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1. Introduction

Nanorobotic drug delivery systems guided by Magnetic Resonance Imaging (MRI) scanners have been
proposed for targeted drug delivery in the human body. The expectation is that they will achieve substan-
tially increased rates of therapeutic and diagnostic success compared to conventional methods. In this paper
we present the state of the art in this relatively recent field of study.
Nanorobots are defined as controllable machines at the nanometer scale that are composed of nano-scale
components and algorithmically respond to input forces and information (1). Nanorobotics for medical ap-
plications have been inspired by the function of antibodies, i.e. the natural organisms that our body uses to
kill or repair diseased cells. Because of the comparable size with human cells, nanoparticles are the funda-
mental structure of the nanorobotic concept. Studies have shown that only objects of the size of 30-300 nm
can be circulated through the thinnest sections of the vasculature system and would be capable of interact-
ing with cells, (2-4). Furthermore, if the nanorobots acquire simple functionalities to sense and target spe-
cific cells, and to release drug molecules upon reception of a triggering signal, then a radically new ap-
proach in medicine would be realizable: to conduct curative and reconstructive treatment in the human
body at the cellular and subcellular level in a controllable manner. Such a groundbreaking advancement
would signal a new era in medical diagnosis and treatment of neoplasms, hepatitis, diabetes and other dis-
eases, where highly-controlled and targeted treatment is critical for the survival of the patients. Such nano-
robotic devices will hopefully be part of the arsenal of future medical devices and instruments that will: (1)
perform operations, inspections, and treatments of diseases inside the body, and (2) achieve ultra-high ac-
curacy and localization in drug delivery, thus minimizing side effects.

Over the last two decades a variety of nanoparticles and nanovesicle technologies have been developed.
Many of these have been employed for diagnostic and therapeutic purposes (5-12). These novel nanoscale
platforms possess excellent physiochemical properties, have prolonged circulation times and improved ab-

sorption rates, but are circulated systemically and thus exhibit poor targeting capabilities (8, 13). Enhancing



the targeting capabilities of the nanoparticles and increasing their diagnostic and therapeutic efficacy neces-
sitates the use of guidance techniques. This in turn, calls for the integration of sensing and actuation
mechanisms on the nanocarrier. For this purpose, several groups have been studying and developing mag-
netic micro/nanoparticles (14-17) and have designed techniques for their controlled locomotion from an
initial point to a desired final point in the vasculature. The research in this field was initiated in the early
2000 and initially focused on guided magnetic microparticles captured by a static magnetic fields generated
by magnets (18-20) or superconducting magnets (21), (22). In these studies the particles were simply at-
tracted towards the targeted region without any tracking and feedback mechanism. This open loop approach
resulted in a 75-fold higher concentration compared to conventional systemic administration. However, the
static magnet limited efficient targeting only in regions found near the surface of the body and offered poor
localization accuracy.

The next step was to attain a more precise targeting by developing a closed-loop nanoparticle localiza-
tion system. To this end, in the past five years, two approaches of pulling magnetic micro and nanoparticles
have been followed. The first is the use of external Maxwell coils (23-25) and the second is the use of an
MRI device (26-30) to guide the nanocapsules. Another approach that has also been adopted is the use of
magnetic implants (31, 32), however, this research is at its infancy, and the results are mostly limited to
simulation studies. Furthermore, its implementation is hindered by the fact that it involves implants. Fi-
nally, magnetic propulsion techniques other than pulling micro and nanocapsules have also been proposed
in the past five years. The most characteristics are (i) the biomimetic robots using flagella (33-35) and (ii)
magnetotactic bacteria (36, 37).

The MRI approach is favored due to the fact that it is a non-invasive method, it allows for simultaneous
actuation and tracking of the nanoparticles, it is capable of providing very accurate localization of the mag-
netic particles, and commercial MRI devices are readily available at most hospitals. Research on this field
has been pioneered since 2003 by Sylvain Martel at the Ecole Polytechnique of Montréal (26, 27, 29, 38).

He has used clinical MRI to navigate a 10.9 um magnetic microparticles in-flow into a branch of a Y-



shaped microchannel (29). His analytical and experimental research results have been limited to milli and
micrometer size non-functionalized magnetic particles. In (39) preliminary experiments were conducted,
where a non-medical MRI was used to move and track micron size agglomerates composed of nanoparti-
cles. No studies have been conducted so far on nanocarriers, whose motion is closed-loop controlled, and
that have been functionalized for diagnostic or therapeutic purposes.

A systematic approach towards MRI-based guidance of nanoscale functionalized robotic capsules began
for the first time, in the summer of 2008 in the context of the European Project NANOMA
(http://nanoma.zenon.gr). The innovative concept of MRI-guided nanorobotic systems is to use an MRI
scanner to apply to the nanoparticles an external driving force to guide them and retain them at a localized
target. The direction and magnitude of the forces applied on the nanoparticles are generated according to a
control law, whose feedback - the endovascular position of the nanoparticles - is provided by processing the
MRI data. Navigation techniques in combination with appropriate chemical modification of the nanoparti-

cles surface yield a more localized and controlled treatment as well as controlled drug-release mechanisms.

Many diverse technologies and disciplines are involved in the development of an MRI-based nanoro-
botic drug delivery system. Figure 1, details various scientific domains, which come under the field of
MRI-based nanorobotics. The MRI-guided, nanorobotic system is currently a concept at its early research
stages. Nevertheless, most of the modules composing this complicated system have already been developed
and their functionality has reached a sufficient level of maturity. The great challenge towards the realiza-
tion of the MRI-based guidance of nanoscale robotic capsules lies on the integration of the individual mod-
ules.

It is the goal of this paper to explain the importance of an MRI-based nanorobotic drug delivery system,
present its main building blocks, describe the current activities in this field and discuss the challenges that

have to be addressed in the near future.



2. Concept of Controlled Drug Delivery Systems

The concept of controlled drug delivery systems (DDS) is to deliver drugs to the right place, at the right
concentration for the right period of time. The dosage and its administration rate should result in drug tem-
poral and spatial concentrations that are below a toxic drug level and above a level of minimal therapeutic
effect. This range of desired drug concentration is called therapeutic window. Unfortunately, the body does
not handle drugs in a way that maintains the drug time-profile or distribution-profile within the desired
therapeutic window. On one hand, systemic circulation will distribute the drug throughout the body and
consequently systemic toxicity will affect organs, which are in no-need for the drug, and on the other hand,
the body always tries to remove foreign substances including drugs according to a clearance rate. It is evi-
dent that to attain the idealized time profile, a drug should be administered in a controlled way. Two types
of control over drug release can be achieved: temporal and distribution control (13).

For temporal control of drug concentration, a controlled release mechanism is used, which ensures that
the rate of drug release matches the rate of drug elimination. Consequently, the drug concentration remains
within the therapeutic window for the vast majority of the 24h period (13). Controlled release mechanisms
are usually based on polymer capsules that either delay the dissolution of drug molecules, or inhibit the dif-
fusion of the drug out of the device, or control the flow of drug solutions (13).

For distribution control, the drug is targeted and released to the precise site of activity within the body.
The benefit of this type of control is shown schematically in Figure 2, in which drug concentration at the
lesion and concentration systemically distributed are compared. Evidently, distribution control techniques
allow to significantly increase the drug dosage while avoiding the side effects on healthy tissues. As a re-
sult the therapeutic efficiency of the treatment is drastically improved and the intensity of the side effects is
minimised.

Distribution control of drug concentration is usually achieved by targeting mechanisms. A vast and di-
verse range of targeting mechanisms has been proposed in the literature (40, 41). The MRI-guided drug de-

livery is an active targeting mechanism that provides simultaneous propulsion and imaging capabilities,



which allow the implementation of real-time feedback control of the targeting process. Consequently using

MRI-guided drug delivery results in a high accuracy distribution control of the drug at the lesion.

3. Overview of MRI-DDS System Architecture

The generic architecture of the MRI-based nanorobotic system is depicted in Figure 3. The most critical

components of the architecture of MRI-guided nanorobotic system are described next.

3./ Nanocapsule

This is the most important subsystem of the MRI-based nanorobotic architecture. Its components are:

— The nanocarrier: This constitutes the main body of the nanocapsule and serves (i) as the vesicle for

loading drug molecules and (i1) as a structure, onto which biomolecules and polymer chains are attached to

provide solubility, biocompatibility and sustained circulation.

— Magnetic nanoparticles as actuating elements: These are the mechanisms responsible for the generation

of propulsion forces and torques on the nanocapsule. Actuating elements are usually magnetic nanoparti-
cles that have been encapsulated or attached on the carrier, which by exploiting the MRI field gradients in-

duce magnetic forces and torques and serve as the propulsion mechanism of the nanocapsule.

— Surface functionalization as sensing element: These are mechanisms that sense the status of the envi-

ronment surrounding the nanocapsule. Such sensing elements — usually based on biomolecules — serve
various purposes, like detecting and targeting specific molecules, triggering drug release mechanisms and

avoiding immunogenic reactions.

— Drug molecules: In therapeutic applications, the nanocapsules are loaded with drug molecules. Depend-

ing on the chemical process used for loading, the drug may be encapsulated in the hollow space of a vesicle
or chemically attached on the surface of the carrier.

3.2 MRl Propulsion Unit

Every MRI installation will at least contain the following main hardware building blocks. Their functional-

ity is shared by the propulsion system and the tracking system.



— Main magnet: The static magnetic field is the most important and most expensive component of a MRI
system. A field strength of 0.5 T can be achieved using permanent magnets. For higher field strengths su-
per-conducting electromagnets are needed. Typically, liquid helium is used as the coolant to preserve the

super-conducting properties.

— Gradient coils: Three gradient coil system arrangements are needed in an MRI system. The gradient

coils are used for both propulsion and tracking. In the case of propulsion the gradient coils generate gradi-
ent fields, which in combination with the magnetic properties of the nanoparticles attached on or encapsu-

lated in the nanocarrier, induce the actuation forces and torques that drive the nanocapsule.

— REF coils: These coils serve as a receiver and transmitter for radio frequency (RF) signals, which can be
excitation of refocusing pulses as well as response signals, resulting from the nuclear magnetic resonance.
Beside the built-in RF coil system of a typical MRI installation, hundreds of installation-specific coils are

available for special examinations (hand, knee, etc).

— Computer system: A distributed computer system is needed to control all components of the MRI sys-

tem. It will at least carry out image reconstruction and control of the gradient fields and RF coils.

3.3 MRI Tracking Unit

In the case of tracking, the gradient coils - described previously - are used for spatial encoding of the MR
signals and echo formation. These signals are then processed by a tracking software module that comprises
the (a) MRI image reconstruction software and (b) the image processing software. Its role is to estimate the
position and accumulation of the nanocapsules within the vasculature, the tissues and the organs of the hu-
man. The image processing software has to run as near as possible to the image generation, to avoid com-
munication latencies and delays (over several hundred 107se) by the transfer of images which can hinder

fast controller reaction.

J4  Controller

— Real time control algorithm: High-level controller i.e. endovascular navigation can be accomplished by
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integrating real-time control algorithms with MRI propulsion system and tracking events. The control navi-
gation algorithm is coordinated through the development of proprietary control modules embedded in the
clinical MRI system. Optimal navigation performance requires different trade-offs in terms of refresh rate,
duty cycle of the propulsion gradients, repetition time of the tracking sequence. Automatic and stable tra-
jectory tracking require robust controller implementation by “plug-in” control architectures without modi-
fying the hardware of clinical MRI systems. Different perturbations should be taken into account during the

controller design process.

— Graphical User Interface: This module interfaces the MRI machine to the Human Operator. It comprises

input command prompt, 3D-visualization and process supervision tools.

The overall concept of the in-vivo MRI-guidance system is based on the fact that both imaging and pro-
pulsion is possible by employing the gradient coils of the MRI system. Software-based upgrading of a
clinical MRI system is the least expensive approach to convert a platform that is used for imaging to an ef-
fective interventional platform. At any instant only one of the functions can be applied, i.e. either imaging
or guidance. However, both can be executed over the same MRI interface. For the implementation of a sys-
tem capable of imaging and of propelling these particles, the MRI interface has to be shared, and a time-

division-multiple-access scheme for it has to be developed.

In vivo-demonstration of a complete MRI guided nanorobotic system has not been done so far. How-
ever, there is substantial work that has been performed to demonstrate feasibility in several of its compo-
nent modules. In the sections below we describe the state of the art in several important modules for the

development of MRI guided nanorobotic systems.

4. Nanocarrier Technologies

The potential applications of nanoparticles as therapeutic and diagnostic agents in medicine are vast.
Nanoparticle-based therapeutics have enormous potential in addressing the failures of traditional therapeu-

tics due to such factors as poor solubility or lack of target specificity. Although there are only a few Food
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and Drug Administration (FDA) approved nanoparticle based therapeutics on the market, these formula-
tions are already impacting medicine and promise to alter healthcare (5).

Optimized nanoparticles have been developed that improve pharmacokinetics (i.e. the absorption, dis-
tribution, metabolism and excretion of the nanoparticle in the organism), and achieve more effective thera-
peutic activity, and minimize intensity of side effects. Critical properties of nanocarriers are biocompatibil-
ity, solubility, stability, metabolic stability, and cellular permeability. Some nanoparticles exhibit also
unique optical properties, which make them not only suitable for therapeutic use but also for bio-imaging
applications. The following paragraphs provide a short description of different nanoparticle technologies

that could be used as the carrier module in MRI guided nanorobotic systems.

4./  Liposome Nanoparticles

Liposomes are one of the most well-known drug delivery carriers employed in the treatment of cancer. Due
to their advantages, liposomal formulations provide a substantial increase in antitumor efficacy comparing
with the free drug or standard chemotherapy regiments. Currently, they are used as drug carriers for ad-
ministration of several classes of drugs like antiviral, antifungal, antimicrobial, anti-tubercular, vaccines
and gene therapeutics (42), (9). Liposomes are lipid-based vesicles of nanometer size (typically less than
400 nm). Their bilayer membrane is made of two layers of phospholipids, which are molecules that have
hydrophilic head (attract water) and hydrophobic hydrocarbon tail (repel water), orderly arranged as shown
in Figure 4. These spherical vesicles contain a core of aqueous drug and offer effective protection of the

physically entrapped solution against hydrolysis and enzymatic degradation (9).

4.2 Polyvmer Micelles

Polymers micelles have attracted significant attention as nanoscale carriers for the delivery of low mass
drugs, proteins, genes, and imaging agents (43). Polymer micelles are formed by self-assembly of am-
phiphilic block or graft copolymers in aqueous solutions. They are characterized by a unique core-shell ar-

chitecture. The core of the micelles formulates a hollow space that encapsulates water insoluble drugs or
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diagnostic agents and offers effective protection against hydrolysis and enzymatic degradation (43), (44),
allowing for prolonged blood circulation times. The resulting hydrophilic shell is a brush-like corona (see

Figure 5) that stabilizes the micelles in aqueous dispersion.

4.3 Quantum Dots

Quantum dots (QDs) are novel semiconductor nanocrystals with broad potential for use in various ap-
plications in the research, management, and treatment of cancer (45), (46), (7). They form a new class of
fluorescent probes for biomolecular and cellular imaging. Also results in drug delivery have been reported
in (47), where the original CdSe QD were modified by the addition of an impermeable coating of polymer
that prevented the leaking of highly toxic cadmium ions from the QD conjugate and provided means to
chemically attach tumor-targeting molecules (7, 48, 49). It is known that uncoated or non-polymer pro-
tected quantum dots are unstable when exposed to UV radiation and have shown to release toxic cadmium
(48, 50). Research has been conducted on the subject of QDs toxicity and has indicated that QDs with the
appropriate stable polymer coating are essentially non-toxic to cells and animals (i.e. no effect on cell divi-

sion or ATP production).

4.4 Metallic Nanoshells

Metallic nanoshells are colloid nanoparticles coated with a thin metallic layer to form core shell nanoparti-
cles. Two of the most commonly used metals for the synthesis of metallic nanoshells are gold and silver.
The core of the nanoshell is composed by polymers such as Teflon or Latex nanosize spheres. Other cores
such as alumina, silica or titanium dioxide can also be employed. Nanoshell optical properties rely on the
plasmon-mediated conversion of electrical energy into light (51). Metallic Nanoshells are most commonly
used in medical applications for gene diagnostics, bioimaging, cancer imaging and intracellular analysis
(52), (53). Results on drug and gene delivery using metallic nanoshells have also been reported, by Halas

and co-workers in (54). Figure 6, demonstrates SEM and TEM images of silver nanoshells.
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45  Gold Nanoparticles
Gold nanoparticles also known as colloidal gold or nanogold have been used in biological applications
since 1971 (49). The multifaceted abilities of gold have been investigated in depth right from the electron-
ics industry to medicinal formulations of both modern and traditional practices. Gold nanoparticles usually
have size in the range of 10-40 nm, are strong absorbers, photostable, non-toxic, easily conjugated to anti-
bodies or proteins and have adjustable optical properties (55) (3) (56). Their optical properties are based on
the surface plasmon resonance. It has been shown that nanogold has 600 times more absorption in cancer
cells than normal cells. Gold nanoparticles have also been used for controlled drug delivery, where they

carry drug molecules, which are released when the nanoparticles are exposed to a particular wavelength of

infrared light (57).

4.6  Carbon Nanotubes

Carbon Nanotubes (CNTs) could also be used as nanocarriers because they have the desired dimensions,
and they possess outstanding mechanical, thermal and electrical properties (58). These hexagonal networks
of carbon atoms exhibit large aspect ratio (10-1000), terapascale-scale young’s modulus (59), excellent
elasticity (60), ultra small interlayer friction (61), and excellent field-emission properties (62). They can be
fabricated in single, double or multiwall versions, open or close ended, they can be bonded together to for-
mulate more complex structures with increased functionality and extended mechanical properties (63, 64).
Also, it has been shown that CNTs can be filled with magnetic nanoparticles (65) (66), but, so far no high
yield fabrication technique has been reported. The major limitation is the small inner diameter of CNTs and
the weak nanocapilary phenomenon. Although no definite conclusions have been drawn on their biocom-
patibillity, on-going research shows that no apparent toxicity or negative health effects are correlated to

CNTs (67).

5. Nanoparticle functionalization for sensing purposes

Several of the aforementioned nanoparticle properties are enhanced by appropriate nanoparticle function-
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alization, 1.e. to have the nanoparticles's surface chemically modified in order to acquire desired properties.
Robotic nanocapsules, are chemically processed not only for enhancing stability, solubility and biocom-
patibility properties but also for acquiring capabilities to sense the status of the environment surrounding

the nanocapsule. Such functionalizations techniques include:

3.7 Targeting mechanism. Functionalization with biomolecules that act as "targeting mechanisms’”.

Targeting a particular type of cells is accomplished by attachment of specific molecules on the carrier’s
surface, thereby enhancing the binding and interactions with antigens or receptors expressed on the specific
target cell populations. Typical vector molecules capable of recognizing tumors include antibodies, lectins,
peptides, hormones, folate and vitamins (68, 69). For example, monoclonal nuclear antibodies can be at-
tached to the drug carriers to promote drug release only to tumors cells and not to normal cells (70). Aker-
man et al. used quantum dots (see section 4.3) conjugated to peptides that were specific for either blood or

lymphatic vessels to demonstrate specific targeting of vessels (68).

3.2 Mechanisms for evading immunogenic reactions. Functionalization of nanocarriers with copolymers
Jor enhanced biodistribution.

Evading immunogenic reactions (i.e. bio-recognition and rejection of the nanocarrier by the immune sys-

tem) is a critical factor for reducing clearance rates and achieving prolonged drug circulation time (for ac-

quiring an insight on the immune system refer to reference (71)). The most well known surface modifier for

avoiding the immune system is the poly(ethylene glycol) (PEG) (8).

3.7 Triggered-release mechanisms. Functionalization of nanocarriers with copolymers containing stim-
ull- responsive functionalities.

This is an important functionalization property for the case of drug delivery systems. The use of triggered-

release mechanism allows the nanocapsule to become an active participant, where the release of the drug

can be activated according to a controlled stimulus as opposed to the conventional drug delivery systems,

where the release of the drug is predetermined by the encapsulation material. Environmental changes that
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can trigger the release of drug molecules are: pH-variations, temperature variations, optical or acoustic

stimuli (72).

The idea of a multi-functionalized drug loaded nanocarrier is schematically depicted on Figure 7. It is
recognized that the preparation of multifunctional magnetopolymeric nanohybrids constitutes a major chal-
lenge and is a subject of on-going research (73). The biocompatibility and system stability issues become
even more crucial when the nanocarrier is drug loaded and is further modified by antibodies for enhanced
targeting capabilities. Another key issue is the development of high quality, high yield fabrication tech-

niques for multifunctionalized drug loaded nanocapsules.

6. Magnetic Nanoparticles as Actuating Element

Magnetic nanoparticles form the means of actuation in MRI-based nanorobotic systems. They have been
used either as nanocarriers decorated with co-polymer chains or as distributed nanoparticles attached onto
the surface of other nanocarriers (carbon nanotubes, polymer micelles, etc). Magnetic nanoparticles have
been employed in a broad range of biomedical applications (Figure 8). For diagnostic purposes they have
been tested clinically in humans for characterizing lymph node status in patients with breast cancer (74),
lung cancer, prostate cancer (75) endometrial cancer and cervical cancer (76). Recently, scientists started to
employ magnetic nanoparticles conjugated with drug molecules and biomolecules for drug delivery pur-
poses, (16), (14), (77-79).

Magnetic nanocapsules are guided - by magnetic forces and torques - within the vasculature and con-
centrated at a localized target on a tissue. The magnitude and direction of magnetic forces and torques de-
pend (a) on the external magnetic field and magnetic field gradients generated by the MRI coils, (b) on the
magnetization properties of the magnetic nanoparticles, and (c) on the volume of the nanoparticle. These

physical relations are expressed through the following equations:

F =v, (#V)-B (1)
T =V MxB 2)

Where F_ is the magnetic force (N), 7 is the magnetic torque (Nm), M (A/m) is the magnetization per

m
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unit volume of the magnetic nanoparticle, V., (m’) is the magnetic volume of the nanoparticle and B (T) is

the magnetic field.

When ferromagnetic materials scale down to approximately less than ~50nm their magnetic properties,
at room temperature, become superparamagnetic. Superparamagnetic particles behave differently than the
original ferromagnetic matter: They exhibit strong magnetization within a magnetic field, but contrary to
ferromagnetic materials their magnetization 7 is diminished when the external magnetic field A becomes
zero. The zero remanent magnetization stems from the fact that in the absence of external field A , thermal
agitation (even at room temperature) randomly orients magnetic dipoles resulting in zero net magnetization
of the nanoparticle. Furthermore, they do not exhibit hysteresis.

The relation between m and B for saturated superparamagnetic nanoparticles is given by the following

formula:

™ B . (VMS
[z KT

where M| is the magnetic saturation per unit volume, KT is thermal energy due to thermal agitation of the

m=

Bl 3)

atoms and molecules. The Langevin function L(X) is expressed by:

L(x) = coth(x) — % 4)

Simple calculations demonstrate that a field B of 30-40 mT is sufficient to drive the magnetization of
the Fe superparamagnetic nanoparticle into saturation.

The superparamagnetic properties largely depend on the actual size of the nanoparticle. Magnetic coer-
civity varies as a function of size as shown in Figure 9, (80). In large nanoparticles energetic considerations
favor the formation of domain walls. However, when the particle size decreases below a certain value, the
formation of domain walls becomes unfavorable and each particle comprises a single domain. This is the
case for superparamagnetic nanoparticles (14). The transition from multi-domain material to single domain

is depicted schematically in Figure 9.
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Saturation magnetization m, also varies as size scales down. This behavior is owed to magnetic disor-

dered layers near the surface, i.e. surface canting effects, which become dominant when the ratio of surface

over volume is substantially increased. The relation describing magnetic saturation m, as a function of
nanoparticle size is given by:

m, = M[(r —d)/r]* ©)
where r is the size, M, is the saturation magnetization of bulk materials and d the thickness of disordered

surface layer.

A characteristic example of scaling magnetic properties is ¥ — Fe,0,, where nanoparticles of 55 nm ex-

hibit ferromagnetic properties with a coercivity of 4138 A/m at 300K, but at a size down to 12 nm

y — Fe,0, nanoparticles exhibit superparamagnetic properties (80). Figure 10 demonstrates TEM images

and corresponding magnetization loops of iron oxide nanoparticles, whose size is at 55 nm (Figure 10a,b)
and at 12 nm (c,d). As can be observed in plot d, superparamagnetic behaviour is characterized by (i) no
hysteresis, (i1) zero coercive field and (ii1) zero remanent magnetization.

Furthermore, it is known that shape characteristics like aspect-ratio also influence magnetic properties.

The interested reader is referred to (80), (81) for a detailed study.

7. MRI Based Propulsion, Tracking and Control

Once a nanocarrier with magnetic nanoparticles has been placed inside a MRI scanner, it is important to
demonstrate its controllable propulsion, tracking and navigation. This section presents the latest develop-

ments in this area of study.

7.1 Magnetic Propulsion and Steering

In (82) a magnetic navigation system produced by Stereotaxis, Inc. was used for the propulsion of a
millimeter size endoscopic robotic capsule. Magnetic propulsion and steering for microparticles has also
been employed in (23, 25) where the magnetic torque and force of a microrobot were induced independ-

ently by Maxwell and Helmholtz coil fields respectively. Other concepts of magnetic propulsion have also
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been proposed. One is referred to as biomimetic robots using flagella: a red blood cell is fixed to a beating
flagella (33) imitating the motion of eukaryotic bacteria, or a magnetic bead is attached to a helical nano-
coil (34, 35), like prokaryotic bacteria. Another concept is the magnetotactic bacteria. Such bacteria are ac-
tuated thanks to embedded or attached ferromagnetic material (83).

The use of magnetic gradients provided by a clinical MRI scanner to pull microparticles has been dem-
onstrated in (28, 29). This approach has been demonstrated at the millimeter and micrometer scales where
low level multiplexed controllers and observers have been developed (84), and in-vivo experiments have
been performed on a living animal (85) (though the blood flow had been stopped using a balloon catheter).
However, great technical challenges are encountered as the particle's size reduces down to the nanoscale.
Magnetic forces used for propelling are volumetric, whereas the drag force is --at best-- dependant on the
particles' area, therefore the smaller the particle, the higher the magnetic gradients should be for efficiently
propelling the particles against the drag force. Consequently, the MRI propulsion is well conditioned for
particles whose radius is up to a few dozen micrometers with current MRI scanners. At lower scales, the
required gradients are well above those generated by clinical MRIs. Currently, research groups investigate
approaches for increasing the magnetic forces acting on the particles. One of them is the use of additional
coils to supply higher gradients (24). MRI systems upgraded with additional gradient steering coils in order
to increase standard MRI gradient amplitudes (100-500mT) is currently investigated (80). Another promis-
ing approach is to exploit the aggregation properties of the magnetic micro/nano particles (see Figure 11).
The formation of aggregations, due to the MRI field, increases the magnetic volume, which in turn gives
rise to larger ratio of magnetic forces over drag forces (86-88). An alternative approach is followed in (89),
where drug molecules and magnetic nanoparticles are encapsulated into larger biodegradable polymer mi-
crocarriers. In this work the MRI scanner, using additional gradient coils, steers the polymer microcarriers
in the blood vessels near the tumor and embolizes the surrounding capillaries. The embolized polymer car-
riers biodegrade and release the encapsulated therapeutic agents, which are then directed into the tumor. A

combination of all three aforementioned approaches is expected to yield the maximum targeting efficiency.
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7.2 Imaging and Tracking in MR/ Scanners
Hydrogen atoms, as the main component of water, are widely spread in the human body, and various tis-
sues can be identified with respect to the hydrogen’s density and stability. MRI imaging is based on excit-
ing these atoms and let them relax to equilibrium to obtain a map of their repartition and properties, and
thus to get an image of the body tissues in the observed slice. More precisely, clinical MRI imaging can be
broken into four major steps. First, the permanent magnet generates a strong and uniform magnetic field in
order to align the spin magnetic moment of hydrogen nuclei (protons) along this field. Once polarized, pro-
tons are excited by a pulsing RF coil at Larmor frequency to induce a resonance absorption, which modifies
the precession motion of the spin. Third, RF excitation is stopped and protons relax to their equilibrium
state, producing a free induction decay signal (FID) in the RF coil after some relaxing times. Meanwhile,
gradient coils are used first to select the slice to be observed during the polarization step, secondly to per-
form a phase shift/ frequency-encoding during the readout step, performing a 2D position encoding within
the slice. Finally, the slice image is obtained thanks to inverse Fourier transforms applied on the measured
FID. Precision of an MRI imaging system is strongly related to the uniformity and strength of the main
magnet on the one hand, since they decrease the signal to noise ratio. On the other hand, speed and strength
of the gradient coils (set by their duty cycle) also affect precision and scanning speed of the imager.

The use of MRI as imaging modality for 3D image-guidance of endovascular procedures is of great in-
terest. As already mentioned endovascular navigation is rendered possible by integrating propulsion and
tracking events using time multiplexing. The same equipment that induces motion to nanororobots can be
utilized for localization by combining imaging/tracking procedures for precise navigation of an untethered
interventional nanorobot. The main drawback of MRI localization is that the choice of material for fabrica-
tion of the microrobot is limited. Ferromagnetic objects cause image artifacts that are sometimes larger than
the object itself to be localized, even though information contained in spatial gradients can overcome this
limitation (90). Efforts to increase MRI sensitivity have focused on the development of new magnetic core

materials (91), or on the improvement in nanoparticle size (92) or clustering (93). An emerging theme in
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nanoparticle research is to control biological behavior and/or electromagnetic properties by controlling
shape. Swarms of nanoparticles were localized in an MRI using contrast agents (94), and swarms of mag-
netotatic bacteria as a single object in (37). In (95), the authors found that a nanostructure with an elongated
assembly of nanoparticles (referred to as nanoworms) influences their efficacy both in vitro and in vivo by
enhancing their magnetic relaxivity in MRI. In addition to the trade-off between refresh rate and duty cycle
of the propulsion gradients, the repetition time of the tracking sequence is another constraint to be taken
into account during imaging and tracking sequences (84). With insufficient repetition time, MRI signal can

be unusable for tracking. Fast and robust image processing algorithms are key issues for future research.

7.3 Multiscale Modeling and Computational 7ools

Magnetic drug delivery is a multiphysics process involving diverse physical domains such as magnetic
fields and fluid dynamics. It is also a multiscale process ranging from the mini dimensions of the arteries to
the micro dimensions of the capillaries and the microparticles, and down to the nano dimensions of the sin-
gle domain superparamagnetic particles. Evidently there is not a complete modeling framework and there is
no single software package for simulating the entire process, since this would require the integration of
multiparticle simulation, molecular simulation, continuum-based models, stochastic methods and nanome-
chanics. A number of deterministic dynamic modeling approaches for magnetic targeting are presented in
(23, 78, 80, 87, 88, 96-98). Nonetheless, critical physical parameters of endovascular navigation are cap-
tured by the simplified model depicted in Figure 13, where the untethered nanocapsule is subjected to the

apparent weight, magnetic force and torque, and hydrodynamics.

The apparent weight is the combined action of weight and buoyancy:

W,=V(p,~p,)g (6)
As it was mentioned in the previous section the magnetic force is related to the magnetic field gradients:

E =v, (#1V)-B (7)

Under the assumption of a Newtonian incompressible blood flow and that the Reynolds number is low, the

fluidic drag force can be simplified according to the Stokes formula:
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F, =6mnrd (8)
with n the dynamic viscosity of blood, r the Stokes radius and U the relative velocity of the particle with

respect to the flow.

The non-dimensional number CM, given by Eq (9) is characteristic of a magnetic targeting system.
The design of the nano/micro capsule should pursuit maximization of C,,;. The lower the value of C,,, (for
MRI DDS usually is C,,; <1) the more difficult it is to navigate the capsules.

F V(M.-V)B
Cp =72 = VM= VB g ©)
Fy 67nru
The lack of strong computational tools for the range of interest is a key issue for future research. Mo-

lecular and atomic scales can be simulated using Molecular Dynamics tools, while sizes greater than 500
nm are modeled either using discrete element methods or using CFD tools. But still there are no systematic
simulation environments for studying the dynamics of the ferrofluid, as well as for conceptualization, char-
acterization, development and prototyping of nanocapsules. A macroscale approach has been followed in
(99), where a FEM package has been used for 3D computational simulations of blood flow and magnetic
particle motion in a left coronary artery and a carotid artery. The critical effect of aggregation and also the
forces of electrostatic nature have been neglected. A different approach has been adopted in (87, 88),
where a 2D simulation platform for magnetic targeting of microparticles has been designed and developed.
The simulation platform is based on discrete element modeling techniques and predicts the size and geome-
try of the aggregations (Figure 14), and their response during magnetic propulsion. Its modular design al-
lows the incorporation of particle geometries other than sphere and also the use of a feedback control loop.

No turbulent blood flow is taken into account.

7.4 Control Algorithms for Navigation in MRI Environment

Endovascular navigation through MRI system will be feasible by integrating propulsion and tracking events
within the control software that deals with their time sequencing. The MRI interface has therefore to be
shared and a time-division-multiple-access scheme for it has to be developed. Optimal navigation perform-

ance will require different tradeoffs in terms of refresh rate, duty cycle of the propulsion gradients, repeti-
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tion time of the tracking sequence. Recently, the authors in (29, 38, 85), demonstrated that a ferromagnetic
particle was navigated in real-time along pre-planned trajectories in the carotid artery of living swine at an
average velocity of 10cm.s-1. As the propulsion module used a simple proportional-derivative-integral
(PID) controller (84), the authors reported that navigations instabilities occurred during experiments. At the
nanoscale, automatic and stable trajectory control of nanocapsules against environment perturbations
(blood flow, drag wall forces) will require advanced controller implementation without modifying the
hardware of clinical MRI system for two main reasons:

Magnetic gradients are used both for observation and control purposes in a time-multiplexed sequence.
Although the uniform fields of commercial MRI machines are quite high (1.5 — 3.0 T), the gradient fields
they can generate continuously are in the -0.08 to 0.08 T/m range and are limited by the capacity of the non
super-conducting gradient coils needed for the rapidly changing field. The time-multiplexed sequence de-
sign, combined with the MRI overheating avoidance leading to limitations on the MRI duty cycle, tends to
increase the disproportional scaling between magnetic forces used for control purpose and perturbation for-
ces (drag forces and net buoyancy forces).

Magnetic forces cannot generically propel the nanocapsule against the blood flow. Therefore, control
objectives may be relaxed into steering the nanocapsule within the vessels bifurcations. Predictive control-
lers including the capsule’s motion and dynamics with estimation of the versatile flow due to heart pump-
ing are of great interest.

To this end, a system software architecture, has been proposed and is shown in Figure 15 illustrating the
different software modules to allow 3D navigation of a microdevice in blood vessels (100), namely: (i) ves-
sel path extraction, (i) magnetic gradient steering, (ii1) tracking and (iv) closed-loop navigation control.
First, the navigation path of the microrobot into the blood vessel is extracted using Fast Marching Method
from the pre-operation images (3D MRI imaging) to guide the microrobot from the injection point to the
tumor area through the anarchic vessel network. Then, this extracted path can be optimized so as to

minimize the control efforts (i.e. the magnetic gradients amplitude) required to propel the particle, which
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lead to an optimal reference trajectory (101).

Based on this optimal trajectory, a Model Predictive Controller (MPC) is proposed for robust time-
multiplexed navigation along a 3D path in presence of pulsative flow. Due to nonlinearities of the particle’s
dynamics, Lyapunov based controllers have to be considered to increase navigation performances. Such
observer-controller pairs have lately been proposed (102), (103) and proved more robust than PID ap-
proaches on simulation results, with respect to measurement noise or to some matched uncertainties (101).
Let us notice that the low-level controller also provides robustness performances against MRI system con-
straints (as pulsatile flow, limited gradient amplitude, and image noise) while the Model Predictive Con-
troller (MPC) is designed to trade-off time-multiplexed sequence constraints in terms of refresh-rate, duty

cycle of the propulsion gradients, and repetition time of the tracking sequence.

8. Discussion

MRI DDS is a promising approach for targeting therapeutic agents through intravascular roots. A signifi-
cant advantage of the MRI DDS is that the three linearly independent, time-varying, magnetic gradients can
target deep-seated lesions in the human body. This requirement cannot be met by the use of static perma-
nent magnets. The use of MRI significantly increases the targeting accuracy and the capturing efficiency of
the drugs due to the trajectory tracking capability provided by its imaging modality. Finally, MRI installa-
tions exist in many hospitals around the world and therefore this approach does not incur excessive cost.
Research on the field of DDS using clinical MRI is facing significant challenges especially when it
comes to the efficient real-time propulsion and position detection of the nano or micro particles. The great-
est challenge so far is the disproportional scaling of magnetic forces over drag forces. In the nano dimen-
sions these scaling effects in combination with the low magnetic gradients generated by the MRI result in
poor targeting efficiency of the MRI DDS. The magnetic gradients are low because they are limited by the
maximum permissible current flowing in the gradient coils. Also, there are biological limits that prohibit
applying magnetic gradients of high magnitude and high frequency on human subjects. Ongoing research

aims to overcome the aforementioned constraints by:
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(1) Enhancing the gradient coils of the MRI without incurring significant cost (27, 29, 38).

(11) Augmenting the magnetic volume of the guided therapeutic agents either by performing aggregation
techniques (86-88) or by encapsulating the therapeutic agents inside biodegradable polymers (89).
The efficiency of the former approach is limited by the dispersion of the navigated aggregations
along the vessel axis due to turbulent effects and also by the algorithmic complexity of the swarm-
type navigation needed to manipulate the aggregated objects. The polymer capsule approach has
been successfully tested in a phantom mimicking rabbit liver artery, but it has not been applied yet
at a human scale.

(11)  Exploiting novel magnetic materials whose magnetic properties are superior to those of iron-oxide
superparamagnetic nanoparticles (104). The hurdle in this approach is testing and ensuring the bio-
compatibility of these material as well as developing high yield fabrication techniques.

Further challenges are posed by the imaging system. Specifically the MRI, cannot yet provide high
frame rate feedback with sufficient resolution to reliably control the robot. Frame rate requirements become
even tougher when considering that blood flow becomes turbulent in select areas of the body. Fast acquisi-
tion and processing is necessary to later enable real-time control of the nanocapsule. The time consumed
for imaging purposes should be reduced as much as possible, to enable stronger and longer propulsion gra-
dients. Considerable research effort is put on the development of imaging processing software that has to
run as near as possible to the image generation, to avoid communication latencies and delays by the transfer
of images which can hinder fast controller reactions.

A key issue is the functionalization of drug-loaded nanocarriers, with biomolecules, copolymers and
superparamagnetic nanoparticles, while satisfying requirements of stability, biodistribution and biocom-
patibility. Fabrication issues have to be addressed as well. For example carbon nanotubes are very promis-
ing as nanocapsules, but their use is limited by the lack of systematic fabrication of high quality, high yield
of magnetic nanotube capsules for drug containment, furthermore there is a growing debate over the toxic

effects of carbon nanotubes and their potential use for biomedical applications such as drug delivery vehi-
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cles.

It is recognized that due to the system stringent requirements and due to the aforementioned technical
limitations, the development of the fully functional MRI DDS is especially challenging. However, techno-
logical and scientific advancement on the fields of MRI imaging, of nanocapsule fabrication and of nano-
robotic manipulation is fast and it is expected that soon the most critical components of the system will

reach a technological maturity sufficient to provide the first fully functional MRI DDS.

9. Conclusions

This paper reviewed the novel concept of guiding nanorobotic capsules in the human vasculature for drug
delivery purposes using a MRI scanner. The successful realization of the MRI DDS is expected to result in
significant increase of the therapeutic efficiency and in reduction of the side effects on healthy tissue. The
system architecture of the MRI DDS comprises functionalized drug-loaded nanocapsules, MRI propulsion
module, MRI tracking module, a controller and a User Interface. A fully functional MRI DDS has not been
developed yet, and it is recognized that its development is especially challenging due to the extreme scaling
effects and due to the integration of diverse technologies subject to very stringent requirements. On the
other hand owing to research breakthroughs on the fields of nanoparticle manipulation, of MRI imaging, of
nanocapsule fabrication and magnetic materials, the critical components of the system architecture are
reaching a sufficient level of technological maturity and this nanorobotic concept is now on the verge of

realization.
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Abstract

This review paper presents the state of the art on Magnetic Resonance Imaging (MRI) guided nanoro-
botic systems that could perform diagnostic, curative and reconstructive treatments in the human body at
the cellular and sub-cellular level in a controllable manner. The concept of a MRI-guided nanorobotic sys-
tem 1s based on the use of a MRI scanner to induce the required external driving forces to propel magnetic
nanocapsules to a specific target. It is an active targeting mechanism that provides simultaneous propulsion
and imaging capabilities, which allow the implementation of real-time feedback control of the targeting
process. The architecture of the system comprises four main modules: (a) the Nanocapsules, (b) the MRI
Propulsion Module, (c) the MRI Tracking Module (image processing) and (d) the Controller Module. A key
concept is the nanocapsule technology, which is based on carriers such as liposomes, polymer micelles,
gold nanoparticles, quantum dots, metallic nanoshells and carbon nanotubes. A description is presented of
the significant challenges that the MRI-guided nanorobotic system faces, and promising solutions proposed
by the involved research community are discussed. Emphasis is given on reviewing the limitations impose
by the scaling effects that dominate within the blood vessels and also on the review of control algorithms
and computational tools that have been developed aiming at real-time propulsion and tracking of the nano-

capsules.
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Summary points

. Increasing the concentration of the drug at the lesion results in significantly higher therapeutic effi-

ciency and in minimization of the side effects at the healthy parts of the human body.

. Drug targeting mechanisms are needed to accomplish efficient control of the drug concentration at
the lesion.
. The MRI-guided drug delivery is an active targeting mechanism that provides simultaneous propul-

sion and imaging capabilities, which allow the implementation of real-time feedback control of the target-
ing process.

. Functionalization is a key concept in nanocapsule design. Functionalized nanocapsules can effi-
ciently target cell receptors, evade the immune system and perform controlled drug release.

. Efficient guidance of the nanocapsules requires advanced controller design and also requires the
exploitation of physical phenomena such as aggregation of the magnetic nanoparticles that amplify the pro-

pulsion forces.
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Future issues

. Development of novel magnetic nanoparticles that are biocompatible, biodegradable and have im-

proved magnetic characteristics.

. Development of MRI position detection algorithms that provide improved resolution and refresh
rates.
. Development of computational tools for the systematic simulation of the dynamics of the ferrofluid,

as well as for conceptualization, characterization, development and prototyping of nanocapsules.
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Figure captions

Figure 1. MRI-based nanorobotic system: a multidisciplinary field.

Figure 2. Distribution control of drug concentration.

Figure 3. MRI-guided nanorobotic system architecture.

Figure 4. Liposome formulated by phospholipids.

Figure 5. Copolymer micelle structure.

Figure 6. Silver nanoshells observed by a SEM and TEM. A) TEM image of silica sphere 1um, coated with
20 nm monocrystalline silver. B) SEM image of sphere from the same batch. C) TEM image of 250 nm
sphere, with 5-10 nm silver seed decorating the surface. D) High-resolution TEM of polycrystalline silver

grain. (Reproduced by permission of the Journal of Colloid and Interface Science)

Figure 7. Multi-functionalized drug loaded nanoparticle.

Figure 8. Applications of magnetic nanoparticles.

Figure 9: Variation of coercivity during transition from multidomain ferromagnetism to single domain su-

perparamagnetism (adapted from (80)).

Figure 10. TEM images and magnetization curves of 55 nm (a, b); 12 nm (c, d) (Printed by permission of

American Chemical Society, (80)).

Figure 11. Aggregation of superparamagnetic particles. The particle magnitude is Sum. The aggregation

shape is chain-type or clot-type and has average length 60pum.

Figure 12. A) TEM image of FeCo nanoparticles. B) TEM image of the graphite shell of FeCo nanoparti-
cles. C) SEM image of the cross-section of FeCo—PLGA microparticle. D) FeCo nanoparticle distribution

in the PLGA microparticle.

Figure 13. Free body diagram of forces acting on a magnetic particle within the blood vessels.

Figure 14. Simulation of aggregations within the blood vessel.
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Figure 15: MRI-based Predictive Control strategy.
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Figure 15
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