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Remotely Triggered Release from Magnetic Nanoparticles**
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Multivalent nanoparticles have tremendous potential in the
diagnosis and treatment of human disease.!'! Their multiva-
lency allows simultaneous conjugation of targeting ligands to
improve nanoparticle homing, polymers (e.g., polyethylene
glycol (PEG)) to improve nanoparticle pharmacokinetics, as
well as therapeutic drug cargo. Drug release from a nanoparti-
cle surface has been accomplished by bonds that are sensitive
to hydrolytic degradation” or pH;®! however, complex re-
lease profiles that can be controlled from large distances
(>10 cm) have not been achieved. Here, we describe a multi-
functional nanoparticle that is: (1) multivalent, (2) remotely-
actuated, and (3) imaged non-invasively by magnetic reso-
nance imaging. Superparamagnetic nanoparticles act as trans-
ducers to capture external electromagnetic energy at 350-
400 kHz, which is not significantly absorbed by tissue, to dis-
rupt hydrogen bonding between complementary oligonucleo-
tides on demand. With a nucleic acid strand covalently linked
to the nanoparticle, dye-labeled single stranded DNA (a mod-
el antisense therapeutic) self-assembles on the particle’s sur-
face, forming a tunable, heat-labile linker. The multifunctional
nanoparticles are used to demonstrate remote, pulsatile re-
lease of a single species and multistage release of two species
in vitro, as well as noninvasive imaging and remote actuation
upon implantation in vivo.
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Release from surfaces or polymers triggered by an external
stimulus (electric current,*! magnetic fields® tempera-
ture,’® light,’! ultrasound'”)) has been extensively studied
(reviewed in[”]). These strategies, however, have been princi-
pally applied to macro- and micro-scale materials and drug re-
servoirs. For focal diseases, such as cancer, these devices must
be implanted at the tumor site (e.g., Gliadel). Another ap-
proach is to replace these larger depots with drug-carrying
nanoparticles that can be individually targeted to the tumor.
Heat!"”! and light-sensitive!"® liposomes, for example, can be
delivered systemically and their contents released in response
to an external stimulus. Our strategy has the added advantage
of radiofrequency electromagnetic field (EMF) activation,
which improves penetration depth over heat or light (at
400 kHz, field penetration into 15 cm of tissue is > 99 %),
Similarly, energy absorption, and thus background heating, of
water and tissue is insignificant in the 350-400 kHz frequency
regime.'”! In contrast, when applied to magnetic materials,
these fields produce heat as the magnetic dipole of the materi-
al aligns with the external field.'*171 we conjugated a 30 bp
DNA to dextran-coated iron oxide nanoparticles and added a
complement of 12, 18, or 24 bp linked to a model drug, a fluo-
rophore. Excess fluorescent DNA was removed by trapping
the particle on a magnetic column and washing with buffer.
Particles were trapped in a matrigel plug as an in vitro model
of tumor tissue, allowing fluorescent DNA to diffuse out into
the surrounding buffer only when liberated from the particles.
In Figure 1B we demonstrate pulsatile release of a fluoro-
phore initiated by EMF pulses (400 kHz, 1.25 kW) of 5 min
duration every 40 min. The fluorescence of the surrounding
buffer increased markedly in the sampling immediately after
EMF application, followed by a fluorescence decrease in sub-
sequent samplings. Because much of the fluorescent DNA re-
hybridized to the particles upon cooling of the plug to room
temperature, subsequent EMF application allowed further re-
lease. Such a profile would be useful for metronomic dosing
of a cytotoxic drug.“g]

The use of a nucleic acid duplex as a heat-labile linker adds
the additional feature of temperature tunability through
changes in chain length and variations in G/C content. Using
a variable-gain RF amplifier to control particle heating, bio-
molecules tethered to these oligonucleotides can be released
in multiple stages. In Figure 1C we use oligonucleotides of
two different lengths and corresponding fluorescent species
(12 bp, FAM; 24 bp, HEX) to demonstrate the potential for
complex release profiles. Low power EMF pulses (0.55 kW)
triggered release predominantly of FAM by melting of the
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Figure 1. Electromagnetic field (EMF) triggered release of nanoparticle-tethered dye in pulsatile and multistage profiles. A) Particles were assembled
by first covalently linking a 30 bp “parent” strand to a dextran-coated, iron oxide superparamagnetic nanoparticle, and then allowing a fluorescent
complement (of 12, 18, or 24 bp) to hybridize. B) In vitro, nanoparticles hybridized to fluorescein-conjugated 18 bp were embedded in hydrogel plugs.
Repeated EMF pulses of 5 minutes resulted in corresponding release of fluorescein. Alteration of oligonucleotide duplex length shifts response of
heat-labile tether enabling complex, tunable release profiles. Low power EMF exposure results in release of FAM-conjugated 12 bp whereas higher

power results in simultaneous melting of both 12 bp and 24 bp tethers (C).

12 bp complement whereas higher power (3 kW) led to simul-
taneous release of both species. Such a profile could be used
to release multiple drugs in series, synergistic drug combina-
tions such as a chemosensitizer and chemotherapeutic, or
combination regimens such as antiangiogenic and cytotoxic
compounds.!”!

This release scheme relies on sufficient temperature rise in
vivo to initiate the DNA melting. While heating sufficient to
trigger release cannot be attained at the single particle level
(AT ~ 107 °C),”! accumulation of a critical mass at a tumor
site allows remote triggering through EMF application. It is
therefore of interest to determine the nanoparticle concentra-
tions required to heat various tumor diameters. Using an
EMF setup and iron oxide formulation, we experimentally de-
termined the relationship between temperature rise, particle
concentration and sample diameter (Fig. 2) and fit these re-
sults to a conductive heat transfer model derived from Four-
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ier’s law.”Y! We determined that heating to 42°C in vivo
would require ~ 1.2 mg particles in a 1 cm diameter spherical
tumor. These data serve as an upper bound on the potential
for collateral heating as the model is based on steady-state
temperature rise- shorter heating intervals can be used to gen-
erate steeper temperature gradients between the tumor and
surrounding tissue. For release to occur, elevated tempera-
tures are only required for short time periods, as DNA oligo-
nucleotides disassociate tens of microseconds after sufficient
heat is applied.”!! Our experiments show that reducing heat-
ing interval from 5 minutes to 30 seconds significantly reduces
collateral heating (not shown); however, achieving a similar
temperature rise with a shorter heating interval requires high-
er particle concentrations or increased EMF strength.

Next, we explored the use of the multifunctional nanoparti-
cles in vivo by implantation of a subcutaneous model tumor
consisting of a matrigel plug containing nanoparticles in living
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Figure 2. EMF-induced temperature rise varies with particle concentration

and sample diameter. A) Experimental data was collected by applying maxi-

mum EMF (3 kW power) to solutions of various diameters D) containing various concentration of magnetic particles (p). B) These data (open circles)

qpD?

were fit to a conductive heat transfer equation AT = =——, where k is thermal conductivity (for water: 0.64 W m™' °C™"), and q is the heating rate (mW

36k’

mg™). With a threshold of 5 °C temperature rise to trigger release, these results estimate a minimum of 1.2 mg particles must be delivered to a 1 cm

diameter tumor.

mice. We examined the release of a fluorescein-labeled 18 bp
oligonucleotide by EMF exposure of 3 kW and 5 min. After
EMF treatment, tissue surrounding the model tumor was re-
moved and examined for the presence of released dye. Fluo-
rescent micrographs of histological sections in Figure 3B and
C depict a dramatic increase in penetration depth of the mod-
el cargo into surrounding tissue due to EMF exposure. Image
analysis was performed on 24 fluorescent images from each

implant_,,
edge

group (3 animals, 8 images each). The average distance of
fluorescence signal from the tissue/implant boundary in ani-
mals treated with EMF was approximately six-fold over unex-
posed controls (250 + 11 vs. 42 £ 3 um, meantSEM). Such an
increase in penetration depth could prove useful for treatment
of the tumor periphery — areas often underdosed in hyperther-
mia generated by thermal seeds.”” For deep-seated tumors,
the use of EMF energy to break bonds remotely is an advan-
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Figure 3. Remotely triggered release from nanoparticles in vivo. Nanoparticles were mixed with matrigel and injected subcutaneously near the poster-
ior mammary fat pad of mice, forming model tumors (A). Application of EMF to implants containing 18 bp tethers resulted in release of model drugs
and penetration far into surrounding tissue (B) when compared to unexposed controls (C, scale bar = 100 micrometers). These mice were imaged
with a 7T MRI scanner, and transverse section shown in (D) depicts image contrast due to presence of nanoparticles (arrow).
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tage over near-infrared light and other potential triggers that
are more efficiently absorbed or scattered by tissue.*! In ad-
dition to facilitating remote actuation, the magnetic particle
core allows noninvasive visualization by MRI, as depicted in
Figure 3D, suggesting the potential for simultaneous diagnosis
and therapeutic delivery.

In our view, the fabrication of integrated, multifunctional
nanodevices offers the potential to shift the current paradigm
whereby diagnostics and therapeutics are sequential elements
of patient care. In this example, nanoparticles could be deliv-
ered intravascularly using homing peptides,” used to visual-
ize diseased tissue by MRI and then to guide focused applica-
tion of electromagnetic energy, ultimately enabling remote,
physician-directed drug delivery with minimal collateral tissue
exposure. Instrumentation to apply high power, kHz-fre-
quency fields to human patients is under development[ZS] and
the performance of our remote actuation platform can be im-
proved in the future by new materials and chemistry. Particle
cores with higher magnetization would result in greater heat-
ing efficiency, requiring a lower particle concentration for re-
lease. Additionally, an improved heat-labile tether, with a
sharp temperature transition slightly above 37 °C, might be
obtained by attaching several duplexes in parallel,?*! and non-
native nucleic acids may be used to mitigate the potentially
deleterious effects of tissue nucleases. Despite the many
promising avenues of further development presented above,
the existing platform presented here demonstrates the ability
to remotely trigger release of a biomolecule from the surface
of a nanoparticle in vivo, thereby validating a ‘modular’ capa-
bility that can be adapted to improve the multifunctionality of
a plethora of other nanomaterial formulations (e.g., near-in-
frared heating of gold nanoshells®! and carbon nano-
tubes®’)).

Experimental

Particle Preparation: Synthetic 30 bp ‘parent’ DNA (5’-Thiol-GAA
GTG CGG TTA GTC GGC TTG AAT CAG CGA) was conjugated
to 50 nm aminated magnetite nanoparticles (dextran-coated, Micro-
mod), using sulfo-SMCC (Sigma) as the crosslinker. As the particles
were found to contain ~ 10* amine groups by fluorescamine assay, a
1000x excess of DNA was used in a two step reaction. Particles were
first reacted with crosslinker for 1 h, filtered on a magnetic column
(Miltenyi Biotec) to remove excess crosslinker, added to reduced
DNA, and reacted overnight. After filtration of unconjugated parent
DNA using a magnetic column, fluorescent complement DNA was
added to the particles (in PBS) and allowed to hybridize overnight.
The sequences used in these experiments were as follows (5’ to 3°):
24 bp complement (CGC TGA TTC AAG CCG ACT AAC CGC),
18 bp complement (TGA TTC AAG CCG ACT AAC), 12 bp com-
plement (TCG CTG ATT CAA). Dye conjugations were performed
by the DNA supplier and occurred at the 5’ end of the oligonucleo-
tides. After hybridization, particles were filtered on a magnetic col-
umn at 4 °C to remove unbound complement.

Model Tumor Preparation: Phenol red free, growth factor reduced
matrigel (400 pL, BD Biosciences) was added to 100 pL of particles.
To obtain 1.05 % total concentration of particles, 75 uL. of DNA-con-
jugated particles (-~ 3.3 mg mL™") were added to 25 uL of similar
50 nm particles (200 mg mL™, Chemicell). Gels (total volume
500 pL) were mixed at 4 °C to prevent gelation.
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In Vitro Experiments: For in vitro experiments, gels were added to
polypropylene microcentrifuge tubes and incubated at 37°C for
45 min to allow gelation. Gel plugs were then washed three times with
500 pL of PBS over 15 min. Buffer (200 pL) was added to the plugs,
and sampled and replaced with fresh buffer at 10 min intervals. When
treated with EMF during a time interval, fields were switched on for
5 min only, preceded by ~ 2.5 min and followed by ~ 2.5 min at room
temperature. When fields were not applied during an interval, sam-
ples remained at room temperature. Supernatant samples were as-
sayed on a plate-reader fluorometer (Molecular Devices Gemini XS)
and amount of DNA quantified with standards.

In Vivo Experiments: Prior to injection of matrigel plugs into mice,
approval from the Burnham Institute Animal Use Committee was ob-
tained (AUF 05-054). In these experiments, 500 pL volumes were in-
jected subcutaneously near the posterior mammary fat pad of six
athymic nude mice and allowed to gel for 45 min. Prior to injection,
animals were anesthetized with Avertin (tribromoethanol) and re-
mained under anesthesia during the remainder of the experiment.
Three animals were treated with EMF for two 5 min doses, with
15 min between field applications (+EMF), while three were not
treated (-EMF). For treatment, mice were placed inside a plastic
tube, which was mounted inside a horizontal two-turn copper coil.
One hour after EMF treatment, animals were sacrificed. Model
tumors and surrounding tissue (fascia and skin) were removed and
embedded in OTC for histology. Sections were stained with DAPI
and an anti-fluorescein antibody (followed by fluorescein conjugated
secondary) to amplify small signals. To quantify penetration depth,
8 images of the tissue/implant boundary were taken for each animal
(3 animals per group, 24 images total). DAPI staining was used to
demarcate the boundary between the two regions. Using Metamorph
software (Universal Imaging), green fluorescence on the tissue side of
the boundary was quantified. For each fluorescent “object”, the area
and distance from the tissue boundary was measured. An area-
weighted average distance was calculated.

Radiofrequency Electromagnetic Field Applicator: A 3 kW induc-
tion heating power supply (Ameritherm Nova 3) was used with a re-
mote heating station and custom-made coils. The coil for in vitro ex-
periments was 2.5 turns, 12 mm ID, and resonated at 400 kHz. For
the heat transfer model and mice experiments, a 2-turn, 30 mm OD
coil resonating at 338 kHz was used. All coils were constructed from
4.88 mm OD copper tubing and spray-coated with insulating paint.
During experiments, cooling water (10-16 °C) was circulated through
the coil.

MR Imaging: T1-weighted data sets of mice implanted with iron ox-
ide particle containing gel plugs were acquired using a horizontal bore
7-Tesla imaging spectrometer (General Electric). T1-weighted acqui-
sition was intended to achieve good anatomical detail. Data were ac-
quired using a custom small animal imaging coil. Imaging parameters
included a spin echo sequence, TR 500, TE 12, 40 mm field of view,
matrix 256 x 256, slice thickness 0.5 mm.
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