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Abstract

In this work a three-dimensional, time-quantified Monte Carlo model that efficiently describes
diffusion through and from nanotubes is implemented. Controlled delivery from Halloysite Nano-
tubes (HNT) is modeled based on interactions between the HNT’s inner wall and the nanoparticles
(NPs) and among NPs themselves. The model was validated using published experimental data.
The validated model is then used to study the effect of multiples parameter like HNT diameter and
length, particle charge, and ambient temperature on the release of encapsulated NPs. The results
show that release profiles depend on the size distribution of the HNT batch used for the experi-
ment, as delivery is sensitive to HNT lumen and length. A very good agreement with the experi-
ment is observed when a weighted average release profile is compared to the experimental profile.
Although the NP dynamics is temperature-dependent, the effect is minimum within the range of
temperatures relevant to biomedical applications, but will be relevant for other applications at
temperatures significantly different from room temperature. This model can be used to predict
the best conditions for a particular delivery need.
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1. Introduction

Nanotechnology gave scientists a number of materials that enabled the experimental realization of concepts that
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could previously only be realized as thought experiments. No other nano-material has proven more valuable in
this regard than nanotubes (NTs). Since their discovery in 1991, carbon nanotubes (CNTs) have attracted consi-
derable interest due to their exceptional mechanical, chemical, optical, and electronic properties that make them
suitable for a wide variety of applications including catalysis, electronics, molecular sensing [1], and, of partic-
ular interest to this work, molecular storage and release [2]-[15]. Indeed, there is an increasing amount of ongo-
ing research to produce functional nano-containers for their use, among other areas, in biomedical applications,
particularly drug delivery [5]-[7] [16]-[19]. However, the use of different NTs of various types (not just CNTS)
has been proposed beyond the biomedical field, in a variety of applications such as the controlled release of anti-
corrosives [20] [21], water purification [22], polymer composites [23] [24], and antimicrobial coatings [14]. All
of these applications serve as motivations for developing controlled-release systems, which alter the temporal
and localization release patterns and availability of molecular species of interest, besides improving systemic
availability. For instance, NPs can be incorporated in nano-carriers that have access to the whole systemic cir-
culation, but are delivered less rapidly than free NPs.

Due to the toxic nature of CNTSs, researchers look with interest into more natural options like clay. Most
common clay structures possess a nano-layered morphology, for example, kaolin and montmorillonite [25],
while other naturally occurring nanoclays show a hollow tubular structure [7] [25]. Two such promising nanoc-
lays that can be used as nano-containers with controlled release properties are imogolite nanotubes (INTs) [25]
and natural halloysite nanotubes (HNT) [2] [7], INTs however, present some level of toxicity [26]. HNT clay is
a two-layered aluminosilicate, chemically similar to kaolin, with a hollow tubular structure in the sub-micrometer
range. HNT is abundant, durable, and biocompatible; furthermore, it is cheap compared to synthetic nanomate-
rials with similar morphology. HNT is formed naturally when kaolin sheets roll up on themselves [2]. Kaolin
sheets are rolled into tubes because of the strain caused by lattice mismatch between adjacent silicone dioxide
and aluminum oxide layers [2]. As with most naturally occurring materials, HNT’s size varies from HNT to HNT
in a batch; the external diameter varies from 50 nm to 70 nm with lumen inner diameter from around 5 nm to as
large as 40 nm - 50 nm [2]. The length of HNTSs varies from 0.5 um - 1.5 pm. HNTSs have a specific density of
2.53 glem?®, refractive index of 1.54, pore volume of 1.25 ml/g, and specific surface area of 65 m%g [2] [27]. The
outer surface of the HNTSs has properties similar to SiO, with negative charge at pH 6 - 7 while the inner cylind-
er core is Al,O5; which is positively charged for pH of less than 8.5 [3] [28] [29]. The positive charge of the inner
lumen promotes loading of HNTs with negative macromolecules within void spaces, while at the same time they
are repelled from the negatively charged outer surfaces [2] [3] [28] [29]. HNTs are capable of entrapping and
retaining a range of active agents within the inner lumen, followed by their slow release.

The adaptation of HNT microtubules for controlled release was the result of the work of Burke and Singh [30].
HNTs were found to be a viable and inexpensive nanoscale container for encapsulation of drugs and other NPs
[3] [4] [6]-[10] [31]-[35], this was first demonstrated by Price [5], Lvov [5], and Kelly [14]. The use of HNTSs as
a novel drug delivery system was also reported by Levis et al. [17] [18]. The strong surface charge of HNT’s has
been exploited by Lvov et al. [2]-[15] [33] for the design of a nano-organized multilayer using layer-by-layer
assembly and for the use in sustained release experiments. An in vivo drug delivery system that uses functiona-
lized HNTSs for treating periodontitis was demonstrated by Kelly et al. [19]. Lvov et al. [3] [14] reported using
copper-coated microcylinders filled with oxytetracycline HCI in antifouling coatings. Price et al. [6] reported the
use of microcylinders for the delivery of proteins and growth factors. To further delay/control release, CdS and
FesO4 NP have been used as end caps for HNTSs to regulate the opening/closing of the pore entrance of meso-
structured materials [36]. The covalent modification of the inner surface of HNT, to be able to incorporate more
ferrocene than pristine nanoclay, was reported by Cavallaro et al. [37]. Cavallaro et al. [37] also reported the
modification of HNT lumen by incorporating perfluoroalkylated anionic surfactants to obtain stable colloidal
dispersions in water with enhanced oxygen solubilization ability. Biocompatible HNT- based fluorinated sur-
factants have been proposed as oxygen carriers in biomedical applications [38]. Finally, the possibility to adjust
HNT inner diameter between 15 and 30 nm, by selective etching, while maintaining the outer diameter un-
changed, was demonstrated in reference [39].

Therefore, experimentalists can have short ca 0.5 um (milled HNT) and long 1 - 1.5 um clay nanotubes with
inner diameter between 5 nm and 50 nm, can vary the inner and outer surface potential of HNTs by adsorption
of charged molecules, and are empirically trying to optimize these parameters to have controlled sustained re-
lease without the possibility to predict and optimize these tubule carrier properties [2]. The ability to simulate

the process can certainly assist in this task.
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When designing controlled-release systems, it is essential to ascertain and comprehend particular mechanisms
involved in the release process. Even though different mechanisms dominate at different stages of the NP deli-
very process, each stage may have more than one mechanism acting at the same time. The past decade
represented a period of concerted experimental and theoretical research efforts to elucidate several of the hither-
to incompletely understood aspects. The need to accurately control release rates and be able to consistently pre-
dict controlled delivery/release characteristics, such as release times, motivates this research, and thus this paper
highlights controlled delivery from HNT by modeling associated interactions between the HNTs and the NPs.
To achieve optimal release profiles for a given set of initial and boundary conditions, like initial molecular con-
centration or pH and temperature of the surrounding media, only a few simulations parameters need to be tested,
and the results obtained from simulations can then be translated to experiments which in turn can produce the
necessary data to calibrate and validate computational models. In the next section, the model developed for this
work is presented, then results are described with appropriate discussions of the virtues and limitations of the
model, and finally conclusions are offered.

2. Model and Simulation Method

Nanometer-scale tubules of HNT introduce the prospect of observing purely non-Knudsen transport (because the
radius of the nanotube is around 15 nm) at atmospheric pressure and temperature. Here we present a rather
unique 3-D coarse grain Montecarlo (time-quantified) model that uses classic kinetic theory coupled with Guy-
Chapman-Enskog theory and Poisson-Boltzmann theory to describe molecular transport in HNT channels and
highlights the role of surface diffusion and transport efficiency. This model uses several basic assumptions about
the nature of molecules, molecules-wall interactions, and the influence of collisions on the NPs’ displacement. It
is proposed that the model can be used as is in other types of nano-porous channels as long as the channel’s wall
can be considered smooth, rigid, and defect free. With minor modifications, less uniform wall surfaces can also
be modeled.

For sufficiently large cylindrical structures (pores or nantubes), in the 50 - 100 nm range (e.g. HNTS) investi-
gation can focus on the interaction of the permeate with the inner charged surface of the NT. SEM and STM
images of HNT and a schematic of the cylindrical nanotube are shown in Figure 1.

The model, implemented using MATLAB [40], was designed to simulate NP diffusion in long, defect free
NTs and out of the ends of the NTs. The hydrodynamic radius, the effective radius of a hydrated NP in solution,
is considered in these simulations, rather than the actual gas phase radius. NPs are considered to be spherical in
shape and are initially distributed uniformly throughout the cylindrical channel except at the tube’s ends where
the density is larger to account for the experimentally observed initial burst (see below for more details), with
the media in the channels being either a dielectric media or vacuum. NP’s motion is simulated as a random walk
to sample the configuration space subject to interactions among NPs and between the NPs and the HNT walls.
Particles are moved one at a time in an arbitrary direction and an arbitrary length up to an upper limit that de-
pends of the kinematics of the system. The move is allowed as long as it is energetically viable and there is no
overlap with the walls or with neighboring NPs along the line connecting the initial and final position of the NP.
A move is considered energetically viable if the total energy of the system is either reduced or stays the same. If
the energy increases however, the move can still be accepted with Boltzmann probability. A simulation step is
the event where every particle in the system has either moved or attempted to move once.

2.1. NP-Wall Interaction

The NPs are modeled as soft core spheres with hydrodynamic radius R and a zeta potential (the potential at R).
The NTs walls are positively charged with a pH-dependent surface charge density. Due to the structure of HNTS,
a soft wall composed of Lennard Jones (LJ) atoms is chosen accordingly, thus the ion-wall interaction consists
of a coulombic plus a Van der Waals (VdW) term with a cutoff for the VdW interactions set to 6R.

u(r):{quW+u°B r <6R O

Ucg r>6R

Here ug; is the energy contributions due to columbic interactions and u,, the contributions due to VdW

interactions.
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Figure 1. (a) TEM and (b) SEM images of a clay nanotube batch, (c) Schematic cross section of a charged cylindrical na-
notube with ions inside used as a model for this work.

The VdW ion-wall interaction can be computed by integrating the VdW potential over the wall surface. An
analytical expression for the VdW experienced by small charges inside a cylindrical nanotube is given by Afan-
siev et al. [41] as Equation (2).

C
Uygw = _X_Z H 2

0
<d2>(€c -€)

12(6C +er)

average dipole length, while e, and ¢ are the permittivity of the wall and the media respectively. In this

work c; = 0.04.

Here x, is the distance from the wall along a radius and c, = is the VdW constant. d is the

2%} o Ky (KR)
”:TXOIO 2 I (KR)

where K (x) and 1 (x) are modified Bessel functions, with r the distance between the center of the NP and
the center of the nano-channel, what accounts for the curved shape of the cylinder wall. For further details see
reference [41].

The columbic interaction between the NP and the inner surface of a HNT lumen in a solvent is considered
here to correspond to that of a charged spherical NP with the inner part of a charged cylinder of infinite length,
except when the particles are at the ends of the tube (for the solution at the ends see below). Utilizing a basic
model of electrolyte, the solvent is treated as a uniform background with a dielectric constant containing charged
spheres.

Equation (7) describes the potential energy landscape for a charged NP with electrical potential y, in a
charged, very long, hollow dielectric cylindrical channel with surface potential y,, immersed in a medium of
relative permittivity e, . This is obtained by solving the linearized Poisson-Boltzmann equation for the cylin-
drical nanotube immersed in a medium of uniform dielectric [42] [43].

In cylindrical coordinates the Poisson Boltzmann equation is

d’p d’p 1 lde

=—-sinh -———= 4
dr? " dz? A, () r dr “)

X {12, (kr)+212 (kr)+ 12, (kr)} k*dk ©)

Here A, is the Debye length and ¢ is the potential. The boundary conditions for the charged sphere and
the cylindrical lumen of the HNT are ¢ =y, atthe particle surface and ¢ =y, at the inner surface of the cy-

@
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linder’swall. w, inturn depends on the pH of the system what implies that the surface charge density depends
on the pH of the medium. The variation of zeta potential () with pH for HNTs has been published by
Lvov et al. [11].

Remaining boundary conditions are:

do —0 and de —>ﬂqp (5)
dr|,_, Mgy €om
where
eeKT [ . 1 j 42, (l j
= sinh| = + tanh| = 6
% /IDev[ (2"/" R nd ©)

With these, the Coulomb’s interaction energy is given by:

g (1) = "ef"’é {“%T |nHuexp(—%(%—l}émuexp(—%[%—lj—im

1

0
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In this implementation, y/, was represented by ¢, which is consistent with the NP’s radius being the hy-
drodynamic radius R. Ry is the HNT radius, r is the radial distance between the axis of the cylinder and the NP,
A is the Debye length and A is given by,

A_Ek_l_[ew—em ep—em]jL:shve (nZ —nZ)(nz —n2) @
I O Y A N e TN ATy Ny

where ¢, is the permittivity and n, the refractive index of the HNT wall, ¢, is the permittivity and n; is
refractive index of the NPs, and ¢, is the permittivity while n_ is refractive index of the surrounding medium.

At the HNT entrance, the infinity tube approximation is discarded in favor of the interaction between the NP and
arounded HNT pore entrance as schematically represented in Figure 2 [44].

] lo e

Ry

Figure 2. Geometry considered as a model for this work.
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Equation (9) describes the potential energy landscape for this situation [42] [43]. The boundary conditions
here are

d d KT
2P 50 and 22 L, )
ar|,_, dr g, ze
r=R;
Then
neRy? L ’ | Iy
Ueg (1, 2) = 1+~ | In|| 1+exp| — | || 1+exp| ——>
R, R, +R, (10)

sl i)

where, R, is the radius of the pore rounding, and

|:R\/{(R0+R° —Lj +(&+1] J—RC—R (11)
R R) \R R

2 2
lp = R+R .y (R .2 ~R -R (12)
R R R R
2.2. NP-NP Interaction

The interaction energy between two ions is expressed as

Uygw +U n <A
U (rij): Vdw CcB 1] D (13)
Ucs i > 4p

Uyqw IS the VAW interactions between a pair of particles accounted for by the 12-6 Lennard-Jones Potential

[45] given by,
Uy = 4¢; [{%J —[%j ] (14)
ij ij

Here ¢; is the depth of the energy well, o; is the distance at which the energy is equal to zero, and r; is
the distance between the 2 particles.

U.s Iis the screened electrostatic potential for a spherical charged particle of radius R immersed in an elec-
trolyte with positive and negative ions. According to the DVLO theory (named after Derjaguin, Landau, Verwey
and Overbeek) the screened potential is given by [46]:
qiqjeKR ‘%

UCB(r):ziﬁjzlkBTzh—(HKR)F e (15)
1

Here g, and g; are the charges of the individual particles, r; the distance between the two particles, R is

2

the radius of the molecule, 4, = e—k is the Bjerrum length, and 4, is the Debye length given by Equa-
€& Ke

tion (16) [47].
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1 €. KT
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N, is the Avogadro number, | :%Zi”:lcizf is the ionic strength, where ¢, is the molar concentration,

z, is the charge number of the ith ion and e is the elementary charge, ¢ is the permittivity of the medium, ¢,

is the dielectric constant of vacuum, k; is the Boltzmann constant and T the temperature.

2.3. NP-NP Interaction Introducing Time in the Algorithm

The Monte Carlo Algorithm as described above does not provide time correlated sequence of events. Kinetic/

dynamic Monte Carlo algorithms have time incorporated explicitly but they require the process rate to be known.

The approach to introduce time to the algorithm presented here is as follows. The maximum hop distance of

the molecules is taken to be the mean free path as described by the Chapman-Enskog theory for fluids and mo-
lecular gas flow (Equation (17)) [48].

o 16x (17)

5p (2nRT)

where R is the gas constant, T is the temperature, p is the combined density of NPs and the permeate inside
the NT, and

(18)

T
. :(1+2.5¢)[2.666936(2m—)]
10° 4r2oK,T

Here ¢ is the NPs volume fraction, K; is the Boltzmann constant, ¢ is the maximum energy of attrac-
tion, 2r isthe collision cross section and @ is the Chapman-Enskog collision term.

In the ideal case of completely elastic specular collisions in a completely smooth cylinder, molecules will
translocate through the NT in a billiard-ball-like series of collisions and the NT would introduce no resistance to
transport. In reality, non-bonded interactions among NP and between NP and the tube’s wall, as well as surface
defects and charges in the NT’s openings, can act as scatterers or anchors and randomize the molecular velocity
Therefore, the mean free path of NPs in the nanotube depends on the nanotube diameter and the average dis-
tance between the regions/points inducing scatter. All these factors are accounted for in Equation (17).

In molecular transport, the mean square displacement of transported particles scales nonlinearly with time.
This kind of transport is observed in many physical processes and often leads to a broad-ranged particle distri-
bution density, both in space and time. The random walk formalism as implemented here, offers an attractive
framework to understand and model such transport. This approach assumes that transition times associated with
particle displacements are independent of each other. So the velocity of successive jumps is not correlated.

The velocity of the particles during hops has contributions from thermal velocity and a potential-energy-de-
pendent drift velocity. The average total velocity is given by:

27RT ) H-0

_ /SRT
Vit = n_MeU/ KT (20)

where M is the mass of the NP and R the molar gas constant.

In the simulations presented here, there is no contribution from an external electric field, as there is no electric
field present in the condition under which delivery is carried on in the experiment, but the model can account for
an external field by including such contribution in Equation (19).

Elapsed time at each simulation step is then calculated by dividing the mean displacement by the average total

velocity for that time step.

¥ ol
o= [ (= an{ S| [ e (19)
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TMD,

(21)

Here, t, isthe time at step n, t,_; is the time at previous time step n — 1, TMD, is the average displace-
ment of all particles during timestep n, obtained as the square root of the Mean Squared Displacement, and V,
is the total velocity, from Equation (20), at that time.

The properties of all NPs studied in this work are given in Table 1.

2.4. Nanotube Loading/Release, Experimental Conditions

All the work reported here is a result of computer simulations, however in order to give the reader a clear picture
of how the simulations represent the experiment, the conditions under which experiments are conducted are re-
ported here. It is worth noticing that one of us (YL) has extensive experimental results, some of these results are
used below to validate the simulation.

In order to load the HNT, saturated solutions of drugs are mixed with a dry HNT powder and sonicated for 15
minutes. The samples are transferred into a vacuum jar, which is then evacuated using a vacuum pump. A slight
fizzing indicated the removal of air from the HNT lumens. The expelled air is replaced with the saturated solu-
tion of drugs. The process is repeated three times for most efficient loading which is typically 6 - 8 wt%. After
loading, the samples are separated from the solution by centrifugation, washed and then air dried.

All release experiments are performed in water, at pH 7.5 and room temperature (sink release conditions). The
samples are stirred and the supernatants are collected periodically. Concentrations of released drugs are deter-
mined using UV-Vis spectrophotometer. At the end of the release study, a high power sonication is performed to
ensure the complete release of loaded corrosion inhibitors and to calculate the loading efficiency for the kinetic
normalization. More experimental details are given in [6] [7] [11].

3. Results and Discussions

The results shown in Figures 3-13 feature the spontaneous release of NPs from HNTs immersed in a medium of
constant dielectric properties consistent with water. The term spontaneous release indicates that the NPs motion
in the HNT is not driven by externally applied forces or potentials, the diffusion of NPs is driven only by inte-
ractions between NPs and HNT and a concentration gradient. Four different NPs, 2-acetoxy benzoic acid,

Table 1. Physical properties of the four different NPs used in this work.

CyHsO4
Molecules Cz2H2sFOs Cr7H1sN.Os Gl VELIN 055 2-Acetoxy benzoic
Dexamethasone Nifedipine Furosemide Acid
¢ (pH 7.5) (MV) -35 —45 -40 -4
Refractive Index 1.592 1.559 1.658 1.551
Refractivity (cm?®) 102.493 87.9 75.8 445
Molar Volume (m?) 296.2 x 10° 272.3x10° 205.8 x 10°° 139.6 x 10°°
Density (g/cm?®) 1.3 1.35 1.6 1.3
Polarisability (cm®) 39.7x10% 348x10% 30x 107 17.7x10%
Molecular Weight (Da) 392.47 346.33 330.74 180.04
Molecular Radius (x107° m) 0.207 0.198 0.195 0.159
Solubility (mg/mL) 0.1 0.05 0.1 3
OH
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Figure 3. Simulation results compared to experimentally available release profiles for (a) 2-acetoxy benzoic acid [50], (b)
dexamethasone [11], (c) furosemide [11] and (d) nifedipine [11], from a 12 nm lumen HNT.
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Figure 4. Simulation results compared to experimentally available release profiles for (a) 2-acetoxy benzoic acid [50], (b)
dexamethasone [11], (c) furosemide [11] and (d) nifedipine [11], from a 15 nm lumen HNT.
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Figure 6. Diffusion models compared to simulated release profiles for (a) 2-acetoxy benzoic acid [50], (b) dexamethasone
[11], (c) furosemide [11], (d) nifedipine [11].
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Figure 7. (a) Simulated release profiles of dexamethasone molecules from HNTs of different radii; (b) Time needed for the
release of 50% - 90% vs lumen diameter.
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Figure 9. (a) Simulated release profiles of dexamethasone molecules as a function of tube length; (b) Time needed for the
release of 50% - 90% vs HNT length (tube lumen = 15 nm).
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Figure 10. (a) Release profiles for repulsive interactions between the wall and the particles for different radii; (b) Release
profiles for attractive interactions between the wall and the particles for different radii.
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Figure 11. (a) Release profiles of dexamethasone-like particles with different charges from HNTs of lumen 15 nm; (b)
Time needed for 20%, 50% and 90% release of NPs vs NP charge.
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Figure 12. (a) Release profile for dexamethasone from 15 nm lumen HNTSs as a function of temperature; (b) Time needed
for 90% release of NPs vs temperature. The inset shows the same information but at a scale needed to accommodate the si-
mulation error showing that all points are indeed within the statistical error.

100 100
I— A Dexamethasone
80 | /] T 80
2- Acetoxy Benzoic Acid
-] f ki
2 60 3 60 A
(%] ©
© Q
s 2 .
< 40 < 40 A
E ° n
. . A
20 ——Simulation 20 —— Simulation
J 4 Experiment A Experiment
0 i ) 0
0 1 2 3 4 0 5 10 15
Time in Hours Time In Hours
(a) (b)
100 100
Furosemide Nifedipine
80 80
% 60 360
2 g
[T} [7]
o o
-y 40 £ A u\‘,40
20 ——Simulation 20 —— Simulation
A Experiment A Experiment
] 0 &
0 5 10 15 20 0 20 40 60 80 100
Time in Hours Time in hours
(©) (d)

Figure 13. Comparing the experimental and weighted average simulated release profiles of (a) 2-acetoxy benzoic acid [50],
(b) dexamethasone [11], (c) furosemide [11] and (d) nifedipine [11].

dexamethasone, nifedipine, and furosemide were chosen to validate the model; the experimental release profiles
for these molecules from HNTs were obtained from the literature. In the pH range of 4 - 8.5, surface charge in
the HNT tubule lumen is positive and surface charge on the external surface is negative. This surface charge
difference promotes the loading of negatively charged molecules inside the lumen and is expected to limit their
adsorption onto the negative outer surface of the tubules. All the simulations presented here were conducted in
an environment consistent with a pH of 7.4 selected to match experimental conditions to which these simula-
tions are compared to, which replicate physiological conditions for drug release [49].

The release profiles from 12 nm and 15 nm lumen HNTS, in comparison experimental results are shown in
Figure 3 and Figure 4 respectively. Each point is the averages of 30 independent simulations under identical

conditions.
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There is a significant difference between batches of HNTs used in experiments where lumen and length dis-
tributions vary from one sample to another, particularly between samples mined from different locations
[51]-[54]. The two lumen diameters selected for the calculations presented above were chosen because the expe-
rimental HNT batch for the first three molecules, to which results are being compared, has a distribution (pre-
sented in Figure 5) with a peak at 12 nm and average lumen around 15 nm.

Experiments show that NP release from the halloysite tubules is typically 25 (nifedipine) — 75 (furosemide
and dexamethasone) times longer than that from the micro crystals [35]. Table 2 shows the time taken for
maximum release reported in the experimental work for the four molecules subject of this study. The times re-
ported correspond to 90% release for 2-acetoxy benzoic acid, 70% for dexamethasone, 50% for furosemide, and
45% for nifedipine respectively.

Figure 3(a) and Figure 4(a) shows a comparison between the release profile of 2-acetoxy benzoic acid and
experimental results reported by Wenbo Wei [50]. 2-Acetoxy benzoic acid has the lowest (negative) surface po-
tential (at pH 7.4) of the 4 molecules and thus it does not feel as strong a pull towards the walls as the other three
molecules leading to the fastest delivery of all, this is clearly shown in Figure 3(a) and Figure 4(a) where more
than 85% of the molecules are released within the first hour. The release profile shows an initial burst followed
by a longer saturation phase. The saturation phase is due to the surface diffusion of the molecules adhering to
the walls.

Figures 3(b)-(d) and Figures 4(b)-(d) provide a comparison between the release profiles for dexamethasone,
furosemide, and nifedipine with the experimental release profiles obtained from Veerabadran et al. [11]. These
figures show a good correlation between the experimental and simulation profiles. For these cases, simulations
also predict an initial burst followed by a saturation face, however, unlike the case of 2-acetoxy benzoic acid, the
experimental release stops at a smaller delivery percentage and no experimental verification of the saturation
face is provided. These three molecules bear a significantly larger surface potential than 2-acetoxy benzoic acid
and thus the release takes longer.

The features of the release profile can be explained in terms of molecular interactions. Molecules, being nega-
tively charged, adhere to the HNT’s walls and form a layer, similar to a stern layer, near the wall effectively
shielding other negatively charged molecules from the wall. These shielded molecules then diffuse out of the
HNT due to intermolecular repulsion. The molecules that stick to the wall diffuse out more slowly causing an
elongated saturation phase. Since a large numbers of NPs diffuse out during the burst phase, the contribution to
the total energy of the system due to NP-NP repulsive interactions is greatly reduced, the velocity of the NPs al-
so reduces, and this also contributes to reduce the NP’s release rate in the saturation phase as time passes. This
leads to a two-phase release, an initial release burst phase or phase I and the slower saturation phase or phase I,
this is corroborated by the experimental results on 2-acetoxy benzoic acid where the saturation phase is reached
in the experiment. An inspection of the simulation results show that around the concentration where phase Il
starts, most of the remaining NPs are near the wall. Phase 11 is therefore governed by surface diffusion along the
wall. In the experiments, phase | is governed by multiple release processes. The first may be attributed to the
dissolution of NPs from the HNTSs outer openings. The second is the release of NPs in the natural gaps/defects
on the cylinder surface at the end of the rolled clay sheet, and the diffusion of NPs at the center of the tube that
are shielded from the wall [55]. In the model, these effects are simulated by setting up a higher NP density at the
ends of the tubes than in the center as explained earlier, followed by the release of NPs inside the HNT lumens,
shielded from the wall by other NPs. This process is governed by molecular diffusion. The actual concentration
at the ends was calibrated a-priori and it is not used as an adjustable parameter.

No single mathematical model can satisfactorily describe the entire release process, but the two phases can be
independently described by two distinct mathematical models. Both release phases are concentration-dependent
and follows first order Kinetics.

The burst phase can be best described by the Korsmeyer-Peppas model [56];

M _ kt*" (22)
where, M,/M_ is a fraction of NPs released at time t, k is the release constant, and n is the release exponent.
The value of n indicates the type of diffusion dominating the process [56]. This is summarized in Table 3. The
Korsmeyer-Peppas model was first introduced by Korsmeyer et al. [56] in 1983 as a simple relationship de-
scribing drug release from a polymeric system. This model was used to study the release kinetics of data ob-
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Table 2. Comparison of release times from micro-crystals and HNTs [11] [50].

Molecule Release time from micro-crystals (hours) Release time from HNTs (hours)
2-Acetoxy benzoic acid [53] 0.05 - 0.083 3
Dexamethasone [11] 0.16 - 0.25 14
Furosemide [11] 0.083-0.11 18
Nifedipine [11] 0.25-0.33 6

Table 3. Interpretation of diffusional release mechanisms from cylindrical channels [56].

Exponent (n) Drug transport mechanism
Upto 0.5 Fickian diffusion
0.5<n<0.89 Non-Fickian diffusion

tained from in vitro drug release studies.

While the Korsmeyer-Peppas Model accurately describes the initial burst phase release, it is claimed to be
accurate up to approximately 60% release. A different model introduced by Weibull and others [57], is better
suited to describe the saturation phase release. The Weibull model describes release profiles and dissolution of
drugs from matrixes:

tb

%{14 ] (23)

©

M; is a fraction of NPs released at time t and M,, is a total amount of NPs released, a is a scale parameter de-
scribing time dependence and b describes the shape of the dissolution curve. When b = 1, the shape of the curve
follows an exponential profile with a release rate constant k = 1/a.

The release curves corresponding to a 12 nm lumen HNTS are used to fit the two different mathematical mod-
els of first order Kinetics discussed above. The results are presented in Figure 6 and the fitting parameters pre-
sented in Table 4.

It is observed that as the NPs’ zeta potential becomes more negative (see Table 1), the more the release pro-
files deviates from Fickian diffusion in the initial burst phase, as evidenced by the values of n = 0.001 for
2-acetoxy benzoic acid (the less negative) and 0.55 for furosemide (the most negative).

3.1. Effect of HNT Lumen

As discussed earlier, there is an important variation in HNT and NP properties in the experiment that may affect
release and therefore the effect of each of these parameters on the release profile is studied independently. In this
subsection the effect of the inner lumen diameter is addressed. The NP chosen for this study is dexamethasone
(see Table 1 for this particle’s properties). All of the simulations are run at 300 K. The HNT lumen is varied
from 10 nm - 50 nm. Error bars are not shown here for clarity, but they are within the same magnitudes as those
shown in all other plots.

Experimentally, the HNT length varies from 0.5 to 1.5 um with an average of 1 pm, thus for this study the
HNT’s length was selected to be 1 pm. The NPs were placed inside the HNT such that 55% - 65% of the NPs
were placed within the 25% outermost region of the HNT on both sides of the HNT.

The diffusion/release profile shows an increase in the delivery rate with HNT diameter. In all of these cases
the dexamethasone particles experience surface diffusion at the end of the release, but as the HNT lumen in-
creases, the effect of the walls on particle diffusion is less pronounced and the release profile evolves towards
free diffusion. In all cases, the particles that are near the wall are attracted to it shielding the other particles from
feeling a similar attraction, but for the smaller HNT, fewer molecules are able to cross a given cross-sectional
area at once thus delaying diffusion. In addition, for larger HNT a smaller percentage of NPs are near the wall
thus the saturation phase is reached after a larger percentage of particles are released.

Since in the experiment a distribution of HNT lumen size rather than a single NHT size is found, a weighted
average following the lumen experimental distribution was considered and the result is presented in Figure 8 in
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Table 4. Parameters from fitting different models to the release profiles from HNTSs. These parameters are consistent with t

in hours.
Burst Phase Saturation Phase
Molecule k n b a K=1/a
12 nm HNTs
Dexamethasone 0.258 0.42 2.1 0.45 0.47
Furosemide 0.219 0.5519 49 0.6 0.2
Nifidipine 0.215 0.519 0.406 3 0.33
2-Acetoxy benzoic acid 1.915 0.001 0.2 0.6 5

comparison with samples with a single lumen size of 12 nm and 15 nm and other distributions of lumen sizes,
namely uniform and normal distribution, the later centered at two different lumen sizes (15 nm and 25 nm). The
normal distribution was centered at 25 nm because experimentally HNT have lumens up to 50 nm, thus a normal
distribution centered at 25 nm is symmetric, while the normal distribution centered at 15 nm was chosen as this
is the average experimental lumen size. The results are compared to the experimental release profile obtained
from literature. As can be seen, there is a large variation with lumen size distribution. In situations like this, si-
mulations can be of assistance as the data obtained from simulations can be used to predict the release profiles
from different samples of HNT mined at different locations across the globe if the size profile is known.

Results show that although 12 nm and 15 nm lumen tubes fit better the short time portion of the curve, the
data obtained when the experimental distribution was used (light blue curve in Figure 8) better accounts for the
entire 70% release data, showing that the presence of larger tubes is responsible for the larger time section of the
curve.

3.2. Effect of HNT Length

A disadvantage of HNTSs is that lumen volume is only 10% - 14% of the total volume so loading efficiency is
limited. To increase loading, the lumen properties such as lumen volume, internal charge etc. can be tuned. Lu-
men volume is determined by two parameters, the lumen diameter and HNT length. Figure 9 shows the effect of
tube length on the release profile of dexamethasone NPs from 15 nm lumen HNTSs at 300 k. The initial concen-
tration density in all three HNT is the same. As can be seen, the release is slower for longer HNT, however, no-
tice that in all the cases, the saturation phase starts at about the same concentration, in this case after 60% of the
particles have been released. This clearly contrasts with the effect of lumen radius where the saturation phase
start after a larger percentage of particles has been released for larger HNT. Experimental information on length
distribution is not currently available and thus simulation results with a length distribution are not provided.

3.3. Effect of NP Charge

NP’s charge undoubtedly has a strong effect in the delivery profile, to address this issue the effect of charge sign
(leading to attractive or repulsive interactions) and charge magnitude are studied. Results reported in Figure 10
show the variation in release profiles of NPs from HNTs with diameter between 10 nm and 50 nm. The magni-
tude of the NP’s charge is that of dexamethasone (Table 1). All other properties of the NPs are kept the same
(i.e. similar to dexamethasone). The positively charged NPs experience repulsion from the HNT walls whereas
the negatively charged NPs experience an attraction. Figure 10(a) shows that for repulsive interactions, the time
taken to release decreases with the radius. The particles experience a squeezing effect and are forced away from
the walls towards the center of the nano channel where particle-particle repulsion forces particles out of the
HNT. In Figure 10(b) the release profiles for attractive interaction from HNT of different radii are shown. The
effect in this case is exactly opposite, the HNT with smaller radii exert a stonger attaction pulling the particles
towards them. Once at the wall the NPs stay there moving along the surface of the wall resulting in surface
diffusion. In both cases the smaller the tube diameter the more pronounced is the effect.

Next, the magnitude of the NP’s charge is considered, all other properties are those of dexamethasone.
Changing the net charge of the molecule is experimentally possible, for instance by either using layer-by-layer
functionalization or encapsulating the NPs in micelles.
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All of the simulations are run at 300 K. The NP charge is varied from +3 to —5. The results are shown in
Figure 11. An increase in charge on the NP leads to a stronger interaction among NPs and between the NPs and
the charged inner wall of the HNT. In the case of attractive interactions the NPs experience a pull towards the
wall and the mechanism of diffusion that occurs in all such cases is surface diffusion. As expected, the particle
with the largest charge diffuses more slowly than the less charged particle. In the case of repulsive interactions,
NPs experience a push away from the walls and the mechanism of diffusion that occurs in all such cases is nor-
mal mode diffusion. Once more, the NPs with the largest charge diffuse faster than the less charged particle.
Figure 11(b) shows the time taken for a given percentage of particles to be released from the HNT as a function
of charge. For positively charged particles, the release time is very small in the time scale appropriate for nega-
tively charged particles and all points seem to overlap each other making the fast diffusion more evident.

3.4. Effect of Temperature

Finally the effect of temperature on the release profile is studied. The temperature in a real system for practical
application can only be varied by a few degrees; especially for application such as drug delivery, so in this study
changes of £10 K from 300 K were studied, a special case at 600 K was also studied for comparison. In these
simulations only the temperature is varied, all other parameters, like HNT surface charge density (consistent to
that at pH 7.4) or HNT lumen diameter and length, are maintained constant. The NP used in these simulations is
dexamethasone. Figure 12 shows the effect of temperature on the release rate. An increase in temperature in-
creases the total energy of the system and the thermal velocity of the particles. From the point of view of the si-
mulation, the increase in temperature allows some of the rejected hops to become energetically viable/accepted,
which in turn results in an increased net displacement of the molecules. While the molecules can go farther fast-
er, they are still constrained by the geometry of the nano channel and the presence of the surrounding media.
From Figure 12(b) it can be seen that a change temperature by £10 K has no significant effect on the release
profile. This indicates that the increase in temperature by these trivial amounts is expected to produce a negligi-
ble effect in the experimental profile. On the other hand, the release profile at 600 K shows a much faster NP’s
release. This is because at the higher temperature almost all hops are energetically acceptable. High tempera-
tures are not expected for HNT drug delivery, however an interest for release kinetics at temperature of 350°C -
400°C is justified when HNT loaded with antioxidant molecules is used for antiaging doping of rubber tires or
antimicrobial geopolymer concrete, for example [58]. A detailed study of temperature effect for other particular
applications is beyond the scope of this paper and the subject of follow up work, with the study at 600 K pre-
sented here being an evidence of the large impact that a wider range of temperatures may have.

As a corollary of this work, Figure 13 shows the release profile of the 4 molecules from a HNT sample
weighted for different lumen diameters with a distribution presented in Figure 5. A much better agreement with
experimental results is observed compared to what is shown in Figure 3 and Figure 4. Accounting for the expe-
rimental distribution of HNT length may improve the agreement further, however at this time the experimental
HNT length distribution is not available.

4. Conclusions

A model to simulate the diffusion/release profiles of NPs from rigid, defect-free HNTS is presented. 2-Acetoxy
benzoic acid, dexamethasone, nifedipine, and furosemide are chosen as case studies to help validate the model,
which in turn has helped identify, at a microscopic level, the relevant interactions controlling the release process
and their relative importance in the release outcome. Complete release of non-encapsulated micro-crystal dex-
amethasone is experimentally observed to occur within 10 - 15 minutes, while 70% release of this drug takes 14
hours when released from HNTs. Similar behavior can be observed for the other NPs studied (Table 2).

The NP-NP and the NP-surface interactions determine the rate of release of NPs from the HNT. Two phases
were identified in the release profile; the initial burst phase is governed by molecular diffusion and can be best
described by the Korsmeyer-Peppas model. The saturation phase is mostly surface diffusion and is mathemati-
cally described by the Weibull model.

It is found that tunable controlled release can be achieved by varying the HNT lumen diameter and length. In-
crease in lumen radius leads to a progressive evolution towards free diffusion shifting the saturation phase that
occurs after a larger percentage of particles have been released for wider HNTs. Changes in HNT’s length also
change the release speed, but the beginning of the saturation phase is not affected. A key results show that the
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diversity of HNT sizes in experimental samples is a main factor in explaining experimental profiles; particularly,
a better agreement between simulation and experiment is observed when a similar distribution of HNT lumen
diameter is considered in the simulation. Other factors affecting the release rate from HNTSs, such as ambient
temperature and particle charge, were analyzed in detail to determine their effect. The release rate depends on
the NP’s charge; positively charged NPs are released much faster due to repulsive interactions with the HNT’s
inner wall which are positively charged at pH 7.4; the larger the charge the faster the release. Negatively
charged NPs see the opposite effect; the larger the charge the longer it takes for the NPs to be released. Both
cases i.e. attractive and repulsive interactions show a radius-dependent diffusion. Varying the ambient tempera-
ture by +10 K from 300 K does not lead to an appreciable change in the release profile, whereas doubling the
temperature of the system significantly speed up the NPs release from HNT, indicating that for high or low
temperature applications, release profiles will be significantly different from those at room temperature.
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