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Abstract Poly (I:C), which is a synthetic double-
stranded RNA, have significant toxicity on tumor
cells. The immobilization of Poly (I:C) onto nanopar-
ticles is important for the fabrication of targeted
delivery systems. In this study, different generations of
newly synthesized PAMAM dendron-coated magnetic
nanoparticles (DcMNP) which can be targeted to the
tumor site under magnetic field were efficiently loaded
for the first time with Poly (I:C). Different generations
of DcMNPs (G,, Gz, Gs, Gs, Gg, and G;) were
synthesized. Poly (I:C) activation was achieved in the
presence of EDC and 1-methylimidazole. Loading of
Poly (I:C) onto DcMNPs was followed by agarose gel
electrophoresis. Acidic reaction conditions were
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found as superior to basic and neutral for binding of
Poly (I:C). In addition, having more functional groups
at the surface, higher generations (G7, Gg, and Gs) of
PAMAM DcMNPs were found more suitable as a
delivery system for Poly (I:C). Further in vitro and
in vivo analyses of Poly (I:C)/PAMAM magnetic
nanoparticles may provide new opportunities for the
selective targeting and killing of tumor cells.

Keywords Poly (I:C) - Magnetic nanoparticles -
Targeted delivery system - Cancer therapy

Introduction

Most pharmacological approaches to cancer therapy
are based on standard chemotherapy protocols which
generally exhibit high cytotoxicity and poor specific-
ity (Dobson 2006; Sun et al. 2008; Colombo et al.
2012). Magnetic nanoparticles (MNPs) based on iron
oxide are being used in clinical applications as
targeted drug delivery system in the recent years. By
the help of an implanted permanent magnet or an
externally applied field, they can be targeted to the
tumor side resulting in the accumulation of the drug
(Colombo et al. 2012; Widder et al. 1979).

In order to became an effective drug carrier system,
MNPs should be firstly coated with a suitable polymer
shell such as PEG, dextran, chitosan, polyethyleneim-
ine, and PAMAM dendrimer (Colombo et al. 2012;
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Unsoy et al. 2012; Kohler et al. 2004; Shen et al. 1993;
Ho and Li 2008; McBain et al. 2007). The resulting
MNPs then can circulate in the blood for a long period
of time without being cleared (Mornet et al. 2004).
Finally, loading these MNPs with targeting ligands
having high selectivity for specific cancer cell recep-
tors make them functional (Veiseh et al. 2010).

PAMAM dendrimers are synthesized that produces
concentric shells of branch cells (generations) around a
central initial iron oxide core (Bosman et al. 1999). The
PAMAM dendrimers have primary amine groups at
each branch end and tertiary amine groups at each
branching point (Maiti et al. 2005). The terminal amine
groups of PAMAM dendrimers can be modified with
different functionalities and can be linked with various
biomolecules such as drugs, antibodies and imaging
agents (Patri et al. 2002). The bioactive agents may
either be encapsulated into the interior of the dendrimers
or they may be chemically attached or physically
adsorbed onto the dendrimer surface (Svenson and
Tomalia 2005).

Successful immunization against pathogens or can-
cer cells results in the activation of adaptive immunity,
in part, through stimulation of the Toll-like receptors
(TLRs) (Takeda et al. 2003; Shukoor et al. 2007). TLRs
are a class of proteins that play a key role in the innate
immune system (Hansson and Edfeldt 2005). It has been
estimated that most mammalian species have between
ten and fifteen types of Toll-like receptors (Du et al.
2000; Tabeta et al. 2004). Well-conserved features in
pathogens such as bacterial cell surface lipopolysac-
charides, flagellin, double-stranded RNA of viruses, and
the unmethylated CpG islands of bacterial and viral
DNA are the ligands of the TLRs (Hemmi et al. 2000).
Viral single- or double-stranded RNA is recognized by
TLR3 receptor (Shukoor et al. 2007; Schulz et al. 2005).

Polyinosinic:polycytidylic acid (Poly I:C), being an
immunostimulant, is a synthetic analog of double-
stranded RNA which exerts its function via TLR3
(Salaun et al. 2009; Salvador et al. 2012). It is a potent
interferon inducer and can activate monocytes and
natural killer cells to produce pro-inflammatory cyto-
kines and chemokines (Salvador et al. 2012; Salem
et al. 2006). Poly (I:C) can directly trigger apoptosis in
many types of human malignant cells including breast
cancer, melanoma and hepatoma cells by activating
TLR3(Khvalevsky et al. 2007; Weber et al. 2010;
Xiangzhong et al. 2012). The TLR3 is primarily
expressed in intracellular vesicles such as the
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endoplasmic reticulum, endosomes, and lysosomes
(Matsumoto et al. 2004; Kawai and Akira 2010). TLR3
signaling, which is induced by Poly (I:C), is mediated
by the TIR domain-containing adaptor-inducing inter-
feron-p (TRIF) adaptor molecule through the TRIF-
dependent pathway. TRIF is responsible for the
activation of interferon regulatory factor 3 (IRF-3)
and NF-xB and the induction of type I IFN (Matsumoto
et al. 2004; Kawai and Akira 2010). On the other hand,
retinoic acid inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDA-5) are cyto-
solic RNA sensors (Xiangzhong et al. 2012; Kato et al.
2006). RIG-1 and MDA-5 bind with IFN- promoter
stimulator 1 (IPS-1) which is located in the outer
mitochondrial membrane activates type I IFN and NF-
kB (Kawai et al. 2005; Kumar et al. 2006). Poly (I:C)
shows antitumor and antiviral activity and recently
entered into phase II clinical trials for patients with
malignant gliomas (Shukoor et al. 2007).

When Poly (I:C) is given in vivo, they are rapidly
cleared by nucleases so several strategies were
proposed as carriers for these kind of nucleic acids
attempting to increase their in vivo performances
(Borges et al. 2008; Fischer et al. 2009; Schlosser et al.
2008). In cancer therapy, in order to increase the
therapeutic efficacy, a triple effector strategy has been
developed, combining targeted delivery, apoptosis
induction and immunostimulatory properties of the
artificial dSRNA Poly (I:C) (Shir et al. 2006; Schaffert
et al. 2011). The immobilization of Poly (I:C) onto
magnetic nanoparticles is an important tool for the
fabrication of targeted delivery systems since they can
contribute to precise delivery to an exact target site
through the application of external magnetic fields
(Shukoor et al. 2007; Whitesides 2003).

In this study, Poly (I:C) was loaded onto different
generations of newly synthesized PAMAM dendron-
coated magnetic nanoparticles. Loading efficiencies
and stabilities of the complex was discussed to
evaluate the most effective delivery system in further
cancer treatment studies.

Materials and methods

Materials

Ferric chloride hexa-hydrate (FeCl;6H,0), ferrous chlo-
ride tetra-hydrate (FeCl,4H,O), ammonia solution
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(NH3) (32 %), aminopropyltriethoxysilane (APTS)
(NH,(CH,)5-Si-(OCHs3)3), methylacrylate, methanol,
ethanol, ethylenediamine, PBS (Phosphate-buffered
saline), EDC (1-ethyl-3-[3-dimethylaminopropyl]car-
bodiimide hydrochloride), 1-methylimidazole, Polyino-
sinic-Polycytidylic acid (Poly (I:C)), sodium carbonate
were purchased from Sigma-Aldrich and acetic acid was
purchased from Merck.

Synthesis of DcMNPs

The magnetic nanoparticles (Fe;0,4) were prepared by
co-precipitation method. FeCl,4H,0 and FeCl;6H,0
(Fe*?: Fe™ = 1:2) were dissolved in distilled water
under nitrogen environment and ammonia solution
was added slowly with vigorous stirring mechanically
at 2,000 rpm for 2 h at 90 °C. The black precipitate
was washed five times with distilled water and five
times with ethanol using magnetic separation. The
obtained iron oxide nanoparticles were dispersed in
ethanol (5 g/1) (Khodadust et al. 2013; Pan et al. 2007,
Gao et al. 2005; Esfand and Tomalia 2001). Surface
modification of Fe;O, was performed with APTS.
Ethanol was added into the Fe;O,—ethanol solution
and sonicated with ultrasonicator (BandelinSonopuls
Ultrasonic Homogenizer HD 2200) at 100 % ampli-
tude for 30 min at room temperature. APTS was added
to the mixture at twentieth minute of sonication. Then,
the mixture was stirred with mechanical stirrer at
2,000 rpm for 15 h at room temperature. The resulting
black precipitate was separated by magnetic decanta-
tion and washed with methanol for several times. The
obtained nanoparticles modified with APTS are called
Gy generation (Khodadust et al. 2013; Pan et al. 2007).
Coating of G nanoparticles was carried out with
PAMAM dendrimer through Michael reaction (Pan
et al. 2007; Gao et al. 2005). Methylacrylate methanol
solution (20 %, v/v) was added to the Gy nanoparticles
and the suspension was sonicated in an ultrasonic
water bath at room temperature for 7 h. After ultra-
sonication, nanoparticles were eluted by magnetic
decantation and washed with methanol. Ethylenedia-
mine methanol solution (50 %, v/v) was added and
suspension was sonicated for 3 h. The particles were
washed with methanol. The stepwise growth of
dendrons was repeated until the desired number of
generation (G,—G7) was achieved. The product was
then washed three times with methanol and five
times with distilled water by magnetic decantation

(Khodadust et al. 2013; Pan et al. 2007).The charac-
terization of PAMAM dendron-coated magnetic nano-
particles were performed by X-ray diffraction (XRD),
fourier transform infrared spectroscopy (FTIR), ther-
mal gravimetric analysis (TGA-FTIR), and vibrating
sample magnetometry (VSM) analyses (Khodadust
et al. 2013).

Poly (I:C) activation

The Poly (I:C) products were dissolved in nuclease-
free water to a final concentration of 10 mg/ml as
stock, yielding a very faint hazy to clear, colorless
solution. In order to make bound between 5'-phos-
phate group of Poly (I:C) and NH, groups at the
surface of DcMNPs, first Poly (I:C) was heated to
55 °C and then cooled to room temperature to make
ds-Poly (I:C) according to manufacturer’s procedure
(Sigma-Aldrich). Then, the activation procedure was
continued in the presence of EDC and 1-methylimid-
azole (Shukoor et al. 2007, 2008).

Poly (I:C) loading optimization on G;DcMNP
at pH 7, and pH 7.5

G,DcMNPs were dissolved in 0.1 M 1-methyl-imidaz-
ole buffer (pH7) to a final concentration of 10 mg/ml.
The EDC solution of 0.013 M was prepared using 0.1 M
1-methyl-imidazole buffer (pH7) and used fresh. Poly
(I:C) was diluted as 200 pg/ml in 0.1 M 1-methyl-
imidazole buffer (pH7) and 4 pg of Poly (I:C) was put
into microcentrifuge tubes. Freshly prepared EDC
solution was added immediately and incubated for
15 min at room temperature. Then, G;DcMNPs/1-
methylimidazole solution was added to the reaction
with final volume as 100 pl and rotated 2 h at room
temperature. The applied PIC:G;DcMNP ratio/ratios
were as 1:10, 1:15, 1:20, 1:30, and 1:35. Poly (I:0)-
loaded G;DcMNPs were washed with distilled water
using magnetic separation in order to remove EDC from
the solution. The loading procedure of Poly (I:C) also
performed on other generations at pH 7, and pH 7.5.

Poly (I:C) loading optimization on G;DcMNP
at pH6

Poly (I:C) loading optimization on G;DcMNP at pH6

was done by following the similar steps in the “Poly
(I:C) loading optimization on G;DcMNP at pH 7, and
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pH 7.5” section. In contradiction, 0.1 M 1-methyl-
imidazole buffer with pH6 was used. In addition, the
applied PIC:G;DcMNP ratio/ratios were as 1:10, 1:11,
1:12, 1:13, and 1:15. After optimization with
G;DcMNP, the loading efficiencies on G,, Gs, Gy,
Gs, and Gg DcMNPs were also done.

Stability of Poly (I:C) bound DcMNPs

The stabilities of Poly (I:C) on different generations of
DcMNPs were studied at different acidic (acetate
buffer), basic (carbonate buffer), and neutral (injection
buffer and PBS) pH conditions.

Results
DcMNPs synthesis

The magnetic nanoparticles (Fe;O,) were prepared
with co-precipitation method (Pan et al. 2007).
Surface modification of Fe;O, was performed with
APTS and the obtained nanoparticles were called G
generation (39, 40). Surface coating of G, generation
of nanoparticles was carried out with PAMAM
dendron and the stepwise growth of dendrons was
repeated until the desired number of generation (G,—
G-) was achieved (Fig. 1) (Khodadust et al. 2013).
X-ray photoelectron spectroscopy (XPS), XPS
analysis demonstrated that the surface nitrogen atoms

appear after aminosilane modification. The percentage
of nitrogen atoms exponentially increases by increas-
ing the generation numbers of DcMNPs as amine
functional groups at the surface of DcMNPs increases
exponentially (Fig. 2).

Characterizations of synthesized DcMNPs by
XRD, FTIR, TGA-FTIR, and VSM were previously
reported (Khodadust et al. 2013).

Poly (I:C) activation in the presence of EDC and 1-
methylimidazole

By the application of carbodiimides/1-methylimida-
zole, the phosphoramidate linkages were formed
between primary amines on the surface of DcMNP
and 5’-phosphate of Poly (I:C) molecules. Poly (I:C)
first activated by EDC (1-ethyl-3-[3-dimethylamino-
propyl] carbodiimide hydrochloride). The immediate
addition of 1-methylimidazole causes the release of
isourea by-product and formation of reactive phos-
phorylimidazolide bond between Poly (I:C) and
imidazole molecules. In the presence of DcMNPs,
the reactive phosphorylimidazolide bond were
hydrolyzed and replaced with phosphoramidate bond
which was formed between the phosphate groups of
Poly (I:C) and surface amine groups of DcMNPs.
EDC and imidazole did not become part of the final
crosslink between the molecules and thus did not
add any additional chemical structure to the result-
ing products, as a result the reaction by-products
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Fig. 1 Stepwise modification of iron oxide nanoparticles with APTS, and dendron coating process
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could be easily removed by magnetic separation
(Fig. 3).

Poly (I:C) loading efficiency studies

Poly (I:C) was bound to the surface of DcMNPs in
1-methylimidazole (pH 7.5, pH 7 and pH 6) buffer.

Transmission electron microscopy (TEM) and
dynamic light scattering (DLS) analyses of G;DcMNP
and Poly I:C-bound G;DcMNP were shown in Figs. 4
and 5, respectively. TEM analysis of G;DcMNP show
that the nanoparticle size was in the range of
20 & 5 nm. However, DLS measurement shows the
sizes of nanoparticles in the range of 45 £+ 10 nm

DcMNP
NH2
NH, 1" NH,
N s
Imidazole NH2— . —NH:: Q o
N/ H <8 p
NH N s N R
k"_/",, m NH 1 NH o, % N'H o\n“o
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Fig. 3 Activation of Poly (I:C) by EDC and formation of phosphoramidate bond between phosphate group of Poly (I:C) and surface

amine groups of DcMNPs
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Fig. 4 Dynamic Light Scattering graphs of bare MNPs a and G;DcMNPs b. TEM images of bare iron oxide ¢, APTS-modified iron
oxide nanoparticles d and GTPAMAM dendron-coated magnetic nanoparticles e

(Fig. 4). The higher value of average size of DcMNP
in DLS originates from the fact that DLS measures the
hydrodynamic radii of the particles, which include the
solvent layer at the interface (Tomalia et al. 1986). In
Fig. 5, TEM results show that the sizes of Poly [:C—
bound G;DcMNP were in the range of 50 £ 20 nm. In
addition, the nanoparticles were more dispersed after
Poly (I:C) binding.

The loading efficiency was characterized by aga-
rose gel electrophoresis. Figures 6 and 7 show the
loading optimization on G;DcMNP at pH 7.5 and pH
7. The results show that to achieve 100 % loading
efficiency in 1-methylimidazole buffer at pH 7.5 and
pH 7, the PIC:G;DcMNP ratio needed to be as 1:35
and 1:30 in the reaction, respectively.

The loading efficiencies on G,, Gz, and G4DcMNPs
were also studied at pH 7. When the same ratio of
DcMNPs were used for other generations (G,—Gy), it
was observed that the loading efficiency of Poly (I:C)
on G,, G3, and G4DcMNPs was very low (Fig. 8).

When Poly (I:C) bounding was performed in
1-methylimidazole buffer at pH = 6, 100 % loading
efficiency of Poly (I:C) was obtained when the
PIC:DcMNP ratio was 1:11, and 1:15 for G;DcMNP
and G¢DcMNP, respectively (Fig. 9). However, for
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100 % loading of Poly (I:C) on GsDcMNP, it was
needed to increase the PIC:DcMNP ratio to 1:18
(Fig. 10). When Poly(I:C) loading was performed in
pH 6, the loading efficiency increased 3.5-fold com-
pared to pH 7 and 8.

To obtain the loading efficiency of Poly (I:C) on
other generations (G,—Gg) of DcMNPs, the amount of
DcMNP was tried to be kept proportional to the
generation numbers. In order to achieve 100 %
loading efficiency of Poly (I:C) for generation 7, 6,
and 5, it was needed to keep the ratio of PIC:DcMNP
as 1:11, 1:15, and 1:18 for G7, G, and GsDcMNPs,
respectively. Loading efficiency of Poly (I:C) on
G4DcMNP was about 80 % when the PIC:DcMNP
ratio was applied as 1:22 at pH 6; while even at 1:38
ratio for the same generation of DcMNP, the loading
was almost zero when loading performed at pH 7
Melm buffer. Due to the lower functional groups at the
surface of G; and G,DcMNPs, the loading efficiency
were very low in these generations at pH 6 (Fig. 10).

The stability studies at different acidic pH (3, 4, 4.2,
4.4,4.1, 6) conditions demonstrated that the bounding
of Poly (I:C) to DcMNP surface functional groups
were very stable at acidic pH. Poly (I:C)-DcMNPs
complex were very stable at lyophilized or aqueous
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Fig. 5 Dynamic Light
Scattering graphs of Poly
(I:C) bounded G;DcMNPs
a. TEM images of Poly
(I:C)-bounded G7;DcMNPs
in 200 nm b, and 100 nm
scale bars ¢

]
5.8
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8 8

-
o

G,DcMNP-Poly(l:C)

o

| 6,DcMNP-Poly(i:C)

Fig. 6 Agarose gel

10 100 1000
Size (d.nm)

| G;DcMNP-Poly(1:C)

[—T-T

Control PIC

electrophoresis of loading
optimization 4 pg Poly (I:C)
on G;DcMNP at pH 7.5.
Well 1, 2,3,4,5, and 6
contain 1:10, 1:15, 1:20,
1:25, 1:30, and 1:35 ratio of
Poly (I:C) :G;DcMNP,
respectively. Well 7
contains control Poly (I:C)
and wells 8,9, 10, 11, and 12
contain 1/2, 1/4, 1/8, 1/16,
and 1/32 dilution of control
Poly (I:C), respectively. 1 in
the ratio represents 4 pg of
Poly I:C or DcMNP

forms in both injection water and 1-methylimidazole
buffer when stored at —20 °C up to 4 weeks. In
addition, the complex was stable at high temperature
(75 °C, 5 min) (data not shown).

The phosphoramide bound between Poly(I:C) and
amine functional groups at the surface of DcMNPs
were very sensitive to basic pH. The bond hydrolysis
starts at pH 8.5 and the maximal hydrolysis was

achieved at pH 9.4 for all generations. At pH 9.4, the
half-life of the bound between Poly (I:C) and amine
functional groups at the surface of DcMNPs was
obtained as 15 min (data not shown). At pH 9 £ 0.2
after 1 h, the release amount was around 25 % and the
half-life was 1 h. At generation 2 due to the low Poly
(I:C) loading efficiency, the release amount was also
low with respect to the other generations (Fig. 11).
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Control PIC  Control DEMNP PIC:G,DcMNFP

~ »

Fig. 7 Agarose gel electrophoresis of loading optimization of
4 pg Poly (I:C) on G;DcMNP at pH 7. In first, well 4 pg Poly
(I:C) was loaded as control. Wells 2, 3, and 4 contain 40 png,
80 pg, and 120 pg G7DcMNP, respectively. The wells 5-9
contain 1:2.5, 1:5, 1:10, 1:20, and 1:30 ratio of Poly (I:C)
:G7DcMNP, respectively. 1 in the ratio represents 4 pg of Poly
I:C or DcMNP

Discussion

The immobilization of Poly (I:C) onto nanoparticles is
an important tool for the fabrication of functional

PIC:G,DcMNP PIC:G,DcMNP

PIC:G;DcMNP

therapeutic materials (Shukoor et al. 2007; Khodadust
et al. 2013; Pan et al. 2007). Due to their rapid
clearance by nucleases, there is a need for carrier
systems for Poly (I:C) treatment (Fischer et al. 2009).
Untargeted Poly (I:C) has already been applied as
adjuvants in cancer-directed human immunotherapy
studies but by far not all applications (Okada 2009;
Butowski et al. 2009; Jasani et al. 2009).

To have a successful therapeutic potential in cancer
treatment, Poly (I:C) has to be delivered intracellularly
into endosomes and also to the cytosol, in a tumor-
targeted fashion. Up to now, both liposomal and
polymer-based strategies have been developed which
include antibody-targeted or pH-sensitive liposomes
(Milhaud et al. 1989, 1992). In one of the studies,
linear polyethylenimine-based polymeric carrier was
found as most effective in Poly (I:C)-triggered killing
of tumor cells which overexpress EGF-receptor
(Schaffert et al. 2011). In addition, combination of
mushroom derived polysaccharide and Poly (I:C)

PIC:G,DcMNP Control PIC

D & N 2 D Ve ] 2D
N \-:V \-?' RN \-ﬁ' \-'." o

e

50D o % PN -
] N 5 i . N7 ) -
x'-"g N N \j’ x‘-'s NN Q PN

Fig. 8 Agarose gel electrophoresis of loading optimization
Poly (I:C) on G7, Gy4, G3, and G,DcMNPs at pH 7. Wells 1-16
show the Poly (I:C) loading on G7, G4, G3, and G,DcMNPs at

PIC:G-DcMNP PIC:G,DcMNP

four different ratio. Wells 17-20 show the control Poly (I:C) and
different dilutions. 1 in the ratio represents 4 ng of Poly I:C or
DcMNP

PIC:G-DcMNP Control PIC

QDN N2 E RN DY
B B g S S S

Fig. 9 Agarose gel electrophoresis of loading optimization
Poly (I:C) on G7, Gg, and GsDcMNPs at pH 6. The ratio of Poly
(I:C) to G, Gg, and GsDcMNP was changed from 1:10 to 1:15.
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Wells 16-20 show the Poly (I:C) control and different dilutions.
1 in the ratio represents 4 pg of Poly I:C or DcMNP
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Control PIC PIC: DcMNP
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N ¢ ¢ F & 9 > X N N N

Fig. 10 Agarose gel electrophoresis of loading optimization
Poly (I:C) on G, Gg, Gs, Gy, G3, and G, DcMNPs at pH 6. Wells
1-5 demonstrate the control Poly (I:C) and different dilutions.

PIC: G;DcMNP
(1:11)

Control PIC
1 0.5
@ 1) (0.5)

PIC: GgDcMNP
(1:15)

PIC: GsDcMNP
(1:18)

Wells 6-11 show the PIC:DcMNP ratio of G7, G¢, Gs, Gy, G3,
and G,DcMNPs. 1 in the ratio represents 4 pg of Poly I:C or
DcMNP

PIC: G,DcMNP
(1:22)

PIC: GDeMNP
(1:27)

PIC: G,DeMNP
(1:38)

Fig. 11 Agarose gel electrophoresis of release study of Poly (I:C) on G5, Gg, Gs, G4, G3, and G,DcMNPs at pH 8.8, 9.0, and 9.2 for
each generation, respectively. 1 in the ratio represents 4 ng of Poly I:C or DcMNP

forms stable nanocomplexes and triggers upregulation
of inflammatory cytokines in another study (Tincer
et al. 2011). Recently, cationic lipid-coated calcium
phosphate nanoparticles constructed for co-delivery of
zoledronic acid and Poly (I:C) was shown to have a
better antitumor activity both in vitro and in vivo
(Chen et al. 2013).

Magnetic nanoparticles are popular candidates for
several biological applications including targeted
cancer therapy studies since they can be targeted to
the tumor site under magnetic field (Colombo et al.
2012; Widder et al. 1979). However, up to now, there
are limited number of reports about the loading studies
of the Poly (I:C) on magnetic nanoparticles. Initially,
Shukoor et al. loaded Poly (I:C) onto vy-Fe,O3
nanoparticles through multifunctional polymeric
ligand as a tool for targeting toll-like receptors
(Shukoor et al. 2007, 2008). Recently, Poly (I:C) has
been loaded on gold nanoparticles using PEG bio-
functional spacers and TAT peptide (Sanz et al. 2012).

In this study, different generations of newly
synthesized PAMAM-dendron-coated magnetic nano-
particles which can be targeted to the tumor site under
magnetic field were efficiently loaded for the first time
with Poly (I:C) in order to enhance Poly (I:C) action at
the tumor site. The optimum loading efficiencies and
stabilities at different pH conditions were discussed.

Previously, Shukoor et al. loaded Poly (I:C) on y-
Fe,O3 nanoparticles using multifunctional polymeric
ligand at pH 7.5 (Shukoor et al. 2007). In this study, it
was tried to optimize the maximum loading efficiency
condition for Poly (I:C) on PAMAM DcMNPs using
different pH conditions. By studying different pH (6, 7
and 7.5) values, it was obtained that the loading
efficiency of Poly (I:C) on DcMNPs were almost
similar at pH 7 and 7.5 for generation 7. However, at pH
6 the loading efficiency of Poly (I:C) on G;DcMNPs
were 3.5-fold higher than that of pH 7 and 7.5. At pH 7
Melm buffer Poly (I:C) was not loaded on G4DcMNPs
even when the G4,DcMNP ratio increased up to 35-fold
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with respect to Poly (I:C). However, at pH 6 Melm
buffer, the loading efficiency of Poly(I:C) was obtained
as about 80 % when the PIC:G4DcMNP ratio was 1:22.
Although, unlike at pH 7 and pH 7.5, Poly (I:C) was also
loaded on lower generations (G; and G,DcMNPs) at pH
6, the loading efficiency was very low in these
generations due to the small numbers of functional
groups at the surface. These results contributed that
loading of Poly (I:C) onto PAMAM DcMNPs at acidic
pH was superior to neutral and basic pH. Yi Liu et al.
demonstrated that pH-induces conformational change
of PAMAM dendrimers from a “dense core” (high pH)
to a “dense shell” (low pH) (Liu et al. 2009). Therefore
at acidic pH, the surface amine functional groups of
PAMAM dendrons would be more prone for Poly (I:C)
binding than in basic and neutral pH. Results of this
study confirm that efficient binding of Poly (I:C) on
DcMNPs was performed when the activation and
loading were performed at acidic pH. In addition,
according to the literature nucleic acids should be
activated in the presence of EDC at acidic pH for an
efficient binding with amine and carboxyl groups
(Sheehan et al. 1961). Thereby, higher loading effi-
ciency may also be partly related to the activation
condition by EDC.

The phosphoramide bound between Poly (I: C) and
amine functional groups at the surface of DcMNPs
were very sensitive to basic pH. In this study, it was
demonstrated that the phosphoramide bound between
the Poly I:C-DcMNPs complex is stable at acidic
condition up to pH:3 values. On the other hand, at pH
8.5 the bound between Poly (I:C) and DcMNPs starts
to be hydrolyzed, and the maximal hydrolysis was
achieved at pH 9.4. The half-life of the bond between
Poly (I:C) and surface amine groups of DcMNPs at pH
9.4 was obtained as 30 min. Poly(I:C)-DcMNPs
bound was shown to be highly stable in powder form
and aqueous form when stored at pH 6 (Melm buffer),
and pH 7 (PBS buffer and injection water) up to
4 weeks. These results demonstrate that the storage of
the Poly I: C-DcMNPs complex is safe in powder form,
or in aqueous form at acidic to neutral pH.

Recent findings demonstrated that dendrimers can
cross cell membranes by endocytosis (Seib et al.
2007). The release of Poly (I:C) from DcMNPs was
not related to pH when the nanoparticles are inside the
cells. Poly (I:C) is on the surface of DcMNPs where it
can bind to receptors efficiently without its release. In
endosome, the Poly (I:C) at the surface of DcMNPs

@ Springer

will bind to TLR3 receptors and induce apoptosis. In
the case of their diffusion to the cytoplasm, eventually
they will bind to the cytoplasmic receptors of Poly
(I:C) which are MDA-5 and RIG-1 proteins. This
binding will activate some apoptotic proteins like
PUMA and NOXA (Xiangzhong et al. 2012; Kato
et al. 2006).

In 1984, it was reported that the phophoamidase
enzyme hydrolysis the bond between P and N in
phosphoramide. Hystochemical study for the demon-
stration of sites of phosphamidase activity showed that
small amounts of the enzyme are present in many
normal tissues; however, large amounts are found in
the gray matter of the central nervous system and in
malignant epithelial tumors (Gomori 1948; Friedman
et al. 1954; Meyer and Weinmann 1957; Ludeman
1999). Therefore, in case of application for siRNA
delivery, the phosphoramide bindings between phos-
phates group of siRNA and amine groups of DcMNPs
will be hydrolyzed by phosphoramidase enzymes
which are especially active in malignant cancer cells.

In conclusion, this is a novel optimization study of
Poly (I:C) loading onto different generations of
PAMAM dendron-coated magnetic nanoparticles.
Higher generations (G;, Gg, Gs) due to more func-
tional groups at their surface were more suitable to be
used as a delivery system for Poly (I:C). In addition,
acidic conditions of the reaction were superior to basic
and neutral for the binding of Poly (I:C) on different
generations of DcMNPs. Site-specific delivery of
therapeutics can significantly reduce the potential
toxicity and increase the therapeutic effects. Further
in vitro and in vivo analysis of these Poly I:C/
PAMAM DcMNP complexes will open up new
opportunities for the selective marking of cells using
magnetic properties of these nanoparticles.
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