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Abstract

In this paper we show that the control of adhesion in highly flexible (a property that could be
crucial for smart drug delivery but which is still ignored in the literature) nanovectors can help
in smartly targeting and delivering the drug. The existence of and the conditions for activating
and controlling a super-adhesive state are addressed. Even if such a state has never been
observed in nanovectors, our calculations, as well as observations in spiders and geckos,
suggest its existence and feasible control. Control of the competition between the drag and the
adhesive force is exploited to improve the targeting ability and a hierarchical model is applied to
describe a real vasculature. The high flexibility of the nanovector is used to smartly deliver the
drug only during adhesion by nanopumping or, as a limiting case, by the new concept of
‘adhesion induced nanovector implosion’; a liquid drop analogy is utilized for the calculations.

doi:10.1088/0953-8984/20/47/474205

Fast (pumping) and slow (diffusion) drug deliveries can thus be separately controlled by
controlling the size and shape of the nanovector. Multiple stage nanovectors are also briefly

discussed, mimicking aerospace vector strategies.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Injectable drug delivery nanovectors (including nanocarriers,
nanoparticles, nanoshells, etc) are used in nanomedicine for
cancer therapy, specifically for multiple drug delivery, thermal
ablation or imaging (see the recent reviews [1, 2]). These
vectors must be large enough to evade the body’s defences but
sufficiently small to avoid blockages of the capillaries, and thus
are nanosized by definition.

Nanovectors can extravasate into the tumour through the
enhanced permeation and retention (EPR) effect [3], roughly
schematized in figure 1. The increased permeability of the
blood vessels, i.e. the formation of new vessels from existing
ones, leads to the permeation of nanovectors into the tumour;
moreover, its dysfunctional lymphatic drainage retains them,
allowing localized drug delivery. Experiments with liposomes
suggest that extravasation into tumours can take place if the
liposome diameter is <400 nm [4] and becomes more effective
for sizes <200 nm [4-7]. Unfortunately some tumours do no
exhibit the EPR effect, and this passive strategy could also
induce a lack of control and thus multiple drug resistance [2].
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To overcome these limitations nanovectors are functional-
ized in order to actively bind to specific cells after extravasa-
tion, through ligand-receptor interactions. To maximize speci-
ficity, a surface marker (receptor or antibody) should be over-
expressed on target cells relative to normal ones. It is gen-
erally accepted that higher binding affinity increases targeting
efficacy. However, for solid tumours, this could reduce pen-
etration due to a binding-site barrier, where the nanovectors
binds to its target so strongly that penetration into the tissue
is prevented [8, 9]. This suggests the importance of optimiz-
ing adhesion in nanovectors, which is the aim of the present
paper. Moreover, cancer cells often overexpress the receptors
for nutrition, thus interaction of growth factors or vitamins
with cancer cells is an additional commonly used targeting
strategy.

Finally, the nanovectors are activated and release their
cytotoxic effect when irradiated by external energy or induced
by environmental conditions such as metabolic markers or the
acidity levels that accompany inflammatory states, infections
and neoplastic processes [1].

Nanosized vectors include fusion proteins and immuno-
toxins/polymers (3—15 nm), dendrimers (~5 nm), polymer—
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Figure 1. A simplified scheme describing the concept of nanovector
therapeutics.

drug conjugates (6—15 nm), micelles (5-100 nm, lipid-based or
polymeric), nanoparticles (10-40 nm, gold, for photothermal
ablation; 50-200 nm, polymeric), liposomes (85-100 nm),
polymersomes (~100 nm), immunoliposomes (100-150) and
nanoshells (gold—silica, ~130 nm, photothermal therapy) [2].
Absorbing nanoshells are suitable for hyperthermia-based
therapeutics: they absorb radiation and heat up the surrounding
cancer cells. Above a thermal threshold irreversible damage
selectively kills the cancer cells [2]. To achieve temporal
release of two drugs, composite polymer core/lipid shell
structures can be adopted [10].

Polymers are the most commonly explored materials for
nanovectors. Lipid-based nanovectors have attractive biologi-
cal properties, such as biocompatibility, biodegradability (not
required for sizes <5 nm) and isolation of drugs from the sur-
rounding environment. Between them the most famous are
liposomes, single- or multi-bilayered (within inner aqueous
phases) spherical particles. They have shown preferential ac-
cumulation in tumours via the EPR effect. However, liposomes
that circulate for too long may lead to extravasation of the
drug into undesired sites. A long circulating half-life, solu-
ble or colloidal behaviour, high binding affinity, biocompat-
ibility, easy functionalization, easy intracellular penetration,
controlled pharmacokinetics and high drug protection are all
characteristics simultaneously required for optimal nanocarrier
design.

However, controlling, under the body’s defences, both
targeting and drug delivery remains a complex task.
Mechanical studies can have a role in this, as suggested by
the adhesion of colloids on a cell surface in competition for
mobile receptors [11] or in receptor-mediated endocytosis [12].
In this paper we will introduce the new concept of smart, highly
flexible (a property that could be crucial for smart drug delivery
but which is still ignored in the literature) nanovectors, based
on smart adhesion [13, 14]. Adhesion between a nanovector
and a cellular substrate is governed by the adhesion energy
(van der Waals, electrostatic, steric, etc) per unit area and,
due to the tremendous surface to volume ratio of nano-objects,
becomes predominant at the nanoscale. Geckos and spiders
take advantage of this [14], and nanovectors could do the
same. The existence and the conditions for activating and
controlling a super-adhesive state, as done by spiders and
geckos [14], are addressed in this paper for nanovectors.

Figure 2. A fractal model to describe the real hierarchical
vasculature and a nanovector reaching the desired site. Reproduced
with permission courtesy of Emma Chung [15].

During adhesion the smart nanovector considerably changes
its shape in a controllable way and, sometimes, can implode
due to buckling [16]. Thus, the high flexibility of the
nanovector is used to release the drug only during adhesion, by
a nanopumping mechanism; a liquid drop analogy [13] is used
for the calculations. Fast (pumping) and slow (diffusion) drug
delivery can thus be separately controlled. Such a mechanism
smartly delivers the drug in a controllable way, ideally aborting
tumour colonization [17]. Multiple stage nanovectors are also
considered, envisioning molecular motors too, mimicking the
well-established strategies of aerospace vectors.

2. The hierarchical vasculature: a fractal model

A fractal model can describe the real hierarchical vascula-
ture [18], see figure 2.

For humans, a vessel of diameter d; typically branches
into n = 3 sub-vessels [19, 20], of diameters d;, with a law
of the type d} = nd* . For area-preserving branching k = 2,
even if also k = 3 is used; in general 2 < k < 3 [21-23]. This
law is a consequence of an assumed relation between vessel
diameter d; and flow rate ¢; in the form ¢; df . We here
assume the classical value k = 2, even if towards the capillaries
k = 3 could perhaps better describe the observations [18, 24].
The number of vessels at the hierarchical level j is

N; =n’ (1

thus that of capillaries is N¢ = n"™, where N is the number
of hierarchical levels. Each capillary serves a volume V¢ =~
Vhuman/ Nc, where Viuman 1S the characteristic volume of a
man (of the order of 0.1 m?). Plausibly considering No =
Viuman/ Ve A 1010 [18], we expect N' ~ 21. From d} = nd’ |
we can calculate the size of the vessel at the level j as

dj/dy=n"I/* )
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thus dc/dy = n=/* where dc = dy is the capillary diameter.

Taking k = 2, N = 21, n = 3yields dy/dc ~ 10*; considering h

do ~ 3 cm as the size of the aorta gives dc ~ 3 um, plausible 0

for a capillary [18, 25-28]. The velocities v; in the vessels can 7 a C h>0 )

be calculated noting that ¢; o< Njv;d} = const, thus

vj/v():nj/k_j. 3)
Accordingly, vo/vc = n™~N/* is the ratio between the
velocities in the aorta and in the capillaries. Taking k& = 2,
N = 21 and n = 3 we have vy/vc ~ 10°, suggesting a very
slow flow in the capillaries.

Statistically, a drug D1 contained in a nanovector is
delivered to the desired capillary with a probability N !, Thus,
to release at the same site all the needed drugs D1, ..., DI,
at the same site the probability decreases drastically up to
N ! However, introducing ! drugs in the same nanovector
would increase the probability again up to Nz L Multi-
functional nanovectors are thus required. Roughly speaking,
a large number of capillaries serve the same physical site
(see, e.g., figure 2), so that the probability of reaching the
target becomes Ng ', where Ns = Viuman/Vs &~ 10° is the
number of sites, each of them plausibly defined by a volume
Vs &~ 1 cm’. The EPR effect, ligand-receptor interactions and
long circulating half-life enhance the probability of reaching
the target, which, due to the body defences, remains of the
order of 107*. In spite of this, their to their miniaturized size,
a large number (the volume occupied by a red blood cell could
host 1 million nanoparticles of diameter 10 nm) of nanovectors
can participate at the competition and thus some of them will
probably reach the target.

We may observe that tumours too are hierarchical in
nature [29-32], suggesting the importance of a fractal approach
in this context.

3. Adhesion of largely deformed nanovectors: a
liquid drop analogy

The adhesion of liquid drops is a fascinating field, 200 years
old (see the notable review by Quere [33]), and could present
analogies with the adhesion of nanovectors [34], e.g. as
recently observed for nanotubes [13]. For highly flexible
nanovectors the inevitable presence of large displacements,
deformations and contacts renders the problem out of the
domain of linear elasticity and into that of the elastic theory of
shells, for which only numerical integrations can be obtained,
e.g. [16]. A liquid drop analogy could help in solving the
problem, even if only in a approximate way: accordingly, we
are going to extend the approach developed for cylindrical
symmetry in [13] (applied to nanotubes) to spherical symmetry
(for nanovectors).

The adhesion of a (small, for which surface tension
prevails on gravity) liquid drop is fully described by the contact
angle 6 (a function of the liquid/solid/vapour surface energies)
between drop and substrate (see figure 3(a)). Indicating with
Ry the radius of the drop in air and with R the radius of
curvature of the spherical cap describing the adhering drop,
the radius of the contact area a can be calculated using mass

172
a=2 R()

() (b)

Figure 3. Nanovector (liquid drop) geometry, under large
contact/deformation (a) and squashed configuration (b).

conservation. The adhesion of a nanovector of radius R,
can be similarly described by an equivalent contact angle 6
(that we expect to be a function of the adhesion work and
bending stiffness), the radius of curvature R of the deformed
non-contact cap and the contact radius ¢ = Rsin6; thus
the (maximum) height of the deformed nanovector is h =
R(1 — cos @) (see figure 3(a)). Assuming a porous membrane
of the nanovector, thus capable of exchanging mass and
delivering the drug, surface inextensibility rather than mass
conservation has to be imposed, i.e. S = 27 Rh +7a? =4n Rg
(figure 3(a)). Accordingly we deduce:

a 2
Ry /14 2(1 —cosh)/sin’ 6

“)

For small contacts § — 7w and a/Ry, =~
\/ 25in>60/(1 — cosf). This asymptotic solution can be di-
rectly compared with the analytical result posed by elasticity
for a spherical shell with Young’s modulus E, Poisson’s ra-

tio v, thickness ¢ and contact surface energy y, which yields

a/Ry = \/2«/12nR0y/{Et2} [35]; thus, we can define the
contact angle for a nanoshell (e.g. liposome) according to

sin” 6 Ry
_— = — Ro < 2Rj
1 —cos6 Rj

sin% 0
— =2 Ro > 2R;;
1 —cosf

. Et?
R _ 5)

0T T2y (l—a)

in which the parameter 0 < o < 1 takes into account the
stiffening caused by the presence of a material (e.g. particles,
liquid-like, etc) inside the nanovector. For a porous membrane
o & ( and the mass exchange has a vanishing energy cost. We
have found that for a compact nanosphere equation (5) would
remain valid with R; = 2Ro{2E Ry/(3ry)}*/.

According to equation (5), the contact will be hydrophobic
or, better, nanovector-phobic (¢ > /2, water/nanovector
repellent) or nanovector-philic (¢ < m/2) for Ry < Rj or
Ro > Rg; or even super-nanovector-phobic/philic (6 ~ 7, 0)
for Ry — 0O or Ry > R(()C) = 2R;. For example, for
a fullerene £ ~ 1 TPa, t =~ 0.34 nm, y =~ 0.2 Tm™2
(C—C van der Waals), R; ~ 53 nm, i.e. beyond a Cjgpo000
molecule. Super-nanovector-phobic behaviour results in a high
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motility, whereas super-nanovector-philic behaviour is ideal 4su .
iper  Adhesion
for maximizing adhesion. Note that equation (5) implies that 7 | adhesion, | Free nanovector
the contact area becomes maximal (6 = 0) for Ry > R(()C) S e R
2R} and thus not only for Ry — oo. This corresponds to a ! !
kind of implosion [16] (figure 3(b)). !
Introducing equation (5) into equation (4) we find the : : Hierarchical
following nonlinear law: D | I | level J
a 2 . : : v
Ry JT+2R /R Ro < 2R | |
0 0
0 ©) : : .
a >
— =+2  Ry>2R;. RCTVI Y a

Ry

For small contacts/deformations (¢ — ) the prediction
of equation (6) is identical to the asymptotic solution reported
in [35], whereas for large contacts/deformations (6 —
0) a/Ry = +/2, as coherently imposed by the condition of
inextensible (figure 3(b)).

The (maximum) height of the flattened nanovector and
its radius of curvature can be geometrically derived as
(figure 3(a)):

h 1 —cos6 R 1
= S=— )
a sin 6 a sin @

For6 — 0, h/a — 0 and R/a — oo, whereas for
0 — m,h/(2Ry) — 1 and R/Ry — 1, confirming that the
theory is self-consistent.

4. Nanovector elastic energy and delamination: the
super-adhesive state

During the loss of adhesion, i.e. delamination, the classical
fracture mechanics energy balance must hold. Accordingly, the
opposite of the variation of the total potential energy (elastic
energy minus external work) with respect to the crack surface
area (complementary to the contact area) must be equal to the
work of adhesion 2y (see [36, 37] for a quantized approach).
Thus d® = 2yd(a?) (the external work here is zero), where
@ denotes the elastic energy stored in the nanovector. By
integration, following [13, 38, 39], we can calculate the energy
stored in the largely deformed nanovector simply as

& = 2yma’. (8)

In order to calculate the force for delaminating the
nanovector we have to include the external work W in the
energy balance, which consequently becomes d® — dW =
2yd(mra?), where dW ~ —Fda (F is assumed to be applied
at the nanovector centroid). The stored elastic energy is
related to the external work via d® = BdW, in which 0 <
B < 1 takes into account the system nonlinearity: g = 1/2
for linear systems, as imposed by the Clapeyron theorem:;
B = 0 for rigid systems, whereas f = 1 corresponds to the
other (opposite) limiting case (as can be evinced by the next
equation). Consequently, the force needed for delaminating
the nanovector, or the adhesion force, is

4

ya. €))

Figure 4. Nanovector adhesive map design. The super-adhesive state
and the competition between drag and adhesive forces
(@® = ANy,

The important consequence of equation (9) is that Fa « a
and not to a2, thus the adhesive failure shear stress, Tx, is size-
dependent:

4 vy

Fa
'L" = — = — .
A l—fBa

T ma? (10)

Equation (10) shows that nanovectors with smaller contact
sizes a will have higher failure stresses. Obviously T4 cannot
tend to infinity, being ultimately limited by the intrinsic
adhesion shear strength t,. Accordingly, the nanovector will
have a phase transformation entering in a ‘super-adhesive state’
fora < a®®, where

4
ash = =Y (a1
1—-p81,
corresponding to a super-adhesive failure stress r/(\SA) =1

and force F SA) = t,ma’ (see figure 4). Thus a nanovector

with size smaller than R{™ = a*» /4/2 is by definition super-
adhesive.

The peculiarity of having a high motility is fundamental
for a nanovector to reach the target. We could also design
nanovectors to have a phase transformation into the super-
adhesive state only when the desired site is reached. The
nanosized dimensions of the spatulas of geckos and spiders
make it possible for them to walk in the super-adhesive state,
in which the ability to controlling adhesion becomes even more
crucial and fundamental.

5. Competition between drag and adhesive forces:
controlling adhesion

The drag force acting on the nanovector is proportional to
its cross-sectional area A exposed to the blood flow. It can
be calculated according to geometrical considerations (see
figure 3(a)) as

A=0R*—a(R—h)= f () h?
6 —sinf + (1 — cosf)sinf
(1-— cosé‘)2

12)

[ =
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(We have chosen to formally put A as proportional to /2,
instead of ah or a2, since A does not tend to zero for vanishing
a.)

The drag force can be written as Fp = pCpAv?/2,
where p is the density of the blood, v is the relative velocity
of the nanovector (with respect to the blood flow, having
velocity v;) and Cp is the drug coefficient. For turbulent flow
(i.e. Reynolds numbers Re > 1000 where Re = Ryppv/n
and 7 is the blood dynamic viscosity) the drag coefficient is
approximately constant, whereas for laminar flow (Re < 1)
becomes inversely proportional to the velocity, so that Fp o v.
Accordingly we could write

FD = l,OCXAUX,

3 x=1-2

(13)
where C, is a ‘generalized’ drag coefficient (with different
physical units for different values of x). Thus, a drag shear
stress can be defined as

Fp _ pCAV*

p =
2ma?

C ma?r (1

In the blood flow both turbulent (and pulsatile, near the
heart), transitional and laminar (and non-pulsatile, towards the
capillaries) flows are present; the turbulence tends to vanish at
a hierarchical level j ~ 7 [18]. In order to avoid the premature
adhesion of the nanovector Fp > Fu, whereas only at the
desired site we want F, = Fu. Equating equations (9) and (13)
gives a critical length

/08 _ 8y
(1= B) pCyv*’

Defining £ = A/a, for £ < P4 the adhesion force
prevails, whereas for £ > £(PA) the drag force prevails. If the
desired site is in the capillaries, then x = 1 (laminar flow).

Summarizing, for £ < ¢PY and a < a® adhesion
takes place in the super-adhesive state, or for £ < £P» and
a > a®» out of it; for £ > £®» adhesion does not occur (see
figure 4).

5)

6. Controlling the drug delivery: nanopump
nanovectors

Drug delivery should take place at the desired site, where the
nanovector must adhere. Designing a nanovector of size Ry
with a proper elasticity, or Rjj (see equation (5)), allows us to
control the volume variation of the nanovector induced by the
adhesion energy (see figure 5). If the nanovector membrane is
perfectly porous (¢ ~ 0) an equivalent volume A Vg, of drug
(we assume here an ideal nanopump, thus a unitary efficiency)
will be smartly and suddenly delivered only at the target. The
nanovector works here as a nanopump. Geometrically we find

4 3 T 2 p3
AVig = g”Ro_ §(2+0059) (1 —cosB)“R’. (16)

As a limiting case for Ry = 2Rj, ie. 8 = 0,
AVig = 4 RS /3. Diffusive slow mechanisms will release
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Figure 5. Adhesion-induced nanopumping.

the remaining amount of drug, still contained in the deformed
nanovector after adhesion, that is:

i 2 p3

AVslowzg(Z—i—cos@)(l —cosf)" R". 17

We could thus control separately fast and slow drug
deliveries in order to optimize drug efficiency by realizing a
two-stage temporal nanovector. As a limiting case, adhesion
induced implosion of the nanovector can be required.

The nanopumping mechanism will be activated in addition
to different delivery strategies, e.g. endocytosis, and could be
used for a global optimal design. For example, endocytosis
is predicted with a maximal efficiency for particles having
size R (2/R = 1/R,1+1/R, for non-spherical geometry, in
which 1/R;; » are the Gaussian principal curvatures) of ~20-
30 nm, with characteristic wrapping times of ~1-60 s [12].
Thus the drug efflux (slow or fast) can be engineered to occur
upon adhesion to the cell membrane, or rather inside the
cell. An optimal colloid concentration also emerges [11]. We
could imagine delivery by nanopumping sub-nanocarriers with
optimal size for endocytosis, once the target has been reached,
producing a smart multiple stage nanovector.

7. Multiple stage nanovectors: mimicking aerospace
vector strategies

Multiple stage nanovectors [10, 40] could also be designed,
formally considering the first target as the place corresponding
to the activation of the second stage and the drug particles as
sub-nanovectors, and so on for multiple stages. The nanovector
can be optimized for a specific stage, as with aerospace vectors.
Molecular motors could also be envisioned [1].

A multiple stage nanovector could be designed to eject
its sub-nanovectors and adhere in the vessel/site having a
‘signature’ described by the following blood velocity:

. 8ty (18)
vi = —m—mm
! (1= B) pCyt®N
If R, is the radius of the sub-nanovectors, a number
Mt ~ QAV 1y [ (470R3/3) (19)
slow slow

of them will be rapidly/slowly ejected, where ¢ =~ 1 is
the packing factor. Multiple stages can thus be designed by
controlling adhesion, repeating the outlined process. Note that,
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from equation (9), the ratio between the total adhesion forces
required to delaminate the M sub-nanovectors and the mother
nanovector is F /iM) = M?*3 Fy, and for m stages:

Fngvm) — M,im/g FA (20)

where M, is the number of sub-nanovectors at the stage m.
Increasing the adhesive ability of the system by increasing the
number of hierarchical levels, imposed by the scaling of the
adhesive failure shear stress, is evident. Obviously this gain
cannot continue ad infinitum and the force will be limited by
the intrinsic adhesive strength, which is maximal in the super-
adhesive state. Spiders and geckos use the same strategy: the
(volumetric) coefficient 2/3 in equation (20) is replaced by the
(superficial) factor of 1/2, showing that dividing a contact into
100 subcontacts leads to an increase in the adhesion strength
by one order of magnitude. Geckos use billions of contacts for
such a purpose [14].

8. Conclusions

In this paper we have shown that controlling super-adhesion
in highly flexible nanovectors can help in smartly targeting
and delivering a drug. The existence of and the conditions
for activating and controlling the super-adhesive state have
been demonstrated and elucidated. Even if a super-adhesive
state has never been observed in nanovectors, our theoretical
considerations as well as observations of geckos and spiders
suggest its existence and feasible control. Amazing new
therapeutic strategies are thus expected by controlling the
super-adhesive state in nanovectors and their flexibility, via
advanced nanomechanical calculations [41]. We have also
shown that the control of the competition between the drag
and the adhesive forces could be used to improve the targeting
ability within a hierarchical vasculature. The physicochemical
characteristics of the drug itself, rather than of the carrier,
are not expected to have a major affect on the nanovector
adhesion but could significantly affect the induced release:
additional analyses are thus required. The high flexibility
of the nanovector is used to release the drug only during
adhesion by nanopumping and, as a limiting case, by the
new concept of ‘adhesion induced nanovector implosion’;
a liquid drop analogy has been used for the calculations
even though numerically exact solutions are still under study.
Fast (pumping) and slow (diffusion) drug deliveries can thus
be separately controlled. Multiple spatial-temporal stage
nanovectors have been also discussed, mimicking aerospace
vector strategies, e.g. for optimal endocytosis.
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