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ABSTRACT: Nanoporous polyethersulfone (PES) membranes are widely used in dialysis systems due to their permeability and diffu-
sion characteristics. However, PES membranes lack blood compatibility, which influences their permeability performance when
employed in blood contact devices. Parylene film was deposited on a PES membrane surface and the membrane permeability and
blood compatibility were investigated by long-term blood diffusion testing. After 28 days of testing, 90% of a bare PES membrane
was covered with platelets, while the parylene film coated PES membrane had improved biocompatibility with a platelet coverage of
only 20-30%. The permeability of the bare PES membrane significantly declined during the first 7 days of the blood diffusion and
became stable after 8 days. In contrast, the permeability of the parylene film coated PES membrane exhibited more consistent per-
formance during the entire test. Thus, parylene film coating on PES membrane has potential for application in hemodialysis systems.
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INTRODUCTION

In recent decades, polymeric membranes have been widely used
in the field of water filtration, blood purification, and as mem-
branes in medical devices and hemodialysis systems. In the field
of medical devices for hemodialysis systems, we have success-
fully designed and fabricated a multilayered microfilter for use
as the dialyzer of a wearable artificial kidney.' The wearable
artificial kidney needs to operate dialysis treatment for a long
time. For that reason, the PES membrane was selected as a sep-
aration membrane for wearable artificial kidney due to its good
mechanical strength, thermal stability, and chemical resistance.”

However, the poor blood compatibility of the PES membrane
when in contact with blood causes adsorption of protein and
further platelet adhesion, aggregation, and coagulation, which
limits the application of PES membranes to blood-contacting
devices.>™ In order to improve the blood compatibility and bio-
compatibility of PES membrane, numerous researches have
been conducted, such as surface coating,2 blending,3’5’6 and sur-
face grafting.*

We have also previously developed a new technique to coat par-
ylene film onto PES membrane surfaces using glycerin vapor
and control of the amount of parylene dimer to improve the
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diffusivity of the coated membrane.” The parylene deposition
process utilizes the passage of glycerin vapor through the mem-
brane to create a nanoporous parylene film. The nanoporous
parylene film formed on the membrane is thus considered to be
aligned with the pores of the PES membrane.

Parylene film has been used as a protective layer on PES mem-
branes, due to its excellent blood and biocompatibility.*"!
However, the use of parylene film as a layer on PES membrane
surfaces had not been studied, especially the reliability of a PES
membrane coated with parylene film in a system involving
blood contact. Therefore, platelet adhesion to parylene film
coated PES membrane during long-term diffusion tests was
investigated in this study. Long-term diffusion tests (0-28 days)
were conducted to clarify the extent of time that the modified
PES membrane could be applied in a blood contact device. In
addition, the permeability performance of the modified mem-
brane during the long-term diffusion tests was also examined.

EXPERIMENTAL

Membrane Preparation

Flat sheet PES membranes were prepared from PES (molecular
weight: 4800, Sumitomo Chemical Co., Japan), polyvinylpyrroli-
done (PVP; molecular weight: 35,000, Wako Pure Chemical
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Figure 1. Parylene deposition process assisted by glycerin vapor. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Industries, Japan), and 1-methyl-2-pyrrolidone (NMP; Wako
Pure Chemical Industries, Japan), as solute, solvent, and addi-
tive components, respectively. PES, PVP, and NMP were mixed
in a ratio of 20 : 20 : 60 (wt %), respectively, and kept at room
temperature for approximately 48 h to form a transparent cast-
ing solution. The PES casting solution was then poured onto a
glass substrate. The PES membrane was then prepared by spin
coating at 3500 rpm followed by direct immersion into distilled
water. As soon as the glass substrate was immersed in distilled
water, a thin layer of white membrane was observed forming at
the interface between the casting solution and the distilled
water. The as-formed PES membranes were then stored for fur-
ther use in distilled water at room temperature for more than
24 h to remove the PVP solvent.

Membrane Modification

Surface modification of the PES membrane was conducted by
deposition of parylene-C onto the membrane using a Labcoter®
2 parylene deposition unit (SCS Coating Center Parylene Japan,
LLC). During deposition, the parylene dimer charge was vapor-
ized at 175°C and 133.3 Pa, then decomposed to its monomer
(paraxylylene) at 690°C and 66.7 Pa, and finally condensed and
polymerized onto the PES membrane at room temperature in a
deposition chamber at 6.7 Pa, as illustrated in Figure 1. Parylene
deposition is achieved by utilizing the passage of glycerin vapor
through the membrane to create a nanoporous parylene film.
The low vapor pressure of glycerin (0.2 Pa'?) ensures vaporiza-
tion during the deposition process. Figure 1 shows a schematic
of the process, where glycerin is vaporized and passes through
the membrane pores, which prevents parylene deposition above
the pores and subsequent blocking.

Platelet Adhesion and Aggregation

Platelet adhesion and aggregation play an important role in the
formation of a blood clot on blood-contacting membranes
applied in medical devices. Therefore, platelet adhesion must be
assessed to determine the blood compatibility of a membrane
intended for use in a hemodialysis system.

After blood diffusion experiments were conducted for 7 and 28
days, the diffusion chambers were opened, and the membranes
were removed for scanning electron microscopy (SEM). The
membranes were washed with phosphate-buffered saline (PBS;
pH 7.4) and platelets adhered onto the membrane surface were
fixed by treatment with freshly prepared 1% glutaraldehyde for
1 h at room temperature. After fixation, the samples were
washed and dehydrated in a series of graded ethanol solutions
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(20, 40, 60, 90, and 100%) for 10-15 min each. Dehydrated
membranes were then placed in a vacuum chamber and dried
overnight. The completely dried membranes were coated with
osmium and investigated using SEM (Quanta 200 SEM, Field
Emission). In order to determine the percentage of membranes
coverage by platelets, only two samples (1= 2) were used in the
experiments, due to the long period of diffusion test (28 days).
One sample was used on diffusion test from day 1 to day 7,
whilst the second sample was used continuously from day 1 to
day 28.

Long-Term Diffusion Test Experiments

Much research has been conducted to characterize molecular
transport through membranes by evaluation during filtration
processes.'>'* One of the methods commonly used to measure
membrane permeability is diffusion based separation. Diffusion-
based separation adopts the principle of the dialysis process,
where a dialysis membrane, which is permeable to water and
nanomolecules, is used as an ion exchange transport membrane.
In the dialysis process, the membrane exploits the difference in
concentration between the blood and the dialysate to remove
accumulated nitrogenous waste products in urine, excess water
and ions from the patient by the dialysate solution. The dialy-
sate solution is also used to supply ion deficiencies in the
blood.

In this study, defibrinated bovine blood (Kohjin Bio Co.) was
used as a blood solution and NaCl solution, which follows the
medical standard, was used as the dialysate solution. Urea was
added to the blood to achieve concentrations of blood urea
nitrogen (BUN) to 100 mg/dL. The concentrations of Na, K,
and Cl in the blood and dialysate were measured using an elec-
trolyte analyzer (SPOTCHEM EZ SP-4430, Arkray, Japan), while
the urea concentration was measured using an automated ana-
lyzer for clinical chemistry (SPOTCHEM EZ SP-4430, Arkray,
Japan). The detailed concentrations of the defibrinated bovine
blood and dialysate solution are presented in Table I.

The diffusivity of the membranes was evaluated over a long
term of 28 days. A loop system and diffusion chamber, as illus-
trated in Figure 2, was designed and fabricated to represent a
portable dialysis system for long-term diffusion tests on the
membranes. In this system, a peristaltic pump (Peri-Star Pro,
World Precision Instruments) was used to circulate the blood
and dialysate into the diffusion chamber.

The diffusion chamber was made of poly(methyl methacrylate)
(PMMA) plates, where grooves in the chamber chips acted as
channel connections for the blood and dialysate, which were
separated by the membrane. The channel in the chamber layer

Table 1. Urea, Na, K, and CI Concentrations in the Defibrinated Bovine
Blood and Dialysate

Urea Na K Cl
Solution (mg/dL)  (mmol/L)  (mmol/L)  (mmol/L)
Defibrinated 100 128 4.4 89
bovine blood
Dialysate <5 141 2.3 88
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Figure 2. Loop system and diffusion chamber. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

was 14 mm long, 2.8 mm wide and 200 um deep. Figure 3
shows the detailed dimensions of the diffusion chamber.

Based on our previous results,’ the bare PES membrane and
PES membranes coated with parylene dimer (10 and 20 mg)
were selected for comparison during a long-term diffusion test.
The methodology for calculation of the membrane diffusion
coefficient has been described previously,'® and the diffusion
coefficient was determined based on the following equation:

X —
_QXH [ 1)
A Cp—Cy

D

where C,4 is the initial concentration of urea in solution A and
Cp is that in solution B, which is initially the dialysate (Cp= 0).
H is the thickness of the membrane, A is the diffusion area of
the chamber, and Q is the flow rate of the blood and dialysate,
which were set to be the same and constant (10 pL/min). By
supplying blood solution and dialysate into the dual inlets of
the device, molecules smaller than the mean pore size of the

(a)

Section A - A

membrane can diffuse through the membrane into outlet B
(Cp). The extent of solute diffusion through the membrane can
be determined by measuring the concentration of the solution
collected in outlet B and that of the blood solution in outlet A
(Cu). The diffusivity performance of the membranes was meas-
ured daily during the 28 days of diffusion testing. The results of
these measurements are expressed as the mean of three repli-
cates and the corresponding standard deviation.

RESULTS AND DISCUSSION

Platelet Adhesion and Activation

In hemodialysis systems for the treatment of blood diseases, the
PES membrane has been well acknowledged due to its good
chemical and mechanical properties. Therefore, it was important
to evaluate the blood compatibility and biocompatibility of the
PES membrane for further application in dialysis systems.

Protein absorption from the blood into the membrane is the
fundamental process in the formation of blood clotting and

blood inlet

blood outlet

PES
membrane

dialysate inlet dialysate outlet

®

Figure 3. Design of the diffusion chamber. (a) Side view, where H is the membrane thickness, L is the channel length, & is the channel height, and w is

the channel width. (b) Isometric view. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tissue formation on the membrane surface used in dialysis devi-
ces.'® Therefore, platelet adhesion and tissue growth due to
long-term diffusion (0-28 days) was investigated. On day 7 of
the diffusion test, the diffusion chambers used for the dialysis
system were opened and three membranes were prepared for
SEM analysis.

Based on the SEM analysis, after 7 days of diffusion testing, the
surface of the bare PES membrane started had some platelets
adhered to it, as shown in Figure 4. Approximately 20% of the
membrane surface was covered by platelets. The appearance of
platelets should correspond to the long-term diffusion perform-
ance of the bare PES membrane; the membrane diffusivity was
significantly decreased by 60% after 7 days of blood diffusion.

In contrast, the PES membranes coated with parylene film showed
promising results, where the membrane surfaces were relatively
free from adhered platelets and only 5-10% of the membrane sur-
face was covered by platelets, as shown in Figure 4(b) and (c).
The percentage of the membrane diffusion area covered by plate-
lets within the first 7 days and after 28 days of diffusion testing is
shown in Figure 5. The results confirm that the parylene film was
successfully deposited on the PES membrane surface by employing
the passage of glycerin vapor through the membrane pores during
parylene deposition (Figure 1). The coating of parylene onto the
PES membrane surface resulted in improved blood compatibility
of the PES membrane and the membrane permeability was main-
tained, as shown in Figures 4 and 5.

Diffusion testing was continued until 28 days to evaluate the
long-term reliability of the membranes. After the diffusion tests
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Figure 4. SEM images of platelets adhered onto the surfaces. (a) Bare PES membrane after 7 days diffusion, (b) PES membrane coated with 10 mg of
parylene dimer after 7 days diffusion, (c) PES membrane coated with 20 mg of parylene dimer after 7 days diffusion, (d) bare PES membrane, after 28

days diffusion, (e) PES membrane coated with 10 mg of parylene dimer after 28 days diffusion, and (f) PES membrane coated with 20 mg of parylene
dimer after 28 days diffusion.

were completed on day 28, the three membranes were prepared
for the platelets adhesion analysis. Figure 4(d) shows that plate-
lets have completely covered the bare PES membranes surface,
with only some limited areas free of platelets. Approximately
90% of the bare PES membrane surface was covered with
adhered platelets. Numerous platelets were aggregated on the
bare PES membrane, the numbers of which increased with the
diffusion test period. However, the addition of platelets accu-
mulated on the membrane surface was not directly related to

100

90 ® Bare PES membrane

80 ® Parylene 10 mg

70
# Parylene 20 mg

60

50

Coverage of membrane with platelets (%)

7 28
Period of diffusion test (days)

Figure 5. Coverage of membrane with platelets. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Diffusion coefficients for urea transport through the different membranes. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

the diffusion performance of the membrane, because the diffu-
sivity of the membrane was relatively stable.

In contrast, PES membranes coated with parylene film (10 and
20 mg of parylene dimer) had only a very sparse adherence of
platelets, as shown in Figure 4(e) and (f). The parylene film on
the membrane surface improved the biocompatibility and blood
compatibility of the membrane, due to a reduction of adsorbed
protein, thereby preventing the activation of platelets from
adhering and accumulating on the membrane surface. Approxi-
mately 20-30% of the parylene coated membranes were covered
by platelets. Although the parylene coated PES membrane surfa-
ces were relatively free from adhered platelets, the diffusivity
performance of these membranes were in the same range as
that of the bare PES membrane.

Figure 5 shows that platelet adherence to the membrane surface
was increased with the period of diffusion testing. In the first 7
days, only 20% of the bare PES membrane surface was covered
with platelets. However, after 28 days of diffusion testing,
almost all of the membrane diffusion area was covered with pla-

Molecules smaller
than pores can pass

' o/ =

Molecules larger than
pores cannot pass

ﬂ L
L

I'llllU

telets. In contrast, the PES membranes coated with parylene
films had improved blood compatibility, where only 20-30% of
the membrane diffusion area was covered with platelets after 28
days of diffusion testing.

Diffusion Coefficients of the Membranes After Long-Term
Diffusion Tests

Figure 6 shows the diffusivity of urea for the bare PES mem-
brane, and the PES membrane coated with 10 and 20 mg of
parylene dimer. The detectable measurement limit shown in
Figure 6 represents the minimum detection limit of urea diffu-
sion through the membrane porous. The concentration meas-
urements were performed three times and the error bars
indicate the standard deviation of the mean from three meas-
urements. The bare PES membrane gave the highest diffusivity
on the first day, followed by the PES membranes coated with 10
and 20 mg of parylene dimer, due to the absence of parylene
coating on the PES membrane surface.

The diffusivity of the bare PES membrane was significantly
decreased during the first 7 days, due to membrane fouling.

i

Platelets block the
membrane pores

E Semipermeable

(a)

membrane (b)

Figure 7. Filtration process. (a) Diffusion based separation using porous membrane, and (b) fouling mechanism for a semipermeable membrane. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Membrane fouling may occur immediately upon membrane
contact with blood or other biological materials.'” Furthermore,
in a semipermeable membrane, the pores act as a separator and
allow molecules smaller than the pore to pass through the
membrane, while larger molecules cannot pass through, as illus-
trated in Figure 7(a). If biolayers or platelets in the blood foul
or cover the permeable membrane, then fewer molecules will
diffuse through the membrane, which results in a reduction of
membrane diffusivity, referred to as membrane fouling
[Figure 7(b)].

The blood diffusion experiments were continued from day 8 to
day 21, during which time the diffusivity of urea through the
bare PES membrane had a tendency to fluctuate. The diffusivity
of the bare PES membrane remained stable until day 28 with
some amount of urea diffused through the membrane, and the
diffusion coefficient was still above the detectable limit line.
This explained the growth of biolayers in the form of tissue on
the membrane surface'®'® during the long-term diffusion test,
as shown in Figure 4. The growth of tissue occurred in the first
7 days of the diffusion test and the density of tissue increased
with the duration of contact between the membrane and the
blood."” However, the higher density of tissue had no significant
effect on the membrane permeability. The same amount of urea
particles could diffuse through the adhered tissue and porous
membrane after 8 days of diffusion testing due to the porosity
of the tissue. Therefore, from day 8 until day 21, the permeabil-
ity of the bare PES membrane became constant, even though
the intensity of tissue growth increased. This result implies that
even if stable bio-layers form, some molecules will still be able
to permeate through.

For the PES membranes coated with parylene film (10 and 20
mg), the diffusivity for urea began as lower than that for the
bare PES membrane, and then declined within the first 7 days.
The reduction in membrane diffusivity was not as significant as
that for the bare PES membrane. This is apparently due to the
presence of the parylene film on the PES membrane surface,
where the coated parylene layer improves the biocompatibility
and blood compatibility of the membranes. The diffusivities of
these membranes had similar trends from day 8 to day 21, and
the membrane diffusivity reached the highest value for the 10
mg parylene dimer coated PES membrane. However, during
this time period of blood diffusion, both coated membranes
also experienced their lowest diffusivity values.

The diffusion test was continued until day 28. During day 22 to
day 28, the coated membrane (10 mg of parylene dimer) exhib-
ited diffusivity similar to that for the bare PES membrane. The 10
mg parylene coated PES membrane even had the highest diffusiv-
ity of all the membranes at times during this period. However, at
the end of long-term diffusion test (day 28), the three membranes
exhibited diffusivities within the same range, where the bare PES
membrane gave the highest diffusion coefficient, followed by the
membranes coated with 10 and 20 mg of parylene dimer.

The membrane diffusivities are within an acceptable range,
because they were above the detectable limit. Based on the
long-term diffusion tests, it was concluded that although the
diffusivity of the coated membrane was well below that for the
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bare PES membrane on the first day, after 28 days diffusion in
a dialysate system of blood and dialysate solution, the mem-
brane performance remained relatively stable at the same diffu-
sivity value. After 28 days, the diffusivity performance of the
bare PES membrane had declined up to 61%, while the decline
in diffusivity performance of the 10 and 20 mg parylene dimer
coated PES membranes was approximately 45%.

The final goal of this study was to create a membrane that
could be used in a dialysis system. Principally, implanted mem-
branes in blood contact devices such as dialysis systems rely on
maintaining diffusion of a stable amount of molecules through
the membrane pores, regardless of the diffusion period or the
blood contact time. The modified PES membrane had a signifi-
cantly reduced number of adhered platelets and the amount of
tissue growth on the membrane surface. In addition, the diffu-
sivity performance of the coated membranes was more stable
than that of the bare PES membrane, which indicates that the
parylene coated PES membrane has significant potential for
application as a membrane in the dialyzer of a wearable artifi-
cial kidney. The capacity of PES membranes coated with pary-
lene has been demonstrated with long-term blood diffusion
tests (0-28 days), during which period the membranes gave
consistent permeability performance and the number of adhered
platelets and amount of tissue growth was significantly reduced.

CONCLUSION

The diffusivity performance of PES membranes coated with par-
ylene was evaluated during long-term diffusion tests (28 days).
The modified membranes were prepared by controlling the
amount of parylene dimer and deposition was accomplished
with the assistance of glycerin vapor. After 28 days of diffusion
testing, the tested membranes (bare PES membrane, and 10 and
20 mg parylene dimer coated PES membranes) had similar dif-
fusion coefficients. However, the membranes coated with pary-
lene had a very sparse amount of adhered platelets on the
surface compared with that on the bare PES membrane surface.
Approximately 90% of the bare PES membrane surface was cov-
ered with platelets, whereas the coated membranes had only ca.
20-30% platelet coverage of the membrane surface. This is
attributed to the biocompatible parylene layer coated on the
PES membrane surface. Thus, the coated PES membranes are
considered to have potential for application in hemodialysis
systems.
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