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STUDY ON CHLORIN E6 LOADED ON
FUNCTIONALIZED NANO-SILK FIBROIN CARRIER AND
DRUG-RESISTANT BACTERIA

ABSTRACT

Antibiotic resistance is a growing problem due to the prevalence of
multidrug-resistant (MDR) bacteria and the reduced efficacy of antibiotics
caused by bacterial biofilms. Therefore, novel antimicrobial strategies are
needed to combat MDR bacteria and eliminate biofilms in order to delay
the emergence of drug resistance.

(1) A nanocomposite was prepared using silk fibroin (SF) as a carrier
for chlorin e6 (Ce6), resulting in the formation of Ce6/SF through covalent
interactions between Ce6 amino acid residues and SF. The non-toxicity,
biocompatibility, and water solubility of SF address Ce6's hydrophobicity
issue. Additionally, quaternary ammonium salt chitosan (HTCC) was used
to modify SF into Ce6/HSF with cationic properties that enable better
penetration into biofilms and binding to bacteria. This positively charged
nanocomposite can easily bind to MDR bacteria and penetrate biofilms via
electrostatic adsorption. Under near-infrared laser irradiation, Ce6 releases
singlet oxygen for biofilm ablation and bacterial killing. UV-Vis, FT-IR,
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particle size analysis, Zeta potential measurement, scanning electron
microscopy confirmed successful synthesis of Ce6/HSF. In vitro
experiments demonstrated excellent antibacterial effects with 99.2 %
inhibition rate against MDR S aureus and 97.1 % against MDR E coli.
Wound healing in mice further validated therapeutic efficacy.

(2) To enhance material effectiveness against drug-resistant bacteria,
we replaced HTCC with PDA coating on silk fibroin surface forming
Ce6/SF-PDA  nanocomposite which combines photothermal and
photodynamic therapy for antibacterial action. Successful synthesis was
confirmed through various characterization methods including UV-Vis
infrared spectroscopy analysis. High photothermal effect at 29.3 %
conversion ability was observed along with good reactive oxygen species
production capability during photodynamic experiments. More than 97 %
inhibition rate against MDR S aureus and MDR E coli were achieved in
vitro without compromising biological safety based on hemolysis test
results.

In summary, we have developed a novel nano-silk fibroin protein
carrier for photosensitizer e6 delivery aimed at inhibiting bacterial
resistance and destroying biofilms through photodynamic generation of
reactive oxygen species (ROS). Furthermore, different modifications were

applied to silk fibroin enhancing its bactericidal effect.
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KEY WORDS: Silk fibroin, nanoparticles, photodynamic therapy, drug-
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PUAE R 25 PRI G U7 T s BRI 7 .
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I 6 R WA 7 B R TR S UK 10 G IR 3 B b e AR R IR 0L, X R R
FRIN AL RN T TS R R T R, AR EAEVA YT . ANGH R QL R Y, 7E
MY 5T, PTT S48 405 B Y1697 SR8 H HL LA 2 M3 .
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RN 251, RO S AT A AR ) AL, A8 3L RO A% SR T Ok O
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FERE A BE I8/ 1A 22 F DA R AE B A 3R T 245 95 8] o 1 85 A2 o FH 4 D7 T R
AIH
(2) 3h fiy7ik (PDT)

J63h J197 % (photodynamic therapy, PDT) BB ZHHiHE L, 74
I S B R G U T R BRI 7, R R AE 2 A5 2R 9T T 18 AR —
M2 R B R RENR T 5%, 6 9k (PDT) 2 —MARR ARG ST 7
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B IE K PS FIE B LW (IR )T 1518 H O $E iR PDT I PU I E VE B A B 28

Gas Therapy
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9 aPDT combined ™

1-1. PUBR T 2 T 0K R esh 7T ks B .

Figure 1-1. Schematic illustration of nanomaterials-based PDT in antibacterial

treatment[45],
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W o JRT, F—HIGEN 7 K E K ROS K &2 PDT B E K IR ALAH T .
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FOEMET itk . N TR AR, PTT /LS PDT —#H, UIREM
AN R R A 146 471 PTT 72 AR (1 B4 AT DA ARG 4 B8 1 20 PRV 1, e AT TR
ROS FE U, MIMAHR MR BT 75 1) ROS &. [FIffE, Wfs PDT —iefll
FI5 AT BABEAR PTT AR LN T H B il 2 225K, R0y PDT &b 7% 7 £ 1) ROS
S FEME IS PTT AR SR M. 54, A PTT 77 LIg#E ROS
5572 1E e 7T .

#illn, Mei % ANFIH cos ThRE4LIY GQDs 7£ 450 nm nJ W%~ 5 H 2 5%
J& A% BE K FF B R 4 2 R A ER 1R (B 1-2) . 9K A MRS BoR R A1)
L0 AF 25 PR AR A B B 1, A B T IR e 11 8 1481,

on €00 HO

Graphene oxide
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)

) "“’,S-‘PDT

)-ZﬂE PTT

1-2. i E T (GQDs) -555MH (COS) WM& LIIET PTT M PDT i th

Al BT 1 & a R R = .

~

Bacteria-infected
wound

Figure 1-2. Schematic illustration of graphene quantum dots (GQDs)-chitosan
oligosaccharide (COS) synthesis and its PTT- and PDT-based synergistic

antibacterial wound healing.
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HI 22 R G AAR UKL (NPs) I 99K B 65 A1 kLR A [ - SR A R
(R0 S 1 B 1T 32 3 OB 22 (1 5GP [(RIE, 223 -NPs 9K E &R K
JEGIE 7 2 AR FM Dk FOBOR R (08 . K2R EAMEIINILE S NPs
MR IL AR S5, T BLERAS s A R KB AR 2 Rl 1 22 it 525 4R JE 7
RAF BB RE -

Additive
Manufacturing ,

By Electrospinning

Cale ¥
1
P

Hydrogels

Aerogels

B 1-3. M AR B BRI 22 38 8 R 0 S A AE A BB . (AD B, (B) 48,

(C, B) Mg« MAMWEE, (D) 3D T4, (F) I, (G) /K
e, (H) <&

Figure 1- 3. Overview of the various biomaterials obtained from of silk fibroin extracted from silk
cocoons. (A) Silk cocoons, (B) sponges, (C, E) macroscopic and microscopic images of
electrospun mats, (D) 3D printed structures, (F) films, (G) hydrogels, and (H) acrogels.

I BEIEB R L ZE R NPs 45 G R BT B @ fl R A Th g i 4=
WK G FEAA TR T 90K E G AR AT L2 I A2 B A A E A RHE
ST AR RVE S B RE .
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FEWRREY . MM, 2ZEAC55REREMREG, B3R K
(PED B4, R ZIGEEE (PVA) B3, R ZEuLmg il (PVP) D61, JIR 4
ZFE (PEO) BT, ROWE: (PCL) B3, WM ELE (PAM) B, Wik
RIM OBEIE (PLGA) 1991, Zals (PU) CHAIZRIM (PLA) 02145,

T 22 3 A B K SR OO0 2 IR A 22 IR R AR R AT T R
W, ELRE ORI 25 Bk, Qi B AR P AR B (U & R T (MRSA). 4
B ME . KRIAATE . SR EmEaReE, DL O Bk A R e
SERB (FRCA) ZH WY, MAh, Eivazzadeh-Keihan 25 NIEH, HEA
B 290 K UREL Ty R AL 19 22 3 4R 1 ik OB RT DA B L AR I I R . IXAE A
i ARG N EE, KONV s Mt A R 250, JF S 4
41 AR 0 H Y FRL03)

Silk + Au
NPs

Kl 1-4. 252 EMAPKEAMEIE . (A HYTLg4s (B) &40K0 1.

(C) FALBRGUKKL T (E-G) RYPIKKLF[STEM-EDS 5 Jt 2 W5 ] i 43 4 fi 5%
K. (D) & E&99KRT MR A0 KR T~ 1 FEL T 22 S0 Z0R CHD 45 10 % AL 1

Figurel-4. Examples of silk bionanocomposites. Scanning Electron Microscopy
view of (A) electrospun silk fibers with (B) gold nanoparticles and (C) iron oxide
nanoparticles or (E-G) silver nanoparticles [STEM-EDS with elemental mapping].
Macroscopic view of (D) electrospun scaffolds and (H) sponges with gold and iron

oxide nanoparticles.
6
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BEWS P BB AR MIEM S 44 . AR Ce6/HSF 40K E & K
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UK E AR HAF N Ce6 £E 660 nm IEOC/E ] T 74 KR R LS
A, SMEH) PDA f£ 808nm HJBOGAEH TR T m, PLHERIEBRAYIIR,
SCHL PTT A PDT P A U .

142 FEMRAR



o N 2 T e A 'S
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(2) JERIGPK L2 TR B AE AN e6 RGRGEN I U 25 B i
7

I 2B L £ Ce6/SF Ak, HLRMENEI Tris VABUERE PDA, {E1544
BLEAEHEE S, BnHI % K Ce6/SF-PDA 94k & & A BB i BE & PTT AN
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o N 2 T e A 'S

B 2E FRUPRLZFZRBFIH AN e6 BILENH
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2.1 5|5

HAT, MDR 4R ERATIR R — N E I AL DA, H T Rexs Zsm 4%
B IR D e 5= AR 4 A 0690 I i 200 TR G P DAL I DR 7 2 7 B AR S 4 A
FIRIT. R, HTPEROAGEEA, Aol@ag s minmser, ¥+
SEIN T AR 2G0T, Ak, R 2 B B A DA AR Y B IR A AE
FET NS MR, e T T B o R REAR, AN T 0 7
HEUE 23, A FEOS SRR ABUR. K, B8Y) I KM i 2
TR TR 3 ) AR BB ) B B B K A

AT HRESTEMERIRTT R, QAW T SR RS . X S S A
W7 ik, WIlRR/ R AWKk (NPs) U3 740 Frg k> 70, FH g AR
PP 208, R AR 7, Woksh 2197 (PDT) RDE #Tk
(PTT). PDT RIHEMAG. G/ TR ML RESCER I 2 2
J 2R, PR PDT EAATT DUBE G 25 VL P2 A, (R L BRAE M SR AN
AR IX AT RE A2 T OGEGR (PS) HIBEMERAIR. Ak, PSICAEAE/KIENEZ.
THEEEA RS Bk, AT R PS SAKEARME & . 9KEKS PS
R4 & nr DU PS KIS TEAY R B, AR IR A A RO B . IX I8 T
JEN NSRRI ThRL . BeAh, AT IR RN A2 B 7RI O, RO EATRT L
EE TS R LI R A b B ) £ R TR A R S, BRI, RN RE L (R
PRI T4k 34k PS AEFEE B ATATHY .

AWtF L2z EH (SF) Ak, 7 S 6 (Ce6). Ce6/SF NPs &
Hi Ce6 Ml SF P FERRIRIE RSN AH EAE-ITE . SF BRI, RAFHY
A=A AP R K VA 1 AT DU R GBI Ce6 FIBR/K )Y, phat, FRATiEBEFT R
B EL (HTCC) X SF #EAToitt, ARG ME L, ReWEir g d
VIR SMELE & . IR RIAK R S8k E O Ce6/HSF. Rk, i IEH,
i) Ce6/HSF W] LAR % 5y i@ i i i it 5 MDR Al 45 & 2@ B B
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Ce6 FEUTLLAMEOG (NIRD MRS AIPER T, Bt KRB R B A, ik 2x)
AP R I e i A R SRR BR 1) H R ASEIE TN T KRR BIRTT A% ) 2 ThRR 4K
B Rt R .
22 XEMRERE
2.2.1 S HY
2.2.1.1 KL

& 2-1 I

Table 2-1 Experimental reagent

A BIR TR
4 FEA (SP) WA O AE AR B A TR A 7
AN -e6  (Ce6) ¥R O AE AR B A A IR A 7
FRBEEEL (HTCC) WA O AE AR B A A IR A 7
2, 7-EBOLE . LEEE (DCFH-DA) EHERT R T AR R A A IR A
IR £ (PBS) B R YR IR AR R A ]
DCFH-DA (Ca4 Hi6C107) R T AR I A IR A
B (KBr) bR R T AR R AR A R A
1, 3-ZRIEFHRIME (DPBF, 97 %) R T AR A A IR A
T B G 0 1K 7 FBCRHE (PED HRRAF]
iR R B ERA A
[[Eabsi:ey) A TAY) TREARAF
JiEE A R ] 248 Ak 2R A BR A
LG I 248 Ak 2R A BR A
ToK LB I 248 Ak 2R A BR A
1L AR 5] 244 b 2R A BR A
2.2.1.2 LR
R 2-2 IR
Table 2-2 Experimental equipment
Nz B S =R
AR FD8-3 FEH SIM A
TE IR AL TIPS SZCL-2 IS R VA% AT BR A )
AT W6 T UV-3600 H A By ]

10
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(VAL RN 520 IRPrestige-21 H A By A ]
BT B S-4800 EENENAA
G CytoFLEX 1 B A5 R AN 7
SR DM2500 LED i [ 3 A
AR B0 Z 326k o [ et A ]
s TIES BJ-2CD g R T YA R A F

2.2.1.3 HRE RN RKIR

S O & IR (ATCC25923) . RAtFHw (ATCC11303). i 25 K it 16
(BNCC358268) FHIN 244 3% (4% &) BR A (BNCC358301) ) H LA 8=k}
BARA .

AHF AR /N BROR B R RS AR S i F ot . BT SR 3RAS 1 E)
YIWF AR TR AE (L VE5:202010A415), BIfRF 4 (EVWIRERIEY) Al (246
P4 EAVE AR RS Pl

2.2.2 LWL
2.22.1 MRIBERSRIE
(1) Ce6/HSF 4Kk E A MG Bl B H 7~ = K

A ( \
—— i ! - o Ceb
acetone 9 self-assembly @
SF Ceb/SF Ce6/HSF HTCC
B \ ( MDR )
NIR irradiation @ bacteria Alive MDR

% (660 nm) Biofilm .
bacteria
: !
b A ‘ o Q
Q \. -@» MR Dead MDR
Q9.7 = bacteria

o N ini _ 470,
Taiw, | *
' N /U Y,

2-1. BB T (A) Ce6/HSF AR E S EHHI 1 (B) KRG EM R TF Sk
IR R TR I B T A AR
Figure 2-1. Schematic illustrating (A) the preparation of Ce6/HSF nanocomposites and (B) the
process by which nanocomposites achieve rapid bacterial killing and long-term antibacterial
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activity upon light irradiation.

BATEIE LW AEHI AL Ceo/SF PKMURL, PR H 4364 HTCC &1 2
Ce6/SF PRI R, TEHL Ce6/HSF PR E G KL & BHIFEHE 660 nm HIL
LLAMBOG RS T DA AR KR S RS, DAL SR ok A A AN 2% ST 24 14

(2) Ce6/HSF 4R Z A MBHI Ak

1) Ce6/SF Wi H: TEAWIFF, Ce6/SF PR BURLE LT 257 74k 77 i) %%
851, ik, ¥ I mLSEEMR (15mgmL™) WhNE 9mL & Ce6 KB (150
pg mLD o1, FIZUEEE 5 min, FHAHMRBBENIEE LI 30 s (B2 sfF1E 2 s),
I B T8 X R e RE i A . 38T B 12000 rpm (138 5 B8 0y 15 min Y42 [ 4,
FBAK IR BTk, WA DBAERBAK T, AL 4 °CHIPKA el

2) Ce6/HSF & H: # HTCC LA 3:97 HILLplETKkF, BRI EEN
3% HTCC /KB . SR)5, % 1 mLHTCC /KiE5 9 mL SFC NPs (100 pg mL-
D ORI G, FREREEE 12 /0 BRI, KRS L 12000 rpm B0 15 min,
H A K TLIR, LA3RTS Ce6/HSF NPs. ¥ Ce6/HSF 44K ki 1/ BUrE B4l
KA, FEREAFAE 4 CUKFETR % H

(3) MEHRRAE

D H#HEE (SEM) RAE

i 1A T I W Ce6/HSF KIS 4. # 1 mg Ce6/HSF JHIE AR T
faaliKr, #E 10min. RJEKF 10 pL Ce6/HSF ¥ 0w N B4k A LI )T, Hilke
ZHUMRUESE RIS, &8T5 B BT HA sk,

2) HHEMAR I (FTIR) &AL

MH FT-IR #— 2@ B 451 K SF. HTCC. Ce6. Ce6/SF Hl
HT/@Ce6/SF FEF T, ZHBKAHRIIRZE, SRIERAE RS R 1. 200
R LE AR R A, WS ot ARG R iRE, (8 AR AT I

3) EAHMTHOERE (UV-Vis) RAE

R £ A0 AT DO 3 6k #E a3 4T R AE . K SF. HTCC. Ce6. Ce6/SF Al
Ce6/HSF #I|45 UK I /A 3 mL EiREBUIMA B (L, A FAC RS #E470
KT

4) Zeta HALFIRIARRAL

A T A Rk 2 THT HEL A (1 AR A RIDRL AR DK/ S IE B AR & i L . K SF
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HTCC. Ce6. Ce6/SF 1 Ce6/HSF 73 HI¥& THEZE/K, SRJGH 3 mL F¢ 5 2E47 I &
Fidsk, SEIGEE 3K, BCPHIME.

5) Ce6 Bk

W A [F) K B ) Ce6/HSF 73 BUFE 2 mL pH N 5.5 F1 7.4 i) PBS tf, 3]
EHTEE (MWCO=5000 Da) #EHEW. R, ¥EHIREAN PBSHEHR Y,
AR PR IE . UbAh, RERE eI R A 3 mL FE gL, A R4
SAf L (UV=Vis) 360 FEH7E 660 nm Ab IR . FH Ao vh iy 28 3575
Ceb &,

PR TROE . (%) = (Z5¥)7E PBS thiE B) / (Z5W7E 9K Bikith
EIEGER )
2222 EENFIMERER T
QNN 0P i SE=W el

WATIESE 1, 3-Z KB RIKI WM (DPBF) 1E N2 G & kIl &
Ce6/HSF NPs F=AEMTEHEEY TR (ROS). ZFrLLE#E DPBF, &K AE X}
BASERARERRE, FHERANGGRATHEMAR, X FEIA
UV-Vis JGH (410 nm) P WU 3 B2 S0 T R AIC, AN T 383000 & g 1871
P4l (PBS) H T L% SF. Ce6. HTCC 1 Ce6/HSF MR . £ 2 mL
DMSO F1#|# &% 10 uL DPBF (5mg mL™") HIEMH, HERETHKN
660 nm. HEEH 0.5 W em? BT LA HEAT 5 A0 -1 ORISR A
A £ 1) Ce6/HSF 43 #(7E 2 mL pH N 5.5 1 7.4 /) PBS ', FHHENE
(MWCO = 5000 Da) #HVER. K5, KHENREAN PBS ElT, JHE
FR R BB . thah, W A 3 TR, (RS-
W (UV=Vis) 26 HHE 400 nm AbJEWOLRE . {3 F br v il 28 3515
Ceb & &
(2) b P i 1 e

fifH H2DCFH-DA K&tk 4ife 4 ROS /=4 . MDR Kz & i
MDR 4 # (4 & BR# ¥ 5 PBS. Ce6 Ml Ce6/HSF i —iZMH LK .
B 5B B LA 4000 rpm B0 5 min, ARG BRF IS WO AT K BRI =
. BEJEHBPER 2T T 10 uM H2DCFH-DA #54F 70 & 30 min. i HIKE K
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N 660 nm. IFEFE LA 0.5 W em™ ] NIR OGS 5 min. £ 0
BB T HT, FEAUK Pk k2 RIRE .
2.2.2.3 RIMAE LI
(1) MIC {5l &

K FH IR A5 M RV T B /MR o 7 96 FLAR P il 2 W B2 D 300
150~ 75+ 37.5. 18.75 F1 9.38 nug mL' (ZGMNIEM. REANFLA & A 41 B8 0 40 B

16 /NI, XA AR R EE (MIC) . BbRic T I & ODsos
(2) CFU 52546
CFU sEE B s 7 ROk . faj i, #ike MDR KAzt AT MDR
SO EEREFEA, BfJ5H PBS. HTCC. HSF. Ce6. Ce6/SF fll Ce6/HSF 4t
o —NIR A2 G, TMH+NIR A2 6 5 mine Mb4h, EEAFMKREE
ff] Ce6/HSF AbFE MDR K #TF # f1 MDR & # R A ERE A, HKESHBET
ELLAMET S mine #iE CFU THEL, 3R -PAR B .
(3) g ks
PL PBS N A, #E Ce6. HTCC. Ce6/SF Fl Ce6/HSF VYL 47 %I Hi .
WA F AN AN, Yot BRI LIVE-DEAD 4efi), 4SR5 it X4
AR T
(4) LIVE-DEAD %ttt
¥ MDR K7 Bl MDR <3 (i £ 3K S 245 HL 85 9% . WES A, 1E
SRR 2 fE TR A S /A0 B e R S AR e 30 mine HfaLEIRS, I PBS
Vel = BREZRIGOIER . B s, JFH 700 B s B i
FOCILENL
2.2.2.4 (RINEWYIRIH PR LIG
i MDR K Jiz A B Al MDR <5 3% (%] %) BRI AR5 7740, 4% 200 pL 1 =108
CFU ml" ) MDR KT B A1 MDR <4 55 (%] &) BR R M2 96 L, £E 37°C
Fi 9% A8 /NI, TR RN . I AN R SRR 2 IR 9 150 pg-mL! i) PBS.
Ce6. HTCC. Ce6/SF 1 Ce6/HSF &K, 1E37 CHEFMTIH IR, ZJ5H 100
ul 4 %2 5 B EFE 5 10 min, SREFRERNILN BB, 5 H 50 uL 4560
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20002 %) Beth 30 mine HARF KU =K)G, B BN ERG)E
A A G BRRTIE, A 33 % BRIEAEE VIR e iR . 13 H
bR X 5 ODag fH
2.2.2.5 HEHSFEMER

AR T 2 (SEMD AR EHE B A5 KR, DO
WAL . 5 Ce6/HSFIEHIFE 1 /N, SRIGTE 37°CHlE—DiEE 12 /M 8. H
2.5 % K ANME e R, B R H PBS MR IR SRS K I I 4H AR £
BERRIE (35, 504 70+ 80+ 95 A1 100 %) /K, K 15 min, AL FE
fE 4 °CIMRIR N7 KU ANIA R T8 . A RS (SEM) W41
o
2.2.2.6 A E LI

MRAE RGN 2 30+ 2 g 1)\ RN = e e — MR E N
20 °C +2 °C, JLN 50 %60 %, H I KM IR b B . WA 7-
12 K, DU AdAT 44 B AT AT AR A . FEAS TR A S2 30 4 e g SN B2,
PBS#l. HTCCZ4. Ce6 4. Ce6/SF A Ce6/HSF H, MLHMAT =475
TER R/NR I I B E AL 1 em BTG . BiJS, 44 100 uL MDR 438 4
RS (108 CFU mL'™D BEFIMAZIRFA (. G RAREAN 150 pg mL!
[¥) PBS. HTCC. Ce6. Ce6/SF Hll Ce6/HSF ¥AilALH/NRA M. S35 H 660 nm
(OGRS T X35 S min, 7EREAN I FE AP C AR E B . 7255 04 2. 4. 6,
8 A 11 RAnEks F UK, DADNEAS D O/NBER (B 1384k . RIT S mUG, XA
7IN B S it 22 AR BT
2227 £RE M
(1) gHiFEtE

¥ RAW264.7 4 a1 5% 24 /NG F PBS ik 2 Ik, Bl 2FR15780, 25l
IONARERE (0. 12.5. 25, 50, 100, 150. 200. 300 ugmL™) MIE: 7K. H
W 24 NG, BRI RS B A PBS Beik4ii, IAERE CCK-8
Qe i /E I 30 min, fe e A B2 2 RO FEAE
(2) HE F1 Masson 44t

AR /N BRBE — PR S Tz R AR Y B, SRR AL R SR ZH 20
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MEZERE GOFFIRIE D I 2 I B [l € 77 /R 47. HE F1 Masson 4 {i4h
KA T UPAE R AR N AR e A
(3) IFILSEE

i EDTA FIA R FE K Ce6/HSF ¥ (50, 100, 200. 400. 800 pg
mL™") AbPRAE R EE MR, BL HaO AFHPEXT IR, PBS B MEXS M. Kt £ 4n
MOV 5 AL B S AL YR &, #E 37 °CF 1000 rpm &0 5 min. 96 LR
B0 G, BLIEE 200 pL, WBEE 1. 12, 24 /8, £E 570 nm PR K R A
I AR O ML= CRF il TR0 B - B PR BB O B D /7 CBA o HRE
W S % - I e %o R R 2 o
(4) Mg TER

I AR BUIRBRCRSRBUMA, #RJ5 BL 3000 rpm &0» 15 min, YR LG
W A3 AR AT R
23 KWERSR
2.3.1 MRIBIRAE
(1) SEM 44t

SEM BEM ELAL I SRR S AR TEAR . anfl 2-2 B, fE SEM T,
Ce6/HSF #AKE SRR HIT BB, XAFERATMBUH R, R
Ce6/HSF 44K 5 & AR Th & i .

2-2. Ce6/HSF ] SEM El#4 .

Figure 2-2. SEM image of Ce6/HSF.
(2) BAHMATILE (UV-Vis) 7047
Kl 2-3 8T Ce6 £ 405. 505 FI 656 nm 4k H I ARFAE RIS, T
Ce6/SF 7E 220 nm Ab H B i, X 5 SF MR I — 3. 1XEB Ce6 BLY)
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M5 SF 454 . Ce6/HSF 49KE & REE 375 nm &b B F HE R 1EIE, 7
514 1 671 nm &b B G R KRR, KB Ce6 siIhhi 45 & 3] SF 152 5B

FHh L.

2.5
—SF
_ —_HTCC
5 2.01 ——Ceb6
) —— Ce6/SF
8 1.51 Ce6/HSF
c
©
21,01
5 .
[7}]
g 0.5 \ /\
A\ ey AN
0.0 — I\

300 400 500 600 700 800
Wavelength (nm)

2-3.SF. HTCC. Ce6. Ce6/SF 1 Ce6/HSF (L4 1] Wi .
Figure 2-3. UV-Vis spectra of SF, HTCC, Ce6, Ce6/SF and Ce6/HSF.
(3) EZHZLA6RE (FT-IR) 204
WP 2-4 Frzn, SF{E 1622 #1 1514 cm™ {4 45 41z 2h 4 43 53 @ T kA |1
FEERE 138 BhAh, Ce6 i1 C—H Ml C—O 45 IR zh 4 7l 1 2926 A1 1711 cm”
LR IER 7R, 1600 A1 1238 cmt A HUE SRSl IH KT Ce6 MERE LK N—H Al
C—N 4§45 . SF 5 Ce6 R4S & H 2926 A1 1622 cm™ 4b ) RFAE I LIE
. HTCC #£ 1651 H1 1485 cm™ (¥ 43 Jl T K T C-O 1 C-H 45 #k3h . 5
Ce6/SF #HLL, Ce6/HSF £ 1651 cm™ A5G R £ T EEME 75
Ce6/SF M EAE ], WEW] HTCC & Ihii 4 4 %) Ce6/SF L.

I 1
I 1
g
8 : HTCC :
g 1 1
= Ce6
1 1
E W
G " CeSISF_|
= " Ce6/HSF |
2926 cm™ '1651 cm™

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

2-4. SF. HTCC. Ce6. Ce6/SF 1 Ce6/HSF 1] FT-IR Yt i

17



LI TR AR 228 S

Figure 2-4. FT-IR spectrum of SF, HTCC, Ce6, Ce6/SF and Ce6/HSF.
(4) Zeta HLAL5HT
& 2-5 frar, Ce6/HSF 0K E S M B C LN 49.78 mV, XA |47
TF AT R R RAA Rk 8 T e Pl R B 5 7t 670 PR 0 A B SR T e fih,  AATFT 3G 58 Ce6 %o
2 T 1 2 KR

(=]
o

(=2
o
1

F Y
o

Ce6/SF

SF Ce6
|+| u HTCC |, Ce6/HSF

o

Zeta potential (mV)
) X)
it it

-40

I 2-5. SF. HTCC. Ce6. Ce6/SF Fll Ce6/HSF ] Zeta HLAV
Figure 2-5. Zeta-potential of SF, HTCC, Ce6, Ce6/SF and Ce6/HSF.
(5) Kifror A
i 2-6 firzn, Ce6/HSF ZNAE S HEIEI RS TEEZ0Y 250 £ 300 nm.
Ce6/HSF AR E S BHARS 1157 RS M BUREHE 7 RNEH B& 24,
KR EATRA RS E N

A B
350 0.4
100 - N A —— Ce6/SF
& —— Ce6/HSF 300}
) /i L —*—F—35 5
g ! 3250
> I :2007 —
- [ ~ (m]
‘0 8 o 10.3
@ 50 L @ 150 | a
; a I
£ Do 100 }
Lo 50}
0 —L ; 0l— ‘ . ' ' - —10.2
10 100 1000 100 1 2 3 4 5 6 7
Size (nm) Time (d)

2-6. (A) Ce6/SF Hl Ce6/HSF HIN~F. (B) HSF @ Ce6 TE/KIEHH 7 RIF R4 B R
Figure 2-6. Size of Ce6/SF and Ce6/HSF. (B) The size and dispersion coefficient of Ce6/HSF
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inaqueous solution for 7 days.
(6) Ceb6 BT
Ce6 MRS WA R GBI JI R . A T S8 R KRR )R TR
P AH R FE ) Ce6/HSF 4 HU/E pH 7.4 A1 5.5 () PBS 1. & 2-7 .7~ Ce6/HSF
REURZTE 8 /NI JE IR BB KB . BEAh, pH 5.5 MRG0 = T pH 7.4, IXIIE
il Ce6/HSF HARES) pH W, AT LATERER MR85 OB JICE 2 1) Ce6.

A B
2.8 100
—=—pH=7.4
;2 6. y=8.483"10"x+2.056 < 804 PH=5.5
8" R?=0.9998 ®
§ Ve § 60
g 2 w0
2 g
2.2 =
M o)
< O 201
2-0 T T T T T 0 T T T T T
0 200 400 600 800 0 4 8 12 16
Concentration of Ce6 (ug/mL) Time (h)

K 2-7. (A) Ce6trfEfiZE. (B) Ce6/HSF 7t pH A 7.4 F1 5.5 1] PBS "I 2540 il »
Figure 2-7. (A) standard curve of Ce6. (B) Drug release of Ce6/HSF in PBS with pH 7.4 and 5.5.
2.3.2 eEhHtRe R
(1) MIAMEEE

A 1E H] DPBF 841 i1 Ce6/HSF 2K EHTEIE 410 nm F A 7] JE 5 1 7]
HIOEEARAL, LARHIE Ce6/HSF DK E G RHI LA 2R ), X))
PO AR TR e YRR . WO IR P A b B A S 7 AR R B
anE 2-8 iz, PBS. SF Al HTCC KWL o AR SS HY T &S, RUNEH
JCENJIRUL . JEEIGR] Ce6 IR FE Fifi 25 HE SRF B [8] P 3 BT a2 i PRSI
7 Ceb TEHLLEA T HA RIFMF=AAE ). 7E 660 nm BOLKUN T, Ce6/HSF 17
e R EEAK, EoR S Ce6 ML DPBF {§#E% . &l 2-8F &~ Ce6/HSF [ H
LA F AR 10 min J5 5 Ce6 MJLFAHE, XFRBRMEIMA HTCC 2K
PER SF AN SN R ) B AR B 25 7 A e
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A B (o4
2.0 2.0 2.0
5 £ 3
31.5 31'5 i‘lj
] [ @
g e 2
£1.0 £1.0 £1.0
o o Q2
- - -
a 8 8
205 205 205
< < <
0.0 0.0 0.0
350 400 450 500 350 400 450 500 350 400 450 500
Wavelength (nm) Wavelength (nm) Wavelength (nm)
D E F
2.0 2.0 100
—=— Ce6/HSF
_ _ = . |-+ces
345 345 & 801 urce
5 5 g v—SF
8 8 g 60— Control/
£1.0 £1.0 o /
Q
o o c 40
2 2 s
2 2 o
005 005 ~ 20
< < E ° o
0.0 0.0
350 400 450 500 350 400 450 500 0 5 10 15 20
Wavelength (nm) Wavelength (nm) Irradiation time (min)

P 2-8 e fil & 7 4 1020 (A) PBS, (B) SF, (C) HTCC, (D) Ce6, (E) Ce6/HSF 40K &
HAEHE 660 nm % T B 20 min [¥) DPBF (58 4MAT WOGIE AT (F) &4 s sk 48500 AR &
EiSr.

Figure 2-8. Photo-triggered generation of '0,. UV—Vis spectra of DPBF in (A) PBS, (B) SF, (C)
HTCC, (D) Ce6 and (E) Ce6/HSF nanocomposites exposed to 660-nm laser for 20 min. (F)
Percentage of singlet oxygen generation in each group.

(2) PNEHEEE ST
Ce6 1EN—FrE HEDGEGH, RAMERLAESEANRRGETI. o,
H2DCFH-DA ] LA 5 B4 A U N A BURAT 2 (7O ) DCFH-DA,  MITTHIER] |
YHEE T ROS M4, B 2-9 WSt IRALE A WoREgk i, Ce6 4l ni/IM
R0, M Ce6/HSF H R RER OO RN X —WEHIEN] Ce6/HSF 7] LA
TE 41 B4 40 M N 7= A2 K& ROS, M FECEATHARER . Bk, AT
Ce6/HSF A LABE AR, 7GRN R I 4 K ROS, FEANHALT: .
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Control Ceb Ce6/HSF
)]
S
o
S
T
7
14
[a)
=
Control Ceb Ce6/HSF
3
<
w
14
(=)
=

K 2-9. 5 RMEIR R TAEA LRI OL N F 8 T PBS. Ce6 HI Ce6/HSF LT i 1445
PRI A (L. HoDCFH-DA #8815 102 B, 32 DCFH-DA f7 £ RIZR €45 e (R4 -
Figure 2-9. Fluorescence microscopic images illustrate the presence of reactive oxygen species

within bacteria exposed to PBS, Ce6 and Ce6/HSF in the presence of light. The H-DCFH-DA
probe reacted with 'O, resulting in the generation of DCFH-DA and emission of green
fluorescence.

2.3.3 (RIMRE SR ST A
(1) MIC {H 43 #7

%F Ce6/HSF HATHL 5 (7 I PR BE /0, BeAITal i 4K Hh Bt 187 S 46 oK 1T

ZM B PUEROR - R 2-3 IR 79K BREE TUA W 4H T ) 3 AR 5 A%

MW . 5 MDR KA B AHEL, Ce6/HSF X MDR 4 ¥ 8 %] &) Bk 1 A A

AP HIRCR -

F 2-3 ANEMEH MIC {H (ug mL™)

Table 2-3 MIC values of different materials (ug mL™).

Bacteria Ceb6 Ce6/SF Ce6/HSF Kanamycin Ampicillin
E. coli >150 100£10 60+10 2+2 412
S. aureus 100£10 8010 40+10 312 312
MDR E. coli >150 110+10 70+10 73 6+3
MDR S. aureus 120£10 90+10 50+10 343 6+3

(2) CFU & #7
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81 B B i B8IPE Al Ce6/HSF % MDR K% #F B Al MDR 4 3% (4]
HEREMCh APUE SR (B 2-10A 1 B). 4 Ce6/HSF (150 pg mL-
D e (0.5 W em?, 10 min) 4¥ MDR 4K, 5P EJLFEA K
DL T, (HAEAHFDEF T Ce6 AFEM MDR 4018 A H — A7 G 1E
A G OL T, Ce6/HSF FIJiE RS Ce6 4 i) B8 v& ks H AR 95 1R % BRI AE
F, XATReR T RBR A G B EIEM. o, AT T
HTCC. HSF Fl Ce6/SF A:HEf) MDR W A A7 fE 77, LLIGIE FAth A R 2%
W8 7). W8 E] HTCC M HSF fEA GBI b O T %A Bon B Rk
B, Ce6/SF 4 B MR AL F Ce6/HSF. 25 H EIR Ce6/HSF £ )6
FAF R ATRAE 99.2 %M MDR &3 B8 & BRI 1 97.1 %1 MDR K7 # H

(K 2-10C f1 D). BtAL, 150 ug-mL' ) Ce6/HSF 5 50 A1 100 pg-mL-' 4
ECEA BB A AR (& 2-11).

A C 120
== NIR-
Control HTCC HSF Ce6 Ce6/SF Ce6/HSF 100 B NIR+
v ; : & 80
515 £ o0,
Q
: i
[=]
2 e Q 2
-4
+ 0
» O & © & X
RSP O S > S
o &% (Pq’\ c,e"\%
B D 120
= NIR-
Control HTCC HSF Ce6 Ce6/SF  Ce6/HSF ol == NIR+
ol £ 80
s|Z°7 =
g 2 60
S
%]
1P ?
sS|Z/ 20
Z 5

0
N
O (Lo P oK K
PSR S SO O R
& R & 006\

Kl 2-10. ARG PE. PBS. HTCC. HSF. Ce6. Ce6/SF Fl Ce6/HSF 7F HHE B HE 4% 1F
T (0.5Wem-2, 10min) 4FE (A) MDR KJZAFEA (B) MDR <5 8 (07 & R B 3R 451
SERR I F LK (C) MDR KA AT (D) MDR 48 678 & BR 1A (A XA E Al . Bk

INAFEIARHE R ZE, n=3. *P<0.05, **P<0.01.
Figure 2-10. In vitro antibacterial activity. PBS, HTCC, HSF, Ce6, Ce6/SF and Ce6/HSF were
used to treat (A) MDR E. coli and (B) MDR S. aureus in the dark or under light exposure (0.5 W

cm, 10 min). The corresponding relative survival data of (C) MDR E. coli and (D) MDR S.
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aureus were obtained. The data are expressed as mean + standard deviation, n = 3, *P < 0.05, **P

< 0.005.

A B

0 50 100 150  pg/imL 120
5 o [ MDR E.coli
ﬁ 100 [ MDR S.aureus
& & 80
= =

3 60

" <
= 4
% a4
& 20 ]
[14
[a]
= 0 50 100 150 pg/mL

B 211 ARSMUE L. (A AERIANFIWREZ ) Ce6/HSF £ BIFHOLIT (0.5 W cm?,
10min) 40 MDR KAt i A1 MDR &35 A & 3R . (B) 345 7 MDR KT i A1 MDR
SR CO ] ] B R XU RH AR A7 R Bl . BRI i 22, n=3. *P<0.05,
**P<0.015
Figure 2-11. In vitro antibacterial activity. (A) Different concentrations of Ce6/HSF were used to
treat MDR E. coli and MDR S. aureus in the dark or under light exposure (0.5 W cm™, 10 min).
(B) The corresponding relative survival data of MDR E. coli and MDR S. aureus were obtained.
The data are expressed as mean + standard deviation, n = 3, *P < 0.05, **P < 0.005.
(3> gty
HA A T B E AMSE TG i ) Bk, R RE CFU T8 R
el 2-12 iR, £ Ce6/HSF 4bPEJ5E, MDR <3 4% % Bk 4 A1 MDR K
FFERIZET- R 5N 97.86 %A1 94.85 %, FH] Ce6/HSF 9K E &+ K A
A TR ROR .

Control HTCC Ceb Ce6/SF Ce6/HSF

:g ® By Feaaiio® Tq =L
u']! * = 2] 2]
14 e =8 = e
[m] kN 3 =L =L
E - - % Live 38 26% o 233 %

T W 10 0t 10 a0 L P H T
(7]
g * 21 [comsrors = ek
5 |
=~ * t =y
©
v = ® = lh =]
x = =4 e =
D 2 o Live 10.19%)
E : o ’ém.fﬂﬁ 107 Ew‘ B T T .éw’ B T T
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B 2-12. A ARAC BT 4 145 . PBS A A4, HTCC. Ce6 NXTHEZH, Ce6/SF.
Ce6/HSF ASERAH, P HIH% NIR 4T
Figure 2-12. Analysis of apoptosis results using flow cytometry. PBS served as the control group,
whereas HTCC, Ce6, Ce6/SF and Ce6/HSF were the experimental groups. All groups were
irradiated with NIR.
(4) LIVE-DEAD %eta 3 #

FETSRATHIAR R I, FRATTZE A S /AL Gs (kK PPl Ce6/HSF KR &
MEHOFTREIE M. & 2-13A P, XA TFEEIGEROE, RUERAY
Y+ TR 1 DL 4w ) A A7 IR FEA AR . HTCC ZH R I H 5008 B ZH AR AL () 15
O, MAEAX AR Ce6 A 25K I B2E A ORCMERMZERIE. X—
MEEERATHET Ce6 7 AEIGETERIIAENAE /). 29 Ce6/HSF ALFEN, JLFik
HeOROGHIL, KY Ce6/HSF PKE MBI RIFIIREAR . o,
Ce6/HSF GIKE AR MDR 438 (8 %) BRI R0 H R R E AR (B 2-
13B).

>
w

SYTO-9 Pl Merge

Control
Control

HTCC

HTCC

Ceb
Ceb

Ce6/SF
Ce6/SF

Ce6/HSF
Ce6/HSF

K 2-13. (A) MDR KA H# AT (B) MDR 485 878 4 BRIA 4 98 e B % . 6|
(0.5Wem?2, 5min) FH PBS. HTCC. Ce6. Ce6/SF Fl Ce6/HSF AbH 1 £ i F
SYTOY/PI ¥+t ,

Figure 2-13. Cell fluorescence microscopic image of (A) MDR E. coli and (B) MDR S. aureus.
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Bacteria treated with PBS, HTCC, free Ce6, Ce6/SF and Ce6/HSF under illumination (0.5 W ¢cm™,
5 min) were stained with SYTO9/PI.
(5) AHAEEEL I Hr
RN 561 nm FIBEOEEUE Ce6 HIIL ). DAPIL 3% it 40 il 5 5
AN DNA &56, FoABRFIRE 5. WEERI Rk 4L 50 IE T IL D0
ML EIF. B 2-14 BoR T NGNS SLS HhoR A3 O L IR AR EUR . EXT
MR KM B LT 58, ME Ce6 b KRBT KRR SR G5OGS
MPHAIML . Ce6 FIBNFER ML AT, RKFRI M4 HEHEHL. Ce6/HSF
HAE SIS TG ML 5O, 1EH Ce6/HSF 41 A
DAPI Ceb Merge

Ceb Control

Ce6/HSF

2-14. Jfl PBS. Ce6 ll Ce6/HSF AbH ) MDR 43 €274 4 BR B 41 L ) 5 't 2 vk Pl %
Figure 2-14. Fluorescence micrograph of MDR S aureus cells after treatment with PBS, Ce6 and
Ce6/HSF.

2.3.4 (RIMNEYIRETHIR IR S 4

AW AR A R R BT A SR 2 I [ A B AL R AR, AR BR AR AR R
T XU 25V 1 R RS . SR OV QB NEAY Ce6/HSF 1 A ML 1k
I . il 2-15A BoR, XHR4] (PBS) EHRL G, KUK T EKEMNAE
I, HTCC H35A B HImHI/ER . Ce6 M1 Ce6/SF 41T 7 H 3L ES 1 2E M ik 3
o SHABKEAAL, F Ce6/HSF ALFEf AWM SR AU AV IR . X
HRER T Ce6 AT LAMESGINAEAE R R B E R, RICEVIIRR = 1E 1k
2 1 0B A P R 1) DRAECIR S, DT A 200kt DA A 65 70 8 25 i 4 T - 4100 1) AR 47
BRI . Bl 2-15B M1 C P Y45 RK B Ce6/HSF 4K B G4 EL% MDR K
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Bl 2-15. (A) TEJEIR %R, %H#EH PBS. HTCC. Ce6. Ce6/SF Hl Ce6/HSF 4b#E[f) MDR
KI5 AT MDR < 8 605 %) 3R 1B PR AT TACRIERI B8 (0.5 W em?, 10 min).
(B A C) REAHN MM B . Ba R P Z, n=3. *P<0.05,
**P<0.01.

Figure 2-15. (A) Under light conditions, representative images of biofilm of MDR Escherichia coli
and MDR Staphylococcus aureus treated with PBS, HTCC, Ce6, Ce6/SF and Ce6/HSF were taken
(0.5 W cm?, 10 min). (B and C) Corresponding biofilm elimination rates. The data are expressed
as mean = standard deviation, n = 3, *P < 0.05.

2.3.5 MERSF T
M B S A A RS A8 18] 2-16 Tow, RAC P20 18 48 3=
TORFFH A e Bk, AR R EE T Ce6 ALIHI4H B 4H A o R B 0 22,
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XK Ce6 XA A Tl ML, H Ce6/HSF AbFE 40 B 40 M i 7 H
S S PR 4 R B A RN, SBURAS R EART . X REIA P T 1E HL A
(¥ Ce6/HSF 5t B (1 40 1 A B LA AR AR ELAE Y 5 S5l B 2 45 R B i P 5
YWD RE . X B Tk A A W R A, IR PDT A A BRI,
Ce6/HSF PR A MBI I H R AF (R B SCR 3K 7 R 238 I 0 20 i 52 IR
7.

Control HTCC Ce6/SF Ce6/HSF

™ YO wo ’."' C onkt 5 » lf‘
S B
A el 18

sy 8

MDR S.aureus MDR E.coli

Kl 2-16. 7E26IE (0.5 W em?, 10 min) F A PBS. HTCC. Ce6. Ce6/SF Fl Ce6/HSF AbEE (1)
MDR K Jf#F B Al MDR 43 (47 & BRI 1) SEM B {5
Figure 2-16. SEM images of MDR E. coli and MDR S. aureus treated with PBS, HTCC, Ce6,
Ce6/SF and Ce6/HSF under illumination (0.5 W cm2, 10 min).

2.3.6 KRIE LI 574

NER D R TS R R BT A DS ROR . Wi 2-17A P
A, 23t 11 REGYT I, RN BRI D3RR/ A, HTCC A1 Ceb 4
/N BRI H B R G s SR, ARG T A S AN AT AR I B B B R 45 1 X
W, MR, SXTRRALFHL, #:5%% Ce6/HSF HI/NRERILH B E s G
seAh, HXSIRAMEL, Pra e HERIE R D @S ROR, Ce6/HSF &
AR R . & 2-17B PR, 1697 11 RJE, B T4/ B A S AR OR
P, RGP BN REA W EERE- . B 2-17C & 145 D AR K
A, £WIZEW 11 RIGWADCRIRITE, 010 &aES 7tttk
fEHER IS, Ce6/HSF 415 M AR & 2 il 1 27 89.93 %.
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Bl 2-17. /AN PR G IIRIT . (A) FEJGAAE N A PBS. HTCC. Ce6. Ce6/SF 1 Ce6/HSF

AEFRI 5 DR . (B) 1097 BRI IR E AR . (C) /N RS DRI s . i RoR A
PEIRRME 2, n=3. *P<0.05, **P<0.01.

Figure 2-17. Treatment of wound infection in mice. (A) Images of wounds treated with PBS,
HTCC, Ceb6, Ce6/SF and Ce6/HSF in the presence of light. (B) Weight changes during treatment.
(C) Modifications in the relative wound area of mice. The data are expressed as mean + standard

deviation, n = 3, *P < 0.05.
237 EPYrEMTE
(1) A a3
MR A 2 VR SR ARAT BT N fe L 5 T ARFE AT CCK-8
ZER (K 2-18), FATAKIL Ce6. Ce6/SF Fll Ce6/HSF 7E 250 pg mL™ AR & Tl
BN X RAW264.7 40547 2230 H B 2 i 331

.;;1'2 ]Ce6 [ ] Cob/SF [ ] CebiHSF
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K 2-18. 7£ RAW264.7 A i HINAASFIR R B VA o
Figure 2-18. Toxicity evaluation of different materials added to RAW264.7 cells.
(2) H&E 1 Masson 444

MRAE /N A D) H&E Jeta g (B 2-19) BoR, SRR A2 7E B B 1)
WA, XRAE RO, 534, £ HTCC 41+ M 24
LELA ) 28 PEANAL, T Ce6 A Ce6/SF ALIAIRILH SRR AN 4 M4l b . &
TN, 1E Ce6/HSF A R I S w3 A i s Ve, B Qi 2 2356 4 Wk
HRHIERIRE . #£ Ce6/HSF 4, Masson et ox s F B 0, R
JE AT LT A SR AN BB B B BG4, UL IR TR A 3 G
XL BIEH] Ce6/HSF AR E A AHEERT LLA R (2 BEJE IR 7 A= Fl R4 11

P
I

Control HTCC Ce6 Ce6/SF Ce6/HSF

H&E

Masson

B 2-19. /N AS CTZHL ) H&E AT Masson e ([l 45 5
Figure 2-19. H&E and Masson staining results of wound tissue in mice.

Kl 2-20 Eon T ESMENGIT B/ R FEEZ S E AR RGO R, 4
TR0 R R JBNE R B UE o A R ZEL AN S G40 rh A I 8 B S R 2
LU SRE SN o IX SR IR Ce6/HSF 1AM RILH I /MO, I
HAEX /N s R E 55
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Control HTCC Ceb6 Ce6/SF Ce6/HSF

Heart

Liver

Kidney Lung Spleen

Kl 2-20. FANFEIRARHE BN RO T B BBATE () H&E Gt R .

Figure 2-20. Results of H&E staining of heart, liver, spleen, lung and kidney of mice treated with
different materials.
(3) VIS5
K 2-21A 7R T Ce6/HSF 7E 1. 12 F1 24 /NG IR URZS . & 2-21B R
TN E . EHATRR R, FRATWELSE] Ce6/HSF 7E 800 pg mL! IR E T
EE 12 /NI E RS MRS & T 5 %. [FFE, £ 400 pg mL"! FIREE T IEE 24 /)
IS J& BV MR B A AL 5 %, #—PUEW] T Ce6/HSF 4K E A EHIAEY)

ZeVE,
A B
[J1h
= ~1001 mm12h i
- s ]24h
9
i
< @
o >
® Bl 2
: | !‘[ﬂ
: : i)
PBS 50 100 200 400 800 H,O Mg/mL

K 2-21. (A) 1E 24 /NP AN BV () Ce6/HSF Ak FH )45 2 21 40 i f v ofi ) 4%, A
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(B) ARSI IR
Figure 2-12. (A) images of hemolysis of sheep red blood cells treated with different concentrations
of Ce6/HSF within 24 hours, and (B) corresponding hemolysis rate.
(4) MiEATErS
K 2-22 S/ TUMIE AT RIS T IEHVER N, B ERE . X0
W ST 7 AL KA R 7R Y S AR OO0 e e, IR AR AR R A 5K
b MR A 1 BRI 77

A B
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2 E P
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2-22. FIANTRIAARI AL B o ME PR K B PR B B LR A 2, B4 AR DD REFE 2 (AD) ALT.

(B) ALB. (C) ALP [J5¢mi, Xf'EIRefa%l (D) CREA. (E) UREA M50, LA

(F) y-GT HI5M
Figure 2-22. Routine blood tests of female rats treated with different materials include the effects
of materials on liver function indexes (A) ALT, (B) ALB and (C) ALP, renal function indexes (D)
CREA and (E) UREA, and (F) y-GT.
2.4 KEING
FATHIh & BT — R &6 MR E TR EMHMNAKE s e, TR

KR BRI 2540 B A AP . 51 Ce6/HSF K E A MBI EA KU 1481
PERI ST B RS) (245-300 nm), 1 H A 7742 BLESERIL Rae 1) . teoh,
Ce6/HSF 42K 5 G A RHAT LAY ik A= W0 5 5 30 et i v W B 5 4 7 3 T e . XY
587 PS BEERIZCR, i Ce6/HSF REMS IR BE TN 2540 B 377 ROS PARALH:
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FELELLL T MDR 407 . 7E/% Y% MDR 4 8 (03 2 BRI /N B B 3T i 52t
IEB T Ce6/HSF 9K E A MEHMHU R BOR AR @ Gketk . Wi, s £k
TEARSE LI R ZAKE G M B R RIFIAED 22, B2, KFRHEm
) Ce6/HSF ZHKE G AR RAPUMT 25 MDR 4 & A IHHBR AV, Bor
HH I DA L FH PR 77
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B 3IF ARBGPARLZFZRTMFE AN e6 BISTIRL
DI E M AR MR
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2 R S e b S ) i K P A R R B iR, MIDR 4 B AT AR A B It A v o
i EB R I AAE DGR, I PR E KE, LR X
PHBIT RS V) TR . LSRR LG R Won, NSRRI T AR K
— 8 A TR R T R, 2 TR AR BRI A B 24 1R I R A R R AL
PEAMASLBAR RO (N —MAAERNE, REHMEESEHF N2
T AP IRO N AR A EOIRZS R 4 BA7 LU U B RS TR A0 TR 0T 2 P T 24 1 S i, 3
SR I R ME VA TR e 1) = B R R 2 — 12, Rk, R R — R e 05 208 bR 24 1
JS PR AE TR BT B B oK A Rt AR AR 20E

FT YRGS, RAME E—BR 7 53 =2 e6 ) Ce6/HSF 44
KEGHRL, BEFE T HO6s) i R 24 A AE YRR L . SR T R AR BEAT
JGENNRITI, XT MDR KGR BVRIT AR AT 18 MDR <63 (0 & 5K —
FEOL S . T SEHR et 24 T A4 ROR , FRAT TR B AE KBRS T I o6 34
HEJT, DAIG5EXT MDR KIZFF R PR ROR . HERZ B (PDA) AU 7 RS
Hiih, ELREARBRIOEZRLZEK. PDA FJLMEARGHA, ik
HEICHREE T o

PDA 1Ey—F0 UG DU R IR A R, B H & TE M. SRR
B RV LS . AW SRR KRR SRS A 2 A R R T, TR
AP 2 R R H BRI B350 SRR Ce6 AT DA™ AR DK B I 1R SR AT
MM 2558, (HA2 R — %) PDT J7ikME DA BIEAR M RO . BRG, FRATIE#H
PTT 5 PDT MR RS Prgl e g . AN 7T, FATTE T Ce6/SF-
PDA YKE &KL, FIH PTT F=AEM i PDT F= A1 ROS Skl 25 56 5+
HERAEDNE . AHEFONIT RITENARZ SRR 7 — DN 2%, LUA )G
ST SRS N E .
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3.2.1.1 SE3E 5
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I

Table 3-1 Experimental reagent

WA R

GV

2 FKEH (SF)
Z&NWr-e6 (Ce6)
HZ B (DA-HCD
Tris-#h BRZZ M AR

1, 3-ZFHFIRIFmE (DPBF, 97 %)
2, 7-EPLE LIRS (DCFH-DA)

RALE (KBr)

Fip R AR B IR A 7]
FiE AR B IR A 7]
R T AR AT PR A 7]
HERATRL T AAC BB A BR 2 7]
FHERATE T AAC BB AT BR A 7]
HERATRL T AAC BB A BR A 7]
HERATRL T AAC BB A BR 2 7]

ek AR F R ERHLE R A

B BRI gAY TREAR A A

i R I 24 8 L R A R A

ToK B 24 8 b R A TR A

AN AR [ 24 4 P 2 A PR A )

LG ] 24 8 1 A 2 R A R A )

3.2.1.2 LIR{NER
* 32 LR R
Table 3-2 Experimental equipment

e E e G
N AR e SZCL-2 i U R A AT B A )

AT W6 UV-3600 H A By ]

(ERVALTAR a5 20 IRPrestige-21 H A Sy ]

AR B S-4800 HAH A ]

AR 0L Z 326k 2 5] i 481 A )
s TES BJ-2CD b R R T A AT PR

3.2.1.3 AEKIE
ZH T SRURTF 2.2.1.3.
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3.3.1 SEI5E
3.3.1.1 MR E S RIE
(1) Ce6/SF-PDA 9K E &M B LK

Ceb

acetone

SF Ce6/SF Ce6/SF-PDA

P 3-1. Ce6/SF-PDA 14 1 .
Figure 3-1. Synthetic diagram of Ce6/SF-PDA.
(2) Ce6/SF-PDA g KE G EHIE H
1) Ce6/SF WG R & MJ74n 2.3.1 Frid
2) Ce6/SF-PDA & H: ¥ 5 mg Ce6/SF B T4 2 mg mL" £ ELZH) tris-
HCIVET (10mM, pH8.5) . ik 12 /85, £ 12000 rpm T 250> 20 min,
FHABALK [ B ¥k 3 UG, 3715 Ce6/SF-PDA. ¥ Ce6/SF-PDA 4HKKi 143 B rE
Ak, FEEAELE 4 CCUKFEH & H .
(3) Ce6/SF-PDA 9K E &M EHARAE
1D HfEHE (SEM) EAE
BRI 2.2.2 (1)
2) AHILMARHALL AR (FT-IR) &AL
BRI 2.2.2 (2),
3) AT HIEEE (UV-vis) RAE
LR 222 (3),
4) Zeta HALFRIARRAE
BRI 2.2.2 (4),
3.3.1.2 e eI
C1) AR P e Ul P52 725 A R 52
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KA 808 nm, 5EEN 1.5 W em™ OGRS AR B ) Ce6/SF-PDA ¥
W (50 100, 150, 200 pgmL™") 10 min, HEFE 1 min id— KRR .
(2) TNl AR A R 52

FAFEIIE (0.5, 1. 1.5, 2 W em™) fJ 808 nm HOEHES 150 pg mL! [
Ce6/SF-PDA ¥ 10 min, R 1 min 105 — iR AL

FATEL LR H RS Ce6/SF-PDA Gk E S M EHEIAE (), Hp s
T2 EN 2 ) 2t [ U 23 3RS . MaFl Cai& Ce6/SF-PDA VAR 1) 57 &A1 EE 4
7. BACHGIIE REEERMARRN Qo /KIS & i B Tmax, water 2
> Tur TEIE BIRCY. Timay 1836 Ce6/SF-PDA VWA R R 2 N (0 B w1
FOREOEIIER, A808 XfM.T Ce6/SF-PDA £ 808 nm Kb I .

7= M4 Ca/hS
Qo =hS (Tmax, water = Tsurr)
N =hS (Tmax - Tsurr) - Qo/I(1-1078%)

3.3.1.3 h 1M geiTEAE

LRGP RN 2.3.2 AR
3.3.1.4 RSMAEISELE

S IR 2.3.3 i
3.3.1.5 RN
(1) 4HHERPESEL

SIS RN 2.3.6 FT/R o
(2) ¥R

SIS IR AN 2.3.6 BTN .
34 RS
3.4.1 RHBYFRAE
(1D HMEHES (SEM) 44T

N 3-2 fios, AR Ce6/SF-PDA ST BAERIR, R AZE T —Ekik
¥ PDA, JGFAE 190 nm /24, XS5 A BIH BN & .
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& 3-2. Ce6/SF-PDA (I35 H 4z I Fr o

Figure 3-2. SEM image of Ce6/SF-PDA.
(2) AT s (UV-Vis) 73

K 3-3 &R, Ce6/SF-PDA 1F 300-400 nm i3 [ N A 5 SR 21 W e ige, iX J2 5k

H Ce6 HIE . 7E 200 nm ALEIR T [\ _EREaR, Xl THEA R E T 2B a5
M, UiB PDA 5 Ce6/SF 2 [Al TN 44 .

3.0 SF
——PDA
—
2.5 —— Ce6/SF
S0 —— Ce6/SF-PDA

-
(3]

Absorbance (a.u
=
(=]

o
3,

0.0 : L\"/L
200 300 400 500 600 700
Wavelength (nm)

P 3-3. SF. PDA. Ce6/SF Fll Ce6/SF-PDA £ #ha] Wit
Figure 3-3. UV-vis of SF, PDA, Ce6/SF and Ce6/SF-PDA.
(3) HILHZLAM61E (FT-IRD 404
3-4 %7K, Ce6/SF-PDA il SF 7E 1585 cm ™ H tH BUAH [F] (0%, i S 1 SF
FROTE i 1T X 3B 45 IR 2 51 S o [, 7E 1443 em ' AL 278 T PDA HIFFAE I,

F B PDA R INEIH7E Ce6/SF K. Rk, H{#H M2 4811 H Ce6/SF-PDA
PORE S MBI A B
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Ce6/SF-PDA
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Wavenumber (cm™)

Transmittance (%)
i 8

P 3-4. SF. PDA. Ce6. Ce6/SF Fll Ce6/SF-PDA [JLT 4Pl
Figure 3-4. FT-IR of SF, PDA, Ce6, Ce6/SF and Ce6/SF-PDA.
(4) Zeta AL 5347
e 3-5 pizs, FBLE) PDA F1 Ce6 KM ML A ME, “2FRELHE Ceo
Je B R AEAR . M\ PDA J5, HHAIM-11.43 mV FFEE]T-18.06 mV, iH]
PDA &I 5 Ce6/SF 45 o

Zeta potential (mV)

P 3-5.SF. PDA. Ce6. Ce6/SF Fll Ce6/SF-PDA [t Zeta HLiL.
Figure 3-5. Zeta potential of SF, PDA, Ce6, Ce6/SF and Ce6/SF-PDA.
(5) Kifzsr#r
i FHRLARAX DU & T Ce6/SF-PDA HIRSF, &l 3-6 IRt Ce6/SF 9K Fitki
IR 9 152 nm, X5 ZHT 45 RARKE 7 —3. Ce6/SF-PDA )R~ 191
nm, fFEEARMBERLR.
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& 3-6. Ce6/SF-PDA i f%
Figure 3-6. Particle size of Ce6/SF-PDA.

3.4.2 IR MRESHT
A E ] 808 nm IT LI AMEOE (1.5 W em2) ELEIBH A K 9 min, Il IR

FEARAE, HRIRE A 2. B 3-TA BOR, 24 Ce6/SF-PDA HIIRE M 25 ug mL-
P NE] 150 pg mLT B, WR M 43.4 °CHEE ] 57°C. B 3-7B R, 24 Ce6/SF-
PDA MR ERIFAAE (150 pg mL) I, 5 S hEE BO6Th2 1 3 i 7,
W] Ce6/SF-PDA HEHKM BB AMFBDCREALRE 1. K 3-7C TP TREE
HEMH B T Ce6/SF-PDA TR . Kl 3-7D 75 | Ce6/SF-PDA fE 150
ugmL, 1 wokfE T RICREE RN 29.3 %, SEAIH L TIHMIIFER. thst,

= 7 > B
ZUOEHIEIR 2R R Ce6/SF-PDA B LRI eia et (B 3-7E).
c . s .
65 65 Laser irradiation (min)
—=—0pg mL"? 0w
AGO +—25 ug mL" ABO 05w 0 3 6 10
0055_—»50ugmL‘ Os5 ——1w
~ +— 100 pg mL* T 15w
2507 . 150 ug mL* £:50 12w
3 " —a 3 e
E w ; e ’ E “ ’"‘/‘7 ° .. .. l
© 40 - @ 40 3
%35 P - 2'35 W -
230l S0l L )
F= % o o o o o o o e E
25 25 £
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D g - -
600 :2 , nl- i M
» 71,2304 3 551 1l ;'ﬂ& f "‘ 53
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e 1
= 200 -0 S S SR O
E.:l Yovdd A af L3
@ 35 L9} v %
100 3 \ \H‘ ,
0 25 ;
0.0 0.5 1.0 1.5 0 10 20 30 40 50 60 70 80

-Iné

Time (min)

3-7. (A) TEIELAMEREET (1.5 W em2, 808 nm) R ANV L) Ce6/SF-PDA 115
IR L. (B) TEAF K NIR OEHEE R Ce6/SF-PDA (150 pg mL™) HE#THE Hh
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2o (C) AR Ce6/SF-PDA K& KGR . (D) WA -Ind (ILLIERT 2k, (ED
Ce6/SF-PDA (150 pgmL") 7EIELLAMERST (1.5 Wem?, 808 nm) FiELE =AM HEHIEH
itk .
Figure 3-7. (A) Photothermal heating curves of Ce6/SF-PDA with different concentrations under
near-infrared light irradiation (1.5 W ¢cm2, 808 nm). (B) Photothermal temperature rise curve of
Ce6/SF-PDA (150 ug mL™") at different NIR laser intensities. (C) Thermal imaging images of
Ce6/SF-PDA with different concentrations. (D) Linear regression curve of time versus -Inf. (E)
Ce6/SF-PDA (150 ug mL™") has three continuous photothermal cycle curves under the irradiation
of near infrared light (1.5 W cm2, 808 nm).
3.4.3 XENFIMEREST T
Pl 3-8A Fraw, FEIZLAMBOGHIIRGS TS, XA LA 6 1 A I
A4, A DPBF [ Ce6/SF-PDA & 54K EHUIAE 410 nm AbJ& 2L 1K B,
X Ui B Ce6/SF-PDA E & 40AR R AT LM A2 KB R iE PR

P2

A B
2.8 S—-ET 2.8 —— 0 min
) —2min 1 ——2min
§2.4 —4min ’3?2'4 —— 4 min
@ 2.0 ==—%m @ 2.0-
~ : 8 mlrf ~
8 1.6-\ 10 min 8 1.6
c S c
212 S 1.2
—_ [
0.8 038
o o
<04 <04
0.0 - r r 0.0 - . :
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
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