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ABSTRACT: In vivo drug release monitoring provides accurate and
reliable information to guide drug dosing. Image-based strategies for
in vivo monitoring are advantageous because they are non-invasive
and provide visualization of the spatial distribution of drug, but
those imaging modalities in use (e.g., fluorescence imaging (FI) and
magnetic resonance imaging (MRI)) remain inadequate because of
the low tissue penetration depth (for FI) or difficulty with
quantification of release rate and signal convolution with noise
sources (for MRI). Magnetic particle imaging (MPI), employing
superparamagnetic nanoparticles as the contrast agent and sole
signal source, enables large tissue penetration and quantifiable signal intensity. These properties make it ideal for application to
in vivo drug release monitoring. In this work, we design a superparamagnetic Fe3O4 nanocluster@poly(lactide-co-glycolide acid)
core−shell nanocomposite loaded with a chemotherapy drug (doxorubicin) which serves as a dual drug delivery system and
MPI quantification tracer. The as-prepared nanocomposite can degrade under a mild acidic microenvironment (pH = 6.5),
which induces a sustained release of doxorubicin and gradual decomposition of the Fe3O4 nanocluster, causing the MPI signal
changes. We showed that nanocomposite-induced MPI signal changes display a linear correlation with the release rate of
doxorubicin over time (R2 = 0.99). Utilizing this phenomenon, we successfully established quantitative monitoring of the release
process in cell culture. We then performed in vivo drug release monitoring in a cancer therapy setting using a murine breast
cancer model by injecting the nanocomposite, monitoring the drug release, and assessing the induced tumor cell kill. This study
provides an improved solution for in vivo drug release monitoring compared to other available monitoring strategies. This
translational strategy using a biocompatible polymer-coated iron oxide nanocomposite will be promising in future clinical use.
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Non-invasive in vivo drug release monitoring has gained
increasing attention in oncology.1−5 In its ideal form, it

will not only reduce side effects in patients but also increase
efficacy by directly reflecting drug dosing in the living
body.6−11 The quantitative monitoring of drug release
processes will eventually enable physicians to better track
drug doses in a more timely and accurate manner in patients,
allowing real-time adjustments of ensuing doses in order to
keep them within the therapeutic window. Such strategies will
be useful to improve the efficacy and reduce side effects
associated with cancer chemotherapy since many commonly
used drugs such as doxorubicin have narrow therapeutic
windows and are usually highly toxic to normal tissues.12−14

Imaging approaches are likely to be ideal for monitoring
drug release because they: (i) allow visualization and (ii)
provide quantitative spatial information on drug distribution.
In prior efforts, drug release has been monitored using imaging
modalities including optical imaging,8,15−18 photoacoustic
imaging,19−21 and magnetic resonance imaging (MRI).7,22−25

However, the penetration depth of optical imaging and
photoacoustic imaging in biological tissues is limited,26,27

making them unsuitable for deep tissue observation, precluding
many clinical applications. MRI allows sufficient penetration
depths for human use, but it is not linearly quantitative and
intrinsic/background signals can convolute drug distribution
signals, making it generally unsuitable for quantitative clinical
measures of drug release.28−30 Notably, though 19F MRI and
chemical exchange saturation transfer (CEST) display a
quantifiable signal, the sensitivity is far from ideal (on the
order of 2 × 105 labeled cells per voxel).31 Magnetic particle
imaging (MPI), a new non-invasive imaging modality employ-
ing superparamagnetic nanoparticles (SPNs) as contrast
agents,32−36 is likely an ideal imaging modality to monitor
drug release because it offers large imaging depths and a
linearly quantifiable signal, high sensitivity,37 low magnetic
fields, and real-time imaging capability.
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We exploit fundamental MPI nanophysical chemistry in
order to quantify drug release. In particular, during MPI, an
oscillating magnetic field is applied to SPNs to generate two
types of magnetic relaxation, Brownian relaxation and Neél
relaxation, that give rise to MPI signals.33,38,39 Brownian
relaxation refers to the physical motion of SPNs induced by a
magnetic field, which reflects their local rotation. Neél
relaxation refers to the change in the internal magnetic
moment within SPNs, which is related to inherent SPN
properties. By measuring these two kinds of magnetic
relaxation across a sample, one can not only spatially localize
the SPNs but also quantitatively identify their concentrations
and local environment. Moreover, MPI displays near-infinite
contrast, as the signal arises only from externally administered
SPNs, with high sensitivity down to ∼200 labeled cells.37,40

MPI’s large imaging depth makes it superior to optical and
photoacoustic imaging due to its usage of highly tissue-

penetrative magnetic fields as excitation.41−43 Furthermore, by
detecting SPN signals at high harmonic frequency, MPI can
provide information on the local microenvironmental changes
experienced by SPNs and enable accurate quantification of
their concentrations.37,42,44 Based on these merits, MPI has
broad potential for quantitative monitoring of in vivo drug
release.
To exploit MPI benefits, we prepared a nanocomposite

composed of a core comprising clustered superparamagnetic
Fe3O4 nanoparticles with a poly(lactide-co-glycolide acid)
(PLGA) shell (Fe3O4@PLGA, abbreviated “SPNC”) (Figure
1). By loading a clinically used model chemotherapeutic drug,
doxorubicin (DOX), into the PLGA shell, this super-
paramagnetic nanocomposite (Fe3O4@PLGA-DOX, abbrevi-
ated “SPNCD”) served as both a drug delivery system and an
MPI tracer. As the PLGA shell degrades in the biological
environment,45,46 DOX release and disassembly of clustered

Figure 1. Schematic of nanocomposite for MPI-based drug release monitoring. Fe3O4@PLGA core−shell nanocomposites ((a) Fe3O4
nanoparticles, brown balls; PLGA, blue layer) were loaded with DOX via diffusion (DOX, small red balls) to serve as a dual drug delivery
system and MPI quantitative release tracer (b). When Fe3O4@PLGA is exposed to an acidic environment (e.g., upon uptake by cells), the PLGA
shell layer degrades gradually, simultaneously resulting in the disassembly of the clustered Fe3O4 core and DOX release (Figure 1c). The clustered
Fe3O4 core displays low MPI signal intensity, and its gradual disassembly steadily enhances the MPI signal due to increased Brownian relaxation
rates. The drug molecule release process can thus be measured quantitatively by monitoring the MPI signal change.

Figure 2. Characterization of SPNCD nanocomposites. (a) SEM image of SPNC core−shell nanocomposites. (b) SEM image of SPNC core−shell
nanocomposites after DOX loading (SPNCD). (Inset) TEM image of a SPNCD core−shell nanocomposite. (c) UV−vis absorption spectra of
SPNC and SPNCD. (Inset) Photo of SPNC (left) and SPNCD (right). (d) The ζ-potentials of SPNC and SPNCD.
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Fe3O4 nanoparticles in the core occur simultaneously, allowing
quantification of drug release. Mechanistically, the disassembly
of the clustered core results in increased Fe3O4 nanoparticle
mobility, which is reflected by enhanced Brownian relaxation.
This effect contributes to an increase in MPI signal.47−50 It is
worth noting that, in MRI, clustered SPNs usually generate a
larger local magnetic moment compared with separated single
nanoparticles, enhancing the T2 relaxivity more efficiently and
resulting in stronger signals.51 Conversely, Brownian relaxation
(the process that contributes to the change in MPI signal
intensity in our study) in MPI correlates directly with the local
rotation of SPNs induced by a magnetic field. Since single
SPNs are smaller than clustered SPNs, they more easily rotate,
thereby leading to stronger MPI signals; meanwhile, the
motions of clustered SPNs are limited so that their MPI signals
are low by comparison. By tracking the continuous changes in
MPI signal intensity induced by the nanocomposites, we
monitored the drug release process. Indeed, we quantitatively
tracked in vivo drug release by injecting nanocomposites
intratumorally in a murine breast cancer model of human

disease and assessed the functional effects of the drugs. Our
work thereby advances an improved method to achieve in vivo
drug release monitoring, with great potential for clinical
translation.

Results. Synthesis and Characterization of SPNCD
Nanocomposite. The nanocomposite with clustered Fe3O4
core and PLGA shell (SPNC) was prepared via a co-
precipitation method (see Methods). Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) of as-synthesized SPNC showed that the nano-
composites display a nearly spherical morphology (Figure
2a) with an average diameter of ∼105 nm. After DOX loading,
the spherical morphology of the nanocomposites remained
(Figure 2b). UV−vis absorption spectroscopy proved that
DOX was successfully loaded in SPNC based on the
emergence of a new absorption band at 480 nm in the
SPNC spectrum, highlighting the presence of encapsulated
DOX molecules compared to SPNC alone (Figure 2c). The ζ-
potential measurements of SPNC and SPNCD corroborated
the success of the DOX loading process based on the shift of

Figure 3.MPI-based drug release monitoring of SPNCD in solution. (a) Time-dependent DOX release behavior of SPNCD in pH = 6.5 phosphate
buffer. Each point was measured 3 times. Error bars represent SEM. (b) MPI signal change of SPNCD during the DOX release process in (a). Each
point was measured 3 times. Error bars represent SEM. (c) Correlation curve of DOX release percentage and MPI signal intensity. The curve
exhibits linear behavior which can be fit by a function: Y = 311.1X + 3.91 × 104 (R2 = 0.99). (Inset) MPI images of SPNCD in tubes of solutions of
pH 6.5 phosphate buffer at different incubation time points. MPI signals are shown in pseudocolor. Each point was measured 3 times. Error bars
represent SEM. (d) SEM and TEM. (Inset) Images of SPNCD incubated with pH = 6.5 phosphate buffer at different time points (5, 12, and 48 h).
(e) Depth comparison between MPI and FI using Cy5.5. SPNCD-loaded with Cy5.5 was placed in a 96-well plate and covered with different
thicknesses of chicken breast tissue. Both MPI and FI were conducted at each tissue slice thickness. MPI and FI signals are shown in pseudocolor.
(f) Quantification of MPI and FI signals in (e). The signal intensity of MPI was nearly constant across different thicknesses of tissue, while the FI
signal intensity decreased dramatically as tissue thickness increased. Each point was measured 3 times. Error bars represent SEM.
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the nanocomposite charge from −31.4 to −9.7 mV (Figure
2d). This shift is observed because the protonated DOX
molecules, with positive charge, counteracted the negative
charge in the PLGA particles. Dynamic light scattering (DLS)
analysis revealed that SPNCD has an average hydrodynamic
diameter of 122.7 nm (Figure S1). The loading ratio of DOX
in SPNC, determined by UV−vis absorption spectroscopy, was
quantified as 82.9% of the original DOX (0.143 mM) loaded
into 0.12 mg mL−1 of SPNC (Figure S2).
Drug Release Monitoring with Magnetic Particle Imaging

in Solution. The successful synthesis of SPNCD prompted us
to further investigate its application for drug release
monitoring. For proof-of-concept, SPNCD nanocomposites
were dispersed in pH = 6.5 phosphate buffer solution to
simulate the intracellular environment pH. The nanocomposite
dispersion was kept at 37 °C for 48 h. The release of DOX at
different time points was measured by UV−vis absorption
spectroscopy, and MPI signals were also quantified at each
time point. The percentage of DOX released, determined by
UV−vis absorption spectra, increased monotonically as
incubation time increased (Figure 3a). The release rate
exhibited a biphasic structure with an initial fast release
(from 0 to 5 h) and ensuing slower release (from 5 to 48 h).
The SPNCD MPI signal change corresponded with the DOX
release rate across the different time points of the release
process, with an early accelerated increase followed by a slower
increase (Figure 3b). When SPNCD was incubated in
physiologic pH = 7.4 buffer as a control, <3% of DOX was
released after 72 h (Figure S3), indicating that SPNCD
nanocomposites feature a pH-responsive release and are stable
at a pH mimicking the extracellular environment. When DOX
release ratios and MPI signals across time points were

compared, a linear correlation was obtained with R2 = 0.99
(Figure 3c). With this DOX release-MPI signal curve serving
as calibration, monitoring of the DOX release process could be
successfully achieved by detecting MPI signal changes of
SPNCD nanocomposites in an arbitrary volume.
To explore the potential reasons underlying the MPI signal

change during drug release, we imaged SPNCD particles with
SEM and TEM (Figure 3d). It is apparent that SPNCD
particles undergo degradation during their incubation in pH =
6.5 buffer solution. Compared with fresh particles, the
morphology of SPNCD became more irregular and the surface
of the particles was rough after 5 and 12 h of incubation,
presumably due to the dissolution of the PLGA shell layer.
With even longer incubation (48 h), the clustered structure of
Fe3O4 nanoparticles disassembled and the hydrodynamic
particle size decreased to 53.6 nm (Figure 3d and Figure
S4), which clearly indicated degradation of SPNCD in an
acidic environment.
To compare the imaging depth of MPI versus fluorescence

imaging, which has previously been employed in drug release
monitoring,52 we loaded Cy5.5 into SPNCD and imaged the
nanocomposite by MPI and fluorescence imaging (FI). During
imaging, samples were covered with chicken breast of varied
thickness from 0 to 40 mm to investigate the contrast signal
penetration through biological tissue. As shown in Figure 3e,
MPI displayed excellent tissue penetration in which the signals
are maintained nearly constantly across all tissue depth
conditions (from 0 to 40 mm). On the other hand, FI showed
limited penetration capability in which the signals rapidly
diminished as tissue thickness increased (Figure 3f). These
data indicate that the use of MPI for drug release monitoring
will have indispensable advantages in deep tissue detection.

Figure 4. SPNCD for MPI-guided drug release monitoring in MDA-MB-231 cancer cells in vitro. (a) Relative DOX release percentages from
SPNCD in MDA-MB-231 cells. (b) MPI signal change of SPNCD-labeled MDA-MB-231 cells during the DOX release process. (c) Correlation
curve between DOX release percentage and MPI signal intensity in cells. The curve exhibits linear behavior which can be fitted by a function: Y =
117.3X + 4.98 × 104 (R2 = 0.991). (Inset) MPI images of SPNCD-labeled MDA-MB-231 cancer cells at different incubation time points. MPI
signal is shown in pseudocolor. (d) Cell apoptosis assay performed on MDA-MB-231 cells incubated with SPNCD or SPNC at the different time
points used in (a) and (b), expressed as the % of cells undergoing apoptosis. Each point in all graphs in this figure was measured 3 times. All error
bars represent SEM.
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Drug Release Monitoring via Magnetic Particle Imaging
in Cell Culture. Based on the positive results of drug release
monitoring via MPI in bulk solution, we labeled cancer cells
with SPNCD to investigate the feasibility of monitoring
intracellular DOX release by MPI. We used human breast
adenocarcinoma cells, MDA-MB-231, in our drug release
monitoring cell culture experiments. MDA-MB-231 cells
embedded with SPNCD were imaged by MPI at a series of
time points to quantify the change in signal intensity caused by
the release process. The native fluorescence of DOX molecules
embedded in the PLGA shell layer was suppressed due to the
proximity-induced quenching effect.53 However, the release
process gradually reduces the proximity and thus recovers the
full fluorescence emission of DOX, enabling release quantifi-
cation. Notably, we found that the scattering and absorption
caused by the complex milieu of the cells (compared to
aqueous solutions) strongly increased the background of DOX
UV−vis absorption data, affecting the accuracy of the results.
Therefore, we used the well-known fluorescence signal of DOX
molecules to quantify their release in cell culture experiments.

Fluorescence spectroscopy was thus used to measure the DOX
emission during the release process to form a drug release
calibration curve with respect to MPI signal changes at each
time point. The emission intensity of DOX in cells increased
continuously during observation of the release process (Figure
S5). The DOX emission detected from the first time point (0
h) in the release process and a pure DOX solution with the
same concentration of DOX as in the SPNCD-containing
media for cell incubation were set as 0% and 100% release,
respectively. Afterward, the relative DOX release at different
time points was plotted based on the emission spectra (Figure
4a). The familiar two-phase release behavior observed in
solution in vitro was again observed in the release process in
cell culture. The MPI signal of cells labeled with SPNCD was
again recorded at each time point. Interestingly, the MPI signal
trend was essentially identical to that of DOX emission (Figure
4b). Comparison between DOX emission and MPI signal
resulted in a linear correlation curve (Figure 4c), confirming
that the drug release process can be successfully monitored in
cell culture using MPI with our SPNCD nanocomposite.

Figure 5. SPNCD for MPI-guided drug release monitoring in tumor-bearing mice. (a) MPI and X-ray computed tomography (CT) merged images
(CT is employed to overlay anatomic structures of the animal over the MPI image) of an MDA-MB-231 tumor-bearing nude mouse injected
intratumorally with SPNCD. MPI signals are shown in pseudocolor. MPI signal intensity within the tumor gradually increased with time after
injection of SPNCD into mice. (b) Quantification of MPI signal intensity from the tumor site in MDA-MB-231 tumor bearing nude mice at a series
of time points from 0 to 48 h post-injection of the SPNCD nanocomposite (N = 3 mice). Error bars are presented as SEM. (c) Relative DOX
release percentage in the tumor site of MDA-MB-231 tumor-bearing nude mice over time, calculated based on the MPI signal in (b) and the
calibration curve. Error bars are presented in SEM. (d) Tumor sections of MDA-MB-231 tumor-bearing nude mice injected intratumorally with
saline (blank), SPNC (negative control), DOX only (positive control), and SPNCD 48 h post-injection. A TUNEL assay was used to evaluate
apoptosis in tumors with the different treatment conditions, and representative images are shown from N = 3 mice per condition. Green signal
(Alexa Fluor 488, AF488) highlights the apoptotic regions in the tumor, and red signal represents DOX fluorescence, which overlap.
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Furthermore, the therapeutic effect of the SPNCD nano-
composite was evaluated via apoptosis assay using flow
cytometry on the treated cancer cells in vitro. MDA-MB-231
cells were incubated with SPNCD and SPNC (lacking DOX,
as a control) for the time points used previously, 0, 0.5, 2, 5,
24, and 48 h. Then cells were harvested to test apoptosis based
on phosphatidylserine localization to the outer leaflet of the
cell plasma membrane. SPNC itself did not induce substantial
apoptotic effects on cells (Figure 4d). However, as incubation
time with SPNCD increased, apoptosis intensified (Figure 4d).
Intriguingly, the relationship between cell apoptosis percentage
and incubation time with the nanocomposites approximately
mimics the release behavior of DOX, displaying a rapid
increase at earlier time points and a slower rate in later time
points.
Drug Release Monitoring with Magnetic Particle Imaging

in Vivo in Mice. The successful quantification of drug release
processes in cell culture prompted us to investigate MPI-based
monitoring of drug release in living subjects. We injected
SPNCD intratumorally into an orthotopically implanted
murine breast cancer (MDA-MB-231) model (N = 3 per
group). MPI was conducted at different time points (0−48 h)
post-injection of the nanocomposite to observe changes in
signal intensity. MPI signal was clearly observed in the tumor
region after injection, and the signal intensity increased
gradually with observation time from 0 to 48 h (Figure 5a).
By summing the signal intensities over the regions of interest
in the tumor site, the signal changes were quantified. Biphasic
behavior was observed, with a rapid increase from 0 to 5 h and
then a slow increase thereafter (Figure 5b). The structure of
the signal change curve in vivo closely resembles the data
observed in the in vitro solution (Figure 3b) and cell culture
studies (Figure 4b) due to the release of Fe3O4 nanoparticles
from the nanocomposites. Using MPI signal, DOX release
behavior was computed across different time points by
reference to the MPI-DOX correlation curve (Figure 4c).
DOX release behavior in tumor-bearing nude mice injected
with SPNCD was thereby quantified, showing ∼67% of DOX
molecules in SPNCD nanocomposites was released within the
tumor site by 48 h post-injection (Figure 5c).
Finally, we evaluated the therapeutic efficacy of SPNCD in

the tumor. Orthotopic breast tumor tissues were harvested
from mice 48 h after injection of SPNCD and then sectioned
to assess cellular apoptosis via a TUNEL assay. SPNCD-
injected tumor sections showed significant apoptosis, detected
by Alexa Fluor 488 (green signal, Figure 5d, Figures S6b and
S7). DOX fluorescence was observed within the same regions
in these tissue sections (Figure 5d). In view of the positive
DOX-only and negative controls (Figure 5d), these data
suggest that the DOX released from the nanocomposites
induced apoptosis in tumors in vivo. In the positive controls, in
which mice were injected with DOX-only solutions, apoptosis
was observed in similar patterns as the nanocomposite (Figure
5d, Figures S6a and S7). Measurements of tumor size (Figure
S8a) illustrate that the tumors of SPNCD-treated mice shrunk
gradually in a comparable manner to the tumor size changes in
the DOX-treated group, indicating that the cancer cells were
eliminated due to the administration of SPNCD. The body
weights of SPNCD-treated mice increased over the 15 days
from injection, suggesting maintenance of health; in contrast,
the body weights of control mice treated with saline and SPNC
decreased (Figure S8b), indicating that the unrestrained grow-
ing tumors (Figure S8a) adversely affected the health of the

mice. Consistent with these observations, in negative controls,
tumors injected with SPNC displayed almost no apoptosis
(SPNC, Figure 5d), the same effect observed after injection of
saline vehicle only (blank, Figure 5d).

Discussion. To our knowledge, the SPNCD nano-
composites developed in this work represent the first
demonstration of drug release monitoring via MPI. MPI-
based drug release monitoring is highly significant because of
the outstanding penetration depth and sensitive, linearly
quantifiable signals enabled by MPI. These features are
extraordinarily important for in vivo drug release monitoring
since conventional monitoring methods based on fluorescence
imaging are strongly affected by tissue thickness, which may
lead to inaccurate release measurements and the inability to
monitor deep tissues. It is likely that MPI will be soon be
translated clinically based on its advantages, including linear
quantification and high penetration depth as well as a low
magnetic field, real-time imaging, and ultrahigh contrast.42,54

Our results prove that drug release can be monitored in vivo
by MPI. We showed that the PLGA shell layer of the SPNCD
nanocomposite disassembles in acidic solution (Figure 3d) and
MPI signal increases during the degradation process (Figure
3b,c). Hence, the increase in MPI signal intensity is apparently
due to the recovery of rapid Fe3O4 nanoparticle relaxation
because of the degradation of encapsulating PLGA. In
particular, in as-prepared Fe3O4 nanoparticles coated with
PLGA, the movement of Fe3O4 nanoparticles is restricted,
constraining their Brownian relaxation.55 Brownian relaxation
directly correlates with MPI signal intensity: When the PLGA
degrades, Fe3O4 nanoparticles are more free to rotate,
enhancing relaxation, thereby increasing MPI signal. Con-
currently, the degradation of the PLGA layer gives rise to the
release of DOX molecules from the PLGA nanoparticles. Thus,
we could track the drug release kinetics by establishing the
relationship between drug release percentage and MPI signal
change. When cells are treated with SPNCD nanocomposites,
we again confirmed that MPI signals change linearly and
predictably with the drug release process (Figure 4). In
animals, we injected SPNCD intratumorally and observed the
MPI signal change in the tumor region as time progressed to
track drug release (Figure 5). These results prove that MPI-
based drug release monitoring can be achieved in living
subjects. While we employed a cancer model in this study, we
anticipate that the principle can be applied in any other disease
in which localized drug nanodelivery is employed.
We used DOX as a model drug to investigate the feasibility

of tracking the drug release process by MPI due to its intrinsic
fluorescence. Intriguingly, given the positive results in this
work and the chemistry of the nanocomposite, we anticipate
that the release of many other drugs, including various small
molecules or potentially peptides, could be similarly quantified
by MPI.
Thus far, we have only shown we can load DOX (and

Cy5.5) into the PLGA particles, which has successfully proven
the concept of in vivo drug release monitoring by MPI. We are
working on loading other chemotherapeutic and immunomo-
dulatory small molecules, peptides, and nucleic acids into
SPNC to further expand the application scope of our in vivo
drug release monitoring platform. Importantly, MPI-based
imaging using SPNCD is unlikely to induce local heating
effects or reactive oxygen species (ROS) due to the strong
frequency dependence of magnetically induced hyperther-
mia:41 MPI’s alternating magnetic field (AMF) frequency is 45
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kHz,43 which is much lower than that used to induce magnetic
heating (e.g., 354 kHz, reported by Conolly and colleagues)41

and ROS generation from iron oxide nanoparticles (which can
undergo a Fenton-like reaction, relying upon magnetic heating
of nanoparticles, which requires high frequency AMF, e.g., 292
kHz).56 A potential concern is that multiple drug injections are
commonly used in clinical treatment. Regrettably, the presence
of previously injected iron oxide nanoparticles may result in
MPI background signals. Fortunately, however, such back-
ground signals can be eliminated by digital subtraction, as
demonstrated by Conolly and colleagues,44 allowing multiple
SPNCD injections to be quantified in the clinic.
The materials used in this study are highly translatable

iron oxide nanoparticles, PLGA, and DOX have all
independently been injected into human patients. Thus, ours
is a clinically translatable approach to drug release monitoring.
Conclusion. We have successfully demonstrated in vivo

drug release monitoring using MPI. The PLGA layer of the
SPNCD nanocomposite designed in this work degrades in
acidic and intracellular environments, resulting in the release of
drug and the disassembly of the iron oxide core cluster. The
dissociation of the iron oxide core cluster leads to increased
MPI signal, which is linearly correlated to the release of the
DOX drug. Using this linearly quantitative capability, we
calibrated the DOX release-MPI signal connection and
employed it to monitor the release of drugs in vitro and in
vivo. We then validated release by proving the effects of drug
function in the tumor. Due to the high tissue penetration and
linearly quantitative features of MPI, drug release monitoring
can be conducted throughout an organism of essentially any
size. As we have shown, the quantity of drug released within
the body can be visualized via imaging, providing information
on both the released quantity of drug and its spatial
distribution. This strategy is expected to be of great
significance in the clinic: (i) to optimize dosage regimens in
order to reduce side effects and reliably maintain a sufficient
local dose to kill tumor cells and (ii) potentially for
pharmaceutical companies to help calibrate and optimize
drug doses for clinical trials.
Methods. Fe3O4 nanoparticles with 25 nm diameter were

purchased from Imagion Biosystems, Ltd. (San Diego, United
States). Poly(vinyl alcohol) (PVA), chloroform, Resomer RG
752 H, poly(D,L-lactide-co-glycolide) (PLGA), and doxorubicin
hydrochloride (DOX) were purchased from Sigma-Aldrich (St.
Louis, United States). Click-iT Plus TUNEL Assay for In Situ
Apoptosis Detection was purchased from Thermo Scientific
(Waltham, United States). Tissue Tek OCT compound was
purchased from Electron Microscopy Sciences (Hatfield,
United States). Annexin V and Alexa Fluor 488 conjugates
were purchased from Thermo Scientific (Waltham, United
States). Scanning electron microscopy (SEM) imaging was
performed on a Zeiss Sigma field emission SEM (Thornwood,
United States). Transmission electron microscopy (TEM)
imaging was performed on a FEI Tecnai transmission electron
microscope (Hillsboro, United States). Dynamic light
scattering (DLS) and ζ-potential measurements were per-
formed on a Malvern Zetasizer DLS instrument (Malvern,
United Kingdom). UV−vis spectroscopy was performed on
Agilent Cary 6000i UV/vis/NIR (Santa Clara, United States).
Fluorescence spectroscopy was performed on a Horiba
FluoroLog Fluorimeter (Kyoto, Japan). Magnetic particle
imaging (MPI) was performed on a MOMENTUM Imager
(Magnetic Insight, Inc., Alameda, United States). X-ray

computed tomography (CT) was performed on an Imtek
MicroSPECT/CT scanner (Knoxville, United States) with a
voltage of 70 kVp and current of 0.5 mA. Tissue cryosectioning
was performed on a Leica CM1850 (Wetzlar, Germany).
Fluorescence microscopy was performed on a Leica M205 FA
Stereomicroscope (Buffalo Grove, United States).

Synthesis of SPNCD. Fe3O4 nanoparticles (1 mg) were
mixed with 5 mg of PLGA in 5 mL of chloroform to form a
mixture. The mixture was added into 40 mL of aqueous
solution containing 0.3% PVA and processed with an
ultrasonic homogenizer to form an emulsion. The emulsion
was stirred at 40 °C overnight to evaporate chloroform and
form nanoclusters. The obtained nanoclusters were washed
with deionized water 3 times and then dispersed in PBS
solution. DOX-loaded nanoclusters were prepared by mixing
nanoclusters (6.6 mg mL−1) and DOX (143 μM) in PBS (pH
= 7.4) for 24 h, resulting in DOX loading by diffusion. The
resulting SPNCD was separated by centrifugation at 6000×g
and washed with PBS 3 times.

Magnetic Particle Imaging of SPNCD for Drug Release
Monitoring in Aqueous Solution. The as-prepared SPNCD
serves jointly as a drug delivery system and MPI-based drug-
release monitoring agent. Nanoclusters were dispersed in 50
μL of phosphate buffer (pH = 6.5) to form a solution
containing 30 μg mL−1 Fe3O4 nanoparticles. The solutions in
tubes were imaged for 6 time points (0, 0.5, 2, 5, 24, 48 h) with
MPI. UV−vis spectroscopy was used to measure the
absorption spectra of DOX released in the solution.

Magnetic Particle Imaging of SPNCD for Drug Release
Monitoring in Vitro. MDA-MB-231 breast cancer cells were
used to study intracellular SPNCD drug release. Cells were
incubated with SPNCD at a concentration of 90 μg/mL (mass
concentration of SPNCD) for different time periods (0, 0.5, 2,
5, 24, 48 h), and then cells were washed with PBS. The MPI
signal of cell samples at each time point was measured. The
fluorescent emission of DOX (from 540 to 630 nm) in the cell
samples excited by a xenon lamp at 488 nm was measured to
determine the quantity of DOX released from the nano-
composites at each time point via fluorescence spectrometry.

Evaluation of Cell Apoptosis. Cell apoptosis was
quantitatively evaluated by assessing Annexin V expression
on the outer leaflet of the cell membrane using flow cytometry.
Briefly, MDA-MB-231 cells were deposited into 6-well cell
culture plates and cultured at 37 °C and 5% CO2 for 24 h.
After that, cells were incubated with SPNCD at a mass
concentration of 90 μg/mL for 6 time periods (0, 0.5, 2, 5, 24,
48 h) and further cultured at 37 °C and 5% CO2 for another
24 h. Subsequently, cells were stained with Alexa Fluor 488-
Annexin V and then collected for flow cytometry analysis.

Tumor Xenografts. MDA-MB-231 breast cancer cells were
prepared by incubation with 0.05% trypsin-EDTA and then
collected by centrifugation and resuspended in sterile
phosphate buffered saline. Cells (5 × 106 cells per mouse)
were implanted into the mammary fat pads of six-week-old
female nude mice. Orthotopic tumor-bearing mice were
considered ready for quantitative drug release monitoring via
bioimaging when the tumors reached a diameter of at least 0.6
cm measured by calipers.

Magnetic Particle Imaging of SPNCD for Drug Release
Monitoring in Vivo. MDA-MB-231 tumor-bearing nude mice
were injected intratumorally with SPNCD at a concentration
of 90 μg/mL in 50 μL of PBS. The mice were imaged with
MPI at 6 time points (0, 0.5, 2, 5, 24, 48 h). Mice were imaged
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by X-ray CT (Imtek MicroSPECT/CT scanner) immediately
after each MPI time point to provide overlaid anatomic
information for MPI.
TUNEL Assay for Analysis of Tumor Apoptosis. 48 h after

intratumoral injection of SPNCD, SPNC, DOX, or saline,
tumors from tumor-bearing nude mice were harvested and
encapsulated in Tissue-Tek O.C.T. and then frozen. Tumor
tissues were sectioned by cryostat with a thickness of 2 μm per
slice. Tissue slices were treated with a Click-iT Plus TUNEL
Assay (Alexa Fluor 488 dye) kit for apoptosis detection.
Fluorescence images of tumor tissues were captured by
fluorescence microscopy. Alexa Fluor 488 dye was excited by
the 488 nm laser, and the emission was collected at 500−540
nm. The DOX signal was excited by a 488 nm laser, and
emission was collected at 580−630 nm.
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