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ABSTRACT: Conventional T1- or T2-weighted single mode
contrast-enhanced magnetic resonance imaging (MRI) may
produce false results. Thereby, there is a need to develop dual
contrast agents, T1- and T2-weighted, for more accurate MRI
imaging. The dual contrast agents should possess high
magnetic resonance (MR) relaxivities, targeted tumor linking,
and minimum recognition by the immune system. We have
developed nitrodopamine-PEG grafted single core truncated
cubic iron oxide nanoparticles (ND-PEG-tNCIOs) capable of
producing marked dual contrasts in MRI with enhanced
longitudinal and transverse relaxivities of 32 ± 1.29 and 791 ± 38.39 mM−1 s−1, respectively. Furthermore, the ND-PEGtNCIOs show excellent colloidal stability in physiological buﬀers and higher cellular internalization in cancerous cells than in
phagocytic cells, indicating the immune evasive capability of the nanoparticles. These ﬁndings indicate that tNCIOs are strong
candidates for dual contrast MRI imaging, which is vital for noninvasive real-time detection of nascent cancer cells in vivo and
for monitoring stem cells transplants.
KEYWORDS: magnetic resonance imaging, T1- and T2-weighted dual contrast, longitudinal and transverse relaxivity,
truncated cubic iron oxide nanoparticles, cellular internalization, immune evasion

■

INTRODUCTION
Since its invention over three and half decades ago, magnetic
resonance imaging (MRI) has become an indispensable
technology in the ﬁeld of medical diagnostics. It is a broadly
deployed clinical imaging modality, which enables noninvasive
observation of anatomy and function at the cellular and
molecular scale with high-spatial and temporal resolution.1
Clinical magnetic resonance (MR) examinations can require
intravenous contrast agents (CAs) to enhance the sensitivity
and speciﬁcity of diagnosis. Indeed, about one-third of the 60
million annual worldwide MRI producers employ CAs in MRI
procedures.2 There are four major classes of MRI CAs: (i)
water protons’ relaxation-based T1 and T2, (ii) T2 exchange
(T2ex), (iii) chemical exchange saturation transfer (CEST), and
(iii) hyperpolarized 13C CAs.3 Among these classes, water
protons’ relaxation-based T1 and T2, such as paramagnetic
gadolinium (Gd)-based and superparamagnetic iron oxide
nanoparticles CAs, are the most widely used for anatomical
imaging.4
© 2018 American Chemical Society

Radiologists favor T1 CAs over T2 CAs since the latter may
lead to an erroneous diagnosis due to an intrinsic blurred dark
signal in hypointense areas, i.e., bleeding, calciﬁcation, or metal
deposition.5 The currently used paramagnetic gadolinium
(Gd)-based T1 CAs, however, produce adverse eﬀects in
patients with severe nephrogenic systemic ﬁbrosis (NSF)
causing impaired renal function6 and long-term deposition of
Gd in the human brain.7,8 More speciﬁcally, the gadolinium
chelates have a short lifetime in blood that limits the available
imaging window and rapidly distribute into the extravascular
space reducing the signal-to-background contrast.9 Because of
these limitations, the development of a benign alternative to
Gd-based CAs is a pressing concern.
Recently, there have been several reports on the safety of
superparamagnetic iron oxide nanoparticles. Ferumoxytol (i.e.,
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Figure 1. (A) TEM image of as-synthesized oleic acid-coated tNCIOs (scale bar: 10 nm). (B) Size distribution proﬁle of tNCIOs and Gaussian
ﬁtting, as seen from the TEM image. (C, D) High-resolution TEM (HRTEM) images of tNCIO. (E) Selected area electron diﬀraction (SAED)
patterns. (F) Powder XRD patterns and (G) ATR-FTIR spectra of tNCIOs and ND-PEG-tNCIOs.

Feraheme injection, AMAG Pharmaceuticals), a polyglucose
sorbitol carboxymethyl ether-coated superparamagnetic iron
oxide nanoparticle, has shown minimal tendency to release free
iron atoms as compared to clinically available iron preparations.10 Similarly, Ferumoxytol has been applied intravenously
to treat anemia in adult patients with chronic kidney
disease11,12 for more than a decade. Iron oxide nanoparticles
are assimilated in the human body through iron metabolism,
DNA synthesis, and red blood cells production13 and are
stored as ferritin causing minimal harm to human health.14
Consequently, the iron oxide-based CAs can be a safer
alternative to Gd-based CAs. Thus, it is imperative to develop
either superparamagnetic iron oxide nanoparticles with
enhanced transverse (r2) relaxivity to minimize the erroneous
diagnosis, or paramagnetic iron oxide nanoparticles with
enhanced longitudinal (r1) relaxivity. Regarding to this fact,
there are numerous reports on the development of anisotropicshaped superparamagnetic iron oxide nanoparticles as T2
CAs15−17 as well as their ultralow dimensional counterparts
as T1 CAs.2,18 However, the conventional T1- or T2-weighted
single imaging modality results in false imaging, particularly in
calciﬁed tissues,19 and hence, the concern on the dual-imaging
T1-and T2-weighted modality is escalating.
The superparamagnetic and paramagnetic hybrid systems20,21 and the dumbbell-hybrid nanotrimers (DB-HNTs)
consisting of iron oxide and gold nanoparticles22 were reported
showing dual contrasts in MRI. However, the synthesis of such
materials is arduous and cumbersome. Gong et al. reported
enhanced dual contrasts using a manganese ferrite (MnFe3O4)
nanoparticle assembly,23 but the manganese ions administered
to the human body may result in neurotoxicity and cellular
toxicity.24,25 Similarly, Zhou et al. demonstrated synergistic
enhancement of dual MR contrasts using gadolinium oxide
(Gd2O3)-embedded iron oxide (GdIO) nanoparticles;26
however, the Gd ions can lead to kidney malfunction.7

Further, sub-10 nm iron oxide nanoparticles have been
employed for the dual contrasts in MRI,27−29 but they exhibit
poor longitudinal (r1) and transverse relaxivity (r2). In this
study, we developed single core tNCIOs capable of enhancing
the MRI dual relaxivities and in vitro T1- and T2-weighted MRI
dual contrasts. The enhanced relaxivities and contrasts are
ascribed to eﬀects of the truncated crystal facets of tNCIOs,
surface chemistry, eﬀective size, and core magnetization of
tNCIOs.

■

RESULTS AND DISCUSSION
Morphology and Crystallographic Phases. The morphology and crystallographic phases of oleic acid (OA)-coated
tNCIOs were characterized using TEM (see Figure 1A,C,D).
The as-synthesized oleic acid-coated tNCIOs are discretely
assembled (Figure 1A), and the size distribution proﬁle
(Figure 1B) shows that the average edge length is ∼12 nm
(calculated using ImageJ software, https://imagej.nih.gov/ij/).
The monodisperse tNCIOs are evident and indicate the
formation of truncated cubic shapes (Figure 1C). The highresolution TEM (HRTEM) image shows lattice fringes with
the characteristic spacing of (311) planes corresponding to the
magnetite (Fe3O4) phase (Figure 1D). The selected area
electron diﬀraction (SAED) patterns (Figure 1E) show
noticeable dotted rings suggesting the formation of polycrystalline tNCIOs with a ring spacing consistent with a typical cubic
inverse spinel structure (Fd3m), which is characteristic of the
magnetite (Fe3O4) phase.30 Furthermore, this phase formation
is well-supported by the powder XRD patterns (Figure 1F),
which exhibit the typical diﬀraction peaks of Fe3O431−33
(JCPDS ﬁle no. 79-0418). No other diﬀraction patterns are
observed, suggesting the absence of the contamination.
ATR−FTIR spectroscopy was employed to identify the
materials contained in pure tNCIOs and ND-PEG-tNCIOs.
According to FTIR transmittance spectra (Figure 1G), the
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DOI: 10.1021/acsabm.8b00016
ACS Appl. Bio Mater. 2018, 1, 79−89

Article

ACS Applied Bio Materials

Figure 2. (A) ζ potential measurements of ND-PEG-tNCIOs. (B) Optical image of ﬂuidal form of ND-PEG-tNCIOs (10 mg of ND-PEG-tNCIOs
dispersed in 3 mL of deionized water) with and without a magnet. (C) DLS data of ND-PEG-tNCIOs in diﬀerent media. The measurements were
taken at 0 h (fresh sample), 2 , 8, and 24 h.

loss between 200 and 325 °C is attributed to the loss of the
capping agent and the PEG moieties proﬁle. The weight loss
also corresponds to the exothermic peak centered at 287 °C in
the DSC proﬁle. The observed one-step TG proﬁle suggests
the high purity of the sample. We have calculated the grafting
density of the ND-PEG chain based on this weight loss
percentage, which resulted to be ∼4 chains per nm2 (in the
Supporting Information).
Hydrodynamic Sizes and Colloidal Properties. The
ligand functionalization aims to prevent nanoparticle (NP)
aggregation and maintain colloidal stability in the physiological
buﬀers,37 and hence to enhance the biocompatibility, blood
circulation time, and tumor targeting eﬃcacy, which are the
fundamental requirements for in vivo imaging and delivery
applications of NPs.38 Nitrodopamine (ND) has double
oxygen (−O) functionalities to anchor on the surface of
tNCIOs, which can provide steric stabilization in buﬀers. The
ND-PEG-tNCIOs show excellent colloidal stability in diﬀerent
physiological media as evident from the ζ potential measurements, shown in Figure 2A. The optical images (Figure 2B)
depict the ﬂuidal form of ND-PEG-tNCIOs dispersed in
deionized (DI) water in the absence and presence of an
external magnetic ﬁeld. Figure S2 (in the Supporting
Information) shows well-dispersed ND-PEG-tNCIOs in diﬀerent solvents. In H2O at pH 7, they exhibit the highest colloidal
stability with the ζ potential value of −61 mV, which reduces
to −43 mV after 24 h. The high grafting density and the long
chain of PEG (mol wt = 5 KDa) screen the van der Waals and
the magnetic dipole forces of attractions of the tNCIOs,
thereby establishing a high steric repulsion and colloidal

characteristic band associated with the Fe−O stretching
vibration of Fe3O4 is observed at 580 cm−1. The well-deﬁned
transmittance bands associated with C−O/C−C stretching
vibrations and ethylene glycol CH2 are observed in the range
from 842 to 1107 cm−1 and from 1240 to 1342 cm−1,
respectively. The CO stretching vibration and the NH
deformation vibration of the secondary amide observed at
1652 and 1541 cm−1, respectively, indicate the successful
coupling of ND to PEG and the presence of coupled ND-PEG
onto the IOs surface. No band related to the residual free PEG
uncoupled to ND is observed. The bands seen in the range
from 2800 to 3000 cm−1 are ascribed to the C−H stretching
vibration. These results agree with the results reported
previously.34
Thermal Properties. The thermogravimetry (TG) and
diﬀerential scanning calorimetry (DSC) were performed to
study the thermal properties of the samples (Figure S1 in the
Supporting Information). The TG proﬁle of tNCIOs (Figure
S1A) shows a marginal weight loss in the ﬁrst step until 160
°C, which is characteristic of the evaporation of water
molecules from the surface of the sample. Furthermore, a
two-step weight loss from 160 to 350 °C can be attributed to
the loss of adsorbed organic species, e.g., residual oleic acid
(OA), and the crystallization to the oxides.35 A subtle broad
exothermic peak in the DSC proﬁle, extending from 220 to 310
°C and centered at 265 °C, corresponds to this crystallization
temperature. The steady weight loss beyond 350 °C is
indicative of oxidation of the magnetite (Fe3O4) phase of
tNCIOs to hematite (Fe2O3).36 Figure S1B shows one-step
TG and DSC proﬁles of ND-PEG-tNCIOs. The 30% weight
81
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Figure 3. (A) Hysteresis M(H) loops (inset: magniﬁcation of M(H) at a low ﬁeld region). (B) Magniﬁcation of the saturation region of panel A.
(C) M(T) curves: ﬁeld-cooled (FC) and zero ﬁeld-cooled (ZFC) magnetization curves. (D) Magniﬁcation of the FC magnetization curves of panel
C.

ization (emu/g) versus applied magnetic ﬁeld (Tesla) curves
[M(H) hysteresis loops] for both samples measured in the
range of ±5 T at 300 and 10 K. The tNCIOs exhibit saturation
magnetization (MS) of 77 emu/g of “Fe” at 300 K, which
increased to 90 emu/g at 10 K while the ND-PEG-tNCIOs
show MS of 66 and 75 emu/g at 300 and 10 K, respectively.
Smolensky et al. reported that the anchoring groups with
catechol functionalities can retain the saturation magnetization
and relaxivity of iron oxide nanoparticles more eﬃciently than
the carboxylate and phosphonate groups.44 Due to this
signiﬁcance of catechol group, we chose ND as the anchoring
group in this study. The decrease in MS after functionalization
is indicative of the spin canting eﬀect due to the magnetically
dead layer of ND-PEG,31 while the increased anisotropy
energy at low temperatures enables the magnetic correlation
between surface spins via exchange coupling, increasing the MS
at 10 K.45 It is also evident that the decreased magnetic ﬁeld is
not suﬃcient to disturb the alignment of spins along the
anisotropic easy axis at low temperatures, which aﬀords
enhanced remanence (MR) and coercivity (HC), thus yielding
ferromagnetism. At 300 K, the thermal energy overcomes the
anisotropy energy giving faster Néel relaxation than the
measurement time and hence facilitates the easy ﬂip of the
spins bearing superparamagnetism.
The high-resolution M(H) hysteresis loops in Figure 3B
show that the magnetization of the nanoparticles does not
accomplish full saturation as the magnetization progresses from
the dynamic to saturation region. For the low dimensional
regime of an edge length of 12 nm, the tNCIOs acquire a large
number of canted spins on their surface. These canted spins
preclude achieving the full saturation, showing a subtle
paramagnetic behavior in the nanoparticles. A cubic nano-

stability. The reduced remnant magnetization (MR) at the
superparamagnetic state can also minimize the magnetic dipole
force of attraction among the nanoparticles contributing to
their colloidal stability. However, the steric force is diﬃcult to
predict and quantify. The surface charges decrease as the
acidity increases and acquire the positive charges with the ζ
potential of +6 mV. The isoelectric point (IEP) is found to be
4.3, signifying that at this pH value the colloidal system is least
stable.39 Several studies have also reported the negative ζ
potentials of the functionalized iron oxide nanoparticles over
the basic to the acidic range with an IEP at a lower pH.40
Further, in the basic condition, the negative charges slightly
diminish.
The hydrodynamic size (Dhyd) of the nanoparticles is one of
the deﬁning parameters in biological applications. The
observed Dhyd of tNCIOs and ND-PEG-tNCIOs is 53−74
nm in H2O, pH 7, at 0−24 h. This increase in size is due to the
surface coating of ND-PEG (Figure 2C). At lower pH values,
the increase in Dhyd could be due to desorption of ND-PEG
that facilitates the nanoparticles agglomeration via van der
Waals and magnetic dipole attractions. Such eﬀects were
reported under the basic condition for the citric acid-coated/
PEGylated iron oxide nanoparticles.41 We observed that the
Dhyd remained less than 100 nm in most media for 2−6 h,
which is an appropriate size to avoid renal and hepatic
clearance42 in vivo and to improve drug delivery through an
enhanced permeation and retention (EPR) eﬀect.
Magnetic Properties. The magnetic properties of the iron
oxide nanoparticles are strongly dependent on their shape, size,
and crystallinity.43 We have performed magnetic ﬁeld- and
temperature-dependent magnetic measurements in PPMS
using a VSM technique. Figure 3A shows the mass magnet82
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Figure 4. Magnetic resonance (MR) relaxivities measurements. (A) The R1 vs [Fe] and (B) R2 vs [Fe] plots of ND-PEG-tNCIOs in DI H2O, PBShPL, and PBS-CEM with their respective r1 and r2 values in the bar diagrams to the right. (C) T1-weighted and (D) T2-weighted MR phantom
images.

and superparamagnetic regime can signiﬁcantly aﬀect both T1
and T2 relaxations. On the basis of this rationale, we limit the
size of nanoparticles close to sub-10 nm (e.g., 12 nm), which
exhibits subtle paramagnetic behavior in addition to the
superparamagnetic one. Utilizing these magnetic behaviors,
morphological geometry, and the conformation of the
functionalized surface ligand, the nanoparticles are susceptible
to enhance the dual MR (T1 and T2) relaxations.
We have carried out MR longitudinal relaxivity (r1) and
transverse relaxivity (r2) measurements of ND-PEG-tNCIOs
for the evaluation of their MRI performance. We selected three
diﬀerent media, deionized water (DI H2O), PBS 7.4 with 10%
human platelet lysate (hPL), and PBS 7.4 with CCRF-CEM
cells denoted as DI H 2 O, PBS-hPL, and PBS-CEM,
respectively. Since PBS is a physiological buﬀer, the
combination of hPL and CCRF-CEM cells mimics in vitro
normal vascular and carcinoma environments. Figure 4A,B
represents the linear plots of longitudinal and transverse
relaxation rates (R1 and R2) vs [Fe] in those media along with
their respective relaxivity bar diagrams. The ND-PEG-tNCIOs
exhibit an enhanced relaxivity of r1 = 31.82 ± 1.29, 25.96 ±
0.82, and 6.08 ± 0.46 mM−1 s−1 and r2 = 790.58 ± 38.39,
704.98 ± 28.92, and 253.34 ± 18.16 mM−1 s−1 in DI H2O,
PBS-hPL, and PBS-CEM, respectively, at 1.41 T at 30 °C. The
details of the calculated regression values are tabulated in
Table 1. Although the linear plot (R2 vs [Fe]) of DI H2O
appears to intersect at negative R2 at [Fe] = 0, signifying the
negative natural relaxation of water protons, the recorded R2

particle yields the highest increase in surface-to-volume ratio
for its reduction in per unit dimension when compared to their
spherical, rod-shaped, and pyramidal counterparts. On the
basis of these facts, we assume that there exists more than
38.6% of the total spins as surface canted spins in tNCIOs.46
Figure 3C represents the temperature-dependent dc
magnetometry, i.e. the ﬁeld-cooled (FC) and zero-ﬁeld-cooled
(ZFC) magnetization measured at 50 Oersted from 10 to 325
K. By comparing the MZFC(T) curves of both samples, we
observed the rapid increase in moment MZFC(T) and the shift
in blocking temperature (TB) to 255 K for ND-PEG-tNCIOs
due to the minimal interparticle dipole interaction. We further
calculated the anisotropy energy to be 8.795 × 10−20 J (see the
Supporting Information) associated with ND-PEG-tNCIOs. It
is also observed that the TB coincides with the branching
temperature (Tbra), below which nanoparticles show thermodynamic equilibrium properties and yield superparamagnetism.
No TB was observed in tNCIOs within 325 K, which is due to
the higher anisotropy energy and the interparticle interaction.
In addition, the nuance exchange bias observed in hysteresis
M(H) loop is believed to be responsible for the higher
blocking temperature in tNCIOs. The MFC(T) curves (Figure
3D) show that the tNCIOs and ND-PEG-tNCIOs achieve the
maximum magnetization at 216 and 223 K, respectively,
known as the saturation temperature (Tsat). After Tsat, the spins
gradually start freezing to 10K showing spin glass-like behavior.
This behavior is attributed to the freezing of disordered surface
spins.46
MR Dual Relaxivities and (T1- and T2-Weighted)
Phantom Images. The small nanoparticles in the paramagnetic regime (sub-10 nm) signiﬁcantly aﬀect the spin−
lattice (T1) relaxation due to their proliﬁc surface metal ions
and the spins canting, while the larger ones (in the
superparamagnetic regime) aﬀect the spin−spin (T2) relaxation due to their higher saturation magnetization.47 However,
the nanoparticles with size in the frontier of the paramagnetic

Table 1. Comparison of r1, r2, r2/r1, and Their Regression
Values

83

medium

r1 (mM−1 s−1)

R2

r2 (mM−1 s−1)

R2

r2/r1

DI H2O
PBS-hPL
PBS-CEM

31.82 ± 1.29
25.96 ± 0.82
6.08 ± 0.43

0.992
0.995
0.976

790.58 ± 38.39
704.98 ± 28.92
253.34 ± 18.16

0.991
0.992
0.975

∼25
∼27
∼42
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Figure 5. Fluorescence confocal microscopy (FCM) images and cellular uptake kinetics of the internalized ND-PEG-tNCIOs-(AF555Cdv) in (A)
leukemia (CCRF-CEM) cells and (B) monocytes/macrophages (CRL-9855), incubated with 1 mM [Fe] for diﬀerent incubation times (scale bar
at 10 μm in panel A and at 2 μm for 4 and 6 h and the rest at 10 μm in panel B), and (C) leukemia (CCRF-CEM) cells and (D) monocytes/
macrophages (CRL-9855), incubated with diﬀerent [Fe] for 4 h (scale bar at 10 μm in panel C and scale bar at 2 μm for 1.0 mM and the rest at 10
μm in panel D). The Alexa Fluor 555 Cadaverine was adsorbed to ND-PEG-tNCIOs (bright orange); the nuclei were stained with DAPI (blue).
(E) Cellular uptake as the function of incubation time. (F) Cellular uptake as the function of [Fe] in CCRF-CEM and CRL-9855.

value was 2.81334 s−1. This negative intercept is attributed to
an artifact of the linear regression. We further performed the in
vitro T1- and T2-weighted MR phantom image acquisition in
those media (Figure 4C,D) that show that the ND-PEGtNCIOs can produce signiﬁcantly enhanced T1- and T2weighted contrasts.
The higher metal exposure or metal-rich surfaces of the
nanoparticles largely promotes the water molecules’ (protons)
coordination and chemical exchange and hence primarily
contribute to the enhancement of T1 relaxation.48,49 This is
accompanied by the dipolar and scalar coupling of the
unpaired electron spins of nanoparticles with the protons’
spins by direct energy exchange in the ﬁrst hydration layer
(inner sphere) (Figure S3 in the Supporting Information) as
described by the Solomon−Bloembergen−Morgan (SBM)
theory.50 The truncated cubic iron oxide nanoparticles possess
Fe3O4 (100) (the basal plane), Fe3O4 (110), and Fe3O4 (111)
crystal facets (Figure S4 in the Supporting Information), which
consist of abundant Fe ions. According to our calculation
(using materials studio software), the packing densities of Fe
ions in the respective crystal facets are ∼6, 8, and 14 per nm2.
This suggests that the presence of the truncated facets, i.e.,
(110) and (111), is advantageous for the enhancement of the
T1 relaxation. This enhancement of T1 relaxation is also due to
the vast number of canted spins present on the surface of
tNCIOs. It has been reported that the canted spins may not
directly contribute to the enhancement of the T1 relaxation but
is often applied to explain T1 contrast eﬀect in small-sized
magnetic nanoparticles.51 However, this eﬀect is also likely
accountable for the T1 relaxation enhancement. However, the
rudimentary mechanism of it is to be understood yet.
We have observed that the r 1 value decreases in
heterogeneous bound media, PBS-hPL and PBS-CEM,
compared to DI water. These values are contradictory as the
bound medium slows down the rotational correlation time
(τR) or the molecular tumbling rate (Figure S5 in the

Supporting Information) of the ND-PEG-tNCIOs and should
increase the r 1 value. 52 However, the greater water
coordination number and the fast water exchange rate (inverse
of exchange-correlation time, τm) also directly aﬀect the r1
values53 in these media. Furthermore, we observed that the
Flory radius of the PEG (∼5 nm) is higher than the inter
ligand distance (D) (∼2 nm) (see calculations in the
Supporting Information), which indicates that the conformation of the PEG is brush-like (Figure S3 in the Supporting
Information). The brush-like conformation also promotes the
faster water exchange rate in the media to contribute to the T1
relaxation enhancement.
In addition to the enhancement of protons’ T1 relaxation, we
also observed a similar eﬀect on protons’ T2 relaxation in these
media. In this study, the area of tNCIO with an average edge
length of 12 nm that possess an eﬀective diameter of ∼21 nm
can be extended in the medium and hence having a greater
perturbation of water protons than that in the spherical
nanoparticles with a similar volume. Thus, the anisotropicshaped nanoparticles are superior to the isotropic, i.e.,
spherical, nanoparticles in terms of the enhancement of r2
due to their larger eﬀective diameter. Moreover, a large Ms of
tNCIOs can induce a strong local magnetic ﬁeld inhomogeneity or gradient in their local environment perturbing the
transverse spin coherence, according to the quantum
mechanical outer-sphere theory,54 which in turn enhances
the T2 relaxation resulting in a high r2 value. The Dhyd of NDPEG-tNCIOs is 53 nm, which is larger than 40 nm. This
indicates that the T2 eﬀect arises at the static dephasing regime
(SDR), yielding the highest r2 values,55 as given by the
following expression:
r2(SDR) =
84

2πμ0 vγMs
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Here v is the molar volume of “Fe”, γ = 2.67513 × 108 rad s−1
T−1 is the gyromagnetic factor of the proton, μ0 = 4π × 10−7 T
mA−1 is the magnetic permeability in a vacuum, and Ms is the
saturation magnetization. Overall, we observed that the T2dominated character prevails in ND-PEG-tNCIOs as r2/r1 ≫ 6
(Table 1), which is the hallmark feature of iron oxide
nanoparticles. Also, the r2/r1 ratio is much higher in PBS-CEM
and PBS-hPL than in the DI water with the respective values of
∼42, 27, and 25, which is evident from the stronger contrast in
phantom images of PBS-CEM and PBS-hPL than in that of DI
H2O (Figure 4C,D). The change in the r2 value in diﬀerent
media is ascribed to the variation in diﬀusivity of water protons
in those media. We calculated the translation diﬀusivity (D)
values of DI H2O, PBS-hPL, and PBS-CEM using the relation
D = kBT/6πηr, where η is the viscosity of the medium and r is
the radius of the nanoparticle. The respective D values were
determined as 2.65 × 10−11, 1.76 × 10−11, and 1.89 × 10−11 for
the viscosity of 7.972 × 10−4, 11.95 × 10−4, and 11.14 × 10−4
kg/ms at 30 °C. Here, the PBS-hPL and PBS-CEM give a
nearly equal but lower diﬀusivity, where the water protons can
spend a longer period closely in the ﬁeld gradient of the
tNCIOs core allowing more eﬀective dephasing of proton
spins,56 thereby enhancing the T2 relaxation. However, the
absolute r2 values decrease in those media, which can be
ascribed to the interaction of ND-PEG-tNCIOs with the lysins
and to the cell growth factors present in hPL. Also, the strong
cellular uptake of the nanoparticles can substantially decrease
the r2 values, as reported previously.57 In fact, the cancer cells
have an EPR eﬀect to the nanoparticles and hence show the
tendency of uptake and retention of nanoparticles.58
Cellular Uptake Kinetics and Immune Evasion Study.
The cellular uptake or internalization and the immune evasion
properties are crucial factors that determine the biological fate
of the nanoparticles.59−61 Here, we investigated the cellular
uptake kinetics of ND-PEG-tNCIOs in cancerous, CCRFCEM (i.e., human acute lymphoblastic Leukemia) cells and
phagocytic, CRL 9855 (i.e., human peripheral blood
monocytes/macrophages) cells. Although the positive charges
on the nanoparticles improve the imaging, gene transfer, and
drug delivery eﬃciency, they are susceptible to produce a
higher toxicity62 and the study of the role of negative charges
on cellular interaction is currently of great concern. In this
study, the ﬂuorescence dye (Alexa Fluor 555 Cadaverine
(AF555Cdv)) was physically adsorbed on negatively charged
ND-PEG-tNCIOs after the synthesis procedure. Despite the
presence of the diamine-containing AF555Cdv, the adsorbed
ND-PEG-tNCIOs-(AF555Cdv) exhibits negative ζ potential in
DI water.
The presence of the proliﬁc anionic surface charge enabled
us to study the charge-mediated uptake or internalization
mechanisms of the nanoparticles, and the cell ﬂuorescence
from adsorbed AF555Cdv allowed us to quantify the
internalized nanoparticles. Figure 5 shows the ﬂuorescence
confocal microscopy (FCM) images and uptake kinetics plots
of CCRF-CEM and CRL-9855 cells incubated with ND-PEGtNCIOs-(AF555Cdv) for diﬀerent times (Figure 5A,B) and
[Fe] (Figure 5C,D). The blue ﬂuorescence is produced by the
nucleus stained with DAPI while the dark orange ﬂuorescence
is produced by ND-PEG-tNCIOs-(AF555Cdv). From the
images, we noticed that the nanoparticles were eﬃciently
internalized in the CCRF-CEM cells and mostly were located
at the cytoplasm or perinuclear region; however, in the case of
the CRL-9855, most of the nanoparticles remained near the

cell membrane. We used the ICP-OES technique to quantify
the uptaken or internalized nanoparticles. According to Figure
5E, the uptake of the nanoparticles signiﬁcantly increased for 4
h of incubation in both CCRF-CEM and CRL-9855 and
gradually decreased for higher incubation times. Also, the
uptake rate was the highest for 2 h of incubation in CCRFCEM cells, which agrees with the uptake rate of transferrincoated gold nanoparticles in HeLa cells,63 while the highest
uptake rate was observed between 2 and 4 h of incubation in
CRL-9855. Figure 5F shows the concentration dependence of
the cellular uptake of the nanoparticles for 4 h of incubation
where both types of cells exhibit the highest amount of Fe
uptake while incubating with 1 mM of [Fe].
Although the electrostatic force of repulsion that exists
between the anionic nanoparticles and the negatively charged
cell membrane prevents the internalization of the nanoparticles,63 the minimal uptake by the CRL-9855 indicates that
the anionic nanoparticles were uptaken via phagocytosis. We
assume that the endocytosis of the nanoparticles by CCRFCEM cells was mediated through micropinocytosis. The
assumption was made based upon the sizes of the endocytic
vesicles, clathrin (∼120 nm), clathrin/caveolae-independent
(∼90 nm), and caveolae (∼60 nm)64 as Dhyd of the
nanoparticles is less than 100 nm. Several groups have
reported on the clathrin-mediated65 and clathrin/caveolaeindependent66 endocytosis of anionic nanoparticles. In both
observations, the CCRF-CEM cells showed a greater extent of
nanoparticles uptake than those observed in CRL 9855 cells,
which suggests that the endocytosis of the nanoparticles by
cancerous cells dominates the phagocytosis by the phagocytic
cells. Generally, the shape of the nanoparticles plays a crucial
role in their cellular uptake. The oblate-shaped nanoparticles
showing a lower uptake by macrophages67 and elongated iron
oxide nanoparticles with a lower uptake by the mononuclear
phagocytic system (MPS) were reported.68 Similarly, the
enhanced tumor targeting ability in elongated assembly of iron
oxide nanoparticles (nanoworms) than that of spherical iron
oxide nanoparticles due to enhanced multivalent interaction
between the nanoworms and cell receptors was reported.69 In
this study, we believe that the tNCIOs can provide higher
surface contacts to the CCRF-CEM cells receptors to enhance
the uptake kinetics because of their higher surface to volume
ratio. Further investigation on the shape-dependent cellular
uptake of iron oxide nanoparticles is currently in progress and
will be reported.

■

CONCLUSIONS
The surface-to-volume ratio of single domain iron oxide
nanoparticles, at dimensions below 12−10 nm, becomes so
high so that the paramagnetic behavior gradually evolves,
diminishing the superparamagnetic behavior due to the
massive number of canting electron spins on the surface, as
observed in this study. This subtle paramagnetic behavior,
which arises from exposed Fe atoms on truncated crystal facets
and brush-like PEG conformation in ND-PEG-tNCIOs,
accounts for the spin−lattice relaxation time (T1) shortening
via active coupling with water protons. The observed
saturation magnetization is large enough to create strong
local magnetic susceptibility gradients or ﬁeld inhomogeneity,
and the large eﬀective radius of cubic nanoparticles can perturb
a larger number of water molecules eﬀectively distorting the
protons’ spin coherence and accelerating the T2 relaxation.
85

DOI: 10.1021/acsabm.8b00016
ACS Appl. Bio Mater. 2018, 1, 79−89

Article

ACS Applied Bio Materials

Information. Typically, the excess hexane was removed using a rotary
evaporator, and 600 mg of OA-coated iron oxide nanoparticles (OAIO) was dispersed in 15 mL of DMF. A total of 700 mg of ND-PEG
was added to the solution, and the mixture was bath sonicated for 26
h at 37 °C. The solution was washed twice using 15 mL of hexane in a
separatory funnel, and the excess hexane was evaporated. After
vacuum drying, the ﬁnal powder obtained was ND-PEG-tNCIOs. For
the puriﬁcation, the powder was dissolved in 10 mL of EtOH by
gentle sonication and 10 mL of ice-cooled petroleum ether was added,
which turned the solution slightly turbid. The solution was
magnetically decanted in the cold environment (at 4 °C). This
puriﬁcation step was repeated ﬁve times, and the ﬁnal puriﬁed powder
was obtained after drying under a vacuum.
Synthesis of the Dye Attached ND-PEG-tNCIOs. About 10 mg
of ND-PEG-tNCIOs was dispersed in 1 mL of 0.1 M MES (2(morpholino)ethanesulfonic acid) buﬀer at pH = 6.0 (solution 1).
The 2 mg of Alexa Fluor 555 Cadaverine (AF555Cdv) was dissolved
in 1 mL of PBS 7.4 (solution 2). About 3.66 mg of EDC and then 5.5
mg of NHS were added to solution 1, and then the mixture was gently
shaken for 15 min at room temperature for proper mixing. The pH of
this solution was increased to 7.2 by adding PBS 7.4 (solution 3).
Now, solution 2 was added to solution 3, and the reaction was
allowed to take place for 24 h at 4 °C with wrapped Al foil. After the
reaction, the sample was centrifuged at 3900 rpm for 15 min at 4 °C 5
times using a 10 kDa MWCO centrifuge tube. The ﬁnal dry powder of
AF555Cdv attached ND-PEG-tNCIOs was obtained after lyophilization and named as ND-PEG-tNCIOs-AF555Cdv. We observed that
the AF555Cdv is physically adsorbed onto the nanoparticles in the
PEG chain, which was veriﬁed by the UV−vis emission spectra shown
in Figure S11 in the Supporting Information.

These nanoparticles are substantially internalized into
cancerous cells and show minimal phagocytosis in CRL-9855
indicating strong immune evasiveness, thus establishing them
as promising candidates for MRI dual contrast enhancement
applications. The approach and results presented here provide
the scientiﬁc basis for the development of single core dual
modal MRI contrast agents suitable for preclinical applications,
which will be superior to the hybrid nanoparticle-based dual
contrast agents.

■

EXPERIMENTAL SECTION

Synthesis of the Nitrodopamine (ND). The nitrodopamine
(ND) was synthesized following the previously reported methods34
with slight modiﬁcations. In general, 20 g of dopamine hydrochloride
and 25 g of sodium nitrite (NaNO2) were dissolved in 750 mL of DI
water in a 2 L conical ﬂask, and the mixture was cooled to less than 10
or ∼0 °C using an ice bath. Under constant vigorous stirring, 100 mL
of 20% (v/v) sulfuric acid was added dropwise to the cooled solution
under isothermal conditions. The mixture was slowly warmed to room
temperature by removing it from the ice bath and kept stirring
overnight at room temperature. After ﬁltration, a yellow precipitate
was obtained and was washed excessively with ice-cold water and
once each with MeOH and a 50:50 mixture of EtOH/Et2O. The
washed product was vacuum-dried. The obtained moderate yellow
colored powder was 6-nitrodopamine-hemisulfate (ND-HSO4)
(Figure S6A in the Supporting Information). The powder was stored
at 4 °C, covered with aluminum foil until used. (The FTIR spectra are
shown in Figure S7, and NMR spectra are shown in Figures S8 and S9
in the Supporting Information.)
Synthesis of the Nitrodopamine-PEG-Methoxy (ND-PEG).
The peptide-coupling reaction70 mediated with COMU was used for
the synthesis of ND-PEG. The details are schematically shown in
Figure S6B in the Supporting Information. A total of 1 g of MeOPEG-COOH was dissolved in 6 mL of DMF in a conical ﬂask. At
room temperature, the solution was preactivated by adding 128 mg of
COMU for 30 min via gentle shaking. The solution was then purged
with nitrogen gas for 20 min and cooled to 4 °C in an ice bath (but
not allowed to freeze). This solution was labeled as solution A. In the
8 mL glass vial covered with aluminum foil, 48 mg of ND-HSO4 was
dissolved in 400 μL of DMF, and 51.4 μL of NMM was added. This
solution was labeled as solution B. After 10 min, solution B was added
dropwise to solution A at 4 °C under nitrogen. The mixture was
warmed to room temperature slowly and was shaken gently for 48 h
in an incubator. HCl (18 mL, 3 M) was added to the mixture, and it
was washed three times using 20 mL of chloroform in a separatory
funnel, and a rotary evaporator was used to eliminate the remaining
chloroform in the mixture. Finally, a pale yellow dry powder, NDPEG-OMe, was obtained and was stored at 4 °C covered with
aluminum foil until used. (FTIR and NMR spectra are shown in
Figures S7 and S10, respectively, in the Supporting Information.)
Synthesis of the Truncated Cubic Iron Oxide Nanoparticles
(tNCIOs). The tNCIOs were synthesized by the thermal decomposition method15 with minor modiﬁcations. In general, 480 μL (1.5
mmol) of oleic acid (OA) and 2.7 g (3 mmol) of iron oleate were
dissolved in 45 mL of n-trioctylamine (TOA) in a 3-neck roundbottom ﬂask via bath sonication. The solution was degassed for half
an hour and placed under nitrogen, and then the solution was heated
to 340 °C at the heating rate of 10 °C per minute. After aging for 2 h
at 340 °C, the solution was cooled to room temperature. The ﬁnal
product was precipitated using pure ethanol and was centrifuged three
times to obtain the OA-coated tNCIOs. Some fraction of OA-coated
tNCIOs was further centrifuged (twice more in our case) until OAfree tNCIOs precipitated in pure ethanol to obtain their powder form
for characterization, whereas the remaining fraction of them was
dispersed in hexane and stored at 4 °C for further functionalization.
Synthesis of the ND-PEG Grafted tNCIOs (ND-PEG-tNCIOs).
The ND-PEG-tNCIOs were synthesized following the previously
reported methods34 via “ligand exchange” and “grafting to” approach.
The details are schematically shown in Figure S6C in the Supporting
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