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Abstract

Background: Aiming at in situ regenerative therapy, the tailored design of cytokine-releasing scaffolds is still
one of the crucial issues to be studied. A core-shell ^bermat is one of the attractive platforms for this purpose.
But, very few detail the importance of choosing the right material for the shell units that can endow e_cient
release properties.

Objective: In this study, we characterized the effectiveness of core-shell ^bermats that possess cross-linked
gelatin (CLG) as the shell layer of constituent nano^bers, as a protein-releasing cell-incubation scaffold.

Methods: For the core nano^bers in the core-shell ^bermats, we utilized a crosslinked copolymer of
poly(acrylamide)-co-poly(diacetone acrylamide) (poly(AM/DAAM)) and adipic acid dihydrazide (ADH),
poly(AM/DAAM)/ADH. By coaxial electrospinning and the subsequent crosslinking of the gelatin layer, we
successfully constructed core-shell ^bermats consisting of double-layered nano^bers of poly(AM/DAAM)/ADH
and CLG. Using duorescein isothiocyanate-labeled lysozyme (FITC-Lys) as a dummy guest protein, we
characterized the release behavior of the coreshell ^bermats containing a CLG layer. Upon loading basic
^broblast growth factor (bFGF) as cargo in our ^bermats, we also characterized impacts of the released bFGF
on proliferation of the incubated cells thereon.

Results: Although the single-layered poly(AM/DAAM)/ADH nano^ber ^bermats did not adhere to the
mammalian cells, the core-shell ^bermat with the CLG shell layer exhibited good adherence and subsequent
proliferation. A sustained release of the preloaded FITC-Lys over 24 days without any burst release was
observed, and the cumulative amount of released protein reached over 65% after 24 days. Upon loading bFGF
in our ^bermats, we succeeded in promoting cell proliferation, and highlighting its potential for use in
therapeutic applications.

Conclusion: We successfully con^rmed that core-shell ^bermats with a CLG shell layer around the constituent
nano^bers, were effective as protein-releasing cell-incubation scaffolds.

Keywords: Fibermat, co-axial electrospinning, protein-encapsulation, gelatin, scaffold, growth factor, CLG shell
layer.
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5HFHQWO\��ZH�VWXGLHG�D�PHWKRG�WR�FRQVWUXFW�SURWHLQ�ORDG�
DEOH�ILEHUPDWV��LQ�ZKLFK�SURWHLQ�PROHFXOHV�ZHUH�HQFDSVXODW�
HG�ZLWKLQ�QDQRILEHUV�>�����@��%DVHG�RQ�WKH�LQ�VLWX�FURVVOLQN�
LQJ�GXULQJ�HOHFWURVSLQQLQJ��6&(6��PHWKRG�XVLQJ�SRVW�FURVV�
OLQNDEOH�K\GURSKLOLF�SRO\PHUV�DQG�WKH�FRUUHVSRQGLQJ�FURVV�
OLQNHUV�>��@��ZH�VXFFHVVIXOO\�FRQVWUXFWHG�SURWHLQ�HQFDSVXODW�
HG�ILEHUPDWV�ZLWKRXW�GHQDWXULQJ�WKH�SURWHLQV��2ZLQJ�WR�WKH
K\GURSKLOLF�QDWXUH�RI�WKH�QDQRILEHUV�XVHG�LQ�WKLV�PHWKRG��WKH
ILEHU�VWDFNHG�QDQRVWUXFWXUHV�ODFNHG�PHFKDQLFDO�VWUHQJWK�DQG
VWDELOLW\ �IRU �SUDFWLFDO �DSSOLFDWLRQV� �+RZHYHU� �E\ �ZUDSSLQJ
WKH �QDQRILEHUV �ZLWK �RWKHU �K\GURSKRELF �SRO\PHUV� �L�H�� �E\
PRGLI\LQJ�WKH�FRUH�VKHOO�ILEHUPDWV��ZH�FRXOG�RYHUFRPH�WK�
HVH �GUDZEDFNV �>��@� �%HFDXVH �RI �LWV �ORZ �K\GUDWLRQ� �XVLQJ
3&/�DV�WKH�VKHOO�OD\HU�DOORZV�HQ]\PHV�WR�EH�KHOG�ZLWKLQ�WKH
FRUH�QDQRILEHUV�ZLWKRXW�OHDNDJH��+RZHYHU��RWKHU�PDWHULDOV
IRU�WKH�VKHOO �OD\HU�FDQ�EH�FKRVHQ�DQG�WKH�SURWHLQ�UHOHDVLQJ
ILEHUPDWV�FRXOG�EH�GHVLJQHG�EDVHG�RQ�WKH�FRUH�VKHOO�ILEHUPDW

SODWIRUP��,Q�WKLV�VWXG\��ZH�XVHG�FURVV�OLQNHG�JHODWLQ��&/*�
>��@�DV�D�QHZ�VKHOO�PDWHULDO�IRU�FRUH�VKHOO�ILEHUPDWV�DQG�FKDU�
DFWHUL]HG �WKHLU �HIILFDF\ �DV �SURWHLQ�UHOHDVLQJ �VFDIIROGV� �)RU
WKH�EDVH�PDWHULDO�RI�WKH�FRUH�QDQRILEHUV��ZH�XVHG�WKH�FURVV�
OLQNHG �FRSRO\PHU �RI �SRO\�DFU\ODPLGH��FR�SRO\�SRO\�GLDFH�
WRQH�DFU\ODPLGH���SRO\�$0�'$$0���DQG�DGLSLF�DFLG�GLK\�
GUD]LGH��$'+���SRO\�$0�'$$0��$'+�)LJ�������,Q�RXU�SUH�
YLRXV�VWXG\��ZH�GHPRQVWUDWHG�WKH�HIIHFWLYHQHVV�RI�WKLV�PDWH�
ULDO �LQ �SURWHLQ�ORDGDEOH �ILEHUPDWV �>��� ���@� �7KH�QDQRVWUXF�
WXUH��SURWHLQ�UHOHDVLQJ�SURSHUWLHV��DQG�VXLWDELOLW\�DV�FHOO�LQFX�
EDWLRQ�VFDIIROGV�RI�WKH�FRUH�VKHOO�ILEHUPDWV��FRQVLVWLQJ�RI�SR�
O\�$0�'$$0��$'+�DQG�&/*��ZHUH�VWXGLHG�XVLQJ�PLFURV�
FRSLF�PHDVXUHPHQWV�DQG�FHOO�EDVHG�DVVD\V�

)LJ� ����� �&KHPLFDO �VWUXFWXUHV�RI �SRO\��$0�'$$0���$'+��3&/�
DQG�JHODWLQ�

���0$7(5,$/6�$1'�0(7+2'6

�����0DWHULDOV
8QOHVV�VWDWHG�RWKHUZLVH��DOO�FKHPLFDOV�DQG�UHDJHQWV�ZHUH

FRPPHUFLDOO\ �REWDLQHG �DQG �XVHG �ZLWKRXW �IXUWKHU �SXULILFD�
WLRQ��$FU\ODPLGH��$0���������WULIOXRURHWKDQRO��7)(������
�D�
]RELV>1����FDUER[\HWK\O����PHWK\OSURSLRQDPLGLQH@�WHWUDK\�
GUDWH��9$�������JHODWLQ��DQG�O\VR]\PH�IURP�HJJ�ZKLWH�ZHUH
SXUFKDVHG�IURP�:DNR�3XUH�&KHPLFDO�,QG��/WG���2VDND��-D�
SDQ���'LDFHWRQH�DFU\ODPLGH��'$$0��DQG�DGLSLF�DFLG�GLK\�
GUD]LGH��$'+��ZHUH�SXUFKDVHG�IURP�7RN\R�&KHPLFDO�,QGXV�
WU\ �&R�� �/WG� ��7RN\R� �-DSDQ�� �3RO\�$0�'$$0� �IHDWXULQJ
$0�DQG�'$$0�DW�DQ�����PRODU�UDWLR�ZDV�V\QWKHVL]HG�DV�SUH�
YLRXVO\ �GHVFULEHG �>��@� �7KH �0Q �DQG �SRO\GLVSHUVLW\ �LQGH[
�3',��RI�SRO\�$0�'$$0���GHWHUPLQHG�XVLQJ�JHO�SHUPHD�
WLRQ�FKURPDWRJUDSK\��*3&���ZHUH�������J�PRO�DQG�������UH�
VSHFWLYHO\��),7&�/\V�ZDV�V\QWKHVL]HG�DV�GHVFULEHG�LQ�D�SUH�
YLRXV �VWXG\ �>��@� �1,+�7� �FHOOV �ZHUH �SXUFKDVHG �IURP �WKH
-&5%�&HOO�%DQN��-DSDQ��

�����&RQVWUXFWLRQ�RI�&RUH�6KHOO�)LEHUPDWV�ZLWK�3&/�RU
*HODWLQ�6KHOOV�DQG�3RVW�&URVVOLQNLQJ�ZLWK�('&�

$FFRUGLQJ�WR�WKH�VLPLODU�SURWRFRO�LQ�WKH�SUHYLRXV�VWXG\
>��@��ZH�SUHSDUHG�WKH�FRUH�VKHOO�ILEHUPDWV��FRQVLVWLQJ�RI�WKH
FRUH�QDQRILEHU�RI�SRO\�$0�'$$0��$'+�DQG�WKH�VKHOO�XQLW
RI�3&/�RU�&/*��7KH�VROXWLRQ�RI�SRO\�$0�'$$0�������J�LQ
����P/�RI�����P0�SKRVSKDWH�EXIIHU��S+����DQG�$'+�����
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6FDIIROGV�'HVLJQLQJ�IURP�3URWHLQ�ORDGDEOH�&RD[LDO�(OHFWURVSXQ &XUUHQW�$SSOLHG�3RO\PHU�6FLHQFH��cccc��9RO��bb��1R��bb����

PRODU �HTXLYDOHQW �ZLWK �UHVSHFW �WR �'$$0 �LQ �SRO\�$0��
'$$0���ZDV�SUHSDUHG�IRU�WKH�SUHFXUVRU�VROXWLRQ�RI�WKH�FRUH
QDQRILEHU� �:KHQ�HQFDSVXODWLQJ�),7&�/\V� �� �ZW��ZLWK�UH�
VSHFW�WR�WKH�PDVV�RI�WKH�SRO\PHU�ZDV�DGGHG�WR�WKH�VROXWLRQ�
7R�HQFDSVXODWH�E)*)�����gJ�E)*)�ZDV�DGGHG�WR�WKH�VROX�
WLRQ��&RQFRPLWDQWO\����ZW��3&/�RU�JHODWLQ�VROXWLRQ�LQ�7)(
ZDV�SUHSDUHG�DQG�XVHG�IRU�WKH�SUHFXUVRU�VROXWLRQ�RI�WKH�VKHOO
XQLW�RI�FRUH�VKHOO�QDQRILEHUV��:LWK�OLQHDU�H[WUXVLRQ�YHORFLW\
RI ���� �P/�K �IRU �WKH �SRO\�$0�'$$0��$'+ �VROXWLRQ �DQG
����P/�K�IRU�WKH�3&/�RU�JHODWLQ�VROXWLRQ�XQGHU�KLJK�YROWDJH
��� �N9�� �FRUH�VKHOO �ILEHUPDWV �ZHUH �HOHFWURVSXQ ��6'����
0(&&�&R� �/WG� �-DSDQ�� �)RU �FURVVOLQNLQJ �RI �WKH �FRUH�VKHOO
ILEHUPDW�ZLWK�D�JHODWLQ�VKHOO��WKH�ILEHUPDWV�ZHUH�FXW�LQWR�D
URXQG�VKDSH��o�����PP��DQG�SODFHG�DW�WKH�ERWWRP�RI�D����
ZHOO�SODWH��7KHVH�URXQG�ILEHUPDWV�ZHUH�LPPHUVHG�LQ�����g/
RI�('&�VROXWLRQ������P0��LQ�(W2+�DQG�LQFXEDWHG�IRU����K
DW���e&��$IWHU�VHYHUDO�ZDVKHV�LQ�3%6����P/�l�����WKH�ILEHU�
PDWV �ZHUH �XVHG�IRU �H[SHULPHQWDWLRQ� �)LEHUPDW �SUHSDUDWLRQ
DQG �FURVVOLQNLQJ �SURFHVVHV �ZHUH �ERWK �SHUIRUPHG �DW �URRP
WHPSHUDWXUH��89�VWHULOL]DWLRQ�ZDV�DSSOLHG�EHIRUH�FHOO�H[SHUL�
PHQWV�

�����6FDQQLQJ�(OHFWURQ�0LFURVFRS\��6(0��
6(0�REVHUYDWLRQ�RI�ILEHUPDWV�ZDV�SHUIRUPHG�DFFRUGLQJ

WR �WKH �SUHYLRXV �SURFHGXUH �>��� ���@� �6DPSOHV �ZHUH �FRDWHG
ZLWK�DPRUSKRXV�RVPLXP�WKURXJK�SODVPD�FKHPLFDO�YDSRU�GH�
SRVLWLRQ�E\�XVLQJ�D�-((����7�YDFXXP�HYDSRUDWRU��-(2/��-D�
SDQ�� �7KH �PHDQ �GLDPHWHUV �RI �WKH �ILEHUPDW �QDQRILEHUV �DQG
WKHLU�VWDQGDUG�GHYLDWLRQV�ZHUH�HYDOXDWHG�IURP�WKH�6(0�LP�
DJHV�RI����QDQRILEHUV��XVLQJ�WKH�VRIWZDUH��,PDJH�-��,Q�RUGHU
WR�FKHFN�UHSURGXFLELOLW\�RI�ILEHU�GLDPHWHU�DQG�ILEHU�VWDFNHG
QDQRVWUXFWXUH�RI�HDFK�ILEHUPDW��ZH�DOVR�GLG�6(0�REVHUYD�
WLRQV�RI�WKH�RWKHU�EDWFK�VDPSOHV�

�����7UDQVPLVVLRQ�(OHFWURQ�0LFURVFRS\��7(0��
7(0�REVHUYDWLRQ�RI�ILEHUPDWV�ZDV�SHUIRUPHG�DFFRUGLQJ

WR�WKH�SUHYLRXV�SURFHGXUH�>������@��6DPSOHV�IRU�7(0�REVHU�
YDWLRQ�ZHUH�SUHSDUHG�E\�GLUHFWO\�FROOHFWLQJ�WKH�VSXQ�FRUH�
VKHOO�QDQRILEHUV�IURP�WKH�FRD[LDO�VSLQQHUHW�RQWR�D�7(0�JULG
�)RUPYDU�&DUERQ�)LOP�RQ�&RSSHU�����PHVK�������2NHQVKRML
&R���/WG��-DSDQ���7R�REWDLQ�DGHTXDWH�LPDJH�FRQWUDVW�EHWZHHQ
FRUH�DQG�VKHOO�SRUWLRQV��VRGLXP�SKRVSKRWXQJVWDWH�ZDV�PL[HG
LQWR �WKH �FRUH �SUHFXUVRU �VROXWLRQ �RI �SRO\�$0�'$$0� �DQG
$'+�DW �D �ILQDO �FRQFHQWUDWLRQ �RI ���������Z�Y�� �7KH �PHDQ
FRUH�GLDPHWHUV�DQG�VKHOO�WKLFNQHVVHV�RI�WKH�ILEHUPDW�QDQR�
ILEHUV�DQG�WKHLU�VWDQGDUG�GHYLDWLRQV�ZHUH�HYDOXDWHG�IURP�WKH
7(0�LPDJHV�RI����QDQRILEHUV��XVLQJ�WKH�VRIWZDUH��,PDJH�-�
,Q�RUGHU�WR�FKHFN�UHSURGXFLELOLW\�RI�WKH�PHDQ�FRUH�GLDPHWHUV
DQG�VKHOO�WKLFNQHVVHV��ZH�DOVR�GLG�7(0�REVHUYDWLRQV�IRU�WKH
RWKHU�EDWFK�VDPSOHV�

�����$WWHQXDWHG�7RWDO�5HIOHFWDQFH�)RXULHU�7UDQVIRUP�,Q�
IUDUHG��$75�)7,5��6SHFWURVFRS\�

$75�)7,5�VSHFWUD�ZHUH�DFTXLUHG�DV�SUHYLRXVO\�>������@�
$75�)7,5�VSHFWUD�ZHUH�DFTXLUHG�XVLQJ�DQ�)7�,5������VSHF�
WURPHWHU��-$6&2��-DSDQ��HTXLSSHG�ZLWK�DQ�$75�352����6
XQLW��-$6&2��-DSDQ���7KH�),'�VSHFWUD�VFDQQHG�����WLPHV�DW
DPELHQW �WHPSHUDWXUH �ZHUH �DFFXPXODWHG �DQG �)RXULHU�WUDQV�

IRUPHG�WR�REWDLQ�)7,5�VSHFWUD�DW���FP���UHVROXWLRQ��,Q�RUGHU
WR �FKHFN �WKH �UHSURGXFLELOLW\ �RI �$75�)7,5 �VSHFWUD �RI �WKH
ILEHUPDWV��ZH�DOVR�GLG�$75�)7,5�REVHUYDWLRQV�IRU�WKH�RWKHU
EDWFK�VDPSOHV�

���� �5HOHDVH�%HKDYLRU�RI�3UHORDGHG�),7&�/\V�IURP�WKH
&RUH�6KHOO�)LEHUPDWV�

$V�LQ�WKH�FDVH�RI�WKH�FRUH�VKHOO�ILEHUPDWV�ZLWK�WKH�&/*
VKHOOV� �WKH�),7&�/\V�ORDGHG�ILEHUPDWV����PJ��ZLWK�JHODWLQ
VKHOOV�ZHUH�LPPHUVHG�LQ���P/�('&�VROXWLRQ������P0��LQ
(W2+�DQG�LQFXEDWHG�IRU����K�DW�URRP�WHPSHUDWXUH�WR�FURVV�
OLQN�WKH�JHODWLQ�VKHOO��$IWHU�ZDVKLQJ�LQ�3%6����P/�l�����WK�
HVH�ILEHUPDWV �ZHUH�LPPHUVHG�LQ �'0(0������P/��DQG�WKH
DPRXQW�RI�),7&�/\V�UHOHDVHG�IRU��h���GD\V�ZDV�TXDQWLILHG
IURP�WKH�IOXRUHVFHQFH�LQWHQVLWLHV�DW�����QP��H[FLWDWLRQ�ZDYH�
OHQJWK������QP��RI�WKH�'0(0�PHGLXP�XVLQJ�D�IOXRUHVFHQFH
PLFURSODWH�UHDGHU��)RU�WKH�FRUH�VKHOO�ILEHUPDWV�ZLWK�D�3&/
VKHOO��WKH�),7&�/\V�ORDGHG�ILEHUPDWV�ZLWK�3&/�VKHOO�ZHUH
LPPHUVHG�LQ�'0(0������P/��DQG�WKH�DPRXQW�RI�),7&�/\V
UHOHDVHG�IRU��h���GD\V�ZDV�TXDQWLILHG�IURP�WKH�IOXRUHVFHQFH
LQWHQVLWLHV�DW�����QP��H[FLWDWLRQ�ZDYHOHQJWK������QP��RI�WKH
'0(0�PHGLXP�XVLQJ�D�IOXRUHVFHQFH�PLFURSODWH�UHDGHU��$W
DOO�WLPH�SRLQWV��ZKHQ�REVHUYLQJ�WKH�IOXRUHVFHQFH�LQWHQVLW\�RI
'0(0� �WKH �PHGLD �ZDV �UHSODFHG �ZLWK �IUHVK �'0(0 �����
P/��

���� �&HOO�,QFXEDWLRQ �LQ �WKH �)LEHUPDWV �ZLWK �RU �ZLWKRXW
3UHORDGHG�E)*)�

1,+�7��FHOOV�ZHUH�URXWLQHO\�FXOWXUHG�LQ�'0(0��:DNR
3XUH �&KHPLFDO �,QG� �/WG�� �-DSDQ� �VXSSOHPHQWHG �ZLWK ����
)%6��:DNR�3XUH�&KHPLFDO�,QG��/WG���-DSDQ��DQG����DQWLELRW�
LF �VROXWLRQ ��LQFOXGLQJ ������� �XQLWV �SHQLFLOOLQ �DQG ��� �PJ
VWUHSWRP\FLQ� �:DNR �3XUH �&KHPLFDO �,QG� �/WG�� �-DSDQ� �DW
��e&�LQ�D�KXPLGLILHG�DWPRVSKHUH�FRQWDLQLQJ����&2���&HOOV
���l�����FHOOV��ZHUH�VHHGHG�RQ�WKH�ILEHUPDWV�ZLWK�RU�ZLWKRXW
SUHORDGHG�E)*)��ZKLFK�ZHUH�FXW�LQWR�D�URXQG�VKDSH��o����
PP��DQG�SODFHG�DW�WKH�ERWWRP�RI�D����ZHOO�SODWH��DQG�LQFX�
EDWHG �IRU ��� ��� ��� �DQG �� �GD\V� �$OWHUDWLRQ �RI �FHOO �QXPEHUV
JURZLQJ�RQ�WKH�ILEHUPDWV�ZDV�PHDVXUHG�XVLQJ�D�&HOO�&RXQW�
LQJ�.LW����&&.����'RMLQGR��DQG�.XPDPRWR��-DSDQ��DFFRUG�
LQJ�WR�WKH�PDQXIDFWXUHUkV�LQVWUXFWLRQV��7R�DYRLG�PLVFRXQWLQJ
WKH�FHOOV�LQ�WKH�ILEHUPDWV��HDFK�ILEHUPDW�ZDV�PRYHG�WR�D�QHZ
���ZHOO�SODWH�EHIRUH�WKH�DGGLWLRQ�RI�WKH�&&.���VROXWLRQ�

���� �&RQIRFDO �/DVHU �6FDQQLQJ �0LFURVFRS\ ��&/60� �RI
&HOO�0RUSKRORJLHV�

7KH�PRUSKRORJ\�RI�1,+�7��FHOOV��LQFXEDWHG�RQ�WKH�ILEHU�
PDWV�DIWHU���RU���GD\V��ZHUH�LPDJHG�XVLQJ�D�FRQIRFDO�ODVHU
VFDQQLQJ �PLFURVFRSH ��/60��� �PLFURVFRSH ��=HLVV� �*HU�
PDQ���7KH�VDPSOH�DW�HDFK�WLPH�SRLQW����RU���GD\V��ZDV�IL[HG
ZLWK����SDUDIRUPDOGHK\GH��WUHDWHG�ZLWK������7ULWRQ�VROX�
WLRQ�DQG�WKHQ����%6$�VROXWLRQ��$IWHU�VWDLQLQJ�WKH�DFWLQ�ILOD�
PHQWV�DQG�QXFOHL�ZLWK�3KDOORLGLQ�L)OXRU�����&RQMXJDWH��&D\�
PDQ�&KHPLFDO�&R��/WG���86$��DQG�'$3,��LQFOXGHG�LQ�9HF�
WDVKLHOG��9HFWRU�/DERUDWRULHV��86$���UHVSHFWLYHO\��HDFK�ILEHU�
PDW�VDPSOH�ZDV�VDQGZLFKHG�EHWZHHQ�WZR�FRYHU�VOLSV�����l
���PP��DQG�LPDJHG�XQGHU�D�&/60�
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����&XUUHQW�$SSOLHG�3RO\PHU�6FLHQFH��cccc��9RO��bb��1R��bb 7DQLNDZD�HW�DO�

�����6WDWLVWLFDO�$QDO\VLV
$OO �ELRORJLFDO �H[SHULPHQW �GDWD �ZHUH �SUHVHQWHG �DV �WKH

PHDQ�VWDQGDUG�GHYLDWLRQ��6'���6WDWLVWLFDO�DQDO\VLV�ZDV�SHU�
IRUPHG�XVLQJ�RQH�ZD\�DQDO\VLV�RI�YDULDQFH��$129$��IRO�
ORZHG�E\�7XNH\kV�KRQHVWO\�VLJQLILFDQFH�DV�D�SRVW�KRF�WHVW��S
��������

���5(68/76�$1'�',6&866,21

���� �3UHSDUDWLRQ �DQG �&KDUDFWHUL]DWLRQ �RI �&RUH�6KHOO
)LEHUPDWV�&RQWDLQLQJ�D�6KHOO�/D\HU�RI�&URVVOLQNHG�*H�
ODWLQ

,Q�RXU�SUHYLRXV�VWXG\� �EDVHG�RQ�WKH�6&(3�PHWKRG� �ZH
VXFFHVVIXOO\�FRQVWUXFWHG�SURWHLQ�ORDGDEOH�ILEHUPDWV�ZLWK�VLQ�
JOH�OD\HUHG�QDQRILEHUV��XVLQJ�WKH�FURVVOLQNHG�FRSRO\PHUV�SR�
O\�$0�'$$0��DQG�$'+�DV�D�EDVH�PDWHULDO�>��@��)XUWKHU�
WR�VXSSRUW�WKH�ZHDN�VWUXFWXUH�RI�WKH�SRO\�$0�'$$0��$'+
ILEHUPDW�LQ�WHUPV�RI�PHFKDQLFDO�VWUHQJWK�DQG�ORQJ�WHUP�VWD�
ELOLW\�RI�WKH�ILEHU�VWDFNHG�QDQRVWUXFWXUH�LQ�DQ�DTXHRXV�HQYL�
URQPHQW� �ZH �PRGLILHG �LW �E\ �ZUDSSLQJ �WKH �SRO\�$0��
'$$0��$'+ �QDQRILEHUV �ZLWK �D �K\GURSKRELF �3&/ �VKHOO
>��@� �3&/ �LV �D �FHOO�DGKHVLYH �SRO\PHU� �DQG �WKXV� �WKH �FRUH�
VKHOO�ILEHUPDWV�ZLWK�D�3&/�VKHOO�OD\HU�FRXOG�EH�XVHG�DV�D�SUR�
WHLQ�UHOHDVLQJ�FHOO�LQFXEDWLRQ�VFDIIROG��+RZHYHU��GXH�WR�WKH

ORZ�K\GUDWLRQ�RI�3&/��VXIILFLHQW�SURWHLQ�UHOHDVH�ZDV�QRW�H[�
SHFWHG��7KXV��ZH�SUHSDUHG�D�FRUH�VKHOO�ILEHUPDW�ZLWK�D�FURVV�
OLQNHG�JHODWLQ��&/*��VKHOO �OD\HU�DQG�FKDUDFWHUL]HG�LWV�SUR�
WHLQ�UHOHDVLQJ�DELOLW\��FDSDELOLW\�IRU�FHOO�DGKHVLRQ��DQG�LQGXF�
LQJ�SUROLIHUDWLRQ��*HODWLQ�LV�D�ZHOO�NQRZQ�FHOO�DGKHVLYH�PDWH�
ULDO��EXW�FURVVOLQNLQJ�LV�QHFHVVDU\�WR�PDNH�LW�LQVROXEOH�LQ�DQ
DTXHRXV�HQYLURQPHQW�>��@��7KHUHIRUH��DIWHU�FR�D[LDO�HOHFWUR�
VSLQQLQJ �WR �SUHSDUH �WKH �FRUH�VKHOO �ILEHUPDW �ZLWK �D �JHODWLQ
VKHOO� ���>���GLPHWK\ODPLQR�SURS\O@���HWK\OFDUERGLLPLGH
�('&��ZDV�DSSOLHG�WR�WKH�FRUH�VKHOO�ILEHUPDWV��GHWDLOV�LQ�([�
SHULPHQWDO�6HFWLRQ���$V�D�UHIHUHQFH��ZH�DOVR�SUHSDUHG�FRUH�
VKHOO�ILEHUPDWV�ZLWK�3&/�VKHOOV�

6FDQQLQJ�HOHFWURQ�PLFURVFRSLF�PHDVXUHPHQWV�RI�WKH�SR�
O\�$0�'$$0��$'+�JHODWLQ�ILEHUPDW��FRQILUPHG�WKH�IRUPD�
WLRQ �RI �QDQRVWUXFWXUHV �FRPSRVHG �RI �VWDFNHG �KRPRJHQHRXV
QDQRILEHUV�ZLWK�DQ�DYHUDJH�GLDPHWHU�RI�����f����QP��VLPLODU
WR�WKDW�RI�SRO\�$0�'$$0��$'+�3&/������f����QP��)LJ�
�����)XUWKHUPRUH��WKH�H[LVWHQFH�RI�GRXEOH�OD\HUHG�VWUXFWXUHV�
FRQVLVWLQJ �RI �FRUH �SRO\�$0�'$$0��$'+�QDQRILEHUV �DQG
WKH�JHODWLQ�VKHOO�ZDV�VXFFHVVIXOO\�FRQILUPHG�XVLQJ�WUDQVPLV�
VLRQ�HOHFWURQ�PLFURVFRS\��7(0��PHDVXUHPHQWV��7KH�DYHU�
DJH�WKLFNQHVV�RI�WKH�JHODWLQ�OD\HU�ZDV�HVWLPDWHG�WR�EH����f
�� �QP� �7R �PDNH �WKH �JHODWLQ �VKHOOV �ZDWHU�LQVROXEOH� �SRVW�
FURVVOLQNLQJ�WUHDWPHQW�ZLWK�('&�ZDV�FDUULHG�RXW��7KH��ILEHU�

)LJ�������6FDQQLQJ�HOHFWURQ�PLFURVFRSLF��6(0��;�����PDJQLILFDWLRQ��LPDJHV�RI�WKH�FRUH�VKHOO�ILEHUPDW�ZLWK�3&/�VKHOO��D���WKRVH�ZLWK�JHODWLQ
VKHOO�EHIRUH��E��DQG�DIWHU��F��FURVVOLQNLQJ�ZLWK�('&��DQG�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRSLF��7(0��;�����PDJQLILFDWLRQ��LPDJHV�RI�WKH�FRUH�
VKHOO�ILEHUPDW�ZLWK�3&/�VKHOO��G��RU�JHODWLQ�VKHOO��H���)RU�7(0��WKH�SRO\�$0�'$$0��FRUH�QDQRILEHUV�ZHUH�VWDLQHG�ZLWK�SKRVSKRWXQJVWDWH
�VHH�PHWKRGV��
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VWDFNHG�QDQRVWUXFWXUH�DQG�WKHLU�DYHUDJH�GLDPHWHU������f���
QP��ZHUH�PDLQWDLQHG�IROORZLQJ�FURVVOLQNLQJ��7R�WKH�EHVW�RI
RXU �NQRZOHGJH� �WKLV �LV �WKH �ILUVW �VWXG\ �WR �VXFFHVVIXOO\ �FRQ�
VWUXFW�WKH�FRUH�VKHOO�ILEHUPDWV�ZLWK�WKH�&/*�VKHOO�OD\HU�DV
WKHUH�DUH�QR�SUHYLRXV�UHSRUWV�RQ�WKLV�WRSLF��8VLQJ�DWWHQXDWHG
WRWDO�UHIOHFWLRQ�LQIUDUHG��$75�,5��PHDVXUHPHQWV��ZH�LQYHVWL�
JDWHG �WKH �FRH[LVWHQFH �RI �WKH �SRO\�$0�'$$0��$'+�FRUH
QDQRILEHU �DQG �WKH �&/* �VKHOO� �7KH �$75�,5 �VSHFWUD �RI �WKH
FRUH�VKHOO �ILEHUPDWV �DQG �WKH �UHIHUHQFHV ��JHODWLQ �DQG �SR�
O\�$0�'$$0��$'+�ILEHUPDWV��DUH�VXPPDUL]HG�LQ�)LJ������
&RQVLGHULQJ �WKH �FKDUDFWHULVWLF �,5 �EDQG �RI �SRO\�$0��
'$$0��$'+�ILEHUPDWV��������������DQG������FP����>��@�
DGGLWLRQDO �,5 �EDQGV �DW ����� �DQG ����� �FP��� �W\SLFDO �RI �WKH
DPLGH�JURXSV�LQ�JHODWLQ�>��@��ZHUH�REVHUYHG��7KLV�LQGLFDWHG
WKH �FRH[LVWHQFH �RI �SRO\�$0�'$$0��$'+�DQG�JHODWLQ� �LQ
RWKHU�ZRUGV��WKH�FRUH�VKHOO�ILEHUPDWV�ZHUH�VXFFHVVIXOO\�FRQ�
VWUXFWHG�

)LJ�������$WWHQXDWHG�WRWDO�UHIOHFWLRQ�LQIUDUHG��$75�,5��VSHFWUD�RI
WKH�SRO\�$0�'$$0��$'+�&/*�FRUH�VKHOO�ILEHUPDW��UHG�OLQH���JH�
ODWLQ��EODFN�OLQH���DQG�WKH�SRO\�$0�'$$0��ILEHUPDW��EOXH�OLQH��
�$�KLJKHU�UHVROXWLRQ���FRORXU�YHUVLRQ�RI�WKLV�ILJXUH�LV�DYDLODEOH�LQ
WKH�HOHFWURQLF�FRS\�RI�WKH�DUWLFOH��

�����&HOO�$GKHVLRQ�DQG�3URWHLQ�5HOHDVH�3URSHUWLHV�RI�WKH
&RUH�6KHOO�)LEHUPDWV�

&HOO�DGKHUHQFH�LV�DQ�LPSRUWDQW�IDFWRU�WKDW�VKRXOG�EH�FRQ�
VLGHUHG�ZKHQ�GHVLJQLQJ�VFDIIROGV�IRU�DGKHUHQW�PDPPDOLDQ
FHOOV��:KHQ�GHVLJQLQJ�DUWLILFLDO�VFDIIROGV�WKDW�DUH�DSSOLFDEOH
WR�UHJHQHUDWLRQ�WKHUDS\��VXFK�DV�LQ�YLWUR�FRQVWUXFWLRQ�RI�DUWLIL�
FLDO�WLVVXHV�DQG�RUJDQV��RU�LPSODQW�WKHUDS\�LQ�ZKLFK�WKH�LQWUR�
GXFHG�VFDIIROGV�FDQ�UHFUXLW�VRPDWLF�VWHP�FHOOV�DQG�SURPRWH
WLVVXH�UHJHQHUDWLRQ��WKH�FKRLFH�RI�FHOO�DGKHVLYH�PDWHULDOV�LV
LQGLVSHQVDEOH��,Q�JHQHUDO��K\GURJHOV�PDGH�IURP�V\QWKHWLF�SR�
O\PHUV�VXFK�DV�SRO\DFU\ODPLGH�DQG�SRO\HWK\OHQH�JO\FROV�DUH
QRW �OLNHO\ �WR �DGKHUH �WR �PDPPDOLDQ �FHOOV �>��@� �+RZHYHU�
WKRVH�PDGH�IURP�SURWHLQV�RU�SHSWLGHV�H[KLELW�H[FHSWLRQDOO\
JRRG�DGKHUHQFH��$OWKRXJK�WKH�FRUH�QDQRILEHUV�RI�SRO\�$0��
'$$0��$'+�ZHUH�H[SHFWHG�WR�KDYH�ORZ�FHOO�DGKHVLRQ��ZH
K\SRWKHVL]HG �WKDW �WKH �DGGLWLRQ �RI �D �SURWHLQRXV �&/* �VKHOO
ZRXOG �HQKDQFH �DGKHUHQFH �WR �PDPPDOLDQ �FHOOV� �7R �YHULI\
WKLV��ZH�WHVWHG�FHOO�DGKHVLRQ�DQG�SUROLIHUDWLRQ�XVLQJ�1,+�7�
FHOOV�DV�D�PRGHO��(DFK�ILEHUPDW��FXW�LQWR�D�URXQG�VKDSH��o

����PP���ZDV�SODFHG�LQ�WKH�ERWWRP�RI�D����ZHOO�FXOWXUH�GLVK
DQG�WKHQ��1,+�7��FHOOV�ZHUH�VHHGHG��%DVHG�RQ�DQ�077�DV�
VD\�XVLQJ�WKH�ZDWHU�VROXEOH�:67��ZH�HVWLPDWHG�WKH�QXPEHU
RI�OLYH�FHOOV�RQ�WKH�ILEHUPDWV�DW�HDFK�WLPH�SRLQW�����������DQG
��GD\V���)LJ������,Q�WKH�FDVH�RI�WKH�SRO\�$0�'$$0��$'+
ILEHUPDW� �ZLWK �RQO\ �FRUH �QDQRILEHUV �RI �SRO\�$0��
'$$0��$'+��FHOO�QXPEHUV�LQFUHDVHG�VOLJKWO\�EXW�VDWXUDWHG
ZLWKLQ �� �GD\V� �+RZHYHU� �IRU �WKH �FRUH�VKHOO �ILEHUPDWV �ZLWK
&/*�VKHOO��WKH�LQFUHDVH�LQ�FHOO�QXPEHUV�ZDV�PDLQWDLQHG�IRU
��GD\V��8VLQJ�D�FRQIRFDO�ODVHU�VFDQQLQJ�PLFURVFRSH��ZH�FRQ�
ILUPHG�H[WHQGHG�SVHXGRSRGLD�DQG�HORQJDWHG�PRUSKRORJ\�XV�
LQJ�WKH�FRUH�VKHOO�ILEHUPDWV�ZLWK�&/*�VKHOO��)LJ������7KH�1,�
+�7� �FHOOV �SODWHG �RQ �WKH �VLQJOH�OD\HUHG �SRO\�$0��
'$$0��$'+�ILEHUPDW�ZHUH�URXQG�DQG�SVHXGRSRGLD�GHYHO�
RSPHQW�ZDV�OLPLWHG�HYHQ�DIWHU���GD\V�RI�LQFXEDWLRQ��7KHVH
UHVXOWV �LQGLFDWH �WKDW �E\ �PRGLI\LQJ �WKH �FRUH�VKHOO �ILEHUPDW
ZLWK�WKH�&/*�VKHOO��FHOO�DGKHVLRQ�DQG�SUROLIHUDWLRQ�ZHUH�VXF�
FHVVIXOO\�LPSURYHG�

)LJ�������&HOO�SUROLIHUDWLRQ�RI�1,+�7��FHOOV�VHHGHG�RQ�SRO\�$0��
'$$0��$'+ �ILEHUPDWV ��ZKLWH �EDU�� �FRUH�VKHOO �ILEHUPDWV �ZLWK
3&/�VKHOO��]HEUD�SDWWHUQHG�EDU��DQG�&/*�VKHOO��EODFN�EDU�������;
����FHOOV�ZHUH�VHHGHG�RQ�HDFK�ILEHUPDWV��VHW�DW�WKH�ZHOO�ERWWRP�RI
���ZHOO�SODWH��
VLJQLILFDQFH�GLIIHUHQFH�EHWZHHQ�SDLUV�RI�VXEVWUDWHV
VKRZQ��S�����������0HDQ�f�6'��Q� ����

:H�QH[W�FKDUDFWHUL]HG�WKH�SURWHLQ�UHOHDVLQJ�SURSHUWLHV�RI
WKH �FRUH�VKHOO �ILEHUPDW �ZLWK �WKH �&/* �VKHOO� �3URWHLQ
PROHFXOHV�ZHUH�SUHORDGHG�LQ�WKH�FRUH�QDQRILEHUV�LQVLGH�WKH
FRUH�VKHOO�ILEHUPDWV��,Q�WKH�QH[W�VHFWLRQ��ZH�HYDOXDWH�WKH�LP�
SDFW�RI�WKH�SUH�HQFDSVXODWHG�EDVLF�ILEUREODVW�JURZWK�IDFWRU
�E)*)��RQ�FHOO�SUROLIHUDWLRQ��7KHUHIRUH��D�),7&�ODEHOHG�O\�
VR]\PH ��),7&�/\V�� �LQ �ZKLFK �/\V �KDV �D �VLPLODU �FDWLRQLF
SURSHUW\��S,�a�������>��@�WR�E)*)��ZDV�FKRVHQ�DV�D�GXPP\
SURWHLQ��7KH�),7&�/\V�ZDV�V\QWKHVL]HG�DV�GHVFULEHG�LQ�D�SUH�
YLRXV�VWXG\�>��@�DQG�ZDV�HQFDSVXODWHG�E\�DGGLWLRQ�WR�WKH�SUH�
FXUVRU�VROXWLRQ�IRU�WKH�SRO\�$0�'$$0��$'+�FRUH�QDQR�
ILEHUV�LQ�SKRVSKDWH�EXIIHU��S+�����7KH�ILEHU�VWDFNHG�QDQRV�
WUXFWXUH �RI �WKH �),7&�/\V �ORDGHG �FRUH�VKHOO �ILEHUPDWV �ZDV
FRQILUPHG�XVLQJ�6(0�PHDVXUHPHQWV��GDWD�QRW�VKRZQ���LQGL�
FDWLQJ�QR�DGYHUVH�LPSDFW�RQ�WKHLU�QDQRVWUXFWXUHV��7KH�SUR�
WHLQ�UHOHDVH�H[SHULPHQWV�ZHUH�SHUIRUPHG�E\�LPPHUVLQJ�WKH
ILEHUPDWV�LQ�'XOEHFFR
V�PRGLILHG�(DJOH
V�PHGLXP��'0(0�
DW���e&��DQG�WKH�UHOHDVHG�),7&�/\V�DW��HDFK��WLPH��SRLQW�ZDV
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)LJ�������0RUSKRORJLHV�RI�1,+�7��FHOOV�VHHGHG�RQ�SRO\�$0�'$$0��$'+�ILEHUPDWV��D��FRUH�VKHOO�ILEHUPDWV�ZLWK�3&/�VKHOO��E��RU�&/*
VKHOO��F��DIWHU���DQG���GD\V�RI�LQFXEDWLRQ�DW����&2��DQG���e&��1XFOHL�ZHUH�VWDLQHG�ZLWK�'$3,�DQG�DFWLQ�ILEHUV�ZHUH�VWDLQHG�ZLWK�3KDOORLGLQ�L�
)OXRU�����&RQMXJDWH���$�KLJKHU�UHVROXWLRQ���FRORXU�YHUVLRQ�RI�WKLV�ILJXUH�LV�DYDLODEOH�LQ�WKH�HOHFWURQLF�FRS\�RI�WKH�DUWLFOH��

TXDQWLILHG�EDVHG�RQ�),7&�IOXRUHVFHQFH�LQ �WKH �VXSHUQDWDQW�
$V�VKRZQ�LQ�)LJ�������D�VXVWDLQHG�UHOHDVH�RI�),7&�/\V�ZLWK�
RXW�DQ\�EXUVW�ZDV�REVHUYHG�RYHU����GD\V��7KH�FXPXODWLYH�UH�
OHDVH �LQ ��� �GD\V �UHDFKHG �PRUH �WKDQ ���� �RI �WKH �LQSXW
DPRXQW��$V�H[SHFWHG��WKH�SURSHUW\�ZDV�UHODWLYHO\�GLIIHUHQW�LQ
WKH�ILEHUPDW�ZLWK�WKH�3&/�VKHOO��ZKLFK�VKRZHG�D�ORZ�UHOHDVH
RI�),7&�/\V��7KLV�VXJJHVWV�WKDW�WKH�XVH�RI�&/*�DV�D�VKHOO
OD\HU�IRU�FRUH�VKHOO�ILEHUPDWV��HQGRZV�QRW�RQO\�FHOO�DGKHVLRQ
EXW�DOVR�VXVWDLQHG�SURWHLQ�UHOHDVH�IURP�WKH�SURWHLQ�ORDGDEOH
K\GURSKLOLF�FRUH�QDQRILEHUV�

)LJ�������&RPSDULVRQ�RI�WKH�UHOHDVH�SURILOHV��Q� ����RI�WKH�HQFDSVX�
ODWHG�),7&�/\V�IURP�WKH�FRUH�VKHOO�ILEHUPDWV�ZLWK�WKH�&/*�VKHOO
�ZKLWH�FLUFOH��DQG�WKH�3&/�VKHOO��EODFN�FLUFOH��ZKHQ�LPPHUVHG�LQ
'0(0�IRU����GD\V�

7R�IXUWKHU�LQYHVWLJDWH�WKH�VXSHULRU�SURWHLQ�UHOHDVH�SURSHU�
WLHV�RI�WKH�&/*�VKHOO��ZH�QH[W�H[DPLQHG�WKH�PRUSKRORJLFDO
FKDQJHV �LQ �WKH �FRUH�VKHOO �ILEHUPDWV �DIWHU �LPPHUVLRQ �LQ
'0(0�DW���e&�IRU���GD\V��7KH�6(0�LPDJHV�RI�WKH�ILEHU�
PDWV�DUH�VKRZQ�LQ�)LJ�������)RU�WKH�ILEHUPDW�ZLWK�WKH�3&/
VKHOO ��)LJ� ���� �XSSHU� �D �VOLJKW �LQFUHDVH �LQ �ILEHU �GLDPHWHU
�ZLWKLQ����QP��ZDV�REVHUYHG�DIWHU���GD\V�RI�LQFXEDWLRQ��$F�
FRUGLQJ�WR�D�SUHYLRXV�VWXG\��WKLV�LQFUHDVH�FRXOG�EH�FDXVHG�E\

K\GUDWLRQ�RI�WKH�FRUH�QDQRILEHUV�ZLWK�D�EXIIHU��,Q�FRQWUDVW�
WKH�FRUH�VKHOO�ILEHUPDW�ZLWK�WKH�&/*�VKHOO�VKRZHG�D�VLJQLIL�
FDQW�LQFUHDVH�LQ�GLDPHWHU��RYHU�a����QP��H[SDQVLRQ�RI�DYHU�
DJH�ILEHU�GLDPHWHU�ZDV�RYHU������DIWHU���GD\V�RI�LQFXEDWLRQ�
DQG�WKLV�LQFUHDVHG�OLQHDUO\�RYHU���GD\V��)LJ�����ORZHU��7KLV
REVHUYDWLRQ�FRXOG�EH�GXH�WR�WKH�GLIIHUHQFH�LQ�WKH�HDVH�RI�K\�
GUDWLRQ�EHWZHHQ�3&/�DQG�&/*��&/*�LV�D�FKHPLFDOO\�FURVV�
OLQNHG�SURWHLQ��DQG�WKHUHIRUH��IROORZLQJ�K\GUDWLRQ��LW�VZHOOV
VLJQLILFDQWO\��$V�D�UHVXOW��WKH�SRUHV�EHWZHHQ�WKH�&/*�SRO\�
PHU�FKDLQV�LQFUHDVH�DQG�WKH�SURWHLQV�HQWDQJOHG�LQ�WKH�&/*
QHWZRUN�FRXOG�EH�OLEHUDWHG�LQWR�WKH�'0(0��7KH�NH\�REVHU�
YDWLRQ�KHUH�LV�WKDW�LW�RFFXUUHG�JUDGXDOO\��DV�D�UHVXOW��WKH�HQ�
FDSVXODWHG�),7&�/\V�FRXOG�EH�UHOHDVHG�LQ�D�VXVWDLQHG�PDQQ�
HU�ZLWKRXW�DQ\�EXUVW�UHOHDVH��7KHVH�GDWD�LPSOLHG�WKDW�WKH�VLPL�
ODUO\�FDWLRQLF�E)*)�FRXOG�DOVR�EH�UHOHDVHG�LQ�D�VLPLODU�PDQQ�
HU�

���� �E)*)�(QFDSVXODWHG �3RO\�$0�'$$0��$'+�&/*
&RUH�6KHOO�)LEHUPDW�3URPRWHV�&HOO�3UROLIHUDWLRQ�

)RU�WKH�LQGXFWLRQ�RI�GHVLUDEOH�FHOO�SUROLIHUDWLRQ�DQG�GLI�
IHUHQWLDWLRQ� �H[SRVXUH �WR �KXPRUDO �JURZWK �IDFWRUV �DQG �F\�
WRNLQHV�XQGHU�FRQWUROOHG�FRQGLWLRQV��RSWLPL]HG�WLPH�SHULRG�
FRQFHQWUDWLRQ��DQG�RUGHU��LV�QHFHVVDU\��+RZHYHU��GXH�WR�GL�
JHVWLRQ�E\�XELTXLWRXVO\�SUHVHQW�SURWHDVHV�DQG�RU�GHQDWXUD�
WLRQ�LQ�WKH�FXOWXUH�PHGLXP��WKH�OLPLWHG�KDOI�OLIH�RI�F\WRNLQHV
FDQ�EH�D�VHULRXV�FKDOOHQJH��)RU�H[DPSOH��XSRQ�WKH�DGGLWLRQ
RI�E)*)�����QJ�P/��WR�'0(0��PRVW�RI�LWV�ELRORJLFDO�DFWLYL�
W\ �ZDV�ORVW �ZLWKLQ����K�>��@� �7R�FLUFXPYHQW �WKLV �SUREOHP�
SURWHLQDFHRXV�F\WRNLQHV�FDQ�EH�HQFDSVXODWHG�LQVLGH�VFDIIROG�
LQJ�PDWHULDO �DQG�EH�UHOHDVHG�ZKHQ�UHTXLUHG� �HVSHFLDOO\�IRU
WKH�GHVLJQ�RI�LPSODQW�VFDIIROGV�IRU�LQ�VLWX�UHJHQHUDWLRQ�WKHUD�
S\��7KXV��ZH�FRQVWUXFWHG�E)*)�HQFDSVXODWHG�ILEHUPDWV�DQG
HYDOXDWHG�WKHLU�LPSDFW�RQ�FHOO�SUROLIHUDWLRQ��6LQFH�E)*)��S,
a����� �KDV �D �FDWLRQLF �SURSHUW\ �VLPLODU �WR �O\VR]\PH�>��@� �LW
FRXOG�EH�VLPLODUO\�UHOHDVHG�LQ�D�VXVWDLQHG�PDQQHU�IURP�WKH
FRUH�VKHOO�ILEHUPDW��7KH��E)*)�ORDGHG��FRUH�VKHOO��ILEHUPDWV
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)LJ�������0RUSKRORJLFDO�FKDQJHV�LQ�WKH�QDQRILEHUV�RI�WKH�FRUH�VKHOO�ILEHUPDWV�ZLWK�3&/��D��DQG�ZLWK�&/*��E��XSRQ�LPPHUVLRQ�LQ�'0(0
ZLWK�����)%6�RYHU���GD\V��IURP�6(0�PHDVXUHPHQWV��;�����PDJQLILFDWLRQ����$�KLJKHU�UHVROXWLRQ���FRORXU�YHUVLRQ�RI�WKLV�ILJXUH�LV�DYDLODEOH
LQ�WKH�HOHFWURQLF�FRS\�RI�WKH�DUWLFOH��

ZHUH �SUHSDUHG �OLNH �WKH �),7&�/\V�HQFDSVXODWHG �ILEHUPDWV�
7KH�ILQDO �DPRXQW�RI �E)*)�LQ�WKH�ILEHUPDW�ZDV�VHW �WR�����
QJ�FP���LI�����RI�WKH�ORDGHG�E)*)�LQ�WKH�ILEHUPDWV��URXQG
VKDSH� �o ���� �PP� �ZDV �UHOHDVHG �LQWR �WKH �'0(0 �PHGLXP
�����g/���LWV�FRQFHQWUDWLRQ�ZRXOG�EH����QJ�P/��$V�D�UHIHU�
HQFH��D�FRUH�VKHOO�ILEHUPDW�ZLWKRXW�E)*)�ZDV�DOVR�SUHSDUHG�
/LYH�FHOO�QXPEHUV�LQ�WKH�ILEHUPDWV�DW�HDFK�WLPH�SRLQW�ZHUH
TXDQWLILHG�E\�WKH�077�DVVD\�XVLQJ�ZDWHU�VROXEOH�:67��$V
VKRZQ�LQ�)LJ�������WKH�SUROLIHUDWLRQ�RI�1,+�7��FHOOV�SODFHG
LQ �WKH �E)*)�HQFDSVXODWHG �ILEHUPDW �ZDV �PDUNHGO\ �KLJKHU
FRPSDUHG�WR�D�ILEHUPDW�ZLWKRXW�E)*)��6LQFH�WKH�OLIHWLPH�RI
E)*)�����QJ�P/��LQ�'0(0�ZDV�OHVV�WKDQ����K�>��@� �WKLV
PHDQW�WKDW�WKH�VXVWDLQHG�UHOHDVH�RI�E)*)�IURP�WKH�ILEHUPDW
ZLWK �WKH �&/*�VKHOO �FRXOG �EULQJ �DERXW �FHOO �SUROLIHUDWLRQ �LQ
WKH�LQFXEDWHG�FHOOV�

)LJ�������&RPSDULVRQ�RI�FHOO�SUROLIHUDWLRQ�LQ�1,+�7��FHOOV�VHHGHG
RQ�SRO\��$0�'$$0��$'+�&/*�FRUH�VKHOO�ILEHUPDWV�ZLWK��EODFN
EDU��DQG�ZLWKRXW��ZKLWH�EDU��SUHORDGHG�E)*)�RYHU���GD\V��
VLJQLIL�
FDQFH �GLIIHUHQFH �EHWZHHQ �SDLUV �RI �VXEVWUDWHV �VKRZQ ��S �� �������
�0HDQ�f�6'��Q� ����

&21&/86,21
,QWUDFHOOXODU�VLJQDOLQJ�V\VWHPV�SDUWLFLSDWH�LQ�WKH�FRQWURO

RI�LQGLYLGXDO�FHOO�SUROLIHUDWLRQ�GLIIHUHQWLDWLRQ�SURFHVVHV�DQG
WKH�VXEVHTXHQW �GHYHORSPHQW�LQ�WKH�ZHOO�RUJDQL]HG�FHOO �DV�
VHPEOLHV�VXFK�DV�WLVVXH�DQG�RUJDQ��9DULRXV�SURWHLQRXV�GUXJV
VXFK�DV�KRUPRQHV�DQG�JURZWK�IDFWRUV�PDNH�SLYRWDO�UROHV�LQ
WKHVH �SURFHVVHV �DQG �VXLWDEOH �VLJQDO�LQSXWV �DUH �SHUIRUPHG
ZLWK�WKH�QHFHVVDU\�WLPLQJ��SHULRG��DQG�VWUHQJWK��DPRXQW���%H�
FDXVH�LQ�WKH�FRQQHFWLYH�WLVVXHV��WKHVH�SURWHLQRXV�GUXJV�DUH
JHQHUDOO\ �VXSSOLHG �IURP�WKH �QHLJKERULQJ �H[WUDFHOOXODU �PD�
WUL[� �WKH �SURWHLQ�UHOHDVDEOH �VFDIIROGV �KDYH �EHHQ �WKRXJKW �WR
XVH�DV�DQ�DOWHUQDWLYH�WR�WKH�QDWXUDO�H[WUDFHOOXODU�PDWUL[�WKDW
FDQ�SURPRWH�DUWLILFLDO�WLVVXH�FRQVWUXFWLRQ��(OHFWURVSXQ�ILEHU�
PDWV �KDYH �ILEURXV �PRUSKRORJ\ �DQG �E\ �FKRRVLQJ �VXLWDEOH
EDVH�PDWHULDOV�WKH\�FRXOG�EH�XVHG�IRU�D�FHOO�LQFXEDWLRQ�VFDI�
IROG� �+RZHYHU� �WRZDUG �DSSOLFDWLRQ �WR �D �SURWHLQ�UHOHDVDEOH
VFDIIROG�GHYHORSPHQW�RI�WKH�PHWKRG�WR�FRQVWUXFW�SURWHLQ�UH�
OHDVDEOH�ILEHUPDWV�LV�VWLOO�QHFHVVDU\��,Q�WKLV�VWXG\��ZH�GHPRQ�
VWUDWHG �WKDW �FRUH�VKHOO �ILEHUPDWV �ZLWK �D �&/* �VKHOO �OD\HU
DURXQG �WKH �FRQVWLWXHQW �QDQRILEHUV �ZHUH �HIIHFWLYH �DV �SUR�
WHLQ�UHOHDVLQJ�FHOO�LQFXEDWLRQ�VFDIIROGV��%DVHG�RQ�WKH�FKDUDF�
WHUL]DWLRQ �RI �WKH �UHOHDVH �SURILOH �RI �HQFDSVXODWHG �O\VR]\PH�
VXVWDLQHG�UHOHDVH�ZLWKRXW�DQ\�EXUVW�UHOHDVH�ZDV�REVHUYHG�IRU
WKH �FRUH�VKHOO �ILEHUPDWV� �FRQVLVWLQJ �RI �SRO\�$0��
'$$0��$'+�FRUH�QDQRILEHUV�DQG�D�&/*�VKHOO��&/*�ZUDS�
SLQJ� �LQ �RWKHU �ZRUGV� �PRGLILFDWLRQ �RI �WKH �FRUH�VKHOO �ILEHU�
PDWV�ZLWK�&/*�VKHOOV��HQGRZHG�H[FHOOHQW�FHOO�DGKHVLRQ�SURS�
HUWLHV�WR�WKH�SRO\�$0�'$$0��$'+�FRUH�QDQRILEHUV��)XU�
WKHUPRUH��EDVHG�RQ�WKH�LPSDFW�RI�SUH�HQFDSVXODWHG�E)*)�RQ
FHOO �SUROLIHUDWLRQ� �WKH �UHOHDVHG �E)*)�HIIHFWLYHO\ �SURPRWHG
FHOO�SUROLIHUDWLRQ��7KHUH�KDYH�EHHQ�VHYHUDO�UHSRUWV�RQ�WKH�XVH
RI�FRUH�VKHOO�ILEHUPDWV�DV�FHOO�LQFXEDWLRQ�VFDIIROGV��KRZHY�
HU��YHU\�IHZ�GHWDLO�WKH�LPSRUWDQFH�RI�FKRRVLQJ�WKH�ULJKW�PDWH�
ULDO�IRU�WKH�VKHOO�XQLWV�WKDW�FDQ�HQGRZ�HIILFLHQW�UHOHDVH�SURSHU�
WLHV��&RUH�VKHOO�ILEHUPDWV�FRXOG�RIIHU�D�VXSHULRU�SODWIRUP�IRU
FRQVWUXFWLQJ�ZHOO�GHVLJQHG�VFDIIROGV�IRU�LQ�VLWX�UHJHQHUDWLRQ
WKHUDS\� �)RU �H[DPSOH� �E\ �FRPELQLQJ �WKH �GRXEOH�OD\HUHG

    
   A

uthor P
roofs 

"F
or P

ers
onal 

Use
 O

nly"



����&XUUHQW�$SSOLHG�3RO\PHU�6FLHQFH��cccc��9RO��bb��1R��bb 7DQLNDZD�HW�DO�

QDQRILEHUV�ZLWK�GLIIHUHQW�VKHOO�PDWHULDOV�LQ�RQH�ILEHUPDW��D
VXSHULRU�VFDIIROG�FDQ�EH�GHVLJQHG�WKDW�FDQ�UHOHDVH�PRUH�WKDQ
WZR�F\WRNLQHV�ZLWK�GLIIHUHQW�UHOHDVH�SURILOHV��:H�DUH�LQ�WKH
SURFHVV�RI�DSSOLFDWLRQ�IRFXVHG�GHVLJQ�RI�WKH�FRUH�VKHOO�ILEHU�
PDWV�E\�FRPELQLQJ�YDULRXV�PDWHULDOV��ZKLFK�ZRXOG�LQFUHDVH
LWV�WKHUDSHXWLF�SRWHQWLDO�

&216(17�)25�38%/,&$7,21
1RW�DSSOLFDEOH�

$9$,/$%,/,7<�2)�'$7$�$1'�0$7(5,$/6
1RW�DSSOLFDEOH�

)81',1*
1RQH�

&21)/,&7�2)�,17(5(67
7KH�DXWKRUV�GHFODUH�QR�FRQIOLFW�RI�LQWHUHVW��ILQDQFLDO�RU

RWKHUZLVH�

$&.12:/('*0(176
7KH�DXWKRUV�DFNQRZOHGJH�WKH�VXSSRUW�E\�WKH�72<2$.,

6&+2/$56+,3�)281'$7,21��$�67(3��$GDSWDEOH�DQG
6HDPOHVV�7HFKQRORJ\�7UDQVIHU�3URJUDP�WKURXJK�7DUJHW�GULY�
HQ�5	'���-DSDQ�DQG�WKH�1,06�0ROHFXOH�	�0DWHULDO�6\QWKH�
VLV�3ODWIRUP�LQ�WKH�i1DQRWHFKQRORJ\�3ODWIRUP�3URMHFWj�RSHU�
DWHG�E\�WKH�0LQLVWU\�RI�(GXFDWLRQ��&XOWXUH��6SRUWV��6FLHQFH
DQG�7HFKQRORJ\��0(;7���-DSDQ�

5()(5(1&(6

6FKXOGLQHU�0��<DQXND�2��,WVNRYLW]�(OGRU�-��0HOWRQ�'$��%HQYHQLV�>�@
W\�1��(IIHFWV�RI�HLJKW�JURZWK�IDFWRUV�RQ�WKH�GLIIHUHQWLDWLRQ�RI�FHOOV
GHULYHG �IURP�KXPDQ�HPEU\RQLF �VWHP�FHOOV� �3URF �1DWO �$FDG�6FL
86$������������������������
KWWS���G[�GRL�RUJ���������SQDV�������������30,'����������
6PLWK�-&��3ULFH�%0-��9DQ�1LPPHQ�.��+X\OHEURHFN�'��,GHQWLILFD�>�@
WLRQ�RI�D�SRWHQW�;HQRSXV�PHVRGHUP�LQGXFLQJ�IDFWRU�DV�D�KRPR�
ORJXH�RI�DFWLYLQ�$��1DWXUH�������������������������
KWWS���G[�GRL�RUJ���������������D��30,'���������
7DNHEH�7��6HNLQH�.��(QRPXUD�0��HW�DO��9DVFXODUL]HG�DQG�IXQFWLRQ�>�@
DO�KXPDQ�OLYHU�IURP�DQ�L36&�GHULYHG�RUJDQ�EXG�WUDQVSODQW��1DWXUH
�����������������������
KWWS���G[�GRL�RUJ���������QDWXUH������30,'����������
=KDQJ�6��:DQ�=��.DPP�5'��9DVFXODUL]HG�RUJDQRLGV�RQ�D�FKLS�>�@
6WUDWHJLHV�IRU�HQJLQHHULQJ�RUJDQRLGV�ZLWK�IXQFWLRQDO�YDVFXODWXUH�
/DE�&KLS���������������������
KWWS���G[�GRL�RUJ���������'�/&�����-�30,'����������
'DVK �7.� �.RQNLPDOOD �9%� �3RO\�r�FDSURODFWRQH �EDVHG �IRUPXOD�>�@
WLRQV�IRU�GUXJ�GHOLYHU\�DQG�WLVVXH�HQJLQHHULQJ��$�UHYLHZ��-�&RQWURO
5HOHDVH���������������������
KWWS���G[�GRL�RUJ���������M�MFRQUHO�������������30,'����������
+RO]ZDUWK�-0��0D�3;���'�QDQRILEURXV�VFDIIROGV�IRU�WLVVXH�HQJL�>�@
QHHULQJ��-�0DWHU�&KHP��������������������
KWWS���G[�GRL�RUJ���������F�MP�����D
'HVKPXNK�.��.RYbmdN�7��.mHQHN�7��'RFKHYD�'��6WLFK�7��3ROD�-�>�@
5HFHQW�DGYDQFHV�DQG�IXWXUH�SHUVSHFWLYHV�RI�VROhJHO�GHULYHG�SRURXV
ELRDFWLYH�JODVVHV��$�UHYLHZ��56&�$GYDQFHV���������������������
KWWS���G[�GRL�RUJ���������'�5$�����.
9DOOHW�5HJd�0��&ROLOOD�0��*RQ]bOH]�%��0HGLFDO�DSSOLFDWLRQV�RI�RU�>�@
JDQLF�LQRUJDQLF�K\EULG�PDWHULDOV�ZLWKLQ�WKH�ILHOG�RI�VLOLFD�EDVHG
ELRFHUDPLFV��&KHP�6RF�5HY����������������������
KWWS���G[�GRL�RUJ���������&�&6�����)�30,'����������
6FKQHWWOHU�5��$OW�9��'LQJHOGHLQ�(��HW�DO��%RQH�LQJURZWK�LQ�E)*)�>�@

FRDWHG �K\GUR[\DSDWLWH �FHUDPLF �LPSODQWV� �%LRPDWHULDOV ������
������� ��������
KWWS���G[�GRL�RUJ���������6�������������������� �30,'�
��������
7DR �%� �'HQJ �<� �6RQJ �/� �HW �DO� �%03��ORDGHG �WLWDQLD �QDQRWXEHV>��@
FRDWLQJ�ZLWK�S+�UHVSRQVLYH�PXOWLOD\HUV�IRU�EDFWHULDO�LQIHFWLRQV�LQ�
KLELWLRQ �DQG �RVWHRJHQLF �DFWLYLW\ �LPSURYHPHQW� �&ROORLGV �6XUI �%
%LRLQWHUIDFHV�������������������
KWWS���G[�GRL�RUJ���������M�FROVXUIE�������������30,'����������
%DQJ�6��'DV�'��<X�-��1RK�,��(YDOXDWLRQ�RI�PF�W��FHOOV�SUROLIHUD�>��@
WLRQ�DQG�GUXJ�UHOHDVH�VWXG\�IURP�VRGLXP�K\DOXURQDWH�����EXWDQHGL�
RO�GLJO\FLG\O�HWKHU�SDWWHUQHG�JHO��1DQRPDWHULDOV������������������
KWWS���G[�GRL�RUJ���������QDQR��������30,'����������
<XDVD �0� �<DPDGD �7� �7DQL\DPD �7� �HW �DO� �'H[DPHWKDVRQH �HQ�>��@
KDQFHV �RVWHRJHQLF �GLIIHUHQWLDWLRQ �RI �ERQH�PDUURZ��DQG�PXVFOH�
�GHULYHG�VWURPDO�FHOOV�DQG�DXJPHQWV�HFWRSLF�ERQH�IRUPDWLRQ�LQ�
GXFHG�E\�ERQH�PRUSKRJHQHWLF�SURWHLQ����3/R6�2QH�������������
H��������
KWWS���G[�GRL�RUJ���������MRXUQDO�SRQH���������30,'����������
<DPDPRWR�.��.LVKLGD�7��1DNDL�.��HW�DO��'LUHFW�SKHQRW\SLF�FRQYHU�>��@
VLRQ�RI�KXPDQ�ILEUREODVWV�LQWR�IXQFWLRQDO�RVWHREODVWV�WULJJHUHG�E\
D �EORFNDGH �RI �WKH �WUDQVIRUPLQJ �JURZWK �IDFWRU�p �VLJQDO� �6FL �5HS
�����������������
KWWS���G[�GRL�RUJ���������V������������������30,'����������
*ROFKLQ�$��1RXUDQL�05��(IIHFWV�RI�ELOD\HU�QDQRILEULOODU�VFDIIROGV>��@
FRQWDLQLQJ�HSLGHUPDO�JURZWK�IDFWRU�RQ�IXOO�WKLFNQHVV�ZRXQG�KHDO�
LQJ��3RO\P�$GY�7HFKQRO�������������������
KWWS���G[�GRL�RUJ���������SDW�����
&DUUHLUD�$&2��=DPEX]]L�:)��5RVVL�0&��$VWRULQR�)LOKR�5��6RJD�>��@
\DU�0&��*UDQMHLUR�-0��%RQH�PRUSKRJHQHWLF�SURWHLQV��3URPLVLQJ
PROHFXOHV �IRU �ERQH �KHDOLQJ� �ELRHQJLQHHULQJ� �DQG �UHJHQHUDWLYH
PHGLFLQH��9LWDP�+RUP�������������������
KWWS���G[�GRL�RUJ���������EV�YK�������������30,'����������
0DGU\�+��5H\�5LFR�$��9HQNDWHVDQ�-.��-RKQVWRQH�%��&XFFKLDULQL>��@
0��7UDQVIRUPLQJ�JURZWK�IDFWRU�%HWD�UHOHDVLQJ�VFDIIROGV�IRU�FDUWL�
ODJH �WLVVXH �HQJLQHHULQJ� �7LVVXH �(QJ �3DUW �% �5HY ������ �������
�������
KWWS���G[�GRL�RUJ���������WHQ�WHE�����������30,'����������
-L�:��6XQ�<��<DQJ�)��HW�DO��%LRDFWLYH�HOHFWURVSXQ�VFDIIROGV�GHOLYHU�>��@
LQJ�JURZWK�IDFWRUV�DQG�JHQHV�IRU�WLVVXH�HQJLQHHULQJ�DSSOLFDWLRQV�
3KDUP�5HV����������������������
KWWS���G[�GRL�RUJ���������V�����������������30,'����������
<DQJ�)��0XUXJDQ�5��:DQJ�6��5DPDNULVKQD�6��(OHFWURVSLQQLQJ�RI>��@
QDQR�PLFUR�VFDOH�SRO\�/�ODFWLF�DFLG��DOLJQHG�ILEHUV�DQG�WKHLU�SRWHQ�
WLDO �LQ �QHXUDO �WLVVXH �HQJLQHHULQJ� �%LRPDWHULDOV ������ ��������
��������
KWWS���G[�GRL�RUJ���������M�ELRPDWHULDOV������������ �30,'�
��������
/HH�6-��2K�6+��/LX�-��6RNHU�6��$WDOD�$��<RR�--��7KH�XVH�RI�WKHU�>��@
PDO�WUHDWPHQWV�WR�HQKDQFH�WKH�PHFKDQLFDO�SURSHUWLHV�RI�HOHFWUR�
VSXQ �SRO\�HSVLORQ�FDSURODFWRQH� �VFDIIROGV� �%LRPDWHULDOV ������
������� ���������
KWWS���G[�GRL�RUJ���������M�ELRPDWHULDOV������������ �30,'�
��������
.HQDZ\�(,5��$EGHO�+D\�),��(,�1HZHK\�0+��:QHN�*(��3URFHVV�>��@
LQJ�RI�SRO\PHU�QDQRILEHUV�WKURXJK�HOHFWURVSLQQLQJ�DV�GUXJ�GHOLY�
HU\�V\VWHPV��0DWHU�&KHP�3K\V��������������������
KWWS���G[�GRL�RUJ���������M�PDWFKHPSK\V������������
:X�5��*DR�*��;X�<��(OHFWURVSXQ�ILEHUV�LPPRELOL]HG�ZLWK�EPS��>��@
PHGLDWHG�E\�SRO\GRSDPLQH�FRPELQHG�ZLWK�DXWRJHQRXV�WHQGRQ�WR
UHSDLU�GHYHORSPHQWDO�G\VSODVLD�RI�WKH�KLS�LQ�D�SRUFLQH�PRGHO��,QW�-
1DQRPHGLFLQH�������������������
KWWS���G[�GRL�RUJ���������,-1�6�������30,'����������
4L�+��+X�3��;X�-��:DQJ�$��(QFDSVXODWLRQ�RI�GUXJ�UHVHUYRLUV�LQ>��@
ILEHUV�E\�HPXOVLRQ�HOHFWURVSLQQLQJ��0RUSKRORJ\�FKDUDFWHUL]DWLRQ
DQG �SUHOLPLQDU\ �UHOHDVH �DVVHVVPHQW� �%LRPDFURPROHFXOHV ������
��������������
KWWS���G[�GRL�RUJ���������EP������]�30,'����������
/LX�&��:DQJ�&��=KDR�4��HW�DO��,QFRUSRUDWLRQ�DQG�UHOHDVH�RI�GXDO>��@
JURZWK�IDFWRUV�IRU�QHUYH�WLVVXH�HQJLQHHULQJ�XVLQJ�QDQRILEURXV�EL�
FRPSRQHQW�VFDIIROGV��%LRPHG�0DWHU���������������������
KWWS���G[�GRL�RUJ�����������������;�DDE����30,'����������
.RHGD�6��,FKLNL�.��,ZDQDJD�1��HW�DO��&RQVWUXFWLRQ�DQG�FKDUDFWHUL�>��@
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]DWLRQ �RI �SURWHLQ�HQFDSVXODWHG �HOHFWURVSXQ �ILEHUPDWV �SUHSDUHG
IURP �D �VLOLFD�SRO\�q�JOXWDPDWH� �K\EULG� �/DQJPXLU ������ �������
������
KWWS���G[�GRL�RUJ���������DFV�ODQJPXLU��E������30,'����������
,GR�<��0DcRQ�$/%��,JXFKL�0��HW�DO��&RQVWUXFWLRQ�RI�HQ]\PH�HQ�>��@
FDSVXODWHG �ILEHUPDWV �IURP �WKH �FURVV�OLQNDEOH �FRSRO\PHUV �SR�
O\�DFU\ODPLGH��FR�SRO\�GLDFHWRQH�DFU\ODPLGH��ZLWK�WKH�EL�IXQFWLRQ�
DO�FURVV�OLQNHU��DGLSLF�DFLG�GLK\GUD]LGH��3RO\PHU��*XLOGI�������
������������
KWWS���G[�GRL�RUJ���������M�SRO\PHU������������
7DQLNDZD�<��,GR�<��$QGR�5��HW�DO��&RD[LDO�HOHFWURVSXQ�ILEHUPDW>��@
RI�SRO\�DP�GDDP��DGK�DQG�3&/��9HUVDWLOH�SODWIRUP�IRU�HQFDSVXODW�
LQJ �IXQFWLRQDOO\ �DFWLYH �HQ]\PHV� �%XOO �&KHP�6RF �-SQ ������ ����
��������
KWWS���G[�GRL�RUJ���������EFVM���������
&KRX�6)��/XR�/-��/DL�-<��0D�'+��5ROH�RI�VROYHQW�PHGLDWHG�FDU�>��@
ERGLLPLGH�FURVV�OLQNLQJ�LQ�IDEULFDWLRQ�RI�HOHFWURVSXQ�JHODWLQ�QDQR�
ILEURXV�PHPEUDQHV�DV�RSKWKDOPLF�ELRPDWHULDOV��0DWHU�6FL�(QJ�&
������������������
KWWS���G[�GRL�RUJ���������M�PVHF�������������30,'����������
=KDR�<�=��7LDQ�;�4��=KDQJ�0��HW�DO��)XQFWLRQDO�DQG�SDWKRORJLFDO>��@
LPSURYHPHQWV �RI �WKH �KHDUWV �LQ �GLDEHWHV �PRGHO �E\�WKH �FRPELQHG
WKHUDS\�RI�E)*)�ORDGHG�QDQRSDUWLFOHV�ZLWK�XOWUDVRXQG�WDUJHWHG�PL�

FUREXEEOH�GHVWUXFWLRQ��-�&RQWURO�5HOHDVH������������������
KWWS���G[�GRL�RUJ���������M�MFRQUHO�������������30,'����������
&KDR�6&��:DQJ�0-��3DL�16��<HQ�6.��3UHSDUDWLRQ�DQG�FKDUDFWHUL�>��@
]DWLRQ�RI�JHODWLQ�K\GUR[\DSDWLWH�FRPSRVLWH�PLFURVSKHUHV�IRU�KDUG
WLVVXH�UHSDLU��0DWHU�6FL�(QJ�&������������������
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