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Enhanced activity of carbosilane dendrimers 
against HIV when combined with reverse 
transcriptase inhibitor drugs: searching  
for more potent microbicides

Abstract: Self-administered topical microbicides or oral preexposure prophylaxis could be 

very helpful tools for all risk groups to decrease the human immunodeficiency virus (HIV)-1 

infection rates. Up until now, antiretrovirals (ARVs) have been the most advanced microbicide 

candidates. Nevertheless, the majority of clinical trials has failed in HIV-1 patients. Nanotechnol-

ogy offers suitable approaches to develop novel antiviral agents. Thereby, new nanosystems, 

such as carbosilane dendrimers, have been shown to be safe and effective compounds against 

HIV with great potential as topical microbicides. In addition, because most of the attempts to 

develop effective topical microbicides were unsuccessful, combinatorial strategies could be a 

valid approach when designing new microbicides. We evaluated various combinations of anionic 

carbosilane dendrimers with sulfated (G3-S16) and naphthyl sulfonated (G2-NF16) ended 

groups with different ARVs against HIV-1 infection. The G3-S16 and G2-NF16 dendrimers 

showed a synergistic or additive activity profile with zidovudine, efavirenz, and tenofovir in 

the majority of the combinations tested against the X4 and R5 tropic HIV-1 in cell lines, as well 

as in human primary cells. Therefore, the combination of ARVs and polyanionic carbosilane 

dendrimers enhances the antiviral potency of the individual compounds, and our findings sup-

port further clinical research on combinational approaches as potential microbicides to block 

the sexual transmission of HIV-1.

Keywords: microbicides, HIV, carbosilane dendrimer, antiretroviral, synergy

Introduction
Great international efforts have been made to fight against the acquired immune deficiency 

syndrome (AIDS) epidemic. Although the number of newly infected human immuno-

deficiency virus (HIV)-1 patients has significantly decreased, according to the latest 

data from 2012, there were still 2.3 million newly infected HIV-1 patients worldwide, 

most of whom contracted the virus during sexual intercourse.1 In addition, highly active 

antiretroviral therapy delays disease progression and significantly decreases the mortality 

rate in HIV-infected patients.2 However, this therapy neither cures the HIV infection nor 

eliminates the virus. Therefore, new strategies or improvements of the existing ones are 

necessary to prevent new transmissions. Self-administered topical microbicides or oral 

preexposure prophylaxis may be helpful tools to decrease the HIV infection rate.3,4

Several antiretrovirals (ARVs), such as the non-nucleoside reverse transcriptase 

inhibitors (UC781,5 dapivirine,6 or rilpivirine),7 fusion inhibitors such as grif-

fithsin, sifuvirtide, C52L, and cyanovirin,8,9 C-C chemokine receptor type 5 (CCR5) 

coreceptor inhibitors, including CMPD167, PSC-RANTES, and maraviroc10,11 or 
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protease inhibitors, such as saquinavir,12 which block 

different steps of HIV-1 life cycle, have been used as topical 

microbicides.13,14

Although tenofovir (TFV), a nucleoside reverse tran-

scriptase inhibitor formulated as 1% gel, showed a reduction 

of HIV-1 acquisition by an estimated 39% in the Centre for the 

AIDS Programme of Research in South Africa (CAPRISA) 

004 clinical trial in South African women,15 the majority of 

topical microbicides has failed due to a lack of efficacy or 

adherence.16,17 It implies that additional efforts are needed to 

develop reliable and effective microbicide strategies.

As it has already been shown, a combination of at least  

two different families of ARVs is more effective at treating 

HIV-1 infection than monotherapy.18 Therefore, the combinato-

rial approach should be taken into consideration when designing 

future microbicide studies. Some novel studies have examined 

the efficacy of ARV combinations as microbicides.19,20

Currently, nanotechnology provides new and suitable 

approaches to obtain novel, potent, and safer antiviral agents, 

such as dendrimers.21–24 Dendrimers, unlike conventional 

linear polymers, are characterized by a three-dimensional, 

hyperbranched multivalent nanostructure with low poly-

dispersity. Interestingly, dendrimers can be engineered by 

manipulating their structures or the composition and number 

of their surface functional groups to lead out different bio-

medical applications. In this way, polyanionic carbosilane 

dendrimers have shown high anti-HIV activity in vitro and 

exhibit potential as microbicide candidates.24 Moreover, we 

have already shown that combination of maraviroc and the 

polyanionic carbosilane dendrimers G3-S16 and G2-NF16 

increased their antiviral potency, both additively and syner-

gistically, against CCR5-tropic HIV; the main viral strain 

involved in primary infection during sexual transmission, 

and dual tropic HIV-1 isolates.25 

In this work, we studied the combinatorial activity pro-

file of these polyanionic carbosilane dendrimers (G3-S16 

and G2-NF16; Figure 1) in combination with other ARVs, 

such as zidovudine (AZT), efavirenz (EFV), and TFV,  

Figure 1 Structure of polyanionic carbosilane dendrimers and ARV drugs. 
Notes: (A) Third-generation G3-S16, with 16 sulfated end groups. C256H508N48Na16O64S16Si29; mw, 6,978.41 g/mol. (B) Second-generation G2-NF16, with 16 naphthyl 
sulfonated end groups. C184H244N24Na16O56S16Si13; mw, 4,934.02 g/mol. Dendrimers, with a 95% purity as tested by high-performance liquid chromatography, were prepared 
according to the methods reported by the Dendrimers for Biomedical Applications Group of University of Alcalá (Madrid, Spain). (C) Zidovudine (AZT), C10H13N5O4; mw, 
267.242 g/mol. (D) EFV, C14H9N1O2Cl1F3; mw, 315.675 g/mol. (E) TFV, C9H14N5O4P; mw, 287.213 g/mol. 
Abbreviations: mw, molecular weight; AZT, zidovudine; EFV, efavirenz; TFV, tenofovir.

N
N

N

N
N

N

N NN
NN

N

NN
N

N
N

N

N
N

N

−O3SO

−O3SO

−O3SO

−O3SO

−O3SO

−O3SO

−O3SO

−O3SO OSO3
–

OSO3
–

OSO3
–

OSO3
–

OSO3
–

OSO3
–

OSO3
–

OSO3
–

N

N
N

N
N

N
N

N
N N

N
NN

NN

N
N

N
N

N
N

N
N

N

N N
N Si

Si Si

Si

Si
Si

Si

Si

Si

Si
Si

Si Si

Si

Si Si

Si Si

Si

Si
SiSi

Si

Si

Si

Si Si

Si

Si

ON
N

Si

SiSi

Si

SiSiSi

Si

Si

N
N

N
N

N

N
O

Si
Si

Si

N

O

N
N

NO
N

N

Si

N

O

SO3
–

SO3
–

−O3S

−O3S

−O3S

−O3S

−O3S

−O3S

−O3S N
N N

O
ON

N
N

               −O3S 

O

−O3S

−O3S

SO3
–

SO3
–

NN

N

SO3
–

SO3
–

A

C D E

B

O
O

O

O
HO

HO
P O

N

N

N

N

NH2

H3C

C

H
N

C

CI

F3C
O O

N3

HO

HN

N

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2014:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3593

Combination of dendrimers and antiretrovirals against HIV

to evaluate their potential as anti-HIV-1 microbicides. The 

additional value of these combinations is that dendrimers 

or ARVs have the potential to block HIV-1 infection at 

different stages of the HIV-1 life cycle. Presumably, den-

drimers act during viral entry; whereas, these ARVs have 

been shown to play a decisive role in reverse transcriptase 

inhibition. Both types of chemical compounds act during 

the first steps of HIV-1 replication in the aim of preventing 

viral integration.

Materials and methods
Cells and cell culture
The TZM-bl cell line (National Institutes of Health 

[NIH] AIDS Research and Reference Reagent Program, 

Germantown, MD, USA) was derived from the HeLa 

cell line and contains integrated copies of the luciferase 

and β-galactosidase genes under the control of the 

HIV-1 promoter.26 The TZM-bl cells were cultured as 

described.25 Peripheral blood mononuclear cells (PBMCs) 

were isolated using a standard Ficoll gradient from buffy 

coats (Rafer, Spain) and were cultured as previously 

described.27

Viruses
C-X-C chemokine receptor type  4  (CXCR4)-tropic  

X4-HIV-1
NL4-3

 and CCR5-tropic R5-HIV-1
NL(AD8) 

labora-

tory strains were obtained by transient transfection of the  

pNL4-3 and pNL(AD8) plasmids (NIH AIDS Research and 

Reference Reagent Program) into 293-T cells (American Type  

Culture Collection [ATCC], Manassas, VA, USA). The viral  

tropism is determined by the surface coreceptor that is used 

by the HIV-1 at the entry step into the cluster of differen-

tiation (CD) 4+ target cells. We can distinguish between 

CXCR4 (X4), CCR5 (R5), or dual (X4/R5)-tropic HIV-1 

strains, depending on whether they use the CXCR4, CCR5 

coreceptors, or both, respectively. The primary clinical 

R5-tropic HIV-1 isolate X-1936 (clade C) was provided by  

Dr L Pérez (Instituto de Salud Carlos III, Madrid, Spain). Viral 

stocks were clarified by centrifugation prior to evaluating  

the viral titer using the HIVp24gag enzyme-linked immuno-

sorbent assay (ELISA) kit (INNOTEST® HIV-Antigen mAb; 

Innogenetics NV, Ghent, Belgium).

Reagents
The anionic carbosilane dendrimers G3-S16 and G2-NF16,24 

with a 95% purity as tested by high-performance liquid 

chromatography, were prepared according to the methods 

reported by the Dendrimers for Biomedical Applications 

Group of University of Alcalá (Madrid, Spain).28 The 

dendrimers were dissolved in distilled water at a final con-

centration of 1 mM (6.978 mg/mL for G3-S16; 4.934 mg/ 

mL for G2-NF16). Dilutions to the µM range were made 

using phosphate buffered saline (Lonza, Walkersville, MD, 

USA). The ARVs zidovudine (AZT; ViiV Healthcare, 

Middlesex, UK), efavirenz (EFV; Bristol-Myers Squibb, 

New York, NY, USA), and tenofovir disoproxil fumarate 

(TFV; Gilead Science, Foster City, CA, USA) were obtained 

in tablet form. The tablets were ground into a powder, freshly 

dissolved in dimethyl sulfoxide, and filter sterilized.

Antiviral assays and combination 
experiments
The methodology used for single and combined drug antivi-

ral activity assays has been previously described in detail.29 

The TZM-bl or PBMC cells were treated with different 

concentrations of the tested compounds or their combina-

tions for 1 hour before HIV-1-infection with 20 ng/1×106 

cells of the X4-HIV-1
NL4-3

 or R5-HIV-1
NL(AD8) 

isolates.  

Three days after infection, the HIV-1 replication was deter-

mined by the quantification of luciferase expression (Pro-

mega Corporation, Madison, WI, USA) or by analysis of 

the p24gag antigen using an ELISA. The 50%, 75%, and 90% 

effective concentrations (EC
50

, EC
75

, and EC
90

, respectively) 

were determined, and synergism analysis was performed 

using the CalcuSyn software (Biosoft, Cambridge, UK), 

based on the median effect principle.30 The combination 

index (CI) of each drug combination was plotted as a func-

tion of the fractional inhibition by computer simulation; the 

fractional inhibition values ranged from 0.10–0.95. CI values 

between 0.1–0.9 indicate a synergistic effect; whereas, val-

ues between 0.9–1.1 represent an additive effect, and 1.1 

represents antagonism. Each experiment was performed  

in triplicate.

Cell viability assays
Cell viability was determined using an (3-(4,5-dimethylthiazol- 

2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) (MTS) (Promega Corporation) assay, according 

to the manufacturer’s instructions. Each experiment was 

performed in triplicate.

Statistical analysis
Statistical analysis was performed using the Kruskal–Wallis 

nonparametric test. The significance level was set as P=0.05. 

The GraphPad Prism V5.0 software (GraphPad Software, 

Inc., La Jolla, CA, USA) was used.
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Results
Increased efficiency of dendrimer/antiviral 
drug combination in primary human cells
Combinations of G3-S16 and G2-NF16 with AZT, EFV, and 

TFV were tested against X4- and R5- tropic HIV-1 in PBMCs, 

which are the main targets of HIV-1 infection in vivo. For 

these experiments, equipotent (1:1) ratio combinations were 

tested. Previously, we performed a toxicity assay to evaluate 

the biocompatibility of these combinations in PBMCs. Neither 

the combinations nor the individual drug concentrations were 

toxic for PBMCs after 24 hours of exposure (Table 1).

To analyze the antiviral activity of each individual drug 

or its combinations, we determined the EC
50

 of each anti-

viral drug alone, followed by the two-drug combinations of 

dendrimers + AZT, dendrimers + EFV, and dendrimers + 

TFV (Table 2). As shown, despite the variability among the 

different donors in the single experiments, the majority of 

the evaluated combinations achieved a reduction in the EC
50

 

values when the dendrimers were combined with the ARVs, 

as compared to their individual drug EC
50

 values, against both 

the X4-HIV-1
NL4.3

 and R5-HIV-1
NL(AD8) 

isolates. For example, 

G3-S16 and AZT alone inhibited X4-HIV-1
NL4.3

 with an aver-

age EC
50

 of 0.632 µM and 68 nM, respectively (Table 2).  

The combination G3-S16 and AZT inhibited X4-HIV-1
NL4.3

 

with an average EC
50

 of 22 nM, which corresponded to 

reductions of approximately 28.72- and 3.09-fold, compared 

to their individual EC
50

 values. The same effect was observed 

when the drugs were tested against R5-HIV-1
NL(AD8) 

infection. 

G3-S16 inhibited R5-HIV-1
NL(AD8)

 with an average EC
50

 of 

0.856 µM, and 40.76- and 1.81-fold reductions were observed 

when G3-S16 was combined with AZT, compared to their 

individual EC
50

 values. A reduction of 57.06- and 16.8-fold, 

compared to their individual EC
50

 values, was also observed 

for the G3-S16 + EFV combination (Table 2).

The same effect was also demonstrated with G2-NF16. 

Reductions of 4.46- and 174.6-fold were found for the 

G2-NF16 + AZT combination against X4-HIV-1
NL4.3

 and 

R5-HIV-1
NL(AD8)

, when compared to the individual G2-NF16 

EC
50

 (Table 2). High reductions in EC
50

 values were also 

found when G2-NF16 was combined with EFV against both 

X4-HIV-1
NL4.3

 and R5-HIV-1
NL(AD8) 

isolates.

Moreover, the combinations of G3-S16 and G2-NF16 

with each ARV in the activated PBMCs from different donors 

resulted in a more efficient inhibitory profile against HIV-1 

replication for most of the concentrations tested, measured 

by using p24gag HIV ELISA (Table 2).

Enhanced profile of dendrimers and ARV 
combinations in primary human cells 
against HIV-1 replication
After having demonstrated an enhanced antiviral activity 

against HIV-1 when the dendrimers were combined with ARVs,  

Table 1 Viability of dendrimer-ARV combinations in PBMCs after 24 hours of treatment

Concentration [mM] G3-S16 G2-NF16

A 0 0.01 0.1 0.5 0.01 0.1 0.5

AZT 0 100±0.00 100.50±5.66 97.91±18.94 91.04±1.13 109.76±0.17 96.27±4.32 98.07±16.31
0.01 97.83±4.64 104.61±17.57 112.35±12.55 87.89±9.92 90.22±0.65 102.98±13.66 95.91±10.52
0.1 107.49±4.58 94.23±19.554 120.74±14.2 97.01±10.41 105.26±6.54 102.78±4.93 100.76±1.48
0.5 113.56±13.69 117.63±8.31 116.74±33.69 103.06±8.25 110.64±18.86 111.24±3.8 102.17±5.16

B 0 0.01 0.1 1 0.01 0.1 1

EFV 0 100±0.00 106.09±7.4 116.08±13.34 102.49±14.48 111.99±11.53 104.49±0.97 110.36±11.58
0.01 101.87±11.58 98.94±18.74 95.89±8.06 85.94±7.89 94.94±10.02 96.13±2.42 102.94±1.41
0.1 89.03±1.5 94.98±5.08 92.38±0.2 88.01±2.99 100.85±8.39 93.39±2.37 93.66±19.34
1 102.43±25.53 97.68±23.01 99.44±21.03 96.96±9.56 110.89±5.17 107.75±3.03 110.28±1.21

C 0 0.01 0.1 0.5 0.01 0.1 0.5
TFV 0 100±0.00 105.63±18.98 103.75±23.31 105.49±27.14 96.82±27.71 101.01±32.24 109.84±8.39

0.01 104.93±11.24 102.67±15.94 91.76±17.87 93.97±32.21 103.17±22.55 95.59±31.58 103.11±6.01
0.1 103.64±8.72 96.33±11.38 90.24±26.48 101.95±11.31 97.76±13.46 101.21±17.29 93.53±7.99
0.5 95.77±12.88 89.56±11.84 101.21±16.21 95.91±23.15 102.86±17.87 101.05±17.94 97.59±3.55

Notes: MTS assay was performed to evaluate the toxicity of drug combinations. Viability of PBMCs was evaluated for carbosilane dendrimers/AZT combination (A), for 
carbosilane dendrimers/EFV combination (B), or for carbosilane dendrimers/TFV combination (C). The 80% of viability was set as the limit of toxicity for all conditions. Each 
experiment was performed in triplicate. Data are represented as mean ± SD of two independent experiments.
Abbreviations: ARV, antiretroviral; PBMC, peripheral blood mononuclear cell; AZT, zidovudine; EFV, efavirenz; TFV, tenofovir; MTS, 3-(4,5-dimethylthiazol-2-yl)-5- 
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt; SD, standard deviation.
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the CI was calculated to evaluate the type of dendrimer and 

ARV interactions (Table 3). The CalcuSyn software, based 

on the median effect principle, was used.30 The CI values 

between 0.1–0.9 indicate a synergistic effect; whereas, val-

ues between 0.9–1.1 represent an additive effect, and 1.1 

represents antagonism. 

A synergistic profile (CI values between 0.46–0.49) 

and additive effects were found at the calculated EC
50

 and 

EC
75

 for G3-S16 + AZT against both the X4 and R5-HIV-1 

isolates, respectively. An additive effect was observed at the 

EC
90

 for X4-HIV-1
NL4.3

, but not against R5-HIV-1
NL(AD8)

. An 

additive effect (CI values between 0.92–0.95) and a strong 

Table 2 EC50 values (µM ± SD) of G3-S16, G2-NF16, AZT, EFV, TFV drugs alone and in combination at equipotent (1:1) ratio against 
X4-HIV-1NL4.3 and R5-HIV-1NL(AD8) in primary PBMCs

EC50 individual drug∆ EC50 combination°

Dendrimer Inhibitor G3-S16/RTI G2-NF16/RTI
X4 HIV-1NL4.3 G3-S16 0.632±0.626 AZT 0.068±0.045 0.022±0.024* 0.030±0.029*

G2-NF16 0.134±0.050 EFV 0.058±0.077 0.013±0.009* 0.016±0.004
TFV 0.001±0.002 0.003±0.003 0.001±0.001*

R5 HIV-1NL(AD8) G3-S16 0.856±0.757 AZT 0.038±0.014 0.021±0.017* 0.038±0.029
G2-NF16 6.634±9.090 EFV 0.252±0.403 0.015±0.001 0.024±0.007*

TFV 0.006±0.002 0.003±0.002* 0.001±0.001*

Notes: Δ50% effective concentration for HIV-1 infection in PBMCs after single drug treatment. °50% effective concentration after two-drug combination at equipotent ratio 
(1:1). Data are represented as mean of three single donors. *P0.05 (nonparametric Kruskal–Wallis statistical analysis), compared to a single drug treatment.
Abbreviations: EC50, 50% effective concentration; SD, standard deviation; AZT, zidovudine; EFV, efavirenz; TFV, tenofovir; PBMCs, peripheral blood mononuclear cells;  
RTI, reverse transcriptase inhibitor.

Table 3 Synergy and CI (CI ± SD) calculations for different ARVs (AZT, EFV, or TFV) and G3-S16 or G2-NF16 combinations at 
equipotent (1:1) ratio against X4-HIV-1NL4.3 and R5-HIV-1NL(AD8) isolates in primary PBMCs

Combination Virus CIa,b

EC50 EC75 EC90

G3-S16/AZT X4 HIV-1NL4.3 0.46±0.39
(+++)

0.49±0.52
(+++)

0.96±1.38
(±)

G3-S16/EFV X4 HIV-1NL4.3 0.95±0.37
(±)

0.93±0.35
(±)

0.92±0.33
(±)

G3-S16/TFV X4 HIV-1NL4.3 0.73±0.03
(++)

0.78±0.11
(++)

0.83±0.19
(++)

G2-NF16/AZT X4 HIV-1NL4.3 0.63±0.45
(+++)

0.55±0.29
(+++)

0 .70±0.51
(++)

G2-NF16/EFV X4 HIV-1NL4.3 (-) 0.99±0.14
(±)

0.81±0.41
(++)

G2-NF16/TFV X4 HIV-1NL4.3 0.01±0.01
(+++++)

0.01±0.01
(+++++)

0.01±0.01
(+++++)

G3-S16/AZT R5 HIV-1NL(AD8) 0.97±0.62
(±)

1.10±1.11
(±)

(-)

G3-S16/EFV R5 HIV-1NL(AD8) 0.45±0.15
(+++)

0.39±0.22
(+++)

0.34±0.26
(+++)

G3-S16/TFV R5 HIV-1NL(AD8) (-) 0.95±0.48
(±)

0.51±0.18
(+++)

G2-NF16/AZT R5 HIV-1NL(AD8) 0.84±0.37
(+)

0.45±0.45
(+++)

0.30±0.38
(+++)

G2-NF16/EFV R5 HIV-1NL(AD8) 0.91±0.48
(±)

0.71±0.45
(++)

0.59±0.48
(+++)

G2-NF16/TFV R5 HIV-1NL(AD8) 0.16±0.12
(++++)

0.22±0.13
(++++)

0.31±0.15
(+++)

Notes: aCI calculated at the EC50, EC75, and EC90 level. CI 0.9 indicates synergism; 0.9CI1.1 indicates additive effects, and CI 1.1 indicates antagonism (–). bSynergy 
level: ± indicates additive effects; 0.85CI0.9 + (slight synergism); 0.7CI0.85 ++ (moderate synergism); 0.3CI0.7 +++ (synergism); CI0.10.3 ++++ (potent 
synergism); 0.1CI +++++ (very strong synergism). An equipotent dendrimer/ARV range concentration between 0.01 µM and  1  µM was used. Each experiment was 
performed in duplicate. Data are represented as the mean of three independent experiments. 
Abbreviations: CI, combination index; EC50, 50% effective concentration; EC75, 75% effective concentration; EC90, 90% effective concentration; SD, standard deviation; ARV, 
antiretroviral; AZT, zidovudine; EFV, efavirenz; TFV, tenofovir; PBMCs, peripheral blood mononuclear cells.
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synergy profile (CI values approximately 0.34–0.45) were 

found for the G3-S16 + EFV combination against X4 and 

R5-HIV-1, respectively. Additionally, moderate synergism 

(CI  =0.83) and strong synergy (CI  =0.51) were observed 

at the calculated EC
90

 for the G3-S16 + TFV combination 

against X4 and R5-HIV-1, respectively. Nonenhanced inhibi-

tory profiles were found at the EC
50

 concentration against 

R5-HIV-1
NL(AD8)

.

Similarly, synergistic or additive profiles against HIV 

infection were observed for all of the calculated EC
50

, EC
75,

 

and EC
90

 values for the two-drug combinations of G2-NF16 

and AZT, EFV, or TFV against both the X4 and R5-HIV-1 iso-

lates, excepted for the G2-NF16 + EFV combination against 

the X4-HIV-1 at the calculated EC
50

. It was interesting to note 

that strong and very strong synergy profiles were observed (CI 

values between 0.01–0.31) for the G2-NF16 + TFV combina-

tion against the X4 and R5-HIV-1 isolates, respectively.

Furthermore, the antiviral activity of the dendrimer/

reverse transcriptase inhibitors drug combinations was 

evaluated against the human primary subtype C (R5)-HIV-1 

isolate, which is the most common HIV-1 subtype worldwide 

(Table 4). Preliminary results showed that synergistic profiles 

(CI values between 0.012–0.54) were observed at the calcu-

lated EC
90

 values for all combinations against the subtype 

C-HIV-1 strain, except for the G3-S16/TFV combination.  

Summing up, synergistic and additive profiles were observed 

in PBMCs for the majority of the tested combinations of 

dendrimers and ARVs. These combinations were assessed 

against the X4-HIV-1
NL4.3

, R5-HIV-1
NL(AD8)

, or primary 

R5-subtype C-HIV-1.

Synergistic profile of dendrimers and  
ARV combinations in TZM-bl cell line
To confirm the results obtained in PBMCs, the combina-

tions of G3-S16 and G2-NF16 with AZT, EFV, and TFV 

were also evaluated in the in vitro model of TZM-bl 

reporter cells26 against X4-HIV-1
NL4.3 

and R5-HIV-1
NL(AD8)  

infection (Figure 2). All of the combinations tested resulted 

in a more efficient inhibitory profile against both the 

X4-HIV-1
NL4.3 

and R5-HIV-1
NL(AD8) 

infections compared  

to the effects of the individual drugs. A nearly complete  

or total inhibition of HIV-1 infection was reached with all of  

the combinations.

The CI values were calculated to evaluate the type of 

dendrimer and ARV interactions (Figure 3). For this pur-

pose, fixed concentrations of 0.01 µM AZT, 0.1 µM EFV, 

and 0.01 µM or 0.05 µM TFV were tested in combination 

with increasing concentrations of G3-S16 or G2-NF16. 

The obtained CI values demonstrated the positive interac-

tions between the dendrimers and ARVs, and synergy was 

observed for the majority of the G3-S16 + AZT, G3-S16 + 

TFV, G2-NF16 + AZT, and G2-NF16 + TFV combinations 

against both X4-HIV-1
NL4.3

 and R5-HIV-1
NL(AD8) 

isolates 

(Figure 3A, B, E, and F). All of the CI values showed 

strong synergism or synergism, except for 1 µM G2-NF16 + 

0.01 µM AZT, which demonstrated only a slight synergism  

value (CI =0.808; Figure 3B). Nonsynergistic or additive 

effects were observed when 0.01 µM EFV was mixed 

with 0.5 µM G3-S16 or with concentrations of G2-NF16 

higher than 0.5 µM (CI 1.1) against X4-HIV-1 (Figure 3C  

and D). Nevertheless, very strong or strong synergistic inter-

actions were observed when higher concentration of EFV was 

used against both HIV-1 strains (Figure 3C and D). In sum-

mary, enhanced inhibitory effects and generally synergistic 

profiles were observed against both the R5 and X4-HIV-1 

when the dendrimers were combined with the ARV treat-

ments in the TZM-bl cell line, supporting the previous data 

obtained in the primary PBMCs.

Discussion
Currently, the development of vaginal- and rectal-administered  

microbicides has become one of the major focuses of the 

HIV-1 field to prevent the viral spread of HIV-1 during 

sexual intercourse. The successful CAPRISA 004 trial, which 

Table 4 Synergy and CI calculations for different ARVs (AZT, 
EFV, or TFV) and dendrimers combinations at equipotent (1:1) 
ratio against clinical subtype C-HIV-1 strain in primary PBMCs

Combination CIa

EC75 EC90

G3-S16/AZT 0.431
(+++)

0.387
(+++)

G2-NF16/AZT 0.506
(+++)

0.182
(++++)

G3-S16/EFV 0.479
(+++)

0.288
(+++)

G2-NF16/EFV 1.028
(±)

0.547
(+++)

G3-S16/TFV 0.001
(+++++)

(-)

G2-NF16/TFV (-) 0.012
(+++++)

Notes: aCI calculated at the EC75 and EC90 level. CI 0.9 indicates synergism; 
0.9CI1.1 indicates additive effects and CI 1.1 indicates antagonism (-). Synergy 
level: 0.85CI0.9 + (slight synergism); 0.7CI0.85 ++ (moderate synergism); 
0.3CI0.7 +++ (synergism); 0.1CI0.3 ++++ (potent synergism); CI0.1  
+++++ (very strong synergism); ± indicates additive effects. An equipotent 
dendrimer/ARV range concentration between 0.01 µM and 1 µM was used. Data 
from one single experiment. Each condition was tested in triplicate. 
Abbreviations: CI, combination index; EC75, 75% effective concentration; EC90, 90%  
effective concentration; ARV, antiretroviral; AZT, zidovudine; EFV, efavirenz; TFV, 
tenofovir; PBMCs, peripheral blood mononuclear cells.
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Figure 2 Activity profile of G3-S16 (A–F) or G2-NF16 (G–L) alone or combined with AZT (A, D, G and J), EFV (B, E, H and K) or TFV (C, F, I and L) against  
X4-HIV-1NL4.3 (A, B, C, G, H and I) or R5-HIV-1NL(AD8) (D, E, F, J, K and L) replication (% of infection was calculated as % of luciferase activity vs non-treated cells) in TZM-
bl cell line. TZM-bl cells were treated with different combinations of G3-S16 or G2-NF16 carbosilane dendrimers and ARV drugs 1 hour before HIV-1 infection. After 3 
days, viral infection was quantified measuring luciferase expression levels. Each experiment was performed in triplicate. Data are represented as mean of three independent 
experiments.
Abbreviations: AZT, zidovudine; EFV, efavirenz; TFV, tenofovir; ARV, antiretrovirals; HIV, human immunodeficiency virus; NT, non-treated condition. 
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examined the use of a 1% TFV vaginal gel for the prevention 

of HIV-1 infection in women, opened novel perspectives in 

this area.15 

However, the use of single drugs as microbicidal com-

ponents has not been efficacious enough. Therefore, the use 

of combinatorial approaches with existing inhibitory drugs 

has become an important complement to the continued devel-

opment of new therapeutic agents. For example, effective 

combinations of two or more drugs have been successfully 

used to treat several diseases, such as cancer or infectious 

diseases.31 Therefore, the combination of at least two different 

ARVs with potent anti-HIV-1 activity could be an optimized 
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Figure 3 CI determination for various G3-S16 (A, C, E) and G2-NF16 (B, D, F) combinations with a fixed concentration of AZT, EFV or TFV against X4-HIV-1NL4.3 and 
R5-HIV-1NL(AD8) in TZM-bl cells. 
Notes: CI 0.9 indicates synergism; 0.9CI1.1 indicates additive effects and CI 1.1indicates antagonism (-), showed on graphs by gray dashed lines. Synergy level: 
0.85CI0.9  (slight synergism); 0.7CI0.85  (moderate synergism); 0.3CI0.7  (synergism); 0.1CI0.3  (potent synergism); CI0.1 (very strong synergism).
Abbreviations: AZT, zidovudine; EFV, efavirenz; TFV, tenofovir; CI, combination index.
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prevention strategy to fight against the sexual transmission 

of the virus.

Novel nanotech-derived compounds, such as carbosilane 

dendrimers, are explored as new antiviral drugs that could 

be used in these combinatorial strategies. In our study, the 

best combinatorial profiles were achieved with the G3-S16/

EFV and G2-NF16/TFV combinations against the X4 and 

R5-HIV-1 strains. However, further efforts should be car-

ried out to research the most appropriate concentrations of 

these combinations, particularly before any further in vivo 

studies.

These combinations have the potential to block HIV-1 

infection at different stages of the HIV-1 life cycle, prior 

viral integration, certainly explaining the positive interaction  

outcomes that were observed. It has been suggested that 

polyanionic carbosilane dendrimers could act preferentially 

as entry inhibitors. Their mechanisms of action have been 

associated with the establishment of electrostatic interactions 
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between them and viral envelope proteins, such as HIV 

gp120, that ultimately block gp120/CD4 interaction avoid-

ing viral entry and the subsequent infection of the target 

cell;21 whereas, ARVs, such as AZT, EFV, and TFV play a 

decisive role in reverse transcriptase inhibition. Nevertheless, 

further studies are needed to understand the mechanisms that 

underlie the additive effect of the two drugs, as well as their 

synergistic action against HIV-1. 

Targeting multiple steps within the HIV-1 replication 

cycle is important to reduce the risk of transmission of 

resistant viral strains, as well as to reduce the development 

of new ones.18 Additionally, a reduction in the amounts of 

ARVs used in vivo may result in a reduction of adverse 

effects, limiting the local injuries, the toxicity, and the 

inflammation caused by local microbicide application before  

sexual intercourse. 

Although sexual transmission of HIV-1 mainly occurs by 

viruses using CCR5,32 the CXCR4 variants are also present in 

semen,33 and studies using macaques have shown that the X4 

viruses can also be transmitted vaginally.34 We have demon-

strated that the combination of carbosilane dendrimers with 

ARVs was highly effective at inhibiting R5-HIV-1
NL(AD8)

  

replication in our in vitro model. Moreover, two-drug 

combinations were also highly potent against X4-HIV-1
NL4.3

 

infection. Thus, the combination of carbosilane dendrimers 

with ARVs demonstrated a strong inhibitory effect against 

both viral types, as well as against the primary subtype 

C (R5) HIV-1 isolate, suggesting their potential activity 

at blocking R5 and X4 HIV-1 transmission during sexual 

intercourse. 

In conclusion, our data demonstrated that the combina-

tion of anionic dendrimers with reverse transcriptase inhibi-

tors, such as AZT, EFV, and TFV, increased the antiviral 

potency of each individual compound. This outcome is highly 

encouraging and supports further clinical research with these 

nanoparticles-based combinations as potential microbicides 

to fight against the worldwide spread of HIV-1.
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