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Chapter 1

1.1 General introduction

The necessity of biologicals has been increasing in clinical field. As one of the reasons,
biologicals are effective at the diseases which could not treat or relieve with
conventional pharmaceutical products because of the high specificity against each target.
The biologicals are used for diseases such as cancers, diabetes and rare illnesses, and
bring profits to patients more than 350 million all over the world [1]. Biologicals have
various types such as protein medicines, nucleic acid medicines, peptide medicines and
antibody drugs, etc [2]. In these, antibody drugs are used for the treatment such as
breast cancer, B-cell lymphoma, and rheumatoid arthritis. The majority of the approved
antibodies are targeting cancer and autoimmune diseases with the top 5 grossing
antibodies populating these two areas. In addition, over 100 monoclonal antibodies
(mAbs) are in Phase II and III of clinical development, and numerous others are in
various pre-clinical and safety studies [3]. However, there are issues that the production
cost is higher than those of low molecule drugs, because large-scale facilities for the
commercial production are necessary at approximately more than 1,000 L, and raw
materials, facility and utility maintenances are expensive generally. As an example
indicated systematically, Fig. 1.1 shows the steps in a production process for drug
substance. The production processes mainly consist of cell culture steps and purification

steps.
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Fig. 1.1. Process flow for a large-scale facility for manufacturing proteins [4].
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First of all, culture process starts thawing working cell bank, and cells are expanded
through small reactors into inoculum vessels in the production train. At the end of the
culture, the supernatant of the reactor are harvested by a centrifugation and through
filters prior to purification in a series of chromatography steps. The purification steps
generally consist of three steps, that is, capture, intermediate purification and polishing
steps. In the first chromatography step of mAbs production, the Protein A
chromatography is adopted predominantly as the capture step, because the production
yield of the affinity mode is higher relative to the other mode. Although Protein A
chromatography media can be used repeatedly, the purchase price overwhelms the cost
of other materials for the production. The next process of the affinity chromatography
often employs the viral inactivation due to the low pH. According to the good
manufacturing practice guide for active pharmaceutical ingredients Q7, it is described
that viral inactivation and viral removal steps are critical processing steps for some
processes and should be performed within their validated parameters. In other words,
regulatory agencies require at least two separate steps such as viral inactivation and
viral removal. The intermediate purification and polishing steps are required for
separating impurities from the pool of the drug substance. Fig. 1.2 shows the overview
of platform downstream process for I[gG monoclonal antibody [5]. The Fig. 1.2 explains

that polishing steps contain intermediate purification steps.
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Fig. 1.2. Platform downstream process for IgG monoclonal antibody [5].
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1.2 Microporous membranes

Membranes are classified with microfiltration (MF; pore size between 0.05 and 10 um),
ultrafiltration (UF; pore size between 1 and 20 nm) and reverse osmosis (RO; pore size
less than 1 nm) according to pore size. In the manufacturing processes such as mAbs
and recombinant gene proteins for medical use, MF is almost applied for the
prefiltration in order to raise filtration efficiency in UF, and remove bacteria,
mycoplasma and cells. UF is often utilized for concentration of the target protein, buffer
exchange and virus clearance which is required for biologically derived therapeutics in a
process solution. Moreover, a membrane filtration is attractive because it is simple to
operate and causes minimal damage, even for products that are highly labile to heat,
radiation, or chemical treatment [6]. The greatest interest has been in the application of
the pressure-driven processes of MF, UF and virus filtration as shown in Fig. 1.3.
Virus filtration, ultrafiltration and nanofiltration shown in Fig. 1.3 put those together as

the UF depending on the materials.
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Fig. 1.3. Comparison of removal characteristics of different pressure-driven membrane

processes [7].
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As other characteristics of membranes, there are pore size distribution and membrane
types which are important for achieving antifouling properties and dealing with varieties
of production scale. High capacity membranes have been developed for the
biotechnology industry with varying pore size distribution such as isotropic and
anisotropic structures. Isotropic membranes have a uniform structure throughout the
depth of the membrane. On the other hand, anisotropic membranes have a graded pore
size distribution that varies throughout the depth of the membrane. Thus, anisotropic
membranes can retain different particle sizes by different layers within the membrane.
As membrane types, there are cartridge type, hollow fiber and flat sheet, and their
systems are often introduced in production facilities. In Fig.1.4, the materials of filter
are used polypropylene and hydrophilic polyvinylidene fluoride (PVDF). These
membranes should be applied repeatedly in accordance with the validated protocol such
as the operating conditions of flow velocity, operating pressure, time and cleaning

methods.
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Fig. 1.4. (A) Microdyn 0.2 um polypropylene hollow fiber microfiltration system with
174 m* membrane area. (B) Millipore Prostak™™ flat sheet membrane system with 186

m® of 0.65 pm pore size hydrophilic PVDF membrane [7].

11/125



Naohisa Akashi

1.3 Plasma

A plasma is generated by applying energy to an inert gas such as an argon (Ar) in order
to reorganize the electronic structure of the species and produce excited species (Ar*)
and ions (Ar"). The electric field transmits energy to the gas electron, and electronic
energy is transmitted to the neutral species by collisions. Most excited species exist in a
short time and get to ground state by emitting a photon (hv). On the other hand, the
argon metastable (Ar™), is the most important active species in the plasma, exist a long
time and an approximately energy level of 11.5 eV.

The non-local thermodynamic equilibrium (non-LTE) plasma is often explained with an
electron temperature (Te) and a heavy particle temperature (Th) [8]. Fig. 1.5 shows the
influence of the pressure on the transition from a glow discharge (Tell Th Tg) to an
arc discharge (TelJ Th). Tg means gas temperature. The low pressure plasma (less than
10 kPa) is non-LTE, because the average kinetic energy of electron is higher than that

of heavy particle. Thus, a vacuum pump is often used in order to generate the plasma.
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Fig. 1.5. Evolution of the plasma temperature (electrons and heavy particles) with the

pressure in a mercury plasma arc [9].
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In order to generate the atmospheric pressure low temperature plasma, the excitation
frequency plays an important role. Fig. 1.6 shows an example of the variation range for

fpe (frequency of the electrons in the plasma) and fpi (ions frequency) in cold plasmas.

Electrons and ions fallow the The electrans are the only Enhancement of the
oscillations of the electric field ones to follow the behoviors observed
oscillations of the electric inzone (2).

field. The ions are
influenced by the average
temporal local values of
the field.

® @ ®

1 kHz I10kHz 100kHz 1MHz T10MHz 100MHz 1 GHz 10GHz
| | | | |
| | | _1_ | | _|__|—’

Low frequency l Radio frequencyl Microwave

fpi fpe

Fig. 1.6. Electrons and ions frequencies in cold plasmas [10].

14/125



Naohisa Akashi

Moreover, the dielectric barrier discharge (DBD) is the effective application in order to
generate the plasma for preventing the heat occurred by the intensive collisions (Fig.
1.7). Although most of the plasma process had been performed in a vacuum container,
the application field, such as coatings and sterilizations, has been expanded and opened
in laboratories and industries by using the atmospheric pressure low temperature plasma

owing to the increase of the treatment speed and area.

Metallic electrode Plasma discharge

Streamers
@

Dielectric layer

Fig. 1.7. Principle of dielectric barrier discharge (picture: a non-equilibrium diffuse

plasma at atmospheric pressure [11]).
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The other merit of the plasma at atmospheric pressure is to treat at low temperature. Fig.
1.8 shows the temperature increment profile of the He and Ar plasma jets by the time.
Fig. 1.8 was cited from the data measured by the Kuroda Lab. These data indicate that
the temperature was 34 °C or less. Therefore, it is preferable to treat the material surface

which is vulnerable to heat.
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Fig. 1.8. Temperature increment profile of the He and Ar plasma jets by the time.
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Plasma treatments have been often used industrially for modifying the surface of
materials. Fig. 1.9 shows the concentration of oxygen introduced on the surface of
polypropylene (PP) and polystyrene (PS) after the irradiation of the atmospheric
pressure low temperature plasma. Fig. 1.9 was also cited from the data measured by the
Kuroda Lab. It can be seen that the oxygen was highly detected on the surface of the
each material which was treated in jet. Therefore, it is clear that the atmospheric
pressure low temperature plasma is effective for proceeding oxidation reactions on the

surface of polymer materials in a short time.
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Fig. 1.9. The concentration of oxygen on the surfaces of PP and PS.
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1.4 Affinity membranes

In recent years, many functionalized membranes by surface modifications have been
reported [12-17]. As reported in the literature [18, 19], there are ion-exchange MF
membranes that anion exchange groups are cross-linked with regenerated cellulose
membrane, and hydrophobic interaction MF membranes which introduced the phenyl
groups, and human vy-globulin adsorption capacity of PVDF hollow fiber affinity
membranes containing different amino acid ligands [20]. Therefore, unlike a
conventional separation mechanism such as size exclusion, the membrane
chromatography is one of the excellent technique of the flow through type that is
designed for removing a relatively small amount of impurities such as deoxyribonucleic
acid, endotoxin [21], host cell protein, and virus in a production process by peculiar
interaction [22, 23]. As different impurities, there are protein aggregates and cleaved
products which is a common though undesirable occurrence or post-translational
modification. Size exclusion chromatography which is used for preparative separation
of mAb aggregates is slow and results in poorly resolved peaks, particularly for higher
order aggregates. Lu Wang et al. have reported that a hydrophobic interaction
membrane chromatography (HIMC) based method was rapidly and efficiently
separation and analysis of mAb aggregates [24]. These surface modified membranes are
generally offered as a single-use, or disposable in order to reduce cleaning validation
requirements in comparison with conventional ion-exchange and hydrophobic
interaction chromatography resins. Therefore, the burden of operations would be

decreased.
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1.5 Objectives and originalities of this study

The final goal of this study was to provide the fundamental technologies for preparation
of superior drug products and materials in order to relieve the pains of the patients. As
the ways, I have studied to fabricate the model case about alternatives for the operation
especially in the core process of the pharmaceutical production by using the latest
technologies, or the atmospheric pressure low temperature plasma. In case of production
for antibody drugs, Protein A affinity chromatography media are one of the core
processes and the media are very expensive materials. Thus, I decided to study for
preparing and characterizing Protein A-immobilized membranes. The method for
immobilization was adopted the atmospheric pressure low temperature plasma which
was considered to modify the surface of membranes mildly. The materials of the
membrane were employed PVDF and polyether sulfone (PES) membranes, which are

commercially available and often adopted in the pharmaceutical process.

On the other hand, it was thought that the affinity membrane which was directly
immobilized with Protein A could be limited to provide the mobility and functionality
of Protein A as shown in Fig. 1.10a. The another issue was whether it was capable of
fabricating the affinity membranes which was sufficient for adsorbing with more
antibodies. Therefore, the graft polymerization was performed on the plasma-treated
membranes with reactive monomer which has carboxy group necessary for increasing
the ligand density on the affinity membrane, and it was considered to improve the

mobility of Protein A due to the flexibility of the polymeric matrix shown in Fig .1.10b.
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Fig. 1.10. The reason of performing graft polymerization before immobilization of

Protein A.
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Before performing the tests about the immobilization actually, it was important for
understanding the activation mechanism of the surface modified by the plasma
chemically to establish the high reproducibility in the preparation. Because plasma
treatments are effective to induce functional groups such as oxygen species, but the
degradation and unexpected species might generate on the surface at the same time due
to the intensity of the plasma deposition and chemical reactions that occurred with the
bombardment of the target material, circumambient ingredient and active species of the

working gas.

The first goal of this study was to reveal the activation mechanism of the membranes
activated by the plasma and immobilize a model protein in order to confirm chemical
properties of the membrane surface and the feasibility for preparation. The material of
the first study phase was focused on the PVDF membrane. The surface chemical and
morphological properties, and activation mechanism of the PVDF membrane were
characterized by attenuated total reflection (ATR) Fourier transform infrared (FT-IR)
spectroscopic analysis, scanning electron microscopy (SEM) and X-ray photoelectron

spectroscopy (XPS), and these findings were described in the chapter 2 [25].

The second goal of this study was to characterize the properties of Protein
A-immobilized the membranes. The material of the second study phase was also
included the PES membrane. The test samples were used for the hydrophilic PVDF and
PES membranes because of considering for applications. The surface chemical and

morphological properties and activation mechanism of the PES membrane were
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characterized. The adsorption capacities with human immunoglobulin G (IgG) were
confirmed according to the monolayer Langmuir model, and the ligand densities on the
PVDF and PES membranes were also measured by bicinchoninic acid (BCA) protein

assay. These findings were described in the chapter 3 [26].

The most important originalities in this study were to elucidate the activation
mechanism on the surfaces of PVDF and PES treated with the atmospheric pressure low
temperature plasma chemically. The other originalities were to characterize the
functionalities of Protein A-immobilized PVDF and PES membranes and provided the

model case for the preparation.
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Chapter 2 Protein immobilization onto polyvinylidene fluoride
microporous membranes activated by the atmospheric pressure

low temperature plasma

2.1 Introduction

PVDF is one of the fluorocarbon polymers which can be used widely as a membrane
material [1]. Hydrophobic PVDF membranes have a characteristic property which
substantially interacts with proteins by hydrophobic interaction, so it is suitable for
analysis applications which is identified or detected the small amount of target protein.
On the other hand, hydrophilized PVDF membranes have been mainly adopting in the
manufacturing processes for obtaining pharmaceutical drug substances or products for

biologics.

On the other hand, as a method of surface modifications, there is the dry process that is
clean and energy saving, and plasma processing [2-7], gamma irradiation [8, 9],
ultraviolet irradiation [10-14], photo-irradiation [15, 16] are reported. In case of plasma
processing with vacuum, there are some problems, for example, it is necessary to use a
powerful pump and robust chamber in order to generate a vacuum condition, and it
takes time before reaching a vacuum. On the contrary, in the atmospheric pressure low
temperature plasma [17-21], it does not need equipment for vacuum processing, and

partial surface treatment is possible. It is also applicable for the surface treatment of

26/125



Naohisa Akashi

materials of low thermal stability because of low temperature processing.

The first goal of this study was to reveal the activation mechanism on the PVDF
membrane activated by the plasma and immobilize a model protein on membranes in
order to confirm chemical properties of the membrane surface and the feasibility for
preparation. The surface chemical and morphological properties of the membrane were
characterized by ATR FT-IR spectroscopic analysis, SEM and XPS, and findings were

described in this chapter.
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2.2 Experimental

2.2.1 Materials

Hydrophobic membrane PVDF (Durapore”®, 0.45 um pore size) was purchased from
Merck Millipore Corp. (Darmstadt, Germany) which was commercially named
HVHP01300. N-Hydroxysulfosuccinimide (Sulfo-NHS), 1 - (3 -
Dimethylaminopropyl ) - 3 - ethylcarbodiimide HCl (EDC) and 2 (N-morpholino)
ethanesulfonic acid (MES) were purchased from ProteoChem, Inc. Acrylic acid (AA)
monomer and bovine serum albumin (BSA) were purchased from Sigma-Aldrich, Inc.
(MO, United States). AA was distilled in nitrogen atmosphere prior to use. PBS (-) was
purchased from Nissui Pharmaceutical Co., Ltd (Tokyo, Japan). The purity of the argon

gas used was in excess of 99.99%. Distilled water was used in all experiments.

2.2.2 Plasma reactor and plasma treatments

Fig. 2.1 shows the equipment used in this study. It consists of a high frequency pulse
power supply, a gas supply unit and the cold atmospheric pressure plasma torch
(CAPPLAT) (Fig. 2.1a) [22, 23]. The CAPPLAT has a cylindrical structure in which
the plasma is generated. The plasma is blown out through the end of the CAPPLAT
which consists of two co-axial cylindrical electrodes (Fig. 2.1b). The inner electrode, a
copper tube (OD: 8 mm, ID: 7 mm), is connected to the power supply. The outer
electrode (thickness: 1 mm, length: 20 mm) is made of aluminum and grounded. As a

dielectric barrier, a silicone tube (thickness: 2.5 mm) is placed between the two
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electrode. The outlet of the CAPPLAT is embedded in the edge of a perforated silicone

tube.

N\ L

4...-—--"'7 -

(1) argon gas cylinder; (2) valve; (3) mass flow meter; (4) power supply;
(5) torch; (6) substrate; (7) stage; (8) exhaust fan; (9) reaction chamber

(1) Inner electrode

(2) Dielectric barrier

(3) Outer electrode
(4) PVDF membrane

(5) Glass petri dish

Fig. 2.1. Schematic structure of (a) plasma reactor and (b) CAPPLAT
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2.2.3 Immobilization procedure

Prior to the surface modification experiment, the PVDF membrane was rinsed with
ethanol in an ultrasonic washer and dried at room temperature for 12 h. For plasma
treatment of the PVDF membrane, argon gas was fed into the CAPPLAT at a flow rate
of 5 L min" and the plasma was generated under the following conditions; applied
voltage of + 4 kVp-p, frequency of 20 kHz, treatment time of 180 s and duty cycle of
50%. The PVDF membrane was treated with plasma at the position of 20 mm away
from the torch end. Subsequently, the PVDF membrane was exposed to air for 20 min.
The air-exposed membrane was immersed in an aqueous solution containing 20% (v/v)
of AA monomer. After bubbling with nitrogen for 20 min to remove dissolved oxygen,
the ampoule was sealed and heated at 70°C to initiate graft polymerization. The PVDF
membrane grafted with polyacrylic acid (hereafter called PVDF-g-PAA) was rinsed
with distilled water several times to remove nongrafted monomers for 12 h. Graft yield
was determined from initial and final weight after drying obtained using a balance
measuring to an accuracy of 0.05 mg.

The degree of grafting was calculated as the weight increase of the membrane

according to the following equation [24, 25]:

Degree of Grafting (G%) U

M x 100
Wo

where Wg is the weight of the grafted membrane and Wo is the weight of the membrane.

BSA was grafted on PVDF-g-PAA membrane surface using the EDC/NHS method. The
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PVDF-g-PAA membrane was activated with 4 mmol L' EDC, 10 mmol L Sulfo-NHS
in 100 mmol L' MES, 500 mmol L' NaCl pH 6.0 buffer for 15 min at room
temperature. The conjugation of BSA was carried out in a solution of 1 mg mL™ BSA in
100 mmol L' MES, 500 mmol L™ NaCl pH 6.0 buffer under mild agitation for 3 h at
room temperature. The membrane (hereafter called PVDF-g-PAA-BSA) was rinsed

with a solution of PBS (-) to remove loosely absorbed BSA and MES buffer for 12 h.

2.2.4 Physical and chemical surface characterization

KYOWA KAIMEN KAGAKU CA-D (Saitama, Japan) was used to measure static
contact angle of water of the membranes using a sessile drop method. The angles
reported were reliable to £ 1°. For each angle reported, at least five sample readings

from different surface locations were averaged.

To study the surface chemical composition changes of the membranes, ATR FT-IR
spectroscopic investigations were carried out with a Nicolet MAGNA IR560
spectrometer using a Ge crystal (Thermo Fisher Scientific Inc., MA, United States). The
spectra were measured in the wave number range of 1000 - 4000 cm™ . The spectra were
collected by cumulating 64 scans at a resolution of 4 cm™. All ATR-FTIR spectra were

recorded at ambient temperature.

XPS was used to analyze the chemical composition of the untreated and functionalized
PVDF membranes and was performed on a Kratos AXIS Nova spectrometer
(Manchester, United Kingdom) using a monochromatized Al Ko X-ray source (1486.6

¢V photons). The base pressure in the analytical chamber was maintained at 10™® Torr or
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lower during each measurement. All measurements were made at a photoelectron
takeoff angle of 45°. The Kratos charge neutralizer system was used on all specimens.
The X-ray source was run at a reduced power of 150 W (15 kV and 10 mA). The
samples were mounted on the standard sample plate by means of adhesive tapes. Survey
scan analyses were carried out at a constant dwell time of 100 ms, pass energy of 160
eV and energy resolution of 1 eV. High resolution analyses were carried out at a
constant dwell time of 200 ms, pass energy of 20 eV and energy resolution of 0.1 eV.
All binding energies (BEs) were referenced to the Clshydrocarbon peak at 286.4 eV.
Spectra were analyzed using XPSPEAK software (version 4.1). Curve fitting of the high
resolution spectra used 30% Gaussian/70% Lorentzian mixed line shapes for each

component.
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2.2.5 Membrane morphology

The surface and cross-section morphologies of the membranes were examined by SEM,
using a Hitachi S-3000N electron microscope. The samples were mounted on the
standard sample plate by means of adhesive tapes. A thin layer of Pt was sputtered on
the sample surface prior to the SEM measurement. For cross-sectional view studies, the
membrane was fractured under liquid nitrogen. A thin layer of platinum was sputtered
onto the cross-sectional surface prior to the SEM measurement. The SEM

measurements were performed at an accelerating voltage of 15.0 kV.

The cross-sectional view of the PVDF-g-PAA membrane was also measured by energy
dispersive X-ray spectroscopy (EDX) using a Horiba EX-200K to estimate the
distribution profile of the grafted AA. The sample was immersed in an aqueous solution
of 1.0 wt % potassium hydroxide at 25°C for 24 h and then washed with water. The

membrane was fractured prior to the measurement.
An atomic force microscopy (AFM, Seiko Instruments SPA-400) was also used to
further study the surface topography change of the membrane. AFM images were

acquired in the dynamic force mode with a cantilever (SI-DF20, Seiko Instruments). To

investigate surface roughness of each sample, it was calculated average roughness (Ra).

Ra [nm] = % jOLyF(x)\ dx
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2.3 Results and discussion

Scheme 2.1 shows a schematic diagram illustrating the process of surface modifications.
As a first step, the surface of PVDF membrane was treated with argon plasma. The
plasma-treated samples are generally exposed to air in order to generate peroxide and
hydroperoxide initiator species. AA was graft polymerized in the solution by thermal
initiation. After EDC/Sulfo-NHS reaction step, BSA was conjugated on the carboxy
groups of the PVDF-g-PAA membrane surface. Subsequently, PVDF-g-PAA-BSA
membrane was fabricated for immobilizing onto the aminated surface of the

PVDF-g-PAA-NHS membrane.
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Scheme 2.1. Schematic illustration of the surface modifications by graft polymerization

of AA.
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2.3.1 Hydrophilicity characterization

Plasma contains activated species which are able to initiate chemical and physical
reactions on the solid surfaces of polymers. When polymers are exposed to plasma,
essentially degradation reactions such as polymer chain scission and cross-linking
initiate. On the other hand, functional groups for example hydroperoxide and carboxy
will be formed on the polymer surface. Fig. 2.2 shows the results of contact angle of
water on the PVDF membrane surface, treated by argon plasma, as a function of plasma

exposure time from 30 to 300 s and a voltage of £ 2.8 - 5.0 kVp-p.
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Fig. 2.2. Contact angle of water on PVDF membrane surface treated with argon plasma
as a function of plasma exposure time and voltage: (blue) + 2.8 kVp-p, (pink) + 3.5
kVp-p, (orange) £ 4.0 kVp-p, (red) = 4.5 kVp-p, (green) = 5.0 kVp-p. Data are

presented as means + SD.
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Beforehand, I confirmed that the contact angle on plasma-treated PVDF membrane
before and after ethanol rinsing had less difference. The contact angle of the non-treated
PVDF membrane was about value 119°. The contact angle on the exposed samples was
reduced with increasing voltage. It was indicated that the plasma treatment could

modify the PVDF membrane surface from hydrophobic to hydrophilic.

The contact angle of PVDF membrane treated with less than + 3.5 kVp-p for the same
exposure time, decreased slowly reaching a similar value, and the appearance did not
change from untreated samples. On the other hand, the contact angle of samples treated
with = 4.0 kVp-p decreased almost linearly in the course of processing time, and the
surface of the sample treated directly for more than 240 s exhibited a slightly burnt area,
which means it contained a little amount of degradation products. In case of samples
modified with more than + 4.5 kVp-p, the contact angle decreased rapidly up to 60 s.
Beyond 60 s the contact angle decreased gradually. However, the appearance of the
samples was intensively burnt after 60 s. From these results, I realized that plasma
treatment of more than + 4.5 kVp-p led heavy etching reaction, and plasma treatment
during 30 - 180 s and + 2.8 - 4.0 kVp-p could prevent the etching reaction. Hence, I
recognized that the treatment time of 180 s and the voltage of + 4.0 kVp-p were the

most effective condition for mild surface modification.
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2.3.2 Dependence of the degree of grafting on reaction conditions

PAA was grafted onto the plasma-treated PVDF membrane surface by thermal
polymerization method. The grafting yield for a typical plasma-induced free radical
polymerization depends on some factors, such as plasma treatment time, plasma power,
monomer concentration, reaction temperature, reaction time. In this work, the attention
has been focused on the following factors: monomer concentration, reaction

temperature, and reaction time.
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Fig. 2.3. The effect of (a) monomer concentration (treatment: 30 min, 70°C), (b)
reaction temperature (treatment: 20% (v/v) AA, 30 min) and (c) reaction time
(treatment: 20% (v/v) AA, 70°C) on the grafting yield of PAA. Data are presented as

means from 3 independent substrates.
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First of all, Fig.2.3a shows the effect of monomer concentration from 10 - 30% (v/v) on
the grafting yield of PAA. The grafting yield increased with increasing the monomer
concentration, especially more than 20% (v/v). Secondly, Fig. 2.3b indicates the effect
of polymerization reaction temperature from 50 - 90°C. The grafting yields increased
gradually depending on increasing the reaction temperature up to 80°C, and then
decreased after passing through a maximum. Thirdly, Fig. 2.3c represents the effect of
polymerization reaction time. The grafting yield increased with increasing the reaction
time. It was found that the graft yield of sample treated with monomer 20% (v/v) for 60
min (Fig. 2.3¢) was approximately the same value as that of the treated with 25% (v/v)
for 30 min (Fig. 2.3a). Furthermore, I realized that monomer concentration and

treatment time should be controlled especially as graft conditions.

If the amount of PAA chains on the membrane surface, including the pore surface is
larger, the yield of protein immobilization will decrease because of the limited surface
area. Considering the scale-up of this polymerization process, it was thought that lower
monomer concentration, treatment time and temperature would be preferable in terms of
cost effectiveness. Therefore, I decided that the monomer concentration of 20% (v/v),
reaction time of 30 min and temperature of 70°C were the optimum conditions for the

graft polymerization.
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2.3.3 Structure characterization of the membranes by ATR-FTIR analysis

Fig. 2.4 shows the respective ATR-FTIR spectra of (a) untreated PVDF membrane, (b)
PVDF membrane treated with argon plasma, PVDF-g-PAA membranes grafted with AA
for (c) 15 min, (d) 30 min, and PVDF-g-PAA-BSA membranes covalently immobilized

with the BSA concentration of (¢) 0.04 mg mL™, (f) 1.00 mg mL".
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Fig. 2.4. ATR-FTIR spectra of (a) untreated PVDF membrane, (b) PVDF membrane
treated with argon plasma (treatment: + 4.0 kVp-p, 180 s), PVDF-g-PAA membranes
grafted with AA for (c¢) 15 min, (d) 30 min (treatment: 20% (v/v) AA, 70°C), and
PVDF-g-PAA-BSA membranes covalently immobilized with the BSA concentration of

(¢) 0.04 mg mL™", (f) 1.00 mg mL"' (treatment: 3.0 h).

43/125



Naohisa Akashi

For comparison purpose, the ATR-FTIR spectrum of the untreated PVDF membrane is
shown in Fig. 2.4. The absorption bands at 1070 - 1236 cm ™' are characteristic bands of
CF, functional group of PVDF (Fig. 2.4a). The ATR-FTIR spectrum of the PVDF
membrane treated with argon plasma contained a weak absorption band at 1707 cm™'
which was associated with C=0O stretching of the carbonyl group (Fig. 2.4b).

The ATR-FTIR spectrum of the PVDF-g-PAA membrane grafted with AA for 30 min
(Fig. 2.4d) appeared with stronger, C=0 absorption stretching band that compared with
the sample grafted for 15 min (Fig. 2.4c). It was proved that the grafting yield increased
depending on the reaction time. The ATR-FTIR spectrum of the PVDF-g-PAA
membrane grafted with AA for 30 min was also exhibited a broad OH stretching
absorption band between 3300 and 2500 cm™. It was suggested that polyacrylic acid
chains were successfully grafted onto the surface of the PVDF membrane qualitatively.
The acid function of the PVDF-g-PAA membrane must be activated by EDC to react

with the BSA amino group.

The ATR-FTIR spectra of the PVDF-g-PAA-BSA membrane shows a characteristic -NH
stretching  absorption band. Especially, the ATR-FTIR spectrum of the
PVDF-g-PAA-BSA membrane covalently functionalized with the BSA concentration of
1.00 mg mL™" (Fig. 2.4f) was found having a stronger NH-deformation vibration at 1554
cm’ that compared with the sample immobilized with the BSA concentration of 0.04
mg mL™" (Fig. 2.4¢). It was suggested that the immobilizing yield increased with the
BSA concentration and BSA were suitably conjugated onto the surface of the
PVDF-g-PAA membrane largely. Furthermore, broad absorption bands attributed to

primary amino groups with maximum at 3400 cm ' were observed (Fig. 2.4f). On the
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other hand, the bands corresponding to the carboxylic acids and CF, functional group

indicated a weak absorption.

2.3.4 Structure characterization of the membranes by XPS analysis

The XPS survey spectra of (a) untreated PVDF membrane, (b) PVDF membrane treated

with argon plasma and (c) PVDF-g-PAA membranes are shown in Fig. 2.5.

45/125



Naohisa Akashi

400000
a Fls
300000 4
E
£ 200000 4
g
k|
100000 - Cls
Ols
0 T : ,
1000 300 600 400 200 0
Binding energy (£V)
12000
b Fls
10000 4
8000 -
’g
£ 6000 A Cls
g Ols
4000
0 T T T T T T T T T
1000 800 600 400 200 0
Binding energy (eV)
180000
1sooop { € Ols
= 120000 4
é Cls
=y
E 90000 -
k|
50000
30000 —\ﬁ\vﬂuﬂﬂW_,,,_,fm-w—“”“"’“”"*"“\\
0 . T T T
1000 300 500 400 200 0

Binding energy (eV)

Fig. 2.5. XPS survey scan of (a) untreated PVDF membrane, (b) PVDF membrane
treated with argon plasma (treatment: = 4.0 kVp-p, 180 s) and (c) PVDF-g-PAA

membranes (treatment: 20% (v/v) AA, 70°C, 30 min).
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Two peaks at BEs of 286 and 291 eV attributable to Cls and a strong peak at BE of 688
eV attributable to Fls were observed in the XPS survey scan spectrum of the
non-treated hydrophobic PVDF membrane (Fig. 2.5a). The XPS survey scan spectrum
of the PVDF membrane treated with argon plasma consisted of peaks at BEs of 286,
291, 534, and 688 ¢V, attributable to Cls, Cls, Ols, and Fls, respectively (Fig. 2.5b).
On the other hand, the result of the XPS measurement onto PVDF-g-PAA membrane
consisted of peaks at BEs of 285, 289, and 533 eV, attributable to Cls, Cls, and Ols,
respectively (Fig. 2.5¢). It shows that successful grafting of PAA on the plasma-treated
membrane was performed since the fluorine content on the surface decreased

substantially after grafting.

Atomic composition for the PVDF membrane surfaces modified by argon plasma was
estimated from relative intensities of Cls, Fls, and Ols high resolution spectra. Results
of XPS analysis for the F/C and O/C atom ratios of the PVDF membrane surface treated

with argon plasma are summarized in Table 2.1.
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Table 2.1

Atomic ratios of PVDF membrane surface exposed to argon plasma.

Plasma treatment Atomic ratio Defluorination
Voltage Flow rate Exposure F/C o/C

[=kVp-p] [L min'l] time [s] [%]
- - - 1.01 0.01 0
4.0 5 60 0.50 0.16 50
4.0 5 180 0.38 0.20 62
4.0 5 300 0.31 0.20 69
2.8 5 180 0.58 0.14 43
4.0 5 180 0.38 0.20 62
5.0 5 180 0.32 0.21 68
4.0 4 180 0.42 0.19 58
4.0 5 180 0.38 0.20 62
4.0 6 180 0.43 0.18 57
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The weak peak at BEs of 533 eV on the survey spectrum of untreated PVDF,
attributable to Ols signal, confirmed that the PVDF surface was partially oxidized.
However, the O/C atom ratio for the untreated PVDF was 0.01, so it was considered to
be low level. All plasma-treated PVDF membrane surfaces showed lower F/C atom
ratio than the untreated PVDF surface, and higher O/C atom ratio. In other words, a
reduction in fluorine intensity occurred together with an increase in oxygen intensity
and relative increase in the carbon. These changes indicate that the plasma exposure led
to defluorination including dehydrofluorination and oxidation reactions on the PVDF

membrane surfaces.

In this work, I investigated the influence of defluorination and oxidation on the plasma
treatment time, applied voltage and flow rate of argon gas. Firstly, defluorination
estimated from the F/C atom ratio increased by 50% in 60 s, 62% in 180 s, and 69% in
300 s at = 4.0 kVp-p compared to untreated PVDF. Secondly, defluorination resulted in
43% at + 2.8 kVp-p, 62% at + 4.0 kVp-p, and 68% at + 5.0 kVp-p in 180 s compared to
untreated PVDF. Therefore, with increasing the treatment time and voltage,
defluorination was gradually in progress. It was also confirmed that defluorination was
occurred even at the minimum voltage of = 2.8 kVp-p when plasma could be formed.
Likewise, oxidation reaction estimated from the O/C atom ratio was also progressed by
increasing the rate of the plasma treatment time and applied voltage, however oxidation
was approximately the same beyond 180 s or + 4.0 kVp-p. Finally, as a consequent of
evaluating the effect of flow rate of argon gas on defluorination and oxidation,
defluorination was 58% at 4 L min'l, 62% at 5 L min'l, and 57% at 6 L min™' for 180 s

compared to untreated PVDF. Similarly, oxidation was the most progressed in 20% at 5
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L min'l, whereas it was almost at the same level between 4 L min' and 6 L min.

Collectively, it was concluded that the most effective flow rate of argon gas was 5 L
min™ to abstract fluorine atoms from untreated PVDF and produce reactive sites on the

membrane surface for further modification.

To discuss defluorination, dehydrofluorination and oxidation reactions in detail, I
investigated the data of narrow scanning Cls and Ols core level spectra. Fig. 2.6 shows
Cls and Ols spectra for untreated PVDF membrane, PVDF membrane treated with
argon plasma and PVDF-g-PAA membrane. The decomposed peaks were illustrated in

dotted lines.
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Fig. 2.6. High resolution XPS spectra of Cls (a) and Ols (b) of untreated PVDF

membrane. The peak numbers in these figures corresponds to the Peak No. of Table 2.2.
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Fig. 2.6. High resolution XPS spectra of Cls (c) and Ols (d) of PVDF membrane
treated with argon plasma (treatment: + 4.0 kVp-p, 180 s). The peak numbers in these

figures corresponds to the Peak No. of Table 2.2.
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Fig. 2.6. High resolution XPS spectra of Cls (e) and Ols (f) of PVDF-g-PAA membrane

(treatment: 20% (v/v) AA, 70°C, 30 min). The peak numbers in these figures

corresponds to the Peak No. of Table 2.2.
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Table 2.2 summarizes the BEs and functional groups from the results of high resolution

XPS analysis.

Table 2.2

Summary of high resolution XPS scan results for untreated PVDF membrane, PVDF
membrane treated with argon plasma (treatment: + 4.0 kVp-p, 180 s) and PVDF-g-PAA
membrane (treatment: 20% (v/v) AA, 70°C, 30 min). When it is considered that some
functional groups are included in each peak, these groups are identified by a number.
Values represent the percentage associated to each or sum of bond type. Note that (-)

denotes 0%. The underlined C or O means the objective carbon or oxygen.

Peak No. BEs Functional groups Untreated  Plasma-treated PVDF-g-PAA
[eV] PVDF PVDF

1 285.0 -CH(COOH)-CH,-CH(COOH)- - - 43.0

2 285.4 >CH-COOH - - 28.5

3 286.4 (1) -CF,-CH,-CF,- (1) 48.7 (1,2,3,4)492 -

(2) -CH,-CF=CH-
(3) -CH,-CF=CH,
(4) -CH,-CH(-OOH)-CH,-
4 2874  -CF,-CH(-OOH)-CF,- - 16.7 -
5 288.5  (1)-CF,-CHO - (1,2) 13.5 -
(2) -CH,-CFH-CH,-
6 289.1  >CH-COOH - - 28.5

7 289.5  -CH,-CF(-OOH)-CH,- - 32 -
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Peak No.  BEs Functional groups Untreated  Plasma-treated PVDF-g-PAA
[eV] PVDF PVDF

8 290.9 (1) -CH,-CF,-CHs,- (1)51.3 (1,2,3) 17.5 -
(2) -CH,-CFO
(3) -CH=CF,

9 532.2 (1) >CH-COOH - (2,3)2.8 (1)47.4
(2) -CH,-CFO
(3) -CF,-CHO

10 533.5 (1) 2CH-COOH - (2,3)23.6 (1)52.6
(2) -CH,-CF(-OOH)-CH,-
(3) -CF,-CH(-OOH)-CF,-

11 534.0  :C-OOH - 73.6 -
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The Cls high resolution spectrum of untreated PVDF membrane surface assigned to
two distinct peaks at BEs of 286.4 eV due to CF,-CH,-CF, : No. 3 and 290.9 eV due to
CH,-CF»-CH; : No. 8. Plasma-treated PVDF membrane and PVDF-g-PAA membrane
showed complex Cls spectra. The underlined C or O in these linkages means the
objective carbon or oxygen, and each number of decomposed peaks corresponds with

peak number in Table 2.2.

The Cls high resolution spectrum of plasma-treated PVDF membrane was decomposed
into five peaks as shown in Table 2.2. The five peaks appeared at BEs of 286.4, 287.4,
288.5, 289.5 and 290.9 eV, which were assigned to CF,-CH,-CF,, CH,-CF=CH,
CH,-CF=CH, and hydroperoxide (CH,-CH(-OOH)-CH;) groups (No. 3) ;
hydroperoxide (CF,-CH(-OOH)-CF,) (No. 4); carbonyl (CF,-CHO) and CH,-CFH-CH,
groups (No. 5); hydroperoxide (CH,-CF(-OOH)-CH;) (No. 7); and CH,-CF,-CH, and
carbonyl (CH,-CFO) and CH=CF, groups (No. 8), respectively. The composition in Fig.
2.6(c) indicates surely that CF, carbons were modified into CFH, C(-OOH) and CFO
carbons in the plasma exposure. On the other hand, the Cls high resolution spectrum of
PVDF-g-PAA membrane was decomposed into characteristic three peaks attributable to
AA graft polymerization. The three peaks observed at BEs 285.0, 285.4, and 289.1¢V,
which were individually assigned to -CH(COOH)-CH,-CH(COOH)- (No. 1);

CH-COOH (No. 2); and carboxy (CH-COOH) group (No. 6).
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Likewise, the Ols high resolution spectrum of plasma-treated PVDF membrane was
curve-fitted with three peaks at BEs of 532.2 eV for carbonyl (CH,-CFQO) and aldehyde
(CF,-CHQO) groups (No. 9), 533.5 eV for hydroperoxide (CH,-CF(-OOH)-CH,,
CF,-CH(-OOH)-CF,) groups (No. 10) and 534.0 eV for hydroperoxide (C-OOH : No.
11) . On the other hand, the Ols high resolution spectrum of PVDF-g-PAA membrane
was integrated with typical two peaks at BEs of 532.2 eV for carboxy group

(CH-COOH : No. 9) and 533.5 eV for carboxy group (CH-COOH : No. 10).
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2.3.5 The activation mechanism for initiation of graft polymerization

I attempted to elucidate the activation mechanism for PVDF membrane surface
occurred by argon plasma treatment. Since the metastable argon, which is the most
important active species in the present plasma, has an energy level of 11.5 eV [26], the
energy transfer from metastable argon to the collided atom results in the link cleavage.
The effect is comparable to the vacuum UV irradiation [27]. The following reactions for
(1) dehydrofluorination, (ii) defluorination and (iii) dehydrogenation were inferred from
the results of high resolution XPS scan shown in Table 2.2. The combination number
after every equation corresponds to the numbers of peak and functional groups shown in
Table 2.2, which means the resultant structure. For example, (3-2) shows the functional

group (2) in peak No. 3, and (7) is consistent with the functional group of peak No. 7.

(i) A possible reaction of dehydrofluorination originated from plasma treatment is

shown below.

-CHz-CF,-CHz-CF;- — -CHz-CF=CH-CF:- +HF

(3-2)
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(i1) A possible reaction of defluorination occurred by plasma treatment is shown below.

-CHz-CF,-CHz-CFz - — -CHz-éF-CHz-CFz- + *F
As a subsequent reaction, the distinct pathways would be considered.

1) The resulting radical leads to B-scission to yield the chain -CF=CH, double bond.
However, it is assumed to the underlined carbon atom of -CF=CH, is negligible owing

to the result of Table 2.2.

-CHy-CF-CHz-CF;- — -CH;-CF=CHz; + °*CF;-

(3-3)
2) The resulting radical abstracts hydrogen from another polymer molecule.
. +H
-CHy-CF-CH;-CF;- — -CH:-CFH-CH3z-CF;-
(5-2)

Following the reaction of 2), it is also possible that the remaining fluorine atom bound

to the defluorinated carbon atom is eliminated with successive plasma treatment.

-CHz-CFH-CHz-CF,- — -CH;-CH-CH:;-CF2-+ °F

The resulting radical formed hydroperoxide group through oxidation. This pathway
would progress to a small degree if the functional group (1) in peak No. 3 mostly

remained.
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O - OH
. Oz !
-CH,-CH-CH:;-CF;- —>— -CH:-CH-CH;-CF:-

(34
3) The resulting radical formed hydroperoxide group through oxidation.
QO -OH
. O2 !
-CH;-CF-CH;-CF;- —>— -CH>-CF-CH:-CF; -
(7

If the cleavage of single bond in hydroperoxide group progresses, it occurs oxyl radical

and hydroxyl radical as shown.

O-0H o
I I
-CHz-CF-CH;-CFz- — -CH;-CF-CH:-CF:-+ *OH

Afterwards, the oxyl radical would suffer B-scission immediately to yield the chain

-CFO.

O O
I I
-CH;-CF-CHz-CF,- — -CH:-CF + *CH:-CF;-

(8-2)
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(iii)) A possible mechanism of dehydrogenation originated from plasma treatment is

shown below.

oR -
-CHz-CF;-CHz-CF;- —» -CH-CF:-CH;-CF:- +RH
1) The resulting radical leads to B-scission to yield the chain -CH=CF, double bond.

-éH-CFg-CHz-CFg- — -CH=CF; + *CH:-CF;-
(8-3)

2) The resulting radical formed hydroperoxide group through oxidation.

O - OH
. 2 !
-CH-CF;-CH-CF:- —>— -CH:-CF;-CH-CF:-
()
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Likewise, if the cleavage of single bond in hydroperoxide group progresses, it occurs

oxyl radical and hydroxyl radical as shown.

O-0OH Q-
| I
-CH2-CF2-CH-CF2- — -CHz-CF2-CH-CF2- + "OH

Afterwards, the oxyl radical would suffer B-scission immediately to yield the chain

-CHO.

Q- O
I Il
-CH:-CF;-CH-CF,- — -CH:-CF:-C-H + -CF:-

(5-1)

Table 2.2 shows that several hydroperoxide groups were produced on PVDF membrane
treated with argon plasma. Therefore, I propose that hydroperoxide groups distributed
on PVDF membrane treated with argon plasma were cleaved by thermal treatment, and

originated some radicals induced to initiate graft polymerization.
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2.3.6 Dependence of the degree of BSA conjugation on reaction conditions

Table 2.3 summarizes the atomic composition and the ratio of untreated PVDF, PVDF
treated with argon plasma, PVDF-g-PAA and PVDF-g-PAA-BSA membranes. Nitrogen
was also a target element monitored for two reasons. Firstly, PVDF is not constituted
with nitrogen of the polymer elemental composition. Secondly, BSA is an
approximately molecular weight 66 kDa protein contained nitrogen derived from its

polypeptide backbone.

63/125



Naohisa Akashi

Table 2.3

Summary of atomic composition about untreated PVDF membrane, PVDF membrane
treated with argon plasma (treatment: £ 4.0 kVp-p, 180 s), PVDF-g-PAA membrane
(treatment: 20% (v/v) AA, 70°C, 30 min) and PVDF-g-PAA-BSA membrane (treatment:

1.00 mg mL" BSA, 3.0 h) measured by XPS. Note that (-) denotes O.

Membranes Atomic composition Atomic ratio
[70]
F C O N F/C o/C
untreated PVDF 50.0 49.7 03 0 1.01 0.01
Argon plasma-treated PVDF 23.8 629 125 0.8 0.38 0.20
PVDF-g-PAA N 65.8 34.0 0.1 O 0.52
PVDF-g-PAA-BSA 53 64.1 27.1 3.6 0.08 0.42
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It can be seen that a small amount of nitrogen moieties is incorporated after plasma
treatment and subsequent exposure to air. After grafting AA onto plasma-treated PVDF
membrane, atomic nitrogen percentage decreased as low as 0.1%. After covalently
immobilizing BSA onto PVDF-g-PAA membranes, atomic nitrogen percentage
increased as high as 3.6%. However, fluorine was detected again onto
PVDF-g-PAA-BSA membrane. As a source of the phenomenon, it was assumed that the
PA A-ungrafted sites on PVDF-g-PAA-BSA membrane surface were revealed, because
the conformation of PAA grafted onto PVDF-g-PAA membrane had been changed due

to the conjugation with BSA.

Fig. 2.7 shows that changes in the nitrogen content of untreated PVDF membrane,
PVDF-g-PAA membrane, PVDF-g-PAA membrane provided a semi-stable Sulfo-NHS
ester (PVDF-g-PAA-NHS) and PVDF-g-PAA-BSA membranes fabricated using a

different BSA solution of 0.04, 0.20 and 1.00 mg mL™".
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Fig. 2.7. XPS analysis of Nls levels for untreated PVDF membrane, PVDF-g-PAA
membrane (treatment: 20% (v/v) AA, 70°C, 30 min), PVDF-g-PAA membrane provided
a  semi-stable  Sulfo-NHS ester (PVDF-g-PAA-NHS), and conjugated
PVDF-g-PAA-BSA (treatment: 1.00 mg mL™"' BSA, 3.0 h). Nitrogen levels are elevated
in PVDF-g-PAA-NHS due to the nitrogen in NHS. Conjugated BSA (as measured in
terms of N content) increased with increasing BSA concentration in the conjugation

solution and treatment time in case of 0.20 mg mL ™.
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Activated PVDF-g-PAA-NHS membrane showed 0.7% of nitrogen level, which is
derived from the Sulfo-NHS. In order to investigate the effect of BSA concentration in
the conjugation solution on the amount of nitrogen present, three different BSA
concentrations were tested for 3.0 h as a fixed conjugation time. As shown in the Fig.
2.7, the nitrogen content increased significantly, suggesting that the conjugation reaction
was concentration dependent. Likewise, in order to examine the relation between
conjugation time and degree of BSA conjugation, I also conducted conjugation
reactions for 1.5 h and 3.0 h using 0.20 mg mL"' BSA solution. As can be seen, the
nitrogen content increased successfully from 1.5% to 2.7%. Another finding is that the
nitrogen content was the same for both BSA conjugation treatments at 0.04 mg mL™" for
3.0 h and at 0.20 mg mL™" for 1.5 h. Taken together, these results demonstrate that
alterations of protein concentration and treatment time potentially contribute to protein

immobilization.
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2.3.7 Membrane morphology

The 3-D scaffolds of membranes in this work are intended for biotechnology application
in order to maintain the area capable of interacting with the objective, so it is important
that plasma treatment and subsequent AA grafting reactions minimize the interference
with their porosity. Thus, SEM images at magnification of 3000x for these membranes
were taken before and after various chemical treatments in order to verify the impact on
the porous structures and shown in Fig. 2.8. These membranes were treated with plasma
from the above the upper surface.

In the features on the upper surface, the porous membrane fibers of the scaffolds for
argon plasma treatment as shown in Fig. 2.8d had grown slightly thicker and the
macrovoids formation was more uniform compared to untreated PVDF membrane
surface as seen in Fig. 2.8a. However, PVDF-g-PAA membrane surface was densely

modified with PAA as observed in Fig. 2.8g.

Likewise, in the appearance on the bottom surface, the membrane porosity after argon
plasma treatment shown in Fig. 2.8e maintained the network structure of the untreated
PVDF membrane surface represented by Fig. 2.8b. On the other hand, PVDF-g-PAA
membrane surface shown in Fig. 2.8h was also grafted with PAA gentler than the upper
surface of PVDF-g-PAA membrane as seen in Fig. 2.8g. Therefore, for sustaining the
high porosity of the upper surface, it would be preferable to treat with the intensity of
plasma equivalent to be present against the bottom surface, but in that case, conjugation

level of BSA on the upper surface might be decreased.
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The cross sectional view of PVDF-g-PAA membrane indicated in Fig. 2.81 showed that
the PAA was grafted onto the upper and pore surfaces within the bulk of the membrane.
To investigate the degree of distribution structured by graft polymerization of AA, I
noted the cross sectional image of PVDF-g-PAA membrane at a magnification of 750x
as shown in Fig. 2.8j. As the result of that, it was observed that each part described red
and green arrows in the upper and bottom layer membrane of Fig. 2.8j respectively was
uniformly grafted with PAA, and then these individual depths were approximately 37
um and 13 um. Thus, as for PVDF-g-PAA membrane, the graft yield in the upper of the
membrane was expected to be approximately three times higher than in the bottom of

that.
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Fig. 2.8. SEM micrographs of untreated PVDF membrane (a, b, ¢), PVDF membrane

treated with argon plasma (d, e, f; treatment: = 4.0 kVp-p, 180 s), and PVDF-g-PAA
membrane (g, h, 1, j; treatment: 20% (v/v) AA, 70°C, 30 min). a, d, g: upper surface; b, e,
h: bottom surface and c, f, i, j: cross section. These membranes were treated with argon

plasma from the above of upper surface.
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The cross sectional view of the PVDF-g-PAA membrane was also measured by
SEM-EDX. These results show in Fig. 2.9. They were estimated that the PAA was
densely grafted onto the upper of the membrane and the inside was with comparative

uniform.

g ol SRR

; '--‘.}- .y

Fig. 2.9. SEM-EDX micrographs of the cross sectional PVDF-g-PAA membrane
(magnification: 700X). Left: control, Right: the distribution profile of potassium atom.

The membrane was treated with argon plasma from the above of upper surface.
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AFM operating in dynamic force mode was performed to study the surface topography
of untreated PVDF, plasma-treated PVDF and PVDF-g-PAA membrane. Table 2.4
reveals the surface roughness (Ra) of these membrane surfaces. The Ra was estimated

from the AFM images on 5 pumXx5 pum lateral area.

Table 2.4

Surface roughness of untreated PVDF membrane, PVDF membrane treated with argon
plasma (treatment: + 4.0 kVp-p, 180 s) and PVDF-g-PAA membrane (treatment: 20%
(v/v) AA, 70°C, 30 min). The Ra was estimated from the AFM images on 5 pmXx5 pm

lateral area.

Membranes Calculated average roughness (Ra)
[nm]

Untreated PVDF 49.8

Argon plasma-treated PVDF 46.6

PVDF-g-PAA 5.9
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Fig. 2.10 presents typical AFM images. From the results of Table 2.4, the Ra of argon
plasma-treated PVDF membrane surface (46.6 nm; Fig. 2.10b) was a little decreased
against that of untreated PVDF membrane surface (49.8 nm; Fig. 2.10a). The findings
implied that the plasma condition for introducing functional groups was mild treatment
against the membrane surface. On the other hand, I observed that there was shape like a
high-density bumpy surface as shown in the AFM image on 500 nmx500 nm lateral
area (Fig. 2.10e, 2.10h). These topological changes could result from chemical reactions
and sputter processes of the plasma species with the surface. The observed features were
also presumed to be a consequence of melting or recrystallization processes [28]. Hence,
I am convinced that the plasma treatment is capable of modifying chemical and
topological changes on the membrane surface simultaneously. Furthermore, the Ra of
PVDF-g-PAA membrane (5.9 nm; Fig. 2.10c) was smooth and uniform structural
features compared to plasma-treated PVDF membrane surface (46.6 nm; Fig. 2.10b).

As it has been also observed by R. Morent et al., the surface morphology of the plasma
deposited films (deposition time = 90 s) for the different discharge regions clearly
showed that the surfaces of the plasma deposited polyacrylic acid membranes are quite
smooth and that no significant differences in surface morphology can be found between
the different discharge regions [29].

Taken together, I conclude that the plasma treatment is an excellent method to activate
surface polymer of PVDF membrane, and plays an important role as pretreatment in

fabricating chemically and physically uniform polymerized AA membrane.
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Fig. 2.10. Surface AFM images of untreated PVDF membrane (a, d, g), PVDF

membrane treated with argon plasma (b, e, h; treatment: = 4.0 kVp-p, 180 s) and

PVDF-g-PAA membrane (c, f, i; treatment: 20% (v/v) AA, 70°C, 30 min). a, b, ¢: 5

umx5 um lateral area; d, e, f, g ,h ,i: 0.5 umx0.5 um lateral area.
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2.4 Conclusions

In this work, the synthetic way to graft acrylic acid polymer on PVDF membrane
surface using the CAPPLAT have been described. I attempted to elucidate the activation
mechanism for PVDF membrane surface occurred by argon plasma treatment. The
following reactions for dehydrofluorination, defluorination and dehydrogenation were
inferred from the results of high resolution XPS scan. As the results, the initiator of graft
polymerization is mainly hydroperoxide. Thus, it was proposed that these
hydroperoxide groups were cleaved by thermal treatment, and originated some radicals
induced to initiate graft polymerization. The porosity of the membrane scaffold was
preserved after the plasma treatment. BSA was successfully conjugated on the
polymer-modified PVDF membranes. The presence of BSA on the membranes was

studied using high resolution XPS.
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Chapter 3 Preparation and characterization of Protein

A-immobilized PVDF and PES membranes

3.1 Introduction

Fluoropolymers have excellent features, such as electrical and chemical resistance, high
thermal stability and low surface energies [1]. Fluorinated polymers are applied in many
industries, such as for thin film technology magnetic media, non-stick cookware and
engineering plastics [2]. One of the commercially available fluoropolymers is PVDF.
Research and application of PVDF membranes has been reported since the 1980s [3].
One of the reasons for this is that PVDF dissolves in common organic solvents, so
porous PVDF membranes can be produced via phase inversion methods with a simple
immersion precipitation process. On the other hand, polyether sulfone (PES) has also
been widely available commercially, and has excellent mechanical strength and is a
thermally stable polymer [4]. Thus, PES membranes have been adopted as important
materials in the food, hemodialysis and water purification fields, as well as for
biopharmaceutical drugs as MF and UF [5]. PES and PVDF membranes are valuable as
research subjects in separation fields. However, PVDF and PES have the issue of being
intrinsically and severely hydrophobic [6]. As the result, proteins dissolved in aqueous
solutions tend to clog the membranes. Therefore, manufacturers provide membranes
that are hydrophilized to decreasing the nonspecific protein binding capacity with
various surface modifications to prevent objective substances, such as recombinant
proteins, from fouling the membranes [7, 8]. Other advancements in the field have been

related to pore size distributions and membrane types, which are critical factors to
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achieve anti-fouling properties, and deal with variations at the production scale. High
capacity membranes have been developed for the biotechnology industry with varying

pore size distributions, such as isotropic and anisotropic structures [9].

In recent years, many functionalized membranes with surface modifications have been
reported [10-12]. There has been significant interest in using affinity membrane
chromatography for bioprocessing, but few reports are applied in production scales
because the adsorption capacities of the affinity membranes are relatively low compared
with those for conventional bead chromatography [13]. Humanized mAbs, which
belong to a subclass of IgG, have been utilized in clinical fields as drug products [14].
To capture mAbs efficiently from the pool of the mAb production, Protein A is widely
applied as a ligand on affinity chromatography media because Protein A strongly binds
on the Fc region of IgG [15]. However, native Protein A originates from Staphylococcus
aureus [9]. Therefore, it is important to establish a method for immobilizing Protein A
on the media because of the decrease in the amount of leached Protein A.
Simultaneously, a media with good chemical resistance and thermally stable features
should be selected. As such, PVDF and PES membranes are important candidates as

affinity media.

Plasma processing is a dry process for clean and energy saving surface modifications
[16, 17]. Compared to plasma processing with a vacuum, atmospheric pressure
low-temperature plasma does not need equipment for vacuum processing [18]. Plasma
induced free radical polymerization is a useful technique for grafting polymers to

hydrophilize or functionalize the surface of a polymeric substrate [19]. On the other
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hand, surface modifications on hydrophilic PVDF membranes have also been reported
to have a covalent coupling of lysine as model of biologically active molecules [20]. It
is highly plausible to minimize nonspecific adsorption on the membrane because the
protein adsorption capacity of hydrophobic and hydrophilic PVDF membranes varies

significantly, reportedly from 1157 and 84 mg m™ [21].

The first goal of our study was to reveal the activation mechanism of PVDF and PES
membranes activated by atmospheric pressure low-temperature plasma. The surface
chemicals and morphological properties of the membranes were characterized by ATR
FT-IR spectroscopic analysis, SEM and XPS. The second goal of our study was to
characterize the properties of Protein A-immobilized PVDF and PES membranes. The
adsorption capacities with human IgG were confirmed according to the monolayer
Langmuir model [22], and the ligand density on the membranes was also measured

using a BCA protein assay [23].
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3.2 Experimental

The similar materials and methods as this chapter are referred to the chapter 2.

3.2.1 Materials

PVDF (Durapore”, hydrophilic) membranes were purchased from Merck Millipore
Corp., commercially named HVLP01300 (pore size 0.45 pm) and SVLP01300 (pore
size 5.0 um). A PES membrane (Millipore Express® PLUS) was also purchased from
Merck Millipore Corp., commercially named HPWPO01300 (pore size 0.45 pm). Protein
A from Staphylococcus aureus was purchased from Calbiochem (Darmstadt, Germany).
IgG from human serums were purchased from Sigma-Aldrich, Inc. The Micro BCA

protein assay kit was purchased from Thermo Fisher Scientific Inc.

3.2.2 Preparation of the PVDF and PES membranes immobilized with Protein A

Fig. 3.1 shows a schematic illustration of the preparation for the PVDF/PES membranes
immobilized with Protein A. The PVDF and PES membranes grafted with PAA
(hereafter called PVDF-g-PAA and PES-g-PAA, respectively or PVDF/PES-g-PAA)
were rinsed with distilled water to remove non-grafted monomers. Protein A was
immobilized on the PVDF/PES-g-PAA membranes using the EDC/Sulfo-NHS method.
The membranes were activated with a 4 mmol L™ EDC, 10 mmol L' Sulfo-NHS in 100
mmol L' MES, 500 mmol L' NaCl buffer solution with a pH of 6.0 for 15 min at room
temperature. The immobilization of Protein A was carried out in a solution of 1 mg

mL™" Protein A in 100 mmol L' MES, 500 mmol L NaCl buffer with a pH of 6.0
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under mild agitation for 3.0 h at room temperature. The immobilization reaction of the
PVDF and PES membranes (hereafter called PVDF-g-PAA-PrA and PES-g-PAA-PrA,
respectively or PVDF/PES-g-PAA-PrA) was quenched by adding hydroxylamine HCI to
give a final concentration of 10 mmol L. The membranes were rinsed with a solution
of PBS (-) to remove loosely absorbed Protein A and the MES buffer solution, and then

kept in a solution of PBS (-) at 5°C.
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Fig. 3.1. Schematic illustration of the preparation for the PVDF and PES membranes

immobilized with Protein A and the adsorption with human IgG.
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3.2.3 Physical and chemical surface characterization

ATR FT-IR spectroscopic investigations were carried out with a Nicolet iS10
spectrometer using a Ge crystal. The spectra were collected by cumulating 64 scans at a

. -1
resolution of 2 cm’.

3.2.4 Determination of adsorption capacities

The nonspecific adsorption on the PVDF/PES-g-PAA membranes and the adsorption
isotherm on the PVDF/PES-g-PAA-PrA membranes with a human IgG were measured.
Four of the membranes were employed in each closed glass vessel. The membranes
were equilibrated in a solution of PBS (-) at a pH of 7.4 as an equilibrium buffer
solution for 10 min. The equilibrium buffer solution was replaced with 4 mL of the
equilibrium buffer solution dissolved with different concentrations of human IgG, and
incubated for 12 h at 20°C. The amount of human IgG adsorbed on the membranes was
determined by measuring the concentration of human IgG in the solution before and
after the adsorption experiments were performed. Each concentration of human IgG was
measured by a Micro BCA protein assay. The adsorption isotherms were constructed by
plotting the adsorption capacity on the membranes versus the equilibrium concentration
of human IgG dissolved in the liquid. Data were analyzed according to the monolayer

Langmuir model shown in Equation (1).

g, -Ka-c*

* = Jm - -
q 1+ Ka-c* ()
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where the c* and Q* represented the equilibrium concentration of the human IgG
dissolved in the liquid and the equilibrium capacity of human IgG adsorbed on the
membranes, respectively. The variable g, represented the maximum adsorption capacity
on the membranes and Ka represented the equilibrium association constant. Equation
(1) was transformed into a linear form as a double reciprocal plot, shown in Equation

(2), to calculate q, and Ka.

= — - @)

q* Om Ka- Om c*
where the g* and g, were calculated in mg mL™", which represents the weight of human

IgG adsorbed per volume of the membrane. Variable Ka was calculated in L mol” by

considering the molecular weight to be 146 kDa [24].
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3.2.5 Determination of ligand densities

The amount of Protein A covalently immobilized on each PVDF/PES-g-PAA-PrA
membrane was measured with a BCA protein assay [13]. The ligand density was
calculated in mg mL", which represents the weight of Protein A immobilized per

volume of the membrane.

3.2.6 Procedure of stability test

The PVDF/PES-g-PAA-PrA membranes were treated by repeating the cycle of
equilibration, adsorption, elution, washing and regeneration to estimate the stability of
the membranes. Four membranes were employed in each closed glass vessel. First, the
membranes were equilibrated by a solution of PBS (-) at a pH of 7.4 as an equilibrium
buffer solution for 10 min (equilibration), and then replaced in 4 mL of the equilibrium
buffer solution dissolved 0.1 mg mL™" human IgG for 10 min (adsorption). Secondly,
the membranes were immersed in 4 mL of 0.1 mol L™ citric acid buffer solution at a pH
of 3.0 for 10 min (elution), and then washed with a solution of PBS (-) at a pH of 7.4 for
10 min (washing). Finally, the membranes were immersed in 20% (v/v) ethanol for 20
min (regeneration). After the five cycles were performed, the ligand densities of the

membranes were measured.
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3.3 Results and discussion

3.3.1 Structure characterization of the membranes by ATR-FTIR analysis

Fig. 3.2 shows the respective ATR-FTIR spectra of PES membrane and represented the
data of the membranes untreated, treated with argon plasma, grafted with AA and those
immobilized with the Protein A. The ATR-FTIR spectra of the PVDF membranes were

similar to those in the previous report [19].
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Fig. 3.2. ATR-FTIR spectra of PES membranes. (a) untreated, (b) treated with argon
plasma (treatment: = 4.0 kVp-p, 180 s), (c) grafted with AA (treatment: 20% (v/v) AA,

70°C, 20 min) and (d) immobilized with Protein A (treatment: 1 mg mL™, 3 h).
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The strong absorption bands at 1107 - 1240 cm™' were characteristic bands of aromatic
ethers and sulfonyl groups of PES (Fig. 3.2a). The spectrum of the plasma-treated PES
membrane contained a weak absorption band at approximately 1700 cm™' (Fig. 3.2b).
The spectrum of the PES-g-PAA membrane appeared with a strong carbonyl (C=0)
stretching absorption band at 1705 cm™' (Fig. 3.2¢). This indicates that polyacrylic acid
chains were successfully grafted on the membrane. The spectrum of the
PES-g-PAA-PrA membrane revealed the increase of the absorption band attributed to
the NH-deformation vibration at 1578 cm ', and broad absorption bands attributed to
primary amino groups with a maximum at 3400 cm ' were strongly observed (Fig. 3.
2d). Consequently, it was demonstrated that Protein A was successfully immobilized on

the PES-g-PAA membrane.
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3.3.2 Structure characterization of the membranes by XPS analysis

I investigated the influence of defluorination and oxidation on the plasma treatment
time and applied voltage compared with untreated PVDF membranes. The atomic
composition was estimated from relative intensities of Cls, Fl1s, Ols, N1s and S2p high
resolution spectra. Atomic ratios of the PVDF and PES samples are summarized in

Tables 3.1 and 3.2, respectively.
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Table 3.1.
Atomic ratios of the PVDF membrane (pore size 0.45 um) surfaces exposed to argon

plasma (treatment: flow rate of argon gas at 5 L min™).

Plasma treatment Atomic ratio Defluorination  Oxidation
Voltage Exposure time ~ F/C 0/C [%] [“o]

[+ kVp-p] [s]

- - 0.72 0.13 0 0

4.0 60 0.59 0.16 18 23

4.0 180 0.59 0.17 18 31

4.0 300 0.55 0.20 24 54

2.8 180 0.67 0.18 7 38

4.0 180 0.59 0.17 18 31

5.0 180 0.59 0.20 18 54
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The F/C and O/C atom ratios of the untreated PVDF membrane were individually 0.72
and 0.13 due to the hydrophilic treatment from the manufacturer. In the case of the
plasma-treated PVDF membranes, the defluorination reactions proceeded 18%, 18%
and 24% for 60, 180 and 300 s of plasma exposure time, respectively. Secondly, the
degree of defluorination resulted in 7%, 18% and 18% at + 2.8, + 4.0 and + 5.0 kVp-p,
respectively. The sample treated at £ 5.0 kVp-p was appeared to have an intensively
burnt area, so it was presumed to lead to heavy etching reactions. In a recent related
report of the argon plasma treatment to other fluoropolymers, Hidzir et al. described
that the chemical environment of the surface of expanded poly (tetrafluoroethylene),
which was treated with 100 W argon plasma under the low pressure and subsequently
exposed to air changed substantially, displayed evidence of defluorination (F/C atom
ratio of 1.9 from 2.4) [25]. On the other hand, oxidation reactions progressed 23%, 31%
and 54% for 60, 180 and 300 s, respectively, compared with an untreated PVDF
membrane. Moreover, the degree of oxidation was 38%, 31% and 54% at = 2.8, + 4.0
and £ 5.0 kVp-p. These data imply that the oxygen functional groups, such as peroxide

species, were generated on the plasma-treated PVDF membrane.
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Table 3.2.
Atomic ratios of the PES membrane surfaces exposed to argon plasma (treatment: flow

rate of argon gas at 5 L min'l).

Plasma treatment Atomic ratio Oxidation
Voltage Exposure time o/C S/C [%o]

[+ kVp-p] [s]

- - 0.37 0.049 0

4.0 60 0.50 0.087 35

4.0 180 0.66 0.075 78

4.0 300 0.77 0.064 108

2.8 180 0.54 0.069 46

4.0 180 0.66 0.075 78

5.0 180 0.78 0.110 111
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The O/C and S/C atom ratios of the untreated PES membrane were 0.37 and 0.049,
respectively, due to the hydrophilic treatment. In the case of the plasma-treated PES
membranes, the oxidation reactions proceeded 35%, 78% and 108% for 60, 180 and 300
s, respectively. Secondly, the degree of oxidation was 46%, 78% and 111% at + 2.8, +
4.0 and £ 5.0 kVp-p, respectively. Moreover, the oxidation reaction on the PES
membranes progressed approximately two times higher than that of the PVDF
membranes. These findings suggest that the plasma-treated PES membrane has more

initiation sites for graft polymerization relative to the plasma-treated PVDF membrane.

Fig. 3.3 shows Cls high resolution spectra for the untreated PVDF membrane and
plasma-treated PVDF membrane. The decomposed peaks are illustrated as dotted lines.
The underlined C, O or S means the objective was carbon, oxygen or sulfur,

respectively.
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Fig. 3.3. High resolution XPS spectra of Cls. (a) untreated PVDF (pore size 0.45 um)

membrane and (b) PVDF membrane treated with argon plasma (treatment: + 4.0 kVp-p,

180 s).

97/125



Naohisa Akashi

The Cls high resolution spectrum of the untreated PVDF membrane was assigned to
five peaks at BEs of 285.0 eV due to CH(COOH)-CH,-CH(COOH) : No. 1, 285.4 eV
due to CH-COOH : No. 2, 286.4 ¢V due to CF,-CH,-CF; : No. 3, 289.1 ¢V due to
CH-COOH : No. 6 and 290.9 eV due to CH,-CF,-CH; : No. 8 (Fig. 3.3a). These data
indicate that the untreated PVDF membrane is cross-linked with hydroxyalkyl acrylate
to hydrophilize the membrane [7]. The Cls high resolution spectrum of the
plasma-treated PVDF membrane was decomposed into five peaks (Fig. 3.3b) [19]. The
five peaks appeared at BEs of 286.4, 287.4, 288.5, 289.5 and 290.9 eV, which were
assigned to CF,-CH,-CF,, CH,-CF=CH, CH,-CF=CH, and hydroperoxide
(CH,-CH(-OOH)-CH,) groups (No. 3); hydroperoxide (CF,-CH(-OOH)-CF;) (No. 4);
carbonyl (CF,-CHO) and CH,-CFH-CH, groups (No. 5); hydroperoxide
(CH,-CF(-OOH)-CH;) (No. 7); and CH,-CF,-CH; and carbonyl (CH,-CFO) and
CH=CF, groups (No. 8), respectively. The composition showed that CF, carbons were
modified into CFH, C(-OOH) and CFO carbons in the plasma exposure. Lee and Shim
have measured the concentration of peroxides formed on the argon plasma-treated
PVDF membranes (pore size 022 um and 70% porosity) by the
1,1-diphenyl-2-picrylhydrazyl (DPPH) method [26]. The density of peroxides showed
2.5%10™® mol cm™ at 30 W for 30 s in 50 mTorr. Although the density increased until the
30 s exposure, interestingly, it decreased with a 40 s exposure. These data suggested that
the Cls high resolution spectrum shape of the plasma-treated PVDF membrane as

shown in Fig. 3.3 was dependent on the exposure conditions.

The Cls high resolution spectrum of the PVDF-g-PAA membrane was decomposed into

three characteristic peaks attributable to the AA graft polymerization. The three peaks
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observed at BEs of 285.0, 285.4 and 289.1 eV, were individually assigned to the

CH(COOH)-CH,-CH(COOH); CH-COOH; and carboxy (CH-COOH) groups.

Graft polymerization of acrylic acid is a useful method for forming many carboxy
groups on the membranes to react with EDC, and subsequently results in a semi-stable
amine-reactive NHS ester. In addition, Huang et al. have reported that plasma induced
grafting of acrylic acid significantly improved the wettability behavior of the PVDF
nanofiber membranes [27]. In this way, there are some advantages of applying the
polymerization, but it is important to optimize the grafting conditions because excessive
grafting leads to a decrease in the porosity and surface area of the microporous

membranes with particularly small pore sizes.

I also investigated the data for Cls, Ols and S2p high resolution spectra of the PES
membranes (Fig. 3.4). The Cls and Ols high resolution spectra and percentages of each
bond type on the PES-g-PAA membrane were consistent with the results of the

PVDF-g-PAA membrane.
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Fig. 3.4. High resolution XPS spectra of Cls. (a) untreated PES membrane and (b) PES

membrane treated with argon plasma (treatment: = 4.0 kVp-p, 180 s).
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The Cls high resolution spectrum of the untreated PES membrane was assigned to three
peaks at BEs of 284.7 eV due to aromatic C-C : No. 1, 285.3 eV due to C-SO,-C : No. 2
and 286.3 eV due to C-O-C and phenolic carbons that bond to hydroxy groups : No. 3
(Fig. 3.4a). The n-n* shake-up satellite peak was shown at 291.7 eV. The peak area ratio
at 286.3 eV (No. 3) was 37%, which was higher than the theoretical value of
hydrophobic PES, and the peak area ratio at 284.7 eV (No. 1) was 44%, which was
lower than that of hydrophobic PES. These results suggest that the dehydrogenation and
oxidation reactions of the benzene ring on the PES membrane progressed, and several
phenolic carbons are constituted on the membrane [8]. Secondly, the Ols high
resolution spectrum of the untreated PES membrane was deconvoluted into three peaks
at BEs of 531.6 eV due to the sulfonyl group, C-SO,-C : No. 4, 532.3 eV due to oxygen
in the hydroxy group, R-OH : No. 5 and 533.3 eV due to C-O-C : No. 6 (Fig. 3.4c¢).
Thirdly, the S2p high resolution spectrum of the untreated PES membrane was
deconvoluted into two distinct peaks at BEs of 167.6 eV due to S2ps/, for C-SO,-C : No.

10 and 168.8 eV due to S2p,» for C-SO,-C : No. 12 (Fig. 3.4e).

On the other hand, the Cls high resolution spectrum of the plasma-treated PES
membrane was decomposed into three peaks of 284.7 eV due to aromatic C-C : No. 1,
285.3 eV due to C-SO,-C : No. 2 and 286.3 eV due to C-O-C, C-OH and hydroperoxide
(C-CH(-OOH)-C) groups: No. 3 (Fig. 3.4b). The peak area ratio of the m-n* shake-up
was 2%, which was approximately the same level as that of the untreated PES
membrane. Secondly, the Ols high resolution spectrum of the plasma-treated PES
membrane was curve-fitted with four peaks at BEs of 531.6 eV due to C-SO»-C : No. 4,

532.3 eV due to R-OH : No. 5, 533.3 eV due to C-O-C and C-CH(-OOH)-C : No. 6, and
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534.0 eV for hydroperoxide R-OOH : No. 7 (Fig. 3.4d). Finally, the S2p high resolution
spectrum of the plasma-treated PES membrane was deconvoluted into six peaks at BEs
of 163.3 eV due to S2p;,, for the sulfide group, C-S-C : No. 8, 164.4 eV due to S2pi.
for C-S-C : No. 9 [28], 167.6 eV due to S2ps, for C-SO,-C :No. 10, 168.5 eV due to
S2p;3., for the sulfo group, C-SO3H : No. 11, 168.8 eV due to S2p;,» for C-SO,-C : No.

12 and 170.1 eV due to S2p,; for C-SOsH : No. 13 (Fig. 3.4f).

Based on these results, I proposed an activation mechanism on the membranes treated
with atmospheric pressure low-temperature plasma. The each peak area ratio of 285.3
eV (No. 2 in Fig. 3.4b) and 531.6 eV (No. 4 in Fig. 3.4d) was individually 5% and 14%,
which was lower than those of the untreated PES membrane. Two deconvoluted peaks
were assigned for C-SO,-C and C-SO,-C, respectively. These findings suggest that
metastable argon, which is the most important active species in the present plasma,
collides with the oxygen in the sulfonyl group primarily and results in link cleavage, the
formation of radicals such as phenyl radical, and deoxidization reactions. After the
oxidation reaction proceeded due to air exposure, it was considered that functional
groups were formed such as C-CH(-OOH)-C (No. 7 in Fig. 3.4d) and C-SO3;H (No. 11,
13 in Fig. 3.4f) groups. Furthermore, the peak area ratio of the n-n* shake-up was
comparable before and after plasma treatment. It was also suggested that there was low
damage and disruption to the benzene ring by treating with plasma under this condition.
Therefore, the phenyl radical and radicals originating from the hydroperoxide groups by
thermal treatment would be significantly important initiators to induce graft

polymerization with AA on the PES membranes.
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3.3.3 Determination of the human IgG adsorption capacity of affinity membranes

Adsorption isotherms of the PVDF/PES-g-PAA-PrA membranes were constructed to
investigate the capacity as affinity membranes. Simultaneously, nonspecific adsorption
tests were performed with the PVDF/PES-g-PAA membranes prior to immobilization
with Protein A. The equilibrium capacities adsorbed on the membranes (g*) were
calculated via the equilibrium concentration of the human IgG dissolved in the liquid

(c*) (Fig. 3.5).
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Fig. 3.5. Adsorption isotherms of human IgG binding to the PVDF (pore size 0.45 pum:
closed square, 5.0 um: closed triangle) and PES (pore size 0.45 pm: closed circle)
membranes that were immobilized with Protein A. The unit of g* indicates (a) mg/mL
and (b) mg/membrane. Open symbols represent the results of the nonspecific adsorption

tests. Adsorption conditions: PBS (-), pH 7.4 as an equilibrium buffer, 20°C, 12 h.
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The adsorption isotherms constructed with the PVDF/PES-g-PAA-PrA membranes
were fitted with the monolayer Langmuir model. On the other hand, as the result of the
nonspecific protein adsorption test, the g* of the PVDF membranes with pore sizes of
0.45 and 5.0 um and PES membranes with a pore size 0.45 pm were indicated to have
relatively low levels of 0.09, 0.11 and 0.12, respectively. The thermodynamic
parameters, which were obtained with the monolayer Langmuir model, are listed in

Table 3.3.
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Table 3.3

Thermodynamic parameters from adsorption isotherms of human IgG on the PVDF and

PES membranes conjugated with Protein A, according to the Langmuir monolayer

model. Adsorption conditions: PBS (-), pH7.4 as an equilibrium buffer, 20°C, 12 h. The

unit of g* indicates (a) mg/mL and (b) mg/membrane.

(a)
Membrane Pore size Om Ka
[um] [mg mL™'] [L mol ']
PVDF-g-PAA-PrA 045 0.55 3.3 x 10°
5 0.56 10.6 x 10°
PES-g-PAA-PrA 0.45 0.76 4.9 x10°
(b)
Membrane Pore size Om
[wm] [mg membrane™]
PVDF-g-PAA-PrA 0.45 0.37
5 0.37
PES-g-PAA-PrA 0.45 0.58
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In terms of the PVDF-g-PAA-PrA membranes, it can be seen that the maximum binding
capacity (q) for a pore size 0.45 um was 0.55 mg mL"™', which was similar to that with
a pore size 5.0 um. On the other hand, the equilibrium association constant (Ka) for a
pore size of 5.0 pum was 10.6 x 10° L mol”, which was around three times higher than
that with a pore size of 0.45 um. These findings suggest that there is a relationship
between the pore size and Ka. Membrane affinity matrices require Ka values above 10°
L mol” to ensure efficient adsorption, without risking ligates elution during washing
[29]. Compared with capacities of the PVDF/PES-g-PAA-PrA membranes for the same
pore size of 0.45 pm, the gy, of the PES membrane was 0.76 mg mL™', which was 38%
higher than that of the PVDF membrane. On the other hand, the Ka of the PES
membrane was 4.9 x 10° L mol'l, which was similar to that of the PVDF membrane. To
further improve these thermodynamic parameters, it would be meaningful to adopt a

cross-linking agent that avoids conjugating with the human IgG binding site of Protein

A.

As the latest examples of protein purification adopted similar membranes, Sun and Wu
have proposed the BSA separation using mixed matrix membranes (MMMs) comprising
of hydroxyapatite (HAP) inside a PES matrix [30]. The BSA adsorption capacity of
HAP particles in MMMs reached a maximum (29.4 mg/g membrane) at a pH of 7. Saufi
and Fee have demonstrated that the hydrophobic interaction chromatography MMMs,
which consisted of a PVDF membrane using a commercial phenyl resin, had static
binding capacities (on the membrane volume basis) of 18.4 mg mL™" for B-lactoglobulin
[31]. Hence, by integrating affinity membranes and various MMMs that have a distinct

separation mode in the downstream processing of the mAb production, the common
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issues with packed bed column chromatography, such as complicated packing or
operations, could be resolved, leading to reduced production costs and to stable supply

for mAbDs.

The ligand densities on the PVDF/PES-g-PAA-PrA membranes were measured to

investigate the amount of Protein A immobilized on the membrane surface. The results

of the stability tests are also included in Table 3.4.
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Table 3.4

Ligand density (LD) on the PVDF and PES membranes immobilized with Protein A.
Values of ligand densities mean average (n = 3). Condition of one cycle: equilibration
(PBS (-), pH 7.4, 10 min), adsorption (0.1 mg mL™" human IgG in PBS (-), pH 7.4, 10
min), elution (0.1 mol L™ citric acid buffer, pH 3.0, 10 min), washing (PBS (-), pH 7.4,
10 min) and regeneration (20% (v/v) ethanol, 20 min). The unit of g* indicates (a)

mg/mL and (b) mg/membrane.

(a)
Membrane Pore size [um]  Cycle LD [mg mL™"] SD.
PVDF-g-PAA-PrA 045 - 0.98 0.07
5 0.94 0.06
5 - 1.42 0.10
5 1.51 0.13
PES-g-PAA-PrA 0.45 - 2.06 0.04
5 1.98 0.08
(b)
Membrane Pore size [um] Cycle LD [pg membrane’]  SD.
PVDF-g-PAA-PrA 045 - 16.3 1.1
5 15.6 1.0
5 - 235 1.7
5 25.1 2.1
PES-g-PAA-PrA 0.45 - 38.9 0.8

5 37.4 1.6
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Compared with the influence of the PVDF-g-PAA-PrA membranes, the ligand density
for a pore size 5.0 pm was 1.42 mg mL ™', which was 49% higher than that for a pore
size 045 upum. On the other hand, compared with capacities of the
PVDF/PES-g-PAA-PrA membranes for the same pore size of 0.45 um, the ligand
density of the PES membrane was 2.06 mg mL™, which was approximately two times
higher than that of the PVDF membrane. One of the explanations is that the O/C atom
ratio of the plasma-treated PES membrane was 0.66 (Table 3.2), which was 3.9 times
higher than that of the plasma-treated PVDF membranes (Table 3.1). Therefore, it was
considered that the functional groups necessary for initiating graft polymerizations were
generated more on the plasma-treated PES membranes relative to the PVDF membranes.
On the other hand, for the PES membrane, the low accessibility to the ligand with the

human IgG is suggested by grafting rich polymerization.

The ligand density was determined using a BCA protein assay as described in the
experimental section, and this assay is tuned to detect not only active Protein A but also
Protein A that is not capable of binding with human IgG due to the conjugation with the
binding site of human IgG. Considering the Q. of the PVDF/PES-g-PAA-PrA
membranes for pore size 0.45 pm shown in Table 3.3, the ratio of active Protein A
modified on the PVDF-g-PAA-PrA membrane would be higher than that of the

PES-g-PAA-PrA membrane.

As a recent related to the study of fabricating functional polymers, Starke et al. have
introduced a technique for covalent immobilization of trypsin on hydrophilic PVDF and

PES membranes both with 0.22 pm pores using electron beam irradiation (150 kGy)
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[32]. Comparing the trypsin concentration and activity of these immobilized membranes,
the PES membrane showed the higher concentration of 3.48 pug cm™ and an activity of
0.49 nmol min™ in the case of the PVDF membrane (2.46 pg cm™ and 0.36 nmol min™).
However, the enzyme efficiency of trypsin, which was calculated as a quotient of the
maximum released substrate per trypsin concentration, turned out to be 5.8 nmol cm?
ng” of the PVDF membrane and was higher than the 3.2 nmol cm® pug” with the PES

membrane described above.

In the results of the stability test, it was confirmed that the ligand densities were
comparable, and Protein A was immobilized on the membrane surface rigidly. Castilho
et al. have reported that the ligand density of poly (vinyl alcohol)-coated membranes,
which were the most suitable for IgG purification among the membranes tested in the
work, was 4.66 mg protein A/mL membrane [13]. In summary, it was found that the
PVDF/PES-g-PAA-PrA membranes were immobilized with Protein A rigidly, and had

the properties of an affinity membrane.
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3.3.4 Membrane morphology

It is important to understand whether the microporous structure of the membranes was
retained after the plasma treatment and subsequent graft polymerization were conducted.
Fig. 3.6 shows the SEM images, obtained with a 3000% magnification. Figures
3.6a-3.6c¢ represent the untreated PVDF for pore sizes of 0.45 pm and 5.0 pm, and the
PES membrane for a pore size of 0.45 um, respectively. Figures 3.6d-3.6f show the
plasma-treated membranes. The plasma-treated PVDF membrane fibers of the scaffolds
for a pore size of 5.0 pm, shown in Fig. 3.6e, maintained the macrovoid formation as
well as the untreated PVDF membrane. On the other hand, the plasma-treated PVDF
and PES membrane fibers for a pore size of 0.45 um, shown in Figures 3.6d and 3.6f,
had grown slightly thicker than those for each untreated membrane surface. Figures
3.6g-3.61 show the PVDF/PES-g-PAA membranes. The PVDF/PES-g-PAA membranes
with a pore size of 0.45 um were densely modified with PAA. By contrast, the
PVDF-g-PAA membrane for a pore size of 5.0 um definitely retained the macrovoid
formation (Fig. 3.6h). These findings clearly indicate that it is effective to apply
membranes with a pore size of 5.0 um to maintain the high porosity and accessibility as

affinity membranes.
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Fig. 3.6. SEM images of PVDF (pore size 0.45 um (a, d, g) and 5.0 um (b, e, h)) and
PES (c, f, i: pore size 0.45 um) membrane surfaces. Untreated (a, b, c), treated with
argon plasma (d, e, f; treatment: + 4.0 kVp-p, 180 s) and grafted with AA (g, h, i;
treatment: 20% (v/v) AA, 70°C, 20 min). The argon plasma was treated from the above

of these membranes.
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3.4 Conclusions

I have described the characterization of Protein A-immobilized PVDF and PES
membranes. The results of surface property tests on the membranes activated by argon
plasma confirmed several functional groups such as hydroperoxide, sulfide and sulfo
groups, and I proposed the activation mechanism on polymeric substrates. These
findings suggest that the phenyl radical and radicals originating from hydroperoxide
groups by thermal treatment are the important precursors to induce graft polymerization
with AA on the PES membranes. The porosity of the membrane scaffold was preserved
after the plasma treatment. The PVDF membrane for a pore size of 5.0 um definitely
retained the macrovoid formation after the graft polymerization. Protein A was
successfully immobilized on the polymer-modified membranes. The adsorption
capacities of the Protein A-immobilized membranes were determined and shown to be
dependent on the pore size. The ligand density of the Protein A-immobilized PES
membranes was approximately two times higher than that of the Protein A-immobilized
PVDF membranes. Taken together, I conclude that the atmospheric pressure
low-temperature plasma is an excellent tool for activation on the PVDF and PES
membranes given the simplicity and effectiveness of this tool, and these polymers are

candidates for affinity media for human IgG separation.
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Nomenclature

AA Acrylic acid

ATR attenuated total reflection

BCA bicinchoninic acid

EDC 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
FT-IR Fourier transform infrared

IgG immunoglobulin G

Ka equilibrium association constant

MES 2 (N-morpholino) ethanesulfonic acid
PBS phosphate buffered saline

Onm maximum binding capacity

SEM scanning electron microscopy
Sulfo-NHS N-Hydroxysulfosuccinimide

XPS X-ray photoelectron spectroscopy
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Chapter 4 Summary

The final goal of this study was to prepare and characterize of Protein A-immobilized
PVDF and PES membranes. As the method of mild surface modification, the

atmospheric pressure low temperature plasma was adopted prior to the immobilization.

The first goal of this study was to reveal the activation mechanism on the membranes
activated by the plasma and immobilize BSA as a model protein. The optimum
conditions for the plasma treatment, graft polymerization and immobilization were
determined in order to minimize the deterioration of the PVDF membrane and establish
the high reproducibility. The plasma-treated PVDF membrane was studied chemically
by measuring the high resolution XPS spectra in order to reveal the functional groups
generated by the optimum plasma treatment. As the result of that, it was found that the
hydroperoxide group played an important role for initiating the graft polymerization. As
the results of studying the membranes morphologies, the porosity of the membrane
scaffold was preserved after the plasma treatment. These findings were described in the

chapter 2.

The second goal of this study was to characterize the properties of Protein
A-immobilized the membranes prepared by the optimum condition. The activation
mechanism of the plasma-treated PES membrane was also proposed. Protein A was
successfully immobilized on the polymer-modified PVDF and PES membranes. The

adsorption capacities with human IgG were confirmed according to the monolayer
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Langmuir model, and the ligand densities were also determined. As the results of that,
ligand density of the Protein A-immobilized PES membranes was approximately two
times higher than that of the Protein A-immobilized PVDF membranes. These results

were described in the chapter 3.

In summary, it was concluded that the atmospheric pressure low temperature plasma is
an excellent tool for activating on the PVDF and PES membranes, and PVDF and PES

polymers are candidates as affinity media for human IgG separation.
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