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Vplyv prudovej hustoty na tvorbu PEO vrstvy pre biodegradovatel’né
horcikové zliatiny

Jan SOVIK, Daniel KAJANEK, Branislav HADZIMA
Zilinska univerzita v Ziline, Vyskumné centrum UNIZA, Univerzitna 8215/1, 010 26 Zilina
Abstrakt

Clanok sa zaobera vplyvom priidovej hustoty na vytvorenie vrstvy prostrednictvom procesu plazmovej
elektrolytickej oxidacie (PEO) na biodegradovatel'nej hor¢ikovej zliatine WE43 za ucelom zlepsenia jej
koréznej odolnosti pri aplikacii do l'udského tela v podobe bioimplantatov. Kordzne spravanie
experimentalneho materialu bolo analyzované pomocou elektrochemickej impedancnej spektroskopie
(EIS) a potenciodynamickej polarizacie (PD) v prostredi simulujucom podmienky ludského tela.
Mikrostruktirna analyza pouzitého materialu s vytvorenymi PEO vrstvami bola vykonana pomocou
rastrovacej elektronovej mikroskopie (REM).

Kracové slova: horCikové zliatiny, biodegradovatelné implantaty, korozia, plazmova elektrolyticka
oxidacia

Uvod

Utinnost’ biodegradovatelnych implantatov sa javi ako sPubna alternativa, ktorych vyuzitie vd’aka
velkému mnozstvu vyhod (nizSie ndklady, menSie psychologické zat'azenie pacientov a znizenie potreby
dalsich chirurgickych zakrokov), postupne nahradza tradi¢né permanentné implantaty [1].

Vel'mi dblezité postavenie vo vyskumnej oblasti materidlov zohravaju prave hor¢ikové zliatiny, ktoré
maji vyznamné vyuzitie aj v medicinskych aplikaciach. Hlavnou nevyhodou je ich vysoka rychlost’
degradacie v telesnych tekutinach, Co znizuje ich zivotnost ako biodegradovatelnych implantatov.
Pomocou réznych povrchovych uprav moZeme toto opotrebenie spomalit’ atym sucasne zlepsit
biokompatibilitu a ochranu implantatu pred kor6ziou a naslednych trvalych zmien jeho vlastnosti [2-5].

V sucasnosti sa ako sI'ubnou povrchovou tupravou javi plazmova elektrolyticka oxidacia (PEO), ktora je
vyuZzivana na tvorbu ochrannych povrchovych vrstiev na substratoch horcika a jeho zliatin. V oblasti
biomedicinskych aplikacii je vo¢i inym povrchovym upravam prevazne pouzivany prave PEO proces.
Znac¢nou nevyhodou PEO vrstiev je ich porovitost, ktora znac¢ne ovplyviiuje ich dlhodobu koréznu
odolnost’ [6-8].

Tento problém sa da vyriesit pomocou optimalizicie procesnych parametrov, ako st napétie, prudova
hustota, typ pouzitého =zdroja, cas upravy alebo chemické zlozenie elektrolytu a jednotlivych
technologickych krokov [8—10]. Kajanek a kol. skiimali vplyv optimalizacie prudovej hustoty na kordéznu
odolnost’ a morfologiu vytvorenych PEO vrstiev na Mg zliatiny AZ31 [11].

Ciel'om tejto studie je analyza vplyvu optimalizacie pradovej hustoty na tvorbu PEO vrstiev na vzorkach
hor¢ikovej zliatiny WE43, na koréznu odolnost’ zliatiny pomocou potenciodynamickej polarizacie (PD)
s vrstvami vystavenymi voCi agresivnemu prostrediu pozostavajucom z 0,9 % NaCl. Vplyv pradovej
hustoty na morfologiu vrstiev bol hodnoteny pomocou rastrovacej elektronovej mikroskopie.

Metodika vyskumu
Experimentalny material

Experimentalna Cast’ vyskumu bola vykonana za pouzitia komeréne dostupnej horcikovej zliatiny Mg-
4Y-3RE-0.4Zr (WE43), ktora bola vyrobena extrudovanim. Za ti¢elom zjemnenia zfn bola zliatina pred

pouzitim tepelne spracovana prostrednictvom homogenizacného Zihania pri teplote 530 °C po dobu 16
hodin.



Povrchové upravy

Pred aplikaciou PEO procesu bolo vykonané brusenie vzoriek na vodou chladenych SiC brasnych
papieroch so zrnitostou p180, p1200 a p4000. V nasledujucom kroku bola vzorka pripojend ako andda
a nehrdzavejuca ocel’ ako katdda na jednosmerny zdroj napitia (KEYSIGHT N8762 A). Obe elektrody boli
ponorené do kadicky s ekologickym PEO elektrolytom, do ktorej bolo vlozené laboratérne miesadlo na
zaistenie mieSania elektrolytu pocas celého procesu a vzdialenost’ medzi elektrodami bola 10 cm. Dany
systém (Obr. 1) bol nasledne vlozeny do plastovej vane s vodou, ktora udrziavala teplotu elektrolytu na 50
°C a tak jeho prehriatiu vplyvom narastajiceho napétia. Chemické zloZenie elektrolytu pozostavalo z 12 g
NaszPO; - 12H,0 a 1 g KOH rozpustenych v 1 1 destilovanej vody s vyslednou zasaditou hodnotou pH.
Prostredie bolo zvolené za ucelom vytvorenia kompaktnej vrstvy na povrchu Mg zliatiny, ktora sa pri
vytvarani prirodzenej pasivacnej vrstvy prednostne pasivuje v silne zasaditom prostredi.

/ Elektricky zdroj

s Miesadlo

Katoda / / Andda (vzorka)

»
ké |_-Elektrolyt
/

Y |_-Chladiace médium

Obr. 1. Zariadenie na pripravu PEO vrstiev [12]

Proces PEO prebiehal pri konstantnom prade a rasticom napiti, ktory bol ur€eny na zaklade
vzorca (1).
[=1i.S

kde: T oznatuje prud (A), i je oznacenie pre pradovu hustotu (A/cm?) a S je plocha (¢cm?), na ktort bol prad
aplikovany.

Pre testované vzorky boli skiimané tri rozne prudové hustoty: 25 mA/cm?, 50 mA/cm?a 100 mA/cm?,
pricom pre vsetky pridové hustoty bol stanoveny referencny Cas pripravy 10 mintt. Cielom bolo najst’
optimalnu hodnotu pridovej hustoty, ktora poskytne najlepsiu a najstabilnej$iu ochranu pred agresivnymi
zlozkami kor6ézneho prostredia.

Analyza povrchovych viastnosti

Po vykonani PEO procesu a naslednom vysuseni prudom vzduchu bola vykonana analyza morfologie
povrchu PEO vrstiev (25, 50 a 100 mA/cm?) prostrednictvom rastrovacieho elektronového mikroskopu
(REM) Thermo Scientific Phenom XL G2.

Hodnotenie elektrochemickych viastnosti

Hodnotenie kordzneho spravania brasenych povrchov a povrchov s PEO vrstvami bolo vykonané
pomocou potenciodynamickych skusok. Na uskutocnenie skuSok bol pouzity laboratormy potenciostat
Biologic VSP-300. Vzorky boli vpriebehu skiSok umiestnené v elektrochemickych celach
s trojelektrodovym zapojenim, kde vzorka bola zapojena ako pracovna elektroda, platinova elektroda plnila
funkciu pomocnej elektrody a nasytena kalamelova elektroda (SCE) ako referencna elektroda. Merania
prebiehali v rozsahu potencidlov od — 200 mV do + 500 mV oproti hodnote voI'ného potencidlu (OCP),
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pri¢om rychlost’ zmeny potencidlu bola 1 mV.s™!. Pre oba typy povrchov bola doba ustalenia medzi vzorkou
a elektrolytom nastavena na 1 hodinu. Pre lep$iu interpretaciu nameranych vysledkov a elektrochemickych
charakteristik jednotlivych vzoriek boli potenciodynamické krivky vykreslené v semilogaritmickych
stradniciach. Nasledne boli merania vyhodnotené Tafelovou analyzou v programe EC-Lab V11.50, pricom
boli ziskané hodnoty kordznej pradovej hustoty icor, koréozneho potencidlu Ecor, kordznej rychlosti reor
a Tafelovych koeficientov B, a f..

Vysledky experimentov
Optimalizacia vplyvu prudovej hustoty na morfologiu PEQO vrstiev

Obr. 2 podava detailné zobrazenie vyvoja napitia v zavislosti od ¢asu v priebehu tvorby PEO vrstiev na
povrchu Mg zliatiny WE43. Na zaklade grafu je mozné vidiet,, Ze najstrmsi narast népatia je pre i = 100
mA/cm?, nasledne pre i = 50 mA/cm?, a najmenej strmy pre i = 25 mA/cm?. Od hodnoty napitia 180
V zacalo vznikat’ vel'’ké mnozstvo malych a nejasnych vybojov. S narastajiicim napatim sa vyboje postupne
zvicSovali a ich farba sa postupne menila na ZIti aZ oranzovi (priblizne pri 300 V). Pre i = 25 mA/cm? bola
dosiahnuta maximalna hodnota napitia pri 464 V, pre i = 50 mA/cm? a i = 100 mA/cm? bolo maximalne
napétie dosiahnuté priblizne pri rovnakych hodnotach 491 V.V poslednom stadiu PEO procesu je napatovy
zéznam pre 100 mA/cm? viac zaSumeny v porovnani s niz§imi pradovymi hustotami.

600

500 +

400 +

Napatie (V)
w
8

200 +

—i=25mA/cm?
——i=50mA/cm?

100 ——i= 100 mA/cm?

0 1 T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Cas (min)

Obr. 2. Zaznamy vyvoja PEO vrstvy v zavislosti ¢asu od napitia pre vybrané hodnoty pradovych hustot

Morfoldgie povrchov PEO vrstiev ziskanych pri réznych pradovych hustotach st uvedené na Obr. 3-5.
Vzorka Mg zliatiny WE43 s PEO vrstvou vytvorenou pri pridovej hustote 25 mA/cm? je zobrazena na Obr.
3. PEO vrstva pozostava z mikrotrhlin a vel'kého mnozstva malych pérov. Na Obr. 4 je znazornena
morfoldgia PEO vrstvy vytvorena pri pridovej hustote 50 mA/cm?, ktora je charakteristicka nielen vel'kym
mnozstvom malych poérov, ale i lokdlnym vyskytom porov s vacSou velkostou. V pripade PEO vrstvy
vytvorenej pri pradovej hustote 100 mA/cm? (Obr. 4), je povrch danej vrstvy charakteristicky prevazne
vel'kymi pormi a vyraznymi mikrotrhlinami. Pri porovnani morfologii (Obr. 3 — 5) je zrejmé, Ze v dosledku
narastajticej prudovej hustoty sa pocet poérov v PEO vrstve znizoval, avSak ich velkost’ narastala. Tento jav
mozno vysvetlit’ energiou aplikovanou na vzorku pocas procesu. Pri pouziti vyssej pradovej hustoty doslo
k intenzivnej§im a va¢§im vybojom na povrchu materialu. Pritomnost’ velkych vybojov mozno
dokumentovat’ aj napitovym zaznamom (Obr. 2), kde pri najvy$sej pouzitej pradovej hustote mozno
pozorovat’ v zazname napétia Sum, ktory je sprievodnym javom. Tento Sum v zaverecnej faze PEO suvisi
s neustalym rozruSovanim/obnovovanim vrstvy. Vysledkom intenzivnych vybojov bolo tiez roztavenie
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vacsiecho mnozstva materialu, ktory sa podiel’al na tvorbe vrstvy. Zaroven, vacsie vyboje viedli k tvorbe
véacésich porov [12—14].

Obr. 3. Morfoldgia povrchovej vrstvy pri pridovej hustote 25 mA/cm?

Obr. 4. Morfologia povrcovej vrstvy pri pradovej hustote 50 mA/cm?

Obr. 5. Morfologia povrchovej vrstvy ri pradovej hustote 10 cm2
Hodnotenie koroznej odolnosti

Na hodnotenie koroznej odolnosti brusenych a povrchov s PEO vrstvami bola vykonand analyza
prostrednictvom potenciodynamickych skiiSok v prostredi 0,9 % NaCl. Pre brasené povrchy, ale aj povrchy
s PEO vrstvami boli vykonané 3 merania, z ktorych boli nasledovne vypocitané priemerné hodnoty
a smerodajné odchylky danych parametrov. Na Obr. 6 s zobrazené potenciodynamické krivky pre briisené
a povrchy s PEO vrstvami a elektrochemické charakteristiky ziskané ich analyzou su zobrazené v Tab. 1.
Pri vzijomnom porovnani povrchov je mozné vidiet, Ze spolu s narastajucou pradovou hustotou
aplikovanou na vzorku pocas PEO procesu hodnota kordézneho potencialu klesa zo zapornych hodnot (Ecorr
=-1742 mV pre braseny povrch) po najmenej zdporné hodnoty (Ecor =-1565 mV pre vzorku s PEO vrstvou
vytvorenou pri pradovej hustote 100 mA/cm?). Pri porovnani hodnoty kor6znej pradovej hustoty brisenej
vzorky (16,07 pA.cm™) so vzorkami s vytvorenymi PEO vrstvami je viditeI'né, ze vetky vytvorené PEO
vrstvy dosahuju niekol’konasobne nizsiu koroznu pradovu hustotu, pricom najniz§ia korézna pradova
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hustota bola dosiahnuta pri vrstve s aplikovanou prudovou hustotou 50 mA/cm? (icor = 0,115 pA.cm™).
Tato skutoCnost’ je dolezita z hl'adiska kinetiky korézneho procesu, o priamo vplyva aj na kordznu
rychlost’. Z toho vyplyva, ze ¢im niZsia je hodnota kordznej pradovej hustoty, tym nizsia je aj hodnota
kordznej rychlosti. V naSej $tidii boli hodnoty najnizSej kor6znej prudovej hustoty a kordznej rychlosti
dosiahnuté pri vzorke s PEO vrstvou vytvorenou pri prudovej hustote 50 mA/cm? (Tab. 1).

2

1 A

logi(mA.cm™)
d

——PEO (25 mA/cm?)
——PEO (50 mA/cm?)
———PEO (100 mA/cm?)

Bruseny povrch

-2,2

-2,0

-1,8

-1,6

E (V) vs. SCE

-1,4

-1,0

Obr. 6. Potenciodynamické krivky brasenych a vzoriek s PEO vrstvami merané v 0,9 % NaCl

Tab.1. Elektrochemické charakteristiky brusenych a vzoriek s PEO vrstvami merané v 0,9 % NaCl

Povrchova Ecorr icorr Ba Be Yeorr

uUprava (mV) (pA.cm) (mV/dek.) | (mV/dek.) | (mm.rok™)
f;;?n wemsy | 1649451 8241‘(3)491 *la6+s 210 + 44 8:8(1); *
g];:)?nA/cmZ) 11595 £ 35 8:(1)4112 13248 | 161419 8:88% +
fl];:):))m wemy | 1565%23 8:(1)3; 1176163 | 188434 8:88‘1‘ . +
Briseny povrch | -1742 + 24 ;6627 F 15649 162 £21 8:3?;‘ +

Zaver

Hlavnym cielom nasho vyskumu bolo na zaklade potenciodynamickej polarizacie a rastrovacej
elektronovej mikroskopie urcit’ vplyv optimalizécie prudovej hustoty na tvorbu PEO vrstiev na horcikovej
zliatine WE43. Na zaklade experimentalnej Cinnosti a naslednej analyze vysledkov boli stanovené

nasledujice zavery:

» Vplyvom plazmovej elektrolytickej oxidacie sa na povrchu horéikovej zliatiny WE43 vytvorili
vrstvy s porovitou Struktarou a mikrotrhlinami. Na kvalitu vrstiev, predovSetkym ich poérovitost,
morfologiu a hriibku, mala vyrazny vplyv hodnota aplikovanej pradovej hustoty.



» Pri vzorke s PEO vrstvou vytvorenou pri pridovej hustote 50 mA/cm? dosiahla hodnota koroznej
pradovej hustoty icor najnizsiu hodnotu (0,115 pA.cm™). Z toho vyplyva, Ze intenzita kordzie bude
u tejto vzorky najnizsia.

Z danych zisteni mozeme konstatovat, ze povrchova uprava Mg zliatiny WE43 pomocou PEO procesu
pri pradovej hustote 50 mA/cm? sa z korézneho hladiska javi ako najvhodnejsia pre biomedicinske
aplikacie.
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Uvod

Gnostické funkcie patria spolu s faktickymi a praktickymi funkciami medzi vyssie korové funkcie. Ide
o schopnosti poznavat’ predmety hmatom, zrakom, sluchom a vnimat’ postavenie vlastného tela a jeho Casti.
Zakladnymi predstavitelmi tychto funkcii su stereogndzia, somatogndzia, vizudlna a auditivna gnoézia.
Stereognozia je schopnost’ identifikovat’ trojrozmerny utvar s pomocou koznych receptorov a hmatu, ¢ize
ide o funkciu interakcie s vonkaj§im prostredim. Somatognoézia je funkciou uvedomovania si a vymedzenia
vlastného tela a jeho segmentov v priestore bez zrakovej kontroly (Kolar 2020).

Jednym s pouZzivanych vysetreni gnostickych funkcii je test podl'a Petrie. Test je pouzivany pri testovani
schopnosti hodnotit’ Standardné senzorické podnety (Kolar 2020). Vysledkom testovania je zaradenie do
troch kategorii - reducer, normal a augmentor. Z pohl'adu fyzioterapie je zaujimava aj konkrétna nominalna
hodnota odchylky. Pri Petrie teste sa uplatiiuje metdéda merani pomocou ststavy dvoch hranolov - jeden so
Sirkou 63 mm a druhy s linearne sa meniacou $irkou od 20 do 100 mm na celkovej dizke 70 cm v tvare
ihlanu. P6vodnd metodika bola publikovana v roku 1967 autorkou Asenath Petrie (1967) a pouziva sa
dodnes s tym, ze po technickej stranke sa vySetrovacia pomdcka prakticky nezmenila. Upravovala sa len
metodika a vznikali modifikacie vySetrenia (Mishara 1982, Penn 1983).

V sucasnosti je testovanie podl’a Petrie pouzivané v psychologii a psychiatrii pre kategorizaciu pacientov
z pohl'adu ich vnimania a v rehabilitacii pre testovanie gnostickych funkcii (Fréova 2021, Benus 2020,
Kovac 2020). Odcitanie hodnoty sa realizuje vizudlnou kontrolou s pribliznym od¢itanim na meracej
stupnici, ktord je nakreslend na objekte meraniam, s naslednym prepoctom na pozadovani vystupnil
veli¢inu. Tento spdsob prinasa vyssiu pravdepodobnost’ vyskytu subjektivnych chyb pri vyhodnocovani
nameranych hodnét a je ¢asovo naro¢nejsi.

Navrhované technické rieSenie, ktoré je predmetom tohto ¢lanku, cely proces plne automatizuje a
eliminuje tym ludsky faktor, ¢im s dosiahnuté objektivne a opakovatelné vysledky. Na rozdiel od
doterajSich pomécok pouzivanych pri testovani sa navrhované rieSenie vyznacuje vysokou mierou
spolahlivosti od¢itania a automatického prepocitania pozadovaného vystupného ukazovatel’a.

Kracové slova: gnostika, stereogndzia, somatognézia, test podla Petrie, elektronické testovanie
gnostickych funkecii.

Navrh technického rieSenia

Podstatou technického rieSenia je hardvérové zariadenie na automatizované meranie irovne gnostickych
funkcii konStrukéne vychadzajiice z doteraz pouzivaného testu podla Petrie. Schematicky st jednotlivé
Casti rieSenia zobrazené na obrazku ¢.1.

Rovnako ako v teste podla Petrie sa pouZziva testovaci a vzorovy hranol (etalon), ktoré su vyrobené z
povrchovo upraven¢ho dreva s hladkou Gpravou. Na testovacom hranole (1) st vyznacené znacky pre
kalibraciu celého zariadenia pred za¢iatkom merania. Na bo¢nej zuzujicej sa strane testovacieho hranolu
je prilepeny senzoricky element (2) v tvare pasika s citlivou vrstvou s dizkou 400 mm az 600mm a vyskou
od 5 mm do 15 mm, pri¢om hrabka pasika je v rozsahu 0,2 mm az 0,5 mm. Senzoricky pésik je prilepeny
tak, aby po celej jeho dizke neboli na povrchu Ziadne nerovnosti, ktoré by sa dali zistit hmatom. Volitelne
je mozné pouzit’ dva meracie senzorické elementy (2), po jednom na kazdej strane testovacieho hranola.
Na hrubSom konci testovacieho hranola je d’alej umiestneny elektronicky modul pre spracovanie a
vyhodnotenie signalu zo senzorického pasika/pasikov (10). Elektronicky modul (10) obsahuje snimaci
modul (3) pripojeny zbernicou 12C na centralnu vypoctovi jednotku (4) na spracovanie nameranych
udajov, na ktoru je napojené zbernicou SPI zobrazovacie zariadenie (5) na zobrazovanie nameranych
udajov. K centralnej vypoctovej jednotke (4) je zbernicou SPI d’alej napojeny bluetooth modul (6) s
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integrovanou anténou (7) na odosiclanie dat do nadradeného pocitaa alebo inej jednotky pre ucely
archivacie dat alebo ich d’alSieho spracovania. K centrdlnej vypoctovej jednotke (4) je taktiez pripojeny
napéajaci blok (8) obsahujuci akumulator a nabijaci/napajaci modul, ktory je realizovany pomocou
univerzalneho konektora USB-C (9). Okrem nabijania je mozné ho pouzit’ aj na komunikaciu s modulom
bezdrétove] komunikécie (6). Jednotlivé elektronické komponenty st osadené na navrhnutej doske
plosného spoja, pripadne st k nej pripojené pomocou konektorov.

f 1\ ‘ w9 7V y
m T

2

Obr.1. Schematické zobrazenie Casti rieSenia

Zoznam znaciek

1 — testovaci hranol 6 — modul bezdrétovej komunikacie
2 — senzoricky element 7 — integrovana anténa

3 — snimaci modul 8 —napéjaci blok

4 — centralna vypoctova jednotka 9 — univerzalny konektor

5 — zobrazovacie zariadenie 10 — hardvérovy modul

Zariadenie obsahuje obsluzny firmware, ktory zabezpecuje prvotné nastavenie a kalibraciu zariadenia.
Taktiez spraciva nasnimané udaje zo senzorov, zabezpecuje ich grafické zobrazenie na displeji a prenos
nameranych a spracovanych dat do externého zariadenia (PC, smartphone, tablet atd’.). Sucastou
technického rieSenia je aj rieSenie napdjacej Casti zariadenia, ktora zabezpecuje dobijanie integrovanych
napétovych ¢lankov zabezpecujlcich zdroj napéjacieho napitia. Technické zariadenie umoziiuje pripojenie
pomocou bezdrotovej technologie s nadradenym komunikacnym uzlom (PC, smartfon) a odosielanie
nameranych tdajov.

Proces merania sa uskutocituje pomocou automatizovaného odcitania polohy prsta testovanej osoby pri
dotyku pasika a nasledného prepoctu meranych hodnét polohy v rozsahu sledovaného intervalu. Pri
pouzitom senzore je dolezité, aby bolo mozné detegovat presni polohu prsta vySetrovaného v ramci
snimacej Casti senzora, priCom pri dotyku prsta na element je potrebna iba minimalna troven vyvijaného
tlaku. Pocet opakovani merani je 'ubovolny. Po ukonceni merania st vypocitané Statistické informacie zo
série tychto merani. Tieto informacie st zobrazené na displeji, ktory je integrovany do zariadenia a zaroven
su pripravené na odoslanie nadradenému spracovatel'skému zariadeniu prostrednictvom implementovaného
bluetooth modulu, kde mézu byt evidované pre ucely ¢asového porovnania a progresu vySetrovanej osoby.
Vystup nameranych a spracovanych udajov na displeji je zobrazeny na obrazku ¢. 2.

deviation ()
-3.5 mm

Obr. 2. Graficky vystup nameranych udajov
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Zariadenie je schopné spravne pracovat’ aj pri odliSnych rozmeroch testovacieho hranola, ¢o je
dosiahnuté prvotnou kalibraciou zariadenia, kedy sa pri prvom spusteni na displeji zobrazuju podrobné
instrukcie postupu kalibréacie, pri ktorych je potrebné dotkniit’ sa senzorického elementu na vyznacenych
poziciach. Proces kalibracie je znazorneny na obrazku ¢. 3.

Place your finger
on the marked spot

;

A

® ®

confirm

Obr. 3. Kalibracia zariadenia.

Pri kons$truovani hardvérovej Casti zariadenia boli pouzité metddy 3D modelovania, kde sa konsStrukéne
vychadzalo z rozmerov pomdcky povodného testu podla Petrie, ktora sa nasledne modifikovala na
elektronicka verziu (obrazok ¢.4). Sucasne sa v 3D softvéri vymodeloval navrh ulozenia hardvérového
modulu, do ktorého sa umiestnili jednotlivé komponenty elektronickej Casti testovacieho hranola (doska
plosného spoja, displej, batéria, obvody bluetooth modulu a bezdotykovy vypinac). Nasledne sa navrh
ulozenia vytlacil na 3D tlaciarni a skompletoval sa prvy funkény prototyp zariadenia (obrazok ¢.5a, 5b),
ktory presiel fazou testovania na vzorke vysetrovanych osob. Poziadavky a pripomienky, ktoré¢ vyplynuli z
testovacej fazy, boli nasledne zapracované a konstrukéne ¢i softvérovo vyrieSené v druhej prototypovej
verzii testovacieho hranola.

Obr. 4. 3D model prototypu zariadenia

Obr. 5a Prototyp modulu elektroniky
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Obr. 5b. Celkovy pohlad na funkény testovaci prototyp
Metodika merania

Meraci proces spociva v snahe vySetrovanej osoby uchopit’ testovaci hranol v bode, v ktorom je jeho
hrabka rovnaka ako hrabka vzorového hranolu - etalonu. VySetrujuci sedi na stolicke, na jednej strane stola
je pred nim polozeny hranol s rovnakou Sirkou (63mm) vo vSetkych miestach (vzorovy hranol) a na druhej
strane testovaci hranol v tvare ihlana. Vysetrovany dominantnou kon¢atinou ohmata vzorovy hranol a snazi
sa zapamitat’ si jeho Sirku. Potom uvolni koncatinu a druhou koncatinou sa snazi najst Sirkou
zodpovedajiice miesto na testovacom hranole, ktoré si zapamétal zo vzorového hranolu. Testovanie je
vykonavané bez zrakovej kontroly pri zavretych alebo zaviazanych/prekrytych ociach. Ked’ vySetrovany
drzi na testovacom hranole miesto, o ktorom si mysli, Ze zodpoveda o¢akavanej Sirke vzorového hranolu,
da pokyn vysetrujucemu, ktory pokus potvrdi stlacenim tlacidla na displeji. Na displeji sa vySetrujucemu
zobrazi jednak to, ¢i sa vySetrovany nachddza v toleran¢nom poli alebo nie a jednak odchylka od stanovene;j
Sirky etalonu v milimetroch. Vysetrenie sa opakuje trikrat a po poslednom pokuse oznaci vysetrujici na
displeji moznost’ ,,odoslat™, priCom na displeji sa ukdze priemerna hodnota troch testov. Hodnota sa
zaznamena a ukéaze poziciu v zelenom poli, ak bol pokus v tolerancii, ¢o znamena, Ze vysetrovany ma dobra
predstavu. Ak sa dostal za hranicu zeleného pol'a na uzsej strane testovacieho hranola, znamena to, ze
podhodnocuje. Ak sa dostal mimo tolerancie na S§irSej strane testovacieho hranola, znamena to, ze
nadhodnocuje. Na zaklade vysledku testu sa da predpokladat, ako bude vnimat’ d’alSie sucasti vySetrenia,
napriklad interpretovat’ svoje tazkosti, bolest’ a podobne.

Zaver

Navrhované technické riesenie nachadza vyuzitie v medicine pri merani Grovne gnostickych funkcii,
pricom meranie je uskutociiované pomocou automatizovaného odcitania a prepoctu meranych hodnot
polohy v rozsahu sledovaného intervalu a nésledne je pomocou automatizované¢ho prepoctu vyjadreny
pozadovany vystupny ukazovatel. Tym je zabezpeCena vysSia spolahlivost’ vysledkov vzhladom na
eliminaciu moznych subjektivnych chyb pri odCitani a prepocte nameranych udajov vysetrujiicou osobou.
Sucasne je mozné elektronicky zaznamenat’ namerané data aj v dlhodobejSom casovom horizonte a tieto
naslednej zobrazit, ¢im je mozné sledovat’ progres vysetrovanej osoby v ¢ase. Okrem spolahlivosti pri
automatizovanom ziskavani a spracovani udajov je prinosom aj Casovd Uspora pri meraniach a
zaznamenavani udajov. Navrhnuté zariadenie na meranie urovne gnostickych funkcii je v sucasnosti
chranené GZitkovym vzorom (&.10337) a rovnako aj dizajnom (¢.29235), ktoré st evidované Uradom
priemyselného vlastnictva SR.
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Metodologicka variabilita vo vyskume extracelularnych vezikil ako prekazka
identifikacie spol’ahlivych biomarkerov Parkinsonovej choroby

Diana MJARTINOVA, Dominika FRICOVA
II. neurologicka klinika, Lekarska fakulta, Univerzita Komenského a Univerzitnd nemocnica, Bratislava
Abstrakt

Extracelularne vezikuly (EV) predstavuju heterogénnu populaciu membranovych nanocastic, ktoré
zohravaju kI'icova tlohu v intercelularnej komunikacii. Tieto vezikuly, sekretované prakticky vsetkymi
typmi buniek, transportuji komplexny obsah zahimajuci proteiny, nukleové kyseliny a lipidy. V kontexte
neurodegenerativnych ochoreni, ako je Parkinsonova choroba (PD) reprezentuju perspektivny zdroj
diagnostickych biomarkerov, najmé prostrednictvom analyzy microRNA (miRNA) profilov. Napriek
intenzivnemu vyskumu celi tato oblast’ kritickym limitadciam, ktoré brania klinickej implementacii
identifikovanych kandidatnych biomarkerov. Systematicka analyza publikovanych §tadii odhal’uje vyrazna
metodologicki heterogenitu zahfiiajicu variabilitu v protokoloch izolacie EV aj miRNA, typoch
biologickych vzoriek a charakteristikach pacientskych kohort. Tato metodologickd nekonzistentnost’
vyustuje do situacie, kedy jednotlivé Studie identifikuji odlisné sady dysregulovanych miRNA s
minimalnou replikovatel'nostou nalezov naprie¢ nezavislymi vyskumnymi skupinami. Porovnanie
niekol’kych kIi¢ovych §tadii demonstruje, Ze ziadne dve nezavislé prace nepotvrdzuju identicky panel
biomarkerov, priCom iba margindlne percento kandidatnych miRNA vykazuje konzistentné zmeny vo
viacerych datasetoch. Tato praca hodnoti zdroje variability, analyzuje ich dopad na robustnost’ vysledkov
a sumarizuje potencialne pristupy k Standardizacii §tadii, bez ktorych zostava transformacia slubnych
vysledkov zakladného vyskumu do klinickej praxe nedosiahnutel'na.

Kracové slova: extracelularne vezikuly, Parkinsonova choroba, biomarkery, microRNA, metodologicka
variabilita

Methodological variability in extracellular vesicle research as a barrier to identification of reliable
biomarkers for Parkinson's disease

Summary

Extracellular vesicles (EVs) represent a heterogeneous population of membrane-bound nanoparticles that
play a key role in intercellular communication. These vesicles, secreted by virtually all cell types, transport
complex cargo including proteins, nucleic acids, and lipids. In the context of neurodegenerative diseases
such as Parkinson's disease (PD), they represent a promising source of diagnostic biomarkers, particularly
through analysis of microRNA (miRNA) profiles. Despite intensive research, this field faces critical
limitations that prevent clinical implementation of identified candidate biomarkers. Systematic analysis of
published studies reveals substantial methodological heterogeneity encompassing variability in EV and
miRNA isolation protocols, types of biological samples, and patient cohort characteristics. This
methodological inconsistency results in a situation where individual studies identify different sets of
dysregulated miRNAs with minimal replicability of findings across independent research groups.
Comparison of six key studies demonstrates that no two independent works confirm an identical panel of
biomarkers, with only a marginal percentage of candidate miRNAs showing consistent changes across
multiple datasets. This work evaluates sources of variability, analyzes their impact on results robustness,
and summarizes potential approaches to study standardization, without which the translation of promising
basic research findings into clinical practice remains unattainable.

Keywords: extracellular vesicles, Parkinson's disease, biomarkers, microRNA, methodological variability
Uvod
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Parkinsonova choroba (PD) predstavuje druhé najcastejSie neurodegenerativne ochorenie s
progresivnym priebehom charakterizovanym selektivnym odumieranim dopaminergnych neurénov v
substantia nigra pars compacta a akumulaciou patologickych proteinovych agregatov vo forme Lewyho
teliesok. Kl'aicovym molekuldrnym determinantom patologie je protein alfa-synuklein (aSyn), ktorého
agregované formy vykazuju prionom podobné vlastnosti a schopnost’ medzibunkového Sirenia. Diagnostika
PD sa v sucasnosti opiera takmer vyhradne o hodnotenie klinickych symptéomov, pricom definitivna
diagndza modze byt stanovena az post mortem. Tato skutocnost’ limituje moznosti skorej terapeutickej
intervencie, ktora by mohla spomalit’ progresiu ochorenia (Kalia a Lang, 2015; Postuma a kol., 2015).
Extracelularne vezikuly (EV) predstavuju vyznamny objekt vyskumu v kontexte neurodegeneracie z dvoch
klacovych dovodov. Po prvé, z povahy ich funkcie ako nosicov signalov medzi bunkami, predstavuju
elegantny mechanizmus §irenia patoloégie medzi bunkami, ¢im prispievaji k progresii ochorenia. Zaroven
maju schopnost’ prechadzat’ cez hematoencefalicku bariéru a tym padom prispievat’ k Sireniu patologie z
centralneho nervového systému do periférie resp. naopak. Po druhé, ich pritomnost’ v periférmych telovych
tekutinach a Specificky molekularny obsah ich preduréuje na tlohu zdroja diagnostickych biomarkerov.
Moznost izolacie EV z minimalne invazivneho odberu materialu z krvi, mocu ¢i slin reprezentuje zna¢nu
vyhodu oproti invazivnym proceduraram, ako je lumbalna punkcia pre ziskanie cerebrospinalneho moku
(Welsh a kol., 2024). V poslednych rokoch sa pozornost’ vyskumu zameriava najmé na analyzu microRNA
(miRNA) profilov v EV izolovanych z rdznych telovych tekutin. Pocetné stidie demonstrovali zmeny v
expresii $pecifickych miRNA u pacientov s PD v porovnani so zdravymi kontrolami. Napriek tymto
slubnym vysledkom vSak systematickd analyza publikovanej literatiry odhal'uje problém, Ziadna stidia
nepotvrdila nélezy druhej, Stadie identifikuji odlisné sady kandidatnych biomarkerov s minimalnym
prekryvom medzi nezavislymi datasetami (Cao a kol., 2017; Marques a kol., 2017, Caldi Gomes a kol.,
2021, Xie a kol., 2022).

Charakteristika a biogenéza extracelularnych vezikiil

EV tvoria heterogénnu skupinu nano- az mikroskopickych §truktar ohranic¢enych lipidovou dvojvrstvou.
Klasifikacia EV vychadza primarne z ich povodu a velkosti, pricom sa rozliSuji dve hlavné kategorie
(Dixson a kol., 2023). Exozémy, s priemerom 50-150 nm, vznikaji prostrednictvom komplexného
endozomalneho procesu. Invaginacia membrany zrejuceho endozému vedie k tvorbe intraluminalnych
vezikil v multivezikularnom teliesku. Nasledna flizia multivezikularneho telieska s plazmatickou
membranou umoziuje uvolnenie exozémov do extracelularneho priestoru. Biogenéza exozomov je riadend
dvoma paralelne existujicimi mechanizmami: ESCRT-zévislou drahou, zahfnajiicou sekvencné pdsobenie
proteinovych komplexov ESCRT-0 az ESCRT-III, a ESCRT-nezévislou drahou, v ktorej kl'acovu ulohu
zohrava rodina tetraspaninov, Specifickych transmembranovych proteinov. Prave tetraspaniny, najmi
CD63, CD9 a CDS81, sluzia ako charakteristické markery exozomalnej populacie v experimentéalnej praxi
(Krylova a Feng, 2023). Ektozomy vznikaju priamym pucanim a naslednym odskrtenim cytoplazmaticke;j
membrany, priCom ich velkost’ variuje od 100 nm do 1 pm. Tento proces je iniciovany translokaciou
fosfatidylserinu sprostredkovanou flopazou, o vedie k naruseniu asymetrie lipidovej dvojvrstvy. Nasledna
aktivacia malych GTPaz spusta signalnu kaskadu vyustujicu do kontrakcie aktin-myozinového aparatu a
oddelenia vezikuly (Dixson a kol., 2023). Populacia ektozomov zahifia réznorodé podskupiny vratane
mikrovezikil. Okrem tychto hlavnych kategérii boli identifikované d’alSie typy nanocastic, vratane
migrazomov asociovanych s bunkovou migraciou a exomérov, unikatnych nemembranovych Struktir s
priemerom priblizne 35 nm, ktorych biogenéza zatial’ nie je uplne objasnena (Ma a kol., 2015; Zhang a
kol., 2018). Tato heterogenita EV predstavuje prvi troven metodologickej vyzvy, pretoze rdzne izolacné
techniky obohacuju odlisné subpopulacie vezikil s potencialne odliSnym molekularnym obsahom.

Molekularny obsah EV a mechanizmy Sirenia patolégie PD
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Obsahova komplexnost’ EV reflektuje ich multifunkénti lohu v biologickych systémoch. Proteinova
zlozka zahfha transmembranové, cytoplazmatické a dokonca jadrové proteiny, priCom selekcia
$pecifického proteinového obsahu pravdepodobne predstavuje aktivny, selektivny proces nie len nahodné
zbal'ovanie. Nukleové kyseliny obsiahnuté v EV zahtiiaji genomicku a mitochondrialnu DNA, rézne typy
RNA vratane mRNA a nekodujucich RNA, s osobitnym doérazom na miRNA (Kalluri a LeBleu, 2020).
Uloha EV v patogenéze PD je dualna, zahffiajuca tak $irenie patologickych molekil, ako aj potencialnu
protektivnu funkciu prostrednictvom odstraniovania toxickych agregatov. aSyn, centralny protein v
patologii PD, bol detegovany v roznych formach v ramei EV, od monomérov cez oligoméry az po fibrilarne
Struktiry. Experimentalne $tidie na neuroblastomovych bunkovych liniach SH-SY5Y s nadexpresiou aSyn
demonstrovali, Ze takto modifikované bunky sekretuju EV so zvySenym obsahom aSyn vo vSetkych jeho
konforma¢nych stavoch. Transfer aSyn prostrednictvom EV predstavuje mechanizmus prionom
podobného Sirenia patoldogie medzi bunkami. Recipientné bunky internalizujice EV obsahujice
agregované formy aSyn moézu podlichat’ sekundarnej propagacii agregacie, ¢im sa podporuje Sirenie
neurodegenerativneho procesu (Fan a kol., 2019; Guo a kol., 2020). Tento model je konzistentny s
pozorovanym §irenim Lewyho patologie v mozgu podl'a Braakovych $tadii (Braak a kol., 2004).

MiRNA ako kandidatne biomarkery PD a terapeuticky potencial EV pri neurodegeneracii

MiRNA st kratke, nekodujice RNA molekuly priblizne 22 nukleotidov, ktoré reguluju génovu expresiu
na posttranskripénej tirovni prostrednictvom vézby na 3' neprekladanu oblast’ cielovych mRNA. V ramci
RISC komplexu sprostredkovavaju bud’ transla¢nt represiu, alebo degradéaciu ciel'ovej mRNA (Saliminejad
a kol., 2019). Inkorporacia miRNA do EV ich chrani pred degradaciou extracelularnymi nukledzami, ¢im
sa zabezpecuje ich stabilita v telovych tekutindch. Viacero S$tudii dokumentovalo zmeneny obsah
$pecifickych miRNA v EV u pacientov s PD. Funk¢na charakterizacia jednotlivych miRNA odhalila ich
zapojenie do kritickych bunkovych procesov asociovanych s neurodegeneraciou. Prikladmi potencialnych
miRNA markerov PD st miR-338-3p, miR-15b-5p, miR-431-5p, miR-138-5p a miR-106b-3p, ktorych
expresia bola vo vzorkach EV ziskanych z krvnej plazmy pacientov znizena, zatial’ o hladiny miR-30c-2-
3p boli zvysené (Xie a kol., 2022). Analyza EV cerebrospinalneho moku odhalila dysreguldciu miR-10a-
5p, miR-153 a miR-409-3p pri PD (Gui a kol., 2015, Cai a kol., 2021).

Okrem diagnostického vyuzitia sa EV javia ako perspektivne terapeutické néstroje. Ich prirodzeny
povod, nizka imunogenicita a schopnost’ prekroc¢it’ hematoencefalickl bariéru ich predurcuju na tlohu
nosicov lieCiv cielenych do centralneho nervového systému. Pre optimalizaciu ich terapeutického
potencialu sa vyvijaju stratégie zahriiajuce inkorporaciu EV do hydrogélovych nosicov, ¢o zabezpecuje
prolongovanu pritomnost’ v cielovom tkanive a kontrolované uvoliiovanie (Ju a kol., 2023).

Experimentalne pristupy demonstrovali moznost’ utilizacie EV derivovanych z mezenchymalnych
kmenovych buniek pre moduldciu patologie Alzheimerovej choroby prostrednictvom redukovania
patologického proteinu amyloid- (Chen a kol., 2021). V kontexte PD bol vyvinuty systém exo-ASO4,
kombinujuci EV s antisense oligonukleotidmi cielenymi na aSyn mRNA. Tento pristup viedol k zniZeniu
expresie a agregacie aSyn v mySacich modeloch, so sucasnym spomalenim degeneracie dopaminergnych
neurénov a zlep$enim motorickych funkcii (Yang a kol., 2021). Dalsou stratégiou je utilizacia EV ako
nosicov Specifickych miRNA s terapeutickym potencialom. EV obsahujuce miR-188-3p vykazovali
protektivne uc¢inky v modeloch PD prostrednictvom modulécie autofagie a zapalovej odpovede (Li a kol.,
2021).

Systematicka analyza metodologickej variability studia EV miRNA vo vyskume PD

Analyza publikovanych $tudii odhal'uje diverzitu v pristupoch k izolacii EV, ¢o predstavuje primarny
zdroj stazenej replikovatelnosti vysledkov. Diferencidlna ultracentrifugacia sa opiera o sedimentac¢né
vlastnosti EV. Tangencialna prietokova filtracia (TFF) a size-exclusion chromatografia (SEC) separuju EV
na zaklade velkosti. Afinitné metddy utilizujuce Specifické interakcie s povrchovymi markermi umoziuju
selektivnu izolaciu subpopulacii EV, ale ich vytaznost’ a istota zavisia od zvoleného markera. Komeréné
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precipitacné kity (ExoQuick, ExoEasy, Total Exosome Isolation Reagent) pontkaju rychlost’ a
jednoduchost’, ale mézu viest k koizolacii kontaminujucich proteinov a lipoproteinov (Stam a kol., 2021).
Kritickym pozorovanim je, Ze kazd4 z analyzovanych §tidii (Tab. 1) vyuzila odlisny izola¢ny protokol.
Tato variabilita ma priamy dopad na zloZenie izolovanej vezikularnej populacie, pretoze rozne metody
obohacuju odlisné subtypy EV s potencialne odlisnym miRNA obsahom.

Variabilita v metodach izolacie miRNA

Po izolacii EV nasleduje extrakcia RNA, ktora taktiez vykazuje zna¢nli metodologickli heterogenitu
(Tab. 1). Viacsina studii vyuzila komercné kity od firmy Qiagen (miRNeasy Mini Kit, miRNeasy
Serum/Plasma Kit), ale Cai a kol. kombinovali Qiagen kit s BIOG c¢fRNA Easy kit, zatial’ co Manna a kol.
pouzili mirVana Paris extraction kit od Thermo Fisher Scientific. Kazdy z tychto protokolov optimalizuje
iné parametre extrakcie, ¢o moze viest' k selektivnej strate alebo obohacovaniu Specifickych miRNA
podskupin. Metody detekcie a kvantifikacie relativnej expresie miRNA taktiez prispievaju k variabilite (Cai
a kol., 2021; Manna a kol., 2021; Xie a kol., 2022).

Heterogenita biologickych vzoriek

Typ biologickej vzorky predstavuje d’alsi kriticky zdroj variability. Analyzované studie (Tab. 1) vyuzili
siroké spektrum zdrojov od bunkovych kultar (SH-SYS5Y, 'udské neuronalne kmenové bunky), zvieracie
tkaniva (potkani stredny mozog), cerebrospinalny mok, krvné sérum a krvnu plazmu. Kazdy z tychto
zdrojov obsahuje odlisnt populaciu EV s unikatnym molekularnym obsahom reflektujucim ich bunkovy
povod. Krvna plazma a sérum su 'ahko dostupné, ale obsahuju EV z mnohych tkaniv a orgdnov, €o znizuje
$pecificitu pre neurodegenerativny proces (Gui a kol., 2015; Cao a kol., 2017; Cai a kol., 2021; Manna
akol., 2021; Xie a kol., 2022; Li a kol, 2023).

Variabilita v charakteristikach pacientskych kohort

Stadie zalozené na pacientskych vzorkach sa lisia v mnohych parametroch, ktoré mozu ovplyvnit
vysledky. Velkost kohort variruje od malych pilotnych $tadii s desiatok pacientov po vacsie multicentrické
Stadie. Stadium ochorenia, trvanie symptomov, medikacia, vek, pohlavie a komorbidity pacientov
predstavuju dodatocné zdroje heterogenity, ktoré st Casto nedostatocne kontrolované alebo hlasené (Welsh
a kol., 2024).

Analyza prekryvu identifikovanych biomarkerov

Ziadne dve $tidie (Tab. 1) nepotvrdili identicky panel biomarkerov. Iba marginélne percento miRNA
vykazuje konzistentné zmeny vo viacerych nezavislych datasetoch. miR-15b-5p (zniZena expresia) bola
identifikovand v dvoch §tadiach vyuZzivajtcich krvné vzorky (Manna a kol., 2021; Xie a kol., 2022), ale
nebola replikovana v §tudiach vyuzivajicich CSF alebo tkaniva. miR-138-5p (znizena expresia) sa objavila
taktiez v dvoch §tadiach (Manna a kol., 2021; Xie a kol., 2022) s rovnakym zdrojom vzoriek. miR-19b-
3p (znizena expresia) bola identifikovana v troch Stadiach (Gui a kol., 2015; Cao a kol., 2017; Cai a kol.,
2021), ale s rozdielnym stupnom dysregulacie. miR-195 varianty (miR-195-3p, miR-195-5p) vykazovali
opacéné smery regulacie v roznych studiach, Cao a kol., identifikovali zvySenie, zatial’ ¢o Cai a kol., popisal
zvySenie miR-195-3p, ale odlisny profil pre miR-195-5p. miR-153, miR-409-3p a miR-10a-5p (zvysena
expresia) boli identifikované v dvoch nezavislych stadiach vyuzivajicich CSF a plazmu (Gui a kol., 2015;
Cai a kol., 2021) Vicsina identifikovanych miRNA (viac ako 75 % kandidatov) bola pozorovana iba v
jedinej stadii bez akejkol'vek nezavislej replikacie. Pozoruhodné je, Ze niektoré miRNA vykazuja opac¢né
smery regulacie v roznych studidch. Tento fenomén nemozno vysvetlit' biologickou variabilitou a
poukazuje na fundamentalne metodologické problémy.
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Tab. 1. Prehl’ad diferencidlne exprimovanych miRNA izolovanych z EV ziskanych z modelov alebo
od pacientov s PD. Tabul'ka sprehl'adiiuje regulaciu molekul miRNA s potencidlom v diagnostike PD.
Sipkou hore (1) st oznadené tie, ktoré su signifikantne nadexprimované pri PD v porovnani s kontrolou a
Sipka dole () ilustruje znizenu expresiu tychto miRNA. V tabulke st uvedené aj jednotlivé spdsoby

izolacie EV a miRNA, ked’Ze vybrany protokol méze mat’ vplyv na vysledok.

) metoda izoldcie | metoda izolacie _ _ _
zdroj EV . miRNA biomarker expresia
EV miRNA
(Xie a kol., 2022)
miR-15b-5p l
miR-138-5p l
miR-338-3p l
bunkov4 linia miR-106b-3p l
SH-SYSY = 2 miR-146a-5p l
)
S0 Q0
g S, miR-431-5p l
N N—
3 S miR-30c-2-3p T
B S :
§ = miR-411-5p 1
N 2 ;
L§ 3 miR-30c-2-3p T
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S Eg miR-15b-5p !
krvné sérum od miR-138-5p l
pacientov s PD miR-338-3p l
miR-106b-3p l
miR-431-5p l
(Li a kol., 2023)
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miR-22-3p 1
miR-223-5p 1
miR-15b-5p l
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) miR-138-5p l
pacientov s PD
miR-338-3p !
miR-106b-3p l
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% 5 3 miR-19b l
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Dosledky analyzy miRNA v EV pre diagnosticky a transla¢ny potencial vo vyskume PD

Bez robustnej validacie a konvergencie nalezov naprie¢ nezavislymi $tudiami je klinicka implementacia
akéhokol'vek kandidatneho biomarkera predcasna a potencidlne zavadzajica. Tato situdcia sa prejavuje
najmi pri vyvoji klinicky pouzitelnych diagnostickych testov, ktory predpoklada tri neoddelitené
poziadavky (i) analyticku validitu (test musi spol'ahlivo a presne merat’ cielovy biomarker), (ii) klinicka
validitu (biomarker musi konzistentne korelovat’ s pritomnost’ou ochorenia) a (iii) klinicka uzito¢nost’ (test
musi poskytovat’ informacie zlepSujuce klinické rozhodovanie) (Hayes, 2015). Stcasny stav vyskumu
nedosahuje ani prvl z tychto poziadaviek, pretoze ak rézne laboratorid izolujuce EV z podobnych vzoriek
identifikujii kompletne odlisné sady dysregulovanych miRNA, analyticka validita zostdva otdazna. Preto
prvym krokom je etablovanie Standardizovanych protokolov pre vSetky fazy experimentalneho postupu
zahrnujuce vsetky pre-analytické faktory (napriklad typ antikoagulantu pri krvnych vzorkach, Cas a teplota
skladovania). Charakterizacia EV by mala striktne nasledovat’ odporacania MISEV (Minimal Information
for Studies of Extracellular Vesicles medzinadrodného konzorcia The International Society for Extracellular
Vesicles (Welsh a kol., 2024). Druhym krokom pri robustnej validacii na klinickej urovni je analyza
nezavislych replikacnych kohort s minimalne 100+ pacientov s PD a 100+ vekovo a pohlavim
zodpovedajucich kontrol. Longitudinalny dizajn sledujici pacientov pocCas progresie ochorenia je
nevyhnutny, rovnako ako stratifikacia podl'a stadia, genetického pozadia a medikacie. Kritické je zahrnutie
pacientov s inymi parkinsonskymi syndrémami pre hodnotenie Specificity. Tretim komponentom je
paralelne vedena mechanisticka validacia v bunkovych a zvieracich modeloch s uniformnym genetickym
pozadim. Tieto systémy eliminuji variabilitu pritomnu v T'udskych kohortdch a umoziiuju napriklad
manipulaciu génov asociovanych s PD (SNCA, LRRK2, PINK1, PARK?2, VPS35) a kontrolovanu indukciu
patologie. Ciel'om je identifikovat’ profily miRNA robustné naprie¢ modelmi a nasledne ich validovat’ v
Pudskych vzorkach. Az nasledné experimentalne overenie regulacnych vzt'ahov, testovania v in vitro a in
vivo modeloch spojenych so stratégiami ich ovplyvnenia (miRNA mimics, ¢i inhibitory) méze preukazat’
funkénu relevantnost’ kandidatov.
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Zaver

Extracelularne vezikuly (EV) predstavuji fascinujucu oblast’ vyskumu s vyznamnym potencialom pre
diagnostiku a terapiu Parkinsonovej choroby (PD). Schopnost EV reflektovat patologicky stav
origindlnych buniek a ich pritomnost v periférnych telovych tekutinach ich predurcuje na ulohu
biomarkerov umoziujucich skort detekciu ochorenia. Molekularny obsah EV, najmad microRNA (miRNA)
profily, vykazuju Specifické zmeny asociované s PD, hoci pretrvavajiica variabilita medzi Stidiami
vyZzaduje rozsiahlu validaciu vo vacsich kohortach. Terapeutické vyuzitie EV, ¢iuz ako nosicov lieCiv alebo
prostriedkov pre modulaciu patologickych procesov, otvara nové perspektivy v liecbe
neurodegenerativnych ochoreni. Schopnost’ prekrocit hematoencefalicki bariéru a cielene dodavat
terapeutické molekuly predstavuje znacni vyhodu oproti konvenénym pristupom. Pre realizaciu plného
potencidlu EV v klinickej praxi je nevyhnutna Standardizacia metodologickych postupov a etablovanie
konsenzualnych protokolov. Medzinarodné iniciativy ako MISEV guidelines predstavuju krok spravnym
smerom, no implementacia jednotnych Standardov v roéznych laboratériach zostdva vyzvou. Vyuzitie
bunkovych modelov s definovanym genetickym pozadim méze prispiet’ k Standardizacii a identifikacii
robustnych biomarkerov, ktoré mézu byt nasledne validované v heterogénnych pacientskych populaciach.
Buduci vyskum by sa mal zamerat’ na longitudinalne Stidie mapujiuce dynamiku biomarkerov pocas
progresie ochorenia, identifikaciu panelu komplementarnych biomarkerov s vys$ou prediktivnou hodnotou
a vyvoj presnych terapeutickych stratégii vyuzivajucich jedine¢né vlastnosti EV. Integracia poznatkov z
oblasti bioldgie EV, neuroldgie a klinickej mediciny bude klIi¢ova pre transformaciu sl'ubnych vysledkov
zakladného vyskumu do klinickej praxe.
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Abstrakt

Kwvalita biologickych vzoriek predstavuje kIicovy, no Casto prehliadany aspekt vedeckého vyskumu, ktory
zasadne ovplyviiuje validitu vysledkov, reprodukovatel'nost’ experimentov a doéveryhodnost’ ziskanych dat.
V kontexte biobankovania na Slovensku, sa ukazuje, ze Standardizovany zber, spracovanie a uchovavanie
vzoriek podla medzinarodnych noriem je nevyhnutny pre excelentny biomedicinsky vyskum a rozvoj
preciznej mediciny. Preanalytické faktory, ako biologick4 a environmentéalna variabilita, sposob odberu,
transportu i spracovania vzoriek, mozu vyrazne narusit’ integritu vzorky a tym aj vysledky vyskumu.
Nedostato¢na kontrola tychto faktorov vedie k plytvaniu ¢asom, financiami a k znizeniu efektivity
vedeckych vystupov. Biobanky, ako infrastruktura vyskumu, zohravaju zasadnu tlohu v zvySovani kvality
dat, podpore medzindrodnych projektov a v prepojeni vyskumu s klinickou praxou. Cielom publikacie je
akcentovat’ kvalitu vzoriek ako zékladny predpoklad vedeckého uspechu, identifikovat’ kritické aspekty
preanalytickej fazy a predstavit’ tlohu biobank a eurdpskych harmonizaénych ramcov pri Standardizacii
postupov naprie¢ pracoviskami, s dorazom na systematické riadenie preanalytickych procesov ako
podmienku spol'ahlivého a klinicky relevantného biomedicinskeho vyskumu.

Kracové slova: kvalita vzoriek, reprodukovatelnost’ vyskumu, validita vysledkov, biobanka
Sample Quality as an Invisible Factor of Scientific Success
Summary

The quality of biological samples represents a crucial, yet frequently overlooked, component of scientific
research, fundamentally influencing the validity of results, the reproducibility of experiments, and the
overall reliability of generated data. Within the context of biobanking in Slovakia, it has become evident
that standardized procedures for the collection, processing, and storage of samples, aligned with
international guidelines, are essential for high-quality biomedical research and the advancement of
precision medicine. Pre-analytical factors—including biological and environmental variability, methods of
sample collection, transportation conditions, and processing protocols—can significantly compromise
sample integrity and, consequently, affect research outcomes. Insufficient control of these parameters leads
to excessive time and financial losses and reduces the efficiency of scientific outputs. Biobanks, as key
research infrastructures, play an indispensable role in enhancing data quality, supporting international
collaboration, and strengthening the interface between research and clinical practice. The aim of this
publication is to emphasize sample quality as a fundamental determinant of scientific success, to identify
critical aspects of the pre-analytical phase, and to outline the role of biobanks and European harmonization
frameworks in standardizing procedures across institutions, with particular attention to systematic
pre-analytical process management as a prerequisite for reliable and clinically relevant biomedical research.

Keywords: Sample quality, research reproducibility, validity of results, biobank
Uvod

Kvalita biologickych vzoriek predstavuje jeden z najzasadnejSich, no zaroven najpodcenovanej$ich
pilierov biomedicinskeho vyskumu. Vedecke vysledky, ktoré si odvodené z molekularnych analyz, st vzdy
len také spolahlivé, ako je spolahliva kvalita vstupného materidlu. V ére genomiky, proteomiky,
epigenetiky a multi-omickych pristupov sa biologické vzorky stavaju zakladnym zdrojom dat, na ktorych
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stoji nielen akademicky vyskum, ale aj klinicka diagnostika, personalizovana medicina a vyvoj novych
terapeutik.

Napriek tomu sa kvalita vzoriek Casto dostdva do uzadia. Vyskumnici venuji obrovské usilie
optimalizacii analytickych metod, bioinformatickych pipeline ¢i Statistickych modelov, no predanalyticka
faza — teda vSetko, €o sa deje so vzorkou pred samotnou analyzou — zostava prekvapivo zanedbana. Tento
paradox je jednym z hlavnych dévodov, preco sa vedecké vysledky nedaji reprodukovat’, ¢o potvrdzujt aj
viaceré vedecké Studie.

Modernd a personalizovand medicina napreduje kazdym diiom a odhaluje svoj vyrazny potencial
transformovat’ najnovsie vedecké poznatky do cielenej klinickej praxe. Tento pokrok ale zdsadne zavisi od
dostupnosti vysokokvalitnych a spolahlivo anotovanych biologickych vzoriek, ktoré su v sucasnosti
mimoriadne Ziadané. Ich dostupnost’ je vSak Casto limitovana vyraznymi rozdielmi v kvalite biomaterialov,
ich komplexnosti a zharmonizovani metadat naprie¢ jednotlivymi pracoviskami, ¢o predstavuje vyznamnu
prekazku pre robustny vyskum. Tato naliehava potreba Standardizovanych a doveryhodnych udajov
podciarkuje kI"ai€ovu tlohu biobank [1,2].

Spracovanie biologickych vzoriek a reprodukovatel’nost’ udajov

Biologické vzorky predstavuju akykol'vek biologicky materidl odobraty na ucely vedeckého vyskumu
alebo klinickej diagnostiky, priCom zahfniaju Siroké spektrum vzoriek vratane tkaniv, buniek, krvi, slin,
mocu a d’alSich biologickych substratov. Ich kvalita a sposob spracovania zasadnym spdsobom ovplyvituju
spolahlivost’ naslednych analyz, a preto je riadenie celého Zivotného cyklu vzorky kl'aicové [3,4].

Vysokokvalitnd vzorka musi €o najvernejsie zachovavat' pdvodny biologicky stav organizmu, aby
vysledné udaje boli presné, porovnatel'né a reprodukovatel'né. Prave preto sa vzorka Casto oznacuje za
,najslabsi ¢lanok® experimentalneho retazca — ak je naruSena uz v predanalytickej faze, ziadna nasledna
analytickd metoda nedokdze tieto chyby odstranit’ [5].

Hoci sa jednotlivé kroky zivotného cyklu vzorky mozu lisit’ v zavislosti od typu biologického materialu
a planovaného pouzitia, vo vSeobecnosti mozno rozlisit’ pat’ zakladnych faz: odber, spracovanie, doCasné
skladovanie, analyza vzoriek a likvidacia alebo opatovné uskladnenie. Existujt vSak aj d’alSie dolezité Casti
zivotného cyklu, ktoré moézu vyznamne ovplyvnit kvalitu, stabilitu a pouZzitel'nost’ biologického materialu
v klinickej diagnostike aj biomedicinskom vyskume. Tieto kroky su ¢asto podceniované, no ich variabilita
zasadnym spOsobom prispieva k preanalytickym chybam a ak si vykonané nespravne, prispievaju k
celkovej nespol'ahlivosti vysledkov. Patria medzi ne predovSetkym planovanie a dokumentacia pred
odberom, transport vzorky a monitorovanie teploty, dlhodobé uskladnenie, revizia kvality a spitnd kontrola
udajov. Tieto dopliujuce fazy vyznamne rozsiruju tradi¢ny pohl'ad na zivotny cyklus vzorky a ukazuju, ze
biologicky material neexistuje izolovane, ale v ramci zlozitého procesného retazca (Obrazok 1).

Preanalyticka faza predstavuje narocny a premenlivy proces. Chyby vznikajuce v tomto useku Zivotného
cyklu vzorky ¢asto vedil k nahodnym odchylkam, ktoré bezné kontrolné mechanizmy nedokazu spolahlivo
zachytit’ [6,7].
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Obr. 1. Schéma zobrazuje komplexny Zivotny cyklus biologickej vzorky — od ziskania informovaného
suhlasu pacienta, cez odber, transport, spracovanie a analyzu az po dlhodobé uskladnenie. jednotlivé kroky
dopliiaju kPa¢ové faktory ovplyviujiice kvalitu vzorky, ako st podmienky transportu, teplota skladovania,
poradie odberu ¢i kontrolné mechanizmy kvality.

Preanalyticka faza- kritické zdroje chyb a ich dopad

Uroveti preanalytickej fazy predstavuje kIi¢ovy faktor ovplyviujici celkova spolahlivost’ laboratornej
analyzy a tym aj konzistentnost experimentalnych postupov. Chyby vznikajice v tejto faze — od
nedostato¢nej pripravy pacienta, nespravneho odberu, nevhodnych podmienok transportu, kolisania
teploty, opakovania cyklov zmrazovania a rozmrazovania, nedostatotného premiesSania, chyb pri
aliquotovani az po nespravne oznacenie vzorky [7] — generuju variabilitu, ktord presahuje prirodzené
biologické rozdiely a zasadne narasa konzistentnost’ dat.

Tieto faktory mozu menit’ koncentracie analytov, sposobovat hemolyzu, degradaciu nukleovych kyselin
alebo proteinov a tym zasadne ovplyvnit vysledky laboratornych analyz. K variabilite vyznamne
prispievaju aj biologické a environmentéalne faktory. Biologicka variabilita zahiiia vek, pohlavie, BMI,
hormonalny stav, diétne navyky ¢i uzivanie liekov, zatial’ co environmentalna variabilita zahfiia sezonne
zmeny, teplotu, vlhkost’ ¢i geografické podmienky [8]. Jednotlivé vplyvy, ¢i uz pésobia samostatne alebo
v kombinacii, dokazu menit’ fyziologické parametre eSte pred samotnym odberom, ¢o zvySuje potrebu
doslednej standardizacie predanalytickych procesov (Tabul’ka 1).
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Tab. 1. KI'iCové zdroje chyb v preanalytickej faze a ich dopad. Upravené podl’a Nordi et al., 2024.

Oblast Hlavné rizika / zdroje chyb Dopad

preanalyticke;j

fazy

Priprava pacienta | * NedodrZanie postu (8-12 h) eFalosne vysoké hodnoty glukdzy,
¢ Fajcenie, alkohol, kava triglyceridov, cholesterolu a iné
e Zuvanie uvacky elLipémia a interferencie v optickych
¢ Interferencie liekov (DLTI az 43 %) metddach

Odber vzoriek ¢ Nespravna identifikdcia pacienta | ¢ Zamene vzoriek, kritické klinické
(16 %) omyly
¢ Chyby v oznacovani skimaviek (56 | ® Falosna hyperkaliémia/
%) hypokalcémia (EDTA kontaminacia)
eNevhodné techniky flebotémie | #12,4 % zvySenie proteinov a Ca2+ pri
(hemolyza, pseudohyperkaliémia) vendznej staze

¢ Dlhodobé skrtidlo (>3 min)
¢ Nespravne poradie odberu

Poloha pacienta a | * Zmena polohy pred odberom ¢ \/yrazné zmeny analytov

dennd variacia e Odber mimo odporucaného casu e Nezrovnalosti pri interpretacii
vysledkov

Manipulacia, ¢ Nedostatocna stabilita analytov e Degraddcia analytov, falosné vysledky

preprava ¢ Oneskorena centrifugdcia (>2 h) e Potreba opakovaného odberu,

a skladovanie o Nevhodna teplota pri | oneskorenie diagnostiky

vzoriek transporte a skladovani

*DLTI- Drug Laboratory Test Interference

Medzinarodné s§tadie uvadzaja, ze preanalytické chyby tvoria az 70 % vsetkych laboratornych chyb, ¢o
ma priamy dopad na neefektivne vyuZzivanie ¢asu, finan¢nych prostriedkov a kapacit laboratorii pricom
praktickym dosledkom su opakované odbery, nadbyto¢né analyzy, oneskorenie diagnostiky a spomalenie
vyskumu [7,9].

Nedostato¢na kontrola preanalytickych procesov znizuje efektivitu vedeckych vystupov, pretoze
nekonzistentné alebo degradované vzorky produkuju vysledky, ktoré nie je mozné replikovat’, ani
integrovat’ do metaanalyz. Tento problém je obzvlast kriticky v kontexte biobankovania, kde kvalita a
Standardizacia odberu, spracovania a skladovania vzoriek predstavuju zaklad pre dlhodobé vyuzitie v
epidemiologickych, genetickych a personalizovanych medicinskych $tudiach. Biobanky st zavislé od
vysoko reprodukovatelnych protokolov a vysokokvalitnych vzoriek; ak je preanalyticka faza
nekontrolovana, vzorky stracaju vedecka hodnotu a ich vyuzitenost’ v buducich projektoch sa vyrazne
znizuje. Biobanky preto aktivne reagujui doslednou implementaciou Standardizovanych protokolov v stilade
s medzindrodnymi usmerneniami, najmé normou ISO 20387 a relevantnymi normami (napr. ISO 20166,
ISO 20184, ISO 21899 a iné), systematickym monitorovanim kvality a harmonizaciou postupov, aby
zabezpecili trvalo vysoku integritu biologického materialu a zachovali jeho plnu vedecku vyuzitelnost v
budtcich vyskumnych projektoch [10,11].

Dosledkom preanalytickych chyb je aj oslabenie verejnej dovery vo vedecky vyskum, kedZe
nekonzistentné alebo protichodné vysledky mézu byt mylne interpretované ako zlyhanie vedeckej metody
a komunity, nie ako dosledok nedostatocnej Standardizacie procesov (Obrazok 2). Navyse, preanalyticka
variabilita brzdi rozvoj preciznej mediciny a preventivnych stratégii, ktoré su zavislé od presnych
biomarkerov a robustnych datovych stborov. Ak su vstupné vzorky nekvalitné, algoritmy, klinické
rozhodovacie systémy aj populacné Stadie pracuji s chybnymi idajmi, ¢o spomaluje implementaciu
personalizovanych terapeutickych pristupov.

Preto je nevyhnutné, aby laboratdria, klinické pracoviska a biobanky implementovali harmonizované
preanalytické protokoly, kontinualne vzdelavali personal a monitorovali kvalitu, ¢im sa minimalizuje
variabilita, znizuju sa naklady a posiliiuje sa dovera v laboratérnu medicinu aj vedecky vyskum ako celok
[13].
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Znizena efektivnost vedeckych vystupov

-nizsi pomer kvalitnych, overenych a vyuzitelnych vysledkov k
vynalozenym zdrojom (Cas, financie, personal)

-duplicita Gsilia a limitovana prenositelnost poznatkov do praxe

Viac ako 70 % vyskumnikov
nedokazalo zopakovat’
vysledky inych vedcov

Spomaleny a obmedzeny pokrok v medicine a prevencii
-oneskorena validacia intervencii a diagnostickych postupov
-tazsia implementacia personalizovanej/presnej mediciny a slabsia
generalizovatelnost nalezov

Znizena dovera verejnosti vo vedecky vyskum
neistota v reprodukovatelnost a transparentnost procesov
vyssie reputacné riziko pre institicie a financovanie vyskumu

Priblizne 60 % vyskumnikov
nedokéazalo zopakovat' ani svoj
vlastné vysledky

Neefektivne vyuzitie zdrojov (plytvanie éasom a finanénymi
prostriedkami)

-opakované experimenty bez jasného prinosu

- straty sposobené nekonzistentnymi alebo neoverenymi vysledkami

Obr. 2. Schéma sumarizuje hlavné dosledky preanalytickych chyb na vedecky vyskum, klinicka prax a
efektivne vyuzivanie zdrojov. Nedostatocnd kontrola preanalytickych procesov vedie k nizkej
reprodukovatel'nosti vysledkov, spomaleniu pokroku v medicine, znizeniu verejnej dovery a k vyznamnym
¢asovym aj finan¢nym stratam v laboratornej diagnostike a vyskumnych projektoch [12].

Opatrenia na zlepSenie preanalytickych chyb

Presnost’ laboratornych vysledkov predstavuje klacovy predpoklad pre kvalifikované klinické
rozhodovanie a efektivne poskytovanie zdravotnej starostlivosti. Hoci sa tradi¢ne sustred’'ovala pozornost’
najma na analyticka fazu laboratorneho procesu, v sti¢asnosti sa Coraz vacsi doraz kladie na optimalizaciu
preanalytickej fazy, ktora vyznamne prispieva k celkovému vyskytu laboratornych chyb. Minimalizacia
tychto pochybeni si vyzaduje systematické harmoniza¢né aktivity, cielené vzdelavacie a tréningové
programy, vyuzivanie automatizovanych nastrojov na hodnotenie kvality vzoriek a d6sledné monitorovanie
kvalitativnych ukazovatel'ov. Uzka spolupraca medzi biobankami, vedeckymi odbornikmi a klinickymi
pracovnikmi je nevyhnutna pre uspe$nu implementaciu a dlhodobé udrziavanie tychto opatreni, ¢o vedie k
zvySeniu presnosti a spolahlivosti diagnostickych vysledkov a v konecnom dosledku k zlepSeniu
starostlivosti o pacienta (Obrazok 3) [13].

Nedostato¢na Standardizacia preanalytickych procesov viedla ku vzniku europskych harmoniza¢nych
iniciativ, najmd EFLM WG-PRE (European Federation of Clinical Chemistry and Laboratory Medicine,
Working Group for the Preanalytical Phase), ktora od roku 2013 vytvara odporii€ania a vzdelavacie
aktivity na zjednotenie preanalytickych postupov [13, 14]. Vyznamnym partnerom je aj BBMRI-ERIC
(Biobanking and BioMolecular Resources Research Infrastructure — European Research Infrastructure
Consortium), ktory predstavuje rozsiahlu paneurdpsku vyskumnt infrastruktiru, ktora integruje narodné
biobankové siete a zabezpeCuje koordinovany pristup k biologickému materialu a sprievodnym datam s
cielom podporit’ vysokokvalitny biomedicinsky vyskum. Poskytuje tieZ §tandardizované preanalytické
SOP, podporuje implementaciu noriem CEN/ISO pre biologicky material a zabezpecuje infrastruktiru
pre harmonizované riadenie kvality (napr. SPREC, MIABIS).

Kedze az 82,6 % preanalytickych chyb je sposobenych l'udskym faktorom [15, 16], systematické
vzdelavanie zdravotnickeho personalu je zasadné. Cieleny tréning preukazatelne redukuje chybovost,
pri¢om efektivne su aj interaktivne modelové situacie [17]. BBMRI-ERIC dopiia tato oblast’ eurdpskymi
tréningovymi modulmi a e-learningom zameranym na spravnu manipulaciu so vzorkami a dokumentaciu.
Automatizované hodnotenie hemolyzovanych, ikterickych a lipemickych vzoriek (HIL index) umoznuje
objektivnu detekciu zhorSenej kvality materidlu. WG-PRE odporica S$tandardizované pouzivanie
hemolytického indexu a doplnenie komentéra pri interpretacii vysledkov [18-20]. BBMRI-ERIC podporuje
validaciu preanalytickych parametrov a poskytuje Standardy minimalizujice riziko hemolyzy ¢i
interferencii.

Monitorovanie kvality preanalytickej fazy je stcastou indikatorov kvality (QI), pricom model IFCC
WG-LEPS (International Federation of Clinical Chemistry and Laboratory Medicine, Working Group on
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Laboratory Errors and Patient Safety) poskytuje ramec pre Standardizované sledovanie chyb [17, 18, 21].
Poziadavky na preanalytické monitorovanie su zakotvené aj v norme ISO 15189 [22]. BBMRI-ERIC
prispieva auditovateInymi preanalytickymi Standardmi, nastrojmi na hodnotenie rizik a europskymi EQA
programami pre biobanky, ¢im podporuje jednotné monitorovanie kvality.

Automatizacia preanalytickych procesov, vratane elektronického zad4vania poziadaviek, generovania
¢iarovych kodov ¢i inteligentnych transportnych systémov, vyznamne znizuje riziko chyb spojenych s
manudlnymi ukonmi [23,24]. BBMRI-ERIC podporuje digitalizaciu prostrednictvom harmonizovanych
datovych struktar (MIABIS) a interoperabilnych IT rieSeni, ktoré ul'ahcuju trasovanie vzoriek a prepojenie
biobankovych a klinickych systémov [25].

Predanalyticka variabilitu je mozné kvantifikovat a kontrolovat. Moderné biobanky vyuzivaju

validované protokoly, monitorovanie teploty, elektronické systémy sledovania vzoriek (LIMS), pravidelné
audity ainterné kontroly kvality a stability, ktoré umoznuji identifikovat' kritické body procesu a
minimalizovat’ ich vplyv na vysledky.
Medzinarodné normy predstavuju zakladny nastroj na zabezpeCenie kvality, transparentnosti a
porovnatelnosti biomedicinskych tidajov. Pre oblast laboratérnej mediciny a biobankingu su
najrelevantnejSie normy ISO 15189, ISO 20387 a odporucania OECD (Organisation for Economic
Co-operation and Development) [26].

| Standardizované preanalytické postupy |

| Implementdcia noriem ISO 20387, 1SO 15189 |

| Systematické vzdelavanie zdravotnickeho personalu |

Opatrenia na zlepsenie
preanalytick\’[ch Chy'b | Monitorovanie kvality preanalytickejfazy |

| Automatizacia preanalytickych procesov |

| Digitalizacia, harmonizacia datovych struktar |

Obr. 3. Schéma sumarizuje hlavné opatrenia na zlepSenie preanalytickej fazy.
Zaver

Kvalita biologickych vzoriek je fundamentilnym predpokladom presnych, reprodukovatelnych a
klinicky vyuzitenych vysledkov. Maximalny prinos sa dosahuje systematickym riadenim preanalyticke;j
fazy: od planovania odberu a Standardizicie manipuldcie so vzorkou, cez kontrolovany transport,
spracovanie a dokumentaciu, az po priebezné monitorovanie stability a kvality. V uvedenom retazci
zohravaju biobanky kI'a¢ovu tlohu ako infrastruktiry zabezpecujiice harmonizované SOP, trasovatelnost’
a spravu metadat, kvalitativny dohl'ad, kontinualne vzdelavanie a pripravenost’ materialu na dlhodobé ¢i
sekundarne vyuzitie. Implementacia harmonizovanych postupov a primeranej automatizacie (elektronické
ziadanky, ¢iarové kody, LIMS, HIL index) preukazatel'ne redukuje chybovost’, skracuje ¢as do vysledku a
znizuje naklady. Eurdpske odportcania a normy (EFLM WG-PRE, BBMRI-ERIC, ISO 15189, ISO 20387)
ponukaju robustny ramec na zjednotenie praxe napriec pracoviskami a posiliiuji transparentnost’ i doveru
v udaje. Odporaca sa pravidelné auditovanie preanalytickych procesov, sledovanie indikatorov kvality a
rozvazne zavadzanie Skalovatel'nych digitalnych rieSeni v izkej spolupréci s biobankami, ¢o vedie k vyssej
presnosti, prenositelnosti a klinickej relevancii laboratorych vystupov.
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Summary

Developmental dysplasia of the hip (DDH) is a multifactorial skeletal disorder with contributions from both
genetic and environmental factors. In addition to sequence variants, copy number variants (CNVs) in genes
involved in connective tissue and skeletal development may contribute to hip instability. In this study, we
evaluated CNVs in selected candidate genes using multiplex ligation-dependent probe amplification
(MLPA). The study included 56 individuals, comprising 43 patients with isolated DDH and 13 healthy
controls from a Slovak Caucasian population. MLPA analysis targeted selected exons of COL1Al,
COL2A1, LRPS, DKK1, FZD4, and NDP. Among the 43 tested patients with DDH, a single duplication of
COL1A1 exon 38 was detected. No CNVs were identified in COL2A1, LRP5, DKK1, FZD4, or NDP, and
no recurrent or clearly pathogenic rearrangements were found in the analyzed loci. These findings suggest
that exon-level CNVs in the investigated genes are rare and are unlikely to represent a major genetic
mechanism underlying non-syndromic DDH in this population.

Keywords: developmental dysplasia of the hip, DDH, MLPA, copy number variant, CNV, COL1Al,
COL2A1, LRP5

Abstrakt

Vyvojova dysplazia bedrového kibu (DDH) je multifaktorialne skeletalne ochorenie ovplyvnené
genetickymi aj environmentalnymi faktormi. Okrem sekvencnych variantov sa na vzniku nestability
bedrového kibu moézu podielat aj copy number varianty (CNV) v génoch zapojenych do vyvoja
spojivového tkaniva a skeletu. V tejto Stadii sme hodnotili CNV vo vybranych kandidatnych génoch
pomocou metody multiplex ligation-dependent probe amplification (MLPA). Do $tadie bolo zaradenych
56 jedincov, z toho 43 pacientov s izolovanou DDH a 13 zdravych kontrol zo slovenskej kaukazskej
populacie. MLPA analyza bola zamerana na vybrané exéony génov COL1A1, COL2A1, LRPS, DKKI1,
FZD4 a NDP. Spomedzi 43 vySetrovanych pacientov s DDH bola zistena jedina duplikacia exonu 38 génu
COL1ALl. V génoch COL2A1, LRPS5, DKK1, FZD4 a NDP sa CNV nepotvrdili a v analyzovanych
lokusoch neboli zistené Ziadne rekurentné ani jednoznacne patogénne prestavby. Tieto vysledky naznacuju,
ze CNV na urovni exénov v skimanych génoch su zriedkavé a pravdepodobne nepredstavuji hlavny
geneticky mechanizmus podmieniujici nesyndromovi DDH v tejto populécii.

KPicové slova: vyvojova dysplazia bedrového kibu, DDH, MLPA, copy number variant, CNV, COL1A1,
COL2A1, LRP5

Introduction

Developmental dysplasia of the hip (DDH) is a common congenital musculoskeletal disorder that
includes a spectrum of abnormalities ranging from acetabular dysplasia and joint instability to subluxation
and frank dislocation [1]. Its reported frequency varies substantially across populations and screening
systems, and European data also show marked differences between countries and even between centers
within the same country. Because untreated DDH may lead to persistent functional impairment and early
degenerative joint disease, early recognition remains clinically important [2].

DDH is a multifactorial disorder in which both hereditary and non-genetic influences contribute to
disease susceptibility. Among the most consistently reported risk factors are female sex, breech
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presentation, positive family history, oligohydramnios, swaddling, and firstborn status [3]. At the same
time, genetic studies indicate that DDH has a heritable component, but its molecular background remains
incompletely understood, and no clinically established genetic test is currently available. Recent reviews
also indicate that much of the published genetic literature consists of relatively small candidate-gene
studies, whereas the strongest replicated common-variant signal to date has been identified at the GDF5
locus [4,5].

In addition to single-nucleotide polymorphisms (SNPs), copy number variants (CNVs) represent a
biologically relevant class of genetic changes because exon-level deletions or duplications may disrupt
genes essential for connective tissue integrity and skeletal development. This is particularly relevant for
collagen-related disorders, as arthrochalasia Ehlers-Danlos syndrome is characterized by congenital
bilateral hip dislocation and is most often caused by variants leading to partial loss of exon 6 in COL1A1
or COL1A2 [6,7]. These observations provide a syndromic rationale for examining collagen and related
skeletal genes in non-syndromic DDH as well. For targeted CNV screening, multiplex ligation-dependent
probe amplification (MLPA) is well-suited because it can detect exon-level deletions and duplications
across multiple loci in a single reaction [8].

However, CNV data in isolated DDH remain limited. Therefore, in this study, we used MLPA to screen
selected exons of COL1A1, COL2A1, LRPS, DKK1, FZD4, and NDP in patients with isolated DDH from
a Slovak Caucasian cohort. The aim was to determine whether exon-level deletions or duplications in these
candidate genes contribute to DDH susceptibility in this population.

Materials and methods

The study included 43 patients diagnosed with developmental dysplasia of the hip and 13 healthy
controls. The DDH group consisted of 37 females (86%) and 6 males (14%), while the control group
comprised 7 males (54%) and 6 females (46%). Due to the limited yield of this analysis, no further controls
were examined. All participants were examined at the 2nd Department of Orthopedics and Traumatology
or the Orthopedic Clinic of the Faculty of Medicine, Comenius University in Bratislava, and the National
Institute of Children’s Diseases in Bratislava between up until December 2025. To ensure a predominantly
non-syndromic and osteogenic background, only individuals with isolated DDH were included. Patients
with systemic disease, syndromic diagnoses, generalized skeletal dysplasias, or connective tissue disorders
were excluded. Detailed personal and family histories were obtained from all participants. Controls were
selected on the basis of negative personal and family history for DDH and other musculoskeletal disorders.
Participants were recruited from different regions of Slovakia.

The study was conducted in accordance with the 2013 Declaration of Helsinki and was approved by the
Ethics Committee of the National Institute of Children’s Diseases in Bratislava (VEGA 1/0255/17). Written
informed consent was obtained from all participants or their legal guardians.

DNA extraction

Peripheral blood samples were collected from all participants. Genomic DNA was isolated using the
GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions.

MLPA analysis

Copy number variant (CNV) analysis was performed using multiplex ligation-dependent probe
amplification (MLPA). Three SALSA MLPA probemixes were used according to the manufacturer’s
protocol (MRC-Holland, Amsterdam, the Netherlands): P271-B5 COL1A1, P214-C2 COL2A1, and P285-
C3 LRPS.

The analysis targeted selected exons in the COL1A1, COL2A1, LRP5, DKK1, FZD4, and NDP genes.
The P271-B5 probemix included 33 probes targeting 33 of the 51 exons of COL1Al. The P214-C2
probemix contained 46 probes covering 43 of the 54 exons of COL2A1. The P285-C3 probemix included
24 probes covering all 23 exons of LRPS5, four probes for all four exons of DKK1, three probes targeting
the two exons of FZD4, and three probes covering all three exons of NDP.

PCR amplification products were separated and detected using the SeqStudio 8 Flex Genetic Analyzer
(Applied Biosystems, Life Technologies, Waltham, MA, USA). Probe signal normalization and CNV
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interpretation were performed using Coffalyser.net software, version 220513.1739 (MRC-Holland). The
MLPA assay was used to assess exon-level deletions and duplications in the selected candidate genes.

Data evaluation and analysis

MLPA findings were evaluated descriptively, focusing on the presence or absence of exon-level copy-
number changes in the genes analyzed. Detected alterations were interpreted in the context of their
occurrence in patients with isolated DDH and their potential relevance to disease susceptibility.

Results

The study included 56 subjects, of whom 43 had developmental dysplasia of the hip (DDH), and 13
were healthy controls. Within the DDH group, involvement of the left hip was observed in 33 cases (76.7%),
the right hip in 7 (16.3%), and bilateral in 3 (7.0%). A positive family history of DDH was reported in 14
patients (32.6%). No further controls were analyzed based on preliminary results.

Using the MLPA method, we analyzed copy-number variation in selected genes and their exons
considered relevant to DDH susceptibility. Among the 43 tested patients with DDH, a copy number variant
was identified in only one case, corresponding to a duplication involving exon 38 of the COL1A1 gene. In
the remaining patients with DDH and controls, no CNVs were detected in the analyzed regions of COL1A1,
COL2AT1, or LRPS. These findings suggest that the investigated exon-level CNVs are rare in this cohort
and are unlikely to play a major role in the pathogenesis of DDH.

Discussion

In this study, MLPA analysis identified a copy number variant in only one of 43 patients with DDH,
namely a duplication involving exon 38 of COL1A1, while no CNVs were detected in the remaining regions
analyzed for COL1A1, COL2A1, and LRP5 [1]. Taken together, these findings suggest that recurrent exon-
level CNVs in the selected genes are uncommon in this cohort and are unlikely to represent a major genetic
mechanism in isolated DDH.

Direct CNV studies in DDH remain limited, but structural variation has been implicated in related hip
phenotypes. In acetabular dysplasia, copy-number loss in the ASPN region was reported significantly more
often in affected patients than in controls, supporting the idea that CNVs may contribute to hip dysplasia
in at least a subset of cases. Our results differ from that pattern, as we did not observe recurrent CNVs in
the targeted loci examined here [9].

Comparison with other musculoskeletal disorders is also informative. In arthrochalasia Ehlers-Danlos
syndrome, congenital bilateral hip dislocation is a characteristic feature, and the disorder is caused by
variants leading to partial or complete loss of exon 6 in COL1A1 or COL1A2. Likewise, in osteogenesis
imperfecta, MLPA has identified exon-level or whole-gene deletions in COL1A1/COL1A2, confirming
that this method can detect clinically relevant collagen-gene rearrangements in skeletal disease [10].
Against that background, the single COL1A1 exon 38 duplication observed in our cohort does not align
with the recurrent collagen defects classically linked to syndromic hip instability, so its clinical relevance
to isolated DDH remains uncertain [11].

In conclusion, our data suggest no significant role for the tested CNVs in non-syndromic DDH. Larger
studies, ideally combining CNV analysis with sequencing-based approaches, will be needed to determine
whether rare structural variants contribute to DDH susceptibility.
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Summary

Intrauterine fetal death (IUFD), defined as fetal death after 20 weeks’ gestation, often remains unexplained
after thorough evaluation that rules out structural anomalies, infections, placental abnormalities, and
maternal conditions. This review examines the spectrum of potential genetic contributors to these
unexplained stillbirths, including chromosomal abnormalities and monogenic disorders due to pathogenic
single-gene variants. Advanced genomic approaches such as chromosomal microarray analysis and exome
sequencing have enabled the identification of previously unrecognized genetic etiologies in these cases,
revealing fetal genetic syndromes and metabolic conditions that can lead to demise. Comprehensive
genomic investigation is crucial for improving stillbirth diagnostic yield, guiding recurrence risk
counseling, and advancing our understanding of stillbirth etiology.

Keywords: Stillbirth, intrauterine fetal death, variants, genomic autopsy
Genetické pri¢iny vnutromaternicovej smrti plodu
Sthrn

Vnutromaternicova smrt’ plodu (IUFD), definovana ako umrtie plodu po 20. tyzdni tehotenstva, Casto
zostava neobjasnené, a to aj po dokladnom vySetreni, ktoré vyluci Strukturdlne anomalie, infekcie,
abnormality placenty a zdravotné problémy matky. Tento kratky prehladovy c¢lanok sa zameriava na
spektrum potencialnych genetickych faktorov, ako chromozémové abnormality a patogénne variant v
majoritnych génoch, ktoré¢ by mohli byt kontributorom neobjasnenych IUFD. Pokrocilé genomické
pristupy, ako je komparativna gendémova hybdridizacia a sekvenovanie exdému, umoznili identifikaciu
doteraz nepoznanych genetickych pricin v tychto pripadoch, ¢im sa odhalili fetalne genetické syndromy a
metabolické poruchy, ktoré mézu viest’ k imrtiu plodu. Komplexné genomické vySetrenie je kI'icové
pre zlepsenie diagnostického prinosu vySetrenia mitvonarodenych plodov, urCenie rizika

Kracové slova: Vnutromaternicova smrt’ plodu, varianty, genomicka autopsia
Introduction

Intrauterine fetal death (IUFD) at or after 20 weeks’ gestation (often termed stillbirth) remains a
devastating obstetric outcome with significant public health and psychosocial impact. Globally, stillbirths
account for roughly 60% of perinatal deaths [1,2]. Overall, stillbirth etiology is heterogeneous and often
multifactorial, with 25-60% of cases remaining unexplained despite evaluation [3]. Population studies
consistently implicate placental pathology as a leading cause of late IUFD, alongside fetal structural or
chromosomal anomalies, intrauterine infection, umbilical cord accidents, and acute obstetric complications
[4,5]. Placental maternal or fetal vascular malperfusion lesions are over-represented in stillborn infants,
supporting impaired placental exchange and progressive fetal hypoxia as a common pathway; fetal growth
restriction frequently co-occurs, indicating an important (and potentially preventable) link between
placental insufficiency and IUFD [4].

Importantly, these causal categories are not mutually exclusive — multiple contributing factors often
coexist in stillbirth. Even when a fetal anomaly is present, up to half of cases have an additional placental
pathology sufficient to cause demise on its own [3]. Gaps in our understanding of stillbirth causes hinder
prevention and counseling for affected families. Comprehensive postmortem examinations (fetal autopsy,
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placental histology, and genetic testing) yield diagnostically significant findings in the majority of cases,
with at least one investigation identifying a cause in approximately 66% of stillbirths [6]. However, autopsy
uptake remains low in many settings (<50% of cases) due to availability, cost, and parental consent issues.
In this context, there is increasing interest in genetic etiologies of stillbirth and the use of genomic autopsy
to explain previously unexplained IUFD. This review focuses on the contribution of genetic factors to IUFD
after 20 weeks, the diagnostic approaches for identifying genetic causes, and the clinical implications and
future directions of this emerging field.

Possible Genetic Causes of Unexplained IUFD

Single-gene mutations causing Mendelian conditions are recognized as contributors to stillbirth,
although current evidence remains limited [7]. Recent sequencing studies of IUFD cases demonstrate a
wide spectrum of inheritance patterns among candidate genes, including autosomal recessive (biallelic),
autosomal dominant (monoallelic), X-linked, and dual-mode (both dominant and recessive) inheritance [2].
Notably, autosomal recessive disorders appear to predominate, accounting for nearly half of reported genes
implicated in stillbirth, consistent with severe multisystem developmental conditions and metabolic or
ciliopathy syndromes often incompatible with survival to birth. Autosomal dominant (monoallelic)
mutations represent roughly one-third of stillbirth-related genes, typically affecting highly constrained,
dosage-sensitive genes (especially those involved in cardiac or neuromuscular development) where a single
deleterious allele can lead to lethal fetal phenotypes. A subset of genes (~9%) demonstrates allelic
heterogeneity with both dominant and recessive presentations (dual-mode inheritance); in these cases,
severe biallelic variants manifest with prenatal lethality, whereas monoallelic variants in the same gene
cause later-onset or milder postnatal disease — an example of phenotype expansion in which the clinical
spectrum of a disease gene extends to stillbirth [2]. X-linked conditions constitute a smaller proportion
(~5%) of stillbirth genes, underscoring sex-specific developmental vulnerabilities (e.g., X-linked recessive
metabolic or neuromuscular disorders in male fetuses). A few cases have been linked to somatic mutations
(mosaic chromosomal or single-gene mutations arising post-zygotically), but such mosaic contributions to
IUFD are exceedingly rare. Overall, these data indicate that portion of unexplained stillbirth is genetically
determined and arises from both the classic recessive disorders (often involving multiple organ systems)
and dominant mutations in critical developmental genes and both paradigms can result in fetal demise. This
concept aligns with the observed enrichment of loss-of-function variants in highly constraint-intolerant
genes among stillbirths — genes so crucial that damaging variants are extremely rare in live-born
populations. In other words, the genetic architecture of stillbirth seems to preferentially involve variants in
genes essential for early human development, many of which have remained hidden from postnatal genetic
disease catalogs because mutations cause prenatal lethality. Indeed, genomic analyses suggest our current
compendium of Mendelian diseases is biased toward phenotypes compatible with survival, and that
systematic study of IUFD can reveal novel lethal gene disruptions [2,8,9].

Several specific genetic pathways have emerged in reported IUFD cases. Cardiac channelopathies
(heritable arrhythmia syndromes such as long QT syndrome) have been investigated as potential causes of
otherwise unexplained stillbirths. Pathogenic variants in cardiac ion channel genes (and related
cardiomyopathy genes) have been found in a small subset (~3%) of IUFD cases in some cohorts, raising
the hypothesis that fetal arrhythmia may lead to sudden death in utero despite a structurally normal heart
[3]. However, interpreting these variants is challenging — incomplete penetrance and variable expression
are common, and a triple-risk model (as proposed for SIDS) has been suggested wherein genetic
predisposition, developmental timing, and an external stressor coincide to cause fatal arrhythmia [3]. Thus,
while channelopathy genes are plausible contributors, they likely account for only a fraction of stillbirths.
Emerging genomic studies indicate that certain congenital disorder groups demonstrate a markedly higher
diagnostic yield when genetic sequencing is performed in cases of IUFD. Specifically, pathogenic variants
have been frequently identified in fetuses affected by skeletal dysplasias, RAS/MAPK pathway disorders
(such as the Noonan spectrum), cohesinopathies (including Cornelia de Lange syndrome), ciliopathies,
severe renal malformations, and inborn errors of metabolism. Recent investigations into previously
unexplained fetal and neonatal deaths further show that single-gene disorders within these categories
account for a substantial proportion of cases, underscoring the value of comprehensive genomic testing in
elucidating the etiology of unexplained pregnancy losses. Interestingly, most pathogenic variants in that
study were de novo (new mutations not inherited from the parents), implying a low recurrence risk for
future pregnancies, whereas cases due to recessive mutations (e.g., in genes like 77C21/B, CPT2, PKHDI)
carry a 25% recurrence risk in subsequent pregnancies [10]. These findings illustrate how identifying a
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genetic cause of IUFD can immediately inform clinical counseling regarding recurrence risk: truly de novo
lethal mutations are tragic stochastic events with minimal repeat risk, while inherited mutations (especially
autosomal recessive or X-linked) confer a predictable risk of recurrence that may warrant prenatal testing
in the future.

Diagnostic Approaches to Genetic Testing in Stillbirth

Historically, genetic evaluation of stillbirth centered on karyotyping, which can detect aneuploidies and
large chromosomal rearrangements. Conventional karyotype requires live dividing cells and has limited
resolution (~5—10 Mb); nevertheless, chromosomal abnormalities (especially trisomies) have long been
recognized to account for about 6—12% of stillbirths [2,3]. In recent years, chromosomal microarray
analysis (CMA) has largely replaced karyotyping in stillbirth investigations. CMA can detect
submicroscopic copy-number variants (CNVs) at much higher resolution (on the order of 100—200 kb) and
can be performed on DNA from non-viable or macerated tissue, increasing the test success rate compared
to karyotype [11]. Systematic reviews have shown that CMA provides an incremental diagnostic yield over
karyotyping — on the order of ~4—6% additional pathogenic CNVs in stillbirths with previously normal
karyotype, plus detection of various CNVs of uncertain significance. For example, the 22ql1.2
microdeletion (DiGeorge syndrome region) is one recurrent finding uncovered by microarray in otherwise
unexplained IUFD [11]. The overall yield of clinically significant cytogenetic findings (aneuploidies or
pathogenic CNVs) in stillbirths is around 10—15% when CMA is applied, although this varies with the
population studied. It is important to note that many CMA studies of stillbirth include fetuses with structural
anomalies, growth restriction, or other known risk factors, so some detected CNVs may be related to those
conditions rather than representing novel “unexplained” causes of fetal demise [3]. Nonetheless, CMA has
become a recommended first-line genetic test in stillbirth evaluation due to its increased detection rate and
ability to use non-dividing cells [12].

More recently, advances in next-generation sequencing (NGS) have enabled the search for monogenic
causes of stillbirth. Approaches range from targeted gene panels (focusing on known stillbirth-related genes
or specific phenotypic categories) to whole exome sequencing (WES) and even whole genome sequencing.
These genomic tests are particularly valuable in cases where standard evaluations (maternal, obstetric,
autopsy, and cytogenetics) fail to find an explanation. In a study from 2020, clinical WES was performed
on 246 unexplained stillbirths and demonstrated a significant diagnostic yield beyond cytogenetics.
Specifically, WES identified likely causal single-gene variants in about 8.5% of cases that had normal CMA
results and no other identifiable cause. These variants included both previously known stillbirth genes and
novel candidates, as noted earlier. When the WES yield was combined with the yield from cytogenetic
testing in that cohort (aneuploidies in ~7% and pathogenic CNVs in ~2.6%), the overall genetic diagnostic
rate reached ~18% for unexplained stillbirths [2,9]. Another recent report using WES and genome
sequencing in a series of 102 fetal/neonatal losses found an even higher combined diagnostic yield (~52%),
though that cohort was enriched for cases with ultrasound anomalies; importantly, the sequencing provided
a definitive or candidate genetic diagnosis in 34% of cases that had no diagnosis from standard autopsy and
microarray [10].

Despite these successes, there are practical and interpretative challenges in NGS for stillbirth. A key
limitation is the lack of parental DNA testing in many cases, since the fetal death is often studied in isolation
(singleton sequencing). Without parental genotypes, it can be difficult to determine if a detected variant
was inherited versus a de novo mutation, and one cannot phase two variants to recognize compound
heterozygous (biallelic) mutations. This constraint likely causes some diagnoses to be missed or remain
uncertain. Performing trio exome sequencing (including both parents) can substantially increase diagnostic
yield by confirming de novo variants and identifying compound heterozygotes that might be overlooked
with fetal DNA alone. Another challenge is the genetic heterogeneity of stillbirth, pathogenic variants are
distributed across many different genes, with no single gene accounting for more than a few cases,
underscoring that stillbirth is not like certain postnatal disorders where one gene is mutated in a large
fraction of patients. This means very large sample sizes or collaborative meta-analyses will be required to
definitively implicate specific genes at a statistical level. Moreover, the interpretation of novel variants
(especially missense changes in candidate genes) can be challenging — many variants are initially classified
as of uncertain significance, and proving a causal link may require additional functional evidence or
recurrence in other cases.

Genetic testing should be viewed as complementary to traditional stillbirth evaluations, not a
replacement. Pathogenic variants may coexist with other abnormalities. For instance, if a fetus has a lethal
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skeletal dysplasia due to a gene mutation, it may also have placental insufficiency; or a fetus with a genetic
arrhythmia predisposition might have had growth restriction. Distinguishing primary cause from
contributing factors is not always straightforward. Differences in study inclusion criteria (e.g., whether
cases with known anomalies are included) can greatly affect reported yields [4,13]. Thus, while genomic
testing is a powerful tool, results must be interpreted in the context of the entire clinical and pathological
picture for each case.

Clinical Iplications and Future Directions

The growing ability to identify genetic causes of IUFD carries important implications for clinical care
and research. From a clinical counseling perspective, discovering a definitive genetic etiology can provide
closure to families and refine recurrence risk estimates. In the study by Byrne et al. (2023), at least 5% of
families used the genetic diagnosis of their stillborn child to inform reproductive decisions in subsequent
pregnancies (e.g., pursuing IVF with preimplantation testing or tailored prenatal screening) [10]. This
demonstrates that genomic autopsy findings can directly impact family planning and preventive care.

Incorporating genomics into stillbirth evaluation can improve our understanding of the causes of fetal
death and potentially guide preventive strategies. For instance, if a subset of otherwise unexplained late
gestation losses are due to fetal arrhythmia syndromes, there may be future potential to identify those
pregnancies (through family history or even sequencing in utero) and consider interventions. Currently,
routine sequencing for all unexplained stillbirths is not yet standard of care, some experts have proposed a
tiered approach: karyotype or CMA for all IUFD cases (to detect chromosomal causes), followed by
targeted gene panels or exome sequencing in cases remaining unexplained, especially when autopsy
indicates a phenotype suggestive of a genetic disorder [9,14].

Conclusion

Genetic research is rapidly expanding the frontier of stillbirth etiology. Chromosomal abnormalities and
single-gene disorders together now appear to explain a substantial fraction of previously unexplained
IUFDs, and this fraction will likely grow as our diagnostic techniques improve. The integration of genomic
findings with traditional pathology and clinical risk factor assessment holds the promise of more complete
answers for bereaved families and more targeted prevention strategies.
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Technika pripravy organoidovych a sferoidovych kultir z primarneho
tkaniva karcinOmu prsnika a centralneho nervového systému
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Abstrakt

Vedecké poznatky o technikach pripravy 3D modelov z primarnych tkaniv karcindmu prsnika a
nadorov centrdlneho nervového systému (CNS) v sucasnosti smeruju k tvorbe Coraz
komplexnejSich systémov. Tie umoznuju nielen samotnu kultivaciu nadorovych buniek, ale aj
modelovanie ich interakcii s mikroprostredim (TME), o je kI'icové pre predklinické testovanie
lieciv a personalizovanu diagnostiku.

Techniky pripravy 3D modelov z primarnych tkaniv

Zakladom je odber Cerstvého nadorového tkaniva, ktoré sa nasledne spraciva. Hlavné rozdiely
medzi organoidmi a sféroidmi a ich Specifické postupy pre jednotlivé typy tkaniv st zhrnuté nizsie:

. Post karcind
Typ modelu Klucové vlastnosti os 1’1p pre aremom Postup pre nddory CNS
prsnika
Vyzaduju enzymatické Casto sa vyuziva kultivacia
, , natravenie tkaniva (napr. v médiu bez séra s
Vysoka vernost , , . . .
: , i kolagendzou) a nasledné definovanymi  rastovymi
povodnému nadoru; e . ) . .
. . ., s zaliatie izolovanych faktormi, ¢o podporuje rast
Organoidy zachovavajl geneticku . . , e
; T buniek/zhlukov do nadorovych  kmenovych|
heterogenitu, histologiu a .. . . . .
molekuléme fenot extracelularne;j matrix buniek. Z glioblastomu
Py (ECM), najcastejSie mozno organoidy pripravit
Matrigelu alebo BME. rychlo a spolahlivo.
Jednoduchsie a rychlejsie Po disociacii tkaniva sa Izolované bunky sal
na pripravu; ide o volné bunky vysievaju na kultivuji v bezsérovom
zhluky buniek, Casto bez neprilnavé povrchy (napr. médiu, ¢im sa podporuje
Sféroid potreby ECM  nosica. 96-jamkové dosticky s U/V tvorba "nadorovych gul™
Y Vynikajico  slizia na dnom), kde  spontanne (tumorspheres) bohatych na
selekciu a  obohatenie vytvaraju sféroidy. Miera kmenové bunky, ktoré si
nadorovych  kmenovych uspesnosti kultivacie klacové pre stadium invazie
buniek (CSC). presahuje 87 %. a rezistencie.

Modely s definovanou architektirou a interakcie s mikroprostredim

Pre stidium komplexnych interakcii nddorovych buniek s ich okolim sa vyvijaju sofistikovanejsie
modely, ktoré umozinuju presne definovat’ ich architektiru a bunkové zlozenie.

Ko-kultivaéné modely: Tieto systémy integruji do 3D kultary d’alSie bunkové zlozky TME, ¢im
umoziuju Studovat’ medzibunkov komunikaciu.

(0]

Karcinom prsnika: Priama ko-kultivacia nddorovych organoidov s fibroblastmi
(vratane CAFs) odhal'uje ich ulohu v podpore invazivity a rezistencie na liecbu.
Napriklad, CAFs zdvojnasobuji migra¢nu vzdialenost’ nddorovych buniek a moézu
potlacat’ Uc¢innost’ protilatok ako trastuzumab. Modely "organoid—fibrosféra"
umoziuju kvantifikovat’ vzdjomné ovplyviiovanie epitelidlnych a stromalnych
buniek.
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o Nadory CNS (Glioblastom): Vytvaraju sa pokrocilé ko-kultury, ako napriklad
"GLICO" model, kde sa glioblastomové organoidy integruju s cerebralnymi
organoidmi, ¢o umoziuje Studovat’ invaziu nddorovych buniek do mozgového
tkaniva. Model "tHOTT" zase umoziuje Studovat interakcie nddorovych buniek s
vlastnymi imunitnymi bunkami pacienta.

Kriacové komponenty mikroprostredia a metody ich integracie

Moderné modely sa zameriavaji na selektivne zaclenenie jednotlivych typov buniek a Struktur,
aby bolo mozné studovat ich presnu tlohu:

Fibroblasty spojené¢ s nddorom (CAFs): Predstavuju hlavnych "architektov" stromy.
Vyskumy konzistentne ukazuju, ze v 3D modeloch karcindému prsnika indukuju CAFs
agresivnejsi fenotyp nadorovych buniek. V prostredi bohatom na fibronektin
zdvojnéasobuju migracnu vzdialenost’ buniek tvorbou MMP-dependentnych tunelov a cez
signalizaciu TGF-B/NOX4 spustaji program kolektivnej invazie. Dolezité je, Ze priamo
moduluju Gc€innost’ lie€by, napriklad na Cipe potlacaji Gcinok trastuzumabu. Preto su
vyvijané sofistikované ko-kultivacné systémy, vratane protokolov na simultdnnu izolaciu
a kultivaciu nddorovych organoidov s ich autolognymi CAFs.

Mezenchymalne kmenové bunky (MSC) a indukované pluripotentné kmenové bunky
(iPSC): Ich uloha je komplexnejSia a niekedy protireiva — mozu podporovat’ agresivitu
nadorovych kmenovych buniek (CSC), ale aj navodzovat’ ich dormanciu. Tento rozpor
zdoraznuje potrebu Standardizovanych 3D modelov, ktoré umoznuji dlhodobé Stadium
tejto dynamiky. Transwell systém je prikladom platformy, ktora umoznuje studovat’ vplyv
sekretdmu MSC/iPSC na migraciu a angiogenézu bez priameho bunkového kontaktu.

Imunitné bunky: Nadory sa nevyhybaju len imunitnému systému, ale aktivne ho formuju.
Pokroc¢ilé modely to umoziuju sledovat’ v redlnom Case. Napriklad pri ko-kultivéacii
organoidov glioblastomu (GBM) s T-bunkami bolo pozorované, ze nadorové bunky
priamym kontaktom indukuju v T-bunkach zvySenu expresiu markerov vy€erpania (LAG-
3, TIM-3) a zvySuju podiel regulaénych T-lymfocytov (Treg), ¢im vytvaraja
imunosupresivne prostredie.

Vaskulatara: Vytvorenie funkénej cievnej siete je klaCové pre napodobnenie vyZivy
nadoru a prestupu lie€iv. NajmodernejSie pristupy pouzivaji fiziu nadorovych sféroidov
so sféroidmi endotelovych buniek (napr. HUVEC), ¢im sa v Cipe indukuje proces
angiogenézy riadeny hypoxiou, verne napodobnujuciin vivo podmienky. Tieto
vaskularizované modely umoznuji nielen $tadium angiogenézy, ale aj testovanie anti-
angiogénnych lieciv, ako je bevacizumab.

Technologie na vytvaranie definovanej architektury

Na presné priestorové usporiadanie vysSie uvedenych komponentov a vytvorenie heterogénneho
TME sa vyuzivaji dve hlavné technologické platformy:

3D Biotlaé: Tato technologia umoznuje "tlaCit" rozne typy buniek a biomateridly do
presne definovanych pozicii, ¢im vytvara realisticki nadorovll architektiru. Model
karcindomu prsnika vytvoreny extruznou biotlatou tak dokazal napodobnit’ priestorovi
heterogenitu nadoru: vytvoril oblasti bohaté na nadorové bunky, obklopené stroémou s
mikrocievami, pricom angiogenéza a stuhnutie ECM prebiehali len v stromdlnej cCasti,
presne ako u pacientov. Tento model odhalil, Ze nadorové bunky v rdéznych castiach
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vykazovali rozdielnu citlivost’ na chemoterapiu, ¢o demonstruje environmentalne riadenti
liekovu rezistenciu. Podobne sa biotla¢ pouziva na vytvorenie vaskularizovaného modelu
glioblastomu na Studium interakcii nador-bunky a vplyvu radioterapie.

e Mikrofluidné "Organ-na-Cipe": Tieto systémy pridavaji k priestorovej organizacii
dynamicky prvok — kontrolovany prietok tekutin, ktory simuluje krvny obeh a umoziuje
vytvarat chemické gradienty. Jednou z najvacSich vyhod je schopnost’ vytvarat
vaskularizované nadorové modely s perfuziou, kde je mozné priamo pozorovat’ interakcie
nadorovych buniek s cievami, prestup lieCiv a dokonca aj prvé kroky metastatického
Sirenia. V oblasti neuroonkologie sa vyvijaju Cipy napodobiiujuce hematoencefalicku
bariéru (BBB), ktoré umoziuju testovat’ penetraciu lie¢iv do mozgu. Pokrocilé platformy,
ako "flip the chip", dokonca umoziuju vytvarat’ sféroidy z vel'mi malého poctu buniek, ¢o
je kritické pre personalizované testy z tkanivovych biopsii.

VyuZitie v personalizovanej onkoldgii

Vyssie opisané komplexné modely postivaji predklinické testovanie na nova troven. Schopnost’
integrovat’ viaceré zlozZky TME umoziiuje testovat’ nielen priame cytotoxické ucinky lie€iv, ale aj
ich vplyv na nddorové mikroprostredie:

o Testovanie imunoterapii: Spominany GBM organoidovy model s ko-kultivovanymi T-
bunkami bol uspesne pouzity na testovanie ucinnosti experimentalnej génovej terapie
(CIITA-armed adenovirus), pricom umoznil sledovat, ako terapia moduluje imunitna
odpoved’ a vedie k zabijaniu nadorovych buniek.

o Hodnotenie kombinovanej lie¢by: Vaskularizované ¢ipy umoziiuju simultanne testovat’
ucinok lieCiva na nadorové bunky aj na cievnu siet, ¢o je nevyhnutné pre vyvoj a
hodnotenie kombinovanych terapii (napr. chemoterapia + anti-angiogénna liecba).

e Objavovanie biomarkerov rezistencie: Analyzou nadorovych buniek, ktoré prezili lieCbu
v roznych zonach biotlacou vytvoreného heterogénneho modelu, je mozné identifikovat’
nové mechanizmy a biomarkery environmentalne riadenej rezistencie.

Tieto sofistikované "avatarové" modely pacientovho nddoru, ktoré zahiiiaji kl'ai¢ové zlozky jeho
mikroprostredia, predstavuji najpresnejSiu in vitro platformu pre personalizovanu onkologiu,
ktora urychl'uje vyvoj novych liekov a umoziiuje predikovat’ odpoved’ konkrétneho pacienta na
liecbu.

Mikrofluidné '"organ-na-Cipe" (Organ-on-a-chip): Tieto zariadenia predstavuju vrchol v
definovani architektary TME, umoziiuji presné priestorové usporiadanie buniek, kontrolovany
prietok média a vytvaranie chemickych gradientov.

o Karcinédm prsnika: 3D biotlacou je mozné vytvorit modely s presne
definovanymi oblastami nadorovych buniek a stromy bohatej na cievy, co
umoziuje Studovat angiogenézu a vplyv priestorovej organizicie na liekovi
rezistenciu.

o Nadory CNS (Glioblastom): Vyvijaja sa modely vaskularizovaného glioblastomu
na Cipe, ktoré¢ obsahuju samousporiadanu siet’ ciev z endotelovych buniek,
astrocytov a pericytov. To umoznuje Studovat’ prestup lie¢iv cez hematoencefalicku
bariéru priamo do nadoru. Iné pristupy vyuzivaji hydrogély s gradientom tuhosti
na skimanie vplyvu fyzikalnych vlastnosti TME na spravanie nadorovych buniek.
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Vyuzitie v predklinickom testovani lieCiv a diagnostike

Opisané 3D modely predstavuji kliovy nastroj pre personalizovani onkologiu a vyvoj
novych terapii:

e Predklinické testovanie lieciv: Organoidy odvodené od pacienta (PDO) si zachovavaju
geneticky profil pévodného nadoru, a preto st vysoko relevantnou platformou pre
testovanie citlivosti na lieciva. Umoziuju rychlo identifikovat’ u¢inné latky a predikovat’
odpoved’ pacienta na konkrétnu terapiu, ¢im napliaji viziu personalizovanej mediciny.
ST'ubné vysledky prindSa aj miniaturizacia a automatizacia testovania, ktora skracuje ¢as
potrebny na ziskanie vysledkov a znizuje ndroky na mnozstvo biologického materidlu.

o Diagnostika a objavovanie biomarkerov: Kombinacia organoidnych kultar s multi-
omickymi analyzami predstavuje silny nastroj na identifikaciu novych diagnostickych a
prediktivnych biomarkerov. Tieto modely taktiez umoziuju Studovat’ mechanizmy vzniku
rezistencie na lieCbu, ¢o je nevyhnutné pre vyvoj terapii novej generdcie, vratane
imunoterapii (napr. CAR-T bunkova terapia).
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A Protocol for the Isolation and In Vitro Cultivation of Uterine Tube
CD34"CD117" Stromal Cells (Telocytes): A prerequisite for their Complex
Characterization
Maria KLEINOVA!, Martin KLEIN'

nstitute of Histology and Embryology, Faculty of Medicine, Comenius University, Sasinkova
4, 811 08, Bratislava, Slovakia

Summary

Preparing a standardized protocol for the isolation and in vitro cultivation of any cell type is a
prerequisite for further, more complex characterization in subsequent methodological
approaches. CD34°CD117" stromal cells, also termed telocytes, are a fundamental stromal
component of most tissues, including the uterine tube. They have very long cytoplasmic
projections called telopodes, which are involved in processes such as cell-to-cell signaling,
microenvironmental maintenance of the stromal compartment, and immunomodulatory
functions. They have been described as forming a network akin to the neural network at the
cellular level. The present study proposes an isolation protocol consisting of five steps: tissue
preparation, enzymatic digestion, filtration and centrifugation, differential adherence method,
and finally, selective separation. Cells subsequently acquired are cultured, maintained, and
comprehensively characterized. Our protocol is the result of an amalgamation of previously
published papers on the topics, along with our own expertise in isolation and cell culture.
Keywords: telocytes, CD34°CD117" stromal cells, uterine tube, standardization, isolation, in
vitro cultivation

Suhrn:

Priprava Standardizovaného protokolu na izolaciu a in vitro kultivaciu akejkol'vek bunkovej
populacie je nevyhnutnou podmienkou na jej d’alSiu komplexnt charakterizaciu pomocou
naslednych metodologickych pristupov. CD34"CD117" stromalne bunky, tieZ oznadované ako
telocyty, st zakladnou stcastou stromy vicsiny tkaniv, vratane vajickovodov. Su typické
svojimi  dlhymi cytoplazmatickymi vybezkami, ktoré oznaCujeme ako telopody,
a prostrednictvom nich sa zucCastiiuji medzibunkovej komunikacie, udrziavania stromalneho
mikroprostredia a majl tiez imunomodulac¢nt Glohu. Su Casto opisované ako bunky tvoriace
siete, ktoré sa na bunkovej Grovni podobaju neurénovym sietam. Tato praca predklada
protokol na izolaciu telocytov v piatich krokoch: spracovanie tkaniva, enzymatické natravenie,
filtracia a centrifugacia, diferencialna adherencia a nakoniec selektivna separacia. Néasledne st
ziskané bunky kultivované, udrziavané a komplexne charakterizované. Predkladany protokol
je vysledkom analyzy a syntézy uz v minulosti publikovanych a osved¢enych protokolov
s naSimi vlastnymi skusenost'ami s izolaciou a kultivaciou buniek.

KPacové slova: telocyty, CD34°CD117" stromalne bunky, vajickovod, Standardizacia,
izolacia, in vitro kultivacia.

Introduction

Telocytes are interstitial cells that were first described in 2005 by a Romanian research team
led by Prof. Popescu. Since then, telocytes have been described in most human organs,
including the female genital system, such as the uterus (Ciontea et al., 2005) and the uterine
tube (Popescu et al.,, 2005; Aleksandrovych et al., 2021). Their proposed roles are
microenvironmental maintenance, cell-to-cell communication, regulation of immune
functions, secretion, and overall homeostasis of the stromal compartment. Their presence in
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the wall of the uterine tube was demonstrated within the lamina propria and tunica muscularis,
where telocytes form a 3D network among smooth muscle cells, nerve endings, and blood
vessels (Yang et al., 2016). They have been implicated in both the normal function of the
uterine tube and various pathological conditions, including idiopathic infertility (Cretoiu and
Cretoiu 2016).. According to Janas et al. (2018), telocytes may play a role as a sex hormone
level sensor and are related to pregnancy maintenance.

The proposed protocol aims to isolate telocytes and culture them in vitro. Telocytes will then
be comprehensively characterized and subsequently co-cultured with spermatozoa to assess
their precise impact on fertilization. This study was approved by the ethics committee of L.
Derer’s hospital in Bratislava.

Procedure

Isolation and culture of human telocytes from the uterine tube

. Intraoperative sample collection was made under sterile conditions. After collection, the
sample was washed in phosphate-buffered saline (PBS) (Sigma Aldrich, USA) to remove blood
and tubal fluid, then quickly rinsed in 70% ethanol for disinfection, and transferred to a 100
mm Petri dish for further processing.

. Within a laminar flow hood, the excess tissue (epithelium, muscle tissue) was removed with
a scalpel, and the remaining connective tissue of the uterine tube was cut into smaller pieces
and placed into 50 ml centrifuge tubes containing 45 ml of PBS. Centrifuge tubes containing
tissue samples were briefly centrifuged at 250 x g for 1 minute at room temperature, then
resuspended in PBS. Subsequently, a dissociation medium was added, and tissue samples were
incubated at 37 °C on a shaker at 180 rpm for 40 min. The enzymatic dissociation medium was
a cocktail of 1,5 mg/ml collagenase type 2 (Invitrogen, USA) and 1% penicillin-streptomycin
(PS) (Sigma Aldrich, USA). The solution was filtered through a 41 um nylon mesh (Merck,
Darmstadt, Germany). The suspension was centrifuged again at 300 g for 10 min.

. Obtained cells were seeded into sterile Petri dishes and cultivated in 10 ml of DMEM/F12

(Merck, Darmstadt, Germany) supplemented with 10% fetal bovine serum (FBS) (Sigma
Aldrich, USA) and 1% PS.

. Cells were cultured in a humidified atmosphere of 5% CO; at 37 °C for one hour, allowing
fibroblasts to attach and keep the remaining cells, including telocytes, unattached. Cells were
subsequently seeded into new sterile Petri dishes with the same medium. The cultivation
medium was replaced every two days.

. Cells were examined under an inverted microscope after 24, 72, and 96 hours after seeding.
After they reached confluency reached 80%, the cells were enzymatically detached using
prewarmed 0.05% Trypsin (Invitrogen, USA). After detachment, cells were reseeded onto a
new T75 flask at a 1:2 split ratio under the same conditions.

. In the next step, we used the MACS System (Miltenyi Biotec, USA) to isolate CD34/CD117+
cells. First, we performed sequential negative depletion. We used anti-CD45 MicroBeads, ran
them through the MACS Column, and kept the flow-through. Then, we labeled the flow-
through with anti-CD31 MicroBeads, passed it through the column, and collected the CD45-
/CD31- flow-through. The negative selection separated CD34+ stromal cells from CD45+
leukocytes and CD31+ endothelial cells. To perform positive selection, the CD45-/CD31-
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fraction was first labeled with CD34 MicroBeads following these steps: cells were resuspended
in 300 uLL. MACS buffer, then 100 pL of FcR blocking reagent was added, and subsequently
100 pL of CD34 MicroBeads was added. Then, the fraction was incubated for 30 minutes at 5
°C. Then, the cells were centrifuged at 300g for 10 minutes. Subsequently, the MS column was
applied, and the retained CD34+ fraction was collected. To increase purity, we repeated these
steps on a fresh column. Next, the CD34+ fraction was labeled with CD117 MicroBeads.
Again, 300 pL of MACS buffer was used for resuspension; then 100 pL of FcR blocking
reagent was added, followed by 100 pL of CD117 MicroBeads. The fraction was incubated for
15 minutes at 5 °C. The MS column was rinsed with 500 pL of buffer, labeled cells were
applied, and the column was then washed with 500 uL of buffer three more times. Cells were
then removed from the magnet, and retained cells were eluted. The steps were repeated to
increase purity. The target fraction of CD45/CD31/CD34'/CD117* stromal cells was
cultured as described above. After 24 hours, non-adherent cells were gently washed. Cells
were examined under an inverted microscope. CD45/CD31/CD34"/CD117* stromal cells
were then stored for a complex characterization using immunofluorescence and
transmission electron microscopy.

Conclusion

Isolation and in vitro cultivation of CD34+/CD117+ stromal cells are vital steps for their
coculture with other cell types. Establishing a reliable and standardized protocol improves cell
purity, viability, and reproducibility. In human reproduction, these cells can be co-cultured
with other cell types, including uterine tube epithelial cells and gametes, providing insights
into intercellular signaling and immune regulation during the earliest days of gestation in the
uterine tube, possibly providing insights with translational potential in reproductive medicine.
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Morphology and Function of CD117+/CD34+ Stromal Cells (Telocytes) in the
Human Uterine Tube: What Have We Learned So Far?

Méria KLEINOVA!, Martin KLEIN'
nstitute of Histology and Embryology, Faculty of Medicine, Comenius University, Sasinkova 4,
811 08, Bratislava, Slovakia

Summary

Introduction: Telocytes are a peculiar cell population first described in 2005 by a team of
Romanian researchers led by Prof. Popescu. Telocytes are characterized primarily by their features
on transmission electron microscopy, but immunohistochemistry (IHC) is also a preferred method
for their identification at the light-microscopy level. Many IHC markers have been identified
across organs, but in the female reproductive system, the most common are CD117 (c-kit), CD34,
PDGFR-alpha, and vimentin. In the female reproductive system, telocytes are also positive for
female steroid hormones estrogen and progesterone. Materials and Methods: We performed a
thorough search of the PubMed/MEDLINE database between 2020-2026, to find relevant articles
about uterine tube telocytes. We also harvested ten human uterine tube specimens and processed
them via the formalin-fixed paraffin embedded technique. In the next step, we applied CD117
antibody and visualized the samples via VisionTM FLEX Detection system (DAKO, Denmark)
and examined them using LEICA DM2500 microscope. Images were captured using the LEICA
DFC290HD digital camera. Results: In the uterine tube, telocytes are found in the lamina propria
of the uterine tube mucosa, around smooth muscle cells of the muscle layer, and around blood
vessels. Discussion: Telocytes are characterized by their extremely long cytoplasmic projections,
called telopodes, which mediate the most commonly described functions of telocytes: cell-to-cell
communication, tubal motility by acting as pacemaker cells, and hormone sensing. Telocytes have
also been described as releasing extracellular vesicles that carry important signaling molecules.
Apart from these functions, telocytes have also been implicated in regulating immune responses
in the uterine tube microenvironment, leading to the hypothesis that these cells play a crucial role
in normal human reproduction.

Keywords: Telocytes, CD34"CD117" stromal cells, uterine tube, immunohistochemistry

Stuhrn:

Uvod: Telocyty su $pecifickou bunkovou populaciou, ktora bola prvykrat opisana v roku 2005
vyskumnym timom z Rumunska okolo profesora Popesca. Telocyty su najcastejSie skumané
pomocou transmisnej elektronovej mikroskopie, avSak imunohistochémia (IHC) je tiez jednou z
preferovanych metod znazornenia telocytov na irovni svetelnej mikroskopie. Od objavu telocytov
bolo identifikované velké mnozstvo r6znych IHC markerov v r6znych organoch, avsak v Zenskom
reprodukénom systéme st najcastejSie pouzivanymi CDI117 (c-kit), CD34, PDGFR-alfa a
vimentin. V zenskom reprodukénom systéme su telocyty pozitivne tiez na Zenské steroidné
hormoény estrogén a progesteron. Materidl a Metodika: Podrobne sme vyhladavali v databaze
PubMed/MEDLINE medzi rokmi 2020-2026, aby sme nasli vSetk relevantné ¢lanky o telocytoch
vo vajickovode. Tiez sme spracovali 10 vzoriek 'udskych vajickovodov a spracovali parafinovou
technikou. V d’alSom kroku sme na vzorky aplikovali protilatku CD117. Na vizualizaciu sme
pouzili VisionTM FLEX Detection system (DAKO, Déansko) a vzorky sme pozovorali svetelnym
mikroskopom LEICA DM2500 s kamerou LEICA DFC290HD na zachytenie mikrofotografii.
Vysledky: Vo vajickovode sme telocyty nasli najma vo vizive lamina propria sliznice, medzi
hladkymi svalovymi bunkami svalovej vrstvy a okolo ciev. Diskusia: Telocyty st typické ich
dlhymi cytoplazmatickymi vybezkami (telopodmi), ktoré sprostredkuju najcCastejSie opisované
funkcie telocytov: medzibunkovi komunikaciu, motilitu vaji¢kovodu prostrednictvom ich funkcie
udavacov kroku a funkciu hormondlnych senzorov. Telocyty boli tiez opisané ako bunky, ktoré st
zdrojom extraceluldrnych vezikul nestcich rézne dolezité signadlne molekuly. Okrem tychto
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funkcii boli telocyty opisané aj ako bunky regulujice imunitné funkcie vo vajickovode, ¢im
prispievaju k hypotéze, ze telocyty su ddlezitou bunkovou populéciou pri normalnej l'udskej
reprodukcii.

Kragové slova: telocyty, CD34"CD117" stromalne bunky, vaji¢kovod, imunohistochémia

Introduction

The uterine tube is a highly specialized organ responsible for oocyte capture during ovulation,
sperm transport, fertilization, and early embryo transport and development. For a long time, the
uterine tubes have been viewed merely as passive tubes with an exclusive transport function. This
obsolete notion has been overturned by new discoveries that recognize the uterine tube as a highly
dynamic organ involved in sperm capacitation, early crosstalk between the uterine tube wall and
the blastocyst, and immune modulation necessary for normal pregnancy (Roy et al., 2026). The
uterine tube wall comprises the mucosa with the uterine tube epithelium and the stromal
compartment, which features smooth muscle cells, immune cells, blood vessels, nerve fibers, and
newly described telocytes (Varga et al., 2024).

Telocytes are distinguished by the extremely long, thin cytoplasmic projections called telopodes,
which feature alternating thick and thin segments, termed podomers and podoms, respectively, and
contain mitochondria, endoplasmic reticulum, and caveolae. Thanks to this arrangement, telopodes
look like a bead string. Telopodes enable telocytes to communicate with other cells over long
distances (Rosa et al., 2021).

Research over the past five years has shown that telocytes are distributed throughout all layers of
the uterine tube wall, including the lamina propria of the mucosa, the muscle layer, and the
subserosal connective tissue. Recent investigations suggest that telocytes may be involved in tubal
motility, hormone sensing, immune regulation, fertility, and normal reproduction (Klein et al.
2022).

Materials and Methods

We searched the PubMed/MEDLINE database for papers between 2020 and 2026 using
the keywords telocytes AND uterine tube OR Fallopian tube to identify relevant articles published
during this period on the topic. We also harvested uterine tube specimens from ten women
undergoing salpingectomy for various diagnoses, where removal of the uterine tube was indicated,
but the uterine tube itself was intact. Tissues were processed by the standard formalin-fixed
paraffin-embedded technique, routinely performed at our workplace. In summary, 24-hour fixation
in formalin was followed by paraffin embedding and rotary microtome sectioning into 5 um thick
sections. For immunohistochemistry, we used a primary antibody against CD117 (c-kit). The
primary antibody was diluted according to the manufacturer’s instructions. The EnVisionTM
FLEX Detection system (DAKO, Denmark) with diaminobenzidine as the chromogen was used
for visualization; specimens were counterstained with Mayer’s hematoxylin. The specimens were
examined using a LEICA DM2500 microscope, and images were captured using the LEICA
DFC290HD digital camera.

Results

Telocytes have been best observed in the ampulla of the uterine tube. Their distribution has been
sparse; we observed them mainly in the connective tissue lamina propria (Figure 1) of the mucosa
and in the muscle layer among smooth muscle cells (Figure 2), and around blood vessels (Figure
3). Figure 1 shows that telocytes are mostly spindle-shaped, a feature that can distinguish them
from mast cells (also CD117-positive). In all figures, black arrows point to telocytes. In Figure 1,
the red arrows show the initial portion of the telopode extending from the cell body. The rest of
the telopode cannot be seen at the level of light microscopy, since its thickness is generally just
under the resolving power of a light microscope, apart from the thicker portion near the cell body.
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Figure 1. Telocytes in the lamina propria of the mucosa (black arrows). In some, the initial aspect
of telopodes can be seen in higher magification (red arrows) (Orig. Magn. 100x).

Figure 2. Telocytes between smooth muscle cells in the muscle layer (black arrows) (Orig. Magn.
100x).

53



S

Figure 3. Telocytes around blood vessels (black arrows) (Orig. Magn. 100x)

Discussion

The definitive identification of telocytes via IHC has been challenging, as no single 100% specific
telocyte marker has been identified to date. Therefore, transmission electron microscopy is the
gold standard for telocyte morphological description (Rosa et al., 2023). The most commonly
described features are a small spindle, a triangular or piriform cell body, two to five telopodes
extending over tens to hundreds of micrometers, a moniliform appearance (podomere and podom
alternation), and the formation of 3D networks around smooth muscle cells, blood vessels, nerves,
and immune cells. Although THC is not the preferred method for telocyte morphological
description, the advantage is that their normal tissue distribution can be easily seen, and this
morphological approach is less demanding from a technical perspective (Soliman et al., 2024).
Although many potential telocyte markers have been identified, CD117 is among the most reliable
markers in the female reproductive system (Varga et al., 2017). Our photomicrographs focus
mostly on the uterine tube ampulla, but telocytes have been observed in all layers of the uterine
tube wall. Their close contact with smooth muscle cells in the muscle layer suggests their role in
tubal motility. Telocytes have also been identified near blood vessels and nerve fibers. For
instance, Aleksandrovych et al. (2021) showed close anatomical proximity with nerve fibers,
indicating a role in neuromuscular signaling. Telocytes have also been demonstrated to express
estrogen and progesterone receptors, suggesting their role in hormone sensing (Aleksandrovych et
al. 2020). Importantly, telocytes have been implicated in tubal immune homeostasis and
intercellular communication. Although the body of evidence is limited, telocytes are possible
critical players in normal reproduction, supporting a favorable microenvironment for fertilization
and embryo transport (Marca et al., 2025). Interestingly, recent papers suggest that telopodes
running over long distances are not absolutely necessary for telocytes to function properly, as cells
in the uterine tube, including telocytes, produce extracellular vesicles containing microRNAs,
proteins, and other signaling molecules that mediate cell-to-cell communication,
immunomodulation, and other functions (Kovacova Ilijew et al. 2026).

Conclusion
Taken together, telocytes are possibly very important in normal tubal function. However, there are
still several limitations that have to be addressed in future research, mainly standardization of
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criteria for telocyte identification, characterizing telocyte-specific molecular signatures using
single-cell transcriptomics, investigating their electrophysiological properties, exploring more
precisely their role in infertility, ectopic pregnancy, and chronic inflammatory disorders, and
finally, yet importantly, evaluating their potential applications in regenerative medicine (Sanches
et al., 2024).
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