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Nanoparticles (NPs) have great potential to increase the diagnostic capacity of many imaging modalities. MRI is
currently regarded as the method of choice for the imaging of deep tissues, and metal ions, such as calcium ions
(Ca2+), are essential ingredients for life. Despite the tremendous importance of Ca2+ for the well-being of living
systems, the noninvasive determination of the changes in Ca2+ levels in general, and extracellular Ca2+ levels in
particular, in deep tissues remains a challenge. Here, we describe the preparation and contrast mechanism of a flexible
easy to prepare and selective superparamagnetic iron oxide (SPIO) NPs for the noninvasive determination of changes
in extracellular Ca2+ levels using conventional MRI. We show that SPIO NPs coated with monodisperse and purified
alginate, having a specific molecular weight, provide a tool to selectively determine Ca2+ concentrations in the range
of 250μM to 2.5mM, even in the presence of competitive ions. The alginate-coated magnetic NPs (MNPs) aggregate in
the presence of Ca2+, which, in turn, affects the T2 relaxation of the water protons in their vicinity. The new alginate-
coated SPIO NP formulations, which have no effect on cell viability for 24 h, allow the detection of Ca2+ levels
secreted from ischemic cell cultures and the qualitative examination of the change in extracellular Ca2+ levels
in vivo. These results demonstrate that alginate-coated MNPs can be used, at least qualitatively, as a platform for
the noninvasive MRI determination of extracellular Ca2+ levels in myriad in vitro and in vivo biomedical
applications. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Nanoparticles (NPs) in general, and magnetic nanoparticles
(MNPs) in particular, have the potential to revolutionize the
way in which we image biological processes and tissues both
in vitro and, more importantly, in vivo (1–3). Calcium cations
(Ca2+) are involved in a myriad of biological processes and
pathologies, and extracellular Ca2+ is essential in blood clotting
and in skeletal remodeling (4–6). Changes in extracellular Ca2+

concentrations have been documented in ischemia, hypoglycemia
and seizures (4,5). In addition, the extracellular calcium concentra-
tion can change by up to 30% of its resting state concentration
(~1.2mM) during intense stimulation (6). Thus, the role of Ca2+ in
regulatory life and brain function cannot be overstated. Despite
the crucial role played by Ca2+ in living systems, the noninvasive
determination or imaging of extracellular Ca2+ levels in opaque
samples and deep tissues remains a great challenge. Currently,
Ca2+ imaging (generally intracellular calcium) is mostly based on
optical methods using different fluorophores (7–11) that suffer,
inter alia, from low tissue penetration and restricted fields of view,
and therefore cannot be used for in vivo Ca2+ imaging of deep tissues
and organs. Most of these fluorophores are sensitive to calcium levels
in the micromolar and submicromolar concentrations (7–11).

MRI has evolved into one of the most important imaging
modalities in biomedicine (12) and is currently the most com-
monly used imaging technique in neuroscience (13). The main
advantages of MRI are, inter alia, the many physical parameters
that can be used as contrast mechanisms in the image, the high
spatial and temporal resolution and, most importantly, the
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unlimited penetration of biological tissues. However, MR images,
which are mostly based on H2O, are not specific to particular
molecules or biological processes, and many of the physiologi-
cally important metal ions are not suitable for direct MRI.
Recently, some progress has been achieved in the design of
unique ‘smart’ MRI probes for the noninvasive assessment of
essential biological processes and pathologies at the cellular
and molecular levels (1–3,14–21). Efforts have also been directed
towards the indirect detection of various metal ions by MRI
(22–26). In the last decade, several attempts have been made
to prepare ‘smart’ contrast agents (CAs) for Ca2+ MRI (27–34).
Most of the positive MRI CAs for calcium are based on function-
alized gadolinium (Gd3+) complexes, in which a change in T1
relaxation of water protons is observed upon binding to Ca2+

ions (27–33). MRI CAs for Ca2+, based on superparamagnetic iron
oxide (SPIO) NPs, have also been prepared (34,35). In these
studies, streptavidin-coated SPIOs that were functionalized with
the biotinylated calcium-sensing protein, calmodulin, or with
biotinylated target peptides were prepared. These two types of
SPIO NPs have been found to aggregate in the presence of
calcium ions, thus allowing the detection of Ca2+ concentrations
in the micromolar range (34,35). Efforts have also been directed
towards the preparation of MRI CAs for the measurement of
extracellular Ca2+ concentrations (32,33,36). These CAs were
based on Gd–chelate complexes (32,33,36) that were shown to
be sensitive to Ca2+ concentrations in the millimolar range.
Alginates are biocompatible polysaccharides that selectively

complex Ca2+ ions to form ‘egg-box’ structures (37–39), which
have been used extensively in the pharmaceutical industry.
Cohen and coworkers (40,41) have shown that aqueous
solutions of alginates, cross-linked by Ca2+, undergo phase
transition into hydrogels when the calcium concentration
increases locally in regions of myocardial infarction. It is well
known that the Ca2+ concentration in the intracellular space is
about 100 nM, but may increase up to 100-fold under certain
conditions, while the extracellular calcium concentration is about
1mM and may change in the range of 0.5–1.5mM. Therefore, we
hypothesized that alginate-coated MNPs (42,43) may be used
to prepare MRI CAs for the detection of changes in extracellular
Ca2+ concentration.
Here we describe the preparation and contrast mechanism of

a selective, tunable, yet easy to prepare formulation of MNPs for
the noninvasive MRI detection of extracellular Ca2+ levels. The
new platform, which has no effect on cell viability for 24 h, is
based on SPIO NPs coated with monodispersed alginates with
specific molecular weights. The alginate-coated MNPs aggregate
in the presence of Ca2+, which in turn affects the transverse
relaxation of the water protons in their vicinity. These MNPs have
been shown to detect Ca2+ levels using conventional MRI, in
both the absence and presence of high background concentra-
tions of competitive ions in solutions, physiological media,
ischemic cell preparations and in vivo rat brains.

MATERIALS AND METHODS

Materials

FeSO4.7H2O, FeCl3.6H2O, NaOH, HCl, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), Dulbecco’s modified
Eagle’s medium (DMEM), CaCl2, MgCl2, methylene blue,
Fluorinet, poly-D-lysine (PDL) and boric acid were all purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of alginate-coated SPIO MNPs

The alginate-coated SPIO MNPs were prepared via the chemical
co-precipitation technique, by a modification of the procedure
given by Ma et al. (42,43). Briefly, ferrous sulfate (FeSO4.7H2O,
208mg) and ferric chloride (FeCl3.6H2O, 280mg) were dissolved
in 10mL of distilled water under an argon atmosphere. The
solution was warmed to 60 °C and 5mL of 5 M NaOH solution were
added dropwise to the stirred iron salt solution. Then, 100μL of 1%
(w/w) purified alginate, having a specific molecular weight [30 or
14 kDa very-low-viscosity guluronate (VLVG) (60% minimum of
the guluronate monomer) solution], were added. It should be
noted that it is extremely important to use purified alginate with
a specific molecular weight and low-molecular-weight dispersity.
The mixture was stirred for an additional 30min at 60 °C and then
at 80 °C for 1 h. The brown suspension was sonicated for 20min,
centrifuged for 20min at 6669g and 15mL of distilled water were
added to the precipitate. The sonication and centrifugation pro-
cesses were repeated twice to obtain a transparent brown
solution of SPIO–alginate NPs suspended in water.

Dynamic light scattering (DLS) and transmission electron
microscopy (TEM)

The averaged particle sizes were determined by DLS experi-
ments using a Zetasizer Nano (Malvern Instruments, Malvern,
Worcestershire, UK), which were performed in 800-μL solutions
(10mM HEPES buffer, pH 7.2) composed of 200 μL of SPIO–algi-
nate particle solution and 200 μL of HEPES buffer, 40mM, with
0.002% (w/v) free alginate and 400 μL of the tested solution (H2O
for the reference and 1.0mM solutions of Ca2+ or Mg2+). The tested
solutions which results are presented in Fig. 1c were incubated for
3 h at 37 °C before DLS measurements were performed.

Transmission electron microscopy (TEM) images were collected
with a Tecnai F20 instrument (Philips, Eindhoven, the Netherlands).

Cell viability and alginate-coated MNPs

C8 D1A astrocytes (5 × 105) (American Type Culture Collection,
Manassas, VA, USA) were seeded on a 48-well plate and were in-
cubated with a medium containing DMEM and 10mM HEPES
(200μL) with or without alginate-coated MNPs. The effect of
the alginate-coated MNPs on cell viability was examined at
different time points up to 24 h using methylene blue staining
(n=6). In brief, cells were fixated using 200μL/well of 4%
formalin in phosphate-buffered solution (PBS) for 2 h, and then
washed with 100μL/well of 0.1 M boric acid. Cells were then incu-
bated for 30min in the presence of 200μL/well of 1% methylene
blue in 0.1M boric acid. Following eight cycles of washing with
H2O, 200μL/well, 0.1M HCl was added to the cells for 10min. Cell
viability was determined using a spectrophotometer at 595 nm.

Primary astrocyte cell culture

Brains from 1–2-day-old C57BL/6 mice (Harlan, Rehovot, Israel)
were harvested and the meninges were removed. The brains
were pounded using mechanical means (pipettes and scissors)
and incubated with 0.5mL of trypsin for 10min at 37 °C. After-
wards, 25mL of DMEM were added to counteract the trypsin.
Then, the cell suspension went through two cycles of centrifuga-
tion at 156 g at 4 °C for 5min, with supernatant spill and 25ml of
DMEM replenishment each time. Finally, the suspension was
seeded on 48-well plates (0.5mL per well) covered with PDL.
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The DMEM was replenished every second day for 7 days. The
cultures were checked under a microscope and found to be at
least 80% astrocytes. At day 7, astrocytes were exposed to either
supplemented DMEM, containing high glucose, 10% fetal calf
serum, 1% penicillin–streptomycin and 1% L-glutamine, or
ischemic DMEM without glucose in starvation conditions for a
time period of 4 h. As controls, the same solutions that were
not exposed to cells were evaluated.

Optical measurements of Ca2+ concentrations in ischemic cells

The changes in calcium concentration were evaluated using the
QuantiChrom™ Calcium Assay Kit (DICA-500) (BioAssay Systems,
Hayward, CA, USA) according to the manufacturer’s protocol.
Briefly, a working reagent was prepared by combining equal
volumes of reagent A and reagent B; 5μL of each of our four
samples (DMEM with and without cells and ischemic DMEM with
andwithout cells) were transferred intowells of two clear-bottomed
96-well plates. For each sample, the number of repetitions was 33,
which gave a total of 132wells. Then, 200μL of the working reagent
were added to all 132 wells and incubated for 3min at room tem-
perature. The optical density was read at 630nm by a Tecan spec-
trophotometer (Tecan, Mannedorf, Switzerland) using Magellan®
software (Tecan). The phenolsulfonaphthalein dye in the kit forms
a very stable blue-colored complex specifically with free calcium.
The intensity of the color, measured at 630nm, is directly propor-
tional to the calcium concentration in the sample. The percentage
changes in the optical density betweenmedia exposed and not ex-
posed to cells were calculated for both DMEM and ischemic DMEM.

MRI

In vitro MRI experiments were all performed using an 8.4-T NMR/
MRI instrument (Bruker, Karlsruhe, Germany) equipped with a
micro5 gradient system capable of producing gradient pulses
of 190G/cm in the x, y and z directions. Ten to twelve capillaries
with the tested solutions were well oriented and placed in an
8-mm stand, which was inserted into a 10-mm NMR tube
containing Fluorinert. Each capillary contained SPIO–alginate
NP solution, 10mM HEPES buffer (pH 7.2) and the tested solution,
such that the final concentration of Ca2+ or Mg2+ could be
determined. T2-weighted images were acquired using the
spin-echo MRI sequence with 16 echoes (TR = 5000ms and TE=
10, 20, …, 160ms). A 4-mm slice was acquired with a field of
view (FOV) of 1.28 × 1.28 cm2 and 256 × 128 digital resolution
reconstructed to a 256 × 256 matrix. The total acquisition time
was about 42min and T2-weighted images were acquired up to
5 h after preparation.

T2-weighted images of the SPIO–alginate NPs in physiological
media and in cell cultures were acquired using a spin-echo se-
quence with 16 echoes (TR=3000ms and TE=10, 20, …, 160ms).
A 4-mm slice was acquired with a FOV of 0.96×0.96 cm2 and
128×64 digital resolution reconstructed to a 128×128 matrix.
The total acquisition time was about 13min.

The percentage change in the MRI signal intensity (SI) was
calculated as follows:

In the in vitro cell culture experiments, the percentage
changes in the T2-weighted MRI SI between medium exposed
and not exposed to cells were calculated for both DMEM and
ischemic DMEM solutions.

Quinolinic acid (QA)-induced striatal lesion

Male Wistar rats (n= 24; Harlan), weighing about 250 g, were
used. All experimental protocols were approved by the
University Committee of Animal Use for Research and Education.
The rats were placed under 12-h light/dark cycles and grown in
individually ventilated cages with access to food and water ad
libitum. Every effort was taken to reduce the numbers of animals
used and to minimize their suffering.
The QA injection protocol and coordinates have been de-

scribed previously (44). Briefly, QA (Sigma-Aldrich) was dissolved
in 1 M NaOH solution, and then titrated with PBS to pH 7–7.4;
150–250 nmol were injected in 1μL using a stereotactic frame
(Stoelting, Wood Dale, IL, USA) under chloral hydrate anesthesia.
The injection was aimed to the left mid-striatum according to the
rat brain atlas at the following coordinates (relative to the
bregma): anterior, +0.7mm; lateral, 2.7mm; ventral, �5.1mm.
The injection rate was 0.5μL/min, and the inserted needle was
withdrawn after 5min. PBS was injected into the contralateral stri-
atum with the same coordinates, volume and rate. Either Feridex®
(Advanced Magnetic, Cambridge, MA, USA) or alginate-coated
MNPs (2μL) were injected bilaterally into the same coordinates
following a baseline MRI acquisition.

In vivo MRI of QA-lesioned rats

MRI studies were performed on a 7.0-T/30-cm horizontal bore
Biospec (Bruker) MRI scanner equipped with a gradient system
capable of producing gradient pulses of up to 400mT/m. A body
coil was used as the transmit coil and a 15-mm quadrature coil
(Bruker) dedicated for the rat brain was used as the receiving
coil. Anesthesia was induced with ~4% isoflurane (Vetmarket
Ltd., Petah Tikva, Israel) and maintained with 1–2% isoflurane
in 95% O2 at a flow rate of 0.3–0.5 L/h. The respiratory rate was
monitored throughout the entire MRI experiments and was
maintained between 40 and 60 breaths/min. The body
temperature was maintained by a feedback system of cir-
culating water at 39 °C. MRI experiments were performed 7 or
12 days post-QA injection, and again 3–5 h after alginate-coated
MNP or Feridex® injection. The MRI experiments consisted of
T2-weighted images acquired with the following parameters:
RARE-6 TR/TE = 3500/60ms, FOV of 2 × 2 cm2, matrix size of
256 × 128 zero filled to 256 × 256, resulting in an in-plane resolu-
tion of 78 × 78 μm2, and the number of scans of six. The T2*-
weighted images were acquired with the following parameters:
fast low-angle shot (FLASH) TR/TE = 211/10ms, FOV of 2 × 2 cm2,
matrix size of 256 × 128 zero filled to 256 × 256, resulting in an
in-plane resolution of 78 × 78 μm2, and the number of scans of
eight. For both MRI scans, 12 contiguous coronal slices, 1mm
thick, were collected.

%Change insignal intensity ¼ Averaged Signal Intensity Sampleð Þ � Averaged Signal Intensity Referenceð Þ
Averaged Signal Intensity Referenceð Þ � 100
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RESULTS AND DISCUSSION

The SPIO NPs (45,46) coated with alginate were prepared
according to the procedure of Ma et al. (42,43) using the co-
precipitation technique (45–47) with monodisperse alginates
having a precise molecular weight. This procedure enabled us to
obtain relatively large quantities (tens of milligrams) of alginate-
coated SPIO NPs relatively easily. We first examined the response
of our alginate-coated SPIO NPs to free Ca2+ and Mg2+ ions.
Figure 1a demonstrates, schematically, the mode of operation of
the alginate-coated NPs for the detection of changes in Ca2+

concentration using MRI. In the absence of free Ca2+, the
alginate-coated SPIO NPs are soluble in the aquatic medium as
isolated particles. An increase in the Ca2+ content triggers the
aggregation of NPs by crosslinking the alginate coatings of nearby
NPs. These water-soluble NP aggregates decrease the SI in T2/T2*-
weighted MR images more than the same NPs before aggregation,
and therefore may be used as a calcium sensor in MRI applications.
This occurs as NP aggregates have a higher relaxivity than the
isolated NPs. At high SPIO NPs and Ca2+ concentrations, large and

insoluble aggregates may be formed. Once the SPIO NPs are elimi-
nated from the solution, an increase in the SI of T2/T2*-weighted
MR images should be observed.

Figure 1b shows HEPES solutions of the SPIO–alginate NPs to
which 0.5 and 1.0mM aqueous solutions of M2+ (M2+ = Ca2+ or
Mg2+) were added, measured 3 h after the addition. Brown sedi-
ments were observed only in the 1.0mM Ca2+ solution, indicating
that, under these conditions, large nonsoluble aggregates of
SPIO–alginate NPs are formed that precipitate from the solution.
Figure 1c shows, by DLS, that the aggregation of the SPIO–algi-
nate NPs occurs, even at the lower concentration of Ca2+.
Three hours after the addition of the SPIO–alginate NPs to
the 0.5mMM2+ solutions, the particle size detected by DLS was
significantly larger in the 0.5mM Ca2+ solution (150± 10 nm) than
in the 0.5mMMg2+ (80 ± 15 nm) or reference (70± 10 nm) solu-
tions. These differences in the measured dynamic radii demon-
strate that the addition of 0.5mM Ca2+ results in the formation
of soluble cross-linked SPIO–alginate aggregates. However, in
the presence of Mg2+, the observed dynamic radii were very
similar to those obtained in the buffer solution (reference sample),

Figure 1. (a) Schematic illustration of the mode of operation of the prepared superparamagnetic iron oxide (SPIO)–alginate nanoparticles (NPs) as cal-
cium sensors for MRI applications. (b) Images of aqueous 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solutions of the water-soluble
SPIO–alginate NPs in the presence of 0.002% (w/v) of 30-kDa alginate before and after the addition of either Ca2+ or Mg2+. (c) SPIO–alginate NP sizes
as measured by dynamic light scattering (DLS) in HEPES buffer solution in the presence of 0.5mM Ca2+ or 0.5mMMg2+. (d) Transmission electron mi-
croscopy (TEM) image of the alginate-coated MNPs (bar, 200 nm). (e) TEM image with higher magnification (bar, 10 nm).
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implying that no significant particle aggregation occurs under
these conditions. Figure 1d, e shows TEM images of the alginate-
coated MNPs and demonstrates that their magnetic core is, as
expected, in the range of 5–8nm (42,43).

Figure 2 depicts the percentage change in SI of T2-weighted
MR images after the addition of Ca2+ or Mg2+; interestingly, it
shows that the SI is affected by the Ca2+ level, but not by the
Mg2+ level. At a Ca2+ concentration of 0.5mM, the aggregates
are small enough to remain soluble, and therefore the
T2-weighted MR image is darker than that of the SPIO–alginate
reference tube, showing nearly a 40% decrease in SI at a short
echo delay of 20ms. At the relatively high concentration of Ca2+,
i.e. 1.0mM, further aggregation occurs and the NP aggregates
precipitate and are depleted from the detected solution, resulting
in a bright T2-weighted MR image. It should be noted that the
results are presented as the percentage differences in MR SI
compared with the reference sample of SPIO–alginate NPs, and
show the specificity of the alginate-coated SPIO NPs to Ca2+

detection by conventional MRI.
We also found that the amount and molecular weight of the

free alginate added to the SPIO–alginate NP solutions may not
only control the specificity of our Ca2+ MRI biomarker, but may
also allow the system to be tuned for the detection of different
concentrations of Ca2+, as shown in Fig. 3. This figure shows that,
with no addition of free alginate, the SPIO–alginate NPs form
soluble aggregates at low Ca2+ concentrations (250μM), resulting
in a darker T2-weighted image (Fig. 3a). This seems to be the
lowest Ca2+ concentration that can be detected effectively by
the alginate-coated MNPs. Under the above conditions and at
Ca2+ levels greater than 500μM, nonsoluble MNP aggregates
were formed that were depleted from the solution. This led to
a hyperintense MR signal compared with that of the reference
sample. Figure 3b–f shows the dependence of the MRI signal
obtained on the amount and molecular weight of the free
alginate added to the SPIO–alginate NP solutions at different
Ca2+ concentrations. Figure 3 also shows that, in the presence
of a larger amount of free alginate (0.02% w/v versus 0.002%
w/v), we could detect higher Ca2+ concentrations. Therefore, a
decrease in SI was observed for Ca2+ concentrations of 0.5, 0.75
and 1mM. A high MRI signal was observed only for 1.5mM Ca2+,

where nonsoluble aggregates were formed. These results
were similar in the absence and presence of a background
of 0.5mMMg2+, indicating that Mg2+ does not interfere with the
detection of Ca2+. These results seem to indicate that the addition
of free alginate to the solution of alginate-coated MNPs results in a
competition between these alginates and alginates on the surface
of the MNPs, requiring higher Ca2+ concentrations to induce
aggregation. The dependence shown in Fig. 3 enables the
SPIO–alginate NPs to be tuned for Ca2+ MRI at different ranges
of Ca2+ concentration. Interestingly, the amount of alginate
added to the aqueous solution of SPIO–alginate NPs also
increases the selectivity of these MNPs to Ca2+ relative to
Mg2+, which is one of the most interfering cations when
Ca2+ detection is required. The T2-weighted MR images
shown in Fig. 3f demonstrate that the aggregation of the
SPIO–alginate NPs occurs only in the presence of Ca2+ and
not in the presence of Mg2+.
Figure 4 shows the effect of Mg2+ and Ca2+ concentrations on

the size of the aggregates, as obtained from DLS, and on the
percentage SI change of T2-weighted MR images as a function
of time when the SPIO–alginate NP concentration is 0.66mg/mL.
This figure shows that Mg2+ had nearly no effect on the aggregate
size of the MNPs (Fig. 4a) and, as expected, there was nearly no
effect on the SI in the T2-weighted MR images in these samples

Figure 2. Percentage change in the MR signal intensity (SI) calculated
from T2-weighted MR images (TR/TE= 5000/10ms), shown below the
graph, of aqueous solutions of superparamagnetic iron oxide (SPIO)–algi-
nate nanoparticles (NPs) in the absence (reference) and presence of 0.5
or 1mM of Ca2+ or Mg2+. Here, 0.002% (w/v) of 30-kDa alginate was
added to the solution.

Figure 3. T2-weighted MR images (TR/TE= 5000/10ms) of water solu-
tions containing superparamagnetic iron oxide (SPIO)–alginate
nanoparticles (NPs) acquired 3–5 h after the addition of the indicated
concentrations of Ca2+ and Mg2+ ions to different SPIO–alginate solu-
tions: (a) without free alginate; (b) with 0.002% (w/v) of 14-kDa alginate;
(c) with 0.002% (w/v) of 30-kDa alginate; (d) with 0.02% (w/v) of 14-kDa
alginate; (e) with 0.02% (w/v) of 30-kDa alginate; (f) with 0.05% (w/v) of
30-kDa alginate.
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for up to 5h (Fig. 4b). In contrast, Ca2+ concentrations had a
significant effect on both the aggregate size of the alginate-coated
SPIO NPs (Fig. 4a) and on the SI in the T2-weighted MR images
(Fig. 4c). Clearly, the response of the SPIO–alginate NPs depends
on the concentration of Ca2+ and, 4 h after addition, a 50% change
in MRI SI is observed when 0.7mM of calcium is added.
As shown in Fig. 5a, we also found that the SPIO–alginate

NPs are capable of detecting different Ca2+ concentrations
in the presence of physiological levels of Mg2+, i.e. when
the background concentration of Mg2+ is 0.5mM. We then
evaluated the performance of these NPs in physiological
media that simulate better the biological conditions. The
SPIO–alginate NPs were added to DMEM samples (containing
10mM HEPES buffer, pH 7.2) and, after the addition of
different concentrations of Ca2+, similar MRI signal changes
were observed (Fig. 5b). It is important to note that the ex-
amined physiological media contained physiological levels
of Ca2+ and other ions, but the SPIO–alginate NPs could still
detect the addition of Ca2+ to the DMEM solution. For a
change of less than 1.5mM of Ca2+, only water-soluble aggre-
gates are formed, and a reduction of more than 30% is
observed in SI in the T2-weighted image.
To corroborate that the proposed mode of action, according

to which SPIO–alginate NPs aggregate in the presence of Ca2+,
is the result of the alginate coating, the MRI experiments were
performed in the presence of Feridex® (45–47), which is a
dextran-coated SPIO NP that acts as a ‘negative’ CA. No Ca2+ sen-
sitivity or Ca2+ specificity (over Mg2+) was observed for Feridex®
under the experimental conditions used in the present study.

Before using the alginate-coated MNPs in biological applica-
tions, their effect on cell viability was evaluated. This was
achieved by monitoring the survival rate of C8 D1A astrocytes
(American Type Culture Collection) in the absence and presence
of alginate-coated MNPs for 24 h, as shown in Fig. 6. Clearly, we
found no effect of the alginate-coated NPs on the viability of
these cells.

To further challenge the ability of our SPIO–alginate NPs to
detect Ca2+ in a biologically relevant setting, these Ca2+ sensors
were added to solutions obtained from normal and ischemic cell
cultures in DMEM. After incubation in ischemic DMEM for 4 h, the
cells were removed by centrifugation and the SPIO–alginate NPs
containing 0.02% (w/v) 30-kDa alginate were added and moni-
tored by T2-weighted MRI. These images were compared with
images of the reference solutions, which were not exposed to
cells, as shown in Fig. 7a. Interestingly, we found a significant
change in the signal only in the solution obtained from the is-
chemic astrocyte cell culture, where one can assume higher
Ca2+ concentrations. As shown, only in the ischemic DMEM did
we observe a reduction in the MR SI, which suggests the forma-
tion of soluble aggregates of SPIO–alginate NPs caused by the
increase in Ca2+ concentration. Importantly, in these prepara-
tions, the MRI findings correlated with Ca2+ concentrations
determined by optical measurements (Fig. 7b). As the SI mea-
sured at 630 nm is directly proportional to the Ca2+ concentra-
tion in the samples, it is clear that the Ca2+ concentration is
higher in the medium containing the ischemic astrocyte cell
culture relative to the medium containing the normal cell
preparations (Fig. 7b).

Figure 4. Percentage changes in dynamic light scattering (DLS) sizes or MRI signal intensity (SI) as a function of time for 30-kDa alginate-coated
magnetic nanoparticles (MNPs) with 0.002% (w/v) 30-kDa alginate: (a) after addition of 0.5mM Ca2+ and Mg2+; (b) after addition of various concentrations
of Mg2+; (c) after addition of various concentrations of Ca2+.
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As a proof of concept, we tested the performance of our
alginate-coated MNPs in vivo in comparison with Feridex® in a
QA model of neurotoxicity in rat brains (48,49). The rats were
injected bilaterally with alginate-coated MNPs (n= 16) or with
Feridex® (n=8), 7 or 12 days post-QA and PBS injections. It
should be noted that, for these in vivo MRI experiments, algi-
nate-coated MNPs with no free alginate were used. Three hours
following these injections, T2 and T2* MR images were collected.
Following QA injection, which induces excitotoxicity, there is an
increase in Ca2+ concentration in the lesion (48,49); therefore,
we expected to find more hypointense pixels in the QA-injected
hemisphere in the group treated with the alginate-coated MNPs,
as was the case (Fig. 8). The T2-weighted MR images (Fig. 8a, b)
and the graphs presented in Fig. 8c clearly show that, in the
T2- and T2*-weighted MR images, there is not much difference
between the two hemispheres in the Feridex®-treated group,
whereas a large difference between the number of pixels having
different SIs in the two hemispheres was observed in MR images
of the group treated with our alginate-coated MNPs. The much
larger number of hypointense pixels observed only in the QA-
injected hemisphere that was injected with alginate-coated SPIO
NPs demonstrates the ability of these MNPs to report on the
increase in calcium levels in vivo. In the Feridex®-treated rats,
however, we observed no significant differences between the

Figure 5. Percentage change in MR signal intensity (% change in SI) (rel-
ative to a sample with no calcium) for an aqueous solution of
superparamagnetic iron oxide (SPIO)–alginate nanoparticles (NPs) at dif-
ferent Ca2+ concentrations containing 0.02% w/v 30-kDa free alginate: (a)
in the presence of 0.5mMMg2+; (b) in Dulbecco’s modified Eagle’s me-
dium (DMEM) solution.

Figure 6. Percentage of cell survival 4, 8 and 24 h after exposure of C8
D1A astrocytes (American Type Culture Collection) to 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (10mM)
(control) or to alginate-coated magnetic nanoparticles (MNPs) diluted
with an equal volume of 20mM HEPES buffer.

Figure 7. Percentage changes in signal intensity (% change in SI) of cells
exposed for 4 h to normal Dulbecco’s modified Eagle’s medium (DMEM)
(gray box) and ischemic DMEM (black box) solutions to which
superparamagnetic iron oxide (SPIO)–alginate nanoparticles (NPs) with
0.02% w/v of 30-kDa alginate were added, compared with the same
preparations not exposed to cells: (a) results from MRI experiments
(n=11); (b) results from optical density measurements at 630nm (n=33).
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two hemispheres, and the number of hypointense pixels was
nearly the same, affording a ratio close to unity. Only in rats
treated with alginate-coated MNPs was there a dramatic increase
in the number of hypointense pixels in the QA-injected hemi-
sphere (see Fig. 8c).
The alginate-coated SPIO NPs presented in this study are

suitable for the measurement of changes in Ca2+ levels in the
extracellular space, where Ca2+ concentrations are in the milli-
molar range. The detection limit seems to be 0.25mM of Ca2+

and the measurement range seems to be between 0.5 and
1.5mM, a range which covers changes in extracellular space
Ca2+ levels in different pathologies, such as ischemia, hypogly-
cemia and during extensive stimulations (5,6,33). As the
response of the alginate-coated SPIO NPs to Ca2+ is relatively
slow, this system is not suitable for the measurement of calcium
changes caused by neuronal stimulation, where other
alternatives may be considered (50). However, our system

may be suitable for studying changes in Ca2+ levels caused by
pathophysiological events both in vitro and in vivo, as demon-
strated in Figs 7 and 8.

The magnetic core of the alginate-coated MNPs is in the range
5–8 nm (see TEM images in Fig. 1e); however, their hydrody-
namic size is in the range 60–70 nm. In the presence of Ca2+,
where aggregation occurs, their size may reach 200 nm. There-
fore, it is important to study their biodistribution and clearance
from the body, which is beyond the scope of this first proof-of-
concept study. In the present study, the MNPs were introduced
into the brain by injection using a stereotactic frame. As it is well
known that many brain insults and diseases are accompanied by
blood–brain barrier disruption, it may be possible, in principle, to
systemically administer the MNPs; however, the high Ca2+

concentrations in the blood may be an obstacle (51). Therefore,
we decided, in this study, to administer the alginate-coated
MNPs by direct injection into the brain.

Figure 8. Coronal T2-weighted images of two representative rats, 7 days after quinolinic acid (QA) and phosphate-buffered solution (PBS) injections to
the right and left hemispheres, respectively, and a few hours after the bilateral injection of: (a) alginate-coated magnetic nanoparticles (MNPs) and (b)
Feridex®. (c) The ratio of the number of hypointense pixels in T2- (left) and T2*-weighted (right) MR images between the right and left hemispheres
(injected with QA and PBS, respectively), as extracted from 16 rats injected bilaterally with alginate-coated MNPs and eight rats injected bilaterally with
Feridex®. The ratios were statistically significantly different from unity only in the case of the alginate-coated MNPs.
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CONCLUSIONS

We present the preparation, mode of action and performance of
a specific, yet easy to prepare system for the noninvasive
detection of extracellular Ca2+ by conventional MRI. The algi-
nate-coated SPIO NPs, with suitable quantities of free alginate,
provide an efficient means for MRI of Ca2+ in the millimolar
range of concentrations in the presence of competitive ions
and in physiological solutions. This study also shows that algi-
nate-coated SPIO NPs allow the detection of Ca2+ secreted from
ischemic cell preparations, as confirmed by a well-established
optical method. In addition, in a proof-of-concept experiment,
we showed that the alginate-coated SPIO NPs are able to moni-
tor changes in Ca2+ levels in vivo following QA intoxication. We
therefore conclude that the alginate-coated MNPs can be used
for qualitative MRI sensing of Ca2+ levels in the extracellular
space in in vitro preparations and also in vivo.
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