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Abstract- Historically, most models explaining and predicting the transport of uremic toxins through hemodialysis membranes focused on the k
molecular kinetics mechanism as dictated by both the concentration and barometric gradients. The design and permselectivity of hemodialy-
sis membranes revolved around the concentration and the molecular weight of the uremic toxins.

With the emerging nanotechnology, and our capability to nanofabricate thinner hemodialysis membranes with nanopores of unique geomet-
rical configurations and sizes, non-equilibrium (irreversible) thermodynamics will dominate the clearance of uremic toxins through the
nanofabricated membranes, and new design parameters such as molecular size, shape, electric charges, and molecular conformity will be
considered as sieving parameters. We catalogued these properties for some uremic toxins.

Designing and nanofabricating efficient hemodialysis membranes is subject to our success in bringing the three main driving forces of molec-
ular sieving into synergy. These driving forces are: diffusion (concentration gradient), convection (pressure gradient), and migration (electric
potential gradient). This will lead to closing the wide gap between the filtration of a naturally functioning kidney and artificial hemodialysis
membranes. Other requirements of successful nanofabricated membranes are: biocompatibility and non-thrombogenicicity, and optimal bal-
ance between hydrophobicity and hydrophilicity.

A nanofabricated hemodialysis membrane with all these characteristics will improve quality of life, morbidity, mortality, hemodialysis standards
for ESRD patients, and will be cost effective for global economy.
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Introduction

Recent technological advancement in engineering, science, and
medicine is clearly reflected in the technical terms we use. As re-
cent as the 1990’s, we used the terms: microtechnology, and mi-
cropores. In the last decade, these terms were transformed into:
nanotechnology, and nanopores, and a number of facilities, labora-
tories, and businesses around the world replaced their activity de-
scription of microfabrication by nanofabrication.

Nanotechnology is the technology of producing nanoscale (10-° m)
systems with dimensions in the range of 1-100 nm [1]. In medicine,
a new subdivision: nanomedicine has emerged. This health science
deals with structures that are a thousand times smaller than a cell,
and is predicted to improve the effectiveness of medicine since it
can tackle disease, one cell at a time [2]. It has great potential in
early detection of disease, and consequently, in increasing the
probability of patients’ survival [2]. Within nanomedicine, further
new subdivisions consequently emerged: nanoophthalmology [3],

and nanonephrology [1]. This article will focus on one aspect of
nanonephrology, which is the nanofabrication of hemodialysis mem-
branes.

Renal Filtration

Uremic toxins have different molecular weights, shapes, sizes, con-
formations, and can be either neutral or with net positive or negative
charges on them. Urea and creatinine are small, hydrophilic mole-
cules [4], with molecular weights of 60 and 113 Da, respectively.
Albumin has a large molecular weight at 69,000 Da. Both B.-
Microglobulin and Vitamin B12 belong to middle molecules with
molecular weights of 11,800 and 1,355 Da, respectively [5].

Albumin has a molecular radius of gyration of 27.4 +/- 0.35 A°. It
can have the form of a non-symmetrical oblate ellipsoid with a di-
ameter of 85 A° and it can be an extended ellipsoid, 110 A° in
length [6]. Molecular shapes of molecules can be altered in the
presence of external forces, such as an electric field [7].
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Human renal clearance processes are glomerular filtration, active
tubular secretion and passive tubular reabsorption [8]. Renal clear-
ance is mainly governed by physicochemical determinants such as:
the molecular ionization state, lipophilicity, and polar descriptors.
The permeability of renal membranes to molecules is decided by
the ionization state of the molecules. However, high permeability of
a membrane does not mean clearance of the molecules. Significant
reabsorption may lead to minimize their clearance [9].

In a glomerulus, the pore shape is a slit, 4.5-5 nm in size on aver-
age. In glomerular filtration, molecules with a hydrodynamic diame-
ter of less than 6nm are usually filtered. For molecules with a hydro-
dynamic diameter between 6 and 8 nm, the filtration depends on
the molecular size and net charge on it. Studies showed that glo-
merular filtration for similar sized molecules is greatest for cationic
molecules, followed by neutral ones, followed by anionic ones.

Hemodialysis Membranes Currently Used
Background

Historically, regenerated cellulose was the first permeable mem-
brane used in hemodialysis in the 1940’s. The next development
was the use of hollow fiber hemodializers, which became popular in
the 1970’s. By the mid 1970’s, the membrane’s thickness was re-
duced from 16 pm to 8 um, and by the mid 1980’s, new synthetic
materials, microgeometries, and morphologies were introduced as
developments of hemodialysis membranes. This was followed by
the use of high-flux membranes that have their drawbacks [10].

The available hemodialysis technology does not provide ESRD
patients with an acceptable quality of life. The morbidity and mortali-
ty rates of these patients remain high [11].

Current hemodialysis focuses the sieving function on molecular
weight exclusion, and the gap between the functional performance
of a natural kidney and hemodialysis is vastly wide [12]. Commer-
cially available hemodialysis membranes differ from one another
with respect to the degree of bioincompatibility, chemical composi-
tion, structure, and transport characteristics. Cellulose membranes,
for example are very hydrophilic. They allow small molecules (< 300
Da) to pass through but not the middle sized ones (300 to 12,000
Da). Other thermoplastic, synthetic membranes such as polysul-
phones and polyamides are hydrophobic, and are less restrictive to
middle and large molecules. The higher the hydrophobicity of the
membrane is, the higher will be its adsorbtive capacity to proteins,
which is undesireable [13].

Sieving Characteristics

Some examples of currently used hemodialysis membranes are
HemophanR with a hollow fiber pore size distribution of 12 to 15 nm,
and a 20% volume porosity. At 310°K, the diffusivities of creatinine
and vitamin B12 through the membrane are: 1.29 x 10 and 0.379 x
10 m2 sec!, respectively. Cuprophan membranes have a varying
pore radius of 2 to 3 nm, and a surface porosity of 30%. Finally,
cellulose membranes vary in pore radii from 3 to 25 nm [14]. The
variations in surface areas and thicknesses of low and high flux
hemodialysis membranes are summarized in [Table-1] [15]. Low-
flux and high-flux membranes produced by the same manufacturer
and with the same surface areas (1.4 m2) have a pore radius of 3.1
and 5.7 nm, respectively [17].

Sieving Processes

Molecular transport across a hemodialysis membrane can occur by
one of two processes or driving forces: Diffusion as a result of a

difference in solute concentration driving force where solutes move
from high to low concentration. The transport of smaller solutes is
rapid, and the rate decreases with the increase in molecular size.
The diffusion of the solute depends upon the thickness of the mem-
brane and its porosity. The second transport process is convection,
where hydraulic or osmotic pressure differences across the mem-
branes are the driving force for the trans-membrane fluid move-
ment. The flux rate is directly proportional to the rate of fluid move-
ment across the membrane, and the sieving coefficient is the pro-
portionality constant between the rates of movement of solute and
fluid [17].

Table 1- Variations in Surface Areas and Thicknesses of low and
High Flux Hemodialysis Membranes [15]

Flat Plate Hollow Fiber Flat Plate Hollow Fiber
Surface Area (m2) 0.7-1.0 0.2-15 1.04-1.25 0.7-1.8
Thickness (um) 8 6.5-40 19 19

If a flexible molecule enters a pore that has a smaller diameter than
its radius of gyration, the molecule will try to stretch itself by exert-
ing energy to overcome an entropic energy barrier. It can get
trapped at the pore’s interface. This is known as entropic trapping.
This can occur even if the pore’s size is much larger than the back-
bone radius of the flexible molecule [18].

Quantitatively, Kt/V is a dimensionless number that quantifies the
adequacy of hemodialysis treatment, where K is the dialyzer's
clearance of urea (ml/min), t is the dialysis treatment time (min),
and V is the urea distribution volume (ml). The Kt/V number proved
to have an effect on morbidity and mortality of ESRD patients [19].
However, Kt/V quantification is limited in its usefulness by two fac-
tors: It only addresses the removal of small solutes such as urea,
and the protocols of dialysis treatment vary from one country to the
other [12].

For a molecule to pass through a filter membrane of a specific po-
rosity, the pore’s size should be larger than the largest dimension of
the molecule designated to pass through. If the molecules do not
pass through the pore freely, overlapping molecular conformations
will occur leading to a lower degree of entropy for the molecules
inside the membrane. Consequently, the coefficient of particle distri-
bution between the pore and the solution adjacent to it will de-
crease, yielding a drop in the membrane’s permeability [7].

Also, applied fields such as the electrical fields on the surface of the
membrane can add to the complexity of filtration. For example,
some molecules can change shape in the presence of electrical
fields [7].

The hindered transport theory explains the interaction between
molecules and membrane pores. Firstly, molecular sieving can be
affected by steric hindrance, where, statistically, it is harder for a
larger molecule to fit in a pore than it is for a smaller molecule
(steric partitioning). Also participating in hindrance is the Debye
repulsion layer that exists when both pore wall and molecules are
similarly charged (electrostatic partitioning). Secondly, it can be
affected by hydraulic hindrance where the molecular motion in a
pore is slowed down by the presence of adjacent static walls. This
gives rise to drag forces on the molecules and slows them down.
Both steric and hydraulic hindrance affects both diffusion and con-
vection of the molecules through the pores of the membrane [18].

From the developed mathematical models in the literature, we can
deduce that the solute transport rate across a hemodialysis mem-
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brane is proportional to the membrane’s porosity, and the sieving
coefficient of the membrane is inversely proportional to the thick-
ness of the membrane [15].

The objective of hemodialysis is to remove uremic toxins including
middle molecules from the blood. Among the known toxins, 68 com-
pounds have a molecular weight less than 500 Da, and 12 com-
pounds exceed 12,000 Da. In general, middle molecules are a cate-
gory of uremic toxins with molecular weights in the range of 300 to
12,000 Da [20].

Renal vs. Hemodialysis Membrane Clearance

Proteomic analysis of hemodialysis fluids for humans yielded inter-
esting statistics: More than half of the proteins had molecular
weights less than 30,000 Da, and 85% were less than 60,000 Da.
Also, most of the human proteins have molecular weights between
15,000 Da and 30,000 Da [5]. [Table-2] shows classical clearance
of well-known molecules by the current hemodialysis membranes.

Table 2- Clearance Range of Selected Molecules in the Kidney vs.
Hemodialysis Membranes

Kidney’s Clearance Range Membrane’s Clearance (in
(ml / min) vivo) Range (ml/ min)
1.0 +/- 0.06 per kg (Male) [23] 143 t0 184
0.87+/- 0.51 per kg (Male) [23] 119t0 163
48.2 +/-17.2 [25] 38.6 t0 289.4 [26]
0.037-0.051 [27] 3.4+/-7.2 t0 33.8+/-11.4 [28]
0.09 x 10-3 -0.17 x 10-3 [27] 0.01[29]

Molecule (MW in Da)

Urea (60)
Creatinine (113)

Vitamin B12 (1,355)
2-Microglobulin (11,800)
Albumin (69,000 Da)

The clearance of a membrane to a specific molecule can be esti-
mated through mathematical models. For example, to calculate the
membrane’s clearance, Kg, of f2-Microglobulin the [Eq-1] was used:

K, =Q,(A=In[CT)/ CO]/In[1+Q T /V(D)] ™
Where, C(0) and C(T) are the predialysis and postdialysis -
Microglobulin plasma concentrations, respectively. Qy is the average
rate of ultrafiltration, T is the duration of session, and V is the extra-
cellular fluid.

Values for Kq were compared to the calculated ones using the con-
centration differences between the molecule’s arterial and venous
concentration difference across the dialyser. The model yielded
membrane clearance values in the range of 54.4 to 74.4 ml/min.
While the values agreed for low-flux membranes, they differed for
high-flux ones. This means that other factors affect the clearance of
B2-Microglobulin in high-flux dialysers [17].

Although the literature reports the concentrations of uremic toxins
as well as their molecular weight, little is known about their sizes,
shapes, orientations, conformations, and the neutrality or net elec-
tric charges associated with each of them. These parameters are
indispensable in the design and nanofabrication of hemodialysis
membranes.

Drawbacks of Hemodialysis Membranes Currently Used

Polymeric membranes are not considered the ideal material to be
used in hemodialysis. They are a poor representation of the glomer-
ular filtration barrier because of the following reasons:

Bioincompatibility

Hemodialysis membranes used by end stage renal disease patients
[ESRD] have numerous weaknesses. They are made of polymeric
materials such as cellulose acetate, polyethylene polyvinyl alcohol,
polymethyl methacrylate, and polyether sulphone [13]. During he-

modialysis, contact between the blood and the artificial membrane
surface leads to a variety of interactions. These interactions include
coagulation, platelet, leukocytes and compliment activation, cyto-
kine production and production of free oxygen radicals among other
events known as

bioincompatibility of hemodialysis membranes. These reactions
cause injury to patients. Most of the incompatibility occurs because
of the different characteristics of the membranes. It should be
known also that bioincompatibility occurs due to the flow of blood
through the extracorporeal circuit and the type of patient being
treated. Bioincompatibility has long been considered as a main
problem in dialysis treatment [27-42].

Bioincompatibility causes inflammation in dialysis patients and
therefore affects their morbidity and mortality. For example, the
cardiac effects of chronic inflammation in dialysis patients are well
recognized. The prevalence of cardiac disease is high in uremic
patients just beginning dialysis and even more so in cases of late
referral. The excessive risk of cardiac diseases in chronic uremic
patients is in part due to dialysis related bioincompatibility [43].

Geometry

Within the hemodialysis membrane, the pores vary in size and den-
sity [13], and the broad pore size distribution, inconsistent pore
shape, and low transport rate lead to low dialysis efficiency [44]. For
a large dialyzer, the surface area of the membrane exceeds 2 m2,
and the membrane’s thickness is about 8 ym. Such a membrane
thickness forms a diffusion barrier to some solutes. Also, the flow
rate of middle sized toxins such as Beta2-microglobulin (11,800 Da)
becomes very low (<10 ml / min or zero) when passing through low
-permeability membranes. If high-flux membranes are used, middle-
sized molecules pass through the membrane at a higher rate (>20
mi/min), but also beneficial molecules, such as albumin (60,000
Da), undesirably pass through [13]. In addition, polymeric mem-
branes cause greater loss of protein due to adsorption, and their
higher hydraulic permeability may increase the risk of back filtration
and contamination [45].

Electrostatic Shielding

Polymeric membranes are characterized by having a Debye layer
(electrical double layer) when brought in contact with an aqueous
solution. The membrane shielding effect is created by its inherent
electric field. It attracts oppositely charged ions and repels similarly
charged ones [46]. Electrostatic interaction between the solutes and
the Debye layer, when prominent, can dictate the behavior of mo-
lecular transport rendering the nanopores as charge selective [18].
Due to the poor conductivity of polymeric hemodialysis membranes,
manufactures cannot alter the electrostatic properties of the mem-
brains.

Hydrophobicity vs. Hydrophilicity

Uremic toxins can be either hydrophilic like urea and creatinine [4],
or hydrophobic like albumin. They can also be a combination of
both such as interleukin-6 [47].

To alter the hydrophobic characteristic of some membranes, a hy-
drophilic agent PVP is applied to the membrane’s surface. The PVP
alters the surface tension of the pores, thus avoiding excessive
protein adsorption upon blood exposure [48]. This is not an optimal
solution, as there should be a balanced presence of both hydro-
philicity and hydrophobicity.
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Nanotechnological Approaches to Manufacture Nanofilters for
Hemodialysis

Nanoslits in Silicon Wafers

Numerous studies focused on the application of nanotechnology to
build hemodialysis membranes. Silicon membranes with 10-100 nm
x 45 ym nanopores were nanofabricated [46,49-51], and the char-
acterization of a silicon nanomembrane’s surface charge was pur-
sued [52]. In these studies, the silicon membranes and nanoslits
were produced using classical micro-electro-mechanical systems
(MEMS) as used in the electronic industry [53,54]. Silicon is not a
favorable material to be used for hemodialysis. It was selected be-
cause of the ease of its fabrication [46].

A slit nanopore configuration increases the hydraulic permeability of
the membrane as shown from the [Eq-2]

Q/AP =wh® 1124l 2)
Where, Q is the volumetric flow, P is the hydrostatic pressure, w is
the slit’s long dimension, h is its width, p is the viscosity, and L is
the slit's depth. This is in comparison to a membrane with circular
pores, for which:

O/AP =TI+"/8uL (3)

Where r is the pore’s radius. Notice the effect of the value of the
pore’s radius raised to the fourth power on the permeability of a
membrane in [Eq-3], and compare it to the effect on permeability by
the width of the pore raised to the third power in [Eq-2] [50].

Human Nephron Filter

Nanotechnology was applied in a study to develop a human neph-
ron filter (HNF). The filter was made of two membranes placed in
series within one cartridge. The first membrane (G membrane),
which represents glomerular filtration, is a commercially available
polymeric one that allows convective transport of solutes less than
albumin in molecular weight. The second membrane, which repre-
sents renal tubule filtration, is a molecularly engineered membrane
that reclaims and convects selected solutes back to the body to
maintain its homeostasis. The HNF model yielded a 30 mL/min rate
of glomerular filtration [55].

Nanopores in Alumina

Aluminum oxide (Alumina) hemodialysis membranes, with a con-
sistent pore size (10 nm) and pore density were nanofabricated by
anodization of an aluminum alloy (Al ss6 Mn 12 Cu 0.12). These mem-
branes were characterized with uniform permeable channels [56]. It
is worth mentioning that although aluminum oxide is acceptable as
a bioceramic [57], aluminum traces if present can cause toxicity to
different human systems such as hematological, neurological, and
skeletal systems [58]. Also, because of crystal lattice defects arising
from nanofabrication, the surface of the porous alumina becomes
charged either positively or negatively. Thus, the interaction be-
tween biological materials and porous alumina can be affected sig-
nificantly [59], and the electrical double layer on the membrane
increases in thickness [60].

Nanotubes

In another study, single walled carbon nanotubes were constructed
and injected in mice to study their glomerular filtration. The nano-
tubes had a length distribution of 100 to 500 nm, with a mean length
of 195 +/- 69 nm. Their radii ranged between 90 and 900 nm, with a
mean radius of 105 +/- 2.9 nm. The construct had an overall nega-
tive charge, and a molecular weight of ~ 350-500 kDa. Surprisingly,

the nanotubes were renally cleared intact rapidly (ti2 ~ 6 min).
These constructs of high molecular weights and aspect ratios were
readily cleared similar to small molecules. Methematical modelling
showed rotational diffusivity of the nanotubes, and in-vitro tests
confirmed directional adsorption. The study raise very interesting
questions abour the rules governing renal filtration [61].

Practical Work

Deep x-ray lithography (DXRL) is a nanoscale enabling technology
that can be used in the nanofabrication of hemodialysis mem-
branes. The DXRL can be pursued to follow the classical LIGA
(German initials for lithography, electroplating, and replication) pro-
cess, yielding refined features and outstanding quality [62]. It is well
established that DXRL and LIGA processes proved successful in
the fabrication of ceramic microcomponents, and 3-dimensional
microstructures from ceramics, metals, and polymers [63].

Design Considerations for the Nanofabrication of a Hemodialy-
sis

Membrane
General

Uremic toxins have different molecular weights, sizes, shapes, and
conformations. Electrically, they are either neutral or exhibit a net
electric charge on them. These parameters are indispensable in the
design and nanofabrication of hemodialysis membranes.

The nanofabricated membranes should focus on: quality of life,
morbidity, mortality, therapy standards, and cost effectiveness [12].
The objective of this research work is to nanofabricate hemodialysis
membranes with nanoslits from materials that are biocompatible
and non-thrombogenic when brought in contact with the blood [64].

Table 3- Difference Between Currently Available Membranes and
Future Nanotechnology Based Membranes

orm Currently Used Nanotechnolo:
SEEHEE Membraxes Based Membrgl}:es
Biocompatibility bio-incompatible biocompatible
Pore Size variable constant
Pore Size Distribution wide narrow
Pore Density low high
Pore Shape variable same
Thickness 8-40pum 10 nm
Electric Charge Selectivity non-existent selective
Surface Area / volume Ratio  low high
Permselectivity poor excellent
Ease of Fabrication basic high tech
Rate of Filtration (Small Pores) low high
Mechanical Properties affected by blood after stable

prolonged use

Efficiency low high

occurs with high flux mem-
branes due to filter geome-
try, high permeability, and
pressure fluctuations [72]
concentration gradient concentration gradient
(diffusion) for mainly small  (diffusion), pressure
molecules, and pressure  gradient (convection),
gradient (convection) for  and electrical potential
larger molecules gradient (migration)
antisynergistic synergistic

Can be balanced
between the two
Conductive

Back Filtration improved

Driving Forcesof Filtration

Effect of driving forces

Hydrophobicity / Hydrophilicity ~ either / or

Application of Electric Field Non-Conductive

[Table-3] summarizes the difference between currently available
membranes and future, nanofabricated membranes. The envi-
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sioned membrane should improve hydraulic permeability while
maintaining a high degree of permselectivity. The nanomembrane
with nanofeatures should remove middle molecules and small so-
lutes with high efficiency. They should have a strict size and charge
dependent capability of rejection of solutes [65].

Biocompatibility

It is crucial to point out that at nanoscale, materials properties are
altered as their surface area / volume ratio changes significantly.
Among these properties is the physicochemical one such as their
interaction with other molecules. The properties differ from equiva-
lent materials at a larger scale [67]. This alters their interaction
characteristics with cells [50], and a material that is biocompatible
on a macroscale may not exhibit the same property on a nanoscale.

Driving Forces of Hemodialysis

Synthetic membranes currently used in hemodialysis are mainly
polymeric, and are characterized by their low efficiency. This low
efficiency is attributed to the disynergistic effect between the driving
forces of filtration, namely diffusion and convection. Diffusion is
driven by a concentration gradient, and convection is driven by a
pressure gradient. The conjoint effect of these two molecular
transport mechanisms across a synthetic membrane is less than
the sum of their solitary effects combined.

Thermodynamically, an increase in electric potential applied to a
membrane with nanopores increases the strength of cation-
nanopore interaction, and renders the onterior of the nanopore in-
creasingly favorable for cations. The relashionship between the
pore charge and the free energy for the partitioning of the ions into
the nanopores is lenear. The higher the pore charge in the pore, the
more negative is the free energy. In a process of ionic partitioning
inside a nanopore, there is a variation in the thermodynamic driving
force with the charge density in the nanopore [68]. The process by
which the molecules / ionic solutes transport under this gradient is
known as migration [69]. Filtration across the nanofabricated mem-
branes will also be governed by solute concentration (diffusion),
pressure (convection), pore size, molecular charge, and surface
tension. It is worth mentioning that a deviation from the slit geome-
try in synthetic membranes will lead to hindrance in solute passage
as a result of changes in hydraulic permeability [46,70,71].

Hydrophobicity/Hydrophilicity Balance

Also, a balance between hydrophobicity and hydrophilicity of the
selected biomaterial for the construction of the membrane will lead
to optimal hemocompatibility. This can be achieved by having hy-
drophobic areas in

hydrophilic membrane, or by having hydrophilic dots in hydrophobic
membranes [12].

Indispensible Characteristics of Selected Uremic Toxins Nec-
essary for the Design and Nanofabrication of a Hemodialisis
Membrane

Advanced techniques using synchrotron diffraction data allows us to
to study molecular structure of molecules with high precision. Ap-
pendix 1 is a compilation of the characteristics of selected uremic
toxins.

Promoting Hemodialysis by Applying an Electric Potential to
existing Membranes

A number of studies researched the effect of applying an electric
current to membranes to improve the flux, and the results are en-

couraging. In one study, applying an electric field to the membrane
in the presence of applied transmembrane pressure, improved so-
lute selectivity [72]. Electric potential measurements pursued on
ceramic membranes proved that the net charge on the membranes
surface was a function of the nature of the electrolyte, its pH, and its
ionic strength [73]. In another study of electrodialysis, a current
density of 0.79 mA/cm?2 applied for 3 h at 37°C, doubled the clear-
ance of phenytoin from human serum [74].

In electrodialysis, and for an ideal solution, the molecular flux (mol/
m2s) can be represented by the Nernst-Planck equation: [Eq-4]

J =J i+ ige = —DA(AC | dx)— A(DCzF | RT)(dV | dlx) (4)
Where,

Jairr is the diffusion flux as a result of a concentration gradient (mol/
s)

Jmigr is the migration flux as a result of the electric potential differ-
ence (mol/s)

D is the Diffusion Coefficient (m2/s)

A'is the membane’s surface area (m?)

C is the analyte’s concentration (mol/m3)

zis the valence

F is Faraday's constant (Coulomb/mol)

R is the gas constant J/mole.K), and

(dV/dx) is the electric potential difference over the membrane [74]

The equation can be modified to incorporate Jeonv [75], as well as
the hindrance factors Kgrand Keonv for diffusion and convection,
respectively. These hindrances are attributed to solute-wall hydro-
dynamic interactions [76]. It is worth mentioning that due to the
randomized shapes of biomolecules, the diffusivities of molecules
through the membrane will vary significantly [77].

T = T+ Tige + Jeomy = ~DAK 47 (dC/ dx) ~(DAC2F | RTY(AV 1 dx) + K 1, ACQ2 (D)

migr

where, Q is the parabolic fluid velocity (m/s).

Note that the negative sign for Jair and Jmigr indicates that J is posi-
tive when the solutes mobility is down a gradient. In other words,
the negative sign cancels the negative gradient along the direction
of positive flux. Thus, all quantities Jair + Jmigr + JeonvCan have a
synergistic effect.

So if the solute radius passing through a pore has a radius “a”, then
depending on the pore geometry, we can assign “b” as the radius of
the cylindrical pore, or 2 the width of a slit pore [76].

We now represent the relative solute size A as the ratio a/b.

Thus, in diffusion: Kya'l as 14’0 and  Kga'0 as Ld'l
While in convection: K ,.a'l as 1a'0

But, whether Kgirdisappears, as A & 1, depends on the pore’s shape
[76].

As the flux J in [Eg-5] is expressed in (mol/s), which can be convert-
ed easily into gm/min, it is preferable to express it as ml/min as
used in hemodialysis. Thus, both sides of the equation will be divid-
ed by the density.

To accelerate the flux, ultrafiltration is pursued by applying a trans-
membrane pressure difference as follows:

Jp=Qp/A=L,(AP+AIl) (6)
and
L, =(AV/At)/ PA (7)

World Research Journal of Nephrology
Volume 1, Issue 1, 2013

|| Bioinfo Publications ||



Principles of Manufacturing Efficient Hemodialysis Membranes using Nanotechnology

Where:

Ji: is the volume flux rate per unit volume area across the mem-
brane for water (ml/min/cm2)

Qr: is the flow rate of ultrafiltrate (ml/min)
A : is the area of membrane (my)

Lp: Is hydraulic permeability of the membrane for water, i.e the
volumetric flow rate of water per unit area of membrane per unit
pressure gradient (ml/min/m2/mm Hg)

AP : Hydraulic pressure gradient from blood path to diaslysis fluid
path (mm Hg)

At : Osmotic pressure gradient from blood path to dialysis fluid
path (~19 mm Hg)

AV : is the volume change (ml)

At : is the time interval

P : is transmembrane pressure, and
A : is the nanoporous area [56]

Irreversible Thermodynamics Model

In a theoretical study, irreversible (nom-equilibrium) thermodynam-
ics was applied to investigate and evaluate the forces of fluxes
across nanofabricated hemodialysis membranes. The application of
an electric potential, and the reduction of membrane thickness en-
hanced uremic toxins removal. However, altering the pH bearably
affected the flux [78].

Conclusions

The major advantages that the nanofabricated membranes will
have over the ones currently used are:

o The nanofabricated membranes will be biocompatibile and non-
thromboginic when in contact with the blood.

o The application of an electric field to the nanofabricated mem-
brane will give rise to an electric driving force which will over-
whelm diffusion and convection and promote synergy between
all driving forces of hemodialysis.

o The electric field will also diminish adsorption of the molecules
to the membrane’s surface as well as entropic trapping.

e The pore size control will allow only specific molecules to pass
through. The ideal hemodialysis membrane should also have a
high clearance of uremic toxins whether small or middle in mo-
lecular size, with negligible loss of low molecular weight pro-
teins and other vital solutes.

o Non-Equilibrium (lIrreversible) thermodynamics models for the
transport of uremic toxins through nanofabricated membranes
are powerful tools to predict the success of a molecule to pass
through the membrane.
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Appendix A

1. Urea

Molecular Weight: 60 Da [5]

Molecular Size

Crystal Lattice: Tetragonal

Space Group: P42;

Lattice Dimensions: a= 0.5578 nmand c= 0.4686 nm [79-82]
Molecular Charge: No net charge, but highly polar [79]
Hydrophilic / Hyrophobic: Hydrophilic [4]

Normal Concentration in the Blood: 3.5-6.5 mmol/l <0.4 g/l [19].
Molecular Structure:

2. Creatinine

Molecular Weight: 113 Da [5]

Molecular Size:

Crystal Lattice: Monoclinic

Space Group: P2i/c

Lattice Dimensions: a= 0.806 nm, b = 0.597 nmand c= 1.334 nm
Beta = 1210[83]

Molecular Charge: A net positive charge at intestinal pH [84], and
highly polar [85]

Hydrophilic / Hyrophobic: Hydrophilic [4,86]

Normal Concentration in the Blood: 35-106 umol/l [87] <12 mg/I
[19]

Molecular Structure:

3. Atrial Natriuretic Peptide

Molecular Weight: 3,080 Da [20]

Molecular Size: No defined tertiary structure [88]
Hydrophilic/Hyrophobic: Hydrophilic [89]

Normal Concentration in the Blood: 28.0 +/- 12.2 ng/l [20]
Molecular Structure:

4. B2-Microglobulin

Molecular Weight: 11,800 Da [5]

Molecular Size:

Crystal Lattice: Orthorhombic

Space Group: P212124

Lattice Dimensions: a= 7.727 nm, b = 4.799 nm and c= 3.442 nm
[90]

Molecular Charge: Varies with pH as follows:
7+ions at pH 5.0

9+ to 11+ charge states below pH 5.0

12+ to 14+ ions at around 2.6 pH [91]
Hydrophilic/Hyrophobic: Hydrophilic [4]

Normal Concentration in the Blood: < 2.0 mg/l [20]
Molecular Structure:

5. Retinol-Binding Protein

Molecular Weight: 21,200 Da [20]

Molecular Size:

Crystal Lattice: Trigonal
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Space Group: R3
Lattice Dimensions: a =b = 10.42 nmand c= 7.45 nm [92]

Molecular Charge: 13 positively charged residues, 8 of which on
the surface at the entranceto retinol-binding cavity, and the other 5
are scattered on the rest of the surface.

10 negatively charged residues [93].
Hydrophilic/Hyrophobic: Hydrophobic [94]

Normal Concentration in the Blood: < 80 mg/l [20]
Molecular Structure:

6. Interleukin-6

Molecular Weight: 24,500 Da [20]

Molecular Size:

e Crystal Lattice: Primitive Hexagonal

e Space Group: P3121 or P3224

o Lattice Dimensions: a= 4.97 nmand c= 12.2 nm [95]
Molecular Charge:

o Surface Polarity: Site I: 21.9%; Site II: 27.5%; Site lll: 27%

o Positive Surface Charges: Site I: 42.8%; Site II: 28.7%; Site III:
12.1%

o Negative Surface Charges: Site I: 12.4%; Site II: 19.2%; Site IlI:
19.9% [47].

Hydrophilic/Hyrophobic:

Hydrophobic core shielded with hydrophilic residues.

Also hydrophobic residues exist [96,97]

Surfaces: Site I: hydrophobic 22.9%, hydrophilic 77.1%

Site II: hydrophobic 24.6%, hydrophilic 75.4%

Site I1I: hydrophobic 52.8%, hydrophilic 47.2% [47]

Normal Concentration in the Blood: 13.3 +/- 3.1 ng/l [20]

Molecular Structure: [98]

7. Tumor Necrosis Factor-a:

Molecular Weight: 26,000 Da [20]

Molecular Size:

o Crystal Lattice: Orthorhombic (Jelly Like Structure) [99]

e Space Group: P21212

e Lattice Dimensions: a= 5.352 nm, b = 6.711 nm, and c= 9.126
nm[100]

Molecular Charge: Positively charged patches

Normal Concentration in the Blood: 13.3 +/- 3.0 ng/l [20]
Molecular Structure:

8. Interleukin-1B:

Molecular Weight: 36,000 Da [20]

Molecular Size:

o Crystal Lattice: Tetragonal

e Space Group: P41 or P43

o Lattice Dimensions: a=b =5.5nmand ¢=7.71 nm[101]

Molecular Charge: Net charge related to protein sequences and
cDNA[102]

Hydrophilic/Hyrophobic: hydrophobic cavity 88 A% in volume

[103]
Normal Concentration in the Blood: <160 ng/l [20]
Molecular Structure:

9. Albumin

Molecular Weight: 69,000 Da [5]

Molecular Size:

o Crystal Lattice: Tetragonal

e Space Group: P42:2

e Lattice Dimensions: a= 18.71 nm, ¢= 8.05 nm[104]

Other researchers reported that albumin has a molecular radius of
gyration of 2.74 +/- 0.035 nm

Its shape can vary as follows:

A cigar shape 13.6 nm long/An extended ellipsoid, 11.0 nm

Long/A non-symmetrical oblate ellipsoid with an 8.5 nm diameter[6].
Molecular Charge: Varies with pH, at physiological pH:

Own charge is -17

Bound charge is -6

Net charge is -23

At 5.4 pH, the net charge is -14 [105]

Hydrophilic/Hyrophobic: Hydrophobic

Normal Concentration in the Blood: >35 gm/I [106]

Varies geographically: Africans (46.98 gm/l), East Indians (54.3 mg/
), Germans (44.41 mg/l) [107].

Molecular Shape:
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