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a b s t r a c t
Recently, endovascular coil embolization has been introduced to treat intracranial aneurysms because it
has lower morbidity and mortality than surgical clipping. The endovascular coils prevent the extravasation of blood by decreasing the permeability of an aneurysm ﬂow governed by Darcy’s law. Here, we developed and explored Pt-coated micro-ropes for potential use as endovascular coils. Electrospinning with
subsequent electroplating were employed to fabricate Pt-coated nanoﬁbers, which were tightly twisted to
form micro-ropes. The compatibility of Pt micro-ropes with commercial delivery catheters was veriﬁed
and their performance was experimentally explored in an in vitro experimental model. The developed
Pt-coated micro-ropes demonstrated feasibility as eﬃcient and low-cost endovascular coils.
Statement of Signiﬁcance
The use of Platinum (Pt)-coated polymer nanoﬁbers to prevent blood extravasation has been demonstrated. These Pt nanoﬁbers were installed within a microﬂuidic channel, and the resulting reduced 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 aneurysmal subarachnoid hemorrhage
(SAH), owing their reduced size and low material cost. Overall, the use of this new material should reduce
the operational risk associated with the multiple steps required to place the Pt coils at the SAH site. The
compatibility of Pt micro-ropes with commercial delivery catheters was veriﬁed and their performance
was experimentally explored in an in vitro experimental model. The developed Pt-coated micro-ropes
demonstrated feasibility as eﬃcient and low-cost endovascular coils.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Intracranial aneurysms are pathological dilatations of intracranial arteries characterized by disorganization and disruption of
the arterial wall layer. This vulnerable wall is prone to rupture,
which causes subarachnoid hemorrhage (SAH). The mortality of
aneurysmal SAH is approximately 30%–40%; 50% of survivors suffer
various resulting disabilities despite modern neurosurgical treatments [1]. Intracranial aneurysms are currently treated by blocking
cerebral circulation into the aneurysm sac via either endovascular
∗
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coil embolization or microsurgical clipping of the aneurysm neck.
Recently, endovascular embolization has become widely accepted
as a treatment strategy that is preferred for both ruptured and
un-ruptured intracranial aneurysms because it reveals lower periprocedural morbidity and mortality than surgical clipping [2,3].
However, endovascular coil embolization has higher rates of incomplete aneurysm occlusion and aneurysm recurrence after complete occlusion when compared to surgical clipping [3]. Previous
studies have reported that the aneurysm recurrence rate after endovascular treatment is between 4.7% and 33% [4–6]. The risk of
re-bleeding with endovascular coiling, which ranges from 0.4% to
7.9%, is also somewhat higher than that with microsurgical clipping [3–5].
Because previous studies have shown inverse correlations
between the packing density and the recanalization rate of
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Table 1
Experimental conditions for electrospinning and electroplating.
Process

Parameter

Value

Electrospinning

Applied DC voltage [kV]
Flow rate [μl/h]
Needle-to-collector distance [cm]
Electrospinning time [s]
Applied DC voltage [kV]
Anode-to-cathode distance [cm]
Electroplating time [min]

6
280
13
60
5
3
5

Electroplating

occlusions, coil packing density is widely considered one of the
key factors determining the durability of endovascular embolization [7]. To improve the packing density and thus reduce the recurrence rate of endovascular aneurysm coiling, various modiﬁcations
of bare Pt coils have been suggested and developed. Covering Pt
coils with polymers such as poly(glycolic acid) or poly(lactic acid),
which may augment the inﬂammatory reaction around the neck
of the aneurysm, has failed to demonstrate signiﬁcant differences
in comparison with bare Pt coils [8,9]. Hydrogel-coated coils have
also been developed, following the rationale of hydrogel expansion
upon contact with blood, resulting in an increased packing density [10]. Although ﬁrst-generation hydrogel coils have reduced the
high recurrence rates associated with endovascular coiling, they
entail problems of coil stiffness and time restriction for coil deployment [11]. Currently, second-generation hydrogel coils, which
are softer and slower to expand, have been developed and tested in
endovascular embolization not only to address the aforementioned
issues, but also to evaluate and decrease the insertion resistance
that is caused by a frictional force between a micro-catheter and
inner Pt coils [12–16].
In our previous study, Pt-coated nanoﬁbers were developed
and their potential use as endovascular coils was explored in a
model hemodynamic setting [17]. The Pt-coated nanoﬁbers fabricated using electrospinning followed by electroplating demonstrated a higher packing density compared to that of the existing Pt coils. Thus, it is expected that they are able to reduce the
risk associated with surgical procedures for deploying Pt coils in
the aneurysm sac [18]. In this study, we also developed an analytical model of the hemodynamics of coiled aneurysms, which enabled the explanation and quantiﬁcation of permeability changes
resulting from aneurysm coiling in order to further characterize
the feasibility of Pt-coated nanoﬁbers. An in vitro experimental
model is prepared based on the actual structure of an aneurysm
in the present study, and the packing performance of Pt-coated
nanoﬁbers is experimentally evaluated in this model. In addition,
the compatibility of the Pt-coated nanoﬁbers with commercial delivery catheters is demonstrated through in vitro experiments.
2. Experimental section
2.1. Pt-coated nanoﬁbers
The fabrication process of the Pt-coated micro-ropes is illustrated in Fig. 1a. The details of the fabrication process were
described in our previous studies [17,18]. In brief, Pt-coated
nanoﬁbers were prepared through two subsequent steps of electrospinning and electroplating. The electrospinning solution of
8 wt% polyacrylonitrile (PAN) was prepared by dissolving PAN
(Mw = 150 kDa, Sigma-Aldrich) in N,N-dimethylformamide (DMF,
99.8%, Sigma-Aldrich) and stirring for 24 h at room temperature.
The electroplating solution was prepared by diluting 80 mL of the
Pt HT concentrate (Pt 50 g/L, HanTech PMC) with 4200 mL of deionized (DI) water and stirring for 24 h at room temperature.
Detailed experimental conditions for electrospinning and electroplating are listed in Table 1. The electrospun PAN nanoﬁbers are

deposited onto a Cu frame and then electroplated while suspended
on the Cu frame (cf. Fig. 1a). It should be emphasized that, before electroplating, the electrospun PAN nanoﬁbers were sputtered
with Pt for a few seconds (MSP-1S Vacuum Device Inc.) to impart
some conductivity to the non-conductive polymer nanoﬁbers. After
electroplating, the resulting Pt-coated nanoﬁber mats were tightly
twisted to form textured Pt-coated micro-ropes (cf. Fig. 1a).
2.2. In vitro experimental model
It should be emphasized that the in vitro model in the present
study is designed based on the actual structure of an aneurysm
(cf. Fig. 1b and c), which facilitates a more accurate evaluation of
the permeability of the bladder in the model compared to that
achieved in our previous study [17]. The model is built using transparent acrylic material (Fig. 1c), allowing for easy identiﬁcation of
ﬂuid ﬂow in the model. The complex curved channels and bladder
in the model are schematically shown in Fig. 1e in order to calculate the permeabilities to ﬂuid using Darcy’s law and the Poiseuille
equation (cf. Section 3.3). The distance from the inlet to the bladder is 12.5 cm (see L1 in Fig. 1e). The distances from the bladder to
outlets 1 and 2 are 3 and 6.5 cm, respectively (l1 and L2 in Fig. 1e).
The diameters of the spherical bladder and the channel inside the
model are 30 and 10 mm, respectively (Fig. 1e). The ﬂow rate of
the injected ﬂuid is 1 mLmin−1 . The injection lasts for 10 min. The
blocking effect of the Pt–coated micro-ropes in the bladder was
explored by varying the number of inserted micro-ropes (N) from
N = 0 to N = 40. The corresponding permeabilities of the blockages
are obtained by averaging the results of ﬁve experiments with each
number of micro-ropes.
The ﬂuid used in experiments was 5 wt% polyvinyl alcohol
[PVA-1500, practical grade, (C2 H4 O)n , Duksan Pure Chemicals Co.
Ltd.] dissolved in DI water, which has a viscosity similar to that
of blood (∼3 cP). The ﬂuid was dyed with Rhodamine-B for visualization purposes. In addition, unlike the actual structure of an
aneurysm, outlet 1 is adjunctively installed in the in vitro model
in order to evaluate permeability of the bladder as it is ﬁlled by
the Pt micro-ropes (cf. Fig. 1c). As the bladder is ﬁlled with the
micro-ropes, the ﬂow rate of ﬂuid passing into the bladder gradually became smaller, ultimately approaching zero.
Fig. 1d illustrates the endovascular coil embolization using
multiple Pt-coated micro-ropes and delivery catheters, where the
aneurysmal sac is ﬁlled by the micro-ropes, thus preventing blood
ﬂow into the aneurysmal sac. First, in order to secure a passage
to the aneurysmal sac along the blood vessel, the hollow guide
catheter is inserted into the blood vessel and located near the
aneurysmal sac (see the second step in Fig. 1d). Then, the microcatheter is inserted in the core of the guide catheter and delivered
to the end of the guide catheter (see the third step in Fig. 1d). Finally, the micro-ropes are consecutively delivered to the aneurysmal sac, gradually ﬁlling the aneurysmal cavity (see the fourth step
in Fig. 1d).
2.3. Characterization
The morphologies of the nanoﬁbers and textured micro-ropes
were examined by high-resolution scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy (HR-SEM/EDX,
XL30 SFEG, Phillips Co., Holland) at 15 kV. X-ray diffraction (XRD,
Rigaku, Japan, D/max-2500) was performed with Cu Kα radiation
over the 2θ range 20°–80° to identify the crystallinities of the
PAN and Pt-coated nanoﬁbers. X-ray photoelectron spectroscopy
(XPS, Theta Probe Base System, Thermo Fisher Scientiﬁc Co.) was
also conducted to identify the compositions of the PAN and Ptcoated nanoﬁbers. The cross-sectional and corresponding elemental mapping images of the Pt-coated nanoﬁbers were obtained by
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Fig. 1. (a) Fabrication process of the Pt-coated micro-ropes. (b) Angiographic X-ray image of cerebral aneurysm of a patient, and (c) photograph of the in vitro experimental
model based on the cerebral aneurysm shown in panel (b). (d) Illustration of the endovascular coil embolization using the Pt-coated micro-ropes and catheters. (e) Schematic
of ﬂow in the channels of the in vitro model for permeability calculations.

transmission electron microscopy (TEM, Tecnai G2 F30ST, FEI Company); a focused ion beam (FIB, Quanta 2003D microscope, FEI
Company) was used to prepare the specimens for TEM analysis.
3. Results and discussion
3.1. Pt-coated nanoﬁbers and nano-textured Pt-coated micro-ropes
Scanning electron microscopy (SEM) images of the electrospun
PAN and Pt-coated nanoﬁbers are shown in Fig. 2. Fig. 2a and
b shows the SEM images of individual nanoﬁbers of the pristine PAN and Pt-coated specimens, while Fig. 2c and d shows the
corresponding micro-ropes formed from the PAN and Pt-coated
nanoﬁbers, respectively. The cross-sectional diameter of the pristine PAN nanoﬁber is ∼320 nm (Fig. 2a) and that of the Pt-coated
nanoﬁber is ∼500 nm (Fig. 2b). It should be emphasized that both
the PAN and Pt-coated nanoﬁber mats are twisted into cylindrical
micro-ropes, which are elaborately manipulated to have diameters
equal to that of a commercial Pt coil (Fig. 2c and d) [17]. As a result, the diameters of both micro-ropes are approximately 250 μm;
the length of each micro-rope is 10 cm.
To explore the permeability changes with variation in the diameter of the Pt-coated nanoﬁbers, Pt-coated nanoﬁbers of different
diameters are fabricated by varying the electroplating times from
5, 10, to 20 min (Fig. 2e–g). This yields Pt-coated ﬁbers with diameters of 0.50 ± 0.08, 0.75 ± 0.11, and 1.00 ± 0.13 μm, respectively.
However, it should be emphasized that the diameters of the microropes formed from the Pt-coated nanoﬁbers of different diameters
remain equal to 250 μm. This is achieved by using different numbers of Pt-coated nanoﬁber mats to form the micro-ropes: 36, 16,
and 10 nanoﬁber mats with nanoﬁber diameters of 0.50, 0.75, and
1.00 μm, respectively, are used to fabricate each micro-rope. The
size of each nanoﬁber mat is 3 cm × 4 cm.
To better characterize the cross-sectional structures of individual Pt-coated nanoﬁbers, TEM is performed as shown in Fig. 3,
where the specimen is prepared by using a FIB milling technique (cf. Section 2.3). The cross-sectional TEM images of Pt-coated

Fig. 2. SEM images of (a) the electrospun PAN nanoﬁbers, (b) the Pt-coated
nanoﬁbers, (c) the twisted PAN micro-rope, and (d) the twisted Pt-coated microrope. SEM images of the Pt-coated nanoﬁbers with different electroplating times of
(e) 5, (f) 10, and (g) 20 min.

nanoﬁbers in Fig. 3a and b clearly show the core-shell structures
of the nanoﬁbers, where the PAN core diameter and the Pt shell
thickness are 320 and 90 nm, respectively. These results are consistent with those obtained from the SEM images in Fig. 2a and b.
It should be emphasized that, not only the probability of the core
being exposed to in vivo is very low due to the Pt shell, but also
the PAN core can be replaced by biocompatible polymers such as
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Fig. 3. (a, b) Cross-sectional TEM images of Pt-coated nanoﬁbers. (c) An elemental mapping image of the corresponding Pt-coated nanoﬁber (where red color indicates Pt
element), and (d) the corresponding selected-area electron diffraction (SAED) pattern. (e) XRD patterns of electrospun PAN nanoﬁbers and Pt-coated nanoﬁbers. (f) Highresolution XPS spectrum of Pt 4f energy level. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

polycaprolactone [17]. In addition, the recent studies demonstrated
that PAN can be biodegradable through synthesis with Pectin
[19] and sodium silicate [20]. That is, the potential risk of the exposure of the core in vivo can be eliminated.
In addition, the elemental mapping TEM image in Fig. 3c conﬁrms that the shell is comprised of Pt, as veriﬁed by the selectedarea electron diffraction (SAED) patterns in Fig. 3d. The SAED pattern reveals that the Pt coating is polycrystalline, exhibiting four
concentric rings; from the innermost to outermost, these correspond to the (111), (200), (220), and (311) crystal planes of Pt, respectively [18].
Fig. 3e shows the X-ray diffraction (XRD) patterns of the PAN
and Pt-coated nanoﬁbers. A broad peak in the 2θ = 20°–30° range
from the PAN nanoﬁbers indicates the amorphous characteristic of
polymeric PAN [21,22]. The red-colored XRD proﬁle, showing discernible peaks at 2θ = 39.6°, 46.4°, and 67.1° that correspond to
the (111), (200), and (220) planes, respectively, of face-centered
cubic (fcc) Pt, conﬁrms that the electroplated nanoﬁbers are completely covered by high-purity Pt (JCPDS Card 04-0802) [23–26].
The XPS spectrum of Pt in Fig. 3f shows one pair of peaks.
These two peaks located at the binding energies of 71.0 and 74.2 eV
are respectively attributed to the Pt 4f7/2 and Pt 4f5/2 orbital levels
of metallic Pt. Note that these two main peaks of the Pt 4f electrons are originated from Pt(0). Peaks from Pt(IV), which are related to oxygen-containing Pt species such as PtO and PtO2 , are not
observed in the XPS spectrum [27,28], thus indicating that the Ptcoated nanoﬁbers are not oxidized in the process of electroplating
(cf. Section 2.1).
Although the initial shape of the as-fabricated Pt-coated microropes was akin to a thin and long strand (see Fig. 4a), the high
ﬂexibility of the micro-rope allowed it to be bent in any directions,
which facilitated various three-dimensional (3D) conformations as
commercial coils do (Fig. 4a–c). This is attributed to the fact that
not only the core of Pt-coated nanoﬁbers was composed of a soft

polymeric material, but also the Pt shell is thin (cf. Figs. 2 and 3).
Note that the second maximum twist induced the micro-rope to
be highly- and densely-twisted, resulting in a decrease in its diameter from 250 to 150 μm (Fig. 4b). Furthermore, to explore whether
the Pt-coated micro-ropes deform due to the prolonged contact
with water, the change in morphology before and after soaking
in water for 72 h was compared as described in Fig. 4d. No discernible changes in both morphology and diameter were found,
which demonstrated that the Pt-coated micro-rope can be sturdy
enough even in blood.
3.2. Compatibility of Pt-coated micro-ropes with catheters
In order to explore the compatibility of the fabricated Ptcoated micro-ropes with commercial catheters, we used commercial catheters to insert the Pt-coated micro-ropes into the in vitro
experimental model. Chaperon guiding and inner micro-catheters
were obtained from Micro Vention (Table 2). Fig. 5a shows the Ptcoated micro-rope inserted in the catheter, where the innermost
micro-rope was in the core of the hollow 4F micro-catheter and
the corresponding micro catheter was located in the hollow of the
5F guide catheter. Fig. 5b–h depicts snapshots of the micro-rope
delivery process using the catheters. Note that each catheter is delivered using a semi-automatic delivery system developed in-house
(cf. Fig. 5b), while the micro-ropes are delivered by hand. First, the
guide catheter is inserted and located near the bladder (see Fig.
5c and d). Next, the micro-catheter is delivered to the entrance
of the bladder through the guide catheter (Fig. 5e and f). Fig. 5g
shows the bladder early in the delivery process, where only one Ptcoated micro-rope is inserted (N = 1, cf. Section 2.2); Fig. 5h shows
the completely ﬁlled bladder with multiple micro-ropes (N = 40),
which conﬁrms that the Pt-coated micro-rope is compatible with
commercial catheters. Note that the bladder is completely stuffed
at N = 40, with no ﬂuid ﬂow occurring through the bladder. Movie

M.-W. Kim, S. An and H. Seok et al. / Acta Biomaterialia 101 (2020) 285–292

289

Fig. 4. (a) Photographs of the Pt-coated micro-ropes in straight and helical shapes. (b) SEM images of the Pt-coated micro-rope (top) with and (bottom) without the second
maximum twist. (c) Photographs of the highly intertwined Pt-coated micro-ropes at (top) the inside and (bottom) the outside the bladder. (d) Photographs and SEM images
of the Pt-coated micro-rope before and after immersing it in water for 72 h.

Table 2
The speciﬁcation of the commercial catheters used in the experiment.

3.3. Blocking performance of micro-ropes

Catheter type

Parameter

Value

Guide catheter

Size
Inner diameter [mm]
Cather length [cm]
Distal ﬂex. length [cm]

5F
1.50
95
7

Micro-catheter

Size
Inner diameter [mm]
Cather length [cm]
Distal ﬂex. length [cm]
Hydrophilic coating length [cm]
Max. injection pressure [psi]

4F
1.03
117
7
15
750

Guide catheter

Size
Inner diameter [mm]
Cather length [cm]
Distal ﬂex. length [cm]

2.4F
0.79
100
11

Micro-catheter

Size
Inner diameter [mm]
Cather length [cm]
Distal ﬂex. length [cm]
Hydrophilic coating length [cm]
Max. injection pressure [psi]

1.7F
0.43
150
11
15
750

S1 shows the detailed Pt-coated micro-rope insertion process using
the 4F micro and guide catheter.
On the other hand, it should be emphasized that the use of
Pt-coated micro-ropes is also feasible through different catheters,
as shown in Fig. 6 and Movie S2, in which a micro-rope was inserted in 1.7F micro- and 2.4F guide catheters and its movement
inside the catheters was observed. Details of the catheters are described in Table 2. This result clearly demonstrated that the Ptcoated micro-ropes reveal a high compatibility with various kinds
of commercial catheters.

Fig. 7a and b shows the PVA ﬂuid (cf. Section 2.2) ﬂowing
through the channels and bladder in the in vitro experimental
model, exhibiting the difference in ﬂow after the bladder completely stuffed with Pt-coated micro-ropes. Contrary to the case
of N = 0 (Fig. 7a), it is clearly seen that the bladder is completely
blocked at N = 40.
As sketched in Fig. 1e, the upper part of the in vitro experimental model includes the bladder with a length of l and a sub-channel
with a length of l1 . Accordingly, the ﬂuid ﬂow through the bladder
can be obtained from Darcy’s law via Eq. (1), while those through
the sub-channel in the upper part and through the lower channel
with length of L2 Fig. 1e) can be described by the Poiseuille equation, as given in Eqs. (2) and (3):

Q1 =

K

μ

·

(P1 − P )
l

· π R2

(1)

Q1 =

π R4 (P1 − Patm )
·
8μ
l1

(2)

Q2 =

π R4 (P − Patm )
·
8μ
L2

(3)

where R is the channel radius (cf. Section 2.2), μ is the ﬂuid viscosity (cf. Section 2.2), and P is the pressure at the bifurcation
point Fig. 1e). Also, P1 is the pressure at the exit of the bladder
and Patm is the atmospheric pressure at the channel outlets. Note
that the pump pressure Ppump is the highest applied pressure in
the channel before the bifurcation (Fig. 1e), which indicates that
P = Ppump . Also, K is the bladder permeability (Fig. 1e). In addition,
Q1 and Q2 are the ﬂow rates through outlets 1 and 2 of the model,
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Fig. 5. (a) A photograph of the inserted Pt-coated micro-rope in the catheter, where 4F micro and 5F guide catheters were employed. (b–h) Snapshots in a time sequence
for the delivery process of the micro-ropes by (c, d) guide and (e, f) micro-catheter. Magniﬁed photos of the bladder ﬁlled with multiple micro-ropes at (g) N = 1 and (h)
N = 40.

respectively. From Eqs. (1)–(3), the permeability is found as:

K=

R
Q1 · l
·
Q0 · L2 + Q1 · ( l − 2L2 ) 8

2

(4)

Note that in the case of N = 0 (where the bladder is empty, cf.
Fig. 7a) the relationship among the ﬂow rates is Q1 = Q2 = Q0 /2
(where Q0 is the ﬂow rate through the inlet of the model). This
reduces Eq. (4) to K = R2 /8. In contrast, when the bladder is completely blocked by the PT micro-ropes (N = 40, cf. Fig. 7b), ﬂuid
ﬂows only through the lower channel (cf. Fig. 7b), corresponding
to Q2 = Q0 . Here, because Q1 = 0, also K = 0 [see Eq. (4)]. Fig. 7c
and Table 3 describe the volume of the drained ﬂuid from each
outlet as the number of inserted micro-ropes (N) is increased for
various diameters of Pt-coated nanoﬁbers. It is seen that the vol-

ume of ﬂuid drained from outlet 1 is reduced from 5 to 3.33 to
0 mL as N increased from 0 to 20 to 40, respectively, when using Pt-coated nanoﬁbers with the diameter of 0.50 μm (Fig. 7c and
Table 3).
Fig. 7d depicts the variation of the bladder permeability K as
the number of Pt-coated micro-ropes N and the corresponding diameter of Pt-coated nanoﬁbers are varied. The value of K without micro-ropes is 0.03125 mm2 (see red solid line at Fig. 7d);
it is gradually decreased from 0.01136 (when the ﬁber diameter
is 0.50 μm), 0.01380 (when the ﬁber diameter is 0.75 μm), and
0.01518 mm2 (when the ﬁber diameter is 1.00 μm) to 0 mm2 (for
all diameters) as the number of micro-ropes N increases from 10 to
40 (Fig. 7d). This indicates that the bladder becomes impermeable
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Table 3
Comparison of the volume of drained ﬂuid from outlets 1 and 2 with different numbers of inserted Pt-coated micro-ropes and
different diameters of Pt-coated nanoﬁbers.
0.50 μm
N
0
10
20
30
40

0.75 μm

1.00 μm

Outlet 1 [ml]

Outlet 2 [ml]

Outlet 1 [ml]

Outlet 2 [ml]

Outlet 1 [ml]

Outlet 2 [ml]

5.00
3.87
3.33
1.43
0

5.00
6.13
6.67
8.57
10

5.00
4.13
3.44
2.45
0

5.00
5.87
6.56
7.55
10

5.00
4.25
3.75
2.75
0

5.00
5.75
6.25
7.25
10

Table 4
Comparison of the bladder permeability with different number of inserted Ptcoated micro-ropes and different diameters of Pt-coated nanoﬁbers in them. Note
that the units of the permeability are 10−4 mm2 .

N

Diameter
0.50 μm

0.75 μm

1.00 μm

0
10
20
30
40

8.33
4.22
3.12
0.89
0

8.33
4.87
3.31
1.84
0

8.33
5.23
3.94
2.25
0

The relationship between the pump pressure, Ppump , and the total volumetric ﬂow rate, Q0 , is as follows:
Fig. 6. Photographs of the Pt-coated micro-rope inserted in 1.7F micro and 2.4F
guide catheters.

P = Ppump − Patm =

8μ
( Q · L + Q2 · L2 )
π R4 0 1

(5)

On the other hand, note that the value of K increases with
an increases in the diameter of the Pt-coated nanoﬁbers Fig. 7d),
which means that the thinner Pt-coated nanoﬁbers are more eﬃcient in practice in terms of the permeability reduction, shortening
the electroplating time, and reduction in Pt use. On the other hand,
accounting for the fact that blood pressure can vary depending on
the size and shape of blood vessels, we explored the change in
the permeability values with varying ﬂuid pressure. Fig. 7e shows
the change of the permeability K with varying the pump pressure,
P, from Eq. (5). The value of N was 20 and the ﬁber diameter
was 0.50 μm. Based on the Poiseuille law [cf. Eqs. (2) and (3)], the
ﬂow rate of the injected ﬂuid was adjusted from 0.5 to 2 mLmin-1
to change the pressure from one-half of the initial value to the
double value. Note that the initial ﬂow rate was 1 mLmin-1 (cf.
Section 2.2). As a result, the value of K varied from 0.00801 to
0.00779 and 0.00881 mm2 , as the pressure varied from one-half
of the initial value to the double value, which conﬁrmed that the
permeability was almost constant regardless of the change in the
ﬂuid pressure.

4. Conclusion

Fig. 7. Photographs of the ﬂuid ﬂows in the in vitro experimental model: (a) without, and (b) with the Pt-coated micro-ropes in the bladder. (c) Comparison of the
ﬂuid volumes released from outlets 1 and 2 as a function of the number of inserted
micro-ropes in the bladder (N). (d) Variation in the permeability K with varying
number N of micro-ropes comprising Pt-coated nanoﬁbers of different diameters.
(e) The change of the permeability K with varying the pressure of the injected ﬂuid.

when N reaches 40 for all nanoﬁber diameters. The permeability
values for different cases (numbers of micro-ropes and ﬁber diameters) are listed in Table 4.

Pt-coated nanoﬁbers can be eﬃciently and robustly prepared
using electrospinning followed by electroplating. Mats of these
nanoﬁbers can be tightly twisted to form Pt-coated micro-ropes,
which are feasible, effective and attractive for endovascular coil
embolization. The developed Pt-coated micro-ropes exhibit reasonable compatibility with commercial delivery catheters, and also reveal high packing performance resulting in negligible permeability
as demonstrated in vitro experiments.
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