F 'I'B‘ Food Technology
& Biotechnology

original scientific paper
ISSN 1330-9862
doi: 10.17113/tb.56.01.18.5456

Dye-Affinity Nanofibrous Membrane for Adsorption of Lysozyme:

Steven Sheng-Shih Wang',
Szu-Ming Yang', Ai Hsin'
and Yu-Kaung Chang'#*

'Department of Chemical
Engineering, National Taiwan
University, 10617 Taipei, Taiwan, ROC

’Department of Chemical
Engineering, Graduate School of
Biochemical Engineering, Ming Chi
University of Technology, Taishan
Dist, 24301 New Taipei, Taiwan, ROC

Received: July 31,2017
Accepted: October 7,2017

*Corresponding author:

Phone: +886229089899 ext. 4668;
Fax: +886229083072;
E-mail: ykchang@mail mcut.edu.tw

ORCID IDs: 0000-0001-5432-3268
(Wang), 0000-0003-4592-6555 (Yang),
0000-0003-0539-4427 (Hsin), 0000-
-0002-8155-7139 (Chang)

Paper was presented at the 7th
International Forum on Industrial

Bioprocessing - IFIBiop 2017, May 21-24,

2017, Wuxi, PR China
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SUMMARY

Polyacrylonitrile (PAN) nanofibrous membrane was prepared by an electrospinning
technique. After heat treatment and alkaline hydrolysis, the weak ion exchange mem-
brane was grafted with chitosan molecule and then covalently immobilized with a Cibacron
Blue F3GA (CB). Fibre diameter, porosity and pore size of the membrane and immobilized
dye density were characterized. Furthermore, the membrane was applied to evaluate the
binding performance of lysozyme under various operating parameters (pH, chitosan mass
per volume ratio, dye concentration, ionic strength and temperature) in batch mode. The
experimental results were directly applied to purify lysozyme from chicken egg white by
membrane chromatography. The results showed that the capture efficiency, recovery yield
and purification factor were 90 and 87 %, and 47-fold, respectively, in a single step. The
binding capacity remained consistent after five repeated cycles of adsorption-desorption
operations. This work demonstrates that the dye-affinity nanofibrous membrane holds
great potential for purification of lysozyme from real feedstock.
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INTRODUCTION

Various nanofibrous membranes can be prepared by using an electrospinning process
and they have been widely applied in diverse fields, such as tissue engineering (7,2), drug
delivery (3), biosensors (4), antibacterial membranes (5), filtration and adsorptive membranes
(6,7), and wastewater treatment (8). Column chromatography is an effective technique for
purification of proteins. However, there are many disadvantages, such as compressibility of
the packed beds, fouling of the adsorbent beads, and slow operating flow rate. To overcome
these problems, membrane chromatography may be an alternative technique (9-12).

Nanofibrous membranes designed for use in purification of proteins should feature high
porosity, large specific area, high chemical, biological and mechanical stabilities, high hydro-
philic properties, low non-specific adsorption, and fast binding kinetics (6,70,72). The high
specific surface gives the nanofibrous membrane higher adsorption capacity and a faster
adsorption rate than conventional membranes.

The polyacrylonitrile (PAN) membrane is less suitable for use in adsorption of proteins
than hydrophilic cellulose membranes due to its hydrophobicity (73,74). Hence, the hydro-
philic group must be introduced on the membrane surface to combine the advantages of
both hydrophilic and hydrophobic membranes. Some advantages of the PAN membrane are
its strong mechanical strength and chemical stability (75,76). Therefore, the PAN membrane
was chosen for use in this work.

The chitosan molecule is a non-toxic, biodegradable and biocompatible biopolymer,
and can be used to improve the hydrophilicity of the PAN membrane. It has high chemical
reactivity and can be effective for use in the adsorption of proteins and heavy metals due to
the presence of amino and hydroxyl groups in the chain (77-79). In recent years, various dye
ligands have been immobilized on different types of membranes, such as PAN (79), cellulose
(20), chitosan composite (27) and polyethersulfone (22). One of the most utilized dye ligands
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is Cibacron Blue F3GA (CB) reactive dye, which is commonly
used in the adsorption of proteins (16,22). There are many ad-
vantages of using biomimetic dyes as the ligand for purifica-
tion of proteins, such as low cost, ease of immobilization, high
binding capacity and medium specificity (23). The dye mole-
cule can be directly coupled to hydroxyl and/or amino groups
on the membrane surface. Therefore, chitosan molecule can be
directly used to covalently bind CB molecules. In this work, PAN
nanofibrous membranes were prepared by an electrospinning
technique. The surface of PAN membrane was first hydrolysed
with 3 M NaOH to convert nitrile group into carboxylic group,
and chitosan molecule was then covalently bound to the mem-
brane surface. Finally, the dye molecule was immobilized onto
the chitosan membrane.

Chicken egg white contains a variety of proteins, often as
the main source of lysozyme. It is the ideal model for use in
the purification of lysozyme. In egg white proteins, ovalbumin,
ovotransferrin and ovomucoid are the main components, ac-
counting for 54, 12-13 and 11 %, respectively. Lysozyme is a
minor component, accounting for 3.5 % and is a commercial-
ly valuable enzyme (24). It has considerable potential in the
pharmaceutical and food industries (25). Until now, the adsorp-
tion behaviour of lysozyme on dyed nanofibrous membranes
has not been studied in detail (26). Conventional dye-affinity
membrane chromatography has been used to purify lysozyme
from egg white (27,28). The objective of this study is to investi-
gate the adsorption characteristics of pure lysozyme on dyed
nanofibrous membranes. The batch experiments were carried
out under various adsorption and elution conditions, such as
pH, chitosan mass per volume ratio, dye concentration, ionic
strength, temperature and hydrophobicity. Based on the re-
sults from batch studies, the lysozyme was purified from chick-
en egg white by dye-affinity nanofibrous membrane chroma-
tography.

MATERIALS AND METHODS

Materials

Polyacrylonitrile (PAN) yarn (M=1.2:10° g/mol, containing
93 % acrylonitrile and 7 % vinyl acetate) was purchased from
Fortune Industries Inc. (Taoyuan, Taiwan). Polyethylene tereph-
thalate (PET) spunbond fabric (basis mass 15 g per m? thick-
ness 90 um, fibre diameter 300-500 pm) was supplied from
Freudenberg Far Eastern Spunweb Co., Ltd. (Taoyuan, Taiwan).
Water-soluble chitosan (M=5.0-10° g/mol) was obtained from
Charming&Beauty Co., Ltd. (Taipei, Taiwan). Cibacron Blue F3GA
reactive dye was obtained from the First Chemical Manufac-
ture Co,, Ltd. (Taipei, Taiwan). Micrococcus luteus cells and other
chemicals and solvents were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Preparation of PAN nanofibrous membrane

Electrospinning device was purchased from Falco Tech
Enterprise Co., Ltd. (New Taipei City, Taiwan) and consisted of

syringe pump, high voltage DC power supply, spinning poly-
mer solution, and rotating cylindrical collector, as shown in
Fig. 1.

High voltage

p <
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Fig. 1. Schematic representation of cylindrical rotating electrospin-
ning assembly, including two-syringe pump, DC high voltage, and
cylindrical rotating collector

PANyarn (15 g) was dissolved in 100 mL of dimethylaceta-
mide (DMAC). A volume of 10 mL of prepared PAN solution
was loaded into a syringe with a 21-gauge stainless steel noz-
zle. The electrospinning process was performed at 298 K and
the operating parameters were determined based on the pre-
vious study by Chiu et al. (6,29). The applied electric voltage,
the distance between the nozzle tip and the collector, the
feeding rate of the polymer solution, and the rotation rate of
the collector were fixed at 26.5 kV, 15.8 cm, 1.0 mL/h and 24.0
cm/s, respectively. The nozzle moved along the y-axis (20.0
cm) at a frequency of 12 times per min. The PAN nanofibre
mat was collected on PET fabric and wound on a ground steel
drum. The PAN-PET-PAN membranes (one PET fibre and two
PAN nanofibre layers, designated as AEA) were subjected to
a heat pressing process at 373 K for 1 h and then further used
in this study.

Preparation of ion exchange membrane

An amber glass bottle with safety seal (SV-50A, 50 mL) was
obtained from Nichiden-Rika Glass Co., Ltd. (Kobe, Japan).The
glass bottle containing one sheet of AEA membrane (effective
area 4.91 cm?, diameter 25 mm) in 5 mL of 3 M NaOH was
placed in a constant temperature oven (model Risen PID-96T;
Chemist Scientific Corp., New Taipei City, Taiwan) at 358 K for
25 min. After alkaline treatment, the membrane was removed
and successively washed with water to remove the excess
NaOH. The hydrolysed membrane was then treated with 0.1
M HCI (designated as AEA-COOH), followed by washing and
drying in an oven at 333 K before use. The surface density of
carboxylic groups on the AEA-COOH membrane was deter-
mined by dyeing with toluidine blue O (TBO; Sigma-Aldrich)
as described by Yang and Lin (30).

Preparation of chitosan membrane

One sheet of AEA-COOH membrane (effective area
491 cm?) was submerged into 5 mL of 0.1 M 4-morpho-
lineethanesulfonic acid (MES) hydrate solution (pH=5.0)
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containing 200 mmol of 1-ethyl-3-(3-dimethylaminopro-
pyl)-carbodiimide (EDC) and chitosan (0.1-1.0 %, mass per
volume ratio). The mixture was shaken using an orbital shak-
er (model KS/OS-300; Chemist Scientific Corp.) at 100 rpm
and 298 K for 3 h. Finally, the chitosan membrane was tak-
en out, washed with water to remove the free chitosan and
thendried in an oven (model Risen PID-96T; Chemist Scientif-
ic Corp.) at 333 K. The surface density of the amino groups on
the chitosan membrane (designated as AEA-COOH-CS) was
determined by dyeing with Acid Orange 7 (AO7) as described
by Yang and Lin (30).

Immobilization of dye on the activated chitosan membrane

One sheet of chitosan membrane (effective area 4.91 cm?)
was placed in each glass bottle (50 mL), containing 0.5 mg/
mL of Cibacron Blue 3GA (CB), 20 % NaCl (mass per volume
ratio) in 5 mL of 0.1 M Na,CO, at pH=11.0. The reaction mix-
ture was heated at 333 K for 6 h in a sealed bottle. After the
reaction period, all uncoupled dye was removed. The dyed
membranes (designated as AEA-COOH-CS-dye) were thor-
oughly washed with a series of solutions (i.e. water at 333
K, 10 % ethanol (by volume), T M NaCl and 6 M urea) until
no dye molecules were detected in the washing solution by
a UV-Vis spectrophotometer (model Ultrospec 3100 Pro; GE
Healthcare Biosciences, Uppsala, Sweden) at 620 nm. Finally,
the dyed membranes were stored at room temperature be-
fore use. The dye ligand density on the membrane was de-
termined by the difference between initial and final dye con-
centrations. The dye concentration in solution was measured
by spectrophotometer at 620 nm (37).

Effect of operating parameters on lysozyme adsorption

The adsorption of lysozyme on the dyed membrane (one
sheet of membrane, effective area 4.91 cm?) was first mon-
itored in buffer solutions of different pH, including sodium
acetate buffer (pH=4), sodium phosphate buffer (pH=6-8),
glycine-NaOH buffer (pH=9-10) and sodium carbonate buf-
fer (pH=11). In each buffer solution, the initial concentration
of lysozyme was 1.0 mg/mL and the adsorption experiments
were done at 298 K and 100 rpm for 3 h. After completion
of the adsorption, the initial and final concentrations of ly-
sozyme were determined to calculate the amount of lyso-
zyme adsorbed on the membrane. All experiments were
performed under different batch conditions, including chi-
tosan (0.05-1.0 %), dye (0.1-4.0 mg/mL), and NaCl (0.1-1.0 M).
In addition, the effect of temperature on the adsorption of
lysozyme (5 mL, 1.0 mg/mL of lysozyme, pH=9) was inves-
tigated in the temperature range between 277 and 323 K
by using a shaking water bath (model B603DL; Firstek, New
Taipei City, Taiwan). The lysozyme concentration in the lig-
uid phase was measured by a UV-Vis spectrophotometer
(model Ultrospec 3100 Pro; GE Healthcare Biosciences) at
280 nm. The molar absorptivity of lysozyme is £=2.65 mL/
(mg-cm) (37). The amount of adsorbed lysozyme on the dyed

membrane (mg of lysozyme per g of membrane) was calcu-
lated by the following equation:
V-(c,-c
q = M /1/
m

where g (mg of lysozyme per g of membrane) is the binding
capacity of the membrane for lysozyme, V is the volume of
aqueous phase (mL), ¢, and ¢ (mg of lysozyme per mL of solu-
tion) are the initial and final concentrations of lysozyme, re-
spectively, and mis the mass of the membrane (g). All exper-
iments were performed in triplicate with standard deviation
(S.D.) and the data presented are the mean values calculated
from these independent experiments.

Purification of lysozyme from chicken egg white

Nanofibrous membrane chromatography is a relatively
new technique based on the integration of nanofibre filtration
and liquid membrane chromatography into a single-step op-
eration. In this experiment, one sheet of the dyed membrane
placed in a membrane holder (diameter 25 mm, effective area
3.7 cm? Pall Corporation, Ann Arbor, MI, USA) integrated with
an AKTAprime chromatographic system (GE Healthcare Bio-
sciences) was applied to purify the lysozyme from clarified
chicken egg white.

A volume of 10 mL of homogenized chicken egg white
was diluted with 90 mL of 20 mM glycine/NaOH buffer (pH=9),
followed by centrifugation (centrifuge model Allegra X-22R;
Beckman Coulter, Inc., Fullerton, CA, USA) and filtration (filter
pore size 0.45 um) at 10 000xg for 20 min. A volume of 10 mL
of supernatant was then pumped through the CB membrane
filter holder at 0.1 mL/min, followed by washing with 10 mL of
adsorption buffer at 1.0 mL/min. A two-step elution scheme
with NaCl (i.e. 0.6 and 1.0 M) at 0.1 mL/min was further used
to investigate the elution efficiency of adsorbed lysozyme.
The eluents were collected and total protein and lysozyme
activity were assayed.

Total protein and lysozyme activity assay

The total protein was measured using the Bradford
method (32). The activity of lysozyme was assayed by lysis of
0.25 mg/mL of M. luteus cells in 100 mM sodium phosphate
(pH=6.24) at 298 K. One unit of lysozyme activity was defined
as the decrease of A, = at0.001 per minute (33).

RESULTS AND DISCUSSION

In this study, lysozyme was chosen as the model protein,
and the dye-affinity nanofibrous membrane was used to as-
sess the feasibility of the specific adsorption of protein under
various operating parameters (pH, chitosan mass per volume
ratio, dye concentration, ionic strength and temperature).
Furthermore, the dyed membrane was used to directly puri-
fy lysozyme from chicken egg white as a complex feedstock.
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Morphology and physical properties of dye-affinity
nanofibrous membrane

It is well known that the morphology, mechanical proper-
ties and surface characteristics of the PAN nanofibre are sig-
nificantly influenced by the polymer solution properties, pro-
cessing parameters, and environmental conditions (29). The
operating parameters for preparation of the PAN nanofibrous
membrane used in this study were based on Chiu et al. (29). The
PAN membrane (designated as AEA) used in this study includes
a two-layer nanofibre (PAN) and one supporting layer (PET) to
form a sandwich framework structure. After heating treatment
and alkaline hydrolysis, the weak cationic exchange membrane
(designated as AEA-COOH) was obtained. The modified ion ex-
change membrane with carboxylic groups was then grafted
with chitosan and further covalently immobilized with Ciba-
cron Blue F3GA (CB) to serve as the dye-affinity nanofibrous
membrane. The scheme of the modification process of PAN
membrane is shown in Fig. 2.

LN
O "
HO L)
NH,
n
3MNaOH 0.1 M HCI NH,-CS-NH,
i == n - e n
EDC/MES
N H NH-CS-NH,
d
s

AEA-COOH AEA-COOH-CS

AEA o,

E O NH,
n SN SO,Na
N=k HN’LNH 3
o NHCSNH— N Q—N—kNJ—N@
N
;E_I S0,Na
SO,Na
NaO$,
{ )t

HN

o~ o
s

AEA-COOH-CS-dye

Fig. 2. Schematic representation of synthetic route for the AEA-
-COOH-CS-dye nanofibre. EDC=1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, MES=4-morpholineethanesulfonic acid

The physical properties and morphologies of the modified
nanofibrous membranes were observed by scanning electron
microscopy (SEM) and the results are shown in Fig. 3 and Ta-
ble 1, respectively. The prepared PAN membrane was partial-
ly soluble when the hydrolysis time was longer than 30 min.
On the contrary, with hydrolysis time <30 min, the membrane
structure, the average diameter, and the mechanical strength
remained. Hence, the hydrolysis time of 25 min at 3 M NaOH
and 358 K was used in this study. It has been observed that
the AEA-COOH membranes consist of randomly oriented na-
nofibres after the alkaline hydrolysis step. The modified PAN
membrane became rough and the degree of entanglement
also increased. Similar observations have also been reported
by other authors (8,79,34). After chitosan and dye modification,
the modified membrane caused the nanofibre to be thicker
without any significant influence on their overall morphology.
Similar preparation of dyed nanofibre membrane was investi-
gated by Zhang and Sun (74). However, their modification was
more complex and consumption costs were higher.

Fig. 3. Scanning electron microscopy (SEM) micrograph of electro-
spun fibre: a) polyacrylonitrile (PAN), b) hydrolysed PAN (PAN-COOH),
c) with chitosan (PAN-COOH-CS) and d) with dye (PAN-COOH-CS-
-dye)
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Table 1. Physical properties of the modified PAN nanofibrous membrane used in this work

Nanofibre

Thickness/m -

Type of membrane

AEA 236+20 492+30
AEA-COOH 206+25 480+25
AEA-COOH-CS-NH, 231+20 557+20
AEA-COOH-CS-dye 239430 570£35

Average pore

Surface porosity/% b(ligand)/(umol/g)

size/pm
85.69 0.472 -
84.32 0.461 425.23 (-COOH)
83.65 0.457 408.78 (-NH,)
82.63 0.446 170.65 (-dye)

Effect of pH on adsorption

Studies of the adsorption of lysozyme with a dyed mem-
brane were carried outin a pH range of 4-11 in a reciprocal shak-
ing water bath at 298 K. As shown in Fig. 4, the maximum bind-
ing capacity of lysozyme was at pH=9. In the range of pH=4-8,
the amount of adsorbed lysozyme increased with increas-
ing pH and the binding capacity increased from 49.2 to 209.3
mg of lysozyme per g of membrane. In this pH range, the dye
molecule carries negative charges; however, the positive charge
density of the lysozyme molecule decreases with increasing pH.
As indicated by the binding capacity, this may be due to the
asymmetric distribution of the surface charge on the lysozyme
molecule. In this case, the positively charged groups may be
located in one region of the lysozyme molecule, even though
there are more positively charged amino groups at lower pH
values. A number of studies have shown similar results (35,36).
The binding capacity of protein may not be satisfactorily
explained by the net charge concept, and the adsorption is
mainly controlled by the charge distribution on the protein.

300

250 ¢

200 |

q/(mg/g)
7Y
(=)

100 - [

50 F

pH

Fig. 4. The effect of pH on the binding capacity (g) of lysozyme

As the pH increased to 11 (near the pl value of lysozyme)
(37), the adsorption capacity decreased to 158.2 mg/g. This may
be due to the fact that more lysozyme molecules are less proto-
nated and thus form less positively charged groups. This could
contribute to having weaker electrostatic effect on the posi-
tively charged lysozyme and negatively charged membrane.

Based on these results, it was suggested that the optimal
pH for the adsorption of lysozyme was pH=9 and the max-
imum binding capacity was 245.6 mg/g. Therefore, this pH
value was used for further experiments.

Effect of chitosan concentration

Chitosan chains have three reactive sites, including two
hydroxyl groups (primary and secondary) and one primary
amine (more active). The amide linkage between chitosan
molecule with the primary amino group and the AEA-COOH
membrane with the carboxylic group can be achieved by an
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)-me-
diated coupling reaction (22,30). In the study of Ma et al. (22),
the coupling pH for EDC-mediated immobilized schemes
was 5.0. The residual amino and hydroxyl groups of an ac-
tivated chitosan membrane can be easily modified with
reactive dye molecules. The immobilized mass of dye on
the chitosan membrane in the range of chitosan mass per
volume ratio from 0.05 to 1.0 % was found to be almost the
same (59.8 mg of dye per g of membrane), resulting in sim-
ilar binding capacity of lysozyme (i.e. 245.6 mg of lysozyme
per g of membrane), as shown in Fig. 5. Hence, the optimal
mass per volume ratio of chitosan for use in preparation of
dyed membrane was 0.2 %.

300
250 F
. . . 3 ¥
®
2 ot
s
150 |
100 1 1 1 1
0.0 02 04 06 08 10

(m(chitosan)/F{(solution))/%

Fig. 5. The effect of chitosan (mass per volume ratio) on the binding
capacity (q) of lysozyme
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Effect of dye concentration

The amount of dye immobilized on the membrane has been
considered as an important parameter in adsorption of pro-
teins (14,23,38). Fig. 6 shows the relationship between lysozyme
binding capacity and initial dye concentration. The difference
in the adsorption capacity of the membrane to lysozyme may
be caused by one or more of the following factors, such as
changes in the mass of the immobilized dye molecule, chang-
es in the charge distribution and arrangement of the dye mol-
ecule, or changes in interactions between lysozyme and the
dye molecule (e.g. ionic, hydrophobic or specific interaction)
(27). The maximum binding capacity (245.6 mg of dye per g of
membrane) was observed when 0.5 mg/mL of dye was loaded,
which corresponded to the mass of the immobilized dye of 59.8
mg per g of membrane, as shown in Fig. 7. However, the in-
crease of dye loading (>0.5 mg/mL) led to the reduced bind-
ing capacity. This decrease may be due to the steric effects at
a larger mass of dye on the membrane. In such a case, the dye
molecule would not easily approach the active binding sites on
the lysozyme molecule. Hence, the degree of steric hindrances
between the dye and lysozyme molecules on the membrane
was a significantly important parameter for the binding capaci-
ty. It has been shown that protein molecules adsorbed under a
higher dye coupling density are more difficult to elute (23). This
tighter binding has been attributed to multivalent interactions
between lysozyme and immobilized dye (39). Hence, it was sug-
gested that the optimal mass of immobilized dye was 59.8 mg
per g of membrane, which corresponds to the molal concentra-
tion of 71.2 mmol per g of membrane.

Effect of salt concentration

The binding capacity of lysozyme on the membrane under
different salt concentrations (0.1-1.0 M NaCl, pH=9.0) is present-
ed in Fig. 8. The results show that the increase of NaCl concen-
tration caused a remarkable decrease in binding capacity. As
the concentration increased from 0.1 to 1.0 M NaCl, the binding
capacity decreased from 214.9 to 33.5 mg/g. Also, the adsorp-
tion of lysozyme decreased by 84 % as the NaCl concentration
increased from 0.1 to 1.0 M. This may be mainly attributable
to the competition of positively charged lysozyme for bind-
ing to negative ions in the salt buffer or negatively charged
membrane framework. The results indicated that part of ad-
sorbed lysozyme could not be eluted by 1.0 M NaCl, due to the
presence of hydrophobic interactions. This was caused by the
presence of aromatic structures on the immobilized dye and
hydrophobic chains of the lysozyme molecule. Similar results
have been found for the adsorption of lysozyme by other
different types of dyed membranes (27,28). Hence, the com-
bination of electrostatic and hydrophobic interactions is likely
involved during adsorption.

Influence of temperature

The effects of operating temperature on the binding ca-
pacity of lysozyme were investigated in the range of 277-323

250 |-

200 |-

50

(m(immobilized dye)/m(membrane))/(mg/g)
9
]

0 P T S S S S S S}
0 1 2 3 4

y(dye)/(mg/mL)

Fig. 6. Variation of the amount of dye immobilized on chitosan mem-
brane with various initial dye concentrations
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Fig. 7. The effect of immobilized dye density on the binding capacity
(q) of lysozyme
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Fig. 8. The effect of sodium chloride on the binding capacity (g) of
lysozyme

FTB| Food Technology & Biotechnology

January-March 2018 | Vol. 56 |[No. 1~ 45



S.S.S. WANG et al.: Lysozyme Adsorption on PAN Membrane

K. As shown in Fig. 9, it was observed that the binding capac-
ity was increased from 154.3 to 309.2 mg/g as the tempera-
ture increased from 277 to 323 K. An increase in temperature
caused an increase in binding capacity. Similar results were
also observed in the adsorption of lysozyme by other dyed
membranes (27,39-43).The increase in binding capacity of the
membrane was related to the conformational changes of the
lysozyme molecule. Moreover, this could be attributed to an
increase in the hydrophobic interaction as the temperature
increased (41).

350

300

q/(mg/g)

200 -

150 F

100 . . . . .
270 280 290 300 310 320 330

T/K

Fig. 9. The effect of operating temperature on the binding capacity
(q) of lysozyme

Comparison with related membrane techniques

The binding capacity of the dye-affinity nanofibrous
membrane for pure lysozyme adsorption (expressed in mg/g,
mg/cm? or mg/cm?) was compared to other types of mem-
branes investigated in previous studies, as shown in Table
2. It was found that the dye nanofibrous membrane devel-
oped in this work resulted in much higher binding capacity
(245.6 mg/g, 50.1 mg/cm? or 131.9 mg/cm?®) than the other
dyed membranes. It has been demonstrated that the nanofi-
brous membrane techniques are far more economically ad-
vantageous than other conventional membrane techniques
due to the high surface area per mass unit resulting from the
small diameter and porous structure. This may lead to a fast
adsorption rate and high binding capacity. The nanofibrous
membrane appears to be more effective for the adsorption of
lysozyme when processing samples of large volume.

Membrane chromatography for purification of lysozyme
from chicken egg white

One sheet of dyed membrane (effective adsorption area
3.7 cm?), connected with the AKTAprime chromatographic
system (GE Healthcare Biosciences) was used to obtain the
purification profile of lysozyme from chicken egg white solu-
tion, as shown in Fig. 10. At the end of the adsorption phase,
the breakthrough curves of the contaminating proteins and
lysozyme activity increased to approx. 95 and 30 % of the inlet
values, respectively. In the adsorption and washing stages,

Table 2. Comparison with conventional membranes for binding capacity of pure lysozyme

Maximum binding capacity

Membrane Reference
mg/g mg/cm? mg/cm?

AEA-COOH-CS-dye nanofibre membrane 245.58 50.12 131.86 This work
Re.actlve Red 120'|mmob|I|zed pHEMA/ 3230 132 20.80 27)
chitosan composite membrane
Regctlve Green 19 immobilized pHEMA/ 48.05 1.97 60.80 28)
chitosan composite membrane
Procion Green H-E4BD immobilized
pHEMA ion exchange membrane 1.22 0.42 1414 (39)
Procion Brown MX-5BR immobilized
pHEMA/chitosan IPNs membrane 10175 3.33 128.20 (36)
Procion Brown MX-5BR immobilized
pPHEMA/chitosan composite membrane 9643 3.16 121.50 (39)
Procion Green H-4G immobilized pHEMA 63.65 219 80.20 1)
membrane
Procion Green H-4G immobilized
pHEMA/chitosan composite membrane 1610 0.53 20.28 42)
Cibacron Blue F3GA immobilized ) 041 5125 43)

regenerated cellulose membrane
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Fig. 10. Purification of lysozyme from chicken egg white by dye-affin-
ity nanofibrous membrane chromatography

the degree of protein removal was as high as 95 %, but the
loss of lysozyme activity at these stages was only 12 %. The
purification results of the experiment are shown in Table 3.

The results showed that the capture efficiency of the
membrane for lysozyme was approx. 89 %. The purification
factor of lysozyme was about 24-fold and recovery yield about
57 % in a single step. The total yields of contaminating pro-
teins and lysozyme calculated by adding up all individual
stages were 97 and 56 %, respectively. It was found that a
small amount of egg white protein (3 %) and a large amount
of lysozyme (44 %) were not recovered during the purification
of lysozyme. This may be due to the presence of multi-type
relational interactions between the lysozyme molecule and
the membrane, such as ionic charge interaction, hydropho-
bic interaction and specific interaction. Hence, the adsorbed
lysozyme was not completely eluted by 0.6 M NaCl from the
dyed membrane.

Our results demonstrated that the binding strength of the
dyed membrane for lysozyme was much stronger than those
of contaminating proteins. Therefore, optimization of the elu-
tion scheme for lysozyme should be further developed.

Improvements of elution schemes for lysozyme

Based on the experimental results as described above, the
adsorbed lysozyme was not completely eluted by using 0.6 M
NaCl (pH=9). The results showed that there was still 34 % of
adsorbed lysozyme retained on the dyed membrane. These
findings suggested that the binding mechanism of lysozyme
to dyed adsorbent may result from the combined effects of
electrostatic and hydrophobic forces. Hence, elution efficien-
cy by 0.6 M NaCl (pH=9) may be enhanced by the addition of
a polarity-reducing agent (e.g. ethanol or ethylene glycol). In
this work, 25 % ethanol or ethylene glycol in 0.6 M NaCl (pH=9)
was chosen to elute the lysozyme from the dyed membrane.

As described in experimental section, the operating
procedures were carried out with diluted chicken egg white
solution (5 mL, lysozyme content 19750 U/mL, total protein
content 16.0 mg/mL) at 150 rpm in batch studies. After
adsorption and wash stages, the adsorbed lysozyme was
completely eluted by 25 % ethanol in 0.6 M NaCl (5 mL, pH=9).
However, only 63 % of adsorbed lysozyme was eluted by 25
% ethylene glycol in 0.6 M NaCl (5 mL, pH=9) from the dyed
membrane. Other remaining lysozyme on the membrane
was further eluted by 25 % ethylene glycol in 1.0 M NaCl (5
mL, pH=9). Hence, one-step elution with 25 % ethanol in 0.6
M NaCl (pH=9) was highly effective for recovery of lysozyme.
The results revealed that the electrostatic and hydrophobic
interactions between lysozyme and immobilized dye may play
an important role in the elution.

Improved purification of lysozyme

It has been shown that lysozyme could be completely
eluted from the dyed membrane by 25 % ethanol in 0.6 M NaCl
(pH=9) as described previously. The operating conditions ob-
tained from the batch experiments were used in membrane
chromatography. The experiment was carried out to purify the
lysozyme from complex chicken egg white solution (10 mL,
lysozyme content 1.05-10* U/mL, total protein content 6.64
mg/mL, specific activity 1.58:10° U/mg). The CB membrane
holder (one sheet of membrane, effective area 3.7 cm?) was
integrated with an AKTAprime chromatographic system. In the
purification procedures, the liquid flow rates selected for the

Table 3. Purification of lysozyme from chicken egg white by dye-affinity nanofibrous membrane chromatography

X . m(total L

Purification step V/mL protein)/mg Total activity/U
Clarified s
chicken egg white 10 66.18 10310
Flow and wash 20 62.88 1.19-10*
Elution (1) 4
(0.6 M Nacl) 10 1.23 4.59-10
Elution (Il) 102 102
(1.0 M NaCl) 10 1.79-10 39110
Total

w(total e EE Specific Purification fold
protein)/% ysozy ° activity/(U/mg) (lysozyme)
100.00 100.00 1.56-10° 1.0
95.01 11.55 - -
1.86 44.56 3.73-10* 24.0
2.70-102 0.38 2.19-10* 14.0
96.90 56.51

Data are expressed as the mean value of triplicate measurements
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adsorption (10 mL), wash (10 mL) and elution (20 mL) steps
were 0.1, 0.5 and 0.1 mL/min, respectively. In adsorption and
wash stages, the adsorption efficiency of lysozyme was as high
as 90 %, and the amount of contaminating protein was only 5
%. The experimental results of the elution with 25 % ethanol
in 0.6 M NaCl showed that the recovery yield of lysozyme was
87 % and the purification factor was up to 47-fold. After the
change of the elution scheme, this experiment was very suc-
cessful. Therefore, it was concluded that the application of
nanofibres in dye-affinity chromatography for purification of
proteins is quite feasible and could replace the conventional
membrane chromatography.

Reusability of dyed membrane

To evaluate the possibility of the repeated use of a dyed
membrane, the adsorption-desorption operations were repeat-
ed for five cycles by using the same dyed membrane in batch
studies. The time of cleaning-in-place (CIP) procedure was
carried for one hour by using a cocktail solution containing 1.0
M NaCl, 25 % ethanol and 4 M urea. The dyed membrane was
readily cleaned and the binding capacity for lysozyme was not
significantly reduced (<3 %). The results showed that this CIP
procedure for the dyed membrane was very effective.

CONCLUSIONS

In this study, lysozyme was chosen as a model protein and
its binding characteristics on the dye-affinity nanofibrous mem-
brane were extensively investigated by varying the pH, chitosan
mass per volume ratio for coupling reaction, initial dye con-
centration for immobilization, salt concentration and operat-
ing temperature. The results showed that optimal adsorption
occurred at pH=9, chitosan mass per volume ratio of 0.2 %,
immobilized dye of 59.8 mg per g of membrane, and operat-
ing temperature of 298 K. Under these conditions, a high bind-
ing capacity of 245.6 mg/g was achieved. The molecular forces
contributing to the interactions between the lysozyme and dye
molecules may be mainly the ionic and hydrophobic interac-
tions. The capture efficiency, recovery yield, and purification fac-
tor of lysozyme using dye-affinity chromatography were found
to be 90 and 87 % and 47-fold, respectively, in a single step.
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