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Abstract

Frequently mass exchange takes place in heterogeneous environment among several phases,
where mass partitioning may occur at the interface of phases. Analytical and computational
methods for diffusion do not usually incorporate molecule partitioning and masking the true
picture of mass transport. Here we present a computational Finite Element methodology to
calculate diffusion mass transport with partitioning phenomenon included and the analysis of

the effects of partitioning. Our numerical results showed that partitioning controls equilibrated
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mass distribution as expected from analytics solutions. The experimental validation of mass
release from drug-loaded nanoparticles showed that partitioning might even dominate in some
cases with respect to diffusion itself. The analysis of diffusion kinetics in the parameter space
of partitioning and diffusivity showed that partitioning is extremely important parameters in
systems, where mass diffusivity is fast and that the concentration of nanoparticles can control
payload retention inside nanoparticles. The computational and experimental results suggest
that partitioning and physiochemical properties of phases play important, if not crucial, role in

diffusion transport and should be included in studies of mass transport processes.

Introduction

Diffusion mass transport occurs in many physical processes for which the theoretical
interpretation is well established. It was found that mass dissipates according to the Fickian

theory. According to this theory, the mass flux J can be expressed as:

dc

J PP (1)

I
|
S
I

where D is the diffusion coefficient and dc/0x is the concentration gradient. This
phenomenological relationship, known as the Fick law, is widely applied, from industry to
medicine. Diffusion as a mass transport process is significantly present in bioengineering,

especially in areas of drug delivery, where micro- and nanoparticles soaked with drugs are
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designed to release therapeutic payload with certain benefits over simple intravenous drug
injection. The majority of drugs are hydrophobic substances, meaning that those chemical
compounds prefer organic phase over water [1]. Analogous conditions could be found in
chemical and other industries, where the transported mass has to change the solvent or it can
be suspended. Then the question arises whether the affinity to certain phase affects the
transport of molecules is such that the assumption that mas transport is driven by

concentration gradient becomes invalid.

It is well known that partitioning phenomenon has a thermodynamic origin [2]. The

partitioning coefficient P is defined phenomenologically as:

P — Coil (2)

Cwater

where C,; is the concentration of molecules in oil, and C, 4z is the concentration in water, at
the oil-water interface. In practice, partitioning of molecules is tested in octanol-1/water
system and is expressed by a logarithm of P, logP. The logP is a common property of drug
molecules used to characterize hydrophobicity of compounds. The influence of logP to drug
transport was recognized in many experimental studies in which the mass release was
governed by hydrophobicity; there, more hydrophobic compounds (higher logP) were released

slower [3-8]. Consequently, in case drug release from nanoparticle, it can be found that the
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release process is more dependent on the partitioning of the drug, than on diffusion through

the matrix of the nanoparticle [4].

Although there are numerous references on diffusion mass transfer from one phase to another,
and developed methods to predict logP from chemical structure of a compound [9], the
partitioning effect in transport is generally neglected. Frequently, mass diffusion is
characterized by transport coefficient that is simply acquired by fitting D, e.g. in [10]. Several
literature sources recognized the importance of partitioning in transport. For example,
partitioning of surfactant was analytically analyzed in [11], where it was found that partitioning
is important in the diffusion kinetics of mass equilibration for two-phase microfluidic flows. The
best examples of the use of partitioning was found studying transdermal drug delivery [12-14]

and stents [15].

Here we present a computational approach to include partitioning into the mass diffusion Finite
Element (FE) model. Our FE models were initially developed according to the classical diffusion
formulation [16, 17] and lately were modified to incorporate diffusivity changes at phase
interface [18, 19]. In this study the mass partitioning is analyzed in a simplified system, then
validated with experiments by using nanoparticles, and finally the interplay between

partitioning and diffusion parameters was studied.

Methods
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MD simulations. The molecular dynamics simulations were carried out using NAMD 2.6 [20]
with a TIP3P water model [21] and NVT ensembles. All molecules were simulated with the
CHARMM22 force [22]. The system had dimension 6.5x6.5x13.5 nm (Figure 1A). Octanol slab
was created of 6.5 nm thickness and solvated with water, in Periodic Boundary Conditions, and
with approximately the same volume of water and oil phases. 24 molecules of p-ethyphenol
(PEPH) were randomly placed through all volume of the system, so that 12 molecules would be
located in water and 12 molecules — in octanol. The whole model was minimized, equilibrated
and later production simulation executed for 20 ns using 2 fs integration step. Diffusion was
analyzed by evaluating center-of-mass displacement of PEPH molecules and calculating
diffusivity dependence on proximity to the fiber in a similar fashion like in [1]. PEPH molecule

density distribution was calculated along z-axis and normalized.
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Figure 1. Schematics of studied systems. (A) The structure and dimensions of MD model to
simulate partitioning P between octanol and water phases. (B) Implementation of partitioning
in the FE model, where increments of concentrations at the common node (J° and Jf) are related

as AC, = pAC, equation (6).

FE simulations. A general form of FE balance equation for diffusion within an element can be

written as [23]:

(LM + K)AC =Q* - (LM + KJC +LMCt
At At At (3)

where M and K are element matrices; C and C' are nodal concentrations at the end and start

ext +

of current time step of size A¢, and Q" is external flux.

The simplest way to express partitioning phenomena in molecular transport is to take that,
within a time step, the ratio between number of molecules passing the boundary between two

media (for easier representation we use solid-fluid boundary) is a constant P:
AN, /ANf =P (4)

where AN, and AN are the numbers at solid and fluid side, respectively. We will further use,

for a convenience of implementation, a reverse value

p=1/P (5)
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Instead of the ratio of number of molecules we can relate increments of concentration (and

concentrations) at the common point in solid and fluid, AC, and AC,, as

AC, =pAC,, C,=pC, (6)

Graphical illustration of the relations (6) is shown in Figure 1B. The relation (6) is further used to
accordingly modify the matrices on the left side and nodal vectors on the right side of equation
(3), for nodes at the interface between two media, before assembling equation (3) into the
global system of balance for the entire diffusion domain, shown in Figure 1C and discussed

further.

Validation experiments. The experiments pertaining to nanoparticles and payload release
were published in [24]. The payload release data was used to validate computational transport

analysis in this study. Further, only a brief description of experimental details is provided.

Nanoparticle fabrication: Rhodamine-containing nanoparticles comprised of poly(DL-lactide-
co-glycolide) 50:50 (PLGA, inherent viscosity 0.95-1.20) were fabricated as described previously
[24]. Briefly, a modified double emulsion procedure was employed, wherein rhodamine and
polymer were dissolved in dichloromethane and added drop-wise to poly(vinyl alcohol) (PVA)
under sonication. Following overnight evaporation, nanoparticles were collected and washed
via centrifugation. The bodipy-containing cyclodextrin outer shell was prepared as described
previously, involving overnight incubation of fluorophore and cyclodextrin. The final core-shell
construct was assembled by incubating polymer nanoparticles and cyclodextrin as described

previously.
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Release Study: Full details concerning fluorophore release, as in the case of nanoparticle
fabrication and characterization can be found presented in [24]. Briefly, fluorophores were
released into PBS and the concentration of both determined using a Synergy H4 Hybrid Reader
and a previously established calibration curve. Release experiments were conducted in

triplicate.

Results and Discussion

General MD model. The diffusion and partitioning phenomena are defined at molecular scale.
We have simulated p-ethylphenol (PEPH) partitioning in octanol/water by using MD, as an
academic example, before analyzing a more complex example with validation and studying
deeper the effects of partitioning on diffusion transport. PEPH is a hydrophobic compound
with logP = 2.5 which favors oil phase over water. At the initial time of MD simulation water
and oil compartments accommodated the same number of PEPH (Figure S1A). During the initial
10 ns of MD simulation PEPH migrated from water phase to octanol phase, while PEPH in
octanol remained in the same phase. Through the next 10 ns of MD simulation, PEPH
molecules remained at equilibrium between both phases occupying mostly the octanol phase
(Figure S1B). The calculated PEPH diffusivity across phases is shown in Figure S1C indicating
that PEPH diffusivity in oil phase is 7 times lower (0.2:10” cm?/s) than in water (1.5-:10” cm?/s).
This simple model demonstrates that D describes transport efficiency in oil and water phases,

while P gives the coupling between concentrations at the boundary of both phases.
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General FE model. By using the above described FE methodology, with incorporating mass
portioning, we have formulated a macroscopic model (Figure 1C). The fully symmetrical model
with the 1 x 10 mm dimensions was split into two equal compartments, with a virtual plane
surface with partitioning. To demonstrate the effect of partitioning alone, the same diffusivity
in both compartments was used. A 1 M concentration was prescribed at t = O for the left
compartment and system was simulated up to 150 hours. Figure 2 shows the evolution of
concentration profiles for logP =0, 1, and 2. The comparison of the three systems shows that
the higher concentration difference is achieved by increasing portioning, as expected
analytically. In the system without partitioning (logP = 0) concentrations develop exponential
profiles. But the systems with logP =1 and 2 show increasingly evident partitioning of the
mass. The calculated logP values for those systems are approximately 1.1 and 2.0 after 50
hours, which show an excellent match with the prescribed values in boundary conditions of the

numerical continuum model.
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Figure 2. Mass redistribution in the fluidic system separated by imaginary phase separation
plane surface at the zero coordinate. While diffusivities are equal on the left and right of the
reservoir, those halves are separated by surface with different logP: (A) logP =0 (no

partitioning), (B) logP = 1, and (C) logP = 2.

Validation. We have applied our method to investigate the mass release from a polymeric
particle that is a good example of potential applications, because there is a large amount of
micro- and nanoparticles used in drug delivery. In general, most drugs are hydrophobic [25]

and are loaded into polymeric or other particles. The representative diffusivity of molecules

10
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below 1 kDa of mass in water is in the order of 10” cm?/s, while diffusivity within polymers are
of the order of 10® cm?/s [26]. Therefore, we can expect that other smaller molecules

dissolved in polymers would diffuse by 10° orders slower than in water.

We have investigated the release of two molecules from the nested particle composed of core
and thin shell (Figure 3A) as described and published previously in [24]. The PLGA core of the
particle with radius of 52 nm was loaded with 0.167 M of Rhodamine B solution, while shell

(18 nm thick) made of cyclodextrins was loaded with bodipy 630/650. The compounds have
limited solubility in water with logP = 1.8 (Rhodamine B) and -0.3 (bodipy). Assuming the
diffusivity of compounds could be reduced by polymer environment by 10% order, the
characteristic diffusion length would be 0.1-1 um, which exceeds the dimensions of the particle
many times. Therefore, the payload release would happen in minutes, if not seconds.
However, as the experiments showed in [24], the release from the shell was finalized within 40
hours and the release from the core was not finished within 100 hours; the data is re-plotted in
Figure 3B. The best fit was calculated using logP = 10.3 and 11.3 for the shell and the core,
correspondingly. Although different scaling factors were used to modify the payload diffusivity,
the release was found to be controlled by partitioning only, as it was also noticed in [27]. That
makes sense, because the size of particle is extremely small and the release exceeds

substantially the theoretical limits attributable to a simple diffusive process.

Because of the partitioning effect, we also have a saturated release seen in Figure 3B, especially
for Rhodamine B. Figure 3C displays the payload release from the core modeled with different

logP values. It can clearly be seen that the increasing partitioning enables to account for the

11
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not released mass that is trapped inside the core of the particle. If no partitioning is used as in
classical diffusion, the release would happen extremely fast. Therefore, taking into account the
findings in this experimental example and in the general examples above, we can conclude that
partitioning could be a fundamental phenomenon controlling mass exchange and can be even

more important than diffusion transport.

12
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Figure 3. Validation of the method on the release of two compounds with different
hydrophobicity based on published experimental results in [24]. (A) Schematics of the

nanoparticle, where more hydrophobic compound is released from the core, and more
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The interplay of partitioning and diffusion. We have used the findings in the experimental
example shown in Figure 3 as a basis to analyze the impact of partitioning on the release rate of
payload. The payload diffusivity D inside the nanoparticle was varied from 10°to 10™° cm?/s
covering D characteristic to small molecules in liquids (~10° cm?/s), in polymers (~10°® cm?/s),
and its lower bound in solids (“10'13 cmz/s) [26], while P was varied from 1 to 10*. ForPand D
combinations, the cumulative mass release, M, curves were calculated and characterized by the

exponent A after fitting, according to the equation:

M = M - [1 — exp(-At)] (7)

where t is the time, and M.. is the maximum released mass; these curves are displayed in

Figure 4.
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Figure 4. Examples of cumulative mass release curves with D = 10° cm?/s and particle
concentration of 8.8:10° mL™*, for different P. The curves are normalized by the total mass of
the system. Here, M.. denotes the mass at the end of the release process, once the diffusion

process stops.

Figure 5A shows A as a function of P for different D values at 8.8:10° mL* concentration of
nanoparticles, C, and reveals that for large D (fast payload diffusion inside nanoparticle) the
increasing P monotonically lowers A, i.e. slows down the release. Decreasing diffusivity of
payload inside nanoparticle, the sensitivity of mass release to P gets reduced, unless P becomes
larger than a certain value, e.g. A(D=10"° cm?/s) is insensitive to P < 10°, while for A(D=10"*
cm?/s) is insensitive to P < 10%. Figure 5A illustrates that large P may dominate the release of
payload and mask diffusion properties inside. Then, the only governing factor becomes the

balance of concentrations across phase interface.

Because of the role of the P, the mass release from nanoparticles depends on concentration of
nanoparticles: increasing the concentration of nanoparticles would reduce relative volume of
the sink (buffer) and would affect the balanced concentrations. In our case we have varied
surrounding sink volume for a single nanoparticle with radius from 300 to 1 nm and found the
nanoparticle concentrations in the range of C = 8.8:10> — 2.4-10" mL™. Figure 5B shows A
dependence on P for D = 10, 10® and 10" cm%/s. The A is characterized by two zones in the
logarithmic scale where A is constant at different P. This means that by increasing P, mass

release kinetics does not change until it passes the transient zone of P values and gets constant

15
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again at larger P. Interestingly, A can even increase (release gets faster) by increasing P, e.g. for
D=10"cm?/s (Figure 5B). This phenomenon can be explained by a very small sink value,
leading to fast equilibration time between payload concentrations in nanoparticle and sink
when P are large enough, and very limited release of mass from nanoparticle (see
Supplementary Material, Figure S2). All together, we have a mass release process, which is

controlled by mass partitioning at phase interface and the concentration of nanoparticles.
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Figure 5. Dependence of A on P. (A) Increasing P reduces release kinetics (A), which is
especially pronounced for systems having fast-diffusing payload inside nanoparticle (larger D);
while for very small D partitioning shows effects only at extreme values of P. (B) Larger
concentrations of nanoparticle lead to less sink volume for payload release and affect A through
P. The increase in A for small D is associated with very limited and therefore fast mass release

from nanoparticles.

The frequent approach to model mass exchange has been by manipulating transport
coefficients without more comprehensive analysis of other effects in the actual physical
processes. We have presented the approach where we included mass partitioning and have
shown that the mass balance at phase interface, which is governed by compound affinity to
water or oil-like phases, modulates the mass transport. The validation example provides a
strong proof that mass partitioning may not be only an important factor in mass exchange, but
also it can be crucial in controlling the mass exchange and exchange kinetics. The presented
approach is a relative simple numerical implementation to model partitioning, which could be
further explored in a more sophisticated fashion, with elaboration of partitioning
thermodynamics. This simplicity makes the implementation robust and easy to use in other
transport modeling methods for studying physical aspects of transport. Partitioning of mass
may have important implications in many areas of industries associated with mass exchange, as
well as in biomedical and bioengineering fields focused on distribution and transport of

therapeutic molecules.

17
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Figure legends

Figure 1. Schematics of studied systems. The structure and dimensions of MD model to
simulate partitioning P between octanol and water phases (A). The implementation of
partitioning in the FE model, where increments of concentrations at the common node (J° and

Jf) are related as ACf = pAC,, equation (6) (B).

Figure 2. Interplay of diffusivity and partitioning in mass distribution. The redistribution of a
hydrophobic molecule (p-ethylphenol) across octanol/water system; the representative
snapshots of the initial (A) and final (B) configurations after 20 ns from MD simulations. The
calculated density and diffusivity distributions of p-ethylphenol across octanol/water phases
(C). The calculated concentration redistribution by FE in a system having 1M concentration on

the left-half and no partition (D) and having logP = 1 (E).

Figure 3. Mass redistribution in the fluidic system separated by imaginary phase separation at
zero. While diffusivities are equal on left and right of the reservoir, those halves are separated

different logP: logP = 1 (no partitioning, A), logP = 1 (B), and logP = 2 (C).

Figure 3. Validation of the method on the release of two compounds with different
hydrophobicity based on published results in [22]. The schematics of the nanoparticles, where
more hydrophobic compound is released from the core and more hydrophilic — from the shell;
logP values provided for each compound (A). The measure release of compounds (symbols)
with best fit using computational model incorporating mass partitioning (B). The calculated
release curves from the core of the particle with different partitioning coefficients for

comparison to the experiment (C).
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Figure 4

100 5
X Bodipy 630/650 v ¥ L4
2 s
©
2
o
o 50
=
© Rhodamine B
g 25 |
S
(&)
0
. C
o~ /-IogP =6
¢ 100 logP = 9
2 \ogP = 10
< s
4
o
>
S50 -
8 logP = 11.3
£
S 25
(&)
0

0 20 40 60 80 100
Time, h



