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Aneurysmal subarachnoid hemorrhage (SAH) is the extravasation of blood into the subarachnoid space
and is fatal in most cases. Platinum coils have been used to fill the hemorrhage site and prevent the extra-
vasation of blood. Here we explored the use of Pt-coated polymer nanofibers (NF) to prevent blood extra-
vasation and were able to achieve improved results in vitro. The polymer nanofibers were produced via
electrospinning and were subsequently electroplated with Pt, resulting in metalized nanofibers. These
nanofibers were installed within a microfluidic channel, and the resulting reduction in the permeability
was evaluated using a fluid similar to blood. Based on the obtained results, these newly developed
nanofibers are expected to decrease the operation cost for SAH, owing to their reduced size and low
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material cost. Furthermore, it is expected that these nanofibers will be used in a smaller amount during
SAH operation while having the same preventive effect. This should reduce the operational risk associated
with the multiple steps required to place the Pt coils at the SAH site. Finally, the underlying hydrodynamic
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1. Introduction

Aneurysmal subarachnoid hemorrhage (SAH), which is the
extravasation of blood into the subarachnoid space,’ has a
high incidence rate, with tens of thousands of people in the
United States alone being affected by it annually.”®
Approximately, 5% of all the strokes are related to aneurysmal
SAH. Furthermore, once it occurs, 40-44% of the patients are
dead within 30 days and, of those who survive, 10-20%
become disabled.>®”® In recent years, research interest in
aneurysmal SAH has increased significantly because it is now
known that aneurysmal SAH is more fatal to younger patients
than to older ones.” The expected first-year medical expense
per patient for the treatment of SAH is 40 000-50 000 USD,"*™*
while the corresponding total expense per patient is estimated
to be greater than 200 000 USD."°

While both neurosurgical clipping and endovascular
coiling have been used to treat cerebral aneurysms, endovascu-
lar coiling has become the more popular treatment after the
development of Guglielmi detachable coils (GDCs) and the
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mechanism responsible for the reduced permeability of the synthesized nanofibers is described.

corresponding derivative devices (i.e., the guiding catheter)."?
Furthermore, based on several reports,'* the American Society
of Interventional and Therapeutic Neuroradiology, the
American Society of Neuroradiology,> and the German Society
of Neurosurgery'® have also endorsed the use of the endovas-
cular coiling treatment for patients with a ruptured cerebral
aneurysm. More recently, the US Food and Drug
Administration also approved the GDC treatment for all brain-
related aneurysms."”

Endovascular coiling can be accomplished by inserting
platinum (Pt) coils into the cerebral aneurysms, thus filling
the aneurysmal cavity to prevent blood from flowing into the
aneurysmal sac, as described in Fig. 1. However, even though
endovascular coil embolization is preferred occasionally in the
management of intracranial aneurysms,'® several factors need
to be improved for endovascular coiling to find wider use.
Depending on the size of the aneurysm, a number of coils may
be required for the aneurysm coiling procedure.'® Another
issue that needs to be overcome is incomplete embolization or
recanalization. The recanalization rate for the treatment of
aneurysms with bare Pt coils has been reported to be
4.7-28%.%° During follow-ups, the coil packing density was
found to be an important predictor of complete occlusion and
is now used as an index to estimate the success of the initial
procedure.

With the recent advancements in fabrication technologies,
several types of endovascular coils have been developed
beyond the classical bare Pt coils, including biopolymer-coated
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Fig. 1 Schematic of (a) aneurysm (after swelling of artery) and (b) embolization using Pt-coated nanofiber yarn.

coils and hydrogel-coated coils, among others. However,
polymer-coated coils do not show any significant improve-
ments over the bare Pt ones.>"** Furthermore, hydrogel coils
have several limitations such as a relatively high stiffness
(Young’s modulus of the 2% (w/v) alginate and 1% (w/v)
agarose hydrogels is of the order of 10 kPa) as well as the time
restrictions related to their placement.**** Thus, before assist-
ing materials can be incorporated, specific materials and pro-
cesses need to be developed for enhancing the coil packing
density, which is defined as the ratio of the inserted coils to
the volume of the formed aneurysm.'® This can be achieved by
reducing the coil diameter, which, in turn, would increase the
pressure drop across the coil-inserted aneurysm.>®

Recently, An et al. fabricated Pt-coated nanofibers by a
simple and low-cost approach that combined electrospinning
and electroplating; the diameter of the fabricated nanofibers
was of the order of hundreds of nanometers.>® The purity of
the Pt-coated nanofibers was confirmed through various
characterization techniques, and it was shown that the fibers
have significant potential for use as an endovascular coil
material. In the present study, Pt-coated polymer nanofibers
were formed, and their packing performance was evaluated
through microfluidic experiments. In addition, an analytical
model of a coil-treated cerebral aneurysm was developed to
quantitatively and qualitatively elucidate the effect of per-
meability as well as geometry changes on flow of the filtrating
blood through a cerebral aneurysm. It was found that the
fibers exhibited a higher packing density, owing to their small
diameter, as compared to that of existing Pt coils, and thus
hold great promise as an efficient and inexpensive endovascu-
lar coil material.

2. Experimental
2.1 Formation of Pt-coated nanofibers

The electrospinning precursor was prepared by mixing poly-
acrylonitrile [PAN, (C3H;3N),; M, = 150 kDa; Sigma-Aldrich] with
N,N-dimethyl formamide (DMF). PAN pellets were dissolved in
DMF at the concentration of 8 wt%. The solution was stirred
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for 24 h at room temperature to completely dissolve the
pellets. Next, the 8 wt% PAN solution was electrospun at a
fixed flow rate, Q, of 160 pL h™" (Legato 100, KDS). The DC
voltage, V, used was 6.0-6.5 kV (EL20P2, Glassman High
Voltage Inc.), and the nozzle-to-substrate distance was 13 cm.
This yielded PAN nanofibers. Next, pellets of the well-known
biodegradable polymer polycaprolactone®”*® [PCL, (CH100,)y;
M, = 80 kDa; Sigma-Aldrich] were dissolved in an acetic acid/
formic acid mixture (with the volume ratio of 3:1) at 15 wt%
concentration. The PCL solution was then electrospun at a
fixed flow rate, Q, of 85 uL h™" (Legato 100, KDS). The DC
voltage, V, used was 7.5 kV (EL20P2, Glassman High Voltage
Inc.). This yielded PCL nanofibers. Table 1 lists the details of
the electrospinning process.

The electroplating solution was prepared by mixing a Pt
HT concentrate (80 mL, Pt 50 g L', HanTech PMC) and de-
ionized (DI) water (4200 mL). The solution was stirred for
24 h at room temperature. Next, a few-nm-thick layer of Pt
was formed on the PAN nanofibers by sputtering to ensure
that their conductivity was high enough to allow for electro-
plating. The sputtered nanofibers were then electroplated
under the conditions listed in Table 2. A Pt plate and the Pt-
sputtered PAN nanofibers were used as the anode and
cathode, respectively, and were immersed completely in the
electroplating solution.

Fig. 2 shows the procedure used to form the Pt-coated
nanofibers, which were then tested in a microfluidic channel.
The nanofibers were electrospun onto a hollow rectangular
copper frame. Next, the nanofibers were electroplated with
Pt. The Pt-coated nanofiber mats were then yarned to a thick-

Table 1 Operating conditions for the electrospinning process

Conditions
Items PAN PCL
Applied voltage LV] 6.0-6.5 7.5
Flow rate [pL h™"] 160 85
Nozzle-to-substrate distance [cm] 13 13
Electrospinning time [min] 20 60

This journal is © The Royal Society of Chemistry 2018
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Table 2 Operating conditions for the electroplating process

Items Conditions
The electric current [A] 1
Electrode size [cm x cm] 3x3
Distance between electrodes [cm] 3
Electroplating time [s] 60

ness of the order of 250 pum, which is similar to that of com-
mercial Pt coils. Yarning was performed by rolling and twist-
ing the produced Pt mats. The thickness of the yarned cylind-
rical “rope” was determined based on the number of initial

E-spinning

E-plating
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nanofiber mats; the greater the mat size, the thicker was the
yarned rope.

2.2 Permeability measurements

A Y-shaped channel was used for the permeability measure-
ments. Fig. 3 shows the Y-type channel used, which had two
outlets at its ends. One of the channels had a storage disk
(5 mm in diameter) to mimic an aneurysmal SAH; the fabri-
cated nanofibers were inserted into this channel. All the
channel branches had a cross-sectional diameter of 1 mm. The
fluid used for the measurements was prepared by dissolving
polyvinyl alcohol [PVA-1500, practical grade, (C,H,0),; Duksan
Pure Chemicals Co. Ltd] in DI water in a concentration of

Fig. 2 Fabrication of Pt-coated nanofibers via electrospinning (the utmost left) and electroplating (second from the left). The nanofibers were
yarned and inserted within a model aneurysm bladder in a microfluidic channel for permeability measurements, as is schematically shown in the

four inter-related images on the right.

Fig. 3 Y-type microfluidic channel used for permeability measurements. Sketch is shown on the left, and the photograph is on the right.

This journal is © The Royal Society of Chemistry 2018
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5 wt% to mimic blood with a relatively high viscosity of 3 cP.
The fluid was colored with the dye Rhodamine-B to allow for
easy visualization.

It was expected that, in the case where complete channel
blockage was achieved once a sufficient number of the nano-
fibers had been inserted in the storage disk (bladder) present
in one of the channel branches, all the supplied fluid would
flow into the other channel branch. This scenario is depicted
in Fig. 3 (right). A syringe pump connected to the left inlet was
used to drive the flow in the Y-type channel at flow rates of 0.5,
1.0, and 2.0 mL min™".
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Nanoscale

3. Results and discussion
3.1 Morphology of nanofibers

The morphologies of each fiber type were determined using a
high-resolution SEM (HR-SEM) system (XL30 SFEG, Phillips
Co., Holland) at 15 kV. Fig. 4 shows scanning electron
microscopy (SEM) images of the electrospun nanofibers, the
electroplated nanofibers, a commercial Pt coil, and the yarned
ropes. The diameter of nanofibers in each case was measured
by I-Measure 3 image analysis program. It can be seen from
Fig. 4a that the cross-sectional diameter of the electrospun

Fig. 4 SEM images of (a) pristine PAN nanofibers; (b) pristine Pt-plated PAN nanofibers; (c)—(e) yarned Pt-coated PAN nanofibers, with yarn having
thicknesses of 150, 250, and 500 pm, respectively; (f) yarned PCL nanofibers; (g) commercial Pt coil; and (h)—-(j) magnified images of yarned Pt-

coated nanofibers.
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nanofibers is in the 0.15-0.45 pm range. These PAN nanofibers
were electroplated with Pt, which increased their cross-sec-
tional diameter to 0.197-0.7 pm, as shown in Fig. 4b. It should
be noted that PAN in the core was fully covered by Pt, which
significantly diminished the risk of its exposure to blood
vessel.”® These Pt-coated nanofibers were then yarned into a
cylindrical rope. Depending on the number of parallel Pt-
coated nanofiber mats used to form the yarn, its thickness was
in the 150-500 pm range, which is similar to that of commer-
cial Pt coils, as can be seen from Fig. 4c-e. Fig. 4f shows the
yarned PCL nanofibers, which formed the yarn with a thick-
ness of 250 pm. Note that electrospinnable biodegradable poly-
mers such as PCL,>>*° poly(i-lactide-co-glycolide) (PLGA),*"
polyglycolic acid (PGA)** can be also used as potential
materials of the core nanofibers, albeit their metal plating is
still an open question deserving research in future. Fig. 4g
shows a commercial Pt coil, which has a thickness of approxi-
mately 250 pm. Fig. 4i is a magnified image of the spot
marked in Fig. 4h on a yarn having a thickness of nearly
800 pm. Similarly, a higher-magnification of the yarn in Fig. 4i
is shown in Fig. 4j; the nanofibers in the yarn resemble the
original Pt-coated nanofibers shown in Fig. 4b.

3.2 Permeability measurements

Fig. 5 shows the PVA fluid flowing through the Y-type micro-
fluidic channel. The fluid is collected at the two outlets (L and
R). It should be emphasized that the fluid arrived first in the
right container, because the presence of the storage disk
(bladder) in the left channel caused a time delay of 10 s before
the fluid could arrive in the left container even when there
were no nanofiber yarns inserted in the disk (ie., N = 0).
However, the difference in the fluid volumes in the left and
right containers owing this 10 s delay was negligible because
the bladder size was small. The flow rate of the syringe pump
was set to be 1 mL min~'. Thus, the total fluid volume col-
lected over a period of 10 min was 10 mL. As a result, the ulti-
mate total volume of the fluid in the left and right containers
was 10 mL. Fig. 5a and b are top-view images of the apparatus;
a circular disk containing the yarned nanofibers (N = 1, where
N is the number of inserted yarned ropes of the same length)
is located within the left (L) branch of the channel, while the
right (R) channel is empty and free of obstructions. Fig. 5a
and b are snapshots taken at 30 s and 180 s, respectively, after
the start of fluid injection by the syringe pump. Initially, the
flow in the left channel is obstructed because of the yarned
nanofiber rope (N = 1) in the bladder. However, because the
bladder is not completely filled, eventually the fluid flows
through the left channel. All experiments using Y type micro-
fluidic channels were performed three times in each case and
the average values of the results were used.

The effect of the number of nanofiber yarns inserted in the
storage disk, N, can be seen in Fig. 5c. As the number of the
yarned fibers (ropes of the same length) was increased, the
flow through the left channel became restricted, and the flow
rate decreased. It should be emphasized that the image in the
second row in Fig. 5¢ corresponds to the case shown in Fig. 5a

This journal is © The Royal Society of Chemistry 2018
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and b, wherein there is a minor obstruction in the flow
pathway of the left channel owing to the insertion of a single
nanofiber yarn (N = 1). Therefore, the amount of fluid collected
in the left outlet is smaller than that collected in the right
outlet. The difference in the amounts of fluid collected at the
outlets became significant with an increase in the number of
inserted nanofiber yarns, N, with the flow in the left channel
being blocked completely for N = 4, and all the fluid flowing
only through the right channel, as can be seen from the lowest
image in Fig. 5c.

Fig. 5d shows the permeability (K) of the disk in the left
channel as calculated using the Poiseuille equation for the
channel sections and Darcy’s law for the storage disk stuffed
with the nanofiber yarns. The schematic used for this calcu-
lation is shown in Fig. 6.

The lower channel in the sketch in Fig. 6 comprises three
distinct parts, namely, the channel itself, which has length /;;
the storage disk (which was stuffed with the nanofiber yarns)
of length [, and the rest of the channel, whose length is [,. The
flow through the stuffed storage disk is governed by Darcy’s
law, which is given by eqn (2), whereas the flow in the original
channel sections is Poiseuille flow, as described by eqn (1)
and (3)

_nR' (P—P)

0 =X PP @)
1 u ]
4 _
TR (P2 = Pun) )

T8 L

These equations account for the fact that the volumetric
flow rate in all the sections of the lower part of the Y-like
channel in Fig. 6 is the same and equal to at Q;. The cross-sec-
tional radii of the original channel sections are denoted as R.
Further, y is the fluid viscosity; P is the pressure at the bifur-
cation point; P; and P,, respectively, are the pressures at the
entrance and exit of the storage disk; and Py, is the pressure
at the channel exit (atmospheric). The highest pressure
imposed on the channel before the bifurcation of the fluid is
denoted as Ppump in Fig. 6. Finally, K is the permeability of the
storage disk in eqn (2).

After bifurcation, fluid flow in the upper branch (see Fig. 6),
which has a volumetric flow rate of Q, is described by the
Poiseuille law as follows:

_ R (P — Pam)
~ 8u L, ’

(4)

2

In addition, the total volumetric flow rate for the flow from
the pump, Qy, is

Qo=Q1+ Qs (5)

Also, the geometric conditions mean that
l1+lz+l:L2 (6)
Nanoscale
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Fig. 5 Barrier effect of 250 um nanofibers in Y-type channel. Panels (a) and (b) are the top-view images of the apparatus; a circular disk contains
the yarned nanofibers (N = 1, with N being the number of inserted yarned ropes of the same length). (c) The difference in the amounts of fluid col-
lected at the outlets with an increase in the number of inserted nanofiber yarns, N. (d) Permeability (K) of the disk in the left channel.

Eqn (1)—(6) yield the permeability of the stuffed storage disk If the disk were to be empty, Q; = Q, = Qy/2, and eqn (7)

in the following form: would be reduced to K = R*/8, as expected for Poiseuille flow-
based permeability. It should be noted that, when the disk is

_ Q1l R: (7) completely blocked by the inserted nanofibers, the flow rate in

QoLy + Q1(1 —2Ly) 8 the channel without the disk, Q,, is equal to the total flow rate,
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Fig. 6 Schematic of flow in Y-type channel used for permeability cal-
culation. All the notations are explained in the text.

Qo, while the flow rate through the disk-containing branch, Q;,
is 0. Then, the disk permeability, &, is 0 according to eqn (7).
In addition, the relationship between the pump pressure,
Pyump, and the total volumetric flow rate, Qo, is as follows:

Qo8uLy | Q28uly

P, = Pytm +
pump atm R4 TR

(8)
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The permeability values shown in Fig. 5d were obtained
using eqn (7). It can be seen that, when the number of inserted
yarned ropes, N, is 4, the disk becomes practically
impermeable.

Fig. 7 shows the permeability values as measured under
different conditions. Fig. 7a shows the effect of the total flow
rate, Qp, on K for an uncoated PAN fiber yarn with a diameter,
d, of 250 pm. As expected, for a fixed N value, the permeability
does not change even if Q, is doubled or quadrupled. Indeed,
according to eqn (7), the permeability, K, is practically inde-
pendent of Qp; this was confirmed by the experimental data.
Fig. 7b shows the effect of the diameter (d = 150, 250, and
500 pm) of the uncoated PAN yarn on K. It should be empha-
sized that the yarns with diameters, d, of 150, 250, and 500 pm
had lengths of 27, 12, and 3 cm, respectively, in order to ensure
that the volume was the same in each case. The yarn with the
smallest diameter exhibited the lowest permeability; this was
especially apparent when N = 1. Furthermore, this pattern per-
sisted at N = 2. On the other hand, the permeability was almost
zero for all the yarn diameters at N = 3. Yarns composed of
smaller fibers will have a higher surface area. Thus, the drag
force acting on the flow will be the greatest in the case of the

b 0.005 T v T

PAN d [pm)]
0.0044 0y=1.0 mL/min H 150 -
¢ 250
. 0.003 A A 500 1
:
= 0.002- i
< *
0.001
0.000

Fig. 7 Variation in permeability, K, with (a) changes in total flow rate Qq; (b) yarned PAN fiber diameter, d; (c) and yarned fiber type (i.e., uncoated
PAN, uncoated PCL, and Pt-coated PAN). (d) SEM images of yarned ropes of uncoated PAN, Pt-coated PAN, and uncoated PCL fibers.
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fibers with the smallest diameter and the corresponding per-
meability will be the lowest. Fig. 7c shows the difference in the
permeabilities measured for the different yarn types (yarns com-
posed of the uncoated PAN fibers, uncoated PCL fibers, and Pt-
coated PAN fibers) for the same diameter and a fixed flow rate.
The results show that the yarn composed of the Pt-coated fibers
was the most efficient in blocking the flow and exhibited the
lowest permeability, while the yarn composed of the uncoated
PCL fibers was the poorest. This effect of the material type can
probably be attributed to the surface texture of the individual
fibers in the yarn and the yarn as a whole. Thus, the material with
the highest surface roughness and area, that is, the yarn with the
Pt-coated PAN fibers, imposed the greatest drag on the flow, and
thus resulted in the greatest decrease in the permeability.

3.3 Wettability measurements

The surface wettability of a material probably plays a role in
determining its permeability to fluids. If the fiber (and thus,
the yarn) surfaces were to be hydrophobic, fluids would not
adhere to the surface. This, in turn, would facilitate the
through flow of fluids and result in a higher permeability. On
the other hand, in the case of hydrophilic fibers (and thus,
hydrophilic yarn) surfaces, fluids would adhere to the fibers,
resulting in a higher drag and reduced permeability. Fig. 8
compares the wettabilities of the uncoated PAN, uncoated
PCL, and Pt-coated PAN fiber mats. Water contact angles on
the mats were measured using a goniometer. A high-speed
camera (Phantom 9.1, Vision Research, Inc.) was used to
photograph the water drop shape on the film at 5 FPS. The

/132.3°

- 19.3°

20 sec

14.4°
E—

Pt-coated PAN

uncoated PAN
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angles were measured by I-Measure 3 image analysis program.
In each case, a water drop (~5 pL) was placed on the nanofiber
mat and the contact angle was checked from 0 to 30 s. After 20
s, the water absorption stopped and the static state was
achieved. Measurements of the contact angle were performed
three times in each case and Fig. 8 shows the most reliable
results. The porosities of all three types of mats are similar
because the mat collection times, fiber sizes, and mat thick-
nesses were the same. The uncoated PAN and Pt-coated PAN
fiber mats show similar wettabilities, with the Pt-coated PAN
mats being the more wettable ones. On the other hand, the
uncoated PCL mats are more hydrophobic. These observations
are consistent with the permeability changes shown in Fig. 7c.
Thus, the greater the hydrophobicity, the higher should be the
permeability, as was seen in case of the uncoated PCL fibers.

4. Theoretical analysis
4.1 Theoretical model

The endovascular treatment of brain aneurysms by coil embo-
lization poses the following hydrodynamic problem: which
part of the volumetric flow in the pipe (blood vessel) passes
through an adjoining cavity (aneurysm) having its inlet from
the pipe and its outlet to the pipe (with there being no pipe
interruption), when the cavity is filled with a porous medium
and the flow is Darcy-like filtration flow determined by the per-
meability of the cavity? A solution of this problem would also
be useful from a medical viewpoint, where the first aim is to

 134.7°

: 23.7°

2 44.9°

1571 °

_—

2 41.9°

uncoated PCL

Fig. 8 Water advancing contact angles on various fiber mats: the left-hand side column is for Pt-coated PAN, the middle column is for uncoated

PAN, and the right-hand side column is for uncoated PCL.
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reduce the permeability of the cavity (i.e., to treat the aneur-
ysm) by installing coils and to significantly suppress the
internal flow, which can result in aneurysm rupture with
severe consequences. On the other hand, as a second aim,
coiling should be minimized in order to reduce cost. This, in
conjunction with the first aim, becomes an optimization
problem.

The hydrodynamics of blood flow (hemodynamics) in a
brain blood vessel with an adjoining aneurysm have been
studied in the past based on direct numerical simulations of
the Navier-Stokes equations for three-dimensional mor-
phologies resembling the actual ones.**® However, these
studies did not consider the non-Newtonian effects arising in
the blood flow, which is a plausible approximation for this
class of problems. The endovascular treatment of aneurysms
involves the installation of multiple Pt coils to reduce the per-
meability of the aneurysm. The cost of the coils and the treat-
ment, in general, is so high that a reasonable trade-off is
desirable to minimize the number of the coils needed, while
ensuring that the desired permeability is achieved. This issue
poses an important and interesting fluid mechanical
problem. In the case where multiple coils are installed in an
aneurysm, the detailed internal geometry would not only be
unknown but would also be difficult to simulate numeri-
cally.**?> Therefore, reducing the aneurysm permeability
through an endovascular treatment (i.e., by using the appro-
priate number of coils of suitable shape) has attracted atten-
tion from a filtration viewpoint.>>?® Such an approach
requires solving a conjugate problem based on the Navier-
Stokes equations for flow in a single blood vessel coupled
with filtration (i.e., Darcy-law-related) flow in the adjacent
aneurism with coils installed.

A model describing the primary hydrodynamics charac-
teristics of brain aneurysms with installed Pt embolic coils
is shown in Fig. 9. This model sheds light on the hydrodyn-
amic aspects of the problem at hand. For this planar

Fig. 9 Schematic of blood vessel with adjoining aneurism in physical
plane z = x + iy; i is imaginary unit.

This journal is © The Royal Society of Chemistry 2018
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problem, the aneurysm is the circular bulge ABCDE formed
on top of an adjoining blood vessel. Blood flow from the
blood vessel, which is described by its volumetric flow rate,
Qo, can partially enter the aneurysm through opening “ab”
with an unknown volumetric flow rate, Q,, while the rest of
the blood in the blood vessel after the partition flows with
the volumetric flow rate Q; = Qo — Q.. The blood flowing
through the aneurysm leaves it through opening “cd” and
enters the blood vessel again. Blood flow inside the aneur-
ysm filled with the Pt embolic coils is considered to be a
filtration flow through a medium with permeability K,
whereas in the blood vessel, the flow is assumed to be
viscous Poiseuille flow. The next step is to determine the
blood partition ratio, that is, the volumetric flow rate
through the aneurysm, Q,, and to minimize it to the appro-
priate level by reducing the permeability, K, which is deter-
mined by the number of Pt embolic coils installed as well
as their shape.>®

In Fig. 9, the Cartesian coordinates x and y as well as the
complex variable z = x + iy are introduced and rendered dimen-
sionless by the aneurysm radius R. Therefore, the dimension-
less radius of the aneurysm in this figure is 1. The velocity
field, v, of the filtration flow within the aneurysm is related to
the pressure field, p, by Darcy’s law, v = —(K/u)Vp, where u is
the viscosity of blood. This suggests that the flow possesses
potential ¢ = —(K/u)p. Since the filtration flow satisfies the con-
tinuity equation, the potential ¢ satisfies the Laplace equation.
As is usually the case, the potential, as a harmonic function,
satisfies the Laplace equation not only on the physical
complex plane z, but also on any other complex plane onto
which the plane z has been mapped conformally. In the
present case, it is convenient to map the interior of the circle
in the z plane onto the complex upper half-plane w = £ + in, as
depicted in Fig. 10. This is achieved by using the mapping
function z = (i — w)/(i + w), which is equivalent to the following
coordinate transformation:

Yy _(a=x -y
5_(1+x)2+y27 T Ay ©)

when point B is mapped onto the point on the horizontal axis
£ = -1, point C is mapped onto ¢ = 0, point D is mapped onto
£=1, and points A and E are mapped to infinity.

1
p—
=

- =

A L&

Fig. 10 Aneurysm mapped to upper half-plane @ = & + in.
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The ¢ coordinates of points a, b, ¢, and d also mapped onto
the horizontal axis on the w-plane and are given by the follow-
ing expressions:

B sina B sin g
Sa = ~ (1—cosa)’ gbi_(l—cosﬁ)’ (10)
-~ sin § _ siny
fc_7(1—1—0055)’ éd_i(l—i—cosy)’

(see Fig. 10). The angles «a, f, 7, and &, which range from 0° to
90°, are depicted in Fig. 9.

It is assumed that, in the w-plane, the fluid flows into the
upper half-plane through section &,&, with velocity V, and sub-
sequently flows from the upper half-plane with velocity —V;
through section £.£y; in both cases, the flow is normal to the
domain boundary. Velocity V; is such that the condition for
volumetric balance Vy(&q — &) = Vo(&p — &a) is fulfilled.
Accordingly, there exists a corresponding inflow to the aneur-
ysm and an outflow from it in the z-plane. The complex poten-
tial is introduced as y = ¢ + iy, with y being the stream func-
tion. Accordingly, the conjugate velocity is given by dy(z)/dz =
V(z) = V(w)[-2i/(1 + 2)*], where V(@) = dy(w)/dw. We denote the
¢ and n components of the velocity on the w-plane as U and V,
respectively, and introduce the analytic function iV{w) = V + iU.
The real part of this analytic function is given, as described
above, at the real axis of the w-plane. Thus, it can be found for
the entire upper half-plane using the Poisson integral,*® as
shown below:

o &y d¢ Ea d¢
ven =y {V" L C-er+r L -8+

= % {arctan (#) — arctan (5377_ 5) - Eftz : i::;

X [arctan (fdl’]—_§> — arctan (%)} }

(11)

Since V and U are related by the Cauchy-Riemann con-
ditions [i.e., 0V/0& = oU/oy and dV/on = —oU/OE], one can easily
find U on the upper half-plane @ and hence find the analytic
function iV(w) as well as V(w), as shown below:

v =2 m(5=p) - () m(5mE)) o

It should be emphasized that eqn (12) can be determined
directly from the expression for the Schwarz integral for the
upper half-plane, which can be used to determine any analyti-
cal function. Thus, in this particular case, V(w) if found based
on its imaginary part on the real axis, ¢, as
V(o) = (=1/n) [*, V(€)/(é — w)dE + B, where the real constant
B can be ignored in the present case.

The complex potential is found via the integration of
eqn (12) as

r0) =~ 2 o00.6) - 00.2) - (222 000.20) - 010,201}

(13)
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where the function @(w, ) is defined as
O(w,+) = (@ —+)[In(w —+) - 1] (14)

It should be emphasized that the complex potential y(z) in
the z-plane is obtained from eqn (13) and (14) by substituting
the reverse mapping function:

w:l(iz) (15)

The flow and pressure fields in the aneurism are found
using the imaginary and real parts of the complex potential

x(2), that is, from y(x, y) and p(x, y) = —ug(x, y)/K.

4.2 Theoretical results and discussion

Several examples of the flows predicted by eqn (13)-(15) on
the physical plane are depicted in Fig. 11-13. In particular, as
can be seen from Fig. 11a-13a, the strongest flows corres-
pond to the deep-blue area (with the lowest negative values
of y—these correspond to the definition of the stream func-
tion in the present case). These areas span the inlet and
outlet of the aneurysm along the shortest arc. Fig. 11b-13b
show the corresponding pressure fields [Kp/u = —¢(x, y)], with
the highest pressure values (red color) corresponding to the
inlet and the lowest values (blue color) corresponding to the
outlet.

Eqn (13) and (14) yield y, = yq = 0, and y, — Y = We — Ya =
—Vo(&p — &), which expresses the overall mass balance between
the inflow and outflow through the aneurysm openings. Using
eqn (13) and (14) and by recovering the length scale, R, one
can find the pressure drop along the streamline spanning
points a and d within the aneurysm:

- /lVOR
"~ Kn

Pa —Pov F(§a7§b7gc7§d)7 (16)

where the dimensionless function F(&,, &, &, £4) is defined as

F(&as &by &er€a) = (&0 — En)In(&, — &2) — 1] — (&q — &)
x [In(&q — &) — 1] + (g — &)[In(&q — &) — 1]
- (3=2) x {e-tome -2 -1
- (éa - fc)[ln(fc - fa) - 1} + (éjd - éc)

x [In(g — &) — 11}

(17)

On the other hand, the same pressure difference as in
eqn (16) is sustained by the planar Poiseuille flow in the
model blood vessel between points a and d, while based on
the Poiseuille law. Accordingly one finds that

12uR(n —y — a)

e, (18)

Pa—Pa =

where H is the size of the cross-section of the blood vessel.
Then, eqn (16)-(18) yield the following expression for the
velocity of the inflow into the aneurysm in the w-plane, V,, and
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Fig. 11 (a) Flow field [y(x, y)] with several streamlines highlighted in different colors. (b) Corresponding pressure field [Kp/u = —¢(x, y)l. Angle values

are: a = 25°, = 30° y = 25° and § = 30°.
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Fig. 12 (a) Flow field [y(x, y)] with several streamlines highlighted in different colors. (b) Corresponding pressure field [Kp/u = —¢(x, y)I. Angle values

are: a = 25°, = 30° y = 85°, and § = 90°.

1~ (a)

PsI
1.15311
0.938378
0.823648
0658919
0.494189
0.329459
0.16473

1)
-0.16473
-0.329459
-0.434189
-0.658919
-0.823648
-0.988378
-1.15311

(b)

Fig. 13 (a) Flow field [y(x, y)] with several streamlines highlighted in different colors. (b) Corresponding pressure field [Kp/u = —¢(x, y)]. Angle values

are: a = 30°, f = 45° y = 30°, and § = 45°.
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the partitioning of the volumetric flow rate between the aneur-
ysm and the blood vessel:

_ Qo
VO_W*ﬂLR(fb*-fay (o)
Q1 =0 __r (20)
e O‘V"'(gb_fa)7

o &)
QZ_OOW“F(fb_ga)’ (21)

with the dimensional W. and its dimensionless counterpart,
W, being given by the following expressions:

1 H3/R

W. = WR, W =
12n(t—y—a) K

F(§a7§b7fc7§d)' (22)

Eqn (20)-(22) yielded the following values for the para-
meters corresponding to the three examples given above for a
blood vessel-to-aneurysm permeability ratio (H*/R)/K = 1: for
Fig. 11 - W= 0.074, Q1/Qo = 0.086, and Q,/Q, = 0.91; for Fig. 12 -
W =0.121, Q4/Qo = 0.135, and Q,/Q, = 0.865; and for Fig. 13 -
W = 0.098, Q1/Qy = 0.069, and Q,/Q, = 0.931. It is remarkable
that, in all the cases with equal permeabilities, the influx into
the aneurism is very high, between 86.5% and 93.1%. On the
other hand, for a permeability ratio of (H*/R)/K = 100, that is,
when the aneurysm permeability, K, is reduced by a factor of
100, one gets the following results: for Fig. 11 - W = 7.4,
Q1/Q, = 0.905, and Q./Q, = 0.095; for Fig. 12 - W = 12.1,
Q1/Qo = 0.94, and Q,/Q, = 0.06; and for Fig. 13 - W = 9.8,
Q1/Qp = 0.882, and Q,/Qo, = 0.118. The latter set of results
shows that a 100-fold decrease in the aneurysm permeability
would decrease blood influx into the aneurysm to 6-12% of
the total blood flux in the blood vessel.

5. Conclusions

Uncoated PAN, uncoated PCL, and Pt-coated PAN were formed
by electrospinning and subsequent electroplating. The fil-
tration flow passing through a planar model brain aneurysm
was studied experimentally. Permeabilities of yarns composed
of uncoated PAN, uncoated PCL, and Pt-coated PAN nanofibers
were measured in order to evaluate their potential for use as
replacements for Pt coils for preventing the extravasation of
blood after aneurysmal subarachnoid hemorrhage. The Pt-
coated PAN nanofibers exhibited the lowest permeability and
thus hold the great promise for applications. The filtration
flow passing through a planar model brain aneurysm was
simulated for all possible connections with an uninterrupted
adjacent pipe (blood vessel), and its relation to the aneurysm
permeability, which would be determined by the endovascular
treatment (coil embolization) performed, was established. It
was observed that, when the aneurysm permeability is reduced
to one-hundredth of that of the blood vessel, the filtration flow
through the aneurysm is reduced to approximately 12% of the
total blood flow in the blood vessel before its first connection
with the aneurysm.
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