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(EEFRFR)DOZEFESEM (0.5 mol/L, 90 /) EFESL LTz, Fo, REELIEDIRET
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N7 ERERIEICHE LT By a2 = B Protein Assay BREEIZOWTHE L, £

DFEEZMEL LT,
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1. #18t

AHFFECIE ATESICAVW LR
TWbasp hrabs®tl) 75
(Co-Cr-Mo)& & B L UOWiTF &% > (LA
THE Ti) & iz,
Co-Cr-Mo &4 LU Ti OFRE
. FREMEZ 0.01~0.02 pm (2725
KO L%, KEMEHBRGS
(ASTM) D ELHEIZHE - T, Nl DR
HELBACHEEDORR D 21T 35
vol% DARERIZ 35 RIE LT, FHER
B L& B & Lk, B

Physical (dip)-coating
PMB30 adsorbed metal surface

CH, CHy

i rCH *(‘:JV—Z,CH *él“

Al i Bt
g 2
O—(CHZ)ZOI‘?‘O(CHz)zN'(CHa)3 O(CH,),CH,

o
MPC BMA
MPC ratio =30
MPC polymer

\

b i

Metal substrate

DNZ 500 W DERZE 7 A~ L% 5
T 72,

2. MPC JLEEHEOKET

55172 Co-Cr-Mo &4 8 L O
TiRBgEEREmEZ, MPCHR Y ~v—%
AWreTs 4y Fa—F 4 T1E R
J (MPC) (PMPC)& AW =27 Z 7
a—F 4 U EICLVAE L (K
Do

O PMB30 RY ~—% BT 1 v
T a—7 4 V71 (PMB30 ALER)
MPC & n-7FNRAEZ 7Y L—h

(LLF., BMA)Z PO EEAE L

PMB30 &Y ~— (30 mol%® MPC

ZEB)EFHWT, 0.5 mass% & 72D

L HIZFHE L= PMB30 =% /—/L

iRz EE L7z, B-1 HITBWT,

PevE L7z Co-Cr-Mo & ikl % .

PMB30 = # / —/VIEIKIZIFET D

Grafting
PMPC grafted metal surface
|

. f 7
CH= G 0= CH;ORO(CH}N{CH:};
| I
o, °
_! =
| MPC
CH | MPC ratio = 100
B |
—FCH,~ c{:%——-/ MPSi
-n MPC polymer Intermediate layer
c=0
(°)
C
MPSi = H‘)‘H‘
= Si=07
LY
?
|
Metal

Metal substrate

X 1.PMB30 # W= FT 4 v T a—F 47  PMPCZRW=/57 ha—T

74 TN LB EBRELE
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LT, Ty T AT 4 VT AT
o7z (PMB30 4H),

@ PMPC /57 ha—7 4 7k

B-1 BB WT, ¥EHLE
Co-Cr-Mo B3k} %, 5mass% U
A7 IaA Ao MY
A RF T (MPSI). 1 mass% =
N7 B2 .01 mass% A /¥ 2T
(D295 EETer & / — VIRHRIZ 12
BEREIZIE L 7=, Co-Cr-Mo FRBR{K & BY
DL, =% /) — /LT L%,
70°CTC 3 Bl 7 =— /LALEE L 7=,

%5V T 0.5 mol/L \ZFA%L L 7= MPC

DKBKIZY 7 AL L
Co-Cr-Mo #REr A %2 L, 5 mW/em®
DEREZ HOEINRE 90 4y RN
LC KB 77 NEEEITo T,
BH% ABREREZKBLION Y/ —
JVCHeEE L RES D MPC B8 X UNE
BEDRY ~—%FREL,

3. PMB30 LR LY PMPC AL
Co-Cr-Mo &4:5 L OV Ti £l DfE
Hr

B 57z PMB30 LB E IO
PMPC 4L Co-Cr-Mo &4:5 L Ol
Ti RERIBIZONWT, XBHETHH
XPS)o#r. 7 — U BRI
(FT-IR)Z#4T. 7KIC £ 2Bk A O
BIE, BAYMEa—FI 6G & H
W BB K D BESEREIE R L NS
WE TS TEMEBEE21T-o 7,
REEUBEOBRENIE L., €BERE
DB R BERERBREIT o1,
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D XPS Z3#r

PMB30 #LHEFS L OV PMPC ALEER]
# D Co-Cr-Mo REREORE LR IR
REIZ DU T, XPS 74T & 1T > 72, XPS
SHTITIZ,. KRATOS ANALYTICAL
#84 XPS T 4EE AXIS-HSi165 Al
Z V., X BEIE Me-Kafr, ENINE
JE% 15KV, HEEFORHAEZE 90°
LT,

@ FT-IR 4347

PMB30 #LE R L Y PMPC LR
% D Co-Cr-Mo BRI D E REEIREN
\ZoW T, FT-IR AT &1T-> 72,
FT-IR 43#7icid, BARSJEE FT-IR
SSHTEEE FT/IR615 B % v, &R 5
(ATRIEIZ L VITo 72, HE 800~
2000 cm™, ZfEEE 4 cm™, FEE[EIEK
100[E[ & L7z,

@ KDOERE AR E
HEBERE OB RLE FEW
FREEAEANCHOWT, BIIRERE
rHER A A R ELEE DM300 %
A, IEECL VM L, B
FEEMA LT ISO 15989 FRAR 2 HEHL
L. W&EE 1 pL DRk 2% . 60
FORIREEE IR W CHIE LT,

@ FAHE—F I 6GERAVE
Geal L 2 MRS
200 ppm IZFRHEL L7z m— & 2 2 6G
KB B GBI AT, BRFEA
A=V TN, A=Y 7 A AFE
Bl BEIMEEE 7 /L Axioskop 2 plus
NEHINE, Vo R, 5 2



T, Mok > T, EEIRESE
i Tl L,

® TEM #1252

PMB30 LIS L OY PMPC ALEEH]
%@ Co-Cr-Mo HEBRIKZFTE DK X
SICHIEI L . REZE Al (RE L.
Ga A A E—LZBHE L CHEY
HEl (FIB L) L7, ZEfEF
TAM%4E (TEM.FB-2000A: H 32 NA 5
7 7 v— )% v GREHRERTTE %
BELE,

4. PMPC 4LEE D FE 5 5 D gt
—IRIZRIET DR OB E 271k
SHBRETOT 4T a—T 47
DOFIENZLE, 7597 ha—F v
T DEIENIEHETH D, LT - T,
I TR, BIRIEE - AERFR 2
fEER T FOEEEH R LI,
2-QIZFEBHF D FED H B, MPC K
VR DIRFE % 0.25~1.00 mol/L D&
T, RSV R (EAFER) %
23~180 rDOEFH TEILEET, 7

77 NEAREIT o, BxDEMET
ERL X 17~ PMPC 4L Co-Cr-Mo ™
REIZDOWT, 3 BTRINDFIE
W THRERT LT,

5. B uoRy G ERER

REELBEOBREHNIH A, &BFK
H~DH Ry BN E T 5
EBRREMENT A0, KBEDH
PN BREREICE LYY
o= (BCA) Protein Assay A3
IZDOW T, MEt 72, PMB30 ALE
B LN PMPC LB FT# D Co-Cr-Mo
RHBREE, 7TA7 I VBRIRICEES
727 . BCA Protein Assay A3 %
VTR L7,

C. FseiER
1. PMB30 #LE 3 LY PMPC 4L
Co-Cr-Mo A48 L Ol Ti R D
Hr
@ XPS Z3#T

F 112, XPS A7 R X sk
7= PMB30 4LF 3 LY PMPC #LEE

# 1. PMB30 #L3 3 LT PMPC 4L Co-Cr-Mo 84 DFRER FIEE LKz X 5

- "
ERENEC Ty igsE
Surface elemental composition (atom%)
Sample Contact angle (deg)
Cu O, Ny, P Sile Co2p Cr2p Mo,y
14.6 529 0.0 0.0 0.0 26.7 5.4 0.4 81.6
Co-Cr-Mo (untreated) (13 @71 (00 (0.0 (00 (15 0.4 ©.0) (48)
706 24.1 2.3 3.0 0.0 0.0 0.0 0.0 95.8™
PMB30-adsorbted Co-Cr-Mo 1y  (13) (0.4 (0.3 (0.0  (0.0) (0.0) (0.0) (3.5)
617  28.0 5.0 5.3 0.1 0.0 0.0 0.0 235"
PMPC-grafted Co-Cr-Mo 07 (08 (0.3 (01 (0.)  (00) (0.0) (0.0 (84)

* The standard deviations are shown in parentheses.

** Significant difference (p < 0.001) as compared tothe untreated Co-Cr-Mo.
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Co-Cr-Mo A& 0EHEBEFEE %1
9, PMB30 4L} I (X PMPC L3
Co-Cr-Mo &4 m!Zid. MPC H3¥
DEFR, VPRI, £,
PMPC ¥ Co-Cr-Mo &R mDE
R, VU ORFIREIZ, PMPC O
HE (&% .5.3 atom%)Z TV MEIZ E
TEL W, ZHuzxt L, MPC &
HEM 30 mol% TH 5 PMB30 %
WTHLE L7=2RmTOZL 5, 2.3
~3.0 atom%IZEE -7, F72.
PMB30 #LE 35 L O PMPC ALEEM Ti
REIZBNTEH, AROFERTH-
7o (REME).

@ FT-IR S5#fr

2 12, PMB30 4LE 3 L OV PMPC
ALEE Co-Cr-Mo &4 D FT-IR/ATR A
N7 MVEIRT,

RALFE Co-Cr-Mo &&FHE T,
TR & — 7 OFFFEDRRD bive
Do T DITH L, PMB30 4LEERE LY
PMPC 4.2 Co-Cr-Mo 443 H T,
1460em™ fFITIZ A F L CiRB S
% —2.1240.1080 3 L 18970 cm™
U VBREICRESND E— 2708,
1720 em™ 127 P EICRBENS
v— NEEINZ, 72, PMPC
AL Co-Cr-Mo &4&FE T, Si-O
EIZRBESNA Y- NEBEINT,
%72, PMB30 £LELE LT PMPC 4L
M T REICBWTH, FEOE—
7 MBD LT (KA,
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2. PMB30 #L¥ 3 LT PMPC 4L
Co-Cr-Mo &4 ® FT-IR/ATR A~J
A%

@ 7Kz & BERyEREA ORIE

% 112, PMB30 4LEFS K OV PMPC
ALEE Co-Cr-Mo &&D/KIZ &L A FY
A AR,

RALFE Co-Cr-Mo A48 LU Ti
FE OFOERA I, N E T 81.6°,
77.2°72 > 7=, PMB30 L3 Co-Cr-Mo
BE&BIOM Ti REOFHOEMA
L 95.8°, 95.6°ThH o7z, ZILITK
L. PMPC 4L Co-Cr-Mo 548 &
UY Ti BEOZNALIE, ZHLEN
23.5°, 20.1° L HWEIKMEER LT
(PMB30 #1335 L OV PMPC ALEEHE Ti
DRAEM),

@ #hHEa—F I 6GERVE
Peta |2 LD IRMEEEIE
312, PMB30 4LELE T OV PMPC
JLER Co-Cr-Mo &4 D LHMES
BETT,
KA Co-Cr-Mo B4 T, 13



A EEAFEIED R ENRNDITH L,
PMB30 4LFF XY PMPC 4L L 7=
Co-Cr-Mo && Wi RELEHE
ICBWTHENAEDBBD LIV, ZOREE
¥ —Th o7, F72, PMB30 ALE
B L OV PMPC LM Ti RmEIZEBWD

TH, FROBENFEICREN T DO S
iz (KE),
CoCr-Mo atnebas grafisd

(untreated) Co-Cr-Mo

Co-Cr-Mo

3. PMB30 #L# 35 X O PMPC ALEt
Co-Cr-Mo &4 D8 L BISEEEER

® TEM #1£2
412, PMB30 ZLEEFS X TN PMPC
SLEE Co-Cr-Mo &4 D Wi TEM B E
%79, PMB30 ZL¥ Co-Cr-Mo F &
IZ1%. 9 50 nm @ PMB30 4LEEE D
ﬂaﬁjzmu Doz, £io, TOREH
IFEOLDORILOFERDRD B

Al coating layer

Pore

-ad sorbed Co-Cr-Mo

4. PMB30 ZLF R L O PMPC ZL#E Co-Cr-Mo

Al coating layer

'4

46

7me Z AT R L\ PMPC 4L H
Co-Cr-Mo FREITIL, #7200 nm Dy
— 7R @ﬁ/ﬁm:w&) bz, ¥

72, PMB30 #LEE3 LY PMPC 4LER
M TIREIBWTY, FAEEOLEE
ﬂ:/ﬁkﬁﬁ EL ooy e (.é H]%)

2. PMPC JLE D EFE LA DORE!
D XPS 4#7

X 512, XPS A7 L LR
TeflE 2 DS TERL L 72 PMPC 4L3E
Co-Cr-Mo B4 DERE R FEE %/~
T, WD MPC KIBTRIEEICE
WTh, EERMAPEETSHICHES
T, PMPC #L# Co-Cr-Mo &&FH
DA FRREIIRAOTH—FT, &
F. UV UVOBEREMLE, 050
mol/L @ MPC /KIFRIEE D & = 90
Ul B DEEAR R REIC T E R,
UV DEEN, MPC EFEEOHER
fEIZE]ZE L7, 1.00 mol/L ® MPC 7k
BEREE D & & | 45 7Ll EDESR
HE%TH#FEE] IC.ER U VORED,

EICBE LT,

4 Al coating layer

PMB30 layer l

PMPC IayerI

50 nm

—
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-
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5. fE&x D&M TERLL 7= PMPC
SLEE Co-Cr-Mo &4 DRER TEE

@ KIT & BEHERRA DEIE

6 12, FEx DFEHETERLE
PMPC ZL¥ Co-Cr-Mo &4 D7KIZ &
HEMERRAZRT, VT LD MPC
RIBREBEIZBWTYH, EAREFAN
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EE T B> T, PMPC AL
Co-Cr-Mo &&REOHEMAITKT
L 72, 0.50 mol/L EA kD MPC KIEHK
BED L X 90 53 Lh EOEIERST
B2 C., PMPC #L¥ Co-Cr-Mo &
SREOBERAIIKH 200CEEL
7

100 r @ 025 mollL

@ :0.50 mol/L

80 A : 1.00 mollL

60

40 |

Contact angle (deg)

20 r

1

180

60 90 120 150
Photo-irradiation time (min)
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6. L DL TIER L7~ PMPC
SLER Co-Cr-Mo B4 DKIZ X AR
i A

@ TEM &£

7T, e OFEMHTERLZ
PMPC 4LE Co-Cr-Mo &4 (90 3@
RIVREBHFERD) O TEM BEE %
Y

MPC KFREEZEOT Z &I
X D Co-Cr-Mo A&FEIZEKT 5
PMPC B DO E S XML 7. 1.00
mol/L ® MPC KBRIRED & &, %
DBEIZH& 360 nm I[ZTFE L7,

3. B Ry BN ERER
8 1Z. BCA HBITXEHMH L=
PMB30 fLF B XL Y PMPC 4L



Al coating layer

Untreated .

Al coating layer

7. & OEAETERL L 7= PMPC 43 Co-Cr-Mo 44 O Wi TEM BE

Co-Cr-Mo B&DT VT I VIkEE
BT,

PMB30 #LE I LY PMPC AL
Co-Cr-Mo &&REIZEKE LTIV
7 I VEIL, ROE Co-Cr-Mo &4
REOZND 1/5~25BETH- T2,
Flo. ThOOFEMIZRIT &L,
MEFFHIICEE Th o T,

12
p<0.001
10 f !

p <0.001
| L

08 -

06 |-

04

Amount of adsorbed BSA (pg/cm?)

02

0.0

PMB30-
adsorbed
Co-Cr-Mo

PMPC-
grafted
Co-Cr-Mo

Co-Cr-Mo
(untreated)

X 8. BCA ¥E{Z & Y §-i L 7= PMB30
AR IS X O PMPC #L3E Co-Cr-Mo &
EDOTFTNT I VUREE
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AFFTEOEBNL, &R R —x
> REEIZ MPC R ~—0DF ) F
LB A SR L, # v B
EMEWERIC L 5. MEEE - A
7 4 v DB O IEIZ R ICON
THRITHZETH D, REEIT,
&BFEED MPC R D ~—4H|Z>
W, Ty Ta—T 4 7ERBL
W7 I 7 ha—7 4 7EERN
TERE L. WTNOFEIZBNT
. Co-Cr-Mo H&KRMEIZH—2
MPC RV ~—BREHKT DI &0
RSNz,

F a4y T a—F 4 v EITHAN
72 PMB30 iZ. 30 mol%? MPC L %>
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Co-Cr-Mo & 3R D FHIEEAA 1L,
FALEE Co-Cr-Mo B&FREDFI &
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BESRIZ 3T, B el 1R



EEZRLTEY, +22BEREIC
HDEERNIZBN T, BKEFRE
BT D EE LN,

TIT7 ha—F 4 o TETE, v
T UM L MPC OEE S 77 ME
O BB LT, VT AL
Bzl EAMHESY Co-Cr-Mo &
EFREIEALEZRETIE, £0FK
EREARA DK 80° L LLERRIE VW ME %
SRL7ZA, PMPC L4 5 2 LIT &
D, FOEMAIZEEFEIET L,

MPC ZKIEIR IR BE ORI R PR AT BE
Ml (EERM)ETIC >N A
DIETIXREY  F, KBEREBE
ik o T Co-Cr-Mo A& FmE D
PMPC J& DJE 7 % 18 T & 72, MPSi
FRIBICIE, EEEFHEA (D2959)
NEEINTWAED, JVINVE
£1E Co-Cr-Mo B&RHE 1 HEMHES
N5HEBEZ LNz, TORER, HEg
HEEED PMPC BRFEREINT
WnEEbhe, XPS B LW
TEM BZEOER G, LHEHE
N PMPC B C, Co-Cr-Mo &4&KH
NEEIZBDLNLTWVWD Z & LR
T&ETZ, TNHDORERIZE Y PMPC
AFRIT I T D MPC KIRIRIEBE L 4
SMRRRIN PR (EERFE)DOERESE
X, 0.5 mol/L, 90 43 CTH B & iy
L7z,

WEELEORENIEZ ., RBE
DENIZEREREIZHE L
BCA 1EIZ &V, Co-Cr-Mo &4&DT
NTIVREEZFMLIZEZ A,
PMB30 L E 3} L Y PMPC 4L
Co-Cr-Mo H&RMmICHKE LT /v
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7 VEIE, KU Co-Cr-Mo &4
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MPC RV ~—SEDH 7B
EMEWERIC L 5, MERE - N1
7 4 v LR O B B ST,
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MEFERICAEETHY, &£BRERHE~
DE ™I BRAE T 5 ERR
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Ty TN BEEEENE O
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Background: Materials with excellent biocompatibility on interfaces between artificial system and biological
system are needed to develop any equipments and devices in bioscience, bioengineering and medicinal
science. Suppression of unfavorable biological response on the interface is most important for understanding
real functions of biomolecules on the surface. So, we should design and prepare such biomaterials.

Scoop of review: One of the best ways to design the biomaterials is generated from mimicking a cell
membrane structure. It is composed of a phospholipid bilayered membrane and embedded proteins and
polysaccharides. The surface of the cell membrane-like structure is constructed artificially by molecular
integration of phospholipid polymer as platform and conjugated biomolecules. Here, it is introduced as the
effectiveness of biointerface with highly biological functions observed on artificial cell membrane structure.
Major conclusions: Reduction of nonspecific protein adsorption is essential for suppression of unfavorable
bioresponse and achievement of versatile biomedical applications. Simultaneously, bioconjugation of
biomolecules on the phospholipid polymer platform is crucial for a high-performance interface.

General significance: The biointerfaces with both biocompatibility and biofunctionality based on biomolecules
must be installed on advanced devices, which are applied in the fields of nanobioscience and nanomedicine.

Keywords:

Cell membrane
Phospholipid polymer
Biomaterial
Biointerface
Biocompatibility

This article is part of a Special Issue entitled Nanotechnologies - Emerging Applications in Biomedicine.
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1. Introduction

The cells are surrounded by a cell membrane that helps them adapt
to the versatile physiological environment [1,2]. Therefore, the cell
membrane is a good candidate for constructing a biointerface
platform [3]. Understanding the cell membrane facilitates the
engineering of an advanced biointerface with highly controlled
properties and functions. Cell membrane formation in nature is highly
regulated and finely tuned at the molecular level. Many researches
have been reported to construct artificial cells and cell membranes by
molecular assembly method. Phospholipid bilayered membrane is
used as a platform and some proteins and other biomolecules are
embedded in the membrane. Also, the structure has been constructed
by Langmuir-Blodgett method with various phospholipid molecules.
There researches provide suitable model to understand cell mem-
brane functions [4-7].

* This article is part of a Special Issue entitled Nanotechnologies - Emerging
Applications in Biomedicine.
* Corresponding author. Department of Materials Engineering, Hongo 7-3-1,
Bunkyo-ku, Tokyo 113-8656, Japan. Tel.: +81 3 5841 7124; fax: +81 3 5841 8647.
E-mail address: ishihara@mpc.t.u-tokyo.ac.jp (K. Ishihara).

0304-4165/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbagen.2010.04.008

Preparation of artificial cell membrane structure composed of
phospholipid polymer and biomolecules has been paid much
attention to obtain excellent biofunctions [8-12]. Basically, the
polymers having phospholipid polar group and phosphorylcholine
group, were synthesized and functionalized by changing the molec-
ular structure of the polymer [13,14]. Fundamental researches have
been carried out to clarify the potential of biocompatibility of the
phospholipid polymers [15-17]. For example, many implantable
medical devices coated with phospholipid polymer are applied
clinically and in the stage of clinical trials [18-21]. We also prepared
nanobiodevices covered with the artificial cell membrane composed
of phospholipid polymer platform and immobilized biomolecules on
it [22,23]. In this review, design of biomaterials with artificial cell
membrane structure and the importance of interface between
materials and biological system will be represented.

2. Polymers bearing phospholipid polar group as biomaterials
2.1. Molecular design of phospholipid polymers
The fundamental strategy of a bioinspired approach is to clearly

understand the principles of the cell membrane functions. Fig. 1
shows the typical illustration of a cell membrane along with some
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Fig. 1. Schematic representation of cell membrane.

functions. Numerous biomolecules are embedded in the phospholipid
bilayer, e.g., antibodies, glycoproteins, enzymes, and receptors. The
favorable biofunctions are inertness of the capsule, biological affinity,
enzymatic reaction, etc. These are fundamental biomolecules that play
important roles. In the bioinspired approach, molecular components
were assembled to perform these selected biofunctions. For example,
phospholipids comprise a polar head group and alkyl tail groups.
However, surface enrichment of phospholipid polar groups is essential
for preparing the biointerface. In other words, the entire phospholipid
molecules are not necessary for formation of the biointerface. This is
the concept of a fundamental bioinspired approach; we introduce
polymer materials to prepare the stable biointerface.

The requirements of establishing ultimate biointerfaces are
(i) bioinertness, (ii) easy fabrication, (iii) immobilization of biomo-
lecules under mild condition, (iv) retention of higher biofunctions,
and (v) easy accessibility of target molecules without any barrier. We
have been utilizing polymers composed of 2-methacryloyloxyethyl
phosphorylcholine (MPC), which has phosphorylcholine group in
the side chain, as a key material for constructing a biointerface
platform. Very recently, some researchers utilized other methacry-
lates with zwitter ionic polar groups or oligo(ethylene glychol)
monomethacrylate for preparing biointerfaces to obtain low fouling
surfaces [24-29].

2.2. Biointerfaces composed of the MPC polymers

The biointerface researches with MPC polymers have been
conducted worldwide [30-33]. It has opened up new avenues for
investigation, particularly in the field of life science research. The MPC
allows versatile polymerization techniques with appropriate como-
nomers: conventional radical, living radical and atom transfer radical
polymerizations. Therefore, precisely designed MPC polymers have
been easily synthesized; herein, the ultimate biointerfaces by the MPC
polymer is introduced along with recent excellent results. The
synthesized MPC polymers are used in various forms such as polymer
solution, hydrogel, polymer-coated surface, polymer-grafted surface,
and nanoparticles. In particular, hydrophilic MPC unit and hydropho-
bic n-butyl methacrylate (BMA) unit are of great importance for the
fabrication of high-performance biointerfaces. The best monomer unit
fraction in the copolymer for coating on the medical devices was
reported to be 0.3 of the MPC unit and 0.7 of the BMA unit; moreover,
the molecular weight of the copolymer should be controlled to above
5x10° [9,11]. The MPC polymer-coated surface serves double
functions—suppression of nonspecific protein adsorption from the
living organism and processing of robust polymer coating. On the

surface treated with the MPC polymer, the phosphorylcholine groups
in the MPC unit were enriched in the outermost surface of the
substrate relative to the inner side of the substrate [34,35]. The
plausible mechanism for the suppression of nonspecific protein
adsorption was discussed in terms of water structure on the surface.
Enrichment of the phosphorylcholine groups provided a higher free
water fraction on the polymer-coated surface, and it strongly
suppressed protein adsorption by release of bound water molecules
on the protein surface. [36-39].

Based on the chemical structure of the poly(MPC-co-BMA), which
provides excellent anti-biofouling surface, the new polymers are
designed to conjugate biomolecules on the surface under mild
conditions. The reaction for conjugation of biomolecules must be
carried out in an aqueous medium with physiological pH range and
temperature due to low stability of biomolecules. So, active ester
groups and phenylboronic acid group are useful for reacting with
amino group and sugar units in the biomolecules, respectively.

As shown in Fig. 2, a polymer composed of MPC, BMA, and
p-nitrophenyloxycarbonyl poly(oxyethylene)methacrylate (MEONP)
units (the polymer is named as PMBN) was designed and prepared for
obtaining excellent biointerfaces [40,41]. These three monomer units
show unique chemical and biological functions. One of the bioconjugate
functions was the incorporation of an active ester group on MEONP. The
active ester group was connected to the methacrylate via the oxyethy-
lene spacer [42]. The length of the oxyethylene spacer can be changed
with the use of appropriate precursors. The spacer length was changed
from 0.5 to 2 nm, and the location of the immobilized biomolecules was
also changed. The phosphorylcholine groups were at the position of
0.4 nm from the substrate, which was calculated by the molecular
structure of the MPC unit. We found that the durability of the
immobilized biomolecules depended on the spacer length, by changing
the number of repeating units of the oxyethylene group in MEONP. The
spacer length played a key role in reducing background signals in ~y-
globulin (IgG)-immobilized biosensing. Biomolecules containing amino
groups could couple to the ester groups on the polymer backbone under
physiological conditions, producing p-nitrophenol as a leaving group.
The bioconjugate reaction is accelerated under neutral or weak alkaline
conditions (pH 7.4-8.0). By this polymer, PMBN, the biomolecules could
immobilize in the platform of phosphorylcholine group-enriched
surface the same as cell membrane surfaces. Also, it could be prepared
from nano-scaled structure using PMBN on the surface of electrode by
electrospray deposition (ESD) method to enlarge surface area for
conjugation of biomolecules. Much amount of biomolecules could be
immobilized on the ESD-surface compared with that on plane spin-
coated surface [43].
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Fig. 2. Chemical structure of phospholipid polymer, poly(MPC-co-BMA-co-MEONP) (PMBN) for bioconjugation based on artificial membrane structure.

3. Polymer nanoparticles with artificial cell membrane surface
3.1. Preparation of polymer nanoparticles

We focus on monodispersed nanoparticles as one of the biointer-
faces, and introduce affinity separation, sensing, and diagnosis. The
PMBN was easily enriched onto the nanoparticle surface by the
solvent evaporation method. We first succeeded in preparing
monodispersed nanoparticles covered with water-soluble and am-
phiphilic poly(MPC-co-BMA) (PMB30W: mole fraction of MPC unit
in the polymer is 0.30). The PMB30W aqueous solution provided
hydrophobic domains by aggregation of the polymer chain [44]. This
is the fundamental driving force for the reduction of surface free
energy (water-methylene chloride interface) to stabilize methylene
chloride droplets involved in the formation of other polymers such as
poly(lactic acid) (PLA) and polystyrene. Moreover, Konno et al. first
developed monodispersed PLA nanoparticles covered with PMBN
(PMBN/PLA-NP) [45]. The phosphorylcholine groups in the MPC unit
and active ester groups in the MEONP groups were enriched in the
outermost surface; evidence for this was obtained by X-ray photo-
electron spectroscopy. The average diameters of the PMBN/PLA-NP
ranged from 250 nm to 300 nm as shown in Fig. 3. The zeta-potential
of the PLA surface was a large negative value about —60 mV, however,
that of the PMBN/PLA-NP became to ranged from —6.8mV to
—2.0 mV. This is because of the electrical neutrality of the phosphor-
ylcholine groups due to the formation of an inner salt between

Fig. 3. Electron microscopic picture of polymer nanoparticles covered with artificial cell
membrane.

phosphate anions and trimethylammonium cations. The appropriate
materials that can be used as nanoparticle cores are polymers, metals,
and ceramic. In particular, PMBN enables coating of the particle surface;
thus, titanium oxide and silica nanoparticles are easily coated by
PMBN. Active ester groups were located on the nanoparticles, and the
typical surface concentration was evaluated to be 1.0 nmol per mg of
polystyrene nanoparticles (PS-NP). The bioconjugation was achieved
simultaneously as well as continuously. Moreover, multiple biomole-
cules could be immobilized via the active ester groups [46-48]. We
observed that multiple immobilizations of proteins on the PMBN-coated
nanoparticles were achieved. Considering this, PMBN comprising
phosphorylcholine and active ester groups is of great importance as a
platform for a high-performance biointerface facilitating affinity
separation, sequential reaction, and biomolecular detection.

3.2. Binding of target biomolecules on nanoparticles based on bioreaction

Nonselective adsorption of biomolecules on the surface makes
noise for sensing of target molecules. The MPC polymer can suppress
protein adsorption significantly. The effects of the phosphorylcholine
groups on the adsorption of bovine serum albumin (BSA) to the
nanoparticles were evaluated [49]. To avoid chemical reaction with
BSA, the active ester groups on PMBN/PLA-NP were reacted with
glycine for blocking the active ester groups in this experiment. Fig. 4
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Fig. 4. Amount of BSA adsorbed on polymer nanoparticles without and with artificial
cell membrane surface.
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shows the amount of BSA adsorbed on various nanoparticles.
Numerous BSA molecules were adsorbed on the commercially
available PS-NP whereas these molecules were hardly adsorbed on
the glycine-reacted PMBN/PLA-NP; the value was approximately 1/
300 as compared with that on PS-NP. The surface of PS-NP was
hydrophobic and adsorbed proteins. PMBN/PLA-NP was suitable for
developing affinity nanoparticles because of their considerable ability
to prevent nonspecific adsorption.

The activity and function of the antibody immobilized on the
PMBN/PLA-NP were evaluated by observing the antigen-antibody
reaction (Fig. 5). The amount of BSA on the anti-BSA antibody-
immobilized PMBN/PLA-NP was higher than that on PMBN/PLA-NP
without antibody immobilization. This result indicates that the
amount of BSA increased by reacting with the antibody immobilized
on the surface of PMBN/PLA-NP. Based on this result, the antibody-
immobilized PMBN/PLA-NP could function as affinity nanoparticles.
The dissociation constant (Kd) of the antigen/antibody complex
substantially defines the performance of affinity-based separation,
diagnosis, and detection systems. To evaluate the performance of
PMBN/PLA-NP as an affinity nanoparticle, the dissociation constant of
the antigen/antibody complex on PMBN/PLA-NP was measured [49].
The dissociation constant could be calculated from these plots, and it
was observed to be 2.7 x 1077 M for the anti-BSA antibody-immobi-
lized PMBN/PLA-NP (PMBN/PLA/anti-BSA-NP) and 1.3x 107> M for
the anti-BSA antibody-immobilized PS-NP modified with succinimide
moiety (PS-suc-NP) on the surface (PS/anti-BSA-NP). Thus, the
affinity of the anti-BSA antibody to BSA observed on the PMBN/PLA/

Quantum dots_

Continuous
observation -

1

Detailed analysis of
biomolecular behavior

Active ester group

anti-BSA-NP was approximately 200-fold higher than that on the PS/
anti-BSA-NP. The Ky value generally ranges from 10~7 to 10~ '° for an
antigen-antibody complex [50]. The K4 value of the anti-BSA antibody
immobilized on PMBN/PLA-NP for BSA is considered valid while that
for the anti-BSA antibody immobilized on PS-suc-NP is higher than
the reported value. This indicates that the antibody immobilized on
the PMBN/PLA-NP had a strong affinity toward the antigen, main-
taining the activity of the antibody even when immobilized on the
nanoparticles. However, in the case of antibodies immobilized on the
PS-suc-NP, a large K, value was observed; this was due to a weakening
in the affinity for the antigen by denaturation of the antibody during
immobilization. These results indicate the effects of the phosphor-
ylcholine groups in preventing the denaturation of the antibody.

4. Specific cellular uptake of nanoparticles covered with artificial
cell membrane conjugated with specific biomolecules

4.1. Preparation of polymer nanoparticles embedding fluorescence
marker

Semiconductor nanocrystalites (quantum dots or QDs) have
gained much interest as a promising alternative to organic dyes for
biological imaging. QDs ranging in size between 2 nm and 6 nm have
unique optical properties: material- and size-dependent emission
spectra, a wide absorption spectrum, high quantum yields, simulta-
neous multicolor emissions, and especially excellent resistance to
photobleaching. This photostability is a critical feature in most
fluorescence applications, particularly for long-term monitoring of
labeled substances, and is an area in which QDs have a singular
advantage over organic dyes. As QDs themselves are hydrophobic, the
key to developing QDs as a tool in biological systems is to achieve
good dispersion ability in an aqueous medium, and compatibility with
biological components including cells [51-53].

Polymer nanoparticles embedding QDs covered with PMBN
(PMBN/PLA/QD) were designed by making an assembly of phosphor-
ylcholine groups as platform and biomolecules immobilized on the
surface of nanoparticles (Fig. 6) [54]. In spite of numerous efforts
[55,56], the problems of cytotoxicity and the nonselective cellular
uptake of QDs remain. As mentioned above, the PMBN/PLA-NPs show
the bioinert abilities and they may avoid phagocytosis from
macrophage-like cells [57]. That is, the phosphorylcholine group
coverings suppress nonspecific interactions between bulk materials
and cell, and create a specific affinity by ligand molecules immobilized
on the surface.

4.2, Cellular uptake of the PMBN/PLA/QD
We observed that PMBN/PLA/QD had the abilities to highly resist

nonselective cellular uptake from HeLa cells and to permeate the
membrane of Hela cells effectively when arginine octapeptide (R8)

S Artificial cell membrane

&5 Phosphorylcholine group

Elimination of
nonspecific interaction
between probe and cell

« 0

o Precise evaluation of
biomolecular function

Fig. 6. Schematic representation of polymer nanoparticles embedding QD with artificial cell membrane surface.
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Fig. 7. Uptake of polymer nanoparticles covered with artificial cell membrane without and with R8 immuobilization.

was immobilized on the surface of the nanoparticles as shown in Fig. 7
[54]. The R8 is well known as cell membrane penetrating peptide
(CPP), so its specific functions are observed with the polymer
nanoparticles. In Fig. 8, a plot of the intensity of each PMBN/PLA/QD
in cells versus incubation time shows that glycine-masked PMBN/
PLA/QD (glycine-PMBN/PLA/QD) completely suppresses the nonse-
lective uptake from HelLa cells. We also confirmed that no glycine-
PMBN/PLA/QD was uptaken by HeLa cell even after incubation for
24 h. In general, conventional nanoparticles can be uptaken by the
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Fig. 8. Time dependence of cellular uptake of polymer nanoparticles. Closed plots:
glycine-PMBN/PLA/QD, open plots: R8-PMBN/PLA/QD.

cells without any selectively [57]. Thus, this result indicated that our
PMBN/PLA/QD can obtain high signal to noise ratio compared with
other imaging probes because there is no background fluorescence
caused by nonselective uptake of imaging probes. On the other hand,
R8-conjugated PMBN/PLA/QD internalized effectively into cells. The
uptake of R8-PMBN/PLA/QD significantly increased within first
15 min, but the uptake rate gradually slowed and reached a plateau
at 1 h. However, we cannot obtain from only this information where
RS8-PMBN/PLA/QD located in the cell at each time. Thus, further
research about the location of R8-PMBN/PLA/QD was required.

For determining the location of R8-PMBN/PLA/QD at each
time, HeLa cells incubated with R8-PMBN/PLA/QD was observed
by a confocal laser scanning microscopy (CLSM). Fig. 9 shows that
R8-PMBN/PLA/QD attached immediately to the cell membrane within
first 5 min and began to internalize into endosome at 15-30 min. The
amount of internalized R8-PMBN/PLA/QD increased at 1-3 h and
whole R8-PMBN/PLA/QD which attached to cell membrane entered
into endosome in 5 h. These results revealed the kinetic behavior of
R8-mediated internalization into the cell. Several lines of evidences
demonstrated that the PMBN/PLA/QD is a most suitable analytic tool
for kinetic analysis of biomolecules.

4.3. The evaluation of the inflammatory response induced by
PMBN/PLA/QD

It was reported that PMBN/PLA/QD have no cytotoxicity for 3 days
even after internalization in Hela cells [51]. However, there are some
possibilities of the induction of inflammation reaction even when no
cytotoxicity appears. Thus, more studies are required with respect to
the inflammatory response.

Mouse macrophage RAW264.7 cell, known for its sensitivity to
inflammatory response, was used as a model system. RAW264.7 cell
was incubated with PMBN/PLA/QD for 24 h. After incubation, the
inflammatory response was measured by using real-time reverse
transcription polymerase chain reaction (RT-PCR). Oligonucleotides
TNF-a-F (5-GAGCAGCTGGAGTGGCTGCTGAG-3') and TNF-a-R (5'-
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Fig. 9. LCMS analysis of internalization of R8-PMBN/PLA/QD.

TAGACCTGCCCGGACTCCGC-3’) were used for detection of tumor
necrosis factor-alpha (TNF-a); GAPDH-F (5-AATGTGTCCGTCGTGGAT
CT-3’) and GAPDH-R (5’-CCCTGTTGCTGTAGCCG TAT-3’) were used
for glyceraldehydes-3-phosphate dehydrogenase (GAPDH). The ex-
pression of TNF-oo mRNA was standardized as the relative value to
that obtained for GAPDH mRNA. As negative and positive controls, a
normal cell and the cell with 100 ng/mL lipopolysaccharide were used
respectively. Fig. 10 shows the relative expression of TNF-ae mRNA to
GAPDH mRNA in RAW264.7 cells incubated with R8 or glycine-
PMBN/PLA/QD for a day. No significant difference between negative
control and PMBN/PLA/QDs in the expression of TNF-oo mRNA was
observed. This indicated that phosphorylcholine groups on the surface
of PMBN/PLA/QD suppress the inflammatory reaction in RAW264.7
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Fig. 10. Relative expression of TNF-oo mRNA to GAPDH mRNA in RAW264.7 cells
incubated with polymer nanoparticles.

cells even when internalizing into cells due to the ologopeptide.
From these findings, our PMBN/PLA/QD can eliminate the unwished
interactions between probes themselves and cell, such as a nonselec-
tive cellular uptake, cytotoxicity and inflammation response.

4.4. The assessment of the abilities of various octapeptides as a cell
membrane penetration peptide

Many research groups reported that arginine-rich peptide is useful
as a CPP [58,59]. However, the abilities of other oligopeptides to
penetrate the cell membrane have not been well characterized. Thus,
we evaluated the function of various octapeptides as a CPP by using
our PMBN/PLA/QD as an analyzing tool. To assess the main factor
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Fig. 11. Effect of amino acid residue of immobilized oligopeptide on cellular uptake.



