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Abstract

While nanoparticles maximize the amount of chemotherapeutic drug in tumors relative to normal
tissues, nanoparticle-based drugs are not accessible to the majority of cancer cells because
nanoparticles display patchy, near-perivascular accumulation in tumors. To overcome the
limitations of current drugs in their molecular or nanoparticle form, we developed a nanoparticle
based on multi-component nanochains to deliver drug to the majority of cancer cells throughout a
tumor while reducing off-target delivery. The nanoparticle is composed of three magnetic
nanospheres and one doxorubicin-loaded liposome assembled in a 100-nm-long chain. These
nanoparticles display prolonged blood circulation and significant intratumoral deposition in tumor
models in rodents. Furthermore, the magnetic particles of the chains serve as a mechanical
transducer to transfer radiofrequency energy to the drug-loaded liposome. The defects on the
liposomal walls trigger the release of free drug capable of spreading throughout the entire tumor,
which results in a wide-spread anticancer effect.
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Although potent chemotherapeutic drugs are available to oncologists, the clinical utility of
these agents is limited by their toxicity, leading to use of suboptimal doses that are often
lower than necessary for cancer eradication /n vivo. For example, doxorubicin (DOX)

exemplifies a potent chemotherapeutic agent with highly problematic systemic toxicity.!
While chemotherapeutic agents are distributed within tumors and healthy tissues in a non-
specific manner, nanoparticle-based drugs have been developed to exploit a feature of the
tumor microenvironment, the so-called ‘Enhanced Permeability and Retention’ (EPR)
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effect.2 Nanoparticles function as carriers for selective entry into tumors through their
altered vasculature while reducing off-target delivery.3

While nanoparticles maximize the amount of drug in the tumor relative to normal tissues,?
the drug is not available to the majority of cancer cells as nanoparticles display patchy, near-
perivascular accumulation in tumors.*-6 Nanoparticles en route to their target face numerous
biobarriers created by the abnormal tumor physiology including erratic blood flow, low
convective transport due to high interstitial pressure, abnormal extracellular matrix (ECM),
large diffusion distances in some tumor regions, and binding to tumor and stroma cells and
the ECM. These biobarriers limit the extravasation and interstitial transport of nanoparticles
into tumors.> Nanoparticles typically display a patchy distribution within the well-
vascularized regions of tumors, while they are absent in the avascular regions of tumors.’-2
Even after successful extravasation, nanoparticles remain proximal to the vessel wall.# Due
to negligible convection in the tumor interstitium, nanoscale agents rely solely on passive
diffusion to be transported through the ECM. Unfortunately, diffusion of nanoparticles is
very inefficient as it is much slower than diffusion of small molecules. Additionally, tissue
penetration of nanoparticles is further limited by cellular obstacles and ECM
components,10-12

While free drug in its molecular form quickly spreads in the tumor interstitium,13-15
nanoparticles release their content slowly, once they deposit at the target site.> 16 This slow
release generates a low temporal and spatial concentration gradient of the drug, resulting in
non-cytotoxic levels of the drug distal from the particle.1> While the slow release of drug
from nanoparticles does not favor cytotoxic effects, it improves the drug's safety profile
during the particle's circulation in the blood.3: 17: 18

Here, we show that we can integrate the advantages of the molecular and nanoparticle mode
of chemotherapeutics into a single agent based on the nanochain technology and show how
this combined mode can be used to significantly improve the outcome of chemotherapy. The
nanoparticle is composed of three iron oxide (10) nanospheres and one DOX-loaded
liposome assembled together in a 100-nm-long chain (abbreviated as DOX-NC). Animal
studies indicated that the DOX-NC nanoparticle displayed prolonged blood residence time
and enhanced deposition into tumors. Furthermore, animals bearing mammary cancer
xenografts showed an improved response, when the DOX-NC treatment was followed by the
application of a radiofrequency (RF) field as measured by decreased tumor growth and
prolonged survival. We show that the 10 tail of the DOX-NC particle composed of magnetic
nanoparticles can serve as a mechanical transducer to transfer RF energy to the liposome
membrane. Thus, once DOX-NC has extravasated to the tumor site, RF-induced disruption
of the liposomal membrane integrity liberates drug molecules into their free form that can
efficiently diffuse into the tumor interstitium (Fig. 1a). This results in a wide-spread
anticancer effect as confirmed with histological analysis of apoptosis.

Fabrication and characterization of multi-component nanochains

The nanochain technology!? is based on a two-step approach to fabricate nanochains using
solid-phase chemistry. In the first step, amine-functionalized 10 nanospheres were attached
on a solid support via a crosslinker containing a disulfide bridge. Liberation of the
nanosphere using thiolytic cleavage created thiols on the portion of the particle's surface that
interacted with the solid support resulting in a particle with two faces, one displaying only
amines and the other only thiols. Therefore, we were able to topologically control the
conversion of amines on the surface of the 10 nanospheres into thiols, resulting in a particle
with asymmetric surface chemistry (ASC). In the second step, employing solid-phase
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chemistry and step-by-step addition of particles, the two unique faces on the same 10
nanosphere served as fittings to assemble them into 10 nanochains (Fig. 1b).

The magnetic nanochains were analyzed via visual inspection of multiple TEM images. As
shown in Figure 1c, the magnetic nanochains were synthesized in a highly controlled
manner. Most of the nanochains are linear and consist of 3 10 spheres. To evaluate the
robustness of the nanochain synthesis, the number of 10 nanospheres per nanochain was
measured in multiple TEM images (minimum count was 200 particles). While 16% of the
total particles in the suspension were the parent (unbound) 10 spheres, the majority of the
particles (73%) comprised of nanochains with 3 10 spheres (8 and 4% were nanochains with
2 or 4 10 spheres, respectively). Importantly, our methodology offers exceptional flexibility
in synthesizing nanochains consisting of various types of constituent members with different
functions. Specifically, in the last step of synthesis, we attached one drug-loaded liposome
per magnetic nanochain (Fig. 1d). The final nanoparticle consisted of three 10 spheres and
one DOX-loaded liposome with the overall geometrical dimensions of the DOX-NC particle
being about 100 x 30 nm (length x width), which was essentially the summation of the
lengths of its constituent 10 spheres and liposome. A design criterion was to use a liposome
with a size that is comparable to that of the 10 spheres of the magnetic nanochain. We
therefore used DOX-loaded liposomes with a hydrodynamic diameter of about 30 nm, which
were fabricated using a combination of extrusion and sonication. As shown in Fig. 1e, the
hydrodynamic size of the final DOX-NC particle and each component separately, as
measured by dynamic light scattering (DLS), verified the TEM findings. It should be noted
that DLS measured the effective hydrodynamic diameter based on the diffusion of the
particles. Due to the high intraliposomal space available for drug encapsulation and the
efficient remote loading technique,2 the DOX cargo of DOX-NC was high (/.e. 6.8 x 107°
ng/DOX-NC particle).

In vitro on-command triggered drug release using RF

Through their interaction with magnetic fields, the magnetic component (10 spheres) of the
DOX-NC particle efficiently converts magnetic energy to mechanical energy, which is
dependent on the strength and frequency of the magnetic field, as well as the configuration
of the 10 spheres in the nanochain.2! Thus, drug release can be remotely triggered due to
defects of the liposomal membrane caused by the oscillation of the magnetic ‘tail’ of the
DOX-NC particle in the presence of an RF field (Fig. 2a). Magnetic field generation was
accomplished using an RF source and a solenoidal coil that was size-matched to the sample,
which was placed inside the coil. Fig. 2b shows that the release of DOX can be triggered in
a controlled manner under the RF field (10 kHz frequency, 1-50 W dissipated power) at a
very low concentration of DOX-NC particles expected to deposit in tumor tissues during /in
vivo applications. Notably, the release rate could be modulated by adjusting the operating
parameters of the RF field. We should emphasize that no temperature increase occurred in
the DOX-NC suspension under the ‘mild’ RF field (experiment was performed at room
temperature).

The DOX release profile from DOX-NC particles in the absence of RF is shown in Fig. 2c.
To investigate the effect of temperature on the release rate, the DOX-NC suspension was
incubated at different temperatures for 60 min. A 5% release of the DOX cargo was released
at 37 °C, which is consistent with the behavior of the parent liposome. The liposome
component of the DOX-NC particle is composed of the phospholipid DPPC, which does not
result in thermosensitive liposomes. While DPPC membranes have a transition temperature
of 41 °C, the addition of cholesterol to the liposomal membrane has a significant stabilizing
effect.22: 23 Due to the increased transition temperature of the DPPC/cholesterol membrane
(T>50 °C)?4 and the stable entrapment of the precipitated DOX in the liposome,1” a minor
increase in release of DOX is expected at elevated temperature due to increase of DOX

ACS Nano. Author manuscript; available in PMC 2013 May 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peiris et al.

Page 4

solubility.23 Thus, the time course of the release profiles showed an initial burst in the first 5
min followed by a plateau (data not shown). A temperature of 50 °C was required to cause a
significant release in 60 min, which is significantly higher than the observed temperature of
the release experiment under the RF field.

To further investigate whether mechanical vibration is the release mechanism, we measured
the release from suspensions of dramatically different concentrations of DOX-NC under the
same RF field. As shown in Fig. 2d, the same release rate per DOX-NC particle is achieved
from low concentrations as well as very high concentration of the particles. So far the /n
vitro studies excluded bulk heating of the DOX-NC suspensions under the RF field.
However, significant local heating can be generated around nanoparticles.2: 26 To explore
the possibility of local heating, a fluorophore linked on the surface of the DOX-NC particle
was used as a thermometer based on an established method.26 As shown in Fig. S2 in the
Supporting Information, there is no significant heat generation around the DOX-NC
particles. Thus, contrary to heat-induced drug release, we can conclude that the triggered
release mechanism of DOX-NC is concentration-independent and is probably based on
mechanical forces that occur on the single particle scale. We then investigated the
dependence of the release rate on the distance of the DOX-NC suspension from the RF
source. Fig. 2e shows that the release rate is significantly lower at 4 cm away from the RF
coil after a 90 min exposure (A<0.01), which is consistent with the relationship of the
magnetic field strength to distance (Fig. 2f). Furthermore, Fig. 2g shows the cytotoxic effect
on mammary adenocarcinoma cells (13762 MAT BIII) of released DOX from DOX-NC,
non-released DOX-NC, empty nanochains (no DOX), and free DOX. The empty nanochain
had no effect on cancer cells. While DOX-NC had moderate cytotoxicity, the RF-triggered
release of DOX from DOX-NC had significantly higher cytotoxic effects (A<0.01) due to
release of free DOX. Notably, the released drug is 100% bioavailable.

Blood circulation and tumor deposition of nanochains

Plasma clearance studies were performed on animals without tumors in order to evaluate
only the effects of phagocytic clearance. Following an intravenous injection of DOX-NC at
a dose of 0.5 mg DOX per kg body weight, Fig. 3a shows that the 100-nm-long DOX-NC
particle exhibited prolonged blood residence time (blood t1/2~26 hours). For comparisons,
we used a long-circulating 100-nm liposome (blood t1/,~18 hours) due to its long and
successful history of encapsulating DOX for clinical use. In addition, the concentration
profiles of DOX-NC in the blood measuring either the DOX levels (liposome component) or
the fluorescently tagged 10 spheres (10 tail component) matched suggesting that the
structure of the DOX-NC particle remains intact during circulation in blood.

Using a dose of 0.5 mg/kg DOX, we evaluated the organ and tumor distribution of DOX-NC
in the 13762 MAT B 111 tumor model, which is a rat-syngenic aggressive mammary
adenocarcinoma. The animals were euthanized 24 hours after intravenous administration of
DOX-NC or 100-nm liposomes, and the organs and tumors were extracted and analyzed for
DOX content. The accumulation of DOX-NC in the heart, lungs and kidney was about 5%
or less of the injected dose (Fig. 3b), which was comparable to the behavior of the 100-nm
liposomes. More importantly, the uptake of DOX-NC by the liver was significantly lower
than that of liposomes (/£<0.01). Taking under consideration that nanoparticles are primarily
cleared by the reticuloendothelial system, the low uptake of DOX-NC by the liver correlates
to its prolonged blood residence. DOX-NC outperformed the 100-nm liposomes as indicated
by their higher intratumoral accumulation (Fig. 3b, A<0.01). This is likely due to the fact
that n2a7noparticle extravasation into tumors is directly proportional to their blood residence
time.
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Therapeutic effectiveness in a rat breast tumor model

The MAT B Il tumor-bearing animals were intravenously injected with DOX-NC at a low
dose (0.5 mg DOX per kg body weight). Typical dosage of liposomal DOX is 10-20 times
higher and ranges from 5-10 mg/kg in animal studies.?8: 29 Since a significant amount of
DOX-NC is deposited into tumors by 24 hours after injection, the RF field was utilized at
this time point. As shown in Fig. 4a, 24 hours after injection, the RF field (10 kHz/3-5 W)
was applied for 60 min using the RF coil positioned 1 cm from the animal and oriented such
that the magnetic field was directed toward the tumor. Iron staining of histological sections
using Prussian blue showed that DOX-NC particles were well-distributed within the tumor
interstitium at 24 hours post-injection (Fig. 4b). In contrast, no Prussian blue staining was
observed in tumors treated with liposomal DOX (images not shown). Without the
application of RF, direct fluorescence (red) imaging of the histological sections failed to
detect free DOX (images not shown). Hence, the drug is still incorporated into the
nanochain with the fluorescence signal of intra-liposomal DOX being quenched. Following
the application of the RF field, free DOX was widely spread in the tumor extravascular
space and localized in the nuclei of the tumor cells (Fig. 4c).

After we recognized that DOX-NC can efficiently deposit into tumors, the tumor response to
DOX-NC was evaluated by quantitatively following the tumor size for several days after
injection. Based on the fact that DOX-NC displayed significant accumulation in the tumor at
24 hours post-injection, the application of the RF field 24 hours after injection of DOX-NC
significantly suppressed tumor growth as shown in Fig. 4d (£<0.01). As expected,
application of the RF alone had no effect on the tumor growth rate. Animals treated with the
same low dose of DOX of clinically used free DOX, 35-nm or 100-nm liposomal DOX
followed by RF failed to produce any therapeutic benefits. While a single treatment of
liposomal DOX has generated therapeutic benefits in animal tumor models, the
administrated dose was 10-20 times higher than the dose we used.28-32 Even though DOX-
NC achieves higher accumulation in the tumor than the 100-nm liposomal DOX (as shown
in Fig. 3b), there was no substantial effect on the tumor growth rate (without the application
of RF). In conjunction to the slow release of DOX from DOX-NC, we speculate that this is
related to the very low dose of DOX. Based on the same dose per treatment, we also
employed a two-cycle treatment using DOX-NC (at days 5 and 7 after tumor inoculation)
followed by RF application (at days 6 and 8). As shown in Fig. 4d, the multiple treatments
accomplished greater tumor shrinkage than a single treatment.

Furthermore, the therapeutic efficacy of the DOX-NC treatment followed by RF was
determined by comparing the survival times of treated animals to untreated animals (Fig. S1
in Supporting Information). The group treated with DOX-NC followed by RF exhibited a
statistically significant increase in survival time (25.1+3.8 days) compared to the untreated
group and the other groups that received single treatment (survival ~15.2+2.4 days).
Notably, the two-cycle treatment using DOX-NC followed by RF prolonged the survival to
a greater extent than the single treatment (46+8.1 days). These /in vivo studies using
systemic administration of DOX-NC at a dose of 0.5 mg/kg DOX demonstrate that 1)
nanochains effectively extravasate into tumors and 2) RF application to DOX-NC-treated
tumors enhanced the therapeutic outcome.

Histological evaluation of the anticancer efficacy

In addition to the improved therapeutic outcome as measured by lower tumor growth and
prolonged survival, we sought to verify that the anticancer activity of DOX-NC is based on
improved distribution of free drug after application of the RF field. Since DOX is a weak
fluorophore, direct fluorescence imaging of DOX provided a qualitative demonstration of
the RF-triggered drug release. We then performed histological analysis of apoptosis using
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the more sensitive TUNEL assay to quantitatively evaluate the extent and topology of the
apoptotic cells in response to DOX-NC. It should be noted that red color indicates apoptotic
cells in Fig. 5 and not molecules of DOX. Following a single injection of a DOX treatment,
animals were euthanized 24 hours post-injection and tumors were excised. Visual inspection
of histological images of tumors treated with free DOX at the regular dose (7.e. 5 mg/kg)
showed a substantial number of apoptotic cells (Fig. 5a). Tumors treated with 100-nm
liposomes (Fig. 5b) or DOX-NC (Fig. 5c¢) at the low dose of 0.5 mg/kg DOX displayed a
small number of apoptotic cells primarily in the well-vascularized rim. Importantly,
negligible apoptosis was observed after systemic administration of empty nanochains (no
DOX cargo) followed by RF (Fig. 5d), suggesting that limited or no RF heating of the
magnetic nanospheres takes place. However, RF application on DOX-NC-treated animals
resulted in massive apoptosis in both the well-vascularized rim and the less vascularized
inner core (Fig. 5e).

To obtain a quantitative evaluation, the total number of cells was counted based on the
nuclear stain (DAPI) in multiple histological sections (minimum 20) per tumor, whereas
apoptotic cells were quantified based on TUNEL-stained nuclei. The percent of apoptotic
cells relative to the total number of cancer cells was used as a measure of the anticancer
efficacy. Using the CD31 staining of the microvasculature, we drew ROISs to distinguish
apoptosis in the rim from the core of the tumor. Fig. 6a shows that 2.3 and 13.8 % of the
cancer cells were apoptotic in the case of tumors treated with the 100-nm liposome and
DOX-NC, respectively. In good agreement with the previous /n vivo studies (e.g. tumor
distribution and survival), DOX-NC exhibited greater cytotoxicity than the 100-nm
liposomes. As expected for both the liposomes and DOX-NC, the anticancer effect was
more profound in the rim of the tumors, where about 8 times more apoptotic cells were
observed compared to the less vascularized core (Fig. 6b). On the other hand, the
combination of DOX-NC and RF resulted in 34.2% of the cancer cells being apoptotic,
which was a significant increase of apoptosis compared to any other treatment (£<0.01).
This is also in good agreement with our previous observation that released DOX was found
in the cancer cell nuclei. In fact, previous studies have shown that nuclear DNA functions as
a sink for DOX.13-15 More importantly, the apoptotic results were equally elevated in the
core and the rim of the tumors. Application of RF on DOX-NC-treated tumors exhibited 5
and 18 times greater apoptosis in the core of tumors compared to DOX-NC (no RF) and
liposomes (with RF), respectively. Taking under consideration this rat breast tumor model is
highly aggressive, having a core with little or no vascularization, the apoptotic index
indicates that RF liberates bioavailable drug into non-vascularized regions resulting in a
wide-spread anticancer effect throughout the entire tumor.

Since the intratumoral penetration of therapeutic molecules and nanoparticles is highly
variable between different types of cancer and different species, we tested DOX-NC in an
orthotopic 4T1 mammary tumor model in mice. As shown in Fig.7a and b, tumors treated
with the 35-nm liposomal DOX exhibited more apoptotic cells than the 100-nm liposomal
DOX. Similarly to the MAT B Il model, the 4T1 tumors treated with DOX-NC (Fig. 7¢)
displayed higher levels of apoptosis than both liposomal treatments. As shown in Fig. 7d,
tumors treated with DOX-NC followed by RF substantially increased the number of
apoptotic cells. Fig. 7e summarizes the quantification of the apoptotic index of the various
treatments, which is highly consistent with the data obtained from the MAT B I1l model. For
example, the percent of apoptotic cells was elevated ~2 fold in tumors treated with the
combination of DOX-NC and RF (37% apoptotic cells in the tumor mass; £<0.01) compared
to DOX-NC without RF (20%). We should note the 4T1 tumors do not present a clear
hypervascularized rim and a less vascularized/avascular core resulting in a more consistent
rate of apoptosis throughout the tumor.
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The histological studies evaluated the anticancer efficacy of DOX-NC using a single
administration of the agent at a low dose of 0.5 mg/kg DOX. Overall, the apoptotic index in
both animal models indicates that the RF-triggered release from DOX-NC substantially
improved the interstitial transport and spatial distribution of the drug compared to the
control treatments.

Discussion

We tested the therapeutic efficacy of the DOX-NC nanoparticles in two tumor models of
triple-negative breast cancer. Triple-negative breast tumors lack estrogen, progesterone, and
HER2 receptors and exhibit a highly aggressive phenotype. Since neither hormone therapy
nor drugs that target HER2 are likely to be effective against these tumors, the standard
treatment for triple-negative breast cancer is chemotherapy comprising predominantly of
anthracyclines (e.g. DOX) in its free33-3% or nanoparticle forms.33: 36 Qur study utilized two
models of triple negative tumors: the rat syngenic MAT B 11l and mouse syngenic 4T1
mammary adenocarcinoma models. Both transplantation models form highly aggressive,
invasive and metastatic tumors in the context of an intact immune system, and in the 4T1
model, tumors were evaluated in the context of the mammary microenvironment. These
well-established breast tumor models have been widely used to study tumor angiogenesis,3’
primary tumor growth,” % 32 invasion, and metastases.38 Importantly, we showed that
treatment of these highly aggressive tumors with the multi-component DOX-NC particles
followed by an RF field facilitated rapid release of free DOX molecules capable of
spreading to deep interstitial and avascular regions, which are otherwise inaccessible.

Various triggered release mechanisms have been applied in the design of nanoparticle
systems to address the drug delivery limitations to tumors. Such systems include
temperature or pH sensitive liposomes or polymeric nanoparticles.23: 3%-42 However, the
release mechanism of these particles relies on changes in environmental factors (e.g. pH,
temperature), which may be non-uniform throughout the tumor volume. For example, pH
sensitive nanoparticles require either mildly acidic tissue or intracellular uptake and
exposure to the acidic conditions of endosomes.3° Since nanoparticles deposit in the near-
perivascular space, these regions typically exhibit near-physiological pH especially in the
well-vascularized rim of tumors. On the other hand, release of drug from nanoparticles due
to intracellular uptake occurs in the perivascular regions involving a small number of cancer
cells relative to the bulk of the tumor. Alternatively, thermal energy can be used as a
stimulus for drug release. Temperature sensitive nanoparticles typically require a metal
nanoparticle (e.g. gold or iron) to mediate heat generation through the absorption of an
external field (e.g. NIR for gold, RF for iron) to accomplish a temperature elevation to about
42-45 °C in surrounding tissue.*%: 43 However, to overcome heat dissipation, these strategies
require the spatial concentration of the metal particles to be sufficiently high to elevate the
tissue temperature, which is feasible in vascularized tumors. However, due to insufficient
concentration of the metal particles, hyperthermia cannot be achieved in avascular (or not
well-vascularized) tumors or tumor regions, resulting in failure to trigger the drug release
from nanoparticles present in these locations. In fact, these are precisely the tumor regions
that are difficult to treat, since they are inaccessible by current drug delivery systems. In the
case of DOX-NC however, the release mechanism is not based on environmental factors,
because mechanical forces induced by an RF field can trigger the release from a single
DOX-NC particle. In this study, we demonstrate that drug release can take place even in
these “difficult to treat’, less vascularized locations, where the concentration of nanoparticles
is typically low. Of course, there are reasons other than tumor dosing and drug transport in
the tumor interstitium that govern tumor responsiveness to chemotherapy. Effectiveness also
depends on cellular uptake and potential multidrug resistance (MDR) mechanisms (e.g. drug
efflux proteins, drug entrapment in cytoplasmic vesicles). However, by improving the
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temporal and spatial intratumoral accumulation of chemotherapeutic drugs, substantially
improved cancer therapies can be achieved with all the benefits of nanoparticle-based
chemotherapy.

When magnetic nanoparticles are subjected to an external, oscillating magnetic field, there
are two relaxation mechanisms (Brownian and Néel relaxation) that govern their
magnetization response in an effort to align with the applied field.21 Brownian relaxation,
the physical rotation of the entire nanoparticle, is typically the dominant relaxation
mechanism for nanoparticles larger than about 25 nm. In the case of the DOX-NC
nanoparticles, Brownian relaxation is restricted by the bonds between the constituent
nanospheres, such that Brownian motion may be observed as a mechanical “vibration” of
the chain, rather than true rotational motion. Néel relaxation is dominant for nanoparticles
smaller than 15 nm, and is highly dependent on a nanoparticle's crystal structure. To reorient
its magnetic moment with an applied field, the nanoparticle must overcome an energy
barrier, which results in the dissipation of excess heat. This phenomenon has been exploited
for hyperthermia, but for efficient application, requires high spatial concentrations of
nanoparticles. The size of the constituent nanospheres in the DOX-NC particles places them
in between the Brownian and Néel regimes, and it is possible that their response to the 10
kHz field could be a mixture of mechanical oscillations and local heating. However, our /n
vitro studies show that no significant increase of temperature occurs locally at the particle
scale and no significant drug release occurs from the DOX-NC particle. Thus these data
suggest that a local temperature increase is not the dominant mechanism and that mechanical
vibration at the selected frequency is enough to cause significant drug release. Future work
includes optimizing the DOX-NC particle and the parameters of the magnetic field
parameters (e.g. frequency, magnitude) for more efficient and rapid release.

To address the limitations of using environmental factors to stimulate drug release, other
investigators have used ultrasound to release drug from particles showing promising
results.** 4% For example, upon sonication of DOX-loaded polymeric nanobubbles in the
presence of perfluoropentane, drug release resulted in tumor regression in animal studies.*®
Similar to the RF-triggered release of drug from DOX-NC, drug-loaded liposomes or
nanoparticles coupled to the surface of microbubbles release their cargo due to ultrasound-
induced rupture of the particles.4’: 48

Notably, one of the advantages of the nanochain technology is the control of the shape and
size of nanoparticles. By defining the topology of two different functional groups on the
surface of the parent nanospheres, we were able to assemble them in a linear orientation
with a high degree of uniformity. While other strategies have resulted in well-defined
structures at the nanoscale,*9-53 they are typically appropriate to only one type of material.
In addition to the well-defined geometry, the multi-component nature of DOX-NC resulted
in a combination of features: 1) on-command triggered drug release using an external RF
field and 2) prolonged blood circulation and enhanced deposition into tumors. Interestingly,
we observed that the 100-nm-long DOX-NC displayed longer blood residence times than the
100-nm liposomes. This is in good agreement with recent studies®*->7 indicating that the
oblate shape of particles favors their circulation in the blood due to lower uptake by
macrophages. Future work will focus on further evaluating the effect of size and shape of
the nanochains on blood circulation and extravasation into tumors. In addition, further in
vivo studies need to be performed to identify the time point that the intratumoral
accumulation of the particles peaks, which is the optimal point to apply the RF field.

While the deposition of DOX-NC into tumors was the necessary first step, our primary
objective was to effectively increase the bioavailability of the drug cargo of the nanoparticle
by delivering the active compound to cancer cell nuclei. To study the cytotoxic effects of
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DOX-NC, the in situ apoptosis in tumor tissue in the two animal models was used as a
quantitative measure. DOX is a weak fluorophore and hence its release was readily detected.
Increased release of DOX was associated with an elevation of apoptosis as shown by
TUNEL. Being an intercalating agent, the cytostatic effect of DOX primarily leads to
apoptosis, since it involves intercalation into chromosomal DNA,*8 and DNA damage via
inhibition of topoisomerase 11 and RNA polymerase 11,59 60 resulting in double-stranded
DNA breaks.%1 It should be noted that literature indicates that different DOX doses activate
different regulatory mechanisms to induce either apoptosis or cell death through mitotic
catastrophe.52 However, mitotic catastrophe has been observed when cancer cells are
exposed to low DOX levels (e.g. 50 ng/mL) for at least 6 days. In our animal studies, the
histological evaluation of apoptosis took place two days after administration of DOX-NC (or
the control treatments). In addition to apoptosis, we hypothesize that a portion of the cancer
cells in the tumors will eventually undergo cell death through mitotic catastrophe due to
chronic exposure to low DOX concentrations.

Conclusion

Methods

In conclusion, we demonstrated that a nanochain-based chemotherapeutic enabled the
delivery of the cytotoxic drug, doxorubicin to the majority of cancer cells throughout a
tumor. Successful drug delivery to tumors requires that a long-circulating nanoparticle 1)
enters the tumor microcirculation, 2) navigates through the tumor leaky vasculature into the
tumor interstitium, and 3) releases the drug close to cancer cells. The nanoparticle system
shown here meets all of these requirements. Due to their prolonged blood circulation, the
nanochains capitalized on the EPR effect, and showed a high concentration in the tumor.
Furthermore, once these multi-component nanoparticles extravasated into the tumor site,
RF-triggered drug release resulted in a wide-spread cytotoxic effect throughout the entire
tumor. Taking under consideration that RF can penetrate deep into tissues, we envision that
this platform technology could effectively deliver drugs to primary and metastatic tumors
with all the benefits of reduced side effects and substantial impact on cancer treatment.

Synthesis and characterization of multi-component nanochains

The nanochains were synthesized following our previously published method.1® Briefly,
solid-phase chemistry was used to partially modify the surface functionality of nanospheres.
CLEAR resin (Peptides International Inc, Louisville, KY) functionalized with amines was
modified with a homobifunctional cleavable cross-linker reactive towards amines (DTSSP).
Amine-functionalized 10 nanospheres were introduced, allowed to bind to the solid support
and then cleaved off using a reducing agent (TCEP). The same type of resin was used and
the modified spheres with surface asymmetry were introduced in a step-by-step manner. As
a final component, an amine functionalized DOX-loaded liposome was added before
recovering the chain via a reducing agent. The chains were characterized in terms of their
size (DLS), structure (TEM), and magnetic relaxivity (Bruker minispec relaxometer).
Details of the synthesis and the analytical characterization of the DOX-NC nanoparticles are
shown in the Supporting Information.

In vitro RF-triggered drug release

The DOX-NC suspension was exposed to an RF field using a custom-made solenoid (10
kHz frequency at a power of 2-30 Watts into the samples, solenoid's resistance ~5 Ohms).
Triggered release from the DOX-NC particles was measured using the fluorescence
properties of DOX (Aeyem=485/590 nm). The cytotoxicity of released drug from the DOX-
NC particles was compared to the liposomal drug and free drug. Briefly, cytotoxicity studies
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were performed by seeding 13762 MAT BIII cells at a density of 10° cells/well in a 6-well
plate 24 h before incubation with the formulations. Prior to incubation, cells were washed
three times with fresh medium and then incubated with the treatment for 180 minutes at a
concentration of 150 M doxorubicin per well. The cells were washed three times with fresh
medium and incubated for 48 h at 37°C and 5% CO> in a humidified environment. The
number of viable cells was determined using a formazan-based cell counting assay (CCK-8).
Untreated cells were served as live controls for normalization of the data.

Pharmacokinetic studies

All animal procedures were conducted under a protocol approved by the CWRU IACUC.
Female Fisher rats were given an IV injection of DOX-NC at a dose of 0.5 mg/kg DOX.
Blood was collected from the orbital sinus at various time points before and after injection.
Plasma was isolated by centrifugation (2200g, 15 min), and DOX was extracted after lysis in
30% MeOH and heating at 60 °C for 20 min. The solution was then vortexed and
centrifuged. Fluorescent readings of the samples were obtained to detect DOX (Aey/Aem =
485/590) and Alexa-350 on the chain (Aey/Aem = 346/442). Plasma samples obtained
immediately prior to injection were used to correct for background fluorescence. Further
details are shown in Supporting Information.

Animal tumor models

The rat tumor model was established by a subcutaneous injection of 1 x 10% 13762 MAT B
I11 cells into the right flank of female Fisher rats. Mouse tumors were generated
orthotopically in female BALB/c mice by injection of 0.5 x 108 4T1 cells into the
inguinalmammary fat pad. Once the appropriate tumor size was established (diameter ~0.5
cm), the animals were used in the /n vivo studies. Each cell line required different lag times
to produce a tumor lesion of about 0.5 cm in size (5 and 8 days for the MAT B Il and 4T1
model, respectively). Based on our prior experience,’: 32 63 we chose this tumor size as the
starting point of the animal studies, since the primary tumor mass is sufficiently large to
present angiogenic, necrotic and invasive areas, and therefore may be more informative and
relevant to human disease.

Organ distribution

Twenty four hours after intravenous (1V) injection of the DOX-NC particles or liposomal
DOX at a dose of 0.5 mg/kg DOX to the tails of the rat tumor model, the animals were
anesthesized and transcardially perfused with heparinized PBS followed by 4%
paraformaldehyde in PBS. The organs and tumors were then retrieved, washed with PBS,
blotted dry, weighed and DOX was measured following an established protocol.? Organ and
tumor samples from an animal treated with a saline injection were used to correct for
background fluorescence.

Survival study

Once the appropriate tumor sizes were established (diameter ~0.5 cm), the rat tumor model
was 1V injected with DOX-NC at a dose of 0.5 mg/kg DOX. After 24 hours from injection,
animals were exposed to the RF field operated as described previously. Following the same
dose and schedule, control groups included animals treated with DOX-NC (but no RF), only
RF, liposomal DOX, liposomal DOX with RF, free DOX, and saline. In addition to the
single treatments, another group followed two cycles of treatment. The subsequent
treatments were 2 days apart at the same DOX dose followed by exposure to RF following
an identical protocol to the first cycle. The tumor growth was monitored every day using
caliper measurements. The tumor growth was allowed to progress until the animals showed
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abnormal symptoms, at which point the animal were euthanized in a CO, chamber. Time of
death was determined to be the following day.

Histological evaluation

The rat MAT B 111 and the mouse 4T1 models were used in the histological studies. Animals
treated with DOX-NC were exposed to the RF field 24 hours post-injection. After 24 hours
from the application of the RF field, the animals were anesthetized with an IP injection of
ketamine/xylazine and transcardially perfused with heparinized PBS followed by 4%
paraformaldehyde in PBS. Controls included animals treated with DOX-NC (no RF), 35-nm
liposomal DOX (with RF), 100-nm liposomal DOX (with RF), free DOX, RF alone and
saline. The tumors were explanted and post-fixed overnight in 4% paraformaldehyde in
PBS. The fixed tumors were soaked in 30% sucrose (w/v) in PBS at 4 °C for cryosectioning.
Serial sections of 12 um thickness were collected using a cryostat (Leica CM 300).

To visualize the tumor microvasculature, the tissue slices were immunohistochemically
stained for the specific endothelial antigen CD31 (BD Biosciences, Pharmingen). The
tissues were also stained with the nuclear stain DAPI. To evaluate the spread of the released
DOX in relation to location of DOX-NC particles, Prussian blue stain was used to detect
iron. Direct fluorescence (red) imaging of tumor sections were performed for imaging DOX.
Apoptosis was detected using a TUNEL assay (Promega). The tissue sections were imaged
at 20x on the Zeiss Axio Observer Z1 motorized FL inverted microscope. To obtain an
image of the entire tumor section, a montage of each section was made using the automated
tiling function of the microscope. The total number of cells was counted based on the
nuclear stain (DAPI) in multiple histological sections per tumor (minimum 20), whereas
apoptotic cells were quantified based on TUNEL-stained nuclei.

Statistical analysis

Means were determined for each variable in this study and the resulting values from each
experiment were subjected to one-way analysis of variance with post hoc Bonferroni test. A
Pvalue of less than 0.01 was used to confirm significant differences. Normality of each data
set was confirmed using the Anderson-Darling test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Characterization of the DOX-NC nanoparticle. (a) Illustration of the required steps for the
successful delivery of nanoparticle-based drug to tumors. (b) Diagram of the DOX-NC
nanoparticle and its constituent components including a nanochain composed of three iron
oxide (10) spheres and one liposome. (¢) TEM image of magnetic nanochains composed of
three 10 spheres. The table summarizes the main characteristics of the magnetic nanochains
obtained from visual analysis of TEM images (minimum count was 200 particles; data
presented as mean + s.d). (d) TEM image of a nanochain particle composed of three 10
spheres and one DOX-loaded liposome. (e) Size distribution of the parent nanoparticles and
DOX-loaded nanochains obtained by DLS measurements (data presented as mean + s.d.)
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Fig. 2.

In vitro evaluation of the RF-triggered release profile of DOX from DOX-NC particles. (a)
Illustration of the defects on the liposome caused by “vibration’ of the 10 spheres under an
RF field. (b) Triggered release from DOX-NC particles using an RF field at 10 kHz and
different energy outputs (the sample was located 1 cm away from the RF coil). The samples
were exposed to the RF field for the entire duration of the experiment. Besides DOX-NC
particles, the RF field (30 W) was applied to mixtures of liposomes with 10 nanospheres or
10 nanochains at a ratio of 1:3 (liposome: 10 spheres). (c) Effect of temperature on the drug
release from DOX-NC particles (incubation time was 60 min). (d) Drug release from DOX-
NC particles at different particle concentration under an RF field at 10 kHz/30W (the sample
was located 1 cm away from the RF coil). (€) Drug release from DOX-NC particles at
different distance from the RF source (RF field: 10 kHz/30W). (f) Amplitude of the
magnetic field at different distances from the RF source (RF field: 10 kHz/30W). (g)
Cytotoxicity of DOX-NC (with or without RF) on 13762 MAT B Il cells. Control
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treatments included black nanochains, free DOX, and liposomal DOX. The two data points
marked with asterisks are statistically different compared to the other conditions (A<0.01).
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Blood circulation and organ distribution of the DOX-NC particles in rats. (a) Plasma
clearance of DOX-loaded liposomes (100 nm in diameter) and DOX-NC in rats at a dose of
0.5 mg/kg DOX (n=5). Besides DOX, fluorescence spectroscopy was used to measure Alexa
488 on the iron oxide particles (*/<0.05). (b) Organ and tumor distribution 24 h after
administration of the DOX-loaded liposomes and DOX-NC at a dose of 0.5 mg DOX/kg in
the rat 13762 MAT B 11 tumor model (n=6; */~<0.05).
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In vivo treatment of breast tumor-bearing rats using DOX-NC particles. (a) Schematic of the
therapeutic protocol. (b) Histological evaluation of the distribution of systemically
administered DOX-NC particles (blue: Prussian blue stain) in a tumor. (c) Application of an
RF field released DOX molecules (red) that localized in the nuclei of cancer cells (blue:
DAPI). (d) Measurement of the tumor growth of 13763 MAT B Il tumors in rats after
systemic administration of DOX-NC at a dose of 0.5 mg/kg DOX (arrow; day 5) followed
by application of the RF field (day 6). Control treatments included saline (untreated), RF
alone, free DOX, 100-nm liposomal DOX (with RF), 35-nm liposomal DOX (with RF) and
DOX-NC (without RF). Another group of animals received a second injection of DOX-NC
(arrow; days 7) followed by RF application (day 8). Data points marked with asterisks are
statistically significant relative to all the other single-treated groups. Data points marked
with crosses are statistically significant relative to all groups (n=6; * and t /£<0.05).
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Fig. 5.

Histological evaluation of the apoptotic effect of DOX-NC in the rat MAT B 111 model. (a)
Fluorescence image of a histological section of a tumor 48 h after IV injection of free DOX
at 5 mg/kg. The specific endothelial antigen CD31 was stained (green). Nuclei (blue) were
stained with DAPI. Apoptotic cell nuclei were stained with TUNEL (red). (b) No significant
apoptosis was observed in a tumor 48 h after systemic administration of 100-nm liposomal
DOX at 0.5 mg/kg (RF was applied 24 h after injection). (c) Few apoptotic cells were found
in a tumor 48 h after systemic administration of DOX-NC at 0.5 mg/kg. (d) Negligible
apoptosis was found in a tumor 48 h after systemic administration of an empty nanochain
(RF was applied 24 h after injection). (€) A significant number of apoptotic cells was found
in a tumor 48 h after systemic administration of liposomal DOX at 0.5 mg/kg (RF was
applied 24 h after injection).
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Quantitative histological evaluation of apoptosis in the rat MAT B 111 model. (a) A
quantitative analysis of the fluorescence images was performed by comparing the total
number of cancer and apoptotic cells of an entire tumor as measured in at least 20
histological sections per tumor (about 10,000 cells per section). The apoptotic effect on
tumors treated with DOX-NC followed by RF was compared to the other DOX-based
treatments (n=3 rats per group; * £<0.01). (b) Regional apoptosis in the tumor was
measured based on the degree of vascularization. Using the endothelial cells staining
(CD31), the well-vascularized rim of the tumor was distinguished from its core.
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Histological evaluation of apoptosis in the mouse 4T1 model. (a) Fluorescence image of a
histological section of a tumor 48 h after IV injection of 35-nm liposomal DOX at 0.5 mg/kg
(CD31: green, DAPI: blue, TUNEL: red). RF was applied 24 h after injection. The scale bar
is 1 mm (scale bar of the inset is 50 wm) (b) No significant apoptosis was observed in a
tumor 48 h after systemic administration of 200-nm liposomal DOX at 0.5 mg/kg (RF was
applied 24 h after injection). (¢) More apoptotic cells were found in a tumor 48 h after
systemic administration of DOX-NC at 0.5 mg/kg. (d) A significant number of apoptotic
cells was found in a tumor 48 h after systemic administration of DOX-NC at 0.5 mg/kg
followed by RF application 24 h after injection. (€) A quantitative analysis of apoptosis was
performed by comparing the total number of cancer and apoptotic cells of an entire tumor
(minimum 20 histological sections per tumor; n=3 mice per group; * £<0.01).
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