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Abstract
The prevention of cyto- and genotoxicity of nanocarriers is an important task in nanomedicine. In
the present investigation, we, at the first time using similar experimental conditions, compared
genotoxicity of nanocarriers with different composition, architecture, size, molecular weight and
charge. Poly(ethylene glycol) polymers, neutral and cationic liposomes, micelles, poly(amindo
amine) and poly(propyleneimine) dendrimers, quantum dots, mesoporous silica, and
supermagnetic iron oxide (SPIO) nanoparticles were studied. All nanoparticles were used in non-
cytotoxic concentrations. However, even in these concentrations, positively charged cationic
liposomes, dendrimers, and SPIO nanoparticles induced genotoxicity leading to the significant
formation of micronuclei in cells. Negatively charged and neutral nanocarriers were not genotoxic.
A strong positive correlation was found between the number of formed micronuclei and the
positive charge of nanocarriers. We proposed modifications of both types of dendrimers and SPIO
nanoparticles that substantially decreased their genotoxicity and allowed for an efficient
intracellular delivery of nucleic acids.

Keywords
Nanotoxicology; nanogenotoxicology; formation of micronuclei; nanoparticles; siRNA delivery

Background
Different nanocarriers are currently being used for the delivery of various drugs and nucleic
acids. The advantages of nanocarriers as drug vehicles include but are not limited to
improving solubility and stability of the delivered agents as well as enhancing their uptake
by targeted cells. A rapid expansion of nanotechnology raises several environmental, health,
and safety issues that should be understood, investigated, and regulated [1, 2]. The study of
possible threats of nanocarriers led to the emergence of two novel branches of
bionanoscience: nanotoxicology and most recently nanogenotoxicology[3–6].
Nanotoxicology studies mechanisms of cytotoxicity of nanomaterials while
nanogenotoxicology is focused on analyzing the potential of engineered nanomaterials on
damaging DNA. While cytotoxicity of nanocarriers is relatively widely analyzed for
different nanomaterials, genotoxicity of nanocarriers were investigated only in limited
number of recent publications [3–5, 7–15]. Meanwhile, genotoxicity of drug carriers should
be avoided especially for prolonged chronic treatment. If nanocarriers are used for the
delivery of cytotoxic drugs (e.g. for chemotherapy of cancer) and are delivered specifically

*Corresponding author: Tamara Minko, Ph.D., Professor II (Distinguished) and Chair, Department of Pharmaceutics, Ernest Mario
School of Pharmacy, Rutgers, The State University of New Jersey, 160 Frelinghuysen Road, Piscataway, NJ 08854-8020, Phone:
732-445-3831 x 214, Fax: 732-445-3134, minko@rci.rutgers.edu.

NIH Public Access
Author Manuscript
Curr Drug Discov Technol. Author manuscript; available in PMC 2014 January 22.

Published in final edited form as:
Curr Drug Discov Technol. 2013 March ; 10(1): 8–15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for the targeted site of action (e.g. tumor), then their own cyto- and genotoxicity is less
important when compared with other factors (delivery efficiency, profile of drug release,
cost, etc.). However, when the carriers are used for the delivery of non-cytotoxic agents and
may be accumulated in healthy tissues, then it is critically important to prevent cytotoxicity
of nanocarriers and their adverse genetic effects.

In the present study, we selected one representative nanocarrier from the most widely used
types of drugs and nucleic acid delivery vehicles and analyzed nanoparticles with different
composition, size, molecular weight, and electrical charge: (1) supermagnetic iron oxide
(SPIO) nanoparticles; (2) – 2, 10 and 20 kDa poly(ethylene glycol) (PEG) polymer; (3) –
quantum dots (QD); (4) – poly(propyleneimine) (PPI) dendrimers and poly(amido amine)
(PAMAM) dendrimers; (5) – polymeric micelles; (6) – “neutral” liposomes (120 nm and
600 nm); (7) – cationic liposomes; and (8) – mesoporous silica (MS) nanoparticles. The size
of studied nanocarriers varied from 10 to 600 nm while surface charge values covered a
region from −10 to +90 mV. Here we tried to answer two questions. First, which type of
nanoparticles can cause genetic aberrations under non-cytotoxic concentrations by inducing
the formation of micronuclei during cell division? Second, how one can limit genotoxicity
of nanocarriers by their modifications suitable for the delivery of siRNA? Consequently, the
present study was aimed at evaluating and comparing the genotoxicity of different
nanocarriers and developing possible modifications of genotoxic nanoparticles in order to
limit their adverse effects on DNA and to use for intracellular delivery of siRNA.

Methods
Chinese Hamster Ovary (CHO-K1) cells were employed in all in vitro experiments. The
cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA
20108) and cultured in F-12K medium supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA) and penicillin-streptomycin (100 UI/ml-100ug/ml, Sigma, St.
Louis, Mo). Poly(ethylene glycol) (PEG) polymer, neutral and cationic liposomes,
polymeric micelles, poly(amido amine) (PAMAM) and poly(propyleneimine) (PPI)
dendrimers, quantum dots (QD), mesoporous silica (MS) and supermagnetic iron oxide
(SPIO) nanoparticles were investigated. PEG polymers (2, 10 and 20 kDa) were purchased
from Rapp Polymere GmbH (Tubingen, Germany). Liposomes were prepared as previously
described [8, 16]. Briefly, neutral PEGylated liposomes were formulated from egg
phosphatidylcholin: cholesterol:1,2,-distearoyl-sn-glycero-3-phosphoethanolamine-N-
aminopolyethelenglycol (DSPE-PEG) in mole ratio 51:44:5, respectively, using the ethanol
injection method with final concentration 10 mM. Cationic liposomes were prepared from
positively charged dioleoyl-2-trimethylammonium propane (DOTAP, Avanti Polar Lipids,
Alabaster, AL) in concentration 10 mM. DSPE-PEG 2000 micelles were prepared as
previously described [17]. Briefly, DSPE-PEG powder was dissolved in tert-butanol,
lyophilized overnight followed by rehydration in 0.9% NaCl to a final concentration above
the lipopolymer critical micelle concentration (10 mM). PAMAM generation 4.0
(ethylenediamine core) and PPI tetrahexacontaamine generation 5 dendrimers were obtained
from Sigma-Aldrich (Milwaukee, WI). Amine terminated quantum dots were prepared as
previously described [18]. Mobile Crystaline Material-41 (MCM-41) type MS nanoparticles
were synthesized using a surfactant-templated, base-catalyzed condensation method as
previously reported [19]. SPIO nanoparticles were synthesized as previously described [20].
Briefly, iron oxide nanocrystals of 5 nm in diameter were synthesized in organic solvents at
high temperature. For solubilization of iron oxide nanoparticles in water, micelles were
formed with amphiphilic polymers by transferring iron oxide nanocrystals from organic
solvents into water. Carboxyl terminated Quantum Dots (QD-COOH) with an emission peak
at 490 nm were purchased from eBioscience, Inc. (San Diego, CA). The structure of these
functionalized eFluornanocrystals consists of a core particle that is composed of cadmium
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selenide (CdSe) surrounded by a zinc sulfide (ZnS) shell. Quantum dots have a lipid based
coating containing PEG molecules attached that enables water solubility, and carboxyl
groups available for conjugation. These quantum dots were previously evaluated and used in
our lab as imaging agents and drug carriers [18]. The samples of nanocarriers were imaged
with a tapping mode atomic force microscope (Nanoscope III A, Veeco Digital Instruments,
Chadds Ford, PA) as previously described [21]. The height differences on the surface are
indicated by the color code: lighter regions indicate higher heights. Complexes of siRNA
with cationic liposomes, mesoporous silica nanoparticles, PAMAM and PPI dendrimers and
SPIO nanoparticles were performed in our laboratory as previously described [16, 19–24].

Cytotoxicity of all synthesized carriers was analyzed using a modified 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) (MTT) assay as previously
described [25]. Particle size was measured by dynamic light scattering using 90 Plus Particle
Sizer Analyzer (Brookhaven Instruments Corp., New York, NY). To characterize a surface
charge of nanoparticles, zeta potential was measured on PALS Zeta Potential Analyzer
(Brookhaven Instruments Corp., Holtsville, NY).

Genotoxicity of the studied carriers were evaluated using the in vitro micronucleus assay on
CHO-K1 cells as previously described [26]. Briefly, about 300,000 cells were cultured with
the media in 25 cm2 flasks and held 24 hours before treatment. They were then incubated
with tested nanocarriers for 24 h. Negative control cells were incubated with fresh media,
while positive control cells were treated with ethyl methanesulfonate(400 μg/ml). After
incubation, the cells were fixed in a cold solution of 100 % methanol. The methanol was
removed and the cells were washed with phosphate buffer and the cells’ nuclei were then
stained with 600 nM of 4, 6 diamidino-2-phenylindole (DAPI) for 8 minutes. This solution
was removed and all the flasks were washed with PBS containing 0.05 % Tween 20 (Sigma
Aldrich, St Louis, MO). After staining, the formation of micronuclei was detected by a
fluorescent microscope (Olympus, New York, NY) and documented by counting the number
of micronuclei per 1000 cells.

Cellular internalization of 6-FAM labeled siRNA-nanoparticle complexes was analyzed by
laser scanning spectral confocal (Leica Microsystems Inc., Bannockburn, IL) microscopes.
Prior the visualization cells were plated (20,000 cells/well) in 6-well tissue culture plates
and treated with analyzed drug carrier-siRNA complexes for 24 h. The concentration of
siRNA was 0.25 μM. After 24 h of treatment, cells were washed three times with DPBS, 1
mL of fresh medium was added to each well and photographed by a confocal microscope.

Results
Cytotoxicity of all studied nanocarriers was studied. It was found that QD, PEG polymers
(2, 10 and 20 kDa) and “neutral” liposomes (120 and 600 nm) were not toxic at all available
concentrations. PPI dendrimers at highest available concentrations demonstrated low
cytotoxicity (cellular viability was 30% lower when compared with the control level). In
contrast, MS nanoparticles, PAMAM dendrimers and SPIO nanoparticles showed
substantial cytotoxicity when their concentrations exceeded 0.1 mg/mL, 0.8 mg/mL and 80
μg/mL, respectively. Based on these measurements, maximal non-toxic concentrations of
each nanocarrier were selected for the further studies. These working concentrations were
equal to: 0.078 mg/mL (PEG Polymers), 2.50 mM (“neutral” liposomes), 0.117 mM
(cationic liposomes), 0.0195 mM (polymeric micelles), 0.391 μg/mL (PAMAM dendrimer),
0.0978 μM (PPI dendrimer), 7.03 nM (QD), 3.91 μg/mL (MS nanoparticles), and 1.526 μg/
mL (SPIO nanoparticles).
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All used carriers were characterized by atomic force microscope imaging and measurements
of their size and surface charge. Atomic force microscope analysis showed that all studied
vehicles formed well-defined nanoparticle-like structures (Fig. 1). These results allowed us
to designate all studied carriers as true compact “particles.” The measurements of particle
size showed that the size of the particles varied from 10 to 600 nm (Fig. 2). Therefore,
carriers employed covered almost the entire range of carrier sizes designated for
nanocarriers. Consequently, carriers used can be referred as “nanoparticles”. Zeta potential
of all nanocarriers is presented in Fig. 3. It ranged from approximately −10 mV for micelles
and “neutral” liposomes to more than + 90 mV for SPIO nanoparticles. Therefore, these
parameters of the selected nanocarriers covered almost entire region of nanocarrier charges
that are currently used in nanomedicine for intracellular delivery of drugs, siRNA and other
bioactive materials or are employed for bioimaging.

Representative images of stained cells incubated with different nanocarriers and
corresponding negative and positive controls are shown in Fig. 4. Quantitative analysis of
genotoxicity is presented in Fig. 5. It was found that PEG polymer, QD, “neutral”
liposomes, MS nanoparticles, and micelles in non-cytotoxic concentrations did not induce
measurable genotoxic effects in terms of formation of micronuclei (please see Fig. 4, images
3–7 and Fig. 5, bars 3–10). In contrast, cationic liposomes, PAMAM and PPI dendrimers,
and SPIO nanoparticles significantly increased the formation of micronuclei in tested cells
(please see Fig. 4, images 8, 9, 11, 13 and Fig. 5, bars 11, 12, 14, 16).

In order to decrease genotoxicity of nanocarriers, we performed the following modifications.
PAMAM dendrimers were internally quaternized and surface acetylated as previously
described [22]. The modified dendrimers also did not demonstrate any signs of cytotoxicity
for all available concentrations. Analysis of genotoxicity showed that the modification of
PAMAM dendrimers prevented not only cytotoxic effects but also limited the formation of
micronuclei (please compare images 9 and 10 in Fig. 4 and bars 12 and 13 in Fig. 5). For the
purpose of decreasing genotoxicity of PPI dendrimers and use them for the delivery of
nucleic acids, PPI dendrimers were condensed with siRNA and the formed siRNA
nanoparticles were caged with a dithiol containing cross-linker molecules followed by
coating them with PEG polymer as described [32]. As can be seen from the present
experimental data, the modification substantially limited genotoxicity of the carriers. In fact,
such modification almost completely prevented the formation of micronuclei during the
incubation with cells (please compare images 11 and 12 in Fig. 4 and bars 14 and 15 in Fig.
5). To decrease the toxicity of SPIO nanoparticles and make them suitable for siRNA
delivery, the following approach was used. Complexes were formed by cooperative
condensation of siRNA with 5 nm SPIO nanoparticles and PPI generation 5 dendrimers,
then the resulted complexes were coated with PEG polymer as previously described [20].
Experimental data obtained show that the modification also significantly limited
genotoxicity of nanoparticles preventing the formation of micronuclei in the cells (please
compare images 13 and 14 in Fig. 4 and bars 16 and 17 in Fig. 5).

To reveal an influence of surface charge on genotoxicity of nanoparticles, we analyzed the
correlation between zeta potential of nanocarriers and their genotoxicity (Fig. 6). It was
found that negatively charged and neutral nanocarriers did not induce the formation of
additional micronuclei when compared with spontaneous micronucleus formation in control
(cells incubated with media). A strong positive linear correlation (r = 0.987) was found
between the value of zeta potential and genotoxicity of positively charged nanocarriers.

To analyze the relationship between the cellular internalization of siRNA and genotoxicity
of nanocarriers, we studied the internalization of fluorescently labeled siRNA delivered by
nanocarriers with different genotoxicity: mesoporous silica nanoparticles, cationic
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liposomes, modified poly(amido amine) and poly(propyleneimine) dendrimers (Fig. 7). It
was found that all studied nanocarrier-siRNA complexes successfully penetrated the cells
and siRNA was efficiently released from the complexes into the cellular cytoplasm. We did
not found substantial differences between all studied nanocarriers with different
genotoxicity in the efficiency of siRNA delivery inside the cells.

Discussion
Our ultimate goal was to select a single representative of each of the most frequently used
classes of nanocarriers in order to cover a wide range of sizes, molecular weights,
compositions, and electrical charges. Such a selection is based upon the following
considerations. First, we tried to select a typical representative from each of nanocarriers
that have been developed, well characterized, and widely used in various nanomedical
applications. Secondly, we intended to cover a wide range of carrier composition,
architecture, size, and electrical charge. Consequently, the following nanocarriers have been
selected for the analysis: supermagnetic iron oxide nanoparticles, poly(ethylene glycol)
polymers with different molecular weight, quantum dots, poly(propyleneimine) and
poly(amido amine) dendrimers, polymeric micelles, “neutral” and cationic liposomes, and
mesoporous silica nanoparticles. Such a selection allowed us to analyze the influence of
architecture, molecular weight, size, and surface charge on genotoxicity of nanocarriers. It is
understandable that in most cases nanocarriers are used in concentrations that do not induce
significant cytotoxic effects in vitro or in doses that do not exceed the maximal tolerated
doses in vivo. It is generally assumed that such concentrations are safe and will not induce
severe side effects, including undesirable genotoxic effects. We also used all nanocarriers in
concentrations that did not induce substantial cell death in vitro. The viability of cells
incubated with working concentrations of nanoparticles employed in the present study was
90% or higher when compared with untreated cells incubated with fresh media. However,
some nanocarriers demonstrated marked genotoxicity even under non-toxic concentrations.
We found that PEG polymer, QD, “neutral” liposomes, MS nanoparticles, and micelles did
not demonstrate signs of genotoxicity in non-cytotoxic concentrations. In contrast, cationic
liposomes, PAMAM and PPI dendrimers, and SPIO nanoparticles being applied in non-
cytotoxic concentrations did induce micronuclei formation in tested cells. These results are
in good agreement with the literature data reporting that different dendrimers can induce not
only cell death but also moderate genotoxic effects [7]. Genotoxicity of iron oxide
nanoparticles has also been recently reported [13]. However, it should be stressed that in the
available literature we did not find a comparison of different nanocarriers in terms of their
genotoxicity analyzed in the similar conditions in one experimental study. In this sense, the
present work fills the gap and allows us to select genotoxic carriers for further
modifications.

PAPAM dendrimers were modified in order to eliminate surface charges and protect siRNA
conjugated with dendrimers from the harsh action of the environment during its voyage in
the blood stream towards the targets [21]. This modification included acetylation of surface
branches and internal quaternization. The modified dendrimers have neutral surfaces and
cationic charges inside the dendrimers (not on the outer surface). Our previous data showed
that these modified dendrimers formed well-condensed, spherical particles (polyplexes) with
siRNA, protected nucleic acids from degradation, and provided their effective cellular
internalization [21]. In summary, the proposed modification of PAMAM dendrimers
decreased their surface charges creating internal sites with positive charges for conjugation
with negatively charged siRNA molecules. Consequently, one or several dendrimers can
cover a siRNA molecule forming well-defined spherical nanocomplexes and protecting the
payload from the degradation during the journey in the systemic circulation to the site of the
action. We found [21] that such complexes efficiently penetrate inside the cells and release
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siRNA in the cytoplasm probably as a result of pH decreasing and braking the electrostatic
bonds between the dendrimers and nucleic acids. In contrast, the conjugation of siRNA with
externally charged dendrimers led to the formation of nanotubes that were unable to
efficiently deliver siRNA inside the cells. Present experimental data also show that such a
modification substantially limits the genotoxicity of these type of dendrimers.

PPI dendrimers were condensed with siRNA and the formed siRNA nanoparticles were
caged with a dithiol containing cross-linker molecule followed by coating them with PEG
polymer as described [24]. Previously, we found that, this layer-by-layer modification of
dendrimers increased the siRNA stability in plasma and intracellular bioavailability,
provided for their efficient cellular uptake, accumulation of siRNA inside the cells, and
efficient gene silencing [24]. Present experimental data support this finding. In addition, it
was found in the present experimental work, that this modification decreased genotoxicity of
formed dendrimer-siRNA complexes.

The modification of SPIO nanoparticles included two steps. First, complexes were formed
by cooperative condensation of siRNA with SPIO nanoparticles and PPI dendrimers.
Secondly, the resulted complexes were coated with PEG polymer as previously described
[20]. Previously, we found that such a modification decreased the cytotoxicity of the
nanoparticles, protected the payload in the blood stream, enhanced the efficiency of cellular
internalization of siRNA and increased the efficiency of targeted gene suppression [20]. In
addition, as was shown in the present study, these modifications of SPIO nanoparticles
decreased their genotoxicity. In summary, the proposed modifications of nanoparticles
eliminated their positive surface charge, allowed for stable complexes with siRNA, provided
for an efficient intracellular delivery of nucleic acids, and limited cytotoxicity and
genotoxicity of nanocarriers.

The exact mechanisms of genotoxic effects of nanoparticles are still unknown. One can
suggest that the following factors can potentially affect genotoxicity of nanocarriers:
composition, size, molecular weight, particle geometry, and surface charge. In the present
study, all of these parameters varied substantially in the investigated nanoparticles.
Recently, it was suggested based on the results of the comparative analysis that particle
composition probably played a primary role in the cytotoxic effects of different
nanoparticles while the potential genotoxicity might be mostly attributed to particle shape
[11]. However, based on the results obtained in the present study, it is most probable that the
surface charge of nanocarriers plays a central role in genotoxic effects. Three major sets of
data support this assumption. First, the degree of genotoxicity of nanocarriers does not
correlate with their size or molecular weight. In fact, comparable genotoxicity was found in
nanocarriers with huge differences in size (from ~20 nm in PEG polymers to ~600 nm in
large “neutral” liposomes). At the same time, nanocarriers with comparable size
demonstrated dramatically different genotoxicity. For instance, PEG polymers (~20 nm),
QD (~40 nm), polymeric micelles (~30 nm) did not induce genotoxicity, but SPIO
nanoparticles (~10 nm), PAMAM and PPI dendrimers (~20 nm) were genotoxic; larger
carriers like “neutral” liposomes (~120 nm) and MS nanoparticles (~180 nm) did not lead to
the formation of micronuclei, but cationic liposomes (~190 nm) were genotoxic (Fig. 2–5).
The increase in molecular weight of PEG-based nanocarrier from 2 to 20 kDa also did not
influence its genotoxicity. Secondly, some nanocarriers of similar size, molecular weight,
and shape possessed substantially different genotoxicity. Examples from the present study
include “neutral” (non-genotoxic) and cationic (highly genotoxic) liposomes. It seems that
the presence of positive charge substantially increases the genotoxicity of nanoparticles.
Thirdly, modifications of nanocarriers that eliminate their surface charge (e.g. PAMAM, PPI
dendrimers and SPIO nanoparticles) reduced their genotoxicity. A strong positive
correlation between micronuclei formation and surface charge of nanoparticles revealed in
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the present study support this conclusion. The results also agreed with the literature data
showing that toxic effects of different nanocarriers correlates with positive charge of their
surface [27–30].

Theoretically, differences in the internalization of siRNA inside the cells could potentially
influence genotoxicity of complexes of siRNA with nanocarriers. To examine this
probability, we studied cellular internalization and release of siRNA delivered by
nanocarriers with substantially different genotoxicity. We did not found substantial
differences between all studied nanocarriers with different genotoxicity in the efficiency of
siRNA delivery inside the cells. Therefore, it is unlikely that genotoxicity of nanocarriers
depend on efficiency of cellular internalization of the siRNA.

Additional investigations are planned in our laboratory in order to elucidate possible
mechanisms of genotoxicity of nanocarriers. It should be stressed again that nanocarriers
were used in the present study for the genotoxic study in non-cytotoxic concentrations that
did not decrease cellular viability. However, some carriers did demonstrate substantial
genotoxicity, which confirms the importance of testing genotoxicity together with
cytotoxicity in order to assess the safety of nanocarriers.

Conclusions
In summary, the present experimental data clearly showed the importance of genotoxicity
testing during the characterization of nanocarriers. In fact, even in non-cytotoxic
concentrations, nanocarriers with positive surface charges induced formation of micronuclei
after incubation with cells. Genotoxicity of nanocarriers correlated well with their surface
charges. We also proposed several modifications of genotoxic dendrimers and SPIO
nanoparticles in order to limit their genotoxicity. These modifications prevented the
formation of micronuclei in cells incubated with nanocarriers, limited their cytotoxicity, and
increased the stability and efficiency of cellular internalization of complexated siRNA,
making such modified nanocarriers attractive for the delivery of nucleic acid for clinical
applications.
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Figure 1.
Representative atomic force microscope (AFM) images of different nanocarriers:
supermagnetic iron oxide (SPIO) nanoparticles; poly(ethylene glycol) (PEG); quantum dots
(QD); poly(propyleneimine) (PPI) dendrimers; poly(amido amine) (PAMAM) dendrimers;
polymeric micelles; “neutral” liposomes; cationic liposomes and mesoporous silica (MS)
nanoparticles.
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Figure 2.
Average size of different nanocarriers: 1 – supermagnetic iron oxide (SPIO) nanoparticles; 2
– 2 kDa poly(ethylene glycol) (PEG) polymer; 3 – 10 kDa PEG polymer; 4 – 20 kDa PEG
polymer; 5 – quantum dots (QD); 6 – poly(propyleneimine) (PPI) dendrimers; 7 –
poly(amido amine) (PAMAM) dendrimers; 8 – polymeric micelles; 9 – “neutral” liposomes
(120 nm); 10 – cationic liposomes; 11 – mesoporous silica (MS) nanoparticles; and 12–
“neutral” liposomes (600 nm). Means ± SD are shown.
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Figure 3.
Zeta potential of different nanocarriers: 1 – 2 kDa poly(ethylene glycol) (PEG) polymer; 2 –
10 kDa PEG polymer; 3 – 20 kDa PEG polymer; 4 – quantum dots (QD); 5 – “neutral”
liposomes (120 nm); 6 – “neutral” liposomes (600 nm);7 – mesoporous silica (MS)
nanoparticles; 8 – polymeric micelles; 9 – cationic liposomes; 10 – poly(amido amine)
(PAMAM) dendrimers; 11 – modified PAMAM dendrimers; 12 – poly(propyleneimine)
(PPI) dendrimers; 13 – modified PPI dendrimers; 14 – supermagnetic iron oxide (SPIO)
nanoparticles; and 15 – modified SPIO nanoparticles. Means ± SD are shown. *P< 0.05
when compared with corresponding non-modified nanocarrier.
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Figure 4.
Genotoxicity (formation of micronuclei) of different nanocarriers and corresponding
controls. Representative fluorescence microscopy images of CHO-K1 cells incubated within
24 hours with different substances: 1 – media (negative control); 2 – ethyl methanesulfonate
(EMS, positive control); 3 – 10 kDa poly(ethylene glycol) (PEG) polymer; 4 – quantum dots
(QD); 5 – neutral liposomes (120 nm); 6 – mesoporous silica (MS) nanoparticles; 7 –
polymeric micelles; 8 – cationic liposomes; 9 – poly(amido amine) (PAMAM) dendrimers;
10 – modified PAMAM dendrimers; 11 – poly(propyleneimine) (PPI) dendrimers; 12 –
Modified PPI dendrimers; 13 – supermagnetic iron oxide (SPIO) nanoparticles; and 14 –
modified SPIO nanoparticle. The cells were stained with DAPI nuclear dye. For each
substance, images on the right panel show magnified cells marked by the square on the left
panel.
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Figure 5.
Genotoxicity of different nanocarriers: 1 – media (negative control); 2 – ethyl
methanesulfonate (EMS, positive control); 3 – 2 kDa poly(ethylene glycol) (PEG) polymer;
4 – 10 kDa PEG polymer; 5 – 20 kDa PEG polymer; 6 – quantum dots (QD); 7 – “neutral”
liposomes (120 nm); 8 – “neutral” liposomes (600 nm);9 – mesoporous silica (MS)
nanoparticles; 10 – polymeric micelles; 11 – cationic liposomes; 12 – poly(amido amine)
(PAMAM) dendrimers; 13 – modified PAMAM dendrimers; 14 – poly(propyleneimine)
(PPI) dendrimers; 15 – modified PPI dendrimers; 16 – supermagnetic iron oxide (SPIO)
nanoparticles; and 17 – modified SPIO nanoparticles. Means ± SD are shown. *P< 0.05
when compared with media (negative control). †P< 0.05 when compared with a
corresponding non-modified carrier.

Shah et al. Page 14

Curr Drug Discov Technol. Author manuscript; available in PMC 2014 January 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Correlation between the zeta potential of nanocarriers and their genotoxicity. Shaded area
represents the control range of micronuclei formation. Means ± SD are shown.
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Figure 7.
Cellular internalization of siRNA complexes with different nanocarriers. Representative
confocal microscope images of cancer cells incubated within 24 h with fluorescently labeled
siRNA delivered by mesoporous silica (MS) nanoparticles, cationic liposomes, modified
poly(amido amine) (PAMAM) dendrimers and modified poly(propyleneimine) (PPI)
dendrimers.
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