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The combination of the size-dependent properties of nano-
materials with the noninvasive characterisation in molec-
ular imaging is a powerful combination that is being suc-
cessfully applied across disciplines. In the past ten years,
we have witnessed the development of, literally, hundreds
of nanoparticle-based probes for molecular imaging. All
major imaging techniques have been enhanced by the use
of nanoparticles, particularly magnetic resonance imaging
(MRI), positron emission tomography (PET), and optical
imaging.The use of iron oxide nanoparticles for T

1
-weighted

and/or T
2
-weightedMRI, the design of radioisotope chelator-

free particles for PET, and new developments in fluorescent
nanoparticles (carbon dots and upconverting nanoparticles)
are important milestones in the field. There are two key
features in nanoparticle-based probes which are seldom
found in traditional imaging probes: multimodality and
multifunctionality. The use of, at least, two complemen-
tary imaging techniques (multimodality) like PET/MRI or
MRI/Fluorescence and the possibility of incorporating sev-
eral vectors on the surface and/or drugs (multifunctionality)
expand the use of these probes. Furthermore, the properties

of some nanoparticles can be used to create new imaging
techniques, for example, the superparamagnetism of iron
oxide nanoparticles for magnetic particle imaging.

In this issue, we have aimed to provide a platform
for high-quality contributions on nanoparticles application
to molecular imaging. Original papers and review articles
focusing on the latest application of nanoparticle-based
imaging probes were submitted. The topics treated include
the application of iron oxides for MRI, for PET/MRI, and for
drug delivery; new synthesis approaches to obtain magnetic
nanoparticles-based contrast agents; polymeric nanoparticles
for ultrasound imaging; new computed tomography (CT)
contrast agents; and quantum dots for multiplex optical
imaging. We received a total of 16 submissions, and after
two rounds of rigorous review, 9 papers were accepted for
publications in this special issue.

Acknowledgments

The guest editorial team thanks the authors submitting their
contributions to this special issue. The editors also thank

Hindawi
Contrast Media & Molecular Imaging
Volume 2018, Article ID 1403826, 2 pages
https://doi.org/10.1155/2018/1403826

http://orcid.org/0000-0003-0091-9714
http://orcid.org/0000-0002-2414-3386
http://orcid.org/0000-0002-1798-9930
http://orcid.org/0000-0002-3743-0050
https://doi.org/10.1155/2018/1403826


2 Contrast Media & Molecular Imaging

the reviewers for their precious help with review assign-
ments.

Paulo H. Rosado-de-Castro
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Magnetic resonance imaging (MRI) combinedwith contrast agents is believed to be useful for stem cell tracking in vivo, and the aim
of this research was to investigate the biosafety and neural induction of SD rat-originated adipose derived stem cells (ADSCs) using
cationic superparamagnetic iron oxide (SPIO) nanoparticlewhichwas synthesized by the improved polyolmethod, in order to allow
visualization using in vitro MRI. The scan protocols were performed with T2-mapping sequence; meanwhile, the ultrastructure
of labeled cells was observed by transmission electron microscopy (TEM) while the iron content was measured by inductively
coupled plasma-atomic emission spectrometry (ICP-AES). After neural induction, nestin andNSE (neuralmarkers) were obviously
expressed. In vitroMRI showed that the cationic PEG/PEI-modified SPIOnanoparticles could achieve great relaxation performance
and favourable longevity. And the ICP-AES quantified the lowest iron content that could be detected by MRI as 1.56∼1.8 pg/cell.
This study showed that the cationic SPIO could be directly used to label ADSCs, which could then inductively differentiate into
nerve and be imaged by in vitro MRI, which would exhibit important guiding significance for the further in vivo MRI towards
animal models with neurodegenerative disorders.

1. Introduction

Stem cell transplantation in treatment of central nervous sys-
tem (CNS) diseases has the capacity to replace damagednerve
tissues so as to halt the progression of diseases and restore
their physiological functions and then ultimately create favor-
able conditions for the clinical treatment [1–3]. However,
stem cell biology remains incompletely understood despite
significant advances in the field of neuroscience, including
their migration, homing, survival, proliferation, and directed
differentiation in vivo. Cell imaging has provided a feasible
platform to solve the above-mentioned problems [4–6].

Cell imaging has used superparamagnetic nanoparticles
coupled with magnetic resonance imaging to follow the

fate of labeled cells in the organs and tissues. Therefore, it
has become one of the most ideal analytical techniques of
molecular imaging [7, 8]. The first widely applied strategy
was to combine the commercial iron oxide nanoparticles
(e.g., Feridex� orResovist�) with the commercial transfection
agents (e.g., liposomes, polylysine, or protamine sulfate) for
the efficient labeling, but such shortcomings as imprecise
surface properties and noncompletely consistent sizes of
combinations influenced the results of tracing and imaging
[9, 10].Thus, various strategies had been explored to improve
the stability of superparamagnetic nanoparticles. Laurent et
al. [11] found that thermal decomposition in organic solvents
could produce nanoparticles with precise control of charge
and size relative to the combinations with transfection agents.
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Table 1: The characteristics of the two types of functionalized nanoparticles.

Agent Coating Hydrodynamic size
(nm)

Zeta potential
(mV)

PEG/PVP-SPIONs PEG, PVP 18–22 0
PEG/PEI-SPIONs PEG, PEI 19–24 25 ± 1.5

So our research team used “one-pot” thermal decomposition
method, namely, improved polyol method, which had made
the SPIO to be modified with surface coating such as PEG,
PEI, and PVP during the synthesis procedures (Figure 1S,
supplementary material), and the nanoparticles exhibited
several advantages. First, the nanoparticle could be synthe-
sized with inherent cation and consistent particle size (Figure
2S, supplementarymaterial). Second, the nanoparticles could
be easily dispersed in aqueousmedia and other polar solvents
owing to the coating by hydrophilic polyol ligands. Finally,
the relatively higher reaction temperature of this procedure
favored particles with a higher crystallinity and therefore
a stronger magnetism (Figure 3S, supplementary material)
[12, 13]. We conjectured that this new type of SPIO with
excellent characterization (inherent cation, consistent size,
strong magnetism, etc.) might be more effective in the field
of labeling and tracing stem cells which were negatively
charged.

In this study, we present cationic SPIO (PEG/PEI-
modified SPIO) labeled with SD rat-originated ADSCs,
followed by the experiments of labeling efficiency, biocom-
patibility, neural differentiation, and in vitro MRI imaging,
aiming to explore its feasibility towards stem cell labeling and
make early preparations for its further in vivoMRI imaging of
neurodegenerative disease. PEG/PVP-modified zero charge-
coated SPIO, synthesized with the same method [12, 13], was
also used for the comparison, aiming to explore the roles of
cation(s) in cell labeling.Meanwhile, our study had used ICP-
AES to quantify the lowest iron content that could be detected
by MRI; to our knowledge, this is the first series study to
explore this area.

2. Materials and Methods

2.1. Extraction, Purification, and Identification of SD Rat-
Originated ADSCs. The inguinal adipose tissues were har-
vested from 4-week-old SD rats (purchased fromGuangdong
Medical Experimental Animal Center) under sterile condi-
tions; type I collagenase (Sigma) was then added for 45-min
agitating digestion at 37∘C; the mixture was then repetitively
centrifuged, and after discarding the supernatant, the cellular
pellet (primary cells, P0) was resuspended in DMEM/F12
(Hyclone company) with 10% fetal bovine serum (Gibco)
for consecutive passage and purification. The P3 cells were
then detected in the surface antigens (CD29, CD45, CD44,
and CD106, Biolegend) using FACScan flow cytometer (BD
FASCanto�, USA).

2.2. ADSCs Labeling with SPIO. The PEG/PEI-modified
SPIO (coated with positive charge(s)) and the PEG/PVP-
modified SPIO (coated with zero charge), synthesized by the

improved polyol method, were used [12, 13], and the charac-
teristics of these two types of functionalized nanoparticles are
summarized in Table 1.

The stock solution of SPIO was firstly diluted with the
cell culture medium to form the tracing agents with dif-
ferent concentrations (0 ug/ml, 6 ug/ml, 12 ug/ml, 25 ug/ml,
50 ug/ml, and 100 ug/ml), which were then used for direct
coincubation for different periods (6 h, 12 h, 24 h, and 48 h);
the pretest repetitively detected the effectiveness and safety of
cell labeling using such assays as Prussian blue staining, cell
viability (trypan blue staining), and cell proliferation (MTT).

Preexperiment had been carried out repetitively to detect
the effectiveness and safety of cell labeling using such assays as
Prussian blue staining (Figure 4S, supplementary material),
cell viability (trypan blue staining), and cell proliferation
(MTT) and then determined that the concentrations of
PEG/PEI- and PEG/PVP-modified SPIO that could safely
and effectively label ADSCs were 12 ug/ml, 25 ug/ml, and
25 ug/ml, and the incubation time was 12 h [14].

2.3. The Neural Induction Potential of Labeled Cells. 106
ADSCswere sampled, incubatedwith 25 ug/ml tracer for 12 h,
and then set as the labeling group; 106 unlabeled ADSCs
were set as the control group. Preinduction culture medium
(DMEM + 20% FBS + 1mM 𝛽-mercaptoethanol) was added
to these two groups for 24-h before incubation; after that,
induction culture medium (DMEM + 5mM 𝛽-mercapto-
ethanol) was replaced and cultured for another 5 h∼5 days,
during which period the cells’ morphological changes were
observed, and the neural markers (nestin and NSE, Santa
Cruz Inc.) were detected.

2.4. TEM Observation. After fixation, dehydration, infil-
tration, and embedding, the cell precipitate was prepared
for embedding slice, followed by conventional ultrathin
slicing (70 nm) and 2-h lead-uranium staining. The cellu-
lar ultrastructures in the slices were then observed using
TEM (JEM1230, Japan), including the locations of the SPIO
nanoparticles and the integrities of mitochondria, endoplas-
mic reticulum, or Golgi apparatus.

2.5. In Vitro MRI. The 106 ADSCs incubated with 12 ug/ml
and 25 ug/ml PEG/PEI-modified SPIO and 25 ug/ml
PEG/PVP-modified SPIO for 12 h were set as the labeling
group, and another 106 ADSCs were set as the nonlabeling
group; the cells in these two groups were digested into single
cell suspension with trypsin and then transferred into 0.8ml
EP tubes for centrifugation. The supernatant was discarded,
and then 200𝜇l of 5% gelatin was added to resuspend the
cell precipitate; their T2WI signals and T2 values were then
repetitively detected for 18 times.
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The single cell suspension of ADSCs incubated with
25 ug/ml tracer for 12 h was dispersed into 0.8ml EP tubes
with 106 cells/tube, 5 × 105 cells/tube, 105 cells/tube, 104 cells/
tube, and 103 cells/tube, respectively; meanwhile, the non-
labeling group were also set to determine the minimum
number of the labeled cells that MRI scanning could
display.

106 ADSCs incubated with 25 ug/ml tracer for 12 h were
then washed with PBS, followed by continuous culture and
passage. Each generation was then sampled with the same
amount of cells for MRI scanning until no difference could
be found with the nonlabeling group (106 ADSCs); another
same experimental group was simultaneously set up for the
detection of iron content in single cell using ICP-AES.

Simens Vrio Tim 3.0T MRI scanner was used with
animal-specific coil (5-cm in diameter). T2WI sequences
were as follows: TR 2000ms, TE 85ms, FOV 220mm ×
220mm, matrix 318 × 448, and layer thickness 1.5mm; T2-
mapping: TR 1000ms, TE 13.8∼69.0ms, FOV 85.2mm ×
120mm, matrix 318 × 448, and layer thickness of 1.5mm.

2.6. Detection of Iron Content in the Labeled Cells Using ICP-
AES. 106 ADSCs incubated with 25 ug/ml tracer for 12 h were
placed in one 15ml glass tube, and then 500 ul of 65–68%
concentrated nitric acid (Guangzhou Donghong Chemical
industry) was added to each sample. All the samples were
placed into one oil-pan for 3-h high-temperature high-
pressure reaction (121∘C) until all the samples fully dissolved
and exhibited uniformly no colour or light yellow (depending
on the sample concentration). The standard samples for the
quantitative detection by ICP-AES (Thermo Fisher, USA)
included blank, 0.1, 1, 10, 50, and 100 (PPm), and according to
the quantitative results, the standard curve could be obtained
for the further calculation of unicellular iron content.

2.7. Statistical Analysis. SPSS17.0 statistical software was used
for statistical analysis; the signal comparison between the
labeling and the nonlabeling group, as well as between the
relaxation times, used the two-independent-sample 𝑡-test;
the labeling longevity comparison between the labeling and
nonlabeling group used ANOVA, with 𝑃 < 0.05 considered
as significant difference.

3. Results

3.1. Extraction, Purification, and Identification of SD Rat-
Originated ADSCs. The passage 0 (P

0
) cells began wall-

adherent growth when cultured for 24–48 h, grew rapidly
about 3–5 days later, and reached the peak on the 7th day.
After that, the growth entered the plateau period, appearing
as a reverse “S”-shaped growth curve (Figure 1(a)). The cells’
morphologies became uniform when consecutively subcul-
tured to passage 3 (P

3
), and interconnection of spindle pro-

jections and fusion growth appeared (Figure 1(b)). Flow cyto-
metric analysis showed that the P3 ADSCs exhibited strongly
positive expression of CD29 (reaching more than 95%),
positive expression of CD44 (about 30%–40%), and negative
expression of CD106 and CD45 (less than 5%) (Figure 1(c)).

3.2. The Neural Induction Potential of Labeled ADSCs. After
neural induction, the labeled cells exhibited significant
expressions of NSE and nestin; under a fluorescence micro-
scope, cone and polygonal cells with green fluorescence could
be seen, and projections with various lengths could be seen
along the edge of the cell body, which tended towards the
shape of pyramidal neurons (Figure 2).

3.3. TEMObservation. Electron microscope studies revealed
that the absorbed nanoparticles dispersed inside lysosomes,
vesicle-like aggregation appeared, and no nanoparticles were
seen in nuclei. The chromatins were uniform, and the cell
structures were basically intact, indicating that the absorbed
nanoparticles did not significantly influence the morphology
and structure of the cells (Figure 3).

3.4. In Vitro MRI

3.4.1. T2-Mapping Scanning of the Labeling Group and
the Nonlabeling Group. After labeled with the PEG/PEI-
modified SPIO (labeling group 1) and the PEG/PVP-modified
SPIO (labeling group 2), T2 signal intensity and T2 relaxation
time of the inter- and intragroup showed significant differ-
ences (𝑃 < 0.01). T2WI signal intensity was significantly
reduced and the T2 relaxation time was significantly short-
ened between the labeling group and the nonlabeling group,
between labeling groups 1 and 2, and between the 25 ug/ml-
labeling group 1 and the 12 ug/ml-labeling group 1 (Figures
4(a) and 4(b)).

3.4.2. Labeling Rate of SPIO. It could be seen from the T2-
mapping images that the signal was significantly reduced and
the T2 relaxation timewas gradually shortened alongwith the
increasing of the cells. 103 labeled cells could be displayed in
MRI scanning (Figures 5(a) and 5(b)).

3.4.3. Labeling Longevity of SPIO. On the T2-mapping
images, the T2 signals and the relaxation time of the same
amount of cells labeled with PEG/PEI-modified SPIO in
different generation (25 ug/ml, passaged for 1 day, 3 days, 5
days, 7 days, 10 days, 15 days, and 20 days) were gradually
increased with the extension of cell growth and proliferation
time, and the T2 signal and relaxation time of passage 7 (P7)
ADSCs (20 d) showed no significant difference between the
labeling group and the nonlabeling group (𝐹 = 0.113, 𝑃 =
0.740; 𝐹 = 4.369, 𝑃 = 0.051). Meanwhile, the T2 signals and
the relaxation time showed no significant difference between
the labeling group with the PEG/PVP-modified SPIO and the
nonlabeling group in passage 6 (P6) ADSCs (15 d) (𝐹 = 1.891,
𝑃 = 0.186; 𝐹 = 3.682, 𝑃 = 0.071, Figures 6(a)–6(d)).

3.4.4. Unicellular Iron Content in the Labeling Cells. With the
extension of cell growth and proliferation, the unicellular iron
content in the labeling cells was decreased. When the T2WI
signal and the T2 value showed no significant difference,
the intracellular iron content was 1.56∼1.8 pg/cell by ICP-AES
method (Table 2).
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ADSCs growth curve diagram
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Figure 1: (a) The growth curve of ADSCs was appearing as a reverse “S”-shape. (b) The P
3
ADSCs ((A) ×100; (B) ×HE-400) were appearing

fusiform and spindle growth, and the projections were interconnected and fused. (c) The expressions of ADSCs’ surface antigens: APC-
CD29: strongly positively expressed, close to 100%; PE-CD44: positively expressed, approximately 30%–40%; PE/Cy-CD106 and FITC-CD45:
negatively expressed, less than 5%.
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Nestin NSE

Figure 2: The microscopy revealed that the cell body turned round after induction, with several dendritic structures surrounded; the cells
were similar to the pyramidal neurons, and the cellular immunofluorescence exhibited obvious expressions of NSE and nestin.

(a) (b)

Figure 3: The absorbed SPIO nanoparticles mainly dispersed inside the perinuclear lysosomes (white arrows), and the phenomenon in
the PEG/PEI-modified SPIO-labeling group (a) was more obvious than the PEG/PVP-modified SPIO-labeling group (b); the intracellular
organelle structures were complete and not significantly damaged (×30000).

4. Discussion

It was reported that the commercial SPIO carried negative
charge(s) on its surface, so commercial transfection agent
which carried positive charge(s) must link to stem cells for
effective labeling, but this strategy would result in inaccurate
surface properties as well as inconsistent particle sizes, thus
causing the discrepancy in labeling effects [15, 16]. Therefore,
this study used coating-modified SPIO of positive or zero
charge to label ADSCs directly, and the results showed that
these two types of SPIO could safely and effectively label
ADSCswithout transfection agent,maintaining relatively sta-
ble status in labeling. Furthermore, the positive-charged SPIO
could more effectively label ADSCs than the zero-charged
groups, indicating that cation(s) on the surface of SPIO
nanoparticle played an essential role in ADSCs’ labeling.

In this study, 12 h incubation of ADSCs with the cationic
PEG/PEI-modified SPIO (within the concentration range
12–25 ug/ml) could achieve more than 95% labeling rate
of iron particles, and the intracellular iron content might
reach as high as 35.4 pg/cell. Compared to this new type of
SPIO, previous commercial SPIO required the concentration
range as 25–50 ug/ml and the incubation time as 18–24 h to
achieve more than 95% labeling rate in mesenchymal stem

cells, and the intracellular iron content could only be up to
15 pg/cell or 17.9 pg/cell [17, 18]. These results suggested that
this cationic SPIO could much more quickly and effectively
label the stem cells than previous commercial SPIO, mainly
due to the PEI coating. PEI is a typical water-soluble cationic
polymer with high positive charge which can interact with
the negatively charged cell membranes and facilitates better
cell internalization through endocytosis. However, the high
positive charges can disrupt the cell membrane, resulting in
toxicity to the cells [19, 20]. So our research team grafted PEG
to PEI, which provided colloidal stability and neutralized the
toxic effects of the PEI [12, 14].

Safety is the primary premise of SPIO-labeling towards
stem cells. In this study, the cytotoxicity of ADSCs caused by
this cationic SPIO in the incubation concentration and time
which could achieve labeling efficiency was investigated. The
result showed that the concentrations of PEG/PEI-modified
SPIO that could safely and effectively label ADSCs were
12–25 ug/ml, and the incubation time was 12 h, showing no
significant change in cell viability and proliferation between
labeling and nonlabeling group. TEM revealed that the
labeled cells exhibited no obvious organelle damage. All these
results indicated that this effective incubation concentration
and time did not significantly inhibit the biological activities
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Figure 4: (a) The comparison of T2 signal intensity and relaxation time; (b) T2-mapping scanning among different groups.

of stem cells. The labeling safety should not only assess
whether the tracer agent would inhibit the biological activi-
ties of the host cells but also consider whether the deposition
area of the absorbed nano-iron particles could precipitate an
effective metabolic degradation. Previous studies generally
considered that the nanoparticles were transferred into the

stem cells via endocytosis, then the nanoparticles localized
in the cytoplasm instead of entering the nuclei by forming
the early stage of endosome-like vesicles [21, 22]. Some
studies found that the nanoparticles positioned in the late
endosomes or secondary lysosomes of the cytoplasm [23,
24]. Therefore, it was presumed that while the nanoparticles
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Figure 5

Table 2: The detection of iron content in labeling cells by ICP-AES (pg/cell).

P1 P2 P3 P4 P5 P6 P7
Labeling group 1
12 𝜇g/ml 20.16 9.36 7.32 3.96 2.04 1.88 1.56
25 ug/ml 35.4 17.04 14.4 6.72 3.12 2.60 1.80
Labeling group 2
25 ug/ml 5.52 3.36 3.12 2.64 2.64 1.56

were internalized into the cytoplasm of the lysosomal com-
partment from early endosomes, then they might gradually
be delivered to late endosomes and lysosomes around the
nuclei with the release of the vesicles and the growth of the
endosomes [25, 26]. In this study, the ultrastructural obser-
vation of labeled cells by TEM indicated that the internalized
SPIO was located inside early endosomes and lysosomes at
the region of cytoplasm, which was consistent with previous
studies. Due to the existence of a large number of molecular
proteins (ferritin, transferrin, and hemosiderin, etc.) in living
tissues, the internalized iron in lysosomes might be stored or
degraded by further hemoglobin synthesis, thus maintaining
the ironmetabolism balance in vivo [27, 28]. Itmight bemore

beneficial in avoiding potential cytotoxicity as the absorbed
SPIO could be metabolized and degraded in lysosomes.

All procedures, applied for this study, were to explore
the feasibility of stem cell therapy towards CNS disorders.
Therefore, it should make clear that whether this labeling
strategy would impact the neural induction of ADSCs.
Referring to the study of Zuk et al. [29] and Lin et al.
[30], 𝛽-mercaptoethanol was coincubated with ADSCs in the
labeling and nonlabeling group.Themicroscopic observation
showed that both of them exhibited the similar morphologies
of pyramidal neurons, and the expressions of neural markers
(nestin and NSE) were positive, among which NSE was
more obviously expressed. The expression of nestin proved
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that ADSCs entered the key step of neural differentiation.
Enolases include three homotypes (namely, 𝛼, 𝛽, and 𝛾), and
the 𝛾-type enolase, namely, NSE, is expressed in the nervous
tissues and secreted by the neurons. Therefore, the NSE
expression proved that ADSCs differentiated and proliferated
towards the neurons, and the feasibility of ADSCs differenti-
ating towards the neurons was thus demonstrated.The neural
induction potentials between the labeling and nonlabeling
group showed no significant difference, indicating that SPIO-
labeling would not significantly impact the neural induction
potential of ADSCs, reflecting the safety of the SPIO-labeling
indirectly.

Besides the labeling safety and effectiveness, effective
relaxation and as-long-as-possible labeling durability should
be required to achieve better dynamic visualization imaging
of the transplanted stem cells. The SPIO-labeled ADSCs in
this study showed sensitive and effective relaxation; 103 cells
could cause the changes of the T2 signal and relaxation
time. The T2 signal negative effects were also enhanced with
the increasing of the incubation concentrations, which was
consistent with previous studies using certain commercial
SPIO [15, 31]. The other finding of this research was that
the signal intensity and the relaxation time in the cationic
PEG/PEI-modified SPIO group (12 ug/ml) were significantly
lower and shorter than those in the PEG/PVP-modified SPIO
group (25 ug/ml). Even more, the iron content detected with
the ICP-AES could reach 20.16 pg/cell in the former group,
but only 6.96 pg/cell in the latter group. Surmising that the
stem cell surface is negatively charged, the surface charge
would play an important role in the intracellular transporta-
tion of exogenous nanoparticles [32]. Therefore, cationic
PEG/PEI-modified SPIO nanoparticles could be absorbed
and lead to internalization more easily than zero charge-
coated PEG/PVP-modified SPIO ones and then achieve
greater relaxation performance.

Liu et al. [17] found the labeling longevity of Resovist-PLL
complexes towards marrow mesenchymal stem cells (MSCs)
could generally last up to 20 d, and even certain study found
the detection of human marrow mesenchymal stem cells
(hMSCs) withMRI was possible up to 35 d [33]. In this study,
the labeling longevity of PEG/PEI-modified SPIO towards
ADSCs could last up to 20 d, while the PEG/PVP-modified
SPIO only last up to 15 d, showing no distinct advantage.
Supposing that the proliferation of the cells inhibited the
SPION from retaining inside the cells, some studies had
shown that the proliferation of ADSCs was significantly
greater than bone marrow mesenchymal stem cells (BMSCs)
[34, 35], whichmight be the reason that the labeling longevity
of PEG/PEI-modified SPIO towards ADSCs in this study
was shorter than that of commercial SPIO towards hMSCs.
In addition, the exocytosis of the cells which was enhanced
as the decreasing of the particle size could also dilute the
intracellular iron content. Xu et al. [36] added PLGAparticles
into SPIONs to change the diameter of the nanoparticles
and found that these PLGA-SPIONs could significantly
increase the labeling longevity towards MSCs because the
particle diameters of Feridex and Resovist were bigger than
SPIO synthesized by an improved polyol method, which
would extend detection time with MRI at some degree. The

internalized iron would be evenly or unevenly dispersed
into two daughter cells along with the cell proliferation,
as passed through several cell cycles, and the iron content
would be gradually diluted to the level lower than the MRI
detectability. Previous studies did not specifically point out
the detection limit of intracellular iron content by MRI. Our
study had found that the T2 value showed no difference with
the nonlabeling group when the iron content in labeling
ADSCs cell was reduced to 1.56∼1.8 pg/cell, quantifying the
lowest iron content that could be detected by MRI.

ADSCs, which had wide source ranges and easy sampling
procedures, were selected for the labeling in this study; the
data from only one species were relatively limited. In further
studies, different species of stem cells should be selected
for the detection so as to better serve the field of stem cell
labeling. Secondly, this study performed neural induction
and MRI imaging in vitro towards the labeled stem cells,
which belonged to one relatively early basic research. In order
to achieve the integrity of the study, the next step should be
focused on the biodistribution of the nanoparticles by using
the accumulative dynamics of the nanoparticles in various
animal model systems in vivo MRI.

5. Conclusions

The results of this study showed that the modified SPIO
synthesized by an improved polyol method could be directly
used to label ADSCs, safely and effectively. Labeling ADSCs
could be inducted to differentiate into nerve and be imaged
with MR in vitro. The surface charge(s) of nano-iron par-
ticles played an extremely important role in cell labeling.
Meanwhile, the study also quantified the lowest iron content
in labeling cell with MRI tracing imaging. Therefore, this
cationic SPIO could be used for stem cell tractography, which
would exhibit important guiding significance for the further
in vivo MRI towards animal models with neurodegenerative
disorders.

Abbreviation

ADSCs: Adipose derived stem cells
CNS: Central nervous system
MRI: Magnetic resonance imaging
SPION: Superparamagnetic iron oxide

nanoparticles
PEG: Polyethylene glycol
PVP: Polyvinylpyrrolidone
ICP-AES: Inductively coupled plasma-atomic

emission spectrometry
NSE: Neuron specific enolase
BMSCs: Bone marrow mesenchymal stem cells
hMSCs: Human marrow mesenchymal stem cells
SPIO: Superparamagnetic iron oxide
PEI: Polyethyleneimine
TEM: Transmission electron microscopy.
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Perfluorooctyl bromide (PFOB) enclosed nanoparticles (NPs) as ultrasonic contrasts have shown promising results in the recent
years. However, NPs display poor contrast enhancement in vivo. In this work, we used the copolymers poly(lactide-co-glycolide)
carboxylic acid (PLGA-COOH) and poly(lactide-co- glycolide) poly(ethylene glycol) carboxylic acid (PLGA-PEG-COOH) as a
shell to encapsulate PFOB to prepare a nanoultrasonic contrast agent. The NPs were small and uniform (210.6 ± 2.9 nm with
a polydispersity index of 0.129 ± 0.016) with a complete shell nuclear structure under the transmission electron microscopy
(TEM). In vitro, when concentration of NPs was ≥10mg/ml and clinical diagnostic frequency was ≥9MHz, NPs produced intensive
enhancement of ultrasonic gray-scale signals. NPs could produce stable and obvious gray enhancement with highmechanical index
(MI) (MI > 0.6). In vivo, the NPs offered good ultrasound enhancement in tumor after more than 24 h and optical imaging also
indicated that NPs were mainly located at tumor site. Subsequent analysis confirmed that large accumulation of fluorescence was
observed in the frozen section of the tumor tissue. All these results caused the conclusion that NPs encapsulated PFOB has achieved
tumor-selective imaging in vivo.

1. Introduction

In recent years, ultrasonic molecular imaging has become
a promising method for cancer diagnostics because it can
image an intact living body at cellular and subcellular level
with high spatial and temporal resolution, low cost, porta-
bility, and lack of ionizing irradiation [1]. Ultrasound con-
trast agents (UCAs) are necessary for ultrasound molecular
imaging, and they can improve the accuracy and sensitivity of
ultrasound diagnosis [2]. Currently, the contrast agents in the
market consist of gas-encapsulated phospholipids or albumin
(1 to 8 microns) [3]. However, most tumors have porous
vasculature with fenestrations between 380 and 780 nm [4].
The micro-sized UCAs are often limited by their lack of
efficient penetration. To overcome this limitation, decreasing

the UCA size to nanometer range would make UCA more
likely to penetrate into tumor tissue.

Nanobubbles were used in most studies related to
nanoscale UCAs because they produced good sound reflec-
tion [5–8]. However, in vitro nanobubbles would quickly
break or fuse without pressure damage [8]; in vivo, nanobub-
bles could be removed by the reticuloendothelial system
(RES) [9]; ultrasound also had some damage to them [10].
Therefore, the number of nanobubbles that went through the
circulation to the tumor and inflammation was small, which
would limit their ability of target diagnosis and treatment.
Nanoparticles (NPs) with liquid perfluorocarbons as the
core were more resistant to pressure changes and mechanical
stresses. When bounding and gathering at a specific tar-
get, nanoparticles of liquid perfluorocarbons could produce
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strong signals but negligible signals in circulation [11, 12].
Perfluorooctyl bromide (PFOB) is of low toxicity and stability.
It is the most suitable liquid perfluorocarbon to be used in
vivo [13]. Inferior vena cava of the nude mouse presented
significant gray enhancement for a few seconds after being
injected with nanoparticles of PLGA enclosed PFOB [14].
Because of the hydrophobic properties of PLGA, nanopar-
ticles were quickly cleared by RES in vivo. At present, the
most effective and widely used method is to use nonionized
polymer polyethylene glycol (PEG) to modify the PLGA
[9, 15]. DSPE-PEG was used to modify PLGA and it was
found that the dosage of DSPE-PEG affected the core-shell
structure of NPs.When the dosage of DSPE-PEG is >2.64mg
(100mg PLGA), NPs could not maintain a complete core-
shell structure, but when the dosage of DSPE-PEG is
≤2.64mg, only 6%ofDSPE-PEG in the shell, NPswith a com-
plete core-shell structure could not prevent themselves from
being cleared by RES and could not gather in the tumor for
imaging [13]. In order to maintain the stability of the core-
shell structured nanoparticles and have a good ultrasonic
contrast enhancement, it is necessary to use the compatible
material packaged PFOB to carry enough PEG to avoid RES.

Here, we would use hybrid membrane materials of
PLGA-PEG-COOH and PLGA-COOH packaged PFOB to
prepare nanoscale UCAs, which all had complete core-shell
structure with a good gray enhancement in the aqueous
solution in vitro. In in vivo experiments, the enhancement of
ultrasound gray scales at the tumor site was analyzed after
tail intravenous injection. Finally, tumor-selective imaging of
NPs was assessed by both small animal optical imaging and
fluorescence microscope.

2. Materials and Methods

2.1. Materials. Poly(D,L-lactide-co-glycolide) (50/50) with
terminal carboxylate groups (PLGA-COOH, Mw = 17000)
was purchased from Jinan Daigang Biotech Co., Ltd. (Jinan,
Shandong, China). NH

2
-PEG-COOH (Mw = 3400) was

purchased from Beijing Kaizheng Biotech Co., Ltd. (Bei-
jing, China). Polyvinyl alcohol (Mw 13000–23000, 98%
hydrolyzed), 4-6-diamidino-2-phenylindole (DAPI), and
coumarin-6were provided by Sigma-Aldrich (St. Louis,MO).
Perfluorooctyl bromide (PFOB)was purchased fromAladdin
Industrial Corporation (Shanghai, China). HepG2 cells
(human liver hepatocellular carcinoma cell line) were pur-
chased from the Cell Institute of the Chinese Academy of Sci-
ences (Shanghai, China). All other reagents were of analytical
pure grade and were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Synthesis of PLGA-PEG-COOHCopolymer. Carboxylate-
functionalized copolymer PLGA-PEG was synthesized by
conjugating COOH-PEG-NH

2
to PLGA-COOH according

to a carbodiimide–N- hydroxysuccinimide (EDC/NHS)-
mediated chemistry [16] (Figure 1(a)). The copolymer was
dissolved in CDCl

3
and characterized by 1H NMR at 400Hz

(AVANCE III 400M, Bruker, Billerica, MA) to determine the
modification ratio of PEG on PLGA.

2.3. Preparation of Nanoparticles/Microparticles Encapsulated
PFOB. PFOB was encapsulated in nanoparticles by modi-
fying the emulsion solvent evaporation method [17] (Fig-
ure 1(b)). Briefly, 50mg PLGA blended membrane materials
were dissolved in 2ml methylene chloride along with 30𝜇l
PFOB.The organic solution placed in a thermostatic bath was
maintained at 20∘C to ensure full miscibility of the PFOB.
This was then emulsified into 10ml 1.0% polyvinyl alcohol
(PVA; w/v) aqueous solution to form a preemulsion. The
preemulsion was sonicated at 300W for 2min over ice.
Organic solvents were then evaporated for 3 h in a ther-
mostatic bath (30∘C) to remove the methylene chloride. To
acquiremicroparticles encapsulated PFOB (MPs) as contrast,
the organic solvents were evaporated immediately after the
preemulsion’s formation. NPs/MPs labeled coumarin-6/DiR
were prepared by adding 50 𝜇l coumarin-6/DiR to the organic
solution prior to emulsification to label the polymer phase.

2.4. Measurement of NPs Characteristics. Particle diameter,
size distribution, and zeta potential of the NPs/MPs were
measured by a dynamic light-scattering system (DLS; Zeta-
sizer Nano-ZS; Malvern Instruments, Worcestershire, Eng-
land) at 25∘C. The structure of the NPs was examined by
transmission electron microscopy (TEM; Tecnai� G2 Spirit
TWIN, Netherlands).Themorphology of microparticles was
observed by optical microscope (Olympus, Japan).

2.5. Encapsulation Efficiency (EE). Aweighed amount of NPs
was dissolved intomethanol following 5min ultrasonic treat-
ment and then centrifuged for 10min. PFOB concentration of
supernatant liquorwasmeasured by gas chromatograph (GC)
at 300∘C, using flame ionization detector (FID). Percentages
of encapsulation efficiency (% EE) were calculated based on
the following equations:

% EE =
drug entrapped in NPs

initial amount of drug added
× 100. (1)

2.6. In Vitro Echogenicity of Contrast Agents Study. Each
NP/MP suspension sample was filled in an Eppendorf tube.
Ultrasound images were obtained in a nonlinear mode with a
commercial ultrasound imaging system (L 74M probe, HI
VISIONAscendus, Hitachi, Japan). All images were acquired
using the same instrument parameters: frame rate (FR) 26,
brightness (BG) 20, and dynamic range (DR) 65 db.

2.7. Tumor-Bearing Mouse Model. Nude male BALB/c mice
(age of 5 weeks) were obtained from Hunan Slake Jingda
Experimental Animal Co., Ltd. (Changsha, China). Approxi-
mately 1.0 × 107 HepG2 cells were inoculated subcutaneously
into the right hind legs of the mice. All in vivo experiments
began when the diameter of tumors reached 0.8–1.2 cm. The
laboratory animal management committee and ethics com-
mittee at the Third Xiangya Hospital of Central South
University approved all animal experiments.

2.8. In Vivo Echogenicity of Contrast Agents. Tumor-bearing
nude mice were divided into two groups at random: the
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(a). Schematic representation of the preparation process of nanoparticles for

ultrasonic imaging (b).

control group (three mice injected withMPs) and the experi-
mental group (six mice injected with NPs). No animal deaths
occurred in the experimental process.

Mice were anesthetized with 1% pentobarbital sodium
by abdominal injection (1mg/100 g); 0.3ml samples were
injected into the body via the tail vein. Images were collected
before and after injection: 0.5 h, 2 h, 12 h, 24 h, and 48 h, using
a L74M transducer with 10MHz andMI of 1.0. No instrument
parameters changed during this experiment. All data and
images were stored for offline analysis. Because of individual
differences and tumor heterogeneity, gray-scale images were
quite different. We defined the quantitative gray scale as
follows.

The increased rates =
RGV
𝑥
− RGV

0

RGV
0

. (2)

RGV
0
referred to image gray-scale intensity before the

injection, and RGV
𝑥
referred to image gray-scale intensity

after the injection [6].

2.9. Optical Imaging. IVIS Lumina II (Caliper, Alameda, CA,
USA) was used for in vivo optical imaging. NPs and MPs
containing DiR were injected into 2 groups of mice (3 mice
per group). Then mice were put into an opaque black box.
The excitation filter ofDiRwas 745 nmand emission filter of it
was 810–875 nm. Images were obtained by the CCD camera at
0 h, 0.5 h, 2 h, 12 h, 24 h, and 48 h. All the data were analyzed
by Living Image� Software 4.0 (Caliper, Alameda, CA, USA).

2.10. Histological Analysis. NPs or MPs labeled coumarin-6
was injected into two groups ofmice (3mice per group). After
being injected for 24 h, tumor-bearing mice were killed, and
collected tumors were sectioned into 5 𝜇m slices. Frozen sec-
tions were stained with DAPI for labeling the nuclei of tumor
cells. Images were obtained by using a fluorescence micro-
scope (Olympus). DAPI and coumarin-6 were excited at 340
and 466 nm, respectively, and the emission was recorded at
488 and 504 nm, respectively.

2.11. Statistical Methods. All experiments were conducted in
triplicate. All datawere expressed as themean± SD. Statistical
analyses were performed using one-way analysis of variance
(ANOVA) and 𝑡 test.

3. Results

3.1. Synthesis and Characterization of PLGA-PEG. The chem-
ical composition of the synthesized productwas confirmedby
1H-NMR (Figure 2). The characteristic peaks at 1.5, 4.8, and
5.2 ppm belonged to the methyl (d, -CH

3
), methane (m, -

CH
2
), and methine (m, -CH) proton of the PLGA segment,

respectively. The peak at 3.7 ppm was associated with the
methene (s, -CH

2
) proton of the PEG chain. By using the rel-

ative molecular weights and the integration of characteristic
peaks at 5.20 and 3.7 ppm, the conjugation efficiency of NH

2
-

PEG-COOH to PLGA-COOH was estimated to be 12.5%.
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Figure 2: 1H-NMR spectra of PLGA, PEG, and PLGA-PEG.

3.2. Characterization of NPs. The size distribution and zeta-
potential of the NPs and MPs were assessed. The mean
diameter of the NPs was 212.7 ± 2.76 nm (Figure 3(a)) with a
polydispersity distribution (PDI) of 0.16 ± 0.03. In contrast,
the mean diameter of the MPs was 2480.4 ± 380.4 nm (Fig-
ure 3(b)) with a PDI of 0.32 ± 0.037. The zeta-potential of the
NPs was −32.7±1.02mV.MPs had a zeta-potential of −12.5±
2.03mV. Under TEM, the NPs (Figure 3(c)) were spherical
and had an intact and homogeneous shell. Because of the
different electronic densities, the shell seemed darker than
the gray core. MPs observed by optical microscopy were all
core-shelled (Figure 3(d)). Encapsulation efficiency of the
nanoparticles was 80.43 ± 0.96%, and the concentration of
PFOB in NPs solution was 10.09mg/ml.

3.3. In Vitro Ultrasound Imaging. To compare the ultrasonic
reflectance ability ofNPswith that ofMPs, in vitro ultrasound
imaging was acquired by using diagnostic high-frequency
ultrasound (10MHz) (Figure 4(a)). The results showed
that, with the same PFOB concentration of NPs and MPs
(10mg/ml), the ultrasonic signals of NPs were weaker, but
there was no statistical difference between the two groups
(Figure 4(b)).

We also studied the influence of concentration and probe
frequency on ultrasonic signals produced by NPs. Enriched
NPs were diluted with degassing deionized water (C6: 30mg/
ml; C5: 20mg/ml; C4: 10mg/ml; C3: 5mg/ml; C2: 2.5mg/ml;
and C1: 1.25mg/ml). Figure 5(a) showed ultrasonic reflection
images of the NPs of six different concentrations at three
different frequencies (5, 9, and 13MHz). When the concen-
tration and the frequency were the lowest, the echo reflection
of the solution was the lowest (C1−5MHz). The signal was
weak at 5MHz (C6-5MHz) even if the concentration was
high (>10mg/ml). The signal obviously enhanced at 9MHz
or 13MHz especially when the concentration of NPs was
≥10mg/ml. The gray-scale concentration relationship was
shown in Figure 5(b). The former part of steeper curves of
13MHz and 9MHz revealed a linear-like relationship when
concentrationwas from 1.25 to 10mg/ml, and the latter part of

the curves became even when concentration was ≥10mg/ml.
The curve at 5MHz as a whole was comparatively flat.

We also separately studied the influence of mechanical
index (MI) on NPs echo reflection. We selected a 10mg/ml
sample as the research object. Figure 5(c) showed that the
image gray levels became higher with increasing MI. When
the MI was 0.1, the echo reflection of the sample was close to
the echo reflection of degassed deionized water. The contrast
enhancement did not become weak at MI > 0.6 even if the
contrast agent was exposed to ultrasound for 10 minutes.

3.4. Ultrasonic Imaging of Tumor-BurdenedMice. Tissue har-
monic imaging- (THI-)mode imagingwas carried out on two
groups of tumor-bearing mice.The tumor images of the con-
trast enhancement were provided by NPs (Figure 6(a)) and
MPs (Figure 6(b)). Tumor images showed obvious enhance-
ment in the NP and MP groups at different time. Intensity-
time diagrams of the tumors were illustrated in Figure 6(c).
In the NP group, the increased rates (TIR) slowly rose after
injection. The TIR was 30% 0.5 h after injection and two
hours later, the TIR was 97%. The ultrasound enhancement
effect produced by NPs was clearly distinguishable. After
then, enhanced intensity strengthened continuously. 24 h
after injection, contrast enhancement of NPs at the tumor site
was still evident (TIR= 121%).This trend is different from that
in MP group which had a rapid wash-in and washout. Time-
intensity curve showed that ultrasound gray enhanced and
reached the peak (TIR = 110%) at 0.5 h after being injected
with MPs, and then it weakened quickly. In order to further
compare the contrast enhancements in NP and MP groups,
the area under the curve (AUC) plotted after injection from 0
to 48 h was created and statistically analyzed (Figure 6(d)).
The results showed that the enhancement induced by NPs
(AUC = 46.46 ± 5.92) was significantly stronger than the
enhancement induced by the MPs (AUC = 8.24 ± 6.45,
𝑃 = 0.001).

In addition, the images of liver and kidney were also
analyzed before and after injection ofNPs.The results showed
that there was no significant gray contrast enhancement in
liver and spleen after injection of NPs (data not shown).

3.5. In Vivo Optical Imaging. We conducted small animals
living optical imaging to further confirm that the NPs could
gather in the tumor tissue. In NP group (Figure 7(a)), the
red fluorescence was obviously distributed in the livers and
spleens 0.5 h and 2 h after injection. 12 h after injection, signif-
icant fluorescence signals were detected at tumor site and they
were still strong 48 h after injection. In the MP group,
no fluorescence signals were detected in the tumor tissue
(Figure 7(b)). We performed a region of interest (ROI) in
the tumor tissue to analyze fluorescence enhancement which
accessed theDiRuptake in each specimen (Figure 7(c)). Fluo-
rescence signal intensity increased to the peak 24 h after injec-
tion. It slowly faded and only reduced 15% 48 h after injec-
tion. For fluorescence imaging of isolated tumors, the nude
mice were sacrificed 48 h after intravenous injection. There
was obvious fluorescence emission of isolated tumor tissues
in NP group (left), while no fluorescence appeared in MP
group (right) (Figure 7(d)).
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Figure 3: Particle size of the NPs and MPs. The size distribution was measured using dynamic light scattering in the NPs (a) and MPs (b).
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Figure 4: (a) Ultrasound imaging of NPs and MPs at 10MHz in vitro. (b) Gray-scale ultrasonic intensity of NPs and MPs. NPs presented
similar gray-scale intensity to MPs (𝑃 = 0.361).
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Figure 5: (a) Ultrasound images obtained in vitro in nonlinear mode at different concentration at 5, 9, and 13MHz. C1: 1.25mg/ml, C2:
2.5mg/ml, C3: 5mg/ml, C4: 10mg/ml, C5: 20mg/ml, and C6: 30mg/ml. (b) Effect of nanoparticles concentration on echographic image
brightness with different probe frequency at 5, 9, and 13MHz. (c) Effect of mechanical index on echographic image brightness.

3.6. Histology. To further confirm the microscopic localiza-
tion ofNPs, the nudemicewere sacrificed and frozen sections
of the tumors were examined by fluorescence microscope.
Tumor tissues of the nucleus were dyed blue by DAPI. NPs
with green fluorescence appeared in areas beyond the nucleus
in tumor tissue, but MPs with green fluorescence were not in
tumor tissues (Figure 8).

4. Discussion

The purpose of this study is to use PFOB packaged PLGA-
PEG-COOH and PLGA-COOH to prepare nanoscale UCA,
which can generate contrast enhancement in vitro and in
vivo. Regardless of the changes of the ratio of PLGA-PEG-
COOH/PLGA-COOH, it is possible for a nanoparticle to
maintain a complete shell structure by using such amixture of
membranematerials to package PFOB [18].When the dose of
PLGA-PEG was adjustable, NPs could carry enough PEG to
avoid RES, so plasma half-life of NPs could be extended, and
there was enough time for NPs to take advantage of EPR

effect to accumulate in the tumor [19, 20]. The combination
between the end of PLGA-PEG containing active carboxyl
group and the end of amino target ligand let NPs have the
potential for active targeting [21, 22].

PEGmolecular weight of 2000 ormore can avoid the RES
[9]. A PEG-3400 (25 nm) spacer was used in previous studies
[22]. The PEG chain density is also important in achieving
improved stealth. Both high and low surface coverage of
PEG chains could not avoid RES [9]. In this experiment, the
density of PEG is 2%, just within threshold values (between 2
and 5wt %) for optimal protein resistance [23].

In the preparation of nanoscale UCA, particle size and
size distribution are important parameters that determine the
fate of UCA in vivo studies. To get through the tumor’s
endothelial pore (typically between 380 and 780 nm) and
escape from the RES trapping effect (i.e., NPs whose diam-
eters were bigger than 300 nm gradually start to be trapped
significantly), the optimal diameter of NPs for clinical em-
ployment should be less than 300 nm [24]. In the process
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Figure 6: In vivo ultrasonic imaging of tumor-burdened mice. Representative subcutaneous tumor images before and after the injection of
nanoparticles (NPs) (a) compared with MPs (b) at various time points (preinjection, 0.5 h, 2 h, 12 h, 24 h, and 48 h). Corresponding time-
intensity curves of tumor enhancement after injection of the contrast agent (c). (d) AUC analysis with data was extracted from figure (c)
(𝑃 = 0.001).

of preparation of nanoparticles, the shell thickness could
influence the echogenicity of contrast agents. The T/R (the
thickness-to-radius ratio) was used to evaluate the shell
thickness of UCA. When PFOB was packaged by PLGA at
maximum, the T/R was the largest, the shell of UCA was the
thinnest, and the compressibility of UCA was best and it had
the highest acoustic signal [14]. However, the T/R of UCA
was only related to the proportion of PLGA and PFOB in the
formulation. When PLGA was 100mg and PFOB was 60 𝜇l,
the T/R wasminimal.Therefore, when PFOBwas >60 𝜇l, free
PFOB droplets appeared [17].

Ultrasound contrast agents have the ability to enhance
echogenicity. Higher concentration could producemore echo
reflection and stronger echo signal. The intensity of echo
reflection was directly proportional to the concentration of
the particles [25]. According to Rayleigh scattering, when the
particle diameter was much smaller than the wavelength, the
backscatter intensity produced by the particles was propor-
tional to the incident wave frequency to the 4th power. The
higher frequency was, the greater backscattering and the
stronger ultrasound intensity were seen [26].

We separately studied the effect of the MI on echo
reflection.TheMI is a measure of the power of an ultrasound
beam.The higher theMIwas valued, the greater the energy of
ultrasonic emissionwas and the greater echo reflection results
were [27]. Echogenicity was brighter at a higher MI value
than at a lower MI value. Our experiment showed that
NPs were stable and produced sustained ultrasonic contrast
enhancement at a high MI. While microbubbles produced
ultrasonic contrast enhancement when MI < 0.5 and when
MI > 0.5 for transient cavitation, the microbubbles burst

and produced instant and violent increases in ultrasonic
reflection [28].

The ability of NPs to reflect ultrasound was almost the
same as that of MPs but their time of contrast enhancement
was longer than that of MPs in vivo due to the small size
of NPs. The time of the contrast enhancement process was
longer than 24 h, similar to Rapoport’s research [29].The time
dependence of gray enhancement was based on the vascular
permeability [30]. Tumor blood vessels with high perme-
ability allowed nanoscale particles to permeate the tumor
vasculature and remain in the tumor tissue.The gray contrast
enhancement lasted for 24 hours after injection in tumor
tissue which suggested that more NPs passed through the
endothelial gaps and retained there with time going.

Target, distribution, andmetabolism of contrast agents in
vivo can be observed by small animals living optical imaging
[31]. The tendency of the accumulated fluorescence at tumor
site consistent with the tumor ultrasound imaging suggested
that theNPs remained at the tumor tissue. 48 h after injection,
the higher intensity of fluorescence was shown in the tumor
since fluorescence agent DiR was not easy to quench in vivo
[32]. Fluorescence signals were observed in livers and spleen
in two groups due to reticuloendothelial system (RES)
uptake. In the control group, the MPs were quickly cleared
by RES, so no fluorescent signal was found in tumor tissues.

Histofluorescence imaging revealed the location of the
NPs after intravenous injection. The tumors are heteroge-
neous. Endothelial monolayers and the cells lining of the
tumor vessel are defective. This presented intercellular open-
ings, transcellular holes, and endothelial fenestrae. The func-
tional pore size of different tumors varied ranging from
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Figure 7: In vivo DiR fluorescence imaging results for NPs (a) group and MPs (b) group at preinjection, 0.5 h, 2 h, 12 h, 24 h, and 48 h. (c)
Fluorescence intensity-time curve at tumor site after injection with NPs. (d) Comparison of DiR fluorescence in isolated tumor tissues of NP
group (left) and MP group (right) at 48 h after intravenous injection.

200 nm to 2000 nm [4]. In the present research, NPs labeled
Cou-6 accumulated in the tumor after penetrating through
endothelial gaps, and we could observe green fluorescence in
the images. However, inMP group, no green fluorescencewas
observed in the tumor, which meant that MPs labeled Cou-6
could not gather in the tumor by EPR.The ultrasonic imaging
performance could be explained by these phenomena, where
NPs penetrated tumor vessels and accumulated in the tumor
at the later stage of ultrasound contrast-enhanced imaging.
Thus, the time of the contrast enhancement would be much
longer than that of using the MPs, which could not penetrate
tumor vessels.

5. Conclusions

PFOB, with good echo enhancement ability, is the candidate
of nanoultrasonic contrast agents. But PFOB is soluble
neither in water nor in oil and it cannot be injected directly
into the body, so usually it needs to be wrapped in a shell.The

membrane materials that make up the shell should be able to
completely package PFOB within the nanometer range, and
the generated NPs have a good echo enhancement in vitro.
They also enable NPs to escape the removal of RES in vivo
and image after gathering in tumor tissues.

In this work, we used membrane materials, PLGA-
COOH and PLGA-PEG-COOH packaged PFOB, to produce
nanometerUCA.Nanoparticleswere all shell-core structures.
We evaluated their echogenic ability in vitro and in vivo. In
vivo fluorescence imaging and frozen section further con-
firmed that the NPs could accumulate in tumor tissues.Their
characteristics suggested that NPs may be applicable to ultra-
sonic molecular imaging and targeting therapy/drug/gene
delivery to tumor.
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The aim of this study was to develop a dual-modality PET/MR imaging probe by radiolabeling iron oxide magnetic nanoparticles
(IONPs), surface functionalizedwithwater soluble stabilizer 2,3-dicarboxypropane-1,1-diphosphonic acid (DPD), with the positron
emitter Gallium-68. Magnetite nanoparticles (Fe3O4 MNPs) were synthesized via coprecipitation method and were stabilized
with DPD. The Fe3O4-DPD MNPs were characterized based on their structure, morphology, size, surface charge, and magnetic
properties. In vitro cytotoxicity studies showed reduced toxicity in normal cells, compared to cancer cells. Fe3O4-DPDMNPs were
successfully labeled with Gallium-68 at high radiochemical purity (>91%) and their stability in human serum and in PBS was
demonstrated, along with their further characterization on size and magnetic properties. The ex vivo biodistribution studies in
normal Swiss mice showed high uptake in the liver followed by spleen. The acquired PET images were in accordance with the ex
vivo biodistribution results. Our findings indicate that 68Ga-Fe3O4-DPD MNPs could serve as an important diagnostic tool for
biomedical imaging.

1. Introduction

Iron oxide magnetic nanoparticles (IONPs) have been sub-
jected to a variety of biomedical applications due to their
remarkable nanoscale physicochemical properties. Their
small size, high surface to volume ratio and size-dependent

[1] magnetic properties make them ideal candidates for
clinical applications, including magnetic resonance imaging
(MRI), in which they serve as T2-contrast enhancement
agents [2–4], hyperthermia treatment of cancer [5–7], cell
separation [8], tissue repair [9], and magnetic force guided
drug delivery [10]. Magnetite (Fe3O4) and its oxidized form
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maghemite (Fe2O3) are the most common IONPs, which
compose the core in a typical core-shell nanoparticle struc-
ture. Among the unique magnetic properties that IONPs
demonstrate upon reducing their magnetic core size above
a critical diameter (less than 20 nm for spherical IONPs),
superparamagnetism is worth noting. IONPs lose their mag-
netization after the removal of themagnetic field and thus can
be controllable. Additionally, their surface can be modified
with biocompatible coatings via various methods [11, 12],
rendering them biocompatible and applicable for biological
systems. Thanks to the ease of surface functionalization,
IONPs are provided with colloidal stability via steric and
electrostatic interactions and high loading capacity via func-
tional (i.e., hydroxyl, carboxyl, amino, and thiol) groups, in
order to be boundwithmany active targetingmolecules (such
as antibodies, aptamers, and peptides) [13–16], drugs, and
detection elements (i.e., radionuclides formolecular imaging,
fluorescent molecules) according to demand in biomedical
applications.

Colloidal stability of IONPs is of great importance to be
considered in order to develop an effective imaging agent
able to circulate in the bloodstream for as long as it takes
to be accumulated in the target-organ. However, uncoated
nanoparticles are prone to opsonization and tend to agglom-
erate in vivo (i.e., via Van der Waals, magnetic dipole-dipole,
and hydrophobic interactions), leading to the formation of
micrometer-sized particles, which mostly accumulate in the
organs of the Reticuloendothelial System (RES), resulting
in rapid sequestration from blood circulation. On the other
hand, surface coating with appropriate organic and inorganic
[17, 18] coatings provides IONPs with stealth properties,
increased stability, and reduced cytotoxicity, consequently
improving their potential use for in vivo applications [19].

The need for early cancer diagnosis has led scientists to
a tremendous effort of developing noninvasive multimodal
imaging agents able to detect abnormalities in vivo more
accurately. As a consequence, the necessity of synthesizing
dual-modality imaging agents, such as radiolabeled IONPs,
has emerged in the last years in biomedical sciences, due to
their ability to circumvent the limitations of a single imaging
modality. In fact, conventional imaging modalities, namely,
X-ray computed tomography (CT), optical imaging (OI),
and magnetic resonance imaging (MRI), as well as positron
emission (PET) and single-photon emission (SPECT) tomog-
raphy, widely used in nuclear medicine, possess their own
advantages and disadvantages. Particularly, PET (and/or
SPECT) provides qualitative images with high sensitivity
and specificity; however the anatomical information via this
modality is diminished. On the contrary, MRI provides
necessary anatomical information due to its high spatial
resolution and contrast in soft tissue, but it exhibits relatively
poor sensitivity [20]. This is the case why radiolabeled
IONPs surpass conventional imaging modalities, since the
combination of these two modalities (PET/MRI and/or
SPECT/MRI) in a dual-modality agent has a synergistic
result, ultimately exhibiting a much improved potential for
biomedical imaging. Several papers have been reported
concerning radiolabeled IONPs developed for PET/SPECT-
MRI imaging combined with other biomedical applications

like controlled drug delivery and hyperthermia treatment to
achieve both diagnosis and therapy of cancer [21–24].

PET radionuclides such as Fluorine-18 and Carbon-11,
commonly used in clinical practice, require time consuming
and expensive facilities (i.e., on-site cyclotron) to be pro-
duced. On the other hand, radionuclides obtained from a
generator-based system have received significant attention
since they are inexpensive and easily available at any time
for clinical use. Among them, Gallium-68 (68Ga: T1/2 =
68min) is an attractive radioisotope for PET imaging due
to its high proportion of positron decay (89%) of 1,9Mev
(maximum energy) and its availability from a 68Ge/68Ga
generator permitting three elutions per day. Specifically, the
long-lived radionuclide 68Ge (𝑇1/2 = 270.8 days) decays via
electron capture, providing the 68Ga radionuclide. It is worthy
to be mentioned that few papers have been reported in the
literature, concerning radiolabeling with 68Ga radionuclide
of IONPs, synthesized in various sizes and shapes, to create
dual-modality conjugates able to detect malignancies [25–
28].

The imaging agent described in this work consists of
Fe3O4 MNPs, surface functionalized with the water sol-
uble stabilizer 2,3-dicarboxypropane-1,1-diphosphonic acid
(DPD) and radiolabeled directly with 68Ga for PET imaging.
The substance DPD was used because it is water soluble
and biocompatible, providing the appropriate dispersing
stability and minimizing the potential cytotoxicity of the
naked Fe3O4 MNPs. Furthermore, as a tetradentate ligand
(with two phosphonates and two carboxylate groups), DPD
serves as an effective chelating agent, as has been shown for
90Y, leading to the formation of a highly stable conjugate
[29]. In vitro stability studies were performed with 68Ga-
Fe3O4-DPD MNPs, to assess the stability of the complex
in biological media, while in vitro cytotoxicity studies of
the Fe3O4-DPD MNPs were performed to evaluate their
potential toxicity in both normal and cancer cell lines. To
assess the in vivo behavior of the 68Ga-Fe3O4-DPD MNPs
ex vivo biodistribution studies and dynamic and cumulative
imaging studies were performed in normal animal models.

2. Materials and Methods

2.1. Chemicals. 2,3-Dicarboxypropane-1,1-diphosphonic acid
(DPD) was synthesized at the Laboratory for Radioisotopes
of the “Vinča” Institute of Nuclear Sciences, according to a
previously reported procedure [30]. All other reagents and
solvents used in these studies were obtained from com-
mercial sources without further purification. Iron(II) sulfate
hepta-hydrate (FeSO4 × 7H2O), iron(III) sulfate hydrate
(Fe2(SO4)3 ×H2O), sodium hydroxide (NaOH), and aqueous
ammonia solution (25%) were obtained from Sigma-Aldrich.
Purified deionized water was prepared by the Milli-Q system
(Millipore Co., Billerica, MA, USA). A lower activity com-
mercial 68Ge/68Ga generator was acquired from ITG Garch-
ing (Garching, Germany). 30%HCl Suprapur (Merck, Darm-
stadt, Germany), acetone (Sigma-Aldrich), 2,4-pentanedione
99% (Alfa Aesar, Karlsruhe, Germany), and 37% HCl
(Riedel-de Haën) were commercially available and used as
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received. Human serum was acquired from Sigma-Aldrich
(St. Louis, MO, USA). The MTT tetrazolium salt, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, was
acquired from Thermo Fisher Scientific (Cat. number
M6494).

2.2. Equipment. Radioactivity of the 68GaCl3 eluent was
measured using a dose calibrator (Capintec, Ramsey, NJ).
Thin layer chromatography (TLC) silica gel 60 sheets (5
× 10 cm) were purchased from Merck (Dermstadt, Ger-
many) and along with a Radio-TLC Scanner (Scan-Ram,
LabLogic, Sheffield, UK) were used in the determination
of radiolabeling yield/purity and in vitro stability studies.
PD-10 columns (GE Healthcare), containing Sephadex G-25
resin, were used for the purification of radiolabeled samples.
Water was deionized to 18MΩ⋅cm using an easy-pure water
filtration system (Barnstead International, Dubuque, Iowa).
Gamma scintillation counter, Cobra II, Canberra, Packard,
was used tomeasure the radioactivity of each organ andblood
samples in ex vivo biodistribution studies. AXIOS-150/EX
(Triton Hellas) dynamic light scattering (DLS) apparatus
equipped with a 30mW He-Ne laser emitting at 658 nm
and an Avalanche photodiode detector at an angle of 90∘
was used for the determination of the size distributions of
the particles. Atomic force microscopy (AFM) images were
obtained by means of a scanning probe microscope [NT-
MDT Solver PRO]. Magnetic measurements of liquid sam-
ples were performed by means of a SQUID magnetometer
(5.5 T MPMS, Quantum Design). An ultrafast absorbance
spectrophotometer (SPECTROstarNano, BMG LABTECH)
for microplates and cuvettes was used in the MTT viability
assay.

The imaging studies were performed on a custom-made
trimodal system, incorporating a PET, a SPECT, and an X-
ray subsystem [31]. For the current study the combination of
PET coincidence imaging andX-rayswas used.Thedual head
PET system is based on a pair of Position Sensitive Photo-
Multiplier Tubes (PSPMTs), coupled to a 5 × 10 cm2 bismuth
germanium oxide (BGO) scintillator array, with a pixel size
of 2 × 2 × 5mm3 and readout based on programmable ADCs
and FPGA. The two heads are placed at an 80mm distance
and predefined acquisition parameters are a timing window
of 16 ns and an energy window between 350 and 700 keV.
The system average spatial resolution in coincidence mode is
3.5mm, the peak sensitivity is 13483 cps/MBq, and the energy
resolution is 30%.The X-ray system consists of an X-ray tube
and a CMOS detector, separated by a distance of 30 cm. The
minimum pixel size is equal to 0.1mm and the active area is
approximately 12 × 12 cm2.

2.3. Synthesis of Fe3O4-DPD MNPs. Magnetite nanoparticles
were prepared by the alkali-mediated chemical coprecipita-
tion of Fe2+ and Fe3+ ions (1 : 2 ratio), as described elsewhere
[32]. In a typical experiment, ferrous sulfate heptahydrate
(0.1M) and ferric sulfate hydrate (0.2M) were dissolved in
deionized water. Subsequently 25% ammonia solution (ca.
20ml) was injected into the flask and stirring was continued
for 1 h at 50∘C to allow the growth of the nanoparticles. The

solution was subjected to magnetic decantation followed by
repeated washing with distilled water. After the magnetite
synthesis, the coating reactionwas carried out by the addition
of 0.25 g/2mL DPD water solution (Fe3O4 : DPD = 1 : 1). The
pH of the resultant mixture was adjusted to 8-9 by addition
of 6M NaOH. Then, the mixture was stirred overnight at
room temperature and further subjected to dialysis against
deionized water (MWCO 12 kDa) for 1 d to remove the excess
of unreacted DPD.

2.4. Physicochemical Characterization of MNPs. The phase
analysis of the synthesizedMNPs powderwas performed on a
Philips PW1710 X-ray diffractometer.The data were collected
in the angular range 10–50∘ (2𝜃) with a step size of 0.06∘ and a
counting time of 50 s per step. High resolution transmission
electronmicroscopy (HRTEM)was employed to characterize
the morphology, size and size distribution of the MNPs. The
samples of MNPs were prepared by placing one drop of
a dilute suspension of MNPs in water on a carbon-coated
copper grid and allowing the solvent to evaporate at room
temperature. The surface charge of the MNPs was investi-
gated through zeta potential measurements (Zetasizer Nano,
Malvern instruments, UK) at pH between 1 and 11. Fourier
transform-infrared (FTIR) measurements were carried out at
room temperature on a Nicolet 380 spectrometer (Thermo
Fischer Scientific, USA) in the spectral range 4000–400 cm−1,
with 4 cm−1 resolution. Thermogravimetric analysis (TGA)
was carried out with a SDT Q600 TGA/DSC instrument
(TA Instruments) up to 850∘C, by heating the sample under
a nitrogen flow at a heating rate of 10∘C/min. The residual
weight accounts for the mass of iron oxide nanoparticles in
the ferrofluid. Magnetic measurements of powder samples
were performed on a SQUID magnetometer. Magnetization
versus temperature,𝑀(𝑇), was measured in 2–300K temper-
ature range, under zero-field-cooled (ZFC) and field-cooled
(FC) regimes, in 20Oe. Hysteresis loops were measured at
300K in ZFC regime.

2.5. In Vitro Cytotoxicity Study of Fe3O4-DPD MNPs. Two
epithelial cell lineswere used for the evaluation of cytotoxicity
of Fe3O4-DPD MNPs, namely, HEK293T and 4T1. The
normal cell line HEK293T is a highly transfectable derivative
of human embryonic kidney 293 cell line that stably expresses
the SV40 large T antigen. The 4T1 cell line is a highly
breast metastatic tumorigenic 6-thioguanine resistant cell
line derived from mouse that can metastasize to the lung,
liver, lymph nodes, and brain, while the primary tumor
is growing in situ. HEK293 are used as the control group
(noncancerous cell line) in our experiments. Both cell lines
were acquired from ATCC.

4T1 (ATCC CRL2539�) and HEK293T (ATCC CRL-
3216) cell lineswere cultured inDMEMHighGlucoseCulture
Medium (BioSera) containing 10% FBS, 2mmol/L glutamine,
100U/mL penicillin, and 0.1mg/mL streptomycin at 37∘C.
Themedium was changed every 48 h and cells were passaged
once weekly using standard trypsin-EDTA concentrations.
Beginning at passage 32 and 37, respectively, cells were



4 Contrast Media & Molecular Imaging

cultured continuously. Cells were frozen in freezing medium
containing 10% FBS and 5% DMSO.

2.6. MTT Assay. The MTT tetrazolium salt is reduced by
metabolically active cells, via the action of dehydrogenase
enzymes.This leads to the generation of reducing equivalents
such as nicotinamide adenine dinucleotide (NADH) and
nicotinamide adenine dinucleotide phosphate (NADPH).
The resulting intracellular purple formazan, from the initial
yellow color of MTT, can be solubilized and quantified by
spectrophotometry. The MTT cell viability assay measures
alterations in cell viability thus; when metabolic events lead
to apoptosis or necrosis, cell viability is decreased. As a
general protocol, 5000 cells/well were seeded in 96-well plates
(Corning-Costar, Corning, NY) and cultured overnight.
Three different types of controls, namely, positive, negative,
and background, were used throughout the study. Positive
control had cells with culture medium but were not exposed
to MNPs. Negative control had MNPs without cells. Back-
ground control had culture medium without cells. The two
different cell lines were treated with various concentrations of
MNPs for 24 h. Subsequently, the cells were rinsed once and
incubated at 37∘Cwith 100 𝜇l serum-freemedium, containing
0.5mg/mL MTT. After 1.5 to 2.5 h, 100 𝜇l of SDS-HCl was
added to each well, mixed with the pipette and incubated
for at least 1 h at 37∘C. The optical densities were read at
570 nm (reference filter was set at 690 nm), using amicroplate
spectrophotometer (SPECTROstarNano, BMG LABTECH).
Absorbances were normalized with respect to the untreated
control cultures to calculate changes in cell viability.

2.7. Labeling of Fe3O4-DPD MNPs with 68Ga. For the radi-
olabeling experiment, 68Ga was eluted from the 68Ge/68Ga
generator [33]. A fraction containing 68GaCl3 (∼45MBq)
in a volume of 100 𝜇L was used. Radiolabeling was per-
formed by mixing 50𝜇L of Fe3O4-DPD NPs suspension (C
= 3.2mg/mL dispersed in water), 350 𝜇L of sodium acetate
buffer (0.2M, pH 4), and 100 𝜇L of 68GaCl3 and incubating
at 90∘C for 40min. The radiolabeling yield was determined
by thin layer chromatography analysis (TLC). The strip was
developed using a 2 : 1 mixture of HCl/Acetone/deionized
water and 2,4-Pentanedione as the mobile phase. With this
system, 68Ga-Fe3O4-DPDMNPs remained at the application
point, while unbound 68Ga3+ ions migrate with the solvent
front.The radiolabeled sample was purified by centrifugation
(12000 rpm, 10min). After washing twice with deionized
water, the supernatant was removed and the radiolabeled
sample was redispersed in deionized water. The % radio-
chemical purity of 68Ga-Fe3O4-DPD MNPs was determined
by TLC, as previously described. A control test was also
carried out, in the absence of Fe3O4-DPDMNPs.

2.8. In Vitro Stability Studies of 68Ga-Fe3O4-DPD MNPs. To
evaluate the in vitro stability of 68Ga-Fe3O4-DPD MNPs, a
sample of 10 𝜇L 68Ga-Fe3O4-DPDMNPs was incubated with
90 𝜇L phosphate buffer saline (PBS) pH 7.4 while shaking at
room temperature. For serum stability studies, 20𝜇L 68Ga-
Fe3O4-DPDMNPswere incubatedwith 180𝜇L human serum

at 37∘C. The in vitro stability was determined at three time
points (30, 60, and 120min) by TLC, as described above.

2.9. Determination of the Size of 68Ga-Fe3O4-DPD MNPs.
Atomic force microscopy (AFM) was used to assess the
morphology and the size of 68Ga-Fe3O4-DPD MNPs. All
measurements concerning the 68Ga-labeled MNPs were per-
formed after the decay of 68Ga to the nonradioactive isotope
68Zn, in order to avoid any contamination due to the radioac-
tive sample. Initially, the samples were spread onto cleaned
standard microscope slides by means of an electronically
rotating platform (rotation frequency 2000 rpm, rotation
duration 10 sec) to prepare single layer films. Then, AFM
images of the films were obtained by means of a scanning
probe microscope [NT-MDT Solver PRO] set in noncontact
tapping mode.

Dynamic light scattering (DLS) was also used to mea-
sure the size distributions of Fe3O4-DPD MNPs and
68Ga(→68Zn)-Fe3O4-DPDMNPs in aqueous solutions using
a DLS apparatus. In a typical DLS measurement, 60𝜇L
of Fe3O4-DPD MNPs or 100𝜇L of 68Ga(→68Zn)-Fe3O4-
DPD MNPs diluted with 300 𝜇L ultrapure water was mea-
sured at 22∘C. For each dispersion, at least ten light scat-
tering measurements were collected and the results were
averaged.

2.10. Magnetic Properties of Fe3O4-DPD and 68Ga-Fe3O4-
DPD MNPs. The magnetic measurements of Fe3O4-DPD
and 68Ga-Fe3O4-DPD samples were performed bymeans of a
SQUID magnetometer (5.5 T MPMS, Quantum Design). As
mentioned above, these measurements were performed after
the decay of 68Ga to the stable isotope 68Zn. Each sample
was measured at body temperature, 𝑇 = 36∘C, and in liquid
form, dispersed in bidistilled water. To this end, we employed
a plastic cylindrical container of appropriate diameter (∼
5mm) that fits the opening of the SQUID sample chamber.
The container was filled with 190𝜇l MNPs (0.608mg, C
= 3.2mg/ml) and sealed carefully. Magnetization measure-
ments versus magnetic field,𝑀(𝐻), were performed both on
the empty container and the sample-filled container under
the exact same conditions. Thus, we were able to isolate
the𝑀(𝐻) data of the Fe3O4-DPD and 68Ga(→68Zn)-Fe3O4-
DPD MNPs samples by subtracting the signal of the empty
container.

2.11. Ex Vivo Biodistribution Studies. Animal experiments
were carried out according to European and national reg-
ulations. These studies have been further approved by the
Ethics Committee of the NCSR “Demokritos” and animal
care and procedures followed are in accordance with insti-
tutional guidelines and licenses issued by the Department of
Agriculture and Veterinary Policies of the Prefecture of Attiki
(Registration numbers: EL 25 BIO 022 and EL 25 BIO 021).
Normal Swiss mice were obtained from the breeding facili-
ties of the Institute of Biosciences and Applications, NCSR
“Demokritos.” The animals were housed in air-conditioned
rooms under a 12 h light/dark cycle and allowed free access to
food and water.
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The sample of 68Ga-Fe3O4-DPD MNPs was loaded onto
a size exclusion PD-10 column, containing Sephadex G-25
resin and eluted with phosphate buffer saline (PBS), in order
to eliminate aggregated 68Ga-Fe3O4-DPDMNPs, which may
cause venous thrombosis during tail injections of the sample
in the animals. Ten 0.5ml fractions were collected, and the
radioactivity of each fraction was measured using a dose
calibrator (Capintec). The fractions containing the highest
radioactivity were pooled and used for the study.

The in vivo behavior of 68Ga-Fe3O4-DPDMNPswas eval-
uated in 9 normal Swiss mice (weight 23–27 gr). Intravenous
administration of 100 𝜇l PBS suspension (11.11 𝜇g/100 𝜇l 68Ga-
Fe3O4-DPD MNPs per mouse) of purified 68Ga-Fe3O4-
DPD MNPs was performed via the tail vein. The animals
were sacrificed at 30, 60, and 120min postinjection (3 mice
per time-point). Then, samples of blood and organs were
excised, weighed, andmeasured for radioactivity in aGamma
scintillation counter. The remaining radioactivity in the
tail, as well as background counts was subtracted, and the
radioactivity decay was autocorrected by the counter. Then,
the accumulation of 68Ga-Fe3O4-DPD MNPs in each organ
was expressed as the percentage injected activity per gram of
tissue (% IA/g± SD) and calculated compared to the activities
of a standard dose of the injected solution.

2.12. In Vivo Imaging Studies. Dynamic coincidence images
of the administered mice were obtained from 10min up to
60min p.i. Successive 2min frames were collected, showing
the gradual biodistribution of the studied substance. Frames
were also summed, to achieve cumulative images of higher
statistics. All functional images were planar, coincidence
images and no tomographic reconstruction was performed.
Upon completion of the coincidence imaging, X-ray images
were also acquired at the exact same mouse positioning to
act as an anatomical guide for the organs’ exact location.
The X-ray imaging parameters were set to 35 kVp, 500𝜇A,
and 0.1 s exposure time. Fusion between coincidence and X-
ray images was performed semiautomatically through an in-
house standard procedure. The two heads were not rotated
and no tomographic imaging was performed.

The images were stored in raw format and postprocessed
with ImageJ open source software (version 1.49v; NIH).Then,
they were linearly interpolated, to provide a smoother final
image. No smoothing algorithm was used. ImageJ was also
used to select the color map and enhance image contrast at
a certain level where the organs/structures of interest can be
distinguished.

3. Results and Discussion

In the present study, Fe3O4 nanoparticles have been coated
with DPD.The primary idea behind the design and synthesis
of these MNPs was to improve stability and biocompatibility,
as well as provide a platform for the development of a
theranostic agent. As was recently shown in a study by Djokić
et al. [29], MNPs coated with DPD efficiently complexed
Yttrium-90, leading to a radiolabeled species for therapeu-
tic applications. Furthermore, DPD offers the capability to

Phosphonate group

Carboxyl group

Figure 1: DPD ligand.

radiolabel the same MNPs with 68Ga, for diagnostic applica-
tions.

3.1. Synthesis and Characterization of the Fe3O4-DPD MNPs.
In this study, MNPs were synthesized according to the
coprecipitation method and stabilized with the tetradentate
ligand DPD (Figure 1). The surface of MNPs was modified
with hydrophilic carboxylate andphosphonate groups shortly
after the particle formation, resulting in increased stability
and dispersibility of the carrier in aqueous solution.

Transmission electron microscopy (TEM) was used in
order to determine particle size and the distribution and
morphology of Fe3O4-DPD MNPs (Figure 2(a), (A) and
(B)). From TEM micrographs, it is observed that the MNPs
were pseudospherical or discrete squares with a diameter of
around 6 nm. Particles were agglomerated due to magnetic
interactions among them.

Crystal structures of the MNPs were checked by X-
ray powder diffraction method. In the obtained diffraction
patterns (Figure 2(b)) all reflections were indexed in the
expected space group, Fd3m, and spinel structure type. The
mean crystallite diameter of 5.6 nm was estimated for the
Fe3O4 using Scherer’s equation and the peak half-height
width of the (311) reflections. The same values were obtained
using XRD data for pure Fe3O4 and Fe3O4-DPD MNPs.
The mean crystallite size calculated from the XRD patterns
is consistent with particle size estimated from the relevant
TEM micrographs. Hence, particles are composed from one
crystallite.

DLS measurements were carried out on the Fe3O4-DPD
MNPs (Figure 3(a)). The sample was diluted with ultrapure
water and measured at 22∘C. A sharp monomodal size distri-
bution of theMNPswas observed.UsingCONTINanalysis of
DLS measurements, it was found that the mean size distribu-
tion of intensity weighted hydrodynamic diameter of Fe3O4-
DPD MNPs was 96 nm. The polydispersity index (PDI)
of Fe3O4-DPD MNPs was calculated from the cumulants
analysis and its value was less than 0.3, indicating that the
nanoparticles have a considerably narrow size distribution
and are essentially monodispersive. As PDI values are very
sensitive to the presence of aggregates, it is obvious that the
Fe3O4-DPD MNPs are stable since PDI is not affected over
time (Table 1). It should be noticed that the results obtained
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Figure 2: ((a), (A) and (B)) TEM images of DPD-coated MNPs; (b) XRD patterns of Fe3O4 and Fe3O4-DPDMNPs.
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Figure 3: (a) Intensity weighted hydrodynamic radii size distribution of Fe3O4-DPD MNPs; (b) dependence of zeta potential of Fe3O4 and
Fe3O4-DPDMNPs on the change of pH.

from DLS and TEM are different since the first obtained
direct from solution andmeasured the hydrodynamic radii of
the particles, while the second obtained from dried solution
where the particles aggregated due to the removal of water.
Zeta potential measurements as a function of pH for the
Fe3O4 and Fe3O4-DPD MNPs are shown in (Figure 3(b)).
Due to the presence of carboxylate and phosphonate groups
on the surface of Fe3O4-DPD MNPs, the surface charge of
the MNPs was observed to be highly negative (−50.4mV at
pH = 7) and shows high electrostatic repulsions between the
charged nanoparticles, which ensures the colloidal stability.
Again, this confirms the efficiency of coating since the
IEP (1.9) has been shifted to lower pH values compared
to naked MNPs (6.2). The correlation of zeta potential to
pH is important to know so that one can predict how the
pH inside the human body will affect the surface charge
of the nanoparticles and therefore protein adsorption onto
nanoparticles. Fe3O4-DPD MNPs showed high stability in

Table 1: Stability analysis of Fe3O4-DPD MNPs, variation in PDI
and zeta potential against time.

Time (months) 1 2 3 4 5 6
PDI 0.255 0.241 0.267 0.287 0.263 0.271
Zeta potential (mV) −49.8 −50.1 −48.6 −49.2 −50.3 −50.4

aqueous medium as their size and zeta potential remained
unaffected over a long period of time (Table 1).

Further conformation of effective coating of the DPD
ligand on the surface of MNPs came from FTIR spectroscopy
and thermogravimetric analysis. The infrared spectra of the
free ligand DPD, Fe3O4 MNPs, and Fe3O4-DPD MNPs are
shown for comparison (Figure 4(a)). DPD could coordinate
the metal through the carboxylate and the phosphonate
groups. In that case significant changes for the bands of
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Figure 4: (a) ATR-FTIR spectra of DPD, Fe3O4, and Fe3O4-DPDMNPs; (b) TGA curves of Fe3O4 and Fe3O4-DPDMNPs.

the carboxylate and the phosphonate groups of the Fe3O4-
DPD complex should be seen in its infrared spectra. The
most important differences between DPD and Fe3O4-DPD
spectra are related to the phosphonate bands in the region
1200–800 cm−1.

Comparing the Fe3O4-DPD MNPs (red curve) with the
freeDPD ligand (green curve) (Figure 4(a)), the large changes
observed within the P–O stretching region (1200–900 cm−1)
show that a strong interaction between the phosphonate
group and the Fe3O4 is present.The spectrumof the freeDPD
exhibits, within the P–O stretching region (1200–900 cm−1),
two sharp peaks at 1204 and 918 cm−1, assigned to P=O
and P–OH, respectively. The broadband at 1040 cm−1 in
the spectrum of Fe3O4-DPD MNPs is characteristic for the
vibrational mode for the PO3

2− group. Appearance of this
broad phosphoryl band, as well as the disappearance of
the P=O and P–O–H bands, indicates a mainly tridentate
binding of DPD to the surface of Fe3O4 MNPs. For the DPD
ligand, the carboxylate ions present two characteristic bands
at 1704 and 1414 cm−1 due to the asymmetric and symmetric
carboxylate stretches, respectively. Comparing the Fe3O4-
DPDMNPs with the free DPD, the characteristic carboxylate
stretches were shifted to lower frequencies at 1635 and
1396 cm−1, respectively, which suggests that DPD molecules
are bound to the particle surface also via –COO− groups.The
ATR-FTIR spectrumof Fe3O4-DPDMNPs exhibited a strong
band at 540 cm−1, characteristic of the Fe-O vibration related
to the magnetite core. Thermogravimetric analysis (TGA)
of naked MNPs detected no significant peaks (Figure 4(b)).
There was a 3%weight loss as the temperature increased from
100∘C to 800∘C, which might be due to a loss of absorbed
water. In contrast, the functionalized MNPs lost weight in
two steps. The first step occurred over the range 25–200∘C
and might also be due to the loss of absorbed water. The
second step consisted of a weight loss of about 12.5% over
the range 200–450∘C and might be due to the burning of

bonded ionic liquids. At higher temperatures of 450–900∘C,
the weight remained constant, implying the presence of only
Fe3O4 left within the temperature range.

Magnetic properties of Fe3O4 and Fe3O4-DPD MNPs
were investigated by magnetization measurements versus
field, 𝑀(𝐻) at 290K as well as by ZFC-FC magnetization
from 2–300K in applied field of 100Oe.Magnetization versus
field, 𝑀(𝐻), curves are shown in Figure 5(a). It can be
observed that the magnetization does not fully saturate up to
50 kOe, reflecting the hard magnetic behavior of the particle
surface. The saturation magnetization, Ms, as determined
by extrapolating 𝑀(1/𝐻) to H = 0, was Ms = 47 and
42 emu/g, for Fe3O4 and Fe3O4-DPD, respectively. Remanent
magnetization,𝑀𝑅, and coercivity,𝐻𝐶, values are nearly zero,
in agreement with the superparamagnetic behavior expected
for these nanoparticles on the time scale of magnetization
measurement time 𝜏M ∼ 100 s. Temperature dependencies of
ZFC and FCmagnetization for Fe3O4 and Fe3O4-DPDMNPs
are shown in Figure 5(b). The ZFC and FC magnetization
curves furcate at the maximum temperature of measure-
ments, 300K. A broad maximum in ZFC branch around
200K is a consequence of a broad particle size distribution,
as was shown by TEM examinations (Figure 2(a), (B)). In the
FC branches magnetization increases a little bit from room
temperature to 100K, and below it shows a tendency to be
saturated. The found FC behavior indicates the interparticle
interactions and probably a spins glass state.

3.2. In Vitro Cytotoxicity Study of Fe3O4-DPD MNPs.
Although the chemical characterization of the synthesized
Fe3O4-DPD MNPs is crucial in order to further characterize
their diagnostic utility as a PET radiotracer, quantitative
assays of the metabolic activity of cancer cell lines could
grant a better knowledge of the mechanisms implied in
the toxicity caused by those MNPs. The assays based on
the measurement of the metabolic activity of the cells are
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Figure 5: (a) Hysteresis loop for Fe3O4 and Fe3O4-DPD MNPs at 300K; (b) temperature dependence on magnetization of the Fe3O4 and
Fe3O4-DPDMNPs taken in zero-field (lower branch) and field-cooling (upper branch) modes.
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Figure 6: MTT cell viability assay after 24 h treatment of (a) 4T1 cells and (b) HEK293T cells with Fe3O4-DPDMNPs. Positive control shows
cells without exposure to MNPs. Cell viability is expressed as % cell viability ± SD between two experiments.The symbols ∗∗ and ∗∗∗ show
statistical significance using one-way ANOVA (𝑝 < 0.01 and 𝑝 < 0.005, resp.), compared to positive control.

the most common methods in order to designate the cell
viability under nanoparticle treatment. The MTT viability
assay intends to track the activity of reductase enzymes in
order to measure the cell viability of 4T1 and HEK293 cell
lines and thus the cytotoxicity caused by treatment with
various concentrations of Fe3O4-DPDMNPs (3, 5, 10, 20, 25,
and 30 𝜇g/ml) for 24 h, an appropriate incubation time for
Fe3O4-DPDMNPs internalization from the cells [34].

According to our results, the viability of cancer 4T1 cells
shows a 50% reduction (𝑝 < 0.005) when treated with
20𝜇g/ml, while the viability of the cells falls to 20% under
treatment with 30 𝜇g/ml (𝑝 < 0.005) of Fe3O4-DPD MNPs
(Figure 6(a)). Thus, the cytotoxicity results demonstrate a
dose-dependent cytotoxicity effect of Fe3O4-DPD MNPs in
4T1 cancer cell line. Recently, several in vitro experiments
in eukaryotic cells show that internalized MNPs, depending
on their size and modification, can induce mitochondrial
dysfunction, increase the level of ROS, and subsequently
cause DNA damage, chromosomal aberrations, apoptosis,
impairment of the cell membrane, and cell cycle rest. The

later effects are probably caused by the ions released (ROS
generation) by magnetic MNPs that lead to the ignition of
oxidative stress responses into the cell and at the end to
cytotoxicity. Moreover, although iron MNPs degraded in the
cell, they can change the cellular iron pool, leading to aberrant
expression of transferrin receptor, cyclins, and induction
of apoptotic responses [35–37]. Regarding cytotoxicity, the
choice of the cell line tested under MNPs treatment is
of great importance, since it is demonstrated that MNPs
toxicity is highly cell-type dependent [38, 39]. Therefore, the
cytotoxicity of Fe3O4-DPD MNPs against a noncancerous
cell line (HEK293) was also tested and it was shown that
toxicity against this cell line is greatly reduced, compared to
the 4T1 cell line (Figure 6(b)). Even at a concentration of
30 𝜇g/ml the viability is >60% (𝑝 < 0.005). These results
indicate selective cytotoxic effects of Fe3O4-DPD MNPs in
cancer cells with regard to normal cells. Further experiments
are needed in order to elucidate the mechanism by which
Fe3O4-DPD MNPs cause higher cytotoxicity in cancer cells,
thus highlighting their potential use as therapeutic agents.
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3.3. Radiolabeling of Fe3O4-DPD MNPs with 68Ga. Fe3O4-
DPD MNPs were radiolabeled with 68Ga radionuclide with-
out the presence of a chelator. In our study DPD, a tetraden-
tate ligand with two phosphonates and two carboxylates
serves as an effective ligand that coordinates with 68Ga3+.
The radiolabeling yield of the sample was found to be ∼
70%, as determined by radio-TLC analysis. Moreover, the
radiolabeled sample was purified via centrifugation and
afforded a radiochemical purity of >91%. The radiolabeling
results are in agreement with the literature [21, 40–44].

3.4. In Vitro Stability Studies of 68Ga-Fe3O4-DPD MNPs.
A significant factor to be considered when developing a
new radiolabeled nanoparticle is that the radionuclide must
be bound to the nanoparticle to form a stable conjugate
under physiological conditions to avoid their separation and
nonspecific deposition of free ions in tissues. Otherwise,
biodistribution and imaging data will not indicate the fate of
nanoparticles, as the radionuclide distribution will not reflect
that of the nanoparticles.

With the aim of assessing the in vitro stability of 68Ga-
Fe3O4-DPD MNPs in biological media, the radiolabeled
sample was incubated with PBS and human serum. The
results exhibited satisfactory in vitro stability in PBS (∼80%
stable 68Ga-Fe3O4-DPD MNPs) and high in vitro stability
in human serum (>92% stable 68Ga-Fe3O4-DPD MNPs), as
evaluated by TLC analysis, at three time points (30, 60, and
120min) after incubation. Our results are in accordance with
work reported by other groups [18, 21, 26, 28, 40, 41].

3.5. Determination of theMorphology and Size of 68Ga-Fe3O4-
DPD MNPs. The size of radiolabeled magnetic nanopar-
ticles highly affects their pharmacokinetics and in vivo
behavior. Nanoparticles larger than 200 nm are sequestered
by macrophages of liver and spleen, while nanoparticles
smaller than 10 nm are rapidly removed through renal clear-
ance. Also, nanoparticles bigger than 4 𝜇m in diameter are
mainly captured in the lungs and may lead to the risk
of embolism. Thus, nanoparticles with a mean size in the
range of 10–200 nm escape opsonization exhibit longer blood
circulation times and are most effective for biological appli-
cations. In our study, AFMmeasurements were performed to
assess the size of the 68Ga-Fe3O4-DPD MNPs as described
elsewhere [45]. These measurements were performed after
the decay of 68Ga to the stable isotope 68Zn, as mentioned
in Materials and Methods.

The acquired AFM images showed that the size of
68Ga(→68Zn)-Fe3O4-DPD MNPs ranged from 30 to 180 nm
(𝑁 = 87 nanoparticles measured from several AFM images).
As shown in Figure 7(a) the nanoparticles are homogenous
and spherical, while the majority of the nanoparticles are
less than 50 nm (Figure 7(b)). Some aggregates of varying
sizes may be created in the radiolabeled sample during the
radiolabeling process. It has also been reported that PEG-
coated superparamagnetic iron oxide nanoparticles subjected
to high salt concentration (0.2M ammonium acetate buffer)
during radiolabeling procedure with 68Ga exhibit larger size
compared to their size before the radiolabeling [27].

DLS measurements were also carried out on the radi-
olabeled sample following the procedure described above.
Also in this case, a sharp monomodal size distribution
of 68Ga(→68Zn)-Fe3O4-DPD MNPs with average intensity
weighted hydrodynamic diameters of about 400–500 nm
was observed (Figure 8). The value of mean diameter is
higher than that of the nonradiolabeled sample due to the
radiolabeling process as mentioned before.

3.6. Magnetic Properties of Fe3O4-DPD and 68Ga(→68Zn)-
Fe3O4-DPD MNPs. Figure 9 shows representative magne-
tization measurements of Fe3O4-DPD and 68Ga(→68Zn)-
Fe3O4-DPD MNPs as they were measured by means of a
SQUID magnetometer at conditions of body temperature (T
= 36∘C) and in liquid form (dispersed in bidistilled water)
since we wanted to simulate, at least at the laboratory level,
the conditions that these conjugates will ultimately be used
in subsequent studies on animal models. As shown in this
figure, the saturation magnetization of Fe3O4-DPD MNPs
is Ms = 44 emu/g, while that of 68Ga(→68Zn)-Fe3O4-DPD
MNPs is Ms = 8 emu/g. The observed reduction of Ms is
attributed to two unavoidable factors: first, the reduction of
the effective concentration of the Fe3O4 content during the
radiolabeling process of the Fe3O4-DPDMNPs sample (mass
loss of Fe3O4 during centrifugation/washing cycles needed
to remove free 68Ga that possibly exists in the supernatant
and inability to completely remove all supernatant before the
final dilution to the specified final liquid volume); second, to
the change in the chemical composition of Fe3O4 to Fe2O3
due to oxidization (the radiolabeling process is performed in
atmosphere, at relatively high temperature conditions, T =
90∘C). Finally, we should note that neither the Fe3O4-DPD
nor the 68Ga(→68Zn)-Fe3O4-DPD MNPs were aggregated
even under the application of a magnetic field as high as
20 kOe.

3.7. Ex Vivo Biodistribution Studies. The ex vivo biodistri-
bution of 68Ga-Fe3O4-DPD MNPs was performed to assess
their in vivo behavior as potential PET/MRI imaging agents.
The 68Ga-Fe3O4-DPD MNPs were administered via tail vein
injection in normal Swiss mice. In general, the accumulation
of 68Ga-Fe3O4-DPD MNPs in the organs at all time points
examined is presented in Figure 10, as percentage of injected
activity per gram tissue (% IA/gr ± SD). 68Ga-Fe3O4-DPD
MNPs were distributed throughout the organs, while in liver
and spleen the uptake was the highest. Specifically, the blood
retention of the nanoparticles was 2.19 ± 0.42% IA/g up to
60min postinjection (p.i.) and showed a decrease to 1.49 ±
0.92% IA/g at 120min p.i. The accumulation of 68Ga-Fe3O4-
DPDMNPs in the heart was increasedwith time (1.41±0.42%
IA/g at 30min, 1.87±0.20% IA/g at 60min, and 1.99±0.35%
IA/g at 120min p.i.). On the contrary, in the lungs the uptake
showed opposite behavior (2.10±0.49% IA/g at 30min, 1.57±
0.43% IA/g at 60min, and 1.32 ± 0.69% IA/g at 120min p.i.).
The small percentage of the uptake in lungs can be attributed
to possible embolization caused by postinjection aggregation.

The organs of the reticuloendothelial system (RES)
exhibit the highest accumulation of 68Ga-Fe3O4-DPDMNPs,
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Figure 7: (a) Typical AFM image showing themorphology of 68Ga(→68Zn)-Fe3O4-DPDMNPs; (b) size distribution of 68Ga(→68Zn)-Fe3O4-
DPDMNPs measured from several AFM images.
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Figure 8: Intensity weighted hydrodynamic radii size distribution
of 68Ga(→68Zn)-Fe3O4-DPDMNPs.

compared to the other organs. In the liver, there were 32.42 ±
16.12, 42.52 ± 1.95, and 44.66 ± 22.86% IA/g at 30, 60, and
120min p.i., while in the spleen the uptake reached the 16.48±
3.58% IA/g at 60min p.i. and remained relatively constant
(16.21 ± 1.74% IA/g) up to 120min p.i. These organs are
rich in macrophages (i.e., liver’s Kupffer cells), which are able
to recognize and engulf 68Ga-Fe3O4-DPD MNPs through
phagocytosis.The kidney uptake was relatively low at all time
points. All other organs studied showed low or negligible
uptake.

It is well known that following intravenous injection
of radiolabeled magnetic nanoparticles in the bloodstream,
plasma proteins, namely, opsonins, are adsorbed onto the
surface of the nanoparticles [46]. These plasma proteins are
recognized by the macrophages mostly found in the liver and
spleen, resulting in rapid clearance of the nanoparticles from
the bloodstream.The opsonization process and therefore the

T = 36∘C
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Figure 9: Magnetization versus magnetic field at T = 36∘C for
Fe3O4-DPD and 68Ga(→68Zn)-Fe3O4-DPD MNPs. Both samples
were in liquid form, dispersed in bidistilled water.

in vivo behavior of the radiolabeled magnetic nanoparticles
are highly affected by their physicochemical properties, such
as their coating, size and surface charge.

Despite the coating with DPD, a biocompatible and
hydrophilic coating, the 68Ga-Fe3O4-DPD MNPs displayed
long-term retention in the liver, as discussed above. This
behavior was similar to 90Y-labeled Fe3O4 MNPs coated
with PEG600 diacid, with a size of 46 ± 0.6 nm [18]. This
behavior may be attributed to the size of the 68Ga-Fe3O4-
DPDMNPs as measured with AFM [46, 47]. As discussed by
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Figure 10: Ex vivo biodistribution study of 68Ga-Fe3O4-DPDMNPs
in normal Swiss mice performed at 30, 60, and 120min postinjec-
tion.

Chouly et al. [48], a similar behavior was observed for 59Fe-
labeled dextran-coated Fe3O4MNPs with different diameters
(30 nm–100 nm). When injected in Swiss mice, they showed
decreased blood retentionwith increasing size, while the liver
accumulation was increased following the increasing size of
the nanoparticles.

Another fact to be considered is the surface charge
of Fe3O4-DPD MNPs. It has been shown that a neutral
charge interacts minimally with the plasma proteins and thus
contributes to the extended circulation time of the MNPs,
whereas a high surface charge enhances the phagocytosis pro-
cess [46]. Positively charged nanoparticles show nonspecific
internalization rate, plasma protein binding, aggregation, and
short blood circulation half-life [47]. In a study carried out
using dextran-coated Fe3O4 MNPs with different surface
charges (neutral, negative −30mV, positive +20mV) [48], the
accumulation of nanoparticles in the liver was 3 times lower
for the neutral nanoparticles than the charged ones, while
the negatively charged nanoparticles exhibited increased liver
uptake. In our study, the highly negative surface charge
of Fe3O4-DPD MNPs (−50.4mV at pH = 7) led to high
electrostatic repulsions between the charged nanoparticles,
thus ensuring the colloidal stability of the nanoparticles,
while their high liver uptake can be attributed to their
negative surface charge.

3.8. In Vivo Imaging Studies. Dynamic and cumulative
imaging studies of anesthetized healthy Swiss mice were
performed on a dedicated small animal PET/X-ray system,
up to 1 hour p.i. (Figure 11). Imaging and biodistribution
studies were found to be in good agreement. Kidney uptake
is not discernable in the PET images, due to the significant
concentration in the liver and the partial overlapping of
kidneys with liver and intestines.

Figure 11: Cumulative PET/X-ray images of a normal Swiss mouse
injected with 68Ga-Fe3O4-DPDMNPs at 20, 30, and 60min p.i. The
gradual alteration in color indicates a lower to higher number of
recorded counts.

4. Conclusions

Iron oxide nanoparticles were successfully synthesized and
surface functionalized with the biocompatible and water
soluble stabilizer DPD, providing the bare Fe3O4 MNPs
with the appropriate dispersing stability, minimizing their
potential cytotoxicity and exhibiting chelating properties.
Fe3O4-DPD MNPs showed reduced toxicity in the normal
cells, compared to cancer cells and efficient labeling with the
positron emitter Ga-68 to form stable constructs. Although
ex vivo biodistribution and in vivo PET imaging studies of
68Ga-Fe3O4-DPD MNPs showed high accumulation in the
RES organs, they indicated satisfactory blood retention at
30, 60, and 120min p.i. As a result, 68Ga-Fe3O4-DPD MNPs
exhibit great potential as a PET/MR imaging agent. We are
currently working on the assessment of 68Ga-Fe3O4-DPD
MNPs in tumor bearing animal models to evaluate their
application in cancer imaging.
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Protti, and P. J. Blower, “ 99𝑚Tc-bisphosphonate-iron oxide
nanoparticle conjugates for dual-modality biomedical imag-
ing,” Bioconjugate Chemistry, vol. 22, no. 3, pp. 455–465, 2011.

[41] M. Evertsson, P. Kjellman, M. Cinthio et al., “Combined
Magnetomotive ultrasound, PET/CT, andMR imaging of 68Ga-
labelled superparamagnetic iron oxide nanoparticles in rat
sentinel lymph nodes in vivo,” Scientific Reports, vol. 7, article
4824, 2017.

[42] H. Wang, R. Kumar, D. Nagesha, R. I. Duclos, S. Sridhar, and
S. J. Gatley, “Integrity of 111In-radiolabeled superparamagnetic
iron oxide nanoparticles in the mouse,” Nuclear Medicine and
Biology, vol. 42, no. 1, pp. 65–70, 2015.

[43] A. Lahooti, S. Sarkar, H. Saligheh Rad et al., “PEGylated
superparamagnetic iron oxide nanoparticles labeled with 68Ga
as a PET/MRI contrast agent: a biodistribution study,” Journal of
Radioanalytical and Nuclear Chemistry, vol. 311, no. 1, pp. 769–
774, 2017.
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Ferrite nanoparticles (F-NPs) can transform both cancer diagnostics and therapeutics. Superparamagnetic F-NPs exhibit high
magnetic moment and susceptibility such that in presence of a static magnetic field transverse relaxation rate of water protons
for MRI contrast is augmented to locate F-NPs (i.e., diagnostics) and exposed to an alternating magnetic field local temperature
is increased to induce tissue necrosis (i.e., thermotherapy). F-NPs are modified by chemical synthesis of mixed spinel ferrites
as well as their size, shape, and coating. Purposely designed drug-containing nanoparticles (D-NPs) can slowly deliver drugs
(i.e., chemotherapy). Convection-enhanced delivery (CED) of D-NPs with MRI guidance improves glioblastoma multiforme
(GBM) treatment. MRI monitors the location of chemotherapy when D-NPs and F-NPs are coadministered with CED. However
superparamagnetic field gradients produced by F-NPs complicate MRI readouts (spatial distortions) and MRS (extensive line
broadening). Since extracellular pH (pHe) is a cancer hallmark, pHe imaging is needed to screen cancer treatments. Biosensor
imaging of redundant deviation in shifts (BIRDS) extrapolates pHe from paramagnetically shifted signals and the pHe accuracy
remains unaffected by F-NPs. Hence effect of both chemotherapy and thermotherapy can be monitored (by BIRDS), whereas
location of F-NPs is revealed (by MRI). Smarter tethering of nanoparticles and agents will impact GBM theranostics.

1. Introduction

The prognosis for patients with brain tumors remains poor
despite surgical advances [1]. Thousands of intracranial
malignancies are reported in United States each year, and,
moreover, the incidence rates worldwide are rising faster
[2]. The survival rate for patients with glioblastoma mul-
tiforme (GBM)—the most common malignant glioma in
adults—is a little more than a year [3]. Although surgeries
and survival rate improve, most GBMs remain difficult to
treat [1].Therefore novel approaches are needed for improved
management of patients with malignant brain tumors, in
terms of early diagnosis, tracking therapeutic response, and,
of course, improved therapies.

1.1. Bypassing the Blood-Brain Barrier to Treat Brain Tumors.
Most GBM patients undergoing chemotherapy usually

receive drugs systemically. However drugs injected into the
body in this manner do not reach the tumor cells in pharma-
cologically relevant levels [4], which in part could be the rea-
son for tumor recurrence while receiving chemotherapy [5].
An impediment to management of patients with malignant
brain tumors is that the blood-brain barrier (BBB) obstructs
efficient drug delivery for a vast majority of small- and large-
molecule drugs [6]. Compared to vasculature in normal tis-
sue, GBM tumors consist of abnormal vasculature comprised
of proliferative, leaky, and unorganized blood vessels with
necrotic cores [7]. Various approaches are being utilized to
bypass the BBB, for example, implantation of biodegradable
wafers [8]. However the most promising methods are based
on bioengineered nanomaterials [9], in part, because their
sizes are biologically relevant to cells, viruses, proteins, and
genes.
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Figure 1: Nanomaterials and MRI contrast agents for cancer theranostics. (a) Size scaling of nanomaterials (e.g., liposomes, nanoparticles)
and MRI contrast agents in relation to their extravasation when injected systemically. It is generally believed that in cancer the vasculature
is more leaky [7]. Drug and/or SPIO can be encapsulated into nanomaterials. (b) Spinel ferrite structure showing tetrahedral and octahedral
sites. There are 64 tetrahedral and 32 octahedral positions that are available for cations in one ferrite unit cell. However 12.5% and 75% of the
tetrahedral and octahedral sites, respectively, are occupied by cations. See [14] for details.

A method for drug delivery across the BBB—approved
in 1996 by the Federal Drug Agency (FDA)—is to insert
drug-eluting materials into the brain, for example, either by
direct implantation or by specific molecular targeting [4].
If sufficiently biocompatible nanomaterials are used to load
the drugs, then the drug can be slowly released for treating
diseases, for example, from neurodegeneration [11] to neu-
rooncology [12].This method is believed to provide the high-
est drug concentrations within a specific region of interest
(ROI) that aremost in need of the treatment, and thus, reduce
many systemic side effects. The first nanomedicines were
based on liposomes, and today there are several liposomal
formulations for clinical therapy [13]. Liposomes are vesicles
composed of lipid bilayers with an aqueous inner core, which
is ideal for hydrophilic drugs. Nanoparticles are ideal for
encapsulating hydrophobic drugs and their structure can be
varied according to the design, synthesis, composition, and
functionalization. Because many small- and large-molecule
chemotherapy drugs are hydrophobic [6], drug-containing
nanoparticles (D-NPs) will have significance in treatment
of GBM patients [4]. By controlling the size of D-NPs,
they maintain long retention times and they are not rapidly
eliminated via the reticuloendothelial system (Figure 1(a)).
When this feature is combinedwith the slow delivery of drugs
in an ROI, the therapeutic effect can be quite significant [12].

It is believed that most treatments for malignant brain
tumor fail because the cancer cells are infiltrative and invade
beyond the site of origin [1], BBB blocks intravenous drugs
from adequate distribution to regions of cell infiltration [6],
and systemic toxicity significantly reduces effectiveness of
current therapies [5].These reasons have been themotivation
for extensive developments of improved drug delivery meth-
ods. A promising strategy is bypassing the BBB and infusing

drugs directly into the tumorwith intracranial catheters using
a method called convection-enhanced delivery (CED) [23].
Although clinical studies show that CED is safe [24], most
CED trials for GBM fail for two reasons: while small- or
large-molecule drugs penetrate tissue, they disappear almost
as soon as CED infusion stops [25]; infused drugs cannot
be precisely delivered to tumor sites without intraprocedural
visualization during the CED method itself (i.e., inability to
track the location of chemotherapy) [4]. New technologies
for D-NPs can meet these challenges. While D-NPs can
be engineered for targeted delivery and controlled over
long-term for slow drug release [12], loading drugs into
nanocarriers like liposomes and nanoparticles (Figure 1(a))
can protect drugs from rapid clearance [26]. Thus use of D-
NPs with CED shows some promise for GBM therapies [4].

1.2. Magnetic Nanoparticles in Treatment of Cancer. Magnetic
nanoparticles (M-NPs) can be manipulated by external
magnetic fields to provide a range of biomedical applications,
that is, from providing novel cancer therapies to generating
contrast for magnetic resonance imaging (MRI) [27]. M-
NPs consist of the magnetic (e.g., inner core consisting of
specific metal oxides) and chemical (i.e., outer core designed
for functionality) components. M-NPs less than 30 nm
in diameter become superparamagnetic to exhibit high
magnetic moment and susceptibility—behavior that appears
in both ferromagnetic or ferrimagnetic materials—but
superparamagnetic properties are also controlled by how they
are composed. Ferromagnetism occurs in several metallic
elements because the magnetic moments align parallel to
produce strong permanent magnets. Ferrimagnetism is
similar to ferromagnetism (e.g., spontaneous magnetization,
Curie temperatures, and magnetic hysteresis), but this
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biocompatible family is based on superparamagnetic iron
oxide nanoparticles (SPIO-NPs) and occurs in magnetite
(Fe3O4) or its oxidized form, maghemite (𝛾-Fe2O3). Net
magnetic moment arises when these nanomaterials are
exposed to external magnetic fields, static or alternating.

SPIO-NPs combined with one or more additional metal-
lic elements (e.g., Fe, Ni, Co, and Zn) are called ferrites
and like M-NPs they have applications across a range of
disciplines, from biomedical to industrial [14]. F-NPs are
metal oxides with spinel structure with an AB2O4 formula,
where A and B are cations located tetrahedrally (A atom;
smaller and two per unit) and octahedrally (B atom; larger
and four per unit) coordinated to oxygen atoms, respectively
(Figure 1(b)). Recent studies show that F-NPs have novel
applications in different areas of biomedical engineering [28,
29], for example, drug delivery [30], MRI contrast generation
[31], and hyperthermia treatments [32]. One of the ways
targeted cancer cells are killed is by heat induced by F-NPs
on its immediate environment, which is achieved by exposing
them to an alternating magnetic field (AMF) [14].

1.3. Magnetic Resonance Methods in Treatment of Cancer.
Tissue contrast with MRI relies on relaxation of water
protons (i.e., transverse (𝑇2

∗ or 𝑇2) and longitudinal (𝑇1)
time constants). Thus contrast depends on varying degrees
of intrinsic values of transverse (𝑅2

∗ = 1/𝑇2
∗ by gradient-

echo or 𝑅2 = 1/𝑇2 by spin-echo methods) and longitudinal
(𝑅1 = 1/𝑇1 by inversion recovery or saturation recovery
methods) relaxation rates of tissue water protons across
tissues. However to generate additional distinction between
tissues (e.g., tumor versus normal tissue)MRI contrast agents
are used to enhance the relaxation rates, where the ROI
darkens and brightens with 𝑅2

∗ (or 𝑅2) and 𝑅1 agents,
respectively. Gd3+ is a widely used 𝑅1 agent, and it is the most
efficient of all paramagnetic lanthanide ions at relaxing water
protons because of its seven unpaired electrons. The FDA-
approved Gd3+-based agents, to reduce systemic toxicity,
are complexed with macrocyclics, e.g., DOTA4− (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) (Figure 1(a))
or variants like DOTMA4− (1,4,7,10-tetramethyl 1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetate), DOTP8− (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetrakis methylene phospho-
nate), and DTPA5− (diethylenetriaminepentaacetic acid).
Feridex is an FDA-approved version of SPIO-NPs, which is
a strong 𝑅2

∗ (or 𝑅2) agent (Figure 1(a)). While the above-
mentioned MRI methods are widely used to measure the
tumor location and size, other MRI and MRS methods are
used to measure the metabolic dysfunction of cancer cells
(Figure 2).

A new MRI contrast called chemical exchange satura-
tion transfer (CEST) is generated when a radio frequency
(RF) pulse saturates a pool of exchangeable protons (e.g.,
amide/amine (-NH𝑥) or hydroxyl (-OH) protons) to decrease
the steady-state proton signal arising from bulk water [33].
The amide proton transfer (APT) version of CEST, gener-
ated from proton exchange between protons of water and
protons of endogenous mobile proteins and peptides, is
enabled by saturation at 3.5 ppm downfield water. Given
that such exchangeable protons (assumed to be arising from

endogenous mobile proteins and peptides in the cytoplasm)
are abundant in tumor tissues compared to healthy tis-
sues, generally 3-4% APT contrast increase is observed in
intratumoral region compared to peritumoral region. The
APT contrast increase suggests a rise in intracellular pH
(pHi). While further validation is needed for APT contrast,
this has been shown to be responsive to temozolomide
treatment in GBM [34].The amine and amide concentration-
independent detection (AACID) is another CEST contrast
that combines influences from both amine and amide protons
in a ratiometric manner such that the need to know the
concentration of the exchangeable pool is removed [35]. The
AACID contrast, enabled by independent saturations at both
2.75 ppm (amine) and 3.5 ppm (amide) downfield of water,
has been validated to pHi measured by 31P MRS, which can
measure pHi from endogenous inorganic phosphate (Pi) shift
and extracellular pH (pHe) from exogenous 3-aminopropyl
phosphonate (3-APP) shift, where 3-APP is nontoxic and
does not cross the cell membrane [36]. The pHe can also be
measured by CEST methods, where the exchangeable proton
group resides on the injected agent, which may or may not
consist of a paramagnetic cation (i.e., diamagnetic CEST or
paramagnetic CEST) [37, 38].

Recently a chemical shift imaging (CSI) based molecular
imaging method called biosensor imaging of redundant
deviation in shifts (BIRDS) was developed [39, 40], which
uses the nonexchangeable protons on agents like TmDOTP5−
(i.e., not the effect of the agent on water proton relaxation)
as the physiological readout. BIRDS agents demonstrate
high signal-to-noise ratio (SNR) and specificity from the
paramagnetically shifted proton signals, and this has been
used formetabolic imaging (e.g., pHe) in awide range of brain
tumors [20, 21, 41].

1.4. Metabolic Markers of Cancer. Metabolic studies describe
the amount of energy needed for cellular building blocks
versus cellular functional activity [42].While thesemetabolic
distinctions are fundamental for quantitative functional brain
imaging [42], they are also very pertinent to cancer imaging
because it is a disease that reflects out of control cell growth
[15]. It is well known that rapidly growing cancer cells have
high glycolytic rate (CMRglc) in relation to rate of oxidative
demand (CMRO2) [43]. All gliomas, specifically malignant
brain tumors that progress to GBM, demonstrate uncoupling
between CMRglc and CMRO2 even in presence of sufficient
oxygen and thus generate excess lactate and H+ in the intra-
cellular space [15].This process is known as aerobic glycolysis
or the Warburg effect [43]. If these acidic constituents are
not extruded out appropriately, their presence can radically
perturb intracellular function (Figure 2(a)). Thus measuring
the acidification of the extracellular milieu is very impor-
tant for cancer research [15, 44], as extracellular acidosis
affects many pathways linked to tumor growth (Figure 2(b)).
However tumor cells have alkaline (or near neutral) pHi
compared to pHe [16]. Figure 3 shows the pHi-pHe gradients
measured in a variety of tumors versus normal tissue [16, 45,
46], indicating that pHe is more acidic in tumors whereas
pHi in tumors is near neutral to alkaline. Thus measuring
both pHe and pHi could be very important for brain cancer
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Figure 2: Relationship between tumor metabolism and tumor biology. (a) The tumor microenvironment, compared to the normal
neuropil, is characterized by aerobic glycolysis and endothelial dysfunction [15]. CBF, cerebral blood flow; GLUT, glucose transporter;
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monocarboxylic acid transporters. To maintain intracellular pH homeostasis acidic constituents are extruded out to acidify the extracellular
space. (b) Tumor biology is intricately linked to cancermetabolism. Tumor growth (i.e., invasion,mutation, and proliferation) has been linked
to acidic pHe arising from aerobic glycolysis [15]. The altered metabolic pathways, to support cell growth, create byproducts that are actively
exported out of tumor cells to help maintain neutral intracellular pH (pHi), but this comes at the cost of acidification of the extracellular
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research [15]. The superparamagnetic field gradients formed
by F-NPs (i.e., >5mg/kg Fe3+) hinder molecular readouts,
specifically at high static magnetic field (𝐵𝑜), due to spatial
distortions from severe relaxation enhancement for MRI
contrast [47] and extensive line broadening reducing MRS
specificity/sensitivity [48]. Thus novel imaging methods are
needed that are compatible with F-NPs so that both their
physical location and therapeutic impact could be assessed,
because these types of information will greatly benefit subse-
quent applications to GBM patients.

1.5. Outline. This review examines the value of F-NPs to
impact both diagnostics and therapeutics for GBM treatment
in preclinical translational research. The narrative begins
with synthesis and characterization of F-NPs, because these
procedures affect their magnetic properties and hence their
ability to function as MRI contrast agents and provide
AMF-induced heat therapy (Section 2). While MRI spots the
location of F-NPs, the location of D-NPs is only monitored
(by MRI) when D-NPs and F-NPs are coadministered with
CED (Section 3). Since F-NPs generate large superpara-
magnetic fields specifically when delivered by CED, they
obscure molecular readouts from both MRI (i.e., spatial dis-
tortions [47]) and MRS (i.e., extensive line broadening [48]).
Given that pHe is a biomarker of cancer progression and
treatment, recent developments with a novel pHe mapping
method called BIRDS shows that readout capability remains
unaffected by presence of F-NPs. In essence these results
suggest that effects of both impact and location of therapy
(i.e., chemotherapy from D-NPs and thermotherapy from F-
NPs) can be monitored simultaneously (Section 4). Finally,
smarter designs for nanoparticles and agents (i.e., better
targeting, reduced toxicity, and higher SNR) in conjunction
with the aforementioned bioengineering and bioimaging
advances can considerably advance GBM theranostics in the
near future (Section 5).

2. Synthesis and Characterization of
Ferrite Nanoparticles

The effectiveness of M-NPs as mediators for hyperthermia
has been studied since 1957 by Gilchrist and coworkers
[49] who first conducted the heat induction experiments
on M-NPs. Since the early hyperthermia studies with M-
NPs, knowledge about heating mechanisms of M-NPs has
advanced [50]. The magnetic heating of M-NPs originates
from magnetic losses associated with the magnetization-
demagnetization cycling, a process known as specific loss
power (SLP), which is the ability for nanoparticles to dissipate
energy in terms of heat. The SLP depends on eddy current
loss, hysteresis loss, and residual loss, where the latter two are
more critical for F-NPs.

Eddy current loss is induced by the AMF and thus
depends on electrical resistivity. Magnetic heating is initiated
by hysteresis loss and residual loss during AMF. Hysteresis
loss is due to reversing the magnetization in the alternating
current of themagnetic field, which is proportional to the area
of the hysteresis loop. The residual loss is due to relaxation
effects. When the alternating field is applied to M-NPs, their
magnetic moments rotate following the magnetic field with
an effective relaxation time (𝜏):

1

𝜏
=

1

𝜏𝑁
+

1

𝜏𝐵
, (1a)

where 𝜏𝑁 is the Néel relaxation time:

𝜏𝑁 = 𝜏𝑜𝑒
𝐾𝑉/𝑘𝑇 (1b)

and 𝜏𝐵 is the Brownian relaxation time:

𝜏𝐵 =
3𝜂𝑉𝐻
𝑘𝑇

(1c)

and 𝜏𝑜 is the time constant with the value of 10−9 s, 𝑘
is the Boltzmann constant, 𝑇 is the temperature, 𝜂 is the
viscosity of the carrier fluid, 𝐾 is the anisotropy constant
of the nanoparticle, 𝑉 is the volume of the nanoparticle,
and 𝑉𝐻 is the hydrodynamic volume of the nanoparticle.
These indicate that the anisotropy, hydrodynamic volume,
and physical size of the nanoparticle all greatly influence the
effective relaxation time. Since the magnetic (i.e., magnetic
moment and susceptibility) and physical (i.e., size, shape, and
distributions) properties of the M-NPs dictate their behavior
upon AMF induction (see [14] for details), thus SLP has to be
measured per nanomaterial:

SLP =
𝐶

𝑚

Δ𝑇

Δ𝑡
𝑉𝑠, (2)

where 𝐶 is the sample heat capacity (i.e., the mass weighted
mean value of the nanoparticle and water), 𝑚 is mass of the
magnetic materials, 𝑉𝑠 is the sample volume, and Δ𝑇/Δ𝑡 is
evaluated from the initial temperature rise (Δ𝑇) over time
(Δ𝑡). Since the nanoparticle 𝐶 is small (i.e., tiny samples),
water heat capacity (4.18 Jg−1K−1) is considered instead for
SLP estimation.
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Since F-NPs are superparamagnetic (i.e., high magnetic
moment and susceptibility), they provide strong enhance-
ment of the observed transverse relaxation rate (𝑅2):

𝑅2 = 𝑅02 + 𝑟2𝐶NP, (3a)

where 𝑟2 is the contrast agent’s relaxivity, 𝑅
0
2 is the intrinsic

relaxation rate, and 𝐶NP is the nanoparticle concentration.
Advanced MRI relaxation theories [51, 52] show that 𝑟2
increases in the motional averaging regime (also known
as the other sphere model), 𝑟2 reaches maximum in the
static dephasing regime, and 𝑟2 decreases in the echo-limited
regime. The diffusional motion is very fast in motional
averaging regime and it follows that

𝑅2 =
16

45
𝑓𝜏𝐷 (Δ𝜔)

2 , (3b)

where 𝑓 is the volume fraction occupied by the nanoparticles
in the suspension, Δ𝜔 (=𝛾𝜇𝑜𝑀V/3) is the angular frequency
shift experienced by a proton at the equator of the nanopar-
ticle, 𝛾 is the proton gyromagnetic ratio, 𝑀V is the volume
saturation magnetization, 𝜇𝑜 is the magnetic permeability of
vacuum, and 𝜏𝐷 (=𝑑NP

2/4𝐷;D is the water diffusion constant
and 𝑑NP is the particle diameter) is the translational diffusion
time of protons in magnetic field inhomogeneity created by
nanoparticles. When water protons surround a small space
compared to the outer shell (or hydrodynamic diameter)
around the nanoparticle, the static dephasing regime is
invoked and it follows that

𝑅2 =
2𝜋

3√3
𝑓Δ𝜔. (3c)

For larger nanoparticles or agglomeration of smaller
nanoparticles, 𝑅2 is governed by the echo-limited regime
where neither the motional averaging nor static dephasing
regimes are effective. Overall, the factors that mediate 𝑅2 are

𝑅2 =
𝐴

𝑑NP

1

𝐷
𝛾2𝜇2𝐶NP𝐽 (𝜔, 𝜏𝐷) , (3d)

where 𝐴 is a constant, 𝜇 is the magnetic moment of the
nanoparticle, and 𝐽(𝜔, 𝜏𝐷) is the spectral density function.
Since 𝑅2 decreases directly with 𝜇 and inversely with 𝑑NP,
nanoparticles with higher moment and smaller size would
reduce the amount of particles necessary to obtain efficient
MRI contrast enhancement.

Physical properties of F-NPs can be tailored by con-
trolling their size, morphology, and composition, whereas
surface chemistry could be achieved by varying pH of
solution, ionic strength, capping agent, reaction temperature,
and ambient atmosphere [30–32]. Significant variations in
anisotropy can be introduced by changing the shape of the
nanoparticles [53], but this must happen in conjunction with
the physicochemical characteristics of the nanoparticles that
exert enhanced permeability and retention within the ROI to
avoid nonspecific interactions [54]. F-NPs are not colloidally
stable in aqueous media near neutral pH because the surface
of the metal oxide is not electrostatically charged. Thus to

provide electrostatic or steric repulsion, the nanoparticles
can be stabilized by biocompatible ligands, e.g., polyethylene
glycol (PEG), poly(lactic-co-glycolic acid) (PLGA), dextran,
or chitosan.

Lee and coworkers [50] developed highly anisotropic F-
NPs with compositions of CoFe2O4@MnFe2O4, CoFe2O4@
Fe3O4, MnFe2O4@CoFe2O4, and Fe3O4@CoFe2O4, where
SLP was enhanced by one order of magnitude by coating
compared to the bare components. They also compared the
therapeutic effect of their anisotropic F-NPs and doxorubicin
versus the isotropic Feridex and doxorubicin on cancer cells.
Feridex is an FDA-approved version of SPIO-NPs, whereas
doxorubicin is an anticancer chemotherapeutic drug. The
F-NPs provided only thermotherapy upon AMF induction,
whereas Feridex could provide AMF-induced thermotherapy
and doxorubicin could provide continuous chemotherapy.
The thermotherapy of F-NPs was shown to be more effective
than Feridex (thermotherapy) and doxorubicin (chemother-
apy) together. While this study showed that anisotropic F-
NPs are farmore effective in heat-inducedmortality of cancer
cells compared to isotropic SPIO-NPs, mechanisms relating
anisotropy to SLP are still under debate.

Nándori and Rácz [55] studied hyperthermia with
anisotropic M-NPs focusing on SLP under circularly polar-
ized field.They found that below a critical anisotropy level the
SLP remained unaltered, while above that critical limit SLP
diminished with increasing anisotropy. Fortin and coworkers
[56] studied a variety of different anisotropic maghemite and
cobalt ferrite dispersed in aqueous suspension by electro-
static stabilization. They reported that the most important
factors for heat are particle size, solvent viscosity, mag-
netic anisotropy, and the AMF frequency and amplitude.
Prado and coworkers [57] demonstrated that enhancing
anisotropy of maghemite by surface coordination enhanced
the magnetic properties; that is, anisotropy increased from
26 to 65 kJ/m3, the blocking temperature (i.e., below this
temperature magnetization is lost) increased from 11 to 30K,
and coercivity (i.e., resistance of a material to magnetization
changes) increased from 62 to 839Oe.

Poperechny and coworkers [58] performed experiments
with single domain nanoparticles to show that with a uni-
axial anisotropy low AMF frequency magnetic hyperthermia
can be achieved. Habib and coworkers [59] showed that
while the heating rate of Fe-Co nanoparticles increased with
nanoparticle size, the heating rate increased/decreased with
low/high anisotropy, that is, in the range of 5–25 kJ/m3
and 50–400 kJ/m3, respectively. These suggest that larger
nanoparticle size with lower anisotropy may be more favor-
able for hyperthermia, but at the same time access of
larger nanoparticles can provide delivery challenges. Given
that Tackett and coworkers [60] showed a significant mag-
netocrystalline anisotropy difference between Fe3O4 and
CoFe2O4 nanoparticles (i.e., 14 and 380 kJ/m3), Hoque and
coworkers [10] hypothesized that the Fe-Co mixed spinel
system will allow for effective tuning of the anisotropy.

Hoque and coworkers [10] synthesized Fe-Co
mixed spinel ferrites by chemical coprecipitation (i.e.,
Fe𝑥Co1−𝑥Fe2O4, where 𝑥 = 0.8, 0.6, 0.4, 0.2) using NH4OH
or NaOH, which required molar ratio of [M2+]/[Fe3+] at
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1 : 2 where M2+ is the salt of divalent Fe and Co dissolved
in distilled water. To avoid Fe2+ oxidation, all reactions
were carried out in N2 at normal room temperature.
Highly concentrated coprecipitating agents were quickly
added under basic conditions (pH = 11) and the precipitate
was collected through high centrifugation. The magnetic
properties were analyzed by superconducting quantum
interference device magnetometer at room temperature.
Structural characterizations were performed by X-ray
diffraction (XRD) and transmission electron microscopy
(TEM). The grain size was determined from the width of the
311 peak in the XRD spectrum, whereas the lattice parameter
was measured from the 𝑑 values and the peak positions of
respective XRD spectra. Mössbauer spectroscopy examined
the Fe valence. The blocking temperature was measured
by zero-field cooled measurements of bare nanoparticles
with an applied field lower than the coercive field. The
hydrodynamic diameter was measured by dynamic light
scattering. MRI relaxivity was measured at 𝐵𝑜 of 11.7 T.
AMF-induced heat induction heating was carried out on a
solid-state induction power supply with a field of 400 kHz
and amplitude of 76mT. Toxicity profile of coated Fe-Co
mixed spinel ferrites was examined on 9L tumor cell cultures.

The Fe𝑥Co1−𝑥Fe2O4 characterization data are shown in
Figure 4 and Table 1. Although the shapes of the nanoparti-
cles were slightly nonspherical in the bare and coated states,
the TEMbright field images of the bare nanoparticles showed
some agglomeration, but upon coating the nanoparticleswere
well dispersed (Figure 4(a)).The average size of the nanopar-
ticle from TEM in the bare state (∼7 nm) was different from
the XRD data (3–5 nm) (Table 1). The XRD patterns were
representative of high crystallinity with well-indexed peaks
associated with single-phase ferrites. The grain sizes ranged
from 3 to 5 nm. The lattice parameters were slightly larger
(∼8.5 nm) than the TEM depicted size (∼7 nm), whereas the
hydrodynamic diameter was about an order of magnitude
larger with chitosan or PEG coatings (100–150 nm). The bulk
size parameters remained relatively constant with increasing
Co content and no significant difference was found with the
coprecipitation techniques. However with increasing Co con-
tent the blocking temperature and maximum magnetization
both increased significantly. The maximum magnetization
increased with coating versus bare nanoparticles, and these
patterns were also observed for coercivity andMRI relaxivity.

The Mössbauer spectra (Figure 4(b)) demonstrated slow
relaxation for Fe0.8Co0.2Fe2O4 and Fe0.2Co0.8Fe2O4 synthe-
sized by chemical coprecipitation using NH4OH and NaOH,
respectively, whereas a mixture of slow/fast relaxation was
observed for all other compositions. These spectra were best
fitted with 4–6 components corresponding to Fe3+ situated
on the tetrahedral A sites of the spinel structure, while
the remaining Fe2+ and Fe3+ were on the nonequivalent
octahedral B sites (see Figure 1(b)). AMF-induced heating for
the nanoensembles was quite comparable with either coating
except for PEG-coated Fe0.2Co0.8Fe2O4, which was twice as
less efficient as the others (Figure 4(c)). AMF-induced cell
death of 9L tumor cells showed no significant differences with
either coating using a dose of 4mg/mL (Figure 4(c)). This
study with Fe-Co mixed spinel ferrites suggests that chitosan

and PEG coating of most compositions will have good
potential for cancer therapy. While another study by Hoque
and coworkers [61] on the Fe-Zn mixed spinel system with
regard to chitosan and PEG coatings arrives at a very similar
conclusion, other biocompatible coatings for nanoparticles
like PLGA [19] and dextran [62] could also be considered
for future considerations. However it is crucial to assess the
toxicity of any nanoparticle, either bare or in conjunction
with its coating [63].

3. Monitoring the Location of Chemotherapy
from Drug-Containing Nanoparticles

If D-NPs are deposited into a specific ROI, then, designing
F-NPs in the same fashion as the D-NPs, the location of
chemotherapy delivered by the nanoparticles can also be
observed with MRI. CED is a strategy to facilitate targeted
delivery of drugs into specific brain ROIs [23]. The insertion
of microcatheters directly towards the brain tumor, as guided
by MRI, is considered to be a minimally invasive surgical
procedure. While CED of various types of drugs has been
shown to be clinically safe [24], monitoring the actual
convective process or the volume of injected drug has proven
to be vital in the optimization of the CED procedure [64].

Theoretical considerations [17] suggest that the effective
delivery volume by a CED injection is much larger than an
intraparenchymal injection (Figure 5(a)). Contrasting CED
with diffusion-based methods clarifies the difference. The
drug injected directly into the parenchyma usually requires a
larger cannula (up to 2mm, e.g., for microdialysis), and thus
this process typically displaces the parenchyma at the tip of
the cannula to form a cavity-like bulb fromwhich diffusion of
the drug occurs only within that small tissue volume. Hence
the primary mechanism of drug spread with intraparenchy-
mal injection is diffusion and the distance is usually a few
mm around the cannula tip. The typical CED cannula is
much narrower (150–200𝜇m) and is intricately attached to a
finely controlled pump that provides very slow infusion rates
(0.2–5.0𝜇L/min). This allows pressurized extracellular bulk
flow in addition to diffusion (i.e., convection plus diffusion)
so that the homogenous distribution of materials in the
infusate can spread across significant distances (estimated to
be up to several cm in the human brain) from the infusion
cannula tip. Moreover, typically the infusion cannula extends
beyond the outer guide to minimize reflux or backflow
along the cannula. When these effective volume advantages
of CED (versus intraparenchymal injection methods) are
combined with nanoparticles (which provide slow delivery
over extended durations), the impact for treatment can be
quite significant.

Practical considerations need to accurately image the
convective volume of the infusate [64]. Previously Zhou
and coworkers [12] conjugated N-(4-[18F]fluorobenzyl)
propanamido—a positron emission tomography (PET)
tracer—to the surface of D-NPs and injected them by CED
into rat brain to demonstrate the effective volume of D-NPs
by PET. While PET was useful in this diagnostic purpose
of the tracking the D-NPs, due to the short half-life of PET
isotopes and high cost of PET scans, recent investigations
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Figure 4: Characterization of Fe𝑥Co1−𝑥Fe2O4 nanoparticles. (a) XRD (left) and TEM (from left to right) data of Fe0.2Co0.8Fe2O4 with bare
nanoparticles as well as chitosan andPEG-coated nanoparticles, respectively. (b)Mössbauer spectra at room temperature for the compositions
Fe0.8Co0.2Fe2O4 with NH4OH coprecipitating agent (left), Fe0.2Co0.8Fe2O4 with NH4OH coprecipitating agent (middle), and Fe0.2Co0.8Fe2O4
with NaOH coprecipitating agent (right). Slow relaxation is observed for 𝑥 = 0.8 and 𝑥 = 0.2 synthesized by NH4OH andNaOH, respectively,
as the coprecipitating agent, while other compositions showed mixture of slow/fast relaxation. (c) Heating profiles of Fe-Co mixed spinel
ferrites at a concentration of 2mg/mL of the nanoparticles in water for different compositions coated with chitosan (left) and PEG (middle).
The right panel shows the concentration dependence of the nanoparticles in solution for mortality of 9L cells exposed to AMF-induced
heating for 30 minutes with chitosan (gray) and PEG (blue) coating. From [10] with permission. See Table 1 for other details [10].

have attempted to measure the effective CED volume by both
𝑇1-weighted [18] and 𝑇2-weighted [19] MRI methods so that
continuous monitoring of the infusate volume in relation to
the tumor itself can be obtained.

Mardor and coworkers [18] used 𝑇1-weighted MRI in
normal rat brain (cannula in striatum) to show differences

between poor, moderate, and efficient CED experiments.
They determined the effective volume of CED by mixing
GdDTPA2− and Evans blue in the infusate prior to infusion,
where the latter ex vivo test validated the former in vivo test.
High correlation between the GdDTPA2− (Figure 5(b)) and
Evans blue (Figure 5(c)) data was observed, suggesting that
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Figure 5: Theoretical and experimental considerations of CED for effective drug delivery. (a) 2D representation of effective convection-
enhanced region with intraparenchymal drug injection (small red circle; black dashed line) and CED injected drug (large red oval; black
solid line). From [17] with permission. CED in normal rat brain, where the infusate contained GdDTPA2− and Evans blue together, showing
examples from three separate rats with different effective convection-enhanced region as depicted by (b) 𝑇1-weighted MRI at 𝐵𝑜 of 3.0 T and
(c) Evans blue staining for poor, moderate, and efficient CED conditions. From [18] with permission. CED demonstrated with 𝑇2-weighted
MRI at 𝐵𝑜 of 4.0 T, where the 20 𝜇L infusate contained 0.02mg, 0.1mg, and 0.5mg of SPIO-NPs injected into three normal rats resulting in
doses of 1, 5, and 25mg/kg Fe3+, respectively. These respective Fe3+ doses were represented as either (d) spin-echo images with an echo time
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images in (d) or 𝑇2 images in (e). From [19] with permission.

𝑇1-weighted MRI can accurately represent the CED volume.
In these experiments the CED conditions were purposely
varied so that poor, moderate, and efficient CED volumes
were achieved. For example, poor CED was characterized
by significant backflow along the catheter and into the
ventricles with almost no enhancement in the striatum,
whereas efficient CED was represented by even spread in the
striatumwithminimal backflow into the ventricles. Similarly,
Strohbehn and coworkers [19] used 𝑇2-weighted MRI in
normal rat brain (cannula in striatum) to measure effective
volumes for different amounts of D-NPs injected by CED
(Figures 5(d) and 5(e)). Using SPIO-NPs (1–25mg/kg Fe3+),
they tracked the D-NPs injected with both spin-echo and 𝑇2
images over several weeks. Given that the SNRof𝑇2-weighted
MRI is higher, this method is preferred over the 𝑇1-weighted
MRI method.

4. Monitoring the Therapeutic Response in
Presence of Ferrite Nanoparticles

Recently a 1H MRS method called BIRDS was introduced
[39, 40, 65] to meet the challenge of providing absolute

pHe readout in presence of large superparamagnetic field
gradients created by F-NPs, specifically when delivered
by CED. It is based on detecting the paramagnetic agent
itself (e.g., TmDOTP5−), and it combines high molecular
specificity/sensitivity in the same 3D-CSI platform, where
the pHe readout even at 1𝜇L resolution provides insights
into metabolism of the tumor versus the neighboring
healthy/nontumor tissue.

The essence of the method is as follows. While a 1H
spectrum of the chelating agent (e.g., without the Tm3+ ion)
shows conventional diamagnetic shifts spread over a narrow
range (∼5 ppm), a 1H spectrum of the complexed agent
(e.g., with the Tm3+ ion) shows unusual paramagnetic shifts
spread much farther apart (>100 ppm).These extremely wide
paramagnetically shifted signals also have unusual relaxation
properties (i.e., 𝑇1 and 𝑇2 of the paramagnetic protons are
in the ms range, instead of hundreds to thousands of ms
for typical diamagnetic protons) because the protons are
proximal to the unpaired electrons [66]. Because of the
extremely short relaxation times of these widely shifted
signals, ultrashort excitation RF pulses are used (i.e., 𝜇s
range), and by using the Shinnar-Le Roux algorithm for
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row), CSI of protons on TmDOTP5− (middle row), and pHe map by BIRDS (bottom row) of rats bearing 9L, U87, and RG2 tumors during
probenecid-TmDOTP5− coinfusion. The tumor boundaries in CSI and BIRDS data (blue line) are from the MRI-defined region outlined by
contrast enhancement arising from TmDOTP5−. From [20] with permission. (b) Representative pHe maps from BIRDS in untreated (top)
and temozolomide-treated (bottom) different rats bearing U251 tumors. The tumor boundary in BIRDS data (blue line) are from the MRI-
defined region outlined by contrast enhancement arising from TmDOTP5−. From [21] with permission. (c) Representative pHe maps from
BIRDS before (top) and after (bottom) injection of SPIO-NPs in the same rat bearing an RG2 tumor. A SPIO-NPs dose of 7.3mg/kg Fe3+ was
injected systemically. The tumor boundaries in BIRDS data (blue line) are from the MRI-defined region outlined by contrast enhancement
arising from SPIO-NPs dose of 1.7mg/kg Fe3+ in the tumor. From [22] with permission.

the RF pulses, the signals on both sides of water can be
simultaneously excited without exceeding FDA safety limits
for in vivo MRI/MRS experiments.

These relaxation/shift properties of the probe (e.g.,
TmDOTP5−) enable high-resolution and high speedCSI, and,
furthermore, the signals are impervious to poor 𝐵𝑜 shim
conditions. Because the 𝑇2/𝑇1 ratio remains high (i.e., ∼1 for
paramagnetic protons versus ∼0.1 for diamagnetic protons),
themolecular readout is largely unaffected across different𝐵𝑜.
While all of these features of paramagnetic agents combined
into one imaging platform for BIRDS are distinctive [20–
22, 39–41, 67, 68], there are other studies using these types
of agents for bioimaging [69–97]. Since the chemical shift
depends on vector 𝐿 between the proton and the unpaired
electrons, factors like temperature and protonation can alter
the geometry and thus change the relative shift.The total shift
term, Δ𝛿𝑂, is modeled as

Δ𝛿𝑂 = 𝐶𝑇Δ𝑇 + 𝐶pHΔpH + 𝐶𝑋Δ [𝑋] , (4)

where both temperature (𝑇) and pH can change simultane-
ously, 𝐶𝑇 = (Δ𝛿𝑂/Δ𝑇)pH is the temperature dependence at
a given pH, 𝐶pH = (Δ𝛿𝑂/ΔpH)𝑇 is the pH dependence at
a given temperature, and the much weaker 𝐶𝑋 term is for
effects arising from cation𝑋. Because the molecular readout
by BIRDS is based on shifts, the method is independent of

agent dose, diffusion, blood flow, and vessel permeability.
However ROIs with high vessel permeability (e.g., tumor
tissue) reveal higher peaks.

Recent BIRDS studies by Coman and coworkers [41]
and Huang and coworkers [20], both at 𝐵𝑜 of 11.7 T using a
pH-sensitive TmDOTP5− probe, measured pHe in rat brain
containing various types of gliomas, that is, 9L, RG2, and
U87 [20, 41]. The agent’s clearance was perturbed to build up
the agent concentration in the circulation, either by injecting
the agent alone upon renal ligation [41] or by coinjecting
the agent with probenecid (i.e., an organic anion transporter
inhibitor) to enable longitudinal scans [20]. Generally a
higher agent concentration and thus higher SNR for BIRDS
was achieved with the former method, but the pHe mapping
was shown to be independent of the agent dose using the
latter method.

Upon BIRDS agent infusion, MRI identified the tumor
boundary by enhanced relaxation because of TmDOTP5−
(i.e., its paramagnetic effect on 𝑅2 of water protons) and
BIRDS allowed pHe mapping of brains with different gliomas
(Figure 6(a)). While the intratumoral pHe was acidic for all
glioma types, the peritumoral pHe varied with the tumor
type. For example, in RG2 (and U87) tumors acidic pHe
was found in distal peritumoral regions beyond the RG2
(and U87) tumor border which corresponded to increased
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Figure 7: Advanced GBM theranostics. Intracranial CED of D-NPs is used to deliver high concentration chemotherapy over prolonged
periods directly into the tumor. However when intracranial CED of D-NPs is combined with F-NPs, MRI can be used to monitor the location
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which requires systemic injection of an imaging agent, canmeasure responses to chemotherapy fromD-NPs and thermotherapy from F-NPs,
because BIRDS is unaffected by the superparamagnetic field gradients generated by F-NPs. The MRI and BIRDS data shown are from [22]
with permission.

presence of Ki-67 positive cells, and this was not the case with
9L tumor which is a far less aggressive tumor [41].

Given these exciting pHe results with BIRDS, Rao
and coworkers measured U251 tumors with and without
temozolomide, a DNA alkylating agent [21]. Treated rats
had reduced tumor volume and higher pHe compared to
untreated rats (Figure 6(b)), and these findings were sup-
ported by reduced proliferation (Ki-67 staining) and apop-
tosis induction (cleaved caspase-3 staining) examined within
the tumor boundaries of treated rats. Since GBM treatment
is hampered by a lack of bioimaging methodologies that can
simultaneously and noninvasively measure location of F-NPs
and response to therapeutic benefits of F-NPs, Maritim and
coworkers [22] demonstrated that quantitative pHe imaging
using BIRDS in different gliomas is compatible with MRI
contrast from SPIO-NPs for tumor delineation. It was found
that the pHe inside and outside the MRI-defined tumor
boundary remained unaffected after the infusion of 7.3mg/kg
Fe3+ SPIO-NPs (Figure 6(c)), regardless ofwhether the tumor
was aggressive or not (9L versus RG2) or the agent injection
method was terminal or not (renal ligation versus coinfusion
with probenecid).

5. Future Theranostics for Brain Tumors

The aforementioned advances show great potential for
GBM theranostics with current technologies to impact both

chemotherapy from D-NPs and thermotherapy from F-NPs.
The therapeutic response can be measured by BIRDS, and
this can be achieved at the same time as determining the
location of F-NPs by MRI (Figure 7). But new imaging
methods could provide greater metabolic insights. Unlike
BIRDS, which allows pHe mapping, CEST-based imaging
of pHi is incompatible with F-NPs at doses greater than
5mg/kg Fe3+ because superparamagnetic field gradients
create challenges for MRI contrast (due to extensive spatial
distortions) [47] and MRS specificity (due to extreme line
broadening) [48] needed formolecular imaging. Although in
vivo pHe mapping by BIRDS has been shown to be unaffected
with SPIO-NPs dose of ∼7mg/kg Fe3+ [22], in vitro studies
suggest that the pHe mapping limit can extend up to 3
times higher doses of SPIO-NPs [68]. However, whenever D-
NPs alone are used, CEST and BIRDS can be combined to
obtain both pHi and pHe information together. While FDA-
approved versions of F-NPs are already available, further
research and approvals are needed to translate novel imaging
methods that require infusion of exogenous imaging probes.
Regardless of this, these novel imaging methods are valuable
for preclinical research and have significant clinical relevance
because xenografted human GBM cells directly injected into
an animal brain represent an accurate GBMmodel [98–100].

Nanoparticles can be bioengineered for drug delivery into
the brain [101] using endogenous methods like transcytosis
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(e.g., adsorptive-mediated [102], carrier-mediated [103], and
receptor-mediated [104]) or targeting the disease itself [105]
to transient disruption of the BBB by ultrasound [106].
Future designs of F-NPs (or D-NPs) could incorporate these
modifications to their surfaces for improved cancer targeting,
which may even alleviate the need for intraoperative CED.
However these surface modifications of F-NPs should be
attentive to anisotropy, hydrodynamic volume, and physi-
cal size, which all greatly influence the effective relaxation
enhancement. Since F-NPs are not colloidally stable in
aqueous media, the biocompatible coatings should allow for
some electrostatic charge build-up. The imaging advances
in conjunction with smarter designs of agents could be
even greater for GBM theranostics. Compatibility of BIRDS
with various nanoensembles such as SPIO-NPs, GdDTPA2−,
liposomes, and even dendrimers [68, 107]may create exciting
opportunities for multimodal imaging of drug response.
Therefore, development of next generation imaging agents
along with surface modification of nanoparticles will allow
simultaneous detection of therapy response and location will
greatly impact GBM theranostics.
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Copyright © 2017 Maria Eugênia Fortes Brollo et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Uniform iron oxide magnetic nanoparticles have been synthesized using a microwave assisted synthesis method in organic media
and their colloidal, magnetic, and relaxometric properties have been analyzed after its transference to water and compared with
those nanoparticles prepared by thermal decomposition in organic media. The novelty of this synthesis relies on the use of a solid
iron oleate as precursor, which assures the reproducibility and scalability of the synthesis, and the microwave heating that resulted
in being faster and more efficient than traditional heating methods, and therefore it has a great potential for nanoparticle industrial
production.The effect of different experimental conditions such as the solvent, precursor, and surfactant concentration and reaction
time as well as the transference to water is analyzed and optimized to obtain magnetic iron oxide nanoparticles with sizes between
8 and 15 nm and finally colloids suitable for their use as contrast agents on Magnetic Resonance Imaging (MRI). The 𝑟

2
relaxivity

values normalized to the square of the saturation magnetization were shown to be constant and independent of the particle size,
which means that the saturation magnetization is the main parameter controlling the efficiency of these magnetic nanoparticles as
MRI 𝑇

2
-contrast agents.

1. Introduction

In the last decade a new synthesis approach of nanoparti-
cles based on the use of microwave dielectric heating has
gained a lot of attention because of its versatility in different
application areas, such as polymer chemistry, biomedicine,
material science, and nanotechnology [1]. This nonclassical
heating has shown an impressive reduction in synthesis
time, from hours to minutes, increased product yield, and
improved material properties, when compared to the con-
ventional heating (by convective heat transfer), improving
its reproducibility [1–3]. This synthesis approach seems to
be especially interesting for the synthesis of nanoparticles
for biomedical applications such as magnetic iron oxide [4],
particularly in relation to the transference of the technology
to the clinic and the need for standardization to avoid batch
to batch inhomogeneity [5].

The traditional heating, transferring energy from the
reaction vessel to the reactant mixture by forced convection
depends on viscosity and thermal conductivity of the fluid
to be heated; temperature gradients are unavoidable in such
a system. In contrast, microwave irradiation triggers heating
of the overall system by two mechanisms: ionic conduction
and dipolar polarization.The charged particles in themixture
contributewith the first onewhile the dipoles (like a polar sol-
vent) contributewith the second one.Theheating is produced
by direct coupling of the energy from the microwave with
the molecules in the mixture.Thus, the more polar a reaction
mixture is, the greater its ability to couple with themicrowave
energy will be [6] so either the substrate or reagents have to
be polar in order to allow sufficient heating by microwaves.

Up to now, microwave synthesis of iron oxide nanopar-
ticles has been carried out mainly for the preparation of
ultrasmall nanoparticles in water or alcohol resulting in
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extremely interesting positive contrast agents for diagnosis
[7–10] in Magnetic Resonance Imaging (MRI). On the con-
trary, uniform flower-like Fe3O4 clusters of a few 𝜇m were
fabricated in ethylene glycol with FeCl3, sodium acetate and
a surfactant, undermicrowave irradiation for 15 to 60minutes
[11]. An organic solvent like benzyl ether has also been used
with microwave heating, but, in that case, addition of a small
proportion of ionic liquid was required to obtain magnetite
nanoparticles up to 10 nm [12]. The control of the nanopar-
ticle size by this route deserves further investigation in order
to usemicrowave heating for the preparation of nanoparticles
not only as 𝑇1 but also as 𝑇2 MRI contrast agents.

With the aim to produce a 𝑇2 MRI contrast agent, iron
oxide nanoparticles were prepared in organic media using
a microwave assisted synthesis method; then their colloidal
and magnetic properties are explored before and after its
transference to water and compared with those nanoparticles
prepared by thermal decomposition in organic media. The
effect of different experimental conditions such as the solvent,
Fe concentration, oleic acid/Fe ratio, the heating ramp, and
the reaction time is analyzed. For standardization purpose,
a unique precursor that is a solid iron oleate, easy to
prepare in large quantities, modified from Patent US number
20130089740 [13], easy to handle, and stable for long storage
times was used for the first time and properly characterized
in comparison to the liquid oleate, traditionally used in the
thermal decomposition process [14]. Finally, the colloids are
evaluated for MRI imaging measuring 𝑟1 and 𝑟2 relaxivities.
The results were related to the particle and hydrodynamic size
andmagneticmoment per particle using the universal scaling
law to predict the efficiency ofmagnetic nanoparticles asMRI
𝑇2-contrast agents recently reported [15].

2. Materials and Methods

2.1. SolidOleate Synthesis. Thesodiumoleatewas synthesized
by adding sodium hydroxide (5.91 g) and oleic acid 90%
(43.6 g) to 140ml of hexane and heating the mixture up
to 60∘C in an oil bath, with magnetic stirring at 400 rpm.
After one day at 60∘C, a white precipitate of sodium oleate
that is dissolved by adding 80ml of ethanol at the same
temperature appears.Then 10.8 g of FeCl3 in 80ml of distilled
water is added and the solution boils violently at 57∘C. The
system is heated for 2 hours more, and then it is chilled
with a cold water bath. The denser aqueous phase was
eliminated by decantation using a separating funnel; the
upper organic phase was filtered with filter paper prior to
the precipitation of the solid iron oleate by the addition of
an equal volume of methanol. The orange solid iron oleate
was redissolved in hexane and reprecipitated with methanol
three times. Finally it was dried over P2O5, milled gently,
and stored at room temperature in a desiccator over silica
gel. For comparison, a liquid oleate was prepared following
a methodology previously reported [14, 16, 17].

2.2.Microwave Synthesis. The synthesis ofmagnetic nanopar-
ticles was carried out using a microwave ovenMonowave 300�.
This instrument has built-in magnetic stirrer, temperature
control by internal fiber-optics probe surface temperature

by infrared sensor, and pressure measurement produced by
Anton Paar GmbH, Austria, working on 2.45GHz. Different
parameters were explored in the synthesis of oleic acid
coated iron oxide nanoparticles by microwave heating such
as the nature of the solvents with different dielectric constant
(octadecene, dibenzyl ether, benzyl alcohol, phenyl ether,
and dimethyl sulfoxide (DMSO)), the Fe concentration, and
the heating ramps (2–4∘C/min). The reaction mechanism
was also explored fixing all the experimental conditions
and varying the reaction time from 1/2 h up to 4 hours.
Finally, twomicrowave samples were prepared under selected
conditions as follows: a mixture containing 0.15 g of solid
iron oleate, 0.76 g of oleic acid, and 8.32ml of dibenzyl ether
(MwE8) or benzyl alcohol (MwA8) was stirred at 600 rpm,
while the temperature increases at 3.75∘C/min until 250∘C
and then was maintained at this temperature for 1 hour.
For comparison, two samples were prepared by standard
thermal decomposition [14, 18] under similar conditions of
Fe concentration, oleic acid content, and temperature ramp.
In brief, a mixture containing 0.9 g of solid iron oleate,
4.5 g of oleic acid, and 50ml of dibenzyl ether (TdE12)
or octadecene (TdO15) was added on a three-neck round-
bottom flask mounted on a temperature-controlled N2 reflux
system, overhead stirred at 100 rpm until reach 100∘C. The
temperature was increased in a controlled way, with a heating
ramp of 3.75∘C/min until reflux temperature, given by boiling
point of the solvent, 290∘Cor 320∘C, and this temperaturewas
maintained for 1 hour.

2.3. Nanoparticle Coating. Nanoparticles were transferred to
an aqueous medium by exchanging the oleic acid at the
surface by dimercaptosuccinic acid (DMSA) [19]. For that
purpose a solution of 20ml of toluene containing 50mg of
carefully washed nanoparticles was added to a solution of
90mg of DMSA in 5ml of DMSO. The resulting suspension
was then gently stirred by rotation for at least 2 days, until
2 phases appear. The resulting nanoparticles were washed
with ethanol and centrifuged at 7500 rcf, at least 3 times. The
final black solid was air dried and redispersed in distilled
water. Diluted sodium hydroxide was added to increase
the pH up to 10. The dispersion was then placed in a
cellulose membrane tube molecular weight cut-off (MWCO)
10000Da and dialyzed for 3 days in front of distilled water,
to remove any excess of unreacted DMSA. Finally the pH of
the dispersion was adjusted to 7 and the dispersion filtered
through a polyethylene oxide filter with a pore size of 0.22 𝜇m
in order to check its capability for being sterilized by this
procedure.

2.4. Characterization. The core size and shape of nanopar-
ticles were measured by transmission electron microscopy,
where a drop of toluene, in the case of the oleate precursor, or
water, in the case of the nanoparticles, was placed on a carbon
coated copper grid, allowing all the solvent to evaporate at
room temperature. The images were captured at a 100 keV
JEOL-JEM 1010 microscope, equipped with a digital camera
Gatan model Orius 200 SC, at the Universidad Autónoma
de Madrid. Size and size distributions were obtained with
the open source software ImageJ, using TEM images and
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counting at least 300 nanoparticles [ISO13322-1]. A log-
normal fit was performed to obtain mean sizes and deviation
in number (TEM diameter in number 𝑑 = ∑𝑥𝑑𝑁/∑𝑑𝑁),
which can be transformed to a volume distribution in order
to compare the values with XRD mean size (TEM diameter
in volume =∑𝑥4𝑑𝑁/∑𝑥3𝑑𝑁, where 𝑥 = particle size and𝑁
= number of particles) [20].

The iron oxide phase was determined by X-ray diffraction
on a Powder Diffractometer Bruker D8 Advance with Cu
K𝛼 radiation with energy-discriminator, in 2𝜃 ranging from
10 to 90 degrees, with acquisition time of 5 seconds using
0.05-degree step. Crystal sizes were calculated by the width
of the peak with the greatest intensity (311), using the Scher-
rer equation [21]. Fourier transform infrared spectroscopy
(FTIR) spectra were recorded using a Bruker IFS 66VS to
confirm the iron oxide phase, the presence, and nature of
the coating and its surface bonding. IR spectra were recorded
between 4000 and 250 cm−1 and the samples were prepared
by diluting 2%wt iron oxide powder in KBr and pressing it
into a pellet. Quantification of the coating was carried out
by simultaneous thermogravimetric (TGA) and differential
thermal analysis (DTA) of the samples on a Seiko Exstar 6300
instrument. Samples were heated from room temperature to
900∘C at 10∘C/min under an air flow of 100ml/min.

Magnetic characterization was performed on dried pow-
der samples after transference to water using a vibrating
sample magnetometer (VSM; MLVSM9 MagLab 9 T, Oxford
Instrument). Magnetization temperature dependence was
recorded following a ZFC-FC standard protocol: ZFC curve,
the sample is cooled down from 290K to 5K without any
applied magnetic field and then, a small DC magnetic field
is applied and the magnetization is recorded as temperature
increases up to 290K; FC curve, the sample is cooled down to
5K under an applied magnetic field and the magnetization is
recorded as temperature increases up to 290K. To obtain the
hysteresis loops, the samples were first demagnetized at fixed
temperature andDCmagnetization wasmeasured in discrete
constant fields during the field sweep. The initial susceptibil-
ity (𝜒) was measured in the field range ±100Oe and the satu-
rationmagnetization (𝑀𝑠) was achieved by fitting themagne-
tization curves at room temperature to the Langevin function.

The hydrodynamic size of the nanoparticle aqueous sus-
pensions at pH 7 was measured by dynamic light scattering
(DLS) in a standard cuvette, using a Zetasizer NanoZS device
(Malvern Instruments). A laser emitting red light is the
energy source with an angle of 173∘ between the sample
and detector. The hydrodynamic size of the particles was
measured by photon correlation spectroscopy and expressed
in terms of intensity, which reflects better the quality of the
sample and number [22]. Zeta Potential was measured as a
function of the pH, at room temperature, using KNO3 0.01M
as the electrolyte and HNO3 and KOH to adjust the pH.

Finally, MRI relaxometric properties were investigated
by measuring the longitudinal (𝑇1) (sequence t1 ir mb) and
transversal (𝑇2) (sequence t2 ir mb) protons relaxation times
at different dilutions between 0 and 0.07mM of Fe in a
MINISPEC MQ60 (Bruker) at 37∘C and a magnetic field of
1.5 T. The sequences used are original from Bruker.

3. Results and Discussion

The microwave assisted synthesis of magnetic nanoparticles
in organic media was carried out starting from a solid
oleate-Fe precursor, being one of the achievements of this
work, the precursor itself. The advantages of having a solid
precursor in comparison to a liquid oleate are numerous:
first of all, its reproducibility, scalability, easy purification
by precipitation, high stability over time, and finally its
ease to weight in comparison to the standard liquid oleate,
which is a highly viscous plastic fluid; secondly, the solid
oleate presents distinctive characteristics in comparison to
the liquid oleate such as a higher Fe content as determined
by TG (33wt% Fe in the solid oleate-Fe against 6 wt% in the
liquid iron oleate, Figure 1(c)) and different iron-oleic acid
coordination. This means that the reaction using the solid
oleate-Fe requires the addition of a larger amount of extra
oleic acid to preserve the oleic acid/Fe ratio of 3-4 that has
been described as ideal for the synthesis of uniformmagnetic
nanoparticles by thermal decomposition [16, 23]. The use of
a liquid oleate with a composition that changes with time
makes the control of the amount of oleic acid in the reaction
media difficult, which is critical to control the particle growth
and consequently the particle size [23, 24]. Slight differences
in composition and oxidation degree of the iron oleates
have been further analyzed by gas chromatography coupled
with mass spectrometry GC-MS and are included in the
supporting information (Figures S1 and Table S1).

On the other hand, solid and liquid oleates have different
Fe coordination to the carboxylic groups of the oleic acid
as shown by IR spectroscopy (Figures 1(a) and 1(b)), being
bidentate in the case of the solid oleate instead of monoden-
tate. This is reflected in the distance between the carboxyl
bands at 1600 and 1455 cm−1 [25], which is 145 cm−1 for the
liquid oleate and for the solid oleate is 86 cm−1. Solid iron
oleate is in fact an iron hydroxide as demonstrated by X-
ray diffraction (Figure 1(d)). This oleic coated hydroxide is
expected to be less reactive than liquid oleate that present also
X-ray diffraction pattern but with low crystallinity (Figure
S2).Therefore, the temperature ramp becomes a key parame-
ter to control the solid oleate precursor decomposition and
consequently the particle nucleation. Moreover, the solid
oleate consists of tiny anisometric nanoparticles (around
10 by 2 nm as shown by TEM Figure S3) that resemble
those for Fe hydroxides such as goethite or lepidocrocite
[26]. In contrast to that, liquid oleate having monodentate
coordination and amorphous structure decomposes easily
and is less sensible to the temperature ramp resulting in
similar particle sizes for temperature ramps between 3 and
6∘C/min [27].

3.1. Effect of Key Microwave Synthesis Parameters on Particle
Size and Size Distribution. Theeffect of different key parame-
ters such as solvent, heating ramp, and iron concentration on
the microwave assisted synthesis of magnetic nanoparticles
has been evaluated. For some selected conditions, the effect
of the heating source has also been analyzed in comparison
to the thermal heating.
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Figure 1: Infrared spectroscopy absorbance of solid (a) and liquid oleate (b) [14, 28]; (c) Thermogravimetric analysis of the Fe oleates (solid
and liquid) under different conditions; (d) X-ray diffraction pattern for solid iron oleate.

3.1.1. Solvent. When considering solvents for the microwave
reaction in a pressurized vessel, boiling points become less
important than the efficiency of the reactant mixture to
couple with an applied microwave field. Among the different
solvents with dielectric constants between 1 (vacuum) and
88 (water), solvents with dielectric constants from above 2
(octadecene) to 47 (DMSO) were chosen. It was observed
that too polar solvents with relatively high vapor pressure,
like DMSO, generate a fast built up pressure in the system
and the equipment shuts down, as a safety precaution. On
the other side, solvents with low dielectric constant, such
as octadecene, generate paramagnetic nanoparticles (Figure
S4). Dibenzyl ether, with a dielectric constant of 3.86, was
chosen as the best one in this case, given themagnetic proper-
ties of synthesized nanoparticles, and the price that is 10 times
lower than benzyl alcohol, solvent utilized by the majorities
of research groups using microwave heating [4, 7–9, 30].

3.1.2. Heating Ramps. Basically three heating ramps were
tested as shown in Figures 2(b), 2(e), and 2(f), that is, 3.75, 7.5,
and 1.8∘C/min.The optimal ramp is 3.75∘C/min that gives rise
to uniform nanoparticles of around 5 nm (Figures 2(a) and
2(b)). Faster heating ramps result in smaller nanoparticles,
3.3 nm (Figure 2(e)), while slower heating ramps result in
larger particles with heterogeneous geometry, 6.5 nm, main
diameter (Figure 2(f)). Prolonging the reaction time from 1
up to 4 hours it is possible to get larger uniform particles up
to a limit of around 8 nm, which is given by the exhaustion of
iron precursor (Figures 2(c) and 2(d)) [24].

3.1.3. Iron Concentration. Other important parameters to
consider in iron oxide nanoparticle synthesis is the iron
concentration. Different tests were carried out as presented
in Figure S5 and summarized on Table 1. From Figure S5
(A) to (D), four samples with different iron concentration are
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Table 1: Comparison of nanoparticle sizes when changing the iron concentration and the oleic acid/Fe molar ratio.

Molar ratio 5 (Oleic/Fe) [Fe] mg/ml 2 3 4 5
𝑑 (𝜎) nm 8.2 (±2.2) 9.7 (±2.7) 6.9 (±1.5) 6.7 (±1.7)

[Fe] = 4mg/ml Molar ratio (oleic/Fe) 2 3.5 5 6.5
𝑑 (𝜎) nm 6.5 (±1.3) 7.1 (±2.2) 6.9 (±1.5) 5.7 (±1.2)
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Figure 2: TEM images of the nanoparticles, with its respective size distribution, obtained with different heating ramps and total synthesis
time, with a schematic figure of these ramps. (a) 146∘C in 30 minutes, (b) 250∘C in 1 hour, (c) 250∘C in 1 hour and maintained for 1 hour, (d)
250∘C in 1 hour and maintained for 2 hours and 30 minutes, (e) 250∘C in 30 minutes, and (f) 250∘C in 2 hours.
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Figure 3: TEM images of magnetite nanoparticles obtained by microwave (MW) and thermal decomposition (TD), using different solvents
(dibenzyl ether (a and b), octadecene (d), and benzyl alcohol (c)). Nanoparticles coated with DMSA. Descriptions of the samples are included
in Table 2.

shown while the heating ramp and the oleic acid/Fe molar
ratio were kept constant. It can be observed that the higher
the iron concentration (from 2 to 5mg Fe/ml), the smaller
the particles and the size distribution, always below 25%.
Similar results were found for thermal decomposition [31].
However, at 4mg Fe/ml concentration, particle size is not
affected by the addition of three times more oleic acid to the
reaction mixture (Figure S5, from E to H) (slight reduction
in size from 6.5 to 5.7 nm and narrower distribution, 20%)
in contrast with the strong oleic acid effect when using other
iron precursors such as iron acetylacetonate [32]. In that
case, Fe(acac)3 decomposes forming an intermediate iron-
oleate complex at 200∘C and nucleation takes place at higher
temperatures as the concentration of oleic acid increases
leading to an important reduction in particle size.

3.1.4. Heating Source. Heating method is expected to play
an important role on the final size and distribution of the
nanoparticles. To analyze this the same reaction mixture
was decomposed with microwave and thermal heating. The

parameters chosen as default are iron concentration of
4mg Fe/ml, molar ratio (oleic/Fe) of 5, heating ramp of
3.75∘C/min until 250∘C, kept for 1 hour at this temperature,
and solid iron oleate as iron precursor. Microwave samples
were synthesized using dibenzyl ether (Figure 3(a)) and
benzyl alcohol (Figure 3(c)) as solvents (MwE8 and MwA8),
while the samples prepared by thermal decomposition were
obtained using dibenzyl ether (Figure 3(b)) and octadecene
(Figure 3(d)) as solvents (TdE12 and TdO15). Figure 3 shows
their respective TEM images, with the same magnification
for ease comparison. Insets show their size distribution fitted
by Log-normal. Mean size and distribution are included in
Table 2. For sampleMwE8 themean size is 6.9 nm (𝜎 = 0.21),
whileMwA8has a size of 7.3 nm (𝜎 = 0.21). On the other side,
TdE12 has a mean size of 7.9 nm (𝜎 = 0.26) while TdO15 has
a size of 14.8 nm (𝜎 = 0.17).

First, it should be noted that the largest size is always
obtained for the particles prepared in the solvent with
the highest boiling point (dibenzyl ether = 160∘C, benzyl
alcohol = 205∘C, and octadecene = 315∘C) [14, 24, 33]. In



Contrast Media & Molecular Imaging 7

Table 2: Comparison of structural and magnetic propertiesa for all samples described on the manuscript.

MwE8 MwA8 TdE12 TdO15
Diameter TEM (nm) number 6.9 (0.21) 7.3 (0.21) 7.9 (0.26) 14.8 (0.17)
Diameter TEM (nm) volume 8.1 9 10.5 16.3
Diameter XRD (nm) 7.9 8.5 12.2 15.5
Diameter DLS (nm) 23 (0.2) 68 (0.5) 37 (0.3) 173 (0.3)
Diameter VSM (nm) 6.4 (0.33) 7.1 (0.4) 8.5 (0.29) 8.8 (0.27)
Volume XRD (103 nm3) 2.1 2.5 7.6 15.6
𝑀
𝑆
at 5 K (Am2/kgFe) 60 114 105 128
𝑀
𝑆
at RT (Am2/kgFe) 55 100 93 115
𝐻
𝐶
at 5 K (104 A/m) 2.4 2.2 2.8 3.2
𝐻
𝐶
at RT (104 A/m) 0.47 0.21 0.18 0.63

Zeta potential (mV) at pH 7 −34.4 −27.6 −28.3 −32.2
𝑟
2
/𝑟
1

8 28.1 6.8 72
𝑟
2
(mM−1 s−1) 85.2 222 143 165.6
𝑟
1
(mM−1 s−1) 10.6 7.9 20.9 2.3

aDiameterDLS is𝑍average and the number between brackets is the polydispersity index;𝑀𝑆 = saturationmagnetization;𝐻𝐶 = coercive field; 𝑟2 =MRI transversal
relaxivity; 𝑟1 = MRI longitudinal relaxivity.

addition, nanoparticles synthesized by heat transfer tend to
be larger than the ones produced by microwave heating.
This difference in sizes between both synthesis methods
can be explained by their different nucleation and growth
processes, as seen in Figure 4. Using conventional heating,
nanocrystals tend to nucleate on the vessel walls first, given
its inhomogeneous heating profile [34]. When a sample is
irradiated with microwave frequencies, the dipoles tend to
align in the direction of the applied electric field; in such a
way energy is lost in the form of heat, through dielectric loss
and molecular friction [6]. Given that, microwave produces
efficient internal heating, creating numerous “hot spots,”
which could trigger multiple nucleation events throughout
the solution, increasing the product yield [1, 35] but decreas-
ing the average size due to the enhanced competitive growth.

3.2. Effect of the Heating Source on the Structural, Colloidal,
and Magnetic Properties of the Nanoparticles. Structural
characterization of the nanoparticles prepared in this work
was carried out by X-ray diffraction. Figure 5(a) shows
the X-ray patterns for nanoparticles obtained by microwave
(MW) and thermal decomposition (TD) using different
solvents. All peaks correspond to crystallographic magnetite
or maghemite planes discarding the presence of secondary
phases. Crystal sizes calculated from the broadening of 311
peak vary from 7.9 nm to 8.5 nm for MW samples and from
12.2 nm to 15.5 nm for TD samples. The values differ only
slightly from the size distribution obtained by TEM images
indicating the single-core character of the particles.

Nanoparticles were transferred to an aqueous medium
by exchanging the oleic acid of the surface by dimercapto-
succinic acid (DMSA) [36]. DMSA coating on nanoparticles
is responsible for the high negative charge (between −27
and −34mV) in a wide pH range, between pH 2 and 11
(Figure 5(b)). Hydrodynamic sizes in intensity are between
30 and 170 nm (Figure S6), increasing as the amount of
coating on the nanoparticle surface increases, as it can be seen

Thermal decomposition Microwave

Nucleation Growth Nucleation Growth

Figure 4: Comparison between thermal decomposition and
microwave heating showing the effect on nanoparticles sizes.
Nanocrystals tend to nucleate on the vessel wall first for thermal
decomposition; on the contrary for microwave nanocrystals tend to
form rapidly, creating more seeds that grow less.

from the thermogravimetric analysis (Figure S7 and S8). For
example, sample TdO15, which has the larger hydrodynamic
size, has a larger amount of DMSA on the nanoparticle
surface, but the presence of aggregates cannot be completely
discarded. Hydrodynamic sizes in number are adjusted to a
monomodal distribution with mean values around 6–9 nm
for the smallest particles and 58 nm for the largest ones, that
is, TDO15 (Figure 5(c)).This means that most of the particles
are well dispersed forming a stable colloid and only a small
fraction are aggregated leading to a broadening of the peak
in the DLS intensity distribution or a bimodal distribution,
as it is the case of sample MwA8 (Figure S6). No significant
differences were found for particles prepared by MW or by
TD in relation to the colloidal properties. Hydrodynamic
sizes are important depending on the application since it
may limit its use. For example, for hydrodynamic sizes
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Figure 5: (a) X-ray diffraction patterns with calculated mean size of crystal for magnetite nanoparticles obtained by microwave (MW) and
thermal decomposition (TD) using different solvents; (b) zeta potential measurements as a function of pH for DMSA coated nanoparticles
and uncoated magnetite for comparison; (c) hydrodynamic size in number distribution; (d) infrared spectra for DMSA coated nanoparticles
and DMSA for comparison. Inset shows the IR low frequency range.

larger than 200 nm, particles are rapidly captured by the
Reticuloendothelial System (RES) or cell uptake is interfered
[36].

Infrared spectra of these nanoparticles show the typical
bands for water above 3100 cm−1, at 3000 cm−1 for C-H vibra-
tion, between 1000 and 1700 cm−1 for the coating signature
and bands below 1000 cm−1 associated with the vibration
modes of the iron oxide, Fe-O stretching [37] (Figure 5(d)).
Infrared spectra of the nanoparticles coated with oleic acid
are presented on Figure S9.

Magnetic properties were analyzed for DMSA coated
nanoparticles at room temperature and 5K (Figure 6). The

saturation magnetization values and nanoparticle magnetic
size were achieved by fitting the magnetization curves at
room temperature to the Langevin function taking into
account the particle size log normal distribution (Table 2).
The hysteresis loops show that the larger the particle, the
larger their saturation magnetization due to the decrease in
surface area/volume ratio, and therefore the lower the surface
effects such as spin canting [16, 38]. The higher saturation
magnetization values for TdO15 are close to those reported
for bulk magnetite (115–130 emu/gFe at RT and 5K) [21].
The smallest values (55–60 emu/gFe) correspond to MwE8
sample with the smallest crystal size (Figure 5(a)). However,
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Figure 6: Hysteresis loops at room temperature and 5K (b) and zero field cooled (ZFC)/field cooled (FC) magnetization curves measured at
100Oe (a) forDMSA coatedmagnetite nanoparticles obtained bymicrowave (MW) and thermal decomposition (TD) using different solvents.
The loops were fitted by Langevin function.

sampleMwA8with smaller crystal size than TdE12 has higher
saturation magnetization suggesting less spin canting due
to internal or surface disorder for the sample prepared by
the microwave assisted route. At room temperature these
nanoparticles are close to the superparamagnetic regime,
showing rather low coercive fields, while at 5 K the systems
aremagnetically blocked, showing higher coercivity for larger
particles [38, 39]. The initial susceptibility values increase as
the particle size increases, given that the number of magnetic
moments that align with the field grows. Magnetic particles
sizes calculated from the Langevin function vary from 6.4 nm
(𝜎 = 0.33) for MwE8 up to 8.8 nm for TdO15 (𝜎 =
0.27) (Table 2). The differences between TEM and magnetic
size for TD samples suggest a strong influence of magnetic
interactions on the𝑀/𝐻 curves for these samples with larger
particle sizes.

Figure 6 shows the ZFC-FC curve for all samples; they are
measured from 20K to room temperature. Where the block-
ing at low temperature is evident for smaller nanoparticles
(MW), bigger particles are still blocked at room temperature
(TD) [16].

Measurements of the MRI relaxation times (𝑇1 and 𝑇2)
weremade at different iron concentrations from0 to 0.07mM
Fe to obtain the relaxivity value (𝑟1 and 𝑟2), as seen in Figure 7.
The maximum 𝑟1 value (20.9mM−1 s−1) was found for a
TD sample, while the maximum 𝑟2 value (222mM−1 s−1)
was found for a MW sample. Samples obtained by thermal
decomposition with the largest particle size (TdO15) present
extremely low 𝑟1, and consequently much higher 𝑟2/𝑟1 ratio
probably as a consequence of the larger hydrodynamic size
(Figure 5(c)). On the other hand, samples synthesized by
microwave assisted route have similar 𝑟1 values but sample
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MwA8 presents more than double 𝑟2 value, indicating higher
efficiency as negative contrast agent. In the literature, the
maximum experimental value reported for 𝑟2 is around
500mM−1 s−1 for iron oxide nanoparticles, while the theo-
retical maximum value is 750mM−1 s−1, not yet reached [15].
Commercial formulations usingmagnetic nanoparticles used
for pathology diagnosis in the liver and spleen, as Feridex�,
produced by Berlex Laboratories and Resovist, produced
by Bayer Healthcare have 𝑟1 and 𝑟2 values between 24 and
150mM−1 s−1 and 𝑟2/𝑟1 of around 4–6 [40]. Looking at the
relation between 𝑟2 and 𝑟1 for our samples it can be seen that
samplesMwA8 andTdO15 have high possibility to become𝑇2
contrast agents, with a quotient of 28.1 and 72, respectively.

The relaxivity at high magnetic fields for the particles
synthesized in this work is expected to follow the motional
average regime (MAR) that describes the interaction of the
nanoparticles with water protons taking into account the
nanoparticle size (TEM) and the magnetic field distribution
around it [41]. Therefore, the relaxivity 𝑟2 is given by

𝑟2 =
4𝛾2𝜇2
0
]mat𝑀

2

V𝑑
2

405𝐷
, (1)

where 𝛾 = 2.67513 × 108 rad⋅s−1⋅T−1 is the gyromagnetic
factor of the proton, 𝜇0 = 4𝜋10

−7 T⋅m⋅A−1 is the magnetic
permeability of vacuum,𝐷 is the water translational diffusion
constant, 𝑑 is the particle diameter, ]mat is the molar volume
of the material (1.5 × 10−5m3/mol for magnetite), and 𝑀V
is the saturation magnetization expressed in SI units, A⋅m−1
[15, 41].

Figure 8 shows theoretical (straight line) and experimen-
tal (symbols) 𝑟2 values formagnetic nanoparticles of different
sizes (iron oxide core measured by TEM) normalized by the
square of the saturation magnetization [15]. Experimental
values obtained in this work together with other reported
data for particles of similar core size prepared by microwave

synthesis (Figure 8 star [4]), thermal decomposition (Fig-
ure 8 purple square [29]), Massart’s procedure [42] (Fig-
ure 8 orange triangles [15]), or the commercial one Resovist
(Figure 8, purple circle) are included. Deviation from the
theoretical curve may be due to differences in intra-aggregate
volume fraction, that is, the number of cores per aggregate. In
the case of the nanoparticles obtained in this work 𝜓intra = 1
was used given the single-core character supported by TEM
and DLS measurements. It should be noted that 𝑟2/𝑀V

2 is
almost constant with particle size for all samples studied in
this work. Saturation magnetization seems to be the main
parameter controlling the efficiency of these nanoparticles as
MRI 𝑇2-contrast agents independently of the particle size.

4. Conclusions

The microwave assisted synthesis has been explored for the
preparation of magnetic iron oxide nanoparticles showing
the critical effect of different experimental parameters such
as the solvent, the precursor, and the surfactant on the
nucleation and growth processes that determine particle
size and uniformity. Dibenzyl ether was chosen as the best
solvent for this synthesis given its dielectric constant, the
optimal ramp was set at 3.75∘C/min, the iron concentration
was 4mgFe/ml, and (oleic/Fe) molar ratio was 5 giving
rise to the most uniform nanoparticles. In comparison to
conventional heating where nanocrystals tend to nucleate on
the vessel walls first given its inhomogeneous heating profile,
microwave produces efficient internal heating promoting
nucleation everywhere and reducing the growth possibilities
of the numerous nuclei generated.

Magnetic iron oxide nanoparticles with sizes between 8
and 15 nm synthesized by microwave and thermal decom-
position in organic media present nearly superparamagnetic
behavior at RT and relaxivity values that make them good
candidates for MRI negative contrast agents. Given the low
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the motional averaging regime (MAR). For the calculations 𝜓intra =
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hydrodynamic size of these suspensions, saturation mag-
netization seems to be the main parameter controlling the
efficiency of thesemagnetic nanoparticles asMRI𝑇2-contrast
agents.
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Figure S1. GC-MS trace (total ion chromatogram) of the
methylated fatty acid composition of the solid iron oleate (A)
and liquid iron oleate (B). Table S1. Fatty acid composition
of synthesized iron oleates. Figure S2. X-ray diffraction
pattern for liquid iron oleate. Figure S3. TEM image of
solid iron oleate, where a hydrophobized hydroxide nano-
material can be seen. Figure S4. Hysteresis loops at room
temperature for nanoparticles obtained by microwave using
different solvents. Solvents with low dielectric constant
such as octadecene and phenyl ether generate paramagnetic
nanoparticles while solvents with higher dielectric constant
generate nanoparticles with high saturation magnetization
values. Figure S5. TEM images and size distribution of the
nanoparticles obtained when changing the iron concentra-
tion from 2 to 5mg Fe/ml (35.8mM to 89.5mM), shown
on images A to D. On the other hand, changing the molar
ratio oleic acid/Fe (MR) from 2 to 6.5, images E to H. Red
lines represent a Log-normal fit. Figure S6. Hydrodynamic
size in intensity distribution is between 30 and 170 nm for
all samples. Figure S7. Thermogravimetric analysis showing
the amount of DMSA coating on nanoparticles obtained
by microwave (MW) and thermal decomposition (TD),
using different solvents. DMSA weight loss is included for
comparison. Figure S8. Thermogravimetric analysis showing
the amount of oleic acid coating on nanoparticles obtained
by microwave (MW) and thermal decomposition (TD) using
different solvents. Figure S9. Infrared spectra for oleic acid
coated nanoparticles obtained bymicrowave (MW) and ther-
mal decomposition (TD) using different solvents. The inset
shows the IR low frequency range. (Supplementary Materials)
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Since brain’s microvasculature is compromised in gliomas, intravenous injection of tumor-targeting nanoparticles containing drugs
(D-NPs) and superparamagnetic iron oxide (SPIO-NPs) can deliver high payloads of drugs while allowing MRI to track drug
distribution. However, therapeutic effect of D-NPs remains poorly investigated because superparamagnetic fields generated by
SPIO-NPs perturb conventional MRI readouts. Because extracellular pH (pHe) is a tumor hallmark, mapping pHe is critical.
Brain pHe is measured by biosensor imaging of redundant deviation in shifts (BIRDS) with lanthanide agents, by detecting
paramagnetically shifted resonances of nonexchangeable protons on the agent. To test the hypothesis that BIRDS-based pHe readout
remains uncompromised by presence of SPIO-NPs, we mapped pHe in glioma-bearing rats before and after SPIO-NPs infusion.
While SPIO-NPs accumulation in the tumor enhancedMRI contrast, the pHe inside and outside theMRI-defined tumor boundary
remained unchanged after SPIO-NPs infusion, regardless of the tumor type (9L versus RG2) or agent injection method (renal
ligation versus coinfusion with probenecid). These results demonstrate that we can simultaneously and noninvasively image the
specific location and the healing efficacy of D-NPs, where MRI contrast from SPIO-NPs can track their distribution and BIRDS-
based pHe can map their therapeutic impact.

1. Introduction

Treatment and management of glioblastoma, the most com-
mon and malignant form of primary brain tumors, represent
an unmet clinical challenge [1]. While gliomas are relatively
rare compared to other forms of cancer malignancies [1],
they are characterized by the worst prognosis, with a 5-
year survival of less than 10% [2]. Treatments fail because
gliomas are highly invasive, the blood brain barrier (BBB)
prevents drugs from reaching the tumor at therapeutic doses,
and systemic toxicity limits benefits from therapy [3–5]. In
addition, there is a lack of reliable in vivo methods that can

simultaneously and noninvasively measure the delivery and
therapeutic benefits of cancer drugs. Therapy can be greatly
improved by delivering high drug doses specifically to the
tumor (while minimizing systemic toxicities) and by timely
and quantitative monitoring of the delivery and efficacy of
these drugs.

The transport and delivery of therapeutic agents into the
brain parenchyma are impeded by a dense network of capil-
lary endothelial cells, pericytes, and perivascular macropha-
ges, which together form the BBB [6]. In the healthy brain,
the BBB allows a highly selective transport of endogenous
substances (e.g., nutrients) that are critical to brain function
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while keeping out potentially harmful toxins and drugs that
are circulating in the blood [7, 8]. However, the BBB is dis-
rupted in several pathologies including high-grade gliomas
leading to increased leakiness (i.e., hyperpermeability) [9, 10].
Breakthroughs in glioma imaging and chemotherapy exploit
the fact that nanoparticles (NPs) loaded with drugs (D-
NPs) and MRI contrast agents like superparamagnetic iron
oxide (SPIO-NPs) can extravasate from the blood through
the large vascular fenestrations into the tumor [11, 12]. The
combination of increased vascular permeability and poor
lymphatic clearance in tumors leads to accumulation of NPs
in tumors through enhanced permeation and retention (EPR)
[13]. While tumors, including gliomas, generally possess
larger vascular fenestrations (and hence higher permeability)
compared to healthy tissue, these fenestrations are highly
dependent on the location of the vessels in the tumor (i.e.,
fewer abnormalities in vessels on tumor periphery and higher
in the tumor core), and moreover the fenestrations depend
on the age/size of the tumor (i.e., larger tumors tend to
have more abnormalities) [14, 15]. The pores on tumor
vasculature include caveolae, vesiculo-vacuolar organelles,
and fenestrations that are on the order of 10–20 nm along
with larger but sporadic interendothelial cell gaps, which
are significantly larger than 200 nm in diameter [16–20].
Thus NPs like the Molday ION (or SPIO-NPs; 30–50 nm
hydrodynamic diameter) can extravasate passively across the
BBB of the tumor niche more effectively compared to the
normal neuropil. Therefore extravasation and accumulation
of NPs will vary between the tumor core, tumor boundary,
and healthy tissue [21–25].

Tumor-specific delivery of D-NPs can be further
enhanced by coating the D-NPs with ligands that target
overexpressed receptors and/or transporters in tumors
[26–29]. Despite these advances in targeting of D-NPs for
delivering high drug payloads to tumors, the effect of these
D-NPs on the tumor microenvironment remains largely
unknown. SPIO-NPs have been evaluated and approved
for clinical use as MRI contrast agents [30–37]. Because
the MRI contrast generated by SPIO-NPs persists for a
long time, SPIO-NPs have recently been combined with
D-NPs and used to simultaneously image drug delivery and
biodistribution with MRI [12, 38–41]. However, the large
superparamagnetic fields generated by SPIO-NPs disturb
most MRI molecular readouts.

Because low extracellular pH (pHe) is a hallmark of can-
cer pathogenesis and promotes tumor invasion and resistance
to therapy [42–48], there is need for advanced pHe mapping
methods to enablemonitoring of glioma invasion. Since some
drugs only work in certain pH ranges, precise knowledge
of pHe can aid in choosing and tailoring therapeutic regi-
mens [49–51]. Additionally, their therapeutic efficacy may be
assessed by measuring their ability to raise and normalize
pHe, for example, by drugs that alter pHe directly or affect
tumor’s aerobic glycolysis. ManyMRImethods exist for mea-
suring and mapping pHe. Relaxation-based methods (e.g.,
with Gd3+) are highly dependent on the degree of tissue per-
fusion and local agent concentration thus making quantifica-
tion of pHe difficult [52]. pHe-sensitive MRI methods based

on proton exchange (i.e., between water protons and protons
of amide/amine and hydroxyl moieties) such as chemical
exchange saturation transfer (CEST) are also dependent on
agent concentration and may additionally be complicated by
magnetization transfer effects [53]. Spectroscopic methods,
for example, 31P MRS with 3-aminopropyl phosphonate (3-
APP), which have pHe-sensitive exchangeable protons [54,
55], suffer from low spatial resolution and significant line
broadening in the presence of SPIO-NPs [56].

We previously obtained pHe maps in glioma-bearing
rats with biosensor imaging of redundant deviation in shifts
(BIRDS) using lanthanide agents, for example, thulium
1,4,7,10-tetraazacyclododecane-1,4,7, 10-tetrakis(methylene
phosphonate), TmDOTP5− [57, 58]. Since the BIRDS plat-
form is based on direct detection of the paramagnetically
shifted resonances of the nonexchangeable protons on the
agents (rather than their peak amplitude or effect on water
relaxation rate), the pHe readout with BIRDS is independent
of agent concentration [59, 60].The functional part of the pH
sensitivity stems from the pH-sensitive exchangeable protons
of the phosphonate groups on the agents. With advanced
k-space sampling of ultra-fast chemical shift imaging (CSI),
the spatiotemporal resolution of BIRDS has improved [61].
Previously we observed in vitro that the pH sensitivities
and readout with BIRDS agents are not compromised by
the presence of SPIO-NPs [62]. Here we hypothesized that
BIRDS-based pHe readout in glioma-bearing rats remains
uncompromised by the presence of SPIO-NPs. We compared
pHe measured with TmDOTP5− by BIRDS before and
after infusion of SPIO-NPs in rats bearing 9L gliosarcomas
and RG2 gliomas. We used different agent administration
methods (renal ligation versus coinfusion with probenecid)
to inhibit the rapid clearance of the agent by the renal
system. In addition, we compared the transverse relaxation
rate enhancement from SPIO-NPs across brain regions.
Our results suggest that we can use the MRI contrast from
SPIO-NPs to track the distribution of D-NPs and then use
the BIRDS-based pHe readout to map their therapeutic
impact.

2. Materials and Methods

TmDOTP5− for BIRDS was purchased from Macrocyclics
Inc. (Plano, TX, USA), while SPIO-NPs (Molday ION) were
purchased from BioPAL Inc. (Worcester, MA, USA). The
Molday ION (10mg Fe/mL, dextran-coated, hydrodynamic
diameter 30 nm, zeta potential −4.8mV) were used without
further modification or dilution to avoid altering their phys-
ical properties. Probenecid (used for temporary inhibition
of renal clearance) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Fischer 344 rats (male, 200–250 g) were
obtained from Yale University vendors. RG2 and 9L tumor
cell lines were purchased from American Type Culture Col-
lections (Manassas, VA, USA). All animal experiments were
conducted in accordance with Yale University’s approved
institutional animal care and use committee (IACUC) pro-
tocols. Tumor inoculation, animal preparation, and handling
were conducted as described in our previous work [57, 58].
In vivo magnetic resonance (MR) scans were conducted on
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a 9.4T Agilent (Santa Clara, CA, USA) or Bruker (Billerica,
MA, USA) horizontal-bore spectrometer with a 1.4-cm 1H
surface RF coil.

2.1. Tumor Inoculation. TheRG2 and 9L tumor cell lines were
cultured and grown at 37∘C and 5% CO2 in DMEM media
containing 10% heat-activated fetal bovine serum and 1%
penicillin-streptomycin. The cells were harvested when they
reached 80% confluence and suspended in serum-free media
for inoculation. Rats were anesthetized with 3% isoflurane
and placed on a stereotactic holder. A heating pad was used
to maintain the rat at physiological temperature (36-37∘C).
An aliquot volume of 5𝜇L with RG2 cells (1,250 cells) or
9L cells (100,000 cells) was injected into the right striatum
3mm laterally to the right of bregma and 3mm below
the dura using a 10 𝜇L Hamilton syringe fitted with a 26-
gauge beveled needle. The 5 𝜇L volume was injected over the
course of 5 minutes and the needle was left in place for an
additional 5 minutes after the infusion stopped. The needle
was then withdrawn slowly to prevent backflow of the cells.
The cranial burr hole was sealed with bone wax. The scalp
was sutured and treated with antibiotics to prevent infection.
Meloxicam (1mg/kg) was administered to prevent pain and
inflammation.

2.2. Animal Preparation and Scanning. The tumor-bearing
rats were scanned ∼3 weeks after tumor inoculation when
the tumor diameter was at least ∼3mm. The rats were anes-
thetized with 2% isoflurane, tracheotomized, and artificially
ventilated (70% N2O/30% O2). The rats were placed on a
heating pad to keep them warm during surgery. A femoral
vein was cannulated with a PE-10 line for contrast agent
administration (1mmol/kg for TmDOTP5− and 14mg Fe/kg
for SPIO-NPs). A femoral artery was cannulated with a PE-
50 line for monitoring animal physiology (pCO2, pO2, pH,
blood pressure) throughout the experiment. The rat was
then anesthetized with 𝛼-chloralose using an intraperitoneal
line. To inhibit renal clearance and enhance contrast agent
extravasation into the extracellular space and accumulation
in the tumor, rats either received a coinfusion of TmDOTP5−
and probenecid (𝑛 = 5) or underwent renal ligation and
infusion of TmDOTP5− alone (𝑛 = 3). While renal ligation
inhibits clearance efficiently, it is not suitable for longitu-
dinal studies. Previously, we demonstrated that probenecid
temporarily inhibited renal clearance when coinjected with
the agent, thus enabling longitudinal studies and obviat-
ing the need for invasive renal surgeries [58]. Probenecid
(100mg/kg) was infused for 10 minutes (24.5𝜇L/min), fol-
lowed by a waiting period of 20 minutes, and then coinfused
slowlywith TmDOTP5− over a period of 90minutes. Awater-
heating blanket was used to maintain body temperature of
the animals between 36 and 37∘C over the course of the
experiment. A rectally placed fiber optic probe was used to
monitor the body temperature during the scans.

2.3. MRI and BIRDS. In vivo transverse relaxation rate (𝑅2)
maps were obtained using a standard spin-echo sequence
with 11 slices, 128 × 128 in-plane resolution, 1mm slice

thickness, field of view (FOV) 25× 25mm2, recycle time (TR)
6 s, and 12 different values of echo time (TE) from 10–120ms.
The transverse relaxivity (𝑟2) of Molday ION (SPIO-NPs)
was measured in vitro using the same pulse sequence using
samples of varying concentrations of Molday ION (1mg/kg
to 15mg/kg). The relaxivity was calculated from the slope of
the linear fit of 𝑅2 versus concentration. Although extreme
pH changes can significantly alter properties of NPs, Liu et al.
showed that the zeta potentials and hydrodynamic diameters
of dextran-coated SPIO-NPs are fairly stable at physiologi-
cally relevant pH and ionic concentrations [63].They showed
that, between pH 4–8 and media of different ionic strength
(0–140mM), there was no aggregation of SPIO-NPs and
that the change in hydrodynamic diameter of SPIO-NPs was
less than 10 nm, while the change in zeta potential was less
than 10%. Nevertheless, extreme pH changes could affect the
physical features of SPIO-NPs. For example, a pH less than
4 could degrade the SPIO-NPs altogether, while a pH greater
than 10 could lead to significant aggregation. Because we did
not modify the SPIO-NPs or change their media and pH,
we do not expect property changes within the pHe range of
tumors, normal tissue, and blood.

The rats were infused with TmDOTP5− and the 3D CSI
acquisition was started 40minutes after TmDOTP5− infusion
in both the probenecid coinfused and renal-ligated rats.
TmDOTP5− and similar lanthanide agents have previously
been shown to cross the BBB and have been used to map
whole brain pHe and temperature by BIRDS in healthy
rodents [60, 64, 65].Wepreviously proposed that these agents
slowly diffuse in the brain through the fenestrated vessels
of circumventricular organs [66, 67]. Moreover, diffusion of
these agents from blood vessels into the extracellular space
is enhanced by the high concentration gradient achieved by
inhibition of renal clearance using renal ligation or coinfusion
of the agent with probenecid [58, 60, 64].

The 3D CSI datasets were acquired with a reduced spher-
ical encoding of k-space, as previously described [57], with a
TR of 5ms, FOV of 25 × 25 × 25mm3, and a nominal voxel
resolution of 1 𝜇L. A dual-banded refocused 90∘ Shinnar-Le
Roux (SLR) pulse of 35 kHz bandwidth, 90 kHz separation,
and 205𝜇s duration was used to selectively excite the H2/H3
and H6 protons of TmDOTP5− (i.e., on either side of water).
The phase encoded gradient duration was 160 𝜇s, the spectral
width was 250 kHz, and the acquisition time was 4.1ms.
The total acquisition time for each 3D CSI dataset scan
was 12 minutes. First a pHe map was acquired before the
SPIO-NPs injection. Then a spin-echo dataset was obtained
to determine the 𝑅2 enhancement induced by TmDOTP5−.
Next, the TmDOTP5− infusion was stopped and SPIO-NPs
were injected slowly (over 5 minutes). Then another spin-
echo dataset was obtained 15 minutes after the infusion of
SPIO-NPs to determine the additional 𝑅2 enhancement due
to SPIO-NPs. Finally, infusion of remaining TmDOTP5− dose
was then resumed and another pHe map was obtained after
infusion of SPIO-NPs.
𝑅2 maps were obtained by fitting the absolute MRI inten-

sity at different TEs to a single exponential function using
Matlab (Mathworks Inc., Natick, MA, USA). 𝑅2 values from
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the 3 conditions (i.e., no contrast agent, after TmDOTP5−
infusion, and after SPIO-NPs infusion) were compared to
determine the relaxation enhancement of each contrast agent.
Average 𝑅2 values were measured in regions of interest
(ROIs), where 1mm circular rings were taken from the
center of mass of the tumor. The tumor edge was defined as
regions 1mm immediately outside the MRI-defined tumor
core. Comparing the measured 𝑅2 against the relaxivity of
Molday ION allowed the amount of SPIO-NPs in each region
to be approximated.

The 3D CSI datasets were used to create maps of the
H2, H3, and H6 resonances of TmDOTP5− before and
after infusion of SPIO-NPs. The linewidth (LW) of the H6
resonance was measured to generate LW maps and create
histograms before and after infusion of SPIO-NPs.While any
of the three resonances could have been used to make the
LW maps, H6 was chosen because it had the highest signal-
to-noise ratio (SNR). BIRDS-based pHe maps of the brain
obtained with TmDOTP5− were calculated as previously
described [57, 58, 60, 62]. Briefly, the 3D CSI datasets were
reconstructed to a 25 × 25 × 25 matrix using an in-house
Matlab script. pHe was calculated by fitting the H2, H3, and
H6 resonances (i.e., 𝛿2, 𝛿3, and 𝛿6, respectively) to

pHe = 𝑎0 + ∑
𝑘=2,3,6

𝑎𝑘1𝛿𝑘 + ∑
𝑘=2,3,6

∑
𝑗=2,3,6

𝑎𝑘𝑗2 𝛿𝑘𝛿𝑗, (1)

where the coefficients 𝑎0, 𝑎
𝑘
1 , and 𝑎

𝑘𝑗
2 were calculated from

linear least-squares fit of pHe as a function of the resonances
𝛿2, 𝛿3, and 𝛿6 [60]. Average pHe values before and after
infusion of SPIO-NPs were determined as a function of
distance from the center of mass of the tumor, similar to the
procedure described above for the 𝑅2 maps.

2.4. Prussian Blue Iron Staining. Rats were sacrificed at the
end of the experiments and brains were perfusion-fixed in
4%paraformaldehyde for Prussian blue iron staining to assess
the distribution of SPIO-NPs. 10 𝜇m thick coronal sections of
the fixed tissue were incubated in a solution of 4% potassium
ferrocyanide and 4% hydrochloric acid twice for 10 minutes
and then counterstained with nuclear fast red. Regions with
Fe3+ (from SPIO-NPs) were expected to stain blue due to
formation of ferric ferrocyanide.

3. Results

The 𝑅2 maps before any contrast agent infusion (Figure 1(a)),
after TmDOTP5− infusion (Figure 1(b)), and after the infu-
sion of SPIO-NPs (Figure 1(c)) are shown for a renal-ligated
rat bearing an RG2 tumor. While tumor localization was
obtained in all three MRI cases, much better delineation
was observed upon enhancements by TmDOTP5− alone or
TmDOTP5− + SPIO-NPs. While 𝑅2 increases were observed
after infusion of TmDOTP5− (relative to the intrinsic con-
trast), a superior MRI contrast was observed after the
infusion of SPIO-NPs. The circular ROIs that were drawn
from the tumor center are shown in Figure 1(d). The 𝑅2
relaxation enhancement was ROI-dependent with higher 𝑅2
values inside the tumor and lower 𝑅2 outside the tumor

(Figure 1(e)). Since 𝑅2 enhancement was dependent on the
concentration of the paramagnetic agents, the observed ROI-
specific 𝑅2 enhancement suggests that the extravasation
(and accumulation) of both TmDOTP5− and SPIO-NPs was
highest in the tumor core and lower in regions farthest from
the tumor’s center of mass.

The 𝑅2 values in the tumor (boundary marked by
black outlines in Figures 1(a)–1(c)) were 22.5, 43.4, and
61.2 s−1 before contrast agent infusion, after infusion of
TmDOTP5−, and after infusion of SPIO-NPs, respectively.
For the healthy/nontumor tissue (contralateral side), the 𝑅2
values were 25.8, 27.3, and 31.5 s−1 before contrast agent
administration, after infusion of TmDOTP5−, and after infu-
sion of SPIO-NPs, respectively. The measured 𝑅2 relaxivity
of Molday ION at 9.4 T in vitro was 2.45 s−1mg−1 Fe/kg. By
comparing the 𝑅2 enhancement by SPIO-NPs against the
relaxivity of the Molday ION, the average concentration of
SPIO-NPs in the tumor (ROIs 1–3mm) was determined to be
7.27mg Fe/kg. In healthy/nontumor tissue (ROIs 4–9mm),
there was a 4.1 s−1 change in 𝑅2 with SPIO-NPs, which
corresponds to 1.69mg Fe/kg. Thus, the concentration of
SPIO-NPs in the tumor was 4.3 times greater than in
healthy/nontumor tissue, suggesting a fourfold enhanced
extravasation/accumulation in the tumor.

Given the physical characteristics of Molday ION, we
anticipate that the induced MRI effect is from SPIO-NPs
within the extracellular milieu and calculating the concentra-
tion of SPIO-NPs in vivo should not be significantly affected
by using the relaxivity measured in vitro. Girard et al. showed
that the relaxivity of SPIO-NPs internalized in cells was lower
than that of freely dispersed (in vitro) SPIO-NPs by as much
as up to 4 times [68]. Taylor et al. also showed that the
relaxivity of Molday ION internalized in cells was 4 times
lower than the relaxivity in solution [69]. If we assume the
relaxivity of Molday ION in vivo is 4 times lower than what
was measured in vitro, then the calculated concentration of
SPIO-NPs in both the tumor and healthy brain would be 4
times higher, but the relative distribution in tumor versus
healthy/nontumor tissue would remain the same. For exam-
ple, if we assume a 4x lower in vivo relaxivity (0.61mg−1 s−1

in vivo versus 2.45mg−1 s−1 in vitro), the concentration of
SPIO-NPs in the tumor would be 29.16mg Fe/kg while the
concentration in the healthy tissue would be 6.72mg Fe/kg
(4.3 times lower than in the tumor). However, we expect that
most of the SPIO-NPs will accumulate in the extracellular
space where the microenvironment is more similar to the in
vitro situation than that of SPIO-NPs internalized in cells.
Moreover, we do not expect the relaxation of SPIO-NPs to
change significantly over the pH range of our in vivo studies
(i.e., pHe 6.8 in tumors to 7.3 in healthy/nontumor tissue).
Liu et al. and others have shown that the 𝑅2 of dextran-
coated SPIO-NPs was not significantly different over this
pH range [63, 70]. Using different concentrations of Molday
ION, Shu et al. showed that the 𝑅2 increase with increasing
Molday ION dose was uniform across different brain regions
[71]. Thus we expect the relaxivity of SPIO-NPs calculated
in vitro to be a good approximation of the in vivo situation.
Although we expect our concentration estimation to be
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Figure 1: Transverse relaxation rate (𝑅2) maps of an RG2 glioma-bearing rat that underwent renal ligation for TmDOTP5− infusion, (a)
without any contrast agent, (b) after infusion of TmDOTP5−, and (c) after infusion of SPIO-NPs. The scale bar in (a–c) denotes 𝑅2 values
from 0 to 80 s−1. Compared to the 𝑅2 map before TmDOTP5− infusion (a), the 𝑅2 enhancement was observed throughout the brain after
TmDOTP5− infusion (b), but superior 𝑅2 enhancement and tumor delineation were observed following infusion of SPIO-NPs which also had
cumulative effects from infusion of TmDOTP5− (c). The contrast enhancement from both TmDOTP5− and TmDOTP5− with SPIO-NPs was
region-specific, with highest enhancement in the tumor core and limited enhancement outside the tumor (relative to the intrinsic contrast,
(a)). The black outline in (a–c) denotes the tumor boundary, which is based on the superior MRI contrast after infusion of SPIO-NPs. The
region of interest (ROI)mask based on 1mmcircular rings from the tumor center (d) was used to generate the radial𝑅2 distribution histogram
of these ROIs (e). Scale bar in (d) denotes 0 to 10mm diameter circular ROIs (portrayed on a representative rat brain slice). The gray dashed
line in (e) denotes the demarcation between tumor and nontumor regions. The amount of SPIO-NPs in the tumor was 4.3 times greater
than in the healthy tissue suggesting a preferential extravasation and accumulation of SPIO-NPs in the tumor. See Figure S1 for examples of
Prussian blue staining for SPIO-NPs of an RG2 glioma-bearing rat that underwent renal ligation for TmDOTP5− infusion. See Figure S2 for
examples of 𝑅2 maps of an RG2 glioma-bearing rat that underwent coinfusion of probenecid and TmDOTP5−.

only minimally affected, nevertheless these values should be
considered “apparent” concentrations.

The preferential distribution of SPIO-NPs in tumors
over healthy/nontumor tissues was tested with Prussian blue
staining for Fe3+. Although the results from Prussian blue
staining are not quantitative, regions that showed higher
levels of SPIO-NPs were stained blue, indicating presence of
Fe3+ (see Figure S1 in the Supplementary Material available
online at https://doi.org/10.1155/2017/3849373). The Prussian
blue stained images show an abundance of SPIO-NPs in
the tumor, but very little staining on the healthy/nontumor
contralateral side of the brain, supporting the enhanced
accumulation of SPIO-NPs in the tumors observed with 𝑅2
mapping.

Since the 𝑅2 data shown in Figure 1 is from a renal-
ligated rat, we obtained similar data froma rat that underwent

coinfusion of TmDOTP5− and probenecid (Figure S2). The
amount of SPIO-NPs in the tumor was 2 times higher than
in nontumor tissue (i.e., 4.5 versus 2.2mg Fe/kg). In this case,
the 𝑅2 enhancement (Figure S2) was slightly lower than that
observed in a renal-ligated rat (Figure 1), which is possibly
due to higher TmDOTP5−/SPIO-NPs concentration buildup
in a renal-ligated rat.

Because acidic pHe is a hallmark of tumor pathology
[72, 73], we obtained brain pHe maps in glioma-bearing
rat brains with BIRDS using TmDOTP5− before and after
infusion of SPIO-NPs. We previously demonstrated that
high concentrations of SPIO-NPs increase the LW of the
TmDOTP5− proton resonances in vitro [62]. In the current
work, in addition to pHe maps, we also calculated the LW
of the H6 proton of TmDOTP5− in each voxel in the brain,
before and after infusion of SPIO-NPs. Multimodal data

https://doi.org/10.1155/2017/3849373
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Figure 2:Multimodal data of relaxation rate (𝑅2), chemical shift imaging (CSI), linewidth (LW), and extracellular pH (pHe)maps obtained for
the same RG2 tumor-bearing rat in Figure 1, which had undergone renal ligation. ((a)(i)–(iv)) represent maps before the SPIO-NPs infusion
while ((b)(i)–(iv)) represent the maps after the SPIO-NPs infusion.The 𝑅2 maps were used to delineate and localize the tumor (black outline)
and brain (orange outline) boundaries on the CSI, LW, and pHe maps. 𝑅2 values inside the tumor increased significantly after infusion of
SPIO-NPs.The CSI maps were used to create the LWmaps and pHe maps.The LW increased after SPIO-NPs infusion especially in the tumor.
The pHe values within the tumor core and also on the tumormargin were lower than in the healthy/nontumor regions.The panels between the
CSI and the LWmaps show examples of 1H spectra of TmDOTP5− protons from voxels inside and outside the tumor, revealing a significant
intratumoral and peritumoral LW and pHe difference. A more detailed comparison was done using a region of interest (ROI) analysis of LW
((c)(i)) and pHe ((c)(ii)) maps before and after the infusion of SPIO-NPs, using the ROI mask shown. The scale bar in the mask denotes 0 to
10mm diameter circular ROIs (portrayed on a representative rat brain slice). The red dashed line denotes the demarcation between tumor
(ROIs 1–3) and tumor edge (ROI 4)/nontumor regions (ROIs 5–9). See Figure S3 for an example of multimodal data of an RG2 tumor rat that
underwent coinfusion of probenecid and TmDOTP5−.

(𝑅2 maps (i), CSI maps (ii), LW maps (iii), and pHe maps
(iv)) before (Figure 2(a)) and after (Figure 2(b)) infusion of
SPIO-NPs for the same RG2 tumor-bearing rat shown in
Figure 1, which had undergone renal ligation, were obtained.

The 𝑅2 maps (Figures 2(a)(i) and 2(b)(i)) were used to
delineate and localize the tumor (black outline) and brain
(orange outline) boundaries on the CSI, LW, and pHe maps.
The CSI maps (Figures 2(a)(ii) and 2(b)(ii)) were used to
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Table 1: Regional analysis for relaxation rate (𝑅2) for all RG2 tumor-bearing rats that underwent coinfusion of TmDOTP5− and probenecid
(𝑛 = 5). See Figure 3(a) for details. 𝑅2 was measured inside the MRI-defined tumor core (see Figure S2), at the tumor edge (regions 1mm
outside the tumor boundary), and in the healthy/nontumor tissue before and after the infusion of SPIO-NPs. Data shown are mean and
standard deviation (SD).

𝑅2
Intrinsic TmDOTP5− TmDOTP5− + SPIO-NPs

Mean SD Mean SD Mean SD
Tumor core 22.5 2.1 24.7 2.5 32.7 5.2
Tumor’s edge 22.7 4.0 23.7 4.4 28.6 7.9
Nontumor tissue 23.8 3.8 23.2 3.4 27.3 3.7

create the LW maps (Figures 2(a)(iii) and 2(b)(iii)) and pHe
maps (Figures 2(a)(iv) and 2(b)(iv)). Examples of 1H spectra
of TmDOTP5− protons from voxels inside and outside the
tumor—illustrated in the panel between the CSI maps and
LW maps—show that there is a significant intratumoral and
peritumoral LW and pHe differences. The SNR was higher in
the spectra after infusion of SPIO-NPs than before because
TmDOTP5− infusion was resumed 15 minutes after the end
of SPIO-NPs infusion. While the CSI maps (Figures 2(a)(ii)
and 2(b)(ii)) show regionally varying TmDOTP5− intensities,
after infusion of SPIO-NPs, there is a clear variation in
the LW maps, increasing from ∼2.5 ppm globally before the
infusion (Figure 2(a)(iii)) to ∼3.7 ppm inside the tumor and
∼3.4 ppm in the healthy/nontumor contralateral side of the
brain (Figure 2(b)(iii)). A detailed ROI analysis of the average
LWs shows similar LWs inside and outside the tumor before
infusion of SPIO-NPs (Figure 2(c)(i), white bars). However,
upon infusion of SPIO-NPs (Figure 2(c)(i), gray bars), the
average LW increased (from 2.6 to 3.5 ppm) in the tumor
(ROIs # 1–3) and to a lesser extent (from 2.6 to 3.1 ppm)
outside the tumor (ROIs # 4–9). The LW broadening in the
tumor correlated with the 𝑅2 enhancement suggesting that
the LWbroadening was due to higher concentration of SPIO-
NPs in the tumor.

The pHe maps (Figures 2(a)(iv) and 2(b)(iv)) were
obtained by fitting the chemical shifts of the H2, H3, and
H6 protons of TmDOTP5− to equation (1) as previously
described [60]. Although the CSI maps show regional vari-
ation of TmDOTP5− proton intensities, both before and after
infusion of SPIO-NPs (Figures 2(a)(ii) and 2(b)(ii)), the
pHe calculation depends only on the chemical shifts of the
nonexchangeable TmDOTP5− protons and is independent of
their concentration (or peak intensity) [59, 60].ThepHemaps
of RG2 tumors show lower pHe within the tumor core, but
also beyond the tumor boundary, which is in good agreement
with previous observations of this aggressive tumor type [57,
58]. Before injection of SPIO-NPs the average pHe was 7.0 ±
0.1 within the tumor and 7.3 ± 0.1 in the healthy/nontumor
tissue on the contralateral side for the RG2 tumor-bearing
brain (Figure 2(a)(iv)). After injection of SPIO-NPs similar
average pHe values were observed in these regions (i.e.,
7.0 ± 0.1 in the tumor and 7.3 ± 0.1 in healthy/nontumor
tissue; Figure 2(b)(iv)). These in vivo results are consistent
with our earlier in vitro report which showed that the pH
readout and sensitivities of TmDOTP5− are unaffected by the
presence of paramagnetic agents like SPIO-NPs and Gd3+

agents [62]. Moreover, a detailed ROI analysis of the spatial
pHe distribution shows that the average pHe increased as the
ROI is positioned farther from the center ofmass of the tumor
(Figure 2(c)(ii)). However, no significant differences were
observed between the average pHe values in each ROI before
and after the SPIO-NPs infusion, indicating that BIRDS-
based pHe mapping is not affected by the presence of SPIO-
NPs.

Similar 𝑅2, CSI, LW, and pHe maps as those shown in
Figure 2 were obtained from rats, bearing RG2 tumors, that
underwent coinfusion of TmDOTP5− andprobenecid (Figure
S3). The results show that these distributions were similar
to those observed in renal-ligated rats. Generally, the LWs
increased after infusion of SPIO-NPs in all regions of the
brain, but higher LW increases were observed inside the
tumor. Before infusion of SPIO-NPs, the pHe was 6.85 ± 0.03
in the tumor and the pHe was 7.15±0.06 in healthy/nontumor
tissue (Figure S3 (A)(iv)). After infusion of SPIO-NPs, the
pHe was 6.86± 0.07 in the tumor and the pHe was 7.17± 0.06
in healthy/nontumor tissue (Figure S3 (B)(iv)). The pHe of
the tumor edge (ROI 4) was also relatively acidified (pH
6.98 ± 0.13 before and 6.90 ± 0.09 after infusion of SPIO-
NPs) compared to healthy/nontumor tissue farthest from the
tumor core (ROIs 5–9).

Figure 3 shows theROI analysis for𝑅2 and pHe before and
after infusion of SPIO-NPs for all RG2 tumor-bearing rats
that underwent coinfusion of TmDOTP5− and probenecid
(𝑛 = 5). The 𝑅2 enhancement was region-dependent
(Figure 3(a); Table 1). Small 𝑅2 enhancement was observed
after infusion of TmDOTP5−, where 𝑅2 increased by 2.2 s−1
in the tumor, 1.1 s−1 in the tumor edge, and no significant
increase in the healthy/nontumor tissue. The tumor edge
was defined as a circular ROI just 1mm outside of the
MRI defined tumor core. It is important to identify and
analyze the tumor edge because after radiation therapy, it
becomes edematous and harborsmost therapy-resistant cells.
Additionally, greater 𝑅2 enhancement was observed upon
infusion of SPIO-NPs (i.e., 𝑅2 increase of 10.2 s

−1 in tumor,
5.9 s−1 in tumor edge, and 4.1 s−1 in healthy/nontumor tissue).
In contrast to the 𝑅2 measurements, the average pHe values
were not affected by the SPIO-NPs infusion (Figure 3(b);
Table 2). However, pHe varied across regions; pHe was lowest
(6.9 ± 0.1) in the tumor and highest (7.2 ± 0.1) in the
healthy/nontumor tissue farthest from the tumor. Low pHe
(6.9 ± 0.1) was also measured on the tumor edge. While
the pHe of the tumor edge in RG2 gliomas was acidic
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Figure 3: Region of interest (ROI) analysis for the average relaxation rate (𝑅2) and extracellular pH (pHe) before and after infusion of SPIO-
NPs for all RG2 tumor-bearing rats that underwent coinfusion of TmDOTP5− and probenecid (𝑛 = 5).TheROI analysis is based on concentric
1mm circular rings drawn from the center of mass of the tumor. (a) Average 𝑅2 values in different ROIs for intrinsic contrast, after infusion
of TmDOTP5−, and after infusion of TmDOTP5− with SPIO-NPs. The average 𝑅2 enhancement was highest inside the tumor (ROIs 1–3)
compared to tumor edge (ROI 4) and nontumor regions (ROIs 5–9). The dashed line represents the tumor edge. Small 𝑅2 enhancement was
observed after infusion of TmDOTP5−. However, much higher 𝑅2 enhancement was observed upon infusion of SPIO-NPs. See Table 1 for
details. (b)The average pHe values in different ROIs before and after infusion of SPIO-NPs.The pHe valuesmeasured before and after infusion
of SPIO-NPs were similar, both inside and outside the tumor. The pHe was lowest in the tumor and highest in the healthy/nontumor tissue
farthest from the tumor. Low pHe was also measured on the tumor margin. See Table 2 for details.

Table 2: Regional analysis for extracellular pH (pH𝑒) imaging before
and after infusion of SPIO-NPs for all RG2 tumor-bearing rats that
underwent coinfusion of TmDOTP5− and probenecid (𝑛 = 5). See
Figure 3(b) for details. The pHe was measured inside the MRI-
defined tumor core (see Figure S2), at the tumor edge (regions 1 mm
outside the tumor boundary), and in the healthy/nontumor tissue
before and after the infusion of SPIO-NPs. Data shown are mean
and standard deviation (SD).

pHe
Before SPIO-NPs After SPIO-NPs
Mean SD Mean SD

Tumor core 6.9 0.1 6.9 0.1
Tumor’s edge 6.9 0.1 6.9 0.1
Nontumor tissue 7.2 0.1 7.2 0.1

relative to healthy/nontumor tissue, the 𝑅2 enhancement
between the tumor edge and the healthy/nontumor tissue
were similar, suggesting that the vasculature in the tumor
margin was still intact despite the acidic transformation of
their microenvironment. Future experiments should look at
the vascularization inside, around, and far beyond the tumor
boundary, for example, with dynamic contrast enhancedMRI
and with epidermal growth factor receptor staining.

In addition to measurements obtained in the aggressive
RG2 glioma, we also acquired pHe maps before and after
infusion of SPIO-NPs in rats bearing the less aggressive
9L gliosarcoma (𝑛 = 4) using coinfusion of TmDOTP5−

and probenecid (Figure 4). The pHe maps of the aggressive
RG2 tumor (Figure 4(a)(i) before versus Figure 4(a)(ii) after
infusion of SPIO-NPs) showed a lower pHe within the tumor
region, but the acidification was diffuse and occurred also
beyond the MRI-defined tumor boundary (see also Figures 2
and S3). Previously, it was reported that the diffuse acidifica-
tion of pHe beyond the RG2 tumor boundary correlated with
increased expression of the proliferation marker Ki-67 [57].
In contrast, the pHe maps of the less aggressive 9L gliosar-
coma showed lower pHe only within the MRI-defined tumor
core (Figure 4(b)(i) before versus Figure 4(b)(ii) after SPIO-
NPs). A detailed ROI analysis of the pHe maps shows that, for
the RG2, the pHe slowly increases with the distance from the
tumor core (Figure 4(a)(iii)), whereas for the 9L tumor the
pHe is highest outside the tumor boundary and is distance-
independent (Figure 4(b)(iii)). Moreover, the regional pHe
trends observed with BIRDS were not dependent on the type
of infusion method, that is, coinfusion of TmDOTP5− and
probenecid versus infusion of TmDOTP5− after renal ligation
(Figure S4).

4. Discussion

Elevated aerobic glycolysis in gliomas leads to elevated lactic
acid and proton production, which upon extrusion from
the intracellular compartment results in acidification of the
extracellular milieu [44]. Additionally, because the BBB
is disrupted in gliomas, NPs loaded with imaging agents
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Figure 4: Comparison of pHe maps for (a) RG2 glioma and (b) 9L gliosarcoma before and after infusion of SPIO-NPs in rats that underwent
coinfusion of TmDOTP5− and probenecid. In both (a) and (b), (i) and (ii) represent the pHe maps before and after SPIO-NPs infusion,
respectively, while (iii) depicts a detailed ROI analysis. See Figure 1 for details of the ROI mask. In (a), the pHe inside the more aggressive
RG2 glioma was typically lower than in the healthy/nontumor tissue, but diffuse acidification was observed well-beyond the MRI-defined
tumor boundary. Thus the pHe slowly increased as the distance from the tumor core increased. In (b), the pHe inside the less aggressive
9L gliosarcoma was also lower than in the healthy/nontumor tissue, but the acidification did not extend beyond the MRI-defined tumor
boundary, before and after infusion of SPIO-NPs. See Figure S4 for a comparison of regional pHe dependence on the method used for
inhibition of renal clearance (renal ligation versus probenecid).

(e.g., SPIO-NPs) selectively permeate into and accumulate
within tumors. In the present study, a region-specific 𝑅2
enhancement from extravasation of SPIO-NPs was observed,
with higher 𝑅2 increases inside the tumor and smaller 𝑅2
increases outside the tumor. Although SPIO-NPs affected
MRI contrast in all tissues, excellent SPIO-induced MRI
contrast delineated the glioma boundary due to greater
extravasation of SPIO-NPs from the vasculature into the
tumor relative to healthy/nontumor tissue.We alsomeasured
pHe with BIRDS using TmDOTP5− before and after infusion
of SPIO-NPs in rats bearing 9L and RG2 brain tumors. The
results demonstrate that the pHe readout was unaffected
by the presence of SPIO-NPs, because the intratumoral-
peritumoral pHe gradients were essentially identical before
and after the infusion of SPIO-NPs, despite slight variations
in LWs of the proton peaks for TmDOTP5−. The measured
pHe was lowest inside the tumor and increased with the
distance from the center of mass of the tumor in the more
aggressive RG2 tumors. However, in the less aggressive 9L
tumors, pHe was notably higher immediately outside the
tumor boundary. We envisage coinjection of BIRDS agents

(e.g., TmDOTP5−) and NPs containing drugs and SPIO, as
a new methodology that can deliver high drug payloads
to the tumor, image drug distribution, and track tumor
location/size (by MRI), and at the same time monitor pHe
response to therapy (by BIRDS) [74].

The brain’s microvasculature is either degraded or imma-
ture in several neuropathologies, including glioblastomas.
Breakthroughs in glioma imaging and therapy exploit the fact
thatNPs, containing either SPIO (forMRI) or drugs (for ther-
apy), can extravasate through the leakymicrovasculature.The
SPIO-NPs extravasate into the tumor to generate superior
MRI contrast while tumor-targetedD-NPs safely deliver high
payloads of drugs to the tumor [74].

In the present study, the highest 𝑅2 enhancement (from
TmDOTP5− and SPIO-NPs) occurred in the tumor and
was lowest in healthy/nontumor tissue farthest from the
tumor. Because the 𝑅2 enhancement comes entirely from
the infused agents, this region-specific enhancement suggests
a corresponding spatial variation in vascular permeability
and consequent extravasation. In addition to the enhanced
extravasation, the chaotic vascular architecture in tumors



10 Contrast Media & Molecular Imaging

contributes to poor clearance leading to increased retention
of SPIO-NPs in the interstitial space of the tumor core. By
using the 𝑅2 enhancement and the relaxivity of Molday ION
(SPIO-NPs), we calculated that the amount of SPIO-NPs in
the tumor was 2 to 4 times higher than in healthy/nontumor
tissue. The EPR in tumors has been widely utilized to
preferentially deliver high amounts of imaging agents and D-
NPs, both passively and actively [75, 76].

High-grade solid brain tumors tend to develop necrotic
cores due to a combination of poor vascularization and
inadequate perfusion [77–79]. Because gliomas like RG2
are very aggressive, they rapidly invade to induce severe
neurological problems. As a consequence the rodent reaches
terminal situations before the tumor cores are able to become
necrotic. For example, these rodent brain tumors growwithin
a few weeks, whereas in the human brain gliomas develop
necrotic foci aftermanymonths, if not longer. Tumor necrosis
has very likely not yet occurred in these rodent tumors at the
time points of our experiments.The observed higher𝑅2 in the
center relative to the periphery suggests higher permeation
and accumulation of SPIO-NPs in the center of the tumor due
to greater extent of BBB disruption within the tumor niche.
Prior studies support these observations. Beaumont et al. did
not observe any necrosis in their RG2 rat gliomas at similar
time points as our experiments [16]. Their staining results
also showed that the BBB was significantly disrupted at the
center of the tumor in RG2 tumors. While the vasculature at
the primary tumor site/core is leaky, the blood vessels at the
tumor infiltration sites (i.e., periphery) are often immature,
which may slow the extravasation of SPIO-NPs out of the
blood into these new tumor sites. Uehara et al. also showed
that necrosis of tumor cores is minimal or absent in RG2
tumors at time points less than 4 weeks following inoculation
[80]. Therefore based on the information regarding RG2
tumor growth from prior work in this and other laboratories,
we expect the tumor cores to be non-necrotic, and thus higher
𝑅2 increase from the SPIO-NPs would be observed in the
tumor core. Additionally, because gliomas including RG2 are
known to have an increased presence of macrophages relative
to healthy brain tissue, the higher amount of SPIO-NPs in the
tumor could be due in part to macrophage phagocytosis [16].

4.1. Superparamagnetic Iron Oxide Nanoparticles in Can-
cer Theranostics. Owing to their strong superparamagnetic
properties, tunable size, shape, coating, and magnetic sus-
ceptibility, SPIO-NPs have gained utility as therapeutic
agents in alternating magnetic field hyperthermia [81–85],
as MRI contrast agents for cell tracking [86–89], and for
imaging tumor location/size as well as drug delivery [40,
74, 90]. Drug delivery imaging with SPIO-NPs is often
accomplished by coencapsulating drugs and SPIO into a
given nanocarrier platform (e.g., micelles or liposomes). In
liposomes, for example, SPIO-NPs and hydrophilic drugs can
be encapsulated inside the nanocarrier, whereas hydrophobic
drugs can be incorporated on the nanocarrier membrane.
Recent advances also involve coating the surface of SPIO-
NPs itself with drugs [11, 12]. Entry and accumulation of
these drug-containing and SPIO-containing NPs into the
tumor have been achieved by passive targeting, whereby the

NPs are small enough to extravasate through leaky tumor
vasculature, but large enough not to cross the intact vessels in
healthy/nontumor tissue. However, better and more selective
targeting is achieved when the NPs are coated with ligands
that are specific to receptors and/or transporters that are
overexpressed on tumor cells and vasculature. Examples of
such targets include transferrin receptors, epidermal growth
factor receptors, folate receptors, vascular endothelial growth
factor receptors, monocarboxylate transporters, and glucose
transporters [29, 91–96]. In all these cases, the delivery
and biodistribution of D-NPs are visualized and quantified
through signal attenuation (negative contrast) of the 𝑅2-
weighted MRI resulting from the strong superparamagnetic
fields generated by SPIO-NPs. Because both the drugs and
SPIO-NPs are contained in the same nanocarrier, the location
and distribution of the SPIO-NPs, as observed byMRI, reflect
the biodistribution of D-NPs. By quantifying the SPIO-
induced MRI contrast attenuation, it is possible to quantify
the D-NPs delivered to the tumor.

Currently, measurement of tumor size is the only FDA-
approved method to assess the response to therapy nonin-
vasively. Because changes in tumor size following treatment
may take up to a month to manifest, this method is not ideal
for aggressive brain cancers, especially when the treatment
is later found not to have been effective. Thus a clear need
exists for methods that can provide prompt assessment of
therapeutic efficacy so that treatment can be altered quickly if
desired. Recently, it was shown that quantitative monitoring
of the tumor microenvironment following a pharmacologic
challenge provides a better way to monitor therapeutic
efficacy [97]. Because acidification of pHe promotes drug
resistance, degradation of the extracellular matrix, angio-
genesis, tumor invasion, and metastasis, drugs that raise (or
neutralize) pHe by targeting the acid-generating glycolysis
in tumors have demonstrated significant inhibition of tumor
growth and enhanced apoptosis [45, 46, 48, 72, 98, 99]. Addi-
tionally, drugs that directly raise tumor pHe (e.g., bicarbonate
treatment) inhibit tumor invasion and metastasis [100, 101].
Because bicarbonate and drugs that inhibit glycolysis elevate
pHe in a fewdays,methods that quantitativelymeasure tumor
pHe longitudinally may provide an effective evaluation of
their therapeutic efficacy and allow for prompt modification
of therapy if the initial treatment is not working. A recent
study has reported that temozolomide, which is an alkylating
agent and is adjuvant chemotherapy used to clinically treat
glioblastomas, arrests glioma growth and normalizes intratu-
moral pHe [102].

4.2. Combining Drug Delivery Imaging with pH𝑒 Imaging to
Assess Therapy. Given the significant relaxation enhance-
ment of the nonexchangeable protons on the TmDOTP5−
agent [60, 103, 104] due to pseudocontact interactions with
unpaired Tm3+ electrons, we hypothesized that BIRDS-based
pHe readout of TmDOTP5− will remain uncompromised
by SPIO-NPs. Although SPIO-NPs altered MRI contrast in
all tissues, SPIO-based MRI contrast clearly demarcated the
tumor boundary due to greater extravasation of NPs through
leaky blood vessels. Nonetheless, the quality of BIRDS-based



Contrast Media & Molecular Imaging 11

pHe readout with TmDOTP5−, for both intratumoral and
peritumoral regions, was unaffected by the presence of the
SPIO-NPs, since the pHe maps obtained before and after the
infusion of SPIO-NPs were very similar.

While separate infusions of TmDOTP5− and SPIO-NPs
were employed in the present study, future studies might
assess the possibility of combining them [74]. Conjugating
several monomers of the pHe-sensitive agent on the sur-
face of the NPs could possibly enhance the sensitivity of
BIRDS to monitor the immediate environment of D-NPs
and prolong their lifetime to enable multiple monitoring
sessions at various treatment time points. Ordinarily, BIRDS
agents have fast renal clearance owing to their small size and
thus renal inhibition is necessary for accumulation [57, 58,
60, 105]. However, if conjugated to NPs, the BIRDS agents
lifetime might increase significantly (i.e., to several days,
which is the case for SPIO-NPs), thus allowing their use
without inhibition of renal clearance and obviating the need
for repeated infusions [106]. Towards this goal, it has been
previously demonstrated in vitro that encapsulation of BIRDS
agents in liposomal nanoparticles resulted in an MR signal
amplification without impeding the local pH readout [62].

5. Summary

The treatment of brain gliomas is hampered in part by a
limited availability of reliable in vivo methodologies that can
simultaneously and noninvasively measure glioma invasion,
drug delivery, and its therapeutic benefits. In this study, we
demonstrated superb MRI contrast enhancement and tumor
delineation with SPIO-NPs and quantitative imaging of
intratumoral-peritumoral pHe gradients using BIRDS in rat
models of brain gliomas. Furthermore, we demonstrated that
both the intratumoral and peritumoral pHe readouts, mea-
sured with BIRDS using TmDOTP5−, are not compromised
by the presence of SPIO-NPs.Thus, we propose a new cancer
imaging protocol that can target high drug payloads (via D-
NPs) to tumors and image the drug delivery (via SPIO-NPs),
concurrently map tumor location and size (by MRI), and at
the same time monitor therapeutic efficacy through drug-
induced changes in pHe (by BIRDS) [74].
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The combination of the size-dependent properties of nanomaterials with radioisotopes is emerging as a novel tool for molecular
imaging. There are numerous examples already showing how the controlled synthesis of nanoparticles and the incorporation of
a radioisotope in the nanostructure offer new features beyond the simple addition of different components. Among the different
nanomaterials, iron oxide-based nanoparticles are themost used in imaging because of their versatility. In this review, we will study
the different radioisotopes for biomedical imaging, how to incorporate them within the nanoparticles, and what applications they
can be used for. Our focus is directed towards what is new in this field, what the nanoparticles can offer to the field of nuclear
imaging, and the radioisotopes hybridized with nanomaterials for use in molecular imaging.

1. Nanoplatform-Based Molecular Imaging

Molecular imaging (MI) is the remote sensing and quan-
tification of the biochemical processes in a living organism
at a cellular and molecular level. The interest in the use of
nanomaterials (NM) for MI is explained by several factors.
Firstly, due to the available variety in composition and
size, it is possible to produce probes for every imaging
modality (Figure 1). Secondly, the hybrid molecular imaging
experiments are much easier to develop due to the intrinsic
multifunctional character of most NM. Thirdly, the tailored
synthesis of these materials permits fine-tuning the critical
parameters like the pharmacokinetics of the probe or the
ligand payload. This justifies why most of the NM are used
in MI experiments. Examples include, but are not limited to,
quantum dots [1, 2], gold nanoparticles [3, 4], upconverting
nanophosphors [5, 6], liposomes [7, 8], dendrimers [9, 10],
carbon nanotubes [11, 12], silica nanoparticles [13, 14], and
perfluorocarbon nanoparticles [15, 16].

The combination of micro/nanoparticles with radioiso-
topes has long since been used. For example, it is well
known that the combination of albumin aggregates with
99mTc for lung perfusion studies [17]. However, the newly
developed nanoradiomaterials present a key difference, the
precise control over the nanomaterial size (Table 1). The
current trend is to combine the size-dependent properties of
nanomaterials with the radioisotopes, rather than just using
a nanoscaffold.

A particularly important kind of NM in molecular imag-
ing, being the focus here, is iron oxide nanoparticles (IONP).
There are many reasons that justify the preferential use of
these NM inmolecular imaging, like the possibility of getting
positive or negative signal in magnetic resonance imaging,
tunability of size, the ease of functionalizing their surface, and
their biocompatibility or new imaging techniques like mag-
netic particle imaging [18]. Furthermore, IONP are probably
the best example of a new approach inMI, as the combination
of nanotechnology and radiochemistry. The combination
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Figure 1: The synthesis and bioconjugation of different nanoparticles enable molecular imaging experiments with different modalities: (a)
fluorescence, (b) magnetic resonance imaging, (c) positron emission tomography, (d) magnetic particle imaging/computed tomography,
adapted from [18] with permission of the American Chemical Society, (e) photoacoustic imaging, and (f) computed tomography. Panel (d)
is adapted from [19], with permission of the Royal Society of Chemistry. Panel (e) is adapted from [20] with permission of Elsevier.

of the size-dependent properties of nanomaterials and the
exquisite sensitivity of nuclear imaging techniques creates
a new paradigm in molecular imaging. These new features
extend to most of the typical issues when developing tracers
for biomedical imaging like the concept of multifunctional-
ity, biodistribution, pharmacokinetics, and the administered
dosage.

In this work we will review the synthesis, characteriza-
tion, and application of iron oxide-based nanoradiomaterials
(NRM), focusing on how this is a synergistic approach,
beyond the classical attachment of different, independent
parts that characterize many multifunctional nanomaterials.

2. Iron Oxide Nanoparticles for
Molecular Imaging

Iron oxide nanoparticles (IONP) are one of the most used
nanomaterials for biomedical applications. They show some

remarkable properties explaining their preferential status,
such as their size-dependent MRI properties, superparamag-
netic behavior, biocompatibility, and chemical stability [24].
They present a magnetic core, typically magnetite (Fe3O4),
maghemite (𝛾-Fe2O3), or a mixture of both forming a crys-
talline structure. To avoid aggregation due to surface tension
at nanometric scale, magnetic cores are usually accompanied
by a coating that reduces surface tension forces, ensuring,
hence, the colloidal stability of the sample. The properties of
the final formulation depend on the combination ofmagnetic
core and the coating. The selection of the appropriate syn-
thetic method is therefore crucial in obtaining IONPwith the
desired features [25]. The most commonly used methods are
discussed below.

2.1. Synthetic Methods. In the last two decades, a variety of
synthetic methods have been developed to produce IONP.
We can divide the different approaches into two groups:
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Fe2+ + 2Fe3+ + 8OH− Fe(OH)2 + 2Fe(OH)3 Fe3O4 + 4（2／

Scheme 1: The reaction mechanism of the method developed by Massart.

aqueous and nonaqueous methods. Aqueous methods like
coprecipitation, hydrothermal synthesis, and sol-gel synthe-
sis produce physiologically stable IONP in a single step.
On the other hand, nonaqueous methods produce stable
IONP in nonpolar solvents, with better crystallinity and size
homogeneity, in comparison with aqueous methods.

2.1.1. Coprecipitation Method. Coprecipitation is the most
used aqueous method to obtain IONP. The first protocol,
developed by Massart in 1981, involved the reaction between
Fe2+/Fe3+ salt solutions at basic pH [54]. Under these condi-
tions, with a molar ratio of 1 : 2, ferrous and ferric hydroxides
are formed, which finally results in the formation of a Fe3O4
precipitate (Scheme 1).

Coprecipitation is a straightforward methodology that
has been extensively used due to the possibility of producing
IONP on a large scale [55]. The main advantage of this
method is the production of nanoparticles with colloidal sta-
bility in water in a single step. However, the attachment of the
surfactant is usually weak, resulting in poor bioconjugation
efficiencies.

2.1.2.Thermal Decomposition. Among nonaqueousmethods,
thermal decomposition of organic precursors is the preferred
one. In this method, an organometallic compound together
with several surfactants is exposed to high temperatures,
leading to decomposition, nucleation, and growth to form
the core of the nanoparticle [56, 57]. Organometallic pre-
cursors used in this kind of synthesis are Fe(cup)3, Fe(CO)5,
Fe(oleate)3, FeO(OH), and Fe(acac)3. One of the most suc-
cessful combinations was proposed by Sun and Zeng in 2002.
In this synthesis, Fe(acac)3 is heated in diphenyl ether in the
presence of oleylamine, oleic acid, and a diol as surfactants
[58]. This combination results in highly homogenous and
monodisperse, magnetite nanoparticles. The size of the core
can be controlled, by adjusting the heating temperature, the
reaction time, and/or the concentration of the surfactant,
to a range of 3–20 nm. The main advantage of thermal
decompositionmethod is the control over size and shape, due
to the fine-tuning of kinetic and thermodynamic parameters.
The main drawback of this approach is the hydrophobic
character of the nanomaterial that requires a further synthetic
step to get water stable nanoparticles. On the other hand,
this mandatory second step has also been used for the
simultaneous incorporation of hydrophilic character and
biological activity with interesting results [59].

2.1.3. Microwave Synthesis. Recently, microwave-driven syn-
thesis has been applied for the development of diverse iron
oxide formulations [60–62]. This method offers two key
advantages, homogeneous heating and a significantly higher
speed of reaction, considerably important for our topic here.
In the traditional heat transfer equipment such as heating

jackets, oil baths, or sand baths, the sample temperature
increases as a consequence of heat exchange through an
external source.Theprocess is often slow and the temperature
gradients occur within the sample, which implicates local
overheating spots. The dielectric heating characteristic of
this microwave, on the other hand, prevents temperature
gradients and therefore produces highly homogeneous NPs.
Furthermore, the use of a microwave oven reduces user
dependency while increasing the reproducibility. The useful-
ness of this approach for biomedical applications has already
been proved [60–62].

2.2. Iron Oxide for Magnetic Resonance Imaging. Magnetic
resonance imaging (MRI) is based on the physical principles
of nuclear magnetic resonance (NMR). Briefly, it consists in
measuring the evolution of the netmagnetic vector generated
after placing the sample (the patient) in a large magnetic
field. After perturbation of this vector with a radiofrequency
pulse, the magnetic vector goes back to the equilibrium
state, that is, aligned with the external magnetic field. The
recovery of the longitudinal magnetization and the loss of
the transversal one are governed by two values, T1 for the
longitudinal and T2 for the transversal. Contrast agents for
MRI reduce both relaxation times; the change of T1 or T2 as
a function of the concentration of the contrast agent, 𝑟1 or
𝑟2, is what determines the classification of the compound as
T1 or T2 contrast agent. Large 𝑟1 values brighten the tissue,
a “positive” contrast, while very large 𝑟2 values darken the
tissue, a “negative” contrast (Figure 2(a)).

IONP are extensively used in the field of biomedicine, as
biosensors, in stem cell tracking, magnetic hyperthermia and
drug delivery [63–66]. In terms of imaging IONP are well
known as contrast agents for magnetic resonance imaging
(MRI). IONP are very efficient T2 contrast agents, due to
their superparamagnetic behavior, showing very large 𝑟2
values [67], therefore darkening the tissue surrounding the
nanoparticles. However, the diagnosis for many pathologies
is complicated by the use of negative contrast agents due
to endogenous hypointense signals caused, for instance, by
bleeding, metal deposits, or calcifications. In these cases,
organs appear completely black, making IONP indistinguish-
able from endogenous signal. These reasons have, hence,
motivated a research interest in finding the methods to
obtain IONP for positive contrast agents.We, amongst others,
have demonstrated how the use of IONP showing large 𝑟1
values and 𝑟2/𝑟1 ratios smaller than 3 can be used for T1-MR
targeted image [68, 69]. The strategy to develop IONP for T1
contrast lies in the reduction of the core size down to 2-3 nm.
In these conditions, nanoparticles show magnetic behavior
much similar to a paramagnetic than to a superparamagnetic
compound (Figure 2(b)). Most recently, we have studied the
possibility of changing from T2 to T1 contrast, by modifying
just the thickness of the coating. IONP modified this way
show completely different performance in vivo, with long
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Figure 2: (a) Transversal and longitudinal relaxation times evolution in the presence or absence of contrast agents. (b) Change in themagnetic
behavior of iron oxide nanoparticles with the core size, from superparamagnetic (left) to paramagnetic (right). (c) T2-weighted MRI of the
liver using iron oxide nanoparticles with thick organic coating (left), T1-weighted MR angiography using iron oxide nanoparticles with thin
organic coating (right).

circulating times and positive contrast, when the organic
coating is thin (about 4 nm), and short circulating times
and negative contrast, when the coating layer is thick (about
17 nm, Figure 2(c)), while core size is the same for both (about
4 nm) [70].

2.3. Why Still Far from a Clinical Routine Yet? IONP have
long been used in clinic as T2 contrast agents. Due to
the their excretion route, mainly by liver and spleen, these
contrast agents are used in the clinic to visualize pathologies

in these regions [71–73]. For instance, IONP have been
used for diagnosis of hepatocellular carcinoma, colorectal
hepaticmetastases, pancreatic islet inflammation, and splenic
lymphoma [74–77]. However, IONP contrast agents are still
far from clinical routine. A variety of iron oxide-based com-
mercial products existed until a few years ago: ferumoxytol
(Feraheme�), ferumoxides (Endorem�, Feridex�), ferucar-
botran (Resovist�), ferumoxtran-10 (Combidex�, Sinerem�),
feruglose (Clariscan�), and ferumoxsil (Lumirem�). The
production of some agents such as Sinerem, Feridex, and
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Clariscan has been discontinued for different reasons, mainly
due to regulatory and marketing issues. Currently the only
IONP approved for clinical use, Ferumoxytol (Feraheme),
was in fact designed as iron supplement for patients with
anemia and kidney chronic diseases [78]. After many years of
research on the development of IONP, we have a biocompat-
ible, multifunctional nanomaterial with quite a strong signal
in T2-MRI which, however, has not yet found its place in
medical imaging within the clinical spectra. Several reasons
can be argued to explain this situation, like the hepatic
elimination of the particles that produce large accumulations
of Fe in the liver, which is a problem especially if repeated
doses were necessary [79]. However, in our opinion, themain
reason is precisely the claim that its eminent property is the
very large negative contrast inMRI. Many times and for most
diseases the identification of negative contrast in the image is
not straightforward. Anyone who has worked with this kind
of material in molecular imaging would agree that being able
to differentiate between endogenous hypointense signals and
the contrast provided by IONP is nothing but difficult. This
difficulty in a clinical environment displaces its usage with
Gd-based positive contrast probes, even if this will be at the
expense of the inherent toxicity of these compounds. This is
one of the most important reasons that explain the interest
in combining IONP and radioisotopes. The possibility of
combining all the interesting properties of IONP with that of
the clear signal from nuclear imaging techniques solves the
major part of the problem.

3. Radiochemistry for Molecular Imaging

3.1. Nuclear Imaging. Nuclear imaging techniques, which
comprise positron emission tomography (PET), single pho-
ton emission computerized tomography (SPECT), and planar
gamma-camera imaging or 2D-scintigraphy, are in vivo,
ultrasensitive, and minimally invasive imaging modalities
which allow the determination of the spatiotemporal dis-
tribution of positron- or gamma-emitter labeled tracers
(radiotracers) after administration to a living organism. The
principle behind PET and SPECT is relatively intuitive:
positron emitters undergo spontaneous radioactive decay by
emission of a positron, which ultimately interacts with an
electron of a surrounding atom in a process called annihila-
tion. This process results in the emission of a pair of gamma
rays with energies of 511 keV each and travelling 180∘ apart.
Gamma emitters undergo spontaneous radioactive decay by
(𝛽−, 𝛾) emission, through electron capture (EC, 𝛾), emission,
or isometric transition (IT). When a positron- or gamma-
emitter labeled radiotracer is administered to an organism,
the high-energy gamma rays escape from the body and are
detected by external detectors. All the detected events are
finally reconstructed into two-dimensional (2D) or three-
dimensional (3D) images, which contain information about
the spatiotemporal distribution of the radiotracer within the
organism.

Nuclear imaging techniques are extremely sensitive and
minimally invasive (the required administration dosage for
obtaining an image is limited to a precisely minute quantity
of the radiotracer). Hence, repeated studies can be conducted

within the same subject over time. The main drawbacks of
these techniques are that they require the use of ionizing
radiation and the spatial resolution is usually low (in the
range of 0.5–1mm for small animal scanners and a few
mm for clinical scanners). Positron emitters typically used
in the medical or biomedical fields have shorter half-lives
than single photon emitters. Historically, the most com-
monly used radionuclides have been fluorine-18, carbon-11,
nitrogen-13, and oxygen-15, which can be readily produced in
small-sized biomedical cyclotrons. Recently, gallium-68 has
gained relevance as it can be easily produced in 68Ge/68Ga
generators, which are currently commercially available from
different suppliers. However, all these radionuclides have a
major limitation: its short half-life, which ranges from 122 s
(oxygen-15) to 109.7min (fluorine-18). Longer-lived positron
emitters include zirconium-89 (89Zr, T1/2 = 78.41 h), copper-
64 (64Cu, T1/2 = 12.7 h), and iodine-124 (124I, T1/2 = 100.22 h).

3.2. Isotopes for SPECT and PET

3.2.1.The Need for Radiolabeling. One of themain drawbacks
to consolidating the use of nanomaterials in biomedical
applications is the difficulty associated with their tracking,
after in vivo administration to a living organism. Indeed, the
determination of the biodistribution, biological fate, or sta-
bility of NPs in vivo is extremely challenging. One alternative
to gain information regarding the in vivo behavior of NPs
is to incorporate a radioactive atom into the NP, namely, a
positron or gamma emitter. Incorporation of a radionuclide
enables the execution of in vivo imaging studies using nuclear
imaging techniques. The major advantages of radionuclide-
based NP tracking are the high sensitivity, the quantitative
nature of the detection techniques, and the wide range of
radioisotopes available, with different physical properties (see
below). However, incorporation of the radioactive atom is
usually far from trivial, and the first decision to bemade is the
selection of the radionuclide. An appropriate selection of the
radionuclide requires careful consideration of many different
factors, including its physicochemical properties.

As a general rule, the positron or gamma emitters are
ideally suited to track NPs in vivo, because gamma rays
have a high penetration capacity and can easily escape
from the body and reach the detectors. However, potential
attenuation of the radiation within the organism (which
can be significant for low energy gamma emitters and large
animal species/humans) may have an effect in the quantifi-
cation process, and appropriate correction tools need to be
considered. Another important factor to consider is the time
window in which the NPs should be tracked. If the physical
half-life of the radioisotope is too short, the biological
process will only be partially investigated. On the other hand,
if the physical half-life is too long, high radiation doses
might be administered into the organism under investigation
and the waste disposal will become more difficult. Finally,
the radiochemical integrity of the radiolabeled NP is also
paramount. The chemical route to incorporate the radiolabel
has to be designed so as to minimize potential loss of the
label during subsequent use. Both PET and SPECT rely on
the detection of the gamma rays, which are originated in the
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radioactive atom. If the label (radionuclide) and the NP are
not together (due to, e.g., detachment or degradation of the
NP), the interpretation of the data will lead to completely
wrong conclusions.

With these considerations in mind, the number of
positron and gamma emitters that can be principally used
for the radiolabeling of NPs is huge. However, in practical
terms only a few radionuclides have found real applicability
in the field of bionanotechnology.The physical characteristics
such as production processes and chemical possibilities for
themost relevant positron and gamma emitters in the context
of nanomedicine are discussed in the next subsections.

3.2.2. Radiohalogens. Radiohalogens have been used widely
for decades due to their well-known chemistry and the wide
range of half-lives and emissionmodes that they offer. Hence,
radiohalogens are one of the first options to be considered
when approaching the radiolabeling of NPs.

Fluorine-18. Fluorine-18 is an accelerator-produced radionu-
clide, with a decaymode close to 100%positron emission, and
it can be generated in two chemical forms (F− and [18F]F2)
by using the 18O(p,n)18F nuclear reaction. The production
of [18F]F− is usually achieved by irradiation of 18O-enriched
water (95–98%)with protons in the energy range of 8–18MeV,
to obtain the radioactive anion as an aqueous solution. The
production of [18F]F2 is based on the so-called “double-shot
method” and consists of two irradiation steps. In the first
step, pure [18O]O2 is irradiated with protons to produce 18F
which remains adsorbed on the walls of the target chamber.
The oxygen is then removed by cryogenic retrieval, the target
is refilled with a mixture of Ne/F2, and a second irradiation
is carried out. During the second irradiation, an isotopic
exchange reaction between the 18F adsorbed on the walls of
the target and F2 occurs, yielding [

18F]F2.
The main synthetic strategies behind 18F-labeling can

be crudely divided into two distinct areas. (i) The first
area is direct fluorination, where the 18F isotope is intro-
duced “directly” into the target molecule of interest in
one step via nucleophilic or electrophilic fluorination reac-
tions. Nucleophilic 18F− is used to perform aliphatic or
aromatic nucleophilic substitution reactions on different
leaving groups. This approach is currently used in most
of the PET centers worldwide for the daily production
of 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG or FDG),
a radiofluorinated glucose metabolism marker, which has
made an unparalleled contribution in the early diagnosis
and evaluation of the response to treatment of a vari-
ety of tumors. For electrophilic fluorinations, the most
commonly used reagent is [18F]F2, which can be used
directly or converted into less reactive derivatives, such as
acetyl hypofluorite (CH3COO[18F]F), [18F]fluoropyridinium
[80], and [18F]fluoro-N-sulfonamides [81], or other 18F-
fluorinating N–F reagents such as [18F]selectfluor [82]. (ii)
The second area is indirect fluorination, which exploits 18F-
labeled prosthetic groups and is usually applied to radiolabel-
ing of biomolecules which might be unstable under the harsh
reaction conditions required for direct fluorination. A large

number of 18F-labeled prosthetic groups have been devel-
oped and applied to 18F-fluoroalkylation, 18F-fluoroacylation,
or 18F-fluoroamidation of primary amino groups or thiol
residues or used to conduct Huisgen cycloaddition reactions
(see [83] for a recent review on 18F-fluorination chemistry).
Indirect labeling has been applied to the preparation of
different 18F-labeled NPs [84, 85].

Radioiodine: 123I, 124I, 125I, and 131I. Iodine-123 is widely used
in nuclear imaging; it has a relatively long half-life (13.22
hours) and decays by electron capture to 123Te resulting in
the emission of gamma rays with a major peak at 159 keV. It is
usually produced using the 124Te(p,2n)123I nuclear reaction
using solid, liquid, or gaseous targets, although solid and
gas targets are the most commonly used. Radionuclidic
impurities can be formed during the production, that is, 124I
via the (p,n) reaction on 124Te or the (p,2n) reaction on
125Te [86]. Therefore, the use of 124Te with high purity is
recommended. When solid targets are used, the irradiated
material is elemental tellurium or tellurium oxide [86]. After
irradiation, the 123I is isolated by distillation and then trapped
in a basic solution. Alternatively, the irradiated target can
be dissolved in an oxidizing alkaline solution, followed by
reduction of the enriched tellurium to the elemental state and
iodine to I− with aluminium powder. Precipitated tellurium
metal is removed through filtration, and iodide is purified
using a cation exchange resin.

Iodine-124 is a positron emitter with a long half-life (4.17
days) and a complex decay scheme, with many high energy
𝛾-emissions and high energy positron emission (𝐸𝛽max =
2.14MeV, 23% abundance) [87]. It can be produced using
different nuclear reactions, with the 124Te(p,n)124I reaction
being currently the most commonly used [86]. For the
production, electroplated elemental tellurium or tellurium
oxide melted and introduced in the target cavity is used in
the solid state. After irradiation, 124I is recovered by dry
distillation [88] or by dissolution of the irradiated target in an
oxidizing alkaline medium followed by reduction of iodine
to the I– state by aluminium powder, which can be finally
purified by cation exchange chromatography.

Iodine-125 has a half-life of 59.49 days and decays by
electron capture to an excited state of 125Te, which decays
immediately accompanied by emission of gamma rays with
a maximum energy of 35.5 keV. Due to the low energy of
the emitted gamma rays, attenuation becomes an issue in
vivo and this radionuclide is mainly used for in vitro and
ex vivo applications. It is produced in nuclear reactors via
the 124Xe(n, 𝛾)125mXe and 124Xe(n, 𝛾)125gXenuclear reactions.
125mXe and 125gXe are unstable and decay to 125I with 57 s and
16.9 h half-lives, respectively. After neutron beam, short-lived
radionuclides produced during the irradiation are allowed to
decay. During this period, the newly created 125gXe becomes
125I, which is then collectedwith aqueousNaOH solution and
purified using ion-exchange resins.

Iodine-131 has a half-life of 8.02 days and exhibits 100%
decay by electron emission, resulting also in the emission of
gamma rays with a maximum of 364.5 keV (81.7%). Due to
the simultaneous gamma and 𝛽− emission, this radionuclide
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is used in therapeutic applications. It can be produced using
two different nuclear reactions, either by neutron irradiation
of natural tellurium via the 130Te(n, 𝛾)131Te nuclear reaction
(131Te decays to 131I with a half-life of 25min) or by irra-
diation of uranium and chemical recovery from the fission
products. Currently, all the above-mentioned radioisotopes
of iodine can be obtained from commercial suppliers.

Radioiodination has been extensively used for decades
for the radiolabeling of a wide range of molecular formats,
ranging from small molecules to peptides, antibodies, pro-
teins, and nanoparticles. Such labeling can be achieved using
mainly three different strategies: (i) In situ oxidation of
I− using an oxidizing agent such as N-chloro tosylamide
or chloramine-T [89], followed by aromatic electrophilic
substitution in an activated aromatic ring. This method has
been widely used for the radiolabeling of peptides, proteins,
and antibodies containing tyrosine residues. As the years
pass, more convenient and mild oxidizing agents such as
1,3,4,6-tetrachloro-3𝛼,6𝛼-diphenyl glycoluril (Iodogen) have
been developed [90]. This reagent is insoluble in water and
can be deposited on the walls of the reaction vessel, enabling
termination of the reaction by removal of the reaction
crude. (ii) Indirect methods: They consist of preparing a
prelabeled, chemically active group which can be attached
to the molecule of interest in a second step. The most
widely used conjugation reagent is N-succinimidyl 3-(4-
hydroxyphenyl) propionate (Bolton–Hunter reagent) [91],
which readily forms amides with primary amines. (iii) Iso-
topic exchange: It is conducted under catalytic conditions.
This method requires the presence of a iodine atom in
the molecule to be labeled and usually leads to low molar
activity values [92]. A summary of the most commonly used
strategies is schematized in Figure 3.

Aromatic electrophilic substitution [93] and indirect
labeling [47, 94] have been used to date for the preparation
of different types of labeled NPs using different radioisotopes
of iodine. Additionally, direct adsorption of I− on the surface
of certain metallic NPs has also been exploited for imaging
purposes [95, 96].

Radiometals

Technetium-99m. Technetium-99m (99mTc) accounts for
nearly 80% of nuclear medicine imaging procedures in the
clinical field. It has a favourable 𝛾-energy (141 keV), a suitable
half-life (6.02 h), and well-known coordination chemistry
and can easily be obtained as 99mTcO4

− in aqueous buffer
from commercially available 99Mo/99mTc generators. In such
generators, 99Mo (T1/2 = 67 h) is held as 99MoO4

2− on acidic
alumina. The 99Mo decays forming [99mTc]TcO4

−, which can
be eluted on a periodic basis (see Figure 4 for a schematic
representation of a standard 99Mo/99mTc generator).

The production of the 99Mo for the preparation of 99Mo/
99mTc generators can be achieved via the 98Mo(n, 𝛾)99Mo
nuclear reaction (which leads to low molar activity values)
or by irradiation of highly enriched uranium (HEU) with
neutrons, which produces the nuclear fission of 235U yielding
a small fraction of 99Mo, the latter being with high molar

activity. However, numerous other radionuclides on top of
99Mo are produced in this process [97] and the purification
is challenging and time consuming [98]. Additionally, a large
volume of radioactive waste is generated, and the reactors
producing 99Mo, having been in operation for a considerable
time, need decommissioning or refurbishment [99]. As a
consequence, alternative strategies for the direct production
of 99mTc via the 100Mo(p,2n) 99mTc nuclear reaction have
been and are currently being explored [100].

Most of the synthetic methods used in the preparation of
99mTc-labeled radiotracers start from 99mTcO4

−, a tetrahedral,
d0 ion. In aqueous solution, Tc can exist in any oxidation
state from VII to I. Ligands that use simple sigma donation
from nitrogen, oxygen, and sulphur lead almost exclusively
to Tc(V) complexes, which are almost exclusively square
pyramidal when the overall charge on the complex is negative
or neutral. When the overall charge is positive, the geometry
is usually octahedral. Inclusion of mixed ligand systems
involving sigma donors and pi acceptors leads to Tc(I), Tc (II),
Tc (III), or Tc (IV) complexes. The radiolabeling using 99mTc
is based on the formation of complexes, and the synthetic
process usually involves TcO4

−, a reducing agent (i.e., Sn2+,
Fe2+, Cu+), and a ligand. In the presence of the reducing
agent, TcO4

− is reduced in first instance to a metastable
species, which is captured by the ligand. If complexation
is weak or slow, TcO2 might be formed. In these cases,
intermediate complexes withweak ligands can be formed first
and the final complex can be achieved by ligand displacement
in a second step. In the context of NPs, the most widely used
chelator is hydrazinonicotinamide (HYNIC), a complexing
agent that acts as a mono- or bidentate ligand, requires
coligands such as tricine or N,N-ethylenediaminediacetic
acid (EDDA) to stabilize the radiometal, and has been
used to label gold NPs of different nature [101, 102]. Using
a completely different approach, superparamagnetic iron
oxide nanoparticles (SPIOs) could be labeled using 99mTc-
prelabeled bisphosphonates [22].

Gallium-68 and Gallium-67. Gallium-68 (T1/2 = 67.7min)
can be obtained from the parent radionuclide germanium-
68 (68Ge, T1/2 = 270.8 days), which decays via electronic
capture to 68Ga, which subsequently decays to the stable
isotope 68Zn. Gallium-68 has 89% positron branching and
a physical half-life matching the pharmacokinetics of small
molecules. This, together with the development of 68Ge-
68Ga generators, which allows daily production of 68Ga in
ionic form without the need for a cyclotron, has boosted
the use of this radionuclide [103]. Before the development
of the first 68Ge-68Ga generator, 68Ga was extracted (using
liquid-liquid extraction) from irradiated targets in which
68Ge was produced via irradiation of natural gallium [104]
or gallium/nickel alloys [105]. Due to the unease of this
process, the first generators appeared already in the 1960s
[106]. In this pioneering work, alumina (Al2O3) was used
to retain 68Ge, and 68Ga could be eluted from the column
using ethylenediaminetetraacetic acid (EDTA) solution.This
process has the drawback that the chemical species eluted



10 Contrast Media & Molecular Imaging

H
N

H
NO

NaI

O O

O

I
OH OH

[Ox]

CH2 CH2

(a)

H
N

H
N

NaI

O O

OO

II
Cat.

OH

CH2 CH2

(b)

H
N

H

H

N
H
N

N
H
N

N
O

O
O O

O O

OO

O O

O

O

NaI

I

OH

OH OH

[Ox]

H2C H2C H2C

NH2

(c)
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Figure 4: General scheme of a 99Mo/99mTc generator.

from the generator is inconvenient to approach subsequent
labeling processes; as a consequence, a second generation
of “ionic” generators has been developed over the years.
Currently, several generators are commercially available, and
they differ in the solid support material and the solution
used to “milk” the 68Ga out of the column. They also
show different properties in terms of 68Ge breakthrough
and presence of metallic impurities. The presence of 68Ge
and metal ions in the eluted gallium usually requires the

implementation of a purification process, which can be
achieved by (i) separating the eluate in different fractions
and using only those containing the highest concentration
of 68Ga; (ii) using an anion-exchange resin to selectively trap
the anionic chloro complexes of 68Ga3+ formed under strong
acidic conditions (5.5MHCl) [107], which can be later eluted
with small volumes ofH2O; (iii) selectively retaining

68Ga in a
cation exchange cartridge by elution using diluted HCl [108].
Metallic impurities can be removed from the cartridge using
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80% acetone/0.15 NHCl solution, and elution of the 68Ga can
be finally achieved by elution with 98% acetone/0.05 N HCl
[109].

Gallium-68 has a relatively short half-life that does not
match the biological half-life of some macromolecules or
NPs. Hence, examples of the use of this radionuclide to
label NPs are scarce in the literature [110]. In this context,
the use of 67Ga might be more convenient. Gallium-67 is
a gamma emitter with a long half-life (3.26 d); it decays to
stable Zn by electron capture without 𝛽 emission. It can be
produced in particle accelerators using different nuclear reac-
tions: 67Zn(p,n)67Ga, 68Zn(p,2n)67Ga [111], 66Zn(d,n)67Ga,
and 67Zn(d,2n)67Ga [112, 113]. Gallium can be finally sepa-
rated from Zn by ion-exchange chromatography or by liquid
extraction [114].

The gallium ion occurring in a solution solely in (III)
oxidation state is a hard acid metal and has simple aqueous
coordination chemistry. Hence, labeling molecules with 68Ga
or 67Ga is usually performed via chelation. The most widely
used chelating agents are 1,4,7,10-tetraazacyclododecane-
tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA), and 1,4,7-triazacyclononane,1-glutaric
acid-4,7-acetic acid (NODAGA), all of which are cyclic
azacyclo acetic acid compounds. Gallium chemistry is
highly influenced by pH change. Labeling at a pH value
above 5 is inhibited by formation of stable Ga(OH)3, while
labeling at very acidic pH values may lead to protonation of
the coordinating sites, hence diminishing the coordinative
capacity and preventing the formation of the complex.
Several examples of radiolabeling of NPs using Gallium-
67 and chelators anchored to the NP surface have been
described in the literature [115]. Alternative methods based
on direct absorption of the Ga3+ ion on the surface of metal
oxide NPs have also been described (see Section 4.3).

Copper-64. Copper-64 has a relatively long half-life (12.7 h)
and can undergo electron capture (𝜀, 43.8%), 𝛽+ emission to
64Ni (17.8%), and 𝛽− emission to 64Zn (38.4%) [116].The beta-
minus branch along with the emission of Auger electrons
makes it an attractive candidate for therapy.

Copper-64 can be effectively produced in nuclear reactors
and accelerators. By using reactors, 64Cu can be produced via
the 63Cu(n, 𝛾)64Cu nuclear reaction by irradiation of stable
63Cu (69.1% natural abundance) with thermal neutrons. This
leads to low specific activity values. For the production
of high specific activity 64Cu, fast neutrons can be used,
for example, via the 64Zn(n,p)64Cu nuclear reaction [117].
However, the presence of thermal neutrons, which are always
present together with fast neutrons, produces significant
quantities of other radionuclides, for example, 65Zn (T1/2 =
243.7 d). Copper-64 can be also produced using cyclotrons
via the 64Ni(p,n)64Cu nuclear reaction. After being first
proposed [118], this methodology has been continuously
improved. Currently, enriched nickel is first electroplated on a
gold disk, which is irradiated with protons. After irradiation,
the target material is dissolved in concentrated HCl, and
copper and nickel are separated by using an anion-exchange
column [119, 120].

Copper-64 exhibits relatively simple chemistry. In solu-
tion, it is present in two oxidation states (I and II), and
there is a large variety of chelator systems which can form
stable complexes with copper [121, 122]. Amongst them,
DOTA and NOTA are the most widely used to approach
64Cu-radiolabeling. These chelators and others have been
used to incorporate 64Cu in silica-gold core-shell NPs, [123],
quantum dots [124], SWCNTs [125], and monocrystalline
IONP [33].

Zirconium-89. Zirconium-89 exhibits a decay scheme with
23% positron branching and it has a relatively long half-
life (78.4 h). However, the simultaneous emission of a high
energy gamma ray with a high branching ratio (99.0%)
has negative implications in terms of the effective dose
administered into the subject under investigation, limiting
its use in certain scenarios. It can be produced by proton
irradiation of natural yttrium via the 89Y(p,n)89Zr nuclear
reaction [126], and although radioactive impurities can be
formed during irradiation (i.e., 89mZr, 88Zr, and 88Y), high
radionuclidic purity can be achieved using ∼15MeV protons.
Separation of 89Zr was first achieved by using different solid
phase extraction methods [127]. Nowadays, purification is
achieved by using an hydroxamate column [128], because,
contrary to yttrium, zirconium is able to form complexes
with hydroxamates at high acid concentration [129].With this
method, high radionuclidic and radiochemical purities can
be achieved with excellent recovery.

In contrast to other radioisotopes previously described,
89Zr forms poorly stable complexes with diethylenetri-
aminepentaacetic acid (DTPA) [130] and ethylenediaminete-
traacetic acid (EDTA) [131] and does not fit in chelators
such as NOTA or DOTA. In practice, only desferrioxamine
(DFO) is currently used in the radiolabeling of biomolecules
with 89Zr and has been recently applied to the preparation
of labeled NPs [132]. However, experimental data suggests
that 89Zr4+ is released from DFO in vivo, and hence the
development of chelators forming complexes with improved
stability is highly desirable. Recently, 3,4,3-(LI-1,2-HOPO)
has been suggested as an alternative to DFO with improved
chelating properties [133].

4. Combined Iron Oxide
Nanoparticles and Radioisotopes

4.1. What Nanoparticles Change in Nuclear Imaging? There
are several benefits for nuclear imaging, when using nanopar-
ticles, with the most prominent two being pharmacokinetics
(PK) and multifunctionality (MF). In the first case, changing
the PK of a “traditional” radiotracer is not straightforward,
with most of the examples relying on the use of polyethylene
glycol chains to, for example, increase the hydrophilicity of
the compound (but at the cost of numerous time-consuming
steps and reduced radiolabeling yield). The concept of incor-
porating small molecules in nanocarriers, so that the PK is
then that of the nanoparticles, is not new, being one of the
key aspects in nanoplatform-based drug delivery. The same
idea applies here; upon incorporation of the radioisotope
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in the NP, the PK is no longer that of the radiotracer, but
that of the nanoparticle. Thanks to the nanometric control
over the size of the particles and over surface composition
the PK can be easily tailored. This allows, for example,
obtaining nanoparticles with “à la carte” renal or hepatic
excretion. The second aspect, multifunctionality, is an essen-
tial aspect of nanoparticles but is seldom found in traditional
radiotracers. For example, the synthesis of a nanoradiotracer
for PET/MRI/fluorescence and biological activity can be
easily done by combining radioisotope core-doped IONP
and surface functionalizing with a fluorophore and a peptide
[23]. To achieve such complexity with traditional radiotracers
would be a tremendous and time-consuming challenge due to
the lack of a nanoplatform.

4.2. What Radioisotopes Change in Nanoparticles? Also, here
there are several benefits, with sensitivity being the most
remarkable one. This applies both to imaging experiments
and, as we said before, to the study of nanoparticles’ biodis-
tribution. In terms of imaging, the use of nuclear imaging
techniques expands, by one or two orders of magnitude,
the concentration limit that can be used compared to MRI.
Furthermore, when using NP for “negative” contrast in MRI,
the identification of the negative signal coming from the
nanoparticles is not always straightforward. The incorpora-
tion of radioactive signal completely changes this situation.
The combined use of PET and MRI helps for much easier
localization of the tracer. For the same reasons the study
of nanoparticles’ biodistribution completely changes upon
incorporation of a radioisotope, when it is then possible
to quantitatively account for all the injected nanomaterials.
These combined advantages explain the large number of
already published examples (Table 1). However, a fundamen-
tal requisite for this is robust radiolabeling.

4.3. Radiolabeling Approaches. There are two important
issues to take into account during the development of dual
nanoradiotracers based on iron oxide nanoparticles: which
radioisotope to take and where to incorporate it within
the nanoparticle. The selection of the radioisotope mainly
depends on the required half-life time for further imaging
experiments and the imaging equipment available. Regarding
the localization of the radioisotope, there are two possibilities:
either the radioisotope is tagged on the surface of the
nanoparticle or it is incorporated directly within the core
of the nanoparticle. Irrespectively of the labeling method
employed (vide infra), the incorporation of radionuclides into
NPs modifies the chemical composition of the NPs. Such
modifications can have an effect on the surface of the NPs
(e.g., incorporation of a chelate or prelabeled tag, which can
ultimately modify the surface properties and zeta potential of
the NPs) or the core (when the radionuclide is incorporated
by ion/neutron beam or core doping). Thanks to the high
sensitivity of nuclear imaging techniques, the mass amount
of the radionuclide is usually extremely low (especially if
radioisotopes with high specific activity are used). As a
consequence, the modifications produced on the NPs are
expected to be negligible on a macroscopic scale. In any
case, it is convenient to investigate the effect of the labeling

process on the physicochemical and biological properties of
the labeled particles.

Some of the reported methods for both the approaches,
surface labeling and core doping, are listed below.

(i) Radiolabeling of Nanoparticles on the Surface. To produce
dual iron oxide nanoradiotracers by surface labeling strate-
gies, two approaches can be followed. One of the most used is
the chelate approach in which the nanoparticle is function-
alized with a ligand able to complex with the radioisotope
(Figure 5(a)). A relatively new approach, chelate-free strategy,
comprises the addition of the radioisotope to the surface of
the nanoparticles without a chelate ligand (Figure 5(b)). In
the latter case, the surface must show some affinity towards
the radioisotope enabling, hence, the purification and in vivo
use.

(i.i) Chelate Approach. This is a classical strategy where well-
known ligands are added to the surface of the IONP to form
a complex with the radioisotope.

The development of these probes involves at least three
steps: synthesis of IONP, functionalization with the chelate
ligand, and finally incorporation of the radioisotope. To select
the ligand several features must be considered. First, the
ligand should be attached to the surface of the nanoparticles
in order to avoid in vivo desorption, preferably by covalent
bonding. Moreover, the attachment of the ligand should not
modify the colloidal properties of the nanoparticles. Finally,
the selected ligand must produce a stable coordination com-
plex with the required radioisotope. The stable coordination
complex between the radioisotope and the ligand is the
key and most problematic point in this method. Once the
formulation is intravenously injected, many of the cations
present in the bloodstream, like Ca2+, Mg2+, and Zn2+, can
trigger a transmetallation reaction, displacing the radioiso-
tope from the coordination complex. If this occurs, the signal
recovered in the nuclear imaging equipment comes from the
free radioisotope and not from the IONP nanoradiotracer,
which may cause a problem in the interpretation of the
imaging results.

Among the many ligands studied, a family of cyclic
compounds, based on heterocyclic N-dodecane or nonane
moieties, has received special attention in the functional-
ization of the nanoparticles. These ligands, also known as
DOTA or NOTA, present tetra or triacetic acids that form a
very stable coordination complexwith different radioisotopes
such as 64Cu or 68Ga. Macrocyclic ligands are preferred
because they present slower dissociation rates than their
linear analogous [134]. Examples with this approach have
been described for SPECT/MRI or PET/MRI [135, 136]. Con-
cerning SPECT/MRI, 99mTc is the most used radioisotope.
Successful radiolabeling is carried out using chelates such as
diethylene triamine pentaacetic acid (DTPA) andNOTA. For
instance, Madru et al. have describe the synthesis of IONP
radiolabeled with 99mTc for the detection of lymph nodes
obtaining a 99% of radiolabeling yield [52]. Other SPECT
radioisotopes are also used with IONP. Some studies have
shown efficient methodologies for the radiolabeling of IONP
with longer half-life radioisotopes. Misri et al. produced dual
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Figure 5: Surface radiolabeling strategies: (a) chelate approach, (b) chelate-free approach.

SPECT/MRI probes using DTPA as chelator to incorporate
111In-labeled antibody into the IONP [137]. 125I has also been
used to produce a trimodal SPECT/MRI/Optical imaging
probe, based on IONP [138]. Most of examples for PET/MRI
probes synthesized by chelator approach use 64Cu as positron
emitter. DOTA or NOTA is incorporated in the surface of
the nanoparticle and then radiolabeled with 64Cu. Yang et
al. showed a synthesis of IONP radiolabeled with 64Cu by
coordination with NOTA chelate. They incorporated cRGD
into targeted integrins in tumor model and conjugated
doxorubicin for drug delivery and treatment of the tumor
[35]. Another example uses a DOTA amine derivate chelator
to avoid cross-linking side reactions, increasing, hence, the
stability of the nanoparticles and radiolabeling yield [139].
Although 64Cu is themain radioisotope to produce PET/MRI
nanoradiotracers, formulations with 68Ga have been already
prepared by chelate approach. Kim et al. produced an IONP
functionalized with oleanolic acid for tumor targeting and
conjugated with NOTA chelate for the radiolabeling with
68Ga [39].

Chelate approach is a straightforward synthetic protocol
and allows multifunctionalization of the IONP before the
radiolabeling, being probably the major advantage of the
method. Nevertheless, it is a time-consuming methodology
as it requires a multiple-step protocol. This disadvantage
has promoted the research on methods to incorporate the
radioisotope directly in the surface of the nanoparticle
without a chelate ligand.

(i.ii) Chelate-Free Synthesis. Chelate-free approach takes
advantage of the affinity of some elements towards iron oxide

to incorporate the radioisotope directly on the surface of the
nanoparticle. It is a relatively new methodology and only a
few examples have been reported. For instance, it is know
that arsenic presents high affinity towards magnetite [140].
Chen et al. exploited this affinity to incorporate radioactive
arsenic into magnetite nanoparticles to produce PET/MRI
nanoparticles by chelate-free synthesis [141]. In another
example, 69Ge is adsorbed on the surface of IONP. This
property is frequently used to produce 68Ge/68Ga generators
and it has been used for the radiolabeling of IONP with 69Ge
on the surface of the nanoparticle [50, 142].

In this approach, the main advantage is that in just
one step the radioisotope is incorporated in the nanopar-
ticles. However, there are some inconveniences to be con-
sidered. For example, reported examples use radioisotopes
that arguably show reduced utility in vivo, compared to the
radioisotopes employed in other methods. In addition, in
vivo desorption of the radioisotope from the nanoparticle
can occur decreasing signal-to-noise ratio in the imaging
experiments and causing toxicity problems in case of arsenic.
Recently, Nguyen Pham et al. described the synthesis of
chelator-free IONP radiolabeled with PET or SPECT emitters
providing available probes for SPECT/PET-MRI [143]. Other
examples applied direct radiolabeling of IONP coated with
functionalized polyethylene glycolwith 68Ga resulting in high
radiolabeling yields (95%) and good serum stability [144,
145].

(ii) Radiolabeling of Nanoparticles by Core Doping. In this
method the synthesis of the nanoparticle and the incor-
poration of the radioisotope are performed simultaneously
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Figure 6: One-step core-doping synthesis of nanoradiomaterials.

(Figure 6). Carefully choosing the radioisotopes and syn-
thesis condition permits the incorporation of the isotope
within the crystal structure of the iron oxide and not just
a simple adsorption or entrapment upon formation of the
nanoparticle [23].

Core-doped nanoparticles prevent in vivo desorption of
the radioisotope from the surface of the nanoparticle and
transmetallation reactions, providing excellent radiochemi-
cal properties to the nanoradiotracer.

A key point in the core-doping approach is the synthesis
technique of the IONP. A fast methodology is required
especially if short half-life radioisotope is used for doping.
Therefore, reported examples of core-doping approach use
microwave-driven synthesis of IONP. As we mentioned
before,microwave-driven synthesis allows obtaining IONP in
few minutes with highly reproducible results.

Wong et al. reported the first example of core-doped
IONP in 2012.They produced IONP coated with dextran and
doped with 64Cu in 5 minutes using microwave synthesis
[146]. They obtained colloidally stable nanoparticles with a
modest radiolabeling yield. Most recently, we have described
a microwave synthesis of IONP doped with a short half-life
isotope, 68Ga [23]. We obtained colloidally stable nanoparti-
cles with large radiolabeling yield (∼93%) giving an excellent
specific activity of 7.6GBq/mmol Fe, in 15min total reaction
time and complete purification [23]. Nanoparticles, coated
with dextran, showed extremely small core size of 2.5 nm and
hydrodynamic size around 20 nm.Magnetic characterization
revealed T1 contrast capabilities of the formulation with large
𝑟1 value andmodest 𝑟2 value, showcasing this work as the first
example of IONP for PET/(T1) MRI.

(iii) Radiolabeling of Nanoparticles by Neutron and Ion Irra-
diation. Irradiation with accelerated subatomic particles such
as neutrons, protons, or deuterons can be used as a general
method for the radiolabeling of nanoparticles. This method-
ology relies on the in situ formation of a radionuclide as a
result of a nuclear reaction produced by the interaction of the
accelerated particle and one stable isotope present in the NP.
This strategy has been used, for example, for the activation
of aluminium oxide NPs using proton irradiation [147], the
activation of cerium oxide NPs using deuteron irradiation
[148], or the activation of gold NPs via the 197Au(n, 𝛾)198Au
nuclear reaction [149].

Radiolabeling of NPs by particle irradiation has twomain
advantages: first, it can be used to activate NPs after their
preparation, including industrially produced NPs; second, it
can be applied to any NP containing atoms susceptible to
nuclear reactions. However, there are two drawbacks that
severely limit the applicability of this methodology, requiring
careful consideration, and mainly apply to ion irradiation: (i)
The activation of one particle is produced by recoil implan-
tation of the radioisotope generated in a different particle. In
other words, the radionuclide produced as a consequence of
the nuclear reaction travels a fewmicrometers until its kinetic
energy is lost.Thismeans that ion irradiation of NPs can only
be carried out in the solid state. When applied to a solution,
the radionuclide will have many chances to end up in the
solvent. (ii)The nuclear reaction generated by ion irradiation
of NPs results in the release of a significant amount of energy,
which in turn produces a macroscopic temperature increase
limiting the methodology to the activation of NPs that do
not contain temperature-sensitive components, for example,
organic shells; besides the macroscopic effect, local heating
at the nanoscale also requires consideration, because small
NPs can be vaporized or promote the formation of aggregates
with surrounding particles. Therefore, appropriate cooling
during beaming and careful selection of the irradiation
conditions are paramount to prevent significant alteration
of the physicochemical properties of the NPs. Targets using
liquid or gas/liquid cooling have been successfully employed
towards the activation of NPs using ion irradiation (Figure 7).
The target has to be appropriately designed to ensure effective
cooling, especially taking into account the fact that, as
mentioned above, NPs in the solid state (powders) need to be
irradiated, and the thermal conductivity of powders is usually
poor.

In practical terms, the two limitations mentioned above
have restricted the application of ion-beam activation of NPs
to a few examples in the literature, with all being metal and
metal oxideNPs.Due to potential alteration during beam, it is
extremely important to investigate potential physicochemical
or structural alterations induced on the NPs during beam.

The first example on proton activation of NPs was pub-
lished byAbbas et al. and described the activation of two types
of TiO2 which were activated using capsules with different
thicknesses, and the effects of the irradiation were evaluated
[150]. Local heating on the thick capsules led to phase
transition in a fraction of the material. Temperature control
of nanoparticulatematerial by using appropriate target design
enabled stable radiolabeling of the NPs without alteration in
the state of aggregation [151]. The same strategy was used for
the activation of 18O-enriched titanium oxide NPs [152]. In
this work, the irradiation resulted in the formation of 18F via
the 18O(p,n)18F nuclear reaction, although the simultaneous
formation of other radioisotopes by activation of titanium,
that is, 48V, 47V, and 44gSc, was observed by high-resolution
gamma spectrometry. The radiolabeling of the NPs did not
significantly alter the morphological properties of the NPs,
as demonstrated by transmission electronmicroscopy (TEM)
and dynamic light scattering (DLS) measurements. Thanks
to the presence of 18F, short-term in vivo biodistribution
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Figure 7: Schematic diagramof the target systemused for direct ion-beam activation ofNPs usingwater cooling (a) andwater-helium cooling
(b). Adapted from [21].

studies of themetal oxideNPs in rats could be conducted after
intravenous and oral administration using PET. The same
group also reported the activation of aluminium oxide NPs
by proton irradiation via the 16O(p, 𝛼)13N nuclear reaction
[153]. In this work, different-sized NPs were introduced in an
aluminium capsule and irradiated with cyclotron-accelerated
protons at 5 𝜇A, to produce 13N-labeled NPs. Despite the
short half-life of 13N (9.97min), the activation was sufficient
to determine the biodistribution pattern after intravenous
injection in rodents up to 1 hour. The authors could establish
a relationship between the nominal size of the NPs and the
organs where accumulation of the NPs took place.

Direct activation of carbon-based NPs by proton irra-
diation can also be achieved, although relatively high ener-
gies (>29MeV, which cannot be achieved by most of the
biomedical cyclotrons) are required. Activation occurs via
the (p,3p3n) reaction leading to the creation of 7Be. By
using protons of energy above 35MeV, it has been shown
that specific activities of some hundreds of kBq/mg can
be obtained in carbon black and carbon nanotubes in a
reasonable irradiation time [154]. However, the effects of
the irradiation on the physicochemical properties of the
irradiated material were not investigated.

Proton irradiation can also be employed to the activation
of iron oxide NPs, because the most abundant stable isotope
of iron (56Fe, natural abundance of 91.75%) can undergo the
56Fe(p,n)56Co nuclear reaction in the energy range 5–30MeV
[155], with 56Co being a positron emitter with a half-life
of 77.2 days. This nuclear reaction has been employed for
the activation of Fe3O4 (magnetite) NPs using accelerated
protons with energy in the range 12–14MeV [156]. Although
other nuclear reactions may occur during proton irradiation,
that is, 57Fe(p,2n)56Co and 58Fe(p,3n)56Co, their contribution
to the overall formation of 56Co can be neglected at the above-
mentioned proton energies due to the low reaction cross

sections and the low natural abundances of 57Fe and 58Fe
(2.2% and 0.28%, resp.). X-ray diffraction (XRD), dynamic
light scattering (DLS), and zeta potential measurements
before and after activation demonstrated that no changes
took place in the crystalline structure, and no alterations were
observed in terms of size and zeta potential.

If the material of the NPs cannot be activated by proton
irradiation, other accelerated ions might be used, that is,
deuterons. Deuteron irradiation was used to create 141Ce-
labeled NPs via the (d,p) reaction from 140Ce [148]. Low
beam currents (2 𝜇A) were used to prevent thermal damage
of the NPs. DLS and zeta potential measurements confirmed
negligible structural and morphological changes in the NPs
due to the irradiation procedure.

Asmentioned above, irradiationwith accelerated ions can
pose severe damage to the irradiated particles. As an alterna-
tive, neutron irradiation can be used. Neutron activation is
mainly performed by exposing theNPs to the intense neutron
flux of a nuclear research reactor, resulting generally in (n,𝛾)
or (n,p) nuclear reactions, although the latter presents lower
cross section values (and hence is less efficient). The yield for
neutron capture by (n,𝛾) reactions depends on the neutron
energy; in general, the reaction cross section rises as the
neutron energy is reduced, following a good approximation
of 𝐸−1/2𝑛 up to energies of about 103 keV, but the cross section
value at a given energy can vary several orders of magnitude
from one atomic species to another. In practical terms, only a
few atoms can undergo neutron activation, including among
others 151Eu, 165Ho, 187Re, and 197Au, which yield 152Eu,
166Ho, 188Re, and 198Au, respectively. Other atoms like Fe
can be also activated, but cross section values are much
lower. In contrast to ion irradiation, in neutron activation the
neutron capture occurs preferentially at lowneutron energies,
and it can generally be assumed that the activated nucleus
remains very close to its original position. As a consequence,
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Figure 8: Excitation function for the neutron capture reaction
197Au(n,𝛾) 198Au.The oscillations of the reaction cross section in the
energy range between 5 and 5000 eV are referred to as resonances
(data from JEFF 3.1.1 (OECD-NEA 2009)).

irradiation of NPs in solution is feasible with little risk for
the radionuclide to end up in the solvent [21], and hence
cooling of the irradiatedmaterial is more effective than in ion
activation, in which powders are usually irradiated.

One of the main limitations of neutron activation is the
need to conduct activation in a nuclear research reactor.
To mitigate this drawback, alternative methods have been
developed, with one of them being the use of accelera-
tors taking advantage of the adiabatic resonance crossing
(ARC). This method relies on gradually slowing down fast
neutrons emitted from ion-induced nuclear reactions with
high neutron yield. If the neutron moderator is properly
designed, the energy of the neutrons can be tuned to match
the energy range in which target atoms exhibit resonances
in their neutron capture (resonances are energy ranges in
which the probability for the neutron capture to occur is very
high; see Figure 8 for gold). In this way, the small neutron
flux (compared to that obtained in a nuclear reactor) can be
compensated by making more efficient use of the neutron-
energy regime. Experimental setups have been tested at
different locations including CERN [157], Louvain-la-Neuve
[158], and JRC Ispra [159] with promising results.

There are a few examples in the literature describing
neutron activation of NPs. The preparation of 166Ho-labeled
holmium acetylacetonate NPs could be achieved by neutron
activation using neutron flux of 5 × 1012 cm−2 s−1 during 60
minutes. In this case, specific activities of 12MBq/mg could
be achieved [160]. Because 166Ho emits beta particles, the
activated NPs were suggested as potential radiotherapeutic
agents for the treatment of solid cancers. In a different study,
198Au-labeled gold NPs were labeled by neutron activation.
In this case, thiol-functionalized gold NPs were activated
by neutron irradiation at neutron flux of 1014 cm−2 s−1 at a
research reactor. The amount of radioactivity was sufficient
to approach subsequent in vivo studies using dissection and
gamma counting. Importantly, the NPs were not altered
by the neutron irradiation, despite the presence of organic
functional groups on the surface of the gold core.

If the NPs to be investigated do not contain any atom
susceptible to activation neither via neutron nor via ion, there

is one alternativemethod, which can be assayed; the so-called
recoil implantation. It relies on intimately mixing the NPs
with a powder containing an atom, which can undergo a
nuclear reaction under ion beam and hence act as a radio-
labeling source.The high energy of the activated atom results
in recoil implantation somewhere else, for example, in one of
theNPs.This strategy has been used so far for the preparation
of 7Be-labeled industrially manufactured SiO2 NPs [161].

5. Applications

IONP have emerged as a very interesting platform into which
radionuclides and targeting moieties can be incorporated.
This combination expands the field of application of IONP.
Thanks to the hybrid nature of these particles, they can be
used in PET/MRI and SPECT/MRI experiments [162, 163] or
directly in PET/CT when MRI is no needed. In this sense,
IONP can be used as a new kind of “chelate ligand” for
radioisotopes but with size-dependent properties.

5.1. Biodistribution. IO-based nanoradiotracers have been
reportedly tried in vivo in preclinical models to ensure bio-
compatibility and evaluate biodistribution. Devaraj et al. [43]
synthesized cross-linked dextran-coated IONP radiolabeled
with 18F via click chemistry and tried them in mice to
determine biodistribution and blood clearance time of the
NPs.

Stelter et al. [164] tried in vivo 68Ga-DTPA-IONP in
rats. PET and MR imaging determined hepatic and splenic
accumulation of the NPs. The same NP accumulation trend
was reported by Sharma et al. [48], who injected 11C-labeled
IONP in healthy mice.

Glaus et al. [27] obtained IONP micelles radiolabeled
with 64Cu via DOTA chelating agent and studied their
biodistribution in vivo by PET and MRI in mice. Probe
showed a circulation half-life of 143min and hepatic and
splenic accumulation 24 h after NP injection.

Sun et al. [44] radiolabeled comb-like oleylamine poly-
acrylic acid (COBP) IONP with 18F using NOTA. In vivo
PET adMR imaging in mice revealed hepatic and splenic NP
uptake and no accumulation in bone.

De Rosales et al. [22] radiolabeled Endorem (liver MRI
contrast agent) with 99mTc-DPA-alendronate (bisphospho-
nate SPECT agent), which bound directly the core of the
IONP. In vivo SPECT and MR imaging revealed hepatic and
splenic accumulation, meaning that the biodistribution of
this complex is more similar to that of Endorem than to
99mTc-DPA-alendronate, which accumulates in bone tissue
(Figure 9).

Lee et al. [51] targeted asialoglycoprotein receptor in
hepatocytes using lactobionic acid-functionalized 99mTc-
DTPA-IONP. In vivo SPECT in mice revealed hepatic NP
accumulation.

5.2. Oncology. The availability of new and enhanced tech-
nologies allowing gene and protein expression study trig-
gered immense progress in cancer biology and pharmacol-
ogy, as well as clinical oncology [165]. Yet the absence of
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Figure 9: In vivo SPECT/CTmaximum intensity projection (left) and biodistribution studies (right) of (a) 99mTc-DPA-alendronate-Endorem
and (b) 99mTc-DPA-alendronate. Reproduced, with permission, from [22].

technology to study in vivo molecular events in depth has
motivated the quest for novel approaches [166]. The combi-
nation of nanotechnology and radiochemistry, althoughquite
novel, has already provided further enlightenment of cancer
molecular mechanisms. It is not surprising that oncology
is one of the main fields of research for these multimodal
probes.

Aryal et al. [30] took advantage of the long circulating
lifetime of their 64Cu-labeled PLGA-coated IONP clusters
and the EPR effect in tumors to successfully locate breast
cancer cells in mouse xenograft models using PET and T2-
weightedMRI. Passive tumor accumulation strategywas used
in another study carried out by Liu et al. [37] using PEG-
coated 64Cu-radiolabeled MoS2 sheets containing IONP,
which allowed tumor visualization and posterior tumor
ablation by photothermal therapy in 4T1 tumor-bearingmice.

Lee et al. [26] labeled polyaspartic acid-coated IONP
with 64Cu via DOTA chelator and conjugated them to RGD
peptide to achieve targeted visualization of tumor integrin
𝛼𝑣𝛽3 expression in murine models bearing U87MG tumors,
by both PET and MRI. RGD peptide was also chosen by

Yang et al. [35] to direct SPIO nanocarriers, radiolabeled
with 64Cu and containing doxorubicin, for tumor-targeted
drug delivery and PET/MRI of U87MG-tumor-bearingmice.
Deng et al. [53] used RDG-conjugated 125I-labeled IONP to
target tumor cells for in vivo SPECT andMRI visualization in
a breast cancer mouse model. Pellico et al. [23] obtained via
microwave-assisted synthesis a chelator-free hybrid nanora-
diotracer, 68Ga core-doped dextran-coated IONP, that was
posteriorly conjugated to RGD peptide to target angiogenesis
in a subcutaneous melanoma murine model. In vivo PET
and T1-weightedMRI experiments confirmed specific tumor
accumulation of the 68Ga-C-IONP-RGD probe (Figure 10).

Kim et al. [39] conjugated PEG-coated 68Ga-NOTA-
IONP with oleanolic acid to specifically target HT-29 cells in
amurinemodel and visualize tumor in vivo by PET andMRI.

To target prostate-specific membrane antigen (PSMA),
Moon et al. [42] encapsulated IONP with amphiphiles
containing PEG, DOTA, and PSMA-targeting ligand and
radiolabeled them with 68Ga. In vivo PET and MR imaging
experiments in mouse prostate cancer xenograft models
revealed specific probe accumulation at tumor site.
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(a) (b)

Figure 10: (a) PET/CT imaging of subcutaneous melanoma bearingmice 1 hour after injection of 68Ga-C-IONP-RGD. (b) Axial T1-weighted
MRI of the tumor area in a mouse before the injection of 68Ga-C-IONP-RGD (top) and 24 hours after injection (bottom). Reproduced, with
permission, from [23].

Lymph nodes play a key role in cancer cell metastasis;
for this reason numerous studies have focused on these
structures to design novel hybrid probes for cancer staging.
64Cu-labeled IONP were synthesized by Torres Martin de
Rosales et al. [32] to track lymph nodes in vivo in murine
models. 68Ga-labeled IONP have been used in different
studies to track lymph nodes using PET and MRI [38, 40,
145, 167]. Choi et al. [168] coated 124I-labeled IONP with
serum albumin for the same purpose. Cross-linked PEG-
coated IONP radiolabeled with 124I were selected by Park et
al. [46] to track sentinel lymph nodes in murine 4T1 tumor
xenograft model. Ferumoxytol was chosen by Thorek et al.
[49] to synthesize a PET/MRI dual probe labeledwith 89Zr via
DFO chelator to track lymphatic drainage inmurine diseased
models. Cui et al. [169] reported synthesis and in vivo
evaluation of Co𝑥Fe3−𝑥O4@NaYF4 core-shell NPs labeled
with 18F to track lymph nodes in murine inflammation
models. Chakravarty et al. [50] intrinsically labeled PEG-
coated IONP with 69Ge to map lymph nodes in healthy
mice. Madru et al. [52] used PEG-coated IONP labeled with
99mTc and for imaging lymph nodes in rats using SPECT and
MRI.

5.3. Cardiovascular Diseases. Cardiovascular diseases are the
leading cause of death worldwide, accounting for more than
17 million deaths per year; a figure which is expected to keep
rising in the coming years [170]. Most relevant advances in
the treatment of these diseases have been focused on early
diagnosis, for which molecular imaging is a key element.

Nahrendorf et al. [45] developed a multifunctional probe
to detect macrophages in aortic aneurysms in using 18F-
labeled cross-linked dextran-coated IONP. In vivo imaging

experiments in murine models revealed specific probe accu-
mulation in aneurysmatic aorta.

Ueno et al. [34] synthesized 64Cu-labeled IONP coated
with cross-linked dextran to quantify infiltration of myeloid
cells in mouse cardiac allografts.

Atherosclerotic plaque vulnerability to rupture is of
paramount importance, as is it correlated to the risk of
adverse coronary events. Dextran-coated IONP radiola-
beled with 64Cu have been used in several studies to
assess atherosclerotic plaque vulnerability targeting activated
macrophages [29, 31, 33].

6. Conclusions

Nanomaterials in combination with radioisotopes are used
more and more in molecular imaging. They show enhanced
performance for hybrid imaging. Furthermore, it is possible
to design them for tailored pharmacokinetics, for controlled
biodistribution, and for the combination of diagnosis and
therapy. In our opinion, new developments should focus
on producing nanoradiomaterials showing features that are
more intriguing than just the simple addition of their con-
stituent parts.They should show synergistic behavior. Ideally,
new features should appear from the combination of nano-
materials and radioisotopes.Wehave shown someof themost
recent examples of this, but with the development of new
materials and with their combination with different isotopes,
the future of this combined approach seems promising both
for preclinical imaging and for the patients.
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Micro-computed tomography (micro-CT) facilitates the visualization and quantification of contrast-enhancedmicrovessels within
intact tissue specimens, but conventional preclinical vascular contrast agents may be inadequate near dense tissue (such as bone).
Typical lead-based contrast agents do not exhibit optimal X-ray absorption properties when used with X-ray tube potentials below
90 kilo-electron volts (keV).Wehave developed a high-atomic number lanthanide (erbium) contrast agent, with aK-edge at 57.5 keV.
This approach optimizes X-ray absorption in the output spectral band of conventional microfocal spot X-ray tubes. Erbium oxide
nanoparticles (nominal diameter < 50 nm) suspended in a two-part silicone elastomer produce a perfusable fluid with viscosity of
19.2mPa-s. Ultrasonic cavitationwas used to reduce aggregate sizes to<70 nm. Postmortem intactmice were perfused to investigate
the efficacy of contrast agent.The observed vessel contrast was>4000Hounsfield units, and perfusion of vessels< 10 𝜇m in diameter
was demonstrated in kidney glomeruli. The described new contrast agent facilitated the visualization and quantification of vessel
density and microarchitecture, even adjacent to dense bone. Erbium’s K-edge makes this contrast agent ideally suited for both
single- and dual-energymicro-CT, expanding potential preclinical research applications inmodels of musculoskeletal, oncological,
cardiovascular, and neurovascular diseases.

1. Introduction

It is increasingly important in preclinical research to study
the vasculature in both soft tissue and bone [1–5]. This
includes visualization, quantification, and characterization of
microvessels (i.e., vessels less than 10𝜇m in diameter).Micro-
computed tomography (micro-CT) can provide images with
spatial resolution better than 5 𝜇m in both intact specimens
and in ex vivo small animals [6–8]. However, blood-filled
vessels lack inherent radiographic contrast, requiring the
use of an exogenous contrast agent that can pass through
capillaries and be retained within the vascular system. The
increased contrast provided by such an agent facilitates auto-
mated (or semi-automated) segmentation (i.e., separation) of
the perfused vasculature from surrounding tissues.

The performance (sensitivity, specificity, and accuracy)
of vessel segmentation algorithms has been shown to be
dependent on the signal-to-noise ratio (SNR, defined as the
ratio of the vessel signal to background noise) between the
contrast-enhanced vasculature and surrounding tissue in the
micro-CT image [9]. Higher SNR results in a more robust
and objective classification of the perfused vessels, leading to
a more accurate assessment of their microarchitecture. The
SNR can be increased by either reducing background noise
or increasing the signal intensity within the vessel. However,
decreasing micro-CT image noise is typically impractical, as
it is achieved throughmuch longer scan times [10].Therefore,
the most effective method to increase vessel SNR is to
increase the contrast within the vasculature, using a radio-
paque exogenous contrast agent.
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Several formulations of exogenous vascular contrast
agents are commonly available. Most clinical contrast agents
for in vivo use are iodine-based; however, their small molec-
ular size of <800Da results in rapid clearance (i.e., within
minutes) via the kidneys [11, 12]. Even in postmortem studies
with increased iodine concentrations and scan times, the
short retention time of these iodine-based agentsmakes them
unsuitable for microvessel studies. Preclinical exogenous
agents, of larger molecular sizes (i.e., >1100Da), can remain
within the blood pool for hours [13, 14].These contrast agents
are typically iodine-, barium-, or lead-based and have been
used effectively to study vessel microarchitecture in the heart
[15, 16], kidney [17, 18], tumours [19, 20], nerves [21–23],
and long bones [24, 25]. However, these preclinical contrast
agents do not exhibit optimal X-ray absorption (and hence
do not optimize SNR) on a large installed base of micro-CT
machines that typically operate at a maximum of 90 kilo-
electron volts (keV).

X-ray absorption, responsible for observed contrast
within X-ray images, is influenced by the K-edge of the con-
trast material (i.e., the energy required to eject an inner K-
shell electron). The K-edges for common preclinical contrast
agents are 33 keV for iodine, 37.4 keV for barium, and 88 keV
for lead. These K-edge energies are not optimally matched
for typical micro-focus tubes operating at a peak potential
of 90 kVp, as the K-edge energies are located either at the
low- or high-energy range of the output spectrum of the tube.
Ideally, a contrast agent with a K-edge closer to the mean
energy of the output spectrum of these micro-CT machines
(i.e., ∼50 keV) would provide enhanced X-ray absorption.

The lanthanide erbium (Er), with a K-edge at 57.5 keV,
would provide the contrast necessary for micro-CT scanners
operating at 90 kVp. An Er-based contrast agent would also
provide an additional benefit for dual-energy micro-CT
studies, which require CT scans above and below the K-edge
of the material of interest [26]. In this study, we describe a
novel contrast agent based on erbiumoxide (Er

2
O
3
) nanopar-

ticles (nominal diameter of ∼50 nm) and illustrate a process
by which Er

2
O
3
nanoparticles form a colloidal suspension

in a continuous-phase fluid (i.e., two-part liquid silicone
elastomer). This methodology of contrast agent fabrication
resulted in a high-atomic number (and consequently highly
X-ray attenuating) ex vivo vascular perfusion contrast agent,
with sufficiently low viscosity (19.2mPa⋅s) to ensure the per-
fusion of the microvascular network (<10 𝜇m).

Using micro-CT, we demonstrate the efficacy of the
custom contrast agent in a postmortem murine model. The
contrast agent perfused the smallest vessels (i.e., capillaries)
and provided increased SNR, facilitating the visualization of
microvessels with diameter < 10 𝜇m. The Er-based contrast
agent provided a greater SNR than commercially available
agents, while also possessing a more appropriate absorption
K-edge energy (57.5 keV). The resulting increase in vessel
contrast would enhance the performance and automation of
segmentation algorithms in all types of vascular networks
and small-animal models (for both single- and dual-energy
studies). This approach will be applicable in many preclinical
studies, includingmusculoskeletal, cardiovascular, neurovas-
cular, and oncological research programs.

2. Materials and Methods

2.1. Er-Based Contrast Agent Preparation. Erbium oxide
(Er
2
O
3
) nanoparticles (NPs) were chosen as the main con-

stituent of the contrast agent, due to their high X-ray attenu-
ation and availability in a nanoparticulate powder (nominal
diameter ∼ 50 nm). To deliver the Er

2
O
3
NPs throughout the

vascular network, a commercially available two-part silicone
elastomer (commonly used for vascular perfusion, Microfil
MV-132, Flowtech Inc., Carver, MA, USA) was chosen as
the carrier matrix. Uncured, this silicone elastomer has a
manufacturer-reported viscosity of 20mPa⋅s andwhen cured,
the silicone matrix entrains the suspended Er

2
O
3
NPs to

form a stable silicone cast of the perfused vasculature. Initial
experiments revealed difficulties incorporating the Er

2
O
3

NPswithin the two-part silicone elastomer. Analysis, via con-
focal fluorescencemicroscopy, of the uncoated Er

2
O
3
powder

revealed the tendency of the NPs to naturally aggregate into
clusters > 1 𝜇m, due to van derWaals forces—nanoparticulate
powders have been shown to naturally clump and formmuch
larger particle sizes when left uncoated or untreated [27, 28].
Large aggregates such as these could clump together and
prevent the perfusion of arterioles and capillaries, inhibiting
perfusion of the venous system.Thus, to address the fact that
uncoated nanoparticles tend to aggregate into large clumps
(i.e., >100 𝜇m) a method was devised to ensure the size of
the Er

2
O
3
NPs in the final product remained smaller than

100 nm, as follows.

2.1.1. Er
2
O
3
NP Silicone Elastomer Suspension. Uncoated

Er
2
O
3
NPs of ∼50 nm nominal diameter (Nanostructured

and Amorphous Materials, Houston, TX, USA) were ground
using a mortar and pestle for ∼5 minutes to break down
large aggregates. The ground powder was then mixed with
an additive-free clear two-part silicone elastomer (Microfil
MV-132, Carver, MA, USA), which is mixed in a ratio of
two-part MV-Diluent to one-part MV-132. To prepare 30mL
of contrast agent, 4.0 g of ground Er

2
O
3
(i.e., 13.3% w/v)

was added to 17.47mL of MV-Diluent and 8.73mL of MV-
132; the remaining 3.8mL was comprised of the curing
agent described below, which was added immediately prior
to perfusion into the animal. The uncured suspension of
Er
2
O
3
powder and silicone elastomer was probe sonicated

(BransonDigital Sonifier 450D, standard 13mm tapped horn,
Crystal Electronics, Newmarket, ON,Canada) for a total of 35
minutes with 25% amplitude and a duty cycle of 30 s ON to
10 sOFF. Due to the intense heat generated during sonication,
the samples were immersed in an ice bath and sonication was
performed in three intervals interspersed with 5–10-minute
cool-down periods.The Er

2
O
3
NP silicone elastomer suspen-

sion was prepared several hours prior to perfusion, to allow
particle aggregates to settle, and then decanted prior to use. If
prepared further in advance, sonication of the suspension of
5–10 minutes is required to ensure particle resuspension.

2.1.2. Curing Agent. To facilitate consistent and controlled
curing of the Er

2
O
3
NP silicone elastomer suspension, a

tin-based curing agent was prepared in-house. The curing
agent comprised a solution of 40% (w/w) dibutyltin dilaurate
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(SigmaAldrich, St. Louis,MI,USA) in tetraethyl orthosilicate
(Sigma Aldrich, St. Louis, MI, USA), which was mixed using
a magnetic stirrer for several hours until it became a homo-
geneous pale-yellow transparent solution.

2.2. Er-Based Contrast Agent Characterization. Particle and
aggregate sizes of the “raw” and sonicated Er

2
O
3
powderwere

evaluated visually using confocal fluorescence microscopy.
Prior to sonication, drops of raw Er

2
O
3
powder mixed within

the two-part silicone elastomer were dispensed on a glass
bottom microwell dish (MatTek Corporation, Ashland, MA,
USA). Following sonication, drops of the prepared Er-based
suspensionwere placed on a separatemicrowell dish. Samples
were analyzed using confocal fluorescencemicroscopy (Leica
DMi8, Wetzlar, Germany), an Ar 488 nm laser for excitation,
and emission bandwidths of 493–739 nm. To visualize parti-
cle sizes within the nonsonicated “raw” sample and sonicated
suspension, a 20x (HC PL APO CS2 20x/0.75 DRY) and 63x
(HC PL APO CS2 63x/1.40 OIL) objective lens were used,
respectively.

Dynamic light scattering (DLS) was used to quantify the
size distribution of the prepared Er-based suspension. A 10%
(v/v) dilution of the suspension in MV-Diluent was prepared
and analyzedwithDLS (ZetaSizerNano Instrument,Malvern
Instruments Ltd., Malvern, UK). Measurements were per-
formed at room temperature (25∘C) in a quartz cuvette
(1mg/mL).

The viscosity of the contrast agent was measured using a
lab-based Modular Compact Rheometer (MCR 302, Anton
Paar, Graz, Austria); the measured viscosity was used to
correct the DLS measurements.

2.3. Animals. All animal studies were approved by the
Animal Use Subcommittee at Western University (protocol
#2015-018). Five male C57BL/6 mice (∼30 g) were used for
this study.The mouse model was selected to demonstrate the
capability of the Er

2
O
3
contrast agent to perfuse the micro-

vasculature of the smallest of the commonly used small-
animal models. Anesthetized mice were first exsanguinated
with sterile saline followed by perfusion with the Er contrast
agent. To prevent blood clot formation during exsanguina-
tion, sterile 0.9% (w/v) saline was heparinized to 0.4% (1mL
of heparin (Sandoz, QC, Canada) in 250mL saline). Sterile
tubing (Baxter Canada, Mississauga, ON, Canada), 1.8m in
length, was used to connect the saline bag to a blunted 21G
× 3/4 butterfly catheter (BD, Franklin Lakes, NJ, USA).
The saline IV bag was hung 127 cm above the surgery table,
thereby providing a pressure of 94mmHg. Five minutes
prior to the start of the procedure the mice were given a
100 𝜇l intraperitoneal injection of heparin. After induction of
anesthesia (3% isoflurane (Baxter Canada, Mississauga, ON,
Canada) in O

2
at a rate of 2mL/min) an incision was made

along the thoracic cavity exposing the heart. The butterfly
catheter was carefully inserted into the left ventricle parallel
to the septum. A drop of cyanoacrylate (Krazy Glue, Elmer’s
Products, Atlanta, GA, USA) was applied at the entry point
of the catheter into the left ventricle to avoid accidental
piercing of the septum. The right atrium was clipped to
allow for circulatory system drainage. The heparinized saline

solution was perfused throughout the circulatory system for
10 minutes to ensure complete removal of the blood.

During saline perfusion, 3.8mL (12.7% v/v) of curing
agent was added to 36.2ml Er

2
O
3
-based silicone elastomer

suspension and vortexed (VWR� Fixed Speed Vortex Mixer,
Radnor, PA, USA) continuously for 8 minutes. The contrast
agent was injected into an empty IV bag (with separate
1.8m of surgical tubing) and hung 160 cm above the mice
(129mmHg). While this value is greater than the mean
arterial pressure (MAP) of mice (∼103mmHg) [29, 30], it
was chosen to ensure complete perfusion of the animal before
the contrast agent cured. Furthermore, the perfusion pressure
used in this study is significantly lower than the >150mmHg
used in prior studies using the lead-based Microfil agent
[22, 31–33]. Perfusion at a pressure more closely matched to
peak systolic pressure (i.e., ∼120mmHg) reduces the risk of
vascular dilation and capillary rupture. The contrast agent
was let to freely perfuse through the animal until completely
cured, which occurred approximately ∼35 minutes after start
of perfusion. Following contrast agent curing, mice were
placed in 10% neutral buffered formalin overnight, prior to
micro-CT scanning.

2.4. Data Collection and Analysis. Whole body mouse scans
were acquired with a preclinical micro-CT scanner (Vision
120, GEHealthcare, London, ON, Canada).The scan parame-
ters were 90 kVp (no added filtration), 40mA, 900 views, 0.4∘
increment angle over 360∘, geometric magnification of 1.13,
and 16ms exposure, resulting in a total exposure time of 14.4 s
and 576mAs. Including the time required for gantry motion
and recording of image projections, the total acquisition time
was 5 minutes.The projection images were binned 2 × 2 prior
to reconstruction for a final isotropic voxel spacing of 100 𝜇m.

Higher resolution scans of the hindlimb regions were
acquired on a specimen scanner (Locus, GE Healthcare,
London, ON, Canada) using a 3 hr scan protocol (900 views,
80 kVp, 80 𝜇A, no added filtration, 0.4∘ increment angle over
360∘, geometric magnification of 1.41, 15-frame averaging,
and 2× 2 binning for a final isotropic voxel spacing of 40 𝜇m).
To prevent sample motion during these high-resolution
image acquisitions, the perfusedmousewas placed in a 50mL
tube.

Confirmation of perfusion of microvessels (i.e., <10 𝜇m)
was achieved by high-resolution micro-CT. Fabricated
microvessel constructs or synthetic capillaries have been
utilized to evaluatemicrovessel perfusions in the past [34, 35],
but fabricating synthetic vessels with diameters on the order
of 10 𝜇m remains technically challenging. Fortunately, the
mouse kidney is a well-characterized organ system, with
known vessel diameters ranging from the renal artery (∼
0.3mm) to capillaries (∼10 𝜇m) [36, 37]. The kidney contains
many glomeruli (responsible for the waste removal and blood
filtering), which are comprised of capillaries in a bundle of
∼75𝜇m diameter [38]. Therefore, an excised Er

2
O
3
-perfused

kidney was embedded in paraffin in a 1.2mL tube (Corning�,
Corning, NY, USA) and scanned with a specimen scanner
(Locus SP, GE Healthcare, London, ON, Canada), using a
16 hr protocol. Scan parameters were 80 kVp, 80 𝜇A, 900 pro-
jections, no added filtration, 0.4∘ increment angle over 360∘,
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Figure 1: Confocal fluorescencemicroscopy images of (a) nonsonicated raw Er
2
O
3
powder naturally aggregated to largemicrosized (>10𝜇m)

particles when mixed within the two-part silicone elastomer, making the suspension not suitable for microvascular perfusion. However, with
sonication, nanosized (∼70 nm) particles were achieved (b).

geometric magnification of 3.83, 14-frame averaging, and 1 ×
1 binning for a final isotropic spatial resolution of 4.8𝜇m.

The micro-CT scanners used in this study were all
equipped with a CsI-based energy-weighted detector. It has
been shown that the peak response of these detectors [39] is
very close to the absorption K-edge of Er (57.5 keV), making
them ideally suited for detection of an erbium-based contrast
agent.

Each of the scans contained calibrators of water and
air, which were used for image calibration and conversion
into Hounsfield units (HU). This allowed us to quantify the
amount of contrast enhancement of perfused vasculature,
based on the the CT signal level in HU within various organs
throughout the vascular system. Using 3D visualization and
analysis software (MicroView, GE Healthcare, London, ON,
Canada), regions of interest (ROI) 500 × 500 × 500 𝜇m were
generated in each region and the mean HU values recorded.
Specifically, for all mice, the mean HU was determined from
the heart (left ventricle), testes, and inferior vena cava (IVC),
as they represented the beginning, middle, and end of the
perfusion pathway, respectively. The CT signal levels within
the selected organs were compared to cortical bone within
the diaphysis region (i.e., the densest endogenous contrast)
and a commercially available lead-based contrast agent. A
rat hindlimb previously perfused with the widely used and
commercially available lead-based contrast agent (Microfil
MV-122, Flowtech Inc., Caver, MA, USA) was scanned using
the 100 𝜇m acquisition protocol.

All statistical analyses were performed using Prism 6
(GraphPad Software Inc., La Jolla, CA, USA). Repeated
measures ANOVA was used to test for statistical differences
between all Er-based contrast-enhanced regions (i.e., heart,
testes, and IVC) and cortical bone. In a separate test, one-
way unpaired ANOVA was performed to compare the mean
attenuation in Er-perfused vessels against cortical bone and
the Microfil MV122-perfused rat femoral artery. Statistical
differences were noted if a 𝑝 < 0.05 was achieved.

3. Results

3.1. Efficacy of an Ex Vivo Er-Based Contrast Agent for
Vascular Perfusion. An effective preclinical postmortem X-
ray compatible vascular contrast agent must be comprised of
small, X-ray attenuating particles homogeneously suspended
within a low viscosity medium. These characteristics will
ensure uniform contrast enhancement of perfused vascu-
lature, including microvessels with diameter < 10 𝜇m (i.e.,
capillaries). Automated segmentation algorithms, which are
typically based on grey-scale levels, require homogeneous
perfusion of microvessels to effectively separate perfused
vasculature from surrounding tissues, so it is essential to
employ an appropriate particle size, uniformly distributed in
the carrier medium.

Ultrasonic cavitation (sonication) was used to success-
fully break up large aggregates of Er

2
O
3
to nm-sized aggre-

gates, which could be homogeneously incorporated within
the two-part silicone matrix. Following intense sonication, a
visually homogeneous suspension of 13.3% w/v Er

2
O
3
within

the two-part silicone elastomer was achieved.The Er
2
O
3
NPs

were found to remain in suspension for several days, allowing
for the contrast agent to be prepared several days prior to use.
Confocal fluorescence microscopy visually confirmed that
the size of the sonicated nanoparticles within the Er

2
O
3
con-

trast agent suspension (Figure 1(b)) was less than 100 nm—a
size that can pass easily through the microvessels of any
vascular system.

The ability of a contrast agent to perfuse the microvascu-
lature also depends on its viscosity. Measuring the viscos-
ity of the uncured Er-based contrast agent—at 19.2mPa⋅s—
demonstrated agreementwith the 20mPa⋅s viscosity reported
by the manufacturer of the two-part silicone elastomer, con-
firming that the uncured Er

2
O
3
contrast agent is able to pass

through small vessels under standard perfusion pressures.
Based on the measured viscosity of 19.2mPa⋅s, the DLS

measurement reported a Gaussian particle size distribution
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Figure 2: Dynamic light scattering (DLS) results demonstrating the
particle size distribution of a sample of the Er

2
O
3
contrast agent.

Average particle size is 72.2 ± 2.2 nm. Results of a suspension that
was mixed and subsequently stored for 2 years are shown in S1.

with mean hydrodynamic diameter of 64.8 nm, standard
deviation of 11.1 nm, and a range from 44 to 122 nm (Figures
2 and S1; see Supplementary Material available online at
https://doi.org/10.1155/2017/7368384). Measurements of par-
ticle size and carrier viscosity indicated that the prepared
Er
2
O
3
suspension should easily pass through microvessels;

this aspect of performance was further evaluated by micro-
CT imaging of intact perfused mice.

Whole Er
2
O
3
-perfused C57Bl/6 mice scanned with

50 𝜇m isotropic voxel spacing, and rebinned 2 × 2 to a final
resolution of 100 𝜇m, revealed a uniform and homogeneous
distribution of the cured Er

2
O
3
contrast agent within the

vasculature throughout the entire perfusedmouse (Figure 3).
The vasculature displayed enhanced contrast in comparison
to surrounding tissues throughout an intact animal; impor-
tantly the attenuation of the contrasted vessels was higher
than that of bone.

Scans of Er contrast-perfused hindlimbs were acquired
with 20𝜇m isotropic voxel spacing and subsequently re-
binned 2 × 2 for a final resolution of 40 𝜇m (Figure 4),
to observe the smaller vasculature next to the dense bony
structures of the femur and tibia. From these results, we
were able to clearly see a feeding artery that runs within
(Figure 4(a)) and along (Figure 4(b)) the entire length of
each long bone. At this higher resolution, smaller structures
such as a foramen (i.e., an opening for blood vessels to
enter bone) can be visualized (Figure 4(c)). The ability to
differentiate the foramen from the vessel running through it
is particularly noteworthy, as this is not possible with other
contrast agents that have lower attenuation coefficients. The
observed perfusion of the venous system (Figure 4(a) yellow
arrows) suggests successful perfusion of the capillaries, which
is further supported by the lack of visible contrast agent
poolingwithin the interstitial space (poolingmight have been
observed if overpressurization during perfusion had caused
microvessel rupture).

3.2. Visualization of Capillary Bed Perfusion. The results of
the high-resolution micro-CT scan revealed that the Er

2
O
3

contrast agent successfully perfused the entire continuous,
well-ordered vascular tree of the kidney (Figure 5). The con-
trast enhancement of the vasculature was sufficiently high,
such that a single grey-scale threshold separated perfused
vasculature from surrounding tissues, allowing for the gen-
eration of 3D images of the kidney vessel microarchitecture
(Figure 5(b)). The virtual Er

2
O
3
vascular “cast” (Figures 5(a)

and 5(b)) showed complete perfusion from the abdominal
aorta (i.e., the main feeding vessel) down to the 6th and 7th
arterial branches (i.e., glomeruli afferent arterioles). Previous
research has shown that mouse glomeruli afferent arterioles
can be as small as ∼13 𝜇m [36]; thus, visualization of indi-
vidual glomeruli (i.e., several capillaries) suggests that our
contrast agent is able to perfuse structures < 13 𝜇m (Figures
5(c) and 5(d)). While previous research has shown perfusion
of the kidney down to the afferent arterioles [36, 40–42] using
a commercially available lead-based contrast agent, the main
advantage of the Er

2
O
3
-based contrast agent is its ability to

provide higher contrast and SNR.

3.3. Contrast Enhancement Provided by the Er-Based Contrast
Agent in Micro-CT. The measured mean CT values for the
heart (4094 ± 264HU), testes (4107 ± 182HU), and IVC
(4001 ± 305HU), compared in Figure 6, showed no signifi-
cance difference (𝑝 = 0.3940) between these three regions.
On the other hand, the mean signal from cortical bone
(2359 ± 207HU) and the lead-based contrast agent Microfil
MV-122 (2683 ± 77.6HU) were significantly lower than the
signal from the Er contrast-agent perfused vasculature (𝑝 <
0.006 and 𝑝 < 0.0001 for bone and Microfil, respectively).
The approximately 1400HU difference in signal between that
provided by the Er

2
O
3
-based contrast agent and cortical

bone will aid in facilitating the automatic segmentation of
vessels from surrounding bone, which is not possible when
commercially available contrast agents, such as Microfil MV
122, are used.

4. Discussion

We have demonstrated a methodology for the homogeneous
incorporation of Er

2
O
3
nanoparticles within a two-part

silicone elastomer, forming a colloidal suspension capable
of providing high X-ray attenuation that can facilitate the
visualization and characterization of microvessels within a
small-animal model. In this study, we characterized and
investigated the capabilities of the custom ex vivo Er-based
vascular perfusion contrast agent.

Ultrasonic cavitation successfully broke down large nat-
urally occurring Er

2
O
3
aggregates (i.e., >100 𝜇m) into nm-

sized particles (Figures 1(b) and 2) suspended within a
silicone carrier. The prepared suspension was determined to
possess low viscosity and a narrow particle size distribution
that would facilitate the perfusion of intact whole body mice
(Figure 3). Micro-CT scans acquired with both 50 and 20 𝜇m
isotropic voxel spacings revealedwhole-mouse perfusion and
higher-ordered vascular branching (i.e., 1st to 3rd order)
and visualization of vessels within bone (Figures 3 and 4).

https://doi.org/10.1155/2017/7368384
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Figure 3: Rebinned 100 𝜇m voxel images where the (a) maximum intensity projection (MIP) of a whole body perfused mouse demonstrates
that the attenuation of the Er

2
O
3
contrast agent in the vasculature is higher than the mouse’s skeletal structure. Quantitative measurements

of attenuation (in HU) were obtained from regions drawn within heart (b), testes (c), inferior vena cava (d), and cortical bone (e).

2mm
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2mm

(b)

1mm

(c)

Figure 4: Multiplanar reformatted images at 40 𝜇m, resulting from 2 × 2 rebinning of 20 𝜇m acquired micro-CT scans, clearly depict the
ability to visualize the extent of the nutrient arteries, which run along the tibia and femur. Red arrows highlight the nutrient arteries in cross-
section in (a) and along their entire length in (b). At this resolution the depiction of parallel arteries and veins (yellow arrows) indicates
successful perfusion through the capillary network. The ability to visualize vessels as they pass through a foramen (green arrows) into bone
is depicted in (c).
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200 m 200 m

1mm1mm
(a) (b)

(c) (d)

Figure 5: (a)MIP of an entire mouse kidney and attached adrenal gland (arrow) perfused with the new Er contrast agent. (b) 3D rendering of
the perfused kidney with a plane cut to demonstrate an entire intact vascular tree. (c) Magnified 0.35mm thick slice MIP of the area outlined
in red in (a), demonstrating 6-7th level arterial branching. (d) 3D rendering of the terminal arteriole branches, ending in the glomeruli (the
kidney’s spherical capillary bed). G: glomeruli; AF: afferent arteriole; EF: efferent arteriole; RA: cruciate radial artery; RV: cruciate radial vein;
AA: arcuate artery; AV: arcuate vein; and VR: vasa recta.

High-resolution scans with 5 𝜇m spatial resolution demon-
strated well-characterized vascular microarchitecture within
a perfused kidney, with observed vascular filling down to
vessels <13 𝜇m in diameter and contrast enhancement of
capillary beds (i.e., glomeruli, Figure 5). Additionally, the
attenuation of the Er-based contrast agent was found to be
significantly higher than that of cortical bone (i.e., the dens-
est naturally occurring substance within our samples) and
the commonly used lead-based Microfil (MV-122) vascular
contrast agent (Figure 6). This study clearly demonstrates
the efficacy of the custom Er-based suspension as an ex vivo
micro-CT vascular perfusion contrast agent.

An important benefit of the presented Er-based contrast
agent is an X-ray attenuation coefficient that is significantly
higher than that of both bone and other existing contrast
agents. This difference facilitates the separation of microves-
sels from both soft tissue and bone in the images and can also

result in a reduction of scan time. While shorter scans result
in a greater amount of noise [10], the higher contrast between
the Er contrast agent within the vasculature and surround-
ing tissue ensures that SNR remains high despite the shorter
scan times.The approach used to incorporate the Er nanopar-
ticles within the suspension (i.e., ultrasonic cavitation) ren-
ders the approach amenable to the production of custom
contrast agents of varying elemental compositions and con-
centrations. Furthermore, silicone-compatible colorants can
also be introduced within the silicone media to allow for
the customization of the contrast agents’ visual appearance
against tissue; this may be useful for macroscopic visualiza-
tion and postmortem histological analysis.

In the current implementation, each working volume of
contrast agent (i.e., 30ml) is prepared individually, requiring
approximately one hour of operator time. Larger volumes
of contrast agent could be prepared in advance, with the
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Figure 6: Heart, testes, and inferior vena cava (IVC) were chosen
to represent the start, middle, and end of the perfusion route. The
attenuation (HU) of the Er

2
O
3
-based contrast agent in all three

regions was significantly higher than that of cortical bone (𝑝 <
0.006, repeated measures ANOVA). Importantly, the attenuation
of the Er

2
O
3
-enhanced vasculature was significantly higher than

that commercially available lead-based Microfil MV122 (one-way
ANOVA, 𝑝 < 0.0001), while there was no difference between
Microfil MV122 and cortical bone (𝑝 > 0.9999).

curing catalyst being added just prior to usage. In this case,
additional sonicationmay be required to ensure resuspension
of aggregated particles (Figure S1).

As with other cast-forming contrast agents (e.g., Microfil)
the new Er-based contrast agent is limited to applications
of postmortem vascular analysis at study endpoints. This
limitation requires that larger cohorts of animals are needed
to assess changes to the vasculature over periods of time.
An in vivo contrast agent would make investigations with
reduced sample size possible and allow for the study of
vascular changes within the same animal over time; however,
development of an in vivo contrast agent is not within the
scope of this study. Currently, there exist in vivo contrast
agents that reside within the blood pool for extended periods
of time [43, 44]; thus, we expect that the incorporation of Er
into an in vivo agent is possible.

5. Conclusions

We have demonstrated the effectiveness of an Er-based sus-
pension as a single-energy X-ray vascular contrast agent
that significantly enhances the contrast—in comparison to
surrounding dense bone and commercially available lead-
based contrast agents (Figure 6)—of perfused vasculature
within small animals (Figures 3–5). With an absorption K-
edge at 57.5 keV, the Er-based contrast agent is also ideally
suited for dual-energymicro-computed tomography (DECT)
on a large installed base of high-resolution preclinical micro-
CTmachines that operate at up to 90 kVp.The combination of
the Er

2
O
3
-based vascular perfusion contrast agent with opti-

mized DECT scan protocols and spectral shaping (using X-
ray filtration) would facilitate rapid and automatic quantita-
tive segmentation of perfused vasculature from surrounding
tissues [26], a process that is otherwise difficult due to partial
volume effects that can limit traditional single-energy CT

scans. Dual-energy CT-based material separation has been
shown to be beneficial in studying a range of diseases in
clinical applications (i.e., gout, cardiovascular, and cancer)
[45–47], by allowing for the quantitative separation of the
material of interest from surrounding tissues. The novel con-
trast agent that we describe has the potential to provide these
advantages of DECT-based quantification and segmentation
for preclinical investigations of vascular changes in small-
animal models.
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Cancer research has experienced astonishing advances recently, but cancer remains a major threat because it is one of the leading
causes of death worldwide. Glioblastoma (GBM) is the most malignant brain tumor, where the early diagnosis is vital for longer
survival.Thus, this study reports the synthesis of novel water-dispersible ternary AgInS2 (AIS) and quaternary AgInS2-ZnS (ZAIS)
fluorescent quantum dots using carboxymethylcellulose (CMC) as ligand for multiplexed bioimaging of malignant glioma cells
(U-87 MG). Firstly, AgInS2 core was prepared using a one-pot aqueous synthesis stabilized by CMC at room temperature and
physiological pH. Then, an outer layer of ZnS was grown and thermally annealed to improve their optical properties and split the
emission range, leading to core-shell alloyed nanostructures. Their physicochemical and optical properties were characterized,
demonstrating that luminescent monodispersed AIS and ZAIS QDs were produced with average sizes of 2.2 nm and 4.3 nm,
respectively. Moreover, the results evidenced that they were cytocompatible using in vitro cell viability assays towards human
embryonic kidney cell line (HEK 293T) and U-87 MG cells. These AIS and ZAIS successfully behaved as fluorescent nanoprobes
(red and green, resp.) allowing multiplexed bioimaging and biolabeling of costained glioma cells using confocal microscopy.

1. Introduction

Despite indisputable progress in medicine in the recent
decades, cancer remains as one of the most devastating
diseases of the 21st century challenging scientists and pro-
fessionals as the word “cancer” covers approximately 200
different types of disease [1–3]. In fact, it is farmore likely that
advances in science for early diagnosis will result in threating
more cancers as “manageable” chronic diseases with patients
maintaining a relative satisfactory quality of life [4].

Brain tumors are the most common cancer occurring
among children (age 0–14) and the leading cause of cancer-
related deaths at that age, above leukemia statistics. Brain
tumors are a diverse group of neoplasms that frequently carry

a poor prognosis for patients [5, 6]. Glioblastoma (GBM,
World Health Organization grade IV glioma) is the most
prevalent and lethal primary intrinsic brain tumor. Unlike
other solid tumor cell types, GBM widely and aggressively
invades the surrounding brain but hardly metastasizes to
other organs [7, 8]. Despite tremendous efforts to develop
diagnostic tools and therapeutic avenues, the accurate early
detection and effective treatment of brain tumors remains a
difficult challenge to be overcome in the field of neuroon-
cology. Currently, the prognosis for GBM tumor is at the
extremeworst withmortality greater than 90%at 5 years, with
a median survival of 12.6 months [9–11].

Modern neuroimaging tools are being applied to diag-
nose and grade brain tumors preoperatively, to plan and
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direct surgery intraoperatively, and to monitor and assess
treatment response and estimating patient prognosis [12, 13].
Current research in brain tumor imaging attempts to develop,
validate, and clinically implement advanced neuroimaging
techniques that can benefit in the diagnosis and the detection
of early treatment inefficiencies [12]. Imaging techniques
including magnetic resonance imaging (MRI), computed
tomography (CT), and positron-emission tomography (PET)
are the most common modalities for brain tumor diag-
nosis, characterization, and intraoperative imaging. Other
techniques such as fluorescence imaging have been devel-
oped for intraoperative fluorescence-guided tumor resection.
These imaging modalities can aid in delineating the bound-
aries between neoplastic and normal tissue, helping doctors
determine the most suitable sequence of treatment [9, 10].
Recently, theranostics, which is the combination of therapy
and diagnosis, has become one of the primary keywords in
cancer research, taking into account the fact that if cancer
growth can be hampered during the diagnostic procedure,
the subsequent cancer treatment would be facilitated because
cancer growth is delayed or cancer burden is reduced [14].

To this end, nanotechnology offers a promising platform
for the evolution of cancer molecular imaging strategies
where nanomaterials can be used in the development of novel
theranostic systems in oncology. Quantum dots (QDs) are
being intensively studied as innovative class of nanoprobes
for biomedical imaging because of their unique optical and
electronic properties. Multiplexed molecular imaging relying
on fluorescent QDs can reveal the tempospatial relationship
among molecules by simultaneously staining several tumor
biomarkers [6]. To overcome the obstacles of QDs for
biomedical imaging, the physicochemical properties of QDs
such as composition, size, shape, and surface characteris-
tics associated with cytotoxicity have been comprehensively
investigated [6, 15, 16]. However, despite the intense research
in the realm of quantum dots for nanomedicine applications,
the large majority of studies are based on Cd-containing
semiconductor core (i.e., CdS, CdSe, and CdTe) synthesized
using organometallic process at high temperature [17, 18]. For
that reason, their potential toxicity has become a subject of
serious discussion and debate, without a definitive conclusion
yet. Some studies have demonstrated that Cd-based QDs
can degrade in a biological environment, releasing highly
cytotoxic Cd2+ ions [18, 19].Therefore, over the past few years,
a variety of Cd-free QDs have been produced from materials
including zinc chalcogenides (i.e., ZnSe, ZnS), copper indium
sulfide (CuInS2), silver indium sulfide (AgInS2, AIS), silver
sulfide (Ag2S), and core-shell nanostructures (AgInS2-ZnS,
ZAIS) [17, 19–21]. Importantly, some of theseQDs sharemany
of the advantages of commonly used Cd-based QDs regard-
ing their optical properties and photoluminescence stability,
surface biochemistry, and colloidal stability. Hence, QD-
based probes that comply with the full set of requirements
for biomedical applications can be used to target cancer
molecules with high specificity [22–24]. Although ternary
semiconductor QDs (e.g., Ag-In-S) have been already pre-
pared in water medium for biomedical applications [19, 20,
25–28] no report was found in the consulted literature where
they were directly synthesized using polysaccharide-based

biopolymers as surface capping ligands for in vitro imaging
GBM cells.

Thus, in this study, a facile one-pot synthesis of novel Cd-
freeQDs based onAIS andZAIS semiconductor nanocrystals
produced by an eco-friendly aqueous process using car-
boxymethylcellulose simultaneously as stabilizing ligand and
for surface biofunctionalization is presented. These colloidal
nanoconjugates were cytocompatible and demonstrated flu-
orescent activity for effective multiplexed bioimaging of
malignant glioma cells in vitro, as schematically depicted
in Figure 1S (Graphical Abstract, Supplementary Material
available online at https://doi.org/10.1155/2017/3896107). We
endeavor that this research paves the way to develop new flu-
orescent biomarkers in nanomedicine for diagnosis, targeting
and therapy of brain cancer tumors.

2. Materials and Methods

2.1. Materials. Zinc nitrate hydrate (Zn(NO3)2⋅6H2O,
>99%), indium nitrate hydrate (In(NO3)3⋅xH2O, In =
28.5%wt), carboxymethylcellulose sodium salt (CMC, de-
gree of substitution: 0.7; averagemolecularmass = 90,000Da;
medium viscosity: 180 cps, 4% in H2O at 25∘C), 3-(4,5-
dimethylthiazol-2yl) 2,5-diphenyltetrazolium bromide (MTT,
>98%), Triton� X-100, sodium dodecyl sulfate (SDS,
≥99.0%), paraformaldehyde (95%), and hydrochloric acid
(HCl, 37%) were purchased from Sigma-Aldrich (USA).
Silver nitrate (AgNO3, 99.9%) and sodium sulfide hydrate
(Na2S⋅9H2O, >98%) were purchased from Synth (Brazil).
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), phosphate buffered saline (PBS), penicillin
G sodium, streptomycin sulfate, and amphotericin-b were
supplied by Gibco BRL (USA). Hydromount was purchased
from Fisher Scientific Ltd. (UK). Human embryonic kidney
(HEK 293T, American Type Culture Collection, ATCC�
CRL-1573�) cells were kindly provided by Professor M.F
Leite (Department of Physiology and Biophysics, UFMG).
Malignant glioma (U-87 MG) cells were purchased from Rio
de Janeiro Cell Bank (ATCC�HTB-14�).

Aforementioned chemicals were used without further
purification, deionized water (DI water, Millipore Simplic-
ity�) with a resistivity of 18MΩ cm was used to prepare
the solutions, and the procedures were performed at room
temperature (RT, 23 ± 2∘C), unless specified otherwise.

2.2. Synthesis of Quantum Dot Conjugates

2.2.1. Synthesis of AIS QDs (QD1 and QD2). CMC solution
(1% w/v) was prepared by adding sodium carboxymethyl-
cellulose powder (0.5 g) to a 50mL of water and stirring
at room temperature until complete solubilization occurred.
AgInS2 (QD1) conjugates were synthesized via an aqueous
route at room temperature as follows: 2mL of CMC solution
and 48mL of deionized water were added to a flask and the
solution stabilized at physiological pH (7.5 ± 0.2). Under
magnetic stirring, 0.33mL of the silver precursor solution
(AgNO3, 1 × 10

−3mol⋅L−1) and 1.33mL of indium precursor
solution (In(NO3)3⋅xH2O, 1 × 10−3mol⋅L−1) were added to
the flask and stirred for 1min. This stoichiometry of Ag : In

https://doi.org/10.1155/2017/3896107
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Figure 1: Procedure for fabrication Ag-In-S and Ag-In-Zn-S quantum dots.

molar ratio of 1 : 4 gives the most intense emission for AgInS2
nanocrystals [20, 29, 30]. In the sequence, under vigorous
stirring, 2.0mL of sulfur solution precursor (Na2S⋅9H2O, 1
× 10−3mol⋅L−1) was dropped into the flask and stirred for
10min.

In order to improve the optical properties of AgInS2
cores (referred to as QD1 or AgInS2), some procedures were
taken in following sequence: (a) thermal treatment (TT) of
AgInS2 cores at 100 ± 5

∘C for 10min to annealing/growth
of AgInS2 QDs (referred to as QD2 or AgInS2-TT); (b)
ZnS shell growth overlaying AgInS2-TT cores (referred to as
QD3 or AgInS2-ZnS core-shell); and (c) thermal treatment
of AgInS2-ZnS core-shell structure at 100 ± 5∘C for 60min
leading to alloying (referred to as QD4 or AgInS2-ZnS alloy).
Figure 1 summarizes the steps for the preparation of ZAIS
QDs from AIS QDs that are described in Section 2.2.2.

2.2.2. Synthesis of ZAIS QDs (AgInS2-ZnS, QD3, and QD4).
In this step, initially an “adlayer” of ZnS was grown onto
AgInS2-TT core reaching a core-shell nanostructure (AgInS2-
ZnS core-shell or QD3).Therefore, the previous AIS solution
(QD2) was refrigerated at 6 ± 2∘C for at least 6 h. Then,
at 6 ± 2∘C and under stirring, a 1.25mL of zinc precursor
(Zn(NO3)2⋅6H2O, 1 × 10−3mol⋅L−1) was added dropwise
(10 𝜇L at each 10 s) into 50mL of QD2 suspension followed
by addition of 1.25mL of sulfur precursor (Na2S⋅9H2O, 1
× 10−3mol⋅L−1) in the same way (dropwise, 10 𝜇L at each
10 s) and stirred for 20min. The resulting suspension (QD3,
AgInS2-ZnS) was reserved for 24 h at 6 ± 2∘C.

In the sequence, the QD3 suspension was heated for 1 h at
100 ± 5∘C to allow interdiffusion of Zn2+ ions from shell into
the core and annealing, leading to the formation of AgInS2-
ZnS alloys (QD4).

All of the QDs colloidal dispersions produced were
stable, homogeneous, and light brown.The QD colloids were
dialyzed for 24 h (withwater changes after 2 h and 4 h) against
3 L of DI water using a Pur-A-Lyzer� Mega Dialysis Kit
(Sigma, cellulose membrane with molecular weight cut-off

filter, MWCO of 12,000Da) under moderate stirring at room
temperature. After purification, the QD dispersions were
stored at RT until further use. Colloidal dispersions were
concentrated using an Amicon� Ultra Filter (Millipore) with
a 100,000 molecular mass (𝑀𝑊) cut-off cellulose membrane.

2.3. Characterization of Quantum Dot Conjugates. Ultravi-
olet-visible (UV-vis) spectroscopy measurements were per-
formed using Perkin-Elmer, Inc. (USA) equipment (Lambda
EZ-210) in transmission mode with samples in a quartz
cuvette over a wavelength range between 600 and 190 nm. All
of the experiments were conducted in triplicate (𝑛 = 3) unless
specifically noted, and the data were presented as the mean ±
standard deviation.

The photoluminescence spectroscopy (PL) of the conju-
gates was performed based on spectra acquired at RT using
a violet diode laser module at 405 nm excitation wavelength
(𝜆exc) (150mW,Roithner LaserTechnik, Germany) coupled to
aUSB4000VIS-NIR (visible-near infrared) spectrophotome-
ter (OceanOptics, Inc., USA). All of the tests were performed
using a minimum of four repetitions (𝑛 ≥ 4). Quantum
yield (QY) was measured according to the procedure using
Rhodamine 6G (Sigma, USA) in ethanol as the standard
at 𝜆exc = 405 nm [31]. Additionally, QD colloidal media
were placed inside a “darkroom-chamber” where they were
illuminated by a UV (ultraviolet) radiation emission bulb
(𝜆exc = 365 nm, 6W, Boitton Instruments). Digital color
images were collected when the QDs fluoresced in the visible
range of the spectra.

Morphological characterization of QD nanostructures
was based on the images, electron diffraction patterns (ED),
and energy-dispersive X-ray spectra (EDX) using Tecnai G2-
20-FEI (FEI Company, USA) transmission electron micro-
scope (TEM) at an accelerating voltage of 200 kV. In all of
the TEM analyses, the samples were prepared by placing a
drop of a dilute QD suspension onto carbon-coated copper
grids (Electron Microscopy Sciences, USA) and allowing
them to dry at room temperature overnight. The QD size
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and size-distribution data were obtained based on the
TEM images by measuring at least 150 randomly selected
nanoparticles using image processing program (ImageJ, ver-
sion 1.50, public domain, National Institutes of Health)
[32].

X-ray diffraction (XRD) patterns were recorded using
PANalytical (UK) Empyrean diffractometer (Cu-K𝛼 radia-
tion with 𝜆 = 1.5406 Å). Measurements were performed in
the 2𝜃 range from 6 to 60∘ with steps of 0.017∘. For the
sample preparation, concentrated colloidal QD dispersions
were placed onto glass slides and oven-dried at 40 ± 1∘C for
12 h.

Dynamic light scattering (DLS) and zeta potential
(ZP) analyses were performed using ZetaPlus instrument
(Brookhaven Instruments Corporation, 35mW red diode
laser light, wavelength 𝜆 = 660 nm) with a minimum of ten
replicates. The ZP measurements were performed at 25 ±
2∘C under the Smoluchowski approximation method with a
minimum of ten replicates.

2.4. Biological Characterization of QD Conjugates. All of the
biological tests were conducted according to ISO 10993-
5:2009/(R)2014 (Biological evaluation of medical devices:
tests for in vitro cytotoxicity) using kidney cell line of a human
embryonic culture (HEK 293T) and malignant glioma cells
(U-87 MG). HEK 293T (passage 18) and U-87 MG (passage
8) cells were cultured in DMEM with 10% FBS, penicillin G
sodium (10 unitsmL−1), streptomycin sulfate (10mgmL−1),
and amphotericin-b (0.025mgmL−1) in a humidified atmo-
sphere of 5% CO2 at 37

∘C.

2.4.1. Evaluation of Cytotoxicity by MTT Cell Viability Assay.
MTT (3-(4,5-dimethylthiazol-2yl) 2,5-diphenyl tetrazolium
bromide) experiments were performed to evaluate the toxi-
city of QDs dispersions. HEK 293T and U-87 MG cells were
plated (1 × 104 cells/well) in 96-well plates. Cell populations
were synchronized in serum-free media for 24 h. After that,
the media volume was suctioned and replaced with DMEM
media containing 10% FBS for 24 h. The samples of QD1,
QD2, QD3, and QD4 colloidal solutions were added to
individual wells at final concentrations of 2.5 nmol⋅L−1 of QD
nanoparticles (∼1mgmL−1). For MTT assay, control samples
were designed as follows: control group (cell culture with
DMEM medium); positive control (1.0% v/v Triton� X-100
in PBS); and negative control (chips of sterile polypropylene
Eppendorf, 1mgmL−1, Eppendorf, Germany). After 24 h, all
media were aspirated and replaced with 60 𝜇L of culture
media containing serum to each well and images of cells
were acquired on an Leica DMIL LED (Germany) inverted
microscope. Then 50𝜇L of MTT (5mgmL−1) was added
to each well and incubated for 4 h in an oven at 37∘C and
5% CO2. Next, 40𝜇L SDS solution/4% HCl was placed in
each well and incubated for 16 h in an oven at 37∘C and
5% CO2. Then, 100 𝜇L was removed from each well and
transferred to a 96-well plate. The absorbance was mea-
sured at 595 nm on iMark� Microplate Absorbance Reader
(Bio-Rad) with a 595 nm filter. Percentage cell viability
was calculated according to (1). The values of the controls

(wells with cells and no samples) were set to 100% cell
viability.

Cell viability =
(Absorbance of sample and cells)
(Absorbance of control)

× 100%.
(1)

2.4.2. Cellular Uptake of QD Conjugates by Laser Scanning
Confocal Microscopy: Internalization, Kinetics, and Multi-
plexed Images. The evaluation of the QDs conjugates as
fluorescent biological probes was performed using confocal
laser scanning microscopy after exposing HEK 293T and U-
87 MG cells to QD1 and QD4 samples. QD1 (AIS) with the
lowest QY was chosen for cell imaging with two cell lines
and cellular uptake kinetics to demonstrate the feasibility of
using these QD conjugates for cell imaging due their unique
optical emission properties. QD1 (AIS) andQD4 (ZAIS) were
selected as the fluorescent species for spectrally multiplexed
imaging of cells considering the detectable wavelength of PL
emission.HEK 293T cells on passage 19 andU-87MGcells on
passage 9 were plated (5 × 105 cells per well) in 6-well plate.
The cells were incubated for 4 days in 5% CO2 at 37

∘C and
synchronized for 24 h. Then, QD colloidal suspensions with
the medium solution (DMEM with 10% FBS) were added to
the cells and incubated in 5% CO2 at 37

∘C from 30min up to
120min (in cellular uptake kinetics study), followed by wash-
ing with PBS. For evaluation of internalization and kinetics,
QD1 was incubated at final concentration of 50 nmol⋅L−1 of
QD nanoparticles. For costained multiplexed imaging, QD1
and QD4 were incubated separately at final concentration of
50 nmol⋅L−1 or QD1 and QD4 were incubated together, at the
same concentration of each. In the sequence, the cells were
fixed with paraformaldehyde (4%) for 30min and washed
three times with PBS, and cover slips were mounted with
Hydromount. Images were obtained with a Zeiss LSM Meta
510 confocal microscope (Carl Zeiss, Germany) using the
water immersion (objective 63x Plan-Apo/1.4 NA, Numerical
Aperture). For green-emission, argon laser was used to excite
at 𝜆exc = 488 nm and emission was collected at 505–550 nm.
For red-emitting QD, excitation was at 𝜆exc = 568 nm and
emission at LP 585 nm (LP = low pass). For the reference
control, cells were incubated only with the original medium
with 10% FBS (autofluorescence). Plot of intensity profiles
and measurements of mean fluorescence intensity were
performed using public domain image processing software
(ImageJ software, version 1.50).

3. Results and Discussion

3.1. Characterization of Quantum Dot Conjugates. Here, car-
boxymethylcellulose was used as the ligand for stabilizing
the ultra-small semiconductor nanocrystals in water media,
which were characterized in situ by UV-vis spectroscopy.
These QDs presented broad UV-vis absorption spectra with
an onset at approximately 650 nm (Figure 2(a)). This rela-
tively broad absorption edge has been reported in literature
[27, 33, 34] for AIS and ZAIS nanoparticles, which was
generally associated with size distribution of QD produced
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Figure 2: UV-vis absorption spectra (a) and optical absorption spectra (Tauc relation) (b) for QD1 (A), QD2 (B), QD3 (C), and QD4 (D).

[35, 36]. The arrow in Figure 2(a) shows the “red-shift” in
the absorption spectra of QD2 after overcoating with the
ZnS passivating shell (QD3). Such behavior is caused by the
growth of the wider bandgap (ZnS, bulk band gap (𝐸𝑔) =
3.61 eV [37]) semiconductor, which may be interpreted as a
partial leakage of the exciton from the AgInS2-core (h

+/e−,
holes/electrons) into the ZnS shell through the heterojunc-
tion [38].

Band gap values for the prepared QDs were extracted
from the UV-vis absorbance curves using the “Tauc relation”
(Figure 2(b)). AgInS2 (AIS) is a direct bandgap semicon-
ductor with 𝐸𝑔 ranging from 1.8 eV (tetragonal) to 2.1 eV
(orthorhombic) [27, 39]. The estimated 𝐸QD (QD band gap)
values were between 2.4 eV and 2.5 eV, which are larger than
that of the bulk values (𝐸𝑔 = 1.8–2.1 eV) due to the quantum
confinement effect.

In order to access the morphological features, the sizes,
and the elemental composition of the QDs, TEM analysis
coupled with EDX was performed. AgInS2 core (AIS, QD1,
Figure 3(a)) and quaternary alloyed AgInS2-ZnS (ZAIS,
QD4, Figure 3(b)) typical images revealed the formation
of relatively monodispersed nanoparticles with reasonable
spherical shape. The clear continuous lattice fringes obtained
by electron diffraction in the HRTEM (high-resolution
transmission electron microscopy) images demonstrated the
single-crystalline nature of the QDs. The histograms of
nanoparticle size distributions (Figures 3(c) and 3(d)) indi-
cated the average size of 2.2 ± 0.4 nm and 4.3 ± 0.5 nm
for QD1 and QD4, respectively. The observed increasing in
diameter was expected by considering the growth of the
ZnS shell over the nanocrystal core. EDX measurements

confirmed the presence of Ag, In, and S in ternary QD1 and
the incorporation of Zn in the alloyed QD4 (Figures 3(e) and
3(f)). For QD1, EDX analysis indicated an averagemolar ratio
of [Ag] : [In] = 1 : 4.3, which is in good agreement with the
precursor molar ratio for metal cations [1 : 4].

The XRD pattern indicated three broadened and weak
reflections in ternary core (QD1, Figure 4(b)) and quater-
nary alloyed (QD4, Figure 4(c)) samples, due to the small
particle size, overlapped with the broad band present at
2𝜃 ∼ 21.8∘ (Figure 4(a)) that is characteristic of the CMC
polymer used for the chemical stabilization of the QDs
[40]. Based on reflection positions, the orthorhombic crystal
phase was suggested for AgInS2 nanoparticles. However,
as reported in literature [27, 41], the occurrence of other
AIS phases cannot be either ruled out or confirmed due
to the large width of the reflections. It is clear that the
diffraction peaks of ZAIS nanocrystals (QD4) were shifted
to higher angles in comparison to AgInS2 core (QD1)
due to ZnS alloying with the reflections located between
the corresponding peaks of the bulk orthorhombic AgInS2
(International Centre for Diffraction Data, ICDD 25-1328)
and cubic ZnS (ICDD 80-0020). Therefore, this feature
confirmed that theQD4 (Figure 4(c)) formed an alloyed solid
solution and not a mixture of AgInS2 and ZnS nanoparticles
[21, 42].

Typical room temperature PL spectra of the quantumdots
and QY results of QD1 to QD4 are presented in Figure 5.
The spectra (Figure 5(a)) indicated that luminescence is
based on defect-activated sites, where no excitonic emission
was observed. In addition, “Full Width at Half Maximum”
(FWHM) was larger than 100 nm, which is consistent with
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Figure 3: TEM image (inset: HRTEM picture) for QD1, AIS core (a) and QD4, ZAIS (b), histograms of size distribution for QD1 (c) and QD4
(d), and EDX spectra for QD1 (e) and QD4 (f).
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previous reports forAg-In-S- andZn-Ag-In-S semiconductor
nanocrystals [43, 44].

According to the literature [29, 41] emissions of I-III-
VI nanocrystals are dominated by radiative recombination
related to intrinsic donor-acceptor defects due to the failure of
aligned orientation between Ag and In, in addition to nonra-
diative pathways from surface defects due to the high surface
to volume ratio of QDs. Thermal treatment (QD1 → QD2)
and shell growth (QD2 → QD3) reduced the surface trap
states that cause the nonradiative pathways increasing the
radiative emissions, as could be clearly seen by the increase
of the PL intensity (Figure 5(a)) and QY values (Figure 5(b)).
Besides passivating dangling bonds on QD surface, ZnS
adlayer also promoted a blue-shift of the emission spectrum.
Finally, thermal treatment of core-shell structure (QD3 →
QD4) greatly improved photoluminescence intensity associ-
ated with interdiffusion of Zn ions into the AIS lattice upon
alloying process and further annealing [20]. In this sense, the
proposed strategy of improving optical properties of AgInS2
by a sequence of steps was effective. Despite the relative low
values of QY (ca. 0.2%–1.0%), which is commonly observed
for QD produced in water medium at room temperature
mostly due to the density of crystalline and surface defects,
the drastic increase of approximately 200% and 400% after
the formation of the core-shell nanostructure and after the
alloying-annealing process, respectively, is remarkable.

Thus, it is important to highlight that, compared with
previous reported studies [20, 27, 28], mostly based on
heating up, hot injection, and organic processes, these AgInS2
QDs were produced using a facile one-step synthesis in
aqueous media based on carboxymethylcellulose as poly-
mer stabilizer, which offer several advantages: (a) more
reproducible; (b) low-cost; (c) environment friendly; (d)
commercially availability and abundance; (e) biocompati-
bility for further biomedical applications. However, a facile
and “green” mild process using aqueous medium for the

preparation of AgInS2/polymer nanoconjugates with high
luminescent properties (i.e., PL quantum yield, QY > 40%)
for augmenting bioimaging sensitivity is beyond the scope
of the current study and remains a challenge for the future
researches. Nonetheless, this is not a restriction, and QDs
produced by aqueous processes with lower values of QY (i.e.,
typically < 5%) have been successfully applied for numerous
applications in bioimaging (e.g., confocal microscopy, flow
cytometry) [16, 24, 45].

For biological applications, it widely known that size,
shape, composition, and surface chemistry of nanoparticles
have important roles in the biological responses of cells,
tissues, and organs. Nanoparticle surface charge was deter-
mined by zeta potential (𝜉) measurements. The 𝜉-values for
the synthesized nanoconjugates were between −43mV and
−46mV, which indicated the predominance of negatively
charged surface due to the carboxylic groups (R-COO−)
of anionic CMC ligand at physiological pH (p𝑘𝑎 ∼ 4.3)
[46, 47]. In addition, the zeta potential (𝜉-values) values
lower than −40mV indicated that the nanoparticles were
electrostatically stabilized by the cellulose-modified polymer
ligand as a colloidal nanoconjugate. The DLS technique was
used to evaluate hydrodynamic sizes of the colloidal QDs
in the medium. After the synthesis, in water medium at
physiological pH, the sum of contribution of QD inorganic
core with the CMC organic shell and its interactions with the
surrounding medium resulted in a hydrodynamic diameter
ranging from 38 nm to 48 nm. These results indicated that
colloidal QD nanoconjugate suspensions contain individual
nanoparticles electrostatically stabilizedwith negative surface
charge.

In order to investigate the possible changes of surface
charges andhydrodynamic sizes ofQD1 andQD4nanoconju-
gates immersed in the biological media for MTT and cellular
uptake assays, ZP and DLS measurements were performed
after 30min of incubation (DMEM with 10% FBS). The
DMEM contains inorganic salts, amino acids, vitamins, and
D-glucose and is usually supplemented with FBS, which is
a complex mixture (i.e., growth factors, proteins, vitamins,
trace elements, and hormones) important for the growth and
maintenance of cells [48–50]. After incubation with DMEM
(with 10% FBS), the average zeta potential measured for
both systems decreased from ca. −45.0mV to −5.0mV and
the hydrodynamic radius was reduced from ca. 40 nm to
20 nm. These changes are associated with the overall balance
of the neutralization of CMC polymer surface charges by
inorganic salts and interaction of QD polymeric shell with
the biomolecules from DMEM and FBS. Thus, QDs in the
medium of biological assays are not agglomerated and coated
with an hybrid shell (CMC-biomolecules-ions) that stabilize
the near neutral QD surfaces by steric hindrance at sizes of
approximately 20 nm [51, 52].

3.2. Biological Characterization of QD Conjugates

3.2.1. Evaluation of Cytotoxicity by MTT Cell Viability Assay.
The cytotoxicity of the heavy-metal free AIS (QD1 and QD2)
and ZAIS (QD3 and QD4) nanoconjugates was assessed
using the enzyme-based MTT. According to the study
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Figure 5: Photoluminescence spectra (a) and digital image of QD colloidal solutions excited by ultraviolet light (𝜆exc = 365 nm) and QY
values (b) obtained from QD1 (A), QD2 (B), QD3 (C), and QD4 (D) nanoconjugates.

recently published [18],MTT assay has been the predominant
assay for in vitro evaluation of nanomaterials for biomedical
applications [53–55]. Two cell lines, HEK 293T andU-87MG,
were used in the experiments. HEK 293T is a permanent
cell line established from primary embryonic human kidney
that is widely used as cell model and is very useful for
transfection experiments, as they have a higher transfection
efficiency than other cell lines, making it a common choice
of cultures for biological research. The U-87 MG cell line is
human primary glioblastoma cell line that is commonly used
for brain cancer research [56]. The choice of use malignant
glioma cells is due to the high lethality of brain tumors
and the limited treatment options currently available [57]
that demands studies of novel nanomaterials for targeting,
detection, and treatment of brain tumors at the same time,
which will be helpful to the earliest diagnosis and prolong
survivability for patients.

The results of HEK 293T (Figure 6(a)) and U-87 MG
(Figure 7(a)) cell lines in contact with the quantum dot-CMC
nanoconjugates demonstrated that no significant differences
in the cell viability compared to the control were detected
(within the statistical variation). All of the samples presented
cell viability responses typically above 90%, indicating the
nontoxicity of these bioconjugates. Even HEK 293T cells,
which are more susceptible to be affected by the physic-
ochemical characteristics of the nanoparticles due to the
permeability of their membranes [58], presented cell viability
higher than 94% at the concentration of nanoconjugates
of 1.0mgmL−1 after incubation for 24 h. Optical images
of the cells before (Figure 6(b)) and after incubation with
QD1 nanoconjugates are in agreement with MTT results
presenting more than 90% of cell confluence for HEK 293T
cells (Figure 6(c)) and above 80% for U-87 MG cells before

(Figure 7(b)) after (Figure 7(c)) incubation. Similar results
of cell confluence were obtained for the other nanoconjugate
samples in contact with HEK 293T and U-87 MG cells
(Figures 2S and 3S, Supplementary Material). In addition,
qualitativemorphological evaluation of the cells after incuba-
tion for 24 h with QDs was performed in zoomed-in images
of the cells (Figures 4S and 5S, Supplementary Material)
according to the scoring system described in ISO 10933-5,
where grade 0 corresponds to none reactivity and grade 4
corresponds to severe reactivity.The changes observed for all
nanoconjugates and cell types under evaluation can be graded
as 1 (Slight), which means “not more than 20% of the cells
are round, loosely attached and without intracytoplasmatic
granules, or show changes in morphology; occasional lysed cells
are present; only slight growth inhibition observable.”The eval-
uation of grade 1 of our samples is considered a noncytotoxic
effect according to ISO 10933-5. Thus, these nanoconjugates
designed and produced with Cd-free inorganic core (AIS and
ZAIS) and directly stabilized with carboxymethylcellulose
ligand via aqueous route at physiological pH hold promise
for biomedical bioimaging and targeting of cancer cells.
However, the in vitro MTT assay was specifically used to
evaluate the mitochondrial function and cell viability as a
preliminary quantitative assessment of the cytocompatibil-
ity towards these nanoconjugates and further studies are
required before in vivo or clinical applications.

3.2.2. Cellular Uptake of QD Conjugates by Laser Scanning
Confocal Microscopy

(1) Cell Imaging and Kinetics of Cellular Uptake. In this
study, in order to demonstrate the unique optical properties
of quantum dots as compared to conventional dyes, AIS
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Figure 6: HEK 293T cell viability response by MTT assay after 24 h of incubation in direct contact with the QD nanoconjugate samples (a).
HEK 293T cells images in control (b) and QD1 sample (c) (scale bar = 100 𝜇m).

nanoparticles with low QY (QD1, AgInS2, QY = 0.2%) were
used as biological biomarkers and for cellular uptake eval-
uation using confocal laser scanning microscopy performed
after incubation with HEK 293T and U-87 MG cells.

Distinct from AIS/ZAIS QDs reported in literature that
required biological targeting vector and high quantum yield
for allowing cellular imaging [20, 44], the novel AgInS2
nanoconjugates developed in this study were effectively
internalized by HEK 293T and U-87MG cells, which showed
clear PL red-emission after 30min of incubation (Figure 8).
For both cell lines, PL emission associated with cellular
localization of AIS nanoconjugates was examined using
intensity fluorescence profiles obtained using image process
software (ImageJ, v1.50). Thirty minutes after cellular uptake
of HEK 293T and U-87 MG cells, the distribution of AIS
conjugates fluorescence emission was observed at cytosol
with no obvious fluorescence in their nuclei (Detail I, Fig-
ure 8(a)) and no clear evidence of specific intracellular local-
ization. In addition, despite the scattered red fluorescence
in the cytoplasmic matrix, some high fluorescent areas were
observed in the cytoplasm that may suggest the presence of
vesicles filled with QDs (white arrows, Detail II, Figure 8(b)).

However, in order to prove this hypothesis, costaining vesicles
components is necessary.

Also, the kinetics of cellular uptake of QD1 in glioblas-
toma cells (U-87 MG) were evaluated (Figure 9). Confocal
fluorescent images (Figure 9(b)) were taken after 30min,
60min, and 120min of incubation with the nanoconjugates
and mean fluorescence intensity (MFI, Figure 9(c)) was
calculated using image processing software (public domain,
ImageJ, v.1.5). A significant enhancement of the fluorescence
intensities associated with the increase of incubation time
from 30min to 60min (two-sample 𝑡-test, one tailed, with
significance level (𝛼) 0.025 at 29 degrees of freedom) was
detected. It is demonstrated that these nanoparticulate sys-
tems not only effectively penetrated through cell membranes
allowing biolabeling but also proved the continuing endocy-
tosis by the cells with further intracellular scattered distribu-
tion within the cytoplasmic matrix after 60min of contact
of QD with cells. At 120min of incubation, it was observed
that the mean fluorescence intensity was not significantly
distinct from the obtained at 60min of incubation (two-
sample 𝑡-test, one tailed, with significance level (𝛼) 0.025 at
29 degrees of freedom), suggesting that the saturation stage
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Figure 7: U-87 MG cell viability response by MTT assay after 24 h of incubation in direct contact with the QD nanoconjugate samples (a).
U-87 MG cells images in control (b) and QD1 sample (c) (scale bar = 100 𝜇m).

of intracellular uptake was reached [59]. In addition, for all
evaluated incubation times, the cells demonstrate normal and
clear morphology (Figure 9(a)).

(2) Multiplexed Bioimaging. The unique optical and elec-
tronic properties of quantum dots, such as high brightness,
high chemical and photostability, continuous absorption,
and relative narrow emission bandwidth, make them ideal
choice as labels to develop fluorescent-based characterization
techniques for detection and imaging cancer cells and tissues.
In addition, QDs can be synthesized with distinct emission
colors (i.e., multicolor nanoprobes via chemical composition
and sizes) conjugated with functional biomolecules (e.g.,
antibodies and peptides) providing multiplexing capabilities
to simultaneously identifying multiple biological targets of
cancer cells and tissue for a myriad of applications in
oncology [9, 10, 60–64]. In order to investigate the potential
of the AIS (QD1) and the ZAIS (QD4) quantum dots for
spectrally multiplexed imaging, the U-87 MG glioblastoma
cells treated separately with these QDs were imaged by
confocalmicroscopy and the fluorescent signals from the red-
emitting (AIS) and the green-emitting (ZAIS) were resolved

by using spectrally matched filters (505/550 and LP 585).
Based on the cell images depicted in Figure 10, the results
demonstrated that the potential of using the 2-dimensional
encoded QDs for spectrally multiplexed imaging and the
images of cell costained with AIS + ZAIS (QD1 + QD4)
is shown in Figure 11 that demonstrated the feasibility of
combining these QDs for multiplexed bioimaging.

It is important to highlight that these results of mul-
tiplexed imaging by confocal microscopy relied on the
exceptional optical properties of the water-soluble and cyto-
compatible QD nanoconjugates (i.e., red-emitting, AIS, and
green-emitting, ZAIS). This strategy can be transferred
to other characterization techniques for cancer biomarker
detection such as flow cytometry (FC), immunohistochem-
istry (IHC), immunohistofluorescence (IHF), image guided
surgery, and steady state fluorescence [9, 10, 61–65]. Cer-
tainly, further studies are required to exploit the myriad
of possibilities for producing cadmium-free QD nanocon-
jugates using aqueous processes with tunable PL properties
(ranging from infrared to ultraviolet emission) via nanocrys-
tal size and chemical composition, alloying and doping, core-
shell nanostructures, processing routes, capping ligands, and
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Figure 8: Confocal microscopy imaging of the cellular uptake of the AIS (QD1) nanoconjugates in the U-87 MG (a) and HEK 293T (b) cells.
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arrows pointing out high fluorescent areas that may suggest the presence of vesicles filled with QDs.

others. To that end, a scenario could be envisioned for the
future in which the use of multicolor QD-based fluorescent
nanoconjugates could enhance the sensitivity, specificity,
and multiplexing capabilities of molecular histopathology
and early diagnosis of cancer for in vitro, in vivo, ex vivo
applications. In particular, patientswith glioblastoma (GBM),
an extremely aggressive clinical phenotype of brain cancer,
will undoubtedly benefit from the development of a new
generation of diagnosis and therapies based onQD nanocon-
jugates with multiplexing technologies.

4. Conclusions

In this work a facile and eco-friendly method for synthe-
sizing novel ternary AgInS2 (AIS) and quaternary AgInS2-
ZnS (ZAIS) fluorescent colloidal nanocrystals with car-
boxymethylcellulose (CMC) as capping ligand using a one-
pot aqueous processing route at room temperature and
physiological pH was developed. The formation of colloidal
semiconductor solution was monitored in situ by UV-
vis spectroscopy, where the initial blue-shift of spectrum
indicated the production of stable AIS and the posterior
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Figure 9: Confocal microscopy imaging of the cellular uptake of the AIS (QD1) nanoconjugates by U-87 MG cells versus incubation time
(30min, 60min, and 120min): PL + bright field image (a), PL image (b), and plot of MFI × time (c).
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Figure 10: Fluorescence spectral imaging of U-87 MG cells separately treated for 30min with green-emitting ZAIS (a) and red-emitting AIS
(b) with PL emissions split by optical filters (green: 505/550 and red: LP 585) and overlaid PL image.

red-shift evidenced the growth of a ZnS layer resulting on
the ZAIS core-shell nanostructures. TEM results indicated
that monodispersed AIS and ZAIS QDs were produced with
average sizes of 2.2 nm and 4.3 nm, respectively. In addition,
these nanoconjugates showed surface charge determined by
zeta potential measurements typically ranging from −43mV
to −46mV and hydrodynamic diameter from 38 nm up to
48 nm assessed by the DLS method. These results indicated
that colloidal QD nanoconjugates were electrostatically sta-
bilized by negatively charged CMC polymer ligand (i.e.,
carboxylic groups, R-COO−). Moreover, the MTT results
evidenced that they were preliminarily cytocompatible using
in vitro assay with HEK 293T and U-87 MG cells. Moreover,

these novel AIS and ZAIS QDs surface modified by CMC
showed appropriate intracellular photoluminescence upon
incubation with HEK 293T and U-87 MG cells, providing
the effective function of cell bioimaging. Finally, these AIS
and ZAIS QDs demonstrated red and green photolumines-
cent emissions, respectively, allowing effectively multiplexed
bioimaging and biolabeling of costained glioma cells using
confocal microscopy. Therefore, these bioconjugates offer
promising nanoplatforms for potential in vitro and in vivo
biomedical applications in multimodal bioimaging and tar-
geting of cancer cells, opening a vast realm of possibilities to
be explored in future researches.
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Figure 11: Multiplexed QD images of U-87 MG cells costained with AIS (QD1) + ZAIS (QD4): fluorescence overlay multicolor image (a); PL
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