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Magnetic nanoparticles are highly toxic to chloroquine-resistant
Plasmodium falciparum, dengue virus (DEN-2), and their
mosquito vectors
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Abstract A main challenge in parasitology is the develop-
ment of reliable tools to prevent or treat mosquito-borne dis-
eases. We investigated the toxicity of magnetic nanoparticles
(MNP) produced by Magnetospirillum gryphiswaldense
(strain MSR-1) on chloroquine-resistant (CQ-r) and sensitive
(CQ-s) Plasmodium falciparum, dengue virus (DEN-2), and
two of their main vectors, Anopheles stephensi and Aedes
aegypti, respectively. MNP were studied by Fourier-transform
infrared spectroscopy and transmission electron microscopy.
They were toxic to larvae and pupae of An. stephensi, LC50

ranged from 2.563 ppm (1st instar larva) to 6.430 ppm (pupa),
and Ae. aegypti, LC50 ranged from 3.231 ppm (1st instar lar-
va) to 7.545 ppm (pupa). MNP IC50 on P. falciparum were
83.32 μg ml−1 (CQ-s) and 87.47 μg ml−1 (CQ-r). However,

the in vivo efficacy of MNP on Plasmodium berghei was low
if compared to CQ-based treatments. Moderate cytotoxicity
was detected on Vero cells post-treatment with MNP doses
lower than 4 μg ml−1. MNP evaluated at 2–8 μg ml−1

inhibited DEN-2 replication inhibiting the expression of the
envelope (E) protein. In conclusion, our findings represent the
first report about the use of MNP in medical and veterinary
entomology, proposing them as suitable materials to develop
reliable tools to combat mosquito-borne diseases.
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Introduction

The very recent outbreaks of mosquito-borne diseases, such as
chikungunya and Zika virus (Benelli and Mehlhorn 2016),
highlighted the pivotal relevance of effective mosquito control
programs. Nowadays, the management of Culicidae is chal-
lenging due to four main issues. First is the rapid development
of mosquito resistance to synthetic molecules used as pesti-
cides (Naqqash et al. 2016; Pavela and Benelli 2016). Second
is the rapid development of resistance to the most commonly
used antiplasmodial molecules, i.e., chloroquine and
artemisinin (WHO 2015). Third is the spread of highly inva-
sive mosquito vectors worldwide (Mehlhorn 2015). Fourth is
the rise of new arboviruses extremely dangerous for public
health, with special reference to marginalized populations,
which do not have access to expensive vaccines or drugs
and preventive tools (Benelli and Mehlhorn 2016).
Therefore, the discovery of eco-friendly nano-pesticides to
fight arthropod vectors is a key issue (Benelli 2015a, b,
2016a, b, c). A further hot challenge in parasitology is also
the development of effective drugs to treat or prevent
arthropod-borne diseases (Benelli et al. 2016a, b).

Magnetotactic bacteria, such as Magnetospirillum
magnetotacticum and Magnetospirillum gryphiswaldense,
are useful sources of magnetic nanoparticles (MNP), which

are currently employed in medical and pharmacological sci-
ences as well as in engineering and environmental science
(Tartaj et al. 2003; Faraji et al. 2010). Peculiar finite-size and
surface effects are mainly responsible for the magnetic behav-
ior of these nanoparticles (Grancharov et al. 2005; Yoshino
et al. 2010; Akbarzadeh et al. 2012). Recently, employing
suspensions containing chains of magnetosomes has been
suggested to treat cancers using magnetic hyperthermia
(Alphandéry et al. 2011a, b, 2012, 2013). MNP usually
showed a number of chemical groups on their surface, and
this could be exploited for their bio-functionalization
(Sun et al. 2011), achieving nanocomposites with high bio-
compatibility and low toxicity on non-target cells and tissues
(Xiang et al. 2007; Scheffel et al. 2006).

In this scenario, to the best of our knowledge, the MNP
synthesized by magnetotactic bacteria have been scarcely stud-
ied as potential sources of novel mosquitocides or
antiplasmodial and anti-dengue drugs. Therefore, in the present
work, we investigated the effectiveness of MNP produced by
M. gryphiswaldense strain MSR-1 on CQ-resistant (CQ-r) and
CQ-sensitive (CQ-s) Plasmodium falciparum, the serotype
DEN-2 of dengue virus, and two of their main mosquito vec-
tors, i.e., Anopheles stephensi and Aedes aegypti, respectively.
Furthermore, after the purification process, MNP extracted
from M. gryphiswaldense were studied by Fourier-transform

Fig. 1 TEMofMagnetospirillum
gryphiswaldense MSR-1 and
purified magnetic nanoparticles:
a cell of MSR-1, bar: 500 nm;
b cells of MSR-1 after
fermentation, bar: 500 nm;
c purified magnetic nanoparticles,
bar: 200 nm; d detail of the
membrane of magnetic
nanoparticles, bar: 50 nm
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infrared (FT-IR) spectroscopy and transmission electron
microscopy (TEM) in order to shed light on their bio-
physical features.

Materials and methods

Extraction and purification of the nanoparticles

M. gryphiswaldense MSR-1 (DSM6361) cultures were car-
ried out following the method by Liu et al. (2010). The iden-
tification, extraction, and purification of the MNP were con-
ducted as recently described by Guo et al. (2011).

FT-IR and TEM characterization

For FT-IR and TEM assays, 30 μl (2 mg ml−1) of purified
MNP were suspended in 30 μl of distilled water, then dried
on a Zn disc and analyzed using FT-IR spectroscopy (Bruker,
Vector 33), following Li et al. (2007a). Moreover, suspensions
of M. gryphiswaldense cells and purified MNP in distilled
water were adsorbed on a 300-mesh C-coated copper grid
and analyzed by TEM (Philips Tecnai F 30).

Mosquito rearing and toxicity assays

An. stephensi and Ae. aegyptiwere reared following the meth-
od by Dinesh et al. (2015) and Suresh et al. (2015). MNP
toxicity assays on larvae and pupae were conducted following
Suresh et al. (2015). For each dose, five replicates were done
(n = 25 mosquitoes per replicate). Control was dechlorinated
water. Mortality (%) was noted 24 h post-treatment.

In vitro toxicity on P. falciparum

CQ-sensitive strain 3D7 and CQ-resistant strain INDO of
P. falciparum were reared as described by Trager and Jensen
(1976) with minor modifications by Murugan et al. (2015a).
MNP formulated in DMSO were tested as described by
Smilkstein et al. (2004) andMurugan et al. (2015a). IC50 were
calculated. Results were confirmed by microscopical exami-
nation of Giemsa-stained smears of MNP-treated and control
P. falciparum (Bagavan et al. 2011).

In vivo toxicity on Plasmodium berghei

P. berghei was cultured as described by Murugan et al.
(2016a). MNP were tested on P. berghei following the 4-day
suppressive method by Peters et al. (1975) with minor

Fig. 2 FT-IR spectrum of
magnetic nanoparticles isolated
from Magnetospirillum
gryphiswaldense after
purification

Table 1 Acute toxicity of
magnetic nanoparticles on young
instars of Anopheles stephensi

Target LC50 (LC90) 95 % confidence limit

LC50 (LC90)

Regression equation χ2 (df = 3)

LCL UCL

Larva I 2.563 (8.635) 1.538 (7.788) 3.300 (9.867) y = −0.541 + 0.211x 1.49 n.s.

Larva II 3.203 (10.752) 2.067 (9.516) 4.007 (12.723) y = −0.544 + 0.170x 1.00 n.s.

Larva III 3.907 (12.263) 2.808 (10.708) 4.711 (14.874) y = −0.599 + 0.153x 0.96 n.s.

Larva IV 5.048 (14.112) 4.088 (12.139) 5.850 (17.586) y = −0.714 + 0.141x 1.48 n.s.

Pupa 6.430 (16.620) 5.520 (13.931) 7.428 (21.750) y = −0.809 + 0.126x 1.10 n.s.

LCL lower confidence limit,UCL upper confidence limit, n.s. not significant (α = 0.05), control showed nomortality
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modifications by Ishih et al. (2003) andMurugan et al. (2016a);
4 days after the infection, the parasitemia of each mouse was
calculated by microscopic examination (Ene et al. 2008).
Chemosuppression (%) of the total parasitemia for each MNP
dose was estimated as reported by Argotte et al. (2006).

Toxicity on DEN-2 virus

C6/36, Vero cells, and DEN-2 (New Guinea C strain) were
cultured as described by Sujitha et al. (2015). DEN-2 inhibi-
tion assays were carried out followingMurugan et al. (2015b).
MNP were tested at 4, 6, and 8 μg ml−1 (five replicates per
dose). DEN-2 yield was estimated by the plaque assay onVero
cells, monitoring the number of plaque-forming units (PFU)
(Sujitha et al. 2015). Control was DEN-2-infected cells incu-
bated inMNP-free medium for 36 h from the DEN-2 infection
(Murugan et al. 2015b).

Furthermore, following Murugan et al. (2015b), Western
blot analysis was employed to shed light on the effect of
MNP on DEN-2 E protein expression. MNP were tested at
2, 4, 6, and 8 μg ml−1. Blots were incubated in TBS (TBST)
mouse monoclonal anti-E antibody (1:1000) in 0.1 % Tween
20. E expression was monitored by Western blot analysis, as
reported by Murugan et al. (2015b).

Data analysis

Vector toxicity data were analyzed by probit analysis (Finney
1971) using the SPSS software 16.0. Plasmodium IC50 were
calculated from drug concentration-response curves. DEN-2
PFU and E protein expression data were analyzed by ANOVA
followed by Tukey’s HSD test (P = 0.05).

Results and discussion

Magnetic nanoparticle characterization

TEM of the MNP extracted from M. gryphiswaldense are
given in Fig. 1. The membrane capping Fe3O4 granules

(indicated by an arrow) indicated that the purification proce-
dure reported here did not damage the bilayer of phospho-
lipids characterizing the magnetosomes. To shed light on the
purity of MNP isolated by the procedure reported here, the
FT-IR spectrum was compared with one of the MNP isolated
by Li et al. (2007a). We highlighted the absence of signals at
3273 and 2921 cm−1. This may be linked to NH bending and
CH stretching of bound proteins (Fig. 2). Notably, the signals
observed at 1728, 2355, and 2924 cm−1 could be due to NH
and CH bending and disappearing of stretching modes (see
also Mukunthan et al. 2011).

Toxicity on mosquito vectors

Recent reports pointed out the reduced health risk of MNP for
human health (Li et al. 2007a, b). On this basis, it has been
highlighted that they represent potential candidates for gene
and drug delivery, for instance in cancer therapy (Sun et al.
2007, 2008). Indeed, suspensions of magnetosome chains

Table 2 Acute toxicity of
magnetic nanoparticles on young
instars of Aedes aegypti

Target LC50 (LC90) 95 % confidence limit

LC50 (LC90)

Regression equation χ2 (df = 3)

LCL UCL

Larva I 3.231 (9.975) 2.241 (8.936) 3.958 (11.548) y = −0.614 + 0.190x 0.96 n.s.

Larva II 3.942 (12.066) 2.887 (10.577) 4.723 (14.527) y = −0.622 + 0.158x 1.46 n.s.

Larva III 4.845 (13.702) 3.875 (11.836) 5.634 (16.941) y = −0.701 + 0.145x 1.21 n.s.

Larva IV 5.959 (15.661) 5.058 (13.274) 6.850 (20.056) y = −0.787 + 0.132x 1.56 n.s.

Pupa 7.545 (17.965) 6.614 (14.920) 8.821 (23.916) y = −0.928 + 0.123x 1.42 n.s.

LCL lower confidence limit,UCL upper confidence limit, n.s. not significant (α = 0.05), control showed nomortality

70 

80 

90 

100 

CQ-sensititive strain CQ-resistant

IC
5

0
µ

g
/m

l

Magnetic nanoparticles 

Chloroquine

CQ = chloroquine

Fig. 3 In vitro growth inhibition of Plasmodium falciparum after
treatment with magnetic nanoparticles isolated from Magnetospirillum
gryphiswaldense or chloroquine
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have been successfully used by Alphandéry et al. (2011a, b,
2012, 2013) to treat cancers via magnetic hyperthermia.
Notably, despite these interesting reports on the biological
activities of MNP, to the best of our knowledge, no efforts
have been carried out to test the effectiveness of MNP as
mosquito pesticides or even as potential toxic agents against
the parasites and pathogens vectored by arthropods.

The results presented in our research firstly showed that
MNP were extremely toxic to An. stephensi and Ae. aegypti
young instars (Tables 1 and 2). An. stephensi LC50 were
2.563 ppm (1st instar larvae), 3.203 ppm (2nd), 3.907 ppm
(3rd), 5.048 ppm (4th), and 6.430 ppm (pupae). Ae. aegypti
LC50 were 3.231 ppm (1st), 3.942 ppm (2nd), 4.845 (3rd),
5.959 (4th), and 7.545 ppm (pupae). Recent evidences
underlined that nano-biopesticides can represent an important
tool to boost the efficacy of mosquito control programs. For
instance, it is noteworthy that an extensive number of metal,
metal oxide, and carbon nanoparticles fabricated using botan-
icals or microorganisms are also effective to control Culicidae
populations (e.g., Suresh et al. 2015; Govindarajan and
Benelli 2016a, b; Jaganathan et al. 2016; Panneerselvam
et al. 2016; Subramaniam et al. 2015, 2016). As a general
trend, their LC50 values ranged between 10 and 30 ppm
(Benelli 2016a), and only few of them showed LC50 values
lower than 5 ppm (Benelli 2016c). Therefore, the toxicity
results achieved by the MNP tested here on Anopheles and
Aedes mosquito larvae can be considered as extremely prom-
ising. Further research on the mechanisms of action of MNP
against mosquitoes, as well as on non-target aquatic organ-
isms, is warranted.

Toxicity on P. falciparum and P. berghei

MNP IC50 calculated onP. falciparumwere 83.32μgml−1 (CQ-s)
and 87.47 μg ml−1 (CQ-r). On the other hand, the CQ IC50 were
92 μgml−1 (CQ-s) and 96 μgml−1 (CQ-r) (Fig. 3). In agreement
with the present work, Murugan et al. (2015a) recently pointed
out the high antiplasmodial activity of Ag nanoparticles fabricat-
ed using the aqueous extract of seaweed Ulva lactuca on
P. falciparum strains. IC50 values were 76.33 μg ml−1 (CQ-s)
and 79.13 μg ml−1 (CQ-r). Murugan et al. (2016a) noted that

neem seed kernel-synthesized Ag nanoparticles achieved com-
parable IC50 on P. falciparum, with IC50 values of 82.41μgml

−1

(CQ-s) and 86.12 μg ml−1 (CQ-r). As recently summarized by
Benelli (2016c), the antiplasmodial activity of the
abovementioned nanoformulations may be due to the inhibition
of Plasmodium merozoite invasion into erythrocytes. Further
studies on this issue are currently ongoing. Furthermore,
Peters’ 4-day chemosuppressive activity assay showed a dose-
dependent chemosuppression on P. berghei (Table 3). After
4 days from the MNP treatment, the parasitemia (%) of the test
groups ranged from 7 ± 1.17 to 46.2 ± 2.32 %. On the other
hand, with CQ administered at 5 mg kg−1 day−1, the mean
parasitemia dropped to 1.0 ± 0.00 %, highlighting a higher effi-
cacy, if compared to MNP (see also Rajakumar et al. 2015).
Thus, in agreement with Murugan et al. (2016a), this latter result
pointed out the key importance of in vivo tests, which should
always follow in vitro screenings, since in vivo effectiveness on
internal parasites often strongly differs from promising in vitro
results (Mehlhorn 2015).

Toxicity on dengue virus (serotype DEN-2)

The present research reported moderate cytotoxicity rates on
Vero cells exposed to MNP at concentrations low than
4 μg ml−1. Indeed, after the treatment, less than 20 % of the

Table 3 In vivo toxicity of
magnetic nanoparticles on
Plasmodium berghei

Dose (mg kg−1 day−1) Parasitemia suppression (%) at day 4 (mean ± SE) Survival time (days) (mean ± SE)

150 7.2 ± 1.17a 6.2 ± 1.6a

200 13.6 ± 1.62b 7.4 ± 1.5a

250 21.8 ± 1.33c 8.4 ± 0.8a

400 23.4 ± 2.06c 12.2 ± 0.75b

600 32.8 ± 1.47d 13.8 ± 1.17b

800 43.2 ± 2.14e 24.2 ± 1.72c

1000 46.2 ± 2.32e 26.6 ± 1.02c

Different letters indicate significant differences (P < 0.05)

a
a

a

b
b

b

Fig. 4 Cytotoxic effect of magnetic nanoparticles isolated from
Magnetospirillum gryphiswaldense on Vero cells. T-bars are standard
errors. Above each circle, different letters indicate significant differences
(ANOVA, Tukey’s HSD test, P < 0.05)
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treated cells showed no viability (Fig. 4). Furthermore, MNP
tested at 2–8 μg ml−1 significantly inhibit DEN-2 replication,
with a reduction of the PFU abundance (Fig. 5). E protein
expression trials evidenced that MNP blocked DEN-2 repli-
cation via inhibition of E expression (Fig. 6). Supporting our
data, recent studies underlined the potential of metal nanopar-
ticles as DEN-2 growth inhibitors (Sujitha et al. 2015). Ag
nanoparticles down-regulate the expression of DEN-2 E gene
(Murugan et al. 2015b). On the other hand, medium cytotox-
icity of the tested Ag nanoparticles has been reported (e.g.,

50 μg ml−1 led to a reduction of 30 % in cell viability). Then,
Centroceras clavulatum-fabricated Ag nanoparticles tested at
50 μg ml−1 failed to show substantial cytotoxicity, while these
inhibited the growth of DEN-2 of 80 % (Murugan et al.
2016b). Again, the findings discussed above underlined the
key potential of screening an extensive number of botanical
and microbial resources for parasitological purposes (Benelli
2016a; Benelli and Mehlhorn 2016).

Conclusions

In conclusion, the present research firstly showed that MNP
isolated fromM. gryphiswaldense were highly toxic to young
instars of the mosquito vectors An. stephensi and Ae. aegypti.
Furthermore, the MNP isolated here showed high efficacy on
CQ-r P. falciparum. On the other hand, their in vivo efficacy
on P. berghei was moderate if compared to that of CQ.
Notably, moderate cytotoxicity was reported using doses low-
er than 4 μg ml−1, while 2–8 μg ml−1 of MNP were able to
block the DEN-2 replication inhibiting E protein expression.
The present work adds knowledge about the use of MNP in
entomology and parasitology, allowing us to propose MNP
isolated fromM. gryphiswaldense as a rapid and reliable strat-
egy for mosquito control as well as for the development of
drugs to combat dengue and other arboviral diseases.

Fig. 6 (a) Inhibitory effect of
magnetic nanoparticles isolated
from Magnetospirillum
gryphiswaldense on dengue
(DEN-2) envelope (E) protein. (b)
Relative expression of DEN-2 E
protein/β-actin post-treatment
with magnetic nanoparticles.
T-bars represent standard errors.
Above each column, different
letters indicate significant
differences (ANOVA, Tukey’s
HSD test, P < 0.05)

Fig. 5 Inhibition of dengue virus (DEN-2) post-treatment with magnetic
nanoparticles isolated from Magnetospirillum gryphiswaldense. T-bars
are standard errors. Above each column, different letters indicate signif-
icant differences (ANOVA, Tukey’s HSD test, P < 0.05)
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