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ABSTRACT: Some biological properties of eight dendrimers
incorporating both phosphorus linkages and viologen units within
their cascade structure or at the periphery were investigated
for the first time. In particular cytotoxicity, hemotoxicity, and anti-
microbial and antifungal activity of these new macromolecules
were examined. Even if for example all these species exhibited
good antimicrobial properties, it was demonstrated that their
behavior strongly depends on several parameters as their size and
molecular weight, the number of viologen units and the nature of
the terminal groups.
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■ INTRODUCTION
4,4′-Bipyridinium salts better known under the name of
viologen derivatives are showing an increasing number of
applications in addition to their former use as herbicides.1 This
is mainly due to their properties as photoactive and
electroactive compounds, and to their ability to give strong
donor−acceptor complexes with electron donating species.
However viologens by themselves can present risks for human
health. As an example 1,1′-4,4′-bipyridinium dichloride is
known to induce formation of superoxide (O2

−) and to cause
damage to multiple organs.2−4 A therapeutic protocol for the
treatment of viologen poisoning based on host−guest
chemistry and involving the effective inhibition of viologen
toxicity by complexation of p-sulfonatocalix[n]arenes was
reported.5 In marked contrast to this isolated “dark image” of
viologen monomer behavior, their introduction as building
blocks for the design of polycationic dendrimers allowed
De Clercq et al.6 to point out the activity of various viologen
dendrimers against human immunodeficiency virus (HIV-1,
strain IIIb replication in MT-4 cells), as well as to a lesser extent
against herpes simplex virus (HSV), vesicular stomatitis, Punta
Toro virus, Sindbis virus, Reovirus and respiratory syncytial
viruses. Indeed it was demonstrated that their behavior strongly
depends on the number and distance of the positive charges.
Surprisingly and to the best of our knowledge no study on

other biological properties of viologen dendrimers was
reported. Having these observations in mind we decided to

open the field of such investigations, our first goal being to design
other types of dendrimers in order to have a more precise idea on
their biological activities. For such a purpose we designed
new viologen monomers, dendrons, and dendrimers bearing
phosphorus groups as additional units incorporated either at the
focal point or at the periphery or both of these key structural
positions of the dendritic backbone. This choice of strategy
was aimed by the fact that we already demonstrated the key
role played by phosphorus dendrimers in biology and for bio-
medical applications due to several specificities.7 Briefly they have
a remarkable influence on cell growth, in particular for neuronal
cells,8 and for human immune blood cells such as monocytes
and Natural Killer cells,9−12 the latter playing a key role for fight-
ing against viral infections and cancers. The uselfulness of
phosphorus dendrimers was also pointed out for elaboration of
highly sensitive biosensors13−16 and for in vitro drug delivery,
for instance as transfecting agents17−19 or against HIV-120 and
the scrapie form of prions.21 In vivo biological properties of
phosphorus dendrimers as anti- prion agents, for ocular drug
delivery,22 and for imaging rat brain blood vessels23,24 were
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reported. Some of these properties can be found also with other
types of dendrimers, but others, in particular the interaction with
human immune blood cells, occur only and specifically with
phosphorus dendrimers. Therefore introducing phosphorus linkages
within the cascade structure or at the periphery of given dendrimers
may offer new properties and perspectives.
In this paper we are considering viologen-phosphorus dendri-

mers built from a trifunctionalized core P(S)(NCH3NH2)3
or from a hexafunctionalized one (P3N3)(NCH3NH2)6 and
decorated on their surface either with aldehyde groups or
with phosphonate groups, the latter being well-known for
their biological properties. Other structural parameters were
also considered: (i) the number of charges from 6 to 36, i.e.
the number of incorporated viologen units from 3 to 18,
(ii) the nature of the counteranions: Br or PF6, (iii) the size and
generation of dendrons and dendrimers, the nature of terminal
groups, aldehyde, phosphonate or PEG, (iv) the presence or
not of phosphorus groups, (v) the solubility in water or in
organic solvents.
The biological properties of eight of these dendritic

structures, hemolysis, cytotoxicity, antimicrobial and antifungal

activity, morphology and membrane changes of red blood cells
were examined in this work.

■ EXPERIMENTAL SECTION

Synthesis of Viologen Dendrimers. The structure of the
considered viologen−phosphorus dendrimers is shown in Figure 1
and Table 1, and their synthesis is detailed in “Materials and
methods” in the Supporting Information.

Hemotoxicity. Blood from healthy donors was obtained
from Central Blood Bank in Lodz. Blood was anticoagulated
with 3% sodium citrate. Erythrocytes were separated from
blood plasma and leukocytes by centrifugation (4000g, 10 min)
at 4 °C and washed three times with PBS (phosphate buffered
saline) (13.7 mmol/L NaCl, 0.27 mmol/L KCl, 0.43 mM
Na2HPO4, 0.147 mmol/L KH2PO4). Erythrocytes were used
immediately after isolation. To study the effect of viologen-
phosphorus dendrimers on erythrocyte hemolysis, dendrimers
were added to erythrocytes of 1% hematocrit and incubated at
temperature of 37 °C. After 2, 8, 13, and 24 h suspensions were
centrifuged (1000g, 5 min) and a supernatant taken for analysis.
For reference, red blood cells were treated with double-distilled

Figure 1. Chemical structures of dendrimers 1−8.
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water, which corresponds to 100% hemolysis. To study the
effect of HSA complexation with dendrimers on hemolysis of
red blood cells, 2 mg/mL of HSA was added to 20 μmol/L
viologen dendrimer solution, and after 5 min, red blood cells
were added to 1% hematocrit. The samples were then
incubated for 2, 8, and 24 h, and the percentage of hemolysis
was determined on the basis of released hemoglobin in
supernatants and measured spectrophotometrically from the
absorbance at 540 nm.
Morphology of Erythrocytes. For microscopy, erythro-

cytes at a hematocrit of 1% were suspended in solution
containing 20 μmol/L viologen-phosphorus dendrimers and
incubated at 37 °C for 24 h. 10-fold diluted samples were then
viewed under an optical microscope at a magnification of 400×.
Measurements of Membrane Fluidity. Erythrocytes at a

hematocrit of 1% were suspended in solution containing 1, 2.5,
5 and 10 μmol/L viologen-phosphorus dendrimers and incubated
at room temperature for 0.5 h. Next, erythrocytes were
centrifuged (10 min, 2000g) and PBS was added. To evaluate
membrane fluidity by fluorescence spectroscopy, erythrocytes
(H = 0.04%), were incubated with the fluorescence probe TMA
DPH (4-trimethylammonio-1,6-diphenyl-1,3,5-hexatriene) of
10−6 mol/L concentration at room temperature for 10 min.
The polarization values (r) of the samples were calculated by
the fluorescence data manager program using the following
Jablonski’s equation:

= − +r I GI I GI( )/( 2 )VV VH VV VH (1)

where IVV and IVH are the vertical and horizontal fluorescence
intensities, respectively, to the vertical polarization of the excita-
tion light beam. The factor G = IHV/IHH (grating correction
factor) corrects the polarizing effects of the monochromator.
Measurements were made at room temperature using an

LS-50B Perkin-Elmer spectrofluorimeter. The excitation and
emission wavelengths for TMA-DPH were λex = 358 and λem =
428 nm, respectively.
In Vitro Cytotoxicity. Dendrimers and the reference

samples containing either 1% acetonitrile or PBS respectively
(when acetonitrile was used, the same amount of acetonitrile
without dendrimer was added to a control sample in PBS) were
incubated with B14 Chinese hamster peritoneal fibroblasts and
N2a mouse neuroblastoma cell lines. Cells were seeded at a
density of 1 × 105 cells per mL into 96-well microtitrate plates
using DMEM medium. To recover, cells were left for 24 h
before the addition of dendrimers. After this time dendrimers

were added and cells were incubated for 24 h. After 24 h MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
concentration of 5 mg/mL (20 μL) (final concentration was
0.5 mg/mL) was added, and cells were left for final 4 h. After
4 h medium was removed, DMSO was added to dissolve the
MTT crystals, and the absorption of samples was measured
at 570 nm with background correction at 630 nm using a
microplate reader. Results were expressed as a percent of
absorbance relative to untreated control cells. The results of the
cytotoxicity assay were used for the calculation of cell viability
after incubation with dendrimers: viability [%] = X/Xc × 100%
(2) where X is the absorbance in a well containing a particular
dendrimer concentration and Xc is the absorbance for untreated
control cells.

Determination of Antibacterial Activity. Screening for
antibacterial activities was carried out using the broth micro-
dilution method following the standards defined by the National
Committee for Clinical Laboratory Standards with modifications.
The methods involved incubation of tested microorganisms with
dendrimers on microtiter plates and spectrometric measurement
of cell density at 630 nm (the initial cell density, in all experi-
ments, was approximately 0.1 (OD630)). Antimicrobial properties
of dendrimers were expressed as the percentage of growth com-
pared to control samples of the bacteria, incubated in medium
without macromolecules.

■ RESULTS
Hemolysis Assay. The results presented as the percentage

of released hemoglobin are shown in Figure 2. The red blood
cell hemolysis caused by dendrimers was concentration- and
time-dependent. The first generation dendrimers 6 and 7 were
the highest hemolytic, whereas the dendrimers 1 and 8 were
the least. Adding HSA to the system slightly reduced the
amount of hemolysis especially for those dendrimers which
were weakly hemolytic (Figure 3). The concentration of
albumin (2 mg/mL) was chosen to achieve the same ratio of
hematocrit to albumin concentration as under physiological
conditions.

Cell Morphology. The influence of viologen-phosphorus
dendrimers on red blood cell morphology was checked by
optical microscopy (Figure 4). The control cells were mostly
discocytes (Figure 4A). For some dendrimers 2, 3, 6, and 7
most of the erythrocytes had been destroyed and only few
intact cells were visible. Dendrimer 1 induced the echinocytic
transformation that led to cell disruption (Figure 4D).

Membrane Fluidity. Membrane fluidity of red blood cells
was measured as anisotropy of fluorescence (r) of the
fluorescent label TMA-DPH incorporated into the lipid phase
of the membrane. Results are presented in Figure 5. Slight
increase in fluorescence anisotropy was observed for red blood
cells incubated with viologen-phosphorus dendrimers in
comparison to untreated control: that means the increased
rigidity of the membrane. This increase was statistically signifi-
cant only for dendrimers 4, 6, 7 and 8 for their highest
concentrations.

In Vitro Cytotoxicity. The effect of viologen-phosphorus
dendrimers on cell viability was determined using the MTT
assay.25 Reduction of MTT by cells indicates mitochondrial
activity, which may be interpreted as a proof of cell viability.
B14 was a control cell line used in this experiment. The results
show that the strongest influence on cell viability was observed
for dendrimers 3, 5, 6 while dendrimers 1 and 8 were the least
cytotoxic in the whole range of concentrations (Figure 6).

Table 1. Key Features of Dendritic Structures 1−8

compd core generation
charges
(anion)

surf.
groups

no. of surf.
groups

1 C6H3(CH2)3 0 6 (PF6
−) CHO 3

2 SP(NMe−
N)3

0 6 (PF6
−) CHO 3

3 (N3P3)(NMe−
N)6

0 12 (PF6
−) CHO 6

4 SP(NMe−
N)3

0 6 (Br−) P(O)
(OEt)2

3

5 (N3P3)(NMe−
N)6

0 12 (Br−) P(O)
(OEt)2

6

6 SP(NMe−
N)3

1 18 (PF6
−) P(O)

(OEt)2
6

7 (N3P3)(NMe−
N)6

1 36 (PF6
−) P(O)

(OEt)2
12

8 (N3P3)(NMe−
N)6

0 12 (Br−) PEG 6
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As to the N2a cell line, the strongest influence on cell
viability was observed for dendrimers 4, 5, 6, and 8. All water-
soluble dendrimers exerted cytotoxicity against the N2a cell
line. Among acetonitrile-soluble dendrimers only dendrimer 6
was toxic. The generation-dependent effect was not observed
(Figure 7).
Antimicrobial Activity. Viologen-phosphorus dendrimers

were evaluated for an antibacterial activity against a Gram-
positive bacterium (Staphylococcus aureus ATCC 6538), Gram-
negative bacteria (Escherichia coli ATCC 25922, Proteus vulgaris
ATCC 13315 and Pseudomonas aeruginosa ATCC 15442) and
yeast (Candida albicans ATCC 10231). Antimicrobial activity
of all dendrimers was evaluated at concentrations ranging from
0.1 μmol/L to 20 μmol/L and expressed as the percentage of
growth compared to the control samples of bacteria/fungi
incubated in medium without dendrimers.

Among the studied molecules, dendrimer 1 exhibited the
greatest antimicrobial activity against S. aureus and E. coli.
In the highest tested concentration (20 μmol/L) dendrimer
1 reduced the growth of S. aureus by 80% and limited
the growth of E. coli by 50%. It is worth mentioning
that dendrimer 1 had also good antifungal properties.
The growth inhibition of C. albicans, in culture contain-
ing 20 μmol/L of dendrimer 1, reached the value of 70%
(Figure 8).
The growth of two tested bacteria (S. aureus and E. coli)

was effectively limited by dendrimers 4, 6, and 7. In case of
S. aureus growth inhibition reached the value of 50% in
samples containing 1 μmol/L of dendrimers 6 and 7. For E.
coli addition of 5 μmol/L dendrimer 7 caused 45% reduction
of growth. In the case of dendrimer 6, 50% limitation of
growth was noted in samples with 10 μmol/L (Figure 8).

Figure 2. Red blood cell hemolysis caused by viologen-phosphorus dendrimers.
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Also addition of dendrimer 4, in concentration of 20 μmol/L,
reduced the growth of S. aureus and E. coli almost by a half
(Figure 8).

Among studied dendrimers, dendrimers 5 and 8 displayed the
lowest antimicrobial activity against tested microorganisms (Figure 8).

Figure 3. Red blood cell hemolysis caused by viologen-phosphorus dendrimers (20 μmol/L) in the presence or absence of human serum
albumin (2 mg/mL).

Figure 4. Morphology of erythrocytes affected by viologen-
phosphorus dendrimers (concentration of dendrimers, 20 μM;
dendrimer expositions, 24 h): (A) control, (B) dendrimer 3,
(C) dendrimer 2, (D) dendrimer 1, (E) dendrimer 7, (F) dendrimer 6,
(G) dendrimer 5, (H) dendrimer 4, (I) dendrimer 8.

Figure 5. Fluidity of red blood cell membranes treated with viologen-
phosphorus dendrimers (D).

Figure 6. Viability of B14 fibroblasts treated with viologen-phosphorus
dendrimers (D).
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■ DISCUSSION

It has been shown that positively charged dendrimers can be
used in many medical applications, e.g. gene therapy or drug
delivery.26 The problem is that polycationic dendrimers in most
cases are very toxic.27 If clinical applications of dendrimers
are considered, knowledge about their biological activity is
very important. It was demonstrated that low molecular mass
dendrimers are less cytotoxic and hematotoxic than higher
mass dendrimers.28 That is the reason why we investigated the
biological properties of viologen-phosphorus dendrons and
dendrimers of generation 0 and 1.
Hematotoxicity is the first step to check the impact of

dendrimers on human cells. Erythrocytes are a good model for
studying alterations in membrane conditions. The loss of
integrity of erythrocyte membrane is accompanied by a leakage
of hemoglobin. The strongest hemolytical effect was observed
for the water-soluble dendrimers 6 and 7 (Figure 2). These
dendrimers are of generation 1 and possess phosphonate end
groups, 9 or 18 viologen units and 18 or 36 positive charges,
respectively, that is to say the highest number of viologen
groups and consequently the highest number of positive charges.
Other dendrimers with phosphonate end groups caused mode-
rate hemolysis; however this was observed only after 24 h of
administration. It seems that viologen dendrimers with phos-
phonate end groups are more hematotoxic than dendrimers
having aldehyde end groups. Probably not only end groups are
important, but also the number of viologen units and posi-
tive charge play a crucial role. It was proven that viologens are
toxic.29 The more viologen units and positive charges were
present, the more hemolysis was observed. Dendrimers 1 and 8
caused the least hemolysis, and among these two dendrimers of
generation 0, dendrimer 8 is the least toxic. The first one has
aldehyde end groups, whereas dendrimer 8 is coated with
polyethylene glycol (PEG) on the surface. This corroborated
the observation that PEGylation significantly decreased the
in vitro and in vivo cytotoxicities and hemolysis of G5 and G6
PAMAM dendrimers, especially at higher PEG molar ratios.30

The surface of the red blood cells is negatively charged under
physiological conditions. Therefore, some viologen dendrimers
may exert a hemotoxic effect due to disruption of the cell mem-
brane through initial adhesion to the cell surface by electrostatic
attraction.31 It explains that more positive charge causes more
hemolysis. Previous studies have shown that hemolysis is
usually preceded by echinocytic transformation.32,33 This situa-
tion was observed for dendrimers 1 and 5. The presence of
erythrocyte ghosts was observed for dendrimers 2, 3, 6 and 7.
For other dendrimers normal morphology of cells was observed
(Figure 4).
Under physiological conditions red blood cells are suspended

in the plasma which contains proteins, among which serum
albumin is the most abundant. There are many proofs that

serum albumin in the incubation medium significantly diminished
the membrane perturbations caused by dendrimers.34 For
viologen-phosphorus dendrimers no significant effect of albumin
on red blood cells hemolysis was observed (Figure 3); this would
suggest the lack of protective effect of albumin due to weak
interactions between dendrimers and albumin.
The erythrocyte membrane is a first barrier to cross for

dendrimers. It is very important how they behave in contact
with membrane. TMA-DPH is a hydrophobic molecule, which
is anchored at the water/lipid interface due to its charged
trimethylammonium group. This fluorophore reports then on
the mobility of the lipid headgroup region of membrane.35 The
highest dendrimer concentrations induced statistically signifi-
cant decrease in membrane fluidity for dendrimers 4, 6, 7 and
8 (Figure 5). These dendrimers, except dendrimer 4, possess
the highest molecular weights. The results suggest that dendrimers
can interact with the polar headgroup region of the phospholipid
bilayer. Higher generation dendrimers interact more strongly with
membranes, and the concentration, as well as the generation, is of
similar importance.36

Viability of B14 cells (control cell line) and N2a cells (cancer
cell line) treated with dendrimers was determined by MTT
assay. For B14 cells five, out of eight, dendrimers were cytotoxic:
dendrimers 2, 3, 5, 6, and 7 (Figure 6). However, they were
cytotoxic only when the concentration exceeded 5 μmol/L. Three
of them, 5, 6, and 7, have many viologen units and high
positive charge (12, 18 and 36, respectively), and they have
phosphonate end groups while dendrimers 2 and 3 have
aldehyde terminal groups. A similar situation was observed
for the hemolytical assay. Modification of the dendrimer sur-
face plays a crucial role in their biological activity. Some modi-
fications of dendrimers, e.g. PEGylation, cause lower cytotoxicity
to normal cell line than unmodified polymers.37 Also in our studies
PEGylated dendrimer 8 was not toxic to B14 cells. Cell viability
of cancer cell line N2a decreased after administration of
dendrimers 4, 5, 6, and 8 (Figure 7). Three of them are ended
with phosphonate groups, and dendrimer 8 is coated with PEG.
The behavior of dendrimer 4 and PEGylated dendrimer 8 is
fascinating: contrary to the control of cell line B14, dendrimer
4 and PEGylated dendrimer 8 were very cytotoxic toward can-
cerous cell line N2a. The altered structure of cancer cell
membranes may be one of the reasons for that. Having a
compound which is harmless to normal cells being at the same
time highly toxic to cancer cells may open very interesting
perspectives for biomedical applications.
The next step was to check antimicrobial activity of vio-

logen dendrimers. The chemicals which contain viologen units
present excellent antibacterial activity against the bacteria
pathogens, e.g. Staphylococcus aureus and Escherichia coli .38

Many studies have shown that dendrimers are good carriers of
biologically active agents, but only few describe their anti-
microbial activity. Lopez et al.37 reported that amino-terminated
PAMAM dendrimers unmodified and modified with poly(ethylene
glycol) groups exhibited antimicrobial activity against S. aureus
and P. aeruginosa. The amine- and ammonium-terminated
carbosilane dendrimers have been described as potent anti-
microbial agents.39−42 Antimicrobial and antifungal activity was
also demonstrated for amine-terminated dendrimers with
poly(propylene oxide) amine core and methylacrylate and
ethylenediamine core43 and for functionalized PPI den-
drimers.41 To the best of our knowledge there is no report of
antimicrobial activity of viologen containing dendrimers. The
possible role of viologen monomers was mentioned in two

Figure 7. Viability of N2a cells treated with viologen-phosphorus
dendrimers (D).
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reports: in each of them viologen units are incorporated into
the backbone of polymers. In a previous report a viologen, namely,
the N-hexyl-N-(4-vinylbenzyl)-4,4′-bipyridinium dinitrate
(HVVN), was prepared and subsequently graft-copolymerized
on poly(ethylene terephthalate) (PET) films on which silver
nanoparticles were deposited (silver as a powerful antibacterial
agent has been used for many years). The HVVN chains stabilized
silver nanoparticles and were claimed to confer an antibacterial

property to PET; this antibacterial effect is very significantly
enhanced by the presence of silver nanoparticles.44 Antibacterial
activity of viologen pendant indole stabilized silver nanoparticles was
also reported: nevertheless, apart from the stabilization of silver
nanoparticles by the polymer, no real evidence was given for a direct
effect of viologen monomers on the antibacterial properties of the
resulting macromolecules.38

Figure 8. Antimicrobial activity of viologen-phosphorus dendrimers against tested microorganisms after 24 h incubation.
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Antimicrobial activity of viologen-phosphorus dendrimers of
generation 0 and generation 1 toward Gram-positive bacterium
Staphylococcus aureus ATCC 6538, Gram-negative bacteria
Escherichia coli ATCC 25922, Proteus vulgaris ATCC 13315 and
Pseudomonas aeruginosa ATCC 15442 and yeast Candida
albicans ATCC 10231 was determined. First of all the influence
of viologen dendrimers with peripheral aldehyde groups on
microbial growth was evaluated. All these dendritic structures
were of generation 0 (dendrimers 1, 2 and 3). Dendrimer 2 and
dendron 1 possess on their periphery 3 aldehyde groups while
dendrimer 3 has 6 aldehyde end groups. The obtained results
indicate that all these dendritic structures limited the growth
of S. aureus, but the dendron and the dendrimer with 3 end
groups were more effective and caused 80% growth reduction
in samples containing 20 μmol/L of compounds. In the same
concentration dendrimer 3 limited the growth of S. aureus only
by 60%. The reason for the lower toxicity of 3 may be con-
nected with the number of end groups and the high mass of
tested macromolecules. It is worth mentioning that, among
aldehyde-terminated dendrimers, only dendron 1 exhibited
good antimicrobial properties toward Gram-negative bacterium
E. coli and yeast C. albicans. Addition of 1 in the highest tested
concentration caused 50% and 70% growth inhibition of E. coli
and C. albicans, respectively. It can be concluded that not only
the number of end groups determines the antimicrobial activity
of macromolecules but also the chemical structure of core
region.
Next the microbial susceptibility to viologen-phosphorus

dendrimers of generation 0 terminated with phosphonate
groups was carried out. Studies were performed with
dendrimers 4 and 5, the chemical structure (core and interior)
of which corresponds with the structure of dendrimers 2 and 3,
respectively. The obtained results revealed that replacement
of aldehyde groups by phosphonate groups caused reduction
of antimicrobial activity of compounds against S. aureus. The
addition of dendrimer 5 to S. aureus culture limited the growth
of bacterium by 10−15%, whereas in samples contain-
ing dendrimer 3 the growth was reduced by 40−50%. A
similar situation was observed for 4, which in the highest tested
concentration limited the growth of S. aureus only by 40%,
while in samples containing dendrimer 2 inhibition of growth
reached the value of 80%. These results indicate that among
dendrimers of generation 0 the macromolecules with aldehyde
groups are more potent antimicrobial agents.
Among dendrimers of generation 1, we tested only

dendrimers terminated with phosphonate groups (dendrimers
6 and 7). These dendrimers possess the highest numbers of
viologen units and positive charges. They were able to reduce
the growth of S. aureus, E. coli and additionally P. vulgaris. They
showed the strongest antimicrobial activity against tested
Gram-positive bacterium compared to Gram-negative bacteria.
The addition of 20 μmol/L of dendrimers 6 or 7 caused 80%
growth reduction of S. aureus, in comparison to control samples
without dendritic structures. In case of E. coli the limitation
of growth reached values of 70% and 60% for dendrimers 7 and
6, respectively. Tested viologen dendrimers exhibited satisfac-
tory antimicrobial properties also against P. vulgaris. In samples
containing the highest tested concentration of dendrimers, inhibi-
tion of growth ranged from 70% to 90%. During incubation of
P. vulgaris bacteria with dendrimers a change of color (violet) was
observed for all the dendrimer derivatives. This phenomenon
was not observed in abiotic control, containing only medium
and dendrimers, which indicates that P. vulgaris is able to

convert the dendrimers to unknown derivatives. It must be
mentioned that in this described situation we cannot clearly
state which compound limited the growth of P. vulgaris, and the
ability of P. vulgaris in bioconversion of dendrimers needs
future research.

■ CONCLUSION
A series of viologen-phosphorus dendrimers of generation 0
and 1 and a dendron of generation 0 were prepared and their
biological properties investigated. Attention was focused on
hemotoxicity, erythrocyte morphology, membrane fluidity,
in vitro cytotoxicity and antibacterial activity of these new dendritic
structures. Even if their versatile behavior was observed, several
features of these dendrimers can be emphasized. Dendrimers
bearing the highest number of charges, i.e. the highest number of
viologen units, cause more hemolysis. Higher generations also
interact more strongly with membranes. Remarkably two of these
dendrimers, dendrimer 4 and the PEGylated dendrimer 8, are not
toxic to B14 cells but are very cytoxic toward cancerous
cells N2a. It is known that the chemical structure, surface charge,
3D structure and size play a crucial role in determining anti-
microbial activity. All tested dendrimers exhibited good antimicro-
bial properties toward the Gram-positive strain S. aureus. Some of
themdendrimers 6 and 7, bearing the highest numbers of
viologen units and positive chargesalso limited the growth of
Gram-negative strains E. coli and P. vulgaris. It may depend on
both structure of macromolecules and structure of the bacterial cell
wall, which is different for Gram-positive and Gram-negative
bacteria. Additional studies are underway aiming to get a better
understanding on the behavior of these bioreactive dendritic
structures as well as those of their higher generation congeners.
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Soliveri, J.; Gomez, R.; de la Mata, F. J. Amine and ammonium
functionalization of chloromethylsilane-ended dendrimers. Antimicro-
bial activity studies. Org. Biomol. Chem. 2008, 6, 3264−3269.
(40) Calabretta, M. K.; Kumar, A.; McDermott, A. M.; Cai, C.
Antibacterial activities of poly(amidoamine) dendrimers terminated
with amino and poly(ethylene glycol) groups. Biomacromolecules 2007,
6, 1807−1811.
(41) Chen, C. Z.; Beck-Tan, N. C.; Dhurjati, P.; van Dyk, T. K.;
LaRossa, R. A.; Cooper, S. L. Quaternary ammonium functionalized
poly(propylene imine) dendrimers as effective antimicrobials:
structure-activity studies. Biomacromolecules 2000, 1, 473−480.
(42) Rasines, B.; Hernańdez-Ros, J. M.; de las Cuevas, N.; Copa-Patiño,
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