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Abstract: A hydrophobic boron-dipyrromethene (BODIPY) derivative with aza and ammonium groups (BDP-NH,) was
hydrophilically modified by introducing quaternary ammonium groups. This chemical modification led to the synthesis of an
amphiphilic quaternary ammonium-modified aza-BODIPY (BDP-QAS) molecule, which was designed to serve as a highly
efficient small-molecule photothermal agent. By leveraging the interactions between hydrophobic and hydrophilic regions and
utilizing ultrasonic self-assembly techniques, spherical nanoparticles were successfully obtained and named BD1. The spectral
changes of both the small molecule and the assembled nanoparticles under 660 nm laser irradiation were thoroughly
investigated by ultraviolet-visible(UV-Vis) spectroscopy. Results showed that there were notable differences in the spectral
changes between the dispersed state and the aggregated state, thereby confirming the effective photothermal properties of
BDI1. The photothermal conversion efficiency of BD1 was meticulously calculated to be 45.1%, demonstrating its high
efficiency. Moreover, this efficiency was found to remain largely unchanged even after five repeated cycles of heating and

cooling, indicating excellent stability. Furthermore, the outstanding photothermal properties of BD1 were exploited in
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photothermal antibacterial experiments. These experiments demonstrated that BD1 exhibited significant bactericidal effects
against both Staphylococcus aureus and methicillin-resistant Staphylococcus aureus (MRSA), showcasing its potential as a
powerful photothermal antibacterial agent. Overall, the results highlight the promising applications of BD1 in photothermal
therapy, particularly for antibacterial purposes, and suggest its potential use in medical treatments where effective bacterial
eradication is required.

Key words: photothermal agents; aza boron-dipyrromethene; amphiphilic molecules; self-assembly; photothermal

antibacterial
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BT Z WS THAER . B 1928 4E KM E R R DK, Hrad: R — B SN A0 B G 19 5 £, B P
R Z R, R A2 2P0 R BT SR, B BB W 25 W 25 B, BRI VA R R
FNHAE R PR, AR O 8 52 i 20 DA T 245 P () R, S BRG] (PT As) 38 4 W e i o't i LA IR 4 5 BRAT 1Y
J7 A R A R A RE, S 35RO T e Il A o SR A 4G o E S AR T, 4 TR A 4 R R 24 i R
S5A 2 BN IR, BN P Y B AN G, [R5 S A BT L Bl 2 AR AR AL R B B O . X s TR T Al
TR (18] PR 235 A R G B, 3 R T A RT3 (0 40 3, e X SE BB PR TR O RCRT, # LAY PTAs KEU M e
BLFIAA HLPIZE: TCHL PTAs (45 5t & J@ 9K . IR FEATRE . 2 i 4 Ja A RE S50 A5 ML PTAs 35 /N1 44k
LB RGP0 A5 FHorh /Ny YR TR T L AR AE 2 T R G RN AR T I A A7 OGN 121, 4
M3 4 (ICG)B3), J& B #% (Nile Blue)!™, FALHI — ML (BODIPY)!'S], H:vh BODIPY A H:Ak: Mk ity 6 B i 4 1l
ILHT A T BRI A AR K | I 80 i T R SRR R AT O )

Guo 51513 i K HE LA A 42 () BODIPY 2R 4K, R R WL MR G Wt AT B gk — R K, 15 8 =l
PR (60.3%) MIAKKE T o RSN & A T-SRSEHES S B0 {5 19 43 () PR A, FEAS I
£1# . Chen 2506 3 i R 2 " FE-M R (PEG-FA) F1 3R £ - =K 3Lk (PEG-TPP) 35f 25 & it i Jag A1 2 7 1 X
B[ G KR, B AT A 1 G B Ry 40%, ELRE SEIROG3h 197 B (PDT) B PMERAYT o XF T3k 26/
53 PTAs, HH THZ WBiKEH, MELAREAETE T NRNIAEE, IR A 12 DI SE R 53T P 3 gk 1),
X A7 S AETEA B B E LA ) . Wy P 0 3R PTAs 78380 26 i FE b 5 88 | &40 51 AN IR W) R (06 y 7 5k
[ iy b=

AR PE T — PP B KM 0 A 2 AL T % (BDP-NH,) , i i & BRI 45 M T, 725 | A ZR4k SE P 1R Ty 3
IR HE A 5, U g TG S P 1) 28 40 46 1 R 2% AL B ik (BDP-QAS) , Jf-f HiF IE Hi fif . BDP-QAS ] 18
R BKAVE ) B 43808 BERIRGUORRL T, T o0 F RAEMER, HOGCHEE 80 [A7, 2124 o 4 1A A 45 B i
R RBOR o X XF SEI/INGTF PTAs R TR PR 200 BT T 24 1 0] B A — o A 1 4 0 o

1 SEEES

1.1 JERFRF

NN-Z 5N 5L B (DIPEA) | 5-F8 5L -2-fif LR I | 2-V8 OB . X A S 0 R R TR . N N-H 3k 2 i
ML e (CHsD . A 4e(DCM) . —H LA (DMSO) | 5t B i1 (de-DMSO) |, At &4 (CDCls): 43 #r
afi | TR TEREL ey A BR S\ 5 AU AL 4 (NaCNBH; ) : 43 #r 4, |35 22 va bk A AL RHE A BR 2N 75 D &k
M (THF) . 1EC %6, HEE . JE/K S (EOH) . Lk, 25 (MeCN) | VKESR . WA 2 41 (NaNO,) : 43 B4l [ 2
B 2= R A BR A W o DL R T AR iR U6 ELEE A . ZRIBKZE Milli-QP /Kb R 4t b LB L ab 3, 15
LB TR E LR N 182 MQ/em, 4 8 (A H 45 ER I (S.aureus, ATCC 25923 B i B 4 VG Ak 4 B (0 3 24
BRE (MRSA, USA300 LAC #Y). iEfbi A= 3 R A PR A .
1.2 MK 5 RAE

R HL 9% 2% ('H-NMR): 1% [ Bruker 23 7] 400 MHz % 4% % H 4R S0 1% X, 14 B A28 $ B 28, VN de-
DMSO; 28 #h-A] W43 (UV-Vis) . H A 1 H\ 7] Shimadzu UV-3600i Plus %948 #h- 1] WG4 BE 1, 2 mm £ 3
H LI, 75550 24 DMSO; s A G (DLS): 9% [F B /R SC/A Tl Zetasizer Nano ZS H 8h  G AN 175 5 H 7 .6



EPRR:| BN, 55 PRI R AT n g 4 A T 247

B (TEM): H AR/ 7] JEOL2010 Y35 & B, 1 f 8%, sk v o0 200 kV; 0G4 KEFHOCH R A
FR 2 F] MX-GX-660/1000 mW i, 374 (660+5) nm, JJPR % 150 mW/cm?,
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Fig. 1 Synthesis route of BDP-QAS

1.3.1 BDP-NH, 5 5-# K ZAK-2-# AR FEL(A) 896 BDP-NH, A& A S HESCHR [18] A .
132 b4 Bogb 56, ¥ BDP-NH,(150 mg, 0.22 mmol) % f# T 10 mL THF 1, il A 15 mL Jo/K 21,
RG] RIG A A(1.43 g, 6.7 mmol), T FEVE A H245 A 2 mL VKESIZ, T 90 °C N 13 S 7 24 h, 2 A5
e 2% 3% 25 9 00 A5 2 SR A R, A 50 mL JGoK S BE, M 4B, A 2 0 0UE, g A BT A s HTJEK
W15 mL) PRAUEDE, B 3 K, FUEUFE T B2 T4 TR, B3R a5 B(172 mg, 7% 75.8%) . 7~

YRR, B —2 N Ad .
1.3.3 &4 C 8946 %,

$164 4 B(150 mg, 0.14 mmol) %% T THE(30 mL) H, T A 5 mL I, IB-& 155

TEVKIE A E 10 min, 204K I A NaCNBH;( 182 mg, 2.9 mmol) /K i ], 755 1 FHi$E 24 h, IR W78 4
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@ FIHEZN 8=, 285 XA, H 4 mL S P BEE M s DT 40 mL IEC kb, B0 M0, ¥
VUVEW 'S T 25 TR T, 15 532 [f A1k &9 C(124 mg, 77 % 82.6%) . 'H-NMR (400 MHz, DMSO) 6:
8.21 (d, J = 8.9 Hz, 2H), 8.06 (d, J = 9.0 Hz, 4H), 7.77 (d, J = 10.5 Hz, 2H), 7.62 (s, 2H), 7.48 (s, 2H), 7.14~7.00 (m,
6H), 6.75 (d, J= 9.2 Hz, 4H), 4.81 (s, 4H), 4.06 (t, J = 4.8 Hz, 4H), 3.84 (s, 6H), 3.75 (s, 6H), 3.68 (t, J = 4.7 Hz, 4H).,
134 &% Dés ik Kia® C(100 mg, 0.1 mmol) i f# T 15 mL THF 1, il A 5 mL vKES AR, 76 VKI5
FEE 10 min, TN 10 mL S A2 59 (66 mg, 1.0 mmol) KA, = IRIEFE, FEATI A AL S 6 ho ) Ak iR
LK WG T TR A, 1 R e AT AR I SRR R ER K BROK, TOKBRER AN T HR . AR T B, e ZERR
A, H 4 mL AR LA RS DT 40 mL 1EC R, B0 BIUITE, TUTEY) & T 5028 THRAE T8, 15 800
o [E A AL S D(72 mg, 77 % 68%) . 'H-NMR (400 MHz, DMSO) 6:8.25 (dd, J = 9.1, 4.8 Hz, 6H), 7.90 (d, J =
9.0 Hz, 4H), 7.84 (dd, J = 8.4, 2.1 Hz, 2H), 7.67 (d, J = 2.1 Hz, 2H), 7.61 (s, 2H), 7.17~7.05 (m, 4H), 6.22 (d, J =
2.8 Hz, 2H), 5.66 (s, 4H), 4.87 (s, 2H), 4.00 (t, J = 4.7 Hz, 4H), 3.87 (s, 6H), 3.78 (s, 6H), 3.63 (s, 4H).
135 &% EMAER  ¥iLE Y D(50mg, 45.62 umol) i& f# T 10 mL f THF 1, it A DIPEA( 58 mg,
0.45 mmol), Z AP, VKIBFaE 10 min. HIIA 10 mL XA 3 50 FF R 2K B (183 mg, 0.91 mmol) i) THF ¥, %
TP RN 6 he K SN AR FRiEZEBR 2, A5 B S kY, UOvE T 30 mL Sl rh, BB REITIEY . 2
Mrg 4 vide ), He 2808 22 R, FH 4 mL S0P Le i i )5 UL T 40 mL 1E O e b, B0 8005, VIEY E T 5
23 TR A T 1, 15 5 3B 6 [F K 1L 4 %) E(52 mg, 77 % 80%) . 'H-NMR (400 MHz, DMSO) &: 8.32~ 8.19 (m,
10 H), 7.91 (d, J = 8.9 Hz, 4H), 7.82 (d, J = 8.9 Hz, 2H), 7.65 (s, 2H), 7.60 (s, 2H), 7.47 (d, J=9.3 Hz, 4H), 7.15 (dd, J =
20.7, 8.8 Hz, 4H), 6.26 (s, 2H), 5.68 (s, 4H), 4.49 (s, 4H), 4.34 (s, 4H), 3.87 (s, 6 H), 3.77 (s, 6 H).
1.3.6 &M Faad s A E(30 mg, 21 pmol) % T 5 mL A9 THF 1, Jill A DIPEA, JKiAH&5E 10 min.
AL G W) NN-Z B 2 — i (19 mg, 0.21 mmol), B/SARY, IFAEZ RN 6 ho FEZEFR FU 57, 49 23K €l
R FIH DCM BEATHR B, K, G e 2B, W AN B R K BRK, INA TG /KB BR AR T4 . A2 A R4l 7= 4,
BEZERR 2757, T 4 mL S P B iR 5 DT 40 mL 1E G kb, B0 3 BIU0HE, DIEY B T 528 TR T8,
15 3] 1% (0, [F R4k & 9 F(27 mg, 77 % 95%) . 'H-NMR (400 MHz, DMSO) &: 8.32~8.19 (m, 10H), 7.91 (d, J =
8.9 Hz, 4H), 7.82 (d, J = 8.9 Hz, 2H), 7.65 (s, 2H), 7.60 (s, 2H), 7.47 (d, J = 9.3 Hz, 4H), 7.15 (dd, J = 20.7, 8.8 Hz,
4H), 6.26 (s, 2H), 5.68 (s, 4H), 4.49 (s, 4H), 4.34 (s, 4H), 3.87 (s, 6H), 3.77 (s, 6H).,
1.3.7 BDP-QAS #94- .  Fb& Y F(3 mg, 2.26 pmol) I fi# T 1 mL Z Ji5 F, TN A JC /K 5% FR £1 (0.5 mg,
3.39 umol) . FEVKIEHEE5E 10 min, % MALH %% (1 mg, 6.78 pmol), 251 K2V 6 ho FlTIE R 2= AR 24 5, K e ik
DUA 1SmLIEC ke, BB B0y . IRy e T H s TR T4, 45308 6 F K1k 4% BDP-QAS
(2.6 mg, "% 86.4%) ., 'H-NMR (400 MHz, DMSO) 8: 8.27 (d, J = 6.8 Hz, 6H), 7.92 (d, J = 9.0 Hz, 4H), 7.85 (d, J =
8.4 Hz, 2H), 7.66 (d, J = 14.9 Hz, 4H), 7.60 (s, 2H), 7.14 (dd, J = 8.9, 2.1 Hz, 4H), 6.18 (s, 2H), 5.68 (s, 4H), 4.25 (s,
4H), 4.22 (s, 4H), 3.88 (s, 6H), 3.79 (s, 6H), 3.39 (dd, J = 8.3, 5.8 Hz, 8H), 3.04 (s, 18H).
1.4 AFEFEREZENE

% 0.5 mmol BDP-QAS #fi# T 1 mL ) DMSO H, -4 HZ i1 A 5 mL BB 47K v, #8745 41 08 iUt e 1)
YRGB PR 25 A i A R S BT AS (B A T 1.4x108) v, ZE4K rp i T S IRENT 12 h R &
BHLIAEF, S EI M H 2R M4 0 BDI,
1.5 IR INE

FH 660 nm BOGRT 1 mL Y BD1 2H 3 (K7 (50 pmol/L) BEAT 48 IR, 38 i b=y 31 5256 5 v LAt 41 245 14
P FAERE M, P A 12 min, 240 15 mine XA AT LA, THES RDERE AR () o
1.6 MEXW

B SCHR [19], %5 100 pL (9 BD1 2H 3K W (30, 50 umol/L) 5 40 i i PBS ¥ & (50 uL, 106 CFU/mL) i&
A R 37 C &4 T AL E 20 mine A 660 nm OGHRSS 12 min, F-FHEKT 37 C &4 AL E 10 min,
F 96 FLAR A BE 100 £ )5 B 15 pL WK T TSB Bl MR, 37 C 8557 14 h J5 # A7 P AU 8 it i vg 5 H
TR R ECER, FATINL 3 RO H41E .
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2 HR5HE

2.1 AREHRE

BD1 403 {11 DLS #h £ Al TEM E& an & 2 s . il i DLS(E 2(a) ) P45 40 24 R 7 B ki 42 <Dn>24
59 nm, Jf-H1 TEM(&] 2(b) ) M43 BN 96 U, 2H R AARTE S R BR G RLF o SEWIXT 8 7K P ) BDP-NH, #4726 7K
FLAMEM G , /N> T BDP-QAS BLINAE Ry BSR4, nlal it [ 4120 AN K AR, AN 5 2 A WA S 1 i BE SR
GYHATYI AR X0 S PTAs ik A HHEE XL,

<Dp>=59 nm

1 10 100 1000 10 000
Diameter/nm

2 BDI f¥ (a) DLS #h£kf (b) TEM K%
Fig.2 (a) DLS curve and (b) TEM image of BD1

2.2 UV-Vis 5

H1 660 nm X BDP-QAS & 20 2% 4K BD1 #E47 58 Zh- 1T UL i i a, JHC Aol (] 49 S 1% an 181 3 firs o 7E
660 nm FOGHE T, B % B [ A9 HERS, /N7 1 BDP-QAS 7E 710 nm Ab Ay W IS0 06 28 ¥ T [, 770 num Ak g AR Mg 0
A T, Wls0g BT R B4, X S i AN SCi i BDP-QAS 2 T EW IR T BE R 2 J5 B NO. 4 FAH
() 93 V5 X} 21 e 1 BD1 #E A7 00038, 2H 28 MR ) S AR Ak AN B, {FE 710 nm AbA B i IS0 T % . X Pl R
2 IR R 9 2 % 43 BDP-QAS 1955 B KAV FTE BURBE IR, 52 T 43428 30, 4k i 231 W Re it 38 2 DL AR
B I BRAE A 7 STH AR RO, e AR AS B T R

oo (a) BDP-QAS 050 - (b) BDI min:
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%3 (a) BDP-QAS /3T (=120 pmol/L) 55 (b) BD1 ZH#{A (=50 pmol/L) Y UV-Vis i &
Fig. 3 UV-Vis spectra of (a) BDP-QAS (¢=120 pmol/L) and (b) BD1 (¢=50 pmol/L)
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2.3 KHAHRS

FH 660 nm HOGHE B 41224 BD1, J1%F BD1 #F47 GHGSCR A . WKL 4(a, b) /T LU 1, AH LL T4tk 4
BTV 7 O IR S TR RS 2R T B4, TR B AR AR (AT) BB K F 4l A A8 fk o 38 4 %o 4 2B A 1) i A
R HSIGAS N e HT 2R (& 4(a) ) B AT B A (] 4(e) ) 15 BIRER, MR G SCHk [21] 893H5 7 215 2 4 25k
HERIEABOE R 45.1% R b4 2R A IR M, IRATIEHEAT T 5 IRPEIR AR EN L5 . WAl 4(d) P,
Zoad 5 RGN G, 2RI PE RE A I A8 Ak, 10 I 20 2% R 5L AT 0 5 1 R R 1k D A 4 R
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Fig. 4 (a) Heating and cooling curve of BD1; (b) Heating curve of water; (c) Fitting the cooling curve; (d) Heating-cooling cycle curves
translated five times of BD1

24 MERBFFHRARMREARSECATKENERRARLR
LA TR B Xof <5 ¥ (00 ] % Bk A1 AT Y 46 DG bR < 8 €00 00 4 Bk BT 1R BRI 18T 5 77 o 24K BDL Y
& RAFBDEPPTRBCR, UK S. aureus # A BAEH], HABRCR FREAE T 25 40" MRSA. 24 ¢(BD1)=

30 umol/L B}, ZH 3R B 24 2 70% I HERUR; 24 ¢(BD1)=50 umol/L i}, 41 %& (& JL-F- ] LA A6 FIF A 1Y 40 B8 -
X Ay AT it e 200 TR T 2 ) R4 T — R AR R

S. aureus MRSA
(a) . (b) sesksk sk
120 | o 120 | s
wof @ & 100F T oan
£0 o <
= b = & &
>80 >80}
i F
T 60} £ 60 f
i 3
O 40t © 40t
2| ﬁ 2| ﬁ
O 1 1 L AAA 0 1 1 |i
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PBS  «BDI= c(BDI)-
30 umol/L 50 umol/L
1 Without 660 nm laser; [ With 660 nm laser
5 BDI X (a) 4B (03 45 3R A (b ) T FF 070 A B0 €0 A 4 33K T 1) 2 RO (5 0B IR 2L 1Y 38 P 22 S #+#p<0.000 1)
Fig. 5 Killing effect of BD1 on (a) S. aureus and (b) MRSA (****p<0.000 1, compared to the group without irradiation)
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(2) 414K BD1 i 660 nm ZLCHIE T L AL/, TR HEAT 45.1% BOE L B0, 3R 52 5 E ]
HAENE R, B— R AE BRI
(3) ZH AR BD1 X< B €03 7 R T RV FY 474 PR B0 €003 00 R T AT AT 6 W] R AP TR AR
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