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[ Abstract] Objective To investigate the in vitro eradicative effect of self-assembled azithromycin/rhamnolipid
nanoparticles (AZI-RHL NPs) on Pseudomonas aeruginosa (P. aeruginosa) biofilm. Methods AZI-RHL NPs were
prepared and characterized. The minimum inhibitory concentration (MIC) of AZI-RHL NPs on planktonic P. aeruginosa
was measured by the broth microdilution method. The eradicative effect of AZI-RHL NPs on P. aeruginosa biofilm was
evaluated via crystal violet staining and SYTO 9/PI live/dead staining. Fluorescence labeling was used to measure the
eradicative effect of NPs on extracellular polymeric substances (EPS). In addition, crystal violet staining was performed to
evaluate the inhibitory effect of AZI-RHL NPs on the adhesion of P. aeruginosa on human bronchial epithelial BEAS-2B
cells. To investigate the ability of AZI-RHL NPs to penetrate mucus, the interaction between NPs and mucin was
measured via particle size changes after co-incubation with mucin solution. Results The AZI-RHL NPs had a particle
size of about 121 nm and were negatively charged on the surface, displaying a high encapsulation efficiency and a high
drug loading capacity of 96.72% and 45.08% for AZI, respectively and 99.38% and 53.07% for RHL, respectively. The
MIC of AZI-RHL NPs on planktonic P. aeruginosa was half of that of using AZI alone. AZI-RHL NPs displayed the
capacity to effectively destroy the biofilm structure and remove the proteins and polysaccharides in EPS, eradicating
biofilms in addition to reducing the survival rate of bacteria in the biofilm. AZI-RHL NPs were shown to have inhibited P.
aeruginosa adhesion on BEAS-2B cells and prevented the residual bacteria from forming a new biofilm. There was no
significant change in the particle size of NPs after co-incubation with mucin solution, indicating a weak interaction
between NPs and mucin, and suggesting that NPs could penetrate the mucus and reach the P. aeruginosa infection sites.
Conclusion AZI-RHL NPs were able to effectively enhance the removal of P. aeruginosa biofilm through a four-step
strategy of biofilm eradication, including penetrating the mucus, disintegrating the biofilm structure, killing the bacteria
dispersed from biofilm, and preventing the adhesion of residual bacteria. We hope that this study will provide a replicable

common strategy for the treatment of refractory infections caused by P. aeruginosa and other types of biofilms.
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i 2R A S ML T (Pseudomonas aeruginosa, P.
aeruginosa) f&— R UL A BUR T, 7T B0 BE AR
PRl 5 . TR ATLAH ST 58 LA K B 21 Ak Ak 15 3 18 P il
TRIRYLEE, P, aeruginosafigt% i it Z R ML 77 AL i 25
P, NG HaE kR, HIRGMELARTEG . B ELE, e EfE N
KA " . AWM IE L P. aeruginosa
AR TN 2B 2 — o ek R AR A B 40
RIS A ) (extracellular polymeric substance, EPS)
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48, LR RO B R A R 48, XA R Bk
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UTAERARDCH 7L R B, RIFNERR YA R ar s R
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H B2 A 255 R AR R ORIEAZIS TR0 AR
UL AT T 45 SR AR B, B B 1 S T T 1 R B
(rhamnolipid, RHL) MY REA IR AE M s 244, i B
AT B3 A% A AT 114 PR T, BELORT T 1o Fr) £ 1
H AR WA XERHLFAZIEK GVR YT P. aeruginosalJT E0mi
PR B HRIE o PR, AR S0 AR T — B i A T B
AZT/RHL [ 2 25 44 >k ki ( azithromycin-rhamnolipid
nanoparticles, AZI-RHL NPs), Ff-XF HAwP. aeruginosaﬁi%
BIRGE A MEFH . 00 T 240 T R LA R 25 3 0 R ) R T 25
1T TV, IRYT A FEP. aeruginosaft N AT . A= Yt i
5 Ry [ M e B AR — Rl mT A o 3 P AL SR

1 #MR5FE

1.1 HEHE

P. aeruginosa(PAO1E#E, ATCC); AIEH i I Kz 4
JfL(BEAS-2BAM, rf [ S ARG IR Y R L) o
12 BmEEERAF EHE

BIET R 28, 245 5, — RN ( 1122 stk A ALt
FA PR W) 5 BZHEAG, FITChRC I ] B8 1A (FITC-
concanavalin A, FITC-Con A), Type Il BUZ5 & 11 (£ [EH
Sigma-Aldrich/y A ) ; B IR (AU BERHMUB AR AT FRA
"] ); LB (5 5 A Wy R A BR 2N w) ) s PBSZE ifiifk
(DU AAEA Y TG RAF); —H A (DMSO),

Self-assembled nanoparticles Pseudomonas aeruginosa

JC K R, VKBS R (K HB0E 1k 28 3K 0 A BR A A
LIVE/DEAD BacLight Bacterial Viability Kits(3 [
Invitrogen/A ] )5 AL HIRZOE R (FITC) (i XA Y)
FHEABRA T ; 525 (50x10°) (WL 47225\ ; Ja 2 1.
1, DMEMK; 77 5L (S [E Gibco A H] ) .

e 1B S (WH-610D, {8 [E Wiggens) ; Hh/R SChif2
{X(NANO ZS-90, 32 E Malvern); i 5 W 17 I {5
(JEM1400, HAJOEL); &R0 AH (435 (1260, 35 [E
Agilent); #15 TAE &5 (SW-CJ-2FD, MM ) ; fHiR
774 (CDNP-9272, G ) ; 2 iRIR% 4 (HZQ-QX,
M IREARBEH T ) ; ZIRERFAR (Y (Flex Station 3, 35 [F
Molecular devices); OB R £ B85 (FV3000, H A
Olympus); IR R G (EVOS FL Auto, 3 E Thermo
Fisher) .

1.3 ELWHE
1.3.1 AZI-RHL NPs#9#|& FRIXRHLMAZIS 3% T
ZEIRKFIDMSO M o TEBEFERARIF T, ¥ AZI W& T
ARHLIE R H, (FAZ/RHLA R LN - 1. g e
J&, L5 min, 3 AZI-RHL NPs.
1.3.2 AZI-RHL NPs#9 & 4E  AZI-RHL NPsf{ 445 S HL
i1t R SCRAR O SE . AZI-RHL NPsZ8 2% £ iR Y
o, i i G T A M HAME A . AZI-RHL
NP (14, 35 258 1 28 24 Jk 3 3o o 20500 AH 00 1 a0 A 7 G
AZIRETE S5 WA A N IR Eh 22 vl (pHB.2) = 2
35 : 65(V/V), Kl 1210 nm; RHLIK (3% 254 Hishil
SRR R R R (pH5.5) = LE43 : 57(V/IV), Kl
210 nm. AZI-RHL NPs7ELBE;##3E ih pfa s Mo ad 5 5%
FEIILFE J5 BRI
1.3.3 AZI-RHL NPs*fi# & P. aeruginosaix f&37 # K B
(MIC) #gmlE i T PR I R 2 24 0 i 25
P. aeruginosafMICIE"", K¢ ECHI4FAIAZI, RHLFIAZI-
RHL NPs¥#H i HILBR: 7R 5:M B 22600, 300, 150, 75, 37.5,
18.75. 9.375F14.69 pg/mL. Kt K HEF= HPAO LR H
LB 75 375 B2 2600 nm b 6% B (0D, ) E 470.05, Ff:
FEUL SR RSB 155 . TE96FLAR A 100 uLASIR]
3 vk T 2 A V5 100 WL B Y BRI, LA 2 4
B LB IR A IR A . 96 FLAR & F37 °C. 150 r/min
B PR IR R T PR % 85 97 24 h, AR HE CLSTHE LA A IR 8%
JC ] b R AL IR £ 25 vk B S MICHE™ . MICHH
/N, Z5UITATRE ) A
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W7 B R R 5, FHPBSIE VRS , MURAE B AL i A 200 pL
PR B 2 DS, AR TN 245 W VR P TRV Ry % R, T
37 CHEIRIEFR18 h; W25 W)W, FHPBSTHE21K, HI IR
B, P LA 540500, 1%45 il SR e o, R ML E T
BELHIMA200 uLIC/K S BE, 3275 9 5 30 min. {f FH bR
LI 72 ODs,, {8, FHODs, fH X A= ¥ 4 5 i A= o i b A 7 3
IE., OD g, [ 8 K U8 B A W B L1 A= k22, 2 ) i P
4T B AR R AT

1.3.4.2 SYTO 9/BULNRE(PDIEIR YL ik i T 548
20t A 5 A B T ) R T O T O T 24
XA BRI AR S5 R B 5w, A58k FISYTO 9/PISEIE
AL THE— PP . R B OD G, fH 40.0519 1
WA L2 mLInA BN 12F0AR 10 i T TR S 1) 5 3%
FAHE AL, 37 CClHE RG24 h, 4 YR BOE SO
M 7ESE B R 1o KFAZI. RHLHFIAZI-RHL NPs7 i H
LBR; 77 3L H5 B 22300 pg/mL, KLAEFL2 mLin A F] A —A4~
12FLAR . BEE A AR I 55 3% R 2 PBSTE Uk, AH
T A 1 2F LA, LA T 245 9 8 T TR g ko
M4, 37 CHEEIE 18 h, LALFEIY 8% 7 FHPBSIH Uk
J&, BASYTO 9/PLE & Ykt PG F 15 min, 52
RYCRL BT R b, RO R A B . E
Rk R T A R T LABESYTO 9bRiT gk (o, SE4H i nl
PABE PIARTC T S BRLT 2, [R]sH 2 R HH SYTO 9% )Gk
JE, HEATO e = T

1.3.5 AZI-RHL NPs*f P. aeruginosat ## I EPS#) % "7
FOCYRIFITCH Y S Uk A RE 5 28 10T v i B ) 2 ik
g, AT TARIC A MR T (2R 5T, THTFITC-Con ARE
% 5 4 Wy g B b i T R A G AT T AR IS AR W B
JE R A 2 . RT3, 4.2 7R B BHE B R R P
aeruginosa :WIWERR o K BEEA A 00 0 HEE 1% 5 B8 ol
F300 pg/mLIJAZI, RHLFIAZI-RHL NPsH1, LLASNZ5%)
VS BRI T BB, 37 CHHIRKTFR18 he FWHRTEA ]
ZYPRTEPSHVER [ RI ZWE 52, 28 25 Ak BRI 35 3¢ 5 FH

PBSIH b, — I AFITCY R 3 (i T €, 55—
EHCAFITC-Con AYSEHPX ZHE AT YL, . EH 45 min
Ja, VR AR, BT E O L, O R AR WA
BEALEE, W SR B A T 9O T
1.3.6 AZI-RHL NPs#7 4| P. aeruginosam it 55 M 491 >
TR E LA T RGP 5 R B LA B AE R IR LA W
ST . ANBIFTE R 2 S SR Y (0 1L 5 5K 25 X P.
aeruginosa5j BEAS-2BAH i [A] FFff Y5200 . BEAS-2BAJif
PLEEFL1x 10 40 i $E7h 24U, F37 L B8
5%CO, ¥ R4 924 ho K AZI. RHLAIAZI-RHL
NPsiA R & 10%)16 2 1L 1% Y DMEM®: 37 5685 B 1 e ks
FRHIPAOL I R FH [RIAE A 5 F2 A B 0D fH 102 W]
FIRRE SR, TEEFLP AL mLZG 7 5200 uLANH
s VL, A8 245 VA L 1) B 24 IR MR 2 R 75 pg/mLs LA N
2V VRRIT A VAR ) B % B S 23 X BRSO TR 7Y
B FRIAE R BHME T BRAL . FEEFRA R B2 hn, W2y
P, FIPBSYA BE2UK, T et 43 414% 2 5 F e [ 7, 13- LA
Jo B A3 AR0. 1% 25 i ST TR G 0, VEIAHET, (o FH A 15
F Y5 M EE AN T 5 BEAS-2BAH I Y B B I
1.3.7 AZI-RHLNPs5 £ & a IR HE K IFEHR
AZI-RHL NPs 5 %685 1 Z [0 & S AAAEAR TAE I, AT
PAFE B MEAN KK (chitosannanoparticles, CS NPs) A7 BH
X HERUOL I 5 )5 6k B A VRO B RS R RLAR A3
1.3.7.1 PAMEXTHRCS NPyl & M e %4 FEmAR
HSERMEE TR B0 %R RIE WO . Se R E
0.45 umPENE LIS, W = pH5.0. AEHHFKE = BB IR N7
TR, W T RBACE TREIPDEREES b, —i0
FE— BT I = IR TR, fli7C BNE — RN
BYBTHEEE RS 1. NSEER S, S IRBEFELS min, HI3CS
NPs. HUERBUYCS NPsHIPBSLE oIk &, 1 0%
15 min, 30 min, 1 hAI1.5 h, 23 5K [R]85 A
difr, AT D IR SCRARASI 2 iR, X CS NPsHRa e Mtk AT
HEL,
1.3.7.2 WNEEAMMHEEIEN  FHFRI800 mgZlik
P, FHZRIR KV % 22 0 LV 5 8 mg/mL. FHER TR RS
BP0, 1 WEBR L UTTE T RIAS . HUR [R] v B i A ZT-
RHL NPs, CS NPs/} 5l 5 55 AT R R R IR &, ik
B F 15 min, 30 min, 1 hA11.5 ho M50 BOA ] s ] A5
S, 383 B IR SCRLAR SO 2 i A%, SR R AR AR Ak
14 FitFEFRE

BAE LI x £ s Fom . ZULR LECR AR E 7 225
Br, P[] LK A Bonferroni:, P< 0.05° 25 A8 G il

?EL':\S(O
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2.1 AZI-RHL NPsHJFRAE

MAZI/RHLF R AT 18, [ 28 NPk {2
(121.446.0) nm, Z 54541 (polydispersity index, PDI)
}90.159+0.018, Hi#H(~33.440.4) mV., AZI-RHL NPsH
A R 2 &, W AZI AR 496.72%, 2

21 45.08%, XTRHLIYALE % 499.38%, # 2 &N
53.07%. AZI-RHL NPsf4&MIRIE 2538 i i 1 i 7 B il
HEATIRER, S5 R NELAFTR . SRS IR T YL (A Y AZI-RHL
NPsIEZ BN, B IK 2RI, SF 4 228116 nm, 5
RARAI 2 25 5 — 5, LAk, AZI-RHL NPs 5 LB 57 5L
FEIRIEE MY24 hille], kARG AR Mk, 1B R, 3
HNPSTE RSN RA T b (e PRI

0 1 2 4 6 8 12 24
Incubation time/h

1 AZI-RHL NPsHZR1E
Fig 1 Characterization of AZI-RHL NPs
A: The transmission electron microscope image of AZI-RHL NPs. The arrow indicates AZI-RHL NPs; B: The stability of AZI-RHL NPs in LB medium (n=3).

2.2 AZI-RHL NPsX}i# %5 P. aeruginosaftJMIC

Tl A v e B A3 RHLAY MICAH K F-600 pg/mL,
T W BTG . AZDVHIE S P, aeruginosa)MICIE Ky
150 pg/mL, Tfi AZI-RHL NPsX}iii# 25 P. aeruginosaftiMIC{H
75 ug/mL, EAZIF)—F, 25 R LA LT 259
AZI, AZI-RHL NPs B4 B (BT TG 1
2.3 AZI-RHL NPs3{P. aeruginosat ¥ # [X 05 & 1E

ZELANEI2FT R . FE150 ug/mLA1300 pg/mLIK i ik
JEF, RHLXJ P. aeruginosa =44 45 To BH 1 09 45 B B
o SXFHRALAH H, AZTRTAZI-RHL NPsHJ ] 37 5 £ 1 i
B A= W BB, LR B AR i o 245 0 e 32 A 1 o i 348 m
7E150 pug/mLF1300 pg/mLAY G K EE T, AZI-RHL NPsXf
A RS T R R B Y R T AZL, PR R 22 A G T2
HEX(P<0.01), Z45HFH, AZI-RHL NPsil 5 7] T 41
bR EIE AP, aeruginosat Ppk i

ZERMEIBAFTR . X BRGL AT LR B i af a2k,
RUIP. aeruginosalts 1, T BUR I Y)W TTRHLZH 145
50 B2, 1 B RHLIG B 0 2B AR A gl i A
P. aeruginosa KIERANE, WA A Wg A I8 S 4544
A AR . AT IR, FHAZIE S A gl e
AL —E RO LT AT, BEHITE300 pg/mL, AZIREHS
RHBLP. aeruginosa = Py w5 5 (5B 70 40 AT (A7 AE B R
GO ERWAZIXS P. aeruginosa = W) I 1 B0 4544 52
/N, WA K EIG BEAR . 5 AZIZI A L, HHTR] R vk

JERYAZI-RHL NPs22 3 SAERIHTP. aeruginosad: P wk
OV, HARERIR 250 1) AR s 4 4, T EL AT A 24
HuATEA: DI N e R ZH P, aeruginosa. PG E
HOHTEE AR (F13C), AZIH FIRHLAL 5 X5 B2 [R]SYTO
9T 25 5 TCGE T 8 X, {HAZI-RHL NPs-5 HAtl
FAAISYTO 95 L5R AL A 22 5+ A GE 75 L (P< 0.01),
VLI AZI-RHL NPsHERS i 2 15 BRP. aeruginosa = YIHi i
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Fig 2 The eradicative effect of AZI-RHL NPs on P. aeruginosa biofilm
was evaluated with the crystal violet staining method (n=6)

# P<0.05, ## P<0.01, vs. control group; * P<0.05, ** P<0.01.
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[ 3 AZI-RHL NPs3i P. aeruginosa ¥ # iR 051 A
Fig 3 The eradicative effect of AZI-RHL NPs on P. aeruginosa biofilm

A: SYTO 9/PI live/dead kits staining; B: FITC and FITC-ConA fluorescence staining; C-E: Quantitative analysis of CLSM images of SYTO 9, proteins and

polysaccharides. n=6. ## P<0.01, vs. control group; * P<0.05, **P<0.01.

2.4 AZI-RHL NPs3tP. aeruginosat 41 % FEEPS 4 2 i

et SRS G RiE L PN AV S E el ]
P. aeruginosa: Y B RE 5 K it /- A EPSH Y B I £
Bio S5X) RRZAH e, RHLALFIAZIZH H i 4 (6 SAEEAN
[ AR EE b s b, (A3 i o 1T 7E AZI-RHL NPs4i 1,
GRS SER0 S RT3 AN S | i T WA
PN E B TS R (3D, 3E) /R, X 4K H A 24,
AZI-RHL NPs 5 X A H Y 2 R A G iH¥FE X
(P<0.01), KHWIAZI-RHL NPsREHE A ZUHIEBRP. aeruginosa
A= W) BEPS P Y Z W R 1 I

2.5 AZI-RHL NPs#iJ il P. aeruginosa'5SBEAS-2B il ]
HI R BHH1E F

R ME 4R . 25 6 RZH U BEAS- 2B A A=
K RAF, ORI . A2 BHH X R v, R 40 R 3 F T
BEAS-2BAHHi, JE WL 55 T, i &l 4B H i i 3k iR,
b R 22 5020 TR 206 B 7 200 i ) L, A0/ 0 B 0 A FE T
Y ML A AE R 25 T IR, 5 BT B2 AR LG, Z8RHLFA
AZVNBE S AN [ ZE I B P. aeruginosa . 3 T [, {0 AL EF
TS AT WS S L P BAY 58 e Bk, an 4D i 6 Sk
JiirR o 5 HABLH LA, 7 HJAZI-RHL NPsabH= | #LEF
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B 4 R &S ERITMNAZI-RHL NPsHIHI P. aeruginosa5 BEAS-2B 40 B i8] 3 bt
Fig 4 Crystal violet staining was used to evaluate the ability of AZI-RHL NPs to inhibit the adhesion of P. aeruginosa on BEAS-2B cells

A: Blank group; B: Control group; C: RHL group; D: AZI group; E: AZI-RHL NPs group. Arrows indicate PA adhere on BEAS-2B cells.

WP, aeruginosal?) B AR/, HE I T BEAS-2B4HAI I (1)
TR AL S/, U EH R RE A AXCHbAT  200 T E 4
Rk
2.6 AZI-RHLNPsSHFHEHAMHEEEHR

CS NPsTEPBSH e E PGS SR AN KIS AR o FETEXT
HRZH CS NPs7E 5 PBSZE i il & Wi IR RLAR TCHH B A1k, {1

TE S E AR E 15 min)5 (KI5B), Fif8 M 122.4 nm7E
A6 4293.5 nm; ¥ H 1.5 b5, KA K 2 354.0 nm, H A%
U] i 8 58, BT CS NPs S L Uk 2E TR % . MAZI-
RHL NPs7F 525 8 (VO & A9 1.5 bl o o0 i 3
Kk 2284k (5C), W AZI-RHL NPs 5675 (& 1
EE S ZRIRTE 2 W LR (SR

30 — 0h 100 — 0h 60r — 0h
— 15 min — 15 min — 15 min
25F 30 min 80+ —— 30 min S0F 30 min
0\920_—111 X —1h o\°40_—1h
S — 15h B 60f — 15h = — 15h
Z 151 z Z 30+
= =] =]
100 E 407 2 20}
5t 20 10}
0 . 0 — , 0 ,
10 100 1000 10 100 1000 10 100 1000
o d/nm e d/nm O d/nm

B 5 HE AR E R REEL

Fig 5 The particle size changes after incubation for different duration of time

A: CS NPs and PBS solution; B: CS NPs and mucin solution; C: AZI-RHL NPs and mucin solution.

3 itig

P. aeruginosalX 5y 7 A= T 251, $EWHOMICDCHI K
YT R BT A AL TAE B AR R
WAL TSR, AR T AR R AP, i
AU B A S XER IS B . UGB IS B A= i
AR A TR PR IR ) E R . AR E R A
AP FIHTAAE I AZLS HAT PR BRI R A= P 5
YEFI R RHLIBH, SR I B 9K UTE A 1 ORAR 1
— A RN 2 1 8 1 AZT-RHL NPs, 3l i3 42 =5 P.
aeruginosa L YIHIEITERR, GIT P. aeruginosat: Y)W iEs|
R Py [ 1 SR g

AR5 % B, AZI-RHL NPsfgdS i 5 FE I A Z Dz 2
P. aeruginosafMICTH, I LLAZTH 5 AP R VE HH -
RHL SR TCHU BTGV, (53 10 15 VAR T e 6 4 A 2]
P. aeruginosaZi I v, 040N B S5 #4 A0 58 B A, d i

Fit 2 AZTAA SR S TR ASCR

41, AZI-RHL NPsXtP. aeruginosa’E ¥l S B4
RO BRAVE ] o 5 U0 5 A TR AN [R), A ) e Tl 1 i P
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