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AR SR 52 B A R0, AT R E FER AR
iR EE SR R EHE. SAh, REDME
W] DAAE DR Dy g PR R0, 1 45 8 5 ) 7
%, FERTHEATER, MM RIE SR B AR A o
AAARYT, I BRI E A W e A R bR R
RENE IR FERZ B HCEEYY, RN
FR(PAA)ZE AT 5, Gy THhil4%, N—Fhes SR i
i, HA pH WA RPE, XA T 1 HLA (1 X 5
HAMMEMD], VAR R . 2R &0
R ¥E A4 AT 68, 5140 Porfiri S04 K I
NGRS a-Te bR GV REIEIR o-TER B 1) —
EEFIREIR, IF B SR LR N B I S5 0 A AR e
YEF . Ak, PAA R MR EIVEA), EExEE
(T B R R B Bl B R ) e B BB TR, B
FH T gg y2e 1 . PoiBr 92 1 2505101, Garinot & 7HIE
S22 TR IS D 04 TR (SPA09) 1] ¥ CMV-gB Jit J& 2K
WIRER AW, SCOLPUR AR =S AL
B, MITI#E SPAO9 FASE M STOR AT MU B, & 4%
S TR AR . AE R R P 1 SR T B A vl
W SERTRA, 23 TR R,  JoiRIR % e B R
oy TR R A R AN ThRE IR B 5T e
LI LTI PAA. B T RS, REWIEHA
WA, B, EERYmE R RSN
FEHIMELE R, SUB RSS2 B R
GVEERIES . BEGRLE AT N, BRI R
P REUS190. 0 4125 A4 BH 0 1) 3R e R 4% 2R 1A TR
PSR RE 7 THI IE B 9T B A o= [

EN I MY R ATSYH ar s LYY p SR O N b
T AU [F) 0 $D 45 46 PAA X85 1 54 2 1 i 42
B B REY =% E RN R R A LR
B —RBRRAEEW T RIIAEL, D52 18] &
PRRHE 7 S L R A B e R, 3K
BT IR 30 H 25 0 TR A 022, R AR AL LR AL
Oy F I 2 2K 90 7 PAA X 2R 1 45 K A T RE 1 52
W, 7o, GBI H BRSSO E
TRILH PAA, TEAFIRANS I T H %5
TRIKBIE AR RN bE, #E—Pwk
i A RS 28 T PAA 4 T 2 AL Y 4 T R A
PAA, FITHEH SR “Hhibgity” SEAMR K
DhRe sz N IX 0 A5y = SR i xt
FEEM SRR, B HITEAE R 5
R A R TR, HAEAIR 77 ETa
W EL A£G 7 5 0 1 R PAA IR R 22 5%, AT

FRHT 38 0 B A A5 S ThRR I SE ok . B Ak
BT 4P kAL, TR EEE R E
R 4 A E E (BSA). UITE K 1 (OVA).
FELLER H (R-PE)FI -1 FLBE 7 5 (B-Gal). LAIR —
BiR(CDYA EEFB, KA T PAAME 7+
B AN IR SR 1 RS R (U -
p-¥rE) W m . 32, @i B-Gal B PE VPN
KGR JE OVA /N R e SL 8, WP 7%
EW 5 SRR D Re RS2
WKV, A E ST 2 MAFE 558 PAA X
FITRIE 7888 1 I R4 P A R s, 9 B
B-Gal Big % 1 A1 OVA e % J5U 1 77 A 25 1 Ak
. AR R R G o BRI 2
TR O SS A IhRE A BT .

1 SEIGERS

1.1 EEER

74 B2 BB (MA, 98%). TH I IR ¥4 £ g
(HEA, 98%). WHIEZHT BE(BA, 98%)- 4-N,N-
TSRS S E (DMAP, 98%). 1-Z3E-3-(3-
TR R B R AR BB ER(EDC,  98%)+
T 7K & B B2 4 (CuS O, 5H,0,  98%).  4-7% bk ik
(97%)~ 1L H 3 — 20 = 1% (PMDETA, 98%)+
—Q-(-HHE ML) L5 (Me, TREN, 99%). 2-i1
5 TFR . BE(EBIB, 99%). A &AL (98%). 7K
H Bk (99%). # T NN- — H1 3 H ki (DMF,
99%) LT & H(R-PE), 0l gk hr T 44k
By BB A s H S A ER (100~200 H ).
R LTR(AR) X H ZKI#EBR(TsOH,  99%) Al g-2F
FUHE T B (B-Gal)id e 2 R &, W E R
LR AR A IR AR U MR (AA,
99%) F1 G375 £ 1 (OVA) I [ 7 % 74 B4 L 25 (|
HRGARAF; TKLEAR)IEH ) ML
RA s ZHETH(DMS0). —S T EE(DCM).
BRER E A (NaHCOs). HEE. To/KBREN . 1EC
Fiv IR, AR OB FEAE, BWIEE) HRI6E
BB AER AR, 20N AR S & LW
(AR H U VAL 2 . B-2F- 20 1l (B-Gal) il H b
HH REE AR AR . AR T A # H DCM
SRR, BB . R4 (CuBr) H
VKESFRACEE J5 4 . 2,2 — % T IS (AIBN) &
SERAbH S AR

4-He-4-CRIERAR AL B AR) [ R (CBPA) 2
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2 SCHR A K TH-NMR (400 MHz, CDCLs, 6):
3.42 (2H, SCH,CH,), 2.70 (2H, CH,CH,COOH),
2.35~2.60 (2H, CCH,CH,), 1.88 (3H, CCH3), 1.70
(2H, SCH,CH,), 1.51 (2H, CH,CH;), 0.97 (3H,
CH,CH;). N;CH,COOH H a-J% Z R fl & & AL B4
FE KW 2 iR B4 ) B 16 h il %5 : 'H-NMR
(400 MHz, D0, 6): 3.82 (2H, N;CH,COOH). k&
AL R E B HEEATAEY: 4-(4- IR ) -
2,2,6,6-VY H HLWRIE - 1- %5 (ay-TEMPO) i@ i 4-7%
IRIR 5 4-¥255-2,2,6,6- VY H FEDR IE-1-58 25 R AR i
P R 4% . T E AR 2§ EUH-NMR
Form RSN, RIS ay-TEMPO & i 9 AH
N FRRZ AT AW 3EAT R AE: "TH-NMR (400 MHz,
CDCl;, ¢0): 1.20 (12H, OCH(CH,C(CHs),),)
1.51~2.02 (4H, OCH(CH,C(CH;),),), 5.08 (H,
OCH(CH,C(CHs,),),), 2.50(2H, CHCCH,CH,CO).

T A5 it P4k 3 4 H Biolegend /A 7] . IFN-y
A IR G2 B R & E R A B A AR
B BRA T . R 2E LT (FBS) W H KR 38 24E 9
(ExCell Bio)BH A PR 2~ 7] . Jo 1 48 g % 77 .
ATCH B0 B ) NS R A Y S8 (Jet Biofil)
B AT BR A A AR I 8 1 (BSA) I H K%
1) (MeilunBio) B AR A BR A ] . WAL I
(AT ELISA)I H At 5 % 38 % (Solarbio) BH% A
B2 7). DMEM K5 9726, 1640 1577 300 [ 3£
Gibco A= fr Rl 2 A &) . BT A st & v 1l K
AR R, A e NRIEFIE DA
(B & B4 ) (E¥ESC S SYSU-IACUC-
2025-B1945). AHI 7T 1% H 1) SPF 2% ME1: 6~7 JH 1%
C57BL/6J FJW H A 1L K SEEe 3P0 . RAW-
Blue 410 H ¥ [E InvivoGen /A H] .
1.2 WX SR

% T 3 IR A it ('H-NMR) i & /& £ Bruker
AVANCE 1II 400 MHz #% i 3: 4= 500 759 15, DA
CDCl, 8, DMSO-ds NI, VY H B At LE(TMS) N
WZ . BAYIHI SEC H £k F1 4y 7 & 5 A (M, /M,,)
S I8 A AR HE B € (SEC) W A5 1, X #% T
A Agilent 1260 Iso %%, 3 4 PLgel 5 um & i £
(MIXED-B, MIXED-C, MIXED-D)#1 Agilent 1260
INZERTINES, WANAH NS 0.5% I LiBr 1) (43
4 DMF, FEIE AN 50 °C. it sl A R PU &0k 1)
PLgel %t Jiz (3% 45 (5 um 10ESA. 5 um 10E4A Al
5 um 10E3A), HHiR N 40°C, BELHE NN,

KA RGERERT R 0.22 pm (1 JE e it 17
g B e H AR JASCO A ] 11700 2
[ — e r SO AS 1, DABERR 2% i 2RV W (PBS,
pH=7.4) 9% 7], WXIERE 20 °C, ¥MEARS
PAA FIR AWM 1 mm LB I, 3 FH5E
N 180~300 nm, FIHH %4 50 nm/min, FI4
(R 1 nm, e sEAE A — i B (CD). 8
BAE S AT AS A R S5 R B L, L o- MR e -
P18 1 B-H i LA S TE A . TS PR AR A2 4
S5 RS 1) 22 D) e il AR A2 56 B BioTeck A ]
') Synergy 2. Vit 2\ 4H 14X Ty 3% [E Agilent 22 7] )
NovoCyte 3000. $1% Fl Zeta HL A7 Il 34 4 FH 5
Malvern 23 & ZEN3600 74 44K b7 24X .
1.3 ZBRRABERPAANEK

KA EEEYN TR ET R E LR
4 (ATRP) & B, ATRP 5| & 7] EBIB (9.6 mg,
0.05 mmol). MA (6.40 g, 74 mmol). CuBr (0.3 mg,
0.002 mmol), MesTREN (2.7 mg, 0.012 mmol),
¥ EBIB. CuBr. Me,TREN 7} 5| ¥& 7 14. 20.
17 uL DMSO 1, INFEEREETFEF 4T,
FENiF N MA. DMSO (7 mL). Me,TREN. EBIB.
REREHNEIE3 R, B TE, 53
PMA 40+ PMAs70 PMA 15300. 38 PMA # i
Sy THE o, 218 0 N KOH /K, 65 °C
TV ELR R S h, S N 45 ARk R 7% 4 R 2%
THF, FEhEe-F A KOH )5, #EM L KCl, H
P SRR pH I 22 2, HEEDLIE, HA T,
??Elf@JPAAmo‘ PAAs700~ PAA 2300
1.4 BEWMEFEPHEA-N)HAERK

RAW) L8 P(HEA-N,)l i R NG R 2 4.1
(PHEA) ] ¥ 3£ 5 N,;CH,COOH [ 32 3 & 4 Eg Ak
SIS, BARSCIR P IR N B B
T I AT R - R S (RAFT) H HEE R & &
H3 BRI G B PHEA 5% . LLPHEA 145 A HCA
i . # ¥4k HEA (9.28 g, 80.0 mmol). CBPA
(116.6 mg, 0.40 mmol). AIBN (6.8 mg, 0.04 mmol)
£59.2 mL T )% DMF Il A\ Schlenk & &, $i
XS] R RO RIEAT 3 IR R L —
IR CABR LA, BEJGAE 60 °CIMIBH R M4 h
Jaulb . AHERER, FTHREGEHRMNAEK.
W S BLRAE R B LR ITIE 3 Ik, FTTIE &
HPE. EATE, 193 PHEA s.

b8 J5 , FK HL N;CH,COOH (636.3 mg,
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6.3 mmol), fMA 3 mL T/ DMF H1 78 73V
I EDC (976.5 mg, 6.30 mmol), 1&ZRAHE
0°C, 22183 ¥ T 2.5 mL DMF [f] PHEA s
(243.6 mg, XJ N FEFE2.10 mmol). i IN5E I, 4K
ZHAMIHRE =, M DMAP/TsOH (61.8 mg,
0.21 mmol), 4k 25+ 48 h. o M 1 A6 £
IKBEEE 3R, AN TCKER RN T8, g
W ORISR G, TE LB UTE 3 K. T3 T e
e, EATE, 1S3 SR R
A W) B P(HEA-N,) 5. 3 3 20 45 SR $50R L,
Al 1S B HAREE K 10 R A9 8 PHEA-N;),0 1
P(HEA-N3)40.

1.5 BEBEYNHE PrBAs-ay ISR

R EYINEE PBAse-ay A T N2 . 85—
# . 7E 25 mL [ Schlenk % & & F il \ EBIB
(39.0 mg, 0.20 mmol). BA (4.11 g, 32 mmol).
5 mL Al{. PMDETA (34.7 mg, 0.20 mmol), X
JRSIAR Z AT 3 VA VR — i L — AR VR IE A LA R
FER, BE—REW, ERRHFBENMA
CuBr (28.7 mg, 0.20 mmol), ¥ Schlenk Jifi fi& i%:
2R, BETE60 CHBH AT RAE R NT
PR PABA BEANRIGHE . PRIEEAE 14> T 20 A
TER A I K BA AL R 675 40% LA .3 h )5,
FEFEAL RN 32 %5 10 [ N . YR A VP DCM i
FBeJE, Wik RIRAEE 2 DCM. AR, FHARE
L6 oA 7:3 1 R KR UE 3 IR, AT, 13
P 1.4 g REBUT EENIGEIRER) (PBAs).

% — P 1E 25 mL Schlenk & &8 # In A
& PrBAsy, ay-TEMPO (50.4 mg, 0.2 mmol).
Me TREN (50.6 mg, 0.22 mmol). 1.2 mL FF %,
1.2 mL = HEEOR, X RBAR RIEAT 3 KB —
L — R LR 2R, BE — IRTEFE,
7E RS T N CuBr (31.5 mg,  0.22 mmol),
H4 Schlenk Jfffif ¥ 22 = 0, B J5 /£ 2 36 M. 2 h.
AW H DCM M J= . H 100~200 H ) A 14 %
ACERAERR 4, $E FIARRALE 101 1 R KV
DUE3 IR, BT, 135)1.1 g PrBAsy-ay.
1.6 BREBRSFRINEK

it CuUAAC R B, % T PHEA-g-P/BA %
EW45r TR, LA PHEA, s-g-PfBAs, [ & BN 1] .
7] )5 1) Schlenk i H i PrBAse-ay (289.5 mg,
0.0504 mmol). PHEA s-N; (8.4 mg, 0.0004 mmol).
CuSO,'5H,0 (2.5 mg, 0.01 mmol)}2 DMF (1.2 mL),

[FEF TN 120 pl 28 FERVE R bR . LS 3 IR
R B — AR LARR 2580 ARG — IR
Wb, RGP I AP MER(17.8 mg,
0.10 mmol). XM 7E 50 °C F#E4T5h, HU10 pL %
I 11 JG AN SEC, iH S M R MG 4
A AR AL, FRAEARAR LN 7:3 LK
W PTE 3 Ik, BT 15 20 4E 8 PrBA
PRGN Th. f&h5, fE£=mmRS5REEEM
THOL T 24 b, HRUT BRAK AR, RBG
BR8N pH=7, TE/KTiENT24 h, AT
HE15 5 PAA 73 T

1.7 BRBBRMEAMFHZRHAR

e LR BR AN [F] PAA RIER 1 &=
Eext & A it gt sgm . [ e m AR E N
0.4 mg/mL, % PAA L IRIEH PAA R A&
Eb A PAA40)OVA = 1.25:1. 2.5:1. 5:1. 10:1.
20:1, PAA 5 A58 A 10 mmol/L IR 2% it
EIEW(PBS, pH=7.4)fE N . K OVA EEH
T N B PAA 0 W R P ERIR S, =
(20 °C)# 30 min. B 5K VR AEBMAZE] 1 mm
P, 18 F3 4 Y6 LN 180~300 nm, 4 38
Z N 50 nm/min, FHEFE A1 nm, CEFES T
CD % & . %A CDNN2.1 %t 195~260 nm 3 K
X 8] (B AT 0T, THERE S P e iR BT
BEEA RTINS .

B[] T2 ] 8 R FE 9 0.4 mg/mL,
PAA ¥k J¥ 8 mg/mL, PAA 5 (A& N20:1,
PAA 5 A 518 H PBS VE Va7 . ¥4 585 1 5 i
HNE] PAA [t PBS (pH=7.4)I5 M M AR RS, =
(20 ) FE,  MEMIAS [FIIS B] A1) — R 5 A 1R
b B E AR S PAA R A AW 1 mm LG
ML, 5 F 375 N 180~300 nm, 3 F Ky
50 nm/min, FHGEFE N 1 nm, 1dIFE 5T CD
& . A # A CDNN2.1 %} 195~260 nm 3 K [X
() R EAR R T b, VHERE S R R RS
TR &

1.8 BRABEMES OVA ESWHERES R
Zeta BB E

OVA K 4 0.4 mg/mL, PAA #1BLK FE N
8 mg/mL, PAAL OVAJRiEL A20:1, PAALE
[ 5 25 4% F§ 10 mmol/L PBS (pH=7.4) 1 J ¥ 7 .
A B IS PAA 1) PBS ¥ R SR BUR &
FRQ20 O FES h, B JEHEIRA I B
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FI 1 om LG TR FLAZAE S, 00 5 A i R R AR
Fl Zeta FLAT . BEANAE S BB 5 30K, HdE DA
mean = SD (n=3)% 7.
1.9 RAEKBEN p-+ I EEEEENE

1 J6 ¥ p-Gal A1 6 Bl PAA ¥4 K] 43 51 15 it T
10 mmol/L PBS ZZfi ., B/, # PAAVEI S
B R E L 20: RS IR G R B T
R0 °C) A NHHE, 73 AIAE 128124 h 24N}
) 5 ORI 0 s S 1 0 52 SR
BEbRZ:,  LAARHY 3L 75 -4-D- i 2 LA EF (ONPG)
N . 3 R I AR R KT P A AT A R T
(ONP)I A B %, THE H B-Gal BTE 1, HH5
RUSTINPAA ) B-Gal Big % I H 47 LU, 1RAL
PAA X B 14 () 50
1.10 BAKEBE OVAMBEZEARATHNEEHR

TRV IT R R 6~7 RS, R 15~
20 g [¥) SPF % i ¥ C57BL/6T /N B, . ¥ WK E Ry
8 mg/mL ] PAA ¥ 5 0.4 mg/mL ] OVA ¥
(PAA 5 OVA %7 T PBS ), 4 111 AR S
il % PAA+OVA &9, 1BA W+ OVA &ik)E
90.2 mg/mL, 5NIEEEARE N4 mgmL, FF
SEREEE S h. LUER AR 7+OVA 1 R nt IR 4. 91 9Kk f
FEIF, /NETRARES KRS 100 piL PAA+OVA
HEY, & R/NEE OVA 20 png: MRS I% 5 5
14 RAE 28 K43l B E R v S f2 47 o
Tugs, VARSI N

N BRI G R - TE BT IR G 9 S 1 5
14K 5528 KA 42 R REE/NRR LG, Y
B 428 W B 52 (ELISA) Kl OVA %5 5k 1gG %
A BE . B I R IR AR A B R DL s B AL A Sk
OVA 7158 IR I %8 I 2 i FEE RRE APE

/N BRI PR G AT - B 42 R AL FE /)N BRI Hil
HRRIE,  FH T )5 B4 M G R 43 #r . SR P IE
G2 B 056 (BLIS pot) o il I 4 i 73 36 - 10
F-y IFN-n) R 4u i, DLt g B 2 T 40 i
1 BY(Th1 BY)4H M G2 2 7K L 4 43 B il 4 L 1)
R £ 2 A 22 3 S A0 4 T IFN-y HU 44 1) ELISpot

(0]
§)]\0/ i Br KOH i OH
> /\O n —_— /\0 n
CuBr/MegTREN o) 0
(0]

Wb, BEEIMAAR RS i AT, BT
UMM SRR P RS A 48 h, LLE S PR R
T 20 73 10 TFN-y. S5 7% B 3x10°>/FL I 20 ff ik
fE, SERGAHAEFLINN S pg OVA, BHMEX RS
1 5o R ZEL 28 SR 1< 105 AN /LRI AR B, BH
XTHRAH AR LN S pg BHVERIEY) . Hili% 48 h 5 ,
i H AEC JE#) 157 £ (BD Biosciences)f B /& 7]
WAL, fFH E3) ELISpot S ¥ #s it 4. tboh, %
F U220 B A A U 40 B VS A bR 4 . T 2 5 5
42 RN R B REAE R L, S B, Lo 4n
Jf S S0 R ) o A PR, e A PR
EHiCD3. $iCD4. $iCD8. $1B220. #HLCD69
L— RYNF IR AT e, IR
FYH A 7 A A AN I3]0k EEL 400 i I ) 9 Ptk
A, AT VP PAA BRI 2 770 %65 20 M 5 9% 84
ZREfER .
L1l SitE50

B sRBe 8 s E A 3 Wk, Hm Bl “ P8
B £ 45 1 % (mean + SD)” /i~ . i ] GraphPad
Prism 8.0 FAF AT Si it % 3 #r . 2 4] LUK
WU e K5, 2 2H W) 3R B SR R R 22 40 M
(one-way ANOVA)Jf-4% 4 Tukey’s post hoc test i
T2 50 b . B3 M KF 1% Np<0.05, p<
0.01, ***p<0.001.

2 FHRGE

2.1 ZBIPAAMISH SR

N T X EE PAA 4y 5 A 25 R ER (R
REIIRER IR, Je b T 3T B PAA, BE
F G4 T B MR RAR AR R

LR PAA )& BRESZE U 1 B . 1 5 R A
AHB AN T ATRP AR T 3R FERE A
RIVBAEIR P ES(PMA). £ 1 845 7 3 PMA K
mmERA R RAREACRE R ERALS R . B
2(a)f@7R 1 i3 PMAFE i IR AR HERR (i (SEC)if
Hj EEE éjz » 3 /l\*i Fll:ll:l PMA 440+ PMAs799 *D PMA 15300
) RIURTFRI B AT, 53T B AT 7R (M My<

HO

PMA PAA

n=1440, 5700, 12300

Fig. 1 Synthesis route and characterization of linear PAA.
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Table 1 Condition and Properties of linear PMA synthesized
via ATRP.

[MA]: Time  Conversion?
Sample Dp?
[EBIB]  (h) (%)
1 1500 48 96 1440
2 7500 48 76 5700
3 15000 96 82 12300

2 Evaluated from 1H-NMR spectra.

1.18). & 2(b). 2(c)F1 2(d) 73 ) A 3 ANFE & 1) TH-
NMR %K, F 51 H 2(2H, CH,CHCOOCH;)

@

—— (1) PMA 44o-purified 3021
—— (2) PMAg7o-purified

—— (3) PMA | 300-purified

10 12 14 16 18 20 22 24
Elution time (min)

(O] H,0| DMSO
i OH
/\0)5{\/@100
e}
HO'
O ¢ . pr H,0
-0 D570
© a
0, .
a DMSO b
N Il S

AYR 3 7 1-(H, CH,CHCOOCHS;) 73 51l H FILAE o=
2.00~1.50 2 [A], H 4 2 5T - (—OCH;) HE 4R U
LT 0=3.67, F B 3 FiAS A 3R & & PMA 1 Ih
AR TEBRIE 2641 T /K il PMA R4, 1530 H Ax7e
VI PAA. 15 & 2(b)~2(d) BT 7~ /K i 7= ) 'TH-NMR %
o, AL 23 0=3.67 4015 5 (—OCH,) Tl 5%,
HERH PMA /K i B 5510 PAA. X He 45 FUIESE
TG T — R0 TEAFNLE I PAA RS
V). PMA F PAA )50 T8 M AL S E R 2 .

(b) o H,O( DMSO
OH
/\OWO
(0]
HO
- —
H,0

Fig. 2 Characterization of linear PMA and PAA. (a) SEC analysis for the synthesis of PMA 449, PMAs740, and PMA |530; 'H-
NMR spectra of (b) PMA 44 and PAA 440, (c) PMAs7 and PAAsq, (d) PMA 5300 and PAA»30o. PMA using CDCl; as the

solvent. PAA using DMSO-d, as the solvent.

2.2 BEYIRIEHEPHEA-N)HNA RS RIE
BA VIR 5% P(HEA-N,) & g 2 i 151 3
fios. B, i RAFT #1417 3 FORE R & &
(DP=105. 210 f1419)f PHEA. B )5, KHE&{L
S 8K B %, £ R (N;CH,COOH) 4% #1 PHEA
BERMIIERRIE L. B 4)fBoR T &K 3 PHEA
T L H S EIET B P(HEA-N;) (1) SEC i
4, n]LLWEE B BT A RE i 1 SEC B 35 8w
A2 WIS FRGEMLIE, 7 & A (M /M) /DT 1.18

(3£3), RUYRAFT L EF MBI EE RIF
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Table 2 Characterization of linear PMA, PAA and PHEA-g-P/BA, PHEA-g-PAA molecular bottlebrushes.
Mn,theory ¢ (kDa)

Sample M, theory * (kDa) M, g © (kDa) M /M, ® (afier hydrolysis)
Linear polymers PMA 440 124 257.9 1.09 103.7
PMAjs709 490.4 539.8 1.12 410.4
PMA 5309 1058 1511.2 1.18 885.6
Molecular bottlebrushes PHEA (s-g-PtBA5, 628.5 251.7 1.14 368.7
PHEA,,,-g-P1BA;, 1283.9 377.2 1.17 752.4
PHEA,4-g-PBAs, 2588.5 543 1.18 1501.3

2 Linear PMA: determined from MA monomer conversion by "H-NMR. Molecular bottlebrushes: determined from grafting
efficiency of PHEA-g-P1BAs, by SEC (RI) calibrated with polystyrene standards in DMF; ® Linear PAA: determined by SEC
(RI) calibrated with polystyrene standards in THF. Molecular bottlebrushes: determined by SEC (RI) calibrated with polystyrene
standards in DMF; ¢ Linear PAA: estimated from M, je,ry of PMA assuming 100% of transformation. Molecular bottlebrushes:

estimated from M,, yeory Of PHEA-g-P/BA assuming 100% of transformation.

0
A\ CPBA, AIBN N Ko
—_— X X
0 0 EDC, DMAP )(\/(:o
0 02 02
g OH 0
HO o:g
N3
HEA PHEA P(HEA-N;)

Fig. 3 The synthesis route to P(HEA-N3).
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— (2) P(HEA-N3), s
—— (3) PHEAy;
— (4) PHEA-N3)¢
— (5) PHEA,y9
—— (6) P(HEA-N3)419

16 18 20 22 24 26 7 6 5 4 3 2 1 0
Elution time (min) J
DMSO @ *\/@90 H,0[ | DMsO
O,
a
b

Lo Or: deumﬂ__

a b
b a
OH ¢ l H
C
. . . . - /\_I/\/\-\_ll . . . . . . A_.AA\J. .
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
0 )

Fig. 4 The characterization of PHEA and P(HEA-N;). (a) SEC traces of PHEA and P(HEA-N;); 'H-NMR analysis of (b)
PHEA ;s and P(HEA-N3),05, (c) PHEA,,, and P(HEA-N3),,0, (d) PHEA,;9 and P(HEA-N3),4;9, using DMSO-d; as the solvent.
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Table 3 Characterization of PHEA and P(HEA-N;).

Sample M, ? (kDa) MM, ?
PHEA 5 42.5 1.11
PHEA,, 77.8 1.12
PHEA, 131.5 1.14

P(HEA-N3),05 44.7 1.12
P(HEA-N3),;0 83.8 1.14
P(HEA-N3)419 146.9 1.18

4 Determined by SEC calibrated with polystyrene (PS)
standards in DMF.

o L S ERE AT, UESEPHEA s« PHEA, (-
PHEA 0 I & % . % T & i PHEA-N; &9 &
B, i8I B 4(b)~4(d) T 'H-NMR i K (S £8) m LA
WE2 EITE 6=4.02 F13.5 [ 15 )& T HEA & 73 1 2 4>
P L AU H,, (B 4(b)~4(d), SELR)IEAWH K,

///\)LO—QN—O

0=4.75 W2 I S WIH K, TWIAE 6=4.25 &b H B
24N, SRR R R R SRR . R, 7E o=
4.08 Ak H L 1 AN UG, X I N IR I R U
(N;CH,). X 4t L% 2 HhilF 52 1 PHEA =45t
LRI B S I, 13 30 4544 B i P(HEA-
N)EEY).
2.3 BE&YMSE PBA-ay BIA 5 RIE

R AW PBA-ay [ & R 2% an B 5 B
N, EHSE, LLEBIB NS RF, JEid ATRP &1 T
Gy 50 WK 2y #OR CGBUT 25 9 45 1R 1)
(PfBAs). SEC [ £k (Kl 6(a)) 3 B 15 2 [ PIBA5,
M TESMRE, BEWEERLE . W
6(b) ] 'H-NMR i ¥ (2B 4) ffr 7~ . 1E 0=1.50
(—C(CH;),) i Wi 5251 (BA B 5 B0 i B AL T 3k
JT, UESE T PBAsy B K.

(0]

MesTREN/CuBr

EBIB P/BAs, PiBAs-ay
Fig. 5 Synthesis route to PrBAs,-ay.
(b)
(a) o b
—— (1) PBAs, Ao
M, Gpc=4.5 kg/mol 0
D=1.09 O)v
—— (2) PBAgyay CDCl; M
M, Gpc=5.0 kg/mol A L}U A L
D=1.09 o o) e
ARG s
O C
hr A e
M a J . L U__.m__
16 18 20 22 24 26 8 7 6 5 4 3 2 1 0

Elution time (min)

Fig. 6 (a) SEC traces and (b) 'H-NMR spectra (using CDCI; as the solvent) of P1BAs, and PrBAs,-ay.

R SRIE S ) s A R, X PBAS
Kt IR FREAT TR E e s Bk S,
£ Me,TREN/CuBr UMK 2R T, PBAs K iR 5
ay-TEMPO 2 [i] /& 4= H B BB B R B, 4 ay-
TEMPO A &8 3 PABA 85 R i, 53R
BE 1k B & W) PBAs-ay. 5 PiBAs, BT A #H Eb
PBAso-ay ) SEC EIE(E 6(a) I f-FF T A2 T &
O34 . PiBAsy Fl PIBAsg.ay 1143 & M H A Al a

F# 4. B4, BT HNMR (B 6(b))n] LA %2
F, 7£5=5.14 kb H I TEMPO 54 F1 & 4% /S ToHF
FIVR B BE R E I, 9=1.12 &b I H & T TEMPO

Table 4 SEC characterization of PIBAs, and PfBAs,-ay.

Sample M, ? (kDa) M /M, *?
PBAs, 4.5 1.09
PBAsy-ay 5.0 1.09

2 Determined by SEC calibrated with PS standards in THF.
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Fig. 7 Synthesis route to PHEA-g-PAA,.

I TH-NMR &5 1\ T Fr#3 PHEA-g-P/BAs,
gy 1 R A 5 S5 (B 8(d)~8(f), M £k). LA
PHEA 45-g-PBAs, N1 (Bl 8(d), k), %A 1E
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&% . Hih PHEA 55 I 5 AR 55 154 AH 410 10 3 F
BT, ESEERIEL CUAAC [N IR = W
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T IRRRE N, ARE HILAE 6=1.50 4b . A
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HEMRIK MR X Lot J3R 0, PBAMEE & RH1L N
PAAMIEE, AR T 45K B 1 PAA 23l

FT 45 4 1 PHEA-g-P/BA fll PHEA-g-PAA Ff
Mg FE. A FESMILAER2 . R
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Fig. 8 Characterization of poly(acrylic acid) molecular bottlebrushes. SEC traces of (a) PHEA,(s-g-PfBAs, before and after
the CuAAC reaction, (b) PHEA, ,-g-PfBA5, before and after the CuAAC reaction, (c) PHEA,,o-g-P/BA5, before and after the
CuAAC reaction. '"H NMR analysis of (d) PHEA,s-g-P/1BAs, and PHEA(s-g-PAAs, (¢) PHEA,,,-g-PrBAsyand PHEA,(-g-
PAA;, (f) PHEA, o-g-PBAs, and PHEA,,o-g-PAA5,. PHEA-g-PfBA;, using CDCl; as the solvent. PHEA, o-g-PAA5, using

D,0 as the solvent.
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25 ZRABERGRSEARERNEAR-R
R

RIRFEAN R PAA FIEE ot & HooH 3R 1 i 4
ZERIRER, (852 OVA B A FIKE N 0.4 mg/mL,
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3 0 21 20: 1. % 5 15 0 #1 PAA 1) 10 mmol/L
PBS R HF A AR A, iR (20 °C)FiiH: 30 min
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J BB BT R AR AL L GBI DO PAA 40
HUEEAOVARIFR R, R T REWIKE
X T AR e L 25 SR B (F S RF
5 EESL, £6), BEEPAA L5 OVA & EL A
1.25: 1 3B N3 20:1, OVA 1 a-#2 i 45 ¥y 15
R NEE, AT E S B NAH OB
n. XA AR, PAA MR 18 0 i 25 40
i 7 OVA L TIRAFMG, (2t | a-1E e
e, 17 p-HT B ALY . B B PAA X OVA
TR IRANE SR, R A A B
B3 X EH T RERREFFEA S T4+
5 T A 2 B) AR ELAE FH RS

Table 5 Characterization of PHEA-g-P/BA molecular
bottlebrushes.
Sample Grafting efficiency ? (%)
PHEA (s-g-PtBAs, 92
PHEA,,,-g-P1BA5 94
PHEA,o-g-P/BAy, 95

2 Determined by SEC calibrated with PS standards in DMF.

Table 6 Percentage of secondary structures of OVA in
presence of PAA 44 at different mass ratios ®.
PAA | 440°OVA (mass ratio)
1.25:1  2.5:1 5:1 10:1 20:1
o-Helix 3 144% 13.7% 12.6% 9.0% 1.3%
p-Sheet 33.9% 38.9% 40.9% 43.4% 54.1% 76.8%

Sample OVA

2 The complexes were prepared by adding OVA protein
solution dropwise into PBS solution of PAA,,,, measured

after 30 min.
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Fig. 9 Kinetic evolution of a-helix and f-sheet contents in four model proteins incubated with six different PAAs (mass ratio

20:1) characterized via CD spectroscopy. (a, b) Dynamic changes in a-helix and f-sheet fractions of OVA. (c, d) Dynamic
changes in o-helix and p-sheet fractions of BSA. (e, f) Dynamic changes in a-helix and f-sheet fractions of f-Gal.
(g, h) Dynamic changes in a-helix and S-sheet fractions of R-PE. OVA samples were measured for 24 h, whereas BSA, R-PE

and f-Gal were tracked for 48 h. All measurements were performed in 10 mmol/L PBS at 20 °C.
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Fig. 10 Characterization of (a) size and (b) Zeta potentials of PAA+OVA complexes. PAA and OVA were mixed at a mass
ratio of 20:1 in 10 mmol/L PBS at 20 °C. Data are presented as mean + SD (n=3).
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Fig. 11 f-Gal activity assay. PAA and f-Gal were mixed at
a mass ratio of 20:1 in 10 mmol/L PBS at 20 °C. Data are
presented as mean + SD (n=3).

2Ky IX AT REAE F TR AN R N, A AL T AR A BT
.Y B2 FLMEF B 5 28 7Y PAA M EHPAA 140+
PA A 570 A1l PAA 3300) B, AR X S T R
FEAIK. B F 24 h, B-Gal EFISPE LT 52 k%
XS T2 PAA 5 B-Gal 22 J8] (¥ 4 H. A F BT
. 52 B REE T L, 3 Fl PAA 4 T Rl 4R
FF 7 p-Gal B35 M . 0T 3 B B R0 4 T Rl
(PHEA 05-g-PAAs), 12 h & B G 1 AR IFFLE VI 4G 1E
95% LA b, 24 h AT ERFRAE 50%. Xf T 8K 4
4% 7 Fill (PHEA -g-PAAsy 11 PHEA44-g-PAAS,)
TEVEOR B M AIC, (R 35 = T4 PAA.

DL EIR G JEIL T ¥ 42579 PAA X 85 (A T B
BER . R PAABENTIMEM S, F 5518
2 B-Gal IS AL 81, IR GERFIE R SR R0 2
T AR B KA AR, Sema T SIS TR A
FHEEZ T, PAA - FRIDAEX HIPERIF 5, FHIE
T HRBRAR S A B BE AL . [R5 Jl
LT AR O F B A AR TR A B T4
FF B-Gal 1) R SR 7281, AT £ 355 58 v 1) g
TEE.

2.9 BRBER+OVAEANEENRTR

RN IR CEpHoE H & ayuE ik
FINT290 Sy T PEAS AN [ ¥ $h 45 ¥4 PAA B4 RLE A4 Y
eI Thae, Bt T/ BT (- 12(2) Bt
), BR N R R R 5T PAAYOVA B 51
(400 pg PAA F120 ug OVA), FE#IByI . 2K
TR B FE 74 ) T 55 04 14 F128 REAT G .
TEVIRIG 14 28 F142 K REMBFEAR, I T2
42 RO BSRRNEAH M, T 20 B A4 VRN 48 i e 9%

L. 2% R F R A YR OVA R GAR A R0 22 57 K
DA BNAAR 9 S A 3R B, X L RAT IR R L Y
PAAsy (410.4 kDa) Al Jill B! PHEA,4s-g-PAAs,
(368.7 kDa) P J 2871 PAA 30 (885.6 kDa) Al il 77
PHEA, -g-PAAs, (752.4 kDa) % 2l PAA #4 K} .
WX REW T RACEHIT, AT &5 A7
TEX A fERT T 45 R, 28 28 PAAs BA K&
PAA 15300 %f OVA -2 5 M) 6 AR S 2215, 1] Rl 774
PHEA (s-g-PAAs, LA }2 PHEA,,-g-PAAs, % OVA
W FZmA PR, XA BT VP PAA 4R 41 25 F TE A
PIXF OVA 5 d% 5 S 1M . W& 3 AN XTI, &
5l 9 PBS ¥ AR RRZH L Vi 5 OVA S 470 Ji7 2H LA
FARAE T AL S OVA XTHEZH(AI+OVA).

TE G e AN [RI IS R SR A, >R H ELISA € & A4
I 375 o OVA H5 5k TgG HuAA i 12 (K 12(a)).
12(b) 45 R B, T PAA 9% 2 DL K& Al+
OVA 2.1 OVA 5 5 1 1gG kg FE ¥ W56 14 K
B 42 Rz HFpe ot e BAM S, REES
14 RE5528 K, A ARk R K T A %t B&
i, ANFEFHTS PAA+OVA %t 4 3 5 B AI+OVA
Hz PRSI F BE 2R, FRIEIR
TPEG USRI B, S 2H R T ke e A )
B NI B A2 R, BRI K
L2 BT PAA+OVA 1 71 % 335 4 2 Al+
OVA ZH 5155000 55 OVA Sl fe 9% 20 tH IR W3 b
W ARG R R ] — E R FESETE OVA e S MEiAk
KPS TFEMY. HAFEGINE PAA F,
LI PAA AR N VEFNEYEOL T W Y 454y, 267
PAA 700 PA 2 PAA 15300 IT fith 2 55 5 R 1gG W25
3% B T4y F B ML ) PHEA 0s-g-PAAs UL K
PHEA,-g-PAAs.

IFN-y A& —Fh OB AN R+, 7E T RIE R
LRI HE T 4 M A o R PR CAE L . R T 3RAE
PAA+OVA 5 &5 T 4 5o )% [ B, TE g%
J5 25 42 RN 2 B 4E AR,  FF K H ELISpot
VERSE I TFN-y (19 731 7K ~F- . w1 12(c) ELISpot fir
N, AHOVA RS T IFN-y [ 73 WA /K, AH
B RIS 5 2 5, gk 7 55
SRt PAA 5300 o AH P S R R B
W, BT AR K, RIS R RO
Y M 42 R . H A PAAHOVA 325 2H H A ok 1R
A — S LRT, HARZER LRI %5
EE.



¢ IRANER R UG IRN B AR R LT RE N

15

SFU (300,000 lymphocyte/well)

20 pg OVA per mouse S
PAA:OVA=20:1  Day 0 Day 14 Day 28 Day 2
Prime Boost Boost
(b) Day 14 Day 28 Day 42 Day 14 Day 28 Day 42
%
%k
s .
sfeskeokok .
= = - ns ns EEES
| | | | a [ | [ | 1
ns ns ns ns ok
[ 1 ] ns ns ns ns ok
ol 10} M M M
8t ° °
! . ' sl
a2y ~
= 05R * = 82 R ’
X 04r < 4F
s 0.3 | I I I § 8.3 | V I I I
= 021 E Hb m
(_20 0.1¢ O Y gﬁ 0.1+ - ® a
~ 0.015F 0.015 B
0.010 ° 0.010
0.005 0.005
PRNa@RN\ 3R\ 2N AR\ 4N oK\ 4R\ AR\ o RN R\ oK\ o
><O%<Oé< & éoé O\>< %(O%( \Xoéoé Q
R S U S
T T T X g ]
N N N q/@ q’n
& ® ® & &
(c) ,%
500 1 - 157
—————————————1 sk
—
400 ¢ s ° S -
RIS =
300 ns = B}
% £
ns ns A m
200 © m
° 5 st iy
5 2
100 | O 8
0
) ?' \adPR\ s\ 1R\ odR\ ¢ \SIR\ ogIIR\ 1R\ 1SRN 2R\ A\ od ST\ adiK\ IR\ oK\ oK\ odR\ od
N o4 Xo4 Xo4 3 L3 4\4 &S X@ X4 &S A\XA 4X04 X04X4
'§§BY:Z* ’b vlzJéb ?v aﬁb Y:zlgh q$§b Y‘f§b Vw é\ Y~}§b ﬂ§§b Y"}$
R Y”\ hd Q¥ Lo o g?’
QVXV Yyé Q?y 600 Nl > ny 6%
Y w\ o W
& & & & ¢

Blood collection

Blood collection

Blood collection

Fig. 12 Animal Experiments. (a) Immunization schedule based on the PAA+OVA immunized mouse model (n=5); (b) ELISA
analysis of serum IgG antibody titers on days 14, 28, and 42 (n=5); (c) Statistical analysis of IFN-y secretion by 300000
splenic lymphocytes after stimulation with OVA using ELISpot assay (SFU: spot forming units) (n=4); (d) Flow cytometry
analysis of the percentage of CD69*CD4* effector T cells in splenic lymphocytes harvested from mice on day 42 post-
immunization (n=5); (e) Flow cytometry analysis of the percentage of CD69+B220" cells in splenic lymphocytes harvested
from mice on day 42 post-immunization (n=5). Statistical significance was calculated using one-way ANOVA with Tukey's

multiple comparison test: “p<0.05, **p<0.01, ***p<0.001,

sekkox

'p<0.0001, ns: not significant.
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Abstract The secondary structure of proteins is tightly linked to their biological functions, and investigating
polymer-protein interactions and their regulatory rules is of great significance. Linear poly(acrylic acid) (PAA)
binds to amino groups on protein surfaces and triggers conformational transitions. However, systematic studies on
how PAA with distinct topologies modulates protein conformation and function remain scarce. This work adopts
the strategy of comparing molecular weights under identical topologies and contrasting topologies at comparable
molecular weights. A series of linear and bottlebrush PAA samples are synthesized, and circular dichroism
spectroscopy is employed to explore how polymer structures regulate proteins. The results reveal that linear PAA
induces the transition from a-helix to S-sheet in low-molecular-weight proteins; longer equilibrium times for
conformational conversion are observed at higher PAA molecular weights. At similar molecular weights,
bottlebrush PAA accelerates this conformational transition. In contrast, the conformational changes of high-
molecular-weight proteins show weak correlation with PAA structures. PAA topologies exert divergent effects on
different proteins: bottlebrush PAA stabilizes f-galactosidase activity, whereas linear PAA impairs it. Mouse
immunization assays verify that linear PAA acts as an adjuvant for ovalbumin (OVA) to elicit elevated levels of
antigen-specific IgG and interferon-y. Mechanistically, drastic antigen conformational remodeling induced by
bottlebrush polymers tends to damage critical epitopes, while mild, gradual regulation by linear polymers better
preserves functional epitopes. In summary, the molecular weight and topology of polymers serve as key
parameters governing protein structure and function.
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