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Computer-aided design of nanocapsules for therapeutic delivery
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The design of nanocapsules for targeted delivery of therapeutics presents many, often
seemingly self-contradictory, constraints. An algorithm for predicting the physico-
chemical characteristics of nanocapsule delivery and payload release using a novel all-
atom, multiscale technique is presented. This computational method preserves key
atomic-scale behaviours needed to make predictions of interactions of functionalized
nanocapsules with the cell surface receptors, drug, siRNA, gene or other payload. We
show how to introduce a variety of order parameters with distinct character to enable a
multiscale analysis of a complex system. The all-atom formulation allows for the use of
an interatomic force field, making the approach universal and avoiding recalibration
with each new application. Alternatively, key parameters, which minimize the need for
calibration, are also identified. Simultaneously, the methodology enables predictions of
the supra-nanometer-scale behaviour, such as structural transitions and disassembly of
the nanocapsule accompanying timed payload release or due to premature degradation.
The final result is a Fokker—Planck equation governing the rate of stochastic payload
release and structural changes and migration accompanying it. A novel “salt shaker”
effect that underlies fluctuation-enhancement of payload delivery is presented.
Prospects for computer-aided design of nanocapsule delivery system are discussed.

Keywords: nanomedicine; nanocapsules; liposomes; drug delivery; computer-aided
design

I. Background

The delivery of cancer drugs, siRNA or genes via a functionalized nanocapsule is a subject
of great interest. Current methods for treating cancer are generally intrusive, involving
long and repeated procedures (surgery, chemotherapy and radiation). In addition,
chemotherapeutics have strong side effects so that they cannot be administered in
sufficiently high doses to kill all the abnormal cells without affecting the healthy ones [1].
Hence, the need for drugs that have the ability to target only the cancer cells without
affecting other tissues is a current objective, which, however, may not be feasible. In other
words, a way to deliver the drug only when it reaches the surface of the tumour is needed
[2—4]. Another major requirement for drug delivery nanocapsules is the ability to control
the release of the drug over a long period of time with constant concentration [3]. Other
promising applications of nanocapsule delivery are for siRNA [5—-7] and genes [8—10]
therapies.

An example of well-studied drug delivery systems is liposome-based nanocapsules
[2,11-25,38,39]. Because of the broad range of size, shape, surface morphology,
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composition, surface charge and bilayer fluidity [11] in which they can be created,
liposomes constitute a very promising solution to the challenges encountered during drug
delivery. For efficient anti-tumour delivery, liposomes should be small enough to avoid
MPS uptake and thus reduce toxicity and prolong circulation in the blood, and big enough
to be able to selectively enter tumour pores taking advantage of the tumour’s increased
permeability compared to normal tissues. Altering lipid composition affects not only the
affinity of the liposomal carrier to certain tissues, but also its circulation time and rate of
release of the drug encapsulated in it; while saturated phospholipids reduce membrane
fluidity and thus prolong circulation in the blood, negatively charged lipids have the
opposite effect [12]. Similarly, lipids with low phase transition temperature (short,
unsaturated fatty acid chains) increase rate of drug release while those with high phase
transition (long, unsaturated fatty acid chains) decrease release rate [13]. It was also
discovered that circulation time can be greatly enhanced by coating the liposomes with
polymer polyethylene glycol, PEG (Stealth liposomes) [14]. However, this method was
found to cause additional side effects such as skin toxicity [15]. Finally, it is important that
drug is released at the surface of the target cell. This can be done either by coating the
liposome with antibodies — immunoliposomes — [16,17] or attaching ligands that target
specific receptors at the site of interest [18]; or by developing liposomes that are sensitive
to specific triggers such as pH [19-21], heat [22,23], light [24] or enzyme [25].

Considering the variations in the nature of the payload and the thermal and chemical
environments that nanocapsules must address, it is necessary to have a general physico-
chemical simulator that can be used in computer-aided nanocapsule therapeutic delivery.
Prediction of the rate of drug release for given nanocapsule structure and conditions in the
microenvironment based on a parameter-free model of supra-molecular structures that
would optimize payload targeting would be a valuable asset.

Pharmacodynamics/pharmacokinetics models have been built in order to study the
optimum release scenario to achieve high anti-tumour activity [26]. Other theoretical
models have been developed to simulate drug release from polymeric delivery systems
(see Ref. [27] for a good review). These models are either empirical or mechanistic.
Empirical models [28,29] only take into consideration the overall order of the rate of drug
release while mechanistic ones [30,31] take into account the mechanisms involved in the
rate-limiting step such as diffusion, swelling and erosion. However, these models are
macroscopic and do not take into consideration atomistic effects, and therefore neglect
fluctuations.

Release of payloads takes seconds to hours, a timescale not accessible to existing
molecular dynamics codes, which are impractical for suprananosecond studies. Computations
are further hindered because of the millions of atoms that must be accounted for in a
nanometer-scale problem that involves the payload, capsule and microenvironment. While
payload release is a suppressed timescale process, atomic collisions/vibrations take place on
the 10! second scale. The objective of this study is to show how such systems can be
simulated even though they support phenomena that simultaneously involve many scales
across space and time. An all-atom multiscale approach has been developed recently for
simulating the migration and structural transitions of nanoparticles and other nanoscale
phenomena [32-35], and is applied here to the nanocapsule delivery problem.

The starting point of our approach is the identification of variables (order parameters)
that capture the nanoscale features of the payload/capsule/host system, can be
demonstrated to be slow via Newton’s equations, and are “complete” (i.e. there are no
other slow variables that couple to them). Examples of these order parameters are
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nanocapsule centre of mass (CM) position, orientation and similar measures of the payload
and other objects in the microenvironment. We show how a variety of types of order
parameters needed to describe specific nanoscale features can be integrated into a fully
coupled model of a complex bionanosystem. Next, we formulate the Liouville equation that
yields the statistical dynamics of the positions and momenta of all atoms in the system and, via
multiscale techniques [33—35], the order parameters as well. A perturbation technique is used
to derive a Fokker—Planck (FP) equation for the dynamics of the order parameters alone.
While multiscale analysis has a long history of application to Brownian motion (see Refs.
[32,33] for reviews), our approach introduces novel technical advances that capture key
aspects of the nanoscale structures needed for nanocapsule therapeutic delivery analysis.

There are several strategies for targeted delivery and associated phenomena that should
be incorporated in a simulation approach. Like viruses that target specific types of host
cells, the nanocapsule could be constructed of proteins whose sequence and structure allow
binding to selected cell surface protein/receptor sites. Alternatively, injected nanocapsules
could contain a magnetic component part [36] that allows the use of external applied fields
to guide them to target tissue. Finally, release of the payload must be correctly controlled
spatially and temporally, by either designing nanocapsule disassembly to initiate upon
contact with or emersion into the cell membrane, or manipulating it by application of
localized heating in the target area. The simulation algorithm must account for the
migration of a nanostructure and its structural stability, i.e. to predict thermal or host
medium conditions favouring a leaky structure or disassembly of the nanocapsule in the
target medium. In summary, we present a mathematical approach that can be used for the
computer-aided design of nanocapsule therapeutic payload delivery systems.

In this study, we formulate the nanocapsule delivery problem in terms of a set of order
parameters characterizing the transporter capsule and its payload (Section II). We use
multiscale analysis to derive an FP equation for this set of interacting order parameters
(Section III). We present predicted drug release scenarios and show that calibration can be
reduced to two parameters, friction and barrier height. Given the size and properties of both
nanocapsule and its payload, the rate of release can be predicted. Alternatively, given a
release rate and calibrated friction coefficients, the optimum size of the nanocapsule can be
found (Section IV). We discuss the notion of fluctuation enhanced payload release (Section
V) and draw conclusions in Section VI.

II. Order parameters for migration, structural transformation and dispersal

The nanocapsule/payload delivery system displays several distinct behavioural regimes.
These include long-length scale migration to and across the diseased tissue, random motion
in the vicinity of target cell surfaces, interaction with these surfaces and changes induced by
variations in temperature or chemical environment that initiate and sustain drug release. In
the present study, we focus on the short-scale processes and not the long-scale transport to
the target tissue. For simplicity, we do not consider the cell surface explicitly; rather, we
focus on payload release within a host fluid. However, our methodology can also be applied
to a wider range of phenomena.

The system of interest consists of the nanocapsule, payload and host medium. It is
described in terms of its N classical atoms, which interact via bonded and non-bonded
forces. The all-atom multiscale approach starts with the identification of order parameters
and a reformulation of the Liouville equation. We arrive at an FP equation for stochastic
order parameter dynamics. We follow our earlier methodology developed for other
problems [33-35,37], except we introduce several technical innovations.
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Denote the CM position of the nanocapsule R and that of the drug or other payload Rg:
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where m; and 7; are the mass and position of the ith atom; m* = Z; 1 mi®;, and md
va LM @ are the total mass of the nanocapsule and payload ®; =1 when i is in the
nanocapsule and zero otherwise; and similarly with @ for the payload. If the CM
coordinates are to be used as order parameters, one should first demonstrate that they
evolve slowly. Newton’s equations imply dR/dt = —LR and dRy/dt = —LRy, where L is
the Liouville operator:

0
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where F; and D; are the force on and momentum of atom i. Introducing the total momentum
of the nanocapsule P* and that of the payload 13; yields dR/dt = P*/m* and
dRy/dt = I—’Z/mz, where P ="V 5,0; and 13; =" pi0®% Similarly, dP+/dr=
—LP% = vazl F;0; (the net force on the nanocapsule) and dP: /dt = —LPZ = 25\]:1 F i@?
(the net force on the payload). This completes Newton’s equations for the CM variables

for the nanocapsule and payload.

Both payload and nanocapsule are composed of many atoms (typlcally mllhons) thus,
we take them to have a dlameter of O(e ) for small factor &; while R and Ry are scaled as
O(°). To define &, we take & = m/m* for typical mass of a capsule atom m, and similarly
&% = mq/m}, where mq = mmj/m* and is on the order of the mass of a typical payload
atom. The & scaling is consistent with the fact that the nanocapsule is a shell-like object
and the payload fits inside the nanocapsule initially.

Under the assumption that the system is near equilibrium with respect to the
momentum degrees of freedom, the CM momentum of the nanocapsule scales as the
square root of its mass, i.e. P*?/m* ~ kgT. Thus, P* is O(¢ "), and similarly for Pd With
this, we adopt the scaled variables P and P4 such that

Px=¢ P, 13:128_113(1. “4)

Near equilibrium there is much cancellation of the individual forces acting on a

nanostructure. Although there are O(s~ %) atoms in the nanocapsule, partial cancellation is

assumed to make a net force that scales as O(e ) not 0(8_ ), i.e. not as the surface area of

the nanocapsule Thus, we introduce net forces via f = Zl | F:0; for the nanocapsule and
Zl 1 F; @ for the payload. In summary, Newton’s equations imply
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We conclude that R, Ry, P and P are slowly varying, qualifying them as order parameters.
Furthermore, they comprise a self-consistent set in that they all evolve on the same
timescale, i.e. O(g ).

To describe payload release, we introduce additional variables characterizing
structural transitions in the nanocapsule (with attendant permeability changes) and
dispersal (i.e. spatial extent of the cloud of payload molecules). For the former, order
parameters & and rotation matrix Xprovide measures of capsule dilatation and orientation:

N ~ o0
m,’Si'XSi ®i
=) S ™

where 3; is the position of atom i relative to R; Xis a length-preserving rotation matrix
that depends on a set of three Euler angles specifying nanocapsule orientation; fv? = ?? / s?,
where s? is the length of ?? and the superscript O indicates a reference nanocapsule
structure. Note that i? is not a dynamical variable but, for example, is derived from
cryoTEM data. As @ is a sum of O(g?) terms, each of O(&%), ® is O(£).

Newton’s equations imply
dd 1 N Di P\ =
e o= — (p = > X50m;0;. ®)
dr m# 4=

An additional term from d):(/ dr has been neglected for simplicity; it is small relative to
ds;/dr due to the large moment of inertia of the nanocapsule (see Ref. [34]). Define I1:
such that

N _ . D

The contribution to IT* of O(e ~?) terms of fluctuating signs; hence IT* scales as the square
root of the number of contributing terms. Thus, we introduce the scaled parameter
II = elI*. With this, ® and II evolve via

do IT

T em 10

TS (10)

And to good approximation
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G (11)
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for “dilatation force” g that we take to scale as & ° using an argument similar to that for f

and fy. Thus, ® and IT are slowly varying and are a consistent set of order parameters.
An order parameter A is introduced to describe the dispersal of the payload:

N
A= Zm,-s?@?/mz, (12)
i=1

where 3¢ is the position of atom i relative to Rq and s¢ is its length. As argued for ®, A
scales as 0(80).



54 Z. Shreif and P. Ortoleva

Newton’s equations imply

dA N m;
a2

0, (13)

where §? =73¢/sd. Introducing relative velocities (70/m;) = (Bi/m;) — (f’: /my) for

payload atoms yields
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The scaling of Il is based on the assumption that while there are 0(8_2) atoms in the
payload, the contributions to the sum in Equation (14) are of fluctuating sign, and thus
Zf.vzl : ~§?? is O(¢™"), a result again consistent with the scaling of P, and which reflects
the near-equilibrium state of the momentum degrees of freedom. With this
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The j-sum is over many vector contributions, which tend to cancel; as the m: factor in this
term is proportional to the number of atoms in the payload, the j-sum acts like an average
and therefore is small relative to the unit vector 3?. Similarly, the second term is O(e) and
is therefore negligible. Thus, to good approximation

dIl N
S=eh, h=>) F:3'0] (16)

dr

for “dispersal force” h. We conclude that A and I1, constitute a self-consistent set of order
parameters. .

It can be demonstrated that d)? dt is O(e) so the rotation is slow [33]. In what follows,
we make the simplifying assumption that the coupling of dilatation or dispersal with
overall slow capsule rotation can be neglected, an assumption warranting further
investigation in the future. For example, for capsules whose properties are far from
spherically symmetric (see Figure 1), payload release may be enhanced by, and in the
same time, propel rotation.

The set of order parameters and associated momenta introduced above constitute the
starting point for the multiscale analysis of the nanocapsule/payload/host medium system
presented in this study. We suggest that this set constitutes a minimal description capturing
many nanocapsule delivery phenomena.

III. Equations of stochastic therapeutic delivery

Multiscale approach is now used to derive an FP equation of stochastic dynamics for the
order parameters of Section II. We follow the prescription of Refs. [33—35,37]. For the
nanocapsule/payload delivery problem, the N-atom probability density p is taken to have
the dependence

p(l—‘v Z) Y) to, l) (17)



Computational and Mathematical Methods in Medicine 55

Figure 1. Dispersal can be enhanced when the capsule is spinning and escape is local; conversely,
local asymmetric dispersal can drive spinning.

with I' = {Fr,f‘p} Ue={r,....7x} and Ty ={p), ... .pa}i_Z = {R Ry, D, A} and
Y = {P Pg, 11, Hd} for 51mphclty X and its rate of change () are not accounted for
explicitly. A set of scaled times, 7, , (n=0,1, ...), is introduced to capture the
various ways in which p depends on time. Through the ansatz Equation (17), we account
for the multiple ways in which p depends on T, i.e. both directly, and through Z and Y,
indirectly. Finally, t = {t1, 15, ...} represents the set of long-time variables.

With this and the chain rule, the Liouville equation takes the form

Z f (Lo + sL)p, (18)
=0

~ 9
E;Lman ~%ﬂ, (19)

P
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From the chain rule, derivatives with respect to I' in L are at constant Z and Y, while those
with respect to Z and Y in L, are at constant I'.
A perturbative solution of the multiscale Liouville Equation (18) is developed such
that

p=> pe". @1

To O(e”), we seek quasi-equilibrium solutions such that Lopo =0, ie. po is
equilibrated with respect to the atomistic variables I' and hence is independent of #,.
Introducing a “nanocanonical ensemble” as generalized from that in Ref. [33] for the
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present problem, we obtain
e PH

0(B.2.Y)

where W is the reduced probability density and H is the total energy. H is defined as

po = W(Z,Y.1) = pW, 22)

N
Z D, (23)
where V(I',) is the N-atom potential energy.
The partition function Q is given by
0= JdF’A(F’, Z,Y)e P, (24)
where
AT, Z2Y)=068(z-2Z)8(Y -Y), (25)

where H', Z' and Y’ are the I"-dependent values of H, Z and Y. Further discussion of (22)
for a simpler problem is provided elsewhere [37].
To O(e), the Liouville equation implies

0 9po
L) == Lip,. 26
(ato 0) P o, 100 (26)

As we have assumed that initially p is near equilibrium, p, contains all the initial (i.e.
to = 0) information; thus, p; is zero at #, = 0. With this, using (20) for L;, and recalling
that Lop = 0, we find

W P o 9
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The statistical mechanical postulate “the longtime and ensemble averages for equilibrium
systems are equal” is assumed and implies

t—oo

1 0
lim —J ds(e ™) = JdF’ﬁAA (') =A® (28)
—t
for any dynamical variable A(T).
By multiplying both sides of Equation (27) by A, integrating with respect to I,

and removing secular behaviour in p; (i.e. balancing terms that are divergent at large t),
we obtain

= —pfp aigeta b F=7m)- (B2 +25) + (s — &™) (BL + )
(= 7)-(BR 4 ) + (h = n®) (B 4+ i) . 29)
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In the above equation, we used the expressions for dp/0Z [Equations (66)—(69)] and
0p/9Y [Equations (82)—(85)] derived in Appendix A.

An equation for W can be obtained as follows. Define the reduced probability
density W via

W(Z,Y.1) = JdF’A(F’,Z, Y)p(I", 1). (30)

Using the chain rule, properties of the delta function, integration by parts, and the
Liouville equation, we obtain

oW 9 P9 .9 P, o .
ot 8{aR J Pon T 9P ATz, P e " 9Py Ao

3 [ G 9 I, @
O larap—+ -2 [dar'a ' Ap—d —J T Aph b
+ ach P HJd pg+aAJd Pone oty ) 414 31)

Thus, to compute dW/dt to O(e %) we only require po and p;. Using Equation (29) for
p1 and Equation (22) for p,, upon noting that W— W as & — 0, we find

=eD'W, 32
or € (32)
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and D is defined as follows
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The y-factors are given in Appendix B and mediate frictional exchange of momentum with
the host medium and among themselves. This equation provides a theory of the stochastic
dynamics of a nanocapsule/payload system. It accounts for the cross-coupling between the
various order parameters through the thermal average forces and the friction terms.

The fact that this FP equation is equivalent to a set of eight Langevin equations for Z
and Y, suggests a way to simulate stochastic payload delivery accounting for fluctuations
in the position of the nanocapsule and its structure, as well as that of the payload.

IV. Simulating stochastic payload release

To illustrate the application of the theory, a series of simulations of drug release from a
nanocapsule was carried out. For simplicity, the nanocapsule was assumed to be attached
to the target cell surface at the time release was triggered, i.e. the CM of the nanocapsule
was kept constant. The CM of the payload and the nanocapsule structural order parameter
were taken to remain constant during release as well. In this case, our model reduces to an
FP equation for dispersal only:

oW Igaw o (Mg 9

for 7= et. The equivalent Langevin model allows for practical simulation:

dA 11
—=— (36)
dr mg

dIl

Hthm—wﬂh+Am, 37

where A(7) is a random force whose autocorrelation function is chosen to be consistent
with . The objective of this section is to adopt a Monte Carlo approach by repeatedly
solving the Langevin equations and then computing the average time course to model a
collection of nanocapsules releasing their payloads.

To compare our predictions on release scenario with experimentally observable
quantities, a relationship between dispersal and the concentration profile C(r) is
introduced:

C(r,7) = C()(T)e_(’/“A)z7 (38)

where r is the distance from the CM of the nanocapsule, a is a constant and Cy is the
payload concentration at the CM of the nanocapsule. This profile is consistent with the
assumption that payload release is spherically symmetric and concentration is a maximum
at the CM; it also builds in the meaning of A which, by definition, is a measure of the radial
extent of the cloud of payload molecules. Since there is assumed to be no degradation of
payload molecules during dispersal, the total number, n, of payload molecules is
conserved. This implies

Co = n/(aymA)’, (39)

where C is assumed to be defined in units of number of molecules per volume.
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The percent of drug release is the quantity most readily comparable to observations;
one finds

2 ,
% moles released = (ﬁ yef"2 + erf (y)) X 100%. 40)

as can be computed directly from C(r) by integration over the volume outside the
nanocapsule; y is defined below.
The thermal average force i ™ appearing in Equation (37) can be found via

" = —9U /oA, 41)

where U is the potential energy. For the latter, a simple phenomenological expression was
adopted

U= 47TJ uCridr, u= 42)

u Ro=r=R,,
0

0 otherwise,

where R, is the inner radius of the nanocapsule and R, is its outer radius. With this

U nu{% (17" — ye") +ert) — ert(y) } 43)

where x = R/aA and y = R /Ja\
The friction coefficient is a property related to the dispersal via an averaging reflecting
the local friction and the overall concentration profile. The following formula was adopted

_ f(o)o V(V)Coe_(’/aA)zrzdr

Y 44)
fgo Coe_(’/“A)zrzdr
Yin O=r= R,
F(r) = { Ymax Re <7 <R, (45)
You ¥ > Ro,

where Ymax = g*ei‘/ RT o+ is a calibrated coefficient, ¥in, Ymax and You are the maximum
friction values in the nanocapsule’s cavity, in the outer shell, and in the external medium,
respectively.

Drug release in the above model is inhibited by the energy barrier created by the
nanocapsule and by friction. Below, we show release profiles computed via the above
model for indicated g* values (Figure 2). Values for the radii, masses and number of atoms
(see Table 1) are chosen to be consistent with the experimental observations on a typical
liposome loaded with doxorubicin [11]. Doxorubicin is an anthracycline antibiotic that is
used in chemotherapy and has many acute side effects, particularly a fatal cardiac toxicity.
However, cardio toxicity was shown to be reduced for liposome-encapsulated doxorubicin
[38] and the rate of release of the drug was found to play an important role in mediating
toxicity and improving therapeutic efficacy [39].

As ymax increases with #, increasing the latter will have similar effect on the release
profile as increasing g*. Thus, as the barrier height or friction inside the shell increases, the
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100 __g=2/nr
g*=5/hr
o —— g =10/hr
— g =15/hr
__gr=20/hr
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T
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Figure 2. Release profile simulated using Equations (36) and (37) for parameter values as in Table 1.

Table 1. Values used for the simulation.

n (atoms) R, (nm) R. (nm) m (g) my (g)
6.7 X 10° 100 92 7.208 x 107" 9.01 x 107'®
20.00 .

18.00 /
16.00 /
e
14.00
12,00 /
10.00 /
8.00 )
g
6.00 /-
4.00 /
1

g* (/hn)

2.00

0.00
0.9

11 12 13 14
Ln(T)

Figure 3. Residence time inside the nanocapsule simulated with different g* values.
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rate of release of drug from the nanocapsule decreases. This is consistent with the fact that
increasing the length and/or saturation of the fatty acyl chains comprising a liposome leads
to slower release rates. The energy barrier and friction coefficients for the drug—
nanocapsule interaction can be modified via temperature changes or interaction with the
cell membrane. Increasing y,.x also leads to longer residence time in the nanocapsule, as
shown from the simulation results summarized in Figure 3.

Further discussion of fluctuation effects is provided in Section V.

V. The stochastic nanoshaker enhanced payload delivery

Consider the enhancement of the migration and payload delivery induced by the stochastic
dynamics of the nanocapsule/payload system. We analyse a special case of the FP
equation of Section III that illustrates a nanoshaker enhancement of payload release.
Fluctuations are constantly agitating the nanocapsule so that one expects that this could
facilitate the escape of payload molecules across the encapsulating membrane. To account
for this effect, consider a model cast in terms of the relative position R — Ry and the
dispersal A. We limit the analysis to the case where the nanocapsule/payload system is in
an otherwise homogeneous system and no external forces are applied. Define the new
order parameters

Rr = R - Rd, (46)
Ro=—R+"4R,, 7)
g ny
i} P P
a=mP—i} (48)
n my
P.=P+P, 49)

where m, = m + my is the total scaled mass of the nanocapsule/payload composite; R, and
R, are the relative and CM positions; and P, and P, are the relative and CM momenta.
Defining the forces

o Mg Mmoo
f=—"F-—h, (50)
n n
fi=F+T, (51)
Equation (32) becomes
oW P, 0 sh 0 P8 om0 Mg a0
-_— = — = K R — = = — — W
oty {mt oR; fr aPr+mt aR[ ﬁ aP[+md 8A+ de

+ eDW, (52)
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and D is rewritten as

9 BP‘+K6 LK 9 BP‘+6
oP. \"m " " 9P, Vs 55 oP. \"m. " 9P,

9 9 9
+ Ky — [ B—2 + Fr. (B K—
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where K = m?/mmg and the friction tensors are given in Appendix B.

Practical simulation of nanocapsule/payload dynamics can be attained via numerical
solution of Langevin equations that are equivalent to the FP Equation (52). For the present
system, these take the form

D =Ky, —

dRry _ Pra

=l 54
dr m’ (54
dR(w Pia
== (55)
dr my
dA 11
— (56)
dr my’
dP;q
d—; = { Z (‘yf,ozfr ra + ‘yfraf[apta) Bd yf,ath +A1a(7)}7 (57)
tg=1
dPy,
5 ~fa £ Z(Yf.af, v + ViafiPia) Bd Yanlla + Aza(7), (58)
=1
dIl 3
d—rd =pth— mﬁz (Vf.éPra + YifiaPra) — mﬁd Yinlla + A3(7), (59

ta=1

for o« = 1, 2, 3. The A terms are random forces and are related to the friction coefficients;
and

L drd? A o(DA(7) = 2ypais (60)

for a,& = 1,2,3 and ¢q,q = 1,2, 3 referring to f,, f; and h, respectively.

As can be seen in the above equations and the simulations in Section IV, the
fluctuating forces are a necessary element in release phenomena. To avoid premature
release, before a nanocapsule reaches the target site its membrane should be able to
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withstand perturbations in the surroundings (i.e. the fluctuating forces are not large
enough to overcome the barrier height). To induce the release of payload, fluctuations
should be enhanced in order to destabilize the polymer network composing the
nanocapsule. This will lead to either decomposing the nanocapsule or increasing the size
of the pores to allow the payload to traverse the membrane. Perturbations at the target site
can either be intrinsic to the system (i.e. release is triggered by the different environment
at the target site) or due to an externally applied field such as heat, light or ultrasound.
Nonlinear effects could emerge wherein fluctuations are affected by the molecules of the
payload. For example, the local environment created by a payload molecule could widen a
channel traversing the membrane. In some cases, such as gene delivery, the payload
consists of only a few molecules so that release from a given capsule has a strongly
stochastic character. Finally, when average channel width is less than the size of payload
molecules, then the rate of escape is determined by the channel expansion/contraction
statistics.

V1. Conclusions

An all-atom, multiscale approach for modelling nanocapsule therapeutic delivery systems
has been presented. Order parameters were introduced to characterize special features of
these systems, notably the state of the capsule; the dispersal of the therapeutic compound,
siRNA, gene, or other payload; and the centre of mass of the payload and nanocapsule.
Then, a coarse-grained equation for the stochastic dynamics of these parameters was
derived. To illustrate the approach, the time-course of liposomal doxorubicin delivery was
simulated. For simplicity, the simulation starts with the fully loaded capsule at the target
zone and ready for release. Finally, the nanoshaker effect, i.e. fluctuation-enhanced
payload release, was identified.
Benefits of the approach include the following:

e The all-atom description allows for the use of an interatomic force field, thereby
avoiding the need for recalibration with each new application.

e Additional order parameters can readily be introduced to account for the presence of
a cell surface and other nanoobjects, include other system-specific effects such as
externally applied heat, magnetic forces, ligand properties, etc. or provide a more
detailed description of the nanocapsule (i.e. shape, orientation or distribution of
small-scale structure across the nanocapsule).

In light of the above, we believe that our approach is a starting point for a computer-aided
nanomedical design strategy.

Subsequent studies can be done to investigate specific delivery methods using the
framework presented here. One can develop modules to estimate the friction coefficients
and thermal average forces, thereby enabling a parameter-free modelling approach. Order
parameters to describe specific targeted delivery methods and/or release triggers can be
added. For example, magnetic forces can be included to account for magnetic
nanoparticles used either to guide the capsule to the target zone or as a way to remotely
trigger payload release. Also, thermal triggering of the release can be represented by
introducing parameters that describe thermal effects and by including reactions in the
formalism that allow accounting for thermal breakdown of the capsule and the payload.
Finally, a description of the target surface accounting for interaction between the
nanocapsule and the cell surface receptors in the target zone can also be included in the
formalism.
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Appendix A

To evaluate the partition function Q arising in the lowest order solution in the multiscale perturbation
method of Section III several steps must be taken. First, we express the N-atom potential and kinetic
energies in terms of the order parameters and residual effects of the detailed all-atom configuration.
We then introduce a Fourier transform method to evaluate the momentum integrations.

The set of atomic positions can be written in terms of coherent and incoherent parts as follows:

?i=®,-(7€+&,-+<b):(§?)+®?(7€d+A§?), 0; + 6] # 0. (61)

Introduction of the residual (incoherent) displacement &; accounts for guctuations of the
nanocapsule’s atoms over-and-above the coherent motion generated by ® and X. For the payload’s
atoms, there is no relevant reference configuration as during delivery these atoms migrate via a
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random walk relative to each other. The coherent aspect of payload delivery is embedded in A as it

captures the overall range of the random walk.

With this, the derivatives of the N-atom potential energy with respect to the order parameters can

be found by using the chain rule and the fact that (9V)/(37,) = —F;

N
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Now, we can rewrite the partition function in Equation (24) as

Q= 000:10>

where
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where l"/po, I ,Pd and l";c are l";, for the medium, payload and nanoparticle atoms.
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Using the Fourier transform we get
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Inserting Equation (74) in Equation (73) we get
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where N, is the number of atoms on the nanocapsule.

For simplicity, we take the reference nanocapsule configuration to be symmetric (i.e.
oy miﬁ?a = 0 for a = x, y, z). With this, and using the inverse Fourier transform

1 (® 1 72
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0, takes the form
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where Ny is the number of atoms on the payload. In addition, the indices are renumbered in the above
equation.
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After release, payload atoms would go in all directions and therefore Zleyi1m£§2a is

approximately zero. Following the same method as above, we get

2 2
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Noting that Py and IT4 are independent of I” and ignoring X (which is consistent with Section III),
we get
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With this, we get
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Appendix B

Multiple scale analyses have focused on two extreme cases — inertial and friction dominated
dynamics. In the latter, one obtains Smoluchowsky equations which do not track the momentum
variables. In the present formulation, we attempted to balance both tendencies. This can be
accomplished when either the inertial terms are small (i.e. entering in O(e) in the perturbative
analysis of the Liouville equation, or the friction coefficients are large (i.e O(g ™~ ")). In the following,
the second approach is considered.

Assume the phenomena under study to be characterized by long-lived modes such that the
integrated generalized-force correlation functions are O(e 71) and not O(e 0). We thus introduce -
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factors as follows:
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With this and the assumed long-time behaviour of the correlation functions, the y’s are O(so).



