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A B S T R A C T

Gene therapy and particularly small interfering RNA (siRNA) is a promising therapeutic method for treatment of
various human diseases, especially cancer. However the lack of an ideal delivery system limits its clinical ap-
plications. Effective anticancer drug development represents the key for translation of research advances into
medicines. Previously we reported, the optimization of magnetic siRNA nanovectors (MSN) formulation based
on superparamagnetic iron oxide nanoparticles (SPION) and chitosan for systemic administration.

This work aimed at using rational design to further optimize and develop MSN. Therefore, formulated MSN
were first purified, then their physical and chemical properties were studied mainly through capillary electro-
phoresis. 95% of siRNA was found enclosed within the purified MSN (pMSN). pMSN showed colloidal stability at
pH 7.4, effective protection of siRNA against ribonuclease degradation up to 24 hours and few siRNA release
(less than 10%) at pH 7.4. These findings push toward further evaluation studies in vitro and/or in vivo, in-
dicating the appropriateness of pMSN for cancer theranostics.

1. Introduction

Current challenges to develop innovative and effective systemic
delivery systems aiming to improve gene therapy include a significant
time and cost involvement with very low success rates. These have led
to increasing efforts toward enhancing the effectiveness of the devel-
opment process and to minimize failure of candidates at later stages of
development to achieve the translation of research advances into
medicines. These efforts include particularly the rational design of new
formulations, i.e. the strategy of creating a new delivery system by
adding components with known properties and the characterization
and stability evaluation of this delivery system in different conditions
permitting to predict how the delivery system's structure will affect its
behavior after administration in vivo. Thus, to predict the behavior of
the delivery system, it is essential to well characterize the delivery
system and to evaluate its stability. Therefore, increasing emphasis has
been placed on developing a mechanistic understanding of the physi-
cochemical and biological phenomena involved in gene therapy de-
livery system development such as chemical, physical and biological
stability (Haussecker, 2014).

Gene therapy and particularly small interfering RNA (siRNA) is a

promising tool for treatment of various diseases, especially cancer.
siRNA can cause specific down regulation of proteins through RNA
interference (RNAi) inducing either degradation of mRNA or inhibition
of the translation (Buschmann et al., 2013; Meister and Tuschl, 2004).
In theory, siRNA has great advantages, such as high degree of safety,
high efficacy, unrestricted choice of targets and specificity (Xu and
Wang, 2015). However, siRNA applications are limited by its intrinsic
properties such as short plasma half-life, lack of specific biodistribution
and poor membrane permeability. In consideration of these limitations,
and for realizing the broad potential of siRNA-based therapeutics, sui-
table, safe and effective siRNA delivery methods are desired.

Nonviral Nanometer-scaled Drug Delivery Systems (Nano DDSs)
represent a flexible and growing technology that is expected to become
of high importance in cancer therapy and diagnosis (theranosis) in the
near future. Regarding cancer theranosis, Bennett et al. classified Nano
DDSs according to the component carrier materials into metal particles,
polymeric particles, vesicles, nanomicelles, etc.… (Bennett et al., 2014).
Among them, siRNA nanocarriers based on functionalized Super-
paramagnetic Iron Oxide Nanoparticles (SPION) have attracted in-
creasing attention because of their magnetic properties, low cost and
easy synthesis and well-defined functionalization protocols (Devarasu
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et al., 2013). SPION are highly magnetized in magnetic field, allowing
magnetic tumor targeting and biomedical magnetic resonance imaging
(MRI) (Estelrich et al., 2015).

For treatment of most cancers, systemic routes of siRNA delivery are
needed. The design criteria of an in vivo systemic siRNA delivery system
should include biocompatibility, biodegradability, and non-im-
munogenicity. Additionally, the system should protect siRNA from
serum nucleases and deliver it into target cells efficiently. Finally, the
delivery system should provide siRNA an endosome escape ability to
enter the RNAi machinery and activate RNAi pathways (Juliano et al.,
2008). To solve the delivery problems of siRNA, many delivery systems
have been developed. These delivery systems are quite different in
terms of structure, size and chemistry, but there are still some defi-
ciencies regarding the characteristics of optimal delivery systems.

Magnetic siRNA nanovectors (MSN) composed of silanised SPION,
chitosan and siRNA were recently developed in our laboratory (David
et al., 2013). MSN were formulated via electrostatic deposition of siRNA
and chitosan layers on the surface of the magnetic core made of ami-
nosilane-coated SPION (SPION-NH3

+). The formulation parameters
used were those determined in our previous study to obtain MSN with a
hydrodynamic diameter (DH, i.e. the apparent size of hypothetical
spherical hydrated/solvated MSN) around 100 nm, suitable for sys-
temic administration (David et al., 2014). For some experiments, in
order to improve the sensitivity of analytical methods, we replaced
native siRNA by siRNA labeled with a fluorochrome Alexa 488, here-
after called Fl.siRNA.

The present paper aimed at optimizing systemic siRNA magnetic
nanovector using rational formulation design. Therefore, formulated
MSN were purified and their physical, chemical and biological stability
was determined. Many nanoparticles purification methods are de-
scribed in the literature such as dialysis, ultrafiltration, ultra-
centrifugation and size exclusion chromatography (SEC). Among these
methods, we have used centrifugation which represents a good com-
promise between easiness and efficiency (Limayem et al., 2004; Pedro
et al., 2008).

The detailed MSN characterization has been achieved using a
spectrum of biochemical and analytical techniques, including capillary
electrophoresis (CE), agarose gel electrophoresis (AGE) and UV–visible
spectrophotometry. Due to its specificity, short detection time and small
volume of samples used (Li et al., 2014), CE has become a universal
technique applied for identification and separation of many molecules
from small to macromoleculars (Ban et al., 2001; Chen and Bartlett,
2012; Chen and Evangelista, 1998; Wang et al., 2006; Yu et al., 2004).
Laser-induced fluorescence (LIF) detection has been used routinely in
CE systems for detection of nucleotides and their applications due to its
high sensitivity and selectivity compared to the UV detector (Li et al.,
2014; Song et al., 2001). One challenge of CE consists in the selection of
the separation buffer. This is particularly important for nanoparticles
which exhibit a great tendency to aggregate into large superstructures.
Such formations can occur during the CE analysis, resulting in an in-
stable electrophoretic behavior. Another challenge, is the possible ad-
sorption of analytes onto the inner surface of the fused silica capillary
(Matczuk et al., 2015), accordingly we optimized the CE analytical
conditions for MSN detection and quantification of siRNA loaded in and
released from MSN.

2. Materials and methods

2.1. Chemicals

Two siRNA models targeted against PCSK9, sense sequence:
GGAAGAUCAUAAUGGACAGdTdT, (Eurogenetec, Seraing, Belgium)
were used. One without modification while the other was modified with
Alexa 488, and referred to as Fl.siRNA (Sigma-Aldrich, St. Quentin
Fallavier, France). Ferric chloride, ferric nitrate nonhydrate, chitosan
high purity, MW 110,000–150,000, ammonium persulphate (APS),

acrylamide, ribonuclease A, 3-(trimethoxysilyl)propyl methacrylate,
ethidium bromide (Ethidium bromide solution 1%) and N,N,N′,N′-tet-
ramethyl ethylene diamine (TEMED) were obtained from
Sigma–Aldrich GmbH (Schnelldorf, Germany). Dulbecco's Modified
Eagle Medium (DMEM) (ThermoFisher Scientific, Illkirch, France).
Agarose (Invitrogen, Carlsbad, USA). Ammonia, sodium nitrate and
sodium hydroxide were obtained from PROLABO Chemicals (Paris XI,
France). Potassium hydroxide (LABOSI Chemicals, Paris, France),
Ferrous chloride tetrahydrate, acetic acid, citric acid and Tris/acetate/
EDTA buffer (TAE 1×, 40 mM Trisacetate, EDTA 1 mM, pH 7.6) were
obtained from Acros Organics (Geel, Belgium). Nitric acid, acetone,
methanol and disodium hydrogen phosphate dihydrate were obtained
from CARLO ERBA Reagents S.A.S (Paris, France). All reagents were of
analytical grades. Water was obtained from a Milli-Q system, Millipore,
(Paris, France).

2.2. MSN preparation

SPION coated with covalently bound aminopropyl silanes (APTES)
were prepared as reported by Hervé et al. (Hervé et al., 2008). MSN
were formulated as described previously (David et al., 2013). Briefly,
always equal volumes of siRNA solution and water on the one hand and
silanised SPION, chitosan aqueous solution and water on the other hand
were mixed together. The addition order was (1) water and (2) siRNA
solution on the one hand and (1) water, (2) SPION and (3) chitosan on
the other hand. Both volumes were vortexed separately and centrifuged
with a micro centrifuge (6000 rpm, Model IR, Fischer Scientific, Ill-
kirch, France), then mixed together using a micropipette. The quantity
of each component was calculated upon mass ratio of iron (from SPION)
to siRNA (MR =m(Fe)/m(siRNA)) and the charge ratio (CR) of positive
chitosan charges to negative siRNA charges. MSN studied were pre-
pared with siRNA concentration of 30 μg/mL, MR of 10 and CR of 44.

MSN purification was done via centrifugation (Sigma 3–30 K, Sigma
laboratory centrifuges, Germany). After centrifugation at 6000g for
15 min, the supernatant was removed and replaced by the same volume
of water (Milli-Q) then both supernatant and sediment were redispersed
by vortexing for a few seconds.

2.3. MSN and siRNA analysis by capillary electrophoresis (CE)

2.3.1. Instrumentation
CE analysis was carried out using PACE MDQ (Beckman Coulter

capillary electrophoresis system, USA) controlled by 32 Karat software
(Version 8.0). This apparatus is equipped with a LIF detector with ex-
citation by an air-cooled argon ion laser at a wavelength of 488 nm. The
emission intensities were measured at a wavelength of 520 nm filtered
by a band pass interference filter. Fused silica capillaries from Agilent
technology, (USA) were used and they were 60 cm effective length and
75 μm ID. Capillaries were thermostated at 25 °C. The machine is also
equipped with a diode array detector (DAD). UV detection took place at
220 nm for MSN and 272 nm for Fl.siRNA.

2.3.2. Capillaries preparation and coating
Uncoated capillaries were washed with NaOH 1 M for 5 min, fol-

lowed by washing with water for 5 min before the first analysis. All
washing were made at 20 p.s.i. For coated capillaries, the method de-
scribed by Alejandro (Cifuentes et al., 1999) was used, etching was
made by NaOH 1 M for 30 min, then leaching with HCl 0.1 M for 2 h at
20 p.s.i. After that, washing with water and methanol for 30 min and
10 min respectively was made at 20 p.s.i. Capillaries were then dried
twice by air for 10 min at 20 p.s.i. Silylation solution was prepared by
mixing 2 mL of 3-(trimethoxysilyl)propyl methacrylate, 2 mL methanol
and 20 μL acetic acid. Capillary was exposed to the silylation solution
for 30 min at 20 p.s.i and then allowed to stand within the solution for
16 h, then washed twice with methanol and water each for 10 min at 20
p.s.i. Coating solution was prepared by adding 7.5 μL ammonium
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persulphate (APS)10% w/v and 7.5 μL N,N,N′,N′-tetramethyl ethylene
diamine (TEMED) 10% v/v to a 3 mL of acrylamide solution 1% w/v.
Capillaries were exposed to the coating solution for 30 min at 20 p.s.i
and then allowed to stand within the solution for 6 h. Washing with
water and buffer each for 1 min was made before each sample injection.

2.3.3. Analysis of nanocarriers before and after purification
Detection of MSN before and after purification was carried out using

polyacrylamide coated capillaries. Citrate-phosphate buffer (pH 5,
5 mM) was used as the separation buffer. Samples were injected hy-
drodynamically for 5 s at 0.5 p.s.i by anodic injection at the short end of
the capillary (−25 kV, 10 cm). Fluorescence and UV detection were
used.

2.3.4. Quantification of free Fl.siRNA in nanocarriers
For quantification of free Fl.siRNA in MSN before and after pur-

ification, citrate-phosphate buffer (pH 7, 2.5 mM) was used as the se-
paration buffer. MSN were injected hydrodynamically for 5 s at 0.5 p.s.i
by cathodic injection at the short end of the capillary (+25 kV, 10 cm),
LIF detection. A linear calibration curve was obtained between 0.5 and
10 μg/mL as peak area = 2 ∙106 ∗ Concentration – 1 ∗ 106, with
R2 = 0.9974. At the lowest concentration, the relative standard de-
viation for peak area variability is about 3.6%, this concentration being
then established as the limit of quantification (LOQ = 0.5 μg/
mL = 3.6 ∗ 10−8 M). The precision of the method is demonstrated by
RSD of peaks areas< 10% for each concentration level.

2.3.5. MSN colloidal stability assessment
The behavior of purified MSN (pMSN) at different pH ranging be-

tween 5 and 8.5 was studied. pMSN were always mixed with the buffer
in the ratio of (1: 2, buffer: pMSN) by pipetting followed by vortexing
for a few seconds. Citrate-phosphate buffer at a concentration of 25 mM
was used for pH 5, 6 and 7.4, while Tris/acetate/EDTA (TAE) 1×
buffer was used for the pH 8.5. The samples were then characterized by
capillary electrophoresis to study their aggregation profile as described
in Section 2.3.3, and confirmed by size measurements.

2.3.6. In vitro siRNA release determination
The release kinetics of siRNA from pMSN suspended in citrate-

phosphate buffer pH 7.4 (25 mM) and Dulbecco's Modified Eagle
Medium (DMEM) pH 7.4 were studied. pMSN were always mixed with
the buffer or the cell culture medium in the ratio of (1: 2, buffer or
culture medium: pMSN) by pipetting followed by vortexing for a few
seconds. The mixture was then divided into four aliquots and incubated
at 37 °C for 1, 2, 4 and 24 h. After incubation, samples were centrifuged
at 6000G for 15 min and the supernatant was analyzed for siRNA
content using CE. Released siRNA was detected indirectly through
complexation with chitosan by addition of a few microliters of con-
centrated chitosan solution (20 g/L) to the supernatant. Detection of
Fl.siRNA chitosan complex was carried out using uncoated capillary.
Sodium-phosphate buffer (pH 2, 10 mM) was used as separation buffer.
Samples were injected hydrodynamically for 5 s at 0.5 p.s.i by anodic
injection at the short end of the capillary (−25 kV, 10 cm), LIF de-
tection. A linear calibration curve for the Fl.siRNA chitosan complex
was obtained at the concentration of Fl.siRNA between 0.5 and 30 μg/
mL as Peak area = 443311 ∗ Concentration + 34525, R2 = 0.9991. At
the lowest concentration, the relative standard deviation for peak area
variability is 6%, this concentration being then established as the limit
of quantification (LOQ = 0.5 μg/mL = 3.6 ∗ 10−8 M). The precision of
the method is demonstrated by RSD of peaks areas< 10% for each
concentration level. The amount of the Fl.siRNA released at each con-
dition was calculated as a percentage referring to the initial quantity
used for formulation (corresponding to 30 μg/mL).

2.3.7. Study of siRNA degradation by ribonuclease enzymes
Purified MSN were studied for their ability to protect siRNA from

degradation by ribonuclease A enzymes. The enzyme (1.2 μg/mL) was
added to pMSN in the ratio of (1: 2, enzyme: pMSN) and mixed by
pipetting followed by vortexing for a few seconds. The mixture was
then divided into four aliquots and incubated at 37 °C for 1, 2, 4 and
24 h. Samples were analyzed by CE-LIF as described in Section 2.3.3
and confirmed by AGE.

The percentage of protection efficiency was calculated as follow:

= ×
Average peak area of pMSN at time t

Average peak area of pMSN before addition of the enzyme

Protection efficiency
( )

100

2.4. MSN size and surface charge determination

Mean hydrodynamic diameter (DH) of the samples was measured
using a High Performance Particle Sizer (HPPS) (Malvern Instruments,
Malvern, UK). Before measurement, the nanocarriers were diluted in
NaNO3 0.01 M at a ratio of 1:25. The pH of the media was 6.1. The DH

measurements of the nanocarriers were done in triplicate with auto-
matic setting of the measurement parameters. The position of the laser
was fixed at 2.0 mm for a better comparison of the measurements.

The surface charge of the nanocarriers, in term of their zeta po-
tential, was measured using a Malvern NanoZ zetameter (Malvern
Instruments, Malvern, UK) using the same samples as for the DH mea-
surements. Each measurement was done in triplicate.

2.5. Analysis of siRNA complexation by agarose gel electrophoresis (AGE)

10 μL of sample and 5 μL of water or 5 μL of KOH (0.1 M) were
mixed before adding 1.5 μL of Agarose gel loading dye 6×. (Fisher
Bioreagents®, Illkirch, France). KOH was added to liberate siRNA from
the complexes to verify their integrity after formulation.

The prepared samples were then deposited on 1% agarose gel
containing 0.01% ethidium bromide, prepared with pure agarose and a
Tris/acetate/EDTA 1× buffer, to migrate for about 15 min at 100 V.
Images were taken using Fusion Solo. S6® imager (WL. Vilber Lourmat,
Marne la Vallée, France) and analyzed with the Evolution Capt
Software. Before analysis of the samples used in the study of siRNA
protection against RNAse A, RNAse activity was inhibited by heating
the sample for 30 min at 70 °C.

2.6. Quantification of MSN components by UV–visible spectrophotometry

UV–visible spectra of MSN before and after purification and the
different MSN components were acquired with a GENESYS® 10s,
UV–visible spectrophotometer (Thermo Scientific, Illkirch, France).
Treatment of spectra were performed with LABSPEC 4.04 software.
Each experimental spectrum was fitted using the classical least-squares
method to a sum of the two reference spectra of siRNA and SPION-
chitosan. In parallel, a linear calibration curve was obtained between
0.0039 and 0.011 μg/mL as Absorbance = 0.0024 ∗ Concentration
+ 0.0027, with R2 = 0.999 for Fl.siRNA. For SPION, linear calibration
curve was obtained from SPION chitosan mixture between 0.015 and
0.03 mg/mL as Absorbance = 44.4 ∗ Concentration + 0.211, with
R2 = 0.999.

3. Results and discussion

3.1. Capillary electrophoresis (CE) – an interesting analytical tool for MSN
characterization

Capillary electrophoresis (CE) is a separation method based on the
different electrophoretic mobilities of charged molecules under the ef-
fect of an electric field. Typically, separation takes place in a capillary
of small diameter (usually 50–100 μm), requiring small amount of
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samples for the analysis. Previously, we have used this method in our
research on the distribution of doxorubicin drug-loaded magnetic na-
novectors in cancer cells (Gautier et al., 2015). CE is a method of high
efficiency and the use of laser-induced fluorescence as detection
method provides high sensitivity. However, the main problem to be
overcome in CE is usually the potential interactions of the analyte with
the surface of the capillary. In order to reduce these interactions, var-
ious modifications of the capillary inner wall surface are available but
need to be optimized (Cifuentes et al., 1999). In the present work, we
have used CE to characterize nanoparticles made of several constituents
associated by electrostatic interactions. One of the major component is
chitosan biopolymer which constitutes the external coating layer of the
nanoparticles. At pH range of 5 to 6 used to formulate MSN, chitosan is
positively charged and contributes in electrostatic interactions of the
MSN with the negative surface of the capillary. In order to reduce these
interactions, we chemically modified the capillary wall with neutral
polyacrylamide molecules.

Moreover, CE analysis of nanoparticles is more challenging and
quite different from study of molecules in solution. Indeed, CE requires
to use background buffers to provide separation medium. If the ionic
strength of the buffer is too high, ionic cloud surrounding nanoparticles
can be compressed and the stability of the system can be affected
(López-Lorente et al., 2011). We investigated various separation buffer
systems in terms of their composition and pH. The results showed that
the optimal MSN analysis conditions were obtained with citrate-phos-
phate buffer at a low concentration (pH 5, 2.5 mM) whereas the same
buffer at a concentration of 5 mM was optimal for MSN formulated with
Fl.siRNA. Two methods of detection were used: diode array detector
(DAD) is implemented in every commercial CE system for its simplicity.
However, its sensitivity is limited. On the other hand, laser induced
fluorescence (LIF) detection is known to have nearly 1000 fold higher
sensitivity and better selectivity compared to UV–vis detection. UV
detection of MSN was based on the light scattering-related absorbance
of SPION core of the nanovectors at 220 nm, while LIF-based detection
was possible only for MSN loaded with the Fl.siRNA. After analysis of
Fl.MSN, typical spectra of SPION (data not shown) was observed for a
peak at 2.12 ± 0.14 min while a signal of fluorescence was detected at
a similar migration time with CE-LIF detection (Fig. 1A and B). The
agreement in the migration time of these two peaks by UV and fluor-
escence demonstrates that these signals can be assigned to the nano-
carriers.

These results were in agreement with the agarose gel electrophor-
esis (AGE) data (Fig.1D). During the AGE analysis, ethidium bromide
incorporated in agarose gel intercalates free siRNA molecules and
produces a fluorescence band upon UV excitation. Complexed siRNA
molecules are less accessible to ethidium bromide and do not migrate in
the agarose gel. For the MSN, a fluorescence band observed in the gel
was very weak compared to siRNA solution. This indicates that the
major part of siRNA in MSN was bound to the nanoparticles. An in-
crease of the pH, by addition of KOH, suppressed the chitosan positive
charges, destabilized MSN and liberated siRNA. As a result, an intense
fluorescence band, comparable to that of the control siRNA, was ob-
served, indicating high siRNA payload in MSN.

3.2. Physical and chemical characteristics of MSN

Pharmaceutical quality and safety requirements for MSN as poten-
tial nanomedicine treatment involves control of several parameters, like
the medium purity in terms of possible presence of residual free com-
ponents, nanoforms structure and composition and their colloidal and
chemical stability (Itoh et al., 2015).

CE results for MSN before and after purification by centrifugation
showed that a first centrifugation at 6000g yields the required purity for
MSN remaining in the supernatant (thereafter called pMSN) with few
aggregates being in the sediment (Fig. 1A and B). This was even more
apparent when LIF detector was used (Fig.1B). These results are in

agreement with the hypothesis that the centrifugation at low speed
removed larger MSN and/or SPION aggregates while less dense in-
dividual small MSN remained in the supernatant. A second cen-
trifugation was made at higher strength (20,000g), to precipitate in-
dividual MSN in the second sediment while allowing residual free
molecular components (if found) to remain in the second supernatant.
However, because of the high colloidal stability of MSN, such separa-
tion was not achieved: MSN were still present in the second supernatant
and only few MSN in the second sediment (data not shown). These
results confirm that the protocol of MSN formulation was already well
optimized. After purification, the values of DH, measured in aqueous
medium (pH 6.1 and ionic strength 0.01 mol/L), decreased from
ca.100 nm to ca. 80 nm (Table 1). The polydispersity index (PDI), in-
dicating if the sample has a monomodal size distribution or if there are
several populations in the sample, diminished slightly after purification
from 0.33 to 0.29. This is in agreement with the elimination of bigger
aggregates or free SPION. The zeta potential (i.e. the surface charge of
MSN represented by the ions forming an electrical double layer around
MSN) decreased from ca. +20 mV to ca. +15 mV, probably due to
elimination of free SPION carrying a lot of positive charges due to their
aminosilane-modified surface. This hypothesis was supported by the
brown color of the sediment and confirmed by atomic absorption

Fig. 1. Purification of MSN: Electropherograms showing: (A) UV detection of Fl.MSN at
220 nm. (B) LIF detection of Fl.MSN. (C) LIF detection of free Fl.siRNA. CE conditions:
Polyacrylamide coated capillary 75 μm ID × 60 cm, hydrodynamic injection for 5 s. at
0.5 p.s.i, 25 °C. (A and B) Citrate phosphate buffer pH 5 (5 mM), applied voltage −25 kV,
anodic injection. (C) Citrate phosphate buffer pH 7 (2.5 mM), applied voltage +25 kV,
cathodic injection. (D) Agarose gel electrophoresis of MSN before and after purification.
The first condition of the sample (−) is without KOH indicating free siRNA in this con-
dition, the second condition of the sample (+) is with KOH indicating the total amount of
siRNA in the sample.

Table 1
Comparison between the nanovectors before (MSN) and after purification (pMSN).

Formulation MSN pMSN

DH (nm) 93.71 ± 20.56 79.16 ± 6.82
PDI 0.33 ± 0.05 0.29 ± 0.05
Zeta potential (mV) 20.49 ± 13.46 14.92 ± 12.42
Mass ratio (mFe/msiRNA) 9.4 6.5

M. Abdelrahman et al. European Journal of Pharmaceutical Sciences 106 (2017) 287–293

290



spectroscopy (data not shown).
CE technique has also been used to check the presence or absence of

free siRNA in pMSN. In that case, MSN were loaded with Fl.siRNA for
CE-LIF analysis. The optimum analysis medium was the citrate-phos-
phate buffer at pH 7 (2.5 mM). Fl.siRNA migration time was
1.05 ± 0.02 min (Fig. 1C). As described in the experimental section,
the analytical methodology validation included calibration curve from
which the limit of quantification was deduced. Quantification of
Fl.siRNA from the electropherograms of MSN and pMSN showed that
they contain 1.69 and 1.41 μg/mL of free Fl.siRNA, respectively. In
comparison to the theoretical concentration of 30 μg/mL, these results
allow to demonstrate that free siRNA content is about 5%. The free
Fl.siRNA content determined with CE is in agreement with the intensity
of the fluorescence bands observed in AGE (Fig. 1D).

The siRNA loading within pMSN was estimated from their UV–vis
spectra, by fitting them with separately recorded spectra of Fl.siRNA
and of SPION& chitosan mixture (Fig.2). The fitting errors were typi-
cally below 2% of the total spectral area. The obtained results indicated
that no Fl.siRNA was found in the sediment of the purification step.
Calibration curve obtained from the UV–vis absorption of Fl. siRNA in
aqueous solution enabled us to establish that: the concentration of
siRNA in MSN before purification (29.3 ± 1.44 μg/mL) was logically
similar to that used for formulation (30 μg/mL) and corresponding to
the mass of 5.87 ± 0.29 μg. Similar calculations for SPION gave a mass
of 55 ± 2.5 μg of iron instead of 60 μg. Thus the mass ratio (MR)

calculated as iron content of SPION to siRNA corresponds to 9.4. For
pMSN, the mass of Fl.siRNA and iron were found 6.4 ± 0.3 μg and
41.8 ± 3.89 μg respectively (MR: 6.5). The Fl.siRNA loading rate was
the same before and after the MSN purification. However, the MR de-
creased from 9.4 to 6.5 due to the loss of some SPION as aggregates in
the sediment after purification. This is in agreement with previous re-
sults indicating that a MR between 5 and 7.5 is needed for a complete
siRNA complexation with SPION (David et al., 2013). However, smaller
MSN sizes were obtained when a MR of 10 was used for the MSN for-
mulation.

In summary, these results show that the centrifugation applied as a
method of purification lead to a higher siRNA proportion in pMSN
compared to non-purified MSN and especially no valuable raw material
loss. The purification could be very useful for a future in vivo applica-
tion as the aim is to carry a sufficient amount of siRNA in pMSN.
Thereafter, for further MSN development we will study only the pur-
ified MSN (pMSN).

3.3. Influence of pH on colloidal stability

CE was also used, to analyze the colloidal stability of pMSN.
Throughout the process of manufacture and storage, pMSN should be
stable over a wide pH range to ensure the robustness of the method on
the one hand and the safe siRNA delivery on the other hand. CE data
(Fig. 3A) indicated that pMSN were resistant against aggregation at

Fig. 2. Quantification of MSN components, representative curve
fitting of (A) MSN (B) pMSN and (C) the sediment. The contribution
of each component is represented.
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pH 5, 6 and 7.4 since no modifications in the peaks shape and migration
time were noticed. At pH 8.5, the nanovectors were immediately prone
to aggregation as indicated by presence of spikes. In the past, CE was
used to analyze iron oxide nanoparticles and it has been shown that, if
instability occurs, groups of spikes are visible on the electropherogram
instead of the Gaussian-shaped peaks (Vanifatova et al., 2005). The CE
results were concomitant with the hydrodynamic diameter values of
pMSN (Fig. 3B): pMSN size was similar at pH 5, 6 and 7.4 while it in-
creased at pH 8.5. The instability of pMSN at pH 8.5 is probably due to
the loss of balance of attractive-repulsive forces between nanoparticles.
Indeed, the pKa of chitosan is 6.5 (Buchman et al., 2013; M. et al.,
2012) indicating that it should be less charged at pH above 6.5. The
good colloidal stability of MSN at pH up to 7.4 was encouraging for
their biological evaluation.

3.4. Release of siRNA at pH 7.4 and its protection against ribonuclease
enzymes

The in vitro release profiles of Fl.siRNA from pMSN were established
for 24 h at pH 7.4, in both citrate-phosphate buffer and in cell culture
medium DMEM. After incubation, we noticed that, pMSN started to
separate into two phases with a clear supernatant. We expected a
concomitant release of chitosan followed by complexation with siRNA.
This hypothesis was confirmed by analysis of siRNA-chitosan complex
solution and observation of reproducible peaks for this complex using
uncoated capillaries with sodium-phosphate buffer pH 2, 10 mM as
separation buffer, by CE-LIF detection. Thus, we decided to add con-
centrated chitosan solution to the each supernatant obtained from re-
lease experiments to ensure detection of the whole siRNA quantity.

siRNA release was found higher in the DMEM cell culture medium
(10%) than in the citrate-phosphate buffer (3%) after 1 h. With time,
the quantity of released siRNA decreased and may be undetectable in
citrate phosphate buffer (Fig. 4A). The siRNA release in the first hour
can be explained by diffusion of siRNA bound near the particles sur-
faces due to dilution. This behavior is similar to that described by A.G.
Raja et al. using crosslinked chitosan-siRNA nanoparticles (Abdul
Ghafoor Raja et al., 2015). However, in our case, the siRNA release is
decreased at later stage which could be explained by a supposable re-
inclusion of released siRNA to the (aggregated) MSN.

Efficient gene delivery system is also dependent upon the ability of
the carrier to protect its payload from nuclease degradation. For

maximal activity in the cells, siRNA must be protected from digestion
by nucleases as free siRNA are rapidly degraded (< 30 min) by RNAse
(Haupenthal et al., 2006). Fig. 4B shows the siRNA integrity study by
AGE indicating a highly efficient siRNA protection toward degradation
by ribonucleases. A weak fluorescent band was observed with the initial
pMSN as already seen above. The control free siRNA were rapidly de-
graded by RNAse, as there was no fluorescence band observed after
30 min of incubation. However, for purified MSN both in presence and
in absence of ribonuclease, there was no fluorescence in absence of
KOH. In contrast, after addition of KOH to the samples, there was an
intense band of fluorescence, similar to that of the control sample
(siRNA alone). In addition, CE data for pMSN (Fig. 4C) show that the

Fig. 3. Colloidal stability of purified MSN at different pH. (A) Electropherograms showing
behavior of the purified MSN at different pH. CE conditions: Polyacrylamide coated ca-
pillary 75 μm ID × 60 cm, Citrate phosphate buffer pH 5 (2.5 mM), applied voltage
−25 kV, anodic hydrodynamic injection for 5 s. at 0.5 p.s.i 25 °C,UV detection at 220 nm.
(B) Hydrodynamic diameter of purified MSN at different pH. Control = pMSN.

Fig. 4. siRNA release and protection against ribonuclease enzymes (A) Histograms
showing the in vitro release profile of Fl.siRNA from the purified MSN at pH 7.4. The %
amount of Fl.siRNA released was determined using CE-LIF detection. CE conditions: un-
coated capillary 75 μm ID × 60 cm, 25 °C, hydrodynamic injection for 5 s. at 0.5 p.s.i. Na-
phosphate buffer pH 2 (10 mM)), applied voltage −25 kV, anodic injection. (B) Agarose
gel electrophoresis of purified MSN in presence (+) or absence (−) of ribonuclease A
(RNAse) and KOH. Control = pMSN without addition of RNAse. (C) Histograms showing
protection of Fl.siRNA against ribonuclease A by MSN using capillary electrophoresis. CE
conditions: Polyacrylamide coated capillary 75 μm ID × 60 cm, 25 °C, hydrodynamic
injection for 5 s. at 0.5 p.s.i. Citrate phosphate buffer pH 5 (5 mM), applied voltage
−25 kV, anodic injection, LIF detection.
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siRNA enzymatic degradation was hindered up to 24 h, with protection
efficiency of 96%. Interestingly, the purification step did not interfere
with this protection. In the literature, depending on the type of nano-
carriers, one finds that the duration of the siRNA protection against
serum or RNAse A in vitro (at 37 °C) varied from few minutes to 48 h
(Resnier et al., 2013). The result obtained in our study with pMSN is
encouraging. Further experiments with pMSN in serum and in vivo will
be made in the close future.

4. Conclusion

Based on the findings of the present study, we conclude that stable
purified magnetic siRNA nanovectors (MSN) possess properties poten-
tially suitable for their systemic administration. In addition, the study
includes the optimization of analytical conditions for MSN character-
ization by CE with DAD detector and CE-LIF. Purification by cen-
trifugation allowed to remove free SPION and therefore to increase the
siRNA/SPION ratio in MSN. Purified MSN had smaller sizes, lower PDI
and lower zeta potential. At pH 7.4,< 10% of loaded siRNA were re-
leased in 24 h, while no MSN aggregation was observed. The nano-
vectors efficiently protected siRNA against degradation by RNAse A. In
summary, MSN demonstrated promising properties for their further
evaluation in vitro and/or in vivo as well as for a perspective of their
application in cancer theranosis. However, pMSN stability and efficacy
may be improved by addition of polymers and/or targeting ligands.
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