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MR ARZ ORKE, SR G B R
W 7R B B B 1 1) PEG SN B B R Z IR 2
1% PEG Ml ()25 I35 25 F(BS AR T E AN 5 ng/em?.
Haag ZE05Vif ] = 2,3 ik e FR i A2 11 (1) PEG 5 3
TR MR I S N % PEG I, HBSAZLHE N
3.6 ng/em?. S5ALMSRESAHLL, AEILOY SR B4R
FEOREGE . ARG S R SR B AR A R AR
SEVE, R 2 A0 A R SRS SRS T AR LA B
¥ PEG Jll () #: 4% A% 5 1 . Konradi 251615 i 1 LA
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1 F il #% PEG Ml , L BSA % [ & 4 80 ng/em?.
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JXJ5%(DIP, >98.0%) ) T~ Fifgfilhy T AL B
FIRA A . 4- )5 FEMEBE (4VP). Bl 2 %5 (C,HS],
GO)WE T#ifs % (B Tl R AR A .
2-F AR S(98%) W T AL st iz LR B BR A ]
B IR 2 b R VAR (PBS) W T g 2R3 B i A 5
BN A . AR IM7E 2 1 (BSA, 98.5%) 04 T K15 B2 24
BB AERAR . & HFE(DCM, AR). =72
fi% (TEA, AR). & 1L W 4 (CuCl, AR). 5 14 %
(AR). 1E C %E(AR). N, N- - H % H it % (DMEF,
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1.2 TSCP-Q #R#LAK 88 55 A B il &

1, LADCM AR TEAfE N,
ik 2- 5 BE S5 PEG-OH 315 A% BUAR s b ]
#% K915 KFPEG-CIUS191, B Ak, #1200 g
PEG-OH (M,=5000 g/mol, 4 mmol) ¥4 fi# T 80 mL
DCM . [a A i\ TEA (2.8 mL, 20 mmol), 7E
VKK W H VA H) a8 0 2- S0 BEA0(1.55 mL,
16 mmol), Fifij5 A& 2=, K48 h. KB4,
Fe s B BBRINN 300 mL UK 2. Fk FR AT IR
FPET R4S ZPRL = KR =035 A% T 300 mL 14
A NaHCO; ¥, H DCMZHEL, W45 HLAH .
BIRGE UL EIK O BEF, RT3
PEG-CI#} K .
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JR 7R 5 328 & (ATRP) | % PEG-b-P4VPR0),
FE 2 NI H AR O N PEG-CI (1 g, 0.2 mmol).
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J5, FRBMIEIE 2 IR . ¥ SONCE T 45 °C IR B
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PEG,5-b-P4VP 45 (0.2 mmol PEG-OH, 0.5 mmol
MecTREN, 0.25 mmol CuCl, 155 mmol 4VP, 45 °C,
1 h).

FREUPEG, 5-b-PAVP, , %5 fit T DMF 1, ALE
1 mg/mL RSV . AEFL PN 10 mg/mL it &
5t DMF ¥ (n(4VP):n(C,Hsl) = 1:0.4), 7£ 60 °C
P FE B 12 he Bl S, AR R B I 4.1 mL
10 mg/mL DIP DMF %} (n(4VP):n(DIP) = 1:0.23),
1E 80 °CHit+F: S ¥ 48 h. Fi ] e S 1IN 1 mL
ML bE, 1E60 CCHIFE N 48 h. 1E MR,
4 RO PR EEE M, R R N N D &
CHCls, BN IECKE T, HhiE T8 )E
A3 TSCP-Q-1. Ik, KA ELLPEG, 5-b-
P4AVP s NI G WNHT AR 25 T TSCP-Q-2.
1.3 TSCP-Q7ERfFH REMIER

B RE Fr(10 mm < 10 mm)& 45855 3 T4
(80 W, 1 min)/b# /5, /%A 3 mL 1 mg/mL TSCP-Q
KA AT R R SE G, A R &K
e, FEHEAWRT . FAEERZ QCM-D & fr %
[ [ TSCP-Q £z K% f# F QSense®ii sk, ffiF
1 mg/mL TSCP-Q /KIEW ARG . BT KA
BRI
14 MEAFMIE

43 K A B2 K A TSCP-Q #:8 i QCM-D it
B T QSense®iizN R, ki@ N\ PBS £t
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ok BRER AN A FNFEHL M AE AL, {3 H Kelvin-Voigt
R AR R TR BSA TR £
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{8 FH 4 9% €078 % BR B4 (S. aureus, ATCC 6538)
X TSCP-Q #2# Jig (ke Fr R I HHAT U VEAN, I
PLARAZRE URE P AF s A IR AL . 255 Sk %
RV, R EO . PkAE R kA

2x10° CFU/mL ¥ TAE W . ¢ AR ££ TSCP-Q
FER AR R R R T, B TR 756 5l
24 h. FREFEARE, NN PBS VK A0 0 73 %
T PBSWEH, FFH4 41 5 ¥ 2 1) Luria-Bertani 3¢
IG5 72 25 0% B 24 h. P % (Killing efficacy)$% [
LR AT, Hor TSCP-Q &AM 1hE: A 3R 1HI 14
TEHCN Nugep.gs T 25 VR Fr OGF HE 2H) 2% 11 7
T EOC N Najank

Npjank — Ntscp-q

Killing efficacy = N
Blank

1.6 MiX5RAE

% B FL PR A % ("H-NMR) K H #i & Bruker 23
] ) AVANCE III HD (400 MHz)ll5€ . B&Y5> 1
B AT I e K H 36 [H Agilent/Wyatt 2 7] )
1260 4 = Ukt i 238 (15 (GPC), Y2 4H5 DMF,
B e N TR 2 H5 . TSCP-Q Ak 11 2 B4R Al Zeta
HALASE (0900 52 R FH 2 [E] Malvern 22 @] 1 ZS 90-2026
HLALAL, ARFEMRE N 1 mg/mL. 7K #2 fit £ (water
contact angle, WCA) 1l & > H £ [ Dataphysics
O F) ()4 H Bl A B (OCA20), R 7R FA
93 ul, BAMAAERENLINE 3 M7 B S HCFY .
WRAR BT R S R S P R
%ifi # Biolin Scientific AB A ] [} Q-Sense QCM-D
E4 U 38 18 FE U8 T8 AR R, A 2
AR5 MHz (138 Fr, - DRI EE A 25 °C.
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TSCP-Q WRHE} AR B4 L 1 i) 2% .45 PEG-b-
PAVP R BILRMIA R “H T VR0 Py
I PAVP 4k B i) £ SRSl IR BB R F-(TSCP) ik
—PRPAVP “SLH T AT AR, I
TSCP-Q, WK1 FR. “HHENT” HEGINT KL
FRHHER, AR T RAYIMEE AL, nIAE
RS T SRR DR B v A ) 4 24271,

TG, = CRAR AT, 2-FN Bt
SR PEG-OH J8 i 58 A% BUAR S B, 4 B PEG-CL
i 2(a) 1 2(b) s, B JE (o) A Ak 2= % R
B 11175 5 RN 1T R 37 7 30 (Pl iR R 1) 6=3.81
A5 4.32). 0=1.69 (a)F13.38 (e) i A% i JL AR W AR
YA 11, 8] PEG-OH & 58 & #1k N PEG-
Cl. LAPEG-CI N K451 K7, 18 ] ATRP & %
PEG-b-P4VP. i f, 6=8.21 (a) il 6.62 (b) Xt [

x100% (1)
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Fig. 1 Synthesis of TSCP-Q.
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Fig. 2 '"H-NMR spectra of (a) PEG-OH, (b) PEG-CI, (¢) PEG,5-b-P4VP,}, and corresponding TSCP-Q-1, and (d) PEG;-b-

P4VP o5 and corresponding TSCP-Q-2.
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R ), HRE LA 43T 5 5345 (PDI) 43 3 49 1.4 1

1.3 (K13).
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Fig. 3 GPC curves of (a) PEG-CI, (b) PEG,3-b-P4VP,, and corresponding TSCP-Q-1, and (c) PEG,3-b-P4VPy; and corresponding

TSCP-Q-2. (d) DLS curves of TSCP-Q-1 and TSCP-Q-2.

2R RS 0=8.21 #5511 8.62, AL AR T KL
R ¥ 0=6.62 #3515 7.72, K 2(c)Fl2(d)). iX &
mbnE el s, NETFHIER, 8% SN T
SRR A AN a7 S I T AR . Bk
S84 AL £ B 1 TSCP-Q-1 F1 TSCP-Q-2 “ =k
B M 5E A L . XF L PEG-b-PAVP Al
TSCP-Q GPC £k (& 3(b)F13(c)), K I TSCP-Q
(AR 77 2 RT3 B AR (GR I H I ) A
), XK PAVP B BAUR AEHE N k. BEN AL
B¢, TSCP-Q-1 M1 TSCP-Q-2 FIifik J1 24 AR S
S8 21 A1 34 nm (B 3(d)), Zeta BLAL 051 39 Al
46 mV. % ., TSCP-Q-1 F1 TSCP-Q-2 . #% % I
il 4% .
2.2 TSCP-Q7EiER REREE

TSCP-Q 7EHE Fr R T #4520 77 28 I FE K

i AR R (QCM-D)HEAT R i . TSCP-Q-1
%u TSCP-Q-2 5 52 T H PR Bt - 18 25 ) 1 48 g
FEVE(E 4(a)). 7ETRFFATHA(10 min ), f3POd T
B, Ut B TSCP-Q # it Hh gl W b B A AL RE S5 F
KT . FEAE B A, RIS HEIE, B
WAL 1.5 h). deif, DB SERmEE S

S TSCP-Q £ LA B - 2 37 W B 1) g Rdh A7 45
MER, WNMRBRSRmMEGERRELS ST
TSCP-Q kill . #R 4 Kelvin-Voigt 2% 34 14 15 B4 11 5,
TSCP-Q-1 A TSCP-Q-2 [ #2543 3l /& 113.3 Fl
99.8 ng/cm?. X\ TSCP-Q & ¥ ¥ 1] 70 ¥ = 11
FORTHL, TSCP-Q-1 [ #: 4% % & & T TSCP-Q-2
(A TSCP-Q-2 1 1.6 fi%). iX /& i F TSCP-Q-2
P4VP i B 5 K (FL P4VP % & N TSCP-Q-1 )
1.74%), SETSCP-Q-2 “k#” R ~Fmgk Ha
HHELZIERAM. Y “Sk3W” SRMEMAR, “%k
H7 ] PR AR AR HE R AN ER R RS,
{345 TSCP-Q-2 Jill A4 A% % FE 1 A1K .
IKEEfk AT TR B, IR AN B ) TSCP-
Q-1 M1 TSCP-Q-2 Jll {¥y 7K 4 fik £ 73 il 7}y 35° 41382,
M 582 2= 840 PAVP I /KA A A R 7° (B 4(b)).
Ub4h, ¥ TSCP-Q il 12 ¥ 7 BSA [ PBS ¥& i
(pH=7.2~7.4), 45 R & 78 BSA 7£ TSCP-Q-1 FlI
TSCP-Q-2 Jiill 2 i1 W B £ B AIC (73 71 9 4.8 ng/em?
F124.6 ng/cm?, P 5(a)). 1X #3K B TSCP-Q BEW%
BIS W EA AR RE 3R TH . AT F RN PEG “ Rt
R % e i HL R T 1 1E FRLAT 5 B ) PAVP 2R Eh 0
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Fig. 4 (a) QCM-D plots of the TSCP-Q-1 and TSCP-Q-2 b

rush. The concentrations of TSCP-Q-1 and TSCP-Q-2 aqueous

solutions was fixed at 1 mg/mL, and the flow rate was 10 uL/min. (b) Water contact angles of Si wafer (blank), QP4VP, TSCP-Q-1

grafted Si wafer, and TSCP-Q-2 grafted Si wafer.
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Fig. 5 (a) Representative time traces of frequency shifts in

the third harmonic of the QCM-D crystal sensor grafted with

TSCP-Q-1 or TSCP-Q-2 in BSA protein solutions. The concentrations of BSA PBS solutions was fixed at 1 mg/mL, and the
flow rate was 10 puL/min. (b) Schematic illustration of the anti-protein adsorption on the TSCP-Q grafted Si wafer. (c) Summary

of BSA adsorption in this work and reported work using PEG brush. The degree of polymerization of PEG was fixed at 113.

K SRE HEE, A R I 7 F Y BSA
i IEr “SH” mF AR AR .
2.3 TSCP-QRIfInE B R EEE

TSCP-Q fill 19t & [ % 1 RE AT 7228 A )
T2 A8 FH AL 2R 9 BSARS, I8 ) QCM-D i

BSA 7E TSCP-Q I I i1 W b 3 3 2 AT &
P MR RER F ) TSCP-Q R iy AL Rk 5
I 9 BSA VIR 5350, FLIR B P8 17 )
45 5 (B 5(a)). FRHE Kelvin-Voigt 26 3 B 7 i
5, BSATEARMEMIE . Bk TSCP-Q-1 R A%
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TSCP-Q-2 Jiill 2 1h1 F1 W b & 73 1) /& 188.1. 4.8 Fl
24.6 ng/cm?, KB TSCP-Q Ml ¥R I H R 4 1t
BSA Zhi [t 4 #& (B 5(b)). BT TSCP-Q-1 £/ ¥ i
(PR P, DR RE A% 12 B B TSCP-Q-2 B 5 HL
HEWPEG/KE)Z, @M TSCP-Q-2
ARSI PTBSA F T ERE . S5 A RIEM L,
TSCP-Q-1 il LI tH 7 5 AN et PEG Il AH 4 3%
(IR 5T BSA BB RE(4.8 ng/em?, & 5(c)).
FEFERERE T, 7850 34 1) TSCP-Q “Skifs”
BESR AL 7 w2 B A F AT o5, 385 W [R5t A LA
FH#R AR TSCP-Q Ml e i e e v, 6 5% T8
NIFERRTIAR . 7850 PEG “ Bt 7 il
PRARHE R RS, RIS T TSCP-Q A1+ [a] 1)
5150 %), WIR TSCP-Q Rl ¥ 510k fEAE R T
Fijg, MT LERPEG “REE” AR I ik
WL T 7 e a2 B K T B

2.4 TSCP-Q R E 1ERE

TSCP-Q RIFU B VERERT 7L & B, TSCP-Q kil ]
DA b FO o) 45 2 €600 46 BR BRI (S aureus) IR,
Hrf TSCP-Q-1 Al TSCP-Q-2 KA B 70 71 N 81%
A173% (K 6(a, b)). R PEG A B A HAH L&
FwitE, HZ PEG BEWS 5 40 MR 1 (¥ 5 1k o
TRAEFKMEAER, I3h 4w N 20 i
Ay 4 R A 7 LR T T 4% K B AT
R - R P S £ R I290 A, % P 5 - 7L 5 40 4 P
BARBO X R S, aureus WA T TSCP-Q Jill %
¥ PEG Wl 5737 . 1 —3%, 1T PEGHIZE T
R IE AT R Eh Sk #iEENEA R
FEAERBRY, S, aureus Y4 1E B fil B 5 4 = ALV
HiE EEAET:. Bk, TSCP-Q i it % 2 PEG
il %535 S. aureus i€ R ZEEELRALS. aureus [T
HL 2B B P T RE (B 6(c)).

100

Killing efficacy (%)

TSCP-Q-1
Fig. 6 (a) The colony number of S. aureus on Si wafer (blank), TSCP-Q-1 grafted Si wafer, and TSCP-Q-2 grafted Si wafer
and (b) corresponding killing efficacy. (c) Schematic illustration of the anti-bacterial process on TSCP-Q grafted Si wafer.
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3 #ie

KA T B ORI R s, B TE 4
G PAVP “ L7 1) 2 AL s AR U R4 FH B
LTI PEG “ R HIARAHEF RO, ReTh sl
1 TSCP-Q £ fr R A€ HA S A4k . st
KW, TSCP-Q Rl BAT U5 AT ML 2 1 & By
P BE A0 B 1 RE . A7 T TSCP-Q Kill 1 JZ 1) PEG
“RE” RENEIEMCEL TR “SkE” MER, N

TSCP-Q grafted Si wafer

TG 258 Wi 0L A BSA 57 IEHL “Skif” 1)
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Research Article

Rational Design of Tadpole-like Single-chain Particle Brush with
Anti-protein and Antibacterial Performance

Jie Zhu!, Nai-bing Wu!, Xiao-ya Zhao!, Yan-bin Fan?, Xia-yun Huang!*, Dao-yong Chen'"
(!The State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science,
Fudan University, Shanghai 200438)

(°The Dow Chemical Company, Shanghai 201203)

Abstract Based on the synergistic non-covalent interaction of tadpole-like single-chain particles with multiple

sites on the wafer surface, a PEG brush grafting strategy has been developed that combines ease of handling and

excellent “biofouling” properties. Specifically, the block copolymer poly(ethylene glycol)-b-poly(4-vinylpyridine)
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(PEG-b-P4VP) was synthesized by atom transfer radical polymerization (ATRP). The P4VP block was then intra-
chain cross-linked using the “clectrostatic-mediated” strategy, and the P4VP “head” was completely quaternized
by further addition of excess ethyl iodide, yielding tadpole-like single-chain particles with completely quaternized
“heads” (TSCP-Q). By simple solution immersion grafting method, the completely cross-linked and collapsed
“head” significantly reduces its adsorption area on the silicon wafer through multi-site non-covalent synergistic
interaction, while the extended PEG “tail” ensures grafting uniformity of TSCP-Q brushes on the surface through
volume repulsion effect. As a result, the obtained TSCP-Q brushes achieve stable and uniform grafting on the
silicon wafer, with PEG “tail” overlying the P4VP “head” anchoring layer and effectively masking the charge of
the anchoring layer. The TSCP-Q brushes were shown to have excellent anti-bovine serum albumin (BSA) adsorption
(4.8 ng/cm?) and could effectively inhibit the colonization of Staphylococcus aureus (S. aureus) (killing efficacy
up to 81%).

Keywords Tadpole-like single-chain particle, Polymer brush, Poly(ethylene glycol), Anti-protein adsorption,
Antibacterial



