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5 R E [ O 24 0 RE 92 T T RIORI 2 AL
Gb, EEARAWTER S, A PR
N B A5 i 5, LA R P L. R
WM B AWM EER, AEEAWR LI
Re SRTHEM RIS, S A A 24 s ) =
HIF TR S,

HRCRA Y BA FE R AT 5 45 R,
A E I G AR ARG AR AL A
AR R g2 2 A RIS, AT R E HER AR
iR SRR EHE. A4, BEWME
IRV (S BYi T = R NEAR N e sg S D 1)
R, XS HAATEERE, RS & A AR N 5
A AARYS, I BRI W e A s bR R E
PENE DRI FERZ B HEEEYH, BN
PR (PAA)ER TR, 5 Tl 2%, N—Fhas R g
i, A pH AR, XA 5 IE FLA 1 X 3
HAWMZEMD], EVMHENER R 2R &P
M REEASEMINEE, a0 Porfiri 4R I
WIHIR S a-VEXN 5 G D REIEIR o-JERT I — 2%
SEMIREIR, IE B 5 F AR TN B IR 45 M A AR e 1
M. IEH, PAAYEHRIE BT, X &
T PR R R0 22 8 1 i i 1 e i ) S % B Th R
Bl FH T gg s 1 . T 8 1 1 K DS 101 Garinot
SEUTHIE sz 28 7Y 5K T4 4% R (SPA09) i K CMV-gB 41t
JRE ORI R AW, SEILPT R ARG
PEEITE B, AT 4 SPAO9 7 S5 ) W S IR 21 fifd 4%
B, R AIESRARFION . B H AT 450 R 05 R
BN DGR, TR, ToiERZ
V] BH K 1 40 1 B0 B A GORT T B IR RS T L 1T
H, HBHTH I T I B 22 PAA. FR
TERMEER, REMERGHE, BM. By
R RSN E RN
SRR N 2 R E R R SRS BEgE
GESEAT N, RE MR PERRUS. R A2
BRAff 19 SR S W T 4% B A RN T e 5 TR AR
W H AT o

AW LR GO KL, B FUAN R 5y
T B AR [F) 90 $ 45 46 PAA X 25 1 5 2 72
AR . TG 2 P R B R A ) R RS
Bl —RBFNREW T RIFIA R, %2 8] 5 E
R 7 S SO R R n g e, R—3K
BT IR 30 H 25 R TR A 022, R T AR AL R AL
Oy 7RI 2 28 90 $h PAA X R 45 K A0 I RE I 5

M. E oG, IR R A A R A S
TRILE PAA, (EAFHANEEHRM T ER S
TR E O SRRERR, b, #E—P%
TH IR A R 26 PAA 43 1 &AL 1K 43 1 el A
PAA, FHTHE SR “dRivgsi” SHEAMSR K
Theefisgm X 7 G T B S5 A iRt
WA RRIERIFEN,  ASHEFL 5 HIEAE R R Fh &5
AN A AR 5 N o == 0 = TS G5 £ i i SN |
P B 2R R 5 1 Rl B PAA AR 22 5%, AT
FEHT 3 0 A 5 5 DO e S DTk . B ATk
BT PUFREEHL g8, A TR EEZ R IR E
FIf: 1% A 2 A (BSA). BIE & F1(OVA).
FELLER H (R-PE)FI -1 FLBE 1 i (B-Gal). LAIR —
BRE(CDYN EEF B, I T PAAM B 73T
B AN RN L i RS R (D o- R
B-HiZ) e . 2, @i p-Gal BTG PEVEAN
KA JE OVA /N R e St i, Wbt 7%
HE 0T B SR AN A B TR
TR, ASE 5 2 AR 3 4544 PAA X
Bt 7 I g b= A B s, I Hox
B-Gal B % 1 AT OVA e % J5 1 77 A= B 25 I 1k
. AR5 R R B R G o T BRI 2
TR AL MIhRERI A 0T .

1 SLIGERS

1.1 FEER

3 TR R (MA,  98%). A I B2 ¥ 2 ik
(HEA, 98%). WA T BR(BA, 98%)~ 4-N,N-
T RS L E (DMAP, 98%). 1-Z3E-3-(3-
TH RS TR A Bk IV % R R R (EDC,  98%)+
LK A B BR 4 (CuSO,4-5H,0,  98%).  4-/% bk iR
(97%)~ LW 3 = 2 )% = % (PMDETA, 98%).
ZQR-(-HHE ML) L5 (Me, TREN, 99%). 2-iR
ST 4 FE(EBIB, 99%). A EALEH(98%).
ik (99%). # T N,N- — H1 3L H Bt i (DMEF,
99%) FI7E 21 5 1 (R-PE)AIE B gk T AL F}
Bt AR A A A8 (100~200 H). =
FOPR(AR) X FZRBERR(TsOH, 99%)F1 p-F- 3L
BT (B-Gal)id M e 177 G380 B g2z sk
AWEHE A ARA R PUAMER(AA, 99%)F
YP7E H H (OVA) W [ 7 1 3 54l 5L 47 (i) 57
HIRAF: TKZEBHARE AT MMALERF
T HIEWH(DMSO). & FLE(DCM). BRIR A



M2 RIS SR R RO R R B D BE AR 3

FI(NaHCOs). HfE. Jo/KBREREN. 1Echke. W
. LR OEEMEALENI BT RO R Ay
HIRAR, 4iE¥N AR, SEALENAR)IE E 75
WAL . B-2- FLHE T B (B-Gal) W [ b R iR
FABRA A A AR F i fi H DCM 22 40 45 B
K HZEJEE . IR AL 4R (CuBr) F UK R A 72
Jae . 2,2 AR 7 T I5(AIBN)E 4 i Ab 2 5
%H.

4TI 4-CRIERAR BRI BAR) IR (CBPA) &
R4 2 'TH-NMR (400 MHz, in CDCL, 6):
3.42 (2H, SCH,CH,), 2.70 (2H, CH,CH,COOH),
2.35~2.60 (2H, CCH,CH,), 1.88 (3H, CCH;), 1.70
(2H, SCH,CH,), 1.51 (2H, CH,CH;), 0.97 (3H,
CH,CH;). N;CH,COOH H a-% Z R fl & & AL &Y
TE KWW 2 iR B4 ) B 16 h il %5 : 'H-NMR
(400 MHz, in D,0, d): 3.82 (2H, N;CH,COOH). %k
EEEANEA B HETED: 4-@-RRBEA
%£)-2,2,6,6- VU H FE MR IE - 1-%6 2 (ay-TEMPO) i i
A-TRIRIR 5 4-F2HE-2.2.6,6-TY FH DR IE- 1 -8 3L R A
Bab = Rl 4 . BT H HEERAAE 2 S 8UH-NMR
ES M EREAN, IR ay-TEMPO & 5 9 AH
MR e AT A Wi AT R AE: "TH-NMR (400 MHz,
in CDCl;, d): 1.20 (12H, OCH(CH,C(CHs),),)>
1.51~2.02 (4H, OCH(CH,C(CHs),),), 5.08 (H,
OCH(CH,C(CHs,),),), 2.50(2H, CHCCH,CH,CO).

FT A5 it P4k 4 H Biolegend /A 7] . IFN-y
A IR G2 B R 0 BRI AR A AR
WA A BR A ) . R A L35 (FBS) W H K BLE& )
(ExCell Bio)BH A PR 2~ | . Jo T 48 g 8% 77
ATCH B O B ) N R A Y0 B8 (Jet Biofil)
B AT BR A F] AR I R 1 (BSA) I H K% 3%
1 AEY)(MeilunBio) B AR AT FRA =] . X 73 K
(AT ELISA)I H 46 3 % 3 = (Solarbio) BHE A
B~ 7] . DMEM K 7726, 1640 1577 300 F 55
Gibco A= fn Rl A &) . BT A s ie ¥ Zdr 1ok
FAHE R, A AR N RILANE A
(B B4 ) (LSS SYSU-TACUC-
2025-B1945). AHf7T1% H 1) SPF 2% ME 1 6~7 JH 1%
C57BL/6J W H H 1 K22 258 S W) 0 . RAW-
Blue 40 H 2% [E InvivoGen /A 7] .
1.2 WX SR

¥ B 3t 3R &3 (CH-NMR) it & & 7F Bruker
AVANCE 1II 400 MHz #% 4 3L JR A M43 19, LA

CDCl, 8. DMSO-ds J9i# 5, DY E: Ak ki (TMS) A
WNZ . REWR) SEC i Z6 A5y -+ & 5 4 (M /M,,)
S 18 I R FHE B €5 1% (SEC) W 43 1, AN 2R I
A Agilent 1260 Iso %2, 3 #i2 PLgel 5 pum & 3% £
(MIXED-B, MIXED-C, MIXED-D)# Agilent 1260
NZERTIES, VLA N B 0.5% I LiBr (1) 3%
4 DMF, FEi N 50 °C. i sl AH R H DY &0k R (1)
PLgel %% (438 A4:(5 um 10ESA. 5 pum 10E4A Fll
5 um 10E3A), iR M40 °C, RELIGNNIER.
REWERGERERTR A 0.22 pm () JE R IEB AT
e A = A6 R AE H AN JASCO A F] 11700 £
[ e r SO 1S, DABERRZZ v 2RV W (PBS,
pH=7.4) %7, WIERE 20 °C, ¥MEARS
PAA R A AWM 1 mm EL (I, ¥ 550
4 180~300 nm, HFIHEZ Y 50 nm/min, 34
(R 1 nm, e sAE A — i B (CD). 8
BAE AT AN A R S5 R B L, L o- MR e -
P12 1 -1 F LA S TE A 1 . TS PR AR A= 4
S5 RS ) 2 D) RE g AR A2 36 B BioTeck A ]
) Synergy 2. Jit 24l f A% 35 [E Agilent 2 H [
NovoCyte 3000. 715 Fll Zeta HL A7 I 32X A A ¢
Malvern 2 @] ZEN3600 B4 g4 Kohii FE A .
1.3 ZBRRABERPAAMNEK

KBS G SRR T h IR
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 4} %] ¥ £ 14, 20.
17 uL DMSO 1, INFEE AT EF 4T,
FENE 7 MA. DMSO (7 mL). Me,TREN. EBIB.
REEHNEIE3 R, B TE, 53
PMA 440+ PMAs70 PMA 15300. 38 PMA # i
gy T THE o, 2180 N KOH /K, 65 °C
TS RIS RE S h, NS AU 2K 0 I 2
THF, B+ KOH )5, #EHrkE X KCl,
P SRR pH I 2 2, HEEDLIE, HA T,
%@UPAAmo‘ PAAs00~ PAAI2300-
1.4 BEWESE PHEA-N)KE K

KAV T8 P(HEA-N,)E IS B H Kl #2 £ 1k
(PHEA) ] ¥ 3t 5 N,;CH,COOH )32 3 & 4 g Ak,
SIS, BARSCIS IR N B B
I RN - W AL RS (RAFT) H B R & &
B3 RS B PHEA 5% . LAPHEA 15 A A
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%1 . K P{K HEA (9.28 g, 80.0 mmol). CBPA
(116.6 mg, 0.40 mmol). AIBN (6.8 mg, 0.04 mmol)
55 9.2 mL /% DMF Jil A\ Schlenk &4, #it
FEXE) . 0T IR BEAR R HEAT 3 IRA VR — T 3 —fif
URIEIA LRR L8R, BEJSAE 60 °CIlB MV 4 h
R AHBEER, FTHREGEM R,
W S BRAE R B I SRR PTUE 3 IR, IR UTIE S
g, BT, 193] PHEA s.

B8 J5 , K HL N;CH,COOH (636.3 mg,
6.3 mmol), A3 mLT#:DMF et
I EDC (976.5 mg, 6.30 mmol), & ZRAHE
0 °C, 2123 ¥ T 2.5 mL DMF ] PHEA s
(243.6 mg, XT N FEFE2.10 mmol). FEIN5E I, &
ZHEMRTHEZ =, N\ DMAP/TsOH (61.8 mg,
0.21 mmol), 4k 24+ 48 h. o i 1 A £
IKBEEE 3R, AN TCKER RN T05%, JE.
Wele 2RISR G, AE SRR UTTE 3 K. T3 U TE
ZidyE. BAET, SRR SRR
A W) B P(HEA-N;), s, 38 1T 2048 SR $50R) L,
A 13 B H A BE K 1K 3R S ) 8 P(HEA-N;), 0 F1
P(HEA-N3)40.
1.5 BEEYN%SE PBAs-ay ISR

EEYIMEE PBAsp-ay BT N2 . 55—
# . 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
SNAR ZREAT 3 IRV R —Hh B — R E A LABR
FEA, BERER, ERASETMA
CuBr (28.7 mg, 0.20 mmol), ¥ Schlenk Jf fift 1%
2R, BETE60 CHBH AT RE RN NT
PR PABA BE AR NRIEHE . PRIER AR 4> T 20 A
TER A IR BA FAL S HI4E 40% LN .3 h 5,
TEREAL Z R 32 Y%t 5 11 [ N . YA DCM Fi
BelG, e ZARIKRAERR 2 DCM. NER, FAARFR
LR 7:3 (R K RDTUE 3 Ik, AT, 12
2] 1.4 g ROPUT FENIGTEEER) (PBAs).

¥ 2% 1F 25 mL Schlenk & & 7 N A
iR PBAsy, ay-TEMPO (50.4 mg, 0.2 mmol).
Me,TREN (50.6 mg, 0.22 mmol). 1.2 mL F Z .
1.2 mL IR, X ROBAR RBEAT 3 IRAH—
L — R LR 2R, BE — IRTEFE,
RS H NN CuBr (31.5 mg, 0.22 mmol),
¥ Schlenk VR 2 =i, BE/E/ESRKMN2 h

TRA W DCM #ike Ja,  H 100~200 B A 145
TREEAE R 2240, e FARAREE 101 (0 AR R /K VT
DUWE3 IR, BT, 152)1.1 g PrBAss-ay.
1.6 BREGEBRS FRINEK

i CuAAC ¥, &% | PHEA-g-P/BA %K
A5, L PHEA , s-g-PIBAs, I & N .
IFi) - #4 () Schlenk JfL 7 I\ PrBAsp-ay (289.5 mg,
0.0504 mmol). PHEA 4s-N; (8.4 mg, 0.0004 mmol).
CuS0,-5H,0 (2.5 mg, 0.01 mmol)}2 DMF (1.2 mL),
[FI N 120 pl 28 FREBEAE A bR . W ER 3 I%
R B — R LARR 2580 ARG — IR
W, FRAGHE N PREIA SR MER(17.8 mg,
0.10 mmol). M 7E 50 °C F#E4T5h, HU10 pL %
IS 11 J5 AN SEC, iH S M R BG4
A AT AL, FRAERAR LN 7:3 K
WU 3 IR, HA T 18515 200 %% N PrBA
MRG0, e, f£=mImRS5EEEM
THOL N IS 24 b, FEUT BeAK R EE, IRNJE
BB S8 pH=7, {E/KHiENT 24 h, AT
1135 PAA 73T
1.7 BERGBRMERMEZNZ TR

e LR . BRI [F) PAA RIER 1 &=
Eext & A i g sgm . [ e mEWRE N
0.4 mg/mL, JHHEPAA iRl PAA 5E A&
Eb A PAA440)OVA = 1.25:1. 2.5:1. 5:1. 10:1.
20:1, PAA 5 A58 A 10 mmol/L i fR 2% it
EREW(PBS, pH=7.4)fE N . K OVA EE H
T 0B PAA 0 R P ERBRA, =
(20 °C)Fi#: 30 min. Fifi 5 KRS ERINAZE] 1 mm
P ea I, % 94578 A 180~300 nm, 41K
Z 850 nm/min, FHEFE A1 nm, LS
CD 3% & . i i %A CDNN2.1 %t 195~260 nm 3 K
DX [8) (B AT 0T, THRRE S P iR -7
BEE A RIS

I (]I 20 [ 8 1R FE 9 0.4 mg/mL,
PAA ¥ J¥ 8 mg/mL, PAA 5 (A& N 20:1,
PAA 5 A R 18 I PBS VE N7 . K 8
HNE] PAA [t PBS (pH=7.4)I5 M T B IR S, =
T(20 °C)FFE, W DIAS [F] T [B) P — 25 A0 1 A
1 BB S PAA R A A WM | mm Lh
M, 5 F 375 BN 180~300 nm, 3 F Ky
50 nm/min, FHEFE N 1 nm, 1d3FE 5T CD
e P& Ad A% CDNN2.1 X} 195~260 nm 3 K [X



M2 RIS SR R RO R R B D BE AR 5

(] B AT b, TR RS B RS
FHXT R
1.8 BEREEBHMES OVA E4WEhANEs K&
Zeta FBALZE

OVA K [ 4 0.4 mg/mL, PAA ¥ BHKJE N
8 mg/mL, PAA L OVAJREL H20:1, PAALE
)5 #4148 1 10 mmol/L PBS (pH=7.4)1F J9 1 7 .
4 R NS PAA 1) PBS WU H SRR &
FIRQ20 °C)HiFES h, B JE KR A BN
B 1 om Eb o IUAT AL AR S, 00 A R AR
Fl Zeta AT . AR S BB 5E 30Kk, HdE DA
mean£SD (n=3)3& K .
1.9 ERGEXT p-F I EEEEMENE

T Je ¥ B-Gal Al 6 Tl PAA #4 K} 53 51 15 il T
10 mmol/L PBS ZZ i, BEJE, # PAAVERS
B b 20 1 TR A KR A TR I RE A B T
FIR(20 °C) AT FHEFE, 73 IAE 127124 h 2 M)
) 5 ORI MO0 e S e B s SR
g bRyds, DLARTY 25 45-p-D- ML 2 FLBE 7 (ONPG)
DA . B e IR S U T A 18 R A R
(ONP)IJAE S 22, THE H -Gal BgiE M, 5
F NI PAA ) p-Gal Bl 5 B8 41 BEAT EL G, VR4
PAA X B 1 (1) 52
1.10 BAKBEBEX OVANBEEZEAFNEEHRR

PRV TR R 6~7 RS, R 15~
20 g i SPF 2% M 1 C57BL/6T /N . B IRk FE N
8 mg/mL ] PAA ¥ 55 0.4 mg/mL ¥ OVA ¥
(PAA 5 OVA 19T PBS ), #4111 SRR S
il % PAA+OVA £ 54, 1RA W OVA &R E
90.2 mg/mL, RWHRAWKEHN 4 mg/mL, FF
SR PE 5 h. DAERAE FIHOVA E X B4 . 17k 4
RIS, /NERCT RARES B RS 100 L PAA+OVA
AW, RN OVA 20 g VIR G 0% 5 55
14 RANE 28 K43 il Gk i S f2 47 I o
Fugs, LABRAG TN

N BRI B B R TE R IR S g S R
14K 5528 KA 42 R RE/NRLE,
B 4 P28 W BRI 52 (ELISA) G il OVA 5 57 TG Bt
A B . B T T AR A A R DA R ATL A ko
OVA Tt i (1R IR a2 IO 2 5 P55 FH 4 A

N ER AN R S B A - 2 42 RALFE /N BRI Hil
HWRRIE, T I 40 M S L& 4 BT . SR FH BTG
Yo 2 B 5538 56 (ELISpot) K6 ] JIR £ At 4 s 3t

Z-y (IFN-p) K4 A, DAL S mAd B2 T 40 i
1 2(Th1 ZY) 2 o 5 3% L5 7K S LK 23 85 i) 4 4 1Y)
I 241 Jf 2 i 22 9 5% 0,49 7T IFN-y HL 44K 1¥) ELISpot
MR b, B SR INAR RSP A AT R, BT
MM REFAE P ALY B 48 h,  LLIE PR M
T 240 i 70 ¥ IFN-p. SE56BEE 3x105 /LI 4H ik
B, SEEGAHREFLINN S ug OVA, BHMEX I 5
A % R ZH 355K FH 1< 105 AN /AL AR B B, FH %
XTI B AL AN 5 g BHAPE SRS . 3 48 /NS
J&, f#H AEC K457 & (BD Biosciences){i Bt
A A4k, JFH B3 ELISpot B #s 1% . thak,
R P 4 B A DU A0 VS A bR 5 . JE TR 40 B
A2 RN g i, LA, 4
I B SR A S A IR A B AT B AR, B S R A
7 5 Pt CD3. L CD4. $1 CD8. #1 B220. 41
CD69 % — R H 9 e hnit o e MEPU Ak g 4T G
300 T Y7 2 L AR 3 B MR A A [ bk O 200 A P
EAIRZS, A THVEY PAA A RHE e 7 %) 4 it
Ho g% NZ IR
111 FitFEHHh

P A SEER ML EE 3R, AR L <
18 £ b5 1 25 (meantSD)” % 7~ . {#i ] GraphPad
Prism 8.0 K AF AT Gt 70 4 . 2 4H 1Al LR A
R e 5, 2 4 (A bl AR FH B DR 3R 07 22 0 b
(one-way ANOVA) 45 % Tukey’s post hoc test i
AT 22 e o0 B . S35 17K 3 E Tp<0.05, Tp<
0.01, "p<0.001.

2 FHRGIE

2.1 ZBIPAAMIARHSRIE

TG PAA 4y T E AN R R R
RIIIRER IR, e bl T 3T AL PAA, BE
B - RREAE ST EE A

LAY PAA A U E I 1 B . SR A
AWB AN FHIATRP AL T 3 MR ER AR
LLAVR IR AR (PMA). 1 545 7 3 F PMA Ff
MR G R RAREARE R R A RS R . B
2(a)f&7r 1 53 PMAFE i AR AR HERR 15 (SEC)ii
ek, 3 FE A PMA 440» PMAs799 All PMA 2300
) BRI B A4, 4 B A A AR (M M,<
1.18). E 2(b). 2(c) A1 2(d) 4 A 3 /AN HE & ) TH-
NMR i B, 325 59 W H 2% (2H, CH,CHCOOCHs;)
FHYR FH 3 5 1-(H, CH,CHCOOCH;) 73 53l L BLAE o=
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n=1440, 5700, 12300

Fig. 1 Synthesis route and characterization of linear PAA.

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.

2.00~1.50 2 [a], F 4 JE 57§ (— OCH,) H AR I
ILAE 6=3.67, F B 3 FP A A 5 & B PMA 1) L)
B TERRE 2 R /KR PMA Fi Ak, 732 H brr=
VI PAA. 7E 1 2(b)~2(d) Bt 7~ /K i 72 ) "H-NMR 1%
B, AT DL S F] 0=3.67 kA5 5 (—OCH;) ¥ 2k,

(@)

— (1) PMA | 44o-purified
— (2) PMA;-purified
—— (3) PMA | 539-purified

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

(©) H,0[| DMSO
R OH
/\O%{\Qﬁoo
(0]
HO
o ¢ B H,0
o Y700
0 a
O\ .
a DMSO
b
v m L

7 6 5 4 3 2 1 0
0

1IE B PMA # 7K fift 2 5 A N PAA. IX a2 BLE ST
TG T — &R0 FEAFRLE PAA KA
Y. PMA FIPAA )77 18 S o Al AER 2 v
2.2 BEYRIEH PHEA-N,)HE KSR
REWIR 355 P(HEA-N) & B 2k 1 & 3
B, B4, iBid RAFT #1457 3 AN [F R &
(DP=105. 210 f1419)[f] PHEA. B 5, K HE&iL
S 80K S %, 2 (N;CH,COOH) 4% 4% 2 PHEA
BERMIIEFRAE b B 4a)B7R T & i) 3 F PHEA
FBE LB EIE R P(HEA-N;) (1) SEC i
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Fig. 2 Characterization of linear PMA and PAA. (a) SEC analysis for the synthesis of PMA 449, PMAs790, and PMA | y30; 'H-
NMR spectra of (b) PMA 4, and PAA 44, (¢) PMAy;y and PAAs;q, (d) PMA 530 and PAA,350. PMA using CDCl; as the
solvent. PAA using DMSO-d; as the solvent.
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Table 2 Characterization of linear PMA, PAA and PHEA-g-P/BA, PHEA-g-PA A molecular bottlebrushes.
Mn,theory ¢ (kDa)

Sample M, heory * (kDa) M, sk ® (kDa) M,/M, > (afier hydrolysis)
Linear polymers PMA 440 124 257.9 1.09 103.7
PMA5700 490.4 539.8 1.12 410.4
PMA 5300 1058 1511.2 1.18 885.6
Molecular bottlebrushes PHEA (s-g-PtBA5, 628.5 251.7 1.14 368.7
PHEA,,(-g-PBAj, 1283.9 377.2 1.17 752.4
PHEA, ,-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-PrBAs, 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,, jry of PMA assuming 100% of transformation. Molecular bottlebrushes:
estimated from M,, oy Of PHEA-g-P/BA assuming 100% of transformation.

O
N\ CPBA, AIBN N Ao
B X x
0 0 EDC, DMAP )(\/{:o
O 02 02
g OH 0
HO o:.g
N;
HEA PHEA P(HEA-N3)
Fig. 3 The synthesis route to P(HEA-N3).
5432 1
(@) 6 1452 (b) /k\gl/;SO H,0 DMSO
—— (1) PHEA s \ o
— (2) P(HEA-N3); 05
— (3) PHEA, o
—— (4) P(HEA-N3)y)o
—— (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) 0

DMSO @ *\/@O mwo| | Dpmso
O
(¢} ab ‘
L\._A/\\ Ns L ML_
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a b
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OH | l H
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7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
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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),¢s, (c) PHEA,,, and P(HEA-N3),,, (d) PHEA,,9 and P(HEA-N3),,9, using DMSO-d; as the solvent.



8 =t

n T

Fok

Table 3 Characterization of PHEA and P(HEA-N;).

Samples M, ?* (kDa) M,/M,*?
PHEA 45 425 1.11
PHEA,, 77.8 1.12
PHEA, o 131.5 1.14
P(HEA-N3),0s 44.7 1.12
P(HEA-N3),0 83.8 1.14
P(HEA-N;), ;6 146.9 1.18

2 Determined by SEC calibrated with polystyrene (PS)
standards in DMF.
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0
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Fig. 5 Synthesis route to PrBA;-ay.
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Fig. 6 (a) SEC traces and (b) '"H-NMR spectra (using CDCly
as the solvent) of PIBAs, and PrBAy-ay.
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Table 4 SEC characterization of PIBAs, and PrBAs,-ay.

Sample M, 2 (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-PAA5.
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Fig. 8 Characterization of poly(acrylic acid) molecular bottlebrushes. SEC traces of (a) PHEA 5-g-PrBAs, before and after
the CuAAC reaction, (b) PHEA,,,-g-PfBA, before and after the CuAAC reaction, (c) PHEA,,o-g-PfBAs, before and after the
CuAAC reaction. '"H NMR analysis of (d) PHEA(s-g-PtBAs, and PHEA (s-g-PAAs, (¢) PHEA,,;-g-PrBAsyand PHEA,,(-g-
PAA;y, (f) PHEA, o-g-P{BAs, and PHEA,o-g-PAA5,. PHEA-g-PfBA5, using CDCl; as the solvent. PHEA, o-g-PAA;, using

D,0 as the solvent.

Table 5  Characterization of PHEA-g-P/BA molecular
bottlebrushes.

Sample Grafting efficiency ? (%)
PHEA (5-g-P/BAs, 92
PHEA,,-g-P/BAs, 94
PHEA,5-g-P/BAs, 95

2 Determined by SEC calibrated with PS standards in DMF.

Table 6 Percentage of secondary structures of OVA in
presence of PAA 4, at different mass ratios. The complexes
were prepared by adding OVA protein solution dropwise
into PBS solution of PAA 4, measured after 30 min.

PAA 44O VA mass ratio
1.25:1  2.5:1 5:1 10:1  20:1
a-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
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Fig. 9 Kinetic evolution of a-helix and fS-sheet contents in four model proteins during incubation with six different PAAs
(mass ratio 20:1), characterized by CD spectroscopy. (a, ¢, €, g) Dynamic changes in a-helix content of OVA, BSA, -Gal, and
R-PE, respectively, over the incubation period. (b, d, f, h) Corresponding dynamic changes in S-sheet content of the four
proteins. OVA was monitored for 24 h, while BSA, R-PE, and f-Gal were monitored for 48 h. The experiments were
conducted in 10 mmol/L PBS at room temperature (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 pS-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).
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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, ****p<0.0001, ns: not significant.
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Research Article

Effects of Topological Poly(acrylic acid)s on Protein Conformation and
Functions

An-qi Ye!, Zhe-qi Li!, Shi-chao You!, Hao-lin Chen!", Yi Shi!, Li-xin Liu!, Yong-ming Chen!-23"
(!School of Materials Science and Engineering, Key Laboratory of Polymeric Composite Materials and Functional
Materials of Ministry of Education, Sun Yat-sen University, Guangzhou 510275)

(°College of Chemistry and Molecular Sciences, Henan University, Kaifeng 475004)

(3State Key Laboratory of Antiviral Drugs, Henan University, Zhengzhou 450046)

Abstract Secondary structure of proteins greatly matters the functions, making the study of polymer-protein
interactions and their regulatory mechanisms of great significance. Linear poly(acrylic acid) (PAA) affects protein
function by interacting with positively charged amino groups on proteins or by altering their secondary structure.
However, the impact of other topological PAAs on protein conformation and functions remains unexplored. This
study employed a research strategy of comparing molecular weights under the same topological structure and
comparing topological structures under similar molecular weights. Through controlled polymerization and click
chemistry, a series of linear and brush-type PAAs with different molecular weights were synthesized. Circular
dichroism (CD) chromatography was used to investigate the regulatory effects of polymer molecular weight and
topological structure on protein conformation and function. First, in the linear PAA system, it was found that low-
molecular-weight linear PAAs could significantly convert low-molecular-weight proteins from o-helices to
[-sheets in a short time; the higher the PAA molecular weight, the longer the incubation time required for the
protein conformational transition to equilibrium. Comparing linear and brush-type PAAs with similar molecular
weights, the brush-type PAA significantly accelerated the conformational transition of low-molecular-weight
proteins from a-helices to f-sheets. For high-molecular-weight proteins, both topologic PAAs still changed
protein conformation greatly, but no clear dependence on polymer molecular weight or topology was observed.
Furthermore, we evaluated the functions of two proteins in the presence of topological PAAs. For f-galactosidase,
molecular bottlebrush PAA stabilized enzyme activity, while linear PAA rapidly destroyed it. In mouse
immunization with ovalbumin (OVA) as a model antigen, linear PAA induced significantly higher OVA-specific
IgG titers and splenocyte IFN-y secretion than molecular bottlebrush PAA. Combining conformation change by
CD, we speculated that the drastic remodeling by molecular bottlebrush PAA could damage critical epitopes of
OVA, whereas the mild modulation by linear PAA preserved epitope integrity. In conclusion, polymer molecular
weight and topology are important parameters for regulating protein structure and function.
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