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Fig. 1 Schematic illustration of a thermostatic photothermal hydrogel system for multimodal synergistic antibacterial therapy

integrating bacteriophages, antibiotics, and photothermal treatment.
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BIEARAE; NIEGREZ(AM). N,N'-3FF3E
PR . DY F 3L 2, i (TEMED). tH & &K
(TOB), M H _F#EpTHr T AR A RA R 4-
TR -N, N- X (4- F A8 R J8) 2R i o 5- T ik -2- T Wy
FR 3-( AP I Ef-1-F. [1,1-X0( 2RI )

TR RN R R R A R
E(LVX), H EEREAR A RAR; B
T 1L4- 0N, W E LRI R BR A
ws AR 1,2-0 R, W E KA BB
WRHAT IR A A iAW A R A T4
A IRTUE AR BRE AR Blaty . BERHRH
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1.2 LIRSS

AR A% 1 3% IR 1% 1 (AVANCE 11T 400MHz,
Bruker), %% #h-n] W, 4> % % FE 1F (UV-2600,
Shimadzu), 660 nm ¥t K H#(MDL-H-660, +
FHrek), A HHU X (Zetasizer Nano ZS90,
Malvern), ¥ % 4t 5% £ B 855 (CLSM; - AL+,
Nikon), JEf47& KX (N-1300, EYELA), E7&it
AL (Supcre GO6R, Shineso), 51X (Infinite M
Nano, Tecan), ZLAMAMAZIX(E6, FLIR).
1.3 ¥ #4> F MeO-TPA-ICN B & B & MeO-
TPA-ICN@PVA H# &

wE 2 s, J6# e 1 MeO-TPA-ICN 44 i/
CLRIE 1) SCRR 5 VA T B 2031,

{g

O_
Fig. 2 Molecular structure of MeO-TPA-ICN.

FEVKIKIE BRI RE 25 F T, K MeO-TPA-
ICN 1) 1,4- 5N HEW(1 mmol/L, 1.2 mL)iZ{H
TINZE PVA /K& (10 mg/mL, 10.8 mL)H . i
TR, RRAEVKKIE AR HE 10 min, BES
FEZUR FHHE 15 min. F TSR R AR 01
930 kDa it &8, fERAK P iET 24 h,
RAARFIEOFEN - HOKR, BIYMeO-TPA-ICN@
PVA 9Kk (ic N MeO-TPA-ICN@PVA).

1.4 BL-PT-P(NIPAM/AM)7K:E BB #1 &

# NIPAM (0.45 g, 3.98 mmol). AM (0.023 g,
0.323 mmol)-5 N,N'- V. B B 00 74 445 1% % (0.009 g,
0.06 mmol) il A MeO-TPA-ICN@PVA ([MeO-TPA-
ICN]=40 pmol/L, 5SmL)*H, RS e,
TERS SR BEJS, ERFEERE T R R s
Z720 min, PAFRZr ERRIEME. BEE, XA
TEMED (5 uL)Fd AifR4H(0.005 g, 0.02 mmol), i
AR5, AR BIKER TR A, K TR A
BEEAT, E=FRTHFE4hERRG RN, &
SAFENE CIE/KER, 1N PT-P(NIPAM/AM).

# NIPAM (0.45 g, 3.98 mmol). AM (3% AM/

NIPAM Jii & HE 43 504 17104 1/15. 1/20. 1/30 Al
1/65 % I 5 N, N'- 7. B 5 S0P I Bt 1% (0.009 g,
0.06 mmol) & [FI ¥ fi# T 5 mL 4K, IRzl
IR D TR 2% 15 B K B R SR B K TSR W B
HRBBEAEAT, fEEE FEE4hERES RN,
AT R CUEWIKEER, i PINIPAM/AM).

W L IRAN ] A5 6 7Kt s TR VR B 2212 N
R A PT-P(NIPAM/AM) /K EEFR (AR B A, A 3L
TEEAER FEFEARS, ®&HTTEA RS
R 7K EERS, 09 BL-PT-P(NIPAM/AM).
1.5 P(NIPAM/AM)7K £ RYIE RN E

FIF 8 A0 =717 WL 53 0 % FE 1H I 5E A 7] B A7)
P(NIPAM/AM) /K ¢ i 7E 660 nm I K 4k 1135 6 3
BEIR FE AL 4T A . P(NIPAM/AM) /K & DL
10 min 3450 2 °CHIFHEE 2 25 °CHN#E 55 °C,
FAERRTF R 2 °CHHE 3 660 nm Ak [13E 2%
1.6 BL-PT-P(NIPAM/AM) 7K £ BZ B 18 ;8 S¢ #
PEEE K

¥ PT-P(NIPAM/AM) #1 BL-PT-P(NIPAM/AM)
(AM/NIPAM Jii & L6 23 79 4 1710+ 1/20 F1 1/30) 45
S CE T R LA . Af 660 nm 0% B
SPKBEIR AR, WOGLI A% W E N 0.9 Wem?,
FREL B 10 min. 48 FH FAL0A2M AR A LA 30 s A
(i) ] B 1L S R TR DL PR 74K
1.7 EEIEF

M Luria-Bertani (LB)/# 1435 fig P-4 _E Pk H R
KA (WT E. coli, 324 IR M B) A0 B 56
W, T A U REK LB AR R 77 25 (5 mL)
v BESE, B ERE T 37 cClEIRIR G B R A
PA 170 r/min 38R 35 72 d K . 8545 G
B A 5740 t/min 2500 3 min, YCEELNHEUTIE
A PBS¥EU 3 K. e, WA W yliE EE T
PBS H1,  FFRe 41 i B TR BE B RS 22 ODgy (optical
density at 600 nm)=1.0 % F .
1.8 T4EEEAIH 1

o B LR (1) SCHR 5 VR T4 W i ik AT 9
1, JRAE 4 CCHAMF T IRAF 4 B2
1.9 T4@BL-PT-P(NIPAM/AM)7K % B B4 i %

# BL-PT-P(NIPAM/AM) XU = 7K ¢ B2 i #4 &2
FOMAR IR DL b, A AR K W 4, B S AE
4 °C &M I K B 52 43R T T4 Vet B R ik A7
W, s KSR E 24 h. & FiR b EL S,
SRAT U T4 Mg BRI BUZ KRR, 128 T4@BL-
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PT-P(NIPAM/AM).
1.10 MAEZRF/MIERENNE

FETCBE 96 FLAR 1, H4 8 T 4 a8 1) STk J7 2%
M 5%E LVX. CRO. CHL 1 TOB 4 Fh i 4= 2 Xt B
A TR R AT T B s /N BT R B2 (MILC) (33341,
1.11 BEESIEZHHEREK

TETCH 96 FLARH, TN S WT E. coli (ODgo=
0.1, 80 uL) LB X753 J T4 W B 1&(1x10° PFU,
10 pL), K FHAEASLIRH, FELLSEARRPBS B4R
MR B AR R IRZH . W E 4 h g, 400l se e 4
AU HEZE AR DN 10 pl 28 2 471 2 £ 45 B s e A Bt
A Z LVX. CRO. CHL B TOB, kLN
0.63~2560 pg/mL. W & iE &5, 8 H BRI
2 ODggor  LAVEA I B 44 5 B4 32 1 P3[R 0
AR
1.12 M E L

NPt T4@BL-PT-P(NIPAM/AM) /K B4 E
PR B R I S P4 R A S RS ML
PERE, WELLT 8N RIGAN WT E. coli (300 pL,
ODgoo=0. ) B TALEE: (1) PBS XA ; (2) X LVX
([LVX]=16 ug/mL)4- 22 ; (3) BL-PT-P(NIPAM/
AM) + PBS 4b P 4H ; (4) BL-PT-P(NIPAM/AM) +
660 nm ¥4 %(0.9 W/em?2, 10 min) + PBS 4bF 4 ;
(5) T4@BL-PT-P(NIPAM/AM) + PBS 4t 2 41 ;
(6) TA@BL-PT-P(NIPAM/AM) + 660 nm ¥ ¢
(0.9 W/cm?, 10 min) + PBS AL#41; (7) TA@BL-
PT-P(NIPAM/AM) + LVX ([LVX]=16 pg/mL) 4k ¥
H; (8) T4@BL-PT-P(NIPAM/AM) + 660 nm #¢
(0.9 W/em?, 10 min) + LVX ([LVX]=16 pg/mL)
AEFRAE . SIS H AR BTG K B Sk A T Ab 3
10 minJ5, B TH#RZHEFRAEGT °C, 110 r/min)H
BFE 4 h, BEJEIIALVX BEAAFH PBS 20 4k 4L
5 E 4 h WFE WG, W wIRAH PBS #i ke 1x10°
£, BL100 pL ¥ &) i A 78 LB [ A4 B fig P4 L,
HT 37 CCHEIRIGFRAR P G 7% . e fa, RFAR
IR B VR T A AL(CFUYEAT T, T o
EIPNAS A AL T PR RO
1.13 HEE/EE BT

P IR AR AN S 88 BT iR v, AR AR E A
WFEIFE WT E. coli. (MMHRLEH 5, R TITE
£ 5740 r/min F 250> 3 min, B 5 PBS PEi . ¥
T34 Ui ER2 T PBS A, FEIIAN LR 4y 5l
°A3.34 umol/L [ SYTO-9 A1 30 umol/L 1Ak P e

(PL), EEYLE 15 min. 10 pl 4t /5 1 1 R
T B, nmEsEEA R, BT CLSM R T
BIEL(SYTO-9, 1,=488 nm, A,=490~540 nm;
PI, 1,=488 nm, /.,=630~680 nm).

1.14 FHEXE

B sy S Be 35 48 B R S B sh e B 22
AL S . 2024-SYDWLL-000691).
) S HEYE BALB/c /)N BRU(6~8 JEI A, FHAE TS 5
JE AR (SPF) 28 S 56 2 ) Jo 3 B A4 577 2 J8) . AE R
A R PR AT IR AT, e ek U s v S G s 1 7 2R
Tl 5 J¥2 (80 mig/kg) LA 327 1) H1) 55 /) BRUGH 2 48 14 (1)
o SN S S e R 24 h s, R FREY
JIFE/NRA B IT B2 8 mm [METFEAG 1,
FAEBIH A WT E. coli B (ODg;=1.0, 100 pL)
DL SE BG4 IR ARY | R T VLT G THD Ak 1 SR
T, MHEHSAEREIG O, FRE R
Fi4 HiC2 N Day 0. B4 24 h)m, ¥/ NBREENL N
6 H(n=8), il NAabEE, RAHLSEAKEY
100 uL: (1) fXPBSAbHE4AH; (2) (X LVX ([LVX]=
16 pg/mL)A A, (3) T4@BL-PT-P(NIPAM/AM) +
PBS At 4 ; (4) T4@BL-PT-P(NIPAM/AM) +
660 nm #4%(0.9 W/em?, 10 min) + PBS 4b# 4 ;
(5) TA@BL-PT-P(NIPAM/AM) + LVX (16 pug/mL)
AbFRH; (6) TA@BL-PT-P(NIPAM/AM) + 660 nm
H0%(0.9 W/em?, 10 min) + LVX ([LVX]=16 pg/mL)
AhERZR . R, B LVXIRITISRGAL, YILERT
FPRERZE R A h g, T4 AL 0 100 L LVX
W R3S LVXURYT IR IT 20 i Jn &5 R 1
PBS VA . B2 T K, SKH A ARG A LI 1
FAC TR 1 XS I B A . FEREAN VR A N
SR /NRARE, IR AR AR LR DA
TE0L, A5 1 AR Imaged B4 AT &AL T .

VAW ROR, TEVRIT SR 2 R4
BEALESE 3 R/NRARSE, BB B Tk 2 —F
HEAT IR ARG~ 20 (H&E) et . A e Jz k4.
1B T PBS (0.5 mL)F 23, IR LB IF
FE2x103 6% 5, HU 100 pL 427445 T LB [ 44 B
JE~FA b, f£37 °CH: 7% 14~16 h J5 47 CFU i}
H(n=3).

RNRGVIRTT R e e, TEIRTT
SERER N RARSE, USRS R R R — 2
BNEASCEFE O L B RS 3T H&E 4
. GFA(Masson) — gLt GlEr gt [
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AL G BT . it — 20 o IR G A 1) 2
PR, B — B R R ZH 23 T PBS (500 pL)
A, W BE 1103 % 5 HL 100 pL #4151 LB
RIE MR, £ 37 °CH5 3% 14~16 h J5 #E4T CFU
TE(n=3).
115 Sit=a0Hh

FIFH SR R 7 2290 W 45 4 Tukey 2 5 HLEAS
B HEAT AR 22 e A AT . SRt B MK R e S p<
0.05. "p<0.01. *"p<0.001. SZ4& 45 F U b5
HEZFN, Hon RRFHNFEASE.

2 ZERE5T

2.1 MeO-TPA-ICN@PVA K%l & 5 RAE

R —FidE F T KR AR RO A& K
FEMERD IR R T, G BT Bk PG #
5> ¥ MeO-TPA-ICN, [ifi f5 LA PVA 1 9 9 55 1 A0
B E I GIK T TS MeO-TPA-ICN £ 3
T K AAZA, B ARG PR R 8 I 40 oK Bk
MeO-TPA-ICN@PVA.

PR K, X MeO-TPA-ICN@PVA (R 4% 53 Aii
FFase it T 7 RAE . WP 3(a)fn, DLS45H &
7~ MeO-TPA-ICN@PVA 7K & 4% 3 B4 A 1F
70~120 nm 2 [i]; SUkFEE, 767 KEFSRES,
HOKERAR AR KA B ZALAN, 1B MeO-TPA-
ICN@PVA H A5 Wi R Fa ek, ol e J5 4
KBBR8 5] 5 2K (B 3(b)).

B, PP T MeO-TPA-ICN@PVA )%
Pk RE . W 3(c) i, 1E 660 nm OGRS N,
MeO-TPA-ICN@PVA 7K 5 B0 1) FHm 2 20 H BH i
[ Th 2 % AR 1, B 24 Th 2R %5 % I 0.6 W/em?
FERA 1.2 Wem? B, 44 5 8P4 R 2 48 °C
FHE % 65 °C. I FHE -5 H A8 Bl i 26 v 5 0] &0
(E3(d)H13(e)), MeO-TPA-ICN@PVA )/t Hk: #i
B 48.9%, FUAHH &L TG Re AL e he
71 . NEAIE MeO-TPA-ICN@PVA )t #ka &
BHAT T 2 IRIEA O IR . W 3D 45 BTN,
238 660 nm B G IES: S IRTE A IS )5, MeO-
TPA-ICN@PVA [ 6 # 1 REEEALRFFA AR, R
HARRR eivdaett, NHEAEKER AR R+
(122 IR RS R 2958 T BLA
2.2 P(NIPAM/AM)#1 BL-PT-P(NIPAM/AM) 7K
AR IR R

AT 5T BT A4 2 1R X JZ K K BL-PT-P

(NIPAM/AM) ) b 2S5 MR AR R 5 A8 A & |
K& PONIPAM/AM)—2,  [K] ik PL P(NIPAM/
AMTENBRA R, RE1FAH AM 5 NIPAM ()
AN [FIC T 7K B e A AR AT N RS20 . D, il 2%
75 AR A B4 B 9] B PONTPAMY/AM) 7K 35 5
HHH AM/NIPAM Jig & HE 5300 9 1/104 1/154 1720,
1/30 M1 1/65. B 5, 5 4 2H /K Bt AE 660 nm i
KRR IR AR 4, FRRE R T
Boe 2 5% IS P oxof 7 () 8 SONAR AR iR B2 (T,). G
4(a)~4(e)fT~, FEE AM/NIPAM Jfi & LM 1/10
A 1/65, IKEER I T, 1 48.7 °CIEH [
K% 36.4 °C, Ut B HLAREC LU B8 0% A R0 2 7K &
Jioe B AR AR LR e 1l i 2R PR RS T LB 4(D))
AM/NIPAM Fi & 5 T, 2 [8) B A R AF B2 AH
Ktk MHLEZ TR E, AM BARRI SN 1
KBS X 28 R S 7K P 5 AR ), X815 I 4%
HH 7K & 28 0] it K SR AR A e A2 BRI B2 B s MU
Y NIPAM EC 528 by, 7K e TR B 25 ) o LL 1
IR T EERVER, KR E R S R A K
4R, BT, TR Zia LiRE5 R, P(NIPAM/
AM)7KEE R 1 AH A2 R 5 F] 7E 36.4~48.7 °CHE [H N
AL

FEAEA B, a2l T BL-PT-P(NIPAM/
AM)XUZ KB R FE I B i e ) 57K
B T, A5 & . Wil S(a)~5(c)Fi, 1E 660 nm
FOEIEAH(0.9 W/em?, 10 min) F, 5 XUZ /K EEK
BL-PT-P(NIPAM/AM) T 24 73— S B 20K
%t ¢ PT-P(NIPAM/AM) il 5 JRG% Ft 755 42 59.7 °C,
S AR B A RIHRAT N ML
T, WZKEE i BL-PT-P(NIPAM/AM) £ K [7] ¥
& L AGI (AM/NIPAM Ji 72 EE 73 3l 24 17104 1/20 A
1/30) I, H 118 0 FE 40 il 2 0 7E 49.2. 41.9
39.3°C, WELTHEIHER AR, H
58305 5 B C L PONTPAM/AM) (¥ T,,,. 3 il i
H AT A AR T RS W FEAER: 18
WG SR, BL-PT-P(NIPAM/AM) /K &t K 2
WG e A, PR REE TR L
JEKERIR: 24 bR T, 0, KB KA
FHAR T BRSO oL, AT A 2801 55 98
I ZE T | 12O FRAE D B 6 5 S U B il 2 [1R]
AL T A AT R, TR R DR
ST AR E YEFFAE T, BRI . T 5 B2 SR
X B A 2 AL AR IRIE IR SR, & A AMY/



6341 HRIE RS TIEIR G UK B R 1 - TR R OIS T AU R 1299

30 300
(a) (b)
240 +
£ 20
g ~ 180}
(5}
5 X 5 %
wn L _— ———
£ 0} gy 553
3 10t
Z
60 |
0 0 L L L L
10! 102 103 1 3 5 7
Size (nm) Time (day)
80 70
() —O— 0.6 W/em? (d)
70l —O0— 0.9 W/cm?
—4— 1.2 W/em?
o 60 + S
< <
95’ [
g 50r g
) )
£ £
e 40 =
30}
20 1 1 1 1 1 1 1 1 1 i
0 100 200 300 400 500 600 0 300 600 900 1200
Time (s) Time (s)
400
() Y=183373X
R2=0.999 60 |
300 -
06 50
2 Fl
o 200+ E
E S 40
H
£
Qo
100 + a
30
0f 20
0 0.5 1.0 1.5 2.0 0 20 40 60 80 100
—In(6) Time (min)

Fig. 3 Characterization on the physicochemical properties of MeO-TPA-ICN@PVA. (a) Size distribution of MeO-TPA-
ICN@PVA; (b) Colloidal stability of MeO-TPA-ICN@PVA over 7 days; (c) Photothermal heating curves of MeO-TPA-ICN@PVA
([MeO-TPA-ICN]=40 pmol/L) under 660 nm laser irradiation at different power densities; (d) Heating and cooling curves of
MeO-TPA-ICN@PVA ([MeO-TPA-ICN]=40 pmol/L) under 660 nm laser irradiation (0.9 W/cm?); (e) Linear fitting curve of —In(6)
versus time derived from the cooling curve of MeO-TPA-ICN@PVA ([MeO-TPA-ICN]=40 umol/L); (f) Photothermal stability
of MeO-TPA-ICN@PVA ([MeO-TPA-ICN]=40 pmol/L) after five laser on/off cycles under 660 nm laser irradiation at 0.9 W/cm?.

NIPAM Jii & Lt A 1/20 B BL-PT-P(NIPAM/AM) XL ifi B 18] 2% 44 1 i BE 20 A (1 5(d)), 45 5% B BL-
BRI IR (Tp~42 CCE N B IR R R . FIH#H PT-P(NIPAM/AM) XUZ 7K 5 [ e 50t AR 5 f 1 UL
ARG T 2 Bk EEIRAE 660 nm OGRS T & #I6E 7). 28 B &, BL-PT-P(NIPAM/AM) XX



1300 [

120

(a) AM/NIPAM = 1/10
100 f

80

60

Transmittance (%)

40 1

20+

T,,=48.7 °C
0L, . . 0,

25 30 35 40 45 50 55
Temperature (°C)

120

© AM/NIPAM = 1/20

Transmittance (%)

T,,=42.0 °C

0F, ) [¢]

25 30 35 40 45 50 55
Temperature (°C)

120

© AM/NIPAM = 1/65

100 1 T,,=36.4°C

80

60

40+

Transmittance (%)

20 -

o
25 30 35 40 45 50 55
Temperature (°C)

2026 4F
120
(b) AM/NIPAM = 1/15
100 f
S 807
g 60
g
g 40t
F
20 +
T.,=44.1°C
0r, . . . Q ; .
25 30 35 40 45 50 55
Temperature (°C)
120
@ AM/NIPAM = 1/30
100 » Tcp:40‘4 OC
S 80}
g 60
g 40t
F
20 +
0 7| 1 1 lo 1 1 1
25 30 35 40 45 50 55
Temperature (°C)
55
®
Y =134.462X +35.298
sol R2=0.993
o
< 45t
o
5
40 2
35 1 1 1 1
0 0.025  0.050 0.075  0.100
AM/NIPAM (W/W)

Fig. 4 Temperature-dependent transmittance of P(NIPAM/AM) hydrogels at 660 nm with different monomer weight ratios:
(a) AM/NIPAM = 1/10, (b) AM/NIPAM = 1/15, (c) AM/NIPAM = 1/20, (d) AM/NIPAM = 1/30, (¢) AM/NIPAM = 1/65;

() Linear correlation between 7, and the AM/NIPAM mass ratio.
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Fig. 5 Photothermal heating curves and thermal images of BL-PT-P(NIPAM/AM) and PT-P(NIPAM/AM) hydrogels with
different monomer weight ratios under 660 nm laser irradiation at 0.9 W/cm?: (a) AM/NIPAM = 1/10, (b) AM/NIPAM = 1/20,
(c) AM/NIPAM = 1/30; (d) Thermal images of BL-PT-P(NIPAM/AM) and PT-P(NIPAM/AM) hydrogels (AM/NIPAM = 1/20).
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Fig. 6 Bacterial growth as a function of antibiotic concentration in the presence or absence of phage T4 (1x10? PFU/mL): (a) LVX,

(b) CRO, (¢) CHL, (d) TOB.
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Fig. 7 In vitro antibacterial activity against WT E. coli following different treatments. (a) Quantitative analysis of bacterial

viability for different groups under conditions with or without laser irradiation and with or without LVX (n=3). **p<0.001 when

compared with the blank group; (b) Photographs of bacterial colonies formed on LB solid agar plates for different treatment
groups; (c) CLSM images of live (green) and dead bacteria (red) after different treatments. “Blank” and “LVX” denote the
PBS-treated control group and the LVX-treated group, respectively; “D/H” and “L/H”, “D/T4” and “L/T4”, and “D/T4/LVX”
and “L/T4/LVX” represent the groups treated with BL-PT-P(NIPAM/AM) hydrogel without or with laser irradiation, T4@BL-
PT-P(NIPAM/AM) hydrogel without or with laser irradiation, and T4@BL-PT-P(NIPAM/AM) hydrogel without or with laser

irradiation followed by LVX treatment, respectively.
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Fig. 8 In vivo antibacterial behaviors following different treatments. (a) Schematic timeline of the entire evaluation period;
(b) Thermal images of infected mice under different treatments; (c) Temperature profiles extracted from thermal images of
infected mice (n=5); (d) Photographs of skin wounds on infected mice with different treatments. Scale bar: 5 mm; (e) Relative
wound areas of infected mice with different treatments (n=5); (f) Body weight changes of infected mice with different
treatments (n=5); (g) Photographs of bacterial colonies formed on LB solid agar plates for different treatment groups collected

on day 2 and day 9; (h) Quantitative analysis of bacterial viability for different treatment groups on day 2 and day 9 (n=3).
0.001 when compared with the blank group.
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Fig. 9 Histological and immunofluorescence analysis of infected wound tissues after different treatments. (a) H&E staining
on day 2 and day 9, Masson’s trichrome staining on day 9, and immunofluorescence staining on day 9 of infected wound
tissue sections from mice for different treatment groups. All tissue samples used for staining were collected from the wound
area. Red arrowheads, blue arrowheads, and yellow dashed lines indicate inflammatory regions, newly formed hair follicles,
and regenerated epidermis, respectively; (b) Quantitative analysis of the relative fluorescence intensity of IL-6 for different
treatment groups (n=5); (c) Quantitative analysis of the relative fluorescence intensity of TNF-a for different treatment groups
(n=5). *"p<0.001 when compared with the blank group.
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Fig. 10 Immunohistochemical analysis of infected wound tissues after different treatments on day 9. (a) Immunohistochemical
analysis of CD31, COL I, and COL III in infected wound tissue sections from mice for different treatment groups. Yellow
arrowheads indicate newly formed blood vessels; (b) Quantitative analysis of the relative fluorescence intensity of CD31 for
different treatment groups (n=5); (c) Quantitative analysis of the relative fluorescence intensity of COL I for different
treatment groups (n=5); (d) Quantitative analysis of the relative fluorescence intensity of COL III for different treatment

sekok

groups (n=5). "' p<0.001 when compared with the blank group.
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Fig. 11 H&E staining of major organs (including heart, liver, spleen, lung, and kidney) after different treatments in infected

mice on (a) day 2 and (b) day 9.
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Research Article

Thermostatic Photothermal Hydrogel-based Multimodal Synergistic
Antibacterial Therapy Integrating Bacteriophages, Antibiotics, and
Photothermal Treatment

Jing-yi Zhang, Hao Fu, Shu-yi Lv, Ming-hui Xiao, Bo Liu, Liang Tian, Hua-long Li,
Qin-yang Zheng, Chun-lei Zhu"
(Key Laboratory of Functional Polymer Materials, Ministry of Education, Institute of Polymer Chemistry,
College of Chemistry, Nankai University, Tianjin 300071)

Abstract Bacterial infections pose a severe challenge to global public health, necessitating the development of
novel and efficient antibacterial therapeutic strategies. In this study, a bilayer hydrogel delivery system with thermal
responsiveness and thermostatic regulation was constructed to achieve on-demand burst release of bacteriophages
and synergistic treatment in combination with antibiotics. By incorporating photothermal nanomaterials into the
bottom hydrogel layer, laser irradiation induces localized heat generation, triggering a phase transition-driven
contraction of the hydrogel and consequently enabling controlled phage release. Meanwhile, the upper hydrogel
layer, devoid of photothermal components, restricted laser penetration through a phase transition-induced light-
scattering effect, thereby precisely maintaining the system temperature below the hydrogel transition threshold
and effectively preventing phage inactivation and tissue overheating. /n vitro antibacterial assay demonstrated that
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the combined application of the controlled-release system and antibiotics achieves 99.9% eradication of wild-type
Escherichia coli (WT E. coli). Furthermore, in a bacteria-infected wound model, this synergistic therapeutic strategy
significantly accelerated wound healing. Overall, this work presents a multimodal synergistic therapeutic platform
integrating on-demand release, intelligent thermal regulation, and synergistic antibacterial activity, providing a

promising strategy for the treatment of bacteria-infected wounds.
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