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Abstract 

Background:  Human cytomegalovirus (HCMV) is a worldwide infection, causing different troublesome in immu‑
nosupressed patients and very related to Human Immunodeficiency Virus 1 (HIV-1) infection, mainly in developing 
countries, with a co-infection rate of 80% in Africa. The high cost of present treatments and the lack of routinely tests 
in these countries urge the necessity to develop new molecules or strategies against HCMV. The new treatments 
should be low-cost and capable of avoiding the emerging problem of resistant virus. Nanoparticles play an important 
role in several viral infections. Our main focus is to study the potential activity of polyanionic carbosilane dendrimers 
(PDC), which are hyperbranched molecules with several sulfonate or sulfate groups in their periphery, against differ‑
ent viruses.

Results:  We studied the activity of G1-S4, G2-S16 and G2-S24P PDCs in MRC-5 cell line against HCMV infection by 
several plaque reduction assays. Our results show that dendrimers present good biocompatibility at the concentra‑
tions tested (1–50 µM) for 6 days in cell culture. Interestingly, both G2-S16 and G2-S24P showed a remarked inhibi‑
tion at 10 µM against HCMV infection. Results on attachment and virucidal assays indicated that the inhibition was 
not directed to the virus or the virus-cell attachment. However, results of time of addition, showed a longer lasting 
activity of these dendrimers in comparison to ganciclovir, and the combination of G2-S16 or G2-S24P with ganciclovir 
increases the HCMV inhibition around 90 %.

Conclusions:  Nanotechnology, in particular polyanionic carbosilane dendrimers, have proved their potential applica‑
tion against HCMV, being capable of inhibiting the infection by themselves or enhancing the activity of ganciclovir, 
the actual treatment. These compounds represent a low-cost approach to fight HCMV infections.
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Introduction
The human herpesvirus 5 or human cytomegalovirus 
(HCMV) is a widespread pathogen, belonging to beta-
herpesviridae family. The HCMV genome consists of a 

double stranded DNA with approximately 230,000  bp. 
The genome is enclosed by an icosahedral capsid (100–
110 nm diameter) and the mature viral particle has a 
diameter of 150–200 nm [1].

The HCMV infects and replicates in a wide variety of 
cells, including epithelial cells of gland and mucosal tis-
sue, smooth muscle cells, fibroblasts, macrophages, den-
dritic cells, hepatocytes and vascular endothelial cells 
[2]. This broad cell tropism causes systemic spread in the 
human body, and inter-host spread.
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In immunocompetent individuals, HCMV infection is 
asymptomatic in most cases or yield minor symptoms. 
However, asymptomatic individuals are able to spread 
the HCMV by several body fluids [1]. Foremost, in 
immunosupressed individuals, as AIDS patients, elders 
or transplant recipients, HCMV infection can lead to 
dissemination and life-threatening end-organ diseases 
[3]. Moreover, congenital HCMV (cCMV) infections can 
cause severe clinical deficiencies in the development of 
the foetus and can produce an impact of 0.7 in newborns, 
being the pathogen of congenital transmission more 
common in the worldwide [4]. Congenital infections are 
usually caused by a primary infection of the mother dur-
ing pregnancy with an intrauterine transmission rate of 
40–50%.

The HCMV represents an important co-infection 
in HIV-1 infected patients. HCMV is associated with 
increased morbidity and mortality [5], specifically in 
African population, where the seroprevalence of HCMV 
infection is near 80% in HIV-1 patients. Data obtained 
from patients in the South Africa indicate that in severely 
HCMV patients, ganciclovir therapy could be life-saving. 
However, in this country, the access to common treat-
ments is not always available as a consequence of their 
high cost. Moreover, no routinely tests for HCMV infec-
tion are performed in most developing countries [6]. Due 
to these factors, the discovery of new treatments is essen-
tial, since new resistances are emerging in current treat-
ments [7–9].

Our group has focused on the study of different poly-
anionic carbosilane dendrimers (PCDs). These den-
drimers have shown their ability to prevent or even to 
eliminate the transmission of several sexual infectious 
diseases such as HIV-1, Human Herpes Virus (HSV-
1), (HSV-2) or Hepatitis C Virus (HCV) [10–14]. In last 
decades the nanotechnology has achieved many goals in 
different fields, from basic application to biomedicine, 
emerging new applications and treatments [15–18]. Den-
drimers are hyperbranched nanoparticles, consisting of 
a silicon or polyphenolic core, surrounded by tree-like 
branches in which generations are defined by the number 
of repeated layers of the branches units. In the periphery 
of branches, several functional groups are located, which 
can be modified, allowing dendrimers to develop several 
functionalities.

Different groups have shown that the probability of 
HCMV infection increases in HIV-1 infected patients 
due to different protein and cofactor interactions, and 
vice versa [18–20]. In those cases, a low-cost treatment 
capable of inhibiting one, or even both infections, could 
drastically reduce the great incidence of both diseases 
in different developing countries. Altogether, along with 
the high prevalence of HCMV and HIV-1 co-infection in 

several countries, the developing of a cost-effective treat-
ment that would be capable of diminishing both infec-
tions is of remarked importance. In our work, we present 
G2-S16 and G2-S24P PCDs, which are capable of reduc-
ing HCMV infection showing good biocompatibility. 
Although the mechanism of action of G2-S16 or G2-S24P 
dendrimer against HCMV infection has not been deci-
phered yet, the promising results, along with the cost-
effective production of these nanocompounds, position 
those PCDs as good antiviral agents against HCMV.

Our objective is to demonstrate that nanoparticles, 
specifically PCDs with sulfonate or sulfate groups in their 
periphery, are capable of inhibiting HCMV infection in 
vitro.

Materials and methods
Dendrimers
PCDs G1-S4 with silicon core and 4 sulfate groups in 
periphery, G2-S16 with silicon core and 16 sulfonate 
groups in the periphery, and G2-S24P with a polyphe-
nolic core and 24 sulfonate groups in the periphery. All 
dendrimers ranged between 1 and 20 nm being bigger as 
the generation of the dendrimers increases. PCDs were 
synthesized and analyzed according to methods reported 
by the Dendrimers for Biomedical Applications Group 
of University of Alcalá (Madrid, Spain) [21–23]. NMR 
spectroscopy data confirmed the identity of compounds: 
G1-S4 1H NMR (DMSO-d6): 7.85 (s, 4H, NCHCN), 
4.26 (s, 8H, SiCH2CH2CH2CH2N), 3.91 (s, 8H, CCH-
2CH2OSO32), 2.85 (s, 8H, CCH2CH2OSO32), 1.77 (s, 
8H, SiCH2CH2CH2CH2N), 1.25 (s, 16H, SiCH2CH2), 
0.50 (s, 24H, SiCH2), 20.10 (s, 24H,Si(CH3)2). 13 C{1H} 
NMR (DMSO-d6): 143.1 (NCHCN), 121.8 (NCHCN), 
64.3 (CCH2CH2OSO32), 48.3 (SiCH2CH2CH2CH2N), 
33.1 (SiCH2CH2CH2CH2N), 25.5 (CCH2CH2OSO32) 
19.9–13.8 (SiCH2CH2 y SiCH2), 23.8 (Si(CH3)2). 
29Si NMR (DMSO-d6): 1.7 (Si(CH3)2) G2-S16 (1H-
NMR (D2O): − 0.21 (br. s, 12 H, SiMe), − 0.16 (s, 48 
H, SiMe2), 0.28 (m, 16 H, SiCH2CH2CH2N), 0.43 (m, 
48 H, SiCH2CH2CH2Si), 1.21–1.31 (m, 40 H, SiCH-
2CH2CH2Si and SiCH2CH2CH2N), 2.28 (m, 16 H, 
CH2CHCH2N), 2.76 (m, 32 H, NCH2CH2SO3), 2.86 
(m, 32 H, NCH2CH2SO3). 13  C-NMR{1H} (D2O): − 
4.4 (SiMe), − 3.5 (SiMe2), 12.4 (SiCH2CH2CH2N), 
17.7–18.5 (CH2), 20.1 (CH2), 46.7 (NCH2CH2SO3), 48.0 
(NCH2CH2SO3), 56.9 (CH2CH2CH2N). 29Si-NMR 
(D2O): G0-Si not observed, 1.1 (G1-Si), 2.1 (G2-Si)) and 
G2-S24P 1H-NMR (D2O): − 0.18 (br. s, 99 H, SiMe), 0.28 
(m, 30 H, SiCH2), 0.41 (m, 72 H, SiCH2), 1.05–1.20 (m, 
66H, CH2CH2CH2), 1.60 (m, 2 H, OCH2CH2), 2.27 (m, 
24 H, CH2CHCH2N), 2.75 (m, 48 H, NCH2CH2SO3), 
2.85 (m, 48 H, NCH2CH2SO3), 3.42 (m, 2 H, OCH2), 
5.64 (br. s, 3 H, C6H3).
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13  C-NMR{1H} (D2O): − 4.6 (SiMe),−3.4 (SiMe2), 
12.7 (SiCH2CH2CH2N), 18.5 (CH2), 20.0 (CH2), 
20.7 (CH2), 22.4 (CH2), 47.1 (NCH2CH2SO3), 47.8 
(NCH2CH2SO3), 57.2 (CH2CH2CH2N), 66.9 (OCH2), 
93.6 (C6H3, CH), 160.6 (i-C6H3). 15  N-NMR (D2O): 
− 343.2. 29Si-NMR (D2O): 1.7 (only one peak was 
observed) (Additional file 1). Stock solution of dendrim-
ers (5 mM) and subsequent dilutions to work concentra-
tions were prepared in nuclease-free water (Promega, 
Madrid, Spain). The schematic structures of PDCs are 
presented in Fig. 1. NMR spectroscopy data NMR spec-
tra were recorded on a Varian Unity VXR-300 (300.13 
(1H), 75.47 (13 C) MHz) or on a Bruker AV400 (400.13 
(1H), 100.60 (13 C), 79.49 (29Si) MHz).

Cells and viruses
Human lung fibroblast cells (MRC-5) (ATCC CCL-171) 
were cultured in Dulbeco’s Modified Essential Medium 
(DMEM) supplemented with 10% Heat- inactivated Fetal 
Bovine Serum (FBS) and 1% antibiotics cocktail con-
taining 125 mg/ml ampicilin, 125 mg/ml cloxaciclin and 
40 mg/ml gentamicin (Normon, Madrid, Spain). The viral 
strain HCMVAD−169 (ATCC VR-538) was expanded and 
titrated in MRC-5 cell line by plaque assay with serial 
dilutions. Stock aliquots at 3.5 × 106 PFU/mL were pre-
pared by ultracentrifugation and stored at − 80 ºC.

Mitochondrial activity assay
The mitochondrial toxicity of G1-S4, G2-S16 and 
G2-S24P PCDs was tested by the 3-(4-5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay (Sigma, St. Louis, USA) according to manufac-
turer’s instructions. Briefly, 1 × 105 cells/well of MRC-5 
cells were seeded in 96-well plates and treated with the 
desired compounds for 6 days in a concentration range 
(1–50 µM). After incubation, culture medium was dis-
carded and 220 µl of a 1:11 MTT (5 mg/ml)/OptiMEM 
solution was added to cultured MRC-5 cells. After 3  h, 
the supernatant was removed, and formazan crystals 
were dissolved in 200 µl DMSO (Sigma, St. Louis, MO, 
USA) absorbance was read in a Berthold Plate Reader at 
570 nm. All points were performed in triplicate. DMSO 
10 % was used as death cellular control. Non-treated cells 
were used as viability control.

Membrane integrity assay
Cellular toxicity was measured by the lactate deshidroge-
nase (LDH) assay CytoTox 96® Non-Radioactive Cytotox-
icity (Promega, Spain, Madrid) following manufacturer’s 
instructions. Briefly, 1 × 105 MRC-5 cells were seeded in 
96-well plates and treated with the desired compounds 
for 6 days in a concentration range (1–50 µM). After the 

incubation period, MRC-5 cells were lysed in 0.9 % Tri-
ton X-100 (Promega, Spain, Madrid) for 45 min at 37 ºC 
and 50 µl of LDH reagent (Promega, Spain, Madrid) was 
added for 30 min at room temperature, protected from 
light. Absorbance was read in a Berthold Plate Reader at 
490 nm. All points were performed by triplicate. Non-
treated MRC-5 cells were used as viability control.

Inhibition assay
The potential activity of PCDs against HCMVAD−169 
infection was measured by plaque reduction assays. 
Briefly, 7.5 × 104 cells/well of MRC-5 cells were seeded 
in 24-well plates and incubated at 37 ºC for 24 h. After 
incubation, MRC-5 cells were treated with G1-S4, 
G2-S16 or G2-S24P for 1 h at 37 ºC and infected with 
60 PFU of HCMVAD−169 for 2 h at 37 ºC, inoculum was 
discarded and DMEM supplemented with 2 % FBS was 
added. MRC-5 cells were incubated for 6 days at 37 
ºC, MRC-5 cells need 6 days after the virus was added 
to develop cytopathic effects by HCMV. After that 
supernatant was discarded and MRC-5 cells were dyed 
with Methylene Blue (Sigma, St. Louis, MO, USA) for 
plaque counting. Percentage of inhibition is given as 
the reduction of the plaques formed with dendrimers 
treatments in comparison with the infection control.

Attachment assay
To study if the inhibition of PCDs is directed to block 
the virus-membrane interaction, membrane attachment 
studies were performed by plaque reduction assays. 
Briefly, 7.5 × 104 MRC-5 cells/well were seeded in 24-well 
plates and incubated at 37 ºC for 24 h. After incubation, 
MRC-5 cells were pre-cooled at 4 ºC for 15 min and 
treated with G1-S4, G2-S16 or G2-S24P for 1  h at 4 ºC 
and infected with 60 PFU of HCMVAD−169 for 2  h at 4 
ºC, inoculum was discarded and DMEM supplemented 
with 2 % FBS was added. MRC-5 cells were incubated for 
6 days at 37 ºC, supernatant was discarded and MRC-5 
cells were dyed with Methylene Blue for plaque counting. 
Percentage of inhibition is given as the reduction of the 
plaques formed with dendrimers treatments with regard 
to the infection control.

Virucidal activity
To study the direct interaction between dendrimers 
and virus, virucidal activity by plaque reduction assays 
were performed. Briefly, 7.5 × 104 MRC-5 cells/well 
were seeded in 24-well plates and incubated at 37 ºC 
for 24  h. We combine G2-S16 or G2-S24P at 10 µM 
with 60 PFU/ml of MRC-5 cell free HCMVAD−169 for 
2  h at 37 ºC. After incubation, the eppendorfs were 
centrifugated at 12,000 rpm for 1 h at 4 ºC, supernatant 
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was discarded, rinsed with PBS and centrifugated at 
12,000 rpm for 1 h at 4 ºC to eliminate the compound. 
Finally, supernatant was replaced with fresh DMEM 
supplemented with 2% FBS and added to MRC-5 cells. 
Triton X-100 at 0.1% was used as positive control of 
disrupting HCMVAD−169 membrane. HCMVAD−169 
infection was revealed as described before.

Time of addition
To specify the inhibition check point of dendrimers 
in the viral cycle, the activity of G2-S16 and G2-S24P 
dendrimers was studied at different time points post-
infection by plaque reduction assays. Briefly, 7.5 × 104 
MRC-5 cells/well were seeded in 24-well plates and 
incubated at 37 ºC for 24  h. After incubation, MRC-5 
cells were infected with 60 PFU of HCMVAD−169 and 
treated at 0, 24, 48, 72 and 96  h post-infection, either 
with G2-S16, G2-S24P, ganciclovir or a combination 
of PCDs with ganciclovir. In all conditions, MRC-5 
cells were incubated for 6 days after infection at 37 ºC, 
and HCMVAD−169 infection was revealed as described 
before. Percentage of inhibition is given as the reduc-
tion of the plaques formed with G2-S16 dendrimer, 
ganciclovir or G2-S16/ganciclovir treatments with 
regard to the infection control.

Confocal microscopy
To confirm the results obtained by plaque reduction 
assays, we performed confocal microscopy in MRC-5 
cells. Briefly, 7.5 × 104 MRC-5 cells were plated and incu-
bated for 24 h in 24-well plates, in which was previously 
added a 12 mm cover-glass per well pre-treated with Col-
lagen IV (Sigma-Aldrich, St. Louis, MO, USA) for 1  h. 
After incubation, MRC-5 cells were treated with G2-S16 
for 1 h at 37 ºC and infected with 60 PFU of HCMVAD− 169 
for 2  h at 37 ºC, inoculum was discarded and fresh 
DMEM, supplemented with 10 % FBS, was added. MRC-5 
cells were incubated for 6 days, then supernatant was dis-
carded and cells were fixed in 4 % paraformaldehide (PFA; 
Panreac, Barcelona, Spain) for 10 min, washed 3 times in 
PBS and permeabilized with 0.1 % Triton X-100 (Sigma-
Aldrich, St. Louis, MO, USA) for 10 min. After incuba-
tion MRC-5 cells were washed 3 times in PBS, blocked 
with 1 % bovine serum albumin (BSA Sigma-Aldrich, St. 
Louis, MO, USA) and 0.1 % Triton X-100 in PBS for 30 
min and incubated with Cytomegalovirus pp65 Antibody, 
ALEXA FLUOR® 488 Conjugated (bioNova cientifica 
S.L) and phalloidin ALEXA FLUOR® 555 Conjugated 
antibody for 1  h, MRC-5 cells were washed 3 times in 
PBS and dyed with DAPI (Sigma-Aldrich, St. Louis, MO, 
USA) 10 min. Finally, the cover glasses were mounted in 

Fig. 1  Schematic synthesis route and molecular representation of dendrimers. a G1-S4 with silicon core and 4 sulfate end groups, b G2-S16 with 
silicon core and 16 sulfonate end groups and c G2-S24P with polyphenolic core and 24 sulfonate end groups were represented. The generation of 
dendrimers is determined by considering that each generation corresponds to the number of repeating layers of silicon atoms
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slides and analyzed in a Leica TSC SPE confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). Fluo-
rescence was analyzed using ImageJ software (National 
Institute of Health, USA).

Statistics
Statistical analysis was performed using GraphPad soft-
ware Prism v.5.0 (GraphPad Software, San Diego, CA 
USA) and results were assessed by using a paired t-test 
between two groups (control versus different dosages 
of compounds or treated versus ganciclovir and G2-S16 
or G2-S24P) (*p < 0.05; **p < 0.005; ***p < 0.001). Time 
of addition assays were analyzed by a 2 ways ANOVA 
between 2 groups (ganciclovir versus combinations with 
G2-S16 or G2-S24P).

Result and discussion
Biocompatibility of dendrimers in human lung fibroblast 
cell line
The analysis of biocompatibility of G1-S4 dendrimer 
with 4 sulfate groups in periphery, G2-S16 dendrimer 
with 16 sulfonate groups in periphery and G2-S24P den-
drimer with a polyphenolic core and 24 sulfonate groups 
in periphery was performed by studying the mitochon-
drial activity (MTT) and cell membrane integrity (LDH) 
of treatments at increasing concentrations (1, 5, 10, 20, 
35, 50 µM) for 6 days in MRC-5 cell culture (Fig. 2). The 
MTT results in MRC-5 cells show that G1-S4, G2-S16 
and G2-S24P PCDs at more than 1 µM cause a dose-
dependent reduction in mitochondrial activity. In con-
trast with MTT results, that shows a specific state of 
mitochondrial activity and is not categorical of cell death 
[24]. LDH results, which refers to cell membrane integ-
rity, show different results, indicating that treatments 
with G1-S4, G2-S16 and G2-S24P PCDs for 6 days do not 
cause any damage in MRC-5 cells membranes, even the 
tendency was similar.

G1‑S4, G2‑S16 and G2‑S24P PCDs inhibition 
against HCMVAD−169 infection
Previously published reports of PCDs against HIV-1 
[25], HSV-2 [11, 12] or even HCV [10] propose PCDs 
as alternative agents against several viral infections [26]. 
The studies of the potential activity of G1-S4, G2-S16 
and G2-S24P PCDs against HCMVAD−169 infection was 
performed by plaque reduction assays in MRC-5 cells 
(Fig.  3). The results represent the percentage of infec-
tion in regard of the infection control. Results show that 
G1-S4 dendrimer at all concentrations tested do not 
cause any reduction in the number of plaques. In con-
trast G2-S16 and G2-S24P dendrimers show a significant 
reduction of the HCMVAD−169 infection in compari-
son with the infection control. Both second generation 

dendrimers at 5 µM cause approximately 50% of inhi-
bition, reaching the maximum inhibition for G2-S24P. 
However, G2-S16 dendrimer at a concentration of 10 µM 
leads to 80% of plaque reduction in MRC-5 cells, showing 
a dose-dependent mechanism of action.

Confocal microscopy of HCMVAD−169 infection in MRC‑5 cell 
line
In order to confirm the inhibitory activity of G2-S16 
against HCMVAD-169, previously observed by plaque 
reduction assays in the MRC-5 cell line, confocal micros-
copy images were taken of treatments with G2-S16 
dendrimer.

The fibroblast-like morphology of MRC-5 cells was 
visualized by interaction with actin filaments, through 
a red phalloidin stain, HCMVAD-169 infection was visu-
alized thanks to the labelling with an antibody against 
the viral protein integument pp65 in green colour and 
cell nuclei were marked in blue by DAPI staining. The 
results indicate that treatments with G2-S16 dendrimer, 
compared to control of infection, not only reduce nota-
bly the number of plaques as shown in Fig. 4, but also 
the size of the plaques itself decreases in about 40 % 
(data not shown). We hypothesize that this decreasing 
in the plaque size is probably meaning, either that den-
drimer is not allowing a normal replication of the virus 
or that the new transcribed virus is not able to infect 
the nearest cells, as we can observe viral protein in the 
centre of the plaque with G2-S16 dendrimer treatment, 
but not the same spreading as control of HCMVAD-169 
infection.

Inhibition of virus‐cell membrane attachment
To study if the mechanism of action of dendrimers 
against HCMVAD-169 infection was directed to block the 
interaction of the virus at the cell membrane, attachment 
assays were performed. In order to observe this inter-
action, the cell membrane was forced at 4 ºC to be less 
permeable either to virus and dendrimer. Previously data 
published in our group with those PCDs against HSV-1 
and HSV-2 infection, indicated that G1-S4 and G2-S16 
dendrimers inhibition mechanism was directed to inhibit 
virus-cell membrane interaction [10]. In contrast, in our 
results (Fig.  5) HCMVAD-169 infection was not reduced 
in this assay at any PCDs concentration, leading to the 
hypothesis that in this case, G1-S4, G2-S16 and G2-S24P 
PCDs are not inhibiting the HCMVAD−169 entry to the 
MRC-5 cells. There is no inhibition at the cell membrane 
level. In fact, these results indicate that the inhibition 
observed in previous assays is occurring in an intracellu-
lar level, and that PCDs do not have an unspecific mecha-
nism of action, even more, the behaviour depends on the 
viral cycle and the host cell.
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Virucidal activity of G2‑S16 and G2‑S24P dendrimers 
against HCMVAD‑169
Antiviral activity of PCDs has already been described, 
specifically direct interaction of G2-S16 dendrimer 
against the viral glycoprotein 120 (gp120) in HIV-1 infec-
tion [13], leading to a disruption on viral membrane, 
reducing the viral infection. To study the direct interac-
tion between G1-S4, G2-S16 and G2-S24P PCDs against 
cell-free HCMVAD−169, virucidal assays were performed. 
The results (Fig. 6) show that direct contact of PCDs with 
HCMVAD−169 do not cause any disruption on virus mem-
brane, leading to a complete infection in G2-S16 and 
G2-S24P dendrimers treatments in comparison with Tri-
ton X-100.

Time‐of‐addition of G2‑S16 and G2‑S24P dendrimers 
during HCMVAD−169 infection
A time of addition assay was performed to study the 
mode of action of G2-S16 and G2-S24P dendrim-
ers either alone, or in combination with ganciclovir 

during a viral infection cycle in MRC-5 cells (Fig.  7). 
Ganciclovir results, measured by plaque reduction 
assay, show that it maintains its inhibitory activity if 
added 48 h post HCMVAD−169 infection. After that time 
point, the HCMVAD−169 inhibition is reduced to 40% at 
72  h and 20% at 96  h. However, we obtained different 
results with dendrimers single treatment, in the case of 
G2-S16, inhibition activity is maintained longer than we 
observed with ganciclovir. During the first stages of the 
HCMVAD−169 cycle, G2-S16 at 10 µM is able to main-
tain 70–80% of HCMVAD−169 inhibition activity, inter-
estingly at the 48  h time point, ganciclovir and G2-S16 
reach the same inhibition rate, but in contrast of the elec-
tion drug, G2-S16 inhibition activity last longer, reach-
ing 55–60 % of HCMVAD−169 inhibition even if treated 
96 h post-infection. We also performed a combination of 
G2-S16 dendrimer and ganciclovir and we observe that 
the plaque number at almost all time points is greatly 
reduced, specifically, for 72  h post infection all points 
show an HCMVAD−169 inhibition of almost 90–95% of 

Fig. 2  Biocompatibility studies of polyanionic carbosilane dendrimers (PCDs). a MTT and b LDH assays were performed in MRC-5 cells for 6 days 
treatments. MRC-5 cells were treated with increased concentration range (1 µM – 50 µM) of G1-S4, G2-S16 or G2-S24P PCD. Non-treated (NT) MRC-5 
cells were used as cell viability control. DMSO was used as cell death control. NT, non-treated control; DMSO, Dimethyl sulfoxide. The mean values 
(mean ± SD) of at least three independent experiments are shown (*p < 0.05; **p < 0.005; ***p < 0.001)
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the infection, and this combination reduces its inhibi-
tory activity at 96  h, with almost 80% of HCMVAD−169 
inhibition.

In the other hand, G2-S24P dendrimer report similar 
behaviour but with lower HCMVAD−169 inhibition rate 
than G2-S16, in this case, at 24 h post infection G2-S24P 
dendrimer reaches 60% inhibition and maintains this 
activity for 72 h, at this time point the activity is similar 
to ganciclovir inhibition rate. Surprisingly, the combina-
tion of G2-S24P and ganciclovir shows an increased inhi-
bition, reaching 90–95% for the first 48 h post infection, 
and decreases to 70–80% at 72 h and 96 h.

This increased inhibition rate is probably due to the 
combination of different mechanisms of action. Gan-
ciclovir is a well know synthetic nucleoside analogue 
of guanine, related to acyclovir but has greater activity 
against HCMV and acts as DNA polymerase inhibitor 
[27].

In this respect, results on attachment, virucidal activ-
ity and time of addition, that compares G2-S16 and 
G2-S24P dendrimers with ganciclovir behaviour, may 
set an approximate mechanism of action of these den-
drimers. However specific mechanism of action against 
HCMVAD−169 has not been deciphered yet. Both den-
drimers show activity against HCMVAD−169 infection. We 
hypothesize, based on MTT assays (Fig. 2), that G2-S16 
and G2-S24P dendrimers decrease mitochondrial activ-
ity, either by direct inhibition of mitochondria without 
causing global cell toxicity, or modifying other pathways 
in cell metabolism that may be covering mitochondrial 

activity in the MTT results. This reduction in mito-
chondrial activity is probably one of the key factors that 
induces the reduction of HCMVAD−169 infection, as this 
virus is known to depend on this pathway for production 
and assembly of viral proteins [28, 29].

Fig. 3  Inhibition activity of dendrimers against HCMVAD−169. 
Plaque reduction assays were performed in MRC-5 cells for 6 days 
treatments. MRC-5 cells were pre-treated for 1 h at 37 ºC with 
increased concentrations of G1-S4, G2-S16 and G2-S24P PCDs (1, 5 
and 10 µM) and infected with 60 PFU at 37 ºC. Plaques were counted 
after 6 days with a methylene blue dye. Percentage of infection is 
represented as the number of plaques in treatments in regard of 
the control of infection. CI, Control of Infection;  NT, non-treated 
control. The mean values (mean ± SD) of at least four independent 
experiments are shown (*p < 0.05; **p < 0.005; ***p < 0.001)

Fig. 4  Representative images of HCMVAD-169 plaques in treatments 
with G2-S16 dendrimer. a Optical and b confocal representative 
images of MRC-5 cells. Briefly, MRC-5 cells were plated and treated 
with G2-S16 dendrimer (10 µM) for 1 h and infected with 60 PFU for 
2 h at 37 ºC. After 6 days incubation a MRC-5 cells were dyed with 
methylene blue and images were taken on a DMIL Leica microscope 
at 4X augment. b MRC-5 cells were treated with HCMVpp65 ALEXA 
FLUOR® 488 Antibody Conjugated for viral particles visualization, 
phalloidin ALEXA FLUOR® 555 Conjugated and DAPI for membrane 
and nucleus localization. NT: non-treated; CI: control of infection

Fig. 5  Activity of PCDs at cell membrane-virus attachment. 
Plaque reduction assays were performed in MRC-5 cells for 6 days 
treatments. MRC-5 cells were pre-cooled at 4 ºC and pre-treated 
for 1 h at 4 ºC with increased concentrations of G1-S4, G2-S16 and 
G2-S24P PCDs (1, 5 and 10 µM) and infected with 60 PFU at 4 ºC. 
Plaques were counted after 6 days with a methylene blue dye. 
Percentage of infection is represented as the number of plaques 
in treatments in regard of the control of HCMVAD−169 infection. CI: 
Control of Infection NT = non-treated control. The mean values 
(mean ± SD) of at least four independent experiments are shown 
(*p < 0.05; **p < 0.005; ***p < 0.001)
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Conclusions
Summing up, treatments against HCMV infection started 
to fail in last years, as new resistances appeared. In addition, 
common treatments as ganciclovir or valganciclovir are not 
available in developing countries such as African continent, 
due to their high cost and no accessibility of HCMV tests. 
Thereby, the spread of HCMV infection in those countries 
is not reduced. Due to this facts, antiviral dendrimers could 
be a new approach in several fields. Its main role would be 
as a treatment or prophylaxis in countries with little acces-
sibility to commercial antivirals, but also as a result of the 
good biocompatibility showed, it could be used in the field 
of transplant recipients. Dendrimer could eliminate the 
virus before the organ reach final host, or even so in con-
genital infections as HCMV is very present in vertical trans-
mission. In either case G2-S16 or G2-S24P are presented as 
potent tools against HCMV either alone or in combination 
with the actual treatments. However, further studies should 
be performed to decipher the specific mechanism of action 
to develop new compounds for specific targets, for example 
in order to stop virus from crossing the placenta or to elimi-
nate it in blood transfusions.
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Fig. 6  Virucidal activity of G2-S16 or G2-S24P dendrimers against 
HCMVAD−169. Plaque reduction assays were performed in MRC-5 cells 
for 6 days treatments. G2-S16 or G2-S24P dendrimer at 10 µM was 
incubated with 60 PFU for 2 h at 37 ºC. By several centrifugations 
at 12,000 RPM virus was pelleted, resuspended in fresh DMEM and 
added to MRC-5 cells for plaque reduction assays. Plaques were 
counted after 6 days with a methylene blue dye. Percentage of 
HCMVAD−169 infection is represented as the number of plaques in 
treatments in regard of the control of infection. Triton X-100 was used 
as a positive control of virus membrane disruption. CI: Control of 
Infection, NT: non-treated control. The mean values (mean ± SD) of at 
least four independent experiments are shown (*p < 0.05; **p < 0.005; 
***p < 0.001)

Fig. 7  Time of addition of G2-S16 or G2-S24P dendrimer and 
their combinations with ganciclovir. Plaque reduction assays were 
performed in MRC-5 cells for 6 days. MRC-5 cells were seeded, 
infected with 60 PFU and treated at different time points (0, 24, 
48, 72 and 96 h post-infection) with either a ganciclovir, G2-S16 
dendrimer and G2-S16 dendrimer + ganciclovir combination b 
ganciclovir, G2-S24P dendrimer, and G2-S24P + ganciclovir. Plaques 
were counted after 6 days with a methylene blue dye. Percentage 
of HCMVAD−169 infection is represented as the number of plaques 
in treatments in regard of the control of HCMVAD−169 infection. 
CI: Control of infection, NT: non-treated control. The mean values 
(mean ± SD) of at least four independent experiments are shown 
(*p < 0.05; **p < 0.005; ***p < 0.001)

https://doi.org/10.1186/s12951-021-00809-4
https://doi.org/10.1186/s12951-021-00809-4


Page 9 of 9Relaño‑Rodríguez et al. J Nanobiotechnol           (2021) 19:65 	

The authors thank the Spanish HIV BioBank for providing human lung 
fibroblast cells (MRC-5) and the viral strain HCMVAD−169 (ATCC VR-538) and 
Raquel Juarez-Sanchez for her expert technical assistance.

Authors’ contributions
MAM-F designed the study, analysed and discussed data and wrote the manu‑
script. JLJ discussed and interpreted data. IR-R developed the methodology, 
analysed, discussed data and composed figures. MSE-B and VM-C performed 
experiments, analyzed the data, composed the figures and interpreted the 
data. RG-R provided the dendrimers. All authors read and approved the final 
manuscript.

Availability of data and materials 
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request. 

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Section Head Immunology, Laboratorio InmunoBiología Molecular, Hospital 
General Universitario Gregorio Marañón (HGUGM), Madrid, Spain. 2 Instituto 
de Investigación Sanitaria Gregorio Marañón (IiSGM), Madrid, Spain. 3 Depar‑
tamento de Química Orgánica y Química Inorgánica, Universidad de Alcalá, 
Instituto de Investigación Química “Andrés M. del Río” (IQAR), UAH, Alcalá de 
Henares 28871, Spain. 4 Spanish HIV-HGM BioBank, Madrid, Spain. 5 Network‑
ing Research Center on Bioengineering, Biomaterials and Nanomedicine 
(CIBER-BBN), Madrid, Spain. 

Received: 6 November 2020   Accepted: 18 February 2021

References
	1.	 Schottstedt V, Blumel J, Burger R, Drosten C, Groner A, Gurtler L, et al. 

Human Cytomegalovirus (HCMV) - Revised. Transfus Med Hemother. 
2010;37(6):365–75.

	2.	 Sinzger C, Digel M, Jahn G. Cytomegalovirus cell tropism. Curr Top Micro‑
biol Immunol. 2008;325:63–83.

	3.	 Sia IG, Patel R. New strategies for prevention and therapy of cytomeg‑
alovirus infection and disease in solid-organ transplant recipients. Clin 
Microbiol Rev. 2000;13(1):83–121

	4.	 Manicklal S, Emery VC, Lazzarotto T, Boppana SB, Gupta RK. The “silent” 
global burden of congenital cytomegalovirus. Clin Microbiol Rev. 
2013;26(1):86–102.

	5.	 Adland E, Klenerman P, Goulder P, Matthews PC. Ongoing burden of dis‑
ease and mortality from HIV/CMV coinfection in Africa in the antiretroviral 
therapy era. Front Microbiol. 2015;6:1016.

	6.	 Bates M, Brantsaeter AB. Human cytomegalovirus (CMV) in Africa: a 
neglected but important pathogen. J Virus Erad. 2016;2(3):136–42.

	7.	 Cintra-Cabrera M, Suarez-Benjumea A, Bernal-Blanco G, Gonzalez-Ron‑
cero FM, Toapanta-Gaibor NG, Suner-Poblet M, et al. Resistant cytomeg‑
alovirus infection after renal transplantation: literature review. Transplant 
Proc. 2018;50(2):575–7.

	8.	 Myhre HA, Haug Dorenberg D, Kristiansen KI, Rollag H, Leivestad T, Asberg 
A, et al. Incidence and outcomes of ganciclovir-resistant cytomegalo‑
virus infections in 1244 kidney transplant recipients. Transplantation. 
2011;92(2):217–23.

	9.	 Rolling KE, Jorgenson MR, Descourouez JL, Mandelbrot DA, Redfield RR, 
Smith JA. Ganciclovir-resistant cytomegalovirus infection in abdominal 
solid organ transplant recipients: case series and review of the literature. 
Pharmacotherapy. 2017;37(10):1258–71.

	10.	 Guerrero-Beltran C, Cena-Diez R, Sepulveda-Crespo D, De la Mata J, 
Gomez R, Leal M, et al. Carbosilane dendrons with fatty acids at the 

core as a new potential microbicide against HSV-2/HIV-1 co-infection. 
Nanoscale. 2017;9(44):17263–73.

	11.	 Sepulveda-Crespo D, Cena-Diez R, Jimenez JL, Angeles M-F. Mechanistic 
studies of viral entry: an overview of dendrimer-based microbicides as 
entry inhibitors against both HIV and HSV-2 overlapped infections. Med 
Res Rev. 2017;37(1):149–79.

	12.	 Cena-Diez R, Vacas-Cordoba E, Garcia-Broncano P, de la Mata FJ, Gomez R, 
Maly M, et al. Prevention of vaginal and rectal herpes simplex virus type 
2 transmission in mice: mechanism of antiviral action. Int J Nanomed. 
2016;11:2147–62.

	13.	 Guerrero-Beltran C, Rodriguez-Izquierdo I, Serramia MJ, Araya-Duran 
I, Marquez-Miranda V, Gomez R, et al. Anionic carbosilane dendrimers 
destabilize the GP120-CD4 complex blocking HIV-1 entry and cell to cell 
fusion. Bioconjug Chem. 2018;29(5):1584–94.

	14.	 Sepulveda-Crespo D, Jimenez JL, Gomez R, De La Mata FJ, Majano PL, 
Munoz-Fernandez MA, et al. Polyanionic carbosilane dendrimers prevent 
hepatitis C virus infection in cell culture. Nanomedicine. 2017;13(1):49–58.

	15.	 Kamaleddin MA. Nano-ophthalmology: applications and considerations. 
Nanomedicine. 2017;13(4):1459–72.

	16.	 Dumanli AG. Nanocellulose and its composites for biomedical applica‑
tions. Curr Med Chem. 2017;24(5):512–28.

	17.	 Wang Y, Zhao Q, Han N, Bai L, Li J, Liu J, et al. Mesoporous silica nano‑
particles in drug delivery and biomedical applications. Nanomedicine. 
2015;11(2):313–27.

	18.	 Cheung AKL, Huang Y, Kwok HY, Chen M, Chen Z. Latent human cyto‑
megalovirus enhances HIV-1 infection in CD34(+) progenitor cells. Blood 
Adv. 2017;1(5):306–18.

	19.	 Johnson EL, Boggavarapu S, Johnson ES, Lal AA, Agrawal P, Bhaumik SK, 
et al. Human cytomegalovirus enhances placental susceptibility and 
replication of human immunodeficiency virus type 1 (HIV-1), which may 
facilitate in utero HIV-1 transmission. J Infect Dis. 2018;218(9):1464–73.

	20.	 Mania A, Kemnitz P, Cudnoch K, Mazur-Melewska K, Figlerowicz M, 
Sluzewski W. Clinical condition and transmission of coinfections with 
human cytomegalovirus in infants of HIV-1 infected mothers in the 
era of mother-to-child-transmission prophylaxis. Early Hum Dev. 
2013;89(2):119–24.

	21.	 Gutiérrez-Ulloa C, Peña-González CE, Barrios-Gumiel A, Ceña-Díez 
R, Serramía-Lobera MJ, Muñoz-Fernández MÁ, et al. New synthetic 
procedure for the antiviral sulfonate carbosilane dendrimer G2–S16 
and its fluorescein-labelled derivative for biological studies. RSC Adv. 
2020;10(34):20083–8.

	22.	 Rasines B, Sanchez-Nieves J, Maiolo M, Maly M, Chonco L, Jimenez JL, et 
al. Synthesis, structure and molecular modelling of anionic carbosilane 
dendrimers. Dalton Trans. 2012;41(41):12733–48.

	23.	 Arnáiz E, Vacas-Córdoba E, Galán M, Pion M, Gómez R, Muñoz-Fernández 
MÁ, et al. Synthesis of anionic carbosilane dendrimers via “click chemistry” 
and their antiviral properties against HIV. J Polym Sci, Part A: Polym Chem. 
2014;52(8):1099–112.

	24.	 Stepanenko AA, Dmitrenko VV. Pitfalls of the MTT assay: direct and 
off-target effects of inhibitors can result in over/underestimation of cell 
viability. Gene. 2015;574(2):193–203.

	25.	 Rodriguez-Izquierdo I, Natalia C, Garcia F, Munoz-Fernandez M. G2-S16 
sulfonate dendrimer as new therapy for treatment failure in HIV-1 entry 
inhibitors. Nanomedicine (Lond). 2019;14(9):1095–107.

	26.	 Cena-Diez R, Martin-Moreno A, de la Mata FJ, Gomez-Ramirez R, Munoz E, 
Ardoy M, et al. G1–S4 or G2–S16 carbosilane dendrimer in combination 
with Platycodin D as a promising vaginal microbicide candidate with 
contraceptive activity. Int J Nanomed. 2019;14:2371–81.

	27.	 Al-Badr AA, Ajarim TDS. Ganciclovir. Profiles Drug Subst Excip Relat Meth‑
odol. 2018;43:1–208.

	28.	 Karniely S, Weekes MP, Antrobus R, Rorbach J, van Haute L, Umrania Y, 
et al. Human cytomegalovirus infection upregulates the mitochondrial 
transcription and translation machineries. MBio. 2016;7(2):e00029.

	29.	 Vysochan A, Sengupta A, Weljie AM, Alwine JC, Yu Y. ACSS2-mediated 
acetyl-CoA synthesis from acetate is necessary for human cytomegalovi‑
rus infection. Proc Natl Acad Sci USA. 2017;114(8):E1528–35.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Nanotechnology against human cytomegalovirus in vitro: polyanionic carbosilane dendrimers as antiviral agents
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Dendrimers
	Cells and viruses
	Mitochondrial activity assay
	Membrane integrity assay
	Inhibition assay
	Attachment assay
	Virucidal activity
	Time of addition
	Confocal microscopy
	Statistics

	Result and discussion
	Biocompatibility of dendrimers in human lung fibroblast cell line
	G1-S4, G2-S16 and G2-S24P PCDs inhibition against HCMVAD−169 infection
	Confocal microscopy of HCMVAD−169 infection in MRC-5 cell line
	Inhibition of virus‐cell membrane attachment
	Virucidal activity of G2-S16 and G2-S24P dendrimers against HCMVAD-169
	Time‐of‐addition of G2-S16 and G2-S24P dendrimers during HCMVAD−169 infection

	Conclusions
	Acknowledgements
	References




