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Abstract In this study, a ratiometric fluorescent probe, TPP-DPAC, was developed for dual labeling of lipid
droplets (LDs) and mitochondria. This probe was constructed by conjugating the lipophilic "conformational adaptive"
fluorophore N, N'-diphenyl-dihydrodibenzo [ a, ¢ ] phenazine (DPAC) —which exhibits dual fluorescence emission—
with the mitochondrial-targeting group triphenylphosphine (TPP). By co-incubating OA-induced HepG2 cells with the
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probe to stimulate LD formation, it was demonstrated that TPP-DPAC could simultaneously label both LDs and

mitochondria. The fluorescence imaging co-localization coefficients (Rr) were 0.96 and 0.95, respectively. Further
experiments revealed that the probe undergoes dynamic changes in red/blue fluorescence signals due to its
conformational adaptation to the local cellular microenvironment, thereby enabling in situ tracing of dynamic cellular
processes such as LD formation and fusion. This ratiometric fluorescent probe provides a visualization tool for
monitoring intracellular LD metabolism and its interaction with mitochondria, and offers a new strategy for studying
interactions between LDs and other subcellular organelles.

Keywords Fluorescent probe; Lipid droplet; Mitochondria; Fluorescence imaging
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Fig.1 Schematic diagram of the ratiometric fluorescent probe TPP-DPAC for the dual-fluorescence

imaging of LDs and mitochondria
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12,1 9,10- 3 8- R i (1) 8 A& R IERR (500 g, 24 mmol, 1 eq) . # % (9. 83 g, 106 mmol,
4.4 eq) FIMLIE(19. 0 g, 240 mmol, 10 eq) A 500 mL ™ 4% B/K ) RSl , T SR b, 1
T FVOKIEFEZ 0 °C; S804 N TiC1,(15.0 g, 79. 2 mmol, 3.3 eq), MIKIGFHBUH L0, HRIKE &
IR, IR TR N . )2 G (TLC) Wi s b e, FFse e NG, B SOV g, IF
SRk 2, AR, BN . Hi A I & beds i 5, Kvest &
BE (100 mLx3)ZEHL, GIFAVIAM; BSZZRERG, A CBEHAITEZS 5, s H OEERG, (RETE
i, TEE1S B LA EAR ™ b5 1. TLC: R=0. 25(PE/DCM AR 4:1).
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Scheme 1 Synthetic route of compounds DPAC and TPP-DPAC

122 N N-ZRHEFE-9,10- = (2) 86 & FHbA Y DG 80 mL PUEIMEIE S T 500 mLBefi
JAAEAR (256 mg, 2. 40 mmol, 0. 1 eq) FlE 5 242 M 20 mL/KE M, Sl TPt iz . F TLC Wi
RO sEA N, AR Lkl e P Bepe A, WO IEWE . e ZE TR S, TR TRESS &, 75
P EARRT IS T8 K isd s T & P e, Pkl BAE, ZZRH, 220 oy
4ifb. (PE/DCMARFRLL 1:1), 1 1 AER S 2(4.97 ¢, WK 57.4%). TLC: R=0. 30(PE/DCM1ZIS$/\
4:1); "H NMR (400 MHz, Chloroform-d), &: 8.74(d, J=8.3 Hz, 2H), 8.02(dd, J=8.2, 1.3 Hz, 2H),
7.67—7.60(m, 2H) , 7.56—7.49(m, 2H), 7. 17—7.08(m, 4H), 6.83—6.76(m, 2H), 6.69—6. 55
(m, 4H), 5.83(s, 2H).
123 N,N-—FFE-—4A =%3#[a,c]9%R(DPAC) &K H1,3,5- =454 (8.88 g, 48.9 mmol, 8. 82
eq) . LGP 2(2.00 g, 5.55 mmol, 1 eq) . BRELHH (2. 76 g, 20. 0 mmol, 3.6 eq)%ﬂjﬁﬁiﬁﬁﬁﬁﬁ%ﬁ(ll)
(662 mg, 1.83 mmol, 0.33 eq) A 500 mLEEHHT, 7E170 ‘CRAHEAAT T AR AT R 2L S0
2hJE, INABLZE(L. 70 g, 8. 32 mmol, 1.5 eq), ZREEININE 210 CIRURBIFE N, FH TLC Wi 0 ’J
24 hFJir”éi% FHARIRE AR R 25 . 8RB TR e 75 &, T XA I,
REHLBR 25 1,3,5-=G0K. ARV ARG, ¥y & P Beis i, shgls Lukid, =&
Eﬁ &%Uﬁ'ﬁmﬁ@aﬂ&%ﬁ HUAH . A HLAH T JCIK Na,SO, T8, il FR 25 Na,SO, A, Jiéht 78 ke 4
WA, PEREE ERE, ZE RV H S AR ENTaiAE (PE/DCMARFR I 1:1) , 1531k & @ E A DPAC(1. 141 g,
We#47.3%). TLC: R=0. 5(PE/DCM {&FHIt 4:1); 'H NMR (400 MHz, Chloroform-d), 8: 8.73(d, J=8.3
Hz, 2H), 8.12(d, J=8.2 Hz, 2H), 7. 74(dd, J=5.8, 3.5 Hz, 2H), 7.63(t, J=7.6 Hz, 2H), 7. 53(1, J=
7.6 Hz, 2H), 7.33(dd, J=5.9, 3.4 Hz, 2H), 7.07—6.91(m, 8H), 6. 77(t, J=6.9 Hz, 2H).
124 11-FE3-9,14- 2K 29, 14- =4 =K 3 [a,c ]9 B) A& 17500 mLEIRHHIIAL,3,5-=
75 (8.88 g, 48.9 mmol, 8.82 eq) LA 2(2.00 g, 5.55 mmol, 1 eq) . BRIRA (2. 76 g, 20. 0 mmol,
3.6 eq) FI = H LB B4R (11) (662 mg, 1. 83 mmol, 0.33 eq), TEFEEAE T INENE 170 “Cffi 1,3,5- =4
FIEACFERIAE 22 h, FEIIA 4-BUEH (1. 95 ¢, 8. 32 mmol, 1.5 eq), 4REETHE E 210 “ClalHifitHE
SN, FTLC WED R . 24924 h 5 SN 45 o, A SRR 2R 200, Gl b R vl e e e 78 . FHER XU
P, RATREHIER 25 1,3, 5- =8 . FHAR AR RS IR)G , TSP Bers g a2 s ni, gk
Tk, %ﬁﬁzﬁﬁﬂiﬁzmﬁmﬁiﬁm&ﬁﬁmm FATE/K Na,SO, THEAHLAH , 23 UEBR 2 Na,SO, [E 4
J5 AL T 78 R AR, FREERE L RE, ZE R, AT RN B 4ifk (PE/DCMARFRLL 1:1) , 15 51IR
B AG [E K 3 (1.673 g, L 64.9%). TLC: R=0.32 (PE/DCM {& L I 4: 1) ; 'H NMR (400 MHz,
Chloroform-d) , 8: 8.69 (d, J=8.3 Hz, 2H), 8.15(d, J=8.1 Hz, 1H), 8.09(d, J=8.2 Hz, 1H) ,
7.73—7.64 (m, 2H) , 7.64—7.51 (m, 3H) , 7.47 (t, J=7.7 Hz, 1H) , 7.33—7.23 (m, 2H) ,
7.06—6.98(m, 4H), 6.94(d, J=8.2 Hz, 2H), 6.81—6.75(m, 1H), 6.60(d, J=8.5 Hz, 2H), 3.62
(s, 3H).
125 4-{14-FK & Z K [a,c ]9 %9014 2)-H I XB (o4& K FIbEW3(1.673 g, 3. 60 mmol,
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1 eq) A 100 mL [BELEH A, FHIA 30 mL Jo/K G be, SR IS E G  BHR RAEVKKIG
130 min, S 28 2218 I AR T 9 mL S H %E 11 2 mol/L = 7R 1Ll (4. 511 ¢, 18. 0 mmol, 5.0
eq), VSRR AERIZUSON, S BIAS U6 . A = IRAIIA W 1 h 5, BB nIOK G L, SR T 4k
SLAiHE 12 he I TLC W5 52 0 58 U, B SN AR R 2212 I 50 mL oKk b, R & = IRARIN, R
IZAFE AR EUECEY . FH 1 mol/L NaOH ¥R VERA HIAH, S BEA< (50 mLx3) , FAE PE | A<
YE1WR . WEA PR, FHJE/K Na,SO, T8, 1 3B % 25 Na,SO, [E1A J5 8 12 e s 28 & e 4n v 77, Fekfie I
FE, ZREHR, 20 aifb (PE/EA R 7:3), 15 2R 8 @ B AL & ) 4(946 mg, %
58.3%). TLC: R=0.40(PE/EA=4:1); '"H NMR (400 MHz, DMSO-d,), &8: 9.21(s, 1H), 8.89(d, J=8.3
Hz, 2H), 8.01(dd, J=8.2, 4.7 Hz, 2H), 7.85—7.75(m, 2H), 7.71—7.59(m, 3H), 7.54(t, J=7.6
Hz, 1H), 7.40—7.29(m, 2H), 7.16—7.02(m, 4H), 6.94(d, J=8.2 Hz, 2H), 6.85(t, J=7.3 Hz,
1H), 6.54(d, J=8.4 Hz, 2H).
126 ZHKE(4-14-[14-FKE ZKH[a,c]9% 914 A)-F | K E | T )& 1 (TPP-DPAC) 89 4 &
BAEE Y 4(100 mg, 0.222 mmol, 1 eq) . FREREN(92 mg, 0. 666 mmol, 3 eq) Fl (47T 3E) = ZEHR AL
(127 mg, 0.266 mmol, 1.2 eq) KNI A 50 mL BB A, FMA 15 mLIEK LG, BidE Tz
80 °C, VAR SIR T, FTLC W S il FE . 2915 he S 1k, BB, A RRZA AR,
AW 30 mL K PR, FFF A BE (20 mIx3) ZEHL, ARG HLAH, FJG/K Na,SO, T4, it i bk 2%
Na,SO, [E4, ek 78 R WA ], K T pt s PERE i BAE, ZER TN, 24 2 4lifk (DCM/MeOH
R 10: 1), 155778 TPP-DPAC (136 mg, 72.26%). TLC: R=0.33(DCM/MeOH=15:1) ; 'H NMR
(400 MHz, DMSO-d,), 8: 8.91(d, J=8.3 Hz, 2H), 8.02—7.95(m, 2H), 7. 89—7. 81(m, 6H), 7. 79—
7.75(m, 4H), 7.74—7.67 (m, 9H) , 7.65—7.60 (m, 1H), 7.57—7.51 (m, 1H), 7.42—7.33 (m,
2H), 7.18—7.06(m, 4H), 7.00—6.94(m, 2H), 6.87—6.81(m, 1H), 6.69—6.61(m, 2H), 3. 89(t,
J=6.0Hz, 2H), 3.66—3.55(m, 2H), 1.88—1.76(m, 2H), 1. 70—1.57(m, 2H). “"C NMR(151 MHz,
DMSO-d,) , 6: 154.4, 147.9, 145.0, 142.6, 141.0, 137.5, 135.5, 134.8, 133.6, 133.5, 130.2,
130.1, 129.7, 129.1, 129.0, 128.5, 128.2, 127.4, 127.2, 127.0, 126.7, 126.6, 125.9, 125.3,
124.9, 123.9, 123.6, 123.6, 121.8, 121.0, 118.7, 118.2, 116.2, 114.9, 65.8, 29. 1, 20.8, 19.7.
HRMS(ESI, m/z): [M]*caled. for Co,H,N,OP* 767. 31863 found 767. 3190.
1.3 MHEERAE
1.3.1 %407 WHRUOEE 2 D BIFRE—E i (3~10 mg) 1 DPAC FI TPP-DPAC Ji7 , /b DMSO iF
fETFVIMIE S, BLA 2 mmol/L BYFRET 1 . (S8 ot BT, 18 R R i (600 nm/min)
BERL AN AL IE IR, A S (B A HEREZE . 10] 1 mL A 95 b @ ML A 785 Ll HE 2R Al
16 L TPP-DPAC BRI, f8f b 6 IMLH RS R BE 2924 40 pumol/L, FE739R % R EH A S0 i R 2k b, ik
T8 AT SR

Z: M8 E IR BRAKR 58 8 TPP-DPAC A1 DPACAE/K . —HIZEAN, HEE . ZF . 1,4- 5N LR
SEAN R A 0] v A 5 A1 -] LIRSS
132 FOBRSH g HHZOE LR, EME I N 365 nm, FUAKHIER 650 V, LI
ML (600 nm/min) UL 365~800 nm HYZ¢ 6. 1] 1 mL A7 9% b @ ML A 795 wL B 2E 14 wL TPP-DPAC
BE, 8 G LR A ERET IR R 240 10 wmol/L, TR A AR ST 4 51 1 e FR s v 5 IR IR .

K AR A J7 155 TPP-DPAC FI DPAC {E7K . —HIEETEAR . B . 206 . 1,4-ZF0SE M R4 R
R A 70 b A S
133 KoEEFFFME  MHZOEYR ROG(LEEH DO LR 7K =0. 95 WEMIRES Y, 115 T
2 Fh YLkl TPP-DPAC F1 DPAC (9t 773 . SLI IS 7E LB W, DPAC 9 ¢=0. 35, TPP-DPAC
1) @=0. 24, THEAUTT

@, =pX(I/I)X(AJA )X (n2m?) (1)
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K o FoRET 7% [FRRRGHEEH FUHA A RCR PR A RS BE 5 n i i T 39 2% ;
TR x Fls 43 BRI S AR S )
134 WA MG E%  HF HepG2 4 5 R (OA, 150 wmol/L)LWEE 16 h, 55 HepG2 4il i i LD.
P LD 4% (20 wmol/L) FI T8 1Y LD 2645 %] Nile Red (2 wmol/L) [A] B i A Fi75 S48 M rf , £ 30 min;
PRI B S A T I IR AR R . AT AN S X B2 R A T A, R B NAR A, =405 nm. REE R
TH B PP L 420~480 nm, SRAE 216458 18 1Y I T 580~620 nm. JE P LUK K AL
555 nm, WAESREIEIE (JE 2 40) B R 570~590 nm.

i T #R5% DPAC F TPP-DPAC 7E{ 4H i rhoxt b AR LD 1 Sifgbmic Ptk 6E L K LD #8%F (20 wmol/L)
Y5 HepG2 A0 MIILIE &, FIHZEOEIE R A2 B A5 W A5 T LD AF R 5 R4 78 40 B Hh 19 5 6 L5 1 156
B T LRARIRE ML 4 MitoTracker, ¥ JE 47 100 nmol/L, #¥ 5 30 min, & I A =559 nm, WdE
T IE WK N 575~625 nm.

2 GR5H

2.1 FORIRETAILRSN-RT AR Y S i

K P HR-0] WA GG E T DPAC £:4% K TPP-DPAC FRETTEA R VA 7 (K . — FJEE A
., O L 1, 4- 0SSP OR) dr i S8 Aot . aniE 2(A) FN(B) i, IS RETZEAR [R50 b
(A FFAE RS 35057 F 365 nm BT, WRMSCIRE 4 B2 S S Mk g i AS S22, R AR BH B 2T RS s i A%, 5 3k
[25 J4RE ) DPAC G B I ARAT . AHAS T-EE% DPAC, 282 b 1A 1] i A 4 () TPP-DPAC #4941 48
AN SCIE AR e B AR, FLROA R REAS B IR SR AR A

0.6 0.6

(A) Water (B) = Water
—— DMSO - DMSO
MeOH MeOH
g 04 MeCN g 04r MeCN
< R g :
2 Dioxane 8 Dioxane
g Toluene ) Toluene
= 02 2 0.2
0 1 0 1 1 >
300 400 500 600 300 400 500 600
Wavelength/nm Wavelength/nm

Fig. 2 UV-Vis absorption spectra of DPAC(A) and TPP-DPAC(B) in different solvents

2.2 WHARSTRIAFI B MR R

KB IEAT BT E T DPAC 5 TPP-DPAC 7E AR BRI FI (K . —H IR, BHEE . 20 .
1, 4- A0S IR OR) W iR o e R B, DAZE S LA AN AR I PR v 1) & SRR S R 3 1 i 3
fEJ7. W 3(A)F(B) Fis, TEAM T, BREFTEZ) 470 nm b 5 IUSR K (38 6 & 5T, (B8 R BE AR 7E 2%

1000 1000

(A) — Water (B) — Water
—MecOH — McOH
L ——MeCN —— MeCN
. 600 L
s — Dioxane 5 600 —— Dioxane
Z 400k ——Toluene :\; 200 L — Toluene
0 0
400 500 600 700 800 400 500 600 700 800
Wavelength/nm Wavelength/nm

Fig.3 Fluorescence emission spectra of DPAC(A) and TPP-DPAC(B) in different solvents
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St WA IO, PRET 12O R S RN B & A=A Ak, [RIIFE 2 600 nm 4b H LR 35 A 21 (47
SR, 7K SHRFE S SCRR S Gl — 8. JETFLT (25600 nm) 5 (29470 nm) W& PR, 5 H¢
T HAE (1, /1y, ) B IR, 2 HCAEL RIS AR A 385 AT N U IR BT = /K> FE > Y > 2 i >
1, 4- 50N ISHZR). A, #4587 DPAC 5 TPP-DPAC 76N [R] pH /K 2 6 & 61, 4niEl St
(WASSCHFEE R IR, PIARE /21 R RSO 55 TP ANZ pH g, i liRe i 28 & S
5 A A L P AS [ RR P ARAP  20 B r) mT R 3t T mT A 5k

FIRAPEAGRET DPAC 1 TPP-DPAC X A0 SR AR Ak ey i 1 R R, e — 200 T HREHE B A A
[F5] v J3 DU Lk R (THE ) (R %200, 10%, 30%, 50% , 70% , 90% F1 100% ) B 7K % T 2 6 65E , D
IR PR SE sh 2578k . AN 4(A) FN(B) B , PRIFIME S YI7E AR R THE ¥ B K 7 P 34 2 B
FDEEAEAL , BEE THE/H,0 W BB, 5EHTE 470 nm Ak 59 W5 (078 650 BE B #a 58 , 178 600 nm 4k
(LT NN EEE5E . DA L/ I HCAE I NARBR , THF (AARFR A BOA R A AREIRI [ I 4 (CO RN (D) 1k
P, PRI SR 5 655 1, /1, FUAE 4 Bl THE 7KW P THE/HLO He@ B s o . Bk, 34t
DPAC FI TPP-DPAC 5 [ i 1 21 5 % Hi B HU A 1) AR A AR 7R S M IS AR P 1 el 25

1000 1000

(A) — 0% (B) — 0%
800 10% 800 —
30% 30%
5 600 50% 5 600 50%
< —70% s 70%
=400k 90% ~ 400 F - 90%
——100% — 100%
200 200+
0 > e N 0
400 500 600 700 800 400 500 600 700 800
Wavelength/nm Wavelength/nm
15 3
© (D)
10 s 2F

1 Red/ 1 Blue
Ired/ I

O 0 1 1 1 1 1 1
0 10 30 50 70 90 100 0 10 30 50 70 90 100
THF volume fraction(%) THF volume fraction(%)

Fig. 4 Fluorescence spectra of probes DPAC(A) and TPP-DPAC(B) and plotting the red/blue fluorescence
intensity ratios of DPAC(C) and TPP-DPAC(D) in aqueous solutions as a function of different THF
contents in water

Concentration: 10 pmol/L, excitation wavelength: 365 nm

L T DPAC I TPP-DPAC TEA [A] EAZH il (s et 80 ) /H et (ARG ) TR A i Rl i 2t
RATERE . MES(A)FI(B) o] LAA IR, 78 H il Fe D ARBE BE P85, DPAC I TPP-DPAC 2k HF41
a5, e H I HOZE g i = 26 EE PR R, DPAC FI TPP-DPAC T35 S5 (o vE—H5
SCHR (43 ] D7 R 90 T B4 B9 /A6 e R PEEAF 5 S MOR B R/ Z A 19 ¢ &, XK 5T DPAC
TPP-DPAC 7 T A YRS TR 3550 Fh P A3 1 (R DO GO A TR A, 1B LR /21 0 i 8 5 i B AR
O3 EAEAE AR, I LB BE A BOA RS A AR AE IR . AL SC(COAT(D) AT DL, R4 AR /2T e HR e M
SHBE RN, HEESFE A HEIRECCR . DI AR y=Ae” +y E LA BT, 5EF
DPAC 5 5 BT RE A y=0. 00653e™ 72 +1. 34459, YLiE RZEL R?=0. 996, #%T TPP-DPAC 4 5 (1) )5 /2
A y=0. 007927 +0. 4679, JeiE RELR=0. 998. R4 R LM, BREMAI /L1960 I HLE v FHLASE
TN AR AL
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Fig. 5 Stacked fluorescence spectra of DPAC(A) and TPP - DPAC(B) in glycerol/methanol mixtures,
plotting the blue/red fluorescence intensity ratios of DPAC(C) and TPP-DPAC(D) in the glycerol/
methanol mixtures as a function of different glycerol contents in methanol

The concentration of probes was 10 wmol/L, the excitation wavelength was 365 nm.
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Fig. 6 Representative TEM image(A) and dynamic light scattering of the LD model(B)
¢(TAG)=0. 5 mmol/L, PBS solution, pH=7. 40.
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& 7(A)FI(B) 7, A LD AT, DPAC FI TPP-DPAC 7 PBS 25 ik Hh 141 i /s 58 51 (1) 15 €0 5% 56 & 5
(470 nm) , TIAA LDACEYEE 1 h5 , PRET AR (B 0HE0m B 2SR 6298 & 3T (600 nm)
e s [ 7(CH)AN(D) 1.
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Fig.7 Fluorescence spectrum of DPAC and TPP-DPAC before(A, B) and after(C, D) incubation with the

LD-mimicking model
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Fig. 8 Fluorescent confocal images of the interaction between probes DPAC/TPP-DPAC and the lipid droplet
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model(A), fluorescence quantitative analysis of the selected area(white line) of the fluorescence
confocal images of the probes DPAC/TPP-DPAC and the lipid droplet model(B)
(B) The upper and lower diagrams are the fluorescence quantification of the underlined region in the "overlop" panel of

DPAC and TPP-DPAC, respectively.
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Fig. 9 Fluorescence imaging of HepG2 cells incubated with probe DPAC(20 pmol/L) or TPP-DPAC(20
pmol/L) in the presence of Nile Red(2 pmol/L) used as a control pretreated with oleic acid(150
pmol/L) to generate LDs intracellularly(A) and quantitative analysis of the fluorescence signal in
the underlined area corresponding to (A)(B)

(A)Overlap 1 and Overlap 2 are the co-localization of the blue and red fluorescence channels of TPP-DPAC with that of

Nile red, respectively. (B) The upper and lower diagrams are the fluorescence quantification of the underlined region in

the "overlop" panel of DPAC and TPP-DPAC, respectively.
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Fig. 10 Fluorescence imaging of HepG2 cells incubated with probe TPP-DPAC(20 pmol/L) and a commercial
MitoTracker Red(100 nmol/L) pretreated with oleic acid(150 pmol/L) with time
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Fig. 11 Fluorescence imaging of HepG2 cells incubated with TPP-DPAC(20 pmol/L) and Nile Red(100
nmol/L) pretreated with oleic acid(150 pmol/L) with time
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Fig. 12 Fluorescence imaging of HepG2 cells incubated with probe TPP-DPAC(20 pmol/L)(A) and the
ratio of the red and blue fluorescence intensity of probe TPP-DPAC pretreated with OA (150
pmol/L) with time (B)
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