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Abstract

Objective: This study aims to investigate the dynamic bactericidal process and associated changes
in cell structure of Staphylococcus aureus (SA) at different growth stages following treatment with
ciprofloxacin (CIP) and plumbagin (PLU). Methods: Dose-response curves and time-Kill curves were
utilised to evaluate the bactericidal kinetics of the two drugs during the log and stationary phases;
Fourier transform infrared spectroscopy (FT-IR) was employed to monitor changes in bacterial cell
membranes, proteins, nucleic acids and extracellular polysaccharides (EPS) following drug expo-
sure; principal component analysis (PCA) and support vector machine (SVM) models were used for
feature extraction and classification validation of the spectral data; The ultrastructural changes in
SA before and after drug treatment were observed using transmission electron microscopy (TEM).
Results: CIP rapidly killed SA during the log phase, whilst PLU exhibited stronger inhibitory effects
during the stationary phase; the combination of the two drugs demonstrated additive or synergistic
effects across different growth stages. Spectral analysis confirmed that CIP primarily disrupted cell
membrane integrity and damaged nucleic acid structures in the later stages of action; although PLU
caused limited membrane disruption, it significantly altered the spatial conformation of proteins
and, either alone or in combination with CIP, significantly reduced EPS secretion. PCA analysis re-
vealed significant differences between treatment groups, with the SVM model achieving a classifi-
cation accuracy of up to 100%. Conclusion: This study demonstrates the multi-targeted synergistic
effects of CIP and PLU against Staphylococcus aureus (acting on membranes, proteins, nucleic acids,
and EPS, among others), offering a potential strategy for combating antimicrobial resistance,
providing a basis for sequential combination therapy, and highlighting the potential value of FT-IR
in monitoring the dynamics of antimicrobial activity.
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1. 5|8

S OE B IR — M I E R T NS IR 42 [IRBHPE B [ 1] M SRR s RATH AR T
B, 408 VH B BRI AT RE 2 oI AT YS, Wi R BRI, PRI s, P AR [2] [3]. 4Bt A
BRE IR G RRAE BT, OO ERBE AL X SRV B f i L 98 JR A 2 —[4]-[6]

W B (CIPYE NS A TERR, BAT S hupE g, @405 DNA S 74 IV
SHIX, BHE DNA R#], SEUNGEREICT[7][8]. SR, 4o (R 4 BRI X 3R 7 70 2 i 521 H 251
W, IXFE— AR RIEN T HAMERE9]. IRGITRCELF . BITERE/ANIRTT T R, e S bR R BBk
G AE AR TSRS 2 —[10]-[12]. A WHICIESLES Y2 1E A BT 2 kIR[13], HEfErt &
(5-F2HE-2-FJE-1,4-Z5 [, PLU)E —MRIET BIHEFHRIAZERR, BAPIRELE[14], HA S Ak
KGNS, B& RIS R 2524, B&dE— DI RIRIREAGTT 70098 J1[15]. Wik
B A6 R SN B A P & 38 (R AT BK i S B R F[16] [17], 15 H AT AR 78 S T — i B
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I HESEA RV BAEAEIT X SA BRI E I KPR REAT WHe . 38 514 3 28 55 e 40 AT 1]
AL, HIER TR BB EREAFERKP B SA HBRE AR EILRE: 9B a0 154
HARIRR T ) SA BRI AR . BATFIA FT-IR #85¢ T ZEF 5 SA IMAIMSE /21, RIKH D
ERTSRAIE . B A RERIVEE, T RS EON RS 2 BEEPS) IS AEFR SO AR & AN, [
I LG F R s A e 1 SA AN 2B 73, IRl TEM S8 1259 21 SA il 28 Lpr
R, AT Y TR B AR SA ARSI BRG], EONIm ARG 4 B G AT ER T
JRGAR L TS, AR R I R AL DT RR B AR

2. BN EFE
2.1. iXFS5HE

AT FTAE F (1) 4 36 (8 ) BRI (ATCC 25293) H 92 [ #i R B2 72 ek ot . BE R AFE RS AR K
E A (TSBYMREE A K S BR(TSA)E B H [JH b5 2R ERHA IR AR . #1750 & (Ciprofloxcin, CIP)
Jt) H 3 H MedChemExpress (MCE) A H], F4€F 2 (Plumbagin, PLU) H 3% [F Sigma-Aldrich A A

2.2. YEIEFSIRTIES

SA PUH I 3(25% (v/v)FE TSB H—80°C£-AF. SEIG RS, M 37°CF TSA AR FAEK 18~24h 1)
FPEVE oy AN, BAT TSB 1, 7E 37°C T LA 200 rpm R F IR . W REEFRPILL 1:2000 FkE, N
WIEEEFHR FE(10° CFU/mL). CIP LA 20 mg/mL #&F 0.1 M HC1 71, PLU LA 25 mg/mL & T — F LR
(DMSO)H, F-20°C HEEHRAF

23. FREMBEA RN SA HIRGIRE

2.3.1. RNDERE

CIP. PLU X} &3 (VA & B ATCC25293 [ f /MU R & BE(MIC)il i Pz M= M B 2« 7E TSB
HHfE & R PR FSR(CIP: 0.03125 ug/mL~4 ug/mL; PLU: 0.5 pg/mL~32 pug/mL), PATAEBR R Aot 7%
SA, dsRITG I B A K B AR BE A MIC.

2.3.2. FIEFRGIRE

SA DIMIGHEEERR EAE 37°C R 200 rpm 5537 4 h B 20 h, 3455 B AR e 110 £ 0 €038 44 BR 8 B,
SR T 025 x MIC, 0.5xMIC, 1xMIC, 3xMIC, 6xMIC, 10xMIC, 30xMIC, 60 xMIC 1100
x MIC I3RS, 8 0.25 xMIC, 0.5xMIC, 1xMIC, 2xMIC, 4xMIC, 5xMIC, 6xMIC, 8xMIC,
12 x MIC #1116 x MIC FIE4ESF &, 37°CF 200 rpm £53% 24 he 7E 0. 24 h BURE, NG £h22 0H W (PBS)
PL 10°C. 12000 rpm 50> 10 min (Eppendorf 5810R, BLHbAIAE4Y), 1L 3 Ik, FATESMBEIHAE TSA |
W, MEAFS AR . WIRE RN 3 i, JEERMRESHIEERA MR E + .
2.3.3. BHEIRGIRE

B ER I BN SA BT T 100 x MIC (100 pg/mL)IFRHRP AR 5 x MIC (20 ug/mL)HI HIESF Z A
[FREIR B F 2B A, A BN SR 100 x MIC (100 pg/mL) AP0 2 . 8 x MIC (32 ug/mL) A
12 37°C R 200 rpm #5595 24he #E 0. 1. 2. 3. 5. 7. 9. 12 fil 24 h HURE, PBS B.00E0E 3 Ik, 4k
MiREJGAE TSA LR, HE 3 W, WEASEEE, JHERANNR STHEFIME + brfE2. RN
0h. 12h #1124 h BIFEARSE NG B2KEE FT-IR HIFEA
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2.4. FT-IR K&, TS5

FiROh. 12h A1 24 h FBEWEL 1 mL, LL4°C. 12,000 rpm 250> 10 min, # 25 B, PBS &k 3 K%,
RAYUIE, I 50 uL PBS VRA]. 4GP MRS A b, WIS VR R EL 10 uL e
AR b, EE 3N, B TSGR T, TR A E T B AR 2 AR (FT-IR) |,
R, WEGEEA 4000~650 cm™, 8T 64 R 1) REUAIE R0, L RN 4om L
FAFEARILF 20 MG AT GIEIAT AL, X RIEGIE AT HAHTIE, A Savitzky-Golay J57%
(3 B, 10 s DX HREFHAT i 18], B3 — B X [H)(0, 1), FHXTEMEEARR) 20 Nl geit-241H
T Python MRBEME T SRR EHL(SVM) M A[19], FIT FT-IR BRI EMES . % TobisHuE 5
B AR VE R A ATRFE, 35 FIA2 170 55 bR B0 (RBF ) B R AR IE LS 22 iy 4 25 (0], DAFRTHIE Y g 2 M mT 43
. MEESHEETTH, BT C N 1.0, ERESE y KH B &R A (Scale). £xf SEEG2H A FE A
ERMESR, BRG] N T 2RI - 5% (Clss Weight Balancing). A 42 f8l & KUK H- 32 R AL 2
HORET, AR FTRAL | 22 BALAE Tt : & 5, 83T E 8 AT (PCA) BRI R AR TS 22 DTHRZRIE 95% (1) E 147,
FELR B A% OAFESS BRI N BIBRTCARME R JLIK, Rl e 4% 7:3 W ELBIEAT 20 BRI 23, B ORIIZREE
HMARER SN A —8G &5, EINGEN B HYT 77 E 8 XIUE[20], 256 REprAEfL T,
TR T RRIAE R AR E R AN E R .

3. ERE S
3.1. B/ EMFRIVEX SA RGBIEH

A B
= -
E E10"]
S 1074 5 ]
(L_IS | .\'/'\'_'—"\.—-—-' (LIS 1 08 i
Sy g1
2 2 104
= c _
8 5 % 102 4
T 10° 5 |
£  {—=—Logphase & 10°] —e—Log phase
g —=— Stationary phase g 1 —=— Stationary phase
10° T T T 102+ .
1 10 100 1 10 100
CIP concentration (ug/ml) PLU concentration (ug/ml)
C 2 D 2
14 1
0
01 —
= 1
5 S
2 .l m
S 2 o -3
o 34 g 4
3 4] > 2
< 61
-571 —e—100pg/mL CIP 7 | —+—100ug/mL CIP
64 20pg/mL PLU 8 32ug/mL PLU
o 100pg/mL CIP + 20pg/mL PLU "©7 —e—100ug/mL CIP + 32ug/mL PLU
0 5 10 15 20 25 0o 5 10 15 20 25
Time (h) Time (h)

Figure 1. Dose-response curves of (A) ciprofloxacin and (B) plumbagin against SA. Time-
response curves of both drugs, either alone or in combination, against SA in (C) the log
phase and (D) the stationary phase

E 1. (AR EMB)BEF R SA BT ERGHIZ, UREMBBATI(CIER
HAFN(D)FEEHA SA HORTE] R A HhLk
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S AR RREINAS T SA FEM NV B AT E 6P R B MIC {653 714 1 pg/mL Al 4 pg/mL. |5 1(A),
1(B)JE/R T AFHZYINT SA IR - RN HiIZE: 24 CIP IR > 10 x MIC, J&EEuETiE, HARY
BRSO R BORE L. 24 PLU IKIE > 16 x MIC, 8EUHAFE N SA ¥ul ik, i Bl sk i 1)
FIEFEAT SA FA SRR 77 . MABEOIRIARE BT SA I (R A5 - 26 (] 1(C), 1 1(D) AT AR B
CIP XHEHIN SA HIAGZM TAE W, 1 PLU /EHRCRNIGAE R, CIP + PLU B A6 s B A fa e
SA ) 2R .

3.2. 5% SA BY FT-IR %

I8 B AR SR AT AR SR ARG, R IT SA 1E FIAEFH R ARV A H G A S5 M M 3 828 4,
FEXF SA [ IE IR B MR VA B HEATHRINGE 1. [ 2(A), B 2B)&EaR, $REUNH SA A EMEM 120
J&i,» BEWIER CH; Al CHy ASXFFRBEH(2967 F1 2930 em™ ) FIAZEZ PO, Al P=0 iz {41(1237 cm™ ) AHS<IEAR L
AR, HRMEE A F C-N. N-H Ml C=0 IFEIZ 11 AHSCIE01542 ecm )T, IR AT REF=24E T N
PR A RGEE A A AR 40 M BE 22 08 A B =4l 2% 1B KA &4 C-O-C. C-O. C-O-P #l P-O-P #i1
AR CIE(1071 om )2 EFRC, XRH O R TR T AP 2R E H21]. M2 T, BRI E
EF 120 )5, BEWIBRAH SR I B 44350 : 2930 em™ FFiE. 2967 F1 1400 cm ™ fA{%. HAEALE COO™
FEFTOFRALAH ) 1400 em™ b IR RUE, 358 A0 BRI i HE 91 BE R BN M2 B 1 40, MEahte) o 8
PEREREIR[22]; BEAh, 1542 em™ THis [FIRE O T SRRV B 5T N I E A RAH R, MZRR(1237 cm ™)
ZHE(1071 em YK BAEWA R . R TP ENARIZY AL EENT SAFT-IR i 45 40 B 5 B i 4 7
SIS NS, AHE TR G R T (PCAYHEAT FEE TR0 T, FE45 & L HF M ENL(SVM) &
R, PCA 255 IR, 17T 3 AN FE W 1 BT RN 86.17%, HiE s 1 (PCTTHR T 44.53%11 77 2%,
F R 2 (PC2) 15 AR TT 21 26.01%. SR EIX 7, HAFEESMAEFE 2(D). SVM R,
MRS P HERA 2L B 100%, R PTAEARBAER 28, REIRA, T UCZAER B 0 AR R 1 i
FEIZ AR I (E] 2(E)). S RBHEZMER R, A2 R EIRTEE0 SA 4 AL IR 254,
HgD TSN 2R IRV R T A s B M S . BRI S RGN, ARG AN s BeAL,
PAFRZA I AR R B 1T A5 (R 4544

Table 1. Assignments of the functional groups associated with major vibrational bands

in spectra [24]
1. g EEIREE XN E EFAE(24)

P (em™) BB 2 FHRE A STRR I A 4
2967 JIEWilE 1 CH3 A XS FR LA
2930 JE Wi 1 CHa At AR B4
1640 HEAMF C-N. N-H Fl C=0 KBk 1 %R b
1542 A C-NL N-H Ml C=0 (A% 11 % FRf f
1448 fE R C-H I CH, & #h R 3)
1400 i 5 PR P 2 B T COO~ ik [ 1 %ot ko of
1237 R B Be 4] PO2 il P=0O FH7 fif
1071 AKALEH(C-0-C. C-O. C-O-P #1 P-O-P)[fy it
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Figure 2. Near-infrared spectral analysis of SA in the log phase under the influence of ciprofloxacin and plumbagin. (A)
Average spectrum and (C) enlarged view of characteristic spectral peaks, (E) principal component analysis (PCA) score plot,
and (F) SVM confusion matrix (accuracy 100%) at 12 hours post-drug administration. (B) Average spectrum and (D) enlarged

view of characteristic spectral peaks, (G) principal component analysis (PCA) score plot, and (H) SVM confusion matrix
(accuracy 95.45%) after 24 h of drug treatment

2. ¥ SA EMAIPEMBEAZ(ER TR FT-IR RIiEDH. ZBYIER 12 h BI(A)FIIAIER (C) S ILHFIEIE R
KE., B)YEMDDHESEFE) SVM RBMMECEMRE 100%). Z5H1ER 24 h B(B)FE AL (D) S ILIHEIE A
Bl (GQ)XMS P ESEFI(H) SVM SEBEMECERE 95.45%)

BEEZMITER 2 24 h (9 2(0), Kl 2(D)), FBEUH SA 1 FT-IR Yk RFAE 5 50 HH [ i 1) 44 8 1) 22 4
EIAEFT 2 AL PR L AL R UK B S A ATI AN B S5, T I D PR AR AIE I 2967 em ! BEEEANIE I, $&7R IAEFH R AIR T 4
MR SERENE, 1542 em™' SREEMURFSEF A 1071 om ™ RS FRAR, U608 EAEPF 2000 B 0T 2 (A1 R A0 i
HPNZRERIRFELANHIEN ;. SV B AE 24 h R E B8 @ V4045, 2930 em™ AR R (12 h)
FONREE 2(D), AFET 120 B2, JEIERACIE(1237 em™ ) HILIT R T &, $E7 Bl Lb B A 14,
WV B4 TR I 4y T 451[23] PCA 3 AN Fplisr i AR TTRRZE N 82.53%, 5 ACERZTE PC1 fli I
(54.40%)F I H B aR [X 40 FE o AbBRZH R A N FEA S A S, 3 ZHIAIFE PC1 EBR IX 435 (HRALFR A FEA
B SHAMAREAS DL 2(F)). SVM BRI IRIEFERE, MR EEMIUHER N 95.45%, Xi2y
YIE F R0 TS AN IRES (U A RE 1, ANAE CIP HUAb B AT AL A b B iR ) T 1 Bl 2(G)). &5
RFTEZER G, AAEPF =0 I BT B0 SA R RR S5 4, (R 4N e e MR 0, SRR
IR, M2 R E RS AR RBOR AR RRIL B M 454, L R R RE FE s IR 1
YL TE RV, 3G T IR S
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Figure 3. Near-infrared spectral analysis of SA in the stationary phase under the influence of ciprofloxacin and plumbagin.
(A) Average spectrum and (C) enlarged view of characteristic spectral peaks, (E) principal component analysis (PCA) score
plot, and (F) SVM confusion matrix (accuracy 89.47%) at 12 h post-drug administration. (B) Average spectrum and (D)
enlarged view of characteristic spectral peaks, (G) principal component analysis (PCA) score plot, and (H) SVM confusion
matrix (accuracy 100%) at 24 h post-treatment

3. REH SA EMEICEMBHAZERTH FT-IR XigESHh. ¥R 12 h B9(A) R HE N (C) SIS EIE R
KE B)ELSHFIERE) SVM RBIEMECERZE 89.47%). Z¥I{EM 24 h BY(B) AL TER(D) L IEFFHEIE R
KE. (OERSPRESEFMH) SVM SEEEECERRZE 100%)

fEFaE W] SA 1, AAESFEAEA 120 )5 2930 cm ™! AT 1400 cm ™! {5 5 K. 2967 e AR AL AN B B £
BE 1542 cm™! (BERZ IDFFmi(E 3(A), 1 3(C)), SRR & b H A E A S M R EHE %R
FHICUE 1237 om ™' SRR AT R . SRV EIER 120 J5, REWTERAHCUE 2930 cm ™' BT+, 1400 cm™!
BRI % 11 FRAEUE 1542 em™ Thimy, SRR a0 M T REXS In HLAS AR M 2SR 45 P20 A% R 1237 em™!
VAR AEG 150 BH 4 7 () DNA SHIIFIZ5 52 40 . J6il e 70 Bt (PCAYH 3 AN F Bsr i RAR DT Rk N 90.26%,
HFFER 1 (PCYHTIHR T 68.84%M177 22, F AT 2 (PC2) SR TT ZE 1) 15.6% . AACFRA 20 N EEA S
e, (HAFAREAR L A DEEENE 3(B). SVM BRI H RS 1 HER 2N 89.47%, T4
BRPRAS R B D85, AXAE CIP Bl AbBRZH ANER A A ER A Him ) 1 2 (14 3(F)). 25538, TEZ4WE
R, AP R IR BRUGLIR AR, (AR T R0 ) SA I 20 BRISE (1Y) 5 8 14 A B 1 o 1) 5 () 4544
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TWE &%

AN AP RIE T RES| RS T MAN 2RI b3 2 s SRR VD BN T AU R A, WK T AR R
BN SR 11 1) 25 (R 45

ZIYER 2] 24 h, F20EHH SA 1) FT-IR SGUEARHAE U [R)BE A7 £E Bl B A) 28K T A A R A (19 3(B)), 5 12
h ANFERSE, AR AE G IRITER & 2930 em ™' ISR BESTH =r(F] 3(D)), BRI s tESEn; Bif 11
FASKUE 1542 cm ™ Thr,  HARMAE EEBAE LI R (13 3(D)), &B BAEFF 300 R B T 45 A )4 D F2 P
e RV EMER 24 h JFIFFIEIEARS 12 h ML, ME—RE2 1542 em™ FH = F2 52 R RE LU VE R0
HR(E 3(D)). BhAh, FFZYEAE R S oK E IR DG 1071 em ™ #RTHE (K] 3(D)), $RoR AP B
AN RERL BN, EFEZGECH 24 h SRR 60 E R O HT(PCA)YF 3 AN 3 5o (1) B A T
BN 79.18%, HAFERS 1 (PCHTIRR T 46.25% 5 %, EM4Sr 2 (PC2) A Bk T7 Z 1) 22.41%. A4k
AR HNFEARSMES, HOHHAFEARE G BRAEPHRCEAS, HR 3 HERAHEX (8
3(G))o ZRIMIAE SVM A, SRR IHERR T H 100%, B0 AR 5 FRRAS 4N 3 (K 3(H)). 45 8%
B, TEAVIERGHE, B4EPtE SA BN T A sian e, WA 250 CFR FE AR T B B R 1T
17 () 4544

3.4.TEM T SA HEASFENE

Figure 4. TEM images of SA. Cells in the log phase: (A) untreated group, (B) CIP-treated group, (C) PLU-treated group, and
(D) CIP + PLU co-treated group. Cells in the stationary phase: (E) untreated group, (F) CIP-treated group, (G) PLU-treated
group, and (H) CIP + PLU co-treated group. The duration of drug action for all treatment groups was 24 hours; the red arrows
indicate damage to the cell membrane

4. SA HJ TEM B R . #EHHA)RLEE,. BFRDELEA. (C)BEARLBERD)IFRTEMBETRIK
AREBEAR M. FREME)RLEL. FFAPELEA. (GOBEARLBEMBTIRPEMBEFRRKELE
HrYZER. A EALIRERAMIERETEIA 24 h, AEEIRRMEMERITG

R T BB TEM)MLEE T SA IGEMEH, SR ERAFREKP B, AHZYAEAK SA
ARG ZEZR . ROEHT, FRECHAN R IRERTE, A& e i 4B f B g5 K (15 4(A)), T
e s A AR R O T 4 /N (] 4(E))o PRIV BASAL TS, 45 B 20 I 0 IR 5 PR I B R o 1
AL I G 4B)), KRF ARG T DNA Ziil, L0 EERR RN 0 RRE: 1E
SRR BT HOU 52 2 A L R 25 R R, 3R7R 3 P9V AR RS AR 32 2 5 (141 4(F)). ARELZTR, FAEPT
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RS T E AU, FEECNRIOVAI R R SEMAEL, AR ES:, HERIEA
S (E 40), XRAEAN ARSI FisZ 508 E AN EMNRE, FERIE RAZFH[17]; Fae g
H 2 B AN A P B 2R, A VAR IR, M A SR R R (] 4(G)). I RS BEPT R ICA A
I, FREOW AR T W B A2 R B AU 45 48 S TR RS 2R, AR I R B0 R PI(DNA 5 & A DT
TEVER(E 4(D), 14 4(H)).
4. Wig

AHIE T DA A5 L PR 3 350095 B 119 4 3 CU B 2 BR B (SA) ARV X B o IRV A N R T B S PiAE &R
FE@EL AN DNA JEFLEEINT DNA S, (HUTESREN X £ 8 4 BR B B G 17T AR T ka4 [25]
[26]. BHRFLRER, RIRFEEGHIAE R RT3 ZMM 2 1A BOR1E[27] (28], EESFEIEAR
IRRIR I ZEBRZEAAY), LR35 2GRS AN 2 4 S E AR, R I BRI 2B R 3 73(29]-[3 1]

TERWEFCF, BATRIA R BEXHEEH SA R B3 FIPGER EROR, AME&imim &1 .
FIFEFF 20T SA (153 95 25 AR E0 A5 A 5 PR R BE AR, P 24 P K FE T 8 BB ARG 1 SA 53R B AR I 2%
B, REIAPTER—E[16] [17]. FT-IR Hilk 534 WA 5T E546 77 TAEERIT T 255 SA HIFE
BUile PRV RBER T AR R s Bt 0 7 IR AN 2R F R R AR R A A A AN R
EBE A BN (RS, R BRI AR G FR FE IR . FHIR, RT3 BB HON SA 4 M B iR 1 H
AR, 2 SUE 7 I T 25 s (RS H, T A e 6 e B v () A R R P A h i O T B
FAE TEM SR FI[ SA R EE R 5 thIGIE T FT-IR "R 45 R . SRRV A A 1EFH R I /E AL
FIEESR, MR T WETHRSESA R A KBRS HEE s, ROV AR E SR

IeAh, BATERILALESFEXT SA JAZHE R 7l BA B B AR Bz itk TEFRBOMIHI T i
A2 BB TR RS E BRI 51 T M AR 22 B8 B 4 WA N, 3K T BB A A AR A [F) AR BRRAS TR X 251
R ZE A B, SR BORM A LR, BEP R T Re TS 20 & B A SGE s, IR Sk EREIT 1
AR A A . AR T AN AR KOS, AR IE R . TRAREE, SRS R AR AU N
PEA(ROS)HE TN, FaE 1] SA SZRR AN MR, wTREJE 3 T AR E SRS AL, S8 4 n e sh =
WE b R — JZ R . AR, AV BERATES =B 24 h 5, Fase i SA WA 2 FE A
HARIGI o XN T P2 [ RIS, el T 4 B AN eI IR, i SA ek T A s 2 pE I Re
J1o WA ZHE B o0 WA 4 0 BV B ER R TR BUE VI ) i R LR 2R, AT RIS A B SO i A e
AN DR R AR FHURIAIRE, S~ 1% 20 W00 0 o v s A AN A D RE A A LA Rt 3421 [32].

BATHH PCA F1 SVM BRI SGHEREAT T 40 - . PCA s3HfrHh, SAHFEARM X 7B, £
2y S AT (06 R IE R AR T R B AR . SVM BB AE IR AE L I HERR K IEATEF] 90%LA I, UiH SA
FEAN R A R 7= AR R G R R AR AR A B e B ) ] AR A

xR, AR FRAMURR T IR B AP R BHXT SA s BCRwAEH, it FT-IR J6iE
FRFDL T HT AR AT, RS2 055 2 B el T OtE AR 1
TS5 w35 Bhs R VEASG B AR 39T RO F 48 A P 24 580

E&UH

. ExR BRI #4100 H National Natural Science Foundation of China, 11904061,

. JPERM TR H Guangxi Science and Technology Program, #:%I AD23026196.

TP AR FE ST H Guangxi Natural Science Foundation, 2024GXNSFBA010113.

TP R R E S EUTRMITRE /4TI H Middle/Y oung aged Teachers’ Research Ability Improvement

AW =

DOI: 10.12677/amb.2026.152008 82 WEY AT


https://doi.org/10.12677/amb.2026.152008

LM% 5

Project of Guangxi Higher Education, 2023KY0118,

5. JTPHERERFE— BT IS A A THKI First-class discipline innovation-driven talent program of

Guangxi Medical University .

&5k

(1]

(2]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

Cacace, E., Kim, V., Varik, V., Knopp, M., Tietgen, M., Brauer-Nikonow, A., et al. (2023) Systematic Analysis of Drug
Combinations against Gram-Positive Bacteria. Nature Microbiology, 8, 2196-2212.
https://doi.org/10.1038/s41564-023-01486-9

Liu, X., Xu, W., Feng, J., Wang, Y., Li, K., Chen, Y., et al. (2025) Adoptive Cell Transfer of Piezo-Activated Macro-
phage Rescues Immunosuppressed Rodents from Life-Threating Bacterial Infections. Nature Communications, 16, Ar-
ticle No. 1363. https://doi.org/10.1038/s41467-025-56460-2

Mlynarczyk-Bonikowska, B. and Rudnicka, L. (2025) The Pathogenicity Mechanisms of Staphylococcus aureus. Inter-
national Journal of Molecular Sciences, 26, Article No. 11803. https://doi.org/10.3390/ijms262411803

Kaul, G., Akhir, A., Shukla, M., Shafi, H., Akunuri, R., Pawar, G., et al. (2023) Oxiconazole Potentiates Gentamicin
against Gentamicin-Resistant Staphylococcus aureus in Vitro and in Vivo. Microbiology Spectrum, 11, Article ID: 05031-
22. https://doi.org/10.1128/spectrum.05031-22

AL-Harbi, A.l.,, AL-Mohammadi, N.A., AL-Hubayshi, N.E. and AL-Mehayawi, S.S. (2024) Prevention and Control
towards Hospital-Acquired Infections, Mixed-Methods Systemic Review. Global Journal of Health Science, 16, Article
No. 48. https://doi.org/10.5539/gjhs.v16n6p48

Silva-Santana, G. (2025) Staphylococcus aureus: Dynamics of Pathogenicity and Antimicrobial-Resistance in Hospital
and Community Environments—Comprehensive Overview. Research in Microbiology, 176, Article ID: 104267.
https://doi.org/10.1016/j.resmic.2025.104267

Jia, Y. and Zhao, L. (2021) The Antibacterial Activity of Fluoroquinolone Derivatives: An Update (2018-2021). Euro-
pean Journal of Medicinal Chemistry, 224, Article ID: 113741. https://doi.org/10.1016/j.ejmech.2021.113741

Saeful, A., Fuza Khoirun, N., Yosi, S., et al. (2025) Kajian Kimia Medisinal Ciprofloxacin: Mekanisme Kerja, Antibak-
teri, dan Pola Resistensi Bakteri. Jurnal Ilmiah Kedokteran dan Kesehatan, 4, 121-131.
https://doi.org/10.55606/klinik.v4i2.3923

Yu, X.H., Hao, Z.H., Liu, P.L., Liu, M.M., Zhao, L.L. and Zhao, X. (2022) Increased Expression of Efflux Pump nor4

Drives the Rapid Evolutionary Trajectory from Tolerance to Resistance against Ciprofloxacin in Staphylococcus aureus.
Antimicrobial Agents and Chemotherapy, 66, Article ID: 00594-22. https://doi.org/10.1128/aac.00594-22

Hwang, J., Barman, S., Gao, R., Yang, X., O’Malley, A., Nagarkatti, P., et al. (2023) Membrane-Active Metallopolymers:
Repurposing and Rehabilitating Antibiotics to Gram-Negative Superbugs. Advanced Healthcare Materials, 12, Article
ID: 2301764. https://doi.org/10.1002/adhm.202301764

Si, Z., Pethe, K. and Chan-Park, M.B. (2023) Chemical Basis of Combination Therapy to Combat Antibiotic Resistance.
JACS Au, 3, 276-292. https://doi.org/10.1021/jacsau.2¢00532

Wang, N., Luo, J., Deng, F., Huang, Y. and Zhou, H. (2022) Antibiotic Combination Therapy: A Strategy to Overcome
Bacterial Resistance to Aminoglycoside Antibiotics. Frontiers in Pharmacology, 13, Article ID: 839808.
https://doi.org/10.3389/fphar.2022.839808

Zouine, N., Ghachtouli, N.E., Abed, S.E. and Koraichi, S.I. (2024) A Comprehensive Review on Medicinal Plant Extracts
as Antibacterial Agents: Factors, Mechanism Insights and Future Prospects. Scientific Afiican, 26, €02395.
https://doi.org/10.1016/j.sciaf.2024.¢02395

Guo, L., Li, Y., Feng, J., Li, Y., Liao, Y., Zeng, Q., et al. (2025) Antibacterial Activity and Potential Mechanisms of
Plumbagin against Escherichia Coli and Its Application in Milk. Current Research in Food Science, 10, Article 1D:
101083. https://doi.org/10.1016/j.crfs.2025.101083

Janeczko, M., Demchuk, O.M., Strzelecka, D., Kubinski, K. and Mastyk, M. (2016) New Family of Antimicrobial Agents
Derived from 1,4-Naphthoquinone. European Journal of Medicinal Chemistry, 124, 1019-1025.
https://doi.org/10.1016/j.ejmech.2016.10.034

Bie, S., Mo, Q., Shi, C., Yuan, H., Li, C., Wu, T., et al. (2024) Interactions of Plumbagin with Five Common Antibiotics
against Staphylococcus aureus in Vitro. PLOS ONE, 19, €0297493. https://doi.org/10.1371/journal.pone.0297493

Periasamy, H., Iswarya, S., Pavithra, N., Senthilnathan, S. and Gnanamani, A. (2019) In Vitro Antibacterial Activity of
Plumbagin Isolated from Plumbago zeylanica L. against Methicillin-Resistant Staphylococcus aureus. Letters in Applied
Microbiology, 69, 41-49. https://doi.org/10.1111/lam.13160

DOI: 10.12677/amb.2026.152008 83 TRAE T


https://doi.org/10.12677/amb.2026.152008
https://doi.org/10.1038/s41564-023-01486-9
https://doi.org/10.1038/s41467-025-56460-2
https://doi.org/10.3390/ijms262411803
https://doi.org/10.1128/spectrum.05031-22
https://doi.org/10.5539/gjhs.v16n6p48
https://doi.org/10.1016/j.resmic.2025.104267
https://doi.org/10.1016/j.ejmech.2021.113741
https://doi.org/10.55606/klinik.v4i2.3923
https://doi.org/10.1128/aac.00594-22
https://doi.org/10.1002/adhm.202301764
https://doi.org/10.1021/jacsau.2c00532
https://doi.org/10.3389/fphar.2022.839808
https://doi.org/10.1016/j.sciaf.2024.e02395
https://doi.org/10.1016/j.crfs.2025.101083
https://doi.org/10.1016/j.ejmech.2016.10.034
https://doi.org/10.1371/journal.pone.0297493
https://doi.org/10.1111/lam.13160

[18]

[28]

[29]

[30]

[31]

Li, H., Wang, S., Zeng, Q., Chen, C., Lv, X., Ma, M., ef al. (2022) Serum Raman Spectroscopy Combined with Multiple
Classification Models for Rapid Diagnosis of Breast Cancer. Photodiagnosis and Photodynamic Therapy, 40, Article ID:
103115. https://doi.org/10.1016/j.pdpdt.2022.103115

Cai, Q., Yuan, R., He, J., Li, M. and Guo, Y. (2021) Predicting HIV Drug Resistance Using Weighted Machine Learning
Method at Target Protein Sequence-Level. Molecular Diversity, 25, 1541-1551.
https://doi.org/10.1007/s11030-021-10262-y

Wu, C., Huang, H., Huang, S., Chen, ., Liao, S., Chen, C., et al. (2021) Resting-State EEG Signal for Major Depressive
Disorder Detection: A Systematic Validation on a Large and Diverse Dataset. Biosensors, 11, Article No. 499.
https://doi.org/10.3390/bios11120499

Bie, S., Yuan, H., Shi, C., Li, C., Lu, M., Yao, Z., et al. (2025) Antibiofilm Activity of Plumbagin against Staphylococcus
aureus. Scientific Reports, 15, Article No. 7948. https://doi.org/10.1038/s41598-025-92435-5

Vasquez, A., Echeverri-Gaviria, S. and Manrique-Moreno, M. (2025) Modulation of Antimicrobial Peptide-Membrane
Interactions by Lysyl-Phosphatidylglycerol in Staphylococcus aureus: An FTIR Spectroscopy Study. Scientia Pharma-
ceutica, 93, Article No. 49. https://doi.org/10.3390/scipharm93040049

Kamaruzzaman, A.N.A., Tengku Zainal Mulok, T.E., Mohamad Nor, N.H. and Raja Yahya, M.F.Z. (2022) FTIR Spectral
Changes in Candida Albicans Biofilm Following Exposure to Antifungals. Malaysian Applied Biology, 51, 57-66.
https://doi.org/10.55230/mabjournal.v51i4.11

Suleiman, M., Abu-Agqil, G., Sharaha, U., Riesenberg, K., Lapidot, I., Salman, A., et al. (2022) Infra-Red Spectroscopy
Combined with Machine Learning Algorithms Enables Early Determination of Pseudomonas aeruginosa’s Susceptibil-
ity to Antibiotics. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 274, Article ID: 121080.
https://doi.org/10.1016/j.saa.2022.121080

Li, M., Jian, Q., Ye, X., Jing, M., Wu, J., Wu, Z., et al. (2025) Mechanisms of Mepa Overexpression and Membrane
Potential Reduction Leading to Ciprofloxacin Heteroresistance in a Staphylococcus aureus Isolate. International Journal
of Molecular Sciences, 26, Article No. 2372. https://doi.org/10.3390/ijms26052372

Shariati, A., Arshadi, M., Khosrojerdi, M.A., Abedinzadeh, M., Ganjalishahi, M., Maleki, A., ef al. (2022) The Re-
sistance Mechanisms of Bacteria against Ciprofloxacin and New Approaches for Enhancing the Efficacy of This Anti-
biotic. Frontiers in Public Health, 10, Article ID: 1025633. https://doi.org/10.3389/fpubh.2022.1025633

Basavegowda, N. and Baek, K. (2022) Combination Strategies of Different Antimicrobials: An Efficient and Alternative
Tool for Pathogen Inactivation. Biomedicines, 10, Article No. 2219. https://doi.org/10.3390/biomedicines10092219

Manso, T., Lores, M. and de Miguel, T. (2021) Antimicrobial Activity of Polyphenols and Natural Polyphenolic Extracts
on Clinical Isolates. Antibiotics, 11, Article No. 46. https://doi.org/10.3390/antibiotics11010046

Petrocelli, G., Marrazzo, P., Bonsi, L., Facchin, F., Alviano, F. and Canaider, S. (2023) Plumbagin, a Natural Compound
with Several Biological Effects and Anti-Inflammatory Properties. Life, 13, Article No. 1303.
https://doi.org/10.3390/1ife13061303

Huang, A., Su, L., He, W., Zhang, F., Wei, C. and Wang, Y. (2022) Natural Component Plumbagin as a Potential Anti-
bacterial Agent against Streptococcus agalactiae Infection. Journal of Fish Diseases, 45, 815-823.
https://doi.org/10.1111/jfd.13606

Wang, Y., Kong, J., Zhang, X., Liu, Y., Huang, Z., Yuan, L., et al. (2022) Plumbagin Resurrect Colistin Susceptible
against Colistin-Resistant Pseudomonas aeruginosa in Vitro and in Vivo. Frontiers in Microbiology, 13, Article ID:
1020652. https://doi.org/10.3389/fmicb.2022.1020652

Yuan, H., Lu, M., Shi, C., Li, C., Yao, Z., Shang, H., et al. (2025) Plumbagin Disrupts the Mature Biofilm of Staphylo-
coccus aureus. Biofouling, 41, 1132-1144. https://doi.org/10.1080/08927014.2025.2589802

DOI: 10.12677/amb.2026.152008 84 WEY AT


https://doi.org/10.12677/amb.2026.152008
https://doi.org/10.1016/j.pdpdt.2022.103115
https://doi.org/10.1007/s11030-021-10262-y
https://doi.org/10.3390/bios11120499
https://doi.org/10.1038/s41598-025-92435-5
https://doi.org/10.3390/scipharm93040049
https://doi.org/10.55230/mabjournal.v51i4.11
https://doi.org/10.1016/j.saa.2022.121080
https://doi.org/10.3390/ijms26052372
https://doi.org/10.3389/fpubh.2022.1025633
https://doi.org/10.3390/biomedicines10092219
https://doi.org/10.3390/antibiotics11010046
https://doi.org/10.3390/life13061303
https://doi.org/10.1111/jfd.13606
https://doi.org/10.3389/fmicb.2022.1020652
https://doi.org/10.1080/08927014.2025.2589802

	基于FT-IR研究环丙沙星和白花丹素对金黄色葡萄球菌的抗菌作用
	摘  要
	关键词
	Study of the Antimicrobial Activity of Ciprofloxacin and Plumbagin against Staphylococcus Aureus Based on FT-IR
	Abstract
	Keywords
	1. 引言
	2. 材料与方法
	2.1. 试剂与材料
	2.2. 细菌培养与试剂配方
	2.3. 环丙沙星和白花丹素对SA的杀伤试验
	2.3.1. 最小抑菌浓度
	2.3.2. 剂量杀伤试验
	2.3.3. 时间杀伤试验

	2.4. FT-IR采集、预处理与分析

	3. 结果与分析
	3.1. 白花丹素和环丙沙星对SA的杀伤作用
	3.2. 指数期SA的FT-IR改变
	3.3. 稳定期SA的FT-IR光谱改变
	3.4. TEM下SA的形态学观察

	4. 讨论
	基金项目
	参考文献

