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a  b  s  t  r  a  c  t

Superparamganetic  iron  oxide-based  contrast  agents  in magnetic  resonance  imaging  (MRI)  have  offered
new possibility  for  early  detection  of  lymph  nodes  and  their  metastases.  According  to  important  role
of  nanoparticle  size  in  biodistribution,  magnetite  nanoparticles  coated  with  different  polyethylene  gly-
col (PEG)  concentrations  up  to 10/1  PEG/iron  oxide  weight  ratio  in an  ex situ  manner.  To  predict  the
PEG-coated  nanoparticle  behavior  in  biological  media,  such  as  blood  stream  or  tissue,  colloidal  stability
evaluation  was  performed  to estimate  the  coating  endurance  in  different  conditions.  Accordingly,  optical
absorbance  measurements  were  conducted  in  solutions  with  different  values  of  pH and  NaCl  concen-
trations.  The  results  indicated  that  at neutral  pH  condition,  nanoparticles  treated  by  3/1  ratio  possessed
better  stability  parameters.  Investigating  at high  pH  of 10  resulted  in  superior  stability  for  bare  magnetite
nanoparticles  due  to its higher  electrophoretic  mobility.  Coating  material  was  attacked  at  acidic  solutions

−5
which  cause  samples  with  higher  PEG  weight  ratio  to be settled  slower.  In various  ionic  strengths  of  10
to  0.1 M,  3/1 ratio  samples  offered  greater  resistivity  to  sedimentation.  The  nanoparticles  were  further
investigated  by exposure  to  L929  cell  and  following  up  the  iron  uptake  within  cells.  Finally,  detection
sensitivities  in  lymph  nodes  were  evaluated.  Particle  uptake  and  the  most  signal  reduction  for in  vivo  MRI
studies  were  also  obtained  by  nanoparticles  acquiring  lower  PEG  contents  that  showed  better  colloidal
stability.
. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) present
xceptional properties based on their size, surface and mag-
etic behavior (Mikhaylova et al., 2004; Gupta and Gupta, 2005;
ahmoudi et al., 2011). These peculiar characteristics make

PIONs appropriate candidate in wide range of biomedical and
ioengineering applications including cell targeting and separa-
ion (Handgretinger et al., 1998; Yang et al., 2008), MR  imaging
LaConte et al., 2007; Ma  et al., 2008; Patel et al., 2008; Ahmadi
t al., 2011; Schweiger et al., 2011), cancer treatment (Ling et al.,
011), hyperthermia (Laurent et al., 2011), gene (Cheong et al.,
009) and drug delivery (Gupta and Wells, 2004). To be satisfacto-

ily utilized in many of these applications it is necessary to achieve
queous colloidal dispersions of nanoparticles comprising particles
ith uniform size and properties that remain stable in biological

∗ Corresponding author. Tel.: +98 912 1830687; fax: +98 21 66005717.
E-mail address: afshin masoudi@mehr.sharif.edu (A. Masoudi).
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media (Barrera et al., 2009; Chanteau et al., 2009). The main
reason of nanoparticle stability originates from thermal motion of
sub-micron sized particles of colloids, known as Brownian motion
(Abdelwahed et al., 2006). In this phenomena, random collisions
of a particle with other particles, molecules of suspending media
and container wall cause continuous change of particle path that
withstand sedimentation. However, magnetic nanoparticles due
to van-der walls and magnetic dipole–dipole attractive forces have
tendency to aggregation (Theerdhala et al., 2010) which conse-
quently results in susceptibility to sedimentation via gravitational
force (Abdelwahed et al., 2006). So, many methods have been eval-
uated to stabilize colloidal dispersions on the basis of repulsion
interactions toward hindering aforementioned attractive forces
(de Vicente et al., 2000; Viota et al., 2005; Di Marco et al., 2007a).
These are accomplished by the formation of an electric double
layer at the particle surface that creating electrostatic repulsion

between the particles, or by encapsulating them with a suitable
coating material to obstruct particle–particle contact through
steric repulsion (Tadros, 2007). The total interactions which con-
tribute to the colloidal stability of dispersions can be expressed as

dx.doi.org/10.1016/j.ijpharm.2012.04.080
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:afshin_masoudi@mehr.sharif.edu
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 form of extended Derjaguin–Landau–Vervey–Overbeek (DLVO)
heory (Vereda et al., 2008).

Since the introduction of SPIONs in biomedical purposes,
any natural and synthetic polymers or molecules were devel-

ped as capping agents to prepare required colloidal stability for
anoparticles. Between the coatings, dextran (Hong et al., 2008),
oly(ethylene glycol) (PEG) (Acar et al., 2005), chitosan (Zhua et al.,
008), poly(vinyl alcohol) (PVA) (Mahmoudi et al., 2009) and some
f their derivatives (Chastellain et al., 2004; Feng et al., 2008;
rencipe et al., 2009; Liu et al., 2011) seem to be more favorable
ainly as a result of the biocompatibility and hydrophilicity of

hese materials.
Several efforts have been devoted to investigate the effect of

oating parameters on colloidal stability of SPIONs dispersions.
ozsán et al. (2005) analytically calculated the correspondence
f mixing interaction energies between sterically stabilized col-
oidal particles and other previous models. Viota et al. (2005)
ooked into the consequence of exploiting poly(acrylic acid) (PAA)
dsorbed layer on the stability of suspension. Gómez-Lopera et al.
2006) inspected the stability of magnetite/poly(lactic acid) (PLA)
ore/shell nanoparticles in the presence and without applied exter-
al magnetic field to evaluate the influence of coating shell. Di
arco et al. (2007a) studied the hydrodynamic size evolution

f iron oxide nanoparticles coated by two different molecular
eights of PEG and amino-alcohol derivatives of glucose at dif-

erent NaCl concentrations and interpreted the results using the
lassical DLVO theory. Chanteau et al. (2009) employed citric acid,
hosphonate-terminated PEG, and poly(acrylic acid) (PAA) as elec-
rostatic adlayers for maghemite nanoparticles. To ensure that
oated nanoparticles can preserve their stability in biological appli-
ations, nanoparticles were assessed with respect to changes in
oncentration, pH and ionic strength of a test solution and finally
ere evaluated in cell culture medium (DMEM). Barrera et al.

2009) similarly examined PEG silane-coated SPIONs stability at
ifferent pHs and ionic strengths and linked their results to DLVO
heory. Kim et al. (2010) used CL-PEG as the embedding agent and
valuated stability in terms of function of optical density versus
ime. They described that weak anchoring of conventional surface

odifiers could be annihilated with amphiphilic polymers.
Investigations in the current article are directed to find an

nswer to the problem about effect of polymer adsorbed layer on
olloidal stability and in vivo biodistribution of coated SPIONs as

RI  contrast agent. Previously, it has been demonstrated that PEG
odified SPIONs exhibit rather long bloodstream circulation time,

on-immunogenic and nonantigenic trait and are resistant to pro-
ein binding (Hu et al., 2006; Gupta and Gupta, 2005). For these

Fig. 1. Sketch map  of preparation of PE
Pharmaceutics 433 (2012) 129– 141

reasons and due to its biocompatibility, highly dynamic motion and
extended chain conformation (Wang et al., 2008), PEG is chosen as
the capping agent in our study. However, one of the main limita-
tions to take advantages of PEG coated SPIONs dispersions as MRI
contrast enhancement agent is weak nanoparticle–polymer bond-
ing which gives rise to poor colloidal stability as a result of polymer
desorption.

Here, we synthesized PEG modified nanoparticles using an ultra-
sonic assisted co-precipitation technique and assessed the colloidal
stability through optical density measurements in various pHs and
ionic strengths. Furthermore, the uptake of subcutaneously admin-
istrated nanoparticles by the lymphatic nodes was detected by
in vivo MR  imaging of live rats to correlate the stability results of
experimental data with their behavior in real biological media.

2. Materials and methods

2.1. Materials

Iron (III) chloride hexahydrate (FeCl3·6H2O), iron (II) chloride
tetrahydrate (FeCl2·4H2O), sodium hydroxide (NaOH), hydrochlo-
ric acid (HCl, 35 wt.%), nitric acid (HNO3, 63 wt.%), hydrazine
hydrate (N2H4·H2O, 50 wt.%), sodium chloride (NaCl), potassium
ferrocyanide (K4Fe(CN)6·3H2O), and poly(ethylene glycol) (PEG,
Mw = 6000) were all purchased from the Merck (Germany). All the
chemical reagents in this work were of analytical grade and used
as received without further purification. Deionized distilled water
(>18.2 M� cm,  Milli-Q Academic, Millipore, France) and high purity
argon (99.9999%) were also used in experiments.

2.2. Preparation of PEG-coated iron oxide colloidal dispersion

An ex situ manner was  employed to synthesis PEG-coated
iron oxide nanoparticles as depicted in Fig. 1. First, iron oxide
nanoparticles were prepared via an ultrasonic assisted co-
precipitation process. 1 mmol (0.198 g) FeCl2·4H2O and 2 mmol
(0.540 g) FeCl3·6H2O were added into a reactor containing 100 ml
deionized H2O with 200 �l hydrazine hydrate and ultrasonicated
(Bandelin SONOPULS HD2200, Germany) for about 30 min under
ultra-pure argon atmosphere. Gradually, salt solution temperature
was risen to 80 ◦C using hot-plate apparatus. After reaching the
desired temperature, 20 mmol  (0.8 g) NaOH was  quickly dropped

into the solution and sonicated for extra 2 h. Black precipitates
of dark suspension were separated magnetically to remove any
excess reagents and nonmagnetic components. Subsequently, the
nanoparticles were washed for 5 times and dispersed in 50 ml DI

G-coated nanoparticles (SPIONs).
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2O by using a bath ultrasonic (Bandelin DT31H, Germany) for
0 min.

Then, coating formation was done by adding PEG solutions to
ron oxide suspension in weight ratios of 1/2 to 10/1 PEG/iron oxide
nd stirring for 24 h via mechanical stirrer at 1000 rpm. At that time,
EG-coated nanoparticles were separated over a strong magnet and
he supernatant was decanted. This procedure was  repeated sev-
ral times in company with washing to remove any unanchored
olymer. Finally, obtained naoparticles poured into two  contain-
rs. One portion of separated nanoparticles washed and dried for
tructural analysis and the other underwent additional sonication
tep to break any agglomerated clusters formed during magnetic
ecantation to be used as suspension for colloidal evaluations.

.3. Characterization methods

The characteristics of the colloidal suspension and involving
anoparticles were examined by different methods. The phase

dentification of synthesized nanoparticles was performed by X-ray
iffraction (XRD, Philips PW 3710, Netherlands) method using a Cu-
� radiation (� = 1.5406 Å). Scherrer method was  utilized through
hilips X’Pert Highscore 1.0d software to determine crystallite
ize. Fourier transform infrared spectroscopy (FTIR, Bruker Vertex,
ermany) was  carried out to assess the surface bands of nanopar-
icles. Consequently, dried nanoparticles were mixed with KBr
owder and then were pressed to produce pellets. Nanoparticles
ize and morphology were investigated by transmission electron
icroscope (TEM, Philips CM200, Netherlands) and field emission

ig. 2. XRD pattern of (a) bare nanoparticles and PEG/SPIONs weigh rations of (b)
/2,  (c) 1/1, (d) 2/1, (e) 5/1 and (f) 10/1.
Fig. 3. FTIR spectrum of (a) PEG-6000, (b) PEG-coated (2/1 ratio) and (c) bare iron
oxide nanoparticles.

scanning electron microscope (FE-SEM, Hitachi 4160, Japan). Due
to propensity of agglomeration, especially in the case of uncoated
nanoparticles that resulted in inferior quality of obtained TEM
images, bare sample suffered a preparation step of spin coating
and freeze drying. After the micrographs were obtained, image
analysis was  performed by the Clemex Vision PE 4 software. An
analysis routine was  written to measure the coated nanopar-
ticles size. Hydrodynamic diameter of suspended nanoparticles
was determined by dynamic light scattering (DLS, 4700 Malvern
Instruments, UK) at 632 nm wavelength laser and a scattering
angle of 90◦ in 0.005 M NaCl solution of pH = 4.7 as electrolyte.
Measurements were performed on 0.1 mg  [Fe]/l as-prepared dis-
persions of nanoparticles without any filtration or centrifugation.
The results were obtained with theoretical refractive index of mag-
netite 2.42 (Cornell and Schwertmann, 1996) and analyzed by the
cumulant method as intensity distribution curves. The mass of
the adsorbed PEG layer on the surface of nanoparticles was mea-
sured by thermogravimetric analysis (TGA, Perkin-Elmer TGA7,
USA) scanning from room temperature to 700 ◦C at 10 ◦C/min heat-
ing rate in the atmosphere of N2. Electrophoresis mobility values
of the coated nanoparticles at different pHs were determined via
Zetasizer nanosystem (Malvern Instruments, UK). NaOH and HCl
dilute solutions were used to adjust the desired pH of aqueous

solution. Iron concentration of suspensions was acquired with
atomic absorption spectroscopy (AA, Avanta GBC Scientific, USA)
of digested samples with boiling HNO3.

Table 1
Size and coating content of nanoparticles at different ratios of PEG/SPIONs.

PEG/SPIONs
weight ratio

dTEM (nm) dhydrodynamic

(nm)
Coating
percent (%)

0/1 (bare) 4.7 ± 0.9 7.9 ± 1.4 –
1/2  5.3 ± 1.4 12.5 ± 3.7 9.1
1/1  7.1 ± 1.5 15.8 ± 5.3 14.9
2/1  8.9 ± 2.3 24.1 ± 9.2 25
3/1 10.5 ± 3.7 41.6 ± 9.5 41.8
5/1 12.8 ± 5.8 38.7 ± 6.4 53.6
7.5/1 17.9 ± 7.9 56.2 ± 7.0 64.2
10/1 20.6 ± 9.3 63.3 ± 10.9 70.5
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.4. Colloidal stability evaluation

All of the colloidal stability analyses in this research are based
n optical absorbance density of the prepared suspensions mea-
ured with a UV–Vis double-beam spectrophotometer (Lambda 35

erkin-Elmer, USA). The stability was studied as a function of pH
nd ionic strength in terms of NaCl concentration of suspending
edium (A) regarding the initial absorbance value (A0). Besides

he neutral condition of pH 7, similar stability measurements were

Fig. 4. TEM (left) and SEM (right) micrographs of (a) bare, 
Pharmaceutics 433 (2012) 129– 141

carried out at pH values of 4 and 10 which were prepared by adding
HCl and NaOH to solutions, respectively. The NaCl concentration
was varied from 10−5 M up to 0.1 M in an aqueous solution at pH
of 7.

In each experiment, 2 ml  of 0.1 mg  [Fe]/ml suspension of syn-

thesized nanoparticles was  added to 2 ml  of the test solution
(with different pHs and ionic strengths) and quickly mixed with
a microsyringe. Subsequently, the absorbance was recorded at the
wavelength of 550 nm through 1 cm light pathway square glass

(b) 2/1, (c) 3/1 and (d) 5/1 PEG/SPIONs weight ratios.
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uvette. An identical cuvette was employed for each sample and
o agitation was executed before the measurement. It should be
oted that, because of the very different sedimentation rates in
arious conditions of ionic strength and pH, optical densities were
ollected at times ranging from 1000 s to 60 days. The obtained
ptical densities were interpreted to A/A0 versus time diagrams.

.5. Prussian blue staining

The uptake of iron oxide nanoparticles by the cells can be probed
y Prussian blue staining method. Accordingly, adhesive mouse
broblast cell line (L929) was obtained from National Cell Bank
f Iran (NCBI), Pasteur Institute. The cells were seeded in 24-well
lates at 15,000 cells per well in 300 �L of RPMI1640 medium sup-
lemented with 10% fetal bovine serum (FBS) and incubated at
7 ◦C in 5% CO2. After 24 h, the cells received 20 �L concentrated
.2 mg  [Fe]/ml suspension. A permanent magnet with a rema-
ence of about 0.7 T attached beneath each well while incubation

or second 24 h. After this period the magnet was  removed and
ulture medium/SPIONs complex was replaced with 300 �L fresh
PMI + 10% FBS. The cells were incubated for 72 h. A medium free

rom nanoparticles was supplied as the negative control sample.
Prussian blue staining was implemented by adding 1:1 volume

atio of 4% potassium ferrocyanide solution and 20% hydrochloric
cid to the wells. Any Fe3+ ions diffused through the cell react with
he ferrocyanide and result in the formation of a bright blue fer-

ic ferrocyanide pigment. After carefully washing each well with
I H2O, counter staining was achieved by incubating the cells in
ucleus fast red solution. The tainted samples were considered
nder optical microscope.

ig. 5. Weight loss diagrams of PEG-coated Fe3O4 at different PEG/SPIONs ratios of
a) 1/2, (b) 1/1, (c) 2/1, (d) 3/1, (e) 5/1, (f) 7.5/1 and (g) 10/1.
Pharmaceutics 433 (2012) 129– 141 133

2.6. MRI study

Normal Wistar rats underwent MR  lymphography to evaluate
the drainage ability of the nanoparticles from the injection site
and their uptake and subsequent recognition by the lymph nodes
macrophage system. All rats were anesthetized before injection of
the nanoparticles, using ethyl ether, and before an imaging session
with intraperitoneal injection of ketamine and xylazine to achieve
longer anesthesia. The experiments involving rats have been car-
ried out in accordance with EU Directive 2010/63/EU.

The colloidal dispersions of SPIONs were subcutaneously
injected into the dorsal portion of one front paw of rats with a
dose of 0.4 mg  Fe/kg body weight. MR  imaging was performed 6 h
post nanoparticle administration. For MR  imaging, the rats were
fixed in a supine position. MR  studies were performed using a 1.5 T
(Signa, GE Medical Systems, Milwaukee, WI,  USA) medical system.
A head coil was used for MR  imaging. The imaging protocol was a
fast gradient echo (FGR) T2* in both coronal and axial orientations
using following imaging parameters: TR = 350 ms,  TE = 8.5 ms, flip
angel = 15◦, FOV = 25 mm × 25 mm,  matrix size = 160 × 160, slice
thickness = 2.5 mm,  in order to reach appropriate resolution and
the most signal to noise ratio (SNR).

3. Results and discussion

3.1. Analysis of nanoparticles

Fig. 2 illustrates the XRD patterns of synthesized nanoparti-
cles. Characteristic peaks exhibited in XRD pattern of all samples
are well-matched with the magnetite (Fe3O4) diffraction peaks
(JCPDS card no. 19-0629) and confirm the inverse spinel structure
of nanoparticles. It is clear that the coating material did not affect
crystalline structure of magnetite. Nevertheless, it should be noted
that the pattern of nanoparticles exposed to higher PEG/SPIONs
weight ratios fall to lower intensities (Fig. 2b–f). This may be an
indication for greater amount of adsorbed PEG. As amorphous PEG
cannot diffract X-ray, intensity weakening of the patterns links to
higher PEG absorption.

The presence of PEG layer on nanoparticle surface was  more
characterized by FTIR spectroscopy as shown in Fig. 3. FTIR spec-
tra of PEG-6000 and unmodified nanoparticles are demonstrated
in Fig. 3a and c for comparison. The C O C ether stretch band

and the vibration band (antisymmetric stretch) are appeared in PEG
spectrum at 1101.1 cm−1 and 1349.4 cm−1, respectively (Gupta and
Wells, 2004). Besides, the absorption bands of 1281.3 cm−1 and
1468.8 cm−1 attribute to the vibration of CH2 (Hu et al., 2008) and

Fig. 6. Electrophoretic mobility of magnetite and coated nanoparticles as a function
of pH.
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hat around 953.2 cm−1 corresponds to CH out-of-plane bend-
ng vibration. The transmittance band at 578.1 cm−1 of Fig. 3c is
he stretching mode of Fe O in Fe3O4 (Ahmadi et al., 2011). The
road peak near 3450 cm−1 in both spectra of PEG and iron oxide
elongs to attached hydroxyl groups (Gupta and Wells, 2004).
he PEG modified nanoparticle spectrum in Fig. 3b comprises the

ain absorbance of ether stretch band at the 1104.6 cm−1 and
CH2 vibrational band at 1260.8 cm−1 and 1411.5 cm−1. This spec-

rum verifies that PEG can be found on the surface of synthesized

ig. 7. Relative absorbance as a function of time for synthesized nanoparticles exam-
ned at (a) pH = 7, (b) pH = 10 and (c) pH = 4.
Pharmaceutics 433 (2012) 129– 141

nanoparticles. However, the characteristic absorbance peaks show
a small shift to lower frequencies due to changing the environment
of PEG adlayer (Gupta and Wells, 2004). Effective chemical bond-
ing likely leads to such a phenomenon (Basti et al., 2010). Similarly,
blue shift of Fe O vibration of coated nanoparticles to 598.2 cm−1

suggests the new band formation between iron oxide surface and
PEG coating (Kim et al., 2010).

TEM and SEM micrographs are shown in Fig. 4 and the corre-
lated size of bare and modified nanoparticles is tabulated in Table 1.
Fig. 4a reveals that ultrasonic-assisted co-precipitation technique
can produce particles with quasi-spherical structure. As it can be
seen in this micrograph, the size distribution of bare nanoparticles
is fairly narrow that may  be attributed to vigorous ultrasonic irra-
diation. Likewise, adding PEG polymer as the capping agent to the
produced nanoparticles did not lead to a significant change in the
nanoparticles morphology (Fig. 4b–d). The agglomerated feature of
the PEG-coated particles mainly has been originated from drying
process of dispersions.

Noteworthy to say that the average crystallite size of bare
nanoparticles obtained from XRD analysis (5.8 nm)  is in good agree-
ment with real particle size in TEM images (4.7 ± 0.9 nm). This fact
implies that Scherrer formula successfully estimates the iron oxide
crystallite size in the sub-10 nm scale. Image processing data of

other TEM micrographs (not shown) are also presented in Table 1.
It is clear that superior PEG/SPIONs ratios leave nanoparticles with
greater average particle size. Size increment in PEG modified sam-
ples especially at lower ratios up to 2/1, has a magnitude less than

Fig. 8. Time coefficiens (Tc , �) obtained from sigmoidal equation (1) calculated for
experiments at (a) pH = 7 and (b) pH = 10.
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Fig. 8 represents time coefficients for colloidal stability investi-
gations at pH 7 and higher pH of 10. Corresponding results of pH 4
were excluded because relative absorbance values declined rapidly
with a quite different formula.
A. Masoudi et al. / International Jour

agnetite core. This outcome proves the possibility of adlayer for-
ation on a single particle. DLS measurements of nanoparticles

Table 1) clarify a similar conclusion as well. Another interesting
ubject is the greater size of hydrodynamic diameter compared to
he size of TEM images. This may  be arisen from “hair layer” model
hat has been introduced by formation of a hairy layer due to surface

olecular chains (Seebergh and Berg, 1995). The other possibility
s the induction of surface hydration and electric double layer on
he surface of nanoparticles. Di Marco et al. (2007b) believe that the
arge discrepancy between the crystallite size and hydrodynamic
iameters are particularly caused by these effects.

Additionally, the weight loss curves of PEG-coated iron oxide
anoparticles are represented in Fig. 5a–g. In diagrams, the early
tage of weight reductions up to about 140–180 ◦C belongs to the
vaporation of water molecules and the second elucidates the PEG
ecomposition. The latter amounts are quantitatively analyzed and
re reflected in Table 1. TGA results indicate that the PEG weight
oss fraction wPEG deviates from theoretical value calculated from

PEG = 1

1 + ((D3
0�Fe3O4)/((D3 − D3

0)�PEG))
× 100 (1)

here D0 is Fe3O4 crystallite size, D is TEM particle size, �Fe3O4 is
he Fe3O4 density and �PEG is the PEG density. In lower PEG/SPIONs
atio, this deviation is not significant, but greater the PEG ratio the
igher the difference. For instance, in the case of 1/2 PEG/SPIONs
eight ratio the adsorbed PEG content 9.1% is close to theoreti-

al value of 8. Nonetheless, for 3/1and 5/1 PEG concentrations the
ormula predicts 68.35% and 80.3% coating efficiency, respectively.
hese quantities are far from measured data. If coating density
efines as the fraction of adsorbed PEG to theoretical value, one
an conclude that adding more PEG to embed iron oxide nanoparti-
les result in inferior PEG compactness. It may  be concluded that in
igher PEG concentrations, entanglement of PEG interfering chains

mpedes forming tightly packed shell.
Several formulations in many of previous literatures have been

eveloped to relate electrophoretic mobility to zeta potential of
anoparticles. Many of these formulas require locally planar par-
icle surfaces (like Henry formula) that cannot meet in our coated
anoparticles. On the other hand, misusing the Ohshima equations
ay  lead to some deficiencies (Di Marco et al., 2007a). So, to avoid

ndesirable errors, the surface charges of synthesized nanopar-
icles are reported in terms of electrophoretic mobility and are
llustrated in Fig. 6.

As pointed out in Fig. 6, the point of zero charge (PZC) gradually
oved from 7.8 for unmodified nanoparticles to lower pH values
ith PEG increment. This is in connection with shielding of surface

harge of magnetite nanoparticles by the PEG shell (Illum et al.,
001). The obtained electrophoretic mobility values between ∼2
nd ∼−2.5 (×10−8 m2/V s) assign moderate stability conditions for
anoparticles. In addition, electrophoretic mobility decreases for
amples with greater PEG thickness which lessens the electrostatic
tability. For this reason, unmodified magnetite nanoparticles have
een with superior mobility and greater PZC value.

.2. Colloidal stability

.2.1. The effect of pH
Fig. 7 displays optical absorbance evolution of synthesized

anoparticles as a function of time at different pH values. According
o stability theories, absorbance reduction is a consequence of grav-
tational settling of agglomerated particles (Gómez-Lopera et al.,
006). As Fig. 7a indicates, it is obvious that while certain groups of

anoparticles remained stable in natural and basic conditions over

 long period of time for 60 about days, they all completely precipi-
ated at lower pH in about 30 min. Moreover, sedimentation curves
f nanoparticles examined under pH 7 and 10 follow a similar trend
Pharmaceutics 433 (2012) 129– 141 135

which is entirely different with the pH 4 trend. Most of the obtained
data in colloidal stability measurements especially for evaluations
at pH 7 and 10 can be well fitted to the following sigmoidal equa-
tion which was  previously proposed by Gómez-Lopera to explain
the settling features (Gómez-Lopera et al., 2006):

A

A0
= C1 − C2

1 + exp((t − Tc)/�)
+ C2 (2)

where Tc and � are the time coefficients and give detailed infor-
mation about sedimentation. Tc is a sign of settling commence,
whereas, � inversely corresponds to A/A0 drop. Then again, results
of the tests performed at pH 4 better described with an exponential
behavior in the form of

A

A0
= C ′

1 + C ′
2 exp

(
− t

�

)
(3)

which � is calculated from initial slope (s) of A/A0 at early times of
trial:

s = d(A/A0)
dt

∣∣∣∣
�

→ 0 = −C ′
2

�
(4)
Fig. 9. FTIR spectrum of (a) 2/1 and (b) 10/1 PEG/SPIONs ratio for samples examined
at  pH 4 and 10.
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Figs. 7 and 8 reveal that after 60 days evaluation under
eutral conditions, better colloidal stability in starting time of sed-

mentation and final absorbance values belongs to nanoparticles
xposed to up 3/1 PEG/SPIONs weight ratios. However, nanopar-
icles embedded in higher PEG concentrations of 7.5/1 and 10/1
atios became unstable with accelerated rate in shorter times and
ielded lower absorbance.

It is noticeably observed that at pH 10 that the surface of synthe-
ized nanoparticles was negatively charged (Fig. 6), starting times
f deposition, Tc, go along with electrophoretic mobility trait, espe-
ially for extreme ratios of PEG/SPIONs. It means that, the higher

he electrophoretic mobility the greater the colloidal stability. So,
lectrostatic repulsion of nanoparticles can effectively hinder par-
icle accumulation at high pH. Higher stability of bare magnetite
anoparticles is an evidence for this fact.

ig. 10. Relative absorbance (right) and stability time coefficients as a function of time f
eight  ratio of (c and d) 1/2, (e and f) 1/1, (g and h) 2/1, (i and j) 3/1, (k and l) 5/1, (m and
Pharmaceutics 433 (2012) 129– 141

It should be noted that � time constant was very similar in both
pH 7 and 10 for identical samples. In addition, in a determined pH
condition this value did not considerably change for samples with
intermediate PEG content. This implies that the PEG-coated mag-
netite nanoparticles settled after a distinct period of evolution, Tc,
in a relatively constant speed. Hereafter, once the conditions were
prepared, especially attaining critical size of agglomeration, the
sedimentation would continue in an independent rate. We believe
that sedimentation is governed by particle size and the precipitates
may  have unique size of agglomerates. We  are trying to evaluate
this hypothesis by in-line measurement of the agglomerates size.
Another interesting note is lower colloidal stability of nanopar-
ticles with thicker PEG layer at high pH in comparison with pH
7. In contrast, nanoparticles surrounded by more coating mate-
rial unveiled better stability in acidic solutions. It is noticeable

or suspensions examined at various ionic strengths for (a and b) bare, PEG/SPIONs
 n) 7.5/1, (o and p) 10/1.
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Fig. 10. 

hat samples with no coating and those treated with lower weight
atios of PEG suffer from drastic falling of absorbance at low pH. It
mphasizes the role of steric repulsion in low pH values and can be
escribed via succeeding studies.

FTIR analysis of nanoparticles that were subjected to acidic
nd basic conditions (obtained from plateau regions of relative
bsorbance diagrams) revealed some ambiguities. As clarified in
ig. 9 and compared to Fig. 3, examination under basic conditions
id not alter the characteristic bands of PEG coated nanoparticles.
s Fig. 9b exhibits, this event was also established for nanopar-

icles with higher PEG contents tested in acidic solution. But,

esorption of thinner shell at pH 4, for instance the case of 2/1
EG/SPIONs, is recognized from Fig. 9a spectrum in a way that
he nanoparticle transmittance bands become similar to uncoated

agnetite (Fig. 3c). Additionally, the appeared blue shift in Fe O
tinued )

bands of nanoparticles tested at pH 4 is anticipated by chang-
ing lattice structure, oxidation state or surface environment (Basti
et al., 2010). It can be concluded that thicker PEG layers adsorbed
from high PEG/SPIONs ratio, better resisted against acidic attack or
some intertwined segments has been remained on the nanoparti-
cle surface. Striking speaking, steric hindrance takes effect as the
dominant mechanism for colloidal stability at low pH.

3.2.2. The effect of ionic strength
According to stability models, there is a critical point of coagu-

lation (c.c.c.) where at higher concentrations the coagulation rate

constant of particles independently changes with solution ionic
strength. DLVO theory predicts that by raising salt concentration
below c.c.c., the length of electrical double-layer and consequently
electrostatic repulsion diminishes.
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Fig. 10. 

Above the c.c.c., electrostatic repulsion is completely eliminates
nd aggregation rate constant of particles does not take effect of
oncentration (Di Marco et al., 2007a).  In our current study, col-
oidal stability measurements were conducted at pH ∼ 7 near the
oint of zero charge (Fig. 6) of the synthesized magnetite nanoparti-
les. It was done with the aim of suppressing electrostatic repulsion
nd merely evaluating the electrolyte concentration effect on coat-
ng material.

Diagrams of Fig. 10 show time-dependent optical absorbance
easurements conducted to assess the role of electrolyte con-

entration, known as ionic strength, on colloidal stability. Once
ore, except extreme ionic strength conditions in bare and 10/1

EG/SPIONs ratio that follow exponential formulation, the other
bsorbance–time curves lie on a sigmoidal equation.

We  observed similarity between � values in these extreme con-
itions calculated by both formulations. So, these results are put on
iew in Fig. 10 (right column). Even though, due to rapid fall of A/A0
n curves with exponential formula, comparisons between settling
ommence of two distinct modes of deposition cannot be reason-
ble. That was so, Tc values exclusively presented for sigmoidal
rend and left unfilled for another state.

As Fig. 10 discloses for a sample with specified PEG/SPIONs ratio,
c increases with decreasing the NaCl concentration of test solution.
his fact is observed in all samples. Indeed, precise attention on Tc

alues divulges that with boosting the coating content as high as 2/1
nd 3/1 PEG weight ratios, the starting time of deposition enhances.
igher ratios of PEG not only do not offer the uppermost Tc, but also
nstigate nanoparticles to settle more readily. Alternatively, ulti-
ate time of examinations which optical absorbance goes to zero

s another corroboration of ionic strength effect on colloidal stabil-
ty. Final deposition time conducts itself in the same direction with
inued ).

Tc. Bare magnetite nanoparticles only take about 600 s in the most
diluted salt to be precipitated. This time is further shortened in con-
centrated solutions. In the case of PEG coated Fe3O4 nanoparticles,
zero absorbance takes place in much longer times, as extended as
3 h for 2/1 and 3/1 weight ratio. Another time, PEG-coated nanopar-
ticles with greater sizes reach the final stage quicker. Accordingly,
in a determined time of evaluation samples with moderate PEG
contents had higher relative absorbance.

Then again, samples with intermediate PEG ratio better endure
sedimentation and display highest �. It is apparently discerned
that modifying bare Fe3O4 nanoparticles with PEG leads to slower
sedimentation (longer �). Contrariwise, adding more PEG content
greater than 3/1 weight ratio makes possible faster settling rate.
Samples treated with 7.5/1 and 10/1 PEG/SPIONs resist slightly
more than unmodified magnetite nanoparticles when exposed to
high concentration of NaCl salt. Greater size of these nanoparticles
in company with free extended chains of low surface density of PEG
adsorbed layer that cause mutual surface bridging, looks to be the
main reasons of lesser stability. Moreover, � time factor signify the
critical concentration of coagulation (c.c.c.) approximately above
0.001–0.01 mM where no expressive changes in stability with elec-
trolyte concentration is predictable.

Although, our experiments were performed near the PZC of the
nanoparticles that no electrostatic repulsion is proposed, but mean-
ingful variations occur in optical absorbance values with different
ionic strength quantities. It can be observed that settling started
in shorter times as NaCl concentration enhances and critical con-

centration of coagulation appeared in much more concentrated
solutions. One of the difficulties for this event may derive from the
PEG coating. So, FTIR analysis of post treated nanoparticles in NaCl
salt solutions was  conducted. As Fig. 11 shows, the characteristic
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Fig. 11. FTIR spectrum of (a) 2/1, (b) 10/1 PEG/SPIONs ratio

ands of PEG are shifted or are displaced. In spite of this, complete
EG removal cannot be deduced from the spectrum. But, PEG envi-
onmental changing is possible. It denotes that steric repulsion is
lso affected by salt solutions.

.3. Cell uptake

The stability of different nanoparticles in biological medium and
heir uptake by cells were evaluated through Prussian blue stain-
ng. As can be seen in Fig. 12,  bare magnetite nanoparticles quickly
gglomerated and deposited on the surface of cells. But it should
lso be noted that the cells keep their morphology and proliferate
n the presence of these big agglomerated clusters of nanoparticles.

ince after applying external magnetic field we replaced the culture
edium with a fresh one, suspended nanoparticles were poured

ut. So, these nanoparticles were attached to the bottom of the
ell and rarely could penetrate the cells. On the other hand, a very

ig. 12. Follow-up of PEG-coated iron oxide nanoparticles uptake at 96 h with Prussian b
/1,  (d) 10/1 PEG/SPIONs weight ratio. Green-blue color denotes iron oxide dispersions an
olor  in this figure legend, the reader is referred to the web version of the article.)
mples examined at 0.1 M and 10−4 M NaCl concentrations.

noticeable feature of Fig. 12c  and d is the presence of green-blue
color near the cytoplasm of the cell. Precise scrutiny unfolds that
most of the 2/1 PEG/SPIONs nanoparticles were intracellularly dis-
persed throughout the cytoplasm after 96 h incubation time, while
10/1ratio were attached extracellularly. Cell nuclei were ever free
of any nanoparticles. It may  be attributed to better colloidal stabil-
ity and smaller size of particles with lower PEG/SPIONs ratio that
make possible their intracellularly drainage.

3.4. MRI results

Accumulation of the nanoparticles in axillary lymph nodes of
post contrast MR  images for PEG-coated nanoparticles is displayed

in Fig. 13.  Signal intensity reduction because of nanoparticles accu-
mulation is seen as a ring shape susceptibility artifact in both
axillary and brachial lymph nodes in MR  images acquired using
axial slices. The 3/1 PEG/SPIONs weight ratio sample again better

lue staining for (a) negative control (complete culture medium), (b) bare Fe3O4, (c)
d the cells are seen in a pale reddish color. (For interpretation of the references to
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Fig. 13. MR Images of (a) 3/1 and (b) 10/1 PEG-coated SPIONs accumula

onveyed in bloodstream and appropriately dispersed in lymph
odes, while bigger nanoparticles with higher PEG weight ratio
nly absorbed by brachial lymph nodes.

. Conclusions

In summary, ex situ PEG coated nanoparticles were synthe-
ized to be used as potential MRI  contrast agent. Colloidal stability
valuation was performed in solutions with different values of pH
nd ionic strength values to evaluate the behavior of nanopar-
icles in aqueous phase. It was observed that steric repulsion
ominantly hindered van der Waals forces at neutral and low
H conditions. The results showed that an acidic medium can
issolve the capping agent and left the nanoparticles uncoated.
o, the dispersion settled quickly in low pH. On the other hand,
sing higher ionic strength solutions result in faster sedimen-
ation. Among the nanoparticles those exposed to 2/1 to 3/1
EG/SPIONs ratios further withstand precipitation. We  found that
amples with moderate coating contents showed superior cell
ptake and their intracellular drainage was confirmed. Finally,
anoparticles treated with 3/1 PEG ratio effectively accumu-

ated in axillary and brachial lymph nodes, denoted to the fact

hat the nanoparticles were stable in bloodstream and remained
tealth. Signal reduction study of nanoparticles via MR  imaging
f lymphatic system revealed that colloidal dispersion of PEG-
oated magnetite nanoparticles can be efficiently used as contrast
gent.
 axillary (upper) and brachial (lower dark regions) lymph nodes of rats.
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