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7KH�3K\VLFRFKHPLFDO�,PSDFW�RI�7RFRSKHUROV�RQ�/LSLG�0HPEUDQHV 

 

3DQDJLRWD�7DNWLNDNLV 

 

Lung surfactant is the lipid-protein monolayer at the interface between the air and the liquid 

lining the alveoli.  It serves to ensure the lungs stay inflated during inhalation and to reduce the 

surface tension to prevent its collapse at the end of expiration. Exposure to e-cigarette additives 

vitamin E (D�tocopherol) and its acetate derivative vitamin E acetate (D�tocopherol acetate) 

through vaping has been linked to e-cigarette or vaping product use-associated lung injury 

(EVALI). This condition disrupts normal lung function, leading to severe respiratory distress that 

can cause hospitalization for difficulty in breathing, and, in some cases, lung collapse or death. 

Using a Langmuir balance, excess area calculations, Brewster angle microscopy (BAM), atomic 

force microscopy (AFM) and molecular studies such as grazing incidence X�ray diffraction 

(GIXD) and X�ray reflectivity (XR), the effects of these additives on the lung surfactant 

monolayer film have been examined and changes in surface activity, morphology, and molecular 

organization of the film assessed. The introduction of D�tocopherol and D�tocopherol acetate 

alters the fluidity, phase balance and modifies the composition of the different phases present. 

These changes could potentially impair normal lung surfactant function. This research also 

addresses potential short-term impacts on lung surfactant function due to vaping. In addition to its 

effects on lung surfactant, we studied D�tocopherol, the most bioavailable form of vitamin E, for 

its interaction with common membrane lipids. Known as a potent membrane-soluble antioxidant, 

D�tocopherol plays an irreplicable role in preventing lipid peroxidation, which can otherwise lead 

to the degradation of cellular membranes, or even cell death. We used the same techniques to 

explore the mixing behaviour of D�tocopherol with both saturated and unsaturated membrane 

lipids. This revealed how D�WRFRSKHURO¶V� interactions vary based on the degree of lipid 

unsaturation, independent of the lipids headgroup. 
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,�ZRXOG�OLNH�WR�H[SUHVV�P\�GHHSHVW�JUDWLWXGH�WR�P\�VXSHUYLVRU��'U��&KULVWLQH�'H:ROI��ZKRVH�

XQZDYHULQJ�VXSSRUW��DQG�JXLGDQFH�KDYH�EHHQ�LQYDOXDEOH�WKURXJKRXW�WKLV�MRXUQH\��+HU�SUHVHQFH�

DQG�HQFRXUDJHPHQW�KDYH�EHHQ�D�VROLG�IRXQGDWLRQ�IRU�P\�ZRUN��DQG�KHU�HIIRUWV�LQ�IDFLOLWDWLQJ�

FROODERUDWLRQV�EHWZHHQ�LQVWLWXWLRQV�KDYH�EHHQ�FUXFLDO�WR�WKH�VXFFHVV�RI�WKLV�SURMHFW��,�DP�

HVSHFLDOO\�JUDWHIXO�IRU�KHU�DGYLFH�RQ�WDNLQJ�EUHDNV�ZKHQ�QHHGHG�DQG�KHU�EDODQFHG�DSSURDFK�LQ�

SXVKLQJ�PH�WR�UHDFK�P\�IXOO�SRWHQWLDO��+HU�ZLOOLQJQHVV�WR�VSHQG�FRXQWOHVV�KRXUV�ZLWK�PH�RQ�

PDQXVFULSW�ZULWLQJ��RIIHULQJ�FUHDWLYH�LGHDV��DQG�VXJJHVWLQJ�VROXWLRQV�WR�WKH�FKDOOHQJHV�,�IDFHG�KDV�

EHHQ�LQVWUXPHQWDO��+HU�SURPRWLRQ�RI�JRRG�ODERUDWRU\�SUDFWLFHV�DQG�SURIHVVLRQDOLVP��ERWK�LQ�WKH�

ODE�DQG�LQ�UHDO�OLIH��KDV�SURIRXQGO\�LPSDFWHG�P\�GHYHORSPHQW��,�DP�DOVR�GHHSO\�DSSUHFLDWLYH�RI�

WKH�RSSRUWXQLW\�WR�UXQ�H[SHULPHQWV�DW�WKH�V\QFKURWURQ�LQ�&KLFDJR��ZKLFK�VKH�JHQHURXVO\�IXQGHG� 

 

,�ZRXOG�DOVR�OLNH�WR�WKDQN�WKH�IRUPHU�ODE�PHPEHUV��'U��+DOD�<RXVVHI��.DLOHQ�.URHJHU��0DWKLHX�

&{Wp��DQG�1LYHWKD�6XEUDPDQLDQ�ZKRVH�LGHDV��H[SHULPHQWDO�FRQWULEXWLRQV�ODLG�WKH�JURXQGZRUN�IRU�

WKLV�SURMHFW��<RXU�LQSXW�ZDV�D�YDOXDEOH�VWHSSLQJVWRQH�LQ�FRPSOHWLQJ�WKLV�ZRUN��7R�WKH�FXUUHQW�ODE�

PHPEHUV��0DU\DP�/RUPDKGLDEDGL��$QWKRQ\�.RXNRXORPDWLV��'DOLD�$OL��'U��1LFRODV�%RQGRQ��DQG�

=DKUD�$OLQLD�IRU�D�PHPRUDEOH�H[SHULHQFH�DQG�WHDFKLQJ�PH�PDQ\�WKLQJV� 

 

,�VLQFHUHO\�WKDQN�P\�FRPPLWWHH�PHPEHUV��'U��&XFFLD��'U��3DVVDUHOOL��DQG�UHSODFHPHQW�PHPEHU�'U��

3DZHOHN��IRU�WKHLU�JXLGDQFH��JUHDW�TXHVWLRQV��FRQWULEXWLRQ�WR�WKLV�SURMHFW�DQG�VXSSRUW��,�ZRXOG�DOVR�

OLNH�WR�WKDQN�SURIHVVRUV�WKURXJKRXW�P\�PDVWHUV�'U��0HMHZVNL��'U��3DZHOHN��DQG�'U��2K��ZKRVH�

FRXUVHV�ZHUH�LQWHUHVWLQJ�DQG�FKDOOHQJHG�PH�WR�VWHS�RXW�RI�P\�FRPIRUW�]RQH�� 

 

0\�WKDQNV�WR�RXU�FROODERUDWRU�DQG�WDOHQWHG�UHVHDUFKHU��'U��$QWRQHOOD�%DGLD�IURP�WKH�GHSDUWPHQW�

RI�FKHPLVWU\�DW�8QLYHUVLWp�GH�0RQWUpDO��ZKR�FRQWULEXWHG�WR�WKH�LGHDWLRQ��ZULWLQJ��DQG�SURFHVVLQJ�

RI�WKH�PDQXVFULSWV�LQ�P\�WKHVLV��<RXU�LQYROYHPHQW�KDV�EHHQ�D�FUXFLDO�SDUW�RI�WKLV�UHVHDUFK� 

 

7R�P\�IDPLO\��PRWKHU�9LFN\�9DONDQDV��IDWKHU�$ULVWRWHOLV�7DNWLNDNLV��VWHSIDWKHU�*HRUJH�

6WDYUDNDNLV��DQG�VLEOLQJV�(OL]DEHWK��$QDVWDVLD��.RQVWDQWLQRV�DQG�*HRUJH��DQG�IULHQGV��3RRMD��

.LPEHUO\��DQG�(ULQ��\RXU�XQFRQGLWLRQDO�HPRWLRQDO�VXSSRUW�GXULQJ�WKLV�PDVWHU¶V�SURJUDP�KDV�EHHQ�
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D�VRXUFH�RI�VWUHQJWK��<RXU�SUHVHQFH�DQG�XQGHUVWDQGLQJ�GXULQJ�WKH�WRXJK�DQG�JRRG�WLPHV�KDYH�

PHDQW�WKH�ZRUOG�WR�PH� 

 

,�ZDQW�WR�DOVR�JLYH�D�VSHFLDO�WKDQNV�WR�P\�WZR�<RUNLH�SXSSLHV��4XHHQLH����\HDUV��DQG�&KDQHO����

\HDU���ZKRVH�FRPSDQLRQVKLS�KDV�EHHQ�D�FRQVWDQW�VRXUFH�RI�MR\�DQG�FRPIRUW��7KHLU�SUHVHQFH�

DOZD\V�PDQDJHG�WR�EULQJ�D�VPLOH�WR�P\�IDFH��QR�PDWWHU�KRZ�FKDOOHQJLQJ�WKH�GD\� 

 

)LQDOO\��,�DP�VR�JUDWHIXO�IRU�WKH�WLPH�,¶YH�KDG�WKH�SDVW�WZR�\HDUV��ZKLFK�DOORZHG�PH�WR�IRFXV�RQ�

P\�ZHOO�EHLQJ�DQG�VSDUNHG�P\�SDVVLRQ�IRU�UXQQLQJ�WKDW¶V�EHHQ�EHQHILFLDO�IRU�P\�PHQWDO�KHDOWK� 
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&RQWULEXWLRQ�RI�$XWKRUV 

)RU� 0DQXVFULSW� ��� 3DQDJLRWD� 7DNWLNDNLV� GUDIWHG� WKH� PDQXVFULSW�� FROOHFWHG�� DQG� DQDO\]HG� WKH�

PDMRULW\�RI�WKH�GDWD��1LYHWKD�6XEUDPDQLDQ�DQG�0DWKLHX�&{Wp��ZKR�ZHUH�XQGHUJUDGXDWH�VWXGHQWV��

ERWK�FDUULHG�RXW�SUHOLPLQDU\�H[SHULPHQWDO�VWXGLHV�VXFK�DV�LVRWKHUPV�DQG�%$0�LPDJLQJ�SULRU�WR�

WKLV�PDVWHU¶V� WKHVLV�SURMHFW��.DLOHQ�.URHJHU�ZDV�DQ�XQGHUJUDGXDWH�VWXGHQW�DW� WKH� WLPH�ZKHQ�KH�

XQGHUWRRN�D�SUHOLPLQDU\�OLWHUDWXUH�VHDUFK�IRU�SURMHFW�IRUPXODWLRQ��FRQGXFWHG�SUHOLPLQDU\�LVRWKHUPV�

DQG�FRQWULEXWHG�WR�;�UD\�GLIIUDFWLRQ�GDWD�DQG�FROOHFWLRQ��'U��+DOD�<RXVVHI�ZDV�D�UHVHDUFK�DVVLVWDQW�

ZKR�FRQWULEXWHG�WR�;�UD\�GLIIUDFWLRQ�GDWD�FROOHFWLRQ�DQG�VRPH�DQDO\VLV��'U��$QWRQHOOD�%DGLD�LV�D�

SURIHVVRU� DW� 8QLYHUVLWp� GH� 0RQWUpDO� DQG� UHVHDUFK� FROODERUDWRU� ZKR� FRQWULEXWHG� WR� SURMHFW�

FRQFHSWLRQ�� �7KH�ZULWLQJ�RI� WKH�PDQXVFULSW�ZDV� FDUULHG�RXW� E\�3DQDJLRWD�7DNWLNDNLV� XQGHU� WKH�

VXSHUYLVLRQ�RI�'U��&KULVWLQH�'H:ROI��DQG�UHYLHZHG�E\�FROODERUDWRU�'U��$QWRQHOOD�%DGLD� 

 

)RU�0DQXVFULSW����WKH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�E\�3DQDJLRWD�7DNWLNDNLV��7KH�ZULWLQJ�RI�WKH�

PDQXVFULSW�ZDV�FDUULHG�RXW�E\�3DQDJLRWD�7DNWLNDNLV�XQGHU�WKH�VXSHUYLVLRQ�RI�'U��&KULVWLQH�'H:ROI��

DQG�UHYLHZHG�E\�FROODERUDWRU�$QWRQHOOD�%DGLD� 

 

)RU� ERWK� PDQXVFULSWV� 'U�� &KUVWLQH� 'H:ROI� FRQWULEXWHG� WR� SURMHFW� FRQFHSWXDOL]DWLRQ�� IXQGLQJ�

DFTXLVLWLRQ��VXSHUYLVLRQ�DQG�ZDV�LQYROYHG�LQ�GDWD�DQDO\VLV�LQWHUSUHWDWLRQ�DQG�PDQXVFULSW�ZULWLQJ� 
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/LVW�RI�)LJXUHV 

 
)LJXUH� ����� $OYHRODU� VDF� ZLWK� $7,,� �OHIW�� DV� ZHOO� DV� OXQJ� VXUIDFWDQW� FRPSRQHQWV� LQFOXGLQJ�

SKRVSKROLSLGV�DQG�VXUIDFWDQW�SURWHLQ�VKRZQ�ZLWK�DSSUR[LPDWH�SHUFHQWDJH�RI�UHODWLYH�WR�WKH�WRWDO�

OXQJ�VXUIDFWDQW�PROHFXODU�ZHLJKW��ULJKW��«««««««««««««««««««�� 

)LJXUH������7KH� OXQJ�VXUIDFWDQW� ILOP�DW� WKH�DLU�OLTXLG� LQWHUIDFH�GXULQJ�D�EUHDWKLQJ�F\FOH� IRU� �D��

FRPSUHVVLRQ�DQG��E��H[SDQVLRQ�ZLWK�FRUUHVSRQGLQJ�VXUIDFH�WHQVLRQ�FKDQJHV�XSRQ�FRPSUHVVLRQ�DQG�

H[SDQVLRQ��0ROHFXOHV�ZLWK�VXUIDFH�DFWLYLW\�GHSLFWHG� LQ�EURZQ�DQG�RUDQJH�FRORUV�DQG�VXUIDFWDQW�

SURWHLQV�63�%�DQG�63�&�GHSLFWHG�DV�D�JUHHQ�FRORU��7KH�VXUIDFH�WHQVLRQ�LV�WKH�ORZHVW�DW�WKH�HQG�RI�

FRPSUHVVLRQ�DQG�EHJLQQLQJ�RI�H[SDQVLRQ�RI�WKH�OXQJ�VXUIDFWDQW�«««««««���«�«�� 

)LJXUH������:HHNO\�KRVSLWDOL]DWLRQV�IURP�(9$/,�DV�ZHOO�DV�GHFOLQH�LQ�FDVHV�IURP�6HSWHPEHU������

WR�-DQXDU\������«««««««««««««««««««««««««««���«�� 

)LJXUH������0ROHFXODU�VWUXFWXUH�RI�QDWXUDOO\�RFFXUULQJ�555�D�WRFRSKHURO�«««���«��� 

)LJXUH� ����� 2[LGDWLRQ�UHGXFWLRQ� UHDFWLRQ� SURFHVV�ZLWK�D�WRFRSKHURO�� OLSLGV�� DVFRUELF� DFLG� DQG�

JOXWDWKLRQH�««««««««««««««««««««««««««««�����«��� 

)LJXUH������0ROHFXODU�VWUXFWXUH�RI�YLWDPLQ�(�VWHUHRLVRPHUV�«««««««««««��� 

)LJXUH� �����*HQHULF� UHSUHVHQWDWLRQ� RI� D� /DQJPXLU� VXUIDFH� SUHVVXUH�DUHD� FRPSUHVVLRQ� LVRWKHUP�

GHSLFWLQJ�YDULRXV�SKDVHV�LQ�WKH�LVRWKHUP�ZLWK�FRUUHVSRQGLQJ�/DQJPXLU�UHFWDQJXODU�WURXJK�LQ�DQ�

H[SDQGHG�IRUP��ULJKW��DQG�FRPSUHVVHG�IRUP��OHIW��««««««««««««���««��� 

)LJXUH�������D��6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�LQWHUDFWLRQ�RI�SRODUL]HG�OLJKW�SHUIHFWO\�UHIOHFWHG�

WKURXJK�WKH�VXESKDVH�DW�WKH�%UHZVWHU�DQJOH�RI���R��OHIW��DQG�ZKHQ�WKH�%UHZVWHU�DQJOH�LV�GHYLDWHG�

LQ�WKH�SUHVHQFH�RI�D�ILOP�PRUSKRORJ\��ULJKW����E��([DPSOH�RI�D�%$0�LPDJH�VKRZLQJ�WKH�WKLFN�OLJKW�

UHJLRQV�DQG�OHVV�WKLFN�GDUN�UHJLRQV�««««««««««««««���«««««������� 

)LJXUH������6FKHPDWLF�RI�/DQJPXLU�%ORGJHWW��/%��PHWKRG�GHSRVLWLRQ�«««««««�� 

)LJXUH� ������ :RUNLQJ� SULQFLSOHV� RI� WZR� ;�UD\� PHWKRGV�� LQFOXGLQJ� *,;'� DQG� ;5�� XVHG� IRU�

PRQROD\HUV�DW�WKH�DLU�OLTXLG�LQWHUIDFH�««««««««««««««««««���«��� 

)LJXUH�������*,;'�H[SHULPHQWDO�VHWXS�DW�WKH�EHDPOLQH����,'�&�&KHP0DW&$56�RI�WKH�$GYDQFHG�

3KRWRQ�6RXUFH��$36��DW�$UJRQQH�1DWLRQDO�/DERUDWRU\�LQYROYLQJ��D��HQFORVHG�/DQJPXLU�WURXJK��

�E��DQWLYLEUDWLRQ�SODWIRUP���F��JHUPDQLXP�FU\VWDO�IRU�EHDP�UHGLUHFWLRQ���G��LQFLGHQW�;�UD\�EHDP�

VOLWV���H��SRVLWLRQ�VHQVLWLYH�3LODWXV�GHWHFWRU�«««««««««««��««««««���� 
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)LJXUH�������&DUWRRQ�IRU�IRXU�VODE�PRGHO��DLU��OLSLG�WDLO��KHDGJURXSV��ZDWHU��RI�W\SLFDO�SKRVSKROLSLG�

PRQROD\HU��««««««««««««««««««««««««««««�««��� 

)LJXUH������0ROHFXODU�VWUXFWXUHV�RI� WKH� �D��SKRVSKROLSLGV��'33&�DQG�323*��DQG��E��DGGLWLYHV�

D�WRFRSKHURO�D�WRFRSKHURO� DFHWDWH�� DOVR� NQRZQ� DV� YLWDPLQ� (�YLWDPLQ� (� DFHWDWH�� XVHG� LQ� WKLV�

ZRUN««««««««««««««««««««««««««««««««������� 

)LJXUH������833(5�3$1(/6��6XUIDFH�SUHVVXUH±DUHD� LVRWKHUPV�IRU� �D��QHDW�D�WRFRSKHURO� �UHG��

DQG�'33&�323*�������PL[WXUHV�ZLWK�LQFUHDVLQJ�PRODU�FRQFHQWUDWLRQV�RI�D�WRFRSKHURO����PRO����

��PRO������PRO�������PRO�������PRO����DQG����PRO����FRORXUV�LQGLFDWHG�LQ�OHJHQG���DQG��E��QHDW�

D�WRFRSKHURO�DFHWDWH��EOXH��DQG�'33&�323*�������PL[WXUHV�ZLWK�LQFUHDVLQJ�PRODU�FRQFHQWUDWLRQV�

RI�D�WRFRSKHURO�DFHWDWH����PRO������PRO������PRO�������PRO�������PRO����DQG����PRO����FRORXUV�

LQGLFDWHG�LQ�OHJHQG���7KH�LQVHWV�VKRZ�WKH�YDULDWLRQ�LQ�RQVHW�DUHD�DV�D�IXQFWLRQ�RI�WKH�PROH�IUDFWLRQ�

RI�DGGLWLYH��/2:(5�3$1(/6��7KH�FRPSUHVVLELOLW\�PRGXOL�DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�SUHVVXUH�

IRU�'33&�323*�������PL[WXUHV�ZLWK��F��D�WRFRSKHURO�DQG��G��D�WRFRSKHURO�DFHWDWH��«��� 

)LJXUH������0ROHFXODU�DUHD�GHYLDWLRQV�IURP�WKH�LGHDO�PL[LQJ�DUHD��H[FHVV�DUHDV��IRU�'33&�323*�

������PL[WXUHV�FRQWDLQLQJ��D��D�WRFRSKHURO�DQG��E��D�WRFRSKHURO�DFHWDWH�DW�VXUIDFH�SUHVVXUHV�RI���

P1�P����P1�P�����P1�P�DQG����P1�P��7KH�VWDQGDUG�GHYLDWLRQV�ZHUH�FDOFXODWHG�IURP�WULSOLFDWH�

PHDVXUHPHQWV�RI�WKH�VXUIDFH�SUHVVXUH±PROHFXODU�DUHD�LVRWKHUPV�««�««««�«�«����� 

)LJXUH������%$0�LPDJHV������PP�î�����PP��RI�PRQROD\HUV�DW�WKH�DLU±DTXHRXV�LQWHUIDFH�RI��D��

D�WRFRSKHURO�DQG��E��D�WRFRSKHURO�DFHWDWH�DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�SUHVVXUH�«����«��� 

)LJXUH�������D��$)0�LPDJHV�RI�D�WRFRSKHURO�DW�VXUIDFH�SUHVVXUHV�RI���P1�P�����P1�P�����P1�P��

DQG� ���P1�P� �WRS� URZ�� DQG� ���P1�P�� ���P1�P�� ���P1�P�DQG����P1�P� �ERWWRP� URZ��� �E��

&RUUHVSRQGLQJ�GRPDLQ�GLDPHWHU�DQG�KHLJKW�VKRZLQJ�WKH�JURZWK�RI�WKH�GRPDLQV�ERWK�LQ�ZLGWK�DQG�

KHLJKW�DV�WKH�VXUIDFH�SUHVVXUH�LQFUHDVHV��«««««««««««««««««����«��� 

)LJXUH������%$0�LPDJHV������PP�î�����PP��RI�'33&�323*�������DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�

SUHVVXUH� �IURP� WRS� WR� ERWWRP���̱����P1�P��̱����P1�P��̱����P1�P�� DQG�̱����P1�P�� DQG�ZLWK�

YDU\LQJ�PRODU�FRQFHQWUDWLRQV�RI�DGGHG�D�WRFRSKHURO�DGGHG��IURP�OHIW�WR�ULJKW�����PRO������PRO����

��PRO�������PRO�������PRO���DQG����PRO���«««««««««««««««««��� 

)LJXUH������%$0�LPDJHV������PP�î�����PP��RI�'33&�323*�������DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�

SUHVVXUH� �IURP� WRS� WR� ERWWRP���̱����P1�P��̱����P1�P��̱����P1�P�� DQG�̱����P1�P�� DQG�ZLWK�
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YDU\LQJ�PRODU�FRQFHQWUDWLRQV�RI�DGGHG�D�WRFRSKHURO�DFHWDWH�DGGHG��IURP�OHIW�WR�ULJKW�����PRO����

��PRO������PRO�������PRO�������PRO���DQG����PRO���«««««««««««««��� 

)LJXUH� ����� � �D�� $)0� LPDJHV� RI� PRQROD\HU� ILOPV� WUDQVIHUUHG� RQWR� PLFD� DW� ��� P1�P� IRU�

'33&�323*��������EODFN����PRO����DQG�YDU\LQJ�PRODU�FRQFHQWUDWLRQV�����PRO�������PRO���DQG�

��� PRO� ��� RI� DGGHG� D�WRFRSKHURO� �UHG�� WRS�� DQG� D�WRFRSKHURO� DFHWDWH� �EOXH�� ERWWRP���

&RUUHVSRQGLQJ���DUHD�FRYHUDJH�RI�FRQGHQVHG�SKDVH�GRPDLQV�IRU�'33&�323*�������PRQROD\HU�

ILOPV� ZLWK� GLIIHUHQW� PRODU� FRQFHQWUDWLRQV� RI� DGGHG� �E�� D�WRFRSKHURO� RU� �F�� D�WRFRSKHURO�

DFHWDWH««««««««««««««««««««««««««««««««���� 

)LJXUH������&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLWLHV�DV�D�IXQFWLRQ�RI�WKH�LQ�SODQH��4[\��DQG�RXW�RI�

SODQH��4]��VFDWWHULQJ�YHFWRU�FRPSRQHQWV�IRU�'33&�323*�������ZLWK�YDU\LQJ�PRODU�FRQFHQWUDWLRQV�

RI�D�WRFRSKHURO��WRS�WR�ERWWRP�����PRO�������PRO�������PRO����DQG����PRO���DW�VXUIDFH�SUHVVXUHV�

�ULJKW�WR�OHIW��RI����P1�P�����P1�P�����P1�P�DQG����P1�P��QRWH�WKDW�QRW�DOO�4]�VFDOHV�DUH�WKH�

VDPH��«««««««««««««««««««««««««�«««««««���� 

)LJXUH�������1RUPDOL]HG�;�UD\�UHIOHFWLYLW\�YHUVXV�WKH�YHUWLFDO�VFDWWHULQJ�YHFWRU�FRPSRQHQW�4]�RI�

'33&�323*� ������ LQ� WKH� DEVHQFH� DQG� SUHVHQFH� RI� ��� PRO� �� D�WRFRSKHURO� DQG� ��� PRO� ��

D�WRFRSKHURO�DW�D�VXUIDFH�SUHVVXUH�RI����P1�P��««««««««««««««��«��� 

)LJXUH�������6FKHPDWLF�UHSUHVHQWDWLRQ�RI�D�WRFRSKHURO�SDUWLWLRQLQJ�EHWZHHQ�WKH�OLTXLG�H[SDQGHG�

DQG�FRQGHQVHG�SKDVHV��««««««««««««««««««««««««���«��� 

)LJXUH������0ROHFXODU�VWUXFWXUHV�RI�'33&��323*�DQG�D�WRFRSKHURO��««««««�«��� 

)LJXUH������833(5�3$1(/6��6XUIDFH�SUHVVXUH±DUHD�LVRWKHUPV�IRU��D��QHDW�D�WRFRSKHURO��'33&�

DQG�ELQDU\�PL[WXUHV�RI�'33&�D�WRFRSKHURO������������������DQG��E��QHDW�D�WRFRSKHURO��323*�DQG�

ELQDU\�PL[WXUHV�RI�323*�D�WRFRSKHURO������������������/2:(5�3$1(/6��7KH�FRPSUHVVLELOLW\�

PRGXOL� DV� D� IXQFWLRQ� RI� WKH� VXUIDFH� SUHVVXUH� IRU� �F�� '33&� DQG� ELQDU\� PL[WXUHV� RI�

'33&�D�WRFRSKHURO� ����������������DQG� �G��323*�DQG�ELQDU\�PL[WXUHV�RI�323*�D�WRFRSKHURO�

�����������������&RORU�VFKHPH�LQGLFDWHG�LQ�OHJHQG��««««««««««««««��«��� 

)LJXUH������0ROHFXODU�DUHD�GHYLDWLRQV�IURP�WKH�LGHDO�PL[LQJ�DUHD��H[FHVV�DUHDV��IRU�ELQDU\�PL[WXUHV�

RI��D��'33&�D�WRFRSKHURO�����������������DQG��E��323*�D�WRFRSKHURO�����������������DW�VXUIDFH�

SUHVVXUHV�RI���P1�P����P1�P�����P1�P�DQG����P1�P��7KH�VWDQGDUG�GHYLDWLRQV�ZHUH�FDOFXODWHG�

IURP�WULSOLFDWH�PHDVXUHPHQWV�RI�WKH�VXUIDFH�SUHVVXUH±PROHFXODU�DUHD�LVRWKHUPV��«��««��� 
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)LJXUH� ����� %$0� LPDJHV� ����� PP� î� ���� PP�� RI� '33&�� '33&�D�WRFRSKHURO� �������

'33&�D�WRFRSKHURO��������'33&�D�WRFRSKHURO��������DQG�QHDW�D�WRFRSKHURO��IURP�WRS�WR�ERWWRP��

DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�SUHVVXUH��IURP�OHIW�WR�ULJKW�����P1�P�����P1�P�����P1�P�����P1�P��

DQG����P1�P��1RWH�WKDW�RQO\�IRU�'33&�D�WRFRSKHURO�������WKH�IXUWKHVW�LPDJH�WR�WKH�ULJKW�LV�WDNHQ�

DIWHU�WKH�ILUVW�FROODSVH�DW�DSSUR[LPDWHO\����P1�P�LQVWHDG�RI����P1�P��««««��««��� 

)LJXUH� ����� %$0� LPDJHV� ����� PP� î� ���� PP�� RI� 323*�� 323*�D�WRFRSKHURO� �������

323*�D�WRFRSKHURO��������323*�D�WRFRSKHURO��������DQG�QHDW�D�WRFRSKHURO��IURP�WRS�WR�ERWWRP��

DV� D� IXQFWLRQ� RI� WKH� VXUIDFH� SUHVVXUH� �IURP� OHIW� WR� ULJKW���̱���� P1�P��̱���� P1�P�� DQG�̱����

P1�P�«««««««««««««««««««««««««««««�«««��� 

)LJXUH� �����$)0� LPDJHV� RI�PRQROD\HU� ILOPV� WUDQVIHUUHG� RQWR�PLFD� DW� ��P1�P�� ���P1�P�� ���

P1�P�� ��� P1�P�� DQG� ��� P1�P� �/()7� WR� 5,*+7�� IRU� '33&�� '33&�D�WRFRSKHURO� �������

'33&�D�WRFRSKHURO� ������� DQG� '33&�D�WRFRSKHURO� ������ �723� WR� %27720��� 1RWH� WKDW� DOO�

LPDJHV�DUH�VFDQQHG�DW�D�VL]H�RI����PP�î����PP��«««««««««««««�««����� 

)LJXUH�������D��$)0�LPDJHV�RI�'33&�D�WRFRSKHURO�������DW�D�VXUIDFH�SUHVVXUH�RI����P1�P�WDNHQ�

DW�D�VFDQ�VL]H�RI����PP�î����PP��/()7���DQG���PP�î���PP��5,*+7����E��+LVWRJUDP�IRU�WKH�KHLJKW�

RI� WKH� QDQRGRPDLQV� �DW� WKH� ERXQGDULHV� RI� FRQGHQVHG� SKDVH� GRPDLQV�� REVHUYHG� LQ�

'33&�D�WRFRSKHURO� �������7KH� KLVWRJUDP� SUHVHQWV� WKH� KHLJKWV� RI� QDQRGRPDLQV� UHODWLYH� WR� WKH�

ORZHU� FRQWLQXRXV� SKDVH� �Q!����� XVLQJ� SRROHG� GDWD� IURP� WZR� LQGHSHQGHQWO\� SUHSDUHG� VDPSOHV��

PLQLPXP�WKUHH�DUHDV�LPDJHG�SHU�VDPSOH��«««««««««««««««««��«��� 

)LJXUH������$)0�LPDJHV�RI�PRQROD\HU�ILOPV�WUDQVIHUUHG�RQWR�PLFD�DW����P1�P��DQG����P1�P�

�/()7� WR� 5,*+7�� IRU� 323*�D�WRFRSKHURO� ������� 323*�D�WRFRSKHURO� ������� DQG�

323*�D�WRFRSKHURO��������723�WR�%27720���1RWH�WKDW�DOO�LPDJHV�DUH�VFDQQHG�DW�D�VL]H�RI����

PP�î����PP�««««««««««««««««««««««««««««««��� 

)LJXUH������&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLWLHV�YHUVXV�LQ�SODQH�VFDWWHULQJ�YHFWRU�FRPSRQHQWV�

4[\�DQG�4]�IRU�'33&�D�WRFRSKHURO�������DW�VXUIDFH�SUHVVXUHV��OHIW�WR�ULJKW������P1�P�����P1�P�

DQG����P1�P��1RWH�ILWWHG�SDUDPHWHUV�SURGXFHG�D�WLOW�DQJOH�RI��R�DQG�/F�LQ�WKH�4]�GLUHFWLRQ�RI����

c��«««««««««««««««««««««««««««««««��«��«��� 

)LJXUH�$���6XUIDFH�SUHVVXUH�DUHD�LVRWKHUPV�RI��D��'33&�323*�������LQ�WKH��D��DEVHQFH�RI�DGGLWLYH�

DQG�LQ�WKH�SUHVHQFH�RI��E����PRO�����F����PRO�����G�����PRO�����H�����PRO���DQG��I�����PRO���RI�

D�WRFRSKHURO�DQG�D�WRFRSKHURO�DFHWDWH��«««««««««««««««««�«����� 
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)LJXUH�$���&RPSUHVVLELOLW\�PRGXOL�RI�D�WRFRSKHURO��UHG��DQG�D�WRFRSKHURO�DFHWDWH��EOXH��ILOPV�

DV�D�IXQFWLRQ�RI�VXUIDFH�SUHVVXUH��««««««««««««««««««««���«��� 

)LJXUH� $��� 6XUIDFH� SUHVVXUH�DUHD� LVRWKHUPV� IRU� �D�� 323*�D�WRFRSKHURO� ������� DQG� �E��

'33&�D�WRFRSKHURO��������««««««««««««««««««««««�««��� 

)LJXUH�$���&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLW\�DV�D�IXQFWLRQ�RI�WKH�LQ�SODQH��4[\��DQG�RXW�RI�

SODQH��4]��VFDWWHULQJ�YHFWRU�FRPSRQHQWV�IRU�'33&�323*�������RI����PRO���D�WRFRSKHURO�ZLWK�

QR�DGGLWLRQDO�SHDNV�DW�KLJKHU�4[\�DW�D�VXUIDFH�SUHVVXUH�RI����P1�P��«««««���««���� 

)LJXUH�$���&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLW\�DV�D�IXQFWLRQ�RI�WKH�LQ�SODQH��4[\��DQG�RXW�RI�

SODQH� �4]�� VFDWWHULQJ� YHFWRU� FRPSRQHQWV� IRU�'33&�323*� ������ ZLWK� ��� PRO���D�WRFRSKHURO�

DFHWDWH�DW�VXUIDFH�SUHVVXUHV��OHIW�WR�ULJKW������P1�P�����P1�P�DQG����P1�P��««««��� 

)LJXUH�%���%$0�LPDJHV������PP�î�����PP��RI�'33&�D�WRFRSKHURO�������WKDW�KDYH�EHHQ�DGMXVWHG�

LQ�EULJKWQHVV�LQ�FRQWUDVW��«««««««««««««««««««««««��«���� 

)LJXUH�%���$)0�LPDJHV�RI�PRQROD\HU�ILOPV�WUDQVIHUUHG�RQWR�PLFD�ZLWK�YLVLEOH�FRQGHQVHG�SKDVH�

GRPDLQV�DQG�QDQRGRPDLQV�DW����P1�P�����PP�î����PP������P1�P�����PP�î����PP������P1�P�

����PP�î����PP���DQG����P1�P����PP�î���PP��IRU�'33&�D�WRFRSKHURO������«�««���� 

)LJXUH�%����&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLWLHV�YHUVXV�LQ�SODQH�VFDWWHULQJ�YHFWRU�FRPSRQHQWV�

4[\�DQG�4]�IRU�323*�D�WRFRSKHURO�������DW����P1�P��««««««««««��««���� 
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&KDSWHU����,QWURGXFWLRQ�	�/LWHUDWXUH�5HYLHZ 
 

1.1. Langmuir Monolayers as Model Membranes 
7KH�VWUXFWXUH�DQG�SURSHUWLHV�RI�ELRORJLFDO�PHPEUDQHV�KDYH�EHHQ�VWXGLHG�DQG�XQGHUVWRRG�WKURXJK�

WKH�GHYHORSPHQW�RI�VLPSOH�WR�FRPSOH[�PRGHO�PHPEUDQHV��0RGHO�PHPEUDQHV�DUH�FDWHJRUL]HG�LQWR�

WKUHH�PDLQ�V\VWHPV�LQFOXGLQJ�PRQROD\HUV��OLSRVRPHV��DQG�SODQDU�ELOD\HUV���7KLV�UHYLHZ�FHQWHUV�RQ�

/DQJPXLU�PRQROD\HU�V\VWHPV�DV�PRGHO�PHPEUDQHV��7KHVH�V\VWHPV�RIIHU�DQ�DGYDQWDJH�RYHU�RWKHU�

PRGHO� V\VWHPV� GXH� WR� WKHLU� VLPSOLFLW\� LQ� FRQWUROOLQJ� WKH� FRPSRVLWLRQ� DQG� GHQVLW\� RI� WKH� OLSLG�

PRQROD\HU��$GGLWLRQDOO\��PXOWL�FRPSRQHQW�PL[WXUHV�DUH�DWWDLQDEOH�ZLWK�UHODWLYH�HDVH� 

/DQJPXLU�PRQROD\HUV�ZHUH�ILUVW�GHYHORSHG�RYHU�D�FHQWXU\�DJR�E\�,UYLQJ�/DQJPXLU�DQG�DUH�ZLGHO\�

UHFRJQL]HG� IRU� VWXG\LQJ� FKHPLFDO� LQWHUIDFHV� WKURXJK� KLV� ZRUNV� RQ� DGVRUSWLRQ� WKHRU\��� 7KH�

PRQROD\HUV� DUH� FUHDWHG� E\� VSUHDGLQJ� D� VXUIDFH�DFWLYH�PROHFXOH� �DPSKLSKLOLF�PROHFXOH�� RQWR� D�

OLTXLG�VXESKDVH�RI�FKRLFH��ZKHUH�LW�IRUPV�D�VHOI�DVVHPEOLQJ�RQH�PROHFXOH�WKLFN�OD\HU��,Q�WKH�FDVH�

RI�D�PRQROD\HU�FRPSRVHG�RI�H[FOXVLYHO\�SKRVSKROLSLGV��WKH�K\GURSKLOLF�KHDGJURXS�UHJLRQ�LV�IDFLQJ�

RU�HPEHGGHG�LQWR�WKH�OLTXLG�SKDVH�DQG�K\GURSKRELF�WDLO�UHJLRQ�LV�IDFLQJ�WKH�DWPRVSKHULF�SKDVH��DLU��

YDSRUV��HWF���7KLV�V\VWHP�DOORZV�IRU�WKH�SUHFLVH�FRQWURO�RYHU�DQG�PDQLSXODWLRQ�RI�WKH�L��SDFNLQJ�RI�

WKH�VSUHDG�PROHFXOHV��DQG�LL��HQYLURQPHQWDO�FRQGLWLRQV�VXFK�DV�DWPRVSKHUH��WHPSHUDWXUH��S+��DQG�

LRQLF�VWUHQJWK���,W
V�VLPSOLFLW\�DQG�DOO�WKHVH�IHDWXUHV�PDNH�/DQJPXLU�PRQROD\HUV�DQ�HQWLFLQJ�FKRLFH�

IRU�VWXG\LQJ�WKH�SK\VLFRFKHPLFDO�SURSHUWLHV�RI�PRQROD\HUV��DQG�KRZ�WKHVH�SURSHUWLHV�FKDQJH�XQGHU�

GLIIHUHQW� FRQGLWLRQV��/DQJPXLU�PRQROD\HUV� DUH� RIWHQ� XVHG� WR�PLPLF� WKH� EHKDYLRU� RI� ELRORJLFDO�

PHPEUDQHV� VXFK�DV�ELOD\HUV� �DV�KDOI�RI� WKH�ELOD\HU�RI�ELRORJLFDO�PHPEUDQHV��DQG�RU�ELRORJLFDO�

PRQROD\HUV� VXFK� DV� WKH� WHDU� ILOP�� OXQJ� VXUIDFWDQW�� DQG�ELOH� VDOWV� WKDW� DOVR�SOD\� FULWLFDO� UROHV� LQ�

HQVXULQJ� WKH� SURSHU� IXQFWLRQ� RI� WKH� H\HOLGV�� DOYHROL�� DQG� GLJHVWLYH� V\VWHP�� UHVSHFWLYHO\��

$GGLWLRQDOO\��/DQJPXLU�PRQROD\HUV�KDYH�EHHQ�XVHG�WR�LQYHVWLJDWH�YDULRXV�OLSLG�FRPSRVLWLRQV�DQG�

RWKHU�FRPSRQHQWV��DLPLQJ�WR�LGHQWLI\�WKH�RSWLPDO�VLPSOLILHG�PRGHO�ELRPHPEUDQH�IRU�WKH�GLIIHUHQW�

PHPEUDQH�W\SHV�VXFK�DV�KXPDQ�SODVPD�PHPEUDQH��GLIIHUHQW�W\SHV�RI�RUJDQHOOH�PHPEUDQHV��DQG�

EDFWHULDO�PHPEUDQHV�����%\�PLPLFNLQJ�WKHVH�FRPPRQ�PHPEUDQHV�LQ�WKH�KXPDQ�ERG\��WKH�OLWHUDWXUH�

KDV� VWXGLHG� WKH� EHKDYLRU� EHWZHHQ� LWV� FRPSRQHQWV� DQG� DQWLPLFURELDO� PROHFXOHV��� SURWHLQV�����

QDQRSDUWLFOHV�±����LRQV����HQYLURQPHQWDO�SROOXWDQWV�������DPRQJ�RWKHU�LQWHUDFWLQJ�FRPSRXQGV� 
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1.2. Lung Surfactant 
7KLV�UHYLHZ�GHWDLOV�WKH�PDPPDOLDQV�OXQJ�VXUIDFWDQW�FRPSRVLWLRQ��VWUXFWXUH�DQG�IXQFWLRQ�DV�ZHOO�DV�

YDULRXV�QDWXUDO�DQG�V\QWKHWLF�PRGHO�OXQJ�PHPEUDQHV�FRPPRQO\�XVHG�DQG�DFFHSWHG�LQ�WKH�OLWHUDWXUH�

WR�VWXG\�LWV�ILOP�DFWLYLW\��ILOP�PRUSKRORJ\�DQG�ILOP�VWUXFWXUH� 

 

1.2.1. Lung Surfactant Composition, Structure, Dynamics & Function 
7KH�OXQJ�VXUIDFWDQW�LV�D�PRQROD\HU�FRPSRVHG�RI�D�PL[WXUH�RI�OLSLGV�DQG�SURWHLQV�WKDW�LV�IRUPHG�DW�

WKH�LQWHUIDFH�EHWZHHQ�WKH�DLU�DQG�OLTXLG�OLQLQJ�WKH�DOYHROL�LQ�WKH�OXQJV��,W�ZDV�GLVFRYHUHG�LQ������

E\�9RQ�1HHUJDDUG���ZKR�VWXGLHG�LWV�IXQFWLRQ�LQ�SRUFLQH�OXQJV�DQG�GHPRQVWUDWHG�WKDW�D�ORZHU�VXUIDFH�

WHQVLRQ�SOD\V�D�FULWLFDO�UROH�LQ�WKH�UHVSLUDWRU\�PHFKDQLVP�DQG�IXQFWLRQ����7KH�ORZHU�VXUIDFH�WHQVLRQ�

DWWDLQHG�E\�WKH�OXQJ�VXUIDFWDQW�SUHYHQWV�DOYHRODU�FROODSVH�DW�WKH�HQG�RI�H[KDODWLRQ��DWHOHFWDVLV��DQG�

IDFLOLWDWHV�WKH�ZRUN�RI�EUHDWKLQJ��$OWKRXJK�WKLV�VXUIDFWDQW�V\VWHP�LV�PRVWO\�NQRZQ�IRU�LWV�UROH�LQ�

DOYHRODU�VXUIDFH�WHQVLRQ�ORZHULQJ�LW�LV�DOVR�YLWDO�IRU�HIILFLHQW�JDV�H[FKDQJH�DQG�RYHUDOO�UHVSLUDWRU\�

IXQFWLRQ�� 

7KH� SULPDU\� FRPSRQHQWV� RI� WKH� OXQJ� VXUIDFWDQW� DUH� SKRVSKROLSLGV� DQG� VXUIDFWDQW� SURWHLQV�

V\QWKHVL]HG� E\� DOYHRODU� W\SH� ,,� FHOOV� �$7,,�� GHSLFWHG� LQ� )LJXUH� ������� 3KRVSKROLSLGV� PDNH� XS�

DSSUR[LPDWHO\� ���� WR� ���� RI� WKH�PROHFXODU�ZHLJKW� RI� WKH�PDPPDOLDQ� OXQJ� VXUIDFWDQW�ZKLFK�

LQFOXGH� D� ODUJH� DPRXQW� RI� SKRVSKRFKROLQHV�� SKRVSKRJO\FHUROV�� DQG� D� ORZHU� DPRXQW� RI�

SKRVSKRLQRVLWROV�� SKRVSKRHWKDQRODPLQH� DQG� SKRVSKRVHULQH���� ,Q� WKLV� OLSLG� PL[WXUH��

SKRVSKRFKROLQH� LV� WKH� PRVW� DEXQGDQW�� DFFRXQWLQJ� IRU� DSSUR[LPDWHO\� ����� DQG� QH[W� LV�

PRQRXQVDWXUDWHG� SKRVSKRWLG\OJO\FHURO�� DFFRXQWLQJ� IRU� ������ RI� WKH� WRWDO� OLSLGV���� 6DWXUDWHG�

GLSDOPLWR\SKRVSKRWLG\OFKROLQH� �'33&��� PDNHV� XS� DOPRVW� KDOI� RI� WKH� SKRVSKRFKROLQH� OLSLGV��

PDNLQJ�LW�WKH�PRVW�DEXQGDQW�SKRVSKROLSLG�LQ�WKH�OXQJ�VXUIDFWDQW�������7KH�UHPDLQLQJ�����WR�����

RI�LWV�PROHFXODU�ZHLJKW�SURYLGHV�URRP�IRU�WKH�VXUIDFWDQW�SURWHLQV��PDLQO\�63�$��63�%�DQG�63�&��

DQG�VRPH�FDUERK\GUDWHV����63�$�LV�D�K\GURSKLOLF�VXUIDFWDQW�SURWHLQ�DQG�63�%�DORQJ�ZLWK�63�&�DUH�

ERWK�K\GURSKRELF���� 
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Figure 1.1. Alveolar sac with ATII (left) as well as lung surfactant components including phospholipids and 

surfactant proteins shown with approximate percentage of relative to the total lung surfactant molecular 

weight (right).16 

 

The lungs of adult humans can reach up to 500 million alveoli18 with an average alveoli diameter 

of 200 mm19, which means the lung surfactant covers a very large area. The large area covered by 

the lung surfactant makes it an ideal model for studies using Langmuir monolayer techniques. This 

approach is advantageous as it does not require consideration of membrane curvature. Given the 

relatively planar nature of the lung surfactant due to its large size, it remains unaffected by 

curvature effects. The lungs are a highly dynamic organ that work non-stop for us to breathe. 

During a normal breathing cycle the surface area of the alveoli changes by about 30%20,21 between 

the end of inhalation (when the lungs are filled with air) and the end of exhalation (when the lungs 

are emptied of air). This dynamic variation requires the lung surfactant to adapt continuously to 

maintain its function of reducing surface tension and preventing alveolar collapse, which is at most 

risk for collapse at the end of each breath (expiration). Fortunately, the lipids and surfactant 

proteins of the lung surfactant and its structural arrangement which will be discussed in the next 

paragraph, work synergistically to ensure the stability and proper function of the lung surfactant 

during each breathing cycle. The biophysical properties of this monolayer, such as its ability to 

undergo rapid adsorption and re-spreading, are essential for its function and depicted in Figure 

1.2.22  
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Figure 1.2. The lung surfactant film at the air-liquid interface during a breathing cycle for (a) compression 

and (b) expansion with corresponding surface tension changes upon compression and expansion. Molecules 

with surface activity depicted in brown and orange colors and surfactant proteins SP-B and SP-C depicted as 

a green color. The surface tension is the lowest at the end of compression and beginning of expansion of the 

lung surfactant.22 

 

The next few sentences will discuss the molecular dynamics that occur during the compression 

and expansion period of a breathing cycle. The mixture of lipids and surfactant proteins in lung 

surfactant is critical for creating a surfactant that significantly lowers the surface tension within 

the alveoli. The compression of the breathing cycle during exhalation (Figure 1.2a) requires the 

reorganization of surfactant molecules to reduce surface tension to near-zero values23 and prevent 

the collapse of the lungs. The proper mechanical function of the breathing cycle is helped by 

certain lipid-protein interactions between SP-B and SP-C with unsaturated lipids and DPPC. Here, 

SP-B and SP-C have specific roles, one of which is helping in the rapid lipid adsorption (primarily 

unsaturated lipids) to the interface, by rapidly adhering onto the proteins, in a process termed the 

³squeeze-out´ theory.24±26 At this point, after the unsaturated lipids have been squeezed out (while 

remaining adhered to surfactant proteins), the monolayer is enriched in saturated DPPC molecules 

that form a tight packing into a liquid-condensed (LC) phase, creating a continuous and stable 

monolayer, thereby promoting low surface tension to the near-zero value. On the other hand, the 

expansion of the breathing cycle during inhalation (Figure 1.2b) requires that the surfactant 

molecules re-adjust quickly to accommodate the increased surface area.27 The process is also 

helped by surfactant proteins SP-B and SP-C which facilitate the re-spreading or unpacking of the 

lipid molecules to accommodate for the larger surface area while the alveoli sacs are filling with 

air.27 Liekkinen et al. showed the preferential interaction between monounsaturated POPG and SP-

B/C, correlating well to the concept that mainly unsaturated lipids are ³squeezed-out´ of the film.28 
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It has also been shown through isotherm work that SP-B/C increase the surface pressures28±31, thus 

increasing the stability of the lung surfactant in the presence of surfactant proteins. Ultimately, all 

the components of the lung surfactant work together to make it easier for them to expand and 

contract during breathing, thereby facilitating the mechanics of respiration. 

1RZ�DOWKRXJK�WKLV�VXUIDFWDQW�V\VWHP�LV�PRVWO\�NQRZQ�IRU�LWV�UROH�LQ�DOYHRODU�VXUIDFH�WHQVLRQ��LW�DOVR�

SOD\V�D�FUXFLDO�UROH�LQ�JDV�H[FKDQJH�ZKHQ�\RX�EUHDWKH��7KH�OXQJV�IDFLOLWDWH�JDV�H[FKDQJH�EHWZHHQ�

R[\JHQ�XSWDNH�DQG�UHOHDVH�RI�FDUERQ�GLR[LGH��DQG�WR�GR�VR�WKHVH�JDVHV�PXVW�ILUVW�SDVV�WKURXJK�WKH�

OXQJ�VXUIDFWDQW��The large area available is also required for proper gas exchange between oxygen 

and carbon dioxide.19 6WXGLHV� KDYH� VKRZQ� WKDW� HIIHFWLYH� JDV� H[FKDQJH� LV� JUHDWO\� DIIHFWHG� E\�

FKDQJHV�LQ�DPRXQW��FRPSRVLWLRQ��DQG�VWUXFWXUH�LQ�WKH�OXQJ�VXUIDFWDQW���±���$GGLWLRQDOO\��WKH�OXQJ�

VXUIDFWDQW�SOD\V�D�UROH�LQ�KRVW�GHIHQVH�PHFKDQLVPV���WR�SURWHFW�WKH�OXQJV�IURP�SDWKRJHQV� 

 

1.2.2. Lung Surfactant Model Membrane Studies 
6XUIDFWDQW�PRGHO�PHPEUDQHV�PLPLF�ELRORJLFDO�PHPEUDQHV�WR�KHOS�LQ�XQGHUVWDQGLQJ�OXQJ�GLVHDVHV�

VXFK�DV�UHVSLUDWRU\�GLVWUHVV�V\QGURPH��5'6���FKURQLF�REVWUXFWLYH�SXOPRQDU\�GLVHDVH��&23'���OXQJ�

FDQFHU��F\VWLF�ILEURVLV��DQG�LPSDFW�RQ�WKH�OXQJV�LQ�WHUPV�RI�VWUXFWXUH��IXQFWLRQ�DQG�LQWHUDFWLRQ�E\�

DLUERUQH� SROOXWDQWV�� HOHFWURQLF�FLJDUHWWH� �H�FLJDUHWWHV�� OLTXLGV� DQG� YDSRUV�� QRYHO� LQKDODWLRQ�

WKHUDSLHV�IRU�OXQJ�GLVHDVHV��DPRQJVW�RWKHU�WKLQJV� 

/XQJ� VXUIDFWDQW� PRGHO� PHPEUDQH� VWXGLHV� HQFRPSDVV� D� GLYHUVH� DUUD\� RI� QDWXUDOO\� RFFXUULQJ�

VXUIDFWDQWV� �DQLPDO�GHULYHG�� DQG� V\QWKHWLF� VXUIDFWDQWV� �ILUVW�� DQG� VHFRQG�JHQHUDWLRQ�� DLPHG� DW�

UHSOLFDWLQJ�WKH�FRPSOH[�EHKDYLRU�RI�WKH�KXPDQ�OXQJ�VXUIDFWDQW����)RU�H[DPSOH��WKH�ILUVW�JHQHUDWLRQ�

V\QWKHWLF�OXQJ�VXUIDFWDQWV�ZHUH�SURWHLQ�IUHH�DQG�LQFOXGH�([RVXUI��$/(&��7XUIVXUI��DV�ZHOO�DV�XVHG�

FRPELQDWLRQV�RI� VXUIDFH�DFWLYH�PROHFXOHV�VXFK�DV�'33&��KH[DGHFDQRO��DQG� W\OR[DSRO�� DPRQJVW�

RWKHU� FRPSRXQGV������� 7KHVH� ZHUH� RULJLQDOO\� DGPLQLVWHUHG� H[RJHQRXVO\� WR� WUHDW� LQIDQWV� KDYLQJ�

5'6��RU�SUHPDWXUH� LQIDQWV�ZKRVH� OXQJV�ZHUH�QRW� IXOO\�GHYHORSHG�DQG� ODFN�DGHTXDWH� VXUIDFWDQW�

SURGXFWLRQ�������7KLV�H[RJHQRXV�OXQJ�VXUIDFWDQW�WKHUDS\�KHOSV�UHGXFH�VXUIDFH�WHQVLRQ�LQ�WKH�DOYHROL��

SUHYHQWLQJ�FROODSVH�DQG�LPSURYLQJ�JDV�H[FKDQJH��WKHUHE\�VXSSRUWLQJ�UHVSLUDWRU\�IXQFWLRQ�XQWLO�WKH�

LQIDQW
V�OXQJV�PDWXUH�VXIILFLHQWO\�WR�SURGXFH�VXUIDFWDQW�QDWXUDOO\��7KLV�OHG�WR�WKH�ILUVW�VXFFHVVIXO�

H[RJHQRXV�VXUIDFWDQW�UHSODFHPHQW�WKHUDS\�DQG�UHSRUWHG�E\�)XMLZDUD�HW�DO��XVLQJ�DQ�DQLPDO�GHULYHG�

VXUIDFWDQW� FDOOHG� 6XUIDFWHQ� WKDW� RULJLQDWHV� IURP� ERYLQH� OXQJ� VXUIDFWDQW� H[WUDFW� DQG� FRQWDLQV�

SKRVSKROLSLGV� DQG� VXUIDFWDQW� SURWHLQV�������2WKHU� H[DPSOHV� RI� QDWXUDO� VXUIDFWDQWV� WKDW� DUH� )'$�
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DSSURYHG� DUH� 6XUYDQWD�� &XURVXUI�� E/(6�� ,QIDVXUI��$OYHRIDFW� DQG� +XPDQ� VXUIDFWDQW���� 6WXGLHV�

FRPSDULQJ�SURWHLQ�IUHH�DQG�SURWHLQ�FRQWDLQLQJ�VXUIDFWDQWV�GHHPHG�SURWHLQ�IUHH�VXUIDFWDQWV�WR�QRW�

ORZHU�VXUIDFH�WHQVLRQ�DV�ZHOO��ZKLFK�PD\�EH�DWWULEXWHG�WR�WKH�DEVHQFH�RI�VXUIDFWDQW�SURWHLQV�63�%�

DQG� 63�&���� 7R� PLPLF� QDWXUDO� VXUIDFWDQW�� SURWHLQ�FRQWDLQLQJ� VHFRQG�JHQHUDWLRQ� V\QWKHWLF�

VXUIDFWDQWV� ZHUH� FUHDWHG� LQFOXGLQJ� /XFLQDFWDQW� DQG� &+)�������� 1RZDGD\V�� ILUVW�JHQHUDWLRQ�

V\QWKHWLF� VXUIDFWDQWV� DUH� QR� ORQJHU� XVHG� LQ�FOLQLF� WR� WUHDW�5'6�UHODWHG� GLVHDVHV� LQVWHDG� QDWXUDO�

VXUIDFWDQWV�DQG�VHFRQG�JHQHUDWLRQ�V\QWKHWLF�VXUIDFWDQWV�DUH�XVHG����+RZHYHU��IRU�PRGHOV�WKDW�VHUYH�

DV�HIIHFWLYH�DQDORJV�IRU�VWXG\LQJ�LQWHUDFWLRQV�DQG�EHKDYLRUV�RI�WKH�OXQJ�VXUIDFWDQW�XQGHU�GLIIHUHQW�

FRQGLWLRQV�UDQJH�IURP�KLJKO\�VRSKLVWLFDWHG�QDWXUDO�DQLPDO�EDVHG�PHPEUDQHV�WR�VLPSOHU�V\QWKHWLF�

PHPEUDQHV��SURWHLQ�IUHH�DQG�RU�SURWHLQ�FRQWDLQLQJ��� 

 

1.3. Electronic-cigarette or Vaping Product Use-Associated Lung Injury 

(EVALI) 
7KLV�UHYLHZ�ZLOO�GLVFXVV�ZK\�WKH�XVH�RI�YLWDPLQ�(�DFHWDWH�LV�D�VXEMHFW�RI�FRQFHUQ�IRU�WKH�SXEOLF�

KHDOWK�� SDUWLFXODUO\� LQ� WKH� FRQWH[W�RI� HOHFWURQLF�FLJDUHWWH�RU� YDSLQJ�SURGXFW�XVH�DVVRFLDWHG� OXQJ�

LQMXU\��(9$/,��DQG�ZK\�LW�LV�VLJQLILFDQW�WR�VWXG\�LWV�LPSDFW�RQ�WKH�OXQJ�VXUIDFWDQW� 

 

1.3.1. Outbreak, Cause and Physiological Consequences of EVALI 
(9$/,�LV�D�PHGLFDO�FRQGLWLRQ�ZKHUH�D�SHUVRQ¶V�OXQJV�DUH�GDPDJHG�IURP�VXEVWDQFHV�IRXQG�LQ�H�

FLJDUHWWHV�DQG�YDSLQJ�SURGXFWV��$V�RI�������D�WRWDO�RI������KRVSLWDOL]HG�SDWLHQWV�ZLWK�QRQIDWDO�FDVHV�

DQG����SDWLHQWV�ZLWK�IDWDO�FDVHV�RI�(9$/,�KDG�EHHQ�UHSRUWHG�WR�WKH�&HQWHUV�IRU�'LVHDVH�&RQWURO�

DQG� 3UHYHQWLRQ� �&'&����� (9$/,� V\PSWRPV� LQFOXGH� VKRUWQHVV� RI� EUHDWK�� FRXJK�� IHYHU��

JDVWURLQWHVWLQDO� V\PSWRPV� �QDXVHD�� YRPLWLQJ�� DEGRPLQDO� SDLQ�� HWF��� FKHVW� SDLQ� DQG� GL]]LQHVV����

%HFDXVH�WKHVH�V\PSWRPV�FORVHO\�UHVHPEOH�WKRVH�RI�&29,'�����DQG�EHFDXVH�PDQ\�(9$/,�FDVHV�

RFFXUUHG�GXULQJ�WKH�SHDN�RI�WKH�SDQGHPLF��SDWLHQWV�ZHUH�VXVSHFWHG�WR�KDYH�&29,'�����EXW�DOO�WHVWV�

ZHUH� QHJDWLYH����8SRQ� IXUWKHU� LQYHVWLJDWLRQ��ZKLFK� LQFOXGHG� D� GHWDLOHG� UHYLHZ� RI� WKH� SDWLHQWV¶�

YDSLQJ�KLVWRU\��LW�ZDV�FRQFOXGHG�WKHVH�FDVHV�ZHUH�UHODWHG�WR�YDSLQJ����$�VWXG\�SXEOLVKHG�LQ�WKH�1HZ�

(QJODQG� -RXUQDO� RI�0HGLFLQH� HVWDEOLVKHG� D� FRQQHFWLRQ�EHWZHHQ�YLWDPLQ�(� DFHWDWH� DQG�(9$/,��

VSHFLILFDOO\�LQ�LQGLYLGXDOV�XVLQJ�WHWUDK\GURFDQQDELQRO��7+&��FRQWDLQLQJ�H�FLJDUHWWHV����$QDO\]LQJ�

EURQFKRDOYHRODU�ODYDJH��%$/��IOXLG�VDPSOHV�IURP����(9$/,�SDWLHQWV��WKH�VWXG\�LGHQWLILHG�YLWDPLQ�

(�DFHWDWH�LQ�����RI�WKH�%$/�VDPSOHV����7KLV�DGGLWLYH�ZDV�VLQFH�FRQVLGHUHG�D�SRWHQWLDO�FDXVH�RI�
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(9$/,��)ROORZLQJ�WKH�GLVFRYHU\�RI�YLWDPLQ�(�DFHWDWH�LQ�YDSLQJ�SURGXFWV�LQ�6HSWHPEHU�������LW�

ZDV�SURKLELWHG�IURP�WKH�YDSLQJ�VXSSO\�FKDLQ��UHVXOWLQJ�LQ�D�GHFOLQH�LQ�(9$/,�FDVHV��DV�VKRZQ�LQ�

)LJXUH����� 

 
)LJXUH������:HHNO\�KRVSLWDOL]DWLRQV�IURP�(9$/,�DV�ZHOO�DV�GHFOLQH�LQ�FDVHV�IURP�6HSWHPEHU������WR�-DQXDU\�

������)LJXUH�DGDSWHG�IURP��� 

 

$OWKRXJK�YLWDPLQ�(�DFHWDWH�LV�)'$�DSSURYHG�IRU�LQJHVWLRQ�DQG�KDV�PDQ\�QXWULWLRQDO�DQG�KHDOWK�

EHQHILWV��WR�EH�GLVFXVVHG�LQ�6HFWLRQ�������LW¶V�LQKDODWLRQ�PD\�EH�KDUPIXO�VLQFH�LWV�FKHPLFDO�VWUXFWXUH�

LV�FRPSDUDEOH�WR�VXUIDFH�DFWLYH�SKRVSKROLSLGV�VXFK�DV�WKRVH�IRXQG�LQ�WKH�OXQJ�VXUIDFWDQW��,W�ZDV�

DGGHG�WR�H�FLJDUHWWH�OLTXLGV�DV�DQ�LOOHJDO�FXWWLQJ�DJHQW�WR�GLOXWH�WKH�LOOLFLW�7+&�DQG�ORZHU�WKHLU�FRVW��

'XII\�HW�DO��LQ������UHFRYHUHG����VDPSOHV�IURP�WKH�ILUVW����1HZ�<RUN�FDVHV�RI�(9$/,�IRU�ZKLFK�

WKH\�REWDLQHG�FDUWULGJHV�DQG�IRXQG�D�ORZ�SHUFHQWDJH�RI�FDQQDELQRLG�FRQWHQW�DQG�D�ODUJH�FRQWHQW�RI�

YLWDPLQ� (� DFHWDWH� RI� DSSUR[LPDWHO\� ���� RI� WKH� H�FLJDUHWWH� IOXLGV���� )URP� WKLV� WKH\� WHVWHG� VL[�

FRPPHUFLDO�EUDQGV�RI�FDQQDELQRLG�RLO�FDUWULGJHV�ZKHUH�LQ�WKUHH�RI�VL[�YLWDPLQ�(�DFHWDWH�ZDV�IRXQG�

WR�EH�!����RI�WKH�FDUWULGJHV�FRQWHQW��WZR�ZHUH�IRXQG�WR�EH�SULPDULO\�VTXDOHQH��DQG�RQH�SULPDULO\�

D�ELVDERO����$QRWKHU�UHFHQW�VWXG\�WHVWHG�FRPPRQ�H�FLJDUHWWH�OLTXLG�FXWWLQJ�DJHQWV��FRFRQXW�RLO�DQG�

YLWDPLQ�(�DFHWDWH��HWF��ZKLFK�OHDG�WR�WKH�IRUPDWLRQ�RI�YDSLQJ�HPLVVLRQ�FRQGHQVDWLRQV�KDYLQJ�WR[LF�

E\SURGXFWV��LQFOXGLQJ�TXLQRQHV��FDUERQ\OV��HVWHUV��DQG�DON\O�DOFRKROV����7KH�FRQGHQVDWHV�HQKDQFHG�
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WKH�F\WRWR[LFLW\�RI�KXPDQ�DLUZD\�HSLWKHOLDO�FHOOV��ZKLFK�PD\�EH�OLQNHG�WR�(9$/,��DPRQJVW�RWKHU�

KHDOWK�HIIHFWV���� 

(9$/,�PDQLIHVWV�DV�DQ�DFXWH�RU�VXEDFXWH�UHVSLUDWRU\� LOOQHVV� WKDW�FDQ�PLPLF�YDULRXV�SXOPRQDU\�

GLVHDVHV��$FXWH� OXQJ� LQMXU\�ZDV� REVHUYHG� LQFOXGLQJ� FRXJK�� VKRUWQHVV� RI� EUHDWK� DQG� FKHVW� SDLQ�

ZKLFK� FDQ� SURJUHVV� LQWR� VHYHUH� UHVSLUDWRU\� GLVWUHVV� DQG� LQ� VRPH� FDVHV� UHVXOW� LQ� WKH� QHHG� IRU�

PHFKDQLFDO�UHVSLUDWLRQ����$QRWKHU�SK\VLRORJLFDO�LPSDFW�LV�WKH�WULJJHU�RI�DQ�LQIODPPDWRU\�UHVSRQVH�

LQ�WKH�OXQJV�XSRQ�UHSHDWHG�LQKDODWLRQ�RI�YLWDPLQ�(�DFHWDWH�ZKLFK�FDQ�FRPSURPLVH�WKH�OXQJV�DQG�

FRQWULEXWH�WR�WKH�GHYHORSPHQW�RI�OXQJ�LQMXU\����$ORQJ�ZLWK�LQIODPPDWLRQ�RI�WKH�OXQJV��D�VWXG\�IRXQG�

WKDW�(9$/,�UHSUHVHQWV�D�IRUP�RI�FKHPLFDO�SQHXPRQLWLV�IURP�RQH�RU�PRUH�LQKDOHG�WR[LF�VXEVWDQFHV�

IRXQG�LQ�H�FLJDUHWWH�VROXWLRQV����$�VWXG\�H[SRVHG�PLFH�WR�LQKDODWLRQ�RI�YLWDPLQ�(�DFHWDWH�DQG�WKH\�

HVWLPDWHG�WKH�PRXVH�ZRXOG�KDYH�LQKDOHG������PJ�WR������PJ�RI�YLWDPLQ�(�DFHWDWH�SHU�JUDP�RI�ERG\�

ZHLJKW�SHU�GD\��D�GRVH�HTXLYDOHQW�WR�WKH�DPRXQW�WKDW�DQ�DGXOW�FDQQDELQRLG�H�FLJDUHWWH�XVHU�ZRXOG�

LQKDOH�GDLO\����7KH�%$/�LQ�WKH�PLFH�DIWHU�D�WZR�ZHHN�H[SRVXUH�UHYHDOHG�WKDW�YLWDPLQ�(�DFHWDWH�ZDV�

HIIHFWLYHO\�GHOLYHUHG�WR�WKH�OXQJV�DQG�PDWFK�WKH�ILQGLQJV�RI�YLWDPLQ�(�DFHWDWH�LQ�%$/�IOXLG�IURP�

SDWLHQWV� ZLWK� (9$/,���$GGLWLRQDOO\�� PLFH� H[SRVHG� WR� YLWDPLQ� (� DFHWDWH� UHYHDOHG� DOYHRODU�

PDFURSKDJHV�FRQWDLQLQJ�DQ�DEXQGDQFH�RI�RLO\�UHG�2�VWDLQHG�UHVLGXH��RIWHQ�LQ�RLO�FOXVWHUV��SUHVXPHG�

WR�EH�YLWDPLQ�(�DFHWDWH��UHVLGLQJ�ZLWK�SQHXPRF\WHV�OLQLQJ�WKH�DOYHROL����,Q�DGGLWLRQ�WR�UHVSLUDWRU\�

HIIHFWV��VRPH�(9$/,�FDVHV�DVVRFLDWHG�ZLWK�YLWDPLQ�(�DFHWDWH�UHSRUWHG�JDVWURLQWHVWLQDO�V\PSWRPV�

VXFK�DV�QDXVHD��YRPLWLQJ��DQG�DEGRPLQDO�SDLQ�DV�ZHOO�DV�FDUGLDF�KHDOWK�LPSOLFDWLRQV��KRZHYHU��WKH�

H[DFW�PHFKDQLVP�EHKLQG�WKHVH�V\PSWRPV�DQG�WKHLU�FRQQHFWLRQ�WR�YLWDPLQ�(�DFHWDWH�LV�QRW�IXOO\�\HW�

XQGHUVWRRG���� 7KHUHIRUH�� RXU� FXUUHQW� XQGHUVWDQGLQJ� RI� WKH� SK\VLRORJLFDO� LPSDFWV� RI� YLWDPLQ� (�

DFHWDWH� LQ� DVVRFLDWLRQ� ZLWK� (9$/,� HQFRPSDVV� DFXWH� OXQJ� LQMXU\�� LQIODPPDWLRQ�� SQHXPRQLWLV��

JDVWURLQWHVWLQDO�V\PSWRPV��DQG�FDUGLDF�KHDOWK�LPSOLFDWLRQV������±��� 

 

1.3.2. Effects of Vitamin E Acetate on the Lung Surfactant 
5HFHQW� VWXGLHV� KDYH� KLJKOLJKWHG� WKH� DGYHUVH� HIIHFWV� RI� YLWDPLQ� (� DFHWDWH� RQ� OXQJ� VXUIDFWDQW�

IXQFWLRQ��7KH� SUHVHQFH� RI� YLWDPLQ�(� DFHWDWH� LQ� WKH�%$/�RI�PRVW�(9$/,� SDWLHQWV� LQGLFDWHG� LWV�

UHWHQWLRQ�LQ�WKH�DOYHROL�RI�WKH�OXQJV��0DLQWDLQLQJ�OXQJ�VXUIDFWDQW�KRPHRVWDVLV�LV�FUXFLDO�IRU�HQVXULQJ�

D�IXQFWLRQDO�ILOP�DW�WKH�UHVSLUDWRU\�LQWHUIDFH����7KH�FRPSRVLWLRQ��V\QWKHVLV��VHFUHWLRQ��UHXSWDNH��DQG�

GHJUDGDWLRQ�RI�VXUIDFWDQW�FRPSRQHQWV�PXVW�EH�WLJKWO\�UHJXODWHG�DQG�EDODQFHG����$Q\�FKDQJHV�LQ�

WKH�OXQJ�VXUIDFWDQW�FRPSRVLWLRQ�GLVUXSWV�WKH�EDODQFH��LQ�WKLV�FDVH�WKURXJK�WKH�GHSRVLWLRQ�RI�YLWDPLQ�
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(� DFHWDWH�� ZKLFK� ZRXOG� WKHQ� SRWHQWLDOO\� LPSDLU� LWV� IXQFWLRQ� DQG� FRQWULEXWH� WR� WKH� UHSRUWHG�

V\PSWRPV�RI�(9$/,� 

,Q�D�SUHOLPLQDU\�ODERUDWRU\�DQDO\VLV�FRQGXFWHG�E\�WKH�)'$��������YDSLQJ�VROXWLRQV�DVVRFLDWHG�ZLWK�

(9$/,�SDWLHQWV�ZHUH�H[DPLQHG��7KH�DQDO\VLV�SURYHG� WKDW�DSSUR[LPDWHO\�����RI� WKHVH�VDPSOHV�

FRQWDLQHG�WKH�LOOLFLW�GLOXHQW�YLWDPLQ�(�DFHWDWH��ZLWK�FRQFHQWUDWLRQV�UDQJLQJ�IURP�����WR�����LQ�WKH�

DIIHFWHG�VDPSOHV����7KH�GHOLYHU\�RI�YLWDPLQ�(�DFHWDWH�ZDV�IRXQG�WR�EH�KLJKO\�HIIHFWLYH��ZLWK�DQ�

H[SRVXUH�FRPSDUDEOH�WR�DQ�H�FLJDUHWWH�XVHU�LQKDOLQJ�����P/�WR�����P/�RI�D�YDSLQJ�OLTXLG�FRQWDLQLQJ�

KLJK�DPRXQW�RI�YLWDPLQ�(�DFHWDWH����8QGHUVWDQGLQJ�WKH�PHFKDQLVPV�E\�ZKLFK�YLWDPLQ�(�DFHWDWH�

DIIHFWV� WKH� OXQJ� VXUIDFWDQW� LV� FUXFLDO� IRU� GHYHORSLQJ� VWUDWHJLHV� WR� PLWLJDWH� LWV� KDUPIXO� HIIHFWV���

'L3DVTXDOH�HW�DO��ILUVW�ORRNHG�LQWR�WKH�YLVFRHODVWLF�SURSHUWLHV�RI�D�PRGHO�OXQJ�PHPEUDQH�FRPSRVHG�

RI�'33&�323&�323*�&KRO�����������������������LQ�WKH�SUHVHQFH�RI�XS�WR����PRO���YLWDPLQ�(�

DFHWDWH����7KH\�VKRZHG�WKDW�YLWDPLQ�(�DFHWDWH�LQKLELWV�WKH�VXUIDFWDQW
V�DELOLW\�WR�DFKLHYH�WKH�ORZ�

VXUIDFH� WHQVLRQV� QHFHVVDU\� IRU� HIIHFWLYH� UHVSLUDWLRQ����9DQ�%DYHO�HW� DO�� ORRNHG� DW� D�PRGHO� OXQJ�

VXUIDFWDQW�PHPEUDQH�FRPSRVHG�RI�DQ���OLSLG�V\VWHP�ZLWK�VXUIDFWDQW�SURWHLQ�63�%�DV�ZHOO�DV�QDWXUDO�

VXUIDFWDQW�E/(6�LQ�WKH�SUHVHQFH�RI�YLWDPLQ�(�DFHWDWH��,Q�WKH���OLSLG�PRGHO��LQWHUDFWLRQV�ZLWK�63�%�

DQG�YLWDPLQ�(�DFHWDWH�ZHUH�REVHUYHG��VXJJHVWLQJ�FKDQJHV�WR�VXUIDFWDQW�SURWHLQ�IXQFWLRQ����7KHVH�

LQWHUDFWLRQV�PD\� GLVUXSW� RQH� RI� WKH�PDLQ� IXQFWLRQV� RI� 63�%� DVVLVWLQJ� LQ� WKH� ³VTXHH]H� RXW´� RI�

XQVDWXUDWHG� OLSLGV� WR� UHGXFH� VXUIDFH� WHQVLRQ� DW� WKH� HQG� RI� H[SLUDWLRQ� ZKLFK� FDQ� OHDG� WR� D�

G\VIXQFWLRQDO� OXQJ� VXUIDFWDQW� PHPEUDQH���� /DWHU� WKH\� LQYHVWLJDWHG� WKH� VWDELOLW\� DQG� ILOP�

RUJDQL]DWLRQ�RI�D�VLPSOHU�OXQJ�VXUIDFWDQW�PRGHO�PDGH�RI�'33&�323*�LQ�WKH�SUHVHQFH�RI�YLWDPLQ�

(�� YLWDPLQ� (� DFHWDWH��7+&� DQG� FDQQDELGLRO���� 5HVXOWV� LQGLFDWH� WKDW� WKHVH� DGGLWLYHV� GHVWDELOL]H�

VXUIDFWDQW�ILOPV�E\�DIIHFWLQJ�OLSLG�FKDLQ�SDFNLQJ�DQG�ILOP�FRPSUHVVLELOLW\��)XUWKHUPRUH��LPDJLQJ�

PHWKRGV�VKRZHG�VPDOOHU�GRPDLQV�ZLWKLQ�WKH�VXUIDFWDQW�PRQROD\HU�LQ�WKH�SUHVHQFH�RI�ERWK�YLWDPLQ�

(�DQG�YLWDPLQ�(�DFHWDWH��VXJJHVWLQJ�FKDQJHV�WR�OLSLG�RUJDQL]DWLRQ���� 

 

1.4. Biological Relevance of D�Tocopherol 

7KLV�VHFWLRQ�ZLOO�FRYHU�D�WRFRSKHURO��H[DPLQLQJ�LWV�PROHFXODU�FRPSRVLWLRQ��VWUXFWXUDO�IHDWXUHV��

DQG�UHDFWLYLW\��,W�ZLOO�DOVR�GLVFXVV�LWV�QDWXUDO�DEXQGDQFH��UROH�LQ�PHPEUDQHV��DQG�YDULRXV�H[RJHQRXV�

RFFXUUHQFHV�DQG�XVHV� 
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1.4.1. Molecular Composition, Structural Features & Reactivity 
D�7RFRSKHURO��D�IRUP�RI�YLWDPLQ�(��KDV�WKH�PROHFXODU�IRUPXOD�RI�&��+��2��DQG�D�PROHFXODU�ZHLJKW�

RI� ������� J�PRO�� 7KH� VWUXFWXUH� RI�D�WRFRSKHURO� LV� FKDUDFWHUL]HG� E\� D� FKURPDQRO� ULQJ� ZLWK� D�

K\GUR[\O�JURXS���2+��IODQNHG�DW�WKH��WK�SRVLWLRQ�LQ�LWV�SKHQROLF�PRLHW\��)LJXUH������ 

 
)LJXUH������0ROHFXODU�VWUXFWXUH�RI�QDWXUDOO\�RFFXUULQJ�555�D�WRFRSKHURO� 

 

7KH�FKURPDQRO�ULQJ�LV�DWWDFKHG�WR�D����FDUERQ�ORQJ�EUDQFKHG�K\GURFDUERQ�FKDLQ��D�7RFRSKHURO�

KDV�WKUHH�FKLUDO�FHQWHUV��RQH�RQ�WKH�FKURPDQRO�ULQJ�DQG�WZR�RQ�WKH�EUDQFKHG�K\GURFDUERQ�FKDLQ��

7KHUH�DUH�WZR�IRUPV�RI�D�WRFRSKHURO��WKH�QDWXUDOO\�RFFXUULQJ�VWHUHRLVRPHU��555�D�WRFRSKHURO��

DQG�WKH�V\QWKHWLF�IRUP��ZKLFK�LV�D�UDFHPLF�PL[WXUH���� 

D�7RFRSKHURO� LV� NQRZQ� EXW� QRW� OLPLWHG� WR� LWV� DQWLR[LGDQW� DELOLWLHV� LQ� WKH� ERG\��7KH� FKHPLFDO�

UHDFWLYLW\�RI�D�WRFRSKHURO�LV�SULPDULO\�GXH�WR�WKH��2+�JURXS��7KH�ZD\�LQ�ZKLFK�WKLV�JURXS�H[HUWV�

LV�IXQFWLRQ�LV�E\�GRQDWLQJ�D�K\GURJHQ�WR�UDGLFDOV�ZKLFK�WKHQ�IRUPV�LWVHOI�D�PRUH�VWDEOH�DQG�OHVV�

UHDFWLYH� UHVRQDQFH�VWDELOL]HG� D�WRFRSKHUR[\O� UDGLFDO� VKRZQ� LQ� )LJXUH� ������� 7KH� UHVXOWLQJ�

D�WRFRSKHUR[\O�UDGLFDO�FDQ�EH�FRQYHUWHG�EDFN�WR�D�WRFRSKHURO�E\�DQRWKHU�D�WRFRSKHURO�RU�RWKHU�

DQWLR[LGDQW� PROHFXOHV� VXFK� DV� DVFRUELF� DFLG� �YLWDPLQ� &�� DQG�RU� JOXWDWKLRQH�� DOORZLQJ� WKH�

D�WRFRSKHURO� WR� SDUWLFLSDWH� LQ� PDQ\� PRUH� R[LGDWLRQ�UHGXFWLRQ� UHDFWLRQV� EHIRUH� EHLQJ�

GHJUDGHG�������7KLV�SURFHVV�LV�VKRZQ�LQ�)LJXUH������ 
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)LJXUH������2[LGDWLRQ�UHGXFWLRQ�UHDFWLRQ�SURFHVV�ZLWK�D�WRFRSKHURO��OLSLGV��DVFRUELF�DFLG��DQG�JOXWDWKLRQH� 

 

1.4.2. Natural Abundance  

5LFK�VRXUFHV�RI�D�WRFRSKHURO�LV�PRVW�FRPPRQO\�IRXQG�LQ�SODQW�VHHGV�LQFOXGLQJ�SHDQXWV��DOPRQGV�

DQG� VXQIORZHU�� DQG� DV� D� UHVXOW� LQ� PDQ\� SODQW� RLOV� LQFOXGLQJ� FDQROD�� ROLYH� DQG� SHDQXW� RLO����

7RFRSKHUROV�DUH�H[FOXVLYHO\�V\QWKHVL]HG�E\�SKRWRV\QWKHWLF�RUJDQLVPV�DQG�DUH�GLVWULEXWHG�ZLGHO\�

DFURVV� YDULRXV�SODQWV� WLVVXHV� LQFOXGLQJ� VHHGV�� IUXLWV�� URRWV� DQG�XVXDOO\� OHDI\�JUHHQV����7KH\� DUH�

IRXQG�LQ�WKH�JUHHQ�PRLHW\�RI�SODQWV�DQG�SULPDULO\�ORFDWHG�LQ�FKORURSODVW�DQG�WK\ODNRLG�PHPEUDQHV��

QHDU� WKH� SKRWRV\QWKHWLF� PDFKLQHU\�� LQ� RUGHU� WR� UHGXFH� R[LGDWLYH� GDPDJH� LQ� WKH� SODQW� GXULQJ�

SURFHVVHV� VXFK� DV� SKRWRV\QWKHVLV� DQG� UHVSLUDWLRQ���� D�7RFRSKHURO� LV� RQH� RI� HLJKW� LVRPHUV� RI�

YLWDPLQ�(��ZKLFK�LQFOXGH�WZR�JURXSV�RI�IRXU�WRFRSKHUROV��D��E��J��G��DQG�IRXU�WRFRWULHQROV��D��E��J��

G���7KHVH�JURXSV�GLIIHU�RQ�VLGH�FKDLQ�OHYHO�RI�XQVDWXUDWLRQ�ZLWK�WRFRSKHUROV�EHLQJ�IXOO\�VDWXUDWHG�

DQG�WRFRWULHQROV�EHLQJ�WULXQVDWXUDWHG�DV�GHSLFWHG�LQ�)LJXUH����� 
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)LJXUH������0ROHFXODU�VWUXFWXUHV�RI�YLWDPLQ�(�VWHUHRLVRPHUV��� 

 

$PRQJ� WKH� WZR�JURXSV��D�WRFRSKHURO�� VSHFLILFDOO\� WKH�555�D�WRFRSKHURO� VWHUHRLVRPHU�� LV� WKH�

PRVW� ELRORJLFDOO\� UHOHYDQW� DQG� PRVW� ELRDYDLODEOH� IRUP� RI� YLWDPLQ� (� LQ� WKH� ERG\�� 6\QWKHWLF�

D�WRFRSKHURO� LV� OHVV� ELRDYDLODEOH� L�H�� XVDEOH� LQ� WKH� ERG\� EXW� PXFK� OHVV� SRWHQW� DV� QDWXUDO�

555�D�WRFRSKHURO�� $QLPDO� DQG� KXPDQ� ELRDYDLODELOLW\� VWXGLHV� IRXQG� QDWXUDO�V\QWKHWLF�

D�WRFRSKHURO� RI� ���� �V\QWKHWLF� KDYLQJ� KDOI� WKH� ELRDYDLODELOLW\� RI� QDWXUDO����±��� $GGLWLRQDOO\��

DFFRUGLQJ� WR� OLWHUDWXUH�� QDWXUDO� DQWLR[LGDQWV� DUH�PRUH� HIIHFWLYH� LQ� SUHYHQWLQJ� FKURQLF� GLVHDVHV��

ZKLOH�V\QWKHWLF�DQWLR[LGDQWV�DUH�SUHIHUUHG�LQ�WKH�SUHVHUYDWLRQ�RI�OLSLG�IRRG�SURGXFWV����7KH�H[WHQW�

RI�LWV�ELRDYDLODELOLW\�KDV�DOVR�VKRZQ�WR�YDU\�IURP�SHUVRQ�WR�SHUVRQ��IRU�H[DPSOH��LQGLYLGXDOV�ZLWK�

FKURQLF� OLYHU� GLVHDVH� DQG� F\VWLF� ILEURVLV� KDYH� UHGXFHG� LQWHVWLQDO� DEVRUSWLRQ� RI� OLSLG�VROXEOH�

QXWULHQWV�UHVXOWLQJ�LQ�D�ELRFKHPLFDO�GHILFLHQF\�RI�YLWDPLQ�(�����,Q�JHQHUDO��LWV�KLJKHU�ELRDYDLODELOLW\�

DQG�UHGXFHG�PHWDEROLVP�FRPSDUHG� WR�RWKHU� IRUPV� LV� ODUJHO\�GXH� WR� WKH�SUHVHQFH�RI� WKH�KHSDWLF�

D�WRFRSKHURO� WUDQVIHU� SURWHLQ���� 7KLV� SURWHLQ� VHOHFWLYHO\� ELQGV� WR� D�WRFRSKHURO�� VWRULQJ� DQG�

WUDQVSRUWLQJ� LW� LQ� WKH� SODVPD� DQG� PRVW� WLVVXHV�� ZKHUH� LW� LV� DSSUR[LPDWHO\� ��� WLPHV� PRUH�

FRQFHQWUDWHG�WKDQ�WKH�RWKHU�VWHUHRLVRPHUV�RI�YLWDPLQ�(���� 

 

1.4.3. Role in Membranes 

D�7RFRSKHURO�LV�D�FUXFLDO�FRPSRQHQW�RI�ELRORJLFDO�PHPEUDQHV�GXH�WR�LWV�OLSLG�VROXEOH�QDWXUH��2QH�

RI� WKH�SULPDU\� UROHV�RI�D�WRFRSKHURO� LQ�PHPEUDQHV� LV�SURWHFWLQJ�FHOOV� IURP�R[LGDWLYH�GDPDJH��

2[LGDWLYH�GDPDJH�FDQ�RFFXU�ZKHQ�WKH�ERG\�LV�XQGHU�R[LGDWLYH�VWUHVV��LQ�RWKHU�ZRUGV�WKHUH�DUH�PRUH�

IUHH�UDGLFDOV��XS�WR�DQ�XQKHDOWK\�OHYHO��WKDQ�DQWLR[LGDQWV�SUHVHQW��7KLV�DOWHUV�WKH�FRPSRVLWLRQ�RI�

FHOO�PHPEUDQHV�DQG�FDQ�LQGXFH�VHYHUDO�KXPDQ�GLVHDVHV����7KH�ERG\�FDQ�HQWHU�D�VWDWH�RI�R[LGDWLYH�
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VWUHVV�IRU�D�QXPEHU�RI�UHDVRQV�LQFOXGLQJ��HQYLURQPHQWDO�SROOXWLRQ��VPRNLQJ��VXQ�H[SRVXUH��DOFRKRO�

FRQVXPSWLRQ�� DQG� VWUHVV�� DPRQJVW� RWKHU� WULJJHUV��$V�DQ� DQWLR[LGDQW��D�WRFRSKHURO�ZDV� LQLWLDOO\�

GHPRQVWUDWHG�WR�SURWHFW�IDWV�DQG�RLOV���IURP�R[LGDWLRQ�DQG�ODWHU�VKRZQ�WR�SURWHFW�SRO\XQVDWXUDWHG�

IDWW\�DFLGV�DQG�HVWHUV�E\�VFDYHQJLQJ�IUHH�UDGLFDOV�WR�SUHYHQW�OLSLG�SHUR[LGDWLRQ�������/LSLG�R[LGDWLRQ�

ZDV� LQLWLDOO\�VWXGLHG� LQ� UHODWLRQ� WR� IRRG�GHWHULRUDWLRQ��DV�R[LGDWLYH�FKDQJHV�FDQ�DOWHU�QXWULWLRQDO�

YDOXH�DQG�SURGXFH�WR[LF�FRPSRXQGV����6XEVHTXHQWO\��OLSLG�SHUR[LGDWLRQ�DQG�LWV�E\SURGXFWV�LQ�WKH�

ERG\�ZHUH�OLQNHG�WR�QXPHURXV�GLVHDVHV��LQFOXGLQJ�FDQFHU��GLDEHWHV��FDUGLRYDVFXODU��QHXURORJLFDO��

DQG� YDULRXV� LQIODPPDWRU\� GLVHDVHV����D�7RFRSKHURO� FDQ� SOD\� D� UHJXODWRU\� UROH� LQ� VRPH� VLJQDO�

WUDQVGXFWLRQ�HQ]\PHV�VXFK�DV�WKRVH�LQYROYHG�LQ�SUROLIHUDWLRQ��DSRSWRVLV��VXUYLYDO��LQIODPPDWLRQ��

VHFUHWLRQ�� DGKHVLRQ�� DXWRSKDJRF\WRVLV�� JHQH� H[SUHVVLRQ�� HWF�� $� GHILFLHQF\� LQ� YLWDPLQ� (� PD\�

FRQWULEXWH� WR� WKH� GHYHORSPHQW� RI� VRPH� KXPDQ� GLVHDVHV���� ,W� KDV� VKRZQ� WR� PRGXODWH� VLJQDO�

WUDQVGXFWLRQ� E\� PRGXODWLQJ� HQ]\PH�PHPEUDQH� LQWHUDFWLRQV� ZKLFK� RYHUDOO� DIIHFWV� VLJQDO�

WUDQVGXFWLRQ�SDWKZD\V�RQ�D�PROHFXODU�OHYHO��� 

 

1.4.4. Exogenous Occurrence (or uses)  

D�7RFRSKHURO� LV� XVHG� LQ� GLHW�� VXSSOHPHQWV�� SKDUPDFHXWLFDO� DSSOLFDWLRQV�� FRVPHWLFV�� IRRG�

SUHVHUYDWLRQ��DQG�LQGXVWULDOO\��7KH�UHFRPPHQGHG�GDLO\�YDOXH�LQWDNH�IRU�YLWDPLQ�(�GHSHQGV�RQ�VH[�

DQG�DJH��KRZHYHU�WKH�DYHUDJH�LQWDNH�LV����PJ�IRU�DGXOWV��� 

7KH�PRVW�FRPPRQ�IRRGV�HQULFKHG�LQ�D�WRFRSKHURO�SURYLGH�EHWZHHQ�����PJ�WR�����PJ�SHU�VHUYLQJ��

PDNLQJ� LW� FKDOOHQJLQJ� WR� PHHW� GDLO\� UHTXLUHPHQWV� WKURXJK� GLHW� DORQH� �IRU� VRPH� LQGLYLGXDOV���

WKHUHIRUH��D�WRFRSKHURO�GLHWDU\�VXSSOHPHQWV�DUH�DYDLODEOH����'LHWDU\�VXSSOHPHQWV��ZKLFK�SURYLGH�

QXWULHQWV�WKDW�DUH�QRW�FRQVXPHG�LQ�VXIILFLHQW�TXDQWLWLHV��DUH�DYDLODEOH�LQ�ERWK�QDWXUDOO\�RFFXUULQJ�

555�D�WRFRSKHURO� DQG� V\QWKHWLF� IRUPV�� 7KHVH� VXSSOHPHQWV� DUH� RIIHUHG� DV� FDSVXOHV�� WDEOHWV��

OLTXLGV��DQG�RU�JXPPLHV��'�D�WRFRSKHURO�SRO\HWK\OHQH�JO\FRO������VXFFLQDWH��73*6��LV�D�ZDWHU�

VROXEOH�QDWXUDO�YLWDPLQ�(�GHULYDWLYH����73*6�LV�XVHG�LQ�SKDUPDFHXWLFDO�DSSOLFDWLRQV�IRU�LPSURYLQJ�

WKH� WDUJHWDELOLW\� DQG� ELRDYDLODELOLW\� RI�PDQ\� GUXJV���� FRPEDWWLQJ� FDUGLRYDVFXODU� DQG�PHWDEROLF�

GLVRUGHUV���� EHQHILFLDO� DQWL�FDQFHURXV� SURSHUWLHV� �SUHYHQWLQJ� FDQFHU� FHOO� SUROLIHUDWLRQ�� DOWHULQJ�

JURZWK� IDFWRUV�� HWF���� �� DPRQJ� RWKHUV�� %HVLGHV� LWV� SKDUPDFHXWLFDO� DSSOLFDWLRQV�� YLWDPLQ� (� LV�

FRPPRQO\� LQFRUSRUDWHG�LQWR�VNLQFDUH�SURGXFWV�IRU� LWV�SKRWRSURWHFWLYH�HIIHFW�DJDLQVW�XOWUDYLROHW�

LQGXFHG�IUHH�UDGLFDO�GDPDJH�WR�VNLQ������DQG�DQWL�DJLQJ�EHQHILWV��ZKLFK�LQFOXGH�HQKDQFLQJ�FROODJHQ�

V\QWKHVLV�DQG�SUHYHQWLQJ�FROODJHQ�GHJUDGDWLRQ�������D�7RFRSKHURO�DOVR�SOD\V�D�UROH�LQ�IRRG�TXDOLW\�
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DQG�LV�DGGHG�WR�VRPH�IRRGV�WR�HQVXUH�WKHLU�VDIHW\��,W�LV�XVHG�LQ�RLOV�WR�VWRS�WKH�R[LGDWLRQ�RI�IDWW\�

DFLGV��H[WHQGLQJ�WKH�VKHOI�OLIH�DQG�LQFUHDVH�VWDELOLW\�RI�IRRGV�VXEMHFWHG�WR�LQFUHDVHG�WHPSHUDWXUHV����

%XLOGLQJ�RQ�WKLV��D�WRFRSKHURO�LV�DOVR�HPSOR\HG�LQGXVWULDOO\�LQ�WKH�SURGXFWLRQ�RI�SRO\HWK\OHQH����

WKH�PRVW�ZLGHO\�XVHG�SODVWLF�LQ�IRRG�SDFNDJLQJ����,W�SHUIRUPV�WZR�DFWLRQV��VWDELOL]HV�WKH�SRO\PHU�

GXULQJ�SURFHVVLQJ�DQG�H[WHQGV�WKH�IRRG¶V�VKHOI�OLIH�E\�PLJUDWLQJ�IURP�WKH�SDFNDJLQJ�LQWR�WKH�IRRG�

LWVHOI�DQG�ZRUNV�DV�DQ�DQWLR[LGDQW������� 

 

1.5. Model Membranes Using D�Tocopherol 
6WXGLHV� RQ�PRGHO� PHPEUDQHV� UHYHDO� VLJQLILFDQW� LQVLJKWV� LQWR� WKH� LQWHUDFWLRQV� DQG� EHKDYLRU� RI�

D�WRFRSKHURO�DQG�SKRVSKROLSLGV��2QH�VWXG\�VKRZV�WKH�PL[HG�V\VWHP�RI�'33&�DQG�D�WRFRSKHURO��

ZKHUH� WKH�D�WRFRSKHURO� DGRSWV� D� FRQIRUPDWLRQ� VWDWH� UHVHPEOLQJ� FROODSVH� EXW� UHWDLQV� D� GLVWLQFW�

SKDVH�ZLWKLQ�WKH�PHPEUDQH����7KLV�IRUPDWLRQ�LV�VXSSRUWHG�E\�WKH�KLJK�K\GURSKRELFLW\�RI�WKH�RI�

D�WRFRSKHURO�PROHFXOH��SUHYHQWLQJ�LW�IURP�GLVVROYLQJ�LQ�ZDWHU��&RPSUHVVLRQ�LVRWKHUPV�RI�PL[HG�

PRQROD\HUV� RI� VDWXUDWHG� OLSLG�� GLSDOPLWR\OSKRVSKDWLG\OFKROLQH� �'33&��� � GLXQVDWXUDWHG� OLSLG��

GLROHR\OSKRVSKDWLG\OFKROLQH��'23&���DQG�PRQRXQVDWXUDWHG�OLSLG��SDOPLWR\O�ROHR\O�SKRVSKDWLG\O�

FKROLQH� �323&�� ZLWK� D�WRFRSKHURO�� VKRZHG� WKH� VWUHQJWK� RI� DWWUDFWLYH� LQWHUDFWLRQV� EHWZHHQ�

SKRVSKROLSLGV�DQG�D�WRFRSKHURO�LQFUHDVHG�ZLWK�KLJKHU�FKDLQ�XQVDWXUDWLRQ�LQ�WKH�RUGHU��'23&�!�

323&�!�'33&����1H[W�� GHQVLWRPHWU\�PHDVXUHPHQWV� DQG� VPDOO�DQJOH�;�UD\� VFDWWHULQJ� VKRZHG�

IDYRUDEOH� LQWHUDFWLRQV� EHWZHHQ� D�WRFRSKHURO� DQG� XQVDWXUDWHG� SKRVSKROLSLGV�� ZLWK� WKHVH�

LQWHUDFWLRQV�DOVR�FRUUHODWLQJ�WR�LQFUHDVHG�OLSLG�FKDLQ�XQVDWXUDWLRQ��7KH�DGGLWLRQ�RI�D�WRFRSKHURO�

FDXVHG�PLQRU�FKDQJHV�LQ�XQVDWXUDWHG�OLSLG�VDPSOHV��ZLWK�QR�VLJQLILFDQW�VWUXFWXUDO�SHUWXUEDWLRQ��7KLV�

DOLJQHG�ZLWK�REVHUYDWLRQV�WKDW�D�WRFRSKHURO�VLWV�GHHSHU�LQ�'23&�PHPEUDQHV���� 

7KH�DQWLR[LGDQW�DFWLYLW\�RI�D�WRFRSKHURO�KDV� VKRZQ� WR�EH� VWURQJO\�FRUUHODWHG�ZLWK� LWV�SK\VLFDO�

ORFDWLRQ�LQ�D�OLSLG�ELOD\HU�������,W�ZDV�GHPRQVWUDWHG�WKDW�WKH�UHGXFWLRQ�RI�UHDFWLYH�R[\JHQ�VSHFLHV�

DQG�OLSLG�UDGLFDOV�E\�D�WRFRSKHURO�RFFXUV�VSHFLILFDOO\�DW�WKH�PHPEUDQH¶V�K\GURSKRELF�K\GURSKLOLF�

LQWHUIDFH����7KH�SK\VLRORJLFDO�DPRXQW�RI�YLWDPLQ�(�LQ�PHPEUDQHV�UDQJHV�IURP�����PRO���WR���PRO�

��RI�SKRVSKROLSLGV����'HVSLWH�LWV�ORZ�LQ�YLYR�FRQFHQWUDWLRQV��D�WRFRSKHURO�LQWHUFHSWV�IUHH�UDGLFDOV�

QHDU� WKH� K\GURSKRELF�K\GURSKLOLF� LQWHUIDFH� DQG� HIIHFWLYHO\� WHUPLQDWHV� OLSLG� SHUR[\O� UDGLFDO�

R[LGDWLRQ�FKDLQ� UHDFWLRQV�GHHSHU�ZLWKLQ� WKH�PHPEUDQH��)XUWKHU� LQYHVWLJDWLRQV�XVLQJ�GHXWHULXP�

ODEHOHG�D�WRFRSKHURO� UHYHDO� WKDW� LW� UHPDLQV� XSULJKW� LQ� WKH� SKRVSKRFKROLQH� ELOD\HUV� EXW� KDV� D�
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GLIIHUHQW�SRVLWLRQLQJ�LQ�ELOD\HUV�GHSHQGLQJ�RQ�OLSLG�FKDLQ�XQVDWXUDWLRQ��7KH�UHDFWLYH��2+�JURXS�LV�

SRVLWLRQHG�QHDU�WKH�K\GURSKRELF�K\GURSKLOLF�LQWHUIDFH��,Q�PRQRXQVDWXUDWHG�323&�PHPEUDQHV��WKH�

�2+� RI� D�WRFRSKHURO� VXEPHUJHV� OHVV� WKDQ� LQ� GLXQVDWXUDWHG� '23&� PHPEUDQHV�� LQGLFDWLQJ� D�

SUHIHUHQFH�IRU�ORFDOL]DWLRQ�QHDU�R[LGL]DEOH�ERQGV��HQKDQFLQJ�LWV�DQWLR[LGDQW�DFWLYLW\����%XLOGLQJ�RQ�

WKLV��D�WRFRSKHURO�ZDV�VKRZQ�WR�SHQHWUDWH�PRUH�UHDGLO\�LQWR�PL[HG�PRQROD\HUV�RI�SKRVSKROLSLGV�

DV�XQVDWXUDWLRQ�LQFUHDVHV��� 

,QWHUHVWLQJO\��D�WRFRSKHURO�SOD\V�D�UROH�LQ�PHPEUDQH�VWDELOLW\�GXULQJ�IUHH]LQJ�FRQGLWLRQV�RI�SODQWV��

SDUWLFXODUO\�WKH�FKORURSODVW� WK\ODNRLG�OLSLGV����D�7RFRSKHURO�VLJQLILFDQWO\� LQIOXHQFHV�PHPEUDQH�

G\QDPLFV� DQG� VWDELOLW\�E\� LQWHUDFWLQJ�ZLWK� WKH� FU\RSURWHFWDQW� VXFURVH����7KH� VWXG\� UHYHDOV� WKDW�

D�WRFRSKHURO� FRQFHQWUDWLRQ� LQ� WKH� WK\ODNRLG� DGDSWV� WR� HQYLURQPHQWDO� FRQGLWLRQV�� SUHYHQWLQJ�

PHPEUDQH� GHVWDELOL]DWLRQ� XQGHU� VWUHVV� FRQGLWLRQV� OLNH� ORZ� WHPSHUDWXUH� DQG� GURXJKW���� 2Q� D�

GLIIHUHQW�QRWH�WKH�HIIHFWV�RI�D�WRFRSKHURO�RQ�SKRVSKROLSLG�PRQROD\HU�FXUYDWXUH�ZDV�VWXGLHG�E\�

;�UD\� GLIIUDFWLRQ���� 0RQROD\HUV� RI� ��� PRO� �� D�WRFRSKHURO� DGGHG� LQ�

GLROHR\OSKRVSKDWLG\OHWKDQRODPLQH��'23(��VKRZHG�RQH�RI�WKH�KLJKHVW�QHJDWLYH�FXUYDWXUHV�ZLWK�D�

FXUYDWXUH�UDGLXV�RI�í�����c����7KH�VWXG\�IRXQG�WKH�DGGLWLRQ�RI�D�WRFRSKHURO�LQFUHDVHV�WKH�LQZDUG�

FXUYDWXUH��ZKLFK�SURGXFHV�VWUHVV�LQ�ELOD\HU�PHPEUDQHV��WKXV�DIIHFWLQJ�PHPEUDQH�LQWHUDFWLRQV��7KLV�

FXUYDWXUH�VWUHVV�UHVXOWV�IURP�WKH�DGGLWLRQ�RI�UHODWLYHO\�PRUH�PDVV�WR�WKH�K\GURFDUERQ�SRUWLRQ�RI�WKH�

PHPEUDQH�PRQROD\HUV�WKDQ�WR�WKH�SRODU�SRUWLRQ��� 

 

1.6. Research Objectives 

7KH�ILUVW�SDUW�RI�WKLV�ZRUN�IRFXVHV�RQ�WKH�LPSDFWV�RI�YDSLQJ�DGGLWLYHV�D�WRFRSKHURO��YLWDPLQ�(��

DQG�D�WRFRSKHURO� DFHWDWH� �YLWDPLQ�(� DFHWDWH�� RQ� D� V\QWKHWLF� OLSLG�EDVHG�PRGHO� OXQJ� VXUIDFWDQW�

PHPEUDQH� FRPSRVHG� RI� ]ZLWWHULRQLF� '33&� DQG� DQLRQLF� 323*� DFURVV� DGGLWLYH� FRQFHQWUDWLRQV�

UDQJLQJ�IURP���PRO���WR����PRO����7KH�PRGHO�OXQJ�VXUIDFWDQW�XVHG�LQ�WKLV�VWXG\�RIIHUV�WKH�RSWLPDO�

EDODQFH�RI�VDWXUDWHG��XQVDWXUDWHG�OLSLGV��DV�ZHOO�DV�FKDUJH�IRXQG�LQ�WKH�LQQDWH�OXQJ�VXUIDFWDQW��7KLV�

VWXG\� DLPV� WR� XQGHUVWDQG� KRZ� WKH� OXQJ� VXUIDFWDQWV� VXUIDFH� DFWLYLW\�� ILOP�PRUSKRORJ\� DQG� ILOP�

VWUXFWXUH�LV�DIIHFWHG�LQ�WKH�SUHVHQFH�RI�WKHVH�DGGLWLYHV�DQG�KRZ�WKH\�PD\�OHDG�WR�OXQJ�LQMXU\� 

7KH� QH[W� SDUW� RI� WKLV�ZRUN� H[SORUHV� WKH� LQWHUDFWLRQV� EHWZHHQ�D�WRFRSKHURO� DQG� WKH� LQGLYLGXDO�

FRPSRQHQWV� RI� WKH�PRGHO� OXQJ� VXUIDFWDQW�PHPEUDQH��'33&�DQG�323*�� WKDW� DUH� DOVR� FRPPRQ�

PHPEUDQH�OLSLGV��7KLV�VWXG\�DLPV�WR�FKDUDFWHUL]H�WKH�PL[LQJ�EHKDYLRU�RI�D�WRFRSKHURO�ZLWK�WKHVH�
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OLSLGV�DQG�DGG�WR�WKH�FRQYHUVDWLRQ�RI�RXU�XQGHUVWDQGLQJ�RI�LWV�DQWLR[LGDQW�UROH�LQ�PHPEUDQHV�DQG�

V\QHUJ\�ZLWK�GLIIHUHQW�OLSLGV� 

)RU� DOO� V\VWHPV�� WKH� WHFKQLTXHV� WR� VWXG\� WKH� VXUIDFH� DFWLYLW\�� DQG� PRUSKRORJ\� RI� WKH� PRGHO�

PHPEUDQHV��LQFOXGH�WKH�/DQJPXLU�EDODQFH��%UHZVWHU�DQJOH�PLFURVFRS\��%$0���DQG�DWRPLF�IRUFH�

PLFURVFRS\��$)0���$GGLWLRQDOO\��WKH�VHQVLWLYH�V\QFKURWURQ�EDVHG�;�UD\�VXUIDFH�FKDUDFWHUL]DWLRQ�

WHFKQLTXHV�DUH�XVHG�WR�VWXG\�WKH�OLTXLG�FU\VWDOOLQH�VWUXFWXUH�RI�WKH�PL[HG�PRQROD\HUV��VSHFLILFDOO\�

JUD]LQJ� LQFLGHQFH� ;�UD\� GLIIUDFWLRQ� �*,;'�� DQG� ;�UD\� UHIOHFWLYLW\� �;5���$OO� WHFKQLTXHV� DUH�

VXPPDUL]HG�LQ�VHFWLRQ����� 

 

1.7. Experimental Techniques for Studying Model Membranes 
7KLV�UHYLHZ�ZLOO�LQWURGXFH�DQG�GLVFXVV�VRPH�NH\�ELRSK\VLFDO�WHFKQLTXHV�IRU�VWXG\LQJ�PRQROD\HU�

ILOPV�VXUIDFH�DFWLYLW\��ILOP�PRUSKRORJ\��DQG�ILOP�VWUXFWXUH� 

 

1.7.1. Langmuir Film Balance 
)LJXUH������GHSLFWV�D�JHQHULF�UHSUHVHQWDWLRQ�RI�D�VXUIDFH�SUHVVXUH�DUHD�FRPSUHVVLRQ�LVRWKHUP�ZKLFK�

LV�REWDLQHG�ZLWK�D�/DQJPXLU�WURXJK�WKDW�FRQVLVWV�RI�D�VKDOORZ�UHFWDQJXODU�WURXJK�ILOOHG�ZLWK�D�OLTXLG�

RI�FKRLFH�DQG�WZR�PRYDEOH�EDUULHUV�WKDW�FRPSUHVVHV�RU�H[SDQGV�WKH�VXUIDFH�DUHD�RI�WKH�OLTXLG� 
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)LJXUH������*HQHULF�UHSUHVHQWDWLRQ�RI�D�/DQJPXLU�VXUIDFH�SUHVVXUH�DUHD�FRPSUHVVLRQ�LVRWKHUP�GHSLFWLQJ�

YDULRXV�SKDVHV�LQ�WKH�LVRWKHUP�ZLWK�FRUUHVSRQGLQJ�/DQJPXLU�UHFWDQJXODU�WURXJK�LQ�D�FRPSUHVVHG�IRUP��OHIW��

DQG�H[SDQGHG�IRUP��ULJKW�� 

 

7KH�LVRWKHUP�VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�VXUIDFH�SUHVVXUH�DQG�WKH�PROHFXODU�DUHD�SHU�PROHFXOH�

IRU�D�PRQROD\HU�RI�OLSLGV��$V�FRPSUHVVLRQ�LQFUHDVHV��WKH�VXUIDFH�SUHVVXUH�DOVR�LQFUHDVHV�EHFDXVH�

WKH� OLSLGV� DUH� EHLQJ� IRUFHG� FORVHU� WRJHWKHU� FDXVLQJ� LQWHUDFWLRQV� DPRQJ� WKHP�� 7KH� WUDQVLWLRQV�

WKURXJK� WKH� VWDQGDUG� SKDVHV� LQ� D� OLSLG�PRQROD\HU� DUH� DQDORJRXV� WR� WKH� WKUHH�GLPHQVLRQDO� ��'��

SKDVHV��7KH�ILUVW�SKDVH�LV�WKH�JDVHRXV�SKDVH�ZKHUH�WKH�OLSLG�PROHFXOHV�DUH�IDU�HQRXJK�DSDUW�ZLWK�

PLQLPDO� WR�QR�LQWHUDFWLRQ��7KHQ�LV�D� OLTXLG�H[SDQGHG��/(��SKDVH�ZKHUH�WKH�OLSLG�PROHFXOHV�DUH�

FORVHU�WRJHWKHU��LQWHUDFWLQJ�PRUH�EXW�VWLOO�KDYH�VLJQLILFDQW�IUHHGRP�RI�PRYHPHQW�VXFK�WKDW�WKH�OLSLG�

FKDLQV�EHKDYH�OLNH�OLTXLG�DONDQHV��1H[W�LV�D�WZR�SKDVH�FR�H[LVWHQFH��SKDVH�WUDQVLWLRQ��RI�WKH�/(�

DQG�WKH�FRQGHQVHG�SKDVH��$W�WKH�SRLQW�RI�SKDVH�FR�H[LVWHQFH��WKH�VXUIDFH�SUHVVXUH�UHPDLQV�FRQVWDQW�

ZLWK� IXUWKHU� FRPSUHVVLRQ� RI� WKH�PRQROD\HU� EHFDXVH� WKHUH� LV� D� UHGLVWULEXWLRQ� RI� WKH�PROHFXOHV�

EHWZHHQ�WKH�WZR�SKDVHV��$IWHU� WKLV�SKDVH�WUDQVLWLRQ�WKHUH�LV� WKH� WLOWHG�DQG�RU�XQWLOWHG�FRQGHQVHG�

SKDVH��ZKHUH�OLSLG�PROHFXOHV�SDFN�FORVHO\�WRJHWKHU��DQG�WKH�OLSLG�FKDLQV�H[KLELW�OLTXLG�FU\VWDOOLQH�

RUGHULQJ��7KH�FRQGHQVHG�SKDVH�LV�DQDORJRXV�WR�D��'�VROLG��ZKHUH�PROHFXOHV�DUH�LQ�IL[HG�SRVLWLRQV�
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LQ�D�FU\VWDO�ODWWLFH�DQG�LQ�DQ�RUGHUHG�VWUXFWXUH��/DVWO\�LV�WKH�FROODSVH�RI�WKH�PRQROD\HU�WKDW�RFFXUV�

ZKHQ�WKH�PROHFXODU�DUHD�EHFRPHV�WRR�VPDOO�WR�DFFRPPRGDWH�DOO�WKH�OLSLGV�LQ�WKH�PRQROD\HU��7KLV�

SURPSWV�WKH�IRUPDWLRQ�RI��'�DJJUHJDWHV�RU�VXEPHUVLRQ�RI�OLSLGV�DQG�RU�RWKHU�PROHFXOHV�LQWR�WKH�

VXESKDVH� 

 

1.7.2. Brewster Angle Microscopy (BAM), Microscopic View 
7KH�UHDO�WLPH�YLVXDOL]DWLRQ�RI�PRQROD\HUV�DW�WKH�DLU�OLTXLG�LQWHUIDFH�ZLWK�%$0�ZDV�ILUVW�LQWURGXFHG�

DQG�REVHUYHG�LQ�����������DQG�VLQFH�WKHQ�KDV�EHFRPH�D�VWDQGDUG�WHFKQLTXH�IRU�WKH�LPDJLQJ�RI�ILOPV��

7KLV�PHWKRG�LV�FRXSOHG�ZLWK�D�/DQJPXLU�WURXJK��ZKHUH�D�WKLQ�ILOP�LV�VSUHDG�RQWR�D�OLTXLG�VXUIDFH�

DQG�LPDJHG� LQ�VLWX�E\�%$0�GXULQJ�WKH�ILOP
V�FRPSUHVVLRQ��7KLV�WHFKQLTXH�LV�SHUIRUPHG�IRU�WKH�

YLVXDOL]DWLRQ� RI� WKLQ� ILOPV� DQG� SDUWLFXODUO\� XVHIXO� IRU� VWXG\LQJ� /DQJPXLU� PRQROD\HU� ILOP�

PRUSKRORJLHV� OLNH� OXQJ� VXUIDFWDQWV� DW� WKH� PLFURVFRSLF� OHYHO�� ,QIRUPDWLRQ� VXFK� DV� WKH� ODWHUDO�

RUJDQL]DWLRQ�FDQ�EH�REWDLQHG�� LQFOXGLQJ�SKDVH�VHSDUDWLRQ�DQG�GRPDLQ�IRUPDWLRQ����,W�HPSOR\V�D�

ODVHU�EHDP�VHW�DW�%UHZVWHU
V�DQJOH�RI���R��GHILQHG�E\�WKH�UHIUDFWLYH�LQGH[�RI�WKH�WZR�SKDVHV�EHLQJ�

DLU�DQG�ZDWHU��VXEVWUDWH�RU�VXESKDVH��SUHVHQW�DW�WKH�LQWHUIDFH�VKRZQ�LQ�)LJXUH����D� 

 
)LJXUH�������D��6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�LQWHUDFWLRQ�RI�SRODUL]HG�OLJKW�SHUIHFWO\�UHIOHFWHG�WKURXJK�WKH�

VXESKDVH�DW�%UHZVWHU¶V�DQJOH�RI���R��OHIW��DQG�ZKHQ�WKH�%UHZVWHU�DQJOH�LV�GHYLDWHG�LQ�WKH�SUHVHQFH�RI�D�WKLFNHU�

ILOP�PRUSKRORJ\��ULJKW����E��([DPSOH�RI�D�%$0�LPDJH�VKRZLQJ�WKH�WKLFN�OLJKW�UHJLRQV�DQG�OHVV�WKLFN�GDUN�

UHJLRQV� 

 

$W�WKLV�DQJOH�WKH�SRODUL]HG�OLJKW�LV�SHUIHFWO\�WUDQVPLWWHG�WKURXJK�WKH�VXESKDVH�ZLWKRXW�UHIOHFWLRQ�

�)LJXUH����D���9DULDWLRQV� LQ� WKH�%UHZVWHU� DQJOH�DFURVV� WKH� VDPSOH�FUHDWH� OLJKW�DQG�GDUN�SKDVHV��

UHIOHFWLQJ�WKLFNQHVV�GLIIHUHQFHV�LQ�WKH�ILOP�DV�GHSLFWHG�LQ�)LJXUH����E��7KH�%$0�LPDJH�VKRZV�OLJKW�

UHJLRQV�DWWULEXWHG�WR�WKH�WKLFNHU�FRQGHQVHG�SKDVH�OLSLG�PROHFXOHV�DQG�GDUN�UHJLRQV�DWWULEXWHG�WR�
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OHVV�WKLFN�/(�SKDVH�OLSLG�PROHFXOHV��$�OLPLWDWLRQ�RI�%$0�LV�WKDW�ILOP�PRUSKRORJLHV�PXVW�EH�EH\RQG�

LWV�ODWHUDO�UHVROXWLRQ�RI���ȝP�WR�EH�YLVLEOH� 

 

1.7.3. Atomic Force Microscopy (AFM), Nanoscopic View 
,Q� ������ *HUG� %LQQLQJ�� &DOYLQ� 4XDWH� DQG� &KULVWRSKHU� *HUEHU� LQYHQWHG� WKH� DWRPLF� IRUFH�

PLFURVFRSH��$)0���� WR�LQYHVWLJDWH�WKH�PRUSKRORJ\�RI�ILOPV�XVLQJ�WKH�/DQJPXLU�%ORGJHWW��/%��

PHWKRG��7KH�/%�PHWKRG�ZDV�GHYHORSHG�E\�,UYLQJ�/DQJPXLU�DQG�.DWKDULQH�%OXUU�%ORGJHWW�DQG�

DOORZV�IRU�WKH�FRQWUROOHG�WUDQVIHU�RI�D�PRQROD\HU�DW�WKH�DLU�OLTXLG�LQWHUIDFH�RQWR�D�VROLG�VXEVWUDWH��

DV�LOOXVWUDWHG�LQ�)LJXUH������'XULQJ�WKH�/%�WUDQVIHU�SURFHVV��WKH�VXUIDFH�SUHVVXUH�LV�NHSW�FRQVWDQW�

E\�DGMXVWLQJ� WKH�EDUULHUV� WR�FRPSHQVDWH� IRU� WKH� ORVV�RI�PROHFXOHV�EHLQJ� WUDQVIHUUHG� WR� WKH�VROLG�

VXEVWUDWH��WKXV�SUHVHUYLQJ�WKH�WDUJHW�SUHVVXUH� 

 
)LJXUH������6FKHPDWLF�RI�/DQJPXLU�%ORGJHWW��/%��PHWKRG�GHSRVLWLRQ� 

 

$IWHU�VDPSOH�DFTXLVLWLRQ�DQG�RQFH�WKH�ILOP�KDV�GULHG��$)0�LQ�WKH�SHDN�IRUFH�WDSSLQJ�YDULDQW�FDOOHG�

6FDQ$V\VW�LPDJLQJ�PRGH�LV�XVHG��7KLV�PRGH�DXWRPDWLFDOO\�RSWLPL]HV�DOO�VFDQ�SDUDPHWHUV��VXFK�DV�

VHWSRLQW�DQG�IHHGEDFN�UHVSRQVH��ZLWKRXW�XVHU�LQWHUYHQWLRQ��WR�FKDUDFWHUL]H�WKH�VXUIDFH�PRUSKRORJ\�

DW�WKH�QDQRVFDOH�OHYHO��7KLV�WHFKQLTXH�JHQHUDWHV�KLJK�UHVROXWLRQ�LPDJHV�WKDW�SURYLGH�VSHFWURVFRSLF�

LQIRUPDWLRQ�DW�HDFK�SL[HO�� WKH�PRUH� WKH�SL[HOV�VFDQQHG�� WKH�KLJKHU� WKH� LPDJH�UHVROXWLRQ��,W�DOVR�

DOORZV�GLUHFW�FRQWURO�RI�WKH�WLS�VDPSOH�LQWHUDFWLRQ�IRUFH��SURWHFWLQJ�WKH�VDPSOH�DQG�SUHVHUYLQJ�WKH�

WLS¶V�VKDUSQHVV�IRU�ORQJHU��$�VKDUSHQHG�LQWDFW�WLS�LV�FULWLFDO�IRU�$)0�VDPSOH�DQDO\VLV�IRU�VHYHUDO�

UHDVRQV� LQFOXGLQJ�� PRUH� SUHFLVH� PHDVXUHPHQWV�� DFFXUDWH� WRSRJUDSKLFDO� GDWD�� DQG� UHGXFHV� WLS�

DUWLIDFWV��$)0� FRPSOHPHQWV� %$0�� ZKLFK� RIIHUV� D� QRQ�GHVWUXFWLYH� DQDO\VLV�� ODWHUDO� UHVROXWLRQ�

EHORZ���PP��DQG�TXDQWLWDWLYH�PHDVXUHPHQWV��VXFK�DV�WKH�DELOLW\�WR�DFFXUDWHO\�PHDVXUH�WKH�WKLFNQHVV�
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RI� GLIIHUHQW� SDUWV� RI� WKH� ILOP�� 7KH� SDLULQJ� RI� WKH� /%� PHWKRG� DQG� $)0� HQDEOHV� GHWDLOHG�

FKDUDFWHUL]DWLRQ�RI�PRQROD\HU�ILOPV�DW�WKH�QDQRVFDOH�OHYHO� 

 

1.7.4. X�Ray Techniques 

7KLV�UHYLHZ�ZLOO�IRFXV�RQ�;�UD\�WHFKQLTXHV��QDPHO\��*,;'�DQG�;5��IRU�VWXG\LQJ�PRQROD\HUV�LQ�

UHDO�WLPH��)LJXUH��������7KHVH�WHFKQLTXHV�SURYLGH�GHWDLOHG�VWUXFWXUDO�LQIRUPDWLRQ�DQG�LQVLJKWV�LQWR�

PROHFXODU�RUJDQL]DWLRQ�DW�WKH�DLU�ZDWHU�LQWHUIDFH� 

 
)LJXUH�������:RUNLQJ�SULQFLSOHV�RI�WZR�;�UD\�PHWKRGV��LQFOXGLQJ�*,;'�DQG�;5��XVHG�IRU�PRQROD\HUV�DW�WKH�

DLU�OLTXLG�LQWHUIDFH��)LJXUH�DGDSWHG�IURP��� 

 

1.7.4.1. Grazing Incidence X�Ray Diffraction (GIXD) 
*,;'�IRFXVHV�RQ� WKH�FRQGHQVHG�SKDVH�PROHFXOHV�ZKHUH�VWUXFWXUDO�FKDQJHV�FDQ�EH�REVHUYHG� LQ�

VLWX������� 7KLV� WHFKQLTXH� H[DPLQHV� WKH� PROHFXODU� RUGHULQJ� ZLWKLQ� WKH� SODQH� RI� WKH� LQWHUIDFH��

SURYLGLQJ� LQVLJKWV� LQWR� WKH�VXUIDFH�FU\VWDOOL]DWLRQ�RI�PRQROD\HUV�DQG� UHYHDOLQJ� WKH� LQIOXHQFH�RI�

FHUWDLQ�RUGHUHG�FKDLQ�VWUXFWXUHV�DQG�LQ�VRPH�FDVHV�KHDGJURXSV��7KH�H[SHULPHQWDO�VHWXS�LQYROYHV�D�

FRPSOH[�;�UD\�GLIIUDFWLRQ�DSSDUDWXV�FRXSOHG�ZLWK�D�ODUJH�/DQJPXLU�WURXJK�SODFHG�LQ�D�+HOLXP�

IOXVKHG� FRQWDLQHU� �WR� UHPRYH�R[\JHQ� DQG� UHGXFH�EDFNJURXQG� VFDWWHULQJ��ZLWK� NDSWRQ�ZLQGRZV�

WUDQVSDUHQW�IRU�;�UD\V����7KH�*,;'�H[SHULPHQWDO�VHWXS�XVHG�LQ�WKLV�ZRUN�LV�VKRZQ�LQ�)LJXUH������ 
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)LJXUH�������*,;'�H[SHULPHQWDO�VHWXS�DW�WKH�EHDPOLQH����,'�&�&KHP0DW&$56�RI�WKH�$GYDQFHG�3KRWRQ�

6RXUFH��$36��DW�$UJRQQH�1DWLRQDO�/DERUDWRU\�LQYROYLQJ��D��HQFORVHG�/DQJPXLU�WURXJK���E��DQWLYLEUDWLRQ�

SODWIRUP���F��JHUPDQLXP�FU\VWDO�IRU�EHDP�UHGLUHFWLRQ���G��LQFLGHQW�;�UD\�EHDP�VOLWV���H��SRVLWLRQ�VHQVLWLYH�

3LODWXV�GHWHFWRU�� 

 

,Q�WKLV�PHWKRG��DQ�;�UD\�EHDP�ZLWK�D�GHILQHG�ZDYHOHQJWK�LV�GLUHFWHG�DW�WKH�VXESKDVH�DW�D�VSHFLILF�

LQFLGHQW�DQJOH��DL���ZKHUH�LW�LV�UHIOHFWHG�DW�DQ�DQJOH��DI��RII�WKH�VXUIDFH�RI�WKH�VXESKDVH��LQ�RWKHU�

ZRUGV� WRWDO� UHIOHFWLRQ��7KLV� WRWDO� UHIOHFWLRQ� DOORZV� IRU� WKH�PHDVXUHPHQW� RI� ERWK� WKH� VFDWWHULQJ�

YHFWRUV�4[\��ODWHUDO��DQG�4]��YHUWLFDO���7KH�;�UD\V�SHQHWUDWH�XS�WR���QP�RI�GHSWK�LQWR�WKH�PRQROD\HU�

PDWHULDO����PDNLQJ� WKLV�PHWKRG�KLJKO\� VXUIDFH� VHQVLWLYH��*,;'�SURYLGHV� LQIRUPDWLRQ�DERXW� WKH�

WZR�GLPHQVLRQDO���'��FU\VWDOOLWHV�RULHQWHG�RQ�WKH�VXESKDVH��DWWULEXWHG�WR�WKH�FRQGHQVHG�SKDVH�RI�

PRQROD\HUV��7KLV�PHWKRG�JLYHV�TXDQWLWDWLYH�PROHFXODU�OHYHO�GHWDLOV�RQ�WKH�FRQGHQVHG�SKDVH�VXFK�

DV�ODWWLFH�VSDFLQJ��FU\VWDOORJUDSKLF�RULHQWDWLRQ���SKRVSKROLSLG�FKDLQ�WLOW�DQJOH��DQG�WKLFNQHVVHV��,W�

LV�LPSRUWDQW�WR�QRWH�WKDW�GLVRUGHUHG�RU�XQVWUXFWXUHG�OLSLGV�LQ�D�/(�SKDVH�GR�QRW�FRQWULEXWH�WR�WKH�

*,;'�VLJQDO�EXW�FDQ�EH�VWXGLHG�XVLQJ�RWKHU�;�UD\�PHWKRGV�VXFK�DV�;�UD\�UHIOHFWLYLW\�ZKLFK�LV�QRW�

OLPLWHG�WR�SKDVH�VWDWH�DQG�ZLOO�EH�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�VHFWLRQ��������� 

7KH�GLIIUDFWLRQ�VLJQDO�RU�SDWWHUQ�REVHUYHG�IRU�D�JLYHQ�FRQGHQVHG�SKDVH�LV�UHVROYHG�DV�D�FRQWRXU�SORW�

ZLWK�ERWK�VFDWWHULQJ�YHFWRUV��4[\�DQG�4]��IRU�DOO�PRQROD\HUV��)LJXUH��������7KH�SRVLWLRQV�LQ�4[\�
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JLYH�LQIRUPDWLRQ�DERXW�WKH�ODWWLFH�ZKLOH�SRVLWLRQV�LQ�4]�JLYH�LQIRUPDWLRQ�DERXW� WKH�FKDLQ�WLOW�RI�

FRQGHQVHG� SKDVH� OLSLG� PROHFXOHV�� 7KH� SRVLWLRQLQJ� DQG� LQWHQVLWLHV� RI� WKH� GLIIUDFWLRQ� VLJQDOV� DW�

GHILQHG�GLUHFWLRQV�DUH�LQIOXHQFHG�DQG�FKDUDFWHUL]HG�E\�WKH�RUGHULQJ�RI�YDULRXV�FRPSRQHQWV�VXFK�

DV��DON\O�FKDLQV�RU��OHVV�RIWHQ��WKH�KHDGJURXS�SDFNLQJ�� 

 

1.7.4.2. X�Ray Reflectivity (XR) 
;5�DW�WKH�DLU�OLTXLG�LQWHUIDFH�RIIHUV�WKH�YHUWLFDO�LQIRUPDWLRQ�XVLQJ�YHUWLFDO�VFDWWHULQJ�YHFWRU�4]�IRU�

PRQROD\HUV�LQ�ERWK�WKH�VWUXFWXUHG�FRQGHQVHG�DQG�XQVWUXFWXUHG�OLTXLG�H[SDQGHG�SKDVHV��)RU�WKLV�

WHFKQLTXH� DQ� ;�UD\� EHDP� VWULNHV� WKH� VXUIDFH� DW� DQ� LQFLGHQW� DQJOH�DL� WKHQ� DIWHU� LQWHUDFWLRQ� LV�

UHIOHFWHG�DW�DQ�DQJOH�DI��ZKHUH�DL DI�GXH�WR�WKH�ODZ�RI�UHIOHFWLRQ��)LJXUH����������9DU\LQJ�WKH�DL�

SUREHV�GLIIHUHQW�GHSWKV�RI�WKH�PRQROD\HU�VDPSOH�DQG�VLPXOWDQHRXVO\�FROOHFWV�WKH�LQWHQVLW\�RI�WKH�

UHIOHFWHG�;�UD\V�DW�DI�RYHU�D�UDQJH�RI�DL��WKHUHE\�REWDLQLQJ�WKH�UHIOHFWLYLW\��5��DFURVV�WKLV�UDQJH��

7KH�YHUWLFDO�VFDWWHULQJ�YHFWRU�4]�SDUDPHWHU�LV�JLYHQ�E\�WKH�IRUPXOD� 

 

ܳ௭ ൌ
ସగ
ఒ
���ሺߙ௙ሻ���ZKHUH�O�LV�WKH�ZDYHOHQJWK�RI�WKH�;�UD\V 

(TXDWLRQ������)RUPXOD�IRU�VFDWWHULQJ�YHFWRU�FRPSRQHQW��4]����� 

 

7R�REWDLQ�D�UHIOHFWLYLW\�FXUYH�DV�VHHQ�LQ�)LJXUH�������5�DQG�4]�DUH�SORWWHG�DJDLQVW�HDFK�RWKHU��7KLV�

FXUYH�LV�WKHQ�ILWWHG�XVLQJ�D�VODE�PRGHO���WR�REWDLQ�YHUWLFDO�LQIRUPDWLRQ�RQ�WKH�PRQROD\HU�VXFK�DV�

WKH� ILOP� WKLFNQHVV� LQ�$QJVWURPV�� HOHFWURQ� GHQVLW\� �U��� DQG� VXUIDFH� URXJKQHVV� DW� GLVWLQFW� OD\HUV�

�VODEV��ZLWKLQ� WKH� ILOP�RU� DW� LQWHUIDFHV��ZKHUH� WKH� UHIUDFWLYH� LQGH[�DQG�;�UD\�ZDYHOHQJWK�YDU\�

GHSHQGLQJ� RQ� WKH� VODE�� 7KH� PRQROD\HUV� VWXGLHG� LQ� WKLV� ZRUN� DUH� SULPDULO\� FRPSRVHG� RI�

SKRVSKROLSLGV�� )LJXUH� ����� VKRZV� WKH� IRXU� VODEV� W\SLFDOO\� DQDO\]HG� LQ� WHUPV� RI� WKLFNQHVV� DQG�

HOHFWURQ�GHQVLW\�LQ�;5�IRU�D�SKRVSKROLSLG�PRQROD\HU�DW�WKH�DLU�OLTXLG�LQWHUIDFH� 
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)LJXUH�������&DUWRRQ�IRU�IRXU�VODE�;5�ILLWLQJ�PRGHO��DLU��OLSLG�WDLO��KHDGJURXSV��ZDWHU��RI�W\SLFDO�SKRVSKROLSLG�

PRQROD\HU��)LJXUH�DGDSWHG�IURP���� 

 

1.8. Outline of Manuscripts 
7ZR�PDQXVFULSWV�DUH�LQFOXGHG�LQ�WKLV�UHVHDUFK��&KDSWHUV����	���� 

 

7KH�ILUVW�PDQXVFULSW��&KDSWHU����IRFXVHV�RQ�WKH�SK\VLFRFKHPLFDO�LPSDFWV�RI�LQFUHDVLQJ�DPRXQWV�

RI�YDSLQJ�DGGLWLYHV�DVVRFLDWHG�ZLWK�(9$/,��YLWDPLQ�(�DQG�YLWDPLQ�(�DFHWDWH��RQ�D�OLSLG�RQO\�PRGHO�

OXQJ�VXUIDFWDQW��7KLV�PDQXVFULSW�ZDV�SXEOLVKHG�LQ�WKH�MRXUQDO�/DQJPXLU��)XOO�FLWDWLRQ�IRXQG�EHORZ� 

 

8QGHUVWDQGLQJ�WKH�5HWHQWLRQ�RI�9DSLQJ�$GGLWLYHV�LQ�WKH�/XQJV��0RGHO�/XQJ�6XUIDFWDQW�0HPEUDQH�

3HUWXUEDWLRQ�E\�9LWDPLQ�(�DQG�9LWDPLQ�(�$FHWDWH��3DQDJLRWD�7DNWLNDNLV��0DWKLHX�&{Wp��1LYHWKD�

6XEUDPDQLDP��.DLOHQ�.URHJHU��+DOD�<RXVVHI��$QWRQHOOD�%DGLD��DQG�&KULVWLQH�'H:ROI��/DQJPXLU�

�������������������������'2,����������DFV�ODQJPXLU��F����� 

 

7KH�VHFRQG�PDQXVFULSW��&KDSWHU����SURYLGHV�D�PRUH�GHWDLOHG�VWXG\�RQ�WKH�LQWHUDFWLRQ�RI�PHPEUDQH�

VROXEOH�YLWDPLQ�(�ZLWK�WKH�LQGLYLGXDO�FRPSRQHQWV�RI�WKH�OLSLG�RQO\�PRGHO�OXQJ�VXUIDFWDQW�VWXGLHG�

LQ�&KDSWHU����7KHVH�OLSLGV�DUH�DOVR�FRPPRQ�PHPEUDQH�OLSLGV��7KLV�PDQXVFULSW�KDV�EHHQ�SUHSDUHG�

IRU�VXEPLVVLRQ�WR�WKH�MRXUQDO�%%$�%LRPHPEUDQHV�
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&KDSWHU����8QGHUVWDQGLQJ�WKH�5HWHQWLRQ�RI�9DSLQJ�$GGLWLYHV� LQ�WKH�

/XQJV��0RGHO�/XQJ�6XUIDFWDQW�0HPEUDQH�3HUWXUEDWLRQ�E\�9LWDPLQ�

(�DQG�9LWDPLQ�(�$FHWDWH 
 

�����$EVWUDFW 
'HYLDWLRQV�IURP�WKH�QRUPDO�SK\VLFRFKHPLFDO�DQG�IXQFWLRQDO�SURSHUWLHV�RI�SXOPRQDU\�VXUIDFWDQW�

DUH�DVVRFLDWHG�ZLWK�WKH�LQFLGHQFH�RI�OXQJ�LQMXU\�DQG�RWKHU�UHVSLUDWRU\�GLVRUGHUV��7KLV�VWXG\�DLPV�WR�

HYDOXDWH�WKH�DOWHUDWLRQ�RI�WKH��'�PROHFXODU�RUJDQL]DWLRQ�DQG�PRUSKRORJ\�RI�SXOPRQDU\�VXUIDFWDQW�

PRGHO� PHPEUDQHV� E\� WKH� HOHFWURQLF� FLJDUHWWH� DGGLWLYHV� D�WRFRSKHURO� �YLWDPLQ� (�� DQG�

D�WRFRSKHURO�DFHWDWH��YLWDPLQ�(�DFHWDWH���ZKLFK�KDYH�EHHQ�DVVRFLDWHG�ZLWK�OXQJ�LQMXU\�UHIHUUHG�WR�

DV�H�FLJDUHWWH�RU�YDSLQJ�XVH�DVVRFLDWHG�OXQJ�LQMXU\��(9$/,���7KH�PRGHO�PHPEUDQHV�XVHG�FRQWDLQHG�

D� ���� PRODU� UDWLR� RI� '33&� �����GLSDOPLWR\O�VQ�JO\FHUR���SKRVSKRFKROLQH�� DQG� 323*� ���

SDOPLWR\O���ROHR\O�VQ�JO\FHUR���SKRVSKRJO\FHURO�� WR� ZKLFK� D�WRFRSKHURO� DQG� D�WRFRSKHURO�

DFHWDWH� ZHUH� DGGHG� WR� IRUP�PL[WXUHV� RI� XS� WR� ��� PRO��� DGGLWLYH��7KH� SURSHUWLHV� RI� WKH� QHDW�

WRFRSKHURO� DGGLWLYHV� DQG� '33&�323*� ������ PL[WXUHV� ZLWK� LQFUHDVLQJ� PRODU� SURSRUWLRQV� RI�

DGGLWLYH�ZHUH�HYDOXDWHG�E\�VXUIDFH�SUHVVXUH±DUHD� LVRWKHUPV��H[FHVV�DUHD�FDOFXODWLRQV��%UHZVWHU�

DQJOH� PLFURVFRS\�� JUD]LQJ� LQFLGHQFH� ;�UD\� GLIIUDFWLRQ�� ;�UD\� UHIOHFWLYLW\�� DQG� DWRPLF� IRUFH�

PLFURVFRS\��7KH�DGGLWLRQ�RI�HLWKHU�DGGLWLYH� LQGXFHV�D� IOXLGL]DWLRQ�RI� WKH�PRGHO� OXQJ�VXUIDFWDQW�

PHPEUDQH��JHQHUDWLQJ�D�JUHDWHU�SURSRUWLRQ�RI� IOXLG�SKDVH�DQG� WKXV� DOWHULQJ� WKH�HVVHQWLDO�SKDVH�

EDODQFH� RI� WKH� PRGHO� SXOPRQDU\� VXUIDFWDQW� PHPEUDQH�� 'HVSLWH� WKLV� QHW� IOXLGL]DWLRQ�� ERWK�

WRFRSKHURO� DGGLWLYHV� KDYH� VSDFH�ILOOLQJ� HIIHFWV� RQ� WKH� OLTXLG�H[SDQGHG� DQG� FRQGHQVHG� SKDVHV��

\LHOGLQJ� QHJDWLYH� H[FHVV� DUHDV� LQ� WKH� OLTXLG�H[SDQGHG� SKDVH� DQG� UHGXFHG� WLOW� DQJOHV� LQ� WKH�

FRQGHQVHG� SKDVH�� %RWK� WRFRSKHURO� DGGLWLYHV� DOWHU� WKH� VWDELOLW\� RI� WKH� IOXLG� SKDVH�� SXVKLQJ� WKH�

HYHQWXDO�FROODSVH�RI�WKLV�SKDVH�WR�KLJKHU�VXUIDFH�SUHVVXUHV�WKDQ�WKH�PRGHO�PHPEUDQH�LQ�WKH�DEVHQFH�

RI�DQ�DGGLWLYH� 

 

�����,QWURGXFWLRQ 
7KH�XVH�RI�HOHFWURQLF�FLJDUHWWHV�RU�µYDSLQJ¶�KDV�JURZQ�VLJQLILFDQWO\�LQ�SRSXODULW\�LQ�UHFHQW�\HDUV��

$W�WKH�VWDUW�RI�������D�PDUNHG�LQFUHDVH�LQ�WKH�LQFLGHQFH�RI�VHULRXV�OXQJ�LQMXULHV�DVVRFLDWHG�ZLWK�

YDSLQJ� LQ� \RXQJ� DGXOWV�� ZLWK� QR� SUH�H[LVWLQJ� UHVSLUDWRU\� GLVHDVHV� FKDOOHQJHG� WKH� FRPPRQ�
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SHUFHSWLRQ�WKDW�YDSLQJ�LV�D�KHDOWKLHU�DOWHUQDWLYH�WR�VPRNLQJ����7KH�PHGLFDO�FRQGLWLRQ�RI�WKHVH�\RXQJ�

DGXOWV�ZLWK�OXQJ�LQMXULHV�ZDV�ODEHOHG�E\�WKH�&HQWHUV�IRU�'LVHDVH�&RQWURO�DQG�3UHYHQWLRQ��&'&��DV�

HOHFWURQLF�FLJDUHWWH�RU�YDSLQJ�SURGXFW�XVH�DVVRFLDWHG�OXQJ�LQMXU\��(9$/,���7KH�&'&�DQQRXQFHG�

WKDW�WKLV�RXWEUHDN�ZDV�VWURQJO\�OLQNHG�WR�WKH�SUHVHQFH�RI�D�WRFRSKHURO�DFHWDWH��YLWDPLQ�(�DFHWDWH���

D�GLOXHQW�LQ�YDSLQJ�VROXWLRQV�FRQWDLQLQJ�WHWUDK\GURFDQQDELQRO��D�7RFRSKHURO�DFHWDWH�ZDV�GHWHFWHG�

LQ� EURQFKRDOYHRODU� OXQJ� ODYDJH� VSHFLPHQV� IURP� ���� RI� SDWLHQWV� SUHVHQWLQJ� ZLWK� (9$/,�������

&XUUHQW�HYLGHQFH�LV�LQVXIILFLHQW�WR�UXOH�RXW�RWKHU�FRQWULEXWLQJ�IDFWRUV��EXW�WKH�PROHFXODU�PHFKDQLVP�

RI�OXQJ�LQMXU\�IURP�D�WRFRSKHURO��YLWDPLQ�(��DQG�LWV�DFHWDWH�IRUP�RQ�WKH�OXQJV�UHTXLUHV�IXUWKHU�

XQGHUVWDQGLQJ� 

0RVW�RI�WKH�OLWHUDWXUH�RQ�D�WRFRSKHURO±OLSLG�LQWHUDFWLRQV�IRFXV�RQ�WKH�PLVFLELOLW\�RI�D�WRFRSKHURO�

LQ�PHPEUDQH�ELOD\HUV�WR�GHWHUPLQH�LWV�SUHIHUHQWLDO�DVVRFLDWLRQ�ZLWK�HLWKHU�VDWXUDWHG�RU�XQVDWXUDWHG�

OLSLGV�LQ�RUGHU�WR�XQGHUVWDQG�LWV�ELRORJLFDO�LPSRUWDQFH�DV�DQ�DQWLR[LGDQW��'L3DVTXDOH�HW�DO��SURSRVHG�

WKDW�D�WRFRSKHURO�PRUH�UHDGLO\�DVVRFLDWHV�ZLWK�GLVRUGHUHG�SKRVSKROLSLG�HQYLURQPHQWV��H[KLELWLQJ�

D�UHGXFHG�SDUWLDO�PRODU�YROXPH�LQ�ELOD\HUV�DQG�IDYRUDEOH�LQWHUPROHFXODU�LQWHUDFWLRQV�WKDW�FRUUHODWH�

ZLWK�WKH�GHJUHH�RI�FKDLQ�XQVDWXUDWLRQ�����-XUDN�HW�DO��VWXGLHG�PRQROD\HU�PRGHOV�FRQVLVWLQJ�RI�ELQDU\�

PL[WXUHV� RI� D�WRFRSKHURO� ���� WR� ��� PRO� ��� DQG� GLIIHUHQW� SKRVSKRFKROLQHV�� QDPHO\�

GLSDOPLWR\OSKRVSKDWLG\OFKROLQH� �'33&��� SDOPLWR\OROHR\OSKRVSKDWLG\OFKROLQH� �323&��� DQG�

GLROHR\OSKRVSKDWLG\OFKROLQH��'23&�����7KH\�DOVR�FRQFOXGHG�WKDW�WKHUH�LV�D�FRUUHODWLRQ�EHWZHHQ�

WKH�GHJUHH�RI�XQVDWXUDWLRQ�DQG�WKH�VWUHQJWK�RI�WKH�DWWUDFWLYH�LQWHUDFWLRQV��ZLWK�WKH�GLXQVDWXUDWHG�

'23&�H[KLELWLQJ�WKH�VWURQJHVW�LQWHUDFWLRQV��IROORZHG�E\�WKH�PRQRXQVDWXUDWHG�323&��DQG�WKHQ�WKH�

VDWXUDWHG�'33&��+RZHYHU��GHVSLWH�WKHVH�GLIIHUHQW�LQWHUDFWLRQ�VWUHQJWKV��D�WRFRSKHURO�VKRZHG�D�

WHQGHQF\�WR�SDUWLDOO\�PL[�ZLWK�DOO�SKRVSKRFKROLQHV��UHJDUGOHVV�RI�WKHLU�XQVDWXUDWLRQ�OHYHO� 

,Q�FRQWUDVW�WR�WKH�H[SHULPHQWDO�ILQGLQJV��PROHFXODU�G\QDPLFV�VLPXODWLRQV�E\�/HQJ�HW�DO��VXJJHVW�

WKDW� D�WRFRSKHURO� SUHIHUHQWLDOO\� DVVRFLDWHV� ZLWK� PRQRXQVDWXUDWHG� RYHU� SRO\XQVDWXUDWHG�

SKRVSRKROLSLGV����� 7KLV� SUHIHUHQWLDO� DVVRFLDWLRQ� ZLWK� PRQRXQVDWXUDWHG� FRPSDUHG� WR�

SRO\XQVDWXUDWHG�SKRVSKROLSLGV�LV�VLPLODU�WR�WKH�EHKDYLRXU�RI�FKROHVWHURO��H[FHSW�WKDW�FKROHVWHURO�

VKRZV�DQ�HYHQ�JUHDWHU�DIILQLW\�IRU�VDWXUDWHG�RYHU�PRQRXQVDWXUDWHG�SKRVSKROLSLGV��0XGGDQD�HW�DO��

VKRZHG� E\� FRPSXWLQJ� WKH� UDGLDO� SDLU� GHQVLW\� RI� D�WRFRSKHURO� LQ� ���� PL[WXUHV� RI� '33&� DQG�

GLXQGHFDQR\OSKRVSKDWLG\OFKROLQH��'83&��WKDW�D�WRFRSKHURO�SUHIHUHQWLDOO\�SDUWLWLRQV�WR�WKH�SKDVH�

ERXQGDU\�EHWZHHQ�WKH�JHO�DQG�IOXLG�SKDVHV��XQGHU�FRQGLWLRQV�RI�SKDVH�VHSDUDWLRQ���WKXV�DFWLQJ�DV�

D�OLQHDFWDQW�����7KH\�DOVR�QRWHG�WKDW�WKH�SUHYLRXVO\�UHSRUWHG�SUHIHUHQWLDO�DVVRFLDWLRQ�RI�WRFRSKHURO�
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ZLWK� SRO\XQVDWXUDWHG� IDWW\� DFLG� FKDLQV�PD\� QRW� EH� JHQHUDOL]DEOH� DQG� LV� DOVR� LQIOXHQFHG� E\� WKH�

SRVLWLRQV�RI�WKH�XQLWV�RI�XQVDWXUDWLRQ��/LQHDFWDQWV�OHDG�WR�WKH�UHGXFWLRQ�RI�WKH�OLQH�WHQVLRQ��IDYRULQJ�

WKH�IRUPDWLRQ�RI�VPDOOHU�GRPDLQV��([SHULPHQWDO�VWXGLHV�DOVR�VXJJHVW�WKDW�D�WRFRSKHURO�H[KLELWV�

OLQHDFWDQW�SURSHUWLHV�DW�DGGHG�FRQFHQWUDWLRQV�DERYH����PRO������ 

3XOPRQDU\�VXUIDFWDQW�FRQVLVWV�RI�DSSUR[LPDWHO\�����E\�ZHLJKW�RI�OLSLGV��RI�ZKLFK�������PRO���

DUH�VDWXUDWHG��ZLWK�]ZLWWHULRQLF�'33&�DV�WKH�PDMRU�FRPSRQHQW��DQG�����DUH�XQVDWXUDWHG�ZLWK�D�

KLJK� SURSRUWLRQ� RI� DQLRQLF� SKRVSKRJO\FHUROV� VXFK� DV� SDOPLWR\OROHR\OSKRVSKDWLG\OJO\FHURO�

�323*��������%LQDU\�PL[WXUHV�RI�'33&�DQG�323*�DUH�FRPPRQO\�XVHG�DV�PRGHO�PHPEUDQHV������±

����EHFDXVH�WKH\�PLPLF�WKH�VDWXUDWHG±XQVDWXUDWHG�EDODQFH��WKH�FKDUJHG�QDWXUH��WKH�SKDVH�VHSDUDWLRQ�

DQG�PDQ\�RI�WKH�IXQFWLRQDO�SURSHUWLHV�RI�QDWXUDO�SXOPRQDU\�VXUIDFWDQW�H[WUDFWV��6XFK�VLPSOLILHG�

OLSLG�RQO\�PRGHOV�DOORZ�XV� WR�SUREH�WKH� LQWHUDFWLRQ�RI�D�WRFRSKHURO��D� OLSLG�DQDORJXH��ZLWK� WKH�

YDULRXV�SKRVSKROLSLG�SKDVHV�IRUPHG�LQ�PRQROD\HU�ILOPV���,Q�WKLV�ZRUN�ZH�KDYH�VWXGLHG�WKH�LPSDFW�

RI�ERWK�D�WRFRSKHURO�DQG�LWV�DFHWDWH�IRUP�RQ�WKH�VXUIDFH�DFWLYLW\��PRUSKRORJ\��FRPSUHVVLELOLW\�DQG�

VWUXFWXUH�RI�D�PRGHO�SXOPRQDU\�VXUIDFWDQW�PHPEUDQH� 

 

�����([SHULPHQWDO��0DWHULDOV�	�0HWKRGV� 

 
Materials. 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, 99%) and 1-palmitoyl-2-

oleoyl-phosphatidylglycerol (POPG, 99%) were purchased from Avanti Polar Lipids in powder 

form. D�Tocopherol, D�tocopherol acetate (both 96%), tris(hydroxymethyl)aminomethane (Tris, 

99.8%) and NaCl (99%) were purchased from Sigma-Aldrich. ACS grade chloroform (Fischer 

Scientific) was used to prepare the phospholipid and additive stock spreading solutions. All 

reagents were used without further purification. The molecular structures of the phospholipids and 

additives are shown in Figure 2.1. 
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Figure 2.1. Molecular structures of the (a) phospholipids (DPPC and POPG) and (b) additives 

D�tocopherol/D�tocopherol acetate, also known as vitamin E/vitamin E acetate) used in this work. 

 

Lipid Mixtures and Aqueous Subphases. Stock solutions of 1.0 mM DPPC and 1.0 mM POPG 

in chloroform were combined to prepare a solution containing a 7:3 molar ratio of DPPC and 

POPG. Stock solutions of D�tocopherol (1.0 mM) and D�tocopherol acetate (1.0 mM) in 

chloroform were combined with the DPPC:POPG (7:3) solution to prepare solutions containing 1 

mol %, 5 mol %, 10 mol %, 15 mol %, and 20 mol % of D�tocopherol or D�tocopherol acetate 

and 99 mol %, 95 mol %, 90 mol %, 85 mol %, and 80 mol % DPPC:POPG (7:3), respectively. 

Tris-buffered saline (TBS) comprising 50 mM Tris and 150 mM NaCl served as the aqueous 

subphase for all Langmuir monolayer experiments and was prepared with ultrapure water 

(resistivity of 18.2 MW cm), and pH adjusted to 7.4 using hydrochloric acid. 

Surface Pressure±Molecular Area Isotherms. Surface pressure�molecular area isotherms were 

obtained using a Langmuir film balance (Model 516, Nima Technology) with maximum trough 

surface area of 80 cm2 and a filter paper Wilhelmy plate (Whatman No. 3001-604). Neat 

D�tocopherol, neat D�tocopherol acetate, DPPC:POPG (7:3), and their mixtures were spread on 

the TBS subphase and the solvent was allowed to evaporate (10 min) prior to lateral symmetric 

compression of the film at the air-aqueous interface at a rate of 5 cm2/min (equivalent to 6 to 7.5 

Å2/molecule/min, depending on the film). All experiments were conducted at room temperature 

(22.5 ± 0.5 °C) and at least three separate isotherms were obtained for each lipid composition to 
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ensure reproducibility. Previous reports108 have shown that the phase behaviour of the model 

membranes at room temperature to be qualitatively similar to those at physiological temperatures, 

albeit with the phase transitions shifted to lower surface pressures. 

The impact of lipid composition on molecular mixing was assessed from changes to the average 

molecular area. The ideal mixing molecular area at a given pressure is calculated from the weighted 

average of the measured molecular areas of the DPPC:POPG (7:3) mixture and either neat 

D�tocopherol or D�tocopherol acetate. The excess molecular area (deviation from the ideal 

molecular area) can be calculated as follows: 

Aideal = (1 ± xadditive) × ADPPC:POPG (7:3) + xadditiveAadditive                                      

Equation 2.1. Ideal molecular area of mixed monolayer system. 

Aexcess= Ameasured - Aideal                                 

Equation 2.2. Excess molecular area. 

where, x additive is the mole fraction of additive in the mixture, ADPPC:POPG (7:3) is the molecular area 

of  DPPC:POPG (7:3) at a given pressure, Aadditive is the molecular area of the neat additive 

monolayer at a given pressure, Ameasured is the experimental molecular area of DPPC:POPG (7:3) 

with additive, and Aideal is the ideal mixing molecular area. 

Brewster Angle Microscopy (BAM) Imaging. BAM imaging of monolayers at the air-aqueous 

interface during barrier compression was performed using an I-Elli2000 imaging ellipsometer 

(Nanofilm Technologies) coupled to a Langmuir film balance (Model 601BAM, Nima 

Technology) with a maximum trough area of 146 cm2. The instrument is equipped with a 50 mW 

1G�<$*�ODVHU��Ȝ ����QP���DQG�WKH�LPDJHV�ZHUH�FDSWXUHG�XVLQJ�D���î�REMHFWLYH��ZLWh a field of 

view of 220 Pm × 275 Pm and lateral resolution of approximately 1 Pm) at the Brewster incident 

angle of 53.15q. Following a wait time of 10 min for solvent evaporation after spreading of the 

lipid solution, the monolayer was symmetrically compressed at a rate of 5 cm2/min. All BAM 

images were obtained at 50% laser brightness intensity, except for the images of the neat 

D�tocopherol and D�tocopherol acetate monolayers that were obtained at 70% intensity. 
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Langmuir monolayer transfer onto mica substrate. Monolayer films were vertically transferred 

on the upstroke from the air±aqueous interface onto freshly-cleaved mica using the Langmuir±

Blodgett technique. The monolayer was compressed and held for five minutes at the target pressure 

prior to transfer at a rate of 5 mm/min. The solid-supported films were allowed to dry under 

ambient conditions for 30 min and imaged by AFM within 24 h of their preparation. 

Atomic force microscopy (AFM). A MultiMode 8HR scanning probe microscope (Bruker Nano, 

Santa Barbara, CA) was used to capture AFM images in Peak Force Tapping Mode in air with 

silicon tips mounted on nitride levers of nominal spring constant of 0.4 N/m and resonance 

frequency of 70 kHz (Model Scanasyst-Air, Bruker AFM Probes). Images were recorded at a scan 

rate of 0.759 Hz and 512 × 512-pixel resolution and processed with Nanoscope software version 

2.0. The condensed phase domains were identified by applying a height threshold and bearing 

analysis used to determine the percent area coverage of condensed phase. Analyses were 

performed on at least three images randomly selected across multiple samples. 

Grazing incidence X�ray diffraction (GIXD). The GIXD experiments were performed at the 

beamline 15-ID-C ChemMatCARS of the Advanced Photon Source (APS) at Argonne National 

Laboratory with the following parameters: X�ray beam wavelength of 1.239 Å, incidence angle 

of 0.0906°, horizontal size of 20 Pm, and vertical size of 120 Pm, leading to a beam footprint of 2 

× 10-3 cm by 7.6 cm. The detector used was the 2D Swiss Light source PILATUS 100 K set to 

single-photon counting mode. Two sets of slits, one placed in front of the detector to control the 

beam footprint and the other placed 280 Pm from the sample, were used to minimize intense low-

angle scattering. Experiments were performed at the air±aqueous interface of a 340 cm2 Langmuir 

trough with a compression rate of 5 cm2/min. The measured GIXD data is plotted as contour plots 

of the intensity as a function of both the horizontal (Qxy) and the vertical (Qz) scattering vector 

components. The lattice spacing dhk was obtained from the in-plane diffraction data as dhk= 

2p/Qhkxy, where the Miller indices h, k were used to index the Bragg peaks needed to calculate the 

unit cell parameters for the in-plane lattice. The full width at half maximum (fwhm) of the Bragg 

peaks after correction for the instrumental resolution (0.0084 Å-1) was used to calculate the in-

plane correlation length using the Scherrer formula as follows: 
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௫௬ߦ ൌ ͲǤͻ ൈ ߨʹ
௜௡௧௥௜௡௦௜௖ሺܳ௫௬ሻൗ݄݉ݓ݂                                 

Equation 2.3. Scherrer formula. 

 

GIXD experiments were performed at lateral surface pressures of 10 mN/m, 18 mN/m, 35 mN/m, 

and 45 mN/m, and at a temperature of 22.0 ± 0.5 °C. 

X�ray reflectivity (XR). XR is measured as a function of the vertical scattering vector component 

(Qz). XR probes the electron density variation U(z) of the vertical structure of the layers at the air-

aqueous interface. The monolayer was modeled as a stack of slabs, with each slab having a constant 

thickness and electron density. The electron density profile U(z) was laterally averaged over both 

the ordered and disordered parts of the monolayer under the footprint of the X�ray beam. 

The X�ray reflectivity data was analyzed using an open-source (Python) software developed and 

provided by Wei Bu, beamline scientist at ChemMatCARS. The measured X�ray reflectivity 

R(Qz) is normalized by the Fresnel reflectivity RF(Qz), which is calculated for a sharp air-aqueous 

interface. The X�ray reflectivity was calculated using the Parratt method. Nonlinear least-squares 

fitting was used to determine the minimum number (N-1) of internal slabs to best fit the X�ray 

reflectivity data. In our XR data analysis, all systems were treated as a homogeneous monolayer 

film although lateral phase separation occurs under the experimental conditions. This assumption 

was made based on the sizes of the condensed and liquid-expanded phases, which are less than the 

footprint of the X�ray beam in all our systems. This assumption has been previously used in the 

literature, where the domain sizes of the phase-separated patches are smaller than the X�ray beam 

footprint.109 All XR experiments were performed at a lateral surface pressure of 35 mN/m and at 

a temperature of 22.0 ± 0.5 °C. 
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�����5HVXOWV�	�'LVFXVVLRQ 

 

�������6XUIDFH�3UHVVXUH�0ROHFXODU�$UHD�,VRWKHUPV 

The compression isotherms of the model lung surfactant mixture DPPC:POPG (7:3), 

D�tocopherol, D�tocopherol acetate, and mixtures of DPPC:POPG (7:3) and either  D�tocopherol 

or D�tocopherol acetate are shown in Figure 2.2a,b. For DPPC:POPG (7:3) the onset area is 108 

Å2/molecule, while those of D�tocopherol and D�tocopherol acetate are much smaller, 74  and 80 

Å2/molecule, respectively. The onset areas of DPPC:POPG (7:3) mixtures containing varying 

molar concentrations of D�tocopherol or D�tocopherol acetate decreased with increasing 

concentration of additive, with a more pronounced effect observed with D�tocopherol acetate 

(Figure 2.2a,b insets). In particular, a shift of the DPPC:POPG isotherm to lower molecular areas 

is observed in the presence of  both additives at concentrations ൒ 10 mol %.  
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)LJXUH������833(5�3$1(/6��6XUIDFH�SUHVVXUH±DUHD�LVRWKHUPV�IRU��D��QHDW�D�WRFRSKHURO��UHG��DQG�

'33&�323*�������PL[WXUHV�ZLWK�LQFUHDVLQJ�PRODU�FRQFHQWUDWLRQV�RI�D�WRFRSKHURO����PRO������PRO������PRO�

������PRO�������PRO����DQG����PRO����FRORXUV�LQGLFDWHG�LQ�OHJHQG���DQG��E��QHDW�D�WRFRSKHURO�DFHWDWH��EOXH��

DQG�'33&�323*�������PL[WXUHV�ZLWK�LQFUHDVLQJ�PRODU�FRQFHQWUDWLRQV�RI�D�WRFRSKHURO�DFHWDWH����PRO������

PRO������PRO�������PRO�������PRO����DQG����PRO����FRORXUV�LQGLFDWHG�LQ�OHJHQG���7KH�LQVHWV�VKRZ�WKH�

YDULDWLRQ�LQ�RQVHW�DUHD�DV�D�IXQFWLRQ�RI�WKH�PROH�IUDFWLRQ�RI�DGGLWLYH��/2:(5�3$1(/6��7KH�FRPSUHVVLELOLW\�

PRGXOL�DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�SUHVVXUH�IRU�'33&�323*�������PL[WXUHV�ZLWK��F��D�WRFRSKHURO�DQG��G��

D�WRFRSKHURO�DFHWDWH� 

 

DPPC:POPG mixtures are known to phase separate into a DPPC-rich condensed phase and a 

POPG-rich liquid-expanded phase.9,30 This phase transition can be difficult to discern from the 

isotherm but its onset is associated with a minimum in the compressibility modulus versus surface 

pressure plots (Figure 2.2c,d) observed at around 13 mN/m. Beyond this pressure, the film remains 
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phase separated until the collapse of the POPG-rich fluid phase, evident as a plateau in the isotherm 

at 42±45 mN/m, after which the surface pressure increases more steeply until the eventual film 

collapse at 55±60 mN/m (Figure 2a,b). By contrast, both D�tocopherol and D�tocopherol acetate 

films collapse at lower pressures, namely below 20 mN/m. An elevated collapse pressure for 

mixtures of phospholipids and additives compared to the pure additives suggests an interaction 

between components.101 The pressure for the collapse of the POPG-rich fluid phase is shifted to 

higher values in the presence of 10 mol % or more of the additive, indicative of stabilizing 

interactions between the tocopherol and POPG. D�Tocopherol was shown to have a stabilizing 

effect on disordered bilayers wherein it suppressed the bilayer thermal expansivity.85  

A direct comparison of the isotherms for a given concentration of additive is provided in Figure 

A1. The isotherms of monolayers containing 0 mol %, 1 mol % and 5 mol % of additive are 

qualitatively similar in shape. At or above 10 mol % of additive, there is a distinct change in the 

plateau pressure, which is shifted to higher values. As the proportion of additive increases, the 

slope change associated with the formation of a DPPC-rich condensed phase, which typically 

occurs around 13 mN/m in DPPC:POPG (7:3), becomes less pronounced in both the isotherm and 

compressibility plots, suggesting that D�tocopherol and D�tocopherol acetate are fluidizing the 

condensed DPPC-rich phase, as was observed with monolayers of DPPC and D�tocopherol, 

wherein the addition of 25 mol % to 75 mol % D�tocopherol results in the disappearance of the 

liquid-expanded-to-condensed phase transition.84  

Compressibility moduli (Cs-1) for the neat D�tocopherol and D�tocopherol acetate films are 

presented in Figure A2 and the maximum Cs-1 are 55 mN/m and 47 mN/m, respectively. As a 

consequence of the methyl branching, the tocopherol phytyl side chains have an inherently larger 

cross-sectional area than an unbranched chain. Yasmann and Sukharev et al. demonstrated that 

branched alkyl chains, such as DPhPC (diphytanoylphosphatidylcholine) (the branched lipid 

equivalent of DPPC), exhibited a lower film compressibility modulus of 115 mN/m110 than DPPC 

for which the film compressibility modulus can reach values of up to 250 mN/m.111 Additionally, 

the shorter chain length of the tocopherols may also contribute to the low compressibility, for 

example, the 14-carbon saturated DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) exhibits 

a maximum film compressibility modulus value of 100 mN/m112 which is lower than that of the 

16-carbon DPPC film.  At all surface pressures up to collapse, the D�tocopherol film 
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compressibility modulus is distinctly higher than that of the D�tocopherol acetate film, despite the 

similarity of the isotherm shapes. This is attributed to the acetate (as opposed to hydroxyl) in the 

headgroup altering the molecular orientation of the D�tocopherol acetate at the interface. The C=O 

portion of the ester functional groups present on the headgroups of surface-active molecules has 

been reported to be mainly oriented parallel to the aqueous surface or subphase.113  An altered 

molecular orientation can not only affect the neat film compressibility but also its miscibility with 

different lipids and monolayer phases. 

 

�������'HYLDWLRQV�)URP�,GHDO�0L[LQJ 

To assess the phospholipid-tocopherol additive interactions in the mixed monolayers, excess 

molecular areas were calculated for varying molar concentrations of D�tocopherol (Figure 2.3a) 

and D�tocopherol acetate (Figure 2.3b). Positive deviations suggest repulsive interactions and film 

expansion while negative deviations indicate attractive interactions and/or condensation.114 Excess 

areas were calculated at surface pressures of 1 mN/m to 15 mN/m since monolayers of 

D�tocopherol and D�tocopherol acetate collapse by 18 mN/m. For the D�tocopherol mixtures, 

small negative deviations less than 5 Å2/molecule are observed, which decrease as the film is 

compressed, indicating the presence of attractive interactions between the model membrane and 

D�tocopherol. In general, it appears that the deviations are more pronounced as the proportion of 

D�tocopherol increases, however, these increases may not be statistically significant, given the 

reported errors. We speculate that the additive has a greater space-filling impact on the chains 

when the molecular spacing is higher. As the film is compressed, the chains naturally extend more 

and there is less opportunity for the D�tocopherol to space-fill. 
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)LJXUH������0ROHFXODU�DUHD�GHYLDWLRQV�IURP�WKH�LGHDO�PL[LQJ�DUHD��H[FHVV�DUHDV��IRU�'33&�323*�������

PL[WXUHV�FRQWDLQLQJ��D��D�WRFRSKHURO�DQG��E��D�WRFRSKHURO�DFHWDWH�DW�VXUIDFH�SUHVVXUHV�RI���P1�P����P1�P��

���P1�P�DQG����P1�P��7KH�VWDQGDUG�GHYLDWLRQV�ZHUH�FDOFXODWHG�IURP�WULSOLFDWH�PHDVXUHPHQWV�RI�WKH�VXUIDFH�

SUHVVXUH±PROHFXODU�DUHD�LVRWKHUPV� 

 

In contrast to D�tocopherol, the addition of just 1 mol % D�tocopherol acetate results in a 

significant condensing effect with negative excess areas of ±9 ± 2 Å2/molecule, for which the 

decrease in excess area as the film is compressed is also more pronounced. In summary, increasing 

the molar concentration of either additive leads to a negative deviation from the ideal mixing 

molecular areas, with the deviation being more pronounced at lower pressures, i.e., when all 

components are in the liquid-expanded phase and for mixtures containing D�tocopherol acetate. 

The substitution of the hydroxyl group with an acetate clearly has a significant impact.  

A larger impact of D�tocopherol acetate on DPPC:POPG (4:1), compared to D�tocopherol, was 

also observed by van Bavel et al.52 Their phospholipid-additive isotherms are however shifted to 

molecular areas greater than that of DPPC:POPG, despite smaller molecular areas for the single-

chain D�tocopherol and D�tocopherol acetate. For comparison purposes, we estimate excess areas 

of +6 Å2/molecule (5 mN/m), +9 Å2/molecule (10 mN/m), and +10 Å2/molecule (20 mN/m) with 

just 5 mol % additive using our tocopherol-additive isotherms (since neat D�tocopherol and 

D�tocopherol isotherms were not reported by the authors). The excess areas will be addressed 

further in the context of morphology in the next section.  
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�������)LOP�0RUSKRORJ\ 

The morphologies of neat D�tocopherol and D�tocopherol acetate films imaged using BAM are 

illustrated in Figure 2.4. D�Tocopherol initially forms a homogeneous film at low pressure. At 14 

mN/m, small, very low contrast domains begin to appear. As the film is further compressed, the 

D�tocopherol begins to collapse and 3D aggregates (protrusions) form, evident as bright spots in 

the BAM images, in agreement with previous studies.52,84 These protrusions increase in diameter 

and brightness with compression, a growth pattern that likely leads to the broad collapse over a 

range of surface pressures observed in the isotherm. AFM images confirm a homogeneous phase 

EHORZ����P1�P��)LJXUH����D���7KH�GLDPHWHU�RI�WKH�SURWUXVLRQV�REVHUYHG�DW�SUHVVXUHV������P1�P�

directly correlates with the height (Figure 2.5b).  

Figure 2.4. BAM images (220 Pm × 275 Pm) of monolayers at the air±aqueous interface of (a) D�tocopherol 

and (b) D�tocopherol acetate as a function of the surface pressure. 
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Figure 2.5. (a) AFM images of D�tocopherol at surface pressures of 5 mN/m, 10 mN/m, 15 mN/m, and 18 

mN/m (top row) and 21 mN/m, 23 mN/m, 25 mN/m and 28 mN/m (bottom row). (b) Corresponding domain 

diameter and height showing the growth of the domains both in width and height as the surface pressure 

increases. 

 

In contrast to D�tocopherol (Figure 2.2a), the isotherm D�tocopherol acetate shows a sharp 

collapse at 17.5 mN/m (Figure 2.2b) which correlates with the immediate formation of fewer, but 

larger, very bright protrusions from the monolayer film (Figure 2.4b). The sharp collapse makes 

Langmuir�Blodget transfer at constant pressure difficult and AFM images of such films 

transferred at both 10 mN/m and 17.5 mN/m exhibit a flat, uniform and featureless surface with 

no visible protrusions (data not shown). The difference in collapse is related to the kinetics of the 

growth of the protrusions, for which the altered molecular orientation (due to the replacement of a 

hydroxyl by an acetate) and consequent film compressibility modulus (as discussed earlier) play a 

determining role. 

The BAM images of the DPPC:POPG (7:3) monolayer show the appearance of classical condensed 

phase domains at around 18 mN/m that persist to high pressures (Figures 2.6 and 2.7). These 

domains are attributed to a DPPC-rich condensed phase surrounded by a POPG-rich fluid phase. 

At higher pressures, there is a loss in optical contrast, which will be discussed later.  Little change 

in the film morphology is observed with the addition of 1 mol % and 5 mol % of D�tocopherol or 

D�tocopherol acetate to the DPPC:POPG (7:3) mixture.  At best, there is a minor variation in the 

domain sizes since some domains appear to be slightly larger at equivalent surface pressures. This 

may be explained by subtle changes in the line tension of the DPPC-rich condensed domains, 
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where higher line tensions drive the formation of larger domains, and lower line tensions drive the 

formation of smaller domains.115 Both a loss in optical (phase) contrast and the reduction of the 

total condensed-phase areas occurs at lower surface pressures with greater concentrations of the 

additives, specifically above 10 mol % for D�tocopherol and 5% mol for D�tocopherol acetate, 

suggesting a fluidization of the monolayer film. Additionally, the bright protrusions formed by the 

tocopherols are eliminated in the mixed films, in agreement with the isotherm that shows no 

indication of an independent collapse of the tocopherol phase. 

 

Figure 2.6. BAM images (220 Pm × 275 Pm) of DPPC:POPG (7:3) as a function of the surface pressure (from 

top to bottom): ~18 mN/m, ~25 mN/m, ~35 mN/m, and ~45 mN/m, and with varying molar concentrations of 

added D�tocopherol added (from left to right): 0 mol %, 1 mol %, 5 mol %, 10 mol %, 15 mol % and 20 mol 

%. 
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Figure 2.7. BAM images (220 Pm × 275 Pm) of DPPC:POPG (7:3) as a function of the surface pressure (from 

top to bottom): ~18 mN/m, ~25 mN/m, ~35 mN/m, and ~45 mN/m, and with varying molar concentrations of 

added D�tocopherol acetate added (from left to right): 0 mol %, 1 mol %, 5 mol %, 10 mol %, 15 mol % and 

20 mol %. 

 

The reduction in contrast observed at higher compression states has previously been attributed to 

either the collapse of the fluid phase10 or to the formation of nanoscale domains below the optical 

resolution of BAM.116 To determine if the loss of contrast is attributable to fluidization or one of 

the aforementioned factors, DPPC:POPG:D�tocopherol films were transferred onto mica for AFM 

analysis (Figure 2.8). An analysis of the surface area occupied by the condensed-phase domains 

reveals a 35% area coverage of the condensed phase in the absence of D�tocopherol that is reduced 
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to 4% with 20 mol % of D�tocopherol, indicative of fluidization. A distinct step change in the 

condensed phase coverage occurs for proportions of D�tocopherol greater than 10 mol %. 

Additionally, by 20 mol % D�tocopherol most of the domain diameters are between 0.5 Pm to 1.5 

Pm, and thus below the lateral resolution of BAM, contributing to the loss of optical contrast. 

Muddana et al. showed that D�tocopherol exhibited lineactant properties such that it favored the 

phase boundaries in DPPC:DUPC (1:1) bilayers.103 Lineactants reduce the line tension, lowering 

the energetic cost of forming phase boundaries and resulting in smaller domains. 

Figure 2.8.  (a) AFM images of monolayer films transferred onto mica at 45 mN/m for DPPC:POPG (7:3) 

(black, 0 mol %) and varying molar concentrations (10 mol %, 15 mol % and 20 mol %) of added 

D�tocopherol (red, top) and D�tocopherol acetate (blue, bottom). Corresponding % area coverage of 

condensed phase domains for DPPC:POPG (7:3) monolayer films with different molar concentrations of 

added (b) D�tocopherol or (c) D�tocopherol acetate. 
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With both phases present, the tocopherols likely partition between the two phases and generate 

competing effects in terms of the mean molecular area. The expansion observed by Van Bavel et 

al. may be related to the higher proportion (80%) DPPC in their model membrane.52 The 

previously reported preferential partitioning of the D�tocopherol¶V into the fluid phase may drive 

the apparent fluidization. To understand the mixing effects on each of the individual phases, 

isotherms for 1:1 POPG:D�tocopherol (representing if all the tocopherol partitions to the fluid 

phase) and 3:1 DPPC:D�tocopherol (representing if all the tocopherol partitions to the condensed 

phase) were investigated (Figure A3) and the excess areas tabulated in Table A1. 

POPG:D�tocopherol yields excess areas of ±1 Å2/molecule at 1 mN/m and ±2 Å2/molecule at 10 

mN/m while DPPC:D�tocopherol exhibits excess areas of -7 Å2/molecule at 1 mN/m and +8 

Å2/molecule at 10 mN/m, respectively. This is in agreement with partial molar volume 

measurements that show a larger tocopherol partial molar volume in a DPPC fluid phase (above 

its Tm) than in a POPC fluid phase at the same temperature.85 Notably, where each lipid forms a 

liquid-expanded phase, we have contraction of the film (all pressures for POPG, low pressures for 

DPPC). This contraction is significantly greater for the saturated and zwitterionic DPPC lipids.  

Once the lipid film adopts a condensed phase (the plateau for DPPC is between 6 and 10 mN/m), 

there is a shift to a film expansion. This can either be due to an expansion of the condensed phase 

or the prevention of this condensed phase from forming, wherein the DPPC molecules remain in 

a liquid-expanded phase to higher surface pressures. Although the values obtained would suggest 

the tocopherols predominantly associate with the fluid phase, GIXD and XR were used to 

determine whether the tocopherols are miscible to any extent with the DPPC condensed phase (see 

below). 

With increasing proportions of both additives, a fluidization of the condensed phase is observed at 

surface pressures above 18 mN/m. It is important to emphasize that the excess area calculations 

were restricted to surface pressures of up to 15 mN/m due to the low collapse pressures of 

D�tocopherol and D�tocopherol acetate. The BAM measurements were taken at surface pressures 

higher than 15 mN/m, rendering it impossible to accurately determine the precise impacts at these 

higher surface pressures. However, analogous to cholesterol, D�tocopherol contains major 

structural components such as a rigid ring structure with a polar hydroxyl group at one end and a 

hydrophobic chain at the other end. The difference is that the chromanol group on D�tocopherol 

is smaller than the steroid moiety on cholesterol, and the phytyl side chain (13 carbons) on 
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D�tocopherol is longer than the branched chain (5 carbons) on the sterol.102 The addition of 1 mol 

% to 30 mol % cholesterol to model surfactant monolayers comprising 8:2 DPPC:DPPG (1,2-

dipalmitoyl-sn-glycero-3-phosphoglycerol) leads to the formation of smaller circular domains and 

decreased condensed-phase area.117 Cholesterol induces a contraction in molecular area when 

mixed with saturated lipids like DPPC and a slight expansion when mixed with more unsaturated 

lipids like DOPC and POPC.101 By analogy, D�tocopherol, like cholesterol, may have a larger 

impact on the condensed phase than the fluid phase. 

 

�������)LOP�6WUXFWXUH 

The GIXD contour plots obtained for DPPC:POPG (7:3) and their mixtures with D�tocopherol 

(molar concentrations of 10 mol %, 15 mol %, and 20 mol %) are shown in Figure 2.9. GIXD was 

performed at surface pressures of 10 mN/m (where DPPC:POPG (7:3) is in a liquid-expanded 

phase), 18 mN/m (where DPPC-rich condensed phase domains are first evident in BAM), 35 

mN/m and 45 mN/m (just below and above, respectively, the collapse/expulsion of the POPG-rich 

phase). At all pressures between 18 mN/m and 45 mN/m, the diffraction patterns of DPPC:POPG 

(7:3) show three low-order reflections (10, 01, 1ͳധ) with Bragg rod maxima above the horizon (Qz) 

that correspond to an oblique lattice with tilted chains.9 Note that GIXD peaks represent only the 

structure of the condensed phase domains since fluid or liquid-expanded phases yield no 

diffraction. The condensed phase is attributed to a DPPC-rich phase given its similarity to the 

diffraction pattern of DPPC itself118 and the fact that POPG forms a liquid-expanded phase under 

these conditions. The peak positions and unit cell parameters calculated from fits of the three Bragg 

peaks and Bragg rods are provided in Tables A2 and A3. The DPPC-rich phase in the absence of 

D�tocopherol yields tilt angles of 31°, 28° and 20° for pressures of 18 mN/m, 35 mN/m and 45 

mN/m, respectively. The large chain tilt angle of the DPPC-rich phase is comparable to the values 

reported in the literature118 at similar surface pressures and is attributed to the area mismatch of 

the large DPPC headgroup and the two alkyl chains.119 By tilting the chains, a balance between 

the projected area of the chains and that of the phosphatidylcholine head group is achieved.119  
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Figure 2.9. Contour plots of the X�ray intensities as a function of the in-plane (Qxy) and out-of-plane (Qz) 

scattering vector components for DPPC:POPG (7:3) with varying molar concentrations of D�tocopherol (top 

to bottom): 0 mol %, 10 mol %, 15 mol %, and 20 mol % at surface pressures (right to left) of 10 mN/m, 18 

mN/m, 35 mN/m and 45 mN/m (note that not all Qz scales are the same). 

 

The diffraction peaks for the mixtures containing 10 mol %, 15 mol % and 20 mol % of 

D�tocopherol at 35 mN/m confirm the presence of DPPC-rich condensed phase domains within a 

fluid POPG phase. The lack of diffraction peaks at 18 mN/m for 15 mol % and 20 mol % indicate 
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the D�tocopherol hinders the formation of the condensed phase, pushing its formation to higher 

surface pressures. With increasing molar concentrations of D�tocopherol, the out-of-plane peaks 

move to lower Qz and higher Qxy values (Table A2), indicative of a tilt angle decrease from 28° 

(with no D�tocopherol) to 19° at 35 mN/m (with 20 mol % added D�tocopherol) (Table A3), 

evidence that D�tocopherol intercalates in the DPPC chain region and mimics the behavior of low 

amounts of cholesterol in PC membranes.120 By 45 mN/m, the diffraction peaks for systems with 

D�tocopherol shift to much lower Qz values, corresponding to very low tilt angles. Like 

cholesterol, we suggest D�tocopherol alleviates the area mismatch of the large DPPC headgroups 

by incorporating itself between the DPPC chains.119,120 Thus, we propose that some of the 

D�tocopherol intercalates within the condensed DPPC phase, leading to a notable reduction in the 

tilt angle. 

For DPPC:POPG (7:3) with 20 mol % D�tocopherol at 35 mN/m, additional peaks are observed 

at higher Qz (Figure 2.9). Repetition of the measurement yielded diffraction peaks associated with 

the same DPPC-rich phase peaks but not the additional peaks at higher (>1.5 Å-1 ) Qxy (Figure A4). 

We attribute these high Qxy peaks to a kinetic effect, wherein as the POPG begins to collapse, the 

D�tocopherol redistributes between the phases (the partitioning of D�tocopherol between the 

remaining LE and the condensed phase changes).  Depending on the extent of loss of POPG and 

the kinetics of the molecular redistribution, an intermediate phase can form. By 45 mN/m the film 

has had more time to equilibrate, and these higher Qxy peaks are less distinct. A future study will 

investigate the partitioning of the D�tocopherol between these phases in more depth. 

GIXD measurements on the DPPC:POPG:D�tocopherol acetate mixture were performed for only 

20 mol % additive at surface pressures of 20 mN/m, 35 mN/, and 45 mN/m and are shown in 

Figure A5.  The fits and unit cell parameters are tabulated in Tables A2 and A3, respectively. 

Unlike the 20 mol % D�tocopherol system, by 20 mN/m, diffraction peaks from the emerging 

DPPC-rich condensed phase are observed. At 35 and 45 mN/m, the diffraction patterns from the 

DPPC-rich phase are weaker and with lower signal-to-noise, which may indicate that the acetate 

analogue of D�tocopherol induces a greater degree of fluidization (i.e., less condensed phase in 

the beam footprint). At 35 mN/m, the chain tilt angle for the 20 mol % D�tocopherol acetate 

mixture is approximately 12° (Table A3), considerably lower than DPPC:POPG (7:3) without any 
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additives (28°) and considerably lower than the film analogue with 20 mol % D�tocopherol (19°). 

The addition of a simple acetate group to the D�tocopherol headgroup does not hinder its 

incorporation into the DPPC lattice and yields a significantly reduced alkyl chain tilt angle.  

X�ray reflectivity data was fit with the top slab representing the alkyl chains (tail) and a lower slab 

representing the headgroups to generate a vertical electron density profile (Figure 2.10). Fitting 

outputs are summarized in Table A4. 

 

Figure 2.10. Normalized X�ray reflectivity versus the vertical scattering vector component Qz of 

DPPC:POPG (7:3) in the absence and presence of 15 mol % D�tocopherol and 20 mol % D�tocopherol at a 

surface pressure of 35 mN/m. 

 

The presence of 15 mol % or 20 mol % D�tocopherol in the DPPC:POPG (7:3) monolayer yields 

a smaller average alkyl chain thickness (15.1 Å) compared to that of DPPC:POPG (7:3) (17.6 Å). 

The film thickness represents the weighted average of both the liquid-expanded and condensed 

phases. The decrease in alkyl chain thickness is most likely due to the increased proportion of the 

thinner liquid-expanded phase. The XR fits also indicate a larger average headgroup thickness with 

added D�tocopherol (7.8 Å) compared to that of DPPC:POPG (7:3) with no D�tocopherol (6.9 Å). 

Figure 2.11 depicts the aromatic moiety of D�tocopherol anchored to the subphase. The remainder 

of the chromanol ring is positioned above the phosphocholine headgroup of DPPC which may 
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explain the increase in headgroup thickness. This arrangement was previously observed by 

resonance energy transfer studies, with bilayers composed of 20 mol % D�tocopherol and 

DPPC.121 Furthermore, the addition of 20 mol % of D�tocopherol in DPPC:POPG (7:3) leads to 

an increase in electron density at the tail region while causing a reduction in electron density at the 

headgroup region. The D�tocopherol molecules within the DPPC-rich condensed phase contribute 

to an expansion of the intermolecular space between the DPPC headgroups, decreasing the overall 

headgroup electron density. The electron enrichment at the tail region can be the result of the 

incorporation of the branched phytyl chain of the D�tocopherol within the alkyl chain region. 

 

Figure 2.11. Schematic representation of D�tocopherol partitioning between the liquid-expanded and 

condensed phases. 

 

������,PSOLFDWLRQ�RI�WKH�)LQGLQJV�IRU�(9$/, 

D�Tocopherol acetate has been found in significant proportions in the bronchoalveolar lavage 

(BAL) samples from EVALI patients.41 The persistence of D�tocopherol acetate in BAL fluids 

indicates its retention in the alveoli. Given the lipophilic structure of D�tocopherol acetate, as well 

as its physical and chemical similarity to phospholipids, it is highly likely to embed in the 

pulmonary surfactant coating the alveoli, the first line of defense to inhaled species. Our findings 

using model membranes, that show that D�tocopherol and D�tocopherol acetate are present in both 

the fluid and condensed phases of the pulmonary surfactant, are consistent with this retention in 

the alveoli and BAL fluids.  EVALI patients presented clinical pathologies including ground-glass 

opacities122,123 and foamy microphages46, as observed with exogenous lipid pneumonia. Thus, it 

has been suggested that EVALI represents a form of airway-centered chemical pneumonitis.43,46 



� � 
 

47 

The increase in foamy macrophages is associated with impaired recycling of the pulmonary 

surfactant.124  The pulmonary surfactant membrane composition is tightly regulated. Changes in 

its composition, in this case through the deposition of fatty materials (D�tocopherol and 

D�tocopherol acetate) and resulting impaired pulmonary surfactant recycling, are expected to 

cause difficulty in gas-exchange and breathing (due to changes in surface tension and the work of 

breathing).125  The latter can contribute to a shortness of breath and the former to reduced oxygen 

levels, both commonly reported symptoms for EVALI.122 

 

�����&RQFOXVLRQ 

+HUHLQ� ZH� KDYH� FRPSDUHG� WKH� SKDVH� EHKDYLRU� DQG� WKH� LQWHUDFWLRQV� RI� D�WRFRSKHURO� DQG�

D�WRFRSKHURO� DFHWDWH� ZLWK� WKH� GLIIHUHQW� SKDVHV� RI� OXQJ� VXUIDFWDQW� PRGHO� PHPEUDQHV�� :KLOH�

TXDOLWDWLYHO\�VLPLODU�VXUIDFH�SUHVVXUH±DUHD�LVRWKHUPV�DQG�ILOP�PRUSKRORJLHV�DUH�REWDLQHG�� WKHUH�

DUH� QRWDEOH� GLIIHUHQFHV� SURGXFHG� E\� UHSODFLQJ� WKH� K\GUR[\O� LQ� WKH� KHDGJURXS� ZLWK� DFHWDWH��

D�7RFRSKHURO�H[KLELWV�D�KLJKHU�FRPSUHVVLELOLW\�WKDQ�D�WRFRSKHURO�DFHWDWH�DQG�DQ�DOWHUHG�NLQHWLFV�

RI� WKH� ILOP� FROODSVH��ZLWK�D�WRFRSKHURO� H[KLELWLQJ� D� EURDGHU� FROODSVH� RYHU� D� UDQJH� RI� VXUIDFH�

SUHVVXUHV�WKDW�FRUUHODWHV�ZLWK�WKH�VORZ�JURZWK��ODWHUDOO\�DQG�YHUWLFDOO\��RI�SURWUXVLRQV�FRPSULVLQJ�

WKH� H[SHOOHG� OLSLG� PDWHULDO�� %\� FRQWUDVW�� WKH� FROODSVH� IURP� WKH� OLTXLG�H[SDQGHG� SKDVH� RI�

D�WRFRSKHURO�DFHWDWH�LV�YHU\�VKDUS�DQG�\LHOGV�IHZHU��EXW�ODUJHU��OLSLG�SURWUXVLRQV�� 

7KH�LQWHUDFWLRQ�RI�HLWKHU�D�WRFRSKHURO�DQG�D�WRFRSKHURO�DFHWDWH�ZLWK�WKH�PRGHO�PHPEUDQH�OLSLGV�

LQGXFHV�WKH�WRFRSKHUROV�WR�VWD\�LQ�WKH�SODQH�RI�WKH�PHPEUDQH�WR�PXFK�KLJKHU�VXUIDFH�SUHVVXUHV��

LQKLELWLQJ�WKH�IRUPDWLRQ�RI�WKH�WRFRSKHURO�ULFK�SURWUXVLRQV��%RWK�WRFRSKHUROV�SDUWLWLRQ�EHWZHHQ�WKH�

'33&�ULFK�FRQGHQVHG�DQG�323*�ULFK�/(�SKDVHV��D�7RFRSKHURO�DSSHDUV�WR�WDNH�XS�VRPH�RI�WKH�

H[FHVV�VSDFH�ZLWKLQ�D�OLTXLG�H[SDQGHG�SKDVH��QHJDWLYH�H[FHVV�DUHDV�IRU�323*�DW�DOO�SUHVVXUHV�DQG�

'33&�DW���P1�P�DQG���P1�P��ZLWKRXW�LQGXFLQJ�D�FRQGHQVHG�SKDVH��7KH�SRVLWLYH�H[FHVV�DUHDV�IRU�

'33&�D�WRFRSKHURO�PL[WXUHV�DW����P1�P�DQG����P1�P�FRPELQHG�ZLWK�FKDQJHV� LQ� WKH�*,;'�

SHDN�SRVLWLRQV�IRU�WKH�'33&�323*�PL[WXUHV�ZLWK�HLWKHU�DGGLWLYH�FRQILUP�WKDW�VRPH�D�WRFRSKHURO�

DQG�D�WRFRSKHURO�DFHWDWH�FOHDUO\�SDUWLWLRQV�WR�WKH�'33&�ULFK�FRQGHQVHG�SKDVH��7KH�UHGXFWLRQ�LQ�

WKH�DON\O�FKDLQ�WLOW�DQJOH�RI�WKH�FRQGHQVHG�SKDVH�LQGLFDWHV�WKDW�WKH�ILOP�H[SDQVLRQ�LV�QRW�GXH�WR�DQ�

H[SDQVLRQ� RI� WKH� FRQGHQVHG� SKDVH�� 1RWDEO\�� KLJKHU� FRQFHQWUDWLRQV� RI� D�WRFRSKHURO� DFHWDWH��
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FRPSDUHG� WR�D�WRFRSKHURO�� DUH� UHTXLUHG� WR� VHH� H[WHQVLYH� IOXLGL]DWLRQ�RI� WKH� ILOP��7KLV�PD\�EH�

EHFDXVH�WKH�DOWHUHG�PROHFXODU�RULHQWDWLRQ�RI�D�WRFRSKHURO�DFHWDWH�HQDEOHV�EHWWHU�LQFRUSRUDWLRQ�LQWR�

WKH�'33&�ULFK�SKDVH��HYLGHQFHG�E\�WKH�UHGXFHG�IOXLGL]DWLRQ�DQG�VLJQLILFDQWO\�ORZHUHG�WLOW�DQJOHV� 

7KH�ELRSK\VLFDO� SURSHUWLHV� DQG� IXQFWLRQDOLW\� RI� WKH� SXOPRQDU\� VXUIDFWDQW�PHPEUDQH� DUH� ILQHO\�

WXQHG�WR�LWV�FRPSRVLWLRQ�DQG�SKDVH�VWUXFWXUH�����%RWK�D�WRFRSKHURO�DQG�D�WRFRSKHURO�DFHWDWH�OHDG�

WR�D�QHW�IOXLGL]DWLRQ�RI�WKH�PRGHO�PHPEUDQHV�E\�LQKLELWLQJ�WKH�IRUPDWLRQ�RI�FRQGHQVHG�SKDVH��WKXV�

LQFUHDVLQJ�WKH�SURSRUWLRQ�RI�OLTXLG�H[SDQGHG�SKDVH��GHVSLWH�KDYLQJ�D�FRQWUDFWLQJ�HIIHFW�RQ�HDFK�

LQGLYLGXDO�SKDVH��7KLV�IOXLGL]DWLRQ�JUHDWO\�GLPLQLVKHV�WKH�SURSRUWLRQ�RI�FRQGHQVHG�SKDVH��ZKRVH�

UROH�LV� WR�HQVXUH� WKH�ILOP�VWDELOLW\�DW�XOWUDORZ�VXUIDFH� WHQVLRQ�DQG�KLJK�FRPSUHVVLRQ�VWDWHV��L�H���

XSRQ�H[KDODWLRQ���7KLV�IOXLGL]DWLRQ��DORQJ�ZLWK�WKH�DOWHUHG�FROODSVH�SUHVVXUH��EHFRPHV�PRVW�HYLGHQW�

DW�D�WRFRSKHURO�SURSRUWLRQV�JUHDWHU�WKDQ����PRO���DQG�D�WRFRSKHURO�DFHWDWH�SURSRUWLRQV�JUHDWHU�

WKDQ����PRO����'RVLPHWU\�DQDO\VLV�KDV�SUHGLFWHG�WKDW�����RI�D�WRFRSKHURO�DFHWDWH�LQKDOHG�IURP�

H�OLTXLGV� FDQ� GHSRVLW� LQ� WKH� SXOPRQDU\� UDWKHU� WKDQ� WUDFKHDO� UHJLRQ�����7KH� UHVLGHQFH� WLPH� DQG�

DFFXPXODWLRQ�RI�WRFRSKHUROV�DV�D�IXQFWLRQ�RI�YDSLQJ�IUHTXHQF\�LQ�WKH�SXOPRQDU\�VXUIDFWDQW�LV�QRW�

NQRZQ��DOWKRXJK�WRFRSKHURO�DFHWDWH�ZDV�VXIILFLHQWO\�SUHVHQW�WR�EH�GHWHFWDEOH�LQ�%$/�IOXLGV�IURP�

SDWLHQWV�ZLWK�(9$/,��$OWKRXJK�VWXGLHG�KHUHLQ�LQ�WHUPV�RI�WKHLU�LPSDFW�RQ�PRGHO�OXQJ�VXUIDFWDQW�

PHPEUDQHV�� JLYHQ� D�WRFRSKHURO� LV� D� QDWXUDOO\� RFFXUULQJ�� PHPEUDQH�VROXEOH� DQWLR[LGDQW�� DQG�

D�WRFRSKHURO�DFHWDWH�LV�XVHG�QRW�RQO\�DV�D�YDSLQJ�VROXWLRQ�GLOXHQW�EXW�DOVR�DV�D�SUR�GUXJ�SUHFXUVRU��

WKH�IOXLGL]LQJ�HIIHFWV�RI�WKHVH�FRPSRXQGV�KDYH�EURDGHU�LPSOLFDWLRQV�
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&KDSWHU����8QGHUVWDQGLQJ�WKH�0L[LQJ�%HKDYLRU�RI�D�7RFRSKHURO�ZLWK�

&RPPRQ� 0HPEUDQH� /LSLGV� �3KRVSKRWLG\OFKROLQH� 	�

3KRVSKRWLG\OJO\FHURO� 
 

�����$EVWUDFW 

9LWDPLQ�(��SDUWLFXODUO\�D�WRFRSKHURO��LV�D�SRWHQW�DQWLR[LGDQW�LPSRUWDQW�IRU�FHOOXODU�KHDOWK��$V�WKH�

PRVW� ELRDYDLODEOH� IRUP� RI� YLWDPLQ� (��D�WRFRSKHURO� LQWHJUDWHV� LQWR�PDQ\� FHOOXODU� PHPEUDQHV��

SUHYHQWLQJ� OLSLG� SHUR[LGDWLRQ� RI� XQVDWXUDWHG� SKRVSKROLSLGV� E\� QHXWUDOL]LQJ� IUHH� UDGLFDOV�� 7KLV�

DQWLR[LGDQW� FDSDFLW\� SOD\V� D� UROH� LQ� SUHYHQWLQJ� PLWRFKRQGULDO� GLVHDVHV� DQG� LPPXQH� V\VWHP�

GHWHULRUDWLRQ��7KLV� VWXG\� IRFXVHV� RQ� WKH� LQWHUDFWLRQV� RI� ELQDU\�PL[WXUHV� RI�D�WRFRSKHURO� ZLWK�

'33&� �����GLSDOPLWR\O�VQ�JO\FHUR���SKRVSKRFKROLQH�� DQG� 323*� ���SDOPLWR\O���ROHR\O�VQ�

JO\FHUR���SKRVSKRJO\FHURO��IRU�OLSLG�D�WRFRSKHURO�UDWLRV�RI�����������DQG������7KH�SURSHUWLHV�RI�

VXUIDFH�DFWLYLW\��DQG�PRUSKRORJ\�RI�WKH�ILOPV�ZHUH�HYDOXDWHG�DW�D�PLFURVFRSLF�DQG�QDQRVFRSLF�OHYHO�

E\�VXUIDFH�SUHVVXUH�DUHD�LVRWKHUPV��H[FHVV�DUHD�FDOFXODWLRQV��%UHZVWHU�DQJOH�PLFURVFRS\��%$0���

DQG�DWRPLF�IRUFH�PLFURVFRS\��$)0���7R�VWXG\�WKH�VWUXFWXUDO�FKDQJHV�RI�WKH�ILOPV�DW�D�PROHFXODU�

OHYHO��JUD]LQJ�LQFLGHQFH�;�UD\�GLIIUDFWLRQ��*,;'���DQG�;�UD\�UHIOHFWLYLW\��;5��ZHUH�HPSOR\HG��

D�7RFRSKHURO�VKRZV�D�KLJK�GHJUHH�RI�PLVFLELOLW\�ZLWK�323*�HYHQ�DW�WKH�KLJKHVW�FRQFHQWUDWLRQ�

VWXGLHG�RI����PRO����:H�GHPRQVWUDWH�WKDW�D�WRFRSKHURO�GRHV�QRW�FRPSOHWHO\�IOXLGL]H�'33&�DW����

PRO� �� DV� ZDV� SUHYLRXVO\� UHSRUWHG�� 0RUHRYHU�� D�WRFRSKHURO� H[KLELWV� VRPH� PLVFLELOLW\� LQ� WKH�

'33&�ULFK� FRQGHQVHG� SKDVH�� DOWHULQJ� DON\O� FKDLQ� SDFNLQJ�� 7KH� OLQDFWDQW� EHKDYLRXU� RI�

D�WRFRSKHURO�ZDV�YLVXDOL]HG�XVLQJ�$)0�ZKLFK�VKRZV�FOXVWHULQJ�DW�WKH�GRPDLQ�ERXQGDULHV��7KHVH�

ILQGLQJV�LQGLFDWH�WKDW�D�WRFRSKHURO�VSHFLILFDOO\�LQWHUDFWV�ZLWK�DQG�PRGXODWHV�WKH�SURSHUWLHV�RI�ERWK�

VDWXUDWHG�DQG�XQVDWXUDWHG�PHPEUDQHV�GLIIHUHQWO\��FRQWULEXWLQJ�WR�LWV�GLYHUVH�UROHV� 

 

�����,QWURGXFWLRQ 
9LWDPLQ�(�LV�RQH�RI�QDWXUH¶V�PRVW�SRWHQW�PHPEUDQH�VROXEOH�DQWLR[LGDQW�PROHFXOHV�WKDW�LV�SULPDULO\�

LQJHVWHG�WKURXJK�RXU�GLHW��$PRQJ�WKH�HLJKW�IRUPV�RI�9LWDPLQ�(��D�WRFRSKHURO�VWDQGV�RXW�DV�WKH�

OHDVW�PHWDEROL]HG�DQG�PRVW�ELRDYDLODEOH���������$�NH\�UHDVRQ�IRU�WKLV�LV�WKH�SUHVHQFH�RI�WKH�KHSDWLF�

D�WRFRSKHURO�WUDQVIHU�SURWHLQ�LQ�WKH�OLYHU�ZKLFK�SUHIHUHQWLDOO\�ELQGV�WR�D�WRFRSKHURO�DQG�VHFUHWHV�
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LW�IURP�RXU�OLYHU�LQWR�WKH�SODVPD��D�7RFRSKHURO�LV�GLVWULEXWHG�DFURVV�YDULRXV�FHOOXODU�FRPSRQHQWV�

DQG� DEXQGDQW� LQ� SKRVSKROLSLG� FHOO� PHPEUDQHV� LQFOXGLQJ� WKH� SODVPD� PHPEUDQH���������

PLWRFKRQGULDO�PHPEUDQH���±�����HQGRSODVPLF�UHWLFXOXP�����DQG�O\VRVRPDO�PHPEUDQH���±�����,W�KDV�

EHHQ�JUHDWO\�VWXGLHG�IRU�LWV�GLYHUVH�UROH�LQ�FHOOXODU�VLJQDOLQJ���±�����EHQHILFLDO�HIIHFW�RQ�IHPDOH¶V�

IHUWLOLW\�DQG� UHSURGXFWLYH�KHDOWK��������� LPPXQH�V\VWHP�VWUHQJWKHQLQJ�DQG� UHJXODWLRQ���±����� DQWL�

LQIODPPDWDWLRQ�������±���� DQG� SURWHFWLRQ� DJDLQVW� R[LGDWLYH� GDPDJH� DQG� OLSLG� SHUR[LGDWLRQ� RI�

PHPEUDQH�OLSLGV�������±����� 

7KH� PDMRU� DQWLR[LGDQW� DELOLW\� RI� D�WRFRSKHURO� VWHPV� IURP� LWV� FDSDFLW\� WR� OLPLW� DFWLYH� OLSLG�

SHUR[LGDWLRQ� RI� PHPEUDQHV� HQULFKHG� LQ� XQVDWXUDWHG� SKRVSKROLSLGV� E\� QHXWUDOL]LQJ� IUHH�

UDGLFDOV��������2QH�VLJQLILFDQW�PHFKDQLVP�LV�LWV�UHDFWLRQ�ZLWK�UDGLFDO�VSHFLHV��HLWKHU�E\��LQWHUFHSWLQJ�

IUHH�UDGLFDOV�GLIIXVLQJ�LQWR�WKH�PHPEUDQH�DQG�RU�WHUPLQDWLQJ�OLSLG�SHUR[\O�UDGLFDOV��ZKLFK�RFFXUV�

DOPRVW�������WLPHV�IDVWHU�ZLWK�D�WRFRSKHURO�FRPSDUHG�WR�SRO\XQVDWXUDWHG�OLSLGV�����'HILFLHQFLHV�

LQ� YLWDPLQ� (�� VSHFLILFDOO\� D�WRFRSKHURO�� KDYH� VKRZQ� WR� OHDG� WR� PLWRFKRQGULDO� GLVHDVHV� DQG�

ZHDNHQLQJ�RI�WKH�LPPXQH�V\VWHP��DPRQJVW�RWKHU�HIIHFWV� 

0HPEUDQHV�FRPSULVH�RI�D�FRPSOH[�PL[WXUH�RI�OLSLGV��ERWK�VDWXUDWHG�DQG�XQVDWXUDWHG��DPRQJ�RWKHU�

FRPSRQHQWV��*LYHQ�D�WRFRSKHURO¶V�DELOLW\�WR�SUHYHQW�WKH�XQZDQWHG�R[LGDWLRQ�RI�XQVDWXUDWHG�OLSLGV��

QXPHURXV�VWXGLHV�KDYH�LQYHVWLJDWHG�LWV�PHFKDQLVP�RI�SURWHFWLRQ��$�VLJQLILFDQW�IRFXV�KDV�EHHQ�RQ�

GHWHUPLQLQJ� WKH� VSHFLILF� ORFDWLRQ� RI� D�WRFRSKHURO� ZLWKLQ� PHPEUDQHV�� D�7RFRSKHURO� H[KLELWV�

OLQDFWDQW� SURSHUWLHV�� D� FRQFHSW� ILUVW� SURSRVHG� E\� 0XGGDQD� HW� DO����� 7KHLU� UHVHDUFK� RQ� ����

'33&�'83&� ELOD\HUV� GHPRQVWUDWHG� WKDW� D�WRFRSKHURO� SUHGRPLQDQWO\� UHVLGHV� DW� WKH� SKDVH�

ERXQGDULHV�EHWZHHQ�WKH�WZR�OLSLG�SKDVHV���� 

5HFHQW� VWXGLHV� KDYH� OLQNHG� YDSLQJ� OXQJ� LQMXULHV� WR� DGGLWLYHV� VXFK� DV� YLWDPLQ� (� DFHWDWH�

�D�WRFRSKHURO�DFHWDWH��DQG�IODYRULQJ�PROHFXOHV�������±����)RU�WRFRSKHUROV�WKLV�KDV�EHHQ�OLQNHG�WR�LWV�

OLQDFWDQW� EHKDYLRU�ZKLFK�PRGLILHV� WKH� OLQH� WHQVLRQ� RI� WKH� OXQJ� VXUIDFWDQW� DQG� FRPSURPLVHV� LWV�

SURSHU� IXQFWLRQ������������$GGLWLRQDOO\��D�WRFRSKHURO� KDV� EHHQ� VKRZQ� WR� SURWHFW� FHOOV� DJDLQVW� ��

NHWRFKROHVWHURO�LQGXFHG�DSRSWRVLV��������DQG�LV�WKH�VWURQJHVW�YLWDPHU�IRU�LQKLELWLQJ�SKRVSKROLSDVH�

$������DQ�HQ]\PH�LQYROYHG�LQ�WKH�LQIODPPDWRU\�UHVSRQVH��7KLV�LQKLELWLRQ�ZDV�ODWHU�SDUWO\�DWWULEXWHG�

WR�D�WRFRSKHURO¶V� OLQDFWDQW� SURSHUWLHV��ZKLFK� LQFUHDVH� WKH�PLVFLELOLW\� RI� H[LVWLQJ�SKDVHV� DW� WKH�

ERXQGDULHV� DQG� SURPRWH� WKH� GLVVROXWLRQ� RI� ��NHWRFKROHVWHURO�FRQWDLQLQJ� UDIWV����� WKHUHE\�

LQDFWLYDWLQJ� WKHLU� VLJQDOLQJ� SDWKZD\V����� )XUWKHUPRUH� WKH� VWDELOL]DWLRQ� RI� PHPEUDQH� HGJHV� E\�

D�WRFRSKHURO�PDNHV�LW�PRUH�GLIILFXOW�IRU�SKRVSKROLSDVH�$��WR�DFFHVV�WKH�OLSLG�PHPEUDQH�������� 
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3UHYLRXV�ZRUN� KDV� IRFXVHG� RQ� WKH� LQWHUDFWLRQ� RI�D�WRFRSKHURO�ZLWK� SKRVSKRFKROLQHV��ZLWK� DQ�

HPSKDVLV�RQ�XQGHUVWDQGLQJ�KRZ�WKH�GHJUHH�RI�FKDLQ�XQVDWXUDWLRQ�DIIHFWV�LWV�PLVFLELOLW\�ZLWKLQ�WKH�

OLSLG�PHPEUDQH�DQG�LWV�YHUWLFDO�SODFHPHQW�RI�LWV�UHDFWLYH�K\GUR[\O�PRLHW\��DQG�KRZ�WKHVH�WUDQVODWH�

WR� LWV� UROH� DV� D� PHPEUDQH�VROXEOH� DQWLR[LGDQW������� 3KRVSKRFKROLQHV� DUH� KLJKO\� DEXQGDQW� LQ�

PDPPDOLDQ� FHOO� PHPEUDQHV�� DQG� IRU� WKH� OXQJ� VXUIDFWDQW� PHPEUDQH��

GLSDOPLWR\OSKRVSKDWLG\OFKROLQH� �'33&�� LV� WKH� SULPDU\� SKRVSKRFKROLQH�� '33&� LV� D� VDWXUDWHG�

]ZLWWHULRQLF�OLSLG��DQG�FRPPRQO\�XVHG�LQ�PRGHO�PHPEUDQHV�IRU�LWV�UROH�LQ�PHPEUDQH�VWDELOLW\�DQG�

IOXLGLW\�� 3KRVSKRJO\FHUROV�� QDPHO\� ��SDOPLWR\O���ROHR\O�SKRVSKDWLG\OJO\FHURO� �323*��� LV�PRVW�

DEXQGDQW�LQ�KXPDQ�OXQJ�VXUIDFWDQW�DQG�EDFWHULDO�PHPEUDQHV���������323*�LV�DQLRQLF�DQG�LQGXFHV�

PHPEUDQH�FXUYDWXUH��W\SLFDOO\�GLVSOD\LQJ�D�SRVLWLYH�FXUYDWXUH�����,W�HQKDQFHV�PHPEUDQH�G\QDPLFV�

E\�LPSURYLQJ�SHUPHDELOLW\�GXH�WR�LWV�ORRVH�SDFNLQJ�VWUXFWXUH����DQG��LQIOXHQFHV�WKH�VWUXFWXUH�DQG�

FRQIRUPDWLRQ�RI�PHPEUDQH�SURWHLQV���������SOD\LQJ�D�UROH�LQ�YDULRXV�FHOOXODU�SURFHVVHV��:KLOH�PRVW�

UHVHDUFK�KDV�IRFXVHG�RQ�D�WRFRSKHURO¶V�UROH�LQ�SURWHFWLQJ�HXNDU\RWLF�FHOOV�IURP�R[LGDWLYH�GDPDJH��

LWV�UROH�LQ�SURWHFWLQJ�EDFWHULDO�FHOO�PHPEUDQHV��ERWK�FRPPHQVDO�DQG�SDWKRJHQLF��LV�PXFK�OHVV�FOHDU��

+RZHYHU��UHFHQW�UHVHDUFK�KDV�H[SORUHG�D�WRFRSKHURO� LQ�FRQMXQFWLRQ�ZLWK�SURELRWLFV�WR�HQKDQFH�

WKHLU�VXUYLYDO�DQG�HIILFDF\����DQG�SRVLWLYH�HIIHFW�RQ�WKH�EDFWHULDO�JXW�PLFURELRPH�WKDW�PD\�GHOD\�

DJH�UHODWHG�GLVHDVHV���� 

:H�SUHYLRXVO\�REVHUYHG�WKDW�D�WRFRSKHURO�SDUWLWLRQV�WR�ERWK�WKH�IOXLG�DQG�FRQGHQVHG�SKDVH�RI�WKH�

PRGHO� OXQJ� VXUIDFWDQW��7KLV� SURPSWHG� XV� WR� FRQGXFW� D�PRUH� LQ�GHSWK� VWXG\� RI�D�WRFRSKHURO¶V�

PL[LQJ�EHKDYLRXU�ZLWK�WKH�LQGLYLGXDO�FRPSRQHQWV�RI�WKH�PRGHO�OXQJ�VXUIDFWDQW��'33&�DQG�323*��

WKDW�DUH�DOVR�FRPPRQ�PHPEUDQH�OLSLGV��%\�XQGHUVWDQGLQJ�KRZ�D�WRFRSKHURO�LQWHUDFWV�ZLWK�WKHVH�

OLSLGV�� ZH� FDQ� GHHSHQ� RXU� NQRZOHGJH� RI� LWV� DQWLR[LGDQW� UROH�� LWV� FRQWULEXWLRQ� WR� PHPEUDQH�

VWDELOL]DWLRQ��LWV�HIIHFWV�RQ�WKH�LPPXQH�V\VWHP�DQG�JXW�KHDOWK�DV�ZHOO�DV�LWV�OLQDFWDQW�SURSHUWLHV��

ZKLFK�KDV�UHFHQWO\�EHHQ�KLJKOLJKWHG�DV�D�IDFWRU�FRQWULEXWLQJ�WR�PDQ\�RI�WKH�EHQHILFLDO�DFWLRQV�RI�

D�WRFRSKHURO��� 

 

�����([SHULPHQWDO��0DWHULDOV�	�0HWKRGV� 

 
0DWHULDOV�� ����GLSDOPLWR\O�VQ�JO\FHUR���SKRVSKDWLG\OFKROLQH� �'33&�� ����� DQG� ��SDOPLWR\O���

ROHR\O�SKRVSKDWLG\OJO\FHURO� �323*�������ZHUH�SXUFKDVHG�IURP�$YDQWL�3RODU�/LSLGV� LQ�SRZGHU�

IRUP��D�7RFRSKHURO� ������� WULV�K\GUR[\PHWK\O�DPLQRPHWKDQH� �7ULV�� ������� DQG�1D&O� ������



� � 
 

52 

ZHUH� SXUFKDVHG� IURP� 6LJPD�$OGULFK��$&6� JUDGH� FKORURIRUP� �)LVFKHU� 6FLHQWLILF�� ZDV� XVHG� WR�

SUHSDUH�WKH�SKRVSKROLSLG�DQG�DGGLWLYH�VWRFN�VSUHDGLQJ�VROXWLRQV��$OO�UHDJHQWV�ZHUH�XVHG�ZLWKRXW�

IXUWKHU�SXULILFDWLRQ��7KH�PROHFXODU�VWUXFWXUHV�RI�WKH�SKRVSKROLSLGV�DQG�D�WRFRSKHURO�DUH�VKRZQ�LQ�

)LJXUH����� 

 

Figure 3.1. Molecular structures of DPPC, POPG and D�tocopherol. 

 

/LSLG� 0L[WXUHV� DQG� $TXHRXV� 6XESKDVHV�� 6WRFN� VROXWLRQV� RI� D�WRFRSKHURO� ����� P0�� LQ�

FKORURIRUP�ZHUH�FRPELQHG�ZLWK�VWRFN�VROXWLRQV�RI�'33&����P0��DQG�323*����P0��LQ�FKORURIRUP�

WR�SUHSDUH�ELQDU\�VROXWLRQV�FRQWDLQLQJ����PRO�������PRO����DQG����PRO���RI�D�WRFRSKHURO�DQG�

���PRO�������PRO����DQG����PRO���'33&�RU�323*�� UHVSHFWLYHO\��7ULV�EXIIHUHG�VDOLQH� �7%6��

FRPSULVLQJ� ���P0�7ULV� DQG� ����P0�1D&O� VHUYHG� DV� WKH� DTXHRXV� VXESKDVH� IRU� DOO� /DQJPXLU�

PRQROD\HU�H[SHULPHQWV�DQG�ZDV�SUHSDUHG�ZLWK�XOWUDSXUH�ZDWHU��UHVLVWLYLW\�RI������0ȳ�FP���DQG�

S+�DGMXVWHG�WR�����XVLQJ�K\GURFKORULF�DFLG�� 

 

6XUIDFH�3UHVVXUH±0ROHFXODU�$UHD�,VRWKHUPV��6XUIDFH�SUHVVXUH�PROHFXODU�DUHD�LVRWKHUPV�ZHUH�

REWDLQHG�XVLQJ�D�/DQJPXLU�ILOP�EDODQFH��0RGHO������1LPD�7HFKQRORJ\��ZLWK�PD[LPXP�WURXJK�
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VXUIDFH� DUHD� RI� ��� FP�� DQG� D� ILOWHU� SDSHU� :LOKHOP\� SODWH� �:KDWPDQ� 1R�� ����������� 1HDW�

D�WRFRSKHURO��'33&��323*��DQG�WKHLU�ELQDU\�PL[WXUHV�ZHUH�VSUHDG�RQ�WKH�7%6�VXESKDVH�DQG�WKH�

VROYHQW�ZDV�DOORZHG�WR�HYDSRUDWH�����PLQ��SULRU�WR�ODWHUDO�V\PPHWULF�FRPSUHVVLRQ�RI�WKH�ILOP�DW�

WKH� DLU�DTXHRXV� LQWHUIDFH� DW� D� UDWH� RI� �� FP��PLQ�� $OO� H[SHULPHQWV� ZHUH� FRQGXFWHG� DW� URRP�

WHPSHUDWXUH� ������������ �&�� DQG�DW� OHDVW� WKUHH� VHSDUDWH� LVRWKHUPV�ZHUH�REWDLQHG� IRU� HDFK� OLSLG�

FRPSRVLWLRQ�WR�HQVXUH�UHSURGXFLELOLW\��3UHYLRXV�UHSRUWV����KDYH�VKRZQ�WKDW�WKH�SKDVH�EHKDYLRU�RI�

WKH�PRGHO�PHPEUDQHV�DW� URRP�WHPSHUDWXUH� WR�EH�TXDOLWDWLYHO\�VLPLODU� WR� WKRVH�DW�SK\VLRORJLFDO�

WHPSHUDWXUHV��DOEHLW�ZLWK�WKH�SKDVH�WUDQVLWLRQV�VKLIWHG�WR�ORZHU�VXUIDFH�SUHVVXUHV� 

7KH�LPSDFW�RI�OLSLG�FRPSRVLWLRQ�RQ�PROHFXODU�PL[LQJ�ZDV�DVVHVVHG�IURP�FKDQJHV�WR�WKH�DYHUDJH�

PROHFXODU�DUHD��7KH�LGHDO�PL[LQJ�PROHFXODU�DUHD�DW�D�JLYHQ�SUHVVXUH�LV�FDOFXODWHG�IURP�WKH�ZHLJKWHG�

DYHUDJH�RI�WKH�PHDVXUHG�PROHFXODU�DUHDV�RI�WKH�'33&�RU�323*�DQG�QHDW�D�WRFRSKHURO�� 

 

Brewster Angle Microscopy (BAM) Imaging. BAM imaging of monolayers at the air-aqueous 

interface during barrier compression was performed using an I-Elli2000 imaging ellipsometer 

(Nanofilm Technologies) coupled to a Langmuir film balance (Model 601BAM, Nima 

Technology) with a maximum trough area of 146 cm2. The instrument is equipped with a 50 mW 

1G�<$*�ODVHU��Ȝ ����QP���DQG�WKH�LPDJHV�ZHUH�FDSWXUHG�XVLQJ�D���î�REMHFWLYH��ZLWK�D�ILHOG�RI�

view of 220 Pm × 275 Pm and lateral resolution of approximately 1 Pm) at the Brewster incident 

angle of 53.15°. Following a wait time of 10 min for solvent evaporation after spreading of the 

lipid solution, the monolayer was symmetrically compressed at a rate of 5 cm2/min. All BAM 

images were obtained at 60% laser brightness intensity.  

Langmuir monolayer transfer onto mica substrate. Monolayer films were vertically transferred 

on the upstroke from the air±aqueous interface onto freshly-cleaved mica using the Langmuir±

Blodgett technique. The monolayer was compressed and held for five minutes at the target pressure 

prior to transfer at a rate of 5 mm/min. The solid-supported films were allowed to dry under 

ambient conditions for 30 min and imaged by AFM within 24 h of their preparation. 

Atomic force microscopy (AFM). A MultiMode 8HR scanning probe microscope (Bruker Nano, 

Santa Barbara, CA) was used to capture AFM images in Peak Force Tapping Mode in air with 

silicon tips mounted on nitride levers of nominal spring constant of 0.4 N/m and resonance 

frequency of 70 kHz (Model Scanasyst-Air, Bruker AFM Probes). Images were recorded at a scan 
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rate of 0.759 Hz and 512 × 512-pixel resolution and processed with Nanoscope software version 

2.0.  

Grazing incidence X�ray diffraction (GIXD). The GIXD experiments were performed at the 

beamline 15-ID-C ChemMatCARS of the Advanced Photon Source (APS) at Argonne National 

Laboratory with the following parameters: X�ray beam wavelength of 1.239 Å, incidence angle 

of 0.0906°, horizontal size of 20 Pm, and vertical size of 120 Pm, leading to a beam footprint of 2 

× 10-3 cm by 7.6 cm. The detector used was the 2D Swiss Light source PILATUS 100 K set to 

single-photon counting mode. Two sets of slits, one placed in front of the detector to control the 

beam footprint and the other placed 280 mm from the sample, were used to minimize intense low-

angle scattering. Experiments were performed at the air±aqueous interface of a 340 cm2 Langmuir 

trough with a compression rate of 5 cm2/min. The measured GIXD data is plotted as contour plots 

of the intensity as a function of both the horizontal (Qxy) and the vertical (Qz) scattering vector 

components. The lattice spacing dhk was obtained from the in-plane diffraction data as dhk= 

2p/Qhkxy, where the Miller indices h, k were used to index the Bragg peaks needed to calculate the 

unit cell parameters for the in-plane lattice. The full width at half maximum (fwhm) of the Bragg 

peaks after correction for the instrumental resolution (0.0084 Å-1) was used to calculate the in-

plane correlation length using the Scherrer formula. GIXD experiments were performed at lateral 

surface pressures of 18 mN/m, 35 mN/m and 45 mN/m at a temperature of 22.0 ± 0.5 °C. 

X�ray reflectivity (XR). XR is measured as a function of the vertical scattering vector component 

(Qz). XR probes the electron density variation U(z) of the vertical structure of the layers at the air-

aqueous interface. The monolayer was modeled as a stack of slabs, with each slab having a constant 

thickness and electron density. The electron density profile U(z) was laterally averaged over both 

the ordered and disordered parts of the monolayer under the footprint of the X�ray beam. 

The X�ray reflectivity data was analyzed using an open-source (Python) software developed and 

provided by Wei Bu, beamline scientist at ChemMatCARS. The measured X�ray reflectivity 

R(Qz) is normalized by the Fresnel reflectivity RF(Qz), which is calculated for a sharp air-aqueous 

interface. The X�ray reflectivity was calculated using the Parratt method. Nonlinear least-squares 

fitting was used to determine the minimum number (N-1) of internal slabs to best fit the X�ray 

reflectivity data. In our XR data analysis, all systems were treated as a homogeneous monolayer 
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film although lateral phase separation occurs under the experimental conditions. This assumption 

was made based on the sizes of the condensed and liquid-expanded phases, which are less than the 

footprint of the X�ray beam in all our systems. This assumption has been previously used in the 

literature, where the domain sizes of the phase-separated patches are smaller than the X�ray beam 

footprint.109 All XR experiments were performed at a lateral surface pressure of 35 mN/m and at 

a temperature of 22.0 ± 0.5 °C. 
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�����5HVXOWV�	�'LVFXVVLRQ 

 

�������6XUIDFH�3UHVVXUH�0ROHFXODU�$UHD�,VRWKHUPV�	�)LOP�&RPSUHVVLELOLW\ 

7KH� VXUIDFH� SUHVVXUH�PROHFXODU� DUHD� LVRWKHUPV� RI� '33&�� 323*�� DQG� ELQDU\� PL[WXUHV� RI�

'33&�D�WRFRSKHURO�����������������DQG�323*�D�WRFRSKHURO�����������������DUH�VKRZQ�LQ�)LJXUH�

���D�E��7KH�FRUUHVSRQGLQJ�FRPSUHVVLELOLW\�PRGXOL�IRU�'33&�DQG�323*�DV�ZHOO�DV�ELQDU\�PL[WXUHV�

ZLWK�D�WRFRSKHURO�DUH�VKRZQ�LQ�)LJXUH����F�G�� 

 
Figure 3.2. UPPER PANELS: Surface pressure±area isotherms for (a) neat D�tocopherol, DPPC and binary 

mixtures of DPPC:D�tocopherol (3:1, 1:1, 1:3), and (b) neat D�tocopherol, POPG and binary mixtures of 

POPG:D�tocopherol (3:1, 1:1, 1:3). LOWER PANELS: The compressibility moduli as a function of the surface 

pressure for (c) DPPC and binary mixtures of DPPC:D�tocopherol (3:1, 1:1, 1:3) and (d) POPG and binary 

mixtures of POPG:D�tocopherol (3:1, 1:1, 1:3). Color scheme indicated in legend.  
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:LWK�GHFUHDVLQJ�PROHFXODU�DUHD�DQG�LQFUHDVH�LQ�VXUIDFH�SUHVVXUH�'33&�H[KLELWV�WKH�FODVVLFDO�/(�

/&�SKDVH�WUDQVLWLRQ�DW�DSSUR[LPDWHO\������P1�P�����7KHUH�LV�QR�REYLRXV�/(�/&�SKDVH�WUDQVLWLRQ�

LQ�WKH�LVRWKHUPV�RI�WKH�ELQDU\�PL[WXUHV�RI�'33&�D�WRFRSKHURO������������������)LJXUH����D���7KH�

PHWK\O�EUDQFKHG� WDLO� RI� D�WRFRSKHURO� VLPLODUO\� GLVUXSWV� WKH� SKRVSKRFKROLQH� SDFNLQJ� LQ�

GLP\ULVWR\OSKRVSKDWLG\OFKROLQH�D�WRFRSKHURO�������ELOD\HUV��ZKLFK�VKRZHG�WKH�DEVHQFH�RI�WKH�JHO�

WR�/&�SKDVH�WUDQVLWLRQ�����7KH�FROODSVH�SUHVVXUH�IRU�D�WRFRSKHURO�LV�a����P1�P��FRUUHVSRQGLQJ�

PROHFXODU�DUHD�RI�a����c��PROHFXOH�ZKLOH�WKDW�RI�'33&�LV�DW�a����P1�P�RFFXUULQJ�DW�D�PROHFXODU�

DUHD� RI� a� ���c��PROHFXOH� �)LJXUH� ���D� DQG�7DEOH� %���� )RU� DOO� SURSRUWLRQV� RI�D�WRFRSKHURO�� D�

WUDQVLWLRQ�LV�REVHUYHG�DW�PROHFXODU�DUHDV�LQ�WKH�UDQJH�RI�a����WR�a����c��PROHFXOH��7DEOH�%�����$V�

WKH�SURSRUWLRQ�RI�D�WRFRSKHURO�LQFUHDVHV��WKH�LQLWLDO�DUHD�IRU�WKH�WUDQVLWLRQ�LQFUHDVHV�DQG�WKH�LQLWLDO�

VXUIDFH�SUHVVXUH�RI�WKH�WUDQVLWLRQ�GHFUHDVHV��7KXV��DV�WKH�SURSRUWLRQ�RI�D�WRFRSKHURO�LQFUHDVHV��WKH�

PROHFXODU�DUHD�DQG�SUHVVXUH�RI�WKLV�WUDQVLWLRQ�DSSURDFK�WKDW�RI�WKH�FROODSVH�RI�D�WRFRSKHURO��,I�WZR�

FRPSRQHQWV�DUH�IXOO\�PLVFLEOH�LQ�D�ELQDU\�PL[WXUH�RQO\�RQH�SKDVH�WUDQVLWLRQ�RU�FROODSVH�PXVW�RFFXU��

DQG�LQ�FRQWUDVW�WZR�LQGHSHQGHQW�FROODSVHV�ZLOO�RFFXU�LI�FRPSRQHQWV�RI�WKH�PRQROD\HU�DUH�QRW�IXOO\�

PLVFLEOH����:LWK�ORZHU�SURSRUWLRQV�RI�D�WRFRSKHURO��WKHUH�DUH�FOHDUO\�WZR�GLVWLQFW�WUDQVLWLRQV�LQ�WKH�

LVRWKHUP��7KHVH� WZR� GLVWLQFW� SKDVH� WUDQVLWLRQV� DUH�PRUH� HYLGHQW� LQ� WKH� FRPSUHVVLELOLW\�PRGXOL�

VKRZQ�LQ�)LJXUH����F�DQG�WKH�SUHVVXUH�DW�ZKLFK�ERWK�RI�WKHVH�RFFXU��YDULHV�ZLWK�WKH�SURSRUWLRQ�RI�

D�WRFRSKHURO��7KXV��ZH� SURSRVH� SDUWLDO�PLVFLELOLW\� EHWZHHQ�'33&� DQG�D�WRFRSKHURO� DW� WKHVH�

SURSRUWLRQV�� ZKHUHLQ� WKH� ORZHU� SUHVVXUH� WUDQVLWLRQ� LV� DVVRFLDWHG� ZLWK� WKH� FROODSVH� RI� DQ�

D�WRFRSKHURO�ULFK�SKDVH�DQG�WKH�KLJKHU�SUHVVXUH�WUDQVLWLRQ�ZLWK�WKH�FROODSVH�RI�D�'33&�ULFK�SKDVH��

7KH�FROODSVH�RI�WKH�'33&�ULFK�SKDVH�LV�ORZHUHG�ZLWK�WKH�DGGLWLRQ�RI����PRO���D�WRFRSKHURO�DQG�

ZKLOH� LW� LV�FOHDU� WKDW�D�'33&�ULFK�SKDVH� LV�REVHUYHG�DW�KLJKHU�SURSRUWLRQV�RI�D�WRFRSKHURO��ZH�

ZHUH�XQDEOH�WR�UHDFK�KLJK�HQRXJK�VXUIDFH�SUHVVXUHV�WR�DWWDLQ�FROODSVH�RI�WKLV�SKDVH��%\�FRPSDULVRQ��

LQ� RXU� SUHYLRXV� ZRUN� WKDW� LQYHVWLJDWHG� WKH� SK\VLFRFKHPLFDO� LPSDFWV� RI� YDSLQJ� DGGLWLYHV�

�D�WRFRSKHURO� DQG� D�WRFRSKHURO� DFHWDWH�� LQ� PRGHO� OXQJ� PHPEUDQHV�� WKH� WRFRSKHUROV� GLG� QRW�

H[KLELW�DQ�LQGHSHQGHQW�FROODSVH���� 

7KH� ILOP� FRPSUHVVLELOLW\�PRGXOXV� �&V���� GHFUHDVHV� IURP�����P1�P� �ZLWKRXW�D�WRFRSKHURO�� WR�

EHORZ� ����P1�P�ZLWK� DOO� SURSRUWLRQV� RI�D�WRFRSKHURO� DGGHG��$Q� LQFUHDVH� LQ�PRQROD\HU� ILOP�

FRPSUHVVLELOLW\�ZDV�DOVR�REVHUYHG�E\�-XUDN�HW�DO���DWWULEXWHG�WR�D�GLVUXSWLRQ�RI�WKH�'33&�SDFNLQJ�

E\�WKH�WRFRSKHURO�EUDQFKHG�FKDLQ����7KH�PD[LPXP�&V���UHPDLQV�ORZ�EXW�VKRZV�D�VPDOO�GHFUHDVH�
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IURP����P1�P�WR����P1�P�DV�WKH�SURSRUWLRQ�RI�D�WRFRSKHURO�LQFUHDVHV��'HVSLWH�ODUJH�GHFUHDVHV�

LQ�FRPSUHVVLELOLW\�PRGXOL��D�FRQGHQVHG�SKDVH�SHUVLVWV�DW�ERWK�ORZ�DQG�KLJK�VXUIDFH�SUHVVXUHV�IRU�

'33&�D�WRFRSKHURO��������DQG�RQO\�DW�KLJKHU�SUHVVXUHV�IRU�'33&�D�WRFRSKHURO��������DV�ZLOO�EH�

VKRZQ�ZLWK�$)0�LPDJLQJ�� 

7KH�FROODSVH�SUHVVXUH�RI�323*�LV�REVHUYHG�DW�a����P1�P��FRPSDUDEOH�WR�WKH�OLWHUDWXUH���������ZLWK�

D�ORZ�FRPSUHVVLELOLW\�PRGXOXV�����&V����7DEOH�%��DQG�)LJXUH����E�G���$OO�LVRWKHUPV�IRU�323*�DQG�

D�WRFRSKHURO� PL[WXUHV� DUH� VKLIWHG� WR� ORZHU� PROHFXODU� DUHDV� LQ� FRPSDULVRQ� WR� 323*� GXH� WR�

D�WRFRSKHURO� RFFXS\LQJ� D� PXFK� VPDOOHU� PROHFXODU� DUHD� WKDQ� WKH� GRXEOH�FKDLQHG� 323*��

&RPSDUDEOH�VKLIWV� WR� ORZHU�PROHFXODU�DUHDV�ZHUH�REVHUYHG�E\�-XUDN�HW�DO�� IRU�D�WRFRSKHURO� LQ�

PL[WXUHV�ZLWK�SKRVSKRFKROLQHV�ZLWK�YDU\LQJ�GHJUHHV�RI�XQVDWXUDWLRQ����323*�D�WRFRSKHURO�������

KDV�D�VLPLODU�FROODSVH�SUHVVXUH�a����P1�P�DV�323*��7DEOH�%�����$�EURDG�FROODSVH�WKDW�PRUH�FORVHO\�

UHVHPEOHV�WKH�VKDSH�RI�WKH�D�WRFRSKHURO�FROODSVH�LV�REVHUYHG�LQ�323*�D�WRFRSKHURO�������DQG�

323*�D�WRFRSKHURO�������VWDUWLQJ�DW�a���P1�P��DQG�a���P1�P��UHVSHFWLYHO\��DV�DOVR�HYLGHQFHG�

LQ� WKH� FRPSUHVVLELOLW\� PRGXOL� �)LJXUH� ���G� DQG� 7DEOH� %���� 7KH� EURDG� FROODSVH� RI�

323*�D�WRFRSKHURO�������UHDFKHV�D�VOLJKWO\�KLJKHU�VXUIDFH�SUHVVXUH�WKDQ�323*��,Q�RXU�SUHYLRXV�

VWXG\�XVLQJ�D�����'33&�323*�PRGHO�OXQJ�VXUIDFWDQW�PHPEUDQH��WKH�FROODSVH�RI�WKH�323*�ULFK�

OLTXLG�H[SDQGHG� SKDVH�ZDV� VKLIWHG� WR� KLJKHU� VXUIDFH� SUHVVXUHV�ZLWK� WKH� DGGLWLRQ� RI� ���PRO���

D�WRFRSKHURO� �QRWH� WKDW� WKH�323*�DQG�D�WRFRSKHURO�ZHUH�DW� D�����PRODU� UDWLR�� LI�RQH�ZHUH� WR�

DVVXPH�WKDW�DOO�RI�WKH�D�WRFRSKHURO�LV�LQ�WKH�323*�ULFK�SKDVH������7KH�KLJKHU�VXUIDFH�SUHVVXUHV�

DWWDLQHG� VXJJHVWV�D� V\QHUJLVWLF�HIIHFW�EHWZHHQ�323*�DQG�D�WRFRSKHURO�RQ� ILOP�VWDELOLW\��2WKHU�

W\SHV�RI�V\QHUJLVWLF�HIIHFWV�KDYH�EHHQ�UHSRUWHG�ZLWK�D�WRFRSKHURO�OLSLG�PL[WXUHV���)RU�H[DPSOH��

IDWW\�ILVK�VSHFLHV��VXFK�DV�IUHVKZDWHU�VDUGLQHV��KDYH�VNLQ�OLSLGV�FRPSULVLQJ�RYHU�����XQVDWXUDWHG�

OLSLGV�DQG�DSSUR[LPDWHO\�����SRO\XQVDWXUDWHG�OLSLGV��PDNLQJ�WKHP�VXVFHSWLEOH�WR�R[LGDWLRQ���������

6DUGLQH�VNLQ�OLSLG�H[WUDFWV�ZHUH�VKRZQ�WR�H[KLELW�WKH�KLJKHVW�R[LGDWLYH�VWDELOLW\�ZLWK�D�WRFRSKHURO�

FRPELQHG�ZLWK� RWKHU� DQWLR[LGDQWV�����2WKHU� H[DPSOHV� RI� WKH� V\QHUJ\� EHWZHHQ� WRFRSKHUROV� DQG�

XQVDWXUDWHG�OLSLGV�ZDV�UHSRUWHG�LQ�IRRG�VXSSOHPHQWV�JLYHQ�WR�ILVK��ZKHUH�SRO\XQVDWXUDWHG�OLSLGV�

DQG�D�WRFRSKHURO�JLYHQ�WRJHWKHU�H[KLELWHG�D�V\QHUJLVWLF�HIIHFW�RQ�WKH�LPPXQH�UHVSRQVH�DQG�GLVHDVH�

UHVLVWDQFH���������323*��D�FULWLFDO�FRPSRQHQW�RI�OXQJ�VXUIDFWDQW��SOD\V�DQ�HVVHQWLDO�UROH�LQ�LWV�SURSHU�

IXQFWLRQLQJ� E\� EHLQJ� VHFWLRQHG� LQWR� OLSLG� UHVHUYRLUV� DW� WKH� HQG� RI� H[SLUDWLRQ�� IDFLOLWDWHG� E\�

VXUIDFWDQW�SURWHLQV�WKDW�DLG�LQ�LWV�DGVRUSWLRQ�WR�WKH�VXUIDFH���±���$FFRUGLQJ�WR�WKH�)'$��YLWDPLQ�(�
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DFHWDWH�ZDV�IRXQG�LQ�FRQFHQWUDWLRQV�XS�WR�����LQ�7+&�FRQWDLQLQJ�H�FLJDUHWWHV�����VXJJHVWLQJ�WKDW�

WKH� DPRXQW� RI� YLWDPLQ� (� DFHWDWH� UHDFKLQJ� WKH� OXQJV� FDQ� EH� VLJQLILFDQWO\� KLJKHU� WKDQ� WKH�

SK\VLRORJLFDO�FRQFHQWUDWLRQ�RI�DSSUR[LPDWHO\������LQ�SKRVSKROLSLGV��2XU�ILQGLQJV�LQGLFDWH� WKDW�

D�WRFRSKHURO�GRHV�QRW�VLJQLILFDQWO\�FKDQJH� WKH�SKDVH�EHKDYLRXU�RI� WKH�323*�XS� WR����PRO���

D�WRFRSKHURO�� ZLWK� WKH� H[FHSWLRQ� RI� LQFUHDVHG� ILOP� VWDELOLW\� �KLJKHU� FROODSVH� SUHVVXUH��� 7KLV�

VXJJHVWV�WKDW�WKH�GDPDJH�WR�WKH�OXQJ�VXUIDFWDQW�PD\�EH�PRUH�UHODWHG�WR�LQWHUDFWLRQV�ZLWK�VDWXUDWHG�

OLSLGV��VXFK�DV�'33&��UDWKHU�WKDQ�XQVDWXUDWHG�OLSLGV�DQG�PD\�QRW�VLJQLILFDQWO\�DOWHU�WKH�IRUPDWLRQ�

RI�OLSLG�UHVHUYRLUV��1RU�GRHV�WKH�DGGLWLRQ�RI����PRO���DQG����PRO���D�WRFRSKHURO�WR�323*�JUHDWO\�

DIIHFW�WKH�FRPSUHVVLELOLW\�RI�WKH�IOXLG�SKDVH�323*�PRQROD\HU��)LJXUH����G���+RZHYHU��ZLWK�WKH�

DGGLWLRQ�RI����PRO���D�WRFRSKHURO��WKH�PRQROD\HU�LV�OHVV�FRPSUHVVLEOH�IRU�VXUIDFH�SUHVVXUHV�XS�

WR����P1�P�ZKLFK� LV� DWWULEXWHG� WR� WKH� LQFUHDVH� LQ� WKH�SDFNLQJ�RI�PRQRXQVDWXUDWHG� OLSLGV�ZLWK�

D�WRFRSKHURO� 

 

�������'HYLDWLRQV�)URP�,GHDO�0L[LQJ 

7R�DVVHVV�WKH�SKRVSKROLSLG�WRFRSKHURO�LQWHUDFWLRQV�LQ�WKH�ELQDU\�PRQROD\HU�PL[WXUHV��PROHFXODU�

DUHD�GHYLDWLRQV�IURP�WKH�LGHDO�PL[LQJ�DUHD��H[FHVV�DUHDV��ZHUH�FDOFXODWHG�IRU�'33&�D�WRFRSKHURO�

�)LJXUH� ���D�� DQG� 323*�D�WRFRSKHURO� �)LJXUH� ���E��� 1XPHULFDO� YDOXHV� IRU� H[FHVV� DUHDV� DUH�

SUHVHQWHG�LQ�7DEOH�%�� 

 
)LJXUH������0ROHFXODU�DUHD�GHYLDWLRQV�IURP�WKH�LGHDO�PL[LQJ�DUHD��H[FHVV�DUHDV��IRU�ELQDU\�PL[WXUHV�RI��D��

'33&�D�WRFRSKHURO�����������������DQG��E��323*�D�WRFRSKHURO�����������������DW�VXUIDFH�SUHVVXUHV�RI���P1�P��

��P1�P�����P1�P�DQG����P1�P��7KH�VWDQGDUG�GHYLDWLRQV�ZHUH�FDOFXODWHG�IURP�WULSOLFDWH�PHDVXUHPHQWV�RI�

WKH�VXUIDFH�SUHVVXUH±PROHFXODU�DUHD�LVRWKHUPV� 

 

3RVLWLYH� GHYLDWLRQV� VLJQLI\� UHSXOVLYH� LQWHUDFWLRQV� OHDGLQJ� WR� ILOP� H[SDQVLRQ�� ZKHUHDV� QHJDWLYH�

GHYLDWLRQV� VLJQLI\� DWWUDFWLYH� LQWHUDFWLRQV� DQG�RU� FRQGHQVDWLRQ����� ([FHVV� DUHD� FDOFXODWLRQV�ZHUH�
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OLPLWHG�WR�D�VXUIDFH�SUHVVXUH�RI����P1�P�GXH�WR�WKH�ORZ�FROODSVH�SUHVVXUH�RI�D�WRFRSKHURO��7KH�

DGGLWLRQ�RI�D�WRFRSKHURO�WR�'33&�VKLIWV�WKH�LVRWKHUPV�WR�ORZHU�PROHFXODU�DUHDV��$�ODUJH�VKLIW�RI�

WKH�SUHVVXUH�RQVHW�DUHD�WR�ORZHU�PROHFXODU�DUHDV�LV�REVHUYHG�IRU�ORZ�DPRXQWV�DGGHG�D�WRFRSKHURO�

����PRO�����7KH�LVRWKHUP�VKLIWV�DJDLQ�ZLWK����PRO���DGGHG�D�WRFRSKHURO�EXW�WKHUH�LV�YHU\�OLWWOH�

GLIIHUHQFH� LQ� WKH�SUHVVXUH�RQVHW�DUHD�EHWZHHQ����DQG����PRO����$W� ODUJH�PROHFXODU�DUHDV� �ORZ�

VXUIDFH� SUHVVXUHV�� ��� P1�P�� ZKHUH� '33&� H[KLELWV� D� /(� SKDVH�� DOO� ELQDU\� PL[WXUHV� RI�

'33&�D�WRFRSKHURO�VKRZ�QHJDWLYH�H[FHVV�DUHDV��)LJXUH����D�DQG�7DEOH�%����,Q�RXU�SUHYLRXV�ZRUN��

D�WRFRSKHURO�VKRZHG�WR�KDYH�VSDFH�ILOOLQJ�HIIHFW�RQ�WKH�/(�SKDVH�ZKLFK�OHG�WR�QHJDWLYH�H[FHVV�

DUHDV�IRU�'33&�D�WRFRSKHURO�������DW�ORZ�VXUIDFH�SUHVVXUHV����P1�P�����7KHVH�QHJDWLYH�H[FHVV�

DUHDV�DUH�VLPLODU�LQ�PDJQLWXGH�IRU�����DQG�����EXW�WKH�PDJQLWXGH�GHFUHDVHV�VLJQLILFDQWO\�ZLWK�KLJK�

SURSRUWLRQV� RI� D�WRFRSKHURO�� � 7KXV�� ZKHQ� '33&� LV� D� PDMRU� FRPSRQHQW� DQG� LQ� D� /(� SKDVH��

D�WRFRSKHURO�KDV�D�VSDFH�ILOOLQJ�HIIHFW��+RZHYHU��ZKHQ�D�WRFRSKHURO�LV�WKH�GRPLQDQW�FRPSRQHQW��

WKHUH�LV�OLWWOH�WR�QR�HIIHFW�RI�PL[LQJ�ZLWK�D�IOXLG�SKDVH�'33&�DQG�WKH�V\VWHP�DSSURDFKHV�LGHDOLW\���

%\� FRPSDULVRQ� WKH� SKRVSKRFKROLQH�323&��ZKLFK� IRUPV� D� IOXLG� SKDVH� DW� DOO� VXUIDFH� SUHVVXUHV��

H[KLELWV�QHJDWLYH�H[FHVV�DUHDV�ZLWK�ORZ�SURSRUWLRQV�RI�WRFRSKHURO�������DQG�SRVLWLYH�H[FHVV�DUHDV�

ZLWK� SURSRUWLRQV� RI� WRFRSKHURO� !� ������� � +RZHYHU�� LW� VKRXOG� EH� QRWHG� WKDW� IRU� 323&�� WKH�

FDOFXODWLRQ� ZDV� EDVHG� RQ� WKH� PLQLPXP� PROHFXODU� DUHD� EHIRUH� FROODSVH�� L�H�� DW� KLJK� VXUIDFH�

SUHVVXUHV��UDWKHU�WKDQ�WKH�PROHFXODU�DUHDV�IRU�ILOPV�DW�WKH�VDPH�VXUIDFH�SUHVVXUH��� 

8SRQ� FRPSUHVVLRQ� WR� KLJKHU� VXUIDFH� SUHVVXUHV� ����� P1�P�� ZKHUH� '33&� IRUPV� D� FRQGHQVHG�

SKDVH��� SRVLWLYH� H[FHVV� DUHDV� DUH� REVHUYHG� �)LJXUH� ���D��� 7KHVH� SRVLWLYH� GHYLDWLRQV� VXJJHVW�

UHSXOVLYH� LQWHUDFWLRQV� EHWZHHQ� '33&� DQG� D�WRFRSKHURO� UHVXOWLQJ� LQ� D� QHW� H[SDQVLRQ� RI� WKH�

PRQROD\HU�� DQ� H[SDQVLRQ� WKDW� KDV� SUHYLRXVO\� EHHQ� UHSRUWHG���� 0RUHRYHU�� LQ� DJUHHPHQW� ZLWK�

1HXQHUW� HW� DO�� WKH� ���� PL[WXUH� VKRZV� WKH� VPDOOHVW� GHYLDWLRQV� IURP� LGHDOLW\� DW� SUHVVXUHV� WKDW�

FRUUHVSRQG�WR�'33&�IRUPLQJ�D�FRQGHQVHG�SKDVH�����7KXV�� WKH�GHYLDWLRQV�IRUP�LGHDOLW\�DUH�ERWK�

SKDVH�DQG�VXUIDFH�SUHVVXUH�GHSHQGHQW� 

%\�FRQWUDVW�� WKH�PL[LQJ�RI�323*�DQG�D�WRFRSKHURO� LV� LQGHSHQGHQW�RI�VXUIDFH�SUHVVXUH��)LJXUH�

���E��IRU�HDFK�323*�D�WRFRSKHURO�PL[WXUH��OLNHO\�EHFDXVH�323*�UHPDLQV�LQ�D�/(�SKDVH�DW�DOO�

VXUIDFH�SUHVVXUHV�XS�WR�FROODSVH��7KH�����PL[WXUH�VKRZV�DQ�H[SDQVLRQ�RI�WKH�ILOP�ZLWK�SRVLWLYH�

H[FHVV�DUHDV�ZLWKLQ�����WR�����c��PROHFXOH�IRU�DOO�VXUIDFH�SUHVVXUHV��7DEOH�%����$JDLQ��WKH�����

PL[WXUH� LV�FORVH� WR� LGHDOLW\�ZLWK�RQO\�D�VPDOO�FRQWUDFWLRQ�RI�WKH�ILOP�DQG�QHJDWLYH�H[FHVV�DUHDV�

ZLWKLQ�±���WR�����c��PROHFXOH��7DEOH�%����$W�KLJKHU�SURSRUWLRQV�RI�WRFRSKHURO��WKH�����PL[WXUH��
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WKHUH�LV�D�PRUH�VLJQLILFDQW�FRQWUDFWLRQ�RI� WKH�ILOP�ZLWK�QHJDWLYH�H[FHVV�DUHDV�ZLWKLQ�±��� WR�����

c��PROHFXOH��7DEOH�%�����,I�RQH�FDOFXODWHV�H[FHVV�DUHDV�DW���P1�P�XVLQJ�WKH�LVRWKHUPV�RI�-XUDN�HW�

DO���7DEOH�%���D�VLPLODU�WUHQG�LV�REVHUYHG�IRU�ELQDU\�PL[WXUHV�RI�D�WRFRSKHURO�ZLWK�323&��QDPHO\��

SRVLWLYH�H[FHVV�DUHDV� IRU� ORZ�SURSRUWLRQV�D�WRFRSKHURO��DOPRVW� LGHDO�DW�����UDWLRV�DQG�QHJDWLYH�

H[FHVV�DUHDV�DW�KLJK�SURSRUWLRQV�RI�D�WRFRSKHURO������)XUWKHUPRUH��WKLV�FDOFXODWLRQ�UHYHDOV�QHJDWLYH�

H[FHVV�DUHDV�DW�DOO�SURSRUWLRQV�IRU�D�WRFRSKHURO�PL[HG�ZLWK�'23&��DJDLQ�ZLWK�D�PLQLPXP�DW�WKH�

����UDWLR��7KHUHIRUH��LW�DSSHDUV�GHJUHH�RI�XQLWV�RI�FKDLQ�XQVDWXUDWLRQ��QRW�KHDGJURXS�LQWHUDFWLRQV��

JRYHUQV�WKH�PL[LQJ�SURSHUWLHV�RI�D�WRFRSKHURO�DV�VLPLODU�H[FHVV�DUHD�WUHQGV�DUH�REVHUYHG�IRU�ERWK�

SKRVSKROLSLGV� 323*� DQG� 323&�� $GGLWLRQDOO\�� WKH� ���� VWRLFKLRPHWU\� SURGXFHV� QHDUO\� LGHDO�

PL[WXUHV�DFURVV�PXOWLSOH�FKDLQ�FRPELQDWLRQV�DQG�KHDGJURXSV��7KHVH�DWWUDFWLYH�LQWHUDFWLRQV�UHVXOW�

LQ�WKH�IRUPDWLRQ�RI�D�PRUH�FRPSDFW��OHVV�FRPSUHVVLEOH��PRQROD\HU��)LJXUH����F�� 

 

�������)LOP�0RUSKRORJ\��%$0� 

7KH�PRUSKRORJLHV�RI�'33&��QHDW�D�WRFRSKHURO�DQG�ELQDU\�PL[WXUHV�RI�'33&�D�WRFRSKHURO�������

����������LPDJHG�ZLWK�%$0�DUH�LOOXVWUDWHG�LQ�)LJXUH����� 
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)LJXUH������%$0�LPDJHV������PP�î�����PP��RI�'33&��'33&�D�WRFRSKHURO��������'33&�D�WRFRSKHURO��������

'33&�D�WRFRSKHURO��������DQG�QHDW�D�WRFRSKHURO��IURP�WRS�WR�ERWWRP��DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�SUHVVXUH�

�IURP�OHIW�WR�ULJKW�����P1�P�����P1�P�����P1�P�����P1�P��DQG����P1�P��1RWH�WKDW�RQO\�IRU�

'33&�D�WRFRSKHURO�������WKH�IXUWKHVW�LPDJH�WR�WKH�ULJKW�LV�WDNHQ�DIWHU�WKH�ILUVW�FROODSVH�DW�DSSUR[LPDWHO\����

P1�P�LQVWHDG�RI����P1�P� 
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$W���P1�P��'33&�VKRZV�WKH�FR�H[LVWHQFH�RI�D�/(�/&�SKDVH�ZKHUH�WKH�/&�SKDVH�LV�FKDUDFWHUL]HG�

E\� D� ZHOO�HVWDEOLVKHG�������� WULVNHOLRQ� VKDSH� LQ� WKH� SUHVHQFH� RI� VDOW� EXIIHU� VXESKDVH�� 8SRQ�

FRPSUHVVLRQ������P1�P�WKH�JURZWK�RI�WKH�FRQGHQVHG�SKDVH�OHDGV�WR�FRYHULQJ�WKH�ZKROH�PRQROD\HU�

LQ�D�KRPRJHQHRXV�'33&�/&�SKDVH��)LJXUH������������� 

:LWK����PRO���DGGHG�D�WRFRSKHURO�� WKHUH�LV�D�VLJQLILFDQW�UHGXFWLRQ�LQ�WKH�/&�SKDVH�DFURVV�DOO�

VXUIDFH�SUHVVXUHV� �KLJKHU�SURSRUWLRQ�RI�/(�SKDVH��� LQGLFDWLQJ�D� IOXLGL]DWLRQ�RI� WKH�FRQGHQVDEOH�

'33&�ULFK�SKDVH��7KLV�REVHUYDWLRQ�LV�FRQVLVWHQW�ZLWK�WKH�EURDGHQLQJ�RI�WKH�/(�/&�SKDVH�WUDQVLWLRQ�

LQ�VXUIDFH�SUHVVXUH�DUHD�LVRWKHUPV�IRU�'33&�D�WRFRSKHURO��������)LJXUH����D���$GGLWLRQDOO\��WKH�

/&�GRPDLQV�DUH�PXFK�VPDOOHU�DQG�QR�ORQJHU�WULVNHOLRQ�LQ�VKDSH��LQVWHDG�KDYLQJ�D�PRUH�FLUFXODU�

PRUSKRORJ\� WKDW� SHUVLVWV� HYHQ� DW� KLJK� SUHVVXUHV� RI� ���P1�P� �VHH� )LJXUH� %�� IRU� DQ� HQKDQFHG�

FRQWUDVW� LPDJH���)RU�WKH�VDPH�OLSLG�V\VWHP��-XUDN�HW�DO�� UHSRUWHG�WKH�DEVHQFH�RI�DQ\�FRQGHQVHG�

SKDVH� GRPDLQV� ZLWK� DGGHG� ���PRO���D�WRFRSKHURO���� KRZHYHU� WKLV�PD\� EH� GXH� WR� WKH� ORZHU�

UHVROXWLRQ�RI�WKH�%$0�XVHG��:LWK����PRO���D�WRFRSKHURO��QR�GLVFHUQDEOH�/&�SKDVH�LV�REVHUYHG�

XS� WR����P1�P��KRZHYHU��E\����P1�P�� VPDOO�FLUFXODU�GRPDLQV�ZLWK�YDU\LQJ�EULJKWQHVV� OHYHOV�

DSSHDU�ZKLOH�ZLWK����PRO���D�WRFRSKHURO��WKHVH�DSSHDU�DOUHDG\�DW�D�VXUIDFH�SUHVVXUH����P1�P�

�)LJXUH� ������ 7KHVH� EULJKW� GRPDLQV� FRUUHVSRQG� WR� WKH� H[SXOVLRQ� RI� D�WRFRSKHURO� IURP� WKH�

PRQROD\HU�VXUIDFH�DV�WKH�PRUSKRORJ\�FRUUHVSRQGV�WR�WKDW�RI�WKH�FROODSVH�RI�D�WRFRSKHURO��)LJXUH�

��������5HJDUGOHVV�RI�WKH�SURSRUWLRQ�RI�D�WRFRSKHURO�DGGHG��WKHUH�LV�D�FRQVLVWHQW�UHGXFWLRQ�LQ�WKH�

/&�SKDVH�DQG�WKH�HPHUJHQFH�RI�EULJKW��'�SURWUXVLRQV�RFFXUULQJ�DW�ORZHU�VXUIDFH�SUHVVXUHV�LQ�WKH�

IROORZLQJ�RUGHU�RI�D�WRFRSKHURO�DGGHG�LQ�'33&�����PRO�������PRO���DQG����PRO����7KH�ODUJHU�

DPRXQW�RI�WKH�/(�SKDVH�FRUUHODWHV�ZHOO�WR�WKH�GHFUHDVH�LQ�FRPSUHVVLELOLW\�PRGXOL�REVHUYHG�IRU�DOO�

WKH�'33&�D�WRFRSKHURO�PL[HG�PRQROD\HU�ILOPV�FRPSDUHG�WR�'33&�DORQH��)LJXUH�����DQG�)LJXUH�

���F��DQG�WKH�SRVLWLYH�H[FHVV�DUHDV�DW�KLJK�VXUIDFH�SUHVVXUHV��)LJXUH����D��� 

7KH�PRUSKRORJLHV�RI�323*��QHDW�D�WRFRSKHURO�DQG�ELQDU\�PL[WXUHV�RI�323*�D�WRFRSKHURO�������

����������LPDJHG�ZLWK�%$0�DUH�LOOXVWUDWHG�LQ�)LJXUH������)RU�323*��D�KRPRJHQRXV�/(�SKDVH�LV�

REVHUYHG� LQ� %$0� PHDVXUHPHQWV� IRU� DOO� VXUIDFH� SUHVVXUHV�� $OO� PL[WXUHV� RI� 323*� ZLWK�

D�WRFRSKHURO�DOVR�VKRZ�D�KRPRJHQHRXV�ILOP�XS�WR����P1�P��:KLOH�323*�D�WRFRSKHURO�������

UHPDLQV�KRPRJHQHRXV�XS�WR����P1�P��ERWK�323*�D�WRFRSKHURO�������DQG�323*�D�WRFRSKHURO�

������ IRUP� VPDOO� EULJKW� FLUFXODU� GRPDLQV� E\� ��� P1�P� FRQVLVWHQW� ZLWK� WKH� H[SXOVLRQ� RI�

D�WRFRSKHURO� 
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)LJXUH������%$0�LPDJHV������PP�î�����PP��RI�323*��323*�D�WRFRSKHURO��������323*�D�WRFRSKHURO��������

323*�D�WRFRSKHURO��������DQG�QHDW�D�WRFRSKHURO��IURP�WRS�WR�ERWWRP��DV�D�IXQFWLRQ�RI�WKH�VXUIDFH�SUHVVXUH�

�IURP�OHIW�WR�ULJKW���a���P1�P��a���P1�P��DQG�a���P1�P� 
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�������)LOP�0RUSKRORJ\��$)0� 

7R�SUREH�WKH�PRUSKRORJ\�RI�'33&�DQG�PL[WXUHV�RI�'33&�DQG�D�WRFRSKHURO�LQ�PRUH�GHWDLO��$)0�

LPDJLQJ�ZDV�HPSOR\HG��)LJXUHV�����DQG������ 

 
)LJXUH������$)0�LPDJHV�RI�PRQROD\HU�ILOPV�WUDQVIHUUHG�RQWR�PLFD�DW���P1�P�����P1�P�����P1�P�����P1�P��

DQG����P1�P��/()7�WR�5,*+7��IRU�'33&��'33&�D�WRFRSKHURO��������'33&�D�WRFRSKHURO��������DQG�

'33&�D�WRFRSKHURO��������723�WR�%27720���1RWH�WKDW�DOO�LPDJHV�DUH�VFDQQHG�DW�D�VL]H�RI����PP�î����PP� 

 

,Q�DJUHHPHQW�ZLWK�%$0�LPDJLQJ��WKH�'33&�VKRZV�DQ�/(�/&�SKDVH�FR�H[LVWHQFH�IURP���P1�P�

WKDW�IXOO\�FRDOHVFHV�E\����P1�P��)LJXUH�������6LPLODUO\��WKH�FOHDU�UHGXFWLRQ�LQ�WKH�FRYHUDJH�E\�WKH�

/&�SKDVH�DW�DOO�SUHVVXUHV�IRU����PRO���D�WRFRSKHURO��DQG�ODFN�RI�GRPDLQ�FRDOHVFHQFH�LV�HYLGHQW��

7KH�GRPDLQV�IRUPHG�DUH�DOVR�VPDOOHU�DQG�LUUHJXODU�VKDSHG��$W�D�PRODU�UDWLR�RI�����WKHUH�LV�DQ�HYHQ�

JUHDWHU�UHGXFWLRQ�LQ�FRYHUDJH�E\�DQ�/&�SKDVH�IRU�DOO�VXUIDFH�SUHVVXUHV��6PDOOHU�VFDQ�VL]H�LPDJHV�

ZHUH�REWDLQHG�DQG�DUH�VKRZQ�LQ�)LJXUH�%���%HORZ����P1�P��YHU\�VPDOO�LQ�GLDPHWHU��DSSUR[������

PP��EULJKW�VSRWV�DSSHDU�WKDW�DUH���������QP�LQ�KHLJKW�WKDW�DUH�OLNHO\�WKH�QXFOHDWLRQ�VLWHV�IRU�WKH�



� � 
 

66 

FROODSVH�RI�WKH�D�WRFRSKHURO���7KHVH�SURWUXVLRQV�ZRXOG�EH�WRR�VPDOO�WR�EH�REVHUYHG�E\�%$0��%\�

���P1�P��WZR�SRSXODWLRQV�DUH�REVHUYHG��QDPHO\�GRPDLQV�FRUUHVSRQGLQJ�WR�DQ�/&�SKDVH������QP�

LQ�KHLJKW�UHODWLYH�WR�WKH�/(�SKDVH�DQG�ZLWK�GRPDLQ�ZLGWKV�OHVV�WKDQ���PP��DQG�WKH�VDPH�KLJKHU�

SURWUXVLRQV��%\����P1�P��WKH�PRUSKRORJ\�LV�GLVWLQFWO\�GLIIHUHQW�DQG�H[KLELWV�DW�OHDVW�WKUHH�GLIIHUHQW�

SRSXODWLRQV�RI�GRPDLQV��7KH�/&�SKDVH�GRPDLQV�IRUP�DQ�LQWHUFRQQHFWHG�QHWZRUN��$�QHZ�SRSXODWLRQ�

RI�QDQRGRPDLQV�WKDW�DUH�RQ�DYHUDJH�����QP�DERYH�WKH�/(�SKDVH�DQG�DUH�SULPDULO\�ORFDWHG�DW�WKH�

SHULPHWHU� RI� WKH� FRQGHQVHG� SKDVH� GRPDLQV� �)LJXUH� ���D��� )LQDOO\�� ODUJH�GLDPHWHU�� YHU\� WDOO�

SURWUXVLRQV�WKDW�FDQ�EH�HDVLO\�YLVXDOL]HG�E\�%$0�EHJLQ�WR�DSSHDU��7RFRSKHUROV�DUH�SURSRVHG�WR�

KDYH� OLQDFWDQW� DFWLYLW\�������� DQG� RWKHU� VWURQJ� OLQDFWDQWV� KDYH� VKRZQ� WR� SDUWLWLRQ� DW� WKH� SKDVH�

ERXQGDULHV�DQG�WR�UHOD[�GHIRUPHG�GRPDLQV�EDFN�WR�D�FLUFXODU�PRUSKRORJ\�����VLPLODU�WR�WKH�FLUFXODU�

PRUSKRORJ\�REVHUYHG�KHUH�ZLWK�LQFUHDVLQJ�SURSRUWLRQ�RI�D�WRFRSKHURO��)LJXUH�����DQG�)LJXUH�%����

7KH�DEVHQFH�RI�D�YLVLEOH�FRQGHQVHG�SKDVH�LQ�%$0�PHDVXUHPHQWV�IRU�'33&�D�WRFRSKHURO�������LV�

GXH�WR�WKH�/&�GRPDLQV�EHLQJ�EHORZ�WKH�ODWHUDO�UHVROXWLRQ�RI�%$0��KRZHYHU�$)0�KLJKOLJKWV�WKDW�

WKH�'33&�FRQGHQVHG�SKDVH�LV�QRW�FRPSOHWHO\�IOXLGL]HG�DW�WKH�����'33&�D�WRFRSKHURO�UDWLR��DV�ZDV�

SUHYLRXVO\�UHSRUWHG��)LJXUH������)LJXUH������)LJXUH�%����� 

 
)LJXUH�������D��$)0�LPDJHV�RI�'33&�D�WRFRSKHURO�������DW�D�VXUIDFH�SUHVVXUH�RI����P1�P�WDNHQ�DW�D�VFDQ�VL]H�

RI����PP�î����PP��/()7���DQG���PP�î���PP��5,*+7����E��+LVWRJUDP�IRU�WKH�KHLJKW�RI�WKH�QDQRGRPDLQV��DW�

WKH�ERXQGDULHV�RI�FRQGHQVHG�SKDVH�GRPDLQV��REVHUYHG�LQ�'33&�D�WRFRSKHURO��������7KH�KLVWRJUDP�SUHVHQWV�

WKH�KHLJKWV�RI�QDQRGRPDLQV�UHODWLYH�WR�WKH�ORZHU�FRQWLQXRXV�SKDVH��Q!�����XVLQJ�SRROHG�GDWD�IURP�WZR�

LQGHSHQGHQWO\�SUHSDUHG�VDPSOHV��PLQLPXP�WKUHH�DUHDV�LPDJHG�SHU�VDPSOH� 
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7KH�QDQRGRPDLQ�KHLJKWV�UHODWLYH�WR�WKH�ORZHU�SKDVH�DUH�GLVWULEXWHG�IURP�����QP�WR�����QP��ZLWK�

WKH�KLJKHVW�SRSXODWHG�ELQV�EHLQJ�����QP�WR�����QP��)LJXUH����E���7KH�KHLJKW�RI�WKH�ORZHVW�SKDVH�

�FRQVLVWLQJ�RI�'33&�DQG�D�WRFRSKHURO��LV�HVWLPDWHG�DW�����QP�WR�����QP��7KH�KHLJKW�RI�DQ�XQWLOWHG�

D�WRFRSKHURO�ELOD\HU��FDOFXODWHG�DVVXPLQJ�IXOO�H[WHQVLRQ�RI�WKH�FKDLQ�� LV�DSSUR[LPDWHO\�����QP�

DQG�D�WULOD\HU�ZRXOG�EH�DSSUR[LPDWHO\�����QP��QRWH�WKDW�WKHVH�YDOXHV�UHSUHVHQW�PD[LPDO�OHQJWKV�DV�

WKH�D�WRFRSKHURO�FKDLQ�LV�XQOLNHO\�WR�EH�IXOO\�H[WHQGHG���7KH�QDQRGRPDLQ�KHLJKWV�FRUUHODWH�ZHOO�

ZLWK� D�WRFRSKHURO� ELOD\HUV� DQG� PXOWLOD\HUV�� ZKLFK� FRXOG� HYHQ� EH� LQWHUGLJLWDWHG�� 7KHVH�

REVHUYDWLRQV� VXJJHVW� WKDW� D�WRFRSKHURO�� GXH� WR� LWV� OLQDFWDQW� SURSHUWLHV�� FOXVWHUV� DW� WKH� SKDVH�

ERXQGDU\�EHWZHHQ�WKH�/(�DQG�FRQGHQVHG�SKDVH�DQG�FDQ�VWDFN�DV�EL��DQG�RU�WULOD\HUV�WKDW�FDQ�JURZ�

ODWHUDOO\��4XLQQ�HW�DO���VKRZHG�D�WRFRSKHURO�WR�SKDVH�VHSDUDWH�LQWR�HQULFKHG�D�WRFRSKHURO�GRPDLQV�

LQ� '33&�D�WRFRSKHURO� ELOD\HUV� XVLQJ� ORZ�DQJOH� ;�UD\� GLIIUDFWLRQ����� 7KH� D�WRFRSKHURO�ULFK�

GRPDLQV�ZHUH� QRW� GHSHQGHQW� RQ� WKH� SKDVH� VWDWH� RI� WKH�'33&� �JHO� RU� OLTXLG� FU\VWDOOLQH�� LQ� WKH�

PXOWLODPHOODU� GLVSHUVLRQ�� $GGLWLRQDOO\�� WKH\� REVHUYHG� WKH� SRVLWLRQDO� FRUUHODWLRQ� RI� WKH�

D�WRFRSKHURO� HQULFKHG� GRPDLQV� EHWZHHQ� ELOD\HUV� ZKLFK� ZRXOG� DJUHH� ZLWK� D�WRFRSKHURO�

PXOWLOD\HU�IRUPDWLRQ�LQ�WKH�PL[HG�PRQROD\HUV�DW����P1�P�ZKLFK�LV�WKH�VXUIDFH�SUHVVXUH�JHQHUDOO\�

DFFHSWHG�WR�FRUUHODWH�WR�D�ELOD\HU��(DFK�QDQRGRPDLQ�PD\�DOVR�UHSUHVHQW�WKH�LQLWLDO�SRLQWV�RI�WKH�

D�WRFRSKHURO�H[SXOVLRQ��L�H��WKH�QXFOHDWLRQ�RI�WKH�ODUJHU�DJJUHJDWHV��7KHVH�ODUJHU�EULJKW�DJJUHJDWHV�

UHDFK�KHLJKWV�RI���������QP��DUH�REVHUYHG�E\�ERWK�%$0�DQG�$)0��)LJXUH�����DQG�������EXW�DUH�

RQO\�SUHVHQW�DIWHU� WKH�D�WRFRSKHURO�FROODSVH�� �:LWK� WKH�DGGLWLRQ�RI����PRO���D�WRFRSKHURO� LQ�

'33&��WKH�PRQROD\HU�RQO\�IRUPV�DQ�/(�SKDVH�DW�VXUIDFH�SUHVVXUHV������P1�P�DQG�DERYH�WKHVH�

SUHVVXUHV�FRQGHQVHG�SKDVH�GRPDLQV�DUH�REVHUYHG�EXW�DUH�WRR�VPDOO�ODWHUDOO\�IRU�WKHLU�KHLJKW�WR�EH�

DFFXUDWHO\�GHWHUPLQHG�� ,Q�DOO�PL[WXUHV��DV� WKH�SURSRUWLRQ�RI�D�WRFRSKHURO� LQFUHDVHV�� WKHUH�LV�DQ�

LQFUHDVH�LQ�WKH�SURSRUWLRQ�RI�/(�SKDVH�DW�DOO�VXUIDFH�SUHVVXUHV�ZKLFK�FRUUHODWHV�ZHOO�WR�WKH�GHFUHDVH�

LQ�FRPSUHVVLELOLW\�PRGXOL�REVHUYHG��)LJXUH�����DQG�)LJXUH����F�� 
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)LJXUH������$)0�LPDJHV�RI�PRQROD\HU�ILOPV�WUDQVIHUUHG�RQWR�PLFD�DW����P1�P��DQG����P1�P��/()7�WR�

5,*+7��IRU�323*�D�WRFRSKHURO��������323*�D�WRFRSKHURO��������DQG�323*�D�WRFRSKHURO��������723�WR�

%27720���1RWH�WKDW�DOO�LPDJHV�DUH�VFDQQHG�DW�D�VL]H�RI����PP�î����PP� 

 

7KH�D�WRFRSKHURO�DSSHDUV�WR�PL[�IXOO\�ZLWK�323*�DW�DOO�PL[LQJ�UDWLRV��REVHUYHG�DV�D�KRPRJHQHRXV�

PRQROD\HU��DQG�WKH�ILOP�UHPDLQV�LQ�WKH�/(�SKDVH�DW�DOO�VXUIDFH�SUHVVXUHV��)LJXUH�������7KH�VDPH�

EULJKW�DJJUHJDWHV�DSSHDU�DIWHU�WKH�LQGHSHQGHQW�FROODSVH�RI�D�WRFRSKHURO���$V�323*�LV�QRW�D�PDLQ�

FRPSRQHQW� LQ� PDPPDOLDQ� PHPEUDQHV� �DVLGH� IURP� OXQJ� VXUIDFWDQW��� LWV� PLVFLELOLW\� ZLWK�

D�WRFRSKHURO�KDV�EHHQ�PXFK�OHVV�VWXGLHG�WKDQ�WKH�DQDORJRXV�SKRVSKRFKROLQH�323&��([FHVV�DUHDV�

RI�323&�ZLWK�D�WRFRSKHURO���DQG�323*�ZLWK�D�WRFRSKHURO�XS�WR���P1�P�IROORZ�WKH�VDPH�WUHQGV�

DQG� ERWK� DSSHDU� PLVFLEOH�� 7KH� PLVFLELOLW\� LV� JRYHUQHG� E\� WKH� FKDLQ� FRPELQDWLRQ� DQG� QRW� WKH�

KHDGJURXS�FKHPLFDO� VWUXFWXUH� DV� SUHYLRXVO\� VHHQ�ZKHUH�PRQRXQVDWXUDWHG�SKRVSKRFKROLQHV� DQG�

SKRVSKRJO\FHUROV�EHKDYH�VLPLODUO\��HYLGHQFHG�E\�VXUIDFH�SUHVVXUH�DUHD�LVRWKHUPV�DQG�H[FHVV�DUHD�

FDOFXODWLRQV��7KH� HIIHFWV� RI�D�WRFRSKHURO� RQ� WKH�PRUSKRORJ\� DQG�PLVFLELOLW\� RI�323*�FDQ� EH�

WUDQVODWHG�WR�LWV�LPSDFW�RQ�323&�WKDW�LV�SUHGRPLQDQWO\�IRXQG�LQ�PDPPDOLDQ�FHOO�PHPEUDQHV��� 
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�������0ROHFXODU�6WUXFWXUH�RI�0L[HG�0RQROD\HUV��*,;'�	�;5 

)RU� '33&�D�WRFRSKHURO� ������ LQ� VLWX� ;�UD\� GLIIUDFWLRQ� PHDVXUHPHQWV� ZHUH� PDGH� DW� VXUIDFH�

SUHVVXUHV����P1�P�����P1�P�DQG����P1�P��)LJXUH������ 

 
)LJXUH������&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLWLHV�YHUVXV�LQ�SODQH�VFDWWHULQJ�YHFWRU�FRPSRQHQWV�4[\�DQG�4]�IRU�

'33&�D�WRFRSKHURO�������DW�VXUIDFH�SUHVVXUHV��OHIW�WR�ULJKW������P1�P�����P1�P�DQG����P1�P��1RWH�ILWWHG�

SDUDPHWHUV�SURGXFHG�D�WLOW�DQJOH�RI��R�DQG�/F�LQ�WKH�4]�GLUHFWLRQ�RI����c� 

 

$W����P1�P�WKH�'33&�ULFK�SKDVH�GRPDLQV�GR�QRW�JHQHUDWH�HQRXJK�VXUIDFH�FRYHUDJH�WR�SURGXFH�D�

GLIIUDFWLRQ�VLJQDO��VLQFH�WKH�PRQROD\HU�LV�DOPRVW�HQWLUHO\�RFFXSLHG�E\�D�/(�SKDVH��$W����P1�P��

WKH�'33&�D�WRFRSKHURO� ������\LHOGV�D�YHU\�ZHDN��GLIIXVH�VLJQDO�DJDLQ�GXH� WR� ORZ�FRYHUDJH�E\�

FRQGHQVHG�SKDVH�DQG�RU�D�ZHDNO\�FRUUHODWHG�FRQGHQVHG�SKDVH��$W����P1�P��WKH�D�WRFRSKHURO�KDV�

FROODSVHG�DQG�EHHQ�H[FOXGHG�IURP�WKH�PRQROD\HU��OHDYLQJ�WKH�PRQROD\HU�HQULFKHG�LQ�WKH�'33&�

ULFK�FRQGHQVHG�SKDVH�ZKLFK�\LHOGV�D�VWURQJHU�GLIIUDFWLRQ�VLJQDO�WKDW�FRUUHVSRQGV�WR�DQ�DON\O�FKDLQ�

WLOW�DQJOH�RI��R��)LJXUH�������$�VLPLODU�GHFUHDVH�LQ�'33&�FKDLQ�WLOW�DQJOH�KDV�DOVR�EHHQ�REVHUYHG�IRU�

D�WRFRSKHURO�DGGHG�LQ�'33&�323*�PRGHO�OXQJ�PHPEUDQHV�DW�KLJK�FRPSUHVVLRQ�VWDWHV��RZHG�WR�

D�WRFRSKHURO� LQWHUFDODWLQJ� EHWZHHQ� '33&� PROHFXOHV� LQ� WKH� '33&�ULFK� FRQGHQVHG� SKDVH�����

'LIIUDFWLRQ�PHDVXUHPHQWV�ZHUH�DOVR�REWDLQHG�IRU�323*�D�WRFRSKHURO�������VKRZQ�LQ�)LJXUH�%��

DW�D�VXUIDFH�SUHVVXUH����P1�P�DQG�VKRZV�QR�GLIIUDFWLRQ�ZKLFK�FRUUHODWH�WR�D�/(�PRQROD\HU�DV�DOVR�

REVHUYHG�E\�%$0�DQG�$)0�� 

;�UD\� UHIOHFWLYLW\�QXPHULFDO�YDOXHV� IRU�'33&��323*�DQG�'33&�RU�323*�D�WRFRSKHURO� ������

ILWWHG�SDUDPHWHUV�IRU�WKH�WKLFNQHVV�DQG�HOHFWURQ�GHQVLW\�IRXQG�DW�WKH�WDLO�DQG�KHDGJURXS�UHJLRQ�DUH�

VKRZQ�LQ�7DEOH������7KH�'33&�FRQGHQVHG�SKDVH�KDV�D������c�WKLFN�WDLO�UHJLRQ�WKDW�GHFUHDVHV�WR�

�����c�ZLWK�WKH�DGGLWLRQ�RI����PRO���D�WRFRSKHURO�VLQFH�WKH�ILOP�LV�GRPLQDWHG�E\�D�/(�SKDVH�
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ZKLFK� KDV� D� ORZHU� WKLFNQHVV��7KHUH� LV� DOVR� DQ� LQFUHDVH� KHDGJURXS� OD\HU� WKLFNQHVV� IURP� ����c�

�ZLWKRXW� D�WRFRSKHURO�� WR� ���� c� �ZLWK� ��� PRO� �� D�WRFRSKHURO��� DWWULEXWHG� WR� WKH� PROHFXODU�

SODFHPHQW�RI�WKH�FKURPDQRO�ULQJ�DW�WKH�DLU�ZDWHU�LQWHUSKDVH���������7KH�FKURPDQRO�ULQJ�LV�QRW�IXOO\�

VXEPHUJHG�LQWR�WKH�VXESKDVH�FDXVLQJ�WKH�LQFUHDVH�LQ�KHDGJURXS�WKLFNQHVV��7KH�HOHFWURQ�GHQVLW\�DW�

WKH� KHDGJURXS� UHJLRQ� GHFUHDVHV� GXH� WR� SKRVSKRFKROLQH� KHDGJURXSV� EHLQJ� IXUWKHU� DSDUW� DV� WKH�

D�WRFRSKHURO�LQVHUWV�EHWZHHQ�'33&�PROHFXOHV��$V�REVHUYHG�ZLWK�WKH�IOXLGL]DWLRQ�RI�'33&��WKH�

323*�OLTXLG�H[SDQGHG�SKDVH�DOVR�KDV�D� WKLQQHU�WDLO�UHJLRQ�RI������c�WKH�WKLFNQHVV�RI�ZKLFK�LV�

IXUWKHU� UHGXFHG�ZLWK� WKH� DGGLWLRQ� RI�D�WRFRSKHURO� WR� ���� c� VLQFH�D�WRFRSKHURO� KDV� D� VKRUWHU�

K\GURFDUERQ�EUDQFKHG�WDLO�OHQJWK�WKDQ�323*��7KH�GHFUHDVH�LQ�KHDGJURXS�WKLFNQHVV�VXJJHVWV�WKDW�

LQ� 323*�D�WRFRSKHURO� PL[HG� PRQROD\HUV�� WKH� FKURPDQRO� PRLHW\� VLWV� ORZHU� DQG� LQGXFHV� D�

SKRVSKRJO\FHURO� KHDGJURXS� UH�RULHQWDWLRQ�� 6LPLODUO\�� LQ� PHPEUDQHV� ZLWK� D� SKRVSKRFKROLQH�

KHDGJURXS��WRFRSKHURO¶V�K\GUR[\O�JURXS�VXEPHUJHV�GHHSHU�ZLWK�LQFUHDVH�XQVDWXUDWLRQ�RI�OLSLGV��

LQGLFDWLQJ�D�SUHIHUHQFH�IRU�SRVLWLRQLQJ�QHDU�R[LGL]DEOH�ERQGV������ 

 
Table 3.1. Fitted parameters for XR data for DPPC and POPG with 50 mol % D�tocopherol at 22.0 ± 0.5 °C, 

and at 35 mN/m. *All data obtained with a TBS subphase except for POPG which is on an ultrapure water 

subphase. 

 7DLO  +HDGJURXS  

6\VWHP 7KLFNQHVV��c�  U��H�c���  7KLFNQHVV��c�  U��H�c���  

'33& ���� ����� ��� ����� 

'33&�D�WRFRSKHURO������  ���� ����� ��� ����� 

323*
 ���� ����� ���� ����� 

323*�D�WRFRSKHURO������ ��� ����� ��� ����� 
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�����&RQFOXVLRQ 

7KLV� VWXG\� SURYLGHV� LQVLJKWV� LQWR� WKH� LQWHUDFWLRQV� EHWZHHQ� '33&�� 323*�� DQG� D�WRFRSKHURO��

KLJKOLJKWLQJ�WKHLU�PLVFLELOLW\�DQG�VWUXFWXUDO�EHKDYLRUV��323*�IRUPHG�KRPRJHQHRXV�PRQROD\HUV�

ZLWK�SURSRUWLRQV�RI�XS�WR����PRO���D�WRFRSKHURO��$�QHDU�LGHDO�PL[WXUH�ZDV�DFKLHYHG�ZLWK����PRO�

�� D�WRFRSKHURO� DGGHG� WR� 323*� ZKLFK� DOVR� VWDELOL]HG� WKH� ILOP� WR� KLJKHU� VXUIDFH� SUHVVXUHV��

LQGLFDWLQJ� D� V\QHUJLVWLF� HIIHFW� EHWZHHQ� WKH� WZR� DQG� SHUKDSV� SRWHQWLDO� IRU� GHVLJQLQJ� OLSLG�

DQWLR[LGDQW� V\VWHPV� IRU� WKHUDSLHV� WKDW� RSWLPL]H� SURWHFWLYH� HIIHFWV� ZLWKRXW� GLVUXSWLQJ� OLSLG�

VWUXFWXUHV���7R�RXU�NQRZOHGJH��WKH�PLVFLELOLW\�RI�D�WRFRSKHURO�ZLWK�SKRVSKRJO\FHUROV�KDV�QRW�EHHQ�

VWXGLHG���+HUHLQ�ZH�KDYH�VKRZQ�WKDW�323*�VKRZV�VLPLODU�PL[LQJ�EHKDYLRXU�ZLWK�D�WRFRSKHURO�WR�

323&��XQGHUVFRULQJ�WKH�GHSHQGHQFH�RI�WKH�PL[LQJ�EHKDYLRXU�RQ�DON\O�FKDLQ�FRPELQDWLRQ�UDWKHU�

WKDQ�KHDGJURXS�VWUXFWXUH��)XUWKHUPRUH��D�����UDWLR�RI�D�WRFRSKHURO�ZLWK�HLWKHU�'33&�RU�323*�

\LHOGV�DQ�DOPRVW�LGHDO�PL[WXUH��LQ�DJUHHPHQW�ZLWK�RWKHU�VWXGLHV�RQ�XQVDWXUDWHG�SKRVSKRFKROLQHV��

7KH�LPSRUWDQFH�RI�WKLV�PL[LQJ�UDWLR�ZKLFK�LV�FRPPRQ�DFURVV�PXOWLSOH�FKDLQ�DQG�KHDGJURXS�W\SHV��

QHHGV�IXUWKHU�LQYHVWLJDWLRQ� 

2Q� WKH� RWKHU� KDQG�� ZH� ILQG� WKDW� '33&� DQG� D�WRFRSKHURO� H[KLELW� SDUWLDO� PLVFLELOLW\�� ZLWK�

D�WRFRSKHURO� FROODSVLQJ� LQGHSHQGHQWO\� DFURVV� DOO� PL[WXUHV�� 7KH� PRQROD\HU� EHFDPH� PRUH�

FRPSUHVVLEOH�DQG�ZLWK�OLWWOH�RU�QR�GHSHQGHQFH�RQ�WKH�D�WRFRSKHURO�FRQWHQW��1RWDEO\��D�FRQGHQVHG�

SKDVH�ZDV�VWLOO�REVHUYHG�DW����PRO���DQG����PRO���D�WRFRSKHURO��DV�UHYHDOHG�E\�$)0��LQ�FRQWUDVW�

WR� SUHYLRXV� UHSRUWV�� 7KH� OLQDFWDQW� FDSDELOLW\� RI� D�WRFRSKHURO� ZDV� DOVR� REVHUYHG� WKURXJK� WKH�

IRUPDWLRQ� RI� D�WRFRSKHURO� QDQRGRPDLQV�� SULPDULO\� SRSXODWLQJ� WKH� LQWHUIDFH� EHWZHHQ� WKH�

FRQGHQVHG�DQG�/(�SKDVHV�ZLWK�KHLJKWV�EHWZHHQ���QP�DQG���QP�DERYH�WKH�/(�SKDVH��7KH�KHLJKWV�

RI� QDQRGRPDLQV� VXJJHVW� WKH� SUHVHQFH� RI� D�WRFRSKHURO� FOXVWHUV� FKDUDFWHUL]HG� E\� ELOD\HUV� DQG�

PXOWLOD\HUV��ZKLFK�PD\�DOVR�LQWHUGLJLWDWH��7KH�IRUPDWLRQ�RI�D�WRFRSKHURO�QDQRGRPDLQV�DQG�WKHLU�

VWDELOLW\�XQGHU�FRPSUHVVLRQ�ZLWKLQ�WKH�OLSLG�PRQROD\HU�FDQ�EH�XVHG�LQ�FUHDWLQJ�VWDEOH��RUJDQL]HG�

QDQR�FDUULHUV�IRU�GUXJ�GHOLYHU\��7KH�DSSURDFK�HQYLVLRQV�WR�GHYHORS�WKHUDSLHV�UHODWHG�WR�R[LGDWLYH�

VWUHVV�E\�VSHFLILFDOO\�WDUJHWLQJ�XQVDWXUDWHG�OLSLGV��,W�DOVR�FDQ�LQYROYH�HQJLQHHULQJ�D�WRFRSKHURO�

EDVHG�QDQRGRPDLQV�WR�HQFDSVXODWH�GUXJV��ZKLFK�ZLOO�HPEHG�LQWR�PHPEUDQHV�DQG�HQDEOH�WDUJHWHG�

GUXJ�GHOLYHU\�LQWR�WKH�FHOO� 

$OWKRXJK�HDUO\�ELOD\HU�VWXGLHV�VXJJHVW�WKDW�D�WRFRSKHURO�ZRXOG�IRUP�FOXVWHUV�IURP�HLWKHU�/(�RU�

FRQGHQVHG� SKDVH����� ZH� GR� QRW� VHH� WKDW� HYLGHQFH� HVSHFLDOO\� ZLWK� /(� 323*�� DOWKRXJK� SKDVH�
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VHSDUDWLRQ�ZDV�HYLGHQW�ZLWK�WKH�'33&�FRQGHQVHG�SKDVH��7KLV�GLIIHUHQFH�PD\�EH�DWWULEXWHG�WR�WKH�

GLIIHUHQFHV� LQ� OLSLG� FRPSRVLWLRQ� XVHG� RU� WKH� FRQWUDVWLQJ� EHKDYLRXUV� EHWZHHQ� ELOD\HUV� DQG�

PRQROD\HUV�� UHYHDOLQJ� DGGLWLRQDO� FRPSOH[LWLHV� QRW� DSSDUHQW� LQ� PRQROD\HU� V\VWHPV�� 6WUXFWXUDO�

;�UD\�VWXGLHV�IXUWKHU�GHPRQVWUDWHG�WKDW�D�WRFRSKHURO�LQWHJUDWHV�LQWR�WKH�'33&�FRQGHQVHG�SKDVH�

DW�FRQFHQWUDWLRQV�DV�KLJK�DV����PRO���D�WRFRSKHURO��DOLJQLQJ�ZLWK�SUHYLRXV�UHVHDUFK�WKDW�VKRZHG�

LWV�LQFRUSRUDWLRQV�DW�OHYHOV�DV�ORZ�DV����PRO�������$GGLWLRQDOO\��D�WRFRSKHURO�ZDV�IRXQG�SRVLWLRQ�

LWVHOI�GHHSHU�ZLWKLQ�WKH�PRQROD\HU�RI�323*�FRPSDUHG�WR�'33&��KLJKOLJKWLQJ�KRZ�WKH�GHJUHH�RI�

XQVDWXUDWLRQ�LQIOXHQFHV�DQWLR[LGDQW�SRVLWLRQLQJ�LQ�PRGHO�PHPEUDQHV� 
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&KDSWHU����&RQFOXVLRQV�	�)XWXUH�:RUN 

 
7KLV�UHVHDUFK�DLPHG�WR�XQGHUVWDQG�KRZ�YLWDPLQ�(�DQG�YLWDPLQ�(�DFHWDWH��LGHQWLILHG�DV�LOOHJDO�FXWWLQJ�

DJHQWV� LQ�H�FLJDUHWWHV��DIIHFWHG� WKH� OXQJ�VXUIDFWDQW��7KH�XUJHQF\�RI� WKLV�VWXG\� LV�EHFDXVH�RI� WKH�

PDQ\�VHYHUH�KRVSLWDOL]DWLRQV�DQG�GHDWKV�WKDW�RFFXUUHG�LQ������GXH�WR�(9$/,��RQ�WRS�RI�WKH�RQJRLQJ�

&29,'����SDQGHPLF��*LYHQ�WKH�FUXFLDO�UROH�RI�WKH�OXQJV�DV�RQH�RI�WKH�ILUVW�GHIHQVH�DJDLQVW�DLUERUQH�

SDWKRJHQV��DGGUHVVLQJ�WKH�VHYHUH�OXQJ�LQMXULHV�FDXVHG�E\�YDSLQJ�LV�LPSRUWDQW��7KHVH�LQMXULHV�WR�WKH�

OXQJV�PDGH�LW�DQ�LPSRUWDQW�WDVN�WR�FRQWULEXWH�WR�WKH�OLWWOH�UHVHDUFK�WKDW�KDG�EHHQ�GRQH�RQ�H�FLJDUHWWH�

FRPSRQHQWV�DQG�OXQJ�VXUIDFWDQW��7KH�ILUVW�SDUW�RI�WKLV�WKHVLV�VKRZV�WKH�H[SRVXUH�RI�D�OLSLG�EDVHG�

PRGHO�OXQJ�VXUIDFWDQW�PHPEUDQH�WR�D�WRFRSKHURO�DQG�D�WRFRSKHURO�DFHWDWH�DW�FRQFHQWUDWLRQV�XS�

WR� ���PRO��� FDXVHV� SDUWLWLRQLQJ� LQWR� ERWK� SKDVHV� RI� WKH� OXQJ� VXUIDFWDQW�� 7KLV� UHVXOWHG� LQ� WKH�

IOXLGL]DWLRQ�RI� WKH�PHPEUDQH�� SRWHQWLDO� DOWHUDWLRQ�RI� OLSLG�UHVHUYRLU� IRUPDWLRQ�� DQG� UHWHQWLRQ�RI�

WRFRSKHUROV�ZLWKLQ�WKH�PHPEUDQH��7KLV�FORVH�DVVRFLDWLRQ�RI�WRFRSKHUROV�ZLWK�WKH�OLSLGV��SDUWLFXODUO\�

WKHLU�UHWHQWLRQ�LQ�WKH�FRQGHQVHG�SKDVH�DW�KLJK�VXUIDFH�SUHVVXUHV�RI����P1�P�DQG����P1�P��ZKHUH�

WKH�VXUIDFWDQW�EHJLQV�WR�UHDUUDQJH�WR�ORZHU�VXUIDFH�WHQVLRQV�DQG�SUHYHQW�OXQJ�FROODSVH��FDQ�GLVUXSW�

OXQJ�IXQFWLRQ�DQG�FDQ�EH�D�VLJQLILFDQW�FRQWULEXWRU�WR�(9$/,�WKDW�LV�FKDUDFWHULVWLF�RI�VKRUWQHVV�RI�

EUHDWK�RU�ZRUVH�WKH�FROODSVH�RI�WKH�OXQJV� 

*LYHQ�D�WRFRSKHURO�SDUWLWLRQV�WR�ERWK�WKH�IOXLG�DQG�FRQGHQVHG�SKDVH�RI�WKH�OXQJ�VXUIDFWDQW��WKH�

QH[W�SDUW�RI�WKLV�WKHVLV�XQGHUWRRN�D�PRUH�LQ�GHSWK�VWXG\�ZLWK�LWV�PL[LQJ�EHKDYLRU�ZLWK�WKH�LQGLYLGXDO�

FRPSRQHQWV�� VSHFLILFDOO\�'33&� DQG� 323*�� �%RWK� DUH� FRPPRQ�PHPEUDQH� OLSLGV� DQG� WKXV� WKH�

ILQGLQJV�KDYH�EURDGHU�LPSOLFDWLRQ�IRU�XQGHUVWDQGLQJ�YLWDPLQ�(�DV�D�PHPEUDQH�VROXEOH�DQWLR[LGDQW��

:H�IRXQG� WKDW�D�WRFRSKHURO� IRU�DOO�FRQFHQWUDWLRQV�EHWZHHQ����PRO���DQG����PRO���FDXVHG�D�

VLJQLILFDQW� LPSDFW� RQ� WKH� VDWXUDWHG� SKRVSKRFKROLQH� OLSLG� PRQROD\HU�� :H� REVHUYHG� WKDW�

D�WRFRSKHURO� VLJQLILFDQWO\� DIIHFWHG� WKH� VDWXUDWHG� SKRVSKDWLG\OFKROLQH� OLSLG� PRQROD\HU� DW�

FRQFHQWUDWLRQV� UDQJLQJ� IURP� ��� PRO� �� WR� ��� PRO� ��� ZKLOH� WKH� PRQRXQVDWXUDWHG�

SKRVSKDWLG\OJO\FHURO�OLSLG�PRQROD\HU�ZDV�PLQLPDOO\�LPSDFWHG�DQG�KDG�D�V\QHUJLVWLF�HIIHFW�DFURVV�

DOO�FRQFHQWUDWLRQV��7KH�GHWHULRUDWLRQ�RI�FHOO�PHPEUDQHV�LV�YHU\�PXFK�DVVRFLDWHG�WR�R[LGDWLYH�VWUHVV�

ZKLFK� GDPDJHV� XQVDWXUDWHG� OLSLGV�� UHVXOWLQJ� LQ� WKH� LQFUHDVH� RI� FHOO� SHUPHDELOLW\�� RU�ZRUVH� FHOO�

GHDWK��7KH�LQFUHDVH�LQ�SHUPHDELOLW\�DOORZV�IRU�RWKHU�PROHFXOHV��LQFOXGLQJ�IUHH�UDGLFDOV��WR�OHDN�LQWR�

WKH� FHOO�� SRWHQWLDOO\� KDUPLQJ� SURWHLQV� DQG� RWKHU� FUXFLDO� PROHFXOHV� QHHGHG� IRU� SURSHU� FHOO�

IXQFWLRQLQJ��7KH�LQIOX[�RI�IUHH�UDGLFDOV�LQ�WKH�FHOO�IXUWKHU�H[DFHUEDWH�R[LGDWLYH�VWUHVV�E\�FDXVLQJ�
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'1$�GDPDJH�����*LYHQ�WKDW�YLWDPLQ�(�LV�RQH�RI�WKH�PRVW�SRZHUIXO�DQWLR[LGDQWV��XQGHUVWDQGLQJ�

KRZ�XQVDWXUDWHG�OLSLGV�FDQ�ZLWKVWDQG�KLJK�OHYHOV�RI�YLWDPLQ�(��XS�WR����PRO�����RIIHUV�YDOXDEOH�

LQVLJKWV�IRU�LPSURYLQJ�WUHDWPHQW�RSWLRQV�IRU�GLVHDVHV�UHODWHG�WR�R[LGDWLYH�VWUHVV� 

,Q� SUDFWLFH�� H�FLJDUHWWHV� UHDFK� H[WUHPHO\� KLJK� WHPSHUDWXUHV� WR� JHQHUDWH� DQ� DHURVRO� EHIRUH� LWV�

LQKDODWLRQ��DQG�WKLV�HOHYDWHG�KHDW�FDQ�LQGXFH�FKHPLFDO�UHDFWLRQV�OHDGLQJ�WR�WKH�LQWURGXFWLRQ�RI�QHZ�

EUHDNGRZQ� SURGXFWV� IURP� YDSLQJ� OLTXLGV� LQWR� \RXU� OXQJV�� /H%RXI� HW� DO�� KHDWHG� YLWDPLQ� (� RLO�

�DPRQJVW� RWKHU� RLOV�� DW� WHPSHUDWXUHV� RI� XS� ���� R&� WKHQ� DQDO\]HG� WKH� FRQVWLWXHQWV� E\� JDV�

FKURPDWRJUDSK\�PDVV�VSHFWURPHWU\�����+HDWLQJ�YLWDPLQ�(�DFHWDWH�SURGXFHG�KD]DUGRXV�VXEVWDQFHV�

VXFK�DV�DFHWLF�DFLG��DFHWRQH��DQG�IRUPLF�DFLG�����7KHVH�FKHPLFDOV�FRXOG�SRVH�VLJQLILFDQW�UHVSLUDWRU\�

DQG�V\VWHPLF�KHDOWK�ULVNV�RQ�WRS�RI�WKH�SDUHQWDO�YLWDPLQ�(�DFHWDWH�PROHFXOH��7KH�LPSDFW�RI�WKHVH�

PROHFXOHV�RQ� OXQJ� VXUIDFWDQW�SK\VLFRFKHPLFDO� SURSHUWLHV� LV�XQGHUH[SORUHG� LQ� WKH� OLWHUDWXUH� DQG�

FRXOG�SURYLGH�YDOXDEOH�LQVLJKWV�LQWR�WKH�PHFKDQLVPV�XQGHUO\LQJ�(9$/,�GDPDJH� 

6RPH�RI�RXU�SUHOLPLQDU\�H[SHULPHQWV��QRW�LQFOXGHG�LQ�WKH�PDQXVFULSWV��XVLQJ�7*$�06�RI�YLWDPLQ�

(�DFHWDWH� VKRZHG� WKDW� WKH�PRVW� UHOHYDQW� FRPSRXQGV�JHQHUDWHG� LQFOXGH� WULPHWK\OGRGHFDQRO�DQG�

WULPHWK\OGRGHFDQH��ERWK�RI�ZKLFK�DUH�OLSRSKLOLF�DQG�WKXV�OLNHO\�WR�EH�UHWDLQHG�LQ�WKH�OXQJ�VXUIDFWDQW�

PHPEUDQH�OLNH�SUHYLRXVO\�VHHQ�ZLWK�YLWDPLQ�(�DFHWDWH��1HLWKHU�EUHDNGRZQ�SURGXFW�KDV�\HW�WR�EH�

KLJKOLJKWHG� LQ� FXUUHQW� OLWHUDWXUH� DQG� VWXGLHG� LQ� WKH� FRQWH[W� RI� WKH� OXQJ� VXUIDFWDQW�� 7KH� RWKHU�

PROHFXOH�RI�LQWHUHVW�WKDW�ZH�LGHQWLILHG�LV�GXURTXLQRQH��KLJKOLJKWHG�LQ�SUHYLRXV�OLWHUDWXUH��ZKLFK�LV�

D� FODVV� RI� TXLQRQHV� WKDW� DUH� NQRZQ� IRU� WKHLU� DELOLW\� WR� XQGHUJR� DJJUHVVLYH� UHYHUVLEOH� UHGR[�

UHDFWLRQV�����,I�LQ�WKH�SUHVHQFH�RI�R[\JHQ�ZKLFK�LV�LQ�WKH�OXQJV�WKHUH�ZLOO�OLNHO\�EH�UHGR[�UHDFWLRQV�

WKDW� FDQ� JHQHUDWH� KDUPIXO� UHDFWLYH� R[\JHQ� VSHFLHV� WKDW� KDYH� EHHQ� OLQNHG� WR� DFWLYDWLQJ� WKH�

LQIODPPDWRU\�SDWKZD\�����7KLV� LV� FRQFHUQLQJ�EHFDXVH� LQ�YDSLQJ� ORQJ�WHUP�PD\� OHDG�SURORQJHG�

LQIODPPDWLRQ�LQ�WKH�OXQJV�ZKLFK�FDQ�XOWLPDWHO\�GDPDJH�WLVVXHV�DQG�LPSDLU�UHVSLUDWRU\�IXQFWLRQ��� 

6LQFH�YLWDPLQ�(�KDV�EHHQ�EDQQHG�IURP�YDSLQJ�VROXWLRQV�� WKH�QXPEHU�RI�KRVSLWDOL]DWLRQV�GXH� WR�

(9$/,�KDYH�GHFUHDVHG��+RZHYHU��H�FLJDUHWWHV�DUH�VWLOO�YHU\�SRSXODU�WR�WKLV�GD\�HVSHFLDOO\�WKRVH�

FRQWDLQLQJ�QLFRWLQH�DQG�IODYRXULQJ�PROHFXOHV�ZKLFK�DUH�KLJKO\�DGGLFWLYH�DQG�DSSHDOLQJ�WR�XVHUV�

HVSHFLDOO\�\RXQJ�XVHUV�VLQFH� WKH\�FRPH� LQ�D�YDULHW\�RI� IODYRXUV��7KH� ODWHVW� UHVXOWV� IURP�+HDOWK�

&DQDGD
V�&DQDGLDQ�6WXGHQW�7REDFFR�$OFRKRO�DQG�'UXJV�6XUYH\��ZKLFK�VXUYH\HG�DSSUR[LPDWHO\�

�������KLJK�VFKRRO�VWXGHQWV�DJHG����WR����DV�RI�-XQH�������VKRZHG�WKDW�����RI�WHHQDJHUV�KDYH�

WULHG�H�FLJDUHWWHV�����7KH�VXUYH\�DOVR�IRXQG�WKDW�WKH�GDLO\�XVH�DYHUDJHV���LQ����WHHQDJHUV�DFURVV�DOO�

DJH�JURXSV��SODFLQJ�&DQDGD� DPRQJ� WKH� KLJKHVW� JOREDOO\� DQG�PLUURULQJ� SUHYLRXV� VWDWLVWLFV� IURP�
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���������7KHVH�FRQVLVWHQWO\�KLJK�UDWHV�RI�GDLO\�YDSLQJ�IURP������WR������VXJJHVW�WKDW�YDSLQJ�LV�QR�

ORQJHU�MXVW�D�WHPSRUDU\�RU�SDVVLQJ�WUHQG�EXW�PD\�LQVWHDG�EHFRPH�D�ORQJ�WHUP��SHUVLVWHQW�EHKDYLRU�

DPRQJ�\RXWK��7KLV�LV�HVSHFLDOO\�FRQFHUQLQJ�EHFDXVH�VWDWLVWLFV�KDYH�VKRZQ�SHRSOH�DV�\RXQJ�DV����

EHJLQ�XVLQJ�H�FLJDUHWWHV�ZKHQ�WKH�OXQJV�DUH�QRW�\HW�IXOO\�PDWXUHG��,Q�IDFW��WKH�OXQJV�PDWXUH�EHWZHHQ�

WKH�DJHV�RI��������DQG�E\����EHJLQ�WR�GHFOLQH�JUDGXDOO\�DV�\RX�DJH�����,W�LV�HVSHFLDOO\�LPSRUWDQW�IRU�

WKH� SXEOLF� WR� NQRZ� WKH� GDQJHUV� RI� VRPH� RI� WKH� LQJUHGLHQWV� WKDW�PDNH� H�FLJDUHWWH� OLTXLGV��7KH�

LPSRUWDQFH�RI�DOVR�XQGHUVWDQGLQJ�WKH�LPSDFW�RI�IODYRXULQJ�PROHFXOHV�RQ�OXQJ�KHDOWK�LV�KLJKOLJKWHG�

E\� DQRWKHU� YDSLQJ�UHODWHG� GLVHDVH�� EURQFKLROLWLV� REOLWHUDQV�� FRPPRQO\� NQRZQ� DV� �SRSFRUQ�

OXQJV´�����7KLV�FRQGLWLRQ�ZDV�RULJLQDOO\�LGHQWLILHG�LQ�SRSFRUQ�DQG�FDUDPHO�IDFWRU\�ZRUNHUV�ZKR�

GHYHORSHG�LUUHYHUVLEOH�OXQJ�GDPDJH��DQG�LQ�VRPH�FDVHV�GHDWK��GXH�WR�WKH�H[SRVXUH�RI�GLDFHW\O��D�

EXWWHU\�IODYRUHG�FKHPLFDO�����'LDFHW\O�KDV�VLQFH�EHHQ�IRXQG�LQ�PDQ\�H�FLJDUHWWHV��ZKHUH�LW�LV�DGGHG�

WR�HQKDQFH�IODYRUV�OLNH�YDQLOOD�����7KLV�KDV�OHG�WR�WKH�GLUHFW�LQKDODWLRQ�RI�WKLV�KDUPIXO�FKHPLFDO�E\�

DFWLYH� H�FLJDUHWWH� XVHUV�� OLQNLQJ� LW� WR� SRSFRUQ� OXQJV�� 8QGHUVWDQGLQJ� WKH� LPSDFW� RI� IODYRULQJ�

PROHFXOHV� RQ� OXQJ� VXUIDFWDQW� KDV� EHHQ� VWXGLHG� UHFHQWO\��ZLWK� ILQGLQJV� VKRZLQJ� WKDW� IODYRXULQJ�

PROHFXOHV�OLNH�PHQWKRO�DQG�DOGHK\GH�FKHUU\�FDQ�LPSDLU�WKH�IXQFWLRQ�RI�OXQJ�VXUIDFWDQW������������ 

2YHUDOO�� WKH�ILQGLQJV�RI�WKLV�WKHVLV�KLJKOLJKW�WKH�QHHG�IRU�IXUWKHU�LQYHVWLJDWLRQ�LQWR�VWXG\LQJ�WKH�

LQKDOHG�FRPSRQHQWV�IURP�YDSLQJ�OLTXLGV��HVSHFLDOO\�WKRVH�UHOHDVHG�ZKHQ�KHDWHG��WR�SURYLGH�D�PRUH�

DFFXUDWH�DVVHVVPHQW�RI�WKHLU�HIIHFWV�RQ�WKH�OXQJ�VXUIDFWDQW��8QGHUVWDQGLQJ�WKH�GHWULPHQWDO�LPSDFWV�

RI�WKHVH�FRPSRQHQWV�LV�HVVHQWLDO�EHFDXVH�WKH�OXQJV�DUH�WKH�FHQWHUSLHFH�RI�WKH�UHVSLUDWRU\�V\VWHP��

$V�YDSLQJ�FRQWLQXHV�WR�EH�SRSXODU��SDUWLFXODUO\�DPRQJ�\RXQJHU�SRSXODWLRQV��LW�LV�YLWDO�WR�IXOO\�JUDVS�

WKH�LPSDFWV�DVVRFLDWHG�ZLWK�WKHVH�LQKDOHG�VXEVWDQFHV�WR�LQIRUP�UHJXODWRU\�SROLFLHV��JXLGH�SXEOLF�

KHDOWK�UHFRPPHQGDWLRQV��DQG�LQGLYLGXDOV�ZKR�DUH�H�FLJDUHWWH�XVHUV�IURP�SRWHQWLDO�KDUP��$OWKRXJK�

WKLV� WKHVLV� IRFXVHV� RQ� VKRUW�WHUP� HIIHFWV�� LW� DOVR� FOXHV� LQWR� WKH� LPSDFW� RI� DFFXPXODWLRQ� RI�

D�WRFRSKHURO�DFHWDWH� LQ� WKH� OXQJV�� VLQFH�ZH� ORRN�DW� FRQFHQWUDWLRQV�RI�XS� WR����PRO����7KLV� LV�

VLJQLILFDQW�EHFDXVH�WKH�DPRXQWV�VWXGLHG�DUH�PXFK�KLJKHU�WKDQ�WKH�SK\VLRORJLFDO�OHYHOV�W\SLFDOO\�

IRXQG� LQ� FHOOV�� SRWHQWLDOO\� UHYHDOLQJ� VRPH� RI� WKH� DFFXPXODWLYH� LPSDFWV� RQ� OXQJ� KHDOWK�� )XWXUH�

VWXGLHV�VKRXOG�H[SORUH�WKH�HIIHFWV�RI�D�WRFRSKHURO�RQ�OXQJ�VXUIDFWDQW�LQ�YLYR�DQG�LQYHVWLJDWH�WKH�

ORQJ�WHUP�H[SRVXUH�RI�LWVHOI�DQG�LWV�EUHDNGRZQ�SURGXFWV� 

([SORULQJ� WKH� LQWHUDFWLRQ�RI�D�WRFRSKHURO�ZLWK�GLIIHUHQW�SKRVSKROLSLG�KHDGJURXSV� DQG�YDU\LQJ�

OHYHOV�RI�XQVDWXUDWLRQ�LV�DQRWKHU�VWXG\�ZRUWK�H[SORULQJ��3KRVSKROLSLGV��ZKLFK�DUH�NH\�FRPSRQHQWV�

RI�OXQJ�VXUIDFWDQW��DQG�PDQ\�RWKHU�FHOOXODU�PHPEUDQHV��FDQ�YDU\�LQ�WKHLU�SK\VLFDO�DQG�FKHPLFDO�
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SURSHUWLHV�EDVHG�RQ�WKHLU�KHDGJURXSV�DQG�GHJUHH�RI�XQVDWXUDWLRQ��8QGHUVWDQGLQJ�KRZ�D�WRFRSKHURO�

LQWHUDFWV�ZLWK� WKHVH� GLIIHUHQW� OLSLG� HQYLURQPHQWV� FRXOG� VKHG� OLJKW� RQ� KRZ� LW� DIIHFWV�PHPEUDQH�

VWDELOLW\��IOXLGLW\��DQG�IXQFWLRQ�XQGHU�FRQGLWLRQV�UHOHYDQW�WR�OXQJ�DQG�FHOO�SK\VLRORJ\�� 
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5HIHUHQFHV 

��� 5RVLOLR�� 9�� +RZ� &DQ� $UWLILFLDO� /LSLG� 0RGHOV� 0LPLF� WKH� &RPSOH[LW\� RI� 0ROHFXOH±
0HPEUDQH�,QWHUDFWLRQV"��������SS����±�����KWWSV���GRL�RUJ���������EV�DEO������������� 

��� 6ZHQVRQ�� +��� 6WDGLH�� 1�� 3�� /DQJPXLU¶V� 7KHRU\� RI� $GVRUSWLRQ�� $� &HQWHQQLDO� 5HYLHZ��
/DQJPXLU��������������������±������KWWSV���GRL�RUJ���������DFV�ODQJPXLU��E������ 

��� 5RMHZVND��0���6PXáHN��:���.DF]RUHN��(���3URFKDVND��.��/DQJPXLU�0RQROD\HU�7HFKQLTXHV�
IRU� WKH� ,QYHVWLJDWLRQ� RI� 0RGHO� %DFWHULDO� 0HPEUDQHV� DQG� $QWLELRWLF� %LRGHJUDGDWLRQ�
0HFKDQLVPV�� 0HPEUDQHV� �%DVHO�� ������ ��� ����� �����
KWWSV���GRL�RUJ���������PHPEUDQHV��������� 

��� :QĊWU]DN��$���àąWND��.���'\QDURZLF]�àąWND��3��,QWHUDFWLRQV�RI�$ON\OSKRVSKRFKROLQHV�ZLWK�
0RGHO�0HPEUDQHV²7KH�/DQJPXLU�0RQROD\HU�6WXG\��-�0HPEU�%LRO�������������������±
�����KWWSV���GRL�RUJ���������V����������������� 

��� :\GUR��3��7KH�,QIOXHQFH�RI�&DUGLROLSLQ�RQ�3KRVSKDWLG\OJO\FHURO�3KRVSKDWLG\OHWKDQRODPLQH�
0RQROD\HUV²6WXGLHV� RQ�7HUQDU\�)LOPV� ,PLWDWLQJ�%DFWHULDO�0HPEUDQHV��&ROORLGV�6XUI�%�
%LRLQWHUIDFHV���������������±�����KWWSV���GRL�RUJ���������M�FROVXUIE������������� 

��� .UDMHZVND�� 0��� 'RSLHUDáD�� .��� 3URFKDVND�� .�� /LSLG±3URWHLQ� ,QWHUDFWLRQV� LQ� /DQJPXLU�
0RQROD\HUV�XQGHU�'\QDPLFDOO\�9DULHG�&RQGLWLRQV��-�3K\V�&KHP�%�������������������±�����
KWWSV���GRL�RUJ���������DFV�MSFE��E������ 

��� (OGHUGIL�� 0��� 6LNRUVNL�� $�� )�� /DQJPXLU�0RQROD\HU� 0HWKRGRORJLHV� IRU� &KDUDFWHUL]LQJ�
3URWHLQ�/LSLG� ,QWHUDFWLRQV�� &KHP� 3K\V� /LSLGV� ������ ����� ��±����
KWWSV���GRL�RUJ���������M�FKHPSK\VOLS������������� 

��� 9LOODQXHYD��0��(���6DODV��6��'���9LFR��5��9��5ROH�RI�WKH�1DQRSDUWLFOH�&RUH�DQG�&DSSLQJ�RQ�
WKH� ,QWHUDFWLRQ� ZLWK� /LSLG� 0RQROD\HUV�� ������ SS� ��±�����
KWWSV���GRL�RUJ���������EV�DEO������������� 

��� %HK\DQ�� 6��� %RUR]HQNR�� 2��� .KDQ��$��� )DUDO�� 0��� %DGLD��$��� 'H:ROI�� &�� 1DQRSDUWLFOH�
,QGXFHG�6WUXFWXUDO�&KDQJHV�LQ�/XQJ�6XUIDFWDQW�0HPEUDQHV��$Q�;�5D\�6FDWWHULQJ�6WXG\��
(QYLURQ�6FL�1DQR������������������±������KWWSV���GRL�RUJ���������&�(1�����+� 

���� *UDYHO�7DWWD��/���'H:ROI��&���%DGLD��$��$UH�3ODQW�%DVHG�&DUERK\GUDWH�1DQRSDUWLFOHV�6DIH�
IRU� ,QKDODWLRQ"� ,QYHVWLJDWLQJ� 7KHLU� ,QWHUDFWLRQV� ZLWK� WKH� 3XOPRQDU\� 6XUIDFWDQW� 8VLQJ�
/DQJPXLU� 0RQROD\HUV�� /DQJPXLU� ������ ��� ������ �����±�������
KWWSV���GRL�RUJ���������DFV�ODQJPXLU��F������ 

���� .PHWNR��-���'DWWD��$���(YPHQHQNR��*���'XWWD��3��7KH�(IIHFWV�RI�'LYDOHQW�,RQV�RQ�/DQJPXLU�
0RQROD\HU�DQG�6XESKDVH�6WUXFWXUH� �$�*UD]LQJ�,QFLGHQFH�'LIIUDFWLRQ�DQG�%UDJJ�5RG�6WXG\��
-�3K\V�&KHP�%����������������������±�������KWWSV���GRL�RUJ���������MS�������� 

���� *X]PiQ��(���6DQWLQL��(���)HUUDUL��0���/LJJLHUL��/���5DYHUD��)��(YDOXDWLRQ�RI�WKH�,PSDFW�RI�
&DUERQDFHRXV� 3DUWLFOHV� LQ� WKH�0HFKDQLFDO� 3HUIRUPDQFH� RI�/LSLG�/DQJPXLU�0RQROD\HUV��
&ROORLGV� 6XUI� $� 3K\VLFRFKHP� (QJ� $VS� ������ ����� ��������
KWWSV���GRL�RUJ���������M�FROVXUID������������� 

���� .HUDPDWQHMDG��0���'H:ROI��&��,PSDFW�RI�3ROOXWDQW�2]RQH�RQ�WKH�%LRSK\VLFDO�3URSHUWLHV�RI�
7HDU� )LOP� /LSLG� /D\HU� 0RGHO� 0HPEUDQHV�� 0HPEUDQHV� �%DVHO�� ������ ��� ����� �����
KWWSV���GRL�RUJ���������PHPEUDQHV��������� 

���� 1HHUJDDUG��.��1HXH�$XIIDVVXQJHQ�hEHU�(LQHQ�*UXQGEHJULII�'HU�$WHPPHFKDQLN��=�*HVDPWH�
([S�0HG������������������±�����KWWSV���GRL�RUJ���������%)��������� 
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���� %DH�� &��:��� .LP�� &�� <��� &KXQJ�� 6��+��� &KRL�� <��6�� +LVWRU\� RI� 3XOPRQDU\� 6XUIDFWDQW�
5HSODFHPHQW�7KHUDS\�IRU�1HRQDWDO�5HVSLUDWRU\�'LVWUHVV�6\QGURPH�LQ�.RUHD��-�.RUHDQ�0HG�
6FL����������������KWWSV���GRL�RUJ���������MNPV���������H���� 

���� -L�� -���6XQ��/���/XR��=���=KDQJ��<���;LDQ]KHQJ��:���/LDR��<���7RQJ��;���6KDQ��-��3RWHQWLDO�
7KHUDSHXWLF�$SSOLFDWLRQV� RI� 3XOPRQDU\� 6XUIDFWDQW� /LSLGV� LQ� WKH� +RVW� 'HIHQFH�$JDLQVW�
5HVSLUDWRU\� 9LUDO� ,QIHFWLRQV�� )URQW� ,PPXQRO� ������ ����
KWWSV���GRL�RUJ���������ILPPX������������� 

���� +DQ��6���0DOODPSDOOL��5��.��7KH�5ROH� RI� 6XUIDFWDQW� LQ�/XQJ�'LVHDVH� DQG�+RVW�'HIHQVH�
DJDLQVW� 3XOPRQDU\� ,QIHFWLRQV�� $QQ� $P� 7KRUDF� 6RF� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������$QQDOV$76�����������)5� 

���� 2FKV��0���1\HQJDDUG�� -�� 5��� -XQJ��$���.QXGVHQ�� /���9RLJW��0���:DKOHUV��7��� 5LFKWHU�� -���
*XQGHUVHQ��+��-��*��7KH�1XPEHU�RI�$OYHROL�LQ�WKH�+XPDQ�/XQJ��$P�-�5HVSLU�&ULW�&DUH�
0HG�������������������±�����KWWSV���GRL�RUJ���������UFFP������������2&� 

���� 6WDFKRZLF]�.XĞQLHU]�� $��� .RUFKRZLHF�� %��� 5RJDOVND�� (��� .RUFKRZLHF�� -�� 7KH� /XQJ�
6XUIDFWDQW�$FWLYLW\�3UREHG�ZLWK�0ROHFXODU�'\QDPLFV�6LPXODWLRQV��$GY�&ROORLG�,QWHUIDFH�
6FL��������������������KWWSV���GRL�RUJ���������M�FLV������������� 

���� %DFKRIHQ��+���6FK�UFK��6��$OYHRODU�6XUIDFH�)RUFHV�DQG�/XQJ�$UFKLWHFWXUH��&RPS�%LRFKHP�
3K\VLRO� $� 0RO� ,QWHJU� 3K\VLRO� ������ ���� ����� ���±����� KWWSV���GRL�RUJ���������6�����
���������������� 

���� %DFKRIHQ��+���6FKXUFK��6���8UELQHOOL��0���:HLEHO��(��5��5HODWLRQV�DPRQJ�$OYHRODU�6XUIDFH�
7HQVLRQ��6XUIDFH�$UHD��9ROXPH��DQG�5HFRLO�3UHVVXUH��-�$SSO�3K\VLRO�������������������±
������KWWSV���GRL�RUJ���������MDSSO���������������� 

���� 'D�6LOYD��(���9RJHO��8���+RXJDDUG��.��6���3pUH]�*LO��-���=XR��<��<���6¡UOL��-��%��$Q�$GYHUVH�
2XWFRPH� 3DWKZD\� IRU� /XQJ� 6XUIDFWDQW� )XQFWLRQ� ,QKLELWLRQ� /HDGLQJ� WR�'HFUHDVHG� /XQJ�
)XQFWLRQ��&XUU�5HV�7R[LFRO�������������±�����KWWSV���GRL�RUJ���������M�FUWR[������������� 

���� 3RVVPD\HU�� )��� .HDWLQJ�� 1��� =XR��<��<��� 3HWHUVHQ�� 1�� 2��� 9HOGKXL]HQ�� 5��$�� 3XOPRQDU\�
6XUIDFWDQW�5HGXFHV�6XUIDFH�7HQVLRQ�WR�/RZ�9DOXHV�QHDU�=HUR�WKURXJK�D�0RGLILHG�6TXHH]H�
2XW�0HFKDQLVP��%LRSK\V�-�������������������D��KWWSV���GRL�RUJ���������M�ESM�������������� 

���� %DQJKDP��$��'���0RUOH\��&��-���3KLOOLSV��0��&��7KH�3K\VLFDO�3URSHUWLHV�RI�DQ�(IIHFWLYH�/XQJ�
6XUIDFWDQW��%LRFKLPLFD�HW�%LRSK\VLFD�$FWD��%%$����/LSLGV�DQG�/LSLG�0HWDEROLVP�����������
��������±�����KWWSV���GRL�RUJ������������������������������ 

���� *RHUNH�� -��� &OHPHQWV�� -�� $�� $OYHRODU� 6XUIDFH� 7HQVLRQ� DQG� /XQJ� 6XUIDFWDQW�� ,Q�
&RPSUHKHQVLYH� 3K\VLRORJ\�� :LOH\�� ������ SS� ���±�����
KWWSV���GRL�RUJ���������FSK\�FS������� 

���� *RHUNH�� -�� 3XOPRQDU\� 6XUIDFWDQW�� )XQFWLRQV� DQG�0ROHFXODU�&RPSRVLWLRQ��%LRFKLPLFD� HW�
%LRSK\VLFD� $FWD� �%%$�� �� 0ROHFXODU� %DVLV� RI� 'LVHDVH� ������ ����� ��±���� ��±����
KWWSV���GRL�RUJ���������6�������������������;� 

���� :DQJ��=���*XUHO��2���%DDW]��-��(���1RWWHU��5��+��'LIIHUHQWLDO�$FWLYLW\�DQG�/DFN�RI�6\QHUJ\�RI�
/XQJ�6XUIDFWDQW�3URWHLQV�63�%�DQG�63�&�LQ�,QWHUDFWLRQV�ZLWK�3KRVSKROLSLGV��-�/LSLG�5HV�
������������������±������KWWSV���GRL�RUJ���������6��������������������� 

���� /LHNNLQHQ�� -��� 2OĪ\ĔVND�� $��� &ZLNOLN�� /��� %HUQDUGLQR� GH� OD� 6HUQD�� -��� 9DWWXODLQHQ�� ,���
-DYDQDLQHQ��0��6XUIDFWDQW�3URWHLQV�63�%�DQG�63�&�LQ�3XOPRQDU\�6XUIDFWDQW�0RQROD\HUV��
3K\VLFDO�3URSHUWLHV�&RQWUROOHG�E\�6SHFLILF�3URWHLQ±/LSLG�,QWHUDFWLRQV��/DQJPXLU����������
����������±������KWWSV���GRL�RUJ���������DFV�ODQJPXLU��F������ 
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���� .URO��6���-DQVKRII��$���5RVV��0���*DOOD��+��-��6WUXFWXUH�DQG�)XQFWLRQ�RI�6XUIDFWDQW�3URWHLQ�%�
DQG� &� LQ� /LSLG�0RQROD\HUV��$� 6FDQQLQJ� )RUFH�0LFURVFRS\� 6WXG\�� 3K\VLFDO� &KHPLVWU\�
&KHPLFDO�3K\VLFV�������������������±������KWWSV���GRL�RUJ���������E������L� 

���� 7DNDPRWR��'��<���/LSS��0��0���YRQ�1DKPHQ��$���/HH��.��<��&���:DULQJ��$��-���=DVDG]LQVNL��
-��$��,QWHUDFWLRQ�RI�/XQJ�6XUIDFWDQW�3URWHLQV�ZLWK�$QLRQLF�3KRVSKROLSLGV��%LRSK\V�-�������
�����������±�����KWWSV���GRL�RUJ���������6��������������������� 

���� 'KDU��3���(FN��(���,VUDHODFKYLOL��-��1���/HH��'��:���0LQ��<���5DPDFKDQGUDQ��$���:DULQJ��$��-���
=DVDG]LQVNL�� -�� $�� /LSLG�3URWHLQ� ,QWHUDFWLRQV� $OWHU� /LQH� 7HQVLRQV� DQG� 'RPDLQ� 6L]H�
'LVWULEXWLRQV� LQ� /XQJ� 6XUIDFWDQW� 0RQROD\HUV�� %LRSK\V� -� ������ ���� ����� ��±����
KWWSV���GRL�RUJ���������M�ESM�������������� 

���� .UDXVH��0��)���6FKXOWH�0|QWLQJ��-���+RHKQ��7��5DWH�RI�6XUIDFWDQW�$GPLQLVWUDWLRQ�,QIOXHQFHV�
/XQJ� )XQFWLRQ� DQG� *DV� ([FKDQJH� LQ� D� 6XUIDFWDQW�'HILFLHQW� 5DEELW� 0RGHO�� 3HGLDWU�
3XOPRQRO� ������ ��� ����� ���±����� KWWSV���GRL�RUJ����������6,&,������
����������������������$,'�338/��!����&2����� 

���� :DOWKHU�� )�� -��� +HUQiQGH]�-XYLHO�� -��� %UXQL�� 5��� :DULQJ�� $�� -�� 3URWHLQ� &RPSRVLWLRQ� RI�
6\QWKHWLF�6XUIDFWDQW�$IIHFWV�*DV�([FKDQJH�LQ�6XUIDFWDQW�'HILFLHQW�5DWV��3HGLDWU�5HV�������
�����������±�����KWWSV���GRL�RUJ���������������������������������� 

���� 2OPHGD��%���9LOOpQ��/���&UX]��$���2UHOODQD��*���3HUH]�*LO��-��3XOPRQDU\�6XUIDFWDQW�/D\HUV�
$FFHOHUDWH�2��'LIIXVLRQ�WKURXJK�WKH�$LU�:DWHU�,QWHUIDFH��%LRFKLPLFD�HW�%LRSK\VLFD�$FWD�
�%%$�� �� %LRPHPEUDQHV� ������ ����� ����� ����±������
KWWSV���GRL�RUJ���������M�EEDPHP������������� 

���� -HRQ�� *�� :�� 6XUIDFWDQW� 3UHSDUDWLRQV� IRU� 3UHWHUP� ,QIDQWV� ZLWK� 5HVSLUDWRU\� 'LVWUHVV�
6\QGURPH�� 3DVW�� 3UHVHQW�� DQG� )XWXUH�� .RUHDQ� -� 3HGLDWU� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������NMS������������ 

���� 6ROO�� 5�� 6\QWKHWLF� 6XUIDFWDQW� IRU� 5HVSLUDWRU\� 'LVWUHVV� 6\QGURPH� LQ� 3UHWHUP� ,QIDQWV��
&RFKUDQH� 'DWDEDVH� RI� 6\VWHPDWLF� 5HYLHZV� ������ ����� �����
KWWSV���GRL�RUJ������������������&'������� 

���� )XMLZDUD�� 7��� &KLGD�� 6��� :DWDEH�� <��� 0DHWD�� +��� 0RULWD�� 7��� $EH�� 7�� $57,),&,$/�
685)$&7$17�7+(5$3<�,1�+<$/,1(�0(0%5$1(�',6($6(��7KH�/DQFHW�����������
����������±����KWWSV���GRL�RUJ���������6��������������������� 

���� 6ROO��5���%ODQFR�� )��1DWXUDO� 6XUIDFWDQW� ([WUDFW� YHUVXV� 6\QWKHWLF� 6XUIDFWDQW� IRU�1HRQDWDO�
5HVSLUDWRU\�'LVWUHVV�6\QGURPH��,Q�&RFKUDQH�'DWDEDVH�RI�6\VWHPDWLF�5HYLHZV��6ROO��5���(G���
-RKQ� :LOH\� 	� 6RQV�� /WG�� &KLFKHVWHU�� 8.�� ������
KWWSV���GRL�RUJ������������������&'������� 

���� :HUQHU��$��.���.RXPDQV��(��+���&KDWKDP�6WHSKHQV��.���6DOYDWRUH��3��3���$UPDWDV��&���%\HUV��
3���&ODUN��&��5���*KLQDL��,���+RO]EDXHU��6��0���1DYDUHWWH��.��$���'DQLHOVRQ��0��/���(OOLQJWRQ��
6���0RULW]��(��'���3HWHUVHQ��(��(���.LHUQDQ��(��$���%DOGZLQ��*��7���%ULVV��3���-RQHV��&��0���
.LQJ��%��$���.ULVKQDVDP\��9���5RVH��'��$���5HDJDQ�6WHLQHU��6��+RVSLWDOL]DWLRQV�DQG�'HDWKV�
$VVRFLDWHG�ZLWK�(9$/,��1HZ�(QJODQG�-RXUQDO�RI�0HGLFLQH����������� ����������±������
KWWSV���GRL�RUJ���������1(-0RD�������� 

���� $UPDWDV��&���+HLQ]HUOLQJ��$���:LONHQ��-��$��(�&LJDUHWWH��RU�9DSLQJ��3URGXFW�8VH±$VVRFLDWHG�
/XQJ� ,QMXU\�&DVHV�'XULQJ� WKH�&29,'����5HVSRQVH�²�&DOLIRUQLD�� ������00:5�0RUE�
0RUWDO�:NO\�5HS�������������������±�����KWWSV���GRL�RUJ����������PPZU�PP����D�� 

���� %ORXQW��%��&���.DUZRZVNL��0��3���6KLHOGV��3��*���0RUHO�(VSLQRVD��0���9DOHQWLQ�%ODVLQL��/���
*DUGQHU�� 0��� %UDVHOWRQ�� 0��� %URVLXV�� &�� 5��� &DURQ�� .�� 7��� &KDPEHUV�� '��� &RUVWYHW�� -���
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&RZDQ�� (��� 'H� -HV~V�� 9�� 5��� (VSLQRVD�� 3��� )HUQDQGH]�� &��� +ROGHU�� &��� .XNOHQ\LN�� =���
.XVRYVFKL��-��'���1HZPDQ��&���5HLV��*��%���5HHV��-���5HHVH��&���6LOYD��/���6H\OHU��7���6RQJ��
0��$���6RVQRII��&���6SLW]HU��&��5���7HYLV��'���:DQJ��/���:DWVRQ��&���:HZHUV��0��'���;LD��%���
+HLWNHPSHU��'��7���*KLQDL��,���/D\GHQ��-���%ULVV��3���.LQJ��%��$���'HODQH\��/��-���-RQHV��&��
0���%DOGZLQ��*��7���3DWHO��$���0HDQH\�'HOPDQ��'���5RVH��'���.ULVKQDVDP\��9���%DUU��-��5���
7KRPDV�� -���3LUNOH�� -��/��9LWDPLQ�(�$FHWDWH� LQ�%URQFKRDOYHRODU�/DYDJH�)OXLG�$VVRFLDWHG�
ZLWK� (9$/,�� 1HZ� (QJODQG� -RXUQDO� RI� 0HGLFLQH� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������1(-0RD�������� 

���� 0RUELGLW\� DQG� 0RUWDOLW\� :HHNO\� 5HSRUW� �00:5��� 8SGDWH�� &KDUDFWHULVWLFV� RI� D�
1DWLRQZLGH� 2XWEUHDN� RI� (�&LJDUHWWH�� RU� 9DSLQJ�� 3URGXFW� 8VH±$VVRFLDWHG� /XQJ� ,QMXU\��
����� 

���� 'XII\��%���/L��/���/X��6���'XURFKHU��/���'LWWPDU��0���'HODQH\�%DOGZLQ��(���3DQDZHQQDJH��
'���/H0DVWHU��'���1DYDUHWWH��.���6SLQN��'��$QDO\VLV�RI�&DQQDELQRLG�&RQWDLQLQJ�)OXLGV�LQ�
,OOLFLW� 9DSLQJ� &DUWULGJHV� 5HFRYHUHG� IURP� 3XOPRQDU\� ,QMXU\� 3DWLHQWV�� ,GHQWLILFDWLRQ� RI�
9LWDPLQ� (� $FHWDWH� DV� D� 0DMRU� 'LOXHQW�� 7R[LFV� ������ �� ����� ���
KWWSV���GRL�RUJ���������WR[LFV�������� 

���� -LDQJ��+���$KPHG��&��0��6���0DUWLQ��7��-���&DQFKROD��$���2VZDOG��,��:��+���*DUFLD��-��$���
&KHQ�� -��<��� .RE\�� .��$��� %XFKDQDQ��$�� -��� =KDR�� =��� =KDQJ�� +��� &KHQ�� .��� /LQ��<��+��
&KHPLFDO� DQG� 7R[LFRORJLFDO� &KDUDFWHUL]DWLRQ� RI� 9DSLQJ� (PLVVLRQ� 3URGXFWV� IURP�
&RPPRQO\� 8VHG� 9DSH� -XLFH� 'LOXHQWV�� &KHP� 5HV� 7R[LFRO� ������ ��� ����� ����±������
KWWSV���GRL�RUJ���������DFV�FKHPUHVWR[��F������ 

���� %ORXQW��%��&���.DUZRZVNL��0��3���0RUHO�(VSLQRVD��0���5HHV��-���6RVQRII��&���&RZDQ��(���
*DUGQHU��0���:DQJ�� /���9DOHQWLQ�%ODVLQL�� /��� 6LOYD�� /��� 'H� -HV~V��9�� 5��� .XNOHQ\LN�� =���
:DWVRQ��&���6H\OHU��7���;LD��%���&KDPEHUV��'���%ULVV��3���.LQJ��%��$���'HODQH\��/���-RQHV��&��
0���%DOGZLQ��*��7���%DUU�� -��5���7KRPDV�� -���3LUNOH�� -��/��(YDOXDWLRQ�RI�%URQFKRDOYHRODU�
/DYDJH� )OXLG� IURP� 3DWLHQWV� LQ� DQ� 2XWEUHDN� RI� (�&LJDUHWWH�� RU� 9DSLQJ�� 3URGXFW� 8VH±
$VVRFLDWHG�/XQJ�,QMXU\�²����6WDWHV��$XJXVW±2FWREHU�������00:5�0RUE�0RUWDO�:NO\�
5HS��������������������±������KWWSV���GRL�RUJ����������PPZU�PP����H�� 

���� %XWW��<��0���6PLWK��0��/���7D]HODDU��+��'���9DV]DU��/��7���6ZDQVRQ��.��/���&HFFKLQL��0��-���
%RODQG��-��0���%RLV��0��&���%R\XP��-��+���)URHPPLQJ��$��7���.KRRU��$���0LUD�$YHQGDQR��,���
3DWHO��$���/DUVHQ��%��7��3DWKRORJ\�RI�9DSLQJ�$VVRFLDWHG�/XQJ�,QMXU\��1HZ�(QJODQG�-RXUQDO�
RI�0HGLFLQH���������������������±������KWWSV���GRL�RUJ���������1(-0F�������� 

���� %KDW��7��$���.DODWKLO��6��*���%RJQHU��3��1���%ORXQW��%��&���*RQLHZLF]��0��/���7KDQDYDOD��<��
0��$Q�$QLPDO�0RGHO� RI� ,QKDOHG�9LWDPLQ� (�$FHWDWH� DQG� (9$/,�OLNH� /XQJ� ,QMXU\��1HZ�
(QJODQG� -RXUQDO� RI� 0HGLFLQH� ������ ���� ������ ����±������
KWWSV���GRL�RUJ���������1(-0F�������� 

���� 5RVH��-��-���.ULVKQDQ�6DULQ��6���([LO��9��-���+DPEXUJ��1��0���)HWWHUPDQ��-��/���,FKLQRVH��)���
3HUH]�3LQ]RQ�� 0�� $��� 5H]N�+DQQD�� 0��� :LOOLDPVRQ�� (�� &DUGLRSXOPRQDU\� ,PSDFW� RI�
(OHFWURQLF�&LJDUHWWHV�DQG�9DSLQJ�3URGXFWV��$�6FLHQWLILF�6WDWHPHQW�)URP�WKH�$PHULFDQ�+HDUW�
$VVRFLDWLRQ�� &LUFXODWLRQ� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������&,5������������������ 

���� &DxDGDV�� 2��� 2OPHGD�� %���$ORQVR��$��� 3pUH]�*LO�� -�� /LSLG±3URWHLQ� DQG� 3URWHLQ±3URWHLQ�
,QWHUDFWLRQV�LQ�WKH�3XOPRQDU\�6XUIDFWDQW�6\VWHP�DQG�7KHLU�5ROH�LQ�/XQJ�+RPHRVWDVLV��,QW�
-�0RO�6FL����������������������KWWSV���GRL�RUJ���������LMPV��������� 
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���� 'L3DVTXDOH��0���*EDGDPRVL��2���1JX\HQ��0��+��/���&DVWLOOR��6��5���5LFNHDUG��%��:���.HOOH\��
(��*���1DJDR��0���0DUTXDUGW��'��$�0HFKDQLFDO�0HFKDQLVP�IRU�9LWDPLQ�(�$FHWDWH� LQ�(�
&LJDUHWWH�9DSLQJ�$VVRFLDWHG� /XQJ� ,QMXU\��&KHP� 5HV� 7R[LFRO� ������ ��� ����� ����±������
KWWSV���GRL�RUJ���������DFV�FKHPUHVWR[��F������ 

���� YDQ� %DYHO�� 1��� /DL�� 3���$PUHLQ�� 0��� 3UHQQHU�� (�� -�� %LRSK\VLFDO� ,QYHVWLJDWLRQ� RI� 9DSH�
$GGLWLYHV� ZLWK� &RPSOH[� /XQJ� 6XUIDFWDQW�0RGHO� 6\VWHPV� DQG� 3K\VLRORJLFDO� 6XUIDFWDQW�
([WUDFWV��-&,6�2SHQ�������������������KWWSV���GRL�RUJ���������M�MFLVR������������� 

���� YDQ�%DYHO��1���/DL��3���/RHEHQEHUJ��5���3UHQQHU��(��-��9DSLQJ�$GGLWLYHV�1HJDWLYHO\�,PSDFW�
WKH� 6WDELOLW\� DQG� /DWHUDO� )LOP� 2UJDQL]DWLRQ� RI� /XQJ� 6XUIDFWDQW� 0RGHO� 6\VWHPV��
1DQRPHGLFLQH�������������������±�����KWWSV���GRL�RUJ���������QQP����������� 

���� 5DQDUG��.��0���(UGPDQ�� -��:��(IIHFWV� RI�'LHWDU\�555�Į�7RFRSKHURO� YV�$OO�5DFHPLF�Į�
7RFRSKHURO� RQ� +HDOWK� 2XWFRPHV�� 1XWU� 5HY� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������QXWULW�QX[���� 

���� (/�%(/7$*,��+��6���02+$0('��+��,��5HDFWLYH�2[\JHQ�6SHFLHV��/LSLG�3HUR[LGDWLRQ�DQG�
$QWLR[LGDWLYH�'HIHQVH�0HFKDQLVP��1RW�%RW�+RUWL�$JURERW�&OXM�1DSRFD�������������������
KWWSV���GRL�RUJ����������QEKD�������� 

���� )ULWVFKH�� 6���:DQJ��;��� -XQJ��&��5HFHQW�$GYDQFHV� LQ�2XU�8QGHUVWDQGLQJ� RI�7RFRSKHURO�
%LRV\QWKHVLV�LQ�3ODQWV��$Q�2YHUYLHZ�RI�.H\�*HQHV��)XQFWLRQV��DQG�%UHHGLQJ�RI�9LWDPLQ�(�
,PSURYHG�&URSV��$QWLR[LGDQWV������������������KWWSV���GRL�RUJ���������DQWLR[�������� 

���� 0F/DXJKOLQ��3��-���:HLKUDXFK��-��/��9LWDPLQ�(�&RQWHQW�RI�)RRGV��-�$P�'LHW�$VVRF����������
��������±���� 

���� 5LPEDFK�� *��� 0RHKULQJ�� -��� +XHEEH�� 3��� /RGJH�� -�� .�� *HQH�5HJXODWRU\�$FWLYLW\� RI� Į�
7RFRSKHURO�� 0ROHFXOHV� ������ ��� ����� ����±������
KWWSV���GRL�RUJ���������PROHFXOHV��������� 

���� $FXII��5���7KHGIRUG��6���+LGLURJORX��1���3DSDV��$���2GRP��7��5HODWLYH�%LRDYDLODELOLW\�RI�
555�� DQG� $OO�5DF�Į�7RFRSKHU\O� $FHWDWH� LQ� +XPDQV�� 6WXGLHV� 8VLQJ� 'HXWHUDWHG�
&RPSRXQGV��$P�-�&OLQ�1XWU������������������±�����KWWSV���GRL�RUJ���������DMFQ���������� 

���� %XUWRQ��*���7UDEHU��0���$FXII��5���:DOWHUV��'���.D\GHQ��+���+XJKHV��/���,QJROG��.��+XPDQ�
3ODVPD�DQG�7LVVXH�$OSKD�7RFRSKHURO�&RQFHQWUDWLRQV�LQ�5HVSRQVH�WR�6XSSOHPHQWDWLRQ�ZLWK�
'HXWHUDWHG� 1DWXUDO� DQG� 6\QWKHWLF� 9LWDPLQ� (�� $P� -� &OLQ� 1XWU� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������DMFQ���������� 

���� /HRQDUG��6��:���7HUDVDZD��<���)DUHVH�-U��5��9��7UDEHU��0��*��,QFRUSRUDWLRQ�RI�'HXWHUDWHG�
555��RU�$OO�5DF�Į�7RFRSKHURO�LQ�3ODVPD�DQG�7LVVXHV�RI�Į�7RFRSKHURO�7UDQVIHU�3URWHLQ±
1XOO�0LFH��$P�-�&OLQ�1XWU������������������±�����KWWSV���GRL�RUJ���������DMFQ���������� 

���� 0RUWRQ��/��:���&DFFHWWD��5��$���3XGGH\��,��%���&URIW��.��'��&KHPLVWU\�$QG�%LRORJLFDO�(IIHFWV�
2I� 'LHWDU\� 3KHQROLF� &RPSRXQGV�� 5HOHYDQFH� 7R� &DUGLRYDVFXODU� 'LVHDVH�� &OLQ� ([S�
3KDUPDFRO� 3K\VLRO� ������ ��� ����� ���±����� KWWSV���GRL�RUJ���������M������
����������������[� 

���� -HIIUH\��*��3���0XOOHU��'��3��5���%XUURXJKV��$��.���0DWWKHZV��6���.HPS��&���(SVWHLQ��2���
0HWFDOIH��7��$���6RXWKDP��(���7D]LU�0HOERXF\��0���7KRPDV��3��.���0F,QW\UH��1��9LWDPLQ�(�
'HILFLHQF\�DQG�,WV�&OLQLFDO�6LJQLILFDQFH�LQ�$GXOWV�ZLWK�3ULPDU\�%LOLDU\�&LUUKRVLV�DQG�2WKHU�
)RUPV� RI� &KURQLF� /LYHU� 'LVHDVH�� -� +HSDWRO� ������ �� ����� ���±�����
KWWSV���GRL�RUJ���������6��������������������� 

���� .RQR��1���$UDL��+��,QWUDFHOOXODU�7UDQVSRUW�RI�)DWဨ6ROXEOH�9LWDPLQV�$�DQG�(��7UDIILF�������
����������±����KWWSV���GRL�RUJ���������WUD������� 
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���� /RER��9��� 3DWLO��$��� 3KDWDN��$���&KDQGUD��1�� )UHH�5DGLFDOV��$QWLR[LGDQWV� DQG�)XQFWLRQDO�
)RRGV�� ,PSDFW� RQ� +XPDQ� +HDOWK�� 3KDUPDFRJQ� 5HY� ������ �� ����� �����
KWWSV���GRL�RUJ������������������������� 

���� &XPPLQJV�� 0�� -��� 0DWWLOO�� +��$�� 7KH�$XWR�2[LGDWLRQ� RI� )DWV� ZLWK� 5HIHUHQFH� WR� 7KHLU�
'HVWUXFWLYH� (IIHFW� RQ� 9LWDPLQ� (�� -� 1XWU� ������ �� ����� ���±�����
KWWSV���GRL�RUJ���������MQ��������� 

���� 7UDEHU��0��*��9LWDPLQ�(�,QDGHTXDF\�LQ�+XPDQV��&DXVHV�DQG�&RQVHTXHQFHV��$GYDQFHV�LQ�
1XWULWLRQ�����������������±�����KWWSV���GRL�RUJ���������DQ������������ 

���� 7DSSHO��$�� /��� %URZQ��:�� '��� =DONLQ�� +��� 0DLHU�� 9�� 3�� 8QVDWXUDWHG� /LSLG� 3HUR[LGDWLRQ�
&DWDO\]HG�E\�+HPDWLQ�&RPSRXQGV�DQG�,WV�,QKLELWLRQ�E\�9LWDPLQ�(����-�$P�2LO�&KHP�6RF�
���������������±���KWWSV���GRL�RUJ���������%)��������� 

���� 1LNL��(��/LSLG�2[LGDWLRQ�7KDW�,V��DQG�,V�1RW��,QKLELWHG�E\�9LWDPLQ�(��&RQVLGHUDWLRQ�DERXW�
3K\VLRORJLFDO� )XQFWLRQV� RI� 9LWDPLQ� (�� )UHH� 5DGLF� %LRO� 0HG� ������ ����� �±����
KWWSV���GRL�RUJ���������M�IUHHUDGELRPHG������������� 

���� 5DPDQD��.��9���6ULYDVWDYD��6���6LQJKDO��6��6��/LSLG�3HUR[LGDWLRQ�3URGXFWV�LQ�+XPDQ�+HDOWK�
DQG� 'LVHDVH� ������ 2[LG� 0HG� &HOO� /RQJHY� ������ ������ �±���
KWWSV���GRL�RUJ���������������������� 

���� =LQJJ��-��0��9LWDPLQ�(��$�5ROH�LQ�6LJQDO�7UDQVGXFWLRQ��$QQX�5HY�1XWU������������������±
�����KWWSV���GRL�RUJ���������DQQXUHY�QXWU��������������� 

���� )RRG�DQG�'UXJ�$GPLQLVWUDWLRQ��)RRG�/DEHOLQJ��5HYLVLRQ�RI�WKH�1XWULWLRQ�DQG�6XSSOHPHQW�
)DFWV�/DEHOV� 

���� 8�6��'HSDUWPHQW�RI�$JULFXOWXUH��)RRG'DWD�&HQWUDO��$JULFXOWXUDO�5HVHDUFK�6HUYLFH������ 
���� 0�� -DVLP�� $��� -�� -DZDG�� 0�� 3KDUPDFHXWLFDO� $SSOLFDWLRQV� RI� 9LWDPLQ� (� 73*6�� ������

KWWSV���GRL�RUJ���������LQWHFKRSHQ������� 
���� /HPH�*RWR��3���&LQDWR��0���0HUDFKOL��)���9RQV��%���-LPHQH]��7���0DUVDO��'���7RGXD��1���/RL��

+���6DQWLQ��<���&DVVHO��6���%ODQ]DW��0���7URQFKHUH��+���'HMXJQDW��&���.XQGX]RYD��2���%RDO��
)��,Q�9LWUR�DQG�LQ�9LYR�&DUGLRSURWHFWLYH�DQG�0HWDEROLF�(IILFDF\�RI�9LWDPLQ�(�73*6�$SHOLQ��
-�0RO�&HOO�&DUGLRO���������������±�����KWWSV���GRL�RUJ���������M�\MPFF������������� 

���� $EUDKDP��$���.DWWRRU��$��-���6DOGHHQ��7���0HKWD��-��/��9LWDPLQ�(�DQG�,WV�$QWLFDQFHU�(IIHFWV��
&ULW� 5HY� )RRG� 6FL� 1XWU� ������ ��� ������ ����±������
KWWSV���GRL�RUJ������������������������������� 

���� .HHQ��0���+DVVDQ��,��9LWDPLQ�(�LQ�'HUPDWRORJ\��,QGLDQ�'HUPDWRO�2QOLQH�-�������������������
KWWSV���GRL�RUJ�������������������������� 

���� %XUNH��.��(���&OLYH��-���&RPEV��*��)���&RPPLVVR��-���.HHQ��&��/���1DNDPXUD��5��0��(IIHFWV�
RI�7RSLFDO�DQG�2UDO�9LWDPLQ�(�RQ�3LJPHQWDWLRQ�DQG�6NLQ�&DQFHU�,QGXFHG�E\�8OWUDYLROHW�
,UUDGLDWLRQ� LQ� 6NK��� +DLUOHVV� 0LFH�� 1XWU� &DQFHU� ������ ��� ����� ��±����
KWWSV���GRL�RUJ���������6��������1&���B��� 

���� 5LFFLDUHOOL�� 5���0DURQL�� 3��� g]HU��1��� =LQJJ�� -��0���$]]L��$��$JH�'HSHQGHQW� ,QFUHDVH� RI�
&ROODJHQDVH�([SUHVVLRQ�&DQ�%H�5HGXFHG�E\�Į�7RFRSKHURO�YLD�3URWHLQ�.LQDVH�&�,QKLELWLRQ��
)UHH� 5DGLF� %LRO� 0HG� ������ ��� ��±���� ���±����� KWWSV���GRL�RUJ���������6�����
���������������� 

���� 0DNSRO�� 6��� -DP�� )��$��� .KRU�� 6�� &��� ,VPDLO�� =���0RKG�<XVRI��<��$���:DQ�1JDK��:�� =��
&RPSDUDWLYH�(IIHFWV�RI�%LRG\QHV��7RFRWULHQRO�5LFK�)UDFWLRQ��DQG�7RFRSKHURO�LQ�(QKDQFLQJ�
&ROODJHQ� 6\QWKHVLV� DQG� ,QKLELWLQJ� &ROODJHQ� 'HJUDGDWLRQ� LQ� 6WUHVV�,QGXFHG� 3UHPDWXUH�
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6HQHVFHQFH�0RGHO�RI�+XPDQ�'LSORLG�)LEUREODVWV��2[LG�0HG�&HOO�/RQJHY��������������±���
KWWSV���GRL�RUJ��������������������� 

���� 'HOJDGR��$���$O�+DPLPL�� 6��� 5DPDGDQ��0�� )���:LW��0��'H��'XUD]]R��$��� 1\DP��.�� /���
,VVDRXL��0�� &RQWULEXWLRQ� RI� 7RFROV� WR� )RRG� 6HQVRULDO� 3URSHUWLHV�� 6WDELOLW\�� DQG� 2YHUDOO�
4XDOLW\��-�)RRG�4XDO��������������±���KWWSV���GRL�RUJ���������������������� 

���� :HVVOLQJ��&���1LHOVHQ��7���/HXIY೦Q��$��7KH�,QIOXHQFH�RIௗ"�7RFRSKHURO�&RQFHQWUDWLRQ�RQ�WKH�
6WDELOLW\� RI� /LQROHLF�$FLG� DQG� WKH� 3URSHUWLHV� RI� /RZ�'HQVLW\� 3RO\HWK\OHQH�� 3DFNDJLQJ�
7HFKQRORJ\� DQG� 6FLHQFH� ������ ��� ����� ��±���� KWWSV���GRL�RUJ����������6,&,������
������������������������$,'�376���!����&2���%� 

���� *HUDVVLPLGRX��6���*HXHNH��%���*URK��.��-���0XQFNH��-���+DKODGDNLV��-��1���0DUWLQ��2��9���
,DFRYLGRX��(��8QSDFNLQJ�WKH�&RPSOH[LW\�RI�WKH�3RO\HWK\OHQH�)RRG�&RQWDFW�$UWLFOHV�9DOXH�
&KDLQ�� $� &KHPLFDOV� 3HUVSHFWLYH�� -� +D]DUG� 0DWHU� ������ ����� ��������
KWWSV���GRL�RUJ���������M�MKD]PDW������������� 

���� )RRG� DQG� 3DFNDJLQJ� ,QWHUDFWLRQV�� +RWFKNLVV�� -�� +��� (G���$PHULFDQ� &KHPLFDO� 6RFLHW\��
:DVKLQJWRQ��'&��������9RO�������KWWSV���GRL�RUJ���������EN����������� 

���� -XUDN��0���0LxRQHV� &RQGH�� -�� &KDUDFWHUL]DWLRQ� RI� WKH� %LQDU\�0L[HG�0RQROD\HUV� RI� Į�
7RFRSKHURO�ZLWK�3KRVSKROLSLGV�DW�WKH�$LU�:DWHU�,QWHUIDFH��%LRFKLPLFD�HW�%LRSK\VLFD�$FWD�
�%%$�� �� %LRPHPEUDQHV� ������ ����� ������ ����±������
KWWSV���GRL�RUJ���������M�EEDPHP������������� 

���� 'L3DVTXDOH�� 0��� 1JX\HQ�� 0�� +�� /��� 3DEVW�� *��� 0DUTXDUGW�� '�� 3DUWLDO� 9ROXPHV� RI�
3KRVSKDWLG\OFKROLQHV�DQG�9LWDPLQ�(��Į�7RFRSKHURO�3UHIHUV�'LVRUGHUHG�0HPEUDQHV��-�3K\V�
&KHP�%���������������������±������KWWSV���GRL�RUJ���������DFV�MSFE��F������ 

���� +DUURXQ����7�$��0DUTXDUGW����'��.DWVDUDV��-���$WNLQVRQ��-��1HXWURQ�'LIIUDFWLRQ�DQG�9LWDPLQ�
(��-�3K\V�&RQI�6HU��������������������KWWSV���GRL�RUJ�������������������������������� 

���� 0DUTXDUGW�� '���:LOOLDPV�� -��$��� .XþHUND�� 1���$WNLQVRQ�� -���:DVVDOO�� 6�� 5��� .DWVDUDV�� -���
+DUURXQ��7��$��7RFRSKHURO�$FWLYLW\�&RUUHODWHV�ZLWK� ,WV�/RFDWLRQ� LQ�D�0HPEUDQH��$�1HZ�
3HUVSHFWLYH�RQ� WKH�$QWLR[LGDQW�9LWDPLQ�(��-�$P�&KHP�6RF����������� ������ ����±������
KWWSV���GRL�RUJ���������MD������U� 

���� $WNLQVRQ��-���(SDQG��5��)���(SDQG��5��0��7RFRSKHUROV�DQG�7RFRWULHQROV�LQ�0HPEUDQHV��$�
&ULWLFDO� 5HYLHZ�� )UHH� 5DGLF� %LRO� 0HG� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������M�IUHHUDGELRPHG������������� 

���� 0DJJLR��%���'LSORFN��$��7���/XF\��-��$��,QWHUDFWLRQV�RI�7RFRSKHUROV�DQG�8ELTXLQRQHV�ZLWK�
0RQROD\HUV� RI� 3KRVSKROLSLGV�� %LRFKHPLFDO� -RXUQDO� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������EM�������� 

���� +LQFKD��'��.��(IIHFWV�RI�ǹဨWRFRSKHURO��9LWDPLQ�(��RQ�WKH�6WDELOLW\�DQG�/LSLG�'\QDPLFV�RI�
0RGHO�0HPEUDQHV�0LPLFNLQJ� WKH�/LSLG�&RPSRVLWLRQ� RI� 3ODQW�&KORURSODVW�0HPEUDQHV��
)(%6�/HWW��������������±���������±������KWWSV���GRL�RUJ���������M�IHEVOHW������������� 

���� %UDGIRUG��$���$WNLQVRQ��-���)XOOHU��1���5DQG��5��3��7KH�(IIHFW�RI�9LWDPLQ�(�RQ�WKH�6WUXFWXUH�
RI� 0HPEUDQH� /LSLG� $VVHPEOLHV�� -� /LSLG� 5HV� ������ ��� ������ ����±������
KWWSV���GRL�RUJ���������MOU�0�������-/5���� 

���� +pQRQ��6���0HXQLHU��-��0LFURVFRSH�DW�WKH�%UHZVWHU�$QJOH��'LUHFW�2EVHUYDWLRQ�RI�)LUVW�2UGHU�
3KDVH�7UDQVLWLRQV�LQ�0RQROD\HUV��5HYLHZ�RI�6FLHQWLILF�,QVWUXPHQWV������������������±�����
KWWSV���GRL�RUJ������������������� 
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���� +RHQLJ��'���0RHELXV��'��'LUHFW�9LVXDOL]DWLRQ�RI�0RQROD\HUV�DW�WKH�$LU�:DWHU�,QWHUIDFH�E\�
%UHZVWHU� $QJOH� 0LFURVFRS\�� -� 3K\V� &KHP� ������ ��� ������ ����±������
KWWSV���GRL�RUJ���������M������D���� 

���� 'DHDU��:���0DKDGHR��0���3UHQQHU��(��-��$SSOLFDWLRQV�RI�%UHZVWHU�$QJOH�0LFURVFRS\�IURP�
%LRORJLFDO� 0DWHULDOV� WR� %LRORJLFDO� 6\VWHPV�� %LRFKLPLFD� HW� %LRSK\VLFD� $FWD� �%%$�� ��
%LRPHPEUDQHV� ������ ����� ������ ����±������
KWWSV���GRL�RUJ���������M�EEDPHP������������� 

���� 3HDFKH\��1��0���(FNKDUGW��&��-��6WUXFWXUDO�6WXGLHV�RI�2UGHUHG�0RQROD\HUV�8VLQJ�$WRPLF�
)RUFH� 0LFURVFRS\�� 0LFURQ� ������ ��� ����� ���±����� KWWSV���GRL�RUJ��������������
���������������� 

���� 6WHIDQLX�� &��� %UH]HVLQVNL�� *�� ;�5D\� ,QYHVWLJDWLRQ� RI� 0RQROD\HUV� )RUPHG� DW� WKH� 6RIW�
$LU�:DWHU� ,QWHUIDFH�� &XUU� 2SLQ� &ROORLG� ,QWHUIDFH� 6FL� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������M�FRFLV������������� 

���� 6WHIDQLX�� &��� %UH]HVLQVNL�� *�� ;�5D\� ,QYHVWLJDWLRQ� RI� 0RQROD\HUV� )RUPHG� DW� WKH� 6RIW�
$LU�:DWHU� ,QWHUIDFH�� &XUU� 2SLQ� &ROORLG� ,QWHUIDFH� 6FL� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������M�FRFLV������������� 

���� $OV�1LHOVHQ�� -��� -DFTXHPDLQ�� '��� .MDHU�� .��� /HYHLOOHU�� )��� /DKDY�� 0��� /HLVHURZLW]�� /��
3ULQFLSOHV� DQG�$SSOLFDWLRQV� RI� *UD]LQJ� ,QFLGHQFH� ;�5D\� DQG� 1HXWURQ� 6FDWWHULQJ� IURP�
2UGHUHG�0ROHFXODU�0RQROD\HUV�DW�WKH�$LU�:DWHU�,QWHUIDFH��3K\V�5HS�������������������±
�����KWWSV���GRL�RUJ������������������������������ 

���� 6WHIDQLX��&���%UH]HVLQVNL��*��*UD]LQJ�,QFLGHQFH�;�5D\�'LIIUDFWLRQ�6WXGLHV�RI�&RQGHQVHG�
'RXEOH�&KDLQ� 3KRVSKROLSLG� 0RQROD\HUV� )RUPHG� DW� WKH� 6RIW� $LU�:DWHU� ,QWHUIDFH�� $GY�
&ROORLG�,QWHUIDFH�6FL���������������±�����KWWSV���GRL�RUJ���������M�FLV������������� 

����� 7LNKRQRY��$�� 0���$VDGFKLNRY�� 9�� (��� 9RONRY��<�� 2��� 5RVKFKLQ�� %�� 6��� 1X]KGLQ��$�� '���
0DNULQVN\��.��,���(UPDNRY��<��$��;�5D\�5HIOHFWLYLW\�6WXG\�RI�3RO\O\VLQH�$GVRUSWLRQ�RQ�WKH�
6XUIDFH� RI� '036� 0RQROD\HUV�� 0HPEUDQHV� �%DVHO�� ������ ��� ������ ������
KWWSV���GRL�RUJ���������PHPEUDQHV��������� 

����� 'L3DVTXDOH��0���1JX\HQ��0��+��/���&DVWLOOR��6��5���'LE��,��-���.HOOH\��(��*���0DUTXDUGW��'��
9LWDPLQ� (� 'RHV� 1RW� 'LVWXUE� 3RO\XQVDWXUDWHG� )DWW\�$FLG� /LSLG� 'RPDLQV�� %LRFKHPLVWU\�
�������������������±������KWWSV���GRL�RUJ���������DFV�ELRFKHP��F������ 

����� /HQJ��;���=KX��)���:DVVDOO��6��5��9LWDPLQ�(�+DV�5HGXFHG�$IILQLW\�IRU�D�3RO\XQVDWXUDWHG�
3KRVSKROLSLG��$Q� 8PEUHOOD� 6DPSOLQJ� 0ROHFXODU� '\QDPLFV� 6LPXODWLRQV� 6WXG\�� -� 3K\V�
&KHP�%���������������������±������KWWSV���GRL�RUJ���������DFV�MSFE��E������ 

����� 0XGGDQD��+��6���&KLDQJ��+��+���%XWOHU��3�� -��7XQLQJ�0HPEUDQH�3KDVH�6HSDUDWLRQ�8VLQJ�
1RQOLSLG� $PSKLSKLOHV�� %LRSK\V� -� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������M�ESM������������� 

����� .HDWLQJ��(���5DKPDQ��/���)UDQFLV��-���3HWHUVHQ��$���3RVVPD\HU��)���9HOGKXL]HQ��5���3HWHUVHQ��
1��2��(IIHFW�RI�&KROHVWHURO�RQ�WKH�%LRSK\VLFDO�DQG�3K\VLRORJLFDO�3URSHUWLHV�RI�D�&OLQLFDO�
3XOPRQDU\� 6XUIDFWDQW�� %LRSK\V� -� ������ ��� ����� ����±������
KWWSV���GRL�RUJ���������ELRSK\VM������������ 

����� 2OĪ\ĔVND��$���=XEHN��0���5RHVHORYD��0���.RUFKRZLHF��-���&ZLNOLN��/��0L[HG�'33&�323&�
0RQROD\HUV�� $OO�$WRP� 0ROHFXODU� '\QDPLFV� 6LPXODWLRQV� DQG� /DQJPXLU� 0RQROD\HU�
([SHULPHQWV�� %LRFKLPLFD� HW� %LRSK\VLFD� $FWD� �%%$�� �� %LRPHPEUDQHV� ������ ����� ������
����±������KWWSV���GRL�RUJ���������M�EEDPHP������������� 
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����� :�VWQHFN��5���3HUH]�*LO��-���:�VWQHFN��1���&UX]��$���)DLQHUPDQ��9��%���3LVRQ��8��,QWHUIDFLDO�
3URSHUWLHV�RI�3XOPRQDU\�6XUIDFWDQW�/D\HUV��$GY�&ROORLG�,QWHUIDFH�6FL�������������±������±
����KWWSV���GRL�RUJ���������M�FLV������������� 

����� 3DUUD�� (��� 3pUH]�*LO�� -�� &RPSRVLWLRQ�� 6WUXFWXUH� DQG� 0HFKDQLFDO� 3URSHUWLHV� 'HILQH�
3HUIRUPDQFH�RI�3XOPRQDU\�6XUIDFWDQW�0HPEUDQHV�DQG�)LOPV��&KHP�3K\V�/LSLGV������������
���±�����KWWSV���GRL�RUJ���������M�FKHPSK\VOLS������������� 

����� &DVDOV��&���&DxDGDV��2��5ROH�RI�/LSLG�2UGHUHG�'LVRUGHUHG�3KDVH�&RH[LVWHQFH�LQ�3XOPRQDU\�
6XUIDFWDQW� )XQFWLRQ��%LRFKLPLFD� HW�%LRSK\VLFD�$FWD� �%%$�� ��%LRPHPEUDQHV������������
����������±������KWWSV���GRL�RUJ���������M�EEDPHP������������� 

����� /HH��.��<��&���0DMHZVNL��-���.XKO��7��/���+RZHV��3��%���.MDHU��.���/LSS��0��0���:DULQJ��$��
-���=DVDG]LQVNL��-��$���6PLWK��*��6��6\QFKURWURQ�;�5D\�6WXG\�RI�/XQJ�6XUIDFWDQW�6SHFLILF�
3URWHLQ� 63�%� LQ� /LSLG� 0RQROD\HUV�� %LRSK\V� -� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������6��������������������� 

����� <DVPDQQ��$��� 6XNKDUHY�� 6�� 3URSHUWLHV� RI� 'LSK\WDQR\O� 3KRVSKROLSLGV� DW� WKH�$LU±:DWHU�
,QWHUIDFH��/DQJPXLU������������������±�����KWWSV���GRL�RUJ���������OD������J� 

����� àDGQLDN��$���-XUDN��0���:LąFHN��$��(��/DQJPXLU�0RQROD\HU�6WXG\�RI�3KRVSKROLSLG�'33&�
RQ�WKH�7LWDQLXP�'LR[LGH±&KLWRVDQ±+\DOXURQLF�$FLG�6XESKDVHV��$GVRUSWLRQ���������������
���±�����KWWSV���GRL�RUJ���������V������������������ 

����� &XWUR��$��&���'LVDOYR��(��$���)UtDV��0��$��(IIHFWV�RI�3KHQ\ODODQLQH�RQ�WKH�/LTXLG�([SDQGHG�
DQG�/LTXLG�&RQGHQVHG�6WDWHV�RI�3KRVSKDWLG\OFKROLQH�0RQROD\HUV��/LSLG�,QVLJKWV�����������
�����������������KWWSV���GRL�RUJ�������������������������� 

����� &KHQJ��6���/L��6���7VRQD��1��7���*HRUJH��&���'X��/��,QVLJKWV�LQWR�WKH�+HDGJURXS�DQG�&KDLQ�
/HQJWK�'HSHQGHQFH�RI�6XUIDFH�&KDUDFWHULVWLFV�RI�2UJDQLF�&RDWHG�6HD�6SUD\�$HURVROV��$&6�
(DUWK� 6SDFH� &KHP� ������ �� ����� ���±�����
KWWSV���GRL�RUJ���������DFVHDUWKVSDFHFKHP��E������ 

����� 1HXQHUW��*���+HUWPDQRZVNL��5���:LWNRZVNL�� 6���3ROHZVNL��.��(IIHFW� RI�(VWHU�0RLHW\� RQ�
6WUXFWXUDO�3URSHUWLHV�RI�%LQDU\�0L[HG�0RQROD\HUV�RI�$OSKD�7RFRSKHURO�'HULYDWLYHV�ZLWK�
'33&��0ROHFXOHV����������������������KWWSV���GRL�RUJ���������PROHFXOHV��������� 

����� +DVHJDZD��7���7DNHGD��6���.DZDJXFKL��$���8PHPXUD��-��4XDQWLWDWLYH�$QDO\VLV�RI�8QLD[LDO�
0ROHFXODU�2ULHQWDWLRQ� LQ�/DQJPXLU�%ORGJHWW�)LOPV�E\� ,QIUDUHG�5HIOHFWLRQ�6SHFWURVFRS\��
/DQJPXLU�������������������±������KWWSV���GRL�RUJ���������OD�����D���� 

����� %RUR]HQNR��2���)DUDO��0���%HK\DQ��6���.KDQ��$���&RXORPEH��-���'H:ROI��&���%DGLD��$��6LOLFD�
1DQRSDUWLFOH�,QGXFHG� 6WUXFWXUDO� 5HRUJDQL]DWLRQV� LQ� 3XOPRQDU\� 6XUIDFWDQW� )LOPV��:KDW�
0RQROD\HU�&RPSUHVVLRQ�,VRWKHUPV�'R�1RW�6D\��$&6�$SSO�1DQR�0DWHU������������������±
������KWWSV���GRL�RUJ���������DFVDQP��E������ 

����� 0DOFKDUHN�� 6��� +LQ]�� $��� +LOWHUKDXV�� /��� *DOOD�� +��-�� 0XOWLOD\HU� 6WUXFWXUHV� LQ� /LSLG�
0RQROD\HU� )LOPV� &RQWDLQLQJ� 6XUIDFWDQW� 3URWHLQ� &�� (IIHFWV� RI� &KROHVWHURO� DQG� 323(��
%LRSK\V�-�������������������±������KWWSV���GRL�RUJ���������ELRSK\VM������������ 

����� %UH]HVLQVNL��*���'LHWULFK��$���6WUXWK��%���%|KP��&���%RXZPDQ��:��*���.MDHU��.���0|KZDOG��
+��,QIOXHQFH�RI�(WKHU�/LQNDJHV�RQ�WKH�6WUXFWXUH�RI�'RXEOH�&KDLQ�3KRVSKROLSLG�0RQROD\HUV��
&KHP�3K\V�/LSLGV������������������±�����KWWSV���GRL�RUJ����������������������������3� 

����� %ULQJH]X��)���'LQJ��-���%UH]HVLQVNL��*���=DVDG]LQVNL��-��$��&KDQJHV�LQ�0RGHO�/XQJ�6XUIDFWDQW�
0RQROD\HUV� ,QGXFHG� E\� 3DOPLWLF� $FLG�� /DQJPXLU� ������ ��� ������ ����±������
KWWSV���GRL�RUJ���������OD�������� 
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����� &KRL��6��4���.LP��.���)HOORZV��&��0���&DR��.��'���/LQ��%���/HH��.��<��&���6TXLUHV��7��0���
=DVDG]LQVNL��-��$��,QIOXHQFH�RI�0ROHFXODU�&RKHUHQFH�RQ�6XUIDFH�9LVFRVLW\��/DQJPXLU�������
�������������±������KWWSV���GRL�RUJ���������OD������J� 

����� *20(=ဨ)(51$1'(=��-��&���9,//$/$,1��-���$5$1'$��)��-���257,=��$���0,&2/��9���
&287,1+2��$���%(5%(5$1ဨ6$1726��0��1��� 35,(72��0�� -�� (�� /RFDOL]DWLRQ� RI�ǹဨ
7RFRSKHURO� LQ� 0HPEUDQHV�� $QQ� 1� <� $FDG� 6FL� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������M����������������WE������[� 

����� /D\GHQ�� -��(���*KLQDL�� ,��� 3UD\�� ,���.LPEDOO��$���/D\HU��0���7HQIRUGH��0��:���1DYRQ��/���
+RRWV��%���6DOYDWRUH��3��3���(OGHUEURRN��0���+DXSW��7���.DQQH�� -���3DWHO��0��7���6DDWKRII�
+XEHU��/���.LQJ��%��$���6FKLHU��-��*���0LNRV]��&��$���0HLPDQ��-��3XOPRQDU\�,OOQHVV�5HODWHG�
WR� (�&LJDUHWWH�8VH� LQ� ,OOLQRLV� DQG�:LVFRQVLQ�²�)LQDO�5HSRUW��1HZ�(QJODQG� -RXUQDO� RI�
0HGLFLQH��������������������±�����KWWSV���GRL�RUJ���������1(-0RD�������� 

����� %DNHU��0��0���3URFWHU��7��'���%HO]DN��/���2JXQQDLNH�&RRNH��6��9DSLQJ�$VVRFLDWHG�/XQJ�
,OOQHVV��9$/,��LQ�&DQDGD��$�'HVFULSWLYH�$QDO\VLV�RI�9$/,�&DVHV�5HSRUWHG�IURP�6HSWHPEHU�
����� WR�'HFHPEHU�������+HDOWK�3URPRWLRQ�DQG�&KURQLF�'LVHDVH�3UHYHQWLRQ� LQ�&DQDGD�
����������������±����KWWSV���GRL�RUJ����������KSFGS��������� 

����� *KRVK��$���$KPDG��6���&RDNOH\��5��'���6DVVDQR��0��)���$OH[LV��1��(���7DUUDQ��5��/LSLG�/DGHQ�
0DFURSKDJHV� $UH� 1RW� 8QLTXH� WR� 3DWLHQWV� ZLWK� (�&LJDUHWWH� RU� 9DSLQJ� 3URGXFW� 8VH±
$VVRFLDWHG� /XQJ� ,QMXU\�� $P� -� 5HVSLU� &ULW� &DUH� 0HG� ������ ���� ����� ����±������
KWWSV���GRL�RUJ���������UFFP������������/(� 

����� 0LODG�� 1��� 0RULVVHWWH�� 0�� &�� 5HYLVLWLQJ� WKH� 5ROH� RI� 3XOPRQDU\� 6XUIDFWDQW� LQ� &KURQLF�
,QIODPPDWRU\�/XQJ�'LVHDVHV�DQG�(QYLURQPHQWDO�([SRVXUH��(XURSHDQ�5HVSLUDWRU\�5HYLHZ�
������������������������KWWSV���GRL�RUJ���������������������������� 

����� /H%RXI��5��)���5DQSDUD��$���+DP��-���$OGULGJH��0���)HUQDQGH]��(���:LOOLDPV��.���%XUQV��'��
$��� 6WHIDQLDN��$�� %�� &KHPLFDO� (PLVVLRQV� )URP�+HDWHG�9LWDPLQ� (�$FHWDWH²,QVLJKWV� WR�
5HVSLUDWRU\�5LVNV�)URP�(OHFWURQLF�&LJDUHWWH�/LTXLG�2LO�'LOXHQWV�8VHG�LQ�WKH�$HURVROL]DWLRQ�
RI� ǻ��7+&�&RQWDLQLQJ� 3URGXFWV�� )URQW� 3XEOLF� +HDOWK� ������ ���
KWWSV���GRL�RUJ���������ISXEK������������� 

����� -LDQJ��4��0HWDEROLVP�RI�1DWXUDO�)RUPV�RI�9LWDPLQ�(�DQG�%LRORJLFDO�$FWLRQV�RI�9LWDPLQ�(�
0HWDEROLWHV�� )UHH� 5DGLF� %LRO� 0HG� ������ ����� ���±�����
KWWSV���GRL�RUJ���������M�IUHHUDGELRPHG������������� 

����� -LDQJ��4��1DWXUDO�)RUPV�RI�9LWDPLQ�(��0HWDEROLVP��$QWLR[LGDQW�� DQG�$QWL�,QIODPPDWRU\�
$FWLYLWLHV�DQG�7KHLU�5ROH�LQ�'LVHDVH�3UHYHQWLRQ�DQG�7KHUDS\��)UHH�5DGLF�%LRO�0HG�������
������±����KWWSV���GRL�RUJ���������M�IUHHUDGELRPHG������������� 

����� ;LDR\XDQ�:DQJ��3��-��4��7KH�/RFDWLRQ�DQG�)XQFWLRQ�RI�9LWDPLQ�(�LQ�0HPEUDQHV��5HYLHZ���
0RO�0HPEU�%LRO������������������±�����KWWSV���GRL�RUJ��������������������������� 

����� +RZDUG��$��&���0F1HLO��$��.���0F1HLO��3��/��3URPRWLRQ�RI�3ODVPD�0HPEUDQH�5HSDLU�E\�
9LWDPLQ�(��1DW�&RPPXQ�������������������KWWSV���GRL�RUJ���������QFRPPV����� 

����� 1DSROLWDQR�� *��� )DVFLROR�� *��� 'L� 0HR�� 6��� 9HQGLWWL�� 3�� 9LWDPLQ� (� 6XSSOHPHQWDWLRQ� DQG�
0LWRFKRQGULD�LQ�([SHULPHQWDO�DQG�)XQFWLRQDO�+\SHUWK\URLGLVP��$�0LQL�5HYLHZ��1XWULHQWV�
���������������������KWWSV���GRL�RUJ���������QX��������� 

����� /DXULGVHQ��&���-HQVHQ��6��.��Į�7RFRSKHURO�,QFRUSRUDWLRQ�LQ�0LWRFKRQGULD�DQG�0LFURVRPHV�
XSRQ� 6XSUDQXWULWLRQDO� 9LWDPLQ� (� 6XSSOHPHQWDWLRQ�� *HQHV� 1XWU� ������ �� ����� ���±�����
KWWSV���GRL�RUJ���������V����������������� 
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����� 7KRPDV��6��0���*HELFNL��-��0���'HDQ��5��7��5DGLFDO�,QLWLDWHG�Į�7RFRSKHURO�'HSOHWLRQ�DQG�
/LSLG�3HUR[LGDWLRQ�LQ�0LWRFKRQGULDO�0HPEUDQHV��%LRFKLPLFD�HW�%LRSK\VLFD�$FWD��%%$����
/LSLGV� DQG� /LSLG� 0HWDEROLVP� ������ ����� ����� ���±����� KWWSV���GRL�RUJ��������������
���������������� 

����� 0XVWDFLFK��'�� -���/HRQDUG��6��:���3DWHO��1��.���7UDEHU��0��*��Į�7RFRSKHURO�ȕ�2[LGDWLRQ�
/RFDOL]HG� WR� 5DW� /LYHU� 0LWRFKRQGULD�� )UHH� 5DGLF� %LRO� 0HG� ������ ��� ����� ��±����
KWWSV���GRL�RUJ���������M�IUHHUDGELRPHG������������� 

����� ,UtDV�0DWD��$��� 6XV�� 1��� )ORU\�� 6��� 6WRFN�� '��� :RHUQHU�� '��� 3RGV]XQ�� 0��� )UDQN�� -�� Į�
7RFRSKHURO� 7UDQVIHU� 3URWHLQ� 'RHV� 1RW� 5HJXODWH� WKH� &HOOXODU� 8SWDNH� DQG� ,QWUDFHOOXODU�
'LVWULEXWLRQ�RI�Į��DQG�Ȗ�7RFRSKHUROV�DQG��7RFRWULHQROV�LQ�&XOWXUHG�/LYHU�&HOOV��5HGR[�%LRO�
������������±����KWWSV���GRL�RUJ���������M�UHGR[������������� 

����� <pYHQHV��/��)���.OHLQ��$���&DVWUR��-��)���0DUtQ��7���/HDO��1���/HLJKWRQ��)���$OYDUH]��$��5���
=DQOXQJR�� 6�� /\VRVRPDO� 9LWDPLQ� (� $FFXPXODWLRQ� LQ� 1LHPDQQ±3LFN� 7\SH� &� 'LVHDVH��
%LRFKLPLFD�HW�%LRSK\VLFD�$FWD��%%$����0ROHFXODU�%DVLV�RI�'LVHDVH��������������������±
�����KWWSV���GRL�RUJ���������M�EEDGLV������������� 

����� %XWWULVV�� -��/���'LSORFN��$��7��7KH�5HODWLRQVKLS�EHWZHHQ�Į�7RFRSKHURO� DQG�3KRVSKROLSLG�
)DWW\�$FLGV�LQ�5DW�/LYHU�6XEFHOOXODU�0HPEUDQH�)UDFWLRQV��%LRFKLPLFD�HW�%LRSK\VLFD�$FWD�
�%%$����/LSLGV�DQG�/LSLG�0HWDEROLVP������������������±����KWWSV���GRL�RUJ��������������
���������������� 

����� .|QLJ�� -��� %HVRNH�� )��� 6WXHW]�� :��� 0DODUVNL�� $��� -DKUHLV�� *��� *UXQH�� 7��� +|KQ�� $��
4XDQWLILFDWLRQ�RI�$JHဨUHODWHG�&KDQJHV�RI�ǹဨWRFRSKHURO�LQ�/\VRVRPDO�0HPEUDQHV�LQ�0XULQH�
7LVVXHV� DQG� +XPDQ� )LEUREODVWV�� %LR)DFWRUV� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������ELRI������ 

����� 6WRFNHU�� $��� $]]L�� $�� 7RFRSKHURO�%LQGLQJ� 3URWHLQV�� 7KHLU� )XQFWLRQ� DQG� 3K\VLRORJLFDO�
6LJQLILFDQFH�� $QWLR[LG� 5HGR[� 6LJQDO� ������ �� ����� ���±�����
KWWSV���GRL�RUJ��������������������������� 

����� =LQJJ��-��9LWDPLQ�(��5HJXODWRU\�5ROH�RQ�6LJQDO�7UDQVGXFWLRQ��,8%0%�/LIH���������������
���±�����KWWSV���GRL�RUJ���������LXE������ 

����� $==,��$���*<6,1��5���.(031È��3���0817($18��$���1(*,6��<���9,//$&257$��/���
9,6$5,86��7��� =,1**�� -��9LWDPLQ�(�0HGLDWHV�&HOO� 6LJQDOLQJ� DQG�5HJXODWLRQ� RI�*HQH�
([SUHVVLRQ�� $QQ� 1� <� $FDG� 6FL� ������ ����� ����� ��±����
KWWSV���GRL�RUJ���������DQQDOV���������� 

����� 0G�$PLQ��1��$���6KHLNK�$EGXO�.DGLU��6��+���$UVKDG��$��+���$EGXO�$]L]��1���$EGXO�1DVLU��
1��$���$E�/DWLS��1��$UH�9LWDPLQ�(�6XSSOHPHQWDWLRQ�%HQHILFLDO� IRU�)HPDOH�*\QDHFRORJ\�
+HDOWK� DQG� 'LVHDVHV"� 0ROHFXOHV� ������ ��� ����� ������
KWWSV���GRL�RUJ���������PROHFXOHV��������� 

����� &LFHN�� 1��� (U\LOPD]�� 2��*��� 6DULND\D�� (��� *XOHUPDQ�� &��� *HQF��<��9LWDPLQ� (� (IIHFW� RQ�
&RQWUROOHG�2YDULDQ�6WLPXODWLRQ�RI�8QH[SODLQHG� ,QIHUWLOH�:RPHQ��-�$VVLVW�5HSURG�*HQHW�
�����������������±�����KWWSV���GRL�RUJ���������V����������������� 

����� .RZGOH\�� .�� 9��� 0DVRQ�� -�� %��� 0H\GDQL�� 6�� 1��� &RUQZDOO�� 6��� *UDQG�� 5�� -�� 9LWDPLQ� (�
'HILFLHQF\� DQG� ,PSDLUHG� &HOOXODU� ,PPXQLW\� 5HODWHG� WR� ,QWHVWLQDO� )DW� 0DODEVRUSWLRQ��
*DVWURHQWHURORJ\��������������������±������KWWSV���GRL�RUJ����������������������������
;� 
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����� 3DH��0���:X��'��1XWULWLRQDO�0RGXODWLRQ�RI�$JH�5HODWHG�&KDQJHV�LQ�WKH�,PPXQH�6\VWHP�
DQG� 5LVN� RI� ,QIHFWLRQ�� 1XWULWLRQ� 5HVHDUFK� ������ ���� ��±����
KWWSV���GRL�RUJ���������M�QXWUHV������������� 

����� +DWDP��/��-���.D\GHQ��+��-��$�+LJK�3HUIRUPDQFH�/LTXLG�&KURPDWRJUDSKLF�0HWKRG�IRU�WKH�
'HWHUPLQDWLRQ�RI�7RFRSKHURO�LQ�3ODVPD�DQG�&HOOXODU�(OHPHQWV�RI�WKH�%ORRG��-�/LSLG�5HV�
�����������������±���� 

����� &RTXHWWH��$���9UD\��%���9DQGHUSDV��-��5ROH�RI�9LWDPLQ�(�LQ�WKH�3URWHFWLRQ�RI�WKH�5HVLGHQW�
0DFURSKDJH�0HPEUDQH�DJDLQVW�2[LGDWLYH�'DPDJH��$UFK�,QW�3K\VLRO�%LRFKLP���������������
6������ 

����� /HZLV��(��'���0H\GDQL��6��1���:X��'��5HJXODWRU\�5ROH�RI�9LWDPLQ�(�LQ�WKH�,PPXQH�6\VWHP�
DQG�,QIODPPDWLRQ��,8%0%�/LIH������������������±�����KWWSV���GRL�RUJ���������LXE������ 

����� 7HQJHUG\��5��3���+HLQ]HUOLQJ��5��+���%URZQ��*��/���0DWKLDV��0��0��(QKDQFHPHQW�RI� WKH�
+XPRUDO�,PPXQH�5HVSRQVH�E\�9LWDPLQ�(��,QW�$UFK�$OOHUJ\�,PPXQRO������������������±�����
KWWSV���GRL�RUJ������������������� 

����� :DOOHUW��0���6FKP|O]��/���*DOOL��)���%LUULQJHU��0���/RUNRZVNL��6��5HJXODWRU\�0HWDEROLWHV�RI�
9LWDPLQ�(�DQG�7KHLU�3XWDWLYH�5HOHYDQFH�IRU�$WKHURJHQHVLV��5HGR[�%LRO�������������±�����
KWWSV���GRL�RUJ���������M�UHGR[������������� 

����� .RSDĔVND��0���%DWRU\QD��0���%DQDĞ�=ąEF]\N��$���%áDMGD��-���/LV��0��:��7KH�(IIHFW�RI�Į�
7RFRSKHURO� RQ� WKH� 5HGXFWLRQ� RI� ,QIODPPDWRU\� 3URFHVVHV� DQG� WKH� 1HJDWLYH� (IIHFW� RI�
$FU\ODPLGH��0ROHFXOHV��������������������KWWSV���GRL�RUJ���������PROHFXOHV��������� 

����� 5HLWHU��(���-LDQJ��4���&KULVWHQ��6��$QWL�,QIODPPDWRU\�3URSHUWLHV�RI�Į��DQG�Ȗ�7RFRSKHURO��0RO�
$VSHFWV�0HG������������±�������±�����KWWSV���GRL�RUJ���������M�PDP������������� 

����� %XUWRQ��*��:��9LWDPLQ�(��0ROHFXODU�DQG�%LRORJLFDO�)XQFWLRQ��3URFHHGLQJV�RI�WKH�1XWULWLRQ�
6RFLHW\������������������±�����KWWSV���GRL�RUJ���������316��������� 

����� %XHWWQHU��*��5��7KH�3HFNLQJ�2UGHU�RI�)UHH�5DGLFDOV�DQG�$QWLR[LGDQWV��/LSLG�3HUR[LGDWLRQ��
Į�7RFRSKHURO�� DQG� $VFRUEDWH�� $UFK� %LRFKHP� %LRSK\V� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������DEEL����������� 

����� 1LNL��(��(YLGHQFH�IRU�%HQHILFLDO�(IIHFWV�RI�9LWDPLQ�(��.RUHDQ�-�,QWHUQ�0HG���������������
���±�����KWWSV���GRL�RUJ���������NMLP��������������� 

����� <$0$8&+,�� 5��9LWDPLQ� (��0HFKDQLVP� RI� ,WV�$QWLR[LGDQW�$FWLYLW\��)RRG� 6FLHQFH� DQG�
7HFKQRORJ\� ,QWHUQDWLRQDO�� 7RN\R� ������ �� ����� ���±�����
KWWSV���GRL�RUJ���������IVWL����W����������� 

����� 9DQ� %DYHO�� 1��� /DL�� 3���$PUHLQ��0��� 3UHQQHU�� (�� -�� 3XOPRQDU\� 6XUIDFWDQW� )XQFWLRQ� DQG�
0ROHFXODU�$UFKLWHFWXUH�,V�'LVUXSWHG�LQ�WKH�3UHVHQFH�RI�9DSLQJ�$GGLWLYHV��&ROORLGV�6XUI�%�
%LRLQWHUIDFHV��������������������KWWSV���GRL�RUJ���������M�FROVXUIE������������� 

����� 7DNWLNDNLV��3���&{Wp��0���6XEUDPDQLDP��1���.URHJHU��.���<RXVVHI��+���%DGLD��$���'H:ROI��&��
8QGHUVWDQGLQJ� WKH�5HWHQWLRQ� RI�9DSLQJ�$GGLWLYHV� LQ� WKH�/XQJV��0RGHO� /XQJ�6XUIDFWDQW�
0HPEUDQH� 3HUWXUEDWLRQ� E\�9LWDPLQ�(� DQG�9LWDPLQ� (�$FHWDWH��/DQJPXLU���������� ������
����±������KWWSV���GRL�RUJ���������DFV�ODQJPXLU��F������ 

����� 0DUWLQ��$���7HPSUD��&���<X��<���/LHNNLQHQ��-���7KDNNHU��5���/HH��+���GH�6DQWRV�0RUHQR��%���
9DWWXODLQHQ�� ,��� 5RVVLRV�� &��� -DYDQDLQHQ�� 0��� %HUQDUGLQR� GH� OD� 6HUQD�� -�� ([SRVXUH� WR�
$OGHK\GH� &KHUU\� (�/LTXLG� )ODYRULQJ� DQG� ,WV� 9DSLQJ� %\SURGXFW� 'LVUXSW� 3XOPRQDU\�
6XUIDFWDQW� %LRSK\VLFDO� )XQFWLRQ�� (QYLURQ� 6FL� 7HFKQRO� ������ ��� ����� ����±������
KWWSV���GRL�RUJ���������DFV�HVW��F������ 
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����� *UDKDP��(���0F&DLJ��/���6KXL�.HL�/DX��*���7HMXUD��$���&DR��$���=XR��<��<���9HOGKXL]HQ��5��
(�&LJDUHWWH� $HURVRO� ([SRVXUH� RI� 3XOPRQDU\� 6XUIDFWDQW� ,PSDLUV� ,WV� 6XUIDFH� 7HQVLRQ�
5HGXFLQJ� )XQFWLRQ�� 3/R6� 2QH� ������ ��� ������ H���������
KWWSV���GRL�RUJ���������MRXUQDO�SRQH��������� 

����� ;X��/���<DQJ��<���6LPLHQ��-��0���.DQJ��&���/L��*���;X��;���+DJOXQG��(���6XQ��5���=XR��<��<��
0HQWKRO�LQ�(OHFWURQLF�&LJDUHWWHV�&DXVHV�%LRSK\VLFDO�,QKLELWLRQ�RI�3XOPRQDU\�6XUIDFWDQW��
$PHULFDQ�-RXUQDO�RI�3K\VLRORJ\�/XQJ�&HOOXODU�DQG�0ROHFXODU�3K\VLRORJ\����������������
/���±/�����KWWSV���GRL�RUJ���������DMSOXQJ������������ 

����� <DPPLQH��$���1XU\��7���9HMX[��$���/DWUXIIH��1���9HUYDQGLHU�)DVVHXU��'���6DPDGL��0���*UHLJH�
*HUJHV�� +��� $XH]RYD�� /��� /L]DUG�� *�� 3UHYHQWLRQ� RI� ��.HWRFKROHVWHURO�,QGXFHG�
2YHUSURGXFWLRQ�RI�5HDFWLYH�2[\JHQ�6SHFLHV��0LWRFKRQGULDO�'\VIXQFWLRQ�DQG�&HOO�'HDWK�
ZLWK� 0DMRU� 1XWULHQWV� �3RO\SKHQROV�� ȍ�� DQG� ȍ�� 8QVDWXUDWHG� )DWW\� $FLGV�� RI� WKH�
0HGLWHUUDQHDQ� 'LHW� RQ� 1�D� 1HXURQDO� &HOOV�� 0ROHFXOHV� ������ ��� ������ ������
KWWSV���GRL�RUJ���������PROHFXOHV��������� 

����� 'HEEDEL��0���1XU\��7���=DUURXN��$���0HNDKOL��1���%H]LQH��0���6JKDLHU��5���*UpJRLUH��6���
0DUWLQH��/���'XUDQG��3���&DPXV��(���9HMX[��$���-DEUDQH��$���%UHWLOORQ��/���3URVW��0���0RUHDX��
7���$PPRX��6���+DPPDPL��0���/L]DUG��*��3URWHFWLYH�(IIHFWV�RI�Į�7RFRSKHURO��Ȗ�7RFRSKHURO�
DQG� 2OHLF� $FLG�� 7KUHH� &RPSRXQGV� RI� 2OLYH� 2LOV�� DQG� 1R� (IIHFW� RI� 7UROR[�� RQ� ��
.HWRFKROHVWHURO�,QGXFHG�0LWRFKRQGULDO�DQG�3HUR[LVRPDO�'\VIXQFWLRQ�LQ�0LFURJOLDO�%9���
&HOOV��,QW�-�0RO�6FL����������������������KWWSV���GRL�RUJ���������LMPV��������� 

����� *UDX�� $��� 2UWL]�� $�� 'LVVLPLODU� 3URWHFWLRQ� RI� 7RFRSKHURO� ,VRPHUV� DJDLQVW� 0HPEUDQH�
+\GURO\VLV� E\� 3KRVSKROLSDVH� $��� &KHP� 3K\V� /LSLGV� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������6��������������������� 

����� $WNLQVRQ�� -���0DUTXDUGW��'���+DUURXQ��7��&+$37(5����7KH�%HKDYLRXU� RI�9LWDPLQ�(� LQ�
0HPEUDQHV��������SS���±����KWWSV���GRL�RUJ����������������������������� 

����� 6REORVN\��/���5DPDPRRUWK\��$���&KHQ��=��0HPEUDQH�,QWHUDFWLRQ�RI�$QWLPLFURELDO�3HSWLGHV�
8VLQJ�(��&ROL�/LSLG�([WUDFW�DV�0RGHO�%DFWHULDO�&HOO�0HPEUDQHV�DQG�6)*�6SHFWURVFRS\��
&KHP�3K\V�/LSLGV��������������±����KWWSV���GRL�RUJ���������M�FKHPSK\VOLS������������� 

����� =KDQJ�� /�� 'LVXOILGH� %RQGV�$IIHFW� WKH� %LQGLQJ� 6LWHV� RI� +XPDQ� ȕ� 'HIHQVLQ� 7\SH� �� RQ�
1HJDWLYHO\� &KDUJHG� /LSLG� 0HPEUDQHV�� -� 3K\V� &KHP� %� ������ ���� ������ ����±������
KWWSV���GRL�RUJ���������DFV�MSFE��E������ 

����� (OtDV�:ROII�� )��� /LQGpQ�� 0��� /\XEDUWVHY�� $�� 3��� %UDQGW�� (�� *�� &XUYDWXUH� 6HQVLQJ� E\�
&DUGLROLSLQ� LQ� 6LPXODWHG� %XFNOHG� 0HPEUDQHV�� 6RIW� 0DWWHU� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������&�60�����&� 

����� &KRZGKXU\�� 8�� '��� 3DXO��$��� %KDUJDYD�� %�� /�� 7KH� (IIHFW� RI� /LSLG� &RPSRVLWLRQ� RQ� WKH�
'\QDPLFV�RI�7DX�)LEULOV��3URWHLQV��6WUXFWXUH��)XQFWLRQ��DQG�%LRLQIRUPDWLFV����������������
����±������KWWSV���GRL�RUJ���������SURW������� 

����� <DNRXEL��6���.RED\DVKL��,���8HPXUD��.���6DLGDQL�7RXQVL��0���1DNDMLPD��0���,VRGD��+���$��
1HYHV��0��1DQRVFDOH�'HOLYHU\�6\VWHP�IRU�,PSURYLQJ�%DFLOOXV�6XEWLOLV�3URELRWLF�9LDELOLW\��
$� 3URPLVLQJ� 6DIHW\�(QKDQFHG� 1DQRHPXOVLRQ�� )RRG� %LRVFL� ������ ���� ��������
KWWSV���GRL�RUJ���������M�IELR������������� 

����� *RWKDQGDSDQL��'���0DNSRO��6��(IIHFWV�RI�9LWDPLQ�(�RQ�WKH�*XW�0LFURELRPH�LQ�$JHLQJ�DQG�
,WV�5HODWLRQVKLS�ZLWK�$JH�5HODWHG�'LVHDVHV��$�5HYLHZ�RI�WKH�&XUUHQW�/LWHUDWXUH��,QW�-�0RO�
6FL�����������������������KWWSV���GRL�RUJ���������LMPV���������� 



� � 
 

90 

����� 'XQFDQ�� 6�� /��� /DUVRQ�� 5�� *�� &RPSDULQJ� ([SHULPHQWDO� DQG� 6LPXODWHG� 3UHVVXUH�$UHD�
,VRWKHUPV� IRU� '33&�� %LRSK\V� -� ������ ��� ����� ����±������
KWWSV���GRL�RUJ���������ELRSK\VM������������ 

����� 0DVVH\�� -�� %��� 6KH�� +�� 6��� 3RZQDOO�� +�� -�� ,QWHUDFWLRQ� RI� 9LWDPLQ� (� ZLWK� 6DWXUDWHG�
3KRVSKROLSLG� %LOD\HUV�� %LRFKHP� %LRSK\V� 5HV� &RPPXQ� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ�����������������;������������ 

����� 6HOODGXUDL��6��/���0LFOHWWH�/DPDUFKH��5���6FKPLGW��5���'H:ROI��&��(��0RGHO�/XQJ�6XUIDFWDQW�
)LOPV�� :K\� &RPSRVLWLRQ� 0DWWHUV�� /DQJPXLU� ������ ��� ������ �����±�������
KWWSV���GRL�RUJ���������DFV�ODQJPXLU��E������ 

����� /LSS��0��0���/HH��.��<��&���=DVDG]LQVNL��-��$���:DULQJ��$��-��'HVLJQ�DQG�3HUIRUPDQFH�RI�DQ�
,QWHJUDWHG� )OXRUHVFHQFH�� 3RODUL]HG� )OXRUHVFHQFH�� DQG� %UHZVWHU� $QJOH�
0LFURVFRSH�/DQJPXLU� 7URXJK�$VVHPEO\� IRU� WKH� 6WXG\� RI� /XQJ� 6XUIDFWDQW�0RQROD\HUV��
5HYLHZ� RI� 6FLHQWLILF� ,QVWUXPHQWV� ������ ��� ����� ����±������
KWWSV���GRL�RUJ������������������� 

����� $GH\H\H��(���2\DUHNXD��0��/LSLG�3URILOH�RI� WKH�6NLQ�DQG�0XVFOH�RI�)UHVKZDWHU�6DUGLQH�
�	OW�,	JW�3HOOHQXOD� $I]HOLXVL	OW��,	JW���� 1XWULWLRQDO� �'LHWDU\� ,PSOLFDWLRQV�� %DQJODGHVK�
-RXUQDO� RI� 6FLHQWLILF� DQG� ,QGXVWULDO� 5HVHDUFK� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������EMVLU�Y��L������� 

����� 9LFHWWL�� 5��� ,VKLWDQL�� 7��� 6DODV��$���$\DOD�� 0�� 8VH� RI�$OSKD�7RFRSKHURO� &RPELQHG� ZLWK�
6\QHUJLVWV�DQG�&RPSDUHG�WR�2WKHU�$QWLR[LGDQWV�RQ�WKH�2[LGDWLYH�6WDELOLW\�RI�6DUGLQH�6NLQ�
/LSLGV�� -RXUQDO� RI� )RRG� &RPSRVLWLRQ� DQG� $QDO\VLV� ������ ��� ��±���� ���±�����
KWWSV���GRL�RUJ���������M�MIFD������������� 

����� 6XiUH]�-LPpQH]��*���/ySH]�6DL]��&���5DPtUH]�*XHUUD��+���(]TXHUUD�%UDXHU��-���5XL]�&UX]��
6��� 7RUUHV�$UUHROD�� :�� 5ROH� RI� (QGRJHQRXV� DQG� ([RJHQRXV� 7RFRSKHUROV� LQ� WKH� /LSLG�
6WDELOLW\� RI� 0DULQH� 2LO� 6\VWHPV�� $� 5HYLHZ�� ,QW� -� 0RO� 6FL� ������ ��� ������ ������
KWWSV���GRL�RUJ���������LMPV��������� 

����� 2OLYDဨ7HOHV��$��1XWULWLRQ�DQG�+HDOWK�RI�$TXDFXOWXUH�)LVK��-�)LVK�'LV�����������������±�����
KWWSV���GRL�RUJ���������M����������������������[� 

����� 86�)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ��/XQJ�,OOQHVVHV�$VVRFLDWHG�ZLWK�8VH�RI�9DSLQJ�3URGXFWV��
����� 

����� :HLV��5��0���0F&RQQHOO��+��0��7ZR�'LPHQVLRQDO�&KLUDO�&U\VWDOV�RI�3KRVSKROLSLG��1DWXUH�
��������������������±����KWWSV���GRL�RUJ���������������D�� 

����� $OYDUHV��'��6���)DQDQL��0��/���5XJJLHUR�1HWR��-���:LONH��1��7KH�,QWHUIDFLDO�3URSHUWLHV�RI�WKH�
3HSWLGH�3RO\ELD�03��DQG�,WV�,QWHUDFWLRQ�ZLWK�'33&�$UH�0RGXODWHG�E\�/DWHUDO�(OHFWURVWDWLF�
$WWUDFWLRQV��%LRFKLPLFD�HW�%LRSK\VLFD�$FWD��%%$����%LRPHPEUDQHV��������������������±
�����KWWSV���GRL�RUJ���������M�EEDPHP������������� 

����� 7UDEHOVL��6���=KDQJ��6���/HH��7��5���6FKZDUW]��'��.��/LQDFWDQWV��6XUIDFWDQW�$QDORJXHV�LQ�7ZR�
'LPHQVLRQV�� 3K\V� 5HY� /HWW� ������ ���� ����� ��������
KWWSV���GRL�RUJ���������3K\V5HY/HWW������������ 

����� 4XLQQ�� 3�� -�� &KDUDFWHULVDWLRQ� RI� &OXVWHUV� RI� ǹဨ7RFRSKHURO� LQ� *HO� DQG� )OXLG� 3KDVHV� RI�
'LSDOPLWR\OJO\FHURSKRVSKRFKROLQH�� (XU� -� %LRFKHP� ������ ���� ����� ���±�����
KWWSV���GRL�RUJ���������M�������������������B��[� 

����� 6DOPRQ�� 7�� %�� %LRORJLFDO� &RQVHTXHQFHV� RI� 2[LGDWLYH� 6WUHVV�,QGXFHG� '1$� 'DPDJH� LQ�
6DFFKDURP\FHV� &HUHYLVLDH�� 1XFOHLF� $FLGV� 5HV� ������ ��� ������ ����±������
KWWSV���GRL�RUJ���������QDU�JNK���� 
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����� &DQFKROD��$���$KPHG��&��0��6���&KHQ��.���&KHQ�� -��<���/LQ��<��+��)RUPDWLRQ�RI�5HGR[�
$FWLYH� 'XURTXLQRQH� IURP�9DSLQJ� RI�9LWDPLQ� (�$FHWDWH� &RQWULEXWHV� WR� 2[LGDWLYH� /XQJ�
,QMXU\�� &KHP� 5HV� 7R[LFRO� ������ ��� ����� ���±�����
KWWSV���GRL�RUJ���������DFV�FKHPUHVWR[��F������ 

����� &&,�5HVHDUFK� ,QF��6XPPDU\�RI�5HVXOWV� IRU� WKH�&DQDGLDQ�6WXGHQW�7REDFFR��$OFRKRO�DQG�
'UXJV�6XUYH\��������������� 

����� 6KDUPD�� *��� *RRGZLQ�� -�� (IIHFW� RI� $JLQJ� RQ� 5HVSLUDWRU\� 6\VWHP� 3K\VLRORJ\� DQG�
,PPXQRORJ\�� &OLQ� ,QWHUY� $JLQJ� ������ �� ����� ���±�����
KWWSV���GRL�RUJ���������FLLD�������������� 

����� $PHULFDQ�/XQJ�$VVRFLDWLRQ��3RSFRUQ�/XQJ��$�'DQJHURXV�5LVN�RI�)ODYRUHG�(�&LJDUHWWHV��
����� 

����� /RXLVD�'DOWRQ�� VSHFLDO� WR�&��9DSH�)ODYRU�*XPV�XS�/XQJ�&RDWLQJ� LQ�/DE�0RGHO��&	(1�
*OREDO�(QWHUSULVH�����������������±���KWWSV���GRL�RUJ���������FHQ�������VFLFRQ�� 
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$SSHQGLFHV 
 

$SSHQGL[�$ 

 
)LJXUH�$���6XUIDFH�SUHVVXUH�DUHD�LVRWKHUPV�RI��D��'33&�323*�������LQ�WKH��D��DEVHQFH�RI�DGGLWLYH�DQG�LQ�WKH�

SUHVHQFH�RI��E����PRO�����F����PRO�����G�����PRO�����H�����PRO���DQG��I�����PRO���RI�ĮíWRFRSKHURO�DQG�

ĮíWRFRSKHURO�DFHWDWH� 
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)LJXUH�$���&RPSUHVVLELOLW\�PRGXOL�RI�ĮíWRFRSKHURO��UHG��DQG�D�WRFRSKHURO�DFHWDWH��EOXH��ILOPV�DV�D�IXQFWLRQ�

RI�VXUIDFH�SUHVVXUH� 

 

 
)LJXUH�$���6XUIDFH�SUHVVXUH�DUHD�LVRWKHUPV�IRU��D��323*�D�WRFRSKHURO��������DQG��E��'33&�D�WRFRSKHURO�

������ 
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7DEOH�$���([FHVV�DUHDV�IRU�323*�D�WRFRSKHURO�������DQG�'33&�D�WRFRSKHURO�������DW���P1�P����P1�P�����

P1�P�DQG����P1�P�  

6\VWHP  3UHVVXUH��P1�P�  ([FHVV�$UHD��c��PROHFXOH�  

323*�D�WRFRSKHURO������  

�  ��  

�  ��  

��  �� 

��  ��  

'33&�D�WRFRSKHURO������  

�  ��  

�  ��  

��  �� 

��  �� 
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7DEOH�$���*,;'�ILWWHG�SHDN�SRVLWLRQV DQG�):+0�IRU�%UDJJ�SHDNV�DQG�%UDJJ�URGV�IRU�'33&�323*�������ZLWK�DQG�ZLWKRXW�DGGHG�D�WRFRSKHURO�DQG�D�WRFRSKHURO�

DFHWDWH�RQ�7%6�VXESKDVH�DW�������������&��)RU����PRO���DQG����PRO���D�WRFRSKHURO�DW����P1�P��DQG����PRO���D�WRFRSKHURO�DFHWDWH�DW����P1�P�DQG����P1�P��

WKH�ZHDN�SHDNV�SRVLWLRQHG�QHDU�WKH�KRUL]RQ�PDNH�ILWWLQJ�GLIILFXOW��WHQWDWLYH�SHDN�SRVLWLRQV�IRU����P1�P�DUH�JLYHQ� 

 G������>c@ G������>c@ G���ͳ��>c@ 

6\VWHP 3UHVVXUH�

>P1�P@ 

4[\ IZKP�

>c��@ 

4] IZKP�

>c��@ 

4[\ IZKP�

>c��@ 

4] IZKP�

>c��@ 

4[\ IZKP�

>c��@ 

4] IZKP�

>c��@ 

'33&�323*������ �� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

�� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

�� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

'33&�323*������������PRO���D�WRFRSKHURO �� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

�� ���� ����� ���� ���� ���� ���� ���� ���� ���� ����� ���� ���� 

'33&�323*������������PRO���D�WRFRSKHURO �� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

�� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

'33&�323*������������PRO���D�WRFRSKHURO �� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

�� ���� ����� ���� ���� ���� ����� ���� ���� ���� ���� ���� ���� 

'33&�323*������������PRO���D�WRFRSKHURO�

DFHWDWH 

�� ���� ����� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 

�� 

 

���� ���� ���� ���� ���� ����� ���� ���� ���� ����� ���� ���� 
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7DEOH�$���8QLW�FHOO�SDUDPHWHUV�GHULYHG�IURP�WKH�ILWV�RI�WKH�*,;'�GDWD�IRU�'33&�323*�������ZLWK�DQG�ZLWKRXW�

DGGHG�D�WRFRSKHURO�DQG�D�WRFRSKHURO�DFHWDWH�RQ�7%6�VXESKDVH��DW�������������&� )RU����PRO���DQG����PRO���

D�WRFRSKHURO�DW����P1�P��DQG����PRO���D�WRFRSKHURO�DFHWDWH�DW����P1�P�DQG����P1�P�� WKH�ZHDN�SHDNV�

SRVLWLRQHG�QHDU�WKH�KRUL]RQ�PDNH�ILWWLQJ�GLIILFXOW��D�WHQWDWLYH�XQLW�FHOO�IRU����P1�P�LV�JLYHQ��G�UHSUHVHQWV�WKH�G�

VSDFLQJ�LQ�D�JLYHQ�ODWWLFH�GLUHFWLRQ��WKH�FKDLQ�WLOW�LV�JLYHQ�UHODWLYH�WR�WKH�QRUPDO�WR�WKH�SODQH�RI�WKH�PRQROD\HU��

$[\�LV�WKH�FKDLQ�FURVV�VHFWLRQDO�DUHD�LQ�WKH�SODQH�RI�WKH�PRQROD\HU�DQG�/F�LV�WKH�YHUWLFDO�FRUUHODWLRQ�OHQJWK� 

6\VWHP 6XUIDFH�

3UHVVXUH�

>P1�P@ 

G������

>c@ 

G������

>c@ 
G���ͳ��

>c@ 

&KDLQ�

WLOW�>R@ 

$[\�

>c�@ 

/F�LQ�WKH�4]�

GLUHFWLRQ�

>c�@ 

'33&�323*������ �� ���� ���� ���� �� ���� ���� 

�� ���� ���� ���� �� ���� ���� 

�� ���� ���� ���� �� ���� ���� 

'33&�323*������������

PRO���D�WRFRSKHURO 

�� ���� ���� ���� �� ���� ���� 

�� ���� ���� ���� �� ���� ���� 

'33&�323*������������

PRO���D�WRFRSKHURO 

�� ���� ���� ���� �� ���� ���� 

�� ���� ���� ���� �� ���� ���� 

'33&�323*������������

PRO���D�WRFRSKHURO 

�� ���� ���� ���� �� ���� ���� 

�� ���� ���� ���� � ���� ���� 

'33&�323*������������

PRO���D�WRFRSKHURO�

DFHWDWH 

�� ���� ���� ���� �� ���� ���� 

�� ���� ���� ���� �� ���� ���� 
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)LJXUH�$���&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLW\�DV�D�IXQFWLRQ�RI�WKH�LQ�SODQH��4[\��DQG�RXW�RI�SODQH��4]��

VFDWWHULQJ�YHFWRU�FRPSRQHQWV�IRU�'33&�323*�������RI����PRO���D�WRFRSKHURO�ZLWK�QR�DGGLWLRQDO�SHDNV�DW�

KLJKHU�4[\�DW�D�VXUIDFH�SUHVVXUH�RI����P1�P� 

 
7DEOH� $��� )LWWHG� SDUDPHWHUV� IRU� ;5� GDWD� IRU� '33&�323*� ������ ZLWK� YDU\LQJ� PRODU� SURSRUWLRQV� RI�

D�WRFRSKHURO�DGGHG�����PRO���DQG����PRO����RQ�7%6�VXESKDVH��DW�������������&��DQG�DW����P1�P�  

 7DLO  +HDGJURXS  

6\VWHP 7KLFNQHVV��c�  U��H�c���  7KLFNQHVV��c�  U��H�c���  

'33&�323*������  ����  �����  ����  �����  

'33&�323*������������PRO�

��D�WRFRSKHURO  
����  �����  ����  �����  

'33&�323*������������PRO�

��D�WRFRSKHURO  
����  �����  ����  �����  

  



� � 
 

98 

 
)LJXUH�$���&RQWRXU�SORWV�RI�WKH�;�UD\�LQWHQVLW\�DV�D�IXQFWLRQ�RI�WKH�LQ�SODQH��4[\��DQG�RXW�RI�SODQH��4]��

VFDWWHULQJ�YHFWRU�FRPSRQHQWV�IRU�'33&�323*�������ZLWK����PRO���D�WRFRSKHURO�DFHWDWH�DW�VXUIDFH�SUHVVXUHV�

�OHIW�WR�ULJKW������P1�P�����P1�P�DQG����P1�P� 
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$SSHQGL[�% 
 
Table B1. Numerical values for key transitions in surface pressure-area isotherms for DPPC, POPG, 

DPPC:D�tocopherol (3:1, 1:1, 1:3) and POPG:D�tocopherol (3:1, 1:1, 1:3).   

System 2QVHW�$UHD�
�c��PROHFXOH� 

Collapse 
Area1 

(Å2/molecule) 

Collapse 1ߨ 
(mN/m) 

Collapse 
Area2 

(Å2/molecule) 

Collapse 2ߨ 
(mN/m) 

DPPC 106 40 55 - - 

$�tocopherol 75 50 17 - - 

DPPC:D�tocopherol (3:1) 90 42 38 30 51 

DPPC:D�tocopherol (1:1) 83 45 32 - - 

DPPC:D�tocopherol (1:3) 81 53 23 - - 

POPG 130 51 42 - - 

POPG:D�tocopherol (3:1) 122 48 42 - - 

POPG:D�tocopherol (1:1) 105 41 38 - - 

POPG:D�tocopherol (1:3) 80 41 28 - - 

 

 

 

 

 

 

 

 

 

 
7DEOH�%���([FHVV�DUHDV�ZLWK�FRUUHVSRQGLQJ�HUURU�IRU�ELQDU\�PL[WXUHV�RI�'33&�ZLWK�D�WRFRSKHURO�DQG�323*�

ZLWK�D�WRFRSKHURO�IRU�PRODU�UDWLRV�RI�'33&�RU�323*�D�WRFRSKHURO������������������1RWH�DOO�H[FHVV�DUHDV�DUH�

ZLWKLQ�HUURU�RI�േ���c��PROHFXOH� 
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6\VWHP 6XUIDFH�3UHVVXUH��P1�P� ([FHVV�$UHD��c��PROHFXOH� 

'33&�D�WRFRSKHURO������ 

� 
�� 

� 
�� 

�� � 

�� � 

'33&�D�WRFRSKHURO������ 

� �� 

� �� 

�� 
� 

�� 
� 

'33&�D�WRFRSKHURO������ 
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Figure B2. AFM images of monolayer films transferred onto mica with visible condensed phase domains and 

nanodomains at 10 mN/m (10 Pm ൈ 10 Pm), 15 mN/m (10 Pm ൈ 10 Pm), 25 mN/m (10 Pm ൈ 10 Pm), and 35 

mN/m (5 Pm ൈ 5 Pm) for DPPC:D�tocopherol (1:1). 
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