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Abstract

Ferrostatin-1 (Fer-1) is a well-established inhibitor of ferroptosis with documented anti-inflamma-
tory and antioxidant properties. However, its clinical translation is hindered by poor aqueous sol-
ubility and a short in vivo half-life. The present study aimed to develop a Fer-1-loaded nanoliposome
modified with apotransferrin (Fer@Tf-LP) and to evaluate its antifungal and anti-inflammatory ef-
ficacy, as well as its biosafety, thereby offering a potential therapeutic strategy for fungal keratitis.
Fer-1-encapsulated liposomes (Fer@LP) were prepared using the thin-film hydration method. Ap-
otransferrin was subsequently conjugated onto the liposomal surface via a post-insertion technique
to generate Fer@Tf-LP. The physicochemical characteristics of both formulations were assessed us-
ing dynamic light scattering and transmission electron microscopy. Cytotoxicity was evaluated in
human corneal epithelial cells (HCECs) using the CCK-8 assay. Antifungal activity against Aspergillus
fumigatus was determined through minimum inhibitory concentration (MIC) testing and assess-
ment of conidial germination and hyphal growth. In an A. fumigatus infection model of HCECs, the
expression levels of the pro-inflammatory cytokines IL-6 and IL-1 were measured by reverse tran-
scription-polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assay (ELISA)
following treatment with free Fer-1, Fer@LP, or Fer@Tf-LP. The results demonstrated that Fer@Tf-
LP was successfully fabricated, displaying a spherical morphology with an average particle size of
180.6 + 1.88 nm. CCK-8 assays confirmed that Fer@Tf-LP exhibited no significant cytotoxicity against
HCECs within the tested concentration range, indicating favorable biocompatibility. Notably, Fer@Tf-
LP exhibited superior antifungal activity, achieving over 50% inhibition of A. fumigatus growth at
45 ng/mL, whereas free Fer-1 required a concentration of 90 ng/mL to achieve a comparable effect.
Furthermore, Fer@Tf-LP significantly suppressed conidial germination and hyphal proliferation. In
infected HCECs, treatment with Fer@Tf-LP at equivalent concentrations resulted in a more pro-
nounced downregulation of IL-6 and IL-1 mRNA and protein levels compared to free Fer-1. In con-
clusion, the Fer-1-loaded apotransferrin liposome (Fer@Tf-LP) demonstrates potent antifungal and
anti-inflammatory activities with a robust safety profile. This nanoscale drug delivery system pre-
sents a promising and innovative approach for improving the therapeutic outcomes of fungal kera-
titis.
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FUREA 59 (Fungal Keratitis, FK)/2 BU% P HR RN ARG DRRBGAEORN, 2B 11EK
3 R 22— [11-[3]o ARMLAMIG BREHR LA 2 A0 Ol B2 2 S 25 W 1)l FH 2 B 1 R SR ) 2
JELPRI[4] . FK 2 B0 T 0045 220K 50 (A v 25 e AN ) 1l Jes ) LA B B 5 v (A 8 Bk e ) 3 [5] . FL AT, KO
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PER. BBV 5 R )R 45 B [6] -

Ferrostatin-1 (Fer-1) & —Ff /N> F R, i i i b e S8 25 AR ik A0k i R o AR ) ST 2
7], EFPEHAPHISIET, TS H S RETIRAER . Fer-1 fEAIRIKE F(<10 pmol/L) ELE |
45 FE R AR R LE A 19 22 o SR BL B I ARG, DR LR 4 M 4 32 IR e 5 R IR BB T2 [8] 0 AE It Bk A
RYARE TR, Fer-1 AbFEAMY BB =y ELR AN B AN B /N b R 4B A7 6, s e Y o 5 I 4 ) R R
REJT, 02 PR AA P B TR B A U G S B0 0 [9] o AT, Fer-1 /KA 14 22 FLYE A& P9 A 2401 F B TA) 4%
Wi, HARRRIAIT RN B — e R BRI . Rk, MR Fer-1 ik R4, ST RSKIERER
TR B8 28 55 = S I e R R R T AME B R

FARRAE IR 25 i 16 ¥ BB e, 2R i /K PR 24 0 P Is PR S FH o >R Bk K [10] [11] AR A4l oK izt 2
gt, RHE RV ERZERRE, ) 2 TR 255835 [12] AR T4 75 S 0 i FEE 1 1l A X o
TIZEH, v DL B K MR AR R 7 2, W 2@ YA R I [13], 2 SaRBiK 254 Fer-
1 FEARERAAR . Wang 25 N\ [141FIBF S0 IR A FH 1 Fer-1 HREFIHI%, & BULE A SRR b 05 A L v fIg o AR
FERREILK Fer-1 78 A AT AW BT IR), SR A0 A PEN, AT 4 o LA 8k 8 T AR AR A A 43 1T T
e

it Bk B o 4 B [ (Transferrin, TR EETE I, ANE k. BRI AZEARR R RAFAE[15]. Tf 2
—ForFEN 76 kDa B H, EEMMIEA . EWIANARN, BRIEES ZEE Tf A 2[16]. 5
RIL, Tf HHEGBRIGRE IR SR M BURE YRS, RROsMmE 22 IRPH R . =2 KPR LA A
% 2k B (Candida albicans) R AE K [17]-[20]. & T Huid B s 4, 8k 8 08 v] DAdsc o 2K 75 5 (0 4
AL R 1 B ) S S B, AT X 8 B AN ZH 2= AR AR 4 4 F [21] [22]

BT 5, FRATHE R FERAE 7 XM RYK AR TR RS (Fer@TF-LP), 4k Hout 0 h 25 14 1) 4t
FLEAPUIIETE, HOPE e, AR SR KERN FK IR TT 55 AR Bk

2. M5 %
2.1. Fer@LP 5 Fer@Tf-LP ByI& L HIFRAE

K FH MR K AL £ 30 Fer-1 FRIIE i /4 (Fer@LPs) . FREUE & EPC (Jb5¢ Solarbio A #]). JH[FE (L
X AR A F]). DSPE-mPEG2000 (Jb 5t Solarbio 23 @)A1 Fer-1 (MedChemExpress), 1%/ & tt
50:14:3:4 ViR T S0 EE(2:1, vIV)FIR G A HLERIT, BiRE 2, HRREMER BTN, 4
FAE % 75 I ANAE I E T 28 R B HUETR, BB A BETE B 51 i . BUR B9, 15 mL @ 4lizKiR
FEIR G AT KA . WERIR G A 50 mL 504, FEIE 4°C IR SL G 75 0GR 7 4088 5 0%, 18
B g FAR SR o e JE AT 0.22 pm JE R (Merck Millipore)id i€ LLIR 75 1 57 g B A4 il 771 o de il 2541 4°C
A% o

KNI 4 Ik R B Fer-1 Jig B4R (Fer@TF-LPs) . ¥ 10 mg/mL (i 8k 25 (3 7 (-
EHEMBHEARAT)S 4 mg/mL £ Traut’s 37 (Jb 52 Solarbio 23 &)4% 1:10 fEE /R EL (B4R E A : Traut’s
WANEE, BIKWE 1 AR EATHE RN . b5 & ai s gk g, J+5 DSPE-
MPEG2000-MAL (iR T A b BT A 7)) % 1:10 I EE/R EL(Bi2kEE H: DSPE-mPEG2000-MAL) % i
RS, T DSPE-mPEG2000-Tf B I . 4 S % 1) Fer@LPs 5 DSPE-mPEG2000-Tf #£ 37°C i
H 30 78k, 192 Fer@Tf-LPs, JfFH# 4> 75 v 100 kDa [FJHEJE 2 0 (Merck Millipore) (A 45 &
MR . RAHISEDT ACHEFS.

{5 FRL BE B 40 BT X (Malvern) 72 %35 Il 52 Fer@LP F1 Fer@Tf-LP [1°F¥y Zeta HAFIKIfE. ¥
Fer@LP 1 Fer@Tf-LP FfE3 R Gt )5, 1 HIES ¥ BB (TEM, JEOL-1200EX) BT TE ML 5%
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2.2. CCK-8 CI&

CCK-8 446 Fer-1. Fer@LP. Fer@Tf-LP Xf HCECs 4GP A5 . # 100 uL HCECs (3 x 10%)
FEPhT 96 LR, 37°CHiFRAE 5 IR R4 MG BE fF W B5 TR, AN RIS Fer-1. Fer@LP.
Fer@Tf-LP {577 AE 37°C FAb¥E 24 h J5, TERRALHANIA 10 pL CCK-8 ¥, fE 37°C F4k&liidz 1 h,
SR A P BEARACAE 450 nm Ab &R

2.3. Bk

ARSI P M 2 B AR HERR 3.0772 W B o Bl i 2 E W A ORgE O, F-80 CUKAR T R A7 %
IR, BUORAF BRI 23 i T [ ARG R P, BT 3T°CHEIRE TR AT i B 97 3~4 R, FREvEEK
BRI VAR TR INad G B B IR ER 9 R (PBS),  HI T iR A AR e A | B V& R T R L 5, K TS
T BT e IR UE R BRI LW, WERIEM T B &0, BT 4ACUKRE I RAY . BUE R T
AT 50 R SRR I, T 28 CIEIR 26 MF N IR HE 97 5~7 R, HERFRIEDHBIAR
A LR I BRR TR 2244 . FIJC TR B SR U 22 [ B, A% S JE T R L Fh A/, P N T T F P 45
RIS RIS, WERSIR TR LE T, T ACHERKIELLH EL 5000 rpm B0 16 2p8F, F¢2k LiE
W UOEMANTC B PBS BBk Ja R L, BARBEE: 3 IR [AIGEE G BB L2 D0TE PN E & 75% L1,
TR R ) e BT ACUKHT P A e B A 78 20 K o R K i R B 22 8 F- 05 02 (4°C , 5000 rpm,
15 734h), 3% EiF, FJER PBS A ULH: 3 IRLIMIK BRI 41, foa PTG & & HE DMEM
B, RORGERBEDE, bdIET-20°COKAE R IIORAE,  RIZRAT M 25 B 0 T 2 4

2.4, BNIERE(MIC)SELE

HEAN [F]R B2 1) i Jo Ak 1) 71 (Fer @ LP B Fer@TF-LP) N5 %5 5 09 1 x 105/mL A it 25 B 20 A 1 g b
IREF RIS, MR EG)E, KRR 5] 96 FLAK 1.(100 uL/fL), B/NKREELE 6 K. 37°CIHERFF
B E 48h J5, FEEFRMXAE 540 nm AL E IR EEE{E(OD). 7E 5 —A 96 FLtk ., LUK 77 & 45 M R &
Fer-1 FZHAE Rxt .

2.5.qRT-PCR

4 1 mL HCEC 4Hfa( N\ F i bRz atiff, JE T THRRHC) Bl T 12 LR, JFE T 37°Catfuss oz
FEE A NG H AN 2 A F 80%. [ FLAR NN 60 L R il B B KIS T 22 AN 1 /e, BEJS 4
AN 45 pg/mL (1] Fer-1. Fer@LP. Fer@Tf-LP & MK i 25 15 K B 22 508 8 /N Je, Tl 4H o FL Al
IONTCH PBS WWUEYE 3 ¥, FFLINA 500 uL Trizol 40 ZLAR . K HCECS 4 S 2 ST ep &
HIFEHRICE RNA, ffH NanoDrop ND-1000 # 4l Frié RNA ¥, FHg JLii%: 5555 cDNA. ¥ cDNA
FEAMRENG, A SYBR. 514+ DEPC /KIREFEIINEHE, BE/GE T PCR UCHHHTY 1, SUGRAENGE
IO EREAS PR R BE T mRNA HIZRIEK . SIFEFI 0 1.

Table 1. Nucleotide primer sequences for gRT-PCR
%z 1. qQRT-PCR #%EER 3 |4955)

Gene Forward primer (5'~3") Reverse primer (5'~3")
p-actin (Human) GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA
IL-1 (Human) ATGCACCTGTACGATCACTGA ACAAAGGACATGGAGAACACC
IL-6 (Human) AAGCCAGAGCTGTGCAGATGAGTA TGTCCTGCAGCCACTGGTTC
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2.6. ELISA

MR IR VER B, WA FLAN AR IR E T EP &, =i 1000 g B0 20 min, U LiEW. X
ELISA 5% & (Elabscience) iyt B 5k 1L-18+ IL-6 #5F7KF, 7E 450 nm #1570 nm 4 FH BRI 52 W
i

27. G FESH

f i SPSS # 1 [z GraphPad Prism 3 Seis 45 AT M o Hr . THE PR LA X + s 2R, P4
() ) LR T P AL AEAS ) ¢ A6, 2 AL TR ) B U R B I 3R 5 22 04, 24 P < 0.05 A 94 IR 22 B
HA GRS

3. &R
3.1. FerQLP 5 Fer@Tf-LP BIFR{E

A Fer-1 JIg i f4 (Fer@LP) K £ 3% Fer-1 Bk 85 AR 1R (Fer@TT-LP) (1 T3k 3 71 5 ELAZ 53 )
4 162.1 + 5.13 nm A1 180.6 + 1.88 nm (& 1(a)f& 1(b)). Fer@LP 1 Fer@Tf-LP [¥] Zeta HLA7{E 537N
—16.93 + 0.41 mV F1-33.87 £ 0.40 mV (/& 1(c)A1E] 1(d)). [RIF, b g o0 4 751450 2 B0 2 PO KA 20 A
Z 5y BHRE(PD) BT 0.4 (K] 1(e)), ViHH Fer@LP Ml Fer@Tf-LP HA RUFMHEUE. Gt airiin,
5 Fer@LP #Lt, Fer@Tf-LP MIiifAz) /)% HAD 22 0 K (K 1(f), **P<0.01); [FIRf, Fer@Tf-LP [¥) Zeta
HLAL IR 3 5 (1 1(g), ***P < 0.001). @i TEM X} Fer@LP 1 Fer@Tf-LP (135 Al 45 # ik A7 R AF (15
1(h)). 5 e UG s BT A ) 5 (O R A B R T, SEEBRIE AR S5, mT DAL R 31 B B (A% e 4544
25 TR, AEM I % T Fer@LP F1 Fer@Tf-LP Wik 24 g 44 .

3.2. Fer-1, Fer@LP. Fer@Tf-LP fy4¥& LM

CCK-8 St R, ANFEIVKEEN Fer@LP 1 Fer@Tf-LP )54 & 22 ki) A A b 4B (3% 7. AR
J50 Vi Fer-1 75 45 pg/mL i85 40 i 771 25 90% LA, FLAH M2 52 1) 5 ()39 FE AL « L] 2(2)~(c).
3.3. Fer-1, Fer@LP, Fer@Tf-LP Wi EEEMY

S5 540 nm AL KBOEEERE IR AT MIC, PRARHAUITEIRIE. SR E7R, Far@THLP X
R 25 B VR 36 h Ji5, I RORAE 15 pg/mL B UGS B, 76 45 pg/mL 3R H B AR KA Rt 50%,
T Fer-1 3k 21 R ZE 30 H) R BT /i B2 90 pg/mL, 154 9H Fer@TF-LP X 4K il 25 B (1 #0 BE 5 E AL T Fer-
1. R, JE8EsEuekdt 45 pg/mL /5N TAEWKE . WA 3(a)~(c).
3.4. Fer-1, Fer@LP. Fer@Tf-LP X EAEE RIS HCECs Mt R ERFHIEN

FRATIH FH 08 ol 75 17 K05 A 22 AL B S 1) HCEC 4B g iR, 43l Fer-1. Fer@LP. Fer@Tf-LP %l
BOFHEEL mRNA FEA . AT s R RoR, A& RS, HCEC 4 IL-18 AT IL-6 fEBER A0
EAKFRRIE R B S TR, A5 A H SR ER Fer-1. Fer@LP. Fer@Tf-LP b FR 2 4 th
B IO FE B4 K B0, Fer-1 403 5 () HCEC 40 1L-18 AT IL-6 1) mRNA Fl8 1 3Rk & R FEIK,
H Fer@Tf-LP F#{% IL-18 A1 IL-6 mRN FIEE AR EF L. WA 4(a)~(d).

4. g
P A1 % (Fungal Keratitis, FI) Ry —Fh i 5505 VE ) f SRR M0, HCR S RAE ARGy 5
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WEESC, REN

Fps ETHEH . JREHUER SR R TUBER B 2 N BRI AR BN S5 R R e S B — IR p E
[23]. AT, A DUE 2P AT /E M BB IENE 2 . AR AE VR AR ARG, 73 FK B PRTR YT Tl
EURHbR[24] - BRI, WEAHEE ke ARBEMEH TR IR, 0T 2eg FK EH TR BA B IRRE 3.
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(FEBCR PRSI AR T t K58, **P < 0.01, ***P <0.001)

Figure 1. Successful preparation of the two drug-loaded liposomes, Fer@LP and Fer@Tf-LP
1. BIN#I% Fer@LP #0 Fer@Tf-LP FAFE 2508 Btk
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Fer@LP 351 i & b N AR RS R AN fvd g () #5523 IR BE 1) Fer@T-LP 3514 i 35 Ml N\ AR B8 b Rz A e (09 g
(FLBER AP SIREA Y t ¥5:56:, 25 #6556 % ] Dunnett’s post-hoc test, *P <0.05, **P <0.01, ***P <0001, ns Z &
TgitE )

Figure 2. Favorable biosafety of Fer@Tf-LP
2. Fer@Tf-LP EFRIFINEYR LM
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i L 50%. (c) Fer@TF-LP XA HI % B 15 H 36 h J&, B RCAAE 15 pg/mL TGS, 7E 45 pg/mL iK% &
B KM 30T 50%. (HLBCRA S Z ) 24041, /R 5% %A Dunnett’s post-hoc test; *P < 0.05, **P <0.01,
***P < 0.001, ns ZRFLELIHEEN)

Figure 3. Superior antifungal efficacy of Fer@Tf-LP
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S e (HWBCRFRR R EZ 00, G105 M Tukey’s post-hoc test; *P < 0.05, **P < 0.01, ***P <0.001, ns
ZERTG R N)

Figure 4. Inhibition of proinflammatory factor expression in Aspergillus fumigatus-stimulated HCECs by Fer@Tf-LP

4. Fer@Tf-LP BEXRHI B E REE LR G HCEC AR X E FRIRIE

Ferrostatin-1 (Fer-1)7& — N L& B SE A BT, Hoor 120 CisH2N2O2, 731 &N 262.35[25].
Fer-1 {E NG ML IERFET M5 2 —, LA BRAE U (35 1 A2t T3 Bk T 40 Py Fe? 75 R o3 ik S8 Ak e 1 R
FEAE R R AN AR EHE 7). ATEESR, Fer-1 78 LB T VB AR B 2 B 50 SRl A
TP 9 LI G 505 1 % B 2 2 2 AT P B Wk 2 R P AR AE R B TR, Fer-1 AN BR YD 1 1k S 4 i
MIFET, T HAE e &P S g AR [8] . TFRATIIWT T UE B Fer-1 o 08 ith 25 B A R 4 IR 4V BRI Vi 2
O S5 H 50 B R B Fer-1 5 W 288 BB [ BEA Al R (B N (9 TLe A ML A W0) 4548 BT TEARBLE, iX
FRILHE R 7 A Rt ex 5 CYP 51 WML SR & LARHWriE PR s . 48 Fer-1 K5 9RJ5,  FUBE 1022 A [B B 5 &
T THREZ[8]. FATWNIX AT HEZ Fer-1 HUMH Hh 27 0 i — PR CEN LA o SRT0 Fer-1 BISKRPEAIA TR 2 1
SEOLAER A S8 250 AR AR IR, BRI T 2 GRS [26] . Fer-1 43 F 1) B EHBRHE(E
5 T RAIKIRIR N AR TR PE RIS, 485 T AR N B4 R RIAE FH S IRI[27] . DRI, $RZRTE N
WA BRMIEY RGN Fer-1 R B, BOSHES) FLIG IR AL o8 o

BTV Rz PR St AR BRRRSEREm, ARSI L 2 )5 AR R BEARAI . R4k, BEE
YUK ZGWIIE R I BGE R R RAR 2545816 R A AEIRBIZ B T )12 59 [12] [28]. R 5 A4 A2 p B g A0 L ]
BELH R, HAZRARFRAS T E MRS, HREE 25 %5 1000 nm ANZE[29]. g AR AT LK i 1t 254
T T B KR I 2, SR A IR E S A R B, R RETEAE FH AT 4 35 25 3% 1 4
FEK[30] [31], & —FhEEARMIENRAM N ARG, ETU SR, ROTCRHEE KIS % Fer@LP, H
JERENIER B R B IE Fer@LP K| & Fer@Tf-LP, JZ @it 0.22 um JERE LR — kit .
TEM 75 B i) 46 (0 40K i R AR ) 700 20 70 B L B . Fer@LP Al Fer@Tf-LP R PR Sh J124 B2 5 R
162.1+5.13nm £l 180.6 £ 1.88 nm, I8k H I 51 N T EGOKNE B4R RS I1& BESE I, uF Bk 2R S 7E 4K
g Jo A2k 2 T ) P Th A BB o 35t LA 4G % IR Fer@TH-LP (1) Zeta HI A7 {2 H—16.93+0.41mV, 5 Fer@LP K
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—33.87 £ 0.40 mV AHLCEE AR, FERGUKE AT 57 FL Ik B AR AE,  E— D IRUE T R TSI Ak
B, X5 T R ABIEGOR BRI T —E[32] . RAMIUE R LKV, Fer@Tf-LP 7 45 pg/mL ik
JE T B AT ST AR 7 2R K S 2 A (R R > 50%), HLPT B ALRE R S Fer-1 $E il —1f%. el
BRI, HTREE ARG ENERES G, Pl F 35 PR o 158 AR K b 75 B - AT A 80
i) il 5 AR K [33] 0 X PPkl G B N E AR AN S IR - P [F) 0] i 4 08 6031 26T BR AT, KR A 1 (10 S {410 o A
(MIC)M 0.15 mg/L KiEF%% 0.019 mg/L, FFlEREIE 8 5. BhAl, WiBkER (IR REmEHMH i 2 IRBH M . &5
2% QB AR A S BR B AR K [17]-[20] 0 ASHIFFEIESE T Bl 46 O Bk 25 A 90 KR o A%t Fer-1 A3 2
YRR, A HAE SEARIRFE N B A) R 5 I p B s i

BRPUE GRS, A AR SR Fer-1 B 1 X i 8 5 B N A L R g e b IL-6 22 IL-18 1)
MRNA FIEE A FRIE KT, RIVH RIFIOPLR SN, X —85 REEFK Millet 55 A[9]55T Fer-1 75 K 1§
TG TR YRR E JOE RN T SRR RF, Fer-1 A8/ (€0 4 B B 1B G S 1) g 4 L R /N R 2 1)
TS, CREEEPRE TNF-a IL-158. 1L-6 S5 R ANPR T A0 503, AT kAR /0N BRI 2 4 00 1 By o 40
PR R RNE, AT BEE A B — DR T Fer-1 PLRIEYE, SRR A G ]
Reth 25 7 RGE R RE . SEHT A SCBRR I BRI 207E 2 P MR #H 2 RGP B R R 2 VE . B
PR PRLPT (SCD) J 54 P9 1Rk 22 12 2 Hh P 67 4 LR T PR 240 B B A/ B B (NE '), B0 A8 P9 1D 98 0F I
L, TWEkIERRT, Rk R, KA DLH] NETs MITERR[34]. Beah, @i ek (a7 PRI T
PEIR A S TR KT, i 0 ) S A SR B b B P E VR (I/R) 495 [35] . EAIItE, Fer@TH-LP RILH T
LFIIT 98 R

5. &hig

ZELRTIR, ABEFRINAE T 3k Fer-1 IR ER A iR AR (Fer@TF-LP). Z%i8 2 RGN E 1T
7 Fer-1 BIPUH B B RLRE, AR AT DARRAR A Hh 2 B 5 5 10 HCEC 4HifeHh IL-6 A IL-18 4&RE R F-7K
F, R EPTEE R PR R, Hoe et R, Dol BB 1 A I 5 BT TT ROR SR BEAF TR AR AT T &

SE
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