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Abstract

This study evaluated the inactivation efficacy of a novel titanium-based photocatalyst against typical
drug-resistant bacteria in the aquatic environment, utilizing it as a water purification material. The
results demonstrated that this novel titanium-based photocatalyst possessed excellent photocata-
lytic sterilization capability, and its sterilization efficiency exhibited a trend of initially increasing
and subsequently decreasing as the photocatalyst loading varied. An investigation into the effects
of various factors on the efficiency of photocatalytic inactivation of drug-resistant bacteria revealed
that the inactivation efficiency against drug-resistant bacteria increased with increasing light in-
tensity. The inactivation rates were higher within the pH range of 6 to 8. And under normal envi-
ronmental conditions, the presence of various inorganic ions had no significant impact on the per-
formance of photocatalytic inactivation of drug-resistant bacteria. Furthermore, analyses utilizing
scanning electron microscopy and reactive oxygen species detection confirmed that, under simu-
lated solar light irradiation, the reactive oxygen species generated by this novel titanium-based
photocatalyst could induce structural damage to bacterial cells, alter cell membrane permeability,
and trigger intracellular oxidative stress responses, ultimately leading to the death of the drug-re-
sistant bacteria. The novel titanium-based photocatalyst employed in this study demonstrates su-
perior efficacy in eliminating drug-resistant bacteria, thereby offering a novel perspective for ad-
dressing the issue of drug-resistant bacterial contamination in aquatic environments.
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1. 5|15

AR, HTPAERMREMAIZRMEA, PUERm AW KEEAT, &SP R ALAEHF
Tz A%, o N M RN A 265 e 4 it BT FE UM [1] » T 25 5022 0 (0 T Ik T DA i 366 DRV R 1) 3 A% E B0 1
AT R FEUB AR IR, B N @R, Ha®E OB ERSEE[2]. PHami, wRAE
WATZ), | 2050 A BRAEAF K A0 B 25 PESE T 1 ABCR A — T 75, e M sE T2 [3]. HAl,
KAREATILTH B i R AR RN R RAEH S, AHES. REERN kBT —EfEE Lk
KA, (AAETERERER S P AETH BRI ARV R A A B IG P Z2 55 1 R, FLAE DAY G VA B it 24
W[4]. PRk, 3EP) PR ER R B B R AR SK AR K A Hif 24 B e R

TAEAE N — PR B R B AR, BRIRRAEAR . FMR. B IS PSSR al, BUNRR KA G
o ) B R T B, AEPA B A e I R 0 S R S [5] . TE SRR RERD LA R, AL
ER(TIO) AL AR HAL e i AR e . TE#E . M AR BRASAL A & 52 G [6]. SRT, 4HAH Tio, R REESE
HE(2 <380 nm) FELE, HOGAERT - BN ESE A, MR T HOGMARE, Wil 7 Tio, fE5Lbr
R AR [7]. s LA B, AR AR 552 AR BT BT 7T A K Beh B O — ok A
4 - &8 - LREMLE S HE S UELH] PIAG/AG0/AGPOLTIO, (PAGT) I I B IF- i ] WG
WS RE ST FIRIE [ HL - - o B R, TEZKARA WL e At 75 ThD R B0 1 A6 S O M B8] S — T, M
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% ¢ % (Polyethylene Glycol, PEG)F B ALFINT PAQT JEAT U, AT HE— 5 5 M S (i A0 77 1) b e 485 g A
hitz, $EmEOLHE R[], Mk, PEG-PAQT 1E A BBk (H Ab FITE T B /K AR 24 0 7 Th LA —
(7% 77, AHH RTE R WARGE .

AHF T AHT BRI (PEG-PAGT)TE A e AR, 1 S 3d B B A i DU PR 22 e 6 R 1) K
B (Escherichia coli, E. coli)fE ARSI KR X R, HERAEBIKFHIEHRE T, PEG-PAGT X 7K {2 i #LAY fipf
IR KIEROR s Hk, WRAASNFIRBM, ORefAFIN Ak JelEBREE. pH 5. TS 75,
SR R BT AR IS B, A T IRIT PEG-PAQT Y MEAL I 24 1 10 7T B JOEHLEE, i
G EMRRAL L J A TE PRI 55 S0 7 i 1 PEG-PAQT St A 3% B A rh A R T 35 DA S A s P 4 AR A
AR FE 45 FE B TE A il /K PR E Hh T 24 B 15 G I R (37 1) JEL %

2. M5 5%
2.1, MESEREIE

A S8 3 BCEA TR DU FR 0 0 K AT 11 (E. coli ER2378)ME NN 24 i bk,  TCHuitk 3 Rl 1) K g FF 1 (E.
coli 25922)fF WU k. TEME A & W BRI ATEE FR B AR LBk AN VRN & A 20 30 mL B 5%
Wiz RN R b, R0 B Rl B AR 37 C IR R RS 7R A8 M, T I K 18 h
A%, 18h J5, BB FRIT M K AAT #5000 rpm 25.0» 10 min WedE4HE, F iR BERR
ERGE R BRI BV IR o B JE R AN T B AE BRI SRl R R AN e BETHE 600 nm KR
VAT B TR B A 100 cfuimbL. FITAS S50 T 5 o IIL 557340 7E 121°C R wsils i B K 1 Jis 3 o

2.2. FelEHTIRHIE

TG, ¥ 1gPEG IO 46 mL ZFErh FH A AR L he BEJS, BN 6 mL ZkERDY T B, JRfEsiR N
T i eE2s it 30 mine AR R A IR IR A BERR VAT 11 mL (19 1 mol/L iR, SRS NERERIY T
BEysmih . JESRE 16 h G, BB BRI 05 WAt KR N 9, 78 120°C FiE4T 3 h 1K
M. RN E, HERANEZER, A 70%M BRIk, BE, BRIz R I,
1E 60 CHEFE T4 12 h, 1FRDGHELFIE K (PEG-PAGT).

2.3 RENRELRE

B, KU S 15 mL 10° cfu/mL KB TR S TN BR , FEFERE i s 3 T A A
PR BEEAT VR R (o [ B R 1 DL B g ), BBZM-TIIARY) BR B 60 min. R AN A R = /e fifk
AP RCR I RE SN FRE G AR R FE 43 A A 0.25 g/l 0.50 /L. 1.00g/L. 1.25g/L; Y5855l
W E N 250 W/m2, 500 W/m?2, 750 W/m?; pH 58250l E N 5. 6. 7. 8; LHLE T4l 0.2 mM 1)
Cl'. SO . NO; . 7EJGHE A N&ERG 15 min B — B MG T B0 BEARRE J5 B 1 mL FRRE S5 1 B VRN —
MR FRILA, IONIE BB IR S IR IR S 50, BEE N 37T CREFRAE B 37 18~24 h. R4 s
XPRE R E B P AT VR, i WS40 B 1) A KRR B VA B0, SR BT AR R B SR . R4
SERI AT =K. BEAN, T P25 (AliAH TiO) M A I A4 R M R IR AR [ S5 7 kA7l e, AR
Dy & AR M RE I 2 IR A

2.4. THEAE AR

¥ PEG-PAQT St AL B (M 255, 205 T O min. 30 min. 60 min NEURE. BfiJ5, W RAEER
7F 6000 rpm. 4°CZAF N &0 10 min, EBR LIEBERIS BEARDIIE. T 1 mL SRR Eh o2 o il ve ik 47 8

DOI: 10.12677/ms.2026.167156 64 MRz


https://doi.org/10.12677/ms.2026.167156

Fid &

BALEE, 6000 rpm. 4°CEL 5 min 53 BiEWR. A5, H 4% ELE ACTREE 6 h DLE, FE# 2%
I RELE ACTR e Lh, BRI & 5 PR Hh 22l b % — X (6000 rpm. 4°C. 5min/ik). FfiJE, #4724
HE 16 152 (20% — 50% — 80% — 100%) Bt 7K o $5eJim,  HRUBE KRR i B Ak 38048, ¥R T4 6 h DL L R4,
ff A 8% (SEM, {8 [E ZEISS, Sigma300) /i %% .

25, THESEREREME ST

2\ - "R ATOCER Z CIRIE(DCFH-DA)E N EE VEFO GRS, 2N A B A F R R AR K e
b, A AR B B 1A . %4 5 5 3 P 4 (Reactive Oxygen Species, ROS) & AE S84k s N & T B e e »
HORSHGIERAE 525 nm AL RIS OGIE S, FOGIRE S MM ROS /KPS IEAHSC[10]. skie, Bk
SR B B RAE R BEZH (B JE Y6 A0 71, 0 RE AR BE) s RAG 6 RR AL B T A e AL AL 3R A SR o RE 4
WA AT TC G AL SR VRS AL B AH s JEHRT 1138 PEG-PAQT JGfEAL AL EEI1E N PEG-PAQT 4.
ANRISEEG2H 73 AL EE 60 min J5RAE . {3 B RG AR GO RFEUIHT U 5, 25k RIS I 1 mL
() 10 pmol/L DCFH-DA “)6HREF, FFAE 37°C FEEEIFH 30 min, H&FEKE 5min 25—k, W% & 45 A
R Eh e A T Il . B S, A PO BB SR 45 R (H A SR EL 7, CKX53 AY).

3. /R5WiE
3.1 FECENFINERRESHARREEREXT L

T, B SO AR BH G R X A B (W AR 4H R B S 108 cfu/mL) K, $R9T T 1E58
EREEM B TiO, FIBT BRI ST & MK PEG-PAQT e il s GE. Wil 1 Fow, 45 SR ATEM R A4
N, HBRIEE SR KA B K E % Logwo (Co/C)Zizt i TAE G4t TiO. B4t BifdE &kt
PEG-PAQT XHEUREE E. coli 25922 1K B ZEim1 T I 245 E. coli ER2378. X W] RE 2 H T LHi P BUKE E.
coli 4HMRREE MBI IE, B AL ERE A B = AL S T i 5 5 S AN REAE AR, SO HmiE
P, (EAFLHMP I AYR 7 a0 DNA. AR SE 2 200K, e sz m O s AE 2R D) BE, RAFE
NP FET[11]0 1A DU R PUPE I K AT 3 o] B8 T K Bk DU R RSP 3, A A by e A 7 — i
ERPESCE, Lhangn i bR FLAE AR BUALAR AR N, X AT RRAE— B FRE L RHAS T ORI AR AR

4

3 /
g
2+ 2
o
=}
—

l .

0 [ I Bl

TiO, PEG-PAgT

[ Imzsn U

Figure 1. Comparison of bactericidal performance of different photocatalysts against sensi-
tive and drug-resistant bacteria (Co: Initial bacterial concentration 10¢ cfu/mL; C: Bacterial

concentration after treatment; Light intensity 750 W/m?; Photocatalyst concentration 0.25 g/L)
1. NESEAEFI I SURE 5 25 A R E M REXT P (Co A IR A EREE 10° cfu/mL;

C HRIBRMEIRE; JHREBE 750 Wim?; JefELFTIIRE 0.25 g/L)
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R BTHE N, JF H AT RER AR S % BB AL, 7™ AR 52 PO ISR o Agp A2 i E N 4 PN )
AEWIT. XL R AR — AL L RES AL AL R AL I PR B BT, AT BRAR 1 KT

RH[12] [13]. Z5REW, HBE Ak PEG-PAQT Yo Ak FIFERLIL A BH e IR S B R & RE 7,
AT Rk FH T i 24 B KOS R A
3.2. I[EMRE ST AR RGBT AR F

TECHEALSERG AL S M R DL A BRI B N 3R . AR B EE AL T T sk &
7F 0.25~1.25 /L ¥4 & P, S 4f it 26 B iR A 108 cfu/mL f E. coli ER2378 #E4T T Y6 Ak Kim S5 .
LA SR 2 fn, BEAF PEG-PAQT R EEAEBURTE FEl NIG 0, 120X Tird 24 R K3 R e th i 2 389
AR FEIR S 1.00 g/l B, LI R TR R IA B i my, 108 cfu/mbL (AT 24 1 72 G A0 AL R 60 min 4 R
IKF] 100%KiG . R1, 4T AR S hnF] 1.25 g/L i, JefEib K E SR Mg A T . XA fge
F T A AR B I AR AR, VR K R A 2 S BRI R N, PR A B BRSO, T FH
IE5R S BA AN MRV RORL R T, 3T S BOC TS TERRAR[14]. Rk, R KRS58k A 7 1.00 g/L
VERZAR FR I B ARG A 7] 7 R FE

8

J——125¢g/L
——1.00 g/L
——0.50 g/L
—0.25¢g/L
0 T T T T T T T 1
0 15 30 45 60
& (min)

Figure 2. The effect of different concentrations of photocatalyst load-
ing on the inactivation of drug-resistant E. coli ER2738 (Initial bac-
terial concentration 108 cfu/mL; Light intensity 750 W/m?)
Bl 2. NEMRESELTI XTI ZEE E. coli ER2738 RiEHY
SN (R AE AR E 10° cfu/mL; 58 750 W/m?)

[\

Yk (Log,,cfu/mL)

3.3. T EIFFEE R RFE 25 20

— kUL, TEESERIKIAEE R, SR N AZ B S A SEI R . BRI, AR T AR
FUEHEGREE . VAV pH TEHLES T I AZLE) AL G i 24 B i RE . &l 3 i, 4% HEGREE A 250
W/m? $2 2] 750 Wim2 ), PEG-PAQT Jtft A6 7% fiif 24 B (E. coli ER2738) ) K ik i Z b < Tt 5. 726
FEIE R 750 WIm? [RSREG 2 AR, Z AL APRILE 60 min B 1] P gl T 4 108 cfu/mL i 24 3 100% K ik . iX
FESE T BRI G R BREE (358, B[R] ) BA AL AIR T RS TR 2 G 2, (R m =
TR ORI T, B s T RIE R
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YHAHE (Logecfu/mL)

21 ——250 W/m?
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Figure 3. The effect of light intensity on the inactivation of drug-
resistant E. coli ER2738 (Initial bacterial concentration 10° cfu/mL;
Photocatalyst concentration 1.00 g/L)

[E 3. JERSREXITIZSE E. coli ER2738 RERIELAN (KIS LREE
MRFE 106 cfu/ml; SEtELLIAREL 1.00 g/L)

4 NTE PEG-PAQT JGHEAL A E T pH 2R B0 (A0 UG T 24 B K520 45 R3], PEG-PAQT Ol
HEALFITE pH 6~8 Y[ Py i 2 1 38 LA e m K IE 20 . - HAE pH N 6 41T, PEG-PAQT S
AU EPMERITN 25T E. coli W A RIE B febk. 108 cfu/mL il 245 B U AE 45 min P Al 4 58 4 K. s
Hh R AR K B8 I pH {E7E 6.5 £ 8.5 2 [A][15]. Ak, DA L455KE, PEG-PAQT fESZPrih R /KAE
KR BB L% A5 R T 240 B TG VR RE 38 B A SR SRR AR M HR T 24 B K L P o

IR IE ( Log,,cfu/mL)

0 T T I |
0 15 30 45 60

BFTEl Cmin)

Figure 4. The effect of pH intensity on the inactivation of drug-
resistant E. coli ER2738 (Initial bacterial concentration 10° cfu/mL;
Photocatalyst concentration 1.00 g/L; Light intensity 750 W/m?)

4. pH SR E X Z5E E. coli ER2738 REAISLNG (K46 EK
& 10° cfu/mL; SEMBLFIRE 1.00 g/L; J¢3E 750 W/m?2)

DOI: 10.12677/ms.2026.167156

i 11\

67 PHRRY


https://doi.org/10.12677/ms.2026.167156

F i

Pax
&

FERLAL, SR K AL FRACR B FUREZE R, 4R FU/KAR i SR TN B - XG4 K B A R T8 B
HERESCNME . R, ABFFIRE TR B F(CI-. SO Ml NO; ) IAE1EXT PEG-PAQT JefAv K igif 25
B . ARYEFE 5 Fsigs R, CIRI SO A AENT Ye A KIS 25 B MR J LA . 55— 07
[, NO; MIAFLEAETFHIN 25 5 KIE SOR A FAK . X0 g EEZZ KA NO; 7ML S N /R L 1 32 AR Bl
H H B3 K, 5 06 AR SR (A6 A 23 yE L 1) R AR SO, A SE VAR 1 5 AR T AR s 1 S P (n «OH
<O, SE)WEMIL R M5, S U R TS KN 245 B8 (5 PR R BE PR, AT PR AR (i A R [16]
BB A RSN, IR, AFETHE TS PEG-PAQT KiFfif 24 B iV RES A 35
A

2% LTI, PEG-PAQT X i 24 B A I3 2804 I o R P P 398 i v pH 7E 6~8 Y il PN K6 2885 o+
AN TR TEHL I - BRI AFAE K T 245 A1 PR K0S TG Y 3 5l

8

N
1

N
1

——CI

2 oAk E (Log,,cfu/mL)
)

——380,*
——NO;

——No ions
O T T T 1

0 15 30 45 60
18] (min)
Figure 5. The effect of different inorganic ions on the inactivation of drug-
resistant E. coli ER2738 (Initial bacterial concentration 108 cfu/mL; Pho-
tocatalyst concentration 1.00 g/L; Light intensity 750 W/m?)
5. FRIFZHMEFHEEXTIZRE E. coli ER2738 KBRS (F4A
MEARE 10° cfu/ml; SEtEMFTIPREE 1.00 g/L; JE58 750 W/m?)

3.4. MRS

N THEIE PEG-PAGT Sk IR T 26 B 4B SRR O, ARSI SEM WUEE T H6 i
PE M IR B AR R AR 1L o H ) 6 s, 46 LR 2 AL A BT 25 41 E. coli RIS FPIRTE 5,
RT3 FLAINZ: M54, 263 30 min PEG-PAGT Yo L AL FL S (AN B U A S 50, RTDIRE, Mtk
B R I 1 AE KB 60 min B, ZHEE I EL T AN ORI, (AR IRk
O GO RV, B ML BT T M2 I 5 b e R A7 — R LB L T BB 248 O B
LB R S A WL I T P B 2045 TR I, B S 26 B OB T2 [17].
3.5. THZSEBPEIES R

L A 5 4 B P AR R e P e — K LA T R ERE R4 T, S B4 TR
RTINS R, B E T A P 20 /R B2 e o800 575 4
L GEANAN DNA. B AR KB TR s 05, T4 IE % Tiks. DCFH-DA 356H54F
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Figure 6. SEM images of (a) drug-resistant bacteria without photocatalytic treatment,
(b) drug-resistant bacteria after 30 min of PEG PAgQT photocatalytic treatment, and
(c) drug-resistant bacteria after 60 min of PEG PAQT photocatalytic treatment

6. (a) RENMEILALIBMTZAE. (b) PEG-PAQT JEME{LALIE 30 min AT
4B, (c) PEG-PAQT JtfE{LALTE 60 min [FRIMIZ5E SEM &

Rl &5 R B (18] 7), JEHEAE PR 3 1k SACEN o T AR T AL B IR AL, AT RE A OB S BU &
S5 U T v ot 4 A AV PR AR A T AR . RIS, FETCOG SR N PEG-PAQT AbFE (11 24
TEVESEUKP R = T IR, XA RESE BT PEG-PAQT Ky AMRHE i S A rh = A R AR O T 24 1
ARG R — e 0T, AT B NG TR ETT & [18]. TIAE PEG-PAQT St Ab 5 i sEie i b, LI
PEECE EWR s T IR, TEWITE PEG-PAQT KIGTm 24 B il f2 OGN T SHUH . Bt ] DAHENT
JEHEN PEG-PAQT i /™ A (i MRS 7 T M 40 T, S A s Ve R & BT, i PR i
R 7> T R B B0 5 2 58T [19].

100 pm 100 pm

100 pm

—

Figure 7. Fluorescence images of intracellular reactive oxygen species
in drug-resistant E. coli ER2738 cells in the (a) control group, (b) light
treated group, (c) dark treated group and (d) PEG-PAQT treated group

7. (a) XTEB4R. (b) FEBLALIELE. (c) REALIBLAFN() PEG-PAGT
AL3B4E it 25 E. coli ER2738 4HBAISE I E T L E

S
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3.6. HEHREHIE

T UL ESRIR AR, AW TSt TR R BRI B A R PEG-PAQT X 7K 4 i 245 1 K375 X W] REALEE o
B, ERAURFDCHS T, PEG-PAGT LA AT # Uk ™ A HL 1 (o) MR (hY) . Hr iy (e) il 5
TP R AR AU (O2) SR A i PSR (205 ) e S — T3 0T, 3 7RU(h) AT 57K 231 (H20) s B AR R 3 1
He( «OH). —HLNRAAPEIEVEY RN, SRE ER IO 25 AR AR, AR L AR XY 1=
HI SR NS E[20]. S B, IR EETE AN 2 ch A0 MU I 0 A AL B R Ly, RGeS A
JRILBIR NI A 2 15T DNA S50 4Ly, &M 25w 2k i5[21]. 4, ERTEHIIZ, PEG-PAQT Jt
A TR T T 7™ 25 PR3 2 SR B A B T i35 3 T 243 A 2 S P IS S, BSOS T 243 e JEL P 9 12 S /KT U
Thr. M EREAFEER S HEA DNA. EAR . ARKETEEM R TR E s, Prilgn
IEFIRE, WIRRA R T4, & FEAMEBI SIS,

4, Z5ig

ASORH R ARIO AL PEG-PAQT K KUK i S AL 245 18 (R PR EEAT 1 RGTHIVEAY . S5 AER W]
PEG-PAGT JGHEALFIRS /K A i PUSE 3R AT 18 B REF KD KIERE T, KIS R 5B AL £
BEEE LT TREMES. F, AT 7 AR ZOE A KIE I 25 B AR, k3
Tk 245 T4 ) 2K 376 2804 B ' B P2 PO B S T T i s pH 7E 6~8 Y BBl P KGR B s AN TEHLES 3 IO A7 AE 0 T 245
PR R KE TE R 35 5 . Ak, SEM WLSE R i A I 12Uk I S B0 IE BT T BRI G AL 57 PEG-PAQT E AL
ORBHOGHRS B r] = A s A B 3, DIORT 2 e RT3, SO 24 T A BB 1, 15 S I A A
AACNIBIUR N, A SRS MRPERE R, S5 EPNE, AR A AR R
7 PEG-PAGT A RAUFIITH 2515 KiEPERE . W FUE5 SR AT v O R K AR il 24 15 2 el i3 it — i
BEEAISEIR MRS, AR KA TT TR A SERR N AL

E&UH

AR R T LA B R R I 4 % Bh I H (B2023406001) ATl A 48 51 3k B 24 A B % Bh I A
(C20230371) 1% B

SE K
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