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Despite being the cause of epidemics for thousands of years, the study of viruses is relatively young. 

However, the appearance of previously unknown viruses and the spread of already known viruses in new 
areas have led to a massive increase in virology research. Refined approaches in the study of viruses have 

allowed for an in depth understanding of the molecular, evolutionary, and epidemiological aspects of viruses, 

which has reduced the mortality and morbidity of these infectious diseases.  Nevertheless, viral infections 

remain one of the major global health problems, mostly in vulnerable populations such as 

immunocompromised patients and people from developing countries. 

To illustrate, the global population living with Human Immunodeficiency Virus-1 (HIV-1) exceeds 37 million 
people and each year there are more than 1,5 million new infections. Another sexually transmitted viral 

pathogen is Herpes Simplex Virus-2 (HSV-2), the causative agent of more than 490 million infections around 

the world. However, sexual transmission is not the only way by which viral pathogens are widely 

disseminated, for example Human Cytomegalovirus (HCMV), which affects more than 50% of the global 

population and reaches values of more than 90% in some regions, is mostly acquired during childhood or 

through organ transplant or blood transfusion. There are currently different therapies for diseases produced by 
these three viruses, but there is no definitive cure and treatments face diverse challenges such as timely 

diagnosis, access and adherence to treatment or appearance of resistances.  

In this scenario, nanotechnology presents itself as a promising tool for the development of new antiviral 

therapies. In this work, novel PEGylated cationic carbosilane dendrimers (PCCDs) have demonstrated to be 

efficient for viral inhibition in two different approaches: their use as delivery vehicles and their antiviral activity 

per se. In the first approach, the use as delivery systems, these dendrimers have proven to be biocompatible 
and effectively delivered into target cells. In addition, they have proved to form stable complexes with miRNAs 

that present anti-HIV-1 activity, which significantly and specifically improved the inhibition capacity of these 

RNA molecules by themselves. In the second approach, the antiviral activity per se, PCCDs have shown to 

effectively inhibit the attachment of viral glycoproteins from HSV-2 and HCMV to heparan sulphate 

proteoglycans, thus preventing the infection of target cells. Both therapeutic strategies have demonstrated 
that G2-SN15-PEG and G3-SN31-PEG dendrimers are promising candidates to be used against Retroviridae 

and Herpesviridae infections.  

Last part of this work consisted in the study of the application of micellar carbosilane dendrons in the 

development of a dendritic cell (DC)-based therapeutic vaccine for HIV-1. Dendrimicelles were shown to be 

valid carriers of HIV-1-derived peptides into moDCs, which induced them to a slight maturation. Experiments 

with T and B cell activation and release of inflammatory cytokines confirmed a slight stimulation of HIV-

specific immune response. Collectively, these experiments confirmed that EG3SO3Na, ChG3SO3Na, 
EG3NMe3I, and ChG3NMe3I dendrimicelles are valid candidates to be used in the development of a 

therapeutic vaccine against HIV-1.   
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A pesar de ser agentes causantes de epidemias desde hace miles de años, el estudio de los virus es 

relativamente reciente. Sin embargo, la aparición de virus antes desconocidos y la expansión de los ya 
conocidos a nuevas áreas ha provocado un aumento masivo de la investigación en virología. La mejora en 

los enfoques para el estudio de los virus ha permitido una comprensión más profunda de los aspectos 

moleculares, evolutivos y epidemiológicos de los virus, lo que ha reducido la mortalidad y la morbilidad de 

este tipo de enfermedades infecciosas. Sin embargo, las infecciones virales siguen siendo uno de los 

principales problemas de salud a nivel mundial, principalmente en poblaciones vulnerables como los 

pacientes inmunocomprometidos y las personas en países en desarrollo. 

A modo ilustrativo, la población mundial infectada por el Virus de la Inmunodeficiencia Humana-1 (VIH-1) 
supera los 37 millones de personas y cada año hay más de 1,5 millones de nuevas infecciones. Otro 

patógeno viral de transmisión sexual es el Virus del Herpes Simple-2 (VHS-2), agente causal de más de 490 

millones de infecciones en todo el mundo. Sin embargo, la transmisión sexual no es la única vía por la que 

los patógenos virales se diseminan ampliamente, por ejemplo, el Citomegalovirus Humano (CMVH), que 

afecta a más del 50% de la población mundial y alcanza valores superiores al 90% en algunas regiones, se 
adquiere mayoritariamente durante la infancia o mediante trasplante de órganos o transfusión de sangre. 

Actualmente existen diferentes terapias para las enfermedades producidas por estos tres virus, pero no 

existe una cura definitiva y los tratamientos se enfrentan a diversos desafíos como el diagnóstico temprano, 

el acceso y adherencia al tratamiento o la aparición de resistencias. 

En este escenario, la nanotecnología se presenta como una herramienta prometedora para desarrollar 

nuevas terapias antivirales. En este trabajo, nuevos dendrímeros catiónicos carbosilanos PEGilados (DCCPs) 
han demostrado ser eficientes para la inhibición viral de dos formas: como vehículos de administración y por 

sí mismos. En el primer enfoque los DCCPs han demostrado ser biocompatibles y entregados eficientemente 

en células diana. Además, han demostrado formar complejos estables con miRNAs con actividad anti-VIH-1, 

mejorando significativa y específicamente la capacidad de inhibición de estas moléculas de RNA por sí 

mismas. En el segundo enfoque los DCCPs han demostrado impedir eficazmente la unión de glicoproteínas 

virales de VHS-2 y CMVH a receptores de membrana, evitando así la infección. Ambas estrategias 

terapéuticas han demostrado que los dendrímeros G2-SN15-PEG y G3-SN31-PEG son candidatos válidos 
para ser utilizados contra infecciones por Retrovirus y Herpesvirus. 

La última parte de este trabajo consistió en el estudio del uso de dendrones carbosilanos micelares para el 

desarrollo de una vacuna terapéutica frente al VIH-1 basada en células dendríticas (CD). Las dendrimicelas 

demostraron ser válidas portadoras de péptidos derivados del VIH-1 en CD derivadass de monocitos 

(CDmo), lo que les indujo a una leve maduración. Experimentos de activación de células T y B y liberación de 
citocinas inflamatorias demostraron una leve estimulación de la respuesta inmunitaria. En conjunto, estos 

experimentos confirmaron que las dendrimicelas EG3SO3Na, ChG3SO3Na, EG3NMe3I y ChG3NMe3I son 

válidas candidatas para ser utilizadas en el desarrollo de una vacuna terapéutica frente al VIH. 
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1. LIST OF ABBREVIATIONS 

 
3-OST HS 3-O-sulphonated heparan sulphate 

ACV  Acyclovir 
AIDS  Acquired Immune Deficiency Syndrome 

APC  Antigen presenting cell 
ATCC  American Type Culture Collection 
BdrU  5-bromo-2’-deoxyuridine 

BI  Binding inhibition 
BSA  Bovine serum albumin 

cART  Combined antiretroviral therapy  
CCR  Chemokine (C-C motif) receptor. It can be extended to the rest of abbreviations: CCR2, 

CCR3 and CCR5 
CD  Cluster of differentiation. It can be extended to the rest of abbreviations: CD3, CD4, 

CD8… 
CID  Cytomegalic inclusion disease 

CNS Central nervous system 

CXCR4  Chemokine (C-X-C motif) receptor 4 

Cy5  Sulfo-Cyanine5 
DAPI  4’,6-diamidino-2-phenylindole dihydrochloride 
DC  Dendritic cell 

DE  Herpesviridae delayed early or β genes 
DLS  Dynamic light scattering 

DMEM  Dulbecco’s modified Eagle’s medium 
DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic Acid 

dsDNA  Double-stranded DNA 

E  Herpesviridae early or β genes 
ELISA  Enzyme-linked immunosorbent assay 

EMEM  Eagle’s minimum essential medium 

Env  Gene encoding the structural Env polyprotein 

FAIDS  Feline AIDS 
FBS  Fetal bovine serum 
FITC  Fluorescein isothiocyanate 

FPG  Fluorescence plus Giemsa 

G  Dendrimer generation 
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Gag  Group-associated antigen. Gene encoding the structural Gag polyprotein 
GAG  Glycosaminoglycan 

GCV   Ganciclovir 

gB  Glycoprotein exposed in the surface of HSV-2 membrane. It can be extended to the rest 

of abbreviations: gB, gC, gD, etc.  
gp  Glycoprotein 
HCMV  Human Cytomegalovirus 

HHV-5  Human Herpesvirus-5 (HHV-5) 

HIV  Human Immunodeficiency Virus 

HS  Heparan sulphate 
HSPGs  Heparan sulphate proteoglycans 

HSV  Herpes Simplex Virus 

HVEM  Herpes virus entry mediator 

IC  Infection control 
iDC  Immature dendritic cells 

IE  Herpesviridae immediate early or α genes 
IgG  Immunoglobulin G 

IL-2  Interleukin 2. It can be extended to the rest of interleukins 
IN  Integrase 
INM  Inner nuclear membrane 

kb  Kilobase 

kd  Dissociation constant 

L  Herpesviridae late or  genes 

LDH  Lactate dehydrogenase 

LPS  Lipopolysaccharide  
LTR  Long terminal repeat 

mDC  Mature dendritic cells 
MFI   Mean fluorescence intensity 

miRNA/miR MicroRNA 
MLR  Mixed lymphocyte reaction 

MoDC  monocyte-derived dendritic cell 

MOI  Multiplicity of infection 
mRNA   Messenger RNA 
MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
Nef  Negative regulating factor. Gene encoding the accessory Nef protein of HIV-1 

NIH  National Institute of Health 
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nm  Nanometres  
NNI   National Nanotechnology Initiative 

NP  Nanoparticle 

NT  Non-treated 

ONM  Outer nuclear membrane 
OR14I1  Olfactory receptor family 14 subfamily I-1 
PAMAM Polyamidoamine dendrimer 

PBMC  Peripheral blood mononuclear cell 

PBS  Phosphate buffered saline 

PCCD  PEGylated cationic carbosilane dendrimer 
PEG  Polyethylene glycol 

PFA  Paraformaldehyde 

PFU  Plaque forming unit 

PHA  Phytohaemagglutinin 
Pol  Gene encoding the structural Pol polyprotein 
PPI  Poly (propylene imine) dendrimer 
PR  Protease 

Pro  Gene encoding the structural Pro protein  
Rev  RNA splicing regulator. Gene encoding the accessory Rev protein of HIV-1 
RNA  Ribonucleic acid 

rpm  Revolutions per minute 

RPMI  Roswell Park Memorial Institute 

RT  Reverse transcriptase 
RT  Room temperature 

RU  Resonance units 
SAIDS  Simian AIDS 

SCE  Sister chromatids exchange 
SD  Standard deviation 

SEM  Standard error of the mean 
SES  Socioeconomic status 

SPR  Surface plasmon resonance 
STI  Sexually transmitted infection 
TAE  Tris–acetate-EDTA buffer 

TAMRA Tetramethylrhodamine 
Tat  Transactivator protein. Gene encoding the accessory Tat protein of HIV-1 

UL  Unique long segment 



 

 12 

US  Unique short segment 
Vhs  Virion Host Shutoff protein 

VI  Viral inactivation 

Vif  Viral infectivity factor. Gene encoding the accessory Vif protein of HIV-1 

Vpr  Viral Protein R. Gene encoding the accessory Vpr protein of HIV-1 
Vpu  Viral Protein Unique. Gene encoding the accessory Vpu protein of HIV-1 
WHO  World Health Organization 

ZP  Zeta potential 
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2. INTRODUCTION 

2.1 RETROVIRIDAE  

Retroviridae is a family of enveloped, single-stranded, positive-sense RNA viruses characterised by their 

unusual replication in which the viral RNA genome is converted into a double-stranded DNA (dsDNA) copy by 

a reverse transcriptase to be finally integrated into the host genome (MacLachlan and Dubovi, 2016b).  

This family of viruses was first discovered in 1908 by Vilhelm Ellermann and Oluf Bang, who were 

investigating neoplastic diseases in chickens. With time, the study of this family of viruses was extended to 
mammals and now it is known that retroviruses infect a wide range of animal species, including others such 
as reptiles or fish (Schelhaas, 2017). The retrovirus family is divided into two subfamilies: Orthoretrovirinae, 

which is subdivided into six genera (Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus, 

Epsilonretrovirus, and Lentivirus) and Spumaretrovirinae, which is divided into five genera (Bovispumavirus, 

Equispumavirus, Felispumavirus, Prosimiispumavirus, and Simiispumavirus) (ICTV, 2022). 

The characteristic biological aspects of this family of viruses, including the ability to undergo mutation and to 
alter and integrate into the host genome, relies on the unique properties of the genome. Virions from the 
Retroviridae family share common genomic organization and four essential genes in their genome: gag, pro, 

pol, and env. Gag (group-associated antigen) encodes the major structural proteins required for virion 

formation; pro encodes a viral protease required for viral protein maturation; pol encodes multifunctional 

proteins (including RT and integrase enzymes); and env encodes the transmembrane envelope proteins 

(Painter and Collins, 2019).  

The retroviral cycle begins with the attachment of viral particles to specific surface receptors on their target 
cells. Once the binding has occurred these particles cross the plasma membrane through interactions with 

viral glycoproteins of the envelope. This fusion leads to the uncoating of the viral particle, where the viral RNA 

is dissembled and released to the cytoplasm. Here, as previously mentioned, the viral RNA is reverse 

transcribed into a dsDNA molecule. Afterwards, this molecule enters the nucleus where it will be integrated 

into the host cell genome, becoming part of the cellular genome (Hizi and Herzig, 2015, Albritton, 2018). This 
so-called provirus can replicate with the host genome and be transcribed into viral mRNA, which will be then 

translated by the host’s ribosomal machinery to produce different viral proteins. Then, on the cell membrane, 

these proteins will be assembled into immature viral particles inducing the formation of a curvature that will 

constitute a membrane-coated spherical viral particle. Finally, these immature progeny virions will be released 

from the host cell in a process called budding and will undergo a reorganization of the components that will 

generate mature infectious virus (Perilla and Gronenborn, 2016, Wang-Shick, 2017 ). 

Diseases produced by virus belonging to the Retroviridae family are very diverse and include: (i) different 

types of neoplasia, such as lymphoma, sarcoma, or leukaemia (Nair et al., 2020); (ii) various 

neurodegenerative diseases as spongiform encephalopathy, encephalomyelitis, or astrocyte degeneration 

(Soung and Klein, 2018); (iii) immunodeficiencies such as Acquired Immune Deficiency Syndrome (AIDS), 

Feline AIDS (FAIDS) or Simian AIDS (SAIDS) (Sahay and Yamamoto, 2018); and (iv) other diseases like 
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anaemia, osteoporosis or inflammatory diseases such as arthritis or mastitis (Brotto Rebuli et al., 2021, 

Nishiura et al., 2020, Wang et al., 2018).  

2.1.1 Human Immunodeficiency Virus-1 

One of the main causes of morbidity and mortality worldwide is human immunodeficiency virus-1 (HIV-1) 

infection: since the start of the pandemic in the 1980s, more than 79 million people have been infected. This 
virus, which belongs to the genus Lentivirus, causes progressive CD4+T cell loss leading to different 

immunological abnormalities which conduce to infectious and oncological complications and other morbidities 

such as renal, cardiovascular, and hepatic dysfunction. Currently, the combined antiretroviral therapy (cART) 

can inhibit HIV-1 replication achieving durable suppression of viral replication preventing the development of 

AIDS. However, access and adherence to these treatments are not within everyone's reach and there are still 
undiagnosed and late diagnosed individuals; in addition, prevailing therapy is not curative and stopping of the 

treatment or the appearance of resistances lead to viral rebounds of viral reservoirs (Deeks et al., 2015).  

2.1.1.1 Epidemiology  

According to the latest available data (2020), the number of people living with HIV-1 currently exceeds 37 

million, of whom 53% are women and girls. In the same year, more than 1,5 million people became newly 

infected, which represents a 11% decrease since 2010, and around 7.000 people died from an AIDS-related 

cause, which is a 47% reduction since 2010. It is interesting how key populations differ depending on local 
HIV-1 prevalence: in countries with high-prevalence (East and Southern Africa) young woman face the 

highest risk of infection, however, in countries with lower-prevalence (e.g. Eastern Europe and Central Asia) 

the highest risk of infection is faced by gay men, prostituted persons, transgender people and intravenous 

drug users (UNAIDS, 2022).  

Although 84% of infected people know their HIV-1 status, only 87% of them are being treated, and, in total, 

one quarter of the population living with HIV is not on treatment, and one third presents unsuppressed viral 
loads. Policies implemented by each country have led to an increase of resources to improve preventing 

measures and access to cART, improving the situation of the pandemic in regions such as sub-Saharan 

Africa, Latin America, Oceania, Western and Central Europe and North America. However, other regions, 

such as the Middle East, North Africa, Central Asia, and Eastern Europe, have experienced an aggravation of 

the situation (UNAIDS, 2021).  

Regardless of the progress achieved with the global commitment to fight against HIV-1, it is still one of the 
deadliest pandemics of our times and major efforts still must be made to end up with this unbearable situation.  

2.1.1.2 Morphology and structure 

As other viruses belonging to the Lentivirus genus, HIV-1 virions are spherical in shape and have a diameter 

of roughly 100 nm. HIV-1 genome is composed of two copies of positive-sense, single stranded RNA of 

approximately 9.8 kb which contains long terminal repeats (LTRs) at the 5’ and 3’ ends, enabling its 
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circularisation fundamental for its integration into the host genome. The genetic material is encapsulated by a 

capsid which, in turn, is protected by a lipidic membrane that proceeds from the host (Figure 1A) (German 
Advisory Committee Blood (Arbeitskreis Blut), 2016). 

The HIV-1 genome contains three of the previously mentioned essential genes: gag, pol, and env. Gag 

encodes different proteins such as p24, p17 or p6, which are structural proteins that compose the 

nucleocapsid, build the matrix and are involved in viral encapsulation, respectively (van Domselaar et al., 
2019). On the other hand, pol encodes protease (PT, viral maturation), reverse transcriptase (RT, synthesis of 
DNA from RNA), and integrase (IN, integration into host genome (Adamson and Freed, 2007)). Lastly, env 

gene encodes the glycoprotein (gp) gp160, which is the precursor of gp120, the exterior envelope gp that 

interacts with cellular receptors, and gp41, the transmembrane gp that mediates fusion between viral and host 

membranes (Wyatt and Sodroski, 1998). Furthermore, the HIV-1 genome encodes several regulatory proteins 

including Tat (activator of viral gene transcription), Rev (regulator of mRNA processing and transport), Nef 

(negative regulator of CD4 and HLA-I), Vif (increase of viral production), Vpr (induction of apoptosis) or Vpu 

(increase of virion release (Langer and Sauter, 2016)) (Figure 1B). 

 
Figure 1: Structure of the HIV-1 virion. (A) Representation of the HIV-1 virion structure with its principal proteins. Blue refers to structural 
proteins, purple to viral enzymes and green and orange to accessory proteins (B) Representation of the HIV-1 genome. HIV-1 virion 
image modified from: Research Collaboratory for Structural Bioinformatics Protein database (RCSB PDB). 
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2.1.1.3 Viral cycle  

The viral cycle of HIV-1 is identical to the cycle of other viruses belonging to the Retroviridae family. It can be 

divided into two phases: early and late phase. The early phase begins with the binding of virus receptors to 

the target cell, the primary receptor that mediates HIV-1 attachment is the cell surface glycoprotein CD4. The 

interaction of gp120 and gp 41 with CD4 induces a conformational change that brings closer the virus to the 

coreceptors CCR5 or CXCR4 (Mukherjee et al., 2021). This process is followed by the fusion of viral and 

cellular membranes and the release of the viral core into the cytoplasm. Then, as previously mentioned, viral 

RT transcribes the viral RNA genome into DNA which will enters the nucleus where it will get integrated by IN 

into the cellular genome. This step constitutes the beginning of the late phase, where the viral genome is 

transcribed and further transported to the cytoplasm where the viral mRNA will be translated to produce the 
aforementioned proteins. Eventually, the different proteins and two copies of genomic RNA will get assembled 

into the matrix forming a complex that will accumulate at the plasma membrane leading to the formation of 

membrane-coated particles. Lastly, new virions bud off the host cell and suffer different reorganizations that 

generate mature infectious particles (Figure 2) (Kirchhoff, 2021).  

 
Figure 2: HIV-1 replication cycle. Representation of the HIV-1 viral cycle starting from the binding to CD4 receptor and CCR5 and 
CXCR4 co-receptors, followed by the fusion with the host membrane and the uncoating and release of the viral RNA into the cytoplasm. 
Subsequently, it gets reversely transcribed into viral DNA which translocates to the nucleus to be integrated into the host DNA and 
ubsequently transcribed and translated into new viral RNA and proteins, which assembly into new virions that bud off and are released to 
be finally maturated outside the cell. Image modified from Scholarly Community Encyclopaedia.  
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A key step of the HIV-1 viral cycle is the establishment of latency in infected cells. This occurs when the 

integrated DNA fails to express viral RNA and proteins due to the transition of infected CD4+T cells to a 
quiescent cell stage in which the transcription machinery stops. This process makes infected cells 

undetectable and unclearable for the immune system until fortuitous reactivation, which remains the main 

challenge to a permanent cure (Romani and Allahbakhshi, 2017).  

2.1.1.4 Transmission mechanisms and clinical course  

In 1981, different physicians noticed severe immunosuppression, opportunistic infections, and unusual 

cancers among a group of young gay men; these were the first reports of what would later be termed AIDS 

(CDC, 1981). Several years later, Dr. Robert Gallo, Dr. Luc Montagnier, and Dr. Jay Levy proved that the viral 

agent causing this disease was HIV-1 and claimed that it was transmitted by intimate contact or blood 
products (Barre-Sinoussi et al., 1983, Gallo et al., 1983, Popovic et al., 1984). Nowadays, it is known that the 

epidemic is mainly driven by sexual transmission, but there are other transmission routes such as maternal-

infant infections (either intrauterine, intrapartum or breastmilk) and injection drug use (Shaw and Hunter, 

2012).  

The clinical course of HIV-1 is characterised by an initial acute phase which lasts up to 6 weeks, during this 
phase the virus gets rapidly replicated in infected cells, the viral load in plasma increases and there is an 

abrupt decline in CD4+ T lymphocytes. Infected people in this phase exhibit variable clinical symptoms 

including fever, fatigue, lymph node enlargement, diarrhoea and neuropathy (German Advisory Committee 

Blood (Arbeitskreis Blut), 2016). This phase is followed by an asymptomatic period that can last a decade in 

which immunodeficiency progresses through continuous depletion of CD4+ T cells, leaving the patient 
susceptible to opportunistic infections (usually by Toxoplasma gondii, Cryptosporidium parvum, Pneumocystis 

jirovecii, or Mycobacterium tuberculosis) and development of neoplasms (Deeks et al., 2015).   

Different antiretroviral drugs, and the combination of them, have been approved for the treatment of infection, 

each targeting a different step in the life cycle of the virus: nucleoside and nucleotide analogues (Abacavir and 

Tenofovir, respectively), non-nucleoside reverse transcriptase inhibitors (Efavirenz), protease inhibitors 

(Lopinavi) and fusion inhibitors (Enfuvirtide). Adherence to the treatments reduces the level of viremia and 

allows recovery of the functionality of the immune system to some extent, usually preventing AIDS. However, 
the fact that cART must be administered for life involves developing drug toxicity with symptoms among which 

fat redistribution, renal and hepatic dysfunction, osteopenia, and depression stand out. Additionally, other 

conditions such as poor mental health, social isolation, and stigma appear due to chronic lifelong infection. 

Furthermore, despite treatment, some patients do not restore proper immune function and others develop 

resistance to cART, which complicates efforts to control viral replication (Clavel and Hance, 2004). 
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2.2 HERPESVIRIDAE 

Herpesviridae is a large and diverse family of linear dsDNA viruses characterised by a unique morphology in 

which the genome is encapsulated in an icosahedral capsid that is, in turn, surrounded by a layer of globular 

material called the tegument and a lipoprotein envelope with abundant glycoproteins spikes (Davison et al., 

2009).      

The herpesvirus family is divided into three tenuously related subfamilies: Alphaherpesvirinae, which is 

subdivided into five genera (Iltovirus, Mardivirus, Scutavirus, Simplexvirus and Varicellovirus), 
Betaherpesvirinae, which is further divided into five more genera (Cytomegalovirus, Muromegalovirus, 

Proboscivirus, Quwivirus and Roseolovirus) and Gammaherpesvirinae which is separated into seven genera 

(Bossavirus, Lymphocryptovirus, Macavirus, Manticavirus, Patagivirus, Percavirus and Rhadinovirus) (ICTV, 

2022). Infections by this family of viruses occur in both invertebrates and cold- and warm-blooded vertebrates, 

including molluscs, fish, reptiles, amphibians, and all species of mammals and birds investigated (MacLachlan 

and Dubovi, 2016a). 

One of the most characteristic biological aspects of herpesviruses is that, following host infection, they can 
establish a latent lifelong infection alternative to lytic infection, leading to unlimited production of virions. 

Reactivation of virus replication is restricted but recurrent with expression of viral proteins, production of 

progeny virus and transmission to other hosts (Gatherer et al., 2021).  

Despite the high genetic diversity of members within this family, they all share common features in their 
replicative cycle. As with other viruses, the cycle starts with the adsorption of the viral envelope to the plasma 

membrane through different receptors, followed by the fusion of these membranes and the penetration of the 

capsid into the cytoplasm. The viral genome is then translocated to the nucleus where immediate early (IE or 

α), early (E or β) and late (L or ) genes are replicated and transcribed (Roizman, 2013). This newly generated 

DNA is packaged into immature capsids that bud to the cytoplasm in a primary envelope through the inner 
nuclear membrane. There is a de-envelopment at the outer nuclear membrane that allows the release to the 

cytoplasm, where a secondary envelopment and the assembly of the tegument proteins lead to the maturation 

of the virion, which is required to produce infectious virions (Roller and Johnson, 2021).  

Diseases caused by the infection of Herpesviridae viruses are very diverse and depend on the subfamily of 

the infecting agent and the infected species. Clinical manifestations include fully asymptomatic, fever, pain, 
gingivostomatitis, laryngotracheitis, hepatomegaly, located lymphadenopathy, necrosis in fetal organs, 

encephalitis, and ulcerative and vesicular lesions on the skin and mucosae of the genital and respiratory tracts 

(MacLachlan and Dubovi, 2016a). 

2.2.1 Herpes Simplex Virus-2 

The first descriptions of genital lesions such as those caused by Herpes Simplex Virus (HSV) were found in 

the Ebers papyrus (circa 1500 BC). Later, in ancient Greece, Hippocrates documented the cutaneous spread 
of these lesions and defined them with the word herpes derived from herpein which means “to creep or crawl” 
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for their spreading nature. John Astruc in the 17th century published a book describing genital herpes, and 

Fournier, in 1896, wrote about the diagnosis and treatment of herpes in infants. Active research of HSV 
started in 1919, after Lowenstein confirmed that herpes was an infectious disease (Rechenchoski et al., 

2017).  

Herpes Simplex Virus-2 belongs to the genus Simplexvirus in the subfamily Alphaherpesvirinae and is 

generally associated with infection of genital mucosal surfaces. Infections with this virus represent an 

enormous global health problem since a huge amount of the population is infected. Invasion of the cornea or 
the central nervous system (CNS) and infection of new-borns or immunocompromised individuals can lead to 

live threatening conditions. There are currently several drugs approved for primary and recurrent disease, 

which prevent and shorten rebounds of the virus and reduce risk of transmission. However, asymptomatic and 

unrecognised individuals remain untreated and there is no effective vaccine or definitive cure, which leads to 

the emergence of resistant strains entailing viral reactivations (Brady and Bernstein, 2004). 

2.2.1.1 Epidemiology  

Infections produced by HSV-2 are among the most common sexually transmitted diseases in humans. It is 

important to mention that estimations are based on reported cases; this implies an underestimation of the 
prevalence since a considerable amount of HSV-2 infected people are unaware of their situation (Wald and 

Ashley-Morrow, 2002). 

According to the latest available data, there are around 491 million people between 15 and 49 years infected 

with HSV-2 worldwide (W.H.O, 2022). Highest seroprevalence is found in the World Health Organization 

(WHO) African Region, where it reaches 37% of the population, followed by the Western Pacific, South-East 
Asia and Americas Regions (Harfouche et al., 2021). There are also differences in sex: prevalence in women 

(313 million) is almost twice as often as in men (178 million). As with other sexually transmitted infections 

(STI), risk populations exposed to sexual risk behaviour, such as prostituted people, present much higher 

seroprevalence (James et al., 2020).  

There has been an increase in global HSV-2 prevalence, latest accessible data estimates that 23,9 million 
people under 50 became infected in 2016, which implies a 13,7% increase from previous years. This increase 

has followed the same pattern; almost twice as many women as men were infected, and the WHO African 

Region had the highest prevalence (James et al., 2020). 

There is enough evidence for a biological association between HSV-2 and HIV infections: HSV-2 enhances 

five times the risk of acquisition of HIV. As mentioned above, both infections are associated with similar risk 
factors (such as age, sex, or sexual behaviour) (Kaushic et al., 2011, Matoga et al., 2021, Omori and Abu-

Raddad, 2017). In addition, incident HSV-2 infection involves inflammation with concentration of CD4+ T 

lymphocytes in the genital area and genital ulceration, through which HIV can enter and infect (Looker et al., 

2017a). 
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These observations demonstrate the critical need to perform interventions that target HSV-2, mainly the 

development of protecting vaccines and treatments which will potentially benefit against this and other 
infections especially in regions with high incidence of co-infections of these viruses. 

2.2.1.2 Morphology and structure 

Being a virus of the Simplexvirus genus, HSV-2 virions are composed of four main layers, giving rise to a 

spherical particle with spikes of 225 nm in diameter (Figure 3A) (Widener and Whitley, 2014):  

i) a core formed by the single linear dsDNA molecule. 
ii) an icosahedral capsid formed by 100nm capsomeres that surround the core. There are three 

types of capsids: A-capsids that lack scaffold proteins and viral DNA, B-capsids that only lack 

viral DNA and C-capsids that contain the viral genome.  

iii) an amorphous tegument wrapping the capsid formed by viral enzymes needed to subvert 

control of chemical processes of the host cell and to defend from immediate host responses. 

iv) an outer lipoprotein envelope made up of host membrane proteins and viral glycoproteins. 

The HSV-2 genome has 155 kbp and consists of two segments (unique long, UL, and unique short, US) which 

are flanked by inverted repeats (TRL and IRL, TRS and IRS). The presence of these repeats allows the 

inversion of UL and US regions leading to the formation of four different linear genomes (Figure 3B) (Knipe and 

Whitley, 2021).  

The UL region contains 56 viral genes, while the US region contains only 12, which encode essential (to 

regulate transcription and virion construction) and dispensable (to enhance viral production and spread) 

genes. Some important proteins encoded by these genes are those that conform the tegument, including 

virion host shutoff (Vhs) protein (which facilitates host mRNA degradation after infection), UL36 (which 

facilitates viral DNA entry into the nucleus) or the VP16 transactivating protein (which enhances replication of 
immediate-early genes (Kukhanova et al., 2014, Taylor et al., 2002)). Other important proteins are those 

glycoproteins mentioned to form the lipid envelope (gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, and gM) that are 

responsible for the attachment and internalisation of the virion into the host cell (Mettenleiter et al., 2009). 
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Figure 3: Structure of the HSV-2 virion. (A) Representation of the HSV-2 virion structure with its four main layers. (B) Representation of 
the HSV-2 genome. 
 
 

2.2.1.3 Viral cycle 

Despite the variety of cell types that can be infected by virus from the Herpesviridae family, the mechanisms 

used to entry into host cells is highly conserved. In the case of HSV-2, attachment to host cell starts with the 

association of gB and/or gC with heparan sulphate (HS) proteoglycans (HSPGs) present on the cell surface 
(Sathiyamoorthy et al., 2017). After this first contact, gD binds to three classes of receptors, including nectin1 

and 2, herpes virus entry mediator (HVEM), and 3-O-sulphonated HS (3-OST HS) (Connolly et al., 2021). This 

interaction produces conformational changes in gD that allow its interaction with gB and gH-gL to trigger 

fusogenic activity between the viral outer envelope and the cell plasma membrane (Agelidis and Shukla, 

2015).  

After entering, the viral particle is transported through microtubules to the nuclear membrane, where the 
capsid interacts with the nuclear pore complex, leading to the release of the viral genome to the nucleus 

(Madavaraju et al., 2020). Here, the viral genome will be replicated and transcribed by the cell RNA 

polymerase II, which will synthetize viral mRNA in a sequential transcriptional cascade of expression of 

immediate early (IE or α), delayed early (DE or β), and late (L or γ) genes (Kukhanova et al., 2014). The viral 

genome is then cleaved and packaged into capsids, which will egress from the nucleus by budding at the 

inner nuclear membrane (INM) acquiring a first envelope. Subsequently, capsids fuse with the outer nuclear 
membrane (ONM), resulting in the loss of the primary envelope. The capsid is then transported to the 

cytoplasm where virion maturation occurs by tegumentation and secondary envelopment of capsids. Virions 

are then transported to the cell surface, where they fuse with plasma membranes, releasing enveloped 

mature virions (Figure 4) (Mettenleiter et al., 2009).  

Upon primary infection, HSV-2 can infect neuronal dendrites of sensory ganglia and, by axonal transport, 

move to cell bodies of peripheral neurons where it can continue with the previous explained lytic replication or 
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undergo latent infection. In latency, viral genome is retained within sensory neurons were lytic genes get 

repressed. Upon certain stimuli, virus replication reactivates, producing infectious virions that travel through 
anterograde axonal spread through peripheral sensory nerves back to other mucosal surfaces (Singh and 

Tscharke, 2020).  

 

 
Figure 4: HSV-2 replication cycle. Representation of the HSV-2 viral cycle starting from the binding to different cell receptors, followed by 
the fusion with the host membrane and the uncoating and the nuclear release of the viral DNA into the cytoplasm. Afterwards, it gets 
transcribed and translated into new viral DNA and α, β AND γ proteins, which assembly into new virions that are enveloped and de-
enveloped to be subsequently enveloped again before budding off to be released. 

2.2.1.4 Transmission mechanisms and clinical course 

Acquisition of HSV-2 usually occurs by inoculation of the virus through breaks in the mucosa via direct 
intimate contact and establishes acute infections in epithelial cells and fibroblasts in the genital regions and in 

the accessing nerves that innervate the site of infection. After an incubation period of 4 to 6 days in which 

HSV-2 replicates, cell lysis and inflammation result in characteristic vesicular or ulcerative lesions in the vulva, 

vagina, and cervix in women and glans penis, prepuce, and penile shaft in men. Primary disease frequently 
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entails fever, malaise, dysuria, and bilateral inguinal lymphadenopathy (Johnston and Corey, 2016). Less 

commonly, HSV-2 causes mucocutaneous infections such as gingivostomatitis producing sore throat, 
erythema, pharyngeal edema and painful ulcerative lesions on the oral mucosa. Less commonly, HSV-2 can 

produce encephalitis which is characterised by haemorrhagic necrosis of the temporal lobe causing headache 

and alterations in consciousness, speech, and behaviour (Gnann and Whitley, 2017, Whitley and Baines, 

2018). Despite being uncommon, it is lethal in more than 15% of cases even with appropriate antiviral 

therapy. In immunocompromised individuals, infection can progress to extensive perineal ulcerations, 

multiforme erythema, pneumonitis, hepatitis, and disseminated cutaneous disease (Knipe and Whitley, 2021).   

HSV-2 transmission from mother to child happens mainly through peripartum neonatal transmission by viral 
shedding from vaginal secretions but can also happen through in utero transmission via placental or amniotic 

involvement and postnatal infection by contact with cutaneous lesions (Looker et al., 2017b). Although rare, 

neonatal infection has a high mortality and disability rate and manifests itself with ophthalmologic symptoms 

such as epithelial keratitis, chorioretinitis, and optic atrophy, and neurological symptoms such as 

hydranencephaly, intracranial calcifications, microcephaly, and meningoencephalitis (Bhatta et al., 2018, 

Hammad and Konje, 2021).  

Symptoms caused by HSV-2 infections can be treated; the gold standard drugs used in the treatment of these 
infections are Acyclovir (ACV) and Famciclovir (Birkmann and Zimmermann, 2016). Both are synthetic 

nucleoside analogue that cause chain termination inhibiting the synthesis of viral DNA. Recurrent orolabial 

and genital infections can be treated with any of them in adult and paediatric patients; however, patients with 

encephalitis must only be treated with ACV (Harris and Holmes, 2017, Taylor and Gerriets, 2022). The 

treatment of choice for ophthalmologic symptoms is Trifluridine, another nucleoside analogue, which is not 
specific to HSV-2 (Roozbahani and Hammersmith, 2018). 

The fact that these molecules share the mode of action entails sharing the same deficiencies: incomplete 

suppressive treatment, minimal effect upon acute episodes and emergence of resistances. This highlights the 

urgent need to develop new therapies to combat HSV-2 infection. 

2.2.2 Human Cytomegalovirus 

First observations of cytomegalic cells were done by Hugo Ribbert in 1881, who described large cells with an 

eccentrically placed nucleus containing a central nuclear body that was surrounded by a clear halo (Ribbert, 

1904). It was not until 1925 that Von Glahn and Pappenheimer claimed that these cells were produced by viral 

infections and related them to herpesviruses, describing the infection as generalised cytomegalic inclusion 

disease (CID) (Vonglahn and Pappenheimer, 1925). In 1956, Dr. Margaret Smith isolated for the first time the 

virus causing CID and in 1960 this virus was named Human Cytomegalovirus (HCMV) by Thomas Weller 

(Smith, 1956, Weller et al., 1960). 

HCMV, also known as human herpesvirus-5 (HHV-5), is one of the largest viruses known to cause clinical 
disease and to harbour the most genes dedicated to altering innate and adaptive host immunity. 
Cytomegalovirus is a genus belonging to the subfamily Betaherpesvirinae that is mainly asymptomatic but can 
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lead to life-threatening complications for fetal development, transplant recipients, and other 

immunocompromised individuals (Dioverti and Razonable, 2016). This virus establishes a life-long persistent 
infection that reactivates intermittently throughout life casing conditions such as sepsis, allograft rejection, 

cardiovascular disease and other systemic inflammatory conditions (Forte et al., 2020). Antiviral treatment 

controls direct effects of HCVM infection, but there is not curative treatment, and the existing therapies are not 

accessible worldwide allowing the appearance of resistances that involve viral reactivations.  

2.2.2.1 Epidemiology  

Epidemiological studies of HCMV have been performed since the development of a test for complement-fixing 

antibodies by Dr. Rowe in 1956 (Rowe et al., 1956). However, it is difficult to generalise prevalence estimates 

across regions since the number of reporting countries is low and the measurement and detection protocols 
are inconsistent. However, HCMV infection has been shown to be endemic throughout the world despite 

exhibiting significant geographic variability: prevalence rates in developing countries tend to be 20-30% higher 

than in developed countries, and therefore race and ethnicity are evaluated as risk factors. Specifically, 

seropositivity in some regions of Africa and Asia reaches 100%, in Russia 95% and in America 80% whereas 

in some regions of Europe (e.g. France and the Netherlands) it barely approaches 50% (Vilibic-Cavlek et al., 

2017). 

It has also been observed that prevalence generally increases with age, as seropositivity in children younger 
than 5 years old is 30% whereas it reaches 50% in adults older than 50 years (CDC, 2020). Organ 

transplantation and blood transfusions are also high-risk factors, HCMV infection has been shown to occur in 

up to 70% of recipients in some regions (Al Mana et al., 2019). 

Another risk factor is socioeconomic status (SES). Diverse studies show that people with a lower SES have 
between 10 and 30% higher prevalence than people with a high SES. However, sex studies have not shown 

an association with seropositive HCMV, as the differences shown are inconsistent between reports (Cannon 

et al., 2010).  

The extensive prevalence of HCMV worldwide and the morbidity and mortality associated with it make it 
necessary to develop mitigation plans, especially for vulnerable populations, including preventive measures 

and novel treatments to combat this infection.  

2.2.2.2 Morphology and structure 

The virion of HCMV shares many features with other viruses belonging to the Betaherpesvirinae subfamily; 

firstly it consists of the same layers previously explained: an icosahedral nucleocapsid densely packing the 

linear dsDNA genome, surrounded by the proteinaceous tegument, which is, in turn, enclosed by a lipid 

bilayer containing numerous glycoproteins. This conforms a mature virion particle measuring 150 to 200 nm in 

diameter (Figure 5A) (Gugliesi et al., 2020).  

Another shared feature is its genome, of 230 kbp, which is the largest of all human herpesviruses and is 

structured in the characteristic division of UL, US and flanking inverted repeats that allow the production of four 
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linear genomes in viral progeny (Figure 5B)  (Sijmons et al., 2015). This genome encodes for over 200 

proteins, whose expression, divided into three temporal classes, regulates different aspects of the viral cycle: 
immediate early, delayed early and late (Jean Beltran and Cristea, 2014). The main proteins are the four 

proteins that make up the capsid (pUL46, pUL48.5, UL85 and UL86) and the glycoproteins of the lipidic 

envelope (gB, gN, gO, gH, gM, gL, UL128, UL130 and UL131), involved in viral entry, maturation, and spread. 

Other proteins involved in viral maturation and regulation of viral and cellular promoters are ppUL32, ppUL65, 

ppUL69, and ppUL82 found in the tegument (Landolfo et al., 2003). 

 
Figure 5: Structure of the HCMV virion. (A) Representation of the HCMV virion structure with its four main layers. (B) Representation of 
the HCMV genome.  

2.2.2.3 Viral cycle  

Human cytomegalovirus presents a wide cell tropism, including epithelial, endothelial, smooth muscle, 
neuronal, and dendritic cells, as well as fibroblasts, hepatocytes, trophoblasts, and monocytes/macrophages 

(Gerna et al., 2019), however, viral infection and cycle are conserved among these cell types. It starts with the 

interaction of infectious virions with host receptors, including platelet-derived growth factor receptor- α 

(PDGFRα), neuropilin 2 and olfactory receptor family 14 subfamily I-1 (OR14I1) (Connolly et al., 2021).This 

interaction takes place either through a trimeric complex formed by gO and gH-gL or through a pentameric 

complex formed by gH-gL and UL128, UL130 and UL131, depending on the cell type (Zhou et al., 2015). 

Membrane anchoring of gH-gL triggers gB refolding leading to the fusion of viral and cell membranes, creating 

a pore through which the virus enters the cell (Sathiyamoorthy et al., 2017). 

Once inside the host cell, viral tegument proteins interact with the cell microtubule machinery to be 

transported to the nucleus. After replication takes place, capsid assembly occurs and it egresses from the 

nucleus to the cytoplasm through a process of envelopment at INM and de-envelopment at ONM (Sanchez 

and Britt, 2021). Here, hijacked cellular secretory machinery contributes to the assembly of virions, which 

acquire the tegument layer and the viral envelope (Close et al., 2018). Following successful maturation of the 
virions, they are released from the host cell, most probably through a secretory vesicle-like pathway (Figure 

6).  
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HCMV can stablish latency by robustly supressing expression of almost all E and L genes through processes 

such as histone methylation. In addition, latency requires the induction of expression of small RNAs (e.g. miR-
UL148D) that, being non-immunogenic, can modulate host cell environment by regulating expression of 

targets involved in immune e evasion, survival, and proliferation. A combination of viral and cellular factors, 

including inflammation, trigger the reactivation of latently infected cells (Lau et al., 2016). 

 
Figure 6: HCMV replication cycle. Representation of the HCMV viral cycle starting from the binding to different cell receptors, followed by 
the fusion with the host membrane and the uncoating the and nuclear release of the viral DNA into the cytoplasm. Afterwards, it gets 
transcribed and translated into new viral DNA and α, β and γ proteins, which assembly into new virions that are enveloped and de-
enveloped to be subsequently enveloped again before budding off to be released. 

2.2.2.4 Transmission mechanisms and clinical course  

Acquisition of HCMV occurs most frequently during childhood and early adulthood; however, transmission can 

occur vertically (through placenta, during birth, or through breast feeding) and horizontally (via contact with 

contaminated saliva, urine, semen, or other bodily secretions, and organ transplant or blood transfusion) 

(Dioverti and Razonable, 2016). 
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In healthy immunocompetent individuals, primary infection is usually asymptomatic; however, it may present 

as a mononucleosis-like syndrome with fever, malaise, lymphadenopathy, and lymphocytosis. However, sever 
infection produces alterations in the gastrointestinal tract (colitis) and in the CNS (meningitis or encephalitis), 

cardiovascular abnormalities (haemolytic anaemia or thrombosis) and impairment in other organs such as 

eyes (retinitis), liver (hepatitis) or lungs (pneumonitis) (Rafailidis et al., 2008).  

Congenital HCMV infection is the most frequent intrauterine infection, occurring in 40% of the cases where 

mothers develop primary infection during pregnancy (Akpan and Pillarisetty, 2021). It manifests as clinical 
disease only in 10 to 15% of cases, at birth or later, with mild to severe conditions such as petechial rash, 

hepatosplenomegaly, optic nerve atrophy, hearing loss, developmental and motor delay, prematurity, 

microcephaly, and death of the unborn baby (Fowler and Boppana, 2018). 

One of the most frequent opportunistic infections in transplant patients is HCMV, it can occur both by 

reactivation in seropositive patients due to immunosuppressive treatments or by a primary infection in 
seronegative patients after transplantation (Azevedo et al., 2015). The clinical manifestations are very diverse 

and depend on the pro-inflammatory cytokine cocktail derived from transplantation, the duration of HCMV 

replication, and the status of the immune response. Milder manifestations include gastrointestinal symptoms 

such as diarrhoea, esophagitis, or gastroenteritis. Most severe disease exhibits symptoms such as hepatitis, 

pneumonia, myocarditis, pancreatitis, and meningoencephalitis, which may lead to patient death despite 

treatment (Razonable and Humar, 2019). Other immunosuppressed individuals, such as elderly patients or 

those with AIDS, leukaemia, lymphoma, or other malignancies, have similar manifestations, with ulcerative 

colitis being the most common (Griffiths et al., 2015, Griffiths and Reeves, 2021). 

The approved drugs for the treatment and prophylaxis of HCMV are ganciclovir (GCV), its prodrug 

valganciclovir, cidofovir, foscarnet, and, more recently, letermovir. The front-line of action is GCV, nucleoside 

analogue of guanine which, similarly to cidofovir and foscarnet, inhibits the synthesis of HCVM DNA. On the 

other hand, letermovir blocks the packaging of DNA in the viral capsid (Poole and James, 2018). However, 

there are no effective vaccines or treatments that protect from reactivations, and prolonged therapies lead to 
appearance of resistances and toxicity. The high incidence and nature of the clinical manifestations of 

infection highlight the need for new effective therapies to protect high-risk populations exposed to HCVM.  

2.3 NANOTECHNOLOGY AND NANOMEDICINE 

Humanity has been exposed to nanoparticles (NPs) throughout its history, but it was not until 1925 that 
Richard Zsigmondy proposed the word nanometre to refer to particles size. Later, in 1960, another Nobel 

Prize Laureate, Richard Feynman, introduced in his speech ‘‘There’s Plenty of Room at the Bottom’’ the idea 

of manipulating matter at the atomic level (Feynman, 1960). Fifteen years later, Norio Taniguchi defined this 

technology as the one consisting of the processing, consolidation, separation, and deformation of materials by 
one atom or one molecule (Bhushan, 2017). In ‘‘Engines of Creation: The Coming Era of Nanotechnology’’ 
Eric Drexler proposed the idea of molecular nanotechnology in 1986 (Drexler, 1986). Nanotechnology has 

experimented its golden age in the 21st century when many different fields of nanoscience have emerged, 
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becoming a national priority in the legislation of the United States with the creation of the National 

Nanotechnology Initiative (NNI) in 2000 (Interagency Working Group on Nanoscience, 2000). This initiative 
describes nanotechnology as the understanding and control of matter at dimensions between 1 and 100 

nanometres, enabling them with novel properties and functions because of their size (NNI).  

This technology integrates different scientific fields, including physics, chemistry, and engineering among 

others (Huang et al., 2021, Riley et al., 2019, Wang et al., 2021). These integrations have provided original 

solutions to current medical, industrial, and environmental issues related to materials, manufacturing, energy, 
water, security, biotechnology, and more. In terms of nanomedicine, its main applications lie in the ability to 

control the size of the particles, making them of the same size as biological entities. Furthermore, the freedom 

to design and modify materials and their surfaces is the key to their impact in clinical applications such as 

medical diagnostics or drug development (Ramsden, 2016).  

Some characteristics of these nanomolecules are their ability to transit through blood vessel walls and 
vascular epithelium (Tee et al., 2019), to penetrate the blood-brain barrier and the stomach epithelium (Ball et 

al., 2018, Rodriguez-Izquierdo et al., 2020b), to extravasate through splenic and liver fenestrae  avoiding rapid 

filtration (Alphandery, 2019), to act as delivery vehicles (Mitchell et al., 2021), to interact with cell surface 

biomolecules (Salatin et al., 2015), to image biomolecular processes (Han et al., 2019) and to target specific 

molecules (Huang et al., 2017).  

2.3.1 Dendritic structures 

Nanoparticles are very diverse and can have multiple chemical compositions and shapes, but the most 

commonly used in nanomedicine are liposomes, gold NPs, quantum dots, carbon nanotubes and dendrimers 
(Figure 7) (Bozzuto and Molinari, 2015, Deng et al., 2020, Dias et al., 2020, Giljohann et al., 2010, Zhang et 

al., 2015). The later, dendrimers, are one of the nanoparticles that have experienced the greatest evolution in 

recent years since they have high significance in the field of medicine for being promising candidates for a 

wide range of applications.  

 
Figure 7: . Most common types of nanocompounds used in nanomedicine. (A) liposomes, (B) dendrimers, (C) gold nanoparticles, (D) 
quantum dots and (E) carbon nanotubes. 
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Vogtle created the first dendritic structure in 1978, but it was not until 1981, 1983, and 1985 that Denkewalter, 

Tomalia, and Newkome, respectively, confirmed the discovery of this type of nanoparticles (Baig et al., 2015). 
Since then, a lot of research has been carried out to determine the properties and applications of this 

molecules. Dendrimers can be used both as targeted delivery vehicles and as single treatments, such as 

those directed against viral and bacterial infections (Shaunak, 2015), inflammatory diseases (Fruchon and 

Poupot, 2018), cardiovascular diseases (Yu et al., 2015), and cancer (Kim et al., 2018).  

2.3.1.1 Characterisation and properties 

Dendrimers are well-defined, radially symmetric, homogeneous and monodisperse three-dimensional 

structures that consist of tree-like branches, which explains the use of this term to describe them: from Greek 

words ‘‘δένδρονand’’ and ‘‘μέροσ’’, which are translated to tree and parts, respectively (Fradet et al., 2019). 
They are formed by a functional core where hydrocarbon scaffolds (known as dendrons) are attached forming 

branching layers that surround the core, named generations (G), which can have specific functional groups at 

the periphery conforming a flexible multivalent structure (Figure 8) (Chis et al., 2020).  

 

Figure 8: . Schematic representation of (A) dendrons and (B) dendrimers. The figure shows the repetitive layers from the central core 
with their branching units, the hydrocarbon scaffold structure, and the functional groups on the periphery. 

Some of the dendrimers properties include their pharmacokinetic features (including rapid absorption, 

distribution, metabolism, and elimination), their polyvalency to produce various interactions with biological 

receptors, and the ability to establish electrostatic interactions useful for molecular recognition. The 

physicochemical properties of dendrons and the number of generations can be adjusted to control size, 

shape, folding, solubility, and multivalence to conjugate diverse drug molecules and specific targets (Abbasi et 

al., 2014). 

These molecules feature both polymer (because they are made up of repetitive monomers) and molecular 

chemistry (because they are synthesised in a controlled manner step by step), and these features grant their 

physical nature, giving rise to different classifications of dendrimers based on either properties or structure. 

According to property classification, there are six types of dendrimers: (i) biodegradable, (ii) amino acid-

based, (iii) hydrophilic, (iv) hydrophobic, (v) glycosylated, and (vi) asymmetric dendrimers. According to 
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structural classification, there are ten types of dendrimers: (i) simple, (ii) crystalline, (iii) chiral, (iv) micellar, (v) 

hybrid, vi) amphiphilic, (vii) metallic, (viii) multilingual, (ix) tectodendrimers, and (x) multiple antigen peptides 
(Mittal et al., 2021).  

2.3.1.2 Synthesis 

There are two different methods by which dendrimers can be synthesised (Figure 9) (Sherje et al., 2018, Wu 

et al., 2015) 

i) Divergent methodology. This strategy is based on building the dendrimer from the core outward, through 
the reaction of the core molecule with monomers forming a first-generation dendrimer (G0). Then, the 

periphery of this G0 might react with more monomers to increase to G1 and repeat the process for several 

generations building the dendrimer layer after layer. This method usually forms dendrimers with imperfect 

structures and asymmetric shape that stop growing further because of steric constraints of the increasing 

branch density.  

ii) Convergent methodology. In this approach, dendrons are grown separately and attached to the 

multifunctional core in the final step. This methodology overcomes limitations associated with the previous 

strategy such an easier purification of the end-product and the occurrence of fewer structural defects 
during build-up. However, steric impediments at the reactions of dendrons with the core do not allow the 

assembly of high-generation dendrimers.  

 
Figure 9: Schematic representation of dendrimer synthesis. (A) Divergent growth synthesis from the inside to the outside. (B) 
Convergent growth synthesis from the outside to the inside.  
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In the field of biomedicine and, more precisely, in virology, the mentioned nature of dendrimers makes them 

great candidates to be used against viral infections. Some antiviral strategies that can be developed, 
depending on the characteristics of each dendrimer, include their use as nanocarriers for different cargos 
(such as peptides, miRNAs or different drugs) and their use per se as direct antivirals for prophylactic or 

therapeutic treatments (Figure 10). The first dendrimer to be synthesised and commercialised was the poly 

(propylene imine) (PPI) dendrimer, consisting of a core of tertiary propylene amines and primary amines as 

terminal groups (Singh et al., 2021). The second oldest dendrimer to be synthetised was polyamidoamine 

(PAMAM) dendrimer, thus it is the most well-characterised class of dendrimer and has been enhanced to be 

used as drug delivery vehicle (Araujo et al., 2018). Other widely studied dendrimers are poly(L-Lysine) 
dendrimer, phosphorous dendrimers or carbosilane dendrimers. 

 
Figure 10: Nanomedical applications of nanoparticles. (A) Use as delivery vehicles for nucleic acids, (B) as antiviral agents per se and 
(C) as encapsulators of bioactive agents.  

2.3.1.3 Cationic carbosilane dendrimers and micellar carbosilane dendrons 

Among the different dendritic structures with promising nanomedical applications, one can find carbosilane 

dendrimers dendrons. Carbosilanes are compounds formed by silica and carbon in the molecular skeleton, 

leading to highly energetic and hydrophobic scaffolds. Surface functionalisation with specific moieties 

increases their usability in biomedical fields and gives rise to different types of dendrimers: anionic and 

cationic carbosilane dendrimers (Rabiee et al., 2020).  
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The following sections are dedicated to the description of the different nanoparticles used in this doctoral 

thesis. 

2.3.1.3.1 Cationic carbosilane dendrimers  

Cationic carbosilane dendrimers have proven to be powerful platforms for the formation of complexes with 

nucleic acids or drugs, termed dendriplexes, through the attachment of these molecules by electrostatic 

interactions (Palmerston Mendes et al., 2017). In addition, cationic groups of the periphery render them 

soluble in water, increasing the bioavailability of attached molecules, thus enabling them as non-viral vehicles 

(Bravo-Osuna et al., 2016). They also exhibit higher cytotoxicity than anionic carbosilane dendrimers, as a 

result of the favourable electrostatic interactions that can occur with negatively charged plasma membranes 

that compromise membrane integrity (Sepulveda-Crespo et al., 2017). However, the nature and number of 
functional surface groups will determine the extent of this toxicity. Binding of polyethylene glycol (PEG) 

residues has been shown to reduce toxicity and improve biocompatibility, biodistribution, and resistance to 

biodegradation of PEGylated dendrimers (Pedziwiatr-Werbicka et al., 2019). 

2.3.1.3.2 Micellar carbosilane dendrons 

Initial studies of the use of dendritic structures as delivery vehicles of drugs were focused on finding the 

mechanism by which drug molecules could be loaded to form dendriplexes. Research led to the development 

of dendritic micelles, termed dendrimicelles, in which dendrons arrange themselves in a spherical form, thus 
leading to the encapsulation of functional cargos of opposite charge (Mignani et al., 2021, Wang et al., 2020). 

Different strategies are being exploited to facilitate optimal micellisation and overcome the main caveats of the 

design of these structures, namely control over their structure, size, aggregation number and stability, and 

controlled release of cargo (Kaup et al., 2021, Wang et al., 2014). Dendrimicelles are among the most 

versatile nanoparticles and have been successfully used for the controlled release and delivery of different 

cargoes, including nucleic acids and different drugs (Korkmaz et al., 2015, Sumer Bolu et al., 2016, Wei et al., 
2015, Dong et al., 2018). These studies have shown that the use of dendrimicelles improved drug 

internalisation, potency, biocompatibility biodistribution, biodegradability, and reduced the appearance of drug 

resistances (Bolu et al., 2018).  
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3. OBJECTIVES 

Given the current state of the HIV-1, HSV-2, and HCMV epidemics, there is an urgent need to develop new 
therapeutic strategies. Based on previous results obtained from the investigation group, the hypothesis of this 

thesis is that dendritic nanostructures could be used to develop innovative therapeutic approaches to face the 

previously mentioned viral infections. Consistent with this, the objectives of this work are: 

 

Objective 1: 

To study the use of a new family of PEGylated cationic carbosilane dendrimers as microRNA (miRNA) 

delivery systems with anti-HIV-1 activity.  

 

Objective 2: 

To develop a new promising therapy against HSV-2 and HCMV infections based on the use of PEGylated 
cationic carbosilane dendrimers as inhibitors of the interaction between viral glycoproteins and cell HSPGs. 

 

Objective 3: 

To design a dendritic cell-based therapeutic vaccine against HIV-1 relying on the use of micellar carbosilane 

dendrons as delivery vehicles of HIV-1 immunogenic peptides.  
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4. MATERIALS 

4.1 NANOPARTICLES 

Water-soluble and stable dendrimers and dendrons were synthesised according to the methods reported by 

the Dendrimers for Biomedical Applications Group (BioInDen) of the University of Alcalá (UAH, Alcalá de 

Henares, Madrid, Spain). Stock solutions of dendrimers and dendrons (1 or 5 mM) and their subsequent 

dilutions were prepared in nuclease-free water (Promega, Madrid, Spain).  

4.1.1 PEGylated cationic carbosilane dendrimers 

In this doctoral thesis, four PEGylated cationic carbosilane dendrimers (PCCDs) have been used: (i) second 

generation G2-SN15-PEG dendrimer, (ii) third generation G3-SN31-PEG dendrimer and their fluorescein 

isothiocyanate (FITC) labelled analogous, (iii) second generation G2-SN15-PEG FITC dendrimer and (iv) third 
generation G3-SN31-PEG FITC dendrimer. This nomenclature is based on the number of generations (G2 

and G3 for second and third generation, respectively) and the number and nature of the functional groups (S 

for silica dendrimer and N for trimethylamine at the periphery). Figure 11 represents the schematic structure of 

these dendrimers and Table 1 includes a brief description of them. 

 
Figure 11: Schematic representation of PEGylated cationic dendrimers. (A) G2-SN15-PEG, (B) G2-SN15-PEG FITC, (C) G3-SN15-PEG 
and (D) G3-SN31-PEG FITC. Green molecule refers to FITC, and red molecule refers to PEG chains. FITC: fluorescein isothiocyanate. 
PEG: polyethylene glycol. 
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Table 1. Chemical and structural characteristics of PEGylated cationic carbosilane dendrimers. 

Nomenclature Molecular Formula Functional Groups Molecular Weight (g/mol) Number of charges 

G2-SN15-PEG  C190H438I15N14O17S16Si13 NMe3 and PEG 5987,31 15 

G3-SN31-PEG  C420H969I31N31O44S32Si29 NMe3 and PEG 12926,92 31 

G2-SN15-PEG FITC C209H445I14N16O22S17Si13 NMe3, PEG and FITC 6221,74 14 

G3-SN31-PEG FITC C439H969I30N32O49S33Si29 NMe3, PEG and FITC 13161,34 30 

 

4.1.2 Micellar anionic and cationic carbosilane dendrons 

In this doctoral thesis, third generation anionic and cationic carbosilane micellar dendrons with cholesterol and 

d-α-tocopherol (vitamin E) at the focal point, namely (i) EG3SO3Na, (ii) ChG3SO3Na, (iii) EG3NMe3I, and (iv) 

ChG3NMe3I have been used. This nomenclature is also based on the number of generations (G3 for the third 

generation) and the nature of the functional groups (E for d-α-tocopherol and Ch for cholesterol). Figure 12 
represents a schematic representation of the structure of these dendrimers and Table 2 includes a molecular 

description of them.  

 
Figure 12: Schematic representation of micellar carbosilane dendrons. (A) EG3SO3Na, (B) ChG3SO3Na, (C) EG3NMe3I and (D) 
ChG3NMe3I. E: d-α-tocopherol (vitamin E); Ch: cholesterol.  
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Table 2. Chemical and structural characteristics of micellar carbosilane dendrons. 

Nomenclature Molecular Formula Functional Groups Molecular Weight (g/mol) Number of charges 

EG3SO3Na C106H210Na8O26S16Si7 SO3 and d-α-tocopherol 2794,34 8 

ChG3SO3Na C105H209Na8O26S16Si7 SO3 and cholesterol 2795,33 8 

EG3NMe3I C122H266I8N8O2S8Si7 NMe3 and d-α-tocopherol 3345,82 8 

ChG3NMe3I C121H265I8N9O2S8Si7 NMe3 and cholesterol 3346,81 8 

 

4.2 REAGENTS  

The approved antiviral compounds used as inhibition controls throughout this report include: 

- ACV 50 mg (Selleckchem, Houston, TX, USA): C8H11N5O3, MW: 225,21 g/mol. It is a nucleoside 

analogue that inhibits the synthesis of HSV-2 DNA. It was purchased as a lyophilised product and 

reconstituted into a 10 mM dilution with dimethyl sulfoxide (DMSO, Honeywell, Charlotte, NC, 

USA).  
- GCV 500 mg (Hoffmann-La Roche, Basel, Switzerland): C9H13N5O4, 255,23 g/mol. Another 

nucleoside analogue that inhibits the synthesis of HCVM DNA. It was purchased as a lyophilised 

product and reconstituted into a 5.4 mg/mL dilution with nuclease-free water (Promega, Madrid, 

Spain).  

Other reagents include heparin (13.6 kDa, Laboratori Derivati Organici Spa, Milan, Italy), an analogue of 
HSPGs; heparinase II from Flavobacterium heparinum (Merck KGaA, Darmstadt, Germany), an enzyme that 

cleaves glycosidic bonds and phytohemagglutinin (PHA; Remel, Dartford, Kent, UK) used as a positive control 

of cell proliferation and as an activator of peripheral blood mononuclear cells (PBMCs).  

4.3 miRNAS 

Different cellular miRNAs reported to have activity against HIV-1 were selected based on their homology with 
its genome: (i) hsa-miR-29a-3p, (ii) hsa-miR-29b-3p, (iii) hsa-miR-92a-3p, (iv) hsa-miR-133b and (v) hsa-miR-

149-5p (Ahluwalia et al., 2008, Houzet et al., 2012). One random miRNA (hsa-miR-Random) with no activity 

against HIV-1 but similar length was selected as a negative control (QUIAGEN, Hilden, Germany). Table 3 

shows the sequence, HIV-1 genome target and effect on HIV-1 replication. Stock solutions (66,7 μM) and 

working concentrations (6670 nM) were prepared in nuclease-free water (Promega, Madrid Spain) and stored 

at – 20 ºC until use. 
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Table 3. Characterisation of selected miRNAs with anti-HIV-1 activity and control miRNA. 

Nomenclature Sequence HIV-1 genome target Effect on HIV-1 replication 

hss-miR-29a-3p UAGCACCAUCUGAAAUCGGUUA Nef/3’UTR Negative 

hsa-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU Nef/3’UTR Negative 

hsa-miR-92a-3p UAUUGCACUUGUCCCGGCCUGU Pol Negative 

hsa-miR-133b UUUGGUCCCCUUCAACCAGCUA Env Negative 

hsa-miR-149-5p UCUGGCUCCGUGUCUUCACUCCC Gag Negative 

hsa-miR-Random UCACCGGGUGUAAAUCAGCUUG - None 

 

4.4 HIV-1-DERIVED PEPTIDES 

Immunogenic HIV-1-derived peptides from different locations were synthesised by Genscript Biotech 

(Piscataway, NJ, USA). Peptides were designed to belong to different protein regions; thus, the nomenclature 
used refers to the name of the complete protein to which they belong, namely Rev, Vif, Gag-Pol, or Env. This 

work has been carried out with six different peptides (ranging from 18 to 20 amino acids) and their sulfo-

Cyanine5- (Cy5), tetramethylrhodamine- (TAMRA) or FITC-labelled forms; Table 4 shows their amino acid 

sequence, the protein they belong to, their net charge, the label used and the approximate molecular weight 

of each peptide. Peptides were purchased as a lyophilised product and reconstituted into a 5 mM solution with 

nuclease-free water (Promega, Madrid, Spain) or 20% DMSO (Honeywell, Charlotte, NC, USA) depending on 

their solubility. 
 

Table 4. Characterisation of designed peptides belonging to different HIV-1 proteins. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nomenclature Sequence Protein Net charge Label Molecular Weight (g/mol) 

Pep-Rev 
EGTRQARRNRRRRWRERQRQ Rev +8 

- 2752,05 

Pep-Rev-L Cy5 3216,64 

Pep-Vif 
ALAALITPKKIKPPLPSVRK Vif +5 

- 2141,70 

Pep-Vif-L Cy5 2895,44 

Pep-GagPol-1 
KIRLRPGGKKKYKLKHIVWA Gag-Pol +8 

- 2420,01 

Pep-GagPol-1-L Cy5 2884,60 

Pep-GagPol-2 
TEVIPLTEEAELELAENREI Gag-Pol -6 

- 2298,51 

Pep-GagPol-2-L TAMRA 2710,95 

Pep-GagPol-3 
ETWETWWTEYWQATWIPEWE Gag-Pol -5 

- 2757,93 

Pep-GagPol-3-L FITC 3260,47 

Pep-Env 
GPDRPEGIEEEGGERDRD Env -5 

- 2013,01 

Pep-Env-L TAMRA 2425,45 
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4.5 CELL LINES 

TZM.bl cell line (National Institute of Health, NIH, AIDS Research and Reference Reagent Program, 
Germantown, MD, USA) is a human cervical epithelial carcinoma cell line (HeLa cell line), which expresses 

CD4 receptor and CCR5 co-receptor and contains β-galactosidase and luciferase genes under the control of 

LTR regions of the HIV-1 promoter (Polonis et al., 2008). This cell line was maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Biochrom GmbH, Berlin, Germany) supplemented with 5% heat-inactivated fetal 

bovine serum (FBS) (Biochrom GmbH), 2 mM L-glutamine (Lonza, Base, Switzerland) and a cocktail of 

antibiotics (125 mg/ml ampicillin, 125 mg/ml cloxacillin and 40 mg/ml gentamicin) (Normon, Madrid, Spain). 

U87MG-CD4+CCR5+ (NIH AIDS Research and Reference Reagent Program) is a human glioblastoma cell 
line derived from U87MG that expresses the CD4 receptor and the CCR5 and CXCR4 coreceptors. This cell 

line was cultured in DMEM supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine and the 

aforementioned antibiotic cocktail. 

Vero cell line is a fibroblast-like kidney cell line from Chlorocebus aethiops, it was obtained from the American 

Type Culture Collection (ATCC) (CCL-81TM, ATCC, Manassas, VA, USA). This cell line was maintained in 

DMEM supplemented with 5% FBS, 2 mM L-glutamine, and the same cocktail of antibiotics. 

MRC-5 cell line, a human fibroblast lung cell, was obtained from ATCC (CCL-171TM). This cell line was 

cultured in Eagle’s minimum essential medium (EMEM) (ATCC) supplemented with 10% FBS, 2 mM L-
glutamine, and the previously mentioned cocktail of antibiotics.  

All cell lines were cultured in an environment at 37 ºC with 5% CO2 and seeded in 6, 12, 24 or 96-well plates 

at specific concentrations, depending on the cell line and the experiment to be performed. 

4.6 PRIMARY CELL CULTURES 

4.6.1 Human peripheral blood mononuclear cells 

Human PBMCs were obtained from buffy coats acquired from healthy anonymous donors from the Madrid 
Transfusion Center (Madrid, Spain) following current legislation. PBMCs were isolated by Ficoll-Hypaque 

density gradient (Rafer, Madrid, Spain) according to the standard procedures of the Spanish HIV HGM 

BioBank (Garcia-Merino et al., 2009). 

After isolation, PBMCs (5x106 cells/mL) were cultured in RPMI-1640 (Biochrom GmbH, Berlin, Germany) 

supplemented with 10% FBS, 2 mM L-glutamine and the aforementioned cocktail of antibiotics. Survival of T 
cells was ensured by adding 60 IU/mL of interleukin-2 (IL-2, Bachem, Budendorf, Switzerland). Activation of T 

cells was achieved by stimulation with 2 μg/mL of PHA (Remel, Dartford, Kent, UK) for 48 h.  

4.6.2 Monocyte-derived dendritic cells  

Human monocytes were purified from PBMCs isolated from buffy coats of healthy donors using immune-

magnetic anti-CD14 microbeads (Miltenyi Biotec, Madrid, Spain) according to the manufacturer's instructions. 



 

 46 

Purified monocytes were seeded in 6-well plates at 106 cells/mL in RPMI-1640 (Biochrom GmbH, Berlin, 

Germany) supplemented with 10% FBS, 2 mM L-glutamine and the previous cocktail of antibiotics. 

Differentiation of monocytes into monocyte-derived dendritic cells (moDCs) was achieved by adding of 20 

ng/mL of recombinant human IL-4 (rhIL-4, ImmunoTools GmbH, Friesoythe, Germany), 50 ng/mL of 

recombinant human granulocyte macrophage colony-stimulating factor (rhGM-CSF, ImmunoTools GmbH) and 

50 µM of 2-mercaptoethanol (Merck KGaA, Darmstadt, Germany). Three days after culture, the medium was 

renewed and cells were maintained for two more days. To obtain mature DCs (mDCs) cells were stimulated 
with 20 ng/mL of lipopolysaccharide (LPS, Sigma-Aldrich, San Luis, MO, USA) for 48 h.  

4.7 VIRAL ISOLATES 

The viral isolate CCR5-tropic R5-HIV-1NL(AD8) was obtained by calcium chloride transfection with pNL(AD8) 

plasmid (NIH AIDS Research and Reference Reagent Program, Germantown, MD, USA) into the HEK- 293 T 

cell line (ATCC, Manassas, VA, USA). Viral production was collected and clarified by centrifugation of culture 

supernatants after 48 h. Viral titter was evaluated using an HIV-1 p24gag enzyme-linked immunosorbent 

assay (ELISA) kit (INNOTEST HIV, Antigen mAb, Innogenetics, Ghent, Belgium), as previously reported 

(Garcia-Broncano et al., 2017). Stock aliquots were stored at -80 ºC. 

Viral strain HSV-2333 (GenBank accession number LS480640, NIH, Bethesda, MD, USA) and HCMVAD-169 

(ATCC VR-538TM, ATCC) were grown and propagated in Vero and MRC-5 cells, respectively, and titrated by 

plaque assay as previously described (Guerrero-Beltran et al., 2020, Relano-Rodriguez et al., 2021a). Briefly, 

cells were seeded in 12-well plates and infected with different dilutions of viral stocks when growth reached a 

confluent monolayer. After incubation, cells were stained with Methylene Blue (Sigma-Aldrich, San Luis, MO, 
USA) and viral plaques were counted; the viral stock was titrated in plaque-forming units (PFU). Stock aliquots 

were also stored at -80 ºC. 

5. METHODS  

5.1 CELL VIABILITY ASSAYS 

The determination of the toxicity produced by the diverse experiments carried out was done through five 

different methods: (i) MTT assay, (ii) lactate dehydrogenase (LDH) assay, (iii) genotoxicity assay, (iv) flow 

cytometry and (v) haemolytic assay.  

5.1.1 MTT assay 

Nanoparticle or peptide-induced mitochondrial toxicity was evaluated by the MTT assay (Sigma, St Louis, MO, 

USA) following manufacturer’s instructions. Briefly, 2x105 PBMCs, 7,5x103 U87MG-CD4+CCR5+, 1,5x104 Vero 

and MRC-5 and 1x105 iDCs cells/well were seeded into 96-well plates. After incubating adherent cells for 24 h 

at 37 ºC, cells were treated with different concentrations of PCCDs, dendrimicelles or peptides for different 

times depending on the cell line (48 or 72 h or 6 days). After incubation, plates were centrifuged at 1500 rpm 
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for 10 min and culture medium was replaced by 200 µL of a solution formed by MTT (5 mg/mL) and Opti-

MEMTM (Thermo Fisher Scientific, Waltham, MA, USA) (1:11). Three hours later, the reaction was stopped 
by removing this solution and dissolving the formazan crystals in DMSO (Honeywell, Charlotte, NC, USA). 

Formazan concentration was determined by spectrophotometry using a Synergy 4 plate reader (BioTek, 

Winooski, VT, USA) recording the absorbance at 490 nm. Culture medium was used as non-treated (NT) 

control and 10% DMSO as death control. Experiments were made three times in triplicate. 

5.1.2 LDH assay 

The determination of the membrane integrity of cells treated with PCCDs was performed using the LDH 

CytoTox 96® Non-Radioactive Cytotoxicity assay (Promega, Spain, Madrid) according to the manufacturer's 

instructions. Shortly, Vero and MRC-5 cell lines were seeded at 1,5x104 cells/well into 96-well plates. Then, 24 
h after incubation at 37 ºC, cells were treated with increasing concentrations of PCCDs for 48 h (Vero cells) 

and 6 days (MRC-5 cells). Afterwards, supernatants were discarded and cells were lysed for 45 min at 37 ºC 

with 0.9% Triton X-100 (Promega). Then 50 µL of LDH reagent (Promega) was added to the lysate and 

incubated for 30 min at room temperature (RT) in the dark. The concentration of LDH concentration was 

determined by spectrophotometry using a Synergy 4 plate reader (BioTek, Winooski, VT, USA) measuring the 

absorbance at 490 nm. Culture medium was used as non-treated (NT) control. Experiments were made three 

times in triplicate. 

5.1.3 Genotoxicity assay 

The genotoxicity of PCCDs in PBMCs was measured by performing the sister chromatids exchange (SCE) 

assay. To carry out this assay, PBMCs from five healthy donors were treated with 10 µM of G2-SN15-PEG or 

5 µM of G3-SN31- PEG dendrimers for 72 h. NT cells were used as genetic viability control and radiation at 1 

Gy was used as the genotoxic control. The cultures were then treated with 25 µM of 5-bromo-2’-deoxyuridine 

(BdrU) (Thermo Fisher Scientific, Waltham, MA, USA) to monitor second divisions. After 70 h, 0,1 µM/mL of 

colcemid (Thermo Fisher Scientific), a mitosis inhibitor, was added and, 2 h after, metaphases were extended 

and analysed by fluorescence plus Giemsa (FPG). Shortly, cells were centrifuged 10 min at 600 g, 
supernatant was discarded, and 10 mL of 5,6 µg/mL potassium chloride (Merck KGaA, Darmstadt, Germany) 

was added. Cells were then centrifuged 10 min at 600 g, supernatant was discarded, and the pellet was fixed 

with methanol/glacial acetic acid (3:1) (PanReac AppliChem, Madrid, Spain). This procedure was repeated 3 

times and the resulting metaphases were dropped onto slides (Thermo Fisher Scientific). After 48 h maturing 

at 56 ºC, slides were immersed in Hoechst solution (Sigma, St Louis, MO, USA) for 30 min, rinsed with water, 

and immersed in McIlvaine buffer (0,55 mL citric acid and 19,45 mL di-Sodium hydrogen phosphate) (Merck 

KGaA), for 40 min in a thermostatic plate at 56 ºC 5 cm away from UV light. Afterwards, slides were washed 

and stained with Giemsa (Merck KGaA) for 7 min. Images were obtained with a Leica DM 5000 B Microscope 
and analysed with Cytovision® software (Leica, Wetzlar, Germany). 
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5.1.4 Flow cytometry viability determination  

Viability of cells after being treated with dendrimers, dendrimicelles or peptides was complementarily studied 

by flow cytometry using LIVE/DEAD™ Fixable Aqua Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA, 

USA). This amine-reactive dye binds to intracellular and extracellular amines in cells with compromised 

membranes, exhibiting a great difference in fluorescence intensity with viable cells, in which it binds only to 

extracellular amines, allowing easy discrimination between them (ThermoFisher).  

Briefly, after the desired treatment, cell lines or primary cell cultures were washed with 3% bovine serum 
albumin (BSA, Sigma, St Louis, MO, USA) phosphate buffered saline (PBS, Lonza, Base, Switzerland) and 

resuspended to a density of 106 cells/mL. Then, cells were stained with 1 L/mL of the reconstituted 

fluorescent reactive dye for 30 min at RT in the dark. Subsequently, cells were washed with 3% BSA PBS and 

fixed with 2% paraformaldehyde (PFA, Sigma). Flow cytometry was performed on a Gallios or CytoFLEX flow 
cytometer and measurements were analysed using Kaluza 2.1 software (Beckman Coulter, Brea, CA, USA). 

5.1.5 Haemolitic assay  

The haemolytic potential of PCCDs was studied by performing a haemolytic test, in which the capacity of 

dendrimers to cause erythrocyte haemolysis was tested.  To do so, 1x106 PBMCs were incubated with 

PCCDs at the maximum non-toxic concentration and half this value for 1 h at 37 ºC. Afterwards, samples were 

centrifuged at 1500 rpm for 10 min, and supernatants were collected. Cell-free haemoglobin concentration in 

each sample was evaluated by measuring absorbance at 540 nm with a Synergy 4 plate reader (BioTek, 

Winooski, VT, USA). PBS was used as negative control, distilled water was used as positive control, and 
0,2% Triton X-100 was used as a haemolytic agent. Experiments were performed twice. 

5.2 DENDRIPLEXES FORMATION  

Two types of dendriplexes have been used throughout this work: (i) dendrimer-miRNA complexes and (ii) 

dendrimicelles-peptide complexes. Both types have been constructed by mixing 100 nM of the desired 

miRNAs or 1 µM of the selected peptides and the maximum non-toxic concentration of PCCDs or 

dendrimicelles. Dendriplexes were formed in nuclease-free water (Promega, Madrid, Spain) within 2 h of 

incubation at 37 ºC.  

5.2.1 Agarose gel electrophoresis 

Formation and stability of the dendriplexes was studied by agarose gel electrophoresis. To do so, complexes 

were built as previously mentioned. After formation, they were treated with Blue/Orange Loading Dye 6X 

(Promega, Madrid, Spain) and loaded on a 2 or 6% agarose (Sigma, St Louis, MO, USA) gel in Tris–acetate-

EDTA (TAE) buffer (PanReac AppliChem, Darmstadt, Germany). For dendrimer-miRNA complexes, 0,01% 
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GelRed® (Biotium, Fremont, CA, USA) was added to gels. Gels were run at 120 mV for 30 or 50 min on a 

PowerPac Universal power supply (Bio-Rad Laboratories, Hercules, CA, USA). 

5.2.2 Zeta potential and dynamic light scattering  

The formation, surface charge, and stability of dendriplexes were also evaluated by measuring the electrical 

potential (by zeta potential, ZP) and the hydrodynamic size (by dynamic light scattering, DLS). These 

measurements were also useful to evaluate how miRNAs affect to the properties of PCCDs. Measurements 

were performed at 25 ºC with a Zetasizer Nano ZS spectrometer (Malvern Instrument, Malvern, UK). For ZP 

measurements, dendriplexes were prepared as previously detailed and loaded into folded capillary cells and 

measured using a voltage of 100 V. For DLS, samples were loaded into quartz cuvettes with a path length of 

10 mm. Three measurements with an average of fourteen cycles were made for each sample. 

5.2.3 Heparin competition and RNase protection assays 

To test the capacity of miRNAs to disengage from complexes and to test whether the formation of 

dendriplexes confers protection against RNases, heparin exclusion and RNase protection assays were 

performed, respectively. Dendriplexes were formed as earlier described and were treated with 0.2 UI/μL of 

heparin (Lab Ramón Sala, Barcelona, Spain) for 5 min at RT and/or 1 μg/μL of RNase (Promega, Madrid, 

Spain) for 10 min at RT. Samples were analysed by agarose gel electrophoresis as mentioned in section 5.2.1 

Agarose gel electrophoresis.  

5.3 NANOPARTICLE AND PEPTIDE INTERNALISATION ASSAYS 

Internalisation of fluorescent labelled PCCDs and peptides into cells was analysed both by confocal 

microscopy and flow cytometry.  

5.3.1 Confocal microscopy 

Internalisation studies were performed by confocal microscopy with a Leica TSC SPE Confocal Microscope 

(Leica, Wetzalar, Germany) on different cell lines and primary cell cultures. PBMCs and DCs were seeded in 

24-well plates at a density of 1x106 and 5x105 cell/well, respectively. On the other hand, U87MG-CD4+CCR5+, 

Vero, and MRC-5 cell lines were seeded at 7,5x103, 1,75x105, and 8x104 cells in 12 mm circle cover slips 

(Thermo Fisher Scientific, Waltham, MA, USA) pre-treated for 24 h with poly-L-lysine (Sigma, St Louis, MO, 
USA). Cells were treated with the maximum non-toxic concentrations of FITC-labelled PCCDs (G2-SN15-PEG 

FITC and G3-SN31-PEG FITC) or with the various labelled dendrimicelles-peptide complexes for different 

times (1, 2, 6, or 24 h) at 37ºC. After incubation, handling PBMCs and DCs as suspension cells and the rest 

as adherents, cells were rinsed twice with 3% BSA (Sigma) PBS (Lonza, Base, Switzerland). Then, cells were 

treated with 0,2 M glycine (Sigma) pH 3 for 30 sec at RT and immediately washed twice with 3% BSA PBS. 

Cells were fixed with 2% PFA (PanReac AppliChem, Madrid, Spain) for 15 min and permeabilised with 0.1% 

Triton 100X (Sigma) for 15 min. Actin labelling was carried out by incubation with Alexa FluorTM 555 or 488 
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Phalloidin (Thermo Fisher Scientific) for 1 h at RT. Following two rinses with 3% BSA PBS, cells were 

incubated for 15 min with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma) for nuclear 
visualisation. Finally, cells were mounted on microscope slides with fluorescent mounting media (Dako, 

Carpinteria, CA, USA). Image analysis was performed with ImageJ (NIH, Bethesda, MD, USA). 

5.3.2 Flow cytometry 

Internalisation of PCCDs and peptides was confirmed by flow cytometry using a Gallios or CytoFLEX flow 

cytometer (Beckman Coulter, Brea, CA, USA), respectively. In-brief, 1x106 PBMCs, 5x105 DCs, 1,5x104 

U87MG-CD4+CCR5+, 1,75x105 Vero, and 8x104 MRC-5 cells/well were seeded in 24-well plates and treated 

with the corresponding maximum nontoxic concentrations of FITC-labelled PCCDs (G2-SN15-PEG FITC and 

G3-SN31-PEG FITC) or with the various labelled dendrimicelles-peptide complexes for different times (1, 2, 6, 
24 or 48 h) at 37ºC. After incubation, handling PBMCs and DCs as suspension cells and the rest as 

adherents, cells were rinsed twice with 3% BSA (Sigma, St Louis, MO, USA) PBS (Lonza, Base, Switzerland). 

Afterwards, cells were treated with 0,2 M glycine (Sigma) pH 3 for 30 sec at RT and immediately washed 

twice with 3% BSA PBS. PBMCs were then incubated with anti-human-CD3-PC5 (Beckman Coulter, Brea, 

CA, USA) and DCs were incubated with anti-human-CD11c-PC7 (BioLegend, San Diego, CA, USA) for 30 

min at RT and then rinsed twice with 3% BSA PBS. Viable cells were identified using LIVE/DEAD™ Fixable 

Aqua Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA, USA) as previously described. Finally, cells 
were fixed with 2% PFA. Measurements were analysed using Kaluza software 2.1 (Beckman Coulter). 

Experiments were performed three times. 

5.4 HIV-1 INHIBITION EXPERIMENTS 

Anti-R5-HIV-1 activity of dendrimer-miRNA complexes was evaluated by HIV-1 inhibition experiments. 

Shortly, PBMCs were seeded at a density of 1x106 cells/well in 24-well plates and U87MG-CD4+CCR5+ at 

7,5x103 cells/well in 96-well plates. Then, 24 h after seeding, cells were infected with R5-HIV-1NL(AD8) strain at 

a concentration of 15 ng of p24 per106 cells and treated with the desired dendriplexes formed as described in 

section 5.2. This is 100 nM of the desired miRNAs and 10 and 5 μM of G2-SN15-PEG and G3-SN31-PEG 
dendrimers for PBMCs and 5 and 1 μM of G2-SN15-PEG and G3-SN31-PEG dendrimers for U87MG-

CD4+CCR5+ cells. Supernatants were collected 72 h after the infection and were titrated by TZM.bl or frozen 

at -80 ºC. Experiments were carried out three times in triplicate. 

5.4.1 Supernatant titration  

Luciferase activity measurements were performed to infer viral infectivity. To do so, the supernatants collected 

from HIV-1 inhibition experiments were titrated on TZM.bl cells. Briefly, TZM.bl cells were seeded at a density 

of 1x104 cells/well in 96-well plates. After 24 h of incubation at 37 ºC, culture medium was replaced with 100 

μL of fresh medium and 100 μL of supernatants from PBMCs or U87MG-CD4+CCR5+ infected and treated. 
Then 48 h after titration, medium was removed, and cells were lysed with 50 μL of Cell Culture Lysis 5X 
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Reagent (Promega, Madrid, Spain) for 30 min at 4 ºC. Finally, 25 μL of cell lysates were transferred to white 

clear bottom plates and 25 μL of Luciferase Assay Reagent (Promega) were added just before reading the 
luciferase activity in a Synergy 4 plate reader at 135/200 nm.  

5.5 HSV-2 AND HCMV INHIBITION EXPERIMENTS  

Antiviral activity of PCCDs was evaluated through inhibition experiments by plaque reduction assay. In-brief, 

Vero and MRC-5 cells were seeded at a density of 1,75x105 and 6x104 cells/well in 24-well plates, 

respectively, and incubated at 37 ºC for 24 h. Then, both cell lines were treated with increasing concentrations 

(from 0.2 µM to the maximum non-toxic) of G2-SN15-PEG and G3-SN31-PEG dendrimers for 1 h. In addition, 

increasing concentrations (from 0.2 µM to 10 µM) of reference treatments ACV or GCV were used for 

comparison with current treatments. 

Afterwards, pre-treated Vero and MRC-5 cells were infected with HSV- 2333 and HCMVAD-169 strains, 

respectively, at a multiplicity of infection (MOI) of 0,001. Three hours after infection, cells were washed with 

PBS (Lonza, Base, Switzerland) to remove unabsorbed viruses. HSV-2 infection remained in DMEM 

(Biochrom GmbH, Berlin, Germany) supplemented with 2% FBS (Biochrom GmbH) and 0.4% Immunoglobulin 

G (IgG, Berigloblin P, CSL Behring GmbH, Marburg, Germany) for 48 h. HCMV infection remained in EMEM 
(ATCC, Manassas, VA, USA) supplemented with 2% FBS for 6 days. Then the medium was discarded and 

both cell lines were stained with 300 mg/L Methylene Blue (Sigma, St Louis, MO, USA) for 30 min (Vero) and 

3 h (MRC-5). Inhibition was determined as the reduction of the plaques formed with treatments regarding the 

infection control. Noninfected samples were used as untreated samples and NT samples as infection controls 

(IC). Experiments were carried out three times in triplicate. 

5.5.1 HSV-2 and HCMV viral inactivation assay 

To determine whether PCCDs interact directly with HSV-2 or HCMV, the viral inactivation assay was 

performed. Briefly, Vero and MRC- 5 cells were seeded at a density of 1,75x105 and 6x104 cells/well in 24-
well plates, respectively, and incubated at 37 ºC for 24 h. Subsequently, 1 µM of G2-SN15-PEG or 1 µM of 

G3-SN31-PEG dendrimers were incubated for 2 h at 37 ºC with 175 pfu/mL or 60 pfu/mL of cell-free HSV-2333 

and HCMVAD-169, respectively. After incubation, the mixture was centrifuged at 12000 rpm for 1 h at 4 ºC and 

the supernatant was discarded. The obtained pellet was rinsed with PBS (Lonza, Base, Switzerland) and 

centrifuged again at 12,000 rpm for 1 h at 4 ºC. Subsequently, the supernatant was discarded and replaced 

with fresh DMEM (Biochrom GmbH, Berlin, Germany) supplemented with 2% FBS (Biochrom GmbH) to be 

added to Vero cells or fresh EMEM (ATCC, Manassas, VA, USA) supplemented with 2% FBS to be added to 
MRC-5 cells. Infections were revealed as described in the previous section. Triton X-100 at 0.1% was used as 

positive control of viral disruption and a culture medium was used as a negative control. Experiments were 

carried out three times in triplicate. 
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5.5.2 HSV-2 and HCMV binding inhibition assay 

To resolve if PCCDs are capable of blocking viral receptors at cell membranes a binding inhibition study by 
plaque reduction assay was performed. In-brief, Vero and MRC-5 cells were seeded at a density of 1,75x105 

and 6x104 cells/well in 24-well plates, respectively, and incubated at 37 ºC for 24 h. Then, cells were cooled at 

4 ºC for 15 min and then treated with 1 µM of G2-SN15-PEG or G3-SN31-PEG dendrimers for 1 h at 4 ºC. 

Subsequently, cells were infected with 175 pfu/mL or 60 pfu/mL of HSV-2333 and HCMVAD-169, respectively, at 

4 ºC for 2 h. Afterwards, inoculum was discarded and replaced either with fresh DMEM (Biochrom GmbH, 

Berlin, Germany) supplemented with 2% FBS (Biochrom GmbH) and 0.4% IgG (Berigloblin P, CSL Behring 

GmbH, Marburg, Germany) in Vero cells, or fresh EMEM (ATCC, Manassas, VA, USA) supplemented with 

2% FBS in MRC-5 cells. Infections were revealed as previously described. Culture medium was used as a 
negative control. Experiments were carried out three times in triplicate. 

5.5.3 Dendrimer interaction with HSPGs 

To determine if the studied dendrimers act through an interaction with HSPGs two types of assays were 

performed: (i) binding assay, including heparin competition, NaCl wash and heparinase treatment, and (ii) 

surface plasmon resonance (SPR). 

5.5.3.1 HSPGs binding assay 

The capacity of PCCDs to bind to HSPGs was first studied by a heparin competition assay, to study whether 

there was any type of binding competition with a structural analogue of HSPGs. To do so, cells were seeded 
in 24-well plates and incubated at 4 ºC for 2 h in PBS (Lonza, Base, Switzerland) with 1 µM of G2-SN15-PEG 

or 0.5 µM of G3-SN31-PEG dendrimers in the presence or absence of 10 µg/mL of heparin. In additional 

experiments, to disrupt the bound of dendrimers to HSPGs, cells were incubated at 37 ºC for 1 h with 

dendrimers at the same concentration and washed with PBS containing 2 M NaCl (Sigma, St Louis, MO, 

USA). Along with these experiments, inhibition of HSPG-dependent binding was studied through an 

enzymatical cleavage of HSPGs by pre-treating cells for 2 h at 37 ºC with 200 mU/mL of heparinase II (Merck 

KGaA, Darmstadt, Germany), before incubating for 1 h at 37 ºC with PCCDs at this same concentration. 
Assessment of cell-associated dendrimers after these assays was done by evaluating the dendrimer 

internalisation in the form of mean fluorescence intensity (MFI) of dendrimers in cells by flow cytometry, as 

described in section 5.3.2. Experiments were performed three times in triplicate. 

5.5.3.2 Surface plasmon resonance 

The capacity of dendrimers to bind to heparin/HSPGs was studied by conducting SPR. To do so, 

measurements were made on a BIAcore X100 instrument (Cytiva, Marlborough, MA, USA) using a research 

grade sensor chip SA (Cytiva, Marlborough, MA, USA) whose surface consists of a carboxymethylated 

dextran matrix preimmobilised with streptavidin. One cell of the sensor chip was conditioned with three 
consecutives 1 min injections of 1 M NaCl in 50 mM NaOH; Afterwards, heparin biotinylated at its reducing 
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end diluted in 10 mM HEPES buffer was injected for 8 min, allowing the immobilisation of 134,1 resonance 

units (RU) of glycosaminoglycans (GAGs). Then, the heparin-containing flow cell was over-coated by injecting 
biotinylated BSA re-suspended in HBS-EP for 8 min, allowing immobilisation of 104 RU (equal to 1,6 

fmol/mm2) of the protein, to help masking the residual unspecific negatively charged binding sites. The 

remaining flow cell of the sensor chip was coated only with biotinylated BSA protein as described above, 

allowing the immobilisation of 569,2 RU of protein, used to evaluate nonspecific binding and blank subtraction. 

To study their interaction with heparin, G2-SN15-PEG and G3-SN31-PEG dendrimers were resuspended in 

HBS-EP and injected at increasing concentrations over heparin and control BSA flow cells for 3 min (to allow 

association with immobilised molecules). The dissociation constant (Kd) was calculated by fitting the 
Scatchard equation for the RU plot measured at equilibrium as a function of the ligand concentration in 

solution. To evaluate the specificity of the binding of dendrimers to surface-immobilised heparin, they were 

injected onto the biosensor in the presence of a molar excess (5 mg/mL) of free heparin. 

5.6 PEPTIDE TRANSFECTION INTO DCS 

Dendrimicelles-peptide complexes were formed as described in Section 5.2, with 1 µM of the selected 

peptides and the maximum non-toxic concentration of dendrimicelles (1 µM EG3SO3Na, 1 µM ChG3SO3Na, 

2,5 µM EG3NMe3I and 5 µM ChG3NMe3I) within 2 h of incubation and were added to moDCs.  

5.6.1 Detection of maturation markers on moDC 

To determine whether transfected dendriplexes induced moDC maturation, flow cytometry analysis of 

maturation markers was performed. Briefly, moDCs were seeded at a density of 1x106 cells/mL in 12-well 

plates and treated with dendriplexes for 48 h. Maturation control was obtained treating cells with 20 ng/mL of 

LPS (Sigma-Aldrich, San Luis, MO, USA) for 48 h. Afterwards, cells were rinsed twice with 3% BSA (Sigma) 

PBS (Lonza, Base, Switzerland), blocked for 5 min with 10% heat-inactivated human AB serum (Sigma) and 

incubated with specific surface markers for 30 min at RT in the dark. The following markers were used: anti-

human-CD11c-PC7 (BioLegend, San Diego, CA, USA), anti-human-CD80- BV421 (BD Biosciences, East 

Rutherford, NY, USA), anti-human-CD83-AF488 (R&D Systems, Minneapolis, MN, USA), anti-human-CD86-
APC/R700 (BD Biosciences), anti-human-HLA-DR-ECD (Beckman Coulter, Brea, CA, USA) and anti-human-

CD179-APC/Cy7 (BioLegend). Then, cells were rinsed twice with 3% BSA PBS. Viable cells were identified 

using LIVE/DEAD™ Fixable Aqua Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA, USA) as 

previously described. Finally, cells were fixed with 2% PFA. Measurements were done with by flow cytometry 

using a CytoFLEX flow cytometer and analysed using Kaluza software 2.1 (Beckman Coulter). Experiments 

were performed with samples from three different healthy donors.  

5.6.2 Autologous mixed lymphocyte reaction 

To study the effect of peptide-transfected mDC on lymphocytes from the same patient an autologous mixed 
lymphocyte reaction (MLR) was performed. For that, PBMCs and CD14+ cells were separated from buffy 
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coats acquired from healthy anonymous donors. PBMCs were kept frozen at -80 ºC until use. On the other 

hand, moDCs were seeded at 1x106 cells/mL in 12-well plates and matured with 20 ng/mL of LPS (Sigma-
Aldrich, San Luis, MO, USA) for 24 h. At the time of maturation, mDCs were transfected with dendriplexes 

and, 24 h later, PBMCs were added to mDC in a 1:10 ratio. Cells were maintained for six days in RPMI-1640 

(Biochrom GmbH, Berlin, Germany) supplemented with 10% FBS, 2 mM L-glutamine, the cocktail of 

antibiotics and 60 IU/mL of interleukin-2 (IL-2, Bachem, Budendorf, Switzerland). PHA 2 µg/mL was used as 

activation control. Experiments were carried out with samples from three different healthy donors.  

5.6.2.1 Bright-field microscopy 

To determine if the co-culture of peptide-transfected mDCs and autologous PBMCs had any visible effect on 

PBMCs bright-field microscopy images were taken at day 1, 3 and 6 after MLR. To do so, images were taken 
using a Zeiss Axiovert 40C (Carl Zeiss, Jena, Germany) inverted microscope with a 10x0,25 objective.  

5.6.2.2 Detection of activation markers on B and T cells 

To determine whether the effect of the co-culture of peptide-transfected mDCs and autologous PBMCs on the 

activation of B and T lymphocytes was visible, flow cytometry analysis of activation markers were performed. 

Briefly, on days 1, 3, and 6 after MLR, cells were rinsed twice with 3% BSA (Sigma, St Louis, MO, USA) PBS 

(Lonza, Base, Switzerland), blocked for 5 min with 10% heat-inactivated human AB serum (Sigma) and 

incubated with specific surface markers for 30 min at RT in the dark. The following human antibodies for B 
cells were used: anti-CD45-FITC (Beckman Coulter, Brea, CA, USA), anti-CD19-PE (BioLegend, San Diego, 

CA, USA), anti-HLA-DR-ECD (Beckman Coulter), anti-CD25-APC (BioLegend), anti-CD27-PC7 (BioLegend), 

anti-CD71-AF700 (Beckman Coulter). For T cells, the following human antibodies were used: anti-CD4-FITC 

(Miltenyi Biotec, Madrid, Spain), anti-CD3-PE (Beckman Coulter), anti-CD8-PC7 (Beckman Coulter), anti-

HLA-DR-ECD (Beckman Coulter) and anti-CD69-PC5-ECD (Beckman Coulter). Then, cells were rinsed twice 

with 3% BSA PBS. Viable cells were labelled using LIVE/DEAD™ Fixable Aqua Dead Cell Stain (Thermo 

Fisher Scientific, Waltham, MA, USA) as previously described. Finally, cells were fixed with 2% PFA. 

Measurements were done with by flow cytometry using a CytoFLEX flow cytometer and analysed using 
Kaluza software 2.1 (Beckman Coulter).  

5.6.2.3 Quantification of inflammatory cytokines 

To study if the co-culture of peptide-transfected mDCs and autologous PBMCs triggered an inflammatory 

response different inflammatory cytokines/chemokines were measured, including IL-1β, IFN-α2, IFN-γ, TNF-α, 

MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33. Briefly, 200 µL of 

supernatants from cell cultures were collected 1, 3 and 6 days after MLR and stored at -80 ºC until analysis. 

To measure the cytokines, the LEGENDplex™ Human Inflammation Panel 1 was used (BioLegend, San 

Diego, CA, USA) following manufacturer’s instructions. The results obtained were analysed using the 
LEGENDplex™ Data Analysis Software (BioLegend).  
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5.7 STATISTICAL ANALYSIS  

The different statistical analyses were performed using GraphPad software Prism v.5.0 (GraphPad Software, 
San Diego, CA, USA). Data were obtained from two or three independent experiments performed in duplicate 

or in triplicate. Data with two or three replicates are displayed as bars ±SD or SEM. A p-value of   0,05 was 
considered statistically significant (* p < 0,05; ** p < 0,01, *** p < 0,001, **** p < 0,0001.). 
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6. RESULTS 

6.1 DENDRIPLEXES AS DELIVERY VEHICLES OF ANTI-HIV-1 miRNAs 

The current status of the HIV-1 pandemic, still a major problem in both developed and developing countries, 

faces two main drawbacks: (i) the appearance of resistance against new treatments and (ii) the development 

of reservoirs in different cell types. HIV-1 treatments based on cART can inhibit HIV-1 replication achieving 

long-lasting suppression of viral replication, but it is not curative. In addition, cART is not accessible for 

everyone, and some patients fail to adhere to it. Altogether, these factors lead to the appearance of 

resistances, which may confer adaptive advantages to new virions, allowing higher infectivity and rebounds of 

viral reservoirs. This makes it necessary to develop new therapeutic approaches to face HIV-1 infection.  

A well-known mechanism of gene silencing is mediated by miRNAs, which bind to target cellular mRNAs by 
sequence homology, causing their silencing by deadenylation or degradation, depending on whether the 

sequences are partially or completely complementary, respectively (Bajan and Hutvagner, 2020). Certain 

cellular miRNAs have been proved to interfere with HIV-1 genome, silencing several viral proteins affecting 

viral replication (Swaminathan et al., 2012, Ruelas et al., 2015, Wang et al., 2015, Adoro et al., 2015). 

However, naked miRNAs are subjected to phagocytosis, enzymatic degradation, and protein aggregation at 
the circulatory system, thus their effective delivery is a limiting factor for their utilisation (Whitehead et al., 

2009). A useful strategy to overcome this problem is the delivery of miRNAs with carrying vehicles, and here 

nanotechnology presents itself as one of the most promising tools to carry out this task.  

Therefore, the objective of this section was to study the usability of PCCDs as effective delivery vehicles for 

synthetic anti-HIV-1 miRNAs to be delivered into host cells and reservoirs to truncate HIV-1 replication (Figure 
13).  

 
Figure 13: Graphical abstract of the study of PCCDs as miRNA delivery vehicles as possible therapy against HIV-1 infection. miRNA: 
microRNA. 
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6.1.1 Biocompatibility of PCCDs in PBMCs and U87MG-CD4+CCR5+ cell line 

6.1.1.1 Determination of the mitochondrial toxicity 

Mitochondrial toxicity induced by G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC, and G3-SN31-PEG 

FITC dendrimers was evaluated by the MTT assay following manufacturer’s instructions. This colorimetric 

assay, indicator of the cellular mitochondrial metabolism, is based on the reduction of the 3-(4-5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into purple formazan crystals (Merck).  

PBMCs and U87MG-CD4+CCR5+ cells were treated for 72 h with increasing concentrations of PCCDs, from 
0,01 to 30 μM. Culture medium was used as NT control and 10% DMSO as death control. Concentrations 

were considered nontoxic when the survival rate was above 80%. The results indicated that the maximum 

non-toxic working concentrations of the G2-SN15-PEG, G3-SN31-PEG, G2-SN15- PEG FITC and G3-SN31-

PEG FITC dendrimers were 10, 5, 5 and 1 μM, respectively, in PBMCs (Figure 14A) and 5, 1, 1 and 0.5 μM, 

respectively, in U87MG-CD4+CCR5+ cells (Figure 14B). 

 

Figure 14: Cytotoxicity of PCCDs in PBMCs and U87MG-CD4+CCR5+ cell line determined by MTT assay. PBMCs (A) and U87MG-
CD4+CCR5+ cells (B) were treated with G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers in a 
rage of concentrations from 0,01 to 30 μM. Cell viability   80 % was established as non-toxic working concentrations. Culture medium 
was used as NT control and 10% DMSO as death control. Data are represented as mean ± SD of three individual experiments performed 
in triplicate. NT: non-treated; DMSO: dimethyl sulfoxide.  
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6.1.1.2 Evaluation of the genotoxicity 

Genotoxicity of PCCDs in PBMCs was measured by the sister chromatids exchange (SCE) assay, which 
detects DNA exchange between two identical chromatids in the chromosome due to persistent genetic 

damage after DNA duplication (González-Beltrán and Morales-Ramírez, 2003). This assay was carried out to 

eliminate the possibility that PCCDs mistakenly interfered with the host genome because of their positively 

charged functional groups.  

PBMCs from five healthy donors were treated with G2-SN15-PEG 10 μM or G3-SN31-PEG 5 μM carbosilane 
cationic dendrimers for 72 h in presence of BdrU following FPG stain (Figure 15A). NT samples and a dose of 

1 Gy of radiation were used as untreated and genotoxicity control, respectively. Results indicate that PCCDs 

do not generate genetic toxicity in PBMCs, since there were no significant differences among NT and treated 
control samples, contrarily to what happens in genotoxicity control, which shows a statistical difference of p < 

0,001 regarding NT (Figure 15B). 

 

 

Figure 15: Genotoxicity of PCCDs measured by SCE. Quantification of the number of SCE per cell in PBMCs untreated and treated with 
G2-SN15-PEG 10 μM, G3-SN31-PEG 5 μM or 1 Gy radiation for 72 h. (A) Images of random field obtained from the SCE assay after 
FPG staining. Arrows indicate SCEs. (B) Statistical analysis of the assay. Data are represented as dot plots of five individual experiments 
(50 mitosis analysed per healthy donor). C+ 1Gy: 1 Gy radiation genotoxicity control; CNT: nontreated; ns: non-significant. ***p < 0,001. 

6.1.1.3 Assessment of the haemolytic potential 

The capacity of dendrimers to cause erythrocyte haemolysis was evaluated by a haemolytic test. Briefly, 

PBMCs were incubated with PCCDs at different concentrations, and, after centrifugation, the absorbance of 

supernatants was measured to determine the concentration of cell-free haemoglobin, which is interpreted as 
erythrocyte haemolysis. PBS was used as negative control, distilled water was used as positive control, and 

2% Triton X-100 was used as a haemolytic agent. 

Results obtained from the measurements clearly indicate that exposure to tested PCCDs does not produce 

erythrocyte haemolysis at any concentration tested (Figures 16A and 16B).   
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Figure 16: Haemolytic potential of PCCDs determined by haemolytic test. (A) Images taken from PBMCs treated with 5 and 10 μM of G2-
SN15-PEG, 2,5 and 5μM of G3-SN31-PEG, 2,5 and 5μM of G2-SN15-PEG FITC and 0,5 and 1μM of G3-SN31-PEG FITC dendrimers. 
(B) Analysis of absorbance measurements. PBS was used as negative control, dH2O was used as positive control and 2% Triton X-100 
as the haemolytic agent. Data are represented as mean ± SD of two individual experiments. dH2O: distilled water.  

 
6.1.2 Internalisation of PCCDs into PBMCs and U87MG-CD4+CCR5+ cell line 

Internalisation of FITC labelled PCCDs in PBMCs and U87MG-CD4+CCR5+ cell line was evaluated by 

confocal microscopy and flow cytometry. For both experiments, cells were treated with 5 and 1 μM (PBMCs) 

or 1 and 0,5 μM (U87MG-CD4+CCR5+ cells) of G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers, 

respectively, for 1 , 2 or 6 h.  

Results indicate a notable difference in the uptake of both dendrimers in CD3+ cells. For G2-SN15-PEG FITC 
dendrimer, there were no differences in uptake among the studied time points: 1 h after incubation nearly 90% 

of PBMCs were positive for its presence inside cells and there were no significant differences with this 

percentage of entry at 2 or 6 h. Similarly, when PBMCs were treated with G3-SN31-PET FITC there were no 

significant differences in the uptake at the studied time points. However, percentage of positivity of G3-SN31-

PEG FITC dendrimer was much lower than G2-SN15-PEG FITC dendrimer, with only around 16% of positive 
cells (Figure 17A and 17B).  
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Figure 17: Internalisation of PCCDs in PBMCs. Confocal microscopy images of PBMCs treated for 1, 2 or 6 h with 5 μM G2-SN15-PEG 
FITC or 1 μM G3-SN31-PEG FITC dendrimers. (A) Representative images of cells treated with dendrimers (green) and stained with 
Phalloidin (red, actin filaments) and DAPI (blue, nucleus). (B) Entry of FITC-labelled dendrimers into cells observed by flow cytometry 1, 2 
and 6 h after treatment. DAPI: 4′,6-Diamidino-2-phenylindole dihydrochloride. ** p < 0,005; *** p < 0,001. 

 

Likewise, a large difference in internalisation between G2-SN15-PEG FITC and G3-SN31-PEG FITC 

dendrimers in U87MG-CD4+CCR5+ cell line was noted, however, in these cells a notable increase in the 
number of positive cells was observed at the chosen time points. After 1 h of incubation, both dendrimers 

were located at the outer part of the cell membrane, since both dendrimers co-localised with F-actin. At this 

time point, flow cytometry indicated that 40% of cells were positive for G2-SN15- PEG FITC dendrimer 

whereas only 20% where positive for G3-SN31-PEG FITC dendrimer. After 2 h of incubation, a notable 

increase was detected, reaching values of 50 and 45% for G2-SN15- PEG FITC and G3-SN31-PEG FITC 

dendrimers, respectively. Thus suggesting that both dendrimers take at least 2 h to internalise into this cell 

line (Figure 18A and 18B). These results indicate that both G2-SN15-PEG FITC and G3-SN31-PEG FITC 
dendrimers can enter PBMCs and U87MG-CD4+CCR5+ cell line in 2 h or less, indicating that both dendrimers 

could be used as delivery systems. 
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Figure 18: Internalisation of PCCDs in U87MG-CD4+CCR5+ cell line. Confocal microscopy images of U87MG-CD4+CCR5+ cell line 
treated for 1, 2 or 6 h with 1 μM G2-SN15-PEG FITC or 0,5 μM G3-SN31-PEG FITC dendrimers. (A) Representative images of cells 
treated with dendrimers (green) and stained with Phalloidin (red, actin filaments) and DAPI (blue, nucleus). (B) Entry of FITC-labelled 
dendrimers into cells observed by flow cytometry 1, 2 and 6 h after treatment. DAPI: 4′,6-Diamidino-2-phenylindole dihydrochloride; ns: 
non-significant. * p < 0,05; ** p < 0,005. 

6.1.3 miRNA-PCCDs dendriplexes formation and characterisation 

Determination of the ability of PCCDs to form dendriplexes with miRNAs was tested by 2% agarose gel 

electrophoresis. Complexes were formed mixing 100 nM of the desired miRNAs with the maximum non-toxic 
concentration of PCCDs for each cell type: 10 μM G2-SN15-PEG and 5 μM G3-SN31-PEG for PBMCs and 5 

μM G2-SN15-PEG and 1 μM G3-SN31-PEG for U87MG-CD4+CCR5+ cell line, within 2 h of incubation.                       

Results shown in Figures 19A and 19B illustrate that, using working concentrations for PBMCs, G2-SN15-

PEG and G3-SN31-PEG dendrimers can bind more than 90% of the tested miRNAs after 2 h of incubation. 

When dendrimer concentrations were decreased to match maximum non-toxic concentrations for U87MG-
CD4+CCR5+ cell line, similar results were found. G2-SN15-PEG and G3-SN31-PEG dendrimers bind around 

90% and 70% of the miRNAs tested, respectively (Figures 19C and 19D). These results confirm that both 

dendrimers can perform efficient and stable bonds with chosen miRNAs. 
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Figure 19: miRNA-PCCDs dendriplexes formation and characterisation. (A) Two percent agarose gel electrophoresis showing formation 
of dendriplexes with anti-HIV-1 miRNAs (hsa-miR-29a-3p, hsa-miR-29b-3p, hsa-miR-92a-3p, hsa-miR-133b and hsa-miR-149-5p) and 
G2-SN15-PEG (10 μM) and G3-SN31-PEG (5 μM) dendrimers after 2 h of incubation. (B) Percentage of miRNA captured vs. miRNA 
control. (C) Formation of dendriplexes with anti-HIV-1 microRNAs and G2-SN15-PEG (5 μM) and G3-SN31-PEG (1 μM) dendrimers after 
2 h of incubation. (D) Percentage of miRNA captured vs. miRNA control. miRNA: microRNA. 

6.1.3.1 Stability and distribution of dendriplexes 

The evaluation of the formation and stability of dendriplexes and of the effects of miRNAs on dendrimers was 

done measuring the electrical potential (by ZP) and the hydrodynamic size (by DLS). As shown in Table 5, the 
surface charge values obtained from the ZP measurements confirmed the cationic density of the periphery of 

the nanoparticles. Specifically, G2-SN15-PEG dendrimer has the highest potential value (52,5 mV), followed 

by G3-SN31-PEG dendrimer, which has a moderate value (30,24 mV), resulting in high electrical stability, 

respectively. The formation of dendriplexes with an example miRNA (hsa-miR-29a-3p) produced a change in 

the ZP values of both dendrimers. More precisely, the potential value decreased when complexing the G2-

SN15-PEG dendrimer with the miRNA, while it increased when forming the dendriplex with the G3-SN31-PEG 

dendrimer, suggesting that the formation of dendriplexes occurred.  

Results obtained from the study of the particle size distribution by DLS (Table 5) suggest aggregation or self-
assembly of G2-SN15-PEG (302,95 nm). On the contrary, values obtained for G3-SN31- PEG dendrimer 

(4,93 nm) were much lower indicating that it could be described as a single molecule. As for hsa-miR-29a-3p, 

its degree of aggregation is low (14 nm). In terms of dendriplexes, both presented moderate aggregation 

values: around 30 and 40 nm, for G2-SN15-PEG and G3-SN31-PEG dendrimers, respectively. All of these 
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values, supported by data obtained in electrophoresis assays, confirm the correct formation and stability of 

complexes. 
 

Table 5. Measurement of ZP values (mV) and hydrodynamic size (nm) of dendrimers, miRNAs and dendriplexes formed with G2-SN15-
PEG or G3-SN31-PEG dendrimers and hsa-miR-29a-3p. Invalid measurements are indicated with dashes (-). 

 
 
 
 
 
 
 
 
 
 

6.1.3.2 Releasability and protectiveness of dendriplexes 

To test if miRNAs can be released from dendriplexes heparin competition assays were performed. 

Dendriplexes were formed as previously detailed and treated with 0.2 UI/μL of heparin for 5 min at RT. 

Results shown in Figure 20 indicate that after heparin treatment miRNA signal was recovered, demonstrating 
that, at any concentration tested, miRNAs can be released form the complex when exposed to molecules of 

this nature. In addition, the protection conferred by dendriplexes against RNase-mediated degradation was 

tested. Here, dendriplexes were treated with 1 μg/μL of RNase for 10 min at RT. After RNase treatment, 

miRNAs were fully recovered, demonstrating that dendriplex formation protects this type of cargo. 

 
Figure 20: Releasability and protectiveness of miRNA-PCCDs dendriplexes. Heparin competition assays (0.2 UI/μL of heparin for 5 min 
at RT) and RNase protection assays (1 μg/μL of RNase for 10 min at RT) performed on dendriplexes. Dendriplexes were formed with 10 
µM or 5 µM of G2-SN15-PEG and 5 µM or 1 µM of G3-SN31-PEG dendrimers.  
 

Compound Zeta potential (mV) Hydrodynamic size (diameter, nm) 

G2-SN15-PEG 52,50 ± 0,42 302,95 ± 14,78 

G2-SN15-PEG + hsa-miR-29a-3p 49,45 ± 1,62 30,19 ± 2,88 

G3-SN31-PEG 30,60 ± 0,00 4,93 ± 0,26 

G3-SN31-PEG + hsa-miR-29a-3p 32,24 ± 2,37 41,10 ± 2,88 

hsa-miR-29a-3p - 14,42 ± 4,16 
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6.1.4 HIV‑ 1 inhibition activity of dendriplexes 

To determine whether dendriplexes have anti-HIV-1 activity, inhibition experiments were performed. PBMCs 
or U87MG-CD4+CCR5+ cell line were infected with R5-HIV-1NL(AD8) and treated with dendriplexes formed as 

previously described. Then, 72 h after infection, PBMCs or U87MG-CD4+CCR5+ cells supernatants were 

collected and titrated on TZM.bl cells to quantify infection by measurements of luciferase activity. Nontreated 

samples were used as an uninfected control.  

Treatment of PBMCs with only G2-SN15-PEG and G3-SN31-PEG dendrimers achieved around 80 and 45% 
of HIV-1 inhibition, respectively, regarding the infection control. Inhibition was even greater when treated with 

dendriplexes formed with anti-HIV-1 miRNAs and both G2-SN15-PEG or G3-SN31-PEG dendrimer showing a 

significant increase of inhibition reaching values of 96 and 73% reduction of HIV-1 infection, respectively 

(Figure 21A).  

Treatment of U87MG-CD4+CCR5+ cells (Figure 21B) with G2-SN15-PEG FITC or G3-SN31-PEG dendrimer 
achieved around 40% inhibition of HIV-1 infection. Likewise, treatment with some of dendriplexes, for example 

the ones formed with hsa-miR-29A-3p and G2-SN15-PEG or G3-SN31-PEG dendrimer, induced even higher 

inhibition. However, this increase was not significant compared to the inhibition resulting from treatment with 

only G2-SN15-PEG or G3-SN31-PEG dendrimers, suggesting that dendriplexes cause a significant inhibition 

of R5-HIV-1 infection only in specific cell lines such as PBMCs. 
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Figure 21: HIV-1 antiviral efficacy of miRNA-PCCDs dendriplexes. Quantification of R5-HIV-1 infection measured by titration of 
supernatants on TZM.bl cell line. Infection was inferred from the measurement of luciferase activity 48 h after titration and is represented 
as percentage with respect to infection control. Dendriplexes were formed with nonlabelled PCCDs and control or anti-HIV-1 miRNAs 
(hsa-miR-29a-3p, hsa-miR-29b-3p, hsa-miR-92a-3p, hsa-miR-133b, and hsa-miR-149-5p). (A) PBMCs, dendriplexes were formed with 10 
μM G2-SN15-PEG and 5 μM G3-SN31-PEG dendrimers. (B) U87MG-CD4+CCR5+ cell line, dendriplexes formed with 5 μM G2-SN15-
PEG and 1 μM G3-SN31-PEG dendrimers. Data are represented as mean ±SD of three individual experiments performed in triplicate. 
DMR: dendrimer; IC: infection control; HIV-1: Human Immunodeficiency Virus-1. * p < 0,05; ** p < 0,005; *** p < 0,001. 
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6.2 EFFECT OF PEGylated CATIONIC CARBOSILANE DENDRIMERS AGAINST HSV-2 AND HCMV 

Virus belonging to the Herpesviridae family, including HSV-2 and HCMV, produce some of the most prevalent 

transmitted diseases in the world. This family of viruses is characterised by being highly successful in the 

establishment of latent long-lasting infections after infection of the host, which leads to unlimited production of 

virions. Different stressors can induce reactivation of herpesviruses, being the most frequents local trauma, 

fever, exposure to UV light, hormones and emotional or physical stress (Roizman and Whitley, 2013). 

Lifelong infections entail the need for prolonged therapies, leading to exposure to drug toxicity and 
appearance of resistances. The lack of a definitive suppressive treatment for Herpesviridae infections opens 

the ways to the emergence of resistant strains that lead viral reactivations. The high incidence of infections 

caused by HSV-2 and HCMV and the nature of their clinical manifestations highlight the need for novel 

effective therapies to protect high-risk populations exposed to them.   

In this sense, nanotechnology is also a promising alternative to current treatments as previously demonstrated 
(Relano-Rodriguez et al., 2021b, Rodriguez-Izquierdo et al., 2020a, Guerrero-Beltran et al., 2019, Sepulveda-

Crespo et al., 2015a). This work proposes the use of novel PCCDs as inhibitors of the interaction between 

viral glycoproteins and cell HSPGs to develop a promising therapy against HSV-2 and HCMV infections 

(Figure 22).  

 
Figure 22: Graphical abstract of the study of PCCDs as a possible therapy to fight Herpesviridae infections. HSPGs: Heparan sulphate 
proteoglycans. 
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6.2.1 Viability of PCCDs on Vero and MRC-5 cell lines 

6.2.1.1 Assessment of mitochondrial toxicity  

Mitochondrial toxicity induced by G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC and G3-SN31-PEG 

FITC dendrimers was assessed by MTT assay following manufacturer’s instructions. In this experiment, Vero 

and MRC-5 cell lines were treated for 48 h and 6 days, respectively, with increasing concentrations of PCCDs, 

from 0,01 to 30 μM. Culture medium was used as NT control and 10% DMSO as death control. 
Concentrations were considered toxic when the survival rate was less than 80%. Results indicated that the 

maximum nontoxic concentrations of G2-SN15-PEG, G3-SN31-PEG, G2-SN15- PEG FITC and G3-SN31-

PEG FITC dendrimers were 1 μM, 1 μM, 1 μM and 0,5 μM, respectively, in Vero (Figure 23A) and MRC-5 

cells (Figure 23B). 

 
Figure 23: Cytotoxicity of PCCDs in Vero and MRC-5 cell lines determined by MTT assay. Vero (A) and MRC-5 (B) cells were treated 
with increasing concentrations of G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers from 0,01 to 
30 μM. Cell viability   80 % was established as non-toxic working concentrations. Culture medium was used as NT control and 10% 
DMSO as death control. Data are represented as mean ± SD of three individual experiments performed in triplicate. NT: non-treated; 
DMSO: dimethyl sulfoxide.  
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6.2.1.2 Evaluation of membrane disruption ability  

Determination of membrane integrity of cells treated with PCCDs was tested using the LDH CytoTox 96® 

nonradioactive cytotoxicity assay following manufacturer’s instructions. Similarly to the MTT assay, it is a 

colorimetric coupled enzymatic assay based on the conversion of a tetrazolium salt into a red formazan 

product. The intensity of the color obtained is proportional to the amount of LDH released during cell lysis 

resulting from the loss in membrane integrity (Promega). Here, Vero and MRC-5 cells were treated with 
increasing concentrations of G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC 

dendrimers from 0,01 to 30 μM for 48 h (Vero) and 6 days (MRC-5). Culture medium was used as NT control. 

Concentrations were considered nontoxic when the survival rate was above 80%. The results indicate that 

membrane integrity loss occurs when treating with concentrations above 1 μM, 10 μM, 1 μM and 1 μM (in 

Vero, Figure 24A) and 10 μM, 10 μM, 10 μM and 1 μM (in MRC-5, Figure 24B) of G2-SN15-PEG, G3-SN31-

PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers, respectively. This suggests that membrane 

integrity is not as affected as mitochondrial activity after PCCDs treatment. Therefore, to ensure complete cell 
viability, the results of the MTT assay were used to define working concentrations.   

 

Figure 24: Cytotoxicity of PCCDs in Vero and MRC-5 cell lines determined by LDH assay. Vero (A) and MRC-5 (B) cells were treated 
with increasing concentrations of G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers from 0,01 to 
30 μM. Cell viability   80 % was established as non-toxic concentrations. Culture medium was used as NT control. Data are represented 
as mean ± SD of three individual experiments performed in triplicate. NT: nontreated. 
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6.2.1 Internalisation of PCCDs into Vero and MRC-5 cell lines 

Capacity of FITC-labelled dendrimers to internalise into Vero and MRC-5 cell lines was determined by flow 
cytometry and confocal microscopy. The internalisation process was studied by incubating both cell lines with 

1 μM G2-SN15-PEG FITC or 0,5 μM G3-SN31-PEG FITC dendrimers at different times (1, 2, 6, or 24 h). To 

assess their distribution, actin filaments and nucleus were labelled with phalloidin and DAPI, respectively, in 

confocal microscopy studies. 

The entry studies showed a significant increase in fluorescent positive cells in both cell lines (14% in Vero and 
26% in MRC-5, with respect to the control) after the first hour of incubation; demonstrating that G2-SN15-PEG 

FITC dendrimer has faster uptake dynamics than G3-SN31-PEG FITC dendrimer (Figures 25A and 26A). 

Furthermore, an important increase in the number of positive fluorescent marks from both dendrimers was 

observed at all-time points. More precisely, in Vero cells, an evident increase of G2-SN15-PEG FITC 

dendrimer signal (45%) was noted from 1 to 24 h, whilst for G3-SN31-PEG FITC dendrimer it was not so 

remarkable (20%). On the other hand, in MRC-5 cells, both dendrimers showed a 30% increase in the number 

of positive cells from 1 to 24 h. 

Confocal microscopy allowed for a more detailed study of PCCDs distribution in cells, which suggested that 
both G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers have a distribution pattern that depends on 

the incubation time: short times showed peripheral distribution of dendrimers (co-localising with F-actin), while 

longer times showed that treatments reach more internal regions with a punctate intracellular distribution 

(Figures 25B and 26B). In summary, both dendrimers can rapidly interact with the surface of both Vero and 

MRC-5 cell lines and be easily internalised and remain concentrated in a granular manner. 
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Figure 25: Internalisation study of PCCDs into Vero cell line. (A) Percentage of FITC-positive cells analysed by flow cytometry 1, 2, 6 and 
24 h post-treatment. Data are represented as mean ± SD of two individual experiments. (B) Confocal images of cells treated with 1 µM 
G2-SN15-PEG FITC or 0,5 µM G3-SN31-PEG FITC dendrimers (green) for 2 h, 6 h, or 24 h. Actin filaments were labelled with phalloidin 
(red) and nucleus with DAPI (blue). Scale bars indicate 25 µm. DAPI: 40,6-diamidino-2-phenylindole dihydrochloride; ns: non-significant. 
* p < 0,05; ** p < 0,01. 

 



 

 74 

 
Figure 26: Internalisation study of PCCDs into MRC-5 cell line. (A) Percentage of FITC-positive cells analysed by flow cytometry 1, 2, 6 
and 24 h post-treatment. Data are represented as mean ± SD of two individual experiments. (B) Confocal images of cells treated with 1 
µM G2-SN15-PEG FITC or 0,5 µM G3-SN31-PEG FITC dendrimers (green) for 2 h, 6 h, or 24 h. Actin filaments were labelled with 
phalloidin (red) and nucleus with DAPI (blue). Scale bars indicate 25 µm. DAPI: 40,6-diamidino-2-phenylindole dihydrochloride; ns: non-
significant. * p < 0,05; ** p < 0,01, *** p < 0,001. 

6.2.2 HSV-2 and HCMV antiviral efficacy of PCCDs 

The antiviral activity of PCCDs against HSV-2 and HCMV infections was determined by inhibition experiments 

through a plaque reduction assay. In brief, Vero and MRC-5 cell lines were treated with increasing 

concentrations of G2-SN15-PEG or G3-SN31-PEG dendrimers, from 0,2 µM to the maximum non-toxic 

concentration one-hour prior infection with 0,001 MOI of HSV-2333 and HCMVAD-169. After 48 h (in Vero cells) 

or 6 days (in MRC-5 cells), lysis plaques were revealed by methylene blue staining and counted.  

Figures 27A and 27B show that both G2-SN15-PEG and G3-SN31-PEG dendrimers can inhibit HSV-2 and 
HCMV infections at maximum nontoxic concentrations. Against both viruses, the G3-SN31-PEG dendrimer 

presented better inhibition values at all tested concentrations, reaching 99 and 86% inhibition of HSV-2 and 

HCMV, respectively, at the maximum concentration. It is important to note that, at all tested concentrations, 

both dendrimers have higher inhibition activity than ACV and GCV, which are the actual reference treatments.   
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Figure 27: Antiviral activity of PCCDs against HSV-2 and HCMV. Inhibition of HSV-2333 in Vero (A) and of HCMVAD-169 in MRC-5 (B) cell 
lines pre-treated with increasing concentrations of G2-SN15-PEG and G3-SN31-PEG dendrimers from 0,2 µM to the maximum non-toxic 
concentration. ACV and GCV were used as reference treatments for comparison. Infection was measured by plaque reduction assay. 
Data are represented as mean ± SD of three individual experiments performed in triplicate. ACV: acyclovir; GCV: ganciclovir; HSV-2: 
Herpes Simplex Virus-2; HCMV: Human Cytomegalovirus. * p < 0,05; ** p < 0,01, *** p < 0,001, **** p < 0,0001. 

6.2.2.1 Mechanism of action of PCCDs 

To study the mechanism by which PCCDs can inhibit HSV-2 and HCMV infections, two different approaches 

were used: viral inactivation (VI) and binding inhibition (BI). For VI, 1µM G2-SN15-PEG or G3-SN31-PEG 

dendrimers were incubated with cell-free HSV-2333 or HCMVAD-169 at 37 ºC for 2 h. The pellet obtained after 

two rounds of ultracentrifugation was resuspended and added to cells. For BI, cells were precooled at 4 ºC for 

15 min, treated with dendrimers and infected with HSV-2333 or HCMVAD-169 at the same temperature to make 

the membrane less permeable to both virus and dendrimers and force their interaction there. After 48 h (Vero 
cells) or 6 days (MRC-5 cells) of incubation, lysis plaques were revealed by methylene blue staining and 

counted.  

Results shown in Figures 28A and 28B exhibit similar inhibition values as those obtained in the antiviral 

efficacy study when performing BI assay, indicating that both dendrimers can significantly inhibit viral 

attachment to both cell lines. However, G2-SN15-PEG and G3-SN31-PEG dendrimers can only inactivate 
HCMVad169 and with lower inhibition values suggesting null and low virucidal activity against HSV-2 and HCMV 

infections, respectively. These results imply that inhibition is achieved in the first stages of infection, most 

probably by impeding viral attachment to the cell membrane, thus preventing infection. 
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Figure 28: Antiviral mechanism of action of PCCDs. Effect of 1 µM G2-SN15-PEG and 1 µM G3-SN31-PEG dendrimers on the infectivity 
and binding of HSV-2333 (A) and HCMVAD-169 (B). VI and BI assays were performed and measured using a plaque reduction assay. Data 
are represented as mean ± SD of three individual experiments performed in triplicate. HSV-2: Herpes Simplex Virus-2; HCMV: Human 
Cytomegalovirus; VI: viral inactivation; BI: binding inhibition; ns: non-significant. **** p < 0,0001. 

6.2.2.2 Interaction with cell surface receptors 

To study in depth the mechanism through which PCCDs inhibit HSV-2 and HCMV infections, their capacity to 

bind to anionic HSPGs thus preventing attachment of viruses to these receptors was examined. To do so, 

different binding assays were carried out, including (i) heparin competition assay, to study competition with a 

structural analogue of HSPGs, (ii) 2 M NaCl wash, to detach molecules bound to heparin/HSPG, and (iii) 

heparinase II treatment, to enzymatically cleave HSPGs. For the first experiment, cells were treated with 1 µM 
G2-SN15-PEG FITC or 0,5 µM G3-SN31-PEG FITC dendrimers in the absence or presence of heparin. For 

the second, cells were treated and washed with 2 M NaCl. In the third experiment, cells were pre-treated with 

200 mU/mL of heparinase II before incubating with dendrimers. Flow cytometry was used to quantify the 

remaining amounts of cell-associated dendrimers after performing these assays.  

As observed in Figures 29A and 29B, there is a notable decrease in the number of cell-associated G2-SN15-

PEG FITC and G3-SN31-PEG FITC dendrimers in both cell lines after treatment with heparin. HSPGs 
interactions were also partially disrupted when rinsed with 2 M NaCl, due to a reduction of the number of cell-

associated dendrimers in all samples, however differences were only statistically significant for the G2-SN15-

PEG FITC dendrimer in Vero cell line and for the G3-SN31-PEG FITC dendrimer in MRC-5 cell line. Figures 

29C and 29D show a notable decrease in dendrimer binding capacity to cells after treatment with heparinase 

II, observed in the important decrease in MFI in every sample; however, this decrease was only significant for 

G2-SN15-PEG FITC dendrimer in Vero cell line. All these results suggest that HSPGs play a prominent role in 

the interaction of the studied PCCDs with the cell surface. 
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Figure 29: Interaction of PCCDs with cell surface HSPGs. Fluorescent positive cells and mean fluorescence intensity of 1 µM G2-SN15-
PEG FITC or 0,5 µM G3-SN31-PEG FITC dendrimers measured by flow cytometry in Vero (A, C) and MRC-5 (B, D) cell lines. Heparin 
competition, 2 M NaCl wash, and heparinase II treatment assays were performed to study the interaction of PCCDs with HSPGs on the 
cell surface. Data are represented as mean ± SD of two individual experiments. NT: nontreated. * p < 0,05; ** p < 0,01, *** p < 0,001. 

The capacity of PCCDs to bind to heparin/HSPGs was evaluated by SPR in collaboration with Prof. Marco 

Rusnati from the Department of Molecular and Translational Medicine of the University of Brescia. 

Considering the strong structural analogy that exists between heparin and HSPGs, a SPR biosensor 

containing immobilised heparin was used as a simplified “cell-free” model to study the interaction of various 

compounds to HSPGs.  

As presented in Figures 30A and 30B, both dendrimers show significant and specific binding to surface-

immobilised heparin. Injection of dendrimers at increasing concentrations onto the sensor chip indicated a 

dose-response binding. Furthermore, the fact that dendrimers do not spontaneously detach from heparin at 

the end of the injection phase and can only be removed by high salt washing indicates that the binding of 

dendrimers to heparin is very stable (Figures 30C and 30D). On the other hand, values of dendrimer binding 
at equilibrium were used to calculate Kd values and to obtain the dose-response curves shown in Figures 30E 

and 30F. Values shown in Table 6 suggest that both G2-SN15-PEG and G3-SN31-PEG dendrimers bind 

surface-immobilised heparin in a saturable manner with relatively high affinity. The specificity of this binding is 

confirmed by the fact that a molar excess of heparin completely abolished binding of dendrimers to surface-

immobilised heparin (Figures 30E and 30F). 
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Figure 30: SPR analysis of the interaction of PCCDs with heparin. (A, B) Sensorgrams showing binding of G2-SN15-PEG and G3-SN31-
PEG dendrimers to flow cells coated with heparin or BSA. (C, D) Blank-subtracted sensorgram overlays showing specific binding of 
increasing concentrations of dendrimers (1: 0,047 μM; 2: 0,094 μM; 3: 0,188 μM; 4: 0,375 μM; 5: 0,75 μM; 6: 1,5 μM) to surface-
immobilised heparin. Response (in RU) was recorded as a function of time. (E, F) Saturation curves obtained using the values of RU 
bound at equilibrium from panels (C, D). Result of the competition assay with free heparin is also reported. BSA: bovine serum albumin; 
S: seconds; RU: resonance units.  

 
Table 6. Kd values of the interactions of G2-SN15-PEG and G3-SN31-PEG dendrimers with heparin. Data correspond to mean   SEM of 
three individual experiments.  

Dendrimer Kd (nM) at Equilibrium 

G2-SN15-PEG  368,3   108,1 

G3-SN31-PEG  186,7   82,6 
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6.3 DESIGN OF A DENDRITIC CELL-BASED THERAPEUTIC VACCINE AGAINST HIV-1 INFECTION 

Despite different policies have been implemented to improve access to cART, still more than 25% of the 37 
million of people living with HIV-1 are not receiving any type of treatment. In addition to access to treatment, 

adherence to it is another risk factor, as interruption of treatment leads to a rapid increase in viral load and 

lymphocyte death. These give rise to one of the biggest challenges of the biomedical community nowadays: 

finding a more accessible and lasting therapeutic approach against HIV-1. 

It is widely agreed that a complete cure for HIV-1 infection is the main objective to achieve; however, a 
functional cure would reduce the burden of the disease associated with the infection: It would help reach a 

higher percentage of the population, improve their quality of life, and reduce the costs of lifelong treatments 

(Davenport et al., 2019). An example of functional cures are therapeutic vaccines, which face infection by 

keeping it latent under a specific immune response and reducing the number of cells susceptible to infection 

and replication. DC-based vaccines, designed to contain specific antigens, such as antigenic peptides, are 

becoming promising strategies (Skwarczynski and Toth, 2016, Martin-Moreno and Munoz-Fernandez, 2019). 

These antigen-presenting cells (APCs) can induce primary and secondary immune responses through the 

major histocompatibility complex (MHC)-class II pathway to helper CD4+ T lymphocytes and through the 
MHC-class I to cytotoxic CD8+ T (Nakayama, 2014). 

However, peptides might not be highly immunogenic because such a small portion of the pathogen fails to 

trigger the natural activation of the immune system. To overcome this drawback, delivery systems may act as 

adjuvant stimulators enhancing vaccine efficiency and prolonging their half-life (Yang et al., 2019). In this 

sense, different studies have been carried out on the use of nanoparticles to improve peptide delivery and 
ensure good activation of the immune system by potentiating antigenic presentation and immune activation 

(Martin-Moreno et al., 2020, Vacas-Cordoba et al., 2014a, Vacas-Cordoba et al., 2014b). 

The objective of this work was to study whether EG3SO3Na, ChG3SO3Na, EG3NMe3I and ChG3NMe3I 

micellar carbosilane dendrons could be used in the development of a DC-based therapeutic vaccine when 

associated with HIV-1-derived peptides (Figure 31). To do so, moDCs obtained from healthy patients were 
matured in the presence of HIV-1-derived peptides and co-cultured with autologous PBMCs to study the effect 

on lymphocyte activation and cytokine release.  
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Figure 31: Graphical abstract of the development of a DC-based therapeutic vaccine based on the use of micellar carbosilane dendrons 
as delivery vehicles of HIV-1-derived peptides. PBMCs: peripheral mononuclear cells; moDCs: monocyte-derived dendritic cells; HIV-1: 
Human Immunodeficiency Virus-1; DCs: dendritic cells.   

6.3.1 Biocompatibility of dendrimicelles and HIV-1 peptides in moDCs 

6.3.1.1 Assessment of the mitochondrial toxicity of dendrimicelles 

Evaluation of the mitochondrial toxicity induced by dendrimicelles was done by the MTT assay following 

manufacturer’s instructions. MoDCs were treated for 6 days with increasing concentrations of dendrimicelles, 

from 0,25 to 50 μM. Culture medium was used as untreated control and 10% DMSO as death control. 

Concentrations were considered non-toxic when the survival rate was greater than 80%. Results shown in 

Figure 32 indicate that the maximum non-toxic concentrations of the EG3SO3Na, ChG3SO3Na, EG3NMe3I 

and ChG3NMe3I dendrimicelles are 1 μM, 1 μM, 2,5 μM and 5 μM, respectively. 

 
Figure 32: Cytotoxicity of dendrimicelles in moDCs determined by MTT assay. MoDCs were treated for 6 days with EG3SO3Na, 
ChG3SO3Na, EG3NMe3I and ChG3NMe3I dendrimicelles at concentrations ranging from 0,25 to 50 μM. Cell viability   80 % was 
established as non-toxic working concentrations. Culture medium was used as NT control and 10% DMSO as death control. Data are 
represented as mean ± SD of three individual experiments performed in triplicate. MoDC: monocyte-derived dendritic cell; NT: non-
treated; DMSO: dimethyl sulfoxide.  
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6.3.1.2 Determination of the viability of HIV-1-derived peptides 

Assessment of the mitochondrial toxicity induced by HIV-1-derived peptides and dendrimicelles-peptide 
dendriplexes was also done by the MTT assay following manufacturer’s instructions. MoDCs were treated for 

6 days with 0,5, 1 and 5 μM of labelled and non-labelled HIV-1-derived peptides. In addition, MoDCs were 

treated for 6 days with dendriplexes formed with these peptides (1 μM) and EG3SO3Na, ChG3SO3Na, 

EG3NMe3I or ChG3NMe3I dendrimicelles (at maximum non-toxic concentration). Culture medium was used as 

untreated control and 10% DMSO as death control. Concentrations were considered nontoxic when the 

survival rate was above 80%. Results shown in Figure 33A indicate that all cationic peptides (Pep-Rev, Pep-

Vif and Pep-GagPol-1) and their labelled forms are viable at the desired working concentration (1 μM). Figure 

33B shows that all anionic peptides (Pep-GagPol-2, Pep-GagPol-3, and Pep-Env) and their labelled forms are 
also viable at 1 μM. Additionally, both figures determine that the dendriplexes formed present viability rates 

greater than 80% after 6 days of treatment.  

 
Figure 33: Cytotoxicity of HIV-1-derived peptides and dendrimicelles-peptide dendriplexes in moDCs determined by the MTT assay. (A) 
MoDCs were treated for six days with Pep-Rev, Pep-Vif and Pep-GagPol-1 cationic peptides at 0,5, 1 and 5 μM and dendriplexes formed 
with 1 μM EG3SO3Na or 1 μM ChG3SO3Na dendrimicelles and 1 μM of peptides. (B) MoDCs were treated for six days with Pep-GagPol-
2, Pep-GagPol-3 and Pep-Env anionic peptides at 0,5, 1 and 5 μM and dendriplexes formed with 2,5 μM EG3NMe3I or 5 μM ChG3NMe3I 
dendrimicelles and 1 μM of peptides. Cell viability   80 % was established as non-toxic working concentrations. Culture medium was 
used as NT control and 10% DMSO as death control. Data are represented as mean ± SD of three individual experiments performed in 
triplicate. DC: dendritic cell; NT: non-treated; DMSO: dimethyl sulfoxide; L: labelled.  
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6.3.2 Dendrimicelles-peptide dendriplexes formation and characterisation 

Determination of the capacity of the cationic dendrimicelles to form dendriplexes with Pep-GagPol-2-L, Pep-
GagPol-3-L and Pep-Env-L anionic peptides was tested by 6% agarose gel electrophoresis. Complexes were 

formed mixing 1 μM of the desired peptide and 2,5 μM of EG3NMe3I or 5 μM of ChG3NMe3I, within 2 h of 

incubation at 37 ºC.  

Results shown in Figures 34A and 34B illustrate that the maximum working concentrations of EG3NMe3I or 

ChG3NMe3I dendrimicelles can bind peptides with different efficiency: EG3NMe3I can encapsulate 18 and 
30% of Pep-GagPol-3 and Pep-Env peptides, while ChG3NMe3I can encapsulate 24 and 23% of Pep-GagPol-

3 and Pep-Env peptides. However, these dendrimicelles cannot form complexes with Pep-GagPol-2 peptide.  

 
Figure 34: Dendrimicelle-peptide dendriplexes formation and characterisation. (A) Six percent agarose gel electrophoresis showing 
formation of dendriplexes with anionic HIV-1-derived peptides (Pep-GagPol-2, Pep-GagPol-3 and Pep-Env, 1 μM) and EG3NMe3I (2,5 
μM) or ChG3NMe3I (5 μM) dendrimicelles after 2 h of incubation at 37 ºC. (B) Percentage of peptide captured relative to the control.  

The inability to visualise the Cy5 label of Pep-Rev-L, Pep-Vif-L, and Pep-GagPol-1-L cationic peptides by 

agarose gel electrophoresis involved the measurement of the electrical potential (by ZP) and the 

hydrodynamic size (by DLS) to evaluate the capacity of anionic dendrimicelles to form dendriplexes. 

As shown in Table 7, surface charge values obtained from ZP measurements confirmed the anionic density of 

the periphery of the studied dendrimicelles; more precisely, the potential values obtained (-17,5 mV for 

EG3SO3Na and -9,36 for ChG3SO3Na dendrimicelles) indicate low electrical stability, thus inclination of these 

molecules towards agglomeration. In all the cases studied, the formation of the dendriplexes involved a 

change in the surface charge, which in some cases tended to more stable electrical molecules (higher than 
±25 mV) but in others to molecules with a tendency to rapid agglomerate (close to ±5 mV). 

Formation of dendriplexes was also studied by measuring the particle size distribution by DLS; a five-fold 

increase with respect to the dendrimicelles or peptide control was considered to be proof of the encapsulation 

of peptides. Following this rule, EG3SO3Na and ChG3SO3Na dendrimicelles were able to encapsulate Pep-

Rev and Pep-Vif peptides at tested concentrations, but were unable to form complexes with Pep-GagPol-1 
peptide (Table 7). 
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Table 7. Measurement of ZP values (mV) and hydrodynamic size (nm) of EG3SO3Na and ChG3SO3Na dendrimicelles, Pep-Rev, Pep-Vif, 
and Pep-GagPol-1 peptides and dendriplexes formed with these cationic HIV-1-derived peptides (1 μM) and EG3SO3Na or ChG3SO3Na 
(1 μM) dendrimicelles after 2 h of incubation at 37 ºC. Invalid measurements are indicated with dashes (-). 

 

 

 

 

 

 

 

 

 

 

 

 
6.3.3 Delivery of HIV-1-derived peptides into moDCs 

The next step after confirmation of the ability of the dendrimicelles to encapsulate the different peptides 

consisted of assessing if these complexes facilitated the entry of the peptides into moDCs. To do so, moDCs 

were treated for 2 and 24 h with peptides, dendrimicelles, or complexes formed as previously described and, 

afterwards, internalisation was determined by measuring the fluorescent signal of the labelled peptides by 

confocal microscopy and flow cytometry. It is important to mention that these studies were only performed for 

three peptides: Pep-Rev-L, Pep-Vif-L and Pep-GagPol-3-L. Peptides Pep-GalPol-1 and Pep-GalPol-2 were 

discarded because they were unable to encapsulate any dendrimicelle and Pep-Env was discarded because 
its label was poorly detected by both techniques.  

Images obtained from confocal microscopy suggest a similar internalisation pattern for the studied peptides: 

encapsulation of peptides with EG3SO3Na, ChG3SO3Na, EG3NMe3I and ChG3NMe3I dendrimicelles 

enhances cellular uptake of the peptides. This was easily observed due to the increase in the fluorescent 

signal inside cells that have been treated with the complexes in comparison with those treated only with the 
peptides (Figures 35A, 36A, and 37A). Furthermore, the images show that the fluorescent signal is greater 

after 2 h of treatment rather than after 24 h, suggesting that after this time moDCs have processed the 

peptide.  

Flow cytometry internalisation studies, which are more sensitive than confocal microscopy, confirmed these 

observations. Figure 35B shows a significant increase in Pep-Rev-L signal in cells treated with complexes 
formed with EG3SO3Na and ChG3SO3Na dendrimicelles, which increases from 22% to 67 and 82%, 

respectively, after 2 h of treatment. This increase, although still statistically significant, was much lower after 

Compound Zeta potential (mV) Hydrodynamic size (diameter, nm) 

EG3SO3Na -17,50 ± 7,23 0,68 ± 0,02  

ChG3SO3Na -9,36 ± 2,91 1,12 ± 0,11 

Pep-Rev  - - 

EG3SO3Na + Pep-Rev -3,90 ± 0,43 141,10 ± 6,50  

ChG3SO3Na + Pep-Rev -4,08 ± 0,92 190,20 ± 17,11 

Pep-Vif 11,43 ± 1,89  0,87 ± 0,29 

EG3SO3Na + Pep-Vif -8,13 ± 0,38 116,99 ± 18,48  

ChG3SO3Na + Pep-Vif -30,40 ± 1,08 97,53 ± 12,55 

Pep-GagPol-1  - 22,33 ± 6,21 

EG3SO3Na + Pep-GagPol-1 -28,27 ± 0,58 - 

ChG3SO3Na + Pep-GagPol-1 -35,47 ± 1,46 105,7 ± 10,61 
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24 h of treatment, when it increased from 6 to around 40% in both cases. Similar observation was done for 

Pep-Vif-L peptide in Figure 36B, in this case the increase from naked peptide to encapsulated peptide only 
raised from 63% to 71 and 78% for complexes formed with EG3SO3Na and ChG3SO3Na, respectively. On the 

other hand, the internalisation of this peptide after 24 h of treatment was also much lower, with values that 

increased from 28% of the naked peptide to 51 and 70% of EG3SO3Na and ChG3SO3Na complexed peptide, 

respectively. The anionic Pep-GagPol-3-L peptide also confirmed better internalisation when forming 

complexes, with values that increased from 50 and 60% of the naked peptide, after 2 and 24 h of treatment, to 

values greater than 92% when forming complexes with EG3NMe3I and ChG3NMe3I dendrimicelles at the 

same incubation times (Figure 37B). In this case, there were no significant differences in entry between the 
studied treatment times.  

 
Figure 35: Internalisation of Pep-Rev-L peptide in moDCs. Cells were treated for 2 and 24 h with 1 μM of Pep-Rev-L or complexes 
formed with it and 1 μM of EG3SO3Na or ChG3SO3Na dendrimicelles within 2 h of incubation. (A) Representative confocal microscopy 
images of moDCs treated with this peptide or complexes (in green) and stained with Phalloidin for actin filaments (red) and DAPI for the 
nucleus (blue). (B) Entry of this peptide into moDCs determined by flow cytometry. DAPI: 4′,6-Diamidino-2-phenylindole dihydrochloride. * 
p < 0,05; ** p < 0,01. 
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Figure 36: Internalisation of Pep-Vif-L peptide in moDCs. Cells were treated for 2 and 24 h with 1 μM of Pep-Vif-L or complexes formed 
with it and 1 μM of EG3SO3Na or ChG3SO3Na dendrimicelles within 2 h of incubation. (A) Representative confocal microscopy images of 
moDCs treated with this peptide or complexes (in green) and stained with Phalloidin for actin filaments (red) and DAPI for the nucleus 
(blue). (B) Entry of this peptide into moDCs determined by flow cytometry. DAPI: 4′,6-Diamidino-2-phenylindole dihydrochloride. * p < 
0,05; ** p < 0,01, *** p < 0,001. 

Both studies confirmed that EG3SO3Na, ChG3SO3Na, EG3NMe3I and ChG3NMe3I dendrimicelles are 

effective delivery vehicles for Pep-Rev-L, Pep-Vif-L and Pep-GagPol-3-L peptides. Since improvement of the 
uptake was greater in complexes formed with cationic Pep-Rev-L and anionic Pep-GagPol-3-L peptides, 

following studies will only be done in those two peptides. 
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Figure 37: Internalisation of Pep-GagPol-3-L peptide in moDCs. Cells were treated for 2 and 24 h with 1 μM of Pep-GagPol-3-L or 
complexes formed with it and 2,5 μM of EG3SO3Na or 5 μM ChG3SO3Na dendrimicelles within 2 h of incubation. (A) Representative 
confocal microscopy images of moDCs treated with this peptide or complexes (in green) and stained with Phalloidin for actin filaments 
(red) and DAPI for the nucleus (blue). (B) Entry of this peptide into moDCs determined by flow cytometry. DAPI: 4′,6-Diamidino-2-
phenylindole dihydrochloride. * p < 0,05; ** p < 0,01, *** p < 0,001, **** p < 0,0001. 

6.3.4 Effect of dendriplexes on moDCs maturation 

In order to determine if the uptake of the peptides induced maturation of the moDCs, the expression of 
different maturation markers was studied by flow cytometry. To do so, Pep-Rev and EG3SO3Na or 

ChG3SO3Na and Pep-GagPol-3 and EG3NMe3I or ChG3NMe3I complexes were formed as previously 

described and added to moDCs. After 48 h, cells were stained with CD11c to stablish the moDCs population 

and with the following maturation markers: CD80, CD83, CD86, CD179 and HLA-DR.  

Figure 38 shows the changes in the expression of these maturation markers in moDCs treated with Pep-Rev 
or complexes formed with it and EG3SO3Na or ChG3SO3Na dendrimicelles. No significant changes were 

observed for CD83, CD179 or HLA-DR, however, a significant increase in the percentage of CD80 expressing 
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cells when treating with EG3SO3Na dendrimicelles was detected. Furthermore, treatment with complexes 

produced a significant increase in CD86-expressing cells.  

On the other hand, Figure 39 shows changes in the expression of the maturation markers in moDCs treated 

with Pep-GagPol-3 or complexes formed with it and EG3NMe3I or ChG3NMe3I dendrimicelles. In this case, 

there were no significant changes in the percentage of CD80, CD86, CD179 and HLA-DR markers, but a 

significant increase in the expression of CD83 when treating with complexes was observed. The increase in 

the expression of these markers suggests that upon uptake, moDCs recognise peptides or dendrimicelles as 
antigens, thus slightly promoting their maturation.   

 
Figure 38: Maturation of moDCs upon uptake of Pep-Rev peptide. Flow cytometry measurements of cells treated for 48 h with 1 μM of 
Pep-Rev or complexes formed with it and 1 μM of EG3SO3Na or ChG3SO3Na dendrimicelles within 2 h of incubation. Percentage of (A) 
CD80, (B) CD83, (C) CD86, (D) CD179, and (E) HLA-DR expressing moDCs. LPS: lipopolysaccharide. * p < 0,05; ** p < 0,01, *** p < 
0,001, **** p < 0,0001. 
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Figure 39: Maturation of moDCs upon uptake of Pep-GagPol-3 peptide. Flow cytometry measurements of cells treated for 48 h with 1 μM 
of Pep-GagPol-3 or complexes formed with it and 2,5 μM of EG3NMe3I or 5 μM ChG3NMe3I dendrimicelles within 2 h of incubation. 
Percentage of (A) CD80, (B) CD83, (C) CD86, (D) CD179, and (E) HLA-DR expressing moDCs. LPS: lipopolysaccharide. ** p < 0,01, *** 
p < 0,001, **** p < 0,0001. 

6.3.5 Effect of dendriplexes on autologous PBMCs 

The effect of mature moDCs transfected with Pep-Rev, Pep-GagPol-3 or the different complexes on 

lymphocytes was assessed by an autologous MLR. Since uptake of peptides only slightly produced 

maturation of moDCs, these cells were treated for 24 h with LPS to ensure induction of maturation prior to co-

culture with PBMCs. At time of maturation, moDCs were transfected and, after 24 h, PBMCs resultant form 

the separation of CD14+ cells were added to the culture in a 1:10 ratio.  
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Cells were observed by microscopy on days 1, 3 and 6 of the MLR to determine changes in proliferation and 

clumping of cells, which are indicators of PBMCs activation. Controls shown in Figure 40C illustrate that 
proper activation of PBMCs, despite treating with PHA, does not occur without the presence of mDCs. 

Figure 40A indicates that aggregation of PBMCs increases along the time points studied, showing the highest 

activation at day 6 in all studied cases. It is visible that treatment with EG3SO3Na or ChG3SO3Na 

dendrimicelles alone produces less activation than Pep-Rev alone or encapsulated. Furthermore, it is 

observable that the complex formed with Pep-Rev and EG3SO3Na requires more time for activation than 
peptide alone or encapsulated with ChG3SO3Na. However, at day 6 all three treatments presented 

resembling aggregation. 

Different results were obtained from the study of the effects of treatment with Pep-GagPol-3 (Figure 40B). In 

this case, higher aggregation is obtained at day 3, afterwards there is an observable decline of the activation. 

At this time point, it is visible that Pep-GagPol-3 peptide and EG3NMe3I alone produce less activation than 
complexes. However, ChG3NMe3I dendrimicelle alone produces more activation than in complex with the 

peptide.  

It is important to mention that activation observed in activation controls (PHA treated cells) is greater than the 

observed in the different treatments. Therefore, this confirms that co-culture of peptide-transfected mDCs with 

autologous PBMCs produces a microscopically observable slight activation of lymphocytes after 3 or 6 days of 
the MLR.  
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Figure 40: Activation of lymphocytes as a result of the MLR of moDCs with autologous PBMCs after 1, 3 and 6 days of co-culture. Bright-
field microscopy images of random field of the co-culture of mDCs transfected with (A) Pep-Rev or complexes formed with EG3SO3Na or 
ChG3SO3Na dendrimicelles or (B) Pep-GagPol-3 or complexes formed with EG3SO3Na or ChG3SO3Na dendrimicelles. (C) Control of 
unproliferation and PHA activated PBMCs. PBMCs*: autologous PBMCs without CD14+ cells; PHA: phytohaemagglutinin.  
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6.3.5.1 Expression of activation markers  

Next step consisted of determining if the activation of lymphocytes after MLR observed by bright-field 
microscopy corresponded with the expression of activation markers on T and B cells. To check the expression 

of activation markers on T cells, cells were collected from the previous experiment on days 1, 3 and 6 and 

were labelled with CD3, CD4, and CD8 to stablish T cell populations and with CD69 and HLA-DR to study 

early and late activation, respectively. To assess the expression of activation markers on B cells, cells were 

labelled with CD45, CD19 and CD27 markers to stablish B cell populations and with CD25 to study activation.  

Results obtained from the analysis of the expression of T and B cell population and maturation markers by 
flow cytometry showed no significant differences among the treatments at any studied time points (Figures 41, 

42, 43 and 44). The only significant increase was observed in CD69 and C25 activation markers of T and B 

cells, respectively, between the unstimulated control and the PHA activation control. These measurements did 

not correspond with the level of proliferation and activation observed on microscopic images of the same 

conditions, which could be explained because the level of expression needed to be detected by flow 

cytometry is higher than the obtained from the treatments, as in the case of the PHA activation control.  
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Figure 41: Analysis of T cell surface maturation markers after 1, 3 and 6 days of co-culture of mDCs transfected with Pep-Rev peptide. 
Flow cytometry measurements of cell population markers (A) CD3CD4 and (B) CD3CD8 and (C) CD69, and (D) HLA-DR early and late 
activation markers. PHA: phytohaemagglutinin. * p < 0,05. 
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Figure 42: Analysis of T cell surface maturation markers after 1, 3 and 6 days of co-culture of mDCs transfected with Pep-GagPol-3 
peptide. Flow cytometry measurements of cell population markers (A) CD3CD4 and (B) CD3CD8 and (C) CD69, and (D) HLA-DR early 
and late activation markers. PHA: phytohaemagglutinin. * p < 0,05. 
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Figure 43: Analysis of B cell surface maturation markers after 1, 3 and 6 days of co-culture of mDCs transfected with Pep-Rev peptide. 
Flow cytometry measurements of cell population markers (A) CD45, (B) CD19 and (C) CD27, and (D) CD25 maturation markers. PHA: 
phytohaemagglutinin.  
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Figure 44: Analysis of B cell surface maturation markers after 1, 3 and 6 days of co-culture of mDCs transfected with Pep-GagPol-3 
peptide. Flow cytometry measurements of cell population markers (A) CD45, (B) CD19 and (C) CD27, and (D) CD25 maturation markers. 
PHA: phytohaemagglutinin.  
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6.3.5.2 Release of inflammatory cytokines 

The last step to determine the immune response produced after MLR consisted of studying the release of 
inflammatory cytokines. To do so, supernatants were collected from the previous experiment on days 1, 3 and 

6 and a panel of pro-inflammatory and anti-inflammatory cytokines/chemokines (IL-1β, INF-α2, IFN-, TNF-α, 

IL-10, IL-12p70, IL-18 and IL-23) was quantified by flow cytometry. 

Results from this study revealed a moderate increase of the amount of IL-1β regarding the unstimulated 
control after 1 day in all studied treatments with Pep-Rev and Pep-GagPol-3 peptides, the different 

dendrimicelles or complexes. This increase was lower after 3 and even lower after 6 days, when the 

complexes formed with EG3SO3Na, ChG3SO3Na, EG3NMe3I and ChG3NMe3I did not show a significant 

increase (Figure 45A and 46A).  

On the other hand, a moderate increase of IFN- release after 1 day was only observed in Pep-Rev and Pep-

GagPol-3 peptides, EG3SO3Na and ChG3SO3Na dendrimicelles, and the complex formed with EG3SO3Na 

and EG3NMe3I dendrimicelles. After 3 and 6 days, only EG3SO3Na and the complex formed with this 

dendrimicelle were significantly higher regarding the control (Figure 45B and 46B).  

Regarding TNF-α, results from day 1 showed a moderate increase in all treatments except for the complex 
formed with Pep-Rev peptide and EG3SO3Na dendrimicelle (Figure 45C), whereas only Pep-GagPol-3 

peptide and the complex formed with EG3NMe3I dendrimicelle showed a significant increase (Figure 46C). At 

day 3 the only significant increase was observed in the complex formed with EG3SO3Na.  

Lastly, the results of the release of IL-10 suggest a moderate increase in all the treatments tested (Figure 
45D) but only in the treatment with Pep-GagPol-3 peptide and the complex formed with EG3NMe3I 

dendrimicelle (Figure 46D). On day 3, only Pep-Rev and EG3SO3Na dendrimicelle showed a significant 

increase. In all four mentioned cytokines, the observed increase was higher than the unstimulated control but 

much more lower than the PHA-stimulated control. 

Regarding the measurement of the release of INF-α2, IL-12p70, IL-18 and IL-23 cytokines, no significant 
increase between any of the treatments studied with respect to the unstimulated control was noted, they were 

all found in similar amounts (data not shown). These results resemble the activation observed on microscopic 

images of the same conditions, where a slight activation of lymphocytes was observed. However, 

quantification in treatments was much lower than in the stimulated control, suggesting that the level of 

cytokines released to the media would not be detrimental.  
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Figure 45: Release of cytokines/chemokines to the media after 1, 3 and 6 days of co-culture of mDCs transfected with Pep-Rev peptide. 
(A) IL-1β, (B) IFN-, (C) TNF-α, (D) IL-10. PHA: phytohaemagglutinin. * p < 0,05; ** p < 0,01, *** p < 0,001, **** p < 0,0001. 
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Figure 46: Release of cytokines/chemokines to the media after 1, 3 and 6 days of co-culture of mDCs transfected with Pep-GagPol-3 
peptide. (A) IL-1β, (B) IFN-, (C) TNF-α, (D) IL-10. PHA: phytohaemagglutinin. * p < 0,05; ** p < 0,01, *** p < 0,001, **** p < 0,0001. 
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7. DISCUSSION 

7.1 DENDRIPLEXES AS DELIVERY VEHICLES OF ANTI-HIV-1 miRNAs 

The introduction of cART, which suppresses the viral load to undetectable levels, thus controlling HIV-1 

infection, has achieved a reduction in HIV-1 mortality and morbidity (Laskey and Siliciano, 2014, Saylor et al., 

2016). However, there are two main drawbacks that current treatments are unable to overcome: (i) the 

appearance of resistant strains and (ii) the existence of viral reservoirs susceptible to reactivation (Clutter et 

al., 2016, Taylor and Hammer, 2008). Additionally, there is no curative therapy which involves other problems, 

such as the toxicity of lifelong treatments and the failure to adhere to treatments. 

Together, these problems illustrate the urgent need to develop new therapeutic approaches to deal with HIV-1 
infection. A powerful approach is the use of small RNAs which, through binding to cellular mRNAs, cause their 

silencing or degradation (Bajan and Hutvagner, 2020). Various cellular miRNAs have shown the ability to 

interfere with the HIV-1 genome, affecting viral replication (Swaminathan et al., 2012, Ruelas et al., 2015, 

Wang et al., 2015, Adoro et al., 2015). Nevertheless, their naked delivery to target cells is a limiting factor for 

their application, what implies the need to encapsulate them into useful delivery vehicles (Whitehead et al., 

2009).  

Nanotechnology is a valid strategy to address this problem, as it has previously been demonstrated to 

efficiently deliver miRNAs (Dahlman et al., 2014, Ratajczak et al., 2018). Our group has carried out wide 

research about this topic, specially related to the use of dendrimers in the context of delivery of small RNA 

molecules HIV-1 infection (Sepulveda-Crespo et al., 2015b, Rodriguez-Izquierdo et al., 2019, Perise-Barrios 

et al., 2014, Guerrero-Beltran et al., 2018). Dendrimers are three-dimensional nanostructures which are 
characterised by their multiple branches with modifiable edges. When functionalised with positively charged 

molecules, dendrimers can form, through electrostatic interactions, complexes with the negatively charged 

backbone of nucleic acids. In this work, the potential application of novel PCCDs as delivery vehicles for 

miRNAs with anti-HIV-1 activity was studied to control HIV-1 progression in PBMCs and U87MG-CD4+CCR5+ 

cells. 

Determining the biocompatibility of G2-SN15-PEG and G3-SN31-PEG dendrimers and their FITC-labelled 
forms was the initial phase of this study. It has been proven that cationic dendrimers interact with the 

extracellular membrane of cells, which is negatively charged, causing nanoscale pores on the cell surface that 

affect its integrity. The extent of the damage produced depends on features of dendrimers such as the 

presence of fluorescent markers or the molecular size and composition (Jain et al., 2010). For this, PCCDs 

were conjugated with PEG residues to improve their biocompatibility, solubility, biodistribution, and drug 

loading and delivery (Pedziwiatr-Werbicka et al., 2019, Suk et al., 2016). Cell viability assays, performed by 

the MTT assay, confirmed that G2-SN15-PEG dendrimer had the lowest toxicity rates, followed by G3-SN31-
PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers. These results are in agreement with 

previous works, confirming that larger molecules and the introduction of fluorescent marks increase 

cytotoxicity. It was also important to ensure that dendrimers do not affect the genome of cells by producing 
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genetic modifications; this was proved in PBMCs by the SCE assay. Finally, the assessment of the haemolytic 

potential confirmed that that exposure to these dendrimers does not produce erythrocyte haemolysis at 
maximum working concentrations. 

Molecule size and composition, together with the chemical composition of cell membranes, determine the 

effectiveness with which dendrimers interact with the cell surface: higher amounts of positive charges lead to 

stronger interactions, entailing longer resident times on the membrane and, thus, slower internalisation 

(Albertazzi et al., 2010, Heyder et al., 2017, Salatin et al., 2015). Results from internalisation studies by 
confocal microscopy and flow cytometry reflected this fact since G2-SN15-PEG FITC dendrimer showed 

faster internalisation dynamics compared to G3-SN15-PEG FITC dendrimer in PBMCs and U87MG-

CD4+CCR5+ cells, probably because G3-SN15-PEG FITC dendrimer, being a bigger molecule, presents more 

positive charges in the periphery thus it interacts with higher affinity with the cell surface. Nevertheless, both 

dendrimers are able to enter PBMCs and U87MG-CD4+CCR5+ cell line in a short period of time, confirming 

that they can be used as delivery vehicles.  

The next step was to determine whether G2-SN15-PEG and G3-SN31-PEG dendrimers were able to form 
complexes with different miRNAs. As mentioned previously, the formation of dendriplexes occurs through 

electrostatic interactions between the negatively charged backbone of nucleic acids and the positively 

charged functional groups at the edges of dendrimers (Liu et al., 2012). Agarose gel electrophoresis 

confirmed dendriplexes formation with miRNAs and PCCDs at the maximum non-toxic concentrations after 2 

h of incubation. The RNase protection assay showed that, after incubation with RNases, miRNAs could be 

completely recovered, demonstrating that dendriplexes protect miRNAs from this type of degradation. In 
addition, when dealing with a binding site competitor, such as heparin, dendriplexes were completely 

dissociated, proving that miRNAs would be released from the complex upon internalisation into the host cell, 

thus enabling further binding with the target mRNA. 

Measurement of ZP and DLS allowed to determine particles surface charge and size distribution, to study how 

the addition of miRNAs affects intrinsic properties of PCCDs. Measurements indicated that G2-SN15-PEG 
and G3-SN31-PEG dendrimers are stable and their surface charges are positive in solution. In addition, they 

showed a decrease in the ZP value in G3-SN31-PEG dendrimer compared to G2-SN15-PEG dendrimer. This 

result can be explained by a more effective wrapping of the PEG moiety, which has been shown to reduce 

charge density (Somani et al., 2018). Measurements of dendriplexes confirmed a change in ZP values of the 

complexes compared to those of dendrimers, indicating the formation of dendrimer-miRNA complexes. PSD 

measurements showed that, while G3-SN31-PEG dendrimer can be described as a single molecule, G2-

SN15-PEG dendrimer forms aggregates, probably due to a reorganisation over time resulting from 
interactions among different molecules when being in solution. As expected, the dendriplex formed with G3-

SN31-PEG dendrimer presented a hydrodynamic size superior to the individual dendrimer. However, the 

dendriplex formed with G2-SN15-PEG dendrimer presented lower aggregation values, which could be 

explained because the introduction of miRNA leads to a more favourable electrostatic binding which 
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contributes to the formation of more stable systems in solution. Taken together, all these results confirm that 

G2-SN15-PEG and G3-SN31-PEG dendrimers can form stable and protective complexes with miRNAs. 

The next step was to determine whether these complexes improved the anti-HIV-1 activity of naked miRNAs. 

Results from R5-HIV-1 inhibition experiments showed that both dendrimers can significantly inhibit HIV-1 

infection in PBMCs and U87MG-CD4+CCR5+ cell lines. However, this inhibition was only significantly 

improved by dendriplexes when PBMCs were treated, suggesting a specific behaviour that was dependent on 

the cell lineage. As expected, the selected miRNAs were unable to inhibit infection by themselves, confirming 
that they need to be complexed with dendrimers to carry out their activity.  

Results from this work confirm that G2-SN15-PEG and G3-SN31-PEG PEGylated cationic dendrimers can be 

used as delivery vehicles of miRNAs to improve their anti-HIV-1 activity in specific cell lines. These findings 
suggest that this technology could replace current methods with a new and safer method with possible in vivo 

perspectives.  

7.2 PEGylated CATIONIC CARBOSILANE DENDRIMERS AGAINST HSV-2 AND HCMV INFECTION 

Infections caused by viruses belonging to the Herpesviridae family are a major global cause of acute diseases 

and morbidity, with serious physiological and psychological sequela for millions of men, women, and infants. 

These infections have been studied for years, paying special attention to the entry mechanism into host cells. 

Research has led to the conclusion that, despite the extensive cell tropism they exhibit, host cell infection 

occurs through a conserved mechanism (Sathiyamoorthy et al., 2017). This mechanism is based on the entry 

machinery, which is formed by a conserved set (composed of the heterodimer gH-gL and the fusion protein 

gB) and by divergent proteins such as gD for HSV-2 or gO for HCMV (Agelidis and Shukla, 2015, Nishimura 
and Mori, 2019). These proteins are key players in the first step of infection, acting as ligands that bind to 

different host cell receptors, highlighting different classes of HSPGs located on the exterior surface of target 

cells (Koganti et al., 2021). For this reason, HSPGs are a therapeutic target for the development of innovative 

inhibitors of HS-mediated binding to prevent the subsequent infection of herpesviruses. 

The objective of this work was to evaluate the ability of PCCDs to prevent HSV-2 and HCMV infections, based 
on the characteristics of their structure. The presence of two main features at the periphery makes them 

relevant candidates: (i) PEGylated residues, which improve their biocompatibility, and (ii) positively charged 

functional groups, which compete for electrostatic binding with viral glycoproteins (Dogra et al., 2015, Suk et 

al., 2016).  

Initial studies of this work focused on evaluating the cytotoxicity of G2-SN15-PEG, G3-SN31-PEG and their 
FITC-labelled forms in Vero and MRC-5 cell lines. As explained in the previous work, the positively charged 

groups in the periphery of dendrimers, which interact with the negatively charged cell surface, produce 

minuscule pores that affect cell membrane integrity to an extent that depends on different characteristics of 

the dendrimers, such as their molecular weight or the presence of fluorescent labels (Mignani et al., 2019). 

Previous work has demonstrated that masking these positively charged groups in the periphery by 

conjugation with PEG residues reduces immunogenicity and toxicity, therefore, these PCCDs were coupled 
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with PEG (Thakur et al., 2015). The results of the MTT and LDH assays indicated that certain concentrations 

had negative effects on mitochondrial activity despite not affecting membrane integrity; therefore, to ensure 
complete biocompatibility, the values selected as working concentrations were those that exhibited cell 

viability above 80% in the MTT assay. This assay revealed that G2-SN15-PEG, G3-SN31-PEG, and G2-

SN15-PEG FITC dendrimers have similar viability profiles, while G3-SN31-PEG FITC presents greater 

toxicity, in accordance with previous affirmations that larger molecular sizes and the addition of these 

fluorescent labels enhances the dendrimers cytotoxicity. 

The next step was to examine if FITC-labelled dendrimers were able to internalise into both cell lines at 
maximum working concentrations. As described in previous works, size and surface charge of dendrimers 

influence their effectiveness of crossing cell membranes (Heyder et al., 2017, Salatin et al., 2015). This fact 

was also observed in flow cytometry and confocal microscopy internalisation studies into Vero and MRC-5 cell 

lines: G2-SN15-PEG FITC dendrimer has faster uptake dynamics than G3-SN31-PEG FITC dendrimer. 

Therefore, being a larger molecule, G3-SN31-PEG FITC dendrimer presents more positive charges that lead 

to higher affinity and stronger interaction with the target cell surface, leading to longer resident times on its 
membrane, resulting in slower internalisation. Furthermore, the study of fluorescent traces showed an 

increase of the uptake of both dendrimers and a change in their distribution along the studied time points: 

short periods of incubation resulted in peripheral distribution, while longer times showed them to be in more 

internal regions, in a granular manner.  

After confirming that G2-SN15-PEG FITC and G3-SN31-PEG FITC dendrimers are biocompatible and 

internalise in short periods of time into Vero and MRC-5 cell lines, it was crucial to study their ability to inhibit 
HSV-2 and HCMV infections. Antiviral activity studies proved that both dendrimers achieved higher inhibition 

values than Acyclovir and Ganciclovir, actual reference treatments for these infections. Furthermore, the 

mechanism through which inhibition is achieved was studied. The results demonstrated that both dendrimers 

act in the initial stages of infection by inhibiting viral attachment to Vero and MRC-5 cell lines. Regarding their 

virucidal activity, G2-SN15-PEG and G3-SN31-PEG dendrimers can only inactivate HCMV infection with low 

inhibition values but not HSV-2 infection, suggesting low and null virucidal activity. The fact that G3-SN31-

PEG dendrimer, which presented longer resident times on the cell surface, has better inhibition outcomes 
supports the idea that this is achieved through impediment of viral binding to cell membrane, thereby 

preventing infection. 

The mechanism through which viral attachment is impeded was determined by studying the interactions of 

G2-SN15-PEG and G3-SN31-PEG dendrimers with HS chains of HSPGs, which are the receptors involved in 
the first stages of viral infection of the Herpesviridae family. The first study was a cell culture-based heparin 

competition assay, which is based on the fact that heparin is a GAG with a structure very similar to HS, thus 

being able to behave as an antagonist of the HSPGs present of cell surface for the biding of PCCDs 

(Meneghetti et al., 2015). The second study, 2 M NaCl wash, was performed to force the disruption of the 

bound of cationic molecules with HSPGs (Donalisio et al., 2016). The third study, heparinase II treatment, was 

performed to enzymatically digest the GAG moiety of HSPGs, thus inhibiting HSPG-dependent binding 
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(Alekseeva et al., 2019). Quantification of the remaining amounts of cell-associated dendrimers after 

performing these assays confirmed a disruption of the interaction of G2-SN15-PEG and G3-SN31-PEG 
dendrimers with Vero and MRC-5 cell membranes. The last study, a cell-free SPR analysis, confirmed that 

these PCCDs are able to effectively, stably and specifically bind to surface immobilised heparin. However, 

residual amounts of cell-associated dendrimers suggest the existence of alternative binding sites. 

Results obtained from this research confirmed that G2-SN15-PEG and G3-SN31-PEG dendrimers are 

effective inhibitors of the interaction between certain viral glycoproteins of HSV-2 and HCMV and  HSPGs at 
the cell surface, which prevents further infection, proving that these PCCDs are valid candidates as antiviral 
agents against these Herpesviridae infections.  

7.3 DESIGN OF A DENDRITIC CELL-BASED THERAPEUTIC VACCINE AGAINST HIV-1 INFECTION 

Combined ART has proven to be highly effective to decrease morbidity and mortality of HIV-1 patients by 

increasing CD4+T-cell count, thus preventing clinical progression. However, this therapy is not curative as it 

does not eradicate the infection and the incomplete control of viral replication in some patients limits de 

recovery of CD4+T-cells (Battegay et al., 2006). For these reasons, treatment must be maintained throughout 

life, resulting in consequences such as appearance of resistances, adverse effects, high costs, and lack of 
adherence to therapy. Therefore, new therapeutic strategies must be developed to effectively control the 

epidemic.  

In this sense, a functional cure that could reduce the burden of the disease associated with infection, improve 

the quality of life of patients, reach a greater number of patients, and reduce the costs of lifelong treatments 

would be a promising option. One of the best examples of these cures are therapeutic vaccines, which focus 
on inducing a strong and durable cellular response by increasing the magnitude of T-cell immunity, thus 

improving control of viral replication to the point of discontinuing lifelong treatments (Rinaldo, 2009). DC-

based vaccines, designed to present and direct antigen-specific immune responses, are becoming promising 

strategies to target different diseases (Pizzurro and Barrio, 2015, Mody et al., 2015, Reardon and Mitchell, 

2017, Griffiths et al., 2016). Regarding HIV-1 infection, these vaccines are designed to induce, with 

immunogens such as peptides, strong specific CD4+T-cell responses to achieve an effective and sustained 

cytotoxic CD8+T-cell response that would control HIV replication (Garcia et al., 2013).  

There has been a great deal of research on the development of DC-therapeutic vaccination based on the use 

of HIV-1-derived peptides with more or less success (Coelho et al., 2016), but there are two main 

characteristics of these works that could be reviewed to improve their results, the design of immunogens and 

the adjuvants that could favour antigen presentation. Since peptides only represent a small proportion of the 

pathogen, they often do not trigger natural activation of the immune system. Different delivery systems, such 

as nanoparticles, have been used to improve peptide delivery and act as adjuvant stimulators to enhance 
antigenic presentation and enhance immune activation, thus improving vaccine efficiency and prolonging its 

half-life (Vacas-Cordoba et al., 2014a, Vacas-Cordoba et al., 2014b, Yang et al., 2019). 
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The aim of this work was to determine if different micellar carbosilane dendrons could be used in the 

development of an effective DC-based therapeutic vaccine when associated with HIV-1-derived peptides. The 
first step of this research consisted in the evaluation of the cytotoxicity of EG3SO3Na, ChG3SO3Na, 

EG3NMe3I, and ChG3NMe3I dendrimicelles, HIV-1 derived peptides, and dendrimicelles-peptide 

dendriplexes. Results from the MTT assay performed on moDCs from healthy patients showed that cationic 

EG3NMe3I and ChG3NMe3I dendrimicelles were less toxic for the mitochondrial activity than anionic 

EG3SO3Na and ChG3SO3Na dendrimicelles. Furthermore, results indicated that cationic Pep-Rev, Pep-Vif 

and Pep-GagPol-1 peptides and anionic Pep-GagPol-2, Pep-GagPol-3 and Pep-Env peptides are viable at 

the desired working concentration (1 μM). Furthermore, the dendriplexes formed with both molecules also 
presented viability rates greater than 80% after 6 days of treatment, confirming that all three treatments could 

be used without affecting the integrity of the mitochondrial activity of moDCs.  

The next challenge consisted of achieving the formation of dendrimicelles-peptide dendriplexes. EG3SO3Na, 

ChG3SO3Na, EG3NMe3I and ChG3NMe3I dendrimicelles have been rationally designed to exhibit cholesterol 

and d-α-tocopherol (vitamin E) at the focal point, as it has been widely demonstrated that these molecules 
allow the self-assembly of nanoparticles in micelles that can stably encapsulate different cargos such as 

nucleic acids or peptides (Lai et al., 2016, Wang et al., 2017, Zhang et al., 2019, Barnard et al., 2011, Ou et 

al., 2019). To determine whether they were able to encapsulate chosen peptides, 6% agarose gel 

electrophoresis was performed for anionic Pep-GagPol-2-L, Pep-GagPol-3-L, and Pep-Env-L peptides. 

Unfortunately, the wavelength emitted by the transilluminator did not match the absorbance spectrum of the 

Cy5 fluorescent dye with which Pep-Rev, Pep-Vif, and Pep-GagPol-1 peptides were labelled, therefore 

determination of the formation of such complexes was made by measurement of ZP and DLS. After 2 h of 

incubation at 37 ºC, working concentrations of EG3NMe3I and ChG3NMe3I dendrimicelles formed complexes 
with Pep-GagPol-3 and Pep-Env peptides but were unable to encapsulate Pep-GagPol-2 peptide. In addition, 

EG3SO3Na and ChG3SO3Na dendrimicelles formed complexes with Pep-Rev and Pep-Vif peptides at 

working concentrations, but were unable to encapsulate Pep-GagPol-1 peptide.  

The internalisation of the peptides into moDCs by these complexes was studied by confocal microscopy and 

flow cytometry. Both techniques suggested a similar internalisation pattern for the studied peptides: formation 
of complexes enhanced cellular uptake after 2 h of treatment, however after 24 h of treatment moDCs seem 

to have processed the peptide. These studies showed that complexation with EG3SO3Na, ChG3SO3Na, 

EG3NMe3I and ChG3NMe3I dendrimicelles improves the delivery of Pep-Rev-L, Pep-Vif-L and Pep-GagPol-3-

L peptides, confirming that they are effective delivery vehicles for these molecules.  

Upon internalisation of an antigen, DCs process and transfer it to the MHC, where it gets exposed 
(Nakayama, 2014). At the same time, DCs undergo maturation and migrate to lymphoid organs to present the 

antigen; in order to achieve optimal activation of T-cells, moDCs must mature properly (Reis e Sousa, 2006, 

Schuurhuis et al., 2006). This activation can be determined by an enhanced expression of different maturation 

surface markers such as CD80, CD83, CD86, or HLA-DR assessed by flow cytometry. The results of these 

measurements suggested changes in CD80 and CD86 expression in moDCs treated with EG3SO3Na 
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dendrimicelles and complexes formed with the Pep-Rev peptide and EG3SO3Na or ChG3SO3Na 

dendrimicelles, respectively. For Pep-GagPol-3 transfected moDCs, expression changes were only detected 
for CD83 when treated with complexes formed with EG3NMe3I or ChG3NMe3I dendrimicelles. The increase in 

the expression of these markers suggests a slight promotion of moDCs maturation after 48 h of incubation 

with dendrimicelles-peptide complexes. 

The fact that proper maturation of DCs is key to activating T-cells made it necessary to further induce their 

maturation with LPS before proceeding to the stimulation of specific lymphocyte responses with peptide-
pulsed DCs in an autologous MLR (Hu et al., 2009). This reaction was used to test if peptide-transfected 

moDCs were efficient in presenting this antigen to PBMCs from the same patient and stimulate the specific 

immune response of T and B cells. Bright-field microscopy images showed changes in aggregation and 

clumping of PBMCs after 3 and 6 days of co-culture, these changes depended on the treatment, but, in 

general, treatment with complexes led to greater clumping of PBMCs confirming that co-culture of peptide-

transfected mDCs with autologous PBMCs produces an observable slight activation of lymphocytes. 

Unfortunately, analysis of the expression of T and B cell population and maturation markers by flow cytometry 
showed no significant differences among treatments at any studied time points. Expression of these markers 

was only increased in the PHA activation control, suggesting that the expression level that needs to be 

detected by this method must be higher than the obtained with the treatments, explaining the mismatch 

between the results of this assay and the microscopy images.  

To deepen lymphocyte activation, the release of cytokines into the extracellular environment during MLR was 

analysed. Results indicated that release of IL-1β, TNF-α and IFN- was increased in almost all treatments 

after 1 day. These pro-inflammatory cytokines are essential for resistance to infections, as they are involved in 

stimulation of DC maturation, processing and migration and stimulation of phagocytic cells, oxidative bursts, 

and degradative enzymes against pathogens (Garcia et al., 2013, Roff et al., 2014). Furthermore, IL-10 

release was also higher in almost all treatments after 1 day; this immunosuppressive cytokine plays a critical 

protective role in infectious diseases, as it suppresses the production of certain pro-inflammatory cytokines 
(Mosser and Zhang, 2008, Mittal et al., 2015). Release of these four cytokines was much lower than in the 

stimulated control and was reduced after 3 and, even more, 6 days, which is optimal since their long-term 

production can lead to detrimental effects such as inflammation, autoimmune disease and increase of viral 

replication and viral disease progression (Dinarello, 2000, Lopez-Castejon and Brough, 2011, Kumar et al., 

2016, Brockman et al., 2009). These results are in accordance with the activation observed in microscopic 

images of the MLR: a moderate but not excessive increase of the release of pro- and anti-inflammatory 

cytokines, suggesting a slight activation of lymphocytes after being co-cultured with autologous peptide-

pulsed DCs.  

Results obtained from this investigation confirmed that EG3SO3Na, ChG3SO3Na, EG3NMe3I and ChG3NMe3I 

dendrimicelles are capable of transfecting HIV-1-derived peptides into DCs to induce their maturation and 

presentation of these antigens to autologous lymphocytes. This presentation induces an effective HIV-1-

specific immune response observed in lymphocyte activation and cytokine production, demonstrating their 
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possible application in the development of a DC-based therapeutic vaccine. Further experiments with periodic 

peptide-pulsing and with samples from HIV-1 patients should be performed to confirm this. 
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8. CONCLUSIONS 

8.1 CONCLUSIONS 

i. PEGylated cationic carbosilane G2-SN15-PEG and G3-SN31-PEG dendrimers can effectively form 

dendrimer-miRNA complexes with miRNAs with anti-HIV-1 activity at maximum non-toxic 

concentrations.  

ii. At these concentrations, G2-SN15-PEG and G3-SN31-PEG dendrimers do not produce cytotoxicity, 

genotoxicity, or erythrocyte haemolysis.  

iii. Dendriplexes formation prevents the degradation of miRNAs by RNases and enables their delivery to 

different cell types in a short period of time. 

iv. Upon release, these dendriplexes specifically and significantly improve the anti-R5-HIV-1 activity of 
miRNAs, which induces genetic silencing of HIV-1 mRNA thus impeding the generation of new virions, 

in HIV-1 infected PBMCs. 

v. G2-SN15-PEG and G3-SN31-PEG dendrimers effectively compete with HSV-2 and HCMV for 

adsorption on the receptors involved in the first stages of infection of target cells.  

vi. This competition leads to an impediment of viral attachment to susceptible cells, which produces 

inhibition of HSV-2 and HCMV viral infections. 

vii. Anionic and cationic carbosilane micellar EG3SO3Na, ChG3SO3Na, EG3NMe3I and ChG3NMe3I 

dendrons can effectively form dendrimicelles-peptide complexes at working concentrations. 

viii. The formation of these dendriplexes improves HIV-1-derived peptide delivery to moDCs in a brief period 

of time. Upon uptake, moDCs recognise these dendriplexes as antigens, which slightly promotes their 

maturation. 

ix. Co-culture of transfected and matured moDCs with autologous PBMCs induces slight activation of 

lymphocytes. 
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8.2 CONCLUSIONES 

1. Los dendrímeros catiónicos carbosilanos PEGilados G2-SN15-PEG y G3-SN31-PEG forman 
eficientemente complejos dendrímero-miARN con miARNs con actividad anti-VIH-1 a las 

concentraciones máximas no tóxicas.  

2. A estas concentraciones, los dendrímeros G2-SN15-PEG y G3-SN31-PEG no producen citotoxicidad, 

genotoxicidad ni hemólisis de eritrocitos.  

3. La formación de dendriplejos previene la degradación de los miRNAs por parte de las RNasas y 

permite su internalización en diferentes tipos celulares en un corto periodo de tiempo. 

4. Tras su liberación, estos dendriplejos mejoran específica y significativamente la actividad anti-R5-VIH 

de los miARNs, la cual induce el silenciamiento genético del ARNm del VIH-1 impidiendo así la 

generación de nuevos viriones, en CMSPs infectadas con VIH-1. 

5. Los dendrímeros G2-SN15-PEG y G3-SN31-PEG compiten eficazmente con el VHS-2 y el CMVH por 

la adsorción en los receptores implicados en las primeras etapas de infección de las células diana. 

6. Esta competición conduce al impedimento de la unión viral a las células susceptibles, produciendo así 

la inhibición de las infecciones virales por el VHS-2 y el CMVH. 

7. Los dendrones micelares aniónicos y catiónicos de carbosilano EG3SO3Na, ChG3SO3Na, EG3NMe3I y 

ChG3NMe3I forman eficazmente complejos dendrimicelas-péptidos a las concentraciones de trabajo 

máximas. 

8. La formación de estos dendriplejos mejora la internalización de péptidos derivados del VIH-1 a las 

CDmo en un breve período de tiempo. Tras la internalización, las CDmo reconocen estos dendriplejos 

como antígenos, lo que ligeramente promueve su maduración. 

9. El cultivo conjunto de CDmo transfectadas y maduradas con PBMC autólogas induce una ligera 

activación de los linfocitos. 
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Promising PEGylated cationic dendrimers 
for delivery of miRNAs as a possible therapy 
against HIV‑1 infection
E. Royo‑Rubio1,2†, I. Rodríguez‑Izquierdo1,2†, M. Moreno‑Domene3, T. Lozano‑Cruz4,5, F. J. de la Mata4,5, 
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Abstract 

Background: The appearance of resistance against new treatments and the fact that HIV‑1 can infect various cell 
types and develop reservoirs and sanctuaries makes it necessary to develop new therapeutic approaches to over‑
come those failures.

Results: Studies of cytotoxicity, genotoxicity, complexes formation, stability, resistance, release and particle size 
distribution confirmed that G2‑SN15‑PEG, G3‑SN31‑PEG, G2‑SN15‑PEG‑FITC and G3‑SN31‑PEG‑FITC dendrimers can 
form complexes with miRNAs being biocompatible, stable and conferring protection to these nucleic acids. Confocal 
microscopy and flow cytometry showed effective delivery of these four dendrimers into the target cells, confirming 
their applicability as delivery systems. Dendriplexes formed with the dendrimers and miRNAs significantly inhibited 
HIV‑1 infection in PBMCs.

Conclusions: These dendrimers are efficient delivery systems for miRNAs and they specifically and significantly 
improved the anti‑R5‑HIV‑1 activity of these RNA molecules.
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Background
Human Immunodeficiency Virus (HIV) infection mainly 
affects CD4 + T lymphocytes, dendritic cells and mac-
rophages [1]. Moreover, there is a wide range of cellu-
lar types susceptible to HIV-1 infection, such as central 
nervous system (CNS) cells including microglia or 
astrocytes [2]. Lymphocytes are mainly located in the 

circulatory system and lymphatic ganglions whereas 
dendritic cells and macrophages play a key role in the 
immune surveillance of mucosa and tissues. Current 
treatments against HIV-1 infection control viral replica-
tion and disease progression. These treatment combina-
tions mainly include integrase inhibitors such as abacavir, 
lamivudine, tenofovir alafenamide or emtricitabine, 
or nucleoside reverse transcriptase inhibitors (NRTIs) 
such as bictegravir, dolutegravir or raltegravir [3, 4]. 
Combined therapy includes at least three of these drugs 
reducing the appearance of mutations and increasing the 
virological failure. However, the appearance of resistance 
against these new treatments, mainly in low- and middle-
income countries [5–7] and the fact that HIV-1 can infect 
a wide range of cells and develop sanctuaries and reser-
voirs [8–11] bring to light the need of new possible thera-
peutic approaches to eliminate those failures.
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Different delivery nanocarriers provide a scaffold 
through which different small RNA molecules have been 
successfully delivered in diverse studies [12–15]. We have 
carried out broad research about various dendrimers in 
the context of HIV-1 infection [16–20]. Previously, we 
reported amino-terminated carbosilane dendrimers that 
provide stability, protection and high transfection effi-
ciency to oligodeoxynucleotides and siRNAs inhibiting 
HIV-1 replication in peripheral blood mononuclear cells 
(PBMCs) and CD4 T-cells [21–24]. Carbosilane den-
drimers are three-dimensional hyperbranched molecules 
capable of forming complexes by electrostatic interac-
tions between the positively charged functional terminal 
groups and negatively charged backbone of small RNAs, 
what confers protection and facilitates transfection of 
bound RNAs [25].

Novel therapeutic strategies are being developed from 
the study of HIV-host interactions, for example microR-
NAs able to target HIV-1 infection and replication [26]. 
These miRNAs are small non-coding RNAs, 19–25 long 
nucleotides, with capability to modulate gene expres-
sion at post-transcriptional level [27]. A wide range of 
different cellular miRNAs has been described to have a 
negative impact on HIV-1 replication through repressing 
its expression by targeting HIV-1 3’-UTR or enhancing 
HIV-1 mRNA interactions with RISC complex [28–30]. 
The effective delivery of these miRNAs is a limiting fac-
tor in their therapeutic applications since naked miRNAs 
face several difficulties when navigating the circulatory 
system such as phagocytosis, enzymatic degradation or 
protein aggregation [31]. Nanotechnology is a promis-
ing strategy for the delivery of small RNAs. In this work, 
G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG FITC 
and G3-SN31-PEG FITC with PEG modifications, were 
selected. These four carbosilane dendrimers present dif-
ferent PEGylation residues to reduce toxicity and improve 
the biocompatibility of molecules [32]. Our objective was 
to form cationic dendrimers-miRNAs complexes that 
improved the therapeutic effect of current treatments 
against HIV-1 infection in different cells. We report the 
potential therapeutic effect of complexation of PEGylated 
G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG-FITC and 
G3-SN31-PEG-FITC cationic dendrimers with hsa-miR-
29a-3p, hsa-miR-29b-3p, hsa-miR-92a-3p, hsa-miR-133b 
and hsa-miR-149-5p miRNAs in peripheral blood mon-
onuclear cells (PBMCs) and U87MG-CD4+CCR5+ cell 
line with anti-HIV-1 activity [33, 34]. First, the biosafety 
of four cationic dendrimers in PBMCs and l cell line were 
assessed by measuring cytotoxicity and genetic safety. We 
characterized several parameters of dendrimers-miRNAs 
(dendriplexes) formed to determine their stability, resist-
ance to RNases and release capability. The internaliza-
tion effectiveness of FITC-labelled dendrimers in PBMCs 

and U87MG-CD4+CCR5+ cell line was studied. Finally, 
HIV-1 inhibition capacity of dendriplexes in PBMCs and 
U87MG-CD4+CCR5+ cell was determined.

Results
Cytotoxicity of the dendrimers on PBMCs 
and U87MG‑CD4+CCR5+ cell line
Cytotoxicity of G2-SN15-PEG, G3-SN31-PEG, G2-SN15-
PEG FITC and G3-SN31-PEG FITC cationic dendrim-
ers in PBMCs and U87MG-CD4+CCR5+ cells was 
evaluated analyzing the mitochondrial toxicity by the 
3-(4–5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. PBMCs and U87MG-CD4+CCR5+ 
cells were treated with increasing concentrations of den-
drimers, ranging from 0.01 to 30  µM, for 72  h. Culture 
medium was used as non-treated control and DMSO 
10% as death control. Non-toxic concentrations were 
considered when the survival rate was ≥ 80%. Our data 
indicated that G2-SN15-PEG, G3-SN31-PEG, G2-SN15-
PEG FITC and G3-SN31-PEG FITC dendrimers were 
non-toxic in PBMCs at concentrations of 10, 5, 5 and 
1  µM, respectively (Fig.  1a) and non-toxic in U87MG-
CD4+CCR5+ cells up at concentrations of 5, 1, 1 and 
0.5 µM, respectively (Fig. 1b).

Genotoxicity of cationic dendrimers
If dendrimers generated genotoxicity by interfering with 
the host genome by sister-chromatid exchange (SCE) 
assay was studied. It is important to note that dendrim-
ers can bind to miRNAs as well as to host genome due to 
their positively charged functional groups. If these cati-
onic dendrimers mistakenly targeted the host genome 
it could cause dangerous genetic changes to its stability. 
Therefore, it is recommended to perform genetic studies 
to rule out this event. The SCE assay detects the physi-
cal exchange of DNA that occurs between two identi-
cal chromatids in the chromosome, determining the 
genetic damage caused by treatments which persist after 
the DNA duplication [35–37]. Due to the fact that only 
fluorochrome unlabeled cationic dendrimers can be 
used in some studies, genotoxicity tests for G2-SN15-
PEG and G3-SN31-PEG cationic dendrimers were per-
formed. PBMCs from five healthy donors were treated 
with G2-SN15-PEG 10 µM or G3-SN31-PEG 5 µM car-
bosilane cationic dendrimers for 72  h in presence of 
5-bromo-2’-deoxyuridine (BdrU) following fluorescent 
plus Giemsa stain (FPG) (Fig.  2a). Non-treated samples 
and a dose of 1  Gy of radiation were used as untreated 
and genotoxicity control, respectively. Carbosilane cati-
onic dendrimers did not generate genetic toxicity in 
PBMCs, since there are no significant differences among 
the non-treated and treated control samples, contrarily 
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to what happens in genotoxicity control studied (Fig. 2b; 
Table 1).

Dendriplexes formation and characterization
First of all, whether unlabeled or FITC-labelled dendrim-
ers could form dendriplexes with the studied miRNAs, 
were explored. Dendrimers were used at the maximal 
non-toxic concentrations and dendrimers-miRNAs com-
plexes were analyzed using 2% agarose gel. After 2  h of 
incubation, G2-SN15-PEG and G3-SN31-PEG dendrim-
ers efficiently bound 99% of miRNA with stable binding 
up to 48 h (Fig. 3a, b). When dendrimer concentrations 
were lowered to match maximal non-toxic concentra-
tions for U87MG-CD4+CCR5+ cells, similar results were 
found. G2-SN15-PEG and G3-SN31-PEG dendrimers 
bound around 90% and 80% of siRNAs, respectively, con-
firming that both dendrimers can perform and efficient 
and stable bond with these miRNAs (Fig. 3c–f).

Heparin competition and RNase protection assays
We first analyzed whether miRNAs were released by 
conducting heparin competition assays. miRNAs were 
released after heparin treatment, demonstrating that 
miRNAs could be released from the dendrimer. We also 
analyzed whether miRNA dendrimer binding protected 
miRNAs from RNase-mediated degradation, showing 
that dendrimers confer protection since miRNAs were 
completely recovered after treatment with RNases fol-
lowed by heparin (Fig. 4a, b).

Dendriplexes were prepared with miRNA control 2  h 
before being treated with heparin and/or RNases. Den-
drimers concentrations were (a) G2-SN15-PEG 10  µM 
and G3-SN31-PEG 5 µM, or (b) G2-SN15-PEG 5 µM and 
G3-SN31-PEG 1 µM.

Zeta potential and dynamic light scattering
To evaluate how miRNAs affects the properties of the 
dendrimer we studied the surface charge and stability by 

Fig. 1 Cytotoxicity of cationic carbosilane dendrimers by MTT assay. PBMCs (a) and U87MG‑CD4+CCR5+ cells (b) were treated in a range of 
concentrations from 0.01 to 30 µM of each cationic dendrimer. Cell viability > 80% was established as non‑toxic concentration. Culture medium 
samples were used as cell viability control and DMSO 10% was used as death control. Data represented as mean ± SD of three individual 
experiments performed in triplicate. DMSO dimethyl sulfoxide 10%, NT non‑treated
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measuring the particle zeta potentials (ZP) and the par-
ticle size distribution by dynamic light scattering (DLS).

The positive values obtained from the study of the sur-
face charge by ZP measurements confirmed the cationic 
density of the periphery of the nanoparticles. As shown 
in Table 2, G2-SN15-PEG dendrimer presents the highest 
potential value (52,5  mV), which entails high electrical 
stability. For its part, G3-SN31-PEG presents a moderate 
value (30,24 mV), which still represents good stability.

The formation of dendriplexes with hsa-miR-29a-3p led 
to a change in the ZP values of both dendrimers. More 
precisely, there is a decrease of the potential value when 
complexing G2-SN15-PEG dendrimer with the miRNA, 
whereas there is an increase of the value when forming 
the dendriplex from G3-SN31-PEG which suggests that 
the correct formation of the dendriplex took place.

Results obtained from the study of the particle size 
distribution by DLS (Table  3) suggest aggregation or 
self-assembly for G2-SN15-PEG (302,95  nm). On the 
contrary, much lower values were obtained for G3-SN31-
PEG dendrimer (4,93 nm) indicating that this one could 

be described as a single molecule. As for hsa-miR-29a-3p, 
its size was found with low aggregation degree (14 nm). 
In terms of dendriplexes formed with G2-SN15-PEG or 
G3-SN31-PEG dendrimers and hsa-miR-29a-3p, both 
presented moderate aggregation values (around 30 and 
40 nm, respectively). All these values supported with data 
obtained in electrophoresis assays, confirm the correct 
formation and stability of complexes.

Internalization assay of the dendrimers
The progressive entry of G2-SN15-PEG FITC and 
G3-SN31-PEG FITC dendrimers in PBMCs and U87MG-
CD4+CCR5+ cell line was determined by confocal 
microscopy and flow cytometry. For confocal micros-
copy cells were treated with dendrimers, (5 and 1 µM for 
PBMCs or 1 and 0.5  µM for U87MG-CD4+CCR5+ cell 
line), for 1 h, 2 h or 6 h. Results show a notable difference 
in the uptake of both dendrimers in CD3 positive cells. In 
terms of G2-SN15-PEG FITC, there was no differences in 
the uptake among the studied times, after 1 h of incuba-
tion around 90% of PBMCs were positive for dendrimer 
presence inside the host cell and differences were not 
detected in the entry percentage at 1, 2 or 6 h. Likewise, 
when PBMCs were treated with G3-SN31-PET FITC no 
differences in the uptake at different time points were 
detected. However, this G3-SN31-PEG FITC showed a 
percentage of positivity much lower than the previous 
dendrimer, only around 16% of positive cells (Fig. 5a, b).

U87MG-CD4+CCR5+ cells were treated with 
G2-SN15-PEG FITC 1  µM or G3-SN31-PEG FITC 

Fig. 2 Genotoxicity of carbosilane cationic dendrimers. Quantification of the number of sister‑chromatid exchange per cell in PBMCs non‑treated, 
PBMCs treated with G2‑SN15‑PEG 10 µM, G3‑SN31‑PEG 5 µM or 1 Gy of radiation for 72 h. a Images of random field obtained from the SCE assay 
after FPG staining. Arrows indicated the sister‑chromatid exchange. b Analysis of the SCE assay. Data are represented as dot plots of five individual 
experiments (50 mitosis analysis per healthy donor). C + 1 Gy 1 Gy radiation control, NT non‑treated. (*p < 0.05; **p < 0.01; ***p < 0.001)

Table 1 Analysis of the genotoxicity of the dendrimers

Treatment SCE (mean ± SD) P value n

CNT 3.22 ± 1.69 ‑ 250

G2‑SN‑15‑PEG 3.22 ± 1.65 1.000 250

G3‑SN31‑PEG 2.98 ± 1.82 0.1272 250

C + 1 Gy 6.15 ± 2.29  < 0.0001 250
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Fig. 3 Dendriplexes characterization. a Two per cent agarose gel electrophoresis showing the formation of different dendriplexes after 2 h, 24 h 
or 48 h of incubation of control microRNA with G2‑SN15‑PEG 10 µM and G3‑SN31‑PEG 5 µM dendrimers. b Percentage of microRNA captured 
vs. miRNA control after 2, 24 or 48 h of incubation. c Formation of dendriplexes with anti‑HIV‑1 microRNAs (hsa‑miR‑29a‑3p, hsa‑miR‑29b‑3p, 
hsa‑miR‑92a‑3p, hsa‑miR‑133b and hsa‑miR‑149‑5p) and G2‑SN15‑PEG (10 µM) and G3‑SN31‑PEG (5 µM) dendrimers after 2 h of incubation. 
d Percentage of microRNA captured vs. miRNA control after 2 h of incubation. e Formation of dendriplexes with anti‑HIV‑1 microRNAs and 
G2‑SN15‑PEG (5 µM) and G3‑SN31‑PEG (1 µM) dendrimers. f Percentage of microRNA captured vs. miRNA control
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0.5  µM and the internalization was again studied by 
confocal microscopy (Fig.  6a) and flow cytometry 
(Fig. 6b). In this case we can observe again a differential 
entry between G2-SN15-PEG FITC and G3-SN31-PEG 
FITC dendrimers and an increase in the number of 
positive cells along the selected time points. After 1  h 
of incubation, both dendrimers were found in the out-
side part of the cell membrane, due to the fact that both 
dendrimers co-localize with F-actin and flow cytometry 
indicated that 40% of cells were positive for G2-SN15-
PEG FITC whereas only 20% of cells where positive for 
G3-SN31-PEG FITC. However, after 2  h of incubation 
we observed a notable increase inside cells and positiv-
ity values raised to 50 and 45%, respectively, suggesting 

that both dendrimers need at least 2  h for internalize 
into U87MG-CD4+CCR5+ cells.

Our results indicate that both G2-SN15-PEG FITC and 
G3-SN31-PEG FITC dendrimers are capable of entering 
inside of PBMCs and U87MG-CD4+CCR5+ cells in less 
than 6 h, showing that both dendrimers could be used as 
delivery systems.

HIV‑1 inhibition activity of the dendriplexes
To determine the anti-HIV-1 activity of dendriplexes, 
inhibition experiments were performed using non-
labelled dendrimers, with the objective that these den-
drimers could be used as a possible therapy. PBMCs or 
U87MG-CD4+CCR5+ cells were infected with R5-HIV-
1NL(AD8) and treated with dendriplexes after 2 h of incu-
bation of G2-SN15-PEG or G3-SN31-PEG dendrimer and 
the anti-HIV-1 miRNAs at concentrations of 10 and 5 µM 
for PBMCs or 5 and 1  µM for U87MG-CD4+CCR5+, 
respectively. Then, 72 h after R5-HIV-1NL(AD8) infection, 
supernatants of PBMCs or U87MG-CD4+CCR5+ cells 
were collected and titrated on TZM.bl cells to quantify 
R5-HIV-1NL(AD8) infection by luciferase activity meas-
urements. Non-treated samples were used as uninfected 
control. The treatment of PBMCs with G2-SN15-PEG or 
G3-SN31-PEG dendrimer caused around 80 or 45% of 
HIV-1 reduction, regarding the control of infection. This 
inhibition was even greater when PBMCs were treated 
with dendriplexes formed with anti-HIV-1 miRNAs and 
both G2-SN15-PEG or G3-SN31-PEG dendrimer show-
ing a significant increase of inhibition reaching values of 
96 and 73% reduction of HIV-1 infection, respectively 
(Fig. 7a).

Treatment of U87MG-CD4+CCR5+ cells (Fig.  7b) 
with G2-SN15-PEG FITC 1  µM or G3-SN31-PEG 
dendrimer caused a significant inhibition of HIV-1 
infection, around 40%, in agreement with previ-
ously mentioned in the bibliography.34 Moreover, 
the treatment with some of the dendriplexes pro-
duced an increase of HIV-1 inhibition, for example 

Fig. 4 Heparin competition and RNase protection assays. Dendriplexes were prepared with miRNA control 2 h before being treated with heparin 
and/or RNases. Dendrimers concentrations were a G2‑SN15‑PEG 10 µM and G3‑SN31‑PEG 5 µM or b G2‑SN15‑PEG 5 µM and G3‑SN31‑PEG 1 µM

Table 2 ZP values (mV) for dendrimers and dendriplexes formed 
with G2‑SN15‑PEG and G3‑SN31‑PEG and hsa‑miR‑29a‑3p

Compound Zeta potential (mV)

G2‑SN15‑PEG 52.5 ± 0.42

G2‑SN15‑PEG + hsa‑miR‑29a‑3p 49.45 ± 1.62

G3‑SN31‑PEG 30.6 ± 0

G3‑SN31‑PEG + hsa‑miR‑29a‑3p 32.24 ± 2.37

Table 3 Measure of hydrodynamic size for dendrimers and 
dendriplexes formed with G2‑SN15‑PEG, G3‑SN31‑PEG and hsa‑
miR‑29a‑3p

Compound Hydrodynamic 
size (diameter, 
nm)

G2‑SN15‑PEG 302.95 ± 14.78

G2‑SN15‑PEG + hsa‑miR‑29a‑3p 30.19 ± 2.88

G3‑SN31‑PEG 4.93 ± 0.26

G3‑SN31‑PEG + hsa‑miR‑29a‑3p 41.1 ± 2.88

hsa‑miR‑29a‑3p 14.42 ± 4.16
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hsa-miR-29A-3p with G2-SN15-PEG or G3-SN31-PEG 
dendrimer. As expected, this increase was not sig-
nificant regarding the inhibition resulting from the 
treatment with only G2-SN15-PEG or G3-SN31-PEG 
dendrimer, suggesting that dendriplexes cause a signif-
icant inhibition of R5-HIV-1 infection only in specific 
cell lines.

Discussion
Combinations of antiretroviral therapies have been a 
major step towards controlling HIV-1 infection, sup-
pressing viral load to undetectable levels, and reducing 
mortality and morbidity associated with HIV-1 infection 
[38, 39]. These treatments are unable to overcome the 
main problems that infection still entails: the existence of 

Fig. 5 Internalization of cationic carbosilane dendrimers in PBMCs. Confocal microscopy images of PBMCs treated for 1, 2 or 6 h with 5 µM 
G2‑SN15‑PEG FITC‑dendrimer and 1 µM G3‑SN31‑PEG FITC‑dendrimer (a). PBMCs were fixed and stained with Phalloidin (red, actin filaments) and 
DAPI (blue, nucleus). Confocal images of random field (b). Entry of FITC labeled dendrimers into PBMCs observed by flow cytometry at 1, 2 and 6 h 
post‑treatment. DAPI 4′,6‑Diamidino‑2‑phenylindole dihydrochloride
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stable viral reservoirs and appearance of resistant strains 
[40–43]. The use of small RNAs is a powerful approach 
to target these problems, since a broad range of miRNAs 
has a negative impact on HIV-1 replication [28–30]. The 
delivery of miRNAs to infected cells constitutes a bound-
ary for its efficient application. Nanotechnology is a strat-
egy to address this issue, since it has previously shown to 
efficiently deliver small RNA molecules or small miRNAs 
[12–14]. Our group has carried out wide research about 
this topic, specifically related to the use of dendrimers 
in the context of HIV-1 infection [18, 23, 44, 45]. These 

three-dimensional hyperbranched nanostructures have 
modifiable edges which promote, for example, the for-
mation of dendriplexes through the interplay among 
these edges, when positively charged, and the negatively 
charged backbone of small RNAs. We have analyzed the 
potential therapeutic effect of the use of four novel cati-
onic dendrimers as delivery systems for different anti-
HIV-1 miRNAs to control HIV-1 progression in PBMCs 
and U87MG-CD4+CCR5+ cells.

The initial phase of this study was to determine 
the biocompatibility of dendrimers on PBMCs and 

Fig. 6 Internalization of cationic dendrimers in U87MG‑CD4+CCR5+ cells. Confocal microscopy images of U87MG‑CD4+CCR5+ cells treated for 1, 
2 or 6 h with G2‑SN15‑PEG FITC 1 µM and G3‑SN31‑PEG FITC 0.5 µM (green) FITC‑labeled dendrimers. Cells were fixed and stained with Phalloidin 
(red, actin filaments) and DAPI (blue, nucleus). a Confocal images of random field. b Entry of FITC labeled dendrimers into PBMCs observed by flow 
cytometry at 1, 2 and 6 h post‑treatment. DAPI 4′,6‑Diamidino‑2‑phenylindole dihydrochloride
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Fig. 7 HIV‑1 inhibition of dendriplexes. Quantification of R5‑HIV‑1 infection in a PBMCs and b U87MG‑CD4+CCR5+ cells treated with dendriplexes. 
Infection was measured by titration of supernatants on TZM.bl cell line. Infection was inferred from the measurement of luciferase activity 48 h 
post‑titration and was represented as fold change of percentage from HIV‑1 infection control. Dendriplexes were formed with non‑labeled 
G2‑SN15‑PEG or G3‑SN31‑PEG cationic dendrimer and control or anti‑HIV‑1 microRNAs (hsa‑miR‑29a‑3p, hsa‑miR‑29b‑3p, hsa‑miR‑92a‑3p, 
hsa‑miR‑133b and hsa‑miR‑149‑5p). Data are represented as mean ± SD of three individual experiments performed in triplicate. DMR: dendrimer. 
(*p < 0.05; **p < 0.01; ***p < 0.001)
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U87MG-CD4+CCR5+ cell line. Cationic dendrimers 
interact with cell surface, which is negatively charged, 
producing nanoscale pores in the membrane increasing 
its permeability. This interaction affects the integrity of 
membrane depending on different characteristics of den-
drimers, such as molecular size or presence of fluores-
cent markers that could lead to cell death [46]. Therefore, 
our four dendrimers were conjugated with PEG to mask 
some cationic groups reducing the toxicity and immuno-
genicity, and improving solubility, drug loading and drug 
delivery [32].

Cytotoxicity analysis, performed by MTT assay showed 
that G3-SN31-PEG FITC dendrimer had the highest tox-
icity rates followed by G2-SN15-PEG FITC, G3-SN31-
PEG and G2-SN15-PEG dendrimers, respectively. As 
expected, our results show that larger molecular sizes 
and introduction of fluorescent labels enhance the cyto-
toxicity of compounds. Studies of genotoxicity, based on 
SCE assay, showed that non-labelled dendrimers can be 
used in  vivo, did not cause genetic toxicity. It is impor-
tant to note that these dendrimers could be not used 
if they affect the host genome and produced genetic 
changes. The fact that selected miRNAs are naturally pre-
sent on host cell makes unnecessary to study genotoxicity 
of these dendrimers.

The capability of different PEGylated cationic den-
drimers to complex with various miRNAs to form 
dendriplexes using the maximum non-toxic working con-
centrations was studied. Dendriplexes were formed by 
electrostatic interactions among positively charged func-
tional groups at periphery of dendrimers and negatively 
charged backbone of small miRNAs [47]. G2-SN15-PEG 
and G3-SN31-PEG dendrimers can efficiently form den-
driplexes after 2 h of incubation with different miRNA in 
agarose gel electrophoresis.

We also analyzed whether dendrimers conferred pro-
tection to miRNAs from RNase-mediated degradation 
and if dendrimer-miRNA bound could be disengaged 
in order to enable its binding mRNA. RNase protection 
assay showed that miRNAs are completely recovered 
from dendriplex after incubation with RNases, indicating 
that dendrimer-miRNA complex protects miRNAs from 
degradation. Moreover, dendriplexes can be completely 
dissociated when dealing with a binding site competitor, 
such as heparin. Moreover, dendrimer-miRNAs complex 
will act in case of piercing of plasmatic membrane of host 
cell, because heparin assay recreates this situation caused 
by the disparity in the number of charges due to differ-
ent environments between cytoplasm and extracellular 
fluids, thus proving that dendrimers release complexed 
miRNA when internalizing in the host cell.

To evaluate how the addition of the miRNAs affects 
the properties of the dendrimer we studied the surface 

charge and stability by measuring the particle zeta 
potentials (ZP) and the particle size distribution by 
dynamic light scattering (DLS). Results indicated that 
both dendrimers are stable, and their surface charges 
are positive in solution. In addition, results showed 
a fall of the ZP value in third-generation dendrimer 
(G3-SN31-PEG) compared to second-generation den-
drimer (G2-SN15-PEG), which can be explained on the 
basis of a more effective wrapping of the PEG moiety, 
because PEGylation reduces charge density, as previ-
ously described elsewhere [48]. When studying the 
effect of the complexation of miRNAs, values showed 
a small change of ZP values, confirming the formation 
of the dendriplexes without affecting the stability of the 
particles.

In terms of the particle size distribution, G2-SN15-PEG 
dendrimer was found to form aggregates probably due to 
a reorganization over time owing to interactions between 
different molecules when it is in solution. On the other 
hand, G3-SN31-PEG dendrimer was described as a single 
molecule and hsa-miR-29a-3p also presented low aggre-
gation values. It would be expected for the hydrodynamic 
size of the complexes to be superior to that of the indi-
vidual dendrimers as discrete particles. However, when 
forming the dendriplex with G2-SN15-PEG dendrimer 
aggregation values were lower, which could be explained 
because the introduction of the miRNA into the medium 
leads to more favorable electrostatic binding and contrib-
utes to more stable systems in solution without the need 
for aggregation by the dendrimer. The nanoconjugate 
formed with G3-SN31-PEG dendrimer and hsa-miR-
29a-3p presented the expected increase in the hydrody-
namic size after the formation of the complex. Changes 
in particle size distribution of the dendrimers, along with 
data obtained in electrophoresis assays, confirm the cor-
rect formation and stability of complexes.

The internalization of both FITC-labelled dendrimers 
in PBMCs and U87MG-CD4+CCR5+ cells confirm that 
these dendrimers could be used as carriers. Cationic den-
drimers cross cell membranes with different effectiveness 
depending on dendrimer properties such as size or sur-
face charge and cellular features such as and membrane 
chemical composition. These elements determine the 
affinity with which dendrimers are bound to cell surface: 
higher amounts of positive charges entail stronger inter-
actions that lead to longer resident times on membrane 
and, thus, slower internalization [49]. This fact has been 
reflected in our results, where we can observe a higher 
internalization of G2-SN15-PEG FITC dendrimer in both 
cell lines studied compared to G3-SN15-PEG FITC den-
drimer, probably due to a higher affinity with cell surface 
produced by the presence of more positive charges being 
a bigger molecule.
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Regardless of this result, both dendrimers are able to 
internalize into host cells in less than 6 h and these two 
dendrimers present a resembling behavior inside the 
cells, showing that both dendrimers can be used as deliv-
ery systems.

After demonstrating that G3-SN31-PEG FITC and 
G2-SN15-PEG FITC dendrimers form stable dendri-
plexes that confer protection to different miRNAs and 
that can be efficiently delivered, we studied their anti-
HIV-1 activities. This activity was tested in R5-HIV-
1NL(AD8) infected PBMCs and U87MG-CD4+CCR5+ 
cells to determine whether the conjugation of both 
G3-SN31-PEG and G2-SN15-PEG non-labelled dendrim-
ers with cellular anti-HIV-1 miRNAs improved the thera-
peutic effect. Our results showed that both dendrimers 
are able to significantly inhibit HIV-1 infection in both 
PBMCs and U87MG-CD4 + CCR5 cells. However, inhi-
bition with dendriplexes was only significantly improved 
when treating PBMCs suggesting a specific behavior 
depending on cell lineage. The selected miRNAs cannot 
decrease the HIV-1 infection by themselves in PBMCs. 
They need the formation of complexes with dendrimers. 
The main objective was to prove that these novel cati-
onic dendrimers can be used as delivery agents in order 
to replace current methods and develop a safer method 
with possible in vivo perspectives. Our results could fill 
the gap between the in vitro delivery researches and the 
possibility of implementing this technology in clinic, 
developing a new “from bench to patient” safe and effec-
tive technology.

Conclusion
In conclusion, the PEGylated carbosilane dendrimers 
G2-SN15-PEG and G3-SN31-PEG are valid delivery sys-
tems for miRNAs. Formation of dendriplexes provides 
miRNAs with protection against degradation and enables 
delivery to different cells. These dendriplexes specifically 
and significantly improve the anti-R5-HIV-1 activity of 
miRNAs, being good candidates to be used therapeuti-
cally to address the main problems that the HIV-1 infec-
tion still entails.

Methods
Cell lines
TZM.bl cell line (NIH AIDS Research and Reference 
Reagent Program, Germantown, MD, USA) is a human 
cervical epithelial carcinoma cell (HeLa cell line), that 
expresses CD4 receptor and CCR5 co-receptor and con-
tains β-galactosidase and luciferase genes under control 
of long terminal repeat (LTR) regions of HIV-1 promoter 
[50]. U87MG-CD4+CCR5+ (NIH AIDS Research and 
Reference Reagent Program, Germantown, MD, USA) 
is a human astrocytoma (glioblastoma) cell line derived 

from U87MG to express CD4 receptor and CCR5 and 
CXCR4 co-receptors.

TZM-bl cell line was cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Biochrom GmbH, Berlin, 
Germany) supplemented with 5% heat-inactivated fetal 
bovine serum (FBS) (Biochrom GmbH, Berlin, Germany), 
2  mM L-glutamine (Lonza, Base, Switzerland) and a 
cocktail of antibiotics (125 mg/ml ampicillin, 125 mg/ml 
cloxacillin and 40 mg/ml gentamicin (Normon, Madrid, 
Spain)) at 37ºC with 5% CO2. U87MG-CD4+CCR5+ cell 
line was maintained in DMEM supplemented with 10% 
FBS, 2 mM L-glutamine and the aforementioned antibi-
otic cocktail at 37ºC with 5% CO2.

Primary cells
Buffy coats, acquired from healthy anonymous donors 
from the Transfusion Centre of Madrid (Madrid, Spain) 
following the current legislation, were used to obtain 
PBMCs on a Ficoll-Hypaque density gradient (Rafer) 
according to standard procedures of Spanish HIV HGM 
BioBank [51].

After the isolation, PBMCs were cultured (5 ×  106/mL) 
in RPMI 1640 (Biochrom GmbH, Berlin, Germany) sup-
plemented with 10% FBS, 2 mM L-glutamine, the afore-
said cocktail of antibiotics, 60  IU/mL of interleukin-2 
(IL-2, Bachem, Budendorf, Switzerland) and 2 µg/mL of 
phytohemagglutinin (PHA) (Remel, Dartford, Kent, UK).

Viral isolates
Viral stock of CCR5-tropic R5-HIV-1NL(AD8) labora-
tory isolate was obtained by transient transfection with 
 pNL(AD8) plasmid (NIH AIDS Research and Reference 
Reagent Program, Germantown, MD, USA) into HEK- 
293 T cell line (ATCC, Manassas, VA, USA). Viral stock 
was clarified by centrifugation and the viral titter was 
later evaluated using an HIV-1 p24gag enzyme-linked 
Immunosorbent assay (ELISA) kit (INNOTEST HIV, 
Antigen mAb, Innogenetics, Ghent, Belgium), as previ-
ously reported [52].

MicroRNAs
Five cellular miRNAs reported to have anti-HIV-1 activ-
ity were selected based on their homology with HIV-1 
genome: hsa-miR-29a-3p, hsa-miR-29b-3p, hsa-miR-
92a-3p, hsa-miR-133b and hsa-miR-149-5p (QUIAGEN, 
Hilden, Germany) [33, 34]. We also selected one miRNA 
with random sequence but similar length and no activity 
against HIV-1 as a negative control (QUIAGEN, Hilden, 
Germany). Sequence, HIV-1 genome target and effect 
on HIV-1 replication are shown in Table  4. Stock solu-
tions of miRNAs (66,7 µM) and working concentrations 
(6670  nM) were prepared in nuclease-free water (Pro-
mega, Madrid Spain) and stored at − 20ºC.



Page 12 of 16Royo‑Rubio et al. J Nanobiotechnol          (2021) 19:158 

Dendrimers and reagents
PEGylated cationic dendrimers G2-SN15-PEG and 
G3-SN31-PEG and their FITC-labelled forms were syn-
thesized and tested according to the methods described 
by Dendrimers for Biomedical Applications Group of 

University of Alcalá (Madrid, Spain). Stock solutions 
of dendrimers (1  mM) and subsequent dilutions for 
working concentrations were prepared in nuclease-free 
water (Promega, Madrid Spain). The schematic struc-
tures of PEGylated cationic carbosilane dendrimers are 
represented in Fig. 8.

Table 4 Sequence, HIV‑1 target and effect on HIV‑1 replication of selected anti‑HIV‑1 microRNAs and control microRNA

Name Sequence HIV‑1 genome target Effect 
on HIV‑1 
replication

miR‑29a‑3p UAG CAC CAU CUG AAA UCG GUUA Nef/3’UTR Negative

miR‑29b‑3p UAG CAC CAU UUG AAA UCA GUGUU Nef/3’UTR Negative

miR‑92a‑3p UAU UGC ACU UGU CCC GGC CUGU Pol Negative

miR‑133b UUU GGU CCC CUU CAA CCA GCUA Env Negative

miR‑149‑5p UCU GGC UCC GUG UCU UCA CUCCC Gag Negative

miR‑Control UCA CCG GGU GUA AAU CAG CUUG ‑ None

Fig. 8 Schematic representation of PEGylated cationic dendrimers. Molecular representation of a G2‑SN15‑PEG, c G2‑SN15‑PEG FITC (second 
generation dendrimers), b G3‑SN15‑PEG and d G3‑SN31‑PEG FITC (third generation dendrimers)
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Mitochondrial activity assay
Mitochondrial activity was determined by the 
3-(4–5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay (Sigma, St Louis, MO, USA) fol-
lowing manufacturer’s instructions to establish the mito-
chondrial toxicity of the dendrimers. Briefly, 2 ×  105 
PBMCs or 7.5 ×  103 U87MG-CD4+CCR5+ cells/well 
were seeded in 96-well plates and treated with different 
concentrations of dendrimers for 72 h. After incubation, 
culture medium was discarded and a 200 μL of a mix-
ture of MTT/Opti-MEMTM solution (1:11) (Thermo 
Fisher Scientific, Waltham, MA, USA) was added. After 
2  h, the reaction was stopped by removing the solution 
and dissolving the formazan crystals in 200 μL of dime-
thyl sulfoxide (DMSO, Honeywell, Charlotte, NC, USA) 
and absorbance was recorded in a Synergy 4 plate reader 
(BioTek, Winooski, VT, USA) at 490  nm. Ten per cent 
DMSO was used as cellular death control and culture 
medium as non-treated control. All measurements were 
performed in triplicate three times.

Genotoxicity of dendrimers
To assess the genotoxicity of non-labelled G2-SN15-
PEG and G3-SN31-PEG dendrimers sister chromatids 
exchange (SCE) assay was performed in PBMCs. Cells 
were treated with G2-SN15-PEG 10  µM or G3-SN31-
PEG 5 µM for 72 h. Radiation at 1 Gy was used as geno-
toxic positive control and non-treated cells were used 
as control of genetic viability. Cell cultures were then 
treated with 25 µM bromodeoxyuridine (BrdU) (Thermo 
Fisher Scientific, Waltham, MA, USA) to monitor sec-
ond divisions. After 70 h, 0.1 µM/mL colcemid (Thermo 
Fisher Scientific, Waltham, MA, USA), a mitosis inhibi-
tor, was added to cultures and, 2  h after, metaphases 
were extended and analyzed by fluorescence plus Giemsa 
(FPG). Briefly, cells were centrifuged 10 min at 600 g and 
the supernatant was discarded and 10 mL of 5.6 µg/mL 
potassium chloride (Merck KGaA, Darmstadt, Germany) 
was added. Cells were then centrifuged 10 min at 600 g, 
the supernatant was discarded, and the pellet was fixed 
with methanol/glacial acetic acid (3:1) (PanReac Appli-
Chem, Madrid, Spain). This procedure was repeated 3 
more times and the resulting metaphases were dropped 
over slides (Thermo Fisher Scientific, Waltham, MA, 
USA).

After 48 h maturing at 56ºC, slides were immersed in 
Hoechst solution (Sigma, St Louis, MO, USA) for 30 min, 
washed with water and immersed in McIlvaine buffer 
(0.55 mL citric acid plus 19.45 mL di-Sodium hydrogen 
phosphate) (Merck KGaA, Darmstadt, Germany), for 
40 min in a thermostatic plate at 56ºC 5 cm away from 
UV light. Slides were then washed and stained with 
Giemsa (Merck KGaA, Darmstadt, Germany) for 7 min. 

Images were obtained with a Leica DM 5000 B Micro-
scope and analyzed with Cytovision® software (Leica, 
Wetzlar, Germany).

Dendriplexes formation
Dendrimer-miRNA complexes were formed mixing the 
maximum non-toxic concentration of the different cati-
onic dendrimers with 100 nM of the desired miRNAs in 
nuclease-free water (Promega, Madrid, Spain). The for-
mation and stability of dendriplexes were evaluated by 
agarose gel electrophoresis after 2, 24 and 48 h of incu-
bation at room temperature (RT). Samples were treated 
with Blue/Orange Loading Dye 6X (Promega, Madrid, 
Spain) and loaded on a gel with 2% agarose (Sigma, St 
Louis, MO, USA) and 0.01% GelRed® (Biotium, Fremont, 
CA, USA) in Tris–acetate-EDTA (TAE) buffer (PanReac 
AppliChem, Darmstadt, Germany) at 120 mV for 40 min 
on a PowerPac Universal power supply (Bio-Rad Labora-
tories, Hercules, CA, USA).

Heparin competition assay and RNase protection
Heparin exclusion and RNase protection assays were per-
formed to test the capacity to disengage miRNAs from 
the complex and whether the formation of dendriplexes 
confers protection against RNases, respectively. Dendri-
plexes were formed within 2  h of incubation and were 
treated with 0.2 UI/µL of heparin (Lab Ramón Sala, Bar-
celona, Spain) for 5 min at RT and/or 1 µg/µL of RNase 
(Promega, Madrid, Spain) for 10 min at RT and loaded as 
described before.

Zeta potential and dynamic light scattering
Surface charge and stability of the dendrimers and den-
driplexes were studied by measuring the zeta poten-
tial (ZP) and their distribution analyzed measuring the 
hydrodynamic size (diameter) by dynamic light scattering 
(DLS).

Dendrimer and dendriplexes samples were prepared 
in nuclease-free water (Promega, Madrid, Spain) using 
the maximum non-toxic concentrations (G2-SN15-PEG 
10  µM and G3-SN15-PEG 5  µM) and hsa-miR-29A-3p 
(100 nM). For ZP, samples were loaded into folded capil-
lary cells and measured using a voltage of 100 V. For DLS, 
samples were loaded into quartz cuvettes with pathlength 
10  mm. Measurements were performed at 25ºC with a 
Zetasizer Nano ZS spectrometer (Malvern Instrument, 
Malvern, UK). Three measurements with fourteen cycles 
were made for each sample.

Confocal microscopy
Internalization of the dendrimers into cells was ana-
lyzed by confocal microscopy with a Leica TSC SPE 
Confocal Microscope (Leica, Wetzalar, Germany). 
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PBMCs were seeded at a density of 1 ×  106 cells/well 
in 24-well plates and U87MG-CD4+CCR5+ cells were 
seeded at 7.5 ×  103 cells in 12  mm circle cover slips 
(Thermo Fisher Scientific, Waltham, MA, USA) pre-
treated for 24  h with poly-L-Lysine (Sigma, St Louis, 
MO, USA). Cells were treated with the fluorescent 
dendrimers for 1  h, 2  h or 6  h at 37ºC. After incuba-
tion, handling PBMCs as suspension cells and U87MG-
CD4+CCR5+ as adherent cells, cells were rinsed twice 
with 3% bovine serum albumin (BSA, Sigma, St Louis, 
MO, USA) phosphate buffered saline (PBS, Lonza, 
Base, Switzerland), fixed with 4% paraformaldehyde 
(PFA, Panreac, Barcelona, Spain) and permeabilized 
with 0.1% Triton 100X (Sigma, St Louis, MO, USA) for 
15  min. Cells were then incubated with Alexa Fluor® 
555 Phalloidin (Thermo Fisher Scientific, Waltham, 
MA, USA) for 1  h at RT for actin labelling and then 
rinsed with PBS 3% BSA. Lastly, cells were incubated 
with 4′,6-Diamidino-2-phenylindole dihydrochloride 
(DAPI, Sigma, St Louis, MO, USA) for nuclear visu-
alization and mounted in microscope slides (Dako, 
Carpinteria, CA, USA) with fluorescent mounting 
media (Dako, Carpinteria, CA, USA).

Flow cytometry
The internalization of FITC labelled dendrimers was 
confirmed by flow cytometry. Briefly, 1 ×  106 PBMCs or 
1.5 ×  104 U87MG-CD4+CCR5+ cells/well were seeded in 
24-well plates and treated with the fluorescent dendrim-
ers for 1, 2 or 6 h at 37ºC. After incubation, adherent cells 
were removed by trypsinization and rinsed with PBS 3% 
BSA. PBMCs were incubated with anti-CD3-PC5 (Beck-
man Coulter, Brea, CA, USA) for 30 min at RT and then 
rinsed with PBS 3% BSA. Viability was assessed in both 
cell lines with 7-Aminoactinomycin D (7-AAD) (Sigma, 
St Louis, MO, USA) following manufacturer’s instruc-
tions in both cell lines. Lastly, cells were fixed with 4% 
PFA. Measurements were analyzed using Kaluza soft-
ware (Beckman Coulter, Brea, CA, USA).

HIV‑1 inhibition activity of the dendriplexes
Inhibition experiments were carried out to test the anti-
R5-HIV-1 activity of the different dendriplexes. PBMCs 
were seeded at a density of 1 ×  106 cells/well in 24-well 
plates and U87MG-CD4+CCR5+ at 7.5 ×  103 cells/well 
in 96-well plates. Afterwards, cells were infected with 
R5-HIV-1NL(AD8) strain (15 ng p24/106 cells) and treated 
with the desired dendriplexes previously incubated for 
2 h to allow the complex formation. 72 h after the infec-
tion, supernatants were collected and titrated or frozen at 
− 80 ºC.

Supernatant titration
Viral infectivity was inferred by luciferase activity 
measurements performed following supernatant titra-
tion on TZM.bl cells with the previously collected 
supernatants. TZM.bl cells were seeded at a density 
of 1 ×  104 cells/well in 96-well plates. Subsequently, 
medium was removed and replaced with 100 µL of new 
medium and 100 µL of supernatants from PBMCs or 
U87MG-CD4+CCR5+ infected and treated cells. 48  h 
post-titration, medium was removed, and cells were 
lysed with 50 µL of the Cell Culture Lysis 5X Reagent 
(Promega, Madrid Spain) for 30 min at 4ºC. Finally, 25 
µL of the lysates were transferred to a white clear bot-
tom plate and 25 µL of Luciferase Assay Reagent (Pro-
mega, Madrid, Spain) were added right before reading 
the luciferase activity in a Synergy 4 plate reader at a 
135/200 nm.

Statistics
GraphPad software Prism v.5.0 (GraphPad Software, 
San Diego, CA, USA) was used for the different statis-
tical analysis performed. Data with three replicates are 
displayed as bars ± SD. A p-value of ≤ 0.05 was consid-
ered to be statistically significant (*p < 0.05; **p < 0.01; 
***p < 0.001).
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Abstract: Infections caused by viruses from the Herpesviridae family produce some of the most
prevalent transmitted diseases in the world, constituting a serious global public health issue. Some
of the virus properties such as latency and the appearance of resistance to antiviral treatments
complicate the development of effective therapies capable of facing the infection. In this context,
dendrimers present themselves as promising alternatives to current treatments. In this study, we
propose the use of PEGylated cationic carbosilane dendrimers as inhibitors of herpes simplex virus 2
(HSV-2) and human cytomegalovirus (HCMV)infections. Studies of mitochondrial toxicity, membrane
integrity, internalization and viral infection inhibition indicated that G2-SN15-PEG, G3-SN31-PEG,
G2-SN15-PEG fluorescein isothiocyanate (FITC) labeled and G3-SN31-PEG-FITC dendrimers are valid
candidates to target HSV-2 and HCMV infections since they are biocompatible, can be effectively
internalized and are able to significantly inhibit both infections. Later studies (including viral
inactivation, binding inhibition, heparan sulphate proteoglycans (HSPG)binding and surface plasmon
resonance assays) confirmed that inhibition takes place at first infection stages. More precisely,
these studies established that their attachment to cell membrane heparan sulphate proteoglycans
impede the interaction between viral glycoproteins and these cell receptors, thus preventing infection.
Altogether, our research confirmed the high capacity of these PEGylated carbosilane dendrimers
to prevent HSV-2 and HCMV infections, making them valid candidates as antiviral agents against
Herpesviridae infections.

Keywords: Herpesviridae; cationic dendrimers; HSPG; VHS-2 infection; HCMV infection;
nanotechnology; inhibition

1. Introduction

Herpesviridae is a large family of enveloped double-stranded DNA viruses that com-
prises a wide variety of herpesviruses with different biological characteristics, but that have
in common basic properties such as their ability to infect animals (including humans), their
morphology, their genetic complexity and a high regulated transcription [1].

The International Committee on Taxonomy of Viruses (ICTV) established the division
of this family in three subfamilies: (i) Alfaherpesviridae, (ii) Gammaherpesviridae, and (iii) Beta-
herpesviridae [2]. In turn, they are divided into different subtypes, including herpes simplex
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virus 1 and 2 (HSV-1 and HSV-2), Epstein–Barr virus (EBV), varicella zoster virus (VZV), or
human cytomegalovirus (HCMV). Those are among the most widespread pathogens in the
word; in fact, more than 90% of adults have been infected with one of these subtypes [3,4].
These viruses are able to infect a wide range of cells and the pathogenesis of the infection
can range from mild lytic infections to severe persistent and latent infections with many
recurrences, and there is still no cure [5].

One of the most prevalent infections is the one produced by HSV-2 which, according
with the latest available data, affects nearly 500 million people, mainly women from Africa,
aged between 15 to 49 years old [6]. This infection, almost entirely sexually transmitted,
produces symptoms such as ulcers on the external genitalia and perineum, dysuria, and
painful inguinal lymphadenopathy. Other rare complications caused by HSV-2 infection
are lip lesions, herpetic hepatitis, or aseptic meningitis [7]. Another concerning infection is
the one produced by HCMV; transmission of this virus may occur transplacentally, through
breastfeeding, by intimate contact or transplantation [8]. Congenital infection is estimated
in between 0.7 and 5% of all births, and is the leading cause of neurological impairment
in infants, including hearing and vision loss, microcephaly, or developmental and motor
delay. In adults, HCMV is mainly asymptomatic but can lead to life-threatening diseases in
immunocompromised individuals, producing manifestations such as mononucleosis-like
syndrome, tissue-invasive disease, neutropenia, interstitial pneumonia or autoimmune
phenomena (vasculitis, scleroderma, systemic lupus erythematosus, etc.) [9].

Virions of the Herpesviridae family have four main shared structural components:
a core in which the dsDNA is wrapped, encased in an icosahedral capsid composed of
12 pentameric and 150 hexameric capsomers, coated with a tegument formed by variable
amounts of globular material and an envelope surrounding the structure formed by dif-
ferent proteins and glycoproteins in a lipidic bilayer [10]. Initial contact between viral
envelope glycoproteins (mainly gB, gH and gL) and cell membrane takes place usually
through different types of cell proteoglycans, usually heparan sulphate proteoglycans
(HSPGs) [11]. This occurs between the negatively charged sulphated groups of the heparin-
like glycosaminoglycan (GAG) chains of HSPGs and stretches of basic amino acids (referred
as heparin-binding domains) present within the viral glycoproteins [11–13]. This first as-
sociation with HSPGs usually favours the following binding of the virus to its specific
entry receptor and hence infection. Herpesviruses have extensive cell tropism, with a wide
variety of entry routes that depend on viral determinants and cell types; however, in all
cases, these interactions trigger conformational changes which lead to membrane fusion
and subsequent viral entry [14].

Currently, there is no treatment that completely clearances HSV-2 and HCMV, mainly
due to the capacity of these viruses to establish latent infections in the host and to the
appearance of resistance against these drugs. Ongoing therapies for HSV-2 infections are
based on nucleoside analogues to inhibit DNA polymerases, such as acyclovir, valacyclovir,
or famciclovir in order to control viral replication, disease progression, recurrences and
transmission [15]. Related to HCMV, infants with congenital CMV infection and people
with immunodeficiencies are mostly treated with ganciclovir or its pro-drug valganci-
clovir, other inhibitors of DNA polymerases based on nucleoside analogues [16]. These
treatments have proved effective in the prevention and treatment of different CMV infec-
tions, including retinitis, gastrointestinal manifestations, pneumonia, polyradiculopathy or
mononeuritis [17].

The absence of a definitive therapy, the fact that herpesviruses have a broad cell
tropism, and the appearance of resistances against existing treatments makes it mandatory
to develop new therapeutic approaches to face the present situation. Our group has carried
out broad research focused on the use of nanotechnology against viral infections [18–21].
Specifically, these works are based on the use of dendrimers, which are three-dimensional
hyperbranched molecules formed by a nuclear core around which branched units (named
dendrons) are built; these dendrons present diverse functional groups on their periphery,
which endow unique physicochemical characteristics [22,23]. These molecules are charac-
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terized by a controlled synthesis, high biocompatibility, low polydispersity or polyvalency
which make them better instruments than other polymers to face viral infections [24,25]. In
this work, we present the use of four PEGylated cationic carbosilane dendrimers (PCCDs),
G2-SN15-PEG, G3-SN31-PEG, G2-SN15-PEG-FITC and G3-SN31-PEG-FITC, which are
characterized by the presence of positively charged functional terminal groups and PEGy-
lation residues [26]. These two features make them great candidates to be used against
Herpesviridae infections due to their improved biocompatibility and the positive charges
at the periphery which can bind to HSPGs, thus masking these receptors and preventing
further viral infections [27]. Hence, the objective of this work is to develop a new promising
therapy against HSV-2 and HCMV infections based on the use of PCCDs as inhibitors of
the interaction between viral glycoproteins and cell HSPGs.

2. Materials and Methods
2.1. Cell Lines

The Vero cell line, a fibroblast-like kidney cell from the African green monkey, was
obtained from the American Type Culture Collection (ATCC) (CCL-81TM, ATCC, Manassas,
VA, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Biochrom
GmbH, Berlin, Germany) supplemented with 5% heat-inactivated fetal bovine serum (FBS)
(Biochrom GmbH, Berlin, Germany), 2 mM L-glutamine (Lonza, Base, Switzerland), and
a cocktail of antibiotics formed by 125 mg/mL ampicillin, 125 mg/mL cloxacillin and
40 mg/mL gentamicin (Normon, Madrid, Spain).

The MRC-5 cell line, a human fibroblast lung cell, was obtained from ATCC (CCL-
171TM, ATCC, Manassas, VA, USA). This cell line was maintained in Eagle’s minimum
essential medium (EMEM) (ATCC, Manassas, VA, USA) supplemented with 10% FBS,
2 mM L-glutamine, and the previously mentioned cocktail of antibiotics. Both cell lines
were cultured at 37 ◦C with 5% CO2.

2.2. Viral Isolates

Viral strain HSV-2333 (GenBank accession number LS480640, NIH, Bethesda, MD,
USA) and HCMVAD-169 (ATCC VR-538TM, ATCC, Manassas, VA, USA) were grown and
propagated in Vero and MRC-5 cells, respectively, and titrated by plaque assay with serial
dilutions as previously described [28,29]. After ultracentrifugation, stock aliquots were
stored at −80 ◦C.

2.3. Dendrimers and Reagents

PEGylated cationic carbosilane dendrimers (PCCDs)—G2-SN15-PEG and G3-SN31-
PEG—and their FITC-labelled forms were synthesized according to methods reported
by Dendrimers for Biomedical Applications Group of the University of Alcalá (Alcalá de
Henares, Madrid, Spain) [26]. Stock solutions of dendrimers (1 mM) and their subsequent
dilutions were prepared with nuclease-free water (Promega, Madrid, Spain). Table 1
includes a brief description of these dendrimers.

Table 1. Characterization of PEGylated cationic carbosilane dendrimers.

Nomenclature Molecular Formula Functional Groups Molecular Weight (g/mol)

G2-SN15-PEG C190H438I15N14O17S16Si13 NMe3 and PEG 5987.31
G3-SN31-PEG C420H969I31N31O44S32Si29 NMe3 and PEG 12,926.92

G2-SN15-PEG FITC C209H445I14N16O22S17Si13 NMe3, PEG and FITC 6221.74
G3-SN31-PEG FITC C439H969I30N32O49S33Si29 NMe3, PEG and FITC 13,161.34

Acliclovir 50 mg (Selleckchem, Houston, TX, USA) was purchased as a lyophilised
product and reconstituted into a 10 mM dilution with dimethyl sulfoxide (DMSO, Honey-
well, Charlotte, NC, USA). Ganciclovir 500 mg (Hoffmann-La Roche, Basel, Switzerland)
was also purchased as a lyophilised product and reconstituted into a 5.4 mg/mL dilution
with nuclease-free water (Promega, Madrid, Spain).
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Heparin (13.6 kDa) was obtained from Laboratori Derivati Organici Spa (Milan, Italy).
Heparinase II from Flavobacterium heparinum was obtained from Merck KGaA (Merck
Group, Darmstadt, Germany).

2.4. Mitochondrial Activity Assay

Evaluation of the dendrimer-induced mitochondrial toxicity was done by the MTT
assay (Sigma, St Louis, MO, USA). This assay, based on the reduction of the 3-(4-5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into formazan crystals, al-
lows determination of the cellular mitochondrial metabolism. Briefly, following manufac-
turer’s instructions, Vero and MRC-5 cells were seeded at a density of 1.5 × 104 cells/well
into 96-well plates. After incubating cells for 24 h at 37 ◦C, cells were treated with different
concentrations of PCCDs for 48 h and 6 days, respectively, to ensure that this treatment
would not affect viability during inhibition experiments. After incubation, the medium was
discarded and a solution formed by MTT (5 mg/mL) and Opti-MEMTM (Thermo Fisher
Scientific, Waltham, MA, USA) (1:11) was added. Two hours later, the reaction was stopped
by removing the solution and dissolving formazan crystals in DMSO (Honeywell, Charlotte,
NC, USA). Absorbance was recorded in a Synergy 4 plate reader (BioTek, Winooski, VT,
USA) at 490 nm. Culture medium was used as non-treated control and DMSO 10% as
cellular death control. Measurements were performed in triplicate.

2.5. Membrane Integrity Assay

Determination of cellular toxicity was done by the lactate dehydrogenase (LDH) Cyto-
Tox 96® Non-Radioactive Cytotoxicity assay (Promega, Spain, Madrid). Shortly, following
manufacturer’s instructions, both cell lines were seeded at a density of 1.5 × 104 cells/well
into 96-well plates. Then, 24 h after, cells were treated with increasing concentrations of
PCCDs for 48 h (Vero cells) and 6 days (MRC-5 cells), again to ensure no toxicity during
inhibition experiments. Afterwards, cells were lysed for 45 min at 37 ◦C in 0.9% Triton X-100
(Promega, Madrid, Spain). Then, 50 µL of LDH reagent (Promega, Spain, Madrid) were
added and incubated in the dark for 30 min at room temperature. Absorbance was recorded
in a Synergy 4 plate reader at 490 nm. The culture medium was used as a non-treated
control. Measurements were performed in triplicate.

2.6. Confocal Microscopy

Internalization of cationic dendrimers into Vero and MRC-5 cells was studied by con-
focal microscopy using a Leica TSC SPE Confocal Microscope (Leica, Wetzalar, Germany).
Vero and MRC-5 cells were seeded at a density of 1.75 × 105 and 8 × 104 cells, respectively,
in 12 mm circle cover slips (Thermo Fisher Scientific, Waltham, MA, USA) pre-treated
with poly-L-Lysine (Sigma, St Louis, MO, USA). Cells were treated with the maximum
non-toxic concentrations of FITC-labelled PCCDs (G2-SN15-PEG FITC and G3-SN31-PEG
FITC) for 2 h, 6 h and 24 h at 37 ◦C. After incubation, cells were rinsed with 3% bovine
serum albumin (BSA, Sigma, St Louis, MO, USA) phosphate buffered saline (PBS, Lonza,
Base, Switzerland). Cell fixation was performed with 4% paraformaldehyde (PFA, Panrea,
Barcelona, Spain) for 15 min and permeabilization with 0.1% Triton 100X (Sigma, St Louis,
MO, USA) for 15 min. Actin labelling was carried out by incubating cells with Alexa Fluor®

555 Phalloidin (Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at room temperature
(RT). Following two rinses with 3% BSA PBS, cells were incubated with 4′,6-Diamidino-2-
phenylindole dihydrochloride (DAPI, Sigma, St Louis, MO, USA) for nuclear visualization.
Lastly, cells were mounted in microscope slides (Dako, Carpinteria, CA, USA) with fluores-
cent mounting media (Dako, Carpinteria, CA, USA). ImageJ (National Institutes of Health,
Bethesda, MD, USA) was used to analyse the images.

2.7. Flow Cytometry

Flow cytometry was used to confirm the internalization of FITC labelled dendrimers
into both cell lines. Briefly, Vero and MRC-5 cells were seeded at a density of 1.75 × 105
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and 6 × 104 cells, respectively, in 24 well-plates and treated with 1 µM G2-SN15-PEG FITC
and 0.5 µM G3-SN31-PEG FITC for 1 h, 2 h, 6 h and 24 h. Viable cells were identified using
LIVE/DEAD™ Fixable Aqua Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA,
USA). Lastly, cells were fixed with 3% paraformaldehyde. Flow cytometry was performed
on a Galios (Beckman Coulter, Brea, CA, USA). Kaluza software 2.1 (Beckman Coulter, Brea,
CA, USA) was used for the analysis of the measurements.

2.8. Inhibition Assay

The antiviral activity of the different dendrimers was evaluated performing inhibition
experiments by plaque reduction assay. In-brief, Vero and MRC-5 cells were seeded at a
density of 1.75 × 105 and 6 × 104 cells/well in 24-well plates, respectively, and incubated
at 37 ◦C for 24 h. Both cell lines were then treated with increasing concentrations from
0.2 µM to the maximum non-toxic of G2-SN15-PEG and G3-SN31-PEG dendrimers for
1 h. In addition, increasing concentrations (from 0.2 µM to 10 µM) of reference treatments
Acyclovir or Ganciclovir were used for comparison with current reference treatments.
Afterwards, pre-treated Vero and MRC-5 cells were infected with the viral strains HSV-
2333 and HCMVAD-169, respectively, at a multiplicity of infection (MOI) of 0.001. Three
hours after infection, cells were washed with PBS to remove unabsorbed viruses. HSV-2
infection remained in DMEM supplemented with 2% FBS and 0.4% IgG (Berigloblin P,
CSL Behring, King of Prussia, PA, USA) for 48 h. HCMV infection remained in EMEM
supplemented with 2% FBS for 6 days. Then, medium was removed and both cell lines
were stained with 300 mg/L Methylene Blue (Sigma, St Louis, MO, USA) for 30 min (Vero)
and 3 h (MRC-5). Inhibition was determined as the reduction of the plaques formed with
treatments regarding the infection control. Non-infected and non-treated samples were
used as non-treated (NT) and infection controls (IC), respectively.

2.9. Viral Inactivation Assay

To determine if the observed inhibition is a result of the direct interaction of PCCDs
with HSV-2 or HCMV, a viral inactivation assay was performed. Briefly, Vero and MRC-
5 cells were seeded at a density of 1.75 × 105 and 6 × 104 cells/well in 24-well plates,
respectively, and incubated at 37 ◦C for 24 h. Then, G2-SN15-PEG or G3-SN31-PEG
dendrimers at 1 µM were incubated with 175 pfu/mL or 60 pfu/mL of cell free HSV-
2333 and HCMVAD-169, respectively, for 2 h at 37 ◦C. After incubation, the mixture was
centrifuged at 12,000 rpm for 1 h at 4 ◦C and the supernatant was discarded; then, the
pellet was rinsed with PBS and centrifuged again at 12,000 rpm for 1 h at 4 ◦C. Afterwards,
the supernatant was discarded and replaced either with fresh DMEM supplemented with
2% FBS and added to Vero cells, or fresh EMEM supplemented with 2% FBS and added to
MRC-5 cells. Infections were revealed as previously described. Viral disruption positive
control was obtained with Triton X-100 at 0.1% and a culture medium was used as a
negative control.

2.10. Binding Inhibition Assay

To resolve if the observed HSV-2 or HCMV inhibition is a result of the blockade of cell
membrane viral-receptors by PCCDs, a binding inhibition study by plaque reduction assay
was performed. Briefly, Vero and MRC-5 cells were seeded at a density of 1.75 × 105 and
6 × 104 cells/well in 24-well plates, respectively, and incubated at 37 ◦C for 24 h. Then, cells
were pre-cooled at 4 ◦C for 15 min and treated with 1 µM G2-SN15-PEG or G3-SN31-PEG
dendrimers for 1 h at 4 ◦C. Subsequently, cells were infected with 175 pfu/mL or 60 pfu/mL
of HSV-2333 and HCMVAD-169, respectively, for 2 h at 4 ◦C. Afterwards, inoculum was
discarded and replaced either with fresh DMEM supplemented with 2% FBS and 0.4% IgG
in Vero cells, or fresh EMEM supplemented with 2% FBS in MRC-5 cells. Infections were
revealed as previously described. Culture medium was used as a negative control.
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2.11. HSPG Binding Assay

Heparin competition assay was carried out to study the interactions between PCCDs
and HSPGs. To do so, cells were seeded in 24-well plates and incubated for 2 h at 4 ◦C in PBS
with 1 µM G2-SN15-PEG or 0.5 µM G3-SN31-PEG dendrimers in the absence or presence of
10 µg/mL of heparin, a structurally similar molecule [30]. In additional experiments, cells
were incubated for 1 h at 37 ◦C with dendrimers at the same concentration and washed
with PBS containing 2.0 M NaCl, known to disrupt the binding to HSPGs [31]. Along with
these experiments, cells were pre-treated with 200 mU/mL of heparinase II, acknowledged
to inhibit HSPG-dependent binding [32], (Merck Group, Darmstadt, Germany) for 2 h at
37 ◦C, before incubating for 1 h at 37 ◦C with dendrimers at this concentration. Assessment
of the amounts of cell-associated dendrimers after these studies was done by evaluating the
mean fluorescence intensity (MFI) of dendrimers in cells by flow cytometry, as described in
its corresponding section.

2.12. Surface Plasmon Resonance

Surface plasmon resonance (SPR) was conducted to study the capacity of dendrimers
to bind to heparin/HSPGs. Measurements were performed on a BIAcore X100 instru-
ment (Cytiva, Marlborough, MA, USA) using a research grade sensor chip SA (Cytiva,
Marlborough, MA, USA) whose surface consists of a carboxy methylated dextran matrix
pre-immobilized with streptavidin. One cell of the sensor chip was conditioned with
three consecutive 1-min injections of 1.0 M NaCl in 50 mM NaOH; then, heparin biotiny-
lated at its reducing end diluted in 10 mM HEPES buffer, pH 7.4, containing 150 mM
NaCl, 3 mM EDTA, and 0.005% surfactant P20 (HBS-EP) was injected for 8 min at a flow
rate of 10 µL/min, allowing the immobilization of 134.1 resonance units (RU) (equal to
9.8 fmol/mm2) of the GAG. Then, the heparin-containing flow cell was over-coated by
injecting biotinylated BSA re-suspended in HBS-EP for 8 min at a flow rate of 10 µL/min,
allowing immobilization of 104 RU (equal to 1.6 fmol/mm2) of the protein, expected to
help mask the residual aspecific negatively charged binding site available on the surface.
The remaining flow cell of the sensor chip was coated only with biotinylated BSA protein
as described above, allowing the immobilization of 569.2 RU (equal to 8.6 fmol/mm2) of
protein, and used to evaluate the nonspecific binding and for blank subtraction. For the
study of their interaction with heparin, dendrimers G2-SN15-PEG and G3-SN31-PEG were
re-suspended in HBS-EP and injected at increasing concentrations over the heparin and
control BSA flow cells for 3 min (to allow their association with immobilized molecules) and
then washed. After every run, the sensor chip was regenerated by injection of 2.0 M NaCl to
detach the dendrimers that tend to remain bound to the biosensor surfaces. The dissociation
constant (Kd, that is inversely proportional to the affinity binding) was calculated by fitting
with the Scatchard’s equation for the plot of RU measured at equilibrium as a function of the
ligand concentration in solution. All fitting was performed by a least-square minimization
procedure based on the Levemburg–Marquardt algorithm. To evaluate the specificity of the
binding of the compounds to surface-immobilized heparin, the compounds (0.75 µM) were
injected onto the biosensor in the presence of a molar excess (5 mg/mL) of free heparin.

2.13. Statistics

The different statistical analyses were performed using GraphPad software Prism
v.5.0 (GraphPad Software, San Diego, CA, USA). Data were obtained from two or three
independent experiments performed by duplicate or triplicate. Data with two or three
replicates are displayed as bars ± SD. A p-value of ≤ 0.05 was considered statistically
significant (* p < 0.05; ** p < 0.005; *** p < 0.001).

3. Results
3.1. Cytotoxicity of the Dendrimers on Vero and MRC-5 Cell Lines

Evaluation of the cytotoxicity of the different dendrimers (G2-SN15-PEG, G3-SN31-
PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC) in both cell lines was assessed by
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mitochondrial toxicity determination by the MTT assay and by membrane integrity by
the LDH assay. Briefly, in both assays, Vero and MRC-5 cells were treated with increas-
ing concentrations of dendrimers from 0.01 to 30 µM for 48 h and 6 days, respectively.
Concentrations were considered non-toxic when the survival rate was ≥80%.

Results obtained from the MTT assay (Figure 1A,B) were more restrictive than those
obtained from the LDH assay (Figure 1C,D), therefore we considered those results for the
determination of the working concentrations. Non-toxic concentrations of the dendrimers
for both cell lines are as follows: 1 µM, 1 µM, 1 µM and 0.5 µM for G2-SN15-PEG, G3-SN31-
PEG, G2-SN15-PEG FITC and G3-SN31-PEG FITC, respectively.
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Figure 1. Cytotoxicity of dendrimers by 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and lactate dehydrogenase (LDH) assay. (A,B) MTT assay; (C,D) LDH assay. (A,C) Vero
and (B,D) MRC-5 cells were treated with increasing concentrations of dendrimers G2-SN15-PEG,
G3-SN31-PEG, G2-SN15-PEG fluorescein isothiocyanate (FITC) labeled and G3-SN31-PEG FITC from
0.01 to 30 µM. Non-toxic concentrations were established when cell viability was ≥80%. Culture
medium was used as cell viability control and DMSO 10% was used as death control. Data are
represented as mean ± SD of three individual experiments performed in triplicate. NT: non-treated;
DMSO: dimethyl sulfoxide.

3.2. Internalization Study into Vero and MRC-5 Cells

We examined the capacity of FITC-labelled dendrimers to internalize into Vero and
MRC-5 cell lines by confocal microscopy and flow cytometry. The sequence of the internal-
ization process was studied by incubating both cell lines with either 1 µM G2-SN15-PEG
FITC or 0.5 µM G3-SN31-PEG FITC dendrimers for 1 h, 2 h, 6 h or 24 h. To deepen its
distribution, in confocal microscopy studies, actin filaments and the nucleus were labelled
with phalloidin and DAPI, respectively.

Entry analyses of both cell lines indicated that the G2-SN15-PEG FITC dendrimer
has faster uptake dynamics than the G3-SN31-PEG FITC dendrimer, since it showed a
significant increase of fluorescent positive cells after the first hour of incubation compared
with the control (14% in Vero and 26% in MRC5) (Figures 2a and 3a). In addition, the
amount of positive fluorescent marks from both dendrimers showed an important increase
along time points. The increment of signal in Vero cells from 1 h to 24 h from the G2-SN15-
PEG FITC dendrimer was evident (45%), whilst for the G3-SN31-PEG FITC dendrimer it
was not so remarkable (20%). In MRC-5 cells, both dendrimers showed a 30% increase in
the number of positive cells from the first time point studied to the last.
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Figure 2. Internalization study of cationic dendrimers into Vero cells. (a) Percentage of FITC-positive
cells observed by flow cytometry 1 h, 2 h, 6 h and 24 h post-treatment. Data are represented as
mean ± SD of two individual experiments. (b) Representative confocal images of cells incubated
with 1 µM G2-SN15-PEG FITC and 0.5 µM G3-SN31-PEG FITC dendrimers (green) for 2 h, 6 h or 24 h.
Phalloidin was used to mark actin filaments (red) and DAPI for nucleus (blue). Scale bars indicate a
length of 25 µm. (* p < 0.05; ** p < 0.01; ns: non-significant). DAPI: 4′,6-diamidino-2-phenylindole
dihydrochloride.
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time elapsed from the initial distribution: short times of incubation showed peripheral 
distribution (co-localizing with F-actin), while longer times showed dendrimers to be in 
more internal regions with a punctate intracellular distribution (Figures 2b and 3b). To 
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Figure 3. Internalization study of cationic dendrimers into MRC-5 cells. (a) Percentage of FITC-
positive cells observed by flow cytometry 1 h, 2 h, 6 h and 24 h post-treatment. Data are represented
as mean ± SD of two individual experiments. (b) Representative confocal images of cells incubated
with 1 µM G2-SN15-PEG FITC and 0.5 µM G3-SN31-PEG FITC dendrimers (green) for 2 h, 6 h
or 24 h. Phalloidin was used to mark actin filaments (red) and DAPI for nucleus (blue). Scale
bars indicate a length of 25 µm. (* p < 0.05; ** p < 0.01; *** p < 0.001; ns: non-significant). DAPI:
4′,6-diamidino-2-phenylindole dihydrochloride.

A more detailed study of the fluorescent distribution in both Vero and MRC-5 cells
indicated that both dendrimers have a modified distribution pattern depending on the
time elapsed from the initial distribution: short times of incubation showed peripheral
distribution (co-localizing with F-actin), while longer times showed dendrimers to be in
more internal regions with a punctate intracellular distribution (Figures 2b and 3b). To
summarize, both dendrimers can rapidly interact with the surface of both cell lines and
be internalized into both Vero and MRC-5 cell lines, where they remain concentrated in a
granular manner.

3.3. Anti-HSV-2 and HCMV Activity of the Dendrimers

Inhibition experiments were performed to determine the antiviral activity of the non-
labelled dendrimers front HSV-2 and HCMV infections. Vero and MRC-5 cell lines were
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treated with increasing concentrations of G2-SN15-PEG and G3-SN31-PEG dendrimers
from 0.2 µM to the maximum non-toxic concentration (1 µM) one hour prior to infection
with 0.001 MOI of HSV-2333 and HCMVAD-169. In addition, Acyclovir and Ganciclovir were
used to compare our results with these reference treatments. After 48 h (Vero) and 6 days
(MRC-5) of incubation, lysis plaques were revealed by methylene blue staining.

Results shown in Figure 4a,b indicate that both G2-SN15-PEG and G3-SN31-PEG
dendrimers are able to inhibit HSV-2 and HCMV infections at the maximum non-toxic
concentrations. In both cases, the G3-SN31-PEG dendrimer presented better inhibition
results at all tested concentrations, achieving values of 99% and 86% for HSV-2 and HCMV,
respectively, at the maximum non-toxic concentration. Interestingly, both dendrimers
present significantly better inhibition results than the actual reference treatments Acyclovir
and Ganciclovir at their maximum non-toxic concentration.
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Figure 4. Antiviral activity of cationic dendrimers. Inhibition of herpes simplex virus 2 (HSV-2)
(a) and human cytomegalovirus (HCMV) (b) infections by increasing concentrations of G2-SN15-PEG
and G3-SN31-PEG dendrimers in Vero and MRC-5 cell lines, respectively. Acyclovir or Ganciclovir
were used for comparison with reference treatments. Infection was measured by plaque reduction
assay. Data are represented as mean ± SD of three individual experiments performed in triplicate
(* p < 0.05; *** p < 0.001; **** p < 0.0001).

3.4. Cationic Dendrimers Prevent HSV-2 and HCMV at First Infection Stages

After demonstrating that both dendrimers have anti-HSV-2 and anti-HCMV activity,
we proceeded to delve into the mechanism through which they carried out this activity. To
do so, we studied two different mechanisms: viral inactivation (VI) and binding inhibition
(BI). Briefly, for viral inactivation, dendrimers were incubated with cell-free HSV-2 or
HCMV for 2 h at 37 ◦C. After two rounds of ultracentrifugation, the resuspended pellet was
added to cells. For binding inhibition, cells were pre-cooled at 4 ◦C for 15 min and treated
with dendrimers for 1 h at 4 ◦C, then cells were infected for 2 h at 4 ◦C. After 48 h (Vero)
and 6 days (MRC-5) of incubation, lysis plaques were revealed by methylene blue staining.

Figure 5a,b indicate that both dendrimers can significantly inhibit viral binding to both
cell lines, obtaining similar inhibition values as the ones obtained in the antiviral activity
study. On the other hand, G2-SN15-PEG and G3-SN31-PEG dendrimers are only able to
inactivate HCMV and obtain lower inhibition values. These results suggest that inhibition
is achieved at the first infection stages, most probably by impeding viral attachment to the
cell membrane, thus preventing infection.
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Figure 5. Antiviral mechanism of PEGylated cationic dendrimers. Effect of cationic dendrimers
G2-SN15-PEG and G3-SN31-PEG at the maximum non-toxic concentration on HSV-2 (a) and HCMV
(b) infectivity and binding. Viral inactivation (VI) and binding inhibition (BI) assays were performed,
and results were measured by plaque reduction assay. Data are represented as mean ± SD of three
individual experiments performed in triplicate **** p < 0.001.

3.5. Determination of Surface Membrane Interactions

Due to the cationic nature of PCCDs, we wondered if their inhibition potential depends
on their capacity to bind to anionic HSPGs, hence preventing the binding of the virus to
these receptors. To evaluate this possibility, different binding assays were carried out,
starting with a competition assay with heparin, a structural analogue of HSPGs. Briefly,
cells were treated with G2-SN15-PEG or G3-SN31-PEG dendrimers in the absence or
presence of heparin. Alternatively, cells were treated with those dendrimers and washed
with 2 M NaCl, a treatment known to detach basic proteins bound to heparin/HSPGs [27].
In other experiments, cells were pre-treated with heparinase II before incubation with
dendrimers. After performing these assays, either the percentage of fluorescence positive
cells or the mean fluorescence intensity (MFI) of the dendrimers was measured to infer the
remaining amounts of cell-associated dendrimers.

Results shown in Figure 6a,b demonstrate that HSPGs play a prominent role in the
interaction of PCCDs with the cell surface. This can be observed in the remarkable drop
in the number of cell-associated dendrimers (both G2-SN15-PEG FITC and G3-SN31-PEG
FITC dendrimers) in both cell lines after treatment with heparin. These interactions were
also partially disrupted when washing with 2 M NaCl, but, despite a remarkable reduction
of the number of cell-associated dendrimers in all samples, differences were only significant
for the G2-SN15-PEG FITC dendrimer in the Vero cell line and for the G3-SN31-PEG FITC
dendrimer in the MRC-5 cell line. In the heparinase assay, Figure 6c,d indicates a notable
decrease of binding capacity of dendrimers after treatment with heparinase II, observed
in the notorious decline of the MFI in every sample; however, this decrease was only
statistically significant for the G2-SN15-PEG FITC in the Vero cell line.



Pharmaceutics 2022, 14, 536 12 of 17
Pharmaceutics 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 6. Interaction of cationic dendrimers with cell surface heparan sulphate proteoglycans 
(HSPGs). Fluorescent positive cells and mean fluorescence intensity of G2-SN15-PEG FITC and G3-
SN31-PEG FITC dendrimers measured by flow cytometry in Vero (a,c) and MRC-5 (b,d) cells. Hep-
arin competition assay, NaCl wash, and heparinase II treatment experiments were performed to 
determine the interaction of PEGylated cationic carbosilane dendrimers (PCCDs) with cell surface 
HSPGs. Data are represented as mean ± SD of two individual experiments * p < 0.05; ** p < 0.01; *** 
p < 0.001. 

Due to the strong structural analogy existing between heparin and HSPGs, a surface 
plasmon resonance (SPR) biosensor containing immobilized heparin represents a simpli-
fied “cell-free” model that resembles the interaction of proteins or synthetic compounds 
to cell-associated HSPGs in vivo [33] that we have thus exploited to additionally evaluate 
the heparin/HSPGs binding capacity of PCCDs. As shown in Figure 7a,b, despite a signif-
icant aspecific binding to the BSA-containing surface (here used as a negative control), 
both dendrimers showed a significant specific binding to surface-immobilized heparin. 
The overlay of blank-subtracted sensorgrams obtained by injecting the dendrimers at in-
creasing concentrations onto the sensor chip demonstrated a dose-response binding. Ad-
ditionally, it is apparent that the binding of the dendrimers to heparin is very stable since 
they do not detach spontaneously from heparin at the end of the injection phase and can 
be removed only by a high salt washing (Figure 7c,d). From these sensorgrams, the values 
of binding at equilibrium of the dendrimers were used to obtain the dose-response curves 
shown in Figure 7e,f, and to calculate Kd values. Both G2-SN15-PEG and G3-SN31-PEG 
dendrimers bind surface-immobilized heparin in a saturable manner with a relatively 
high affinity (Kd in the high nanomolar, Table 2). The specificity of the binding is demon-
strated by the fact that a molar excess of heparin completely abolishes the binding of the 
dendrimers to surface-immobilized heparin (Figure 7e,f). 

Figure 6. Interaction of cationic dendrimers with cell surface heparan sulphate proteoglycans
(HSPGs). Fluorescent positive cells and mean fluorescence intensity of G2-SN15-PEG FITC and
G3-SN31-PEG FITC dendrimers measured by flow cytometry in Vero (a,c) and MRC-5 (b,d) cells.
Heparin competition assay, NaCl wash, and heparinase II treatment experiments were performed to
determine the interaction of PEGylated cationic carbosilane dendrimers (PCCDs) with cell surface
HSPGs. Data are represented as mean ± SD of two individual experiments * p < 0.05; ** p < 0.01;
*** p < 0.001.

Due to the strong structural analogy existing between heparin and HSPGs, a surface
plasmon resonance (SPR) biosensor containing immobilized heparin represents a simplified
“cell-free” model that resembles the interaction of proteins or synthetic compounds to
cell-associated HSPGs in vivo [33] that we have thus exploited to additionally evaluate the
heparin/HSPGs binding capacity of PCCDs. As shown in Figure 7a,b, despite a significant
aspecific binding to the BSA-containing surface (here used as a negative control), both
dendrimers showed a significant specific binding to surface-immobilized heparin. The
overlay of blank-subtracted sensorgrams obtained by injecting the dendrimers at increasing
concentrations onto the sensor chip demonstrated a dose-response binding. Additionally,
it is apparent that the binding of the dendrimers to heparin is very stable since they do not
detach spontaneously from heparin at the end of the injection phase and can be removed
only by a high salt washing (Figure 7c,d). From these sensorgrams, the values of binding
at equilibrium of the dendrimers were used to obtain the dose-response curves shown in
Figure 7e,f, and to calculate Kd values. Both G2-SN15-PEG and G3-SN31-PEG dendrimers
bind surface-immobilized heparin in a saturable manner with a relatively high affinity
(Kd in the high nanomolar, Table 2). The specificity of the binding is demonstrated by the
fact that a molar excess of heparin completely abolishes the binding of the dendrimers to
surface-immobilized heparin (Figure 7e,f).
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Figure 7. Surface plasmon resonance (SPR) analysis of G2-SN15-PEG- and G3-SN31-PEG-heparin
interaction. (a,b) Sensorgrams showing the binding of G2-SN15-PEG and G3-SN31-PEG dendrimers
(0.75 µM) to the heparin- or BSA-coated flow cells. (c,d) Blank-subtracted sensorgram overlays
showing the specific binding of increasing concentrations of the dendrimers (1: 0.047 µM; 2: 0.094 µM;
3: 0.188 µM; 4: 0.375 µM; 5: 0.75 µM; 6: 1.5 µM) to surface-immobilized heparin. The response
(in resonance units, RU) was recorded as a function of time. (e,f) Saturation curves obtained using
the values of RU bound at equilibrium from panels (c,d). Result of the competition assay with free
heparin is also reported.

Table 2. Kd values of the interactions of G2-SN15-PEG and G3-SN31-PEG dendrimers to heparin.
Data corresponds to mean ± SEM of three individual experiments.

Dendrimer Kd (nM) at Equilibrium

G2-SN15-PEG 368.3 ± 108.1
G3-SN31-PEG 186.7 ± 82.6

4. Discussion

Years of research on the host entry mechanism of viruses from the Herpesviridae family
has led to the conclusion that, despite the extensive cell tropism that they exhibit, host cell
infection takes place through a conserved mechanism [4]. The entry machinery is formed
by a conserved core fusion machinery (formed the heterodimer gH-gL and the fusion
protein gB) and by divergent proteins such as gD for HSV-2 or gO for HCMV [34,35]. The
latter act as ligands that bind to different host cell receptors, being the first step of the entry
process the interaction with distinct classes of HSPGs located on the exterior surface of
target cells [36]. This critical role makes HS a therapeutic target to develop novel inhibitors
of HS-mediated binding and subsequent infection of herpesviruses.

In this sense, we have studied the therapeutic effect of the use of the novel G2-SN15-
PEG and G3-SN31-PEG dendrimers to prevent HSV-2 and HCMV infections based on their
specific structures. Two characteristics of the periphery of these PCCDs makes them rele-
vant candidates: (i) the presence of positively charged functional groups, which compete for
electrostatic binding with viral glycoproteins; and (ii) the presence of PEGylation residues,
which improves the biocompatibility of the dendrimers, thus reducing toxicity [37,38].
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The initial phase of this study was the assessment of the cytotoxicity of dendrimers
in both Vero and MRC-5 cell lines, and to do so, MTT and LDH assays were performed.
Toxicity of PCCDs is a consequence of the positively charged groups in their periphery,
which interacts with the negatively charged cell membrane producing nanoscale pores
that affect its integrity to a point that depends on characteristics of dendrimers such as
their molecular weight or the presence of fluorescent labels [39]. Masking of some of
these peripheric groups was achieved by conjugation of the dendrimers with polyethylene
glycol (PEG), which has previously proved to reduce immunogenicity and toxicity [40].
Results of our studies indicated that some concentrations, despite not compromising
membrane integrity, had negative effects on mitochondrial activity; therefore, we selected
the values from the MTT assay greater than 80% as working concentrations. No notable
differences between G2-SN15-PEG, G3-SN31-PEG and G2-SN15-PEG FITC dendrimers
were observed. However, G3-SN31-PEG FITC was the dendrimer presenting the highest
toxicity, suggesting that larger molecular sizes and the addition of this fluorescent label
enhanced the cytotoxicity of this nanostructure.

The next step was to examine the capacity of FITC-labelled dendrimers to internalize
into both cell lines by confocal microscopy and flow cytometry. Entry analyses revealed that
the G2-SN15-PEG FITC dendrimer has faster uptake dynamics in both cell lines than the G3-
SN31-PEG FITC dendrimer; in addition, the amount of positive fluorescent marks from both
dendrimers presented an important increase along time points. Study of the fluorescent
distribution showed that short times of incubation resulted in peripheral distribution,
while longer times suggested that dendrimers were in more internal regions in a granular
manner. This agrees with previous studies demonstrating that the size and surface charge
of dendrimers influence their effectiveness of crossing cell membranes [41,42]. Our results
reflect that the presence of more positive charges in the G3-SN31-PEG FITC dendrimer
for being a larger molecule entailed higher affinity and stronger interactions with the
cell surface, leading to longer resident times on the cell membrane, resulting in slower
internalization.

We next delved into the ability of dendrimers to inhibit HSV-2 and HCMV infections.
Antiviral activity studies revealed that both studied PCCDs can inhibit these infections,
with better inhibition performance than the actual reference treatments Acyclovir and
Ganciclovir. In addition, we investigated the mechanism through which inhibition was
achieved and results demonstrate that both dendrimers can significantly inhibit viral
binding to Vero and MRC-5 cell lines; however, they are only able to directly neutralize
HCMV itself and with lower inhibition values. All these results together indicate that
dendrimers perform inhibition at the first stages of the infection. The fact that the G3-SN31-
PEG FITC dendrimer, which has longer resident times on the cell membrane, shows better
inhibition results supports this idea that inhibition is achieved by impediment of viral
attachment to the cell membrane, thereby preventing further infection.

To determine how the impediment of viral attachment takes place, we performed
different analysis of the interactions of PCCDs with the receptors involved in the first stages
of infection of viruses from the Herpesviridae family, namely the HS chains of HSPGs [36].
To do so, we started with a cell culture-based heparin competition assay, followed by 2M
NaCl washing, heparinase II treatment, and “cell free” surface plasmon resonance. The first
assay is based on the fact that heparin is a GAG with a similar structure to HS, thus likely
able to act as an antagonist of HSPGs present on cell membranes for the binding to cationic
dendrimers, leading to the observed absence of cell-associated PCCDs in both cell lines [30].
In addition, the disruption of this dendrimer-cell membrane interaction was also noticed
both in Vero and MRC-5 cell lines when washing with 2.0 M NaCl, a treatment known
to remove cationic molecules from cell membrane HSPGs [27]. Furthermore, digestion
of the GAG moiety of HSPGs by heparinase II also lead to a notable decrease of the
capacity of PCCDs to bind to cells, determined by the shift in fluorescence intensity of
dendrimers in both cell lines. However, it is important to mention that there might be
alternative binding sites for the dendrimers which would explain the residual amounts
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of dendrimers associated to cells after the performed treatments. On the other hand,
SPR analysis demonstrated that these dendrimers are effectively able to bind surface-
immobilized heparin (here used as a surrogate of cell-associated HSPGs) in a stable and
specific way, hence with a relatively high affinity.

5. Conclusions

In conclusion, we can state that G2-SN15-PEG and G3-SN31-PEG dendrimers are
promising therapies to face HSV-2 and HCMV infections. Biocompatibility and entry
studies confirmed the suitability of these dendrimers to be used in target cells of these
infections. Binding assays confirm that the studied dendrimers effectively compete with
HSV-2 and HCMV for adsorption on the receptors involved in the first stages of infection
of susceptible cells, leading to the impediment of viral attachment and thus producing the
inhibition of these viral infections.
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