7/ RiEDZEEZRD biofilm A2
Pseudomonas aeruginosa |5 Z 55&

ANERE" - A BAY - s & - Liu Siwei®
1w E -k EEY BN X
) SRR A A S SR S TR N B R R E S
) SRS TR

S2{FH 1 2025F 48 11H ZIH 1 2025F7H8H

BRT/ REEAMTE 2017 FEICEEINHBRVORM TH Y, KEKDEREZFIA L TER 100 nm
MRICE TR LT/ RSB R LR - @RIBRTES, ANAETIE, EHEE 18 MPa DF/ KEH
biofilm F2R% Pseudomonas aeruginosa |5 2 8% &5t LTz, #WIRENKIE, RALMA DERKE T
BEPR 2B S N fc multidrug-resistant Pseudomonas aeruginosa (MDRP) 5 #& K UMEZERE P. aeruginosa
PAOT & LTz, 25D biofilm FERE T IVICKT L, B 100 nm DF /&% 18 MPa DEEE T 20~

oEERgT L, £EEE, biofim FZRES KUMREAT b v 7 XEDRIFE, & 51T scanning elec-
tron microscope (SEM) [CKBEDFRERR%IT oI, ./ #E% 20 ﬁﬁaﬁﬁﬁ%ﬁ‘ LIeRHTEREROE
BERDEEDSNGED 22D D biofilm ZHB T % ZHEE S L U extracellular DNA (eDNA) £H
WD Lo TOER biofimEREBEET L fz fz & biofilm T % A S & U eDNA DETH
biofilm #EDHEE b ERE LI EEZ SNfc, —FA, 30 DRERHFHRICIE 6 BT N T TERERN D
L, %FIC MDRP-5 Tl& 99.9% U EDFREMRAZ R LTce SEM TEHRY 5 &, PAOT ITBWTEEAD
TNDFERL, MDRP-5 TIEEEERIENERR I N, LA > T, &R/ BEHEiTE biofilm #&% BEIE
L, MEBHNEERICK>TP aeruginosa #RE T BT EHBASHERE ST, TDREMRIL biofilm
EREHNDEVEKIEEEC biofim AMBHEENZ LT/ RBICKZBREDRHIEEIND &
EZ SN, AEMSMCEEREFERELY, KOFTYEENIERICK 2RENATETH S8, BHD
HHRSHEICRHARGRENRERECES, SEOETSGIRAERTRALEINDCLICKURE
EDFEIREEHE X 2RO S NS,

Key words: Pseudomonas aeruginosa, biofilm, nano droplet, extracellular matrix
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Pseudomonas aeruginosa 1%, BEH# %< 5 g
FiF BT 2 RER L ENEREOFERETH Y, K
{2 multidrug-resistant Pseudomonas aeruginosa
(MDRP) V3G B L T 277wl ik
(23T MDRP % & & Z A 1 i 7 BB i 2 5
B ST BT B AR HNE I BE 12 e~ Clfe

HOEIEY) A7 D3E Y,
29 L7ZBGS RO — D | REHEENEETH S
A5, HHIEOBEANINIH 35 2 &1 & 2 5H]
i 14 T D BEIN e KA~ DB & D\ IR
A TORBEEFT PR ESINTnD, 512, H
FIRPUME DO JER % biofilm RIS & 2 B E %D F
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Table 1. Drug susceptibilities of the strains used
, MIC (ug/mL)
strain

PIPC IPM MEPM CPFX AMK
PAO1 4 2 0.25 <0.125 2
MDRP-1 128 16 16 128 32
MDRP-2 >128 64 >128 64 64
MDRP-3 >128 >128 >128 64 >128
MDRP-4 >128 128 >128 128 32
MDRP-5 >128 32 32 32 32

PIPC: piperacillin; IPM: imipenem; MEPM: meropenem; CPFX: cipro-

floxacin; AMK: amikacin

biofilm (&, HOEAMETH LY V37 H, ZHE
&k, # a4 DNA (extracellular DNA ; eDNA) 7
ETRER &, AR DRI R RET S, 2
DO UEMELZ X U biofilm & K P. aeruginosa 1%, [ %
Jia% DK Y BREE 12 B\ TR 2 75 345 & 72 D) B
WEHD ) A7 @ b BHDO—2 L SNTWwb,
P aeruginosa (ARG PLHIEIIRSNTHB Y,
I\ MDRP 237G 3885 % /v L CHM A& G % 5] &k
C LG, HROEBFRESS SICHIRE NS, L
72055 T, BREHBEIC L DB RIT b TEE
TH b,

IS OMEE R 7 e RE A & LT,
bivbiud, il L 727K (37 wdik) # % 2R -
IR C & B i E AT IS A B L. A
Mild 2017 AR IZ L FRFFE S O Sato 5712 & D B S
N7-MFMOFM TH V), KERDOEH = FH L <
HGF 7 v 205 5 cm O BEETHE A 100 nm LN O
T % e K8 50 m/s THRSF 2 2 L 5T & 5,
35 300 mL DT 20 4 HEF RS T X, F7-,
TR 100 nm LRI 5 & 7 Vv E URIRIZED
TS BREE ZH S 2 700, P REFEWEATHENL R\ &
WO R E b0, bhubiug, ThETIE, S/l
% ST EE 5 cm, 75 MPa O 8 % E T biofilm &
W 4 BfE (Staphylococcus aureus, P. aeruginosa,
Escherichia coli 3 & U° Serratia marcescens) (2%}
LCHHS 2L, RAEBIZIZE ) I XTORMED
30~240 TR TE A FHIE LAY, — T, |
BHPERE 17 cm, & 1EE 18 MPa T3 4 BHEEIZAT L T
20 TR R ISR WA R 2 R S P o 125, 7T
LR 3 WA IZ B\ T T/ i A biofilm 3% &
HORWKEE BT 5 2 LR EINTZY 2D L)
ZWHEERICER L, RERREZEDLRVESET
T b WA biofilm |2 M AT THEE W ZAL A MGET 5
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Z i, MR8 B R AR R 2 SR L
) %o F72, 75 MPa TIZMEFHICAFTET % biofilm
TR @ 9 5 1/10,000 A2 B2 0 A 5 1 0 AR A3 72
SN2, HHR & PRSI R T/ S
FOVBRETEDEMEWTTHLEDD 5,

AWFFE T, HEE 18 MPa O F / i# A%, H#iC
BEN &G D K & 72 2 MDRP % & € biofilm & i
P. aeruginosa (252 A 528 % WEt L7z
. MRERE
1. EREKk

BRI, BALHLS O BRI CRER 58 S
72 MDRP 5 #kB & OHE#ERE P, aeruginosa PAOL @
FtefkE L7zc TN 6 D#ICH § % piperacillin
(Sigma-Aldrich, MO), imipenem (& =+ 7 1 IV 4
AEHEE KB), meropenem (B 7 A Vv AFE
#i #8)  ciprofloxacin (Sigma-Aldrich) 3 & O
amikacin (817 4V AHDGHEE) OPE I ME
AR BE COE L7z €0R/INEEHIERE %
Table 1 1278 L 720
2. In vitro biofilm F2RE 7V DIER

Mueller-Hinton agar (MHA : 2& B 1L 2%, B 70)
T 35T, 24 BMRE#E L 72 B 4k 1£ McFarland no.
05 ODHIZHE S, Z o 100 pL % tryptic soy
broth (Becton, Dickinson and Company, NJ) 10
mL (ZFEAE L7z, C ORI IR L S s A
TYLVATAAZ @ 10mm (KE, ¥y &
RFIC 20 HUZE L, 35C €24 BERIRERTE L 727,
NS DORMIZB T S biofilm @ T K 1 scanning
electron microscope VE-8800 (SEM :  — 1. &,
KBR), TR 1T crystal violet assay 12 & b HEZE L,
Z M % biofilm FERE TV & L7z,

3. F/RERHICLHEREHRE biofilm A2 E

2. THES N7z biofilm TR E 7V & 532 &
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Ly v — LI WL, ma T/ i 2 5 20,
25 B X U305 MIRA L7 F /3 13 Sato 5 A
BES - el L7258 AR 2B L ) Milli-Q 720 & T2 H
SN, EFE 100 nm DU OfEY A A Th b R4t
J XV 6 17 cm O HEEIC BV CTHEEE 12 m/s
THWB SN, WHEEZEIX30C THbH. TNHDF
J WED RN LE S LR OMBLL, WIEOHE,
BB I OHEEICESEEL SN, ;O iEIE
HRG) 7 XOVER & HLZ 48 3 em BAANICHRGT S
bo TNHDOETIV2 M A ZENZ1 Milli-Q 3 mL
WA T2TF a—TIZAN, 5MARVT Y 7 A7,
C O 100 uL & EEIERER M (RIHMLS) 128K
L, 35T T 24 BpIBE 2 12 AR FR B B2 5 L 720
COWEIL 3 E OB L A2 FERIC & 1) FEhE S 7z,
¥ 72 biofilm € 7V 1 #t 2 MHA 1 I2ELE L,
=/ 30 45 T RS %, 35C T 24 IRp [ 5 2%
L7 MHA % 81889 % Z & T biofilm B € 7V &
BH 45 10 e AN~ O AT O TR B D A % i
L7

Biofilm ¥ B & (% crystal violet assay = & 1) il %€
SN, Thbh, FHHEE 20 B X ON30 5 M
HEGF L 72 biofilm L E 79V & ¥4l S & 7214, 0.1%
crystal violet 12 & V) 20 4344t L 72, Biofilm JERLE
7°)V % phosphate buffered saline (817 1 )V Al
TeAiSE) THEE, 1 mL @ 99.5% ethanol 12 30 45
ZIE L, &R L7z crystal violet DWEOEE (595 nm)
% iMark microplate reader (N4 % - F v N, W
50 TllE L7ze CoMlEE 3 a7 L 72925k
LD FEmS NI,
4, #EREst< 1) w & Z (extracellular matrix ; ECM)
Dt EEE

2. TR E N7z F /7 iR AT O biofilm 1L E
T 20 & FNEN Milli-Q 3 mL 2SA - 725 2 —
TUZAN, SR T v 7 A L7z AFREASRIL
ENMIQ3mLE R O15mLF 2 — 7121
mL 9§24 L, 25C, %8000 g T 10 485 (45
BEfR, Ly MERENLL 225, v, ECM %
B S08ET 5720, ~L v FIZ15M NaCl %
30 uL 2L 720 BT v 7 A%, 256, x5,000
g T 10 /i LB L, ECM 28 s iz i x
fEHL72c ECMHOEBTIEUTOHEIZT, 3
IO L 72 EBRIC & 0 s Sz,

ECM IZ& 5 % » 7827 B 1% Bradford protein

assay kit (# 7 IN4 4, WH) *HTERSIN
7200 F bbb, 96 X7 L — hNT Bradford Dye
200 uL 12 ECM 4 uL % ¥ L, 25C 5% [ o
JCt £, iMark microplate reader (2 & U 595 nm
ZBWTHlE L7, BEEREE LTy VI T v T
IrEMHL.

SHERIE 7 =/ — VARERRIC & D ER SN 72P Y,
Tabb, 967 L — MIECM 20 uL & 5% 7 =
J =20 uL &AL, B 100 uL ZVEINE:, 25C
T 10 B & X7z, 2 O 12 iMark microplate
reader (2 X V) 490 nm 2BV THIE L, fEiEE X
TNV a— A &R L7,

eDNA 13 BioSpec-nano (EEBAET, T4 %
MWW TERI S fu7zm
5. T/ RBRFICEBB/EADZAL

EF RO TEREMW R 2 38R 3 5 7200, F /i
KGO HEM 6 k% W TCSEM B LUV J 4
et |2 L B85 2 T 5720 SEM ORI E LT, &
¥l % 25% glutaraldehyde < 30 73 [& % #, 50, 75
B E1995% ethanol IZ2& ) BOBD 5 5K L
oo COREZETI—T 1 ¥ 7k, NEREL 8 kV
TEIE LY, $72, 79 24 SNz2WERIE, fluo-
rescence microscope BZ-X800 (F—=x > Z) %
W BIEEES 100 B THoE R, A TR 300 AR
WCEHRENEB SN,

F+ 7 WEIREH X 2R A A = X L DRENZI,
WHERR P aeruginosa PAO1 B & U MDRP-5 @ 2 #k
Rz, SIS @ biofilm TEELCE 7 VI F /i
BB 18 MPa T 20 B & OV 30 4RI FEAT L 720 [
7 - BARFLIZ SEM IC & ) B L 2 Bl L 72,

6. FRETREMT

3. BXU4 TllE S NAEFRREEL, biofilm B
& B & OVECM B 43 1 Student's t-test (2 & O fif
freh, p<0052FEEDD LHEL .

([ 7S
1. F/RERHFIC K DEFZREE biofim FERHE

T/ W & AR R I R TR O R R B % Fig. 1
2R L7z /7 Wi % 20 53 IR G 7%, R S 7z
6 BT RTIZB W TARR DA B 2 A 1 3HERR
N olze ZD% 10 55 0BINESHZ X ) MDRP-
513 10° CFU/mL (999% LL E) K &7z L
L7386, filo 5 8k1E 10° CFU/mL (90%) F2RE @
BEIZE EFE o7, T72, 30 MEHFEZ Wil
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Fig. 1.

Viable count after exposure to nanodroplets

The viable counts of P. aeruginosa PAO1 strain (filled circle), MDRP-1 (filled square), MDRP-
2 (filled upward-pointing triangle), MDRP-3 (filled downward-pointing triangle), MDRP-4
(filled diamond), and MDRP-5 (filled star) were measured over time after exposure to nano-
droplets. These data are based on three independent experiments. Error bars indicate the

standard deviation (SD).

DHWHRIZ BT D biofilm JEHE 7V O F14% 10
cm PIWIZAFRR ORBUIHER S Nz 2o 72,

Biofilm B & O e % Fig 2A 128 $ . F /il
R STRT 12 3B 17 A MDRP-1~3 @ biofilm T % & 1%
PAOL &% ETd o724, MDRP4 3B £ 085 1%
PAO1 ® 0.12~065 15 TdH - 720 F / L O 20 5
MRS X ) MDRP-5 % B < 5 #1238\ C biofilm
TERCE DS A L 7ze 30 MG L 7235 & MDRP-5 %
EHTRTORKICBNTT /HHEEGR LY b
60% LLEEA L7z
2. ECM D DE1L

J- /i P8 53 B © MDRP-1~5 @ 9 %, MDRP-
1~3128B1F % ECM H D £ ¥k 13X PAOL @ 142~
214 1%, eDNA ¥ 142~273 1 TH - 7= (Fig. 2C,
D)o —7Ji, MDRP4 B X "5 13 £ #E{kH PAOL @
0.06~0.35 %, eDNA 1% 0.24~060 1% 7= L7z (Fig.
2C, D)o 72, # N7 HIZ6 M THEEDNA
SN h o7z (Fig 2B)s

F /i 20 IR g2, ECM o £k B L O
eDNA [T T NTORRIZB W TR B2 S 1L
72 (Fig. 2C, D)o %512 MDRP-1~3 2B ) % % ¥
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ROWAF1L 79.2~935%, eDNA Tl 46.4~66.3%
R L7 (Fig 2C, D)o & 237 HIXF /iR
HaicCTothe bABRRMAIIALN R 0o 72
(Fig. 2B) o

/i 30 A HE T2 X D, PAOL IZ ECM H o
ZRERD T WE IR G HT 0 002 5 & % ), MDRP
TS BRI T RAL T 2R L7z (Fig 2C)o
eDNA I 6 kT _XTUIBWTARERBIERL, €
DOPWAFIL 55.6~939% TH - 72 (Fig. 2D)o —H,
& Ry BaE\IEALIERED SNk o 72 (Fig 2B)s

7 B, BioSpec-nano 12 & 5 eDNA @ %E & I,
EINTZTXTOD 0D260/230 1% 1.8~2.0 &
HPHTH - 720
3. FT/RBBFCEBEEANDZAL

TR ARRA O 6 RO BREFEYIL, ThEn
PAOL : 0955 pym, MDRP-1 : 1546 um, MDRP-2 :
1.308 wm, MDRP-3 : 0.844 m, MDRP-4 : 1405 um,
MDRP-5 @ 1337 um T& ¥, MDRP IZ PAOL & ¥
bHEAEDKENMEMICH > 720 T OMINIE SEM (2
I a@igcHER s (Fig 3).

FRHERE PAOL & 30 70 HRST R\ AR W Bum A h i
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Fig. 2. Biofilm formation and ECM components
Biofilm formation (A), proteins (B), polysaccharides (C) and extracellular DNA (D) were measured. Black indicates the results be-
fore the exposure to nanodroplets, white indicates the results after 20 minutes of exposure, and gray indicates the results after 30
minutes of exposure. These data are based on three independent experiments. Error bars indicate the standard deviation (SD).

Fig. 3. Morphological observation of the strains used
The bacterial morphology of PAO1 (A), MDRP-1 (B), MRDP-2 (C), MDRP-3 (D), MDRP-4 (E), and MDRP-5 (F) used in this
study was observed by SEM. Bar, 1 um, magnification: X 15,000.

b TH o 72 MDRP-S O 2 ¥ & v 72 SEM 12 & RER, NS 2Rk E QRMBRICADIZ S R
BICEBISE ORI % Fig 4 | R L7z F /i 20 30 7 HRGHIC & ) PAOL D RARZRMENIZ LR DAl 1A
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0 min

Non-exposure

PAO1
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Non-exposure

MDRP-5
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Fig. 4. Morphological observation of biofilm-forming P. aeruginosa

P. aeruginosa strains PAO1 and MDRP-5 were used. After 20 min of exposure, holes were formed on the bacterial surface of both

strains (white arrows). After 30 min of exposure, the cells had completely disintegrated in MDRP-5, and holes (white arrow) and

protrusions (black arrows) were observed in PAOL. Bar, 1 um, magnification: X 15,000.

WWIEERM M STz, —J7 MDRP-5 Tld SEM TH#
22 X172 biofilm FIBEIZ B\ THRIKD 554 7 1y 1
HHEFR S 720
n.  E==

Biofilm JEBC R 12/ 3 % R OB T IEHRET
& % 7/ biofilm JE B P. aeruginosa (2 xJ ¥ 4 {H %)
RICEAT 2HENE W DA% SN TWw b, Biofilm
JEB MDRP (26 L TESALBIRILKFE 2 BET 5
& 100 I DINICSE BRI S D 2 EAR S,
F 7, MEMOBESSRIC L ES NS IR R
Flk 7z TR & HIEFEHH T d 2 IR IEE MK
1%, 10 47 MOIRIEIZ & D biofilm 23 L, NHO
P. aeruginosa % 5EE&IZHEW T A 2 LB HE SN T
WaY, Zo X9z, BE ST ST RHEHEICL
BRENFIZOVTORFEDPED 5N TVD, L
Lahs, ShNIREMEELZE L, HEEL D
T, KOAKATORWIEZ WG L7z,

AWFEIZBWT, bivbiid, HELE 18 MPa ®
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Impact of high-speed nanodroplet collisions on
Pseudomonas aeruginosa cells and biofilm formation
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Y Division of Clinical Infectious Diseases & Chemotherapy, Tohoku Medical and Pharmaceutical University, Gradu-
ate School of Pharmaceutical Sciences, 4-4-1 Komatsushima, Aoba-ku, Sendai, Miyagi, Japan

? Institute of Fluid Science, Tohoku University

High-speed nanodroplet technology, developed in 2017, is the world’s first technique capable of generat-
ing and rapidly exposing to groups of nanodroplets miniaturized to less than 100 nm in diameter via
water vapor condensation. This study was aimed at evaluating the effectiveness of this novel sterilization
method against biofilm-forming Pseudomonas aeruginosa, a particular problem in nosocomial infections.
Five multidrug-resistant Pseudomonas aeruginosa (MDRP) strains, clinically isolated from a medical insti-
tution in the Tohoku region of Japan, along with the P. aeruginosa PAO] strain, were used to prepare
biofilm formation models. These models were exposed to 100 nm-diameter nanodroplets at an impact pres-
sure of 1.8 X 10® Pa (18 MPa) for 20-30 minutes. Subsequently, the viable count, amount of biofilm formation,
and extracellular matrix (ECM) components were measured. Additionally, morphological changes in the
bacteria were examined by scanning electron microscopy (SEM). After 20 minutes of nanodroplet expo-
sure, no significant reduction in the viable count was observed. However, the amounts of polysaccharides
and extracellular DNA (eDNA) in the ECM decreased, leading to a reduction in biofilm formation. This
suggests that the decrease in polysaccharides and eDNA contributed to weakening of the structure of the
biofilm. In contrast, after 30 minutes of exposure, the viable count decreased in all six strains, with MDRP-
5 exhibiting a bactericidal effect of over 99.9%. SEM observations revealed pore formation in the PAO1
cells and complete destruction of the cell integrity in the MDRP-5 cells. These results indicate that high-
speed nanodroplet technology disrupts the structure of the biofilm and physically kills P. aeruginosa
through mechanical impact. The bactericidal effect was greater in strains showing lower biofilm forma-
tion, suggesting that biofilm destruction may enhance the bactericidal efficiency. Because this technique
uses only water and does not rely on chemical disinfectants, it is effective regardless of bacterial drug sus-
ceptibility. In addition, only a small amount of water is used, and it is expected that the number of options
for sterilization methods will increase when the method is put to practical use after further studies.
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