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Abstract Poly(ethylene-co-vinyl alcohol) (EVOH) mono-
liths were fabricated from two kinds of EVOH with different
ethylene contents by thermally induced phase separation
(TIPS) technique using a mixed solvent of isopropanol (IPA)
and water. The pore and skeleton sizes could be controlled by
changing the fabrication parameters such as the concentration
of the polymer, the ratio of IPA and water, and the cooling
temperature. The EVOH monoliths possessed relatively high
specific surface area and uniform mesopore structure. Further-
more, the monolith was applied for a support matrix of en-
zyme immobilization. The monolith was successfully activat-
ed by carbonyldiimidazole and subsequently reacted with ure-
ase. The good reusability of the urease-immobilized monolith
was demonstrated. The present EVOH monoliths have good
hydrophilicity and reactive hydroxyl groups; therefore, it pos-
sesses large potential for various bio-related applications such
as enzyme immobilization and protein purification.

Keywords Poly(ethylene-co-vinyl alcohol) - Thermally
induced phase separation - Monolith - Immobilized enzyme

Introduction

Mesoporous materials with the structural capabilities at the
scale of a few nanometers and large surface area can meet
the demands of growing applications such as protein immobi-
lization, adsorption, ion-exchange, catalysis, sensors, etc.
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Fabrication of mesoporous materials based on inorganic or
organic-inorganic hybrid frameworks has been widely
adopted using organic molecules as templates [1-4]. Howev-
er, little research has been done on purely organic mesoporous
materials by similar methods; such trials often lead to collapse
of the mesopore structure during template removal process [5,
6]. Thus, fabrication of mesoporous polymer materials with a
template-free method is a challenge work.

Development of monoliths with porous structure has been
an ever-growing field over the last decade. Due to their high
permeability, fast mass transfer performance, high stability,
and easy chemical modification, monoliths have drawn con-
siderable attention in applications such as separation media [7,
8], enzyme immobilization [9—12], chromatography [8], ion-
exchange [13, 14], and catalysis [15—17]. Recently, we have
developed a new method to fabricate polymeric monoliths
from the corresponding polymer solutions by thermally in-
duced phase separation (TIPS) or non-solvent induced phase
separation. These methods are very convenient to prepare
monoliths with interconnected porous structure without any
templates [18-24].

EVOH is a crystalline copolymer with hydrophilic vinyl
alcohol and hydrophobic ethylene segments [25]. EVOH has
drawn much attention as a unique biomedical material be-
cause EVOH has many advantages such as hydrophilicity,
biocompatibility, thermal stability, and chemical resistance.
Unlike PVA, EVOH is not soluble in water, although it shows
good hydrophilicity. EVOH is industrially prepared by special
radical copolymerization of ethylene and vinyl acetate,
followed by alkaline hydrolysis. Thus, its monolithic mate-
rials cannot be easily obtained from its monomers. Recently,
we reported the fabrication of metal nanoparticles-EVOH
composite monoliths by TIPS method [26, 27]. To widen the
application of EVOH monolith, the precise tuning of its pore
and skeleton sizes should be further discussed.
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Fig. 1 Fabrication procedure of EVOH monolith

Urease is an enzyme that catalyzes the hydrolysis of urea to
ammonia and carbon dioxide [28]. Immobilized urease is spe-
cially applied for removal of urea for blood detoxification in
artificial kidneys [29]. It could also be used for construction of
biosensors to detect urea contained in urine or serum [30, 31].
Various kinds of matrix have been reported for urease immo-
bilization, such as gels, membranes, nanoparticles, and beads
[32-34].

In this study, we emphasize the fabrication of a mesoporous
EVOH monolith by TIPS and its application for urease immo-
bilization. Two kinds of EVOH with different ethylene con-
tents were applied for the fabrication of EVOH monolith. The
morphology of the EVOH monolith was controlled by chang-
ing the fabrication parameters. Additionally, urease was suc-
cessfully immobilized onto the chemically activated EVOH
monolith. EVOH monolith with a hydrophilic segment has
large potential over hydrophobic polymeric monoliths for
bio-related applications such as tissue engineering, protein
purification, drug delivery, and enzyme immobilization.

Experimental
Materials

Two kinds of EVOH with ethylene content of 27 and 44 mol%
(abbreviated as EVOH 27 and EVOH 44, respectively), urease,
bovine serum albumin (BSA), and QuantiPro™ BCA Assay Kit
were supplied from Sigma Co. Carbonyldiimidazole (CDI), IPA,
urea, acetone, and acetonitrile (ACN) were purchased from
Wako Co. All reagents were used as received without further
purification.

Fabrication of EVOH monolith

The general procedure for fabrication of an EVOH monolith is
illustrated in Fig. 1. For the fabrication of an EVOH 27 mono-
lith from an EVOH 27 solution (140 mg/mL), the experiment
process is as follows. An EVOH 27 solution was prepared by
dissolving 140 mg of EVOH 27 in a mixture of 0.65 mL of
IPA and 0.35 mL of water at 75 °C, and the solution was
cooled at 20 °C. During the cooling stage, the phase separation
took place to form the monolith, which was immersed into a
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Solvent

EVOH monolith

large amount of acetone to remove the embedded solvent and
subsequently dried under vacuum.

Characterization

Scanning electron microscope (Hitachi Co., SU3500) was
used to observe the monolith cross-sections. Before the mea-
surement, the monolith was fractured to small pieces, mounted
on a SEM stub, and sputtered with pure gold in vacuo. SEM
images were recorded at an accelerating voltage of 15 kV.
Nitrogen adsorption/desorption isotherms for the EVOH
monolith were measured with a NOVA-4200e surface area
and pore size analyzer (Quantachrome Instruments) at 77 K.
The multipoint Brunauer Emmett Teller (BET) method and
nonlocal density functional theory (NLDFT) method were
used to determine the specific surface area and the pore size
distribution plot, respectively. Fourier transform infrared (FT-
IR) measurements were performed with Thermo Scientific
(Yokohama, Japan) Nicolet iS5 by the attenuated total reflec-
tance method. Elemental analysis was carried out on a CHN
corder MT-5 (Yanaco New Science Inc.). UV was measured
by an Infinite 200 (Tecan) microplate reader.

Immobilization of urease on EVOH monolith

Immobilization of urease on the EVOH monolith was carried
out in the following procedure (Fig. 2). EVOH monolith
(0.1 g) was immersed in 5 mL of ACN solution containing
CDI (0.2 g). The reaction was carried out at 40 °C for 4 h.
Afterwards, the monolith was washed thoroughly with
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Fig. 2 Chemical scheme for modification of EVOH monolith and
immobilization of urease
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acetone and subsequently dried under vacuum. The resulting  evaluation of the enzyme activity, two kinds of solution were
CDI-modified EVOH monolith (CDI-EVOH monolith) was  prepared: solution 1 containing 0.50 M sodium salicylate and
stored in 4 °C for further uses. Urease immobilization was ~ 0.0010 M sodium nitroprusside; solution 2 containing
conducted at 4 °C for 12 h. Fifty milligrams of the CDI-  0.030 M sodium hypochlorite. Activity of the immobilized
EVOH monolith was immersed in 10 mL of 5.0 mg/mL ure-  urease was measured as follows: 50 mg of the urease-
ase solution (dissolved in 0.1 M phosphate buffer (pH 7.0)).  immobilized monolith was added to 1.0 mL 0.20 mg/mL urea
Then, the monolith was washed with the buffer for at least  solution (dissolved in pH 7.6 phosphate buffer). After the
three times. The amount of urease immobilized on the mono-  reaction at 37 °C for 10 min, 0.40 mL of the reaction solution
lith was determined by measuring the concentration change of ~ was mixed with 0.10 mL of 0.5 M NaOH, 0.50 mL of solution
the initial and final urease solutions using the bicinchoninic 1, and 0.50 mL of solution 2. The mixture was then incubated

acid (BCA) method [35]. at 37 °C for 10 min. The absorbance at 625 nm was measured
for determination of the concentration of the formed green
dye.

Activity assay of immobilized urease The reusability of the urease-immobilized EVOH monolith

(urease-EVOH monolith) was evaluated by successive activ-
Urease activity was measured by using the Berthelot reaction ity assay. After each activity assay, the monolith (50 mg) was
according to the literature [36]. Urease is a nickel-dependent ~ removed from the reaction mixture and washed thoroughly
enzyme that catalyzes hydrolysis of urea to form ammoniaand ~ with 2 mL of a phosphate buffer (pH 7.6) for 10 min. Relative
carbon dioxide. The liberated ammonium ion reacts with sa-  residual activity of the immobilized urease was calculated by
licylate and hypochlorite to give a green dye. For the = comparing each repetition activity with the first cycle activity.

Fig. 4 SEM images of EVOH 27 (a) and EVOH 44 (b) monoliths at different cooling temperatures (polymer concentration: 140 mg/mL)
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Results and discussion
Fabrication and characterization of EVOH monolith

Generally, a mediate affinity of polymers toward solvent mol-
ecules is a key factor to fabricate monoliths by TIPS method.
EVOH is insoluble in neither IPA nor water. Interestingly,
EVOH 27 became soluble in a mixture of IPA and water
(65:35 vol%) at 75 °C. The EVOH solution with the concen-
tration of 140 mg/mL in this mixed solvent was kept at 20 °C.
During the cooling course, the phase separation took place to
form the monolith (Fig. 1). This unique behavior is probably
based on cosolvent effect [37, 18]; a poly(methyl methacry-
late) monolith was prepared on the basis of the cosolvency by
using a mixture of ethanol and water as a phase separation
solvent [18].

The inside morphology of the EVOH monolith was ob-
served by SEM, which shows the three-dimensional open pore
structure of the monolith (Fig. 1). The average pore and skel-
eton sizes of the monolith were 2.9 and 1.9 pum, respectively.
The nitrogen adsorption/desorption isotherms for the mono-
lith showed a type IV isotherm with a relatively wide type H1
hysteresis loop in the P/P, range from 0.5 to 1.0 (Fig. 3). By

4
Cooling temperature (°C)

Cooling temperature (°C)

using the nonlocal density functional theory (NLDFT) meth-
od, the pore size distribution (PSD) plot for the EVOH mono-
lith was obtained, which reveals uniform pores with diameter
of ca. 5.0 nm. The specific surface area was measured as
93.1 m? g by multipoint BET method. These data indicate
the formation of relatively uniform mesopores and
macropores in the EVOH monolith.

By changing the polymer concentration and the composi-
tion of the mixed solvent, the range of the monolith formation
was examined. Table S1 summarizes the monolith formation
for EVOH 27. When the water ratio in the mixed solvent was
35 %, the monolith was formed in the polymer concentration
from 80 to 180 mg/mL. In case of the polymer concentration
of 100 mg/mL, the formation of the monolith with
bicontinuous structure was observed in the water ratio was
30, 35, or 55 %, whereas the polymer was soluble even at
room temperature in the range of the water ratio from 40 to
50 %. In the higher polymer concentration (150 mg/mL), the
monolith was formed in the range of the water ratio from 35 to
55 %. These data clearly show the strong dependence of the
monolith formation on the polymer concentration and solvent
composition. The effect of the polymer concentration may be
explained as follows. The lower concentration may result in
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insufficient numbers of the EVOH chains to form the contin-
uous skeleton structure, and the phase separation is difficult to
occur because of higher viscosity in case of the higher
concentration.

EVOH 44 was also available for the monolith fabrication
under the similar conditions (Table S2). When the concentra-
tion of EVOH 44 was in the range from 140 to 200 mg/mL,
the monolith with the bicontinuous structure was obtained,
which range was smaller than that for EVOH 27. In case of
the concentration less than 120 mg/mL, the monolith forma-
tion was not observed. This may be due to the difference of the
hydrophilicity of EVOH.

Morphology control of EVOH monolith

Effects of various fabrication parameters on the morphology
of the EVOH monolith have been systematically investigated.
The effect of the cooling temperature on the morphology of
the EVOH monolith is shown in Fig. 4. When the cooling
temperature changed from 20 to 0 °C, the average pore size
of'the monolith decreased from 2.9 to 0.5 um and the skeleton
size decreased from 1.9 to 0.4 um (Fig. 5a) for EVOH 27.
This may be because at higher cooling temperature, the phase
separation process takes place more slowly, leading to the
formation of large pores [19]. As for EVOH 44, the pore
and skeleton sizes of the monolith were larger than those for
EVOH 27, probably due to the different affinity and/or solu-
bility of the polymer toward the phase separation solvent. In
all cases examined, the relatively uniform structure was ob-
served. These dates suggest that the pore and skeleton sizes
could be controlled by changing the cooling temperature.
The polymer concentration also affected on the morpholo-
gy of the EVOH monolith (Fig. S2). As the concentration
increased from 140 to 180 mg/mL, the average pore sizes
decreased from 2.9 to 1.1 um and the skeleton sizes decreased
from 1.9 to 0.8 um (Fig. 6a) for EVOH 27. This could also be
explained by the relationship of viscosity and phase separa-
tion. At higher polymer concentration, the phase separation
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Fig. 7 FT-IR spectra of EVOH 27 monolith (a) and CDI-modified
EVOH 27 monolith (b)
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Fig. 8 Elemental analysis results of CDI-modified EVOH 27 monolith

process occurs more quickly in the viscous polymer solution,
resulting in the formation of smaller skeleton pores. For
EVOH 44, the similar behavior of the monolith formation
was observed, and the change of the pore and skeleton sizes
against the polymer concentration was smaller than that for
EVOH 27.

Immobilization of urease on EVOH monolith

In this study, EVOH monolith was applied for matrix of
immobilized enzymes. Hydrophilic matrices are often suitable
for immobilized enzymes, especially, their use in aqueous
media; thus, EVOH 27 exhibiting higher hydrophilicity was
selected. In the following experiments, the material used was
the monolith prepared by the following conditions: EVOH 27
with the concentration of 150 mg/mL, the water ratio of 35 %,
the cooling temperature of 20 °C.

CDI is a well-known reagent to activate a hydroxyl group
for introduction of functional molecules [38, 39]. As shown in
Fig. 1, the hydroxyl group of EVOH on the monolith surface
was modified by CDI for introduction of urease on the
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Fig. 9 Reusability of the immobilized urease evaluated by a successive
activity assay for the hydrolysis of 1.0 mL of urea solution (pH 7.6;
0.20 mg/mL) using 50 mg of the monolith
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monolith. Figure 7 shows the FT-IR spectra of EVOH and
CDI-EVOH monolith. A broad peak at 3325 cm™' due to
the hydroxyl group decreased after the activation by CDI.
The imidazolyl-carbamate group of the product was con-
firmed by a peak at 1750 cm ™' due to asymmetric stretch of
the carbonyl group, a peak at 1460 cm™' to CH, scissor of
deformation of CDI, peaks at 1394 and 1246 cm™' to C-N
stretches of CDI. These data show the successful modification
of EVOH monolith by CDL

The modification by CDI would be mainly made on the
monolith surface. As a measure of the modification monitor-
ing, the elemental analysis of the CDI-EVOH monolith was
carried out (Fig. 8). The nitrogen content in the monolith in-
creased with increasing the CDI concentration, suggesting the
control of the surface composition as a function of the CDI
concentration. SEM observation shows that the inside mor-
phology of the monolith hardly changed after the modification
(Fig. S1).

The mechanical strength of the CDI-EVOH monolith pre-
pared by using 60 and 80 mg/mL CDI was found to be inferior
to that by the lower concentration of CDI or of the unmodified
monolith by qualitative evaluation. Thus, the monolith modi-
fied by using 40 mg/mL CDI, which possessed relatively good
toughness and high content of the activated group, was used
for immobilization of urease. The amount of urease onto the
monolith was measured as 4 mg urease per 1 g of the
monolith.

The immobilized urease showed good catalytic activity for
hydrolysis of urea, which may be because urea can reach the
catalyst active site of urease in a short time due to the good
hydrophilicity and interconnected pore structures of the
EVOH monolith. Furthermore, the immobilized urease could
be repeatedly used (Fig. 9). Ninety three percent of the relative
activity remained after eight successive cycles. The large sta-
bility for recycle usage might be most attributable to the stable
covalent bond between urease and the EVOH monolith,
preventing urease escape from the matrix during urea decom-
position process. This good reusability of the present urease-
EVOH monolith is significant for potent bio-related industrial
applications of the present monolith.

Conclusions

A mesoporous EVOH monolith was fabricated from the
EVOH solution in a mixed solvent of IPA and water by TIPS.
The morphology of the monolith could be controlled by alter-
ing the fabrication conditions such as the mixed ratio of IPA
and water, the cooling temperature, and the concentration of
EVOH. The resulting EVOH monolith possessed a large spe-
cific surface area and uniform mesoporous structure. Urease
was immobilized on the EVOH monolith activated by CDI.
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The good reusability of the urease-EVOH monolith was
demonstrated.

Unlike PVA, EVOH is insoluble in water, although it
shows high hydrophilicity. Thus, the crosslinking is not re-
quired for usage of the EVOH monolith in aqueous media.
Additionally, nonionic and hydrophilic EVOH is a suitable
material for suppression of nonspecific adsorption of biomol-
ecules such as proteins and DNA. Based on these characteris-
tics, the present EVOH monolith may be useful for a variety of
bio-related applications. Further studies on applications of the
EVOH monolith for enzyme immobilization and protein pu-
rification are underway in our laboratory.
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