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Abstract: [Objective] To investigate the effect of modified mouse cathelicidin related antimicrobial
peptide (CRAMP) combined with antibiotics against the mature biofilm of Pseudomonas aeruginosa
PAOI and thereby lay a theoretical basis for the combined application of anti-biofilm drugs. [Methods]
Broth microdilution was employed for the determination of minimum inhibitory concentration (MIC),
minimum bactericidal concentration (MBC), and minimum biofilm eradication concentration (MBEC)
of CRAMP and antibiotics on PAO1. The time-kill curve (TKC) method was used to determine the
bactericidal activities of CRAMP alone, antibiotics alone, and the combination of CRAMP and
antibiotics against the mature biofilm of PAOI1. Colony counting method and confocal laser scanning
microscope (CLSM) were applied to evaluate the dispersal effect of CRAMP combined with antibiotics
on the biofilm. [Results] Compared with the antibiotics alone, the combination of antibiotics (except
for two carbapenems and four B-lactam antibiotics) with CRAMP recorded the decrease in MBEC,
particularly vancomycin, roxithromycin, and azithromycin (1/4 that of antibiotics alone). According to
the TKC, the combination of vancomycin, roxithromycin, and azithromycin with CRAMP showed
faster and stronger bactericidal activity than antibiotics alone, especially the combination of
vancomycin which killed all (100%) biofilm bacteria in 3 h. Under CLSM, the number, volume, area,
and fluorescence intensity per unit area of biofilm were significantly changed. [Conclusion] CRAMP
can disperse the mature biofilm of PAO1 and has synergistic effect with vancomycin, and the

synergistic effect is the most significant at 1 h.
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R TR AN T A= W B (biofilm , BF) 24
B & T A= W al AR AR W 2% T Bl 2 R N A1 2 B
(exopolysaccharides, EPS, i MANZHE . &
TR eDNA)GLZE 19 F 414 40 B AERD) 4
geit, ARFHREIT 99% 1 4l TR LA A Y1 et I
TEAELES, 80% I Bt 1A s Ji AT B e 1 5 A= 0 ik
FEAT OGP A W AN A R BE A% S UL TR IR
0B = 101 000 5T A= R 2517 HATAT L
A 3 400 ) A A T R T ORI ok E 228 IR K
BUEYIREIE 2 R KA I B, A
TAYIW R AITE L, 20 TR DA ) 5 v o3
BLRBLE BB BGE A S R AT A,

L1 4= W) BK (antimicrobial peptide, AMP)
MPRPURE R ECE F AR, =R T
BT AEYAN R BT AEE N IK, SR RG R E
BRI o TEALHE /N BRI NS AE I B 425 ol
FLY AR & B T BURAE YR, Hrb BRI
YRk (cathelicidin related antimicrobial peptide,
CRAMP)FI LL-37 j&ME—fF4EF/NEURT AR N
MBI, AR, A S E K LL-37
IO T X A0 o AR Y W IR i, LL-37 K H A
Wi B B R B AT P A S T
CRAMP (&5 FINEE S LL-37 AR
B X BB ) KA BT TR AL RN 0 A 3R A TR 24
PLERR TR AW, A7 I 5 i 8 0 AR SR 2
S A 2 2 IR A e U R BT 1 AU

ASEIE S AR R B, CRAMP &A1 kAT
DIFIHIARASR I PR PAOT AR MRl B AT AN 3
R LA E P i lsE , 8 e VO R AR T B U
(confocal laser scanning microscope, CLSM)% i
CRAMP (62.5 pg/mL)EHiA/ER G 1 PAOL A4
WA 2 B 58 A8 /N1 B4 CRAMP
MR X R ERVER], 2R ME PAOT AiZk
AR TR, JF AR WP A
ABFFOR CRAMP EHIK S 14 R AR RIS

T PAOL JSEVEMIBIR, B EARBRA YT RANER |
ARy BB BT AT, (RN 2454 ) £l
AR RITHE S A TR iR 2 1 PR 2

WL

1.1 EHRMAm

LB PAOL R, h EREE LY
R R DR L

CRAMP &1 ik 1 75 JH 5it o A Py Bk 4 A FR
S Al BURMET , 2 HE R P A MBI D [ 5K
BH % F)(201810701474.7); 3<% K5 (meropenem
MEM) . W5/ (imipenem, IMP). WRHLPH Ak
(piperacillin, PIP). Sk#ffting/fxEREM (ceftazidime
with sodium carbonate, CAZ). kU445 (cefquinome
sulfate, CQN). kIR R (cefoperazone acid,
CFP). #ilR R >K K A (amikacin sulfate, AMK),
fif 27 2% &K (azithromycin, AZM) ., % 4% &
ROX) . LM H W I 2
(ciprofloxacin lactate , CIP). R 77 & &
(vancomycin hydrochloride, VAN)¥JIE H &4
Wy e R AR \) 5 B R K K % 2 (gentamicin
sulfate, GEN)., ZHKiE &K E #if2 £k (colistin
sulfate, COL). Rl ) & (enrofloxacin, ENX)
W B B AR R
1.2 FZEKH

MH K% . LB R . LB Billg. TSA Hilg
A F BEHAEMEAREGIRAE; 1%% 5
4. Triton X-100 W AL R LR A RA
Al 5 96 L AN 55 M (3599) 1 H T A
Lab-Tek™ II & % 35 3% B . FilmTracer'™ LIVE/
DEAD Biofilm Viability Kit I [ 2% i /R

(roxithromycin ,

B (PEHARAW .
1.3 CRAMP {&IRBAXT PAO1 ARSI
PR R 520

B PAOL HEARFER 5%, 10 000 r/min 5.0

http://journals.im.ac.cn/actamicrocn



3254

Xiong Jing et al. | Acta Microbiologica Sinica, 2022, 62(8)

10 min, 7 FIHELSTHAR MH W7, %%
ODgpo=0.1, FFFifE 100 £%, 1ENMTAER W . ¥
TAERW A 96 FLARH, 37 °C ¥53% 72 h, B
BB Wk, BB 24 h BE— Y MH AU
BigRoeEe)E , H PBS WIRVE TR o iRV
YRR 43"k Control £H .62.5 pg/mL 2H .31.2 pg/mL
ZHH15.6 pg/mL 41, INASREIH B2,
T 37°CHEM 1he fEMISEEESE, HALE HEE
WA B 96 FLACH (AT )20 E
40, F PBS PRV, FEINA 0.1%
Triton IRV A P06 B A B O A= 0 o s 4
R PR K5 FZ AN S AR Y AN TR 10 6%
i R 22 Al VR EE R B JS R A T TSA Biig I,
T 37 °C B 16-18 h MELLE R, g ke
¥ EE 3 b, T
1.4 CRAMP2iHRK R 14 F3nE ZH MIC
1 MBC & E

¥ CRAMP &4 K 5 40 4= 5 FH TG 1R 7K %5 i
ke, SRIEH 25l ad 0.22 pm ffL g
HHUERR T . R AR AR RELNE CRAMP
B4 K S 14 Fhii Ak 2 X H SR8 LI B PAOT 1Y
e /N B B (MIC) o SR 5 38 18 240 P 3 T 500 e 2
YIi) MBC {H . LARE S 40 870 99.9% 1) 25 vk
FEAE X 20 A SR L T PAOTL /A
RV JE(MBC)!,
1.5 CRAMP &Rk & 14 FinE R BB F
B£ FA B9 MBEC & E

7E 96 LA 8537 3 d BUAVEIBEIR, ARG
JH PBS W UE 21 1M o ¥ CRAMP &1 ikl
P ZAFEm B S M AFLY, JFEE Control
4, F 37 °C#rEHFE 24 ho fEHERE, H
PBS AW UE LW IR . FINA 0.1%
Triton VR VMG A: P04 AN B . 2k At P 40
W10 556 B 2 A IR M 5 R A T TSA B
M b, F 37 °C #rE RS9 16-18 h MEKLE R,
5 Control ZHAH EG, AR 259 1 BE W% (i 154 2 M8
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FHIEE PAOL U YIHE AN R T B 99.9%(F
R A IR R A /MR BR VR S (MBEC)

1.6 CRAMP EIFMERAAEER. T4
SEMMEHESEXT PAO1 L)1 5 AERY
TKC

78 96 fLARH 1R 3 d EBVEYIWE, KRG
FH PBS W IR Ve R TR T o K U DB I
Control 41, CRAMP &Mkl . Pid R 4 Fx
A HZI4 (CRAMP &1 ik R 62.5 pg/mL. 254
i IxMBEC ¥ )43 3473050 o in A 2 B
Gy, F 37°C A alfERA 0, 0.5, 1. 3. 6.
24 h, fEFISESENE, I PBS WM UL 25 Fnis
WA - BRI 0.1% Triton ¥ W 58 it A= 4 ok
AT R R A A 10 F5H6 1R 2 Al W B
FEJGURAT T TSA Biflgt b, F 37 °C #ERSF
16-18 h MELZE L . fieJr Wi 00 25 2R LA B ] 22 Ak
VERRE AR R, A= 5 8 40 A7 36 5T A R A 2
B, 22 BsF R) 2% 1A Bl R (time killing curve,
TKC).

ZPYIENRBON FFRE - DRI E s
SCRZIE R R RS A iR S S R A
Yol PRI HEIs s 2 logye (CFU/mL)
PLE, AAERTERITE 2 logio (CFU/mL)RLPY, W
FE SCRARIAE USSR T T 4 b idd B B — e
[E1] 855 P B0 [ 2550 0 B 58, SR T bliss 22 (1) el
BB o 5 S PR f 2R 55 B 40 ) 38 25 {E R
D58 B o ) e e e U

Z=X+Y(1-X) (1)

X (EHAE PR3 H A —Fh 25 i A
PR AH A, Y (AR AR i R
Y AN %, Z AR 2 BT S
7 A R R A R AN B P

1.7 HAHEBEFHEMIECLSM)ERIE
YIRS

¥ TAERWMA Lab-Tek™ I &%= 535 A
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o 7E 37 °C A PHFERIF 3 d, BE24 h
TG IR A o A A YR 4 A 4 A
4352 Control 4. CRAMP & fikeH . Pk &
HMBRAE A, ¥k 3 dJa, 5 EERIEH
PBS AW UE TR G, AR A B4 1 24
Y1, F 37 °CHEM 1 ho 25 T 5, 1 0.9%
) NaCl ¥ W AR B B0 PR T 20 o o ARG =
i Filmtracer™ LIVE/DEAD™ Biofilm Viability
Kit Je i, KR KL ZRIYEL, 7€ Nikon
Eclipse Ti2 R3O0 B8 20 £5455 N g A
PIpE U, R A 43 488 nm (SYTO) A
561 nm (PI), EFfLK/INRA 60 um. 7E 20 f54
B N FEALRECILEY , IFEAT Z-stack, BAAHZE
A3 YO B R 9 S FEHLILEF, EBIERS
AL R ] NIS Viewer v5.21.00 5 4bFE A=
P AR OGRS S50, DR EE | ARl
PRFR L A P RO TR AR A5 28 R F IR 3 Biofilm
QPOMEA T A AT Ab B

2 BER504

2.1 CRAMP f&IRBAXT PAO1 RRZRAE 4K
P& 20 & B 52 M

CRAMP &1 IR VE F T4 2R 18 5 M T4 PAOL
72 h ARG, 78 62.5 ng/mL WE T,
AW A T R B 1.76 /1 log o (CFU/mL)AIAE,
2 WANEE TR 0.02 4~ logie (CFU/mL)IIE ;
fE 31.2 pg/mL WET, A8 AR T %
1.08 4~ logiy (CFU/mL)MME, )2 W 40 T3
1.36 > logyo (CFU/mL)MI{E; 7E 15.6 pg/mL ¥
BT, AP I 0.25 4> logio (CFU/mL)HY
i, FIZWAERI 0.17 4 logyy (CFU/mL)HY
fH . CRAMP & Ik 4% ¥k J8 % 40 4 i o Jfd 7
PAO1 72 h B8 Yok B2 o A b J2 W 2R o 1Y)
VE R HLARTS S L 1,

20 H Supernatant
Biofilm

~ 15 ]

£

=

S 10

5

£ 5L

0 1 1 1 1
Control 62.5 31.2 15.6
CRAMP/(pg/mL)

1 CRAMP %I PAO1 k384 145 BE 40 B A
A

Figure 1 Effects of CRAMP on PAOI1 mature
biofilm bacteria. The black color represents the
number of dispersal cells in the upper suspension,
the gray color represents the number of biofilm cells.
The error bar represents the standard deviation of at
least three independent repeats of data at the same
point in time.

22 CRAMP &iFHE 14 #inEEN
MIC. MBC. MBEC {&#1 CRAMP {&fRk
B & 14 fin4E %8 MBEC &

CRAMP &4 IR VE F T4 2 R 5 M 18 PAOL
72 h SV BRI S MBEC K T 5 000 pg/mL.
2 P B 0 S 245 ) (36 2 15 T R i 1 v )
4 Bl B-INBERC IS 25 (R PLPGAR . kTR . Sk
T v s 1 S 6L VR T ) X4 2 A B M TR PAOL 72 h
IR Wk 5 MBEC (YK T 2 048 pg/mL.
I ER . FUBE. THEZMEHEER B
X SR B B PAOT A Wk 5 MBEC
4390 16, 512, 128 F1 1 024 pg/mL, HiAh
KZHHidEK) MBEC {1 <2 ng/mL,

CRAMP &M IKEX G 2 Ak IR 25 9
G BE g MO o)A 4 Bl B-INBERZ S 245 W)
(VRHPLPG AR . Sk mE | Sk 76 s 545 1 Sk 761 IR i)
Je Xt S A BA D PAOT 72 h VA Mk I Y
MBEC A} KT 2 048 ug/mL . HAHi A Z A
TH 2% MBEC {H, #k4 CRAMP &1fifik
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J&i ) MBEC {H 25 98 R 3 AR R W
M. IR B L R M5 R TR
e W (4 £5) . 542594 PAOL () MIC \MBC ,
MBEC f{E Fl CRAMP &4 IRIE A 14 Flibi A= R 1
MBEC ff, 5B 1,
23 CRAMP BIGHKBA A &S ZEX
PAO1 EHI# R A E HY TKC

Xt RRALTERT 6 h AR o A p 50 Tt
T 2.60 (99.75%)4> log,o (CFUmL)¥{E ., HY
6 h AL, A=Y ut AN s A AE 24 h g A kb
(X T} 1.77 4 logio (CFU/mL)IME , 2 98.30%).
CRAMP f&#ifik4l 3 h W REGS I/ 141 4
logio (CFU/mL) (96.11%)H E ¥ ¥ B4R, 3 h

JE VIR AN R R B T 2 . 3 FhbiAE R R
202590 6 1 24 R 05 75 2 4t B 4 v e A
EARB TR, S RHALE 6 h BEEE R K
4FR100%) AP AN, B LB R AE 24 h
A REAE % K 43R (100%) B A= DI W A 1, Bl 25
FFRAE 24 h B BEAT AR Pyl A TR A5 T R
3.14 (99.93%)1 logio (CFU/mL)A{E . M5k
CRAMP &MMifk5, i8R A 3 h B g%
RRAETF(100%) AW AN, B LLgmR M
i) i 5 2R 70 AR (] B 8] 5 % A= 400 B 240 1 )
WA IR A . CRAMP B KB T B X .
B R R . B4 8 2845 A B 1] o5 A 4 Bl A At
HoE L E 2.

=1 CRAMP 34 =5 PAO1 BOARSMNAE I 4 445 B 55 1

Table 1 In vitro antibacterial and anti-biofilm activities of CRAMP and antibiotics against PAO1
Antimicrobial agents MIC/(ug/mL) MBC/(pg/mL) MBEC/(ng/mL) MBEC(AMP+antibiotic)/(pg/mL) Fold change
CRAMP 15.625 31.25 >5 000 - —
MEM 0.5 2 >2 048 >2 048 —
IMP 2 8 >2 048 >2 048 —
PIP 2 4 >2 048 >2 048 —
CAZ 1 2 >2 048 >2 048 —
CQN 2 2 >2 048 >2 048 —
CFP 4 4 >2 048 >2 048 —
GEN 0.5 1 2 1 2%
AMK 0.25 0.5 1 0.5 2x
AZM 16 16 16 4 4x
ROX 512 512 512 128 4x
CIP 0.031 0.063 0.125 0.125 1x
ENX 0.5 1 1-2 1-2 1x
COL 0.25 0.5 128 64 2%
VAN 1024 1024 1024 256 4x

“~ indicates that the MBEC value of the drug has not been measured or there is no significant change in the MBEC value of

the drug combined with antimicrobial peptide.
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-= Control
3 8! % T -o- CRAMP
5% 6 e [ .a VAN
A £ & SONUE P -+ CRAMP+VAN
AN
0 e * *
01 2 3 4 5 6 24
t/h
(B) 10
_ -= Control
?:: 8 -e- CRAMP
Rl A ROX
D 6%
= ¥ -¥- CRAMP+ROX
< 4
Eﬁ 2
0
©
10 - Control
38 o T -o- CRAMP
£ o \§ + AZM
R € & SN -~ CRAMP+AZM
8 4 . e, j_ ;;;; .é .
R S (e E
ED 2
01 2 3 4 5 6 24
t/h

B 2 CRAMP BEAA&EER. FUERFMMT
EFEX PAO1 A ¥4 IR 40 &1 AV B (8] 2R I A 2%
Figure 2 The time-kill curve of CRAMP
combined with vancomycin, roxithromycin and
azithromycin against PAO1 biofilm bacteria. VAN:
vancomycin (A); ROX: roxithromycin (B); AZM:
azithromycin. +CRAMP (C) combinations observed
by time-kill determinations against biofilms of
PAO1 at 1xMBEC. The X- and Y-axis represents
time and logarithmic PAO1 survival in biofilm,
respectively. Error bars indicate the standard
deviations between strains. CFU: colony- forming
unit, Control: PAO1 biofilms without any
antimicrobial treatment. The error bar represents the
standard deviation of at least three independent
repeats of data at the same point in time.

24 CRAMP EIGHEBA AT HEZEN
PAO1 4 Y% % 48 &= 89 T B 38U B2 31| 22

Bk CRAMP &1k, FHA259THidlfE
VE AR AR B T PAOT IV W BE Bt 24 h )5
HE YIRS Y980 3 logyo (CFU/mL) LA |

Z5IVE 1 h i, CRAMP &4 k507 1 8 KB
HAYBBEA T MR 346 logy (CFU/mL),
CRAMP &4 B2 5 T3 1t 85 % Bp F 4 26 W o gt
AN B A7 15 BUE 4 5k 5.54 logie (CFU/mL) Al
5.70 log;o (CFU/mL). Z5¥I1EM] 3 h iy, CRAMP
i K5 0 B R A A v A B T
0 (CFU/mL), CRAMP &4fifikeH 57 = A
YRR RSB35 4.58 logy (CFU/mL)
1 3.36 log;o (CFU/mL). 7£ 1 h il 3h i}, Jiiy
B 2% I 2 0 A1 L B 28 20 A 0 B A T 2 D
2 logio (CFU/mL)VA |, #E FEpRIER . T
CRAMP &4 ik 5 % 21 % R Fpnar 8 R B
LR M PAOT AL W AN T T e i
BIRT YA, HIEEMAmE &, A48
PEHREERIAE 2 log,o (CFU/mL)LAN, FI5E AN
YER .
2.5 CRAMP &IGBREER A HERZHHE
YW AHMITE

CRAMP &4k 7 i 8 R AEA PAOL
SV 1. 3 h ¥R FE 2 logyp (CFU/mL)
PLE o AR¥E bliss A3, CRAMP &4fi k5 7y
BRI BB R S . SR
(%) EME 2. 455K, CRAMP &1k
FT B Z AR PAOL BP9 I 1 b3 []
GAATINE

& 2 CRAMP BRI A& EZWMENN R

#1157
Table 2 Evaluation of synergistic effect
coefficient of CRAMP combined with vancomycin
th 7' CRAMP VAN Z 7'-7

1 99.70 48.71 81.80 81.80 17.90

3 100.00 96.11 99.77 99.99 0.01

The Z' represented the real inhibition rate of PAO1 biofilm
treated by the combination drugs, the Z represented the
theoretical inhibition rate of PAO1 biofilm treated by the
combination drugs. the value of Z'-Z was used to describe
the degree of synergy, the higher the Z'-Z value was, the
more pronounced the synergistic effect was.
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2.6 HEEHCEFHEERENE CRAMP
EIEMREKAAEEEX PAOL ALY
P& B =2 M)

AR L R AR O B W SR T
IXMBEC ¥ CRAMP &4 ik Fl 7 1l 25 % B
. BAXE PAOL L E W p R s, fR 3R
PEEI A A Biofilm Q kA= 4w B 43 A7 45 i L
3.

CRAMP &4 BREE F 7 1 8 X PAO1 i
A Wl R AR FR 52, 5 Control ZH4H
., CRAMP &AMk . ¢ FH 25 4 40 A= ok Ak
B oy L 79.03%F 85.92%, 255N WE
(P<0.01); 1HJE VAN 41 A= 9 Bl B 550 ik /0
38.20%, 75583 (P<0.05), CRAMP f&1fifik |
VAN 21 K B FH 245 W 20 A 90w TS AR L 4 S ek 20>
91.83% . 73.38% I 88.71% , % Wk B &
(P<0.01); 5 VAN ZifHt, CRAMP &4k
A T A R AR R 4 s 66.06% F
69.33%, 2= S B (P<0.01); S5 HHEEHM
b, Ek A AE ol AR > 77.21%, 25 7R
BEP<0.01), EWHPHATUR/N 57.60%, 2
S 5 (P<0.05)(& 31-31),

CRAMP &4fi k3K 1T 8 %= % PAOL Ji%,
PP I AL, CRAMP &4 BKEX
Tt B R4S Control 410 Fb , A= 4k I 1T R
B 20.12%, 25 B #E(P<0.01); 5 CRAMP
A AR AR LG, A YRl B T AR D 14.31%, 22
S (P<0.05); S WERAMI, Wk
TR AR > 17.30%, 22 5% i 3 (P<0.01) (&l
3K).

CRAMP &4 BKIE A 7 1 8 2 X PAO1 i
B W AL T AR O BE i 52 e, 2520
5§ Control Z44H ., CRAMP & 4fi ik . VAN 21 }%
BEHZ5 4 SYTO9 (Y hyakta, FUIRIG )R
A TATFR DG B 43 0 69.19% . 68.04%Fl

<l actamicro@im.ac.cn, & 010-64807516

73.71%, PI (Y merta, RRICE )AL
BEIGHR BE AT /L 85.42% . 62.17%F 55.63%,
)25 SR 2 (P<0.01); {2, 5 CRAMP &1fi
JRLHAIEL, VAN 2 PI B [ AR 2 650 B 4 i
2.59 fi5, 22585 (P<0.05), BKHZGW4 PI #
O T AL D¢ G 3R BB M 3.04 £, R EE
(P<0.05)(Kl 3L).

3 iwEE#

Bl LR R 2 N NG EAE A, 4
R 25 PR T ARG 40 IR . IEAER, AR AR
Wl i e F s B P AR R 2k, sz F|
Tk Z MR AR, AR FEERT
14 PGS bk Z P AEYEae )1, BRI
A3 H0HE B 1) S5/ AE P AR B ¥k B (MBEC) izt
KT e /N AT W (MBC), 26 WA A 1) 5 158 4 7
BH M W B A AR EWPUAERT S, X
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Figure 3 Confocal laser scanning microscope observation of CRAMP combined with vancomycin on PAO1
mature biofilm. A (Control), B (CRAMP), C (VAN), D (CRAMP+VAN) are representative orthogonal view;
E (Control), F (CRAMP), G (VAN), H (CRAMP+VAN) are representative 3D biofilms; I: the number of
biofilms, J: biofilm volume, K: biofilm area, L: fluorescence intensity per unit area (fluorescence intensity/
area) were analyzed by Biofilm Q. Significant differences were indicated as *: P<0.05, **: P<0.01.
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