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ABSTRACT

A major challenge in the development of wearable artificial kidneys lies in the efficient removal
of urea, which is found at an extremely high concentration in the blood of patients with chronic
kidney disease (CKD). Urease is an enzyme that hydrolyzes urea. While it can efficiently remove
urea, toxic ammonium is produced as a byproduct. In this study, nanofibers capable of removing
both urea and ammonium from blood were fabricated. Specifically, urease was immobilized on
electrospun poly(ethylene-co-vinyl alcohol) (EVOH)/chitosan nanofiber membranes via covalent
crosslinking. Chitosan not only helped covalent immobilization via its free amino groups, but
also improved hemocompatibility by suppressing protein adhesion. The resulting urease-
immobilized EVOH/chitosan nanofibers exhibited an outstanding urea removal performance of
690 mg/g per hour. For ammonium removal, EVOH nanofiber membranes containing sodium
cobalt(Il) hexacyanoferrate(Il) (NaCoHCF), an ammonium adsorbent, were prepared. The
fabricated EVOH/NaCoHCF membranes exhibited an ammonium adsorption capacity of 135.5
mg/g. The two types of nanofiber membranes were combined to form a double-layered nanofiber
membrane that was placed in a filter holder for continuous-flow cycling experiments. Under such
conditions, all urea at a concentration similar to that in the blood of CKD patients was degraded
within 1 hour, and ammonium production was reduced by approximately 90% of the normal
level. This double-layered nanofiber membrane is a novel material that can achieve both urea
degradation and ammonium adsorption, and is expected to advance the development of wearable

artificial kidneys, a game-changer in the treatment of CKD.



1. Introduction

In healthy individuals, waste products in the blood are filtered by the kidneys and excreted
from the body as urine. However, patients with dysfunctional kidneys have chronic kidney
disease (CKD). Under such pathological conditions, waste products accumulate in the blood,
causing various complications.! The only intervention that can fundamentally cure CKD is
kidney transplantation; however, the shortage of donors and severe rejection after transplantation
limit its applicability as a universal treatment option.>* Therefore, hemodialysis is the most
commonly used method to treat CKD. Nevertheless, hemodialysis is extremely burdensome to
the patient, as it requires three visits per week and approximately 4 hours of treatment each time.
In addition, as hemodialysis requires a large amount of water, it is difficult to perform in
developing countries or during disasters, when water is scarce.’ To resolve this problem, various
research groups have developed wearable artificial kidneys (WAK). The first WAK was
introduced in 1976 by Dr. Willem Kolff, who developed hemodialysis.® This WAK used
charcoal to remove waste products from the dialysate solution, making the solution reusable,
thereby reducing the amount of water required for treatment and decreasing the device size. Ever
since, several other WAK have been developed;’ '° yet none of them are widely used because of
their inadequate urea removal performance.

Urea is a typical uremic toxin that accumulates in the blood of patients suffering from CKD at
a very high concentration (230 mg/dL).!! Urea is found at the highest concentration among
approximately 100 substances reported as uremic toxins. Recently, urea has also been reported to
be a toxin that should be removed from blood, because it is found to act on vascular endothelial
cells and promote the production of reactive oxygen species.'>!* However, owing to its small
size (low molecular weight) and charge neutrality, urea is extremely difficult to remove via

adsorption.'"* Although many researchers have attempted to develop urea adsorbents, the



adsorption performance of the developed materials has been inadequate, thus, a large amount of
adsorbent is required to completely remove the urea present in blood.!>

Another effective approach for urea removal is its degradation. Urease is an enzyme that
hydrolyzes urea, and many materials have been developed to immobilize it.2°2° These materials
have superior urea removal performance compared to adsorption methods, but ammonium,
which is also known to be highly toxic in the blood, is produced as a byproduct of urea
degradation, which is a major obstacle to the practical use of WAK.

In this study, we designed and developed a new material to simultaneously solve the two
conventional problems of removing urea from blood: "low adsorption performance" and "
ammonium production." Specifically, we fabricated double-layered nanofibers composed of the
layer for urea degradation and the layer for ammonium removal. The first layer is composed of
poly(ethylene-co-vinyl alcohol) (EVOH) and chitosan nanofibers via electrospinning (Figure 1).
EVOH is not only highly linear and suitable for electrospinning, but exerts hemocompatibility,
and therefore, it has already been used in hemodialysis membranes.?® Chitosan, a polysaccharide
with highly reactive amino groups, was used to immobilize urease on the nanofibers. As a
natural polysaccharide derived from crustacean shells, chitosan has attracted significant attention
in recent years because of its ability to be chemically modified using its amino and hydroxyl
groups.””?® Subsequently, we immobilized urease on the first layer of the double-layered
nanofibers using glutaraldehyde as a crosslinking agent to form chemical bonds between the
amino groups of chitosan and urease. It should be noted that chitosan not only helped immobilize
urease, but also greatly suppressed protein adsorption, improving the hemocompatibility of the
membrane. Further, we incorporated sodium cobalt(Il) hexacyanoferrate(Il) (NaCoHCF) as an

ammonium adsorbent in the second layer. This allowed both urea degradation and ammonium



adsorption to be achieved using a single material. NaCoHCF is a Prussian blue-type complex
that has been reported to exhibit high adsorption performance and selectivity for ammonium ions
through ion-exchange reactions.?’ Nevertheless, if NaCoHCF is used directly, there is a risk of
toxicity due to direct contact with the blood or leakage of NaCoHCF into the blood. To prevent
this, EVOH nanofibers containing NaCoHCF were prepared and used as ammonium adsorption
filters. The nanofibers were fabricated by electrospinning, a typical nanofiber fabrication

method.?°
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Figure 1. Schematic of urea removal from blood using double-layered nanofibers.

2. Materials and Methods
2. 1. Materials

An EVOH copolymer (EVAL® E105A) with 44 mol% ethylene ratio was purchased from
Kuraray Co., Ltd (Tokyo, Japan). Another EVOH copolymer (Soarnol™ V2504RB) with 25
mol% ethylene ratio was purchased from Mitsubishi Chemical Corporation (Tokyo, Japan).
Low-molecular-weight chitosan (Catalog Number 448869) was purchased from Sigma-Aldrich

(USA). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from Tokyo Chemical Industry



Co., Ltd. (Tokyo, Japan). Dulbecco’s phosphate-buffered saline (PBS) and human serum albumin
(HSA) were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Acetic acid, 25% aqueous
glutaraldehyde solution, urease, urea, sodium ferrocyanide decahydrate, cobalt(Il) nitrate
hexahydrate, ammonium chloride, sodium dodecyl sulfate (SDS), and sodium hydroxide were
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). The urea assay kit
was purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan). Porcine blood samples were purchased
from Tokyo Shibaura Zouki (Tokyo, Japan). Micro BCA™ Protein Assay Kit was purchased

from Thermo Fisher Scientific K.K. (Tokyo, Japan).

2.2 Preparation of EVOH/chitosan nanofibers

First, EVOH and chitosan solutions were prepared separately. EVOH with an ethylene ratio of
44 mol% was dissolved in HFIP at 4 wt% concentration via sonication. Chitosan was dissolved
in a mixed solvent consisting of acetic acid, distilled water, and HFIP (45:5:50 wt%) at 2 wt%
concentration by stirring overnight, followed by centrifugation to remove the undissolved
material. The chitosan and EVOH solutions were mixed at predetermined ratios to obtain
electrospinning solutions with final chitosan concentrations of 0.4, 0.5, 0.7, 1.0, and 1.6 wt%.
The detailed mixing ratios are listed in Table 1. The viscosity of these solutions was measured to
check the spinnability for electrospinning. The solution was injected into a viscometer
(RheoSense microVISC-m) at room temperature, and viscosity was calculated using the mixed
solvent consisting of acetic acid, distilled water, and HFIP as a reference. Finally, the mixed
electrospinning solution was electrospun on ESM-101 (MECC Co., Ltd., Fukuoka, Japan) using
a 22 G needle at 30 kV applied voltage and 1.0 mL/h feeding rate. The collector-to-needle

distance was 15 cm.



2.3 Synthesis of NaCoHCF

NaCoHCF was synthesized in accordance with a previous report. Sodium ferrocyanide
decahydrate and cobalt(Il) nitrate hexahydrate were dissolved separately in ultrapure water to
prepare 0.4 mol/L solutions.?’ The two solutions were mixed in a beaker and stirred at room
temperature for 15 min to obtain a slurry. The slurry was then washed five times via
centrifugation by replacing the supernatant with fresh water each time. Then, the slurry was

lyophilized overnight to obtain NaCoHCF as a powder.

2.4 Preparation of EVOH/NaCoHCF nanofibers

EVOH with an ethylene ratio of 25 mol% was dissolved in HFIP at a concentration of 4 wt%
via sonication. Then, the NaCoHCF powder was added to the EVOH solution at 10, 20, 30, 40,
50, and 60 wt% of the polymer content and dispersed via sonication. The resulting mixture was
electrospun using an 18G needle at 25 kV, 1.0 mL/h feeding rate, and 15 cm distance between

the needle and collector.

2.5 Characterization of nanofibers

Field-emission scanning electron microscopy (FE-SEM; Hitachi SU8230) was performed to
observe the morphology of the fabricated nanofibers and analyze the atoms by energy dispersive
X-ray spectroscopy (EDX). Before observation, the dried samples were placed on a sample stage
and coated with Pt. The average fiber diameter was calculated by measuring the diameters of at

least 30 fibers using the ImagelJ software.



Fourier transform infrared (FT-IR) spectra were recorded in the absorbance mode (Shimadzu
IRAffinity-1S) with 64 scans and a resolution of 4 cm™!. The spectra were obtained in the 300 to
7900 cm ! range, but only the range necessary for analysis is shown in the manuscript.

Thermogravimetric analysis (TGA; Seiko Instruments TG/DTA6200) was performed to
determine the chitosan content in the EVOH/chitosan nanofibers and the NaCoHCF content in
the EVOH/NaCoHCF nanofibers. The nanofiber or powder samples were loaded into an alumina
pan, and the temperature was increased from 25 °C to 550 °C with 10 °C/min heating rate under
nitrogen flow. The temperature was maintained at 550 °C for 10 min to allow the reaction to
proceed completely.

The surface wettability of EVOH and EVOH/chitosan nanofibers was evaluated by measuring
the water contact angle in air using an automatic contact angle meter (Kyowa Interface Science
DM-700, Kyoto, Japan). 1 uL droplet of water was applied to the nanofibers fixed on a glass
slide. Because the EVOH/chitosan nanofibers quickly absorbed water, the contact angle was
measured every second for 5 s after the drop was applied.

X-ray diffraction (XRD) measurements were performed to investigate the crystal structures of
NaCoHCF and the EVOH/NaCoHCF nanofibers before and after ammonium adsorption. XRD
patterns were obtained using an X-ray diffractometer (Rigaku SmartLab) by the 26/6 method,
with a slit width of 5 mm, a measurement angle of 5 to 60°, and a measurement interval of 0.02°.

A scan speed of 5°/min was used for powders and 0.5°/min for nanofibers.

2.6 Protein adsorption test for hemocompatibility evaluation
The experiment was conducted in accordance with a previous report.! The prepared nanofiber

sheets were cut into 5 mm diameter circles and placed individually in the wells of a 96-well plate.



After being washed five times with PBS, 150 pL of 5% SDS/0.1 N NaOH solution was added to
each well, and the wells were incubated at 37 °C for 1 h to remove the adsorbed HSA. The
amount of HSA adsorbed to the nanofibers was calculated by measuring the concentration of

HSA in the supernatant with the Bicinchoninic Acid Assay (BCA).

2.7 Immobilization of urease on EVOH/chitosan nanofibers

EVOH/chitosan nanofibers (10 mg) were immersed in 20 mL of a 2% glutaraldehyde solution
to enable the reaction of glutaraldehyde with the amino groups of chitosan. After standing at
room temperature for 30 min, the nanofibers were washed three times with distilled water to
remove the unreacted glutaraldehyde. The nanofibers were then immersed in 20 mL of a 2%
urease solution to react with the amino groups of urease. After being stood at room temperature

for 30 min, the nanofibers were washed three times with distilled water to remove excess urease.

2.8 Urea degradation test

Urea degradation tests were performed using PBS or porcine blood samples. Urea was
dissolved in PBS or porcine blood at 230 mg/dL, which is equal to the blood concentration in
patients with CKD (as the highest mean/median uremic concentration based on the literature
report).!! The nanofibers were immersed in 3 mL of this solution and shaken at 37 °C in a
thermostatic shaking chamber, and 100 pL of the supernatant was collected at a predetermined
time. The supernatant was diluted 5-fold with PBS or porcine blood to obtain a sample with a
urea concentration that matched the measurement range of the assay kit. The solution was
colored by the reagent in the assay kit (BioChain Institute Urea Assay Kit) and allowed to stand

at room temperature for 20 min, and the urea concentration was determined by measuring the



absorbance at 520 nm (using a Tecan Infinite M Nano+ microplate reader). The urea
concentration in the original solution was calculated by multiplying the determined concentration

by 5 (dilution ratio).

2.9 Ammonium adsorption test

Ammonium chloride was dissolved in PBS to prepare a 1.0 g/ ammonium solution. Then, 50
mg of the NaCoHCF powder or EVOH/NaCoHCF nanofibers was added to 20 mL of the
ammonium solution and shaken at 37 °C using a constant-temperature shaking chamber. At a
predetermined time, 1 mL of the supernatant was collected and diluted 10-fold with PBS to
prepare a measurement solution. In the case of the NaCoHCF-based sample, the solid powder
was removed via centrifugation at 3500 rpm for 3 min, and the supernatant was collected. The
ammonium concentration in the solution was measured using an ammonia analyzer (Toko
Kagaku TiN-9001), according to the manual of the ammonia-measuring instrument. The
ammonium concentration in the original solution was calculated by multiplying the measured
concentration by 10. The ammonium adsorption capacity of the sample was calculated using

equation (1):

Ammonium adsorption capacity = (Cy— C;) XV /W (D

where Cp and (7 are the initial and final concentrations of urea solution respectively, V'is the

volume of urea solution, and Wis the weight of the NaCoHCEF.

2.10 Fabrication and evaluation of double-layered nanofibers
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Double-layered nanofibers were fabricated via sequential electrospinning steps. First, 5 mL of
the EVOH/NaCoHCF solution was spun to produce EVOH/NaCoHCF nanofibers, according to
the procedure described in Section 2.4. Then, EVOH/chitosan nanofibers were spun on top of the
EVOH/NaCoHCF nanofibers using 1 mL of the EVOH/chitosan solution, according to the
procedure described in Section 2.2.

Double-layered nanofibers were evaluated using FE-SEM and urea degradation tests. Urease
was immobilized on the nanofibers using the procedure described in Section 2.7. Then, the
nanofibers were placed in a filter holder (Merck Millipore Swinnex Filter Holder, 47 mm) and
connected to a tube (Fuji Systems Phycon tube SH No. 4), diaphragm pump (KNF FF12 DC-M),
and DC power supply (CUSTOM DPS-3005). A 230 mg/dL urea solution was prepared in PBS,
and 30 mL of the urea solution was circulated through the double-layered nanofibers while being
warmed to 37 °C, and the filtered solution was collected at predetermined times. The flow rate
was set at 100 mL/min. The urea and ammonium concentrations of the collected solutions were
measured using the methods described in Section 2.8 and 2.9, respectively, and the changes in

the concentration of each were evaluated.

3. Results and Discussion
3.1 Fabrication of EVOH/chitosan nanofibers

To develop a material for removing both urea and its degradation byproduct, ammonium ions,
from blood, we fabricated EVOH/chitosan nanofiber membranes as substrates for the
immobilization of urease. However, the fabrication of polymer nanofibers incorporated with
chitosan by electrospinning has been reported to be extremely difficult.>? One reason is that the

chitosan solution has a very high viscosity due to its polycationic properties and strong
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intermolecular hydrogen bonds. Therefore, we first focused on preparing a chitosan solution with
a viscosity suitable for electrospinning to fabricate nanofibers. We prepared mixtures of acetic
acid, water, and HFIP at various ratios and examined the solubility of chitosan in the mixtures.
We found that a mixture with acetic acid:water:HFIP weight ratio of 45:5:50 dissolved chitosan
adequately. To prepare electrospinning solutions, a 2 wt% chitosan solution prepared using this
solvent mixture was mixed with a 4 wt% EVOH solution at different ratios. The mixing ratios
and final chitosan concentrations are listed in Table 1. The effect of the chitosan concentration
on the solution viscosity is shown in Figure 2a. One reason for difficulty of electrospinning
chitosan is that the viscosity of the solution is either too low or too high, making it difficult to
handle. ** The maximum viscosity of the prepared EVOH/chitosan solution was 320.1 mPa-s,
which is within the appropriate range. Therefore, this solution was used to produce nanofibers by

electrospinning.

Table 1. Ratios of EVOH and chitosan solutions used for preparing electrospinning solutions

4 wt% EVOH 2 wt% chitosan Final EVOH Final chitosan
solution (g) solution (g) concentration (wt%) | concentration (wt%)

4 1 3.2 0.4

3 1 3.0 0.5

2 1 2.7 0.7

2 2 2.0 1.0

1 4 0.8 1.6

12



The FE-SEM images of the nanofibers electrospun using these solutions are shown in Figure
2c¢-h. Nanofibers with a uniform structure were obtained at chitosan concentrations of 0.4, 0.5,
and 0.7 wt%, while the formation of bead-like structures was observed at 1.0 wt% chitosan
loading. Beaded structures are generally undesirable, because they impair the uniformity of the
nanofibers. Bead structures are known to form when the polymer concentration in the solution is
insufficient, limiting the entanglement of the polymer chains.***> In the EVOH/chitosan
nanofibers, EVOH is considered to be the main fiber-forming component. As the ratio of
chitosan in the electrospinning solution increases, that of EVOH decreases proportionally, which
may be the reason for the formation of a beaded structure. When the chitosan concentration was
increased to 1.6 wt%, no nanofiber formation was observed. The average diameter of the
nanofibers, measured using Imagel] software, was found to decrease with increasing chitosan
concentration (Figure 2b). The decrease in EVOH concentration in the solution may have caused
these phenomena as well. Because a higher concentration of chitosan in the nanofibers is
desirable to immobilize more urease, EVOH/chitosan nanofibers prepared using a solution with
0.7 wt% chitosan, which is the highest concentration at which bead structure formation was not

observed, were used in subsequent experiments.
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Figure 2. (a) Viscosities of the EVOH/chitosan solutions used for electrospinning. (b) Diameter
of the electrospun EVOH/chitosan nanofibers as a function of chitosan concentration. (c-h): FE-
SEM images of electrospun EVOH/chitosan nanofibers. Chitosan concentration in the

electrospinning solution was varied as (c) 0, (d) 0.4, (e) 0.5, (f) 0.7, (g) 1.0, and (h) 1.6 wt%.

3.2 Synthesis of NaCoHCF and fabrication of EVOH/NaCoHCF nanofibers

NaCoHCF was used as the ammonium adsorbent to remove the ammonium produced by urea
degradation. The FE-SEM images of NaCoHCF, synthesized according to a previously reported
method?’, are shown in Figure 3a. The average particle size was 9.0 = 4 um. The XRD pattern of

the NaCoHCF powder in Figure S1 shows the strong peaks at 17.2°, 24.2°, and 34.8°. The
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position of these peaks are same as that reported previously, confirming the successful synthesis
of NaCoHCF.%

The FE-SEM images of the EVOH/NaCoHCF nanofibers produced by electrospinning are
shown in Figure 3b—h. The micron-sized objects observed in the images appear to be NaCoHCF.
The surface of NaCoHCF is smooth in Figure 3c—g. This may be because the NaCoHCF particle
surface was covered by EVOH. However, in the EVOH/NaCoHCF nanofibers with a NaCoHCF
content of 60 wt%, NaCoHCF has a rough surface (Figure 3h). This is thought to be due to the
aggregation of NaCoHCF during electrospinning with increasing NaCoHCF content in the
electrospinning solution, which impedes coverage with EVOH. This consideration was further
supported by the results of the fiber diameter analysis. As shown in Figure 31, the diameters of
the EVOH/NaCoHCF nanofibers prepared using solutions with 10 to 50 wt% NaCoHCF content
were smaller than that of pristine EVOH nanofibers, and the fiber diameter was almost the same
at approximately 200 nm regardless of the NaCoHCF loading. A similar trend was observed in a
previous study in which EVOH/zeolite nanofibers were fabricated.>® However, the fiber diameter
of electrospun EVOH/NaCoHCF increased to 480 nm when the NaCoHCF content was 60 wt%.
This result suggests that the EVOH previously consumed to cover NaCoHCF participated in
nanofiber formation, because the surface of NaCoHCF was no longer covered with it. If the
surface of the NaCoHCEF particles is not covered, there is a risk of NaCoHCF leakage from the
nanofibers into the blood and the development of hemotoxicity due to direct contact with the
blood. Therefore, it is desirable that the surface of NaCoHCF is covered by EVOH. However, to
maximize the ammonium adsorption performance of the nanofibers, a higher NaCoHCF content
is desirable. For these reasons, the EVOH/NaCoHCF nanofibers with a content of 50 wt% were

selected for subsequent studies.
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To check the content of NaCoHCF, energy dispersive X-ray spectroscopy (EDX) was
performed, and the images of element mapping were shown in Figure S2. From Figure S2b and
Figure S2c, it was confirmed that NaCoHCF powder has no carbon atoms but iron atoms. In
Figure S2f, a peak of iron atoms was detected from the large object in the middle. This is thought
to be derived from NaCoHCF, confirming that EVOH/NaCoHCF nanofibers contain NaCoHCF.
On the other hand, in Figure S2e, carbon atoms were detected throughout the nanofibers. Since
NaCoHCF has no carbon atoms, the carbon atoms detected were considered to be derived from
EVOH. This confirms that the surface of NaCoHCF is covered by EVOH, which is expected to

inhibit NaCoHCF leakage.
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Figure 3. (a) SEM image of the synthesized NaCoHCF powder. (b-h) SEM images of the
electrospun EVOH/NaCoHCF nanofibers (NaCoHCF content in the electrospinning solution was
(b) 0, (c) 10, (d) 20, (e) 30, (f) 40, (g) 50, and (h) 60 wt%, respectively). (i) Diameter of

electrospun EVOH/NaCoHCF nanofibers as a function of NaCoHCF content.

3.3 Characterization of EVOH/chitosan nanofibers

To confirm the presence of chitosan in the EVOH/chitosan nanofibers, the FT-IR spectra of
chitosan, EVOH nanofibers, and EVOH/chitosan nanofibers were compared (Figure 4a). For
EVOH, peaks at 2928 and 2866 cm ' due to the stretching vibrations of C-H bonds as well as
peaks at 1435 and 1339 cm ! due to angular C-H vibrations were observed.’’ Chitosan-derived
peaks were observed at 1651 cm™! (stretching of C=0), 1026 cm™' (stretching of C-O), 1373
cm ! (symmetric deformation of -CH3), and 3000-3600 cm™ (stretching of N-H and O-H).3® The
characteristic peaks of both EVOH and chitosan were observed for EVOH/chitosan nanofibers,
confirming the presence of the two materials in the nanofibers.

The TGA curves of chitosan, EVOH nanofibers, and EVOH/chitosan nanofibers are shown in
Figure 4b. A weight loss of ~5% was observed between 50 and 100 °C for the chitosan powder.
This is due to the evaporation of the water content. Subsequently, a significant mass loss was
observed from ~250 °C onwards, probably due to the thermal decomposition of chitosan, and the
final residual mass was 38.8% at 500 °C.*® The EVOH nanofibers also showed a weight loss of
~3% up to a temperature of 100 °C, but their weight remained stable between 100 and ~350 °C.
Thereafter, a significant mass loss due to thermal decomposition started around 350 °C, which is

100 °C higher than that of chitosan. The final residual weight was 2.40%.
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The EVOH/chitosan nanofibers exhibited a weight loss attributable to the decomposition of
chitosan around 250 °C and another weight loss around 350 °C, which can be attributed to the
decomposition of EVOH. The TGA curves of three different EVOH/chitosan nanofiber samples
fabricated using different chitosan concentrations (0.4, 0.5, and 0.7 wt%) in the electrospinning
solution revealed that the residual weights at 500 °C were 1.12, 3.50, and 7.14%, respectively,
indicating that the residual weight increased with the chitosan concentration. The chitosan

content in the nanofibers was calculated by the following equation (2):

Content of chitosan in the nanofibers = Wygnofiers X 100/Wepitosan (2)

where Whanofivers 1s the residual weight of each EVOH/chitosan nanofibers at 550 °C, and
Wenitosan 1s the residual weight of chitosan powder at 500 °C, which is 38.8 wt%. The calculated
contents of chitosan were 2.89, 9.02, and 18.4 wt%, respectively. These samples were rounded to
one decimal place and denoted as EVOH/chitosan-3, EVOH/chitosan-9, and EVOH/chitosan-18,
respectively. These results confirmed that both EVOH and chitosan were present in the
EVOH/chitosan nanofibers and that the chitosan concentration in the nanofibers increased as its

concentration in the electrospinning solution increased.

3.4 Characterization of EVOH/NaCoHCF nanofibers

The presence of NaCoHCF in the EVOH/NaCoHCF nanofibers was also confirmed via TGA
(Figure 4c). The residual weight of the NaCoHCF powder was 59.9 wt% at 550 °C whereas that
of the pristine EVOH nanofibers (without NaCoHCF) was only 2.0 wt%. The weight loss of the

NaCoHCF powder below 250 °C is due to the evaporation of water present in it, while the
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weight loss that began around 350 °C is due to the thermal decomposition of the material itself.*
The TGA curve of the EVOH/NaCoHCF nanofibers, shown in orange, shows a weight loss in
the 80—-200 °C range, similar to that of the NaCoHCF powder, which can be attributed to the
evaporation of the internal water of NaCoHCF. The weight loss beginning around 250 °C might
be due to the thermal decomposition of EVOH in the EVOH/NaCoHCF nanofibers, and this
temperature is ~100 °C lower than that of pure EVOH nanofibers. It was also worth noting that
as the NaCoHCF content increases, the decomposition temperature decreases. This phenomenon
can be attributed to several factors. One is the change in the thermal conductivity of the material.
Because NaCoHCF is a metal complex, the EVOH/NaCoHCF nanofiber is expected to have
higher thermal conductivity than the EVOH nanofiber. The temperature shown on the x-axis in
Figure 4c is the programmed temperature for the measurement; however, the actual temperature
inside the material may differ from this value depending on the thermal conductivity. Another
reason is the change in the thermal stability and thermodynamics of the material. It is possible
that the incorporated NaCoHCEF altered the crystal structure and intermolecular forces between
the polymer chains of EVOH, decreasing its thermal stability and thus inducing its thermal
decomposition at a lower temperature. The presence of NaCoHCF in the nanofibers was
confirmed by the NaCoHCF-derived behavior of the EVOH/NaCoHCF nanofibers.

As shown in Figure 4c, the final residual weight of the EVOH/NaCoHCF nanofibers increased
as the NaCoHCF content in the electrospinning solution increased. The final residual weight is
indicated by the light orange dotted line as raw data in Figure 4d, while the stronger orange color
shows the actual NaCoHCF content in Figure 4d, calculated based on the TGA results. These
values are close to the NaCoHCF content used in the preparation. The content of NaCoHCF in

the EVOH/NaCoHCF nanofibers was calculated using the following equation (3):
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Content of NaCoHCF in the nanofibers = Wyanofivers X 100/Wyaconcr

)

where Whanofivers 1s the residual weight of each EVOH/NaCoHCF nanofibers at 550 °C, and

Whaconcr is the residual weight of NaCoHCF powder at 550 °C, which is 59.9 wt%.
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Figure 4. (a) FT-IR spectra and (b) TGA curves of chitosan, EVOH nanofibers, and

EVOH/chitosan nanofibers. (c) TGA curves of the EVOH nanofibers, NaCoHCF powder, and

EVOH/NaCoHCF nanofibers. (d) Residual mass and NaCoHCF content of EVOH/NaCoHCF

nanofibers calculated via TGA.
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3.5 Protein adsorption test of EVOH/chitosan nanofibers

Before applying the electrospun nanofibers in WAK, it is necessary to confirm their blood
compatibility, because they will be in direct contact with blood. When albumin, a blood protein,
is adsorbed and denatured on the surface of a material, platelet adhesion and activation are
promoted, resulting in the formation of a thrombus. Therefore, protein adsorption is an important
factor in evaluating the blood compatibility of a material. In general, a low protein adsorption
level is desired.

In this study, the adsorption of HSA onto EVOH/chitosan nanofibers was evaluated. The HSA
adsorption per unit weight of EVOH and EVOH/chitosan nanofibers is shown in Figure Sa.
EVOH nanofibers adsorbed 3.87 ug/mg of HSA, and no significant difference was observed for
EVOH/CS-3. However, HSA adsorption decreased significantly for the EVOH/chitosan
nanofibers prepared with higher chitosan contents (EVOH/CS-9 and EVOH/CS-18), and the
amount of adsorbed HSA was 0.20 pg/mg for EVOH/CS-18. To understand the cause of the
significant reduction in protein adsorption, the surface wettability of the nanofibers with different
chitosan contents was investigated through water contact angle measurements (Figure 5b). A
surface is considered hydrophobic when the cosf value of the water contact angle is less than 0
and hydrophilic when the cos@ value is greater than 0. As shown in Figure 5b, the EVOH
nanofibers showed cos0 values between —0.3 and —0.5, indicating that they have a hydrophobic
surface. In contrast, water droplets were absorbed by the surface of the EVOH/chitosan
nanofibers after a few seconds of their placement, and the EVOH/chitosan nanofibers showed a
cosO value of 1.0 for the contact angle. This indicates that the addition of chitosan, which
contains many amino and hydroxyl groups, to the EVOH nanofibers rendered the surface

hydrophilic. In general, the adsorption of proteins, such as albumin, is less likely to occur on
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hydrophilic surfaces. The obtained results suggest that the addition of chitosan rendered the

EVOH/chitosan nanofiber surface hydrophilic and inhibited albumin adsorption.
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Figure 5. (a) Amount of HSA adsorbed by EVOH nanofibers and EVOH/chitosan nanofibers.
(Mean = SD, n =3, *p < 0.05, **p < 0.01) (b) Change in the contact angle of a water droplet on

the surfaces of EVOH nanofibers and EVOH/chitosan nanofibers over 5 s.

3.6 Evaluation of the urea degradation performance of urease-immobilized EVOH/chitosan
nanofibers

Figure 6a shows the change in the urea concentration of urea-added PBS when the urease-
immobilized EVOH nanofibers (EVOH@urease) and EVOH/chitosan nanofibers
(EVOH/CS@urease) were used for urea degradation. The wurea degradation rate of
EVOH/CS(@urease increased with increasing chitosan content. This may be attributed to the
increased immobilization of urease in the nanofibers owing to the increased number of amino

groups in the nanofibers at higher chitosan concentrations. The increase in the specific surface
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area of the nanofibers may also have contributed to the increase in urease immobilization,
because the fiber diameter decreased with the chitosan concentration, as shown in Figure 2b.
EVOH/CS-18@urease degraded all urea within 1 h (the sample contained an urea concentration
of 230 mg/dL typically found in CKD patients). Thus, the urea removal rate of EVOH/CS-
18(@urease was 690 mg/g per hour, which is higher than those reported for other materials (75.1-
276.2 mg/g)***2. The large specific surface area of the nanofibers is thought to be responsible for
allowing more urease to come into contact with urea per hour. A decrease in urea concentration
with urea removal rate of 402 mg/g per hour was also observed when EVOH@urease (without
chitosan) were used. This is possibly because urease was immobilized via the reaction of
glutaraldehyde with the hydroxyl groups of EVOH or by the physical adsorption of urease on the
nanofibers. However, because the reactivity of hydroxyl groups with glutaraldehyde is much
lower than that with amino groups and there is the risk of urease desorption when it is
immobilized by physisorption, it is necessary to chemically crosslink it using the amino groups
of chitosan.

To confirm the above hypothesis, urease was immobilized on two types of nanofibers and
immobilization methods: EVOH nanofibers with glutaraldehyde (EVOH/GA), EVOH nanofibers
without glutaraldehyde (EVOH), EVOH/chitosan nanofibers with glutaraldehyde
(EVOH/CS/GA), and EVOH/chitosan nanofibers without glutaraldehyde (EVOH/CS). The
changes in the urea removal performance during repeated urea degradation tests were evaluated
(Figure 6b). The EVOH/chitosan nanofiber chemically crosslinked with glutaraldehyde
(EVOH/CS/GA), shown in blue, retained 89% of its urea removal performance after six usage
cycles. However, for the other three nanofibers, the urea removal performance gradually

decreased with repeated use. Because these samples did not contain chitosan or glutaraldehyde,
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or both, chemical crosslinking between urease and the nanofibers was not formed, and urease
was probably immobilized via a weak reaction between the hydroxyl group of EVOH and
glutaraldehyde or by physical adsorption, as described above. Nevertheless, because the
immobilization of urease by these methods is not sufficiently stable, urease may have desorbed
from the nanofibers during repeated use, resulting in a decline in the urea removal performance.
If urease leaks into the bloodstream, changes in blood pH and excessive ammonium production
occur; therefore, urease desorption is undesirable for the human body, and chemical crosslinking
between the amino groups of chitosan and urease is necessary for its stable immobilization.

The urea degradation performance was also evaluated using real blood. EVOH/CS-18@urease
chemically crosslinked with glutaraldehyde were immersed in whole porcine blood, and urea
degradation was monitored. The changes in blood urea concentrations are shown in Figure 6c¢.
The urea concentration changed similarly to that observed for PBS shown in Figure 6a, and
almost all the urea in the blood was degraded in 60 min. Apart from urea, blood contains many
other substances, such as electrolytes, proteins, and sugars. Therefore, when urea is removed by
adsorption, selective urea adsorption is often inhibited by these substances, resulting in a
significant decline in the urea adsorption performance of the adsorbent. However, our nanofibers
could maintain high selectivity and urea removal performance for blood samples, because urease
is an enzyme that specifically hydrolyzes urea.

The fiber morphology after urease immobilization was also observed by SEM (Figure S3a).
The fiber shape was maintained even after urease immobilization, and it was confirmed that

these nanofibers are stable.
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immobilized EVOH nanofibers and urease-immobilized EVOH/chitosan nanofibers. (b) Change

in the urea-removal capacity of different nanofibers with repeated use. (c) Change in the urea

concentration of porcine blood during the urea decomposition test using EVOH/chitosan-0.7

nanofiber membrane with covalently immobilized urease. GA: glutaraldehyde.

3.7 Ammonium adsorption test using EVOH/NaCoHCF nanofibers

Figure 7a shows the results of the ammonium adsorption tests using the electrospun

EVOH/NaCoHCEF nanofibers. The gray plot represents the ammonium adsorption capacity of the
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NaCoHCF powder, and the orange plot represents the ammonium adsorption capacity per gram
of NaCoHCF in the EVOH/NaCoHCF nanofibers. The ammonium adsorption capacity of the
NaCoHCF powder reached saturation in ~30 min, and 68.4 mg/g of ammonium was adsorbed
after 2 h. However, for NaCoHCF in the EVOH/NaCoHCF nanofibers, the ammonium
adsorption capacity was saturated in ~1 h. This may be due to the time required for the
ammonium ions to diffuse through the EVOH layer covering the NaCoHCF particles. In this
case, the amount of ammonium adsorbed after 2 h was 135.5 mg/g, which is approximately twice
than that of the NaCoHCF powder. This can be attributed to several reasons, and one is related to
the surface area of NaCoHCF. When NaCoHCF is used in water, the crystals form aggregates,
which may lead to a decrease in the surface area. However, when NaCoHCF is loaded in the
nanofibers, it is immobilized and does not aggregate, which increases the surface area and allows
more ammonium to be adsorbed compared with that adsorbed in the powder state.

The XRD patterns of the NaCoHCF powder and EVOH/NaCoHCF nanofibers before and after
ammonium adsorption are shown in Figure 7b. It has been reported that the crystal structure of
the NaCoHCF changes following the adsorption of ammonium.?’ The broad peaks at
approximately 25°, 40°, and 51° of the NaCoHCF crystals merged into a single sharp peak after
ammonium adsorption, which is similar to the trend observed in previous studies. A similar peak
change in the XRD pattern was also observed for the EVOH/NaCoHCF nanofibers, confirming

that NaCoHCEF in the nanofibers adsorbed ammonium.
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3.8 Fabrication of double-layered nanofibers and urea degradation test

Double-layered nanofibers were obtained by the sequential electrospinning of EVOH/chitosan
and EVOH/NaCoHCF nanofibers, as described earlier. The FE-SEM images of the front and
back sides of the double-layered nanofibers are shown in Figure 8a and Figure 8b, respectively.
The successful fabrication of EVOH/chitosan and EVOH/NaCoHCF nanofibers in the double-
layered nanofibers was confirmed by their similar appearance with the single EVOH/chitosan
and EVOH/NaCoHCF nanofiber membranes. Figure 8c shows the cross-section of the double-
layered nanofibers. The right and left sides show the EVOH/NaCoHCF and EVOH/chitosan
nanofibers, respectively, with significantly different fiber diameters. The two nanofiber layers
adhered and entangled well at the interface and did not easily separate. The SEM images of the

morphology of double-layered nanofibers after urease immobilization are shown in Figure S3b

27



and Figure S3c. The both of front side and back side were stable and they kept their morphology
even after urease immobilization.

Figure 8d shows the setup of the urea degradation test using the double-layered nanofibers.
The ammonia measurement method employed within this work is not capable of measuring
ammonia concentrations in blood, so the test was performed using an aqueous solution, not blood.
The double-layered nanofiber membrane was placed in a filter holder connected to a diaphragm
pump, and the urea solution (230 mg/dL, a concentration similar to that found in CKD patients)'!
was circulated through the membrane. The direction of the flow was from the front side to the
back side of the double-layered nanofibers. Figure 8e shows the results of the urea degradation
test. The red line shows the change in the urea concentration of the circulated solution, revealing
that it decreased with time owing to the decomposition of urea. After 60 min of circulation, the
urea concentration was successfully decreased to 23.0 mg/dL, which is within the standard blood
urea concentration. The blue lines show the change in the ammonium concentration, and the
solid and dotted lines represent the results for the double-layered nanofibers and EVOH/chitosan
nanofibers (single-layer nanofibers membrane), respectively. Urea degradation by the urease-
immobilized nanofibers produced ammonium, and the ammonium concentration in the solution
after 4 h was 62.5 mg/dL for the EVOH/chitosan nanofibers, because the produced ammonium
was not adsorbed. On the other hand, in the case of the double-layered nanofibers, the
ammonium concentration in the solution increased immediately after the start of the test owing to
urea degradation, and then it began to decrease owing to adsorption. The ammonium
concentration in the solution after 4 h was 6.0 mg/dL. This result indicates that the ammonium
produced due to urea degradation was adsorbed by NaCoHCF in the double-layered nanofibers.

The final ammonium concentration was successfully reduced to approximately 10% of that
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obtained with the single EVOH/chitosan nanofiber membrane. As ammonium in blood is toxic,
even at small amounts, it is necessary to further reduce its concentration for practical application.
This work, however, provides a proof of concept that both urea degradation and ammonium

adsorption can be achieved with a single material.
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Figure 8. (a)—(c) FE-SEM images of the front side, back side, and cross-section of the double-
layered nanofibers composed of EVOH/chitosan nanofibers and EVOH/NaCoHCF nanofibers.
(d) Schematic illustration of the experimental setup used for the urea degradation test using
double-layered nanofibers. (e) Change in urea and ammonium concentrations during urea
decomposition tests using double-layered nanofibers. Blue triangles show the ammonium, while

red dot shows the urea concentration.

4. Conclusion
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To remove urea from the blood of patients suffering from CKD, urease was immobilized on
EVOH/chitosan nanofibers fabricated by electrospinning. The urea degradation rate of the
corresponding nanofibers increased with increasing chitosan content, the highest degradation rate
was achieved by EVOH/CS-18@urease. The urease-immobilized EVOH/chitosan nanofibers
exhibited a urea degradation rate of 690 mg/g per hour and thus efficiently decreased the urea
concentration in the treated blood. In addition, chitosan not only helps urease immobilization
through its free amine groups, it also improved hemocompatibility via suppressing protein
adhesion. Further, EVOH nanofibers containing NaCoHCF, a metal complex, were prepared to
remove the ammonium ions produced by urea degradation; the nanofibers were loaded with up to
50 wt% NaCoHCF. The NaCoHCF in the nanofibers showed a higher ammonium adsorption
performance than that of the powdered sample, possibly because the electrospinning with EVOH
prevented the aggregation of NaCoHCF particles and thus increased the effective surface area for
ammonium adsorption. Finally, double-layered nanofiber membranes consisting of
EVOH/chitosan (urease covalently immobilized) and EVOH/NaCoHCF nanofibers were
fabricated and tested for urea degradation under continuous-flow circulating conditions. These
membranes enabled the efficient reduction of both urea and ammonium concentrations. In the
conventional degradation of urea in blood samples using urease, the production of highly toxic
ammonium is problematic; however, the double-layered fiber material is capable of removing
ammonium in addition to decomposing urea. The main advantage of this method compared to
other urease immobilized mateirlas is that both urea and ammonium can be removed. Therefore,
this material is expected to achieve highly efficient and safe removal of urea from blood, which
is a major issue for the development of wearable artificial kidney, significantly accelerating the

realization of such device as a game-changer in the treatment of chronic kidney disease.
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