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Abstract
Cocktail therapy by delivering multiple drugs to diseased cells can elicit synergistic therapeutic
effects and better modulate the complex cell signaling network. Besides selection of drug
combinations, a difficulty in delivery is how to encapsulate drugs with various solubility into a
common vehicle, particularly when both hydrophobic and hydrophilic compounds are involved.
Furthermore, it is highly desirable that the drug release profile can be controlled in an on-demand
fashion for balanced therapeutic and side effects. Based on a simple and scalable double-emulsion
approach, we report a new class of nanocapsules that can solve these problems simultaneously.
Further linking the nanocapsules with peptides targeting cell surface integrins leads to
significantly enhanced cell uptake of the nanocapsules. Intracellular drug release triggered by
external stimuli has also been achieved without affecting cell viability. Further development of
this technology should open exciting opportunities in treating tough diseases such as cancer,
cardiovascular diseases, neurological disorders, and infectious diseases.
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Recent advance in nanotechnology has produced a number of drug delivery systems based
on biodegradable polymers, micelles, liposomes, and inorganic nanoparticles for improved
therapeutic efficacy and reduced side effect. The versatility and flexibility of these delivery
vehicles in drug selection also allow simultaneous encapsulation of multiple types of drug
for cocktail therapy. Due to the molecular complexity of many diseases (in particular cancer,
cardiovascular diseases, neurological disorders, malaria, and AIDS), smart combination of
drugs can better modulate cell signaling network to maximize therapeutic effect and reduce
drug resistance.1–5 For example, it has been shown that co-delivery of paclitaxel and
interleukin-12-encoded plasmid using self-assembled polymeric nanoparticles can suppress
breast tumor growth in a mouse model more efficiently than the delivery of either compound
alone.6 Similarly, an upsurge of recent reports has demonstrated clear evidence of
synergistic effects between chemotherapy drugs and siRNA and reduced multidrug
resistance.7–10 Most recently, Ashley et al improved the loading capacity of cocktail drugs
by coating mesoporous silica with lipid bilayers to an unprecedented level that a single NP is
sufficient to kill a cancer cell.11
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Despite these recent advances in nanocarrier engineering, technological challenges (in
addition to the biological challenges such as identification of appropriate drug combination
and dosing) in encapsulating multiple therapeutic compounds in one NP still exist. First, it is
often difficult to find a common solvent for drugs of different solubilities and a common
carrier matrix compatible with all the ingredients in a drug cocktail, particularly when both
hydrophobic compounds (e.g., many chemotherapeutic drugs) and hydrophilic materials
(e.g., biologics) are involved. In this regard, a popular approach is double emulsion, based
on which nanoparticles with compartmentalized internal structure for both polar and non-
polar drugs can be made.12 For example, using double emulsion methods, Woodrow et al
have encapsulated siRNA molecules in biodegradable hydrophobic polymers for controlled
and sustained release of siRNA to vaginal mucosa,13 whereas Shi and coworkers have
shown outstanding siRNA loading efficiency in biodegradable polymer shells by a clever
selection of double emulsion surfactants (a positively charged lipid layer for formation of
hollow inner core and strong interaction with negatively charged siRNA, and a neutral lipid
layer to stabilize the overall NP).14 The second technological difficulty stems from the
kinetics of drug release. In most cases, this process is determined by the degradation rate of
the carrier matrix or the diffusion rate of therapeutic compounds, rendering the tunability of
drug release profile highly limited. In light that virtually all therapeutic compounds have
their own optimal concentration window: too much may lead to elevated side effects
whereas too little is insufficient to kill diseased cells, precise control of drug release profile
independent of drug and carrier properties can open exciting new opportunities for treatment
of tough diseases. In this context, here, we report a new class of nanocapsules (NCs)
prepared with a simple, versatile, and scalable double emulsion procedure with remotely
controlled drug-release profile.

RESULTS AND DISCUSSION
Synthesis and characterization of nanocapsules

As schematically illustrated in Figure 1a, our procedure employs water-in-oil-in-water (W/
O/W) double emulsion for encapsulating both hydrophilic and hydrophobic compounds. In
the first step, aqueous solution of hydrophilic compounds (in this study dye-labeled plasmid
DNA or water-soluble quantum dots as models) is emulsified with oleic acid as the
surfactant in chloroform containing a polymer matrix (poly(styrene-ally alcohol), PS16-
PAA10, m.w. 2,200) and hydrophobic dopants such as pyrene dyes and magnetic
nanoparticles (MNPs). Previously, MNPs have been used in magnetic separation,
biomedical imaging, hyperthermia, and magnetolytic treatment, depending on the strength
and frequency of external magnetic fields;15, 16 and here they serve as an actuator for
remotely controlled drug release. Inside alternating magnetic fields of proper frequency,
MNPs can quickly heat up the surrounding environment, resulting in deformation of drug
carriers or promoted drug diffusion.17–24 Due to better tissue penetration depth compared
with light and heat, magnetic field actuation has become a very attractive mechanism for
large-animal and potentially clinical uses.25 In the second step of the W/O/W double
emulsion, although the polymer matrix PS16-PAA10 has an amphiphilic nature, it is
insufficient to emulsify the organic solvent to form compact and uniform particles, and thus
chloroform is emulsified in a water continuous phase with polyvinyl alcohol (PVA, m.w.
9,000) as the surfactant. The organic phase is then slowly evaporated leading to
solidification of the NC shell.

The structures of the resulting nanocapsules are thoroughly characterized with transmission
electron microscopy (TEM) and dynamic light scattering (DLS). As shown in Fig. 1b, the
particles are well dispersed and uniform with an average diameter of approximately 260 nm.
Due to the nature of emulsion approach, the nanoparticles are not absolutely monodisperse
(standard deviation 30 nm). But interestingly, they share very similar internal structures,
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where the aqueous compartment and hydrophobic polymer phase are located on the opposite
sides of the NCs with majority of the MNPs sandwiched in between. Although oleic acid-
coated MNPs and PS16-PAA10 are both hydrophobic, they clearly exhibit phase separation
upon solvent evaporation, similar to immiscible polymer blends.26 In chloroform, oleic acid-
coated MNPs have significantly lower solubility than that of PS16-PAA10. Thus, as
chloroform evaporates, MNPs precipitate out first and form clusters, followed by
solidification of the polymer matrix.16 The NC size distribution of the resulting double
emulsion nanoparticles is also confirmed by dynamic light scattering (DLS) measurements.
Figure 1d displays a hydrodynamic diameter of 263 ± 42 nm for the same batch of particles,
confirming excellent colloidal dispersity in aqueous solution without the need of additional
surfactants, stabilizers, or surface modifications. Compared with the dry size measured with
TEM, the DLS size is slightly bigger, likely due to polymer swelling and the hydration
layers on nanoparticle surface.

To probe the structural tunability of the double emulsion nanoparticles, we varied the
quantity of MNPs and oleic acid in the initial stock solutions while keeping the polymer
concentration constant. TEM images in Figure 2 clearly reveal a size increase of the water
reservoir as MNP and oleic acid concentration increases. As the weight ratio of MNP/
polymer increases from 3.7 to 30%, the size and size distribution of the overall double
emulsion particles remain approximately unchanged (Table 1). Further increase the ratio to
60% leads to formation of polydispersed NCs. Despite this qualitative correlation between
the initial MNP and oleic acid concentrations and the final water compartment size inside
the nanocomposites, the exact volume of the water compartment is difficult to determine due
to its non-spherical shape.

Drug encapsulation and release
Next, we investigated the drug encapsulating capacity of the NCs using FITC-labeled
plasmid DNA and pegylated quantum dots (QDs) as model water-soluble compounds and
pyrene for hydrophobic payload. As shown in Figure 3a, the encapsulation efficiency (EE)
of the hydrophilic compounds (both DNA and QDs) gradually increases with the size of the
water compartment and peaks above 60%. Similar experiment performed with small-
molecule drug, doxorubicin, results in lower EE (20–53% for the same set of NCs), likely
due to faster diffusion of small molecules out of the NC either during the emulsion process
or after NC formation. The EE of hydrophobic compounds is generally high, ranging
between 65% and 95% for this set of samples. Due to the low water-solubility of the pyrene
molecules, once encapsulated, they remain in the NCs for months with low level of leaking.
In contrast, the release rate of the water-soluble compounds, FITC-DNA, is relatively low
but appreciable, likely regulated by the polymer shell. As shown in Figure 3b, in the absence
of magnetic induction, the NCs only release 7–25% of the encapsulated DNA over a period
of 2 days for the three NC samples studied. This slow release profile could find important
uses in sustained drug release. On the other hand, it will be difficult to tune for different
drugs with varying size, solubility, and therapeutic range. In this context, magnetic
triggering can be an important mechanism for remotely controlled drug release.27 Compared
with other on-demand drug release mechanisms such as near infrared illumination on
plasmonic metallic materials and ultrasound absorption by microparticles, magnetic
triggering offers outstanding tissue penetration depth and safety, in addition to the excellent
biocompatibility and biodegradability of iron oxide-based nanoparticles.

To demonstrate magnetic field-triggered release, one of the NC samples (B30) with
encapsulated DNA was placed in high-frequency magnetic fields (HFMF) of varying
strengths (0.8, 1.2, and 2.0 kA/m), because inductive heating of MNPs due to energy
absorption and subsequent magnetic relaxation has been well documented and applied
towards controlled drug release.17, 19–23, 28, 29 As shown in Figure 3c, a burst in DNA
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release is observed each time the magnetic field is applied and the quantity released seems to
be field strength-dependent: the stronger the magnetic field, the more DNA released. A
closer examination of the three experiment conditions, however, reveals interesting
differences between their release profiles. When the field strength is set at 0.8 or 1.2 kA/m,
the NCs’ drug release follows a burst-to-zero-to-burst staircase-shaped profile, indicating
that the thermally accelerated release is a reversible process. Likely, local inductive heating
changes the permeability of the hydrophobic shell and the diffusion rate of the encapsulated
DNA, leading to temporarily enhanced DNA escape. Switching off the magnetic pulse
makes the NCs return to their original states resulting in negligible DNA release in short
periods (e.g., 5 min between pulses). Indeed, similar reversible drug release due to thermal
triggering has been observed in capsule structures made of polyelectrolytes as well as
thermo-responsive hydrogels.18, 29 In comparison, when the magnetic field strength is
increased to 2.0 kA/m, a different trait of DNA release is observed, particularly when the
field is switched off. The drug release post exposure to magnetic fields is no longer
negligible, indicated by a small slope in the release curve during the time interval between
magnetic induction pulses. This observation suggests permanent damages occurred to NCs
due to the inductive heating, thus upon removal of the field, cargo DNA keeps leaking into
the environment. The released DNA molecules were further examined with gel
electrophoresis to confirm their original structure. As show in Figure 3d, the mobilities of
the original DNA and DNA released from nanocapsules are identical (same molecular
weight), indicating that the overall structure of the encapsulated DNA are not affected
during the triggered release process.

To quantify the release of hydrophobic molecules, similar experiments in the absence or
presence of HFMF were performed for pyrene as well. Without HFMF, less than 5% of the
encapsulated pyrene is released even after 10-day incubation, and the low-level release
mainly occurs during the first day, likely due to pyrene attached to NC surface or embedded
in superficial layers. In the presence of HFMF at high field strength (2.0 kA/m), the pyrene
release quickly increases to ~10% with just three pulses. The profiles of pyrene release are
generally similar to those of DNA molecules, but the total released quantities are
significantly less. Several factors may contribute to this effect. First, pyrene is highly
hydrophobic with low water solubility of 0.135 mg/L, favoring its partition in the more
hydrophobic NC core. Second, the magnetic nanoparticles are largely located at the interface
of the hydrophilic and hydrophobic compartments, and as a consequence, heat generated by
the MNPs unlikely will propagate throughout the polymer phase to promote drug diffusion.
We expect this issue can be addressed in future designs with MNPs homogeneous
distributed in the hydrophobic polymer phase, such as by changing MNP surface ligand or
polymer composition to improve MNP-polymer blending.

Cell targeting and intracellular DNA release
Following the systematic characterizations, we further demonstrated cell targeting and
intracellular DNA release using the nanocapsules. To link NCs with targeting ligands, their
surfaces are modified with carboxylic acid groups for conjugation with streptavidin,
followed by incubation with biotinylated RGD peptide targeting integrins, which play
important roles in angiogenesis and tumor cell metastasis and has been proposed as
therapeutic targets.30, 31 To evaluate the targeting specificity of the multifunctional NCs,
human breast tumor cells, MCF-7, with high expression levels of αvβ3 are incubated with
NCs with or without the targeting RGD peptide. For comparison, HeLa cells (cervical
tumor) with relatively low level of surface αvβ3 are used. We have confirmed αvβ3
expression of the two cell lines by labeling cells with biotinylated RGD peptide and
fluorescently labeled streptavidin. Flow cytometry measurements show that the fluorescence
of stained HeLa cells is distinguishable from negative controls but 6–7 times lower than that

Hu et al. Page 4

ACS Nano. Author manuscript; available in PMC 2013 March 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of MCF-7 cells (data not shown). After 24-hour incubation with RGD-targeted
nanocapsules, highly fluorescent MCF-7 cells (due to the encapsulated FITC-DNA) are
observed with confocal fluorescence imaging (Figure 4a). In fact, 4-hour incubation is
already sufficient to demonstrate the differential intracellular uptake between MCF-7 cells
treated with the RGD-targeted NCs, with the controls including MCF-7 cells treated with
non-targeted NCs, HeLa cells treated with targeted or non-targeted NCs. Quantitative flow
cytometry studies show fluorescence histograms of the three controls are located around the
first log, whereas that of the experiment group is centered around the third log (Fig. 4b),
indicating good targeting specificity.

A remaining important issue is whether the magnetically inducible cargo release can be
achieved in live cells without causing non-specific cytotoxicity. Below the maximum
permissible exposure (MPE) level (e.g., whole-body MPE set by IEEE is kW/cm2 for 50
kHz, IEEE C95.1-1991), electromagnetic field does not result in serious tissue damage.
However, in the presence of superparamagnetic nanoparticles, the field energy can be
captured efficiently and converted into heat, which serves as the key mechanism for
magnetically triggered drug release and hyperthermia-based therapy.32 In our study, cell
viabilities in the presence of the nanocapsules are only reduced by 3% and 5% before and
after the short exposure to the magnetic field (at 2 kA/m), indicating low level of chemical
and hyperthermia-induced toxicity of the NCs. This is perhaps not too surprising considering
the combination of low NC concentration in cells,19 short duration of field exposure, and
limited heat dissipation beyond nanoparticle surface.22 To investigate HFMF-induced DNA
release, the MCF-7 cells tagged with nanocapsules were exposed to HFMF (2.0 kA/m) for 2
min, followed by a one-hour incubation for DNA release. An approximately 5–6 fold
increase of intracellular fluorescence intensity was observed with flow cytometry (Fig. 5a)
and confocal microscopy (Fig. 5b), suggesting the escape of FITC-labeled DNA from the
NCs. This fluorescence enhancement could be due to reduced quenching and increased pH
values. When FITC-DNA molecules are encapsulated in the nanocapsules, partial quenching
due to high concentration of the dye molecules (also known as self quenching) and the
magnetic nanoparticles (have very broad absorption profile in the visible spectrum) are
likely to occur. Elimination of these potential quenching mechanisms by releasing FITC-
DNA into cytoplasm results in fluorescence enhancement. In addition, it is also known that
the fluorescence of FITC fluctuates with pH, which actually makes FITC a pH sensing
material. When FITC-labeled DNA gets released from acidic endosome to cytoplasm, its
fluorescence might increase too. To pinpoint the exact mechanisms and quantify their
contributions, further quantitative measurements are needed.

CONCLUSION
In summary, we have developed a new class of nanocapsules based on a simple, versatile,
and scalable double emulsion approach. The nanocapsules are capable of encapsulating both
hydrophobic and hydrophilic compounds at high efficiency. It is worth mentioning another
popular strategy for co-delivery of both hydrophilic and hydrophobic compounds: doping
small-molecule drugs inside nanoparticles and attach biomacromolecules to nanoparticle
surface. For example, Zhu et al have prepared biodegradable cationic micelles using A-B-A
triblock copolymers with paclitaxel encapsulated inside and siRNA molecules adsorbed to
the surface.10 Similarly, Meng and coworkers recently used mesoporous silica nanoparticles
to encapsulate a chemotherapeutic agent and immobilize siRNA molecules targeting efflux
transporters to overcome the multiple drug resistance (MDR) in cancer cells.33 Compared to
these designs, encapsulation of biomacromolecules inside could offer improved stability
against enzymatic degradation. Besides drug encapsulation, we further show that the
nanocapsules are responsive to external magnetic fields for remotely controlled drug release.
At low field strengths, the accelerated drug release profile is reversible when the HFMF is

Hu et al. Page 5

ACS Nano. Author manuscript; available in PMC 2013 March 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



turned off, whereas high field strengths can permanently damage NCs, leading to cargo
release in the absence of HFMF. This field strength-dependent behavior offers a sharper
response compared with nanocapsules responding to pH and temperature changes,34 and can
be potentially used for precise control of optimal therapeutics’ concentration. We were also
able to functionalize the NCs with RGD peptides for specific cell targeting through surface
integrins and to probe the possibility of intracellular cargo release. With short exposure to
HFMF, the cell viability is virtually unaffected, but the cargo release can be readily detected
by flow cytometry and confocal microscopy. Further development and optimization of this
technology can lead to new opportunities for cocktail therapy in particular when both
hydrophobic and hydrophilic compounds are involved.

MATERIALS AND METHODS
Unless specified, chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. FITC-labeled plasmid DNA (Label IT® Plasmid, 2.7 kb) was
purchased from Mirus (Madison, WI).

Synthesis of nanocapsules via double emulsion
Under pulsed sonication, water-in-oil (W/O) emulsion was carried out by emulsifying 100
μL aqueous phase in 500 μL PS16-b-PAA10 (m.w. 2,200 g/mol) polymer solution
(chloroform, organic phase) in the presence of oleic acid as the surfactant. For cargo
encapsulation, water-soluble compounds such as FITC-DNA or fluorophores were included
in the aqueous phase in advance, and hydrophobic compounds such as pyrene were added to
the polymer solution. The W/O emulsion was then added to another aqueous continuous
phase (2 mL) in the presence of PVA (m.w. 9–10k, 2%), and emulsified again with pulsed
sonication. The specific amounts of the regents are listed in Table 1. The W/O/W double
emulsion was stirred at room temperature for 24 hours to evaporate the organic solvent. The
resulting nanocapsules were washed with D.I. water for 3 times.

Bioconjugation of nanocapsules with RGD peptide
To add a small percentage of reactive carboxylic acid groups to the PVA surface, the
alkylation protocol developed by Weissleder et al was adopted with minor adjustments.35

Briefly, bromoacetic acid in water (1 wt%) was added dropwise to nanocapsules (0.5 g)
dispersed in sodium hydroxide (0.05 g) water solution (10 mL). The mixture was stirred
overnight at room temperature and neutralized with hydrochloric acid. After washing, the
nanocapsules with reactive carboxylic surface groups were activated with 0.4 M EDAC (1-
Ethyl-3-[3- dimethylaminopropyl] carbodiimide hydrochloride) and 0.1 M NHS (N-
Hydroxysuccinimide) for 30 min (pH 4.5). The activated beads were then quickly isolated
and incubated with streptavidin (0.1 mg/mL). After purification, cRGD-PEG2-biotin
(Peptides International, Inc., USA) was linked to the nanocapsules through the strong
streptavidin-biotin interaction.

Efficiency of drug loading and release
Hydrophilic compounds such as FITC-labeled pDNA, QDs, and pyrene were used as
models, with initial concentrations kept at 5 μg/ml, 3.4 nM, and 0.135 mg/L, respectively.
To assess the loading efficiency of the synthesized NCs, the fluorescent compounds left in
the supernatant were quantified after removing the nanocapsules by centrifugation. All
measurements were performed in triplicates. The encapsulation efficiency was calculated by
taking the ratio of (total amount of drug – drug remaining in the supernatant) over the total
amount of drug. The drug release profile is studied in the same way by spinning down the
nanocapsules and measuring fluorescence intensity of the supernatants. For magnetically
triggered release, high frequency magnetic fields (HFMF, 50 kHz) of various field strengths
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were applied to DNA-loaded nanocapsules. The HFMF inductive heating system consisted
of a power supply, function generator, amplifier, and a water-cooled (cooling water
temperature 25 °C) coil of 8 loops. This system offers variable magnetic field strengths in
the center of the coil between 0 and 2.5 kA/m. Similar HFMF setup can be found in
previously published work.36

Cell culture
HeLa (human cervical cancer) and MCF-7 (breast cancer) cells were maintained in DMEM
(Dulbecco’s modified Eagle’s medium) containing 10% fetal bovine serum, 100 units/mL
penicillin, and 100 μg/mL streptomycin. Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. Nanocapsule cellular uptake was observed on a confocal
microscope (Nikon C1) and quantitatively measured on a flow cytometer (BD
FACSCalibur).

Cytotoxicity characterization
Standard MTT assay was performed to determine the effect of the magnetic fields and the
nanocapsules. Briefly, cells were seeded at a density 10,000 cells/well in 96-well flat-
bottomed microtiter plates. After exposure to NCs and magnetic fields as described above,
the cells were incubated with 20 μl MTT solution for 4 hours. The media were then replaced
with 200 μl DMSO for absorption measurement with a plate reader.
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Figure 1.
Nanocapsule synthesis and size characterization. (a) Schematic illustration of the key steps
in nanocapsule preparation. In the first step (W/O emulsion), aqueous solution of
hydrophilic compounds (e.g., biologics) are emulsified in a volatile organic solvent (in this
paper, chloroform) with oleic acid as the surfactant, followed by the second round emulsion
(W/O/W) with PVA as the surfactant. (b, c) TEM images of the nanocapsules prepared via
the double emulsion approach. The scale bars are 500 nm for the low magnification image,
and 50 nm for the high magnification image. (d) Hydrodynamic size (263 ± 42 nm) of the
nanocapsules measured by DLS.
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Figure 2.
Nanocapsule size tunability. Increasing the concentrations of MNPs and oleic acid leads to
gradual size increase of NCs’ inner aqueous compartment. Scale bars: (a–e) 200 nm, and (f–
j) 20 nm. Due to the high density of nanoparticles on electron microscopy grid, some of
them appear to be connected. This is mainly because of the drying process during sample
preparation rather than aggregation in solution, which has been confirmed with DLS
measurements (see Table 1).
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Figure 3.
Characterization of NCs’ encapsulation efficiency and cargo release profile. (a) EE for
FITC-labeled plasmid DNA, water-soluble quantum dots, doxorubicin, and pyrene. The EE
of hydrophobic pyrene are generally high in all the formulations, where as the EE of
hydrophilic compounds appears to be dependent on the size of the hydrophilic compounds.
Macromolecules such as plasmind DNA and fluorescent nanoparticles are encapsulated
more efficiently than small molecule doxorubicin. (b) Cumulative DNA release from the
nanocapsules in the absence of HFMF. The release rates of all three samples are very slow:
over 10 days only 10–25% encapsulated DNA are released. At this time, the determining
factors of the different release rates of the three samples are not known and deserve
additional investigations. (c) HFMF-induced DNA release from nanocapsules. During the
short experiment period, DNA release is negligible without magnetic field triggering (black
curve). The release rate can be significantly increased if HFMF is applied. When the pulsed
magnetic field is set at 0.8 or 1.2 kA/m (blue and green), the NCs release DNA in a burst-
zero-burst fashion. When the pulsed field strength is increased to 2.0 kA/m (red), DNA
release is enhanced when the field is on, and becomes appreciable even when the field is
turned off. (d) Electrophoretic characterization of DNA structure after HFMF-induced
release (left lane: molecular ladder; middle: original DNA; right: DNA released from NCs).
The two bands in the middle and right lanes are likely due to DNAs with different 3-D
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conformation. As shown in the gel image, DNA molecules released from the NCs share the
same mobility with the original DNA sample, suggesting that the DNA molecules remain
intact. (e & f) Cumulative pyrene release profiles in the absence or presence of HFMF. The
overall trends for hydrophobic compound release with or without HFMF are similar to those
for hydrophilic compounds, but the total amounts released are significantly less.
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Figure 4.
Delivery of nanocapsules to cells via integrin targeting. (a) Laser-scanning confocal
fluorescence imaging of MCF-7 cells treated with RGD-targeted NCs. After 24 h
incubation, bright fluorescent signals are observed inside the cells. The fluorescent signals
appears to have a punctuate pattern that often indicating endosome trapping. But at the
current imaging resolution without endosome stained in a different color, the exact
intracellular location and the integrity of endosome membrane cannot be determined. (b)
Flow cytometry histograms of MCF-7 and HeLa cells after incubation with targeted and
untargeted NCs for 4 hours. Compared with the control groups (MCF-7 cells treated with
non-targeted NCs, HeLa cells treated with targeted, and non-targeted NCs), MCF-7 cells
treated RGD-targeted NCs show > 100x intracellular fluorescence signals on average.
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Figure 5.
HFMF-induced cargo DNA release in cells. (a) Fluorescence histograms of MCF-7 cells
without incubation with NCs (orange), incubated with NCs (green) for 4h, and incubated
with NCs for 4h and exposed to HFMF (2.0 kA/m) for 2 min (red). (b) Fluorescence
microscopy of MCF-7 cells incubated with NCs before (upper panels) and after (lower
panels) HFMF treatment. Upon exposure to HFMF, the fluorescence from FITC-DNA show
a 5–6 fold increase in intensity. Note that the NCs stay inside cells for approximately 5 h
total. Based on Figure 3, without HFMF the passive release of DNA should be at very low
level over the 5 h period.
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