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Experimental design and preparation of polysiloxane supramolecular
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Abstract: Supramolecular elastomers based on non-covalent bonds is one of the hotspots recently in the field of
supramolecular, in which the ionic hydrogen bond associations have attract much attention for their simple
structure and controllable properties. By introducing the latest scientific research achievements in this field into
experimental teaching, two serials supramolecular elastomers with similar structures but different properties are
designed and prepared, and relationship between structure and properties is established based on FT-IR, 'H-NMR,
GPC, rheological behavior, mechanical properties and self-healing efficiency. The experimental content covers
many subjects such as polymer synthesis and modification, preparation scheme design and implementation,
polymer structure characterization and so on, it is comprehensive and exploratory to a certain extent, and is
conducive to improve students' comprehensive quality, scientific research and innovation ability.

Key words: supramolecular elastomer; ionic hydrogen bond; rheological behaviors
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URIEHRCRREARE (UCS) Slgmmatipogaee 7 s SURBUREDVRAIMTAL, ALl

e (SCS)), MitEa R IR Al T s 12 H@mblE

BE, A R R R T, g 121 RARIRHRZERUR (APS) 856k
WL EL AT 81 T4 L B TSR ionic hydrogen R ISR R RS S B A S 27

bonds, THBs), GKMTEATH Y HMRALH ., g PR IS LR hpid Seamaei
BT Al B R BB B, ANIERGESALE (APS-100, 100 /R 100%H ik e
BBy TRAMEARD? ) o e TG e sc s SPOC DARIERCESE ), 4k S\ EER DU RESRE (Dy)
FEGUGE M ARG [ B . MRS RS R FEESKOR AMM OGRS, 43 81— AL B B VL oy
HALS L, A MR e R Rt p g TR R EBCR AT (APS-x, x IR x%HIiEA

PRI L RAT) BETT A AL ), HAa L mE 1 fis.
4 o
N}
Si—0_ /
o e
—/Si\ 0 | |
O—Sl\ o .0 (0]
~_-O0- S|i/o\/ 1,0 | \ b, Me,NOH, 90 C HZN/\/\SII/ <Si’ Sli/o Sli/\/\NHz
—_— Si—0 n | I > | y x |
N e Bt
NH, NH, AMM NH,
PDMS-NH,-100 PDMS-NH,,
APDES (APS-100) (APS-x)

B1 SEEHEESR (APSx) HEREL
TER R P IN A APDES | it Ay 2= 51K, FHild T F 8 a MEFE I a =x/ (x +y),0<a< 1 ),

£ 50 C, BT 4 hJ57E 120 'C. 1 mbar FIgJE MR DL A, DUERCR N 10%, 4354 10 kDa
IR 2 h B LRI Y CEBEMEZAIK, 1558 065N M R IR R i E ke (idh APS-10-10 kDa) A,
FEFAR AR APS-100, F=RZ2H 95%. VLA BGOSR & APS-100 (31 g). B3k AMM

APS-x W53 F it FIHEAUR Bt APS-100. D, Fildf (6.2 g) HELLF] Me,NOH-5H,0 (1.2 g, 5B R
KA AMM BRI, Hh AMM el BE29 0.5%) A 500 mL = LB, EARK, THEE
ik R A U R U TR eI APS A 90 C, Wt HHLAMIBERE 1 h B LR R iR K 4. 2
I 1% % e N S A B R S, AT RS A BMA Dy (213 g), 3 BB ARZON 10 he THE

IR APS (94> TRERIEA B 5 APS-100, & 160 CIFREF 1.5 h IRfifALTR] . 5500655 WKL

D, FIE LR AMM = #30RFt lit (1) 21 Y. AR R RHEYIE 160 °C . 1 mbar 25 F T
Ma -148-100a Zi?/fgjij 2 h %Zﬂi"f&{%)ﬁ%‘&}ﬁ, %@Ji@—%@ﬁié@??ﬁﬁx

Maps_100 =1 TR TE APS-10-10 kDa, 7=k 95%.
(1) 1.2.2 # & (UCS #= SCS) #46

A FRFEIEBCR i A (UCS) MR

mpy =M =248 —mppg_109

M = 248 HORFE LB (SCS) i APS-x 1E AR & 14 T 40591 5
A mavsio0. mps o man . SHIFR APS-100, HOoRIRAE (MAH) FIBEHMEF (SAH) S 3], H

D, Al AMM HIRHE (g); M MFTE ) APS-x B BB NE 2 iR,
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peas

S

PUFERR O 10%B9 R FEREN B & O B, 7EREt

Otﬁi_;fjo Rf/“\v/A\ O

kit 10 min, 793R E AFWIL UCS-10 B¢
SCS-10,
| o
.0
R1 S|1 1/0 S1/\/\NMCOOH
Ri=~ )k/\
chka\ COOH

o
| _o\ |
S1/\/\N)J\/\COOH
R=
KL ~ /U\ACOOH

SCS-x

2 AAMBEREEREESE (UCS) SEMAREEERESR (SCS) WA MEL

Fin A — € ) APS-10-10 kDa, FHEZE 80 C, JF3
HUASEFE, S I AZEIER) 1.05 eq ) MAH 5 SAH,
0@040
=
80 C
}LN'/\\V/A\$’ <§ro><g{x) é/A\v/A\NHz
LA o
NH, -
PDMS-NH,-x 130 °C
(APS-x)
1.23 BAZIEA S TFHRERGH &

TE APS FIXI R UCS $& iR I & I 1 LB N
1 D SMET, TEERICHE R AT BEES, YLk
Pk 5~10 min 23— BRI, SRR O
BRI, B HERR LG A 60 CHEAS MRS 48 h,
1330 T (037 W] sk g, HAR S APS-UCS-x, il 40
APS-UCS-10 /) UCS-10 F1 APS-10 $% n(—COOH) :
n(—NHy) =1 : 1IRS AR =4,

WA APS R AY SCS 2 HIRIL I KL/ He
ER 1 LENTT, ESERTENSHTEERS,
fiE s r=#kric b APS-SCS-x,

124 BASmEiz s FagERss
B 2

Ry T R SRAE R 53 SR A A AN TR 5 4 1 R
Sk Z mpy e A mEN, S Rock1210 75k
AR 3-E A = E R (APTMS) 5 MAH
5% SAH FIBENALT Y ( APTMS-MA F1 APTMS-SA,
FLEER 53 AN 7 TR o SR AT 2 10 7 36 D 2
TR I 5O M 2 [ i B T S E R B, farakan
T: ¥ APTMS. APTMS-MA } APTMS-SA 435l T
At DMSO 1, ¥ APTMS ¥ [ %4 0.12 mol/L,
1] APTMS ¥ W 1435l I AAS [A] 1) APTMS-MA ( 5§
APTMS-SA ), i HE4E 1) APTMS/APTMS-MA ( 5§
APTMS/APTMS-SA ) ¥EE Lt R 0.12 mol/L : 0.02 mol/L
% 0.12 mol/L : 0.12 mol/L Z [H] Y Nk BE , I & A
B IAZRE R, L APTMS H X 48—NH, (1931 F 3L 1
WG B Ry LSRR 52, e BESCHR [14] B 34 J5 331 5%
APTMS 5 APTMS-MA ( 8{ APTMS-SA ) Z[a] %54
JIEECK, (8L K,) , DAbsrlfE s APS 5 UCS (5§
SCS ) 2 ] B 2 3 55411 e 35k 22 1] 1) 5 - S BV R i

KR
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1.3 Wi E5RIE
ST AR e 21 AN EEAY ( 36 EFEER K Nicolet
i85 ) W5 AF S LTI s FIAZ R ARAN (18 [ A
52 Avance I11-600 ) I 5 #6 & B G &0 ( LUTRAR &G
54 DMSO WiE s, =l Pk ) 5 HEER B 5 O
AL (5[ Waters515-2414 ) AL 1920 TH 43
oA (VLA EL PS OMARAE, SiEN TSI,
WM 1 mL/min, H:JE 40 °C, o, APS RS &
A R A R, FEFEFT GPC I3 B 75 1] Y 4 5
FIRME AT B AR ) 5 PRI A (B 2 AR
M MCR102 ) MRS PR R A T 5 AR IR R
FRRIEHL (RZERE KI-2091 ) st (AR i ) o
iR 7 07 AR R
# 50 mmx10 mmx1 mm FE5& FH%%%‘UE/JJJH‘U\EF‘
FRITE, NDPHE, EARZINIER T AKEE,
E#ﬁﬁﬂm,@ BRE SR
A R =TSheated/ TSvirginx 100% (2)
T, TS yirgin A1 TSheatea 2278 FE i LA FT IS IO PLAHIGRJE

BRESMH

2.1 APSx. UCSx#1 SCS-x HIZHRAE
RETU, T SCRAEERCRE R 10% A R B B
Yo AT, B 3(a) MR 10%A9 APS-10,
UCS-10 1 SCS-10 FILIANETREXT o PT AR BN T AR
i, A5 2966 e 12 906 cm ! AR Ay C—H fifi
ARSI . 1 262 cm ! AbAYAETE 4R S W 0GR
1096 cm™" il 1026 om ™ 454 3 AUBE e, 33X SLRFAE
W e B ax 3 Bl A B A A IR 0 SR ek U 8 .
1614 cm™' i APS A A M I N—H 2 il = s Wi e i,
3300~3 200 cm ' JEFE P R UCS Fl SCS 8083 | 0—H
PRI, 1714 cm™' F1 1 725 em ™' 435102 UCS-10
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LN
—COOH / —NH i|} |

—c—o
] i I__o,'
! NN
. . SiCH S
4000 3500 3000 1500 1 000 500
B/ (cm™)
(2) FT-IR
a a
L . ¢
coa, Y O’g“é‘ O3 p
IAPS-1 iy 1 cte b
- P |
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0 0}
€DCly g ne a

c
d
O
5CS-10) Hooc?f’ d hg ¢ b

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0 0I5
a

0} €103

cDpCl 4 RN

d ‘NH
o d b
cs-19 hg lloocji.q A 2 A

80 75 7065 60 55 504540353025 20151005 0-05

AL RE6/(1079)
(b) '"H-HMR3E
APS-10
UCSs-10
SCS-10

HA B90TR ZHEEEK

(M) (Mu/Ms)
APS-10 112 1.71
Ucs-10 11.1 1.56
SCS-10 111 1.58
(B BURE = B TRM.)BUGTFRM,)

4 5 7 8
Wk H B /] /min
(c) GPCH BN
E 3 APS10, UCS10#1 SCS-10 B FT-IR.
1H-NMR it B 0 GPC 7 zh #h £k

Ml SCS-10 AR HEE E C=0 i 45 I sh Wl g
1640 cm™ fil 1 652 cm ™' 43 llJ& UCS HI SCS 4% Mk ftie
I C=0 MY 45 IR sh il , 1 445 em ' 2B
N—H M MRS lid, 3 SRR I i 3 R 5L
AR B B Rk e £ 8% o IEAh, 7E 1 800~1 750 cm™!
A0V A TR I B R AR W s, R AR R R I S
T4,

& 3(b)J& APS-10., UCS-10 F11 SCS-10 Y "H-NMR
R, Hdr, 50.46~0.55. 61.40~1.50 Fl 62.63~2.68 43

BN APS-10 "R a3k b B ik )it 25 3 N0
B3 b I 00.50~0.58 . 61.57~1.68 F1 §3.29~
3.38 Zr IR UCS-10 A g fk e+l i 2l 3 A~ H
BRI, M APS-10, A2 3Pk A S X 3
AT KSR 8, HLEE T BRI SRR
00.46~0.57 .01.48~1.61 F1 63.16~3.27 W53 H%} 1 SCS-10
R RE R LR 3 N 3 BRI, BLARIA]
FEZ BN L 52, H2 A BB B Lk UCS-10 HFS
INo 02.45~2.56 Fl 62.60~2.72 43 ]2 Mok Jiig H FIR JE vpy
[ P9 I P SR 1 J 068 AR Ik s SR I A B 2 e
b At 07 A AN R i 2 AR R AR 3, LA R I 119 5% 8 o

& 3(c)i& APS-10. UCS-10 i1 SCS-10 #J GPC i
L. ol Ry, AT W= E R o
FRSEIME (10x10°) +r %, HEEEMNE,
B ERR APS-10 4 FHIFIEHESE, X2
PR Sy A 000 St 17 22 P ) R0 SR ORI ( mT1) 41248
e (B A0 B S G Ak O A A B ), 3Xf 23
FE IO Ko+ it o
22 WHBSFZY (APS-UCSH APS-SCS) B4

MRIES 5 FHEHL
22.1 @AM F 4 (APS-UCS #= APS-SCS) #

25 M R AT

¥ APS-10 55 UCS-10 (B SCS-10) 7ETLIFHFI %
HTFEBERS, SR8, 550lbsid k. APS-
UCS-10, APS-SCS-10, & 4 2 H FT-IR i&&, dE "]
i, APS-10 5 UCS-10 5 SCS-10 3845 , 1 750~1 700 cm ™!
AR HE b C=0 ias Pk sh Mg iy g, [a) i i 30
1 560 cm ' AbAYERERER IR B M0, X 2 A S AR
SR A R RSN HAS AT R T Ay LRI,
APS-UCS-10 Ay JC {35 I iy s A4 %, 177 APS-SCS-10
PR R R RIRI AR

—C—=C—
oW

APS-UCS-10

No—COOH f \
—Cc=0—C00"

4000 350030002000 1750 1500 1250 1000 750 500
P/ (em™)

B 4 APS-UCS-10 %1 APS-SCS-10 #J FT-IR £ &

& 5 /& APS-UCS-10 Fl APS-SCS-10 Hii A T N
Fihsk, £ 25 CHMSHEE T, APS-UCS-10 &Ml
TR N AL TR & . B RER R G>HiFE
Bt G", BEE WA, GV/ME EF, G
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B A5

il

2 B Tb s AR AN R E Y, APS-SCS-10 ) 3
ML LB G'<G"IIRRE, R B RSHRAA

WIATATIA , UCS Ml SCS 1Y 25 AU AE T R ik S o
FIF A R I b & (2 C=C BUER & C—C Hf,
H=P e AR AR, X FEEWMERPE T
SRR FH AN 22 K Y . TR RS A S5
SRR, S SR ) B A R &
BLH F SRR (F R S H B R B B,
pKa fERZFER ). Hrr, &AASEH C=C BT 5k
M5 &4 C—C Mg BEHIRR Y pKa {E 5300 1.92 F1
4.21, F & 1 LB B B T RN ER g, B ues
HAHRMEY:, 3 APS-UCS 1A Z iy 1 & it
SRIEH R, A THER S SRR, RIIEE
W, APS-UCS NacHR#iPEM, 1ii APS-SCS %tk
wM CnE s B ).

5 APS-UCS-10 #1 APS-SCS-10 By 3s
EX::ES Y G/ E] S
2.80
2751
€270+
=
52651
=060k K=45.5 L/mol ®
ipg]-, 2 I_JWML_J;
el I
1
250 E 29 28 27 26 25 24
| | ) ﬂ:"%’ﬁlﬁﬁ/(w") |
2857002 004 006 008 010 012

APTMS-MAK & /(mol-L™)

222 WATFREMHBERALRAZNE G T E4EER
3B 6 oA

kT TR O Ml A W A [ 25 A R i 5 A 2 )
(S T S VR PR, (A5 26 T UM T A PR S TR
P8R 555 % L 5 B3 2 (B A ELVE S B A g, 5 rE E
Ko FEFAER T 220k, 51 AN R
APTMS. APTMS-MA #il APTMS-SA ( &5 an/E 6 fir
N, R RE R T TI0E A A ) A AN A
AR g5 nE 6 iR

%}F APTMS FI APTMS-MA #H4, fi#5 APTMS-
MA A9 0.02 mol/L _EF+%] 0.12 mol/L, APTMS
KSR NH, 1937 Ry {2 6 8 I 2.51 #8031 2.77,
i /N ZAERL G AL B R K, 2l 45.5 L/mol;
%} F APTMS Hl APTMS-SA 414, HAb A0 # M 2.51
B ahF 2.69, FAGLEG WA K, 4 7.25 Limol, 455G
BOZ ] AR A0 AR PR R AP R, RN RR
RHEEMES FHER TR S ZHENS &%
UL AT A5 A B T S R T
2.3 APSUCS BN = 1%REFN B RIS 45 R

APS-UCS HF il 28 S ante 7 s o bl 2 3%
FR B RCR AL S, APS-UCS BYF7 {53 B ik O
S RGN, TR FE T A 900% 2RI T B F
260%; HMABCRMMZ T, X 2R H 3 T4
SHEAC I % 1Y) B e s 1 % (B A B A FH g B ) SR Ak
At EEER I, TP S A B RS A (1) ] s AT

/
/ 9
/O\S:i/\/\\@n_I + 660 _ N\/\/Sg o
[0} [0}
/
APTMS ]l APTMS-MA
K,

() APTMS-MAFR BE ALY H-NMRIG B R AL BT E 2R (b) APTMS 5 APTMS-MA % & - 57 B

2.80
275 2
g
270t o I
= 3 A
S 26518
N 29 28 27 26 25 24
;ﬁ 2.60 [ MEERIRES/(10°)
2550 K,=7.25 L/mol
250
1 1 1 1 1 1 1 1 1 1 1
2457002 004 006 008 010 012

APTMS-SA¥¢J#/(mol-L)

/ d
RPN N 4
¥ : bOC\/\ﬂ/NW N
0 0
/
APTMS-SA

(c) APTMS-SAREH: EEAF LI H-NMRE F| R B RERE LR (d) APTMSS5APTMS-SAMZ & B~ ER
6 APTMSMA #1 APTMS-SA BERETLE H-NMR IZE. REHEHEREGES-BEREE
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B 7 APSUCSxHIMA-REHLk., HKEE. BRAUER

THEWAR A A A BOPLBEAE T8 T SR A BT
RN, Rl BRI A /O O, X8l iR %
Bz ShRE D], WEE RS EEE shRE S TR,
HABAE MR B,

3 4iE

I AR A T A R e (APS-x ),
FIH APS 5 Ih o iR I s % FAR IF 76 Jo v 77 451 T I
[ 3RAE UCS-x il SCS-x, i FT-IR , '"H-NMR £ GPC
RAEUEW G B VI e MERA AT & et i, APS 5
UCS TETCH R 51T faf AL IR R AR A5 2 S A 4y
FobEik, MRFESME T APS 5 SCS AYFLIR 15 5]
SRPEMR, AT R RAETMEMOIESS 7RG R il
FIANGFERUCEY), B EAERERE , B ks T
APS-UCS il APS-SCS 1A & = WytEfE2: R . APS-
UCS Y iz fift i TR i i A 2l B AR B R 1 4
e MREARG, 1T 2 3k ) A A 0 W) 2 B0t A R T 3

KRR FE TG R H A 1 S0 N 25
WTE TR A REI R A . PERE S BT S KE,
WESE G0 T SC0 p 25 Ak, R e T 2% ST ME R R .
WS, FAERBERRA YRR
B, TR AFR TR R S P RE 2 ] A R R
., ST RO (R) B R AR B T A U B
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ARk, BC), >99%, & FitkAEARHHA R W i
MR TR ER A AR A, SR I i = 23k ( PAM-
QAS) 43> PAM-BB #il PAM-BC Wifi, X 1 il 7 4k
A4 ( PAM-QAS-FL ), 14525 PAM-BB-FL F1 PAM-
BC-FL, HZEHWE 1w, ¥ GRS & . 5L
56 H A BRI e R e S (Rt ), KT

WHz

07 "NH 2 o
et R
O"N“0 R
PAM-QAS \ PAM-QAS-FL

JE2BRAE R, BRME, i 20 HIf, &M, HIEN L
PEFTANR : pH 554, AHLEE i 21.1 glkg, 4N, P,
K S50 824, 108, 226 mg/kg, BELhfally T I-iff
M YR A RA R, 4K 2405 cm, {AE 0.2+
0.1g. 5| 5 b A o 7 k5| ( Eiseniafoetida ), WF-u]
b8 k| 75, 4K 5~8cm, A 0.3~0.69.

m/n

50/50

Br

m'/n'/p'

Cl  50/50

PAM-BB-FL ™~~~

PAM-BCFL {_)—

Br 50/50/0.16

Cl 50/50/0.16

Bl 1 PAM-QAS ( PAM-BB #1 PAM-BC ) #1 PAM-QAS-FL ( PAM-BB-FL #1 PAM-BC-FL ) B4R =E

12 TEKAZIE

4l PAM-QAS 7E -1 b i % Hit H 42 (0.2 g/kg
T+ ), e PAM-QAS (5 PAM-QAS-FL ) #% 3 1%
WA AR (0.6 ghkg T+ ) ST IR A R
G5 CBHMEXT B 2R FL S 8 BC, BT B AN
TEAT 254 ), SRJGH: 700 g IRA HHEEE A NN 4 cm,
KR 30 em. A H ORI I B B ER A R (2D
Bl 2 B ), e iR 3h 1 a8 I 4 48 D S 5 45
e, fea AT % AR BT . A 0.01 mol/L
CaCly W Ad H Ak Kk B AT, DL 25 bk 5 ks
HIFAEI 2SR, 5 240 )5, AE 24 h TR 8 E
T 320 mL (#7254 T 255 mm/24 h i) 45 R 2T 2
FIEFERN ) PN TREN (87K, Yok Ak
W, BE 12 h 5, SR EHIRER . HIRAZYN
PAM-QAS-FL I, R 4 J5 65 66 1
FE AR s IR AZYh PAM-QAS B, 7E
WA IR IR TR TP A BE Do, LATEA PAM-QAS +3%
IR TR B ) £ i e T
1.3 PAM-QASWM D&M AMSHLR

Z: IR GBIT 31270.12—2014: a5 AR5 )

25

M PAM-QAS FEANR 54T ( AR A . LRI
W, 2SR HIREY ) XK A A Y BE T A0 ) bR
P, P 2.0~2.2 cm /R K i1 0.2~0.3 g 1A 8 1 BE 2 fa A
HEEXF L

TR AL, L PAM-BB ., PAM-BC F BC
YERNSEER 25, ERTREI NS IEY, A EEMy
IR K AT B . FEFSE g rh, K E AR . BC.
PAM-BB #il PAM-BC ¥ E i %4 0. 0.01, 0.1, 1.0,
10 1 100 mg/L, DA#f 2 3805 5 £ 0~100%51. 1 3K iif
(VR G B AE BRI 7 BB, BERR 24 hid sk
BEL 0 R AE TG T 0 . FSEER MR EE A 100 mg/L Ak
FRRD A BB S, A IR T 7 SRt A
DUSIE BH BT 2 0 B 5 0 TE St EE b . AR TS
96 h PSR, FEIEA LS, K259 7E 10~100 mg/L
DX [) P B AN [ ok B R 8 04T, 1 57 96 h LI SBT3
WHEEE 15k i BC. PAM-BB il PAM-BC %5 1
1 ROIE MR L Coo ™.

EF 3t AR, UL PAM-BB, PAM-BC Fil
BCE NS 25, S MBARC 1.2 45 frd 5 33045 +
HEWk T, BUURA 7 B, BAEE =R, SEAX
PRAE AN 25 T S AR v, LM %R 5 S 4 AR
o DA T i & a2 il , A5 15 ik
VSRR 96 h J5 Xf B b (PR R EE , i T 5 LCso
FAX G, RHI LCsol KRR, TR “L” FIRME

g3tk 3R FREE, L1 PAM-BB . PAM-BC #1 BC
YER LB 259 K A ZIK £ 2k 50 1 B
WK, FEAMRAIGHE 240 5, B4R 7 B,
FAERE =K, 2 AN IRA AT Y KER, H
b 55 5 S AR ] o WER I i 5 96 h J5 B (i rh
BEAERAAET R, A5 0 X6 B0 25 # 1) 2 BUBOFE e B e
I LCsos, FhR “S” Fn & HMIK L ILRAST .
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1.4 PAM-QAS X f S H e

%M GB/T31270.12—2014, wEH — AL . 1k
HTE 0.4+0.1 g IR IR 12 e 7E3FA T S50 2Z 1T,
T PRI 55 5% 7 d DL E o el 1 10%78 7% &% | 68%
50~100 um [ A7 JEfib . 20 % ld 1 | 290K R £5 41 A%
AT A3, P47 H pH {H = 6.0£0.5, MAZER KT
AT+ HEE KE N 30%~35%, LI PAM-BB, PAM-BC
1 BCYENSEI 25, #i—& LBl PR & 6 A~k
HM LA AN IRA, BAWERE =4, ANFEEH
A3 A B 5] 10 2%, OGRS 340 1 R HL/INML
BB B T 20+2 °C L 80% /5 47 G IE B 400~800
Ix 853840 R, RG] 14 d BBET R, THE 255t
e 51 F) 5 L Cso B 2 959 {5 BRI

2 ZHR5ITE

21 PAM-QASTELXEHRMKBSEBSHE

5L /N FYAFRE, PAM-QAS H &If
WA W S R RSO0, X L R S o A ik
R FAE AR b W B . R SR AR, O AE
o L R AR D OB R (<0.2% mol ), 15
FNFOCIE A EMiIR PAM-QAS, El: PAM-QASFL, [§ 3
J& PAM-BB-FL 2% PAM-BB-FL 3 A8 bk A i 19 566
g B 3 FTLIE H, PAM-BB-FL /KIEHTE £ 40
KT R RENE & A2 4800, HLAE 515 nm Ab A5 e K Y ¢
SR, S PAM-BB-FL 3 A4 bk i i vk 4 ) 7 42
NI R B0, H AR B fira 6 T,
HAE 515 nm &b 15508 BEAR AT o 3 — S 06 25 5 10 b
#W, PAM-QAS 7E T3 ELIFE 3, AA Z BKIT
%, AT DVRCK IR MR AR e, AR TR IR
FEI AR

___——_——"\
1000 e

& 4

SRl ESpRI ]
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22 PAM-QASEARRIME TXIHE S fa fAtk 5 2 1%

5

& 4 J& PAM-QAS Fll BC fEAN[RIFR$E N X5t & 11
sl A Sk . BRIEITIL, 4R GBIT 31270.12—
2014 (2K, K2 HAZ A OK R OR P 250t £ 26
2T TER, e YRR I B S
Hrf, BC i LCso<l mg/L, £ K7, PQDXAM
f) LCso % BC W& 1m—48, 7E 1~10 mg/L [&], {EA}E T
A, X5 SR PRSI A, XA
o 2B ek 25 25 ) A T () it PR PP A — AN B AR
PSR, ZEEEh AT 4 R AR R R B B, FEK
. DRy . RIEEZFON BRI, BT
SR ) TG PR AR & — M A YRR, XA SR
BB e R . PAM-QAS 15— L i HAT ek
PR PKIEE R R R A, Ko HetE
T MR S AN R AR R 25 e, EEL
KW R A . BT A2 EA
RS I B ), 48 K23 PAM-QAS B+ 304
SO IRE, X AR I AR B KA (AN 3 Fs ). 5K
bR, K4 i @) 2R SC R A R UESE T, &

3 PAM-BB-FL ZETEFRHRKAITA

§\§
~—

y

\

PAM-QAS #1 BC EARBE &G TS AR K S HE
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it 5 A B, PAM-QAS il BC X e 15| (1) 1 B
B FAREE WS . AR M, 5 A XA 4 A =X
i FHAS ) () S S s MDA ik

BT RS, IRATE B2 Y AE SR AR 7
FHBERT KB AT KUK 57K IR A5 X FR 5 K A
Y2, 51 LCsoL F1 L Csos I B 20301 I T £
MRS WRK 120G W s . IRATE B,
T PAM-QAS 7 -1 458 v EL A7 505 1 W of R XS 8
PE, RRBEAR T 3 AREE AR A (03 25 25 e B . FR
Bl 4RI, 7E 345 H Mt H&E (BP: 0.6 g/(kg T
+)) &M T, PAM-QAS 1 3 bk i ok IR A T
H, BTA BE S0 225 96 h J5 I #R AT LATE #7475, RIAH
B LCso Al LCsos ¥ K F 600 mg/(kg T 1), VEHALE
FH i) % PG P, PAM-QAS X 1 28 Fly 15| 1 J2 27
S, MZERFERREHE T, BC M H8EkiA K
F IR B AN T, UL PAM-QAS FRkE
B BC B MR, X5 B HE T K AR v B i 45
1) LCso A 1 35 25 57 , o AT & S8 Bl I 45 (g 00 38
G AT, X FEG L T RSB R = 1 E
B S R ) R AR E A . Rk S
i, RAE R A BRI MHE R 25 (JRILER
STFE ) BRI, SR TR R B AT

ik

LSIA
w

3

3 I AL 24 ) A S B A 7 oy FH e B R K B AL
KA B 57K H IR AT X EREEK IR, 5] A LCso
Hl L Csos T A543 30 FH T PE A 1= Sk v A K /25 1R
W AT, BONMERLE . T PAM-QAS 3
BRRp MR EAN ik . SEYRZE AR, T H ) T
3 0.6g/(kg TH)5&MHT, PAM-QAS n] & + 3P
Hu O B FNAF B8R, X S RN W5 A 2 A . /N T
ik BC AL, FLIREEHEI: W 3 PR

R KRKRFEE T KT AU AL RN 5L
BNgS, W T IIBER G POCRERAE . 45558
B 07 FH 25 A2 R ] A o T o IR B8 B EAN SE B0 18T 5
WHEIRAT, A BT 2R R A B &4 T AR 254 5
REZ BIRIROC R, RIGEEIR LY 50 BT FTBE & 5 1
MRER G ik 5 B4y, et R, S
MR RHES FRAERE ST . 4 BT R A Dk [m] R )t 45 204
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Environmental toxicities evaluation and experimental design of polymeric
drugs based on polyacrylamide quaternary ammonium salts

LIN Yaling', WU Mingyang', ZHANG Wei*, SUN Kailun?, ZHANG Angiang?

(1. College of Materials and Energy, South China Agricultural University, Guangzhou 510642, Ching;
2. School of Materials Science and Engineering, South China University of Technology, Guangzhou 510641, China)

Abstract: [Objective] Because of the huge damage caused by soil-borne fungal diseases in agriculture, polyacrylamide quaternary ammonium
sdts (PAM-QAS) have been introduced to control soil-borne fungal diseases, such as banana Fusarium wilt, which is caused by
Fusariumoxysporum f. sp. cubense (Foc). As a random copolymer of acrylamide and acrylamide quaternary ammonium salt, PAM-QAS shows
significant improvement properties on soil and good antifungal activities against soil-borne fungal diseases, such as Foc. Thus, PAM-QAS has a
good application prospect in the control of soil-borne fungal diseases and improving soil. However, traditional small molecular quaternary
ammonium salts have been well-known to show high environmental toxicities, greatly limiting their application. Thus, visualy evaluating the
environmental toxicities of PAM-QAS based on exact application environments has become an urgent issue in the design and application of
PAM-QAS. In this work, multiple experiments were designed to visually demonstrate the low environmental toxicity of PAM-QAS. [Methods] To
visualize PAM-QAS, a very small amount of a fluorescent group (FL) was introduced into PAM-QAS to obtain fluorescent-labeled PAM-QAS
(PAM-QAS-FL). Thus, its adsorption and leaching characteristics in soil could be observed intuitively. From the soil adsorption and leaching
experiments, the actual environmental toxicities of PAM-QAS after soil adsorption could be evaluated using fish oral acute toxicity and earthworm
toxicity experiments, which gave agood perspective for the field application of PAM-QAS. [Results] The soil adsorption and leaching experiments
intuitively showed that under an application rate of 0.6 g per kilogram of dry soil in the field, which was about three times the commonly applied
amount, PAM-QAS-FL could be stably adsorbed and retained in the soil, with only afew free PAM-QASs leaching into environmental water. Thus,
the impact of PAM-QAS on the environment could be greatly reduced. The fish acute toxicity of simulated rain leaching solution containing
PAM-QAS and soil (LCsq), the fish acute toxicity of a suspension containing PAM-QAS and soil (LCsgs), and the earthworm toxicity of
PAM-QAS (LCso) were al higher than 600 mg per kilogram of dry soil. Meanwhile, the LCso., LCsos, and L Cso (earthworm) for small molecule
quaternary ammonium salt (benzalkonium chloride (BC)) were about 70, 150, and 150 mg per kilogram of dry soil, respectively. These results
demonstrate that compared with BC, the environmental toxicity of PAM-QAS is significantly reduced, and it is safe for both fish and earthworms.
[Conclusions] By simulating the effects of drugs infiltrating groundwater with rainwater and mixing with soil and water in practical production
applications, LCso. and LCspswere introduced to evaluate the fish toxicity of soil leaching solutions and water/soil/drug mixtures, respectively. A
more accurate environmental toxicity assessment method for PAM-QAS was thus established. This work covers severa aspects, such as structure
characterization and application of functional polymers, qualitative detection of polymeric drugs in complex environments, and environmental
toxicity evaluation of drugs. It is comprehensive and exploratory to a certain extent and is conducive to improving students' comprehensive quality,
scientific research, and innovation ability.

Key words: polyacrylamide quaternary ammonium salt; fluorescent group modification; soil adsorption characteristics; environmental toxicity
evaluation
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ARTICLE INFO ABSTRACT

Keywords:
ITonic noncovalent cross-linking
Mechanical robustness

The preparation of functional polyurethane materials with high strength, toughness, and excellent self-healing
ability is currently challenging. In this study, a multifunctional bi-dynamic supramolecular crosslinked
network PU elastomer was successfully prepared by introducing ionic bonds and aromatic disulfide bonds into a

:Zlcf'}::;?i PU matrix. The resulting ionic PU elastomers exhibited impressive mechanical properties, including high tensile
Mul};ifuncti(z]nality strength (39.9 + 4.4 MPa) and excellent elongation at break (1930 + 345 %). They also demonstrated efficient

self-healing capability (94.4 %), recyclability and processability. The distribution of hydrophilic ion bonds within
the polymer networks enabled the elastomers to possess water-induced shape memory and antibacterial activity.
Additionally, the hydrophilicity of the elastomers provided a self-cleaning ability when used as a coating ma-
terial. The covalent bonding of the cations with the PU matrix prevented the leaching of bactericidal substances,
ensuring good biocompatibility of the ionic PU. Furthermore, a double-layered self-healing composite flexible
sensor was developed using the ionic PU as the substrate and carboxylated carbon nanotubes (CNTs-COOH) as
the conductive medium to detect human motion. These multifunctional ionic PU elastomers offer great potential
for the design and preparation of robust materials with self-healing ability for various applications across

multiple fields.

1. Introduction

The development of society has increased the demand for versatile
and progressive elastomer materials. PU elastomers have a wide range of
raw materials and offer strong control over molecular structure. The
unique 'microphase separation’ structure of the molecular chain, con-
sisting of soft and hard segments, provides excellent overall performance
[1]. These elastomers have adjustable mechanical properties and can be
easily produced [2]. They also possess shape memory [3], are non-toxic,
highly transparent, and have found widespread applications in various
technical fields such as biomedical [4], antifouling and antibacterial
coatings [5], intelligent textiles [6], and flexible electronic devices
[7-9]. However, due to the complexity and harshness of their usage
environment, PU elastomers are susceptible to mechanical damage
throughout their lifecycle. If such damage is not repaired promptly, it
can lead to a rapid decline in performance and render them unusable.
Therefore, integrating self-healing ability and recyclability into elasto-
mers is considered a promising approach to enhance their lifespan,

* Corresponding authors.

reduce raw material consumption, and lower carbon emissions [10].
In recent years, researchers have focused on developing reversible
dynamic covalent bonds, such as Diels-Alder crosslink bonds [11,12],
imine bonds [13,14], acylhydrazone bonds [15,16], and intrinsic self-
healing and recyclable elastomers with disulfide bonds [17-19]. Addi-
tionally, noncovalent interactions, including hydrogen bonds [20],
metal coordinates [21], and ionic bonds [22,23], have also been
explored. However, the mechanical strength of materials has often been
overlooked in the pursuit of effective self-healing ability. Numerous
studies have demonstrated the challenge of balancing the mechanical
strength and self-healing properties [24-26]. To enhance the self-
healing efficiency and mechanical strength of PU materials, re-
searchers have proposed various strategies. Noncovalent bonds, such as
supermolecular self-assembly bonds, offer advantages over covalent
bonds due to their dynamic reversibility and physical cross-linking.
These bonds can be destroyed and rebuilt, effectively dissipating en-
ergy and improving the flexibility, resilience, and self-healing perfor-
mance of PU materials. Ureidopyrimidone (UPy) is a self-
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complementary quaternary hydrogen bonding group that has the po-
tential to enhance the mechanical strength and toughness of polymer
networks. This is achieved by increasing the noncovalent cross-linking
and sacrificial bonds. However, the synthesis of polyurethane or poly-
urea elastomers with UPy groups is complex and these materials have
low solubility in common polar solvents. As a result, they are not suit-
able for large-scale production and preparation [27,28]. To address this
limitation, researchers have proposed the incorporation of a dual dy-
namic mechanism into a single polymer system. This exciting concept
aims to achieve synergistic effects between the two mechanisms,
enhancing both self-healing and mechanical properties. Qin and col-
leagues [29] introduced diazoalkylurea (DU) and aromatic disulfide into
the PU matrix to overcome the trade-off between mechanical robustness
and room temperature self-healing. The strong hydrogen bonding cross-
linking points improved the robustness of the cross-linking structure,
while the rapid chemical decomposition of disulfide bonds contributed
to the kinetics of the cross-linking network. The obtained PU elastomer
had high tensile strength (14.08 MPa), high toughness (64.6 MJ/m3),
and excellent self-healing ability (~81 % at room temperature). Sun
et al. [21] investigated the combination of disulfide exchange and metal
coordination interaction. The introduction of coordinate covalent bonds
disrupted the hydrogen bond sequence, resulting in the destruction of
the hard phase. This disruption was beneficial for disulfide exchange.
The material exhibited a tensile strength of 9.4 + 0.1 MPa and a self-
healing efficiency of 96.6 &+ 1.5 %. Wu et al. [30] synthesized a supra-
molecular elastomer with exceptional toughness (14.7 MJ/m3) and high
tensile properties (1700 %) by incorporating strong metal coordinate
covalent bonds and weak tetrahydrogen bonds into the molecule.
However, the mechanical strength was only 2.6 MPa. Despite significant
advancements in the development of high-strength, high-toughness self-
healing materials in recent years, there are still numerous challenges in
achieving simultaneous high strength, high toughness, and self-healing
capabilities in polymer materials.

Ionic bonds, with their strong noncovalent bond interaction (50-250
kJ/mol), play a crucial role in enhancing energy dissipation through
bond fracture, thereby toughening materials. However, there have been
limited studies on how to enhance PU through interchain ionic bonds. In
this study, we present a novel approach that involves the introduction of
dynamic disulfide bonds, which contain rigid benzene ring structures,
and ionic chain extenders into prepolymers. This leads to the formation
of PU ionomers, enabling the development of room temperature self-
healing and recyclable PU elastomers with exceptional mechanical
strength. In this study, it was observed that ionic interactions displayed a
higher interaction strength compared to the relatively weaker n-n
stacking interactions and hydrogen bonds. The presence of ionic groups
in the polymer matrix resulted in the formation of clusters, which in turn
enhanced the physical crosslinking by dispersing within the soft poly-
ester network domain [31]. The dithio diphenylamine, with its rigid
structure consisting of two benzene rings, exhibited excellent double
decomposition ability [32,33]. The PU elastomer obtained in this study
demonstrated several desirable properties, including high tensile
strength, toughness, self-healing ability, water-induced shape memory,
antibacterial and antifouling properties, and other multifunctional
properties. These properties were achieved through a combination of
hydrogen bonds, ion interactions, and the dynamic disulfide effect,
which induced the formation of soft and hard microphase separation
structures in the network. Moreover, the PU elastomers showed good
recyclability due to their reversible cross-linking structure, making them
suitable for multiple cycles of use. Additionally, the potential applica-
tion of ionic PU in wearable flexible electronic products was demon-
strated by coating a layer of conductive CNT-COOH on the surface of the
prepared flexible ionic PU matrix.
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2. Experimental section
2.1. Materials

Polytetramethylene ether glycol (PTMG, M, = 2000), isophorone
diisocyanate (IPDI, 99 %), ditin butyl dilaurate (DBTDL, 95 %), 3-dime-
thylaminopropane-1,2-diol (DP, 98 %), 4,4"-thiodianiline (AFD, 98 %),
n-butyl bromide (99.0 %), castor-oil and carboxylated multiwalled
carbon nanotubes (CNTs-COOH, 95 % purity, length: 10-30 pm,
—-COOH: ~3.9 wt%) were purchased from Shanghai Macklin Inc.
Escherichia coli (E. coli), Staphylococcus albus (S. albus) and human
fibroblast cells were provided by South China Agricultural University.
Fluorescein isothiocyanate-labelled bovine serum albumin (FITC-BSA)
was obtained from Solarbio Science & Technology Co., Ltd. (Beijing,
China). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Hyclone (Thermo Fisher, USA). All
chemicals were used without further purification.

2.2. Synthesis of QDP

DP (4.77 g, 40 mmol) and n-butyl bromide (8.22 g, 60 mmol) were
dissolved in isopropanol (~50 mL) and added into a 100 mL three-neck
round-bottom flask equipped with magnetic stirring and condensation
reflux. The system was heated to 75 °C and stirred for 24 h in a N, at-
mosphere. Appropriate amounts of water and chloroform were added to
the product for extraction, and the extraction was repeated to obtain the
aqueous phase three times to fully extract the final product. The aqueous
phase was evaporated to remove water, resulting in a transparent and
colorless liquid. The sample was dried in a 60 °C oven for 12 h and had a
yield of approximately 90 %. For convenience, this product was named
QDP.

2.3. Synthesis of PU-QDPx-SS

QDP was added dropwise to a mixture of IPDI and DBTDL in anhy-
drous N, N-dimethylformamide (DMF) (50 mL) at 80 °C for 2 h under
stirring with the protection of a nitrogen atmosphere, and then AFD was
added for another 6 h of reaction. The resultant mixture was poured into
a mold and then maintained at 60 °C for 24 h. The obtained ionic PU
were named PU-QDP,-SS (x = 3/1 or 2/2). The amount of each reactant
is listed in Table S1. PU-DP,-SS (x = 3/1 or 2/2), PU-DP, PU-QDP and
PU-SS were synthesized similarly. Their synthetic routes are shown in
Scheme 1, Schemes S1 and S2.

2.4. Electrospinning of EPU-QDP3,1-SS

A 10 mL medical syringe was used to draw 10-mL of a THF/DMF (1/
1, v/v) PU-QDP3,1-SS solution with a concentration of 10 % (w/w). The
syringe was connected to the 19 # flat mouth spinneret, the positive and
negative electrodes of the high-voltage power supply were connected to
the positions of the nozzle and the receiving device, and the solution
propulsion flow rate was controlled through a micro-injection pump.
The extrusion rate was 3 mL/h. The positive voltage of spinning was 15
kV, the distance between the receiver and the spinneret was adjusted to
12 cm, and the electrospinning process lasted for 1 h at room temper-
ature. After the spinning was completed, the collected nanofiber film
was placed in a vacuum drying oven at 30 °C for 48 h and repeatedly
weighed until the fiber film was at constant weight. Record the fiber
membrane obtained by electrospinning as EPU-QDP3,1-SS.

2.5. Fabrication of the self-healable electrode film

First, 10 mg of CNTs was added to 20 mL of ethanol and sonicated for
10 min to obtain a uniform dispersion. Second, the obtained CNT
dispersion (1 g) was sprayed onto the surface of EPU-QDP3,1-SS (40 mm
x 60 mm) using an air compressor equipped with a spray gun (DUN-30
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Scheme 1. Schematic diagram of the preparation process of PU-QDP-SS.

L, Anjieshun, China) at a pressure of 0.5 MPa and a distance of 20 cm.
The sample was placed in a 60 °C vacuum oven and cured for 24 h to
remove residual solvents. The mold was peeled off to obtain a carbon
nanotube ionic PU composite film, denoted as EPU-CNT.

2.6. Characterizations

The NMR spectra were obtained from a Bruker AVANCE III HD 600
using methanol-d, as the solvent. The FTIR spectra of the samples were
acquired with a Therma Nicolet iS5 spectrometer (Thermo Scientific,
USA) with a ZnSe ATR accessory. The TGA curves were measured on a
Netzch TG 209 F1. The samples (~10 mg) were heated from 30 °C to
900 °C at a rate of 20 °C/min in a Ny atmosphere. XRD measurements
(D8 Advance, Bruker, Germany) were taken to determine the phase
structure and composition of the ionic PU, with a 26 scanning range of 5-
60°. Stress—strain curves were measured on a KJ-1067 tensile test ma-
chine with a controlled temperature and humidity chamber (Dongguan
Kejian Instrument Co. Ltd., China). The measurements were carried out
at room temperature at a stretching speed of 100 mm/min. At least three
specimens were tested for each elastomer sample, and the average
values with standard errors were calculated. For cyclic tensile tests, both
loading and unloading processes were carried out at a strain rate of 100
mm min~' at room temperature. The dissipated energy was evaluated
from the closed area between the loading-unloading curves. The
toughness was acquired by integrating the area under the stress-strain
curves. DMA (dynamic mechanical thermal spectrometer) (Mettler
Toledo Star 1 system) from Mettler Toledo was used to evaluate the
dynamic properties. The measurements were carried out in a tempera-
ture range of —100 °C to 50 °C with a heating rate of 5 °C/min at a
frequency of 1 Hz. Rheological sweeping curves were measured with an
Anton Paar MCR 102 rheometer (Austria) equipped with a stainless-steel
parallel-plate geometry (diameter: 25 mm). For temperature sweeping
tests, a constant frequency of 1 Hz and 1 % strain were applied, and the
temperature was increased from 20 °C to 160 °C at a heating speed of
2 °C/min. The stress relaxation behavior was tested in parallel plate
mode on an Anton Paar MCR-102 rheometer; a circular specimen with a
diameter of 35 mm and a thickness of 1 mm was initially equilibrated at
the set temperature for 10 min, and then a strain of 1.5 % was applied to
the sample. The relaxation modulus changes over time were recorded at
a constant temperature. X-ray photoelectron spectroscopy (XPS) of
samples was recorded by a Thermo Fisher Scientific ESCALAB 250xi.
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The energy scanning range was 0-1300 eV, the step size was 1 eV, and
analysis was performed using the Avantage software system. The films
were tested using a Raman spectroscopy (HJY LabRAM Aramis) with a
laser wavelength of 785 nm and silicon wafer calibration. The micro-
phase separation structure of polyurethane was observed with a Bruker
NT-MDT Prima atomic force microscope (AFM). Transmission electron
microscopy (TEM) characterization were carried out on JEM 2100F
(JEOL) electron microscope. Ultrathin sections about 200 nm in thick-
ness of the samples were cut by an ultramicrotome Leica EMUC6 under
liquid nitrogen atmosphere. Scanning electron microscopy (SEM) of the
morphology of the film was carried out using ZEISS EVO 18 Special
Edition (Merlin, Carl Zeiss Jena, Germany) at 1000 x magnification. The
surface morphology of ionic PU after immersion was examined using a
three-dimensional optical profilometer (UP Dual Model, RTEC, USA).
The sample film was vacuum-dried at room temperature for 24 h and
placed on the platform of a contact angle measuring instrument (DSA25,
Kriiss Company, Germany). Deionized water was added dropwise onto
the film surface using a microsyringe. The shape of the droplet was
recorded using a camera and analyzed using software to obtain the
contact angle. The test was repeated at least three times for each sample.

2.7. Antifouling assay

After UV sterilization, all samples were cultured with FITC-BSA so-
lution (0.05 mg /mL) in the dark at 37 °C for 2 h. Afterward, the samples
were gently rinsed with PBS to remove unadhered proteins. Finally, the
adhesion of proteins on the surface were observed by fluorescent
inverted microscope (Olympus IX73). To further clarify the adhesion
level of FITC-BSA, ImageJ software was used to evaluate the relative
fluorescence intensity (RFI) results (setting the RFI of PU-SS to 100 %).

2.8. Antimicrobial activities

The antibacterial performance of ionic PU was measured using the
plate counting method [34]. The experimental bacteria were S. albus and
E. coli. The bacteria were inoculated in lysogeny broth and incubated
overnight under shaking at 37 °C and 150 rpm to reach the growth index
stage. The number of live bacteria in this bacterial solution should be (1
~ 5) x 10° CFU/mL. A bacterial suspension (100 puL) was dripped onto
the sample surface and then covered with the sterile polyethylene film
(2 x 2 cm?) to make the bacterial suspension evenly spread across the
surface. After incubation at 37 °C for 24 h, all samples were washed with
5 mL of sterilized PBS, and then the number of CFUs was counted. Each
colony determination test was repeated independently more than 3
times. For comparison, polyethylene film was used as the control group.

2.9. Cytotoxicity evaluation

To evaluate the cytotoxicity of PU-QDP3,1-SS elastomers on human
fibroblasts through MTT experiments [35], human dermal fibroblasts (3
x 10°) in 1 mL of DMEM supplemented with 10 % fetal bovine serum
were cultured in a 24-well plate for 72 h. The membrane was cut into 10
x 10 mm? squares and sterilized under a UV lamp for 30 min, and the
sample was immersed in 30 mL of PBS at pH 7.4 for 24 h to obtain the
leachate. Then, 20 pL leachate was added and cultured at 37 °C for 12,
24 and 48 h, respectively; 20 uL PBS with pH 7.4 was added in the
control group. Next, 100 pL of the MTT solution (5 g/L PBS) was added
to each well. After being placed at 37 °C for 4 h, 100 p L dimethyl
sulfoxide (DMSO) was added to each well, and the optical density (OD)
value at 490 nm was measured with a microplate reader (Spectra Max
M5, Molecular Devices, USA). All measurements were repeated three
times.

2.10. Sensing performance

The EPU-CNT film with a size of 10 mm x 30 mm x 0.5 mm was
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attached onto the finger or wrist of a volunteer. Copper tapes at both
ends of the film were used to connect the film with output metallic wires,
and commercial tapes were used to firmly fix the film with the finger/
wrist. As a result, the real-time electrical signal changes of this film
during stretching were recorded through the digital source table.

3. Results and discussion

3.1. Structural characterization of ionic PU and thermodynamic
properties

Fig. S1 presents the 'H NMR spectra of DP and QDP following the
quaternary ammonium reaction. The triplet peak at 2.50 ppm and the
quartet peak at 2.19 ppm were assigned to the methylene protons
directly attached to the nitrogen atom. After reacting DP with n-butyl
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bromide, the resonating protons for these methylene protons were
observed at 3.44 ppm due to increased electronegativity. The signals
corresponding to the methyl and methylene protons of the butyl groups
appeared in the range of 0.97-1.79 ppm. These results indicate the
successful transformation of QDP into a quaternary ammonium com-
pound. The structure of the ionic PU was analyzed using FTIR spec-
troscopy, as shown in Fig. 1a. Strong peaks were observed in the range of
1750 em™* and 1600 cm ™. Specifically, the peaks at 1718 cm ™! and
1633 cm ! were assigned to the carbonyl tensile vibration peaks of
nonhydrogen bond and disordered hydrogen bond carbamate bonds,
respectively. Additionally, the peaks at 1692 cm ™! and 1652 cm ™! were
attributed to the ordered and disordered hydrogen bond urea bond
carbonyl tensile vibration peaks (gray area), respectively [21,28].
Notably, no-NCO stretching vibration peak was observed near 2230
em™! (Fig. $2), indicating the complete depletion of the highly active
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Fig. 1. (a) FTIR spectra of the ionic noncovalent interaction-enhanced PU with dynamic aromatic disulfides. (b) Raman spectra of the PU samples. (c) XRD curves of
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isocyanate bond.

Based on the Raman spectrum in Fig. 1b, the absorption peak of the
S-S bond in PU-SS, PU-DP3,1-SS and PU-QDP3,1-SS was observed at 490
em™}, and the characteristic peak at 1083 cm ™! was C-S. However, the
PU-DP and PU-QDP samples did not show any evident characteristic
peak at 490 cm ! and 1083 cm ™}, indicating the successful introduction
of disulfide bonds in the polymers. The XPS spectrum of ionic PU, shown
in Fig. 1d and e, revealed that all PU samples were mainly composed of
C, N, and O elements, with corresponding binding energies appearing at
284, 400, and 532 eV, respectively. In comparison, the signals for Br3d
(~68 eV) were observed in PU-QDP3,1-SS and PU-QDP, while Sls
(~163 eV) appeared in PU-SS, PU-QDP3/1-SS, and PU-DP3,;-SS. In
Fig. 1f, the N1s peak of PU-QDP and PU-QDPj3,1-SS, which contained
quaternary ammonium ionic groups consisted of two components:
Nt—C (~402 eV) and N-C/N-H (~399 eV). However, the N1s peak of
PU-DP, PU-SS and PU-DP3,;-SS without quaternization only had N-C/
N-H (~399 eV). After quaternization, the electron cloud density of N
decreased, causing its binding energy to increase [36]. Therefore, based
on the above analysis, ionic PU was successfully synthesized. The
microphase separation, a structural characteristic of polyurethane, is
influenced by various factors and affects its performance. Atomic force
microscopy (AFM) was used to examine the microphase separation
morphology of ionic PU. Fig. 1g shows the presence of discontinuous
areas where bright (hard segments) and dark regions (soft segments) are
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observed, indicating the microphase separation of the soft and hard
segments of PU. The microphase separation in ionic PU is more pro-
nounced compared to PU-DP due to the formation of ion clusters and
aggregation of hard segments [37,38]. TEM was employed to further
investigate the microstructure of the ionic PU. Fig. 1h clearly shows the
presence of hard domains in the microphase separation of the mem-
brane. These dark regions are nanoclusters, while the bright regions
correspond to the soft segments where PTMG is located. In contrast, PU-
DP did not exhibit significant differences in brightness. The presence of
ion clusters promotes the formation of microphase separation, consis-
tent with the AFM results. The XRD pattern in Fig. 1lc indicates a
macroscopic homogeneous amorphous structure in ionic PU, resulting in
excellent transparency (Fig. 1i).

The storage modulus and loss factor (tan §) of various materials were
measured using DMA within different temperature ranges. In Fig. 2a, the
addition of ionic bonds increased the storage modulus of ionic PU. This
could be attributed to the enhanced interaction between chain segments
due to the presence of ionic bonds, which limited their mobility and
flexibility. For polytetrahydrofuran, the Tg of all samples was concen-
trated within the range of —69 °C to —65 °C. When the temperature
exceeded Tg, a significant decrease in the storage modulus was
observed, indicating the condition for shape memory [39]. Fig. 2b and ¢
depict the TGA curves of the ionic PU under a Ny atmosphere. The
starting decomposition temperatures (Tsy) of the PU-DP, PU-QDP and
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PU-SS samples were 392.4 °C, 399.1 °C and 373.6 °C, respectively.
These differences can be attributed to the heat resistance of the qua-
ternary ammonium groups in the polyurethane formulation (Table S2).
As the degree of [DP]/[AFD] (or [QDP]/[AFD]) increased from 2/2 to
3/1, the T giare values of PU-QDPx-SS were higher than those of the
corresponding PU-DPx-SS. The introduction of quaternary ammonium
led to improved thermal stabilities of the PU.

The viscous flow transition temperature of PU-SS was approximately
142 °C, as shown in Fig. 2d-f. However, for ionized PU-QDP, the viscous
flow transition temperature occurred at a lower temperature due to the
physical cross-linking effects produced by ion interactions. When the
system contained both aromatic disulfide and ion bonds, the viscous
flow transition temperature reached 92 °C, potentially due to the syn-
ergistic effect of the two dynamic bonds. From Fig. 2g and h, it can be
observed that a lower temperature correlated with a larger friction
within the molecular chain and a more difficult stress relaxation. Ac-
cording to the Maxwell model of viscoelastic fluids, the relaxation time
is defined as the time corresponding to the decay of the modulus to the
original value of 37 % (1/€) [40]. As shown in Fig. 2g and h and Fig. S3
show the relaxation times of PU-QDPj3,;-SS, PU-DP3,;-SS, PU-QDP5/5-SS
and PU-DP,/»-SS at 50 °C, which are 32 s, 51 s, 228 s and 312 s,
respectively. The relaxation time decreased with increasing ion content.
The relationship between the characteristic relaxation time (s) and
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temperature followed the Arrhenius formula. Fig. 2i and Fig. S4, display
the activation energies Ea of PU-QDP3,1-SS, PU-QDP; »-SS, PU-DP3/1-SS
and PU-DPy,»-SS calculated from the slope, which were 51.6, 89.9, 24.9
and 69.9 kJ/mol, respectively. A lower activation energy provided a
greater topological rearrangement and resulted in good healing perfor-
mance due to rapid exchange reactions.

3.2. Mechanical properties and self-healing behaviors

By introducing ionic bonds and aromatic disulfide bonds, a dynamic
double cross-linked structure was formed in PU-QDP-SS, resulting in
significant improvement in its mechanical properties. Fig. 3(a—c) illus-
trates that ionic PU exhibited higher tensile strength, elongation at
break, and toughness compared to nonionized PU. Among the variants,
PU-QDP3,1-SS demonstrated the highest elongation at break (1930 %),
tensile strength (39.9 MPa), and toughness (288.0 MPa). In an ionized
PU network, anions and cations interacted directionally within a specific
range, forming ion clusters of a certain scale. The strong polarity of ion
bonds facilitated the formation of microphase separation structures in
non-polar soft phases, while the physical crosslinking effect of hard
aggregates enhanced both tensile strength and stretchability. Addition-
ally, the incorporation of a small amount of rigid disulfide structure
increased spatial hindrance and further restricted the segmental
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Fig. 3. (a) Typical-stress—strain curves of ionic PU. (b) Tensile strength and breaking elongation. (c) Toughness. (d) Photographic images of PU-QDP3,1-SS puncture
resistance. (e) Tensile stress—strain curves of PU-QDP3,1-SS specimens under different deformation rates. (f) Comparison of tensile strength, elongation at break, and
toughness of PU-QDP3,1-SS with data from other literature. (g) Successive cyclic tensile behavior of PU-QDP3,,-SS at different strains. (h) Consecutive cyclic tensile

curves of PU-QDP3,,-SS at a strain of 400%. (i) Cyclic tensile energy loss value.
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movement of PU. This resulted in a more regular chain arrangement,
thereby enhancing the robustness of hard segments in the PU matrix. In
contrast, nonionized PU solely relied on polymer chain entanglement
and intermolecular hydrogen bonds between urethane and urea groups,
leading to insufficient mechanical strength due to the absence of hard
domains. A sample from the PU-QDP3,1-SS series demonstrated excel-
lent mechanical robustness, successfully resisting puncture from a
writing pen (Fig. 3d). The stress-strain behaviors of PU varied
depending on the frequency of stress transfer. When subjected to low
stretching speeds, PU molecular chains were able to unfold more easily,
thereby improving its stretchability. However, at high stretching rates,
the molecular chains of PU were unable to fully stretch within a short
period of time, resulting in chain aggregation and a significant increase
in modulus and tensile strength (Fig. 3e). Among several self-healing PU
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reported in [9,13,18,21,25,28,41-43], the tensile strength and tough-
ness values of ionic PU were particularly noteworthy (Fig. 3f).

Cyclic tensile tests were performed to investigate the deformation
recovery and recoverable energy dissipation capability. Fig. 3g illus-
trates the single cyclic stress—strain curves of PU-QDPs3,1-SS at various
strains (50 %, 100 %, 150 %, 250 %, 300 %, and 400 %) during the
successive tensile process. It is evident that the hysteresis loop becomes
more pronounced with increasing tensile strain. Furthermore, Fig. 3i
provides quantification results for the lag region. The energy dissipated
by the material increases from 0.01 to 2.54 MJ/m® as the deformation
(elongation) rises from 100 to 400 %. This indicates that PU-QDP3/1-SS
effectively dissipates strain energy resulting from the breaking of ionic
bonds, S-S bonds, and H-bonds during stretching-retraction cycles at
different strains. During the cyclic stretching process with a fixed strain

Hydrogen bonds

lonic bond

5 %
o®

Roua1duie suyeau-j)es

Fig. 4. (a) Digital images of the fracture-healing process of PU-QDP3,;-SS under an optical microscope. (b) Healed PU-QDPj3,1-SS sample stretched to ~500 %. (c)
Weighing the mass of PU-QDP3,1-SS with an electronic balance. (d) Photograph of the PU-QDP3,;-SS lifting a 5 kg dumbbell. (e) Stress-strain curves of the self-
healing PU-QDP3,,-SS under different healing times. (f) Healing efficiency of PU-QDP3,,-SS and PU-SS under different repair conditions. (g) Self-healing mecha-
nism. (h) Comparison of the self-healing efficiency, temperature and time of PU-QDP3,;-SS with other literature data.
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of 400 %, the energy dissipated in the 1st cycle was 2.89 MJ/m?, which
was four times higher than the dissipated energy in the 10th cycle (0.68
MJ/m?). This difference can be attributed to the partially unrecovered
dissociated dynamic bonds from the first cycle (Fig. 3h and i). After a
resting time of 30 min (Fig. 3h), the hysteresis loop of the PU-QDP3,;1-SS
almost returned to its original state, and the energy dissipated also
reached 94 % of the initial situation, demonstrating excellent elastic
restorability. This time-dependent self-recovery property primarily re-
lies on the reversible dissociation/reassociation of relatively weak H-
bonds, ion clusters, and S-S bonds in the dynamic hard domains.

To express the self-repairing behavior of our prepared samples more
intuitively, a pristine and a methyl red dyed PU film were respectively
cut into two pieces and then placed directly at 70 °C for a period of time
without any external force. After 24 h, the incision on the surface was
almost completely repaired (Fig. 4a). The healed sample exhibited a
certain level of tensile strength and elongation, capable of stretching up
to 5 times its own length (~2.5 cm) (Fig. 4b). Furthermore, a sample
weighing 0.2688 g could withstand a weight of 5 kg of dumbbells
without sustaining any damage (Fig. 4d). Additionally, its load-bearing
capacity was found to be 18,600 times its own weight (Fig. 4c).

The self-healing efficiency refers to the percentage of recovery to the
original sample. After being subjected to a temperature of 70 °C for 24 h,
the tensile strength and tensile rate of the sample showed a self-healing
efficiency of 87.8 % and 94.4 % respectively, as depicted in Fig. 4e and f.
This indicates that PU-QDP3,1-SS possesses a good self-healing ability.
Additionally, Fig. S5 demonstrates that reducing the temperature
significantly decreases the healing efficiency. For instance, when the
healing time was 24 h at 50 °C, the self-healing efficiency of the sample
was equivalent to that achieved by heating to 70 °C for 12 h. Further-
more, the self-healing efficiency of PU-QDPj3,1-SS is substantially higher
than that of PU-SS, as shown in Fig. 4f. Fig. 4g provides a schematic
diagram illustrating the self-healing process of PU-QDP3,;-SS samples.
The self-healing ionic PU sample primarily consists of ordinary
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hydrogen bonds, ion interactions, and aromatic disulfide bonds within
the main chain. When exposed to a temperature of 70 °C, the small-sized
anions and cations on the polymer chain are attracted to each other,
leading to diffusion at the interface. This local diffusion enhances the
overall segmental motion of the polymer chains. The rapid diffusion of
small-sized anions promotes the double decomposition reaction of di-
sulfide bonds, which is crucial for crack healing. However, the presence
of a single aromatic disulfide bond in PU-SS, which is locked in the hard
domain, affects the self-healing efficiency due to the tightly arranged
hard segments. Therefore, the self-healing performance of PU-QDPs3;-
SS is a result of the combined action of ionic bonds and disulfide bonds.
In comparison to experimental data in the literature, the self-healing
efficiency of ion elastomers was not particularly remarkable (Fig. 4h).
This can be attributed to the strong ion interactions and the structure of
the biphenyl ring, which hindered chain segment motion.

3.3. Shape memory properties

The storage modulus of the PU-QDP3,;-SS sample showed a signifi-
cant dependence on temperature. By disrupting the dynamic ionic and
disulfide bonds, the sample could rearrange its network topology,
leading to shape memory behavior under appropriate programming.
Fig. 5a provides a visual representation of the strong correlation be-
tween shape memory behavior and temperature. It is evident that a flat
sample can be gradually transformed into a cubic shape by heating it to
90 °C and then cooling it to room temperature. The stretching chain’s
limited relaxation allows for the maintenance of macroscopic defor-
mation at room temperature [2]. When subjected to additional heating
and cooling cycles, each deformed part of the sample exhibited simul-
taneous recovery to its initial state (Fig. 5a). However, the lack of con-
trol mechanisms for thermally induced shape memory processes has
significantly impeded their widespread application on a large scale. The
distinguishing feature of water-induced shape memory is the precise

(a)

(b)

I
T
PU-SS PU-DP PU-QDP3/1-SS

Fig. 5. (a) and (b) Photographs showing the shape memory behavior of PU-QDP3,;-SS in heat and water. (c) Water contact angle of PU-SS, PU-DP and PU-QDP3;-SS.
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control over the order of deformation, which introduces a control switch
in addition to the traditional heat-induced shape memory.

The original straight specimens PU-QDP3,;-SS were initially bent
into a temporary shape (Fig. 5b) at 90 °C and then cooled back to room
temperature (20 °C) to fix the shape. At room temperature, the shape of
the elastomer remained unchanged without any additional stimulation.
Subsequently, the deformed specimens were immersed in water (~5 °C)
to observe the water-induced shape recovery process. It was observed
that all the specimens could recover their original shape after being
immersed for more than 20 min. The excellent hydrophilicity of the ion
segment of ionic PU facilitated the quick absorption of water molecules
by PU in the aqueous environment. These absorbed water molecules
then participated in the hydration of ions. Consequently, with the

(a)

(b)

Water

il contaminants
L K4 %

tx;-\
s &

(=]
o
1

60 -

40

20

Relative fluorescence densi

[

=~

Chemical Engineering Journal 481 (2024) 148229

assistance of water molecules, both ionic and hydrogen bonds rapidly
dissociated, leading to the destruction of the hard phase and providing
the necessary structural conditions for the reconstruction of a new
temporary shape. Fig. 5c illustrates that the water contact angle of PU is
68°, which is lower than that of nonionized PU, indicating the contri-
bution of ions to the hydrophilicity of the material.

3.4. Self-cleaning characteristics

Ionic PU elastomers can be used as coatings to firmly bond with
substrates, such as glass and metal [44]. However, due to the hydro-
philic properties of ionic PU, it leads to a high surface energy and is
easily contaminated by substances with low surface energy, such as

Self -cleaning

56 pm

16 pm

(f). -
PU-SS PU-QDP,,-SS PU-QDP,,-SS PU-QDP - .

Fig. 6. (a) Schematic diagram of the self-cleaning of the PU-QDPj3,;-SS coating. (b) Digital photo of the separation process of castor oil in water by the PU-QDP3,,-SS
coating. (c) Digital photos of a glass plate adhering to castor oil in water. (d) 3D contour map of the PU-QDP3,;-SS membrane surface after soaking in water for 72 h.
(e) Relative fluorescence density of different types of ionic PU. (f) Fluorescence photos of BSA-FITC protein adsorption on different ionic PU sample surfaces. Scale

bar: 200 pm.
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various oil stains. Therefore, the antifouling performance of ionic PU
coatings is crucial in practical applications [23]. The self-cleaning per-
formance of PU-QDP3,1-SS was evaluated by conducting tests. Castor oil
was added dropwise onto a glass plate coated with ionic PU. When the
glass plate was submerged in water, the hydrophilic PU-QDP3,1-SS
coating surface quickly interacted with a layer of water molecules
(Fig. 6a and b). The oil stain on the glass plate formed a ball in the water,
gradually sliding off the ionic PU coating surface and floating in the
water, leaving a clean surface. In contrast, when the uncoated glass plate
was immersed in water, the oil stains remained on the surface and could
not be removed, leading to surface contamination (Fig. 6¢). SEM images,
microscope magnified views, and three-dimensional optical contour line
diagrams (Fig. 6d and Fig. S6) demonstrated that after 72 h of immersion
in water, the coating surface remained smooth and crack-free, exhibiting
excellent water stability. These findings indicate the potential applica-
tion of this coating in the field of antifouling coatings.

Fig. 6e and f present both qualitative and quantitative results of BSA-
FITC protein adsorption on the ionic PU surfaces. The stained protein
images (Fig. 6f) reveal a significant amount of green BSA-FITC protein
adsorbed on the surface of PU-SS. The adsorption capacity of BSA-FITC
protein decreases noticeably with the increase in ion bond content, and
fluorescence signals are barely observable on the surface of PU-QDP. By
using the fluorescence intensity of PU-SS as the baseline (100 %), the
relative fluorescence intensity of ionic PU was calculated (Fig. 6e). It can
be deduced that the relative absorbance of the PU-QDP surface is the
smallest (<1.3 %), indicating that the hydrophilicity of the substrate
surface effectively resists protein adsorption.

3.5. Recyclability, antimicrobial activity and cytotoxicity evaluation

Ionic PU offers the advantage of reconstructing network topology
through postprocessing techniques such as solvent-assisted recovery and
heat recovery. Fig. 7a demonstrates the process where the PU-QDP3,1-SS
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sample is cut into small pieces, rapidly dissolved in organic solvents
(such as THF and DMF) for 20 min, dried in a vacuum at 50 °C, and
finally transformed into the original transparent film, which can also be
recovered through heating. Additionally, Fig. 7b illustrates how the
ionic PU fragments acquire a heart shape when subjected to hot working
at 100°C. Cationic polymers possess broad-spectrum bactericidal prop-
erties and do not exhibit bacterial resistance. The antibacterial mecha-
nism of these polymers can be summarized as follows: firstly, cationic
polymers adhere to the negatively charged cell membrane of bacteria
through electrostatic interactions. Secondly, the hydrophobic alkyl
chains of the polymers are inserted into the lipid layer of the bacterial
membranes, resulting in leakage of the cytoplasm and subsequent bac-
terial death [45]. The antibacterial activity of ionic PUs was studied
using the plate counting method. Fig. 7b and c show the antibacterial
rates of the raw and recycled elastomer films. The antibacterial rate was
calculated by Eq. (1):

CFU(control) — CFU (sample)

100
CFU(control) X

Antibacterial rate (%) = (€D)

The study found that the ionized PU (PU-QDP-SS series) exhibited
antibacterial properties, with antibacterial rates of 98.36 % and 99.93 %
against E. coli and S. albus, respectively. The antibacterial rate of recy-
cled PU-QDP3,1-SS against the two types of bacteria did not show sig-
nificant change. The distribution of quaternary ammonium cations on
the polymer remained unaffected by the recovery process of the anti-
bacterial elastomer through thermoforming, indicating that its anti-
bacterial performance was not compromised. Furthermore, the
structural differences between E. coli and S. albus led to the cell mem-
brane of S. albus being more susceptible to damage caused by cation
charge interference, resulting in higher antibacterial activity of the
elastomers against S. albus compared to E. coli [46].

Electrospinning is a fiber preparation technology known for its

(b)120

E.coli
S.albus

Antibacterial rate %

vl

PU-QDP3/1-SS
(original)

PU-QDP3/1-SS
(recycle)

Fig. 7. (a). Process for recycling the PU-QDP3,1-SS elastomer, where the elastomer was cut into pieces and dissolved in DMF and then cast into a cat claw shape. (b)
Antibacterial rate of the original and recycled PU-QDP3,1-SS samples. Illustration: chopped PU-QDPs3/1-SS and thermoplasticized it into a heart shape at 100 °C. (c)
Plate photos of the antibacterial efficiency and bacterial colony count determined by the plate counting method. (d) Schematic diagram of PU-QDPj3,,-SS electro-

spinning. (e-g) SEM images and digital photo of the electrospun film.
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simple process and high repeatability. In this study, the processability of
PU-QDP3,1-SS was investigated using electrospinning technology
(Fig. 7d). The morphology and digital photo of the electrospun PU film
were observed through SEM, as depicted in Fig. 7e-g. The fiber size was
uniformly distributed without any defects, and the electrospun fiber
membrane exhibited a smooth surface morphology. Our research high-
lights the potential applications of ionic PUs in various fields, particu-
larly in the biomedical sector.

Calculate the relative growth rate (RGRs) of dermal fibroblasts based
on the 490 nm OD value obtained by the MTT assay to evaluate the
cytotoxicity of ionic PU. The RGR values for PU-SS, PU-DP3,1-SS, and
PU-QDP3,1-SS membranes were determined to be 92 %, 92 %, and 88 %,
respectively. These results indicate that the synthesized ionic PU
membranes exhibit low cytotoxicity (Fig. 8a and Table S3). The
morphology of normal fibroblasts stained with the live/dead kit after 48
h is depicted in Fig. 8b and c. All cells exhibited strong green fluores-
cence signals, and the fibroblasts displayed the typical fusiform (diffu-
sion) morphology. These findings confirm that the ionic PU membranes
do not generate cytotoxic byproducts. E. coli was chosen as the model
microorganism to demonstrate the contact antibacterial properties of
the ionic PU membrane using the inhibition zone method. A sterilized
PU-QDP3,1-SS (with a diameter of 20 mm) was placed on an agar plate
containing the E. coli strain (at a concentration of 10° CFUs/mL) and
then incubated at 37 °C for 24 h. As depicted in Fig. 8d, no inhibition
zone was observed around the PU films, indicating that antimicrobial
properties required direct contact between the biocidal surface and
microorganisms. Since the quaternary ammonium was attached to the
PU systems through reactions, there was no release of antimicrobial
agents. Without the release of antimicrobial agents, these films could
prevent contamination of the environment and long-term antibacterial
activity. The surface zeta potential of the membrane (Fig. 8e) revealed
that PU-QDP3,1-SS had a positive charge on its surface, but these cations
did not leach out. Thus, these films exhibited both surface antibacterial
properties and good biocompatibility.

100 pm
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3.6. Sensing performance

Due to its unique mechanical and self-healing properties, the self-
healing ionic PU can be used as a flexible conductive substrate or as a
composite material with conductive materials for flexible wearable
electronic devices and human motion detection [47-49]. A flexible
stretchable strain sensor based on ionic PU was obtained by spraying
CNTs-COOH as conductive fillers on the surface of EPU-QDPj3,1-SS
(Fig. 9a). The electrospun ionic PU frameworks in Fig. 9-b1 exhibited
smooth surfaces and similar diameters, forming different pore sizes.
When CNTs precipitated onto the surface of the porous framework, they
densely stacked and connected to create a network, establishing a
continuous conductive pathway for current transmission (Fig. 9-b2 and
b3). Additionally, the fiber mesh structure of the sensor contributed to
its excellent sensing performance, enabling high sensitivity (gauge fac-
tor (GF)) over a wide strain range. Fig. S7 demonstrates that EPU-CNT
acted as a wire to light up LED bulbs. Notably, the CNTs-COOH
formed ion interactions with the ionic PU, significantly enhancing the
interfacial adhesion between the two materials. The study investigated
the self-healing behavior of CNTs as conductive fillers on the surface of
ionic PU films. Initially, the resistance of the original sample was
measured as 1.0 K Q using a multimeter (Fig. 9c, original sample). To
assess the impact of damage, a cut mark was made on the EPU-CNT
conductive film using a razor blade, resulting in the disconnection of
CNTs on both sides of the cut. This led to a reading of O on the electricity
meter, indicating the loss of conductivity in the EPU-CNT conductive
film (Fig. 9c, the sample with a cut mark). However, when the damaged
film was allowed to heal at room temperature for 10 s and 1 min, the
resistance value gradually approached the initial value, suggesting a
recovery of conductivity. Fig. 9d illustrates that the resistance-time
curve exhibited a sharp increase in the peak value when the EPU-CNT
film had a cut mark, indicating a discontinuity in the circuit trans-
mission of the separated part. Conversely, when the separated parts
came into contact again, the transmission path was reconstructed,

l_’U-QDF';m-SS

D/E{

PU-SS PUDP PU-QDP,,-SS PU-QDP,,-SS

Fig. 8. (a) Relative growth rate (RGR %) of the fibroblasts cultured in the extracted leachate of PU-QDP3,;-SS. (b) Morphology under a microscope of the cells
cultivated after 48 h (c) Microscopic enlarged view of the spindle-forming fibroblasts. (d) Inhibition zones of the PU-QDP3,,-SS films against E. coli. (e) Surface zeta

potential of ionic PU.
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Fig. 9. (a) Preparation process of EPU-CNT flexible composite materials. (b) SEM images of electrospun ion PU and EPU-CNT. (c) Measurement of the resistance of
the EPU-CNT composite flexible sensor with a multimeter in the initial state, state with a cut mark, and state when healing at room temperature for 10 s and 1 min.
(d) Electrical resistance changes of EPU-CNT during the cut-reconnection. (e) Change rate of relative resistance when detecting the bending motion of the human
index finger. (f) Change rate of relative resistance when detecting the bending motion of the human wrist. (g) Response stability of the strain sensor at a constant

strain of 50 % for 1000 cycles.

demonstrating the restoration of conductivity in the EPU-CNT
membrane.

The changes in the relative resistance of flexible sensors within the
tensile strain range of 0-400 % AR/Rg and GF values are depicted in
Fig. S8. The stretching process can be divided into two strain regions:
0-200 % and 200-400 %. The corresponding GFs for these regions are
7.52 and 4.31, respectively. As the strain amplitude increases, the slope
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of the curve decreases and GF decreases, indicating an increase in
resistance during the stretching process. Fig. 9e and f demonstrate the
sensor’s response to different bending angles of the fingers and wrists. In
addition, AR/Ry increased with increasing bending angle. The results
illustrated that the strain sensor based on EPU-CNT has high sensitivity
in a wide sensing range. Stability is another important parameter for
strain sensors, and the response stability of the strain sensor was
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evaluated by continuously monitoring the resistance change under
constant deformation for 1000 cycles. The results displayed a uniform
response curve waveform for each deformation, as shown in Fig. 9g,
indicating that the sensor exhibited good stable strain response. Overall,
real-time monitoring of AR/Ry changes was achieved with accuracy,
highlighting the potential of EPU-CNT as a sensitive self-repairing
wearable strain sensor for monitoring various human activities.

4. Conclusions

In this study, a self-healing ionic PU with ionic bonds and an aro-
matic disulfide structure was synthesized. The formation of ion clusters
through the aggregation of anions and cations resulted in physical cross-
linking networks. The combination of these ion clusters and dynamic
aromatic disulfide bonds effectively addressed the trade-off between
mechanical robustness and healing efficiency. Compared to PU without
cationic noncovalent interactions, the PU-QDPx-SS exhibited a high
decomposition temperature and demonstrated high tensile strength
(39.9 + 4.4 MPa), elongation at break (1930 + 345 %), and toughness
(288 + 48.4 MPa). The self-healing efficiency of the PU-QDP3,1-SS after
24 h reached 94.4 %. Furthermore, biological experiments showed that
even the recovered PU-QDP3/1-SS samples exhibited excellent contact
killing and antibacterial activity. The quaternary ammonium attached to
the PU system through a reaction and did not release antibacterial
agents, ensuring good biocompatibility. The presence of ionic bonds also
demonstrated the water-induced shape memory ability of the ionic PU,
which, due to its high hydration ability resulting from hydrophilicity,
also exhibited self-cleaning ability as a coating material. Finally, the
study explored the practical application of composite films assembled
using CNTs-COOH as conductive materials and EPU-QDP3,;-SS as sub-
strates in flexible wearable strain sensors. This research presents a novel
approach for designing flexible, multifunctional, high-strength, and
high-toughness elastomers.
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ABSTRACT: Direct observation by the naked eye of fluorescence-

stained microbes adsorbed on surface imprinted polymers (SIPs) is @
highly challenging and limited by speed, accuracy and the -
semiquantitative nature of the method. In this study, we tested ¢ —
for the presence of spores of Fusarium oxysporum f. sp. cubense race
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reduces the area of banana plants. This kind of spore can become 1
dormant in soil, which means that the detection of secreted
molecules (molecular imprinting) in soil may be inaccurate;
detection methods such as polymerase chain reaction (PCR) and
Raman spectroscopy are more accurate but time-consuming and
inconvenient. Therefore, a semiquantitative and rapid SIP detection
method for Foc4 was proposed. Based on the ITO conductive layer,
a reusable and naked-eye-detectable Foc4-PDMS SIP film was prepared with a site density of approximately 9000 mm 2. Adsorption
experiments showed that when the Foc4 spore concentration was between 10* to 107 CFU/mL, the number of Foc4 spores adsorbed
and the fluorescence intensity were strongly correlated with the concentration and could be fully distinguished by the naked eye after
fluorescence staining. Adsorption tests on other microbes showed that the SIP film completely recognized only the Foc series. All the
results were highly consistent with the naked-eye observations after fluorescence staining, and the results of the Foc4-infected soil
experiment were also close to the ideal situation. Taken together, these results showed that Foc4-PDMS SIPs have the ability to
rapidly and semiquantitatively detect the concentration of Foc in soil, which can provide good support for banana cultivation. This
method also has potential applications in the detection of other fungal diseases.
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1. INTRODUCTION

In the past few decades, due to the development of material
and biochemical science and technology, related detection
technologies for small molecules, macromolecules, viruses, and
microbes have rapidly developed.'™ In these studies,
imprinted polymers (IPs), including molecular imprinted
polymers (MIPs) and surface imprinted polymers (SIPs),
which simulate antigen—antibody binding effects, serve as on-
site rapid detection materials with simple sensing capabilities.'’

Fusarium oxysporum . sp. cubense (Foc) is a plant fungus that
causes banana Fusarium wilt disease in vast regions of the
world and is capable of long-term dormancy; in particular, race
1 (Focl) and race 4 (Foc4) of the Foc series pose great harm.""
Banana fusarium wilt disease caused by Foc4 and Focl is a
devastating disease faced by the banana industry worldwide,
but suitable disease-resistant varieties and effective treatment
measures for this disease are lacking. Therefore, it is
particularly important to use rapid and accurate detection
techniques for banana fusarium wilt to identify pathogenic
fungi and control the spread of this disease. On the other hand,
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banana Fusarium wilt disease has also led to a large number of
abandoned banana fields and a continuous reduction in banana
planting areas. Studies have shown that the number of
pathogenic fungi in the soil is positively correlated with
disease severity. Therefore, timely detection of the amount of
Foc in the soil is highly important for banana field replanting.
The current mainstream detection methods for fungal spores
are coating plates, polymerase chain reaction (PCR), and
spectral analysis.'>'® For the detection of Foc, the coating plate
wastes much time and high-end manpower; PCR technology is
the most common technology, but due to cross contamination
and incorrect nucleic acid sequences (DNA and RNA),'* it is
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Figure 1. Complete process of preparation, adsorption, and detection of the Foc4-PDMS SIP film.

not completely reliable, and Raman spectroscopy instruments
are very expensive and inconvenient to carry, which means that
a new method must be proposed, and imprinting technology,
especially IP, is much more suitable for the above conditions.
Therefore, to quickly obtain reliable detection data on site, the
use of MIPs to detect small molecules secreted by Foc with the
naked eye has been considered.'” However, Compared with
hyphae, Foc spore secretes a limited amount of small molecules
in specific environments, and in most cases, it only undergoes
normal metabolism and even directly enters a dormant state,
which results in a minimum metabolic rate;'" this makes the
detection of small molecules such as fusaric acid (FA) based on
MIP ineffective, and without PCR, the detection of secreted
proteins such as those secreted in xylem protein (SIX) is also
considered difficult.'® Inexpensive SIPs usually allow for rapid
microbe detection,'” which means that SIPs are more suitable
for detecting Foc spores than MIPs; therefore, the preparation
of whole-cell SIPs and the establishment of good detection
methods are absolute priorities.

The preparation of Foc4-PDMS SIPs and related detection
methods face daunting challenges, which mainly include (1)
the dispersion of microbial sedimentary layers, (2) changes in
the size of imprinted sites caused by the death and dehydration
of microbes during the preparation of SIP, (3) surface
recognition efficiency and recognition accuracy, (4) rapid
detection and sensing, especially by the naked eye, and (S) the
reusability of thin smooth films."®

Many strategies have been designed to address these issues.
In the initial research, a large number of scholars used
glutaraldehyde to fix cells and sizes of imprint sites and then
measured the adsorption capacity of imprinted polymers by
using QCM.""™*" The application of conductive electro-
chemical cell SIPs enables rapid preparation, and impedance
is subsequently used to detect microbial suspensions, which
greatly increases the detection efficiency.”” ** Zhu et al.”
improved the preparation of electrochemical SIPs and obtained
electrodes with surface-grafted quaternary ammonium salt-
imprinted polymers, which had a detection limit as low as 2
CFU/mL for Escherichia coli and Staphylococcus albus. More
detection methods, such as PDMS microfluidic chip sensing”®
and heat transfer,”” ">’ are being explored. Ren and Zare™
reported that when a modified surface is more lipophilic, more
microorganisms can be adsorbed. Gennaro et al.’’ used
electrostatic relaxation technology on adsorbed brewing
yeast, indicating that in addition to surface geometric
information, deeper surface information is transferred to the
imprinted polymer film layer, which explains the enhanced
adhesion of yeast under the action of imprinted polymers’"
and explains why surface imprinted polymers can distinguish
ABO blood groups.®” Fluorescence staining is a good auxiliary
method that is sometimes used to assist in impedance
detection and heat transfer detection,®*** and faster on-site

detection has also been achieved via this method. Dulay et al.*®

labeled E. coli with fluorescent proteins, and the number of
effectively recognized E. coli on the imprinted membranes was
determined. Gao et al.*® used AO/EB fluorescent dyes to stain
tumor cells on the imprinted polymer with antibodies and
achieved efficient capture of tumor cells. Bezdekova et al.’’
used magnetic MIP to adsorb S. aureus in the milk samples,
and the detection limit is approximately 10> CFU/mL.

As mentioned above, most of the Foc4 would be in the state
of dormant spores due to the lacking of nutrients and host in
real-world soil. This study was guided by rapid on-site naked-
eye detection, without any host, the extremely inactive fungus
F. oxysporum {. sp. cubense race 4 (Foc4) which spores could be
in dormant state for long was selected for imprinting and
detection. This kind of spore easily aggregates,”® which is
inconsistent with bacteria and single-cell biological spores.”"*
This study applied direct voltage to achieve high density and
uniform dispersion to facilitate the preparation of SIPs and
enhanced recognition by applying a higher voltage. A
fluorescent agent that can strongly stain F. oxysporum is
used, and solid fluorescence is used for detection to evaluate
the actual effectiveness of fluorescence detection by the naked

40
eye.

2. EXPERIMENTAL SECTION

2.1. Design Strategy for the Foc4-PDMS SIP Film. The core
idea of this work is to use the good spreadability of the prepolymer
and the flexibility of PDMS to prepare a relatively flat Foc4-PDMS
surface-imprinted polymer layer on a conductive and transparent ITO
layer that has been plated on a glass substrate to facilitate the
observation of the electrostatic adsorption process of spores on the
SIP film under an optical microscope and to collect real-time
adsorption statistics. The entire process is shown in Figure 1. The
preparation processes for the other fungal SIP films (changing Foc4 to
other fungi and changing the deposition time) and NIP films (without
deposition) were nearly the same as those for the Foc4-PDMS SIP
film.

2.2. Materials. ITO layered glass (0.2 ym, 32 Q) was obtain from
Luoyang Guluo (China), SYLGARD 184 was obtained from Dow
Corning (Midland), F. oxysporum f. sp. cubense race 4. (Foc4), F.
oxysporum f. sp. cubense race 1. (Focl), F. oxysporum f. sp. benincasae
(Fob), E. coli (E. coli), and Staphylococcus albus (S. albus) were
obtained from South China Agricultural University, Saccharomyces
was bought from Angel Yeast Co. Ltd. (China), and n-pentane,
CaCl,, NaCl, NaOH, benzyldimethyldodecylammonium chloride
(DDBAC), and Calcofluor White M2R (Fluorescent Brightener 28,
FB-28) were obtained from Macklin (Shanghai, China). All chemicals
were of analytical grade and used as received.

2.3. Characterization. The characterization instruments used
included an optical microscope (XDS200-PH, Phenix Optics, China),
a scanning electron microscope (SEM, EVO-18, Zeiss, German), a
fluorescence spectrophotometer with a solid holder (F-2700, Hitachi,
Japan), a microplate reader (Wellscan Mk3, Thermo Labsystems),
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Figure 2. Diagram of the device for Foc spore electrodeposition detection (unit: mm).

and a three-dimensional (3D) surface profile instrument (RETC UP
Dual Model, RETC).

2.4. Preparation of the Foc4 Spore Suspension and other
Microbe Suspensions. Foc4, Focl, Fob, and Staphylococcus were
flushed from solid media to a CaCl, solution (0.01 M, pH 7.0) to
prepare suspensions, which were then manually counted after dilution
to obtain accurate concentrations. E. coli was removed from the liquid
culture medium directly to prepare a suspension, and a microplate
reader was used to determine its concentration. Finally, all the
suspensions were sealed at 6 °C for future use.

2.5. Preparation of the Foc4 Spore Stamp. Foc4 spore
suspension (1 X 10° mL™", 15 uL. To be consistent with other papers,
all mL™! units in this study were written as CFU/mL), and sterile
CaCl, solution (0.01 M, 385 uL) was mixed in a sterile centrifuge
tube until the prominent uneven white turbidity disappeared. Then,
all the well-mixed liquid was carefully transferred to a special tungsten
model whose bottom was protected by PDMS on an ITO layer of
glass to prevent any damage to the ITO layer and provide insulation
protection. Afterward, a 3 V direct current was applied for 60 min, the
negative electrode was set on the tungsten model, and the positive
electrode was set on the ITO layer. Then, the direct current, the
tungsten model, and all the liquid on the ITO layer were removed,
and the ITO layer was washed with ultrapure water with a slow
current for 2 min to clean the Foc4 spore layer. Finally, the ITO layer
with the Foc4 spore layer on glass was dried without dust or other
microbes for 30 min. The white transparent layer, which was
subsequently plated on glass, was the Foc4 spore stamp, and all steps
were carried out at 25 °C.

2.6. Preparation of the Foc4-PDMS Surface Imprinted
Polymer Film (Foc4-PDMS SIP Film, SIP Film) and PDMS
Nonimprinted Polymer Film (NIP Film). Components A and B of
SYGARD 184 were well mixed at a mass ratio of 10:1 as the
prepolymer mixture (prepolymer), and then the mixture was
vacuumed at room temperature for 10 min. After the prepolymer
was placed at — 18 °C for 60 min to ensure that the polymerization
activity of the prepolymer was minimized, a pipet was used to
accurately aspirate 3.0 yL of the prepolymer and carefully drop it on
another clean ITO layer. Then, this ITO layer with the mixture was
placed in a clean environment for 15 min to allow the mixture to have
full contact with the ITO surface for subsequent operations. With the
two pieces of ITO layered glass placing contactless cross, the mixture
was scrupulously covered with the well-prepared Foc4 spore stamp.
After all the area between the two pieces of ITO layered glass was
filled with the mixture, the ITO-mixture-Foc-ITO sandwich was
placed in an environment at 85 °C for 12 h. Finally, the two pieces of
ITO glass were separated, and the piece of ITO layered glass with the
PDMS film was the final detection piece with the Foc4-PDMS SIP
film. In addition to the use of a clean ITO layer instead of a Foc4
spore stamp, the preparation steps for the NIP film were the same as
those for the SIP film.

2.7. Establishment of the Foc Spore Electrodeposition
Detection Device. Inspired by a thermal transport sensor,”” a Foc
spore electrodeposition detection device composed of a glass gasket,
ITO glass, Foc4-PDMS SIP film, tungsten ring, microbe suspension,
polyurethane spacer (insulator), and a downward steady electric field
on SIP film was developed. The self-established device with the
detection area is shown in Figure 2.

2.8. Adsorption and Detection. In a conventional adsorption
experiment at 25 °C, 15 uL of NaCl solution (0.1 M, pH 7.0) and 50

HL of Foc4 spore suspension were mixed uniformly first, and then the
mixture was added to the detection area of the SIP film, and an
approximately 1.88 V/um (32 V/17 ym) downward electric field was
applied to adsorb the Foc4 spores. After 60 min of adsorption, the
remaining suspension, tungsten ring, and electric field were removed,
and the SIP film was washed with ultrapure water under slow flow for
2 min to remove the nonadsorbed Foc4 spores. Then, the SIP film
with adsorbed Foc4 spores was completely dried in a clean
environment. Similar methods will also be used for the adsorption
of other microbes for comparison. After adsorption, 50—100 uL of
staining solution containing FB-28 and NaOH (1 g/L FB-28, pH =
12.0) was added to the detection area of the SIP film with adsorbed
Foc4 spores, and a piece of sterile cover glass was immediately added
to the SIP film to provide the staining solution. After the entire system
was put in a dark environment and dyed for 2 min, the cover glass was
peeled, and the SIP film was washed with ultrapure water under slow
flow for 2 min. Then, all the liquid attached to the SIP film was
removed. Then, solid-state fluorescence was used to detect the
fluorescence intensity of the detection area with adsorbed Foc4 spores
on the SIP film, and an ultraviolet lamp with a 365 nm wavelength
was used for illumination in a dark environment to take photos and
observe the sample with the naked eye. The detection and adsorption
processes of the other microbes and SIP film were the same as those
of Foc. All adsorption experiments were repeated 3 times.

2.9. Detection of Foc in Soil. After mixing 1 g of sterilized dry
soil with 1 mL of a 10° CFU/mL Foc4 spore suspension and leaching
with a 20 pum metal filter 3 times, as shown in Figure 3, filtrates with

leach
3times /¢

. Foc4 suspension
+#: Dry soil
. Leachate

TIT7

Figure 3. Processing of Foc4-soil leachate.

fill filter with wet soil

gradient suspension

configuration (CFU/mL)

spore concentrations ranging from 10° to 10" CFU/mL were prepared
after counting and adjusting the concentration of the sterile soil
extract. The adsorption and detection processes were the same as in
Section 2.8.

2.10. Reuse Experiments. The deposited layer was reused after
demolding, the ITO layer was reused after thoroughly cleaning the
deposited layer by ultrasonication, and the Foc4-PDMS SIPs were
reused after ultrasonic cleaning. The remaining operating steps were
the same as those described in Section 2.8.

3. RESULTS AND DISCUSSION

3.1. Statistics of Foc4 Spore Number Density on the
Deposited Layer. When the Foc4 spores were deposited, the
real-time number density, which varied with time, was

33184 https://doi.org/10.1021/acsami.4c06275
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Figure 4. (a) Relationships between Foc4 spore number density and deposition ratio, voltage, and deposition time; (b) Foc4 spores deposited at 3
V for 60 min; (c) Foc4 spores deposited at 3 V for 90 min; (d) Foc4 spores deposited at 3 V for 120 min; (e) Foc4 spores deposited at 3 V for 240

min; (f) Foc4 spores deposited at 120 min without electricity.

determined under an optical microscope by taking micro-
graphs after washing, and the dispersity of the Foc4 spores
could be observed at the same time. To avoid spore death
caused by electrochemical reactions, according to eqs 1-3,
with a 0.01 mol/L CaCl, solution, the lowest voltage at which
the reaction begins was 1.54 V in theory, and a pre-experiment
indicated that the iron sheet and stainless-steel sheet were all
corroded under this voltage. Considering that the pre-
experiment of the ITO layer in which the surface potential
(E;) cannot be ignored, the reaction began at 3.05 V.

2H,0 + 2¢” = H, 1 +20H E{ o, (1)

ClO™ + 2e” + H,0 = CI” + 20H E§y /o (2)

2RT -
E = (ESZO/HZ - ESO_/CI_) - n_Fln[Cl ] + EC (3)

The statistical data of the deposition voltage at 3.0 and 1.5V
under the same view area (0.0552 mm?), which included 3
layers per deposition time from 30 to 240 min, are shown in
Figure 4a. According to this figure, for deposition, the 3.0 V
voltage was better than the 1.5 V voltage, and the number
density of Foc4 spores increased rapidly first and then
increased slowly until it tended to nearly stabilize, which
indicated that the best deposition time was between 120 and
240 min, when the number density under 3.0 V of Foc4 spores
was between 5500 and 6500 CFU/mm?* The micrographs
shown in Figure 4b—e, which included different deposition
times of 60 min, 90, 120 and 240 min, indicated that excessive
electrodeposition time led to Foc4 spore germination. The
abovementioned phenomena implied that the best deposition
time was approximately 120 min.

Compared with the layer deposited without electricity for
120 min, as shown in Figure 4f, the layer deposited with
electricity, as shown in Figure 4d, could significantly disperse
Foc4 spores. Due to the presence of well-dispersed spores, the

subsequent use of a Foc4 spore surface imprinting polymer,
which is sensitive to the shape of a single spore, was
convenient. The deposition methods used are shown in
Table S1.

3.2. Characterization of the Foc4-PDMS SIP Film. After
solvent-free film formation with quantitative plating, as shown
in Figure S1, the two pieces of ITO glass were cured and
separated, and Fourier-transform infrared (FT-IR) was used to
ensure that the prepolymer fully reacted. After an electronic
microgauge was used to approximately measure the thickness
of the film, SEM and optical microscopy were used to obtain
micrographs to determine the thickness three times, as shown
in Figure Sa,b. Figure Sc shows the NIP film. And at the same
time, imprinting sites could also be observed, as shown in
Figure Sd—e. Compared with Figure 5f, which shows the SIP
film, and Figure 5g, which shows the stamp before the SIP film,
the consistency between the positions of the imprinting sites
on the SIP film and the positions of the spores on the stamp
indicated that the positions of the spores did not change
during the preparation of the SIP film. The 3D surface profiling
images shown in Figure Sh,i, which also implied that the sizes
of the imprinting sites were nearly the same as those of single
spores, and the surface density of the imprinted site was 9000
+ 500 mm~2, as shown in Figure S2.

3.3. Adsorption and Detection of Foc4 Spores. Due to
the negative charge on the spore surface, the spores could be
better deposited by applying a voltage. When the device was
used to adsorb Foc4 spores, the adsorption curves shown in
Figure 6a,b indicated that the optimal adsorption time was
greater than 45 min. Note that in Figure 6b, the adsorption
efficiency (17), which was calculated by eq 4, changed sharply
when the adsorption time was between 20 and 40 min,
possibly because of the permeation of ions in the film, which
reduced the resistance to the appropriate value.
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Figure S. (a) SEM image of the film with a thickness of 17 ym; (b) optical microscopy image of the film with a thickness of 17 ym; (c) SEM image
of the NIP film; (d) SEM image of the Foc4-PMDS SIP film; (e) optical microscopy image of the Foc4-PMDS SIP film; (f) marking area before
imprinting (stamp); (g) marking area after imprinting (film); (h) 3D surface profiling image of the Foc4-PMDS SIP film; (i) site size.

view number after washing
n= X 100%
view number before washing (4)

After converting the number of Foc4 spores in the view area
(10*~2 x 10° CFU/mL: 0.37775 mm?% 10’~2 X 10’ CFU/
mL: 0.055224 mm?) to the number of Foc4 spores per unit
area (CFU/mm?), the relationship between the adsorption
number/adsorption efliciency and concentration of the Foc4
suspension was determined, as shown in Figure 6c, and the
results demonstrated that the optimal concentration for
detection seemed to be between 10° and 10’ CFU/mL.
However, Figure 6d—f, which represent the excitation
spectrum, emission spectrum and fit curve of the maximum
light intensity (420 nm), respectively, showed that after
fluorescence staining and analysis of the fluorescence intensity,
the absolute degree of deviation from the fluorescence
intensity fit curve was much smaller than that of the
microscopic statistics fit curve at a spore concentration of
10* CFU/mL. Based on this phenomenon, we believe that the
statistics are imprecise because an insufficient view area cannot
reflect the real distribution of extremely few Foc4 spores with
poor distribution on a small scale, which means that the lower
detection limit of this method is between 10° and 10* CFU/

mL, and the upper detection limit is between 107 and 2 X 107
CFU/mL.

In addition to the above results, photos taken by the camera
(as shown in Figure 7a—e) strongly indicated that the best
detection interval for the naked eye was 10* to 10’ CFU/mL.
Long-term tracking by optical microscopy and SEM was
subsequently used to prove the effective adsorption of the Foc4
spores. The adsorption process was successfully tracked
(photos are shown in Figure 7f—i, and a video of the
adsorption process is shown in Videos S1 and S2), and a static
adsorption photo (SIP film produced with 0.1 wt % n-
pentane), as shown in Figure 7j, was also obtained. These
results well illustrated that Foc4 spores were indeed adsorbed
on the SIP film effectively.

3.4. Immunity and Selectivity of the Foc4-PDMS SIP
Film. To compare the adsorption effects of other microbes
with those of Foc4, Focl, Fob, E. coli and S. albus, a
concentration of 10’ CFU/mL was chosen. The statistical
results and optical microscopy images of Foc4, Focl, and Fob
shown in Figure 8a—c indicate that the recognition of the Foc4-
PDMS SIP film was likely based on the morphology of the
imprint sites. The ratios of the overlap length and width of the
same interval for these three kinds of microbes are shown in
Figure S3, and the adsorption ratio (k) was calculated
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Figure 6. (a) Spore number density of Foc4 at different concentrations at the same adsorption time; (b) Spore adsorption efficiency of Foc4 at
different adsorption times at the same concentrations; (c) Spore adsorption efficiency and number density of Foc4 at different concentrations after
adsorbing for 60 min; (d) Excitation spectrum after adsorbing for 60 min; (e) Emission spectrum after adsorbing for 60 min; (f) Maximum

intensity after adsorbing for 60 min.
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Figure 7. (a—d) Photos taken by camera (naked eye observed) with different Foc4 spore concentrations; (e) cubic-interpolated light intensity color
bar at 420 nm emission; (f—i) adsorption process; (j) static adsorption on film produced with 0.1 wt % n-pentane.

according to eq S, while the 7 of eq S was calculated according
to eq 4. All the statistical data were combined and calculated
via eqs 4 and 5, the value of k for Foc4 and Fob was 9.88%
(7.34—11.36%), while that for Foc4 and Focl was approx-
imately 100%, which confirmed that the recognition of the
Foc4-PDMS SIP film was based on the morphology of the
imprint sites. Furthermore, the abovementioned phenomena
and data indicated that the Foc4-PDMS SIP film was not able
to distinguish between Foc4 and Focl; however, considering
that Focl is also the main pathogenic fungus of banana
Fusarium wilt disease and that the difference in virulence

between Focl and Foc4 is not significant, recognition was still
considered effective.

L= n(another microbe) % 100%

n(Foc4) )

Then, all the chosen microbes were adsorbed via the same
methods first and tested via solid-state fluorescence. Figure 8d
shows the maximum intensity of the different microbes, which
was used to verify the identification mechanism of the Foc4-
PDMS SIP film.

33187 https://doi.org/10.1021/acsami.4c06275
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Figure 9. (a) Solid-state fluorescence intensity of NIPs, SIPs (first SIP), and reimprint SIPs (second SIP); (b) ratio of the effective area of the ITO
layer when reusing; (c) solid-state fluorescence intensity with different reuse times of SIPs.

To verify the detection sensitivity of the film layer in real similar to the identification of dead Foc4 spores (treated with 1
situations, different concentrations of Foc4 spores were g/L DDBAC for 24 h) on the first Foc4-PDMS SIP film; this
detected in soil. The detection of 10* to 10’ CFU/mL and finding indicated that the Foc4-deposited layer had no reuse

10 times the concentration (by centrifugation) of 10° CFU/ value because an environment with long-term high temper-
mL are shown in Figure 8e. And according to Figure 3, the ature and low humidity killed all the spores. Due to the
mixed suspension (MS) with 10° CFU/mL of each type inability to reuse the deposited Foc4 layer, the reuse of ITO
microbe (Foc4, E. coli, S. albus, and Saccharomyces) was also layered glass was tested. With ultrasonic cleaning after
prepared, and the result is shown in Figure 8e as well. All deposition and subsequent deposition, by fluorescence staining
results indicate that the Foc4-PDMS SIP film had good with FB-28, Figure 9b shows that the effective deposition area
sensitivity in real situations. One additional clarification is that of the layer decreased with increasing deposition time, so it was
Fob and Foc hardly appear in the same piece of land in the real considered that the damage to the ITO layer caused by reuse
environment, and the toxicity of Focl to bananas is similar to was irreversible, but reusing twice was acceptable. A reuse
that of Foc4, so the results were acceptable with a simple survey experiment of the Foc4-PDMS SIP film was also carried out,
of soil history. and the solid fluorescence results of this experiment are shown
3.5. Reuse Experiment. To explore the recycling effect of in Figure 9c¢. The results indicated that when reused no more
the ITO layer with deposited spores, a second imprint was than 3 times, the Foc4-PDMS SIP film exhibited good
generated, as shown in Figure 9a. After a second processing at adsorption. When it was reused 3—5 times, the adsorption
85 °C for 12 h and reimprinting, the second Foc4-PDMS SIP capacity of the film rapidly decreased, which might be related
film was not able to be used to identify Foc4 spores, which was to the total time of voltage application and the total time of
33188 https://doi.org/10.1021/acsami.4c06275
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water adsorption, which greatly accelerated the failure of the
film when the film was about to deform. When it was reused
more than $ times, the film was destroyed by voltage and
water. Sketch maps of deformation with water adsorption and
destroyed films are shown in Figure S4.

3.6. Contrast Experiment. To show that the Foc4-SIP
film had a certain degree of specificity, SIP films of Fob and S.
albus were prepared via the same process. Because adsorption
kinetic of different microbes has significant differences which
causes significant differences of absolute fluorescence intensity
of each SIP film, all fluorescence intensity was normalized to
relative intensity I'y/x with eq 6. In this equation, X represents
spore suspension corresponding to the SIP film, Y represents

spore suspension to be tested, and I represents the absolute
fluorescence intensity.

I, — L
XN~ 100%
x — Iaip (6)
Figure 10 shows that after normalization of fluorescence
intensity, each fungi-SIP PDMS film prepared by this method
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Figure 10. Detection of different SIP films.

has a response to the corresponding fungal spores, and has an
incomplete response to spores with similar shapes and sizes.
All results indicated that this preparation, adsorption, and
detection method has considerable potential for application.

4. CONCLUSIONS

This work demonstrated a preparation strategy for smooth SIP
films different from that for other SIP films and showed an easy
way to detect Foc4 spores on site by the naked eye within 1 h
(the particular detection range was thought to be limited to
Foc, including Focl and Foc4). Compared with preparations of
other microbe-deposited layers that were not easily agglom-
erated, the difficulty of strongly agglomerating Foc4 spores was
overcome by treatment with a stable low-voltage direct current,
which led to the successful preparation of a layer of uniformly
dispersed Foc4 spores. This was the first time that the SIP
dynamic adsorption process was recorded. Compared with
other detection methods, the advantages of Foc4 detection
methods are as follows: (i) easy operation and visibility to the
naked eye, which means that instruments are not necessary;
(ii) portable SIP films and staining agents, which have great
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potential for real-time and rapid detection; and (iii) easy
cleaning, which shows the reusability of SIP films. Benefiting
from the advantages of the preparation and detection methods,
the efficiency and practicality of the Foc4-PDMS SIP film were
confirmed. By providing a history of disease, this work may
provide a new approach for on-site rapid economic detection
of low-activity fungal spores or other low-activity microbes.
Above all, with an acceptable limit of detection (LOD), this
work has taken a significant step toward identifying micro-

organisms with the naked eye rather than instrument
detection.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c06275.

Deposition and adsorption method (processing method)
selection; Foc4-PDMS SIP film preparation method
selection; thickness selection of Foc4-PDMS SIP film;
statistics on the length and width of Focl, Foc4 and Fob;
explanation of destroy of reused film (PDF)
Adsorption process (MP4)

Demonstration that spores with poor adsorption could
be wash by water (MP4)

B AUTHOR INFORMATION
Corresponding Authors
Yaling Lin — College of Materials and Energy, South China
Agricultural University, Guangzhou 510642 Guangdong,
China; ® orcid.org/0000-0002-5289-4304;
Email: linyaling@scau.edu.cn
Angiang Zhang — School of Materials Science and Engineering,
South China University of Technology, Guangzhou 510641
Guangdong, China; © orcid.org/0000-0001-7499-8406;
Email: agzhang@scut.edu.cn

Authors

Rui Li — School of Materials Science and Engineering, South
China University of Technology, Guangzhou 510641
Guangdong, China; ® orcid.org/0000-0003-4866-5821

Ning Yu — School of Materials Science and Engineering, South
China University of Technology, Guangzhou 510641
Guangdong, China; © orcid.org/0000-0002-0671-6216

Jianjun Chen — College of Materials and Energy, South China
Agricultural University, Guangzhou 510642 Guangdong,
China; ® orcid.org/0009-0003-2872-3817

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c06275

Author Contributions
SY.L. and RL. contributed equally to this work. This
manuscript was written through contributions of all authors.

All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the financial support from the
National Natural Science Foundation of China (Nos.
52073098, 31772202), the Scientific and Technological
Planning Project of Guangzhou City (201803020015), and

https://doi.org/10.1021/acsami.4c06275
ACS Appl. Mater. Interfaces 2024, 16, 33182-33191


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c06275/suppl_file/am4c06275_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06275?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c06275/suppl_file/am4c06275_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c06275/suppl_file/am4c06275_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c06275/suppl_file/am4c06275_si_003.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaling+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5289-4304
mailto:linyaling@scau.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anqiang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7499-8406
mailto:aqzhang@scut.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4866-5821
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0671-6216
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-2872-3817
https://pubs.acs.org/doi/10.1021/acsami.4c06275?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06275?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06275?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06275?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06275?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c06275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

the Natural Science Foundation of Guangdong Province (Nos.
2022A1515011570, 2023A1515011264).

B REFERENCES

(1) Vlatakis, G.; Andersson, L. L; Miiller, R.; Mosbach, K. Drug
assay using antibody mimics made by molecular imprinting. Nature
1993, 361, 645—647.

(2) Hu, X; Li, G;; Huang, J.; Zhang, D.; Qiu, Y. Construction of
Self-Reporting Specific Chemical Sensors with High Sensitivity. Adv.
Mater. 2007, 19 (24), 4327—4332.

(3) Gong, C. B,; Wong, K. L; Lam, M. H. W. Photoresponsive
molecularly imprinted hydrogels for the photoregulated release and
uptake of pharmaceuticals in the aqueous media. Chem. Mater. 2008,
20 (4), 1353—1358.

(4) Cumbo, A.; Lorber, B.; Corvini, P. F. X.; Meier, W.; Shahgaldian,
P. A synthetic nanomaterial for virus recognition produced by surface
imprinting. Nat. Commun. 2013, 4 (1), No. 1503.

(5) Wangchareansak, T.; Thitithanyanont, A; Chuakheaw, D.;
Gleeson, M. P.; Lieberzeit, P. A,; Sangma, C. Influenza A virus
molecularly imprinted polymers and their application in virus sub-
type classification. J. Mater. Chem. B 2013, 1 (16), 2190—2197.

(6) Hou, J; Zhang, H; Yang, Q. Li, M; Jiang, L; Song, Y.
Hydrophilic-Hydrophobic Patterned Molecularly Imprinted Photonic
Crystal Sensors for High-Sensitive Colorimetric Detection of
Tetracycline. Small 2015, 11 (23), 2738—2742.

(7) Dinc, M.; Esen, C.; Mizaikoff, B. Recent advances on core—shell
magnetic molecularly imprinted polymers for biomacromolecules.
TrAC, Trends Anal. Chem. 2019, 114, 202—217.

(8) Li, Z.y; Jing, L.-p.; Gu, L.-l; Tong, Z.-h; Du, K;; Zhang, H.
Preparation and application of highly sensitive myclobutanil sensor
based on molecularly imprinted photonic crystals. Polymer 2021, 228,
No. 123921.

(9) Kotsiri, Z.; Vidic, J.; Vantarakis, A. Applications of biosensors for
bacteria and virus detection in food and water-A systematic review. J
Environ. Sci. 2022, 111, 367—379.

(10) Dar, K. K;; Shao, S;; Tan, T.; Lv, Y. Molecularly imprinted
polymers for the selective recognition of microorganisms. Biotechnol.
Adv. 2020, 45, No. 107640.

(11) Ploetz, R. C. Fusarium Wilt of Banana. Phytopathology 2015,
10$ (12), 1512—1521.

(12) Ray, M,; Ray, A; Dash, S.; Mishra, A.; Achary, K. G.; Nayak, S.;
Singh, S. Fungal disease detection in plants: Traditional assays, novel
diagnostic techniques and biosensors. Biosens. Bioelectron. 2017, 87,
708—723.

(13) Lin, Y. J; Lin, H. K; Lin, Y. H. Construction of Raman
spectroscopic fingerprints for the detection of Fusarium wilt of banana
in Taiwan. PLoS One 2020, 15 (3), No. e0230330.

(14) Arnheim, N.; Erlich, H. Polymerase Chain Reaction Strategy.
Annu. Rev. Biochem. 1992, 61 (1), 131—156.

(15) Lin, Y,; Feng, X; Zhang, W.; Li, R;; Zhang, A. Molecularly
Imprinted Photonic Crystals Based on Fusaric Acid for the Detection
of Banana Fusarium Wilt. ACS Appl. Polym. Mater. 2021, 3 (11),
5818—5825.

(16) Adusei-Fosu, K.; Dickinson, M. Detecting Fusarium oxysporum
f. sp. elaeidis by using loop-mediated isothermal amplification. J. Plant
Pathol. 2023, 10S (4), 1637—1643.

(17) Cui, F.; Zhou, Z.; Zhou, H. S. Molecularly Imprinted Polymers
and Surface Imprinted Polymers Based Electrochemical Biosensor for
Infectious Diseases. Sensors 2020, 20 (4), No. 996, DOI: 10.3390/
$20040996.

(18) Mamipour, Z.; Nematollahzadeh, A,; Kompany-Zareh, M.
Molecularly imprinted polymer grafted on paper and flat sheet for
selective sensing and diagnosis: a review. Microchim. Acta 2021, 188
(8), 279.

(19) Dickert, F. L.; Hayden, G. Bioimprinting of polymers and sol-
gel phases. Selective detection of yeasts with imprinted polymers.
Anal. Chem. 2002, 74 (6), 1302—1306.

(20) Ren, K.; Zare, R. N. Chemical Recognition in Cell-Imprinted
Polymers. ACS Nano 2012, 6 (), 4314—4318.

(21) Werner, M.; Gluck, M. S.; Brauer, B.; Bismarck, A.; Lieberzeit,
P. A. Investigations on sub-structures within cavities of surface
imprinted polymers using AFM and PF-QNM. Soft Matter 2022, 18
(11), 2245-2251.

(22) Namvar, A,; Warriner, K. Microbial imprinted polypyrrole/
poly(3-methylthiophene) composite films for the detection of Bacillus
endospores. Biosens. Bioelectron. 2007, 22 (9—10), 2018—2024.

(23) Lahcen, A. A; Arduini, F.; Lista, F.; Amine, A. Label-free
electrochemical sensor based on spore-imprinted polymer for Bacillus
cereus spore detection. Sens. Actuators, B 2018, 276, 114—120.

(24) Yasmeen, N.; Etienne, M.; Sharma, P. S.; El-Kirat-Chatel, S.;
Helu, M. B.; Kutner, W. Molecularly imprinted polymer as a synthetic
receptor mimic for capacitive impedimetric selective recognition of
Escherichia coli K-12. Anal. Chim. Acta 2021, 1188, No. 339177.

(25) Zhu, L.; Wang, L.; Zhang, X; Li, T.; Wang, Y.; Riaz, M. A.; Sui,
X.; Yuan, Z.; Chen, Y. Interfacial engineering of graphenic carbon
electrodes by antimicrobial polyhexamethylene guanidine hydro-
chloride for ultrasensitive bacterial detection. Carbon 2020, 159, 185—
194.

(26) Regiart, M.; Rinaldi-Tosi, M.; Aranda, P. R; Bertolino, F. A;
Villarroel-Rocha, J.; Sapag, K; Messina, G. A,; Raba, J.; Fernandez-
Baldo, M. A. Development of a nanostructured immunosensor for
early and in situ detection of Xanthomonas arboricola in agricultural
food production. Talanta 2017, 175, 535—541.

(27) Eersels, K; van Grinsven, B; Ethirajan, A,; Timmermans, S.;
Monroy, K. L. J; Bogie, J. F; Punniyakoti, S.; Vandenryt, T.;
Hendriks, J. J; Cleij, T. J; et al. Selective identification of
macrophages and cancer cells based on thermal transport through
surface-imprinted polymer layers. ACS Appl. Mater. Interfaces 2013, S
(15), 7258—7267.

(28) Yongabi, D.; Khorshid, M.; Losada-Pérez, P.; Eersels, K;
Deschaume, O.; D'Haen, J.; D'Haen, J.; Bartic, C.; Hooyberghs, J.;
Thoelen, R.; Wiibbenhorst, M.; Wagner, P. Cell detection by surface
imprinted polymers SIPs: A study to unravel the recognition
mechanisms. Sens. Actuators, B 2018, 255, 907—917, DOI: 10.1016/
j.snb.2017.08.122.

(29) Stilman, W.; Lenzi, M. C.; Wackers, G.; Deschaume, O.;
Yongabi, D.; Mathijssen, G.; Bartic, C.; Gruber, J.; Wiibbenhorst, M;
Heyndrickx, M.; Wagner, P. Low Cost, Sensitive Impedance
Detection of E. coli Bacteria in Food-Matrix Samples Using Surface-
Imprinted Polymers as Whole-Cell Receptors. Phys. Status Solidi A
2021, 219 (23), No. 2100405, DOI: 10.1002/pssa.202100405.

(30) Gennaro, A.; Yongabi, D.; Deschaume, O.; Bartic, C.; Wagner,
P.; Wubbenhorst, M. Cell detection by surface imprinted polymers
(SIPs) — A study of the sensor surface by optical and dielectric
relaxation spectroscopy. IEEE Trans. Dielectr. Electr. Insul. 2018, 25
(3), 816—821.

(31) Hachulka, K; Lekka, M.; Okrajni, J.; Ambroziak, W.; Wandelt,
B. Polymeric sensing system molecularly imprinted towards enhanced
adhesion of Saccharomyces cerevisiae. Biosens. Bioelectron. 2010, 26
(1), 50—54.

(32) Hayden, O.; Mann, K. J.; Krassnig, S.; Dickert, F. L. Biomimetic
ABO blood-group typing. Angew. Chem. Int. Ed. 2006, 45 (16),
2626—2629.

(33) Wang, R,; Wang, L.; Yan, J.; Luan, D.; Tao, S.; Wu, J.; Bian, X.
Rapid, sensitive and label-free detection of pathogenic bacteria using a
bacteria-imprinted conducting polymer film-based electrochemical
sensor. Talanta 2021, 226, No. 122135.

(34) Arreguin-Campos, R.; Eersels, K; Rogosic, R; Cleij, T. J;
Dilien, H.; van Grinsven, B. Imprinted Polydimethylsiloxane-
Graphene Oxide Composite Receptor for the Biomimetic Thermal
Sensing of Escherichia coli. ACS Sens. 2022, 7 (), 1467—1475.

(35) Dulay, M. T.; Zaman, N.; Jaramillo, D.; Mody, A. C.; Zare, R.
N. Pathogen-Imprinted Organosiloxane Polymers as Selective
Biosensors for the Detection of Targeted E. coli 2018 4 2 29
DOI: 10.3390/¢4020029.

(36) Gao, S.; Chen, S.; Lu, Q. Cell-imprinted biomimetic interface
for intelligent recognition and efficient capture of CTCs. Biomater. Sci.
2019, 7 (10), 4027—4035.

https://doi.org/10.1021/acsami.4c06275
ACS Appl. Mater. Interfaces 2024, 16, 33182-33191


https://doi.org/10.1038/361645a0
https://doi.org/10.1038/361645a0
https://doi.org/10.1002/adma.200701084
https://doi.org/10.1002/adma.200701084
https://doi.org/10.1021/cm7019526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm7019526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm7019526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms2529
https://doi.org/10.1038/ncomms2529
https://doi.org/10.1039/c3tb00027c
https://doi.org/10.1039/c3tb00027c
https://doi.org/10.1039/c3tb00027c
https://doi.org/10.1002/smll.201403640
https://doi.org/10.1002/smll.201403640
https://doi.org/10.1002/smll.201403640
https://doi.org/10.1016/j.trac.2019.03.008
https://doi.org/10.1016/j.trac.2019.03.008
https://doi.org/10.1016/j.polymer.2021.123921
https://doi.org/10.1016/j.polymer.2021.123921
https://doi.org/10.1016/j.jes.2021.04.009
https://doi.org/10.1016/j.jes.2021.04.009
https://doi.org/10.1016/j.biotechadv.2020.107640
https://doi.org/10.1016/j.biotechadv.2020.107640
https://doi.org/10.1094/PHYTO-04-15-0101-RVW
https://doi.org/10.1016/j.bios.2016.09.032
https://doi.org/10.1016/j.bios.2016.09.032
https://doi.org/10.1371/journal.pone.0230330
https://doi.org/10.1371/journal.pone.0230330
https://doi.org/10.1371/journal.pone.0230330
https://doi.org/10.1146/annurev.bi.61.070192.001023
https://doi.org/10.1021/acsapm.1c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s42161-023-01435-9
https://doi.org/10.1007/s42161-023-01435-9
https://doi.org/10.3390/s20040996
https://doi.org/10.3390/s20040996
https://doi.org/10.3390/s20040996
https://doi.org/10.3390/s20040996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/s20040996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00604-021-04930-x
https://doi.org/10.1007/s00604-021-04930-x
https://doi.org/10.1021/ac010642k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac010642k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300901z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300901z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2SM00137C
https://doi.org/10.1039/D2SM00137C
https://doi.org/10.1016/j.bios.2006.08.039
https://doi.org/10.1016/j.bios.2006.08.039
https://doi.org/10.1016/j.bios.2006.08.039
https://doi.org/10.1016/j.snb.2018.08.031
https://doi.org/10.1016/j.snb.2018.08.031
https://doi.org/10.1016/j.snb.2018.08.031
https://doi.org/10.1016/j.aca.2021.339177
https://doi.org/10.1016/j.aca.2021.339177
https://doi.org/10.1016/j.aca.2021.339177
https://doi.org/10.1016/j.carbon.2019.12.035
https://doi.org/10.1016/j.carbon.2019.12.035
https://doi.org/10.1016/j.carbon.2019.12.035
https://doi.org/10.1016/j.talanta.2017.07.086
https://doi.org/10.1016/j.talanta.2017.07.086
https://doi.org/10.1016/j.talanta.2017.07.086
https://doi.org/10.1021/am401605d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am401605d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am401605d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2017.08.122
https://doi.org/10.1016/j.snb.2017.08.122
https://doi.org/10.1016/j.snb.2017.08.122
https://doi.org/10.1016/j.snb.2017.08.122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2017.08.122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pssa.202100405
https://doi.org/10.1002/pssa.202100405
https://doi.org/10.1002/pssa.202100405
https://doi.org/10.1002/pssa.202100405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/TDEI.2018.007092
https://doi.org/10.1109/TDEI.2018.007092
https://doi.org/10.1109/TDEI.2018.007092
https://doi.org/10.1016/j.bios.2010.05.009
https://doi.org/10.1016/j.bios.2010.05.009
https://doi.org/10.1002/anie.200502857
https://doi.org/10.1002/anie.200502857
https://doi.org/10.1016/j.talanta.2021.122135
https://doi.org/10.1016/j.talanta.2021.122135
https://doi.org/10.1016/j.talanta.2021.122135
https://doi.org/10.1021/acssensors.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/c4020029
https://doi.org/10.3390/c4020029
https://doi.org/10.3390/c4020029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9BM01008D
https://doi.org/10.1039/C9BM01008D
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c06275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(37) Bezdekova, J.; Zemankova, K.; Hutarova, J.; Kociova, S.;
Smerkova, K; Adam, V.; Vaculovicova, M. Magnetic molecularly
imprinted polymers used for selective isolation and detection of
Staphylococcus aureus. Food Chem. 2020, 321, No. 126673.

(38) Whitehead, K. A;; Liauw, C. M.; Lynch, S.; El Mohtadi, M,;
Amin, M,; Preuss, A.; Deisenroth, T.; Verran, J. Diverse surface
properties reveal that substratum roughness affects fungal spore
binding. iScience 2021, 24 (4), No. 102333.

(39) Sarkhosh, T.; Mayerberger, E.; Jellison, K. Jedlicka, S.
Development of cell-imprinted polymer surfaces for Cryptosporidium
capture and detection. Water Res. 2021, 205, No. 117675.

(40) Stewart, A.; Deacon, J. W. Vital fluorochromes as tracers for
fungal growth studies. Biotech. Histochem. 1995, 70 (2), S7—65.

33191

95

https://doi.org/10.1021/acsami.4c06275
ACS Appl. Mater. Interfaces 2024, 16, 33182-33191


https://doi.org/10.1016/j.foodchem.2020.126673
https://doi.org/10.1016/j.foodchem.2020.126673
https://doi.org/10.1016/j.foodchem.2020.126673
https://doi.org/10.1016/j.isci.2021.102333
https://doi.org/10.1016/j.isci.2021.102333
https://doi.org/10.1016/j.isci.2021.102333
https://doi.org/10.1016/j.watres.2021.117675
https://doi.org/10.1016/j.watres.2021.117675
https://doi.org/10.3109/10520299509108318
https://doi.org/10.3109/10520299509108318
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c06275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

European Polymer Journal 216 (2024) 113258

Contents lists available at ScienceDirect

EUROPEAN
POLYMER
JOURNAL

European Polymer Journal

FI. SEVIER

journal homepage: www.elsevier.com/locate/europolj

Amphiphilic polysiloxane graft guanidine salts with a combination of low
environmental toxicity and high antifungal activity

Yaling Lin™", Shigi He ", Mingyang Wu?®, Meng Hou ", Rui Li ", Angiang Zhang """

2 College of Materials and Energy, South China Agricultural University, 483 Wushan Rd., Guangzhou 510642, Guangdong, China
b School of Materials Science and Engineering, South China University of Technology, 381 Wushan Rd., Guangzhou 510641, Guangdong, China

ARTICLE INFO ABSTRACT

Keywords:

Polysiloxane graft guanidine salts
Antifungal activity

Banana Fusarium wilt
Environmental toxicity

Banana Fusarium wilt is one of the most serious diseases that restricts the banana industry. How to achieve
efficient, low toxicity, and long-term inhibition of pathogenic fungal spores (Fusarium oxysporum f. sp. cubense,
race 4, Foc4) that grow in soil has become a challenge in the field of chemical control of plant diseases in recent
years. Based on the special antimicrobial mechanism of guanidine salts, which can effectively inhibit microbes by
forming transmembrane stomata on the plasma membrane, we were inspired to introduce hydrophilic guanidine
salts to hydrophobic PDMS chains to potentially balance high antimicrobial activity and low environmental
toxicity. In this work, a series of novel amphiphilic polysiloxane graft guanidine salts (PDMS-g-GH) were syn-
thesized based on our previous works, i.e., polysiloxane graft primary amine salts (PDMS-g-AH), in which the
primary amine salt groups were converted to guanidine salt groups. The molecular weight of the polymer, the
grafting density of guanidine salts, the distribution of guanidine salt units on the main chain (random or block),
the in vitro antifungal activities and the anti-Foc4 activities in soil, the adsorption characteristics in soil, and the
environmental toxicity after soil adsorption were systematically studied. The results confirmed that compared
with PDMS-g-AH, PDMS-g-GH showed stronger antifungal activity against Foc4 and long-term antifungal activity
against Foc4 in soil, but its environmental toxicity was significantly reduced. These results support the potential
application of PDMS-g-GH for the prevention and control of banana Fusarium wilt and other soil-borne fungal
diseases.

1. Introduction

Banana Fusarium wilt is one of the most common and devastating
soilborne diseases in banana-producing regions worldwide and is caused
by Fusarium oxysporum f. sp. cubense (Foc). [1] With regards to the
pathogen responsible for banana Fusarium wilt, there are multiple
physiological races in which race 4 (Foc4) is the most harmful and can
infect almost all banana varieties. [2] Once banana plants are infected
with Foc4, the pathogen enters the vascular bundle through the root
system, and conventional drugs have little effect on prevention and
control; hence, this pathogen is called “banana cancer”. [3] Even worse,
the chlamydospores of Foc4 can survive in soil for several years or more.
The occurrence of banana Fusarium wilt is significantly related to the
concentration of Foc4 spores in soil;[4,5] thus, reducing the concen-
tration of Foc4 in the soil is currently the main goal for the control of

banana Fusarium wilt, and the control and prevention methods include
cultivating resistant varieties of banana, crop rotation, soil disinfection,
and biological control. [6,7] Among these methods, crop rotation has
certain effects, but these effects are highly limited by market factors,
such as supply and sales. [6] Soil disinfection, also called soil fumiga-
tion, involves the use of disinfectants/fumigants (such as lime nitrogen
and chlorine dioxide) to kill almost all microorganisms in the soil,
including Foc4; thus, new organic matter needs to be introduced after
treatment to restore the soil,[7,8] and it should be noted that both re-
sidual and escaping disinfectants can also pollute the environment, and
due to the difficulty of long-term retention in the soil, it is almost inef-
fective in the spread and diffusion of pathogens caused by the trans-
plantation stage of banana plants after soil disinfection. [9] Biological
control has been a research hotspot in recent years, and its main pre-
vention and control strategy is to inhibit pathogens while maintaining
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the diversity of soil microbial communities. [7] However, the effec-
tiveness of biological control is influenced by many external factors and
is not widely applicable. Thus, an urgent challenge for the control and
prevention of banana Fusarium wilt should be reducing the concentra-
tion of Foc4 in soil while maintaining microbial diversity in soil at the
same time. [2,3].

In previous studies, [10-18] it was found that the molecular weight,
hydrophilicity and hydrophobicity of the main chain, as well as the
sequence structure of the main chain (random or block) of polymeric
quaternary ammonium salts (PQASs), had different impacts on the
antimicrobial activities of PQASs, and these PQASs showed some com-
monalities, such as significantly enhanced antimicrobial activity
compared to that of the corresponding monomers containing cations,
strong adsorption and difficulty migrating in soil; after being adsorbed
by soil, their toxicity to the environment was significantly reduced, and
their impact on soil microbial populations was relatively small.
[12,14-16] For example, both amphiphilic polysiloxane-polyacrylate
quaternary ammonium salt block copolymers (S5Qs) [12] and hydro-
philic polyacrylamide containing quaternary ammonium salt (PAM-X)
[15] can effectively adsorb in soil, and their inhibitory effect on Foc4
spores in soil can last for 60-90 d. When a more hydrophobic fluorinated
acrylic monomer unit is introduced into the main chain of the poly-
acrylate quaternary ammonium salts, the anti-Foc4 activity can be
significantly enhanced. [14] Unlike commercial small-molecule qua-
ternary ammonium salts (such as benzalkonium chloride/BC), which
can significantly destroy soil microbial diversity, the abovementioned
PQASs, which have vastly different structures, have relatively small
overall impacts on soil microbial populations. [15,16] Although these
PQASs are basically nontoxic to earthworms when applied to soil and
their soil/water mixtures and soil leaching solutions are almost nontoxic
to fish, their acute oral toxicity to fish when directly applied to water is
moderate, which hinders their application in the field.

Compared with quaternary ammonium salts, other cationic groups,
such as primary ammonium salts and guanidine salts, can increase
electrostatic binding to anionic lipopolysaccharides, which strongly
disrupts cell wall integrity. [18,19] It was found that polymers con-
taining guanidine salts could effectively inhibit microbes by forming
transmembrane stomata on the plasma membrane in contact with mi-
croorganisms, which is different from the mechanism of action of QASs,
indicating that the guanidine polymer could be effective against mi-
crobial activity without severe membrane damage; in other words, the
introduction of guanidine salts into polymer chains might be a potential
strategy for the synthesis of polymers with low toxicity and high anti-
microbial activity. [20-23].

These results also prompt us to consider the following questions: can
we simultaneously reduce the environmental toxicity while obtaining
higher antifungal activity by introducing different cations into the
polymer chain? [24-26] Therefore, in this work, based on previous
work, i.e., the synthesis of a series of polydimethylsiloxane-grafted
primary amine hydrochlorides (PDMS-g-AH), [16] we attempted to
convert the primary amine salt into a guanidine salt, thus affording a
series of polydimethylsiloxane-grafted guanidine salts (PDMS-g-GH)
with different main chain lengths, main chain structures (random or
block), and guanidine salt grafting rates. The inhibitory effects of PDMS-
g-GH on Foc4 in culture media and in the soil environment and its
environmental toxicity, including its impact on the soil microbial pop-
ulation and fish, and its relationship with polymer structure were also
evaluated. In these works, we hope that a novel cationic polymer with
low toxicity and high antifungal activity can be obtained.

2. Experimental section
2.1. Materials

1H-Pyrazole-1-carboxamidine hydrochloride (HPC, 99 %), N,N-
diisopropylethylamine (DIEA, 99 %), and benzalkonium chloride (BC,
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99 %) were obtained from Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China).

Fusarium oxysporum f. sp. cubense race 4 (Foc4) was donated by the
Fungal Laboratory, Department of Plant Pathology, South China Agri-
cultural University. The soil (crushed and screened through a 20-mesh
sieve) was taken from the banana field of the scientific research base
of South China Agricultural University. The physicochemical properties
of the soil are shown in Table S2. Zebrafish with a total length of 2 +
0.5 cm and a weight of 0.2 + 0.1 g were purchased from Shanghai Feixi
Biotechnology Co., Ltd.

2.2. Synthesis of amphiphilic polysiloxane graft guanidine salts (PDMS-g-
GH)

Polysiloxanes grafted with primary ammonium (PDMS-g-AH) with
different chain lengths and structures, i.e., random copolymer (PDMS-
co-AH) or block copolymer (PDMS-b-AH), as shown in Scheme 1, were
synthesized via a thiol-ene “click” reaction between cysteamine hydro-
chloride and polydimethylsiloxane-polymethylvinylsiloxane (PDMS-
PVMS), including random copolymer (PDMS-co-PVMS) and block
copolymer (PDMS-b-PVMS), according to our previous work, where the
chain lengths of PDMS-co-PVMS or PDMS-b-PVMS are 3, 5, and 8 kDa,
and the graft ratios of primary ammonium, which are determined by the
contents of PVMS in PDMS-PVMS, are 50 % and 75 %, respectively, as
shown in Table S1. [16].

PDMS-g-GH was synthesized via a guanidine reaction between
PDMS-g-AH and 1H-pyrazole-1-carboxamidine hydrochloride (HPC), as
shown in Scheme 1. Predetermined amounts of PDMS-g-AH and HPC
were dissolved in 50 g of anhydrous ethanol in a 250 mL three-neck
flask, and predetermined amounts of DIEA were added as catalysts
under a nitrogen atmosphere. The mixture was reacted for 12 h at 55° C,
and most of the solvent was removed by rotary steaming at 70 °C. Then,
the residue was precipitated three times using a mixed solvent of
methanol and acetone and finally vacuum dried overnight at 60 °C
(approximately 93 % yield).

For convenience, PDMS-g-GH with a random structure and block
structure are represented as PDMS-co-GHy-Y and PDMS-b-GH,-Y,
respectively, where x represents the graft ratio of GH in PDMS-g-GH (50
% or 75 %), i.e., m/(m + n) in Scheme 1, and Y is the theoretical mo-
lecular weight of PDMS-PVMS (3 kDa, 5 kDa and 8 kDa).

H NMR (600 MHz, D,0, §, ppm): 6 = 0-0.30 (m, 9H, —SiCH3); 1.03
(t, 2H, —SiCH,CH,S-); 2.75 (t, 2H, —SiCH,CH,S-); 2.86 (t, 2H,
—CH,SCH>), 3.48 (t,2H, —SCH,CH,NH); FT-IR (v, KBr, cm™1): 3400
(WNRD, 2963 (Vasch, —CH3), 1640 (6 ¢c—n), 1095 (vsi.0), 1020 (vsi.0), 866
(rsic3)2)> 802 (Vassi(cH3)2)-

2.3. Characterization and methods

FT-IR spectra were collected on a Nicolet iS5 Fourier transform
infrared spectrometer (Thermo Scientific, USA) equipped with an iD7-
ZnSe ATR accessory. 'H NMR spectra were obtained using a Bruker
Avance III HD 600 (Bruker Instrument Corp., Germany) spectrometer
with CDCl3 (for PDMS-PVMS) or D50 (for PDMS-g-AH or PDMS-g-GH) as
the solvent. The critical micelle concentration (CMC) was determined
using a DDS-11A conductivity meter (Shanghai Hongyi Instrument Co.
Ltd., China). Zeta potentials and particle size distributions were
analyzed using a Brookhaven BI-90 Plus particle size analyzer (Broo-
khaven Instrument Corp., USA) with ultrapure water as the solvent. TEM
was performed with a JEM-2100 transmission electron microscope
(JEOL, Japan), in which PDMS-g-GH was prepared in a 1 g/L solution
with ultrapure water, followed by dropping and drying onto a copper net
with a carbon film.

The other methods, including the testing method for the adsorption
of PDMS-g-GH in soil, the antifungal assay of PDMS-g-GH on Foc4 (in
vitro and in soil), and the biotoxicity evaluation (culturable microbes in
soil and fish acute toxicity evaluation), are detailed in the Supporting
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Scheme 1. The synthetic route of
Information (Parts S2 to S4).
3. Results and discussion
3.1. Structural characterization of PDMS-g-GH

With respect to the guanidine products of PDMS-g-AH, the disap-
pearance of the characteristic peak of the primary ammonium salts and
the appearance of the characteristic peak of the guanidine salts could
effectively support the synthesis of PDMS-g-GH. As shown in Fig. 1-A,
the peak at 1640 cm ™! for PDMS-g-GH can be assigned to the guanidine
groups, and the protons at 3.48 ppm (—SCHyCH,NH)) (Fig. 1-B)
confirmed the successful connection of the guanidine salts to the PDMS
chain.

As shown in Scheme 1, there is only one simple side functional group
conversion between PDMS-g-AH and PDMS-g-GH, and the molecular
weight and molecular weight distribution of PDMS-g-GH are basically
consistent with those of PDMS-g-AH, as described in our previous work.
[16].
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PDMS-g-AH and PDMS-g-GH.

3.2. Aggregation characteristics of PDMS-g-GH in water

The critical micelle concentration (CMC) of PDMS-g-GH was
measured by the electrical conductivity method. Fig. 2-A shows the
CMCs of PDMS-g-GH with different molecular weights and grafting de-
grees. The CMCs of the block type (PDMS-b-GH) were lower than those
of the random type (PDMS-co-GH), while the molecular weights and
grafting degrees were the same. Compared with those of PDMS-g-AH,
[16] the CMCs of PDMS-g-GH are slightly greater, which might be
related to the greater hydrophilicity of the guanidine salts.

The zeta potential and particle morphology of PDMS-g-GH in water
are shown in Fig. 2-B and Figure S1, respectively. The results showed
that polymers with low molecular weights exhibited low zeta potentials,
indicating that it was easier for polymers to aggregate in water.
Compared with PDMS-g-AH, [16] PDMS-g-GH with the same structure, i.
e., the same chain length and chain structure (random or block), showed
a lower zeta potential (Fig. 7-B) and larger particle size. Moreover, at
concentrations much greater than the CMC, PDMS-g-GH could form
spherical or hollow micelles (Figure S1), and a higher molecular weight
would result in a larger diameter of the micelles.

— PDMS-g-AH e
PDMS-;/:H\/\ / N w\ ‘ (in D,0) “
\ / / f \ s//e/
3400 / 1600 Ad
‘ Sed c 4 Si | .
A AAL . A4S0l =07
r T T T T T T T b a
. f ~NH
(in D,0) a
: A
b d
1640 (B s e ¢ S
(A) ) " oo,
40l00 35l00 30100 25100 2(;00 1 5100 ' 1 OIOO 56 0 ; é é :1 é é ; (l) b @

wavenumber, cm™’

Chemical shift, ppm

Fig. 1. FTIR spectra (A) and 'H NMR spectra (B) of PDMS-g-AH and PDMS-g-GH.
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Fig. 2. The critical micelle concentration (CMC) (A) and zeta potentials (B) of PDMS-co-GH and PDMS-b-GH with different molecular weights (3, 5, and 8 kDa) and
grafting degrees (50 % and 75 %, respectively). (Vertical bars represent the standard error of the means.).

3.3. The absorption effect of PDMS-g-GH in soil

Fig. 3 shows the sorption kinetics of PDMS-g-GH, PDMS-g-AH and BC
in soils. After less than 3h, equilibrium adsorption of the three tested
fungicides in soil was observed, after which the concentration of fun-
gicides in the soil was almost unchanged (Fig. 3-A). Moreover, the
overall adsorption kinetics of these three fungicides on the soil con-
formed to a pseudo-second-order model with coefficients of correlation
(R?) above 0.99 (Fig. 3-B). Both the Freundlich and Langmuir models
were selected to fit the results (Fig. 3-C, D and Table S3), where the

)
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E
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Freundlich model showed a better regression coefficient R, indicating
that the adsorption of PDMS-g-GH, PDMS-g-AH and BC to the tested soil
tended to be a multilayer adsorption process. The Freundlich constant
(1/n) (Table S3) is related to the adsorption strength of the adsorbent:
1/n values of 0.1-0.5, 0.5-1.0, and > 1.0 indicate that adsorption is
good, easy to adsorb, and difficult to adsorb, respectively. Thus, the 1/n
values of PDMS-g-GH, PDMS-g-AH and BC are all greater than 0.5,
indicating that they can be easily adsorbed in soil. The strong absorption
effect of PDMS-g-GH and PDMS-g-AH in soil might be due to two main
factors: first, the positive charge carried by the polymers can combine
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Fig. 3. Sorption kinetics and isotherms of PDMS-g-GH, PDMS-g-AH and BC in soils: (A) relationships between the sampling time and the PDMS-g-GH, PDMS-g-AH and
BC concentrations in soils; (B) the pseudo-second-order model fit to the PDMS-g-GH, PDMS-g-AH and BC sorption kinetics data; (C) Freundlich sorption isotherms and

(D) Langmuir sorption isotherms.
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with the negative charge normally carried by soil particles (such as
sludge and sediments); second, the long chain of polymers and the
entanglement between polymer chains and soil particles. For BC, the
first aspect mentioned above is the main reason.

3.4. Antifungal activities of PDMS-g-GH based on different evaluation
methods

According to the different application scenarios of fungicides, there
are several commonly used methods for evaluating antifungal activities,
such as the TTC coloration method, inhibition of mycelial growth, and
the spore counting method, which simulate the antifungal activities of
fungicides in soil. The TTC coloration method evaluates the antifungal
activity of fungicides when they come into free contact with fungal
spores or mycelia in a liquid environment, in which the minimum
inhibitory concentration (MIC) and minimum fungicidal concentration
(MFC) are used to evaluate the antifungal activities. While for the
method of inhibition of mycelial growth, fungal mycelia were cultured
on solid or gel cultures containing fungicide, and the 50 % effective
concentration (ECsg) and 90 % effective concentration (ECgg) were used
to evaluate the antifungal activities. Since the contact between the
mycelia and the culture medium is limited, the results might not reflect
the true environment of fungicides in soil.

Considering that fungicides might be used in soil to inhibit soil-borne
fungal spores, it is necessary to introduce the soil environment during
the testing process. The spore counting method was designed for the
application of fungicides in soil. To distinguish it from the aforemen-
tioned methods, ECsps and ECggs were used to evaluate the antifungal
activities of fungicides in soil; here, the subscript “s” indicates soil.

The in vitro antifungal activities of PDMS-g-GH against Foc4, i.e., MIC
and MFC and ECsy and ECyg, are shown in Figs. 4 and 5, respectively.
Although the testing methods are different, the general trends of the
polymer structure and antifungal activities are similar. For example, for
the same molecular weight of the main chain, block polymers and
polymers with higher graft rates showed stronger antifungal activities.
Additionally, for both PDMS-g-AH and PDMS-g-GH, the MIC and MFC
values on Foc4 are much lower than their CMC values, which means that
micelles formed by single polymer chains play a dominant role in anti-
fungal activity. Due to the different methods used for testing antifungal
activities, the antifungal activities of the polymers were slightly
different: PDMS-g-GH-5 K and PDMS-g-GH-8 K showed better antifungal

PDMS-b-GH,.,.-8K mummmm
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activities (Fig. 4) based on the MIC and MFC results, while PDMS-g-GH-
5 K showed stronger antifungal activities based on the ECso and ECgg
results (Fig. 5). When the side group of the primary ammonium salt (AH)
was converted to a guanidine salt (GH), the antifungal activity signifi-
cantly increased, and the antifungal activity of PDMS-g-GH was almost
double that of PDMS-g-AH.

In the subsequent evaluation of antifungal activities in soil, PDMS-g-
AH and PDMS-g-GH, which have main chain molecular weights of 3 k
and 5 k and high in vitro antifungal activity, respectively, were chosen
for further evaluation of their ECsos and ECggs. Fig. 6 shows the 50 %
inhibitory concentration (ECsps) and 90 % inhibitory concentration
(ECgs) of PDMS-g-GH and PDMS-g-AH in inhibiting Foc4 spores in soil.
Compared to the ECsg, the EC50s had a much lower value, which is only
approximately half of the ECsg. Although the in vitro anti-Foc4 activity of
PDMS-g-GH was much lower than that of BC, the anti-Foc4 activity of
PDMS-g-GH in soil was similar to or even greater than that of BC, which
might be related to the chemical structure of the guanidine group and
the hydrophilic-hydrophobic balance of PDMS-g-GH. Although the
antifungal activity of PDMS-g-GH was stronger than that of PDMS-g-AH,
these two series of fungicides exhibited a pattern of greater zeta po-
tential and stronger anti-Foc4 activities, in which the block polymers
showed greater zeta potential and stronger anti-Foc4 activities than the
random polymers (Fig. 7-B), which might be due to the tighter aggre-
gation of cations in the block copolymers. It was also found that there
was a good linear relationship between the ECsps and ECs, as shown in
Fig. 7-A. The difference between the ECsg and ECsos might be related to
the testing conditions of the ECsgs, in which the polymer chains have
more opportunities and sufficient contact with soil and Foc4 spores, and
effective contact between fungicides and spores would result in better
antifungal activities. These results provide us with some inspiration for
designing and synthesizing cationic polymers with high zeta potentials
to obtain fungicides with better antifungal activity.

The rapid spread of Foc4 caused by agricultural production (banana
seedling transportation, the use of production equipment, etc.) was one
of the main reasons for the rapid spread of banana Fusarium wilt; thus,
the ability to continuously and repeatedly inhibit newly transmitted
Foc4 spores, i.e., the persistence of fungicides on Foc4 in soil, should be
important for the control of banana Fusarium wilt. Therefore, by adding
a Foc4 spore suspension to soil every 10 d, the persistence of different
concentrations of fungicides in the soil was evaluated. As shown in
Figure S3, both PDMS-g-AH and PDMS-g-GH were unable to kill all the
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Fig. 4. MICs (A) and MFCs (B) of PDMS-g-GH and PDMS-g-AH against Foc4.
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Foc4 spores in the soil at concentrations of 1 x EC5ps and 4 x EC5s. When
the concentration exceeded 16 x ECsgs, it could effectively kill Foc4
spores in the soil for a duration of 30 d. However, for BC, after the
second addition of Foc4 spores, Foc4 colonies appeared on PDA media at
20 d, indicating that compared with PDMS-g-AH and PDMS-g-GH, BC

had a shorter persistence of Foc4 in soil. The results indicate that lower
concentrations of PDMS-g-AH and PDMS-g-GH can effectively inhibit
Foc4 spores in soil for longer durations.
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3.5. The environmental impact of PDMS-g-GH

The development of antimicrobial agents with low toxicity and high
efficiency is one of the important principles for the design of fungicides.
Here, so-called low toxicity refers to minimizing the impact on other
living organisms in the environment, such as soil microorganisms,
environmental water that is in direct contact with soil, and the fish that
survive in the environment, while suppressing pathogenic fungi.

Fig. 8 shows the effects of the PDMS-g-AH, PDMS-g-GH and BC
treatments on the total number of culturable populations of bacteria,
fungi and actinomycetes in the soil. Compared to BC, PDMS-g-AH and
PDMS-g-GH effectively inhibited fungal growth, while the total number
of bacterial and actinomycete communities increased. PDMS-g-GH had a
greater inhibitory effect on the total number of fungal colonies than did
PDMS-g-AH.

The influence of BC, PDMS-g-AH and PDMS-g-GH on the number of
soil microbes might be related to the stable adsorption of PDMS-g-AH
and PDMS-g-GH in soil and their antifungal activities in soil. As
mentioned above, most of the PDMS-g-AH and PDMS-g-GH chains were
stably adsorbed on the surface of the soil particles, which greatly
reduced the effective contact probability between the free polymer
chains and the microorganisms in the soil; thus, the antimicrobial ac-
tivities of these cation polymers would be reduced and prolonged. In
comparison, the weaker absorption of BC in soil might help to maintain
the strong antimicrobial activities of BC, thus resulting in broad-
spectrum inhibition of microorganisms in soil.

One possible explanation is that the bacteria, fungi, and actinomy-
cetes in the soil ecosystem are in a dynamic equilibrium relationship.
Since both PDMS-g-AH and PDMS-g-GH have different inhibitory effects
on microorganisms in the soil, when they have a good inhibitory effect
on fungi and greatly reduce their number, the bacteria and actinomy-
cetes in the soil will be relatively conducive to reproduction and increase
due to the reduction in competition. [14] In summary, the application of
PDMS-g-GH in soil can shift the soil toward bacterial soil, which is
beneficial for plant growth. Notably, the detailed strains of bacteria,
fungi and actinomycetes after treatment with BC, PDMS-g-AH and
PDMS-g-GH should be intensively investigated in the future.

Fig. 9 shows the acute toxicity of PDMS-g-AH and PDMS-g-GH to
zebrafish under different conditions, i.e., direct toxicity (LCsp), soil/
water mixture (LCsog) and leachate of soil (LCsg1). Compared to the high
toxicity of BC (LCso < 1.0 mg/L), the direct toxicity of PDMS-g-AH was
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lower and remained in the moderate toxicity range (1.0 < LCsp < 10.0
mg/L), while the direct toxicity of PDMS-g-GH was much lower and
already located in the low toxicity range (LCs¢ > 10.0 mg/L), indicating
that the conversion of primary amine salts (AH) to guanidine salts (GH)
is beneficial for reducing the biological toxicity of PDMS-g-GH. In
addition to direct application to aqueous solutions, considering that
PDMS-g-GH is mainly applied to soil in the form of aqueous solutions, we
also measured the toxicity of PDMS-g-AH, PDMS-g-GH, and BC after
being adsorbed by soil and leached into environmental water by rain-
water, namely, LCsor, and LCsps. As shown in Fig. 9, due to the strong
adsorption effect of these three fungicides in the soil, the amount of free
fungicides lost to the environment after soil adsorption is significantly
reduced, resulting in a significant reduction in their environmental
toxicity. The LCsor, and LCsps of BC were 50 mg/(kg soil) and 110 mg/
(kg soil), respectively, reaching the range of low toxicity or practically
nontoxic, while for PDMS-g-AH and PDMS-g-GH, their LCsqp, and LCsps
are greater than 600 mg/(kg soil), which means that they are practically
nontoxic and can be safely used in farmland soil.

4. Conclusions

In this paper, a series of random and block-type polysiloxane graft
guanidine salts (PDMS-g-GHs) with tunable molecular weights, grafting
degrees, and chain structures (random or block) were synthesized based
on the guanidine reaction of polysiloxane graft primary amine salts
(PDMS-g-AHs). Compared with PDMS-g-AH, PDMS-g-GH showed stron-
ger antifungal activity against Foc4 and long-term antifungal activity
against Foc4 in soil, but its environmental toxicity was significantly
reduced. Block-type PDMS-g-GH, i.e., PDMS-b-GH, showed greater zeta
potential, stronger anti-Foc4 activity and lower environmental toxicity
than did the random type (PDMS-co-GH). These results support the
potential application of PDMS-g-GH for the prevention and control of
banana Fusarium wilt and other soil-borne fungal diseases.
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Appendix A. Supplementary material

Detailed methods and results including molecular weight of PDMS-
co-PVMS and PDMS-b-PVMS, the methods for soil-polymer interaction
experiments, the methods for evaluation of antifungal activities, the
methods and results for the evaluation of persistence of PDMS-g-AH and
PDMS-g-GH on Foc4 in soil, the methods for biotoxicity evaluation, can
be found in Supporting Information. Supplementary data to this article
can be found online at https://doi.org/10.1016/j.eurpolymj.20
24.113258.
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Antifungal activities

As the pathogen of banana Fusarium wilt, Fusarium oxysporum f. sp. cubense race 4 (Foc4) has the strongest
toxicity and pathogenicity due to its long-term viability in soil, but there is still no effective way to control it at
present. Based on the activity parameters of polymeric quaternary ammonium salt in our previous work, this
paper hopes to enhance the amphiphilicity of polymeric quaternary ammonium salt by introducing a fluoroalkyl
group to improve the antifungal property of polymeric quaternary ammonium salt and achieve stable adsorption

and long-term inhibition of saprophytic Foc4 conidia in soil. Here, we prepared a series of fluorine-containing
ammonium salts with random and block structures by atom transfer radical polymerization (ATRP), and we
systematically studied the effects of the introduction of fluoroalkyl groups, the proportion of hydrophobic seg-
ments and polymer structure on micelle properties, antifungal properties, adsorption, migration and long-term
antifungal properties against Foc4 in soil. Finally, the preferred polymeric quaternary ammonium salts were
selected for pot experiments in the prevention and control of banana Fusarium wilt caused by Foc4, and positive
experimental results were achieved. In conclusion, we made an exploratory attempt at the practical application
of polymeric amphiphilic quaternary ammonium salt in plant disease control.

1. Introduction

Banana Fusarium wilt is a common soil-borne disease in banana
plantations that causes immeasurable losses to the agricultural economy
every year. Fusarium oxysporum f. sp. cubense race 4 (Foc4) has the
strongest toxicity and pathogenicity due to its strict asexual reproduc-
tion ability and long-term viability in soil. Foc4 initially infects a plant
by invading the xylem of the plant and establishing a biological nutri-
tional relationship with the host. Then, the plant is killed by trans-
forming the host tissue into necrotic nutrients [1-3]. Infected plants
continue to release pathogens into the surrounding soil and infect sur-
rounding plants or exist in the soil as chlamydospores for a long time.
Once the environment changes, they infect the plants again and cause
disease [4].

Two methods of chemical control used in practice are as follows. The
first uses chemical agents to inhibit the number of pathogens in the soil.
Some small-molecule drugs screened based on indoor virulence deter-
mination and pot experiments such as prochloraz, propiconazole, and
pentachloronitrobenzene have a certain control effect on Foc4. How-
ever, small-molecule drugs easily lose their effect on soil erosion and

* Corresponding authors.

decomposition in soil. As a result, the control effect in practice is poor
[5,6]. The second method can be called “soil disinfection,” where all
microorganisms in the soil are killed by physical, chemical, or biological
methods such as soil heating and fumigation. Among them, fumigation
with small-molecule chemicals represented by minocycline (tetrahydro-
3,5-dimethyl-2 h-1,3,5-thiadiazine-2-thione) [7], lime nitrogen (cal-
cium cyanamide), and chlorine dioxide is the main method of field
control at present. However, this method completely destroys the mi-
crobial community structure in the soil, so it is necessary to introduce
new organic matter to restore the soil after treatment, which is not
conducive to the stability of the soil ecosystem. In addition, biological
control and crop rotation are difficult to implement effectively on a large
scale due to the high economic cost and the inability to plant continu-
ously [8,9]. As a result, there is no economically feasible way to treat
Foc4 while maintaining the diversity of the soil ecosystem [10-12].
Based on the severe situation of Foc4 and the lack of strategies of
small-molecule drugs, polymeric quaternary ammonium salts, which are
also used as antifungal agents [13], have become a research hot spot of
plant disease control. Compared with small-molecule antibiotics, the
amphiphilic structure of antibacterial cationic polymers can make them
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fold into a secondary structure with surface affinity and cations to
produce a strong interaction with biofilm [14,15]. In addition, the
structure and performance of antifungal cationic polymers have ad-
vantages such as the possibility of regulation, low synthesis cost, non-
volatility, impermeability to skin, long -circulation time, strong
biological activity, stability, low residual toxicity to the environment,
and delayed development of drug resistance. In the past ten years, new
antifungal cationic polymers and their related research have developed
rapidly [16,17].

In our previous work, we obtained a series of polymeric quaternary
ammonium salts by changing the main chain structure, molecular
weight, cationic group, hydrophilic-hydrophobic ratio, and other pa-
rameters of antibacterial cationic polymers [18-20]. It was found that
the appropriate molecular weight and hydrophilic-hydrophobic balance
might have an important impact on the antibacterial activity of anti-
fungal cationic polymers [21,25]. In addition, the type of hydrophobic
group seriously affected the antifungal activity. A series of studies were
conducted on the relationship between quaternary ammonium salt
structures [26,27], hydrophilic-hydrophobic balance, molecular weight
[28,29], lateral base length [30], anti-ion [31,32], and antifungal ac-
tivity. However, research on the effects of strong hydrophobic fluo-
roalkyl groups in quaternary ammonium salts has rarely been reported.

Compared with conventional antibacterial or antifungal agents, the
antifungal agents for soil-borne disease have to face the complex in-
teractions with soil, such as adsorption and inactivation, which might
obviously affect their antifungal efficacy. Although our previous studies
have confirmed that amphiphilic polymeric quaternary ammonium salts
showed strong adsorption in soil [41,42], it is still unclear on the effect
of the introduction of fluorine containing hydrophobic groups. As a
potential antifungal agents for the control of banana Fusarium wilt, the
environmental impact, such as the effect on the microbial diversity in
soil, the toxicity of its leaching solution to zebra fish, and also including
the pot experiments, should be comprehensively evaluated.

In this work, fluoroalkyl segments, which are more hydrophobic than
carbon-hydrogen chains, are introduced into polymeric quaternary
ammonium salts. Two types of polymeric fluorine-containing quater-
nary ammonium salts, i.e., F1-co-Qs and F1-b-Qs, are obtained by con-
trolling the feeding sequence and reaction time in an atom transfer
active radical polymerization method (ATRP). We hope that the intro-
duction of fluoroalkyl groups into polymeric quaternary ammonium
salts will enhance the amphiphilicity of polymers with lower surface
tension, excellent water-soluble stability, good adsorption in soil, and
low environmental toxicity, and thus enhance long-term antifungal ac-
tivities in soil. We systematically studied the effect of the fluoroalkyl
group ratio and position of the fluoroalkyl group in the polymer chain on
antifungal activities against Foc4 in vitro or in soil, biological toxicity,
soil adsorption, and migration characteristics. Then, pot experiments
were conducted to confirm the growth-promoting effect of the synthe-
sized fluorine-containing polymeric quaternary ammonium salts on
normal banana plants and the control effect on Foc4.

2. Experimental
2.1. Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA, 99%), 2,2,2-tri-
fluoroethyl methacrylate (DMAFMA, 99%), ethyl 2-bromoisobutyrate
(EtBriB, 98%), N, N, N/, N”, N’-pentamethyldiethylenetriamine
(PMDETA, 98%), and copper(l) bromide (CuBr, 99%) were purchased
from Aladdin (Shanghai, China). Benzyl chloride and 2,3,5-triphenylte-
trazolium chloride (TTC) were purchased from Sangon Biotech
(Shanghai) Co., Ltd. (Shanghai, China). Potato dextrose agar medium
(PDA) and beef extract peptone medium were prepared according to
[20,22]. The fungal strain Fusarium oxysporum f. sp. cubense race 4
(Foc4), Candida albicans (C. albicans), and the bacterial strains Escher-
ichia coli (E. coli) and Staphylococcus albus (S. albus) used in this study
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were kindly supplied by the Fungal Laboratory of the University of South
China Agricultural. Soil samples and banana seedlings were obtained
from the Institute of Fruit Trees, Guangdong Academy of Agricultural
Sciences, China.

2.2. Synthesis of QPDMAEMA (Qs)

PDMAEMA (D3) was synthesized as shown in Scheme 1.

The polymerization procedure was as follows: A calculated amount
of EtBriB, PMDETA, and CuBr was added to 80 g mixed solvent (toluene/
ethanol = 1/1, m/m) in a 250-mL Schlenk flask. After three freeze-
pump-thaw cycles, the reaction system was filled with nitrogen,
DMAEMA was injected into the mixture, and the reaction mixture was
stirred at 50 °C for a set time. Subsequently, the reaction mixture was
exposed to air, and the catalyst was removed by neutral alumina column
chromatography with acetone as the eluent. Then, the reaction mixture
was dried under vacuum at 130 °C for 3 h, and the product (D3) was
obtained (ca. yield 73%). Here, the number average molecular weight of
PDMAEMA was designed as approximately 3 kDa, so it is abbreviated as
D3, and the antifungal activity of D3 after quaternization is better ac-
cording to [18].

'H NMR (400 MHz, CDCls, &, ppm): 0.9-1,25 (s, C-CHs), 1.82-1.94
(s, C-CH»-C), 2.28 (s, N(CHs3)2), 2.57 (t, N-CH,-CH3), 4.06 (t, O-CHp-
CHy). FT-IR (KBr, v, em™Y): 2952-2773 (v cn)s 1730 (v c—o)-

QPDMAEMA (Qs) was designed with a number average molecular
weight of 5 kDa and synthesized via a quaternization reaction between
D3 and benzyl chloride: D3 was dissolved in 80 g mixed solvent (toluene/
ethanol = 1/1, m/m) in a 250-mL Schlenk flask. After three freeze-
pump-thaw cycles, the reaction system was filled with a nitrogen at-
mosphere, then 4 times the amount of BC was injected into the mixture,
and the reaction system was stirred at 70 °C for 48 h. Subsequently, the
reaction system was dried under vacuum at 70 °C to remove most of the
solvent, and anhydrous diethyl ether was added to the mixture to pre-
cipitate the product. After washing with diethyl ether three times, the
precipitate was dried under vacuum at 40 °C overnight (ca. yield 90%).

'H NMR (600 MHz, methanol-ds, 8, ppm): 1.2 (s, C-CHs), 3.28 (s,
NT(CHs)y), 4.05 (t, CHy-CHy-N1), 4.65 (m, CH,-CHo-NT), 7.56, 7.72 (s,
@-H). FT-IR (KBr, v, cm™1): 2983 (v-CH), 1734 (v c0), 717,768 (y ¢-1)-

2.3. Synthesis of PDMAFMA-co-QPDMAEMA (Fx-co-Qs) and
PDMAFMA-b-QPDMAEMA (Fy-b-Q_g)

PDMAFMA-b-PDMAEMA (labeled Fy-b-D3) and PDMAFMA-co-
PDMAEMA (labeled Fx-co-D3) were synthesized by atom transfer free
radical polymerization similar to the synthesis route of D3. The differ-
ence is that the synthesis of Fy-b-D3 is a two-step process. First, the
calculated DMAEMA monomer is added to the reaction system and re-
acts to a set time, and then the DMAFMA monomer is added to react. The
Fy-co-D3 is synthesized by adding the calculated DMAEMA and
DMAFMA monomers into the reaction system together through a one-
step method, reacting to the set time and processing to obtain the
product (ca. yield 70— 75%). For Fy-b-D3 and Fx-co-D3, the subscript “3”
indicates that the designed molecular weight of the DMAEMA unit is
approximately 3 kDa, and the subscripts “x (1 to 5)” and “y (1 to 5)”
indicate that the designed molecular weights of the DMAFMA unit are 1,
2, 3, and 5 kDa, respectively.

'H NMR (600 MHz, CDCls, 5, ppm): 4.36 ppm (s, 2H, CH,CF3 from
PDMAFMA); 4.07 ppm (s, 2H, CH,CH5N(CHgs), from PDMAEMA); 2.56
ppm (s, 2H, CH;CH3N(CH3),; from PDMAEMA); 2.21 ppm (s, 6H,
CH5CHoN(CH3), from PDMAEMA); 1.92 to 1.50 ppm (m, 2H, CHo-from
backbone); 1.25 to 0.81 ppm (m, 3H, CHs from backbone). FT-IR (KBr, v,
em™Y): 2955-2773 (v e, 1725 (v c—o), 660 (5 c—).

Fx-c0o-Qs and Fy-b-Qs were synthesized via a quaternization reaction
between Fy-co-D3, Fy-b-D3 and benzyl chloride, respectively. The Fx-co-
D3 and Fy-b-D3 were dissolved in 80 g mixed solvent (toluene/ethanol =
1/1, m/m) in a 250-mL Schlenk flask. After three freeze-pump-thaw
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Scheme 1. Synthesis routes of QPDMAEMA (Qs), PDMAFMA-b-QPDMAEMA (Fy-b-Qs), and PDMAFMA-co-QPDMAEMA (F-co-Qs).

cycles, 4 times the amount of benzyl chloride was injected into the
mixture, and the reaction system was stirred at 70 °C under a nitrogen
atmosphere for 48 h. Subsequently, the reaction system was dried under
vacuum at 70 °C to remove most of the solvent, and anhydrous diethyl
ether was added to the mixture to precipitate the product. After washing
with diethyl ether three times, the precipitate was dried under vacuum
at 40 °C overnight (ca. yield 87% ~ 91%).

TH NMR (600 MHz, methanol-Dy, §, ppm): 1.15, 1.95 (s, C-CH3), 3.24
(s, NT(CHs)y), 4.01 (t, CHp-CH2-N™), 4.59 (m, CHo-CHy-NT, O-CHj-CFs),
7.56, 7.72 (s, ®-H). FT-IR (KBr, v, cm™): 3011-2963 (v cp), 1726(v
cZ0), 717, 768 (y o-n)-

2.4. Characterization

H NMR spectra were collected in CDCl3 or methanol-d4 solvent
using a Bruker Avance III-600 (Bruker Instrument Corp., Germany)
spectrometer. Size exclusion chromatography (SEC) with simultaneous
ultraviolet (UV) and refraction index (RI) detection was conducted in
THF at 35 °C using two identical 7.5 mm x 300 mm columns (PLgel, 5
pm, Mixed-C) at a flow rate of 1 mL/min (1260 Infinity, Agilent). This
was calibrated with a series of polystyrene standards to obtain the
apparent number-average molecular weight (My, sgc) and molar mass
distribution (P). FT-IR spectra were obtained on a Nicolet iS5 spec-
trometer (Thermo Fisher, USA) by using KBr pellets. Critical micelle
concentrations (CMC) were determined by using a DDS-11A conduc-
tivity meter (Shanghai Hongyi Instrument Co. Ltd., China) [23,24]. Zeta
potentials and particle size distributions were analyzed by using a
Brookhaven BI-90 Plus particle size analyzer (Brookhaven Instrument
Corp., USA) using ultrapure water as the solvent.

Detailed characterization results on the products and the methods of
antifungal testing, adsorption and migration characteristics, antifungal

bioassays in soil, toxicity tests, and pot experiments are provided in the
Supporting Information.

3. Results and discussion
3.1. Structure characterization of Qs, Fx-co-Qs, and F,-b-Qs

Since there were many factors affecting the polymeric quaternary
antifungal properties, we know that hydrophilic-hydrophobic balance
[21,25] is a necessary condition for good antifungal properties of
polymeric quaternary ammonium salts. This conclusion is based on
research work regarding the design and antifungal structure of quater-
nary ammonium salt in our group [18-20]. There is a series of studies on
the effects of quaternary ammonium salt structures, rope, molecular
weight, lateral base length, anti-ion, and other parameters. The pre-
liminary results showed that the polymeric quaternary had better anti-
fungal properties when using ohmic chloride as a counterion. There is a
series of studies on the relationship between quaternary ammonium salt
structures [26,27], hydrophilic-hydrophobic balance, molecular weight
[28,29], lateral base length [30], anti-ion [31,32], and antifungal ac-
tivity. However, research reports on the effects of strong hydrophobic
fluoroalkyl groups in quaternary ammonium salts are relatively rare.
Here, the fluoroalkyl group is introduced into the quaternary ammo-
nium salt. On the one hand, this could improve the structure and
chemical stability of the quaternary ammonium salt, which had lower
surface tension and excellent water solubility. On the other hand, the
biological activity of the quaternary ammonium salt could promote its
binding and enhance permeability.

For Qs, Fx-c0-Qs, and Fy-b-Qs, the number average molecular weight
of the D3 chain was designed as 3 kDa [18], and the molecular weights of
the DMAFMA chain were designed as 1-5 kDa. The molecular weights of
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Qs, Fx-c0-Qs, and Fy-b-Qs are listed in Table 1 and are basically consis-
tent with the design. The 'HNMR and FT-IR spectra of the products are
shown in Fig. 1. As shown in Figs. 1, 2988, 1725, 1640, 1146 cm ™Y, and
774 and 720 cm ! are the infrared absorption bands of saturated -CHp-,
C=0, C=C, C—N, and C—H on the benzene ring, respectively, and Fy-
co-Qs and Fy-b-Qs have infrared absorption peaks of C—F at 658 and
564 cm™!, while Qs does not. The signals for the CH;CH2N(CHs)z, O-
CH,-CF3 protons appear at 4.36 and 4.07 ppm in Fx-co-D3, Fy-b-D3 and
move to 4.59 ppm after quaternization. The proton signal of benzene
ring in benzyl group appears at 7.56 and 7.72 ppm after quaternization.
Thus, Qs, Fx-co-Qs, and Fy-b-Qs were synthesized as expected.

3.2. Micellar conformation of Qs, Fx-co-Qs and Fy-b-Qs in water

The characteristics of Qs, Fx-co-Qs and Fy-b-Qs in aqueous solution
are shown in Fig. 2. From the conductivity test data of Qs, Fx-co-Qs and
Fy-b-Qs in Fig. 2(a), it can be seen that the introduction of fluoroalkyl
groups is conducive to the formation of micelles. In terms of the same
molecular weight and fluorine segment, the CMC of the block structure
fluorine-containing quaternary ammonium salt is smaller than that of
the random structure. This is because when the fluorine-containing
ammonium salt concentration is relatively low, the polymeric quater-
nary ammonium salt is present in a single molecule or several-molecule
aggregate. As the polymeric quaternary ammonium salt concentration is
increased in solution, it gradually reaches saturation to aggregate to
form a micelle. As a result, the higher molecular weight, higher fluorine-
containing segment, and stronger block structure fluorine-containing
quaternary ammonium salt are more easily aggregated to form a
micelle core and grow. Therefore, the CMC is lower [33].

The zeta potential [Fig. 2(b)] of fluorine-containing quaternary
ammonium salt with random and block structures shows that the formed
micelle zeta potential and dynamic stability of the micelles [34]
constantly improve as the hydrophobicity increases. A schematic dia-
gram of the particle size distribution [Fig. 2(c)] and transmission elec-
tron microscopy of fluorine-containing ammonium salt (Fig. S3) indicate
that with increasing molecular weight and fluoroalkyl groups, the space
position between fluorine-containing side groups increases, which pre-
vents the main chain of quaternary ammonium salts from bending
greatly. The micelles are prone to hollow phenomena and form vesicles.
The shape orientation is irregular, and the particle size of micelles is
relatively large.

3.3. Antifungal activities of Qs, Fx-c0-Qs, and Fy-b-Qs

3.3.1. Antifungal activities against Foc4
The MIC and MFC of fluorine-containing quaternary ammonium salts
and BC against Foc4 are shown in Fig. 3 using the TTC coloration

Table 1
Molecular weights of Qs, Fy-co-Qs and Fy-b-Qs prepared at different
[DMAEMA]/[DMAFMA] feeding ratios.

Samples [DMAEMA]/ M, sgc of My, sgc of b
[DMAFMA] feeding [PDMAEMA] final sample M,/
molar ratio (kDa) (kDa) M,)
Qs 1.00 3.0 5.4 1.29
F1-co- 0.34 - 6.2 1.36
Qs
Fa-co- 0.68 - 7.3 1.55
Qs
F3-co- 1.00 - 7.9 1.53
Qs
Fs-co- 1.70 - 11.3 1.61
Qs
F1-b-Qs  0.34 2.8 6.3 1.34
F2-b-Qs 0.68 2.8 7.6 1.41
F3-b-Qs 1.00 2.9 8.4 1.39
Fsb-Qs  1.70 3.1 11.6 1.58
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Fig. 1. (a) 'H NMR spectra and (b) FT-IR spectra of Qs, F1-co-D3, and F1-co-Qs.

method [13]. From the experimental data, we can see that Qs, F1-co-Qs,
and F1-b-Qs have a positive inhibitory effect on Foc4 in vitro, in which
F1-co-Qs is equivalent to BC against Foc4 with both at 40 pg/mL. In
addition, the fluorine-containing ammonium salts exhibited a trend of
antifungal activities with hydrophobicity: the antifungal activity of the
quaternary ammonium salt increased at first and then decreased with
increasing hydrophobicity of the quaternary ammonium salt. The fluo-
roalkyl group of quaternary ammonium salt with a better antifungal
activity is preferably approximately 15%, the Qs is free of fluoroalkyl
group, and the antifungal activity is poor, which also illustrates an
element necessary for the hydrophobic segment to exhibit good anti-
fungal performance. Additionally, in the case of similar hydrophobic
(fluorine-containing) segments, the random structural antifungal prop-
erties are generally better than those of the block. This may be related to
the micelle morphology and antifungal mechanism of quaternary
ammonium salt in aqueous solution.

The 50% and 90% maximum inhibitory concentrations represent the
concentrations of quaternary ammonium salt at which 50% or 90% of
Foc4 growth is inhibited. For the convenience of distinction, we define
the concentrations of 50% and 90% inhibition of fluorine-containing
quaternary ammonium salt against Foc4 measured in vitro and in soil
as ICsg, ICyg and ICsps, and ICqqs, respectively. The ratio of the growth
inhibition of Foc4 by typical mycelial growth in vitro and the spot plate
method in soil on PDA medium are shown in Fig. 4. The experimental
results show that the 50% and 90% maximum inhibitory concentrations
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Fig. 3. MIC and MBC (for bacteria) or MFC (for fungi) values of Qs, Fx-c0o-Qs
and Fy-b-Qs against Foc4.

of fluorine-containing quaternary ammonium salt are positively corre-
lated with the antifungal activity (MIC) both in vitro and in soil. The
difference is that the 50% and 90% maximum inhibitory concentrations
of fluorine-containing quaternary ammonium salt are much higher than
those of BC. This may occur because the mobility of fluorine-containing
polymeric quaternary ammonium salt is much worse than that of BC,
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resulting in its reduced utility. Additionally, it can be seen that the IC5¢g
and ICqps of quaternary ammonium salt in soil are much smaller than the
ICs0 and ICqg, which may be explained as follows: ICsy and ICyg were
measured by the poison plate test method. In the test process, the qua-
ternary ammonium salts and medium were mixed evenly to make cul-
ture medium, and the Foc4 mushroom dish was inoculated on the
prepared culture medium. Then, in the process of inhibiting the growth
of Foc4 mycelium, the quaternary ammonium salt on the surface of the
medium plays a greater role because the solid medium limits the
movement of quaternary ammonium salt drugs to a certain extent. In
contrast, in the process of testing ICsos and ICqgs, it is easier for qua-
ternary ammonium salts to contact and interact with Foc4 in soil
through shock culture. Therefore, the measured ICsqg is smaller than the
ICsp.

3.3.2. Antimicrobial activities against C. albicans, E. coli, and S. albus

To explore the wide range of antimicrobial activities of Qs, Fx-co-Qs,
and Fy-b-Qs, another fungus, C. albicans, and bacteria (E. coli and
S. albus) were selected to determine their MIC and MFC (MBC) using the
TTC coloration method [13]. The results are shown in Fig. S1. The MBC/
MIC (or MFC/MIC) ratio of Qs, Fx-co-Qs, and Fy-b-Qs against the three
kinds of microbial is less than 4, which indicates that they have bacte-
ricidal/fungicidal effects. Specifically, the antifungal and antibacterial
activities of both Fy-co-Qs and Fy-b-Qs showed a trend of first increasing
and then decreasing with the increase of hydrophobicity, in which F;-co-
Qs, Fa-c0-Qs, and Fq-c0-Qs/F1-co-Qs showed the best antimicrobial ac-
tivities on C. albicans, E. coli and S. albus, respectively.

The different antimicrobial activities of amphiphilic polymeric
quaternary ammonium salt on different bacterial/fungal strains is
different, which is related to the bacteriostatic/fungistatic mechanism
and the structure of different kinds of bacteria/fungi. For example,
compared with S. albus, the structure and components of the outer
membrane of E. coli are more complex, and the resistant to the damage
of quaternary ammonium cations would be stronger.

3.3.3. Effect on microbial diversity in soil

Traditional low-molecular-weight antimicrobial agents are typically
used to kill pests and microorganisms in terms of plant protection, but
low-molecular-weight antimicrobial agents kill all microorganisms and
destroy the soil ecosystem due to their strong efficacy and toxicity. To
explore the effect of fluorine-containing quaternary ammonium salts
when used in the control of Banana Fusarium wilt, an experiment of
preferred quaternary ammonium salt on microorganisms in soil is car-
ried out [35]. Fig. 5 shows the number of bacteria, fungi, and actino-
mycetes in the soil after the addition of quaternary ammonium salts and
BC. It can be seen from the chart that the number of bacteria, fungi, and
actinomycetes were greatly reduced after BC application, while the
number of bacteria and actinomycetes increased and the number of
fungi decreased after the effect of the preferred quaternary ammonium
salt on microorganisms in the soil. One possible explanation is that the
bacteria, fungi, and actinomycetes in the soil ecosystem are in a dynamic
equilibrium relationship. The prepared fluorine-containing quaternary
ammonium salts have different inhibitory properties on microorganisms
in the soil. When quaternary ammonium salts have a good inhibitory
effect on fungi and greatly reduce their number, the bacteria and acti-
nomycetes in the soil will be relatively conducive to reproduction and
increase due to the reduction in competition.

3.3.4. Persistence of preferred quaternary ammonium salt on Foc4 in soil

In the practical application of fluorine-containing quaternary
ammonium salt toward the prevention and control of Foc4 in plant
protection, the stability and efficacy persistence are also very important
parameter indicators. In this experiment, the preferred quaternary
ammonium salts were mixed with soil, Foc4 was calculated, and the
persistence of fluorine-containing quaternary ammonium salt was
explored. Fig. S5 is a schematic diagram of the sampling and coating
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results on PDA medium of the preferred quaternary ammonium salt at
different concentrations after a certain time. The figure shows that the
quaternary ammonium salt cannot kill all Foc4 in the soil at low con-
centrations, and there are still a certain number of Foc4 after coating on
PDA medium. When the concentration of quaternary ammonium salt is
more than 6 times that of ICsgg, it can effectively kill most bacteria in the
soil and has a persistence of up to 30 days. This may be because the
preferred quaternary ammonium salt is easy to adsorb in the soil and is
not easy to migrate, which is conducive to its long-term role in the soil
and the achievement of long-term antifungal performance at a high
concentration against Foc4.

3.4. Adsorption and migration characteristics in soil

The physical and chemical properties of soil are important factors
[36-38] that affect the interaction of Qs, Fx-co-Qs, and Fy-b-Qs with soil
and then affect their characteristics in the soil environment. The char-
acteristics of Qs, Fx-co-Qs, and Fy-b-Qs in agricultural soil can be
detected according to the 260-nm absorption peak in the UV spectro-
photometer due to the benzene ring structure.

Fig. 6(a)-(b) shows the adsorption curves of Qs, Fx-co-Qs, Fy-b-Qs,
and BC in soil. We find that the adsorption process of quaternary
ammonium salt in soil mainly occurs in the first 120 min, and the
adsorption amount changes little with time after 120 min, reaching the
saturated adsorption state between 8 and 10 h. The adsorption of
fluorine-containing quaternary ammonium salt in soil is affected by
many factors including electrostatic interactions, hydrophobic in-
teractions, hydrogen bonding, physical and chemical properties of soil,
and adsorption mechanisms. In the experiment, we selected the soil to

explore the effects of electrostatic interactions, hydrophobic in-
teractions, and hydrogen bonding on the adsorption of fluorine-
containing quaternary ammonium salts. An explanation of the satu-
rated adsorption capacity and adsorption kinetic process is as follows:
the experimental soil is negatively charged and has high cation exchange
capacity on its surface. Therefore, when adsorbed with the soil, the
fluorine-containing cationic quaternary ammonium salt is combined
with the soil through electrostatic adsorption, which is the rapid
adsorption stage of ion exchange. Then, the fluorocarbon chain is
adsorbed and combined with the soil through hydrophobic interactions
and hydrogen bonding. This is a relatively slow process. Figs. S2 and S3
show that the cation content of fluorine-containing amphiphilic qua-
ternary ammonium salt mainly affects its adsorption rate, and the hy-
drophobic and electrostatic effects of fluorine-containing chain
segments are more conducive to combination and desorption. This is
consistent with the stronger hydrophobic effect, larger adsorption co-
efficient, and greater adsorption capacity [39,40].

The migration of Qs, Fx-co-Qs, and Fy-b-Qs with rainwater in soil is an
important factor that affects their long-term antifungal performance
against Foc4 in plant protection. The soil migration experiment simu-
lates the leaching of quaternary ammonium salt in the soil layer by
rainwater and explores the retention capacity of Qs, Fx-co-Qs, Fy-b-Qs,
and BC in soil. Fig. 6(c)-(d) is a relationship chart showing the migration
depth and leaching rate of Qs, Fx-co-Qs, Fy-b-Qs, and BC in soil. The
migration capacity of fluorine-containing quaternary ammonium salt
and BC in soil is poor, and the maximum leaching depth is less than 10
cm from the experimental data. The outflow rate R1 (0- 10 cm) of
various fluorine-containing quaternary ammonium salts and leaching
solutions is more than 50%, which is difficult to leach according to GB
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Fy-c0-Qs, and Fy-b-Qs.

31270.5-2014. Therefore, Qs, Fx-co-Qs, and Fy-b-Qs do not easily
migrate with water in the soil and can stay in the soil stably for a long
time. This is conducive to long-term antifungal performance against
Foc4.

3.5. Toxicity tests
Fig. 7 shows the toxicity data of Qs, Fx-co-Qs, Fy-b-Qs, and BC to

zebrafish according to GB/T 31270.12-2014. The oral toxicity LCs data
of Qs, Fx-co-Qs, and Fy-b-Qs to zebrafish are between 1 and 10 mg/L,
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Fig. 7. Distribution of antifungal activity against Foc4 and biotoxicity to
zebrafish: (a) acute toxicity and (b) toxicity after adsorption of soil.

showing an acute oral toxicity to zebrafish according to the classification
standard of toxicity level. In addition, the oral acute toxicity LCso data of
Qs, Fx-co-Qs, and Fy-b-Qs to zebrafish decreased as time elapsed, which
indicates that the toxicity and side effects of Qs, Fx-co-Qs, and Fy-b-Qs on
zebrafish are cumulative and long-lasting. Based on Qs, Fx-co-Qs and Fy-
b-Qs are easy to adsorb and difficult to migrate in the soil, and the
toxicity LCsg of quaternary ammonium salt in soil to zebrafish after soil
adsorption and rainwater leaching is greater than 10 mg/L. This in-
dicates that Qs, Fx-co-Qs, and Fy-b-Qs have great application prospects in
the prevention and control of Foc4 in plant protection.

3.6. Pot experiments

In a pot experiment regarding the prevention and control effects of
the preferred quaternary ammonium salt on Foc4 during the growth of
banana seedlings, we set the growth of banana seedlings in four exper-
imental groups (Table S2). Fig. 8(a), Fig. S6(a), and Fig. S7(a) show that
when Foc4 is not inoculated, banana seedlings grow healthily, which
indicates that fluorine-containing quaternary ammonium salts have lit-
tle effect on the growth of banana seedlings under the experimental
conditions without Foc4. Fig. 8(b), Fig. S6(b), and Fig. S7(b) indicate
that when Foc4 is inoculated, the symptoms of Foc4 infection in banana
seedlings are different: banana seedlings have better growth and fewer
disease symptoms under higher concentrations of quaternary ammo-
nium salt but have relatively poor growth under low concentrations of
drugs. Fig. 8(b) shows that the leaves of banana seedlings turned yellow
or withered seriously, and the pseudostem appeared as a dark or brown
area at a concentration of ICsgg quaternary ammonium salt. The infec-
tion of Foc4 in banana seedling roots and leaves was relatively mild
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Fig. 8. Classic diagram of effect of (a) F;1-b-Qs and (b) F;-co-Qs on growth of banana seedlings after 40 d. Small illustration in lower right corner shows longitudinal

bisection of corms.

under a 4 x ICsps concentration of Fi-co-Qs. This may be because the
high concentration of quaternary ammonium salt easily contacts Foc4
more fully in the soil and kills most of the Foc4, which leads to a small
amount of residual Foc4 causing mild and minor infection of banana
seedlings. (See Fig. 9.)

The 4 x ICs0s concentration of quaternary ammonium salt is roughly
equivalent to the ICggs value measured by antifungal properties against
Foc4 in soil (Fig. 4). At this concentration, fluorine-containing quater-
nary ammonium salt can kill most of the Foc4 in the soil, which is
consistent with the growth of banana seedlings in the pot experiment. In
addition, comparing the effect of Qs, Fi-co-Qs, and Fq1-b-Qs on the
growth parameters of banana seedlings in the process of controlling
banana Fusarium wilt in Table S3 and Fig. S8, we found that the disease

(b)
F1 'CO'Qs

4xIC5s@Foc4
(1.2 g/kg soil)

2xIC5ps@Foc4
(0.6 g/kg soil)

index of banana seedlings under the 4 x ICsgs (1.2 mg/g soil) action of
F1-c0-Qs and F;-b-Qs decreased to disease grade I (the degree of infec-
tion was approximately 11%). This indicated that the introduction of
quaternary ammonium salt with an appropriate proportion of fluorine
groups can enhance its antifungal performance to better control banana
Fusarium wilt during the growth of banana seedlings.

4. Conclusions

This study showed that fluorine-containing amphiphilic quaternary
ammonium salts with random and block structures (Qs, Fx-co-Qs, and Fy-
b-Qs) have good broad-spectrum antimicrobial properties, especially the
fluoroalkyl group introduced into quaternary ammonium salt, which

IC5s@Foc4
(0.3 g/kg soil)

Foc4
(0 g/kg soil)

Fig. 9. Classic diagram of effect of (a) F1-b-Qs and (b) F;1-co-Qs on growth of banana seedlings after 40 d under different concentrations of fluorine-containing
amphiphilic quaternary ammonium salts, in which Foc4 conidia concentration is 2 x 10° conidia/g soil. Small illustration in lower right corner shows longitudi-

nal bisection of corms.
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exhibits better antifungal performance on Foc4, as the MIC of F1-co-Qs is
equivalent to BC. In addition, Qs, Fx-c0o-Qs, and Fy-b-Qs are easy to
adsorb in the soil and will not move, which is conducive to their long-
term stable existence in the soil. In addition, they are unlikely to flow
into groundwater to cause water pollution. This verified their low
toxicity to zebrafish and long-term antifungal performance against Foc4
after application. Additionally, the application of fluorine-containing
polymeric quaternary ammonium salt does not destroy the diversity of
the microbial system in soil. Finally, the results of a pot experiment
showed that the fluorine-containing quaternary ammonium salt had a
more positive effect on the control of Foc4, while the fluoroalkyl group
was introduced into the quaternary ammonium salt. Through the sys-
tematic characterization and research of fluorine-containing amphi-
philic quaternary ammonium salts with random and block structures
(Qs, Fx-co-Qs, and Fy-b-Qs), we hope to provide a new way to protect
banana plants against banana Fusarium wilt and promote the healthy
and stable development of the banana industry.
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Banana Fusarium wilt is a typical soil-borne pathogen disease caused by Fusarium oxysporum f. sp. cubense (Foc)
and is difficult to control because Foc conidia can survive for many years in soil. Thus, the inhibition of Foc
conidia in soil would be an effective and possible way to control banana Fusarium wilt. In this work, three kinds
of poly(N,N-diene propyl quaternary ammonium salts) (PDPQASs), namely, poly(methyl butyl diallyl ammonium
chloride) (PM), poly(methyl benzyl diallyl ammonium chloride) (PB) and poly(dimethyl diallyl ammonium
chloride) (PD), were synthesized, and the antifungal activities on Foc4, the adsorption and leaching properties in
soil, and the biotoxicities on silkworms, zebrafish and mice were evaluated. It was found that the three kinds of
PDPQAS showed obvious and stronger inhibiting effects on Foc4 conidia, and they were essentially nontoxic to
silkworms and mice. Their toxicities were much lower than that of benzalkonium chloride (BC, a typical com-
mercial small molecular QAS) to zebrafish, in which PB showed the best comprehensive properties in antifungal
activities and biotoxicities. Benefitting from the stronger polymer-soil interaction, PB could absorb in soil more
easily and hardly be leached from the soil, which helped PB stay in the soil more stably and effectively inhibited

Foc4 conidia in the long term, giving PB a potential application in the control of banana Fusarium wilt.

1. Introduction

Banana Fusarium wilt is caused by Fusarium oxysporum f. sp. cubense
(Foc). There are four categories of pathogenic fungi, among which
tropical race 4 (Foc4) shows the strongest pathogenicity and can infect
all the current banana varieties [1,2]. Banana Fusarium wilt is a typical
soil-borne disease. Once Foc4 conidia enter a banana garden, they will
reproduce in the soil, penetrate the intercellular space of the root
epidermis cell walls and colonized the root vascular tissues of corms of
bananas, leading to water blockage and resulting in pseudostem and leaf
wilting [3]. So, in a conducive soil even low levels of pathogen inoculum
can cause serious damages [4]. Thus, banana Fusarium wilt is consid-
ered a “cancer” in the banana growing industry, which has greatly
restricted the development of the banana industry in South China and
even in the world.

At present, chemical control and biological control are two impor-
tant methods to control banana Fusarium wilt. For biological control,
some fungi and bacteria that have antagonistic effects on the target
pathogen have been used, but the current research is still mainly in the
laboratory stage; furthermore, the fungi that have antagonistic effects on
banana Fusarium wilt might change with the environment in the actual
soil, showing instability [5]. For chemical control, the inhibitory effects
of chemical reagents on banana Fusarium wilt have been studied.
However, most of the chemical reagents used in chemical control are
single and small molecules, which are prone to be lost with rain in the
process of chemical control, making it difficult to achieve the effect of
killing Foc conidia in the soil over a period of time [5,6]. Polymeric
quaternary ammonium salts (PQASs) are novel antimicrobial agents.
Due to their long molecular chain length and higher charge density,
their immigration ability is lower than those of small molecule

Abbreviations: Foc, Fusarium oxysporum f. sp. cubense; Foc4, Fusarium oxysporum f. sp. cubense race 4; QAS, quaternary ammonium salts; PQAS, polymeric qua-
ternary ammonium salts; PDPQASs, poly(N,N-diene propyl quaternary ammonium salts); MBDAC, methyl butyl diallyl ammonium chloride; PB, methyl benzyl diallyl
ammonium chloride; DMDAC, dimethyl diallyl ammonium chloride; PM, poly(methyl butyl diallyl ammonium chloride); PB, poly(methyl benzyl diallyl ammonium
chloride); PD, poly(dimethyl diallyl ammonium chloride); LCso, median lethal concentration; LDsg, median lethal dose; MIC, minimum inhibitory concentration;

MFC, minimal fungicidal concentration; TTC, 2,3,5-triphenyltetrazolium chloride..
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Scheme 1. Structures and synthesis routes of MBDAC, BMDAC, DMDAC, PM, PB and PD.

quaternary ammonium salts (SQASs); thus, the inhibitory effect might
be prolonged [7,8].

According to the position of quaternary ammonium (N') in the
macromolecules, PQAS can be divided into three categories: main chain
type, side chain type and branch type [9]. In main chain cationic poly-
mers, multiple cationic centers densely appear in the polymer skeleton,
which can enhance the polymer's adsorption to the microbial membrane
surface. Liu [10] and Cakmak [11] found that the main chain cationic
polymers could greatly inhibit the growth of most pathogenic bacteria.
There are many types of main chain cationic polymers, including poly-
guanidine [12,13], polyimidazole [10], diallyl quaternary ammonium
polymer [14] and other main-chain macromolecular quaternary
ammonium salts [11,15].

Compared with the side-chain quaternary ammonium salts most
studied now [16], diallyl polymeric quaternary ammonium salt showed
higher charge density, for example, the average molecular per quater-
nary ammonium (NT) for polyacrylamide-based QAS (such as PQD-BC)
[17] and the PDPQASs discussed in the work (such as PB), are about 280
and 227, respectively. Thus the PDPQASs have stronger adsorption
characteristics to bacteria or fungi, and its antibacterial/antifungal ac-
tivities could be further improved to meet the current needs of efficient
sterilization. In addition, most of the current main chain type PQASs
were synthesized based on the condensation method [18,19], while N,N-
diene propyl types of PQASs (PDPQASs) can be obtained by traditional
radical polymerization via a ring-closing mechanism, and the molecular
weights are easy to control [20,21]. In addition, the polymerization of
PDPQAS:s can be carried out in water without organic solvent, which is
low cost and environmentally friendly and makes the synthetic method
highly advantageous to a wide range of development and application in
the future [22,23].

Although SQASs have been studied for decades, the applications of
SQASs in the control of soil-borne disease have rarely been reported
[24,25], which might be due to their broad-spectrum antimicrobial ac-
tivity and their potential pollution to soil and water environments.
Therefore, in this work, based on the synthesis of a series of N,N-diene
propyl quaternary ammonium salts (DPQASs) with different side
groups and the corresponding homopolymers (PDPQASs), the influence
of molecular structure on the antifungal activities, biotoxicities
(including toxicities to fish, silkworm and mice), polymer-soil

interactions and long-term antifungal properties of PDPQASs in Foc4-
containing soil were studied in detail. We hope this work will help to
further the understanding of the relationship between polymer structure
and long-term antifungal properties and will assist in finding potential
polymeric antimicrobial agents for plant protection.

2. Experimental
2.1. Materials

N-methyldiallyl amine (98%), azodiisobutylamidine hydrochloride
(AIBA), benzyl chloride, dimethylamine, N-methyl-butylamine, and
benzalkonium chloride (BC) were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). 2,3,5-Triphenylte-
trazolium chloride (TTC) was purchased from BBI Life Sciences. Fusa-
rium oxysporum f. sp. cubense race 4 (Foc4) was donated by the Fungal
Laboratory, Department of Plant Pathology, South China Agricultural
University and subcultured on potato dextrose agar medium (PDA). The
soil (crushed and screened through a 20-mesh sieve) was taken from the
banana field of the Institute of Fruit Tree Research, Guangdong Acad-
emy of Agricultural Sciences. The physicochemical properties of the
tested soil are shown in Table S1.

2.2. Synthesis of quaternary ammonium monomers and their
homopolymers

N, N-methyl butyl diallyl ammonium chloride (MBDAC) and its ho-
mopolymer (PM), N,N-dimethyl benzyl dially] ammonium chloride
(BMDAC) and its homopolymer (PB), and N,N-dimethyl diallyl ammo-
nium chloride (DMDAC) and its homopolymer (PD) were synthesized
according to Scheme 1, and the synthesis procedures were described
briefly in the Supporting Information (Part S1).

2.3. Characterization

FT-IR spectra were collected on a Nicolet iS5 (Thermo Fisher Sci-
entific Corp., USA) using KBr pellets. 'H NMR spectra were obtained
using a Bruker Avance III-400 (Bruker Instrument Corp., Germany)
spectrometer with DO as the solvent. Size exclusion chromatography

116



Y. Lin et al.
Table 1
Molecular weights and distributions of PD, PM and PB.
Sample M,? M,* b (M,/Mp) ¢
PD 7.36x 10° 12.9 x 10° 1.95
PM 4.93x 10° 8.19x 10° 2.06
PB 2.41x 10° 4.37x 10° 2.11

a: based on GPC testing.

(SEC) was performed on a Waters 515-2414 system (Waters Corp., USA)
equipped with Ultrahydrogel 250 columns, and the samples were
measured at 40 °C using 0.5 M acetic acid and 0.5 M sodium acetate
solution as the eluent, and the instrument was calibrated using PEG
standards.

2.4. Antifungal properties of the PDPQASs on Foc4

The antifungal activities of PDPQASs, namely PM, PB, and PD, were
evaluated based on the method of inhibition of mycelial growth and the
TTC coloration method [26]. The 50% inhibitory concentration (ICsg)
and 90% inhibitory concentration (ICqp) were determined by the hyphal
growth inhibition test to measure the diameters of the fungal colonies on
PDA plates with different concentrations of PDPQASs; the minimum
inhibitory concentrations (MICs) of PDPQASs on Foc4 were determined
by the broth microdilution method with 2,3,5-triphenyltetrazolium
chloride (TTC), and the minimal fungicidal concentrations (MFCs) on
Foc4 were determined by the spot plate method [26]. All tests were
conducted in triplicate.

2.5. Biotoxicity evaluation methods

The evaluation methods for determining the biotoxicities of PM, PB,
PD and BC on insects (silkworms), fish (zebrafish) and mammals
(Kunming mice) are listed in detail in the Supporting Information, Part
S2.

2.6. Characterization of the interaction between PDPQASs and soil
The testing methods for the adsorption and leaching properties of PB

in soil [7] and the inhibition characteristics of PB on Foc4 in soil are
listed in the Supporting Information (Part S3).
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Fig. 2. MICs and MFCs of PD, PM, PB and BC against Foc4 based on the TTC
coloration method.

3. Results and discussion
3.1. Synthesis and characterization of PD, PM and PB

The FTIR and 'H NMR spectra of the three kinds of monomers,
namely, DMDAC, MBDAC and BMDAC, are shown in Figs. S3 and S4,
respectively. In which, the peaks in 958 cm ™ in the FTIR spectra, and
the 5.60 ppm & 5.95 ppm in the 'H NMR spectra were assigned to the
vinyl group of the monomers, and peaks in 1640 cm™! were assigned to
the N* groups.

Generally, the hygroscopic nature of quaternary ammonium salts
was demonstrated strongly, and there was a wide water peak at 3422
em™! for each monomer. The characteristic peaks marked in Figs. $3
and S4 show that the monomers had the expected structure.

The homopolymers, namely, PD, PM and PB, were synthesized from
DMDAC, MBDAC and BMDAC based on radical polymerizations, and
their FTIR and 'H NMR spectra are shown in Figs. S5 and $6, respec-
tively. The peaks for C=C bonds (958 cm~! in the FTIR spectra, and
5.60 ppm & 5.95 ppm in the 'H NMR spectra) almost disappeared,
demonstrating the successful synthesis of the polymers. The molecular
weights and distributions of PD, PM and PB are shown in Table 1.
Table S2 showed that with different feed ratio of the monomers/initi-
ators, overall, the polymerization activity decreased with increasing
volume of the side group. And we noticed that although the molecular
weight would be different, the molecular weight distribution and their
anti-bacterial or antifungal activities were almost the same, which mean
the molecular weight of PDPQASs was not the significant factor. Thus in

g g'\B" IC, IC,
A PD mg/L  mg/L
PM: 568 853
v BC PB: 320 559
PD: 870 1728
BC: 67 229
PM: y = 7.25 Lg(x) + 6.78, * = 0.964
PB: y=5.57 Lg(x) + 7.69, = 0.972
PD: y =4.30 Lg(x) + 5.26, ” = 0.953
BC: y =239 Lg(x) +7.81, = 0.992
0.01 0.1 1 10

Concentration, mg/mL

(B)

Fig. 1. (A) Antifungal activities of PD, PM, PB and BC against Foc4 (after incubation for 5 d) based on the method of inhibition of mycelial growth and (B) the fitting

curves and results of ICsg and ICgp.
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Table 2
Toxicities of PD, PM, PB and BC to silkworm, zebrafish and Kunming mice.

Sample  LCsq for silkworm, LCs for zebrafish, LDs( for Kunming mice,
mg/L mg/L mg/kg

PM > 2000 3.45 4500

PD > 2000 4.31 > 5000

PB > 2000 2.29 2000

BC 1320 1.79 555

this paper, for each polymer, only one sample was pick out for repre-
sentative, as shown in Table 1.

3.2. Anti-fungal activities of PDPQASs on Foc4

The ICsp and ICyg are regarded as the two most important indicators
for antifungal drugs [26]. Fig. 1-(A) shows the growth state of the typical
fungus dish after being injected into the solid medium with the drug for
5 d. The inhibitory effect of the drug on mycelial growth was reflected in
the size of mycelial growth under different concentrations. Fig. 1-(B)
shows the fitting curves, and the ICsp and ICy( values could be calculated
from the curves. Although BC showed the lowest ICso and ICgo, PB
seemed to have the best anti-Foc4 activities among the three kinds of
PDPQASs. Similar results are shown in Fig. 2. PB also showed the lowest
MIC among the three PDPQASs, which was slightly higher than that of
BC. The differences between ICs¢ & IC9g and MIC & MFC for the same
drug are mainly due to the testing methods; for the former, the fungal
mycelium only contacts one side of the PDA plates containing drugs,
while for the latter, the mycelium could mix with the drugs in solution
uniformly, thus resulting in a much lower inhibitory concentration.

According to the mechanisms of electrostatic adsorption and bacte-
riostatic inhibition [27], the strength of the inhibition effect is deter-
mined by the binding property between the molecular chain and the
outer membrane when the polymer adsorbs on the surface of the fungus.
The stronger the hydrophobicity is, the more favorable it is to combine
the polymer chain with the phospholipid layer of the fungal membrane
structure through hydrophobic effects to destroy the integrity. The
above three types of PDPQASs have a certain inhibitory effect on Foc4
mycelia, and their inhibitory activity will decrease with increasing
molecular weight. The stronger the side group hydrophobicity is, the
better the inhibitory effect will be [17,28].

3.3. Biotoxicities of PDPQASs

As a typical cationic ammonium salt bacteriostatic agent, both the
bacteriostatic effect and the biotoxicity should be evaluated. In this
work, BC was chosen as a reference commercial cationic ammonium salt
bacteriostatic agent, and the toxicity test results of BC and three kinds of

0.85+
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0.804 PB 26.2 mg/g soil
{ o BC  10.7 mg/g soil
e
Q 0.754 \o\
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PDPQASs on silkworms, zebrafish and mice are shown in Table 2.

As shown in Table 2, the LCs values of PD, PM and PB for silkworms
were greater than 2000 mg/L, indicating that the acute toxicity to
silkworms was essentially nontoxic, while BC showed low toxicity to
silkworms, which was consistent with the literature [29,30]. For
zebrafish, although both PDPQASs and BC are labeled “moderate
toxicity” (1-10 mg/L), the toxicity of PDPQASs is slightly lower than
that of BC. PB showed a lower LCs for zebrafish, which might be due to
the higher hydrophobicity, indicating that the toxicity would also be
enhanced with the improvement of hydrophobicity of the side groups of
PDPQASs [31,32]. This regularity between side group and toxicity could
also be found in the toxicity to mice; the LDsg of PD was greater than
5000 mg/kg, indicating that it was nontoxic to mice, and although PB
had the lowest LDs of the three kinds of PDPQASs, LDs5q values of 2000
mg/kg or more indicate that they have low toxicity to mammals and are
much safer than BC.

Based on the comprehensive evaluation of the antifungal activities
and biotoxicities of the three kinds of PDPQASs, PB could be considered
an ideal cationic ammonium salt bacteriostatic agent with higher anti-
Foc4 activities and lower biotoxicities and was chosen for further
polymer-soil interaction studies.

3.4. Adsorption and leaching properties of PB

As a typical soil-borne pathogen, Foc4 spores can survive in soil for
several years, and anti-fungi agents should be applied in soil; thus, the
interaction between polymeric cationic ammonium salts (here, PB was
chosen for extensive study) and soil, including adsorption and leaching
properties, should be evaluated. Although both PB and BC had good
water solubility, the adsorption and leaching properties of PB were
much different from those of BC, as shown in Fig. 3-(A). The saturated
absorption (Cs) of PB was much higher than that of BC, while the time for
equilibrium adsorption was also longer (approximately 16 h) than that
of BC (approximately 9 h). Due to the broad-spectrum bacteriostatic
effect, the drugs applied in soil hope to show good adsorption and should
hardly be leached and lost from the soil, as shown in Fig. 3-(B).
Compared with BC, the leaching rate of PB was much lower (the 350 mL
leaching volume is equivalent to 70 mm rainfall in a day, that is, the
level of a rainstorm), indicating that PB could easily absorb in soil and
hardly be leached from soil [33].

3.5. Long-term anti-Foc4 properties of PB in soil

Different loadings of PB with varied water/soil ratios were applied to
the soil, where the initial concentration of Foc4 spores in the soil was set
as 2.25 x 10° conidia/(g dry soil). At this concentration, banana seed-
lings were susceptible to banana Fusarium wilt. By checking whether
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Foc4 time of PB in soil.

there were live Foc4 conidia in the soil, the effective anti-Foc4 time in
the soil could be determined. Fig. 4 shows that at a PB loading of 16 mg/
(g dry soil) (roughly equivalent to 10 x ICsp), the effective anti-Foc4
time was very short under different water/soil ratios, which was
mainly due to the PB loading of 16 mg/(g soil) being much lower than
the saturated absorption (Cs) of PB in the soil (26.2 mg/g soil, as shown
in Fig. 3-(A)). Thus, most of the PB was adsorbed on the surface of the
soil particles, and PB chains were free in water, resulting in a poor anti-
fungi effect. When the PB loadings were larger than C, with the increase
in PB loading and water/soil ratio, more PB chains could be free in the
soil/water mixture and result in better long-term anti-Foc4 properties.
When the PB loading reached 80 mg/(g dry soil) (roughly equivalent to
50 x ICsg) under a water/soil ratio of 20/1, the effective anti-Foc4 time
could be longer than one month, making PB a potential long-term anti-
Foc4 agent.

4. Conclusions

In this work, three kinds of poly(N,N-diene propyl quaternary
ammonium salts) with different side groups, namely, PM, PD and PB,
were synthesized, and then the anti-Foc4 activities and biotoxicities
were evaluated. PB showed higher anti-Foc4 activities and lower bio-
toxicities than small molecular quaternary ammonium salts, such as BC.
Benefitting from the stronger polymer-soil interaction, PB could more
easily absorb in soil and hardly be leached from soil, which helped PB
remain in soil more stably and effectively inhibited Foc4 conidia. The
more than one-month antifungal persistence time showed that PB had
potential application prospects in the prevention of Foc4.

Author contribution statement

Yaling LIN: Conceptualization, writing- reviewing and editing, su-
pervision; Chang ZHANG: Data collecting and writing; Meng HOU: Data
collecting and writing; Rui LI: Data collecting and writing; Angiang
ZHANG: Conceptualization, writing- reviewing and editing, supervision.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science Foundation
of China under grant 31772202; the Scientific and Technological

Reactive and Functional Polymers 172 (2022) 105174
Planning Project of Guangzhou City under grants 201803020015.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.reactfunctpolym.2022.105174.

References

[1] K. Pegg, L. Coates, W. O’Neill, D. Turner, The epidemiology of Fusarium wilt of
banana, Front. Plant Sci. 10 (2019) 1395.

[2] R. Ploetz, Fusarium wilt of banana, Phytopathology 105 (2015) 1512-1521.

[3] L. Zhang, T. Yuan, Y. Wang, D. Zhang, T. Bai, S. Xu, Y. Wang, W. Tang, S. Zheng,
Identification and evaluation of resistance to Fusarium oxysporum f. sp. cubense
tropical race 4 in Musa acuminata Pahang, Euphytica 214 (2018) 106.

[4] M. Dita, M. Barquero, D. Heck, E.S. Mizubuti, C.P. Staver, Fusarium wilt of banana:
current knowledge on epidemiology and research needs toward sustainable disease
management, Front. Plant Sci. 9 (2018) 1468.

[5] R. Ploetz, S. Freeman, J. Konkol, A. Al-Abed, Z. Naser, K. Shalan, R. Barakat,

Y. Israeli, Tropical race 4 of Panama disease in the Middle East, Phytoparasitica. 43
(2015) 283-293.

[6] B. Wang, J. Yuan, J. Zhang, Z. Shen, M. Zhang, R. Li, Y. Ruan, Q. Shen, Effect of
novel bioorganic fertilizer produced by Bacillus amyloliquefaciens W19 on
antagonism of Fusarium wilt of banana, Biol. Fertil. Soils 49 (2013) 435.

[7] Y. Chang, W. Zhong, J. Liang, A. Zhang, Y. Lin, Polydimethylsiloxane-
polymethacrylate block copolymers containing quaternary ammonium salts against
Fusarium oxysporum f. sp. cubense race 4 in soil: antifungal activities and pot
experiments, React. Funct. Polym. 160 (2021) 104848.

[8] Y. Jiao, L. Niu, S. Ma, J. Li, R. Fanklin, J. Chen, Quaternary ammonium-based
biomedical materials: state-of-the-art, toxicological aspects and antimicrobial
resistance, Prog. Polym. Sci. 71 (2017) 53-90.

[9] Y. Xue, H. Xiao, Y. Zhang, Antimicrobial polymeric materials with quaternary
ammonium and phosphonium salts, Int. J. Mol. Sci. 16 (2015) 3626-3655.

[10] L. Liu, Y. Huang, S. Riduan, S. Gao, Y. Yang, W. Fan, Y. Zhan, Main-chain
imidazolium oligomer material as a selective biomimetic antimicrobial agent,
Biomaterials 33 (2012) 8625-8631.

[11] I. Cakmak, Z. Ulukanli, M. Tuzcu, S. Karabuga, K. Genctav, Synthesis and
characterization of novel antimicrobial cationic polyelectrolytes, Eur. Polym. J. 40
(2004) 2373-2379.

[12] Y. Zhang, J. Jiang, Y. Chen, Synthesis and antimicrobial activity of polymeric
guanidine and biguanidine salts, Polymer 40 (1999) 6189-6198.

[13] M. Ahmed, T. Annamalai, X. Li, A. Seddek, P. Teng, Y. Tse-Dinh, J. Moon, Synthesis
of antimicrobial poly(guanylurea)s, Bioconjug. Chem. 29 (2018) 1006-1009.

[14] J. Olsson, T. Pham, P. Jannasch, Poly(N,N-diallylazacycloalkane)s for anion-
exchange membranes functionalized with n-spirocyclic quaternary ammonium
cations, Macromolecules 50 (2017) 2784-2793.

[15] Y. Zhu, C. Xu, N. Zhang, X. Ding, B. Yu, F. Xu, Polycationic synergistic antibacterial
agents with multiple functional components for efficient anti-infective therapy,
Adv. Funct. Mater. 28 (2018) 1706709.

[16] Y. Oda, S. Kanaoka, T. Sato, S. Aoshima, K. Kuroda, Block versus random
amphiphilic copolymers as antibacterial agents, Biomacromolecules 12 (2011)
3581-3591.

[17] A. Zhang, Q. Liu, Y. Lei, S. Hong, Y. Lin, Synthesis and antimicrobial activities of
acrylamide polymers containing quaternary ammonium salts on bacteria and
phytopathogenic fungi, React. Funct. Polym. 88 (2015) 39-46.

[18] W. Jaeger, J. Bohrisch, A. Laschewsky, Synthetic polymers with quaternary
nitrogen atoms-synthesis and structure of the most used type of cationic
polyelectrolytes, Prog. Polym. Sci. 35 (2010) 511-577.

[19] Y. Yang, J. Enbert, Synthersis and catalytic properties of hydrophobically modified
poly(alkylmethy diallyl ammoniumbromides), J. Organomet. Chem. 56 (1990)
4300-4304.

[20] C. Wandrey, J. Hernandez-Barajas, D. Hunkeler, Diallyldimethylammonium
chloride and its polymers, in: I. Capek, J. Hernfandez-Barajas, D. Hunkeler, J.

L. Reddinger, J.R. Reynolds, C. Wandrey (Eds.), Radical Polymerisation
Polyelectrolytes. Advances in Polymer Science 145, Springer, Berlin, Heidelberg,
1999, pp. 123-182, hitps://doi.org/10.1007/3-540-70733-6_3.

[21] R. Losada, C. Wandrey, Copolymerization of a cationic double-charged monomer
and electrochemical properties of the copolymers, Macromolecules 42 (2009)
3285-3293.

[22] Y. Yang, B.F.N. Jan, Engberts. Synthesis and catalytic properties of
hydrophobically modified poly(alkylmethyldiallylammonium bromides),

J. Organomet. Chem. 56 (1991) 4300-4304.

[23] G. Wang, B.F.N. Jan, Engberts. Synthesis and catalytic properties of
hydrophobically modified poly(alkylmethyl-diallylammonium chlorides), Eur.
Polym. J. 31 (1995) 409-417.

[24] R. Meldrum, A. Daly, L. Tran-Nguyen, E. Aitken, The effect of surface sterilants on
spore germination of Fusarium oxysporum f. sp. cubense tropical race 4, Crop Prot.
54 (2013) 194-198.

[25] B. Nela, C. Steinbergb, N. Labuschagnea, A. Viljoena, Evaluation of fungicides and
sterilants for potential application in the management of Fusariun wilt of banana,
Crop Prot. 26 (2007) 697-705.

[26] Z. Huang, R. Liuyang, C. Dong, Y. Lei, A. Zhang, Y. Lin, Polymeric quaternary
ammonium salt activity against Fusarium oxysporum f. sp. cubense race 4: synthesis,

119


https://doi.org/10.1016/j.reactfunctpolym.2022.105174
https://doi.org/10.1016/j.reactfunctpolym.2022.105174
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0005
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0005
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0010
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0015
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0015
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0015
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0020
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0020
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0020
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0025
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0025
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0025
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0030
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0030
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0030
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0035
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0035
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0035
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0035
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0040
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0040
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0040
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0045
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0045
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0050
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0050
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0050
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0055
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0055
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0055
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0060
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0060
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0065
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0065
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0070
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0070
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0070
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0075
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0075
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0075
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0080
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0080
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0080
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0085
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0085
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0085
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0090
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0090
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0090
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0095
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0095
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0095
https://doi.org/10.1007/3-540-70733-6_3
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0105
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0105
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0105
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0110
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0110
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0110
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0115
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0115
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0115
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0120
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0120
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0120
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0125
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0125
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0125
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0130
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0130

Y. Lin et al.

[27]

[28]

[29]

structure-activity relationship and mode of action, React. Funct. Polym. 114 (2017)
13-22.

B. Mowery, S. Lee, D. Kissounko, R. Epand, R. Epand, B. Weisblum, S. Stahl,

S. Gellman, Mimicry of antimicrobial host-defense peptides by random
copolymers, J. Am. Chem. Soc. 129 (2007) 5474-15476.

D. Sha, J. Xu, X. Yang, Y. Xue, X. Liu, C. Li, M. Wei, Z. Liang, K. Shi, B. Wang,
Y. Tang, X. Ji, Synthesis and antibacterial activities of quaternary ammonium salts
with different alkyl chain lengths grafted on polyvinyl alcohol-formaldehyde
sponges, React. Funct. Polym. 158 (2021) 104797.

Punyavathi Sudhakumari, C. Das, M. Bhat, H. Manjunatha, evaluation of the
medically important compounds TASKI protasan and combatan for its efficacy
using Bombyx mori as a model system, J. Pharm. Res. 7 (2013) 184-188.

[30]

[31]

[32]

[33]

120

Reactive and Functional Polymers 172 (2022) 105174

Y. Lin, W. Zhong, C. Dong, C. Zhang, X. Feng, A. Zhang, Synthesis and antifungal
activities of amphiphilic PDMS-b-QPDMAEMA copolymers on Rhizoctonia solani,
ACS Appl. Bio Mater. 1 (2018) 2062-2072.

A. Engler, J. Tan, Z. Ong, D. Coady, V. Ng, Y. Yang, J. Hedrick, Antimicrobial
polycarbonates: investigating the impact of balancing charge and hydrophobicity
using a same-centered polymer approach, Biomacromolecules 14 (2013)
4331-4339.

M. Ganewatta, C. Tang, Controlling macromolecular structures towards effective
antimicrobial polymers, Polymer 63 (2015) A1-A29.

Y. Wang, H. Gao, Z. Xie, L. Zhang, X. Ma, Effects of different agronomic practices
on the selective soil properties and nitrogen leaching of black soil in Northeast
China, Sci Rep-UK. 10 (2020) 14939.


http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0130
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0130
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0135
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0135
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0135
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0140
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0140
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0140
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0140
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0145
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0145
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0145
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0150
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0150
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0150
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0155
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0155
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0155
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0155
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0160
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0160
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0165
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0165
http://refhub.elsevier.com/S1381-5148(22)00016-5/rf0165

Downloaded via SOUTH CHINA UNIV OF TECHNOLOGY on February 4, 2022 at 07:45:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERJAPPLIED
POLYMER MATERIALS

pubs.acs.org/acsapm

Molecularly Imprinted Photonic Crystals Based on Fusaric Acid for

the Detection of Banana Fusarium

Wilt

Yaling Lin,* Xixiang Feng, Wei Zhang, Rui Li, and Anqiang Zhang*

Cite This: ACS Appl. Polym. Mater. 2021, 3, 58185825

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Banana Fusarium wilt is a soil-borne disease caused
by Fusarium oxysporum f. sp. cubense (Foc) in which F. oxysporum f.
sp. cubense race 4 (Foc4) could infect all kinds of banana and has
caused great damage to the banana planting industry. The most
important means to prevent and control banana Fusarium wilt in
agricultural production is to control the spread and invasion of
pathogens. Among them, the detection and determination of
banana Fusarium wilt in the field is essential and thus is the basis of
protection. Since fusaric acid (FA) is one of the specific products
present during the metabolic processing of Fusarium wilt
pathogens, by combining FA with molecularly imprinted photonic
crystal (MIPC) technologies, a series of MIPCs based on
monodispersed silica, FA, and cross-linked polymers, i.e.,, MIPC-
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FA, which could be recycled, were designed and prepared. It was found that the responses of MIPC-FA were affected by the cross-
linking degree of the polymer matrix and the pH values. The results showed that MIPC-FA could effectively detect FA in a solution
of FA in a minute scale, Foc4-containing medium, and banana plants infected by Foc4, and the response was related to the FA
concentration, which makes it an effective and fast method to detect and determine banana Fusarium wilt caused by Foc4 in the

field.

KEYWORDS: molecularly imprinted photonic crystal, banana Fusarium wilt, fusaric acid, Foc4, field testing

1. INTRODUCTION

Banana Fusarium wilt is a typical vascular wilt disease caused
by a special species of a complex of Fusarium oxysporum f. sp.
cubense (Foc).' According to banana planting technology and
the perennial and single-variety cultivation characteristics of
banana plantations, it is obvious that the management of
banana wilt is not simple.” At present, there are no effective
fungicides or other eradication methods that can eradicate F.
oxysporum f. sp. cubense race 4 (Foc4), and the affected plants
lead to a rapid decline in the output of an entire banana
plantation.

Banana wilt is considered to be a “polycyclic” plant disease,’
which means that the invasion of a small amount of pathogens
may cause large-scale losses. Proactive prevention, containment
of the disease, and isolation of infected plants appear to be
extremely important. Therefore, the fast detection of infected
plants is particularly important.

The detection of banana Fusarium wilt traditionally relies on
the identification of disease symptoms. The main feature is that
the leaves are yellow and the banana pseudostems become
reddish brown.” However, due to the long incubation period of
the pathogen, by the time symptoms are found in the banana
host, the pathogen has already begun to spread.5 The routine
diagnosis of Foc requires long-term culture, microscopy and

© 2021 American Chemical Society
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pathogenicity tests, and distinguishing Foc from other
Fusarium species based on its morphological characteristics,
which requires testing personnel to have an excellent Fusarium
species research background. This method cannot distinguish
between pathogenic and nonpathogenic strains.’ The
pathogenicity test can distinguish whether it is pathogenic
but this test is extremely time-consuming, and different
environments may bring different results.

DNA-based diagnosis can effectively improve the speed and
accuracy of testing. Polymerase chain reaction (PCR) using
specific primers is a relatively common method of
identification, but it requires cultivation and can only provide
qualitative results.” Quantitative PCR was developed to solve
the shortcomings of conventional PCR and is often applied to
the quantification of pathogen DNA in environmental
samples.® Lin and co-workers” developed the SCAR primer
set FocSc-1/FocSc-2, and primers for real-time PCR
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amplification can be applied to the quantitative detection of
Foc4. The Food and Agriculture Organization (FAO) uses a
PCR techni%ue that uses specific primers to detect FocTR4-F/
FocTR4-R."” This specific method is only for FocTR4 (VCG-
01213), which causes great damage to Cavendish bananas.
This detection method can detect infected plants and soil- and
water-containing pathogens.

In the process of Foc invading banana plants, the pathogen
produces a series of phytotoxins to invade the host. Among
them, fusaric acid (FA) is a phytotoxin produced by several
species of Fusarium.'' In banana Fusarium wilt, FA is closely
related to the symptoms of banana Fusarium wilt. FA may
destroy the cell membrane of the host cell at the stage when
the bacteria causing banana Fusarium wilt invades the plant
and causes an imbalance in the water level in the leaves.'”
Some studies also suggest that FA is related to the destruction
of chloroplasts, and the reduction of photosynthesis and the
presence of FA can be detected in leaves showing yellowing."
It is believed that FA plays a very important role in the
infection cycle of banana Fusarium wilt, which means that FA
can be used as a target substance to detect banana Fusarium
wilt caused by Foc.

Molecularly imprinted polymers (MIPs) are considered to
be the closest synthetic analogues of the antibody—antigen
system in biological systems. A molecularly imprinted polymer
identifies the selective binding of the template molecule in the
synthesis process through the “lock—key” structure.''> MIP
provides the specificity of natural biological receptors and is
inexpensive.

Currently, to solve the signal problem after molecular
imprinting recolgnition, an increasing number of reports use
electrochemical'® and optical technologies'® to transform
molecular imprinted materials into “sensors”. Molecularly
imprinted photonic crystals (MIPCs) prepared by combining
molecular imprinting technology and photonic crystals are an
ideal sensing material with high selectivity and fast response,
and the most significant advantage of MIPCs is that their
response signal can be directly observed by the naked eye.
MIPCs based on many recognition molecules have been
synthesized for the recognition of specific compounds, such as
nitrobenzene,'” ethanol,'® formaldehyde,19 cocaine,”’ delta-
methrin,®' etc. MIPC sensors enable low-cost, small, and
rugged identification systems and could be suitable for portable
systems for drug detection and environmental monitoring,

This work was designed to synthesize molecularly imprinted
photonic crystals (MIPCs) using fusaric acid (FA) as a
template molecule and to detect fusaric acid in a standard
solution, Foc4 culture medium, and Foc4-infected seedlings.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. Tetraethyl orthosilicate (TEOS),
methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA),
2,2'-azobis(2-methylpropionitrile) (AIBN), and hydrofluoric acid
(HF, 40%) were purchased from Macklin (Shanghai, China) and
used directly. S-Butylpicolinic acid (fusaric acid, FA) was purchased
from Biosynth Carbosynth (Suzhou, China). Phosphate buffer
solution (PBS, 0.01 M, pH 7.6) was prepared by dissolving
Na,HPO,, and KH,PO, in Milli-Q water. Glass slides (25 X 70 X 2
mm®) were immersed in a 98% H,S0,/30% H,0, (70/30, v/v)
mixture for 12 h, rinsed three times with deionized water in an
ultrasonic bath, and then dried before use. Poly(methyl methacrylate)
(PMMA) slides (50 x 25 X 2 mm®) were cleaned with anhydrous
ethanol. All of the solvents and chemicals used were of reagent quality
and used without further purification unless indicated.
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2.2. Preparation of Monodispersed Silica. The multistep
preparation method of monodispersed silica preceded based on the
Stober method.”>™** In brief, 27.5 mL of anhydrous ethanol, 3.5 mL
of ammonia, and 16 mL of deionized water were mixed in a 250 mL
flask, stirred intensively with a magnetic stirrer, and then 50 mL of
anhydrous ethanol and 3 mL of TEOS were added and the mixture
was made to react for 4 h. After that, 2 mL of TEOS and 0.32 mL of
deionized water were added every 4 h to the reaction. After repeating
feeding eight times, monodispersed silica particles were obtained by
centrifugation and resuspended in anhydrous ethanol five times.
Afterward, the obtained monodispersed particles were fully dispersed
in anhydrous ethanol with concentrations by weight of approximately
10—30%.

2.3. Preparation of the SiO, Photonic Crystal. The above-
synthesized monodispersed SiO, ethanol concentrated emulsion was
diluted to a 0.5—2% SiO, ethanol emulsion with anhydrous ethanol in
a 25 mL beaker. A glass slide treated with piranha solution was
inserted vertically into the beaker with the SiO, emulsion. After
ethanol completely evaporated naturally, SiO, photonic crystals were
prepared on both sides of the glass slide.

2.4. Fabrication of Molecularly Imprinted Photonic Crystal
Films. In this work, we fabricated four kinds of MIPC-FA films and
one nonmolecularly imprinted photonic crystal (N-MIPCs) film. The
MIPC-FA films were imprinted with fusaric acid under different
polymer compositions (including MAA, EGDMA, methanol, and
water), while for the N-MIPC film, FA was not added during the
preparation of polymers, as shown in Table 1. The scheme of the

Table 1. Formula for the Preparation of MIPC-FA Using a
250 nm SiO, Photonic Crystal as the Matrix

FA MAA EGDMA methanol water

sample (mmol)  (mmol) (mmol) (uL) (uL)
MIPC-FA-1 1 4 1 400 100
MIPC-FA-2 1 6 1 400 100
MIPC-FA-3 1 6 1 500 0
MIPC-FA-4 1 8 1 400 100
N-MIPC 0 6 1 400 100

synthesis process of MIPCs is shown in Figure 1. For the fabrication
of MIPC-FA, fusaric acid, MAA, and EGDMA were mixed with
methanol and deionized water and stored at 6 °C overnight. Then,
0.01 g of AIBN was added to the stored homogeneous monomer
mixtures and degassed with nitrogen for 10 min. The prepared glass
slide with SiO, photonic crystals was closely attached to a PMMA

000000000
Q0000000
OO00000000

l Add monomer mixtures

SRS

l Etch by HF

Remove template

»

Bind template

Figure 1. Schematic diagram of the preparation process of the MIPC-
FA polymer film.*”
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slide to form a sandwich structure, and the edge of the sandwich was
immersed into the prepared mixture until the sandwich structure
became transparent. The homogeneous monomer mixtures entered
the gap of the photonic crystal due to capillary action. Then, the
“sandwich” structure was fixed with clamps, and the remaining
mixture was photopolymerized at 2 °C under UV light at 365 nm for
2 h.

After photopolymerization, the sandwiches were immersed in 1%
hydrofluoric acid for 2 h until the two slides separated and the silica
particles were etched fully. After rinsing the PMMA slide with
deionized water for 3 min, the PMMA slide was immersed in an acetic
acid/methanol (1/9, v/v) mixture for 2 h to remove the template
molecules on the imprinted polymer. After removing the template, the
PMMA slides were immersed in PBS to reach an equilibrium state for
storage.

The fabrication of N-MIPCs is the same as that for the others
except that no fusaric acid is added.

2.5. Determination of MIPC-FA Films toward Recognition.
All of the concentrations of the analytes were prepared with the same
PBS (0.01 M, pH 7.6). For determination in a competitive
environment, the analytes were changed to a mixture of PB buffer
and extracted with the original concentration. For each analyte,
testing began from the blank state of MIPC-FA films and followed a
sequence from low to high concentrations to eliminate interference.
After testing the highest concentration, the MIPC-FA films were
soaked in an acetic acid/methanol mixture for recovery.

2.6. Extraction of Crude Toxin from Foc4. To extract the crude
toxin of Foc4, Foc4 was inoculated in 200 mL of Czapek-Dox
Medium (10° CFU/mL) for 7 days at 28 °C on a shaker at 180 rpm.
The resulting medium was filtered through four layers of gauze, and
the filtered liquor was collected and centrifuged at 8000g for 20 min.
The supernatant was collected. The centrifugations were passed
through a 0.45 ym filter membrane, and the filtrate was collected. The
filtrate was adjusted to pH 2.0 with 2 M HCI and then extracted five
times with ethyl acetate to obtain the metabolite extract. Then, the
solvent was removed by rotary evaporation at 40 °C under vacuum.
The dried residue was dissolved in S mL of methanol and then filtered
through a 0.45 um filter to obtain a methanol solution of the crude
toxin.

2.7. Plant Cultivation. Banana seedlings (Musa AAA Cavendish
cv. Brazil) were obtained from the South China Botanical Garden in
Guangdong Province, China. Potted soil was provided by the Crop
Nutrition and Fertilization Laboratory of South China Agricultural
University.

The soil samples were sieved over a 5 mm mesh and then divided
into two groups: an infected group and a blank group (each group
contained 20 replications). The total amount of soil in the pot for
each replication was 300 g in which Foc4 conidial suspension in the
infected group and deionized water in the blank group were mixed
with soil before being added to the pots (upper diameter of 7 cm,
lower diameter of S cm, and height of 10 cm). Banana seedlings with a
height of ~10 cm (2—3 leaves) were transplanted to the pots. Then,
200 mL of tap water was added, and 75 mL of tap water was added
every afternoon to each pot. All potted plants were cultured in a
greenhouse at a typical temperature of 28 °C and humidity of 60—
80% under natural sunshine for ~12 h. After 15 days of banana
seedling growth, various parts of the banana were prepared for
observation and extraction.

2.8. Extraction of Fusaric Acid from Banana Seedlings. The
cultivated banana plants were removed from the soil, and then banana
seedlings were washed to remove the soil. Then, the roots,
pseudostems, and leaves of the banana seedlings were separated.
After pretreatment, the obtained roots, pseudostems and leaves were
washed, dried, and weighed, and the weight was recorded; then, the
extract was prepared in methanol/1% K,HPO, with a volume ratio of
1:1 (pH = 2.5). Then, 3 mL of the extract was added to the weighed
roots, pseudostems, and leaves, and they were ground until there were
no obvious lumps. After grinding, the slurry was centrifuged at 8000g
for 30 min, and the supernatant was collected and acidified with 2 M
HCI to pH = 2.5. After acidification, excess ethyl acetate was added in
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three extractions, the organic phases were finally combined, and ethyl
acetate was removed by rotary evaporation under reduced pressure.
The dried residue was dissolved in 3 mL of methanol to obtain a
methanol extract of the banana roots, pseudostems, and leaves.

2.9. Crude Extraction Analysis by High-Performance Liquid
Chromatography (HPLC). To identify the presence of FA in crude
toxin extracted from the pathogen culture and seedlings, we employed
an HPLC system (Waters 600s-2998, Waters Corporation) with a
Hypersil ODS-2 column (4.6 X 250 mm?, Thermo Fisher Scientific).
Aliquots of 10 uL of the extracts were injected and eluted with
MeOH/0.43% H,PO, (68/32, v/v) for 10 min with a UV detector at
280 nm. The flow rate was 1 mL/min. Before injection, the samples
were filtered through 0.45 ym filters.

2.10. Testing Procedure for the MIPC-FA Slide. Before testing,
the extract of crude toxin from Foc4, the extract of fusaric acid from
banana seedlings, or the FA standard solution should be diluted using
phosphate buffer solution to the set concentration. After immersing
the MIPC-FA slide into the above solution for about 1 min until the
color of MIPC-FA no longer changes, the slide was taken out to
observe with naked eyes or test using a UV—vis spectrometer. After
testing, the MIPC-FA slide was soaked in acetic acid/methanol (1/9,
v/v) solution for 20 min until the color of MIPC-FA no longer
changes, and then the MIPC-FA slide was soaked in phosphate buffer
solution for storage and reuse.

2.11. Instrumentation. The morphologies of SiO, templates and
the obtained MIPC films were viewed by a scanning electron
microscope (ZEISS EVO18, Germany) operating at 10 kV. UV—vis
spectra were recorded using a PerkinElmer Lambda 950 spectrometer.
A common digital camera was used to obtain the color image of
MIPCs. The particle size of SiO, was measured by a nanoparticle size
analyzer (HORIBA SZ-100Z, Japan).

3. RESULTS AND DISCUSSION

3.1. Characterization of Silica Photonic Crystals and
MIPCs. The preparation of monodispersed silica photonic
crystals and the influence of silica particle sizes on the
reflectance spectra of silica photonic crystals are discussed in
the Supporting Information (Parts S1 and S2).

Molecularly imprinted photonic crystals (MIPCs) can be
prepared using SiO, photonic crystals as a template, filling the
prepolymer, and etching and removing the SiO, microspheres
after polymerization. As shown in Figure S3B, the molecularly
imprinted polymer occupied the gaps in the original SiO,
arrangement and became rigid using EGDMA as a cross-
linking agent after silica was etched. In the end, a molecularly
imprinted polymer with a certain rigidity and maintaining a
highly ordered and periodic structure is obtained, and this
photonic crystal structure is called an inverse opal.”®

Finally, considering the visible light wavelength range of the
human eye and human sensitivity to different colors of light,*®
we chose the 250 nm SiO, microspheres as a template to
prepare MIPCs and for further testing.

3.2. Recognition of MIPCs in Relation to pH. As
mentioned before, MIPC-FA was prepared based on
methacrylic acid (MAA) as a functional monomer. The typical
pH response performance of MIPC-FA based on SiO,
photonic crystals was tested and is shown in Figure S4. As
shown in Figure S4A, the Bragg diffraction peak of MIPCs
gradually shifts to red with increasing pH, and the intensity of
the diffraction peaks reaches a maximum when pH = 5. This
phenomenon may be caused by the irregular volume change of
MIPCs. When pH = 3—11, the position of the diffraction peak
changes in a roughly linear pattern with the pH value, and
when pH is higher than 11 or lower than 3, the position of the
diffraction peak appears more shifted, as shown in Figure S4B.
This result indicated that the carboxyl group of the functional
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monomer (MAA) might be neutralized in an acid—base
environment, which caused the swelling or shrinkage of MIPC-
FA.

Based on this result, a phosphate buffer solution (PBS, pH =
7.6) is used as the test solvent in subsequent responsive
experiments of MIPC to avoid the influence of the changes in
diffraction peaks caused by pH changes.

3.3. Influence of Polymer Precursors on Response.
Figure 2 presents the response of MIPCs to fusaric acid under
different cross-linking degrees. Different degrees of cross-
linking were achieved at different ratios of MMA and EGDMA.
As shown in Figure 2A, MIPC-FA-1 with MAA/EGDMA = 4:1
still has no obvious response under 10™* g/mL fusaric acid
(diffraction peak shift is only 8 nm under 10™* g/mL). MIPC-
FA-4 with MAA/EGDMA = 8:1 is obviously more responsive
to fusaric acid, as illustrated in Figure 2C (diffraction peak
shifts above 100 nm at 10™* g/mL), but it can also be observed
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that the diffraction peak intensity decreases and the peak width
gradually widens with increasing FA concentration. Figure 2D
indicates that the degrees of cross-linking of the imprinted
polymer has a strong effect on the response. High degrees of
cross-linking will cause little deformation of the polymer but a
high degree of mechanical stability and low degrees of cross-
linking will have the opposite effect. Therefore, a moderate
cross-linking degree of the polymer (Figure 2B) can be used to
obtain MIPCs that can cause deformation without significantly
changing the ordered structure. Therefore, MIPC-FA-2, which
has the best performance and with moderate cross-linking, is
used for the following preparations.

According to the mechanism of molecularly imprinted
photonic crystals, the response of MIPCs is based on hydrogen
bonding between functional and template molecules. Water, as
a highly polar substance, will affect the adsorption function of
the molecularly imprinted polymer. The responses of the
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MIPCs with and without water during the preparation
technique are shown in Figure S5. The response performance
of MIPCs actually decreases without water, and a sudden
decrease in diffraction peak intensity and shift can be observed
at high concentrations of FA (Figure SSA). This phenomenon
may be caused by water affecting the bonding of MIPCs and
fusaric acid as well as the permeability in the test environment.
A small amount of water can improve the permeability of the
entire MIPC system in water (Figure SSB), which may offset
the adverse effects caused by water molecules.

Finally, the wavelength changes of nonmolecularly imprinted
photonic crystals (N-MIPCs) and MIPC-FA-2 under the same
ratio of mixture in addition to the template molecule (FA)
under fusaric acid are shown in Figure 3. This result indicates
that the wavelength change caused by the molecularly
imprinted polymer is caused by the template molecule selected
during its synthesis, and N-MIPCs do not have the ability to
recognize or change the diffraction peak. And for MIPC-FA-2,
the relationship between the wavelength shift (A1) with the
logarithmic concentrations of FA solutions (log C) was almost
linear, as shown in Figure 3C.

Based on the above discussion, the optimal synthesis process
of MIPC-FA is determined as follows: SiO, photonic crystals
with a particle size of 250 nm are selected to prepare
templates; thus, A,,,, at different FA concentrations (0—107* g/
mL) would be between 550 and 650 nm, and the
polymerization ratio of MIPC-FA-2 is used to prepare
molecularly imprinted photonic crystals to synthesize MIPC-
FA.

3.4. Specificity of Molecularly Imprinted Photonic
Crystals. The specificity of MIPC-FA depends on the
recognition selectivity of the molecular imprinting technique
and the changes in photonic crystal properties caused by
recognition. To study the specificity of MIPCs based on fusaric
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acid, MIPC-FA was used to respond to fusaric acid, pyridine,
2-picolinic acid, and 4-vinylpyridine, as shown in Figure 4A—
D, respectively, which have pyridine ring but different side
groups.

All of the substances used were prepared in the same
concentration series. Compared with the result with fusaric
acid (Figure 4A), a slight shift was observed when MIPC-FA
was immersed in solutions of other substances. For example,
the maximum red shift reached only 20 nm when the
concentration of 2-picolinic acid was up to 10™* g/mL, as
shown in Figure 4B. The wavelength change caused by other
substances hardly changes with the change in concentration.
From the wavelength comparison in Figure 4E, it can be found
that compared with the reaction to other substances, MPIC-FA
shows obvious specificity to fusaric acid.

3.5. Recoverability of Molecularly Imprinted Pho-
tonic Crystals. It is known that the response of photonic
crystals mainly depends on hydrogen bonding between the
molecularly imprinted polymer and the template molecule, and
this hydrogen bonding is reversible. Therefore, the recover-
ability of MIPC-FA was tested under a 1 X 107* g/mL fusaric
acid combine-elute cycle. The spectrum of the repeated test
and wavelength changes are shown in Figure S6. After five
cycles of elute and response, MIPC-FA showed great
reproducibility, and this reproducibility also showed that the
structure of MIPC-FA is highly stable.

3.6. Analysis of Crude Toxin of the Foc4 Culture
Medium. Former research results'® show that Foc4 produces
a large number of metabolites during proliferation among
which fusaric acid is typical. Following extraction of the crude
toxin in the Foc4 culture medium, it was further tested by
HPLC, as shown in Figure S7. Fusaric acid was found in the
crude toxin after the extraction method, and then the standard
curve was corrected according to the standard sample. The
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concentration of fusaric acid in the Foc4 culture medium was
145.8 + 20.6 pg/mL.

3.7. Response of MIPC-FA to Foc4 Culture Medium.
MIPC-FA was used to test the blank phosphate buffer solution
and phosphate buffer solution of the blank Czapek-Dox
medium, Foc4 culture medium, and FA standard solution with
the same FA concentration (determined by the HPLC
method) as the Foc4 culture medium. The results of the
wavelength change and the corresponding MIPC-FA discolor-
ation are shown in Figure S.

Figure S shows that the Foc4 culture medium and FA
standard solution with the same FA concentration (145.8 ug/
ml, measured by HPLC) can cause obvious and similar
wavelength shifts (69—75 nm) of MIPC-FA, while the Czapek-
Dox medium causes almost no wavelength shifts. This result
indicates that the FA in the Foc4 culture medium is the main
reason for the wavelength shifts, which again verifies the
specificity of MIPC-FA for fusaric acid.

In Figure SA, about 15 nm shift can be observed between FA
and Foc4, so we guess that it might be due to the complex
components of the Foc4 culture medium, compared to the
single component of the standard FA solution.

3.8. Distribution of Fusaric Acid in Banana Plants. In
Figure S8, it can be seen that the growth status of the banana
seedlings inoculated with Foc4 was obviously worse: the roots
of the plants inoculated with Foc4 were severely atrophied and
almost brown, and there was no new root development; the
pseudostems of the inoculated plant were relatively small, and
there were spots similar to those seen in diseased plants; the
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leaves of the inoculated plants obviously turned yellow from
the top.

The inside of the banana was also observed by cutting the
bulbs of different banana plants along the center part, as shown
in Figure S8C,D. The bulbs of the inoculated plants were
smaller than those of healthy bananas. After zooming in on the
roots of the inoculated plants, it can be seen that the roots of
the inoculated banana seedlings turned red, which may be due
to xylem infection. In general, Foc4 banana seedlings were
successfully infected based on multiple symptoms.

The phytotoxins in the banana plants from roots,
pseudostems, and leaves were extracted separately, and the
concentrations were analyzed by HPLC, as shown in Figure
S9A. In contrast to the cultured Foc4 medium, there are more
complex substances in plants. However, there was still a clear
difference between the inoculated plant and the blank plant
near 4.1 min. Comparing the peak time (4.1 min) of the fusaric
acid standard under the same conditions, it was determined
that the peak was the characteristic peak of fusaric acid. Finally,
the concentration of fusaric acid was detected in three different
positions from the roots, pseudostems, and leaves of the
infected plants. As shown in Figure S9B, the distribution of
fusaric acid was not uniform in banana plants, which may be
related to the invasion stage of Foc4. The infection of Foc4 in
plants started from the roots and gradually moved upward,
which may cause uneven concentrations in banana seedlings.

3.9. Response of MIPC-FA to Extracts of Banana
Plants. The extracts of plant roots, pseudostems, and leaves
were selected for responsiveness experiments, and the same
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Figure 7. Color changes of MIPC-FA in blank PBS (A), leaves (B), pseudostems (C), and roots (D) of Foc4-infected and healthy banana seedlings

(E).

concentration of fusaric acid obtained by HPLC was used for
testing and comparison. The eluted MIPC-FA diffraction peak
was used as the zero point to record the diffraction peak shift
(AA) of different groups. The Bragg diffraction peak shift is
shown in Figure 6, and the corresponding color changes of
MIPC-FA are shown in Figure 7.

Comparing the HPLC data with the shift of the Bragg
diffraction peak, it can be found that the difference between
the peak shifts of the plant extracts is almost the same as the
extraction concentration measured by HPLC. The diffraction
peak shift caused by the root extract with FA concentration of
about 150 ng/mL reached 35 nm, while the shift for
pseudostem extract with FA concentration of about 50 ng/
mL reached 28 nm. These degrees of diffraction peak shift can
be observed with the naked eye, but the leaf extract with FA
concentration of about 0.2 X 10~ g/mL (as shown in Figure
S9) only showed a S nm diffraction peak shift, which is difficult
to identify by the naked eye, as shown in Figure 7B. Thus, the
lower detection limit of MIPC-FA could be roughly inferred as
about 50 ng/mL (0.5 X 1077 g/mL).

Comparing the diffraction peak shifts of the fusaric acid
standard and the extracted liquid at the same point, we found
that the shift caused by root extraction was larger than that of
the FA standard solution (S—15 nm), as shown in Figure 6A.
The reason for this obvious gap might be that fusaric acid
homologues or precursors are produced during toxin
metabolism in Foc4 infection, and the presence of these
similar substances may affect the detection. The gap between
the peaks of other extracts and the corresponding standard
solution was significantly smaller, which indicated that after
Foc4 enters the vasculature, the Foc4 living environment has
relatively less resistance, so the concentration of fusaric acid
produced becomes low.

4. CONCLUSIONS

In conclusion, molecularly imprinted photonic crystals
(MIPCs) of fusaric acid and their response to fusaric acid
and to extracts of Foc4 culture medium and banana seedlings
infected by Foc4 were studied. Monodispersed silica particles
synthesized by a multistep method were used to fabricate silica
photonic crystals by vertical deposition to provide templates
for MIPCs. The degree of cross-linking of the polymer matrix
and polymerization process parameters were adjusted to
optimize the stability and response ability in fabricating the
appropriate MIPC. The fabricated MIPCs show both a certain
color change and spectroscopic differences under fusaric acid
and have a specific response to FA. MIPC-FA can detect the
concentrations of fusaric acid in the Foc4 culture medium and
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Foc4-infected banana seedling extract, thus verifying that Foc4
produces fusaric acid in infected banana plants. Thus, we could
afford a fast and effective field testing method, which could
qualitatively or semiquantitatively determine whether a banana
plant is infected by Foc4 or not and the approximate
concentration of FA in the plant.
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Abstract The interactions between carboxybetaine-
functionalized polydimethylsiloxanes (PDMS-g-CB) and bo-
vine serum albumin (BSA) in water solution were investigated
from varied aspects based on different techniques, including
fluorescence spectroscopy, UV-Vis spectroscopy, circular di-
chroism spectroscopy, isothermal titration calorimetry, and
atomic force microscopy. Due to the weak interaction between
PDMS-g-CB and BSA, another polymer with similar structure
as PDMS-g-CB, i.e., quaternary ammonium salt-
functionalized polydimethylsiloxanes (PDMS-g-QAS), was
synthesized and chosen as the positive control, and the results
indicated that the free PDMS-g-CB in solution could exhibit
good resistance against proteins, which was mainly due to the
zwitterions-side groups’ binding ability between PDMS chain
and protein. Both the characterization methods and the results
could help us to understand the interaction between free
water-soluble polymers and protein, and extend the applica-
tion of PDMS-g-CB and design new antifouling materials.
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Introduction

Proteins exist extensively in plants, animals, and many other
creatures and play vital roles in life processes. Polymer-
protein interactions are important for the design and prepara-
tion of polymer materials for biomedical applications. The
strength of polymer-protein interactions should be tailored
depending on the application. Appropriate protein absorption
to polymers is required in polymer scaffolds and targeted drug
and gene delivery [1-3]. The interactions between polymers
and proteins should be weak for marine coating, antifouling
membranes, implanted devices, and drug delivery carriers
[4-7]. PEG-based polymers, a type of hydrophilic polymer
materials, have been widely studied as an antifouling material
[8—11], and the hydration induced by hydrogen bonds be-
tween water molecules and such materials can be used to
account for their antifouling behavior [12, 13]. However, their
chemical instability restricts the application of this group of
materials [14].

Polybetaine is a new generation of antifouling material
[14-16]. With a negative and positive charge on a monomer
unit, polybetaines are electrically neutral and hydrophilic and
can bind water molecules more tightly via ionic solvation,
which is stronger than hydrogen bond [13, 17, 18].
Polybetaines exhibit excellent protein-resistance properties
and stabilities [ 19]. In recent years, antifouling materials based
on polybetaines, such as poly (carboxylbateine) (pCB) and
poly (sulfobetaine) (pSB), have received an increasing amount
of attention because of the inexpensive raw material and
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excellent antifouling properties [20-26]. However, in most
cases, these polybetaines have been immobilized on a certain
surface, and their antifouling properties are evaluated through
quartz crystal microbalance (QCM), surface plasmon reso-
nance (SPR) methods [27, 28]. Thus, the interactions between
proteins and free polybetaines in solution have rarely been
reported.

In our previous work, water-soluble carboxybetaine-
functionalized polydimethylsiloxanes (PDMS-g-CB), which
consisted of a PDMS backbone and carboxybetaine
pendant-side groups, were synthesized and were mixed
with PDMS or grafted on PDMS surface, which could
significantly improve the material’s ability of resisting pro-
tein and bacterial absorption [29, 30]. The carboxybetaine-
side group electrostatically combined with water, and the
induced hydration layer resisted the absorption of protein
and bacteria. Considering spraying operation would be
more acceptable for some applications like plant protec-
tion, thus the interactions of free and water-soluble poly-
mers with protein were more expected, unfortunately, it’s
rarely reported.

PDMS-g-CB is considered to be a potential environmen-
tally friendly pesticide. A soluble antifouling material can be
an excellent out way to pest prevention. Insects, such as
Spodoptera exigua (beet armyworm), secrete mucus on the
abaxial leaf surface to assist in the adhesion of eggs, and this
mucus mainly contains water, proteins, and a small amount of
carbohydrates [31]. We believe that it is possible to form an
antifouling coating on leaf surfaces by spraying a PDMS-g-
CB solution, thus resisting the adhesion of insect eggs and
restraining the reproduction of pests. Thus, the interactions
between proteins and free PDMS-g-CB are a fundamental
issue.

In this study, experiments were conducted to gain an
understanding of the interaction between free PDMS-g-
CB and protein. Bovine serum albumin (BSA), a con-
venient and widely studied model globular protein in
biological process, was chosen as the model protein
for its well water-solubility, unique ligand-binding prop-
erties, and well-established structure [32]. We detected
the interaction in solution between BSA and PDMS-g-
CB using different analytical methods, including fluores-
cence spectroscopy, UV-Vis spectroscopy, circular di-
chroism spectroscopy, isothermal titration calorimetry,
and atomic force microscopy. PDMS-g-QAS, [33] which
is similar to PDMS-g-CB in structure, containing a
PDMS backbone and quaternary ammonium salt
pendant-side groups was chosen as the positive compar-
ison. The results obtained from different measurements
showed that the interactions between PDMS-g-CB and
proteins in solution were weak, or even too weak to be
detected, benefiting the design and application of this
group of antifouling materials.

@ Springer

Experimental
Materials

Octamethylcyclotetrasiloxane (D4, >99.5 %, Dow
Corning, USA), 1, 3, 5, 7-tetramethylcyclotetrasiloxane
(D*y, >99 %, Hangzhou Silong Material Technology
Co. Ltd., China), and hexamethyldisiloxane (MM,
>99 %, Dow Corning, USA) were dried before use. N,
N-Dimethylallylamino (DMAA, >99 %, Haining City
Huangshan Chemical Industry Co. Ltd., China) was pu-
rified by distillation before use. Benzyl chloride (GC,
>99 %) and sodium chloroacetate (SC) were purchased
from Aladdin Reagent Co. Ltd. (Shanghai, China) and
were used as received. Platinum (0)-1, 3-divinyl-1, 1, 3,
3-tetramethyldisiloxane complex solution (Karstedt’s cat-
alyst solution, Pt~2 %, Aladdin Reagent Co. Ltd.,
China) was used as the catalyst for the hydrosilylation
reaction. Purolite ™ CT175 (Purolite (China) Co. Ltd)
is a clay containing sulfonic acid and was used as re-
ceived. Other solvents, such as isopropanol, were used
without any pretreatment. Bovine serum albumin (BSA)
was purchased from the Bio Science & Technology Co.
Ltd. (Shanghai, China). Water used in these experiments
was purified by an Ultrapure water purification system
with a minimum resistivity of 18.0 M{.cm. The phos-
phate buffer solution (PBS) had a pH of 7.0 and an
ionic strength of 0.01 mol/L.

Syntheses of PDMS-g-CB and PDMS-g-QAS

In this paper, PDMS-g-CB series and PDMS-g-QAS were
synthesized via a three-step procedure according to our previ-
ous report (Scheme 1) [29, 33]. The two polymers shared the
same first two steps, but were different from each other when
it comes in the third step.

Firstly, hydrogen-containing polysiloxanes (PDMS-co-
PHMS) were synthesized through ring-opening polymeriza-
tion of D* and D*j;. Secondly, DMAA was grafted to PDMS-
co-PHMS via a hydrosilylation reaction in the presence of
Karstedt’s catalyst to obtain PDMS-g-DMAA. Finally,
carboxybetaine-functionalized polysiloxanes (PDMS-g-CB)
were prepared by subsequent quaternization reaction with so-
dium chloroacetate (SC), while benzyldimethylaminopropyl
chloride grafted polysiloxane (PDMS-g-QAS) were prepared
with benzyl chloride (GC).

The control group for the series of experiments in this paper
was PDMS-g-QAS, which had a similar construction to
PDMS-g-CB and has been shown to interact with proteins
[33].

The grafting ratio and molecular weight (determined by
GPC) of the polymers are presented in Table 1.
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Scheme 1 The synthetic route of | |‘|1
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Fluorescence spectroscopy

Steady-state fluorescence experiments were carried out with
an FM-4P spectrofluorometer (HORIBA, France) using a 1.0-
cm quartz cell at 25 °C. Fluorescence spectra were measured
upon adding different amounts of polymers to a fixed BSA
solution of 0.1 mg/mL, and the mass ratio of the polymer/BSA
was varied from 0 t0 0.1, 0.5, 1, 2, 4, and 8. The samples were
prepared with PBS with pH = 7.0 and incubated for 5 h before
analyses. Intrinsic fluorescence spectra were recorded be-
tween 310 and 400 nm with an excitation wavelength of
275 nm, where the contribution of polymers was negligible.
Excitation and emission slits comprised of nominal 2 nm
bandwidths. The fluorescence spectra were acquired as an
average of three repeated scans.

Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectroscopy was performed
using a Chirascan CD spectropolarimeter (Applied
Photophysics Ltd., UK) in a wavelength range of 190—
260 nm. Considering the accuracy of the CD spectra, we used

Table 1 Molecular weight and grafting ratio of polymers

Sample Molecular weight (Mn) Grafting ratio
PDMS-g-CB; 5 485 x 10° 13
PDMS-g-CB 4 3.10 x 10° 1/4
PDMS-g-CB¢ 222 x 10° 1/6
PDMS-g-CB g 3.69 x 10° 1/8
PDMS-g-QAS 222 x 10° 1/6

i si
t Ao | 10
MM PDMS-co-PHMS
(0]
Cl
Qscfo”a Si (S L s
___sc / (|IO |O>|I\

| |
S Si
Ilo |O|I

m n

PDMS-g-QAS

a fixed BSA solution of 0.3 mg/mL, and the mass ratio of
polymer/BSA was varied from 0 to 1/30, 5/30, 10/30, 20/30,
40/30, and 80/30. The samples were prepared with PBS with
pH = 7.0 and incubated for 5 h before testing. The samples were
filled in a 0.1-cm path length cuvette where the temperature was
kept at 25 °C with a circulation water bath. The CD spectra
were acquired as an average of three repeated scans with a
scanning rate, response time, and step of 20 nm/min, 0.5 s,
and 1 nm, respectively. The recorded spectra were corrected
for background signals using buffer solution.

UV-Vis spectroscopy

UV-Vis spectra were obtained using a UV-2550 spectrometer
(Shimadzu, Japan) with a 1.0-cm quartz cell at 25 °C. The
spectra were recorded in a wavelength range from 200 to
300 nm with a step of 1 nm. The measurements used the same
concentration series as the fluorescence spectroscopy mea-
surements. The solutions were incubated at 25 °C for 5 h
before analyses. A buffer solution was used as a blank to
eliminate the disturbance from the adsorption of polymers.
The UV-Vis spectra were acquired as an average of three
repeated scans.

Isothermal titration calorimetry

The calorimeter used was the Nano ITC (TA Instruments,
USA). A 2 pL aliquot of a BSA solution was added stepwise
using an automatic injection syringe containing 50 uL of a
0.02 mg/mL BSA solution into a cell of 300 uL that contained
either water or a polymer solution with a 3-min interval be-
tween each injection at 25 °C. The concentrations of the
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polymer solutions were four times their CMC values, i.e., 0.2,
0.3,0.2, 0.25, and 0.2 mg/mL for PDMS-g-CB; 3, PDMS-g-
CB1/4, PDMS-g-CBl/6, PDMS-g-CBl/g, and PDMS-g-QAS,
respectively [29]. The solution was prepared with ultrapure
water and degassed before testing.

Atomic force microscopy

Morphological changes of the proteins in the absence and
presence of polymers were imaged using tapping-mode
AFM. A drop of the mixed protein—polymer solution with a
polymer/BSA mass ratio of 10/1 (BSA concentration of
0.05 mg/mL) was deposited on fresh peeled mica and dried
for 24 h (under the normal conditions) before AFM imaging.
AFM images were acquired by a Bruker Multimode 8.
Commercial Si cantilever (Bruker) with an elastic modulus
of 40 N/m was used. All images were acquired at a typical
scan rate of 1.0 Hz and scan angle of 0°. Representative im-
ages of each sample were collected by scanning at least three
different locations.

Results and discussion

The interactions between the polymers and proteins could be
evaluated from different aspects. The addition of a polymer
may change the conformation of a protein, which consists of
tertiary and secondary structures, resulting in the release of
heat or aggregation. Here, we used varied detection methods
to evaluate the interaction between PDMS-g-CB (or PDMS-g-
QAS) and BSA, as discussed in the following.

Fluorescent spectroscopy

The fluorescent spectroscopy of proteins was used to
measure the change in the tertiary structure of the pro-
tein induced by different polymers. The intrinsic fluo-
rescence of BSA recorded in the range of 280-480 nm
mainly results from aromatic amino acids residues of
Tyr and Trp [34]. Once the protein undergoes a confor-
mational change, the fluorescence of the aromatic amino
acids depends not only on the exposure or accessibility
of their residues but also on the local protein environ-
ment immediately surrounding the aromatic amino acids
[28]. Here, the polymer-induced conformational changes
of proteins at different polymer/protein mass ratios (i.e.,
0, 0.1, 0.5, 1, 2, 4, and 8) as a function of polymer
grafting ratios was monitored by observing changes in
the intensity of BSA fluorescence (Fig. 1). A blue shift
from 348 to 329 nm was observed in PDMS-g-QAS/
BSA systems (Fig. 1le), which suggests that the fluores-
cence residues were surrounded by a more hydrophobic
environment resulting from the absorption of PDMS-g-
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QAS molecules near the amino acid residues. The fluo-
rescence intensity decreased with an increase in polymer
concentration, as illustrated by Fig. le, where PDMS-g-
QAS demonstrated a stronger ability to induce fluores-
cence quenching of BSA.

In contrast, for any PDMS-g-CB/BSA mixtures, the fluo-
rescence curves of different concentrations were almost over-
lapped. There were no detectable red/blue shifts or clear in-
tensity changes (Fig. 1a~d, f), which illustrated that PDMS-g-
CB did not influence the microenvironment of aromatic amino
acids or induce fluorescence quenching of BSA. It also illus-
trated that the faint influence of PDMS-g-CB on BSA aromat-
ic amino acids residues was independent of its grafting ratio.
The fluorescence intensities of PDMS-g-CB/BSA systems
slightly decreased, which may have been induced by shading
of the high concentration solution.

Different interactions between proteins and PDMS-g-
CB or PDMS-g-QAS are likely attributed to their dif-
ferent side groups. PDMS-g-QAS is a polymeric quater-
nary ammonium salt, where the polymer chain is posi-
tively charged in aqueous media. While BSA is a neg-
atively charged protein [35] and can combine with
PDMS-g-QAS through electrostatic interactions and
form aggregates in solution, resulting fluorescence
quenching. PDMS-g-CB is a zwitterionic polymer, and
the polymer chain is electrically neutral in solution.
Additionally, the amount of carboxybetaine side groups
is large and allows water molecules to bind strongly via
ionic solvation, which can block the adhesion of protein
molecules.

Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectroscopy is a useful
tool for detecting changes in the secondary structure of
BSA, which is composed of an «-helix, (3-sheet, (-turn,
and random coil [36]. The CD spectra for the PDMS-g-
CB/BSA and PDMS-g-QA/BSA systems in the range of
190-260 nm are shown in Fig. 2. Two negative bands at
approximately 210 and 222 nm were characteristic CD
spectra of a BSA o-helix. The negative molar ellipticity
decreased with an increase in the polymer concentration,
indicating a decrease in the «-helix content [34]. The CD
spectra curves of all PDMS-g-CB/BSA solution mixtures
at different polymer concentrations were almost overlap-
ping (Fig. 2a~d). The negative molar ellipticity decreased
with an increase in the PDMS-g-QAS/BSA mass ratio
(Fig. 2e), indicating that the addition of PDMS-g-QAS
induced an o-helix transformation. The calculated contents
of «-helix, [3-sheet, 3-turn, and random coil structures at
the lowest and highest polymer concentrations (Fig. 2f)
showed that PDMS-g-CB almost did not affect the sec-
ondary structure of BSA, while the 0.8 mg/mL. PDMS-g-
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Fig. 1 The fluorescence curves of different polymer/BSA mixture solutions in varied concentrations a PDMS-g-CB; 5, b PDMS-g-CB; 4, ¢ PDMS-g-
CBj/s, d PDMS-g-CBj 5, e PDMS-g-QAS, and f the maximum intensity wavelength vs. polymer/BSA ratios

QAS could introduce a 50 % drop in the x-helix content,
indicating the strong ability of PDMS-g-QAS in unfolding
the BSA molecule.

UV-Vis measurements

Except for detecting the microenvironment of aromatic
amino acid residues, UV-Vis spectroscopy can also detect
changes in polypeptide backbone structures. Figure 3
shows the UV-Vis spectra for the polymer/BSA mixture

30,
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%01 |(b)POMS-g-CB,,

Ellipticity, mdeg

solutions, where two absorption peaks at approximately
204 and 278 nm are clearly presented. In PDMS-g-CB/
BSA mixture solutions, the absorbance curves of differ-
ent polymer concentrations were almost overlapped, and
no red/blue shift and absorbance changes were observed
at either 204 or 278 nm (Fig. 3a~d, and Fig. 4). For the
PDMS-g-QAS/BSA mixtures, the addition of PDMS-g-
QAS into the BSA buffer solution resulted in a signifi-
cant red shift (AAp.x ~ + 8 nm) of the maximum absor-
bance peak accompanied with an intensity increase at
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Fig. 3 The UV-Vis spectra of 4 4
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204 nm (Fig. 4a), which was attributed to the 7m—7r*
transition of the polypeptide backbone structure
(C = O) of BSA. It is reported that 7v* electron clouds
have higher polarity than that of 7t; therefore, in a polar
solvent, the energy of 71* should decrease more than that
of 7t, which would reduce the energy gap between 7r*
and 7t and result in a red shift of absorbance at approx-
imately 204 nm (Fig. 4b) [34]. These observations and
CD measurements suggested that BSA was unfolded by
PDMS-g-QAS and exposed the structures in a more polar
environment.

There was also a blue shift (AA . ~ — 16 nm) and intensity
increase of the maximum absorbance peak at approximately
278 nm (Fig. 4b), which was due to the n—7t* transition of the
aromatic amino acid residues [34]. This observation was con-
sistent with the fluorescence spectra, and the aromatic amino
acid residues were found to be surrounded by a more hydro-
phobic environment.
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Isothermal titration calorimetry

From a macro perspective, heat absorption and emissions
are always observed in the presence of reactions. Figure 5
shows the calorimetric titration curves upon the addition of
a 0.2 mg/mL BSA solution into water and the polymer
solutions (detailed titration curves are shown in Fig. S1,
Electronic Supplementary Material). The curves of all the
PDMS-g-CB/BSA systems almost overlapped, which sug-
gested that the heat release of PDMS-g-CB/BSA systems
was independent of polymer grafting ratios. Moreover, the
curve shapes of the BSA/water and BSA/polymer mixtures
were similar except for PDMS-g-QAS, as shown in
Fig. Sla~f. When BSA was added to any of the PDMS-
g-CB solutions, there was a heat release difference of ap-
proximately 1.5 pJ/mol between the BSA/water and BSA/
PDMS-g-CB systems, which can be attributed to changes
in the solution environments. PDMS-g-QAS had a
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Fig. 5 ITC data for titration of BSA (0.2 mg/mL) into different polymer
solution or water at 25 °C

different curve shape: the heat per injection (Q) decreased
with an increase in protein content and then appeared to
plateau. In the beginning, BSA interacted with PDMS-g-
QAS and this process was exothermic. With an increase in
the protein concentration in a sample cell, the bond reached
saturation, as shown in Fig. S1f.

AFM experiments

AFM protocols provide morphological reproduction of
microsurfaces and are generally used to characterize
protein interactions with polymers. Thus, the morpho-
logical changes of the proteins upon incubation with
polymers (PDMS-g-CB and PDMS-g-QAS) were exam-
ined. The mass ratio of polymer/BSA was 10/1, and the
sample had a BSA concentration of 0.05 mg/mL. The
morphologies of the deposited aggregates firmly
adsorbed on mica were then analyzed by tapping-mode
AFM. For BSA-involved systems, some small and uni-
form sphere-like molecules of 5-8 nm were observed in
pure BSA solutions (Fig. 6a). Upon incubation of BSA
with PDMS-g-CB, spherical particles similar in size,
shape, and quantity were clearly observed (Fig. 6b).
Conversely, a mixture of BSA and PDMS-g-QAS

Fig. 6 AFM images of a pure
BSA, b PDMS—g-CB1/6/BSA,
and ¢ PDMS-g-QAS/BSA with
BSA concentration of 0.05 mg/
mL and polymer/BSA ratio of 10/
1 (wt/wt)

'S.Onm

'S
2.5nm

‘0 hm,
-y

produced irregular aggregation, in sharp contrast to the
morphologies of pure BSA and mixed BSA-PDMS-g-
CB solutions (Fig. 6¢). The aggregation of BSA may
account for PDMS-g-QAS unfolding BSA molecules
and changing the charge around the protein surface.

Overall, qualitative AFM images provided additional evi-
dence that PDMS-g-CB had a relatively faint interaction with
proteins than PDMS-g-QAS, complementary to the more
quantitative results from all the experiments described above.
Similar morphologies between protein and protein/PDMS-g-
CB systems indicated that PDMS-g-CB in aqueous solutions
did not induce morphological changes of proteins.

Conclusions

In this work, we studied the interaction between BSA
and PDMS-g-CB or PDMS-g-QAS in solution from dif-
ferent aspects via optical techniques, ITC, and AFM.
The CD spectra and UV-Vis spectra demonstrated that
PDMS-g-QAS could unfold protein molecules, which
consequently resulted in the exposure of aromatic amino
acid residues to more hydrophobic environments, as ob-
served in the fluorescence spectra. The ITC curves con-
firmed that interactions occurred between PDMS-g-QAS
and BSA, and AFM protocols showed that this type of
interaction induced protein aggregation. From a wide
analysis of the data, we did not detect dramatic interac-
tions between PDMS-g-CB and BSA compared with
PDMS-g-QAS, which was attributed to its strong ability
to bind with water molecules via the zwitterions on the
side groups. The optical spectra and ITC results demon-
strated that the grafting ratio did not influence the abil-
ity of PDMS-g-CB to resist the absorption of proteins
and made it obvious that PDMS-g-CB had good anti-
fouling properties. Because the PDMS-g-CBs were ob-
tained by modified polyorganosiloxane (PDMS) through
grafting betaine, the bio-inert properties of the PDMS
backbone, and the super-hydrophilic side carboxybetaine
groups allowed for effective insect prevention. This
work helped clarify our understanding of the interaction
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between polymers and proteins in solution and can
serve as a guide for the design and syntheses of anti-
fouling materials applied in solution.
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ABSTRACT

A series of dimethylaminopropyl benzyl chloride grafted polysiloxanes (PDMS-g-BCs) with tunable
molecular weights and cationic content were synthesized, and the effect of polymer structure on the anti-
microbial activities against bacteria (Escherichia coli (E. coli) and Staphylococcus albus (S. albus)) and phy-
topathogenic fungi (Rhizoctonia solani (R. solani) and Fusarium oxysporum f. sp. cubense race 4 (Foc4)) were
systematically assessed. The antibacterial activity was evaluated by determining the minimum inhibitory
concentration (MIC) against E. coli and S. albus by the broth dilution method, and the antifungal activity
was measured by mycelia growth inhibition as well as by the MIC and minimum fungicidal concentration
(MFC) values. The molecular weight and cationic content were major determinants of the activities of
PDMS-g-BCs; when the molecular weight was approximately 2500 g/mol and the cationic content was
approximately 20 mol% of the total siloxane units, PDMS-g-BCs gained strong antimicrobial activities
toward both E. coli and Foc4, comparable to those of a commonly used broad-spectrum microbicide ben-

zalkonium chloride, making PDMS-g-BCs promising fungicidal agents for plant disease control.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Antimicrobial agents generate a great deal of interest from
researchers in both academia and industry, as these agents are
capable of destroying or inhibiting the growth of microbes. Quater-
nary ammonium salts (QASs) are widely used as disinfectants to
control microbial growth. Both ionic and hydrophobic interactions
between the QASs and microbial walls or cytoplasmic membranes
lead to cell death or malfunctions in cellular processes [1]. However,
low-molecular-weight QASs suffer from many disadvantages,
including toxicity to the environment and short-lived antimicrobial
activity [2]. Therefore, antimicrobial agents are often designed
to contain reactive functional groups for covalent linkage to
polymers.

Polymers with antimicrobial groups chemically bonded to the
polymer chain have attracted a great deal of attention, as they
effectively inhibit the growth of bacteria and other microbes with-
out releasing toxic low-molar-mass compounds to the environ-
ment. The strong antimicrobial potency of these polymers is a

* Corresponding authors. Tel./fax: +86 20 8711 2466.
E-mail addresses: linyaling@scau.edu.cn (Y. Lin), aqzhang@scut.edu.cn
(A. Zhang).

http://dx.doi.org/10.1016/j.reactfunctpolym.2014.10.002
1381-5148/© 2014 Elsevier B.V. All rights reserved.

result of the high local concentration of active groups [2-4]. Their
antimicrobial activity is attributed to the destructive interaction
through electrostatic forces with the negatively charged microbial
cell wall, cytoplasmic membrane, or both [2].

Among the polycationic antimicrobial agents, polysiloxanes are
particularly attractive, as they show exceptionally high static and
dynamic flexibility in many solvents as well as high permeability
and unusual surface properties. All of these features make the
QAS groups attached to the backbone readily available for the
destructive interaction with microbial walls [5,6]. In addition,
polysiloxanes are physiologically inert, chemically stable and, after
modification with the ionic QAS groups, water-soluble [1].

To our knowledge, although polysiloxane QASs [5-10] are effec-
tive for inhibiting bacteria that cause diseases in humans and ani-
mals, few reports have been published about QAS-containing
polysiloxanes as antifungal polymers applied to control phytopath-
ogenic fungi that cause plant diseases.

To this end, in this paper, we synthesized dimethylaminopropyl
benzyl chloride grafted polysiloxanes (PDMS-g-BCs) with tunable
molecular weights and cationic content through three steps, and
systematically investigated the structure and antibacterial
(gram-positive bacteria Staphylococcus albus (S. albus) and the
gram-negative bacteria Escherichia coli (E. coli)) and antifungal
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(phytopathogenic fungi, including rice sheath blight pathogen
(Rhizoctonia solani, R. solani) and banana fusarium wilt (Fusarium
oxysporum f. sp. cubense race 4, Foc4)) properties of the PDMS-g-BCs.

2. Experimental
2.1. Materials

Benzalkonium chloride (dodecylbenzyldimethylammonium
chloride) and Karstedt’s catalyst were supplied by Aladdin Reagent
Co Ltd. (Shanghai, China). Octamethylcyclotetrasiloxane (D4, 99%)
and 1,1,1,3,3,3-hexamethyldisiloxane (MM, 98%) was supplied by
Dow Corning in USA. 1,3,5,7-tetramethylcyclotetrasiloxane (DY,
99%) was supplied by Hangzhou Sloan Materials Technology Co,
Ltd. (Hangzhou, China). Strong-acid cation exchange resin (Purolite®
CT175) was supplied by Purolite (China) Co Ltd. N,N-dimethylallyl-
amine (DMAA, 98%) was supplied by Haining Huangshan Chemical
Co Ltd. (Haining, China). Beef extract was supplied by Sinopharm
Chemical Reagent Co Ltd. (Shanghai, China). Peptone was supplied
by Guangdong Ring Kay Microbial Technology Co Ltd. (Guangzhou,
China). Agar was supplied by MYM Biological Technology Company
(Shanghai, China). RPMI-1640 liquid medium was supplied by Amer-
ica Hyclone Company. All of the microorganisms were kindly sup-
plied by the Fungus Laboratory, Department of Plant Pathology,
South China Agricultural University.

2.2. Synthesis of benzyldimethylaminopropyl chloride grafted
polysiloxane (PDMS-g-BC)

PDMS-g-BC series were prepared through the three-step pro-
cess presented in Scheme 1.

Poly(hydromethylsiloxane-co-dimethylsiloxane) terminated by
trimethylsiloxane groups (PHMS-co-PDMS) was synthesized by
ring-opening polymerization. Calculated D4, DY, MM and Purolite®
CT175 (1 wt.%) were charged into a three-necked flask and stirred at
65 °C under a nitrogen atmosphere for 12 h. Then, the mixture was

filtered to remove the catalyst, and the volatile oligomers were dis-
tilled off under reduced pressure at 150°C. 'H NMR (400 MHz,
CDCl3, 8, ppm): 0.07-0.09 (m, Si-CH3), 4.68 (s, Si-H). FT-IR (v,
cm_l): 2154 (vSi—H)v 1260 (VSi—CH3)v 1027-1094 (VSi—O—Si)~

Tertiary amine substituted silicone oil (ASO) was obtained by the
hydrosilylation reaction between PHMS-co-PDMS and DMAA. First,
calculated N,N-dimethylallylamine (DMAA) and Karstedt’s catalyst
was charged into a three-neck flask equipped with a condenser, a
magnetic stirrer and a nitrogen inlet. After purging the flask with
nitrogen, PHMS-co-PDMS was dripped via the dropping funnel,
and the mixture was heated to 100 °C. During the course of the reac-
tion, samples were removed periodically, and conversions were
monitored by FT-IR spectroscopy. The reaction was conducted until
no Si-H absorption (2154 cm™!) was detected by FT-IR spectros-
copy. Then, the resulting mixture was distilled under reduced pres-
sure to remove the remaining DMAA. 'H NMR (400 MHz, CDCls, &,
ppm): 0.05-0.09 (m, Si-CH3), 0.49 (t, Si—-CH,CH,), 0.91 (m, Si-CH),
098 (d, CH3-CH), 1.51 (m, CH,-CH,-CH,), 2.17-2.22 (m,
N*(CHs)y), 2.27 (m, CHy~CH,~CH,). FT-IR (v, cm™'): 2771 (ncusy),
1260 (VSi—CH3); 1027-1094 (VSi—O—Si)~

Benzyldimethylaminopropyl chloride grafted polysiloxane
(PDMS-g-BC) was synthesized by the quaternization reaction.
ASO and anhydrous ethanol were charged into a three-necked flask
with a condenser, a magnetic stirrer and a nitrogen inlet, and the
mixture was heated to 90 °C under nitrogen. Then, benzyl chloride
(BC) dissolved in anhydrous ethanol was dripped via the dropping
funnel, and the reaction was maintained at 90 °C for 30 h. After
removing the solvent, the resulting product was dissolved in dis-
tilled water and washed with petroleum ether several times to
remove the remaining BC. Finally, the mixture was subjected to
rotary evaporation and vacuum drying to obtain a purified product
of PDMS-g-BC. For simplicity of nomenclature, each polymer was
given a letter based on its cationic content and molecular weight.
For example, PDMS-g-BC;7, composed of 17 mol% quaternary
ammonium units, was named 17L, with “L” representing low
molecular weight and the “17” representing mole percentage of

sl |
o/Si—O\S_/H \,Si—O\ s | | | | | |
i- 1) Si— ) : H* . ) : .
m/4 T | + n/4 1 + Si..Si_ T | Si_ [Si. Si. Si
H;SI\ 0 —Si. 0 10T Ring-opening ~ | O%H Ot{ | Oi |~
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Scheme 1. Synthesis of PDMS-g-BCs.
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Table 1
Characterization of PDMS-g-BCs with different molecular weights and cationic
content.

Samples MD§,D,M Molecular m/(m+n) Yield (%)
weight (g/mol)

PDMS-g-BC;;.  MDSD»oM 2700 1/6 58.6
PDMS-g-BCyoL MDSD;6M 2400 1/5 61.9
PDMS-g-BCasp MD$D;,M 2100 1/4 62.5
PDMS-g-BCs3;,  MD$DsM 1800 13 63.7
PDMS-g-BCsoL MD§DgM 2900 1/2 53.4
PDMS-g-BCy7y MD$,DsoM 6600 1/6 233
PDMS-g-BCaoi MD$,D4sM 7000 1/5 6.5
PDMS-g-BCys MDSsD4sM 8100 1/5 18.25

quaternary ammonium salt units. Similarly, the letter “H” repre-
sented the high-molecular-weight polymers. The characterization
of PDMS-g-BC is presented in Table 1. 'H NMR (400 MHz, D0, 8,
ppm): 0.06 (m, Si-CH3), 0.53 (m, Si-CH,CH;), 1.01 (m, Si-CH),
1.22 (d, CH5-CH), 1.84 (m, CH,-CH»-CH,), 2.98 (m, N*(CHs)y),
3.15 (m, CH,-CH,-CH,), 4.41 (s, CHo-®), 7.48 (s, ®-H). FT-IR (v,
Cmil): 3010 (VQ)_H), 1260 (VSFCH3)v 1082 (Vsi,o,si), 704, 736 (V(I)_]-[).

2.3. Characterization

FT-IR spectra were obtained with a VERTEX spectrometer (Bru-
ker Instrument Corp., Germany) by the KBr disk method. '"H NMR
spectra were obtained using an AV-400 FT-NMR (Bruker Instru-
ment Corp., Germany) and D,0 or CDCl; as a solvent. GPC experi-
ments were performed in chloroform (1 mL/min) at room
temperature with an Elite EC2000 GPC apparatus (Dalian, China)
equipped with a Shodex K-G guard column and a Shodex K-804L
chromatographic column. The molecular weights were estimated
with a polystyrene calibration.

2.4. Antimicrobial tests

2.4.1. Test microorganisms

The microorganisms included the gram-positive bacteria S.
albus and the gram-negative bacteria E. coli. The phytopathogenic
fungi associated with plant diseases included the rice sheath blight
pathogen (R. solani) and the banana fusarium wilt (Foc4).

2.4.2. Media

Beef extract peptone medium was used as the growth medium
for the tested bacteria and was prepared as follows: 3.0 g of beef
extract, 10.0 g of tryptone, and 5.0 g of NaCl were added into
1000 mL of distilled water and heated to dissolve, and the solu-
tion’s pH was adjusted to 7.0. To the solution, 15-20 g of agar pow-
der was added to obtain solid medium. Then, the medium was
sterilized by autoclaving (HVE-50, Japan Hirayama Corporation)
at 121 °C for 20 min and cooled down.

Potato dextrose agar (PDA) was used as the growth medium for
the tested fungi, and the PDA was prepared as follows: 200 g of
sliced potato was boiled in water for 30 min, and the liquid was
then strained through a cheese-cloth. Distilled water was added
to adjust the total volume of suspension to 1000 mL, and then
20 g of dextrose and 15 to 20 g of agar powder were added. Finally,
the medium was transferred to a flask, sealed, sterilized by auto-
claving at 121 °C for 30 min and cooled down.

RPMI-1640 liquid medium was obtained by buffering RPMI-
1640 (with L-glutamine and without bicarbonate) with 10 M NaOH
to pH 7.0; the medium was sterilized by filtering with a 0.22-pum
membrane.

2.4.3. Determination of minimum inhibitory concentration (MIC)
The antibacterial properties of PDMS-g-BCs against E. coli and
S. albus were quantitatively evaluated using the broth dilution

method [11]. Bacterial growth rates were determined by measur-
ing the optical density at 600 nm (ODggg) using a UV-vis spectro-
photometer (UV-2300, Shanghai Techcomp Instrument Co Ltd.)
based on the turbidity of the cell suspension. The minimum inhib-
itory concentration (MIC) against the tested bacteria was defined
as the concentration of PDMS-g-BC at which bacterial growth
was completely inhibited. The main procedures were as follows.
The sterilized tubes were grouped and bundled according to con-
centrations; each group consisted of four bundles, and each bundle
consisted of a number of branches (number determined by the
sampling time), of which three bundles were parallel experiments,
and the fourth was the control. Different concentrations of the
sample solution were added to the corresponding tubes: 4 mL
was added into the reference group, and 2 mL was added into
the parallel group; then, 2 mL of the bacteria suspension was
charged into the parallel group, and 4 mL of medium was charged
into the reference group. The initial optical density (ODgoo) from
one tube from each bundle was tested using an UV spectrophotom-
eter, with the solution in the corresponding reference tube as the
reference solution. The remaining tubes were incubated at 37 °C
in a shaker incubator (DHZ-D, Taicang Experimental Equipment
Factory, China) under 120 rpm. During incubation, the ODggo of
one tube from each bundle was tested to record the bacterial sus-
pension concentration. The MIC was the lowest concentration at
which there was no visible growth of bacteria, i.e. the ODggo did
not change with time compared with the initial value.

2.4.4. Determination of mycelial growth inhibition

The antifungal activities of the samples were tested by the inhi-
bition of mycelial growth. To prepare solutions of different concen-
trations, the samples were dissolved in sterilized water, mixed
with PDA and poured onto sterile Petri dishes (with diameter of
9 cm). Control plates consisted of PDA only. A 5-mm disc contain-
ing mycelia was transferred to the center of the PDA plate contain-
ing the samples and incubated at 28 °C. Sterilized water was used
as a negative control. Each experiment was conducted in three rep-
licates. The diameter of fungal colonies was measured three times
and averaged. Growth inhibition was calculated according to For-
mulas (1) and (2).

Radial growth (mm) =The average fungi colony diameter (mm) — 5mm

(M
Mycelia growth inhibition = (C - T)/T x 100% 2)

whereby C = radial growth of fungi in the control plate, T =radial
growth of fungi in the treatment plate.

2.4.5. Determination of minimum inhibitory concentration (MIC) and
minimum fungicidal concentration (MFC)

Foc4 was chosen as the tested microorganism to determine the
MIC and MFC values of the samples. Foc4 microorganisms were
incubated at 28 °C for 7 days in PDA medium; the fungal suspen-
sion was prepared by adding 1 mL of 0.85% saline containing
0.01 mL of Tween 20 to the incubated colony. Then, the upper
homogeneous liquid was transferred to a sterilized tube and
diluted with RPMI-1640 liquid medium to give inoculation suspen-
sions of 0.4 x 10%-5 x 10° CFU/mL with twice the final concentra-
tion. The broth microdilution method was used to determine the
MIC of the samples. The samples were dissolved in water and
diluted in RPMI-1640 medium. The sample solution (100 pL) with
concentrations ranging from 5 x 107> to 3 mg/mL was added into
96-well plates. The same volume of mycelial suspension contain-
ing approximately 0.4 x 10*-5 x 10° CFU/mL was incubated at
28 °C for 46-50 h. In addition, a reference liquid medium without
samples was used as a negative control. MIC was measured at least
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Fig. 1. FT-IR spectra of PHMS-co-PDMS, ASO and PDMS-g-BC.

three times and recorded as the lowest concentration that com-
pletely inhibited visible growth [12].

The MFC test was the most common estimation of fungicidal
activity and was defined as the lowest concentration of antimicro-
bial agent needed to kill 99.9% of the initial inoculums after incu-
bation [13]. To determine the MFC, 100 pL from each of the wells
at or above the MIC was plated on PDA and incubated at 28 °C
for 48 h. The MFC was defined as the lowest concentration at
which no colonies were detected on the PDA.

3. Results and discussions
3.1. Design, synthesis and characterization of PDMS-g-BC

By designing and synthesizing a series of polysiloxane QASs
with controllable compositions, we examined the relationship
between antimicrobial activities and the structure (molecular
weight and cationic content) of polysiloxane QASs. Polysiloxane
QASs possess rather flexible hydrophobic backbones, allowing
potent antimicrobial activities to be achieved by finely tuning the
molecular weight and cationic content. Thus, polysiloxane QASs
(PDMS-g-BCs) were synthesized through three steps as described
in Scheme 1. First, PHMS-co-PDMS was synthesized by the ring-
opening polymerization of D,, DY and MM, followed by a hydrosilyla-
tion reaction between PHMS-co-PDMS and N,N-dimethylallylamine
(DMAA). PDMS-g-BC was finally obtained after the quaternization

of ASO with benzyl chloride (BC). The chemical structures of prod-
ucts were confirmed by FT-IR and 'H NMR spectroscopy.

By adjusting the mole ratio of D4, DY and MM, a series of PHMS-
co-PDMS with various molecular weights and hydrogen content
were synthesized by ring-opening polymerization. As shown in
Figs. 1 and 2, the adsorption peaks at 2154, 1260, 1094 and
1027 cm™! represented the stretching vibration of Si-H, Si-CHs;
and Si-0-Si, respectively, and the signal of Si-H protons appeared
at 6=4.68 ppm and Si-CHs3 protons at &=0.07-0.09 ppm. The
molecular weights of PHMS-co-PDMSs were determined by GPC,
and the low- and high-molecular-weight serial PHMS-co-PDMSs var-
ied from approximately 1600 to 2500 and from approximately 6300
to 7900, respectively.

ASO was synthesized by the hydrosilylation reaction of PHMS-
co-PDMS with DMAA in the presence of Karstedt’s catalyst. The
disappearance of Si-H absorption (at 2154 cm~!) and the appear-
ance of N(CHs), (at 2816 and 2771 cm™!) in the FT-IR analysis
(Fig. 1) and the disappearance of a Si-H proton (at 6 = 4.68 ppm)
and the appearance of a series of C-H protons in '"H NMR analysis
(Fig. 2) confirmed the reaction of PHMS-co-PDMS with DMAA lead-
ing to ASO.

A series of PDMS-g-BCs were obtained by the quaternization
reaction between ASO and benzyl chloride (BC). In the FT-IR anal-
ysis (Fig. 1), ®-H absorption at 704-736 and 3010 cm™! appeared,
and N(CHs), absorption at 2816 and 2771 cm ™! disappeared. In the
'H NMR analysis (Fig. 2), after the quaternization reaction, the
N(CHz), protons signals shifted from approximately 2.20 ppm to
2.98 ppm completely, and the characteristic protons signals of BC
(6=4.41 ppm and 6 =7.48 ppm) appeared, which indicated the
structure of PDMS-g-BC agreed well with our expectation. The
characterization of PDMS-g-BC is presented in Table 1.

3.2. Antibacterial activities of PDMS-g-BCs

To investigate the antibacterial properties (MIC values) of
PDMS-g-BCs, different concentrations of PDMS-g-BCs were added
to the medium. Bacterial growth was monitored by measuring
the optical density at 600 nm (ODggg) based on the turbidity of
the cell suspension. In this experiment, ODgg curves were
recorded in different concentrations of PDMS-g-BCs with medium,
and the effect of PDMS-g-BCs on the bacterial growth was assessed
from the curves. Taking PDMS-g-BC,7. (Fig. 3(A)) as an example,
bacteria were first grown to ODggg = 0.2, and the bacterial growth

b a b

[\’. | | a' a b
Aok i~ /s:- O%Sli\o):fs:i‘o);‘s[\
k k > (p-1,2 addition)
PHMS-co-PDMS A | AN
(in CD,CI); ’ |
8
(01,2 addition)
ASO
(in CD,C); oS
8 ”; (B-1,2 addition)
e fm A
I e T+/I‘\© h
PDMS-g-BC
(in ngO) e (a-1,2 addition)
8

Fig. 2. '"H NMR spectra of PHMS-co-PDMS, ASO and PDMS-g-BC.
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Fig. 3. MIC values for PDMS-g-BC and benzalkonium chloride against E. coli: (A) PDMS-g-BC;1, (B) PDMS-g-BCyqr, (C) PDMS-g-BCys;, (D) PDMS-g-BCs3y, (E) PDMS-g-BCsqy, (F)

PDMS-g-BCy7h, (G) PDMS-g-BCyoy, and (H) benzalkonium chloride.

slowed as the concentration of PDMS-g-BC;7; increased, indicating
that 10 pg/mL was able to slow the growth of E. coli. When the con-
centration of PDMS-g-BC;7; was increased to 50 pg/mL, the bacte-
rial growth was completely inhibited. Thus, the minimal inhibition
concentration (MIC) of PDMS-g-BCy7. was 50 pg/mL against E. coli.

The MIC values for PMDS-g-BCs against E. coli and S. albus are
shown in Figs. 3 and 4, and the results are summarized in Tables
2 and 3.

As shown in Table 2, low-molecular-weight PDMS-g-BC,
(except PDMS-g-BCs31) had low MIC values compared to those of
benzalkonium chloride (dodecylbenzyldimethylammonium chlo-
ride, a broad-spectrum and highly effective biocide, widely used
in medical or industrial treatment), in which PDMS-g-BC,5; and
PDMS-g-BC;7. had the best antibacterial effect, with MIC values
of 50 pg/mL. Additionally, MIC values varied with cationic content,
but there was no direct correlation between cationic content and
MIC values.

MIC values of PDMS-g-BC; demonstrated the importance of cat-
ionic content, hydrophobicity and molecular weight in the antimi-
crobial performance of polysiloxane QASs. PDMS-g-BC; (except for
PDMS-g-BCs3;) had potent antibacterial activities against E. coli,
with the cationic content ranging between 17% and 50%, and the
molecular weight of approximately 2500 g/mol. In addition, the
molecular weight of polycations has been shown to profoundly
impact the efficacy of many antimicrobial quaternized macromo-
lecular systems, and an optimal molecular weight range exists
for the biocidal action of polycations. Generally, the antimicrobial
properties of conventional polymer biocides have a bell-shape
dependence on molecular weight, while dendrimer biocides have
a parabolic dependence. Ikeda found that the antibacterial activi-
ties of polycations strongly depended on molecular weight and
had a bell-like shape [14]. Cooper and co-workers discovered a par-
abolic dependence on the molecular weight of the antimicrobial
properties of the quaternary ammonium functionalized poly(pro-
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Fig. 4. MIC values for PDMS-g-BC against S. albus: (A) PDMS-g-BC;7;, (B) PDMS-g-BCyqy, (C) PDMS-g-BCy74, (D) PDMS-g-BCyop.

Table 2

MIC values of PDMS-g-BCs against E. coli.
Samples Molecular weight (g/mol) MIC (pg/mL)
PDMS-g-BCy7 2700 50
PDMS-g-BCyor 2400 90
PDMS-g-BCys;. 2100 50
PDMS-g-BCs3;. 1800 200
PDMS-g-BCsq 2900 70
PDMS-g-BCy71 6600 200
PDMS-g-BCyon 7000 200
Benzalkonium chloride 340 30

Table 3

Comparison of MIC values of PDMS-g-BCs against E. coli and S. albus.
Samples MIC (pg/mL)

E. coli S. albus

PDMS-g-BCy71 (M ~ 2700) 50 20
PDMS-g-BCyo1 (M ~ 2400) 90 5
PDMS-g-BCy71 (M ~ 6600) 200 20
PDMS-g-BCyon (M ~ 7000) 200 100

pyleneimine) dendrimers [3]. In our report, by comparing MIC
values of low-molecular-weight PDMS-g-BC; with high-molecular-
weight PDMS-g-BCy, we found that PDMS-g-BCy had weaker anti-
bacterial activities (displayed by higher MIC values) compared
with those of PDMS-g-BC;.

From Table 3, we found that PDMS-g-BCs showed lower MIC
values against S. albus than against E. coli, which suggests that
PDMS-g-BCs were more active against gram-positive bacteria S.
albus than against gram-negative E. coli because of the difference
in the structure of their cell walls [5,15]. Gram-positive bacteria
possess a loosely packed polyglycane outer layer, which facilitated
the deep penetration of PDMS-g-BC chains inside of the cell to
interact with the cytoplasmic membrane, whereas gram-negative
bacteria, with an additional membrane outside, protect the inner
cytoplasmic membrane to a greater extent against the disruptive
action of PDMS-g-BCs.

Polymers with QASs require sufficient hydrophobicity to impart
substantial antimicrobial activity. In this article, the route of using

a flexible polysiloxane backbone was successful in endowing poly-
cations with antibacterial properties as potent as those of the
widely used broad-spectrum biocide (benzalkonium chloride).
The high activity of the polysiloxane QASs can be explained by
the larger conformational freedom of their chains, which was sub-
stantial in flexible dimethylsiloxane units. The high flexibility of
the polymer chains facilitated the contact of the QAS groups with
the microorganism, allowing polymers to adopt conformations
favorable for the interaction with the bacterial wall [5,16,17].
Another important point is their amphiphilic character, with the
hydrophilic inorganic portion and the hydrophobic organic groups,
which augmented the concentration of the QAS groups in the vicin-
ity of the microorganism cell wall.

3.3. Antifungal activities of PDMS-g-BCs

3.3.1. Effect of PDMS-g-BCs on mycelia growth of phytopathogenic
fungi

Antifungal activities of PDMS-g-BC series were tested by the
disc diffusion method. Fig. 5 displays the antifungal effect of
PDMS-g-BCs against R. solani and Foc4, and the results are summa-
rized in Fig. 6.

Fig. 6 demonstrates the antifungal activities of low-molecular-
weight PDMS-g-BC, against two phytopathogenic fungi, R. solani
and Foc4. All of the samples exhibited a concentration-dependent
inhibitory effect on the hyphal growth of R. solani and Foc4. When
using a concentration of 1.6 mg/mL, there was a marked mycelial
growth inhibition for PDMS-g-BC;7;, PDMS-g-BCy¢;, PDMS-g-BCy5,
PDMS-g-BC33; and PDMS-g-BCsqp, with a mycelial growth inhibition
of approximately 80%. In particular, PDMS-g-BC;s5; showed the high-
est activity toward both R. solani and Foc4. In addition, all PDMS-g-
BCs exhibited significantly better inhibition ability against R. solani
than against Foc4.

The effects of molecular weight on antifungal activity are evalu-
ated in Figs. 7 and 8. The antifungal activity of higher-molecular-
weight PDMS-g-BCy tended to decrease compared to that of
lower-molecular-weight PDMS-g-BC; with the same cationic
content.

Based on the above results, it is reasonable to infer that PDMS-
g-BCs with relatively lower cationic content (20 mol% of the total
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PDMS-g-BC,;, PDMS-¢-BC,, PDMS-g-BC,; PDMS-g-BC; PDMS-g-BCjy,

(A) R. solani

PDMS-g-BC,;, PDMS-¢-BC,,, PDMS-g-BC,;, PDMS-g-BC; PDMS-g-BCj

(B) Foc4

Fig. 5. Antifungal effects of PDMS-g-BC; against (A) R. solani and (B) Foc4.
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Fig. 6. Mycelial growth inhibition of PDMS-g-BC; against (A) R. solani and (B) Foc4.
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Fig. 7. Antifungal effects of PDMS-g-BCy against Foc4.

siloxane units) and lower molecular weight (2500 g/mol) exhibit
high inhibitory activity against the phytopathogenic fungi Foc4.

3.3.2. Minimum inhibitory concentration (MIC) and minimum
fungicidal concentration (MFC) of PDMS-g-BC against Foc4

Based on the above results, the inhibitory effects of acrylamide
QASs against Foc4 were further estimated by the microdilution
broth method. MIC was the minimum concentration that could
completely inhibit fungal growth; MFC was the lowest concentra-
tion at which 99.9% of the fungi could be killed. The MFC/MIC
ratio reflects the fungicidal activity of an antimicrobial agent:
an antimicrobial agent has fungicidal activity when the MFC/
MIC ratio is less or equal to 4, whereas an antimicrobial agent
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only has fungistatic activity when the MFC/MIC ratio was greater
than 4.

A series of sample solutions with concentration ranging from
0.05 to 3000 pg/mL mixed with a Foc4 suspension was incubated
in 96-well plates at 28 °C for 46-50 h. (MIC was defined as the low-
est concentration that completely inhibited visible growth). The
mixed liquid in each of the wells at or above the MIC was plated
on PDA and incubated at 28 °C for 48 h, and MFC was defined as
the lowest concentration at which no colony was detected.

PDMS-g-BCs had different molecular weights and cationic con-
tent, which indeed resulted in differences in their antifungal activ-
ities. The antifungal results, expressed in MIC and MFC values
against Foc4, are grouped in Table 4.
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Fig. 8. Mycelial growth inhibition of PDMS-g-BC; and PDMS-g-BCy against Foc4.

Table 4

MIC and MFC values of PDMS-g-BCs against Foc4.
Samples Molecular MIC MFC MFC/MIC

weight (g/mol)  (pg/mL)  (ug/mlL)

PDMS-g-BCq71 2700 5 25 5
PDMS-g-BCyo1 2400 5 5 1
PDMS-g-BCs3; 1800 250 1000 4
PDMS-g-BCsq 2900 100 250 2.5
PDMS-g-BCq7n 6600 250 500 2
PDMS-g-BCyon 7000 250 1000 4
PDMS-g-BCysh 8100 50 100 2
Benzalkonium chloride 340 5 25 5

Low-molecular-weight PDMS-g-BC;, PDMS-g-BC;7, and PDMS-
g-BCyo. demonstrated better antifungal activities, with MIC and
MEC values of 5.25 pg/mL and 5.5 pg/mL, respectively, compared
to that of benzalkonium chloride (dodecyl benzyl dimethyl ammo-
nium chloride), with MIC and MFC values of 5.25 pg/mL. Similar to
the antibacterial effect of PDMS-g-BC;, high-molecular-weight
PDMS-g-BCy had a molecular weight ranging from 6000 to
8000 g/mol but low antifungal effect, with MIC and MFC values
between 50 and 1000 pg/mL. These results imply that a high
molecular weight causes the loss of antifungal activity of PDMS-
g-BCs, which is opposite to that of the quaternized chitosan [18].
The antifungal activities differed with regard to molecular weight
and cationic content, and an appropriate molecular design of
PDMS-g-BCs could strengthen their antifungal activity effectively.
In addition, the MFC/MIC ratios of PDMS-g-BCyq, PDMS-g-BCs3y,
PDMS—g—BC50L, PDMS—g—BC17H, PDMS—g—BC20H and PDMS—g—BCZSH
are less than 4, implying that they are fungicidal agents.

4. Conclusions
In this experiment, benzyldimethylaminopropyl chloride

grafted polysiloxane (PDMS-g-BCs) with tunable molecular
weights and cationic content were synthesized successfully in

three steps. This paper systematically investigated the structure
and antibacterial (gram-positive bacteria S. albus and gram-
negative bacteria E. coli) and antifungal (phytopathogenic fungi,
R. solani and Foc4) properties of the PDMS-g-BCs.

Antimicrobial results demonstrated the importance of cationic
content and molecular weight in the antimicrobial performance
of PDMS-g-BCs. With a cationic content of approximately
20 mol% of the total siloxane units and a molecular weight of
approximately 2500 g/mol, PDMS-g-BC; had great antimicrobial
activities against E. coli and Foc4 compared to that of a commonly
used broad-spectrum microbicide benzalkonium chloride.

We conclude that polysiloxane QASs are worthy of further
study as effective fungicidal agents to control plant diseases. Ade-
quate control of phytopathogenic fungi growth using polysiloxane
QASs requires an extensive knowledge of the factors that deter-
mine polysiloxane QAS performance.
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PLLA. & mREELU Fig.1 Fiim.

sPEG1-b-PLLA: FT-IR ( KBr, em~™!) 2960
(—CH;); 2946 (—CH-); 2880 (—CH,-); 1758
(>C=0);1110 (-C-0-), 'H-NMR (CDCl;),é:
5.17(a,1H); 1.58 (b, 6H); 3.64 (¢, 6H); 4.35(a’,
1H);3.41(c¢',2H). GPC(g/mol): M, =0.90 x 10*,
M,=1.29x10*,M,/M,=1.43,

sPEG2-b-PLLA: FT-IR ( KBr, cm™'): 2960
(—CH;); 2946 (-CH-); 2880 (—-CH,—); 1758
(>C=0);1110 (-C-0-), "H-NMR (CDCl;) &:
5.16(a, 1H);1.58 (b, 6H);3.64 (¢, 6H);4.36(a’,
1H);3.29(c¢",2H) . GPC(g/mol): M, = 1.07 x 10*,
M,=1.46x10*, M ,/M_=1.36,

PLLA-b-PEG-b-PLLA:FT-IR(KBr, cm~!):2960
(-CH;); 2946 (—~CH-); 2880 (—CH,-); 1758
(>C=0);1110 (-C-0-)s 'H-NMR (CDCl;) &:
5.15(a, 1H);1.57 (b, 6H); 3.64 (c,6H); 4.35(a’,
“1H). GPC(g/mol): M, =0.99 x 10*, M,, = 1.48 x
10*, M,/M,=1.50,

Bn{Oe0; g, &
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SPEG; ry=H SPEGa-b-PLLA: R, sH
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PEG PLLA-D-PEG-PLLA

Fig.1 The Synthesis Route of sPEG-b-PLLA and PLLA-b-PEG-
b-PLLA Copolymers
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Fig.2 FT-IR Spectra of sPEG1-b-PLLA, sPEG2-b-PLLA, and PLLA-b-PEG-b-PLLA After 0d, 10d, 20d, 30d, 40d, 50d and

60d Degradation, and the Intensity Ratio of Peak 2880 cm™' and 1758 cm ™!
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Fig.3 GPC Curves of PEG-PLLA Copolymers After 0d, 10d,
20d, 30d, 40d, 50d, and 60d Degradation
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Fig.4 XRD Spectra of PEG-PLLA Copolymers Before and After
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m {5725 4k /v, U8B 7E PBS 2% s i R, PEG % B #
PLLA #% B9 PR % 72 E 1R /. sPEG2-b-PLLA(Fig. 5
(B))# PLLA-b-PEG-b-PLLA(Fig.5(C))# 1H-NMR
s E A AR A AR

» b
¢ i - M £ B
Ry i ® Wt i Gl - e w
o M A e
Ry b B c Ry b a ¢ b
A { L ® [ l ©
0D a' ' Cl_l?_ l a’ gt A al -
6 3 &g 3 2.1 6 o &3 2, 6 5 4 3 2 1
a - a
60D A 60D I a' \ gt B l 60D al -
6 5 4 3 2 1 6 5 4 3 2 1 6 5 4 3 2 1
P é é
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Fig.8 The Degradation Mechanism of Star-Branched PEG-PLLA
Copolymers
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ARTICLE INFO ABSTRACT

Keywords: Currently, soil-borne fungal disease (SBFD) have caused a huge damage in agriculture, and small molecule soil
Polyacrylamide quaternary ammonium salt disinfectants have been widely used for the prevention and control of SBFD, which could not only kill the
Polymer/soil interaction chlamydospore of pathogenic fungi, but also completely destroy the microbial community and its functional

Soil-borne fungal disease

. : diversity in the soil, and is not conducive to subsequent plant planting. Therefore, how to effectively inhibit plant
Banana Fusarium wilt

pathogenic fungi while maintaining the general balance of microbial population in the soil to facilitate subse-
quent plant planting come to be critical problem in the prevention and control of SBFD. In this work, a series of
polyacrylamide containing quaternary ammonium salts (PAM-X) were synthesized based on the radical copo-
lymerization of acrylamide (AM) and acrylamide containing different quaternary ammonium salts groups (AMX).
Owing to the entanglement between polymer chains and soil, PAM-X could be stably absorbed in the soil, thus
effectively delaying the free migration of PAM-X chains in soil, and reducing the probability of being leached
from soil, which might be the key to obtain novel polymeric quaternary ammonium salts that have less impact on
the environment. Banana Fusarium wilt, also known as “banana cancer”, caused by Fusarium oxysporum f. sp.
cubense (Foc), was chosen as a typical soil-borne pathogen disease to verify the rationality of the above thoughts.
The results showed PAM-X had well anti-Foc4 activities in soil, and could maintain the general balance of mi-
crobial population in the soil, which are almost non-toxic to earthworms in soil and fish, thus provides a new
prevention and control method for SBFD.

1. Introduction complexity of soil, many chemicals could not show ideal inhibitory ef-
fects on pathogenic fungi in soil, although they might show inhibitory
Soil-borne fungal disease (SBFD) is caused by plant pathogenic fungi effects on the SBFD in the laboratory. [2] Therefore, currently, SBFDs

(such as Fusarium, Verticillium, Sclerotinia, Gaeumannomyces) that can are prevented and controlled using the method of soil disinfection, i.e.,
survive in the soil for a long time (up to 10 years), it is hard to control for killing all microorganisms in the soil. [3] For example, soil fungicides or
the reason that the pathogenic fungi can survive in soil in the form of soil disinfectants, such as methyl bromide or calcium cyanamide were
chlamydospore, and is becoming a key factor to restrict sustainable usually used to control banana Fusarium wilt, also known as “Panama
development of agricultural production in the world. [1] Due to the disease” and “banana cancer”, which is one of the most destructive soil-

Abbreviations: Foc, Fusarium oxysporum f. sp. cubense; Foc4, Fusarium oxysporum f. sp. cubense “tropical” race 4; AM, acrylamide; AMX, acrylamide quaternary
ammonium salts; AMBB, (2-methacrylamido) propyltetrabutyldimethylam monium bromide; AMHEB, (2-methacrylamido) propyltetrahexyldimethylam monium
bromide; AMBC, (2-methacrylamido) propyltetrabenzyldimethylam monium chloride; PAM-X, random copolymers of AM and AMX; PAM-BB, random copolymer of
AM and AMBB; PAM-HEB, random copolymer of AM and AMHEB; PAM-BC, random copolymer of AM and AMBC; PAM-X-FL, fluorescently labelled PAM-X; PQASs,
polymeric quaternary ammonium salts; BC, benzalkonium chloride; MIC, minimum inhibitory concentration; MFC, minimal fungicidal concentration; ICso, the 50%
maximal inhibitory concentration against Foc4; ICqo, the 90% maximal inhibitory concentration against Foc4; ICsgs, the 50% maximal inhibitory concentration
against Foc4 in soil; ICygs, the 90% maximal inhibitory concentration against Foc4 in soil; LCsp, the median lethal concentration; LCsgs, the median lethal con-
centration of the chemical/soil mixture; LCsor, the median lethal concentration of the soil leaching solution.
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borne vascular diseases of banana in South China and even in the world,
and is caused by Fusarium oxysporum f. sp. cubense (Foc), in which
tropical race 4 (Foc4) has a significant impact on global banana pro-
duction. [4-5] Normally, the soil disinfectants are small molecule which
showed strong broad-spectrum antibacterial/fungi activities, could not
only kill the chlamydospore of pathogenic fungi, but also kill most mi-
croorganisms (including beneficial microorganisms) in the soil, thus
completely destroy the microbial community and its functional diversity
in the soil, and is not conducive to subsequent plant planting. [6] New
organic fertilizer needs to be introduced to restore the soil in order to
replant bananas, [7-8] and the fumigated areas might eventually be re-
attacked by the pathogen, making the next fruit production impossible.
[9-10] Moreover, the volatilization or leaching of the small molecule
soil disinfectants might cause serious environmental hazards, such as air
pollution, water pollution, soil residual pollution, etc. [6,11] Therefore,
how to effectively inhibit plant pathogenic fungi in soil while main-
taining the general balance of microbial population in the soil, and
reduce the environmental hazards to facilitate subsequent plant planting
come to be critical problem in the prevention and control of SBFD.
[1,2,4,8,11-13].

Quaternary ammonium salts (QASs) have been widely valued as
daily disinfectants for their broad-spectrum anti-microorganism activ-
ities. [14-15] Although several type of QASs were applied to control
plant pathogenic fungi in lab, when they were applied in soil, it may kill
most microorganisms in the soil, [16] thus cause serious environmental
risks and is detrimental to the subsequent planting. [16-17] Compared
with small molecular QASs, by connecting the QASs groups with poly-
mer chain to afford polymeric quaternary ammonium salts (PQASs)
have attract more and more attentions for their excellent anti-
microorganism properties, such as low toxicity, good environmental
stability, none skin irritation, prolonged residence time and better bio-
logical activity. [18-21] However, they are less used in the prevention
and control of plant diseases, especially soil-borne diseases. [22-24] On
the other hand, polymeric compounds might improve soil structure by
enhancing soil cohesion and increasing the stability and content of soil
water-stable aggregates. For example, polyacrylamide (PAM) with
different molecular weights has different effects on soil improvement,
and all are effective. It maintains soil moisture and soil fertility, in-
creases the content of soil water-stable aggregates, reduces soil bulk
density, has no acute toxicity to aquatic organisms, and can promote the
growth of corn plants after application. [25] Likewise, researchers have
also reported the potential of crosslinked PAM for absorbing, retaining,
and releasing extremely large amounts of water relative to its own
weight. [26-27].

Therefore, we combined the virtue of PQASs with PAM, compared
with previously reported PQASs, [18-19,24,31-32] the molecular
weight of PAM is 1-3 orders of magnitude higher, which could help to
enhance the interaction between polymer and soil particles, and effec-
tively reduce the risk of quaternary ammonium salts loss by leaching,
thus afford a serials polyacrylamide quaternary ammonium salts that
have less impact on the environment. As talked above, PAM has been
widely used for soil improvement for its good adsorption and aggrega-
tion properties on soil, thus it might be a suitable carrier for PQASs.
According to this thought, a series of polyacrylamide copolymers (PAM-
X) based on acrylamide (AM) and acrylamide containing different
quaternary ammonium salts (AMX) [24] were synthesized via simple
radical copolymerization, the adsorption and migration properties of
PAM-X in soil, its impact on soil physical and chemical properties were
studied in detail, and the biological and environmental toxicities were
also evaluated by its impact on microbial population diversity in soil,
earthworms and zebrafish. As for the persistency of PAM-X in soil, PAM-
X could be considered as stable and none obvious harm to the envi-
ronment before its degradation due to the PAM is hard to degrade in soil.
Then, Foc4 was chosen as the typical pathogenic fungi of SBFD, and the
anti-Foc4 activities both in vitro and in vivo (in soil) of PAM-X were
evaluated intensively. This work has taken an exploratory step towards
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the subsequent practical application of PAM-X, especially in sustainable
prevention and control of SBFD.

2. Experimental
2.1. Materials

N, N-dimethylamine propyl methacrylamide (DMAPMA), n-butyl
bromide (BB, > 98 %), 1-hexyl bromide (HEB, 99 %), benzyl chloride
(BC, 99 %) and 2,3,5-triphenyltetrazolium chloride (TTC, > 95 %), 2,2
azobis(2-methylpropionamidine) dihydrochloride (AIBA, 98 %) and
acrylamide (AM, 98 %), allyl chloride (99 %), 1-methylpiperazine (98
%), propylamine (98 %), 4-bromo-1,8-naphthalic anhydride (95 %) and
ethylene glycol monomethyl ether (99 %) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China).

Fusarium oxysporum f. sp. cubense race 4 (Foc4) was donated by the
Fungal Laboratory, Department of Plant Pathology, South China Agri-
cultural University. The soil (crushed and screened through a 20-mesh
sieve) was taken from the vegetable field of scientific research base of
South China Agricultural University. The physicochemical properties of
the soil are shown in Table S2, all the soil samples were passed through
a 20-mesh sieve before using. Banana seedlings (Musa AAA Cavendish cv.
Brazil) used in this experiment were provided by the South China
Botanical Garden, Chinese Academy of Sciences. Zebrafish were pur-
chased from Shanghai Feixi Biotechnology Co., Ltd., with a total length
of 2 + 0.5 cm and a weight of 0.2 + 0.1 g. The earthworm species was
Eisenia foetida, purchased from Xinyida Earthworm Farm in Hebei
Province, China, with a total length of 5-8 cm and a weight of 0.3-0.6 g.
Other chemical agents were used as received.

2.2. Synthesis of AMX (AMBB, AMHEB and AMBC)

The acrylamide quaternary ammonium salts, i.e., the AMX mono-
mers, including (2-methacrylamido) propyltetrabutyldimethylam mon-
ium bromide (AMBB), (2-methacrylamido) propyltetrahexyldi
methylam monium bromide (AMHEB), and (2-methacrylamido) pro-
pyltetrabenzyldimethylam monium chloride (AMBC), were synthesized
by the quaternization reaction of DMAPMA with halogenated reagents,
including n-butyl bromide, 1-hexyl bromideand benzyl chloride, ac-
cording to the our previous work, 2* as shown in Scheme 1. The detailed
synthesis procedure of AM was shown in Part S1 of Supporting
Information.

2.3. Synthesis of PAM-X (PAM-BB, PAM-HEB, and PAM-BC)

The random copolymer (PAM-X) of acrylamide (AM) and AMX
(AMBB, AMHEB, and AMBC) with different AM / AMX feeding ratios
were synthesized by radical copolymerization presented in Scheme 2.

Taking PAM-BB with AM / AMBB feeding ratios (m/n) of 1/1 as the
example, the typical procedure of PAM-BB was briefly stated as follows:
first, under nitrogen atmosphere, AMBB (15.36 g, 0.05 mol) and AM
(3.55 g, 0.05 mol) dissolved in sterile water (70 mL) was charged into a
three-necked flask with a condenser, a magnetic stirrer and a nitrogen
inlet, then heated to 60 °C under nitrogen atmosphere, and 0.28 g AIBA
(dissolved in 5 mL sterile water) was dripped via the dropping funnel,
and the reaction temperature was maintained at 60 °C for 6 h. After that,
the mixture was condensed and added into acetone to precipitate the
copolymers, the sticky copolymers were collected and then dried under
vacuum at 70 °C for 24 h, and the product was denoted as PAM-BB.
Similarly, PAM-HEB and PAM-BC with different AM / AMX feeding ra-
tios were synthesized by identical procedure as above.

PAM-BB: 'H NMR (600 MHz, D50, 5, ppm): 0.98-1.11 (bm, CH5-C
(CHs), ~CH3), 1.39 (bs, —CH»-CHs), 1.75 (bs, ~CH,-CHy-CHs), 2.00 (bs,
CH,-C(CH3), CHy-CH,-CHy), 3.08 (bs, NT(CHs)2), 3.19 ~ 3.32 (bm, NH-
CHz, —CH2'N+—CH2). FT-IR (V, cm’l): 1661 (I/ c=0 amide)y 1217 (V C-N)-

PAM-HEB: 'H NMR (600 MHz, D50, §, ppm): 0.89-1.10 (bm, CHy-C
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Scheme 1. The chemical structure and synthesis routine of the AMX (AMBB, AMHEB, and AMBC) monomers.
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Scheme 2. The synthesis routine of polyacrylamide quaternary ammonium salts (PAM-X).

(CHs), —-CH3), 1.35 (bs, ~CHz-(CH3)3-CH3), 1.76-1.89 (bs, N*-CH,-
CH>), 2.02 (bs, CH»-C(CH3), CHa-CH,-CHy), 2.85 ~ 3.20 (bs, NT(CHz),,
NH-CHp, ~-CHy-N—CHy). FT-IR (v, em ™ 1): 1666 (V c—0 amide)s 1215 (v ¢.
N)-

PAM-BC: 'H NMR (600 MHz, D50, 8, ppm): 0.96-1.13 (bm, CHy-C
(CH3)), 1.53 ~ 1.96 (bm, CH»-C(CH3), 2.88 ~ 3.56 (bm, CHy-CH3-CHj-
NT—CH,(CHs),), 4.33 (bs, CHy-®), 7.50 (bs, ®-H). FT-IR (v, em™Y): 1665
(V c=0 amide)> 1215 (v c.N), 704, 734 (1 ¢.1)-

The measurement residual monomers of PAM-X were shown in the
Supporting Information (Part S4).

In order to realize the visualization of PAM-X, a very small amount of
fluorescent group (FL) were introduced into PAM-X to obtain fluorescent
labelled polyacrylamide quaternary ammonium salt (PAM-X-FL), and
the detailed synthesis procedures of PAM-X-FL were shown in the Sup-
porting Information (Part S2).

2.4. Characterization and methods

FT-IR spectra were collected on a Nicolet iS5 Fourier-Transform
Infrared Spectrometer (Thermo Scientific, USA) equipped with an iD7-
ZnSe ATR accessory. "H NMR spectra were obtained using a Bruker
Avance III HD 600 (Bruker Instrument Corp., Germany) spectrometer
with DO as the solvent. The viscosity average molecular weights (M,)
was measured using a capillary viscometer under 30 °C according GB/T
12005.1-1992.

The other methods, including the testing method for the soil/PAM-X
interaction (adsorption, and migration), antifungal assay of PAM-X on
Foc4 (in vitro and in soil), biotoxicity evaluation (culturable microbes in
soil, earthworm acute toxicity and fish acute toxicity evaluation), are
detailed in the Supporting Information (Part S6 to S8).

3. Results and discussion

3.1. Structural characterization of PAM-X and anti-Foc4 activities
screening

To obtain high antifungal activities and improve soil characteristics,
we designed and synthesized a series of polyacrylamide quaternary
ammonium salts with different structures. The molecular structures of
the target compounds were determined by 'H NMR, FT-IR and fluores-
cence spectra, as detailed in the Supporting Information (Figures S2
and S3). As shown in Figure S2, the peaks for C = C bonds (5.60 and
5.95 ppm in the 'H NMR spectra) almost disappeared, and the absorp-
tion peaks at 1661, 1215 and 2881 cm ™! represented the infrared ab-
sorption bands of -CONH- and —-CH- of PAM-BB, PAM-HEB and PAM-BC
(Figure S3), respectively. The spectra of the products were in complete

agreement with the expected structures and showed essentially no
contaminants, which demonstrated the successful synthesis of the
polymers.

As shown in Table 1, the proportion of AMX monomer units in PAM-
X was lower than that of the feeding ratio, and the viscosity average
molecular weights of PAM-X were decrease with the increasing of AM/
AMX feeding ratios, which mainly due to the steric hindrance effect of
the bigger quaternary ammonium salt side groups. Due to the low
contents of FL groups in PAM-X-FL (the feed ratio of FL-3 in the
monomers was less than 1 wt%), although it is difficult to distinguish the
characteristic peaks of FL groups in the FTIR and 'H NMR spectra, we
found that the maximum emission wavelength of PAM-X-FL moved from
523 nm (for FL-3) to 515 nm (Figure S1), indicating the copolymeri-
zation between AMX and FL-3.

In order to simplified the soil adsorption and environmental toxicity
of PAM-X with different QASs structures, the in vitro anti-Foc4 activities
of PAM-X with different AM/AMX feeding ratios were tested based on
the classical broth microdilution method with 2,3,5-triphenyl-tetrazo-
liumchloride (TTC), the results were shown Table 1. It was found that
for different PAM-X, the products with the feeding ratio of AM/AMX =
1/1 (mol/mol) showed the best anti-Foc4 activities, thus in the following
discussion, without special explanation, PAM-X refer to the products
that are synthesized with the feeding ratio of AM/AMX = 1/1 (mol/
mol).

3.2. The interactions between PAM-X and soil

Due to the weak light-absorbing properties of PAM-X, PAM-X con-
taining fluorescent groups, i.e., PAM-X-FL, was chosen to determine the

Table 1
Molecular weight and anti-Foc4 activities of PAM-X.

PAM-X m/n  m/nb M MIC (mg/  MFC (mg/  MFC/
a (kDa) mL) mL) MIC
PAM-BB  2/1 267/1 320 0.04 0.08 2
1/1 1.30/1 300 0.04 0.04 1
0.5/1  0.57/1 200 0.04 0.16 4
PAM- 2/1 2.9/1 330 0.04 0.04 1
HEB 1/1 1.18/1 290 0.04 0.04 1
0.5/1  0.53/1 180 0.08 0.16 2
PAM-BC  2/1 2.77/1 330 0.04 0.04 1
1/1 1.35/1 290 0.02 0.02 1
05/1 051/1 180 0.02 0.04 2

a. The feeding ratio of AM / AMX (m / n, mol / mol).

b. The proportion of AM units / AMX units in PAM-X (m’ / n’, mol / mol) based
on 'H NMR measurements.

c¢. The viscosity average molecular weights (M,) based on capillary viscometer.
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adsorption kinetics of PAM-X in soil. Fig. 1 shows the sorption kinetics of
100 mg/L PAM-X-FL in soils. In less than 5 h, the equilibrium adsorption
of the three kinds of PAM-X-FL in soil was observed, and afterward, the
concentration of PAM-X-FL in the soil was almost unchanged, and the
entire adsorption kinetics of these three PAM-X on the soil conformed to
the pseudo-second-order model with coefficients of correlation (Rz)
above 0.995 (Fig. 1-B). Both the Freundlich and Langmuir models were
selected to fit the results (Fig. 1-C, D and Table 1), where the Freundlich
model showed a better regression coefficient (RZ), indicating that the
adsorption of PAM-X to the tested soil is more tend to be a multilayer
adsorption process. The Freundlich constant (1/n) (Table 2) is related to
the adsorption strength of the adsorbent: 1/n values of 0.1-0.5, 0.5-1.0,
and > 1.0 indicate that adsorption is good, easy to adsorb, and difficult
to adsorb, respectively. Thus, the 1/n value of the three PAM-X is PAM-
HEB (0.366) < PAM-BB (0.608) < PAM-BC (0.685), indicating that these
three kinds of PAM-X can be easily adsorbed in soil, in which PAM-HEB
shows an excellent adsorption effect.

In addition to the absorption properties, the migration and leaching
behaviour of PAM-X in soil are also important for polymer/soil and
polymer/fungi interactions. Fig. 2 shows the fluorescence curves of the
PAM-X-FL solution and the leachates of soil containing PAM-X-FL, from
which we can see that the PAM-X-FL solution emitted bright green light
under ultraviolet lamp irradiation and had a strong fluorescence in-
tensity at 515 nm, while after leaching, the leachates of soil were only
light blue under the ultraviolet lamp (365 nm) irradiation, and there was
no fluorescence intensity at 515 nm. Thus, it can be concluded that PAM-
X-FL is difficult to move in soil.

Both the soil adsorption and soil migration assays demonstrated that
PAM-X is easily adsorbed and relatively immobile in soil, which might
be mainly due to two aspects: first, the positive charge carried by PAM-X
can combine with the negative charge normally carried by soil particles

-
o
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Table 2
Sorption isotherm parameters of PAM-X sorption to soils.

Freundlich parameters Langmuir isotherm

K¢ (mmol/ 1/n R? Gmax b R
2) (mg/g)
PAM-BB 1.57 0.608 0.9981 64.1 0.0084 0.9671
PAM- 3.54 0.366 0.9909 69.4 0.0046 0.9974
HEB
PAM-BC 0.68 0.685 0.9996 64.9 0.0037 0.9478

(such as sludge and sediments), and second, the long chain of polymers
and the entanglement between polymer chains and soil particles.
Compared with alkyl groups, the presence of benzyl groups might
strengthen the hydrophobic characteristics of quaternary ammonium
salts and weaken the adsorption of polymeric quaternary ammonium
salts in soil. These results are similar to previous studies on the behav-
iour of QASs in soil. [28-29].

The addition of polymers can change the physical conditions of soil
for the interaction between soil particles and polymeric substances, and
enhance the stability of aggregates by adhesions and adsorptions.
Polymer adsorptions of soil particles could reduce the repulsive force
between soil particles, and adhesions of polymers could bind the soil
particles. [30] Thus the addition of PAM-X was assumed to act as a
binding agent to stabilize the soil aggregates.

3.3. Anti-Foc4 activities of PAM-X

To evaluate the anti-fungal activities of chemicals, several antifungal
parameters, such as the minimum inhibitory concentration (MIC) and
minimal fungicidal concentration (MFC) based on the broth micro-
dilution procedure with 2,3,5-triphenyl-tetrazoliumchloride (TTC), 50
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Fig. 1. Sorption kinetics and isotherms of PAM-X-FL (PAM-BB-FL, PAM-BC-FL and PAM-HEB-FL) in soils: (A) relationships between the sampling time and the PAM-
X-FL concentration in soils; (B) the pseudo-second-order model fit to PAM-X-FL sorption kinetics data; (C) Freundlich sorption isotherms and (D) Langmuir sorp-

tion isotherms.
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Fig. 2. Leaching behaviour of PAM-X-FL in soil.

% inhibitory concentration (ICso) and 90 % inhibitory concentration
(ICyp) based on the mycelia growth inhibition method, were often used.
The culture media for these antifungal parameters were different: the
culture media for MIC and MFC was liquid potato-dextrose (PD) media
in which the chemicals could meet the Foc4 conidia freely, while ICsq
and ICyp were tested on solid potato-dextrose-agar (PDA) media, where
the chemicals could meet the Foc4 hyphae only on the surface of the PDA
media. It should be noted that the Foc4 conidia remained in the soil,
which is much different from the culture media mentioned above; thus,
we developed a new method in which the Foc4 conidia were cultured in
a mixture of sterilized soil and water, as detailed in the Part S8 of SI.
This test condition is most similar to the actual environment of Foc4
conidia in soil, and the results were labelled as ICsps and ICgqg, in which
the subscript “s” represents “Soil”. Fig. 3 shows the above mentioned
typical anti-Foc4 activities of PAM-X with different QAS structures in
which a commercial bactericidal agent, benzalkonium chloride (BC),

B PAv-BC I PAM-HEB  [T]PAM-BB  [BIBC |

MIC, mg/mL | MFC, mg/mL
010 008 006 004 002 000 002 004 006 008 010

= o
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Fig. 3. Typical anti-Foc4 activity parameters: (A) MIC & MFC, (B) ICso & ICsos
and (C) ICyg & ICyos of PAM-X and BC. (All the values are the average of 3
replicates; the data of the fungicidal activities were statistically analysed using
Excel to give the IC5o & ICsps and ICgg & ICggs values.).
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was chosen as the positive control.

The results demonstrated that PAM-X exhibited antifungal activity
against Foc4 with MIC values ranging from 0.02 to 0.04 mg/mL, and the
MFC/MIC ratios of the compounds were less than 4, indicating that both
PAM-X and BC were fungicidally effective. [31] Although the ICs( values
of PAM-X ranged from 0.56 to 0.65 mg/mL, which are much higher than
those of BC, the difference between the IC5¢s of PAM-X and BC was much
smaller, as shown in Fig. 3, which demonstrates the good actual anti-
Foc4 activities of PAM-X in soil. We also noticed that compared with ICs5q
& ICg, the IC5ps & ICygs of BC increased, while the ICsog & ICgos of PAM-
X decreased, which might be due to the better interaction of Foc4 conidia
and PAM-X in soil than in PDA media.

Although BC showed the lowest ICsg and ICyg in PDA media, in soil,
PAM-X showed better sustained anti-Foc4 activities. As mentioned
above, during the measurements of ICsy & ICqg, the fungal mycelium
only contacts one side of the PDA plates containing drugs, while for the
ICs0s & ICgps, the Foc4 conidia could mix with the drugs in soil uni-
formly. [32] According to the mechanisms of fungistatic, the fungistasis
of quaternary ammonium salts is a typical contact fungicidal, [33] and
the effective contact between the fungistatic and the conidia is an
important factor affecting its actual fungistatic activity in soil.
Compared with BC, PAM-X was more easily adsorbed in soil and grad-
ually desorbed, thus effectively promoting the effective contact between
free PAM-X and Foc4 conidia, resulting in increased antifungal activity.
In particular, the slow desorption of the polymer chains is an important
basis for the long-lasting antifungal activity of PAM-X. [34] This means
that a single application of PAM-X in the field could prevent Foc4 from
invading banana plants through the soil for a certain period, and the
results matched well with those of previous studies. [24,31-32].

3.4. Biotoxicity evaluation of PAM-X in the soil environment

Due to the broad-spectrum microbial inhibition characteristics of
quaternary ammonium salt, the application of traditional small molec-
ular quaternary ammonium salt in agriculture, especially in soil, is
greatly limited due to its high environmental toxicity. Compared with
small molecular quaternary ammonium salts, polymeric quaternary
ammonium salts with higher molecular weight, such as the
polyacrylamide-containing quaternary ammonium salt groups designed
in this study, i.e., PAM-X, showed much difference in antifungal activ-
ities and soil adsorption properties, so it is necessary to evaluate their
impact on the soil environments, including the impact on the culturable
microbial populations in the soil, the effect on earthworms in soil and
the acute toxicity of soil leachate containing PAM-X to fish.

The populations of total bacteria, fungi and actinomycetes in soil can
also be used as indicators of soil health. [12-13,35]) An appropriate
microbial community structure is conducive to improving crop yield and
soil defence ability. The effect of PAM-X on soil culturable microbial
populations was evaluated based on plate counting methods in different
media. After colony counting, the number of biological colonies in soil
treated with PAM-X for 2 d was compared with that in untreated soil.
The results of the culturable microbial analysis of soil amended with
different PAM-X are presented in Fig. 4 A-C, which shows that PAM-X
treatment increased the number of bacteria and actinomycetes in the
soil in the order of PAM-BB > PAM-HEB > PAM-BC, and the total
number of fungi decreased relatively, followed by PAM-BC > PAM-HEB
> PAM-BB. Compared with PAM-X, traditional small molecular qua-
ternary ammonium salts, such as benzalkonium chloride (BC), which
has been widely commercially available, showed classic broad-spectrum
bactericidal and fungicidal characteristics (Fig. 4: the culturable pop-
ulations of bacteria, fungi and actinomycetes have decreased signifi-
cantly; that is, BC could not only effectively inhibit Foc4 conidia in soil
but also destroy the ecology of the original microbial population in the
soil, which is obviously not conducive to the growth of banana plants
and not a sustainable way to control banana Fusarium wilt.

The changes in soil microbial numbers might be related to the stable
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Fig. 4. Culturable populations of fungi (A), bacteria (B) and actinomycetes (C) in soils from the PAM-X treatments. (Vertical bars represent the standard error of the
means. Treatments followed by different letters are significantly different according to Duncan’s multiple range test (p < 0.05)).

adsorption of PAM-X in soil: due to the good adsorption of PAM-X in soil,
most of the PAM-X chains were stably adsorbed on the surface of soil
particles, which greatly reduces the effective contact probability be-
tween free PAM-X chains and microorganisms in soil. The increased
bacterial numbers and decreased fungal numbers following PAM-X
application represent an increase in soil fertility, possibly resulting in
greater inhibition of Foc4.

In addition to the effect on the microbial community in the soil, the
application of PAM-X to the soil also affected the earthworms living in
the soil and the natural water environment in contact with the soil.
Although quaternary ammonium salt showed high aquatic acute toxicity
(e.g., zebrafish acute toxicity), considering that PAM-X is not directly
applicable to natural water but applied to field soil, the only way to enter
natural water (such as ponds and streams) is to be brought into or
leached away by irrigation or rainwater. Therefore, in addition to
routine evaluation of fish acute toxicity (LCsp) of PAM-X solutions, the
fish acute toxicity of simulated rain leaching solution containing PAM-X
soil (LCsor) and a suspension containing PAM-X and soil (LCsgs) were
also evaluated, which could help to simulate the actual application
conditions of PAM-X in the field.

Fig. 5 shows the acute toxicities of three types of PAM-X, PAM-BB,
PAM-HEB and PAM-BC on earthworms and zebrafish in which BC was
chosen as the positive control. After 14 d of culture, the LCs( values for
PAM-X and BC to earthworms were > 600 mg/kg and 150 mg/kg,

LCs, for
earthworm
mg/(kg soil)

LCsqg for
zebra fish
mg/(kg soil)

LCgy for
zebra fish
mg/(kg soil)

LCs, for
zebra fish
mg/L

2.84

BC PAM-BB

PAM-HEB

respectively, which means that both PAM-X and BC had no acute toxicity
to earthworms. The acute toxicity of PAM-X and BC to zebra fish
(D. rerio) is quite high; the LCsg of the three kinds of PAM-X is in the
range of 1 to 10 mg/L (moderately toxic), and the LCs of BC is less than
1 mg/L (highly toxic). After the application in soil, due to the good
absorption of PAM-X in soil, the acute toxicity of both the leachate so-
lution of the soil/PAM-X mixture (LCsor) and the suspension of water/
soil/PAM-X (LCsps) could be significantly reduced: the LCso and
LCsgs of three kinds of PAM-X were more than 600 mg/(kg soil), which is
the actual maximum dosage of PAM-X in soil. For comparison, the LCsor,
and LCsps of BC under the same conditions are 70 mg/L and 150 mg/L.
This means that the leaching solutions of the soil/PAM-X mixture and
soil/BC mixture are non-acute-toxic and low-acute-toxic for zebra fish,
respectively, according to GB/T 31270.12 (Test guidelines on environ-
mental safety assessment for chemical pesticides).

4. Conclusions

Taken together, combining the strong adsorption effect of poly-
acrylamide in soil and the good anti-fungi activities of polymeric qua-
ternary ammonium salts, polyacrylamide containing quaternary
ammonium salts (PAM-X, including PAM-BB, PAM-HEB and PAM-BC)
show strong soil-adsorption effect and exhibit inhibitory effects on the
mycelial and conidial growth of Foc4, in which PAM-BC with a benzyl

Relatively
Harmless

— 1000

Practically
Non-toxic

— 100
Slightly
Toxic

— 10

Moderately
Toxic

2.64 2.12

-1
Highly toxic

PAM-BC mglL
mg/(kg soil)

Fig. 5. LCsg, LCsqr, and LCsos of PAM-X for zebrafish (Danio rerio) and earthworms (96 h). (Potassium dichromate and chloroacetamide were used as zebrafish and
earthworm reference poisons, respectively. BC was used as a positive control. Average of three replicates.).
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structure has better inhibitory and fungicidal effects. Due to the long
chain of PAM-X, it exhibits easy adsorption in soil and is hard to move in
soil, which makes it unlikely to flow into groundwater and cause water
pollution. The ICsgs of PAM-X in soil is lower and more stable than that
in indoor medium and can resist the invasion of Foc4 conidia in soil.
Unlike small molecule quaternary ammonium salts (such as benzalko-
nium chloride), which can kill almost all microorganisms in the soil, the
adding of PAM-X can maintain the general balance of microbial popu-
lation in the soil, in which the fungal population was effectively
inhibited, while the bacteria and actinomycetes population was pro-
moted, thus help to obtain a “bacterial soil” that is more conducive to
plant growth. The good adsorption and difficult migration in the soil of
PAM-X greatly reduce its impact on earthworms in the soil, and the soil
drenching solution and soil suspension containing PAM-X are nontoxic
to fish, which provides a new prevention and control method for SBFD. It
is also noticed that although PAM-X showed well anti-Foc4 activities in
soil and have less impact on environment, the non-degradability of
PAM-X might be a risk for its application in soil, and degradable mate-
rials might be considered in the future work.
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Abstract Fusarium wilt of banana is a devastating disease
caused by Fusarium oxysporum f. sp. cubense (Foc), of
which the “tropical” race 4 strain (Foc4) has a significant
impact on the banana industry worldwide. Due to the strong
persistence of Foc4 conidia, there is no effective chemical
control method up to now. Quaternary ammonium salts
(QASs), as cationic fungicides, have great application pros-
pects in the field of inhibiting plant diseases and our previ-
ous work showed that polymeric quaternary ammonium
salts (PQASSs) could effectively inhibit Foc4 conidia in soil.
In this paper, we investigate the effects of two kinds of
PQASs, i.e. polydimethylsiloxane-polymethacrylate block
copolymers, containing quaternary ammonium salts
(PDMS-56-QPDMAEMA), poly(methacrylamido
propylbenzyl dimethylammonium chloride) (PQD-BC),
on the antifungal activities against Foc4, using antifungal
bioassays and microscopy. It was found that PQASs had
high inhibitory effects on conidia and worked fast. Micros-
copy showed that PQASs could not only rapidly enter
conidia, but also stably adsorb to the surface of conidia
and penetrate newly grown hyphae. It was also found that
PQASSs could affect the hydrophobicity of conidial surfaces,
change the composition of the cell wall and destroy its
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integrity. Over all, this work provides valuable information
for the application of PQASs as antifungal agents for
inhibiting Foc4.

Keywords Fusarium wilt of banana - Foc4 conidia -
Polymeric quaternary ammonium salts -
Antifungal mechanisms

Abbreviations
Foc4 Fusarium oxysporum f. sp.

cubense “tropical” race 4

QAS quaternary ammonium salts

SQAS single & small molecular con-
taining quaternary ammonium
salt groups

PQASs polymeric quaternary ammo-
nium salts

PDMS-5-QPDMAEMA polydimethylsiloxane-

(S,Q5) polymethacrylate block co-
polymers containing quater-
nary ammonium salts

PQD-BC poly(methacrylamido
propylbenzyl
dimethylammonium chloride)

BC benzalkonium chloride

MIC minimum inhibitory
concentration

MFC minimal fungicidal
concentration

ICsq the 50% maximal inhibitory
concentration

@ Springer



Eur J Plant Pathol (2023) 165:317-331

318

1Cyg the 90% maximal inhibitory
concentration

Introduction

Fusarium wilt of banana is a serious soil-borne vascular
disease caused by Fusarium oxysporum f. sp. cubense
(Foc), of which the tropical race 4 (Foc4) is the most
destructive (Shen et al., 2019). The pathogen can survive
in the soil as chlamydospores for more than 20 years and
infect banana roots at an appropriate time and therefore, it
is very difficult to control this disease (Dita et al., 2018;
Nel et al., 2006). The spread of Foc4 is mainly caused by
passive movement of pathogen propagules over short or
long distances, with human activity being the main re-
sponsible factor, through planting material, workers, ve-
hicles, movement of spore-bearing soil, irrigation and
flooding (Dita et al., 2018). Even if a small amount of
pathogen infects the field, it can cause devastating losses
(Ploetz et al., 2015). Surface disinfectants have been
found to eliminate the pathogen from infested tools, but
effective prophylactic or therapeutic fungicides are not
common although there are reports (Meldrum et al.,
2013; Nel et al., 2007; Nguyen et al., 2019).

Quaternary ammonium salts (QASs) are rapidly be-
coming important antimicrobial solutions due to their
substantial efficacy (Abid et al., 2017). Therefore, they
have been widely used as disinfectants in agricultural
fields, public places as well as in medical and health
contexts (Buffet-Bataillon et al., 2012). The QASs can
be divided into two types depending on molecular
weight. The first group comprise single and small mol-
ecules containing quaternary ammonium salt groups
(referred as SQASSs) such as benzalkonium chloride
(BC), alkyldimethylbenzylammonium chloride and
didecyldimethylammonium chloride. The second group
comprises polymeric quaternary ammonium salts (re-
ferred as PQASS), i.e. macromolecules containing qua-
ternary ammonium salt groups such as the homopoly-
mer of methacrylamido propylbenzyl
dimethylammonium chloride (PQD-BC),
dimethylaminopropyl benzyl chloride-grafted
polysiloxanes and poly(acryloyloxydodecylpyridinium
bromide) (Lin et al., 2014; Zhang et al., 2015, b).
Antibacterial and antifungal activities and mechanisms
of SQASs have been reported and a widely recognized
mechanism is based on cationic immobilization. This
means that the positive charge carried by SQASs com-
bines with the negative charge on the surface of the
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fungi/bacteria, resulting in a disorder of charge distribu-
tion on the cell membrane surface, thus destroying the
cell membrane structure, leading to the leakage of cyto-
plasmic components and eventually death (Gou et al.,
2018; Jiao et al., 2017). Gilbert and Moore (2005)
showed that SQASs could interfere with the physiolog-
ical functions of the bacterial cell membrane surface,
such as respiration, solute transport and cell wall
biosynthesis and thus dissolve all cell contents and kill
cells. Toannou et al. (2007) found that
alkyldimethylbenzylammonium chloride and
didecyldimethylammonium chloride could be adsorbed
to the cell surface of microorganisms and the long
carbon chains of SQASs could dissolve phospholipid
bilayers and steroid compounds in the cell membrane.
However, SQAS:s are toxic to the environment and have
poor chemical stability (Jiao etal., 2017; Lei etal., 2018;
Zhang et al., 2015, b). To solve these problems, com-
bining QAS groups with high molecular weight poly-
mer chains to produce PQAS, give the advantages of
good curative effects, low toxicity, non-volatility, high
chemical stability and prolonged action time, thus hav-
ing broad application prospects (Lin et al., 2018; Xue
et al., 2015).

The suppression mechanisms of PQASs are similar
to those of SQASs. They can also have destructive
interactions with negatively charged biofilms and cause
leakage of intracellular components (Jiao et al., 2017).
Compared with SQASs, PQASs have a higher positive
charge density. A higher quaternary ammonium group
content can promote the rapid adsorption of PQASs to
the surface of pathogenic microorganisms and destroy
the cell membrane, thereby significantly enhancing the
antimicrobial activity (Lei et al., 2018). Rembaum et al.
(1977) revealed that the bactericidal effect of PQASs
was accompanied by bacterial cell adhesion,
aggregation and cleavage as well as complex
formation with DNA. Narita et al. (2001) studied the
destruction of yeast protoplasts by PQASs with different
charge densities and hydrophobic chain segments. They
found that hydrophobicity was crucial to induction of
cell disruption. Huang et al. (2017) measured the effects
of PQD-BC and dimethylaminopropyl benzyl chloride-
grafted polysiloxanes on Foc4 cell walls and cell mem-
brane integrity, mitochondrial function and genome.
They found that these two PQASs could induce Foc4
cell death by destroying cell structural integrity, leading
to the release of cell contents, inducing mitochondrial
dysfunction and interfering with the synthesis of
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genomic DNA. PQD-BC is a typical hydrophilic homo-
polymer and its main chain is polyacrylamide (Zhang
et al., 2015, b), which has a strong hydrophilicity that
may not be conducive for the adsorption in soil.
Dimethylaminopropyl benzyl chloride-grafted
polysiloxane is an amphiphilic polymeric quaternary
ammonium salt with hydrophobic polydimethylsiloxane
as the main chain and a hydrophilic N, N-dimethyl
benzyl chloride quaternary ammonium salt as the side
group (Lin et al., 2014). Due to the random distribution
of'the hydrophilic side groups on the hydrophobic chain,
it is difficult accurately to control the structure of
dimethylaminopropyl benzyl chloride-grafted
polysiloxanes.

As described above, the Foc4 conidia have a long
survival time in the soil, which makes it difficult to
control the pathogen. Therefore, inhibiting the spread
of conidia or killing them in the soil is of great signifi-
cance to control Fusarium wilt. In previous studies,
QASs were generally not considered sporicidal (Jiao
et al., 2017). In our previous study, we synthesized an
amphiphilic polydimethylsiloxane-polymethacrylate
block copolymer containing quaternary ammonium
salts (PDMS-6-QPDMAEMA) with good adsorption
properties in soil and found that it could not only kill
Foc4 conidia, but also inhibit them in soil for 90 days
when the pathogen was applied every 10 days (Chang
etal., 2021; Lin et al., 2018). In this work, we focus on
Foc4 conidia and study the mechanisms of inhibition of
PQAS on Foc4 conidia. We hope this work will help to
understand further the relationship between polymer
structure and sporicidal activity and will assist in finding
potential polymeric antimicrobial agents for plant
protection.

Materials and methods
Strains and culture conditions

The fungal strain used in this study was Fusarium
oxysporum f. sp. cubense (E. F. Smith) Snyder &
Hansen, Tropical race 4 (Foc4), donated by the Fungal
Laboratory of South China Agricultural University and
sub-cultured on potato dextrose agar medium (PDA).
Foc4 conidia were obtained from agar cultures after 5 d
growth at 28 °C. The concentrations of conidial suspen-
sions were determined using a haemocytometer.
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Chemicals

Three kinds of QASs were used in the work, i.e.
polydimethylsiloxane-polymethacrylate block copolymers
containing quaternary ammonium salts (PDMS-b-
QPDMAEMA, labelled as S,Qs, n = 0, 5 or 10, which
means that the molecular weight of the polydimethylsilox-
ane block is 0, 5 or 10 kDa), poly(methacrylamido
propylbenzyl dimethylammonium chloride) (PQD-BC)
and benzalkonium chloride (BC). For direct observation
of the migration of PQASs into Foc4 conidia, part of the
benzyl group (< 2%) in the QAS structure was replaced by
a fluorescein group (-FL), allowing green fluores-
cence emission under the excitation of ultraviolet
light (365 nm) and the corresponding compounds
were labelled as SsQs-FL, PQD-BC-FL and BC-
FL, respectively. All QASs except BC were syn-
thesized according to literature (Lin et al., 2018;
Zhang et al., 2015, b; Zhong et al., 2017). Their
structural characterization and antifungal properties
are shown in Supplementary Information (Part S1-
S2). BC, 2,3,5-triphenyltetrazolium chloride (TTC),
kelp polysaccharide and mannose were obtained
from Macklin Biotech Co. Ltd., Shanghai, China.
Glucosamine hydrochloride was obtained from
Sangon Biotech (Shanghai) Co., Ltd. (Shanghali,
China). The alkaline phosphatase (ALP) kit was
supplied by Nanjing Jiancheng Institute of Bioen-
gineering (Nanjing, Jiangsu, China).

Influence of PQASs on conidial germination

Under sterile conditions, fungal culture plates were
flooded with sterile water and the resulting conidial
suspension was filtered through three layers of sterile
200-mesh gauze to separate the microconidia from the
mycelium. The suspension was adjusted to 4 x 10°
microconidia/mL using a haemocytometer. Equal vol-
umes of the microconidial suspension were mixed with
PQAS:s and the final concentrations of PQASs were 5,
10, 20 and 40 pg/mL (three wells per sample). The
mixed suspensions were incubated in a constant tem-
perature shock incubator at 28 °C and 120 rpm for 8 h
and then observed under differential interference mi-
croscopy (DICM, Eclipse 80i microscope, Nikon, Ja-
pan). Two-hundred spores in each well were randomly
examined for the presence of germ tubes. A
microconidium was considered germinated if the germ
tube length was at least as long as the spore (Steinkellner
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etal., 2005). Sterile water was used as a negative control
and the same concentration of BC was used as a positive
control. The experiment was performed twice. The ger-
mination inhibition rate was calculated according to egs.

(1):
Germination inhibition rate

= (Co—C;)/Cp x 100% (1)
where C, is the number of conidia in the negative
control (water), C; is the number of germinated conidia
in the suspension treated with PQASs or BC.

Inactivation kinetics of PQASs on Foc4 conidia

The QAS solutions and a Foc4 microconidial suspen-
sion were mixed in equal amounts in sterile 1.5 mL
microcentrifuge tubes, giving a final concentration of
Foc4 conidia of 10° conidia/mL and a final concentra-
tion of QASs of 30 pg/mL. Tubes were incubated for 3,
5, 7,9, 19, 25 or 31 min and at each sampling time,
100 pL aliquots of the mixed suspensions were taken
out and spread on PDA plates with a glass spreader. The
plates were then incubated in darkness for 2 d at 28 °C
and samples cultured in the absence of a QAS solution
were used as control. The colonies grown on the plate
were counted using the Image J software. There were
three replications for each treatment and the experiment
was performed twice. The effect of QASs on the inac-
tivation of Foc4 conidia is expressed as the inactivation
efficiency at different times:

Inactivation efficiency = (Ny—N,)/No x 100%  (2)

Where N, is the number of fungal colonies without
QAS at time 0 and N, is the number of fungal colonies at
time 7.

The Chick-Watson model (Dalrymple et al., 2010)
conveys the primary principle of disinfection processes,
which is described as a linear relationship between the
inactivation effect and the exposure time (Leite et al.,
2015; Wen et al., 2017):
Ln(N,/No) =k Ct (3)
where £, the slope of the line, is the pseudo-first order
inactivation rate constant (mL pg 'min'); C is the
concentration of QASs (ng/mL); and ¢ is the QASs
treatment time (min).
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Microscopy of the interaction between PQASs
and Foc4 conidia

BC-FL, PQD-BC-FL and Ss;Qs-FL were mixed with
sterile distilled water to prepare 40 mg/mL QAS-FL
solutions. Foc4 was cultured for 5 d, removed from
the incubator and then 0.5 mL prepared QAS-FL solu-
tion was added and the suspension incubated for 3 min
or 3 h. After incubation, conidia were scraped onto a
slide with a cover glass and slowly washed several times
with sterile water. Foc4 conidia were incubated for
3 min for each treatment and germination of 200 conidia
were studied using DICM. Furthermore, germination of
100 Foc4 conidia incubated for 3 h for each treatment
were studied in a confocal laser scanning microscope
(CLSM, TCS SP8 STED 3X, Leica, Germany) with 40x
and 100x magnification (Sun et al., 2015, b).

In addition, after treating Foc4 conidia with 0.1 mg/
mL SsQs-FL for 2 d, about 20 nL conidial suspension
was taken out, washed and SsQs-FL removed, then
germination of 200 Foc4 conidia were studied using
DICM.

Effects of QASs on the cell walls of Foc4 conidia

Changes in the surface potential and hydrophobicity
of Foc4 conidia

Fungal disks (each 7 mm in diameter), obtained from the
periphery of 5-day-old cultures of Foc4, were inverted
on the centre of each PDA plate and cultured in a 28 °C
thermostatic incubator for 2—9 d. Under sterile condi-
tions, fungal culture plates were flooded with sterile
water and the resulting conidial suspension filtered
through three layers of sterile 200-mesh gauze to sepa-
rate the microconidia from mycelium. The suspension
was adjusted to (2 ~ 3) x 10°® microconidia/mL using a
haemocytometer.

Some conidial suspensions were used to determine
changes in the spore surface potential. A zeta potential
analyser (Horiba SZ-100Z, Horiba, Japan) with a stent
temperature of 25 °C was used, with water as the dis-
persion medium. The Foc4 conidial suspension was
transferred to the electrode pool and when the instru-
ment temperature was stable, the surface potential of the
conidia was determined (Halder et al., 2015).

The remaining conidial suspensions were used to
determine changes in the conidial hydrophobicity rates
through an improved two-phase extraction method
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(Girardin et al., 1999; Shah et al., 2007). The detailed
steps were: 6 mL Foc4 conidial suspension was added
to a round-bottom glass colorimetric tube (soaked over-
night in hydrochloric acid, cleaned and sterilised after
use). A volume of 1.2 mL n-hexadecane was added as
the oil phase and the tube was sealed with a glass plug.
The suspension was oscillated vigorously for 60 s and
then transferred to a funnel for 90 min. After the sus-
pension was stratified, the aqueous phase was collected
and mixed. Then, the concentration of conidia in the
aqueous phase was determined with a haemocytometer.
The concentration of conidia without oil phase mixing
was used as the control. The conidial hydrophobicity
was calculated from eq. (4) (Shan, 2009):

Conidial hydrophobicity = (Ng—N)/No x 100% (4)

where N is the initial concentration of Foc4 conidia
without oil phase mixing and N is the final concentration
of Foc4 conidia in aqueous phase.

In order to evaluate the effect of QASs on conidial
surface hydrophobicity, a Foc4 conidial suspension
with a concentration of 10® ~ 10® microconidia/mL
was added to the QAS solution. After incubation for
1 h, 5 mL culture solution was removed and added to the
centrifuge tube. The supernatant was centrifuged at
19600xg for 3 min and then, 3 mL sterile water was
added to re-suspend. This process was repeated twice to
wash away the residual QASs. Sterile water was added
again, the conidia was suspended in the tube and then
hydrophobicity was determined by an improved two-
phase extraction method described in the previous par-
agraph. There were three replications for each treatment
and the experiment was performed twice.

Sorbitol assay

Fifty-uL potato dextrose broth was added aseptically to
each well of a 96-well plate. Subsequently, 50 uL. BC
solution with different concentrations was added into
each horizontal row of the wells to obtain the concen-
trations of 5, 2.5, 1.25, 0.6, 0.3, 0.15, 0.08, 0.04, 0.02,
0.01 and 0 mg/mL. Next, 100 uL conidial suspension
with concentration of 4 x 10° microconidia/mL was
added to all wells of the plate except the first horizontal
row of the wells. For the group of “BC + sorbitol”,
25 uL sorbitol solution was added into wells of the plate
to obtain a final concentration of 0.8 M, while for the
group “BC”, 25 uL potato dextrose broth instead of
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sorbitol solution was added. Sterility control of the
medium was performed by adding 100 pL potato dex-
trose broth in the first horizontal row of wells of all 96-
well plates in the absence of Foc4. The 96-well plate
was incubated in darkness for 2 d at 28 °C. Then, 20 pL
2,3,5-triphenyl tetrazolium chloride dye solution (5%,
w/v) (Turecka et al., 2018) was added to the well and the
plate incubated in darkness for 2 h at 28 °C. The min-
imum inhibitory concentration (MIC) value is the lowest
concentration at which there was no visible growth, i.e.
there was no red colour in the well. There were three
replications for each treatment and the experiment was
performed twice.

The mycelium growth inhibition method (Zhong
etal., 2017) was also used to evaluate effects of sorbitol
on the growth rate of mycelium on potato dextrose agar
(PDA) medium. The experiment was divided into 4
groups. In the first group, the medium contained 0.8 M
sorbitol; in the second group, it contained 0.04 mg/
mL BC; in the third group, it contained 0.04 mg/
mL BC and 0.8 M sorbitol and the last group was pure
medium (control). Each mixture was poured into 9 cm
diameter sterile Petri dishes and left to solidify. Fungal
disks (each 6 mm in diameter) obtained from the pe-
riphery of 5-day-old cultures of Foc4 were inverted on
the centre of each plate. All plates were incubated at
28 °C for 5 d. The radial diameter (mm) of each colony
was measured in two directions at right angles using a
calliper. The percent mycelial inhibition of the radial
growth of Foc4 by the compounds compared with the
control was calculated using the following formula:

Percent mycelial inhibition

= (D.~D,)/D,. x 100% (5)

where D, is the mean colony diameter of the control
group and D; is the mean colony diameter of the treat-
ment group. There were three replications for each
treatment and the experiment was performed twice.

Conidial cell-wall disruption assay

Damage to the external cell wall layers cause release of
alkaline phosphatase (ALP) from the cell (Cheng et al.,
1970). The effect of PQASs on Foc4 conidial cell wall was
determined by assaying ALP in the supernatant (Dong
et al., 2018). A conidial suspension and QAS solutions
were added to 2 mL centrifuge tubes. The final QAS
concentrations were equivalent to the minimum inhibitory
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concentration, the 50% inhibitory concentration and the
90% inhibitory concentration. The test methods to obtain
these data are described briefly in Supporting Informa-
tion (Part S2). The final concentration of Foc4 was 10°
conidia/mL. The same volume of sterile distilled water
was added instead of a QAS solution as a control. The
samples were incubated at 28 °C and 200 rpm for2don a
rotary shaker (MQT-60R, Shanghai Minquan Instrument
Co. Ltd., China) and centrifuged at 19600xg for 3 min to
collect the supernatant from each centrifuge tube. Then,
50 puL supernatant was taken to determine the alkaline
phosphatase content for each treatment by using an alka-
line phosphatase kit (Nanjing Jiancheng Institute of Bio-
engineering, Nanjing, Jiangsu, China). According to the
instructions of manufacturer, the activity of ALP in the
supernatant was measured with a UV-vis spectrophotom-
eter at 405 nm (UV2300, Techcomp, Shanghai, China)
and calculated by eq. (6) (Shao et al., 2013). There were
three replications for each treatment and the experiment
was performed twice.

OD, standard value

ALP activity = x 0.005mg

OD estimated value
100mL
0.05mL

X

(6)

where ODgandard value refers to the measured absorbance
of'the standard solution prepared according to the instruc-
tions (A = 0.242).

Effects of PQASs on the Foc4 conidial cell wall
components

The QAS solutions and a Foc4 microconidial suspen-
sion were mixed in equal amounts in 2 mL centrifuge
tubes. The final QAS concentrations were equivalent to
the minimum inhibitory concentration, the 50% inhibi-
tory concentration and the 90% inhibitory concentration.
The final concentration of Foc4 conidia was 3 x 10°
conidia/mL. The same volume of sterile distilled water
was added instead of QAS solution as a control. The
samples were incubated at 28 °C and 200 rpm for 2 hon a
rotary shaker, then centrifuged at 19600xg for 3 min at
4 °C. The supernatant of each centrifuge tube was col-
lected for subsequent determination of chitin, glucan and
mannose in the cell walls.

The chitin content in the cell walls was determined by
measuring the amount of GIcNAc (N- acetylglucosamine)
released by acid hydrolysis of fungal cell walls (Guerriero
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et al., 2010; Liu et al., 2007; Liu et al., 2021). One-mL
supernatant was suspended in 0.5 mL 0.8 M potassium
tetraborate solution and heated to 100 °C for 3 min. After
cooling to room temperature, 3 mL 1% (w/v) 4-
dimethylaminobenzaldehyde (P-DMAB) reagent was
added and the tubes were kept in a water bath at 36 °C
for 20 min. Then the absorbance was measured at 544 nm
with a UV-vis spectrophotometer. The chitin content is
expressed as the microgram content of glucosamine hy-
drochloride per millilitre supernatant and was calculated
according to a standard curve (as shown in Fig. S7),
prepared with a known amount of glucosamine
hydrochloride.

The glucan content in the cell walls was determined
by the aniline blue assay (Fernandes et al., 2021; Han
et al., 2014; Kahn et al., 2006). Two-mL 0.04% (w/v)
aniline blue solution was added to 1 mL supernatant and
incubated in a water bath at 80 °C in the darkness for
15 min. After cooling to room temperature for 30 min,
the fluorescence absorbance intensities at 503.5 nm were
measured using a fluorescence spectrophotometer
(F2700, HITACHI, Japan). The glucan content (pg/
mL) was calculated according to a standard curve (as
shown in Fig. S8) prepared with a known amount of kelp
polysaccharide as the standard sample (Han et al., 2014).

The mannose content in the cell walls was deter-
mined by an ultraviolet spectrometry method (Lin
et al., 2015; Matsuoka et al., 2014). A volume of
3.0 mL of 72% sulphuric acid was added to 1.0 mL
supernatant and treated in an ultrasonic cleaner for
30 min (KQ-250DE, Kunshan ultrasonic instruments
Co. Ltd., Jiangsu, China). The suspension was kept in
a water bath at 100 °C for 4 h to allow the cell walls to be
hydrolysed with sulphuric acid. After cooling to room
temperature, 0.5 mL 8 M NaOH was added to neutralise
the solution (pH = 7). A volume of 0.2 mL of the above
solution and 0.2 mL NaCl-H;BO; solution (mixed so-
lution of 12% NaCl (w/v) and 2% H;BO; (w/v)) were
added to 10 mL test tubes. As a control, 0.2 mL
distilled water instead of 0.2 mL NaCIl-H3;BO; solu-
tion was used. Then 4.6 mL 90% (w/w) H,SO,4 was
added to each tube and mixed by vortexing for 30 s.
The tubes were placed in a 70 °C water bath and
incubated for 30 min, taken out and cooled with
running water. The absorbance of samples was mea-
sured by a UV-vis spectrophotometer (UV2300,
Techcomp, Shanghai, China) at 280 nm. The differ-
ence between absorption with and without NaCl-
H;BO; is directly proportional to the mannose
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concentration. The content of mannose (pg/mL) in
the sample was calculated according to a standard
curve (as shown in Fig. S9) with known concentra-
tions of mannose. There were three replications for
each treatment and the experiment was performed
twice.

Data analysis

Data obtained were analysed by SPSS version 22 (SPSS
Inc., Chicago, IL, USA). Duncan’s multiple range test
was used to separate means (P < 0.05). A linear regres-
sion model (v = a x, where « is the slope) was used to
relate the inactivation effect (Ln(N, / Ny)) with the ex-
posure time (t). All experiments were performed twice
and there were three replications for each treatment.
Figures show averages of the two independent experi-
ments. This was possible to show since there were no
significant interactions between treatments and experi-
ments. Error bars show the standard error of the mean
(SEM) and treatments followed by different letters are
statistically at P < 0.05.

Results
Effect of PQASs on Foc4 conidial germination

The effect of PQASs on germination of Foc4 conidia after
8 h treatment is shown in Fig. 1. An increase of QAS
concentration, for benzalkonium chloride (BC),
poly(methacrylamido propylbenzyl dimethylammonium
chloride) (PQD-BC), polydimethylsiloxane-
polymethacrylate block copolymers containing quaternary
ammonium salts with 0 kDa, 5 kDa and 10 kDa of
polydimethylsiloxane block (SoQs, SsQs and S;¢Qs), re-
sulted in a gradually increased inhibition of spore germi-
nation for each QAS. QAS at a concentration of 40 pg/mL
could completely inhibit Foc4 spore germination. BC
showed better inhibition of germination at lower
concentrations.

Inactivation kinetics of QASs on Foc4 conidia

The inactivation efficiency and inactivation kinetics of
QASs on Foc4 conidia were evaluated by measuring the
survival of Foc4 conidia treated with QASs after plating
on PDA. Figure 2A shows that the number of colonies
in the plates decreased gradually with the extension of
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treatment time. Each PQAS can kill Foc4 very quickly,
as shown in Fig. 2B. To inhibit conidial growth
completely (99.99%), the incubation time was approxi-
mately 10 min for SoQs and SsQs and approximately
25 min for S;oQs or PQD-BC. For BC, incubating the
conidia for 31 min gave an inhibition rate of only 99%.
The Chick-Watson model fitting of inactivation kinetics
of QASs (30 pg/mL) on Foc4 conidia is shown in Fig.
2B. The Chick-Watson model described fungal inacti-
vation well, with correlation coefficients (R?) greater
than 0.9. The inactivation rate constants (k) of BC,
PQD-BC, S¢Qs, SsQs and S;¢Qs were 0.1271, 0.3897,
1.005, 0.9058 and 0.4038, respectively. The efficiencies
of inactivation were in the order: SpQs > SsQs > S;9Q5
> PQD-BC > BC.

Staining of Foc4 conidia by PQASs

After the benzyl group in the QAS structure was re-
placed by a fluorescein group (-FL), green fluorescence
was emitted under the excitation of ultraviolet light.
PQAS-FL treatment of Foc4 conidia for 3 min is shown
in Fig. 3A. Green fluorescence was seen in all conidia,
indicating that QASs-FL was able to enter the Foc4
conidia quickly. Furthermore, Foc4 conidia were treated
with QASs-FL for 3 h and observed under CLSM. The
clear green fluorescence in conidia treated with BC-FL,
PQD-BC-FL and S;Qs-FL can be seen in Fig. 3B,
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Fig. 1 Inhibition of germination of Foc4 conidia in S,Qs, PQD-
BC and BC. The experiment was performed twice with three
replications for each treatment. The figure show averages of the
two experiments. Error bars represent the standard error of the
mean. Treatments followed by different letters are statistically
different at P < 0.05
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indicating that QASs-FL can enter and remain inside the
Foc4 conidia. Conidia treated with PQD-BC-FL and
SsQs-FL showed a clear outline and fluorescence on
the cell surface, as indicated by the red arrow in Fig.
3B. The outer contour of conidia treated with BC-FL
was blurred and there was no obvious fluorescence on
the cell surface. This indicates that PQASs cannot only
enter the conidia, but also bind to the cell surface of the
spores and the small molecule QASs can enter conidia
through cell wall and cell membrane, but is less
adsorbed to conidial surfaces. Compared with the small
molecule QAS, PQAS had better adsorption perfor-
mance on conidial cell wall.

After being treated with 0.1 mg/mL SsQs-FL for two
days, Foc4 conidia were observed by DICM. The results
are shown in Fig. 4. There was fluorescence not only in
the fragments of conidia, but also in the newly germi-
nated hyphae, indicating that S;Qs-FL can continue to
be taken up by the newly formed hyphae.

Effect of PQAS on the cell walls of Foc4 conidia

Changes in the Foc4 conidial surface potential
and hydrophilicity

The detection results of the zeta potential and hydropho-
bicity of conidia are shown in Fig. 5A, B. Figure 5A
shows that the potential of the conidial surface de-
creased continuously with the extension of culture time.
Figure 5B shows that the conidial hydrophobicity was
approximately 20% and did not change with the exten-
sion of culture time. The change in the conidial hydro-
phobicity after 1 h of QAS treatment at the minimum
inhibitory concentration (MIC) is shown in Fig. 5C.
Thus, the conidial hydrophobicity after treatment with
BC decreased, whereas the conidial hydrophobicity af-
ter treatment with PQD-BC, SoQs, S5Qs and S;0Qs
increased.

Sorbitol assay

Sorbitol, as a substance to maintain proper osmotic
pressure, provides a suitable environment for the cell
wall biosynthetic pathways. It is often used to test the
effect of drugs on the cell wall. The effect of sorbitol on
the BC inhibition properties is presented in Fig. 6.
Figure 6A shows that the minimum inhibitory concen-
tration (MIC) of BC for the conidia was 0.04 mg/mL
and after adding sorbitol, the value was 0.02 mg/mL.
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The decrease in MIC indicated that sorbitol increased
the inhibition of BC on conidia. In order to confirm this,
the mycelium growth inhibition method was used and
the results are shown in Fig. 6B. A concentration of
0.8 M sorbitol had no effect on the growth of Foc4
hyphae. The inhibition rate of mycelium growth was
35.2% for BC at the MIC and with the addition of 0.8 M
sorbitol to BC, the inhibition of mycelial growth was
51.3%. The increase in the inhibition further indicated
that sorbitol and BC had a synergistic effect on the
inhibition of Foc4 mycelial growth. Therefore, the
widely used method of adding sorbitol to evaluate
whether a compound destroys the conidial cell wall
was not suitable for QASs.

Effect of QASs on Foc4 conidia alkaline phosphatase
(ALP) leakage

In conidia, ALP exists between the cell wall and cell
membrane. When the cell wall is destroyed, the ALP
will leak out of the cell, so the integrity of the conidial
cell wall can be evaluated by detecting the ALP activity
in the culture medium. Figure 6C shows that the ALP
content in the culture medium treated with BC was low
and did not change significantly with the increase of BC
dosage. ALP content in the culture medium treated with
high concentrations of PQASs increased significantly
and PQD-BC was the most destructive compound to the
cell walls of Foc4 conidia.

Effects of PQASs on cell wall components

Chitin, glucan and mannose are the main components of
the cell walls of fungi. They are polysaccharides
polymerised from monosaccharides. Effects of PQASs
on the cell wall components of Foc4 conidia can be
evaluated by determining the content of these poly-
saccharides in the culture medium, as shown in Fig. 7.
After being treated with QASs at the minimum inhib-
itory concentration (MIC), 50% inhibitory concentra-
tion (ICsq) and 90% inhibitory concentration (ICq),
the content of chitin, glucan and mannose in the
culture medium all increased with the increase of
QAS concentration. This indicates that each QAS
can act on the components of the cell wall of the
Foc4 conidia, with glucan being most severely affect-
ed. The effects of PQASs on the components of Foc4
cell wall were significantly greater than that of BC.
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BC

Time/min 0 1 2

Fig.2 a Growth of Foc4 conidia on agar plates after S,Qs, PQD-
BC and BC treatment (30 pg/mL). With the extension of the
incubation time, the number of colonies in the 100 puL mixture
in the plate gradually decreased. b Inactivation kinetics of S,Qs,
PQD-BC and BC (30 ng/mL) on Foc4 conidia. (The missing data
point for BC at 3 to 7 min was because the number of colonies in

Discussion

The continuing development of fungicide resistance in
plants necessitates the discovery of new fungicides with
new or different modes of action (Ammar et al., 2013).
Cationic polymers possess potent broad-spectrum

White light Fluorescence
2 903\'
=
BC-FL [N 5
2 204m
) o
PQD- | S
BC-FL | o e
£ 3
¥ A\ :
o e
Bl
SsQs-FL 2 J
g =
o
' 2 20 um

Fig. 3 a Differential interference microscopy micrographs of
Foc4 conidia. After Foc4 conidia were treated with BC-FL,
PQD-BC-FL or SsQs-FL at a concentration of 40 mg/mL for
3 min, clear green fluorescence was seen in all conidia. b Confocal
microscopy of QASs-FL entering Foc4 conidia. Conidia treated
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the Petri dish was too large to count). All experiments were
performed twice with three replications for each treatment. Repre-
sentative results from one experiment are shown in (A) whereas
the average of the two experiments are shown in (B). Error bars
represent the standard error of the mean

antimicrobial activity (Peng et al., 2019; Venkataraman
et al., 2019) and do not elicit fungicide resistance (Lou
et al., 2018). It has been found that cationic polymers
have good inhibitory effects on fungi and the structure of
the polymer is one of the key factors that determine its
antifungal properties (Gilbert & Moore, 2005; Jiao et al.,

White light Fluorescence

with PQD-BC-FL and SsQs-FL showed clear outlines and fluo-
rescence in the cell wall or cell membrane, as shown by the red
arrow. The outer edge of the conidia treated with BC-FL was fuzzy
and there was no obvious fluorescence in the cell wall or cell
membrane
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Fig. 4 Differential interference
microscopy micrographs of Foc4
conidia. After Foc4 conidia were
treated with S;Qs-FL at a
concentration of 0.1 mg/mL for 2
d, clear green fluorescence was
seen in the newly formed hyphae

2017). Studies of how the polymers inhibit fungi are
helpful to understand the relationship between the struc-
ture and antifungal activity and will be helpful for the
development of new cationic polymers that can be used
to control plant diseases.

Fusarium wilt of bananas is a serious soil-borne fungal
disease and pathogen spores is an obvious target for
controlling the disease. Thus, inhibiting or killing the
Foc4 conidia in soil is of great significance to the control
of banana Fusarium wilt (Xue et al., 2015). Izquierdo-
Garcia et al. (2021) found that in the absence of soil, 10
kinds of commercial small molecular quaternary ammo-
nium compounds showed 100% biocidal efficiency
against microconidia, macroconidia and chlamydospores
at both <1 and 15 min, while the presence of soil signif-
icantly decreased the efficacy of most of the disinfectants.
Different from the commercial small molecular quater-
nary ammonium compounds, we previously found that if
Foc4 was added to the soil every second day, the inhib-
itory effect of polydimethylsiloxane-polymethacrylate
block copolymers containing quaternary ammonium salts
(S4Qs) could be maintained for 30 days and if Foc4 was

White light

Fluorescence

added to the soil every 10 days, the inhibitory effect of
S.Qs could be maintained for 90 days. The impact of
S.Qs on the number of three types of microbial species
(i.e. bacteria, fungi and actinomycetes) in the soil was
evaluated (Chang et al., 2021). It was found that the
number of fungi was reduced whereas the number of
bacteria and actinomycetes was increased. This indicates
that S,Qs may not have a devastating impact on the
microbial population in the soil, meaning that the impact
may be acceptable. Most of the control methods based on
soil fungicides and soil fumigation, such as methyl bro-
mide or calcium cyanamide treatments, could kill almost
all the microorganisms (including Foc4) in soil in a short
time, but this would also completely destroy the micro-
bial community and its functional diversity in the soil and
the fumigated areas might eventually be re-attacked by
the pathogen, making the next fruit production impossi-
ble (Herbert & Marx, 1990). Furthermore, compared with
the soil disinfectant, the environmental toxicity risk is
greatly reduced after soil adsorption because S, Qs can
be adsorbed in the soil. Pot experiments also showed that
S.Qs had a good control effect on Fusarium wilt of
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Fig. 5 Effect of culture time (days) in sterile water on: (A) The
zeta potential of the Foc4 conidial surfaces; (B) Conidial hydro-
phobicity and; (C) Effect of S,Qs, PQD-BC and BC treatments on
the conidial hydrophobicity. All experiments were performed
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twice with three replications for each treatment. The figure show
averages of the two experiments. Error bars represent the standard
error of the mean. Treatments followed by different letters are
statistically different at P < 0.05
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Fig.6 A The minimum inhibitory concentration (MIC) of sorbitol
and BC against Foc4 based on the 2,3,5-triphenyl tetrazolium
chloride colorimetric method; (+) indicates live cells in the plate
and (—) indicates fewer or no cells in the plate. B The typical
mycelial growth of Foc4 on PDA medium after sorbitol and BC
were applied. The experiments were performed twice and repre-
sentative results are shown. ¢ Effect of S,Qs, PQD-BC and BC on

banana and did not harm banana seedlings (Chang et al.,
2021). These results show the potential of S, Qs in banana
fields to long term prevention of invasion by Foc4.

In this study, we further investigated the inactiva-
tion kinetics of S,Qs on Foc4 conidia and the ad-
sorption and destruction of S,Qs on the cell wall of
Foc4 conidia. Conidial germination was completely
inhibited when the S,Qs concentration was more than
40 pg/mL (Fig. 1). Meldrum et al. (2013) also found
Sporekill™, which contain a quaternary ammonium
compound as an active ingredient, could inhibit the
germination of Foc4 spores. The efficiency of killing
fungal spores would be an important factor to evalu-
ate the performance of fungicides. Our study also
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Fig.7 Effects of S,Qs, PQD-BC and BC on cell wall components
of Foc4 conidia. A Chitin. B Glucan. C Mannose. All experiments
were performed twice with three replications for each treatment.
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alkaline phosphatase (ALP) content in Foc4 culture medium. All
experiments were performed twice with three replications for each
treatment. Averages of the two experiments are shown in (C).
Error bars represent the standard error of the mean. Treatments
followed by different letters are statistically different at P < 0.05

found that S,Qs could kill Foc4 spores completely
within 10 min (Fig. 2) and therefore, it shows promise
as a sporicide against Foc4. The amphiphilic polymeric
quaternary ammonium salts (S,Qs) had the highest in-
activation efficiencies on Foc4 conidia, followed by the
hydrophilic macromolecular quaternary ammonium salt
(PQD-BC) and finally the small molecular quaternary
ammonium salt (BC) (Fig. 2). As described in the liter-
ature, structural parameters such as hydrophobicity/
hydrophilicity balance, molecular weight and the length
of carbon chain likely affect the antifungal activities
(Mufioz-Bonilla & Fernandez-Garcia, 2012; Obtak
et al., 2013; Ganewatta & Tang, 2015). Compared with
BC, S,Qs showed rapid fungicidal efficiency, which is

2.5+
. ©)]
b E 20-
d 2 a
a
£ 1.5 b b
c b
a2 ed gy cd o3 cd
g g e e e ee
o 1.0
| I 5
f :
@ 0.5
=

BC PQD-BCSQ, S.Q, S,Q, CK BC PQD-BCSQ, S,Q, S,Q,

The figure show averages of the two experiments. Error bars
represent the standard error of the mean. Treatments followed by
different letters are statistically different at P < 0.05
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mainly due to the polymeric structure and the increasing
proportion of hydrophobic segments.

The cell wall is essential for maintaining fungal cell
shape and integrity (Ivey et al., 2017). It is often con-
sidered as one of the targets of drugs attacking fungi
(Cortés et al., 2019; Zuo et al., 2015). To cause fungal
death, the quaternary ammonium salts (QASs) have to
be absorbed onto the cell and alter the inherent charge of
the cell wall (Jiao et al., 2017). Microscopy (Fig. 3)
demonstrated that S,Qs could not only enter the interior
of Foc4 conidia, but also effectively adsorb to the sur-
face of conidia. This effective adsorption is mainly
achieved through the following steps: firstly, the conid-
ial surface is negatively charged (Fig. SA and S,Qs is
positively charged, so they have electrostatic adsorp-
tion; secondly, our study found that S Qs could signif-
icantly change the conidial hydrophobicity (Fig. 5C.
Like other filamentous fungi (Shan, 2009; Wosten,
2001), the hydrophobin in the Foc4 conidial wall en-
dows it with hydrophobic characteristics (Fig. 5B. The
hydrophilic groups of S,Qs can be combined with the
Foc4 conidial wall, making the hydrophobic groups of
S.Qs face the aqueous solution. It is reported that the
hydrophobicity of spores could prevent fungi from los-
ing water and play a role in preventing disinfectants
from entering the spores during disinfection (Wen
et al., 2019). The ability to change the conidial hydro-
phobicity is the difference between S,Qs and other
disinfectants (including chlorine and other small molec-
ular cationic compounds) in the mechanism of
inhibiting spores (Nguyen et al., 2019; Shen et al.,
2019). In this study, we found that SsQs-FL could be
taken up continually by the newly formed hypha (Fig. 4)
and affect the internal structure of hypha and inhibit
their activity (Dong et al., 2018). In our future work,
the impact of invasive S5Qs on the internal structure and
activity of new hyphae will be further studied.

Cell wall integrity plays an important role in responses
to external stress and in fungal growth and pathogenicity
(Malavazi et al., 2014). The effect of fungicides on fungal
cell wall integrity is often evaluated by the sorbitol pro-
tection test (Turecka et al., 2018). The increase of mini-
mum inhibitory concentration (MIC) in the experiments
with sorbitol could indicate the cell wall as a potential
target of action of the compound (Leite et al., 2015;
Turecka et al., 2018). We found that when Foc4 was
treated with BC in a medium supplemented with sorbitol,
the MIC decreased after two days of incubation com-
pared to the MIC in medium without sorbitol (Fig. 6A.
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The experimental results using the mycelium growth
inhibition method (Zhong et al., 2017) further confirmed
that sorbitol and BC had a synergistic effect on the
inhibition of Foc4 mycelium growth (Fig. 6B. Therefore,
this method might not be suitable for QASs. Alkaline
phosphatase (ALP) is an enzyme produced in the cyto-
plasm and leaked into the periplasmic space. Generally,
ALP is released from fungal cells with impaired cell wall
permeability (Ouyang et al., 2019). In our previous work,
we found that BC caused leakage of ALP and thus
damaged the cell wall integrity of Foc4 hyphae (Huang
etal., 2017). In this study, BC could hardly cause leakage
of ALP from Foc4 conidia and a significantly higher
ALP activity was observed in PQAS treatments, indicat-
ing that PQASs disrupted the cell wall permeability of
Foc4 conidia.

The fungal cell wall contains glucan, mannose and
chitins, in which chitin is considered as one of the core
polysaccharide components of the fungal cell wall. Glu-
can is a conserved “stealth” molecule in the cell walls of
phytopathogenic fungi, which protects the intruder from
being recognised by the host plant and melanin is a dark-
pigmented proteinaceous polymer that provides appres-
soria of numerous plant-pathogenic fungi with their char-
acteristic dark brown/black appearance (Cortés et al.,
2019; Ivey et al., 2017). In this study, S,Qs was adsorbed
to the conidial cell wall and destroyed the cell wall
structure, resulting in a significantly increased concentra-
tion of chitin, mannose and other components of the cell
wall in the extracellular solution (Fig. 7). Therefore, the
cell wall might be one of the targets of S,Qs copolymers
attacking conidia. Limited by methodological difficulties,
the exact target points in cell wall are still poorly under-
stood, but we hope to explore this further in the future.
Also, from a practical point of view, although pot exper-
iments have been performed in our previous work (Chang
et al., 2021), field testing still needs to be carried out.

Collectively, our results revealed that three kinds of
QASs (S,Qs, PQD-BC and BC) had strong inhibitory
effects on the growth and germination of Foc4 conidia
and the effect was rapid. Among these QASs, the de-
struction of conidial morphology by S,Qs containing
hydrophobic blocks was stronger and faster than that by
the SQAS (BC). S,,Qs can increase the hydrophobic ratio
of the conidial surface, act on the main components of the
conidial cell wall and destroy the integrity of the cell
wall. The addition of hydrophobic segments can enhance
the inhibitory strength and inhibitory rate of PQAS:s,
which was beneficial for guiding the synthesis of PQASs
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with improved performance and promoting the applica-
tion of PQASs in the control of Fusarium wilt in banana.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s10658-
022-02608-5.
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Rapid extraction of ergosterol from fungi by ultrasonic cell disruption

HUO Lijian,FENG Zurui, LIN Yaling

( College of Material and Energy,South China Agricultural University , Guangzhou 510642, China)

Abstract: [Objectives]In order to find a more rapid method to determine the content of ergosterol in fungi, this paper attempted to
extract ergosterol from fungi by ultrasonic cell disruption method. [Methods] Using methanol as the solvent, the effects of material—
toiquid ratio, immersion time before ultrasonic extraction, ultrasonic time and ultrasonic power on the extraction of ergosterol from
Rhizoctonia solani by ultrasonic cell disruption method were investigated through orthogonal experiment design. The contents of
ergosterol in the extract under the optimum extraction conditions were determined by HPLC,and the results were compared with the
traditional saponification reflux extraction method. Furthermore, ergosterol was extracted from Flammulina velutipes by ultrasonic cell
disruption method, ultrasonic assisted extraction method and saponification reflux method, and their contents were compared.
[Results ] The optimal conditions for ultrasonic cell disruption method to extract ergosterol from R. solani were: the ratio of material—
todiquid was 1/50( 1 g mycelium was added per 50 mL of methanol, the same below) , mycelium was immersed for 20 min before
ultrasonic extraction, ultrasonic power was 200 W, and ultrasonic time was 4 min. Under this extraction condition, the content of
ergosterol was about 2.59 mg+g™'; and the content of ergosterol extracted by saponification reflux method was about 2.18 mg-g™".
Using methanol as the solvent, when the materialtodiquid ratio was 1/50,the immersion time before ultrasonic was 20 min, the ultra—
sonic time was 8 min,and the ultrasonic power was 250 W, the average content of ergosterol extracted by ultrasonic crushing method
was about 3.27 mg*g~'. However, the average contents of ergosterol extracted from F. velutipes by ultrasonic assisted extraction
method and saponification reflux extraction method were 3.01 mg+g™" and 2.82 mg+g™", respectively. Ultrasonic cell disruption had
the highest extraction rate,and the difference was extremely significant. [Conclusions] The amount of ergosterol extracted from the
two kinds of fungi by ultrasonic cell disruption method was higher than that of saponification reflux extraction method. Ultrasonic cell
disruption method had the advantages of less reagent consumption, time-saving and simple operation. It was expected to be a rapid
method for determining the content of ergosterol in fungi.

Keywords: Rhizoctonia solani; Flammulina velutipes; ergosterol; ultrasonic cell disruption; high performance liquid chromatography
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1.2 RXFIAEE
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A2 C WS IRAEAE 2 € 0.176 g, IITJE/K 2 100 mL; #a il NaCl #53 , BX NaCl 25 g, fil7K 50 mL REEH
fiff, F R TR 22 AR S IR VA T, R B PR ICEZ A S RS M 5 g, I3 Y SR B 5 %8 50 mLL,
B H 0.1 mg-mL™',

A4S B RO AR S ( Waters 600-2998) ; Hypersil ODS 250x4.6 mm 5 pm A3 4+; JY92-1IDN # 7
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Table 1 Level and factors in the L, ( 4°) orthogonal experiments

AP AR A (] ( B) /min

K BHRH(A) = HATIR(C) /W HEFESE])( D) /min
. L . Immersion time before . L
Level Material4todiquid ratio . . Ultrasonic power Ultrasonic time
ultrasonic extraction

1 1/10 0 100 2

2 1/30 20 200 4

3 1/50 40 300 6

4 1/70 60 400 8

P AT A Rk PR IR Ay H B 2 B K R, solani B 22 VR BRI OA  155 1 o 2% PE B2 A 55 I
Zy T, HPLC 200t L WA D A sl A 37 7 B BT, SR FH 33l YA S ) o AR B0
B AS 1 5510, 23 ARG B AR BCT 4 R. solani W22 05183, & F 15 mL S04, ERG RS BUS A2 1= ) H S, V2 O 0
SEISA], FREE: TEBCE R DIRGAET , v ol A5 A BRI SE B8], CE 2 3t P UCPR & 3 M P e e 2 0
REHED 2] BURBGE R DL 0.45 wm Je e iR I8 45 2 X, I HPLC 02 22 S i o ik
K s 3 U O
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SE LA AR 3 AR, A B S ARUE RS 0.75.0.50.,0.25 mg Y F A, #2151 5 H e E 10 A
AR IR AE T HEA TR, AR I 5 28 R SR [ e

HAE VAR B 0.20 g 19 R. solani B2 8y 5 0 HMRFRE , A LR Fe RS OSP4T B R A
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PR BEAT, UL BB g, e i 7
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2 HBRS5HH

2.1 ZfAEEE HPLC KA &R L
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BOE L TEERT LS,
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Fig.1 HPLC chromatograms of mycelium extract solution and ergosterol standard solution

2.3 BEMAMHEERIR. solani HERERENEZREEREERNEGMRL

HIZR 2 WP 2E( R) {ELAT 41 BRBLEE( A) X2 A 55 A ) S BRSO, LB A TR Y IR E) ( B)
PRI D) A IR C) BRI/ e B3R 3 J7 2270 A 5 R ] Jl: LR LE P T T2 96D P ] X 22 54 e
PRI B MRV 35 T 75 025 5 A 7 I (E) 0 22 B AR SR DR N S 2 T i DL 7 A
WAL S IBOK RS SO 18 22 Ay B B e A28 A A3 B, G, Dy, B BB L 1750, 8 P ATIE I 20 min, 877
2 200 W, 4875 it [E] 4 min,

R2 EXMURBERITR

Table 2 Analysis of the results from orthogonal experiment

v M Factors A ff R (mgeg )
Number A B c D Ergosterol content
T1 1 1 1 1 1.47
T2 1 2 2 2 1.83
T3 1 3 3 3 1.57
T4 1 4 4 4 1.33
TS 2 1 2 3 2.56
T6 2 2 1 4 2.48
T7 2 3 4 1 2.47
T8 2 4 3 2 2.34
T9 3 1 3 4 2.63
T10 3 2 4 3 2.65
T11 3 3 1 2 2.57
T12 3 4 2 1 2.44
T13 4 1 4 2 1.95
T14 4 2 3 1 1.81
T15 4 3 2 4 1.75
T16 4 4 1 3 1.61
K1 PR mEIIE (k) 1.55 2.15 2.03 2.05 —
K2 T B9 22 B k) 2.46 2.19 2.15 2.17 —
IK- 3 TR 22 (8 ky) 2.57 2.09 2.09 2.10 —
K 4 F 222 ( k) 1.78 1.93 2.10 2.05 —
%R 1.02 0.27 0.11 0.12 —
[K % F K Factor priority A>B>D>C
177 % Best plan A;B,C,D,
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Table 3 Analysis results of variance
ZES fiii 22 F- 5 0 A e F{H e #
Factor Sum of square( SS) Freedom( DF) Falue Level of significance
BHE b Material-todiquid ratio 3.039 3 178.765 *
A HTE U [A] Immersion time before ultrasonic 0.166 3 9.765 *
#75 I1R Ultrasonic power 0.026 3 1.529
# 75 I} (] Ultrasonic time 0.040 3 2.353
2% Error 0.020 3

24 BEHMMBENEREMBEE

F 2 4 T [ i 06 235 SR ) e b 7 200 A 4 ok 14 e R B ISR AR T, 22 155 e ) A [l Wi 5 Oy

92.22% ~101.13% , -3 [A| YK 3k 96.53% ,RSD 1 2.68% . 3% 5 T8 Mg 45 5 0] Ul 7F S HE B &1
T H A S ) 2 R 2.59 mg g™ L RSD 7 0.88% ., I 4 SIS A A G HR R HER L 0 BH b B vk

MR =, B R

=4 BEAMRBEEMFERERIEER
Table 4 Test results of sample recovery rate of ultrasonic cell disruption method
45 - R e i AR W2zl M/ % SFE R %
. . RSD /%
Group Average peak area Mycelium weighing Recovery rate Average recovery rate
iRk g 4 973 759 0.199 9 97.63
Low concentration 988 990 0.201 1 100.02
group 992 368 0.200 9 101.13
eabri 35 1 347 605 0.200 6 96.02
Medium concentration 1 341 389 0.200 3 95.48 96.53 2.68
group 1352 413 0.200 9 96.37
ek BE 2 1 670 465 0.199 5 92.22
High concentration 1700 077 0.200 0 94.39
group 1711 026 0.199 7 95.54
x5 BEAMBREESHRNEER
Table 5 Reproducibility test results of ultrasonic cell disruption method
P SR 0 T AR BiZh /g B AR/ (mgg™") F-¥y ke /(mgeg™!) RSD /%
Number Average peak area Mycelium weighing Ergosterol content Average content
1 599 097 0.200 7 2.59
2 593 776 0.200 1 2.57
3 593 779 0.201 3 2.56 2.59 0.88
4 603 096 0.201 1 2.60
5 607 890 0.201 5 2.62

25 3MAERMEHEPEZAEENILRER
H1¢ 6 I Hi: 3 ROk, LU A 40O T 2 SR R de ey, e I i /b, HE PR R A 5 2200
S R 0 B Ry R PRI A (5 T B IR L A [ 3t vk R P el B i B A 5 e ) e R 2
S ( P<0.01) o
xR 6 EBHEIRE BEBHERBEAMMEFERREHENZAHENLEREFTEN N
Table 6 Comparison of extraction of ergosterol from Flammulina velutipes with saponification reflux,

ultrasound assisted and ultrasonic cell crushing and analysis results of variance

PR, EMEBER RO SURRERIEE
Iy Average \ vc;\liurf (mg'g™) (mgrg™) RSDI% Compare with ultrasonic cell crushing
Methods peak w?eiéhinw Ergosterol Average content ’ REEFM  HlE foyi F 1§ Py
area ® content of ergosterol SS DF MS F-value  P-value
AR 902288 0.200 4 2.93
Saponification 843 671 0.199 8 2.74 2.82 3.40 0.30 1 0.31 54.40 0.002
reflux 856 555 0.200 2 2.78
b 942 803 0.200 6 3.05
Ultrasound 906 658 0.200 3 2.94 3.01 1.90 0.11 1 0.11 47.06 0.002
assisted 929 845 0.199 8 3.02
B A A 994 814 0.199 5 3.24
Ultrasonic cell 1 001 496 0.199 7 3.26 3.27 1.10 — — — — —
crushing 1 020 542 0.200 5 3.31
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SRy RS I PRGBS TR 22 1 T o e ik, A R TR D RB IR R T R TR 2 A IR AR R, IE RS
RIS EE R TRMIESE T — o A B D3k 2] — (B 250 W) B, O 2 FEAS SN PR 22 41 B A9 A3 280k 1
B — A4 v R 7 ) SRR P IS ), 6 22 A £85I AR B AN I 3 o AR IE & B, MR HE R 1720 B,
AERRE i AT LA R S8 M R A TR 22 , 1 A/ R EL ( BPRE s 500 i FH o) 0 R T B 2 A B 7S A T
TSR, 22 f (S o ) T L SR 387 o

R FH R P QB BRI, AT PR P T R LA T 75 i B B B0, O R 0 T 22 R BURITR & A 4% (
HETE ) v RS VALK TR 75 o PR I DTS VR SR AR & L B KV (IR BRI X B R) A28 A
SR PEPOR , 76 BEAT T v BB B 20 505 Ak L ol 200 B Ry A 3 o T B A A o T P A4 R ARSI T S B R
I 38 AT IR ALERE ST T RS A AR IRAT X A8 Th A A0 SR EBUR B AR L Re AR T A0 I AR R
BRI o IRIGEEIRUE S T 3X — &, 8 7 40 A R B W — 2B 4 T BRI B), L2 AR B R R
PR

B R P D A T PR AR B 1 2 A I3 1k FH S R g sl /D, ELER A R 2 i R R i o AR B TR T
VEHIL, R TR 0 R A SO mT B AR 8 et 1T A 8 b 0 75 D, L0t P 75 200 B oy 1 3o ] 45 30 B v A R B
RIS I 7% i e B S T A 34k B G o 255 L Jrads , e 7 40 Iy 1 ik M AV g R 1 22
22 A S PGHIR ) B2 vk . AR AR R T RO I R B0 B R B TR A 1 AR
WAL BRI 2R BB A T OY 2 R R A R R O T LB R A RS R AT AT
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ARTICLE INFO ABSTRACT

Keywords:
Banana Fusarium wilt
Polymeric quaternary ammonium salts

Fusarium oxysporum f. sp. cubense race 4 (Foc4) has significant impacts on banana production. Foc4 conidia can
survive for many years in the soil, making control difficult. Thus, the inhibition of the conidia that serve as a
continual source of inoculum in soil should be an effective way to control banana Fusarium wilt. In this paper, we

;\A?S:;i zzn first investigated the activities of polydimethylsiloxane-polymethacrylate block copolymers containing quater-
An%ifungal activity nary ammonium salts (PDMS-b-QPDMAEMA, labeled SixQs) against Foc4 with microbroth dilution and toxicity
Persistence plate assays. Then, the environmental behavior of these compounds, i.e., their adsorption and migration in soils,

was further studied. Later, the effect and duration of SiyQs on Foc4 in soil and the effects of SiyQs on soil mi-
crobial diversity were evaluated. In addition, we conducted pot experiments to study the effect of SisQs on
banana Fusarium wilt. The results showed that SiyQs showed a good inhibitory effect on Foc4, was easily
adsorbed by the soil and was relatively immobile in soil. The inhibitory effect of SixQs on Foc4 was maintained
for 30 d under continual inoculation of Foc4 into the soil (Foc4 addition every 2 d), and SixQs remained active in
the soil for 90 d with Foc4 addition every 10 d. Soil microbial population analysis revealed that the culturable
total fungal and bacterial populations increased and the culturable actinobacterial population decreased SixQs
with addition. Pot experiments showed that SisQs can reduce Foc4 infection in banana seedlings and does not
harm banana seedlings. The stability and inhibitory effects on Foc4 demonstrate the potential application of
SixQs in banana fields to prevent Foc4 conidial infection in the long term.

1. Introduction

Banana Fusarium wilt (aka Panama disease) is one of the most
destructive soil-borne diseases of banana and is caused by Fusarium
oxysporum f. sp. cubense (Foc); specifically, tropical race 4 (Foc4) has
been distributed throughout the world’s main banana production areas
and infects almost all bananas [1]. Foc4 can infect the roots and vascular
systems of plants [2], and the pathogen conidia are highly resistant to
stress. Once this pathogen has colonized the soil, Foc4 can survive for
approximately 20 years even without banana hosts [3,4] and even 40
years under extreme conditions [5]. Panama wilt is a perennial and
polycyclic disease, which means that there are limited prevention and
control methods for it [6]. One of the most effective methods is eradi-
cating Foc4 from infested soil. Therefore, soil treatments are essential.
People sterilize the soil by burning rice husks in the Philippines and

* Corresponding authors.

Indonesia, but there is no efficacy data for this method. Other soil
treatment methods, such as solarization, fumigation and flood fallowing,
can effectively kill Foc4 in soil; however, the effects can only be main-
tained for a single fruiting cycle, and Foc4 rapidly reinvades the area
[1,6]. Soils that inhibit the occurrence of Fusarium wilt have been
identified. The diversity of the microbial community in the soil and soil
enzyme activity can strengthen the resistance of soil to Foc4 invasion.
Bacteria are the most diverse and abundant group of microorganisms in
the soil and have the most antagonistic effect against Fusarium patho-
gens [7-9]. Therefore, to support sustainable crop production, it is
essential to effectively kill Foc4 in the long term while exerting no sig-
nificant effect on the disease-suppressive bacterial community in the
rhizosphere.

Since soil is a complex and dynamic environment, the adsorption and
desorption of fungicides in soils are important processes that
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characterize the mobility and transport of fungicides in the soil sub-
surface. These behaviors have an important impact on the persistence of
fungicides. Therefore, it is of great significance to study the environ-
mental behavior of fungicides entering the soil and analyze the factors
influencing the fungicides’ persistent fungicidal activity against Foc4
infection.

Although cationic polymers with quaternary ammonium salt groups
(PQASs) have attracted a great deal of attention in recent years for their
they exhibit good environmental stability [10] and various antimicro-
bial activities via the modifications of their chemical side chains,
structures and properties [11-16], the application of PQASs, especially
biodegradable PQASs, in phytopathogenic fungi was rarely reported. In
our previous work, a serial of PQASs, including the homopolymer of
acrylamide quaternary ammonium salt (PQD-BC) [16,23,53], dimethy-
laminopropyl benzyl chloride-grafted polysiloxanes (PDMS-g-BC) [19],
and hydrophilic cationic polymers with different charge density and
molecular weights [60] were synthesized, and the antifungal effect on
Foc4 and Rhizoctonia solani (R. solani) were discussed. These works
could help us understand the relationship between polymer structures
and antifungal activities, in which the amphiphilic structure, molecular
weights and QAS groups showed significantly effect on the antifungal
activities. ~ We  previously  described the  synthesis  of
polydimethylsiloxane-polymethacrylate block copolymers containing
quaternary ammonium salts (PDMS-b-QPDMAEMA, labeled SixQs),
which are environmental-friendly and show nontoxic or nearly nontoxic
to silkworms and Kunming mice and have antifungal activities against
R. solani, the pathogen responsible for rice sheath blight [17]. Since the
PDMS block is hydrophobic and the QPDMAEMA block is hydrophilic,
PDMS-b-QPDMAEMA is a typical amphiphilic cationic block copolymer
and shows strong adsorption ability. However, the morphological
characteristics and life cycles of Foc4 and R. solani are very different. As
mentioned above, Foc4 is the banana wilt pathogen and can infect and
propagate by producing conidia as well as chlamydoconidia that can
survive in soil or nonhost plants for many years [18]. To date, the
antimicrobial activities and environmental behaviors of PDMS-b-
QPDMAEMA in soils have not been reported.

In this paper, we investigated the activities of PDMS-b-QPDMAEMA
against Foc4 and its environmental behavior with respect to its
adsorption and migration in soil. These data are important for evalu-
ating the impact of PDMS-b-QPDMAEMA on Foc4 and for future field
studies. In addition, the effects of PDMS-b-QPDMAEMA on Foc4, the
indigenous microorganisms in soil and their persistent fungicidal ac-
tivities against Foc4 infection in soils were evaluated. Finally, pot ex-
periments were conducted to evaluate the long-term effect of PDMS-b-
QPDMAEMA on banana Fusarium wilt and banana seedlings in soil.
These results are expected to provide a theoretical basis for the further
application of PQASs in Foc4 prevention and control.

2. Experiments
2.1. Materials

2,3,5-Triphenyltetrazolium chloride (TTC) was obtained from San-
gon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Gause No. 1 me-
dium and Martin’s Bengal rose agar medium were supplied by Qingdao
Hope Bio-Technology Co., Ltd. (Shandong, China). Beef extract peptone
medium and potato dextrose agar medium (PDA) were prepared ac-
cording to previous references [19]. The fungal strain used in this study,
Fusarium oxysporum f. sp. cubense (E. F. Smith) Snyder & Hansen, race 4
(Foc4), was donated by the University of South China Agricultural
University’s Fungal Laboratory and subcultured on potato dextrose agar
medium (PDA). Foc4 conidia were obtained from the surface of the agar
after culture for 5 d at 28 °C. The concentrations of the conidial sus-
pensions were determined using a hemocytometer. Soil samples were
taken from banana plantations at the Institute of Fruit Trees, Guangdong
Academy of Agricultural Sciences, China. A five-point sampling method

Reactive and Functional Polymers 160 (2021) 104848

Table 1

Soil physicochemical properties.
Sand Silt (%) Clay (%) pH (1: Organic CEC*
(%) 0.005-0.05 <0.005 2.5) matter (%) (mmol/
>0.05 mm mm kg)
mm
49.4% 18.2% 32.4% 5.0 1.9% 104

% CEG, cation exchange capacity, mmol/kg.

was used to collect soil at a depth of approximately 0-30 cm from the
soil surface, after which the soil samples were air-dried at room tem-
perature, homogenized and sieved through a 2-mm mesh. Some basic
physicochemical properties of the samples are listed in Table 1. The
percentages of clay, silt and sand were measured using a hydrometer
[20]. The cation exchange capacity was measured with a standard ac-
etate ammonium procedure. The soil organic matter content was
determined using the dichromate digestion method. The pH was
measured in a soil:H0 (1:2.5) solution [21]. Since the cation exchange
capacity (CEC) was less than 160 mmol/kg, the soil samples could be
classified as Ferallsols according to the WRB (World Reference Base for
Soil Resources) [22].

PDMS-b-QPDMAEMA (SixQs, x = 0, 2, 5, 10, x represent the mo-
lecular weights of the PDMS blocks, i.e., 0, 2000, 5000 or 10,000,
respectively) and fluorescence-labeled PDMS-b-QPDMAEMA (SixQs-FL)
were synthesized via anionic ring-opening polymerization and atom
transfer radical polymerization (ATRP) [17], and the specific procedures
are described in SI (Part S1).

2.2. Antifungal bioassay

The effect of SiyQs on the mycelial growth of Foc4 was determined by
a hyphal growth inhibition test in vitro. The minimum inhibitory con-
centration (MIC) of SixQs on Foc4 was determined by the broth micro-
dilution method with 2,3,5-triphenyltetrazolium chloride (TTC), and the
minimal fungicidal concentration (MFC) of SiyQs against Foc4 was
determined by the spot plate method [23]. All tests were conducted in
triplicate.

2.3. Adsorption and migration characteristics of Si,Qs in agricultural soil

2.3.1. Adsorption tests

According to the method described in the OECD106 guide, the
adsorption - desorption with batch equilibrium desorption method was
used to carry out the soil adsorption test [24]. The soil was weighed
(1.000 + 0.001 g) into a conical flask, and 100 mL of 0.01 M CacCl,
aqueous solution containing SixQs was added to make a soil/water ratio
of 1:100. The concentration of SixQs ranged from 0 to 1000 pg/mL, and
0.01 M CaCl; aqueous solution was used as a background solution to
minimize changes in ionic strength and avoid dispersion. Each conical
flask was shaken with a shaker at 200 rpm at 25 °C for 24 h, and then the
supernatant was centrifuged at a relative centrifugal force (RCF) of
3000 g for 10 min. The supernatant concentration from each tube was
analyzed by a micro ultraviolet spectrophotometer (SMA5000, Mer-
inton). The absorbance was measured at 210 nm [25]. There were two
blank controls: one control (SiyQs solution, no soil) test to assess the loss
of compounds as a result of adsorption on the container wall; and
another experiment was conducted to determine the interference due to
the 0.01 M CaCl; aqueous solution and soil. Each treatment was con-
ducted in triplicate.

The amount of SiyQs adsorbed was determined according to the
difference between the initial and final concentrations of SiyQs in the
supernatant. The quantity of SiyQs adsorbed by soil was calculated by
Eq. (1):

_GV-CV

= 1
7 71000 m )
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Table 3
Experiments based on uniform design table (U30).

Table 2
Equations used to study SixQs sorption in soils.
Model Equation Eq.  Description
Langmuir c — 2 K, Langmuir coefficient (L/mg);
b M;, the maximum amount of SiyQs adsorbed
KM;C. on soil solids as a monolayer (mg/g).
1+KC.
Freundlich 1 3) K¢ and n, Freundlich capacity and intensity
C, = K;CH factors, respectively.
Temkin Cs=KiIn (4)  K; and K5, Temkin sorption constants.
(K2Co)

where Cjs is the amount of SiyQs adsorbed per unit weight of soil (mg/g),
Cy is the initial concentration of SixQs in the treatment solution, and C, is
the concentration of SixQs present in the supernatant at equilibrium (pg/
mL). Vis the volume of the treatment solution (mL), and m is the mass of
the soil (g).

The adsorption data obtained from intermittent experiments were
analyzed by using the Langmuir, Freundlich and Temkin isotherm model
[26], as shown in Table 2.

2.3.2. Migration tests

The migration potential of SixQs in soil was studied by thin layer
chromatography (TLC). Thin-layer plates of soil were prepared accord-
ing to a previously reported method [27]. The air dried plate was
marked with two horizontal lines at a distance from the base of 3 cm
(baseline) and 18 cm (endpoint). A droplet of 10.0 pg SixQs-FL solution
prepared in alcohol was spotted onto the baseline of the plate. The plates
were immersed with the base down at a certain angle from vertical in a
closed glass chamber containing distilled water at a height of 0.5 cm.
Distilled water was used as the developing solvent. After the developing
solvent migrated to a distance of 18 cm from the base, the plates were
removed from the glass chambers and laid flat to dry at room temper-
ature. Autoradiograms were obtained by irradiation with an ultraviolet
lamp (365 nm). Each SixQs-FL was treated in triplicate. The mobility
factor (Rp) of SiyQs-FL on the plates was calculated by the following
formula [28]:

L

Rf - Lmax (5)

where L is the average moving distance of SixQs-FL from the starting
point, and Ly, is the moving distance of the developing solvent from the
starting point.

2.4. Antifungal bioassay in soil

2.4.1. Optimization of antifungal conditions based on the uniform design
method

The optimum soil conditions for the maximum antifungal activity of
SixQs were determined by a uniform design method according to a
previous study [29]. Experiments for the optimization of the antifungal
conditions involved three factors, including the SiyQs concentration
(mg/g, X1), shaking speed of shaker (rpm, X») and water/soil ratio (mL/
g, X3). The levels of each factor (Table S3) were selected according to
the experimental results of the pre-experiments. A U3y uniform design
table was used to arrange the 10 experiments (Table 3), where the
contents in brackets indicate the level of the factor, and the contents
outside of the brackets indicate the exact concentration, shaking speed
or water/soil ratio of each factor.

The testing was conducted as follows: the collected soil samples were
first sterilized in a 121 °C high-temperature and high-pressure sterilizer
for 20 min and then inoculated with Foc4 conidial suspension to obtain a
soil/Foc4 mixture in the range of 2.25 x 10° conidia/(g dry soil) [30].
According to the uniform design table (Table 2), for each test, 0.5 g air
dried soil containing Foc4 conidia prepared as described above was

No. X1 (SixQs concentration, X, (shaking speed, X3, water/soil ratio
mg/g)’ rpm) (mL/g)
T1 (10xICsp) (175) B/1
T2 (10xICsp) (200) (10/1)
T3 (20xICs0) (250) 1/1)
T4 (20xICsp) (150) 9/1)
T5 (30xICsp) (175) (18/1)
T6 (30xICs0) (225) 1/1)
T7 (40xICs0) (250) 9/1)
T8 (40xICsp) (150) (18/1)
T9 (50xICsp) (200) 3/1)
T10 (50xICsp) (225) (10/1)

# The ICs, values for SipQs, SisQs and Si; Qs were 0.73, 0.76, and 0.94 mg/
mL, respectively, as shown in Table 5.

mixed with sterile distilled water containing SixQs in a 5-mL tube with a
lid, and the experiments were carried out at 28 °C. A total of 25 pL of
solution was taken from each sample every 2 d to confirm whether it
contained live Foc4 conidia by the dilution plate coating method. If no
live Foc4 conidia could be found, another 25 pL of Foc4 suspension was
added to the tube to maintain the conidia concentration at 2.25 x 10°
conidia/(g dry soil). If live Foc4 conidia were found, then the time was
defined as the effective antifungal time (Y, day) of SixQs and recorded.
Each treatment was conducted in triplicate.

Regression analyses of the data were performed using SAS software
(SAS 8.01, SAS Institute Inc., USA.), wherein the stepwise regression
model was chosen to analyze the data; the variable listed in Eq. (6) was
eliminated if the significance parameter of a variable was lower than
0.1.

Y =a; Xi+a Xo +a3 X5 +as XiXa +as Xi Xz +as Xo X5 +a7 X,
+a3 Xzz +ll9 X32 +ll]0 (6)

where a; to ag are the coefficients for the variables from X; to X%,
respectively, and a; is the constant.

2.4.2. Determination of the effects of SixQs on soil microbial diversity

Fresh soil samples (0.5 g) were incubated with potato dextrose broth
medium (0.5 mL) for 24 h at room temperature to develop the microbial
populations in the soil and then added to 5 mL of sterilized distilled
water containing SixQs at different concentrations (10xICsg, 20xICso and
30xICsp). The samples were cultured for 2 d at 28 °C on a shaker with a
shaking speed of 225 rpm. Then, the number of cultivable microor-
ganisms in the soil was determined using two methods, including the
traditional plate count method [31] and gene sequencing.

For the plate count method, 25 pL of the soil suspension was inoc-
ulated into an agar plate containing suitable medium (including beef
extract peptone medium, Gause No. 1 medium, and Martin’s bengal rose
agar medium, which were chosen for the culture of bacteria, actino-
mycetes and fungi, respectively), the number of living microbes was
counted, and the population number was determined. The total number
of microorganisms was determined by counting the number of colony
forming units (CFU/g dry soil). Each treatment was conducted in
triplicate.

For the gene sequencing method, after the samples were centrifuged
at 10,000 r/min for 3 min, the upper liquid was collected and filtered
using a 0.22 pm filter membrane, and both the soil sample and the filter
membrane were sent for gene sequencing. The soil fungal community
structure was analyzed using Illumina MiSeq sequencing (Sangon
Biotech Co., Ltd., Shanghai, China). The gene-specific primers ITS1F/
ITS2R were used to amplify the fungal ITS1-ITS2 region [32]. The details
of the procedure are recorded in the Supporting Information.

2.4.3. Persistence of Si,Qs on Foc4 in soil
To perform antifungal bioassays of SixQs in soil over time, 0.5 g of
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Table 4
Groups for pot experiments.

Reactive and Functional Polymers 160 (2021) 104848

Groups Foc4 conidia in soil, CFU/g soil SisQs in soil, mg/g soil
CK 0 0

Group 1 0 ICs (0.76)

Group 2 1 x10° 0

Group 3 1 x10° ICsp (0.76)

Table 5
The antifungal effect of Si,Qs against Foc4.
MIC “, mg/ MFC % mg/ MIC/ ICso, “ mg/ 1Cg, “ mg/
mL mL MFC mL mL
Si)Qs  0.15 0.6 4 0.73 4.73
SisQs 0.15 0.6 4 0.76 2.96
Si10Qs 0.15 0.3 2 0.94 3.20

sterilized dry soil was mixed with sterile distilled water containing Si,Qs
in a 5-mL tube with a lid, and then Foc4 conidial suspension was added
at 2.25 x 10° conidia/(g dry soil). Then, the experiments were carried
out at 28 °C. A total of 25 pL of solution was taken from each sample
every 10 d to confirm whether it contained live Foc4 conidia by the
dilution plate coating method [33]. If no live Foc4 conidia were found,
another 25 pL of Foc4 suspension was added to the tube to maintain the
conidia concentration at 2.25 x 10° conidia/(g dry soil). If live Foc4
conidia were found, then the time was defined as the antifungal
persistence time (d) of SiyQs and recorded. Each treatment was con-
ducted in triplicate.

2.5. Pot experiment

Potted soil was provided by the Crop Nutrition and Fertilization
Laboratory of South China Agricultural University. The basic parameters
of the soil are shown in Table S4.

The soil samples were sieved over a 5 mm mesh and then divided into
4 groups, i.e., 3 treatment groups (Groups 1, 2 and 3) and a CK according
to Table 4, in which CK refers to normal samples (without the addition of
Foc4 conidia or the addition of SisQs; each group contained 10 repli-
cations), and the total amount of soil in the pot for each replication was
700 g, in which SisQs solution and Foc4 conidial suspension were mixed
with soil before being added to the pots (upper diameter 13 cm, lower
diameter 10 cm, height 13 cm) [32]. After banana seedlings (Musa AAA
Cavendish cv. Brazil, purchased from South China Botanical Garden,
Chinese Academy of Sciences, Guangzhou (Huang et al., 2019) with a
height of approximately 15 cm (4-5 leaves) were transplanted to the
pots, 200 mL tap water was added, and then 75 mL tap water was added
every afternoon to each pot. All potted plants were cultured in the
greenhouse at a typical temperature of 25 to 35 °C and humidity of
55-95% under natural sunshine for approximately 12 h. After 90 d of
banana seedling growth, the plant height, false stem circumference,
total leaf number, green leaf number, fresh weight and dry weight of
each seedling were recorded. Based on the degree of corm browning and
leaf chlorosis, disease classification was carried out, and the disease
index of the banana seedlings was calculated by Eq. (7).

>~ Number of cases at all levels x Relative values

100%
Total number of plants X Maximum value x '

Disease index =

)
3. Results and discussion
3.1. Antifungal activities of Si,Qs on Foc4

Since SixQs is a typical amphiphilic cationic block copolymer, which
is moisture-absorbing and easy to dissolve in water. In fact, it could be
“miscible” with water when the concentration is larger than critical
micelle concentration (CMC, range from 0.06 to 0.09 mg/mL for SixQs
[171): at this time, most of the polymer exists in the aqueous solution in
the form of micelles. The effects of SixQs on the mycelial growth of Foc4
were determined by the hyphal growth inhibition test in which the
colony diameter was measured on PDA plates with different concen-
trations of SixQs. SixQs inhibited the growth of Foc4 in the concentration
range of 0.3-1.5 mg/mL. As the concentration of SiyQs increased, the
diameter of each treatment group decreased. The 50% maximum

# MIC: Minimum inhibitory concentration, MFC: Minimal fungicidal concen-
tration, ICso: 50% maximum inhibitory concentration, ICgo: 90% inhibitory
concentration.

inhibitory concentration (ICsg) represents the concentration of SixQs at
which 50% of Foc4 growth is inhibited, and the 90% inhibitory con-
centration (ICqg) represents the concentration of SiyQs at which 90% of
Foc4 growth is inhibited [34]. After 5 d of incubation, SixQs displayed
antifungal effects (Fig. S1-A, B and Table 5), and the results indicated
that although both SipQs (ICs0 = 0.73 mg/mL) and SisQs (IC59 = 0.76
mg/mL) showed better inhibition effect than that of Si;oQs (ICsp = 0.94
mg/mL) at 50% inhibition of mycelial growth, SisQs (ICgp = 2.96 mg/
mL) exhibited the greatest effect against Foc4, compared with SipQs
(ICgg = 4.73 mg/mL) and Si; Qs (ICs9 = 3.20 mg/mL) at 90% inhibition
of mycelial growth. The antifungal efficacy results also showed that
SipQs, SisQs and Sip¢Qs inhibited the mycelial growth of Foc4 in a dose-
dependent manner.

The MIC and MFC are the principal measures of in vitro activity. We
subsequently tested the MIC and MFC of Si;Qs against Foc4, as shown in
Fig. $1-C, D and Table 5. The in vitro studies showed that SiyQs had an
inhibitory effect on Foc4. The ratio of MFC/MIC can reflect the fungi-
cidal activity; when the ratio was less than or equal to 4, SiyQs showed
fungicidal activity; otherwise, SixQs had antifungal activity [35]. SixQs
showed lower MIC and MFC values and MFC/MIC ratios <4, indicating
that the compounds were fungicidally effective. This finding indicated
that PDMS-b-QPDMAEMA (SixQs) has promise for application as an
antifungal agent against plant pathogens.

The antifungal experiment showed that SiyQs had good antifungal
effects on Foc4. Quaternary ammonium salts compounds (QASs) are
widely used in agricultural production, textile printing and dyeing, and
mining flotation because of their good surface activity and bactericidal
effect [36]. Previous studies have shown that QASs are effective bio-
logical fungicides that can bind to proteins and nucleic acids, destroy the
integrity of the cell membrane, and lead to the leakage of cytoplasmic
ions and macromolecules [37-39]. In our previously studies, the effect
of the  homopolymer of  (2-methacrylamido)  propylte-
trabenzyldimethylammoniumchloride (PQD-BC) and dimethylamino-
propyl benzyl chloride-grafted polysiloxanes (PDMS-g-BC) on Foc4 were
discussed in detail [23]. In which, the polymeric QASs were found to
induce cell death in Foc4 by disrupting the cellular structure integrity,
such as the loss of the cell wall and plasma membrane integrity and
oxidative stress (lipid peroxidation), leading to the release of intracel-
lular contents and inducing mitochondrial dysfunction and interference
with genomic DNA. Comparing with PQD-BC, SixQs containing a hy-
drophobic PDMS “tail” and showed similar amphiphilic structure as that
of PDMS-g-BC, which help SixQs to achieve smaller MIC and ICgy on Foc4
than PQD-BC [23]. And due to the similar hydrophilic QPDMAEMA
block containing QASs as PQD-BC, it could be expected that SixQs would
have an antifungal effect on Foc4 with the similar mechanism as PQD-BC
and PDMS-g-BC.

3.2. The adsorption and migration characteristics of SiyQs in agricultural
soil

3.2.1. Soil adsorption properties of Si,Qs

Adsorption isotherms (Fig. 1-A) were drawn from the concentration
(Ce) and soil adsorption capacity (Cs) at adsorption equilibrium and then
analyzed using the Langmuir, Freundlich and Temkin isotherm models

189



Y. Chang et al.

\ (A) Adsorption isotherms I

400 600 800

C,, ng/mL

0 200

0.05- . :
‘ (C) Langmuir Equation I

0.041
, 0.03-
Q
o
0.02-
0.014
0 200 400 600 800
C, (ug/mL)

O

Reactive and Functional Polymers 160 (2021) 104848

4.4+
' (B) Freundlich Equation||

4.2

LogC

4.0

3.8 T
05 10

15 20 25
Log C_, ng/mL

25000

‘ (D) Temkin Equation |

20000 +

15000 -

10000 -

5000 ~

0 T T T T )
2 3 4 5 6 7

LnC,, ng/mL

Fig. 1. The adsorption isotherms of SiyQs in soil with the (A) Freundlich equation model (B), Langmuir equation model (C), and Temkin equation model (D).

(Fig. 1-B, C and D, respectively). With the increase in the adsorbed
amount in soil, the adsorption behavior of quaternary ammonium salt in
soil weakens until the soil is saturated; thus, the inflection point can be
found in Fig. 1-A. The interferences from the background soil organic
matter and 0.01 M CaCl, aqueous solution were consistently very low
(absorbance ~0.001) in all experiments. From Fig. 1-A, the adsorption
isotherms at 25 °C followed L-type characteristics, reflecting the rela-
tively high affinity between SiyQs and the soils. Table 6 presents the
constants of the Langmuir, Freundlich and Temkin isotherm models.
From the determined parameters of the Freundlich, Langmuir and
Temkin equations, the Langmuir model yielded the best fit, with all the
correlation coefficients (R? values) greater than 0.95. The M; values of
SipQs, SisQs and SijpQs were 21,097 pg/mL, 25,773 pg/mL and 20,964
pg/mL, respectively, indicating that SisQs > SigQs > Si;0Qs. The
adsorption data were also fitted to the Freundlich and Temkin equations,
and the correlation coefficients suggested that the Freundlich (R? =
0.92-0.98) and Temkin (R% = 0.91-0.98) equations could well describe
the adsorption data [40]. The Freundlich parameters 1/n followed the
order SisQs < SigQs < Si;0Qs. Universally, the lower 1/n is, the higher
the binding affinity to the soil. This relationship is consistent with the
description of the Langmuir equation. The sorption parameter K has a
strong dependence on organic matter; the higher the content of organic
matter in soil, the greater the K;. The relation describing the adsorption
of a given molecule can be illustrated in a different manner in which the
K¢ value is standardized according to the soil organic carbon (0C%)

Table 6
Freundlich, Langmuir and Temkin equation model parameters.

content to obtain the organic carbon-normalized adsorption coefficient
(Koc) according to the following formula [41]:

_ L724K;
T OM%

(8

where 1.724 is the conversion coefficient between the soil organic
matter and organic carbon contents. Through calculation, the K, values
of SigQs, SisQs and Si; Qs were determined to be 344,813, 424,408 and
272,448, respectively, all of which are greater than 20,000. According to
Chinese National Standard GB/T 31270.4-2014, the adsorption prop-
erties indicate that SixQs is easily adsorbed in soil.

Adsorption isotherms can explain the distribution of an adsorbate
between the liquid and solid phases, and the possibility of the interac-
tion between the adsorbed species can be determined by this mathe-
matical model [26]. The adsorption isotherms show that the adsorption
of SixQs can be considered monolayer adsorption, which indicates that
the binding force of SiyQs to soil is strong. The adsorption capacity of
SixQs in soil increases with increasing concentration, but when it rea-
ches a certain point, the adsorption capacity will no longer increase
[42]. The adsorption isotherm model of SixQs is more suitable for the
Langmuir model than the Freundlich and Temkin equations, and the
Langmuir isotherm model is appropriate for monolayer adsorption onto
a surface with a limited number of identical sites. That is, the whole
adsorption process of SixQs in soil is monolayer adsorption. The exper-
imental results are consistent with the existing adsorption results for

Sample Freundlich equation Langmuir equation Temkin equation

K¢ 1/n R? M, K R? K K R?
SigQs 3800 0.2587 0.9400 21,097 0.018 0.9990 3466 0.46 0.9851
SisQs 4677 0.2422 0.9816 25,773 0.011 0.9738 3706 0.59 0.9227
Si10Qs 3002 0.267 0.9259 20,964 0.007 0.9529 3311 0.27 0.9179

190



Y. Chang et al.

I Lmax=15cm |

Line 1: the maximum distance of distilled water migration (endpoint);
Line 2: boundaries with Rf values less than 0.1;
Line 3: the starting position (baseline) of the migration.

Fig. 2. Results of soil thin layer chromatography.

quaternary ammonium salts in soil [43,44].

In summary, SixQs belongs to the group of compounds that are easily
adsorbed by soil. The adsorption properties of SiyQs in soil follow the
order SisQs > SipQs > Si;pQs, which shows that with certain length
(about 5 k for the PDMS block) of the hydrophobic segment, the best
adsorption performance of PDMS-b-QPDMAEMA in soil could be
achieved.

3.2.2. Soil migration

Fig. 2 shows the soil adsorption and soil thin layer chromatography
of SixQs-FL in soil. The distance covered by SiyQs-FL on a thin layer
compared to that covered by water, i.e., the Ry value, was measured by
using a 365 nm ultraviolet lamp. The distance between SixQs-FL and the
thin layer was less than 1 cm, so the Ry value was less than 0.1; thus, it
can be concluded that SiyQs-FL does not move in soil.

From soil adsorption assays and soil thin layer chromatography, it
can be concluded that Si,Qs is easily adsorbed and relatively immobile
in soil, which might be mainly due to the positive charge of quaternary
nitrogen atoms, while the soil particles (such as sludge and sediments)
normally bear negative charges. These results are similar to those of
many previous studies on the behavior of QASs in soil [45-50]. The easy
adsorption and immobility of SixQs in soil indicate that SixQs is not
easily lost in soil, which is beneficial for the long-term control of banana
Fusarium wilt, and the negative impacts of its presence will be the
subject of further study.

Reactive and Functional Polymers 160 (2021) 104848

Table 7
Results of regression analysis.
SixQs Regression equation Standard Correlation
error coefficient (R?)
SigQs Y = —1.5614 + 0.07069 X;X3 2.75 0.9618
SisQs Y = 0.02896 + 0.06911 X;X3 3.84 0.9290
Si10Qs Y = -1.523 + 0.07381 3.51 0.9330

X1X3-0.05965 x 2

3.3. Antifungal bioassay in soil

3.3.1. Optimization of antifungal conditions

The uniform design method (UD) was first established by Chinese
mathematicians Kaitai Fang and Yuan Wang by combining number
theory with multivariate statistics and is usually applied in multifactor
and multilevel experimental design [58]. Compared with the traditional
orthogonal design method, the uniform design method is capable of
selecting experimental points that are uniform throughout the experi-
mental region and highly representative in the experimental domain, so
that higher reliability can be achieved with the same number of tests. As
an efficient way to optimize various processes, the uniform design
method is widely used in materials preparation and optimization of test
conditions [59]. In this work, the SiyQs concentration (X;, mg/g),
shaking speed (Xo, rpm) and water/soil ratio (X3, mL/g) were selected as
the factors that might affect the final results, i.e., the effective antifungal
time (Y, day). The results of the uniform design are shown in Fig. 3, in
which the effective antifungal time (Y) varied considerably from O to 32
d under different conditions. The final regression equations based on the
stepwise regression model are shown in Table 7, in which the variables
whose significance parameters were lower than 0.1 have been elimi-
nated. The high R? values indicated a strong relationship between the
experimental and predicted values in this experiment. Therefore, the
model is suitable for describing the relationship between antifungal
conditions and significant factors for optimization. The Si,Qs concen-
tration (X;) and water/soil ratio (X3) were the main factors affecting
SixQs in soil. That is, when the SiyQs concentration (X;) and water/soil
ratio (X3) were both high, the sustained antifungal time (Y) of SixQs in
the soil was the longest. Within the range of experimental conditions,
shaking speed (X2) had no significant effect. The longest antifungal
times (28 d, 32 d, and 30 d) were obtained when the major factors were
as follows: a SiyQs concentration of 50xICso and water/soil ratio of 10/1.
Since shaking speed (X2) was not a significant factor, the shaking speed
was chosen as 225 r/min.

Confirmation experiments were carried out under these conditions,

T1 (10XIC,,, 175rpm, 3/1)|_‘=‘* = | Si,Q,
T2 (10xIC,,, 200rpm, 10/1) % o stQs
T3 (20XIC, , 250rpm, 1/1) S,
T4 (20xIC,,, 150rpm, 9/1) ﬁ
T5 (30xIC,, 175rpm, 18/1) | ==
T6 (30xIC,, 225rpm, 1/1)
—

T7 (40xIC,, 250rpm, 9/1)

— =

T8 (40xIC_,, 150rpm, 18/1)
T9 (50XIC,,, 200rpm, 3/1)
T10 (50xIC

o 225rpm, 10/1) | =

I
0 5

—
15 20 25 30 35

Antifungal time, d

Fig. 3. Uniform design results.
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Fig. 4. Microbial biomass in soil.

and the corresponding times were 28 +1.4d, 32+ 1.4dand 30 + 1.4 d,
respectively. The relative error between the verification test and the
regression model was predicted, and the results demonstrated that a
uniform design method can be used for the optimization of antifungal
conditions. The results also showed that when Foc4 conidia were
continuously inoculated into the soil, SixQs could resist the pathogen for
30 d. The longevity of this antifungal activity makes the long-term
prevention of banana Fusarium wilt feasible.

One of the reasons why banana Fusarium wilt is difficult to control is
that Foc4 continues to invade plantations, and the existing soil treat-
ment methods cannot effectively prevent the invasion of Foc4 for a long
time. Therefore, we are committed to the study of methods that can
effectively kill Foc4 conidia in soil after multiple infestations of Foc4.
Through the experiment, we found that the antifungal effect of SixQs
under continuous addition of Foc4 every 2 d could be maintained for 30
d under the optimal antifungal conditions.

When the time interval of the continuous addition of Foc4 increased
from 2 d to 10 d, SipQs, SisQs and Si;¢Qs maintained antifungal activity
in soil for 90, 90 and 80 d, respectively, as shown in Fig. S4, reflecting
the stability of these compounds in soil, which enables their application
in banana fields to prevent Foc4 conidia invasion over the long term.
Clara and Garcia also showed that QASs are not easily degraded in the
environment [51], especially under anaerobic conditions (such as those
found in sludge, sediment, etc.) [52].

This sustained antimicrobial activity of SixQs against Foc4 in soil
means that, in the field, a single application of SiyQs can prevent Foc4
from invading banana plants through the soil for a certain period of
time, and the results matched well with those previous studies [53-571,
in which quaternary ammonium dendrimer in poly(methyl methcar-
ylate) bone cement showed continuous antibacterial activity against
common hospital-acquired bacteria.

3.3.2. Effect of SixQs on soil microbial diversity

Since small molecular quaternary ammonium salts are normally
considered broad-spectrum fungicides, the effect of SixQs on soil mi-
crobial diversity was evaluated based on plate counting methods in
different media. After colony counting, the number of biological col-
onies in soil treated with SixQs for 2 d was compared with that in soil
without SixQs treatment. The typical microbial biomasses, including
bacteria, fungi and actinomycetes, in soil after the Si,Qs treatments are
shown in Fig. §2, and the results based on statistics are shown in Fig. 4,
which shows that the microbial volume of actinomycetes decreased with
increasing SixQs concentrations. However, SiyQs significantly increased
the total amount of bacteria and fungi in the soil.

In addition to the classical plate counting methods, gene sequencing
was also chosen for evaluation. Soil microorganisms treated with SisQs
underwent DNA extraction, library construction, and macrogenome
biological sequencing, and finally, bioinformatics analysis was per-
formed to evaluate the differences in fungal community composition
structure and diversity in the treated soil. The richness and diversity of

microbial communities can be reflected by diversity analysis of single
samples (alpha diversity), as shown in Table S1. The results show that,
compared with those of CK, with increasing SisQs concentrations in soil,
the richness of microbial species in soil increases, and the diversity de-
creases. On the basis of the taxonomic analysis, the community
composition of each sample at each taxonomic level was counted. The
sequences of the first 15 genera are shown in Table S2 and Fig. S3. We
found that the sequence numbers of Fusarium, Apiotrichum, Cylin-
drocladiella, Corallomycetella, Heterophoma, Humicola, and Plectosphaer-
ella decreased with increasing concentrations of SisQs, while the number
of Pichia sequences increased. The results indicate that although SisQs
could inhibit the growth of part of the fungi including Fusarium, the
growth of yeast-like fungi such as Pichia could be facilitated, thus the
microorganisms in soil could be maintained in a certain state, instead of
killing them all, which help to maintain the balance of natural resource.

Group 1 Group 2

3
Group 1

Group 2

Fig. 5. Comparison of the growth of banana seedlings.
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this article.)

3.4. Pot experiments

The results of the pot experiment are shown in Figs. 5 and 6. From
the results of banana plant height, total leaf number, green leaf number,
pseudo stem circumference and disease index, it could be seen that the
growth of banana seedlings treated with SisQs at ICs0/g soil (Group 1)
showed no difference from those obtained with the water control (CK),
indicating that SisQs with a concentration of ICs/g soil will not cause
phytotoxicity to banana seedlings. The disease index of banana seedlings
treated with Foc4 conidia of 10° CFU/g soil (Group 2) reached 44.4%,
and that of banana seedlings treated with SisQs (Group 3) was 17.8%.
As shown in Fig. 5, the Foc4 conidia-treated banana seedlings (Group 2)
grew shorter, the stems were thinner, and the cut corms were dark
brown, while those of the other groups grew healthy, and the cut corms
had no brown or dark brown lesions, indicating that SisQs did not harm
banana seedlings and could reduce the infection of banana seedlings by
Fusarium wilt.

From left to right: CK (No Foc4 conidia, No SisQs), Group 1 (No Foc4
conidia, SisQs @ ICs(/g soil), Group 2 (Foc4 conidia @ 10° CFU/g soil,
No Si5Qs), and Group 3 (Foc4 conidia @ 10° CFU/! g soil, SisQs @ ICs0/g
soil).

4. Conclusions

Taken together, the results of this study show that
polydimethylsiloxane-polymethacrylate block copolymers containing
quaternary ammonium salts, i.e., PDMS-b-QPDMAEMA (SixQs), are
fungicidally effective against Foc4; SixQs exhibits easy soil adsorption in

soil and does not move in soil, which makes it unlikely to flow into
groundwater and cause water pollution. The inhibitory effect of Si;Qs on
Foc4 can be maintained for 30 d under continuous inoculation of Foc4
into soil (every 2 d) or remains active in the soil for 90 d under
continuous inoculation of Foc4 (every 10 d), which reflects the stability
of SixQs in soil and shows its potential application in banana fields to
prevent the invasion of Foc4 conidia over the long term. Although SixQs
could inhibit Foc4 conidia in soil effectively and showed a certain
inhibitory effect on actinomycetes, it had no obvious inhibitory effect on
culturable total fungal and bacterial populations, which are conducive
to improving soil fertility. Pot experiments showed that SisQs had a
good control effect on banana Fusarium wilt and did not harm banana
seedlings.

We hope that the study of PDMS-b-QPDMAEMA in soil can provide a
new way to protect soil from banana Fusarium wilt and eradicate the
banana wilt pathogen in diseased soil to promote the healthy and steady
development of the banana industry.
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ARTICLE INFO ABSTRACT

Polymeric quaternary ammonium salts (PQASs) exhibit antibacterial action and are less toxic, less stimulatory to
the human body and have easier-to-modify functionalities than small molecular antibacterial agents. However,
few studies on the structure-activity relationship and toxicity mechanism of PQASs against fungi have been
reported. We previously described the synthesis of a novel PQAS, namely, a homopolymer of (2-methacryla-
mido)propyltetrabenzyldimethylammonium chloride (PQD-BC), and discovered that the polymer exhibits an-
tifungal activities not only against Fusarium oxysporum f. sp. Cubense tropical race 4 (Foc 4), the pathogen of
banana wilt, but also against Rhizoctonia solani (R. solani), the pathogen of rice sheath blight (RShB).
Furthermore, we studied the mechanism of action of PQD-BC against Foc 4, which is markedly different from R.
solani in morphology and life cycle. Therefore, the structure-antifungal activity relationship and toxicity me-
chanism of PQD-BC against R. solani were extensively studied in this work and compared with those of the low-
molecular-weight quaternary ammonium salt benzyldimethyldodecylammonium chloride (BC), and the results
play an important role in identifying long-term and low-toxicity fungicides that can suppress the sclerotia of R.
solani. The results showed that PQD-BC and BC can destroy the structural integrity and morphology of a cell,
such as by loss of the cell wall and plasma membrane integrity, leading to the release of intracellular contents
and can induce mitochondrial dysfunction and interference with genomic DNA and inhibit the formation of
sclerotia. However, PQD-BC showed a special mechanism for causing the lipid peroxidation of the cell mem-
brane; this mechanism was not observed with BC. The newly elucidated mechanism accounts for differences
between polymers and small-molecule compounds and provides a theoretical basis for further application of
PQAS against fungi and sclerotia.

Keywords:

Acrylamide quaternary ammonium salt
Antifungal bioassay

Mechanism of antifungal action
Rhizoctonia solani

1. Introduction in soil when host plants are removed and the sclerotia germinate and

infect new plants in the next growing season [3-6]. This cycle can

Rice, one of the primary staple food on earth, is subject to many
diseases that often place major biological constraints on production.
Rice sheath blight (RShB), a pervasive rice disease occurring
throughout temperate and tropical production systems, is caused by
Rhizoctonia solani (R. solani) Kiihn, among which AG-1(IA) is the
strongest and most harmful strain. Although the pathogen is soil borne,
RShB develops into a major production limitation in an alarmingly brief
timespan [1]. It has been reported to reduce yield by 15% - 44% in
Texas, USA [2]. The most important factor for RShB epidemic is the
formation of sclerotia. As the dormant structures of fungi, sclerotia are
hard, asexual and resistant to unfavorable conditions as well as to
chemical and biological degradation [3-6]. The high capability of
sclerotial survival may be related to its special double layer [7] and
secreted melanin [8]. The mycelia of R. solani forms sclerotia to survive
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follow on all the while. Without breaking the cycle, RShB is difficult to
eradicate.

To date, the methods of controlling RShB mainly involve agri-
cultural, biological and chemical managements. Agricultural manage-
ments which control RShB directly, such as salvage sclerotia [9], crop
rotation [10] and duck-rice system [11,12], require a lot of time and
manpower. Biological managements exploit microbes, such as Tricho-
derma [13], Bacillus [14] and Pseudomonas [15], to inhibit mycelial
growth of R.solani. Their inhibiting effects are reported as evident and
friendly to environment. However, the field application of microbes
tends to be susceptible to other factors, and hard to achieve the la-
boratory effect. Chemical antimicrobial agents are the most adopted.
Management of RShB using chemical agents has focused on killing
hypha and preventing the formation of sclerotia, such as New-Ag-
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antibiotic 702 [16] and validamycin [17]. Nevertheless, no methods
have been reported to completely inhibit the growth of mycelia and the
germination of R. solani sclerotia, especially from the aspect of taking
advantage of functional polymers.

Quaternary ammonium salts (QASs) have been widely used as small
molecular biocides with several advantages over other antibacterial
agents, including excellent cell membrane penetration properties, lower
toxicity, less skin irritation, better environmental stability, extended
residence time and enhanced biological activity. Polymeric quaternary
ammonium salts (PQASs) exhibit greater antimicrobial activities than
the corresponding small molecular QASs. The higher activity of poly-
meric PQASs has been interpreted as follow: the net positive charge of
PQASs and the net negative charge of bacterial cell membranes provide
a stronger driving force for the initial attraction of the PQASs to the cell
surface. After the PQASs bind to the negatively charged phospholipid,
their hydrophobic moieties interact with the inner hydrophobic core of
the bacterial membrane, leading to a disruption of the cytoplasmic
membrane and a release of potassium and other constituents, which
eventually causes cell death. Therefore, PQASs can be firmly adsorbed
onto the surface of negatively charged surfaces, effectively restraining
bacteria [18-20].

In addition, compared with small molecular compounds, functional
polymers' properties can be manipulated through changes in their
structure. PQASs can then be grafted from a hydrophilic group or hy-
drophobic groups and endowed with amphiphilicity. These materials
not only deliver steric stabilization in solid dispersions and generate
controlled surface structures upon arrangement of materials but also
modify interfacial properties such as wetting and lubrication [21,22].
These properties might offer a path for inhibiting the germination of
sclerotia, thereby controlling RShB epidemics.

Previously, we have revealed the antifungal activity of polymeric
QAS against phytopathogenic fungi, including Fusarium oxysporum f. sp.
Cubense tropical race 4 (Foc 4) and R. solani [19,20,23]. Foc 4 is the
pathogen of fusarium wilt of banana, which can produce spores by
asexual reproduction [23,24]. However, R. solani and Foc 4 belong to
different classes and have different morphologies and life cycles. R.
solani strains are reported to be tiny, multinucleated, seldom producing
spores and infecting host plants by mycelia and sclerotia [1]. Therefore,
the antifungal mechanism of the functional polymer against R. solani
remains undiscovered, as well as the difference in the antifungal me-
chanism between PQASs and small molecular counterparts against fi-
lamentous fungi.

In this paper, poly((2-methacrylamido)propyltetrabenzyldimeth-
ylammonium chloride (PQD-BC) is synthesized (Scheme 1) [19], and its
activities and mechanisms against the mycelial growth and sclerotial
formation of R. solani AG-1(IA) are investigated and compared with
those of a commercially available small-molecular QAS, benzalkonium
chloride (BC), to provide a clearer direction for the application of
polymeric antifungal agents and new choices for controlling RShB.

2. Experimental
2.1. Materials

Bovine serum albumin (BSA) was provided by Hangzhou Sijiqing
Biological Engineering Materials Co. Ltd. (Hangzhou, China). 2,3,5-

Triphenyltetrazolium chloride (TTC) and an Ezup Column Fungi
Genomic DNA Purification Kit were purchased from Sangon Biotech

|
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Scheme 1. Chemical structures of PQD-BC and BC.
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(Shanghai) Co., Ltd. (Shanghai, China). Propidium iodide (PI) was
supplied by Aladdin Reagent Co. Ltd. (Shanghai, China). The fungal
strain used in this study is Rhizoctonia solani Kiihn AG-1(IA), which was
donated by the Fungi Laboratory at the South China Agriculture
University and was maintained on potato dextrose agar (PDA). R. solani
mycelial suspensions were obtained from the surface of the agar after
culturing for 2days at 28 °C. The concentration of the mycelial sus-
pensions was determined using a hemocytometer.
Benzyldimethyldodecylammonium chloride (BC) with a purity > 99%
was purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China). Alkaline phosphatase (ALP), malondialdehybe
(MDA) and succinatedehydrogenase (SDH) kits were purchased from
the Nanjing Jiancheng Institute of Bioengineering (Nanjing, Jiangsu,
China). A mitochondrial isolation kit and GoldView™ were purchased
from the Beijing Solarbio Science & Technology Co. Ltd., Beijing, China.
PQD-BC was synthesized using radical polymerization according to the
method described in our previous study [19], the structure of PQD-BC
and BC were shown in Scheme 1.

2.2. Antifungal bioassay

2.2.1. Mycelial growth inhibition

The antifungal efficiency of PQD-BC and BC on the mycelial growth
of R. solani was measured using an in vitro mycelial growth inhibition
assay [19]. Briefly, the compounds (PQD-BC and BC) were sterilized by
passage through a 0.45pm Millipore filter, diluted in different con-
centrations (PQD-BC: 0.25, 0.50, 0.75, 1.00, 1.25 and 1.5 mg/mL; BC:
0.015, 0.03, 0.045, 0.06, 0.075 and 0.2 mg/mL) and then mixed with
molten agar (at a temperature > 60 °C); agar was diluted with distilled
water for the control. Mycelial pieces (6 mm diameter) obtained from
the periphery of 2-day-old cultures of R. solani were inverted on the
center of each plate. Treated and untreated plates were incubated at
28°C in triplicate. The efficacy of the treatment was determined by
computing the average of two perpendicular diameters of each colony.
The percent mycelial inhibition of the radial growth of the fungi by the
compounds compared with the effect of the control was calculated at
day 2 using the following formula:

Percentage mycelial inhibition = (D, — D;)/D; x 100% 1)

where D, is the mean colony diameter of the control group and Dy is the
mean colony diameter of the treatment group. Each measurement
consisted of at least three replications.

2.2.2. Minimum inhibitory concentration (MIC)

The antimicrobial properties of the synthesized compounds were
studied by the conventional procedure of broth microdilution with TTC.
The TTC reagent is colorless; however, it gives off a bright-red color
when reduced, indicating the presence of live fungi [25,26]. The fun-
gistatic activity was characterized by the minimum inhibitory con-
centration (MIC) corresponding to the lowest serial dilution that re-
sulted in the lack of visible microorganism growth. The synthetic
compounds against R. solani were determined using R. solani cultured in
sterile potato dextrose broth (PDB) medium for 3 days. Afterwards, the
mycelia were suspended using a homogenizer. The sample solution
(100 uL), in concentrations ranging from 5 x 10~ to 0.3 mg/mL, was
added to 96-well plates. The same volume of mycelial suspension
containing approximately 10°~10° CFU/mL was incubated at 28 °C for
2days using a hemocytometer. Two control tests containing PDB
medium supplemented with a tested strain and an equal volume of
sterile PDB medium (negative control) were also performed. Then,
50 pL (5.0 mg/mL) of TTC solution (in PDB) was added to every well
and the mycelia were cultured in the dark at 28 °C for another 2 h. The
visual color changes were recorded before and after incubation to de-
termine the MIC (mg/mL, present in the well). The color changes pre-
sent in the well matched that in the blank well that was taken as the
MIC for each fungus.
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2.2.3. Minimal fungicidal concentration (MFC)

In contrast to the MIC, the MFC of the synthetic compounds against
R. solani was determined by the spot plate method. Aliquots from wells
that appeared to contain few or no colonies were deposited and uni-
formly spread onto the agar surface of Petri dishes. Therefore, after the
MIC experiment, 100 pL of solution was collected from some wells and
spotted onto the PDA plates. The PDA plates were cultured at 28 °C for
2 days. The lowest concentration of the samples that showed fewer than
5 growth colonies was assigned as the minimal fungicidal concentration
(MFC) for each fungus.

2.3. Mechanism of antifungal action

2.3.1. Mycelial morphology and biomass assay

The morphology of mycelium treated with different concentrations
of synthetic compounds (PQD-BC and BC) was observed by light mi-
croscopy. R. solani was cultured in PDB and rotated at 28 °C on a rotary
shaker at 120 rpm for 3 days; it was then supplemented by three dif-
ferent concentrations of compounds (MIC, ICsq and ICqp). After treat-
ment for 48 h, the mycelia were harvested and moved to a glass slide,
which was then covered by a slip and examined under a fluorescence
microscope (Nikon Eclipse 80i, Japan), and the images were captured
through a charge-coupled device camera. The dry weights (biomass) of
mycelia were measured after drying for 6 h at room temperature. The
data were based on three replicates.

2.3.2. Cell-wall disruption assay

The cell-wall integrity was expressed as the increased alkaline
phosphatase (ALP) of the medium after compound treatments [27]. The
mycelia of R. solani were prepared by being cultured in PDB medium
(45mL) and rotated at 28 °C on a rotary shaker at 120 rpm for 3 days.
Afterward, the PDB medium supplemented with 5 mL of three different
concentrations (MIC, ICsg, and ICqo) of polymers (PQD-BC and BC) was
incubated under the same conditions for another 48 h in triplicate. The
PDB medium added to the same volume of sterile distilled water was
used as a control. The suspensions were obtained from the supernatants
after being centrifuged at 4000 g for 10 min. An ALP kit was used to
determine the effects of the polymers on the cell wall. The activity of
ALP (Aarp) in the supernatant was measured by a UV-vis spectro-
photometer at 405nm according to the manufacturer's instructions
[27]. The activity of ALP was calculated according to the following
formulas:

AALP = (AODt — AODb) X F (2)
F = (V X 1000)/(V; X € X 1.0) 3)

where AOD; is the increase in OD (optical density, conceptually and
numerically equivalent to absorbance) at 504 nm of the treated-sample
after 1 min, AOD,, is the increase in OD of the reagent under the same
conditions, V is the total volume (mL) of the reaction, V; is the volume
(mL) of the sample and ¢ is the molar extinction coefficient. The molar
extinction coefficient of 4-nitrophenol at 504 nm is 18.5. The 1000 is
the conversion coefficient from U/mL to U/L and 1.0 is the path length
of the cuvette.

2.3.3. Cytoplasmic membrane disruption assay

To observe the effect of polymers against the plasma membrane
integrity, we cultured R. solani in a sterile PDB medium at 28 °C on a
rotary shaker at 120 rpm for 3 days. After that, 5 mL of three different
concentrations (MIC, ICso and ICy) of synthetic compounds (PQD-BC
and BC) were added to PDB medium; the control was treated with the
same quantity of sterile distilled water. Following incubation under
constant shaking at 28 °C for 48h in triplicate, the small amount of
mycelia which was picked by tweezers, soaked in 1 mL of PBS and
centrifuged at 10,000 rpm for 5 min; it was then washed twice with PBS
(pH7.4) on a rotary shaker. Next, 10 uL. of mycelia suspension was
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mixed with 15 puM of the red fluorescent nucleic acid stain PI, which is
commonly used for detecting cellular membrane integrity [28], and
placed in the dark for 1 h. To remove the PI, the medium was washed
five times with PBS on a rotary shaker, and finally re-suspended in
100 pL of PBS. The sample (5 pL) was moved onto a glass slide and then
covered with a slip, sealed, and observed under the oil objective
(100 x) of fluorescence microscope (Nikon Eclipse 80i, Japan). Excited
by lasers at 543 nm, PI emissions were collected using a long-pass filter
for PI at 590-800 nm. The images were captured using a charge-cou-
pled device camera. Three fields of view were chosen randomly from
each cover slip.

2.3.4. Cellular leakage assay

Membrane permeability was determined by the leakage level of
cytoplasmic materials in the culture as a result of disruption of the
fungal wall/membrane [29]. R. solani was grown in PDB medium in
triplicate under shaking for 3 days at 28 °C. Then, the mycelia were
harvested and washed twice with PBS (pH 7.4) using a Biichner funnel.
The mass-washed mycelia were re-suspended in a 50 mL solution con-
taining test compounds (PQD-BC and BC) diluted to three concentra-
tions (MIC, ICsq, and ICqp) and were then incubated under shaking for
another 24 h. Two control samples were prepared. One was treated with
the same quantity of sterile distilled water, and the other was supple-
mented with three different concentrations of compounds (MIC, ICs,
and ICgp). Samples from the suspensions were collected and filtered at
2 h intervals during the incubation. The filtered solutions were used to
determine the leakage of soluble proteins, carbohydrates and nucleic
acids. A Bradford assay was performed to quantify the release of the
proteins on the basis of the different concentrations of BSA as the
standard [30]. Soluble carbohydrates were detected by the anthrone
reaction, which uses glucose as the standard [31]. The electric con-
ductivity of the resulting supernatant was measured using a con-
ductivity meter (DDS-11A, Shanghai Precision Scientific Instrument
Co., Ltd., Shanghai, China) [27].

2.3.5. Lipid peroxidation analysis

The lipid peroxidation in the cell membrane of R. solani was
quantified on the basis of its malondialdehyde (MDA) levels [31-33].
The mycelia of R. solani were prepared by being cultured in PDB
medium (45 mL) and rotated at 28 °C on a rotary shaker at 120 rpm for
3days. The PDB medium was then mixed with three different con-
centrations (ICgg X 0.5, ICgg, and ICyy X 2) of compounds (PQD-BC and
BC) and incubated under shaking for 24 h at 28 °C; no compounds were
added in the control group. The fungal suspensions were centrifuged at
12,000 rpm for 5min, and the pellet was then sonicated twice on ice
with lysis buffer (2% Triton-x 100, 1% SDS, 100 mM NaCl, 10 mM
Tris-HCl, 1 Mm EDTA [pH 8.0]) and quartz sand in 5% trichloroacetic
acid (TCA). After centrifugation, the supernatant of the fungal sus-
pension was used as a crude MDA-myecelial solution. The MDA contents
of the mycelia and medium were determined according the manufac-
turer's instructions provided with the MDA kit. MDA can react with
freshly prepared thiobarbituric acid to form a colored complex, which
has a maximum absorbance at 532 nm in a UV-vis spectrophotometer
(UV2300, Techcomp, Shanghai, China) [31]. Each experiment was
performed three times. The content of MDA was calculated using the
following equation:

MDA = AOD,/AOD;, X Cr x DF 4)

where AOD is the reduction of the OD value of the treated sample after
1 min, AOD, is the increase of the OD value of the reagent from the
MDA kit after 1 min, Cr is the concentration of standard substance in
the MDA kit (10 nmol/mL), and DF is the dilution factor of the sample
before being tested. The MDA content was expressed as mmol per gram
of mycelia.
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2.3.6. Effect on mitochondrial function

The mitochondrial function of R. solani was expressed by the in-
tracellular enzyme succinatedehydrogenase (SDH) activity (Aspy) [29].
The mycelia of R. solani were prepared by being cultured in PDB
medium (45 mL) and rotated at 28 °C on a rotary shaker at 120 rpm for
3days. The PDB medium was then mixed with three different con-
centrations (MIC, ICso and ICgg) of compounds (PQD-BC and BC) and
incubated under shaking for 24 h at 28 °C; the same quantity of sterile
distilled water was added to the PDB medium for the control group.
After filtration, the mycelia were ground into power under liquid ni-
trogen and used to isolate mitochondria with a mitochondrial isolation
kit. The Aspy was determined using the SDH kits and measured by
UV-vis spectrophotometry at 600 nm. The total protein content was
determined by the Bradford method [30]. Afterwards, the amount of
protein was calculated according to the standard protein curve, which
was measured with different concentrations of a protein standard. The
Agpp was calculated using the following equation:

Aspy = (AODggy/100)/(Cs/10) x 100% 5)

where AODgo is the OD value of the sample and Cs is the protein
concentration (mg/mL). One unit of SDH activity was defined as the
amount of enzyme in 1 mL of fungal suspension after a 1 min reaction
time that gave a reduction by 0.01 absorbance unit compared to the
control reaction. Each treatment was performed in triplicate.

2.3.7. Invitro electrophoretic mobility shift assay (EMSA)

The DNA-binding activities of genomic DNA and the compounds
were assessed by EMSA, which is widely used to research antimicrobial
drugs, and is based on the observation that bound DNA complexes
migrate through gels more slowly than unbound DNA fragments
[34,35]. To obtain a significant amount of highly purified genomic
DNA, R. solani was grown in PDB medium in triplicate under shaking
for 3 days at 28 °C. The mycelia were then harvested and washed twice
with PBS (pH 7.4) by Biichner funnel to remove the PDB medium. After
the sample was freeze-dried, the total intracellular DNA was extracted
with an Ezup Column Fungi Genomic DNA Purification Kit, and RNase
was added. Genomic DNA being sufficiently free of protein gave a UV
absorbance ratio of 1.8-2.0 at 260 and 280 nm (Aze0/A2g0). A total of
5 pug of highly purified genomic DNA in a fixed concentration (500 pg/
mL) was mixed with the TE buffer (10 mM Tris-HCl + 1 mM EDTA,
pH 8.0) treated with the compounds (PQD-BC and BC) at three different
concentrations (MIC, ICsg, and ICqp). The addition of the same volume
of PBS (pH 7.4) was set as the control test. Treated and untreated tests
were incubated at room temperature for 10 min in triplicate. Agarose
gel electrophoresis was used to examine the interaction between the
compounds and genomic DNA; the TE buffer was incubated alone with
DNA in the control. A 5uL volume of GoldView™ was used as a fluor-
escent dye, and 1 mg of DNA was loaded onto the 1% gel; electro-
phoresis was performed in TAE (tris acetate EDTA) buffer for 20 min.
The gel was visualized under UV light using a Bio—Rad Trans illumi-
nator IEC 1010.

2.3.8. In vivo efficacy on genomic DNA

On the basis of the in vitro EMSA, to further confirm that genomic
DNA combined with compounds in the agarose gel electrophoresis and
to investigate whether the compounds penetrated the cell barriers and
interacted with genomic DNA, we also studied the in vivo efficacy
against the genomic DNA of R. solani after the compound treatments.
The mycelia of R. solani were prepared by being cultured in PDB
medium (45 mL) and rotated at 28 °C on a rotary shaker at 120 rpm for
3days. Then, the PDB medium was mixed with three different con-
centrations (MIC, ICso and ICqg) of compounds (PQD-BC and BC) and
incubated in triplicate under shaking for 24h at 28°C; the same
quantity of sterile distilled water was added for the control group. The
mycelia were collected and washed twice with PBS (pH 7.4) to remove
the medium, and then ground under liquid nitrogen. The total
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intracellular DNA was extracted with assay kits and RNase was added.
The in vivo interaction between the compounds and genomic DNA was
studied by agarose gel electrophoresis.

2.4. Effect of inhibiting sclerotial formation

The effect of the synthetic compounds of PQD-BC and BC on the
formation of sclerotia was determined based on the time of sclerotia
information, the number of sclerotia per Petri dish and the dry weight
of sclerotia. Specifically, a 6-mm-diameter Petri dish, which was cut
with a sterile cork borer from the edge of an actively growing colony
cultured on PDA plates for 7 days, was placed in the center of a 9-cm-
diameter petri dish containing PDA medium with three different con-
centrations (MIC, ICso and ICgp) of synthetic compounds (PQD-BC and
BC). The same volume of PDB was added for the control. Each mea-
surement consisted of at least three replicates. After being cultured for
7 days, the sclerotia were collected and counted. Finally, the sclerotia
were dried at room temperature for 24 h before weighing.

2.5. Statistical analysis

SPSS software (SPSS Inc., Chicago, IL, USA) was used for the sta-
tistical analyses of the data. To determine the effects of the treatments,
an analysis of variance (ANOVA) was performed. A Duncan's multiple
range test was used for mean separations when the treatment effects
were statistically significant (P < 0.05).

3. Results and discussion
3.1. Antifungal activity

The half-maximal inhibitory concentration (ICsp) is the drug safety
indicator that could cause 50% fungal death, and the 90% inhibitory
concentration (ICyo) is the concentration at which 90% of the fungi
were killed. The addition of PQD-BC or BC to the PDA medium in-
hibited the mycelia growth of selected fungi significantly at all con-
centrations tested, as measured by the diameter of the treatment and
control using the crossing method. The ICsy and ICgy have biological
probability values of 0.5 and 6.2816, respectively. PQD-BC and BC in-
hibited the mycelial growth of R. solani in a dose-dependent manner at
concentrations from 0.5 to 2mg/mL (PQD-BC) and from 0.015 to
0.2 mg/mL (BC) (Fig. 1). As the concentrations of PQD-BC and BC in-
crease, the diameter of each treatment group decreases. This result
indicated that the compounds (PQD-BC and BC) can inhibit the growth
of R. solani (Table 1). In R. solani cultured at 28 °C for 2 more days, the
PQD-BC exerted antifungal effects with a ICso of 0.73 mg/mL and a ICqo
of 1.64 mg/mL, whereas BC exhibited antifungal activity with a ICsq of
0.048 mg/mL and a ICqyo of 0.127 mg/mL.

Two principal measures of in vitro activity are the minimal in-
hibitory concentration (MIC) and the minimal fungicidal concentration
(MFC). The MIC is the lowest concentration of drug that prevents
visible fungal growth. High MICs indicate that stronger concentrations
of antimycotic agents are required to inhibit fungal growth. The MIC of
PQD-BC and BC was determined using the TTC coloration method and
is defined as the lowest concentration able to inhibit visible microbial
growth. TTC is a redox indicator used to differentiate between meta-
bolically active and inactive cells; the colorless compound is en-
zymatically reduced to red TPF (1,3,5-triphenylfornazan), which is
stable and cannot be oxidized in the air in living cells because of the
activity of various dehydrogenases. When the number of active cells is
low, TTC cannot be reduced and the solution is colorless; it is therefore
often used as a chromogenic agent to test whether viable cells are
present [35]. Therefore, MIC was determined as the lowest concentra-
tion at which no red color was observed, as shown in Fig. 2—(A). MFC,
also known as the minimum lethal concentration, is the concentration
of drug that reduces the original fungal inoculum by 99.9%, as shown in
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Fig. 1. (A) The typical mycelial growth of R. solani in PDA medium after PQD-BC and BC were applied, and (B) the corresponding toxicity regression curves and regression equations. The
data were based on three replicates, and the test was repeated twice, with similar results.

Table 1
The antifungal effect of PQD-BC and BC against R. solani.

Compounds  Mycelial growth Spore propagation
ICso (mg/ ICqo (mg/ MIC (mg/ MFC (mg/ MFC/MIC
mL) mL) mL) mL)

PQD-BC 0.73 1.64 0.2 0.2 1

BC 0.048 0.127 0.03 0.035 1.167

Fig. 2-(B). The ratio of MFC/MIC reflects the fungicidal activity. An
antimicrobial agent exhibited fungicidal activity when the ratio of
MFC/MIC was less than or equal to 4, otherwise the antimicrobial agent
only had antifungal activity. The in vitro studies showed that PQD-BC
displayed antifungal action against R. solani, with an MIC and MFC of
0.2 mg/mL; therefore, BC exerted antifungal activity against R. solani,
with an MIC of 0.03 mg/mL and an MFC of 0.035 mg/mL. Thus, PQD-
BC and BC were effective against R. solani, with low MIC and MFC
values and MFC/MIC ratios of PQD-BC and BC < 4, indicating they
were fungicidally effective, as shown in Table 1.

3.2. Mechanism of antifungal action

3.2.1. Mycelial morphology and biomass

The mycelial growth and morphology of R. solani was detected by
light microscopy, as shown in Fig. 3. After being cultured for 48 h, the
mycelia in the control were in good condition; the mycelia were smooth
and full. However, the morphology of the mycelia that were treated
with three different concentrations (MIC, ICso and ICyo) of PQD-BC had
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0 + 0
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Y 30 + 10
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» 50 0 ' 25
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D200 - 35
225 - 40
L 250 - | 45
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changed, including increased branching of mycelia and shortened
branch spacing and fewer large vacuoles in some mycelial cells. Some
mycelial cells, after treatment with PQD-BC, produced particulate
matter that could be a condensation of the cytoplasm [16], as shown in
Fig. 3-(Al). However, the number and volume of vacuoles increased in
the cells treated with increasing concentration of BC, as shown in Fig. 3-
(A2). The BC treatment resulted in cytoplasmic vacuolation [36]. This
difference between macromolecular compound (PQD-BC) and small
molecular compound (BC) may be related to the different molecular
weight, and thereby the different dispersion and density of cations in
liquid. In addition, the mycelia treated with a high concentration (ICsq
and ICqp) of PQD-BC and BC became dark, the medium became cloudy,
and the mycelia fractured easily when harvested. We suspected that Rs-
melanin was produced during the incubation with PQD-BC and BC. Rs-
melanin was reported to be stable to light, temperature reducer and
other metal ions [8]. Therefore, mycelia of R. solani survives within the
hostile environment, by producing Rs-melanin and forming sclerotia.

Furthermore, the biomass was measured using an electronic bal-
ance, as shown in Fig. 3-(B). The growth of mycelia during treatment
was effectively inhibited by PQD-BC and BC, the growth production
was strongly reduced in a dose-dependent manner. After being treated
by small molecular QAS, the liquid occupied the main volume of the
mycelia cell due to cytoplasmic vacuolation. The weight of mycelia
reduced because of a massive loss of water through drying. However,
the condensation of cytoplasm, caused by PQAS, maintained the my-
celial dry weight.

3.2.2. Cell wall integrity
To determine if PQD-BC and BC led to the loss of cell wall integrity

4

0.03 035 0.04 0.045
(A) MIC based on TTC methods (B) MFC based on Plate coating methods

Fig. 2. (A) The MIC values of PQD-BC and BC against R. solani based on the TTC colorimetric method; (+) indicates certain cells on the plate and (—) indicates fewer or no cells on the
plate. (B) The MFC values of PQD-BC and BC against R. solani based on the number of colonies in PDA.

(mg/mL)
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Fig. 3. The mycelial membrane structure (A) and dry weight (B) of R. solani mycelia after PQD-BC and BC treatments.

360

240+ Il Control

ApLp, UL

1204

PQD-BC BC

Fig. 4. Loss of cell-wall integrity in R. solani after PQD-BC or BC treatment. The alkaline
phosphate activity (Aap) was expressed as units per liter of filtered solution.

in R. solani, the ALP content, which is produced in the cytoplasm and
cannot pass through the intact cell wall [37], was measured. Damage to
the external cell wall layers can lead to the release of ALP from the cell
[38]. After 3-day-old mycelia of R. solani were treated with four dif-
ferent concentrations (MIC, ICsq, ICoo and 0), increased ALP activities of
0.2mg/mL, 0.73 mg/mL and 1.64 mg/mL were observed in the medium
at the MIC, ICs, and ICq, respectively, in the PQD-BC-treated cells. In
BC-treated cells, the ALP activities were 0.03 mg/mL, 0.048 mg/mL and
0.127 mg/mL at the MIC, ICsq, ICqo, respectively. The PQD-BC- and BC-
treated groups showed significantly higher ALP activity than the control
after a 48 h treatment, which confirmed that the cell wall of R. solani
was destroyed in a dose-dependent manner (Fig. 4). The data suggest
that, after absorbing onto the cell surface, PQD-BC and BC could da-
mage the cell walls of fungal pathogens and that they acted on the
plasma membrane, leading to the release of intracellular contents like
ALP, which led to eventual direct cell death.

3.2.3. Membrane-active mode of action

Quaternary ammonium salt treatments can rapidly lead to the dis-
integration of biological membranes in fungal pathogens, resulting in
cell death [39]. To establish the mode of antifungal action, the cyto-
plasmic membrane integrity of R. solani was characterized using a
fluorescent dye, propidium iodide (PI). PI is capable of combining with
cell's genetic matters to produce a red fluorescence by green-light sti-
mulation, but cannot permeate through the intact cytoplasmic mem-
brane. As shown in Fig. 5, the cell nuclei were obviously stained with PI
after treatment with PQD-BC at the MIC, ICso and ICqo (0.2 mg/mL,
0.73 mg/mL and 1.64 mg/mL, respectively). By contrast, no red fluor-
escence appears in the control. In BC treatment, the cell nucleus can be
stained with PI only at a ICgo. The microscopy results thus indicate that

the cationic polymer interacted with and subsequently disrupted the
membrane integrity of the fungi [23]. Fluorescence microscopy images
show that, compared with the control treatment, QASs treatment
caused complete membrane permeabilization of the cells, as clearly
indicated by red fluorescence; this observation indicates that the
number of mycelia that lost plasma membrane integrity increased after
the PQD-BC and BC treatments (Fig. 5). Compared with Foc 4 [23], only
the spores could be seen in the fluorescence microscopy images. All of
the cationic biocides were found to depolarize the membrane integrity
of R. solani, and they may inhibit the growth of R. solani by directly
damaging the plasma membrane and causing the cell death of the
fungal pathogen.

Damage to the plasma membrane can lead to the loss of osmotic
balance and to the influx of fluids and ions as well as to the loss of
proteins and carbohydrates, eventually causing the onset of cell death
[19]. To further confirm that PQD-BC and BC caused a loss in the cy-
toplasmic membrane integrity of R. solani, the leakage of cytoplasmic
constituents was determined. The figure clearly shows that the two
compound treatments significantly induced the leakage of soluble
proteins (Fig. 6-(A)), carbohydrates (Fig. 6-(B)), and conductivity
(Fig. 6-(C)) out of the R. solani mycelia. In general, the amount of
leaked materials was positively correlated with the concentrations of
PQD-BC and BC. The cellular leakage could be observed after 4h of
treatment, and it was generally constant over a period of 6 h for soluble
proteins and carbohydrates. A similar trend was observed for the
electrical conductivity. Because we observed the same physiological
events with the release of cytoplasmic constituents, the mode of action
of PQD-BC and BC is reasonably assumed to be interpretable on the
basis of each elementary process: cationic biocides adsorb onto the
fungal cell surface, diffuse through the cell wall, and subsequently bind
to the cytoplasmic membrane, releasing the cytoplasmic constituents
and finally inducing the cell death of the fungal pathogen.

3.2.4. Lipid peroxidation

To investigate the lipid damage, the levels of MDA, which is a de-
composition product of polyunsaturated fatty acid hydroperoxidase and
a biomarker of lipid peroxidation, were assessed [28]. MDA was pri-
marily released into the medium when the plasma membrane lipid
peroxidation was initiated; we determined MDA level to investigate
whether lipid peroxidation was associated with membrane damage
[31]. The mycelia cultured in PDB for 3days, extracted from the
medium, and washed twice with PBS (pH 7.4) were treated with four
different concentrations of PQD-BC or BC at 1/2 X ICqq, ICoo and
2 X ICqp (0.82 mg/mL, 1.64 mg/mL and 3.28 mg/mL, respectively). As
shown in Fig. 7-(A), the ICyg of PQD-BC led to the highest release of
MDA among treatment groups. The results show that, as the con-
centration of PQD-BC increases, so does the release of MDA. However,
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Fig. 5. Loss of plasma membrane integrity in R. solani after (A) PQD-BC and (B) BC treatments. The mycelia were stained with PI and observed with a fluorescence microscope. Mycelia
with damaged plasma membranes fluoresced red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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is the mean = SE of three replicates.
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Fig. 7. Loss of cell wall integrity in R. solani after (A) PQD-BC and (B) BC treatments.

no obvious changing level of MDA on the BC-treated group was de-
tected (Fig. 7).

Lipid peroxidation is the oxidative degradation of lipids, a process in
which free radicals “steal” electrons from the lipids in cell membranes
by a free radical chain reaction mechanism. In normal cells, reactive
oxygen species (ROS), the byproducts of metabolism containing oxygen
free radicals are dynamically balanced with antioxidants like glu-
tathione (GSH). Hostile environmental factors, including UV, heat or
chilling exposure, salinity and so on, can place a dramatic increment in
ROS levels, cause the so-called oxidative stress. The result that the
macromolecular PQD-BC can induce the lipid peroxidation, was similar
to those of antimicrobial peptides (AMPs), such as Scolopendin 2 [31]
and Glabridin [32]. It is reasonably assumed that the elevated local
cationic density of macromolecular QAS (PQD-BC) are more likely to
break the balance to give an oxidative stress and induce membrane lipid
peroxidation in R. solani. By contrast, the small molecular QAS (BC)
disperses in the liquid and lacks the ability of enriching around the
mycelia and elevating the local density of cations. Therefore, BC did not
induce the lipid peroxidation of treated mycelia. These results de-
monstrated the different mechanism between macromolecular and
small molecular QAS in breaking the cytoplasmic membrane integrity.

3.2.5. Mitochondrial dysfunction

To assess changes in mitochondrial function, the SDH activity of R.
solani cells exposed to the compounds was determined. SDH is the
functional substance for the tricarboxylic acid cycle and aerobic re-
spiration. Its activity is closely associated with bioenergy synthesis and
mitochondrial function in various prokaryotic and eukaryotic cells
[40]. The control group exhibited SDH activity, whereas the amount of
SDH released from the cells to the culture medium decreased as the
concentrations of the compounds (PQD-BC and BC) increased (Fig. 8).
Therefore, PQD-BC and BC affect the bioenergy synthesis pathway of R.
solani by inhibiting SDH activity. This finding suggests that the poten-
tial mechanism underlying their antifungal actions is inhibition of mi-
tochondrial function.
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Fig. 8. Mitochondrial function (Aspy) of R. solani after PQD-BC and BC treatments.

3.2.6. Interactions of genomic DNA with the compounds

As a carrier of genetic information, DNA is a major target for drug
interactions because of its ability to interfere with transcription (gene
expression and protein synthesis) and replication, a major step in cell
growth and division [41-43]. In this study, the EMSA was used to test
the affinity of DNA-binding polymers to investigate their efficacy
against genomic DNA, and the mode of action was illustrated. When
genomic DNA is separated by electrophoresis, rapid migration will be
observed for unbound and cleaved DNA. By contrast, the complex
produces a slower migration because of the increase of molecular
weight and decrease of negative charge, which means that a constant
amount of DNA was mixed with increasing amounts of compounds,
tethered to compound-DNA-conjugated agarose beads. For the in vitro
experiments, test compounds were immobilized with R. solani genomic
DNA according to the results of the agarose electrophoresis experi-
ments. In Fig. 9, Lanes 2-7 show genomic DNA incubated with the test
compounds at three different concentrations (MIC, ICso and ICop),
whereas Lane 1 applies to untreated genomic DNA (control DNA).
Compared with the control treatment, the compound treatments are
very effective at changing the mobility and shape of genomic DNA. As
shown in Fig. 9-(A), no obvious DNA bands were present in the lanes for
the PQD-BC-treated group (Lanes 2-4), and the DNA loading buffer
containing bromide blue indicator remained in the pore. GoldView™, a
new type of nucleic acid dye that can replace ethidium bromide (EB),
exhibits weak fluorescence; however, its emission intensity in the pre-
sence of DNA can be greatly enhanced because of its strong intercala-
tion between the adjacent DNA base pairs. This enhanced fluorescence
could be quenched, or at least partly quenched, by the addition of a
second molecule with higher DNA-binding ability. This finding in-
dicates that PQD-BC was immobilized strongly with genomic DNA,
which caused the GoldView™ to be completely replaced by PQD-BC and
led to an appreciable decrease in the emission intensity. BC could
combine with genomic DNA strongly, increasing the weight of the
composite molecule. Therefore, the speed of genomic DNA movement
in electrophoresis slows and the phenomenon of tailing appears. Be-
cause of the combination of genomic DNA and synthetic compounds,
the large molecules of genomic DNA were broken down and genomic
DNA treated with compounds combined with TE buffer formed in the
long tail in the gel. On the basis of the results of the assay of DNA
interactions in vitro, the phenomenon of PQD-BC and BC against DNA in
vivo (as shown in Fig. 9-(B)) was similar. On the basis of the afore-
mentioned results, the binding site of PQD-BC and genomic DNA could
be associated with the GoldView™ and genomic DNA: BC can bind with
the genomic DNA of R. solani as a complex and destroy it.

3.3. Effect of inhibiting sclerotial formation

Sclerotia are the dormant structures of fungi and are also described
as an aggregation of mycelia. Sclerotial formation can be divided into
three stages: sclerotial initial (SI), sclerotial developing (SD), and
sclerotial mature (SM) [44]. The PQD-BC and BC treatments at ICqo and
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the control are presented in Fig. 10. As shown in Fig. 10, the sclerotia
treated with PQD-BC or BC at ICqy reached the SI stage after 5 and
4 days of culturing, respectively. The other treated concentrations (MIC
and ICsp) of compounds (PQD-BC and BC) were shown in Fig. S1 (as
listed in the Supporting Information). The sclerotia reached the stage of
SI formation on the third day of culturing (Fig. 11-(A)). This result
indicates that PQD-BC and BC can delay sclerotia formation. In addi-
tion, under treatment with PQD-BC or BC, the number of sclerotia de-
creased significantly (Fig. 11-(B)), and the polymer at three different
concentrations (MIC, ICso and ICgp) had no effect on the dry weight of
sclerotia as the concentration increased compared with the effect of the
treatment with BC (Fig. 11-(C)).

The sclerotia have a double-layer structure, in which the inner layer
consists of a large number of living cells and the outer layer of empty
cells [7]. Hence, we can infer that PQD-BC and BC can affect the for-
mation of sclerotia, by causing the increasing number of empty cells in
single sclerotium and forming heavier sclerotia to survive the harmful
environment. Moreover, the heavier sclecrotia formed in BC-treated
groups indicated the more toxic environment that BC created.

4. Conclusions

We previously demonstrated methods for developing quaternary
ammonium salt (PAD-BC) and small molecular quaternary ammonium
salt (BC) that inactivate various fungi (R. solani). PQD-BC and BC were
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solani genomic DNA (A) in vitro and (B) in vivo. Each lane
contained 10 puL of compounds: 10 pL of DNA marker was
moved to Lane 1: 10 pL of genomic DNA with PBS (negative
control), where the volume ratio is 6: 1. (A) In vitro, Lanes
2-4: genomic DNA with a fixed concentration was treated
with TE buffer containing PQD-BC (volume: genomic DNA:
TE buffer = 6: 1) at final concentrations matching the MIC,
ICsp and ICgo. For Lanes 5-7: genomic DNA with a fixed
concentration was treated with 2 uL of the TE buffer (6:1)
containing BC at a final concentration matching the MIC,
1Cs0, and ICqp. (B) In vivo, PQD-BC was added to Lane 5-7;
however, BC was added to Lanes 2—4. The data were based
on three replicates, and the test was repeated twice with
similar results. Representative results are shown.
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found to actively inhibit mycelial growth and sclerotial formation in R.
solani.

PQD-BC and BC destroyed the cell structure. We speculated that
PQD-BC and BC can produce a destructive effect on the integrity of the
cell wall and cell membrane of R. solani and on the formation of
sclerotia because of the good biocompatibility. In particular, the mac-
romolecule quaternary ammonium salt of PQD-BC can cause plasma
membrane lipid peroxidation, unlike a small molecular quaternary
ammonium salt such as BC. However, due to its large molecular weight,
PQD-BC cannot easily traverse the cytoplasm membrane into the cell
and attack the organelles. The mechanism of action suggests that the
polymeric quaternary ammonium salts may act on a broad spectrum of
fungal species, indicating a new strategy for preventing and controlling
Rhizoctonia solani and establishing a base for studying the effect of the
polymer on inhibiting microorganisms.
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Fig. 10. The sclerotial formation of R. solani in PDA medium after applying (B) PQD-BC and (C) BC at ICqy, compared with the (A) control. The data were based on three replicates, and

the test was repeated twice with similar results. Representative results are shown.
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Polymeric quaternary ammonium salts (PQAS) have been widely used to prevent microbial contamination, but
little is known about their activity against phytopathogenic fungi. Our previous report described the synthesis
of two novel PQAS, namely a homopolymer of (2-methacrylamido) propyltetrabenzyldimethylammonium chlo-
ride (PQD-BC) and dimethylaminopropyl benzyl chloride-grafted polysiloxanes (PDMS-g-BC); we demonstrated
their structure-activity relationship against phytopathogenic fungi such as R. solani and Fusarium oxysporum f. sp.
cubense tropical race 4 (Foc4). Here, we analyzed the structure-activity relationship and toxicity mechanism of
these compounds at the molecular level against Foc4 compared with the low molecular-weight quaternary am-
monium salt benzalkonium chloride (BC). The results revealed that PQD-BC and PDMS-g-BC application inhibited
the growth of Foc4 in a concentration-dependent manner and that PDMS-g-BC exhibited higher activity than
PQD-BC. In addition, these polymers were found to induce cell death in Foc4 by disrupting the cellular structure
integrity, such as the loss of the cell wall and plasma membrane integrity and oxidative stress (lipid peroxida-
tion), leading to the release of intracellular contents and inducing mitochondrial dysfunction and interference
with genomic DNA. The newly elucidated mechanism provides possible applications in which PQAS can be
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used against phytopathogenic fungi.
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1. Introduction

Fusarium wilt is caused by Fusarium oxysporum f. sp. cubense, which
is also known as Panama disease, and it is regarded as one of the most
devastating soil-borne diseases affecting bananas [1-5]. Foc tropical
race 4 (Foc4) is the most virulent race, and it can infect almost all
commercial banana cultivars; at present, there are no completely
effective control methods [2]. A number of studies have been performed
to control Fusarium wilt with biotechnology, including the transfer
of antifungal genes into bananas and using biocontrol agents to con-
trol fungal disease [4-6]. However, there are few studies on the use
of synthetic fungicides to effectively prevent Fusarium wilt in field
trials.

Cationic antimicrobials are well known for their use in self-steriliz-
ing surfaces, and they are used for numerous applications such as hospi-
tal surfaces, surgical equipment, protective clothes in hospitals, medical
implants, wound dressings, food packaging materials, and everyday
consumer products. Nevertheless, small molecule cationic antimicrobials
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can be highly toxic to the environment, and their protection is shown to
be short-lived due to the difficulty involved in controlling their diffusion
rate, and water-soluble antimicrobial compounds have led to the rapid
emergence of resistant strains and environmental problems [7-9]. It is
well known that the bacterial cell surface is negatively charged, and
the adsorption of polycations onto the negatively charged cell surface
is expected to be enhanced with the increasing molecule weight of
the polymers due to the increasingly charged density of the polycations
[10]. Given that their high microbicidal activity arises not only from
highly cationic charges but also substantial hydrophobicity (i.e., the
alkyl chain length), modified polycations must possess a degree of
hydrophilic/hydrophobic balance to ensure high activity and water in-
solubility; the hydrophobic chains must be able to trigger-gather, pro-
ducing different adsorptions onto the cell surface [11]. In addition, the
polymeric salts were more active than the corresponding monomer
with the longest alkyl chain [10-13]. Among the most commonly used
cationic antimicrobials, cationic polymers with quaternary ammonium
groups show great promise in the field of antimicrobial coatings [11].
To create these coatings, a great deal of attention has recently been
paid to polymeric quaternary ammonium compounds (PQAS), which
are employed as biocides owing to their low toxicity and broad antimi-
crobial spectrum [14-16].
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The mode of action of cationic biocides has been summarized as fol-
lows: (i) adsorption onto the bacterial cell surface, (ii) diffusion through
the cell wall, (iii) binding to the cytoplasmic membrane, (iv) the release
of the cytoplasmic constituents, and (v) the death of the cell [17]. The
targets of antifungal agents are heavily focused, directly or indirectly,
on the cell envelope (wall and plasma membrane), and particularly on
the fungal membrane sterol and ergosterol, and on their biosynthesis.
Therefore, targets located elsewhere in the cell would be a welcome
innovation for systemically bioavailable antifungal agents [18-20].
Several reports have revealed that some antifungal agents specifically
inhibit the synthesis of cell wall polysaccharides, particularly chitin or
-glucan, and some others are involved in synthesizing informational
macromolecules, namely RNA or DNA, in susceptible fungi [3,21].
Although the antimicrobial effects of PQAS have been extensively inves-
tigated, little is known about the structure-activity relationship and the
mechanism of antimicrobial action, especially the antifungal mecha-
nism, which hindered their broader application in the antimicrobial
field. To date, numerous reports have revealed that PQAS primarily tar-
gets the microbial membrane and accumulates in cells driven by the cell
membrane potential, but there are no clear-cut reports on their mode of
action elsewhere in the cell at the molecular level, which therefore must
be investigated.

From this perspective, the synthesis of two novel PQAS with
different structures and compositions, that is, the homopolymer of (2-
methacrylamido) propyltetrabenzyl-dimethylammonium chloride
(PQD-BC) and dimethylaminopropyl benzyl chloride grafted
polysiloxanes (PDMS-g-BC), have previously been reported, and we
have demonstrated their structure-activity relationship against phyto-
pathogenic fungus such as R. solani and Foc4 [22-25]. The aim of the
present study was to discuss their structure-activity relationship and
toxic mechanism of action at the molecular level along with that of
the broad-spectrum microbicide benzalkonium chloride (dodecyl
dimethyl benzyl ammonium chloride, BC), which has the same key
group (benzyl) as synthetic polymers. The antimicrobial activities of
polymers were evaluated against Foc4, and the integrity of the cellular
structure (the cytoplasmic membrane and cell wall) was detected to in-
vestigate the mode of antifungal action. To investigate the targets in de-
tail elsewhere in the cell, in which polymers inhibited fungal growth, we
investigated the interaction of the synthetic polymers and intracellular
macromolecules, such as the intracellular enzyme activity (succinic de-
hydrogenase, SDH) and informational macromolecules (genomic DNA).
It is meaningful to develop polymers with antifungal activity and study
their structure-activity relationship for the future development of
broad-spectrum multifunctional materials.

2. Experimental
2.1. Materials

Bovine serum albumin (BSA) was provided by Hangzhou Sijiging
Biological Engineering Materials Co. Ltd. (Hangzhou, China). TTC (2, 3,
5-triphenyltetrazolium chloride) was purchased from Sangon Biotech
(Shanghai) Co., Ltd. (Shanghai, China). N, N-Dimethylamine propyl
methacrylamide (DMAPMA), benzyl chloride (99%), ammonium per-
sulfate (APS, 99%), and PI (propidium iodide) were supplied by Aladdin
Reagent Co. Ltd. (Shanghai, China). N, N-dimethylallylamine (DMAA,
98%) was supplied by Haining Huangshan Chemical Co. Ltd. (Haining,
China). The fungal strain used in this study is Fusarium oxysporum f.
sp. cubense (E. F. Smith) Snyder & Hansen (Foc4), which was donated
by the Laboratory of Fungi at South China Agriculture University and
maintained on potato dextrose agar (PDA). Foc4 spores were obtained
from the surface of the agar after culture for 3 days at 28 °C and
5 days at 35 °C. The spores were suspended in 5 mL of sterile distilled
water containing 0.05% (v/v) Tween 20. The concentration of the
spore suspensions was determined using a hemocytometer.
Benzalkonium chloride (BC) with a purity of over 95% was purchased

from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,
China).

2.2. Synthesis of PDMS-g-BC and PQD-BC

Dimethylaminopropyl benzyl chloride-grafted polysiloxanes
(PDMS-g-BC) and the homopolymer of (2-methacrylamido)
propyltetrabenzyldimethylammonium chloride (PQD-BC) were syn-
thesized according to our previous articles [22-25], as shown in
Schemes 1 and 2. In which, the PDMS-g-BC with specified molecular
weights and structure (M, ~2.5 x 10? g/mol, M,,/M, (DPI) ~2.1, cationic
content (m/ (m + n)) ~20 mol%), which showed optimized antimicro-
bial activities against Foc4, according to Ref [24], was synthesized and
chosen as the sample for extensively studies. While for PQD-BC, the mo-
lecular weight (M,) based on Ubbelohde capillary viscometer was
about 3.2 x 10° g/mol, according to ref. [23].

2.3. Antifungal bioassay

2.3.1. Mycelia growth inhibition method

The effect of synthetic compounds (PDMS-g-BC, PQD-BC, and BC) on
the mycelial growth of Foc4 was measured using an in vitro mycelial
growth inhibition assay [26-28]. In brief, 6-mm-diameter disks of my-
celial agar were cut with a sterile cork borer from the actively growing
edge of 5-day-old cultures on PDA plates. Each one was then was placed
in the center of each 9-cm-diameter Petri dish containing PDA medium
with various concentrations of polymers (0-1.6 mg/mL). Before being
mixed with molten agar at a temperature below 60 °C, the synthetic
compound solutions were sterilized by passing them through a
0.45 um Millipore filter. The radial growth of Foc4 was detected after
it was incubated at 28 °C for 5 days. Equal volumes of sterile distilled
water were used as the negative control. Mycelial growth was
expressed as the diameter of the fungal colony (mycelium) in the
Petri dish minus the diameter of the agar plugs (6 mm). The inhibition
percentage was calculated according to the following formula:

D“];Dt x 100% (1)
C

Inhibitory rate =
where D, is the mean colony diameter for the control set and Dy is the
mean colony diameter for the treatment set. The concentration-depen-
dent curve was the biological probability value of inhibition rates for the
Y-axis against the log (test sample concentration) for the X-axis. The
ICs0 and ICqp values were defined as the concentration required for
50% and 90% inhibitions of mycelial growth, respectively (seen in
Table 1). The antifungal effects of synthetic compounds were expressed
as the ICsq and ICqg, which were evaluated further using the below-
mentioned method. Each measurement consisted of at least three repli-
cates. The mycelial growth picture is shown in Fig. 1.

2.3.2. Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) of the synthetic com-
pounds against Foc4 was determined by using the broth microdilution
procedure with 2, 3, 5-triphenyl-tetrazolium chloride (TTC). The TTC re-
agent is colorless, but it gives off a bright red color when reduced, indi-
cating the presence of live fungi [29,30]. Foc4 spores were cultured in
sterile potato dextrose (PD) medium (in liquid) with different concen-
trations of compounds solutions in 96-well plates (100 mL of medium
per well) at a concentration of approximately 1.0 x 10° cells/mL. After
the spores were cultured for 24 h, 5 pL (5.0 mg/mL) of TTC solution
(in PD medium) was added to each well, and the 96-well plates were
subsequently incubated in the dark at 28 °C for another 4 h. Two con-
trols were set up; in one control, no spores were added to the wells
(blank wells) containing an equal volume of sterile PD medium, and
in the other, an equal volume of spores (1.0 x 10° cells/mL) was
added to the wells with an equal volume of sterile PD medium without
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Scheme 1. Synthesis routine for PDMS-g-BC. m and n are number of hydrogen-containing segments and number of non-hydrogen-containing segments, respectively.

the compounds (negative control). The visual color changes were re-
corded before and after incubation to determine the MIC (mg/mL,
present in the well). The color changes present in the well matched
that of the blank well that was taken as the MIC for each fungus.

2.3.3. Minimal fungicidal concentration (MFC)

To differentiate between the fungistatic and fungicidal effect of the
compounds, the MFC of the polymers against Foc4 was determined by
spot plate method. Aliquots from wells that appeared to have fewer or
no colonies were plated on PDA plates. For this purpose, 50 L of culture
from each well was taken after the MIC experiment and spotted onto
the PDA plates. The PDA plates were then incubated for 3 days at
28 °C to allow the cells to grow. The number of colonies present in the
well for which no colony was observed on the PDA plates was taken
as the minimal fungicidal concentration (MFC) for each fungus.

2.4. Mechanism of antifungal action

2.4.1. Cytoplasmic membrane disruption assay

To observe the plasma membrane integrity, Foc4 spores were cul-
tured in sterile PD medium containing synthesis compounds at three
different concentrations (the MIC, ICsg, and ICqg). The treatment con-
centration was chosen on the basis of the antifungal bioassay and a con-
trol was made in a similar manner in sterile PD medium without the test
compounds. After incubation under constant shaking at 28 °C for 48 h,
the spore suspension was harvested, washed twice with PBS (pH 7.4),
and finally resuspended in 100 L of PBS. Then, 10 pL of spore suspen-
sion was combined with 15 uM of the red fluorescent nucleic acid
stain propidium iodide (PI), which is commonly used for detecting the
cellular membrane integrity [31]. After it was incubated in the dark for
15 min, the mixture was centrifuged, washed twice with PBS to remove
residual dye and resuspended in 100 pL of PBS. A 5 pL aliquot was placed
on a glass slide, which was then covered by a cover slip, sealed, and ex-
amined under a fluorescence microscope (Nikon Eclipse 80i, Japan). Ex-
citation was performed for PI at 543 nm. Emissions were collected using
a long pass filter for PI at 590-800 nm. The images were captured
through a charge-coupled device camera. Three fields of view were cho-
sen randomly from each cover slip. The experiment was repeated three
times.

aY

—_——
Quaternization

24.2. Cellular leakage assay

The leakage of cytoplasmic contents from the mycelia was deter-
mined to explain the changes in membrane permeabilization according
to the method of Lewis and Papavizas with some modifications [32].
Foc4 was cultured in PD medium on a rotary shaker at 120 rpm for
3 days at 28 °C. The mycelia were then harvested and washed with
phosphate-buffered saline (PBS, pH 7.4). The equal mass-washed
mycelia were re-suspended in 50 mL of sterile distilled water containing
test compounds at three different concentrations (ICqg, 6 x 1Cqg and
12 x ICqp, as seen in Table 1) and incubated on a rotary shaker for 8 h.
The controls were treated with the same quantity of sterile distilled
water. Samples from the suspensions were collected and filtered at
2 h intervals during the incubation. The filtered solutions were used to
determine the leakage of soluble proteins, carbohydrates and nucleic
acids. A Bradford assay was performed to quantify the release of the pro-
teins, using BSA as the standard [33]. Soluble carbohydrates were de-
tected by anthrone reaction, which uses glucose as the standard [34].
The electric conductivity of the resulting supernatant was measured in
a conductivity meter (DDS-11A, Shanghai Precision Scientific Instru-
ment Co., Ltd. Shanghai, China) [28]. Each measurement consisted of
at least three replicates.

2.4.3. Lipid peroxidation analysis

The lipid peroxidation in the cell membrane of Foc4 was quantified
based on its malondialdehyde (MDA) levels [35-37]. Foc4 was cultured
in PD medium on a rotary shaker at 120 rpm for 3 days at 28 °C. To de-
tect lipid peroxidation, the fungal suspensions were treated with com-
pounds at three different concentrations (1/2 x ICgg, ICqg, and 2 x 1Cqy,
as seen in Table 1), with no addition to the control group. The fungal
suspensions were incubated for another 24 h at 28 °C with shaking at
120 r/min. The fungal suspensions were centrifuged at 12,000 rpm for
5 min, after which the pellet was sonicated twice on ice with lysis buffer
(2% Triton-X 100, 1% SDS, 100 mM NacCl, 10 mM Tris-HCl, 1 mM EDTA
[pH 8.0]) in 5% trichloroacetic acid (TCA). The mixture was centrifuged,
and the supernatant was harvested as a crude MDA-mycelial solution.
The MDA contents of the mycelia and medium were determined using
an MDA kit purchased from Nanjing Jiancheng Institute of Bioengineer-
ing (Nanjing, Jiangsu, China). MDA can react with freshly prepared thio-
barbituric acid to form a colored complex, which has a maximum
absorbance at 532 nm in a UV-Vis spectrophotometer (UV2300,

AIBN /ﬁ/

50 °C, 30h

j \
o N/\/\Né@
i I'cie

QD-BC

Scheme 2. Synthesis routine for PQD-BC.

208

' CI@
PQD-BC



16 Z. Huang et al. / Reactive and Functional Polymers 114 (2017) 13-22

Table 1
The antifungal effect of PQD-BC, PDMS-g-BC and BC against Foc4.

Compounds Mycelial growth Spore propagation

ICso ICoo MIC MFC MFC/MIC
(mg/mL) (mg/mL) (mg/mL) (mg/mL)

PQD-BC 1.0 278 03 2.0 6.67

PDMS-g-BC  0.64 7.05 0.15 0.4 2.67

BC 0.06 0.52 0.1 0.2 2.0

Techcomp, Shanghai, China) [35]. Each experiment was performed in
triplicate.

2.4.4. Cell wall disruption assay

The cell wall integrity was expressed as the increased alkaline phos-
phatase (ALP) of the medium after compounds treatments [28]. Foc4
was cultured in PD medium and rotated at 28 °C on a rotary shaker at
120 rpm for 3 days. After that, 5 mL of sterile distilled water containing
polymers was added to the above medium at three different concentra-
tions (the MIC, ICsq, and ICqq) and incubated on a rotary shaker for an-
other 48 h. The controls were treated with the same quantity of sterile
distilled water. The suspensions were centrifuged at 4000 xg for
10 min to obtain the supernatants. To find the effects of the polymers
on the cell wall, the activity of ALP in the supernatant was determined
by using assay kits purchased from the Nanjing Jiancheng Institute
of Bioengineering (Nanjing, Jiangsu, China) according to the
manufacturer's instructions, and the result was recorded in U/L [28].
Each treatment had three replicates.

2.4.5. Efficacy on mitochondrial function

The mitochondrial function of Foc4 was expressed by the extracellu-
lar enzyme SDH activity (Aspy) [38]. Foc4 was cultured in PD medium
on a rotary shaker at 120 rpm for 3 days at 28 °C. Sterile distilled
water-dissolved compounds were added to the fungal suspension to
reach the final concentrations needed for the MIC, ICs¢ and ICqg.and
they were incubated on a rotary shaker for another 48 h. The controls
received the same quantity of sterile distilled water. The mycelia were
filtered and used to isolate mitochondria with a Mitochondrial Isolation
Kit (Beijing Solarbio Science & Technology Co. Ltd., Beijing, China). Be-
fore the mitochondria were extracted, the mycelia were ground under
liquid nitrogen. The Aspy was determined using the assay kits pur-
chased from the Nanjing Jiancheng Institute of Bioengineering (Nanjing,
Jiangsu, China). The total protein content was determined by Bradford
method [33]. Afterwards, the amount of protein was calculated accord-
ing to the standard protein curve, which was measured with different

control

0.015 0.03

concentrations of a protein standard. The Aspy was calculated using
the following equation:

AODGOO x 100
ASDH - T\/s (2)
where AODg is the reduction of OD (Optical density, conceptually and
numerically equivalent to absorbance) value at 600 nm of the sample in
1 min, C; is the protein concentration (mg/mL) and V; is the volume of
the sample (mL).

SDH can take part in reduction of 2, 6-dichlorophenolindophenol,
which has a maximum absorbance at 600 nm in a UV-Vis spectropho-
tometer. One unit of SDH activity was defined as the amount of enzyme
in 1 mL of fungal suspension with a 1 min reaction time that gave a re-
duction by 0.01 absorbance unit. Each treatment had three replicates.

2.4.6. In Vitro electrophoretic mobility shift assay (EMSA)

The DNA-binding activities of genomic DNA and the compounds
were assessed by EMSA, which is widely used to research antimicrobial
drugs, and it is based on the observation that bound DNA complexes mi-
grate through gels more slowly than unbound DNA fragments [39-40].
To obtain a significant amount of highly purified genomic DNA, Foc4
was cultured in PD medium on a rotary shaker at 120 rpm for 3 days
at 28 °C. The mycelia were then collected and washed twice with PBS
(pH 7.4) to remove the medium. After freeze-drying, the total intracel-
lular DNA was extracted with an Ezup Column Fungi Genomic DNA Pu-
rification Kit (Sangon Biotech Co., Ltd., Shanghai, China), and RNase was
added. Genomic DNA gave a UV absorbance ratio of 1.8-1.9 at 260 and
280 nm (Aze0/A230), indicating that the DNA was sufficiently free of pro-
teins. 5 pg highly purified genomic DNA with a fixed concentration
(500 pg/mL) was incubated with the TE buffer containing aliquots of
chemical compounds at three different concentrations (the MIC, ICso,
and ICqp) at room temperature for 10 min. The interaction between
the compounds and genomic DNA was studied by agarose gel electro-
phoresis, and the TE buffer alone was incubated with a DNA control. A
5 uL volume of GoldView™ (Beijing Solarbio Science & Technology Co.
Ltd., Beijing, China) was used as fluorescent dye and 1 mg of DNA was
loaded onto the 1% gel; electrophoresis was performed in TAE (Tris Ac-
etate EDTA) buffer for 60 min. The gel was visualized under UV light
using a Bio-Rad Trans illuminator IEC 1010. All the experiments were
repeated three times.

2.4.7. In vivo efficacy on genomic DNA

To investigate whether the compounds penetrated the cell barriers
and interacted with genomic DNA, we also studied the in vivo efficacy
against Foc4 genomic DNA after the compounds treatments. Foc4 was

0.06

Fig. 1. The mycelial growth of Foc4 in PDA medium after applying PQD-BC (A), PDMS-g-BC (B) and BC (C). The data were based on three replicates, and the test was repeated twice with

similar results. The representative results are shown.
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cultured in PD medium on a rotary shaker at 120 rpm for 3 days at 28 °C.
Sterile distilled water-dissolved compounds were added to the fungal
suspension to reach the final concentrations needed for the MIC, ICsq
and ICqp and they were incubated on a rotary shaker for another 48 h.
The controls received the same quantity of sterile distilled water. The
mycelia were collected and washed twice with PBS (pH 7.4) to remove
the medium, and then ground under liquid nitrogen. The total intracel-
lular DNA was extracted with assay kits (Sangon Biotech Co. Ltd.,
Shanghai, China), and RNase was added. The in vivo interaction between
the compounds and genomic DNA was studied by agarose gel electro-
phoresis. All the experiments were repeated three times.

2.5. Statistical analysis

SPSS software (SPSS Inc., Chicago, IL, USA) was used for the statistical
analyses of the data. To determine the effects of the treatments, an anal-
ysis of variance (ANOVA) was performed. A Duncan's multiple range
test was used for mean separations when the treatment effects were
statistically significant (P < 0.05).

3. Results and discussion
3.1. Antifungal activity

The effects of PQD-BC, PDMS-g-BC and BC on the mycelial growth of
Foc4 were detected at various concentrations on PDA plates. The test
compounds inhibited the growth of Foc4 in a dose-dependent manner
at concentrations ranging from 0.2-1.2 mg/mL (PQD-BC and PDMS-g-
BC) and from 0.015-0.2 mg/mL (BC) (Fig. 1). After 5-day incubation,
the PQD-BC displayed antifungal effects with an ICsg of 1.0 mg/mL and
an ICyp of 2.78 mg/mL, whereas PDMS-g-BC exhibited antifungal activity
with an ICsg of 0.64 mg/mL and an ICyg of 7.05 mg/mL, which indicated
that the inhibitory effect of PDMS-g-BC was greater than that of PQD-BC.
BC exhibited the most active effect against Foc4 (ICso = 0.06 mg/mL,
ICgo = 0.52 mg/mL). The determination of the antifungal efficacy
showed that PQD-BC, PDMS-g-BC and BC inhibit the mycelial growth
of Foc4 in a dose-dependent manner.

We subsequently tested the MIC and MFC of PQD-BC, PDMS-g-BC
and BC against Foc4 as shown in Fig. 2. The in vitro studies showed
that PQD-BC exerted antifungal action against Foc4 with an MIC of
0.3 mg/mL and an MFC of 2 mg/mL. PDMS-g-BC displayed antifungal ac-
tion against Foc4 with an MIC of 0.15 mg/mL and an MFC of 0.4 mg/mL.
The MIC and MFC values of BC against Foc4 were 0.1 and 0.2 mg/mL,
respectively.

The ratios of MFC to MIC were used to define an organism as tolerant.
For comparable antifungal efficiency in PQD-BC with a polyacrylamide
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backbone (MFC/MIC = 6.67) against Foc4, the MIC of PDMS-g-BC
with a larger hydrophobic polydimethylsiloxane backbone against
Foc4 is lower, which indicates that incorporating a more hydrophobic
backbone into polymers is easier to trigger-gather adsorbance onto
the cell surface and strengthen the antimicrobial activities of PQAS.
This finding also indicated that PDMS-g-BC is a promising application
for antifungal agents against plant pathogenic disease (MFC/MIC =
2.67, a ratio value of <4 corresponding to fungicide) [41], which can
be compared to that of BC (MFC/MIC = 2). The fungal cell surfaces are
negatively charged in the same way as the bacterial cell surface due to
their components (chitin and 3-glucan), and PQD-BC, PDMS-g-BC and
BC with the same cationic group and different degrees of hydrophilicity
are able to trigger-gather, leading to different degrees of adsorption
onto the Foc4 cell surface according to the results of the mycelia growth
inhibition method and the broth microdilution method. Taken together,
the antifungal activities of PQAS are affected by certain molecular
weights and degrees of hydrophobicity, and these results thus indicated
that PQD-BC and PDMS-g-BC could be used to develop antifungal
materials.

3.2. Mechanism of antifungal action

3.2.1. Membrane-active mode of action

Quaternary ammonium salts treatments can rapidly lead to the dis-
integration of biological membranes in fungal pathogens, resulting in
cell death [6]. To establish the mode of antifungal action, the cytoplas-
mic membrane integrity was disrupted with compounds against Foc4
using a fluorescent dye (PI) by fluorescence microscopy. The PI is mem-
brane-impermeable and is generally excluded from viable cells only
when the fungal membrane is compromised, and the microscopy re-
sults thus indicated that the cationic polymer interacted with and sub-
sequently disrupted the membrane integrity of the fungi. Fluorescence
microscope images showed that in comparison with the control, the
cells that were treated with the compounds showed complete mem-
brane permeabilization as clearly indicated by red fluorescence, which
shows that the numbers of spores that lost plasma membrane integrity
increased after PQD-BC, PDMS-g-BC and BC treatments (Fig. 3). All the
cationic biocides were found to depolarize the membrane integrity of
Foc4, and they may inhibit the growth of Foc4 by directly damaging
the plasma membrane and causing the cell death of the fungal
pathogen.

Damage to the plasma membrane can lead to the loss of the osmotic
balance and the influx of fluids and ions as well as the loss of proteins
and carbohydrates, eventually causing the onset of cell death [24]. To
confirm whether PQD-BC, PDMS-g-BC and BC caused a loss in the
cytoplasmic membrane integrity of Foc4, the leakage of cytoplasmic
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Fig. 2. (A) Effect of PQD-BC, PDMS-g-BC and BC on mycelial growth of Foc4 in PDA medium. The growth of Foc4 was measured after 5 days of incubation at 28 °C. The data were based on
three replicates. Treatments followed by different letters within each sampling interval are significantly different according to Duncan's multiple range test (P<0.05). (B) The MIC values of
PQD-BC, PDMS-g-BC and BC against Foc4 based on the TTC colorimetric method. (+) indicates certain cells in the plate and (—) indicates fewer or no cells in the plate.
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Fig. 3. Loss of plasma membrane integrity in Foc4 after PQD-BC (A), PDMS-g-BC (B) and BC (C) treatments. The spores were stained with Pl and observed with a fluorescence microscope.

The spores are magnified by 20 times life size. Spores with damaged plasma membranes
referred to the web version of this article.)

constituents was determined. As expected, it is clear from the figure that
the three compound treatments significantly induced the leakage of sol-
uble proteins (Fig. 4-A), carbohydrates (Fig. 4-B), and conductivity (Fig.
4-C) out of the Foc4 mycelia. In general, the amount of leaked materials
was positively correlated with the concentrations of PQD-BC, PDMS-g-
BC and BC. The cellular leakage could be observed after 4 h of treatment,
and it was generally constant over a period of 6 h for soluble proteins,
carbohydrates, and electric conductivity. Since we observed the same
physiological events with the release of cytoplasmic constituents, it is
quite reasonable to assume that the mode of action of PQD-BC, PDMS-
g-BC and BC can be interpreted on the basis of each elementary process
in which cationic biocides adsorb onto the fungal cell surface, diffusing
through the cell wall, and subsequently binding to the cytoplasmic
membrane, releasing the cytoplasmic constituents, and finally inducing
the cell death of the fungal pathogen. The hydrophobicity of the poly-
mers enabled them to partition into the lipids of the fungal cell mem-
brane and mitochondria, rendering them permeable and leading to
the leakage of the cell contents.

Taken together with the antifungal efficiency of PQD-BC and PDMS-
g-BC, the penetration is intensively affected by the interaction of the
ammonium group with the cytoplasmic membrane and the mobility
of the functional group. With a stronger driving force, the ammonium
group can reach the cytoplasmic membrane more easily. Therefore,
the increase in antifungal efficiency with a longer hydrophobic polydi-
methylsiloxane backbone may be explained by the increasing hydro-
phobicity of the quaternary group, which may strengthen the
interaction with the cytoplasmic membrane, therefore enhancing the
ability to kill the fungal cell.

fluoresced red. (For interpretation of the references to color in this figure legend, the reader is

3.2.2. Lipid peroxidation

To investigate the lipid damage, the levels of MDA, a biomarker of
lipid peroxidation and a decomposition product of polyunsaturated
fatty acid hydroperoxidase, were assessed [35]. MDA, which was pri-
marily released into the medium when the plasma membrane lipid per-
oxidation was set off, and it was determined to investigate whether lipid
peroxidation was associated with membrane damage [36]. In the lipid
peroxidation assay, exposure of Foc4 for 24 h to PQD-BC of 1/2 x ICsp,
ICsp and ICqg led to a the highest release (4.58, 8.33 and 21.67 mmol/g,
respectively) of MDA among treatment-groups, whereas exposure to
PDMS-g-BC of 1/2 x ICsg, ICs0 and ICgg led to the second-highest release
(0.61, 2.39 and 20.4 mmol/g, respectively) of MDA. No obvious effect on
the BC-treated group was detected (data not shown). The results show
that significantly increased MDA levels occur as a result of the oxidative
damage induced by exposing Foc4 to 1/2 x ICgg, IC9p and 2 x ICgq of
PQD-BC (Fig. 5-A) and PDMS-g-BC (Fig. 5-B) for 24 h in comparison
with the control. The oxidative degradation caused by PQD-BC and
PDMS-g-BC, which is referred to as lipid peroxidation, leads to a de-
crease in the cell membrane fluidity and an increase in membrane leak-
iness. This finding suggested that the toxicity of PQD-BC and PDMS-g-BC
is linked to oxidative stress, which induces membrane lipid peroxida-
tion and may cause the loss of plasma membrane integrity in Foc4,
but BC had no effect on the plasma membranes of treated mycelia.

3.2.3. Cell wall integrity
To determine whether PQD-BC, PDMS-g-BC and BC led to the loss of
cell wall integrity in Foc4, the ALP contents of the medium were
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Fig. 4. Leakage of cytoplasmic contents from Foc4 treated with PQD-BC, PDMS-g-BC and BC. Mycelia were placed in distilled water supplements with different concentrations of antifungal
agents and incubated at 28 °C for 0, 2, 4, 6 and 8 h. The cytoplasmic leakage of soluble proteins (A) and (B) was expressed as micrograms per milliliter of solution, while the leakage of
electric conductivity (C) was monitored using an electrical conductivity meter. Each data point is the mean =+ SE of three replicates.

measured, which has been shown to be produced in the cytoplasm and
secreted into the periplasmic space [42]. Damage to the external cell
wall layers can lead to the release of ALP from the cell [43]. Increased
ALP activities, which was observed in medium, were found to be 0.57,
1.24, and 3.66 U/L at MIC, ICsq and ICqq, respectively, whereas in the
PDMS-g-BC-treated cells were found to be 0.50, 1.87, and 6.39 U/L at
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Fig. 5. Loss of cell wall integrity in Foc4 after PQD-BC and PDMS-g-BC treatments. Mycelia
were placed in distilled PD medium supplement with different concentrations of
antifungal agents and incubated at 28 °C for 48 h. The malonic aldehyde (MDA) content
was expressed as the mmol per gram (mmol/g) of mycelia. The data were based on
three replicates. Bars indicate standard errors.
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MIC, ICsq and ICqq, respectively and in the BC-treated cells were found
to be 0.73, 0.89, and 8.28 U/L at MIC, ICsq and ICqq, respectively. The
PQD-BC, PDMS-g-BC and BC treated groups showed higher ALP activity
than the control after a 24-h treatment, which confirmed that the cell
wall of Foc4 was destroyed in a dose-dependent manner (Fig. 6).
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Fig. 6. Loss of cell wall integrity in Foc4 after PQD-BC, PDMS-g-BC and BC treatments. The
mycelia were placed in distilled PD medium supplemented with different concentrations
of antifungal agents and incubated at 28 °C for 48 h. The alkaline phosphate activity was
expressed as units per liter (U/L) of filtered solution. The data were based on three
replicates. The bars indicate standard errors.
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Fig. 7. Mitochondrial function of Foc4 after PQD-BC, PDMS-g-BC and BC treatments. The
mycelia were placed in distilled PD medium supplement with different concentrations
of antifungal agents and incubated at 28 °C for 48 h. The succinate dehydrogenase
activity was expressed as units per milligram of soluble protein. The data were based on
three replicates. Bars indicate standard errors.

These data suggested that after absorption onto the cell surface, the
PQD-BC, PDMS-g-BC, and BC treatments were able to destroy the cell
walls of fungal pathogens and they interacted with the plasma mem-
brane, leading to the release of intracellular contents and ALP, which
led to eventual direct cell death.

3.2.4. Mitochondrial dysfunction

To assess changes in mitochondrial function, the SDH activity of Foc4
cells that were exposed to the compounds was determined. SDH is the
functional substance for the tricarboxylic acid cycle and aerobic respira-
tion. Its activity is closely associated with bioenergy synthesis and mito-
chondrial function in a variety of prokaryotic and eukaryotic cells [38].
For SDH activity, the control group was active, while there was a sub-
stantial decrease in the treated groups in a dose-dependent manner fol-
lowing exposure to PQD-BC and BC (Fig. 7). There were no significant
effect after PDMS-g-BC treatment at the MIC and ICso, while a higher
concentration (ICqp) could significantly decrease SDH activity. There-
fore, PQD-BC, PDMS-g-BC and BC affect the bioenergy synthesis path-
way of Foc4 by inhibiting SDH activity. This finding suggested that the
potential mechanism underlying their antifungal actions were their in-
hibition of mitochondrial function.
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3.2.5. Interactions of genomic DNA with the compounds

As a carrier of genetic information, DNA is a major target for drug in-
teractions because of its ability to interfere with transcription (gene ex-
pression and protein synthesis) and replication, a major step in cell
growth and division [44-46]. In this study, the EMSA was used to test
the affinity of DNA-binding polymers to investigate their efficacy
against genomic DNA, and the mode of action was illustrated. When ge-
nomic DNA is separated by electrophoresis, rapid migration will be ob-
served for unbound and cleaved DNA. By contrast, the complex
produces a slower migration due to the increase of molecular weight
and decrease of negative charge, which means that a constant amount
of DNA was mixed with increasing amounts of compounds, tethered
to compound-DNA-conjugated agarose beads. For the in vitro test, test
compounds were immobilized with Foc4 genomic DNA according to
the observations made by agarose electrophoresis. Lanes 1-9 show ge-
nomic DNA that was incubated with the test compounds at three differ-
ent concentrations (the MIC, ICsg and ICq), while Lane 10 applies to the
untreated genomic DNA (control DNA). Compared with the control, the
treatments are very effective at changing the mobility and shape of ge-
nomic DNA. As shown in Fig. 8-A, BC could partly retard genomic DNA at
MIC and ICsg and completely retard genomic DNA at ICyq (in Lanes 4-6),
while PDMS-g-BC partly retard genomic DNA at MIC and completely in-
hibit the electrophoretic mobility of genomic DNA at ICq (in Lanes 7-9).
The result suggested that DNA was exposed to PDMS-g-BC and BC to
form compound-DNA complexes through electrostatic interactions
and thereby specifically results in a further reduction in the mobility
of the compound-DNA complex (supershift). However, no obvious
DNA bands were indicated in the lane for the PQD-BC treated group
(in Lanes 1-3), and the DNA loading buffer containing bromide blue in-
dicator remained in the pore. The GoldView™ has weak fluorescence,
but its emission intensity in the presence of DNA can be greatly en-
hanced because of its strong intercalation between the adjacent DNA
base pairs. This enhanced fluorescence could be quenched, or at least
partly quenched by the addition of a second molecule with higher
DNA-binding ability. This finding indicated that PQD-BC was
immobilized strongly with genomic DNA, which caused the GoldView
™ was completely replaced by PQD-BC and appreciable decrease in
the emission intensity. A similar finding occurs in the treated group
when the concentration of PDMS-g-BC reached the ICqq (in Lanes 9),
The amount of bound DNA was increased with increasing amounts of
both test compounds in the reaction.

Interactions between genomic DNA and test compounds at MIC, ICsq
and ICqq, respectively, were further investigated during in vivo analysis
(Fig. 8-B). Notably, the genomic DNA that was exposed to PQD-BC

PQD-BC BC PDMS-g-BC
€ 8 8 2 8 g 2 8 g
= 0 g 5 0 ¢ 5 9 ¢
+ x + + % + + + *
< < < < < < < < <
z =z iz = iz pd = =z Z
[m] [m] (m)] [m] a [m] [m] a [m]
Q Q Q Q Q Q Q Q Q
E E € € € € E E E 3
o [e] [e] o (s} [e] (s} [e] o =
= C [ = C [ = = C C | = o
[0 [0} [0 [0} [0 [0 [0 [ [0} [e}
6o 0o 0o 0o 0o 0o 0 0 O O
U 2 & 2 e ¢

(B) in vivo

Fig. 8. Interaction of compounds (PQD-BC, PDMS-g-BC and BC) with Foc4 genomic DNA in vitro (A) and in vivo (B). 25 pg of genomic DNA (5 pL of genomic DNA with a fixed concentration
(500 pg/mL)) was used. For lanes 1-3: treated with 5 pL of TE buffer containing PQD-BC at final concentrations matching the MIC, ICso, and ICqp. For lanes 4-6: treated with 5 pL of TE buffer
containing BC at final concentrations matching the MIC, ICso, and ICqo. For lanes 7-9: treated with 5 pL of TE buffer containing PDMS-g-BC at final concentrations matching the MIC, ICs,
and ICop. For lane 10: treated with 5 piL of TE buffer without test compound (negative control). The data were based on three replicates and the test was repeated twice with similar results.

The representative results are shown.
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show a similar situation to in vitro analysis that the genomic DNA was
lost in all concentrations tested (in Lanes 1-3), whereas the genomic
DNA was degraded upon the application of BC at all concentrations test-
ed (in Lanes 4-6). The genomic DNA that was exposed to PDMS-g-BC
was mostly being diminished (in Lanes 7-9). The different DNA cleav-
age efficiency of the compounds with different structures may be to
the different binding affinity of the compounds to DNA. The experiment
revealed the structure-activity relationship in the antifungal action in
that BC was able to bind to DNA nonspecifically, while the PQD-BC treat-
ment caused specific binding. The PDMS-g-BC treatment caused specific
binding if the treated concentration reached the ICqq,

In conclusion, PQD-BC, PDMS-g-BC and BC were bound to DNA and
created fractures in the DNA strands, causing changes that affected the
structural and electrophoretic mobility of DNA, such as the DNA damage
that inhibited the DNA replication and transcription that regulate the
cell cycle, causing cell death indirectly.

4. Conclusions

In conclusion, we previously demonstrated methods for developing
polyacrylamide quaternary ammonium salts (PQD-BC) and polydi-
methylsiloxane graft quaternary ammonium salts (PDMS-g-BC) that in-
activate various fungi (R. solani and Foc4). The PQD-BC and PDMS-g-BC
were found to actively inhibit mycelial growth and spore propagation
against Foc4. The structure-activity relationship studies indicated that
for a comparable antifungal efficiency in PQD-BC with a polyacrylamide
backbone against Foc4, the antifungal efficiency of PDMS-g-BC with a
more hydrophobic polydimethylsiloxane backbone against Foc4 is
more active, which means that incorporating a more hydrophobic back-
bone into polymers can strengthen the antimicrobial activities of PQAS,
and it showed the promising application for antifungal agents in plant
pathogenic disease, which can be compared to BC. The potential mech-
anism underlying Foc4 involves several targets in the fungal cells, in-
cluding the disruption of the cellular structure, such as the cell wall
and plasma membrane, inducing lipid peroxidation, mitochondrial dys-
function and interference with genomic DNA. Understanding the mech-
anism of action may predict that the polymeric quaternary ammonium
salts will act on a broad spectrum of fungal species and may provide a
new strategy for preventing and controlling Fusarium wilt in bananas.
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