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Keywords —=: JC:K:C BDGE=DID<N 6CO I=: IGBEE:Q 8=66<:H 61 I=: HJG;68: D; I=: 1669>>DCEMN JH:9 HIEEDGIC< HI7
SDH: CHDGH HIGBI: 76H:9  7>DH:CHDGH EGDOJS:H 6 H8611:6C< :3;:81 L=>8= A-69H ID 6 >65:<JAGG H><CBMH ;6DB >COK>9IGMN ;67
5249 1;;:81 IGBCHHIDGH ©861:9 9:K:8:H —-=DJ<= HIHE:C9:9  8=6CC:A B6I:664 =6H I=: EDI:CI>6A ID DK:G8DB: H8611:6C< :;;:8IH ;DB
Escherichia coli 1= HITHIGBI:H 7J1 68=>:K>C< G:H67>IN 6CY H:Az8IKoIN =6K: 7::C HBSIC< 1=2 JHC< D; I=>H 7>DH:CHDG 1:8=CDAD<N
&D, ¥:6: L:=6K: 9:BDCHIGHI:Q C6CD<BE :A:81GD9:H ;676:861DC 7N JHC< I=: H:A: 6HH: B7AN 1:8=CoFJ: L=8= EGDK-9:H
" 6CD<6E HIHE:CHDC ID I=:  &D, -=:H: C6CD HE68C< :A:816D9:H CDI DCIN <>K: HIHE:CHDC 7J1 68D EGDK>9: 6D7JIHIC:HH

HIG:C<I= ID I1=: 6IDB8 M6N:6 L=8= 6:B6CH ;6: :HIBCHC< 6;1:6 8D6IC< D; I=: 16:C:0B DWO: 1:(  6H L:M 6H

CO:6H 6CO BCI7DY>:H DG -KBLIBIC< I=: :A:8I6:864 8=66681:GHI8H D; HIHE:C9:9 &D, - <61>C< EDI:CI>6A L6H

6EEA:9 1=6DJ<= 6C :Az8IGDANI: DC I=: HIJHE:C9:9 &D, IG6CHHIDG —=>H =:AE:9 >C 68=>:K:9 6 ADL.:G HJ71=6:H=DA9
HL>C< B/ 9:86C9 (° ( G6PD %61:6 EX 9:1:81>DC L6H 8DC9J8I:9 61 GDDB 1:BE:661J6: L=>8=H=DL.:9
6C >BEG:H>K: H:CHIPK>IN D; P 7N 8=6C<>C<  JC>I D; EX O: =6K: 6AD HJ88:HH;JMN H=DLC Escherichia coli E.
coli 7681:6>6 H:CHC< ;6DB I=: HJHE:C9:9 &D, IG6CHHIDG 7N ;JC8I>DCEA0>C< 9>:A:816>8 ABN:G L>I= E. coli 6CI>7D9
>:H -=: G:EDGI:9 7>DH:CHDG =6H H=DL.C I=: P D; 8DC9J816C8: 8=6C<:H L>I= 6 ADL.:6 8DC8:CIG6I>DC D; E. coli

- B% 8DADCN ;DGB>C< JC>I E:G B% 6H L:A 6H B6>CI6>C I=: 8DCHIGCI H:CHI>K>IN >C 1=6: 1 ;676>861:9 9:K>8:H
-=: D716>C:9 :C=6C8:B:Cl >C I=: H:CHPK>IN D; 9:K>8:H 6C9 >IH :;;:81 DC 7>DBDA:8JA:H 9:1:81>DC 86C 7: :MI:C:9

ID DI=:6 7>DBDA:8JA:H 6C9 I=>H INE: D; 668=>1:81JG: =6H I=: EDI:CI>6A ID 9:1:81 (/" K>6JH:H 76H:9 7>DBDA:
8JA:H
1. Introduction 6 -D D716>C 7:11:G :A:8IGDHI6I>8 :;;:8IH ;6DB 8=66<:9 7>DBDA:
8JAH B6CN H:B>8DCI9J8I>C< B6I:6>6MH =6K: 7::C :BEADN:9 1DA0>C<:6
J: ID I=:56 EDI:CI>6A D; EGDK>9>C< 8DCI>CJIDJH 6C9 G:6A I>B: >C;D6B6 o1 6A %> :1 6A 3=J :l 6A BDC< I=: K66>DJH
I>DC 7>DH:CHDGH 6G: EGDB>C:Cl 9:K>8:H>C I=: B:9>86A T:A9 6C9 66: <66 B61:6>6/H 1LD 9>B:CHDC6A H: B>8DC9J8I>C< B6I:6>6MH =DA9H <G: 61
C:6>C< HI7HIBCI>6A >Cl:6:HI >C DI=:6 9DB6>CH HJ8= 6H ;DG:CH>8 >COJHIG>:H EGDB>H: 7:86JH: D; 1=:>6 1JC67A: 76C9<6E 6C9 6 =><= HJG;68: ID KDAIB:
C6I>DCBA H:8JG>IN 6C9 :8DAD<>86A BDC>IDE>C< & :=GDIG6 6C9 G:H:668= 661>D 1=61 EGDK>9:H =><=:6 H:CH>I>K>IN ;DG 9:1:81>DC D; 7>DBDA:8JA:H
,Ez8>;>86MN :A-8ICD8=:B>86A T:A9 :;;:81 1G6CHHIDG - T76H:9 "C I=: 9DB6>C 1G6CHI>DC B:16A 9>8=6A8D<:C>9:H -& H AQ@:
7>DH:CHDGH =6K: 7::C 6:8D<C>0:9 6H DC: D; I=: BDHI EGDB>C< 86C9> &D, =6K: <6>C:9 BJ8= 611:CPDC >C I=: T:A9 D; - 7>DH:CHDG 9J:
961:H 7:86JH: D; 1=:>6 SDBE6I7>PIN L>I= :A:8I6DC>8 9:K>8:H ADL EDL :6 ID 1=6 96:81 76C9<6E 7>DS8DBE6DL7HIN 6C9 =><= BD7PIN $6A6C
8DCHIBEIDC A67:A ;6:: 9:1:81>DC D; HE:8>T8 7>DBDA:8JA:H 6C9 ADL. 8DHI 166 069:= 6C9 (J 7 HEl: 1=:H: B:GIH 1=: E:6;DGB6C8:
B6HH ECD9JSIDC $>B :1 6A $I>N6B6 6C9 $>BJIG6 6C9 8DCHHI-C8N D; I=:H: 61DB>8 A6N:GH 66: -6HAN 6;;:81:9 7N HIEEDGI
,JK6GC6E=6:1 6C9 ):8=EG6H6GC "C - 76H:9 7>DH:CHDGH >C< HJ7HIG6I: >CI:668I>DC  =:C :1 6A ,J8= 6C >Cl:668I>DC D;
I=: 8=66<:9 7>DBDA:8JA:H <:C:066l: I=: :A:8IGDHI6I>8 :;;:8] 6C9 76>C< HJEEDGI>C< HJ7HIGEI: L>I= 61DB>8 ABN:GH D; &D, 9:<669:H I=: 1G6CH
I=: K66>61>DC >C I=: 8DCOJBPK>IN D; I=: 8=6CC:A L=>8= 86C 7: :6H EDGI EGDE:GI>:H 9J: ID H86I1:6>C< L=>8= >BEM:H 1=61 >Cl:(;68: 8DC
>AN B:6HJG:9 7N IG6CHHIDG 8=66681:G>HI>8H A>@: HDJG8: 1D 966>C 8JCG:Cl IGDA >H K>I6A ;DG I=: E:G;DGB6C8: 6C9 G:A67>HIN D; 7>DH:CHDG 9:K>8:H
$65H1> ,66@66 4 6A

™ D66:HEDCS>C< 6J1=DG
E-mail address: Az A6 666K6 L6NC: :9J % & +:99N G6K6

=IIEH  9D> DG< 7 7>DH
+:8:5K:9 EGA +:8:>K:9>C 6:KH:9 ;06B  (8ID7:6 88:El:9 (8ID7:6
K6>467Az DCAC: MMM
R
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J :l 6A DG >CHIBC8: 1=: HJG;68: D; HABDC 9DM9: ,>(
HI7HIGEI - >H =><=AN 9>HDG9:G:9 6H L :M 6H 8=:B>86MN 68I>K: 9J: ID I=:
IGBEE:9 6IBDHE=:6>8 <6H:H 8=:B>86A 69HDG76l:H 6C9 JCACDLC ;JC8
I>DC6A <GDJEH 3=6C< :l 6A -=:6:;D6: 16G6CH;:66>C< 6CDI=:6
ABN:G D; &D, DC I=: IDE D; ,>( DG 6CN DI=:6 >CHIA6I>C< HI7HIG6I: 86C
CDI 8DCIG>7J1: ID 8666>:G 8=66<: IGBCHEDGI 9>HI>C8IAN L=>8= A:69H ID 6C
JCG:A67A: DIIEJI ;DB :K:GN HC<A: 9:K>8: "C 6:8:CI N:6GH B6CN :;
;DGIH =6K: 7::C :BEADN:9 ID :C=6C8: I=: FI6MIN D; I1=: HI7HIG6I: HJI8=
6H EA68>C< 6C 68I>K: ABN:G >CI:G;68: 7N JHC< )DAIN B:I=NA B:1=68GN
A6l: )&&&  6C9 EDANB:G :A:8ICDANI:H 4 5 —=:H: ABN:GH :AJ9: 8=:B>
86A 7DC9>C< DG HJG;68: GDJI<=C:HH 6C9 >BEGDK: 8666>:G IGBCHEDGI EGDE:G
I>:H 7J1 1=:N 86CCDI 7: :BEADN:9 >C 7>DH:CHDG 6EEA86I1>DCH 9J: ID I=:
9>; T8JAIN >C ;676>861>DC 6C9 G:ECDJIB7>MIN >HHI:H -=: DI=:6 6EEGD68=
>H 86:61>C< HIHE:CHDC D; 6C 61DB>8 A6N:G >C 7:1L::C :Az8IGD9:H ID :C
=6C8: I=: 8666>:G IG6CHEDGI 6C9 G:BDK: H8611:G>C< :;;:81 7N L:1 :18=>C<
D; I=: ,> ABN:G JC9:GC:6l= I=: BDCDAGN:6 &D,  6::HI6CIOC< &D,
=6H H=DL.C 7:11:6 E:(;D6B6C8: 1=6C I=: HJEEDGI>C< DC I=: ,>( HJI7HIG6I:
>C 1:GBH D; 768@ <6I>C< :A:8IGDC>8 8DCOJ8I>DC #>C :1 6A IDL
tK:G6 I1=: MHDPC< > G:FJI6:H =60669DIH 8=:B>86A :18=6CIH HI8= 6H
=N9GDUJDG>8 68>9 1 L=>8=>H 9>;T8JAl ID =6C94A: 6C9 6;;:8IH I=:
TAB HIGJI8IJG: 6C9 EJGIN 3=6C< :l 6A ,:8DCIAN ;G6::HIBCO
>C< &D, H6<H 7:1L::C I=: ILD :A:8IGD9:H 7:86JH: D; I=: A6G<: HE68
>C< P uB L=8= B6@:H>I >BEDHH7A: ID 8D61 9>:A:816>8 A6N:GH HJ8= 6H
=6;C>JB DM>9: I;( 6C9 6CP>7D9>:H -=:6:;DG: 1=>H HIGJ8IJG: >BE:9:H
B6@C< IDE <61: - 7>DH:CHDGH 6C9 6MDLH DCAN 768@ <6I>C< 1DL :K:G
I=: 768@ <61: - 6:FJ>6:H BDG: EDL:G >CEJI <6l: KDAI6<: ID I1J6C (~
I=: 9:K>8: 1=6C I=: IDE <6l: L=>8= =>C9:6H B6@>C< 6 ADL. EDL.:G 6C9
=><=AN H:CH>DK: 7>DH:CHDG "C - 76H:9 7>DH:CHDG I=: H:CHIK>IN >H >C
K:GHzAN EGDEDGI>DCGA ID I=: HJ71=6:H=DA9 HL>C< ,, L=>8=>H 9:TC:9
6H 6 8=6C<: >C I=: 8JG6:Cl L>I= G:HE:8I ID 9>:A:816>8 HJG;68: EDI:CI>6A
SS = dVgae /108 1014rain dVgate 6C9 Idrain 66: 6 8=6C<: >C <61: EDI:CI>6h
6C9 966>C 8JGG:Cl G:HE:8PK:AN —-=JH 768@ <6l: G:FJ>6:H =><=:(6 >CEJI
KDAI6<: 1D 1JGC DC I=: 9:K>8: 1=6C I=: IDE <61: L=>8=(:9J8:H I=: H:CH
IDKCIN D; 9:1:81DC ,66@6G -1 6A 6 7

>K:C 1=: >BEDGI6C8: D; G:M67>MIN 6C9 H:CHIKYIN D; - 76H:9
7>DH:CHDG >C I=>H LDG@ 8=:B>86A K6EDG 9:EDHIPDC /  <GDLC &D,
>H 16G6CH;:66:9 7N JHC< CDK:A 96N HI6GBE>C< B:I1=D9 DC H:A; 6HH:B7A:9
E=DIDAI1=D<G6E=>86MN E611:6C:9 C6CD <6EH ID 68=>:K: HJHE:CHDC 676>
861:9 C6CD<6E :A:8IGD9:H =6K: - CB HE68>C< L=>8= EGDK>9:H B:
8=6C>86A HIG:C<I=ID I=: &D, BDCDA6N:G 6C9 9D:H CDI 6MDL. ID H6< 7:
IL::C I=: ILD :A:8IGD9:H —=>H GD7JHIC:HH >C I=: BDCDA6N:G TAB E:GB>IH
I1=: 8D6I>C< D; 6CDI=:6 1=>C 9>:A-816>8 A6N:G 6H L A 6H AC@:CH 6CI>7D9>:H
L>I=DJI >ClI:6681>C< HJEEDGI>C< I=: HJ7HIGEI: ¥;( 6H6 9>:A:816>8 B6I:
(>6A L6H 8DCH>9:6:9 L=>8=>H :6H>AN ;JC8I>DCOA0:9 7N 6 AC@:6 B>CD
EGDENA 1G> I=DMNHA6C:  )- , <AJI6G6A9:=N9: 6C9 E. coli 6CI>7D9>:H ID
76>C< K66>61>DC ID I=: HIHE:C9:9 &D, 7N 166<:1>C< 6 8=66<:9 E. coli
7681:66 —=: HJHE:C9:9 - 668=>1:81J6: ADL.:6:9 9DL.C I=: HJ7I=G:H=
DAOHL>C< ,, ID B/ 9:8 7N 1:6B>C6I>C< I=: H8611:6>C< E=:CDB:CDC
6C9 :C=6C8: I=: H:CH>PK>IN D; 1=z EY 6H L:M 6H E. coli 9:1:8>DC %>6D
21 6A G- -HI6C9>C< C61JG: D; 8=6CC:AB61:6>6A>: &D, G:
16>CH >IH >CIGCH>8 EGDE:GI>:H 6C9 EGDK>9:H G:A67>IN 6C9 8DCHHI-C8N >C
:K:GN H>C<A: 9:K>8:

2. Experimental section
2.1. CVD synthesis

ME:>B:CI6A EGD8:9JG:H D; /  "C =DJH: 7JAl <GDLC &D, 66:
6H ;DMDLH FJ6GI0 7D61 8DCHHIH D; &D( EDL9:6 6C9 ,>( ,> B>:8:H
IDE D; I=: EDL9:6 L:G: EDHIPDC:9 >C I=: B>99A: D; ;J6C68: L=:G:6H
HJAE=JG 7D6l L6H EA68:9 61 I=: JEHIG:6B D; ADL.:G 1:BE:G61J6: ODC:
"C I=: INBE>86A EGD8:HH UDL D; / <G6DLI= D; &bD, 6<DC
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<6H L6H E6HH:9 ;DG B>C 61 H88B ID L6H= DJI 6M :CK>GDCB:CI6A
<6H:H 6C9 1=:C G6BE JE I=: 1:BE:(61JG: DM 0 >C B>C ;16
L669 1=: 1:BE:661JG: L6H B6>CI6>C:9 61 Q ;D6 B>C "CI=H8DC

9IPDC HIAE=JG HIGGIH :KGEDG6I>C< 6C9 6:938:9 &D( ID 8DCK:GIH >CID
B:l6M>8 &D(  J6I=:6 BDG: HIAE=JG>061>DC D; &D( A:69H IDL6GOH I=:
16>6C<JABG H=6E: D; &D, U6@:HDC I=: > ,>E>:8:H

2.2. Photolithography of nanogaps

"C I=>H EGD8:HH I=: H:A; 6HH:B7AN 1:8=C>FJ: L6H 696EI:9 ID 68=>:K:
C6CD<6EH 7:1L::C I=: B:I6A :A:8IGD9:H 1:G: ;:L E6G6B:I:GH L:G: DE
>B>0:9 L=xA: ;676>861>DC HJ8= 6H A>;1 DV G:HHIH 1=>8@C-HH GEB G6l: D;
HE>CC>C< E=DIDG:HHI 76@>C< 9:K:ADE>C< I=: E=DIDG:HHI 6KD>9>C< I=:
6:H9J:H 9J6>C< ;676>861>DC 6C9 BDHI >BEDGI6CIAN 1=: DEI>B>061>DC D;
1=>8@C:HH D; B:I6A :A:8IGD9: ABN:G -=: DEI>86A E=DIDAI=D<G6E=N 1:8=
CFJ: D; E611:6C>C< I=: HI7HIGEI: L6H 9DC: 7N 8D6I>C< I=: TCHI EDH>
PK: E=DIDG:HHI &" +(O (", 6C9 :MEDH: , .,, &8GD-:8 &6H@

b<C:6 & >l ;DG B# 8B UDD9 :MEDHJG: -=:C 6CDI=:G A6N:G D;
E=DIDG:HHI >H 8D61:9 DC I=: IDE 6C9 E611:6C:9 L>I= 9:H<C 8=6DB:
B6H@ ;DAADL.:9 7N :K6EDGEIDC D; I=: —> J G [=>8@C:HH >H cB
cB cB ;126 E6II:GC>C< 1=6:: B:IBAAGN:CGH => J G I=: L6;:6>H
@:El ;DG TGH 1D 8DCIGDA 1=:GB6A DM>961>DC D; 1=: 8=6DB>JB ID 68=>:K:
C6CD<6E "6CD HE68>C< 7:1L::C :A-8IGD9:H G:AN DC I=: G6l: D; DM>961>DC
D; I=: G A6N:G L=:G6: I:BE:661JG: 8DCIGDA I=: G61: D; I=: DM>961>DC
-=:6:;DG: >I>H :HH:CI>6A ID B6>CI6>C I=: |:BE:661JG: 6H L:M 6H :CK>6DC
B:CI6A <6H:H D; I=: L6;:6 8DCHI6CI 1=6DJ<=DJI I=: DM>96I1>DC EGD8:H{ -D
68=>:K: I=: EGDE:G E611:GC D; I=: H:8DC9 A6N:G I=: I=>8@C:HH D; I=: —>

J H:8DC9 A6N:G L=DH: I=>8@C:HH >H cB CB H=DJA9 CDI :M8::9
BDG: 1=6C D; 8=6DB>JB 1=>8@C:HH %>;IDV I=: 8=6DB>JB 6H L :A
6H 1=: H:8DC9 J :A:8I6D9: >H ECD8:HH:9 >C 8=GDB>JB :18=6CI HDAJI>DC

=6DB>JB :18=6Cl ,><B6 A96>8=

2.3. Electrical characterization

:;DG: 1G6CH; -66>C< 1=: B61:6>6A >l L6H 8=66681:6>0:9 7N I=: 8J6
G:Cl KDAI6<: B:1=D9 "-/ 8JGK: 7:1L::C ILD :A:8IGD9:H L6H B:6HJG:9
7N 1=: HDJG8: B:1:6 $:NH<=I 1D 9>H8:GC >IH :A:816>86A 8=6G68
1:G>HI>8H

2.4. Transferring of 2D material and coating of the HfO,

;1:6 68=>:K>C< |=: DEPBJB C6CD<6E :A:8IGD9:H 16>6C<JA6G H=6E:
&D, 6IDB>8 ABN:GH L6H 1G6CH;:66:9 DC I=: IDE D; I=: HE68C< 7N JHC<
6 CDK:A 96N HIEBE>C< B:1=D9 -=>H B:1=D9 EGDK>9:H EGDE:G EA68:B:Cl
D; / <GDLC &D, >CI=: 9:H6:966:6 IDB>8 A6N:G 9:EDH>I>DC %

. CK:CGHIN D; &8=><6C CC G7DG /::8D >» %  L6HE:G;DGB:9 ID
9:EDWI CB D; I=: =><= 9>:A:8I6>8 A6N:G

2.5. Raman and AFM characterization

)G:E6G:9 HEBEA:H D; &D, 66: 8=66681:6>0:9 7N +6B6C ,E:8IGDHS8DEN
JHC< CB<G::C "926 ABH:G L=:6:6H & 1 =,(& BG6EBEC<
L6H E:G;D6B:9 7N JHC< 6 8JHIDB>0:9 I>E EJG8=6H:9 ;6DB EE "6CD

2.6. Functionalization of the HfO,

B>CDEGDENAIG>: I=DMNH>A6C : ,<B6  A96>8=  <AJI6G6A9:
=N9: HDAJI>DC LI >C ¥ C >D 6H8 E. coli 6C>7D9>:H +677>I
EDANBADC6A ID E. coli  786B L6H JPA0:9 ;DG ;JC8I>DC6A061>DC D; I=:
;. -=: HIHE:C9:9 9:K>8: L6H 67HDG7:9 >CID )- , ;D6 IGH >C
=: z1=6CDA L61:6 B>MIJG: ;DMDL:9 7N I=: 8A:6C>C< D; I=: 8=E 7N
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:1=6CDA 6C9 1=:C 7ADL 96>:9 ,J7H:FJ:CIAN )- , L6H ;JC8I>DC6A0:9
DC 8=E 7N >BB:GHC< I1=:B >C 6 <AJI666A9:=N9: HDAJI>DC ;DG GEEGDM>
B6I:AN 16 ;1:6L669 E. coli 6CI>7D9>:H L:6: >C83761:9 ID I=: HH
E:C9:98=E>C &) , HDAJPDC ;DG ¥GH 61 GDDB |:BE:661J6:

2.7. Bacteria growth

681:6>64 HE:8B:CH JH:9 >C I=: HIJON L:6: EG:E6G:9 ;6DB 8JAIJG:
EABI:H  C>HDA61:9 H>C<:G 8DADCN L6H 699:9 ID BAD; B:96>C6  BA
8JAIJG: 1J7: -=: 8JAIJG: 1J7: L6H EA68:9 DC 6 H=6@:6>C 6 Q >C8J
761DG 6C9 >C8J761:9 DK:6C><=I = -=: DK:6C><=I 8JAIJG: L6H 8:C
16>;J<:9 61 6DDB 1:BE:661J6: ;D6 B>C 6l CEB -=: HJE:GC6I6CI
L6H G:BDK:9 6C9 I=: 7681:6>6 E:M:I1 L6H G: HJHE:C9:9>C BAD; TA
1:6:9 HI:6>A0:9 I6E L61:6 —=: 7681:6>6 L :6: 8:CI6>;J<:9 6C9 I=: L6H=
>C< EGD8:HH L6H G:E:61:9 DC8:  ;1:G I=: TC6A L6H= TAI:G:9 I6E L6I:6
L6H 699:9 ID I=: 7681:6>6 EzA:1 JCIA I=: DEI>86A 9:CHIN B:6HJG:9 6l
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3. Results and discussions
3.1. Suspended biosensor fabrications
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=><=:6 7:86JH: I=: 966>C 8JGG:Cl >H 6C :MEDC:CI>6A ;JC8IDC D; I=:
<61: KDAI6<: "C 8DCIG6HI I=: H61JGEI>DC 6C9 AC:6G EBGIH 66: FI69G61>8
6C9 MC:66 L>l= I=: 8=6C<: >C <6l: EDI:CI>6A "C 6 HJHE:C9:9 9:K>8:
1=: H:CHIK>IN 61 1=: HJ71=6:H=DA9 G:<>DC L6H ;DJCO ID 7: P ;6DB

ET ID 6COP ;DB EY ID  G:HE:8PK:AN L=8=>H ;66 7:I
126 1=6C I=: EG:K>DJH G:EDGIH D; &D, - 7>DH:CHDG DC I=: HJEEDGI
>C< HI7HIGBI: ,66@66 -1 6A 7 -=: HJHE:C9:9 &D, - EDH

H:HH:H =><=:6 H:CHPK>IN 1=6C HIEEDGI:9 DC: 7:86JH: D; I=: ADL:G ,,
L=:6: ,, 9:TC:9 6H I=: HJI7I=6:H=DA9 HL>C< -=H :FJ6I>DC

:AJ8>961:H I=61 1=: 8=6C<: >C HJ7I=6:H=DA9 8JGG:Cl 7N DC: 9:869: >H 6
;JC8I>DC D; I=: 6EEM:9 <61: KDAI6<: L=:G:6H I=: 8DCHHI:C8N >C I=: H:C
BIK>IN D; 1=: HIHE:C9:9 9:K>8: 61 ILD 9>;;:6:Cl AEY G6C<:H >H 9J: ID
I=: :»B>C6I>DC D; I=: :MI:GC6A H8611:G>C< ;6DB I=: HIJEEDGI>C< HJ7HIG6I :

3.4. Bacteria sensing from suspended FET

>C6MN HJIHE:C9:9 -H 66: ;676>861:9 6H 9:H86>7:9 >C I=: ;676>
861> DC H:8PDC ID 9:1:81 I=: 7>DBDA:8JA:H -D HE:8;>86MN 9:1:81 I=:
E. coli 7681:6>6 ;6DB I=: 7JV:G HDAJPDC E1X »C@:CH L:6: >B
BD7>»0:9 DC I=: IDE D; I=: I;( DG :K6AJ6IC< I=: 7DCOC< D; I=:
MC@:GH L>I= DM>9: HJIG;68: 9> I=>DA 6C9 B>CDEGDENA 16> I=DMNH>A6C :
)- , =6K: JH:9 ;DMDL.:9 7N <AJI6G66A9:=N9: 16:61B:Cl 6C9 6CI>7D9
>:H >BBD7>M06I>DC JC96 :1 6A %:: 1 6A OB
I=:H: ILD BDA:8JA:H )- , =6H H=DLC EGDB>C< " /y 8J6K: H=>;IH
L=>A: 9:1:8I>C< 7681:6>6 6H 8DBE6G:9 ID I=: 9> I=>DA ,JEEA:B:CI6GN

>< "l >4 >CI:G:HPC< ID H:: 1=61 6;1:6 I=: ;JC8I>DC6A061>DC D; I=:
)- , <AJI6G6A9:=N9: MC@:CH DC I=: HJG;68: D; I=: ¥;( 1=:6: >H 6
HB6M H=>;1 D; I=: " /y 8JGK: 6H >MJIHIGEI:9 ,JEEA:B:CI6CN ><

—=: DK:G6M EGD8:HH UDL D; I=: MC@:GH 7>C9C< 6CP7D9>:H >B
BD7>»061>DC DC HJHE:C9:9 &D, - 1=6DJ<= B68GD HIDG6<: UJ>9>8
8=6CC:A ID 9:1:81 E. coli 6H H=DLC >C I=: H8=:B6I>8 D; »>< 6

JC96 :l 6A 0OJ :1 6A -=: " /[y 1G6CH;:6
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Fig. 3. EY 9:1:81DC D; HJHE:C9:9 &D,, FET 6 ,8=:B61>8 D; EGDIDC6I>DC 6C9 9:EGDIDC6IDC DC ¥; HI7HIGBI: 7 "
, :CHPKIN D; EX >C HI71=6:H=DA9 H61JG61>DC 6C9 »C:66 6:<>DCH ;6DB E!
+><=| 6MH

HI7H:1 %C:66 <66E=D; " /y 8
E! IDEY  %:;1 6\H :ME:G>B:CI6A 8JG6:Cl 8DGG:HEDCOH ID 1=6:H=DA9 KDAI6<:

8JCK: D; I=: AC@:CH 6CI>7D9>:H ) , 7JV:6 HDAJDC 6C9 I=: -
B% D; E. coli 7681:6>6 L6H EzG;D6B:9 6H 9:BDCHIG61:9 >C >< 7"
>H HH:CI>6A ID >CIGD9J8: 6 7JV:G HDAJI>DC 6<6>C 6;1:6 6CI>7D9>:H >BBD
7>»061>DC 1D 8DCTGB 1=:6: >H CD 8=6C<: D; 8DC9J8I6C8:  N6C 8JGK: >C
>< 7 H=>;1 ;0JC9>C I=: " /y 8JCK: DC I=: Az;l H9: 6;1:6>C8J
761>DC D; . B%D; E. coli &B6<:Cl68J6K:>C »>< 7 —=H>MIH
1661-9 1=61 1=: 8J66:CI >C I=: &D, 8=6CC:A9:1:6D661:9 9J: ID I=: >C8G:
B:ClI D; =DA: 8DC8:CIG6I>DC >C9J8:9 DC I=: 9>:A:816>8 HJG;68: 7N =><=AN
C:<6K: 8=66<:9 7681:6>6 L6M 1J6C< :1 6A
;126 68=>:K>C< 8DCH9:667A: E:G;D6B6CS: ;6DB I=: HJHE:C9:9 &D,
- 9:K>8: 9;;:6:CI E. coli 8DC8:CIGBI>DCH 66C<>C< ;6DB ID -
B% L:6: EG:E66:9 6C9 JH:9 ;DG 9:1:8DC -=: >C8G:6H: >C I=: 8DC8:C
1661>DC D; I1=: 7681:6>6 Az69H ID I=: 9:86:B:Cl D; I=: &D, 8=6CC:A 8DC
9J816C8: DG 7JV:G HDAJPDC " 61 /y / >H >MJHIG6I:9 1]
L=:G:6H . B% H=DLH I=: 8J66:Cl G:HEDCH: g I=: 8=6C<:
>C 1=: 8DC9J8I6C8: D; ;6::HIBCO>C< &D, L6H ;DICO ID 7: P L=
6 ADL 8DC8:CIG6I>DC D; I=: 7681:66 —-=: 8=6C<: >C 8DC9J8I6C8: ;DG
. B%6C9 - B% L>I= 7JV:6 HDAJI>DC >MJIHIG61:9 6C9
G:HE:8PK:AN 6H H=DLC >C »>< 8  CDI=:G :HH:CI>6A ;68IDG >C
I=: 7>DH:CHDG 9DB6>C >H H:A:8K>IN L=>8= 6116>7J1:H 1=61 DI=:6 768I:
6>6A HIGB>C H=DJA9 CDI 7: 61168=:9 L>I= E. coli 6CI>7D9>:H ID 68=>:K:
;6AH: H><C6MH -=:6:;DG: Pseudomonas aeruginosa P. aeruginosa 768I:6>6
. B% L:G: 8DCH9:6:9 ID B:6HJIG: I=: " /y H<C6A 7N @::E
C< /| B/ P. aeruginosa 7681:6>6 9>9 CDI H=DL. 6CN 8=6C<: >C
8DC9J816C8: 6H 8DBE6BG:9 ID I=: E. coli . B% 6HH=DLC>C »><
9 < T OMJIHIGEI:ZH 1= H:CHIDK>IN D; 1=: 7>DH:CHDG L=>8=>H 9:
TC:9 6HH=DLC >C :FJ

ey
=

Biosensors and Bioelectronics xxx (XXXX) XXX-XXX

(b)

- r V= 100 mV
107

T |

g

g 1mn'l-

=

L&

=
=
—

1o 40 08 ujn u.-1 1.0
Electrolyte Gate Voltage
V)
d 0.1 — v v v v T T
{ } 0,12
0 Threshold Current
E 0.2 @ Threshold Voltage
g e
E 0.3 i
3 0.08 =
S 04 =
@ 2
4
£ 08
0.06

/y 8J6K: D; 9%;;:6:Cl EY 8DC8:CIG6I>DC DC I=: HIHE:C9:9 &D,

IDE! 9 :ME:6>B:CI6A 1=6:H=DA9 KDAI6<: D; HJHE:C9:9 &D, - ;6DB

Ibuffer - In(CFU/mL) %

Sn(cfu/'nI) = Tycrumiy
n m.

100

L=:6: ,c _ By H:CHDKIN JV:G>H 6 7JIV:G HDAJPDC 8JGG:Cl "¢ .
gy °H8JC6:CI 6;1:6 7681:6>6 7>C9 ID 1= - 7>DH:CHDG "I L6H ;DJC9 I=6I
I=: H=;1 >C " /y >H BDG: >C I=: HI71=6:H=DA9 G:<>DC 6H 8DBE6G:9 ID
H61JG61>DC 6C9 AC:66 6:<>DCH —=: H:CHIK>IN D; I=: H:CHDG >C I=: HJ7
1=6:H=DA9 G:<>DC 68=>:K:9 ;DG . B%D; 7681:6>6 61 — /
126 D716>C>C< =><=:6 HzCHPKYIN I=: DI=:6 BDHI 86J8>64A ;681D6 >C I=:

— 7>DH:CHDG >H I1=: G:A67>MIN >C :K:GN ;676>861:9 H:CHDG L=>8= 86C 7:
Z6HAN 6;;:81:9 7N :MI:GC6A H8611:6>C< ;6DB HJEEDGI>C< HJ7HIG6I: DG I=:
8DCI68I G:HHI6C8: ;6DB B:16A "C DJG 86H: L: =6K: B6>CI6>C:9 I=: 8DC
HI6CI LDG@ ;JC8I>DC 7:1L::C I=: :Az8I6D9: 6C9 I=: &D, >C :K:GN HC<A:
9:K>8: 6H L:M 6H :»B>C6I: I=: HIEEDGI>C< HJ7HIG6I: >Cl:668I>DC L=>8=
6116>7J1:H 1D 1=: 8DCHIGCI H:CHI>K>IN >C 1=6:: HIHE:C9:9 &D, -6l 1=:
HJ71=6:H=DA9 G:<>DC . B%6C9 - / 6H9:BDCHIGEI:9>C ><

—=: H:CHDPK>IN EG:H:CI:9 >C I=H G:EDGI >H ;DJC9 ID 7: >BEG:HHK:
6H 8DBEGG: ID I=: EG:K>DJH G:EDGIH D; 7>DBDA:8JA: 9:1:8>DC K>6

- 76H:9 1:8=CDAD<N  G6E=:C: 76H:9 - 7>DH:CHDG =6H H=DL.C I=:
8DC9J8I6C8: 8=6C<: D; 6l . B% D; E. coli L=>8=>H 6A
BDHI 1=6:: PB:H HB6M:G 1=6C I=: EG:H:CI:9 K6AJ: 6l .
B% =6C< :l 6A 1J6C< :I 6A -=: 9:1:8PDC B
>IH D; I=: <G6E=:C: 66: 9J: ID I=: 0:6D 76C9 <6E >C C61J6: L=8=
Az69H ID 6C >C8G:6H: >C I=: DV HI6I: A-6@6<: 8JGG:Cl 6C9 I=: ,, K6AJ:

,» >H >CK:GH:AN EGDEDGI>DC6A ID I=: H:CHDK>IN ,8=L>:60 (C
I=: DI=:6 =6C9 - 76H:9 &D, 7>DH:CHDG =6H H=DL.C EGDB>H>C< H:C
HDPK>IN >C 7>DBDAz8JA: 9:1:81DC 9J: ID P :/ 76C9<6E 1DL:K:G
I=: JC:K:C BDGE=DAD<N ;GDB I=: HJEEDGI>C< HJI7HIGEI: A:69H ID 6C JC
G:»67A: DJIEJI ;6DB :K:GN HC<A: 9:K>8: 9J: ID 9;;:6:Cl >Cl:G;68: G:
HHI6GC8:H 86JH:9 B6DGAN 7N IG6EE:9 8=66<:H 8=:B>86A 69HDG76I:H
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(a) o o
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i
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Biosensors and Bioelectronics xxx (XXXX) XXX-XXX

X

| |
amy

immabilization o F-ealf

Detection of E-coli bacterla

arming groeups of APTES antibodiai
10* 10t
w'F b —0 cfuiml c
[ } f— 10 cluimi [ } [d
b— 100 cwiml
[— 1000 efw W, =100 mV V=100 m¥
_ Buffer
=3 a I P. aeruging
it P -y = E-coli
[=RT] [= '+ c 1n'p —r
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— Buffer again e ia T T
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1004 T
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Fig. 4. E. coli 7681:6>6 9:1:81>DC DC HIJHE:C9:9 &D,, FET 6 ,8=:B6I>8 96<66B D; H:A; 6HH: B7AN ECD8:HH ;DG >BBD7>»061>DC D; E. coli 7681:6>6 DC 1;
>BBD7>#061>DC D; E. coli 6CI>7D9>:H
B% ID

: L :CHDPKIN B:6HIG:B:Cl D; E. coli 7681:6>6 61 HJ71=6:H=DA9 AC:6G 6C9 H61JG61:9 G:<>DCH
DG >CI6GEG:161>DC D; 1=: 62;:6:C8:H ID 8DADJG >C I=>H T<JG6: A:<:C9 I=: 6:69:6>H 6:;:66:9 ID I1=: O:7 K:GHDC D; I=>H 661>84:

EGD8:HH 61
D; . B% &6<:Cl6 8 "
- B% LI=) , 7JV:6 HDAJI>DC

- 9:K>8:H 7N >BBD7R0>C< I=:

B/ 7>6H JC8IPDCEMO6IDC D; )- , +:9
/y, 8=606681:6061>DC D; E. coli 7681:6>6 ;6CDB -

- BY% . scoli 7681:66
6C9 JC@CDL.C ;JC8I>DC6A <GDJEH #>C :l 6A $6IH=>@ :1 6A

—-=H >H 6 H<C>;>86CI 7666>:G >C EGDA;:66I>C< I=>H |:8=CDAD<N >C
7>DH:CHDG >COJHIG>:H -=:6:;DG: :AB>C6I>DC D; I=: H8611:6>C< :;;:81 >C
|I=: EGDEDH:9 7>DH:CHDG H=DLH 1=61 I=: DK:G6A 8=6C<: D; 8DC9J8I6C8: >C
I1=: TAB >H :CDPG:AN 9J: ID I=: 8=6C<: >C 8DC8:CIC6I>DC D; I=: 7>D
BDA:8JA: -67A: , >C ,JEEDGI>C< "C;DGB6I>DC G:EG:H:CIH 6 8DBE6GHDC
D; 9;;:6:Cl B61:6>6A 76H:9 - 7>DH:CHDG >C 1:6GBH D; 8=6CC:A B6l:
G>6AH 9:1:8PDC AB>IH 7>DBDA:8JA:H 6C9 H:CHIPKSIN L=:G:6H -67A: ,
>C ,JEEDGI>C< "C;DGB6I>DC >MIHIGEI:H 1=: 8DBEGGHDC 7:1L::C 9;;:6:Cl
9B :CHDC 6C9 B6I1:6>6AH L>I= G:HE:8DK: 1=:>6 H:CHIKYIN ;:6H7>RIN >C
7Jh@ ;676>861>DC 6C9 G:A67>IN  J: ID I=:H: B:®IH >: 1=: >CKDAK:
B:CID; I=: / B:I=D9 9:8I IG6CH;:6 1:8=C>FJ: 6C9 DEI>86A AI=D<
G6E=N DE:C I=: C:L 6K:CJ:H ;DG I=: 7JA@ ;676>861>DC D; HIJHE:C9:9 &D,
7>DH: CHDG

4. Conclusion

"C HJBB6GN L: EGDK>9: 6C 8DBEG:=:CHK: 6EEGD68= ;DG ;676>86
I>DC =><=AN H:CHI>K: 6C9 G:A»67A: 7>DH:CHDG 76H:9 DC HJHE:C9:9 &D,
- ID 9:1:81 I=: EY 6H L:M 6H E. coli 7681:66 / <GDLC &D,
8=6CC:A B6I:6>6A L6H 1G6CH;:66:9 DC E=DIDAI=D<G6E=>86MN E6I1:6C:9

HJ6;68: 7 " /y 8J6K:D;, &

AJ: 7JV:GHDAJIDC &) , HDAJPDC D; EX N6C 6C9 9:1:81>DC D; E. coli 7681:6:6
. B% 9 DBE6GHDC D; " /y 8=66681:6061>DC D; E. coli 6C9 ) 6:6J<>CDH6 7681:6>6

;5 :CHPKIN 8DBE6GHDC D; 1=6:: HJHE:C9:9 &D,

C6CD <6EH ID 68=>:K: HJHE:CHDC 6C9 8DK:G:9 L>I= 16;C>JB DW9:
1. ( 6H6 9:A:816>8 B6I1:6>6A ID :AB>C61: 9>6:81 ;JC8I>DCEA061>DC DC
I=: 8=6CC:A B61:6>6A —=: EGDEDH:9 7>DH:CHDG 9:BDCHIG61:9 I=: G:A67A:
6C9 FJ6CIIGIK: 9:1:8>DC D; EY 6C9 7>DBDA:8JA: 7N :AB>C6IC< I=:
H8611:6>C< :;;:8l ;6DB I=: HIEEDGI>C< HI7HIG6I : 8DCIGDA :ME:6>B:CI D;
E T H:CHC< 8DCTGBH I=61 I=: =><= H:CHDPK>IN P EY 6H L:M6H I=:
8DCHIBCI " /y, 8JGK: H=>;1 61 9>;;:6:CI E¥ 66C<: - ,JHE:C9:9 &D,
— 7>DH:CHDG EGDK>9:H H:A:81>K: 9:1:81>DC D; I=: E. coli 7681:6>6 6H ADL
6H - B% 1=6DJ<=8=6C<:H>C I=: 8DC9J8I6C8: 7N D; &D, 8=6C
C:A 61 JAIGBADL. EDL.:G 7/ | B/ -=H6068=>1:81JG: 86C 9:1:8I I=:
ADL. 8DC8:CIG61>DC D; 7>DBDA:8JA: 7:86JH: D; I=: 61DB>8 A6N:G 6H 6 8=6C
C:AB61:6>6A 6C9 >H HB6A67A: 9J: ID I=: >CKDAK: B:CI D; DEI>86A E=DIDAII=
D<GBE=N 9GN HIEBE>C< 6C9 / 1:8=C>FJ: 6H L :M 6H G:A67A: 6C9 G:EGD
9J8>7A: 9J: ID I=: :»B>C6I>DC D; I=: HJEEDGI>C< HI7HIGEI: -=:H: B:GIH
D; HJHE:C9:9 &D, - 7>DH:CHDG B6@:H >I EGDB>HC< C:MI <:C:661>DC
H:CH>C< 9:K>8: ;DG DC HEDI 9:1:81>DC D; 7>DBDA:8JA:H 6C9 86C 7: :MI:C:9
D K>6JH:H 9:1:81>DC 6C9 7>D:A:8IGDC>8H 6EEA>861>DCH
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$OH> & 21:81>DC EGC8EA:H D; 7>DAD<>86A 6C9 8=:B>86A - H:CHDGH >DH:CH
>D:A:8IGDC -

$646CI66 069:= $ (J #3 6 >DH:CHDGH 76H:9 DC ILD 9°B:CHDC6A &D, , »:CH
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