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Abstract: Antimicrobial functionalization is an effective way to inhibit bacterial growth on biomedical materials. Antimicro-
bial polypeptides have several features such as high antimicrobial activity and low cytotoxicity. Poly (arylene ether nitrile) s
containing phthalazinone moieties (PPENK) is a promising polyarylether biomaterials owing to its mechanical properties and

being easy to sterilize. Antimicrobial surface functionalization of

PPENK with polypeptides can expand the application of poly

AR A 2019-08-03 fEEIRA: 2019-09-03 ( phthalazione aryl ether)s in biomedical field. Two kinds of pol-

BEEWA . REMFHH RS H (2018J11CY007, 2018 ypeptides were synthesized by N-carboxy angydride ring opening
JI2GX055) ; K HARAIELIH (51503025) ; polymerization induced by primary amine. Then, the cationic an-
[ 5 5 5 BF 42 11135 H (2017 YFB0307600) timicrobial polypeptides were immobilized on PPENK surface by
E—1EE, XICH, B, 1990 44, WA click chemistry method. The monomer and synthesized polypep-
ERAEE. B, B 1946 42k, HETRERL tides were characterized by NMR spectra. The samples were

characterized by ATR-FTIR, XPS measurements and contact an-
gle. The cell viability of MC3T3-E1 preosteoblast cells on
samples were evaluated by MTT assay, and the antimicrobial ac-

i 4-A I, Email: jiand616@ dlut. edu. cn
MR, H, 1983 454, BIEd, WithS0m,

Email; liucd@ dlut. edu. ¢n tivity was tested by escherichia coli and staphylococcus aureus.
DOI: 10.7502/j. issn. 1674-3962. 201906029 The results showed that the cationic antimicrobial polypeptides
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were successfully immobilized on PPENK surface. The viability of cells cultured with extracts from polypeptides grafted
PPENKSs was more than 80%. The introduction of cationic antimicrobial polypeptides on the surface of PPENK could inhibit

the growth of bacteria.

Key words: PPENK; cationic polypeptide; surface modification; cytocompatibility; antimicrobial activity
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975 75 FRER i A BT % B TR TR B o, R
AR EAA MRS AR, LU AR R
], HT R R ik 2% ~ 5%, R ARSI S K 1
IR B AN B W RIE 22—, RV
St A T ) R DT R R A e 2 R 4 R U
YA Sok e, RS, ogt Y BRSO
JRRH O SRR AT KR LA R, BRI T, —
PP MORHE R AN B I R B, SR AR 5E, BT
2% SRR B B TR M 2 AR W 2 A vk b AR R
w7 AN, PR E AR, B A I N T A
W, ERLIE MR — RS RS, R RedkEg T,
B—AMEMATHE R R 8, B, BERT L3020 B
NEBREGEY A EA R, B T W, %
T R R B B A M B R R RS, B
S IZ N, KB 22 IKGE i B el Ak 2E O B i e
HAMRLELE, FHEAPIREDIGE, 1A R0 40w 5
BE . FEARANRERRYS, R A R #uE =z —,

ZRZER IR BRI BENE TR ( PPENK ) A4 RHE Sy 7 75 SR 8
i iR ARk, AR A o F e M Atk RE b B &
Tk Ak 1 B AR B B —2R Bt ik W ( PEEK ) 38 0 5+
F4h, 5 PEEK #HEb, Fh T 5 A U L SR I 51 A,
PPENK W 5 F 8 gt vk, i H A 34 T & 0 8 A M
B IR PPENK AHRMEAL T R B A, %
AR 5 AT LA A R R T i LR 2 AR B Th Rt b &4,
M AT AR S A SR ok it PPENK o 20 1) 7 55 253 1 7
B 25 F T AR 75 2 B ek M g, S5 AR TR
KSR PRI bR BRI AR IR . AR RE
AR RS NTTRT PPENK BY3EK M, LIRS
FOR T 25 1 S K AR AE

AT AV RS 5 & Fh & RE A AN B R GE, tean
R G AR IR A R BAR T DRI e R
HlFHAEZNRESH, SS80AEY = AR S i
2k, B EAPUEME S RCE R, R
AT DA i45 21 3% 1 B $8AT 45 HEL A 3 s A3 T H 2 B B
FHm, MR EIP RO, maefgdeFHtE RN K E
557 D 0 S S A T 2 ) A

AISCRHEFERIANREFFF AR A%, #irs

BT PR 2 I, A SR O R 2 I E
PPENK BRI, SR =3 LR IE 25 5% 22 IR 5L P iy
THEREE (Boc) TRIPEE, 1535 BAT UGS TR PHE 13k
T o M P L A o e ol S S 20511 ( ATR-FTIR ) F1
X SHEOEHL T AETE (XPS) %577 i XM RE A 2R 1k 2 45 4
BEATHRAL, B0k PPENK A4 R 1 2 KA [ 52 5 00 i
Feful ik, PRIEZIKBYIE E X PPENK A8 B K PERY
SN, SRR T 3 AP Al B v R0 I et 4 4
MO TR A PERE

2 X B

2.1 LIk

ZRZE IR IR B ST BEIE R ( PPENK ) Wy 3K [ K% 55 1) BE 57
MR B BT, HBUT 480 - L- 4 2 R ( Boc-L-Lys) | 2%
PR (1L-Phe) . b iz £k iR £k (SH—CH,—CH,—NH, -
HCL) . BZ T EE-2000( PEG,,, ), 1-Z.3E—(3-"HH4E
FENFL) B W MR ER Eh (EDC) | N - ¥ 3L 3% 3 8t 0 fie
(NHS) ZFR A4 32 5 Brhr T (i) iR BRAF
2.2 EWHE
2.2.1 REFARGEMR

FRHBSCHR[ 13 ] AN[ 14 ] J5 A G BUR G A BUT SR -6t
FIR-N-FRIEFR IR IEF ( Boc-L-Lys-NCA ) FIZE N B iR -N-2
FEFRNPRET (L-Phe-NCA) , Boc-L-Lys-NCA F& 8L 8 K
] = FUBR A 2. 46 ¢( 10 mmol) Boe-L-Lys 1 15 mL Jo7K
PSRN, HHAZE 55 C R, A 1.29 g(4.3 mmol ) =5
R, IV 4 h JEVR AR, R RVE A 50 mL 1EC ke
o Mrib e EA, o TR 3 Boe-L-Lys-NCA, %
HR[RIAE 9 77 51145 L-Phe-NCA
2.2.2  LEREAR

WE 1a Brx, A SH—CH,—CH,—NH, - HCI =
PEG 0 MR I8 SH—PEG 00, —NH, " #5151, 3
AR RE BT LA PR Z L 7

HERZ K Poly, A 18 MEFHFREL 1. 192 g(4. 38 mmol )
Boc-L-Lys-NCA AR 50 mL S35 H, FHNA 15 mL
JoK N, N - 3 Tt iz ( DMF ), 1 % i 5 5 m A
0.0163 g(0. 146 mmol ) SH—CH,—CH,—NH, - HCl 1} 5]
K, FEEZS T RS 72 h JEHIA 0. 8366 g(4. 38 mmol )
L-Phe-NCA, #Mill5 mL DMF, Z4kZEfrRizs Fasiifiihs 48 h,
L4 R SO AR FE T 2208 Ao oK Bk,
U8 HETAREN B2 K Poly, . LA SH—PEG,,,,—NH, A7|
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RFRIF 3R Tkl i B 2 K Poly, .
2.2.3 PPENK #9##K it

1E 50 mL BB A 0.5 ¢ PPENK ¥kl %M
=R E UK IE A S T A Y SO T AR A AR
B RE DL R R R TR (3 1), K PPENK 3 oK #E 47K
fift, AKIFSENIG, WHEZE, ¥ 6 mol/L 1EE MR A W
AR, EEWBREmRE, BHAED S min J5, &
B EREOE TR, FE N 4000 t/min, B0 5 min, F
FLEWE, MAERBTFK, REWRY, ik, TR
FH 352 F e B9 PPENK ( HPPENK)

®1 EZAE

Table 1 Factor level range

Temperature/°C ¢(KOH) / (mol/L) Time/h
1 100 1 6
2 85 4 12

2.2.4 PPENK M &9H & B A @RS THE % pkod B2
PPENK %11 FH 25 i i 2 BK i il & L B an & 1b Jor

7~o B PPENK #) R £ad A K AL 5, Y1 #1 A 10 mmx

10 mmx1 mm [ PPENK #, KK HZEFK, NEA,

T, KB FOKIE MR R, BT H, RENE
PPENK HMAF 4 mol/L F AN AW, 100 °CF [
12h )5, FHRA 1 mol/L EMRE W h HEF TRk, Zead/kik
HT, 53R/ R E1L 1 PPENK ( HPPENK) , ¥ HE A
20 mL &4 4 mol/L EDC F1 1 mol/L NHS FIR AW,
W FE 1 h SR IEHATIE M, BS, K HPPENK it
W R MAR B AR Sy, PR 40t A HPPENK Az
BABFDECN 1% 0 & St , =it 24 h, 1%
FI e & 1L ) PPENK A (PPENK-NH, ) , S 58545,
Ham:, RBEFKREG, HR¥T 5 PPENK-NH,
WIRAEE 1 mg/mL L ER N-FRILBEFABE W I 1Y DMF 3%
W RN 6 h, KUCH DMF | TN, 2%, REFKIEE,
HET A5F 2 PERY PPENK #2 (PPENK-T) "5

W5 U Pl 22 K3 S BC T AR 1 mg/mL 9 195 R 2 e
£ (PBS) AW, I PPENK-I 43 5E A BB AN £ K7 PBS
VWP, RN ARG, HTERRY PBS ¥ TR Ve R I A
+, 155] PPENK-g-Poly, &2 PPENK-g-Poly, . $RJ5, ¥EA]
BARBDECN 5% 0 =5 LIRAKER T, FEVKKIE
B2 h, FRBEFKUER 3, TG 551155 PPENK-g-
Poly, " J¢ PPENK-g-Poly, ",

o]

o N 2 1§ TE
e o e el
o]

R= —CH,CH, or lCHchzOLS

HN " HN e

0 |
COOH COOH NH,CH,CH,NH, Os NH OTNH Céob—’
[ i . T

PPENK HPPENK PPENK-NH,

w OYNH

g

OK
S S
HN® HNE
o o
HNES [TXY
T A
I Il s H*/?< $ NHy
%{H o HNH Hu‘ga HN'Q)
OTNN OTNH Poly, or Poly, OTNH A OYNH
> Ay — v —t
PPENK- PPENK-g-Poly, PPENK-g-Poly,*
or PPENK-g-Poly, or PPENK-g-Poly,*

K1 ZHRINE BB TR (a) i PPENK 3R BB 1500 £ IR il 4 #2 (b)
Fig. 1 The synthetic route of polypeptides (a), and process for preparing cationic antimicrobial polypeptides on PPENK surface (b)

2.3 REEWR

K A W IR I 3% 1 ( Bruker AVANCE 1T 500) 434
B R PR K Z R B S5 R . SR PR R R, it
LLAMETENIR AR FAE 44 PPENK R K% )5 (774
FIH ATR-FTIR K XPS Wi, 4r-#r PPENK e MR/ 3R 10
SEASER | JUE RS aAR b, A i KR i e A
R, MECPERT S PPENK A9 32 fil /A 38 H 36 i fig
YRIY 2 IR ] 58 %F PPENK L2 8E K M 1 5200

SR MTT 35, 78 96 FLAR o i E 547 41 A 25 44
W B RTEA S R TI2 M 24 h s, BRI AR
PR, AN AR B 1) B4 32 B V5 /0N RUVR B 1 4

HIARZH L ( MC3T3-E1 4H0) 8557 3 d, SRJG A 10 pL ¥
JEM 5 mg/mL (4 MTT I3, 4 h 50t 96 FLkk A i1y
WM, A 100 pL —HIEEA (DMSO) R, =ik
J&, MXILAE 490 nm P T OB EE (OD) i, 1154
FRAR XS T 0

KA VR B, LA PPENK 30 41 1 A4 1 V% 54
AT HRZ, X} PPENK-g-Poly, " &% PPENK-g-Poly, " #ll il &
JAAT A (R 22 RFAE R, escherichia coli) F114x 5 6,75 %5 Bk
P (22 RBHE A, staphylococcus aureus) #EATI L, I
FRE A T A B 20K (antibacterial efficiency ) = (1-
CFU,, ./ CFU,pp ) X100%

Sample
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3.1 BEEIRSIES
3,101 RAHARey a3k 8k 9T

A HAK Boc-L-Lys-NCA 4 H (4[5 4K, 74 85%,
LA CDCL, Ry 5 5 #EA T A LR S 3, 25 SR An ] 2a i
N, BARSMR: 6=6.79(s, 1H, —CH,—NH—C =
0); 8=4.65(s, 1H, —CH—NH—C=0); 6=4.32
(dd, 1H, J=6.70, 4.85 Hz, —NH—CH—C=0); &=
3.13(m, 2H, —CH,—CH,—NH—); & = 2.00 ~ 1. 80
(m, 4H, —CH,—CH,—CH,—CH,—); 8=1.60~ 1.36
(m, 13H, —CH,—CH,—CH,—CH,— and Boc) ,

A AR L-Phe-NCA 1 A K, 7= 81%, L
DMSO-d R AT GRS i, 45 R 4n &l 2b i
R, BAESHIT . §=9.07(s, 1H, —CH—NH—C =
0); 6=7.18~7.33(m, 5H, Ph); 6=4.79(t, 1H, J=
4 Hz, —NH—CH—C=0); 8=3.04(d, 2H, J=4 Hz,
—CH—CH,—Ph) ,

O 34 6 6 (2]
ing/_\—Nﬁ Y-

N 2 5 »0
o™ N 0/)'

Boc-L-Lys-NCA

Chemical Shift/ppm
2 Boc-L-Lys-NCA (a) #l L-Phe-NCA ( b) BRI A 1%
Fig.2 'H NMR spectra of Boc-L-Lys-NCA(a) and L-Phe-NCA(b)

3.1.2 3B REEREESHT

FIE A3 IR Rl 22 K Poly, 55 Poly, % H 4% %033
3 B, S H Poly, 5 Poly,, 4~ Y W4 45 7 14

J& , T LA R Ak 2A PR G U e 7 B A Bl b Poly,
TE 8=3. 51 AbJE PEG 0, I H SR L2401 %, 1 Poly,
51 & #| SH—CH,—CH,—NH, - HCl Y. F & S i 1k 27 o7
BALTE §=3.50 &b Zc A7, (R TR ARAR /I, AR LR &
T AT LA E O 2B IR Poly, 5 Poly, ,

1 10
HS R L n'\&’ Lk, 13 14
500 2 X R = —CH,CH,~ or {CH,CH,01,,
8 J7 3
OXNHS
1(12 14
2 12
10,11 2 g 14 ) 8}/ 56,7 Poly,
13 TN . Poly,
Ll La T T T
8 4 2 0

Chemical Shift/ppm
&3 Poly, Fl Poly, R REHAR S 1%

Fig.3 "H NMR spectra of Poly, and Poly,

3.2 PPENK KfRTEEEN

J T I R AT PPENK HU/KFRFEE , K
2.2.3 R 1 BRI ZOKF-, BT 4 4k K
f LI, FHaE B 6 K I ) PPENK SEAT 20 AhIa, il
A RUNE 4 From 7K RN R 52 56 2% 14 B 0F 228 52 B0 445
B 2 iR,

ZLAMEIE Y, 2230 em™ Ab Ry U (—CN) FEAE 0%,
850 cm™'Ab R RIRFEAEWE (Ph) , SRR R, IR
FROEUEWE = (H o) SRR IRV &5 (H,, ) A, IF
SRS MERE R UEAT A, TS BRI 4 T
BESN YK iR R EE . PPENK BESh it H_ .\ /H,, 9 0.286,
4 4§ HPPENK £S5 PPENK RESAH L, IEFEIE 5 2
INRRIE UG 5 LB 345 Br N R, 168 PPENK 258y —
AT F I AR R PPENK BRIk % . K A5 RE
K AR B IE A AT T AL, &R X PPENK ZK i /2 g 7=

S KNI A« S 7 ek ) > 0 420 T0 B %) e 1 > I 7

T, A5 1, PPENK 7K fif 52 b A9 e FE I vy 45 144
SNSRI A 12 b, SR AR A R 4 mol/L, S
TR 100 °C o Ja 2 A%t PPENK M1 77K i .
3.3 ATR-FTIR illiz

X} PPENK K R HIHU IR 2 IR ) PPENK # 8L 17
ATR-FTIR 3, Z53R0E 5 piR, MLLaMeigdhnl LA
F|, 4 PPENK [ E Z )5, #£ 3500 em™ £ 4 Ak i
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HPPENK,

HPPENK,

HPPENK,

HPPENK,

{1 !
PPENK y !

4000 3500 3000 2500 2000 1500 1000
Wavenumber/cm™'
[# 4 JKfek it PPENK RYZLAMGTE
Fig. 4 FTIR spectra of the hydrolyzed PPENK

Transmittance/%

x2 EXIWERBESN
Table 2 Range analysis of orthogonal test

Temperature  ¢( KOH) Time H_ oy Hydrolysis
/C /(mol/L) /h /Hpy, efficiency/ %
1 85 1 6 0.264 7.69
2 100 4 6 0.254 11.19
3 100 1 12 0.251 12.24
4 85 4 12 0.235 17.83
M, 25.52 19.93 18.88 — —
M, 23.43 29.02 30.07 —
K, 12.76 9.97 9.44 —
K, 11.72 14.51 15.04 — —
R 1.04 4.54 5.60 —
PPENK
N
Q
o
c
£ |PPENK-g-Poly;
IS
@
c
o
P |PPENK-g-Poly;

4000 3500 3000 2500 2000 1500 1000
Wavenumber/cm’

5 PPENK FZkAir) PPENK fLLSMETE
Fig. 5 ATR-FTIR spectra of PPENK and polypeptides grafted PPENKs

BRI AT ek 1 Z2 KSR T i 28, (R BAE 3080 em™
b, FRAT C—H B e 47 i 2l 08 Wi i) S R - B R A
£ 1660 em ™ AbJESRIL AR 4R IR B MLl 255 3R, Bt
PR 22 KB i) [ 2 #F PPENK 3RTH .

3.4 XPS &o#h
X PPENK, M4k # ) PPENK F1 £ K 4% &% 19
PPENK #BHHAAT XPS Z0H7, FE G B0 3R & 8 KX e il sk
3 ffis. 24 PPENK R BE 7 HE FHEZK, A&
SR Y LA LA R S B S Y AR — e AR
BERGHEIN, SRR R TR O R AR,
AR BT 22 IR R B B AR I
F3 I XPS #HiE
Table 3 XPS value of the samples

Content/ at%

Sample N‘( %)/ 0(%)/
C N 0 C(%) C(%)
PPENK 81.38  6.43 11.95 0.079 0.147
PPENK-NH, 81.76  6.55 11.51 0.080 0.141
PPENK-I 81.70  8.34 9.59 0.102 0.117
PPENK-g-Poly,*  78.46 6.93 1439  0.088 0.183
PPENK-g-Poly,”  80.21 6.78 12.66 0.085 0.158

3.5 EMfRREEE

%f PPENK, PPENK-T DL K 2 i £ ik 3 4% B PPENK
PEFT Rl A RO TR SR T RE, SCIR A AR 4 R,
5 PPENK 7k /il /1 (94. 1£3.7) ° A 1t, PPENK-I #y7K
Hefb A REAREN (70, 124.2)°, HKFEp R B2 2 IKE,
HoKIZ AR SR, SR —2E 8, R %
TSP T PR R I 1 R 7K M

RIMHRE (o)) AT KL A B8O & (o) PR 73 &
(o), WNFE 4 BIETLLAE W, AR EEZ K5,
PPENK (1R R M3 73 B o 3 O, i € 0GR 438/ )N - 10
HIZIKA B 2, P02 T PPENK i A9, IRk fE
FI38aE

T4 MRIMEMERRERE

Table 4 Contact angle and surface energy value of the samples

Contact angle/(°) SE components/ ( mN/m)

Sample
H,0 CH,I, o, [ oy
PPENK 94.1+3.7 30.4x4.8 444 44.1 0.3
PPENK-I 70.1x4.2  20.9+3.8  48.3 40.7 7.6

PPENK-g-Poly, 60.5+4.7 31.0+5.9 48.9 34.2 14.7

PPENK-g-Poly, * 62.4+3.0 34.8+4.4  47.0 32.8 14.2

PPENK-g-Poly, 62.1+2.1 28.8+5.4 483 35.5 12.8

PPENK-g-Poly,* 59.2+3.2 42.2+3.8  46.5 28.4 18.1

3.6 SN
SKF MTT 3, XTAPRH e s e A7, 315340
MM AR R IR AR 6 s, 244l A [ R R EL 1)
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MEARR S A IR 3 d S5, A A AR X I A AR T
80%. BLAl, PPENK-g-Poly," i 2 Jfs AH Xt 34 5 % s i F
PPENK-g-Poly, ", BEHSIA PEG, 451, 23 b1
HMARAE, ARMITEVESCRR R, IR B bR TR
YA E R AT

420 [IPPENK [ PPENK-g-Poly; [ PPENK-g-Poly;
100
80

60

Cell Viability/%

401

20 A

O -
0 1 3 7 15 31
Dilution Ratio of Extract
6 PPENK FIZJKHER PPENK A5 MC3T3-E1 4115
I B AR B A R
Fig. 6  Viability of MC3T3-E1 preosteoblasts cells cultured with
extracts from PPENK and polypeptides grafted PPENKs

3.7 MEMEAEIR

SR VAR T 7 T 50 X b Rk 0 400 TR 3% 1 2R AT 0
SERNE 7 Brn, IR, PR K R T RN 4
O A ERE I E ORI S BiR, WTRLE H, BFh
PRI B B9 0 ORI R 5 75% LA b, U8 B X 40
P EARAT A 8RRk X A AT R ) 400 i 25
RN 4 ¥ (O A BRI 0 0 k5% . [, R PEG
HEBL ) PPENK-g-Poly, " 1y #1ll T &4 % K T & PEG #E B
PPENK-g-Poly, " BMARCR , BRPUZFERY PEG H0RHR 5
FHESF 2 IR AL, 30 40 A 42 fik ) BH B8 kD>

[ Escherichia coli
[ Staphylococcus aureus

PPENK  PPENK-g-Poly] PPENK-g-Poly}

Sample Name
7 PPENK FlZ JIREAL ) PPENK AR} 40 B B 7 44
Fig.7 Colonies number of PPENK and polypeptides grafted PPENKs

£5 SRAIERR PPENK # RO E LR
Table 5 Antibacterial efficiency of polypeptides grafted PPENKs

Antibacterial efficiency/%

Sample
Escherichia coli Staphylococcus aureus
PPENK-g-Poly, * 89.65 82.54
PPENK-g-Poly, * 82.75 71.78

FRLAMTERE ) T e, (8 PEG SEEAE MBI T5 By, WA Rk
SIFRHAE BV AIE B, R RI8D T 8 AL/ R Y
Wi, PILH RS PEG BB,

4 & i’

K E TR NIRRT IR R G WL, AR
ZAk, WA RAR S ST E T T R IREE T ik
T ERS TRIS AT, 155] PPENK 7K A (14 ficfE 520 5%
fF: OSR]I 12 h, SE AL BRAE MR 4 mol/L,
SRR EEH 100 °C . RFARMEPEN L, HERNE
JIRGEHE [ € 21 PPENK B 8FRTH, IRl = | omik,
5 HA BHE F 3R 10 AT R #4 8L PPENK-g-Poly, * #l PPENK-
g-Poly,” . ATR-FTIR J& XPS A 455K B/R, £ ME R T
J5 B PPENK bRL T HE PR & A8 Ak, [R5 it Sk 7
St A AR DA B S ik S e 2 B LU (AR B, A
TR A 1 3R 181 22 K0 ) Dy [0 2, 2 T 422 fioh £ M 3% 1 7
AR R, 20 ZMIERR PPENK SE/KRE 1%, i@
1k MTT 2R £ BR324 19 PPENK BHRH 40 M 354k, 410
AR X 5 R AR 5] 80% LA b, HAT RAFH AW 4k
MR EIAIR IR, ZAKIERIY PPENK MRE KA 1/
R € 2 R AT 1 R A A MR L, BRI AR A
T5%UA L, Lty DRSS, A AE BT 2 K AT
T PPENK $THIRE, XF T4 98 HAELE 4 B2 FH A bl iy
IO LA R B 7 SO SR FH A
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