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Biosensor Based on Heavy Metal-resistant Bacterial Cell
Immobilized on Graphite Electrode
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Four heavy metal-resistant bacteria were isolated from sediment of Anyang-cheon and identified with API-
kit. Cd-resistant, Cu-resistant, Pb- resistant and Zn-resistant bacteria were identified to be Haeomophilus
parainfluenza, Chromobacterium violaceium, Bacillus cereus and Pseudomonas fluoroscens, respectively. The
heavy metal-resistant bacteria were confirmed to produce fluoroscent compound on medium with heavy metal
ions. The fluoroscent compound was thought to be a shield for protection of bacteria against toxic heavy metal
ion. The fluoroscent compound was confirmed not to be electrochemical activity and to inhibit electrochemical
reaction of bacterial cell with heavy metal ions, which may be a mechanism required to compose biosensor
for heavy metal detection. The electrochemical reaction of heavy metal- resistant bacteria was inversely pro-
portional to concentration of heavy metal ions added. The current signal produced in heavy metal biosensor
composed with heavy metal-resistant bacteria was proportional to concentration of heavy metal ions.

Key words: API kit, Haeomophilus parainfluenza, Chromobacterium violaceium, Bacillus cereus, Pseudomonas
fluoroscenss

�� ,QWURGXFWLRQ

*HQHUDOO\� KHDY\ PHWDO LRQV ZKLFK KDYH EHHQ FODVVLIL�

HG DV PHWDO HOHPHQWV RI ZKLFK VRPH DUH HVVHQWLDO IRU

OLIH EXW VRPH KDYH JUHDW SRWHQWLDO IRU WR[LFLW\ WR PRVW

RUJDQLVP����� 7KH KHDY\ PHWDO�UHVLVWDQW EDFWHULD JURZ�

LQJ XQGHU FRQWDPLQDWHG VRLO RU ZDVWHZDWHU ZLWK KLJK

FRQFHQWUDWLRQ RI KHDY\ PHWDOV KDYH WR KDYH VRPH

VSHFLDO SURWHFWLRQ PHFKDQLVP DJDLQVW WR[LF KHDY\

PHWDO����� %DFLOOXV VXEWLOOLV ����� ZDV UHSRUWHG WR EORFN

FHOOXODU XSWDNH RI FDGPLXP E\ DOWHULQJ PHPEUDQH

WUDQVSRUW V\VWHP� 3VHXGRPRQDV SXWLGD�� ZDV VXJJHVWHG

WR VHTXHVWUDWH FDGPLXP LRQ E\ VSHFLILF ELQGLQJ FRP�

SRQHQWV VXFK DV PHWDOORWKLRQHLQ DQG 6WDSRK\ORFRFFXV

DXUHXV����� ZDV UHSRUWHG WR SXPS RXW KHDY\ PHWDO LRQV

E\ D KLJKO\ VSHFLILF HIIOX[ V\VWHP ZKLFK LV GHSHQGHQW RQ

$73 FRQVXPSWLRQ� <RX DQG 3DUN��� UHSRUWHG WKDW

$]RPRQDV DJLOLV 3<��� FDQ JURZ XQGHU HQYLURQPHQW

FRQWDPLQDWHG ZLWK &G�� E\ FDGPLXP�ELQGLQJ SLJPHQW

ZKLFK LV IOXRURVFHQW FRPSRXQG� 7KH FDGPLXP�ELQGLQJ

SLJPHQW ZDV UHSRUWHG WR HIIOX[ FDGPLXP LRQ IURP

EDFWHULDO FHOO� 2
+DOORUDQ������ UHSRUWHG DERXW JHQHWLF

VWXGLHV RI YDULRXV KHDY\ PHWDO�UHVLVWDQW EDFWHULD DQG

DERXW KHDY\ PHWDO ELRVHQVRU����

%LRVHQVRU LV RQH RI ELRHOHFWURFKHPLFDO GHYLFH IRU

GHFWHFWLRQ VRPH VSHFLDO RUJDQLF FRPSRXQGV RU LQRUJDQLF

LRQV� 9DULRXV RUJDQLF PDWHULDOV VXFK DV KRUPRQHV�

HQ]\PHV DQG IDFWRUV LVRODWHG IURP EDFWHULD� IXQJL� DOJDH�

SODQWV DQG DQLPDOV RU LQWDFW EDFWHULDO FHOO KDYH EHHQ

XVHG IRU FRQVWUXFWLRQ RI ELRVHQVRU������� 2
+DOORUDQ XVHG

PHWDO�FRQWDLQLQJ HQ]\PH RU PHWDO FKHSHURQ ZKLFK FDQ

LQIOXHQFH RQ JHQH UHJXODWLRQ RU HQ]\PH DFWLYLW\ IRU

FRPSRVLWLRQ RI ELRVHQVRU���� ,I VRPH VSHFLDO HQ]\PH�

KRUPRQH RU IDFWRU FDQ EH DSSOLHG IRU FRPSRVLWLRQ RI

KHDY\ PHWDO ELRVHQVRU WKH GHWHFWLRQ V\VWHP KDV WR XVH

QHJDWLYH UHDFWLRQ ZLWK KHDY\ PHWDO� ZKLFK LV D GLVDG�

YDQWDJH IRU FRQVWUXFWLRQ RI KHDY\ PHWDO ELRVHQVRU DQG D

ELJ GLIIHUHQFH IURP RWKHU ELRVHQVRU VXFK DV JOXFRVH

VHQVRU� DOFRKRO VHQVRU� QLWUDWH VHQVRU RU 1$'� VHQVRU

IURP ZKLFK SRVLWLYH VLJQDO LV SURGXFHG������� +HDY\

PHWDO LRQV� LQ PRVW FDVH� FDQ LQKLELW IXQFWLRQ RI HQ]\PHV�

KRUPRQHV RU IDFWRUV E\ ZKLFK WKH VLJQDO SURGXFHG IURP

†7R ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�
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VHQVRU FRPSRVLQJ RI HQ]\PHV� KRUPRQHV RU IDFWRUV KDV

WR EH GHFUHDVHG� ,Q WKLV UHVHDUFK� ZH WULHG WR LVRODWH

IOXRURVFHQW FRPSRXQG IURP KHDY\ PHWDO�UHVLVWDQW EDFWHULD

DQG WHVWHG HOHFWURFKHPLFDO UHDFWLRQ RI IOXRURVFHQW FRP�

SRXQG� 7KH IOXRURVFHQW FRPSRXQGV� KRZHYHU� GLGQ
W

KDYH HOHFWURFKHPLFDO DFWLYLW\ DQG ZHUH HOHFWURFKHPLFDOO\

FRQILUPHG QRW WR UHDFW ZLWK KHDY\ PHWDO� 7KLV LV D

UHDVRQ ZK\ ZH WULHG WR FRPSRVH ELRVHQVRU XVLQJ LQWDFW

FHOO RI KHDY\ PHWDO�UHVLVWDQW EDFWHULD ZKLFK SURGXFH

IOXRURVFHQW FRPSRXQG RQ RQO\ PHGLXP FRQWDLQLQJ RI

KHDY\ PHWDO�

�� ([SHULPHQWDO

��� 2UJDQLVPV

7KH KHDY\ PHWDO�UHVLVWDQW EDFWHULD ZHUH LVRODWHG

IURP VHGLPHQW OD\HUHG RQ ERWWRP RI $Q\DQJ�FKHRQ

�EHVLGH WKH 2PRN�N\R �EULGJH�� 0RN�GRQJ� <DQJFKHRQ�

JX� 6HRXO� DQG LGHQWLILHG ZLWK $3,/$% 3/86 LGHQWLILFD�

WLRQ NLW �%LR0pULHX[� )UDQFH�� 7KH EDFWHULD LVRODWHG

ZHUH FXOWLYDWHG RQ PRGLILHG /% PHGLXP �3HSWRQH � J�

/� <HDVW H[WUDFW � J�/ DQG 1D&O � J�/� FRQWDLQLQJ &G���

&X��� 3E�� DQG =Q��� UHVSHFWLYHO\� 7KH EDFWHULDO JURZWK

ZDV VSHFWURSKRWRPHWULFDOO\ PHDVXUHG E\ PHDVXUHPHQW

RI RSWLFDO GHQVLW\ DW ��� QP�

��� 0HDVXUHPHQW RI PLQLPDO LQKLELWRU\ FRQFHQ�

WUDWLRQ �0,&�

(DFK KHDY\ PHWDO LRQ ZDV DGGHG WR PHGLXP ZKLFK

ZDV JUDGXDOO\ LQFUHDVHG IURP � WR ���� PJ�/� UHVSHF�

WLYHO\� DQG 0,&V ZHUH URXJKO\ HYDOXDWHG E\ XVLQJ ���

PJ�/ LQFUHPHQWV DQG WKHQ ILQHO\ HYDOXDWHG E\ XVLQJ ��

PJ�/ LQFUHPHQWV���� $IWHU WKH 0,& RI KHDY\ PHWDO LRQV

WR EDFWHULDO JURZWK ZDV GHWHUPLQHG� ��� KHDY\ PHWDO

LRQV RI 0,& ZHUH DGGHG WR JURZWK PHGLXP�

��� )OXRURVFHQW FRPSRXQG SURGXFWLRQ

7KH KHDY\ PHWDO UHVLVWDQW�EDFWHULD SURGXFHG WKH

IOXRURVFHQW FRPSRXQG RI ZKLFK FRQFHQWUDWLRQ ZDV SUR�

SRUWLRQDO WR WKH FRQFHQWUDWLRQ RI KHDY\ PHWDO DGGHG WR WKH

FXOWXUH� 7KH FRQFHQWUDWLRQ RI IOXRURVFHQW FRPSRXQG ZDV

VSHFWURSKRWRPHWULFDOO\ PHDVXUHG E\ VFDQQLQJ PHWKRGH�

+RZHYHU� WKH IOXRURVFHQW FRPSRXQG SURGXFWLYLW\ ZDV QRW

SUHVHQWHG DV D GDWXP IRU WKLV DUWLFOH EHFDXVH IOXRURVFHQW

FRPSRXQG ZDV QRW ILQDO JRDO LQ WKLV UHVHDUFK�

��� %DFWHULDO JURZWK

7KH EDFWHULDO JURZWK ZDV PHDVXUHG RQ PHGLXP

ZLWKRXW KHDY\ PHWDO� ZLWK KDOI 0,& RI KHDY\ PHWDO DQG

ZLWK DURXQG ���0,& RI KHDY\ PHWDO� UHVSHFWLYHO\� 7KH

JURZWK ZDV VSHFWURSKRWRPHWULFDOO\ PHDVXUHG XVLQJ

RSWLFDO GHQVLW\ DW ��� QP�

��� &\FORYROWDPPHWU\

7KH F\FOLF YROWDPPRJUDPV ZDV REWDLQHG XVLQJ

JUDSKLWH ZRUNLQJ HOHFWURGH PRGLILHG ZLWK KHDY\

PHWDO�UHVLVWDQW EDFWHULD ZKLFK ZHUH PRGLILHG ZLWK

QHXWUDO UHG� SODWLQXP ZLUH FRXQWHU HOHFWURGH DQG DQ

$J�$J&O UHIHUHQFH HOHFWURGH LQ �� P0 SKRVSKDWH

EXIIHU �S+ ����� 7KH VFDQQLQJ UDWH XVHG ZDV �� P9V−�

RYHU WKH UDQJH RI ���� YROW WR ���� YROW� )RU

F\FORYROWDPPHWU\ RI IOXRURVFHQW FRPSRXQGV� QRUPDO

JUDSKLWH ZRUNLQJ HOHFWURGH ZDV XVHG LQVWHDG RI WKH

PRGLILHG HOHFWURGH ZLWK EDFWHULDO FHOO� 7KH VFDQQLQJ

UDWH XVHG ZDV �� P9V−� RYHU WKH UDQJH RI ���� YROW

WR ���� YROW� &\FOLF YROWDPPHWU\ ZDV SHUIRUPHG XVLQJ

D F\FOLF YROWDPPHWULF SRWHQWLRWDW �PRGHO &9��:�

%$6� 86$� OLQNHG WR DQ ,%0 SHUVRQDO FRPSXWHU GDWD

DFTXLVLWLRQ V\VWHP� 3ULRU WR XVH� WKH HOHFWURGHV ZHUH

FOHDQHG XVLQJ XOWUDVRQLF FOHDQHU����

��� &RQVWUXFWLRQ RI ELRVHQVRU

7KH ELRVHQVRU ZDV FRQVWUXFWHG ZLWK LQWDFW FHOOV RI

KHDY\ PHWDO�UHVLWDQW EDFWHULD ���� 2'���� DV VKRZQ LQ

)LJ� �� 7KH EDFWHULDO VXVSHQVLRQ ZDV FKDQJHG WR SDVWH

E\ PL[HG ZLWK JUDSKLWH SRZGHU ����:�9� 6LJPD� � µ0
GLDPHWHU� ZKLFK IXQFWLRQV DV DQ HOHFWURQ FRQGXFWRU

IURP EDFWHULDO FHOO WR HOHFWURGH� 7KH IHUULF LRQ IXQFWLRQV

DV DQ HOHFWURQ DFFHSWRU DQG EDFWHULDO FHOO IXQFWLRQV DV DQ

HOHFWURQ GRQRU� 7KH IHUURXV LRQ UHGXFHG IURP IHUULF LRQ

PXVW EH UH�R[LGL]HG WR IHUULF LRQ E\ DWPRVSKHULF R[\JHQ�

��� ,PPRELOL]DWLRQ RI EDFWHULD RQ JUDSKLWH

HOHFWURGH

7KH EDFWHULDO FHOO ZDV LPPRELOL]HG E\ XVLQJ PRGLILHG

PHWKRG WKDW %DH HW DO� XVHG����*HQHUDOO\� SURWHLQV VXFK
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HQ]\PH� KRUPRQH� DQWLERG\ RU IDFWRU KDYH EHHQ LPPR�

ELOL]HG E\ FRYDOHQW ERQG� FRDJXODWLRQ� FURVV�OLNLQJ RU

HQWUDSPHQWZKLFK� KRZHYHU� FDQ
W XVH IRU LPPRELOL]DWLRQ RI

ZKROH FHOO RU LQWDFW FHOO RQ JUDSKLWH RU PHWDO HOHFWURGH

EHFDXVH DFWLYLW\ RI EDFWHULDO FHOO FDQ EH LQIOXHQFHG E\

FKHPLFDOV XVHG IRU LPPRELOL]DWLRQ RI SURWHLQV�

�� 5HVXOWV DQG 'LVFXVVLRQ

7KH JURZWK RI KHDY\ PHWDO�UHVLVWDQW EDFWHULD DQG

EDFWHULDO SURGXFWLRQ RI IOXRURVFHQW FRPSRXQGV RQ

PHGLXP ZLWK KHDY\ PHWDO LRQV FDQ EH D NH\ IDFWRU IRU

GHWHUPLQDWLRQ ZKHWKHU EDFWHULD FDQ EH D VHQVRU RU QRW

IRU GHWHFWLRQ RI KHDY\ PHWDO LRQ LQ DTXDWLF HQYLURQPHQW�

7KH JURZWK RI &X LRQ DQG 3E LRQ�UHVLVWDQW EDFWHULD ZDV

QRW LQIOXHQFHG E\ FRQFHQWUDWLRQ RI &X�� DQG 3E�� DGGHG

WR FXOWXUH DV VKRZQ LQ )LJ� � DQG �� UHVSHFWLYHO\� EXW

JURZWK RI &G LRQ DQG =Q LRQ�UHVLVWDQW EDFWHULD ZDV

SDUWLDOO\ LQKLELWHG LQ SURSRUWLRQ WR FRQFHQWUDWLRQ RI &G��

DQG =Q�� DGGHG WR FXOWXUH DV VKRZQ LQ )LJ� � DQG ��

Fig. 1. 6FKHPDWLFDO VWUXFWXUH RI EDFWHULDO VHQVRU IRU
GHWHFWLRQ RI KHDY\ PHWDO LRQ� $D LV DPSHUHPHWHU
IRU DGMXVWPHQW RI EDVH DPSHUH YDOXH EHWZHHQ WZR
HOHFWURGHV XQGHU ]HUR KHDY\ PHWDO FRQFHQWUDWLRQ�
7KH EDVH DPSHUH FDQ EH FRQWUROOHG ZLWK YDULDEOH
UHVLVWDQFH DQG ZDV WXQQHG WR ���� WR ��� µ$ LQ
KHDY\ PHWDO�IUHH ZDWHU� $E LV DPSHUHPHWHU IRU
FDOLEUDWLRQ DQG PHDVXUHPHQW RI KHDY\ PHWDO LRQV�
7KH YLDEOH FHOO QXPEHU LQVLGH FHOOXORVH PHPEUDQH
ZDV RYHU �[��� DQG GLDPHWHU RI ERWK HOHFWURGH WLS
LV � PP� 7KH SRWHQWLDO EHWZHHQ WZR HOHFWURGHV
ZDV DGMXVWHG WR ������� YROW� 7KH IHUULF LRQ�FRQWDLQ�
LQJ HOHFWURGH ZDV PDGH IURP JUDSKLWH SRZHU�
NDROLQ DQG IHUULF LRQ E\ EDNLQJ DW ���� R&�

Fig. 2. *URZWK RI &G�UHVLVWDQW EDFWHULXP +DHPRSKLOXV
SDUDLQIOXHQ]D RQ /%�PHGRXP ZLWKRXW &G ��ù��
ZLWK ��� PJ�/ RI &G ��þ� DQG ��� PJ�/ RI &G �����
7KH PLQLPDO LQKLELWRU\ FRQFHQWUDWLRQ RI &G WR
JURZWK RI +DHPRSKLOXV SDUDLQIOXHQ]D LV ��� PJ�/�

Fig. 3. *URZWK RI &X�UHVLVWDQW EDFWHULXP &KURPREDFWHULXP
YLRODFHLXP RQ /%�PHGRXP ZLWKRXW &X ��ù�� ZLWK
�� PJ�/ RI &X ��þ� DQG ���PJ�/ RI &X ����� 7KH
PLQLPDO LQKLELWRU\ FRQFHQWUDWLRQ RI &X WR JURZWK
RI &KURPREDFWHULXP YLRODFHLXP LV ��� PJ�/�

Fig. 4. *URZWK RI 3E�UHVLVWDQW EDFWHULXP RQ /%�PHGRXP
ZLWKRXW 3E ��ù�� ZLWK ��� PJ�/ RI 3E ��þ� DQG
��� PJ�/ RI 3E ����� 7KH PLQLPDO LQKLELWRU\ FRQ�
FHQWUDWLRQ RI 3E WR JURZWK RI %DFLOOXV FHUHXV LV ���
PJ�/�
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UHVSHFWLYHO\� &RQFHQWUDWLRQ RI IOXRURVFHQW FRPSRXQG

SURGXFHG IURP KHDY\ PHWDO�UHVLVWDQW EDFWHULD ZDV

KLJKHU RQ FXOWXUH ZLWK KLJKHU FRQFHQWUDWLRQ RI KHDY\

PHWDO LRQV� 7KLV LV VKRZQ D SRVVLELOLW\ WKDW WKH

IOXRURVFHQW FRPSRXQG PD\ EH IXQFWLRQLQJ DV D VKLHOG IRU

SURWHFWLRQ RI EDFWHULDO JURZWK DJDLQVW KHDY\ PHWDO LRQV�

:KDW WKH IOXRURVFHQW FRPSRXQGV EHJDQ WR EH SURGXFHG

DURXQG �� RI 0,& LV D FOXH WKDW WKH IXRURVFHQW FRP�

SRXQGV DFW DV DQ VKLHOG WR SURWHFW EDFWHULDO FHOO DJDLQVW

KHDY\ PHWDO LRQV� 7KH IOXRURVFHQW FRPSRXQGV SURGXFHG

IURP KHDY\ PHWDO�UHVLVWDQW EDFWHULD ZHUH HPLWWLQJ

IOXRURVFHQFH RQ 89 LOOXPLQDWRU DV VKRZQ LQ )LJ� ��

Fig. 5. *URZWK RI =Q�UHVLVWDQW EDFWHULXP 3VHXGRPRQDV
IOXRURVFHQV RQ /%�PHGRXP ZLWKRXW =Q ��ù�� ZLWK
��� PJ�/ RI =Q ��þ� DQG ���PJ�/ RI =Q ����� 7KH
PLQLPDO LQKLELWRU\ FRQFHQWUDWLRQ RI =Q WR JURZWK RI
3VHXGRPRQDV IOXRURVFHQV LV ��� PJ�/�

Fig. 6. 3LFWXUHV RI IOXRURVFHQW FRPSRXQGV VHFUHWHG E\
KHDY\ PHWDO�UHVLVWDQW EDFWHULD ZKHQ JURZQ RQ
PHGLXP ZLWK ��� PJ�/ RI &G��� ��PJ�/ RI &X���
��� PJ�/ RI 3E�� DQG ��� PJ�/ RI =Q��� UHVSHF�
WLYHO\� 7KH KLJKHU FRQFHQWUDWLRQ RI IOXRURVFHQW
FRPSRXQG ZDV SURGXFHG RQ FXOWXUH ZLWK KLJKHU
FRQFHQWUDWLRQ RI KHDY\ PHWDO LRQV�

Fig. 7. &\FORYROWDPPRJUDP RI IOXRURVFHQW FRPSRXQG SURGXFHG IURP &G�UHVLVWDQW EDFWHULXP �$�� &X�UHVLVWDQW EDFWHULXP
�%�� 3E�UHVLVWDQW EDFWHULXP �&� DQG =Q�UHVLVWDQW EDFWHULXP �'�� UHVSHFWLYHO\� $Q\ HOHFWURFKHPLFDO UHDFWLRQ DQG
FXUUHQW YDULDWLRQ ZHUH QRW REVHUYHG LQ HDFK F\FORYROWDPPRJUDP�
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(OHFWURFKHPLFDO UHDFWLRQ RI IOXRURVFHQW FRPSRXQGV�

KRZHYHU� PHDVXUHG ZLWK F\FORYROWDPPHWU\ ZDV QRW

REVHUYHG DQG DQ\ FXUUHQW YDULDWLRQ ZDV QRW REVHUYHG LQ

F\FORYROWDPPHWU\ PHDVXUHG ZLWK IOXRURVFHQW FRP�

SRXQGV DV VKRZQ LQ )LJ� �� 7KLV LV WKH UHDVRQ WKDW

IOXRURVFHQW FRPSRXQGV FDQ
W EH D VHQVRU IRU HOHFWUR�

FKHPLFDO GHWHFWLRQ RI KHDY\ PHWDO EXW LQWDFW FHOO EHLQJ

UHVSRQVLEOH WR KHDY\ PHWDO LRQ FDQ EH D VHQVRU IRU

GHWHFWLRQ RI KHDY\ PHDO LRQ� $V VKRZQ LQ )LJ� �$� �$�

��$ DQG ��$ FXUUHQW SHDNV LQ F\FORYROWDPPRJUDP RI

KHDY\ PHWDO�UHVLVWDQW EDFWHULDO FHOO PRGLILHG ZLWK QHXWUDO

UHG ZHUH GHFUHDVHG LQ SURSRUWLRQ WR FRQFHQWUDWLRQ RI

KHDY\ PHWDO LRQ DGGHG� 7KHVH UHVXOWV VKRZ WKDW KHDY\

PHWDO LRQV DGGHG WR ELRVHQVRU GHYLFH LQGXFHV EDFWHULD WR

SURGXFH IOXRURVFHQW FRPSRXQG� 7KH IOXRURVFHQW FRP�

SRXQGV FDQ
W EH HOHFWURFKHPLFDOO\ UHDFW ZLWK FDUERQ

HOHFWURGH EXW FDQ LQWHUIHUH HOHFWURQ WUDQVIHU IURP EDFWHULDO

FHOO WR HOHFWURGH WKURXJK QHXWUDO UHG LPPRELO]HG RQ

EDFWHULDO PHPEUDQH������� 1DWXUDOO\� WKH QHXWUDO UHG

LPPRELOL]HG RQ EDFWHULDO PHPEUDQH FDQ PHGLDWH HOHFWURQ

WUDQVIHU IURP EDFWHULDO FHOO WR HOHFWURGH DV VKRZ LQ )LJ�

��$� EXW IOXRURVFHQW FRPSRXQG PD\ LQWHUIHUH HOHFWURQ

WUDQVIHU IURP EDFWHULDO FHOO WR HOHFWURGH DV VKRZQ LQ )LJ�

��%� 7KH HOHFWURQV WUDQVIHUUHG IURP EFWHULDO FHOO WR

DQRGH FDQ PRYH WKURXJK FLUFXLW OLQH WR FDWKRGH ZKLFK LV

FXUUHQW� $V VKRZQ LQ )LJ� �%� �%� ��% DQG ��%� WKH

FXUUHQW SURGXFHG IURP KHDY\ PHWDO�UHVLVWDQW EDFWHULD

ZDV GHFUHDVHG LQ SURSRUWLRQ WR WKH FRQFHQWUDLRQ RI

KHDY\ PHWDO LRQ DGGHG WR ELRVHQVRU GHYLFH� )URP ZKLFK

ZH ZRXOG OLNH WR SURSRVH WKH PHFKDQLVP WKDW EDFWHULDO

FHOO LQVLGH ZRUNLQJ HOHFWURGH RI ELRVHQVRU �)LJ� �� PD\

SURGXFH WKH IOXRURVFHQW FRPSRXQG E\ VWLPXODWLRQ RI

KHDY\ PHWDO LRQ DQG WKH IOXRURVFHQW FRPSRXQG PD\

LQKLELW HOHFWURQ WUDQVIHU IURP EDFWHULDO FHOO WR HOHFWURGH

DV VKRZQ LQ )LJ� ��%�

Fig. 8. &\FORYROWDPPRJUDP �$� RI &G�UHVLVWDQW EDFWHULD
PRGLILHG ZLWK 1HXWUDO UHG LQ ZKLFK WKH FXUUHQW ZDV
GHFUHDVHG E\ DGGLWLRQ RI &G�LRQV� DQG DPSHUR�
PHWULF UHVSRQVH �%� RI WKH ZKROH�FHOO ELRVHQVRU
FRQVWUXFWHG ZLWK &G�UHVLVWDQW EDFWHULD WR &G LRQ�

Fig. 9. &\FORYROWDPPRJUDP �$� RI &X�UHVLVWDQW EDFWHULD
PRGLILHG ZLWK 1HXWUDO UHG LQ ZKLFK WKH FXUUHQW
ZDV GHFUHDVHG E\ DGGLWLRQ RI &X�LRQV� DQG
DPSHURPHWULF UHVSRQVH �%� RI WKH ZKROH�FHOO
ELRVHQVRU FRQVWUXFWHG ZLWK &X�UHVLVWDQW EDFWHULD
WR &X LRQ�



��� 'RR�+\XQ 3DUN� +\H�-XQJ 5\X DQG -XQ�+\XQ .LP

&RQFOXVLRQ

7KH ELRVQVRU ZDV FRQVWUXFWHG ZLWK LQWDFW FHOO RI

KHDY\ PHWDO�UHVLVWQDW EDFWHULD EXW FRXOGQ
W FRPSRVH WKH

ELRVHQVRU ZLWK IOXRURVFHQW FRPSRXQG EHFDXVH WKH

IOXRURVFHQW FRPSRXQG ZDV QRW HOHFWURFKHPLFDOO\ DFWLYH�

,Q WKLV UHVHDUFK� ZH FDQ JHW D SRVVLELOLW\ WKDW WKH

EDFWHULD LQVLGH ZRUNLQJ HOHFWURGH RI WKH HOHFWURFKHPLFDO

ELRVHQVRU PD\ SURGXFH IOXRURVFHQW FRPSRXQG E\ UH�

VSRQGLQJ WR KHDY\ PHWDO LRQ DQG WKHQ WKH IOXRURVFHQW

Fig. 10. &\FORYROWDPPRJUDP �$� RI 3E�UHVLVWDQW EDFWHULD
PRGLILHG ZLWK 1HXWUDO UHG LQ ZKLFK WKH FXUUHQW
ZDV GHFUHDVHG E\ DGGLWLRQ RI 3E�LRQV� DQG DPSHUR�
PHWULF UHVSRQVH �%� RI WKH ZKROH�FHOO ELRVHQVRU
FRQVWUXFWHG ZLWK 3E�UHVLVWDQW EDFWHULD WR 3E LRQ�

Fig. 11. &\FORYROWDPPRJUDP �$� RI =Q�UHVLVWDQW EDFWHULD
PRGLILHG ZLWK 1HXWUDO UHG LQ ZKLFK WKH FXUUHQW
ZDV GHFUHDVHG E\ DGGLWLRQ RI =Q�LRQV� DQG DPSHUR�
PHWULF UHVSRQVH �%� RI WKH ZKROH�FHOO ELRVHQVRU
FRQVWUXFWHG ZLWK =Q�UHVLVWDQW EDFWHULD WR =Q LRQ�

Fig. 12. 6FKHPDWLF GLDJUDP RI KHDY\ PHWDO�UHVLVWDQW EDFWHULDO FHOO UHVSRQGLQJ ZLWK HOHFWURGH� 7KH HOHFWURQ IORZ IURP
EDFWHULDO FHOO WR HOHFWURGH PD\ EH QRW LQKLELWHG LQ ZDVWHZDWHU ZLWKRXW KHDY\ PHWDO LRQ �$� EXW PD\ EH LQKLELWHG
E\ IOXRURVFHQFH FRPSRXQGV VHFUHWHG IURP KDHDY\ PHWDO�UHVLVWDQW EDFWHULD ZKHQ ZDVWHZDWHU ZDV FRQWDPLQDWHG
ZLWK KHDY\ PHWDO LRQV �%�� $Q\ RUJDQLF FRPSRXQGV FRQWDLQHG LQ ZDVWHZDWHU FDQ EH VXEVWUDWH IRU EDFWHULDO FHOO�
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PHDVXULQJ� %\ ZKLFK ZH FDQ UHDFK D FRQFOXVLRQ WKDW WKH

ELRVHQVRU IRU GHWHFWLRQ RI KHDY\ PHWDO LRQ PD\ EH
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ZH KDYH WR FKDQJH HOHFWURFKHPLFDO ELRVHQVRU GHYLFH WR

VSHFWURSKRWRPHWULFDO ELRVHQVRU GHYLFH ZKLFK FDQ GHWHFW
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UHVLVWQDW EDFWHULD EHLQJ UHVSRQGHG ZLWK KHDY\ PHWDO LRQ�
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