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This report describes the compositional and structural design strategy of a zeolite-polymer composite nanofiber mesh for the
efficient removal of uremic toxins towards blood purification application.The nanofiber is fabricated by electrospinning composite
solution of biocompatible poly(ethylene-co-vinyl alcohol) (EVOH) and zeolite particles which are capable of selectively adsorbing
uremic toxins such as creatinine. By controlling electrospinning conditions carefully, the incorporated zeolites in EVOHwere found
to correspond closely to the feed ratios. Elementalmapping images of Si show that zeolites were uniformly blendedwithin the fibers.
The fabricated composite fibers successfully adsorbed creatinine from solution and the adsorption capacity reached a maximum
at 12 h. The crystallinity of the nanofiber was also controlled by varying the composition of ethylene content in EVOH. Less
crystallinity resulted in higher creatinine adsorption capacity due to the barrier property of EVOH.Cytotoxicity assay demonstrated
that the composite fibers showed less toxicity than free zeolite particles which killedmore than 95%of cells.The proposed composite
fibers, therefore, have the potential to be utilized as a new approach to removing creatinine selectively from the bloodstream.

1. Introduction

Chronic kidney disease (CKD) is a worldwide public health
problem. About 10% of the population worldwide is affected
by CKD [1, 2], and millions die each year because they do not
have access to affordable treatment [3]. The main function
of kidneys is to filter the blood and remove waste products
and excess water from the blood. The kidneys process about
200 liters of blood every day and produce about 2 liters of
urine. Therefore, when kidney function falls below a certain
point, harmful wastes can build up in our body. CKD also
triggers other healthcare issues like cardiovascular diseases,
which lead to premature death or disability and multiply the
amount of money needed for the healthcare of a patient [4].
Unfortunately, there is no cure for CKD, although treatment
can slow the progression of the disease. The most common
treatment for kidney failure is dialysis. It is estimated that
over 2 million people worldwide currently receive treatment
with either hemodialysis (HD) or peritoneal dialysis (PD) [3].

Recently, these treatments have been performed at home and
easy-to-use machines are being developed for home dialysis.
However, these are still an inconvenient, time consuming,
and expensive process [5]. Especially in developing countries,
economic and manpower factors have limited the regular
maintenance HD treatments due to the absence of adequate
technical support and frequent power outages, resulting in
the death of over 1 million people annually from untreated
kidney failure [3, 6]. Development of more accessible meth-
ods for the treatment of kidney failure has been also desired
in developed countries because current dialysis system is
prone to be damaged by natural disasters such as gigantic
earthquakes or tsunami. Indeed, the shortage of dialysate,
water, and electricity created a dangerous situation for HD-
dependent patients after the major earthquake struck north-
eastern Japan onMarch 11, 2011 [7].Therefore, there has been
a great need to develop simpler and more accessible methods
for the treatment of kidney failure worldwide.
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From these perspectives, we have been developing a
nanofiber mesh for the removal of uremic toxins from
the blood, which can be incorporated into wearable blood
purification systems for kidney failure patients [8]. The
nanofiber mesh was fabricated using a versatile and cost-
effective process called electrospinning. Electrospinning uses
electrical forces to produce polymer fibers with diameters
ranging from tens of nanometers to several micrometers
[9–13]. In early works, electrospinning was limited to the
fabrication of nanofibers from organic polymers due to the
stringent requirement on the viscoelastic behavior of the
electrospinning solution. With the development of electro-
spinning method and setup, however, electrospun fibers
loaded with various nanoparticles and functional molecules
can also be prepared if appropriate processing parameters
or new designs of setups are employed. We have previously
prepared a zeolite-polymer hybrid nanofiber mesh using a
blood-compatible polymer, poly(ethylene-co-vinyl alcohol)
(EVOH) [8]. The water-insoluble EVOH has hydrophilic
vinyl alcohol units [14] which makes it biocompatible mate-
rial [15, 16]. In addition, the hydroxyl groups have been
used as a reactive site for the further functionalization [17].
Indeed, several papers in the past decade have demonstrated
EVOH as a biomaterial. Recent work by Zhu and Sun showed
immobilization of chelating groups on the surface of EVOH
nanofiber for selective protein separation [18]. Lou et al., on
the other hand, used EVOH membranes to investigate the
effects of senescence-associated phenotypic changes on the
cellular aging process [15]. EVOH membrane has been also
applied to HD patients as a dialyzer membrane and shown
minimal platelet activation and little generation of reactive
oxygen species by activated neutrophils [19]. Zeolites are
aluminosilicates which have microporous structures capable
of adsorbing toxins such as creatinine from blood [20–25].
After testing the mesh on its ability to absorb creatinine, we
found that a specific ratio of silicon and aluminum within
the zeolites was required. Since this approach is based on
the principle of “selective adsorption” instead of “diffusion”
through a semipermeable membrane, the proposed compos-
ite fibers have the potential to be utilized as a new approach to
removing nitrogenous waste products from the bloodstream
without the requirement of specialized equipment.

The research reported here extends our previous work to
improve the creatinine adsorption capacity of the composite
nanofiber mesh for practical use. A series of polymer-zeolite
compositions was prepared by blending EVOH with zeolite
particles. The relationships between zeolite compositions,
crystallinity of EVOH, morphology of nanofiber, and their
creatinine adsorption ability were, respectively, evaluated.
Systematic variations of these parameters will identify key
compositional features essential for efficient adsorption of
creatinine. We have also tested cytotoxicity of the zeolite-
polymer nanofiber mesh using macrophages.

2. Experimental Section

2.1. Materials. EVOH with 44 ethylene mol% (EVAL E105A)
was kindly supplied by KURARAY (Okayama, Japan). EVOH
with 25 ethylene mol% (SoarnoL V2504RB) and with 33

ethylene mol% (GC3304B) were kindly supplied by The
Nippon Synthetic Chemical Industry (Osaka, Japan). HSZ-
series zeolites 320-HOA (USY type), 500-KOA (L), 640-HOA
(Mordenite), 720-KOA (Ferrierite), 840-HOA (ZSM-5), and
940-HOA (Beta) were purchased from TOSOH (Yamaguchi,
Japan). 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was pur-
chased from Sigma Aldrich (Tokyo, Japan). Poly(vinylalco-
hol) (PVA) and creatinine were purchased from Wako Pure
Chemicals (Tokyo, Japan). Alamar blue was purchased from
ABD Bioquest (CA, America). Raw 264.7 cells were pur-
chased from InvivoGen (CA, America). Dulbecco’s Modified
Eagle’s Medium (DMEM) was purchased from SIGMA (STL,
America). Fetal bovine serum (FBS) was purchased from
American Type Culture Collection (VA, America). Antibiotic
antimycotic was purchased from Gibco (NY, America). Nor-
mocin was purchased from InvivoGen (CA, America).

2.2. Fiber Fabrication. As described previously, EVOH
nanofibers were prepared using electrospinning equipment
(Nanon-01A; MECC, Fukuoka, Japan) [8]. Briefly, the elec-
trospinning solutions were prepared by dissolving 7w/v%
of EVOH in HFIP. Zeolites were then added to the HFIP
solution and ultrasonicated in order to disperse the zeolite
particles. In this study, 6 different types of zeolite were used
as follows: 320-HOA, 500-KOA, 640-HOA, 720-KOA, 840-
HOA, and 940-HOA. Zeolite to EVOH ratios were varied
from 9 : 91 to 47 : 53. The electrospun voltage was 25 kV, feed
rate was 1.0mL/h, and tip to collector distance was 15 cm. A
25-gauge pointed needle was used in all experiments.

2.3. Fiber Characterizations. Scanning electron microscopy
(SEM) of the electrospun samples was performed on a
Hitachi S-4800 field emission SEM (Hitachi, Tokyo, Japan).
Nanofiber samples were sputter-coated with platinum using
an E-1030 Ion Sputterer (Hitachi, Tokyo, Japan).The diameter
of nanofibers was measured by ImageJ software 40 times.
Thermal gravimetric analysis (TG-DTA) of the samples was
conducted using TG-DTA6200 under air flow (Seiko Instru-
ments Inc., Chiba, Japan). The temperature scans were taken
from room temperature to 500∘C at 10∘C/min. The EVOH-
zeolite nanofiberswere also examined by energy dispersiveX-
ray spectroscopy (EDX) equipped in SEM (HORIBA, Kyoto,
Japan).

2.4. Adsorption Studies of Creatinine. Adsorption experi-
ments were performed using a batch equilibration technique
according to the previously reported method [8]. Briefly,
creatinine solution of 190 𝜇M concentration was prepared in
milliporewater.The solutionwas incubated in the presence of
nanofibermesh for 0, 2, 5, 12, or 24 h. UV-Visible spectropho-
tometer (V-650, JASCO, Tokyo, Japan) was used to measure
the absorbance of the creatinine solution (234 nm absorp-
tion peak). The adsorption experiments were also done at
different temperatures (10, 25, or 37∘C) by using a TAITEC
PERSONAL-11 water bath shaker (TAITEC, Saitama, Japan).
Creatinine adsorption capacity of free zeolites was also tested
by the same protocol.
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2.5. Cytotoxic Assay. The cytotoxic assay on the zeolite con-
taining fibers was conducted by Alamar blue assay [26]. Raw
264.7 cells (murine macrophage cells) were seeded on 24-
well cell culture plates at 1 × 106 cells/well in 1mL of DMEM
(high glucoseD5671 and high glucoseD5796) containing 10%
FBS and 0.2% Normocin. After adding stimulus (100mg of
nanofiber mesh with 0wt% or 9wt% zeolite particles and
10mg of bare zeolite particles), these culture systems were
incubated at 37∘C for 24 h. Formeasuring cell viability, 100 𝜇L
of alamer blue dye was added to each well. After incubating
at 37∘C for 4 h, fluorescence was measured (excitation wave-
length: 544 nm; fluorescence wavelength: 590 nm) using 1420
Multilabel Counter (Perkin Elmer, Massachusetts, America).
The relative cytotoxicity for each sample was evaluated by
comparing the fluorescent intensities.

3. Results and Discussion

3.1. Fabrication of Zeolite/EVOH Nanofiber Mesh. We have
previously reported fabrication of zeolite/EVOH nanofiber
mesh using an isopropanol or HFIP solvent system [19]. We
found that isopropanol solution could only be electrospun
for a couple of hours as the EVOH would start to come
out of solution. In comparison, the solutions dissolved in
HFIP could be electrospun very easily over many days and
produced more consistent fibers. Therefore, HFIP solvent
system was used for all subsequent experiments in this
study. The morphology of the fibers with 940-HOA zeolites
was shown in Figure 1(a). Because the average particle size
of zeolites was approximately 2 𝜇m which is significantly
larger than the fiber diameter, bead-like formations were
observed. However, continuous fibrous structures were still
maintained between the beads. SEM/EDX mapping images
of the fibers show the successful incorporation of zeolites
within the fibers (Figure 1(b)). Atomic Si was chosen for
its presence in zeolites, but not in EVOH. The elemental
mapping images of Si atom (white dots) show that zeolites
are successfully incorporated within the fibers. Of particular
interest is that uniform distributions of zeolite within the
fiber were achieved.This result indicates that zeolite particles
with smaller diameters than fiber diameter were incorporated
within each fiber. To determine the correlation between
incorporated amounts and feeding amounts of zeolites, the
elemental mapping images of Si atom in Figure 1(b) were
analyzed using ImageJ software. Figure 2(a) plots the white
dots area (zeolite content) against feed concentration. There
is a good correlation between incorporated amounts and
feeding amounts. TG-DTA testing was further carried out
to precisely determine the percentage of zeolites inside the
nanofiber meshes (Figure S1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/5638905).
The nanofibers fed with 9, 33, and 47wt% zeolite had around
8, 35, and 44wt% inside the nanofibers (Figure 2(b)). It was
determined that over 90% of the fed zeolites were successfully
incorporated into nanofibers although the deviation between
the zeolite in feed and zeolites in fiber became larger with
increased zeolite feeding percentages. In our previous report,
only 30wt% of zeolite was incorporated in the fiber. But
we successfully incorporate more than 40wt% of zeolite in

this study. These results indicated that an EVOH nanofiber
composite with higher zeolites contents was successfully
fabricated using electrospinning techniques.

3.2. Creatinine Adsorption Capacity of Zeolite/EVOH
Nanofiber Mesh. The creatinine adsorption capacities of bare
zeolites are shown in Figure S2. The 500-KOA zeolite was
nonadsorbent to creatinine. 320-HOA and 720-KOA zeolites
were found to have very low creatinine adsorption capacities
while the 640-HOA has mid-range 44 𝜇mol/g adsorptions.
The zeolite with the greatest creatinine adsorption capacity
(86 𝜇mol/g)was found to be the 940-HOAzeolite (Beta type).
Therefore, 940-HOA zeolite was chosen for all subsequent
experiments in this study. To determine the creatinine
adsorption capacities of different composite nanofibers,
nanofiber meshes were immersed in creatinine solution
of 190𝜇M concentration and incubated at 37∘C for 12 h.
Finally, UV absorption spectrums of solutions collected from
the outlet were measured. Figure 3 presents the creatinine
adsorption capacity of the composite fibers with various 940-
HOA zeolite contents. The creatinine adsorption capacity of
the fiber mass was increased by increasing the zeolite content
in the fibers (bars in Figure 3). The adsorption capacity of
47wt% 940-HOA sample is as high as 30 𝜇mol/g in 190𝜇M
solution. The adsorption capacity of the zeolite mass, on
the other hand, was decreased by increasing the zeolite
content (circles in Figure 3). In other words, incorporation
of large amounts of zeolite into the nanofibers decreases the
adsorption efficiency because aggregation of zeolites lowers
the effective surface area of zeolites for creatinine adsorption
[25]. These results indicate that not only the type of zeolite
but also electrospinning conditions have to be carefully
chosen to achieve a higher capacity of creatinine adsorption.

We also examined the role of crystallinity of EVOH
nanofiber in creatinine adsorption because crystallinity may
limit the accessibility of creatinine to zeolites. Adsorption
experiments were performed using EVOH nanofibers with
different ethylene content. As shown in Figure 4, the ethylene
content in EVOH influences adsorption of creatinine. The
amount of adsorbed creatinine appeared to increase inversely
with ethylene content because nanofiber becomes less acces-
sible at higher degrees of crystallinity. Since temperature is
also one of the factors which influence the adsorption of
molecules by solids, we examined the temperature depen-
dence of the adsorption capacity (Figure S3). In general,
adsorption is thermodynamically more favourable at low
temperatures because the bonds between the adsorbate and
adsorbent are weakened at higher temperatures. However,
the results show that creatinine adsorption capacities of bare
zeolites were not affected by temperature, while those of
zeolites within the EVOH were significantly decreased with
decreasing temperature. These results strongly suggest that
temperature affects the crystallinity of EVOH (permeability
of creatinine) more than adsorption capacity of zeolite in
this study. To further reveal how adsorption time affected
the creatinine adsorption capacity, the nanofibermesheswere
incubated in creatinine solution of 190𝜇M concentration at
37∘C for 24 h. Figure 5 shows themesh adsorbed 50𝜇mol/g of
creatinine in 60 minutes. The creatinine adsorption capacity
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(a) (b)

Figure 1: SEM/EDX images of the EVOH fibers blended with 940-HOA zeolites at different contents (0, 9, 33, and 47wt% in feed) (scale bar:
20 𝜇m). (a) SEM, (b) Si-mapping.

gradually increasedwith time and the adsorption equilibrium
was reached after 12 h.

3.3. Cytotoxicity of Zeolite/EVOH Nanofiber Mesh. Finally,
the cytotoxicity of zeolite composite EVOH nanofibers was
examined because the possible adverse effects of silicalite
particles on human health have long been of concern. In

general, the cytotoxicity of silicalite materials is complex and
depends on the particle size, surface functional group, and
cell line used for the toxicity studies [27]. In this study, we
choose RAW264.7 macrophage cell lines because alveolar
macrophages play a key role in silica related diseases by
clearing particles out of the lung or by causing chronic
inflammation. In addition, the RAW264.7 cell line has been
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Figure 2: Relationship between zeolite contents in the fiber and their feed concentrations. (a) The zeolite ratios were determined from the
white dots area in Si-mapping images (𝑛 = 4). (b)The zeolite contents were calculated from the weight percentages of zeolites in nanofibers by
TG-DTA testing under air flow.The weight percentages of zeolites in nanofibers were calculated from the weight loss of nanofiber composites
(𝑛 = 3).
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Figure 3: Creatinine adsorption capacity of EVOH nanofibers
incorporated with 940-HOA zeolite by fiber mass (bars) and zeolite
mass (circles). Immersion time was 12 h at 37∘C (𝑛 = 3).

known as a model macrophage cell line commonly used to
represent the physiological scavengers of foreign nanopar-
ticles. A comparison of the cytotoxicity of bare 940-HOA
zeolite particles and incorporated 940-HOA zeolite particles
within EVOH nanofiber is shown in Figure 6. The nanofiber
composite was relatively nontoxic with a cell viability of
approximately 90%. These phenomena can be explained by
the fact that zeolite particles were successfully encapsulated
in the EVOH fiber, preventing perturbation of the cell
membrane as well as cellular uptake. On the other hand,
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Figure 4: Creatinine adsorption capacity of the EVOH nanofibers
incorporated with 940-HOA zeolite as a role of ethylene content in
EVOH (after 12 h of immersion at 37∘C) (𝑛 = 3).

bare zeolites were surprisingly toxic at this concentration
level, although zeolites are thought to be safe materials.
This is mainly because concentration ranges which have
been demonstrated in the previous study are 50–100𝜇g/mL
range which is significantly lower than that of our study
(10mg/mL). Thus, the current experimental results suggest
that zeolite/EVOH nanofiber meshes can be useful as the
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Figure 5: Creatinine adsorption capacity of the zeolite/EVOH
nanofiber meshes as a role of immersion time at 37∘C (𝑛 = 3).
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safe and effective alternative of blood purification therapy in
future clinical approach.

4. Conclusions

This study demonstrated the rational strategy of fabrication of
zeolite/EVOH nanofiber meshes for the efficient removal of
creatinine. Combined with SEM/EDX and TG-DTA analysis,
we found that over 90% of fed zeolites were successfully
incorporated into nanofibers. The amount of adsorbed cre-
atinine onto the incorporated zeolites appeared to increase
inversely with ethylene content of EVOH because nanofiber

becomes less accessible at higher degrees of crystallinity.
Cytotoxic assay revealed that the zeolite/EVOH nanofiber
was relatively nontoxic because EVOH layers prevented
zeolite particles from direct contact with cells. These results
suggest that the nanofibrous structure provides extremely
large surface area and porosity while encapsulation of zeolite
particles prevents the direct contact with cells. Thus, the
rational design of hybridization of absorbent (zeolite) and
biocompatible matrix (EVOH) will pave the way for efficient
removal of uremic toxins from the blood as a wearable blood
purification system.The explored scientific data needs further
investigation for long term exposure results to blood sample,
which will be useful for future clinical applications.
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