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Wykaz skrótów 

AAPH – 2,2'-Azobis(2-amidinopropane) dihydrochloride 

BJ – ang. Human fibroblasts – fibroblasty ludzkie 

CD – ang. Circular Dichroism – dichroizm kołowy 

DLS – ang. Dynamic light scattering – Dynamiczne rozpraszanie światła 

DMPC – 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DPH – 1,6-diphenyl-1,3,5-hexatriene 

DPPG – 1,2-dihexadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

DPPH – 2,2 diphenyl 1 picrylhydrazyl 

FBS – ang. Fetal Bovine Serum – płodowa surowica bydlęca 

H2DCF-DA – 2′,7′-dichlorodihydrofluorescein diacetate 

HSA – ang. Human Serum Albumin – albumina ludzka 

LDE – ang. Laser Doppler electrophoresis – Laserowa Elektroforezę Dopplera 

MTT – dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide 

NSCLC – ang. Non-Small Cell Lung Cancer – niedrobnokomórkowy rak płuc 

PAMAM – ang. Poly(amidoamine) – dendrymery poliamidoaminowe 

PD – ang. Polyphenolic Dendrimers – dendrymery polifenolowe 

PEG – ang. polyethylene glycol – glikol polietylenowy 

PPI – ang. Poly(propylene imine) – nanoczastki polipropylenoiminowe 

RFT – Reaktywne formy tlenu 

SCLC – ang. Small Cell Lung Cancer –drobnokomórkowy rak płuc 

siRNA – ang. Small Interfering RNA – małe interferujące RNA 

TEM – ang. Transmission Electron Microscopy – Transmisyjna mikroskopia elektronowa 

TMA-DPH – 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluene 

sulfonate 
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Wprowadzenie 

Na początku lat 80 zespół prof. D. Tomalii po raz pierwszy zsyntetyzował 

rozgałęzione, kuliste, monodyspersyjne nanocząstki nazywane dendrymerami [1,2]. Dzięki 

unikalnej strukturze dendrymery uważane są za doskonałe transportery leków i kwasów 

nukleinowych. Zastosowanie tych nanocząstek może przyczyniać się do zwiększenia 

skuteczności terapii różnych chorób. Dendrymery są dobrze zdefiniowane i stosunkowo 

łatwe do syntezy [3–8]. Najlepiej poznane są właściwości fizykochemiczne i biologiczne 

takich dendrymerów jak PAMAM, PPI czy dendrymery fosforowe lub karbokrzemowe. 

Obecnie wiadomo, że dendrymery skoniugowane z lekami poprawiają ich rozpuszczalność 

i biodostępność. Ponadto powolne uwalnianie leków z kompleksów dendrymer/lek wydłuża 

ich czas krążenia w krwiobiegu. Dendrymery posiadające ładunek kationowy mogą tworzyć 

stabilne kompleksy z kwasami nukleinowymi, dlatego też są sugerowane jako odpowiednie 

nośniki DNA lub RNA. Otwiera to możliwość ich wykorzystania w terapiach genowych. 

Kationowe dendrymery mogą oddziaływać z ujemnie naładowanymi błonami 

lipidowymi [5,8–13]. Jednak, dodatnio naładowane dendrymery z amidowymi grupami 

powierzchniowymi mogą być wysoce toksyczne [8,12,14,15]. Jednym ze sposobów 

zmniejszenia toksyczności dendrymerów kationowych jest ich koniugacja z glikolem 

polietylenowym (PEG) [16,17].   

PEGylacja dendrymerów stabilizuje ich interakcję z kwasami nukleinowymi 

i ogranicza odziaływanie z białkami surowicy [16,17]. Ponadto PEG jest rozpuszczalny  

w wodzie i jest zatwierdzony do stosowania przez Agencję Food and Drug Administration 

(FDA) [16]. PEG nie jest immunogenny i toksyczny, a jego obecność w strukturze 

dendrymeru zwiększa biokompatybilność nanocząstek [17,18].  

Pomimo licznych zalet dendrymerów naukowcy wciąż starają się ulepszyć ich 

właściwości biomedyczne. Przykładowo zmiany struktury dendrymeru poza dołączeniem 

PEG, obejmują zakotwiczenie w szkielecie nanocząsteczek różnych biomolekuł, np.: 

polifenoli, takich jak kwas kawowy, ferulowy lub galusowy [4]. 

Spożywanie polifenoli, takich jak kwas kawowy w codziennej diecie, niewątpliwie 

ma korzystny wpływ na zdrowie człowieka i ochrania komórki przed stresem oksydacyjnym 

[4,19]. Stres oksydacyjny odgrywa kluczową rolę w procesie starzenia się komórek   

i towarzyszy rozwojowi wielu poważnych chorób, takich jak choroba Alzheimera  

i Parkinsona, cukrzyca, reumatoidalne zapalenie stawów, choroby sercowo-naczyniowe,  

a nawet nowotwory [20,21]. Sugeruje się, że kawa ma właściwości przeciwnowotworowe, 
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które są ściśle powiązane z jej właściwościami antyoksydacyjnymi. Korzystny wpływ kawy 

opisano w leczeniu raka wątroby [22], raka jelita grubego [23,24], raka jamy ustnej [25]  

i czerniaka skóry [26,27]. Te zalety kawy mogą być związane z obecnością w niej kwasu 

kawowego, polifenolu będącego jednym ze znanych przeciwutleniaczy [28]. Ponadto, kwas 

kawowy ma działanie przeciwzakrzepowe, przeciwnadciśnieniowe, i przeciwwirusowe  

[29,30]. W związku z tym, że niektóre z polifenoli, nie są łatwo biodostępne, ich koniugacja 

z dendrymerami stanowi korzystne rozwiązanie, pozwalające na stworzenie nanocząstek  

o właściwościach przeciwutleniających do zastosowań biomedycznych [31,32]. 

W obecnej pracy przeprowadzono biofizyczną charakterystykę nowo 

zsyntetyzowanych polifenolowych dendrymerów zawierających kwas kawowy i PEG. 

Oceniono ich aktywność jako przeciwutleniaczy, a także przeanalizowano charakter 

interakcji z albuminą ludzką i błonami biologicznymi. Końcowym etapem badań była 

analiza potencjalnego zastosowania dendrymerów do przenoszenia proapoptotycznego 

siRNA do komórek A549 niedrobnokomórkowego raka płuc [19,33–35]. 

 

Cele pracy 

Głównym celem niniejszej pracy była biofizyczna charakterystyka polifenolowych 

dendrymerów karbokrzemowych pierwszej generacji zawierających w swojej strukturze 

kwas kawowy (CA) i glikol polietylenowy (PEG). Dodatkowym celem była ocena 

właściwości biologicznych dendrymerów takich jak aktywność przeciwutleniająca, 

cytotoksyczność, charakter odziaływania z błonami biologicznymi i białkiem osocza oraz 

analiza możliwości zastosowania tych dendrymerów jako nośników terapeutycznego 

siRNA. 

Do zrealizowania celów pracy zaplanowano następujące zadania badawcze: 

1. Charakterystyka biofizyczna polifenolowych dendrymerów karbokrzemowych oraz 

analiza ich cytotoksyczności i właściwości przeciwutleniających. 

2. Analiza oddziaływań dendrymerów z albuminą ludzką oraz błonami biologicznymi. 

3. Ocena zdolności dendrymerów do tworzenia kompleksów z terapeutycznymi siRNA 

i przenoszenia ich do komórek. 
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4. Ocena skuteczności działania powstałych kompleksów dendrymer/siRNA  

w warunkach in vitro. 

 

Hipoteza badawcza 

Polifenolowe dendrymery karbokrzemowe pierwszej generacji wykazują potencjał 

przeciwutleniający, chronią komórki przed negatywnymi skutkami stresu oksydacyjnego, 

wchodzą w interakcję z albuminą ludzką i błonami biologicznymi, a także tworzą kompleksy 

z terapeutycznymi siRNA i przenoszą je do komórek. 

 

Materiały i metody 

Przedmiotem badań były polifenolowe dendrymery karbokrzemowe pierwszej 

generacji zawierające w swojej strukturze kwas kawowy dołączony do dendrymerów 

bezpośrednio lub za pośrednictwem PEG (Rys. 1, Tab. 1). Dendrymery zostały 

zsyntezowane w zespole partnerskim profesora Javiera de la Maty w Uniwersytecie Alcalá 

de Henares w Hiszpanii. W pracy wykorzystano proapoptotyczne siRNA: siMcl-1, siBcl-2 

(ABO Sp. z o.o, Polska) (Tab. 2). 

 

Rys. 1. Struktura karbokrzemowych dendrymerów polifenolowych modyfikowanych kwasem 

kawowym i PEG: PD C, PD CC, PD PEG-C, PD PEG-CC. 
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Tabela 1. Masa molowa karbokrzemowych dendrymerów polifenolowych 

 

 

Tabela 2. Sekwencja siRNA (siMcl-1, Bcl-2). 

 

W pracy dodatkowo zostały wykorzystane: 

• fibroblasty ludzkie (BJ) 

• komórki niedrobnokomórkowego raka płuc (A549) 

• erytrocyty i błony erytrocytarne izolowane z kożucha leukocytarno-płytkowego 

zdrowych dawców pozyskane z Regionalnego Centrum Krwiodawstwa  

i Krwiolecznictwa w Łodzi 

• liposomy (DMPC/DPPG) 

• albumina ludzka (HSA) 

 

Podczas wykonywania zadań badawczych zastosowano następujące techniki: 

Laserowa Elektroforeza Dopplera (LDE) oraz technika dynamicznego rozpraszania światła 

(DLS), transmisyjna mikroskopia elektronowa (TEM), spektroskopia fluorescencyjna, 

dichroizm kołowy (CD), elektroforeza w żelu agarozowym, mikroskopia konfokalna, 

cytometria przepływowa, a także testy in vitro. 

 

 

 PD C PD CC PD PEG-C PD PEG-CC 

Masa molowa 

[g/mol] 
1914,33 1997,94 5306,42 8782,10 

siRNA siMcl-1 siBcl-2 

Sense 

Antisense 

5'-GGACUUUUAUACCUGUUAUtt 3' 

5'-AUAACAGGUAUAAAAGUCCtg 3' 

5'-GCUGCACCUGACGCCCUUCtt 3' 

5'-GAAGGGCGUCAGGUGCAGCtt 3' 
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Omówienie prac wchodzących w skład rozprawy doktorskiej 

W pierwszej pracy wchodzącej w skład rozprawy doktorskiej M. Grodzicka, C. E. 

Pena-Gonzalez, P. Ortega, S. Michlewska, R. Lozano, M. Bryszewska, F. J. de la Mata, 

M. Ionov. Heterofunctionalized polyphenolic dendrimers decorated with caffeic acid: 

Synthesis, characterization and antioxidant activity. Sust, Mat. Technol. 33, 2022, doi: 

10.1016/j.susmat.2022.e00497 jest opisana synteza karbokrzemowych dendrymerów 

polifenolowych pierwszej generacji: 1 - G2[(NMe3Cl)7(NH-CA)], 2 - G2[(NMe3Cl)6(NH-

CA)2], 3- G2[(NMe3Cl)7(PEG-NH-CA)], 4 - G2[(NMe3Cl)6(PEG-NH-CA)2]. Ta część pracy 

została przygotowana przez zespół hiszpański, kierowany przez profesora Javiera de la 

Mata, w Katedrze Chemii Organicznej i Nieorganicznej Uniwersytetu Alcala de Henares.  

W trakcie syntezy, dendrymery karbokrzemowe zostały wzbogacone o jedną lub dwie 

cząsteczki kwasu kawowego dołączonego do dendrymeru bezpośrednio lub za 

pośrednictwem glikolu polietylenowego (PEG). Druga cześć publikacji została poświęcona 

biofizycznej charakterystyce dendrymerów oraz ocenie ich cytotoksyczności. Wyznaczono 

średnicę hydrodynamiczną, indeks polidyspersyjności i potencjał zeta dendrymerów oraz 

określono ich morfologię z wykorzystaniem transmisyjnej mikroskopii elektronowej. 

Otrzymane wyniki wykazały, że badane dendrymery mają dodatni ładunek. Dendrymery nie 

zawierające PEG charakteryzowały się wyższym potencjałem zeta niż dendrymery z PEG. 

Obrazy otrzymane za pomocą transmisyjnej mikroskopii elektronowej pokazały, że 

dendrymery z PEG maja większy rozmiar niż dendrymery niezawierające PEG. Wszystkie 

badane dendrymery wykazywały stosunkowo niską cytotoksyczność zarówno wobec 

fibroblastów (BJ), jak i komórek raka płuc (A549). W kolejnych badaniach zaobserwowano, 

że dendrymery polifenolowe wykazywały wyraźną aktywność przeciwutleniającą. 

Skuteczność dendrymerów w zmiataniu wolnych rodników została sprawdzona  

w odniesieniu do znanych przeciwutleniaczy: kwasu askorbinowego, kwasu kawowego  

i melatoniny. Najbardziej efektywne były dendrymery zawierające PEG, zwłaszcza 

dendrymer z dwiema resztami kwasu kawowego. Sprawdzano również czy dendrymery 

polifenolowe mogą wykazywać efekt ochronny przy indukowanej peroksydacji lipidów. 

Pokazano, że wszystkie badane nanocząstki zmniejszały poziom produktów peroksydacji 

lipidów, a także obniżały poziom hemolizy erytrocytów indukowanej AAPH, chroniąc 

erytrocyty przed uszkodzeniami wywołanymi stresem oksydacyjnym. Ponieważ wszystkie 

badane dendrymery wykazywały istotny potencjał przeciwutleniający, sprawdzono również 

ich aktywność w tym zakresie na fibroblastach ludzkich. Wszystkie badane związki 
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znacząco zmniejszały poziom reaktywnych form tlenu (RFT) w komórkach. Co więcej, 

dendrymery wykazywały większy efekt ochronny przed uszkodzeniami spowodowanymi 

stresem oksydacyjnym niż klasyczne przeciwutleniacze. Podsumowując, badane 

dendrymery charakteryzowały się niską cytotoksycznością, a także wysokim potencjałem 

przeciwutleniającym, porównywalnym z klasycznymi przeciwutleniaczami. 

Zastosowanie dendrymerów jako narzędzi dostarczania leków i kwasów 

nukleinowych do komórek docelowych wymaga scharakteryzowania ich interakcji  

z różnymi systemami biologicznymi, a przede wszystkim z białkami surowicy. W związku 

z tym, w drugiej pracy M. Grodzicka, S. Michlewska, A. Buczkowski, S. Sekowski, C. E. 

Pena‑Gonzalez, P. Ortega, F. J. de la Mata, J. Błasiak, M. Bryszewska, M. Ionov; A 

new class of polyphenolic carbosilane dendrimers binds human serum albumin in a 

structure‑dependent fashion, Sci. Rep, 14:5946, 2024, https://doi.org/10.1038/s41598-

024-56509-0 została zbadana zdolność dendrymerów polifenolowych do interakcji  

z albuminą ludzką. Albumina ludzka jest białkiem osocza, zbudowanym z 585 

aminokwasów, z trzema homologicznymi domenami [36]. Każda domena ma dwie 

subdomeny, do których mogą być przyłączone różne cząsteczki. Subdomena IIA, zawiera 

resztę tryptofanu i jest głównym hydrofobowym miejscem wiązania ligandów [36]. 

Dendrymery poprzez interakcje hydrofobowe oddziałują głównie z subdomeną IIA [37,38]. 

Efekt ten ma kluczowe znaczenie dla medycznego zastosowania nanocząstek, ponieważ 

absorpcja na powierzchni albuminy może zmienić jej właściwości i biodostępność. Wyniki 

przedstawione w wymienionej publikacji pokazały, że obecność dendrymerów w roztworze 

albuminy spowodowała zwiększenie rozmiaru obserwowanych cząsteczek. Najwyższe 

wartości średnicy hydrodynamicznej kompleksów albumina/dendrymer zaobserwowano  

z dendrymerami zawierającymi PEG. Wskaźnik polidyspersyjności kompleksów 

utworzonych przez dendrymery bez PEG wynosił około 0,4, podczas gdy z PEG, około 0,5. 

Dodanie dendrymerów z wyjątkiem dendrymeru zawierającego dwie reszty kwasu 

kawowego i PEG zmniejszało wartość potencjału zeta zaobserwowanego dla HSA. Efekt 

ten był najbardziej wyraźny w przypadku dendrymeru bez PEG i z jedną resztą kwasu 

kawowego. Na obrazach TEM albumina była widoczna jako struktura fibrylarna. Obecność 

dendrymerów sprawiła, że cząsteczki albuminy stały się bardziej elektronowo gęste. 

Zbadano wygaszanie fluorescencji reszt tryptofanu obecnego w HSA wywołane 

obecnością dendrymerów. Odziaływanie dendrymerów z HSA spowodowało przesunięcie 

widma fluorescencji w kierunku dłuższych fal. Najbardziej wyraźny efekt zaobserwowano 

dla dendrymeru zawierającego dwie reszty kwasu kawowego i PEG. Analiza widm 
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dichroizmu kołowego (CD) wskazała, że struktura HSA została zmieniona nieznacznie  

w obecności dendrymerów. Wyniki otrzymane za pomocą techniki izotermicznej 

kalorymetrii miareczkowej (ITC) pozwoliły na oszacowanie przybliżonego stosunku 

molowego kompleksów albumina/dendrymer wynoszącego 6-10 cząsteczek dendrymerów 

na jedną cząsteczkę albuminy. Podsumowując, dendrymery polifenolowe oddziałują  

z albuminą surowicy ludzkiej, nieznacznie wpływając na strukturę drugorzędową białka,  

a interakcja ta zależy od obecności reszt kwasu kawowego i PEG  

w strukturze nanocząstek. 

Zastosowanie dendrymerów jako nośników leków wymaga również zrozumienia 

sposobu ich odziaływania z błonami biologicznymi. W związku z tym kolejna praca M. 

Grodzicka, S. Michlewska, A. Buczkowski, P. Ortega, F. J. de la Mata, M. Bryszewska, 

M. Ionov; Effect of polyphenolic dendrimers on biological and artificial lipid 

membranes, Chem. Phys. Lipids. 265, 2024, https://doi.org/10.1016/j.chemphyslip.2024. 

105444 została poświęcona określeniu mechanizmów interakcji badanych dendrymerów  

z błonami lipidowymi, przygotowanymi z lipidów syntetycznych lub izolowanymi  

z erytrocytów krwi obwodowej. 

Do analizy interakcji pomiędzy dendrymerami, a sztucznymi błonami lipidowymi 

(liposomami) wykorzystano techniki TEM, LDE oraz DLS. Liposomy o średnicy 100 nm 

uzyskano z mieszaniny fosfolipidów DMPC/DPPG w stosunku molowym 97:3. Po dodaniu 

dendrymerów zawierających jedną resztę kwasu kawowego do zawiesiny liposomów ich 

średnica hydrodynamiczna zmieniła się nieznacznie. Z kolei obecność dendrymerów  

z dwiema resztami kwasu kawowego spowodowało istotny wzrost wielkości 

nanokompleksów. Wyniki te zostały potwierdzone poprzez analizę obrazów uzyskanych  

z wykorzystaniem techniki transmisyjnej mikroskopii elektronowej, na których pokazano, 

że dendrymery oddziałują z powierzchnią liposomów powodując widoczne zmiany 

morfologiczne. Liposomy skompleksowane z dendrymerami miały zmieniony kształt  

i strukturę. Dodatkowo, obecność dendrymerów powodowała zmianę ładunku 

powierzchniowego liposomów z ujemnego na dodatni, przy czym dendrymery nie 

zawierające PEG powodowały większy wzrost wartości potencjału zeta niż dendrymery  

z PEG. Uzyskane wyniki mogą wskazywać na elektrostatyczny charakter interakcji między 

badanymi składnikami. Oddziaływanie dendrymerów polifenolowych z błonami lipidowymi 

przygotowanymi z mieszaniny lipidów DMPC/DPPG zostało dodatkowo zbadane za 

pomocą techniki DSC. Obecność dendrymerów powodowała wyostrzenie piku topnienia 

lipidów, wskazując na wyższą kooperatywność topnienia, w porównaniu z błonami 
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lipidowymi niezawierającymi dendrymerów. Zaobserwowane zmniejszenie entalpii 

wskazywało na relaksację molekuł fosfolipidów w regionie niepolarnym, co sugeruje, że 

dendrymery oddziałują również z hydrofobowym obszarem dwuwarstwy lipidowej. 

Do analizy zmian płynności błon spowodowanych obecnością dendrymerów 

zastosowano technikę fluorymetryczną z wykorzystaniem znaczników fluorescencyjnych 

DPH i TMA-DPH. Sonda DPH lokalizuje się w hydrofobowym regionie dwuwarstwy 

lipidowej, natomiast TMA-DPH w obszarze hydrofilowym. Dodanie dendrymerów do 

zawiesiny błon zawierających sondy DPH i TMA DPH spowodowało wzrost rejestrowanej 

anizotropii fluorescencji, co wskazuje na zmniejszenie płynności błony zarówno w regionie 

hydrofilowym, jak i hydrofobowym. Dendrymery zawierające PEG usztywniały błonę 

lipidową w mniejszym stopniu niż nanocząstki bez PEG. Najsilniejszy efekt usztywnienia 

błony stwierdzono dla dendrymeru bez PEG, zawierającego jedną resztę kwasu kawowego. 

Otrzymane wyniki pokazały, że badane dendrymery wykazywały stosunkowo słabe 

działanie hemotoksyczne, a efekt ten został całkowicie zniesiony w obecności FBS. 

Zjawisko to można tłumaczyć oddziaływaniem dendrymerów z białkami surowicy. 

Końcowy etap pracy doktorskiej obejmował ocenę zdolności dendrymerów 

polifenolowych do tworzenia kompleksów z proapoptotyczymi siRNA (siMcl-1 i siBcl-2). 

Dodatkowo zbadano efektywność przeciwnowotworowego działania kompleksów 

dendrymer/siRNA w stosunku do komórek A549 niedrobnokomórkowego raka płuc. 

Wyniki tych badań zostały opublikowane w pracy M. Grodzicka, S. Michlewska, J. 

Błasiak, P. Ortega, F. J. de la Mata, M. Bryszewska, M. Ionov; Polyphenolic 

dendrimers as carriers of anticancer siRNA, Int. J. Pharm. 658, 2024, 

https://doi.org/10.1016/j.ijpharm.2024. 124199. Pokazano, że wszystkie testowane 

dendrymery nie tylko tworzyły kompleksy z siRNA, ale również chroniły go przed 

degradacją w obecności nukleaz. Analiza danych dotyczących stabilności utworzonych 

kompleksów dendrymer/siRNA wykazała, że kompleksy zawierające dendrymery z PEG 

były bardziej stabilne niż dendrymery bez PEG. Wyniki oceny biofizycznej powstałych 

kompleksów pozwoliły na oszacowanie stosunków molowych pomiędzy składnikami 

kompleksu dendrymer/siRNA, 1:16 dla dendrymerów nie zawierających PEG, 1:40 dla 

dendrymerów z PEG i jedna reszta kwasu kawowego oraz 1:30 dla dendrymerów z PEG i 

dwiema resztami kwasu kawowego. Efekt cytotoksyczny kompleksów określano w stosunku 

do fibroblastów ludzkich (BJ) oraz komórek A549. Podczas, gdy kompleksy nie 

wykazywały cytotoksyczności w stosunku do fibroblastów, w komórkach nowotworowych 
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zaobserwowano spadek żywotności. Dodatkowo, za pomocą cytometrii przepływowej oraz 

przy użyciu mikroskopii konfokalnej sprawdzono zdolność dendrymerów do wprowadzenia 

siRNA do komórek nowotworowych. Wszystkie badane dendrymery skutecznie 

wprowadzały siRNA zarówno w hodowli 2D, jak i 3D, a efektywność internalizacji była 

większa po 3 niż po 24 godzinach. Sprawdzono wpływ utworzonych kompleksów na 

zdolność komórek nowotworowych do adhezji oraz migracji. W przypadku kompleksów  

z siBcl-2 jedynie kompleks utworzony z dendrymerem bez PEG i jedna resztą kwasu 

kawowego powodował znaczący spadek liczby zadherowanych komórek. Z kolei 

zastosowanie wszystkich testowanych kompleksów utworzonych z siMcl-1 prowadziło do 

zmniejszenia adhezji komórek nowotworowych, przy czym najbardziej wyraźny efekt 

wykazał kompleks zawierający siMcl-1 i dendrymer bez PEG, z dwiema resztami kwasu 

kawowego. Zaobserwowano również, że wszystkie badane kompleksy hamowały proces 

migracji komórek, a efekt ten był najbardziej widoczny po zastosowaniu kompleksu  

z siMcl-1 i dendrymerem bez PEG, i jedną resztą kwasu kawowego. W celu sprawdzenia, 

czy kompleksy dendrymerów z proapoptotycznym siRNA indukują apoptozę zastosowano 

test podwójnego barwienia (aneksyną V/ jodkiem propidyny) i analizowano poszczególne 

frakcje komórek techniką cytometrii przepływowej. 72-godzinna inkubacja komórek A549 

z utworzonymi kompleksami doprowadziła do zmniejszenia frakcji żywych komórek 

nowotworowych. Obecność nanokompleksów spowodowała zwiększenie liczby komórek 

wczesno-apoptotycznych, podczas gdy frakcja komórek nekrotycznych była nadal 

nieznaczna. Największą ilość komórek apoptotycznych, wynoszącą około 50%, 

zaobserwowano po zastosowaniu kompleksów utworzonych z dendrymerem z PEG  

i dwiema resztami kwasu kawowego. Uzyskany efekt został potwierdzony przez obserwację 

komórek za pomocą mikroskopii konfokalnej. Na podstawie otrzymanych wyników można 

stwierdzić, że dendrymery polifenolowe skutecznie dostarczają siRNA do komórek A549  

i kierują je na drogę programowanej śmierci jaką jest apoptoza. Spośród czterech badanych 

związków najskuteczniejszy okazał się być dendrymer G2[(NMe3Cl)6(NH-CA)2], 

zawierający dwie reszty kwasu kawowego, pozbawiony łańcuchów glikolu 

polietylenowego. 
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Wnioski 

• Karbokrzemowe dendrymery polifenolowe pierwszej generacji wykazują niską 

cytotoksyczność, a modyfikacja kwasem kawowym czyni je skutecznymi 

przeciwutleniaczami; 

• Dendrymery polifenolowe oddziałują z albuminą surowicy ludzkiej oraz błonami 

lipidowymi; 

• Dendrymery polifenolowe tworzą stabilne kompleksy z proapoptotycznymi siRNA 

(siMcl-1 i siBcl-2) oraz chronią je przed degradacją w obecności nukleaz; 

• Proapoptotyczne siRNA wprowadzone do komórek nowotworowych linii A549 z 

wykorzystaniem dendrymerów polifenolowych indukuje apoptozę. 

 

Streszczenie w języku polskim 

Dendrymery to rozgałęzione struktury polimerowe, które są szeroko badane jako 

nośniki leków i kwasów nukleinowych. Obecnie naukowcy poszukują nowych 

terapeutyków opartych na dendrymerach, które będą posiadały cechy niezbędne do 

zastosowań biomedycznych, m.in. odpowiednia biodostępność, niska toksyczność i wysoki 

profil transfekcji. Unikalne właściwości karbokrzemowych dendrymerów w dostarczaniu 

leków zostały wielokrotnie udowodnione, a ich skuteczność została dodatkowo ulepszona 

przez koniugacje z polifenolami — wtórnymi metabolitami roślinnymi o szerokim spektrum 

aktywności biologicznej, w tymo działaniu przeciwutleniającym korzystnym dla zdrowia 

człowieka. Badania zaprezentowane w obecnej pracy koncentrują się na charakterystyce 

dwóch nowych typów karbokrzemowych układów dendrytycznych. Pierwsza grupa zawiera 

jedną lub dwie jednostki kwasu kawowego oraz grupy amonowe na powierzchni, co sprawia, 

że są one rozpuszczalne w wodzie. Druga grupa zawiera dodatkowo jedną lub dwie 

cząsteczki PEG w swojej strukturze, co zwiększa biokompatybilność układu. Oba typy 

dendrymerów polifenolowych wykazały niską cytotoksyczność oraz chroniły erytrocyty 

przed hemolizą oksydacyjną. Dodatkowo, badane dendrymery ograniczały produkcję RFT, 

indukowaną przez AAPH w ludzkich fibroblastach. Uzyskane wyniki wykazały, że 

dendrymer z dwiema cząsteczkami kwasu kawowego i PEG charakteryzował się najlepszą 

aktywnością antyoksydacyjną. 
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Zastosowanie dendrymerów jako nośników leków i kwasów nukleinowych wymaga 

zrozumienia ich interakcji z różnymi systemami biologicznymi, szczególnie z białkami 

surowicy i błonami biologicznymi. Dlatego zbadano interakcje dendrymerów 

polifenolowych z albuminą ludzką oraz błonami biologicznymi. Uzyskane wyniki 

wykazały, że dendrymery oddziałują z albuminą ludzką, nieznacznie zmieniając jej strukturę 

drugorzędową, a obecność kwasu kawowego oraz PEG w strukturze dendrymeru wpływała 

na właściwości termodynamiczne błon lipidowych. 

W końcowym etapie badań oceniono potencjał dendrymerów polifenolowych  

w dostarczaniu terapeutycznych siRNA do komórek nowotworowych A549. Dendrymery 

tworzyły stabilne kompleksy z siRNA i chroniły kwasy nukleinowe przed degradacją  

w obecności nukleaz. Wszystkie badane dendrypleksy hamowały migrację i adhezję 

komórek nowotworowych oraz zwiększały populację komórek wczesno-apoptotycznych. 

Spośród czterech testowanych związków, dendrymer zawierający dwie reszty kwasu 

kawowego miał najlepszy profil transfekcji. Podsumowując, wydaje się być on obiecującym 

kandydatem do dostarczania siRNA do komórek nowotworowych. 

 

Streszczenie w języku angielskim 

Dendrimers are branched polymer structures that have been extensively studied as 

carriers for drugs and nucleic acids. Currently, scientists are trying to develop new 

dendrimer-based therapeutics that possess required characteristics for biomedical 

applications, such as improved bioavailability, low toxicity, and high transfection efficiency. 

The unique properties of carbosilane dendrimers as drug carriers have already been 

demonstrated, and their effectiveness has been further enhanced by conjugation with 

polyphenols — secondary plant metabolites with a broad range of biological activities, 

including antioxidant activity beneficial to human health. The research presented in this 

doctoral thesis focuses on characterization of two types of carbosilane dendrit ic systems. 

The first group contains one or two caffeic acid residues and ammonium groups on the 

surface, making them water-soluble. The second group additionally contains one or two PEG 

chains, which increases the system's biocompatibility. Both types of polyphenolic 

dendrimers showed low cytotoxicity and protected erythrocytes from oxidative hemolysis. 

Furthermore, the dendrimers reduced AAPH-induced ROS production in human fibroblasts. 
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The results indicated that the dendrimer with two caffeic acid units and PEG exhibited best 

antioxidant properties. 

The application of dendrimers as carriers for drugs and nucleic acids requires an 

understanding of their interactions with various biological systems such as serum proteins 

and biological membranes. Therefore, the interactions of a new class of dendrimers 

functionalized with caffeic acid residues with human albumin and biological membranes 

were studied. The results showed that polyphenolic dendrimers interact with human albumin, 

altered its secondary structure insignificantly. The presence of caffeic acid and PEG in the 

dendrimer structure influenced the thermodynamic properties of the lipid membrane. 

In the final stage of the study, the potential of polyphenolic dendrimers to deliver 

pro-apoptotic siRNAs to A549 cancer cells was evaluated. The dendrimers formed stable 

complexes with siRNA and protected the nucleic acids from degradation by nucleases. All 

the studied dendrimer/siRNA complexes inhibited A549 cell migration and adhesion, while 

also increased the population of early apoptotic cells. Among the four tested compounds, the 

dendrimer containing two caffeic acid residues complexed with siRNA had the best 

transfection profile. In conclusion, it appears this dendrimer can be a promising candidate 

for delivering siRNA to cancer cells. 
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A B S T R A C T   

Dendrimers, branched polymer structures, have been widely studied as efficient drug carriers. Scientists are 
trying to find new dendrimer-based formulations with the properties needed for biomedical applications such as 
improved bioavailability, low toxicity and high transfection profiles. The unique drug delivery properties of 
carbosilane dendrimers have already been demonstrated. Their efficacy has been further improved by conju-
gation with polyphenols, plant secondary metabolites with a wide range of biological activities, including 
antioxidant effects that are beneficial for human health. The present study focuses on synthesis and character-
ization of two new types of carbosilane dendritic systems, one family presents one or two caffeic acid units and 
ammonium groups on the surface to make them water soluble. The other family has, in addition to the two 
mentioned functionalities, one or two polyethylene glycol (PEG) chains in the structure to increase the 
biocompatibility of the system. Carbosilane dendrimers with caffeic acid have low toxicity and protect eryth-
rocytes against oxidative hemolysis. These dendrimers also decrease AAPH-induced ROS production in human 
fibroblasts. 

Various techniques demonstrating such antioxidant activities have been applied in the current research. The 
best antioxidant properties were shown for the dendrimer with two PEG-caffeic acid moieties. Further aspects of 
the biochemical characterization of the dendrimers are also considered and discussed.   

1. Introduction 

During the early 1980s, super-branched monodispersive nano-
particles named dendrimers were first synthesized by Tomalia’s team 
[1,2]. Dendrimers are spherical, with a densely packed surface and free 
internal spaces. Owing to their unique architecture they are considered 
excellent transporters of drugs and genes [3]. They could be used to 
make cancer or neurodegenerative disease therapies more efficient. 
They are well defined and relatively easy to synthesize [4–10]. Den-
drimers such as PAMAM, PPI, (see Table 1 "Abbreviations"), and car-
bosilane have been repeatedly described and their physicochemical and 
biological properties have been reported. Conjugation of drugs with 

dendrimers improves their solubility and bioavailability. Slow release of 
a drug from a drug/dendrimer complex sustains its circulation in the 
bloodstream and reduces the side effects of chemotherapeutics. Cationic 
dendrimers can form stable complexes with nucleic acids and have been 
suggested as promising carriers for genes for use in gene therapy. 
Moreover, nucleic acids complexed with dendrimers can interact with 
negatively-charged cell membranes [8,11–14]. On the other hand, 
positively charged dendrimers can be cytotoxic [8,15,16]. One way to 
decrease such toxicity is to conjugate them with polyethylene glycol 
(PEG) [17–20]. PEGylation can stabilize their interactions with nucleic 
acids and reduce interactions with serum proteins [6,20]. PEG also in-
creases the solubility of dendrimers in water and limits their uptake by 
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reticuloendothelial systems, prolonging their circulation time and 
increasing haemocompatibility [20,21]. 

Scientists continue to improve the properties of dendrimers, for 
example, by attaching anticancer metals such as gold, ruthenium, or 
copper to their surfaces [7,22–26]. Such metallodendrimers have been 
intensively studied for anticancer therapy. Other strategies include 
anchoring active biomolecules e.g. polyphenols such as caffeic, ferulic, 
and gallic acids in the nanoparticle structure. These modifications can 
increase the bioavailability of the polyphenols and confer antioxidative, 
antibacterial and other biological activities on the dendrimers [27,28]. 
This can be crucial in some cases since oxidative stress contributes to the 
development of such conditions as Alzheimer’s and Parkinson’s dis-
eases, diabetes, rheumatoid arthritis, cardiovascular diseases, and can-
cers [29,30]. Antioxidants are undoubtedly beneficial for human health 
and protect cells against injuries caused by oxidative stress [31]. 

The polyphenol caffeic acid, present at high levels in coffee, has good 
antioxidant properties [32]. Numerous studies have indicated that cof-
fee benefits people with diabetes [33], obesity [34] and cognitive defi-
cits [35], suggesting that it contains physiologically active substances 
and could have anticancer effects. Coffee is reportedly beneficial in 
treating gastric [36], colorectal [37] and oral [38] cancers, and mela-
noma [39,40], possibly because it contains polyphenols and especially 
caffeic acid [41]. Apart from its antioxidant and anticancer properties, 
caffeic acid also has anticoagulant, antihypertensive, antifibrotic, and 
antiviral activities [42,43]. 

In order to combine these medical properties of caffeic acid with the 
drug delivery properties of dendrimers, a new class of polyphenolic 
dendrimers has been synthesized [44]. The present study investigates 
these cationic dendrimers, which comprise a carbosilane core func-
tionalized with caffeic acid moieties. The manuscript focuses mainly on 
analyzing their antioxidant and antiradical properties. Their biophysical 

characterization, haemotoxicity and cytotoxicity are also considered. 
The scheme of the research is outlined in Fig. 1. 

2. Material and methods 

2.1. Synthesis and chemical characterization 

All reactions took place under an inert atmosphere and the solvents 
used were bought in dry conditions. NMR spectra were recorded in a 
Varian 500 Hz spectrometer using CDCl3 and CD3OD as solvents. 
Chemical shifts (δ) are given in ppm. A LECO CHNS-932 instrument was 
used for all elemental analyses. The reagents HS-PEG-NH2⋅HCl, 2,2- 
dimethoxy-2-phenylaceto-phenone (DMPA), HS-(CH2)2NH3Cl, HS- 
(CH2)2N(CH3)2HCl, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDCI⋅HCl), 1-Hydroxybenzotriazole hydrate (HOBt), 
NaBH4, Amberlite IRA-Cl and caffeic acid were purchased from sigma 
addrich. 

The supporting material details the synthesis and characterization of 
dendrimers II, III, and 1–10. We describe the polyphenolic derivatives 
here. 

2.1.1. Synthesis of G2-[(S-(CH2)2NH(CO)CH=CHCH2Ph(OH)2)(S-N 
(CH3)2)7] (11) 

First, caffeic acid (96.8 mg, 0.537 mM) was activated with EDCI-HCl 
(102.73 mg, 0.537 mM) and HOBt (75.3 mg, 0.537 mM) using dry 
Dimethylformamide (DMF) as solvent. The mixture was stirred for 1 h at 
room temperature, then a DMF solution of the dendrimer G2-[(S-NH2)(S- 
N(CH3)2)7] (7) (375.8 mg, 0.268 mM) was added dropwise at 0 ◦C with 
stirring. The mixture was maintained in this condition for 5 min, incu-
bated at 60 ◦C overnight, and then treated with Na2CO3 (243.6 mg, 2.25 
mM) for 3 h, filtered, and purified by size exclusion chromatography in 
DMF. The solvent was eliminated under vacuum, leaving compound 11 
as an orange oil (267.81 mg, 59.3%). 

1H NMR (CD3OD):δ (ppm) 0.06 (s, 12H, SiCH3), 0.64 (m, 8H, 
SiCH2CH2CH2Si), 0.70 (m, 8H, SiCH2CH2CH2Si), 0.93 (m, 16H, 
SiCH2CH2S), 1.40 (m, 8H, SiCH2CH2CH2Si), 2.27 (s, 42H, NCH3), 2.55 
(m, 14H, SCH2CH2NCH3), 2.57–2.67 (m, overlapping of signals, 28H, 
SiCH2CH2S and SCH2CH2NCH3), 2.71 (m, 2H, SCH2CH2NH), 3.47 (m, 
2H, SCH2CH2NH), 6.36 (d, 1H, 3J(H–H) = 15.7 Hz, PhCH=CH(CO)NH), 
6.76 (d, 1H, 3J(H–H) = 8.1 Hz, 1HAr, meta-CH=CH), 6.90 (d, 1H, 3J(H–H) 
= 8.2 Hz, 1HAr, orto-CH=CH), 7.01 (s, 1H, 1HAr, orto-CH=CH, orto-OH), 
7.41 (d, 1H, 3J(H–H) = 15.7 Hz, PhCH=CH(CO)NH). 13C {1H}-NMR 
(CD3OD): δ (ppm) -6.2 SiCH3), 14.3 (SiCH2CH2S), 17.2 
(SiCH2CH2CH2Si), 18.5 (SiCH2CH2CH2Si), 27.2 (SiCH2CH2S), 28.4 
(SCH2CH2NCH3), 30.7 (SCH2CH2NH), 39.2 (SCH2CH2NH), 44.0 
(NCH3), 58.9 (SiCH2CH2NCH3), 113.7 (CAr, orto-OH, orto-CH=CH), 
115.1 (CAr, meta-CH=CH), 116.9 (PhCH=CH(CO)NH), 120.8, (CAr, 
orto-CH=CH), 141.0 (PhCH=CH(CO)NH), not observed (Cipso), not 
observed (NHC=O). Elemental Analysis (%): Calc for 
C71H150N8O3S8Si5 (1560.94 g/mol). C, 54.63; H, 9.69; N, 7.18. Exp.: C, 
54.51; H, 8.727; N, 7.328; 

2.1.2. Synthesis of G2-[(S-(CH2)2NH(CO)CH=CHCH2Ph(OH)2)2(S-N 
(CH3)2)6] (12) 

Dendrimer 12 was prepared by the same method as 11 using the 
following reagents: caffeic acid (104.8 mg, 0.546 mM), EDCI⋅HCl (105.5 
mg, 0.545 mM), HOBt (72.6 mg, 0.545 mM), G2-[(S-NH2)(S-N(CH3)2)7] 
(8) (187.0 mg, 0.136 mM) and Na2CO3 (86.74 mg, 0.818 mM). Com-
pound 12 was obtained as an orange oil (138.7 mg, 68%). 

1H NMR (CD3OD):δ (ppm) 0.06 (s, 12H, SiCH3), 0.66 (m, 8H, 
SiCH2CH2CH2Si), 0.72 (m, 8H, SiCH2CH2CH2Si), 0.95 (m, 16H, 
SiCH2CH2S), 1.42 (m, 8H, SiCH2CH2CH2Si), 2.28 (s, 36H, NCH3), 2.55 
(m, 12H, SCH2CH2NCH3), 2.58–2.69 (m, overlapping of signals, 32H, 
SiCH2CH2S, SCH2CH2NCH3 and SCH2CH2NH), 3.47 (m, 4H, 
OCH2CH2NH), 6.41 (d, 2H, 3J(H–H) = 15.7 Hz, PhCH=CH(CO)NH), 6.76 
(d, 2H, 3J(H–H) = 8.1 Hz, HAr, meta-CH=CH), 6.90 (d, 2H, 3J(H–H) = 8.2 

Table 1 
Abbreviations.  

A549 Cancer human alveolar basal epithelial cells 
AAPH 2,2′-azobis-2-methyl-propanimidamide, dihydrochloride, 

Cayman, USA 
BJ Normal human fibroblasts 
BODIPY581/ 

591 
(4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s- 
indacene-3-un-decanoic acid; invitrogen, Thermo Fisher 
Scientific, USA 

CD3OD Deuterated methanol 
CDCl3 Deuterated chloroform 
DCF 2′,7′-dichlorofluorescein 
DLS Dynamic light-scattering 
DMEM Dulbecco’s Modified Eagle Medium 
DMF Dimethylfuran 
DMPA 2,2-dimethoxy-2-phenylaceto-phenone 
DMSO Dimethyl Sulfoxide, Avantor, Gliwice, Poland 
DPPH 2,2′-diphenyl-1-picrylhydrazyl; Sigma Aldrich, 
EDCI-HCl 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 
FBS Fetal Bovine Serum 
FRAP Ferric Reducing Antioxidant Power 
H2DCF-DA 2′,7′-dichlorofluorescindiacetate; Thermo Fisher, Waltham, MA, 

USA 
HOBt 1-Hydroxybenzotriazole hydrate 
MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide, Methylthiazolyldiphenyl-tetrazolium bromide; Sigma 
Aldrich, USA 

NMR Nuclear magnetic resonance 
PAMAM Poly(amidoamine) 
PB Na-phosphate buffer 
PBS Phosphate Buffered Saline 
PDI Polydispersity index 
PEG Polyethylene glycol 
PPI Poly(propylene imine) 
ROS Reactive oxygen species 
RPMI 1640 Roswell Park Memorial Institute 
TEAC Trolox Equivalent Antioxidant Capacity 
TEM Transmission electron microscopy 
TPTZ 2,4,6-tripyridyl-striazine  
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Hz, HAr, orto-CH=CH), 7.01 (s, 2H, HAr, orto-CH=CH, orto-OH), 7.41 (d, 
2H, 3J(H–H) = 15.7 Hz, PhCH=CH(CO)NH). 13C {1H}-NMR (CD3OD): δ 
(ppm) -6.1 SiCH3), 14.3 (SiCH2CH2S), 17.1 (SiCH2CH2CH2Si), 18.0 
(SiCH2CH2CH2Si), 18.3 (SiCH2CH2CH2Si), 27.2 (SiCH2CH2S), 28.4 
(SCH2CH2NCH3), 30.7 (SCH2CH2NH), 39.2 (SCH2CH2NH), 44.0 
(NCH3), 58.9 (SCH2CH2NCH3), 113.7 (CAr, orto-OH, orto-CH=CH), 
115.1 (CAr, meta-CH=CH), 116.9 (PhCH=CH(CO)NH), 120.8, (CAr, 
orto-CH=CH), 126.8 (Cipso, meta-OH, para-OH), 141.0 (PhCH=CH(CO) 
NH), not observed (NHC=O). Elemental Analysis (%): Calc for 
C78H152N8O6S8Si5 (1695.03 g/mol). C, 55.27; H, 9.04; N, 6.61. Exp.: C, 
54.58; H, 8.85; N, 6.542. 

2.1.3. Synthesis of G2-[(S-PEG-NH(CO)CH=CHCH2Ph(OH)2)(S-N 
(CH3)2)7] (13) 

Dendrimer 13 was prepared by the same method as 11 using the 
following reagents: caffeic acid (19.09 mg, 0.106 mM), EDCI⋅HCl (20.3 
mg, 0.106 mM), HOBt (14.11 mg, 0.106 mM), G2-[(S-PEG-NH2)(S-N 
(CH3)2)7] (9) (253.6 mg, 0.053 mM), Na2CO3 (47.19 mg, 0.445 mM). 
Compound 13 was obtained an orange oil (123.2 mg, 45%). 

1H NMR (CD3OD):δ (ppm) 0.08 (s, 12H, SiCH3), 0.65 (m, 8H, 
SiCH2CH2CH2Si), 0.71 (m, 8H, SiCH2CH2CH2Si), 0.96 (m, 16H, 
SiCH2CH2S), 1.42 (m, 8H, SiCH2CH2CH2Si), 2.29 (s, 42H, NCH3), 2.55 
(m, 14H, SCH2CH2NCH3), 2.59–2.75 (m, overlapping of signals, 32H, 
SiCH2CH2S, SCH2CH2NCH3 and S-CH2CH2O), 3.48 (m, 2H, 

Fig. 1. (A) Schematic drawing of the research. Antioxidant effects (left) and biophysical properties (right) of polyphenolic dendrimers considered in this study. (B) 
Possible (expected) protective effects against various injuries to body systems resulting from antioxidant activity. 
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OCH2CH2NH), 3.58–3.69 (m, 308H, OCH2), 6.42 (d, 1H, 3J(H–H) = 15.7 
Hz, PhCH=CH(CO)NH), 6.77 (d, 1H, 3J(H–H) = 8.2 Hz, 1HAr, meta- 
CH=CH), 6.92 (dd, 1H, 3J(H–H) = 8.2 Hz, 5J(H–H) = 2.1 Hz, 1HAr, ortho- 
CH=CH), 7.02 (d, 1H, 5J(H–H) = 2.1 Hz, 2HAr, ortho-CH=CH, ortho-OH), 
7.40 (d, 1H, 3J(H–H) = 15.7 Hz, PhCH=CH(CO)NH). 13C {1H}-NMR 
(CD3OD): δ (ppm) -6.4 SiCH3), 14.3 (SiCH2CH2S), 16.9 
(SiCH2CH2CH2Si), 18.0 (SiCH2CH2CH2Si), 27.1 (SiCH2CH2S), 28.4 
(SCH2CH2NCH3 and SCH2CH2O), 30.7 (SCH2CH2NH), 39.2 
(OCH2CH2NH), 44.0 (NCH3), 58.9 (SiCH2CH2NCH3), 70.4 (OCH2), 
113.6 (CAr, orto-OH, orto-CH=CH), 115.1 (CAr, meta-CH=CH), 117.1 
(PhCH=CH(CO)NH), 120.8, (CAr, orto-CH=CH), 140.8 (PhCH=CH(CO) 
NH), not observed (Cipso), not observed (NHC=O). Elemental Analysis 
(%): Calc for C225H458N8O80S8Si5 (4953.02 g/mol). C, 54.56; H, 9.32; N, 
2.26; S, 5.18. Exp.: C, 54.51; H, 8.727; N, 2.223; S, 5.631. 

2.1.4. Synthesis of G2-[(S-PEG-NH(CO)CH=CHCH2Ph(OH)2)2(S-N 
(CH3)2)6] (14) 

Dendrimer 14 was again prepared by the same method as 11 using 
the following reagents: caffeic acid (33.73 mg, 0.187 mM), EDCI⋅HCl 
(35.81 mg, 0.187 mM), HOBt (24.92 mg, 0.187 mM), G2-[(S-PEG- 
NH2)2(S-N(CH3)2)6] (10) (381.13 mg, 0.046 mM) and Na2CO3 (35.72 
mg, 0.337 mM). Compound 13 was obtained as a brown solid (178.3 mg, 
48%). 

1H NMR (CD3OD):δ (ppm) 0.08 (s, 12H, SiCH3), 0.66 (m, 8H, 
SiCH2CH2CH2Si), 0.72 (m, 8H, SiCH2CH2CH2Si), 0.95 (m, 16H, 
SiCH2CH2S), 1.42 (m, 8H, SiCH2CH2CH2Si), 2.28 (s, 36H, NCH3), 2.55 
(m, 12H, SCH2CH2NCH3), 2.60–2.75 (m, overlapping of signals, 32H, 
SiCH2CH2S, SCH2CH2NCH3 and SCH2CH2O), 3.49 (m, 4H, O- 
CH2CH2NH), 3.55–3.71 (m, 616H, OCH2), 6.41 (d, 2H, 3J(H–H) = 15.7 
Hz, PhCH=CH(CO)NH), 6.76 (d, 2H, 3J(H–H) = 8.2 Hz, 1HAr, meta- 
CH=CH), 6.90 (dd, 2H, 3J(H–H) = 8.2 Hz, 5J(H–H) = 2.1 Hz, 2HAr, ortho- 
CH=CH), 7.01 (d, 2H, 5J(H–H) = 2.1 Hz, 2HAr, ortho-CH=CH, ortho-OH), 
7.40 (d, 2H, 3J(H–H) = 15.7 Hz, PhCH=CH(CO)NH). 13C {1H}-NMR 
(CD3OD): δ (ppm) -6.1 SiCH3), 14.3 (SiCH2CH2S), 17.1 
(SiCH2CH2CH2Si), 17.9 (SiCH2CH2CH2Si), 18.2 (SiCH2CH2CH2Si), 27.0 
(SiCH2CH2S), 28.4 (SCH2CH2NCH3 and SCH2CH2O), 30.7 
(SCH2CH2NH), 38.8 (OCH2CH2NH), 43.8 (NCH3), 58.9 
(SiCH2CH2NCH3), 70.0 (OCH2), 113.3 (CAr, orto-OH, orto-CH=CH), 
115.9 (CAr, meta-CH=CH), 116.8 (PhCH=CH(CO)NH), 120.5, (CAr, 
orto-CH=CH), 139.7 (PhCH=CH(CO)NH), not observed (Cipso), not 
observed (NHC=O). Elemental Analysis (%): Calc for 
C386H768N8O160S8Si5 (8479.19 g/mol). C, 54.68; H, 9.13; N, 1.32; S, 
3.02. Exp.: C, 54.58; H, 8.672; N, 1.54; S, 2.99. 

2.1.5. Synthesis of G2-[(S-(CH2)2NH(CO)CH=CHCH2Ph(OH)2)(S-N 
(CH3)3Cl)7] (15) 

Methyl iodide (MeI) (0.15 mL, 2.443 mM) was added over a tetra-
hydrofuran (THF) solution of dendrimer G2-[(S-(CH2)2NH(CO) 
CH=CHCH2Ph(OH)2)(S-N(CH3)2)7] (11) (453 mg, 0.290 mM) and stir-
red for 24 h. The volatiles were removed under vacuum, the remaining 
solid was dissolved in water, and the iodide ion was exchanged for 
chloride through amberlite IRA–Cl. After the solvents were evaporated 
the solid obtained was washed several times with Et2O and dried under 
vacuum, leaving compound 15 as a brown solid in a moderate yield 
(376.2 mg; 67.6%). 

1H NMR (CD3OD):δ (ppm) 0.12 (s, 12H, SiCH3), 0.67 (m, over-
lapping signals, 16H, SiCH2CH2CH2Si), 0.98 (m, 16H, SiCH2CH2S), 1.42 
(m, 8H, SiCH2CH2CH2Si), 2.74 (m, 8H, SiCH2CH2S), 3.00 (m, 16H, 
SCH2CH2N+CH3 and SCH2CH2NH), 3.22 (broad s, 63H, N+CH3), 
3.53–3.83 (m, overlapping signals, 16H, SCH2CH2N+CH3 and 
SCH2CH2NH), 7.36 (broad m, 1H, PhCH=CH(CO)NH), 7.47–7.68 
(C6H4)), 7.98 (broad m, 1H, PhCH=CH(CO)NH). Elemental Analysis 
(%): Calc for C78H171Cl7N8O3S8Si5 (1914.33 g/mol). C, 48.94; H, 9.00; 
N, 5.85; Exp.: C, 44.64; H, 8.430; N, 5.191. 

2.1.6. Synthesis of G2-[(S-(CH2)2NH(CO)CH=CHCH2Ph(OH)2)2(S-N 
(CH3)Cl)6] (16) 

Dendrimer 16 was prepared by the same method as 15 using the 
following reagents: MeI (0.026 mL, 0.420 mM); G2-[(S-(CH2)2NH(CO) 
CH=CHCH2Ph(OH)2)2(S-N(CH3)2)6] (12) (85.5 mg; 0.05 mM). Com-
pound 16 was obtained as a yellow solid (62.83 mg, 62.9%). 

1H NMR (CD3OD):δ (ppm) 0.12 (s, 12H, SiCH3), 0.67 (m, over-
lapping signals, 16H, SiCH2CH2CH2Si), 0.98 (m, 16H, SiCH2CH2S), 1.42 
(m, 8H, SiCH2CH2CH2Si), 2.74 (m, 8H, SiCH2CH2S), 3.00 (m, 16H, 
SCH2CH2N+CH3 and SCH2CH2NH), 3.22 (broad s, 54H, N+CH3), 
3.53–3.83 (m, overlapping signals, 16H, SCH2CH2N+CH3 and 
SCH2CH2NH), 7.36 (broad m, 2H, PhCH=CH(CO)NH), 7.47–7.68 
(C6H4)), 7.98 (broad m, 2H, PhCH=CH(CO)NH). Elemental Analysis 
(%): Calc for C80H166Cl6N8O8S8Si5 (1977.86 g/mol). C, 48.58; H, 8.46; 
N, 5.67; Exp.: C, 43.82; H, 7.859; N, 6.562. 

2.1.7. Synthesis of G2-[(S-PEG-NH(CO)CH=CHCH2Ph(OH)2)(S-N 
(CH3)3Cl)7] (17) 

Dendrimer 17 was again prepared by the same method as 15 using 
the following reagents: MeI (0.027 mL, 0.444 mM); G2-[(S-PEG-NH(CO) 
CH=CHCH2Ph(OH)2)(S-N(CH3)2)7] (13) (262.5 mg; 0.053 mM). Com-
pound 17 was obtained as a yellow solid (110 mg, 42.3%). 

1H NMR (CD3OD):δ (ppm) 0.10 (s, 12H, SiCH3), 0.65 (m, over-
lapping signals, 16H, SiCH2CH2CH2Si), 0.96 (m, 16H, SiCH2CH2S), 1.42 
(m, 8H, SiCH2CH2CH2Si), 2.74 (m, 8H, SiCH2CH2S), 3.00 (m, 32H, 
SCH2CH2N+CH3, SCH2CH2NH and S-CH2CH2O), 3.22 (broad s, 63H, 
N+CH3), 3.53–3.83 (m, overlapping signals, 387H, N+CH3, 
SCH2CH2N+CH3, SCH2CH2NH, OCH2), The signal corresponding to ar-
omatic rings not appreciated Elemental Analysis (%): Calc for 
C232H479Cl7N8O80S8Si5 (5306.42 g/mol). C, 52.51; H, 9.10; N, 2.11. 
Exp.: C,52.99; H,9.60; N, 2.45. 

2.1.8. Synthesis of G2-[(S-PEG-NH(CO)CH=CHCH2Ph(OH)2)2(S-N 
(CH3)3Cl)6] (18) 

Dendrimer 18 was prepared by the same method using the following 
reagents: MeI (55.8 mg, 0.024 mL); G2-[(S-PEG-NH(CO)CH=CHCH2Ph 
(OH)2)2(S-N(CH3)2)6] (14) (371.3 mg; 0.046 mM). Compound 18 was 
obtained as a pallid yellow solid (211.5 mg, 51.4%). 

1H NMR (CD3OD):δ (ppm) 0.99 (s, 12H, SiCH3), 0.66 (m, over-
lapping signals, 16H, SiCH2CH2CH2Si), 0.96 (m, 16H, SiCH2CH2S), 1.42 
(m, 8H, SiCH2CH2CH2Si), 2.74 (m, 8H, SiCH2CH2S), 3.00 (m, 32H, 
SCH2CH2N+CH3, SCH2CH2NH and S-CH2CH2O), 3.22 (broad s, 54H, 
N+CH3), 3.53–3.83 (m, overlapping signals, 677H, N+CH3, 
SCH2CH2N+CH3, SCH2CH2NH, OCH2), The signal corresponding to ar-
omatic rings not appreciated). The signal corresponding to aromatic 
rings not appreciated. Elemental Analysis (%): Calc for 
C392H786Cl6N8O160S8Si5 (8782.10 g/mol). C, 53.61; H, 9.02; N, 1.28. 
Exp.: C, 54.01; H,9.33; N,2.92. 

2.2. Hydrodynamic diameter, zeta potential and transmission Electron 
microscopy 

The hydrodynamic diameters of the polyphenolic dendrimers were 
measured by dynamic light-scattering (DLS) using a photon correlation 
spectrometer (Zetasizer Nano-ZS, Malvern Instruments, UK) in DTS0012 
plastic cells (Malvern), in 10 mM Na-phosphate buffer (disodium 
hydrogen phosphate & monosodium phosphate, 4:1), pH 7.4 at 25 ◦C. 
Dendrimer concentration was 10 μM. To analyze the surface charge 
parameters, the zeta potential was measured in 10 mM Na-phosphate 
buffer (disodium hydrogen phosphate & monosodium phosphate, 4:1), 
pH 7.4 at 25 ◦C using the same Malvern spectrometer. The final den-
drimer concentration in the samples was 10 μM. The zeta potential was 
calculated directly from the Helmholtz-Smoluchowski Eq. [45]. Malvern 
software was used for data analysis. Three separate experiments were 
conducted, each in seven replicates. 

Dendrimer morphology and size were examined by transmission 
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electron microscopy (TEM). Dendrimer samples (10 μL), 1 mM in Na- 
phosphate buffer (PB), were placed on 200 mesh copper grids with a 
carbon surface, stained with 2% uranyl acetate for 20 min, washed with 
deionized water and dried at room temperature. Images were obtained 
using a JEOL1010 transmission electron microscope (JEOL, Tokyo, 
Japan). 

2.3. Cell viability assay 

To evaluate the cytotoxic effects of dendrimers, BJ (normal human 
fibroblasts) and A549 (cancer human alveolar basal epithelial cells) 
were used in RPMI 1640 and DMEM (Gibco), respectively, supple-
mented with 10% bovine serum (FBS) and 1% antibiotics (penicillin/ 
streptomycin, 1:1) at 37 ◦C in an atmosphere of 5% CO2 and 95% hu-
midity. The Colorimetric cell viability assay (MTT) assay was used to 
determine percentage cell viability. Cells were seeded in a 96-well plate 
(10,000 cells/well) and incubated (24 h, 37 ◦C, 5% CO2), and den-
drimers (12.5–100 μM) were added to the wells and incubated for 24 h. 
MTT (0.5 mg/mL per well) was added for 2 h, and then 100 μL DMSO 
was added to each well to dissolve the formazan crystals. Sample 
absorbance was measured at λ = 580 nm (background correction at 720 
nm) using a multiwell plate reader (BioTek PowerWave HT, BioTek 
Instruments, Inc. Winooski, VT, USA). The percentage cell viability was 
calculated by the formula: 

Viability [%] =
Asample × 100

Acontrol  

2.4. Oxidative stress: Antioxidant and antiradical activity 

2.4.1. Free radical scavenging activity 
The free radical scavenging activity of the dendrimers was measured 

using the free radical DPPH (2,2′-diphenyl-1-picrylhydrazyl); antioxi-
dants change the colour of a DPPH solution from purple to yellow. Al-
iquots of 0.25 mM DPPH in ethanol (180 μL) were mixed with (20 μL) 
dendrimer solutions, to the final concentrations of dendrimers 12.5–100 
μM and incubated in the dark at room temperature for 30 min. The 
absorbance was measured at λ = 517 nm using a Jasco V-650 spectro-
photometer. The scavenging activity was determined from the per-
centage decrease in DPPH absorbance according to the formula: 

DPPHinhibition [%] = 100(A0 − AP)/A0.

where A0 is the absorbance of the DPPH solution and AP is the 
absorbance of DPPH samples after incubation with dendrimers. 

2.4.2. Ferric Reducing Antioxidant Power (FRAP) assay presented as 
Trolox Equivalent Antioxidant Capacity (TEAC) 

Antioxidant activity was also measured by the reduction of Fe3+ to 
Fe2+ in the presence of TPTZ (2,4,6-tripyridyl-striazine), forming an 
intense blue Fe+2–TPTZ complex with maximum absorption at 593 nm. 
Aliquots of FRAP solution (180 μL) were placed in 96 well plates and 20 
μL of 10–100 μM dendrimer in methanol was added. After incubation in 
the dark at room temperature for 30 min, the absorbance at λ = 517 nm 
was measured using a microplate reader (EpochTM, BioTek Instruments, 
Winooski, VT, USA). The antioxidant activity of FRAP was expressed as 
TEAC (Trolox Equivalent Antioxidant Capacity) using the standard 
curve (Figure Si.22) prepared with a methanol solution of Trolox at 
concentrations ranging from 10 to 100 μM. The results are presented as 
μM trolox/μM compound. All tests were performed in triplicate and 
methanol was used as control. 

2.4.3. Lipid peroxidation 
The level of lipid peroxidation in erythrocyte membranes in the 

presence of polyphenolic dendrimers was determined using the fluo-
rescent probe 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a- 
diaza-s-indacene-3-un-decanoic acid (BODIPY581/591). Lipid peroxi-

dation was induced by adding α,α’-Azodiisobutyramidine dihydro-
chloride (AAPH) to a suspension of human erythrocyte membranes. Red 
blood cells were haemolysed in PB and centrifuged at 15,000 ×g for 15 
min at 4 ◦C. The membranes were washed several times with dilute Na- 
phosphate buffer and incubated for 60 min with 12.5–100 μM den-
drimers and 50 mM AAPH, with gentle vortexing. BODIPY581/591 (2.5 
μM) was added to the samples. Fluorescence was measured at excitation 
λ = 485 nm and emission λ = 530 nm wavelengths using a multiwell 
plate reader (BioTek PowerWave HT, BioTek Instruments, Inc. 
Winooski, VT, USA). The results were calculated as: 

Lipid peroxidation [%] =
As × 100

A0.

Where: A0 is fluorescence of the sample incubated with AAPH; As fluo-
rescence of samples with AAPH and dendrimers. 

2.4.4. AAPH-induced haemolysis 
Erythrocytes isolated as described above (hematocrit 7%) were 

incubated with PBS (control) and preincubated with dendrimers at 
12.5–100 μM and 50 mM AAPH in PBS. The mixtures were gently shaken 
and incubated for 3 h at 37 ◦C. PBS was added and the samples were 
centrifuged at 3000 rpm for 10 min at room temperature. The absor-
bance of the supernatant was determined at λ = 535 nm using a Jasco V- 
650 spectrophotometer. Reference values were measured using the same 
volume of erythrocytes with AAPH but without dendrimers. The per-
centage of AAPH-induced haemolysis was calculated from the formula: 

H [%] =
Asample × 100
Acontrol positive  

2.4.5. Inhibition of cellular reactive oxygen species (ROS) production 
The ability to decrease the level of cellular reactive oxygen species 

(ROS) was tested using BJ cells seeded on black plates and treated with 
12.5–100 μM dendrimers. Oxidative stress and ROS production were 
induced by adding 50 mM AAPH. To measure the ROS level, non- 
fluorescent 2′,7′-dichlorofluorescindiacetate (H2DCF-DA) (10 μM) was 
added. Under oxidative stress, H2DCF-DA is converted to highly fluo-
rescent 2′,7′-dichlorofluorescein (DCF). After 30 min. Incubation, DCF 
fluorescence was measured at λexc = 485 nm and λem = 530 nm in a 
multiwell plate reader (BioTek PowerWave HT, BioTek Instruments, Inc. 
Winooski, VT, USA). 

Confocal microscopy was used to visualize the ability of dendrimers 
to decrease the level of ROS in BJ cells. Cells were seeded on labtec 
plates and treated with dendrimers at 50 μM. Oxidative stress was 
induced by adding 50 mM AAPH, followed by the probe H2DCF-DA (10 
μM). Microphotographs were taken at λem = 490 nm, λem = 527 nm 
using a confocal microscope (Leica TCS LSI, Leica Microsystems, 
Frankfurt, Germany) with a 63×/1.40 (HC PL APO CS2, Leica Micro-
systems) objective. Leica Application Suite X software (LAS X, Leica 
Microsystems, Frankfurt, Germany) was used to obtain and analyze the 
images. 

2.5. Statistical analysis 

A t-test was used to compare two groups of samples. For more than 
two groups the Kruskal-Wallis test was used. 

3. Results 

3.1. Synthesis and characterization 

To prepare dendritic systems with a caffeic acid and –NMe3
+ moieties 

on the surface, we used a random approach, starting from spherical 
carbosilane dendrimers with vinyl groups at the periphery non-soluble 
in water. The vinyl groups allowed primary amino groups to be intro-
duced by thiol-ene click chemistry. These groups are necessary for 
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attaching caffeic acid to the dendritic surface by straightforward ami-
dation (Fig. 2) [46]. 

In this work, heterofunctionalized dendrimers were obtained using 
two types of thiol derivative, which allowed the primary amino groups 
necessary for the subsequent amidation to be introduced. Following the 
methods in the literature [47], the reaction of vinyl dendrimer G2 (vinil) 
8 (I) with one or two equivalents of (i) cysteamine hydrochloride HS 
(CH2)2NH3Cl or (ii) a commercial thiol HS-PEG-NH2⋅HCl (MW = 3.5 
kDa) generated the heterofunctionalized derivatives G2[(vinyl)n (NH2 . 
HCl)m] (n = 7, m = 1 (II); n = 6, m = 2 (III)) and G2[(Vinyl)n(PEG- 
NH2.HCl)m] (n = 7, m = 1 (1); n = 6, m = 2 (2)). 1H NMR spectra 
confirmed the introduction of the new chain in each case. Compounds I 
and II showed the methylene group resonances of the new chain Si 
(CH2)2S at δ ca. 2.57 for the single bond to the sulphur atom, and 0.99 
ppm for the methylene group next to the silicon atom, respectively. They 
also showed the resonances of polyethylene glycol methylene groups at 
3.62 ppm (Fig. 3). Likewise, 1H NMR was used to determine the number 
of amino groups in the dendritic system. For this, the integral relation-
ship between the signals corresponding to the methylene group bonded 
to the sulphur atom (Si(CH2)2S) of the newly-introduced chain and the 
resonances of the vinyl groups was used [47]. The remaining vinyl 
groups were functionalized with an excess of the thiol HS 
(CH2)2NMe2⋅HCl, producing the systems G2[(NMe2•HCl)n(NH2•HCl)m] 
(n = 7, m = 1 (3); n = 6, m = 2 (4)) and G2[(NMe2HCl)n(PEG-NH2.HCl) 
m] (n = 7, m = 1 (5); n = 6, m = 2 (6)). Again, 1H NMR spectra 
confirmed the total functionalization of the remaining vinyl groups by 
the disappearance of their corresponding resonances and the appear-
ance of a new signal at δ ca. 2.91 belonging to the methyl groups bound 
to the nitrogen of the new chain. The neutralization of cationic com-
pounds 3–6 with Na2CO3 allowed the corresponding dendritic de-
rivatives with amino group G2[(NMe2)n(NH2)m] ((n = 7, m = 1 (7); n =

6, m = 2 (8)) and G2[(NMe2)n(PEG-NH2)m] (n = 7, m = 1 (9); n = 6, m 
= 2 (10)) to be obtained. Neutralization of the amino groups was 
corroborated by 1H NMR: the signal corresponding to methyl groups 
bound to the nitrogen atom was displaced from 2.91 to 2.21 ppm. Once 
obtained compounds 7–10 with two different terminal amine groups, 
the formation of an amide bond by condensation of a carboxylic acid 
present in caffeic acid and an primary amine located in the dendritic 
branched using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hy-
drochloride (EDCI⋅HCl) and 1-hydroxybenzotriazole (HOBt) as coupling 
reagents, which prevent the acid-base reaction and makes the carboxylic 
acid susceptible to a nucleophilic attack, allowing the obtention of the 
heterofunctionalized dendrimers G2[(NMe2)n(NH-CA)m] (n = 7, m = 1 
(11); n = 6, m = 2 (12)) and G2[(NMe2)n(PEG-NH-CA)m] (n = 7, m = 1 
(13); n = 6, m = 2 (14)). Amide formation was confirmed by 1H and 13C 
NMR; the spectra showed the displacement of the methylene group 
bound to the amide fragment from 2.99 (-CH2NH2) to 3.40 ppm (-C(O) 
NHCH2) in 1H NMR and from 28.2 (-CH2NH2) to 39 ppm (-C(O)NHCH2-) 
in 13C NMR. Furthermore, signals assigned to the alkene fragment at 
6.45 and 7.42 ppm in 1H NMR and 118.5 and 142.2 ppm in 13C NMR 
were observed, along with a set of signals belonging to aromatic protons 
at 6.80, 6.95, and 7.05 ppm in 1H NMR and between 115.0 and 148.9 
ppm in 13C NMR (Figs. 4 and 5). Finally, the amino groups present in the 
dendritic structure of compounds 11–14 were quaternized with methyl 
iodide in order to obtain water soluble macromolecules. Afterwards, 
iodide ions were exchanged for chloride through amberlite IRA-Cl and 
the reaction mixtures were purified by size exclusion chromatography 
allowing polyphenolic carbosilane dendrimers G2[(NMe3Cl)n(NH-CA) 
m] (n = 7, m = 1 (15); n = 6, m = 2 (16)) and G2[(NMe3Cl)n(PEG-NH- 
CA)m] (n = 7, m = 1 (17); n = 6, m = 2 (18)) to be obtained as brown 
solids in moderate yields and soluble in water. The 1H and 13C NMR 
spectra of ionic heterofunzionalized dendrimers 15–18 showed 

Fig. 2. Schematic representation of the synthetic steps of polyphenolic dendrimers.  
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resonance patterns identical to those of their neutral precursors 11–14 
for the carbosilane framework; quaternization of the amine groups 
revealed a deshelling of about Δd = 1 ppm with respect to the neutral 
derivatives in the chemical shifts of the signal attributed to the outer 
chain S(CH2)2N and the methyl group NMe3 that appears at 3.00 ppm. 

Please see Supplementary Material Information for more synthesis 
details, including figs. S1-S23. 

3.2. Biophysical characterization 

3.2.1. Average size, surface charge and polydispersity index 
To characterize the new compounds, their mean diameter, zeta 

potential and polydispersity index were measured. The average den-
drimer sizes are shown in Fig. 6A. The histograms show the percentage 
distribution of nanoparticle numbers, indicating their hydrodynamic 
diameter. The dendrimer 15 formulations ranged in diameter from 50 to 
200 nm and other dendrimers from 100 to 800 nm. The average den-
drimer sizes were: G2[(NMe3Cl)7(NH-CA)] (15), 215.6 ± 8.6 nm; 
G2[(NMe3Cl)6(NH-CA)2] (16), 440.2 ± 20.0 nm; G2[(NMe3Cl)7(PEG- 
NH-CA)] (17), 460.8 ± 23.3 nm; G2[(NMe3Cl)6(PEG-NH-CA)2] (18), 
476.4 ± 12.9 nm. The polydispersity index (PDI), a parameter indicating 
nanoparticle heterogeneity, is shown in Fig. 6D. The PDIs of the poly-
phenolic dendrimers were: 15: 0.45 ± 0.03, 16: 0.6 ± 0.02, 17: 0.46 ±
0.01, 18:0.44 ± 0.01. 
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Fig. 3. Proposed structure of heterofunctionalized polyphenolic carbosilane dendrimers.  

Fig. 4. NMR spectra in CD3OD of compound G2[(NMe2)7(NH-CA)] (11): (A) 1H NMR, (B) 13C NMR, and (C) {1H–13C}-HSQC-2D-NMR (500 MHz, CD3OD) (d, 
doublet; dd, doublet of doublets). 
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The zeta potential values are presented in Fig. 6C. All nanoparticles 
were positively charged. The PEG-free dendrimers had the highest zeta 
potentials: 15, 18.6 ± 0.3 mV and 16, 21.1 ± 0.5 mV. Dendrimers with 
PEG anchored in their scaffolds had lower zeta potentials: 17, 2.8 ± 0.1 
mV and 18, 2.9 ± 0.05 mV. 

3.2.2. Transmission Electron Microscopy (TEM) 
To characterize dendrimer morphology and size, TEM microimages 

were examined (Fig. 6B). Nanoparticles were visible as single dots and 
they were smaller than 5 nm. Images show that dendrimers with PEG 
(17, 18) were bigger than PEG-free dendrimers (15, 16). Substances 
with low electron density were observed between the nanoparticles. 
This could explain the big differences in DLS and TEM results. Perhaps 
dendrimers can form structures containing several molecules attached to 
each other, which are bigger than a single dendrimer molecule and were 
probably detected with the Zetasizer spectrometer. 

3.3. Dendrimer cytotoxicity 

The cytotoxic effect of polyphenol dendrimers towards BJ (normal) 
and A549 (cancer) cells was evaluated after 24 h incubation (Fig. 7). All 
dendrimers had relatively low cytotoxicity against both cell lines at 
12.5–25 μM; the cytotoxic effect on BJ cells was more pronounced. For 
A549 cells, the most cytotoxic dendrimer was G2[(NMe3Cl)7(PEG-NH- 
CA)] (17), which at 100 μM decreased cell viability up to 77% vs control. 
For BJ cells, dendrimer 17 had similar values at all concentrations 
tested, the most cytotoxic being PEG-free dendrimer 15 at 50–100 μM. 
Dendrimer G2[(NMe3Cl)6(PEG-NH-CA)2] (18) had similar tendency and 
decreased the viability of BJ cells up to 50–55% of control. 

3.4. Antioxidant activity 

3.4.1. DPPH scavenging activity 
The ability of dendrimers to scavenge free radicals was studied using 

the DPPH free radical assay. Incubation of dendrimers with ethanolic 
solutions of DPPH significantly reduced its light absorbance in a 
concentration-dependent manner (Fig. 8A). 

The effectiveness of dendrimers for free radical scavenging was 
compared with the antioxidants melatonin, ascorbic acid and caffeic 
acid. Melatonin had the lowest DPPH radical scavenging activity; caffeic 
acid was most effective. At the highest concentration, its efficiency 
reached 87.5 ± 1.1%. The effect of dendrimers was slightly lower than 
that of caffeic acid, but comparable. The dendrimers at 100 μM showed 
the highest antiradical activities: PD PEG-CC: 71.7 ± 5.1%, PD PEG–C: 
73.9 ± 4.3%, PD-CC: 76.8 ± 5.5%, and PD-C: 78.0 ± 5.7%. The scav-
enging parameters of ascorbic acid and melatonin at the same concen-
tration were 70.4 ± 16.9% and 14.5 ± 5.1%, respectively. 

3.4.2. FRAP assay 
This involves the use of a metal complex and can reflect the anti-

oxidant potential of ligands through the reduction of ferric iron, Fe3+ to 
ferrous iron, Fe2+. The Trolox equivalent antioxidant capacity (TEAC) of 
compounds was established for this assay. The TEAC assay compared the 
highest mean antioxidant capacity of compounds 15–18 with the stan-
dard antioxidant Trolox (Fig. 8B). Dendrimer 18, with two PEG-caffeic 
acid moieties, showed the highest antioxidant effect, even higher than 
free caffeic acid. Other dendrimers were generally less effective, but 
comparable with caffeic acid. The FRAP assay results presented as 
Trolox equivalent antioxidant capacity were similar to the DPPH results; 

Fig. 5. NMR spectra in CD3OD of compound G2[(NMe2)6(PEG-NH-CA)2] (14): (A) 1H NMR, (B) {1H–13C}-HSQC-2D-NMR, and (C) 1H-DOSY-2D-NMR (d, doublet; dd, 
doublet of doublets). 
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all the dendrimers studied showed significant antioxidant potential. 

3.4.3. Lipid peroxidation 
The effect of the dendrimers on the lipid peroxidation level was 

analyzed by the BODIPY581/591 fluorescence assay. BODIPY581/591 
is widely used for measuring lipid peroxidation in various biological 

membranes. A higher BODIPY581/591 fluorescence intensity indicates 
more peroxidation. All dendrimers studied reduced the level of AAPH- 
induced lipid peroxidation; the effect was concentration-dependent 
(Fig. 8C). The most effective concentration was 100 μM. At 12.5 μM, 
dendrimers G2[(NMe3Cl)7(NH-CA)] (15) and G2[(NMe3Cl) 6(PEG-NH- 
CA)2] (18) conferred the best protection (reduction up to ~30%). In 

Fig. 6. (A) - Average hydrodynamic diameter of dendrimers: G2[(NMe3Cl)7(NH-CA)] (15); G2[(NMe3Cl)6(NH-CA)2] (16); G2[(NMe3Cl) 7(PEG-NH-CA)] (17) and 
G2[(NMe3Cl) 6(PEG-NH-CA)2] (18) shown as percentage of particle numbers; (B) - TEM images showing morphological characteristics of dendrimers. Samples at the 
concentration of 1 mM for TEM were dissolved in 10 mM Na-phosphate buffer, placed on copper girds with carbon surfaces and dried. Magnification x100,000; Bars 
= 10 nm. To obtain greater contrast the colours have been inverted. (C) - Zeta potential (D) – Zeta size and (E) -PDI index of 10 μM dendrimers in Na-phosphate 
buffer, pH 7.4. Bars represent mean ± SE of three separate experiments and each experiment was done in seven replicates. 
TEM: transmission electron microscopy; PDI: polydispersity index; SE: standard errors. 

Fig. 7. Viability of BJ (left) and A549 (right) cells in the presence of 
polyphenolic dendrimers. PBS 10 mM, 10,000 cells/well, MTT 0.5 mg/ 
mL per well, V = 0.2 mL, pH 7.4, incubation time 24 h, T = 37 ◦C, 5% 
CO2. Dendrimer concentrations 12.5–100 μM. Values are expressed as 
mean ± SD (n = 3). 
BJ: normal human fibroblast cell line; A549: human alveolar basal 
epithelial cancer cell line; MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyl tetrazolium bromide; PBS: phosphate buffered saline; SD 
standard deviation.   
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contrast, at higher concentrations (50–100 μM), dendrimers 15 and 18 
provided the most effective protection (up to ~9–8%). Among antioxi-
dants, the most effective was caffeic acid (100 μM), which decreased 
lipid peroxidation up to 13.1 + 4.96% vs control (AAPH). Melatonin or 
ascorbic acid, used as controls at 100 μM, showed weaker protective 
effects than the dendrimers or caffeic acid: 41.3 + 12.8% (melatonin) 
and 61.7 + 24.4% (ascorbic acid) vs. control. 

3.4.4. AAPH-induced haemolysis 
The ability of polyphenol dendrimers to protect against AAPH- 

induced haemolysis was studied. Incubation of human erythrocytes 
with 50 mM AAPH (oxidant) significantly increased haemolysis. 
Oxidative AAPH haemolysis reached about 70.7 ± 1.2% vs control after 
3 h incubation. 

Preincubation of the samples with dendrimers at 12.5–100 μM 
significantly decreased the level of AAPH-induced hemolysis. After 3 h 
preincubation at 12.5–50 μM, the haemolysis level decreased up to 5% 
vs the AAPH control. The slight increase in haemolysis (up to 14%) at 
100 μM concentration can be explained by dendrimer haemotoxicity. 
The reduction of haemolysis by the compounds implies their ability to 
quench free radicals and increase the antioxidant capacity of erythro-
cytes, alleviating destructive oxidative haemolysis. The protective effect 
of dendrimers was comparable with those of ascorbic acid, caffeic acid 
and melatonin (Fig. 8D). 

3.4.5. AAPH-induced ROS production 
Since dendrimers demonstrated significant antioxidant and anti-

radical activities, we were interested in their ability to protect living 
cells against increased production of ROS under oxidative stress condi-
tions. All the compounds tested at 50 μM and above inhibited ROS 
production by the water-soluble free radical generator AAPH in human 
fibroblasts. The dendrimers were more protective than classical anti-
oxidants such as ascorbic acid or melatonin at the same concentrations 
(Fig. 9A). This can be explained by the low antioxidant concentrations; 
their action was not strong enough. On the other hand, caffeic acid 
caused the most pronounced ROS reduction, decreasing the ROS level up 
to 30% vs control at 12.5 μM and up to 3% at 25 μM. 

Confocal microscopy was also used to visualize the ability of den-
drimers to decrease ROS levels. Microimages of BJ cells (Fig. 9B) show 
decreased fluorescence intensity when dendrimers are present in the cell 
suspension. The effects of the dendrimers were compared with those of 
antioxidants. Melatonin (50 μM) did not change the fluorescence in-
tensity of DCF much, indicating weak influence on the cellular ROS 
level; ascorbic acid had a more pronounced effect (Fig. 9B). Caffeic acid 
or dendrimers (50 μM) reduced the fluorescence intensity significantly, 
demonstrating decreased cellular ROS production under oxidative stress 
conditions. 

4. Discussion 

The use of dendritic systems in biomedicine is developing 

Fig. 8. (A) Percentage of DPPH free radical scavenging by the polyphenolic dendrimers over the concentration range of 12.5–100 μM. Incubation time 30 min. DPPH 
0.25 mM, Values are expressed as mean ± SD (n = 3). (B) - Antioxidant behavior of dendrimers estimated by FRAP (Ferric Reducing Antioxidant Power) assay 
presented as Trolox Equivalent Antioxidant Capacity (TEAC). Values are expressed as mean ± SE (n = 3). (C) - Dendrimers suppress AAPH-induced lipid peroxidation 
in erythrocyte membranes. PBS 10 mM, pH 7.4, AAPH 50 mM, BODIPY 100 μM, incubation time 60 min, T = 37 ◦C. Values are expressed as mean ± SD (n = 3). (D) - 
Antihaemolytic effects of dendrimers on AAPH-induced oxidative haemolysis of human erythrocytes. Hematocrit 7%, PBS buffer 10 mM, pH 7.4, AAPH 50 mM, 
incubation time 3 h, T = 37 ◦C. Values are expressed as mean ± SD (n = 3). Dendrimer concentrations ranged from 12.5 to 100 μM. The effects of dendrimers were 
compared with those of caffeic acid and other antioxidants (except FRAP assay) such as melatonin or ascorbic acid at the same concentrations. 
DPPH: 2,2-Diphenyl-1-picrylhydrazyl; BODIPY®581/1591: (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a, 4a-diaza-s-indacene-3-un-decanoic acid, FRAP: 
Ferric Reducing Antioxidant Power; TEAC: Trolox Equivalent Antioxidant Capacity; AAPH: 2,2′-azobis(2-amidinopropane) dihydrochloride; PBS: phosphate buffered 
saline; SD: standard deviation. 
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continuously [48–53]. Functionalizing these systems, exploiting the 
multivalency of dendrimer skeletons using molecules with various 
therapeutic activities, has made it possible to reduce toxicity, increase 
bioavailability and improve activity. The properties of these nano-
particles can be improved for biomedical purposes. This improvement 
can take several directions, the first being to modify dendrimers with 
other active molecules such as metals [23,24,26,55,56] or polyethylene 
glycol [57–59] to improve their anticancer properties [23,24,56,60], 
reduce toxicity and increase bioavailability [24,59,61,62]. In another 
direction, the medical properties of dendrimers can be enhanced by 
conjugating them with natural biomolecules such as polyphenols 
[31,44,63]. 

Polyphenols are good natural antioxidants. Their physicochemical 
properties enable them to participate in various cellular redox-type 
metabolic reactions and prevent cells from being injured by ROS 
[44,64,65]. However, they are generally poorly absorbed by the in-
testines, rapidly metabolized, and quickly excreted. These factors limit 
their bioavailability [44,66]. 

To address these shortcomings, we have synthesized carbosilane 
dendritic systems containing one or two caffeic acid units, and ammo-
nium groups on the surface to make them water soluble. The polyphenol 
is anchored to the dendritic skeleton by amidation, either on a dendritic 
branch functionalized with HS(CH2)2NH2 (compounds 7–8) or HS-PEG- 
NH2 (MW = 3.5 kDa, compounds 9–10). Cationic systems 15–18 were 
obtained by quaternization of the dimethylammonium groups on the 

remaining dendritic branches. Their structural characterization by one- 
and two-dimensional NMR and elemental analysis is consistent with 
their proposed structures. Considering their potential use as antioxi-
dants, we have studied their antioxidant activity including their ability 
to protect living cells under oxidative stress conditions. We have also 
characterized their biophysical properties. 

Their hydrodynamic diameter ranged from 200 to 500 nm depending 
on the dendrimer, but the sizes ranged widely from 10 to 1000 nm. This 
could indicate the tendency of dendrimers to form assembled structures. 
The size of other carbosilane dendrimers has been reported as 150 nm to 
500 nm [7],. The PDI of the dendrimers, which indicates the uniformity 
and homogeneity of a nanoparticle distribution, was about 0.4, except 
for dendrimer 18, which contains two caffeic acid moieties and PEG. 

To confirm the results from DLS we examined the morphology of 
dendrimers 15–18 by TEM. They were visible as single dots less than 
5–10 nm in diameter. Dendrimers are usually shown as aggregate 
structures on TEM images [68,69], probably because interaction be-
tween nanoparticles leading to larger structures. The discrepancy be-
tween DLS and TEM results has been described in more detail previously 
[4]. 

Another aim was to investigate the surface charge of the dendrimers 
studied. On the basis of zeta potential values, we inferred that all het-
erofunctionalized dendrimers were positively charged. However, den-
drimers containing PEG had lower zeta potentials than PEG-free 
dendrimers, 3 mV (17–18) vs 20 mV (15–16). These results indicate that 

Fig. 9. Effect of polyphenolic dendrimers on 
AAPH-induced ROS production in BJ cells 
detected by fluorescence intensity (A) or 
confocal microscopy (B). PBS 10 mM, pH 
7.4, AAPH 50 mM, H2DCF-DA 10 μM, incu-
bation time 30 min, T = 37 ◦C. Dendrimer 
concentrations 12.5–100 μM (fluorescence), 
50 μM (confocal microscopy). The effects of 
dendrimers were compared with those of 
caffeic acid and other antioxidants such as 
melatonin or ascorbic acid at the same con-
centrations. Values are expressed as mean ±
SD (n = 3).   
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PEG in a dendrimer scaffold decreases the net charge, with beneficial 
effects such as prolonged circulation time, lower cytotoxicity, reduced 
reactions with serum proteins, and stabilization of interactions with 
nucleic acids [6,20]. 

Toxicity profiles of potential therapeutic agents should be defined in 
vitro before their application in vivo. Therefore, the next step in this 
study was to evaluate dendrimer cytotoxicity. The cytotoxicity towards 
both cell lines tested (BJ and A549) was low. Similarly, other poly-
phenolic dendrimers showed no negative effect on PBM [70], HFF-1 
[44] or CHO-K1 cells [71]. Dendrimers containing vanillin were cyto-
toxic against PC3 and HeLa cells [63]. It should be noted that the types 
of terminal end group in carbosilane dendrimers determined their 
toxicity towards different kinds of cells [60]. 

One of the most important findings of this study was that poly-
phenolic dendrimers have antioxidant activity. They were effective in 
scavenging free radicals, inhibiting AAPH-induced haemolysis and lipid 
peroxidation, and decreasing the ROS level. For the first time we 
investigated the ability of dendrimers to scavenge free radicals using the 
DPPH and FRAP assay. The addition of any of the dendrimers to an 
ethanol solution of the free radical was effective in free radical scav-
enging. Among the concentrations used, 100 μM had the most pro-
nounced effect, having a scavenging effect of 7% or more. Similar results 
for other polyphenolic dendrimers had been demonstrated previously. 
For example, carbosilane dendrimers containing vanillin exhibited high 
antiradical potential [63]. The same effect was shown for dendritic 
polyphenol molecules [71] and polyphenol-based dendrimers [71]. 
Analysis of the antiradical activity in reaction with DPPH showed that 
PEG-free dendrimers showed weak change in antiradical activity. 
However, there was a visible difference for dendrimers containing PEG. 
A similar trend was observed in the FRAP assay. It has been shown that 
heterofunctionalized systems have lower activity than homofunction-
alized ones [44]. Nevertheless, their activity is comparable to free caf-
feic acid, with the advantage of increasing the bioavailability of caffeic 
acid owing to the presence of ammonium groups on the surface, which 
confer high solubility in water. 

The antioxidant properties of polyphenols have been presented many 
times [72,73]. Free radicals are produced during metabolic activity in 
cells, but if they reach high levels then cell structures can be damaged 
irreversibly [71]. 

We have also demonstrated that polyphenolic dendrimers with 
ammonium moieties on the surface inhibit AAPH-induced lipid peroxi-
dation in erythrocyte membranes. The new dendritic systems could 
protect erythrocyte membranes against oxidative damage. AAPH 
increased the level of lipid peroxidation, but preincubation with den-
drimers significantly inhibited this effect in a concentration-dependent 
manner; 50–100 μM concentrations showed most pronounced effect, 
almost equal to that of caffeic acid. 

Since the newly synthesized systems had proved highly effective in 
free radical scavenging and inhibition of lipid peroxidation, we hy-
pothesized that the dendrimers could protect human erythrocytes from 
induced oxidative stress. The anti-haemolytic effect of dendrimers on 
AAPH-induced oxidative haemolysis was investigated by preincubating 
erythrocytes with them. AAPH increases haemolysis by increasing 
intracellular free radical production [74,75]. The free radicals attack the 
erythrocyte membrane, altering the constituent lipids and proteins and 
inducing haemolysis. 

Treating the erythrocytes with dendrimers before AAPH exposure 
drastically decreased the level of oxidative haemolysis. Other natural 
compounds such as catechins and polyphenols efficiently protect human 
erythrocytes against haemolysis induced by oxidative stress [76–78]. 

Evidence shows that increased haemolysis induced by oxidative 
stress is associated with activation of cellular ROS production [74]. Our 
results confirm this, showing an increased ROS level in human fibro-
blasts after treatment with AAPH. Treatment of BJ cells with poly-
phenolic dendrimers (50–100 μM) significantly decreased the 
intracellular level of ROS, protecting the cells against damage induced 

by oxidative stress. We previously reported a similar effect when BJ cells 
were treated with antioxidant plant extracts isolated from Hippophae 
rhamnoides L. and Rosa canina L. [79,80]. Both extracts were rich in 
natural antioxidants including polyphenols [79,80]. It has been docu-
mented that polyphenols decrease ROS levels in different kinds of cells 
such as dermal fibroblasts [81], PC12 [82], and kidney mesangial cells 
[83]. 

Summarizing, the dendrimers studied had low cytotoxicity and 
showed high antioxidant potential comparable with known antioxi-
dants. Therefore, caffeic acid in their structure can quench free radicals, 
protecting the cells against oxidative stress. 

5. Conclusions 

This work has demonstrated that conjugation of polyphenols with 
cationic carbosilane dendrimers could be a promising way of harnessing 
the potential of these powerful antioxidants, significantly increasing 
their bioavailability. Therefore, a new water-soluble family of carbosi-
lane dendrimers functionalized with caffeic acid and surface ammonium 
groups has been synthesized. The most important outcome is that these 
dendritic systems have low toxiciy and are highly effective against 
oxidative stress in vitro. Their antioxidant property could help to 
diminish oxidative haemolysis, lipid peroxidation, and ROS levels via 
their ability to scavenge free radicals. These findings are confirmed by 
various biological tests including in vitro studies on human fibroblasts, 
erythrocytes and A549 cells. 
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1) Synthesis of G2-[(S-NH3Cl)V7] (II). 

Dendrimer II was prepared according to the published synthetic protocol [1].  

European Polymer Journal, 2015, Volume 71, Pages 61-72. 

https://doi.org/10.1016/j.eurpolymj.2015.07.043. 

G2SiV8 (62.5 mg, 0.106 mmol), cysteamine hydrochloride (12.13 mg, 0.106 mmol) and 10 mol % 

of DMPA (2.74 mg, 0.010 mmol) were combined in 4 mL of ½ THF/methanol solution. The 

reaction mixture was deoxygenated and irradiated for 0.5 h. The reaction mixture was directly 

used to obtain 3. 

1H-NMR (CD3OD): δ (ppm) 0.10 (s, 12 H, SiCH3), 0.41-0.75 (m, overlapping of signals, 16 H, 

SiCH2CH2CH2Si), 0.90 (m, 2 H, SiCH2CH2S), 1.30 (m, 8 H, SiCH2CH2CH2Si), 2.57 (m, 2 H, 

mailto:sylwia.michlewska@biol.uni.lodz.pl
https://doi.org/10.1016/j.eurpolymj.2015.07.043
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SiCH2CH2S), 2.95 (m, 2 H, SCH2CH2N), 3.19 (m, 2 H, SCH2CH2NH3Cl), 5.60-5.74 (m, 7 H, 

SiCHCH2), 5.88-6.19 (m, 14 H, SiCHCH2), 8.27 (s, 3 H, NH3). 

2) Synthesis of G2-[(S-NH3Cl)2V6] (III) 

Dendrimer III was prepared according to the published synthetic protocol [1].  

European Polymer Journal, 2015, Volume 71, Pages 61-72. 

https://doi.org/10.1016/j.eurpolymj.2015.07.043. 

G2SiV8 (80.2 mg, 0.137 mmol), cysteamine hydrochloride (31.14 mg, 0.274 mmol) and 10 mol % 

of DMPA (7.0 mg, 0.027 mmol) were combined in 4 mL of ½ THF/methanol solution. The 

reaction mixture was deoxygenated and irradiated for 0.5 h. The reaction mixture was directly 

used to obtain 4. 

1H-NMR (CDCl3): δ (ppm) 0.15 (s, 12 H, SiCH3), 0.54-0.82 (m, overlapping of signals ,16 H, 

SiCH2CH2CH2Si), 0.98 (m, 4 H, SiCH2CH2S), 1.41 (m, 8 H, SiCH2CH2CH2Si), 2.67 (m, 4 H, 

SiCH2CH2S), 2.86 (m, 4 H, SCH2CH2N), 3.14 (m, 4 H, SCH2CH2NH3Cl), 5.66-5.82 (m, 6 H, 

SiCHCH2), 5.88-6.19 (m, 12 H, SiCHCH2), not observed (s, 3 H, NH3). 

3) Synthesis of G2-[(S-PEG-NH3Cl)V7] (1) 

G2SiV8 (31.0 mg, 0.053 mmol), commercial thiol HS-PEG-NH2·HCl (MW = 3.5 KD) (186.4 mg, 

0.053 mmol) and 10 mol % of DMPA (1.35 mg, 0.005 mmol) were combined in 4 mL of ½ 

THF/methanol solution. The reaction mixture was deoxygenated and irradiated for 0.5 h. The 

reaction mixture was directly used to obtain 5. 

1H-NMR (CD3OD): δ (ppm) 0.06 (s, 12 H, SiCH3), 0.64 (m, 8 H, SiCH2CH2CH2Si), 0.70 (m, 8 H, 

SiCH2CH2CH2Si),  0.93 (m, 2 H, SiCH2CH2S), 1.40 (m, 8 H, SiCH2CH2CH2Si), 3.70 (overlapping 

of signals m, 308 H, SCH2CH2O, m, 2 H, OCH2CH2NH3);  5.66-5.82 (m, 7 H, SiCHCH2), 5.88-

6.19 (m, 14 H, SiCHCH2), not observed (s, 3 H, NH3).  

4) Synthesis of G2-[(S-PEG-NH3Cl)2V6] (2) 

G2SiV8 (24.0 mg, 0.0468 mmol), commercial thiol HS-PEG-NH2·HCl (MW = 3.5 KD) (324.6 mg, 

0.093 mmol) and 10 mol % of DMPA (2.38 mg, 0.009 mmol) were combined in 4 mL of ½ 

THF/methanol solution. The reaction mixture was deoxygenated and irradiated for 0.5 h. The 

reaction mixture was directly used to obtain 6. 

1H-NMR (CD3OD): δ (ppm) 0.06 (s, 12 H, SiCH3), 0.64 (m, 8 H, SiCH2CH2CH2Si), 0.70 (m, 8 H, 

SiCH2CH2CH2Si),  0.93 (m, 4 H, SiCH2CH2S), 1.40 (m, 8 H, SiCH2CH2CH2Si), 3.70 (overlapping 

of signals m, 616 H, SCH2CH2O, m, 2 H, OCH2CH2NH), 5.66-5.82 (m, 6 H, SiCHCH2), 5.88-6.19 

(m, 12 H, SiCHCH2), not observed (s, 3 H, NH3). 

5) Synthesis of G2-[(S-NH3Cl)(S-N(CH3)2•HCl)7] (3) 

https://doi.org/10.1016/j.eurpolymj.2015.07.043
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1, 2-(dimethylamino)ethanothiol hydrochloride (108.2 mg, 0.762 mmol) and DMPA (19.5 mg, 

0.07 mmol) were added to the reaction mixture of compound II. Afterward, the reaction 

mixture was irradiated for 3 h and monitored by 1H NMR until the disappearance of vinyl 

groups resonances which confirm that reaction is completed. The final reaction mixture was 

concentrated by rotatory evaporation and was directly used to obtain 7.  

1H-NMR (CD3OD): δ (ppm) 0.09 (s, 12 H, SiCH3), 0.61 (m, 8 H, SiCH2CH2CH2Si), 0.71 (m, 8 H, 

SiCH2CH2CH2Si), 0.97 (m, 16 H, SiCH2CH2S), 1.38 (m, 8 H, SiCH2CH2CH2Si), 2.70 (m, 16 H, 

SiCH2CH2S), 2.91 (s, 42 H, N+CH3), 2.95 (m, 16 H, SCH2CH2N), 3.16 (m, 2 H, SCH2CH2NH3Cl), 

3.35 (m, 14 H, SCH2CH2N+CH3).  

6) Synthesis of G2-[(S-NH3Cl)2(S-N(CH3)2•HCl)6] (4) 

Dendrimer 4 has been prepared through the same method as described in 3 by using the 

following reagents: 1, 2-(dimethylamino)ethanothiol hydrochloride (118.8 mg, 0.838 mmol) 

and DMPA (21.3 mg, 0.08 mmol). Compound 4 was directly used to obtain 8. 

1H-NMR (CD3OD): δ (ppm) 0.09 (s, 12 H, SiCH3), 0.63 (m, 8 H, SiCH2CH2CH2Si), 0.71 (m, 8 H, 

SiCH2CH2CH2Si), 0.97 (m, 16 H, SiCH2CH2S), 1.35 (m, 8 H, SiCH2CH2CH2Si), 2.72 (m, 16 H, 

SiCH2CH2S), 2.93 (s, 36 H, N+CH3), 2.95 (m, 16 H, SCH2CH2N), 3.18 (m, 4 H, SCH2CH2N+H3Cl), 

3.36 (m, 12 H, SCH2CH2NCH3).  

7) Synthesis of G2-[(S-PEG-NH3Cl)(S-N(CH3)2•HCl)7] (5) 

Dendrimer 5 has been prepared through the same method as described in 3 by using the 

following reagents: 1, 2-(dimethylamino)ethanothiol hydrochloride (52.5 mg , 0.371 mmol) 

and DMPA (9.5 mg, 0.03 mmol). Compound 5 was directly used to obtain 9.  

1H-NMR (CD3OD): δ (ppm) 0.08 (s, 12 H, SiCH3), 0.65 (m, 8 H, SiCH2CH2CH2Si), 0.71 (m, 8 H, 

SiCH2CH2CH2Si),  0.96 (m, 16 H, SiCH2CH2S), 1.42 (m, 8 H, SiCH2CH2CH2Si), 2.29 (s, 42 H, 

NCH3), 2.55 (m, 14 H, SCH2CH2NCH3), 2.59-2.75 (m, overlapping of signals, 34 H, SiCH2CH2S, 

SCH2CH2NCH3 and S-CH2CH2O;  ) 3.09 (m, 2 H, SCH2CH2N+H3Cl) 3.55-3.71 (m, 618 H, OCH2)., 

3.58-3.69 (m, 308 H and OCH2).  

8) Synthesis of G2-[(S-PEG-NH3Cl)2(S-N(CH3)2•HCl)6] (6) 

Dendrimer 6 has been prepared through the same method as described in 3 by using the 

following reagents: 1, 2-(dimethylamino)ethanothiol hydrochloride (39.77 mg , 0.280 mmol) 

and DMPA (7.2 mg, 0.03 mmol). Compound 6 is isolated as a white solid (296.5 mg, 75 %). 

 1H-NMR (CD3OD): δ (ppm) 0.09 (s, 12 H, SiCH3), 0.72 (m, 8 H, SiCH2CH2CH2Si), 0.72 (m, 8 H, 

SiCH2CH2CH2Si),  0.95 (m, 16 H, SiCH2CH2S), 1.45 (m, 8 H, SiCH2CH2CH2Si), 2.28 (s, 36 H, 

NCH3), 2.55 (m, 12 H, SCH2CH2NCH3), 2.60-2.75 (m, overlapping of signals, 36 H, SiCH2CH2S, 

SCH2CH2NCH3 and SCH2CH2O) 3.18 (m, 4 H, SCH2CH2N+H3Cl) 3.55-3.71 (m, 616 H, OCH2). 
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9) Synthesis of G2-[(S-NH2)(S-N(CH3)2)7] (7) 

To a water solution of compound 3, Na2CO3 (53.93 mg, 0.508mmol) was added and the mixture 

keeps on magnetic stirring during 1 h. Afterward, extraction with CH2Cl2 was performed and 

the organic phase was dried with magnesium sulphate. The solution was filtered, and volatiles 

remove under vacuum obtaining dendrimer 7 as a pallid orange oil (96.37 mg; 65 %). 

1H-NMR (CD3OD): δ (ppm) 0.11 (s, 12 H, SiCH3), 0.72 (m, 16 H, SiCH2CH2CH2Si), 0.98 (m, 16 

H, SiCH2CH2S), 1.45 (m, 8 H, SiCH2CH2CH2Si), 2.31 (s, 42 H, NCH3), 2.50-2.58 (m, overlapping 

of signals, 46 H, SiCH2CH2S and SCH2CH2N), 2.88 (m, 2 H, SCH2CH2NH2). 13C {1H}-NMR 

(CD3OD): δ (ppm) -6.1 SiCH3), 14.4 (SiCH2CH2S), 17.2 (SiCH2CH2CH2Si), 18.3 

(SiCH2CH2CH2Si), 18.5 (SiCH2CH2CH2Si), 27.1, 27.2, 28.4, 28.5 (SiCH2CH2S,  SCH2CH2NCH3 

and SCH2CH2NCH3), 44.1 (NCH3), 59.0 (SCH2CH2NCH3). Elemental Analysis (%): Calc for 

C62H144N8S8Si5 (1398.80 g/mol). C, 53.24; H, 10.38; N, 8.01. Exp.: C, 53.56; H, 9.98; N, 7.96. 

10) Synthesis of G2-[(S-NH2)2(S-N(CH3)2)6] (8) 

Dendrimer 8 has been prepared through the same method as described in 7 from a solution of 

compound 4. Compound 8 was obtained as a pallid orange oil (133.06 mg, 71 %). 

1H-NMR (CD3OD): δ (ppm) 0.11 (s, 12 H, SiCH3), 0.74 (m, 16 H, SiCH2CH2CH2Si), 0.99 (m, 16 

H, SiCH2CH2S), 1.47 (m, 8 H, SiCH2CH2CH2Si), 2.35 (s, 36 H, NCH3), 2.50-2.58 (m, overlapping 

of signals, 46 H, SiCH2CH2S and SCH2CH2N), 2.89 (m, 4 H, SCH2CH2NH2). 13C {1H}-NMR 

(CD3OD): δ (ppm) -6.1 SiCH3), 14.4 (SiCH2CH2S), 17.2 (SiCH2CH2CH2Si), 18.3 

(SiCH2CH2CH2Si), 18.5 (SiCH2CH2CH2Si), 27.1, 27.2, 28.4, 28.5 (SiCH2CH2S, SCH2CH2NCH3 

and SCH2CH2NCH3), 44.1 (NCH3), 59.0 (SCH2CH2NCH3). Elemental Analysis (%): Calc for 

C62H144N8S8Si5 (1368.80 g/mol). C, 52.57; H, 10.30; N, 8.17 . Exp.: C, 52.98; H, 10.45; N, 8.36. 

11) Synthesis of G2-[(S-PEG-NH2)(S-N(CH3)2)7] (9) 

Dendrimer 9 has been prepared through the same method as described in 7 from a solution of 

compound 5. Compound 9 was obtained as a pallid orange oil (167.58 mg, 66 %). 

1H-NMR (CD3OD): δ (ppm) 0.08 (s, 12 H, SiCH3), 0.65 (m, 8 H, SiCH2CH2CH2Si), 0.71 (m, 8 H, 

SiCH2CH2CH2Si),  0.96 (m, 16 H, SiCH2CH2S), 1.42 (m, 8 H, SiCH2CH2CH2Si), 2.29 (s, 42 H, 

NCH3), 2.55 (m, 14 H, SCH2CH2NCH3), 2.59-2.75 (m, overlapping of signals, 34 H, SiCH2CH2S, 

SCH2CH2NCH3 and S-CH2CH2O;  OCH2CH2NH), 3.58-3.69 (m, , 308 H, OCH2). 13C {1H}-NMR 

(CD3OD): δ (ppm) -6.4 SiCH3),  14.3 (SiCH2CH2S), 16.9 (SiCH2CH2CH2Si), 18.0 

(SiCH2CH2CH2Si), 27.1 (SiCH2CH2S), 28.4 (SCH2CH2NCH3 and SCH2CH2O), 30.7 

(SCH2CH2NH), 39.2 (OCH2CH2NH), 44.0 (NCH3), 58.9 (SiCH2CH2NCH3), 70.4 (OCH2). 

Elemental Analysis (%): Calc for C216H452N8O77S8Si5 (4790.88 g/mol). C, 54.15; H, 9.51; N, 2.34; 

S, 5.35. Exp.: C, 53.73; H, 8.98; N, 5.15. 

 

12) Synthesis of G2-[(S-PEG-NH2)2(S-N(CH3)2)6] (10) 
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Dendrimer 10 has been prepared through the same method as described in 7 from a solution 

of compound 6. Compound 10 was obtained as a pallid orange oil (187.56 mg, 50 %). 

1H-NMR (CD3OD): δ (ppm) 0.08 (s, 12 H, SiCH3), 0.66 (m, 8 H, SiCH2CH2CH2Si), 0.72 (m, 8 H, 

SiCH2CH2CH2Si),  0.95 (m, 16 H, SiCH2CH2S), 1.42 (m, 8 H, SiCH2CH2CH2Si), 2.28 (s, 36 H, 

NCH3), 2.55 (m, 12 H, SCH2CH2NCH3), 2.60-2.75 (m, overlapping of signals, 36 H, SiCH2CH2S, 

SCH2CH2NCH3 , SCH2CH2O and  O-CH2CH2NH), 3.55-3.71 (m, , 616 H, OCH2. 13C {1H}-NMR 

(CD3OD): δ (ppm) -6.1 SiCH3),  14.3 (SiCH2CH2S), 17.1 (SiCH2CH2CH2Si), 17.9 

(SiCH2CH2CH2Si), 18.2 (SiCH2CH2CH2Si), 27.0 (SiCH2CH2S), 28.4 (SCH2CH2NCH3 and 

SCH2CH2O), 30.7 (SCH2CH2NH), 38.8 (OCH2CH2NH), 43.8 (NCH3), 58.9 (SiCH2CH2NCH3), 

70.0 (OCH2).Elemental Analysis (%): Calc for C368H756N8O154S8Si5 (8154.90 g/mol). C, 54.20; H, 

9.34; N, 1.37; S, 3.15. Exp.: C, 55.10; H, 9.80; N, 1.03. 
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Figure S1. 1H-NMR (500 MHz, CDCl3) of compound (II) 

 

  

Figure S2. 1H-NMR (500 MHz, CD3OD) of compound (III) 
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Figure S3. 1H-NMR (500 MHz, CDCl3) of compound (1) 

 

Figure S4. 1H-NMR (500 MHz, CDCl3) of compound (2) 

 

 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
ppm

1
0

.3
2

7
.5

6
8

.0
0

8
.0

9

2
1

.9
8

2
9

0
.1

5

3
.5

6

9
.0

1

1
7

.5
3

0
.1

2

0
.5

4
0

.7
0

1
.3

3

1
.6

6

3
.8

85
.6

6
5

.7
2

5
.9

4
6

.1
8

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
ppm

9
.1

9

5
.9

3

6
.5

3

8
.0

0

2
3

.0
0

3
9

1
.4

7

8
.3

1

6
.3

6

1
4

.1
8

0
.1

2

0
.5

4

0
.7

0

1
.3

2

1
.7

9

3
.8

9

5
.6

4
5

.7
2

5
.9

6
6

.1
3



8 
 

 

Figure S5. 1H-NMR (500 MHz, CD3OD) of compound (3) 

  

Figure S6. 13C-NMR (500 MHz, CD3OD) of compound (3) 
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Figure S7. {1H-13C}-HSQC-2D-NMR (500 MHz, CD3OD) of compound (3) 

 

  

Figure S8. 1H-NMR (500 MHz, CD3OD) of compound (7) 
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Figure S9. 13C-NMR (500 MHz, CD3OD) of compound (7) 

  

Figure S10. {1H-13C}-HSQC-2D-NMR (500 MHz, CD3OD) of compound (7) 
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Figure S11. 1H-NMR (500 MHz, CD3OD) of dendritic polyphenol (11) 

 

Figure S12. 13C-NMR (500 MHz, CD3OD) of dendritic polyphenol (11) 
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Figure S13. {1H-13C}-HSQC-2D-NMR (500 MHz, CD3OD) of dendritic polyphenol (11)  

 

Figure S14. 1H-DOSY-2D-NMR (500 MHz, CD3OD) of compound (11) 
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Figure S15. 1H-NMR (500 MHz, CD3OD) of compound (13) 

 

 

Figure S16. {1H-13C}-HSQC-2D-NMR (500 MHz, CD3OD) of compound (13) 
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Figure S17. 1H-DOSY-2D-NMR (500 MHz, CD3OD) of compound (13) 

 
Figure S18. 1H-NMR (500 MHz, CD3OD) of compound (14) 
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Figure S19. {1H-13C}-HSQC-2D-NMR (500 MHz, CD3OD) of compound (14) 

 
Figure S20. 1H-DOSY-2D-NMR (500 MHz, CD3OD) of compound (14)  
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Figure S21. 1H-NMR (500 MHz, CD3OD) of compound (15) 

 

 

 
Figure S22. A representative calibration curves of FRAP values by Trolox standards 
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A new class of polyphenolic 
carbosilane dendrimers 
binds human serum albumin 
in a structure‑dependent fashion
Marika Grodzicka 1,2, Sylwia Michlewska 3*, Adam Buczkowski 4, Szymon Sekowski 5, 
Cornelia E. Pena‑Gonzalez 6, Paula Ortega 6,7, Francisco Javier de la Mata 6,7, Janusz Blasiak 8, 
Maria Bryszewska 1 & Maksim Ionov 1,8*

The use of dendrimers as drug and nucleic acid delivery systems requires knowledge of their 
interactions with objects on their way to the target. In the present work, we investigated the 
interaction of a new class of carbosilane dendrimers functionalized with polyphenolic and caffeic 
acid residues with human serum albumin, which is the most abundant blood protein. The addition 
of dendrimers to albumin solution decreased the zeta potential of albumin/dendrimer complexes as 
compared to free albumin, increased density of the fibrillary form of albumin, shifted fluorescence 
spectrum towards longer wavelengths, induced quenching of tryptophan fluorescence, and decreased 
ellipticity of circular dichroism resulting from a reduction in the albumin α‑helix for random coil 
structural form. Isothermal titration calorimetry showed that, on average, one molecule of albumin 
was bound by 6–10 molecules of dendrimers. The zeta size confirmed the binding of the dendrimers 
to albumin. The interaction of dendrimers and albumin depended on the number of caffeic acid 
residues and polyethylene glycol modifications in the dendrimer structure. In conclusion, carbosilane 
polyphenolic dendrimers interact with human albumin changing its structure and electrical properties. 
However, the consequences of such interaction for the efficacy and side effects of these dendrimers as 
drug/nucleic acid delivery system requires further research.

Keywords Polyphenolic dendrimers, Serum human albumin, Zeta potential, Circular dichroism, Isothermal 
titration calorimetry

Carbosilane dendrimers, similarly to their poly(amidoamine) (PAMAM) and poly(propylene imine) (PPI) coun-
terparts, are hyperbranched and monodispersed macromolecules explored as drug and nucleic acid carriers in the 
therapy of many diseases, including cancer and viral  infections1. Therefore, two aspects of dendrimers as drug/
gene carriers must be considered: their efficacy as a carrier and their toxicity. The structure of dendrimers may 
be modified to increase the former and decrease the latter. The presence of multivalent functional end groups in 
the dendrimer structure creates ample opportunities for their modification aimed at acquiring specific functions, 
including the ability to modify the properties of biological macromolecules. Such modifications may result in 
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increased efficacy of the carried drug, which is the case in anticancer therapy when a modified dendrimer has 
anti-cancer  properties2,3.

Functionalization of dendrimers with polyphenolic residues can give or improve their antioxidant, anti-
radical, antiviral, and anti-bacterial  properties4. The functionalization of carbosilane dendrimers with caffeic 
acids increased their antioxidant and anti-radical  activity5. Despite many advantages of positively charged den-
drimers, they can form microholes in biological membranes, that may underlie their cellular and organismal 
 toxicity2. The incorporation of polyethylene glycol (PEG) residues into the dendrimer structure was reported 
to have beneficial consequences, increasing its bioavailability and decreasing its  toxicity2. In addition, PEG is 
non-immunogenic, water-soluble, nontoxic and can reduce interactions of dendrimers with serum  proteins7,8.

Drug and nucleic acid carriers encounter many objects on their way to the target site. Albumin is the most 
abundant protein in blood and therefore its interaction with drug and gene carriers should be considered as it 
may lead to toxicity, change bioavailability, and potential therapeutic effect. Human serum albumin (HSA) is a 
monomeric protein with one tryptophan residue and three homologous domains. Each domain has 2 subdomains 
to which different molecules can be attached. Subdomain IIA which contains the only HSA tryptophan residue is 
the main hydrophobic site for ligand binding and dendrimers interact with this site mainly through hydrophobic 
interactions and may form “protein corona”9. This effect is crucial for the medical application of dendrimers 
because their absorption on the albumin surface can change their properties, bioavailability, and  distribution10. 
In the present work, the interaction of a new class of  1st generation carbosilane dendrimers functionalized with 
various numbers of caffeic acids and PEG residues with human serum albumin in vitro was investigated with a 
plethora of biochemical and biophysical techniques.

Materials and methods
Dendrimers
Four water-soluble 1st generation heterofunctionalized polyphenolic carbosilane dendrimers 
 G2[(NMe3Cl)7(NH-CA)] (1);  G2[(NMe3Cl)6(NH-CA)2] (2);  G2[(NMe3Cl)7(PEG-NH-CA)] (3) and 
 G2[(NMe3Cl)6(PEG-NH-CA)2] (4) with ammonium and caffeic acid surface groups were used in this study. 
The structure and molar mass of dendrimers are presented in Fig. 1. The procedure of the synthesis of these 
compounds was described  elsewhere5.

Zeta potential and zeta size
The hydrodynamic diameter and the zeta potential of human serum albumin in the presence of the dendrimers 
were measured using a Zetasizer Nano-ZS photon correlation spectrometer (Malvern Instruments, Malvern, 
Worcestershire, UK). Measurements were performed in a 10 mmol/L phosphate buffer at pH 7.4 at 25 °C. Zeta 
potential values were calculated directly from the Helmholtz-Smoluchowski equation and Malvern Zetasizer 
Nano software v3.30 (Malvern Panalytical Ltd., Malvern, UK) was used for data analysis. At least 3 separate 
replicates were performed for each experiment.

Transmission electron microscopy
The ultrastructure of the albumin-dendrimer complexes at the molar ratio 1:10 was visualised using a JEOL-1010 
(JEOL, Tokyo, Japan) transmission electron microscope. The samples in 10 mmol/L Na-phosphate buffer, pH 7.4, 
were placed on 200 mesh copper grids with a carbon surface (Ted Pella, Inc, Redding, CA, USA). Samples were 
stained with 2% uranyl acetate for 2 min, washed with deionized water, and dried at room temperature. Images 
were taken at a magnification of 100,000 × and analysed with conventional software.

Fluorescence spectroscopy
To analyse the character of interaction between albumin and dendrimers, tryptophan fluorescence was measured 
using a Perkin-Elmer LS-55B fluorescence spectrometer. Appropriate amounts of dendrimers were added to 
albumin solution (4 µmol/L) with the final albumin:dendrimer molar ratios of 1:1, 1:2, 1:4, 1:6, 1:8 and 1:10. The 
excitation wavelength for tryptophan was λexc = 295 nm and fluorescence spectra were taken in the 305–450 nm 
range. Excitation and emission slits were set at 2.5 and 8.0 nm, respectively. Fluorescence spectra of albumin 
were corrected for the proper baselines. All measurements were performed at 25 °C in 3 independent replicates. 
Stern–Volmer constant (KSV), quenching constant (kq), and binding constant  (logKb) were calculated.

Circular dichroism
The circular dichroism (CD) spectra of dendrimer/HSA complexes were measured using a J-815 CD spectrom-
eter (Jasco, Tokyo, Japan). The concentration of albumin was 0.25 µmol/L. Protein/dendrimer complexes were 
prepared in 10 mmol/L phosphate buffer, pH 7.4, at molar ratios ranging from 1:1 to 1:10. Measurements were 
made at room temperature, in 5-mm path-length quartz cuvettes. The recording parameters were scan speed 
50 nm/min, step resolution 1 nm, response time 4 s, bandwidth − 1.0 nm, slit—auto. CD spectra were obtained 
in the wavelength range 195–260 nm, as the average of a minimum of 3 independent experiments composed 
from 3 accumulated scans of each replication. The protein secondary structure and distribution of α-structure 
and β-sheet percentage under the influence of dendrimers were calculated using the CDNN software available 
at: https:// cdnn- circu lar- dichr oism- spect rosco py- decon volut ion. updat estar. com.

Isothermal titration calorimetry
An isothermal titration calorimetric study was performed to measure the thermodynamic properties of the 
interaction between the dendrimers and albumin. Albumin solution (182 μl; 100 μmol/L in a cell) was titrated 

https://cdnn-circular-dichroism-spectroscopy-deconvolution.updatestar.com
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by adding 40 × 5 μl doses of a 2 mmol/L dendrimer solution in 5-min intervals. Measurements of the thermal 
effects of the titration were carried out at 25 °C with a stirring rate of 125 RPM in auto-equilibrate mode. During 
titration, the molar ratio of dendrimer to albumin increased from 1.1:1 to 40:1. The thermal effects of the direct 
interaction of albumin with dendrimers were calculated by subtracting the effects of dilution of the dendrimer 
from the corresponding thermal effects of the titration of albumin solution with the dendrimer solution. The 
binding isotherms were analysed in NanoAnalyze software by a non-linear multiparameter regression using 
the independent-site model to calculate the stoichiometric parameter n , equilibrium binding constant K , and 
standard thermodynamic functions of the process of albumin binding with dendrimers: enthalpy �H , entropy, 
�S and Gibbs free energy �G.

Data analysis
All results were obtained from at least 3 independent experiments and are presented as mean ± SD (standard 
deviation). Statistical analyses were performed for paired samples using GraphPad Prism version 8.0.1 software 
(GraphPad Software, Boston, MA, USA). The normality of the study sample was checked using the Shapiro–Wilk 
test. In the case of a normal distribution of data, the Student’s t-test was used, while in other cases the ANOVA 
post hoc Dunnett’s test was used. The 95% confidence interval was set as the confidence interval.

Results
Dendrimers form complexes with albumin as revealed by the zeta potential, zeta size, and 
transmission electron microscopy
The zeta average size of free albumin was 172.15 ± 15.54 nm and the addition of dendrimers led to an increase 
in particle size indicating the binding of dendrimer to albumin (Fig. 2B). The highest hydrodynamic diameters 

Figure 1.  Structure, chemical formula, and molar mass (MM) of polyphenolic carbosilane dendrimers 
with ammonium surface groups functionalized with caffeic acid and polyethylene glycol (PEG). (A) 
compound (1),  G2[(NMe3Cl)7(NH-CA)]; (B) compound (2),  G2[(NMe3Cl)6(NH-CA)2]; (C) compound (3), 
 G2[(NMe3Cl)7(PEG-NH-CA)]; (D) compound (4),  G2[(NMe3Cl)6(PEG-NH-CA)2]. Caffeic acid moieties are 
marked in red.
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of the dendrimer-albumin complexes were observed in the presence of the dendrimers (3) and (4). In that 
case, the size of the complexes at the highest tested molar ratio 1:10 increased to 582.45 ± 38.51 nm (3) and 
518.33 ± 2.13 nm (4). The size of complexes formed with dendrimers (1) and (2) were smaller, 356.26 ± 26.89 
and 299 ± 7.37 respectively, as they did not have any polyethylene glycol chain. The polydispersity index (PDI) 
of the complexes formed by compounds (1) and (2) was around 0.4, while in the presence of compounds (3) and 
(4) it increased to 0.6 and higher values (Fig. 2C).

The zeta potential of free albumin was − 6.04 ± 0.39 mV and the addition of dendrimers (1), (2), and (3) 
decreased it. This effect was most pronounced with dendrimers with one caffeic acid residue. Zeta potential 
values with dendrimers (1) and (3) were − 38.76 ± 0.62 mV and − 25.17 ± 0.83 mV, respectively, while for (3) it 
was − 18.36 ± 0.28 mV and for (4) − 8.30 ± 0.22 mV (Fig. 2A).

Free albumin structure presented a fibrillary form, and the presence of dendrimers made albumin molecules 
slightly more compact (Fig. 2D). This effect was maximal for the complexes formed by dendrimer (2) and mini-
mal for (4). All complexes were presented as fibrillar structures with small globular structures (Fig. 2D -arrows).

Fluorescence quenching confirms the formation of albumin‑dendrimer complexes
The binding of dendrimers changed the fluorescence spectrum of the tryptophan residue in albumin towards 
longer wavelengths (Fig. 3). The most pronounced effect was observed for the dendrimer (4).

To quantitatively assess the effect of dendrimers on the fluorescence properties of albumin, we calculated the 
Stern–Volmer constant (KSV), which indicates the efficacy of dendrimers in quenching fluorescence of tryptophan 
(Table 1). We also calculated the quenching constant kq to differentiate between the static and dynamic character 
of quenching by dendrimers and the logarithm of binding constant (logKb) for all dendrimers (Table 1)4. Since kq 
for each dendrimer was greater than 2 ×  1010  M−1  s−1, we concluded that the dendrimers quenched fluorescence 
via the static mechanism by the formation of complexes with albumin.

The most pronounced quenching effect was observed for dendrimers (1) and (2), which were characterized 
by the highest  KSV. Consequently, these dendrimers were characterized by the highest logKb.

Dendrimers slightly change the secondary structure of albumin
We observed two standard negative CD bands for albumin at 208 and 222 nm, which were slightly changed 
in the presence of the dendrimers (Fig. 4). The changes in the secondary structure of albumin induced by the 
dendrimers were evaluated with the CDNN software (Table 2). Slight conformational changes in the albumin 
secondary structure were observed in the presence of the dendrimers.

Figure 2.  Dose-dependent effects of polyphenolic dendrimers on zeta potential (A), zeta size (B), and 
polydispersity index (C). Data points represent mean ± SD obtained from a minimum 3 experiments and each 
experiment was done in 7 replicates for dendrimer (1) (yellow line open diamonds), (2) (blue line, open squares) 
(3) (green line, open triangles) and (4) (red line, and open circles). Panels (D) represent the ultrastructure of 
human serum albumin in the presence of dendrimers. Bars 100 nm and 25 nm, to obtain greater contrast, the 
color of the micro images has been inverted.
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On average, one molecule of albumin is bound by 6–10 molecules of dendrimers
Isothermal titration calorimetry analysis (Fig. 5) enabled to calculation some parameters characterizing com-
plexes formed by albumin and dendrimers, namely the stoichiometric parameter n, equilibrium binding constant 
K, change in enthalpy ∆H, entropy ∆S, and Gibbs free energy ∆G (Table 3).

These results show that one albumin molecule can be associated with approximately 10 molecules of den-
drimers. The binding equilibrium constant K and standard thermodynamic functions indicate that the process 
of dendrimers binding with albumin was thermodynamically spontaneous ( �G < 0 ). The driving force behind 
albumin binding with (1), (2), and (3) dendrimer was a favourable increasing disorder of reagents ( T�S > 0 ), 
which overcame the unfavourable endothermic effects of the direct interactions of the reagent ( �H > 0 ). Inter-
actions of HSA with dendrimer (4), with 2 caffeic moieties and 2 PEG chains, were favourable, as both the 
exothermic enthalpy of binding ( �H < 0 ) and increasing disorder of reagents ( T�S > 0 ), reflecting the role of 
the 2 polar side PEG chains in the structure.

Discussion
The interaction of dendrimers with serum proteins affects their bioavailability. That interaction may be under-
lined by various mechanisms, first of all of electrostatic nature, and may not only limit the bioavailability of 
dendrimers but also underlie their toxicity. In this work, we investigated the interaction of a new class of 1st 
generation heterofunctional polyphenolic dendrimers modified with caffeic acid with human serum albumin, 
the most abundant blood protein. We showed that these dendrimers bound albumin in a stochiometric ratio of 
5–10 molecules of dendrimers per single molecule of albumin. This binding was confirmed by several methods. 
Despite the binding, the secondary structure of albumin was not significantly affected.

Figure 3.  Fluorescence emission spectra of albumin-dendrimer complexes for dendrimers (1–4) at the 
albumin/dendrimer molar ratios 1–10 (A). Stern–Volmer plots of tryptophan fluorescence quenching in the 
presence of increasing concentrations of dendrimers (B), double-logarithmic plot of tryptophan fluorescence 
quenching at albumin concentration 4 µmol/L (C). Data points represent mean ± SD obtained from a minimum 
3 separate experiments.

Table 1.  Protein-polyphenolic dendrimers interaction parameters calculated based on fluorescence results.

Compound KSV  [M−1] kq  [M−1  s−1] logKb

(1) (6.35 ± 2.26) ×  104 (1.27 ± 0.45) ×  1013 6.72 ± 0.62

(2) (6.34 ± 1.27) ×  104 (1.27 ± 0.25) ×  1013 5.26 ± 0.20

(3) (1.86 ± 0.49) ×  104 (0.37 ± 0.10) ×  1013 3.38 ± 1.39

(4) (4.54 ± 1.05) ×  104 (0.91 ± 0.21) ×  1013 4.57 ± 0.29
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Dendrimers can bind albumin via electrostatic interactions, hydrogen bonding, hydrophobic interactions, 
and specific interactions between dendrimer groups and aliphatic acid binding sites of the  protein11–13. In this 
study, all dendrimers changed the zeta potential of albumin. Cationic and neutral dendrimers were reported to 
change the zeta potential of  proteins9. We showed that the dendrimers (1) and (3) that were not modified with 
PEG strongly changed the zeta potential as their inner positive charge was not shielded by PEG as in dendrim-
ers (3) and (4).

We observed a red-shift effect in our fluorescence experiments, which was the most pronounced for the 
dendrimer (4) that had 2 caffeic acid moieties and PEG. Therefore, that dendrimer might interact with a hydro-
philic region of albumin. The formation of complexes of dendrimers and albumin was confirmed in quenching 
experiments, in which quenching constants were larger than 2 ×  1010  M−1  s−1 for all dendrimers. The Stern–Volmer 

Figure 4.  Circular dichroism spectra of free albumin and its complexes with the dendrimers (A). Relative 
ellipticity of the albumin-dendrimer complexes at its different ratios. Data are presented as means ± SD obtained 
from a minimum of 3 separate experiments.



7

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5946  | https://doi.org/10.1038/s41598-024-56509-0

www.nature.com/scientificreports/

analysis revealed that the dendrimers (1) and (2), had the largest  KSV values, and that corresponded with the 
magnitude of the quenching effect induced by these compounds. The presence of PEG in the dendrimer struc-
ture causes charge masking and an increase in surface density. Therefore, there is a reduced availability of the 
inner positive charges in any interactions with dendrimers (3) and (4). On the contrary, the attachment of the 
caffeic acid residue by the addition of a PEG molecule may result in an easier detachment of this residue from 
the carbosilane skeleton. Therefore, it is likely that the presence of two PEG molecules results in an easier release 
of caffeic acid residues, and therefore a higher availability to the carbosilane skeleton.

Our CD study showed that the dendrimers did not change the secondary structure of albumin and observed 
slight changes in the proportion of α-helix, β-sheet, and random coil in the overall structure of albumin were non-
significant. Similar effects were described for cationic PAMAM g3 and g4 dendrimers modified by polyethylene 

Table 2.  Contribution of α-helix, β-sheet, and random coil to the overall structure of free albumin and 
albumin-dendrimer complexes at 1:10 molar ratio calculated with CDNN Software.

Dendrimer α-helix (%) β-sheet (%) Random coil (%)

Free albumin 56.73 ± 2.51 13.26 ± 0.35 17.47 ± 1.28

(1) 53.40 ± 5.65 13.63 ± 0.85 21.07 ± 1.77

(2) 55.53 ± 7.59 13.36 ± 1.09 19.60 ± 3.32

(3) 57.00 ± 1.83 13.23 ± 0.28 18.23 ± 0.67

(4) 57.45 ± 10.1 13.15 ± 1.48 18.60 ± 4.24

Figure 5.  Integrated thermal effects of the isothermal titration calorimetry titration of 100 µmol/L HSA 
solution with 2 mmol/L solution of each dendrimer (red squares) and corresponding effects of the dilution 
of dendrimer (blue circles) (A). Curves of thermal power as a function of time during titration of 100 µmol/L 
albumin solution with 2 mmol/L dendrimer solution (red peaks) and dilution of 2 mmol/L dendrimer solution 
into buffer without albumin (blue peaks). Downward peaks correspond to endothermic heat effects (B). 
Thermal effects of direct interactions (per mole of injectant) between albumin and polyphenolic carbosilane 
dendrimers as a function of dendrimer to albumin mole ratio. All titrations were carried out at 25 °C in aqueous 
10 mmol/L phosphorous buffer solution pH 7.4.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5946  | https://doi.org/10.1038/s41598-024-56509-0

www.nature.com/scientificreports/

glycol (PEG), and sugar-persubstituted PAMAM dendrimers of the 3rd and 5th generations did not change the 
secondary structure of  albumin14. The size and flexibility of dendrimers are crucial in their interaction with 
proteins, as rigid nanoparticles can change protein structure from α-helix to β-sheets, more flexible particles can 
rather change the protein structure from α helix to random  coil15. The weak effect of polyphenolic dendrimers 
on the albumin secondary structure can be explained by the fact that less hydrophobic dendrimers would exert 
a smaller effect on the hydrophobic amino acids in the protein composition. While the changes in the percent-
age of α-helices in the presence of dendrimers provided information about weak changes in the overall protein 
secondary structure, Trp fluorescence quenching reflected the local changes in the vicinity of the tryptophan 
residue. This may underline apparent discrepancies in the results we obtained. A similar apparent inconsistency 
in these 2 methods in the study of dendrimer interactions with thrombin has also been  observed15. The same 
studies also showed that the presence of PEG reduced interactions with that serum protein. While dendrimers 
with reactive aldehyde terminal groups quenched albumin fluorescence and changed the secondary structure 
of albumin, modification of the terminal groups with phosphonate or PEG quenched Trp fluorescence, but they 
did not change the conformation of the  protein13. A similar situation was observed for interactions of other 
dendrimers with other  proteins16. 

Isothermal titration calorimetry analysis indicated that 6–10 molecules of polyphenolic dendrimers might 
associated with one molecule of albumin. This is in line with our previous study showing that a single molecule 
of HSA could bind on average 6 particles of  dendrimers17. The differences between the logarithm of  Kb received 
from fluorescence quenching and ITC analyses can be explained, similarly to CD, by the difference in local (Trp 
fluorescence) and global (affinity to the whole of albumin) interactions of dendrimers.

As we stated in the introductory section, dendrimers might interact with HSA through its main hydrophobic 
site encompassing the tryptophan residue, but the precise nature of this interaction remains unknown. However, 
some dendrimers can adopt a directional three-dimensional structure exposing their hydrophobic inner core 
and enabling hydrophobic interactions with suitable domains of a  protein18.

On of the limitations of our work is associated with the actual structure of the dendrimers. The process of the 
functionalization of the dendrimers with polyphenolic moieties is stochastic, excluding the determination of the 
exact position of polyphenolic groups in the dendritic structure. Therefore, the layout of the branches functional-
ized with polyphenolic residues cannot be unequivocally determined, potentially affecting their interaction with 
HSA. The question remains whether such affected interaction was of biological significance and whether it was 
measurable with the techniques that were applied in this work. Further studies with a more controlled procedure 
of dendrimer synthesis and functionalization may shed light on these problems.

Conclusions
Carbosilane polyphenolic dendrimers can interact with human serum albumin and this interaction depends 
on the presence of polyethylene glycol and caffeic acid residues. Therefore, albumin may decrease the bioavail-
ability of these dendrimers, which should be considered in strategies for the use of these dendrimers as drug/
gene carriers. Furthermore, the interaction of these dendrimers with albumin may lead to their toxicity and 
require further research.
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A B S T R A C T

The use of dendrimers as nanovectors for nucleic acids or drugs requires the understanding of their interaction 
with biological membranes. This study investigates the impact of 1st generation polyphenolic carbosilane den-
drimers on biological and model lipid membranes using several biophysical methods. While the increase in the z- 
average size of DMPC/DPPG liposomes correlated with the number of caffeic acid residues included in the 
dendrimer structure, dendrimers that contained polyethylene glycol chains generated lower zeta potential when 
interacting with a liposomal membrane. The increase in the fluorescence anisotropy of DPH and TMA-DPH 
probes incorporated into erythrocyte membranes predicted the ability of dendrimers to affect membrane 
fluidity in the hydrophobic interior and hydrophilic/polar region of a lipid bilayer. The presence of caffeic acid 
and polyethylene glycol chains in the dendrimer structure affected the thermodynamical properties of the 
membrane lipid matrix.

1. Introduction

The results of recent studies indicate that various cationic polymers 
can be effective as transfection agents for cells and even tissues (Karimov 
et al., 2021; Rai et al., 2019; Schulze et al., 2018; Svenson and Tomalia, 
2012). Among these polymers, dendrimers are especially useful 
(Caminade et al., 2005; Svenson and Tomalia, 2012; Wang et al., 2022). 
Dendrimers are branched nanoparticles characterized by their small size 
and unique properties such as monodispersity, relatively low immuno-
genicity and high biocompatibility (Jain et al., 2010; Wang et al., 2022). 
Some of the best-studied dendrimers are the poly(amidoamine) PAMAM 
dendrimers (Kesharwani et al., 2014; Lyu et al., 2019; Tupally et al., 
2015; Xu et al., 2016). Studies from the late 20th century describe their 

high efficacy in DNA transfection and plasmid expression studies 
(Abedi-Gaballu et al., 2018; Pandi et al., 2018). In recent years, carbo-
silane dendrimers have also been intensively explored as alternative 
effective carriers of therapeutic biomolecules (Białkowska et al., 2022; 
Michlewska et al., 2023a, 2023b, 2021; Zhang et al., 2020). It is worth 
noting that drug vehicles interact with different biological systems such 
as enzymatic and structural proteins and lipid membranes (Fowler et al., 
2016; Fox et al., 2018; Grodzicka et al., 2024b; Kubczak et al., 2023; 
Nakhaei et al., 2021; Tu et al., 2013). In particular, cationic dendrimers, 
due to their interaction with the lipid bilayer, can cause micro-holes in 
the cell membrane affecting their high haemo/cyto- toxicity. They can 
also be incorporated into the lipid structure (Gardikis et al., 2013; Hong 
et al., 2006; Ionov et al., 2015; Michlewska et al., 2017; Shcharbin et al., 
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2006). Therefore, the interaction of dendrimers with biological mem-
branes and control of their permeability seems to be a crucial step in the 
transfection process and an area worth investigating (Gardikis et al., 
2013; Michlewska et al., 2017). Several studies have additionally shown 
that membrane permeability is affected not only by the size and charge, 
but also by the concentration of dendrimers (Aurelia Chis et al., 2020; 
Fox et al., 2018; Mignani et al., 2019; Tu et al., 2013). To increase 
transfection efficiency while reducing cytotoxic effects, attempts have 
been made to mask the surface charge by attaching polyethylene glycol 
(PEG) chains (Germershaus et al., 2008; Thakur et al., 2015). The ease of 
modifying dendrimer structure opens the way for attaching, e.g., metals 
with anticancer properties or polyphenols to their surface (Hołota et al., 
2019), providing an opportunity to create new improved tools for the 
treatment various types of diseases, including cancer and neurodegen-
erative diseases.

Previous studies have shown that novel polyphenolic dendrimers 
with caffeic acid moieties have highly antioxidant and antiradical 
properties (Grodzicka et al., 2022). Increased antioxidant activity may 
also be related to the interactions with various biomolecules (Sekowski 
et al., 2016). It has been shown that carbosilane polyphenolic den-
drimers, depending on the number of caffeic acid residues and poly-
ethylene glycol modifications, interact with human albumin changing 
its structure and electrical properties (Grodzicka et al., 2024b). There-
fore, it is important to evaluate the specific interaction mechanisms of 
the lipid membranes of these compounds. It has been previously sug-
gested that liposomes can mimic a cell membrane and can be used to 
simplify experiments that are related to much more complex biological 
membranes (Akbarzadeh et al., 2013; Michlewska et al., 2023a).

In this study, we have demonstrated that 1st generation polyphenolic 
dendrimers modified with PEG interact with lipid membranes, and have 
elucidated how dendrimers behave in membranes and how PEG in-
fluences the ordering of membranes.

2. Materials and methods

2.1. Materials

Lipids: DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), DPPG 
(1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol); DPH (1,6-diphenyl- 
1,3,5-hexatriene), TMA DPH (N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexa-
triene-1-yl) phenylammonium p-toluenesulfonate; Phosphate buffer 
components and HS-PEG-NH2⋅HCl with a number average molecular 
weight (Mn) of 3.5 kDa were purchased from Sigma Aldrich Chemical 
Company. The water-soluble 1st generation heterofunctionalized poly-
phenolic carbosilane dendrimers modified with caffeic acid moieties and 
PEG, were synthesized in the Department of Organic and Inorganic 
Chemistry of Universidad de Alcalá de Henares, Madrid, Spain. The 
procedure of the synthesis of these compounds was described elsewhere 
(Grodzicka et al., 2022). The chemical structure and properties of den-
drimers are present in (Fig. 1) and (Table 1).

2.2. Preparation of vesicles

The interaction of the polyphenolic carbosilane dendrimers with 
lipid membranes was investigated with large unilamellar vesicles (LUVs) 
obtained by extrusion. For this purpose, a mixture of DMPC and DPPG 
phospholipids (97:3 molar ratio) were prepared. DMPC and DPPG were 
separately dissolved in chloroform in a concentration 5 mmol/L and 
mixed to obtain the DMPC/DPPG molar ratio 97:3. The obtained solu-
tion was placed in a round bottom flask under vacuum conditions to 
evaporate the solvent. The resultant lipid film was washed with 
10 mmol/L phosphate buffer, pH 7.4 and incubated for 30 min. above 
the lipid phase-transition temperature. The lipid suspension was then 
extruded through a 100 nm polycarbonate membrane using a mini- 
extruder of Avanti Polar Lipids (Alabaster, Alabama, USA) equipped 
with two 1000 μL Hamilton gastight syringes. The lipid suspension was 
forced to pass through a polycarbonate membrane at least 21 times. The 

Fig. 1. The structure of the 1st generation polyphenolic carbosilane dendrimers with ammonium surface groups functionalized with caffeic acid (CA) and poly-
ethylene glycol (PEG). PD C – G2[(NMe3Cl)7(NH-CA)]; PD CC – G2[(NMe3Cl)6(NH-CA)2]; PD PEG-C – G2[(NMe3Cl)7(PEG-NH-CA)]; PD PEG-CC – G2[(NMe3Cl)6(PEG- 
NH-CA)2]. PEG chains are marked in blue, caffeic acid moieties in red.
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final concentration of the phospholipid was 5 mmol/L. Obtained lipo-
somes were stored in a fridge at 3 ◦C and used for further experiments.

2.3. Zeta potential and z-average size

To characterize the interaction between dendrimers and the LUVs, a 
Zetasizer Nano-ZS, (equipped with 633 nm laser, module at a detection 
angle of 173◦), Malvern Instruments Ltd., Malvern (Worcestershire, UK) 
was applied. Zeta potential was analyzed from the Helmholtz- 
Smoluchowski equation after measuring the velocity of samples con-
taining a mixture of dendrimers and LUVs during electrophoresis by 
Laser Doppler Velocimetry (LDV). The size of the samples was detected 
by measuring Brownian motions directly depending on the particle size. 
Measurements were carried out in 10 mmol/L Na-phosphate buffer, pH 
7.4. The lipid/dendrimer molar ratios were: 1:1, 1:2, 1:4, 1:6, 1:8, 1:10. 
Malvern software was used for data analysis. At least 3 separate repli-
cates were performed for each experiment.

2.4. Transmission electron microscopy (TEM)

The ultrastructure of the liposomes and liposome/dendrimer for-
mulations were evaluated by transmission electron microscopy tech-
nique using the JEOL-1010 (JEOL, Tokyo, Japan) transmission electron 
microscope. The samples were suspended in 10 mmol/L Na-phosphate 
buffer, pH 7.4, placed on 200 mesh copper grids with a carbon surface 
(Ted Pella, Inc, Redding, CA, USA) and stained with 2 % uranyl acetate. 
After washing with deionized water, the grids were dried at room tem-
perature for 30 min. Images were taken at a magnification of 100,000 x.

2.5. Differential scanning calorimetry

The impact of polyphenolic dendrimers on the structure of a model 
phospholipid membrane composed with DMPC (97 %) and DPPG (3 %) 
was investigated by using differential scanning calorimetry (Setaram 
DSC III microcalorimeter). The lipids were initially dissolved in chlo-
roform and subsequently dried at 38◦C and resuspended in a 10 mmol/L 
phosphate buffer, pH 7.4. The final concentrations of lipids were the 
same in all studied samples: 4.85 mmol/L DMPC and 0.15 mmol/L 
DPPG. DSC measurements were carried out for the studied 5 mmol/L 
DMPC/DPPG membrane at a constant dendrimer concentration of 
0.37 mmol/L. Each studied sample (700 μl) was scanned 3 times from 
5◦C to 40◦C with a scan rate of 0.5 ◦C/min. From each recorded DSC 
curve the reference scan (700 μl 10 mmol/L phosphate buffer pH 7.4) 
was subtracted. Enthalpies of transitions and characteristic tempera-
tures were calculated using Setaram software.

2.6. Steady-state fluorescence spectroscopy

The nature of the interaction between polyphenolic carbosilane 
dendrimers and biological membranes was assessed by using erythro-
cyte membranes. The membranes were obtained from erythrocytes 
isolated from human blood as described below, collected after washing 
in hypotonic 10 mmol/L Na-phosphate buffer, pH 7.4 diluted with 
deionized water (1:1) and through a set of centrifugations (15 min., 15 
000 rpm) at 4◦C. The membrane protein concentration was estimated by 

the Bradford method (Bradford, 1976). To monitor the changes in 
fluorescence anisotropy of the fluorescent dyes DPH (1,6-diphenyl-1,3, 
5-hexatriene) and TMA-DPH (N,N,N-trimethyl-(4–6-phenyl-1,3,5-hexa-
trien-1-yl)phenyl-ammonium p-toluenesulfonate) was incorporated into 
the erythrocyte membrane, and the LS-50B (Perkin-Elmer, U.K.) spec-
trofluorometer equipped for fluorescence polarization measurements 
was used. The excitation and emission parameters of the DPH and 
TMA-DPH probes were 348 and 426 nm wavelengths and 358 and 
428 nm wavelengths, respectively. The slit-widths of the excitation and 
emission monochromator were 6 nm and 8 nm, respectively, for both 
probes. Erythrocyte membranes were suspended in 10 mmol/L phos-
phate buffer, pH 7.4 and the samples were incubated for 10 min at 37◦C. 
Dendrimers were added to the samples to reach the required concen-
trations ranging from 5 to 40 µmol/L. Fluorescence anisotropy values (r) 
were calculated using Perkin-Elmer software from the equation: 

r = (IVV – GIVH) / (IVV + 2GIVH)                                                          

where Ivv - vertical excitation, vertical emission; Ivh - vertical excita-
tion, horizontal emission, G is a grating correction factor that corrects 
the polarising effects of the monochromator.

2.7. Haemolysis assay

Plasma-free blood samples of healthy volunteers were purchased 
from the Regional Centre for Blood Donation and Haemotherapy in 
Lodz, Poland. This blood was centrifuged at 3500 rpm for 10 min. at 
4◦C, and washed with cold phosphate buffer saline (PBS), pH 7.4. Iso-
lated erythrocytes (haematocrit 7 %) were incubated with polyphenolic 
dendrimers at the concentrations ranging from 12.5 µmol/L to 100 
µmol/L for 3 h and 24 h at 37◦C in FBS-free PBS or in PBS contained 
10 % FBS. After incubation, the samples were centrifuged at 3000 rpm 
for 10 min. at room temperature and the absorbance of the supernatant 
was measured at λ=535 nm with a Jasco V-650 UV/VIS spectropho-
tometer (Jasco International Co. Ltd., Tokyo, Japan). The samples with 
positive and negative controls were measured at the presence of 10 % 
Triton or free PBS respectively. The percentage of haemolysis at the 
presence of dendrimers was calculated from the formula: 

Haemolysis (%) = (Asample 540 nm / Acontrol positve 540 nm) x 100%      

2.8. Data analysis

The Shapiro-Wilk test was used to check whether the distribution of 
differences was normal. In the case of a normal distribution of differ-
ences, the Student’s t-test was applied, while in other cases the ANOVA 
2-way (Dunnett’s multiple comparisons test) was used. All presented 
results were obtained from at least 3 independent experiments and are 
presented as mean ± SD. Statistical analyses were performed for paired 
samples using GraphPad Prism software, version 8.0.1. The 95 % con-
fidence interval was set as the confidence interval. Significance levels 
were defined as *p < 0.05; **p < 0.01 and ***p < 0.001.

Table 1 
Properties of the 1st generation polyphenolic carbosilane dendrimers.

Dendrimer Chemical formula Number of caffeic acid moieties Number of PEG chains Molecular weight [g/mol] Number of cationic end groups

PD C G2[(NMe3Cl)7(NH-CA)] 1 – 1914.33 [NMe3]+7

PD CC G2[(NMe3Cl)6(NH-CA)2] 2 – 1997.94 [NMe3]+6

PD PEG-C G2[(NMe3Cl)7(PEG-NH-CA)] 1 1 5306.42 [NMe3]+7

PD PEG-CC G2[(NMe3Cl)6(PEG-NH-CA)2] 2 2 8782.10 [NMe3]+6
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3. Results

3.1. Z-average size, zeta potential and transmission electron microscopy

To analyse the interaction between polyphenolic dendrimers and 
artificial lipid membranes, transmission electron microscopy, z-average 
size and zeta potential methods were used. For these analyses, 100 nm in 
size liposomes were prepared using the mixture of DMPC/DPPG phos-
pholipids at 97:3 molar ratio. DMPC is composed of 2 myristoyl acid 
molecules, whereas DPPG contains 2 palmitic acid molecules. These 
fatty acids have alkyl chains of different lengths; myristic acid has 14 
carbon atoms, whereas palmitoyl acid has 16. The aim of this part of the 
study was to investigate the interaction between dendrimers and large 
unilamellar vesicles (LUV) that mimic the cell surface. The presence of 
DPPG in the lipid mixture caused a change in liposomal surface potential 
from neutral to negative. Fig. 2A shows that z-average size of dendrimers 
suspended in buffer ranged between 98.82 ± 2.07 nm and 106.9 ±
0.6 nm. Upon addition of the dendrimer PD PEG-C (containing one 
caffeic acid and one PEG chain), the z-size just slightly changed. Simi-
larly, in liposomal suspension the dendrimer PD C containing one caffeic 
acid residue there was a weak growth of hydrodynamic diameter value 
to 154.26 ± 1.43 nm. However, the addition of the dendrimers PD CC 
and PD PEG-CC containing 2 caffeic acid residues resulted in a signifi-
cant increase in nanoparticle size, 291.61 ± 7.32 nm for dendrimer PD 
CC and 306.78 ± 2.86 nm for dendrimer PD PEG-CC. The values of the 
polydispersity index (PDI) of liposomal suspension contained den-
drimers in the highest tested concentration which varied from ~ 0.4 
-dendrimer PD PEG-C to ~ 0.6 -dendrimer PD PEG-CC (Fig. 2C).

The results presented in Fig. 2B showed that zeta potential of den-
drimers suspended in buffer ranged from − 15 to − 18 mV. The addition 
of dendrimers into LUVs caused a change in their surface charge from 
negative to positive values. This effect was dependent on the presence of 
PEG in the dendrimer structure. In the case of dendrimers PD PEG-C and 
PD PEG-CC, the zeta potential increased to 4.21 ± 0.09 mV and 3.12 ±
0.16 mV, respectively. In contrast, both the nanoparticles without PEG 
chains caused a significant increase in the zeta potential to up to 15 mV. 
The results indicated that dendrimer-lipid membrane interaction 

depended on the number of caffeic acid residues and polyethylene glycol 
chains presented in the dendrimer structure. In derivatives containing 
polyethylene glycol (PEG), the configuration of the ethylene glycol 
chains impeded the exposure of the positive charges from the peripheral 
ammonium groups. This steric hindrance reduced the interaction with 
the lipid membrane, thus explaining the comparatively smaller increase 
in zeta potential towards more positive values.

The microphotographs of liposomes and their mixtures with poly-
phenolic dendrimers were obtained using transmission electron micro-
scopy. Noncomplexed liposomes were visible as regular vesicles with a 
size of 100 nm or less (Fig. 2 D). Obtained images show that dendrimers 
added to the liposome suspension were able to interact with their sur-
face. DMPC/DPPG liposomes mixed with polyphenolic dendrimers 
revealed visible morphological variations that were of different shape 
and structure compared with noncomplexed liposomes. All dendrimers 
were complexed with liposomes, that confirmed the results obtained by 
zeta techniques and was evidence of the interaction of dendrimers with 
the negatively charged membrane surface, suggesting an electrostatic 
nature of interaction between the considered components.

3.2. Differential scanning calorimetry

The DSC heating profiles (Fig. 3) of DMPC/DPPG bilayer in 
10 mmol/L phosphorous buffer pH 7.4 for pure lipids and lipid sus-
pension with constant dendrimer concentration exhibit upon heating, 
endothermic (main) transitions from rippled phase (Pβʹ) to liquid crys-
talline phase (Lα), due to the cooperative melting of the hydrocarbon 
chains associated with the changes of the C-C single bonds conformation 
(Gardikis et al., 2006; Losada-Pérez et al., 2015) from trans to gauche 
(Sun and Böckmann, 2018; Yellin and Levin, 1977). The thermotropic 
parameters of transition peaks are given in Table 2. The impact of 4 
polyphenolic carbosilane dendrimers PD C; PD CC, PD PEG-C and PD 
PEG-CC on the structure of DMPC/DPPG membrane was reflected by 
changes of thermotropic parameters for the transition peak (Tm ~23◦C).

With the addition of studied dendrimers at a molar ratio dendrimer/ 
lipid of 0.074:1, the dendrimer interaction with the DMPC/DPPG lipid 
bilayer was confirmed by the change of phase transition parameters: the 

Fig. 2. Z-average size (A), zeta potential (B) and polydispersity index (C) of the vesicles composed with DMPC/DPPG (97:3 molar ratio) upon addition of poly-
phenolic dendrimers in increased concentrations. The concentration of lipids, 25 μmol/L. Applied lipid/dendrimer molar ratios: 1:1, 1:2, 1:4, 1:6, 1:8, 1:10. Data 
points represent means ± SD obtained from 3 separate experiments and each experiment was done in 7 replicates. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. control 
(liposomes suspended in buffer). (D) – Transmission electron microscopy images of DMPC/DPPG (97:3 molar ratio) lipid vesicles and their mixtures with poly-
phenolic dendrimers (1) – PD C; (2) – PD CC, (3) – PD PEG-C and (4) – PD PEG-CC. The liposomes and dendrimers (1:10 molar ratio) were dissolved in 10 mmol/L Na- 
phosphate buffer, pH-7.4, t- 25 ◦C. Lipid concentration, 25 μmol/L. Magnification 100,000, bar = 100 nm. To obtain greater contrast, the colour of the images has 
been inverted.

M. Grodzicka et al.                                                                                                                                                                                                                             Chemistry and Physics of Lipids 265 (2024) 105444 

4 



increase in onset, offset and chain melting transition temperatures 
(Tonset, Toffset and Tm) that showed the thermal stabilizing impact of 
dendrimer association with the studied lipid DMPC/DPPG membrane. 
Polyphenolic carbosilane dendrimers caused sharpening of the lipid 
melting peak (reduction of T1/2), indicating a higher melting coopera-
tivity, i.e. more phospholipids molecules were melting simultaneously 
after dendrimer addition in comparison to the pure DMPC/DPPG 
membrane. In the limit of uncertainties, no changes in the peak areas 
were observed.

Changes of thermotropic parameters for the DMPC/DPPG membrane 
transition revealed the impact of introducing a second PEG chain to the 
macromolecule of the phenolic dendrimer (PD PEG-CC vs PD PEG-C). 
The increase of chain melting temperature Tm and offset temperature 
Toffset (Table 2) for dendrimer PD PEG-CC in comparison with dendrimer 
PD PEG-C, indicated that second PEG chain in PD PEG-CC enhanced the 
thermal stability of the DMPC/DPPG membrane. This perhaps reflected 
the shielding effect of an additional PEG chain on the membrane surface 
after an association with the dendrimer PD PEG-CC. At the same time the 
increase of the half width of the peak transition T1/2 at the presence of 
PD PEG-CC when compared to PD PEG-C, indicated that the inner 
phospholipid structure of the membrane is more disordered (with less 
cooperativity of the melting transition) after association with the more 
steric dendrimer PD PEG-CC.

Calorimetric parameters: Tonset – temperature at which the thermal 

effect starts; Tm–temperature at which heat capacity at constant pressure 
is at maximum; T1/2– half width of the peak transition; ΔH– transition 
enthalpy. Errors expressed as SEM, n=3.

3.3. Polyphenolic dendrimers affect erythrocyte membrane fluidity

DPH and TMA DPH fluorescent probes were used to evaluate mem-
brane fluidity in the membrane hydrophobic (inner) and hydrophilic 
(outer) regions, respectively. The DPH probe was located around the 
long axis of phospholipid molecule, whereas TMA DPH was in the head 
group region of the lipid bilayer. Membrane fluidity changes induced by 
incorporation of the investigated dendrimers were measured by 
analyzing the changes in DPH and TMA DPH fluorescence anisotropy.

The effect of polyphenolic dendrimers on fluidity of the erythrocyte 
membrane is shown in Fig. 4. The lipid/dendrimer molar ratio as in the 
results of z-average size or zeta potential obtained for artificial 

Fig. 3. DSC heating scans of pure DMPC/DPPG membrane and the DMPC/ 
DPPG membrane in the presence of polyphenolic carbosilane dendrimers at 
constant dendrimer to lipid molar ratio 0.074/1 in 10 mmol/L phosphorous 
buffer solution pH 7.4. Curve L presents the DSC transition of 5 mmol/L DMPC/ 
DPPG liposomes in the absence of dendrimers.

Table 2 
DSC parameters of pure 5 mmol/L DMPC/DPPG lipids and 5 mmol/L DMPC/ 
DPPG lipids with 0.37 mol/L polyphenolic carbosilane dendrimers in 10 mmol/ 
L phosphate buffer, pH 7.4.

System T onset/◦C Tm/◦C T offset/◦C ΔH/kJ 
mol–1

T1/2/◦C

Lipids 20.85 ±
0.55

22.98 ±
0.15

24.40 ±
0.20

17.23 ±
1.70

3.03 ±
0.21

Lipids + PD C 22.19 ±
0.36

23.74 ±
0.04

25.41 ±
0.09

16.05 ±
1.67

2.47 ±
0.14

Lipids + PD 
CC

22.16 ±
0.06

23.90 ±
0.08

25.54 ±
0.08

15.05 ±
0.83

2.71±
0.26

Lipids + PD 
PEG-C

22.24 ±
0.19

23.71 ±
0.06

25.03 ±
0.05

14.49 ±
1.00

2.07±
0.08

Lipids + PD 
PEG-CC

22.39 ±
0.13

24.05 ±
0.04

25.42 ±
0.03

15.60 ±
0.77

2.25 ±
0.05

Fig. 4. Fluorescence anisotropy of DPH and TMA DPH in erythrocyte mem-
branes at the presence of polyphenolic dendrimers (1) – PD C; (2) – PD CC, (3) – 
PD PEG-C and (4) – PD PEG-CC. The membranes were isolated from red blood 
cells by washing isolated erythrocytes with 10 mmol/L phosphate buffer, pH 
7.4 diluted with deionised water (1:1). The membrane protein concentration 
was evaluated by the Bradford method and the final concentration of mem-
brane protein was 25 μmol/L. Dendrimers were added to the membranes to 
reach the required concentrations ranging from 5 µmol/L to 40 µmol/L. 
The DPH or TMA DPH concentration was 1 µmol/L. DPH reflects the mem-
brane fluidity in the hydrophobic membrane interior region, whereas TMA DPH 
anisotropy indicates membrane fluidity in the membrane interface region. r0 – 
control fluorescence anisotropy in the absence of dendrimers. r – sample fluo-
rescence anisotropy. The values for the control fluorescence anisotropy (r0) 
were as follows: 0.092 ± 0.006 and 0.138 ± 0.011 for DPH and TMA-DPH, 
respectively. To show the trend of fluorescence anisotropy changes, the trend 
lines were added in graphs. Data points represent means ± SD obtained 
from 3 separate experiments. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. 
control (no dendrimers).
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membranes are not presented here. Due to difficulties in determining the 
lipid concentration in the red blood cell membrane, the concentration 
was evaluated by the presence of membrane protein with the final 
concentration of protein 25 μmol/L.

The addition of dendrimers to the membrane suspension led to an 
increase in the DPH and TMA DPH anisotropy that confirmed that the 
membrane fluidity has been affected and the erythrocyte membranes 
had become more rigid. Dendrimers with PEG changed the fluidity of 
both the hydrophobic and hydrophilic regions of membrane more 
weakly than those without PEG. The strongest effect of decreasing 
membrane fluidity was found for dendrimer PD C. The effect of mem-
brane stiffening was not dependent on the number of caffeic acid resi-
dues presented in the dendrimer structure (Fig. 4).

3.4. Haemolysis assay

The haemotoxicity test was used to analyse the effect of dendrimers 
on biological membranes. The results showed that studied compounds 
that were incubated with red blood cells for 3 h in a concentration 12.5 
and 25 µmol/L were almost not haemotoxic (Fig. 5 ). Increasing the 
incubation time and dendrimer concentration led to an increase in the 
haemolytic effect (Fig. 5 B). While the most haemotoxic was PD C 
dendrimer, the PD PEG-CC was completely non-haemotoxic (Fig. 5 B). 
Taking into account the presence of numerous proteins in the physio-
logical conditions/liquids and especially in the bloodstream, the pres-
ence of FBS in erythrocyte media which could affect the haemotoxic 
effect of polyphenolic dendrimers, was checked. It was found that after 
24 h incubation of erythrocytes with dendrimers in the PBS buffer 
containing 10 % FBS, there was no haemolysis activity for all tested 
dendrimers (Fig. 5 C).

4. Discussion

Among a wide range of nanoparticles, dendrimers are considered to 
be promising drug carriers. The strength of dendrimer interactions with 
lipid membranes depends on their size and charge (Huang et al., 2003). 
Cationic dendrimers can cross negatively charged biological membranes 

and become useful drug vehicles (Michlewska et al., 2023a; Shcharbin 
et al., 2020). Biological membranes are complex systems composed 
mainly of lipids and proteins. In order to explain the mechanism of 
crossing the membrane barrier by dendrimers, it is necessary to under-
stand the character of the interaction between nanoparticles and the 
lipid bilayer. For these analyses, liposomes composed with synthetic 
phospholipids were excellent research material due to their relatively 
simple lipid composition, ease of synthesis and stability (Ottaviani et al., 
2002; Wrobel et al., 2012). In our previous study, it was shown that 
polyphenolic dendrimers exhibit antioxidant activity and protected 
erythrocytes against AAPH-induced haemolysis (Grodzicka et al., 2022). 
This is attributed to the presence of caffeic acid residues in the den-
drimers structure (Grodzicka et al., 2022), whereas the presence of PEG 
chains can reduce cytotoxicity by masking the charge of the nano-
particle. Therefore, the presence of caffeic acid and PEG in dendritic 
skeleton endowed dendrimers with antiradical activity, reduced toxicity 
and increased bioavailability (Grodzicka et al., 2024a). Such modifica-
tion can be useful in designing of new anticancer drug carrier.

In the synthesized model membranes, DMPC (which has no charge), 
was used. DMPC is a synthetic analogue of lecithin, found as a major 
component of the lipid membrane matrix of living cells. To simulate the 
negative charge of a living cell, the DMPC lipid was mixed with DMPG, 
bringing a negative charge to the liposomal surface (Wrobel et al., 
2012).

Changes in the DMPC/DPPG liposome size and morphology in the 
presence of dendrimers were observed by DLS and TEM assays. The TEM 
images show vesicular structures of liposomes coated with dendrimers. 
The curvature of the liposomal membrane seemed to be slightly dis-
torted and was dependent on the number of caffeic acid residues 
included in dendrimer structure. These results correlated with those 
obtained by z-average size measurements where the hydrodynamic 
diameter of liposomes increased more in the presence of dendrimers 
with 2 polyphenolic residues. The same dendrimers caused a stronger 
increase in zeta potential and polydispersity index.

Cationic dendrimers are able to bend the anionic lipid membrane 
and so induce the stresses in the bilayer packing via electrostatic in-
teractions (Zhang and Smith, 2000). The interactions of PAMAM 

Fig. 5. Haemolytic effect of polyphenolic dendrimers on human erythrocytes. (A) – incubation time 3 h. (B) – incubation time 24 h. (C) - In the presence of 10 % fetal 
bovine serum (FBS), incubation time 24 h. (D) - Schematic representation of the experiment results showing the haemolytic effect of polyphenolic dendrimers at the 
absence or presence of FBS. Hematocrit 7 %, PBS buffer 10 mmol/L, pH 7.4. Dendrimer concentrations ranged from 12.5 to 50 μM. Values are expressed as mean ±
standard deviation (SD) (n=3). * p < 0.05; ** p < 0.01 and *** p < 0.001 vs. control (no dendrimers).
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dendrimers with lipid membranes have already been described (Fox 
et al., 2018; Huang et al., 2003). The mechanisms of interaction between 
PAMAM dendrimers and lipid membranes includes the balance between 
the electrostatic effect of positive charges of dendrimers and the neu-
tral/negatively charged lipids, leading to the formation of holes in the 
membrane (Leroueil et al., 2007; Lombardo et al., 2016). A similar 
mechanism has also been described for carbosilane dendrimers (Wrobel 
et al., 2012). The hydrophobic effect that occurs between lipid chains 
and the terminal groups of dendrimers can also take place under such 
interactions (Åkesson et al., 2010; Wrobel et al., 2012).

Differential scanning calorimetry (DSC) is usually used for deter-
mining the thermal effects of a variety of materials, including the 
analysis of thermodynamic properties of lipid membranes (Wrobel et al., 
2011). The DMPC lipid membrane exhibits 2 endothermic transitions 
upon heating: the pre-transition (PT) and the main transition (MT) 
(Demetzos, 2008). In our experiments the pre-transition peak was not 
observed. This could be caused by the presence of DPPG in the lipid 
mixture, DPPG probably influencing the structural configuration of the 
additive, engaging with its polar moiety and caused the elimination of a 
pretransition peak. In the presence of polyphenolic dendrimer DSC, the 
heating profiles of DMPC/DPPG lipid membrane showed an endo-
thermic main transition peak after heating. Results showed that the 
number of PEG chains in the dendrimer structure influenced the thermal 
stability of such lipid membranes. An observed decrease in enthalpy, 
indicating the relaxation of the hydrocarbon tails of lipids in the pres-
ence of dendrimers, suggested their interaction with the hydrophobic 
region of lipid bilayer (Gennaro et al., 2020).

Lipids and proteins on the biological membrane surface can be 
interaction targets for dendrimers. The affinity of dendrimers for 
membrane proteins causes more complex interactions than for model 
membranes (Wrobel et al., 2012; Ziemba et al., 2012). To check the 
changes in properties of biological membranes caused by polyphenolic 
dendrimers, the interaction with erythrocyte membranes was analysed. 
DPH and TMA-DPH anisotropy assays were applied to investigate the 
changes in erythrocyte membrane fluidity. The fluorescence anisotropy 
of DPH and TMA-DPH probes that were incorporated into the lipid 
bilayer increased in the presence of rising concentrations of dendrimers. 
This observation indicated that dendrimers are able to decrease the 
membrane fluidity in the hydrophilic and hydrophobic regions of the 
lipid bilayer. It was reported that carbosilane dendrimers interacted 
with the lipid bilayer through electrostatic interactions (Wrobel et al., 
2012), with the strength of such interactions relating to the membrane 
lipid composition, increasing with the increasing concentration of den-
drimers (Ionov et al., 2012; Wrobel et al., 2011). Cationic dendrimers 
can modify membrane fluidity. This effect depends on the number of 
cationic groups on the dendrimer surface (Wrobel et al., 2012). The 
presence of PEG chains masks the positive charge of dendrimers (Ziemba 
et al., 2012). In the dendrimers PD PEG-C (with PEG) and PD C (no PEG), 
there are same number of cationic end groups. Therefore, the presence 
of PEG chains can reduce the nanoparticle’s effect on membrane fluidity. 
To confirm the results obtained by the fluorescence anisotropy assay and 
to try and ascertain if dendrimers are able to damage biological mem-
brane, haemotoxicity tests were performed. The membrane of erythro-
cytes contains various types of phospholipids, sphingolipids, cholesterol 
and membrane proteins (Li and Lykotrafitis, 2014). The erythrocyte 
surface is negatively charged, protecting them from aggregation and 
adhesion (Ziemba et al., 2012). Determining the haemolytic capacity is 
important before any biological application of a potential therapeutic 
agent. Haemolysis tests showed that polyphenolic dendrimers at low 
concentrations were relatively non-haemotoxic. However, in higher 
dendrimer concentrations the haemotoxicity increased, (except for the 
dendrimer PD PEG-CC which, in the highest used concentration, was not 
haemotoxic). This can be explained by the relatively low surface charge 
caused by presence of PEG in a dendritic structure. The modification of 
dendrimers with CA and PEG can lead to reduced disruption on eryth-
rocyte membrane integrity than conventional dendrimers, providing to 

fewer hemolytic effects.
This effect correlated with previously published results where it was 

indicated that the presence of PEG can mask the nanoparticle’s charge 
and reduce its ability to interact electrostatically and to cause damage to 
cell membranes (Klajnert et al., 2004; Ziemba et al., 2012). Interest-
ingly, incubation of erythrocytes in the presence of FBS completely 
reduced the haemolytic activity of all tested dendrimers. The finding 
agreed with the data reporting the interactions of the tested nano-
particles with albumin (Grodzicka et al., 2024b). This confirmed the key 
role of proteins in the interaction of polyphenolic dendrimers with 
biological systems.

5. Conclusions

Four polyphenolic carbosilane dendrimers containing caffeic acid in 
their structure interacted with lipid membranes. Dendrimers affected 
membrane fluidity making the lipid bilayer more rigid. Studied com-
pounds showed a low haemotoxic effect which was completely elimi-
nated by FBS. PEG incorporated in the dendritic scaffold affected the 
thermal stability of the DMPC/DPPG lipid membrane. These results 
could be useful in determining appropriate drug carriers with antiradical 
properties (Grodzicka et al., 2022).
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A B S T R A C T   

Dendrimers have emerged as an important group of nanoparticles to transport drugs, DNA, or RNA into target 
cells in cancer and other diseases. Various functional modifications can be imposed on dendrimers to increase the 
efficacy and specificity in delivering their cargo to the target cells and decrease their toxicity. In the present 
work, we evaluated the potential of carbosilane polyphenolic dendrimers modified with caffeic acid (CA) and 
polyethylene glycol (PEG) to deliver proapoptotic Mcl-1 and Bcl-2 siRNAs to A549 cancer cells. Dendrimers 
formed stable complexes with siRNAs as assessed by transmission electron microscopy and gel electrophoresis. 
Modification of dendrimers with PEG reduced the size and the zeta potential of dendrimer/siRNA complexes. The 
presence of PEG caused a red shift of the CD spectrum, and this effect was the more pronounced, the higher the 
dendrimer/siRNA ratio was. The nanocomplexes were internalized by A549. All studied dendrimer/siRNA for-
mulations inhibited tumor cell migration and adhesion and caused an increase in the population of early 
apoptotic cells. Among four tested dendrimers, the polyphenolic compound containing two caffeic acid moieties 
complexed with siRNA demonstrated the lowest polydispersity index and showed an excellent transfection 
profile. In conclusion, this dendrimer are a promising candidate for the delivery of siRNA into cancer cells in 
further in vivo studies.   

1. Introduction 

Dendrimers are nanoparticle polymers that can be used for the de-
livery of a pharmaceutical compound or a DNA/RNA construct to their 
target site to achieve a therapeutic effect. In general, dendrimers may 
transport their cargo in non-covalent or covalent interaction (Keshar-
wani et al., 2014; Somani et al., 2018). Although dendrimers are poly-
mers, they are different from classical linear polymers as they are mono- 

dispersed, highly symmetrical, and surface polyvalent (Michlewska 
et al., 2023c, 2023b). Repeated dendrimer synthesis reactions result in 
higher multi-branched generations and may lead to the formation of 
three-dimensional structure (Hołota et al., 2023; Svenson and Tomalia, 
2005). In light of some pitfalls in liposome-based drug delivery and the 
tendency to avoid viral vectors, the role of dendrimers as drug and gene 
delivery vehicles is emerging (Biswas and Torchilin, 2013; Dufe et al., 
2005). 

Abbreviations: A549, non-small lung cancer cells (human alveolar basal epithelial cells); BJ, human fibroblasts; CD, circular dichroism; DAPI, 4’,6-diamidyno-2- 
fenyloindol; DiOC6(3), 3’-Dihexyloxacarbocyanine Iodide; DNA, deoxyribonucleic acid; DMEM, Dulbecco’s Modified Eagle Medium; FBS, Fetal Bovine Serum; FITC, 
fluorescein isothiocyanate; HeLa, human cervical cancer cell; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HL-60, promyelocytic leukemia cell line; 
LDH, Lactate dehydrogenase; MCF, breast cancer cell; MTT, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide: Methylthiazolyldiphenyl- 
tetrazolium bromide; NaOH, Sodium hydroxide; NSCLC, Non-small-cell lung cancer; PAMAM, Poly(amidoamine); PBS, Phosphate Buffered Saline; PDI, Poly-
dispersity index; PEG, Polyethylene glycol; PI, propidium iodide; RNA, ribonucleic acid; ROS, Reactive oxygen species; RONS, reactive oxygen and nitrogen species; 
TEM, Transmission electron microscopy. 

* Corresponding author. 
E-mail address: sylwia.michlewska@biol.uni.lodz.pl (S. Michlewska).  

Contents lists available at ScienceDirect 

International Journal of Pharmaceutics 

journal homepage: www.elsevier.com/locate/ijpharm 

https://doi.org/10.1016/j.ijpharm.2024.124199 
Received 29 February 2024; Received in revised form 18 April 2024; Accepted 1 May 2024   

mailto:sylwia.michlewska@biol.uni.lodz.pl
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2024.124199
https://doi.org/10.1016/j.ijpharm.2024.124199
https://doi.org/10.1016/j.ijpharm.2024.124199
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2024.124199&domain=pdf


International Journal of Pharmaceutics 658 (2024) 124199

2

The use of dendrimers as drug/DNA/RNA delivery vehicles should 
consider not only the action of their cargo in the target sites but also 
their bioavailability, and as on the way to their target they can meet 
many biological macromolecules. The interaction of dendrimers with 
these macromolecules may limit their bioavailability in the target site 
and induce toxicity (Michlewska et al., 2023c, 2023b, 2023a; Svenson 
and Tomalia, 2005). Therefore, it is important to evaluate the potential 
of specific dendrimers to be used as transporting vehicles to interact 
with not only their cargo but also with biological objects on their way to 
the target site (Jain et al., 2010; Mendes et al., 2017; Svenson and 
Tomalia, 2005). 

Common cancer treatments are usually associated with unwanted 
side effects, sometimes as serious as the induction of secondary cancers. 
Therefore, targeted therapy, affecting only specific genes or proteins 
responsible for cancer phenotype, is an emerging strategy of cancer 
treatment (Gandhi et al., 2014; Naghizadeh et al., 2019). Targeted 
therapy may be also considered as a kind of adjuvant treatment to 
facilitate the efficacy of traditional strategies to fight cancer (Gandhi 
et al., 2014; Michlewska et al., 2023c; Naghizadeh et al., 2019). Cancer 
cells are often characterized by resistance to apoptosis, which is often 
underlined by the upregulation of genes encoding antiapoptotic pro-
teins. The expression of these proteins is regulated by many proteins and 
RNAs on the transcriptional and translational levels. Therefore, short 
interfering RNAs targeting mRNAs of proapoptotic genes (antiapoptotic 
siRNAs) may increase the susceptibility of cancer cells to a specific drug 
and break their drug resistance (Campbell et al., 2018; Song et al., 2005; 
Wesarg et al., 2007; Yang et al., 2009). 

As some carbosilane dendrimers display proapoptotic properties and 
are positively charged, they are suited to carry antiapoptotic siRNAs in a 

cancer treatment targeting resistance to apoptosis (Del Olmo et al., 
2020a; Singh et al., 2018). Moreover, dendrimers, due to modifications 
to their chemical structure, can acquire various functionalities, 
including scavenging of reactive oxygen and nitrogen species (RONS), 
which play an important role in many aspects of the functioning of 
cancer cells, significantly contributing to their genomic instability, a 
feature typical for most if not all cancer cells (Cizmarova et al., 2020; De 
Sá Junior et al., 2017; Del Olmo et al., 2020a; Grodzicka et al., 2022; 
Mitra et al., 2019; NavaneethaKrishnan et al., 2019). Polyethylene 
glycol (PEG) is often attached to the dendrimer structure to commit 
antioxidant properties. Caffeic acid is a hydroxycinnamic acid contain-
ing phenolic and acrylic functional groups and it is the most abundant 
phenolic acid in plants displaying antioxidant, antiproliferative and 
anti-inflammatory properties and it is reported to have anticancer po-
tential (Cizmarova et al., 2020; Grodzicka et al., 2022). 

In the present work, we evaluated the potential of carbosilane den-
drimers modified by PEG molecules and residues of caffeic acid to form 
stable complexes with proapoptotic Mcl-1 and Bcl-2 siRNAs. Anticancer 
properties of such complexes were checked in A549 human non-small 
cell lung carcinoma cells. 

2. Methods 

2.1. Dendrimers and siRNAs 

First-generation cationic carbosilane polyphenolic dendrimers 
G2[(NMe3Cl)7(NH-CA)] (PD C); G2[(NMe3Cl)6(NH-CA)2] (PD CC); 
G2[(NMe3Cl)7(PEG-NH-CA)] (PD PEG-C) and G2[(NMe3Cl)6(PEG-NH- 
CA)2] (PD PEG-C) with ammonium and caffeic acid surface groups were 

Fig. 1. The structure, chemical formula, abbreviation and molecular weight of carbosilane polyphenolic dendrimers used in this study (A) – PD C, G2[(NMe3Cl)7(NH- 
CA)]; (B) – PD CC, G2[(NMe3Cl)6(NH-CA)2]; (C) – PD PEG-C, G2[(NMe3Cl)7(PEG-NH-CA)]; (D) – PD PEG-CC, G2[(NMe3Cl)6(PEG-NH-CA)2]. Caffeic acid moieties are 
marked in red. 
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used in in this study (Grodzicka et al., 2022). Their chemical structure 
and properties are shown in Fig. 1. 

Mcl-1 and Bcl-2 siRNAs labeled or not with fluorescein isothiocya-
nate were purchased from Dharmacon Inc. (Lafayette, CO, USA). Their 
sequences are shown in Table 1. 

Dendrimers and siRNAs were dissolved in 10 mmol/L Na-phosphate 
buffer, pH 7.4, mixed at the appropriate dendrimer/siRNA molar ratio, 
and used after incubation at the room temperature for a minimum of 30 
min. 

2.2. Cells 

BJ human fibroblasts and A549 human non-small lung cancer cells 
were grown at 37 ◦C, 5 % CO2 in DMEM containing 10 % heat- 
inactivated fetal bovine serum (FBS) and 1 % antibiotic (streptomycin, 
penicillin). To evaluate the cytotoxicity of dendrimers, siRNAs, and their 
complexes, the MTT test was used (Sigma-Aldrich, Darmstadt, Ger-
many). To form spheroids (3D cell cultures), A549 cells were seeded at 
20,000 per well in a 96-well plate and cultured under standard condi-
tions. Viability of A549 cells in 3D cultures was determined with the 
CyQUANT LDH Cytotoxicity Assay Kit Thermofisher Scientific, (Wal-
tham, MA, USA). 

2.3. Zeta size and zeta potential 

The hydrodynamic diameter and the zeta potential of polyphenolic 
dendrimers and their complexes with siRNAs were measured by laser 
Doppler velocimetry technique using Zetasizer Nano ZS-90 spectrometer 
(Malvern Instruments, Malvern, Worcestershire, UK). Zeta potential 
values were calculated directly from the Helmholtz-Smoluchowski 
equation and Malvern software was used for data analysis. At least 3 
separate replicates were performed (minimum 7 runs) for each experi-
ment. The dynamic light scattering technique and Helmholtz- 
Smoluchowski equation were applied to analyze and calculate the hy-
drodynamic diameter nanoparticles. 

2.4. Transmission electron microscopy 

The morphology and size of dendrimer/siRNA complexes were 
examined by transmission electron microscopy technique. A 10 µl 
aliquot of dendrimer/siRNA complex solutions was placed on 200 mesh 
copper grids with a carbon surface (Ted Pella, Inc, Redding, CA, USA). 
Samples were stained with a 2 % uranyl acetate for 20 min. The grids 
were washed at least two times with deionized water and dried at room 
temperature Images were obtained using a JEOL1010 (JEOL, Tokyo, 
Japan) transmission electron microscope. 

2.5. Circular dichroism 

Changes in siRNA (1 µmol/L) structure upon the addition of the 
dendrimers at a molar ration from the range 1:1–1:50 were evaluated by 
circular dichroism (CD). Measurements were performed in 10 mmol/L 
phosphate buffer, pH 7.4 in Hellma quartz cells using a J-815CD spec-
trometer (Jasco, Tokyo, Japan). The wavelength was set from 200 to 
300 nm and the CD parameters were set to step resolution, 1 nm; 
bandwidth, 1.0 nm; response time, 4 s; scan speed, 50 nm/min. The 
mean residue ellipticity Θ expressed in cm2dmol− 1, was calculated using 

the software provided by Jasco. The results represent the mean ±
standard deviation (SD) derived from a minimum of three independent 
experiments. 

2.6. Fluorescence polarisation 

The fluorescence polarization (P) assay was used to monitor the 
biding of polyphenolic dendrimers to FITC-labelled siRNAs with a Per-
kinElmer LS-50B spectrofluorometer (Perkin-Elmer, Waltham, MA, 
USA). The siRNA at the concentration 0.35 µmol/L in 10 mmol/L 
phosphate buffer, pH 7.4 was mixed with appropriate volumes of den-
drimers to obtain dendrimer/siRNA molar ratios ranging from 1:1 to 
1:70. The emission wavelength was set at 516 nm, and the excitation at 
485 nm, the slits were set at 4 and 2.5 nm respectively. The results are 
shown as the ratio between sample and control values (P/P0). 

2.7. Gel electrophoresis 

To choose the appropriate concentrations of the dendrimers and 
siRNAs needed for stable complex formation, 3 % agarose gel electro-
phoresis was performed. FITC-labelled siRNA at 2 µmol/L was mixed 
with an appropriate volume of dendrimers to obtain specific dendrimer/ 
siRNA molar ratios. Before the samples were loaded onto the gel, 1 µl of 
orange-blue was added to each well. Electrophoresis parameters were 
48 V, 40 mA, 2 W, and 45 min. To check the protective effect of den-
drimers against siRNA degradation in the presence of RNase, the den-
drimer/siRNA complexes were incubated with 3 µg/mL of RNase A at 
30 ◦C. After 30 min incubation samples were placed on ice. To initiate 
the release of siRNA from the dendrimer/siRNA complex an aliquot of 
0.082 mg/ml of heparin was added to in each well. 

2.8. Cellular uptake (internalization) 

Cellular uptake (internalization) of the dendrimer/siRNA complexes 
by A549 cells using confocal microscopy and flow cytometry techniques. 
The nanocomplexes quantification was analysed by measuring of the 
fluorescence intensity using flow cytometry technique. Additionally, 
confocal microscopy was applied to confirm the presence of nano-
complexes inside the cells. 

The cells were incubated with dendrimer/siRNA complexes for 3 or 
24 h. For flow cytometry, the cells were seeded in 24-well plates at the 
concentration of 100 000 cells per well, in 0.5 ml DMEM medium and 
siRNA and dendrimer/siRNA complexes were added. After 3 or 24 h 
incubation cells were centrifuged, suspended in 500 µl PBS, pH-7.4 and 
kept in the dark on ice. Fluorescence intensity of FITC-labelled siRNA 
was measured using a Becton Dickinson LSRII flow cytometer (Becton 
Dickinson, Franklin Lakes, NJ, USA) with excitation/emission wave-
length set at 488/530 nm. Data were analyzed using FlowJo software. 
For confocal microscopy assay, the cells were seeded in a concentration 
20 000 per well in µ-Slide 18 Well Glass Bottom plate (Ibidi, Gräfelfing, 
Germany), treated with free siRNA or dendrimer/siRNA complexes, and 
incubated for 3 h. The cells were fixed with 4 % formaldehyde and 
stained with Texas Red-X Phalloidin (40 × diluted) for 20 min and DAPI 
(4′,6-diamidino-2-phenylindole) at 0.5 μg/ml for 5 min. Samples were 
imaged using Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany), 
equipped with 63×/1.40 (HC PL APO CS2, Leica Microsystems, Ger-
many) with the following excitation and emission wavelengths: 405 nm 
and 430–470 nm for DAPI, 489 and 500–530 nm for FITC, and 595 and 
610–640 nm for Texas Red-X Phalloidin. The images were analyzed with 
Leica LAS2.0.215022 software. 

2.9. Cell adhesion 

To evaluate the impact of dendrimers/siRNA complexes on the 
adhesion properties of A549 cells they were seeded in a 24-well plate at 
a density of 25,000 cells per well. After treatment of the cells with siRNA 

Table 1 
The sequences of siRNAs used in this study.   

Mcl-1 Bcl-2 

Sense 
Antisense 

5′ GGACUUUUAUACCUGUUAU 
3′ 
5′ AUAACAGGUAUAAAAGUCC 
3′ 

5′ GCUGCACCUGACGCCCUUC 
3′ 
5′ GAAGGGCGUCAGGUGCAGC 
3′  
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(nonlabelled) and dendrimer/siRNA complexes and incubation in stan-
dard conditions for 72 h, cells were treated with trypsin (0.05 %) and 
washed in PBS. Next, the cells were reseeded in the “µ-Slide 18 Well 
Glass Bottom plate” (Ibidi) at a concentration of 10,000 per well. After 1 
h the cells were washed in PBS, fixed in 4 % FA, and stained with DAPI 
(0.5 μg/ml). The Microhub Imaging System MICA (Leica Microsystems, 
Wetzlar, Germany) with 1,6×/0.05 (PLAN FLUOTAR Leica Micro-
systems, Germany) was used for cell imaging. A 365 nm LED was used to 
excite DAPI fluorescence. Cells were counted from 16 fields of view 
using Leica Application Suite X. 

2.10. Cell migration assay 

The scratch (wound healing) assay was used to evaluate the impact 
of dendrimer/siRNA complexes on the migration of A549 cells. The cells 
were seeded onto a 24-well plate at 150,000 cells per well and after the 
formation of cell monolayer, it was mechanically disrupted with a 
pipette tip. The cells were then incubated for 72 h with free siRNA or 
dendrimer/siRNA complexes, fixed in 4 % formaldehyde, and stained 
with 0.5 μg/ml DAPI and 0.6 μg/ml 3,3′-dihexyloxacarbocyanine iodide 
(DiOC6(3)). The Leica confocal scanning microscopy platform TCS SP8 
with a Leica objective 10×/0.40 DRY was used for the analysis of cell 
migration to heal the scratch. Samples were imaged using the following 
excitation and emission wavelengths: 405 and 430–480 nm for DAPI, 
485 and 530–595 nm for DIOC6(3). Images were examined with Leica 
Application Suite X (LASX) software. 

2.11. Apoptosis 

To determine the apoptotic and dead cells treated with siRNA 
(nonlabelled) and dendrimer/siRNA complexes using Annexin V/Pro-
pidium iodide staining, the A549 cells were seeded in a 12-well plate at a 
density of 200 000 cells per well. Annexin V-FITC binds phosphati-
dylserine exposed outside apoptotic cells, while propidium iodide (PI) 
enters necrotic cells, which enabled the detection and quantification of 
apoptotic and necrotic cells using flow cytometry and imaging of these 
cells by confocal microscopy. After treatment of the cells with consid-
ered compounds and incubation in standard conditions for 72 h, cells 
were washed twice in cold PBS and resuspended with a binding buffer 

(HEPES/NaOH, pH-7.4). For the flow cytometry assay cell suspension 
was adjusted to a concentration of 1 000 000 cells/ml. Next, 100 µL of 
the cell suspension was placed in a measuring tube, and 5 µL of Annexin 
V-FITC + 10 µL of propidium iodide (PI) was added and mixed. 
Compensating/alternative controls: 1) apoptosis induction − cells 
treated with 80 µmol/L camptothecin (4 h), green fluorescence; 2) ne-
crosis induction − cells treated with frozen 75 % ethanol (1.5 h), red 
fluorescence. The cells prepared in this way were analyzed using LSRII 
Flow Cytometer (Becton Dickinson, NJ, USA). 

For apoptotic cell imaging by confocal microscopy, cells were seeded 
in “µ-Slide 18 Well Glass Bottom plate” (Ibidi) at a concentration of 
15,000 per well. Cell treatment and incubation time were the same as for 
flow cytometry measurements. Next, the cells were stained with 
Annexin V-FITC, PI, and DAPI, and fixed in 4 % FA. After washing with 
PBS the confocal laser scanning microscopy platform TCS SP8 (Leica 
Microsystems, Wetzlar, Germany) with 63×/1.40 (HC PL APO CS2, 
Leica Microsystems, Germany) was used to perform microscopic imag-
ing. Samples were imaged with the following excitation and emission 
wavelengths: 405 and 430–480 nm for DAPI, 489 and 530–595 nm for 
Annexin V-FITC. Leica Application Suite X was used for cell 
visualization. 

2.12. Statistical analysis 

GraphPad Prism software version 8.0.1 (244) was used for statistical 
analysis. All results were obtained from at least 3 independent experi-
ments and presented as mean ± SD. The 95 % confidence interval was 
used as the confidence interval. The normality of the distribution was 
checked with the Shapiro-Wilk test. In the case of a normal distribution 
of differences, the Student’s t-test was used, while in other cases the 
ANOVA post hoc Bonferroni multiple comparisons test was used. 

3. Results 

3.1. Polyethylene glycol in the dendrimer structure decreased the size and 
zeta potential of dendrimer/siRNA complexes 

Dendrimers formed stable complexes with the siRNAs (dendriplexes) 
as revealed by TEM. Dendrimers that were not modified with PEG 

Fig. 2. (A) – Zeta average size, (B) – Polydispersity index, (C) – Zeta potential of dendrimer/siRNA complexes at different molar ratios in 10 mmol/L Na-phosphate 
buffer, pH 7.4, siRNA concentration was 0.5 µmol/L. (D) – Representation of the ultrastructure of dendrimer/siRNA complexes visualized by transmission electron 
microscopy technique. Red arrows − formed complexes, yellow arrows − dendrimers visible in siRNA structure. The final concentration of siRNA (siBcl-2) was 100 
nmol/L, the final concentration of dendrimers was as follows: PD C and PD CC 1.6 µmol/L, PD PEG-C 4 µmol/L and PD PEG-CC 3 µmol/L. The dendrimer/siRNA 
molar ratios were: 1:16 for PD C and PD CC; 1:40 for PD PEG-C and 1:30 for PD PEG-CC. Bar − 50 nm. The values on the graphs represent mean ± SD of n ˃  3. Effects 
of complexes vs, free RNA were compared. * P < 0.05, ** P < 0.005, *** P < 0.001. 

M. Grodzicka et al.                                                                                                                                                                                                                             



International Journal of Pharmaceutics 658 (2024) 124199

5

formed compact aggregates with different sizes from 1000 to over 1500 
nm (Fig. 2D), but their counterpart modified with PEG created spherical 
complexes surrounded by a fiber-like, electron-dense structure of size 
not exceeding 300 nm. To characterize the interaction between den-
drimers and siRNAs, measurements of dynamic light scattering based on 
photon correlation spectroscopy were performed. The results of the size 
distribution of free siRNA or complexed with dendrimers are shown in 
Fig. 2A. The zeta-size of the dendriplexes formed by dendrimers without 
PEG was higher than the size of complexes formed by PEG-modified 
dendrimers. Moreover, the ζ − size of dendriplexes containing a single 
CA residue (1887.47 ± 10.43 nm) was greater than their counterpart 
with two CA residues (1470.97 ± 15.80 nm). Such difference was more 
pronounced for dendrimers modified with PEG – 279.83 ± 17.67 nm 
and 69.53 ± 5.77 nm respectively (Fig. 2A). This difference may be, at 
least in part, explained by the reduction of the potential of dendrimers to 
form aggregates by the PEG chain. Also, the polydispersity index (PDI) 
was lower for the complexes formed with dendrimers without (0.4) than 
with PEG modification (0.6) (Fig. 2B). Addition of dendrimers to siRNAs 
increased their zeta-potential (Fig. 2C). This increase depended on the 
number of CA residues and PEG modification. 

3.2. PEG modifications and caffeic acid residues affect the circular 
dichroism spectrum of dendriplexes and FTIC fluorescence polarization 

The modification imposed on dendrimers differentially affected the 
CD spectra of their complexes with siRNAs taken in the wavelength 
range 200–300 nm. Complexes of dendrimers with two CA residues 
displayed a higher amplitude of the positive bands than dendrimers with 
single CA (Fig. 3). The presence of PEG modification in the structure of 
dendrimers caused a red shift of the CD spectrum and this effect was the 
more pronounced, the higher the dendrimer/siRNA ratio. Complexes 
containing dendrimers with PEG showed lower fluorescence polariza-
tion values at dendrimer/siRNA molar ratios 1:30, 1:40, and 1:50 
(Fig. 3C). This effect indicates the influence of PEG chains, on the ability 
of dendrimers to form stable complexes with siRNA. 

3.3. Gel electrophoresis 

To analyze complexes of siRNA and dendrimers, we ran agarose gel 
electrophoresis. Complexes saturation was evaluated by the charge 
neutralization of the complexes as the retarded migration of siRNA in 

Fig. 3. (A) – Ellipticity changes of siRNA measured by circular dichroism in the presence of polyphenolic dendrimers under increasing dendrimer/siRNA molar ratios 
in 10 mmol/L Na-phosphate buffer, pH 7.4, siRNA concentration, 1 µmol/L. (B) – Changes in the mean residue ellipticity of siRNA in the presence of varying ratios of 
dendrimers at λ = 264 nm. (C) – Alternations in fluorescence polarisation in siRNA-FITC solution upon addition of polyphenolic dendrimers in 10 mmol/L Na- 
phosphate buffer, siRNA concentration, 0.35 µmol/L. Results are represented as mean standard deviation (SD), n = 3. The values on the graphs represent mean 
± SD of n ˃ 3. Effects of complexes vs, free RNA were compared. * P < 0.05, ** P < 0.005, *** P < 0.001. 
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agarose gels. Obtained results indicate that the polyphenolic dendrimers 
were able to form complexes with siRNA which was shown as a gradual 
quenching of siRNA fluorescence. 

The quenching effect was observed in the presence of dendrimers at 
the dendrimer/siRNA molar ratio 1: 16 for dendrimers PD C and PD CC, 
and at 1:30 and 1: 40 for dendrimer PD PEG-C and PD PEG-CC, 
respectively (Fig. 4A). Next, we tested that the potential of the den-
drimers to protect siRNA from degradation by RNase. Fig. 4B shows that 
free siRNA was completely digested in the presence of RNase A (middle 
lane). The siRNA at the presence of dendrimers was also treated with 
RNase A (third line). The reaction of RNase on siRNA was then stopped 
by cooling. Next, the heparin at the concentration of 0.082 mg/mL was 
added to release the siRNA from the dendrimer/siRNA complex. The 
results of presented in Fig. 4C show the migration of intact siRNA. These 
findings indicate that all dendrimers were able to protect siRNA against 
degradation inby RNase. Additionally, the stability in time of formed 
complexes was assessed. Complexes formed with polyphenolic den-
drimers containing PEG were found more stable than dendrimers 
without PEG (Fig. 4B). PD PEG-CC dendrimer showed a limited ability to 
complex siRNA. This effect may be related to the presence of two rela-
tively long PEG chains, which can wrap around the dendrimer blocking 
its binding sites, otherwise available for siRNA. 

For further in vitro studies the following molar ratios of dendrimer/ 
siRNA complexes were chosen: 1:16 for PD C and PD CC; 1:40 for PD 
PEG-C, and 1:30 for PD PEG-CC. 

3.4. Metabolic activity: MTT and LDH assays 

The cytotoxic effect of dendrimer/siRNA complexes presented in the 
supplementary material section (Fig. 5) was determined toward normal 
(BJ) and cancer (A549) cells. To form the dendrimer/siRNA complexes 
for this experiment we used 2 pro-apoptotic siRNAs (Bcl-2 and Mcl-1). 
The metabolic activity of cells after their treatment with 

noncomplexed dendrimers or siRNAs was not dropped below 70 % vs. 
the control. Similarly, dendrimer/siRNA complexes did not negatively 
affect the viability of normal cells (Fig. 5A,B). In contrast, after incu-
bation of cancer cells (A549) with dendrimer/siRNA complexes, the 
number of cells significantly decreased. The dendrimer/siMcl-1 com-
plexes were more effective than complexes containing siBcl-2. Among 
all tested complexes the PD PEG-CC/siMcl-1 was the most effective and 
decreased the viability of cancer cells to 56.91 ± 3.16 %. 

The 3D cell culture LDH assay demonstrated that dendrimer/siRNA 
complexes reduced the metabolic activity of A549 spheroids to about 30 
% vs. untreated spheroids (Fig. 6B). Among all tested complexes the 
most effective was PD CC/siBcl-2, as in its presence the metabolic ac-
tivity of A549 cells in 3D culture decreased to 22 %. 

Due to the low cytotoxic impact of denriplexes on the normal cells, 
we then focused only on the effects of studied complexes against the 
cancer cells. 

3.5. Cellular uptake (internalization) 

Cellular uptake of the dendriplexes formed with polyphenolic den-
drimers and siRNA-FITC was measured by flow cytometry. To visualize 
the presence of nanocomplexes in the cells we used confocal microscopy. 
Obtained results show that a 3 h incubation was sufficient for the 
internalization of complexes (Fig. 7). Moreover, the highest percentage 
of internalization was observed after 3 h of incubation for dendriplexes 
formed by dendrimers without PEG, especially for PD CC/siRNA-FITC 
(Fig. 7). The percentage of internalized complexes was 11.49 ± 3.63 
% for the PD C/siRNA and 16.87 ± 3.12 % for the PD CC/siRNA com-
plexes, respectively. The uptake of PEG-contained complexes was much 
lower and did not exceed 4 %. The micro-images obtained by confocal 
microscopy confirm the results obtained by flow cytometry and show 
that 3 h incubation of cells with dendriplexes, led to the internalization 
of FITC-labelled siRNA into the A549 cells that can be observed on the 

Fig. 4. (A) – Gel electrophoresis images representing the formation of complexes between dendrimers and siRNA (Bcl-2). The first lane demonstrates the migration of 
free siRNA at the concentration of 2 μmol/L. The second lane shows the migration of free dendrimer. The next lanes represent the migration of siRNA/dendrimer 
complexes prepared at different molar ratios. (B) – Gel electrophoresis images representing complexes stability in different time intervals, 30 min, 3 h, and 24 h. (C) – 
Gel electrophoresis images demonstrating the protective effect of dendrimers against degradation of siRNA in the presence of RNase, the concentration of siRNA, 2 
μmo/L, RNase A, 3 μg/mL, heparin, 0.082 mg/mL, incubation time 30 min., t = 37 ◦C. 
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Fig. 5. (A) – Percentage of the viability of BJ (left panels) and A549 (right panels) cells incubated with naked siRNA, naked dendrimers or dendrimer/siRNA 
complexes in PBS 10 mmol/L, pH 7.4, Incubation time was 72 h. To form dendrimer/siRNA complexes, following siRNAs were used: (A) – siBcl-2. (B) – siMcl-1. In all 
cases the final concentration of siRNA was 100 nmol/L, the final concentration of dendrimers was as follows: PD C and PD CC 1.6 µmol/L, PD PEG-C 4 µmol/L and PD 
PEG-CC 3 µmol/L. The dendrimer/siRNA molar ratios were: 1:16 for PD C and PD CC; 1:40 for PD PEG-C and 1:30 for PD PEG-CC. Control was untreated cells. The 
values on the graphs represent mean ± SD of n = 3. Significance of differences, estimated with the ANOVA and the post-hoc multiple comparisons Bonferroni test, 
were: (a) for the effect of the sample vs control (untreated cells), * P < 0.05, ** P < 0.005, *** P < 0.001, (b) for the effect of the sample vs effect of naked 
dendrimer, $ P < 0.05, $$ P < 0.005, $$$ P < 0.001, (c) for the effect of the sample vs effect of naked siRNA, # P < 0.05, ## P < 0.005, ### P < 0.001. 

Fig. 6. (A) – Confocal microscopy images of 3D cultured A549 cells after 3 h incubation with FITC-labeled siRNA complexed with polyphenolic dendrimers. Bar =
100 µm. (B) – Percentage of 3D cultured A549 cells representing their metabolic LDH activity after 72 h exposure to siRNA/dendrimer complexes. In all cases the final 
concentration of siRNA was 100 nmol/L, the final concentration of dendrimers was as follows: PD C and PD CC 1.6 µmol/L, PD PEG-C 4 µmol/L and PD PEG-CC 3 
µmol/L. The dendrimer/siRNA molar ratios were: 1:16 for PD C and PD CC; 1:40 for PD PEG-C and 1:30 for PD PEG-CC. Control was untreated cells. The values on the 
graphs represent mean ± SD of n = 3. Significance of differences, estimated with the ANOVA and the post-hoc multiple comparisons Bonferroni test. 
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images as single green dots (Fig. 7). Obtained results for 3D culture show 
that all complexes were able to internalize 3D spheroids (Fig. 6A). 
Among all tested dendrimers the most effective were the complexes 
formed with nanoparticles containing 2 caffeic acid residues, but not 
PEG. 

3.6. Cell adhesion 

The impact of 72-hour incubation with dendrimers/siRNA com-
plexes on the A549 cell adhesion properties were determined using 
semi-confocal microscopy (Fig. 8). The number of attached cells incu-
bated with noncomplexed siRNAs was similar to control cells (Fig. 8A). 
The same effect was observed when cells were treated with complexes 
with siBcl-2. In the case of dendriplex PD C/siBcl-2, the number of 
adhered cells was reduced about 50 % (Fig. 8A,B). The cells treated with 
all complexes with siMcl-1 exhibited significantly decreased adhesion. 
The most pronounced effect in the reducing of adhesion properties of 
A549 exerted PD CC/siMcl-1, reducing the number of adhered cells up to 
50 % (Fig. 8A). 

3.7. Cell migration (wound healing) assay 

To evaluate the impact of dendrimer/siRNA complexes on the 
migration of cancer cells, the wound healing assay was applied. The 
images presented in Fig. 9 show that untreated cells within 72 h 
completely overgrown the scratch surface. A similar effect was observed 
when cells were treated with noncomplexed siRNAs, indicating re- 
established cell contacts and unobstructed migration (Fig. 9). In 
contrast, all studied dendrimer/siRNA complexes inhibited the cell 
migration process. A549 cells treated with complexes were not able to 
overgrow the wound, indicating that complexes impeded cell migration. 
The widest wound was maintained after incubation of cells with PD 

PEG-C/Mcl-1. Moreover, the presence of PD C/siMcl-1 changed the 
morphology of cells. In this case, the cells were shrunken and smaller 
than control cells, which may suggest the onset of apoptosis (Fig. 9E). 

3.8. Annexin V/PI 

Fig. 10 shows the flow cytometry data of the distribution of different 
cell fractions after A549 cells treatment with dendrimers, siRNAs, or 
dendrimer/siRNA complexes. 72 h incubation of A549 cells with den-
drimer/siRNA complexes led to a reduction of live cell fraction to about 
75–80 %. However, in the presence of free dendrimers or free siRNAs, 
this effect did not exceed 25–35 %. Approximately only 20–25 % of late 
apoptotic cells were observed in the pool of A549 cells with trace 
amounts of early apoptotic and necrotic cells (Fig. 10 A,B). However, the 
presence of all nanocomplexes led to an increase the number of early 
apoptotic cells, while the fraction of necrotic cells was still insignificant. 
The largest fraction of apoptotic cells about 60 %, was observed after 
cells treatment with PD PEG-CC/siMcl-1 and PD PEG-CC/siBcl-2 com-
plexes (Fig. 10 A,B). A similar effect was noted for PD CC/siBcl-2 com-
plex with a fraction of apoptotic cells over 50 %. Other dendriplexes 
induced an increase of apoptotic cells up to ~ 45 %. 

The obtained effect was confirmed by the observation of the A549 
cells with confocal microscopy. The images presented in Fig. 11A-H 
show the typical morphological features of apoptotic cells such as loss of 
the structural framework of the nuclei, condensation of chromatin, cell 
shrinkage, nuclear fragmentation, and detachment of apoptotic bodies. 

4. Discussion 

Presently, one of the alternative highly effective methods with 
minimal side effects of cancer treatment is gene therapy (Zhou et al., 
2017). The research on targeted anticancer therapy focuses on 

Fig. 7. Confocal microscopy images and flow cytometry values (percentage of internalization) representing the uptake profiles of FITC-labelled siRNA (siBcl-2) by 
A549 cells. PBS 10 mmol/L, pH 7.4. (A) – Cells not treated (control). (B) – noncomplexed siRNA. (C) – PD C/siRNA complex. (D) – PD CC/siRNA complex. (E) – PD 
PEG-C/siRNA complex. (F) – PD PEG-CC/siRNA complex. Incubation time, 3 h (confocal microscopy), 3 and 24 h (flow cytometry). In all cases, the final concen-
tration of siRNA was 100 nmol/L. The dendrimer/siRNA molar ratios were: 1:16 for PD C and PD CC; 1:40 for PD PEG-C and 1:30 for PD PEG-CC. Control – untreated 
cells. Bar = 10 μm. Results are represented as mean standard deviation (SD), n = 3. The values on the graphs represent mean ± SD of n ˃ 3. Effects of complexes vs. 
free RNA were compared. * P < 0.05, ** P < 0.005, *** P < 0.001. 
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interfering RNA (RNAi), in particular small interfering RNA (siRNA) and 
microRNA (miRNA) (Gandhi et al., 2014; Singh et al., 2018). However, 
siRNA interference-based cancer treatment demands the application of a 
dependable and safe method for delivering genes. Therefore, currently, 
non-viral methods are being widely investigated (Gridelli et al., 2015). 
One alternative means of gene delivery is the use of polymeric carriers, 
including dendrimers. The possibility of formulation complexes by 
dendrimers with siRNA was verified earlier (Białkowska et al., 2022; Del 
Olmo et al., 2020b; Ferenc et al., 2013; Krasheninina et al., 2019). Due 
to the potential of modification of these nanoparticles, there is a chance 
to endow them with new properties that may positively influence the 
effectiveness of gene therapy (Rodríguez-Prieto et al., 2021). According 
to the literature, in cancer cells, long-term oxidative stress, caused by the 
continuous action of oncogenic signals and active metabolism of cancer 
cells, requires full mobilization of the cell antioxidant mechanisms. 
Thus, they are dependent on the action of antioxidant enzymes that 
enable them to survive under conditions of increased oxidative stress. 
Exposure of cancer cells to external factors that alter ROS levels can 
deplete their antioxidant mechanisms. As a result, exceeding a 
“threshold” concentration of free radicals in cells can lead to cell death 

(De Sá Junior et al., 2017; Mitra et al., 2019; Nakamura and Takada, 
2021; Reczek and Chandel, 2018). According to the literature, poly-
phenols including caffeic acid, can reduce reactive oxygen species level 
and inhibit cancer cell proliferation (Del Olmo et al., 2020a; Grodzicka 
et al., 2022; Mencia et al., 2016; NavaneethaKrishnan et al., 2019). Our 
previous studies indicate that polyphenolic dendrimers containing caf-
feic acid in their structure have significant antioxidant properties 
(Grodzicka et al., 2022). Therefore, in the present study, the poly-
phenolic dendrimers with caffeic acid were assessed as siRNA carriers 
against lung cancer, which is one of the most common fatal diseases 
(Kubczak et al., 2021). 

Cancer cells evolved several mechanisms to favor their progression 
and allow them to avoid elimination by apoptosis. Such mechanisms 
may be supported by high levels of anti-apoptotic proteins such as Bcl-2 
and Mcl-1 (Ambesajir et al., 2012; Campbell et al., 2018; Del Olmo et al., 
2020b; Dzmitruk et al., 2015; Ionov et al., 2015). It was reported that 
Mcl-1 played a pivotal role in resistance to anti-cancer drugs, also in 
non-small cell lung cancer (NSCLC) (Singh et al., 2013, 2010; Wei et al., 
2012; Zhang et al., 2011),(Cetin et al., 2010). Furthermore, it can serve 
as a novel prognostic biomarker indicating poor outcomes in NSCLC 

Fig. 8. Adhesion of A549 cells after treatment with naked siRNA or dendrimer/siRNA complexes evaluated by semi-confocal microscopy. (A) – PD C/siBcl-2. (B) – PD 
CC/siBcl-2. (C) – PD PEG-C/siBcl-2. (D) – PD PEG-CC/ siBcl-2. (E) – PD C/siMcl-1. (F) – PD CC/siMcl-1. (G) – PD PEG-C/siMcl-1. (H) – PD PEG-CC/siMcl-1. Control – 
untreated cells. The final concentration of siRNA was 100 nmol/L. The dendrimer/siRNA molar ratios were: 1:16 for PD C and PD CC; 1:40 for PD PEG-C and 1:30 for 
PD PEG-CC. Images were captured after 1 h to evaluate the cellular adhesion. * P < 0.05, ** P < 0.005, *** P < 0.001 as compared with free siRNA. 
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patients. Presently, the direct effective inhibitor of Mcl-1 is still un-
known. Li et al. [2020] (Li et al., 2020) demonstrated that the applica-
tion of a Bcl-2 inhibitor for NSCLC cells caused increased Mcl-1 
expression (Li et al., 2020). In our study, proapoptotic siRNAs (siMcl-1 
and siBcl-2) were complexed with polyphenolic dendrimers and tested 
for possible decrease the Mcl-1 protein production in A549 cells and 
direct them on the apoptosis way. 

We analyzed firstly the ability of polyphenolic dendrimers to form 
complexes with siMcl-1 and siBcl-2 siRNAs. Obtained results indicated 
appropriate dendrimer/siRNA molar ratios needed to form the com-
plexes. Formed nanoconjugates were used in further in vitro studies, 
which allowed us to select the most promising dendrimer out of all four 
dendrimers. According to the literature, free siRNA has no impact on 
cells probably due to its negative charge which prevents the interaction 
with negatively charged cell membranes (Del Olmo et al., 2020b; 
Dzmitruk et al., 2015; Rodríguez-Prieto et al., 2021). Moreover, siRNA is 
sensitive to the degradation by nucleases (Del Olmo et al., 2020b; Ferenc 
et al., 2013). Our experiments confirmed these findings and showed the 
lack of siRNA effect on both normal and lung cancer cells. It was shown 
that dendrimers used in this study possess antioxidant properties and, at 
high concentrations, reduce the viability of both normal and cancer cells 
(Grodzicka et al., 2022). However, at the low concentrations corre-
sponding we applied, their cytotoxic effect was not significant. 

The positive impact of dendriplexes formed with dendrimers and 
pro-apoptotic siRNA on the cancer cells was observed in other studies 
(Del Olmo et al., 2020b; Dzmitruk et al., 2015; Rodríguez-Prieto et al., 
2021). The same was observed in our studies when polyphenolic den-
drimers were applied to transfect the A549 cells. It can be the effect of 
blocking the synthesis of anti-apoptotic proteins because of gene 

silencing, making cells more sensitive to the cytotoxic effect of den-
drimers applied as siRNA carriers. We have shown additionally that 
dendrimers can protect the siRNA against RNase activity. This is 
extremely important, since a major problem in gene therapy is the 
degradation of siRNA by nucleases before the start of the interference 
process (Gandhi et al., 2014; Itani and Al Faraj, 2019; Singh et al., 2018). 
Moreover, formed dendrimer/siRNA complexes were positively charged 
which facilitated their internalization into cells (Babu et al., 2016; Bis-
was and Torchilin, 2013; Del Olmo et al., 2020b; Okła et al., 2023). The 
literature data show that positively charged dendrimers can be cytotoxic 
as they may cause the formation of micro-holes in plasmalemma 
(Shcharbin et al., 2010; Wang et al., 2010) but on the other hand can be 
used as effective transfectants (Conti et al., 2014; Jain et al., 2010; 
Lazniewska et al., 2013). Our results show that a 3 h incubation was 
sufficient for a maximal uptake of the dendrimer/siRNA complexes by 
A549 cells in 2D and 3D cell cultures. Increasing the incubation time 
from 3 to 24 h did not increase the number of internalized cells. A similar 
situation was observed for dendriplexes formed by copper dendrimers 
and gold nanoparticles in monolayers (Abashkin et al., 2021; Del Olmo 
et al., 2020b) and, in spheroids formed by MCF7 human breast cancer 
cells (Białkowska et al., 2022). Several factors such as incubation time, 
kind of dendrimer, and cell line type can affect transfection efficiency 
(Del Olmo et al., 2020b; Shcharbin et al., 2015). The release of siRNA 
from the dendrimer/siRNA complex could be a result of an initial release 
after uptake, or the fact that complexes with siRNA become unstable in 
time. Surprisingly, complexes formed by polyphenolic dendrimers with 
PEG, despite their higher stability were not more intensively taken with 
increasing incubation time. However, the viability experiments show 
that the metabolic activity of the cancer cells was dependent on the type 

Fig. 9. Cell migration (wound healing assay) was evaluated by confocal microscopy in A549 cells after their treatment with naked siRNA (top panels) or dendrimer/ 
siRNA complexes. (A) – PD C/siBcl-2. (B) – PD CC/siBcl-2. (C) – PD PEG-C/siBcl-2. (D) – PD PEG-CC/ siBcl-2. (E) – PD C/siMcl-1. (F) – PD CC/siMcl-1. (G) – PD PEG- 
C/siMcl-1. (H) – PD PEG-CC/siMcl-1. In all cases, the final concentration of siRNA was 100 nmol/L. The dendrimer/siRNA molar ratios were: 1:16 for PD C and PD 
CC; 1:40 for PD PEG-C and 1:30 for PD PEG-CC. Images were captured after 72 h to evaluate the scratch (wound) closure indicative cellular migration. Bar − 100 μm. 
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of introduced siRNA rather than the type of used nanoparticle. 
Cell migration is an important process for tissue repair and immune 

function. Disruption of tumor cell movement can lead to uncontrolled 
migration and invasion in other tissues. The wound healing assay pro-
vides a simple way to observe cell migration to some extent by 
mimicking cell migration in vivo (Liang et al., 2007; Valster et al., 2005). 
The migration and adhesion processes are intimately related. Loss of 
ability of cell attachment to foreign tissue may limit neoplastic pro-
gression, leading to preventing the development of metastases (Gass-
mann et al., 2004; Paschos et al., 2009). Our results indicate that all 
tested dendriplexes inhibited the cell migration process and hindered 
the restoration of intercellular contact regardless of the nature of the 
dendrimer used or the kind of used siRNA. In turn, the adhesion process 
was limited only for cells treated by dendriplexes contained siMcl-1 (and 
PD C/siBcl-2). This may indicate the effect of applied nucleic acid and 

the decrease in Mcl-1 protein levels. This is consistent with the literature 
reporting the overexpression of Mcl-1 protein in non-small cell lung 
cancer (NSCLC) (Song et al., 2005; Wesarg et al., 2007). 

The results of the AnnexinV-FITC/PI double staining assay showed 
that free siRNA or dendrimers caused the appearance of a small fraction 
of late apoptotic cells. In contrast, all tested nanocomplexes increased 
the amount of early apoptotic cells. Antiapoptotic proteins such as Bcl-2 
and Mcl-1 play a crucial role in cancer survival. These proteins not only 
protect cancer cells from apoptotic death but are also responsible for 
multidrug resistance of the tumor (Li et al., 2020; Song et al., 2005; 
Wesarg et al., 2007; Yang et al., 2009). Protein synthesis depends on the 
type of cell line (Yang et al., 2009). Bcl-2 protein plays an important role 
in directing the cancer cell towards survival or death, but in non-small 
cell lung cancer (NSCLC) mainly Mcl-1 protein is overexpressed (Song 
et al., 2005; Wesarg et al., 2007). Thus, decreased levels of Mcl-1 may 

Fig. 10. The percentages of A549 cells in different phases and apoptosis profiles evaluated by flow cytometry and measured using annexin V-FITC/propidium iodide 
staining in PBS 10 mmol/L, pH 7.4, incubation time 72 h. To form dendrimer/siRNA complexes, the following siRNAs were used: (A) – siBcl-2. (B) – siMcl-1. The final 
concentration of siRNA was 100 nmol/L, and the final concentration of dendrimers was as follows: PD C and PD CC 1.6 µmol/L, PD PEG-C 4 µmol/L and PD PEG-CC 3 
µmol/L. The dendrimer/siRNA molar ratios were: 1:16 for PD C and PD CC; 1:40 for PD PEG-C and 1:30 for PD PEG-CC. (C) – Sample dot plot presenting Q1 – Live 
cells, Q2 – Early apoptotic cells, Q3 – Late apoptotic cells and Q4 – Necrotic cells. A) – not treated (control) A549 cells. (B) – A549 cells incubated with noncomplexed 
siMcl-1, or: (C) – noncomplexed PD C. (D) – noncomplexed PD CC. (E) – noncomplexed PD PEG-C. (F) – noncomplexed PD PEG-CC. (G) – PD C/siMcl-1 complex. (H) – 
PD CC/siMcl-1 complex. (I) – PD PEG-C/siMcl-1 complex. (J) – PD PEG-CC/siMcl-1 complex. Bars represent mean ± SD of n = 3. Results are represented as mean 
standard deviation (SD), n = 3. The values on the graphs represent mean ± SD of n ˃ 3. Effects of complexes vs, free RNA were compared. 

Fig. 11. Confocal microscopy images representing A549 apoptotic cell death were examined by confocal microscopy using AnnexinV kit (green color). The kernels 
were bleached with DAPI (blue color), in PBS 10 mmol/L, pH 7.4. Incubation time 72 h. The cells were treated with naked siRNA (upper panels) or dendrimer/siRNA 
complexes (bottom panels). (A) – PD C/siMcl-1. (B) – PD CC/siMcl-1. (C) – PD PEG-C/siMcl-1. (D) – PD PEG-CC/siMcl-1. (E) – PD C/siBcl-2. (F) – PD CC/ siBcl-2. (G) 
– PD PEG-C/ siBcl-2. (H) – PD PEG-CC/ siBcl-2. The concentration of siRNA, is 100 nmol/L. The dendrimer/siRNA molar ratios were as follows: 1:16, (PD C and PD 
CC); 1:40, (PD PEG-C), and 1:30, (PD PEG-CC). The control image shows untreated A549 cells. Bar = 10 μm. 
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increase the susceptibility of tumor cells to apoptosis induced by cyto-
toxic agents, thereby enhancing the effects of chemotherapy (Song et al., 
2005). Our results show that the largest fraction of apoptotic cells was 
obtained regardless of the type of siRNA. Other studies indicated that 
complexes formed by siBcl-2, siBcl-xL, siMcl-1, and cocktail siRNAs with 
different dendrimers induced HeLa and HL-60 apoptotic cell death 
(Dzmitruk et al., 2018, 2015; Ihnatsyeu-Kachan et al., 2017; Ionov et al., 
2015). 

5. Conclusions 

We propose here for the first time that the hetero-functionalized 
polyphenolic dendrimers can be considered potential nanocarriers for 
proapoptotic siRNA. Our data suggest that these dendrimers containing 
the caffeic acid in their structure can bind and protect the siRNA against 
nuclease degradation. The formed siRNA-dendrimer complexes trans-
fected cancer cells with siRNA. It seems likely that due to a combination 
of the activity of proapoptotic siRNA, the positive charge of dendrimers, 
and possibly their ability to influence the cellular level of ROS (Grod-
zicka et al., 2022), the formed dendrimer/siRNA complexes were able to 
inhibit the cancer cell migration and induce apoptosis. Obtained results 
indicate that from 4 studied compounds, the most effective was the, 
G2[(NMe3Cl)6(NH-CA)2] (PD CC) dendrimer contained two caffeic acid 
residues and ammonium groups on the surface but without polyethylene 
glycol chains anchored in the dendrimer scaffold. 
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Mata, F.J., 2020a. Antioxidant and antibacterial properties of carbosilane 
dendrimers functionalized with polyphenolic moieties. Pharmaceutics 12, 1–16. 
https://doi.org/10.3390/pharmaceutics12080698. 

Del Olmo, N.S., Holota, M., Michlewska, S., Gómez, R., Ortega, P., Ionov, M., de la 
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