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Hydrophobic poly (vinylidene fluoride) (PVDF) membrane surface was treated with atmospheric pres-
sure low temperature plasma and investigated physical and chemical surface characterization. The
contact angle of water on the exposed membrane surface was reduced with increasing of the treatment
voltage and time, so indicates that the treatments can modify the PVDF membrane surface from hy-
drophobic to hydrophilic. In order to analyze the phenomenon in detail, the progress of defluorination
including dehydrofluorination and oxidation reactions onto the surface was examined by X-ray photo-
electron spectroscopy (XPS), and revealed the most effective treatment condition. The degree of grafting

Keywords: . . . . . .
Surface modification used acrylic acid monomer onto the surface has influenced with monomer concentration, reaction
Plasma temperature and reaction time. Scanning electron microscopy (SEM) and atomic force microscopy (AFM)

Poly (vinylidene fluoride) were employed to study the surface morphology. The membrane surfaces conjugated bovine serum

albumin (BSA) as a protein were surely detected the nitrogen element contained with BSA.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Fluoropolymers have excellent features such as electrical and
chemical resistance, high temperature stability and low surface
energy [1,2]. Therefore, fluorinated polymers are applied in a va-
riety of industries, for example medical equipment, engineering
plastics, microelectronics, opto electronics, architectural fabrics
and microwaveable coatings [3]. As some of the commercially
available fluoropolymers, for example there are poly (tetrafluoro-
ethylene) (PTFE) [4,5], poly(vinylidene fluoride) (PVDF) [6],
Poly(tetrafluoroethylene-co-perfluoropropylvinylether) (PFA) [7,8]
and  Poly(tetrafluoroethylene-co-hexafluoropropylene)  (FEP)
[9,10]. In these, PVDF is especially one of the fluorocarbon polymers
which can be used widely as a membrane material [11]. Hydro-
phobic 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, hydro-
philized PVDF membranes have been mainly adopting in the
manufacturing processes for obtaining pharmaceutical drug
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substances or products for biologics from some decades ago.
Filtration membranes are generally classified with microfiltration
(MF), ultrafiltration (UF) and reverse osmosis (RO) according to
pore size. In the manufacturing processes such as monoclonal an-
tibodies (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 ex-
change and virus clearance which is required for biologically
derived therapeutics in a process solution. From the above, mem-
brane 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 [12].

In recent years, many functionalized membranes by surface
modifications have been reported [13—18]. As reported in the liter-
ature [19,20], there are ion-exchange MF membranes that anion
exchange groups are cross-linked with regenerated cellulose mem-
brane, and hydrophobic interaction MF membranes which intro-
duced the phenyl groups, and human y-globulin adsorption capacity
of PVDF hollow fiber affinity membranes containing different amino
acid ligands [21]. 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

0032-3861/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).


Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/3.0/
mailto:akashi.n@jcom.home.ne.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2014.04.029&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2014.04.029
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://dx.doi.org/10.1016/j.polymer.2014.04.029
http://dx.doi.org/10.1016/j.polymer.2014.04.029

N. Akashi, S.-i. Kuroda / Polymer 55 (2014) 2780—2791 2781

designed for removing a relatively small amount of impurities such
as deoxyribonucleic acid, endotoxin [22], host cell protein, and virus
in a production process by peculiar interaction [23,24]. 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 [25]. 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 or hydrophobic inter-
action chromatography resin.

As a method of surface modifications, there is the dry process that
is clean and energy saving, and plasma processing [26—31], gamma
irradiation [32,33], ultraviolet irradiation [34—38], photo-irradiation
[39,40] 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 con-
trary, in the atmospheric pressure low temperature plasma [41—45],
it does not need equipment for vacuum processing, and partial
surface treatment is possible. It is also applicable for the surface
treatment of thermostable low materials because of low tempera-
ture processing. Plasma induced free radical polymerization is a
useful technique for grafting acrylic polymers onto the surface of an
inert polymeric substrate such as, Teflon, PVDF, PE, etc. [46].

In this study, we proposed the procedure for surface modifica-
tion in order to immobilize target protein onto PVDF membranes
initiated by atmospheric pressure low temperature plasma [47]. At
first, we treated with hydrophobic PVDF membrane surface by
argon plasma, and then exposed to air in order to modify highly
reactive hydrophilic functional groups. Secondly, graft polymeri-
zation by acrylic acid monomer is performed onto the membrane
surface in order to form carboxy groups. Thirdly, after the treatment
for crosslinking is employed in order to prepare amine-reactive
esters, bovine serum albumin (BSA) is finally conjugated onto the
membrane surface. The surface properties are characterized by
contact angle of water measurement, attenuated total reflection
(ATR) Fourier transform infrared (FT-IR) spectroscopic analysis,
scanning electron microscopy (SEM), X-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM) [48].

2. Experimental
2.1. Materials

Hydrophobic membrane PVDF (Durapore®, 0.45 pm pore size)
was purchased from Merck Millipore Corp. which was commer-
cially named HVHP. N-Hydroxysulfosuccinimide (Sulfo-NHS), 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide HCl (EDC) and 2(N-
morpholino)ethanesulfonic acid (MES) were purchased from Pro-
teoChem, Inc. Acrylic acid (AAc) monomer and bovine serum al-
bumin (BSA) were purchased from Sigma—Aldrich Co. LLC. AAc was
distilled in nitrogen atmosphere prior to use. PBS (—) was pur-
chased from Nissui Pharmaceutical Co., Ltd. The purity of argon gas
was more than 99.99%. Distilled water was used in all experiments.

2.2. Plasma reactor and plasma treatments
Fig. 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. 1(a)) [49,50].

The CAPPLAT has a cylindrical structure in which the plasma is
generated. The plasma is blown out through the end of the CAP-
PLAT which consists of two co-axial cylindrical electrodes
(Fig.1(b)). 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 be-
tween the two electrode. The outlet of the CAPPLAT is embedded in
the edge of a perforated silicone tube.

2.3. Chemical functionalization

Prior to the surface modification experiment, the PVDF mem-
brane 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
5L min~' and the plasma was generated under the following con-
ditions; 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 AAc 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-PAAc) was
rinsed with distilled water to remove nongrafted monomers for 12 h.
Graft yield was determined from initial and final weight 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 [51,52]:

Wg — Wo o
Wo

=
=

(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

Degree of Grafting (G%) = 100

b

(1) Inner electrode

(2) Dielectric barrier

{ }:‘7 (3) Outer electrode

(4) PVDF membrane

I /I_‘/ (5) Glass petri dish

Fig. 1. Schematic structure of (a) plasma reactor and (b) CAPPLAT.
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where Wg is the weight of the grafted membrane and Wo is the
weight of the membrane.

BSA was grafted on PVDF-g-PAAc membrane surface using the
EDC/NHS method. The PVDF-g-PAAc membrane was activated with
4 mmol 1-! EDC, 10 mmol 17! Sulfo-NHS in 100 mmol 1~! MES,
500 mmol 1! 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 1= MES, 500 mmol 1! NaCl pH 6.0 buffer under
mild agitation for 3 h at room temperature. The membrane (here-
after called PVDF-g-PAAc-BSA) was rinsed with a solution of PBS
(—) to remove loosely absorbed BSA and MES buffer for 12 h.

2.4. Physical and chemical surface characterization

KYOWA KAIMEN KAGAKU CA-D was used to measure static
contact angle of water of the membranes using a sessile drop
method. The angles reported were reliable to 4-1°. For each angle
reported, at least five sample readings from different surface lo-
cations were averaged.

To study the surface chemical composition changes of the
membranes, attenuated total reflection (ATR) Fourier transform
infrared (FT-IR) spectroscopic investigations were carried out with a
Nicolet MAGNA IR560 spectrometer using a Ge crystal. 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~ L All ATR—FTIR spectra were recorded at ambient temperature.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
chemical composition of the untreated and functionalized PVDF
membranes and was performed on a Kratos AXIS Nova spectrom-
eter using a monochromatized Al Ko X-ray source (1486.6 eV
photons). The base pressure in the analytical chamber was main-
tained at 108 Torr or lower during each measurement. All mea-
surements 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 con-
stant 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

argon plasma

* air exposure
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resolution of 0.1 eV. All binding energies (BEs) were referenced to
the C1s hydrocarbon 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.

2.5. Membrane morphology

The surface and cross-section morphologies of the membranes
were examined by scanning electron microscopy (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 mea-
surement. The SEM measurements were performed at an acceler-
ating voltage of 15.0 kV.

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). From the direction of the average line of the
roughness curve of a sampled standard length (L), plot the direction
of the average line of the sampled section on the X axis and the
direction of the vertical magnification on the Yaxis, and express the
roughness curve using the equation y = F(x). The roughness value
was then expressed in nanometers as the value determined from
the following expression.

L
/ |F(x)|dx
0

3. Results and discussion

Ra (nm)

o~ =

Scheme 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
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Scheme 1. Schematic illustration of the surface modifications by graft polymerization of AAc.
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generally exposed to air in order to generate peroxide and hydro-
peroxide initiator species. AAc was graft polymerized in the solu-
tion by thermal initiation. After EDC/Sulfo-NHS reaction step, BSA
was conjugated on the carboxy groups of the PVDF-g-PAAc mem-
brane surface. Subsequently, PVDF-g-PAAc-BSA membrane was
fabricated for immobilizing onto the aminated surface of the PVDF-
g-PAAc-NHS membrane.

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 groups will be formed on the polymer surface. Fig. 2
shows the results of contact angle of water on the PVDF mem-
brane 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.

Beforehand, we 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 pro-
cessing 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, we 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, we recog-
nized that the treatment time of 180 s and the voltage of
+4.0 kVp-p were the most effective condition for mild surface
modification.

120 &
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Contact angle of water (°)
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Fig. 2. Contact angle of water on PVDF membrane surface treated with argon plasma
as a function of plasma exposure time and voltage: (blue) 4-2.8 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. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.2. Dependence of the degree of grafting on reaction conditions

PAAc 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.

First of all, Fig. 3(a) shows the effect of monomer concentration
from 10 to 30%(v/v) on the grafting yield of PAAc. The grafting yield
increased with increasing the monomer concentration, especially
more than 20%(v/v). Secondly, Fig. 3(b) indicates the effect of poly-
merization reaction temperature from 50 to 90 °C. The grafting
yields increased gradually depending on increasing the reaction

200
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O ‘ T T T
10 15 20 25 30

Monomer concentration (%(v/v))

0 T T T
50 60 70 80 90

Reaction temperature (°C)

0 60 120 180 240

Reaction time (min)

Fig. 3. The effect of (a) monomer concentration (treatment: 30 min, 70 °C), (b) reac-
tion temperature (treatment: 20%(v/v) AAc, 30 min) and (c) reaction time (treatment:
20%(v/v) AAc, 70 °C) on the grafting yield of PAAc. Data are presented as means from 3
independent substrates.
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temperature up to 80 °C, and then decreased after passing through a
maximum. Thirdly, Fig. 3(c) represents the effect of polymerization
reaction time. The grafting yield increased with increasing the re-
action time. It was found that the graft yield of sample treated with
monomer 20%(v/v) for 60 min (Fig. 3(c)) was approximately the
same value as that of the treated with 25%(v/v) for 30 min (Fig. 3(a)).
Furthermore, we realized that monomer concentration and treat-
ment time should be controlled especially as graft conditions.

If the amount of PAAc chains on the membrane surface,
including the pore surface is larger, the yield of protein immobili-
zation will decrease because of the limited surface area. Consid-
ering the scale-up of this polymerization process, it was thought
that lower monomer concentration, treatment time and tempera-
ture would be preferable in terms of cost effectiveness. Therefore,
we decided that the monomer concentration of 20%(v/v), reaction
time of 30 min and temperature of 70 °C were the optimum con-
ditions for the graft polymerization.

3.3. Structure characterization of the membranes by ATR—FTIR
analysis

Fig. 4 shows the respective ATR—FTIR spectra of (a) untreated
PVDF membrane, (b) PVDF membrane treated with argon plasma,
PVDF-g-PAAc membranes grafted with AAc for (c) 15 min, (d)
30 min, and PVDF-g-PAAc-BSA membranes covalently immobilized
with the BSA concentration of (e) 0.08 mg ml~?, (f) 1.00 mg ml~.

For comparison purpose, the ATR—FTIR spectrum of the un-
treated PVDF membrane is shown in Fig. 4. The absorption bands at
1070—1236 cm~! are characteristic bands of CF, functional group of
PVDF (Fig. 4(a)). 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=0 stretching of the
carbonyl group (Fig. 4(b)).

The ATR—FTIR spectrum of the PVDF-g-PAAc membrane grafted
with AAc for 30 min (Fig. 4(d)) appeared with stronger, C=0 ab-
sorption stretching band that compared with the sample grafted for
15 min (Fig. 4(c)). It was proved that the grafting yield increased
depending on the reaction time. The ATR—FTIR spectrum of the
PVDF-g-PAAc membrane grafted with AAc 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

Absorbance (a.u.)

S

Intensity (cps)

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000

Wavenumbers (cm!)

Fig. 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-PAAc membranes
grafted with AAc for (c) 15 min, (d) 30 min (treatment: 20%(v/v) AAc, 70 °C), and PVDF-
g-PAAc-BSA membranes covalently immobilized with the BSA concentration of (e)
0.04 mg ml~", (f) 1.00 mg ml~! (treatment: 3.0 h).

successfully grafted onto the surface of the PVDF membrane qual-
itatively. The acid function of the PVDF-g-PAAc membrane must be
activated by EDC to react with the BSA amino group.

The ATR—FTIR spectra of the PVDF-g-PAAc-BSA membrane
shows a characteristic —NH stretching absorption band. Especially,
the ATR—FTIR spectrum of the PVDF-g-PAAc-BSA membrane
covalently functionalized with the BSA concentration of
1.00 mg ml~! (Fig. 4(f)) was found having a stronger —NH
stretching absorption band at 1554 cm™! that compared with the
sample immobilized with the BSA concentration of 0.08 mg ml~!
(Fig. 4(e)). It was suggested that the immobilizing yield increased
with the BSA concentration and BSA were suitably conjugated onto
the surface of the PVDF-g-PAAc membrane largely. Furthermore,
broad absorption bands attributed to primary amino groups with
maximum at 3400 cm™~! were observed (Fig. 4(f)). On the other
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Fig. 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-PAAc membranes
(treatment: 20%(v/v) AAc, 70 °C, 30 min).
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Table 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™") 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

hand, the bands corresponding to the carboxylic acids and CF,
functional group indicated a weak absorption.

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-PAAc
membranes are shown Fig. 5.

12000

a = Peak Sum

= == =No.3

10000 -

-« oNo.8

8000 -

6000 -

Intensity (cps)

4000

2000 -

0 T T T T ¥ f T T y T T
294 292 290 288 286 284 282

Binding energy (eV)

5000

4000 -

3000 -

1)

=3

S

S
L

Intensity (cps)

1000 4

294 292 290 288 286 284 282

Binding energy (eV)

16000

12000 -

e Peak

8000 - Sum

= @ o No.l

Intensity (cps)

No.2
No.6

4000 1

294 292 290 288 286 284 282

Binding energy (eV)

Two peaks at BEs of 286 and 291 eV attributable to C1s and a
strong peak at BE of 688 eV attributable to F1s were observed in the
XPS survey scan spectrum of the non-treated hydrophobic PVDF
membrane (Fig. 5(a)). The XPS survey scan spectrum of the PVDF
membrane treated with argon plasma consisted of peaks at BEs of
286, 291, 534, and 688 eV, attributable to Cls, Cls, O1s, and F1s,
respectively (Fig. 5(b)). On the other hand, the result of the XPS
measurement onto PVDF-g-PAAc membrane consisted of peaks at
BEs of 285, 289, and 533 eV, attributable to Cls, Cl1s, and Ols,
respectively (Fig. 5(c)). It shows that successful grafting of PAAc 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 C1s, F1s,
and O1s 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 1.

The weak peak at BEs of 533 eV on the survey spectrum of un-
treated PVDF, attributable to O1s 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
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Fig. 6. High resolution XPS spectra of C1s (a, ¢, e) and O1s (b, d, f): (a, b) untreated PVDF membrane, (c, d) PVDF membrane treated with argon plasma (treatment: 4.0 kVp-p, 180 s)
and (e, f) PVDF-g-PAAc membrane (treatment: 20%(v/v) AAc, 70 °C, 30 min). The peak numbers in these figures corresponds to the Peak No. of Table 2.
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carbon. These changes indicate that the plasma exposure led to
defluorination including dehydrofluorination and oxidation re-
actions on the PVDF membrane surfaces.

In this work, we 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~,
62% at 5 L min~!, and 57% at 6 L min~! for 180 s compared to un-
treated PVDF. Similarly, oxidation was the most progressed in 20%
at 5 L min~!, 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, we investigated the data of narrow scanning C1s
and O1s core level spectra. Fig. 6 shows Cls and O1s spectra for
untreated PVDF membrane, PVDF membrane treated with argon
plasma and PVDF-g-PAAc membrane. The decomposed peaks were
illustrated in dotted lines.

Table 2

Table 2 summarizes the BEs and functional groups from the
results of high resolution XPS analysis.

The C1s 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-PAAc membrane
showed complex C1s spectra. The underlined C or O in these link-
ages means the objective carbon or oxygen, and each number of
decomposed peaks corresponds with peak number in Table 2.

The Cls high resolution spectrum of plasma-treated PVDF
membrane was decomposed into five peaks as shown in Table 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)—CHy) (No.7); and CH,—CF,—CH; and carbonyl
(CHp—CFO) and CH=CF, groups (No.8), respectively. The compo-
sition in Fig. 6(c) indicates surely that CF, carbons were modified
into CFH, C(—OO0H) and CFO carbons in the plasma exposure. On the
other hand, the Cls high resolution spectrum of PVDF-g-PAAc
membrane was decomposed into characteristic three peaks
attributable to AAc graft polymerization. The three peaks observed
at BEs 285.0, 285.4, and 289.1 eV, which were individually assigned
to —CH(COOH)—CH,—CH(COOH)— (No.1); CH—COOH (No.2); and
carboxy (CH—COOH) group (No.6).

Likewise, the O1s high resolution spectrum of plasma-treated
PVDF membrane was curve-fitted with three peaks at BEs of
532.2 eV for carbonyl (CH>—CFO) and aldehyde (CF,—CHO) 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—OQ0H:No.11). On the other hand, the Ols high resolution

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-PAAc
membrane (treatment: 20%(v/v) AAc, 70 °C, 30 min). When it is considered that some functional groups are included in each peak, these groups are identified by a num-
ber. 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 (eV) Functional groups Untreated PVDF Plasma-treated PVDF-g-PAAc
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) 49.2 -
(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) 135 —
(2) —CH,—CFH—CH,—
6 289.1 >CH-COOH - - 28.5
7 289.5 —CH,—CF(—OOH)—CH,— - 3.2 -
8 290.9 (1) —CH,—CF,—CH,—(2) —CH,—CFO (1)51.3 (1,23)17.5 -
(3) —CH=CF,
9 532.2 >CH-COOH - (23)28 (1)474
(2) —CH,—CFO
(3) —CF,—CHO
10 533.5 >CH-COOH - (2,3)23.6 (1)52.6
(2) —CH,—CF(—OOH)—CH,—
(3) —CF,—CH(—OOH)—CF,—
11 534.0 =C-O0H - 73.6 -
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spectrum of PVDF-g-PAAc 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).

3.5. The activation mechanism for initiation of graft polymerization

We 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 [53], the energy
transfer from metastable argon to the collided atom results in the
link cleavage. The effect is comparable to the vacuum UV irradiation
[54]. The following reactions for (i) dehydrofluorination, (ii)
defluorination and (iii) dehydrogenation were inferred from the re-
sults of high resolution XPS scan shown in Table 2. The combination
number after every equation corresponds to the numbers of peak
and functional groups shown in Table 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.

—CH,—CF,—CH—CF;— — —CH—CF = CH—CF,— + HF (3—2)

(ii) A possible reaction of defluorination occurred by plasma
treatment is shown below.

-CH,-CF,-CH,-CF,- — -CH,- CF-CH,-CF,- + *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=CHj is negligible owing
to the result of Table 2.

-CH,- CF-CH,-CF,- — -CH,-CF=CH, + *CF,-
(3-3)

2) The resulting radical abstracts hydrogen from another
polymer molecule.

-CH,- CF-CH;-CF,- — -CH,-CFH-CH,-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.

Table 3

Summary of atomic composition about untreated PVDF membrane, PVDF mem-
brane treated with argon plasma (treatment: +4.0 kVp-p, 180 s), PVDF-g-PAAc
membrane (treatment: 20%(v/v) AAc, 70 °C, 30 min) and PVDF-g-PAAc-BSA mem-
brane (treatment: 1.00 mg ml~" BSA, 3.0 h) measured by XPS. Note that (—) denotes
0.

Membranes Atomic composition (%) Atomic ratio

F C (0] N F/C o/C
Untreated PVDF 50.0 49.7 0.3 — 1.01 0.01
Argon plasma-treated PVDF 238 62.9 12.5 0.8 0.38 0.20
PVDF-g-PAAc - 65.8 34.0 0.1 - 0.52
PVDF-g-PAAc-BSA 53 64.1 271 3.6 0.08 0.42

~CH,-CFH-CH,-CF,- — -CH,- CH-CH,-CF,-+ °F

The resulting radical formed hydroperoxide group through
oxidation.

O-OH
. 02 I
-CHz-CH-CHz-CF2- _;H -CHz-CH-CHz-CFz-
(3-4)

3) The resulting radical formed hydroperoxide group
through oxidation.

O-OH
. 02 !
-CHz-CF-CHz-CFz- - — -CHQ-CF-CHz-CFz-
(7

If the cleavage of single bond in hydroperoxide group progresses,
it occurs oxyl radical and hydroxyl radical as shown.

O-OH (O}
| |
-CH2-CF-CH2-CF2- — -CHz-CF-CHz-CF2-+'OH

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

O 0
| Il
-CHz-CF-Cﬂz-CFz- - -CHz-CF + 'CHz-CFz-
(8-2)

(iii) A possible mechanism of dehydrogenation originated from
plasma treatment is shown below.

R o
-CHz-CFz-CHz-CFz- *)-CH-CFz-CHz-CFz- +RH

1) The resulting radical leads to B-scission to yield the chain
—CH=CF, double bond.

- CH-CFz-CHz-CFz- — -CH:CFZ + 'CHz-CFz-
(8-3)

2) The resulting radical formed hydroperoxide group
through oxidation.

O0-0OH
. 02 !
-CHz-CFz-CH-CFz- - — -CHz-CFz-CH-CFz-
“)

Likewise, if the cleavage of single bond in hydroperoxide group
progresses, it occurs oxyl radical and hydroxyl radical as shown.
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Fig. 7. XPS analysis of N1s levels for untreated PVDF membrane, PVDF-g-PAAc membrane (treatment: 20%(v/v) AAc, 70 °C, 30 min), PVDF-g-PAAc membrane provided a semi-stable
Sulfo-NHS ester (PVDF-g-PAAc-NHS), and conjugated PVDF-g-PAAc-BSA (treatment: 1.00 mg ml~! BSA, 3.0 h). Nitrogen levels are elevated in PVDF-g-PAAc-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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Fig. 8. SEM micrographs of untreated PVDF membrane (a, b, c), PVDF membrane treated with argon plasma (d, e, f; treatment: +4.0 kVp-p, 180 s), and PVDF-g-PAAc membrane (g,
h, i, j; treatment: 20%(v/v) AAc, 70 °C, 30 min). a, d, g: upper surface; b, e, h: bottom surface and ¢, f, i, j: cross section. These membranes were treated with argon plasma from the
above of upper surface.
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O - OH (O}
| |
-CH,-CF,-CH-CF,- — -CH,-CF,-CH-CF,- + "OH

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

(0N (0]
| Il
-CH,-CF,-CH-CF,- — -CH,-CF,-C-H + "CF;-

(5-1)

Table 2 shows that several hydroperoxide groups were pro-
duced on PVDF membrane treated with argon plasma. Therefore,
we 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.

3.6. Dependence of the degree of BSA conjugation on reaction
conditions

Table 3 summarizes the atomic composition and the ratio of
untreated PVDF, PVDF treated with argon plasma, PVDF-g-PAAc and
PVDF-g-PAAc-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 Mw 66 kDa protein contained nitrogen derived from
its polypeptide backbone.

It can be seen that a small amount of nitrogen moieties is
incorporated after plasma treatment and subsequent exposure to
air. After grafting AAc onto plasma-treated PVDF membrane,
atomic nitrogen percentage decreased as low as 0.1%. After cova-
lently immobilizing BSA onto PVDF-g-PAAc membranes, atomic
nitrogen percentage increased as high as 3.6%. However, fluorine
was detected again onto PVDF-g-PAAc-BSA membrane. As a source
of the phenomenon, it was assumed that the PAAc-ungrafted sites
on PVDF-g-PAAc-BSA membrane surface were revealed, because
the conformation of PAAc grafted onto PVDF-g-PAAc membrane
had been changed due to the conjugation with BSA.

Fig. 7 shows that changes in the nitrogen content of untreated
PVDF membrane, PVDF-g-PAAc membrane, PVDF-g-PAAc mem-
brane provided a semi-stable Sulfo-NHS ester (PVDF-g-PAAc-NHS)
and PVDF-g-PAAc-BSA membranes fabricated using a different BSA
solution of 0.04, 0.20 and 1.00 mg ml~.

Activated PVDF-g-PAAc-NHS membrane showed 0.7% of nitro-
gen level, which is derived from the Sulfo-NHS. In order to inves-
tigate 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. 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 de-
gree of BSA conjugation, we 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.

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 AAc 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. 8. These membranes were treated with
plasma from the above the upper surface.

In the features on the upper surface, the porous membrane fi-
bers of the scaffolds for argon plasma treatment as shown in
Fig. 8(d) had grown slightly thicker and the macrovoids formation
was more uniform compared to untreated PVDF membrane surface
as seen in Fig. 8(a). However, PVDF-g-PAAc membrane surface was
densely modified with PAAc as observed in Fig. 8(g).

Likewise, in the appearance on the bottom surface, the mem-
brane porosity after argon plasma treatment shown in Fig. 8(e)
maintained the network structure of the untreated PVDF mem-
brane surface represented by Fig. 8(b). On the other hand, PVDF-g-
PAAc membrane surface shown in Fig. 8(h) was also grafted with
PAAc gentler than the upper surface of PVDF-g-PAAc membrane as
seen in Fig. 8(g). 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.

The cross sectional view of PVDF-g-PAAc membrane indicated in
Fig. 8(i) showed that the PAAc was grafted onto the upper and pore
surfaces within the bulk of the membrane. To investigate the de-
gree of distribution structured by graft polymerization of AAc, we
noted the cross sectional image of PVDF-g-PAAc membrane at a
magnification of 750x as shown in Fig. 8(j). 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. 8(j) respectively was
uniformly grafted with PAAc, and then these individual depths
were approximately 37 pm and 13 pm. Thus, as for PVDF-g-PAAc
membrane, the graft yield in the upper of the membrane was ex-
pected to be approximately three times higher than in the bottom
of that.

AFM operating in dynamic force mode was performed to study
the surface topography of untreated PVDF, plasma-treated PVDF
and PVDF-g-PAAc membrane. Table 4 reveals the surface roughness
(Ra) of these membrane surfaces. The Ra was estimated from the
AFM images on 5 pm x 5 pm lateral area.

Fig. 9 presents typical AFM images. From the results of Table 4,
the Ra of argon plasma-treated PVDF membrane surface (46.6 nm;
Fig. 9(b)) was a little decreased against that of untreated PVDF
membrane surface (49.8 nm; Fig. 9(a)). The findings implied that
the plasma condition for introducing functional groups was mild
treatment against the membrane surface. On the other hand, we
observed that there was shape like a high-density bumpy surface as
shown in the AFM image on 500 nm x 500 nm lateral area (Fig. 9(e,

Table 4

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

Membranes Calculated average
roughness (Ra) (nm)

Untreated PVDF 49.8

Argon plasma-treated PVDF 46.6

PVDF-g-PAAc 59
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Fig. 9. 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-PAAc membrane
(c, f, i; treatment: 20%(v/v) AAc, 70 °C, 30 min). a, b, ¢: 5 pm x 5 pm lateral area; d, e, f, g, h, i: 0.5 pm x 0.5 um lateral area.

h)). 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 [42]. Hence, we are
convinced that the plasma treatment is capable of modifying
chemical and topological changes on the membrane surface
simultaneously. Furthermore, the Ra of PVDF-g-PAAc membrane
(5.9 nm; Fig. 9(c)) was smooth and uniform structural features
compared to plasma-treated PVDF membrane surface (46.6 nm;
Fig. 9(b)).

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 [48].

Taken together, we 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 chemi-
cally and physically uniform polymerized AAc membrane.

4. Conclusions

In this work, we have described a synthetic way to graft acrylic
acid polymer on PVDF membrane surface using the cold atmo-
spheric pressure plasma torch (CAPPLAT). The initiator of graft
polymerization is mainly hydroperoxide, which decomposed into
free radicals generated by argon plasma-induced activation, and we
proposed the activation mechanism. The porosity of the membrane
scaffold was preserved after the atmospheric pressure low tem-
perature plasma treatment. Bovine serum albumin (BSA) was suc-
cessfully conjugated on the polymer-modified PVDF membranes.
The presence of BSA on the membranes was studied using high
resolution XPS. The atmospheric pressure low temperature plasma
is an easy, economic and effective method to covalently attach
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hydrophilic polymers on PVDF membranes in order to produce
PVDF-based devices for biotechnological application.
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