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Wykaz stosowanych skrótów 

1H-NMR – protonowy magnetyczny rezonans jądrowy  

(ang. proton nuclear magnetic resonance) 

AB – bariera pajęczynówki (ang. arachnoid barrier) 

AC – astrocyty (ang. astrocyte cells) 

AD – choroba Alzheimera (ang. Alzheimer’s disease) 

AFM – mikroskopia sił atomowych (ang. atomic force microscopy) 

AGS – suplement wzrostu dla astrocytów (ang. astrocyte growth supplement) 

ALS – stwardnienie zanikowe boczne (ang. amyotrophic lateral sclerosis) 

APP – białko prekursorowe amyloidu (ang. amyloid precursor protein) 

APOE4 – apolipoproteina E4 (ang. apolipoprotein E4) 

aPTT – czas częściowej tromboplastyny po aktywacji 
(ang. activated partial thromboplastin time) 

Aβ – amyloid β (ang. amyloid β) 

BA – bazofile (ang. basophils) 

BACE1 – enzym tnący APP w miejscu β 1 (ang. beta-site app cleaving enzyme 1) 

BBB – bariera krew–mózg (ang. blood-brain barrier) 

BCSFB – bariera krew–płyn mózgowo-rdzeniowy 
(ang. blood‑cerebrospinal fluid barrier) 

BSCB – bariera krew–rdzeń kręgowy (ang. blood-spinal cord barrier) 

CBF – mózgowy przepływ krwi (ang. cerebral blood flow) 

CD – dichroizm kołowy (ang. circular dichroism) 

CI – indeks komórkowy (ang. cell index) 

CMT – transport za pośrednictwem nośników (ang. carrier–mediated transport) 

CNS – ośrodkowy układ nerwowy (ang. central nervous system) 

CVO – narządy okołokomorowe (ang. circumventricular organs) 

Cy-5 – cyjanina-5 (ang. cyanine-5) 
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DAMPs – struktury molekularne związane z uszkodzeniem 
(ang. damage-associated molecular patterns) 

ddPCR – kropelkowo-cyfrowa reakcja łańcuchowa polimerazy 
(ang. droplet digital polymerase chain reaction) 

DIC – rozsiane wykrzepianie wewnątrznaczyniowe (ang. disseminated 
intravascular coagulation) 

DLS – dynamiczne rozpraszanie światła (ang. dynamic light scattering) 

DMT – terapie modyfikujące przebieg choroby (ang. disease-modifying therapies) 

DPH  – 1,6-difenylo-1,3,5-heksatrien (ang. 1,6-diphenyl- 1,3,5-hexatriene) 

EC – komórki śródbłonka (ang. endothelial cells) 

ECGS – suplement wzrostu komórek śródbłonka 
(ang. endothelial cell growth supplement) 

EMA – Europejska Agencja Leków (ang. European Medicines Agency) 

EO – eozynofile (ang. eosinophils) 

FBS – płodowa surowica bydlęca (ang. fetal bovine serum) 

FDA – Agencja Żywności i Leków (ang. Food and Drug Administration) 

FHA – szybki test halo (ang. fast halo assay) 

FITC – izotiocyjanian fluoresceiny (ang. fluorescein isothiocyanate) 

FP – polaryzacja fluorescencji (ang. fluorescence polarization) 

GalNAc – triantenarna n-acetylogalaktozamina (ang. triantennary n-
acetylgalactosamine) 

GBM – błona podstawna kłębuszka nerkowego 
(ang. glomerular basement membrane) 

H2DCF-
DA – dioctan dichlorodihydrofluoresceiny 

(ang. dichlorodihydrofluorescein diacetate) 

HCT – hematokryt (ang. hematocrit) 

HD – choroba Huntingtona (ang. Huntington’s disease) 

HGB – hemoglobina (ang. hemoglobin) 

HSA – albumina surowicy ludzkiej (ang. human serum albumin) 
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IATA – zintegrowane podejścia do badań i oceny 
(ang. integrated approaches to testing and assessment) 

IFNα2 – interferon α 2 (ang. interferon α 2) 

IL-10 – interleukina 10 (ang. interleukin 10) 

IL-12p40 – podjednostka p40 interleukiny 12 (ang. interleukin 12 beta chain p40) 

IL-6 – interleukina 6 (ang. interleukin 6) 

IL-8 – interleukina 8 (ang. interleukin 8) 

ISF – płyn śródmiąższowy (ang. interstitial fluid) 

ITC – izotermiczna kalorymetria miareczkowa 
(ang. isothermal titration calorimetry) 

ITS – zintegrowane strategie badań (ang. integrated testing strategies) 

IVIS – system obrazowania in vivo (ang. in vivo imaging system) 

KI – wbudowanie genu (ang. knock-in) 

LC-MS – chromatografia cieczowa sprzężona ze spektrometrią mas 
(ang. liquid chromatography–mass spectrometry) 

LY – limfocyty (ang. lymphocytes) 

MAF – wskaźnik niedokrwistości mikrocytarnej (ang. microcytic anemia factor) 

MCHC – średnie stężenie hemoglobiny w krwince czerwonej 
(ang. mean corpuscular hemoglobin concentration) 

MCV – średnia objętość krwinki czerwonej (ang. mean corpuscular volume) 

MFI – średnia intensywność fluorescencji (ang. mean fluorescence intensity) 

MO – monocyty (ang. monocytes) 

MPS – układ fagocytów jednojądrzastych (ang. mononuclear phagocyte system) 

MPV – średnia objętość płytek krwi (ang. mean platelet volume) 

MWM – labirynt wodny Morrisa (ang. Morris water maze) 

NCI – znormalizowany indeks komórkowy (ang. normalised cell index) 

NDF – współczynnik dyfuzji jądrowej (ang. nuclear diffusion factor) 

NE – neutrofile (ang. neutrophils) 

NFTs – sploty neurofibrylarne (ang. neurofibrillary tangles) 
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NIR – bliska podczerwień (ang. near-infrared) 

NMDA – N-metylo-D-asparaginian (ang. N-methyl-D-aspartate) 

NOR – test rozpoznawania nowego obiektu (ang. novel object recognition test) 

NRC – znormalizowany parametr konfluencji fluorescencji czerwonej 
(ang. normalised red confluence) 

NVU – jednostka neuro-naczyniowa (ang. neurovascular unit) 

OFT – test otwartego pola (ang. open field test) 

P/S – penicylina–streptomycyna (ang. penicillin–streptomycin) 

PAMPs – wzorce molekularne związane z patogenami 
(ang. pathogen-associated molecular patterns) 

PBMC – komórki jednojądrzaste krwi obwodowej 
(ang. peripheral blood mononuclear cells) 

PBS – buforowany roztwór soli fosforanowej (ang. phosphate buffered saline) 

PC – perycyty (ang. pericyte cells) 

PCT – prokalcytonina (ang. procalcitonin) 

PD – choroba Parkinsona (ang. Parkinson's disease) 

PDW – wskaźnik zróżnicowania objętości płytek (ang. platelet distribution width) 

PEG – glikol polietylenowy (ang. polyethylene glycol) 

PGS – suplement wzrostu perycytów (ang. pericyte growth supplement) 

PLL – poli-L-lizyna (ang. poly-L-lysine) 

PLTC – liczba płytek krwi (ang. platelets count) 

PLTs – płytki krwi (ang. platelets) 

PRRs – receptory rozpoznające wzorce (ang. pattern recognition receptors) 

PT – czas protrombinowy (ang. prothrombin time) 

QFA – ilościowe oznaczenie fibrynogenu (ang. quantitative fibrinogen assay) 

RBCC – liczba erytrocytów (ang. red blood cells count) 

RBCs – krwinki czerwone (ang. red blood cells) 

RDW – wskaźnik zróżnicowania objętości erytrocytów (ang. red cell distribution 
width) 
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RES – układ siateczkowo-śródbłonkowy (ang. reticuloendothelial system) 

RMT – transcytoza zależna od receptora (ang. receptor-mediated transcytosis) 

RNAi – interferencja RNA (ang. RNA interference) 

ROS – reaktywne formy tlenu (ang. reactive oxygen species) 

RTCA – analiza komórek w czasie rzeczywistym (ang. real-time cell analysis) 

siRNA – małe interferujące RNA (ang. small interfering RNA) 

SMA – rdzeniowy zanik mięśni (ang. spinal muscular atrophy) 

TEER – przezśródbłonkowy opór elektryczny 
(ang. transendothelial electrical resistance) 

TEM – transmisyjna mikroskopia elektronowa 
(ang. transmission electron microscopy) 

Tf – transferyna (ang. transferrin) 

TJ – połączenia ścisłe (ang. tight junctions) 

TMA-
DPH  – 1-(4-trimetyloaminofenylo)-6-fenylo-1,3,5-heksatrienu 

(ang. 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene) 

TNFα – czynnik martwicy nowotworów α (ang. tumor necrosis factor α) 

TT – czas trombinowy (ang. thrombin time) 

WBCC – całkowita liczba leukocytów (ang. total white blood cells count) 

WBCs – krwinki białe (ang. white blood cells) 

ZO-1 – zonula occludens-1 (ang. zonula occludens-1) 

ΔΨm – potencjał błony mitochondrialnej (ang. mitochondrial membrane potential) 
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pomiędzy Rzeczpospolitą Polską a Republiką Słowacką 
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Uniwersytet Medyczny w Łodzi, Łódź, Polska 
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III. Spis prac wchodzących w skład rozprawy doktorskiej 

Prace doświadczalne: 

(I) Zawadzki S., Martín-Serrano Á., Okła E., Kędzierska M., Garcia-Gallego S., López P.O., 

de la Mata F.J., Michlewska S., Makowski T., Ionov M., Pędziwiatr-Werbicka E., 

Bryszewska M., Miłowska K., Synthesis and biophysical evaluation of carbosilane 

dendrimers as therapeutic siRNA carriers. Sci. Rep. 2024, 14, 1615. 

https://doi.org/10.1038/s41598-024-51238-w 

Punkty MNiSW2024: 140 

IF2024: 3,9 (2-letni); 4,3 (5-letni)  

 

(II) Zawadzki S., Okła E., Michlewska S., Makowski T., Buczkowski A., O. López P., 

de la Mata F.J., Ionov M., Bryszewska M., Miłowska K., Structural and conformational 

rearrangements of human serum albumin, transferrin, and blood plasma induced by 

carbosilane dendrimer therapeutic delivery system. Sci. Rep. 2025, 15, 39650. 

https://doi.org/10.1038/s41598-025-23355-7 

Punkty MNiSW2024: 140 

IF2024: 3,9 (2-letni); 4,3 (5-letni)  

 

(III) Zawadzki S., Suty S., Okła E., Ortega López P., de la Mata F.J., Waczulikova I., Ionov 

M., Bryszewska M., Miłowska K., Hemocompatibility of Carbosilane Dendrimers 

as a Therapeutic siRNA Delivery System across Blood−Brain Barrier. ACS Appl. 

Mater. Interfaces 2026, 18, 11671−11686 https://doi.org/10.1021/acsami.5c12952 

Punkty MNiSW2024: 200 

IF2024: 8,2 (2-letni); 8,5 (5-letni) 
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Manuskrypty prac doświadczalnych przesłane do czasopisma: 

(IV) Zawadzki S., Okła E., Ortega López P., de la Mata F.J., Ionov M., Jansons J.,  

Skrastiņa D., Kreišmane M., Bryszewska M., Miłowska K. Multilevel Assessment 

 of Carbosilane Dendrimer–siRNA Nanoplatform: Cellular Compatibility,  

Blood–Brain Barrier Model Integrity, and Murine Model Biodistribution.  

2026, wysłany do czasopisma ACS Appl. Mater. Interfaces. 

 

(V) Zawadzki S., Okła E., Michlewska S., Bednarek R., Jansons J., Skrastiņa D., Kreišmane 

M., Piļipenko V., Jansone B., Ortega López P., de la Mata F.J., Ionov M., Bryszewska M., 

Miłowska K. Tiered Evaluation of Carbosilane–siRNA Nanoplatform 

from Single-Cell Biocompatibility to Blood-Brain Barrier Model Dynamics, 

 and Murine Alzheimer Model Behavior Assessment. 2026, wysłany do czasopisma 

ACS Appl. Mater. Interfaces. 

 

 

 

Łączny IF opublikowanych prac wchodzących w skład rozprawy doktorskiej: 17,1 

(480 pkt MNiSW). 
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IV. Wprowadzenie 

Współczesna neurofarmakoterapia wyraźnie zmienia kierunek przechodząc od leczenia 

jedynie objawów w stronę terapii wpływających na przebieg choroby  

(disease-modifying therapies, DMT). Podejście to, ukierunkowane na molekularnych 

mechanizmach powstawania i rozwoju choroby neurodegeneracujnej, znajduje 

już odzwierciedlenie w praktyce klinicznej. W schorzeniach rdzenia kręgowego oraz osi 

rdzeniowo-opuszkowej jak np. 5q-rdzeniowy zanik mięśni (SMA) i SOD1-zależne 

stwardnienie zanikowe boczne (ALS), wdrożono terapie oparte na oligonukleotydach 

antysensownych, małocząsteczkowych modulatorach splicingu oraz inżynierii genowej.1,2 

Większe wyzwania wiążą się natomiast z projektowaniem strategii DMT dla chorób, w których 

proces patologiczny obejmuje struktury mózgowe. W tej grupie jedyną szerzej wdrożoną 

klinicznie formą terapii DMT pozostają przeciwciała monoklonalne stosowane w chorobie 

Alzheimera (AD), podczas gdy w chorobie Parkinsona (PD) i Huntingtona (HD) analogiczne 

rozwiązania nadal pozostają na etapie badań klinicznych.3–5 W przypadku AD ograniczenia 

strategii DMT wynikają w dużej mierze z faktu, że obecnie stosowane przeciwciała 

monoklonalne są podawane ogólnoustrojowo, a ich przenikanie przez barierę krew–mózg 

(BBB) pozostaje istotnie ograniczone i przestrzennie niejednorodne. W konsekwencji 

uzyskanie efektu biologicznego wymaga długotrwałego podawania wysokich dawek 

terapeutycznych. Pomimo udokumentowanej redukcji obciążenia amyloidem i mierzalnego 

spowolnienia progresji klinicznej u pacjentów we wczesnym stadium choroby, rzeczywista 

korzyść terapeutyczna pozostaje umiarkowana.6,7 Ograniczona penetracja do mózgu rzutuje 

przy tym nie tylko na skuteczność, lecz także na bezpieczeństwo terapii. Interakcja przeciwciał 

z amyloidem zlokalizowanym w ścianie naczyń wiąże się z ryzykiem wystąpienia zaburzeń, 

obejmujących obrzęk oraz zmiany krwotoczne, w tym mikrowylewy.3 

W tym kontekście coraz większe znaczenie zyskują strategie etiotropowe, 

 które nie skupiają się na usuwaniu późnych skutków choroby, lecz na regulowaniu 

wcześniejszych mechanizmów prowadzących do jej rozwoju. W odróżnieniu od przeciwciał 

monoklonalnych, które oddziałują głównie na pozakomórkowe patologiczne formy amyloidu 

β, terapie oparte na oligonukleotydach umożliwiają selektywną regulację ekspresji czynników 

uczestniczących w patogenezie neurodegeneracji. Mechanizm ten opiera się na zjawisku 

interferencji RNA (RNAi), w którym dwuniciowy siRNA po wniknięciu do komórki zostaje 

włączony do kompleksu RISC, a następnie kieruje sekwencyjnie swoistą degradacją 

komplementarnego mRNA. W efekcie dochodzi do posttranskrypcyjnego wyciszenia ekspresji 
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genu docelowego i wtórnego obniżenia poziomu kodowanego przez niego białka. 

Z perspektywy terapeutycznej RNAi pozwala precyzyjnie wpływać na molekularne czynniki 

choroby, zwłaszcza wtedy, gdy celem jest wybiórcze oddziaływanie na warianty genetyczne 

bezpośrednio związane z jej rozwojem.8  

Jednym z obiecujących kierunków zastosowania tej strategii w chorobie Alzheimera 

jest ukierunkowanie terapii na konkretne, dobrze scharakteryzowane czynniki genetyczne 

ryzyka. Szczególne miejsce zajmuje tu izoforma APOE4 jako najsilniejszy powszechny 

czynnik ryzyka późno rozpoczynającej się postaci AD, powiązany zarówno z zaburzeniem 

integralności BBB, jak i z upośledzeniem homeostazy amyloidu β.9–12 W tym świetle siRNA 

stanowi obiecujące narzędzie terapeutyczne, ponieważ umożliwia selektywne wyciszanie 

ekspresji genów bezpośrednio zaangażowanych w procesy patogenetyczne. Uzasadnienie 

wyboru APOE4 jako celu terapeutycznego oraz omówienie zastosowania tej strategii w terapii 

AD zostały przedstawione w pracy (V). 

Praktyczne zastosowanie terapeutycznych kwasów nukleinowych wymaga jednak 

przezwyciężenia szeregu barier fizjologicznych. Wykorzystanie nieskompleksowanych 

oligonukleotydów pozostaje w dużej mierze nieskuteczne z powodu ich niskiej stabilności, 

podatności na degradację enzymatyczną, szybkiego klirensu oraz braku zdolności 

 do przenikania przez błony biologiczne.8,13 Z tego powodu opracowanie zaawansowanych 

nośników staje się warunkiem koniecznym dla zastosowania tego rodzaju terapii. 

Skuteczny nośnik przeznaczony do dostarczania siRNA musi chronić transportowaną 

substancję leczniczą przed degradacją, destabilizacją i przedwczesną eliminacją. Powinien 

również zachowywać stabilność koloidalną w środowisku biologicznym oraz ograniczać 

nieswoiste interakcje z komponentami krwi i tkanek. Dodatkowo powinien minimalizować 

immunogenność i cytotoksyczność, wspierać transport przez bariery biologiczne 

oraz zwiększać efektywność internalizacji komórkowej (Ryc. 1). Kluczowa jest także jego 

zdolność do umożliwienia uwolnienia siRNA z endosomów i dostarczenia go do przedziału 

subkomórkowego właściwego dla mechanizmu interferencji RNA. 
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Rycina 1. Schemat formowania dendrypleksów poprzez kompleksację kationowych 

dendrymerów z ujemnie naładowanymi cząsteczkami siRNA oraz ich adsorpcji 

na ujemnie naładowanej powierzchni błony komórkowej. 

Wśród licznych rodzajów nanonośników dendrymery zajmują szczególnie istotne 

miejsce ze względu na dobrze zdefiniowaną strukturę cząsteczki i wysoki stopień 

monodyspersyjności. Ich precyzyjnie zaprojektowana, wielogałęziowa budowa umożliwia 

kontrolowane modyfikowanie parametrów fizykochemicznych, które bezpośrednio wpływają 

na profil farmakokinetyczny układu oraz na rodzaj oddziaływań z restrykcyjnymi barierami 

biologicznymi. Dzięki zdolności do efektywnego kompleksowania kwasów nukleinowych 

 oraz możliwości precyzyjnego kształtowania właściwości powierzchniowych i biologicznego 

profilu układu, dendrymery stanowią szczególnie obiecujące platformy nośnikowe dla tych 

cząsteczek.14,15 Wykorzystując te właściwości, opracowano preparaty dendrymerowe, które 

wykazały zdolność do pokonywania głównych barier fizjologicznych, w tym skóry, 

 błony śluzowej dróg oddechowych, nabłonka jamy ustnej i jelit, powierzchni oka, bariery 

łożyskowej oraz bariery krew-mózg.16–21 

Organizacja przestrzenna i właściwości fizykochemiczne nanocząstki określają 

 jej kluczowe parametry, takie jak stabilność i efektywność jego kompleksowania z siRNA. 

Parametry te wpływają także na charakter oddziaływania układu z otoczeniem fizjologicznym. 

Po wprowadzeniu do krążenia ogólnoustrojowego powierzchnia nanocząstki zostaje 

„opłaszczona” przez składniki osocza, co prowadzi do utworzenia korony biomolekularnej 

i w konsekwencji nadania jej nowych właściwości biologicznych. Ta wtórnie ukształtowana 

warstwa powierzchniowa w dużym stopniu wpływa na właściwości farmakokinetyczne 

nanocząstki. Określa m.in. czas jej krążenia we krwi, sposób rozpoznawania przez układ 
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odpornościowy, efektywność internalizacji komórkowej, biodystybucję oraz zdolność 

do selektywnego pokonywania barier biologicznych. Proces formowania korony 

biomolekularnej bezpośrednio wpływa na hemokompatybilność nanosystemu, stanowiąc jeden 

z kluczowych warunków bezpieczeństwa i skuteczności nośników podawanych parenteralnie 

(Ryc. 2).22–24 Interakcje nanocząstek z erytrocytami mogą prowadzić do hemolizy, deformacji 

błony, zmian lepkości i zaburzeń mikrokrążenia. Z kolei oddziaływania z płytkami krwi mogą 

modulować trombogenność i nasilać odpowiedź immunologiczną, natomiast kontakt 

z leukocytami może sprzyjać aktywacji układu odpornościowego, fagocytozie, sekrecji cytokin 

i akumulacji w narządach układu fagocytarnego. 

 

Rycina 2. Ilustracja obrazuje dendrypleksy po iniekcji dożylnej i ich interakcje z elementami 

 morfotycznymi krwi. Procesy te mogą indukować skutki uboczne, w tym hemolizę, 

 powstawania zakrzepów oraz aktywację układu odpornościowego. 
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Biodystrybucja nanosystemu wynika z jego właściwości fizykochemicznych, 

zmian zachodzących na jego powierzchni po kontakcie z osoczem oraz z procesów 

odpowiedzialnych za jego usuwanie z organizmu. Te czynniki wspólnie określają, jaka część 

podanej dawki jest w stanie dotrzeć do mikrokrążenia mózgowego. Skuteczność przenikania 

nośnika do ośrodkowego układu nerwowego (CNS) zależy od jego oddziaływania z barierą 

krew-mózg, która stanowi wysoce selektywną i dynamiczna granicę pomiędzy krążeniem 

ogólnoustrojowym a miąższem nerwowym. Jej właściwości wynikają nie tylko z obecności 

połączeń ścisłych ograniczających transport parakomórkowy i niskiej intensywności 

nieswoistej transcytozy, lecz także z ściśle regulowanych mechanizmów transportu 

transkomórkowego. Obejmują one bierną dyfuzję wybranych cząsteczek lipofilnych, transport 

nośnikowy, transcytozę receptorową oraz aktywny effluks ksenobiotyków.25–27 

BBB nie jest przy tym strukturą jednorodną, lecz segmentowo zróżnicowaną, której skład 

komórkowy, ekspresja transporterów i przepuszczalność zmieniają się wzdłuż osi  

tętniczkowo-kapilarno-żylnej. Wpływa to nie tylko na możliwość przedostania się terapeutyku 

do CNS, lecz również na sposób jego dystrybucji w obrębie tkanki mózgowej.28–30 

Z perspektywy projektowania terapii oznacza to, że skuteczne dostarczanie substancji 

leczniczej do mózgu zależy zarówno od zdolności przekroczenia samej bariery, 

jak i od uwzględnienia architektonicznej i funkcjonalnej złożoności mikrokrążenia 

mózgowego. W konsekwencji BBB należy traktować nie jako bierną przeszkodę, lecz jako 

kluczowy element, który współkształtuje farmakokinetykę leku, jego dostępność w tkance 

mózgowej oraz realne możliwości wdrożenia terapii ukierunkowanych na ośrodkowy układ 

nerwowy. 
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V. Założenia i cel pracy 

Skuteczne leczenie chorób neurodegeneracyjnych, takich jak choroba Alzheimera, 

wciąż stanowi poważne wyzwanie. Mimo postępu w opracowywaniu terapii modyfikujących 

przebieg choroby ich skuteczność pozostaje ograniczona, a uzyskanie terapeutycznego stężenia 

leków w ośrodkowym układzie nerwowym po podaniu ogólnoustrojowym jest w znacznym 

stopniu zależne od ich interakcji z barierą krew–mózg. siRNA ukierunkowany na APOE4 

stanowi racjonalne narzędzie modulacji ekspresji genu związanego zarówno z ryzykiem 

choroby, jak i z dysfunkcją neuro-naczyniową. Jego zastosowanie ograniczają jednak niska 

trwałość wolnego oligonukleotydu w środowisku biologicznym, szybki klirens oraz trudności 

w osiągnięciu skutecznej ekspozycji w ośrodkowym układzie nerwowym. 

Zastosowanie terapeutycznego siRNA wymaga nośnika zdolnego do tworzenia 

stabilnych kompleksów z oligonukleotydem, który ogranicza nieswoiste interakcje 

z komponentami krwi i tkanek, minimalizuje immunogenność oraz cytotoksyczność. 

Ponadto wspiera transport przez bariery biologiczne, zwiększa efektywność wychwytu 

komórkowego i dostarcza ładunek terapeutyczny do przedziału subkomórkowego właściwego 

dla mechanizmu interferencji RNA. 

Cel główny 

Głównym celem pracy była ocena właściwości fizykochemicznych, biofizycznych, 

biokompatybilności oraz funkcjonalności nanosystemu dendrymer–siRNA w modelach 

 o narastającej złożoności biologicznej ukierunkowanej na zastosowanie w terapii chorób 

neurodegeneracyjnych ośrodkowego układu nerwowego. 

Cele szczegółowe 

1. Charakterystyka fizykochemiczna panelu kationowych dendrymerów 

karbokrzemowych i ich kompleksów z siRNA oraz wyłonienie nośnika 

o najkorzystniejszym profilu do dalszych badań. 

2. Analiza oddziaływań wybranego nośnika z reprezentatywnymi białkami osocza 

i złożonym środowiskiem osocza oraz określenie hemokompatybilności, obejmujące 

parametry hemoreologiczne, immunologiczne i krzepnięcia. 
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3. Ocena wpływu dendrymeru i jego dendrypleksu na komórki jednostki 

neuronaczyniowej oraz analiza integralności i przepuszczalności modelu bariery 

krew–mózg. 

4. Określenie profilu biodystrybucji oraz weryfikacja skuteczności terapeutycznej 

dendrypleksu siRNA w zakresie przywracania wybranych parametrów sprawności 

neurobehawioralnej w modelu mysim. 

Hipoteza badawcza: 

Stabilny kompleks PEGylowanego dendrymeru karbokrzemowego z terapeutycznym 

siRNA umożliwia dostarczanie oligonukleotydu do komórek przy zachowaniu 

hemokompatybilności i biokompatybilności w modelu bariery krew-mózg in vitro 

oraz pozwalają na wydłużenie ekspozycji układowej i osiągnięcie poprawy wybranych 

parametrów behawioralnych in vivo. 
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VI. Materiały 

Dendrymery karbokrzemowe 

W badaniach wykorzystano dwa typy PEGylowanych dendrymerów karbokrzemowych 

zsyntetyzowanych w Katedrze Chemii Organicznej i Nieorganicznej Uniwersytetu w Alcalá w 

Madrycie (Hiszpania), różniących się rodzajem rdzenia, generacją oraz zakresem modyfikacji 

powierzchniowych. Struktury badanych dendrymerów przedstawiono na Rycinie 3. 

1. Dendrymer o rdzeniu krzemowym zawierający na powierzchni trzeciorzędowe 

grupy aminowe oraz pojedynczy łańcuch glikolu polietylenowego (PEG) 

o masie cząsteczkowej 6000 Da. 

G3Si(PEG6000)(NMe3+)31 

2. Dendrymery o rdzeniu floroglucynolowym z trzeciorzędowymi grupami 

aminowymi na powierzchni i jednym łańcuchem glikolu polietylenowego (PEG) 

o masie cząsteczkowej 2000 lub 6000 Da. 

G3O3(PEG6000)(NMe3+)23 

G4O3(PEG2000)(NMe3+)47 

G4O3(PEG6000)(NMe3+)47 

Rycina 3. Wzory stukturalne badanych dendrymerów karbokrzemowych. 
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siRNA (Dharmacon Inc., Lafayette, CO, USA) 

W badaniach wykorzystano dwuniciowy mały interferujący RNA (siRNA) 

ukierunkowany przeciwko sekwencji genu apolipoproteiny E4 (APOE4), stanowiący właściwy 

ładunek terapeutyczny dla badanych nanosystemów dendrymerowych. Oligonukleotyd 

stosowano w postaci nieznakowanej oraz zależnie od rodzaju doświadczenia, w wariantach 

znakowanych izotiocyjanianem fluorosceiny (FITC) lub Cyjaniną-5 (Cy-5). 

• siRNA 

nić sensowna:   5’-GAUUACCUGCGCUGGGUGCUU-3’ 

nić antysenesowna:  5’-PGCACCCAGCGCAGGUAAUCUU-3’ 

• siRNA-FITC 

nić sensowna:   5’-FITC-GAUUACCUGCGCUGGGUGCUU-3’ 

nić antysenesowna:  5’-PGCACCCAGCGCAGGUAAUCUU-3’ 

• siRNA-Cy-5 

nić sensowna:   5’-Cy-5-GAUUACCUGCGCUGGGUGCUU-3’ 

nić antysenesowna:  5’-PGCACCCAGCGCAGGUAAUCUU-3’ 

Linie komórkowe 

Do badań in vitro wykorzystano trzy ludzkie linie komórkowe istotne z punktu widzenia 

biologii bariery krew–mózg. 

• Komórki śródbłonka mikronaczyń mózgowych wyizolowanych z kory mózgowej 

HBEC-5i (ATCC, Manassas, VA, USA) 

• Astrocyty ludzkie HA (ScienCell Research Laboratories, Carlsbad, CA, USA) 

• Ludzkie perycyty naczyń włosowatych mózgu HBVP (ScienCell Research 

Laboratories, Carlsbad, CA, USA) 
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Komórkowe składniki krwi oraz krew pełna 

W badaniach wykorzystano komórkowe składniki krwi obwodowej pochodzące 

od zdrowych dawców, obejmujące erytrocyty oraz komórki jednojądrzaste krwi obwodowej 

(PBMC), które izolowano z kożuchów leukocytarno-płytkowych zakupionych w Regionalnym 

Centrum Krwiodawstwa i Krwiolecznictwa w Łodzi. 

Do wybranych analiz wykorzystywano krew pełną pobraną od zdrowych ochotników 

płci męskiej w wieku 20–30 lat, u których nie stwierdzono istotnych schorzeń; materiał 

pobierano po całonocnym poście. Wszystkie procedury prowadzono zgodnie z obowiązującymi 

zasadami etycznymi dotyczącymi badań z udziałem materiału biologicznego pochodzenia 

ludzkiego. Badanie to przeprowadzono zgodnie z zasadami etycznymi określonymi 

w Deklaracji Helsińskiej, a protokół badania został zatwierdzony przez Instytucjonalną 

Komisję Etyczną przy Instytucie Onkologii św. Elżbiety w Bratysławie (nr zatwierdzenia 

03-2020/EK OSA, podpisany 4 marca 2020 r.). 

Białka 

W badaniach wykorzystano dwa reprezentatywne białka surowicy ludzkiej, dobrane ze 

względu na ich znaczenie fizjologiczne oraz odmienny profil oddziaływań z cząsteczkami 

egzogennymi: albuminę surowicy ludzkiej (HSA) (Sigma Aldrich, St. Louis, MO, USA) 

oraz transferynę surowicy ludzkiej (Tf) (Biorbyt Ltd, Cambridge, UK). 
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Zwierzęta 

W badaniach wykorzystano samice myszy C57BL/6 (Charles River, Niemcy) oraz samice 

mysiego modelu typu knock-in APOE4 (B6(SJL)-Apoetm1.1(APOE*4)Adiuj/J; The Jackson 

Laboratory, USA). Zwierzęta utrzymywano grupowo (5–8 osobników w klatce) w warunkach 

kontrolowanych, w temperaturze 22°C, przy 12-godzinnym cyklu światło/ciemność, 

z nieograniczonym dostępem do karmy i wody. Przed rozpoczęciem doświadczeń myszy 

aklimatyzowano przez 7 dni oraz regularnie monitorowano pod względem pobierania pokarmu 

i wody, masy ciała, stanu skóry i sierści oraz zmian w miejscu iniekcji. 

Wszystkie procedury przeprowadzano zgodnie z Europejską konwencją o ochronie 

zwierząt kręgowych wykorzystywanych do celów doświadczalnych i innych celów naukowych 

(Strasburg, 1986) oraz po uzyskaniu zgody Komisji Etycznej Łotewskiej Służby Żywności 

i Weterynarii (nr 142/2023). Zabiegi inwazyjne wykonywano w znieczuleniu ogólnym, 

a po zakończeniu eksperymentów zwierzęta poddawano humanitarnej eutanazji po uprzednim 

głębokim znieczuleniu. Wszystkie procedury wykonywał przeszkolony personel. 
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VII. Metody 

Synteza dendrymerów karbokrzemowych – część badań wykonano podczas stażu 

w Katedrze Chemii Organicznej i Nieorganicznej Uniwersytetu w Alcalá de Henares 

(Hiszpania). 

• Synteza prekursorów dendrymerów opartych na rdzeniu floroglucynolowym 

lub krzemowym oraz ich heterofunkcjonalizacja z użyciem łańcucha PEG 

i grup aminowych. 

• Spektroskopia protonowego rezonansu magnetycznego (1H-NMR) została 

wykorzystana do potwierdzenia kolejnych etapów syntezy i funkcjonalizacji 

dendrymerów. 

Charakterystyka fizykochemiczna i biofizyczna 

• Dynamiczne rozpraszanie światła (DLS) zostało zastosowane do wyznaczania średnicy 

hydrodynamicznej dendrymerów i dendrypleksów oraz oceny ich dyspersyjności 

w roztworze. 

• Pomiar potencjału zeta został przeprowadzony w celu określenia ładunku 

powierzchniowego dendrymerów i ich kompleksów z siRNA oraz wyznaczenia punktu 

wysycenia kompleksu. 

• Transmisyjna mikroskopia elektronowa (TEM) została wykorzystana do oceny 

morfologii, kształtu i rozmiaru wolnych dendrymerów oraz dendrypleksów. 

• Mikroskopia sił atomowych (AFM) została zastosowana do obrazowania morfologii 

siRNA, dendrymerów oraz ich kompleksów. 

• Polazryzacja fluorescencji (FP) została wykorzystana do monitorowania zmian 

uporządkowania i ruchliwości siRNA znakowanego fluoresceiną podczas stopniowej 

kompleksacji z badanymi dendrymerami oraz do oceny trwałości 

dendrypleksów w czasie. 

• Spektroskopia dichroizmu kołowego siRNA (CD) została zastosowana do oceny zmian 

struktury oligonukleotydu po kontakcie z rosnącymi stężeniami dendrymerów. 

• Elektroforeza agarozowa z barwnikiem GelRed została wykorzystana do wyznaczenia 

punktu wysycenia kompleksu na podstawie zaniku sygnału wolnego 

oligonukleotydu w żelu. 
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Analizy oddziaływań z białkami osocza oraz złożonym środowiskiem osocza 

• Technika wygaszania fluorescencji tryptofanu w białkach została zastosowana do oceny 

oddziaływań dendrymeru z albuminą surowicy ludzkiej i transferyną na podstawie 

zmian intensywności ich autofluorescencji. 

• Spektroskopia dichroizmu kołowego (CD) została przeprowadzona w celu oceny zmian 

struktury drugorzędowej albuminy i transferyny w obecności dendrymeru, a udział 

poszczególnych elementów strukturalnych określono metodą dekonwolucji CDNN. 

• Izotermiczna kalorymetria miareczkowa (ITC) zostało wykorzystane do wyznaczenia 

stechiometrii, stałej wiązania oraz funkcji termodynamicznych oddziaływania 

dendrymer–albumina w roztworze. 

• Mikroskopia sił atomowych (AFM) została wykorzystana do oceny przestrzennego 

rozmieszczenia i morfologii albuminy, osocza i ich koniugatów z dendrymerem. 

• Transmisyjna mikroskopia elektronowa (TEM) została zastosowana do oceny 

przestrzennego rozmieszczenia i zmian morfologicznych albuminy, osocza 

i ich koniugatów z dendrymerem. 

Ocena hemokompatybilności – część badań wykonano podczas stażu w Katedrze Fizyki 

Jądrowej i Biofizyki, Uniwersytetu Komeńskiego w Bratysławie (Słowacja). 

• Hemolizę erytrocytów po ekspozycji na dendrymer oraz dendrypleks oznaczano 

spektrofotometrycznie, zarówno w warunkach bez, jak i w obecności osocza. 

• Test redukcji resazuryny (Alamar Blue) został zastosowany do oceny aktywności 

mitochondrialno-metabolicznej oraz żywotności komórek jednojądrzastych krwi 

obwodowej (PBMC) po inkubacji z dendrymerem lub dendrypleksem na podstawie 

fluorescencyjnego odczytu redukcji barwnika. 

• Wieloparametrowy test immunologiczny oparty na systemie Luminex MAGPIX został 

zastosowany do ilościowego oznaczania interferonu α2 (IFNα2), interleukiny 6 (IL-6), 

interleukiny 8 (IL-8), interleukiny 10 (IL-10), podjednostki p40 interleukiny 12 

(IL-12p40) i czynnika martwicy nowotworów α (TNFα) w supernatantach hodowli 

PBMC po ekspozycji na badane związki, zarówno w środowisku o niskiej oraz wysokiej 

zawartości osocza 

• Reometria rotacyjna pełnej krwi została zastosowana do oceny właściwości 

hemoreologicznych na podstawie pomiaru lepkości w szerokim zakresie 

szybkości ścinania. 
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• Pomiar anizotropii fluorescencji sond DPH i TMA-DPH został zastosowany do oceny 

wpływu badanych związków na płynność błon erytrocytarnych. 

• Oznaczanie parametrów morfologii krwi z użyciem analizatora COULTER DxH 800 

zostało przeprowadzone w celu ilościowej oceny zmian hematologicznych 

po ekspozycji na badane związki. 

• Oznaczanie parametrów hemostatycznych z wykorzystaniem analizatora ACL Top 500 

CTS zostało zastosowane do oceny zmian w układzie krzepnięcia po kontakcie krwi 

z badanymi związkami. 

Profilowanie biokompatybilności komórkowej 

• Test redukcji MTT został wykorzystany do oceny aktywności mitochondrialno-

metabolicznej oraz żywotności komórek po inkubacji z dendrymerem 

lub dendrypleksem na podstawie spektrofotometrycznego odczytu redukcji barwnika. 

• Oznaczanie reaktywnych form tlenu (ROS) z użyciem sondy H2DCF-DA zostało 

wykorzystane do ilościowej oceny stresu oksydacyjnego indukowanego 

przez badane związki w komórkach. 

• Oznaczanie potencjału błony mitochondrialnej (ΔΨm) z wykorzystaniem sondy 

fluorescencyjnej JC-1 zostało zastosowane do oceny zaburzeń funkcji mitochondrialnej 

po ekspozycji na dendrymer lub jego dendrypleks. 

• Szybki test halo (Fast Halo Assay, FHA) został przeprowadzony w celu oceny 

uszkodzeń DNA analizowanych na poziomie pojedynczej komórki z wykorzystaniem 

mikroskopii fluorescencyjnej i półautomatycznej analizy obrazów. 

• Mikroskopia konfokalna znakowanych fluorescencyjnie: siRNA, dendrymerów 

i dendrypleksów została wykorzystana do oceny internalizacji i subkomórkowej 

lokalizacji badanych związków. 
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Analiza integralności oraz funkcjonalności modelu bariery krew–mózg 

• Monitorowanie impedancji w czasie rzeczywistym za pomocą systemu xCELLigence 

RTCA eSight zostało zastosowane do oceny odpowiedzi modelu BBB na ekspozycję 

na nośnik lub dendrypleks. 

• Mikroskopia fluorescencyjna żywych komórek z użyciem barwnika jądrowego 

eLive Red została wykorzystana do równoległej oceny konfluencji jądrowej 

i zmian morfologicznych w modelu BBB monitorowanym w czasie rzeczywistym. 

• Pomiar oporu elektrycznego (TEER) w dwuprzedziałowym systemie opartym 

na insertach membranowych został wykorzystany do oceny przewodnictwa jonowego 

i integralności modelu BBB po ekspozycji na badane związki. 

• Test przepuszczalności parakomórkowej z wykorzystaniem fluorescencyjnie 

znakowanego dekstranu został zastosowany do ilościowej oceny transportu 

makrocząsteczek przez model BBB po ekspozycji na badane związki 

w dwuprzedziałowym układzie opartym na insertach membranowych, na podstawie 

pomiaru intensywności fluorescencji. 

Charakterystyka biodystybucji i efektów behawioralnych w modelu mysim – badania 

wykonane w Łotewskim Centrum Badań i Studiów Biomedycznych (Latvian Biomedical 

Research and Study Centre) w Rydze (Łotwa). 

• Fluorescencyjne obrazowanie in vivo (IVIS) zostało wykorzystane do nieinwazyjnej, 

oceny ustrojowej biodystybucji i utrzymywania się fluorescencyjnie znakowanego 

siRNA w modelu mysim po wielokrotnym dożylnym podaniu dendrypleksu 

lub nieskompleksowanego siRNA. 

• Fluorescencyjne obrazowanie narządów ex vivo metodą IVIS zostało zastosowane do 

oceny dystrybucji fluorescencyjnie znakowanego siRNA w wątrobie, śledzionie, 

nerkach, sercu, płucach i mózgu po wielokrotnym dożylnym podaniu dendrypleksu 

lub nieskompleksowanego siRNA. 

• Test labiryntu wodnego Morrisa (MWM) został wykorzystany do oceny zmian 

behawioralnych, obejmujących uczenie przestrzenne i pamięć referencyjną, w mysim 

modelu choroby Alzheimera oraz grupie kontrolnej po wielokrotnym dożylnym 

podaniu dendrypleksu lub nieskompleksowanego siRNA. 
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VIII. Omówienie prac wchodzących w skład rozprawy doktorskiej 

Cykl pięciu prac składających się na niniejszą rozprawę doktorską został opracowany 

jako spójny ciąg badań, mający na celu ocenę właściwości, bezpieczeństwa i funkcjonalności 

nanosystemu dendrymer–siRNA. Kolejne prace realizują założenia inteligentnej strategii 

testowania (ITS/IATA), opartej na iteracyjnym redukowaniu niepewności badawczej poprzez 

dobór modeli o rosnącym stopniu złożoności oraz wnioskowanie oparte na łącznej ocenie 

dowodów (weight of evidence). Podejście to uwzględnia złożoność interakcji nanomateriału 

począwszy od charakterystyki jego parametrów fizykochemicznych, poprzez analizę korony 

biomolekularnej i ocenę hemokompatybilności oraz odpowiedzi komórkowej, następnie 

przechodząc do oceny integralności i przepuszczalności modelowej bariery krew-mózg (BBB), 

aż po weryfikację w modelu in vivo. Tak zdefiniowana sekwencja walidacji hipotez została 

bezpośrednio włączona do wytycznych toksykologicznych ISO oraz OECD, podkreślając 

znaczenie wielopoziomowej preselekcji oraz komplementarnego doboru punktów końcowych. 

Punkt wyjścia cyklu badań stanowiła synteza i charakterystyka fizykochemiczna 

czterech kationowych dendrymerów karbokrzemowych o zróżnicowanej strukturze (praca I). 

Panel obejmował cztery niedostępne komercyjnie dendrymery karbokrzemowe o dodatnim 

ładunku powierzchniowym, różniące się typem rdzenia, generacją oraz długością łańcucha 

polietylenoglikolowego (PEG). Zastosowanie technik biofizycznych pozwoliło na wykazanie 

bezpośredniej zależności między budową chemiczną dendrymerów a ich stabilnością 

i właściwościami powierzchniowymi. 

Charakterystykę fizykochemiczną przeprowadzono zarówno dla nośników w formie 

wolnej, jak i po utworzeniu kompleksów z siRNA (dendrypleksów). Metoda dynamicznego 

rozpraszania światła (DLS) posłużyła do wyznaczenia średnicy hydrodynamicznej obejmującej 

nanocząstkę wraz z otoczką solwatacyjną i łańcuchem PEG. Z kolei pomiary potencjału zeta 

pozwoliły określić potencjał elektrostatyczny na płaszczyźnie poślizgu cząsteczki 

co determinuje siłę oddziaływań kationowego nośnika z anionowymi fosforanami siRNA. 

Morfologię wybranego układu zweryfikowano za pomocą transmisyjnej mikroskopii 

elektronowej (TEM) oraz mikroskopii sił atomowych (AFM), dostarczając informacji 

o rozkładzie wielkości i organizacji przestrzennej. Proces kompleksowania opisano 

wielometodowo, traktując go jako kluczowy element warunkujący funkcjonalność 

nanosystemu. Analiza procesu kompleksowania pozwoliła na szczegółową charakterystykę 

mechanizmu oddziaływania dendrymer-siRNA, ocenę wpływu dendrymerów na strukturę 



 

 29 

przestrzenną oligonukleotydu oraz morfologię wybranego układu. Analiza polaryzacji 

fluorescencji umożliwiła określenie stabilności kompleksów w czasie i ocenę powinowactwa 

wiązania siRNA poprzez monitorowanie stopnia zahamowania rotacji wyznakowanego 

oligonukleotydu w roztworze. Dichroizm kołowy (CD) dostarczył wglądu w zmiany 

konformacji przestrzennej siRNA na skutek oddziaływania z dendrymerem. Proces 

kompleksacji monitorowano także za pomocą elektroforezy żelowej, która pozwoliła 

na wizualizację wygaszania fluorescencji siRNA wskutek tworzenia dendrypleksów 

i zahamowania migracji w żelu agarozowym. Na podstawie wyników tych analiz określono 

punkt optymalnego wysycenia kompleksu siRNA wykorzystując segmentową analizę regresji. 

Równolegle przeprowadzona przesiewowa ocena cytotoksyczności dendrymerów 

z wykorzystaniem testu MTT, umożliwiającego pomiar mitochondrialnej aktywności 

oksydacyjnej, w komórkach śródbłonka naczyniowego mózgu (linia HBEC-5i) dostarczyła 

danych dotyczących biokompatybilności badanych nośników, co pozwoliło na wyłonienie 

kandydata o najkorzystniejszym profilu bezpieczeństwa.  

Analiza danych biofizycznych i biologicznych pozwoliła wybrać dendrymer G3Si 

PEG6000 jako kandydat do dalszych etapów badań, ze względu na najsilniejsze powinowactwo 

do siRNA, najmniejszą średnicą hydrodynamiczną powstających dendrypleksów 

oraz najbardziej korzystny, z punktu widzenia bezpieczeństwa komórkowego, profil 

cytotoksyczności. Wybór nośnika o optymalnych parametrach wyjściowych w połączeniu z 

precyzyjnym określeniem stosunku kompleksacji siRNA z dendrymerem (1:2,5) 

wykorzystywanego w kolejnych etapach eksperymentalnych, stanowi kluczowy fundament 

dalszych badań umożliwiając wdrażanie modeli o wyższym stopniu złożoności biologicznej. 

Drugi etap badań poświęcono analizie tożsamości biologicznej wybranego nośnika, 

rozumianej jako zespół właściwości fizykochemicznych ujawniających się dopiero w kontakcie 

z krwią. Po wprowadzeniu do krążenia ogólnoustrojowego dendrymer natychmiast oddziałuje 

z białkami osocza, lipidami oraz cukrami, co prowadzi do adsorpcji tych biomolekuł 

na jego powierzchni i powstania korony biomolekularnej. Powstająca w ten sposób warstwa 

między nanomateriałem a środowiskiem biologicznym współdecyduje zarówno 

o biodystrybucji, jak i o hemokompatybilności układu. Celem tego etapu było przejście 

od charakterystyki fizykochemicznej nośnika do oceny jego zachowania w kontakcie 

z osoczem oraz wpływu tych interakcji na jego aktywność biologiczną. Wyniki tych analiz 

przedstawiono w pracach (II) i (III). 
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W pierwszej części tego etapu (praca II) skoncentrowano się na oddziaływaniach 

dendrymeru G3Si PEG6000 z reprezentatywnymi białkami osocza (transferryną i albuminą 

surowicy ludzkiej) oraz złożonym środowiskiem osocza (Ryc. 4). Analiza wygaszania 

fluorescencji wykazała wyższe powinowactwo badanego dendrymeru do transferryny 

niż do albuminy. Jednocześnie pomiary dichroizmu kołowego (CD) wykazały, że reorganizacja 

struktury drugorzędowej jest silniejsza w przypadku albuminy. Złożony, wieloetapowy 

charakter zmian konformacyjnych obu białek wskazuje na udział wielu domen wiążących 

oraz dynamiczny charakter formowania się oddziaływań dendrymer–białko. W toku dalszych 

eksperymentów albuminę przyjęto jako kluczowy model, ze względu na silne interakcje 

z dendrymerem prowadzące do istotnych modyfikacji jej struktury drugorzędowej. 

Wyniki izotermicznej kalorymetrii miareczkowej (ITC) potwierdziły, że oddziaływanie 

albumina–G3Si-PEG6000 zachodzi z udziałem wielu cząsteczek dendrymeru przypadających 

na jedną cząsteczkę HSA, a profil termodynamiczny procesu wskazuje dominujący udział 

entropii. Dane te, skorelowane z obrazowaniem za pomocą mikroskopii sił atomowych (AFM) 

oraz transmisyjnej mikroskopii elektronowej (TEM), sugerują, że zmiany w strukturze drugo- 

i trzeciorzędowej indukowane przez dendrymer mogą inicjować proces nukleacji, 

które sprzyjają nieprawidłowemu fałdowaniu białek, oligomeryzacji i tworzeniu protofibryli. 

 

Rycina 4. Ilustracja oddziaływań białkowo-dendrymerowych z udziałem 

albuminy (fiolet) i transferryny (pomarańcz). 
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Należy jednak zaznaczyć, że efekt działania dendrymerów in vivo jest wypadkową 

pomiędzy ich zdolnością do koncentracji białek a potencjałem do ich sekwestracji i stabilizacji. 

W warunkach fizjologicznych proces ten jest modulowany przez charakter przepływu krwi 

(laminarny oraz turbulentny), dynamiczną przebudowę korony na drodze konkurencyjnej 

adsorpcji (efekt Vromana) oraz mechanizmy klirensu systemowego. W konsekwencji badanie 

hemokompatybilności nanosystemu G3Si PEG6000 ujęto jako kompleksową ocenę interakcji 

zarówno wolnego dendrymeru, jak i dendrypleksu, rozróżniając efekty wynikające 

z bezpośredniego kontaktu powierzchni nośnika z komponentami krwi od efektów 

wynikających z oddziaływania za pośrednictwem korony biomolekularnej. 

Przyjęcie tak sformułowanego protokołu badawczego zapewnia holistyczny wgląd w profil 

bezpieczeństwa nośnika, obejmujący zarówno bezpośrednie interakcje z elementami 

morfotycznymi, jak i wpływ na parametry hemoreologiczne, kaskadę krzepnięcia 

oraz odpowiedź immunologiczną. 

Weryfikacja hemolityczna wykazała, że nieskompleksowany dendrymer indukuje 

hemolizę erytrocytów, jednak kompleksacja dendrymeru z siRNA oraz formowanie korony 

biomolekularnej skutecznie ograniczają bezpośrednie uszkodzenia erytrocytów. Oznacza to, 

że w warunkach zbliżonych do fizjologicznych kationowe grupy dendrymeru są słabiej 

eksponowane. Zmiany hemoreologiczne w krwi pełnej wywołane przez dendrypleks miały 

umiarkowany charakter i ujawniały się przede wszystkim przy niskich szybkościach ścinania. 

Analiza anizotropii fluorescencji sond DPH i TMA-DPH wykazała, że badany nanosystem 

zwiększa płynność błon erytrocytów. Pozwoliło to sformułować hipotezę, że obserwowany 

wzrost lepkości wynika z nasilenia sił adhezji między komórkami, a nie z usztywnienia błon 

erytrocytów. Wyniki uzyskane testem Alamar Blue nie wykazały istotnego spadku żywotności 

jednojądrzastych komórek krwi obwodowej (PBMC) po 24 i 48 godzinach ekspozycji, 

co wskazuje, że nanosystem nie zaburza ich funkcji i może być dobrze tolerowany 

przez komórki układu odpornościowego. 

Analiza wpływu nanosystemu na profil sekrecji cytokin oraz chemokin przez PBMC 

przy użyciu multipleksowej analizy metodą cytometrii przepływowej na mikrokulkach 

wykazało obecność subtelnych, a zarazem zależnych od obecności osocza, zmian w poziomach 

interleukiny 6 (IL-6), interleukiny 8 (IL-8) oraz czynnika martwicy nowotworów α (TNFα). 

Zmiany te pozostawały jednak poniżej progów istotności klinicznej. Analizy hematologiczne 

wykorzystujące wiele zintegrowanych technik wskazują, że badane nanowektory nie wpływają 

negatywnie na parametry związane z czerwonymi krwinkami, białymi krwinkami ani płytkami 
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krwi. Co istotne, większość wskaźników krzepnięcia utrzymała się w zakresie wartości 

fizjologicznych. Wyjątek stanowiło zależne od stężenia, wydłużenie czasu częściowej 

tromboplastyny po aktywacji (aPTT). Zjawisko to sugeruje niewielki wpływ badanych 

substancji na wewnętrzną kaskadę krzepnięcia przy jednoczesnym zachowaniu prawidłowych 

wartości czasu protrombinowego (PT) i trombinowego (TT). 

Uzyskany zestaw wyników pozwolił zakwalifikować dendrypleks G3Si PEG6000 

jako układ o profilu hemokompatybilności umożliwiającym jego dalszą ocenę przedkliniczną, 

przy jednoczesnym wskazaniu obszarów wrażliwych wymagających dalszego monitorowania. 

Etap ten stanowi wstępną walidację translacyjną, ponieważ minimalizuje ryzyko, 

że efekty obserwowane w kolejnych modelach będą wynikiem niespecyficznych zaburzeń 

wywołanych interakcją z elementami krwi, a nie konsekwencją mechanizmów właściwych 

dla oddziaływania nanosystemu z modelami o wyższej złożoności biologicznej. 

W konsekwencji kolejne etapy badań objęły modele o rosnącym stopniu złożoności, 

rozpoczynając od profilowania metabolicznego i mechanistycznego w komórkach jednostki 

neuronaczyniowej, następnie przechodząc do oceny integralności i przepuszczalności modelu 

BBB, a ostatecznie weryfikując uzyskane obserwacje w modelu zwierzęcym. 

W pierwszej części kolejnego etapu badań, przedstawionego w pracach (IV) oraz (V), 

skoncentrowano się na profilowaniu komórkowym. Ocenę cytotoksyczności metabolicznej 

dendrymeru oraz jego dendrypleksu przeprowadzono testem MTT w trzech liniach tworzących 

jednostkę neuronaczyniową, czyli komórkach śródbłonka, perycytach i astrocytach. 

Badania te pozwoliły na precyzyjne zidentyfikowanie perycytów jako najbardziej wrażliwej 

populacji, podczas gdy astrocyty wykazały najwyższą tolerancję metaboliczną na badany 

nanosystem. Mechanistyczny wgląd w procesy uszkodzeń komórkowych uzyskano poprzez 

ilościowe oznaczanie reaktywnych form tlenu (ROS) oraz pomiary potencjału błony 

mitochondrialnej (ΔΨm). Wykazano, że depolaryzacja mitochondriów zachodzi 

już przy stężeniach subcytotoksycznych, stanowiąc wczesny marker stresu komórkowego 

poprzedzający inicjację śmierci komórki. 

Równolegle przeprowadzona ocena genotoksyczności testem Fast Halo Assay (FHA), 

poprzez pomiar pęknięć nici DNA, wykazała, że kompleksacja dendrymeru z siRNA redukuje 

jego genotoksyczny efekt. Dzieje się tak pomimo tego, że zarówno nieskomplekowany 

dendrymer oraz dendrypleks indukują porównywalny poziom reaktywnych form tlenu. 

Sugeruje to, że pęknięcia DNA są w większym stopniu związane z mechanizmami 

niezależnymi od ogólnej produkcji ROS, prawdopodobnie wynikającymi z bezpośrednich 
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interakcji nośnika z materiałem genetycznym, które ulegają osłabieniu po związaniu siRNA. 

Jednocześnie, należy podkreślić, że test FHA może rejestrować również pęknięcia wtórne 

towarzyszące procesom apoptotycznym, a pomiary ROS są zależne od czasu i miejsca 

powstawania reaktywnych form tlenu. 

Skuteczność dostarczania siRNA potwierdzono metodą mikroskopii konfokalnej, która 

wykazała wydajną internalizację dendrypleksów oraz ich selektywną akumulację w obrębie 

cytoplazmy. Z perspektywy mechanizmu interferencji RNA, akumulacja siRNA w przedziale 

pozajądrowym stanowi kluczowy warunek skutecznego wyciszania ekspresji genów 

docelowych. Równocześnie obrazowanie wykazało, że nieskompleksowany dendrymer 

był zlokalizowany w rejonie jądra komórkowego. W kontekście wcześniejszych wyników 

dotyczących genotoksyczności można ostrożnie zasugerować spójny kierunek interpretacji: 

obecność wolnego nośnika w pobliżu struktur jądrowych może zwiększać 

prawdopodobieństwo nieswoistych interakcji z materiałem genetycznym lub procesami 

jądrowymi, co potencjalnie sprzyja nasilaniu sygnału pęknięć nici DNA obserwowanego 

w teście FHA. Z kolei cytoplazmatyczna dystrybucja dendrypleksów, połączona ze spadkiem 

sygnału genotoksycznego po kompleksacji z siRNA, wspiera tezę, że formulacja z siRNA 

nie tylko umożliwia dostarczenie siRNA do właściwego przedziału komórkowego, 

ale też ogranicza ekspozycję jądra komórkowego i tym samym może redukować ryzyko 

indukowania uszkodzeń DNA. 

Druga część tego etapu walidacji dotyczyła oceny integralności i przepuszczalności 

trójkulturowego modelu bariery krew-mózg, odzwierciedlającego kontekst jednostki 

neuronaczyniowej (NVU). Wykorzystany układ oparto na bezpośrednim, warstwowym 

kontakcie, replikującym fizjologiczne proporcje komórek śródbłonka, perycytów 

oraz astrocytów, co pozwoliło na odtworzenie orientacji ściany naczyń włosowatych 

oraz ich wsparcia abluminalnego. Tak zaprojektowane mikrośrodowisko umożliwia 

nie tylko zachowanie niezbędnej sygnalizacji międzykomórkowej, ale stanowi również istotny 

punkt odniesienia dla oceny zmian przepuszczalności bariery wywołanych przez badane 

związki. Wykorzystując monitorowanie impedancji w czasie rzeczywistym 

(xCELLigence eSight system) wskazano, że wysokie dawki nieskompleksowanego 

dendrymeru powodują nieodwracalną utratę adhezji, co interpretowano jako obraz zgodny 

z utrwalonym uszkodzeniem modelu bariery i utratą adhezji oraz żywotności komórek, 

a nie przejściowym zaburzeniem. Jednocześnie w niższych, subcytotoksycznych stężeniach 

zaobserwowano dwufazową odpowiedź bariery, w której dendrypleks indukował przejściowy 
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spadek, a następnie wzrost indeksu komórkowego (CI), odzwierciedlającego adhezję, 

proliferację i konfluencję. Uzupełnieniem powyższej interpretacji było monitorowanie 

integralności modelu w czasie rzeczywistym przy użyciu barwnika jądrowego eLive Red. 

Zastosowanie techniki obrazowania przyżyciowego pozwoliło na dynamiczną ocenę stopnia 

konfluencji oraz weryfikację ciągłości modelu bariery komórkowej w trakcie trwania 

eksperymentu. Najwyższe stężenie wolnego dendrymeru spowodowało wyraźny spadek 

impedancji, któremu towarzyszył równoległy spadek konfluencji. Obrazowanie mikroskopowe 

ujawniło ponadto odrywanie się komórek od podłoża w postaci dużych arkuszy. Taki charakter 

odpowiedzi komórkowej dostarcza szczególnie ważnych informacji mechanistycznych, 

ponieważ wskazuje na zachowanie kohezji komórka-komórka podczas odrywania. Sugeruje to, 

że „słabym ogniwem” mogą być nie połączenia międzykomórkowe, 

ale adhezje komórka-macierz. 

Analiza integralności bariery z wykorzystaniem parametru TEER wykazała 

niemonotoniczny profil odpowiedzi zależny od stężenia i kompleksacji z siRNA. 

Wyniki te sugerują, że w całym zakresie stężeń odpowiedź komórek obejmuje fazę 

początkowego osłabienia integralności bariery, po której następuje uruchomienie 

mechanizmów adaptacyjnych. Brak długofalowego obniżenia wartości oporu elektrycznego 

TEER we wszystkich badanych układach pozostaje w wyraźnym kontraście do nieodwracalnej 

destabilizacji bariery komórkowej zarejestrowanej w pomiarach impedancji prowadzonych 

przy najwyższych stężeniach nanosystemu. W dwuprzedziałowym modelu opartym 

na insertach membranowych dominowały procesy o charakterze przejściowym 

lub mechanizmy adaptacyjne, prowadzące wtórnie do przywrócenia ciągłości bariery. 

Różnice w wynikach uzyskiwanych w obu systemach badawczych należy interpretować przez 

pryzmat odmiennych parametrów ekspozycji badanych związków i akumulacji metabolitów 

w czasie. W modelu dwuprzedziałowym zachowany jest swobodny przepływ badanych 

substancji pomiędzy przedziałem apikalnym a bazolateralnym, podczas gdy w statycznym 

układzie jednoprzestrzennym przedłużona inkubacja sprzyja generowaniu stresu 

metabolicznego, wynikającego z wyczerpania zasobów odżywczych oraz progresywnej 

akumulacji cytotoksycznych metabolitów (Ryc. 5). Istotnym aspektem niniejszego etapu badań 

była ocena przepuszczalności parakomórkowej dekstranu o masie 40 kDa, która wykazała 

rozbieżność między oporem jonowym a dyfuzją makromolekularną w 72. godzinie po aplikacji 

nanosystemu. Ta rozbieżność stanowi przesłankę do wnioskowania o selektywnej 

i odwracalnej modulacji architektury połączeń ścisłych, prowadzącej do przejściowej 

modyfikacji szlaku parakomórkowego w odpowiedzi na interakcję z nanonośnikiem. 
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Rycina 5. Schemat struktury naczynia włosowatego mózgu i przygotowanych modeli 

 bariery krew-mózg w dołkach płytki systemu xCelligence eSight oraz na insertach 

 systemu dwukomorowego. 

Kluczowym elementem weryfikacji postawionych hipotez badawczych było 

przeniesienie analiz na poziom organizmalny, co zrealizowano poprzez zastosowanie modelu 

mysiego. Badania biodystrybucji in vivo z wykorzystaniem systemu IVIS wykazały, że podanie 

siRNA w formie dendrypleksu istotnie wydłuża okres jego obecności w układzie krążenia, 

co w ujęciu probabilistycznym zwiększa szansę ekspozycji mikrokrążenia mózgowego 

na terapeutyk i stwarza warunki do potencjalnego oddziaływania z barierą krew-mózg. 

Jednocześnie analiza ex vivo narządów potwierdziła dominującą kumulację w nerkach 

i wątrobie, co pozostaje zgodne z szeroko opisywanym sposobem dystrybucji 

oligonukleotydów i nanonośników. Wysoka intensywność sygnału w nerkach może 

odzwierciedlać procesy filtracji kłębuszkowej oraz potencjalną dysocjację kompleksów 

w mikrośrodowisku kanalikowym, prowadzącą do eliminacji frakcji niezwiązanej. 

Z kolei znacząca akumulacja w wątrobie jest zgodna z mechanizmami wychwytu przez układ 

siateczkowo‑śródbłonkowy (RES) oraz procesami sekwestracji charakterystycznymi 

dla narządów o wysokiej aktywności fagocytarnej wobec struktur makromolekularnych. 

Istotnym elementem interpretacji danych na tym etapie jest uwzględnienie ograniczeń 

metod optycznych stosowanych w obrębie ośrodkowego układu nerwowego (CNS). 

Niski lub trudny do jednoznacznego uchwycenia sygnał fluorescencyjny w obrębie mózgu nie 

może być traktowany jako dowód braku dostarczania terapeutyku, ponieważ intensywność 

sygnału jest silnie zależna od progu detekcji, tłumienia przez tkanki oraz właściwości znacznika 

w złożonym, heterogennym mikrośrodowisku CNS (praca IV). 
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Przedstawiony profil biodystrybucji wskazuje na poprawę parametrów 

farmakokinetycznych oraz zmianę dystrybucji tkankowej terapeutyku. Wyniki te wymagają 

jednak ostatecznego potwierdzenia za pomocą metod o wysokiej czułości analitycznej, 

umożliwiających bezpośredni pomiar stężenia siRNA w ośrodkowym układzie nerwowym, 

co pozwoli na definitywną ocenę skuteczności transportu przez barierę krew-mózg. 

Dopełnieniem badań in vivo było przejście od charakterystyki biodystrybucji 

do weryfikacji funkcjonalnej w mysim modelu choroby Alzheimera. W transgenicznym mysim 

modelu obciążonym ryzykiem rozwoju choroby Alzheimera zastosowano protokół oceny 

uczenia przestrzennego i pamięci, co umożliwiło ewaluację wpływu długofalowej, 

wielokrotnej ekspozycji dendrypleksów na mierzalne parametry behawioralne. Odnotowana 

poprawa wskaźników kognitywnych, przy jednoczesnym braku analogicznej odpowiedzi 

w grupie kontrolnej otrzymującej wolne siRNA, stanowi silny argument potwierdzający tezę, 

iż to kompleksacja siRNA z dendrymerem determinuje efektywność biologiczną ładunku 

w warunkach systemowych. Należy zaznaczyć, iż uzyskane wyniki behawioralne powinny 

być interpretowane z zachowaniem należytej ostrożności jako dowód słuszności koncepcji, 

a nie wyczerpujące wyjaśnienie mechanizmu działania (praca V).  

W strukturze niniejszej dysertacji finałowy etap badań w modelu mysim pełni zatem 

dwojaką funkcję: po pierwsze potwierdza, że opracowany dendrypleks efektywnie modyfikuje 

profil farmakokinetyczny i biodystrybucyjny siRNA; po drugie zaś wprowadza funkcjonalny 

punkt końcowy, stanowiący uzasadnienie dla przyszłych badań nakierowanych na precyzyjne 

skorelowanie obecności siRNA w tkance docelowej z poziomem wyciszenia ekspresji 

genu oraz obserwowanym efektem fenotypowym. 
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IX. Perspektywy przyszłych badań 

Przedstawiony cykl badawczy, choć stanowi zamkniętą i spójną całość, 

która potwierdza potencjał dendrymerów karbokrzemowych jako nośników siRNA w terapii 

skierowanej przeciwko chorobie Alzheimera, otwiera jednocześnie szereg nowych kierunków 

badawczych. Wykazana skuteczność nanosystemu in vivo oraz poznane mechanizmy 

jego interakcji z barierą krew-mózg stanowią podstawę do rozszerzenia badań w trzech 

głównych obszarach: molekularnym, technologicznym oraz toksykologicznym. 

Najważniejszym kierunkiem dalszych badań jest wyjaśnienie zależności między 

obserwowanym efektem behawioralnym a molekularnym działaniem terapeutyku. 

Przyszłe analizy powinny skoncentrować się na ilościowym oznaczaniu stężeń siRNA 

przy uwzględnieniu struktury BBB i kompartmentalizacji ośrodkowego układu nerwowego. 

Wymaga to zastosowania technik o wysokiej czułości analitycznej, takich jak chromatografia 

cieczowa ze spektrometrią mas (LC-MS/MS) lub kropelkowy cyfrowy PCR (ddPCR). 

Równoległe badanie stopnia wyciszenia genu docelowego na poziomie mRNA oraz 

weryfikacja zmian w ekspresji białka (Western Blot, ELISA) pozwolą na lepsze zdefiniowanie 

zależności między ekspozycją, a odpowiedzią biologiczną w ujęciu 

farmakokinetyczno-farmakodynamicznym (PK/PD). Takie podejście umożliwi precyzyjne 

określenie zakresu skutecznego i bezpiecznego działania terapeutyku oraz optymalizację 

schematów dawkowania w oparciu o dynamikę wyciszenia ekspresji genu docelowego. 

Istotnym uzupełnieniem powyższych analiz powinno być również rozszerzenie oceny 

behawioralnej o komplementarne próby oceniające pamięć rozpoznawczą, pamięć roboczą 

i wpływ czynników pozapoznawczych, takie jak test rozpoznawania nowych obiektów (NOR), 

labirynt Y i test otwartego pola (OFT). 

Choć dotychczasowe badania wykazały zdolność badanego nanoukładu do modyfikacji 

przepuszczalności modelowej bariery, dokładny szlak transportu i internalizacji nanosystemu 

wymaga pogłębionej charakterystyki. Wskazane jest przy tym uzupełnienie obrazowania 

mikroskopowego o ilościową analizę cytometryczną, co pozwoli na statystyczną weryfikację 

kinetyki poboru w szerszej populacji komórek. Przyszłe analizy powinny obejmować 

mapowanie szlaków internalizacji z wykorzystaniem specyficznych inhibitorów endocytozy 

(np. chloropromazyny dla szlaku zależnego od klatryny czy filipiny dla szlaku zależnego 

od kaweoliny). Ponadto, kluczowe znaczenie ma precyzyjne rozróżnienie między transportem 

transcelularnym a parakomórkowym. W tym celu niezbędne jest wdrożenie 
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wysokorozdzielczej mikroskopii konfokalnej z wykorzystaniem immunofluorescencyjnego 

znakowania kluczowych białek połączeń ścisłych takich jak zonula occludens-1 (ZO-1), 

klaudyna-5 oraz okludyna. Pozwoli to na przestrzenną wizualizację i bezpośrednie 

potwierdzenie, czy obserwowane w pomiarach TEER przejściowe zaburzenie bariery wiąże 

się z odwracalną reorganizacją i rozszczelnieniem kompleksów białkowych szlaku 

międzykomórkowego. 

Mając na uwadze wykazane różnice w odpowiedzi modeli BBB między 

wykorzystywanymi układami statycznymi, wprowadzenie czynnika mechanicznego w postaci 

przepływu medium pozwoli na jeszcze wierniejsze odtworzenie fizjologicznej odpowiedzi 

badanej bariery modelowej oraz dynamiki formowania się korony biomolekularnej 

w warunkach krążenia w mikrokapilarach mózgowych. Modele te mogłyby zostać opracowane 

w oparciu o indukowane pluripotencjalne komórki macierzyste (iPSC), co pozwoliłoby 

na uzyskanie ludzkich, standaryzowanych i powtarzalnych komponentów jednostki 

neuronaczyniowej, w tym komórek śródbłonka o fenotypie BBB, perycytów i astrocytów 

wyprowadzonych z jednego tła genetycznego. 

Zidentyfikowane w toku oceny hemokompatybilności zależne od stężenia wydłużenie 

czasu częściowej tromboplastyny po aktywacji (aPTT) wyznacza istotny obszar dla przyszłej 

ewaluacji toksykologicznej. Zrozumienie wpływu dendrypleksów na układ hemostazy wymaga 

przejścia od podstawowych testów przesiewowych do pogłębionej analizy mechanistycznej. 

Konieczne jest zbadanie wpływu nośnika na poszczególne zymogeny szlaku 

wewnątrzpochodnego kaskady krzepnięcia (w szczególności czynniki VIII, IX, XI i XII) 

oraz wykorzystanie testu generacji trombiny (TGA) w celu oceny globalnego potencjału 

pro- lub antykoagulacyjnego. Dodatkowo, analiza powinna zostać rozszerzona o badania 

agregacji i aktywacji płytek krwi (np. ekspresja P-selektyny metodą cytometrii przepływowej), 

co pozwoli lepiej scharakteryzować potencjalne ryzyko powikłań zatorowo-zakrzepowych 

lub skaz krwotocznych przy przedłużonej ekspozycji systemowej in vivo. 

Włączenie powyższych zagadnień do przyszłych protokołów badawczych nie tylko 

umożliwi pełniejsze zrozumienie mechanizmów biofizycznych badanych dendrypleksów, 

ale również znacząco podniesie wartość translacyjną proponowanego nanosystemu lub wpłynie 

na rozwinięcie alternatywnego układu na podstawie wyciągniętych wniosków. 

Przejście od fundamentalnej analizy fizykochemicznej do zaawansowanej biologii systemowej 

i terapii skojarzonej stanowi niezbędny krok na drodze do ewentualnych badań klinicznych 

w obszarze nowoczesnych neuroterapii. 
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X. Podsumowanie i wnioski 

1. Spośród analizowanych kationowych dendrymerów karbokrzemowych najbardziej 

korzystnym profilem właściwości fizykochemicznych i bezpieczeństwa 

charakteryzował się PEGylowany dendrymer G3Si PEG6000, który wyłoniono 

do dalszych etapów oceny jako nośnik terapeutycznego siRNA. 

2. Wykazano, że biologiczne zachowanie badanego nośnika jest w istotnym stopniu 

uwarunkowane jego interakcjami z białkami osocza. Jednocześnie uzyskane wyniki 

wskazują, że zjawisko to wymaga ostrożnej interpretacji, ponieważ wiąże się także 

ze zmianami konformacyjnymi badanych białek. 

3. W modelach komórkowych jednostki neuronaczyniowej oraz w modelu bariery 

krew-mózg in vitro dendrypleks cechował się szerszym zakresem tolerowanych 

stężeń niż wolny nośnik i nie powodował trwałego pogorszenia integralności 

bariery, chociaż obserwowano przejściowe zaburzenia wybranych parametrów 

przepuszczalności i utrzymujące się cechy stresu mitochondrialnego. 

4. Dendrypleks wykazywał korzystniejszy profil hemokompatybilności 

i biokompatybilności niż wolny nośnik, jednakże poprawa profilu bezpieczeństwa 

nie oznacza pełnej obojętności biologicznej badanego nanosystemu, ponieważ 

zaobserwowano stres mitochondrialny, przejściowe zaburzenia przepuszczalności 

bariery oraz zmiany hemoreologiczne i koagulologiczne. 

5. W badaniach in vivo wykazano, że kompleksacja siRNA z dendrymerem wydłuża 

okres jego obecności w układzie krążenia względem wolnego siRNA 

oraz częściową poprawę wybranych parametrów neurobehawioralnych w modelu 

mysim. 

W świetle uzyskanych wyników cel główny pracy został zrealizowany, natomiast 

hipotezę badawczą można uznać za potwierdzoną częściowo: przede wszystkim w zakresie 

otrzymania funkcjonalnego nanosystemu o korzystniejszym profilu bezpieczeństwa 

po kompleksacji z siRNA oraz wydłużonej ekspozycji układowej, przy zachowaniu ostrożności 

w odniesieniu do wniosków o skuteczności terapeutycznej w ośrodkowym układzie 

nerwowym.  

Wniosek: 

Dendrymer karbokrzemowy G3Si PEG6000 stanowi wysoce obiecujący nośnik do 

dostarczania terapeutycznego siRNA do ośrodkowego układu nerwowego. 
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XI. Streszczenie 

Terapie oparte na siRNA stanowią obiecującą strategię w leczeniu choroby Alzheimera, 

jednak ich zastosowanie kliniczne jest ograniczone przez niekorzystny profil 

farmakokinetyczny oraz selektywność bariery krew-mózg. W ramach niniejszej pracy 

opracowano nanonośnik siRNA oparty o dendrymer karbokrzemowy, który poddano walidacji 

z wykorzystaniem hierarchicznej strategii badawczej. Miała ona na celu powiązanie 

właściwości fizykochemicznych nośnika z jego aktywnością biologiczną przy szczególnym 

uwzględnieniu ograniczeń wynikających z właściwości bariery krew-mózg. 

Charakterystyka biofizyczna i ocena cytotoksyczności pozwoliły wskazać dendrymer 

G3Si PEG6000 jako optymalny nośnik spośród czterech badanych dendrymerów. 

Badania interakcji z białkami wykazały szybkie tworzenie się korony białkowej, kształtowanej 

przez wielowartościowe oddziaływania o entropowym charakterze, którym towarzyszyły 

zmiany konformacyjne białek osocza. Analiza hemokompatybilności wykazała, że utworzenie 

kompleksu z siRNA istotnie ograniczało hemolizę oraz poprawiało ogólną zgodność 

nanosystemu z krwią.  

W neuro-naczyniowych modelach komórkowych dendrypleks zwiększał akumulację 

siRNA w cytoplazmie oraz wykazywał niższą cytotoksyczność w porównaniu z wolnym 

nośnikiem. W trójkulturowym modelu bariery krew-mózg, odzwierciedlającym środowisko 

jednostki neuro-naczyniowej, wpływ na integralność bariery zależał od skompleksowania 

i stężenia, jednak zmiany te miały na ogół charakter przejściowy, a nie trwale destabilizujący. 

W badaniach in vivo dendrypleks wydłużył ogólnoustrojową ekspozycję na siRNA 

oraz poprawił wyniki uczenia się i pamięci przestrzennej mysiego modelu choroby Alzheimera, 

podczas gdy wolne siRNA nie wykazało analogicznego efektu. 

Uzyskane wyniki wskazują, że dendrypleksy G3Si PEG6000 stanowią wysoce 

obiecujący nanosystem do dostarczania terapeutycznego RNA do ośrodkowego układu 

nerwowego. W ujęciu translacyjnym wyniki te stanowią solidny fundament do dalszej 

optymalizacji terapii ukierunkowanych na chorobę Alzheimera i innych schorzeniach 

neurodegeneracyjnych. 
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XII. Abstract 

siRNA-based approaches represent a plausible disease-modifying strategy for 

Alzheimer’s disease, but their therapeutic use is restricted by the unfavorable pharmacokinetic 

profile of naked oligonucleotides and the restrictive properties of the blood–brain barrier. 

A carbosilane dendrimer–siRNA nanosystem was developed and validated through 

a hierarchical testing strategy designed to connect synthetic identity with biological 

performance under blood–brain barrier constraints. 

Biophysical and cytotoxicity profiling identified G3Si PEG6000 as the most suitable 

carrier among four candidate dendrimers. Protein interaction studies demonstrated rapid 

formation of a biologically relevant corona, with multivalent, predominantly entropy-driven 

binding accompanied by conformational rearrangements of plasma proteins. 

Hemocompatibility analyses showed that siRNA complexation markedly reduced hemolysis 

and improved overall blood tolerance. 

In neurovascular cell systems, the dendriplex enhanced intracellular siRNA localization 

in the cytoplasmic compartment and attenuated damage-associated responses relative 

to the non-complexed carrier. In tri-culture blood–brain barrier models, barrier effects were 

formulation- and dose-dependent but generally transient rather than permanently disruptive. 

In vivo, the dendriplex prolonged systemic exposure of siRNA and improved a sensitive spatial 

learning and memory measure in APOE4 knock-in mice, whereas free siRNA showed 

no analogous benefit. 

These results support G3Si PEG6000 dendriplexes as a suitable platform for further 

CNS-targeted RNA interference research. Within this translational framework, the present 

work provides a rigorous basis for further optimization of dendrimer-based siRNA delivery 

systems for Alzheimer’s disease and related CNS indications. 
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Synthesis and biophysical 
evaluation of carbosilane 
dendrimers as therapeutic siRNA 
carriers
Serafin Zawadzki 1,2*, Ángela Martín‑Serrano 3, Elżbieta Okła 1, Marta Kędzierska 1, 
Sandra Garcia‑Gallego 3,4,5, Paula O. López 3,4,5, Francisco J. de la Mata 3,4,5, 
Sylwia Michlewska 6, Tomasz Makowski 7, Maksim Ionov 1,8, Elżbieta Pędziwiatr‑Werbicka 1, 
Maria Bryszewska 1 & Katarzyna Miłowska 1

Gene therapy presents an innovative approach to the treatment of previously incurable diseases. 
The advancement of research in the field of nanotechnology has the potential to overcome the 
current limitations and challenges of conventional therapy methods, and therefore to unlocking the 
full potential of dendrimers for use in the gene therapy of neurodegenerative disorders. The blood–
brain barrier (BBB) poses a significant challenge when delivering therapeutic agents to the central 
nervous system. In this study, we investigated the biophysical properties of dendrimers and their 
complexes with siRNA directed against the apolipoprotein E (APOE) gene to identify an appropriate 
nanocarrier capable of safely delivering the cargo across the BBB. Our study yielded valuable insights 
into the complexation process, stability over time, the mechanisms of interaction, the influence of 
dendrimers on the oligonucleotide’s spatial structure, and the potential cytotoxic effects on human 
cerebral microvascular endothelium cells. Based on our findings, we identified that the dendrimer G3Si 
PEG6000 was an optimal candidate for further research, potentially serving as a nanocarrier capable of 
safely delivering therapeutic agents across the BBB for the treatment of neurodegenerative disorders.

It was nearly a century ago when the British bacteriologist Gri!th described the process of bacterial transfor-
mation and almost 5 decades later, Friedmann and Roblin- the precursors of modern genomics technology, 
hypothesized the idea of delivering an exogenous gene copy for the treatment of genetically inherited  diseases1,2. 
Today, gene therapy provides curative alternatives for disorders that were previously untreatable. Most modern, 
conventional therapies target proteins with the aim of symptomatic relief, but do not address underlying patholo-
gies. Employing nucleic acids may modify cell gene expression obtaining therapeutic e"ects for the treatment 
of many diseases such as cancers, cardiovascular disorders, infectious diseases, ocular, in#ammatory diseases 
and neurological  pathologies3.

Gene therapy was originally de$ned to be the use of DNA in the treatment of various  illnesses4. As science 
and technology progresses, more strategies have emerged which now allow cDNA, rDNA, mRNA, ASO, miRNA, 
siRNA and restriction enzymes to be used as potential medicinal  agents5. %e strategies utilizing these listed 
medical agents may be divided generally into: gene correction (replacement or repair of a malfunctioning gene), 
augmentation (introduction of a functional version of a mutant), inactivation (silencing the expression of an 
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abnormal gene) and suicide gene therapy (implementation of a gene to a cancer cell that expresses an enzyme 
that can convert pro-drugs into cytotoxic agents)6.

To achieve the desired therapeutic result an extraordinary engineering challenge must be solved. Since naked 
nucleic acid implementations are largely ine!cient for their limited resilience to enzymatic activity, intrinsic 
stability, and inability to penetrate lipid bilayers, it is necessary to design an e"ective delivery  vector7. Attaining 
successful gene functionality requires the vector to transport and unload the delivered therapeutics into target 
cells e!ciently while not causing side e"ects. It must prevent cargo degradation and clearance, evade immune 
detection and prevent nonspeci#c interactions. Moreover, the vectors must have large-scale production and 
commercialization properties. $e intended e"ect can be achieved by both viral vectors and non-viral vectors. 
Selecting the appropriate vector depends on the duration of expression of the transported material, its size, as 
well as the intended  destination8. Both viral and non-viral vectors have been used in clinical trials and have 
unique bene#ts. Although viruses have evolved to cross multiple anatomical barriers and e!ciently transfer their 
genomes to mammalian cells, their utilization in gene therapy is also associated with several drawbacks. Viral 
vectors exhibit intrinsic disadvantages, such as high immunogenicity, that led to the in%ammatory reactions that 
caused the #rst gene therapy-related fatality due to treatment with an adenovirus  vector9. Another signi#cant 
detrimental e"ect concerning the usage of viral vectors is their potential carcinogenetic e"ect, low speci#city, 
low packaging capacity and high production  cost8,10.

$ese limitations have prompted researchers to look for new strategies for e"ective and safe transgene carriers. 
$ere is little to no doubt that non-viral vectors o"er a signi#cantly safer approach, including the decreased ability 
to undergo insertional mutagenesis, a lower pathogenicity and  immunogenicity11,12. Additionally, they provide a 
variety of possible bene#ts, such as the ease of production, lower cost, higher stability and fewer restrictions on 
vector  size12. However, initially, non-viral nanocarriers appeared to be less e"ective than viral approaches, but 
with subsequent developments they have increased their gene delivery e!ciency.

Possible gene nanocarriers include many types of nanoparticles such as inorganic or metal nanoparticles, 
quantum dots, liposomes, micelles and dendrimers. Among these nanosystems, dendrimers have emerged as 
promising synthetic vectors since their #rst application as transfection  agents13. Carbosilane dendrimers achieve 
good gene transfection e!ciency in vitro, reaching values as high as the  lentiviruses14. Several factors set den-
drimers apart from other polymers, dendrimers being radially symmetrical nanoparticles with well-de#ned, 
homogeneous and monodisperse structures. Unlike stochastic polymers, dendrimers are produced methodically 
step-by-step. $eir synthesis process controls their architecture and therefore their properties, such as shape, size, 
charge and solubility. Dendrimers consist of a symmetrical core from which radiating monomer units grow, form-
ing branches known as “dendrons”. $e repeated branching cycle is called a generation. Dendrimers are composed 
of inner and outer shells with many functional groups responsible for their high solubility and reactivity. $is 
design by encapsulation, complexation or conjugation, allows dendrimers to carry di"erent agents such as drug 
molecules, genetic material, targeting agents and dyes. Combining dendrimers with drugs or nucleic acids can 
improve treatment outcomes by increasing the solubility of the therapeutics, modifying pharmacokinetics and 
improving bioavailability. $ese features permit the delivery and application of medical agents that otherwise 
would not have a chance to be  utilized15,16.

$e dendrimer–nucleic acid complexes are called dendriplexes and are formed by electrostatic interactions. 
$e interaction highly depends on the protonation of the dendrimer cationic groups. $e strong interaction 
between the highly charged groups of the dendrimer and the gene causes wrapping of the DNA around the 
dendrimer, resulting in nucleosome-like  structures17.

Positively charged dendriplexes increase enzymatic resistance and enhance cellular uptake, thereby increas-
ing their transport into cells. Formation of colloidally stable, positively charged dendriplexes occurs when an 
excess of dendrimer exists in its non-complexed form. $e ratio of nucleic acid to the nanoparticle is a crucial 
parameter in the formation of the complex. $e free dendrimers also play a role in the internalization of the 
dendriplexes. Free dendrimers can signi#cantly a"ect transfection e!ciency and toxicity as the free polymer 
causes transient pore formation in the cell membrane, increasing permeability but also leading to cytotoxic 
side e"ects by disrupting the cellular membrane via nanohole formation, membrane thinning and  erosion18–20.

Given their adjustable characteristics impacting pharmacokinetics, bioavailability, immunogenicity, toxicity, 
and transfection e!ciency, dendrimers emerge as promising agents for gene delivery. Despite these promising 
features, a signi#cant knowledge gap exists regarding the impact of dendrimer exposure in delivering biologically 
active compounds to the brain. In light of this, it becomes imperative to systematically design and investigate 
dendrimer nanocarriers delivering therapeutics across the most formidable barrier in the human body—the 
blood–brain barrier (BBB). Our study’s objective is to evaluate the biophysical properties of dendrimers and 
their complexes with siRNA for the selection of a plausible candidate for the siRNA nanocarrier through the 
model of the blood–brain barrier. For this purpose, we assessed whether 4 carbosilane dendrimers could form 
complexes with siRNA directed against the apolipoprotein E (APOE) gene. $e results of our investigation pro-
vided valuable insights into the complexation process, stability, the mechanisms of interaction, the in%uence of 
tested dendrimers on the oligonucleotide’s spatial structure and possible cytotoxic e"ects.

siRNA directed against the APOE4 gene was selected for this study as the literature data indicates APOE4 as 
a factor in many disorders observed in Alzheimer’s disease, including disturbance of insulin signalling pathways 
in the brain, abnormal distribution of cholesterol and fatty acids, reduction of the integrity of the BBB and a 
decrease in glucose uptake by the  brain21.
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Material and methods
�endrimers
!e 2 types carbosilane dendrimers were synthesized in the Department of Organic and Inorganic Chemistry, 
University of Alcalá, Madrid, Spain:

1. Dendrimer with a silicon atom core, surface tertiary ammonium groups and polyethylene glycol (PEG) (one; 
6000) -G3Si

2. Dendrimers with phloroglucinol core, surface tertiary ammonium groups (third or fourth generation) and 
PEG (one; 2000 or 6000)—G3O3 and G4O3.

Dendrimers are presented in Fig. 1 and Table 1.
!e choice of carbosilane as the dendrimer skeleton for our investigation stems from its distinctive attrib-

utes, characterized by low polarity and the high energy inherent in the C–Si bond. !is structural framework 
confers heightened hydrophobicity relative to alternative dendrimer systems. !e functionalization process 
applied to these dendrimers is executed in a statistically controlled manner, strategically introducing a singular 
polyethylene glycol (PEG) chain per dendritic molecule. !is deliberate modi#cation serves a dual purpose in 
our design strategy. Firstly, the inclusion of PEG chains is intended to mitigate potential toxicity associated with 
cationic charge derived from quaternary amines functioning as exterior terminal groups, enhancing the overall 

Figure 1.  Structures of studied dendrimers.
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biocompatibility of the delivery system. Secondly, the modulation of the dendrimer’s surface with PEG chains is 
anticipated to exert a nuanced in!uence on the strength of its electrostatic interactions with biomolecules such 
as serum proteins and prolong retention time in the circulatory system.

GnYVm
Precursor dendrimers with vinyl groups at the periphery and with a silicon  (GnSiVm) or phloroglucinol  (GnO3Vm) 
core were synthesized as previously described in the  literature22,23.

GnY(SPEG)(SNMe2HCl)m−1
Corresponding precursor dendrimer  GnYVm (0.01 mmol), corresponding thiolated PEG (0.01 mmol) and 
2,2-dimethoxy-2-phenylacetophenone (DMPA) (0.001 mmol) were dissolved in a 1:2 THF–methanol as solvent. 
A#er purging with argon for deoxygenation, the reaction mixture was irradiated for 1 h. A#er PEG incorpora-
tion, the rest of vinyl groups on the precursor dendrimers were functionalised as follows. 2-(dimethylamino)
ethanethiol hydrochloride (0.00525·m-1 mmol) and DMPA (0.001 mmol) were added, the solution was purged 
with argon and irradiated for 1 h. $is step was performed twice. $e absence of vinyl groups a#er hydrothiola-
tion was con%rmed by 1H-NMR.

GnY(SPEG)(SNMe2)m−1
Na2CO3 (0.01·m−1  mmol) was added to the reaction mixture containing corresponding  GnY(SPEG)
(SNMe2HCl)m−1 dendrimer .$e mixture was le# to react overnight at room temperature. A#er complete neu-
tralization was con%rmed by 1H-NMR, the solvents were eliminated by rotaevaporation. $en THF was added 
and the solution was %ltered to remove formed salts and DMPA.

GnY(SPEG)(SNMe3I)m−1
Quaternization was performed by adding MeI (0.012·m mmol) to  GnY(SPEG)(SNMe2)m-1 solution in THF and 
le# to react overnight at room temperature. Solvent and the excess of MeI were evaporated under reduced pres-
sure. $e %nal quaternized compounds were dissolved in water and puri%ed by dialysis to remove excess of free 
thiol.

siRNA
$e following non-!uorescent or FITC-labelled siRNA was used in the present study (Dharmacon Inc, Lafayette, 
CO, USA):

Sense: 5′-GAU UAC CUG CGC UGG GUG CUU.
Antisense: 5′-P GCA CCC AGC GCA GGU AAU CUU.

Other reagents
$e HBEC-5i cell line derived from human cerebral microvascular endothelium (ATCC ® CRL3245™) was pur-
chased from American Type Culture Collection ATCC ® (Manassas, VA, USA). DMEM-F12 (Dulbecco’s Modi%ed 
Eagle Medium-F12) medium supplemented with stable Glutamine and 15 mM Hepes, along with Fetal bovine 
serum (FBS), were obtained from Biowest, Nuaillé, France. Sigma-Aldrich (Saint Louis, MO, USA) supplied 
Phosphate bu'ered saline (PBS) tablets, 1% Penicillin–Streptomycin, Endothelial cell growth supplement (ECGS) 
sourced from bovine neural tissue, and trypsin. Avantor (Radnor, PA, USA) supplied Dimethyl sulfoxide (DMSO) 
and 3-(4,5-2-yl)-2-5-diphenyl tetrazolium bromide (MTT). Maximus, (Łódź, Poland) provided Agarose, while 
Biotium, Inc. (Fremont, CA, USA) supplied GelRed stain. Other basic chemical reagents (sodium dihydrogen 
phosphate, disodium hydrogen phosphate) were obtained from the local supplier, Chempur (Piekary Śląskie, 
Poland). $ese chemicals were of analytical grade, and solutions were prepared using water puri%ed using the 
Mili-Q system.

�ydrodynamic diameter and zeta potential
$e hydrodynamic diameter and zeta potential of the dendrimers and their complexes with siRNA were meas-
ured using Zetasizer Nano ZS, Malvern Instruments (UK). $e dendrimers and dendriplexes were prepared in 
distilled water at room temperature. Increasing concentrations of the dendrimer in the range of 0.5–20 µM were 
added to siRNA at 0.5 µM and the zeta potential was measured. Each sample was measured 5 times in 7 runs. 
Zeta potential was calculated using the Helmholtz-Smoluchowski equation in Malvern so#ware. $e hydrody-
namic diameter of the particles and their complexes were measured using dynamic light scattering (DLS), and 

Table 1.  Chemical formula and molecular mass of the dendrimers.

Dendrimer Abbreviation Chemical formula MW (g/mol)
G3Si(PEG6000)(NMe3

+)31 G3Si PEG6000 C601H1324I30N31O135S32Si29 16,794.81
G3O3(PEG6000)(NMe3

+)23 G3O3 PEG6000 C527H1136I23N23O138S24Si21 14,285.12
G4O3(PEG2000)(NMe3

+)47 G4O3 PEG2000 C609H1393I47N47O47S50Si44 18,932.37
G4O3(PEG6000)(NMe3

+)47 G4O3 PEG6000 C790H1755I47N47O138S50Si44 22,927.17
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the same concentrations of the siRNA and dendrimers as in the zeta potential measurement. Single samples were 
measured 5 times in 3 runs. Values with PDI > 0.5 were dismissed.

Transmission electron microscopy (TEM)
!e morphological structure, shape and size of the G3Si PEG6000 dendrimer was evaluated using a JEOL-1010 
(Japan) transmission electron microscope at 100 000 × magni#cation. !e dendriplex was created by combining 
siRNA with the dendrimer in PBS at room temperature. !e dendriplex was prepared in a molar ratio of 2.5:1 
(the optimal dendrimer/siRNA ratio), with a concentration of siRNA of 25 µM. A%er 20 min. incubation, 15 µl 
of the dendriplex or non-complexed dendrimer was placed for 10 min. on a 200-mesh copper grid with a carbon-
coated surface. A saturated solution of uranyl acetate 2% (m/v) was used to stain both samples for 20 min. To 
enhance legibility, images have been sharpened.

Atomic force microscopy (AFM)
!e morphology studies of siRNA and dendrimers were conducted on droplets deposited on mica (Grade V-1 
Muscovite) by atomic force microscopy (AFM). Measurements were carried out using the Flex Axiom Nano-
surf apparatus with a C3000 controller (NanosurfAG, Liestal, Switzerland). !e experiments were performed 
in the dynamic force mode (taping mode) and phase imaging mode. !e analysis was performed using probes 
(HI’RES‐C14/CR‐AU μmasch) with a typical curve radius < 1 nm, a spring constant of 5 N/m and a resonance 
frequency of 160 kHz. !e images were recorded with a resolution of 512 × 512 data points. Image analysis was 
carried out using Scanning Probe Image Processor So%ware (SPIP) by Image Metrology, Hørsholm, Denmark.

Fluorescence polarization and time stability
!is technique is based on the changes of 'uorescence polarization of 'uorescein labeled siRNA, a%er adding 
a dendrimer. !e tested dendrimers were subsequently titrated to the siRNA-FITC solutions (1 μM, in 10 mM 
phosphate bu(er) in order to achieve dendrimer/siRNA molar ratios ranging from 1:1 to 20:1. !e dendrimer/
siRNA mixtures were incubated at room temperature for 20 min. to ensure the formation of complexes, and then 
'uorescence polarization was measured on a Perkin-Elmer LS-55 spectro'uorometer in 1-cm path length quartz 
cuvettes. !e excitation and emission wavelengths were 485 and 520 nm, with the excitation and emission slit 
widths being set to 7 and 5 nm, respectively. !e cuvette holder was temperature controlled (25 °C).

Fluorescence polarization technique was also used to analyze the stability of the dendriplexes (dendrimer/
siRNA in optimal saturation) in time. Measurements were taken immediately following a 20-min. pre-incubation 
period, as well as at 1, 5, 15 and 30-min. and subsequently at 1, 1.5, 2, 3, and 4-h later.

�ircular dichroism (��)
Circular dichroism (CD) of siRNA (1 µM) titrated with increasing concentrations (0.5–10 µM) of dendrimers 
was measured with a Jasco J-815 CD spectrometer (Jasco International Co., Ltd., Tokyo, Japan) in 5-mm path 
length quartz cuvettes at 25 °C, with a wavelength step of 1 nm, a response time of 4 s and a scan rate of 50 nm/
min. CD spectra for siRNA alone and in presence of dendrimers was measured between 200 and 320 nm. All 
samples were prepared in 10 mM phosphate bu(er. Pure phosphate bu(er was used also as a baseline.

Gel electrophoresis
Electrophoresis in agarose gel was performed for the dendrimer/siRNA complexes. Dendrimers (0.5–10 µM) 
were mixed with siRNA (1 µM) in 10 mM Na-phosphate bu(er, pH 7.4. and incubated at room temperature for 
20 min. In the negative control, the non-complexed dendrimer was used at the maximum concentration tested. 
Meanwhile, in the positive control the siRNA was used without any dendrimer. Electrophoresis was run in a 3% 
agarose gel with GelRed stain (0.05 µg/ml) at 35 mA, 90 V for 45 min. !e obtained electropherograms were 
analyzed using a ChemiDoc-It2 Imager (UVP, Cambridge, UK).

�ell line
In vitro experiments were conducted with a HBEC-5i cell line (Human Brain Endothelial Cells). !e cells were 
cultured on 'asks covered with 1% gelatin in DMEM-F12 medium enriched with 1% Penicillin–Streptomycin, 
10% FBS and 40 µg/ml ECGS under standard conditions (37 °C, 5% CO2).

�ytotoxicity of dendrimers
HBEC-5i cells were seeded into 96-well plates at 1 ×  104 cells/well. Dendrimers were added to cells in increasing 
concentrations between 0.1 and 50 µM and incubated for 24 h (37 °C, 5%  CO2). A%er incubation, cells were 
washed in PBS and incubated with 0.5 mg/mL of MTT at 37 °C for 3 h. !en the MTT was discarded carefully, 
and DMSO was added to solubilize the formazan  crystals24. Finally, the absorbance was measured for each well 
at a wavelength of 570 nm using a Bio-Tek Synergy HT Microplate Reader (Bio-Tek Instruments, Winooski, 
VT, USA). All experiments were performed in 6 repetitions. Cell viability was calculated as the percent ratio of 
absorbance of the samples to the reference control, according to the formula:

where As—absorbance of cells treated with dendrimer, Ac—absorbance of control cells (untreated).

% viability = (As/Ac) × 100%
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Statistical analysis
!e results are presented as mean values ± standard deviation (SD). Segmental regression analysis was used to 
determine the ratio of the tested dendrimers to siRNA at which optimal saturation of the complex occurs.

Results
�endrimer synthesis
To carry out this work, we prepared 4 carbosilane pegylated cationic dendrimers to study the in"uence of 
dendritic core size as well as a number of cationic groups and pegylation, for biomedical purposes (Fig. 2). 

Figure 2.  Synthesis of cationic pegylated dendrimers. “n” refers to dendrimer generation, “m” refers to number 
of peripheral functions. !e thiolene addition reaction was employed to functionalize vinyl-terminated 
carbosilane dendrimers with alkene groups at the periphery. Commercial SH-PEGx (x = 2000 or 6000) was 
used to decorate one branch, while 2-(Dimethylamino)ethanethiol hydrochloride was added to the remaining 
branches in the presence of DMPA as the photoinitiator. Neutralization with  Na2CO3 and subsequent 
quaternization with MeI resulted in the synthesis of hetero-functionalized cationic pegylated carbosilane 
dendrimers with 23, 31, or 47 positive charges.

Figure 3.  1H-NMR  (CDCl3) of intermediate compound  G3Si(SPEG6000)(SNMe2HCl)31. !e signal at 3.60 ppm 
corresponds to PEG and  NMe2·HCl, which are overlapped.
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Figure 4.  1H-NMR  (CDCl3) of intermediate compound  G3Si(SPEG6000)(SNMe2)31. !e signal at 3.60 ppm 
corresponds to PEG and the signal at 2.25 ppm corresponds to  NMe2.

Figure 5.  1H-NMR (DMSO) of the #nal compounds. !e signal at 3.40 ppm corresponds to PEG and  NMe3, 
which are overlapped.
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Heterofunctionalization with 2 types of commercial thiols, followed by neutralization and quaternization created 
 GnY(SPEG)(SNMe3I)m−1 dendrimers bearing PEG2000 or PEG6000 and 23 (G3O3), 31 (G3Si) or 47 (G4O3) 
positive charges (Fig. 6A). #ese compounds were perfectly soluble in water.

Transformation of the vinyl precursor dendrimers into pegylated cationic analogues was followed by 1H-
NMR. A$er PEG incorporation, a singlet appeared around 3.50 ppm, and vinyl representative signals at 6.15 ppm, 
6.00 ppm and 5.71 ppm disappeared a$er the thiolene reaction with 2-(dimethylamino)ethanethiol hydrochlo-
ride was completed (Fig. 3). A representative singlet signal in  GnY(SPEG)(SNMe2)m−1 compounds at 2.25 ppm, 
which corresponded to neutralized peripheral dimethylamino groups disappearing by the time the reaction was 
completed (Fig. 4). Furthermore, methyl groups bound to the quaternary nitrogen atom appeared as a singlet 
around 3.40 ppm in  GnY(SPEG)(SNMe3I)m−1 compounds, overlapping with the PEG signal (Fig. 5). Detailed 
NMR spectra peak characterization can be found in supplementary Information.

Zeta potential, size and morphological structure
#e zeta potential and hydrodynamic diameter data for the tested dendrimers are presented in Table 2. #e 
results indicate that all the dendrimers possess a positively charged surface in line with their chemical structures. 
Dendrimers G3O3 PEG6000 and G4O3 PEG6000 displayed the highest zeta potential, while the lowest values 
were observed for G3Si PEG6000 and G4O3 PEG2000.

#e hydrodynamic diameter, which incorporated both the core size of the nanoparticle and the surface mol-
ecules or polymers on the dendrimers, was determined via DLS particle size measurements. Based on these meas-
urements, the dendrimer G4O3 PEG2000 displayed the largest hydrodynamic diameter, while G3Si PEG6000 
exhibited the smallest.

Introducing the tested dendrimers to the siRNA led to a considerable increase in the zeta potential of siRNA 
(Fig. 6A). #e G4O3 PEG2000/siRNA complex showed the highest zeta potential among all the studied den-
driplexes. Notably, the continuous addition of dendrimer molecules to the siRNA complex reached a plateau, 
indicating a saturation point and suggesting that this is the optimal quantity of dendrimer molecules bound to 
the siRNA molecule.

#e hydrodynamic size of the dendrimer/siRNA complexes, as determined by DLS, remained consistent 
regardless of dendrimer generation or concentration (Fig. 6B). #e observed size range of the complexes was 
100–330 nm. Increasing the dendrimer concentration has a negligible e%ect on the size of the complexes.

#e morphological structure and size of the formed dendrimer/siRNA complex were explored using transmis-
sion electron microscopy (TEM) (Fig. 7). As a representative example, only the G3Si PEG6000 dendrimer was 
studied in detail. It was observed that the non-complexed dendrimer formed aggregates, while complexation 

Table 2.  Zeta potential and hydrodynamic diameter of uncomplexed dendrimers (without siRNA). #e data 
given from 3 repetitions as mean and standard deviation.

Dendrimer Z-potential (mV) Z-size (nm)
G3Si PEG6000 20.23 ± 3.00 115.68 ± 57.10
G3O3 PEG6000 35.75 ± 2.60 261.26 ± 114.64
G4O3 PEG2000 25.83 ± 3.84 319.83 ± 108.23
G4O3 PEG6000 34.50 ± 2.86 248.22 ± 92.98

Figure 6.  Zeta potential (a) and hydrodynamic diameter (b) of the dendrimer/siRNA complexes. #e 
concentration of siRNA = 0.5 µM. #e results are shown for 5 repetitions as mean and standard deviation.
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Figure 7.  Transmission electron microscope images of the G3Si PEG6000 dendrimer (a) and G3Si PEG6000/
siRNA dendriplex in a molar ratio of 2.5:1 (the optimal dendrimer/siRNA ratio) (b). !e arrows point at 
instances of dendrimers as representative examples within the samples. A magni"cation of 100 000 × was used to 
analyze the complexes.

Figure 8.  AFM images of siRNA and 3D visualization of its structure.
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with siRNA led to the dispersion of the dendrimer. Analysis of the transmission electron microscopy images 
revealed that the dendrimer G3Si PEG6000 had a spherical shape with a size of approximately 5.78 ± 1.19 nm.

"e morphological features and dimensional properties of the siRNA, the uncomplexed dendrimer and 
dendrimer/siRNA complex, were thoroughly examined using AFM. "e AFM images of siRNA revealed dis-
tinctive arrangement patterns of siRNA molecules (Fig. 8). "e structures exhibited a uniform height pro#le of 
approximately 0.77 nm, indicative of a well-organized arrangement consisting of 2 layers of siRNA molecules 
stacked on each  other25. "ese measurements were reproducible across multiple analyses, a$rming the reliability 
and consistency of the stacked siRNA conformation on the mica surface.

"e height images provided detailed information regarding the dendrimers’ size distribution and spatial 
arrangement. "e G3Si PEG6000 dendrimer exhibited an average diameter of approximately 22.5 nm. "e size 
di%erence compared to the images of TEM is due to the interaction with the substrate, as well as &attening result-
ing from the in Tap- ping Mode (AFM) observation (Fig. 9).

In order to assess the characteristics of the G3Si PEG6000/siRNA dendriplex, both height and phase images 
were acquired (Fig. 10). Our results demonstrated that the G3Si PEG6000/siRNA dendriplex exhibited an aver-
age diameter of approximately 14 nm.

Fluorescence polarization
"e &uorescence polarization of the evaluated dendrimers was analyzed and the results are presented in Fig. 11. 
"e formation of dendrimer/siRNA complexes contributed to the reduction of the movement of siRNA molecules 
in suspension, which is observed as an increase in siRNA-FITC &uorescence polarization. During the addition 
of subsequent portions of tested dendrimers to siRNA-FITC solution, an increase in &uorescence polarization 
was observed until reaching the plateau phase which indicated the formation of the complexes.

Time stability
Measurement of the &uorescence polarization of the formed complexes dendrimer/siRNA-FITC at di%erent 
times also allowed for the evaluation of their stability. "e formed complexes (dendrimer/siRNA-FITC molar 
ratio calculated by &uorescence polarization measurement) were incubated and the &uorescence polarization 
was measured for 4 h. "e obtained results (Fig. 12) showed that the &uorescence polarization of dendriplexes 
did not change signi#cantly when increasing incubation time, proving that the formed complexes were stable 
over a 4 h period.

Figure 9.  AFM images of G3Si PEG6000 dendrimer and 3D visualization of its structure.
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�ircular dichroism
After normalization of ellipticity of the native siRNA spectra (the highest peak at 260  nm) at around 
5 deg ×  cm2 ×  dmol−1, it was found that all tested dendrimers could bind to siRNA, changing the conformation 
(Fig. 13). $e G3Si PEG6000, G3O3 PEG600 and G4O3 PEG6000 dendrimers caused a concentration-dependent 
increase in signal intensity for both the negative peak (205–215 nm) and the positive peak (260–270 nm) in the 
siRNA CD spectra. In contrast, increasing the concentration of G4O3 PEG2000 caused the %attening of both the 
negative and positive peaks. $e spectral analysis revealed that the G4O3 PEG2000 induced a notable red-shi& 
throughout the entire spectra.

Figure 10.  AFM height image (a) and phase image (b) of G3Si PEG6000/siRNA dendriplex in a molar ratio of 
2.5:1 (the optimal dendrimer/siRNA ratio) and 3D visualization of its structure.

Figure 11.  Changes in siRNA-FITC (1 μM) %uorescence polarization upon titration of the studied dendrimers. 
$e excitation and emission wavelengths were 485 and 520 nm, accordingly. $e results are shown for 3 
repetitions as mean and standard deviation.
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!e results indicate that the siRNA samples that were combined with the dendrimers G4O3 PEG6000 and 
G3Si PEG6000, respectively, exhibited the most substantial di"erence in ellipticity compared to other samples 
(Fig. 14).

Figure 12.  !e time dependence of dendriplex $uorescence polarization, expressed as a percentage of control 
(siRNA-FITC without dendrimers). !e results are shown for 3 repetitions as mean and standard deviation.

Figure 13.  CD spectra for siRNA (C = 1 µM) in the presence of the studied dendrimers (C = 0.5–10 µM). !e 
results are shown for 3 repetitions.
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Gel electrophoresis
!e visualization of siRNA electropherograms enabled the analysis of the dendrimer-siRNA complex forma-
tion. Gel electrophoresis results revealed that all dendrimers interacted with siRNA, leading to the quenching of 
the "uorescence signal. As the dendrimers formed complexes with siRNA, the amount of uncomplexed siRNA 
decreased until it was fully saturated and the "uorescence was completely extinguished. !e data obtained sug-
gested that out of the tested dendrimers, the G4O3 PEG6000 dendrimer formed complexes with siRNA that 
were optimally saturated in the highest molar ratio, while the G3O3 PEG6000 dendrimer exhibited the lowest 
molar ratio at which the complex with siRNA is optimally saturated (Fig. 15). !e results obtained from all the 
biophysical assays describing the optimal saturation of the complexes are summarized in Table 3.

�ytotoxicity
An MTT assay was conducted to evaluate the cytotoxicity of studied dendrimers on cerebral microvascular 
endothelial cells (HBEC-5i). !is assay measured mitochondrial oxidative activity of the HBEC-5i cells a$er 
incubation with dendrimers for 24 h. !e %ndings of this study (Fig. 16) indicate that all dendrimers exhibited 
signi%cant toxicity on HBEC-5i cell line at higher concentrations (> 25 μM). Among the tested dendrimers, 
G3Si PEG6000 exhibited the lowest IC50 (7.84 µM), with the dendrimers G4O3 PEG2000 and G3Si PEG6000 
exhibiting the lowest IC20 (2.97 and 2.34 µM, respectively). G4O3 PEG6000 showed the highest toxicity at IC50 
(1.27 µM) and IC20 (0.38 µM).

Figure 14.  Changes in mean residue ellipticity of siRNA at λ equal to the dendrimers’ maximum peak (260–
270 nm). !e results are shown for 3 repetitions as mean and standard deviation.

Figure 15.  Analysis of dendrimer/siRNA complexes in di(erent ratios in 3% agarose gel with GelRed. 
Complexes were prepared in 10 mmol/l PBS.
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�iscussion
Since the discovery of the "cascade molecule" in 1978 and the !rst complete dendrimer family that was synthe-
sized from generation 1 to 7 in 1985, nanoparticle development has led to the creation of various dendrimer 
structures with diverse applications in !elds such as light harvesting and energy transfer, nanoscale catalysis, 
chemical sensors, unimolecular micelles, enzyme mimics, encapsulation of guest molecules, molecular recog-
nition, diagnostic agents and gene and drug  delivery26–28. Due to their unique structural features, dendrimers 
have received considerable attention for use as potential nucleic acid  carriers18,29–31. Carbosilane dendrimers 
were found to be a stable and e"ective delivery system with high transfection e#ciency by Weber et al.28,32 
Advancing research in this area has the potential to overcome the current limitations and challenges of today’s 
therapy methods and unlock the full potential of dendrimers for the treatment of neurodegenerative disorders 
and other diseases. It is crucial to continue the development and characterization of these extraordinary tools 
for gene therapy applications.

Table 3.  %e data collected from the conducted biophysical assays (excluding the gel electrophoresis) 
describing the optimal saturation of the complexes, were subjected to an analysis using segmented regression. 
%is analytical approach allowed for the identi!cation of a change in slope, resulting in the identi!cation of 
a sharp transition point. %is rapid transition signi!ed the ratio of the tested dendrimers to siRNA at which 
optimal saturation of the complex occurred. %e table shows the molar ratio of the tested dendrimers to 1 mol 
of studied siRNA. *Visual examination was used to evaluate the electropherograms obtained from the gel 
electrophoresis.

Dendrimer Zeta potential Fluorescence polarization Circular dichroism Gel electrophoresis*
G3Si PEG6000 2.52 2.29 2.40 Over 2
G3O3 PEG6000 4.93 0.94 0.82 Over 1
G4O3 PEG2000 2.67 2.46 2.27 Over 2
G4O3 PEG6000 9.03 10.39 4.80 Over 10

Figure 16.  IC50 and IC20 values of HBEC-5i cells treated with dendrimers showed in MTT assay, a&er 24 h 
incubation. %e results are shown for 6 repetitions as mean and standard deviation. %e results are shown for 6 
repetitions as mean and standard deviation.
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!e BBB is the most restrictive barrier within the body and prevents entry into the brain for most small mol-
ecules and nearly all macromolecular therapeutics developed for central nervous system (CNS)  pathologies33. 
Highly astute scienti"c research must be pursued to achieve an applicable gene silencing directed against neuro-
degenerative disorders. !e BBB presents obstacles to siRNA delivery to the CNS due to tight junctions prevent-
ing passive di#usion, low pinocytosis reducing active transport, and high metabolic activity leading to potential 
enzymatic  degradation34. !ese features collectively impede the e#ective entry of therapeutic siRNA molecules 
into the brain. In addressing these challenges, our study delves into the intricate aspects of siRNA delivery. To 
address these challenges, we analyzed the biophysical characteristics of 4 dendrimers and their complexes with 
siRNA to identify a suitable candidate for a siRNA nanocarrier capable of transferring cargo safely across the 
BBB model. !e "ndings of our study o#er valuable insights into the process of complexation, stability in time, 
mechanisms of interaction, the in$uence of the tested dendrimers on the spatial structure of the oligonucleotide 
and the potential cytotoxic e#ects of the dendrimers on the human cerebral microvascular endothelium cells in 
the context of the challenges posed by crossing the BBB.

!e size and surface charge of nano-delivery systems signi"cantly impacts pharmacokinetics, absorption, 
tissue distribution and intracellular clearance. !erefore, careful consideration must be given to the selection of 
the appropriate size of carrier for the intended application. !e BBB, which is characterized by tight intercellular 
junctions and zonula occludens between closely connected capillary endothelial cells, presents a formidable 
obstacle due to the non-fenestrated nature of brain  capillaries35,36. Consequently, there is low probability of para-
cellular transport for nanoparticles compared to the transcytotic transport through cellular vesicles. However, 
it has been established that nanoparticles are able to exploit both the para-cellular and transcellular  pathways37. 
Changes in the vasculature during neurodegenerative disorders, such as endothelial degeneration, can impact 
the normal di#usion of solutes across brain extracellular spaces, reducing the expression of tight and adherens 
junctions at the BBB, and ultimately a#ecting the delivery of therapeutic  agents38. Although sole particle size 
cannot predict cellular absorption mechanisms, there is evidence that particles within certain size ranges utilize 
speci"c uptake pathways.

In our studies, dynamic light scattering (DLS), transmission electron microscopy (TEM) and atomic force 
microscopy (AFM) were used in the analysis of the size and shape of the dendrimers and dendriplexes. !e par-
ticle size measurement obtained from DLS is referred to as a "hydrodynamic diameter", as it accounts for the core 
size of the nanoparticle and also for any polymers or molecules on the surface of the dendrimers. Consequently, 
DLS measurements exhibited larger mean diameters than those obtained by TEM and AFM due to factors such 
as particle aggregation, solvation shell, and PEG  polymer39.

!e AFM studies of the G3Si PEG6000 dendrimer showed a uniform particle size distribution. However, the 
size obtained from the AFM measurements di#ered from the results obtained from TEM. !is di#erence may 
be attributed to the fact that the deposition of the dendrimer was performed on a strongly hydrophobic surface 
(mica). !e dendrimer surface possesses highly charged ions exhibiting hydrophilic properties. On contact 
with hydrophobic air and solvent evaporation (water), signi"cant deformation occurs, causing the dendrimer 
to assume a disk-like shape (Fig. 9). When we formed the G3Si PEG6000/siRNA dendriplex, the situation 
changed. Since the measurement is performed in a bu#er system consisting of water and the siRNA dendrimer, 
we observed that a&er water evaporation the formed complex is likely located within the matrix, possibly the 
bu#er and excess siRNA. !e average size of the complex was approximately 14 nm. In this case, the complex 
size, more precisely its diameter, is determined by the attached siRNA. !e reason for the complex being smaller 
than the non-complexed dendrimer can be attributed to the reduced impact of the environment (air) on the 
complex con"ned inside the matrix (Fig. 10).

TEM imaging of the non-complexed dendrimer showed that the G3Si PEG6000 dendrimer is approximately 
the same size and shape as haemoglobin, suggesting that its size is favourable for cellular uptake through the 
clathrin-independent endocytotic pathway. Particles in the submicron size range, such as the analyzed den-
driplexes, have been found to use uptake pathways such as caveolae-mediated, clathrin-mediated endocytosis 
or  macropinocytosis17,36,40. Multiple studies have demonstrated that the smaller nanocarriers exhibit a greater 
capacity to cross the BBB with an accelerated rate, and result in enhanced tissue penetration and deeper trans-
port of their  cargo41,42. As a consequence, small-sized dendrimers may have a greater ability to penetrate the 
BBB and achieve wider distribution throughout the tissue. !e acquired data indicated that dendrimer G3Si 
PEG6000 possessed the smallest hydrodynamic diameter while also forming one of the smallest dendriplexes 
amongst those examined. It is also noteworthy that the smallest size of the G4O3 PEG6000 dendrimer compared 
to its less PEGylated counterpart (G4O3 PEG2000) may be attributed to greater hydrophobic interactions and 
increased polymer $exibility in highly PEGylated dendrimers. Additionally, high ionic strength modi"es the 
observed zeta potential of the 2 dendrimers, as well as the PEG conformation and as result, a#ects complexation 
with nucleic  acids39,43–45.

!e positive surface charge of dendrimers and dendriplexes is a critical factor in determining their bind-
ing with other oppositely charged particles. It governs the stability of the complex, a#ects the interaction with 
the cell membrane and, ultimately, its transfection e'ciency. However, a high positive surface charge may also 
result in membrane disruption via nano-hole formation, membrane thinning and  erosion46,47. !e charge of 
a nanoparticle’s surface is expressed as the zeta potential, which is the electrostatic potential at the interface 
between the nanoparticles’ di#use layer of ions, called the shear plane, and the surrounding liquid. Among the 
tested dendrimers, the G3O3 PEG6000 and G4O3 PEG6000 exhibited the highest zeta potential. As anticipated, 
the dendrimers with the highest zeta potential exhibited the highest cytotoxicity. However, complexation with 
nucleic acid mitigates, to some extent, the cytotoxic e#ects of the dendrimer. Further studies are required to 
obtain a comprehensive picture of the cytotoxic e#ects of the studied  carriers47. !e positive surface charge of the 
dendrimers interacted with negatively charged phosphate molecules on the siRNA. As the electrostatic interac-
tions are the predominant factor driving the complexation, the zeta potential enables the determination of the 
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appropriate dendrimer concentration required for optimal complex saturation. !e saturation point is achieved 
when the continuous addition of the dendrimer reaches a plateau indicating the optimal quantity of dendrimer 
molecules bound to the siRNA molecule. It was observed that dendrimer G4O3 PEG6000, despite having high 
zeta potential, creates saturated complexes with siRNA in relatively high concentrations. It is hypothesized that 
this may be due to high repulsion between the  dendrimers39.

Various physicochemical methods were employed to investigate the e"cacy of dendrimers in binding siR-
NAs and determining their optimal properties for forming a saturated complex. Among these methods was 
#uorescence polarization. Fluorescently labelled siRNA in solution at 20–37 °C has a #exible structure, but upon 
complexation, its rotation is hindered, #uorescence intensity lowered and polarization increased. !e higher 
the polarization value, the stronger the siRNA is bound to a  dendrimer48. Dendrimer G3Si PEG6000 reached 
the highest #uorescence polarization values. !us, we conclude that the siRNA had the strongest a"nity to this 
dendrimer. !is was also con%rmed by the fact that the dendrimer G3Si PEG6000 creates one of the smallest 
dendriplexes amongst all those tested. !is may be due to the fact that the strong a"nity of the siRNA to the 
dendrimer could result in tighter wrapping of the nucleic acid around the dendrimer  molecules17. It is noteworthy 
that both G4O3 PEG6000 and G3Si PEG6000 dendrimers create dendriplexes of comparable size. Even though 
the dendriplex created with the G3Si PEG6000 dendrimer has a lower zeta potential than the dendriplex with 
G4O3 PEG6000 dendrimer, the former has higher #uorescence polarization. !e G3Si PEG6000 dendrimer may 
induce a more signi%cant e&ect on siRNA conformation while possessing a lower surface charge, most likely due 
to the geometry of peripheral cations and their availability for interaction with the siRNA. Fluorescence polariza-
tion was also employed to assess the time stability of the tested dendrimers. Notably, all the tested dendrimers 
displayed consistent #uorescence polarization values and no statistically signi%cant changes were observed over 
the designated time period. !is suggests that the dendrimers remained stable throughout the entire duration of 
the experiment. !is consistent behaviour of the dendrimers over time further supports their potential.

Circular Dichroism (CD) was employed to investigate the impact of dendrimers on the 3-dimensional con-
%guration of the siRNA. !is technique is well-suited for studying nucleic acids due to the chiral nature resulting 
from the helical arrangement of nucleotides and the intrinsic asymmetry of nucleosides. Speci%cally, nucleic acids 
absorb le' and right circularly polarized light unequally, leading to di&erential light absorption and conversion 
into elliptically polarized light. !is conversion yields an ellipse with a characteristic angle, θ, whose tangent 
is equivalent to the ratio of the minor to major axes of the ellipse. !e manifestation of ellipticity is commonly 
referred to as circular  dichroism49–51. !e absorption characteristic for nucleic acids is determined by a complex 
interplay of individual nucleotide absorption and their interactions. !erefore, the excitation coe"cient of a 
nucleic acid at any given wavelength depends on its sequence and  conformation50. !e studied siRNA CD spectra 
exhibited a minimum near 210 nm, a maximum near 260 nm, and small negative CD values between 290 and 
300 nm, indicating a right-handed A-form structure. However, the conformation of nucleic acids is dynamic and 
it changes upon exposure to dendrimers. !e G3Si PEG6000, G3O3 PEG6000 and G4O3 PEG6000 dendrim-
ers caused an increase in the ellipticity of the siRNA. Conversely, the G4O3 PEG2000 dendrimer decreased the 
ellipticity of the oligonucleotide. To investigate the interplay between dendrimers and nucleic acids further, it 
was necessary to consider the speci%c alterations occurring within the siRNA structure that in#uenced changes 
in spatial con%guration and the resulting CD spectrum. Circular dichroism of nucleic acids is determined by the 
geometric relationship between coupled electronic transition dipoles on adjacent nucleotides and the distance 
between bases, with the stacking arrangement of the bases exerting a predominant in#uence on the overall 
CD signature. Based on these considerations, it can be inferred that the observed increase in siRNA ellipticity 
induced by the dendrimers was associated with hyperchromicity and manifested as an increase in absorption. 
Accordingly, the decrease of ellipticity caused by dendrimer G4O3 PEG2000 was related to hypochromicity and 
suggested the siRNA adopted a less compact arrangement with the  dendrimer49,50,52. It is noteworthy that a red 
shi' of the siRNA spectra was observed upon titration of dendrimer G4O2 PEG2000. !is observation provided 
further evidence of conformational changes occurring in the oligonucleotide during complexation with the 
 dendrimer51,52. !e greatest di&erence in ellipticity was observed in the siRNA samples combined with dendrimer 
G4O3 PEG6000 and G3Si PEG6000, respectively. !ese %ndings suggested that these dendrimers exerted the 
most pronounced in#uence on the conformation of siRNA. !e outcomes of this investigation aligned with those 
obtained via the #uorescence polarization assay. !e analysis of CD spectra also exhibited a su"cient signal 
intensity, facilitating the identi%cation of an optimal concentration of dendrimer required for complex saturation.

!e formation of dendriplexes was investigated using a gel electrophoresis assay, resulting in the acquisition 
of presented electropherograms. As nucleic acid oligomers are polyanions at neutral pH, they migrated toward 
the positive electrode in the electrophoretic gels. Non-complexed siRNA traversing through the porous agarose 
gel stained with GelRed-stained created a #uorescent band. !e formation of the studied dendrimer-siRNA 
complexes led to a reduction in #uorescence intensity, which we attributed to the hindrance of dye-siRNA 
interactions. As a result, the gradual decrease of band #uorescence was observed, with an increase of dendrimer 
concentration until a state of saturation was reached and led to complete #uorescence quenching. !e results 
obtained from the gel electrophoresis and all other biophysical assays discussed are summarized in Table 2. !e 
results are consistent with the results obtained by other methods.

To be utilized e&ectively, dendrimers must exhibit low toxicity and non-immunogenicity, as well as biocom-
patibility and biodegradability. !ese attributes are vital for ensuring safe and e&ective use in the development 
of various biomedical and pharmaceutical products. Cytotoxic properties of the tested dendrimers were assessed 
using a colourimetric assay measuring formazan, proportional to the number of viable cells with active mito-
chondrial dehydrogenases. Dendrimer G4O3 PEG6000 was found to have the highest cytotoxic properties among 
the dendrimers examined. G3Si PEG6000 and G4O3 PEG2000 dendrimers had the least cytotoxic e&ects on 
cells. Although G3Si PEG6000 and G4O3 PEG2000 exhibited comparable IC20 values, the cytotoxicity of G4O3 
PEG2000 increased rapidly, resulting in a substantially reduced IC50 value. !is %nding raised concerns about 
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the safety of G4O3 PEG2000 at higher concentrations or prolonged exposure. G3Si PEG6000 was a preferable 
option in terms of safety compared to G4O3 PEG2000, as it manifested a higher IC50 value and did not exhibit 
the rapid increase in cytotoxicity at higher concentrations. !ese results demonstrate the considerable variance 
in cytotoxicity among various dendrimers. !e "ndings underscored the potential of G3Si PEG6000 as the 
superior nanocarrier for biomedical applications, both regarding safety while simultaneously revealing markedly 
elevated cytotoxic properties of the G4O3 PEG6000. It was found that dendrimers exhibiting the highest cyto-
toxicity also demonstrated the greatest zeta potential. !is observation provided further evidence of the critical 
role played by the zeta potential in determining the biocompatibility and safety of dendrimers. It is essential to 
highlight that the amount of cationic quaternary ammonium groups (R-NMe3

+) did not strictly correlate with 
zeta potential and cytotoxicity, as dendrimer G3Si PEG6000 did not have the least amount of cationic surface 
groups but exhibited the lowest zeta potential and cytotoxic properties. !is con"rms the signi"cant impact of 
dendrimer composition and their structural characteristics.

!e investigation conducted by Jiménez et al. used the 2G-NN16 carbosilane dendrimer for siRNA delivery 
to the brain, with similar cationic moieties as those presented in the current research. !e "ndings of this study 
revealed that the tested dendrimers e$ectively transported siRNA to human normal astrocytes, resulting in gene 
silencing without inducing cytotoxicity at tested  concentrations53. Dendrimers G3Si PEG600 and G4O3 PEG2000 
did not possess cytotoxic properties, (viability lower than 80%), in concentrations of the 2G-NN16 dendrimer 
tested in the aforementioned study. It is important to highlight that the studies were performed on di$erent cell 
lines. !e same dendrimer, 2G-NN16, was utilized by Posadas et al. in a study demonstrating its transfection of 
siRNA into primary rat cortical neuronal cells. !e study revealed that the 2G-NN16 dendrimer did not have 
signi"cant cytotoxicity in all concentrations tested (up to 5 μM)14. !e investigation by Serramía and colleagues, 
which employed carbosilane second-generation phloroglucinol-core dendrimers bearing R-NMe3

+ moieties, 
also demonstrated the successful delivery of siRNA to normal human astrocytes. Notably, the study highlighted 
the transfection e&ciency of these dendrimers in an in vivo mice model, thereby showing their potential for 
therapeutic interventions in various neurological  disorders54. Another very interesting use of carbosilane den-
drimers was performed by Białkowska et al. for the purpose of pro-apoptotic siRNA delivery to cancer cells. 
!e cytotoxicity of 2 second generation dendrimers with tertiary or quaternary ammonium groups was tested 
with MCF-7 cells. Interestingly, the dendrimer with the tertiary ammonium groups appeared more cytotoxic. 
In their investigation, the team found that dendrimers created a saturated complex with siRNA at a dendrimer/
siRNA ratio of 20:1. !e resulting complexes exhibited higher levels of cytotoxicity compared to the uncomplexed 
 dendrimers55. !e studies described above emphasize the critical role of the dendrimer-to-siRNA ratio when 
developing dendrimer-based delivery systems for therapeutic use. !ese "ndings highlight the importance of 
carefully considering the optimal ratio of dendrimer to siRNA to achieve maximum e&cacy while minimiz-
ing toxicity. Collectively, these studies demonstrate the vast potential of carbosilane dendrimers for versatile 
and e&cient platforms for siRNA delivery and in other therapeutic applications. However, further research is 
necessary to optimize their design and ensure their safety and e&cacy in clinical settings. !ese studies provide 
a strong foundation for future research in the "eld of dendrimer-based drug delivery and pave the way for the 
development of new and innovative therapeutic interventions.

�onclusion
!e present study involved the biophysical characterization of 4 carbosilane dendrimers and their dendriplexes 
with siRNA. Our "ndings provide insights into the complexation process, interaction mechanisms and in(u-
ences of the dendrimers on the spatial structure of the oligonucleotide as well as the cytotoxic e$ect of the 
studied dendrimers on human brain endothelial cells. It was shown that the G4O3 PEG6000 dendrimer forms 
saturated complexes with siRNA at the least favourable dendrimer/siRNA ratio. It exhibited the highest cyto-
toxic activity among the tested compounds, rendering it unsuitable for further research. In contrast, the G3O3 
PEG6000 dendrimer displayed a saturation point of the complex with the studied siRNA in a molar ratio of about 
1/1, suggesting potential as an siRNA carrier. However, due to its high cytotoxicity and poor binding a&nity 
with siRNA, it is not an ideal candidate despite the capacity to transport a greater amount of siRNA. !e G3Si 
PEG6000 and G4O3 PEG2000 dendrimers exhibited optimal levels of dendriplex saturation in a similar molar 
ratio. !e G4O3 PEG2000 dendrimer generates the largest dendriplexes of all the tested dendrimers. Moreover, 
this dendrimer displays a lower binding a&nity towards siRNA and a higher cytotoxicity when compared to the 
G3Si PEG6000 dendrimer.

!is research, therefore, suggests that the G3Si PEG6000 dendrimer is the optimal candidate for further 
study, as it exhibits the lowest cytotoxicity, the highest a&nity for siRNA, exerts a pronounced in(uence on the 
conformation of siRNA, displays the smallest hydrodynamic diameter of a non-complexed dendrimer and has 
the smallest dendriplexes, all the while maintaining a good dendrimer concentration necessary for complex 
saturation.

While our research has provided valuable insights into the characteristics and potential of the G3Si PEG6000 
dendrimers as a siRNA nanocarrier, further studies are crucial to fully understand its potential for biomedical 
application. Overall, the results of our study suggest a promising direction for further research, and we anticipate 
that continued e$orts in this "eld will lead to signi"cant advancements in siRNA delivery and disease treatment.

�ata availability
!e datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request. Correspondence and should be addressed to S.Z.
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Figure S1. a) 1H-NMR (CDCl3) of intermediate compound G3Si(SPEG6000)(SNMe2HCl)31. The 

signal at 3,60 ppm corresponds to PEG and NMe2·HCl, which are overlapped. b) 1H-NMR 

(CDCl3) of intermediate compound G3Si(SPEG6000)(SNMe2)31. The signal at 3,60 ppm 

corresponds to PEG and the signal at 2,25 ppm corresponds to NMe2 
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Figure S2. 1H-NMR (DMSO) of the final compounds. The signal at 3.40 ppm corresponds to PEG 

and NMe3, which are overlapped. 
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Figure S3. Original image corresponding to the Figure 15 in the main manuscript. Analysis of 

dendrimer/siRNA complexes in different ratios in 3% agarose gel with GelRed. Complexes were 

prepared in 10 mmol/l PBS. 
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rearrangements of human serum 
albumin, transferrin, and blood 
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Upon intravenous administration, nanoparticles quickly become enveloped by plasma proteins, lipids, 
and sugars, forming a biomolecular corona that redefines their biological identity and directs systemic 
distribution. In this study, we examine a third-generation, positively charged, PEGylated carbosilane 
dendrimer engineered for the delivery of therapeutic siRNA across the blood-brain barrier. Employing 
a comprehensive array of analytical techniques—including fluorescence quenching assays, circular 
dichroism spectroscopy, isothermal titration calorimetry, atomic force microscopy, and transmission 
electron microscopy—we characterize the dendrimer’s binding kinetics and thermodynamics, and its 
impact on structure of human serum albumin, transferrin and complex environment of plasma. Our 
findings reveal that the dendrimer induces distinct conformational rearrangements at both tertiary 
and secondary levels, with thermodynamic analyses indicating that the interactions are predominantly 
driven by favorable entropy changes and multivalent binding. Furthermore, the dendrimer appears to 
promote a reorganization of plasma components, potentially leading to aggregation and misfolding 
reminiscent of fibril formation. Collectively, these findings provide critical insights into the more 
profound understanding of nanoparticle-protein interactions affecting the biodistribution and 
hemocompatibility of nanovectors and lay a foundation for further research aimed at safer and more 
effective therapeutic applications.
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BBB  Blood-brain barrier
CD  Circular dichroism
CNS  Central nervous system
HSA  Human serum albumin
ITC  Isothermal calorimetric titration
MPS  Mononuclear phagocyte system
PEG  Polyethylene glycol
Phe  Phenylalanine TEM
Trp  Tryptophan
Tf  Human transferrin
Tyr  Tyrosine

A wealth of work has been published providing extensive insight into the evaluation and potential applications 
of dendrimer-based nanosystems in treating brain diseases1–8. Our research investigated a third-generation, 
positively charged, PEGylated carbosilane dendrimer and its complex with siRNA targeted against the 
apolipoprotein E4 (APOE4) gene, a major genetic risk factor for Alzheimer’s disease9. Recognizing that the 
hemocompatibility of intravenously administered nanoparticles is critical to their therapeutic e!cacy and safety, 
our study examined explicitly the dendrimer’s interactions within plasma. Accordingly, in this manuscript 
we focus exclusively on dendrimer–plasma interactions. Upon injection into the bloodstream, nanoparticles 
rapidly encounter plasma proteins, lipids, and sugars, which immediately cover their surface, forming a 
“biomolecular corona”. "is process leads to the development of a new “biological identity” for the nanoparticles. 
"e nanoparticle’s size, shape, and surface chemistry, which is collectively termed “synthetic identity”, directly 
in#uences the formation of a biomolecular layer on the nanoparticle surface. Both the nanoparticle’s synthetic 
identity and its acquired biological identity dictate the nanoparticle fate in vitro and, ultimately, in systemic 
responses10,11. "e inherent complexity and variability of biomolecular layers conjugated with a nanovector 
arise from the diverse interactions and functions of macromolecules within the physiological environment. 
Proteins play a critical role in shaping the biomolecular corona. "e Plasma Proteome Database has annotated 
a total of 7614 plasma protein products derived from 3778 unique genes, highlighting the plasma proteome 
as one of the most complex and diverse among body #uids12. Initially, proteins abundant in serum bind to 
the nanoparticle surface, forming a transient “so$ corona” that is later replaced by less abundant but higher 
a!nity proteins, resulting in the formation of the “hard corona”. "is competitive adsorption phenomenon is 
known as the Vroman e%ect13. "e formed protein corona is a highly dynamic 3D assembly of proteins that 
are bound to each other14. Comprehensive data analysis across multiple studies has identi&ed a distinct set 
of proteins, termed the “adsorbome”, exhibiting a high a!nity for nanomaterials. "e analysis suggests that a 
typical plasma protein corona comprises approximately 2–6 high-abundance proteins and a larger pool of low-
abundance proteins15. "e adsorbed proteins’ composition and conformation can signi&cantly in#uence the 
fate and impact nanoparticles’ biological functionality by either enhancing or hindering it. Nanoparticles can 
disrupt native protein conformation by inducing partial unfolding, misfolding, aberrant secondary structures, 
oxidative damage, or complete denaturation. "ese alterations not only trigger an immunogenic response but 
also compromise critical protein-protein interactions, cellular signaling, and DNA transcription processes16. 
Nanoparticles can induce conformational changes in proteins that lead to &bril formation associated with 
neurodegenerative diseases such as Parkinson’s, Alzheimer’s, and Creutzfeld-Jacob disease. Fibrillation occurs 
when partially or fully unfolded proteins aggregate into β-sheet-rich structures, which subsequently elongate 
and organize into large, insoluble amyloid &brils. Linse et al. demonstrated that nanoparticles—including 
copolymers, cerium oxide particles, carbon nanotubes, and quantum dots—accelerated the &brillation of β2-
microglobulin by concentrating proteins on their surfaces, thereby facilitating oligomer formation17. In contrast, 
gold nanoparticles have been found to inhibit this &brillation process, highlighting their potential as therapeutic 
agents for these conditions18,19. "e altering of adsorbed proteins’ structural and functional properties may 
result in immune cells’ recognition and uptake. Speci&cally, such interactions could induce abnormal unfolding 
that leads to the formation of novel “cryptic” conformational epitopes or destabilize native protein structures to 
reveal previously hidden continuous epitopes20. Recognition by the immune system may also be caused by direct 
opsonization, such as the adsorption of immunoglobulins, coagulation proteins, and complement proteins. 
"ese reduce the circulation time of nanoparticles by enhancing recognition by the macrophage receptors and 
clearance by the mononuclear phagocyte system (MPS), consequently leading to in#ammation, nanoparticle 
accumulation in organs, and even immune system impairment. Conversely, adsorbed dysopsonins, including 
most apolipoproteins, decrease nanoparticle clearance, extending their circulation time and prolonging their in 
vivo persistence, ultimately enhancing their e!cacy.

Among the various plasma proteins typically found in the protein corona, apolipoproteins signi&cantly 
in#uence the ability of the nanoparticles to cross biological barriers. Speci&cally, the presence of Apo B and 
Apo E has been shown to enhance the uptake of liposomes by hepatocytes, and Apo A-I, Apo E, and Apo 
B-100 signi&cantly improve the transport of nanoparticles into the central nervous system21–23. "e variation in 
systemic biodistribution arises from cell-type-speci&c receptor expression pro&les, which may cause enhanced 
internalization depending on the protein corona composition. At the same time, the protein corona can 
hinder internalization by creating a protein layer between the nanoparticle and the cell membrane. "is steric 
hindrance reduces the nanoparticle’s ability to interact with cell surface receptors and impedes internalization. 
"e exact mechanism mitigates the nanovector’s cytotoxic e%ects on vessel walls and blood components, such as 
eryptosis24,25. Furthermore, the protein corona can modulate nanoparticle-thrombocyte interactions in#uencing 
thrombogenicity26,27.
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To counteract these adverse e!ects—building on the success of attaching polyethylene glycol (PEG) chains to 
therapeutic proteins for improved systemic delivery— PEGylation of nanoparticles has become a widely adopted 
strategy for enhancing e"ciency and safety. PEG is o#en favored due to its well-documented biocompatibility, 
long history of safe use in humans, and classi$cation as Generally Regarded as Safe (GRAS) by the Food and 
Drug Administration (FDA). By forming a hydrated steric barrier around the nanoparticle, PEG e!ectively 
reduces protein adsorption, minimizes nanoparticle aggregation, and limits opsonization and phagocytosis, 
thereby enhancing therapeutic e"cacy. Consequently, PEGylated nanovectors exhibit prolonged systemic 
circulation, reduced immunogenicity, and improved stability in various biological environments. PEGylation 
mitigates hemolysis and facilitates nanoparticle penetration through challenging biological barriers, such as 
the BBB. Although PEG reduces non-speci$c protein adsorption, studies have shown that PEGylated surfaces 
still acquire a protein corona. Notably, all these e!ects depend highly on PEG architecture factors such as chain 
length and surface density28–31.

A comprehensive understanding of nanocarrier–blood protein interactions is essential for optimizing 
nanoparticle-based delivery systems. Our objective was to develop a nanovector that evades immune recognition, 
prolongs systemic circulation, and e"ciently transports siRNA across the blood-brain barrier, thereby o!ering a 
promising therapeutic strategy for Alzheimer’s disease9. %is study assesses protein interactions with the third-
generation carbosilane dendrimer G3Si PEG6000, speci$cally evaluating its interactions with human serum 
albumin, transferrin, and whole plasma. By elucidating the mechanistic aspects of protein corona formation, we 
establish a foundation for future assessments of its impact on blood morphotic elements, hemocompatibility, 
and therapeutic e"cacy.

Materials and methods
Dendrimer
Dendrimer with a silicon atom core, surface tertiary ammonium groups, and single polyethylene glycol (PEG) 
(6000) – G3Si PEG6000 with chemical formula C601H1324I30N31O135S32Si29 and molar weight 16794.81 g/mol is 
presented in Fig. 1. %e studied dendrimer was diluted in a phosphate bu!er solution of 7.4 pH. %e synthesis 
and biophysical characterization of the dendrimer, along with its complex with siRNA, was described in previous 
work32.

Other reagents
Human serum albumin (HSA) was obtained from Sigma-Aldrich (St. Louis, MO, USA), while human 
transferrin (Tf) was sourced from Biorbyt Ltd. (Cambridge, UK). Additional chemical reagents, including 
sodium dihydrogen phosphate and disodium hydrogen phosphate, were sourced from Chempur (Piekary 
Śląskie, Poland). All reagents were of analytical grade, and solutions were prepared using Milli-Q puri$ed water 
to ensure high purity and reproducibility.

Fluorescence quenching of HSA and Tf
Tryptophan (uorescence quenching of HSA and Tf (1 µM) was studied by titrating increasing concentrations 
of dendrimer G3Si PEG6000 (4–20 µM). Measurements were conducted at 25 °C in 1-cm quartz cuvettes using 
a Perkin-Elmer LS-55 spectro(uorimeter (Perkin-Elmer, Waltham, MA, USA). %e excitation and emission 

Fig. 1. Structure of studied dendrimer G3Si PEG6000.
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wavelengths were at 305 and 445 nm, with the excitation and emission slit widths being set to 2.5 and 9 nm, 
respectively. "e experiment was performed in 3 repetitions.

Circular dichroism of �SA and Tf
Circular dichroism (CD) measurements were performed to examine HSA and Tf (0.5 µM) in the presence of the 
stepwise increasing concentration (0.5–20 µM) of the G3Si PEG6000 dendrimer, without isolating complexes. 
"e experiments were conducted using a Jasco J-815 CD spectrometer (Jasco International Co., Ltd., Tokyo, 
Japan) with 5-mm path length quartz cuvettes at a constant temperature of 25 °C. CD spectra of the proteins 
alone and in the presence of the dendrimer were measured between 195 and 260 nm. "us, the resulting signals 
of the proteins in the presence of the dendrimer represents ensemble averages of free protein, free dendrimer, 
and complexed species. "e percentage of the protein secondary structure content in the presence of the G3Si 
PEG6000 dendrimer was calculated using CDNN circular dichroism spectroscopy deconvolution so#ware 
version 2.1 (Applied Photophysics Ltd., Surrey, United Kingdom). All samples were prepared in a 10 mM 
phosphate bu$er, and the same bu$er was used as the baseline for the measurements. "e experiment was 
performed in 3 repetitions.

Isothermal calorimetric titration of �SA
An isothermal calorimetric titration (ITC) (LV A%nity ITC with gold cells, TA Instruments) was performed 
in order to measure the thermodynamics of interactions between HSA and the G3Si PEG6000 carbosilane 
dendrimer in aqueous 10 mM phosphorous bu$er solution pH 7.4. HSA solution (182 µl; 10 µM; in cell) was 
titrated by adding 31 of 5 µl doses of a 0.2 mM dendrimer solution (from the syringe). Pre-isolation of complexes 
was not used. "e time interval between successive injections was 300 s. Measurements of the thermal e$ects of 
the titration were carried out at 25 °C with a stirring rate of 125 RPM in an auto-equilibrate mode. During the 
titration, the molar ratio of dendrimer to HSA, increased from 1.1/1 to 27/1. "e thermal e$ects of diluting the 
dendrimer solution (in the syringe) in 10 mM phosphorous bu$er solution pH 7.4 (in the cell) were determined 
independently, maintaining the same calorimeter parameters as for the proper titrations. "e thermal e$ects of 
the direct interaction of HSA with dendrimer were calculated by subtracting the e$ects of dendrimer dilution 
from the corresponding thermal e$ects of the protein solution’s titration with the dendrimer solution. "e 
determined binding isotherms describing the thermal e$ects of the direct interaction of HSA with studied 
dendrimers as a function of the titrated solution composition were analyzed in NanoAnalyze so#ware by non-
linear multiparameter regression using the independent-site model to calculate the stoichiometric parameter, 
equilibrium binding constant and the standard thermodynamic functions describing the process of receptor 
macromolecule (protein) binding with molecules of studied dendrimers: enthalpy, entropy and Gibbs free 
energy.

Atomic force microscopy of HSA and plasma
"e morphology of HSA, plasma, and their conjugates with the G3Si PEG6000 dendrimer was analyzed using 
atomic force microscopy (AFM) on droplets deposited onto mica (Grade V-1 Muscovite). Whole-blood donations 
from n = 3 healthy donors were collected by the Regional Centre for Blood Donation and Haemotherapy in Lodz 
into CPD (citrate–phosphate–dextrose) anticoagulant blood-bag systems. All experiments used individual-
donor plasma (no pooling was applied). Human plasma was separated from blood by centrifuging it at 4200 rpm 
for 15 min. Conjugates were prepared by mixing HSA or plasma with the dendrimer in PBS and incubated at 
room temperature for 20 min. AFM measurements were conducted using a Flex Axiom Nanosurf apparatus 
equipped with a C3000 controller (Nanosurf AG, Liestal, Switzerland). "e experiments employed dynamic 
force mode (tapping mode) and phase imaging to capture detailed surface characteristics. "e analysis was 
performed using HI’RES-C14/CR‐AU µmasch probes with a typical tip radius of < 1 nm, a spring constant of 
5 N/m, and a resonance frequency of 160 kHz. "e resulting images were recorded at a resolution of 512 × 512 
data points. Image processing and analysis were conducted using the Scanning Probe Image Processor (SPIP) 
so#ware (Image Metrology, Hørsholm, Denmark).

Transmission electron microscopy of HSA and plasma
"e morphological characteristics and spatial distribution of HSA, plasma, and their conjugates with the G3Si 
PEG6000 dendrimer were analyzed using a JEOL-1010 transmission electron microscope (Japan) at 100,000× 
magni'cation. Whole-blood donations from n = 3 healthy donors were collected by the Regional Centre for 
Blood Donation and Haemotherapy in Lodz into CPD (citrate–phosphate–dextrose) anticoagulant blood-bag 
systems. All experiments used individual-donor plasma (no pooling was applied). Human plasma was separated 
from blood by centrifuging it at 4200 rpm for 15 min. "e conjugates were formed by mixing HSA or plasma with 
the dendrimer in PBS at room temperature for 20 min. A molar ratio of 1:9 HSA to dendrimer was employed, 
representing the optimal saturation ratio determined through ITC analysis, with the dendrimer concentration 
set at 36 µM. For plasma samples, the same dendrimer concentration was added to a 55% plasma solution to 
prepare 100 µL solution. 15 µL of either the conjugate or the unbound protein was applied to a 200-mesh copper 
grid coated with carbon and allowed to adhere for 10 min. Both samples were stained with a 2% (w/v) uranyl 
acetate solution for 20 min to enhance contrast. To enhance legibility, images have been sharpened.

Results and discussion
Despite extensive e$orts to minimize the protein adsorption on nanoparticle surfaces, complete elimination of 
this phenomenon remains unattainable. "e inevitable formation of a protein corona has profound implications 
for nanoparticle behavior, in(uencing their biological fate, stability, and therapeutic e%cacy. "is realization 
has redirected many research e$orts toward understanding the relationship between nanocarrier surface 
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properties and nanoparticle-protein interactions. We employed a comprehensive suite of analytical techniques, 
including !uorescence quenching, circular dichroism, isothermal titration calorimetry, transmission electron 
microscopy, and atomic force microscopy, to discover the interactions between the G3Si PEG6000 dendrimer 
and plasma proteins. Human serum albumin (HSA) and Transferrin (Tf) are o"en selected as model 
proteins due to their critical roles in blood plasma and their relevance in the physiological processes a#ecting 
recognition by the immune system, cell internalization, toxicity, drug stability, half-life, biodistribution and BBB 
permeability21,23,33–37. $is approach allowed direct comparisons with other nanovectors studied by di#erent 
research teams and contributed to a broader and more standardized framework for evaluating nanoparticle 
behavior in biological systems. We extended our investigation to include interactions with plasma proteins to 
assess the studied dendrimer behavior in complex, physiologically relevant environments.

Fluorescence quenching of HSA and Tf
We employed !uorescence quenching assay as it is a very sensitive method for providing a basis for quantitative 
measurements, giving insight into measuring drugs, drug carriers or xenobiotics, and protein interactions on 
a molecular level. $e intrinsic !uorescence of proteins primarily arises from aromatic amino acid residues—
tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe). Changes in the emission spectrum of Trp resulting 
in !uorescence quenching o"en indicate alterations in protein conformation, excited state reactions, energy 
transfer, the formation of ground state complexes, and collision quenching38. From a structural perspective, 
HSA is composed of a single amino acid chain that folds into three homologous α-helical domains labeled 
I, II, and III. Each domain contains ten helices, which are further divided into two subdomains: a six-helix 
subdomain (A) and a four-helix subdomain (B). $e &rst four helices in both subdomains form similar anti-
parallel α-helix bundles. A single tryptophan residue is located in subdomain IIA. As anticipated, gradually 
adding the dendrimer to the HSA protein solution led to a decrease in tryptophan !uorescence intensity (Fig. 2). 
In the same manner, the red shi" of the !uorescence spectra was observed.

Building upon our &ndings with HSA, our investigation was extended to explore the interactions between 
the dendrimer and Tf. $is analysis allowed us to compare and contrast the dendrimer’s behavior with di#erent 
protein targets, providing a more comprehensive understanding of its potential biological interactions. Tf is a 
bilobal protein, with each lobe composed of two domains consisting of a series of α-helical subdomains arranged 
around a central β-sheet sca#old. Tf contains eight tryptophan residues, three located in the N-lobe and &ve in the 
C-lobe39. A sequence of initial rapid quenching, recovery and gradual diminution of !uorescence was observed. 
$ese observations suggest a complex, multi-step interaction between the dendrimer and tested proteins, 
potentially involving multiple binding sites. $e initial rapid quenching followed by !uorescence recovery may 
indicate conformational changes in the protein structure or rearrangement of the protein-dendrimer complex. 
$e subsequent slow diminution in !uorescence intensity likely represents a more gradual process of dendrimer-
protein association or further structural modi&cations. $e persistent red shi" in the !uorescence spectra 
corroborates the hypothesis of alterations in the local environment of the tryptophan residue, potentially due to 
dynamic changes in protein conformation or dendrimer binding.

Fluorescence quenching can be categorized into two distinct mechanisms: static and dynamic. Dynamic 
quenching (collisional quenching) arises from the collisions between these molecules when the !uorophore 
returns to its ground state without emitting a photon, thus decreasing !uorescence intensity. Static quenching 
occurs in the ground state when the quencher binds to the !uorophore, forming a non-!uorescent complex that 
e#ectively reduces the overall !uorescence. $e type of quenching can be speculated based on the Stern–Volmer 
plots. $e classical Stern-Volmer equation describes the decrease in !uorescence intensity as a function of the 
concentration of a collisional quencher:

 
F0

/
F = 1 + kqτ 0 [Q]

Fig. 2. Fluorescence emission spectra of human serum albumin and transferrin in the presence of increasing 
concentrations of the G3Si PEG6000 dendrimer at a wavelength ranging from 310 to 445 nm.
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In this equation, F0 and F  represent the !uorescence intensities in the absence and presence of the quencher, 
respectively. "e term kq  denotes the bimolecular quenching constant, while τ 0 is the lifetime of the !uorophore 
in the absence of a quencher. "e concentration of the quencher is indicated by [Q]. "e Stern-Volmer quenching 
constant, Ksv , is de#ned as the multiplication of kq  and τ 0. It has been widely reported that the maximum 
bimolecular quenching rate constant for various quenchers interacting with biopolymers is approximately 2.0 
× 1010 M⁻1 s⁻1, serving as a reference threshold for di'usion-controlled quenching processes40,41. Given that 
in our experiment, the kq  values for the quenching of both studied proteins by the G3Si PEG6000 dendrimer 
exceed 2.0 × 1010 M⁻1 s⁻1, it can be inferred that, within the tested concentration range, the observed !uorescence 
quenching predominantly occurs via a static mechanism. While dendrimer–HSA interactions are likely 
governed by a linear quenching process, dendrimer–Tf interactions involve an additional variable. Tf contains 
eight Trp residues, each having potentially distinct microenvironments and varying degrees of accessibility to 
the quencher, resulting in a more complex !uorescence quenching behavior. "e Stern–Volmer plot for the Tf–
G3Si PEG6000 deviates from linearity toward the x-axis up to 1:10 molar ratio, also decreasing the square of the 
correlation coe(cient (R2). "is non-linearity likely arises from conformational changes in the tertiary structure 
of Tf, leading to di'erential accessibility of !uorophores to the quencher38.

To determine the binding constant Kb, the experimental data were #tted to the following equation:

 
log

(
F0

/
F

)
= logKb + nlog [Q]

where n is the number of binding sites. As presented in Table 1, the Ksv  for the Tf-G3Si PEG6000 conjugate 
is approximately twofold higher than that for the HSA: G3Si PEG6000 conjugate, yielding a markedly steeper 
Stern–Volmer plot (Fig. 3). Consequently, this indicates that energy transfer occurs substantially more e(ciently 
between Tf and the G3Si PEG6000 dendrimer compared to the interaction with HSA. Furthermore, the 
Kb for the Tf-G3Si PEG6000 is nearly three times greater than that for the HSA conjugate, which suggests 
a markedly higher binding a(nity between Tf and the G3Si PEG6000 dendrimer (Table 1). A comparative 
analysis of the kq  and the Ksv for the tested dendrimer-HSA interaction reveals distinctive characteristics 
relative to other compounds documented in the literature. "e kq  value of β-Carboline silver compounds, 
which exhibit potential for crossing the BBB, indicates the quenching mechanism to be static with the kq  
value reaching up to 5.37 × 1013 M–1 s–142. Similarly, studies on α-Cembrenediol, known for its neuroprotective 
e'ects, show the kq  value reaching up to 1.49 × 1011 M–1 s–1, indicative of the static quenching mechanism of 
HSA43. Another well-characterized group of compounds includes the #rst-generation polyphenolic carbosilane 
dendrimers, which exhibit quenching rate constants of up to 1.27 × 1011 M–1 s–1, also suggesting quenching 
the HSA !uorescence via the static mechanism44. A study of tyrosine-modi#ed polyethyleneimines designed 
for siRNA delivery exhibited kq  values in the range from 4.6 × 1012 to 1.5 × 1014 M–1 s–1 for the di'erent 
polymers studied, indicating also the static quenching mechanism of HSA45. "ese #ndings highlight how 
di'erent physicochemical properties in!uence protein interactions. Compounds with similar structures or 

Fig. 3. Stern–Volmer plots of the human serum albumin and transferrin !uorescence quenching in the 
presence of increasing concentrations of the G3Si PEG6000 dendrimer.

 

Protein Ksv

[
M−1

]
Kq

[
M−1s−1

]
Kb

[
M−1

]

HSA 8.3 × 102 1.5 × 1011 3.3 × 102

Tf 1.8 × 103 5.9 × 1011 9.6 × 102

Table 1. Protein-dendrimer interaction parameters were determined from !uorescence quenching data.

 

Scientific Reports |        (2025) 15:39650 6| https://doi.org/10.1038/s41598-025-23355-7

www.nature.com/scientificreports/



applications, such as polyphenolic carbosilane dendrimers, β-carboline silver complexes, and tyrosine-modi"ed 
polyethyleneimines, exhibit strong and potentially biologically relevant interactions with serum albumins. Like 
the studied G3Si PEG6000 dendrimer, these compounds demonstrate high binding a#nities and predominantly 
static quenching mechanisms, suggesting their potential to in$uence protein conformation and function in 
biological environments.

Circular dichroism of �SA and Tf
Circular dichroism (CD) is a spectroscopic technique based on the di%erential absorption of le&- and right-
handed circularly polarized light by chiral molecules. CD measurements of proteins a%ected by nanovectors in 
the far-ultraviolet regions are primarily in$uenced by the n→π* and π→π* electrons energy transition of their 
amide groups. )ese transitions are sensitive to the geometry changes of the polypeptide backbone, resulting in 
spectral changes that provide insight into alterations in the secondary structure.

CD $uorescence spectra revealed that both HSA and Tf undergo conformational changes upon interaction 
with the G3Si PEG6000 dendrimer (Fig. 4). )e CD spectra of HSA in the absence of the studied dendrimer 
due to the π→π* transition show a single positive ellipticity at 193  nm and a negative band at 208  nm. )e 
second negative band at 222 nm is due to the n→π* characteristic for the α-helix rich protein. )e observed 
spectra $attening indicative of loss of α-helical content were most pronounced a&er the initial addition of the 
dendrimer in the 1:1 ratio of HSA to dendrimer and continued to evolve, with a less pronounce shi& occurring 
at the 1:15 ratio of HSA to dendrimer. )is pattern was further con"rmed by deconvolution analysis, which 
provided estimates of the secondary structure composition for each CD spectrum (Fig. 5). )e α-helical content 
of HSA decreased by approximately 13% at a 1:1 HSA-to-dendrimer ratio, with a further reduction of about 
6.2% at the 1:15 ratios of HSA to dendrimer. )e structural changes in HSA were more pronounced than those 
observed for Tf. )e Tf spectra in the absence of the studied dendrimer due to the n→π* transition show a single 
positive ellipticity at 195 nm and a negative band at 215 nm, indicating protein with a high β-sheet secondary 
structure content. )e "rst signi"cant change in the Tf structure occurred at a 1:2 Tf- dendrimer ratio, leading to 
a 3.7% reduction in α-helical content. A second major structural shi& was observed at a 1:20 ratio, where a slight 
increase in α-helical content was accompanied by a decrease in anti-parallel content.

)e "ndings suggest a multi-step interaction mechanism for the formation of the G3Si PEG6000–protein 
conjugate. A multi-step conformation shi& typically suggests the presence of multiple domains a%ected. We 
hypothesize that initially, the dendrimer associates with the protein, partially unfolding it, and upon the 
increase of the dendrimer concentration, the conjugate transitions into a highly misfolded state. )is integrated 
perspective allows for further comparisons across di%erent nanovectors and research studies, advancing the 
understanding of nanoparticle behavior and protein interaction mechanisms. )e conjugation of the protein 
with the polyphenolic carbosilane dendrimers at 1:10 molar ratio reduces the α-helical content up to 53.40%44. 
)e e%ect of the β-Carboline silver compounds on the HSA structure shown similar conformational shi& 
reaching 35.63% of HSA α-helical structure at the molar ratio of 1:5000 HSA to tested compounds42. Similarly, 
the dendrimer G3Si PEG6000, pegylated gold nanoparticles intended for nucleic acid delivery across the BBB 
markedly reduce the α-helical content of HSA, while Tf shows only minor changes in secondary structure46.

Isothermal calorimetric titration of �SA
To determine the reaction thermodynamics and kinetics of protein–dendrimer interactions, isothermal titration 
calorimetry (ITC) was employed. In this and consecutive experiments, HSA was chosen as a complexation 
partner as its interactions with the studied dendrimer are strong and profoundly a%ect protein secondary 
structure compared to dendrimer-Tf interactions. A&er injections of the G3Si PEG6000 dendrimer solution 
into a calorimetric cell containing the HSA solution, the heat is measured by determining the power required 
to maintain a constant temperature with respect to a reference solution of dendrimer titrated into a bu%er. )e 
reaction heats tend to zero as the titration progresses, and the binding sites become saturated. )e heat rate as a 
function of time is presented in Fig. 6. )e heat rates of both titrations were integrated into thermal e%ects (Fig. 7). 

Fig. 4. Circular Dichroism spectra of human serum albumin and transferrin following the addition of 
dendrimer G3Si PEG6000 at a wavelength ranging from 195 to 260 nm.
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!e enthalpy of the HSA interaction with the studied dendrimer (Fig. 8), corrected by the dendrimer dilution 
e#ects, were analyzed in the NanoAnalyze so$ware by non-linear multiparameter regression using the identical-
site model. !e stoichiometric parameters, the binding constant, and thermodynamic functions are summarized 
in Table 2. !e stoichiometric parameter indicates a multivalent interaction where each HSA molecule can bind 
9 ± 3 dendrimer molecules. !is is in reasonable agreement with the CD spectral shi$s, which indicate that a 
single HSA molecule undergoes a major secondary structure conformation change, at least at the 1:15 HSA: 
dendrimer molar ratio. !e determined binding constant (logK = 4.47 > 3) re%ects the high a&nity between the 
dendrimer and each HSA active site. !ermodynamically, the process is driven by a highly favorable entropy 
change ( T ∆ S = 36 kJ mol–1), which indicates a signi'cant disorder introduced into the system, likely due to 
several contributions comprising the changes of protein structure caused by its interactions with dendrimer 
and the changes in dendrimer macromolecule structure including the changes in PEG6000 substituent itself as 
well as the release of water molecules or ions during dendrimer binding with the HSA active sites. !is positive 
entropy change overcomes the unfavorable positive enthalpy of binding ( ∆ H  = 11 kJ mol–1), which suggests 
that the direct interactions between the HSA and dendrimer are weakly endothermic, likely due to desolvation 
or conformational adjustments. !e overall Gibbs free energy change (∆ G = − 26 kJ mol–1) con'rms that the 
binding is thermodynamically spontaneous, with entropy as the driving force.

Atomic force microscopy of HSA and plasma
Atomic force microscopy (AFM) imaging was employed to investigate the morphology of HSA-dendrimer 
conjugates. HSA, in the absence of dendrimer conjugation, exhibits a monodisperse, uniform globular 
morphology indicative of its intrinsic structural stability (Fig. 9). !e mica substrate was essentially not visible, 
indicating near-continuous coverage by HSA. !is made it impossible to determine absolute feature height 
(no exposed baseline); only lateral dimensions were gauged from cross-sections. Consequently, the ~ 50 nm 
“diameter” observed for HSA alone should be interpreted as clusters of albumins on tightly packed monolayers 
in%ated by the tip-sample convolution rather than single proteins. Upon interaction with the G3Si PEG6000 
dendrimer, signi'cant structural alterations are observed, marked by the emergence of elongated aggregates. 
!is suggests that the dendrimer disrupts the native state of HSA, facilitating protein aggregation and secondary 

Fig. 5. Alterations in the secondary structure of human serum albumin (red) and transferrin (blue) upon 
interaction with dendrimer G3Si PEG6000. !e analysis highlights changes in speci'c structural elements, 
such as α-helices, β-sheets, parallel, anti-parallel arrangement, and random coils, potentially indicating 
conformational rearrangements induced by dendrimer binding.
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and tertiary structural rearrangements. Globular proteins, including HSA, can undergo conformational 
changes upon external perturbation, which leads to partial unfolding and subsequent aggregation into !brillar 
structures47. "e conformational rearrangement of HSA, a#ected by interactions with G3Si PEG6000, appear 
as linear or curvilinear assemblies of multiple globules and resembles semi$exible albumin !brils observed in 
multiple studies48,49. "e dendrimer-induced aggregates exhibit lateral widths on the order of ~ 50 nm (similar 
to the HSA-alone). Individual aggregates were analyzed, yielding heights ranging from approximately 5.5 nm up 
to 9.8 nm. We emphasize that the height values are much more accurate indicators of aggregate thickness than 
lateral size, since the vertical measurement is less prone to tip broadening or edge convolution. Nonetheless, the 
appearance of ~ 8 nm high, ~ 50 nm wide, elongated clusters in the HSA conjugated with dendrimer sample is 
a robust, reproducible !nding. Dendrimer addition clearly produces a new morphology: linear aggregates that 
were absent in HSA alone. "e observed aggregates likely result from intermolecular interactions that promote 
β-sheet formation, a hallmark of protein misfolding and aggregation. "ese changes align with !ndings from the 
CD spectroscopy, which also reveals rearrangement in its secondary structure.

Fig. 7. Integrated thermal e#ects of the ITC titration of 10 µM HSA solution with 0.2 mM G3Si PEG6000 
dendrimer solution (red squares) and corresponding e#ects of dilution of dendrimer (blue circles) in aqueous 
10 mM phosphorous bu#er solution pH = 7.4 at 25 °C as a function of the dendrimer to HSA mole ratio.

 

Fig. 6. Curves of thermal power as a function of time during titration of 10 µM HSA solution with 0.2 mM 
G3Si PEG6000 dendrimer solution (red peaks) and dilution of 0.2 mM dendrimer solution into bu#er without 
HSA (blue peaks). All titrations were carried out at 25 °C in aqueous 10 mM phosphorous bu#er solution pH 
7.4. Downward peaks describe endothermic heat e#ects.
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Nanovectors in vivo encounter a protein-rich environment where their interactions can have dual e!ects on 
protein aggregation. On the one hand, the dendrimers may act as sca!olds or catalysts, locally concentrating 
proteins and enhancing aggregation processes such as "bril nucleation and elongation. On the other hand, when 
the protein concentration is high, the dendrimer surface becomes saturated with proteins that competitively 
bind to it. #is competitive binding can block the active sites necessary for further protein-protein interactions, 
thereby inhibiting "bril formation50. Consequently, dendrimers’ net e!ect in vivo depends on the balance 
between their ability to concentrate proteins versus the potential to sequester and stabilize them, which can 
in$uence both the extent and the nature of aggregation observed in biological systems. It is also important to 
denote that a multitude of factors like blood $ow, axial margination, protein corona composition, etc., could 
potentially alter the interactions.

Utilizing an in vitro approach, the AFM phase images reveal multiple areas with notable morphological 
changes, where the plasma structure transitions from predominantly globular forms to more elongated 
aggregate structures similar to the changes observed upon the addition of dendrimer G3Si PEG6000 to HSA 
(Fig. 10). Upon close inspection, the elongated aggregate arrangements are composed of smaller, rod-like units. 
Each globular node along these chains had an apparent lateral size of ~ 23 nm on average, signi"cantly smaller 
than the ~ 60 nm globules seen in plasma without introduction of the studied dendrimer. #is suggests that 
the dendrimer may reorganize the native plasma protein into "ner units. #is change suggests that by altering 
protein secondary and tertiary structures, the dendrimer may start a nucleation process by locally increasing 
protein concentration or inducing conformational changes that favor protein misfolding, oligomerization, and 
proto"bril formation. Height images demonstrate an enhanced regularity of plasma dispersion across the entire 
surface of the sample compared to the more irregular protein distribution prior to the dendrimer addition. 
#is improved dispersion could indicate the stabilization or reorganization of plasma components facilitated 
by interactions with the dendrimer. #e improved dispersion implies that the dendrimer might simultaneously 
limit uncontrolled aggregate growth, potentially by reorganization of plasma components.

Transmission electron microscopy of HSA and plasma
  

Transmission electron microscopy (TEM) provided complementary insights into the structural changes 
induced by the interaction of dendrimer G3Si PEG6000 with HSA and plasma (Fig. 11). Free albumin exhibited an 

Dendrimer n logK
∆ H
(kJ mol–1)

T ∆ S
(kJ mol–1)

∆ G
(kJ mol–1)

G3Si PEG6000 9 ± 3 4.47 11 36 –26

Table 2. Calorimetrically determined stoichiometric parameter n, binding constant K (M–1), and standard 
thermodynamic functions of HSA interaction with G3Si PEG6000dendrimer in 10 mM phosphorous bu!er 
solution pH 7.4 at 25 °C.

 

Fig. 8. #ermal e!ects of direct interactions (per mole of injectant) between HSA and G3Si PEG6000 
dendrimer as a function of the dendrimer to HSA mole ratio in aqueous 10 mM phosphorous bu!er solution 
pH 7.4 at 25 °C the ITC curve of HSA binding interaction with studied dendrimer was described with the 
identical-site model (solid lines).
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Fig. 10. AFM height and phase images of plasma (le! panel) and its conjugates with the dendrimer G3Si 
PEG6000 (right panel). Corresponding cross-section line pro"les (taken along the colored guide lines) are 
shown beneath each image.

 

Fig. 9. AFM height and phase images of HSA (le! panel) and its conjugates with the dendrimer G3Si 
PEG6000 (right panel). Corresponding cross-section line pro"les (taken along the colored guide lines) are 
shown beneath each image.
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amorphous aggregate morphology. !e di"erences in HSA images observed in AFM and TEM can be attributed 
to the distinct principles and preparation requirements of these techniques. As a morphological reference, 
representative TEM micrographs of the not conjugated dendrimer G3Si PEG6000 acquired under the same 
negative-stain conditions are available in our prior work32. Upon dendrimer addition, the structures became 
slightly more compact, suggesting that the dendrimer interacts with HSA, which induces partial aggregation 
into denser protein assemblies. In plasma, which inherently exhibited more complex and intertwined structures 
compared to HSA alone, the introduction of the dendrimer led to a more dispersed protein arrangement, 
resembling the patterns observed in AFM images, with localized interactions between the dendrimer and 
plasma proteins visible. AFM and TEM morphology report cannot, on their own, con#rm protein #brillation; 
orthogonal assays are required for that determination.

Conclusions
A key reason for the longstanding interest in nanovector–protein interactions is the pursuit of e"ective and 
safe therapeutic delivery. Unraveling the underlying mechanisms is fundamental to achieving controlled 
biodistribution and fully realizing the potential of nanomedicine. Our studies reveal that G3Si PEG6000 
dendrimers interact with model proteins in distinct ways. Fluorescence quenching data indicate that the 
dendrimer binds Tf with higher a$nity than HSA, suggesting that dendrimer binding induces more pronounced 
tertiary conformational changes in Tf. In contrast, circular dichroism analyses reveal that the G3Si PEG6000 
dendrimer binding with the model proteins induces a more pronounced e"ect on the HSA secondary 
structure. !e interactions of the dendrimer with both of the proteins show distinct, multi-step conformational 
modi#cations of these proteins, implicating the involvement of multiple binding domains. Isothermal titration 
calorimetry studies also con#rm that the HSA–G3Si PEG6000 dendrimer interaction is characterized by 
multivalent binding and is driven by a favorable entropy change. Together with AFM and TEM imaging, these 
#ndings suggest that at high concentrations, the G3Si PEG6000 dendrimer can alter the protein’s secondary and 
tertiary structures, potentially reorganizing plasma components and initiating nucleation processes that render 
the proteins more susceptible to misfolding. !ough inherently complex, the interaction pro#le of G3Si PEG6000 
dendrimers mirrors key characteristics observed in referenced and well-established nanocarrier systems. !e 
study highlights the intrinsic and multifaceted nature of protein–nanovector interactions and reinforces the 
suitability of this platform for continued investigation in drug delivery and precision medicine. A multitude of 
physiological processes, including blood %ow, corona remodeling through competitive adsorption, and systemic 
clearance pathways, are likely to in%uence these interactions. !erefore, extrapolating from these in vitro results 

Fig. 11. Transmission electron microscope images HSA (top le&), HSA in the presence of the dendrimer G3Si 
PEG6000 in 9:1 molar ratio (top right), plasma (bottom le&), and the G3Si PEG6000 dendrimer in plasma 
environment (bottom right). A magni#cation of 100 000 × was used to analyze the samples. Arrows point at 
partial aggregation into denser protein assemblies. TEM micrographs of the not conjugated dendrimer G3Si 
PEG6000 are available in our prior work32.
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to in vivo behavior should be done with caution. !ese dendrimer-induced, concentration-dependent alterations 
must be further assessed within a broader biological context, where the vast and dynamic network of molecular 
interactions in the circulatory system dictates a spectrum of potential outcomes. Future studies of the G3Si 
PEG6000 dendrimer will extend these insights by including morphotic elements to further describe the impact 
of dendrimer–protein interactions on the dendrimer’s therapeutic delivery and safety.

Data availability
!e datasets generated during and/or analysed during the current study are available from the corresponding 
authors on reasonable request. Correspondence and should be addressed to S.Z or K.M.
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ABSTRACT: The development of nanocarriers o!ers a promising
strategy for the delivery of therapeutics to the central nervous
system. However, the clinical translation of nanosystems hinges on
their interactions with blood components, which not only dictate
their biodistribution and therapeutic e"cacy but also may pose
potential risks to hemostasis. In this study, we assess the
hemocompatibility of a novel, third-generation PEGylated
carbosilane dendrimer (G3Si PEG6000) and its dendriplex
designed for siRNA delivery across the blood-brain barrier
pertinent to Alzheimer’s disease. Utilizing a comprehensive array
of advanced analytical techniques, we assess cellular responses,
cytokine expression, hemorheological properties, hematological
parameters, and coagulation dynamics within a physiologically
relevant environment. Our findings demonstrate that the investigated nanosystem elicits changes in blood rheology, immune
recognition, and the intrinsic coagulation cascade, yet these e!ects remain below thresholds associated with clinically significant
adverse outcomes. Hemolysis was ∼8-fold lower for dendriplexes than the dendrimer in PBS at the highest concentration
(accordingly 3.5 ± 0.14% vs 27.46 ± 4.66%, 24 h), in 55% plasma, both formulations were nonhemolytic across all concentrations.
Whole blood viscosity increased by up to ∼11% (dendrimer) and ∼16% (dendriplex) relative to the control. At 10 μM, the
dendrimer approximately doubled the aPTT, whereas the corresponding dendriplex increased the aPTT by ∼30% of the control.
Importantly, neither adverse e!ects on red blood cell and platelet indices nor toxicological responses in white blood cells were
observed under the tested conditions. These findings not only support the translational potential of the studied nanosystem for
therapy but also emphasize the critical role of the therapeutic cargo and the formation of a biomolecular corona in shaping the
nanocarrier’s biological identity and its subsequent interactions within the bloodstream. The results provide a compelling scientific
basis for advancing this platform in further investigations.
KEYWORDS: carbosilane dendrimer, nanoparticles, siRNA, drug delivery system, hemocompatibility, immunocompatibility

■ INTRODUCTION
The blood−brain barrier (BBB) presents a significant
challenge to the treatment of neurological disorders. This is
due to the restrictive nature of the BBB, which impedes the
delivery of therapeutics to the central nervous system (CNS).
Nanotechnology o!ers a promising solution by employing
nanovectors to cross the BBB and deliver therapeutic agents to
the target site. The success of nanocarriers is heavily dependent
on their biocompatibility. Hemocompatibility is particularly
crucial given that many therapeutic strategies involve
parenteral administration, which bypasses the gastrointestinal
tract and often results in direct exposure of the bloodstream to
administered substances. This approach o!ers the advantage of
systemic delivery, circumventing first-pass metabolism and
potentially enhancing therapeutic e!ects. However, the blood
environment is highly complex, and the interactions of

nanoparticles with blood components can significantly
influence the fate and e"cacy of the nanovector particles
(further nanovectors) as well as constitute risks to hemato-
logical balance. Therefore, blood-contacting nanomaterials
must be tested for adverse interactions with the blood
components. In order to assess the hemocompatibility of
nanoparticles, it is imperative to recognize their possible
impact on the properties and functions of individual blood
components within a highly interactive environment where all
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elements are in constant communication. Figure 1 illustrates
nanovectors crossing the BBB, emphasizing their interactions
with blood components.

Erythrocytes, the most common blood cells, perform vital
functions beyond oxygen and carbon dioxide transport,
including roles in hemostasis, thrombosis, and the regulation
of blood viscosity. Their distinctive rheological properties
contribute to the non-Newtonian behavior of blood,
influencing its flow dynamics and overall circulatory
function.1,2 The interactions of nanoparticles with erythrocytes
can disrupt the delicate physiological balance, leading to a
cascade of intertwined and mutually reinforcing adverse events,
including hemolysis, erythrocyte deformation, aggregation, and
an increased risk of thrombosis. Nanoparticle-induced
hemolysis, while reducing erythrocyte numbers and potentially
leading to life-threatening anemia, also causes the release of
hemoglobin, which can contribute to endothelial dysfunction
and thrombus formation through nitric oxide sequestration.3−6

Nanoparticle-induced hemotoxicity can significantly alter the
blood rheology. Hemolysis can often lead to a decrease in
blood viscosity, which in turn increases the risk of bleeding,
especially in patients with fever. Conversely, nanoparticle-
mediated erythrocyte deformation, often leading to an
increased RBC membrane rigidity, can elevate blood viscosity.
This increased viscosity contributes to a range of hematological
and neurological disorders by promoting microvessel occlu-
sion, altering blood flow patterns, and facilitating platelet
activation, ultimately increasing thrombotic potential.7,8
Furthermore, nanoparticles can induce phosphatidylserine
exposure on erythrocyte membranes, creating a procoagulant
surface that promotes platelet adhesion and increases the risk
of thrombosis, thereby influencing coagulation.9−14

Blood platelets are the second most abundant cell type in the
blood. Formerly regarded solely as regulators of hemostasis,
platelets are now vastly acknowledged for their involvement in
various crucial functions, including vascular inflammation,
combating infections, innate immunity, regulating tumor
growth, and promoting angiogenesis.15,16 This expanded
understanding necessitates careful consideration of platelet
interactions with nanovectors, as their encounters can trigger
unintended activation of signaling pathways, potentially
leading to consequences beyond blood clot formation.
Notably, the negatively charged sialic acid residues present
on the platelet surface exhibit a strong a!nity for cationic
nanoparticles, which can induce platelet aggregation via cross-
bridge formation.17 A critical consequence of nanoparticle-
induced platelet activation is the release of pro-inflammatory
mediators, including β-thromboglobulin, and the translocation
of the membrane protein P-selectin, subsequently triggering
leukocyte recruitment, which can further amplify the
inflammatory response.18−20

Leukocytes are essential components of the immune system
that orchestrate complex recognition and response mecha-
nisms, leading to the neutralization or elimination of foreign
entities. Depending on their biological and synthetic identity,
nanoparticles may be perceived as foreign, self-conscious, or
evade immune recognition entirely. If recognized as foreign,
nanoparticles can trigger a defensive immune reaction, leading
to their engulfment by macrophages, neutrophils, dendritic
cells, or monocytes.21 The mononuclear phagocytic system
(MPS) and reticuloendothelial system (RES) contribute to the
accumulation of nanoparticles in o"-target organs such as the
liver, spleen, and lungs.22 Due to their role in clearing foreign
particles from the bloodstream, which often results in the high
accumulation of nanoparticles inside immune cells, leukocytes
are particularly susceptible to nanoparticle toxicity. Nano-
particles can interfere with chemotaxis, cytokine secretion,
oxidative bursts, and phagocytosis. Additionally, they may
induce more severe adverse e"ects, such as morphological
changes, DNA damage, and apoptosis, leading to immune
system pathologies.23
Given the critical role of hemocompatibility in the successful

application of nanocarriers, it is essential to thoroughly
evaluate their e"ect on blood physiology. By providing a
holistic understanding of their interactions with blood
components, we can identify potential adverse e"ects and
optimize their design for improved biocompatibility and
therapeutic e!cacy. In our previous work, we have synthesized,
characterized, and chosen a single dendrimer best fit for
delivering therapeutic agents across the blood-brain barrier.24
However, for every nanovector, its potential for clinical
translation is contingent on its hemocompatibility profile in
the range of e"ective doses. The current broad-based study
aims to assess the hemocompatibility of the third-generation,
positively charged, PEGylated carbosilane dendrimer and its
complex with siRNA targeting the apolipoprotein E 4
(APOE4) gene.25 This gene-targeting nanosystem is a
potential therapeutic target for Alzheimer’s disease, and
understanding the hemocompatibility of this system is crucial
for its development as a therapeutic approach. The findings of
our analysis encompassed valuable insights, including eryth-
rocyte interactions, immune cell responses, hemorheology, and
multiple hematological and coagulation parameters. These
e"ects were examined across three distinct experimental
conditions: in the absence of plasma, with plasma present,

Figure 1. Illustration depicts nanovectors (in green) after intravenous
injection, interacting with blood components such as red blood cells,
blood platelets, and immune cells potentially, leading to adverse
e"ects like hemolysis, clot formation, and immune response.
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and with whole blood. This approach allowed us to assess how
plasma and blood components influence the studied nano-
vector system’s interactions with blood morphotic elements,
providing a comprehensive view of its biological activity. To
contextualize the present hemocompatibility analyses, we
captured G3Si PEG6000 nanosystem with biomolecular
corona binding signatures and morphology under conditions
approximating the intended plasma milieu.26 The findings
contribute significantly to a more profound understanding of
the safety and e!cacy of the nanocarriers studied for potential
clinical applications and guide future research e"orts toward
more in-depth investigation of specific areas of concern.

■ MATERIALS AND METHODS
Dendrimer
Dendrimer with a silicon atom core, surface tertiary ammonium
groups, and single polyethylene glycol (PEG) (6000)-G3Si PEG6000
with chemical formula C601H1324I30N31O135S32Si29, and a molar weight
of 16,794.81 g/mol is presented in Figure 2. The studied dendrimer

was diluted in a phosphate bu"er solution of 7.4 pH. The synthesis
and biophysical characterization of the dendrimer, along with its
complex with siRNA, were described in previous work.24

siRNA
The following siRNA was used in the present study (Dharmacon Inc.,
Lafayette, CO, USA): Sense: 5′-GAUUACCUGCGCUGGGUG-
CUU; Antisense: 5′-PGCACCCAGCGCAGGUAAUCUU.
Other Reagents
Fetal bovine serum (FBS), RPMI-1640 medium, and resazurin were
obtained from Biowest, Nuaille,́ France. Sigma-Aldrich (Saint Louis,
MO, USA) supplied Histopaque-1077, MILLIPLEX Human
Cytokine Panel, phosphate-bu"ered saline (PBS) tablets, DPH (1,6-
diphenyl-1,3,5-hexatriene), TMA-DPH (N,N,N-trimethyl-4-(6-phe-
nyl-1,3,5-hexa-triene-1-yl), and 1% penicillin-streptomycin. Other
chemical reagents, including sodium dihydrogen phosphate and
disodium hydrogen phosphate, were obtained from Chempur
(Piekary Ślas̨kie, Poland). These chemicals were of analytical grade,
and solutions were prepared using water purified with the Mili-Q
system.

Dendriplex Formation
Our prior research provides insights into the dendrimer/siRNA
complexation process. We characterized Dendrimer G3Si PEG6000
and determined its optimal dendriplex saturation at a molar ratio of
dendrimer to siRNA of 2.5:1.24 In this research, we chose dendrimer
G3Si PEG6000 concentrations ranging from 0.1 to 10 μM and 0.04 to
4 μM for the siRNA in dendriplex. The dendrimer/siRNA complexes
were incubated in PBS at room temperature for 20 min to ensure the
formation of complexes.
Hemolysis
Blood donations from healthy donors were collected by the Regional
Centre for Blood Donation and Hemotherapy in Lodz into CPD
(citrate−phosphate−dextrose) anticoagulant blood-bag systems. All
experiments used individual-donor plasma (no pooling was applied).
Erythrocytes were separated from blood plasma and white blood cells
(WBCs) and washed three times with PBS by centrifugation at 3000
rpm, 10 min, at 4 °C. Erythrocytes were used immediately after
isolation. To evaluate the e"ects of G3Si PEG6000 and its
dendriplexes on erythrocytes, the studied compounds were added
to red blood cells (RBCs, 2% hematocrit) and incubated at 37 °C for
either 3 or 24 h, followed by centrifugation at 3000 rpm for 10 min.
Hemolysis was assessed by measuring the hemoglobin content in the
supernatant at a wavelength of 540 nm by using a multiwell plate
reader (BioTek PowerWave HT, BioTek Instruments, Inc., Winooski,
VT, USA). The percentage of hemolysis was calculated using eq 1:

= ×A
A

% Hemolysis 100%s

c (1)

where As is the absorbance of cells treated with dendrimer or
dendriplex, and Ac is the absorbance of erythrocytes in water (100% of
hemolysis). The experiment was performed in 3 repetitions.
Hemolysis Assay in the Presence of Plasma Proteins
Human plasma was separated from blood by centrifuging at 4200 rpm
for 15 min. All experiments used individual-donor plasma (no pooling
was applied). The dendrimer and dendriplex were preincubated in a
55% plasma solution (v/v) in PBS at 37 °C and time of 1 h as it is
often considered su!cient for corona formation equilibrium.27
Following this preincubation, the samples were mixed with isolated
RBC and plasma to create 2% hematocrit and 55% plasma solution
(v/v) in PBS and were further incubated for 3 or 24 h. The same
procedure was used to assess hemolysis in the presence of plasma, as
described earlier. The experiment was performed in 3 repetitions.
PBMC Cytotoxicity
PBMCs were isolated using Histopaque from the bu"y coat of 3
healthy blood donors obtained from the Regional Centre for Blood
Donation and Hemotherapy in Lodz into CPD (citrate−phosphate−
diastereose) anticoagulant blood-bag systems. All experiments used
individual-donor plasma (no pooling was applied). After isolation, the
cells were resuspended in RPMI-1640 medium supplemented with
10% FBS (heat-inactivated), 1% penicillin, and streptomycin. The
cells were seeded on 96-well black plates in a density of 1 × 104 cells/
well (37 °C, 5% CO2). To evaluate the e"ects of G3Si PEG6000 and
its dendriplex on PBMC, they were incubated for 24 and 48 h. After
incubation, a resazurin solution in PBS was added for 2 h, obtaining a
final concentration of 0.125 mg/mL per well. Fluorescence measure-
ments were read at wavelengths of λex = 530 nm and λem = 590 nm
using a multiwell plate reader (BioTek PowerWave HT, BioTek
Instruments, Inc., Winooski, VT, USA). The cell viability percentage
was calculated using eq 2:

= ×A
A

% Viability 100%s

c (2)

where As is the absorbance of cells treated with dendrimer or
dendriplex, and Ac is the absorbance of control cells (untreated). The
experiment was performed in 4 repetitions.

Figure 2. Structure of the studied dendrimer G3Si PEG6000.
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PBMC Cytokine and Chemokine Expression Pattern
To evaluate secretion of cytokines and chemokines by PBMCs in
response to dendrimer G3Si PEG6000 and its dendriplex, PBMCs
were isolated, seeded as described earlier, and incubated with the
tested compounds at 37 °C and 5% CO2. After 48 h incubation, cell
culture supernatants were collected and analyzed using the Luminex
MAGPIX analyzer (Luminex, Austin, Texas, United States) to assess
IFNα 2, IL-6, IL-8, IL-10, IL-12p40, and TNFα levels. All procedures
were strictly followed according to the manufacturer’s protocols. The
studies were carried out at the Research Laboratory CoreLab of the
Medical University of Lodz. The experiment was performed in 7
repetitions.
PBMC Cytokine Expression in the Presence of Plasma
Proteins
Human plasma was separated from blood by centrifuging it at 4200
rpm for 15 min. All experiments used individual-donor plasma (no
pooling was applied). Dendriplexes and the not complexed dendrimer
were preincubated in a 55% plasma solution (v/v) in PBS for 1 h at
37 °C. Following this preincubation, the samples were mixed with
isolated PBMCs and 55% plasma solution (v/v) in RPMI-1640 and
were further incubated for 48 h. The same procedure was used to
assess PBMC cytokine expression in the presence of plasma, as
described earlier. The experiment was performed in 6 repetitions.
Hemorheology
Blood samples were collected from three healthy male volunteers
(aged 20−30 years) with no known severe health conditions following
an overnight fast. Males were selected for this study due to their
physiologically higher baseline hematocrit than females, making them
more susceptible to the adverse e!ects of elevated blood viscosity.
This study was conducted in accordance with the ethical principles set
forth in the Declaration of Helsinki, and the study protocol was
approved by the Institutional Ethics Committee at the St. Elizabeth
Cancer Institute in Bratislava (approval no. 03-2020/EK ÓSA, signed
on March 4, 2020). To maintain physiological conditions, blood
samples were immediately placed in a water bath maintained at a
constant temperature of 37 °C using a thermostatic controller
(Polystat Control CC1, Huber, Berching, Germany). Gentle manual
agitation of the tubes every 10 min prevented sedimentation.
Rheological properties were subsequently analyzed by using a
modular compact rheometer (MCR 102, Anton Paar, Graz, Austria)
equipped with a double-gap measuring system (DG 26.7/Ti). All
measurements were conducted at 37 °C, maintained by the
rheometer’s integrated Peltier temperature control system. Viscosity
measurements were performed over a shear rate range of 1−1000 s−1,
with the duration of each measurement point determined automati-
cally by the instrument to ensure the acquisition of stable viscosity
values.
Erythrocyte Membrane Fluidity
To evaluate the impact of G3Si PEG6000 and its dendriplex on
erythrocyte membrane fluidity and their ability to interact with both
hydrophobic and hydrophilic regions of the erythrocyte lipid bilayer,
fluorescence anisotropy measurements were performed using two
probes: DPH (1,6-diphenylhexatriene) and its hydrophilic derivative
TMA-DPH (1-(4-Trimethylammoniophenyl)-6-phenyl-1,3,5-hexa-
triene p-toluenesulfonate). The experiments were conducted utilizing
0.05% erythrocyte solution in PBS at 37 °C in 1 cm path-length
quartz cuvettes using a PerkinElmer LS-55 spectrofluorometer
(PerkinElmer, Waltham, MA, USA). The excitation and emission
wavelengths were set to 348 and 358 nm for DPH and 426 and 428
nm for TMA-DPH, respectively. The experiment was performed in 6
repetitions.
Hematological and Coagulation Blood Parameters
Blood was obtained from 3 volunteers as described in the rheology
section. The samples were collected in two separate tubes: with
K2EDTA for hematological analysis and with sodium citrate for
coagulation analysis. For hematological analysis, blood samples in
K2EDTA tubes were incubated at room temperature, protected from

light, for 3 h before analysis using a COULTER DxH 800 automatic
hematology analyzer (Beckman Coulter Inc., Brea, CA, USA).
Coagulation parameters were immediately assessed using an ACL
Top 500 CTS automatic hemostasis analyzer (Instrumentation
Laboratory, Bedford, MA, USA). This methodology enabled the
simultaneous quantitative assessment of hematological parameters
using a combination of multiple techniques. Impedance analysis,
based on Coulter’s principle, measured and sized cells by detecting
changes in electrical resistance as they traversed a small aperture.
Radiofrequency analysis provided insights into the internal con-
ductivity of cells, o!ering information about cellular density and
granularity through the application of a high-frequency electro-
magnetic field. Flow cytometric light scatter was employed to detect
light scattered by cells at various angles, yielding data on the cell size
(forward scatter) and internal complexity or granularity (side scatter).
Additionally, spectrophotometry was used to determine hemoglobin
levels by measuring the absorbance of specific wavelengths of light,
while supravital staining allowed the examination of living cells stained
with dyes that penetrated their membranes without causing cell death.
Statistical Analyses
Statistical analyses and data visualization were performed using Prism
version 10.4.2 (GraphPad Software, Boston, MA, USA). The
Shapiro−Wilk test was used to assess the normality of data
distributions. Depending on experimental design, either one-way or
multiple-way ANOVA was applied to assess di!erences in group
means. Where ANOVA indicated statistically significant main e!ects,
appropriate post hoc multiple comparison tests were selected based
on the structure of the comparisons: Tukey’s test was used for
evaluating all pairwise group di!erences, Dunnett’s test for
comparisons of multiple treatments against a single control group,
and Šidaḱ’s test for a limited set of planned comparisons. In case of
non-normally distributed data or ordinal outcomes the simple e!ects
were assessed using nonparametric Kruskal−Wallis test followed by
Dunn’s multiple comparisons test. All tests were two-tailed and
performed at a significance level α = 0.05. In our graphical
representations, significance is denoted by asterisks: one asterisk (*)
indicates a p-value < 0.05, two asterisks (**) represent a p-value <
0.01, and three asterisks (***) denote a p-value < 0.001.

■ RESULTS AND DISCUSSION
The earliest experiments leading to recognition of the
importance of hemocompatibility had their rudimentary
beginnings in the 19th century. Hewson observed that
stationary blood exhibited di!erent clotting behavior within a
living vein segment compared to an open bowl.28 Later,
Virchow showed that in addition to the blood-material
interface, other factors like blood composition and flow
influence measurable blood clotting.29 The foundation for
modern testing methods was established in the 1970s and 80s
through a series of seminars and consensus conferences.30,31
This groundwork led regulatory bodies like the USA Food and
Drug Administration (FDA) and the European Medicines
Agency (EMA) to establish o#cial guidelines. These guidelines
recommend specific assays that manufacturers must perform to
ensure the safety of blood-exposed foreign materials. Further
solidifying these practices, the ISO 10993-4 standard (issued in
2002 and updated in 2009 by the International Organization
for Standardization, the American National Standards Institute,
and the Association for the Advancement of Medical
Instrumentation) provides a guideline for hemocompatibility
testing.32 Standardized in vitro tests, while invaluable for
ensuring comparability and regulatory alignment, often fail to
address nanoparticles’ nuanced behaviors. To bridge this gap,
tailored approaches that thoroughly investigate nanoparticle-
specific properties and their interactions with biological
systems must complement existing standards, ensuring that
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results remain comparable and facilitate regulatory evaluation
while capturing the complexities of nanoparticle behavior. Such
a balanced strategy enables the reliable assessment of safety
and e!cacy, paving the way for successfully integrating
nanoparticle-based medical products into clinical and
commercial use.33,34

Hemolysis

Hemolytic properties are typically the primary parameters
assessed when evaluating the hemocompatibility of nano-
vectors. In this study, we assessed the hemolytic properties by
spectroscopic measurement of hemoglobin released from
erythrocytes after 3 and 24 h treatment with G3Si PEG6000
dendrimer and its dendriplex (Figure 3). The most
pronounced and statistically significant hemolytic e"ect was
observed for 2.5 and 10 μM concentrations of the non-
complexed dendrimer, with the e"ect increasing over the
duration of incubation. After 24 h, the 10 μM dendrimer
concentration induced hemolysis equivalent to 27.46%,
indicating the loss of integrity of the erythrocyte membrane
or rupture accompanied by a leakage of hemoglobin. The
complexation of the nanovector with siRNA significantly
reduced hemoglobin release, demonstrating markedly lower
hemotoxicity. The complexation of counter-anions of siRNA
e"ectively neutralizes a fraction of the accessible amine charge,
and PEGylation provides additional spatial repulsion and
establishes a steric/hydration barrier, fundamentally altering
the physicochemical properties of the cationic nanosys-
tem.35−37 This reduction in e"ective positive surface charge
lessens electrostatic docking between the nanoparticle and
anionic cell membranes, such as those of erythrocytes, thereby
the interfacial charge masking limits membrane perturbation
and mitigates disruption of bilayer integrity, nanoscopic
poration with ensuing hemolysis.38 The highest tested
dendriplex concentration exhibited 3.5% hemolysis after the
24 h incubation period. This reduction of hemotoxicity can be
attributed to the lower positive charge of dendriplexes
compared to noncomplexed dendrimers. Since the surface of
RBCs is negatively charged, the diminished electrostatic
attraction between dendriplexes and the cell membrane
minimizes disruption and subsequent hemoglobin leakage.
While the assay provides valuable insights into cell type-

specific responses, its current design does not reflect in vivo
comparative toxicity endpoints. Many studies have explored

the hemolytic properties of nanoparticles, but few have
considered the influence of the biomolecular corona. The
formation of a biomolecular corona on the nanoparticle surface
is a critical factor that can mitigate hemolytic activity by
masking the nanoparticle’s synthetic identity properties and
altering its interactions with biological systems.39,40 Consistent
with this view, our companion study on the same G3Si
PEG6000 platform shows that the dendrimer engages albumin
and transferrin through multivalent, entropy-favored binding
with secondary/tertiary conformational modifications indica-
tive of rapid corona establishment that passivates the interface
and thus may attenuate direct RBC membrane disruption.26
To quantify the hemolysis suppression e"ect, the tested
nanoformulations were preincubated with 55% plasma in PBS
for 1 h prior to their addition to RBCs in a 55% plasma
solution. This approach showed that while uncoated
dendrimer G3Si PEG6000 had a significant hemolytic e"ect
on RBC, the formation of a biomolecular corona interface on
the particle surface protected the cells from being damaged. In
PBS, G3Si PEG6000 induced 27.46 ± 4.66% hemolysis, while
the dendriplex induced 3.50 ± 0.14%. In 55% plasma, reduced
hemolysis for both formulations was reached at the level of the
negative control (background), corresponding to relative
reductions of ∼100%. These findings align with other studies
investigating the e"ects of plasma protein layer on the
nanoparticle surface on RBC hemolysis, which similarly
reported reduced hemolytic activity.41−44 Upon plasma
exposure, macromolecules rapidly assemble into a corona on
cationic surfaces that masks cationic/hydrophobic motifs,
lowers the e"ective surface potential, and establishes a
hydrated steric layer. This interfacial remodeling shifts contacts
from direct electrostatic engagement with the anionic, sialic-
acid-rich RBC glycocalyx to protein-mediated interactions,
thereby attenuating membrane perturbation, hemolysis, and
eryptosis.45−47 Although some highly hydrophobic or strongly
cationic nanoparticles can retain hemolytic activity after plasma
exposure, the tested nanosystem, even in the siRNA-free form,
did not exhibit such residual activity under 55% plasma
conditions. This suggests that the presence of a biomolecular
corona on the positively charged surface of the dendrimer G3Si
PEG6000 can significantly diminish the hemolytic potential of
these nanostructures. However, many nanovectors can still
significantly impact erythrocyte function, even with limited
direct hemolytic activity. These e"ects can manifest as

Figure 3. Hemolysis of erythrocytes treated with dendrimer G3Si PEG6000 and its dendriplex following 3 and 24 h incubation in PBS (A) and
55% plasma in PBS (B). A red asterisk denotes statistically significant e"ects attributed to incubation time; a violet asterisk indicates significant
di"erences due to dendrimer-siRNA complexation; and a blue asterisk marks significant di"erences relative to the negative control.
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erythrocyte aggregation or morphological deformation, both of
which can disrupt hemorheology and impair blood flow,
potentially leading to vascular complications.23

Hemorheology
Hemorheology examines the influence of blood flow dynamics
on hemostasis, primarily with particular attention paid to the
interplay between shear rates and blood viscosity. Erythrocytes,
due to their unique properties, are the primary contributors to
blood viscosity and the non-Newtonian behavior of blood.48
Under low shear rates, the slow movement of blood,
macromolecules dispersed in the plasma (such as fibrinogen),
and the discoid shape of erythrocytes collectively promote
erythrocytes to aggregate into stacked face-to-face “rouleaux”
structures. As the diameter of vessels decreases and the shear
rate increases, RBC aggregates gradually separate, causing a
substantial viscosity drop of ∼10 s−1. Furthermore, a
subsequent 4-fold viscosity decrease occurs due to a
morphological transition in RBC.49,50 Erythrocyte physiolog-
ical reversible aggregation plays a significant role in influencing
the distribution of cellular components within the blood-
stream. Moving mostly near the blood vessel center,
erythrocytes force platelets and other particles toward the
periphery. This process, known as axial margination, depends
on blood viscosity and erythrocyte aggregation and influences
the distribution of platelets, leukocytes, and other elements like
nanovectors within the vasculature.51−53 All events taking place
in flowing blood generate shear forces that influence blood
behavior. Typical shear rates in vivo are approximately 20−200
s−1 for veins, 300−800 s−1 for large arteries, 500−1600 s−1 for
arterioles, and 800−10,000 s−1 for atherosclerotic stenosed
arteries.54 Increasing concentrations of the dendrimer and its
dendriplex led to a notable increase in blood viscosity,
particularly at lower shear rates. This e!ect is highly
comparable between dendriplexes and noncomplexed den-
drimers. In our in vitro study, at a shear rate of 1 s−1, the
viscosity of a blood sample without the addition of tested
compounds was equal to 16.48 ± 1.74 mPa s. After
introducing the highest concentration of dendrimer G3Si
PEG6000, the viscosity increased to 18.57 ± 2.17 mPa s, while
with the addition of the highest concentration of dendriplex, it
rose to 19.30 ± 1.56 mPa s. In higher shear rates, the e!ect is
less visible. As shown in Figure 4, the viscosity of the samples
decreases with increasing shear rates (decreasing vessel
diameter), a phenomenon known as the Fåhræus−Lindqvist
e!ect caused by the formation of a few-micron-thick cell-free

layer adjacent to the vessel walls.55,56 Increased viscosity can
reduce cardiac output and elevate peripheral resistance, leading
to higher blood pressure and placing additional mechanical
strain on the cardiovascular system. This can exacerbate
conditions such as poor circulation, heart failure, and
hematological and neurological disorders while significantly
raising the risk of ischemic stroke.51,52,57−59 In our study, the
increase in blood viscosity observed after the addition of the
tested compounds within the concentration range does not
reach levels likely to cause cardiovascular complications linked
to hemorheology.60
Nanoparticles can have diverse e!ects on blood rheology

depending on their size, shape, surface properties, and
concentration. For example, amphiphilic phosphorene den-
drons increase blood viscosity in a concentration-dependent
manner, most likely mainly due to electrostatic interactions
with cell membranes.61 Conversely, diesel exhaust particles, an
environmental nanoparticle, can alter blood flow properties by
damaging erythrocyte cell membranes, potentially reducing
blood viscosity.7 This highlights the importance of considering
nanoparticle-driven e!ects on hemorheology. As there are
three main factors that can influence blood viscosity, namely,
hematocrit, erythrocyte aggregation, and erythrocyte deforma-
tion, there are two most probable potential mechanisms that
may lead to the increase of blood viscosity observed in our
study. The tested dendrimer-based therapeutic system attached
to the surface of erythrocytes may increase the value of the
adhesion force acting between them or may cause the sti!ening
of the RBC membrane.
Erythrocyte Membrane Fluidity
Nanovectors can significantly influence membrane fluidity by
interacting with the RBC membranes’ lipid bilayer and
structural proteins. These interactions may alter erythrocytes’
deformability and biconcave shape, which is critical for their
role in maintaining proper blood viscosity and e"cient
microcirculation perfusion. Disruption of the double-lipid
membrane or transmembrane protein organization by nano-
particles could hinder the integrity of membrane architecture,
a!ecting their functions and lifespan and potentially leading to
eryptosis.62 The influence of the G3Si PEG6000 dendrimer on
erythrocyte membrane fluidity was assessed by fluorescence
spectroscopy. The measurement of fluorescent anisotropy of
TMA-DPH and DPH, respectively, reflects membrane fluidity
of the hydrophilic surface and hydrophobic membrane core of
the lipid bimolecular layer. Exposure to the G3Si PEG6000

Figure 4. Changes of whole blood viscosity for di!erent shear rate parameters following the addition of dendrimer G3Si PEG6000 (A) and its
dendriplex (B). The Herschel-Bulkley model for non-Newtonian fluids was fit to the data.
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dendrimer and its dendriplex resulted in decreased membrane
rigidity (Figure 5), with a slightly greater e!ect observed in the
hydrophilic regions compared to the hydrophobic core. This
increased interaction with the hydrophilic membrane surface is
likely due to the highly charged ionic nature of G3Si PEG6000
dendrimers, which exhibit hydrophilic properties that facilitate
interactions with polar regions of the lipid bilayer.63 However,
these same hydrophilic characteristics present a challenge for
membrane penetration, as the dendrimers must overcome the
substantial energy barrier imposed by the hydrophobic core of
the lipid bilayer.64 This e!ect is more pronounced with the
studied dendrimer than with its dendriplex, as the dendrimer
alters membrane fluidity at a lower concentration compared to
the dendriplex, underscoring the e!ect of dendrimer-siRNA
interactions in modulating membrane fluidity. This observa-
tion aligns with hemotoxicity studies, which similarly highlight
how the complexation of the dendrimer with siRNA modulates
its interaction with biological membranes, reducing its impact
on cellular integrity. While the lipid bilayer is highly adaptable
and expandable, its ability to stretch is inherently limited,
failing under tension beyond just a few percent deformation,
highlighting its sensitivity to such interactions.64 The
interaction of the studied dendrimer-based therapeutic system
with isolated RBCs results in an increase in membrane fluidity
rather than rigidity. Based on this observation, we conclude
that the observed increase in blood viscosity after the addition
of the dendrimer and its dendriplex, as seen in the
hemorheological study conducted on whole blood, is more
likely attributed to an increase in the adhesion forces between

the RBC. A decrease in deformability, by contrast, would
typically lead to a viscosity increase; however, this study
indicates an increase in erythrocyte deformability, supporting
the hypothesis of enhanced RBC adhesion as the primary
mechanism.65

PBMC Cytotoxicity

Peripheral blood mononuclear cells (PBMCs) comprise
lymphocytes (T cells, B cells, and NK cells), monocytes, and
dendritic cells.66 PBMC cell viability was evaluated using the
AlamarBlue assay, which measures the metabolic activity of
PBMCs upon exposure to test compounds (Figure 6). This
assay relies on the reduction of resazurin, a fully oxidized, blue,
and nonfluorescent dye, into resorufin, a pink and fluorescent
compound, through cellular redox reactions. Mitochondrial
oxidoreductases mediate the reduction process, reflecting
mitochondrial function and providing insights into cellular
viability and proliferation.67,68 The assay results demonstrate
no statistically significant cytotoxic e!ects following 24 and 48
h incubation with either the dendrimer or its dendriplex at any
tested concentration when compared to the negative control.
At the highest tested dendriplex concentration (10 μM), a
statistically significant di!erence was observed between the 24
and 48 h time points, indicating a time-dependent normal-
ization of cell viability. This temporal e!ect was not observed
for the noncomplexed dendrimer, and a statistically significant
di!erence between the dendrimer and dendriplex at the
highest concentration suggests that complexation with siRNA
may modulate the biological response. Notably, the only
statistically significant di!erence relative to the negative control

Figure 5. Fluorescence alterations of DPH (A) and TMA-DPH (B) probes indicate changes in membrane fluidity upon interaction with dendrimer
G3Si PEG6000 and its dendriplex. A blue asterisk marks significant di!erences relative to the negative control.

Figure 6. Viability of PBMCs treated with dendrimer G3Si PEG6000 and its dendriplex following 24 and 48 h incubation. A red asterisk denotes
statistically significant e!ects attributed to incubation time, a violet asterisk indicates significant di!erences due to dendrimer-siRNA complexation,
and a blue asterisk marks significant di!erences relative to the untreated cells (100%).
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was an increase in PBMC viability, indicative of a proliferative
response, following 48 h incubation with the lowest
concentration of the noncomplexed dendrimer. Multiple
nanoparticles have the capacity to induce the proliferation or
death of PBMCs. These dual e!ects arise from complex
interactions between the nanoparticles and cellular pathways.69

The minimal e!ect on PBMC viability is very beneficial, as it
suggests the preservation of physiological immune functions
without disrupting cellular processes. This property positions
dendrimer G3Si PEG6000 as a promising candidate for
biomedical applications, as it does not compromise the
immune system by inducing cytotoxic e!ects, thereby

Figure 7. E!ects of the G3Si PEG6000 dendrimer and its dendriplexes on cytokine and chemokine expression patterns. Panel A presents the e!ects
of the nanosystem in the plasma-poor environment, whereas panel B illustrates the corresponding responses in the plasma-rich environment.
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preserving immunological homeostasis. While the absence of
cytotoxicity toward PBMCs is an encouraging factor,
comprehensive characterization of the immunological footprint
of this nanosystem under physiologically relevant conditions is
crucial for predicting systemic tolerance.
PBMC Cytokine and Chemokine Expression Pattern

Nanoparticles can be recognized by antibodies and cellular
receptors, thereby eliciting an immune response, inducing the
release of cytokines and chemokines that regulate inflamma-
tion, drive immune cell recruitment, and influence cellular
di!erentiation and activation. Biomolecular coronas can
promote nanoparticle recognition by activating pattern
recognition receptors (PRRs). PRRs may inadvertently cross-
react with misfolded proteins or surface modifications that
structurally mimic pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs), resulting in activation of the immune response.70
While the biomolecular corona can induce both pro-
inflammatory and anti-inflammatory signaling pathways, it
can redefine a nanoparticle’s biological identity by masking
synthetic surface features of possibly mitigating recognition by
phagocytic cells and reducing the clearance rate from the
bloodstream.71−73 Recent work reinforces that the formation
of a plasma protein corona can markedly suppress nano-
particle-induced hemolysis and has spurred “corona-engineer-
ing” approaches by preloading nanoparticles with dysopsonins-
rich layers such as clusterin or ApoA-I to stabilize cationic
carriers and improve hemocompatibility.74 In light of the
context-dependent cytokine modulation, we implemented a
dual-environment experimental framework in both plasma-rich
and plasma-poor environments. Evaluating both conditions in
parallel, we ensure that the impact of adsorbed plasma proteins
on the dendrimer surface identity and subsequent immune
signaling is fully captured. Moreover, to more accurately
recapitulate in vivo immunobiology, we extended our analysis
beyond isolated cell types to include mixed cultures. This
heterogeneous cellular milieu preserves critical paracrine
interactions and cell−cell cross-talk, thereby revealing
emergent cytokine networks and regulatory feedback loops
that are inherently undetectable in single-cell assays.
Collectively, this holistic strategy a!ords a deeper under-
standing of how the plasma milieu and native cellular
complexity converge to dictate dendrimer-mediated immuno-
modulation.75,76 The selection of cytokines and chemokines
was based on the interrelated roles, allowing observation of the
influence that the studied dendrimer has on the inflammatory
(IL-8, IL-12p40, TNFα), anti-inflammatory (IL-10), and
pleiotropic (IFNα2, IL-6) immune signaling molecules (Figure
7).
Our results suggest that introducing the nanoparticles into a

plasma-rich environment led to a more heterogeneous and
thus variable immune cell response, reflected by the cytokine
and chemokine expression profiles. This variability of
dendrimer G3Si PEG6000 is the most pronounced on
IFNα2, IL-6, and IL-12p40 expression in plasma-rich environ-
ments, likely reflecting how the complex, dynamic, and
heterogeneous protein corona modulates immune cell
activation. In plasma-rich samples, IL-10 concentrations
consistently fell below the lowest quantifiable concentration
for the MAGPIX Luminex assay and were therefore excluded.
The high protein content of plasma amplifies background
noise, leading to substantial matrix interference that

disproportionately diminishes the assay sensitivity for low-
abundance analytes such as IL-10. In plasma-poor environ-
ments, the biomolecular corona is less complex, leading to a
more consistent cellular activation pattern, if any. Our results
indicate that under plasma-poor and plasma-rich environ-
ments, the G3Si PEG6000 dendrimer and its dendriplex
induce IL-6 expression by PBMCs. In the plasma-poor
environment, the highest tested dendrimer concentration
mediated the release of IL-6 with a median reaching 19 pg/
mL, while incubation with the highest tested dendriplex
concentration resulted in a median equal to 30.76 pg/mL,
representing accordingly a 1.80-fold and 2.9-fold increase
compared to the negative control (10.54 pg/mL). In the
plasma-rich environment, the median of IL-6 expression level
reached 37.07 pg/mL for cells incubated with the highest
tested dendrimer concentration and 60.06 pg/mL for samples
incubated with the highest tested dendriplex concentration,
representing accordingly a 0.6-fold and 2.4-fold increase
compared to the negative control (25.17 pg/mL). Although
these trends suggest an upregulation of IL-6 expression with
higher concentrations of dendriplex, the di!erences did not
achieve statistical significance. These observations, together
with findings from several other studies, reinforce the concept
that the siRNA cargo is not merely a passive therapeutic
payload but plays a role in defining nanoparticle properties and
modulating the resultant immune response.77 Moreover, our
results suggest that the expression of IL-8 is modulated by both
the dendrimer and its dendriplex in a manner that is dependent
on the plasma environment. Under plasma-poor conditions,
incubation of PBMCs with the highest concentration of the
dendrimer G3Si PEG6000 resulted in the median of IL-8
expression level reaching 2855.59 pg/mL, corresponding to a
5.3-fold increase relative to the negative control, while the
dendriplex further elevated the IL-8 median level to 3688.9 pg/
mL, corresponding to a 6.9-fold increase compared to the
negative control value. Conversely, in the plasma-rich environ-
ment, the dynamics shift occurs: the highest concentration of
the studied dendrimer a!ected an IL-8 expression of median
equal to 3171.46 pg/mL, representing a 1.7-fold increase over
the control, while the incubation with the dendriplex led to a
slightly lower level of 2814.09 pg/mL, representing a 1.5-fold
increase relative to the negative control. In parallel to the
trends observed for IL-8, the results suggest concentration-
dependent e!ects of the tested nanosystem on TNFα
expression in the plasma-poor environment, with the highest
tested dendrimer concentration median reaching a 9.3-fold
increase compared to the negative control value. In plasma-rich
environments, however, the formation of a biomolecular
corona masks the features of synthetic identity bioactive sites
of the studied dendrimer, thereby reducing the dendrimer’s
capacity to modulate TNFα level compared to the e!ects of
the studied nanosystem in plasma-poor environments. This
illustrates the critical role of the biomolecular corona in
determining nanoparticle bioactivity and highlights the
importance of testing nanoparticle e!ects under conditions
that closely mimic the in vivo environment.
Quantitative assessment of cytokine and chemokine

secretion profiles serves as a critical tool for evaluating the
immunological safety of novel nanomaterials. Elevated levels of
these mediators can act as early biomarkers of dysregulated
immune activation, including the onset of cytokine storms, and
may predict adverse outcomes such as chronic inflammation,
autoimmune activation, or irreversible tissue injury. While no

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c12952
ACS Appl. Mater. Interfaces 2026, 18, 11671−11686

11679



statistically significant elevations in cytokine or chemokine
levels were observed when compared to negative controls,
subtle yet reproducible shifts in expression patterns were
detected. These findings suggest that the G3Si PEG6000
dendrimer and its dendriplex formulation may exert a mild
immunostimulatory e!ect, indicating that they are not
completely immunologically inert. Within this framework,
PEG on G3Si PEG6000 may exert mixed e!ects. Under
plasma-rich conditions, steric shielding by the biocompatible
polymer can significantly reduce recognition and clearance of
nanoparticles by the RES, which blunts some pro-inflammatory
readouts.78 Conversely, PEG can also participate in comple-
ment-linked responses via anti-PEG antibodies, whose
prevalence appears boosted in some populations after
mRNA-LNP vaccination, potentially amplifying cytokine
release in a donor-dependent manner.79 Nonetheless, owing
to interdonor variation in anti-PEG antibodies and complex
complement triggers, our data cannot predict the intensity of
any anti-PEG response in vivo. The minimal pro-inflammatory

signature observed here is a desirable characteristic for
translational nanomedicine applications, as it supports the
potential for prolonged systemic circulation and reduced risk
of o!-target immunotoxicity in vivo. Importantly, these
findings lay a strong foundation for subsequent in vivo
evaluations, where a subdued innate immune response is often
a prerequisite for clinical feasibility.
Hematological Blood Parameters
Building on the analyses conducted under simplified
conditions, we expanded our investigation to evaluate the
hemocompatibility of the G3Si PEG6000 dendrimer and its
dendriplex in the complex environment of whole human blood.
To achieve this, we utilized an advanced automatic hematology
analyzer to study the e!ects of G3Si PEG6000 and its
dendriplex on a comprehensive range of hematological
parameters associated with RBCs, WBCs, and platelets
(PLTs) over a 3 h incubation period.
The RBC parameters assessedincluding RBC count

(RBCC), hemoglobin (HGB), hematocrit (HCT), microcytic

Figure 8. E!ects of the G3Si PEG6000 dendrimer and its dendriplexes on various hematological parameters, expressed as a percentage relative to
the negative control. Each panel pair in the figure represents parameters associated with RBC (A), WBC (B), and PLT (C). Individual data points
correspond to measurements from single patients, and the horizontal line within each panel indicates the median value of the respective parameter.
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anemia factor (MAF), mean corpuscular volume (MCV),
mean corpuscular hemoglobin concentration (MCHC), and
red cell distribution width (RDW)are critical indicators of
erythrocyte health and function. In our study, the observation
that these parameters remain within normal ranges, with
minimal deviation from control samples, suggests that the
introduction of G3Si PEG6000 dendrimers and their
dendriplexes does not adversely a!ect red blood cells (Figure
8). Specifically, the unaltered RBC count and HGB, HCT, and
MAF levels suggest the absence of eryptosis and agree with the
results obtained in the hemotoxicity experiment in the
presence of plasma. Stable MCV, MCHC, and RDW values
further imply that the dendrimer exposure does not cause
pronounced morphological alterations or cellular heterogeneity
in RBC.
The evaluation of WBC parametersincluding total WBC

count (WBCC), neutrophils (NE), lymphocytes (LY),
monocytes (MO), eosinophils (EO), basophils (BA), and
procalcitonin (PCT) levelsrevealed that most values
remained within normal ranges. However, the observed
variability in eosinophil and basophil counts may be attributed
to analytical imprecision inherent in automated hematology
analyzers. Basophils, being the least abundant WBC, present a
challenge for precise quantification. Several studies have
indicated that automated analyzers often exhibit high analytical
imprecision and poor specificity in basophil counting and, to a
lesser extent, for eosinophils.80,81 Therefore, the scattered
results observed for basophil and eosinophil counts in this
study likely reflect the known limitations in the precision of
automated hematology analyzers rather than an actual e!ect of
dendrimer or dendriplex exposure. These results are in line
with the results obtained in PBMC toxicity. Additionally, PCT
levels remained within normal ranges, indicating that the
nanovector exposure did not elicit a systemic inflammatory
response, mimicking systemic bacterial infection.
The evaluation of PLT parametersincluding PLT count

(PLTC), mean platelet volume (MPV), and platelet
distribution width (PDW)revealed that all values remained
within normal ranges, exhibiting minimal deviation from
control samples. This consistency suggests that introducing
G3Si PEG6000 dendrimers and their dendriplexes into whole
blood does not adversely a!ect PLT function or morphology.
Nanovectors may exert diverse e!ects on platelet behavior.
Nanoparticles with negative surface charges, smaller sizes, and

lower molecular weights have been shown to inhibit PLT
aggregation. Conversely, cationic dendrimers are known to
stimulate platelet aggregation due to the electrostatic
interaction between their positively charged surfaces and the
negatively charged platelet membrane. The observed stability
of platelet parameters in the presence of positively charged
G3Si PEG6000 dendrimers and its dendriplex may be
attributed to the nanovector’s PEGylation. It is well established
in the scientific literature that surface modification reduces
interactions with platelets and other blood components while
enhancing biocompatibility, thereby minimizing the risk of
adverse e!ects.82

Coagulation Blood Parameters
Advanced optical automatic hemostasis analyzer was utilized to
evaluate the e!ect of the G3Si PEG6000 dendrimer and its
dendriplex on coagulation parametersincluding thrombin
time (TT), quantitative fibrinogen assay (QFA), prothrombin
time (PT), and activated partial thromboplastin time
(aPTT)demonstrated that TT, QFA, and PT values
remained within normal ranges, exhibiting minimal deviation
from control samples (Figure 9). However, a notable finding
was the concentration-dependent prolongation of aPTT
observed with the addition of both the G3Si PEG6000
dendrimer and its dendriplex. The isolated prolongation of
aPTT, with physiologically normal values of TT, QFA, and PT,
suggests the impact of the tested nanosystem on the intrinsic
pathway of the coagulation cascade. The control aPTT median
was 35.2 s, which increased to 42.9 s in samples containing 2.5
μM dendrimer and further to 74.4 s at a dendrimer
concentration of 10 μM. In comparison, the aPTT
prolongation was less pronounced in samples containing the
dendriplex. The median aPTT for samples with 2.5 μM G3Si
PEG6000 dendrimer and 1 μM siRNA rose to 37.5 s, while
those with 10 μM G3Si PEG6000 dendrimer and 2.5 μM
siRNA exhibited a median aPTT of 47.6 s. Prolongation of the
aPTT by the tested nanovector may result from its interaction
with coagulation factors specific to the intrinsic pathway. This
interaction likely involves binding these factors to the
dendrimer surface, leading to their depletion or functional
inhibition. Multiple studies have demonstrated that nano-
particles can a!ect the coagulation pathways in various ways.
Similar aPTT-biased anticoagulant e!ects are reported for
polydopamine nanoparticles and ZIF-8 MOFs, reinforcing that
nanosurface interactions can sequester intrinsic-pathway

Figure 9. E!ects of the G3Si PEG6000 dendrimer and its dendriplex on coagulation parameters, expressed as a percentage relative to the negative
control. The panel on the left displays the e!ects of the dendrimer, while the panel on the right shows the e!ects of the dendriplex. Individual data
points correspond to measurements from single patients, while the horizontal line within each panel indicates the median value of the respective
parameter.
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factors without broad extrinsic disturbance.83,84 Notably,
cationic amine-terminated PAMAM dendrimers were found
to induce disseminated intravascular coagulation (DIC)-like
e!ects in vivo at high doses.85 The ability of nanovectors, such
as PAMAM dendrimers, to interact with coagulation pathways
underscores the critical importance of comprehensive safety
testing in nanomedicine development. The mechanism of DIC
itself is highly complex, involving coagulation factors,
leukocytes, endothelial cells, and platelets, which collectively
drive the pathological cascade. While the tested dendrimer
G3Si PEG6000 and its dendriplex demonstrated no substantial
e!ects on these critical components, suggesting a low
likelihood of DIC development, future study designs and
analyses must account for the likelihood of resulting in
interruption of the intrinsic coagulation pathway to ensure
their safety for e!ective application.

■ CONCLUSIONS
Given the increasing number of nanotechnology-based
products in the development, evaluating the e!ects of
nanoparticles on blood components is essential, as these
interactions can significantly influence both the fate and
e#cacy of the nanovectors and constitute risks to hemato-
logical balance. Our comprehensive in vitro investigation of
dendrimer G3Si PEG6000 and its dendriplex provides critical
insights into the interactions between the nanovector and
blood elements, highlighting the importance of biomolecular
corona formation. The study conclusively demonstrates that
dendrimer complexation with siRNA and biomolecular corona
formation e!ectively mitigates direct hemolytic damage.
Increasing concentrations of dendrimer G3Si PEG6000 and
its dendriplex induce a modest, concentration-dependent
increase in blood viscosity, most notably at lower shear rates.
While the viscosity rise is comparable between the two
formulations, the observed changes remain below thresholds
typically associated with significant cardiovascular risks.
Fluorescence spectroscopy analysis revealed that exposure to
G3Si PEG6000 dendrimer and its dendriplex increases
erythrocyte membrane fluidity, as evidenced by a decrease in

fluorescence anisotropy. The uncomplexed dendrimer exerts a
pronounced e!ect on membrane dynamics, whereas siRNA
complexation attenuates this e!ect, thereby reducing den-
drimers impacts membrane integrity. These findings align with
hemotoxicity studies and suggest the hemorheology changes
likely arise from enhanced cell-to-cell adhesion. In vitro
cytotoxicity assays confirm that both the dendrimer and its
dendriplex exhibit minimal e!ects on PBMC viability over 24
and 48 h incubation periods relative to the negative control,
with only transient, nonsignificant variations observed at the
highest concentrations. Modest immunomodulatory responses
were observed, particularly reflected in cytokine expression
profiles such as IL-6, IL-8, and TNFα; however, these
remained within ranges unlikely to trigger severe systemic
immune reactions. Notably, the magnitude and nature of these
responses were strongly influenced by the presence of plasma
and the siRNA cargo, highlighting the critical role of both the
biological milieu and therapeutic payload in shaping the
immunological behavior of the nanocarrieran essential
consideration for the design and clinical translation of any
nanosystem. Advanced hematological analyses indicate that the
nanovectors do not adversely alter RBC, WBC, or PLT
parameters. Notably, most coagulation parameters remained
within physiological limits, except for a nonsignificant,
concentration-dependent prolongation of the aPTT, which
suggests a mild impact on the intrinsic coagulation cascade.
This e!ect was less pronounced in samples incubated with the
dendriplex, likely due to siRNA complexation mitigating direct
interactions with coagulation factors. A summary of the key
findings is presented in Table 1. Ultimately, our data also
highlight specific areas of concern that warrant further
investigation in future studies, ensuring comprehensive safety
profiling is necessary for e!ective clinical translation.
Collectively, these results underscore the translational potential
of this nanosystem for therapeutic applications and emphasize
the importance of therapeutic cargo and biomolecular corona
formation in assessing nanocarriers’ safety and e#cacy.

Table 1. Summary of Selected Hemocompatibility Parameter Readouts for the G3Si PEG6000 Dendrimer and Its siRNA
Dendriplexes, Chosen from a Broader Panel of Parameters Evaluated in This Manuscripta

aHemolysis and PBMC viability shown here were measured after 24 h of incubation; hemolysis is expressed as % of the positive control (100%
RBC lysis), whereas viscosity (1 and 100 s−1), fluorescence anisotropy (DPH, TMA-DPH), PBMC viability, and APTT-SS are expressed as % of
the negative control. Blue arrows (↑/↓) indicate the direction of statistically significant changes relative to the corresponding control.
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ABSTRACT

The tight regulation of bidirectional solute flux between the systemic circulation and neural 

tissue by the blood–brain barrier (BBB) remains a principal obstacle to effective 

pharmacotherapy of the central nervous system. In this study, we evaluate the biocompatibility 

and biodistribution of a novel third-generation PEGylated carbosilane dendrimer (G3Si 

PEG6000) and its siRNA dendriplex using a tiered, upstream strategy that progresses from BBB-

relevant monocultures to a capillary-weighted BBB model, and in vivo/ex vivo biodistribution in 

mice, in accordance with current recommendations for nanomaterial testing. In endothelial cells, 

pericytes, and astrocytes, mitochondrial/redox profiling (MTT, DCF-ROS, JC-1 ΔΨm) defined 

tolerated exposure ranges. Complexation with siRNA consistently attenuated apparent 

cytotoxicity across cell types, yet both free and complexed formulations elicited modest ROS 

and dose-dependent ΔΨm depolarization, indicating persistent mitochondrial stress. In the BBB 

model, responses were concentration- and formulation-dependent: high-dose free dendrimer 

produced sustained impedance and nuclear confluence loss with sheet-like detachment, whereas 

lower doses and the dendriplex induced transient, recoverable perturbations or increases in 

impedance and proliferation. In vivo, whole-body IVIS imaging demonstrated prolonged 

systemic exposure for the dendriplex and an ex vivo kidney-dominant, liver-secondary 

distribution; brain fluorescence was below planar NIR-I detection limits. Collectively, these data 

indicate that siRNA complexation broadens the functional window at the BBB and improves 
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pharmacokinetic behavior, providing a mechanistically informed basis for dose optimization and 

efficacy testing of this dendrimer–siRNA platform in CNS indications. The results provide a 

scientific basis for advancing this platform in further investigations targeting Alzheimer's 

disease.

INTRODUCTION

The central nervous system (CNS) is the most structurally and functionally complex organ 

system in higher metazoans. Although constituting only approximately 2% of total body mass, 

the human brain accounts for approximately 20% of the organism's total glucose and oxygen 

consumption, reflecting its exceptionally high metabolic demand 1,2. Due to its limited capacity 

to store metabolic substrates, the CNS relies on a continuous, tightly regulated supply of vital 

nutrients derived from systemic circulation. The human cerebral vasculature facilitates not only 

the delivery of oxygen, metabolic substrates, and essential nutrients but also the removal of 

carbon dioxide and neurotoxic metabolites. The vascular architecture is aligned with the spatial 

and energetic demands of approximately 86 billion neurons and a similar number of non-

neuronal cells, which, collectively with astrocytes and pericytes, occupy almost 80% of brain 

volume. The extracellular space accounts for 15–30% of brain volume, while the cerebral 

vasculature constitutes only about 3% of brain volume. Brain capillaries range 7–10 Km in 

diameter and are spaced about 40 Km apart, ensuring that neuronal somata are typically situated 

10–20 Km from a capillary 3,4. This pervasive microvasculature ensures proper neurovascular 

coupling by maintaining the chemical composition of brain interstitial fluid (ISF), which is 

critical for proper synaptic functioning, information processing, and neuronal connectivity. 

Disruption of cerebral vascular integrity increases permeability, perturbs cerebral blood flow 

(CBF), impairs synaptic activity and network function, while permitting the entry of neurotoxic 
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blood-derived molecules, immune cells, and microbial agents that initiate an inflammatory 

cascade and contribute to neurodegeneration. Loss of cerebral perfusion leads to rapid neuronal 

injury, and neuronal necrosis initiates within minutes, with irreversible brain damage occurring 

within hours after cessation of CBF 5,6. To maintain strict physical and functional 

compartmentalization between the systemic circulation and the cerebral parenchyma, vertebrates 

have evolved critical barrier systems: the blood-brain barrier (BBB), blood-spinal cord barrier 

(BSCB), blood‑cerebrospinal fluid barrier (BCSFB), and the arachnoid barrier (AB), with 

circumventricular organs (CVO) playing a unique role in this compartmentalization. Among 

these systems, the BBB stands out as the primary interface between the systemic circulation and 

the brain parenchyma. The BBB is a specialized, highly selective, and dynamic interface 

comprised mainly of endothelial cells that regulates the molecular and cellular influx and efflux 

of fluids, thereby preserving the brain's homeostatic environment 7.

Bidirectional molecular exchanges between blood-and-brain and brain-and-blood proceed via 

discrete, solute-selective pathways determined by each molecule's physicochemical attributes. 

Under physiological conditions, tight junctions (TJ) formed by claudins and occludin effectively 

restrict the penetration of solutes through paracellular diffusion, so most movement occurs 

through transcellular diffusion. Lipid-soluble compounds and gases may cross predominantly by 

passive transcellular diffusion through the cell plasma whereas the membrane majority of 

substrates use regulated endothelial mechanisms: solute-carrier–mediated transport (CMT) for 

carbohydrates, amino acids, monocarboxylates, hormones, fatty acids, nucleotides, organic 

anions and cations, amines, choline, and vitamins; receptor-mediated transcytosis (RMT) for 

proteins such as transferrin, insulin, leptin, arginine vasopressin, amyloid-L, and apolipoproteins 

E and J; and ion transport pathways like ATPases, uniporters, exchangers, and symporters move 
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Na+, K+, ��O� @�7,O� H+, and Ca2+; ATP-binding cassette efflux pumps return xenobiotics, 

drugs, drug conjugates, and nucleosides to the blood 7–9. While essential for homeostasis, the 

tightly regulated molecular trafficking remains a major impediment to the effective delivery of 

drugs and therapeutic nucleic acids for treating brain disorders. The BBB excludes from entering 

the brain parenchyma approximately 98% of small molecule drugs prevent systemically 

administered drugs achieving therapeutically relevant unbound concentrations, underscoring the 

need to re-evaluate prevailing strategies and to leverage opportunities for mechanism-informed 

delivery platforms 10,11. Advances in understanding BBB physiology, including delineation of 

transporter systems, tight-junction regulation, and neurovascular unit dynamics, together with 

increasingly predictive in vitro and microphysiological models, now enable design and rigorous 

preclinical evaluation of brain-targeted delivery systems 12. In this context, nanoparticle 

platforms offer modular carriers whose size, morphology, and surface chemistry can be precisely 

engineered. Surface functionalization with peptide ligands can exploit receptor- or carrier-

mediated transcytosis, whereas cationic or amphiphilic coatings facilitate adsorptive-mediated 

transcytosis. Stealth strategies such as PEGylation modulate biomolecular corona composition 

reduce opsonization, and stimuli-responsive or biomimetic designs can enhance endosomal 

escape and target engagement while optimizing hemocompatibility, therapeutic index, 

circulation half-life, biodistribution, BBB penetration, and spatiotemporally controlled release 

within the CNS 13–21. A broad array of nanomaterials, including dendrimers, carbon nanotubes, 

quantum dots, polymeric and metallic nanoparticles, nanocrystals, nanoemulsions, and lipid-

based systems, have been investigated for CNS delivery to achieve therapeutically relevant 

concentrations at the site of action. Dendrimers are among the most versatile and structurally 

well-defined nanocarriers, consisting of a symmetrical core with radially branching repeat 
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monomer units that define the generation number. Their architecture enables precise control over 

their size, shape, and surface chemistry, termed “synthetic identity”, that also defines their 

biomolecular corona composition, forming their "biological identity". All the factors collectively 

determine their biocompatibility, immunogenicity, colloidal stability, membrane interaction, 

cellular uptake, and intracellular trafficking 22–24. Dendrimers are predominantly internalized via 

clathrin-mediated endocytosis, with additional contributions from macropinocytosis, then act as a 

proton sponge, making endosomes and lysosomes easier to rupture and release the trapped 

dendrimers and carried therapeutics 25. The unique dendrimer properties have allowed to 

engineer formulations that have demonstrated the capacity to traverse major physiological 

barriers, including the skin, pulmonary airway mucosa, the oral and intestinal epithelium, ocular 

surfaces, placenta barrier and BBB 26–31. Multiple dendrimer-based systems have been evaluated 

in vitro using static and dynamic BBB models as well as in vivo models and proven potential for 

brain delivery of chemotherapeutics, anti-inflammatory agents, neuroprotective small molecules, 

and nucleic acid cargos 32–37. The accumulating evidence base and rapid progress in 

functionalized dendrimer designs continue to expand their translational potential for targeted 

CNS therapy. Within this space, carbosilane dendrimers are emerging as attractive siRNA 

carriers with favorable safety–efficiency trade-offs and physicochemical profiles suited for 

variety of applications 38–42.

Guided by advances in understanding of cerebrovascular biology, experimental methodologies, 

and nanotechnology, in the article, we evaluate a third-generation, PEGylated cationic 

carbosilane dendrimer as a carrier for apolipoprotein E4 (APOE4) directed siRNA as a rational 

delivery platform for Alzheimer's disease therapy 43. Our study was conducted under a weight-

of-evidence, intelligent testing strategy (ITS/IATA) framework in line with OECD guidance and 
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ISO/TR 16197 recommendations for toxicological screening of manufactured nanomaterials. We 

first established the nanocarrier’s synthetic identity in our prior work where we comprehensively 

characterizing the carbosilane dendrimer and its complex with siRNA (dendriplex) biophysical 

parameters and evaluated interactions with model proteins to anticipate formation of a 

biologically relevant biomolecullar corona, together with hemocompatibility testing using 

recognized practices for blood-contacting materials 44–46. Building on that foundation, the present 

article integrates cell viability and cytotoxicity profiling (MTT), reactive oxygen species (ROS) 

quantification, and mitochondrial membrane potential (ΔΨm) assessment, with a tri-culture BBB 

model characterized barrier integrity by real-time impedance and fluorescence microscopy. For 

translational context, we further performed in vivo whole-body fluorescence imaging in mice 

(IVIS) to analyze biodistribution, followed by ex vivo IVIS of excised organs after necropsy to 

assess the nanosystem's organ-level distribution.

MATERIALS AND METHODS

Dendrimer

Dendrimer with a silicon atom core, surface tertiary ammonium groups, and single 

polyethylene glycol (PEG) (6000) – G3Si PEG6000 with chemical formula 

C601H1324I30N31O135S32Si29 and molar weight of 16794.81 g/mol is presented in Figure 1. The 

studied dendrimer was diluted in a phosphate buffer solution of 7.4 pH. The synthesis and 

biophysical characterization of the dendrimer, along with its complex with siRNA, was described 

in previous work 44.
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Figure 1. Structure of the studied dendrimer G3Si PEG6000.

siRNA

The following siRNA was used in the present study (Revvity Inc, Waltham, Massachusetts, 

USA):

Sense: 5’-GAUUACCUGCGCUGGGUGCUU

Antisense: 5’-P GCACCCAGCGCAGGUAAUCUU

Dendriplex formation

Our prior research provides insights into the dendrimer/siRNA complexation process. We 

characterized Dendrimer G3Si PEG6000 and determined its optimal dendriplex saturation at a 

molar ratio of dendrimer to siRNA of 2.5:1 44. In this research, we chose dendrimer G3Si 

PEG6000 concentrations ranging from 0.1 to 10 KM and 0.04 to 4 KM for the siRNA in 

dendriplex. The dendrimer/siRNA complexes were incubated in PBS (Sigma-Aldrich, Saint 

Louis, MO, USA) at room temperature for 20 minutes to ensure complex formation.
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Cell Lines

Human brain microvascular endothelial cells (HBEC-5i; ATCC, Manassas, VA, USA) were 

cultured on tissue culture flasks pre-coated with 1% gelatin coated flasks in Dulbecco’s Modified 

Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Biowest, Nuaillé, France) supplemented 

with 10% heat-inactivated fetal bovine serum (FBS; Biowest, Nuaillé, France), 1% penicillin–

streptomycin (P/S; Sigma-Aldrich, Saint Louis, MO, USA), endothelial cell growth supplement 

(ECGS; Sigma-Aldrich, Darmstadt, Germany), and 1 µg/mL hydrocortisone (MP Biomedicals, 

Santa Ana, CA, USA). Cells were maintained at 37 °C in a humidified 5% CO₂ incubator.

Human brain vascular pericytes (HBVP; ScienCell Research Laboratories, Carlsbad, CA, 

USA) were cultured on flasks coated with 2 µg/cm² poly-L-lysine (PLL) in pericyte medium 

supplemented with FBS, pericyte growth supplement (PGS), and P/S (all from ScienCell 

Research Laboratories, Carlsbad, CA, USA). Cells were maintained at 37 °C in a humidified 5% 

CO₂ incubator.

Human astrocytes (HA; ScienCell Research Laboratories) were grown on flasks coated with 2 

µg/cm² PLL in astrocyte medium supplemented with FBS, astrocyte growth supplement (AGS), 

and P/S (all from ScienCell Research Laboratories, Carlsbad, CA, USA). Cells were maintained 

at 37 °C in a humidified 5% CO₂ incubator. 

Cytotoxicity Profiling

Human astrocytes (HA), Human Brain Vascular Pericytes (HBVP), and Human Brain 

Endothelial Cell (HBEC-5i) cells were seeded into 96-well plates at 1 × 104 cells/well (37 °C, 

5% CO2). To evaluate the effects of G3Si-PEG6000 and its dendriplex across the three cell lines, 
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cells were exposed to each formulation for 24 h. After incubation, cells were washed in PBS and 

incubated with 0.5 mg/mL of MTT at 37 °C for 3 h. Then the MTT was discarded carefully, and 

DMSO (both sourced from Avantor, Radnor, PA, USA) was added to solubilize the formazan 

crystals 47. Finally, the absorbance was measured for each well at a wavelength of 570 nm using 

a Bio-Tek Synergy HT Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA). Cell 

viability was calculated as the percent ratio of absorbance of the samples to the reference control 

(untreated). The experiment was performed in 6 repetitions for the HBEC-5i cell line and 3 

repetitions for the HA and HBVP cell lines.

Reactive Oxygen Species (ROS) Quantification

HBEC-5i cells were seeded in black 96-well plates at 1.5×10� cells/well and cultured for 24 h 

(37 °C, 5% CO₂). Cells were then exposed to G3Si PEG6000 or its dendriplex and assessed after 

1, 3, and 24 h. After the incubation, cells were washed with PBS and loaded with 2 µM 2Z�6Z1

dichlorodihydrofluorescein diacetate (H2DCF-DA, Thermo Fisher Scientific, Waltham, MA, 

USA) probe for 15 min at 37 °C, 5% CO₂. The non-fluorescent H2DCF-DA probe, which 

diffuses into cells, is deacetylated by intracellular esterases to non-fluorescent DCFH and is 

oxidized by ROS to fluorescent DCF, which was read fluorometrically at [ex = 485 nm and [em = 

530 nm on a plate reader (BioTek PowerWave HT, BioTek Instruments, Inc., Winooski, VT, 

USA). The experiment was performed in 3 repetitions.

Mitochondrial Membrane Potential (ΔΨm) and Function Assessment

HBEC-5i cells were seeded in black 96-well plates at 1.5×10� cells/well and cultured for 24 h 

(37 °C, 5% CO₂). Cells were then exposed to G3Si PEG6000 or its dendriplex and assessed after 
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1, 3, and 24 h. After the incubation, cells were washed with PBS and loaded with 5 µM JC-1 

(Thermo Fisher Scientific, Waltham, MA, USA) for 20 min at 37 °C under 5% CO₂ (light-

protected). JC-1 accumulates in mitochondria in a membrane-potential–dependent manner: at 

low ΔΨm it remains monomeric and fluoresces green, whereas at high ΔΨm it forms red-

emitting J-aggregates. The fluorescence was measured at [ex=485nm, [em = 530 nm for 

monomers and [ex = 528 nm, [em = 590 nm for dimers on the multiwell plate reader (BioTek 

PowerWave HT, BioTek Instruments, Inc., Winooski, VT, USA) and ΔΨm was expressed as the 

red/green (590/530 nm) ratio. The experiment was performed in 3 repetitions.

Real-Time Blood–Brain Barrier (BBB) Model Integrity by Impedance Measurement

A human triculture BBB model (astrocytes–pericytes–endothelium) was established on 

electrode-integrated 96- (E-Plate VIEW 96, Agilent), which were pre-coated with poly-L-lysine 

(PLL, 10 µg/mL, 50 µL/well, 3 h), rinsed twice with sterile water, and equilibrated with 

complete medium before background impedance was recorded. Astrocytes were seeded first at 

2.0×10� cells/cm², allowed to settle for 30 min at room temperature, and then transferred to the 

xCELLigence RTCA eSight system (Agilent Technologies, Inc., Santa Clara, USA) housed in a 

humidified incubator at 37°C and 5% CO2 and cultured further for 48 h. Pericytes were then 

added at 2.0×10� cells/cm² and cultured a further 48 h, after which HBEC-5i endothelial cells 

were plated at 8.0×10� cells/cm² to complete the triculture (Fig. 2). From endothelial seeding 

onward, cultures were maintained in complete HBEC-5i medium supplemented with 

amphotericin B (1 µg/mL; Thermo Fisher Scientific, Germany), with medium exchanges every 

48 h. Impedance was acquired every 30 min and reported as Cell Index (CI) and normalised 

(NCI) relative to the time immediately before addition of tested formulations and further 
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contextualized as a percentage of untreated control, yielding NCI (% of control) calculated in 

Agilent xCELLigence RTCA eSight Software version 1.2.1. G3Si PEG6000 dendrimer and its 

dendriplex were added on the 13th day of the experiment, once a stable plateau had formed, and 

monitoring continued at 30 min intervals. To minimize artifacts, spaces between wells were 

filled with sterile water to reduce evaporation, and plates were inspected for bubbles prior to 

runs. Experiments were performed in 3 independent replicates.

Figure 2. Schematic overview of the experimental schedule for the BBB model. Astrocytes were 

seeded on day 1, followed by pericytes on day 3 and brain microvascular endothelial cells on day 

5. The BBB model was allowed to mature until day 13, when the G3Si PEG6000 dendrimer, its

siRNA dendriplex, and the fluorescent nuclear dye eLive Red were added. Impedance and 

imaging readouts of BBB model integrity were then acquired longitudinally up to day 26.

Fluorescence Microscopy of the Blood–Brain Barrier (BBB) Model Integrity Assessment

In parallel with impedance, barrier status was monitored by real-time imaging on the RTCA 

eSight using E-Plate VIEW 96 microplates and the eLive Red nuclear label (Agilent 

Technologies, Inc., Santa Clara, USA). eLive Red is a membrane-permeant nuclear dye that 

diffuses into live cells and becomes fluorescent only upon binding to DNA, enabling red-channel 
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nuclear imaging during time-lapse acquisition. Following the manufacturer’s protocol, eLive Red 

was diluted at 1× in assay medium, added to the wells before addition of the dendrimer G3Si 

PEG6000 and its dendriplex and maintained throughout the imaging (Fig. 2). Two non-

overlapping fields per well were acquired on the red channel (excitation 584–605 nm; emission 

621–720 nm) with a 10× objective at 120-min intervals, with exposure set to ~300 ms; field-level 

values were averaged to a single per-well value before downstream analysis. The images were 

analyzed with xCELLigence RTCA eSight Software version 1.2.1 to compute red confluence, 

which was then normalised to the pre-dose baseline, yielding NRC (%) as an imaging metric. 

Experiments were performed in 3 independent replicates.

Animals

All procedures complied with the bioethical principles adopted by the European Convention for 

the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes 

(Strasbourg, 1986), Order of the Ministry of Health of the Russian Federation of 23 August 2010 

“Establishment of the Rules of Laboratory Practice” No. 708n. The ethical permit Nr. 142 /2023 

for the described experiments was obtained from the Latvian Food and Veterinary Service Ethics 

Commission. Female C57BL/6 mice (8–10 weeks; Charles River, Germany) were group-housed 

(5–8 per cage) in environmentally-enriched cages at 22 °C on a 12 h light/12 h dark cycle with 

ad libitum access to food and water. Animals were regularly monitored for food and water 

intake, weight gain, skin and fur changes, and microscopic alterations at the injection site. All 

animals were acclimatized for one week before starting the experiments. For invasive 

procedures, mice were anesthetized with inhalation of isoflurane in oxygen (induction with 4% 

of isoflurane in box, maintenance with 2.5% of isoflurane delivered via a nose cones), with peri-
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procedural monitoring; analgesia was provided as indicated by the procedure-specific welfare 

assessment. Mice were humanely euthanized by cervical dislocation following deep anesthesia. 

Procedures were performed by trained personnel.

In Vivo Whole-Body Fluorescence Imaging in Mice (IVIS) Biodistribution Analysis

Female C57BL/6 mice (8–10 weeks; n = 4 per group) received five intravenous tail-vein 

administrations over 7 days (Fig. 3) of Cy5-labeled siRNA formulated as G3Si-PEG6000 

dendriplex; control groups received naked siRNA or PBS, with injection route/volume matched 

across groups. Based on preliminary dose-range finding, the safe dose was estimated at 80 µg of 

nanoformulation per 50 µL injection, prepared as described in dendriplex formation section. The 

fur was removed from the abdominal skin of the mice prior to imaging. Mice were imaged 

supine on a temperature-controlled stage using isoflurane anesthesia as described above on an 

IVIS Spectrum system (PerkinElmer, Waltham, MA, USA) in 2D epi-illumination mode using 

the Cy5 filter set (Ex ^ 640 nm / Em ^ 680 nm). Acquisition parameters (exposure time, f/stop, 

binning, field of view) were optimized to avoid pixel saturation and then held constant across 

samples. Whole-body images were acquired 1.5 h after the final dose (day 7) and 24 h later (day 

8). Fluorescence was quantified in Living Image software as total radiant efficiency and reported 

in calibrated units (p/s/cm2/sr). At 24 h post-final dose, mice were euthanized as described 

above.
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Figure 3. Schematic overview of the in vivo IVIS biodistribution study. Mice received 

intravenous injections of the G3Si PEG6000 dendrimer or its siRNA dendriplex on days 1, 2, 4, 

5, and 7. Whole-body IVIS imaging was performed on day 7 (1.5 h after the final injection) and 

on day 8 (24 h after the final injection). On day 8, following the 24-h imaging session, animals 

were euthanized and major organs were collected for ex vivo IVIS analysis.

Ex Vivo Mice Organ Fluorescence Imaging (IVIS) and Biodistribution Analysis

At the experimental endpoint (24 h after the final dose; day 7), female C57BL/6 mice (8–10 

weeks; n = 4 per group) were anesthetized and euthanized as described above. Liver, spleen, 

kidneys, heart, lungs, and brain were excised, rinsed in ice-cold PBS, blotted dry, and placed one 

organ per well in a black 24-well plate for imaging. Ex vivo fluorescence was acquired on an 

IVIS Spectrum (PerkinElmer, Waltham, MA, USA) in 2D epi-illumination mode using the Cy5 

filter set (Ex ^ 640 nm / Em ^ 680 nm). Acquisition parameters (exposure time, f/stop, binning, 

field of view) were optimized to avoid pixel saturation and then held constant across samples. 

Fluorescence was quantified in Living Image software as radiant efficiency units 

(p·cmO2·srO�)/(µW·cmO2).

Statistical analyses
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Statistical analyses and data visualization were performed using Prism version 10.4.2 (GraphPad 

Software, Boston, MA, USA). The Shapiro–Wilk test was used to assess the normality of data 

distributions. For factorial designs, multiple-way ANOVA was applied to assess differences in 

group means. Where ANOVA indicated statistically significant main effects, appropriate post 

hoc multiple comparison tests were selected based on the structure of the comparisons: Tukey’s 

test was used for evaluating all pairwise group differences, Dunnett’s test for comparisons of 

multiple treatments against a single control group, and Šidák’s test for a limited set of planned 

comparisons. For non-normally distributed data or ordinal outcomes, pairwise differences were 

assessed using the nonparametric Mann–Whitney test. All tests were two-tailed and performed at 

a significance level ab\b0 0;  In our graphical representations, significance is denoted by 

asterisks: one asterisk (*) indicates a p-value < 0.05, two asterisks (**) represent a p-value < 

0.01, and three asterisks (***) denote a p-value < 0.001.

RESULTS AND DISCUSSION

The concept of a selective barrier between blood and brain emerged gradually, evolving from 

early anatomic observations and dye studies into the modern notion of the blood–brain barrier 

(BBB) into a coherent physiological concept that now anchors CNS pharmacology. Electron 

microscopy, combined with intravascular tracers subsequently attributed this barrier function to 

endothelial tight junctions, transforming a phenomenological idea into a defined cellular 

structure. At the start of this century term “the neurovascular unit" (NVU) was introduced to 

describe an integrated system linking brain parenchymal and vascular elements, emphasizing the 

intimate physical and functional association of neurons, glia, and the cerebral microvasculature 
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48,49. Subsequent literature often operationalized the NVU as comprising endothelial cells, 

pericytes, astrocytes, neurons, and extracellular matrix into an interacting module that 

coordinates permeability. Contemporary single-cell and spatial analyses now reveal pronounced 

heterogeneity across regions and along the arteriovenous axis, directly shaping uptake, 

transcytosis, and efflux of therapeutic agents 50. Consequently, NVU and models alike are best 

treated as a pragmatic operational abstraction for organizing assumptions and measurements 

prior to in vitro to in vivo extrapolation, rather than as a literal, uniform template. The 

development and evaluation of BBB‑penetrant nanovectors should be anchored in a 

physiologically based approach that integrates rigorous Design of Experiments (DoE) with 

transparent model progression across scales. The informed study design and interpretation, 

which helps avoid broad pitfalls, aligns nanovector chemistry with BBB biology, ensures that 

measurements reflect pharmacologically relevant exposure at the action site, and supports 

credible translation from in vitro models to in vivo performance. The current article integrates 

evidence from single-cell-based assays, through multicellular in vitro models, to in vivo animal 

studies, progressively evaluating the therapeutic delivery potential of the G3Si PEG6000 

nanosystem.

Cytotoxicity Profiling

Consistent with international standards for nanomaterial safety evaluation, we initiated the 

examination with cell-based assays to rapidly identify potential hazards and define exposure 

ranges for downstream experiments. We selected the MTT assay as our primary readout for the 

G3Si PEG6000 dendrimer and its dendriplex, as it is the most sensitive indicator of toxicity for 

cationic dendrimers. A decrease in mitochondrial reductive capacity is an early and sensitive 
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indicator of the tested positively charged cationic nanosystem, as these are attracted to the 

negatively charged mitochondrial membrane, resulting in their selective accumulation in these 

organelles. Thus, the quantification of mitochondrial reductive capacity can report early losses in 

mitochondrial function 51,52. Using the previously established dendrimer:siRNA saturation ratio 

(2.5:1) and concentration ranges (dendrimer 0.1–10 µM; siRNA 0.04–4 µM in dendriplex), we 

profiled BBB‑relevant cell types: human brain microvascular endothelial cells (EC), pericytes 

(PC), and astrocytes (AC). Astrocytes displayed the highest tolerance to the non-complexed 

dendrimer exposures (IC�� = 8.97 K�4 IC₂� = 3.74 K�)� endothelial cells showed comparable 

viability (IC�� = 7.84 K�4 IC₂� = 2.34 K�)� and pericytes were the most susceptible (IC�� = 2.48 

K�4 IC₂� = 1.66 K�) (Fig. 4). These findings are congruent with cell-specific physiology. 

Astrocytes maintain a high antioxidant capacity through convergent IL‑�L+�$1e�1���
	
 

glutathione pathways and robust Nrf2 program control, with p21Ras acting as a redox-responsive 

signaling hub. Collectively, the pathways enable the attenuation of oxidative stress and may 

contribute to the relatively greater astrocyte viability observed during cationic-dendrimer 

exposure 53,54. In contrast, pericytes exhibit intrinsic redox vulnerability, with NOX4 providing a 

dominant source of superoxide and TRPM2 functioning as an oxidative/nitrosative-stress-gated 

channel linked to nanoparticle–induced injury 55,56. Complexation of the studied nanovector with 

siRNA reduced cytotoxicity across all cell lines. We attribute this protective effect to partial 

neutralization of the dendrimer's positive charges by the siRNA polyanion, which reduces the 

amount of the dendrimer's functional groups available to interact nonspecifically with cell 

membranes and organelles. With rising concentration, the protective effect of complexation 

diminishes, the absolute cationic exposure per cell rises, and ultimately approaches that of the 

free dendrimer IC�� in ECs. Finally, because nanomaterials can interfere with MTT readouts, we 
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interpret these findings alongside orthogonal endpoints (ROS and ΔΨm) in endothelial cells, 

following best-practice recommendations from nanosafety method reviews 57,58.

Figure 4. IC50 and IC20 values of actrocytes, pericytes, and endothelial cell lines treated with 

dendrimers and their complexes with siRNA were determined by MTT assay after 24 h 

incubation. The results are presented as the mean and standard deviation for 3 repetitions. The 

astrocytes and pericytes IC values exceeded the highest concentrations tested; therefore, we 

report right-censored estimates calculated from the available data points. (*p<0.05; **p<0.01; 

***p<0.001).

Reactive Oxygen Species (ROS) Quantification

Positively charged dendrimers typically elicit oxidative stress-mediated cytotoxicity via a 

shared cascade: avid membrane association and cellular uptake, endolysosomal escape, 
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Figure 4. IC50 and IC20 values of actrocytes, pericytes, and endothelial cell lines treated with 

dendrimers and their complexes with siRNA were determined by MTT assay after 24 h 

incubation. The results are presented as the mean and standard deviation for 3 repetitions. The 

astrocytes and pericytes IC values exceeded the highest concentrations tested; therefore, we 

report right-censored estimates calculated from the available data points. (*p<0.05; **p<0.01; 

***p<0.001).

Reactive Oxygen Species (ROS) Quantification

Positively charged dendrimers typically elicit oxidative stress-mediated cytotoxicity via a 

shared cascade: avid membrane association and cellular uptake, endolysosomal escape, 
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subsequent mitochondrial engagement, ROS generation, depolarization of the ΔΨm� and 

ultimately, cell death 59. In this context, oxidative-stress liability reflects a set of physicochemical 

attributes of the G3Si PEG6000 carbosilane dendrimer: moderately positive surface charge, 

nanometric size, near-spherical architecture, while PEG6000 grafting and siRNA complexation 

partially mitigate effective surface charge and can alter intracellular routing 44,59. Consistent with 

this mechanism, DCFH₂-DA/DCFDA assays demonstrated a modest, concentration-dependent 

increase in ROS for both the free dendrimer and its dendriplex (Fig. 5). At the highest 

concentration, the non-complexed dendrimer resulted in ROS generation of ~117% of control 

after 1- and 3-hour incubation and ~112% after 24-hour incubation period, while the dendriplex 

yielded ~120% after 1- and 3-hour incubation and ~112% after 24-hour incubation period, 

indicating an early increase with partial normalisation by 24 hours. The time of incubation did 

not result in a statistically significant difference in ROS generation, with early peaks subsiding to 

still-elevated readouts. Notably, siRNA complexation did not attenuate ROS generation. Overall, 

complexation mitigated the MTT response at low effect levels (IC₂� shift), but the modest ROS 

elevations weren't comparably attenuated, indicating that mitochondrial injury persists despite 

improved metabolic readouts. To determine whether this redox burden translated into 

mitochondrial dysfunction, indicated by mitochondrial depolarization, we next quantified 

mitochondrial membrane potential changes with the JC-1 assay.
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Figure 5. Changes in reactive oxygen species (ROS) production in endothelial cells following 1, 

3, and 24 h incubation with the G3Si PEG6000 dendrimer and its dendriplex. ROS levels in 

untreated control cells were set at 100%. The results are presented as the mean and standard 

deviation for 3 repetitions. A blue asterisk marks significant differences relative to the control, 

and a violet asterisk indicates significant differences due to dendrimer-siRNA complexation 

(*p<0.05; **p<0.01; ***p<0.001).

Mitochondrial Membrane Potential (ΔΨm) and Function Assessment

We assessed mitochondrial function with the dye JC-1, where a decrease in the red-to-green 

fluorescence ratio indicates mitochondrial depolarization =ΔΨm loss) due to the dye’s potential-

dependent J-aggregate behavior. After 24 hours, both studied agents produced a statistically 

significant depolarization at concentrations of g 0.5 µM, indicating mitochondrial malfunction at 

concentrations below the EC IC20 (Fig. 6). After 24 h exposure, the non-complexed dendrimer 

preserved ΔΨm at ~97% of control at 0.5 µM, while the dendriplex was ~84%; at 2.5 µM, ΔΨm 

was ~55% and ~58%, respectively. The observed ΔΨm collapse is mechanistically important, as 

mitochondrial depolarization is an early event on the intrinsic apoptotic pathway and provides a 

plausible bridge between the modest early rise in ROS and the later decline in metabolic activity, 
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as captured by MTT. This pattern is consistent with nanotoxicology reports in endothelial 

models, where mitochondrial depolarization is a common injury mode 60–62.

Evidence from amine-modified polystyrene nanoparticles demonstrates that significant, 

charge-driven redox and mitochondrial liabilities can outweigh otherwise attractive attributes. In 

epithelial and macrophage systems, amine-modified polystyrene nanoparticles elevate ROS, 

reduce mitochondrial membrane potential, and induce ultrastructural swelling with disruption of 

the mitochondrial network. In the same systems, neutral or carboxylated polystyrene increases 

ROS without compromising mitochondrial integrity or viability. Taken together, these findings 

constitute sufficient grounds to discontinue further development of the amine-modified 

polystyrene variant 63. A parallel pattern is observed with the cationic gene-delivery 

polyethylenimine platform, despite favorable delivery performance, due to time-dependent 

mitochondrial membrane potential loss and mitochondrial liability, which narrows the 

tolerability window irrespective of transfection performance. Additionally, the authors caution 

that MTT alone can understate mitochondrial liabilities and advise incorporating time-resolved 

mitochondrial readouts when setting safe exposure limits 64. Taken together, these examples 

support a practical development guide in which advancement is conditional on meeting 

prospectively defined ROS and ΔΨm thresholds, applying conservative exposure limits, and 

prioritizing design modifications when mitochondrial safety margins are not met. The G3Si 

PEG6000 nanosystem studied in this manuscript meets continuation criteria for exploratory 

development within a mitochondria-centered safety framework: oxidative signals are modest and 

stabilize over time, complexation improves low-effect metabolic tolerance, and ΔΨm findings 

are present yet actionable as design targets rather than exclusionary outcomes.
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Figure 6. Changes in mitochondrial potential in endothelial cells following 24 h incubation with 

the G3Si PEG6000 dendrimer and its dendriplex. The untreated control cells were set at 100%. 

The results are presented as the mean and standard deviation for 3 repetitions. A blue asterisk 

marks significant differences relative to the control (*p<0.05; **p<0.01; ***p<0.001).

Real-Time Blood–Brain Barrier (BBB) Model Integrity by Impedance Measurement

To extend single‑cell metabolic screening to barrier‑relevant outcomes, we adopted a 

multicellular BBB model that captures the NVU context in which barrier properties emerge. 

Anatomical and molecular zonation produce segment-specific BBB phenotypes. Given that 

capillaries comprise ~85% of total vessel length in the human brain, a capillary-weighted 

triculture is the most relevant stage for assessing pharmacological exposure and barrier 

disruption 8. To mimic the capillary architecture, we employed a direct-contact, layered tri-

culture with astrocytes, then pericytes, and brain capillary endothelial cells on the apical face of 

the well, which recapitulates the in vivo orientation of the capillary wall and its abluminal 

support, also allowing crosstalk between the three cell types (Fig. 7). Building on this rationale, 

we configured the model to approximate capillary-weighted cell ratios, reflecting endothelial 

dominance with high pericyte representation and robust astrocytic ensheathment, as reported in 

vivo and in accordance with current best practices on barrier modeling, which are appropriate for 
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detecting compound-induced barrier disruption 65. Taken together, this configuration establishes 

the biological context necessary to interpret subsequent quantitative evaluations of treatment-

evoked changes, allowing for suitable screening tools in neurotherapeutic development.

Figure 7. Illustration depicts a schematic cross section of the Blood–Brain Barrier (BBB) on 

the left and the corresponding in vitro barrier model established in the xCELLigence eSight plate 

on the right.

The effects of G3SiPEG 6000 dendrimer and its dendriplex on the BBB-model were quantified 

by label-free electrical impedance using a Real-Time Cell Analyzer (RTCA) xCELLigence 

RTCA eSight system. Cells adhering to the interdigitated gold microelectrodes in E-Plate wells 

increase the measured impedance. This change, quantified as the dimensionless Cell Index (CI) 

parameter, reflects cell proliferation, adhesion, and the extent of well surface coverage. CI is 

calculated as the relative impedance difference between cell-free and cell-covered electrodes. To 
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enable comparisons of treatment kinetics, raw CI traces were converted to Normalised Cell Index 

(NCI) by dividing each time point by the pre-dose baseline, which in this study was the day-13 

plateau and further contextualized as a percentage of untreated control, yielding NCI (% of 

control) as the primary readout of barrier dynamics over time (Fig. 8). Compounds were added 

only after the plateau to avoid confounding maturation with treatment effects. At the highest 

concentration of the free G3Si-PEG6000 dendrimer, NCI (% of control) decreased progressively. 

After approximately 24 hours of constant exposure to the dendrimer, NCI (% of control) sharply 

fell, ultimately reaching a baseline-subtracted value of zero. The result is consistent with 

persistent barrier failure and/or loss of cell adhesion/viability rather than a transient response. At 

matched exposures, complexation with siRNA shifted the biological response toward transient 

and recoverable behavior. The dendriplex at the highest tested concentration showed a similar 

profile but with greater heterogeneity. 40% of the tested barrier samples treated with the highest 

dendriplex concentration failed to recover after the sudden drop, whereas the remaining 60% 

exhibited a transient dip, followed by recovery and exceeded the control levels within 20 minutes 

after the introduction of the compound. Functionally, this indicates that complexation improves 

the safety profile in the BBB model, favoring remodeling and rapid restoration of barrier tone 

over persistent collapse. Continuous exposure to h2 ; µM of the G3Si PEG6000 dendrimer 

resulted in a concentration-dependent increase in NCI (% control). In contrast, the concentration-

matched dendriplex exhibited a biphasic profile, with an initial decline in NCI and a subsequent 

increase above 100%. This trend aligns with the concept of hormesis, wherein low doses of a 

potentially cytotoxic agent induce an adaptive cellular response that enhances cellular 

performance. At these concentrations, for the initial exposure period, the dendriplex may cause a 
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mild perturbation of homeostasis, activating stress-response pathways that promote cell adhesion 

and/or proliferation 66.

Figure 8. Real-time impedance monitoring of the Blood–Brain Barrier (BBB) model following 

exposure to G3Si PEG6000 dendrimer and its dendriplex, initiated after establishment of the 

plateau on day 13 (indicated by the horizontal dashed line). Data are presented as the mean and 

standard deviation for 5 repetitions, reported as Normalised Cell Index (NCI; % of control).

Fluorescence Microscopy of the Blood–Brain Barrier (BBB) Model Integrity Assessment

In parallel with impedance, barrier responses were interpreted alongside real-time live-cell 

imaging using eLive Red, a membrane-permeable, DNA-binding nuclear dye formulated for 

continuous use in culture media, enabling time-resolved viable-cell coverage. Image series were 

acquired on a fixed schedule and analyzed to compute red confluence, which we then normalised 

to the day-13 pre-dose baseline, yielding NRC (%) as an imaging metric. Mirroring the 

impedance results, the highest dose of free G3Si PEG6000, which produced a rapid NCI decline, 

was accompanied by a parallel fall in NRC (%), consistent with barrier collapse (Fig. 9). The 
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microscopic images show detachment in large sheets, indicating a severe cytotoxic response for 

the highest tested concentrations (Fig. 10). These findings are further corroborated by time-lapse 

imaging that captures the barrier disruption (Supplementary Video S1). In our BBB model, 

detachment suggests the preservation of cell–cell cohesion during detachment, causing sheets of 

cells to peel away together rather than as individual cells. The sequence of changes in our tri-

culture suggests that the weak link disrupted by the nanoparticle occurs at cell–matrix adhesions 

rather than cell–cell junctions. Basal focal adhesions are integrin-based, multi-protein hubs that 

couple the extracellular matrix to the actin cytoskeleton and integrate mechano-chemical signals 

to maintain anchorage 67–69. We hypothesize that, as intracellular nanovector burden accumulates 

over time, the nanovector-generated ROS may oxidatively remodel adhesion and junctional 

scaffolds, weakening basal cell adhesion while temporarily preserving cell–cell cohesion and 

predisposing to cell–matrix detachment. 

Any sustained loss of BBB tightness compromises neural homeostasis and is linked to 

neurodegenerative conditions such as Alzheimer’s and Parkinson’s disease. Even though it is 

often assumed in clinical practice that disease-related BBB breakdown might present an 

opportunity for aid drug entry, authoritative reviews warn the opposite that pathological BBB 

degeneration impairs delivery by diverting solutes into enlarged perivascular spaces, disrupting 

extracellular diffusion and interstitial fluid flow, and thereby limiting CNS-wide distribution 70. 

At sub-toxic doses, the concurrent rise in NCI (% of control) and the NRC (%) reflects 

proliferation-driven rather than stronger adhesion per cell. By day 6 of exposure, NRC (%) 

peaked, with the dendrimer alone exceeding 170 NRC (%) at 0.1 and 0.5 µM, whereas the 

dendriplex reached a comparable NRC (%) at 0.5 µM only.
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Figure 9. Real-time red object confluence monitoring of the Blood–Brain Barrier (BBB) model 

following exposure to G3Si PEG6000 dendrimer and its dendriplex, initiated after establishment 

of the plateau on day 13 (indicated by the horizontal dashed line). Nuclei, visualized as red 

objects, were stained with eLive Red dye. Data are presented as the mean and standard deviation 

for 5 repetitions, reported as Normalised Red Confluence - NRC (%).
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Figure 10. Composite brightfield and fluorescence images of the Blood–Brain Barrier (BBB) 

model acquired before treatment (day 13 of the experiment) and at days 3 and 9 following 

exposure to the two highest tested concentrations of G3Si-PEG6000 dendrimer and its 

dendriplex. The red fluorescent signal marks cell nuclei (stained with eLive Red dye), illustrating 

temporal changes in cellular distribution and morphology under each treatment condition. Time-
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lapse recording of BBB model morphology and cellular organization across the entire tested 

concentration range for both compounds is provided in Supplementary Video S1.

In Vivo Whole-Body Fluorescence Imaging in Mice (IVIS) Biodistribution Analysis

The applied in vitro assays are indispensable for mechanism and screening; however, all 

current cell-based models cannot yet reproduce the full physiological complexity of the brain 

microvasculature. A multitude of physiological processes, including blood flow, biomolecular 

corona formation, and systemic clearance pathways, are likely to influence these interactions in 

vivo. Consequently, animal studies remain necessary to build confidence in BBB transport, 

biodistribution, and dose-setting safety. We therefore performed whole-body IVIS to quantify 

the biodistribution of uncomplexed Cy5–siRNA and Cy5–siRNA complexed with the G3Si 

PEG6000 dendrimer in mice and to resolve accumulation over time (Fig. 11). IVIS enables 

longitudinal, whole-animal imaging with millimeter-scale spatial resolution.

At 1.5 h after the last injection, the total whole-body flux for the dendriplex was 4.6-fold 

higher than for uncomplexed siRNA, indicating prolonged systemic exposure and earlier organ 

sequestration relative to the rapidly cleared oligonucleotide. By 24 h, the free siRNA signal 

converged to the PBS baseline, whereas the dendriplex remained 1.7-fold higher (Fig. 12). 

Unmodified siRNA is quickly degraded and filtered, resulting in transient plasma exposure of 

minutes to ~0.5 h, in contrast to nanocarrier-mediated exposure extension 71. These kinetics 

demonstrate that the G3Si PEG6000 formulation extends circulation and reduces early renal 

elimination, thereby increasing the total-body signal relative to uncomplexed siRNA. In both 

formulations, a strong, ovoid midline hotspot was observed in the caudal abdomen/pelvis, whose 

Page 30 of 47

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces



31

position and shape match the murine urinary bladder, indicating urinary accumulation of he 

labeled material 72.

Signals from Cy5–siRNA (Cy5 ex/em ~649/667 nm) are recorded in the first near-

infrared window (NIR-I; ~650–900 nm), where hemoglobin absorption and scattering by scalp 

and skull substantially attenuate excitation and emission. Consequently, head-region planar IVIS 

is surface-weighted and has limited sensitivity to small parenchymal fractions through an intact 

cranium. Moreover, cyanine-dye photophysics are microenvironment-dependent: Cy5 can 

brighten upon protein/membrane binding or higher microviscosity and dim via aggregation/self-

quenching, so intensity is not necessarily proportional to local analyte concentration. Under these 

constraints, head-region signals are most consistent with vascular or superficial tissues (e.g., 

scalp/cranial sinuses, ocular and lacrimal/Harderian structures) rather than brain parenchyma on 

their own 73.
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Figure 11. Whole-animal images of mice administered dendriplex (Cy5–siRNA dendrimer 

complex), uncomplexed Cy5–siRNA, and PBS (negative control) were acquired 1.5 h and 24 h 

after the last injection. Fluorescence is shown as a red pseudocolor radiance overlay on the 

photographic reference and reported in calibrated units (p/s/cm2/sr). Individual LUTs and scale 

bars are displayed for each panel. Quantitative whole-animal total flux and between-group 

comparisons are provided in Fig. 12.
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Figure 12. Whole-animal total flux (p·s�¹) of mice administered dendriplex (Cy5–siRNA 

dendrimer complex), uncomplexed Cy5–siRNA, and PBS (negative control) was acquired 1.5 h 

and 24 h after the last injection. Points represent individual animals (n=4), and horizontal bars 

denote the group median. Asterisks indicate the between-group difference (*p<0.05).

Ex Vivo Mice Organ Fluorescence Imaging (IVIS) and Biodistribution Analysis

Whole-body in vivo fluorescence imaging is confounded by tissue-dependent attenuation 

and autofluorescence, so raw signals are not directly comparable across organs 74. To improve 

cross-organ comparability, we excised organs enabling ex vivo organ-specific background 

subtraction and spectral unmixing during quantification, which improves cross-tissue 

biodistribution accuracy (Fig. 13).

At 24 h post last injection, no robust brain Cy5–siRNA signal was detected ex vivo. 

Given residual organ-specific absorption/scatter even after tissue removal, we conclude that the 

lack of gross accumulation by planar ex vivo IVIS indicates that concentrations fall below the 

assay’s detection limit in highly complex biological environments, rather than to a complete 
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absence of delivery. This interpretation is consistent with IVIS technical guidance and protocols 

that emphasize tissue-dependent background attenuation and recommend ex vivo organ imaging 

mainly to confirm gross signals source location 75. Accordingly, the following results focus on 

cross-organ patterns that are robust under the specified acquisition and analysis settings.

In our study, both the siRNA dendriplex and non-complexed siRNA exhibited kidney-

dominant distribution with a secondary hepatic accumulation (Figure 14). Quantitatively, the 

kidneys accounted for ~67% of total fluorescence for the dendriplex and ~75% for the non-

complexed siRNA (Fig. 15). Based on our size characterization, the dendriplex modestly exceeds 

the glomerular filtration barrier (GFB) 44. We therefore hypothesize that the strong renal 

fluorescence may reflect GBM-mediated (glomerular basement membrane) disassembly of 

dendriplex. Cationic polyplexes can bind to the negatively charged GBM and disassemble in 

situ, releasing fluorescently labeled siRNA that is then freely filtered, producing a strong 

fluorescent signal in the kidneys, even though the carrier itself may be retained. This mechanism 

has been demonstrated in vivo for cationic polymer-siRNA nanoparticles 76.

The major biodistribution divergence between the two formulations occurred in the liver, 

where the dendriplex yielded a 1.5-fold higher absolute hepatic signal than naked siRNA, 

corresponding to 24% versus 16% of total flux, respectively. Consistent with prior reports, the 

preferential liver accumulation of circulating nanoparticles is well-documented and arises from 

the adsorption of a biomolecular corona that promotes opsonization and capture by liver-resident 

macrophages (Kupffer cells) within the mononuclear phagocyte system (MPS). The composition 

of this corona, and thus MPS engagement, is sensitive to particle size/charge and surface 

chemistry, including PEG grafting. Collectively, these findings suggest that, under our dosing 
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conditions, the dendriplex engages the MPS more strongly than uncomplexed siRNA, yielding a 

higher absolute liver signal despite only a modest shift in fractional distribution.

Figure 13. Ex vivo fluorescence images of liver, spleen, kidneys, heart, lungs, and brain 

harvested from mice administered dendriplex (Cy5–siRNA dendrimer complex), uncomplexed 

Cy5–siRNA, or PBS (negative control) 24 h after the final injection. Organs were imaged 

immediately after necropsy under identical acquisition parameters. Fluorescence is displayed as a 

red pseudocolor radiance overlay on the photographic reference and reported in calibrated 

radiant efficiency units (p·cmO2·srO�)/(µW·cmO2); common LUTs/scale bars are shown for panel-

to-panel comparability. Quantitative organ between-group comparisons are provided in Fig. 14.
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Figure 14. Per-organ Total Flux (p·s�¹) for liver, spleen, kidneys, heart, lungs, and brain 

harvested from mice administered dendriplex (Cy5–siRNA dendrimer complex), uncomplexed 

Cy5–siRNA, or PBS (negative control) 24 h after the final injection. Points represent individual 

organs; horizontal bars denote the group median. Asterisks indicate between-group differences 

(*p<0.05).

Page 36 of 47

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces



37

Figure 15. Fractional allocation (%) of ex vivo fluorescence IVIS measurements across liver, 

spleen, kidneys, heart, lungs, and brain for mice administered dendriplex (Cy5–siRNA 

dendrimer complex) and uncomplexed Cy5–siRNA 24 h after the final injection. Each wedge 

represents the mean percentage contribution of the indicated organ to the summed Total Flux 

(p·s�¹) across the listed organs for that group.

CONCLUSIONS

Across progressively more complex systems, from individual NVU cell types, through a 

capillary-weighted BBB model, to mouse biodistribution imaging, we characterized the 

biocompatibility and biodistribution patterns of the G3Si-PEG6000 platform. In BBB-relevant 

cells (brain endothelial cells, pericytes, astrocytes), mitochondrial performance profiling 

delineated exposure ranges suitable for subsequent in-depth evaluation. Pericytes emerged as the 

most vulnerable population, whereas astrocytes and endothelial cells were more tolerant. 

Complexation with siRNA consistently attenuated apparent cytotoxicity (dendriplex IC20 = 4.07–

25.22 µM), and both formulations evoked modest ROS but a dose-dependent ΔΨm 
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depolarization, consistent with ΔΨm acting as an early indicator of injury upstream of overt 

cytotoxicity.

The BBB model integrity was concentration- and formulation-dependent: at the highest 

concentration, the non-complexed dendrimer caused sustained drops in impedance and nuclear 

confluence, while lower doses and the dendriplex produced transient, recoverable perturbations, 

indicating a wider functional window for the complex in a barrier context. Time-lapse 

fluorescence microscopy mirrored the impedance dynamics and suggested preferential loss of 

cell–matrix adhesion with preserved cell–cell contacts. Among several plausible mechanisms, 

this pattern is consistent with nanovector-generated ROS and associated signaling remodeling 

focal-adhesion and junctional scaffolds.

In vivo, whole-body IVIS demonstrated prolonged systemic exposure for the dendriplex 

(4.6-fold higher total flux at 1.5 h; 1.7-fold at 24 h of dendriplex vs. naked siRNA) and a kidney-

dominant, secondarily hepatic ex vivo distribution. Brain fluorescence was not robustly detected 

by planar NIR-I IVIS at 24 h after the last injection; in accordance with known limitations of this 

modality, we interpret this as signal falling below the detection limit rather than evidence of 

absent CNS delivery, highlighting the need for future compartment-resolved brain assays and 

molecular quantification.

In a BBB drug-delivery field increasingly shaped by refined structural, functional, and 

disease-state data and by conceptual and technological roadmaps that narrow the gap between 

experimental models and clinical translation, our demonstration that the G3Si-PEG6000 

dendrimer exhibits promising compatibility in BBB-relevant cells and barrier models, 

manageable and mechanistically interpretable mitochondrial signals, and a well-defined 

renal/hepatic biodistribution with extended systemic exposure as a dendriplex. Considered 
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alongside earlier biophysical characterization and complexation profiling, plasma interaction and 

remodeling, and hemocompatibility profiling across blood components, these findings position 

the dendrimer–siRNA platform as a well-characterized, mechanistically informed basis for 

further evaluation and for next-generation nanocarrier designs intended to safely and 

reproducibly cross the human BBB in CNS indications.

Supporting Information

The following Supporting Information is available free of charge at the ACS website.

Supplementary Video S1. Time-lapse composite of brightfield and fluorescence images 

documenting blood–brain barrier (BBB) model assembly, maturation, and subsequent 

morphological and organizational changes following exposure to the G3Si PEG6000 dendrimer 

or its dendriplex across the tested concentration range.
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Graphical abstract

The graphical abstract illustrates siRNA-loaded dendrimers within the context of the blood–brain 

barrier, emphasizing the barrier’s complex, multi-component organization.
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ABSTRACT 

Blood–brain barrier (BBB) transport remains a primary constraint on achieving predictable 

central nervous system (CNS) exposure for Alzheimer’s disease (AD) therapeutics, motivating 

the evaluation of delivery platforms with barrier-resolved and functionally relevant endpoints. 

We assessed a carbosilane dendrimer (G3Si PEG6000) and its siRNA dendriplex using a tiered, 

upstream strategy spanning cell internalization, DNA damage screening, BBB model integrity 

and permeability, and in vivo AD-relevant murine model learning. At the cellular level, the 

dendrimer enhanced intracellular siRNA-associated signal with predominantly cytoplasmic 
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localization, and siRNA complexation attenuated genotoxicity relative to the non-complexed 

carrier. In a BBB tri-culture model, barrier function was preserved without sustained 

transendothelial electrical resistance (TEER) loss, and complementary tracer flux readouts 

showed time- and formulation-dependent, non-monotonic changes, including TEER–

permeability decoupling consistent with non-uniform perturbation and adaptive remodeling of 

paracellular organization. In APOE4 knock-in mice, dendriplex treatment improved spatial 

learning, as evidenced by increased platform zone crossings in the Morris water maze test. 

Collectively, these integrated results indicate that siRNA complexation improves the BBB-

relevant safety-performance balance of G3Si PEG6000 and supports further studies that directly 

link brain exposure and target engagement to cognitive outcomes.

INTRODUCTION

Contemporary models describe Alzheimer’s disease (AD) as a multifactorial disorder in which 

genetic susceptibility (e.g., APOE and APP variants) and environmental or ageing-related 

stressors converge on partially overlapping biological cascades that ultimately drive synaptic 

failure, progressive neurodegeneration, and dementia. In the amyloid-centered pathway, amyloid 

precursor protein (APP) is cleaved sequentially by beta-site APP cleaving enzyme 1 (BACE1) 

and gamma-secretase, generating amyloid-beta (Aβ) peptides that can oligomerize and deposit as 

extracellular plaques. In parallel, Aβ and APP-derived fragments are proposed to amplify kinase 

and phosphatase imbalance and inflammatory signaling, thereby promoting tau 

hyperphosphorylation, secretion, cellular uptake, and propagation along synaptically connected 

neuronal pathways. These processes convert tau from a microtubule-stabilizing protein into an 

aggregation-prone species that forms neurofibrillary tangles (NFTs) and disrupts axonal and 
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synaptic communication. Together, amyloid- and tau-linked pathways, coupled with chronic 

neuroinflammation and vascular dysfunction, contribute to synaptic failure, neuronal loss, brain 

atrophy, resulting in clinical dementia that primarily manifests as memory loss, aphasia, agnosia, 

visuospatial impairment, deficits in critical thinking and calculation, along with personality and 

behavioral changes 1–3. An increasingly supported hypothesis posits that early cerebrovascular 

impairment, particularly the blood-brain barrier (BBB) dysfunction, acts as an upstream 

contributor to the disease continuum rather than merely a downstream consequence. Multiple 

independent lines of evidence identify BBB breakdown as an early vascular abnormality in AD, 

documented by neuroimaging and corroborated by both animal models and post-mortem human 

tissue analyses 4–14. In this context, the two-hit vascular hypothesis proposes that an initial insult 

driven by vascular risk factors and ageing results in BBB disruption, capillary hypoperfusion, 

and impaired microvascular function, thereby permitting the entry of blood-derived 

neurotoxic/pro-inflammatory factors into the brain. This altered milieu is then proposed to 

facilitate a second insult marked by �β accumulation, tau pathology, and progressive 

neurodegeneration 15,16.

Despite major advances in mechanistic understanding, approved pharmacotherapies 

remain largely symptomatic. Acetylcholinesterase inhibitors (donepezil, rivastigmine, 

galantamine) reversibly increase synaptic acetylcholine and transiently enhance cholinergic 

signaling. These agents can yield modest improvements or short-term stabilization in cognition 

and daily function for some patients, but they do not modify underlying disease biology 17–22. 

Memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist approved for moderate-to-

severe AD, acts as an uncompetitive, voltage-dependent blocker that preferentially attenuates 

sustained pathological NMDA receptor activation and calcium-mediated excitotoxicity while 
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largely preserving physiological glutamatergic transmission 23,24. Consequently, current standard-

of-care medicines can provide limited symptomatic benefit but do not halt disease progression. 

In contrast, the clinical trial landscape spans multiple mechanistic-centered strategies, including 

therapies directed at neuroinflammation, synaptic resilience and neuroprotection, oxidative 

injury, and amyloid- and tau-linked processes. As a snapshot of the ClinicalTrials.gov registry on 

February 2026 identified 164 active, interventional AD studies across Phases 1 to 4, with 13 

listed as Phase 1, 38 as Phase 2, 22 as Phase 3, and 6 as Phase 4. Within the field, ������β 

monoclonal antibodies such as aducanumab (Aduhelm®), lecanemab (Leqembi®), and 

donanemab (Kisunla™) have received accelerated or conditional approvals, representing the first 

wave of FDA-approved ������β immunotherapeutics 25–27. The anti-amyloid beta monoclonal 

antibodies reduce plaque burden and have yielded statistically significant modest clinical 

slowing in early AD, yet analyses of their pharmacokinetics emphasize that the blood-brain 

barrier severely limits effective CNS exposure. The aducanumab was reported to cross the BBB 

because brain concentrations appeared to track plasma levels in mice, yet the reported brain-to-

plasma ratio of approximately 1 K*,� is more than tenfold lower than the estimated cerebral 

plasma volume of about 10 to 15 K*,� 28,29. This quantitative mismatch implies that much of the 

measured signal can be explained by antibody confined to the residual blood volume rather than 

parenchymal penetration. Consequently, without correcting for residual blood volume, brain 

uptake estimates risk overestimating effective delivery across the BBB and may foster the 

misconception that no dedicated BBB transport technology is required for CNS biologics. 

Rational therapeutic design in AD increasingly shifted toward strategies that explicitly 

incorporate the BBB not as a passive backdrop but as a central design parameter.
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Accounting for this complexity, BBB critically shapes not only whether therapeutics 

enter the CNS, but also how they distribute within brain tissue. Accordingly, explicit 

consideration of BBB architecture and CNS compartmentalization should be central to 

therapeutic design. Contrary to the intuitive assumption that disease-driven BBB disruption 

would passively enhance access of therapeutics to degenerating brain regions, vascular injury 

and BBB pathology introduce profound hindrance to effective drug distribution. Reported 

features of neurodegenerative vascular injury include endothelial degeneration, altered tight and 

adherens junction protein expression, increased non-specific transcytosis, transporter 

dysregulation, pericyte loss, perivascular accumulation of blood-derived proteins, and sustained 

neuroinflammation, all of which can perturb solute handling and tissue microenvironment 

properties 30–33. Under these conditions, water and solutes accumulate in enlarged perivascular 

spaces, impairing normal interstitial fluid formation, convection and diffusion through the 

extracellular space, so that exogenous therapeutics tend to be sequestered with blood-borne 

debris rather than reaching neuronal targets at effective concentrations 34,35. In addition, 

dysfunction or downregulation of carrier-mediated and receptor-mediated transport pathways can 

further limit delivery for substrates that rely on these routes 30. Consequently, while transient and 

spatially controlled BBB opening, for example by focused ultrasound in the presence of 

intravenously administered microbubbles, can enhance regional drug or gene delivery in selected 

settings such as brain tumours, chronic or diffuse BBB disruption appears to promote 

neurodegenerative cascades and compromise therapeutic distribution rather than a reliable 

facilitator of delivery 36,37.

Considering the increasing recognition that BBB dysfunction can act as an upstream 

contributor to neurodegeneration, we prioritized targets that mechanistically link Alzheimer’s 
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disease risk to neurovascular unit pathology. Multiple AD-associated risk genes have functions 

relevant to vascular biology, endocytosis, and barrier maintenance (e.g., PICALM, BIN1, 

CD2AP, RIN3, FMNL2), supporting BBB-oriented target selection 38–40. In particular, APOE L+ 

is the strongest common genetic risk factor for late-onset AD and has been associated with 

structural and functional vascular abnormalities, including altered basement membrane 

morphology and leakage of plasma-derived proteins in affected brain regions, with evidence that 

these changes can contribute to blood flow dysregulation and cognitive decline independent of 

canonical AD lesions 8,41,42. Mechanistic studies report that APOE L4 can promote BBB 

breakdown, reduce cerebral blood flow, and contribute to neuronal injury independently of Aβ, 

in part through pericyte-linked cyclophilin A and matrix metalloproteinase 9 signalling with 

downstream effects on junctional proteins such as ZO-1 and occludin, supported by 

complementary findings in post-mortem tissue and cerebrospinal fluid biomarkers in L4 carriers 

14,42,43. In parallel, the APOE L+ isoform can impair amyloid homeostasis through receptor-

mediated mechanisms that slow Aβ clearance 44. Together, these lines of evidence motivate our 

allele-selective RNA interference (RNAi) approach in which siRNA is used to preferentially 

silence apolipoprotein E4 (APOE4), with the goal of mitigating AD-relevant pathology at the 

neurovascular interface and within the brain parenchyma.

In this context, nanoparticle platforms offer modular carriers whose size, architecture, 

and surface chemistry can be rationally engineered guided by BBB permeability and its 

underlying architecture and physiology, enabling therapeutic strategies to influence both the 

BBB and brain parenchyma. Surface ligands can be used to engage receptor- or carrier-mediated 

transcytosis, while cationic or amphiphilic coatings may support adsorptive-mediated 

transcytosis 45. A broad range of nanomaterials has been explored for central nervous system 
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delivery, including dendrimers, polymeric and metallic nanoparticles, nanoemulsions, 

nanocrystals, and lipid-based systems, with the shared goal of achieving therapeutically relevant 

brain exposure. Among these, dendrimer nanoparticles have gained attention for their high 

versatility and structurally well-defined nanocarriers, consisting of a symmetrical core with 

radially branching repeat monomer units that define the generation number. With the 

nanoformulation design constraints imposed by BBB architecture in mind, we synthesized a 

third-generation carbosilane dendrimer with a silicon core and PEG6000 graft (Dendrimer G3Si 

PEG6000). This nanosystem is designed to provide a size distribution compatible with 

transcytosis-based transport mechanisms and a high density of terminal groups suitable for 

conjugation or complexation of nucleic acid cargo while limiting excessive surface charge that 

could compromise biocompatibility. PEGylation is intended to improve colloidal stability in 

biological media, reduce opsonisation and non-specific protein binding, and prolong systemic 

circulation, thereby increasing the probability of brain exposure while limiting peripheral off-

target interactions 46.

These design expectations require validation through a decision-guided, multi-method 

validation framework that integrates and translates evidence from multiple sources into 

transparent safety–performance conclusions. We first established the nanocarrier’s synthetic 

identity in prior work by comprehensively characterizing the carbosilane dendrimer nanosystem 

biophysical parameters and evaluating interactions with model proteins to anticipate formation of 

a biologically relevant biomolecular corona, together with hemocompatibility testing using 

recognized practices for blood-contacting materials 47–49. Our study was conducted under a 

weight-of-evidence intelligent testing strategy and an integrated approach to testing and 

assessment (ITS/IATA) framework, in line with OECD guidance and ISO/TR 16197 
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recommendations for toxicological screening of manufactured nanomaterials. Building on that 

foundation, the present article integrates a coordinated endpoint set spanning genotoxicity 

assessment, cellular uptake, BBB model integrity assessed by transendothelial electrical 

resistance (TEER), BBB paracellular permeability, spatial learning, and memory in an 

Alzheimer’s disease murine model. Collectively, this structured framework is intended to 

support a transparent, fit-for-purpose appraisal of the nanocarrier’s biological interactions, BBB-

relevant performance, and in vivo functional readouts within a single, reproducible assessment 

framework.

MATERIALS AND METHODS

Dendrimer

Dendrimer with a silicon atom core, surface tertiary ammonium groups, and single 

polyethylene glycol (PEG) (6000) – G3Si PEG6000 with chemical formula 

C601H1324I30N31O135S32Si29 and molar weight of 16794.81 g/mol is presented in Figure 1. The 

studied dendrimer was diluted in a phosphate buffer solution of 7.4 pH. The synthesis and 

biophysical characterization of the dendrimer, along with its complex with siRNA, was described 

in previous work 47.
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Figure 1. Structure of the studied dendrimer G3Si PEG6000.

siRNA

The following siRNA was used in the present study (Dharmacon Inc., Lafayette, CO, USA):

Sense: 5’-GAUUACCUGCGCUGGGUGCUU

Antisense: 5’-P GCACCCAGCGCAGGUAAUCUU

Dendriplex formation

Our prior research provides insights into the dendrimer/siRNA complexation process. We 

characterized dendrimer G3Si PEG6000 and determined its optimal dendriplex saturation at a 

molar ratio of dendrimer to siRNA of 2.5:1 47. In this research, we chose dendrimer G3Si 

PEG6000 concentrations ranging from 0.1 to 10 KM and 0.04 to 4 KM for the siRNA in 

dendriplex. The dendrimer/siRNA complexes were incubated in PBS (Sigma-Aldrich, Saint 

Louis, MO, USA) at room temperature for 20 minutes to ensure complex formation.

Cell Lines
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Human brain microvascular endothelial cells (HBEC-5i; ATCC, Manassas, VA, USA) were 

cultured on tissue culture flasks pre-coated with 1% gelatin coated flasks in Dulbecco’s Modified 

Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Biowest, Nuaillé, France) supplemented 

with 10% heat-inactivated fetal bovine serum (FBS; Biowest, Nuaillé, France), 1% penicillin–

streptomycin (P/S; Sigma-Aldrich, Saint Louis, MO, USA), endothelial cell growth supplement 

(ECGS; Sigma-Aldrich, Darmstadt, Germany), and 1 µg/mL hydrocortisone (MP Biomedicals, 

Santa Ana, CA, USA). Cells were maintained at 37 °C in a humidified incubator with 5% CO₂.

Human brain vascular pericytes (HBVP; ScienCell Research Laboratories, Carlsbad, CA, 

USA) were cultured on flasks coated with 2 µg/cm² poly-L-lysine (PLL) in pericyte medium 

supplemented with FBS, pericyte growth supplement (PGS), and P/S (all from ScienCell 

Research Laboratories, Carlsbad, CA, USA). Cells were maintained at 37 °C in a humidified 

incubator with 5% CO₂.

Human astrocytes (HA; ScienCell Research Laboratories) were grown on flasks coated with 2 

µg/cm² PLL in astrocyte medium supplemented with FBS, astrocyte growth supplement (AGS), 

and P/S (all from ScienCell Research Laboratories, Carlsbad, CA, USA). Cells were maintained 

at 37 °C in a humidified incubator with 5% CO₂. 

Genotoxicity Assessment

DNA strand-break–associated damage in HBEC-5i cells was screened using the Fast Halo Assay 

(FHA) as described by Sestili et al. The assay quantifies radial diffusion of alkali-solubilized 

DNA fragments from nucleoids at the single-cell level following alkaline extraction and 

fluorescent DNA staining 50. Cells were seeded into 24-well plates at 5 × 104 cells/well and 

cultured for 24 h (37 °C, 5% CO2). To evaluate the effects of G3Si-PEG6000 and its dendriplex, 
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cells were exposed to each formulation for 24 h. Cells were collected by trypsinization, 

resuspended in cold PBS, washed twice, and embedded in a 1% low-melting-point agarose 

solution (Sigma-Aldrich, Darmstadt, Germany). A small amount of the cell suspension was 

applied to a glass slide precoated with normal-melting-point agarose (Sigma-Aldrich, Darmstadt, 

Germany) and covered with a coverslip. After the agarose had solidified on ice, the coverslip 

was removed, and the slides were incubated for 15 min in 0.3 M NaOH (pH V 13.0) at room 

temperature. Ethidium bromide was added during the final 5 min to a final concentration of 25 

µg/mL, followed by destaining in distilled water for up to 15 min. Slides were immediately 

examined under a Zeiss Axio Scope A1 fluorescence microscope (Carl Zeiss, Germany) with 

exposure settings fixed across conditions. Images were analysed using ImageJ software and 

HaloJ plugin 51. The results are expressed as the nuclear diffusion factor (NDF), which is the 

ratio of the total area of the halo plus the nucleus to the area of the nucleus. The experiment was 

performed at least 4 repetitions.

Cellular Uptake by Confocal Microscopy

HBEC-5i cells were seeded at 1 × 10� cells per well in glass-bottom imaging plates (Ibidi 

GmbH, Gräfelfing, Germany) and cultured under standard conditions (37 °C, 5% CO₂) for 24 h. 

Cells were then incubated with the G3Si PEG6000 dendrimer labelled with FITC, the siRNA 

labelled with Cy5, and their dendriplex complexes for 3 h or 24 h. After incubation, cells were 

washed with PBS, fixed with 4% formaldehyde (Avantor Performance Materials Poland S.A., 

Gliwice, Poland), followed by washing with PBS and staining with DAPI >+X"2�����������1�

phenylindole) (Thermo Scientific TM, ThermoFischer Scientific, Waltham, MA, USA) at 0.5 

K�,�* for 5 min.
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Images were acquired on a Leica TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a 63×/1.40 oil objective (HC PL APO CS2, Leica Microsystems, 

Germany). Fluorescence was acquired using the following channel settings: DAPI (405 nm 

excitation, 430–470 nm emission), FITC (489 nm excitation, 500–530 nm emission), and Cy5 

(650 nm excitation, 660–720 nm emission).

Blood–Brain Barrier Model Integrity by Transendothelial Electrical Resistance (TEER)

A human tri-culture BBB model comprising astrocytes, pericytes, and brain endothelial cells 

was established on permeable membrane inserts (ThinCert, Greiner Bio-One) with 1.0 µm pores 

and a membrane growth area of 33.6 mm² in 24-well plates. Inserts were pre-coated with poly-L-

lysine (PLL, 10 µg/mL; 50 µL per insert; 3 h), then rinsed twice with sterile water. Astrocytes 

were seeded first at 2.0 × 10� cells/cm², allowed to attach for 30 min at room temperature, and 

subsequently maintained at 37°C and 5% CO₂ for 48 h. Pericytes were then added at 2.0 × 10� 

cells/cm² and cultured for an additional 48 h. Finally, HBEC-5i endothelial cells were seeded at 

8.0 × 10� cells/cm² to complete the tri-culture (Fig. 2). From the time of endothelial seeding 

onward, cultures were maintained in complete HBEC-5i medium supplemented with 

amphotericin B (1 µg/mL), with medium exchanges every 48 h in both apical and basolateral 

compartments. G3Si PEG6000 dendrimer and its dendriplex were added on the 13th day of the 

experiment, once a stable plateau had formed. Monitoring continued at 24 h intervals, with 

medium exchanges every 48 h only in the basolateral compartments. TEER was measured using 

an EVOM3 epithelial volt-ohmmeter (World Precision Instruments, FL, USA) connected to an 

EndOhm-6G chamber electrode. The measurement principle is based on a four-electrode 

configuration in which a known constant current is driven through the sample on one electrode 
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pair and the voltage drop is sensed on the other pair, after which resistance is computed from 

Ohm’s law. For each experiment, blank resistance (RBLANK) was measured using coated inserts 

containing medium but no cells, capturing background contributions. The total resistance across 

cell-seeded inserts (RTOTAL) comprises the cell-layer component together with these background 

terms, and the cell-specific resistance (RTISSUE) was obtained by subtraction:

�����	
 = ����
� � ���
��

TEER was then area-normalized and reported as TEERREPORTED in YZ��T using the equation:

�����
����
� = �����	
 � �
�



where MAREA is the membrane growth area in cm². Accordingly, TEERREPORTED represents the 

area-averaged, blank-corrected electrical resistance across the cell layer on the insert and is 

inversely related to net ionic conductance across the cell barrier. The experiment was performed 

in 3 repetitions.

Blood–Brain Barrier Paracellular Permeability

The BBB tri-culture model was established as described above. Paracellular macromolecular 

permeability was assessed by quantifying the translocation of 40 kDa FITC dextran across the 

barrier using a Transwell flux assay. G3Si PEG6000 dendrimer and its dendriplex were added on 

day 13 to the apical compartment, after formation of a stable TEER plateau.

Once a stable TEER plateau had formed, G3Si PEG6000 dendrimer and its dendriplex were 

added on day 13 to the apical compartment (Fig. 2). Permeability measurements were performed 

3 days and 5 days after compound addition. 40 kDa FITC–dextran (Invitrogen, MA, USA) was 

added to the upper compartment to a final concentration of 400 µg/mL. Receiver-well 
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fluorescence was read directly in the black 24-well plate without sampling at t = 0 and 15, 30, 

45, 60, 90, and 120 min using a BioTek microplate reader (BioTek Instruments Inc., VT, USA) 

with excitation at 485 nm and emission at 530 nm. Permeability was expressed as a percentage 

of the untreated control at each time point according to:

�������� ! "# = (
%&

%'
) × 100%

Where Fs is the fluorescence of cells treated with dendrimer or dendriplex, and Fc is the 

fluorescence of control cells (untreated). The experiment was performed in 3 repetitions.

Figure 2. Schematic overview of the experimental schedule for the BBB model. Astrocytes were 

seeded on day 1, followed by pericytes on day 3 and brain microvascular endothelial cells on day 

5. The BBB model was allowed to mature until day 13, when the G3Si PEG6000 dendrimer or

its siRNA dendriplex was added. Permeability of 40 kDa FITC-dextran through the BBB model 

was measured on days 16th and 18th.

Animals
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All procedures complied with the bioethical principles adopted by the European Convention for 

the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes 

(Strasbourg, 1986), Order of the Ministry of Health of the Russian Federation of 23 August 2010 

“Establishment of the Rules of Laboratory Practice” No. 708n. The ethical permit Nr. 142 /2023 

for the described experiments was obtained from the Latvian Food and Veterinary Service Ethics 

Commission. Female C57BL/6 mice (8–10 weeks; Charles River, Germany) and APOE4 knock-

in (APOE4 KI) mice (B6(SJL)-Apoetm1.1(APOE*4)Adiuj/J; 8–10 weeks; The Jackson Laboratory) 

were group-housed (5–8 per cage) in environmentally-enriched cages at 22 °C on a 12 h light/12 

h dark cycle with ad libitum access to food and water. Animals were regularly monitored for 

food and water intake, weight gain, skin and fur changes, and microscopic alterations at the 

injection site. All animals were acclimatized for 1 week before the experiments began. For 

invasive procedures, mice were anesthetized with isoflurane in oxygen (induction 4%, 

maintenance 2.3%) delivered via facial masks or by ether inhaled from the gauze-soaked nose 

cones, with peri-procedural monitoring; analgesia was provided as indicated by the procedure-

specific welfare assessment. Mice were humanely euthanized by cervical dislocation following 

deep anesthesia. Procedures were performed by trained personnel.

Spatial Learning and Memory in Alzheimer’s Disease Murine Model

Spatial learning and reference memory were assessed at the experimental endpoint using the 

Morris Water Maze (MWM). Female APOE4 KI mice and C57BL/6 mice were assigned to the 

following experimental groups (n = 12 per group): 1) APOE4 KI mice treated with G3Si-

PEG6000 dendriplex, 2) APOE4 KI mice treated with naked anti-APOE4 siRNA, 3) APOE4 KI 

mice treated with PBS, and 4) C57BL/6 mice treated with PBS. Beginning at 8 weeks of age, 
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mice received once-weekly injections for 63 days (nine total injections) according to group 

allocation, after which behavioral testing was performed. The MWM consisted of a circular pool 

(diameter 150 cm, height 60 cm) filled with water maintained at approximately 25 °C and 

rendered opaque to conceal the escape platform. A submerged 10 × 10 cm platform was 

positioned ~2 cm below the water surface in a fixed target quadrant. Stationary geometric cues 

were placed along the maze's cardinal axes and remained constant throughout the experiment. 

Animal trajectories were recorded using an overhead camera connected to EthoVision XT 11 

software (Noldus, The Netherlands). Spatial learning tests were performed over three 

consecutive days with two daily sessions separated by 4 h. For each trial, the mouse was released 

from a pseudorandom start position in a quadrant that did not contain the platform. If a mouse 

failed to locate the platform within 60 s, the trial ended, and the mouse was guided to the 

platform and allowed to stay on it for 15 s. Escape latency, the time elapsed since the mouse was 

submerged in the water until it found and climbed onto a hidden platform, was quantified. A 

probe trial was performed 24 h after the final spatial learning test with the platform removed. 

Probe trial performance was quantified as time spent in the target quadrant and the number of 

crossings across the former platform zone.

Statistical analyses

Statistical analyses and data visualization were performed using Prism version 10.4.2 (GraphPad 

Software, Boston, MA, USA). The Shapiro–Wilk test was used to assess the normality of data 

distributions. For factorial designs, multiple-way ANOVA was applied to assess differences in 

group means. Where ANOVA indicated statistically significant main effects, appropriate post 

hoc multiple comparison tests were selected based on the structure of the comparisons: Tukey’s 
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test was used for evaluating all pairwise group differences, Dunnett’s test for comparisons of 

multiple treatments against a single control group, and Šidák’s test for a limited set of planned 

comparisons. For non-normally distributed data or ordinal outcomes, pairwise differences were 

assessed using the nonparametric Mann–Whitney test, with effect sizes reported as rank-biserial 

correlation (rrb). All tests were two-tailed and performed at a significance level bc[c0%08% In our 

graphical representations, significance is denoted by asterisks: one asterisk (*) indicates a p-

value < 0.05, two asterisks (**) represent a p-value < 0.01, and three asterisks (***) denote a p-

value < 0.001.

RESULTS AND DISCUSSION

RNA interference (RNAi) emerged from transgene-induced co-suppression in plants and post-

transcriptional gene silencing in fungi into a unified mechanism, culminating in the discovery 

that double-stranded RNA elicits potent, sequence-specific silencing in Caenorhabditis elegans 

and later in Drosophila and mammalian systems through small interfering RNAs 52–57. 

Recognition of this mechanism by the 2006 Nobel Prize marked a turning point, and subsequent 

efforts accelerated the translation of RNAi into therapeutics. This is now reflected in the first 

wave of FDA-approved siRNA therapeutics, which demonstrate that RNAi is clinically feasible. 

To date, six siRNA therapeutics have been approved by the FDA, namely patisiran (Onpattro), 

givosiran (Givlaari), lumasiran (Oxlumo), inclisiran (Leqvio), vutrisiran (Amvuttra), and 

nedosiran (Rivfloza). These agents must overcome multiple extracellular and intracellular 

barriers and therefore rely on chemical modification and/or specialized delivery systems to 

achieve efficient delivery. Patisiran is the first up-to-date FDA-approved only nanocarrier 
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formulation to enable siRNA delivery, whereas subsequent approvals primarily use covalent 

triantennary N-acetylgalactosamine (GalNAc) conjugation to exploit efficient hepatocyte uptake 

after subcutaneous dosing 58,59. A defining feature of this portfolio is that the clinical success has 

so far been built around a relatively narrow, hepatocyte-optimized set of delivery solutions. At 

the same time, the broader RNAi therapeutic landscape has expanded substantially, with 139 (14 

active, not recruiting) siRNA-related projects listed on ClinicalTrials.gov as of February 2026, 

reflecting a diverse and growing pipeline beyond currently approved drugs. Against this 

backdrop, the present article integrates evidence from single-cell-based assays, through 

multicellular in vitro models, to in vivo animal studies, progressively evaluating the therapeutic 

potential of the G3Si PEG6000 nanosystem for safe and effective delivery of siRNA in the 

context of CNS disease.

Cellular Uptake by Confocal Microscopy

Efficient intracellular delivery is a prerequisite for RNAi-mediated gene silencing, making the 

cellular uptake of the G3Si PEG6000 dendrimer-siRNA nanosystem a critical determinant of its 

functional relevance. We therefore used confocal microscopy in human brain endothelial cells, 

labeling the dendrimer with FITC and the siRNA with Cy5, and additionally counterstaining 

nuclei with DAPI to distinguish cytoplasmic from nuclear accumulation of the internalized 

carrier and cargo. This approach allows independent quantification of carrier and cargo signals 

and provides a direct assessment of how complexation influences the effective cellular delivery 

of siRNA.

In the uptake experiments, we used 2.5 µM FITC–G3Si PEG6000, 1 µM Cy5–siRNA, 

and the corresponding dendriplex because this carrier concentration provides a biologically 
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relevant near-threshold exposure that enables robust fluorescence detection while minimizing 

confounding effects from overt cytotoxicity. As expected for carrier-free delivery, Cy5–siRNA 

alone produced near-background red fluorescence at 3 h (0.19 ± 0.17) and low, highly variable 

redout by 24 h (0.78 ± 1.69) (Fig. 3). In contrast, FITC–G3Si PEG6000 alone showed strong, 

time-dependent green fluorescence (4.46 ± 1.41 at 3 h; 8.81 ± 2.11 at 24 h), indicative of 

efficient carrier uptake. Complexation of Cy5–siRNA with FITC–G3Si PEG6000 significantly 

increased red signal relative to free siRNA already at 3 h (dendriplex: red 4.71 ± 2.40; green 4.75 

± 3.01), with a further ~1.6-fold rise in siRNA-associated red fluorescence at 24 h (7.43 ± 3.34) 

and a more moderate ~1.3-fold increase in dendrimer-associated green fluorescence (6.10 ± 

2.30). Together, these trends support robust time-dependent cellular uptake of the dendriplex and 

demonstrate that association with G3Si PEG6000 substantially enhances the effective cellular 

delivery of Cy5–siRNA compared with the free oligonucleotide. Confocal uptake imaging 

further showed that, although the bulk of the non-complexed dendrimer signal remained 

extranuclear, a small fraction of puncta was detectable within the nuclear compartment, whereas 

in the dendriplex condition, both Cy5–siRNA and dendrimer fluorescence were restricted to the 

cytoplasm, consistent with targeting the subcellular domain in which RNAi is executed (Fig. 4).
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Figure 3. Cellular internalization of 2.5 µM FITC–G3Si PEG6000 dendrimer and 1 µM Cy5–

siRNA at 3 h and 24 h incubation times. Uptake was quantified as per-cell mean fluorescence 

intensity (MFI) in the FITC and Cy5 channels. A blue asterisk marks significant differences 

relative to the control, and a violet asterisk indicates significant differences between the 

dendrimer and its complex at the corresponding concentration (***p<0.001). Data are presented 

as the mean and standard deviation for 5 repetitions.
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Figure 4. Cellular uptake and subcellular distribution of FITC-G3Si PEG6000 (green) and Cy5–

siRNA (red) and their dendriplex in HBEC-5i cells. Representative confocal micrographs of 

HBEC-5i cells incubated with FITC–G3Si PEG6000 (2.5 µM), Cy5–siRNA (1 µM), or the 

corresponding dendriplex for 3 h or 24 h. Nuclei were counterstained with DAPI (blue). Images 

were acquired on a confocal microscope using a 63×/1.40 and identical acquisition settings 

across conditions. Scale bar, 10 µm.

Genotoxicity Assessment

DNA damage was screened using the Fast Halo Assay, a rapid single-cell nucleoid diffusion 

method in which DNA radial dispersion and relaxation arising from strand discontinuities, where 

alkali-labile sites diffuse radially under alkaline conditions and are quantified by image analysis, 

here reported as the Nuclear Diffusion Factor (NDF). Relative to the negative control (1.16 ± 

0.41), cell exposure to the non-complexed dendrimer produced a pronounced, dose-dependent 

increase in NDF, reaching 3.2 ± 0.21 at 0.5 µM, 6.91 ± 1.74 at 2.5 µM, and 16.85 ± 0.20 at 10 

µM (Fig. 5). FHA can capture DNA fragmentation arising from apoptosis or other forms of cell 
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death in addition to genotoxic lesions. This consideration is particularly pertinent at 

concentrations 2.5 µM and above, which approximates the previously reported IC20 (2.34 µM) 

for this nanocarrier in the endothelial cell line 47. At near-subcytotoxic exposures, even a small 

fraction of dying cells can disproportionately inflate mean strand-break readouts. Accordingly, 

we interpret the DNA-damage data in conjunction with cytotoxicity metrics using commonly 

applied ~25% cytotoxicity as a pragmatic upper-bound threshold to reduce the risk of false-

positive DNA-damage classification 60. Notably, a clear FHA signal emerges at 0.5 µM, well 

below the previously reported IC20 (2.34 µM) for the G3Si PEG6000 nanocarrier, indicating that 

the response cannot be attributed solely to widespread overt cytotoxicity.

Confocal uptake imaging in the present work revealed that while most non-complexed 

dendrimer signal localized outside the nucleus, a small number of entities were detectable within 

the nuclear compartment, indicating that direct primary interactions with genetic material are at 

least plausible for a minority fraction (Fig. 4). Sporadic nuclear localization of cationic 

dendrimers has been reported previously in confocal studies, supporting plausibility of a 

nanoparticle induced genotoxicity 61,62. Given that nanomaterials can induce genotoxicity 

through direct and/or indirect mechanisms, the rare intranuclear dendrimer signal is best treated 

as a supportive context rather than a mechanistic discriminator 63,64. siRNA complexation 

markedly mitigated the DNA damage signal, as dendriplex-treated cells remained below 3 NDF 

and did not reach statistical significance, supporting the conclusion that complexation reduces 

the cationic carrier fraction and attenuates the pathways that culminate in strand-break readouts.
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Figure 5. DNA strand-break–associated damage screening by Fast Halo Assay after 24 h 

exposure to G3Si PEG6000 dendrimer or dendriplex. Photographs of a representative cell 

nucleus observed during the DNA damage test. Representative ethidium bromide-stained 

increasing halo area reflects greater alkali-induced DNA relaxation consistent with increased 

strand-break–associated damage. A blue asterisk marks significant differences relative to the 

control, and a violet asterisk indicates significant differences between the dendrimer and its 

complex at the corresponding concentration (**p<0.01; ***p<0.001). Data are presented as the 

mean and standard deviation for at least 4 repetitions. Images were acquired at 400× total 

magnification.

Blood–Brain Barrier Model Integrity by Transendothelial Electrical Resistance (TEER)

To extend single-cell screening to barrier-relevant evaluations, we employed a 

multicellular BBB model that captures essential neurovascular unit (NVU) interactions in which 

barrier properties emerge. BBB properties vary across the vascular tree due to anatomical and 

molecular zonation, with practical implications for how nanocarrier exposure translates into 

changes in barrier integrity and permeability. Cerebral capillaries account for approximately 85% 
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of the total cerebral blood vessels' length and provide the dominant endothelial exchange surface 

of about 12 m² in the adult human brain, indicating that most blood-to-brain interfaces 

encountered by circulating therapeutics are capillary interfaces 65. On this basis, we employed a 

direct-contact, tri-culture with capillary-weighted cellular composition, reproducing an 

endothelial-dominant barrier layer on the apical face of the well supported by high pericyte 

representation and robust astrocytic ensheathment (Fig. 6). This arrangement mirrors key 

structural features of the in vivo capillary wall and preserves reciprocal BBB signaling, providing 

sensitive detection of compound-induced changes in barrier integrity 66.

Figure 6. Illustration depicts a schematic cross section of the Blood–Brain Barrier (BBB) on 

the left and the corresponding in vitro barrier model established in the insert of the two-chamber 

system on the right.

The effects of the G3SiPEG 6000 dendrimer and its dendriplex on the BBB model 

integrity were quantified by monitoring transendothelial electrical resistance (TEER). TEER is a 
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widely used, label-free, noninvasive electrophysiological readout and serves as a quantitative 

proxy for barrier integrity in vitro. The approach is grounded in early in vivo microelectrode 

studies of brain surface microvessels by Crone and colleagues, and TEER has since become a 

routine quality-control attribute for BBB models 67. The measurement is obtained by applying a 

low alternating current (AC) conducted by small inorganic ions in the culture media between the 

electrodes placed in the apical and basolateral compartments. The measured resistance reflects 

the overall ionic resistance across the cellular barrier. Compounds were added only after the 

readout plateau on day 13 was reached to avoid confounding maturation with treatment effects. 

The not-complexed G3Si PEG6000 dendrimer elicited a concentration-dependent, non-

monotonic TEER response (Fig. 7). 24 h after the addition of the compounds, the highest 

concentration of the non-complexed dendrimer elicited a modest, transient TEER decline 

(90.25% ± 6.71 of control), followed by recovery on the subsequent measurement (111.79% ± 

13.02) and a progressive overshoot above baseline that peaked at day 5 (136.85% ± 26.14) and 

remained elevated through day 12 (124.56% ± 21.60). By contrast, at an equivalent 

concentration, the dendriplex did not induce an early decrease (101.45% ± 22.12 at 24 h) and 

produced progressive (143.32% ± 16.24 at day 5) and statistically significant sustained elevation 

in TEER in the later stages of the experiment (149.00% ± 9.62 at day 12) (Fig. 8). Notably, none 

of the tested formulations produced a prolonged TEER decline.

The early divergence between formulations is plausibly attributable to reduced 

bioavailable cationic surface activity upon siRNA complexation, which decreases the free 

dendrimer fraction that can drive acute membrane perturbation and stress responses. The 

sustained elevation in TEER observed at later time points likely reflects adaptive, mesoscopic 

remodeling of the tri-culture BBB, including enhanced intercellular adhesion, junctional 
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organization, in-cell-substrate adhesion, and proliferation that improve coverage of the insert 

surface and reduce microheterogeneity, which can increase the net resistive path sensed by 

TEER 68,69. Reinforcement of BBB integrity is particularly relevant in the conditions such as the 

AD, where barrier disruption contributes to neuroinflammation and accelerates 

neurodegenerative processes 70–72. By maintaining or enhancing barrier integrity, the dendrimer-

based formulations indicate a favorable profile for preserving the barrier function.

Figure 7. TEER dynamics of the Blood–Brain Barrier (BBB) model following exposure to G3Si 

PEG6000 dendrimer and its dendriplex. Data are expressed as a percentage of the untreated 

control from 3 repetitions. The TEERREPORTED data at days 3, 5, 10, and 12 post-treatment are 

summarized in Fig. 8.
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Figure 8. Changes of TEERREPORTED gYZ��2] of the Blood–Brain Barrier (BBB) model 

following exposure to G3Si PEG6000 dendrimer and its dendriplex. A blue asterisk marks 

significant differences relative to the control (*p<0.05; **p<0.01). Data are presented as the 

mean and standard deviation for 3 repetitions. A heatmap summarizing all post-treatment days is 

shown in Fig. 7.

Blood–Brain Barrier Paracellular Permeability

The effects of the G3Si PEG6000 dendrimer and its dendriplex on BBB-model paracellular 

transport were quantified using a 40 kDa FITC–dextran flux assay. Fluorescent dextran tracers 

of defined nominal molecular weight are widely used in Transwell barrier models to quantify 

macromolecular paracellular permeability, and they are commonly paired with TEER because 

tracer flux and electrical resistance provide complementary readouts of barrier performance 

73,74. Interpretation of these orthogonal permeability methods requires emphasizing that TEER 

and dextran flux, also termed the macromolecular tracer assay, provide complementary but 

non-interchangeable measures of barrier performance. TEER reports area-averaged translayer 

electrical resistance and primarily reflects net ionic conductance across the barrier. In contrast, 
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FITC–dextran permeability reports macromolecular passage and can be disproportionately 

influenced by spatially restricted routes that can contribute relatively little to global ionic 

conductance.

At day 3 after exposure, the paracellular flux data revealed an early divergence from TEER, 

indicating a decoupling between these orthogonal measures of barrier function. Specifically, 

the highest tested concentration of the not-complexed dendrimer increased macromolecular 

permeability to 175.51% ± 28.90 of control, while the matched dendriplex concentration 

increased permeability to 163.71% ± 32.40 of control (Fig. 9). In the corresponding conditions, 

TEER was not significantly reduced, despite the increased macromolecular flux. We hypothesize 

that the observed decoupling reflects a non-uniform perturbation of paracellular organization, 

with a transient increase in a macromolecule-permissive leak pathway occurring in the absence 

of a commensurate change in the pathway that predominantly determines ionic resistance. This 

pattern is consistent with permeability being governed by spatially restricted or short-lived 

high-permeability routes that can disproportionately increase 40 kDa FITC–dextran flux while 

contributing minimally to the area-averaged TEER signal. Plausible microstructural contributors 

include transient bicellular discontinuities and tricellular junction-associated transport 75,76. 

Mechanistic interpretation remains tentative and should be evaluated by imaging-based 

quantification of junction continuity together with analysis of tight-junction marker localization 

and organization.

By day 5, dextran permeability in the highest tested concentration of the non-complexed 

dendrimer returned to near-baseline levels at 97.03% ± 27.87 of control, whereas the highest 

concentration of dendriplex reduced dextran flux to 61.00% ± 4.37 of control, coinciding with 
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the TEER overshoot observed at later time points. The concurrent TEER overshoot and reduction 

in 40 kDa FITC–dextran flux is consistent with a delayed barrier tightening response. A 

plausible hypothesis is that dendriplex exposure promotes the reinforcement and reorganization 

of intercellular junctions and endothelial adhesion, which can decrease the effective paracellular 

leak of macromolecules and thereby suppresses dextran passage. This interpretation aligns with 

findings from BBB microfluidic models, in which the tested nanoparticle led to concurrent 

increases in TEER and enhanced expression of junctional markers ZO-1 and VE-cadherin, 

signifying a reinforcement of tight junctions and a subsequent reduction in barrier permeability 

68. 

At lower concentrations, short-term exposure to sub-cytotoxic levels of the not-complexed 

dendrimer preserved macromolecular permeability, whereas prolonged exposure produced a 

concentration-dependent increase in dextran flux. On day 5, the 2.5 μM concentration elevated 

dextran flux to 164.70% ± 25.60 of control, and the 0.5 μM concentration elevated dextran flux 

to 144.25% ± 31.51 of control. These time-dependent and concentration-dependent changes 

are consistent with a delayed adverse effect of the not-complexed dendrimer on paracellular 

macromolecular transport under prolonged exposure. In contrast, the corresponding 

dendriplex formulations did not increase dextran permeability and maintained macromolecular 

permeability at or near control levels.

Accounting for key in vivo determinants of BBB function that are not fully recapitulated in 

static transwell systems, the in vitro profile suggests that subtoxic dendriplex concentrations do 

not increase macromolecular leak or impair ion pathway function, thus suggesting they are 

unlikely to compromise BBB integrity in vivo. This prediction is particularly relevant in AD, 
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where BBB dysfunction can be regionally heterogeneous and influenced by local vascular 

pathology rather than reflecting a uniform, global loss of barrier function 77,78.

Figure 9. Accumulation of 40 kDa FITC-dextran in the basolateral compartment of the Blood–

Brain Barrier (BBB) Transwell model measured 3 and 5 days after exposure to G3Si PEG6000 

dendrimer or its dendriplex. Fluorescence intensity in the basolateral compartment was recorded 

at 0, 15, 30, 45, 60, 90, and 120 min after addition of FITC-dextran. Data are expressed as a 

percentage of untreated control at each time point for 3 repetitions.
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Spatial Learning and Memory in Alzheimer’s Disease Murine Model

Applied in vitro assays are indispensable for mechanism and screening, however their predictive 

value for CNS delivery and safety ultimately depends on how well key in vivo modifiers are 

represented. We therefore interpreted the subsequent in vivo study as an essential translational 

step positioned to test whether the formulation-dependent patterns observed in vitro translate into 

disease relevant performance in a whole organism setting.

Cognitive performance was assessed using the Morris Water Maze, a well-established 

test of spatial learning and reference memory in which rodents learn across repeated trials to 

locate a submerged escape platform in a circular pool by using stable distal cues in the testing 

room. Reference memory is assessed in a probe trial, during which the platform is removed, and 

search behavior is quantified by the animal’s preference for the former platform location. Probe-

trial outcomes were summarized as time spent in the target quadrant and the number of crossings 

through the former platform zone, which provide complementary readouts of spatial bias and the 

precision of searching around the learned goal location (Fig. 10).

There were no significant changes in escape latencies between any of the tested groups 

(data not shown). In both probe-trial endpoints, APOE4 knock-in (KI) mice receiving PBS 

performed worse than C57BL/6 PBS controls, supporting the suitability of the experimental 

conditions for detecting APOE4-associated cognitive vulnerability relative to the healthy 

counterparts 79. In the APOE4 KI cohort, treatment with the G3Si PEG6000 dendriplex resulted 

in a significant increase in platform-zone crossings compared with the APOE4 PBS group. In 

contrast, only a trend towards increased time spent in the target quadrant was observed in the 

APOE4 KI group, and the accompanying rank-based effect size (rrb i 0.22) indicated only a 

modest shift with substantial overlap between group distributions, consistent with a partial or 
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heterogeneous behavioral benefit rather than a robust normalization of sustained spatial bias. 

This dissociation is plausible because crossings reflect how precisely the animal searches the 

small spatial region, whereas quadrant time is a broader measure that can be diluted by mixed 

search strategies variability between animals, including non-cognitive contributors that are well 

recognized in water maze probe analyses 80,81. This pattern is consistent with published reports 

on APOE4 knock-in mice, in which Morris water maze deficits are generally modest and 

endpoint-dependent rather than uniformly detected across all measures 79. This pattern is 

consistent with the broader literature indicating that APOE4-associated cognitive dysfunction 

emerges early but remains relatively subtle and endpoint-dependent in young APOE4 targeted-

replacement mice, whereas more robust and reproducible probe-trial deficits become apparent in 

middle-aged animals 82–84.

Collectively, the dendriplex profile is most consistent with a partial improvement in 

spatial search precision in APOE4 KI mice, which supports the premise that formulation-

mediated delivery can translate into measurable functional benefit. By contrast, APOE4 KI mice 

receiving naked siRNA showed no improvement across probe endpoints, consistent with well-

established in vivo limitations of unformulated siRNA, including rapid nuclease degradation and 

rapid systemic clearance, which together reduce tissue exposure and cellular internalization.
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Figure 10. Spatial memory performance of APOE4 KI and C57bl6 in the Morris water maze 

probe trial. Left panel: cumulative amount of time animals swam in the target quadrant; Right 

panel: total amount of platform zone crossings. An asterisk marks significant differences relative 

to the APOE KI control (*p<0.05; **p<0.01). Data shown as individual values and group median 

(horizontal lines).

SUMMARY AND CONCLUSIONS

Clinical progress in Alzheimer’s disease has advanced without a widely transferable approach 

that reliably delivers predictable, compartment-appropriate CNS exposure under BBB 

constraints, reflecting both momentum and persistent limitations in neurological disease 

interventions. The sustained entry of biologics into CNS trials suggests that clinical feasibility is 

often achieved by accepting constrained exposure or relying on routes that are practical only in 

specific contexts, rather than indicating that the broader delivery challenge has been resolved. As 
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mechanistic insight increasingly incorporates neurovascular biology and disease-associated BBB 

remodeling, greater emphasis is being placed on BBB architecture, transport-route constraints, 

and safety–performance tradeoffs at the BBB interface as design inputs, alongside evaluating 

performance with functionally meaningful endpoints. In this study, we used a stepwise 

progression of models to link cellular responses, barrier integrity metrics, and in vivo outcomes 

to assess an RNAi nanosystem within this broader translational framework.

At the cellular level, the dendrimer served as an efficient delivery vehicle, significantly 

enhancing intracellular siRNA accumulation compared to free oligonucleotides. While the non-

complexed carrier signal was mainly extranuclear with rare puncta overlapping the nuclear 

compartment, the dendriplex showed both carrier and siRNA fluorescence, only restricted to the 

cytoplasm, consistent with delivery into the mechanistically relevant domain for RNAi. DNA 

damage screening by Fast Halo Assay showed a pronounced, dose-dependent increase in NDF 

following exposure to the non-complexed dendrimer. Because FHA can also capture DNA 

fragmentation associated with apoptosis or cytotoxicity-related DNA relaxation, interpretation at 

concentrations near or above cytotoxicity thresholds requires caution; however, the presence of a 

clear FHA signal already at 0.5 µM non-complexed dendrimer suggests that the response cannot 

be explained solely by widespread overt cell death. Importantly, siRNA complexation attenuated 

the FHA signal, with dendriplex-treated cells remaining below ~3 NDF and not reaching 

statistical significance. This pattern is consistent with the fact that complexation reduces the 

bioavailable cationic fraction and thereby limits damage pathways that culminate in strand-break 

readouts. Rare intranuclear carrier signal observed by confocal microscopy provides plausibility 

for direct nuclear interaction in a minority fraction.
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In a capillary-weighted, direct-contact BBB tri-culture model, neither formulation caused 

a sustained decline in TEER. The non-complexed dendrimer produced a non-monotonic TEER 

trajectory at the highest dose, with an early transient decrease at 24 hours, followed by recovery 

and overshoot. In contrast, the dendriplex avoided the early TEER drop and exhibited a 

progressive, statistically significant, sustained increase in TEER at later time points. 

Macromolecular flux assays refine interpretation by demonstrating an early decoupling at day 3, 

where both the highest tested non-complexed dendrimer concentration and the matched 

dendriplex increased dextran permeability without a significant TEER reduction, indicating a 

functional decoupling between ionic resistance and macromolecular leak at this early time point. 

By day 5, the highest tested dendriplex concentration reduced dextran passage to 61.00% ± 4.37 

at 10 µM, whereas lower dendriplex concentrations remained at or near control levels. Dextran 

permeability in the highest tested concentration of the non-complexed dendrimer returned to 

near-baseline levels, whereas sub-cytotoxic non-complexed dendrimer increased dextran flux 

(e.g., 164.70% ± 25.60 at 2.5 µM). Collectively, these results are most consistent with a broader 

functional window for the dendriplex in barrier-relevant conditions and supporting a barrier-

tightening trajectory, while also indicating that early, spatially restricted macromolecular 

perturbations remain plausible and warrant direct junctional imaging and marker quantification. 

In vivo, Morris Water Maze probe-trial analysis demonstrated that the APOE4 KI mice 

cohort treated with dendriplex improved performance, as quantified by platform-zone crossings, 

whereas time in the target quadrant increased only numerically and did not reach statistical 

significance. This dissociation is most likely due to platform-zone crossings being more sensitive 

to precise search focus, while quadrant time can be diluted by heterogeneous strategies and non-

cognitive contributors. Definitive mechanistic linkage will require brain exposure measurements 
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and target engagement assays. Nevertheless, the functional signal observed with dendriplex 

treatment supports the premise that formulation-dependent delivery properties can translate into 

measurable behavioral benefit in a disease-relevant setting. Direct brain biodistribution and 

knockdown evidence are required to connect phenotype to mechanism.

Taken together, the results position the G3Si PEG6000 dendriplex formulation as 

allowing intracellular siRNA uptake with cytoplasmic distribution, attenuated genotoxicity 

signals relative to the free carrier, and BBB-model compatibility characterized by preserved or 

enhanced barrier integrity with a time-dependent tightening signature.
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ABBREVIATIONS

AC, alternating current; AD, Alzheimer’s disease; AGS, astrocyte growth supplement; 

AP, amyloid precursor protein; APOE4, apolipoprotein E4; �β" amyloid β3 BACE1, beta-site 

APP cleaving enzyme 1; BBB, Blood–Brain Barrier; CNS, central nervous system; ECGS, 

endothelial cell growth supplement; FBS, fetal bovine serum; FHA, Fast Halo Assay; GalNAc, 

triantennary N-acetylgalactosamine; IATA, Integrated Approaches to Testing and Assessment; 

ITS,  Integrated Testing Strategies; KI, knock-in; MFI, mean fluorescence intensity; MWM, 

Morris Water Maze; NDF, nuclear diffusion factor; NFTs, neurofibrillary tangles; NMDA, N-

methyl-D-aspartate; NVU, neurovascular unit; P/S, penicillin–streptomycin; PBS, Phosphate 

buffered saline; PEG, polyethylene glycol; PGS, pericyte growth supplement; PLL, poly-L-

lysine; RNAi, RNA interference; TEER, transendothelial electrical resistance
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