, an unknown, but
in some cases, a substantial number of EVs could be missed. The
authors suggested that it is worth to use pan-tetraspanin affinity
purification to raise the ratio of isolated vesicles and increase the
detection yield (Spitzberg et al., 2023). Other studies also show that
tetraspanins are not expressed evenly across different EV sources
and that the tetraspanin profile changes depending on EV size,
subclass and source (Mizenko et al., 2021).

These studies indicate that none of the methods currently used
for labeling EV's offers accurate quantitative measurements. Rather,
samples can only be compared among themselves, as the number of
stained EVs is often overestimated owing to dye and background
aggregates. In addition, it is difficult to assess staining efficiency,
which affects the precision and reliability of the obtained results.

3.3 Does the EV staining method impact the
functionality of EVs?

Loconte et al., in their work mentioned in the previous chapter,
reported that the labeling of EVs considerably influences their
interactions with recipient cells, including their uptake and cargo
delivery. EVs labeled with MG-488 were found in all cell types, and
the same EVs labeled with other dyes were detected in only some cell
subsets. This indicated that the labeling type considerably affected
EV functionality in the uptake experiments. Therefore, the authors
concluded that combined labeling methods could provide more
complete information about the interaction of EVs with cells
(Loconte et al., 2023).

Furthermore, Chen et al. performed a functionality test of EVs
labeled with the lipophilic membrane probe DSPE-PEG,,-biotin
to check if there was a steric hindrance effect impacting surface
protein analysis during labeling with PE-conjugated antibodies
against CD9, CD63, and CD81. No impact of this lipophilic
membrane probe on the antibody staining or functionality of
EVs was observed (Chen et al., 2023).

In their review of labeling techniques, Bao et al. highlighted the
advantages of using aptamer particles instead of classical antibodies.
Conventional antibodies can induce immunological reactions and
EV aggregation, which can affect EV properties and functionality in
vivo. Aptamers are short stretches of nucleic acids (DNA or RNA) or
peptides that can bind specifically to specific molecules, such as
proteins, small organic molecules, metal ions, and even whole cells.
Aptamers act similarly to antibodies, showing high specificity and
affinity for their targets but differ in structure and production
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TABLE 2 Common label types.

Name of
the label

company

advantages

disadvantages

impact of
staining on
EV function

10.3389/fbioe.2024.1479516

application

References

CellMask Thermo lipophilic membrane-specific label every biological may affect EV EV membrane Dlugolecka et al.
Fisher membrane dye labeling, compatible = compound with a lipid | uptake and cargo labeling (2021), Midekessa
Scientific with live-cell membrane, not only distribution et al. (2021), Bao et al.
imaging, slow EVs, cannot be used (2023)
internalization, can | after permeabilization,
be used after detergent sensitive,
fixation impacts the size of EVs
Specific Various immunospecific, highly specific potential for may influence EV EV protein Dlugolecka et al.
antibody protein-specific labeling of target nonspecific binding, protein function labeling (2021), Bao et al.
conjugate proteins binding many proteins and sorting, (2023)
with causes increase of EVs | obscure functional
fluorescent size, for most receptors on EV
probe like applications only surface, affects EV
CD9-PE, labeling of surface physiochemical
CD9- markers, fluorophore properties and
AF488, etc. size may cause steric biological
hindrance functions
CFDA-SE Thermo amine-reactive stable and covalent limited to intact EV may alter EV EV labeling, Morales-Kastresana
(CFSE) Fisher become labeling of cellular labeling, EV's from uptake and cargo tracking etal. (2017), Dehghani
Scientific fluorescent after | components, allows different sources can distribution; do et al. (2020),
enzymatic to study EV differ in esterase not perturb the Barrachina et al.
reactions internalization and content and therefore size of EVs nor (2022), Tertel et al.
content transfer its staining efficiency their (2022), Loconte et al.
in vitro, allows the depends strongly on biodistribution (2023)
detection of intact source of EVs
EVs and their
content delivery
PKH67 Sigma-Aldrich lipophilic dye bright fluorescence, limited to lipid may affect EV EV labeling, Liebel et al. (2020),
compatible with membrane labeling, membrane imaging in vivo Droste et al. (2021),
various imaging creates aggregates and | properties, impacts and in vitro Bao et al. (2023), Cha
modalities micelles, so washing EV size et al. (2023), Chen
step is necessary et al. (2023)
PKH26 Sigma-Aldrich lipophilic dye high stability, long- = requires optimization impacts EV size EV tracking, Morales-Kastresana

lasting fluorescence

for different EV types,
creates aggregates and
micelles, so washing
step is necessary

imaging in vivo
and in vitro,
functional studies

et al. (2017), Puzar
Dominkus et al.
(2018), Dehghani et al.
(2020), Melling et al.
(2022), Bao et al.
(2023), Chen et al.
(2023)

Dil, DiO, DiL,
DiD, DiR

Azido-dPEG-
TFP ester,
linked
inhouse with
AF350,
AF488, or
AF647

C5-
maleimide-
Alexa633

Thermo
Fisher
Scientific

Quanta Bio-
design

Thermo
Fisher
Scientific

lipophilic dye

fluorescently label
free amines of EV-
surface proteins

thiol-reactive

bright fluorescence,
long-term labeling,
minimal
background
fluorescence, stable
staining, almost no
staining transfer
between EVs

labels any accessible
EV surface protein
equally well, bright,
stable, PEG linker
increases water
solubility, labeling
efficiency and
reduce nonspecific
EV binding/
aggregation

strong fluorescence,
selective labeling

photobleaching over
time, creates aggregates
and micelles

increases size of EV,
impairs function of EV
surface proteins

potential for
nonspecific binding

may alter EV
uptake and cellular
response

may influence EV
biodistribution
and interactions
with target cells

may influence EV
stability and
uptake

EV labeling,
imaging in vitro;
DiD, DiR in vivo

imaging

total EV labeling

EV labeling,
imaging

Rautaniemi et al.
(2021), Bao et al.
(2023), Cha et al.
(2023), Chen et al.
(2023)

Ferguson et al. (2022),
Spitzberg et al. (2023)

Roberts-Dalton et al.
(2017), Melling et al.
(2022)
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TABLE 2 (Continued) Common label types.

10.3389/fbioe.2024.1479516

Name of company advantages disadvantages impact of application References
the label staining on
EV function
MemBright BioActs membrane- high specificity, limited to membrane may alter EV EV membrane Collot et al. (2019),
specific compatible with labeling membrane labeling Melling et al. (2022),
live-cell imaging, properties Bao et al. (2023),
simple handling, Boudna et al. (2024)
great specificity, low
working
concentration, no
cytotoxicity,
compatible with
many fluorescence
imaging techniques,
no aggregates
MemGlow BioActs membrane- bright fluorescence, potential may affect EV EV membrane Loconte et al. (2023),
(MG) specific minimal photobleaching, uptake and cargo labeling Rodriguez et al. (2023)
background; creates possible dye transfer distribution
non-fluorescent through brief
aggregates, allows interaction with the
the detection of recipient cell
short/transient
interactions
ExoGlow System membrane- bright, intact can also label liposomes may alter EV EV membrane Kamei et al. (2021),
Biosciences specific membrane specific and lipoproteins membrane labeling Roseborough et al.
properties (2023)
ExoTracker SBI fluorescent compatible with EV | limited to fluorescence may alter EV EV tracking Zhou et al. (2020),
tracking in live cells microscopy distribution and Loconte et al. (2023)
cargo sorting
DHPE Sigma-Aldrich lipophilic dye stable limited compatibility may influence EV EV labeling, Nazarenko et al.
incorporation into with certain imaging membrane membrane studies (2013), Rautaniemi
lipid bilayers modalities properties et al. (2021)
Ptx-OG Creative fluorescent dye selective labeling, potential for may impact EV EV uptake and Saari et al. (2018),
(paclitaxel Bioarray conjugate of the minimal nonspecific binding, protein function intracellular Rautaniemi et al.
Oregon chemotherapy interference, high paclitaxel cytotoxicity and sorting trafficking (2021)
Green) drug paclitaxel fluorescence
quantum vyield,
photostability
SYTO Thermo nucleic acid- highly specific for | limited signal intensity | minimal impact on analysis of EV Popena et al. (2018),
RNASelect Fisher specific RNA, compatible in EVs with low RNA EV function RNA cargo Adamo et al. (2019),
Scientific with flow cytometry content Melling et al. (2022)
Exoria AAT Bioquest lipophilic dye high photostability, = limited spectral range, may affect EV EV labeling, Chong et al. (2022),
compatible with potential cytotoxicity uptake and cargo tracking Tertel et al. (2022),
flow cytometry distribution Johnson et al. (2023)
Calcein AM Abcam fluorescent dye non-toxic, suitable limited membrane minimal impact on monitoring EV Gray et al. (2015),
for live-cell imaging permeability EV function release dynamics Tertel et al. (2022)
BODIPY and = AAT Bioquest, lipophilic dye bright fluorescence, possible unspecific may alter EV uptake and Rautaniemi et al.
derivatives Creative high quantum yield, binding, time membrane trafficking inside (2021), Tertel et al.
(Dp ceramide, Bioarray long-term labeling, consuming properties the cell (2022)
BPC12, BP sharp absorption, modification procedure,
and others) and emission peaks, | limited effectiveness in
and good deep tissue imaging
photostability, easy
to modify to adjust
photophysical
properties,
biocompatible
CellTracker Invitrogen fluorescent dye highly stable, moderate minimal impact on studying EV Tong et al. (2017),
Red CMTPX compatible with photostability, pH- EV function uptake and Reginald-Opara et al.
live-cell imaging dependent fluorescence trafficking (2022), Song et al.

(2023)
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TABLE 2 (Continued) Common label types.

10.3389/fbioe.2024.1479516

Name of company type advantages disadvantages impact of application References
the label staining on
EV function
Di-8- Invitrogen lipophilic dye high sensitivity to toxic at high potential membrane Chen et al. (2023), von
ANEPPS membrane concentrations, Limited disruption of EV potential imaging, Lersner et al. (2024)
potential changes, selectivity for specific membrane live-cell studies
Suitable for membranes, creates integrity
membrane aggregates and micelles
potential imaging in
live cells, high
effectiveness of EV
labeling
DSPE- Avanti Polar lipophilic biotinylated for potential alteration of | minimal impact on biotinylation of Wan et al. (2017),
PEG;000- Lipids, Inc membrane probe | specific interaction | lipid bilayer properties, EV function in EVs for isolation Chen et al. (2023)
biotin with streptavidin or | requires streptavidin or | case of interaction or detection
avidin, PEG linker avidin for detection with antibodies for
enhances solubility tetraspanins
and stability
GFP fluorescent adequate to follow requires genetic may interfere with | visualization and Corso et al. (2019),
protein the first steps of engineering for protein function if tracking of Loconte et al. (2023)
uptake, bright green expression, may fused improperly proteins,
fluorescence interfere with protein organelles, cellular
function if fused structures
improperly (including EVs) in
living cells

methods. Compared to classical fluorescent antibodies, aptamers are
much smaller, have higher biocompatibility, and do not affect the
physicochemical and biological functions of EVs. In addition,
aptamers can be chemically synthesized, allowing precise control
of their sequences and properties. The aptamer selection process can
be performed completely in vitro, whereas antibodies are typically
produced in living organisms (Bao et al., 2023).

Moreover, Arifin et al. described current state-of-the-art
imaging techniques for studying EV uptake and distribution in
vivo, focusing on the biodistribution and pharmacokinetic profiles of
EVs after administration in vivo. The authors reported cytotoxicity
at higher label concentrations, which may severely impact EV and
cell functionality; therefore, optimizing the label concentration is
important to lessen the cytotoxic effect in vivo. Additionally, the
authors observed an altered surface charge or size distribution of
EVs at high label concentrations, which may also influence EV
functionality (Arifin et al., 2022).

The most common labels used in EV studies are listed in Table 2,
which also addresses their advantages, disadvantages, and impact on
EV function.

3.4 Washing after labeling

As presented above, a substantial amount of background and
unspecific staining can be expected under certain circumstances
during fluorescent labeling of EVs, and a washing step is highly
recommended. There are a few ways to perform washing after
labeling, like SEC, UCF, ultracentrifugation with a discontinuous
density gradient (UCG), ultrafiltration (UF), anion exchange
chromatography (AEC) or with affinity beads (Morales-
Kastresana et al., 2017; Fortunato et al., 2021; Rautaniemi et al.,
2021). Unfortunately, washing always causes some loses of the
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stained material, which is especially problematic in the case of
small amount of original sample material (for instance, from
biological fluids), and also due to this losses the following
quantitative measurement is biased. Moreover, the efficiency of
the removal of unbound dyes is strongly dependent on dye
properties. Rautniemi et al. concludes that for a good purification
the relative purification efficiency (E,p; recovery of the EVs divided
by the recovery of the dye) should be higher than one (Rautaniemi
etal,, 2021). The best method of EV purification after labeling found
in their work was SEC. However, after purification, stained EV's need
to have a sufficiently high fluorescence intensity to be visible in the
target application, and in their case, the fluorescence of labeled and
purified EVs was too weak to be detected after administration
to cells.

In some cases, when the amount of biological sample is very
limited, dilution can be performed instead of washing to reduce the
background from the unbound dye as much as possible. This is often
done in the case of NTA, where the sample has to be strongly diluted
to be within the detection range. Detergent lysis controls, buffer
controls without EVs, and unstained samples for antibody labeling
must be provided even after washing to control for background
signal and unspecific staining (Gorgens et al., 2019; Dlugolecka et al.,
2021; von Lersner et al., 2024).

4 Lipoproteins and corona

Lipoproteins are biochemical complexes of lipids such as
triglycerides and phospholipids, with special proteins called
Their primary function is to transport
hydrophobic lipids (also known as fat) in the blood plasma or

apolipoproteins.

other extracellular fluids. Plasma lipoproteins are typically divided
into five main groups based on their size, lipid composition, and
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Lipoproteins and corona. (A) Correlation between size and density of lipoproteins, liposomes, and EVs (size and density ranges are depicted by
dashed boxes), with an explanation of possible separation methods. The different lipoprotein classes: chylomicron (CM), high-density lipoprotein (HDL),
low-density lipoprotein (LDL), very low-density lipoprotein (VLDL). (B) Characteristics of the EV protein corona (PC) and its impact on EV properties and

function. Created with BioRender.com and Inkscape

apolipoprotein content, which are very low-density lipoproteins
(VLDLs), intermediate- and low-density lipoproteins (IDLs and
LDLs), high-density lipoproteins (HDLs),
(Simonsen, 2017). They outnumber plasma EVs by orders of

and chylomicrons

magnitude and can be co-isolated with EVs during the separation
process, leading to potential contamination or interference with the
EV staining process as shown on Figure 2A (Chen et al., 2023;
Lozano-Andres et al., 2023; Boudna et al.,, 2024). In conventional
light scattering, NTA EVs cannot be distinguished from lipoproteins
of similar size. Labeling with lipophilic dyes, as shown recently, will
unfortunately not help to distinguish EVs from lipoproteins, since
both EVs and lipoproteins are labeled due to their phospholipid
membrane. Therefore, lipoproteins affect the accuracy and
specificity of labeling (Chen et al., 2023). The most frequently
used method for plasma EV separation is SEC (Pang et al,
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2020). It enables the purification of EVs from LDLs and HDLs
because of their difference in size, but not from VLDLs and
chylomicrons. A combination of SEC and additional gradient
separation or differential UC can additionally remove more
lipoproteins, although it also lowers the total particle count
2018).
collection it was proven that, regardless of the chosen EV

(Karimi et al, Notably, in case of plasma sample
purification method, it is advisory to collect blood samples in

pre-prandial state to reduce contamination
(Tushuizen et al., 2012).

The protein corona (PC) is the areola of biomolecules, including

lipoproteins

proteins and lipids, which form around EVs when they come into
contact with biological fluids as shown on Figure 2B (Toth et al,,
2021). Those molecules are attached to EVs not covalently but by
other interactions, such as hydrogen bonds, van der Waals
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interactions, and electrostatic interactions. Varga et al. shows that
the thickness of the hydration layer (including PC) can be calculated
by combining optical methods like dynamic light scattering (DLS)
and NTA, and non-optical methods like microfluidic resistive pulse
sensing (MRPS) and very small-angle neutron scattering (VSANS)
and is around (5.3 + 0.3) nm (Varga et al., 2020).

The PC can alter the surface properties and size of EVs and impact
their interactions with recipient cells (Varga et al., 2020). During the
labeling process, the PC may affect the accessibility of the labeling
agent to the surface of EV, potentially reducing labeling efficiency or
specificity. In addition, some proteins or lipids present in the PC can
be labeled, but they are not a physical part of the EV themselves. With
standard staining, we cannot distinguish between what is a real EVs
surface marker and what is only a component of the corona, and it can
be distinguished only after removing it. Yahata et al. claimed that the
observed differences between liposome and EV's properties potentially
originated from the PC (Yahata et al., 2021).

To remove the PC Singh et al. proposed the use of membrane-
active antimicrobial peptides (AMPs). Those AMPs typically have a
short sequence (10-50 residues), mostly a net positive charge, and
contain ~ 50% hydrophobic residues that make them membrane
active (Mangoni et al., 2015; Nayab et al., 2022). They can approach
the surface of a lipid bilayer in such a way that associated proteins
can be removed from EV surfaces. Comparison of control EVs with
AMP-treated samples revealed detachment of proteins adsorbed on
the lipid bilayer of EVs (Singh et al., 2020; Singh et al., 2023).

Interestingly, Wolf et al. demonstrated the significant influence
of PC removal (by a subsequent process of EV separation using TFF
followed by SEC or UCF) on angiogenesis and immunomodulation.
Their results showed that these functions are closely linked to the
presence of the PC, and once it is removed, these functions are lost
(Wolf et al., 2022). Additionally, Toth et al. showed that the labeling
results differed greatly depending on the composition of the PC.
They incubated medium-sized EVs (100-800 nm in diameter,
typically sedimented at 10,000-20,000 x g) isolated from THP-1
cells with EV-depleted blood plasma from patients and then
characterized the coated EVs using several methods. Nascent
EVs, plasma protein aggregates, nascent EVs incubated with
fibrinogen, and annexin V-positive plasma EVs were used as the
controls. In addition, the authors demonstrated that EVs with an
external plasma protein cargo, in contrast to nascent EVs, induced
increased expression of TNF-a, IL-6, CD83, CD86, and HLA-DR in
human monocyte-derived dendritic cells (Toth et al., 2021).

Notably, an increasing number of studies suggest that PC and
lipoproteins should not always be perceived as contamination but
may play an important role in the biological function of EVs, and
functional studies should carefully investigate whether isolating EV's
from PC is the best solution (Dietz et al., 2023; Liam-Or et al., 2024;
Welsh et al., 2024). When researchers plan labeling approaches for
their isolated EV samples for functional testing, they need to
consider the impact of PC and lipoproteins on their results.

5 Development of EV labeling towards
medical applications - challenges

The number of studies using fluorescent labeling of EV for the
development of future clinical diagnostic or prognostic applications is
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increasing exponentially every year. However, many published studies
present controversial results or outcomes that are difficult to assess,
interpret, and compare with other results. The reason for this is often
an incomplete description of the methods and results in manuscripts,
an inappropriate experimental design, lack of appropriate calibration
and standardization and mistakes in interpreting results-like, for
example, considering actual measurement artifacts as “true” EVs.
A few years ago, EV researchers proposed a flow-cytometry-specific
reporting framework of EV studies that included detailed guidelines
regarding methods and data reporting, which will allow a full
interpretation and validation of flow cytometry data of EVs
(Welsh et al., 2020). These guidelines, although initially referring
only to flow cytometry, it can be easily applied to all other EV analysis
methods that are based on fluorescent staining. A broad
implementation of this reporting framework in experimental
practice is necessary for the development of standardized, reliable,
and validated fluorescence-based EV analysis methods that can be
implemented as clinical diagnostic or prognostic tools in the future.

Although an increasing number of researchers have attempted
to follow in their manuscripts the guidelines mentioned above, there
are still studies that lack important controls or information about
critical variables. In many of these studies, the authors failed to
provide all the necessary information for evaluation if all relevant
disruptive factors for staining have been appropriately reviewed and
assessed. Based on selected examples of reported studies, we briefly
discuss the common mistakes and misinterpretations within
fluorescent-staining-based EV experiments and propose possible
improvements.

In his study, Koksal et al. presented a quantitation of cancer-
derived EVs in clinical samples of hepatocellular carcinoma (HCC),
based on fluorescent staining of typical HCC markers and
subsequent f-NTA analysis (Koksal et al., 2023). The authors
showed that by this method they can discriminate between HCC
patients and cirrhosis patients, and that the presented EV
quantification correlated with the size of the liver tumor assessed
by liver imaging. The authors have correctly reported the NTA
instrument settings and staining procedures in detail. However, they
did not avoid mistakes in experimental design or reporting. The
optimization of antibody and dye concentrations was performed
only on EVs isolated from the liver cancer cell line Huh7, even
though the assay was performed directly in the serum. Admittedly,
the authors mentioned in the Methods section that they had also
tested several antibody dilutions in serum samples, but they did not
show or report any results. It is expected that in the tested serum
samples, there will be many proteins and impurities that will impact
fluorescent staining and may lead to a much higher number of
staining artifacts in comparison to the isolated EV samples from cell
culture used for staining optimization. The much higher percentage
of membrane-stained particles observed in the serum samples
compared to the cell-culture EV-samples implies not necessarily,
as interpreted by the authors, a higher EV content, but may be also a
sign of unspecific staining due to the serum background. Staining
and analysis of appropriate controls, consisting of Huh7-derived
EVs spiked into serum samples or EV-free serum samples, would
help to evaluate the impact of background staining. The signal
linearity and concentration dependence of NTA measurements with
serially diluted serum samples are not presented. Additionally,
antibody and dye concentrations were reported only as relative
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TABLE 3 List of factors that should be considered in the fluorescent analysis of EVs.

Method type F-NTA

F-NTA

10.3389/fbioe.2024.1479516

Plasmon resonance

Device name for fluorescence detection = Nanosight, Malvern Panalytical

Labeling type immunospecific, lipophilic

ZetaView, Particle Metrix

lipophilic

ExoView, NanoView Biosciences

immunospecific

Washing step +

Measurement of dye efficiency -

+

Measuring the efficiency of the rinsing = -
step

Stability and intensity of the fluorophore | PE - bright, rapidly photobleached;

CellMask -bright, stable for 4 h

CellMask -bright, stable for 4 h

AF488, AF647, AF555 - relatively bright
and stable fluorophores

Brightness threshold setting set on 5 on Nanosight

sensitivity 90, shutter 100, min
Brightness 25, frame rate 30 fps (two
frames)

no information

Dye concentration only relative dilution stated, no absolute
units; optimized on HCC-derived EV's but
not in target serum sample

Temperature overnight at 4°C with agitation for

antibodies; 2 h, RT for CellMask

only relative dilution stated, no absolute
units, no information about
optimalization

at RT for 1 h in dark

adjusted according to the manufacturer’s
instructions

adjusted according to the manufacturer’s
instructions

EV purification method direct labeling of serum, SEC after labeling

Compounds co-isolated with EVs lipoproteins, protein aggregates

Assessment of background influence no information about dye-only, buffer-
only controls; staining optimization only

on isolated EVs and not directly in serum

TFF, SEC
protein aggregates

no information about dye-only, buffer-
only controls

precipitation
lipoproteins, protein aggregates

no information about antibody-only,
buffer-only controls; immunoaffinity
control of an EV-free plasma sample is
lacking

Sample concentration adjusted to 10°-10° particles/mL

adjusted to 1 x 10"

adjusted according to the manufacturer’s

particles/mL instructions
Precipitation and centrifugation step - + +
during EV preparation
Anticipated Labeling specificity high for immunolabeling, low for low high
CellMask
Reported pre-analytical variables no information about serum collection + no information about plasma collection
variables (centrifugation steps, time variables (type of anti-coagulant,
between blood draw and serum centrifugation steps, time between blood
preparation, etc.) draw and plasma preparation, etc.)
Impact on functionality of EVs not tested not tested not tested

dilutions and not in appropriate absolute units, such as mole/L or
mg/mL. Furthermore, it was not stated if any antibody/dye-only
controls were used to assess background dye staining. It is not clear
how the SEC washing step was optimized, especially how EV
recovery was evaluated against EV quality performance. The
actual fractions that were collected and analyzed after sample
application on the given column were not stated. It is not clear
why the recovery and quality assessment of the samples after the
column wash were analyzed only in scatter mode, which does not
provide any information regarding the number of stained EVs. A
high particle number in this case may indicate a high impurity
content and pure column performance, rather than a high EV
recovery. The pre-analytical variables according to serum
collection were reported very superficially and did not provide
details about the blood collection and centrifugation steps to
obtain the serum.
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In another study, the authors perform labeling only with the

CMG dye and did not check for specificity, staining saturation, or
background staining (Piibor et al., 2023). The significantly higher
particle concentration of the “Total-NP” fraction after CMG-
staining compared to the “EV only” fraction of unlabeled
particles measured in the scatter mode may imply the formation
of some kind of aggregates (e.g., of CMG) during staining. The
possible impact of their presence on NTA measurements in
fluorescent mode was not evaluated (e.g., by the measurement of
a dye-only sample at the same concentration).

Table 3 presents a summarized list of factors that should be
considered in the fluorescence analysis of EVs in selected studies,
including those discussed above. Researchers must be cautious when
attempting to draw clinical conclusions based on limited
information. None of these studies have examined the impact of
labeling on EV functionality, which can have a substantial meaning
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for clinical outcomes. This table shows that there is still a long road
to make solid, evidence-based conclusions from EV-based studies.
Substantial dose improvements and additional experiments are
required to provide reliable data.

6 Study limitations

EV characterization studies are a rapidly growing field, with our
understanding of EV biology expanding every year. This study
addresses key aspects of fluorescent EV staining for analysis on
currently available instruments and discussed in recent publications,
although these factors may evolve with the development of new,
more sensitive tools capable of easily distinguishing EVs from
background and EV detection in biological samples. In addition,
our study does not cover non-fluorescent labeling methods, which
are also used in EV characterization and are discussed in detail in the
Imanbekova study (Imanbekova et al., 2022).

7 Summary

Since the recognition that EVs may be promising non-
invasive disease indicators, the scientific community has made
enormous efforts to develop EV-specific biomarkers for routine
clinical use. Diverse high-resolution techniques for single-vesicle
analysis have been developed. Soon it has become clear that
fluorescent labeling of specific EV markers may be the only way to
discriminate EVs in complex, heterogeneous samples and to
quantitatively evaluate specific EV populations, often present
only in extremely low abundance, for diagnostic and
prognostic purposes. Advanced instruments using fluorescence
to analyze EVs, such as {-NTA and nFC, allow researchers to gain
insights into EVs properties, with each method providing slightly
different information.

A wide spectrum of compounds with fluorescent properties have
been developed and used to label vesicles. The choice of an appropriate
compound should be made consciously because each type has its
advantages and disadvantages, allowing for the discovery of different
EV properties. Dyes are often not specific only to EVs; the staining
efficiency varies greatly depending on the source and composition of EVs,
and some compounds may affect the biological functionality of the
vesicles. Regardless of the staining methodology and analysis instrument
used, appropriate controls are indispensable. Whenever possible, dye
removal or dilution steps should be incorporated. A suitable dye removal
method is often dye- and EV-specific and must be chosen based on the
sample, anticipated EV recovery, quality ratio, and subsequent
downstream EV analysis (Rautaniemi et al,, 2021).
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Furthermore, analysis should be performed with the awareness
of the presence of lipoproteins in biological fluids, which are
sometimes challenging to distinguish from EVs. One should also
consider the impact of the PC of EVs, which affects their properties
and may provide additional EV cargo and completely different,
additional biological functions.

Currently, there is an increasing number of publications
utilizing EV staining for clinical purposes, including their use as
biomarkers. Therefore, it is important for the authors of such studies
to be aware of the limitations of the used instruments staining
protocols and dyes. This will ensure that their results can be properly
interpreted and will have true clinical value in expanding our
understanding of EV biology.
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Podsumowanie i wnioski

W pracy tej przedstawiono pierwsza kompleksowg charakteryzacje EVs pochodzacych
Z BALF, oddzielnie dla ptuca objetego zmianami chorobowymi (cBALF) oraz drugiego ptuca
(0BALF) i osocza od pacjentow z NDRP, na duzej grupie pacjentow (34 osoby), stosujac
klasyczne metody charakterystyki EVs oraz stosunkowo nowg metod¢ f-NTA. Opracowano
i zoptymalizowano metode izolacji EVs z BALF z uzyciem ultrawirowania oraz izolacji EVs
Zz osocza metoda SEC. Przeprowadzono optymalizacje st¢zenia barwnikow i przeciwciat
stosowanych w f-NTA. Przeprowadzono charakteryzacje uzyskanych izolatow metodami
Western Blot, cytometrii przeptywowej z uzyciem kulek magnetycznych oraz wykonano
obrazowanie metoda kriogenicznej transmisyjnej mikroskopii elektronowej (Cryo-TEM),
pokazujac czystos¢ uzyskanych preparatow. Poréwnano ilosciowo i jakosciowo profil EVs
zkrwi i BALF z wykorzystaniem klasycznego pomiaru NTA, a takze z uzyciem f-NTA
Zz wykorzystaniem barwienia blonowego 1 barwienia z wykorzystaniem przeciwcial

specyficznych na tetraspaniny CD9, CD63 i CD81.

Poroéwnanie preparatow z wykorzystaniem samego klasycznego pomiaru NTA w $wietle
rozproszonym ukazato, ze EVs w badanych izolatach z osocza mialy wyzsze stezenie
pecherzykéw oraz biatka oraz mniejszy rozmiar niz EVs z BALF. Poréwnanie cBALF
z oOBALF w swietle rozproszonym wykazalo brak statystycznie istotnych réznic miedzy EVs
ze zmienionego chorobowo pluca i ptuca zdrowego pod wzgledem w liczby oraz wielkoS$ci

pecherzykow, a takze stezenia biatka w preparatach.

Barwienie blonowe 1 uzycie f-NTA pozwolilo pokaza¢, ze tylko czgs¢ czastek widocznych
w klasycznym NTA to istotnie sg pgcherzyki. Wykazano, ze odpowiednio 30.9 % czastek
w izolatach EVs z osocza oraz §rednio 50.9% czastek w izolatach z cBALF 1 49.3% w izolatach
z oBALF ulega barwieniu blonowemu, czyli zawiera btony biologiczne. Mozna podejrzewac,
ze pozostata cze$¢ probki to zanieczyszczenia, ktore sg réwniez mierzone przez NTA.
Barwienie blonowe potwierdzito wigksze stezenie EVs z osocza oraz ich mniejszy rozmiar
w porownaniu do EVs z BALF, jednak pgcherzyki po barwieniu byly istotnie wigksze niz przed
barwieniem. Poréwnanie cBALF z o BALF w barwieniu blonowym wykazato, ze EVs z cBALF
byty wieksze niz te z oBALF.

Barwienie za pomoca specyficznych przeciwcial na typowe egzosomalne markery-tetraspaniny

i analiza f-NTA dostarczyly kolejnych informacji. W przypadku EVs z o0socza,
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w przeciwienstwie do BALF, nie wykryto tetraspanin CD63 oraz CD81, a CD9 wykryto tylko
u 3 pacjentow. Fluorescencyjna charakteryzacja BALF EVs wykazata brak roznic w profilu
cBALF i oBALF EVs w zakresie st¢zenia oraz procencie fluorescencyjnych czastek.
W przypadku cBALF EVs odsetek czastek fluorescencyjnych w poréwnaniu do wszystkich
czastek widocznych w trypie rozproszenia (scatter) byt wysoki w CMDR (50.9%) i CD9
(56.0%), nizszy w CD63 (35.5%), a najnizszy w CDS81 (8.2%). Wielko$¢ pecherzykow
wykazujacych obecnos¢ tetraspanin byta znaczaco mniejsza niz wszystkich czastek mierzonych
w trybie rozproszenia (srednia = SD: 171.95 + 23.72 nm) a takze czgstek posiadajgcych btong
lipidowsa ($rednia + SD: 183.23 + 32.70 nm). Jednocze$nie wielko$¢ wszystkich pecherzykow
pozytywnych dla poszczegoélnych tetraspanin byta zblizona (Srednia = SD: CD63: 100.76 +
38.62 nm; CD9: 104.21 + 22.11 nm; CD81: 115.81 + 46.01 nm). Uzyskane stosunki ilosci
zmierzonych czastek do stgzenia biatek byty 100 razy wyzsze dla osocza i 10 razy wyzsze dla
BALF-EVs niz stosunki uzyskane dla hodowli komoérkowej lub EV z moczu podane

we wczesniejszych badaniach (35).

Zestawienie wynikow f-NTA oraz danych klinicznych 34 pacjentow (z czego sze$¢ okazalo si¢
nie mie¢ NDRP tylko inne schorzenia, a u trzech nowotwor nie zostal jednoznacznie
potwierdzony) wykazato brak istotnych réznic oraz korelacji dla wszystkich badanych
parametréw miedzy grupa pacjentdow z potwierdzonym NDRP a pacjentami z innymi zmianami
chorobowymi phluc. Moglo to by¢ spowodowane zbyt malymi liczbami pacjentow
W poszczegdlnych grupach, badz faktem, ze nasze izolaty BALF EV zawieraly zaréwno EV
pochodzenia rakowego, jak EV pochodzace od komorek normalnie wystepujacych w tym

srodowisku 1 na podstawie ogolnej charakterystyki nie da si¢ ich rozréznic.

Podsumowujac, potwierdzono wczesniejsze doniesienia, ze EVs zawierajace
tetraspaniny nalezag do mniejszych mikropecherzykow ponizej 120 nm (nazywanych tez
egzosomami) 1 stanowig tylko cze$¢ wszystkich mikropecherzykow o nieco wigkszej sredniej
wielkosci. Pokazano, Zze znakowanie EVs z uzyciem trybu fluorescencyjnego analizy NTA
moze dostarczy¢ informacji o koncentracji, rozmiarze, dystrybucji 1 fenotypie
powierzchniowym w postaci tetraspanin izolatow EVS z heterogenicznych roztworow, pod
warunkiem, ze nie zawieraja one zbyt duzo zanieczyszczen. Wykonujac analiz¢ f-NTA EVS
pochodzacych z BALF w poréwnaniu do EVs z osocza, ujawniono, ze metoda ta, szczegolnie
w przypadku oznaczania poziomu tetraspanin, nadaje si¢ tylko do stosunkowo czystych
preparatow EV, takich jak BALF lub nadsacz z hodowli komérkowych. Preparaty EV z osocza

lub surowicy, zawierajace bardzo niskie poziomy EV w poréwnaniu do zanieczyszczajacych
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lipoprotein, sg mniej odpowiednie do charakteryzowania metodg f-NTA, gdyz obecne
zanieczyszczenia moga zaburza¢ proces barwienia a takze dodatkowo maskowac¢ juz i tak
stosunkowo staby sygnat fluorescencji takich markeréow jak tetraspaniny. Udowodniono, ze
specyficzne znakowanie blony barwnikami lipidowymi nie pozwala w petni odroznié
»prawdziwych” EVs od lipoprotein podobnej wielkos$ci, jednakze zastosowanie metody

usuwania lipoprotein moze poprawi¢ specyficznos$¢ i wydajnos¢ barwienia.

Przeprowadzona po raz pierwszy na tak duzej grupie pacjentow z podejrzeniem NDRP
poréwnawcza analiza profilu EVs uzyskanych z osocza oraz BALF wykazata spodziewane
roéznice ilosciowe 1 jakosciowe profilu EVs z tych dwoéch zrodet. Jednakze wbrew
oczekiwaniom nie znaleziono roznic w profilu EVs miedzy plucem chorym (cBALF)
a zdrowym (0BALF), co moze wskazywaé na to, ze pluca stanowig w tym wypadku jedno
mikrosrodowisko niezaleznie od umiejscowienia guza. Poniewaz niestety nie zaobserwowano
statystycznie znaczacych korelacji migdzy zbadanym profilem EVs a danymi klinicznymi
w badanej grupie 34 pacjentdw, nie udato si¢ rozstrzygnaé na tym etapie badan, czy badane

EVs z osocza i BALF mogg mie¢ znaczenie diagnostyczne.

Wiedza uzyskana w trakcie optymalizacji metod izolacji i charakteryzacji EVs
metodami  fluorescencyjnymi  pozwolita na przygotowanie pracy przegladowe;j
podsumowujacej informacje, jakie nalezy wzig¢ pod uwage przy projektowaniu badan
fluorescencyjnych EVs dotyczace doboru sprzetu do analizy, metod izolacji i barwienia oraz
wpltywu czynnikow zaktocajacych. Pokazano, ze wybor odpowiedniej metody analizy
fluorescencyjnej EVs wymaga doktadnego rozwazenia wielu czynnikow, takich jak: rodzaj
ptynu biologicznego z ktorego izolowane sa EVs, metody izolacji, ktore cechy EVs chcemy
zbada¢, mozliwe czynniki zaklocajace, wrazliwo$¢ sprzetu do analizy na zanieczyszczenia,
wplyw wybranej metody barwienia na funkcjonalnos¢ EVs, itd. Na podstawie najnowszych
danych literaturowych przedyskutowano wptyw kazdego z omawianych czynnikoéw na analize
fluorescencyjng EVs i wykazano, ze odpowiednio zaprojektowane badanie z wykorzystaniem
fluorescencji pozwala na doktadniejsze i bardziej specyficzne pomiary rozmiaru i stezenia EVS.
Przedstawiono zaawansowane metody wykorzystujace fluorescencj¢ do analizy EVs, takie jak
NTA i nFC, ujmujac w formie tabelarycznej informacje na temat zalet i wad, kosztow
I przepustowosci wybranych sprzgtow do analizy fluorescencyjnej EVs oraz dostgpnego
szerokiego spektrum zwigzkow 1 przeciwcial o wiasciwosciach fluorescencyjnych

do znakowania pecherzykow.
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Bazujac na doswiadczeniach w trakcie opisanych wyzej prac eksperymentalnych
podkreslono w pracy przegladowej fakt, ze konwencjonalne NTA dostarcza tylko ogélnych
informacji o liczbie i wielkos$ci czastek zawartych w badanej prébce, z ktorych, jak
udowodniono, tylko cze$¢ jest pochodzenia biologicznego, a jeszcze mniej jest samych EVs.
Dopiero analiza f-NTA, z wykorzystaniem odpowiednich barwien blonowych czy przeciwciat
dla specyficznych markeréw, pozwala na doktadniejsze okreslenie rzeczywistych st¢zen oraz
wielkosci pecherzykéw. Z kolei do poznania doktadniejszego sktadu molekularnego
pecherzykoéw najczesciej uzywa si¢ dedykowanych lub specjalnie zmodyfikowanych urzadzen

do cytometrii przeplywowej dla czgstek mniejszych niz 300 nm.

Na podstawie wybranych prac zwrocono uwage na fakt, ze analiza EVs z ptynow
biologicznych rozni si¢ znaczaco od analizy EVs uzyskanych z hodowli komoérkowych,
gléwnie z uwagi na duzo bardziej zréznicowany sktad matrycy probki oraz jej znacznie
ograniczong objetos¢. Analiza taka powinna by¢ przeprowadzana z uwzglednieniem obecnosci
lipoprotein (w przypadku probek z osocza) oraz innych substancji zaktocajacych w plynach
biologicznych, ktore czasami trudno odrézni¢ od EVs. Nalezy rowniez uwzgledni¢ biatkowa
korone EVs, ktora wpltywa na ich wlasciwosci i moze zapewniaé zupehie inne, dodatkowe
funkcje biologiczne, ktoére moga zostaé utracone, jesli wybrana metoda izolacji EVs usunie
biatkowa korone. Na podstawie wybranych prac przedyskutowano, jak zastosowane metody
izolacji EVs, zanieczyszczenia wystepujace w danym typie pltynu biologicznego oraz wybrane
metody barwienia i analizy pecherzykow moga prowadzi¢ do znaczaco innych wynikow
I wnioskow z nich ptynacych. Podkreslono, ze w badaniach warto wykorzystywaé rownolegle
kilka sposobow znakowania, poniewaz pozwoli t0 uzyska¢ wigcej informacji na temat

analizowanych pecherzykow.

W ramach kontynuacji przedstawionych w ramach Publikacji nr. 1 badan, powigkszono
badang grupe o kolejnych pacjentow i prowadzone sg dalsze badania, tj. analiza f-NTA dla
w sumie 82 pacjentow oraz analiza z wykorzystaniem obrazowej cytometrii przeptywowej
poziomu dodatkowych specyficznych markeréw obecnych na powierzchni EVs, zwigzanych
zich funkcjami prozapalnymi i1 promujagcymi wzrost nowotworu. Ponadto wykonano
kompleksowg analize fenotypu komorek immunologicznych wyizolowanych rownolegle z EVs
z osocza i BALF pacjentow, takich jak limfocyty CD8+ i CD4+, limfocyty T regulatorowe oraz
zbadano ich poziom apoptozy w klasycznej cytometrii przeptywowej (dane nieopublikowane).
Korelacja miedzy danymi uzyskanymi z f-NTA oraz obrazowej cytometrii przeplywowej

zZ profilem komoérek immunologicznych oraz danymi klinicznymi w tej znacznie poszerzonej
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grupie pacjentow pozwoli znalez¢ odpowiedz na pytanie, czy EVs z osocza i/lub BALF danego
pacjenta moga odzwierciedlaé jego status immunologiczny i stopien immunosupresji
charakterystyczny dla nowotwordw i czy moga spelnia¢ potencjalng rol¢ diagnostyczng czy
prognostyczng dla rozwoju choroby i postepu w terapii. Dodatkowo, prowadzona jest dalsza
analiza wplywu lipoprotein na wyniki analizy f-NTA w ramach przyznanego mi Grantu
Mtodego Badacza na WUM, gdzie probki osocza zostang podzielone na dwie czgsci.
Z pierwszej czesci beda usuwane lipoproteiny a nastepnie przeprowadzona zostanie izolacja
EVs metoda SEC i analiza f-NTA i za pomoca cytometrii przeplywowej w nanoskali. Z drugiej
czesci przeprowadzone zostang analogiczne analizy, tylko bez usuwania lipoprotein. Nastepnie

przeprowadzone zostanie porownanie wynikow.

Dazenie wielu badaczy do wykorzystania EVs jako biomarkeréw do celéw klinicznych
wymaga w pierwszej kolejnosci wypracowania powtarzalnych, dokladnych i wiarygodnych
metod charakteryzacji ilosciowej i1 jako$ciowej tych mikropecherzykow. Przedstawiona praca
jako jedna z pierwszych tego typu podejmuje probe optymalizacji i weryfikacji takiej metody
bazujacej na barwieniu fluorescencyjnym i nowatorskiej technologii f-NTA EVs uzyskanych

Z rzeczywistych probek klinicznych.
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figur.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej

Pani mgr inz. Magdaleny Dhugoteckie;.

(podpis oswiadczajgcego)

*w szczegdlnosei udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikéw



Warszawa 03.07.2024
(miejscowosc, data)

Mgr Zuzanna Homoncik

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Characterization of Extracellular Vesicles from
Bronchoalveolar Lavage Fluid and Plasma of Patients with Lung Lesions Using Fluorescence
Nanoparticle Tracking Analysis” o§wiadczam, iz mdj wilasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: przeprowadzenie badan.

Mo;j udziat procentowy w przygotowaniu publikacji okre$lam jako 8%.

Wkiad Pani mgr inz. Magdaleny Dhugoteckiej w powstawanie publikacji okreslam jako 51%,
obejmowal on udzial w przygotowaniu koncepcji, przeprowadzenie badafi, interpretacje
wynikow, przeprowadzenie analizy statystycznej, napisanie manuskryptu, przygotowanie i opis

figur.

(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

Pani mgr inz. Magdaleny Dlugoteckie;j.

- (podpis o$wiadczajacego)

*w szczegodlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow



Warszawa, 03.07.2024
(miejscowosc, data)

lek. med. Matgorzata Polubiec-Kownacka

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Characterization of Extracellular Vesicles from
Bronchoalveolar Lavage Fluid and Plasma of Patients with Lung Lesions Using Fluorescence
Nanoparticle Tracking Analysis” o$wiadczam, iz méj wlasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: rekrutacja pacjentow, przeprowadzenie i opis procedury BAL.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 10%.

Wkiad Pani mgr inz. Magdaleny Diugoleckiej w powstawanie publikacji okre$lam jako 51%,
obejmowat on udzial w przygotowaniu koncepcji, przeprowadzenie badan, interpretacjg
wynikéw, przeprowadzenie analizy statystycznej, napisanie manuskryptu, przygotowanie i

OpiS ﬁgur. (merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

Pani mgr inz. Magdaleny Dlugofeckiej.

....................................................

(podpis o$§wiadczajacego)

*w szczegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow



Warszawa, 03.07.2024

(miejscowosc, data)

prof. dr hab. n. med. Joanna Domagata-Kulawik

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Characterization of Extracellular Vesicles from
Bronchoalveolar Lavage Fluid and Plasma of Patients with Lung Lesions Using Fluorescence
Nanoparticle Tracking Analysis” o$wiadczam, iz moj wlasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: przygotowanie koncepcji badania.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5%.

Wktad Pani mgr inz. Magdaleny Diugoteckiej w powstawanie publikacji okreslam jako 51%,
obejmowal on udzial w przygotowaniu koncepcji, przeprowadzenie badan, interpretacje
wynikow, przeprowadzenie analizy statystycznej, napisanie manuskryptu, przygotowanie i opis
figur.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgodg¢ na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej

Pani mgr inz. Magdaleny Diugoteckie;j.

*w szezegolnosei udziatu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikaow



Warszawa 03.07.2024
(miejscowosc, data)

dr n. med. i n. o zdr.
Matgorzata Czystowska-Kuzmicz

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Characterization of Extracellular Vesicles from
Bronchoalveolar Lavage Fluid and Plasma of Patients with Lung Lesions Using Fluorescence
Nanoparticle Tracking Analysis” oswiadczam, iz moj wlasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: przygotowanie koncepcji, metodologii, zapewnienie zasobow, udziat w
przygotowaniu i redagowaniu manuskryptu, nadzor nad projektem.

M¢j udzial procentowy w przygotowaniu publikacji okreslam jako 9%.

Wklad Pani mgr inz. Magdaleny Dhugoleckiej w powstawanie publikacji okres§lam jako 51%,
obejmowal on udzial w przygotowaniu koncepcji, przeprowadzenie badan, interpretacje
wynikow, przeprowadzenie analizy statystycznej, napisanie manuskryptu, przygotowanie i opis
figur.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednoczes$nie wyrazam zgode na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej

Kéﬂ M&

(po pis osw1adczaj acego)

Pani mgr inz. Magdaleny Dlugotleckie;j.

*w szezegblnoscei udzialn w przygotowaniu koncepceji, metodyki, wykonaniu badan, interpretacji wynikow



Warszawa 05.09.2024
(miejscowosc, data)
mgr inz. Magdalena Dhugolecka

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Factors to consider before choosing EV labeling method for
fluorescence-based techniques” o$wiadczam, iz moj whasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi przygotowanie koncepcji, przeglad literatury, napisanie i udzial w
redagowaniu manuskryptu.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 90%.

J/. DT 'ug-_«j §(/(/LL

(podpis o$wiadczajacego)

*w szczego6lnodci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow



Warszawa 05.09.2024
(miejscowosé, data)

dr n. med. i n. o zdr.
Matgorzata Czystowska-Kuzmicz

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Factors to consider before choosing EV labeling method for
fluorescence-based techniques” o$wiadczam, iz moj wlasny wklad merytoryczny w
przyg(‘)towanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: udzial w przygotowaniu koncepcji, przeglad literatury, redagowanie
manuskryptu, nadzér nad projektem.

Méj udzial procentowy w przygotowaniu publikacji okreslam jako 10%.

Wkiad Pani mgr inz. Magdaleny Dhugoteckiej w powstawanie publikacji okreslam jako 90%,
obejmowat on przygotowanie koncepcji, przeglad literatury, napisanie i udzial w redagowaniu
manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczes$nie wyrazam zgod¢ na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej

Pani mgr inz. Magdaleny Dhugoleckie;j.

(p\(;dpis o$wiadczajacego)

*w szezegolnosei udziatu w przygotowaniu koncepceji, metodyki, wykonaniu badan, interpretacji wynikéw



	Introduction 
	Materials and Methods 
	Patients 
	BAL-Procedure 
	Choosing EV Separation Method 
	Separation of EVs from Plasma of BAL Patients Using Homemade Mini-SEC Columns 
	Separation of EVs from BALF Using Differential Ultracentrifugation 

	Immunocapture and Fluorescence Labeling of EVs for Flow Cytometry 
	Flow-Cytometric Analysis of EVs 
	Western Blotting of EVs 
	Transmission Electron Microscopy 
	NTA-Scatter Measurement 
	Fluorescent Labeling of EVs 
	Fluorescence-NTA 

	Lysis of EVs 
	Subcellular Particles (Particularly Lipoproteins) Removal 
	Removal of Selected EV Populations by Immunomagnetic Isolation 
	Statistical Analysis 
	EV-TRACK 

	Results 
	Characterization of Plasma/BALF EVs from NSCLC Patients 
	NTA of Plasma and BALF EVs in Scatter Mode 
	Membrane Labeling of Plasma and BALF EVs 
	Antibody Labeling of Plasma, BALF, and NSCLC Cell Line EVs 
	FL-NTA Characterization of BALF EVs 
	Control-Experiments for FL-NTA 
	RIPA Lysis of EVs 
	FL-NTA Measurements of Tetraspanin-Labeled EVs after Immunomagnetic Removal of EV Subpopulations 
	Impact of Plasma Lipoproteins on FL-NTA Measurements 

	Correlation of BALF or Plasma-EVs Characteristics with NSCLC Patient Diagnosis 

	Discussion 
	Selection of Isolation Methods for Plasma- and BALF-EVs 
	Characterization of EVs in the Context of Standardization and Previous Reports 
	Membrane Labeling Reveals EV Sample Purity 
	Lipoprotein Influence on EV-Membrane Labeling and NTA-Analysis 
	Antibody Labeling Show Significant Differences between Plasma and BALF EVs 
	NSCLC Patients Differentiation 
	Conclusions 

	References
	Factors to consider before choosing EV labeling method for fluorescence-based techniques
	1 Introduction
	2 Fluorescent methods
	2.1 Fluorescent NTA
	2.1.1 Fluorophore properties and instrument settings

	2.2 Nanoscale flow cytometry
	2.2.1 EV size characterization using nFC
	2.2.2 Impact of the swarming effect in nFC
	2.2.3 MESF standardization
	2.2.4 Novel instruments
	2.2.4.1 Imaging flow cytometry
	2.2.4.2 Spectral flow cytometry


	3 Labeling
	3.1 Sample handling: impact of EV isolation method, sample concentration and background
	3.2 EV labeling efficiency, nonspecific labeling
	3.3 Does the EV staining method impact the functionality of EVs?
	3.4 Washing after labeling

	4 Lipoproteins and corona
	5 Development of EV labeling towards medical applications - challenges
	6 Study limitations
	7 Summary
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


