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The intrinsic nature of small-molecule chemotherapeu-
tics, including 1) limited aqueous solubility, 2) systemic
toxicity because of a nonspecific whole-body distribu-
tion, and 3) potential development of drug resistance
after initial administration, compromises their treat-
ment efficacy.[1] Recently, nanoparticle (NP)-based
drug delivery systems have been considered as promis-
ing alternatives to overcome some of these limitations
and begin to resolve obstacles in the disease manage-
ment in clinical oncology.[2] The intraparticular space of
a NP vector can be employed to package drug payloads
without constrain associated with their solubility. Fur-
ther, NP vectors exhibit enhanced permeability and
retention (EPR) effects[3] that facilitate the differential
uptake, leading to a preferential spatio-distribution in
the tumor.[4] However, conventional NP drug delivery
systems tend to passively release drug payloads, limiting
the ability to release an effective drug concentration at
a desired time window. Therefore, there is a need to
develop next-generation NP drug delivery system such
as a stimuli-responsive drug release system with the
goal of achieving spatio-temporal control, by which an
acute level of drug concentration can be delivered at the
time point when the NP vectors reach maximum tumor
accumulation.[5] By doing so, it is expected to dramat-
ically improve therapeutic effects in the tumor and
effectively reduce systematic toxicity at a minute drug
dosage.[6]

Previously, we demonstrated a convenient, flexible,
and modular self-assembled synthetic approach for the
preparation of supramolecular nanoparticle (SNP)
vectors from a collection of molecular building blocks
through a multivalent molecular recognition between ada-
mantane (Ad) and b-cyclodextrin (CD) motifs.[7] Such a self-

assembled synthetic strategy enables control over the sizes,
surface chemistry, and payloads of SNP vectors for a wide

Scheme 1. Molecular design, self-assembly, and function of magnetothermally
responsive doxorubicin (Dox)-encapsulated supramolecular magnetic nano-
particles (Dox�SMNPs). 1) The self-assembled synthetic strategy is employed
for the preparation of Dox�SMNPs, which is made from a fluorescent anti-
cancer drug (Dox) and four molecular building blocks: Ad-PAMAM, 6 nm Ad-
grafted Zn0.4Fe2.6O4 superparamagnetic nanoparticle (Ad-MNP), CD-PEI, and
Ad-PEG. 2) The embedded Ad-MNP serves as a built-in heat transformer that
triggers the burst release of Dox molecules from the magnetothermally
responsive SMNP vector, achieving on-demand drug release upon the remote
application of an alternative magnetic field (AMF).
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range of diagnostic and therapeutic
applications such as positron emission
tomography (PET) imaging,[7] mag-
netic resonance imaging (MRI),[8] pho-
tothermal treatment,[9] as well as
highly efficient delivery of genes,[10]

transcription factors,[11] and drug–poly-
mer conjugates.[12]

Herein, we introduce magnetother-
mally responsive doxorubicin-encap-
sulated supramolecular magnetic
nanoparticles (Dox�SMNPs) as
a unique on-demand drug delivery/
release system (Scheme 1). The supra-
molecular synthetic strategy[7–12] was
employed to prepare size-controllable
Dox�SMNPs composed of the fluo-
rescent anti-cancer drug, Dox, and
four different molecular building
blocks, including Ad-grafted polyami-
doamine dendrimers (Ad-PAMAM),
b-CD-grafted branched polyethyleni-
mine (CD-PEI), Ad-functionalized
polyethylene glycol (Ad-PEG), and
6 nm Ad-grafted Zn0.4Fe2.6O4 super-
paramagnetic nanoparticles (Ad-
MNP). The EPR effects are expected
to drive preferential tumor accumula-
tion of Dox�SMNPs,[4, 13] which con-
stitutes the spatio-control of
Dox�SMNPs. According to our
design, the embedded magnetic NP
(Ad-MNP) serves as a built-in trans-
former that converts radiofrequency
external alternative magnetic field (AMF) into heat, allowing
for stimuli-responsive drug release from Dox�SMNPs. To
determine the ideal size of Dox�SMNPs for the proper
spatial distribution and optimal temporal point for the
maximized tumor accumulation of Dox�SMNPs, 64Cu-la-
beled Dox�SMNPs are prepared by incorporating a radio-
isotope (i.e., 64Cu2+) in the presence of a DOTA ligand
(DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) and then subjected to PET-based in vivo imaging
studies. In parallel, the optimal AMF condition was deter-
mined by monitoring Dox release from Dox�SMNPs in vitro.
Based on the results from both in vivo biodistribution and
in vitro AMF optimization studies, we were able to design an
optimized in vivo protocol for Dox�SMNPs to accomplish
effective cancer therapy. Taken together, an acute level of
drug concentration can be delivered to a tumor with spatio-
temporal control thus significantly reducing the drug dosage.

The strong heat induction from zinc-doped MNP, because
of its higher saturation magnetization value, makes this
inorganic NP an ideal component for incorporation into our
thermally responsive SNP vector.[14] We modified the 6 nm
zinc-doped MNP with Ad, so that Ad-MNP (Figure 1 a) can
serve as one of the molecular building blocks for incorpo-
ration into Dox�SMNPs through self-assembly. By fine-
tuning the different ratios of the molecular building blocks,

three sizes of Dox�SMNPs are prepared (70, 100, and
160 nm, Figure 1b–d). All three sizes of the Dox�SMNPs
have a narrow size distribution measured by light scattering,
and the Dox encapsulation efficiency is determined to be
about 95 % (see Figure S2 in the Supporting Information).

A key physical parameter that determines the overall
biodistribution pattern and therapeutic performance is the
size of the Dox�SMNPs.[2b,15] We used micro-PET imaging to
identify an optimal size of the Dox�SMNPs with the highest
retention in a tumor. Three sizes (70, 100, and 160 nm) of
64Cu-labeled (300 mCi) Dox�SMNPs were synthesized (see
the Supporting Information) and injected into DLD-1 tumor-
bearing NU/NU mice by intravenous (i.v.) administration.
The time-dependent accumulation of the three Dox�SMNPs
in the tumor versus the whole body are summarized and
plotted in Figure 1e. The results show that the 70 nm
Dox�SMNPs achieve their maximum tumor accumulation
at 36 h post-injection, which is the critical time point for the
optimal spatial distribution of Dox�SMNPs. The representa-
tive two-dimensional cross-sections of static filtered back-
projection micro-PET images of the three Dox�SMNPs
taken at 36 h post-injection are shown in Figure 1 f–h,
indicating that 70 nm Dox�SMNPs have the highest tumor-
specific uptake among the three sizes; therefore, the 70 nm
Dox�SMNPs were chosen and used for further in vitro and

Figure 1. Characterization and biodistribution of Dox�SMNPs. a–d) Transmission electron micro-
scope (TEM) images of a) 6 nm Ad-MNP and Dox�SMNPs with various sizes of b) 70�9,
c) 96�7, and d) 161�8 nm. Insets: Higher magnification TEM images of each Dox�SMNPs.
e) Time-dependent accumulation of the three Dox�SMNPs in the tumor versus the whole body of
NU/NU mice measured by micro-PET (n = 3). f–h) 2-D micro-PET cross-sections images, created
using a filtered back-projection, of mice bearing a DLD-1 tumor (n = 3) at 36 h post-injection of
70, 100, and 160 nm 64Cu-labeled Dox�SMNPs. Each image was scaled to its own maximum. The
70 nm Dox�SMNPs show the highest tumor-specific uptake among the three studies.
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in vivo studies. We note that the high signal measured in the
liver should not be a major concern since it is presumably due
to demetalation of 64Cu from the DOTA ligand,[16] and thus
does not accurately represent the location of Dox�SMNPs in
that organ (see quantified biodistribution and clearance data
in the Supporting Information).

The self-assembly of Ad-PAMAM, Ad-MNP, CD-PEI,
and Ad-PEG generates SMNP vectors with intraparticular
cationic hydrogel networks. Such hydrogel networks consti-
tute a unique nano-environment that induces self-organiza-
tion of Dox molecules driven by their intermolecular p–p

stacking interactions.[17] As a result, the fluorescent signal of
encapsulated Dox molecules is quenched almost completely
(ca. 97%, see Figure S3) when associated with the SMNP
vector. AMF is used as an external on-demand control to
trigger the fast release of encapsulated Dox from the
disassembled SMNP vector through magnetic heating.[9]

Once released from the SMNP vector, the fluorescence of
Dox molecules is restored. We used this photophysical
property of Dox to investigate the magnetically activated
drug release performance of Dox�SMNPs as a function of the
AMF duration (500 kHz, 37.4 kAm�1). The results show that
the drug release from Dox�SMNPs nearly saturates with
10 minutes of AMF without raising the temperature of the
surrounding solution (see Figure S7b). When we applied
multiple AMF pulses for a duration of 2 minutes to the
Dox�SMNPs with an 8 minutes interval (Figure 2a), approx-
imately 50% of the encapsulated Dox molecules are released
in the first AMF pulse (Figure 2a, red line), while more Dox is
released in a stepwise fashion after subsequent AMF pulses
up to 7 or 8 pulses (50 minutes; Figure 2a, black line). Based
on these results, we selected a single pulse of the AMF
application with a 10 minutes duration as an effective AMF
condition of Dox�SMNPs-based drug delivery system in
further in vitro and in vivo studies, which can achieve on-
demand release of an acute level of Dox concentration while
avoiding unregulated drug release and thermal heating of the
surrounding medium.

In vitro on-demand release of Dox from the 70 nm
Dox�SMNPs were investigated for a DLD-1 colorectal
adenocarcinoma cell line with (Figure 2b, left column) and
without (Figure 2b, right column) the application of
a 10 minutes AMF (500 kHz, 37.4 kA m�1). After the cells
(1.5 � 104) are treated with the 70 nm Dox�SMNPs
(200 mgmL�1 treatment), minimal drug release with dim
Dox fluorescence and no cell damage are observed (Fig-
ure 2b, right column). However, after exposure to AMF,
blebbing and Dox fluorescence (red) is significantly increased
(Figure 2b, left column). Also, nucleus fragmentations[18] and
formation of apoptotic cell bodies are seen, demonstrating the
consequence of effective Dox release from the Dox�SMNPs
under AMF application. A CCK-8 assay is used to quantify
the cell viability showing the decrease of the viability to 30%
after AMF application. Without the application of AMF,
negligible cytotoxicity is observed and AMF alone has no
effect on the cell viability (Figure 2c).

Based on the systemic biodistribution results (optimal
time point, i.e., 36 h post-injection, Figure 1e) and the in vitro
drug release experiments (favorable AMF condition, i.e.,

10 min, Figure 2), we designed an idealized in vivo treatment
protocol of the 70 nm Dox�SMNPs for cancer therapy. When
the tumor volume of DLD-1 xenografted mice (n = 3)
reached 100 mm3, the Dox�SMNPs (70 nm, 150 mgkg�1)
were administered intravenously (day 0) followed by AMF
treatment (10 minutes, 500 kHz, 37.3 kA m�1) after 36 h post-
injection. Anti-tumor efficacy results treated with
Dox�SMNPs (w/and w/o AMF) and other control studies
(i.e., AMF only and PBS only; PBS = phosphate buffered
saline) are summarized as plots of tumor volume over the
course of treatment in Figure 3a. The control groups (i.e.,
Dox�SMNPs w/o AMF, AMF only, and PBS) do not show
any statistically significant differences in tumor suppression
(Figure 3a). The group treated with a single injection of
Dox�SMNPs with applied AMF shows tumor suppression
efficacy only up to day 7 (Figure 3a, red line). In contrast, the
group treated with a double injection (day 0 and day 7) of
Dox�SMNPs with AMF shows continued and effective
inhibition of tumor growth (Figure 3a, black line). The
tumor images of each group are shown in Figure 3b, which
visually confirm the effective tumor suppression of the doubly

Figure 2. In vitro drug release and therapeutic efficacy of the 70 nm
Dox�SMNPs. a) Dox release profiles upon the application of AMF in
either multiple pulses (black line; 2 minutes of pulse duration with
8 minutes of non-pulsed intermittence) or in a single pulse (red line;
2 minutes of pulse duration). Approximately 50% of the encapsulated
Dox molecules are released in the first AMF pulse and the rest of the
Dox molecules is released stepwise in subsequent AMF pulses. Blue
arrows indicate the time point at which AMF is applied. b) Fluores-
cence microscopy images of DLD-1 colon cancer cells treated with
Dox�SMNPs with (left) and without (right) the application of
a 10 minutes continuous AMF (500 kHz, 37.4 kA m�1). Images from
top to bottom: Differential interference contrast (DIC) image showing
the cell morphology. DAPI-stained image showing the nuclei
(DAPI = 4’,6-diamidino-2-phenylindole). Dox fluorescence indicating
the presence of Dox. Merged image of DAPI and Dox. Dox molecules
are released from Dox�SMNPs upon AMF application and then enter
into nuclei, which leads to cell apoptosis. Scale bar: 10 mm. c) Cell
viability results of DLD-1 cells treated with and without Dox�SMNPs
before and after application of AMF for 10 minutes through a CCK-8
assay (***p�0.001).
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injected Dox�SMNPs with AMF application. In addition, the
drug-free vector (SMNPs w/o Dox) was administered follow-
ing the same protocol, which gives similar results as control
groups indicating that the effect of thermal heating by SMNPs
is negligible (see the Supporting Information). It is notable
that our Dox�SMNPs system only requires a low amount of
drug (2.8 mgkg�1 Dox per injection) for tumor suppression,
which is three orders of magnitude less than other NP systems
(see Table S1 in the Supporting Information).[6d, 19]

In conclusion, we successfully demonstrate an on-demand
drug delivery/release system that uses magnetothermally
responsive Dox�SMNPs for highly effective in vivo cancer
treatment. An optimized in vivo treatment protocol of
Dox�SMNPs was designed after studying their biodistribu-
tion at a systemic level and evaluating in vitro the trigger
release of Dox under optimal AMF condition. This on-
demand drug release system used 1/1000 of the drug dosage
compared to existing protocols (see the Supporting Informa-
tion). We expect that this cutting edge drug delivery/release
system with spatio-temporal controllability may open up
clinical opportunities for drug candidates that exhibit good
therapeutic efficacy but fail toxicology testing by ensuring
increased selectivity and reducing side effects.
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