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Abstract: [Objective] The ubiquitous air-liquid interfaces affect bacterial motility and nutrient
transport, thereby regulating the interaction among microbial populations and microbial community
structure. Therefore, it is of vital importance for understanding and elucidating the mechanisms of
microbial diversity generation and maintenance as well as the ecological functions to clarify the
movement characteristics of microorganisms at microscopic interfaces. [Methods] With microfluidic
microscopes (ultra-high speed fluorescence microscope and digital holographic microscope), we
quantified the movement patterns of Pseudomonas aeruginosa (PAO1) cells near air-liquid-solid and
air-liquid interfaces of droplet. [Results] Below the air-liquid interfaces, the trajectories of PAO1 are as
follows: straight lines, clockwise circles, or counterclockwise circles with R, (minimum radius of
curvature)=3 pum. At the air-liquid-solid interfaces, 6.45% of the immobile cells accumulated at the
edge of the interfaces and completed irreversible attachment directly. Meanwhile, due to capillary flow
and Marangoni effect inside the droplet, mobile cells returned in the direction perpendicular to the
interface or moved in the direction approximately parallel to the interface and attached after swimming in
a straight line to a region within about 40 um from the interface. These behaviors significantly modulated
the spatial distribution of PAO1, promoting the migration toward the air-liquid-solid interface. Therefore,
the active flagellar motility played a little role in the process. [Conclusion] With similar trajectories in
both the solid-liquid interfaces and the air-liquid interfaces, PAO1 can move towards and subsequently
attach onto the air-liquid-solid interfaces under the complex cell-surface interfacial forces.

Keywords: air-liquid interfaces; air-liquid-solid interfaces; digital holographic microscope; Pseudomonas
aeruginosa; bacterial motility
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Schematic of the experimental process. A: the schematic diagram of acquisition process of
interface motility characteristics of Pseudomonas aeruginosa; B-1:

whole diagram of bacterial liquid

droplets; B-2: the hologram of Figure B-1 red area; B-3: the phase diagram of Figure B-1 red area; B-4: the

intensity diagram of Figure B-1 red area.
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Figure 2 Two-dimensional trajectories of Pseudomonas
aeruginosa at air-liquid interface. Color was only
used to distinguish between bacterial cells.
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Figure 3 Typical two-dimensional trajectories of Pseudomonas aeruginosa near the air-liquid interface
(NS). The lower and left coordinates respectively represented the horizontal and vertical coordinates of the
trajectories, and the upper and right coordinates represented the changes of Kysp over time. The red circle
indicated the starting point of the trajectories; the track color indicates the speed of the bacteria.
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Figure 4 The changes of drop height on solid surface. A: two-dimensional information of bacterial drop; B:
the changes of drop height at characteristic point of bacterial drop.
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Figure 5 Two-dimensional (A, different trajectories were distinguished by color) and three-dimensional (B,
interface on the right) trajectories of Pseudomonas aeruginosa at air-liquid-solid interface.
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B 7 ZRER I, AR A E AR
FA P28 A iz sh PP R i ahiz S 4 (HE
BRIV R B B )5 8 v ) 4 B 48 1 PSS Bl
Kyisp BUEAE R e 43 F . AR F0RE 5540 B 20 g
Fizdh H R ERTE bR, BRAOTRI HLL BT
AL Kusp R R F I HLE ALY Kysp, Uit
PAO1 7EF ML Iz 3 5 ) W28 32 3| 1 4h 538
BRfs2m o R, Kwsp 2375 41 502 12 3l 0
IFREAG,  FLRRARIRE BE S5 5% M A EEARDC . T Qian
FPUHHGE T PAOL 7E H M iz shisf 2
BN TR A | = - TR R DL AN
RIFAHG, XRIZIHE A HEfEE T 7|
ffir. PAO1 FIJEHLIL R Kusp FIEHEE KT 1
(1.02-1.08) um®/s, 2% B 40 iR AT 15 J& 32 sl st
Z B PR A LT £ 5 T HAE g Ry
Wy, Wk UEsE TIRATHAGI . 7E PAOL i
LI ETE Bk b, B AR (Rew) KN —, H:
e, FRATIE R PAOT 7E -1 5 18T 9 i R[5 ]
B A /MR PR (Ry=3 pm), S ETAR2)
I F J7 4 F 1 L2 (force and torque balance
theory) i 5 ) 21 141 75 [ - AL 1H0 F (8 532 3l 1Y
e/l AR A (AR AR R
md
R ~ blog (diny,)  d
Llog(d/n.,) L

Hp, o AR 3.14); d AT
OB LR s b W B IR e 242 (flagellar
helix radius); L AHHEERKEE; rp, L2}
1% (radius of flagellum filament); 7yeoq A7 40 JE 1A
B R 40 0 3k 58 (radius of cell head)f42., Eik

(7)

ZHBAEWM T : d=0.80 pm, b=0.40 pm,
Lnin=5.00 um, 7rpae=0.02 pm, 74e0¢=0.50 pm,
Rpyin=3.18 pum,
32 fZRBEMEBES-FR-BEFELHNZ
HEFN = YT RHHE

1 40 TR A0 - - [ R s s, )
AR 2 s T R (E 5), AR - -
SR RETS AT R SR AR o HEDN s R W 7%
Rt ARG R B H O ) S R 40 U S (R <o
MEFRRICN ), AR 5 PR 08 A BT 50 1] YT - VA - [
iz sh RPN, ARG IE— 25 EIUE T “nii
ME R RGN AN RE %S BB AR AE 25 & WG 34 %
TR, ik — PR TEBHMENZS ST
ELA 5 ZU G ] [R) K i pE 404 Deegan ZED013
WITEZE Aok B, BR T 5l &AM /KR gl ,
W PV 7451 9% (loss of solvent) A Nz JLAr] 24 51
(geometrical constraint) 3K #) H AR 5 EL A [& &
BT TR AR, 3 2 PR 3R 34 3 B T R
Ii1) - - [ 5 T % o

T 75 240 P 5 ] -V - [ 5 T 2 Bz Bl
B3 4 T iz 3 2 - [ ST 5 um 2247 1Y)
XI5 2 s, BUE TR T SR IE B0 ) [
MR ZATRmIT I, JFEE 0.5 s EME .
PHRLFEZH THEBENERSTE,
-V - T AT T ST 7 SRR R TR, A R A %
AT 5 m A2 A A DX PR YT v B (R 7K BB JE )
/NF PAOT ZHMIAY AR, 306 BTS00 A7 0 2 i
Hewon s, IWM7EWRAZ NG 5 pm A4
f1 DX S B 2

[, e = 4Eiz shah 2R ] JER 440
P L7E Marangoni i fE AT DASE B F A w1
J7 IR 8] 2 W . 78 AT TR N
VoS VAR RE 1) A8 Ak SRR S T BB B S TR] S AL, AT
FE T Marangoni WL, P40 R [H]
ZHmERPS M, H Sempels 4L K B AE
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Wy FREIE PR B A S A T AR R G Y
“UNMESR RN, SRR T FRAT A &
33 HEAES-RAEMS-K-EFELE
M EREFEE X

- BRI - T TR - ] A T Ak
AT o ASCHEFE T PAOT (WFFT 40 1 A= W B Al
B 1 8 2 TR R ) 7 A - TR TR - VAR - [ T
(s s TN, FEMEAT T 40 A= A % 25 is 5h
s RO . 5 A B KA (bulk-liquid)
R B = R s 7 N [ R 11 - 11 0 W1
FEA TR CW FI CCW R JHE8h, KT
20 TR AE ST AL B4 455 B R I R R ALY AR
- RO, ANRAEE A 2 BT ORIk
B——Hi I FZ 5, W2 ) B 40 (142 ) 7 )
AW 2 Fh——ir U BT A A AT T
SHTE, R I8 B R 2 S B 1 sk
AARE ., FTUL, SR RIHOWK 43 oA, #ET
SEBRAN BA 45 8] 43 A PR BRI KA R R .

UEAk, 5 - AT PR, -V S AR
V- 1 A TR [ A LA ol 3 A R A B i) 4 B 4
MIVERT2, B4, 40T e S -V 1 - -
[ BT Kb 38 BRI T A= )7 U987 O,
-V T RS- TR - ] T 8 R R R T A
il HLA5 B A LT M, 8 BT 40 A BT i 4
SORUR, PRTHAN I TE S B R, PR
WIRETE B . Huk, R T AL TR T K T A9 R
., FEmEAL R AR R, R E TR
T [0 B 40 B AR X SR A AR, B,
-V T RS- YR - ] A T S 2 55 ) 4 1 2 (]
AT FIERERE ST, AN 240 T 200 it [ P 4 flok L
R, PEATYNME AK O SE GRS, R 20 R
(6] i AR BT 4 . AT - 0 A B AR BLAE T
TE Y A R A SN I R ¥R, it —H
F 58 A [) 5% 1T 28 B0 5% 4481 1132 30 47 Sk 1) 5% il L
il , S B T A O A TR A R T A R Az B
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Fr By FEG, X T b SR A ) 2 A A
AN P P S X R RA S B

4 G

TES - ARTAL, PAOL REMS AT B4
7 ) N 11 = R 11 = 1= ¢ PP ) W R s =
S-S E VR CW ERE FI CCW e 1Y [
Jiagh, W KA 1 s JEIF R MUE S T
ml, HSER— W B JEE sh KR AFERT 2 s BEAF,
PAO1 i RE AR 4 L (21 Jf A R 6 ) oo 5 55 T8 )
B ) A8 Ak R TG i AR s Bk, TR B
Bl 5 <[5 iz sl e () S 458 3l . AR 758
Kl FE, i a2 B0 K R B A B i A B R
N BB 4145 i Marangoni i BIVEH , PAOI
20 25 8 S - T A TR S, H KR Ay 2R i e
Fm M,z R AR LN, W
EAEF T Z WS . A WE 5T T4 1R R i R
(PAO) B 55 45 5 AT 1w FH T HL A B P B
I . 25 BRTIR, SAFTE I S 1H RE 05 4 3

o2 Al LA PR A L TRTBR A, DT R 2
(32 B AT R RS [E) 43 A, B T 20 TR LE 5L T )
B, fEAH AP B TE B .
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