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Abstract

Micro and nanofluidic phenomena represent an increasing interest area in research
community. The high surface-volume ratio has shown fluidic behavior that differs
from the bulk and finds applications in many different fields, from energy harvesting
to medical devices. The widespread adoption and investigation of micro-nanofluidic
technologies is mainly thank to the advancement in micro and nano fabrication
techniques.

Specifically, the use of nanofluidic membranes has shown incredible effectiveness in
drug delivery applications. They allow zero-order drug release kinetics thanks to
molecular nanoconfinement, where the nanochannels size represents the limiting
factor for drug diffusion. Moreover, the implementation of an electrically gated
Bio-FET structure in the nanochannels can be used to control the release kinetics
of charged molecules in solution offering a promising technique for controlled drug
delivery.

Extensive experimental analyses are needed to correctly optimize these nanofluidic
systems for their specific application, which can result in considerable time and
money expenditure. In silico simulations through finite element methods (FEMs)
analysis represents a relatively inexpensive strategy for the first steps of device
optimization leading to a faster and cheaper product development. A properly
designed and validated model, can help device development by simulating hundreds
or thousands of possible scenarios, which would be unfeasible to experimentally
realize, not to mention that it would require a prohibitive amount of money.
Although, several FE models have been developed to simulate electrically gated
nanochannel, all diluted molecules are considered as point-like. Especially in medical
applications, used drugs may have a dimension comparable to the nanochannel
size, therefore it cannot be neglected.

Here, in collaboration with Dr. Alessandro Grattoni Laboratory at the Houston
Methodist Research Institute, I have developed a finite element model to simulate
the concentration driven diffusion of charged particles in electrostatically gated
nanofluidic membranes for drug delivery.

To overcome the previously mentioned problems, the bi-dimensional finite element
model developed includes the most realistic features present in previous models
with the addiction of not negligible sizes for diluted ions. The equations used to
account for particles sizes are inspired from previously developed numerical models
that, however, do not consider a bi-dimensional geometry. A single dimension
model is also developed in tandem, to validate the results obtained with previous
numerical models.

The effects of several parameters such as drug and nanochannel dimensions and ionic
strength of the solution, just to name a few, are independently studied to better
characterize their influence on solute enrichment or depletion in nanoconfinement.
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The obtained results show interesting and not negligible differences from classical
FE models where particle sizes are neglected. To further validate the model, the
results obtained are compared with experimental data obtained from the laboratory
of Dr. Grattoni, showing a good agreement. Additionally, results obtained with
the bi-dimensional model have shown improved fitting to experimental data, when
compared to 1D FEM models.
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Chapter 1

Introduction

1.1 About FEMs and nanochannels

Finite element methods can be really useful to understand phenomena at very low
dimensional scale, as micrometric, nanometric and ultra-nanometric scale [1]. At
such scales it is quite impossible to use measurement tools during experimental
tests, but, using a FEM software a direct measurement of specific parameter be-
comes possible, reducing costs and saving time [2, p. 84]. They cannot substitute
experimental tests, but they can provide a useful acknowledgement on physical
phenomena involved and optimize environmental conditions performing thousands
of simulations on several parameters.

This thesis is focused on the behavior of charged particles diluted in a solution
passing through a nanochannel.
Physical phenomena that are usually neglected at macroscopic scale can assume a
relevant role at nanofluidic scale where surface effects dominate against volume
forces [3, 4, 5, 6]. Especially, electric phenomena, whose effect is usually inversely
proportional to distance from the electric charge, have a main role at nanometric
distances.
Indeed, in a nanofluidic channel, where a solution with charged ions diluted is in
contact with a solid wall, chemical reactions at the solid-liquid interface show a
net charge and an electric potential, consequently. This potential, or an externally
applied one, leads to an enrichment next to the wall of ions with an opposite
charge (counter-ions) respect to that one of wall and a depletion of those with
same one (co-ions) [7]. In this way the opposite-sign charges diluted inside the
solution screen the potential at the solid surface to maintain the electroneutrality [8].

This phenomenon is called electric double layer (EDL) and its structure is shown
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Introduction

in figure 1.1. There are several theories about its real composition. In this paper
the Guy-Chapman-Stern theory is used to model it [9]. Basically, the EDL is here
considered as composed by the diffusive plane and the Stern layer, without any
distinction between inner and outer Helmholtz planes.

Stern layer is generally considered as the first layer of adsorbed ions at the solid
surface.

Considering its effect on a nanofluidic channel where charged molecules diffuse
from a high concentration location to an empty one, the concentration of counter-
ions and co-ions is locally increased and decreased next to charged walls, respectively.
The length of EDL compared with nanochannel width is indicative of effective
importance of this phenomenon on total diffusive flux of the charged drug. EDL
length is at the same magnitude order of Debye’s length expressed in equation 1.1

[9].
2y nxz22\
Ap = (=i A 1.1
b ( Eoerk?BT ) ( )

N|=

In eq. 1.1, e is the elemental charge, n® = 1000N4¢; is the bulk volume density of
i-ions (N4 and ¢; are the Avogadro’s number and the molar concentration of i-ionic
species, respectively), z; is the valence of i-ionic species, €y and ¢, are the absolute
and relative permittivity, respectively, kg is the Boltzmann’s constant and 7" is the
temperature expressed in Kelvin. As described by this equation, Debye’s length
is inversely proportional to ions concentrations, because with a higher amount
of electrolytes diluted in the solution the electric potential at the solid surface
is more easily screened leading to a shorter EDL. On table 1.1 it is possible to
see which order of magnitude the Debye’s length assumes at different diluted salt
concentrations, which is considered as the main ionic species that influences ionic
strength of the solution. The latter term is proportional to the total amount of
diluted ions within a solution, both positive and negative species. It is equal to
%Z ciz? and ¢; and z; are concentration and valence of i-ion, respectively.

Active implantable devices for controlled drug release can use EDL effects for
their task. Indeed, using a membrane with sufficiently narrow channels between the
inner reservoir of device and patient body environment and applying an external
electric potential, the channels walls should assume a specific potential that influ-
ences the distributions of co-ions and counter-ions and their fluxes. Then, using a
drug that assumes a non-zero charge in physiological environment, the flux of this
molecule can be increased or decreased, at even stopped, respectively applying at
the membrane an opposite or same-sign voltage.
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KCI concentration (M) | Debye length \p (nm)
1 0.3
01 1
1072 3.1
1073 9.6
1074 30.5
107° 96.3

Table 1.1: Debye’s lengths with different salt ions concentrations [9]

The realistic reproduction of nanofluidic phenomena with a finite element soft-
ware is an interesting and even more studied field since many years [1]. Indeed,
governing equations that solve the coupling of concentration of charged drug and the
electric potential distribution in a electrolytes solution, Nernst-Planck and Poisson,
respectively, can be solved analytically only with really restrictive conditions. But
they can be solved numerically overcoming these restrictions [7].

Due to those advantages, different FE models had been developed. Obviously,
different tasks were focused by previous models. One of the most commonly studied
case of these applications is the Bio-FET. Its structure is shown in figure 1.2. This
specific geometry is mainly composed by two differently applied electric fields. The
first one is the drain-source voltage, axially applied to the nanochannel, and the
second one is the gate potential, which is usually referred to a common ground
with previous voltage and applied at the gate electrode. The last electric field is
normal to nanochannel axial direction.

Combining these two voltages it is possible to control the fluxes of ionic species
through the channel in different ways. The axial electric field causes an elec-
trophoretic flux of ions axially to the channel. Instead, the gate voltage or a natural
charge of solid material in contact with the solution causes the EDL structure
previously explained [9]. Other phenomena, as the electroosmotic flux, are involved
in these applications, but they are not explained due to the negligible relevance in
this thesis.

The purposes of this thesis are the reproduction and the explanation of experi-
mental results obtained by the nanoporous membrane developed by Dr. Grattoni
and Di Trani at Houston Methodist Research Institute for controlled drug release
application. The figure 1.3 shows its general structure and fabrication process.
The mean diameter of channels in this device is 300 nm. 60 nm is the thickness of
deposited silicon carbide layer over the Poly-Silicon one which is used as buried gate
electrode [10]. A not ideal deposition of dielectric layer is hypothesized, assuming
that the 60nm-thick layer, due to the high porosity of the used material [11], should
be realistically simulated with a thinner layer. This assumption is tested in this
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thesis.

For this reason, differently from most of literature cases, the FEM shown in this
thesis has the task to reproduce the diffusion of a charged drug through an electro-
statically gated nanochannel. The all thesis will focus on this specific application,
without considering the complete Bio-FET structure, as the presence of a drain-
source voltage, because the proposed nanochannel structure is developed for a
biomedical engineering application for an active implantable device, so the power
consumption is extremely important [10].

To evaluate the effect of EDL on drug flux, an indicative parameter will be used:

the exclusion/enrichment factor (EEF or ) [12]. This parameter is calculated as
the ratio between the effective mean concentration of drug inside the nanochannel
and its concentration if it was a neutral molecule and only a diffusive flux takes
place through the channel, as shown in equation 1.2 [9].
EEF is assumed as equal to the ratio between effective permeability of channel
on a probe molecule and its normal permeability, when no electrical voltage is
externally applied and the movement of ions inside channel is unaffected [13]. This
assumption is tested and verified in this thesis.

Cesfp Ch

b= Cn = Con

(1.2)

Ceys.p is the effective concentration of drug and Cj, p the bulk drug concentration.
It represents the concentration of charged molecules where the electric potential is
zero, usually in the middle of nanochannel. In this case, it means the concentration
not affected by an electric field.

As it is usually done in literature, the effective concentration, is calculated by the
arithmetic mean of each value in the nanochannel (Cp)[14].

A 8 > 1 means that the drug is an enriched counter-ion and its mean concentration
is higher than the bulk value. 8 < 1 is the consequence of the exclusion of drug
from channel because it is a co-ion.
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Figure 1.2: Example of Bio-Fet [§]
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A SOl wafer B nCH DRIE

Device layer

Buried oxide layer
Handle layer

puCH DRIE D BOE wash

MCH
E SiO, thermal growth F PolySilicon LPCVD

G SiC PECVD H Nanofluidic membrane

Figure 1.3: Membrane developed by Di Trani and its manufacturing process.
Fabrication process schematics: A) Silicon on insulator (SOI) wafer with lithography
mask B) deep reactive ion etching (DRIE) for nanochannel (nCH) patterning. C)
DRIE for microchannel (CH) pattern. D) SiO2 mask removal. E) SiO2 thermal
oxidation growth. F') Conductive poly-Si deposition. G) Insulating SiC deposition.
H) Membrane structure [10] 7
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1.2 Current approaches

A literature research was previously done to evaluate the actually present finite
element models that already exist and if it was reasonable the need of developing a
new one

Pardon’s model does not specifically study these phenomena in a drug delivery
application [7]. His study focuses on background analytes concentrations (as salt
ions) and their fluxes caused by an electrophoretic force inside a Bio-FET as in
figure 1.2. Due to this different task in this model, the specific diffusion of a
charged and finite-size particles is not studied, but the influence of EDL on ions
movement through gated channel due to the axial electric field generated by a
drain-source voltage is done. Even if the focus of his model is different, other
phenomena he has considered, such as the Multisite Complexation (MUSIC) model,
which is used to simulate the surface charge density at solid-liquid interface, are
developed in this thesis model as well. But in an active implantable device applica-
tion, power consumption represents a main problem and for this reason a study
on the unique effects of voltage gate on the diffusive flux of a charged drug is needed.

Eden has published a study with a similar model that focus on diffusion of
a charged sample species. But, differently from Pardon, he used a fixed surface
charge density, which limits the use of his model to experimentally measured value
in specific conditions. Furthermore, a drain-source voltage is still considered in his
study [15].

Kim has presented a model that, inspired by Pardon, studies the diffusion move-
ment of a charged particle modulated only by a voltage gate applied at channel
walls. He also uses a MUSIC model to simulate the surface charge density value
[13, 16]. His model is the most similar FE one developed with COMSOL software
to this thesis work, which differs from latter model on the different consideration
of diluted molecules.

Indeed, all the previous models do not consider the drug size as relevant on
its flux. They all assume its size does not affect EDL length. This assumption is
overcome in my model which, using a modified diffusion module that considers the
finite size of each ions diluted in the solution, correctly models the influence of ions
size on diffusive fluxes and their concentrations in the channel. The relevance of
drug size is studied in different environmental conditions in this thesis.

Therefore, the finite element model proposed in this work can realistically sim-
ulate the diffusion of studied charged drug from the high concentrated reservoir
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to the outside of the medical device. The model can simulate the surface charge
density at solid-liquid interface that changes accordingly with ions concentrations
and the ions diffusion through the channel with an externally applied gate potential.
Thanks to the developed model, an unrealistic enrichment of counter-ions next to
the channel wall is avoided, because the software rightly simulates the achieving of
the maximum packaging concentration for each drug size.



Introduction

1.3 Equations

1.3.1 Poisson-Nernst-Planck equations

As aforementioned, FE models overpass the restrictions of analytical solvers due
to their numerical computation. Indeed, the behavior studied in this thesis, the
diffusion of charged ions inside an electrolytes solution is described by the coupling
of two different equations: Poisson and Nernst-Planck (NP).

These two equations, shown in eq. 1.3 and 1.4, respectively, influence each others
and are coupled together [7]. Indeed, Poisson equation defines the electric potential
inside the solution as dependant on the concentrations of diluted ions. On the other
hand, Nernst-Planck equation defines the concentrations of each ionic species based
on electric potential in the solution. Nernst-Planck equation describes also the
movements of diluted ions due to concentration gradients, fluid fluxes or chemical
reactions that take place inside the solution.

V2 = —6’;6; (1.3)
dc;
ot (Cz ) V(Dzvcz + Zzﬂ’m,chqu) = Rchem,i (14)

In eq. 1.3 p,; is the space charge density inside the solution equal to 103N 4 3>, ec;2;.
In the equations above, these are the variables: ¢ is the electric potential, ¢y and
€, are the absolute and relative permittivity, respectively, e is the elemental charge,
N4 the Avogadro’s number, ¢; the molar concentration of i-ion, z; the valence of
i-ion, w the fluid velocity, D; the diffusion coefficient of i-ion, p,,; the mobility
of i-ion, I the Faraday’s constant and Rgpem; the term accounting production or
consumption rates from chemical reactions.

In the following equations 10 term is usually used to convert concentration values
expressed in M unit to mol/m? because the other dimensional parameters are
expressed with m? unit, not L.

Solving these two equations at the chemical equilibrium (Repem,; = 0 m"l) without
Jdc; M
oc; O )

any fluid flow (u = 0 ™) and at steady state condition (% the Poisson-

Boltzmann equation is obtained (equation 1.5).

10 NAe
€0€r

ZCOZZZ exp ————— —ze9(2) (1.5)

2 — —
Ve = kgT

i
fm,i is derived from Einstein’s relation and it is equal to D;/RT. Due to the fact
that, in literature, concentration variables are expressed with 1/m? unit and not

with M, different versions of Einstein’s relation could be found. This one is adapted
to molar concentrations. ¢y, is the bulk concentration (also addressed as ¢?). The

10



Introduction

potential is dependant on z which is the normal direction from channel wall. In
this case only an electric potential applied to the wall is considered which means
that it varies only changing distance from wall, not the axial position along the
channel.
Using equation 1.5 and definition of p,; it is possible to explicit the ¢; Boltzmann
distribution as:

—zie0(2)

¢; = Co; €Xp T (1.6)

1.3.2 Modified Poisson-Nernst-Planck equations

Equation 1.6 defines the distribution of i-ion as exponentially dependant on electric
potential, without considering ions sizes. Indeed, when the molecules radius
becomes not negligible, the theoretic concentration calculated from eq. 1.6 could
exceed the maximum concentration of specific ion defined as m M, where
Vion = d3 . and d;,, is the ionic diameter. In this paper the ions are considered not
spherical but with a cubic shape to underestimate the maximum concentration.

A simply modified Boltzmann distribution was used by Nicola Di Trani in a different
numerical model [14]. His equation was used to obtain a more realistic functioning.

It is shown in equation 1.7.

—z;e¢(2)
e (L7)
1+ 3271 10%0; Nach(exp =577 — 1)
A) B)
0.00 =15
S = 5nm
> -0.02- = '\ —10nm [
3 _gm_ 15 nm
 -0.04- ©
© c
o (O]
© -0.06 o
3 8 97
£ -0.08- é
o
-0.104+—rrrr [T rrrrroroT - O-_l_l_l_l_l_l_l_l_l_rl_l_l_l_l_l_l_l_l_‘

o
n
o
-_—
o
o

0 50 10

Distance from left channel wall, nm  Distance from left channel wall, nm

Figure 1.4: Example of modified PNP equation in a 100 nm width channel.
A) Electric potential inside the channel. B) Result of eq. 1.7 calculated for a
counter-ion with different ionic diameters
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M is the number of ionic species with a not negligible radius. Using this distribution,
ionic diameter becomes as more important as the potential ¢ is higher. Indeed, if
a counter-ion has a relevant diameter, its concentration next to the charged wall
saturates once reached its maximum concentration. It is possible to evaluate the
effect of equation 1.7 for counter-ions distribution in figure 1.4.B. Here the equation
above is calculated for a counter-ion molecule at different ionic diameters using
the electric potential distribution that is shown in figure 1.4.A. The equation 1.7,
once the maximum concentration is reached for each ionic diameter, maintains it
as constant, avoiding an unrealistic higher enrichment. Indeed, maximum concen-
tration are 13.28 mM, 1.66 mM and 0.49 mM for 5 nm, 10 nm and 15 nm as ionic
diameter, respectively.

This modified Boltzmann distribution can be obtained as solution of Nernst-
Planck equation if specific terms are changed. All the passages are described below
starting from eq. 1.4 at steady state condition:

Dchi + Zi/Lm’iFCiV(ZS =0

Z;€
VCi = —mc,ng

Ve¢; and V¢ are substituted with dCZ’ and respectlvely, because z is the only
dimension where both variables change along So, reducing dz at both terms:

de; z;e

a6~ et

Boltzmann distribution of ¢; is the solution to this equation, but, if a modified
Nernst-Planck equation is wanted to be obtained, the last equation has to be
modified to:

de;  d ( : exp ~2£0) )
dp  do \ "1+ M 1030;Nach (exp z]eqb(z) 1)
b ( i exp U (1 4 M 10°0;Nad (eXp —geo) gy
Z (14 Z 103UJNAC (exp ZJ€¢>( 2 _ 1))2
exXp Zled) (1 + ZM 103UJNAC (exp ZJE‘W) — 1))
(L 3 10, Nl (exp 2~ 1) )
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Multiplying both terms for %:

Ve + lexp

+

—zie¢(2) FnT
kT \ 1+ £ 1030, Nach(exp =220 — 1)
N (1+ 23 10%0; N ach(exp Zé;‘f}( N 5
(1+ S 1080; Nacl(exp =552 — 1))2
Z1€¢(Z)

ToT eXp
Ve; + ( ) *
1 + S 1030 N ach (exp —1)

N Zﬂw“—m' oo
ezl + 2 1030, Nach(exp ZJ@¢()—1))

Multiplying for D;, using Einstein relation, considering F' = Nje and R = Nakp
and substituting with eq. 1.7:

(1+ 5 10 Naglep =552 1) \ oo
kz;;;“(l + Z:;\/[ 103UjNAC§2(eXp %Q;(Z) _ 1))

DiNe¢; + zipim i Fe; (1 +

Solving the derivation on ¢:

/

M — .
J

—zjep(2)
kT

2:0: N4l ex
k;BT JUITAC XD

So, coming back to modified Nernst-Planck equation:

> M 103250, Nach exp Zjed’(z) Vé—0
z(1+ M 1030, Nach(exp Zﬂ“ﬂz) —1))

DZ'VCZ‘ + Zi,LLmJFCi (1 —

Finally, substituting pi,,,; with y;, ; defined as:

I YV 10%20; Nach exp 7—2;?@ (1.8)
o 7 zi(1+ Zéw 1030; N sch(exp %ﬂz) - 1))

A new modified Nernst-Planck equation can be written as:

0 C;
ot

-+ V(CZ’U:) — V(DZVCZ + Zlﬂf?l,lF01VV) = Rchem,i (19)
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1.3.3 Surface charge density

Different theories are proposed in literature to define the surface charge density
assumed by a solid and reactive material in contact with an electrolyte solution.
Both Pardon and Jiang have proposed a simply definition of its value expressed in
eq. 1.10 [7, 17]. The described model, called Multisite Complexation (MUSIC),
was developed by Hiemstra [18].

e Nt
14 Sut_

10—pKa

(1.10)

Og =

o, is the surface charge density expressed with C'/m? unit, Nt is the distribution
of binding sites on the surface, 5, (M) the molar concentration of H' ions (more
precisely HsO™ as it will explained in the further section) next to the surface where
chemical reactions take place and pKa = —log;, Ka with Ka as acid dissociation
constant.

This equation assumes that the only reaction that takes place at solid-liquid
interface is only the first of these two reactions:

AOH B2~ A0 + H'

AOH,™ <22 AOH 4 HT

Kb is the basic dissociation constant. The second reaction was not considered
in the final study because the commonly used materials in these applications, as
silicon dioxide, usually expose only negative charges [10]. But its functioning is
compared with MUSIC model in the next chapter.

Nt value depends on the material in contact with solution. Different materials
expose different numbers of binding sites, for example silicon dioxide can expose
a site density Nt ~ 1.5 1/nm? [19]. But it is possible to find different ranges of
values in literature.

Generally, it is experimentally measured that o, value is around — (1 —100) mC/m?
for latter dielectric [20]. Other materials, as silicon carbide, which will be tested in
model validation with experimental data, experimentally show much lower values
(around —0.2 pC'/m? [10]), which means a much lower Nt (e.g. Nt = M =
1.25% 107% 1/nm?).

If also basic dissociation reactions are wanted to be simulated, a similarly simply
equation to define the surface charge density value was developed by Yates [21] and
presented by Taghipoor in his study [19] where also Kb constant was considered.
His equation is reported here below.

s Ka
Kb Cy+ — .
Ht

os=e Nt (1.11)

1+ Kb gy + 2o
o+
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Different values for pKa and pKb can be founded in literature, for example 6.3
and 0.3 respectively [19], or 7.5 for pKa in Jiang’s study [17].

For all this thesis, each equation for surface charge density is used with its respec-
tive pKa and pKb, if present. So, eq. 1.10 will use pKa = 7.5 and eq. 1.11 with
pKa = 6.3 and pKb = 0.3. In validation section, the chosen equation to reproduce
experimental results and its motivations are described.

15



Chapter 2

FEM description

2.1 Model description

2.1.1 Model development

To reach the proposed goal, an initial literature research of current approaches was
executed to define the general structure of the FEM. The purpose of this work
was also to obtain an enough realistic and computationally easy-to-use model. For
this reasons, some aspects, that physically happen and other models in literature
simulate, have not been considered due to their negligible role.

Initially, focusing on Pardon’s work, whose task was quite different from that
one of this thesis, as aforementioned, a 2D model was developed taking account
not only the two governing equations mentioned in previous chapter, Poisson and
Nernst-Planck, but also Navier-Stokes equation to simulate fluid flow inside the
nanochannel and its additional contribute to ions movement [7].

However, this initial model was rejected soon due to the unrealistic and unknown
behavior. The problem was initially treated with a too much high level of complexity.

For this reason, to study in the most precise way every physic contribution, a
simpler model was developed in a single dimensional space. This model simulated
the ionic and electric potential distributions on the normal direction from the
channel wall. Only electrostatic and ions movement physics were been studied
due to the flux of fluid was impossible to simulate at this dimension and this
direction. Furthermore, when fluid flux is considered as zero like in a stationary
study, contribute of Navier-Stokes equation can be considered as negligible [22].
In this initial model it was impossible to consider the diffusion of ions from a high
concentration reservoir to an empty sink as in the proposed task due to the not
present direction of diffusive movement, axial to channel.

This model was initially developed as those one in literature, using the classical
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Poisson-Nernst-Planck coupled equations aforementioned. However, the model
was not able to simulate the realistic saturation of counter-ions once reached the
maximum concentration. For this reason, the mobility term for each ionic species
was modified with eq. 1.8 to obtain the modified Nernst-Planck equation above
shown.

Then, the obtained model was implemented to bi-dimensional space. Due to this
pursuit, also the diffusion of ions through the channel was allowed. The fluid flux
was kept negligible due to the assumption that when only a diffusion phenomenon
is present, because drain-source voltage is not applied, the flux of solution is almost
zero [22, 13].

2.1.2 General description

The two final models aforementioned, the single dimension and the bi-dimensional
ones, are here described and compared. An especial focus is kept on the latter due
to its higher complexity.

All the models presented and tested were developed as stationary studies of task
phenomenon. Indeed, a time-dependent study was not chosen as final version due
to the impossibility of a fully coupling of modules that solve Nernst-Planck and
Poisson equations respectively and they had to be solved differently decreasing the
precision of the solution. Instead, in stationary study, a fully coupling of governing
equations was always allowed. Furthermore, the modified Poisson-Nernst-Planck
equation obtained using mobility term described in equation 1.8 is calculated for
steady state conditions, so it could lead to a wrong behavior if used in a time-
dependent study.
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2.2 Geometry and materials

In this simulation three different types of materials have been considered:

fluid domain

dielectric domain

Stern layer

it is define in sink, in the reservoir (in 2D model) and in
the channel domain, water is chosen as solution, its relative
permittivity is set at 80;

it is the dielectric layer between the electrode, that externally
applies the electric potential, and Stern layer. Silicon dioxide
is usually used with a relative permittivity of 4.2, but also
silicon carbide, with a relative permittivity equal to 9.7, is
tested;

it is differentiated from first material due to its different
structure, composed by adsorbed ions with the solid surface.
Its relative permittivity is different from fluid domain, it

has a distributed capacity equal to 0.3 F/m? [23] and its
0.3 F/m? % 0.3 nm ~ 10
€0 .

relative permittivity is obtained as

2.2.1 1D model

1D model simulates the normal direction from charged wall. The different materials
which compose the line are here sequentially listed:

dielectric layer
Stern layer
channel

Stern layer

dielectric layer

with dielectric thickness;
with 0.3 nm thickness;

filled with solution, dim large;
with 0.3 nm thickness;

with dielectric thickness;

dielectric and dim are parameters that are changed to evaluate the model and test
it on experimental data.

2.2.2 2D model

2D geometry is shown in figure 2.1. Each component (reservoir, channel and sink)
is built as here described:

Reservoir and sink squares with 10 pum sides;
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Stern layers

|
3 dielectric :
channel thickness
T dicleciric :
reservoir channel length sink
Figure 2.1: 2D geometry from COMSOL model
Channel rectangle 1 pum long and dim high, placed between the

Dielectric layers

Stern layers

previous chambers;
two rectangles 1 um long and dielectric high;

two rectangles 1 um long and 0.3 nm high, they are placed
between each dielectric layer and channel side.
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2.3 Physics

Two physics modules are used in this study, Electrostatics and Transport of Diluted
Species, to solve equations 1.3 and 1.9, respectively.

Electrostatic module is defined in all geometry domains. In 1D model, this
module is fully coupled with the other, in a steady state study. For this reason, the
space charge density equal to 103N, Y, ec;z; is obtained as result from Transport
of Diluted Species physics. In 2D model the same structure is maintained, adding
some new boundary conditions due to the different and more complex geometry.

Five different ionic species are considered: H;0%, OH, Na™, Cl” and the charged

drug. Obviously, positive or negative unitary charges are defined for each species but
drug has a variable charge. H;O" is used instead of H" because the latter species
does not exist inside an electrolytic solution where it recombines immediately to
form H3O" [24]. Three Transport of Diluted Species physics are used, two for the
couples H;O"/OH ™ and Na™/CI, respectively, the last one is used for drug species.
All these physics are defined for the fluid domain, but HsO"/OH™ is the only couple
that is defined also inside Stern layer domain, because it is commonly considered
the only one couple of species that could enter inside this space due to their lower
dimensions [7].
Default mobility defined by COMSOL is substituted with the new one used in eq.
1.8, py, ;- In this way the Nernst-Planck equation defined in this physics obtains as
results of distribution of concentrations at steady state conditions the concentration
defined in eq. 1.7. In 2D model bi-dimensional matrix f,,; is used and shown here
below.

D;/RT 0 ] @.1)

Pm,i = l 0 P i

So, the new bi-dimensional Nernst-Planck equation will solve along x direction,
axial with the channel, a normal diffusive study, and along y, normal to channel
walls, a study equivalent to that one obtained with 1D study.

¢ term in NP equations solved by these physics is obtained as results from Electro-
static module. H;O"/OH™ couple is considered as point-like and, for this reason,
their mobility is maintained as default.

Fixed ionic diameter are chosen for Na® and CI” equal to 0.184 nm and 0.121 nm,
respectively [25].

The D; value used by COMSOL has been left as default. Indeed, in a steady
state study this variable has no relevance as shown in Nernst-Planck equation at
steady state conditions.
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2.4 Boundary conditions

2.4.1 1D model

In table 2.1 the boundary conditions that are imposed in 1D model are listed.
Two space density (p.;) nodes are defined in Electrostatic module, one for the fluid
domain, where H;O", OH, Nat, ClI" and drug are present, and another one for
Stern layers where there are only H;O" and OH ™ ions.

¢o is the variable defined for the externally applied electric potential at the gate
electrode.

Each ionic species bulk concentration, ¢?, which is imposed as boundary conditions

for NP modules and used in eq. 1.6 and 1.7, are listed in table 2.2. To maintain
the electroneutrality of the solution when no external electric potential is applied,
salt species are used as buffer of the solution, compensating the other negative or
positive charges [23].
A specific condition about drug charge sign is imposed, as it is shown in aforemen-
tioned table, to always obtain positive concentrations even at high drug valences.
Indeed, Nat or CI” compensates the external molecules if the latter assumes, when
it is diluted in a solution, a negative charge or a positive one, respectively.

Csar and Cyyyy are variables used to define salt species and drug bulk concen-
trations, respectively. The first one is defined as Cyyy = ¢ 137 (mM) where c is

Equation Location Expression
Poisson Fluid domain Pt = 10PN Y eciz;
Stern layers per = 103N, X eciz;
Dielectric external sides o = ¢y
Dielectric-Stern interfaces os =eq 1.10 or 1.11
NP H;0"/OH  Channel center (z=h) cy,0+ = €q.1.6(h)
con = €q.1.6(h)
Dielectric-Stern interfaces J1,i=0 (No Flux)
NP Na*/CI” Channel center (z=h) Cnat = €q1.7(h)
cor = eq 1.7(h)
Stern-Fluid interfaces J1,i=0 (No Flux)
NP drug Channel center (z=h) Cdrug = €q 1.7(h)
Stern-Fluid interfaces J1,i=0 (No Flux)

Table 2.1: Boundary conditions in 1D model
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Conditions Species Expression (M)
pH <7 and z4p,g > 0 H,O 10~rH
OH" 10~ (4-pH)
Na+ Csalt
cr Osalt + 107pH - 107(147}01{) + Zdrugcdrug
Drug Clrug
pH <7 and z4p,e <0 H,O" 10—PH
OH 10-(14-pi)
Na+ Osalt - Zdrugcdrug
Cr Ciay + 107PH — 10~ (4-pH)
Drug Cdrug
pH > 7 and zguy >0 HzO" 10~PH
OH 10~ (14-pH)
Na™ Ciary — 107PH 4 10~ (4-pH)
cr Csalt + Zdrungrug
DrUg CYdrug
pH > 7 and zgryy <0 Hz0" 1074
OH™ 10~ (4-pH)
Na+ Csalt - 1O_pH + 10_(14_pH) - Zdrungrug
Cr Csalt
Drug Crug

Table 2.2: Bulk concentration values for 1D study

a coefficient used to modify salt concentration inside the solution. 137 (mM) is
chosen as NaCl molar concentration value in PBS solution, commonly used during
experimental test to reproduce physiological environment. Only NaCl is considered
as basic component of PBS to simplify the software functioning. During this thesis
it will be usually used terms as 0.01xPBS (also 1%PBS) or 1xPBS. They mean that
salt concentration inside the solution has a ¢ value equal to 0.01 or 1, respectively.

2.4.2 2D model

Boundary conditions for 2D model are listed in table 2.3. In two dimensional study;,
new fixed concentrations are placed at external boundaries of sink and reservoir,
these new conditions are named ¢; o. To correctly solve the modified PNP, a special
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Equation Location Expression
Poisson Fluid domain per = 103N 4 Y, eciz;
Stern layers per = 103N 4 3, eciz;
Dielectric external sides ¢ = ¢o
Sink and Reservoir external sides ¢ =0
Dielectric-Stern interfaces os =eq 1.10 or 1.11
Remaining boundaries V¢, =0 (Zero charge)
NP H30"/OH  Sink and Reservoir external sides Cr,0t0 = ci’{30+
COH 0 = Cl())H*
Remaining external boundaries J.i=0 (No Flux)
NP Na*/CI” External Reservoir side CNat0 = Ao
CC]iO = Clé]ir
External Sink side CNat 0 = clb\lats
Coro = Cor g
Remaining external boundaries  J, ; =0 (No Flux)
NP drug External Reservoir side Cdrug,0 = cgrug

External Sink side
Stern-fluid interface
Remaining external boundaries

Cdrug,0 = 0
Cdrug S Cmax

JL,i =0 (NO FIUX)

Table 2.3: Boundary conditions in 2D model

boundary condition is placed on the external boundaries nearest to channel walls,
the fluid-Stern layers interfaces, that imposes the concentration of studied drug at
most equal to its maximum concentration c¢,,,, or less. This condition is imposed
only for drug species because is the only one that could reach the saturation limit,
differently from salt ions.

Due to the presence or not of charged drug in each domains, buffer compensation
of salt is different from that one explained in table 2.2. The new salt concentration
bulk values are listed in table 2.4.
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Conditions Name Expression (M)
pH <7 and zgrug > 0 chatr Clsait
le\fa+7s Cisalr
by, Clarr +107PH — 107 4P 450 Clirug
Ay Coarr + 107PH — 10~ (14=pH)
pH <7 and 24y <0 Clb\ra+,r Csait — ZdrugClrug
CNat,s Cialr
Ay Coare + 107PH — 10~ (14=pH)
s Coare + 107PH — 10~ (14=pH)
pH > 7 and zgrug > 0 cha+7r Coarr — 107PH 4 10~ (14-pH)
Rat s Coare — 10777 10~ (14PH)
Qr Csait + ZdrugClrug
Clér,s Ciait
PH > T and zgrug <0 v, Coarp — 107P7 4107 M7PH) — 240 Clapug
Riat s Coar — 107PH 10~ (1P
Cl(;jrﬂn Ciait
chl ] Osalt

Table 2.4: Bulk concentration values for 2D study
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Results and discussion
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Chapter 3

Model validation

3.1 Surface charge density

The surface charge density modelling is tested and compared with reference results
without considering the presence of charged drug, because literature tests do not
take into account its presence, but focus on the relationship between o, and variable
environmental conditions (salt concentration and pH value).

=z
o
o
S

Z

o
o
a

-0.01+ 0.00

Surface charge density, C/m?

Surface charge density, C/m?

-0.024 -0.054
== Pardon at pH 7 == Pardon at Cs=10* M
== gq.1.10 atpH 7 == eq. 1.10 at Cg=1%.PBS
eq.1.11atpH7 ...I eq. 1.11 at C5=1%.PBS
_003——|—|-|-|-|-|-|-|-| T T T T T T '010 | | I
106 10* 104 1038 1072 2 4 6 8 10
Salt bulk concentration, M pH

Figure 3.1: Surface charge density in relationship with bulk salt concentration
(A) and pH (B). Reference results are obtained from Pardon [7]. No charged drug
is present. Simulations performed in 1D model.
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Initial tests shown in figures 3.1, 3.2 and 3.3 had been taken with a slightly dif-
ferent single dimensional FEM. In the model used for these validations, the salt
and H"/OH  species were simulated in all fluid domain, also inside Stern layers,
differently from Pardon’s assumption [7]. This model was the first developed and
tested to analyze surface charge simulation. The differences between this initial
model and its behavior, and the final bi-dimensional model will be shown in figure
3.4.

To test only surface charge density and fit as much as possible reference results,
¢o applied at external dielectric surface is set as zero.

In figure 3.1 it is possible to see the behavior of FE model when different condi-
tions are imposed. In figure 3.1.A the results of model using equation 1.10 from
Jiang [17] and eq. 1.11 from Taghipoor [19] are shown. In this figure the pH is set
as 7 and different salt concentrations are tested. In figure 3.1.B the same equations
are tested and compared with reference results ranging pH values in a 1%0cPBS
solution.

Both o, equations have a similar slope comparing with reference results.

To obtain these graphics, both equations 1.10 and 1.11 used the aforementioned
value of 1.5 1/nm? as value for Nt parameter, assuming that the dielectric material
used is silicon dioxide.

A) B)
-200 === Taghipoor at pH 7 £ -150 == Taghipoor at pH 7
> = eq.1.10 atpH 7 CE> = eq.1.10 atpH 7
5_150_ eq.1.11atpH7 = eq.1.11atpH7
O @ -100-
5 s
‘5 -1004 o
Q 2
£ £ -50-
O -50-
() [0}
m ®
5
O——rmnq—rrrmrrrrmrrrrmrrrmq—rrmq n 0
10610°10410-310-210-" 100 10€10-°10410310210-1 100
Salt bulk concentration, M Salt bulk concentration, M

Figure 3.2: Stern layer potential (A) and surface charge density (B) in relationship
with salt bulk concentration at pH equal to 7. Reference results are obtained from
Taghipoor [19]. No charged drug is present. Simulations performed in 1D model.
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In figures 3.2.A and 3.2.B the electric potential at Stern layer and surface charge
density obtained changing salt concentration at pH equal to 7 are respectively
shown. Model results obtained using eq. 1.11 fit very well with those from ref-
erence, more than those where eq. 1.10 is used. This better agreement is easily
explained because eq. 1.11 is obtained from Taghipoor’s work as the reference
curves. However, Jiangs’s equation shows a good fit with literature results as well.
These simulations are performed with the same 1D model previously mentioned.

The last comparison is obtained measuring the electric potential and local pH
value at solid-liquid interface in a 1%0PBS solution. The results are shown in
figure 3.3.A and 3.3.B for electric potential and local surface pH, respectively. Here,
Jiang’s equation and Taghipoor’s one, are compared with Pardon’s results. As
previous comparisons, the same single dimensional model is used without simulated
charged drug.

Both equations show a good fit with reference results, but Taghipoor’s equation
causes the surface to assume also a positive charge density at extremely low pH
values.

This behavior is rejected to simulate the main used dielectric material SiOy because
it was experimentally measured that it assumes always a negative charge.

A) B)
100 8
== Pardon at Cs=10"*M
E e eq. 1.10 at Cg=1%:PBS
- 0 ............................ eq. 1.11 at CS=1%0PBS
O L 6
= Q.
[ )
5 -100- O
o =
2 @ 4
8 -200 == Pardon at Cs=10"*M
T} e eq. 1.10 at Cg=1%.PBS
eq. 1.11 at Cg=1%.PBS
-300 T T T 2 T T T
2 4 6 8 10 2 4 6 8 10
pH pH

Figure 3.3: Surface electric potential (A) and surface pH (B) in relationship with
bulk pH in a 10~* M solution. Reference results are obtained from Pardon [7].
Simulations performed in 1D model.
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Due this reason Jiang’s equation is chosen to be used definitively to model o in
1D and 2D models that simulate the exclusion or enrichment of charged drug.

Repeating the simulations of figure 3.1 with the final bi-dimensional model,
figure 3.4.A shows the influence of assumption that no ions out of H;O"/OH"
species can enter inside Stern layer. Indeed, comparing the new results with those
previously obtained, the maximum negative value assumed by the surface charge
is decreased. This behavior can be caused by the fact that if in the initial 1D
model the salt counter-ions could move next to the dielectric wall to screen its
surface potential, in the new model only H;O"/OH ™ species are allowed to move
within the Stern layer, leading to a much higher number of these ions next to the
solid-liquid interface than previous condition. Due to the chosen equation 1.10 used
to calculate the surface charge density magnitude, its absolute value is inversely
proportional to H;O" concentration, so the maximum negative value is lower in
final 2D model. This effect is more relevant when the presence of salt ions inside
the Stern layer differs more from initial and final models, which means, at highest
salt concentrations.

As it is shown in figure 3.4.B, introducing inside the simulation the presence
of the drug, it leads to a higher absolute value of surface charge at lowest salt

A) Drug = 0 mM B) Drug = 0.1 mM

€ 0.00+ E 0.00 T m—

e e )

> > '

®»-0.02- »-0.024 '

C C ]

S 3 :

© = pH S, 1D P —pH5,1D

o) = « pH 5, 2D o =«pH5,2D

8-0.04H==pH7,1D ©-0.04+==pH 7, 1D E

o -qu7,2D o -cpH7,2D )

3 pH 9, 1D 3 pHO,1D |

& pH 9, 2D £ pHO9,2D |

&#-0.06 +——rrrmr——rrrmm——rrrm——rrm & ~0.06 —rrrm——rrrrm——r e
106 105 104 103 1072 106 10 04 103 1072
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Figure 3.4: Bi-dimensional model validation of surface charge density without (A)
or with (B) the presence of drug inside the solution at different salt concentrations
and pH values. The results are compared with the results of the initial 1D model
shown in figure 3.1.A
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concentrations and an almost negligible change at highest ones. This behavior can
be motivated by the compensation explained in table 2.4. Using a negative charged
drug, at pH values higher than 7 or equal, the concentration of Na™ is increased
to compensate it. Consequently, a lower amount of H' is needed at the surface,
which means a higher absolute value of surface charge density. The compensation
effect is influential at salt concentrations lower than drug one, in this case 107M,
when influence of effective PBS percentage term c is negligible. Indeed, at lowest
salt concentration the real ionic strength of solution is less dependant from PBS
percentages and a higher amount of ions screening the surface charge is present in
the solution. Red vertical dashed line in figure shows the drug concentration value.
Therefore, it is possible to see that at higher salt concentration values the influence
of drug decrease more and more. On the other hand, at lower values, surface
charge density is almost constant, due to the main influence of constant presence
of drug which causes a constant salt species concentration, independent from PBS
percentage.
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3.2 Modified PNP

The most innovative aspect of this model is the implementation introduced by
the modified Poisson-Nernst-Planck equations (mPNP). Using the term shown in
equation 1.8, the model should rightly simulate the saturation of a not point-like
counter-ion species next to the wall.

In figure 1.4.B the wanted behavior has been shown, obtained as the calculation of
equation 1.7 directly from exponential voltage curve shown in figure 1.4.A. Here
the results of fully coupled model with modified terms are tested and compared
with previous figures.

The FE model used for the validation is the last developed bi-dimensional model
previously described.

In this thesis it is not considered the case that the molecule size is larger enough
to avoid its entrance into the channel, so its diameter is bigger than channel height.
This assumption is leaded by the fact that modified ion mobility used in this
FE model does not simulate this case. Indeed, equation 1.7 is built to correctly
calculate concentrations of counter-ions saturation next to channel walls, because
its denominator term becomes more important at highest potentials leading to a

Solution 1 Membrane Solution 2 IA 0.10- I channel l IE
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5 0.2
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>
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Figure 3.5: Donnan equilibrium shown by Schoch (A) and results obtained by
the FE model (B) [9]. The simulated diffusing molecule is a co-ion.
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saturation at maximum concentration value. If electric potential is zero, modified
PNP does not affect concentration in considered location. So it cannot affect bulk
concentration if EDL does not overlap in the middle of channel.

For this reason, in this validation it is not considered the co-ions concentration
curve. It does not mean that the modified equation does not affect these ions in any
case. Their concentrations are obviously unaffected if electric potential in calculated
point is zero, but in the case of a diffusion between two chambers connected by a
gated channel, electric potential inside, on axial direction, is not zero [9], as shown
in figure 3.5.A. This phenomenon is known as Donnan equilibrium between the
electrophoretic force and diffusive one that takes place when two electrolytic solu-
tions with a concentration gradient, are connected by a semi-permeable membrane.
Indeed, if a specific charge is not allowed to pass inside the nanochannel, against
diffusive force, the potential inside the nanochannel differs from zero and changes
along channel axis.

In figure 3.5.B it is also possible to see the rightly reproduction of Donnan equilib-
rium obtained by developed FEM. Due to this not zero potential in the middle of
nanochannel, equation 1.7 can affect ions distribution at the middle of nanochannel
taking into account ionic sizes, if electric potential assumes an enough high value
to allow denominator term to have a relevant role.

This effect is impossible to reproduce in a single dimension model due to the lack
of diffusive force modelling.
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Figure 3.6: Concentration curves of drug molecules with different ionic diameters
(A) and increasing the externally applied gate voltage with a constant drug diameter

(B).
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In figure 3.6.A it is possible to see the saturation of a counter-ion drug when the
maximum concentration is relevant or not. Indeed, for a molecule whose diameter
is 5 nm, its maximum concentration is 13.28 mM. In this case, with a sufficiently
low drug valence, the molecule does not reach this value at the wall. On the other
hand, increasing ionic diameter to 10 nm and 20 nm, maximum values become
1.66 mM and 0.21 mM, respectively. As it is shown in the same figure, once the
maximum value is achieved, the concentration remains constant until the wall.
In figure 3.6.B an interesting effect similar to Balzant’s work takes place: the
increase of EDL in case of not negligible finite-size counter-ions. Indeed, due to
the saturation of molecules concentration, the increasing electric potential at the
liquid solid interface would need a longer EDL to be screened [26].
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Chapter 4

Model results

To evaluate the influence of the highest number as possible of parameters and to
obtain more precise results, it will be used for all the simulation shown below, the
last developed bi-dimensional model. Indeed, single dimensional model was chosen
to not be used due to the lack of extremely important phenomenon as diffusion
itself of charged drug.

4.1 Membrane properties effects on V,,

In this section the effect on dielectric surface potential of an externally applied
one or leaded by the natural surface charge of material in contact with electrolyte
solution is analyzed and discussed.

The aforementioned two cases that usually induce the EDL formation in the channel
are separately focused and their both effects on the effective potential at solid-liquid
interface (Surface Potential - V,,r) are analyzed. When a voltage is externally
applied, the main aspects that affect its effect on surface potential are the dielectric
layer thickness placed between the electrode and the solution and its permittivity,
depending on used material. Other parameters as ionic strength of solution, as it
will be demonstrated, have not such an influence in this case. On the other hand, if
the electric potential is caused by the surface charge induced by chemical reactions
between dielectric material and fluid, the number of reactive sites on the interface,
ionic strength and pH of solution are the most important parameters that mainly
affect its value and therefore the surface potential. The interaction of these two
contributions is also studied due to the not trivial effect on surface potential when
both are considered as not zero.
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4.1.1 Binding sites density effects on V¢

In figure 4.1.A the relationship between reactive site density Nt (1/nm?) and
respective Vi, s expressed at solid-liquid interface is shown. Different salt con-
centrations are tested, ranging from 0.1%0PBS to 10xPBS. The concentration of
charged drug is maintained at zero and the pH value of the solution is 7. As already
confirmed by figure 3.2.A, dielectric surface becomes more negative as much the
salt concentration is lower. The curves highly decrease at first density values and
then they become slightly linear. In figure 4.1.B the previous relation is analysed
changing solution pH from 5 to 9 and maintaining the salt concentration at 1%PBS.
Drug concentration is again set as zero. As previously shown in figure 3.3.A, a
higher value of pH leads to a higher surface potential absolute value. In both graphs
of figure 4.1, Vi, hugely drops down at first density values until reaching a value
where a linear relation with Nt starts. Because used eq. 1.10 has been developed to
reproduce silicon dioxide charging, surface potential caused by chemical reactions
is always considered as negative. A different type of dielectric material will need a
different equation to adjust these phenomena.
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Figure 4.1: Simulations performed in a 150 nm large channel without an externally
applied potential to test reactive sites density effect on Vj,,s. Drug concentration
is zero. A: different salt concentrations are tested at pH value of 7. B: different
pH values are tested in a 1%PBS solution.
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4.1.2 Dielectric material properties effects on V,,

In figure 4.2 the influence of dielectric material properties is tested at different
conditions, especially the relevance of dielectric thickness and its electrical permit-
tivity are focused. The drug concentration is still set as zero, the pH value as 7.
To separately consider these effects from surface charge density, in all graphs of fig-
ure 4.2, reactive site density is zero, which means that surface density is zero as well.

In figure 4.2.A, the gate voltage at the electrode is ranged from 2 V to 10 V and
its contribution to surface potential is shown at different dielectric thicknesses, that
is tested from the lowest values of 1 nm to the highest ones of 30 nm. Dielectric
material in this graph is silicone dioxide.

Relation between gate voltage and Vj,, s is quite linear, whose angular coefficient is
dependent from dielectric thickness. Indeed, thin dielectric layer leads to a higher
coefficient, which means that it is possible to obtain a higher modulation on surface
potential through an externally applied potential.

4.2.B shows how dielectric thickness, here considered as SiO,, influences V;,,
maintaining gate voltage equal to 6 V and changing salt concentration. As it is
possible to see, salt concentration is not extremely relevant when only an external
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Figure 4.2: Simulations performed in a 150 nm large channel to show the effects
of an electric potential applied to the gate electrode on surface potential at different
dielectric material conditions. All the simulations maintain pH value as 7. The
dielectric material is considered as not reactive with the solution (Nt=0). Drug
concentration is zero. A: in a 1%PBS solution, V,, s trend depending on externally
applied voltage at different SiO, layer thicknesses. B: relevance of silicon dioxide
thickness on Vj,,; at different salt concentrations maintaining gate voltage at 6 V.
C: influence of relative permittivity of used dielectric material on Vi, at different
applied gate voltages. This simulation is performed in a 1%PBS solution and
dielectric thickness is 20 nm.
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voltage is applied. Decreasing the thickness of dielectric layer the electric potential
that is transmitted at solid liquid interface is increased exponentially.

In figure 4.2.C it is considered the case that not silicon dioxide is used as dielectric
material. Indeed, performing the simulations at salt concentration equal to 1%PBS,
the effect on surface potential of different relative electrical permittivities is tested
at different gate voltages. In these tests, the dielectric thickness is maintained as
constant equal to 20 nm, ranging its permittivity from 1 to 10. The ¢, used to
simulate silicon dioxide is 4.2 as highlighted by left vertical red dashed line; on
the other hand, also silicon carbide, the dielectric material used in manufacturing
process of experimentally tested nanofluidic membrane, is pointed out with the right
red line to evidence the results obtained with €, equal to 9.7. As it is possible to
see from figure 4.2.C, the relationship between €, and Vs is slightly linear, whose
angular coefficient depends in direct proportion on applied voltage at electrode.

4.1.3 Interaction between V. and o

Finally, in figure 4.3, the case where both gate voltage and surface charge density
are present is considered. Indeed, unexpectedly, the contributions of both terms on
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Figure 4.3: Effect of gate voltage on surface potential with different dielectric
thicknesses and reactive binding sites densities with both non-zero values. The
used solution is 1%PBS with pH equal to 7. Drug concentration is zero. A: with a
fixed Nt value equal to 1 1/nm?, different SiO, thicknesses are tested. B: with a
fixed SiO4 thickness value equal to 10 nm, different reactive binding sites density
values are tested
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surface potential can not be simply summed to obtain the real value. In this figure
the simulations are performed using a solution with a salt concentration equal to
1%PBS and a pH of 7, the dielectric material used is silicon dioxide with a €, equal
to 4.2. No drug is present in these simulations. In figure 4.3.A the surface potential
values in relationship with gate voltage are shown maintaining Nt value equal to 1
1/nm? and different dielectric thicknesses are tested. Vice versa, in figure 4.3.B
the ranged parameter is Nt and dielectric thickness is set at fixed value of 10 nm .

A simple example of the wrong assumption of the summation of effects is pre-
sented: if a gate voltage of 6 V is applied to a 10nm-thick silicon dioxide layer, in
contact with a solution which has a salt concentration equal to 1%PBS, 7 as pH
value and the oxide surface expose a binding sites density equal to 1 1/nm?, from
figures 4.1 and 4.2 the Vs values of -0.06 V and 0.19 V are respectively obtained.
However, the real value obtained by the direct simulation with the parameters
listed above is -0.016 V and not 0.13 V as expected by the sum of previous two
results.

Nevertheless, other observations could be obtained from this figure: the relation
between V; and Vj,, s is generally linear and maintaining as constant the dielectric
thickness, the increase of Nt value leads to a decrease of the offset and also angular
coefficient. On the other hand, at fixed Nt values, the variation of dielectric thick-
ness influences only latter index, as shown in figure 4.2.A. This difference of effects
is explained by the fact that at zero gate voltage, the only relevant parameter is
Nt that can induce a not zero surface potential.

In any case, the relevance of surface charge not only on the offset of linear rela-
tionship between V, and Vj,, s leads to the impossibility of summation of singular
effects previously demonstrated.

To invert the polarity of a naturally negatively charged channel using an external

potential, the right combination of sufficiently high gate voltage and enough low
dielectric thickness with low reactive surface is needed.
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4.2 Membrane properties effects on EEF

All simulations shown in this section are performed using a +1 charged drug to
simulate co- and counter-ions behaviors, respectively. The drug bulk concentration
in the reservoir is imposed as 1 mM. The simulated drug has a ionic diameter
of 1 nm. These parameters related to the drug are maintained as fixed in this
section, and others about membrane properties, as channel dimension, are studied
at different environmental conditions.

Because the applied potentials used for all simulations are directly imposed at the
solid-liquid interface of the channel and the influence of surface charge density on
Veury itself has been previously studied, dielectric layer is set as not reactive, with
a Nt value equal to 0. For this reason, also the pH of the solution is fixed at 7.
Indeed, its relevance was previously demonstrated as relevant mainly for surface
charge density, but if chemical reactions at the surface are not present, pH value
can be considered as negligible.

4.2.1 Surface potential effects on EEF

In figure 4.4.A and 4.4.B different salt concentrations are tested, from 0.1%0PBS to
1xPBS, and the electric potential directly imposed at solid-liquid interface ranges
from 0 to 1.2 V which is barely the same surface potential obtained with a 1nm-thick
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Figure 4.4: V;,,; effects on EEF of charged drug. Channel width is 150 nm. Drug
bulk concentration is 0.1 mM. pH of solution is 7. Counter-ions (A) and co-ions
(B) EEF depending on V,, s at different salt concentrations.
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silicon dioxide layer and a gate voltage of 10 V as shown in figure 4.2.A. Obviously
in biomedical application a so high gate voltage could be unacceptable due to the
power consumption and risks related to a so high applied voltage in an active
implantable device, but to test the limit conditions these values are considered as
well [27].

From the comparison of both images, the asymmetry of behaviors between co- and
counter-ions is evident. Indeed, the maximum enrichment factor, obtained at the
lowest salt concentration as expected due to the longest EDL, is about 40000%.
On the other hand, the maximum exclusion factor is around 0% (which means a
depletion of almost 100% of drug). This behavior is obviously caused by the inferior
limit for co-ions at 0. For counter-ions, instead, the only limit is the maximum
packaging concentration, which is difficulty achievable at drug diameter used in
these simulations equal to 1 nm. Considering, as previously explained, molecule
with a cubic shape, whose side is equal to ionic diameter, the maximum achievable
concentration is 1661 mM, but, for a drug with a bulk concentration of 0.1 mM in
the reservoir, the maximum concentration reached is 750 mM at the highest tested
voltage of 1.2 V and in the 0.1%cPBS solution.

It is shown in aforementioned figures that co-ions curves at small surface poten-

tials, especially at lowest salt concentrations, rapidly drop down, then their trend
becomes slightly linear. The huge decrease at initial voltages could be caused by
the immediate effect on EEF of the not absolutely negligible EDL length that at
the lowest salt concentration (0.1%cPBS=13.7uM ~ 107°M) leads to a Debye’s
length around 100 nm as listed in table 1.1. Indeed, its impact in a channel with a
diameter of 150 nm as in these simulations causes an EDL overlap and an almost
complete exclusion from the channel of co-ions, already at fist voltage steps. But
for higher ionic strengths of solution, this effectiveness at lowest potentials does
not appear and the relationship between surface potential and EEF is almost linear
for all tested Vi, s values.
Meanwhile, for counter-ions this different behavior between ionic strengths is not
present but a continuous increase, but not linear, takes place increasing surface
voltage, at least at lowest salt concentrations. Trend of curves at highest ionic
strengths could be considered linear.

Considering a biomedical application, within an active implantable device in
contact with physiological environment at pH equal to 7.4 and in a 1xPBS solution,
both co- and counter-ions show a linear behavior with applied voltages, which
means that it should be possible a proportional modulation of EEF using different
gate voltages. The choice of using co-ions or counter-ions drug species depends on
what is their efficient administration dose and what is the better option between
increasing or decreasing their releases. Counter-ions and co-ions drugs provide
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an enrichment and an exclusion of +15%, respectively, at these environmental
conditions and at highest surface potentials.

In this case, with such a linear behavior of the system, and the need to obtain the
highest difference between the passive phase (when no external voltages are applied
and supposing a negligible surface charge of dielectric layer) and the active one
(when a positive or negative voltage is applied at the electrode), the best choice is
the application of the highest gate voltage as possible.

For this reason, in manufacturing process it is better to obtain a dielectric layer as
thin as possible to more efficiently transfer the external voltage on the solid liquid
interface.

Both choices imply not negligible drawbacks: a higher applied voltage increases the
power consumption of the device and consequently a shorter battery life, which
should be around six month and a few years for these applications, and a thinner
dielectric layer or at most its absence could lead to a faster degradation of device
due to chemical reactions with solution [10, 16, 28].

But if these phenomena were not limited by physiological environment, it could be
useful to take advantages from the initial drop down aforementioned for co-ions
at low voltages. Indeed, at lowest salt concentrations it could be possible a huge
difference between passive and multiple active phases if the applied surface potentials
are enough low, which means lower applied gate voltages and a thicker dielectric
layer, preventing device from excessive power consumption and degradation risk.

4.2.2 Channel dimension effects on EEF

Differently from previous section, here the influence on EEF of different parameters
involved with channel manufacturing properties are analyzed. Indeed, for both
counter- and co-ions, the importance of channel dimension on the exclusion/enrich-
ment factor is simulated changing different parameters. The channel dimensions
are ranged from 30 nm to 300 nm.

In first figures pair, 4.5, the salt concentration in the solution is varied, in the
second pair, 4.6, the ranged value is the surface applied potential, finally, in pair
of figures 4.7, the Stern layer capacitance is changed from default value of 0.3 F//m?.

Generally, the expected behavior is a slight dependence of EEF on channel
dimension, until the EDL overlap occurs or its length becomes comparable with
channel diameter and this parameter assumes a more relevant role [29].
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Figure 4.5: Channel dimension effects on EEF for both counter- and co-ions at
different conditions. Counter-ions (A) and co-ions (B) EEF values are simulated
for different salt concentrations, from 0.1%0PBS to 1xPBS. The surface potential
is maintained constant at 1 V.

Solution ionic strength influence

As previously mentioned, in figures 4.5.A and 4.5.B the dimension of nanochannel
is ranged at different PBS concentrations, that vary from 0.1%0PBS to 1xPBS,
and its effect on EEF for counter-ions and co-ions is respectively shown. The
surface potential used in these simulations is equal to 1 V. Obviously, decreasing
the dimension of the channel, the influence of EDL on overall concentration of
drug becomes more and more relevant. The trend is not linear but co-ions and
counter-ions show different behaviors, the latter species shows that at different ionic
strengths similar and proportional EEF values are obtained. Indeed, at logarithmic
scale, curves at different PBS concentrations are almost parallel, decreasing if the
percentage of PBS increases. The difference between each curve does not seem
proportional to the change of ionic strength. The last curve in 1xPBS solution for
counter-ions is not completely parallel to previous ones due to the inferior limit of 1.

Co-ions behave differently when the ionic strength of solution changes, probably
due to the different effects of overlapping EDL that almost totally stop drug flux.
Differently from counter-ions, the curves at different ionic strengths are not parallel,
and their differences increase as smaller the channel is.

Indeed, as reported in table 1.1 by Schoch [9] and as already mentioned, at 0.1%0PBS
and 1%0PBS Debye’s length is around 100 nm and 30 nm, respectively. Indeed, the
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Figure 4.6: Channel dimension effects on EEF for both counter- and co-ions at
different conditions. Counter-ions (A) and co-ions (B) EEF values are simulated
for different surface potentials, which range from 0.25 V to 1.25 V. The tests are
performed in a 1%PBS solution.

curves at these two PBS percentages present an almost stop of drug flux, considered
at EEF value of 0.05, at 125 nm and 70 nm, respectively. The channel dimensions
are not exactly the double of Debye’s lengths aforementioned, but the simulations
trend is indicative as well. At higher salt concentrations, as 1%PBS, where the Ap
is around 10 nm, only in 30 nm channels a similar depletion takes place due to the
starting overlapping EDL. Higher percentages curves do not show this phenomenon
yet.

Vsurs influence

In figures 4.6.A and 4.6.B the simulations on counter- and co-ions are respectively
shown changing the applied surface potential from 0.25 V to 1.25 V for each
channel dimension ranged from 30 nm to 300 nm as before. The salt concentration
is maintained at 1%PBS for all simulations.

As previously noticed, counter-ions show a sort of regularity, at logarithmic scale,
varying applied potential. Indeed, a higher potential seems leading to similar curve
obtained with a lower one, maintaining the same trend. It has to be also noticed
that the displacements between each curve is poorly proportional to potential
differences.

Obviously, decreasing channel diameter the EEF increases in a not linear way. In
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comparison with figure 4.5.A, it is evident that ionic strength has a higher rel-
evance in the drug enrichment than applied potential that assumes a secondary role.

Co-ions show a different behavior than figure 4.5.B actually. Indeed, the curves
at each potential are parallel as the previous focused figure and displacements
between them are almost proportional to the differences between applied potentials.
As aforementioned for counter-ions, also for co-ions the percentage of PBS repre-
sents a more relevant parameter than applied potential. But the change of V,,
leads to more predictable results than changing PBS concentration due to its higher
proportional behavior.

For both graphs it has to be noticed that, as expected with a salt concentration
equal to 1%PBS that leads to a Ap equal to 9.6 nm, the main change of slope in
both ions types is around 70 nm, where EDL starts involving approximately 30%
of channel diameter. This effect is more visible for co-ions than counter-ions due
to the different effects of an almost overlapping EDL previously explained on these
species.

As expected, at fixed Debye’s length, the influence of EDL becomes relevant at
specific channel dimension, but, for bigger diameters, all curves show a poor depen-
dence on this parameter.

Stern layer capacitance influence

In the last pair of figures of this section, 4.7.A and 4.7.B, which shows the counter-
and co-ions behaviors, respectively, using the same channel diameter range as in
previous graphs, different Stern layer capacitance densities are tested. For all the
simulations previously done, this value was set equal to 0.3 F'/m? as reported in
literature [23]. But, different dielectric materials, due to their changing structures
once they are in contact with electrolytes solution, could present a different Stern
layer capacitance. Indeed, as reported by the experimental tests on the studied
nanofluidic membrane, a dielectric material as silicon carbide, due to its higher
porosity than the main used silicon dioxide, shows a larger surface area in contact
with solution which causes a higher capacitance [11]. The experimental value
obtained by Dr. Grattoni and Di Trani was six times higher than SiO,. So the
influence of Stern layer capacitance is studied ranging its value from 0.1 F/m? to 2
F/m?.

In both figures, the PBS concentration and surface potential are chosen as 1% and
0.25 V, respectively.

As it is shown, both counter- and co-ions go through an increase of effectiveness
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Figure 4.7: Channel dimension effects on EEF for both counter- and co-ions at
different conditions. Counter-ions (A) and co-ions (B) EEF values simulated for
different Stern layer capacity densities, that vary from 0.1 F/m? to 2 F/m?. Surface
potential and salt concentration are imposed as 0.25 V and 1%PBS, respectively.

of applied potential with a higher Stern capacitance. For both drug types, the differ-
ence between curves is not proportional with capacitance values shift. Anyway, the
curves seem maintaining always the respective trends. In any case, this parameter
is dependant on used material and it is not negligible on the overall influence on EEF.
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4.3 Drug properties effects on EEF

The following section discusses the effects on enrichment/exclusion factor of those
parameters dependent on drug properties such its valence, its bulk concentration
in the reservoir and its ionic diameter. Indeed, thanks to the new ionic mobility
term explained in the previous chapter, the proposed FE model can reproduce
the saturation of counter-ions with a not negligible molecular diameter due to the
achievement of maximum stacking concentration.

The consequences of considering the effective sizes of ions, especially when
counter-ions assume a not negligible size and concentration saturation can be
achieved, are interesting and cause variable effects on total enrichment of drug
inside the channel at different environmental conditions.

In figures 4.8, 4.9, 4.10, 4.12 and 4.13 the tests are performed in 150 nm large
channel, with a constant pH value of 7 and an externally applied voltage of £0.1 V'
directly on solid-liquid interface. The channel surface is considered as not reactive,
so Nt is zero. The other parameters as drug valence, its ionic dimension, its
concentration in the reservoir and the salt one are varied to study their different
influences on EEF of the drug.

4.3.1 Counter-ions saturation due to drug size

In figure 4.8 an unexpected but logically explainable phenomenon is shown. All
graphs in figure are performed in a 1xPBS solution. For this reason the overall EEF
range shown is low compared to enrichment factors seen in low PBS percentages
curves in figure 4.5.A. The drug bulk concentration is equal to 0.1 mM for all
simulations. In all graphs, drug diameters from 2 nm to 8 nm are tested.

In figure 4.8.A the counter-ion drug concentrations are shown along normal direc-
tion from channel wall when its valence is equal to 10 q. Different ionic diameters
are tested and it is possible to see a decrease of maximum concentration reached
by the drug as bigger its dimension is, as could be expected.

Nevertheless, in the second figure, 4.8.B, where the concentrations of other counter-
ion not point-like species inside the solution, Na®, are shown from the same
simulation as previous figure, the concentrations next to the channel wall decrease
with increasing drug dimension. The assumed explanation of this behavior is that
monovalent salt ions result fewer concentrated next to channel wall because the
even larger drug takes up space against other counter-ions species that are less
attracted than latter highly charged molecules. Indeed, Na™ ions decrease their
concentrations next to the wall until zero at drug ionic diameter of 4 nm, value
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Figure 4.8: Simulations performed in a 1xPBS solution with a pH value equal
to 7. Drug bulk concentration is 0.1 mM. Drug diameters from 2 nm to 8 nm are
tested in all graphs. Other ionic species have a fixed dimension. A surface voltage
of —0.1 V is applied. Concentrations curves of 10 q valence drug (A) and of Na™
(B) are shown in the normal direction from the wall. C: overall EEF of drug in
relationship with its valence.

which corresponds also to the obtaining of concentration saturation of drug as
shown in figure 4.8.A and no more space is available for any ion next to Stern layer.

The overall effect of this phenomenon is that, when the drug is big enough to

prevent the concentration of other counter-ions in the solution, and its maximum
concentration is not achieved yet, the EEF of such a molecule increases with
increasing its dimensions. Indeed, without other counter-ions species next to the
wall, a higher mean concentration of drug is needed to screen the surface potential,
leading to a higher enrichment factor.
This is exactly the result shown in figure 4.8.C where the different drug valences
are related at respective EEF varying drug diameters. Increasing drug valence
from 1 q to 10 g, a not linear increase of EEF is obtained for all curves at different
diameters. But at maximum tested valence, the aforementioned phenomenon
occurs and maximum enrichment factor is obtained for drug diameters equal to
4 nm. After this size value, EEF starts decreasing due to the even lower possible
concentration caused by the increasing size of the molecule. This phenomenon has
been called saturation mediated counter-ions exclusion because it results in the
enrichment next to the channel wall of the most charged and not point-like ionic
species in the solution and the consequent exclusion of other attracted ions with a
finite volume due to the lack of space.
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4.3.2 EEF saturation due to drug-salt ratio

In figures 4.9, 4.10, 4.12 and 4.13, the results obtained by the simulations of counter-
and co-ions at different bulk concentrations, drug valences and salt concentrations
are shown. Figures 4.9 and 4.12 show the relationship between drug valence and
its EEF changing drug diameter from 2 nm to 8 nm. In this type of graphs drug
reservoir concentration is set at 0.1 mM. Figures 4.10 and 4.13, rather, represent the
EEF values associated with different bulk concentrations of drug in the reservoir,
ranging drug valence from 2 ¢ to 10 q. In these graphs the simulated drug has a
ionic diameter equal to 1 nm.

For all figures below, first one of each group shows simulations performed in a
1xPBS solution, the second one in a 10%PBS solution, finally, the last one, in
1%PBS. Indeed the purpose of this analysis is to obtain results related with ionic
strength of the solution and how this factor interacts with drug features listed before.

Counter-ions

Observing figure 4.9 it is possible to notice that an overall increase of EEF range
takes place decreasing PBS percentage in the solution because the decrease of ionic
strength results in a longer EDL.

Figure 4.9.A shows the simulations at 1xPBS, where the drug has a bulk concentra-
tion hundredfold less than salt and the maximum value for all curves is obtained at
2p=10 q. Differently, a completely not linearity of drug valence-EEF curves occurs
in figures 4.9.B and 4.9.C. Indeed, it seems that not a higher enrichment value
corresponds to higher drug charge, but the maximum value is reached at zp=6
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Figure 4.9: EEF of counter-ion drug in relationship with its valence at different
ionic diameters. Its bulk concentration in the reservoir is 0.1 mM. Applied surface
voltage is —0.1 V. Simulations are performed in a 1xPBS (A), 10%PBS (B) and
1%PBS (C) solution.
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q for tests at 10%PBS. After this maximum value, the EEF decreases increasing
molecule valence. Instead, for tests performed at 1%PBS the maximum value is
reached at zp=4 q.

This phenomenon can be motivated observing figure 4.10. Indeed, as highlighted
by vertical red dashed lines that represent the respective salt concentrations used
in the parametric simulations, the ratio between drug and salt concentrations has
a main role on EEF.

Taking as example figure 4.10.C, EEF at drug bulk concentration equal to 1 pM
seems being linearly related with drug valence, even if already at this low drug
concentration, enrichment values of drug with charge higher than 5 q are similar.
However, if drug concentration increases, it is clear that highest valences molecules
become more and more the less enriched species. Furthermore, if figure 4.10.A
is analyzed, where all tested drug concentrations from 1 uM to 100 mM have a
drug-salt ratio minor than 1, for almost all concentrations the most charged drug
achieves the highest enrichment.

This analysis suggests that the compensation of drug by salt ions Na™ or CI™ (tables
2.2 and 2.4), caused by the assumption of a not-zero charge of the drug once it
is dissolved inside the electrolyte solution, leads to an excessive amount of salt
ions in the solution that is not related with initial PBS percentage but it is only
dependant from drug bulk concentration. This case takes place when the drug-salt
ratio is slightly less or more than 1. Indeed, in these conditions drug properties as
its valence induce a compensation by salt ions that increases the ionic strength of
solution as more as drug charge is high. For this reason in figures 4.9.B and 4.9.C,
where drug-salt ratio is next to 1, the presence of a high valence drug causes an
excessive dispersion of salt ions in the solution increasing its ionic strength and
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Figure 4.10: EEF of counter-ion drug in relationship with its concentration in
the reservoir at different valences. Its tested diameter is 1 nm. Applied surface
voltage is —0.1 V. Simulations are performed in a 1xPBS (A), 10%PBS (B) and
1%PBS (C) solution as highlighted by red dashed lines.
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consequently decreasing EDL length and its effect, producing an overall reduction
of EEF values.

Once the relation between drug charge and respective enrichment is analyzed,
now the influence of its ionic diameter is focused.
Observing figure 4.9 different behaviors can be recognized. In figure 4.9.C, where
the enrichment factors achieve a high range of values, due to the low ionic strength
of solution, a high ionic diameter leads to a general lower enrichment of the drug
next to the wall due to the saturation of its concentration. Indeed, with diameter
equal to 8 nm and considering ions as cubes whose side is their diameter, the
maximum possible concentration is around 3.24 mM. The other maximum values
are shown in figure 4.11. The effect of saturation becomes more relevant at highest
enrichment conditions as it is possible to observe at respective drug valences which
correspond to maximum EEF.

Nevertheless, it is already possible to notice the phenomenon of saturation
mediated counter-ions exclusion in figure 4.9.B that becomes relevant in figure
4.9.A: the maximum enrichment curve does not correspond to lower ionic diameter.
For this reason, a larger ionic diameter leads to lower mean concentration of the
drug only if the enrichment is sufficiently high to achieve its saturation, if not, its
EEF will rather be higher than a smaller drug.
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Figure 4.11: Maximum possible concentrations at respective ionic diameters of
counter-ion drug considered with a cubic shape
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It is generically clear from figure 4.10 that diffusive flux of drug, represented
by its mean concentration in the channel, is not enhanced by the increase of its
concentration in the reservoir. The presence of a higher amount of drug on one
side of the membrane does not lead to an increased diffusive flux and a higher
EEF value. This behavior was already foreseen due to the known fact that a
nanochannel membrane leads to an effective independence of diffusive flux from
bulk concentration in the reservoir [3].

Co-ions

The effects of drug compensation by salt ions can be recognized in figure 4.12.C,
even if they are less important than counter-ions. At this salt concentration and
only at highest tested drug valences, curves start increasing their EEF values.
Indeed, as shown in figures 4.12.A and 4.12.B, the relation between drug valence
and respective depletion is almost linear already in 10%PBS solution.

Analyzing figure 4.13, the compensation by salt ions assumes a main role when
drug-salt ratio is bigger or equal than 1, and in these cases a higher valence causes
a minor depletion. But for co-ions this behavior does not occur already at ratios
just less than 1, as for counter-ions.

Generically, co-ions drug, when their concentration is sufficiently lower than salt
ones, present a more linear relationship between their valence and EEF than
counter-ions. This aspect could be really useful when a new drug is tested due to
the easier exclusion forecasting if it is meant to be used as a co-ion.
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Figure 4.12: EEF of co-ion drug in relationship with its valence at different
ionic diameters. Its bulk concentration in the reservoir is 0.1 mM. Applied surface
voltage is 0.1 V. Simulations are performed in a 1xPBS (A), 10%PBS (B) and
1%PBS (C) solution.
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Figure 4.13: EEF of co-ion drug in relationship with its concentration in the
reservoir at different valences. Its tested diameter is 1 nm. Applied surface voltage
is 0.1 V. Simulations are performed in a 1xPBS (A), 10%PBS (B) and 1%PBS
(C) solution as highlighted by red dashed lines.

If for counter-ions the relevance of molecule size assumes a not negligible role,

it is marginal for co-ions, as it shown in figure 4.12. Obviously, the saturation
of molecules cannot take place for this ionic species, so there are not important
differences between large and small molecules when they are depleted, especially
when the channel used in the simulation is 150 nm high, excluding from single-file
diffusion case [13]. This particular instance happens when the dimension of channel
forces the exclusion of molecules due to their size because they cannot geometrically
enter inside the channel, or they are forced to create a single line of molecules that
passes through it.
This FE model has not the purpose of studying this specific case. Indeed, in
a biomedical application for a drug controlled release, the case of such a poor
molecules flux caused by channel dimensions makes this device useless for an
efficient medical treatment.
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Chapter 5

Comparison with
experimental data

5.1 Introduction

One of the most important task of this thesis was to rightly simulate experimental
results obtained by Dr. Grattoni’s laboratory at Houston Methodist Research
Institute with nanofluidic membranes developed by Dr. Grattoni and Di Trani
[10]. These membranes were negatively electrostatically gated to obtain a tunable
control on different species of negatively charged drugs. These membranes show an
incredible effectiveness on stopping the drugs diffusion in front of an efficacious
amount of medication for patient treatment when no external voltage is applied to
the membrane, thanks to the large height of channels, around 300 nm, that allows
the diffusion of a sufficiently high quantity of molecules during passive phases [10,
11].

These membranes were manufactured to obtain 300 nm width channels, where
solution is in contact with 60 nm of silicon carbide, which is used as dielectric
material between electrolytic solution and Poly-Silicon buried electrode. Their
structure was previously shown in figure 1.3.

In figure 5.1 the results obtained by Di Trani are shown. In figure 5.1a and 5.1c
negative drugs had been diluted in a slightly low concentrated solution. Indeed, a
1%PBS solution was used to perform these tests. For this reason, as aforementioned
in table 1.1, the effectiveness of EDL on drug diffusion is much higher than that
results from the tests performed in 1xPBS solution and shown in figure 5.1b.
The results of drug release shown in figure 5.1 are represented as percentage of the
value obtained at passive phase.

The application of a gate voltage immediately leaded to an impressive drop that at
highest voltages (3V in figure 5.1a) almost stopped the drug release.
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Figure 5.1: Experimental results of normalized release rates compared with passive
phases performed by Dr. Grattoni and Di Trani with 300 nm width nanochannel

membrane at different negative gate voltages [10, 11].

The membrane also shows a tunable behavior due to the fact that modulation of
applied voltages results in a differentiation of release rates as well.

These results represent an incredible goal for controlled drug release applications.
Indeed, with a not incredibly high voltage, which prevents from a too high power
consumption, it has been possible to stop the release of a drug and, with the
same device, to obtain a sufficient release in passive phases for an effective medical

treatment.
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5.2 FEM application

The purpose of this FE model was to obtain a sufficiently realistic model to simulate
the nanofluidic membrane behavior. Indeed, for such a high channel width, results
much less impressive were expected. So, it is hypothesized that SiC layer inside
the channel presents a higher porosity than expected, behaving not as an ideal
60nm-thick dielectric.

5.2.1 Nanofluidic membrane parameters

Due to the different materials used in studied membrane, some changes have to be
done to previously used parameters.

First of all, as aforementioned, to simulated the membrane, silicon carbide is
used as dielectric material, having an relative electrical permittivity equal to 9.7.

Then, the Stern capacitance previously used is changed to be adapted to the new
tests. The previous value of 0.3 F/m? used for distributed Stern layer capacitance,
is six-fold increased to 1.8 F'/m?. This assumption is based on the experimentally

measured values of capacitance at solid-liquid interface performed with silicon
carbide [11].

The tested channel height is 300 nm, value experimentally measured by Di Trani
[10]. One of the most puzzling parameter is the dielectric layer thickness. Indeed,
due to the vapour deposition technique used, it is possible that dielectric layer
deposition had created a 60nm-thick film with higher porosity than on external
surface, which could cause a not ideal functioning. It is hypothesized that dielectric
layer acts as a much thinner ideal SiC one, because the control on charged drug
with a not excessive gate voltage is extremely high. Indeed, nanochannels array is
vertically aligned compared to external membrane surface, which means that the
deposition of silicon carbide could be not extremely accurate. For this reason the
dielectric thickness is changed to 1 nm to evaluate this hypothesis.

Finally, silicon carbide is much less reactive than silicon dioxide causing a surface
charge density which is around -0.2 uC/m? [10]. As initially tested during model
development and as supposed by Kim in his study on a chemically treated surfaces
which shows that a more than 10-fold reduction of silicon dioxide charge can be
simulated as a not reactive material [13], all the comparison tests with experimental
results are performed assuming a zero surface charge density.
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5.2.2 FEM results compared with experimental data

In figure 5.2 the simulations results are compared with experimental data previ-
ously mentioned. On vertical axes the exclusion/enrichment factors (EEF) are
represented as percentage values. Both curves about simulations using 1 nm and
60 nm as silicon carbide thickness are shown.

The realism of the model is evaluated with three different probes: the mean
concentration of drug in the overall channel in the bi-dimensional model (EEF 2D)
normalized with passive phase value, the ratio between diffusive fluxes of drug in
active and passive phases through the channel calculated by the bi-dimensional
model (Drug flux) and the mean concentration of drug calculated by the single-
dimensional FE model initially described (EEF 1D).

All model results are normalized with passive phase EEF values, which simulate
a normal diffusion between reservoir and sink of the drug due to the absence of
any electric potential, externally applied or naturally shown by the silicon carbide
surface.

As generally shown in figure 5.2, the comparison between different silicon carbide
thicknesses supports the assumption that the dielectric layer inside the channels
does not behaves as an ideal 60 nm thick film, but as a much thinner one. Results
obtained with 60 nm thick dielectric layer from bi-dimensional model poorly repro-
duce experimental ones, differently from those obtained with 1 nm thick dielectric.

The results obtained from single dimensional model do not fit correctly ex-
perimental tests as well. Indeed, also at minor dielectric thickness value, EEF,
calculated as the ratio between mean concentration of drug along normal direction
from wall and bulk concentration, does not considerably decrease as the applied
gate voltage. These different results from single and bi-dimensional models can be
explained by the not consideration of the diffusion of a charged species between
the reservoir and the sink. Indeed, Donnan equilibrium phenomenon previously
described causes an electric potential gradient axially to the nanochannel. This
potential leads to a not zero electric field in the middle of channel that affects ions
concentrations also in the case of a not overlapped EDL. This case is impossible to
evaluate in a single dimensional model.

Therefore, results obtained from 2D FEM are considered more trustworthy than
those obtained by a 1D model that does not consider the diffusion effects.

Results obtained from drug flux probes are slightly different from those calcu-
lated as the mean concentration in the 2D channel, but still follow the same trend.
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It demonstrates that the assumption based on literature that EEF calculated as
the ratio between mean concentrations in the channel in active and passive phases
can be considered as representative of effective permeability and the ratio between
drug fluxes in the two cases.

For these reasons, the EEF values calculated as the normalized mean concentra-
tion in 2D model are considered the most reliable results obtained in the simulations
with 1 nm thick silicon carbide layer. Therefore, here below are listed the exact
values of experimental results and of FE model obtained from EEF 2D probe with
the thinnest dielectric layer.

Alexa Fluor, shown in figure 5.2.A is set in the reservoir with a bulk concen-
tration equal to 0.26 mM, its charge is -3 q and its ionic diameter is 1 nm. The
simulation is performed at 1%PBS and two gate voltages are used: 0 V (passive
phase) and -1.5 V (active phase).

At gate voltage equal to -1.5 V, the experimental reduction of this drug has been
measured as almost 60% [10], the model has simulated a reduction of 40%.

It was impossible to perform an entire simulation on a drug identical to

poly(sodium 4-styrenesulfonate) or PolySS, due to its excessive charge of -380q. For
this reason, its simulation is performed with a relatively less charged drug, but still
with a high valence compared to others. Indeed, -15 q is chosen as representative
charge for PolySS, its concentration at reservoir is 2.8 M and its ionic diameter
is set as 5 nm. Here, three different states are defined: passive phase (V, =0 V)
and two active phases at -1.5 V and -3 V.
The results are shown in figure 5.2.B, the membrane has obtained a reduction of
77% and almost 100% for gate voltages equal to -1.5 V and -3 V, respectively [10].
FE model has obtained as results for same V values, 88% and 99.5% respectively.
These results are extremely close to experimental ones. The simulation is again
performed in a 1%PBS solution.

In figure 5.2.C the results obtained simulating methotrexate are shown. Its

valence, ionic diameter and bulk concentration are set -2 ¢, 1.5 nm and 5.506 mM,
respectively. The simulation is performed in a 1xPBS solution. Indeed, EE factors
both experimentally and with model are the highest obtained in all tests even if, in
the unique active phase, used gate voltage is -3 V.
Due to the reduced EDL extension inside the nanochannel caused by the higher
ionic strength of the solution, the effect of electrostatic gating is less influential.
The experimental tests have obtained as result a mean reduction in active phase
(V, = =3 V) equal to 24% [11], FE simulation has proposed a reduction of 12%.
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Finally, tests using quantum dots as drug are shown in figure 5.2.D. The tests
are performed with a passive and an active phase, with 0 V and -1.5 V as gate
voltages, respectively. Due to the variable range of charge proposed above (from
-5 q to -15 q), the mean value of -10 q is chosen in the in silico simulation. The
values of 5 nm and 5 M are set as ionic diameter and bulk concentration in the
reservoir, respectively. The solution concentration is maintained to 1%PBS.
Experimental reduction in active phase is equal to 84% and the FE model has
presented a value of 78% [11].
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Figure 5.2: Model results obtained reproducing nanofluidic membrane experi-
mental tests. Different silicon carbide layer thicknesses are tested. The shown
results are obtained from different probes and models. A: Alexa Fluor, -3q charge,
diluted in 1%PBS solution; B: a high valence drug (-15q), reproducing PolySS
drug, diluted in 1%PBS solution; C: Methotrexate, -2q charge, diluted in 1xPBS
solution; D: Quantum Dots, -10q assumed charge, diluted in 1%PBS solution. The
concentrations of each drug is 0.26 mM, 2.8 uM, 5.506 mM and 5 puM , respectively.
In the same way, the ionic diameters assigned to each drug molecule are 1 nm, 5

nm, 1.5 nm and 5 nm, respectively.
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Chapter 6
Conclusion

The model has demonstrated the influence of different parameters as ionic strength
of the solution, its pH value, channel dimension and its manufacturing properties
(dielectric material type and its thickness) on the diffusion of a charged molecule
through a gated nanochannel.

Externally applied electric potential has been demonstrated to be a relevant pa-
rameter and its effects on drug flux can be considered as regular and predictable,
which is a useful behavior in a controlled drug delivery application.

Drug properties as its charge, its bulk concentration and its dimension have been
tested and obtained results have demonstrated that all these parameters cause
related effects on exclusion or enrichment of ions.

Indeed, it has been demonstrated that a low ionic strength of solution causes a
high range of EEF values for counter-ion drug, but its linearity with its valence
decreases. Nevertheless, in these cases, saturation of counter-ions establishes a
inversely linear relationship between enrichment and ionic dimensions.

On the other hand, when a higher ionic strength of the solution leads to lower
EEF values, the relationship between drug valence and its enrichment becomes
more linear but these conditions introduce the unexpected saturation mediated
counter-ions exclusion phenomenon. The exclusion of other counter-ions species
from charged wall due to the excessive volume of the most enriched ions (the drug
in this case) causes a not linear relationship between drug enrichment and its
diameter.

Co-ion drug species results having an overall higher independence on their ionic
diameters and drug-salt ratio. For this reason, in a drug delivery application, where
the same membrane can be used for different types of drug, with variable dimensions
and bulk concentrations, the choice of using co-ion drugs against counter-ion type
due to their more predictable behaviors is rightful.

The developed model has rightly simulated the experimental results obtained
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Conclusion

by the nanofluidic membranes tested by Alessandro Grattoni and Nicola Di Trani
at Houston Methodist Research Institute. The finite element simulations have
supported the hypothesis that a not ideal dielectric layer of silicon carbide is present
inside the nanochannels and due to the high porosity of this material, confirmed
also by its higher capacitance than SiO,, its behavior can be reproduced as a much
thinner ideal layer.

Thanks to the comparison from these data, the developed FE model demonstrates
that the use of a bi-dimensional, at least, model is necessary to obtain a sufficiently
high fit of realistic data.

Starting from previous FEMs presented in literature, the model developed in this
thesis achieves a higher realism introducing a finite-size modified Poisson-Nernst-
Planck equation. This type of equations was implemented only in numerical models
that do not consider the complete bi-dimensional geometry of the system. In
this FEM these two aspects are combined to obtain an achieved better fit with
experimental data. For these reasons, the assumption of the need of a complete
model that simulates both phenomena, exclusion/enrichment due to the EDL and
diffusion of a diluted charged molecule, must be considered.
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