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Immobilization of lysine and 1,6-hexanediamine on porous PVDF
membranes for cell culture
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Abstract

This research investigate the preparation, modification, and application in the
biomedical field of porous poly(vinylidene fluoride) (PVDF) membranes. PVDF
membranes with different porous structures were prepared by immersion-precipitation
of a casting solution in coagulation baths composed of triethylphosphate (TEP, solvent)
and water (nonsolvent). SEM, DSC, XRD, and Contact Angle analyzer were used to
characterize the membranes. Onto the membrane surface, an amino acid, 1-lysine, and
1,6-hexanediamine were immobilized by a chemical process. First, the membrane was
grafted with poly(glycidyl methacrylate) (PGMA) by means of plasma-induced free
radical polymerization. Then, lysine and 1,6-hexanediamine were immobilized on the
membranes by reaction of them with epoxy group of previously grafted PGMA. The
highest attainable grafting yield of PGMA on PVDF membrane reached up to 0.293
mg/cm’. For immobilization of I-lysine and 1,6-hexanediamine on the membrane, the
yields were found to depend on factors, such as reaction concentrations, reaction
temperature, and pH value. The maximal attainable immobilization yields were 0.278
mg/cm” and 0.222 mg/cm’, respectively. Furthermore, neuron cells were cultured on
l-lysine/PGMA/PVDF and 1,6-hexanediamine/PGMA/PVDF membranes. It was
found that chemical compositions on the membrane, in particular, the carboxylic acid

of l-lysine, had a marked influence on the cell activity.

Keywords: poly(vinylidene fluoride), porous membrane, plasma-induced

polymerization, immobilization, neuron culture, I-lysine.
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(1). it = 4 2 % (Poly(vinylidene fluoride), PVDF), Elf Atochem, Kynar

N

740 %] > M=254000.

(2). #ips = ¢ fig(Triethylphosphate, TEP), M=182.16 g/mole, b.p.=215 °C >
d=1.07 g/ml, m.p.=-56 °C.

(3). " AP FAakF [ *=(Glycidyl methacrylate, GMA), M = 142.15 g/mol,
b.p.=189°C,d=1.07 g/ml.

(4). @ = "%(1,6-Hexanediamine), d = 0.93 g/ml.

(5). & "= p& (L-2,6-Diaminohexanoic acid, L-Lysine), 98%, monohydro

chloride, Sigma, USA.

A G A EF-AEE W % PVDFE W #GMAE 87 g 2 B &
i A(MEHQ)Z 4 » £ #-# it 5 2 GMAF | F #T R kAR 2 B30 5§ (57 o
#PVDF# e r THE BEY; #F BER L 51 1x107 torrr? = I
Lot o g F RBA FEFAE04torr TR a,,j]g(l% Bt wm A4 pd
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(e)
®l- SEM micrographs of a PVDF membrane prepared from the
Water/TEP/PVDF system, Bath : Pure water, Dope: 20 wt% PVDF in TEP
(a), (b) Top surface 10KX, 50KX; (c), (d) Bottom surface 10KX, 50KX; (e), (f)
Cross section 1.5KX, 30KX.
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(e) ()
= SEM micrographs of a PVDF membrane prepared from the

Water/TEP/PVDF system, Bath : 70% TEP, Dope: 20 wt% PVDF in TEP
(a), (b) Top surface 10KX, 50KX; (c), (d) Bottom surface 10KX, 50KX; (e), (f)
Cross section 1.2KX, 30K X.
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# — Tensile strengths of membranes precipitated from different baths

Average Average Average Average

Bath Elongation  Tensile force ~ Thickness  Tensility

(%) (Kg) (nm) (gw/mm?’)
Pure water 8.8 0.508 125 581
40% TEP 8.3 0.433 136 455
50% TEP 5.9 0.347 142 349
60% TEP 2.7 0.224 180 178
70% TEP 2.6 0.168 210 114

DSCH A & F M2 A B R ok 2 S 0 T L A
gt 1690(:“@_%3@7; ~ R &G AEAE > A AHLZFET 2 % o 4 &

2R R EIT 0 95 67% 2% o ¥ b AP ek ¢ AT
Sz XRDEIA, 41 * #0417 8 4% & (curve fitting) » 358 % % &

AE A BRARLHE 61%~66%% % o KT T
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7% > BDSCHE %I B g -
# = Themal properties and crystallinity of PVDF membranes
AH of PVDF  Crystallinity  Crystallinity

Bath Tn (C) (/g (DSC) (XRD)
Water 169.1 68.5 0.65 0.6362
40wt% TEP 1684 71.1 0.68 0.6131
50wt% TEP  168.9 724 0.69 0.6596
60wt% TEP  169.2 70.9 0.68 0.6499
70wt% TEP  168.7 69.5 0.66 0.6545

AH,.° =105 (J/g)



PGMA/PVDF4f £ %z & &

1. #+ PGMA &%z FTIR-ATR 4 47
Bl = +* $2PVDF & %32 % PGMA % {5 chFTIR % 3% % i 525 » 2 ¢ (a) ~
(b) ~ (c)A %] 2 GMAE %8 » A #2545 PVDF /& 5527 $2 . PGMA {5 2 k3% o
TP AR BT 8 PVDFE & 1723em™ At - GMA 2 C=01
R BT o gt b B 909em el GMAZ TR F AT o @ f(o)? T
3 IE 1 PPVDF# % 1637cm’ ot 8 GMAhC=Cr3 g » %7 1

B AR FRIEE R § AR IGMA -

1723 909

Absorbance

4000 3500 3000 2500 2000 1500 1000
-1
Wavenumbers (cm )

Bl = FTIR-ATR spectra of GMA monomer, PVDF membrane, and
PGMA/PVDF composite membrane

(a) GMA monomer, (b) Pure PVDF membrane,
(c) PGMA/PVDF composite membrane (grafting yield = 0.2148 mg/cm?)
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I50W ~ T S ASZR R 90 ) ~ #4iE & 60°C ~ 50% GMAR & ¥ 5§ 2

2% 0.293 mg/em’ » FEm AL R 2 px [23]

PVDF-g-PGMA & %5 % 4t viefie o7 ¢ = w2

1.7 2 3 vepher o - i
Frfl*GMALY hthy A B gpiepis e - magirA B FFRF
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YL e AN g B f vRph 2 pHEFr 4] ApHI0 PF > 557 5 af= B g
i e
pH10.3 pF > Pl 5 3 — Bieil adt-NHydplk i > (e 257 7 B A VRl 2

pHE % 102 & - "2 pHiE 2 103 FFivThy AF R FF 7 EE

N T . + - - sk o gee s s
Bt -NHyerpk i » ¥ - "l R -NH; 2 3 > @ 4 ¢ = "z pHE

UAF RS o MR AR RS R R ea P2 2 F goRpE R S
0.068M ~ i & 5 80°CPF§ &+ chH T E 0278 mg/em’ » @ § F 2 ¥
4 PFRTRE A AMGPRER o - BT ECEERAR e P g
PIRRER S 0.04MI2 b B R G SOCRETT E Rl L chE TR 0.222

mg/em’ > i AL SR <k [23]



D.F RARVRFE L L - M AE 4 2 FTIR-ATR 4 4%

Bl 2+t % PVDF/PGMAGE & & % 2 g sefe o {6 cnFTIR 6 3% & v

A

H ¥ (a)~ (b) > (c)& B N & gpvept B 48 - A H 2% PVDF/PGMAA & &

T R VRS (S 2 » (PGMA#: 4 £ % 0215 mg/em’ » lysine#] &
= 0.206 mg/cmz) O {RP Ap b BRI H 24 i L § (s chig & R e
1646cm™ 2 1571em™ fud -NHy 2 NH 3 i » pb b 4o 73t & 909em’™ g

GMAZ 3§ Aofcid F B 24 /[ PE{S 3 2 5 @ 3367cm s 1TR7 B 7k
F Rt 2 -OHew g o ¥ ¢h 7 0 (3P BE g B ) & 1723cm™ ALGMA 2

C=0f ! B 5w o £ Flaprefe e A2 B %m v L HH 1 1718cm” -

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Bz FTIR-ATR spectra of PVDF membranes
(a) Lysine, (b) PVDF/PGMA membrane, (c) lysine immobilized membrane
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1,6-hexanediamine ¥ %_& % 0.163 mg/cm?) o 7 12 (%P B LR F| B % 2 =

gk e A 3
Vil egg £ Y

¥ 7 1638cm™ 2 1563cm’ it -NH, 2 NHewx fg > g ¢h 4o
W oarit 0 A 909em” EGMAZ TR F A e K iy 24 [ AT A 0 @
3367cm s IR BIRF fle (s 2 -OHewx fTi o
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909
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1

I 1 I 1 1 N
3500 3000 2500 2000 1500
Wavenumber (cm!)

1
1000

Bl FTIR-ATR spectra of PVDF membranes
(a) 1,6-hexanediamine, (b) PVDF/PGMA membrane, (c¢) 1,6-hexanediamine

immobilized membrane
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B~ #+ PGMA 7 (s 2. PVDF & %3 £ 4 S hmbe 2. MTT B

% 34 4|PVDF & %44 > £ PGMA 0.164 mg/cm’
PHG : % 3 4|PVDF & %44 5 ¥ PGMA 0.293 mg/cm’
al

SLG : & 4 % PVDF & %4 > £ PGMA 0.037 mg/em’
SHG : & 4 & PVDF# %424 5 £ PGMA 0.215 mg/em’
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1,6-hexanediamine 0.163 mg/cm
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7 % > & l-lysine 0.157 mg/cm
7 % " & l-lysine 0.034 mg/cm

e

T

s 2% £ 1-lysine 0.206 mg/cm
K

s 2% £ 1-lysine 0.278 mg/cm

L
¥
a—
-
S
Y-

)

)

)
o

iy

o
bl
o
bl

3l

S
|PVDF %

L 4| PVDF
A % PVDF &

/

A % PVDF

L

A % PVDF

*
%3
B

2]

Z
4
|3

7

)
PLLY :
PHLY
SLLY :
SHLY
PL16 :
PH16 :
SHI16 :
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M mre 2 4 £ oo ()5 T EE B 2 Mt i 49(0.206 mg/em®) 0 T IR
S 2 WS RAPE 5o n PN hE Ba pE K o FI T UIE R
AORPL B > B 1R 5 A 591 B3 s (nerve guide channel) sS4 o (d) B
ﬁ*i@%ié:WEmeh%mﬁyﬁmﬁﬁﬁﬁiwé% e A

S i g
A - L B BT St £ A E AR P o B

(w,

o AT A e S RA LR G F PR 2

Iy

HSEME B~ e o

04-0ct-06 WD19 .1mm 15.0k¥ x100 500um 04-0ct-06 WD19.2mm 15.0kV %100 500um

L el

05-0ct-06 WD19 .4mm 18 .0kv x100 500um

05-oct-06 WD19 .3mm 18.0k¥ x100 500um

BN AEAESREH Gwe- {52 SEM Bl > f54cB > ~ = #7oT



Bl4 5 53 A|PVDF#E %2 £ 4 S m®2 — % {52 SEMRE] > ** Bl(a)® ¥
FRingR S A Y 5o B K A E RS - K o (b) 5 #2145 0.293 mg/em’
PGMAzZ &% > 21 Fl(a)fp+t 7 g Mime Bc® £ 7 5 0 7 PGMA 2

d z:u; }g’ E; 3'?13
2A G P Y

N

% o (0) % BB B 2 Yvep (0278 mg/em?) 0 T
BRI S we2 A SRy 5 a2l chERApE £ 0 2B (0)4p
foo(d) i BB fF 2 e - (0222 mg/em’) s F IR BB E § 2

dmRe A fE oo AP G A S SR ER G 0 2 293 53V A|PVDF

04-0ct-06 WD18 .3mm 15.0k¥ x500 100um 04-0ct-06 WD19 .4mm 15.0k¥ %500 100um

=

P

04-0ct-06 -Omm 15.0kV x500 100um 05-0¢ct-06 WD19.2mm 18 .0k¥ x500 100um

Bt 33 A E 4 gme - 252 SEM Bl > & N8z R &F 4
Rl 2R -



HAOR-BER 2 ¢ f-Rb - £ e R RA 3 o Tl ERER
i

R REE SR A FEN R AFEREH R A TR E
HrEAnRHAL R KA T A HESEPRELREFIFDS
FUANRE o B FGERREF IR B R M F TR > 70% TEPIUKH, #7

61~66%)% » ¥ F LTI re A < tFee s o
d FTIR-ATR 4 45 7 G [ 34 ¢ & o4 enfl % @ 0% % d4c v
PGMA#:+ & PVDE# 3 b - kB2 7 51@ CRBASLER  EA

PEREFIRRE LSRR RER Y HF L 150W s B AJTER

‘9:&

v

590 fyo 2 fitAl i 2 e A RRA LG > B EEE S 0293
mg/cm” o

AFE Y AW hdpiepi2 pHiE 5 1052 & - %%2 pHiE 5 103 PFiTH &
R ﬁ%—t“:‘ﬂ’z'}*«]ff;%?;é’;gsi<’ o I h A YR e Z ks H H g
£ B e
EhB 0 A FHETE S 0278 mg/cmzﬂfr 0.222 mg/cm’

3

B
&S
§’F”
w

B
o
o
o
o0
<

3
:"slt
o
o
~
<
‘_L‘j_T'l
/ﬂ}
I

E

A2 T N e gt A 0 3 T E R AR VRAL 2

s
=i

-

?L

ZAEFR s a P A EREN SRR XE o FI LA EERY RAHE
iﬁ-«é’@mﬁ’}"‘ o e WA T L Z MReniE N FIRBEREEAE 2 mre

AmHE R AHERE R 2R G FMEPIIRRE . - kit e

~

- E Bk HA Qe A ARy A OB -



Ve

10.

11.
12.
13.
14.

N g‘t—g > }]?&
A. Bottino, G. Camera-Roda, G. Capannelli, S. Munari, J. Membr. Sci., 57,
1 (1991).
T. Boccaccio, A. Bottino, G. Capannelli, P. Piaggio, J. Membr. Sci., 210,
315 (2002).
A. Bottino, G. Capannelli, O. Monticelli, P. Piaggio, J. Membr. Sci., 166,
23 (2000).
A. Bottino, G. Capannelli, V. D’Asti, P. Piaggio, Separation and
Purification Technology, 22, 269 (2001).
A. Bottino, G. Capannelli, S. Munari, J. Appl. Polym. Sci., 30, 3009
(1985).
L.P. Cheng, D.J. Lin, C.H. Shih, A.H. Dwan, C. C. Gryte, J. Polym. Sci.,
Part B:Polym. Phys., 37, 2079 (1999).
D.J. Lin, C.L. Chang, C.L. Chang, T.C. Chen, L.P. Cheng, J. Polym. Sci.,
Part B:Polym. Phys., 42, 830 (2004).
D.J. Lin, C.L. Chang, C.L. Chang, H.Y. Shaw, Y.S. Jeng, L.P. Cheng, J.
Appl. Polym. Sci., 93, 2266 (2004).
D.J. Lin, C.L. Chang, T.C. Chen, L.P. Cheng, Desalination, 145, 25
(2002)
S.D. Lee, G..H. Hsiue, P.C. T. Chang, C.Y. Kao, Biomaterials, 17, 1599
(1996)
K. Fujimoto, H. Tadokoro, Y. Ueda, Y. Ikada, Biomaterials, 14, 442 (1992)
J. Chen, Y. C. Nho, J. S. Park, “Radiat Phys Chem.,”” 52, 201 (1998)
K. Fujimoto, H. Tadokoro, Y. Ueda, Y. Ikada, Biomaterials, 46, 442 (1993)
D. Flosch, G. Clarotti, K. E. Geckeler, F. Schue , W. Gopel, J. Membr. Sci.,

73, 163 (1992)



15.

16.

17.

18.

19.

20.

21.
22.

23.

J. M. Willis, B.D. Favis, Polym. Eng. Sci., 30, 1073 (1990)

Y. C. Tyan, J. D. Liao, Y. D. Wu, K. Y. Hsu, Chinese Journal of Medical
and Biological Engineering, 20, 25 (2000)

Y. C. Tyan, J. D. Liao, R. Kauser, I. D. Wu, C. C. Weng, Biomaterials. 23,
65 (2002)

T. W. Chung, Y. C. Tyan, J. H. Hsieh, S. S. Wang, S. S. Chu, Thrombosis
Research. 105, 325 (2002)

J. D. Liao and Y. C. Tyan, Journal of Biomedical Engineering
Applications, Basis & Communications, 14, 20 (2002)

U. Vohrer, M. Muller, C. Oehr, Surface and Coating Technology, 98, 1128
(1998)

K. Kato and Y. Ikada, Biootechnology and Bioengineering, 51, 581 (1996)
D.J. Lin, H.H. Chang, T.C. Chen, Y.C. Lee and L.P. Cheng, Eur. Polym. J.
42, 1581 (2006)

R, A FrFifesdRa g L me (2005)



