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Abstract

The physics of mass transport within body compartments and across biological barriers differentiates
cancers from healthy tissues. Variants of nanoparticles can be manufactured in combinatorially large
sets, varying only one transport-affecting design parameter at a time. Nanoparticles can also be used
as building blocks for systems that perform sequences of coordinated actions, in accordance to a
prescribed logic. These are referred to as Logic-Embedded Vectors “(LEV)” in the following.
Nanoparticles and LEVs are ideal probes for the determination of mass transport laws in tumors,
acting as imaging contrast enhancers, and can be employed for the lesion-selective delivery of
therapy. Their size, shape, density and surface chemistry dominate convective transport in the blood
stream, margination, cell adhesion, selective cellular uptake, as well as sub-cellular trafficking and
localization. As argued here, the understanding of transport differentials in cancer, termed *transport
oncophysics’ unveils a new promising frontier in oncology: the development of lesion-specific
delivery particulates that exploit mass transport differentials to deploy treatment of greater efficacy
and reduced side effects.

Introduction

In a seminal paper, Hanahan and Weinberg [1] identified six fundamental acquired capabilities
as the shared-trait identifiers of the very diverse family of heterogeneous diseases we
collectively term “cancer”. These are: tissue invasion and metastasis; sustained angiogenesis;
self-sufficiency in growth signals; limitless replicative potential; evasion of apoptosis; and
insensitivity to anti-growth signals. Tissue invasion and metastasis are exquisitely cancer-
defining transport phenomena at the cellular level (Box 1). All cancer hallmark mechanisms
are based on a complex set of defects in the regulatory circuitry that governs normal cell
homeostasis and proliferation. Regulatory circuitries at the cell level, in turn, are based on
information flow pathways that involve mass transport at the molecular level, since their
effectors are cascades of interaction among molecules that are endowed with a coordinated set
of mutual recognition specificities. For instance, extra-cellular transport properties crucially
impact cell proliferation through signals received by the cell via transmembrane receptors that
bind diffusible growth factor, cell adhesion molecules, and extra-cellular matrix components.
The hallmark of acquired self-sufficiency in growth signals is known to be related to over-
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expression of growth factor receptors (e.g. EGF, HER2/neu) or receptor type switching
(integrins), and might be impacted by disruptions in the signal transport chain, such as by
independent or enhanced signaling resulting from receptor over-expression, or other causes.
Dys-regulation of the downstream receiving and processing of signals emitted by ligand-
activated growth factor receptors and integrins [1] is a transport-based type of mechanism for
the induction of self-sufficiency in growth signals (e.g. SOS-Ras-Raf-MAPK pathway). The
acquisition of insensitivity to antigrowth signals, which characterizes a large majority of
cancers, comprises molecular processing components, which are interrelated with transport
properties and the emergence of dys-regulated transport barriers to signaling molecules.
Apoptosis controls are largely embedded in cell-to-cell contact signals that mandate the
preservation of ‘health’ architectural configurations, and are therefore impacted by transport
differentials in cells and molecules.

Collectively, these observations suggest a novel framework for the understanding of cancer,
that is based on aberrations of mass transport at all levels, from molecules to the full organism.
This paper is dedicated to identifying fundamental elements of this framework, and proposing
novel, transport oncophysics-based diagnostic and therapeutic strategies. Nanotechnologies
naturally emerge as the fundamental enabling platforms for this approach - i.e., the novel
frontier of cancer nanomedicine.

Cancer as a multi-scale mass- transport pathology

Cancer issadisease of the cell, which is inextricably linked to its surrounding biological milieu
through a complexity of interactions with its microenvironment and distant sites within the
host organism [1,2]. Both, the proximal contact and the remote interactions, centrally involve
mass transport-based information transfer, in the form of molecular signals, the directed
movement of cells, and the dynamic elaboration of tissue. The higher-scale portrait of cancer
that emerges is that of a complex adaptive system that competitively exploits phenotype and
genotype differentials to gain growth advantage, employing mass transport as a fundamental
mechanism of coordination and communication. The multi-scale understanding of mass
transport dys-regulation including the molecular, cellular, micro-environmental, and systemic
levels, would provide the elements of a unifying framework for the diverse set of hallmarks,
or common traits of cancer.

Biological barriers dominate transport differentials in cancer

A coarse classification of mechanisms of mass transport includes transport within defined
compartments (e.g. vascular, cytoplasm, stromal, etc.) and between different compartments,
in processes governed by elements of separation collectively termed “biological barriers” or
“biobarriers”. These comprise defined biological surfaces (epithelia, endothelia, cell, nuclear,
endosomal membranes etc), which are actually themselves multi-cellular and/or multi-
compartmental, respectively, at a more granular scale of investigation. Biobarrier determinants
of trans-compartment transport also include the activated monocytes and macrophages of the
reticulo-endothelial system (RES), which provide for the circulatory clearance of aged red
blood cells and blood-borne particulates into RES organs. From the perspective of the systemic
administration of drugs and contrast agents, the biobarriers [3-6] as determinants of local
concentration comprise, sequentially, from the point of intravascular injection: enzymatic
degradation; sequestration by the phagocytes of the RES [7,8]; the vascular endothelium [9];
adverse oncotic and interstitial pressures in the tumor [10,11]; the tumor interstitium [12-18];
the membranes the cell themselves or subcellular structures such as the nucleus consist of, the
endosomes and finally, ionic, or molecular efflux pumps for the elimination of toxins such as
active therapeutic agents [19,20]. The delivery of injected cancer-selective therapeutic agents
requires successful negotiation of these barriers in order to attain a sufficient therapeutic index.
For oral delivery into the systemic circulation through the gastro-intestinal tract, further barriers
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that need to be negotiated are pH gradients in the gastro-intestinal tract, enzymatic and chemical
degradation, mucosal and endothelial (tight junctions) barriers. A prominent example of dys-
regulation of transport across biological barriers in cancer is the hyper-permeability of tumor-
associated neo-vascular endothelia, which manifests itself through the presence of fenestrations
in the range of 100 nm to 10 microns [21-23]. Remarkably, the tumor associated vascular
fenestrations themselves vary from patient to patient, from lesion to lesion, as well as over time
in the course of therapy [24,25]. While this variability poses a problem for therapeutic delivery,
at the same time it presents an opportunity for lesion-specific targeting, and it suggests that
this targeting strategy could be extended to broader combinations of biological barriers in
cancer.

Nanotechnology tools are necessary for an investigation of mass transport differentials —
and are the ideal tool for exploiting these differentials for lesion-specific therapeutics

The enhanced fenestrations in tumor-associated neovascular endothelia, and the resulting
hyper-permeability of cancer-feeding angiogenic vessels gives rise to the so-called enhanced
permeation and retention ‘EPR’ effect (see Box 2) of systemically-injected nanoparticles,
which in turn leads to their preferential concentration at cancer sites. The EPR mechanism is
considered the main reason underlying the therapeutic index advantages that have warranted
the FDA approval of the first “nanomedicines”, i.e. liposomes for the delivery of doxorubicin
and antifungal agents [26,27], in the mid Nineties.

With the further FDA approval of albumin nanoparticulates for the delivery of Cremaphor®-
free taxanes [28,29] nanotherapeutics have become substantial players in oncology for well
over a decade (see Box 3). Many novel classes of ‘second generation’ nanoparticles are
currently under development for potential use in cancer therapeutics (see Box 3 and references
therein). At the same time, nanoparticles, such as liposomes and quantum dots, have proven
to be the tool of choice investigating the hyperpermeable vascular endothelia in cancer-
associated angiogenesis [23-25,30]. This illustrates the ‘dual use’ of nanoparticulates as
instruments of investigation of the biological barriers that define cancer oncophysics, and their
natural transition to use as vectors of selective therapeutic strategies that take advantage of
transport differentials.

Individualizing treatment by the selection of logic-embedded vectors with lesion-specific
transport oncophysical properties that optimize therapeutic index

Without an effective strategy to negotiate the sequence of barriers, any current or novel
therapeutic agents based on enhanced biomolecular selectivity might yield sub-optimal utility,
simply because only very small fractions of the agent typically might reach their intended
targets, with the vast majority being captured or eliminated in biobarriers. This problem is
further compounded by the fact that the barriers themselves vary from patient to patient, from
lesion to lesion, and over time in the course of therapy, as eloquently shown for instance in the
case of tumor-associated vascular fenestrations [24,25]. However, the differential expression
of biological barriers offers an opportunity to ‘personalize’ treatment based on the observable
characteristics of the biological barriers themselves. To illustrate: liposomes of suitable size
concentrate preferentially in cancer lesions only by means of EPR, thus exploiting the hyper-
permeability of tumor-associated vasculature in the angiogenic phase of cancer growth [26,
27]. The vascular endothelial anomalies (fenestrations) that cause this increase in permeability
change with patient, cancer type, in the course of the disease, and in response to therapy. This
offers the conceptual opportunity to tailor nanoparticle size to the specific characteristic of the
fenestrations, thus ‘personalizing’ treatment based on the pathological disruptions of a
biobarrier: the vascular endothelium.
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Thus, in summary, the overall challenge is to optimize therapeutic indices for multi-agent,
targeted treatments. This requires the attainment of biological specificity of treatment, while
simultaneously addressing the conundrum of the sequence of biological barriers — and this is
not only the case for a single biomolecular drug, but also true for the broad spectrum of agents
that can address the multitude of different cancer presentations.

Molecular oncology is advancing toward a more complete understanding of the biological
pathways and molecular expressions that identify cancers. New therapies will doubtlessly
emerge from these efforts. Our philosophy is that these must be aided by concurrent,
synergistic programs on the complementary problem of the avoidance of biological barriers,
and the development of delivery strategies that will permit the co-localization of multiple,
cooperative agents at the same target location. This is where nanotechnology can provide a
crucial benefit. The search for molecules that can provide the triad of multiplexed functions:
biorecognition, cytotoxicity or specific pathway modulation, and biobarrier avoidance for
several synergistic agents might be too much to ask of drugs, present and future alike, that may
be employed to address the full, time-dynamic diversity of cancer presentations.

The required individualization might well prove to be at the single lesion or cell clone, even
beyond ‘personalization’ at the level of a single patient. The emerging frontier is thus the
development of therapeutic multi-component constructs, in which the functions of
biorecognition, cytotoxicity and biobarrier avoidance are decoupled, yet act in efficacious
operational harmony. In view of the sequential nature of biobarriers, it is further necessary to
develop therapeutic agents that have the ability to perform time-sequential function, thus
confronting biobarriers in their accurate time-sequential order. Therefore, the need emerges
for a ‘logic’ of actions in negotiating the barriers, which, ultimately, would result in therapeutic
drug release only at the desired lesion site. Obviously, such logic cannot be coded in the sense
of electronic programs. Instead, it must be embedded into the material properties of the delivery
vectors and their payloads. We have recently introduced a first example of ‘logic-embedded
vectors’ (LEVs). These are multi-stage carriers (Figure 1), whereby each stage performs part
of the journey from the site of administration toward the target lesion, negotiating one or more
biological barriers, and adding a degree of targeting selectivity in the process. As biological
selectivities, we used here cell target recognition by different classes of surface molecules, but
as discussed further below, we employed mathematics-based rational design of the size, shape,
and physical properties of the vector particles to multiply manifold the probability of
recognition of the target antigen — a synergy between molecular biology, physics, engineering
and mathematics.

Biological action at the target cells is then carried out by the vector-embedded molecule. By
way of example, a system may be envisioned that comprises a first stage vector that localizes
preferentially to tumor-associated vasculature, and there directionally releases penetration
enhancer agents together with one or more species of second stage particles that permeate into
the tumor and reach the target cells with biological specificity, where they cross the cell and
nuclear membranes, and deliver a single or multiple payload at different subcellular locations,
with potentially different time release profiles (Figure 1). The vectors can be optimally designed
and synthesized following direct observation of the individual characteristics of the target
lesions, and the barriers to reaching it: For instance, imaging techniques can be used to
determine vascular permeability [23,30], intratumor flow characteristics [31,32], and target
antigen densities on the tumor-associated vascular endothelium and the cancer cells [33-36].
The information can be entered into suitable mathematical design codes, which then yield the
optimal, ‘individualized’ vector characteristics. Synthesis of the multi-stage vector follows. A
suitable combination of multiple agents of therapy is loaded into the vector, which is further
decorated with one or more targeting moieties. The individualization of therapy is thus built
in the carrier vector, following direct imaging observation of the lesion, and is present

Trends Biotechnol. Author manuscript; available in PMC 2011 April 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrari

Page 5

regardless of the drug delivered, though obviously optimized when molecularly targeted drugs
are delivered. The time dynamics of the evolution of the lesion do not necessarily require a
change in cytotoxic or otherwise bio-modulating payload — the response to the evolution of the
lesion and its microenvironment might be built in the individualization of carrier, simply by
designing the vectors to permeate preferentially across the biological barriers of the target
lesion at the specific time point, in which therapy is administered.

We recently established such a multi-stage technology platform, and have essentially
demonstrated the fundamental components of the above-cited vision. The optimal
mathematical design of first-stage vector particles with respect to margination [37-39], firm
cellular adhesion [39,40], internalization [41,42] was demonstrated. We also developed
comprehensive carrier “design maps” [43], providing a direction for the solution to the
“targeting versus. RES-uptake conundrum” by way of rational design of the carrier geometry
[44,45]. Furthermore, a framework for the translation of these results to full drug biodistribution
models was also presented [46,47].

The design maps provide a graphic summary of the probabilities that certain transport functions
associated with the delivery of therapeutic payload will be realized, as function of the design
parameters of the carriers. Examples of such transport functions are margination in tumor-
associated capillaries, firm adhesion onto vascular endothelial cells, and uptake by phagocytes.
Design parameters for the vectors include size, shape, surface charge, affinity for endothelially
expressed cancer antigens, and deformability. The design maps can act as selection criteria for
of the particular nanotherapeutics to be chosen for clinical translation [47] in analogy to the
use of in silico criteria in conventional drug development, and of course with the same
requirement of experimental validation in relevant biological tests. Once the optimal design
properties of a candidate are determined from mathematical analysis, it is necessary to develop
the manufacturing of particles that can attain them. We have elected to use photolithographic
synthesis protocols, which can yield first-stage particles of essentially any size and shape, so
that the entire space within the design maps can be realized [48]. We have applied these methods
to nanoporous silicon, which is fully biodegradable with degradation rates that can be tuned
from hours to years and which has no residual toxicity as the degradation product is orthosilicic
acid in concentrations that are far below the daily dietary intake. Finally, we were also able to
demonstrate loading and release of multiple nanoparticles types (e.g. quantum dots, single-
walled nanotubes) from micron-sized nanoporous silicon carriers [48].

Drug and nanoparticle release from these multi-stage particles can be tuned to take place at
different times, and through different pathways. Particles can also be designed to be
intracellularly internalized [49,50] in order to deliver their payloads to different subcellular
components. We were able to show that optimized carrier sizes and shapes enhanced the
probability of complex formation between cell surface moieties and the conjugate targeting
molecules [40,51]. Furthermore, it was shown in animal cancer models that the biodistribution
of the carriers was a function of their geometry and materials [52]. Consequently, by tailoring
the particle size and shape, an injected dose of carriers could be concentrated in the animal
tumors, without the need to add any biological targeting moieties to these particles [52]. Far
from being just passive carriers, nanoparticles thus directly impact on cancer cell proliferation
and apoptosis proliferation through the Akt and MAPK pathways, and they are governed only
by their size and shape [46], thus suggesting the potential of ‘physics-based” cancer therapy.

Conclusions

Mass transport differentials are defining characteristics of cancer. Biological barriers are
determinants of such relevance in mass transport differentials that a new operational
(“oncophysics™) classification of individual lesions might be envisioned based on the
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characteristics of transport through biobarriers. Nano- and micro-particulates are ideal probes
for the study of mass transport differentials in cancer, and, as an immediate corollary, are
perfectly suited for the preferential transport of therapeutic agents to cancer sites, and the
realization of treatments of enhanced therapeutic index. The unfortunate reality is that the
addition of biomolecular recognition moieties on the surface of nanoparticles renders their
penetration across biological barriers more difficult to attain. In view of the sequential nature
of biobarriers, the development of Logic-Embedded Vectors (LEV), i.e. particulates that can
act in a time-sequential fashion to exploit biobarrier vulnerabilities is a necessary new frontier
on cancer therapeutics. ‘Multi-stage vectors are a first class of such LEVs and comprise a
system of nested nanoparticles, each of which is intended to carry out part of the travel from
site of intravascular injection to subcellular localization in target cells, each adding a degree
of targeting specificity. Through the development of a set of mathematical tools, which can
aid in the rational design of nanoparticulates and LEV, their properties such as margination
and firm adhesion to target vascular endothelia can be optimized and their preferential cellular
uptake might thus be achievable.

BOX 1
Differentials in mass and information transport are defining characteristics of cancer

Tissue invasion and metastasis are the most significant transitions in the evolution of cancer,
and the threshold events that govern its outcome and clinical intervention. By definition,
these events are based on mass transport at the cellular level, and in particular the acquired
ability of cancer cells to penetrate across biological barriers that are normally impassable.
Tissue invasion entails violation of the encapsulating boundaries between proliferating
cancer cells and their host stromal environment. Metastasis comprises a yet more complex
set of steps that include acquired gains in cellular motility, as well as penetration of vascular
endothelia at proximal sites (intravasation) and at the distant lesion-forming sites
(extravasation). Differentials in transport properties that underlie this hallmark property of
invasion and metastasis include changes in motility, mechanical properties at the cell level,
stromal transport, and permeation across the vascular endothelium through a set of
coordinated mechanisms that in turn involve ‘permeabilizing’ modifications of the
endothelial barrier as well [54-59]. Angiogenesis also profoundly impacts transport on
multiple levels. Neo-vascular networks have enhanced permeability owing to the substantial
presence of fenestrations, or endothelial gaps with sizes ranging from tens of microns to
hundreds of nanometers [21,23].

Further differential transport properties are acquired by a growing cancer lesion through
angiogenesis owing to the architectural features, such as anastomoses and atypical vessel
morphologies that profoundly affect the dynamics of blood flow, the transport from the
vascular compartment, and extravasation into the surrounding tissue [21]. The mechanics
of molecular fractionation along radial directions, of cell margination, and endothelial
adhesion in conditions of slow flow through lacunae-like angiogenic vessels differ greatly
from transport dynamics of ‘normal’ vasculature. Competitive advantages for preferential
transport in tumor-associated vasculature might be attained by modifications in cell size,
shape, and mechanical properties [60,61]. Additionally, the endothelial surfaces of tumor-
associated angiogenic vasculature present with bimolecular markers [62] that mediate
targeted adhesion and localization by cells with conjugate surface recognition moieties
[63]. Angiogenic processes engender increased mass transport in cancer lesion. Together
with unregulated proliferation growth, the insufficient co-development of lymphatic
drainage and constitutive differentials in biomolecular permeabilities of neovascular
endothelia, they generate imbalances in hydrostatic osmotic and interstitial fluid pressures
during cancer growth [3]. These form a biophysical barrier to mass transport from the
vascular into the tissue compartment as the resulting pressure typically directs convection
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into the opposing direction, and therefore tends to isolate the lesion from blood-borne large
molecules and cellular infiltration.

BOX 2
Transport oncophysics and biomolecular targeting

A great conundrum in cancer therapeutics is that transport across biological barriers is
typically more difficult for biologically-targeted molecules. This is the case for therapeutic
molecules as well as for nanoparticles. For instance, in therapies involving molecular
targeting, typically only one injected molecule in 1,000-100,000 reaches its intended
destination [64,65], despite the higher concentration that might be expected when
considering the dissociation constant of complex formation alone. As a consequence of this,
undesired collateral effects are often large and become unacceptable as is the case for
example for trastuzumab, which was shown to have cardiac toxicity [66]. The targeting of
nanoparticles via the surface conjugation of high-affinity ligands, antibodies, aptamers,
peptides and other biological recognition moieties and the subsequent drug release at the
target site has been widely investigated as a possible strategy to selectively deliver
therapeutics to cancer lesions. This quest has however been complicated by the fact that
nanoparticles with surface targeting moieties typically experience increased difficulty in
mass transport across biobarriers. This is the main reason why all nanotherapeutics in
clinical use to date are passively targeted, that is, they localize in tumor by means of the
EPR effect rather than via biomolecular recognition. Specifically, the addition of biological
targeting moieties to the surface renders the equivalent cross section of nanoparticles
considerably larger and they are therefore much less likely to be able to exploit the beneficial
EPR effect. EPR-based targeting is really a form of exploitation of the cancer differentials
in biobarriers for localized delivery — the main concept in this article. Another biobarrier
mitigation strategy that was first pioneered in liposomes, is the use of surface PEGylation,
which results in a delay of nanoparticle uptake by the filtering organs of the RES. Adding
further complexity, despite modest successes PEGylation and biological targeting have
proven to be mutually exclusive for nanoparticles, forcing a decision between longer
circulation life and biological recognition. Both the discussion of EPR targeting and the
avoidance of RES uptake by PEGylation point to the fact that that the addition of
biomolecular surface targeting moieties actually renders the problem of transport across
biobarriers substantially more complex. The combination of novel transport-by-design
vectors and biomolecular targeting thus emerges as a necessary, and potentially
advantageous, strategy for new generations of therapeutic delivery carriers.

Box 3
Nanotechnologies and cancer therapeutics

The administration of nanoparticles, which allow therapeutic agents to preferentially locate
at desired lesion sites, has emerged as an attractive treatment modality with greater
therapeutic index than the conventional formulations of the same agents [67-71]. The first
nanodrugs were liposomal encapsulations of antifungals [72] and doxorubicin [73,74],
which were approved in the mid-Nineties. Another nanotherapeutic agent that has secured
FDA approval for breast cancer in 2005 employs albumin nanoparticles that have been
conjugated with Cremaphor®-free taxanes [28,29]. In this formulation, the mass transport
advantage that is credited with improved therapeutic index with respect to taxane is the
chaperoning effect of the aloumin, which enhances extravasation into the target tumor. This
form of nanotherapy has experienced very rapid post-approval growth in clinical use, largely
based on the fact that it does not require pretreatment with steroidal anti-inflammatory
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drugs. Nanoparticles currently command a market in excess of $ 5.4 Billion per year [77],
making them a substantial reality in medicine by any metric. Hundreds of clinical trials are
currently underway for the use of these nanoformulations, in combination with established
individual drugs (see: http://www.cancer.org/ClinicalTrials.gov) in novel applications
beyond the current approved indications of breast, ovarian, head and neck cancer, and
Kaposi's sarcoma.

The clinically-approved liposomes and the albumin nanoparticles have no biomolecular
target recognition specificity and are classified as ‘first generation’ nanotherapeutics.
Second-generation nanoparticles, by definition, should perform other functions in addition
to passive localization by EPR and drug release. A highly desired ‘second-generation’
function is “active targeting’, i.e., the biomolecular targeting to cancer cell surface epitopes
by means of nanoparticle surface-appended recognition moieties, such as antibodies,
peptides, or aptamers. Many years of research have been dedicated to developing actively-
targeting nanoparticles, through the attachment of biorecognition moieties to their surfaces.
Before the days of nanoparticles, this strategy has been pursued for the receptor-specific
delivery of immunotherapy [78], radiopharmaceuticals [79] antisense oligonucleotides
[80], liposomal drug carriers [81], imaging contrast agents [82], and finally has been the
object of research for the intended targeting of novel generation nanovectored therapeutic
agents [82-95] to cancer cells.

Nevertheless, the approach of decorating the surface of nanoparticles with targeting
moieties has been met with very limited success as any injected nanoparticles must be
PEGylated to warrant sufficient circulation half-lifes to be able to localize in the tumor
[96].

PEG, however, tends to shield not only nanoparticles from the RES, but also their targeting
agent from its target, resulting in a dramatic reduction of the probability of biorecognition
[97]. Thus, to date, there are no nanovectors with biomolecular targeting strategy that have
received regulatory approval [98]. A promising alternative strategy for selective localization
employs nanoparticles as ‘antennae’ of externally supplied energy. Upon receiving an
external signal, nanoparticles are activated to release heat, which results in thermal ablation
of the surrounding tissue. Localization can be achieved by combination of EPR and the
directed nature of the exogenous energy beam.

Important current applications of this strategy include the remote activation of gold
nanoshells by near infrared radiation [36,99], which is now in phase 1 clinical trials for
head-and-neck cancer. Other approaches to induce localized nanoparticles activation
involve the use of a rapidly switching magnetic field [100,101] (in clinical trials for
glioblastoma multiforme), or radiofrequencies [102,103]. Remotely-triggered thermal
ablation obviously bypasses the problem of the ‘emergence’ of resistant clones, which is a
major concern of cancer therapeutics, since no clonal variants can develop that are resistance
to heat.

BOX 4
Future Questions

The biological barriers to mass transport are many, and evolve dynamically. Novel methods
for overcoming their diverse and sequential presentation are necessary. Nanotechnology
provides an ideal set of tools to meet this challenge, and in particular to develop approaches
to the central problem of interstitial transport, against an adverse hydrostatic pressure field.
Given the substantial reliance of rational design codes for nanoparticles and LEVS, it will
be necessary to expand the available mathematical codes to incorporate effects beyond
vascular transport and endothelial adhesion. Most pressing needs are the incorporation of
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models of transport across the interstitium, and the identification of the transport
differentials in healthy and neoplastic interstitial, at different stages of the evolution of the
pathology. The physics of transport within the cytoplasm, such as trafficking to different
subcellular locations, also requires much deeper understanding, from both the viewpoint of
mathematical codes, and the development of nanoparticulate probes and transport vehicles.
Great improvements on the experimental methods for the validation of all components of
the rational design codes for mass transport are required.
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Figure 1. Schematic illustration of the action of a multi-stage vector

A) A non-toxic, biodegradable first-stage carrier is optimally designed to evade RES and have
margination, adhesion, internalization properties that allow it to attain preferential
concentration on the target tumor vascular endothelium. (B) The first-stage particle co-releases
second-stage carrier nanoparticles with agents that facilitate their permeation through the
vascular endothelium into the tumor tissue. (C) The second-stage nanoparticles penetrate the
cellular membrane and deploy different, synergistic therapeutic agents into the cytoplasm, the
nucleus, or other subcellular targets. The particles themselves can serve as a means for physical
therapy, e.g. by converting external radiation (light, radiofrequency, ultrasounds) into heat, for
a localized form of thermal ablation.
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